ke Molecular Vision 2007; 13:318-29 <http://www.molvis.org/molvis/v13/a35/> ©2007 Molecular Vision
te Received 28 June 2006 | Accepted 13 December 2006 | Published 1 March 2007

Proteomic and phototoxic characterization of melanolipofuscin:
Correlation to disease and model for itsorigin
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Purpose: Melanolipofuscin (MLF) is a complex granule, exhibiting properties of both melanosomes and lipofuscin (LF)
granules, which accumulates in retinal pigment epithelial (RPE) cells and may contribute to the etiology of age-related
macular degeneration (AMD). MLF accumulation has been reported by Feeney-Burns to more closely reflect the onset of
AMD than the accumulation of lipofuscin. In an effort to assess the possible contribution MLF may have to the onset of
AMD, we analyzed the phototoxicity and protein composition of MLF and compared those results to that of LF.

Methods: Specifically, we observed the accumulation of MLF in human RPE from different decades of life, and assessed
the phototoxicity of these granules. We also employed fluorescence spectroscopy, atomic force microscopy, transmission
and scanning electron microscopy and proteomic analysis to examine the composition of MLF granules in an effort to
ascertain their origin.

Results: Our results show that MLF granules are phototoxic and their accumulation more closely reflects the onset of
AMD than does LF accumulation. Our compositional analysis of MLF has shown that while these granules contain some
similarities to LF granules, MLF is substantially different. Of significant interest is the finding that MLF, in contrast to LF
does not contain photoreceptor-specific proteins, suggesting that MLF may not originate from the phagocytosis of photo-
receptor outer segments. Instead the presence of RPE- and melanosome-specific proteins would suggest that MLF accu-
mulates as a result of the melanosomal autophagocytosis of RPE cells.

Conclusions: Our results provide significant insight into understanding the formation and toxicity of MLF and suggest a
possible contribution to the etiology of retinal diseases.

Several retinal diseases, including age-related maculaxcess light passing through the eye, thereby reducing scatter
degeneration (AMD), have been associated with the accumand improving image resolution. It has also been suggested to
lation of autofluorescent granules in retinal pigment epitheplay a photoprotective role in RPE cells [6,7] by scavenging
lial (RPE) cells. One such autofluorescent granule, lipofuscineactive oxygen species (ROS) [8-10]. Evidence also exists
(LF), may relate to the onset of these ocular diseases becatisea phototoxic role for melanin in RPE cells, especially in
it has been shown to generate reactive oxygen species via plagred cells, including measurable ROS photoproduction
tosensitization with blue light [1-4]; which may cause dam{6,9,11-13]. Melanosomes have been observed to undergo
age and death of the RPE with subsequent death of the samerphological and photophysical changes with age, possibly
rounding cells. However, as Feeney-Burns has reported [Sjue to oxidation, which may result in diminished antioxidant
the accumulation of LF in human RPEs is not consistent witpotential. Studies have reported that aged human melanosomes
the onset of AMD. The most dramatic increase of LF in huare highly photoreactive and can result in RPE dysfunction,
man RPEs, a 95% increase, occurs between young and middighile young melanosomes appear to confer photoprotection
aged groups (defined as ages 1-20 and 21-60, respective[§®-16]. With increasing age, a decrease in melanosomes in
while there is only a 21% increase between middle-aged aride RPE is observed along with an increase in melanolipofuscin
old-aged groups (ages 61-100) [5]. (MLF) [17-19]. In contrast with the accumulation of LF in the

Another autofluorescent granule that accumulates in RPRPE, MLF accumulation has been reported by Feeney-Burns
cells and may contribute to the etiology of AMD is a complexto more closely reflect the onset of AMD. MLF exhibits a
granule exhibiting properties of both melanosomes and lipat5% increase between young and middle aged groups and a
fuscin granules called melanolipofuscin (MLF). Although it 50% increase between middle-aged and old-aged groups [5].
is generally accepted that dermal melanin protects the skin Oxidative stress has been suggested to be a major con-
from UV light damage, the biological function of RPE mela-tributing factor for retinal degeneration in AMD. The retinas
nin is not completely understood. Melanin is known to absorloonstant exposed to light and a relatively high oxygen pres-

sure, which is close to that found in arterial blood, contributes
to light-induced oxidative stress in the retina which may re-
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many of these anti-oxidative mechanisms have begun to breales were isolated from the bands at the 1.0 M/1.2 M and 1.2
down, which can increase the susceptibility of RPE cells td1/1.4 M interface. The granules were removed from the gra-
accumulated damage. LF and MLF granules are thought atients by inserting a needle through the side of the tube and
result from the accumulation of undegradable material in RPExtracting the bands sideways so as to minimize contamina-
cells. Modifications, including oxidation, may render the mol-tion of the bands. The material at the border of the LF and
ecules in these granules undegradable by the cell, contribdtLF bands was not removed from the gradients but was used
ing to their accumulation. as a buffer zone to keep the two samples separate from each
While the identification of photoreceptor- and lysosomal-other during the extraction process. Sucrose gradients were
specific proteins in LF granules has provided evidence thainly briefly exposed to light while photographs of the gradi-
LF originates from the accumulation of undigested materia¢énts were taken. Fluorescence spectra of isolated lipofuscin
from the phagocytosis of photoreceptor disc in RPE lysosand melanolipofuscin granules were acquired as described by
omes [20], little is known about the composition and origin oBoulton et al. [22] using a Jobin Yvon Fluoromax-3 Spectrof-
MLF granules. Two models for the origin of MLF have beenluorometer (Edison, NJ).
suggested. The first model involves the autophagy of preex- Lipofuscin and melanolipofuscin accumulation: To study
isting melansomes and their incorporation into accreting LEhe accumulation of LF and MLF over time, sucrose gradient
granules. This model is supported by the observation thaentrifugation was employed using four groups of RPE, each
phagosomes containing undegradable material fuse with metensisting of 6 RPE and representing a different decade of
anosomes [7]. The second model is that melanin is synthéfe. The first group had an average age ofB8 yrs; the
sized de novo in lysosomes, which subsequently fuse witecond group had an average age 8043yrs; the third group
accreting LF granules. This model is supported by evidendead an average age of 54139 yrs; and the fourth group had
that synthesis of melanin in depigmented RPE cells is seen &m average age of £@.0 yrs. To compare the LF and MLF
lysosomal compartments [19,21]. Knowledge of the compoeontent in young and old eyes, sucrose gradients were run with
sition of MLF could provide significant insight into the origin 11 RPE from young eyes (average age of 23.2 yrs) and 14
of these granules, and determining the phototoxicity of thes@PE from old eyes (average age of 6.9 yrs). Pictures of
granules could be useful for ascertaining MLF's role in thehe gradients were taken using an Olympus Camedia digital
etiology of AMD and other retinal diseases. camera. Image J (National Institutes of Health) was used to
In the present study we observed the accumulation of MLmeasure the optical density of LF and MLF bands in the su-
in human RPE from different decades of life and assessed theose gradients.
phototoxicity of these granules. We also employed fluores-  All other experiments were performed using LF and MLF
cence spectroscopy, atomic force microscopy, transmission aigblated from RPE’s taken from a random donor population
scanning electron microscopy and proteomic analysis-usingetween 40 and 80 years old.
1D gel electrophoresis coupled with ESI mass spectrometry- Cell culture: Human retinal pigment epithelial cells
to examine the composition of MLF granules in an effort to ARPE-19; ATCC-CRL-2302) were grown in 24-well tissue
ascertain their origin. Collectively these data provide signifi-culture plates in RPMI 1640 media supplemented with 10%
cant insight into understanding the formation and toxicity ofetal bovine serum (FBS). Upon reaching confluency the fetal
MLF and suggest a possible contribution to the etiology obovine serum (FBS) in the media was reduced to 1%. Cells
retinal diseases. Specifically, these data do not provide direatere either maintained in RPMI 1640 media supplemented
support for either previously suggested hypothesis for the orwith 1% FBS or incubated in the same media which also con-
gin of MLF, but instead suggest that MLF accumulates as &ined about 300 melanolipofuscin or lipofuscin granules/cell
result of the melanosomal autophagocytosis of RPE cells. Tor 24 h to allow for ingestion of the granules. After the 24 h
our knowledge this is the first report of the phototoxicity andncubation, the melanolipofuscin- or lipofuscin-fed RPE cells

biochemical analysis of retinal melanolipofuscin. were transferred back to RPMI 1640 media supplemented with
1% FBS and maintained for 3 days before bioactivity assay.
METHODS Bioactivity assay: To investigate the bioactivity of MLF,

Lipofuscin and Melanolipofuscin Isolation and FluorescenceARPE-19 cells that were fed LF, MLF or neither (control cells)
- Lipofuscin and melanolipofuscin granules were isolated awere either subjected to blue light (390-550 nm) for 48 h at an
previously described [20,22], using a method that has beentensity of about 2.8 mW/chor maintained in the dark. This
widely utilized for this process. Briefly, granules were iso-intensity of light, or even higher intensities, have previously
lated from human RPE from donor eyes, provided by Dr. Paldeen used by investigators to determine the effect of blue light
Bernstein of the Moran Eye Institute, University of Utah, Saltexposure on the retina [16,23]. Blue light was introduced into
Lake City, UT. The time between donor death and enucleatiom5% CQhumidified cell incubator using a Mille Luce M1000
was 1-4 h, after which the donor eyes were stored@ttil  Fiber Optic llluminator with a 150 W quartz halogen bulb, a
dissection. Dissections were carried out by Dr. Bernstein’s laB5 mm dichroic blue light filter, and a 48 inch fiber optic cable
at the Moran 6-24 h after donor death in a dim light environfEdmund Optics, Barrington, NJ). Photocytotoxicity of the
ment. RPE’s were shipped to BYU on dry ice and stored atlipofuscin and melanolipofuscin granules was assessed using
75 °C until use. Lipofuscin granules were isolated from theSulforhodamine B (JNCI 82, p1107) to measure cell viability.
band at the 0.3 M/1.0 M interface and melanolipofuscin grarBriefly, cultures were fixed with trichloroacetic acid and
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stained with 0.4% sulforhodamine B in 1% acetic acid. Th&Shevchenko et al. [24], injected onto a Jupiter C18 reversed-
cultures were washed 4 times with 1% acetic acid to removghase resin capillary column (1%0n ID, made in-house),
any unbound dye; protein-bound dye was extracted with 18nd eluted using a gradient of 5-95% acetonitrile in 0.1% for-
mM unbuffered Tris base and transferred to a 96 well culturenic acid at a flow rate of gl/min. On-line mass spectromet-
plate. Absorbance was measured at 570 nm on a CEREiS analysis was performed on an Applied Biosystems QSTAR
UV900 HDi plate reading spectrophotometer (Bio-Tek InstruPulsar i (Foster City, CA) using an API (atmospheric pressure
ments, Winooski, VT). ionization) source. Automated tandem mass spectrometry us-
Microscopy: MLF granules were prepared for scanninging information-dependent acquisition was run, collecting CID
electron microscopy (SEM) analysis by drying the granulespectra for the three most intense ions from each survey scan
on a silicon wafer and sputter coating them with gold. Thexcluding peaks chosen in the preceding 2 min. Fragmenta-
granules were analyzed on a Phillips XL30 ESEM FEG usingion spectra were submitted to the Mascot (Matrix Science)
a 5 kV accelerating potential. For transmission electron miwebsite for peptide identification. Proteins in MLF granules
croscopy (TEM) analysis MLF granules were fixed in glut-from three independent preparations were examined. Each 1D
araldehyde, postfixed in osmic acid, dehydrated and embedel lane containing MLF or LF proteins was cut into 24 gel
ded in epoxy resin. 100 nm slices of the sample were imagetices for mass spectrometric analysis. Four gel slices (num-
and photographed on a JOEL JEM 2000 FX. bers 15, 16, 17, and 19) from two preps of LF granules were
MLF samples for atomic force microscopy (AFM) were selected for analysis to provide a direct comparison of the dif-
prepared by drying the granules onto a mica slide. Images wefierences in LF and MLF proteins. Relative quantization of
taken with a Multimode Illla AFM instrument with proteins was estimated using the method of spectral counting
microfabricated Si cantilever tips (Nanoscience Instrumentg25].
Phoenix, AZ). Vibrational noise was dampened using an ac- Immunoblots: Human retinas were obtained from Dr. Paul
tive isolation system (MOD1-M, Halcyonics, Goettingen, Bernstein from the Moran Eye Institute to make a positive
Germany). Typical imaging parameters were (a) tip resonanamntrol for rhodopsin. A retina was gently triturated in 0.75 M
frequency, 55-65 kHz; (b) amplitude setpoint, 2.0-2.5 V;, (c)
scan rate, 2.0 Hz. Images were processed offline to remove
the background slope using software bundled with the AFN
instrument. Ak :'57“ e ~21yr i
Flow cytometric analysis. To determine the size distri-
bution and concentration (granules/unit volume), suspensiot
of MLF granules were diluted 1:100 and 1:1000 with PBS
and 200,000 Flow Check High Intensity Green Alignment
Beads (Polysciences, Inc., Warrington, PA), 5:2875um
in diameter, were added to each sample to serve as an inter
standard. The samples were excited with an argon laser at 4

nm on a Beckman Coulter (Beckman, Fullerton, CA) EPICS = B
XL Flow Cytometer with EXPO 32 ADC software for flow E o .
cytometric analysis. The samples were analyzed for forwar ﬁ_‘é
light scatter and autofluorescence by collection of data for 30 2 18
s, which allowed visualization of at least 10,000 beads and
least 95,000 MLF granules. *E 1.6 .
Total protein determination in melanolipofuscin: g
Melanolipofuscin granules were pelleted using centrifugatior = 14 - .
and lyophilized in an evaporative centrifugal concentrator. Th £ , ,
granules were weighed using a Mettler UMT2 microbalanc &

(Columbus, OH) to determine their total mass. After weigh-
ing the dried granules, the protein in these melanolipofusci 25 35 45 55 65
samples was quantified by solubilizing the granules in 1% SD
followed by the BCA Protein Assay (Pierce, Rockford, IL).
Three independent measurements were used to calculate the

perCf[r;t pre?tzreatr;d S;[]ar:daird d?\\élartrl]on' trometry: Figure 1. Melanolipofuscin accumulatiorA: Comparison of
,g C op 9 €sis "fl ass Spec 9 . etry: Melanolipofuscin (MLF) granules from retinal pigment epithelium
Melanlolipofuscin and lipofuscin granules containing 100 _YRPE) of young (21:85.9 yrs) and old (66:5.9 yrs) human donors.

of protein were pelleted by centrifugation, solubilized in 4Xg: Age of RPE donor versus optical density of MLF/LF plotted to
Laemmli buffer (3% SDS, 0.17 M Tris pH 6.8, 35% glycerol, show the accumulation of MLF throughout life. Lipofuscin (LF) gran-
3.5% 2-mercaptoethanol) and separated on a 10% SDS-PAGIes are observed in human RPE from young individuals, whereas
gel (8.3x6.4x0.1 cm). The gel lanes were sliced into sectiorgignificant quantities of MLF do not appear to accumulate for de-
and the proteins were digested in-gel as described iades afterward.
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sucrose, 0.68 mM calcium chloride, 20 mM tris and 1 mMcompared to an 80% decrease in cell viability in ARPE-19
DTT pH 7.4 to rupture the cells. The suspension was pourezktlls fed with the same number of granules of LF (Figure 2).
over 4 thicknesses of cheesecloth to remove debris. The sampligthough this colorimetric assay provides an informative ap-
was spun at 1475xg for 20 min and the pellet was resuspendpibximation of the phototoxicity of these granules, we are
in 1% SDS. Total protein was determined using the BCA asaware that the nature of ARPE-19 cells makes it difficult to
say. Ana-rhodopsin antibody (R4, polyclonal antibody, seeprecisely determine the phototoxicity of these granules. ARPE-
Takemoto et al.) [26] was used at 1:1000 dilution in TBS-T. 19 cells migrate up the sides of tissue culture plates as they
Oxidized bovine serum albumin (BSA) samples wereproliferate and phagocytose far fewer granules in this side-
made by incubating BSA in hypochlorous acid at@7or 30  ways position. These cells depress phototoxicity results be-
min. LF, MLF and BSA samples were derivatized by incubatcause their inability to phagocytose granules inhibits them from
ing them in 5% sodium dodecyl sulfate and 10 mM 2,4undergoing light dependent cell death. Thus, these
dinitrophenylhydrazine (DNPH) in 10% (v/v) trifluoroacetic phototoxicity measurements are overly conservative. However,
acid for 30 min at room temperature. The solutions were neuhe relative comparison of LF and MLF phototoxicity is not
tralized by adding 2M Tris and Laemmli buffer (3% SDS, 0.17affected.
M Tris pH 6.8, 35% glycerol, 3.5% 2-mercaptoethanol) and  Several physical measurements of MLF granules were
loaded directly onto a gel. Anti-DNP antibody from rabbit wasmade using fluorescence spectroscopy, electron microscopy,

purchased from Sigma. atomic force microscopy, and flow cytometry. Fluorescence
of MLF and LF granules is shown in Figure 3. Both granules
RESULTS produce similar excitation spectra (data not shown), however,

Side by side comparison of the LF and MLF content in RPBILF granules have an emission maximum at 554 nm, whereas
from young (21.25.9 yr) and old (66£5.9 yr) individuals as  LF granules have an emission maximum at 578 nm. The simi-
seen in sucrose gradients is shown in Figure 1A. This figurarity between the fluorescence spectra of these two granules
confirms the presence of significant quantities of LF in RPEg& expected because of the A2E fluorophore present in both
from young individuals where very little if any MLF is present. granules which dominates the spectra [27]. Apparently, mela-
In contrast RPEs from older individuals show significant quannin in MLF produces significantly less emission and appears
tities of MLF. This accumulation pattern is further evidentto be negligible in comparison to the fluorescence of A2E (data
when the optical density of the MLF and LF bands in sucroseot shown). The shoulder at about 470 nm in the fluorescence
density gradients is plotted versus the age of the RPE donspectrum of MLF increased over time when exposed to light
(Figure 1B). eventually becoming the maximum in the spectrum (data not
Analysis of the phototoxicity of MLF revealed that theseshown). This change may result from the accumulation of
granules cause a 58% decrease in cell viability in ARPE-18amage on the proteins within MLF granules as a result of
cells fed with MLF and exposed to blue light for 48 h. This islight exposure or from photo-isomerization of A2E or other
lipids. This trend was also observed with LF (data not shown).
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Figure 2. Bioactivity of lipofuscin and melanolipofuscin granules.
Isolated lipofuscin (LF) and melanolipofuscin (MLF) granules were 0
fed to ARPE-19 cells. Cells that were not fed LF or MLF were used 400 500 600 700
as controls. Cells were then subjected to blue light irradiation (solid wavelength

bars), or left in the dark (cross-hatched), for 48 h. Cell viability was

determined using the Sulforhodamine B assay. Values represent me@iggure 3. Fluorescence emission spectra of lipofuscin and
of at least four independent measurements, error bars represent staielanolipofuscin. Fluorescence emission of lipofuscin (LF) and
dard deviation. The phototoxicity of MLF granules in ARPE-19 cellsmelanolipofuscin (MLF) monitored with excitation at 364 nm. Both

is at least 72% as potent as that of LF granules, showing that MLgranules produce similar excitation spectra (data not shown), how-
granules have the potential for deleterious affects on RPE cells in thger, MLF granules have an emission maximum at 554 nm, whereas
retina. LF granules have an emission maximum at 578 nm.
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SEM and AFM analyses of MLF granules (Figure 4A-C) Because of the possibility that the proteins in MLF gran-
show nearly spherical granules with some surface featureges are highly modified exhibiting highly heterogeneous popu-
which suggest these granules are aggregates of smaller sldtions and therefore unfocusable on 2D gels, we employed
structures. Transmission electron micrographs of MLF (FigiD SDS-PAGE coupled with automated LCMSMS to iden-
ure 4D) show these granules to contain inclusions of highéify the protein constituents of MLF. Figure 5 shows represen-
density, demonstrating that these granules are complex atative 1D lanes of LF and MLF proteins and indicates the gel
not a mixed population of different granules. slices removed from the lanes. Proteomic analyses of the pro-

Flow cytometric (FC) analysis allowed a quantitative deteins in the 1D gel slices identified 110 proteins in MLF gran-
termination of granule size. Forward light scatter in FC in-ules which are listed in Table 1. The proteome of MLF gran-
struments is directly proportional to the size of the objectsiles was compared to the proteome of other relevant organelles
passing through the beam. The MLF granules were found facluding RPE melanosomes, macrophage phagosomes, reti-
have a mean diameter of 0,93 and a broad standard devia- nal LF, and melanocyte melanosomes. As indicated in Table
tion of 0.60um. Flow cytometry also enabled a quantitative2, 23 proteins were previously identified in mature RPE mel-
determination of the concentration of granules in our suspemnosomes [28], 18 proteins were previously identified as part
sions. Having a count of the MLF granules, we were able tof the macrophage phagosome proteome [29], 14 proteins were
determine their average weight, which proved to be@®12 previously identified in LF granules [20], and 7 proteins were
pg/granule. When compared to LF, MLF is about 35% largeidentified in melanocyte melanosomes [30].
but weighs about 69% more, again indicating the presence of Four gel slices from MLF and LF 1D gels were analyzed
a more dense substance. for a direct semi-quantitative comparison of RPE- and photo-

To determine the percent protein composing MLF granteceptor-specific proteins in these granules. Spectral counting
ules, the protein in a known quantity of MLF was solubilizedof two photoreceptor-specific proteins, rhodopsin and
in 1% SDS and quantified by BCA assay. MLF proved to conperipherin, and two RPE-specific proteins, RGR and rpe65,
sist of 60.46.4% total protein. Compared to LF, MLF con- from these four gel slices is show in Figure 6. The two photo-
tains more protein and therefore less extractable lipids (seeceptor-specific proteins were identified in LF granules but
Warburton 2005) [20]. absent from MLF granules while RPE-specific proteins were
more abundant in MLF granules. Although RGR was identi-
fied in LF granules, it appears to be about 58% less abundant
than in MLF granules. A more comprehensive study of the
proteins in LF granules was previously published by Warburton
et al. [20].

LF  MLF
B
"2
|
"4
118 kDa— s
[
86 kDa— B 4
"8
8
"10
11
47 kDa- T12
13
14
15
34 kDa— "18
T17
T18
18
26 kDa— “20
“21
"22
19 kDa- 23

Figure 4. Microscopic structure of melanolipofusci: Scanning
electron micrograph of melanolipofuscin (MLF), showing nearly Figure 5. Electrophoresis of lipofuscin and melanolipofuscin pro-
spherical granules with some surface featuBe<: Atomic force  teins. Representative SDS-PAGE lanes ofi§®f lipofuscin (LF)
micrographs (phase images) showing MLF granules to be aggregatasd melanolipofuscin (MLF) proteins. Mobility of molecular weight
of about 200 nm and about 50 nm substructUbesransmission  markers are indicated to the left. On the right, gel slices taken for
electron micrograph of MLF, shows these granules to contain incluisubsequent in-gel digestion are shown. The lack of well-focused bands
sions of higher density, demonstrating that these granules are coin-the gel lane indicates microheterogeneous populations of the pro-
plexes of lipofuscin and melanin. Each bar representsr.5 teins, probably resulting from extensive modifications.
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Protein

acid cerami dase'"

actin, beta'

al pha actinin 4"

al pha tubulin, ubiquitous

al pha tubulin 2

al pha tubulin 4
al pha tubulin 6'"

ankyrin 1'V

annexin A2'

annexin A5'"
aspartate am notransferase

ATP Synt hase subunit g

ATP Synthase, H+ transporting,
m tochondrial FO conpl ex,
subunit 6

ATP Synt hase, H+ transporting,
m tochondrial FO conpl ex,
subunit b

ATP Synthase, H+ transporting,
nmi tochondrial FO conpl ex,
subunit d

ATP Synthase, H+ transporting,
m tochondrial FO conpl ex,
subunit f

ATP Synthase, H+ transporting,
m tochondrial F1 conplex,

al pha subuni t

ATP Synt hase, H+ transporting,
m tochondrial F1 conplex, beta
subunit 1,111

ATP Synthase, H+ transporting,
mi tochondrial F1 conplex,
gama subuni t

ATP Synthase, H+ transporting,
m tochondrial F1 conplex,
subunit o
beta tubulin'"

beta tubulin polypeptide

cal nexinl, '

cathepsin D'
cell death-regulatory protein

GRI ML9

cerebroside sul fate activator
protein

ceroi d-1ipofuscinosis'!'

I ysosonal pepstatin insensitive
prot ease

chronopsonme 10 open reading
frame 58

chronosone 10 open readi ng
frame 70

chronosone 20 open readi ng
frame 3

chronpsone 8 open reading
frame 2

crystallin, alpha B

12,

14,
15,
14

24
22

18

22

16
20
10,
14,
10,

12,
21

15,
17
23

23

12,

19,
24

12

13

22

10,

13,
15
16

11,
15,

11,
13,

16,

13

21

Genbank
Accessi on
number

AAC73009

AAHO8633

NP_004915

NP_006073

CAA25855

NP_079295
AAH04949

A35049
AAH23990
AAH01429

NP_002071

AACE1597
AAGBB428

AAH05960

NP_006347

AAHO3678

AAP35873

NP_001677

AAH16812

AAV38639

AAH29529

AAH01938

153260

AAP35556

NP_057049

AAA36594

AAH14863

AAGBI418
AAH59168

AAGBI435

AAGBBATS

AAP35416

Synonyns

putative heart protein

F-actin cross |inking protein

Cytopl asnmi ¢ surface of
erythrocytic plasma
nenbr ane

transanm nase A, G utanate
oxal oacet at e
transani nase- 2

MHC | antigen binding protein p88

NADH- ubi qui none oxi dor educt ase
B16.6

subunit, Gene associated with
retinoic-interferon-induced
nortality 19

protein

tripeptidyl-peptidase | precursor,

SFLQB11

heat shock protein BS
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Lysosonal

Nucl ear and
cytoplasmc

Erythrocyte

M t ochondri al
matrix

M tochondri al

M tochondri al

M tochondri al
matrix

Type | nenbrane
protein

Endopl asni ¢
reticulum
Lysosonal

M tochondrial inner

nenbr ane

Lysosonal

Type 11
nenbrane protein

Menbr ane-
associ at ed

Ti ssue
specificity
W del y
expressed

W del y
expressed

W del y
expressed

Ubi qui tously
expressed

W del y
expressed

Al tissue

Ubi qui t ous

Lens as wel |
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TaABLE 1. CONTINUED.

Genbank
Cel Accessi on Ti ssue
Gel Protein slice nunber Synonyms Subcel lul ar | ocation specificity
2,3 cytochrone c oxidase subunit 22 CAA39187 Integral
(N nenbr ane
protein
M t ochondri al Ubi qui t ous
inner menbrane
2 cytochrone c oxidase subunit'V 23 AAV38628 M tochondri al
inner menbrane
1 cytokeratin 9' 1 CAAB2315 Ter m nal
differentiated
epidernis of
pal ns and
sol es
1 epi dernal cytokeratin 2'V 1 AAC83410 Epi der mal
tissue,
squanous
net apl asi as
and car ci nomas
2 erythryocyte menbrane protein 7, 8 NP_000110 Menbr ane- Erythrocyte
band 4.2' associ ated and
cytoplasmc
2 gamma gl utanyl transferase |ike 10, 11 NP_004112 Type Il nenbrane
activity 1 protein
2 gl ucose regul ated protein'' 7 CAB71335 dnak-type nol ecul ar chaperone, Bi P Endopl asni ¢
reticulum
protein, hsp A5 I umen
1 gp25L2 19 CAA62380 Type | nenbrane
protein
Endopl asni ¢
reticulum
2,3 guani ne nucl eotide binding 16 AAA52584 Qo) al pha subunit |
protein
1 guani ne- nucl eoti de binding 13 NP_653082 G protein
protein, al pha transducing
1,2 heat shock 70 kDa protein 9B 8, 9 AAH30634 mortalin-2
1 heat shock protein 27 18, 19 AAAB2175 estrogen-regul ated protein, stress Mtotic spindles in
responsive protein mtotic cells;
nucl eus during
heat shock
2 heat shock protein 60" 10 AAA36022 chaperonin 60, mtochondrial matrix M tochondri al
protein matrix
2,3 heat shock protein gp96 6 AAK74072 tunor rejection antigen, 94kD Endopl asni ¢
gl ucose reticulum
regul ated protein | umen
1,2,3 henogl obi n beta chain'V 23 AAD19696 Red bl ood cells
3 henogl obi n, al pha 2'V 24 AANO4486 Red bl ood cells
3 henogl obi n, beta, nutant'V 24 AAD30656
2 hydroxyacyl dehydrogenase, 8 NP_000173 Long chai n 3-hydroxyacyl - CoA M t ochondri al
subunit A dehydr ogenase
2,3 hydroxyacyl dehydrogenase, 12 NP_000174
subunit B
1,2,3 hypot heti cal protein M3C5508 20, 21 NP_076997
1,2,3 keratin 1'V 11 NP_006112. 3
2,3 keratin 10" 16 KRHUO
2 keratin 2a'v 6 NP_000414
1 keratin 6B'Y 1 AAH34535 Epithelial in
oral
micosa,
esophagus,
papi | | ae of
tongue
and hair
follicle
2,3 mi crosomal epoxi de hydrol ase 12 AACA1694 Menbr ane- bound Li ver
1 on nicrosones
2 m crosonal gl utathione 23 AAQB1301 Integral W dely
S-transferase 3 nenbr ane expressed
protein
M crosonal
2 notor protein 6,7 BAA04654 i nner nenbr ane M t ochondri al
protein, mtochondrial; i nner nenbr ane
mtofilin,
2 nyelin protein zerol 15, 19 CAAB3513
2,3 nyosin heavy chain 11" 2 NP_002465 KI AA0866
2,3 nmyosin heavy chain nonnuscle 2,4 NP_005955
10"
2,3 nyosi n heavy chain nonnuscle 2 A61231 MYH9
formA"
3 nyosin light chain 3 24 AAA59853
1,2,3 Na+/ K+ ATPase al pha chain'' 4, 5, A26641 Integral Skin and
6 nenbr ane ki dney
protein
2 NAD( P) transhydrogenase 5 CAA90428 Qutsi de the
m tochondri al
inner menbrane
on the matrix side
3 NADH cytochronme b5 reductase 14, 15 CAA09006 Di aphorase 1 Menbrane bound on ER
and
m tochondrial outer
nmenbr ane
2 NADH dehydr ogenase 14 NP_004535

(ubi qui none) 1 al pha
subconpl ex 10
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Protein
NADH dehydr ogenase
(ubi qui none) 1 al pha
subconpl ex 9
NADH dehydr ogenase
(ubi qui none) flavoprotein 2
NADH dehydr ogenase
(ubi qui none), Fe-S protein 1'

NADH dehydr ogenase
(ubi qui none), Fe-S protein 2
NADH dehydr ogenase
(ubi qui none), Fe-S protein 3
NADH dehydr ogenase
(ubi qui none), Fe-S protein 8
NADH dehydr ogenase precursor

NADH ubi qui none oxi dor educt ase

peptidyl prolyl isonerase B
peroxiredoxin 1

per oxi redoxin 2''

thi o-specific

anti oxi dant protein

per oxi redoxi n 3"

predicted: simlar to R KEN
cDNA 4732495@21 gene

prenyl cystei ne oxi dase 1'
progest erone nenbrane bindi ng
protein

progesterone receptor nenbrane
conponent 1

prohi bitin'm"

protein disulfide isomerase''
60

precur sor

RAB11B'" '

RAP1B'"!

retinal G protein coupled
recept or

retinal pigment epithelium
specific protein' !

retinol binding protein 3
retinol dehydrogenase 11

retinol dehydrogenase 5
(11-cis and 9-cis)"!"

ribophorin Il

ri bophorin Il precursor

serum al bumi n'v
solute carrier famly 2,
nmenber 1"

solute carrier famly 25,
nenmber 1
solute carrier famly 25,
nenber 12
solute carrier famly 25,

nmenber 13

solute carrier famly 25,
nenber 24

solute carrier famly 25,
nenber 3

solute carrier famly 25,
nenmber 3 isoformb
solute carrier famly 25,
nmenber 4

solute carrier famly 25,
nmenber 4

12, 13
17, 18

19, 20,
21

22
21
19
12, 15,
16
10
18
19

17
10

15, 16

11

12, 13
16
17

15, 16,
17

15, 17,
18

Genbank
Accessi on
number

NP_004993

NP_066552

AAH30833

CAH72148
NP_004542
NP_002487

CAA43412

AAH08146

CSHUB
CAl 13096
CAAB0269

AAV38810
NP_001017992

NP_057381
NP_006311

NP_006658
AAS88903
$55507

NP_004209
AAH78173
NP_002912

NP_000320

CAH74045
AAH00112

AAH28298

AAH02594

B26168

CAA23754
NP_006507

NP_005975

NP_003696

NP_055066

NP_037518

NP_005879

NP_998776

NP_001142

NP_001142

Synonyns

NADH ubi qui none oxi dor educt ase

NADH ubi qui none reduct ase

NADH- coenzyme Q reduct ase

NDUFV1 protein

cyclophilin B

t hi oredoxi n per oxi dase,

KI AA0908, PCL1

gl ucose regul ated protein 58 kDa, ER

RAS oncogene famly
RAS oncogene fanily
peropsin, RGR

RPE65

andr ogen-regul ated short-chain
dehydr ogenase/ reductase 1

11-cis retinol dehydrogenase

Kl AA0115,
dol i chyl - di phosphool i gosacchari de
gl ycosyl transferase 48 kDa subunit

Dol i chyl - di phosphool i gosacchari de
protein
gl ycosyl transferase 63 kDa subunit

G ucose transporter type 1

ADP/ ADT
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Subcel | ul ar | ocation

Matrix and
cytopl asnic
side of

m tochondri al
inner menbrane

Matrix and
cytoplasm c side of
m tochondrial inner
menbr ane

Matrix side of the
m tochondrial inner
nenbr ane

Cytopl asni ¢
Cytopl asni ¢

M tochondri al

Lysosonal

M crosonal ;
nenbr ane- bound

Endopl asni ¢
reticulum
| umen

Type || nenbrane
protein

Endopl asni ¢ reticul um
Menbr ane- associ at ed

Type | nenbrane
protein

Type | nenbrane
protein

Endopl asni ¢
reticulum

Secret ed

Integral menbrane
protein; primarily
at the cell surface

I ntegral menbrane
protein

M tochondri al
inner menbrane
Integral menbrane
protein

M tochondri al
inner menbrane

Integral menbrane
protein

M tochondri al
inner menbrane

Ti ssue
specificity

Ubi qui t ous

W del y
expressed

Ret i nal
pi gnent
epi thelium
Reti nal
pi gnent
epi thelium

Reti nal

pi gnent

epi thelium
Endopl asni ¢
reticulum
protein

Expressed in
all tissues
tested

Pl asma

W del y
expressed

W del y
expressed
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Genbank
Cel Accessi on Ti ssue
Cel Protein slice nunber Synonyns Subcel lul ar | ocation specificity
2 solute carrier famly 25, 10, 14, NP_001143 ADP/ ATP carrier protein
nenmber 5 18
3 solute carrier famly 25, 17 AAA36750 ADP. ATP transl ocase
nenber 6
2,3 solute carrier famly 25, 10, 16 NP_001627
nenber A6
1,2,3 solute carrier famly 4, anion 2, 4, NP_000333
exchanger, nenber 1 18
1,2,3 spectrin, alpha' 1, 2, NP_003118
4
1,2,3 spectrin, beta' 1, 2 NP_003119. 2
1 succi nate dehydrogenase 17 NP_002991 succi nat e- ubi qui none oxi dor educt ase M tochondrial inner
conpl ex, subunit B, iron sul fur iron sul fur subunit nenbr ane
3 succi nate dehydrogenase 9 NP_004159 M tochondri al inner
conpl ex, subunit A menbr ane
1,2,3 ubi qui nol -cyctochrone c 19, 20 AAD38242 M tochondrial inner
reduct ase, rieske iron-sulfur menbr ane
protein
2 ubi qui nol - cyt ochrone-c 18 S00680
reduct ase
2 ubi qui nol - cyt ochr one-c 12, 13 NP_003356 M tochondrial inner
reductase core protein Il nenbr ane
3 ubi qui nol - cyt ochrone-c 12 AAH00484 UQCRC2 M tochondrial inner
reductase core protein Il nenbrane; matrix
si de
1,2,3 vinmentin''m 13 AAAB1279 beta tubulin, polypeptide Hi ghly
expressed in
fibroblasts,
sonme expression
inTandB
I ynphocyt es
1,2,3 voltage dependent anion 15, 16, NP_003365 porin Quter menbrane of Heart, liver
channel 1'" 18 m tochondria and and skel etal
pl asma nuscl e nenbr ane
1,2,3 voltage dependent anion 15 CAH73108 porin
channel 2"
1,2,3 voltage dependent anion 16 NP_005653 Quter nitochondrial W del y
channel 3 nenbr ane expressed

MLF proteins were fractioned on a 1D gel. The gel lanes were sliced into sections and proteins were digested and anadyrechatsdg
LC-MSMS and then identified using Mascot. Gel number refers to 3 separate preparations that were 'apphgseats proteins that were
previously identified as components of lipofuscin grandlespresents proteins that were previously identified as part of the melanosome
proteome!" represents proteins that were previously identified as part of the macrophage phagosome proépoesents proteins that are
preparation contaminants.

Rhodopsin was previously shown to be abundant in Lkvith Feeney-Burns results [5], MLF does not begin to accu-
granules [20], however; this protein was only identified in amulate significantly until midlife. This accumulation of MLF
single gel slice from 1 of the 3 MLF preparations analyzed. Iater in life is consistent with the onset of AMD which affects
order to more quantitatively examine this apparent lack 02% of individuals over 50 and 30% of individuals over 75
rhodopsin in MLF granules, we performed an immunoblot of31]. This correlation may suggest that MLF contributes to
MLF proteins in which we used aaRHO antibody to detect the etiology of AMD.
rhodopsin. Figure 7 shows that indeed no significant amount  Of significant interest is the fact the MLF is biologically
of rhodopsin was detected in MLF granules. active, showing a light-dependent decrease in cell viability in

Because of the extensive modifications on proteins in LARPE-19 cells fed MLF and placed in blue light for 48 h. To
granules that have been previously reported [20], we usesur knowledge this is the first report of the phototoxicity of
immunoblot techniques to detect oxidative modifications orMLF. The phototoxicity of MLF granules in ARPE-19 cells is
proteins in MLF granules. Dinitrophenylhydrazine (DNPH)
was used to derivatize protein carbonyls, a common productrasLe 2. M ELANOLIPOFUSCIN PROTEOME COMPARISON WITH OTHER

of protein oxidation, and was detected usingreddNP anti- ORGANELLES
body. Figure 8 shows that the degree of oxidative modifica= ot al o of
tions on proteins in MLF and LF granules is both extensivey ganel 1 e proteins common  Percent  Reference
and comparable, though not identical. . ;1;)”;);); veein i T . T i w [J;,;,
RPE nel anosones 102 23 22.5 [ 28]
Phagosones 140 18 12.9 [ 29]
. D.I SCUSSION . Li pof uscin 36 14 38.9 [ 20]
Sucrose density gradients of human RPE from different dési anocyt e 68 7 10. 3 [ 30]

cades of life illustrated that MLF is virtually non-existent in ! anosones

the RPE of younger individuals even though LF granules aPrhe proteome of melanolipofuscin (MLF) was compared to the
pear to be abundant in these RPE and has been detectegiteome of several relevant organelles. Organelles are listed in or-
RPE as young as 18 years of age (data not shown). Consisteat of decreasing number of proteins in common with MLF.
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at least 72% as potent as that of LF granules. These data show

fg i that MLF granules have the potential for deleterious affects
16 on RPE cells in the retina.

4 14 The physical characteristics of MLF granules support the
2 13 i ELF description of MLF as a complex granule with characteristics
ﬁi 8 - B MLF of both melanosomes and LF. The most compelling character-

% 6 istic of MLF is the protein complement identified in the gran-
4 ules. Of the 110 proteins identified as components of MLF, 23

2 1 - were previously identified in mature RPE melanosomes [28],
0 - T T T 18 were previously identified as part of the macrophage pha-

& &s Oq- ,§§° gosome proteome [29], 14 were previously identified in LF

on & < & granules [20], and 7 were identified in melanocyte melano-
& Qe} somes [30]. As expected, MLF granules appear to be consid-

erably more similar to RPE melanosomes than to melanocyte
Figure 6. Semiquantitative analysis of photoreceptor- and retinal pighelanosomes. While LF and MLF granules contain a signifi-
ment epithelium-specific proteins in lipofuscin and melanolipofuscincant number of similar proteins, these proteins appear to be
granules. Spectral counting was performed on two photoreceptorelated to the lysosomal processes which these granules both
specific proteins, rhodopsin and peripherin, and two retinal pigmemdarticipate in. However, the lack of similar cell specific pro-
epithelium (RPE)-specific proteins, RGR and rpe65, in 4 gel slicegsins would suggest different origins of the material being
from lipofuscin (LF) and melanolipofuscin (MLF) 1D gels. Photore- degraded.

ceptor-specific proteins were only identified in LF granules, while . . . .
RPE-specific proteins were mainly identified in MLF granules. Al- Of interest is the presence of RPEGS, which we previ-

though RGR was identified in LF granules it appeared to be abo@Usly identified in LF granules where it appeared to be far
58% less abundant than in MLF granules. This supports the hypotleSs abundant than we observe in MLF granules. RPE65 was
esis that LF granules originate from photoreceptors while MLF granpreviously identified in 3 of 15 gel slices from a 1D lane of
ules appear to originate from autophagy of RPE cells. LF proteins and in 12 of 24 gel slices from a 1D lane of MLF
proteins. RPEG5 plays a key role in the isomerization of ret-
inol as part of the visual cycle in the RPE and is therefore
RHO LF LF  MF MLF crucial to proper visual acuity. In contrast to RPE65, rhodop-

stnd 1uyg 3ug 10pg 50 g

EHQ ro‘ ']
BSA BSA BSA LF LF LF MF MF MF
4pg DNP HOO 4pg DNP DNP 4pg DNP  DNP
4pg DNP 14pg 49 14pg 40
118 kDa - ! i ﬁ
86 kDa - h.‘ 118 kDa —
. 86 kDa— .
47 kDa -
' ' 34 kDa- '
:uﬂh_ - 26 kDa — ‘ \
19 kDa-
26 kDa—

Figure 8. Dinitrophenyl immunoblot. Lipofuscin (LF) and

Figure 7. Rhodopsin immunoblot. Immunoblot following SDS-PAGE melanolipofuscin (MLF) proteins, 1.4 andug, that had been

of 1 and 3ug of total lipofuscin (LF) protein and 10 and &@ of derivatized with dinitrophenylhydrazine (DNPH) or not (control) were
total melanolipofuscin (MLF) protein. Shown for comparison is 6run on SDS-PAGE, transferred to nitrocellulose, and probed with an
ug of protein from photoreceptor cell membranes enriched from hua-DNP antibody to show the derivatized protein carbonyls, a com-
man retina. Rhodopsin runs on SDS-PAGE as a mixture of the mong0on product of protein oxidative damage. Shown for comparison
mer (about 30 kDa), dimer (about 60 kDa), and trimer (about 9@nd to demonstrate specificity are lanes of bovine serum albumin
kDa). Although rhodopsin is seen to be present in abundance in LBSA), BSA treated with DNPH, and BSA oxidized with hypochlo-

granules, no significant quantity of rhodopsin is detected in MLFite then treated with DNPH. Oxidative damage on proteins in LF
granules. and MLF granules is both extensive and comparable, though not iden-

tical.
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sin-which is abundant in LF is practically absent from MLF. 4. Rozanowska M, Jarvis-Evans J, Korytowski W, Boulton ME, Burke
Of significant interest is the finding that MLF, in contrast ~ JM, Sarna T. Blue light-induced reactivity of retinal age pig-
to LF, does not contain photoreceptor-specific proteins, sug- Tgegnst' '27V(i)t'r{)89892”5€ggi0” of oxygen-reactive species. J Biol Chem
gesting that MLF does not originate from the phagocytosls OE{. Feeney-Burns L, Hilderbrand ES, Eldridge S. Aging human RPE:
photoreceptor outer segments as does LF, or by the fusion of hometri sis of | torial. and peripheral
melanosomes and lipofuscin. Instead, the presence of RPE- MorbRomec enaysis o mac e sd e ona, and periphera
- ) ! cells. Invest Ophthalmol Vis Sci 1984; 25:195-200.

and melanosome-specific proteins would suggest that MLE, sarna T. Properties and function of the ocular melanin—a
accumulates as a result of the melanosomal autophagocytosis photobiophysical view. J Photochem Photobiol B 1992; 12:215-
of RPE cells. Our results appear to support neither of the two  58.

previously proposed hypotheses for the origin of MLF, be7. Schraermeyer U, Peters S, Thumann G, Kociok N, Heimann K.
cause both hypotheses suggest the fusion of LF granules with Melanin granules of retinal pigment epithelium are connected
additional material to form MLF. Our results instead suggest ~ With the lysosomal degradation pathway. Exp Eye Res 1999;
a new hypothesis for the origin of MLF which excludes the 68:237-45.

. . _ . 8. Dunford R, Land EJ, Rozanowska M, Sarna T, Truscott TG. Inter-
involvement of previously existing LF granules. This new . U :
action of melanin with carbon- and oxygen-centered radicals

hypothes!s for the formation of MLF gram_“es IS suppprt.ed by from methanol and ethanol. Free Radic Biol Med 1995; 19:735-
recent evidence that melanosomes function as specialized ly- 4q.
sosomes. Evidence for this specialized function includes thg Rozanowska M, Sarna T, Land EJ, Truscott TG. Free radical scav-
related biogenesis of melanosomes and lysosomes [32,33], the enging properties of melanin interaction of eu- and pheo-mela-
observed fusion between phagosomes and melanosomes [7], nin models with reducing and oxidising radicals. Free Radic
and the presence of lysosomal enzymes in melanosomes [28]. Biol Med 1999; 26:518-25.

The proteins in MLF granules were shown to be extenlO. Sarna T, Menon IA, Sealy RC. Photosensitization of melanins: a
sively modified by oxidative damage. The degree of oxida- comparative study. Photochem Photobiol 1985; 42:529-32.

. . . 11. Boulton M, Rozanowska M, Rozanowski B. Retinal photodamage.
tive damage is comparable to that found on LF proteins. The J Photochem Photobiol B 2001: 64:144-61.

prevalence of oxidative damage on these proteins may r(.an@. Korytowski W, Kalyanaraman B, Menon IA, Sarna T, Sealy RC.
them undegradable by the cell and therefore lead to their ac- Reaction of superoxide anions with melanins: electron spin reso-

cumulation in MLF granules. nance and spin trapping studies. Biochim Biophys Acta 1986;
Collectively these data provide significant insightintoun- ~ 882:145-53.

derstanding the formation and toxicity of retinal MLF and sug43. Sarna T, Burke JM, Korytowski W, Rozanowska M, Skumatz

gest a new theory for its formation as well as support a pos- CM, Zareba A, Zareba M. Loss of melanin from human RPE

sible contribution to the etiology of retinal diseases. Our find- ~ With aging: possible role of melanin photooxidation. Exp Eye

ings suggest that MLF might result from the accumulation of ~ Res 2003; 76:89-98.

undegradable material perhaps undegradable due to oxidative: D2Yhaw-Barker P, Davies S, Shamsi FA, Rozanowska M,
9 P P 9 Rozanowska B, Boulton M. The phototoxicity of aged RPE

damage in the autophagocyti'c melanosomes c_’f RPE cells. melanosomes. Invest Ophthalmol Vis Sci 2001; 42: S755
Furthermore, MLF granules might pose serious risk of photors_ gailiard E, Hill C, Griffiths D. UVC and visible light damage to

sensitization of these cells allowing blue light to produce cell  re-pigmented RPE cells. ARVO Annual Meeting; 2003 May 4-
death by liberation of reactive oxygen species, perhaps con- 9; Fort Lauderdale (FL).

tributing to AMD. 16. Rozanowska M, Korytowski W, Rozanowski B, Skumatz C,
Boulton ME, Burke JM, Sarna T. Photoreactivity of aged hu-
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