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and cone-dominant species

Nahid Hemati,! Kecia L. Feathers! Jared D. Chrispell,*? David M. Reed,! Thomas J. Carlson® DebraA.
Thompson?'?

(Thefirst two authors contributed equally to this publication)

Departments of ‘Ophthalmology and Visual Sciences and 2Biological Chemistry, University of Michigan Medical School, Ann
Arbor, Ml

Purpose: RPEG5 is an abundant protein necessary for the synthesis of the chromophbisreetidal by the retinal

pigment epithelium (RPE). Our purpose was to identify RPE65 surface epitopes, to assess protein interactions, and to
evaluate RPEG5 expression in eyes from rod- and cone-dominant species using a monoclonal antibody approach.

M ethods: RPE65-specific monoclonal antibodies, mAb 8B11, and mAb 1F9, were generated using bovine RPE microso-
mal membranes and a human RPEG65 synthetic peptide as immunogen, respectively. Western analysis was performed on
bovine RPE membranes, as well as yeast strains generated by transfectRiPE6&lcDNASs. Competition of antibody

binding by synthetic peptides was assayed using ELISAs, western analysis, and elution from immunoaffinity matrices.
RPEG65 structural models were generated by ab initio and comparative methods. Immunohistochemistry was performed
on retina/RPE/choroid cryosections and retina flatmounts.

Results: The antigenic determinant recognized by mAb 8B11 was localized to a 10 amino acid sequence, KVNPETLETI,
that competed binding withM affinity and eluted RPEG5 from an immunoaffinity matrix incubated with solubilized
bovine RPE membranes or RPE65-transfected cells. Similarly, solubilized RPE65 was bound and eluted from an mAb
1F9 immunoaffinity matrix using the immunizing peptide, FHHINTYEDNGFLIV. In both casesist&tinol dehydro-

genase, but not other known visual cycle proteins, appeared to co-elute with RPEG5 in substoichiometric amounts. Both
sequences localized to surface exposed regions of predicted RPEG5 tertiary structures. RPE65 immunoreactivity was
detected by mAb 8B11 and mAb 1F9 in the RPE, but not in retina, in bovine, rat, mouse, human, chickempasd

laevis, and inNrl knockout mice whose retinas contain exclusively cone-like photoreceptor cells.

Conclusions: The identification of RPEG5 surface exposed antigenic determinants represents a first step toward under-
standing RPEG5 structure and its interaction with visual cycle proteins, and provides a means for the purification of the
native protein. The finding that RPE65 immunoreactivity is present in the RPE and not retina of both rod- and cone-
dominant species does not support a proposed direct role for RPEG5 in cone cell function.

RPEG5 is an abundant protein expressed in the RPE where Recent studies show that RPEG65 functions as the
it functions in the visual cycle necessary for the synthesis aéomerohydrolase in the RPE that convertdralts retinyl
11<cisretinal, the chromophore of the visual pigments [1,2].esters to 1Lis retinol [8-10] by coupling the free energy of
Developmentally, RPEBG5 is an important marker for the difester hydrolysis to theansto cisisomerization reaction [11].
ferentiated phenotype of the RPE [3]. Mutations in the geng&his role is compatible with the findings of earlier studies
encodingRPEGS are responsible for childhood-onset formsshowing that RPEG5 is a retinoid-binding protein [12,13] that
of autosomal recessive severe retinal dystrophy, includingcts a molecular switch, binding &lbns retinyl esters when
Leber congenital amaurosis, in an estimated 11% of cases [falmitoylated, and alirans retinol when depalmitoylated by
A number of research groups are currently involved in effortsransfer to lecithin retinol acyl transferase (LRAT) [14]. Patho-
to develop therapeutic methods specific for RPE6G5 loss-ofyenesis associated with RPE65 loss-of-function is proposed
function [5-7], with clinical trials of gene replacement therapyto result, in part, from constitutive opsin activity due to loss of
planned for the near future. chromophore [15], although other interpretations exist [16].
More than half of all knowfRPEG5 mutations are missense
substitutions affecting over 30 different amino acid residues
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The relatively high incidence &PE65 mutations in pa-
tients with early-onset disease, as well as its central role in
current therapeutic efforts, creates a strong incentive to achieve
T. J. Carlson is now at the Department of Biochemistry, Pfizer Glo@ mechanistic understanding of RPE65 participation in the vi-
bal Research and Development, La Jolla Laboratories, San Diegdyal cycle. Among the many critical issues to resolve include
CA elucidating the mechanism(s) by which missense mutations
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disrupt RPEG5 function, and establishing the role of RPE6®%estern analysis, bovine RPE and mouse RPE/choroid mem-
in rod- and cone-associated visual cycles. Cones have belerane proteins were separated by SDS-PAGE, transferred to
proposed to have a private pathway of regeneration that majtrocellulose, and incubated with primary and secondary an-
involve their ability to oxidize 1tisretinol to 11leisretinal  tibody (alkaline phosphatase-conjugated) using standard meth-
[17,18]. RPEG5 has been proposed to directly participate iads [30]. Typing of antibody class and subclass was performed
the cone visual cycle based on its reported expression in congsing ImmunoPure Monoclonal Antibody Isotyping Kit (Pierce
[19]. Chemical Co., Rockford, IL) according to manufacturer’s in-
For studies of RPEB5 expression, function, and structuratructions. Hybridomas producing RPE65 antibodies were
we developed monoclonal antibodies specific for RPE65. Onexpanded and grown in culture for six weeks prior to harvest.
of these, mAb 8B11, elicited using RPE membranes as immigG was isolated from ascites fluid obtained from in vivo hy-
nogen, has been widely distributed and used in various apphridoma cultures using chromatography on DEAE-Sepharose
cations [20-24]. A second antibody, mAb 1F9, was elicitedn high salt [31] or protein-A Sepharose (Prosep A kit, Millipore
using an RPEG5 synthetic peptide. We now report the identificorp., Billerica, MA).
cation of the mAb 8B11 antigenic determinant, demonstrate Immunohistochemical analysis: For cryosections, eyes
its usefulness for RPE65 immunoaffinity purification, and charwere fixed in cold 4% paraformaldehyde (mice and rats were
acterize the pattern of RPE65 immunoreactivity in eyes frorfirst perfused with PBS, then 4% paraformaldehyde), washed

rod- and cone-dominated species. in PBS, transitioned to sucrose/OCT, frozen in dry-ice cooled
hexanes, and 1@m sections cut through the retina/choroid/
METHODS RPE (for large eyes) or whole globes (for small eyes). For

Synthesis of RPEGS synthetic peptides. The antigenic index mAb 8B11, sections (except mouse) were blocked with 20%
for RPE65 was calculated using the Jameson-Wolf predictiosheep serum and 0.2% Triton X-100 (Sigma-Aldrich, St. Louis,
of the Protean module in Lasergene suite of software (DNMO) in PBS, incubated with mAb 8B11 (&)/ml) for 2 h,
STAR, Inc., Madison, WI). Peptides of interest were synthethen with Alexa Fluor 555-conjugated anti-mouse IgG (1:500,
sized by the University of Michigan Protein Facility. For useMolecular Probes, Inc., Eugene, OR) for 1 h. For mouse sec-
as immunogen, peptide 312-FHHINTYEDNGFLIV-326 (cor- tions with mAb 8B11, and all sections with mAb 1F9 (&0
responding to human RPE65), was synthesized with an added), the Mouse on Mouse (M.O.M.) Peroxidase kit (Vector
carboxy-terminal cysteine residue and conjugated to keyholeaboratories, Burlington, CA) was used for blocking and an-
limpet cyanin (KLH) using Imject Maleimide Activated Im- tibody incubation (1 h at RT), and the TSA-Alexa fluor 568
munogen Conjugation Kit (Pierce Chemical Co., Rockfordkit (Molecular Probes, Inc.) was used for visualization.
IL) according to manufacturer’s instructions. Peptides were  For retina flatmounts, mouse eyes were enucleated and
similarly conjugated to ovalbumin for use as substrates ithe retinas dissected and fixed in cold 4% paraformaldehyde
ELISAs. For use in competition assays of mAb 8B11 bindingfor 1 h. Immunohistochemistry and lectin labeling was per-
synthetic peptides corresponding to five regions having thiormed essentially as in [19]. In brief, retinas were washed in
highest predicted antigenicity within bovine RPE65 sequencEBS, blocked with 20% sheep serum, 0.2% Triton X-100 in
from Phel08 to Lys236 (RPE65 Region 2; see below) werEBS, incubated with mAb 8B11 or mAb 1F9 and FITC-con-
synthesized: Peptide 1 (Phel08 to Phell6), Peptide 2 (VallR&jated PNA-lectin (0.05 mg/ml, Molecular Probes, Inc.) in
to Leul33), Peptide 3 (lle152 to Aspl67), Peptide 4 (His182% sheep serum, 0.2% Triton X-100 in PBS for 12 h, washed
to Asn191), Peptide 5 (GIn213 to Glu224); and also Peptideand incubated in the same buffer with Alexa Fluor 555-conju-
6-9 that were derived from Peptide 3 by deletion of N- and Cgated anti-mouse 1gG (1:500) for 12 h. Alternatively, retinas
terminal residues. For assessing nonspecific effects, RPE®&re incubated with mAb 8B11 (&y/ml) and rabbit anti-S-
peptide 93-MTEKRIVITE-102 (peptide 18), was synthesizedopsin (1:500) or anti-M/L-opsin (1:500, Chemicon Interna-
mAb production and screening: The protocol used for tional, Inc., Temecula, CA) for 12 h, then with Alexa Fluor
mAb production adhered to the ARVO Statement for the UsB55-conjugated anti-mouse IgG (1:500) and Alexa Fluor 488-
of Animals in Ophthalmic and Vision Research. Six-week-conjugated anti-rabbit IgG (1:400) for 12 h.
old Balb/c female mice were immunized by intraperitoneal = Specimens were viewed and photographed on a Nikon
injection with 40 ug of KLH-conjugated peptide Eclipse E800 microscope with a Nikon DMX1200 digital cam-
FHHINTYEDNGFLIV, or with 40ug of a membrane frac- era using the manufacturer’s data acquisition software. Phase
tion enriched in RPE microsomal membranes obtained by sotontrast and fluorescence images were obtained (FITC-PNA
bitol gradient centrifugation [25] from bovine RPE cells iso-lectin, 488 nm; Alexa Fluor, 555 and 568 nm). The approxi-
lated by Ficoll gradient centrifugation [26]. A minimum of mate ages of the eyes used for immunohistochemical analysis
three immunizations in adjuvant were given at three week invere: human, 49 year; bovine, 4 months; wild type (B6/129)
tervals, and fusions were performed using standard procedunemuse, 40 days; Rpe65 knockout mouse, 50 days; Nrl knock-
[27,28] and the AGA-X63.653 cell line [29]. Hybridoma out mouse, 42 days; rat, 6 montXgnopus laevis, 4 week;
supernates were screened by ELISA using bovine RPE merand chicken, 4 months.
branes or peptide FHHINTYEDNGFLIV conjugated to oval- Expression and mAb 8B11 analysis of RPE65fusion con-
bumin as substrates, and subsequently screened by westamcts. Total RNA from bovine RPE cells was isolated using
and immunohistochemical analysis, as described below. F@&sCI centrifugation [32] anBPE65 cDNA sequences were
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amplified as five fragments of about 300 bp (Region 1, Metlwell plates) according to the manufacturer’s instructions
Alal07; Region 2, Phel08 to Lys236; Region 3, Lys236{Roche Diagnostics Corp.). Cells were harvested at 44 h post-
Phe312; Region 4, His314-Pro419; Region 5, GIn420-Ser533)ansfection and immunoadsorption experiments were per-
using reverse transcriptase coupled polymerase chain reactifimmed using the conditions described for bovine RPE mem-
(primer sequences available on request). The cDNAs weltgranes.
cloned into pHybLex/Zeo (Invitrogen, Carlsbad, CA) to gen-  Generation of predicted RPEG5 tertiary structures. A low-
erate expression constructs, and yeast strains expressing theolution model of the tertiary structure of the RPEG5 pro-
fusion proteins were made by transfection of L40 cells usinggin was derived, ab initio, by submitting the human RPE65
electroporation. The cells were grown at’8overnight, ly-  amino acid sequence (GenBank AAA99012) to the automated
sed in 8 M urea and 5% SDS, 40 mM Tris HCI, pH 6.8, 0.1-sites/HMMSTR/Rosetta server [39]. The server automates a
mM EDTA, and 1%g-mercaptoethanol. Soluble proteins wereprocess of modeling tertiary structure from amino acid se-
separated by SDS-PAGE, transferred to nitrocellulose, anguence using HMMSTR, a hidden Markov model based on
probed with anti-LexA antibody (Invitrogen) or with mAb protein structures in the invariant or initiation folding sites (I-
8B11 IgG. sites) library of nonredundant short sequence motifs
Competition assays of mAb 8B11 binding with synthetic ~ (supersecondary structures) that correlate with local structures
peptides. Peptide competition of mAb 8B11 binding was [40], coupled with the Rosetta program to build structures from
evaluated using ELISAs [33]. In brief, bovine RPE membraneprotein fragments [41]. The resulting tertiary structure with
[34] were dried down in microtitre plates\§ protein/well),  predicted coordinates was visualized and displayed with Dis-
and blocked with 5% BSA, 0.05% Tween-20, and 0.02% socover Studio ViewerPro 5.0 (Accelrys, San Diego, CA).
dium azide in PBS. Synthetic peptides at range of concentra- A second model of RPEGS5 tertiary structure was gener-
tions (0.1 to 10@M) were incubated with mAb 8B11 (Ou8  ated using the recently solved structure of the apocarotenoid-
IgG/ml) in 0.1% BSA, 0.05% Tween-20 in PBS at RT for 1 h,
then incubated in the microtitre plates overnight. The plates A
were washed, incubated with horseradish peroxidase-conju-
gated mouse IgG (1:2500; Sigma-Aldrich), washed and de- % aa)
veloped using 5-amino salicylic acid (Sigma-Aldrich). Absor- kD = &
a

Stds =
8B11
1F9

bance was measured at 550 nm using a Spectra Max 190 plate
reader (Molecular Devices Corp., Sunnyvale, CA).

For western analysis of peptide competition of mAb 8B11
binding, nitrocellulose blots of bovine RPE membrane pro-
teins separated by SDS-PAGE were incubated with mAb 8B11 97
(0.3 ug lgG/ml) that was preincubated with 10M peptide
in primary antibody solution [30] for 2 h at RT, and the blots 64
were then processed as described above.

Immunoadsor ption and peptide elution: Affinity matri-
ces were generated by crosslinking mAb 8B11 or mAb 1F9 to 51
CNBr-activated Sepharose 4B (Amersham Biosciences,
Piscataway, NJ) according to manufacturer’s instructions. Bo-
vine RPE membranes (2Q@®) were solubilized in 10 mM 39 .
sodium phosphate, 150 mM NacCl, pH 7.0, and Complete pro-
tease inhibitors (Roche Diagnostics Corp., Indianapolis, IN) -
containing either 0.8% CHAPS, 0.8% octylglucoside, 0.5% -
laurylmaltoside, or 0.5% Genapol. The solubilized membranes
were incubated with affinity matrix (5d) overnight at £C, 28
then washed and eluted by incubation with G@®0 peptide
(100wl) for 1 h at RT in the same detergent solution used for
solubilization, but at lower concentrations (0.7% CHAPS, 19/
0.7% octylglucoside, 0.2% laurylmaltoside, or 0.2% Genapol).
The eluted proteins were analyzed by SDS-PAGE, coomassie 14 b
blue staining, and western analysis using mAb 8B11 or mAb
1F9, and antibodies against @ik-retinal dehydrogenase . o ) )
(RDH5) [35], the retinal G protein-coupled receptor (RGR) igure 1. Immunoreactivity of mAb 8B11 and mAb 1F9 with bovine

o : RPE membranesA: Coomassie blue staining of proteins separated
[36], and lecithin retinol acyl transferase (tLRAT) [37]. by SDS-PAGE (2@g protein) B: Western analysis (ig protein) of

Fpr studies of the re(_:omb'nam protein, CQS'7 ce'lls Werﬁroteins separated by SDS-PAGE, transferred to nitrocellulose, in-
transiently transfected with humBRPEGS cDNA in a deriva- ¢ pated with mAb 811 (0.2g/ml), or mAb 1F9 (3ig/ml), and im-
tive of the mammalian expression vector pMT2 [38], or Withmunoreactivity visualized using alkaline phosphatase coupled anti-
empty vector, using FUGENES6 ( DNA/3 ul reagentin 6 mouse IgG. RPE6G5 migrates at about 61 kDa.
1153
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cleaving oxygenase fro®ynechocystis sp. PCC 6803 (PDB and annotated with DS ViewerPro.

2biw:a) as a template; a member of the retinal-forming caro-

tenoid oxygenases protein family of which RPE65edro- RESULTS

tene-15, 15'-oxygenase are members [42]. Using the functiogtibody development: In screens of hybridomas generated

for matching and aligning available in Swiss-PDBViewer/from mice immunized with bovine RPE membranes, clone
DeepView (version 3.71b1), the human RPEG65 amino aci8B11 (IgG1 kappa) was found to produce a high-affinity mono-
sequence was placed into the structure of PDB 2biw and ttedonal antibody specific for RPE65 in western analysis of bo-
resulting file was submitted to the SWISS-MODEL server [43]vine RPE membranes (Figure 1). Specificity for RPE65 was
The resulting tertiary structure with coordinates was displayeflrther demonstrated by comparison of immunoreactivity in

Phase contrast mAb 8B11 mlgG

Rpe65
jff?t’.’ﬁj— _ i
Phase contrast mAb 1F9 mlgG
S8 H
Rpe65+/+ -

% L
Rpe65--1 ==

Figure 2. Immunohistochemical analysis of mAb 8B11 and mAb 1F9 reactivity in wild typepaésl knockout mice. Cryosections were
incubated with mAb 8B11 (2g/ml) or mAb 1F9 (3Gwg/ml) using M.O.M. Peroxidase reagents, with visualization using TSA-Alexa fluor
568 reagents and using fluorescence imaging (1/30 s). Phase contrast imBg@ésl); mAb reactivity 8,E,H,K); non-immune migG
reactivity C,F,I,L).
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mouse eye sections from wild type d@Rme65 knockout mice  cDNA was cloned into pHybLex/Zeo as five partial sequences
that showed reactivity only in the RPE of the wild type ani-(Regions 1-5, Figure 3) and expressed as LexA-fusion pro-
mals (Figure 2, top). Similarly, immunization of mice with teins in yeast. Each of the five fusion proteins, as well as the
the human RPEG65 peptide, 312-FHHINTYEDNGFLIV-326, full-length sequence, was positive when probed with anti-LexA
resulted in the identification of a hybridoma producing a monoantibody in western analysis (Figure 4A). However, only Re-
clonal antibody, 1F9 (IgG1 kappa), specific for RPE65 ingion 2, encompassing RPE65 residues F108 to K236, and the
westerns of bovine RPE membranes (Figure 1) and in immdull-length fusion protein were positive for mAb 8B11 reac-
nohistochemical analysis of wild typ¥pe65 knockout mice tivity (Figure 4B).
(Figure 2, bottom). However, the working concentrations of  To localize the antigenic determinant within Region 2,
mMAb 1F9 needed were at least 10 fold greater than those foompetition ELISAS using synthetic peptides were performed.
mAb 8B11, indicative of the relatively lower affinity of mAb Peptides 1-5 corresponding to RPE65 sequences having the
1F9 for the bovine and mouse proteins. highest antigenic indices and surface probabilities within Re-
mAb 8B11 epitope mapping: To identify the region of gion 2 (Figure 3) were synthesized and evaluated at a range of
RPEG65 sequence recognized by mAb 8B11, boRIAE6S  concentrations for their ability to compete mAb 8B11 binding

A Region 1 Region 2 Region 3 Region 4 Region 5
(M |'A|u:') (Fum' Kun} '[Kzsn'F,uz} ( H,!.u' P.|.|-)]' {Q_uu'smj
B ' 25 so 75 100 125 150 175 200 225 250 275 30 325 350 375 400 425 450 475 SO

peptide 1. 108-FPDPCKNIF-116 ~ peptide 3. 152-ITKVNPETLETIKQVD-167
peptide 2. 126-VEVTDNAL-133 peptide 6. 152-ITKVNPETLETI-163
peptide 3. 152-ITKVNPETLETIKQVD-167<  peptide 7. 156-NPETLETIKQVD-167
peptide 4. 182-HIENDGTVYN-191 peptide 8. 152- ITKVNPETLE-161

peptide 5. 213-QADKEDPISKSE-224 _ peptide 9. 154-KVNPETLETI-163

*peptide 1F9. 312-FHHINTYEDNGFLIV-326
#peptide 18. 93-MTEKRIVITE-102

Figure 3. Schematic of RPE65 amino acid sequerceProtein fragments (Regions 1-5) encoded by RPE65 partial cDNAs cloned into
pHybLex/Zeo constructs used for expression of fusion proteins in Be&®PEG65 antigenic index calculated using the Jameson-Wolf predic-
tion in the DNASTAR program Protean. Positions of synthetic peptides 1-5 corresponding to the five sequences of higkdsimigdiut-

ity in Region 2 (F108 to K236) are shown underlined in the enlarged seCtidmino acid sequences of the synthetic peptides used in this
study.
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to native RPE membranes in ELISAs. Peptide 3, consisting aible on the surface of RPE65, and to establish a mechanism
RPEB65 residues 1152 to D167, competed mAb 8B11 bindinfpr purifying the native protein, bovine RPE membranes solu-
with high affinity (IC,,about 0.44M, Figure 5A). No signifi-  bilized in non-ionic detergents were incubated with
cant competition by any of the other four peptides was obimmunoaffinity matrices, followed by elution with various
served. In a second set of ELISAs performed using peptidd3PEG5 peptides.
derived from peptide 3 by deleting residues from the amino  When RPE membrane proteins were incubated with a
and carboxyl terminal ends, loss of the first 4 amino acidenAb 8B11 affinity matrix, RPE65 could be bound and spe-
(peptide 7; N156-D167) or the final 6 amino acids (peptide 8gifically eluted by incubation with peptides containing the
[1152-E161) was found to greatly reduce the ability to comKVNPETLETI sequence, appearing as a 61 kDa band on
pete mAb 8B11 binding (Figure 5B). However, deletion ofcoomassie blue stained gels. Results obtained using CHAPS
the final 4 residues (peptide 6; 1152-1163) and the first 2 resiand elution with peptide 9 are shown in Figure 6A. Peptide
dues (peptide 9; K154-1163) did not decrease the ability t48, an unrelated peptide from Region 1, was used a control
compete, with approximately equal concentrations of peptidr nonspecific elution. Comparable results were obtained
3, and internal peptides 6 and 9, required for half maximalsing laurylmaltoside, octylglucoside, or Genapol, with the
inhibition (IC,, about 0.4-0.;M). identity of RPE65 confirmed by western analysis (Figure 6D).
Peptides from RPEG5 Region 2 were also tested for theirhe amount of RPEG5 recovered by peptide elution was some-
ability to compete mAb 8B11 binding to denatured proteinsvhat less than when the affinity matrix was eluted by strip-
using western analysis. Only peptide 3, and internal peptidgsng with SDS sample buffer. However, elution with SDS
6 and 9, decreased mAb 8B11 binding to RPE65 when irsample buffer also resulted in the release of small amounts of
cluded in incubations of blots of bovine RPE proteins (FigurégG light chain (MW about 25 kDa) from the matrix (presum-
5C). Taken together, the results ELISA and western analysably due to reduction of intramolecular disulfide linkages), as
suggest that the epitope recognized by mAb 8B11 correspondell as trace amounts of nonspecifically bound protein. Re-
to a linear amino acid sequence including all or most peptideidual RPE65 remaining on the matrix following elution with
KVNPETLETI. KVNPETLETI-containing peptides was also released by SDS
RPE65 affinity purification: To determine whether the stripping, suggesting that RPE65 undergoes significant hy-
epitopes recognized by mAb 8B11 and mAb 1F9 are accedrophobic interaction with the solid support, a situation also

A B
vV 1 2 3 4 5 F vV 1 2 3 4 5 F

T
-

— 5] —

B Lo e

—

Figure 4. Immunoreactivity of RPE65-fusion proteins. Western analysis of yeast strains transfected with RPE65-pHybLegts@mexpr
constructs encoding RPE65 Regions 1-5 shown in Figure 3. Soluble proteins from cells lysed in 8 M urea and 5% SDS wele/sep&-ate
PAGE and transferred to nitrocellulose. Blots were probed with anti-LexA anti#gdgr(mAb 8B11 B), and reactivity visualized using
alkaline phosphatase coupled anti-mouse IgG. The vector is in the lane labeled “V”, the full length RPE65 cDNA is imbeddrie’l, and
regions 1-5 are in the numbered lanes.
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observed using a non-immune mouse IgG affinity matrix. Th®eepView, the RPE65 sequence was aligned and fit to the
mAb 8B11 affinity matrix was also effective for purifying re- PDB 2biw sequence, the resulting structure was further mod-
combinant RPE65 from COS-7 cells transfected with humaeled by the SWISS-MODEL server, and the coordinates an-
RPE65 cDNA, using conditions similar to those for bovine notated in DS ViewerPro [43] (Figure 8). The resulting RPE65

RPE. Purified rRPEG5 appeared as a single band on coomassirictures with predicted coordinates were displayed and an-
blue stained gels (Figure 6B). notated to highlight the epitope recognized by mAb 8B11 and

Similar results were obtained for purification of RPE65mAb 1F9, and the locations of the amino acid substitutions
from bovine RPE membranes using the mAb 1F9 affinityresulting from patient missense mutations.
matrix eluted with the FHHINTYEDNGFLIV peptide, with
some differences (Figure 6C,E). The mAb matrix was effec 4
tive at binding RPEG5, however incubation with nonspecific
peptides resulted in leaching of RPEG5 from the matrix, an 1
total yields of purified protein were significantly less than
obtained with mAb 8B11; both effects presumably due to th
lower apparent affinity of mAb 1F9 for bovine RPE65. In ad-
dition, purification trials using the non-ionic detergent Genapo
were not successful.

The finding that affinity matrices made using either mAb
8B11 or mAb 1F9 are effective for immunoadsorption of
RPEG65 solubilized in non-ionic detergent is consistent witt 0
the interpretation that the corresponding antigenic amino ac
sequences are located on the surface of the native protein.

Visual cycle proteins co-purified with RPE6GS: Although
RPEBG5 preparations obtained by affinity purification appeare
to be relatively pure on coomassie blue-stained gels, weste
analysis was used to assess whether visual cycle proteins t
potentially associate with RPE65 in vivo were co-eluted ir
our protocols. Blots of the proteins eluted from the mAb 8B1:
matrix with peptide 9 and probed with an antibody against 11
cisretinal dehydrogenase (RDH5; about 35 kDa) [35] showe!
that small amounts of RDH5 co-eluted with RPEG5 in all foul
detergents tested (Figure 6D, bottom). Trace amounts of RDF
were also seen on blots of the proteins eluted from the mA 10603 0 0407 1 1417 2
1F9 matrix using FHHINTYEDNGFLIV in laurylmaltoside Log Peptide Concentration (uM)

(Figure 6E, bottom). For both mAb 8B11 and mAb 1F9 ma-

trices, as well as non-immune IgG matrix, RDH5 in signifi-

cant amounts was seen in SDS-sample buffer eluates, cons€ Peptide

tent with nonspecific interactions of RDH5 with the solidsup- p, 1 2 3 4 5 6 7 8 9 0O
port. In contrast, western analysis using antibodies again 64 -
RGR [36] and LRAT [37] did not detect the corresponding -w - — - -— - -—
proteins in peptide eluates of either mAb 8B11 or mAb 1F¢ >!-
matrix (data not shown).

Predicted tertiary structure and epitope placement: Two _ _ y N .
approaches were used to generate structural models of RPI{égure 5. Peptide competition of mAb 811 bindiigB: Compet-

ful f . i . d desi Fi | on ELISA of mAb 8B11 binding with synthetic peptides correspond-
useiul for experimental interpretation and design. First, a OWi'ng to sequences in RPE65 Region 2. RPE membranes in microtitre

resolution tertiary structure for RPE65 was predicted from thgates were incubated with mAb 8B11 plus peptides at concentration
primary sequence using the I-sitestHMMSTR/Rosetta servghnge of 0.1 to 10aM. A: Competition with peptide 1 are circles, 2
[39] that automates the use of protein folding rules to predicire triangles, 3 are black rectangles, 4 are white rectangles, 5 are
local, secondary, and supersecondary structures using a Markiwmboids (sequences shown in FigureB3)Competition with de-
state to represent a position in an I-site motif [40], coupledivatives of peptide 3 (black rectangles) made by deleting residues

with the Rosetta program to build structures from protein fragrom the amino (peptide 7, rhomboids) or carboxyl (peptide 6, tri-
ngles; peptide 8, white rectangles) ends, or both (peptide 9, white

ments using a Monte Carlo simulated annealing algorithm [413e : X ,
(Figure 7). A second model was generated based on the I ctangles). Data are representative of three independent experiments.
) 8: Western analysis of peptide competition of mAb 8B11 binding.

cently solved StrUCtu_re of the apocarotenoid-gleaving OXYQ3&50vine RPE membrane proteins separated by SDS-PAGE and blot-
nase fron@ne'ChOCySt'S'Sp- PCC 6803 [PDB 2biw:a], a MEeM- ted on nitrocellulose were incubated with mAb 8B11 plus various
ber of the retinal-forming carotenoid oxygenase family thapeptides (10pM) as shown, and reactivity visualized using alkaline
contains RPE65 anfl-carotene-15, 15'-oxygenase [42]. In phosphatase coupled anti-mouse IgG.
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The models of RPEBGS5 tertiary structure show protein corgertiary structure, with no regional clustering evident. In addi-
regions containing significant beta pleated sheet content, wition, the KYNPETLETI sequence recognized by mAb 8B11,
the major difference being that the Rosetta-based model &d the FHHINTYEDNGFLIV sequence used to elicit mAb
much less compact than the Swiss-based model based thi€9, both localize to surface exposed loops that are relatively
solved structure of apocarotenoid-cleaving oxygenase. Thimstructured. No predicted sites of posttranslational modifi-
finding is not unexpected since the ab initio methods used faations or patient mutations are present within the mAb 8B11
the Rosetta-based model are capable of producing roughintigenic determinant. However, the mAb 1F9 peptide con-
correct models with complex topologies, however, accuractains both sites of patient mutations (N321K, 962-963 ins A)
diminishes for large structures unassociated with a proteiand potential interaction with metal ions (His313).
family [44,45]. In each independently derived model, known  Immunohistochemical analysisof speciesand tissue speci-
patient missense mutations appear distributed throughout tfieity: To establish the specificity of RPE65 expression in
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Figure 6. RPE65 immunoabsorption and peptide eluti®,C: Bovine RPE membranes in CHAPS)( COS-7 cells transfected with an
RPE65 cDNA expression construct in CHAFS, (or bovine RPE membranes in laurylmaltosi@@ ere incubated with mAb 8B11-
SepharoseA,B), or with mAb 1F9-Sepharos€). Coomassie blue stained gels of proteins eluted with peptide 9 corresponding to the mAb
8B11 epitopeA,B), with the FHHINTYEDNGFLIV peptide used to generate mAb 1€Y (vith peptide 18 corresponding to an RPEG5
sequence that did not compete in ELISA's, or with SDS-sample bDfferWestern analysis of bovine RPE membranes in various detergents
immunoabsorbed on mAb 8B11-Sephard3g 6r on mAb 1F9-Sepharosg)( and eluted with peptides or SDS-sample buffer, as shown.
Proteins were transferred to nitrocellulose and probed with mAb 831in(Ab 1F9 E), or an antibody against RDHB E), and reactivity
visualized using alkaline phosphatase coupled anti-mouse IgG. Arrows indicate the positions of RPE65 and RDH5. CH repgyBSents CH
OC represents octylglucoside; GP represents Genapol; LM represents laurylmaltoside; migG represents nonspecific mlg@agepharose

9 represents KVNPETLETI; 1F9 represents FHHINTYEDNGFLIV; 9, SDS represents peptide 9 eluted matrix subsequently eluted by SDS;
1F9, SDS represents peptide 1F9 eluted matrix subsequently eluted with SDS.
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Figure 8. Correlative model of RPEG5 tertiary structuxeA three-
dimensional structure for the RPE65 protein was predicted by com-

Figure 7. Ab initio model of RPEG65 tertiary structu: A three-
dimensional structure for the RPEG5 protein was predicted using the

. . arison to the apocarotenoid-cleaving oxygenase from Synechocystis
method of Bystroff and Shao [39]. The ribbon representing the peé}nd modeled b;) the SWISS—MODEI?ser)(/%r [43]. The rigbon rep)r/e—

tide backbone is color coded according to structural components: . . . -
. . senting the peptide backbone is color coded according to structural
helices are greefi-pleated sheets are blue; and random coil is gray. . . .
Bmponentsa—hellces are greef:-pleated sheets are blue; and ran-

The linear sequence corresponding to the epitope recognized by méom coil is gray. The linear sequence corresponding to the epitope

88;1 IS shown '”.pufp'e and fo_r mAD 1F9 IS show_n in pink. Sltes_ 0recognlzed by mAb 8B11 is shown in purple and for mAb 1F9 is
amino acid substitutions resulting from patient missense mutation ST . . . o .

: o . . S ) shown in pink. Sites of amino acid substitutions resulting from pa-
associated with inherited retinal degeneration in patients are shown . . . o ; .
. ) . g . ; . ient missense mutations associated with inherited retinal degenera-
in red.B: The structure is animated in the online version of this ar

ticle at the following URL: http://www.molvis.org/molvis/v11/a133/ tlon_ n patlen_ts are shqwn |n_r®|:.The structure IS anlmat(?d n tr.1e
h ti-fiq7 htrml online version of this article at the following URL: http://
emati-hig 7.htm. www.molvis.org/molvis/v11/al133/hemati-fig8.html.
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Figure 9. Immunohistochemical analysis of mAb 8B11 reactivity in rod- and cone-dominant retinas. Retina/choroid/RPE msyokectio
paraformaldehyde-fixed eyes from bovine, human, rat (rod-dominant), ancémpus laevis, chicken,Nrl knockout mouse (cone-domi-

nant) were incubated with mAb 8B11 or mouse non-immune 1gG, and immunoreactivity was visualized with Alexa Fluor 555-conjugated
anti-mouse 1gG using fluorescence imaging. Retina/choroid/RPE cryosections from paraformaldehyde eyes were incubatedBdith mAb 8
or mouse non-immune IgG, and reactivity was visualized with Alexa Fluor 555-conjugated anti-mouse IgG using fluorescegcPliasein
contrast A,D,G,J,M,P), mAb 8B11 reactivity B,E,H,K,N,Q), non-immune mouse IgG reactivit€,f,l ,.L ,O,R). Bovine sections are from

an amelanotic region of the RPE. The scale bars represant.50
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eyes with rod- and cone-dominant retinas, mAb 8B11 and mAas well as iNrl knockout mice whose retinas contain exclu-
1F9 reactivity was assessed using immunohistochemical analsively cone-like photoreceptor cells [46-49]. With mAb 1F9,
sis of retina/RPE/choroid or whole globe cryosections fronimmunoreactivity confined to the RPE layer was seen in hu-
various species. With mAb 8B11, intense reactivity restrictednan, bovine, and therl knockout mouse (Figure 10). How-

to the RPE layer was seen in human, bovine, and rat; all spever, mAb 1F9 reactivity was completely absent in chicken
cies having rod dominant retinas (Figure 9). mAb 8B11 reacand Xenopus, apparently due to lack of crossreactivity with
tivity was also seen only in the RPE in chicken Hadopus ~ RPEG5 protein from these species as a result of sequence dif-
laeviswhose retinas contain a high ratio of cone to rod cellsferences.

mADb 1F9 mlgG

Human 0

Bovine = =

Chicken

Xeno PUS _Stum_

Nrl-/-

Figure 10. Immunohistochemical analysis of mAb 1F9 reactivity in rod- and cone-dominant retinas. Retina/choroid/RPE rsyaisectio
paraformaldehyde-fixed eyes from bovine, human (rod-dominant), andXeopus laevis, chicken Nrl knockout mouse (cone-dominant)

were incubated with mAb 1F9 or mouse non-immune IgG using M.O.M. Peroxidase reagents, and visualized using TSA-Alexa fluor 568
reagents using fluorescence imaging (1/50 s human, all others 1/30 s). Phase égbt@st 1), mAb 1F9 reactivity B,E,H,K,N), non-

immune mouse IgG reactivite(F,l,L,0). Bovine sections are from an amelanotic region of the RPE. The scale bars reprasent 50
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The reactivity of mAb 8B11 and mAb 1F9 was also evalu-bodies specific for RPE65 that recognize independent anti-
ated in retina flatmounts and compared to the pattern of comgenic determinants present on the surface of the native pro-
labeling using PNA-lectin, as well as to the reactivity of anti-tein. In the case of mAb 8B11 elicited using RPE membranes
bodies against S-opsin and M/L-opsin present in the cone phas immunogen, the corresponding antigenic determinant,
toreceptor outer segments (Figure 11). Retinas were from wildVNPETLET], is conserved among bovine, newt, and frog
type mice (B6/129), fronRpe65 knockout mice in which no  RPEBG5 orthologs, and differs only at the second position (lle
protein is detected [2], and froNrl knockout mice. Condi- is Val) in human, monkey, rat, mouse, dog, chicken, and sala-
tions for tissue preparation and labeling were similar to thosmander. As a result, this high affinity antibody is an effective
used by Znoiko et al. [19]. In all three mouse genotypes, ntwol for studies of RPE65 from a number of species, exhibit-
RPEB65 reactivity could be seen in cones or any other cells afg cross-reactivity with all vertebrates tested so far. It is in-
the retina using either antibody, establishing that the absenteresting to note that, in previous studies by others to develop
of signal in retina/RPE/choroid sections was not due to masiRPEG65 antibodies by immunization with synthetic peptides,

ing by the intense signal from the RPE. the most effective antibody obtained was elicited by 150-
NFITKVNPETLETIK-164 containing the epitope recognized
DISCUSSION by mAb 8B11 [50]. The convergence of two different ap-

We have developed and characterized two monoclonal anti-

PNA-lectin mAb 8BI11 PNA-Lectin mAbl1F9
r ) H

Rpe65+/+

50um

Rpe63-/-

Nri-/- . 50um

Nri-/-

Figure 11. Immunohistochemical analysis of retina flatmounts. Retinas from wildAyBg5(H), Rpe65 knockoutQ,D,l,J), andNrl
knockout mouseH,F,K-N) were fixed on coverslips and incubated with PNA-lectin (FITC-conjugated), mAb 8B11, mAb 1F9, or antibodies
against S-opsin and M/L-opsin. Alexa Fluor 555-conjugated anti-mouse IgG was used as secondary antibody. PNA Jatieldg,K ),

mAb 8B11 labelingB,D,F), mAb 1F9 labelingH,J,L), S-opsin labeling\l), M/L-opsin labeling, K). Fluorescence imaging: PNA-lectin,
opsin antibodies 1/60 s; mAb 8B11 1/12 s; mAb 1F9, 1/20 s. The scale bars represent 50
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proaches to RPE65 antibody production on the same amifRPE65 mMRNA in salamander cones using reverse transcriptase-
acid sequence suggests that this region of the protein is highldpupled polymerase chain reaction [55], and then finding
antigenic. We have now shown that a second human RPEGS?E65 immunoreactivity in mouse, bovine, rabbit, derb-
sequence, FHHINTYEDNGFLIV, is also relatively antigenic. pus laevis retina flatmounts using polyclonal antibody elic-
The corresponding mAb 1F9 exhibits specificity similar toited against 150-NFITKVNPETLETIK-164 [19]. Curiously,
that of mAb 8B11, but has apparently lower affinity and an the second study, a higher density of labeled cells was seen
narrower range of cross-species reactivity, most likely due tm rod-dominant mouse, bovine, and rabbit retinas thxie-in
coding sequence differences between species. nopus laevis retinas that are comprised of 30% cones, an ap-
Consistent with our use of native RPE membranes as aparent incongruity not discussed by the authors. Signficantly,
tigen, as well as predictions of hydrophilicity and antigenicthe reactivity of preimmune serum on the retina flatmounts
ity, the antigenic determinants recognized by mAb 8B11 and/as not shown. Our studies do not exclude the possibility that
mAb 1F9 were found to be amino acid sequences likely to beery low level expression of RPEG5 exists outside the RPE.
present on the RPEG5 protein surface. The ability of each ain fact, in a recent study, low level RPE65 expression in the
tibody to recognize native RPEG5 solubilized in non-ionicciliary body was detected using RT-PCR and western analy-
detergents made it possible to develop immunoaffinity purifisis, but not by immunohistochemistry [56].
cation protocols effective in purifying RPE65 from bovine RPE ~ We conclude that the primary site of RPE65 function is
membranes, and from transfected COS-7 cells expressing threthe RPE-based visual cycle, finding no physical evidence
recombinant protein. Establishing the surface accessibility db suggest a direct role in an alternate visual cycle present in
the KVNPETLETI and FHHINTYEDNGFLIV epitopes rep- cone cells. The identification of two distinct RPE65 surface
resents a first step toward validating predicted models cdpitopes represents a first step toward developing a structural
RPEB6b5 tertiary structure derived using ab initio and comparainderstanding of this important disease gene product. Future
tive methods, thus confirming the potential usefulness of suaoals will be to define the nature of the RPE65 domains in-
models for guiding future experimental design. volved in interactions with other proteins that participate in
Preparations of RPEG5 purified from bovine RPE memyitamin A processing in the RPE, as well as in catalysis and
branes using mAb 8B11 or mAb 1F9 immunoaffinity chro-substrate binding, and to understand the impact of specific
matography were found to contain co-eluted RDHS5 that coulgatient mutations on these structures. mAb 8B11 and mAb
be seen by western analysis. Only small amounts of RDHBF9 should prove to be useful tools in many such studies.
were present, even when washes were performed in the cold
using minimum times and volumes and various detergents. ACKNOWLEDGEMENTS
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