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ABSTRACT: Retinal pigment epithelial (RPE) membranes contain the full biochemical apparatus capable
of processinall-transretinol (vitamin A) into 11eis-retinal, the visual chromophore. As many of these
proteins are integral membrane proteins and resistant to traditional methods of identification, alternate
methods of identifying these proteins are sought. The approach described here involves affinity biotinylation
with alkali cleavable linkers. A vitamin A containing affinity-labeling haloacetate is described which
facilitates the identification of retinoid binding proteins (RBPs). Treatment of crude bovine RPE membranes
with (3R)-3-[boc-lys(biotinyl)-OJall-trans-retinol chloroacetaté in the low micromolar range led to the
specific labeling of RPE65 and lecithin retinol acyltransferase (LRAT). Only RPEG5 is labeledMt 5

1l at4°C. Labeled RPEG5 was readily isolated by binding the labeled protein to avidin-containing beads,
followed by cleavage of the protein from the beads at pH 11. Trypsin digestion of RPE65 modified by
1, followed by mass spectrometry, demonstrates that C231 and C448 are alkylatedlmse studies
validate the approach that was used, and furthermore demonstrate that RPE65, a major membrane-associated
protein of the RPE, is a RBP.

Affinity biotinylation can be a powerful tool in proteomics  linking groups. This approach is reduced to practice in the
for the identification of novel proteins1{6). In this current work. An alkali cleavable biotin-containing affinity
procedure, an irreversible affinity-labeling agent is modified reagent (Scheme 1) is used to specifically label retinoid
to contain a biotinyl moiety. The extraordinary affinity of binding proteins (RBP3$)that are part of the mammalian
the protein avidin for biotinKa ~ 10'% (7) allows for the visual cycle 9—11). This cycle is comprised of all of the
detection and, in theory, the purification of the labeled biochemical reactions required for the biosynthesis of 11-
proteins. Detection is readily managed through the specific cis-retinal, the visual chromophore (Scheme 2} {1). The
binding of avidin fluorescent probes or enzyme conjugates visual cycle is still poorly understood, and key elements
to the modified proteins with concomitant gel electrophoresis remain unidentified.

(1-6). In principle, purification is also facilitated by avidin The visual cycle is comprised of the sum of biochemical
biotin interactions. Immobilized tetrameric avidin is used to processes that are essential for the processing afisi1-
bind the modified proteins. The difficulty here lies in the retinal. The absorption of light by the retinal photoreceptor
elution step. The high affinity of tetrameric avidin for rhodopsin leads to the photoisomerization of itscistretinal
biotinylated proteins makes elution exceedingly difficult. Schiff base chromophore intdl-trans-retinal (12). Enzyme-
Elution is usually attempted under strongly protein denaturing mediated reduction of the dissociatatitrans-retinal toall-
conditions (e.g.8 M guanidinium hydrochloride, low pH, transretinol (vitamin A) occurs in the photoreceptork3(
70% formamide, and biotin). However, elution under these 14). The remaining biochemistry of the mammalian visual
harsh conditions has not proven to be successjulM/hile cycle occurs in the RPEA{11). The vitamin A liberated
biotinylated proteins are easily eluted from monomeric from the photoreceptors is transported to the RPE where it
avidin, the weak affinity of monomeric avidin for biotin is processed into 1&is-retinal, before being recycled to the
decreases the extent of its use, especially when minor proteindRPE ©—11).

are being targeted. The solution concentrations of these Several RBPs of the mammalian visual cycle have been
proteins may be substantially less than Kefor binding. characterized. These include lecithin retinol acyl transferase

One solution to the elution problem caused by high-affinity (LRAT) (3), 11<cis-retinol dehydrogenasely), all-trans
tetrameric avidir-ligand interactions is to use alkali sensitive retinol dehydrogenasel4), cellular retinal binding protein

(CRALBP) (16, 17), and the retinal G protein-coupled
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Scheme 1: A Biotinylated Affinity-Labeling Agent for RBPs
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Scheme 2: Biochemical Reactions of the Visual Cycle
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receptor (RGR)18, 19). RPEG5 R0, 21), a major membrane-  the visual cycle 23). The chloroacetate analogdgRCA)

associated RPE protein, is another protein which may be of of RBA inactivates LRAT as well (unpublished experiments).

interest in the operation of the visual cycle, inasmuch as a The chloroacetate analogdewas chosen for study here

mouse knockout of this protein disrupts tik-retinal bio- because of its anticipated higher chemical reactivity. This

synthesis22). A RBP function for this protein has not been analogue contains a biotin moiety linked via the 3-hydroxyl

reported. Finally, of course, the enzyme(s) responsible for group of the vitamin A analogue. Initial experiments are

thetransto cis double-bond isomerization/hydrolysis has yet presented here which establish the utilitylah the specific

to be identified (Scheme 2). labeling of both RPEG5, revealed here to be a RBP, and
To initiate the establishment of an inventory of the RBPs LRAT, a known RBP 23).

of the mammalian visual system, a cleavable biotinylated

retinoid affinity-labeling agent is described here. The vitamin EXPERIMENTAL PROCEDURES

A-containing reagent is shown in Scheme 3. Hiletrans

retinyl esterl is a biotinylated analogue @ill-trans-retinyl

bromoacetate (RBA2, which had been used to affinity label The synthesis of [®)-3-[boc-lys(biotinyl)-O]all-trans

lecithin retinol acyltransferase (LRAT), a key component of retinol chloroacetaté is described elsewher@4). Frozen

Materials



Identification of Retinoid Binding Proteins

Scheme 3: Alkali Cleavable Sites of RBPs Labeled wiith
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bovine eye cups were obtained from W. L. Lawson Co.
(Lincoln, NE). Dithiothreitol (DTT),all-transretinol, all-
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was performed at 4C using 10 mM Tris-HCI (pH 8.0), 1
mM EDTA, 2 mM DTT, and 0.1% Triton X-100 after

transretinyl acetate, oleyl acetate, gelatin, and the proteaseconcentrating the sample with a Centriprep.

inhibitor cocktail (AEBSF, aprotinin, bestatin, EDTA, E-64,
leupeptin, and pepstatin A) were from Sigma. Triton X-100
was from Fluka, and Tween 20 was from Bio-Rad. Centri-

prep, Centricon 10, and an electroeluter were from Amicon.

Western blot blocking buffer, Gel-code blue, neutravidin,
Tris-buffered saline pack [25 mM Tris and 150 mM NaCl
(pH 7.2)] were from Pierce. HPLC grade solvents were from
J. T. Baker. Coomassie brilliant blue R-250 was from Bio-
Rad. The silver staining kit, polyvinylidene fluoride mem-

Specific RPE Protein Labeling by All labeling experi-
ments using retinoids were performed in a dark room under
dim red light. Generally, 10@L of RPE (200-300 ug of
total proteins) was incubated with compouh@L0 «M) for
1 h at 4°C to label the specific retinoid binding proteins. At
the end of the incubation periods, excess reagent was
removed by centrifugation (1740§0or 20 min at 4°C),
dialysis (MW cutoff of 8 kDa), or acetone precipitation (1
mL, —20°C). The labeled sample was dissolved in 2% SDS

brane, anti-rabbit Ig-conjugated horseradish peroxidase, and; g subjected to SDSPAGE. In the kinetic experiments

the ECL-Western blotting kit were from Amersham Phar-
macia Biotech. Precast mini/two-dimensional (2D) gels (4
to 12%, 18%, 4 to 20%, 8 cnx 8 cm) for SDS-PAGE
were from Invitrogen Life Technologies, and the preparative
precast gel (4 to 20%, 16 cx 18 cm) was from Jule Inc.

the RPE withl (5 uM) was successively quenched by the
Laemmli sample buffer2g) at 20 s, 2 min, 10 min, 30 min,

1 h, and 3 h and then analyzed by SBFAGE. To study
the binding pocket competition by retinoids and thiol reactive
molecules, active site preblocking experiments were per-

(New Haven, CT). Precast medium size gels (4 to 20%, 8 10 oymeq. RPE was preincubated witli-transretinol (1 mM),

16%, 2D gel, 9 cmx 13 cm) were from Bio-Rad. Dalton

all-transretinyl acetate (1 mM), oleyl acetate (1 mM),

VI molecular mass markers for 14, 18, 24, 35, 45, and 66 j,qoacetamide (1 or 55 mM), NEM (1 or 55 mM), and RBA
kDa were from Sigma, and Benchmark prestained markers(goﬂM or 1 mM) for 1 h at 4'oc and thert (5 or ,10/,LM)

for 8, 15, 20, 26, 37, 50, 64, 81, 114, and 177 kDa were

from GibcoBRL Life Technologies. Biotinylated molecular

was added to the preincubated solution for-80 min at 4
°C, followed by SDS-PAGE analysis and biotin detection

mass markers (7, 14, 22, 31, 45, 66, 97, 116, and 200 kDa)'bIotting.

two-color prestained markers (10, 15, 20, 25, 37, 50, 75,

100, 150, and 200 kDa), avidin-conjugated horseradish One-Dimensional (1D) SDSPAGE AnalysisTris-glycine

peroxidase, and a ¥0Tris-buffered saline solution [20 mM
Tris and 500 mM NaCl (pH 7.5)] were from Bio-Rad. All
other reagents were analytical grade.

Methods

Preparation of the Boine Pigment Epithelium (RPE)
Membranes.The procedure for the preparation of bovine
RPE membranes was described elsewH&sg Prior to being

polyacrylamide gel (4 to 12%, 4 to 20%, or 18%) electro-
phoresis was carried out using the buffer system (25 mM
Tris, 192 mM glycine, and 0.1% SDS) described by Laemmli
(26). Denaturing of proteins was performed by heating
samples (100C for 2 min) in sample buffer () containing

4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004%
bromophenol blue, and 125 mM Tris-HCI (pH 6.8). Proteins
were visualized by Coomassie staining (0.1%) or silver
staining. For mini gels and medium size gels (8 gn® cm

used, the membranes were irradiated with UV light (365 nm) x 1 mm and 9 cmx 13 cmx 1 mm), 20uL of the protein
on ice for 5 min so endogenous retinoids would be destroyed.solution (26-30 g of total proteins, as determined by the

The RPE stock solution contains-2 mg of proteins/mL,
as determined by the Bradford assay.

Bradford assay) was loaded in each well, and for preparative
gels (16 cmx 18 cm x 0.75 mm), 50QuL of the sample

The solubilization of RPE in detergents was reported (1—1.5 mg of protein based on the Bradford assay) was

previously @5). Briefly, RPE membranes were solubilized
in 10 mM Tris-HCI (pH 9.0), 2 mM DTT, 1 mM EDTA,
and 1% Triton X-100. After thorough mixing fdl h at 4
°C, the material was centrifuged at 105d0r 1 h. Dialysis

loaded along with the molecular mass markers.

2D SDS-PAGE Analysis.2D gel electrophoresis was
performed by isoelectric focusing (IEF) using Immobiline
Dry Strips with a pH gradient from 3 to 10 (7, 11, and 13
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cm, Amersham Pharmacia Biotech) in the first dimension RPE65 peptide (NFITKVNPETLETIK) antibody was ob-
and 8 to 16% (9 cnx 13 cm, Bio-Rad) or 4 to 20% (8 cm  tained from Genemed (San Francisco, CA). After protein
x 8 cm, Invitrogen, and 16 cnx 18 cm, Jule Inc.) SDS separation by SDSPAGE, proteins were transferred to a
PAGE in the second dimension. Before rehydration of the polyvinylidene fluoride (PVDF) membrane for 30 min at 15
immobilized pH gradient (IPG) strip, 128 of rehydration V using Tris-glycine buffer (25 mM Tris and 192 mM
buffer for 7 cm (7 M urea2 M thiourea, 4uL of Triton glycine) and ethanol (20%) on a semidry transfer apparatus
X-100, 2% CHAPS, 0.5% IPG buffer, a few grains of (Bio-Rad). Alternatively, biotin-detected PVDF membrane
bromophenol blue, and 0.7 mg of DTT in doubly distilled was washed with erasure buffer [1% SDS, 20 mM Tris, and
water; 20QuL for 11 cm and 25Q:L for 13 cm) were mixed 500 mM NacCl (pH 7.5)] at 6C°C for 1 h, followed by
with the sample. Iso-electrofocusing in the IPGphor system washing four times (30 min) with TTBS buffer [0.05%
(Amersham Pharmacia Biotech) was conducted at successivween 20, 20 mM Tris, and 500 mM NacCl (pH 7.5)]. The
voltages of 500 (3 h), 1000 (3 h), 4000 (1 h), 6000 (1 h), membrane was blocked with 5% nonfat dried milk or super
and 8000 V (11 h) with very low currents (less than/50 block blocking buffer (Pierce, 3% BSA) fa2 h atroom
per IPG strip). After IEF, strips were equilibrated with 10 temperature. Anti-LRAT antibody (1:4000 dilution, 2 h), anti-
mL of SDS equilibration buffer (50 mM Tris-HCB M urea, rabbit 1g-linked horseradish peroxidase (1:8000 dilution, 1
30% glycerol, 2% SDS, 100 mg of DTT, and a few grains h) from donkey, and the enhanced chemiluminescence (ECL)
of bromophenol blue). Prestained molecular mass markerssystem were used to detect the LRAT band. For the RPE65
(177,114, 81, 64, 50, 37, 26, 20, 15, and 8 kDa, Invitrogen) Western blot, the same protocol was applied except that an
or biotinylated markers (200, 116, 97, 66, 45, 31, 22, 14, anti-RPE65 peptide antibody was used.
and 7 kDa) were run in the side well. Proteins were visualized Biotin Detection Blot AnalysisAfter protein separation
by biotin detection blots and silver staining. by SDS-PAGE, proteins were transferred to a poly-
General Purification of Biotinylated Proteins Using Neu- vinylidene fluoride (PVDF) membrane for 30 min at 15 V
travidin—Agarose BeaddAfter dialysis, the solution labeled  using Tris-glycine buffer (25 mM Tris and 192 mM glycine)
with 1 (20 uM) and Triton X-100-solubilized proteins (final and ethanol (20%) on a semidry transfer apparatus (Bio-
protein concentration of-12 mg/mL) was incubated for 3  Rad). The membrane was blocked in 100 mL of the blocking
h at 4°C with a slurry of neutravidinragarose beads. An  solution [3% gelatin, 25 mM Tris, and 150 mM NaCl (pH
approximate ratio of 3 mg of protein/mL of beads is sufficient 7.2)] using a shaker platform for 1 h. The blocking solution
for near-quantitative uptake of the biotinylated proteins onto was removed, and the membrane was washed twice with
the beads. The beads were washed five times in PBS [20TTBS solution [0.05% Tween 20, 25 mM Tris, and 150 mM
mM sodium phosphate and 150 mM NaCl (pH 7.5)] and NaCl (pH 7.2)] for 5 min. After removal of TTBS bulffer,
0.1% Triton X-100, and then were left rotating overnight in avidin-conjugated horseradish peroxidase/BBin 100 mL
this solution. After 12 h, the PBS solution was removed and of antibody buffer [1% gelatin, 0.05% Tween 20, 25 mM
replaced with a 200 mM sodium carbonate/bicarbonate Tris, and 150 mM NaCl (pH 7.2)] was incubated for 1 h.
buffered solution (pH 11 in 0.1% Triton X-100). The beads The membrane was washed twice with 100 mL of TTBS
were rotated in 2 volumes of this solution at room temper- buffer [0.05% Tween 20, 25 mM Tris, and 150 mM NacCl
ature, for 6 h. This solution was concentrated using an (pH 7.2)] for 5 min and twice with 100 mL of TBS [25 mM
Ultrafree centrifugal filter device (5 kDa MW cutoff, Tris and 150 mM NaCl (pH 7.2)] for 5 min. The ECL
Millipore) and then run o a 4 to 20%Tris-glycine gel. solution (6 mL) was added to the membrane for 1 min before
Proteins were visualized using either a modified, mass X-ray film exposure. Using a higher concentration of saline
spectrometry-compatible silver staining proced2@) (or TTBS buffer [20 mM Tris, 0.05% Tween 20, and 500 mM
Coomassie blue staining. Bands visualized in this mannerNaCl (pH 7.5)] reduced the background signal and the
were excised and analyzed by mass spectrometry. magnitude of the endogenously biotinylated protein band.
Active Site Peptide PurificatianAfter RPE had been Mass Spectrometry AnalysiBrotein labeled with was
labeled (0.5 mL, £1.5 mg of total proteins) with compound  processed for mass spectrometry as follows. The protein was
1(100uM, 1 h at 4°C), followed by preparative 1D SBDS purified by neutravidir-agarose chromatography and sepa-
PAGE (16 cmx 18 cm), the 60 kDa band was excised and rated by SDSPAGE, and the mass spectrometry compatible
proteins were eluted using an electroeluter (Amicon) at 100 silver-stained protein band (65 kDa) was cut and
V for 3 h. Proteins were digested with trypsin (280 ug) dehydrated in MeCN for 10 min. Gel pieces were covered
in 50 mM ammonium bicarbonate buffer overnight at°&7 with DTT (10 mM) in NHHCO; (100 mM) to reduce
Digested peptides were incubated with neutravigigarose proteins fo 1 h at 56°C. After the mixture had cooled to
beads overnight at room temperature, followed by washing room temperature, the reducing buffer was removed. The
five times with sodium phosphate buffer 20 mM, 150 mM gel washing/dehydration cycle was repeated three times with
NaCl (pH 7.5)] before elution. Biotinylated proteins were the NHHCOs/MeCN mixture before trypsin (12.5 ngL, 5
eluted from the beads by incubation in sodium carbonate/ uL/mm? gel, overnight) digestion at 3TC. Gel pieces were
bicarbonate buffer (200 mM, pH 11) overnight. Eluted centrifuged, and the supernatant was collected. Peptides were
peptides were purified with a C18 column (Waters) twice further extracted by one change of 20 mM MCO; and
using an acetonitrile gradient elution buffer (0 to 90% MeCN three changes of 5% formic acid in 50% N (20 min
and 0.1% TFA) prior to mass spectrometric analysis. between changes) at 26. Trypsin digestion of the gel band
Western Blot Analysi§he preparation of polyclonal anti- and the mass spectrometric analysis were performed at the
LRAT peptide antibodies was reported previousdy. (The Taplin Biological Mass Spectrometry Facility at Harvard
polyclonal anti-LRAT protein antibody was obtained from Medical School. When peptides were analyzed by ion-trap
D. Bok (University of California, Los Angeles, CA). An anti- mass spectrometry, the amino acid sequence was determined
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by tandem mass spectrometry (MS/MS) and a databasea 1 2 3 C 1 23
search. LCQ DECA ion-trap mass spectrometers (Thermo-
Finnigan) were used. For microcapillary LC elution, a linear
gradient of 100% buffer A (5% MeCN, 95%,8, 0.1%
formic acid, and 0.005% heptafluorobutyric acid) through
100% buffer B (95% MeCN, 5% D, 0.1% formic acid,
and 0.005% heptafluorobutyric acid) was used. The capillary
column was 75m (inside diameterk 12 cm (bed length).
The flow rate was split down from the pumps to 200 nL/
min for the separation. The bovine database was extractec
and downloaded from the NCBI website (http://www.
ncbi.nim.nih.gov/). The same procedure was followed for
the 20-25 kDa band.

MALDI-TOF mass analysis was performed using Voyager-
DE STR from Applied Biosystems at the Dana-Farber Cancer
Institute Core Facility (Boston, MA)a-Cyano-4-hydroxy-
cinnamic acid (0.5«L, for peptide) or sinapinic acid (0.5
uL, for protein) was used as the matrix for each sample (0.5
uL). Reflector mode, an accelerating voltage of 20 000 V,
and an extraction delay time of 200 ns were applied. The
laser intensity was 19662300, and 106200 laser shots
were collected for each spectrum. The acquisition mass range
was 750-4500 Da with a low-mass gate of 600 Da.

60 kDa —

— 60kDa 25kDa— |~ —— —4— LRAT

— 25kDa

RPEG5
— 60kDa 60kDa — femw hl

— 25kDa 55 kDa —

RESULTS Bad

: Ficure 1: Retinoid affinity biotinylation of RPE. (A) SDSPAGE
Labeling of RPEGS and LRAT k. At the end of the gradient gel (4 to 20%). Proteins were visualized by Coomassie

inCl_Jbation periods, excess regg_ent was removed by centrifupye staining: lane 1, RPE labeled with 10 M, 1 h at 4°C;
gation or cold acetone precipitation. The labeled sample waslane 2, RPE labeled with, 100xM, 1 h at 4°C; and lane 3, control
dissolved in 2% SDS and subjected to SEFAGE. Detec- RPE. (B) Biotin detection of labeled proteins. Proteins were
tion of the biotinylated protein bands affinity labeled with transferred to a PVDF membrane and visualized by avidin-HRP/

. L . . ECL. Lanes are the same as those for panel A. (C) LRAT Western
was with avidin-bound HRP (Figure 1B), and total protein o “proteins were transferred to a PVDF membrane, and LRAT

staining was with Coomassie blue (Figure 1A). Figure 1A was visualized by anti-LRAT antibody/anti-rabbit Ig-HRP/ECL.
shows the Coomassie-stained gel revealing the high degred.anes are the same as those for panel A. (D) RPE65 Western blot.
of complexity consistent with a crude RPE membrane Proteins were transferred to a PVDF membrane, and RPE65 was

; ; _ visualized by anti-RPE65 antibody/anti-rabbit Ig-HRP/ECL: lane
preparatlpn. At .10‘MM 1 (Figure 1B, .Iar-le 1), clear-cut 1, RPE labeled with, 50 uM, 1 h at 4°C; and lane 2, control
preferential labeling of ar-60 kDa protein is observed. The gRpg.

labeled protein is demonstrated below to be RPE65. The

observed specific labeling is in stark contrast to the complex- labeling of the approximately 60 kDa protein was still major.
ity observed in the Coomassie-stained gel (Figure 1A). At Clear bands in the 25 kDa region can be discerned here.
higher concentrations df, additional labeled biotinylated = When the labeling was carried out with &M 1 for 5 min
species are observed (Figure 1B, lane 2). The data shown imat 4°C, the labeling was simplified further, and clearly, the
Figure 1 demonstrate that the labeling of RPE membraneslabeling of the 60 kDa protein predominated.

by 1 at low concentrations is highly selective. Figure 1B While it is clear that labeling of the 60 kDa protein
(lane 3) shows three groups of endogenous proteins with predominates, it is also clear that other proteins are labeled
molecular masses of approximately 114, 74, and 60 kDa when labeling is carried out under more forcing conditions.
which either cross react with avidin or are in fact biotinylated Western blotting experiments suggest that at least two well-
proteins. Interestingly, these proteins do not appear on anknown proteins are labeled. Figure 1C shows a Western blot
18% gel (data not shown), but only when running 4 to 20% using an anti-LRAT antibody, and Figure 1D shows RPE65
gradient gels, probably due to the higher resolution of the Western blot analysis using an anti-RPE65 polyclonal
latter gel. In any case, these proteins are lost upon avidinantibody. The approximately 25 kDa band labeled by
chromatography and do not interfere with the identification (Figure 1B) is also stained by the anti-LRAT antibody
of the proteins biotinylated witd. When the membranes (Figure 1C), and the labeling of this band kyis blocked
were incubated at 10M 1 at 25°C for 1 h again, the strong by added RBA (see below; data not shown), the specific
labeling of a protein at approximately 60 kDa was observed. affinity-labeling agent for LRAT 23).

In addition, the appearance of several weaker bands was also A 2D gel was run to further investigate possible complex-
noted, including the labeling of proteins at approximately ity in the labeling process (Figure 2). In Figure 2A, the silver-
25 kDa. When labeling with 1@M 1 was carried out at 4  stained gel again shows the high degree of proteomic
°C (Figure 1B, lane 1), the same pattern of bands was diversity in RPE membranes. As can be seen in this 2D gel,
observed, but their intensity was somewhat lower than atthe 60 kDa band (RPE65) (pF 5.5-5.8) is by far the

the higher temperature. Labeling withat 100uM at 4 °C predominantly labeled protein (Figure 2B), and there are no
(Figure 1B, lane 2) produced more general labeling, but the observable avidin cross-reactive proteins in the unlabeled
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Ficure 3: Time-dependent RPE labeling. (A) Biotin detection
analysis. Proteins were visualized by using avidin-HRP/ECL after
transferring proteins to the PVDF from the 4 to 12% SIPFAGE

gel: lane 1, biotinylated markers (200, 116, 97, 66, 45, 31, 22,
and 14 kDa); lane 2, RPE control; lane 3, RPE incubated Wjith
at 5uM, for 20 s at 4°C; lane 4, RPE incubated with at 5uM,

for 2 min at 4°C; lane 5, RPE incubated with at 5uM, for 10

min at 4°C; lane 6, RPE incubated with at 5uM, for 30 min at

4 °C; lane 7, RPE incubated with at 5uM, for 1 h at 4°C; and
lane 8, RPE incubated with at 54M, for 3 h at 4°C. (B) Time-
dependent RPE labeling. The biotin signal is represented by a plot
of volume vs time.

of labeling (Figure 4). The extent of this labeling was

strongly diminished by preincubating RPE membranes with
the high concentrations of the thiol reactive reagents iodo-
acetamide (lane 2) and NEM (data not shown). Thus, under
varying labeling conditions of crude RPE membranes with
1, it is clear that the approximately 60 kDa band is the

predominantly labeled species. The extent of labeling of the

FiGURe 2. 2D SDS-PAGE analysis of labeled RPE. (A) RPE Gﬁ tkDa batr.‘d lbylF.Was dA'frg'”l'ShedSby p;ﬁ:”t‘:“ba“otr.‘ V‘{'th
proteome in 2D electrophoresis. Proteins were separated b all-transretinol (Figure , lane 3) andll-transretiny

isoelectric focusing (first dimension) and SBBAGE (second  acetate (Figure 4B, lane 4). Preincubation with the non-
dimension). An immobilized pH gradient strip (pH 3 to 10, 13 cm) retinoid oleyl acetate (Figure 4B, lane 5) was less effective

for [EF and a gradient gel (4 to 20%, 16 c18 cm) for SDS- at preventing biotinylation. The extent of labeling was also

PAGE were used. Proteins were visualized by silver staining. (B) i sl ;
Biotin detection of labeled proteins. RPE was incubated wjtht strongly diminished by addingll-transretinyl bromoacetate

10 uM, for 1 h at 4°C. Proteins were transferred to a PvDF (RBA) 3 (Figure 4B, lane 6), an affinity-labeling agent for
membrane and visualized by avidin-HRP/ECL. Biotinylated mo- the vitamin A esterifying enzyme LRAT2Q). These data
lecular mass markers (200, 116, 97, 66, 45, 31, 22, 14, and 7 kDa)are consistent with the specific labeling of the 60 kDa protein.
were loaded in the right-most lane. (C) Unlabeled control RPE.  |qentification of RPE65 and LRAT as Species Labeled by
z\r/%ﬁ:fﬁRVV}%EéﬁnSferred to a PVDF membrane and visualized by ; o eyt series of experiments were focused on methods
for specifically binding the biotinylated proteins to neu-

control (Figure 2C). Thus, the labeling of RPE membranes travidin beads and then cleaving the proteins from the beads
with 1 provides a remarkably simple profile, and is domi- with alkali. RPE membranes were labeled with 2@ 1,
nated by the labeling of the 60 kDa protein. The calculated solubilized in Triton X-100, and then dialyzed to remove
pl for RPEG5 of 6.0 (http://us.expasy.org/tools/pi_tool.html) excess reagent. The addition of neutravidin beads to this
is in good agreement with the experimental value of5.5 solution showed that the biotinylated proteins were almost
5.8 determined here. completely taken up by the beads by 3 h. Treatment of the

The specificity of labeling of the approximately 60 kDa beads at pH 11 (Figure 5, lanes 1 and 3), but not at pH 7.5
species was further explored by determining a time course (Figure 5, lanes 2 and 4), led to the release of the proteins
for the labeling of this protein with ’M 1 (Figure 3). As into solution. After incubation fio6 h at pH 11 more than
shown here, a hyperbolic time course for labeling is observed.90% of the biotinylated proteins were removed from the
At 4 °C, the half-time for labeling is approximately 10 min. column. There are two alkali labile ester linkages in

The inhibition of labeling of the 60 kDa protein Bywith compoundl, and cleavage of either releases protein from
added retinoids was studied to further reveal the specificity the beads.
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Ficure 4: Competition analysis of RBPs by preblocking and
labeling. (A) Biotin detection analysis. Proteins were visualized
by using avidin-HRP/ECL after SDSPAGE m a 4 to 20%gradient

gel. Proteins were transferred to a PVDF membrane: lane 1,
biotinylated markers (200, 116, 97, 66, 45, 31, 22, 14, and 7 kDa);
lane 2, RPE preblocked with 55 mM iodoacetamide Toh and
then incubated witl, at 5xM, for 10 min at 4°C; lane 3, RPE
preblocked with 1 mM retinol fiol h and then incubated with,

at 5uM, for 10 min at 4°C; lane 4, RPE preincubated with 1 mM
retinyl acetate fo1 h and then incubated with at 5uM, for 10

min at 4°C; lane 5, RPE preincubated with 1 mM oleyl acetate
and then incubated with, at 5uM, for 10 min at 4°C; lane 6,
RPE preincubated with RBA (90M, 1 h) and thenl, at 5uM,

for 10 min at 4°C; lane 7, RPE labeled with, at 5uM, for 10

min at 4°C; lane 8, control RPE; and lane 9, prestained molecular
mass markers (177, 114, 81, 64, 50, 37, 26, 20, 15, and 8 kDa).
(B) Relative intensity of RPE labeling compared to the control.
The biotin signal is represented by volume in the graph.
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Ficure 5: Elution of biotinylated proteins from neutravidin
agarose beads. The neutravidagarose beads which contain the
labeled RPE were treated with buffer at either pH 7.5 or 11: lane
1, pH 11 for 6 h; lane 2, pH 7.5 for 6 h; lane 3, pH 11 overnight;
and lane 4, pH 7.5 overnight.

SDS-PAGE was performed on proteins released at pH
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Table 1: Mass Spectrometric Identification of RPE Proteins
Labeled with1?

protein

X corr MW (MH") sequence

(A) Labeled 60 kDa Region
60945
789.8637
866.9948
1062.1674
1075.2932
1144.3104
1169.3660
1231.4807
1269.5728
1513.6929
1551.7802
2087.3374

positions

RPEG65
2.2152
1.6138
2.3747
2.3770
2.5204
2.4300
3.2525
2.7699
3.2833
4.0892
4.8063
2.7135
2.3806

509-515
119-124
348-355
368-376
155164
199-208
367376
34-44

414-425
209-222
15-33

426-446
235258

DLSEVAR

FFSYFR

ENWEEVKK

YVLPLNIDK

VNPETLETIK

NFSIAYNIVK

RYVLPLNIDK

IPLWLTGSLLR
QAFEFPQINYQK
IPPLQADKEDPISK
LFETVEELSSPLTAHVTGR
2389.6750 YGGKPYTYAYGLGLNHFVPDR
2771.2310 FKPSYVHSFGLTPNYIVFVETPVK

(B) Labeled 25 kDa Region
LRAT 25701
4.6637 56-69 1660.8295 THLTHYGIYLGDNR

aRPE membranes {6 mg) in 1 mL of 100 mM phosphate buffer
(pH 7.5) were labeled with 20M 1 for 1 h at 25°C. Proteins were
solubilized with 1% Triton X-100, followed by dialysis. To the
neutravidin beads (0.5 mL) was added 1 mL of the solubilized, labeled
RPE, and beads were resuspended°& #br 3 h until complete uptake
of the biotinylated proteins occurred. After the beads had been washed
five times, the proteins were eluted at pH 11. The supernatant was
concentrated to~40 uL, and the proteins were subjected to SBS
PAGE. The silver-stained bands at approximately 60 (A) and 25 kDa
(B) were excised and submitted for tandem mass spectrometric analysis.
The sequences of the peptides were determined by electrospray MS/
MS. In separate experiments, peptide molecular masses were also
verified by MALDI-TOF.

an affinity for retinoids. However, this abundant protein was
also found in nonlabeled controls which were run through
the same protocol. No RPEG5 was observed in nonlabeled
control samples. For MALDI-TOF analysis, precise molec-
ular mass determinations of the tryptic fragments of the
proteins allow for their identification because these fragments
are unique for a particular protein. In the ESI-MS/MS
analyzer, a mixture of peptide ions is generated by electro-
spray ionization. The tandem MS selects a simgtespecies

for collision-induced dissociation of the peptide into ions
and neutral fragments. The sequence of the peptide is
deduced from this MS/MS spectrum. One representative
peptide mass spectrum of the 13 identified RPEG5 peptides
is shown in Figure 6. Bkand y1x represent N-terminal
and C-terminal fragments, respectively. In Table 1A are
shown data for the 2535 and 66-65 kDa regions. The same
analysis was performed on the 25 kDa band. LRAT was
identified here (Table 1B), verifying the labeling approach
described here. Moreover, as shown above, anti-LRAT
antibodies also stained the 285 kDa region of the gel. In
separate experiments, we were able to demonstrate that C161
of cloned LRAT is specifically labeled bg (W. J. Jahng
and R. R. Rando, unpublished experiments). This cysteine

11. The approximately 60 kDa band was excised, and afterresidue is the catalytically relevant active site nucleophile

proteolysis with trypsin, mass spectrometry was performed
on the peptide products (Table 1). As shown in Table 1A
and Figure 5, RPE65 was identified as the predominant
product and 13 peptides from RPE65 were identified. Bovine
serum precursor protein (two or three peptides) was also

of LRAT (28).

To identify the sites of labeling of RPE65 lythe protein
was first labeled witll and the 60 kDa protein was separated
by SDS-PAGE and electroelution. The eluted biotinylated
protein was trypsinized, and the peptides were bound to a

identified, possibly because bovine serum albumin also hasneutravidin column. Mass spectrometry of the fraction that
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Peptide position M+1 Sequence
414-425 1513.6929 QAFEFPQINYQK
Protein identified: RPE65
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FIGURE 6: Representative mass spectrum from the 60 kDa band. A representative mass spectrum is shown from the 13 identified RPE65

peptides. BIx and y1x represent N-terminal and C-terminal fragments, respectively. XFhgis is the mass over chargevg), and the
Y-axis is the relative intensity.

Table 2: Active Site Labeling of RPE&5

X corr position MH" sequence

Cys231
2.4480 231261 3459.987 C#SDRFKPSYVHSFGLTPNYIVFVETPVKIN
1.9998 209-237 3285.782 IPPLQADKEDPISKSEIVVQFPC#SDRFKP
1.4603 217241 2909.286 EDPISKSEIVVQFPC#SDRFKPSYVH
1.6114 224244 2443.782 EIVVQFPC#SDRFKPSYVHSFG

Cys448
1.8152 405-451 5439.215 PEVLFSGPRQAFEFPQINYQKYGGKPYT-

YAYGLGLNHFVPDRLC#KLN

1.4762 431453 2686.146 YTYAYGLGLNHFVPDRLC#KLNVK
1.4409 443-464 2686.100 VPDRLC#KLNVKTKETWVWQEPD

aRPE (3-1.5 mg of total proteins) was labeled with 10 1 for 1 h at 4°C. After SDS-PAGE, the 60 kDa band was excised for electroelution,
followed by trypsin digestion in the ammonium bicarbonate buffer (50 mM). Digested peptides were purified with neutiayidose beads

followed by C18 column chromatography, and analyzed by tandem mass spectrometry. The sequences of the peptides were determined by electrospray
MS/MS. b C# is the modified cysteine (MW~ 58).

eluted at pH 11 showed that two cysteine residues werevisual chromophore9—11). Biotin affinity labeling is the
uniguely modified by the addition of a fragment with a approach used for the identification of RPE membrane RBPs.
molecular mass of 58 Da (Table 2). Note that after hydrolysis In this approach, a biotin moiety is adducted via a base
of 1 attached to RPEG65, the protein is labeled with a cleavable linker to an affinity-labeling agent targeted to a
methylene carboxylate moiety (GBO.H) because the  specific enzyme, or family of enzyme&~6).

remainder of the r_etinoid is cleaved. Thus, the labeled peptide | the study presented here, an affinity-labeling agent based
would have an increment of 58 Da over the unlabeled oy RBA is used at low concentrations to label proteins in
species. RPE membranes. Incubating crude RPE membranes with low
concentrations ofl led to the specific labeling of RPE65

DISCUSSION and LRAT. Importantly, the labeled proteins were readily

The experiments described herein were begun to establisheluted from neautravidin beads under very mild conditions
a proteomic inventory of RBPs of the RPE. The membrane (pH 11). This cleavage leaves the labeled protein tagged with
fraction was chosen for initial study because it possesses alla methylene carboxyl group (Scheme 3). Thus, itis a simple
of the known enzymatic machinery required for the conver- matter to determine which peptide and which amino acid in
sion of vitamin A @ll-transretinol) into 11¢€is-retinal, the the peptide have been modified.
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The labeling of LRAT is not surprising, sincdl-trans cellularly (9, 10). The extant retinoid binding proteins are
retinyl bromoacetate (RBA) is a known affinity-labeling known to bind retino(a)ls, but not retinyl esters. Some, like
agent for LRAT @3), and is structurally very similar ta. CRALBP (36), are specific for retinoids, while others, like

Indeed, the detection of LRAT by this labeling technique IRBP, are less specific and bind to a wide assortment of
validates the potential of this labeling approach inasmuch hydrophobic alcohols and acid87). Retinyl esters pose a
as an expected target is identified in a mixture of thousands particularly challenging problem with respect to mobilization.
of proteins. Moreover, LRAT is also labeled at its active While the retino(a)ls undergo rapid intermembranous transfer,
site cysteine residue (C161), further demonstrating selectivity retinyl esters are essentially inert to uncatalyzed tran3&r (
in the labeling process (unpublished experiments). This This is because of the extreme hydrophobicity of these long
particular residue is the catalytically active nucleophile chain fatty acid esters of the already hydrophobic retinols.
involved in the acyl transfer reactio2g). Retinyl esters are key components in the visual cycle, and
The specific labeling of RPE65 with was unexpected, are processed into Idis-retinol in the RPE §, 10). The
and is of substantial interest inasmuch as it reveals an RBPassisted mobilization of retinyl estersvivo is likely to be
role for this protein. The labeling of RPE65 Hyis robust important in visual cycle function. It is reasonable to wonder
and could hardly be due to nonspecific alkylation. While whether RPE65 might bind and mobilize retinyl esters
RPEBG5 is clearly a quantitatively significant protein in the wivo. Several lines of experimental evidence are at least
RPE, perusal of the Coomassie-stained gels (Figures 1 andconsistent with this being a possibility. RPE65 is found in
2) shows that it is only one of many major proteins revealed RPE membranes, which otherwise contain the enzymatic
in the gel. However, RPEG65 is clearly labeled preferentially machinery essential for 1dis-retinal biosynthesis9 10).
by 1 in the crude RPE preparation that was studied (Figure RPE65 is also found in substantial quantities in RPE
1). Further evidence for the specific labeling of RPE65 comes membranes, which is more consistent with its having a
from mass spectroscopic studies which revealed that onlystoichiometric binding function, rather than a catalytic
two cysteine residues out of a total of 12 (C231 and C448) function. Importantly, esters accumulate atypically in RPE65
are labeled byl. This mass spectroscopic result was repeated knockout mice 22). The inability to mobilize retinyl esters
on two occasions with exactly the same results. That cysteinein vizo would, of course, severely affect visual cycle function
residues are labeled is consistent with the observation thatbecause the substrate for isomerization would be rendered
high concentrations of NEM and iodoacetate both strongly unavailable for further processing. Finally, the experiments
diminish the extent of labeling of RPE65 dy NEM and reported here demonstrate that RPE65 binds retinyl esters.
iodoacetate are both thiol-directed reagents. The possibility still exists that RPE65 possesses enzymatic
The specific labeling of RPE65 by retinoidmeans that  activity. However, in the years since the discovery of RPE6G5,
RPE65 can bind retinoids. RPE65 is a major protein of the no enzymatic activity has ever been described for this protein.
RPE @O, 21) of unknown function and, from knockout While the sequence of RPEG5 is most homologous to that
studies in mice, is clearly important, either directly or of S-carotene 15,1&dioxygenase, it has been explicitly
indirectly, for 11€is-retinal biosynthesig vivo (22). In the shown not to possess this enzymatic activio)( A
knockout mouse mentioned here, the biosynthesis afi¢l-  j-carotene processing activity for RPE65 would be obscure
retinal is severely curtailed, whilall-transretinyl esters in any case inasmuch as there is virtually fxcarotene in
inappropriately accumulate as oil droplets in the RRB,( the eye.
suggesting the possibility that RPEG5 is involved in retinyl ~ The experiments reported here also demonstrate that the
ester processing. However, in the years since its discovery,cleavable biotinylated affinity-labeling agent described here
no function for RPE65 has been reported, enzymatic or can be used to selectively identify RBPs in crude RPE
otherwise. membranes. From perhaps thousands of RPE membrane
Sequence homology comparisons of RPE65 with other proteins, labeling witHL at low concentrations allowed for
known proteins show a rather strong homologgicarotene  the specific labeling of RPE65 and LRAT. The data
15,18-dioxygenase 49). This enzyme oxidatively cleaves presented here demonstrate the validity of the approach used

p-carotene centrically into two moleculesatf-transretinal here in functional proteomics. Further experimentation on
(29). Sincef-carotene is essentially a head to head dimer of the use ofl, and similar analogues, at higher concentrations
retinal moleculesf3-carotene 15,1&ioxygenase by defini-  and for longer incubation periods is anticipated to reveal

tion can bind the retinoid moiety. By homology arguments, further RBPs using the methods already demonstrated to be

it is possible that RPE65 may bind retinoids as well. effective here. In additiort, was only studied in the context

Interestingly, the observation that a stoichiometry of 2 is of RPE labeling. Cleavable biotinylated analogues, including

found for the binding ofl to RPE65 is most simply 1, will be studied on soluble fractions from the RPE as well

understood in terms of the homology of RPE6Boarotene as on photoreceptors.

15,18-dioxygenase which essentially binds a dimer of retinal.
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