
Molecular Characterization of the Mouse Gene Encoding Cellular
Retinaldehyde-binding Protein

Purpose: To clone and characterize the mouse gene encoding cellular retinaldehyde-binding protein (CRALBP). CRALBP
appears to modulate enzymatic generation and processing of 11-cis-retinol and regeneration of visual pigment in the
vertebrate visual cycle. Mutations in human CRALBP segregate with autosomal recessive retinitis pigmentosa.

Methods: A genomic clone encompassing the 5' end of the CRALBP gene through exon 6 was isolated from a mouse 129/
Sv genomic DNA library. Exons 7 and 8 were PCR amplified from mouse eye cDNA and 129/SvJ genomic DNA. The
gene structure was determined by automated DNA sequence analysis.

Results: The sequence of 6855 nucleotides was determined, including all 8 exons, 3 introns plus 3932 and 629 bases from
the 5'- and 3'-flanking regions, respectively. The lengths of introns 3-6 were determined by PCR amplification. Northern
analysis identifies a ~2.1 kb transcript in mouse eye; Southern analysis supports a single copy gene.

Conclusions: The mouse CRALBP gene is similar to the human gene; the coding sequence is ~87% identical, the non-
coding sequence ~65% identical. In contrast to the human gene, the mouse gene contains a consensus TATA box. One of
two photoreceptor consensus elements important for CRALBP expression in human retinal pigment epithelium is also
present in the mouse gene. Additional conserved and species-specific consensus sequences are identified. The mouse
CRALBP genomic clones and structure provide valuable tools for developing an in vivo model to study protein function
and gene regulation.
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Cellular retinaldehyde-binding protein (CRALBP) serves
as a substrate carrier protein for enzymes of the mammalian
visual cycle in vitro, modulating whether 11-cis-retinol is
stored as an ester in the retinal pigment epithelium (RPE) or
oxidized by 11-cis-retinol dehydrogenase to 11-cis-retinal for
visual pigment regeneration [1]. Recent evidence suggests that
CRALBP also stimulates the isomerohydrolase responsible for
generation of 11-cis-retinol [2]. CRALBP is strongly expressed
in RPE and Müller cells of the retina, where the binding protein
carries endogenous 11-cis-retinol and/or 11-cis-retinal [3]. In
addition, the protein is expressed in ciliary body, cornea, pineal
gland, optic nerve, brain, and transiently in iris. In at least
brain and optic nerve, CRALBP lacks 11-cis-retinoid ligands
and apparently serves functions unrelated to visual pigment
regeneration [4]. Notably, a missense mutation in human
CRALBP that destroys retinoid-binding capability has been
genetically linked with autosomal recessive retinitis
pigmentosa [5].

RLBP1, the gene encoding human CRALBP, has been
localized to human chromosome 15q26 [6] and its structure
reported [7]. Previously, we demonstrated that RLBP1 domains
-2089 to -1539 bp, -243 to +80 bp, and two photoreceptor
consensus elements (PCE1) between RLBP1 positions -165
to -140 direct CRALBP expression in human RPE cultures

but not in non-ocular cell cultures [8]. As part of ongoing efforts
to develop an in vivo model for studying CRALBP function
and gene regulation in transgenic mice, we have cloned and
characterized the mouse CRALBP gene (mouse Rlbp1). Here
we report over 6 kb of Rlbp1 sequence, including 5' and 3'
flanking regions and the entire coding sequence. Conserved
and species-specific consensus sites of potential regulatory
elements are identified and the deduced mouse CRALBP
protein structure discussed.

METHODS
Materials and Reagents—A female mouse 129/Sv genomic
library in lambda FIX II (Stratagene, Inc., La Jolla, CA) was
used for cloning part of the mouse CRALBP gene. C57BL6
mice were sacrificed by cervical dislocation and eyes dissected
and frozen in dry ice/ethanol within 60 s of death [9]. 129/SvJ
genomic DNA was purchased from Jackson Labs, Bar Harbor,
ME. RNA and DNA molecular weight markers were from
Novagen, Inc. (Madison, WI) and Life Technologies, Inc.
(Gaithersburg, MD).

Mouse Genomic Library Screening and Characterization
of the Mouse CRALBP Gene— Approximately 1 X 107

recombinant phage from the 129/Sv mouse genomic DNA
library (1.0 X 1010 pfu/ml) were plated on Escherichia coli
strain BB4(LE392). Plaques were screened with human (1317
bp) and bovine (1173 bp) CRALBP cDNA probes [10]. Several
positive clones were plaque-purified and one, designated λA2,
was selected for further analysis. Plasmid subclones mp3.2SK
and mp2.8SK were created from λA2 by EcoR1 restriction
digestion and subclone mp3.6CRII by the polymerase chain
reaction (PCR). 129/SvJ mouse genomic DNA was PCR
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Figure 1. Northern and Southern analyses. (A) Northern blot. 10 µg
of total mouse eye RNA was electrophoresed on a 1% agarose-form-
aldehyde gel, blotted to nylon membrane and hybridized with mouse
CRALBP cDNA probes as described in Materials and Methods. The
indicated sizes (in kilobases) are estimated using RNA molecular
weight markers. (B) Southern blot. 10 µg of mouse genomic DNA
was digested with BamHI plus XhoI (lane 1) or BamHI plus KpnI
(lane 2), electrophoresed on a 1% agarose gel, blotted to nylon mem-
brane and hybridized with a 230 bp mouse CRALBP genomic probe
as described in Materials and Methods. The indicated sizes (in
kilobases) are estimated using DNA molecular weight markers.

Figure 2. Organization of the Mouse CRALBP Gene. Shown are (A)
a restriction map and the clones used in the mouse CRALBP gene
sequence determination, and (B) a comparison with the human
CRALBP gene. The length of exons (boxed), introns and the flank-
ing regions are indicated (in bases). Horizontal arrows illustrate the
regions of the gene that were sequenced. Sequence down stream of
exon 6 was obtained by direct analysis of PCR products from mouse
cDNA and 129/SvJ genomic DNA as described in the text.

amplified using primers designed to mouse and human
CRALBP and 10-100 ng of genomic DNA or plasmid DNA
as template. Standard PCR cycle conditions were 94 °C/30-
45 s, 55-63 °C/30-45 s and 72 °C/min per kb of expected
product for 35 cycles. The amplification systems used were
Taq polymerase (Fisher, Pittsburgh, PA) for plasmid DNA and
the Expand Long Template PCR system (Boehringer
Mannheim, Indianapolis, IN) for genomic DNA templates.

Mouse Eye cDNA Preparation and Analysis of CRALBP
cDNA— RNA was isolated from C57BL6 mouse eyes with
the RNA Ultraspec II Isolation system (Cinna-Biotecx,
Houston, TX). First strand cDNA synthesis was performed
according to the Superscript preamplification System (Life
Technologies) using primer NNT

20
(N=G,A,T or C), a modified

oligo-dT primer with elevated melting temperature. Mouse
CRALBP cDNA was amplified with primers specific to mouse
or human CRALBP using the standard PCR conditions. To
completely sequence mouse CRALBP exons 7-8, nested 5'
primers were successively used in combination with primer
NNT

20
 to specifically amplify mouse C57BL6 eye cDNA.

Aliquots of synthesis products were serially diluted 1:20 in
consecutive Touchdown-PCR reactions [11]. Touchdown-PCR
cycle conditions were 94 °C/30 s, 55 °C/30 s and 72 °C/2 min
for 10 cycles followed by 94 °C/30 s, 48 °C/30 s and 72 °C/2
min for 20 cycles.

Northern Blot Analysis— Total RNA was isolated from
mouse eyes, liver and kidney, electrophoresed on 1% agarose
gels containing 6.6% formaldehyde, blotted to Zeta-Probe GT
membranes (Bio-Rad, Hercules, CA) in 20 x SSC, crosslinked
to the membrane by UV irradiation (Stratalinker, Stratagene,

Inc.) and hybridized with mouse CRALBP cDNA probes.
Blocking and hybridization were carried out in the presence
of Hybrisol II (Oncor, Gaithersburg, MD) and 20% formamide
at 52 °C; final high stringency washing was at 63 °C with
0.1X SSC/0.1% SDS. Two mouse CRALBP cDNA probes
(240 bp and 290 bp) were used in Northern analyses. The 240
bp probe spanned sequence in exons 5 and 6 and was generated
by PCR with forward primer (5'-AGGCTCTCCGCT-
GCACTATC-3') and reverse primer (5'-GCATGTCC-
ACCATCTTCTTGAG-3'). The 290 bp probe spanned
sequence in exons 6 and 7 and was generated by PCR using
forward primer (5'-GGAGAAACTGCTGGAAACTGAGG-
3') and reverse primer (5'-CAAGAAGGGCTTGA-
CCACATTGTAGG-3').

Southern Blot Analysis— Mouse genomic DNA samples
were subjected to agarose electrophoresis using Tris acetate
buffers and transferred to Zeta-Probe GT positively charged
nylon membranes (Bio-Rad) by downward alkaline capillary
transfer [12]. A 230 bp probe spanning the exon/intron 5
boundary was generated by PCR with forward primer 5'-
AGGCTCTCCGCTGCACTATC-3', reverse primer 5'-
TGCTGGAAAGATGCTGACTACC-3'. In a modification of
the random-primer labeling protocol [13] primers specific to
the probe were substituted for random primers (Specific-primer
labeling). The labeled probe was purified from unincorporated
nucleotides using Sephadex G-25 chromatography [13]. The
denatured probe was incubated with the membrane in
hybridization solution (6X SSC, 5X Denharts buffer, 0.5%
SDS and 1% sheared salmon sperm DNA) at 68 °C overnight.
Membranes were washed under moderate stringency
conditions (0.2X SSC/ 0.1% SDS at 42 °C) prior to
autoradiography.

DNA Sequencing and Oligonucleotide Synthesis—
Oligonucleotide primers were designed using PRIMER
DESIGNER version 2.0 software (Scientific and Educational
Software). Plasmid DNA templates for sequencing were
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                   cc ctttgctagc actgagaccc tttaatacgc -3901
ctcctcatgt tgtggggacc ccttaaccat aaaattattt ttgttgctcc -3851
atcataacta taattttgtc acctttatga atcataatgt aaatatctga -3801
tattcaggat atctgatatg caactcttgt gaaagggtcc atcaaccacc -3751
ccatccccca ccctcagtga tcatgaccca caggttgggt ctaggcagcc -3701
ctctcctgta agactctggc cagccttagc ttacagggga ttccctgagt -3651
gaacagcaca gagccgaaaa tcgatgcaaa aagcaagagg aatttattgc -3601
tccaacatgt tggggtcgcc ctgcacatga agagagagac cgaccacagg -3551
cagcccttcc tttacagctt ctccaggcag cagccattag gcacaatatg -3501
attggcagaa cagtatgact tttaaactga ttggtctata gggaatgagg -3451
taggtggcca acagtatctc tgagcctccc ctacccgccc gcaggtggcc -3401
agtggttggt ccctcctccc ggtctgagga atgtaattag ccccttcctt -3351
ccggagggga tgggtgcgtt ctttaagacc tttctcttcc aggaggggag -3301
gggtctggtg gaattttcta aagtacctga gctgacctct tcactccaac -3251
tagaccatgt catggtagtc ctcttggtac acagggatgc ttggtgatga -3201
atcacagagc ctcttagcag ctgggactct tacctcccat gagcatcaca -3151
gccagggagg ttctttgggc ataacagcat gccacagcct aggtgaatta -3101
accaatagaa aatcattctc tcggaatctc ggtagttgga ggtctaagat -3051
caaggtatta tcctttggtg tcacctcctt atcttataga taaaccctga -3001
actgtggctg gatttcagag aacgacctgt gcacatgagc tcaaccctac -2951
cctgagcaca tggaggagag agaaccagga ccaaaggtgg gctgcttggg -2901
tccagactga agatgaattt aattacagac aactatctgt ggtggaagta -2851
gggatctccc ggacattgga ggcccccaca gagatctaaa ggatgtgtat -2801
ccctcatacc ccggtgataa accaaggcag agtctgggtg ctcctttgac -2751
tgttggatgc attcccttag cctgggtgct cactggctct ccattcactg -2701
ggtacaactc agaactcccc agaatacttc ccagggattg ggcagctaag -2651
cccctgaagt gggtactttg catctcagga ctttccccac agcttcagct -2601
ggctctctag tcatcccagt tctcagaggg gactgagtca tgtcgtggtg -2551
acataaccac actgaaaaaa gtgcagtagc aaggacagaa agtcggacaa -2501
gggagatctg ctgaggcccc acacccatcc cctgcttcct tgcctttgcg -2451
aggtagagat cggcagagat cggagggtca gggtacctag caagtcctcc -2401
gctgctcagc ctcgcccgct ccatttccct ctgccacatg ggacagtgga -2351
ccataggcct gggttgcagc aatgatcaca tttataattt ctcttcactt -2301
ctctatatgt cctgcccttt gtgaagaagg agtagtctcc caggcccccc -2251
tgcctcccag tttgagaagc gagatggcag ggaaatgaga cggggctggc -2201
ccagatccag tgaagtggct tccacatggc tgaacagaga gctccaagca -2151
ggagctcaca aagcagggct ttgatggtag ccccgcaggc cgggcctctc -2101
ccctctccct cagggtgctt cacttgcttc attctgggcc tcctgtgagc -2051
ctgactgaat gggaaacggt gggcctgaga agttccttgt gacacactaa -2001
tcccagcttg ctgacctgac cacaccccca aagaaagcag cctcccgagc -1951
tccagaacaa ttcaggcatc cagtagcccc caagaaagag ctgtcaggta -1901
agtcagtaac aaggcctggc tgggccagtg agtataagaa agagtgtgtg -1851
catgggagcg gggtaaatga tcagggatgg gtggcgaaca ccacgtctca -1801
gattgcttgg accggcctgt aaaggcgtac gccatttccg cagggtgaga -1751
cagaccgatc cacgggcaga cgcaacacat acgaatgtgg attacctaac -1701
tcaattagaa tggcaggtga tcaaatactc tttatgccct agtattggta -1651
attaattgta ctttatttgc taattctaaa tgccggagaa catcgatgtg -1601
gagatagggg tagcatgttt ttattacata catgcctaca gctaatgggt -1551
aagaacattt ttaaaataag agataagtgc ttctccgtgc tgacgttaat -1501
cttgcacttc taagatctgg gacttgggct gctgatctgc acatttggct -1451
agggataatg cactaatacc tctcgagtct tgctttgctt tgtttgcttg -1401
aggcagggtt tctctacgta gccctagcta tcctggaact cactatgaag -1351
aacagactgg cttcaaaatc agagattccc ctagacactg ggattaaaga -1301
tgcgtaccac tatacccagc ttttgctttt cgtttttttg agatagagtc -1251
tcatgtagca caggctggtt ttgaattaac tatgtagcca aggataacct -1201
taactaagga ttctcttgcc tctatctttt tttttctttc ctttttaaaa -1151
attactagat attttctttg tttacatttc aaatgttatc gcctttccta -1101
gtttcctctc caaaagtccc ctataccctc acccccgccc tgctccccaa -1051
cccacccatt tctgtttcct ggccctggca ttcccctgta ctggggcata -1001
taatcttcgc aagactaagg gcctctcctc ccattgatgg ccaactaggc  -951
catcttctgc tacataagca gctagagaca caagctctgg ggggtactgg  -901
ttagttcata ttgttgttcc tcctataggg ctgcagaccc cttcagctcc  -851
ttgggtactt tctctagctc cttcgttggg gaccctgtgt tccatcctat  -801
agatgactgt gagcgtccac ttctgtattt gccaggcact gcttttgcct  -751
ctatcttgca agttctggga atacagatgt gtgccacaac agtcaactct  -701
tggtctttac acccacatat ctggatgtct gtctactatc caaagagatg  -651
gcttgtactt gattcttgtg ggtagatccc agcccccaag aattccctgg  -601
tcctttgggg gctgtggtag ggaagggata ggccctcaga tattctctga  -551
gatcctcaag tttcagtgta caaattgggt taatctcagt gctagcaaag  -501
ggagaaaaga ctgttgtcga tcaggagtcc tctctcggtt atgtcacaga  -451
accctgtggt cctcacagcg gtcacttttg gtagatatta ttatccttcg  -401
ttggctctca atctcagaag gattaaatac cttgcctatg gtcacacagg  -351
tggtaaaagt cagattcaaa ttcagatctc tctaacctat aaggtttctg  -301
tcaccagctc ccccagggac tttgcaaaga gatgacttgg cttgaggcaa  -251
agagacttag tgtcaggtgg atacaggttc aagtcctagc ttaaatacca  -201
actatgcgta agtgaccgag ctgaccaatg gaacctagcc acaggcagaa  -151
acagaatgta aagatgttca cagtcactgg ggacatttag gtcttggagg  -101
agaaaatctg gaaatgtggg tcatgatgga tatctgttct ggtggcccag   -51
aaatctatgc tggtgtatat tatctaatta catattaatc cttctatccc    -1
Exon 1
AACAAGGGAC GGTCAAGACT CGGATGAAAT CACACAACTT GCAAGTGTGA   50
GAGACAGCAT TGCAATCCAG GCCCCACACC CTGCTGCCCC AAGCTGCTTC  100
TTGGTGTCTA CAGAAGTCAC AACTTAGgta agtatccttg ggctctgtga  150

ccttggacca gtcacttact ctcctggccc tgttttcccc ttaaataaaa  200
caggagtgga gctgccatgc tcgtgtctga gttaacgaat ttagaagtcc  250
ttagaatgtt gtaaacctct gtaacaaaga cccaggtctg attatataac  300
tgctcaccat ggctcctaag aatgaatgcc ctgggtatgg agccatccac  350
taggtggaga ggtttctggg gtgcacattt gtactgggga agcaaggcta  400
cagagaagaa gagagattgc cttacactgc agtgagctga ccttgcagct  450
gagaatgggg cccaattctg gtttgttttt ggttagccac agctgaagac  500
tacttagtgt attggtagta tgctccctcc aaatgcagtg ttcccaaagt  550
atagcccagg aaacaagtcc ttcagagcta ggtagggaag gagggctcta  600
attttagtcc tctggttaga ctcacagggg ccaacactcg tctatatttc  650
tgaccaatca gctagctgtt gggagggact tgaatgcttg agatccactg  700
Exon 2
ttctgagaca aacacaaaat agtttctcta atatcactgc agTCTTGACT  750
TCTTTGACTG CTGGACAAAG GCTACCCGGA GAGACCAGGG CAGAGCAAAC  800
AGGTTCTTTC TCTCCCCCCT TCAGTGTCTT CAAGAGGCAG TATGTCAGAC  850
GGGgtgagta tcttgggctc ttcatccctt cttcccttcc tccccacacc  900
tcaacaatct ctctggggcc ccgacctacc aaagggagga gactgagcac  950
agatcttggc caaaggcact gtgcaaaccc atttgccagt tgttctggct 1000
Exon 3
gccaagggct gagctgtccc accttctatg actcctttcc gaccag GTGG 1050
GCACTTTCCG CATGGTTCCT GAAGAGGAGC AGGAGCTCCG AGCACAACTG 1100
GAGCAGCTCA CAACCAAGGA TCATGGTCCT GTCTTTGGCC CATGCAGCCA 1150
GCTGCCCCGC CACACTTTGC AGAAGgtgag gtggc..... .......... 1185
Exon 4
cgtgttctag GCCAAGGATG AGCTGAATGA AAAGGAGGAG ACCCGGGAGG
AAGCGGTGAG GGAGCTACAG GAGCTGGTAC AGGCACAGGC AGCTTCTGGC
GAGGAATTGG CCCTGGCAGT GGCTGAGAGG GTGCAGGCAA GAGACAGCGC
CTTCCTCCTG CGCTTCATCC GTGCCCGCAA GTTCGATGTG GGTCGTGCTT
ATGAGCTGCT CAAAGgtaag gcct...... .......... ..........
.......... .......... .......... .......... ..........
Exon 5
ctccttccag GCTATGTGAA CTTCCGCCTC CAGTACCCTG AACTCTTCGA
TAGTCTCTCC ATGGAGGCTC TCCGCTGCAC TATCGAGGCC GGATACCCTG
GTGTCCTTTC CAGTCGGGAC AAGTATGGTC GAGTGGTTAT GCTCTTCAAC
ATCGAAAACT GGCACTGTGA AGAAGTGACC TTTGATGAGg tcagccgg..
Exon 6
ATCTTACAGG CATATTGTTT CATTTTGGAG AAACTGCTGG AAAATGAGGA
AACCCAAATC AACGGCTTCT GTATTGTTGA GAACTTCAAG GGCTTCACCA
TGCAGCAGGC AGCAGGGCTC CGCCCCTCGG ATCTCAAGAA GATGGTGGAC
ATGCTCCAGg tgaggcctc. .......... .......... ..........
Exon 7
gtcattgcag GATTCATTCC CAGCCAGGTT CAAAGCTATC CACTTCATCC
ACCAGCCATG GTACTTCACC ACCACCTATA ATGTGGTCAA GCCCTTCTTG
AAGAACAAGC TGCTACAGAG Ggtgagtgtg tggctgcctc ccaacctttc
caaagaatga tcccaatttg ggtgaataat cctggacagc accacaagga
ggctgtagag agagacgtca cgtgacaaag atgggaggct gtgccttggt
ctcccctccc ccatccttgt gctcagttgc cctgctccct tgtctgcag
Exon 8
GTCTTTGTTC ACGGAGATGA CCTGGATGGC TTCTTCCAGG AGATTGATGA
GAACATCCTG CCTGCTGACT TTGGGGGTAC ACTGCCCAAG TACGACGGCA
AAGTTGTTGC TGAGCAGCTC TTTGGTCCCC GGGCTGAAGT TGAGAACACA
GCCTTATGAG GAGATGCCCT GCCATGGGAT CCGTATTAGC ATCCCAGTCC
TTCTTCAGCT TTCCTGAACC CAAGTCCGGG GACAGGAATG CCTGAAGGGA
CTGTTTTCCC AGACTTCCCT AGGTTTAGGA ACGCTCTAGT GGCACCTCAT
CCCAAACCGA CCTAGAGGGC AGTGAGGCAG GGGAATGCCT TTCATCGGGA
GATATGTGGG GCAGTTAAAT TCCCACCTGC CTCTGCAGTT ACAGGGCAGT
GACTCTGAGA GAAGTTGGAT TTCAAAGACT AATTAGGCTT CTCCGTGATT
TCCTTTGTAA TCGCTTTGAT ACTTAGGGCG TGGAAGGCAG AGTTAAAGGC
ATACTTGCAA TTCAGTAAAA AGAAGAAAGA GAGGGGCTTG AAGCTCTGAT
GATCTTAACA GCAGTAGGCA GATAAGGGGT TTCCCACCCA GGATTCCAGG
GAGGGGCCAG CAACCTTAGC ACAGTTGCTG ATGAATACTC TAGTAGCTAA
GAGCTCTGGA CTCTGTCCAG GGTGGAGGTC ATGTCCCTTC CTCTCCACCC
ATCTTGGATG TGATCCTTGG TGCTGGGGCC CCCATTCACT AGATGCTGTA
GGCTTTGTTG TATGGTTTTA CTTAAATGTA CCTTTGACAT CTTCCCCGAA
CACTCTCAGT TCTTATTAGG CAAATAAAAC CGTTCTTTGT CTTGTGTC

Figure 3. Mouse CRALBP Gene Sequence. The determined sequence
(6855 nucleotides) of the 129/SvJ mouse CRALBP gene is shown
with 5' flanking regions and introns in lower case letters and exons in
upper case letters. Translated sequences are in green. Based on ho-
mology with the human CRALBP gene, the mouse transcription start
site is numbered +1. The translation start-site (ATG) in exon 2, trans-
lation stop-site (TGA), polyadenylation signal (AATAAA) and ter-
minator sequence (CTTGTGTC) are in red. The Genbank accession
numbers for the sequences reported are: AF084638 (5' flanking re-
gions and exons 1-3); AF084639 (exon 4); AF084640 (exon 5);
AF084641 (exon 6); AF084642 (exons 7 and 8).

purified using the Wizard Mini-Preps System (Promega,
Madison, WI). For direct sequencing, PCR products were
isolated from Sea Plaque low melting point agarose (FMC
Bioproducts, Rockland, ME) and purified with the Wizard
PCR Preps System (Promega). DNA Sequencing was
performed using the ABI PRISM Dye Terminator Cycle
Sequencing Ready Reaction Kit (Perkin Elmer, Foster City,

CA) with AmpliTaq DNA Polymerase, FS. Synthesis of
oligonucleotides and collection of automated DNA sequencing
results were performed in the Molecular Biology Core Facility,
Adirondack Biomedical Research Institute, using Perkin Elmer,
Applied Biosystems Division instrumentation and reagents
(model 392 DNA/RNA Synthesizer, model 373, DNA
Sequencer). All mouse CRALBP DNA sequences were
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Figure 4. Mouse CRALBP Introns 3-6. The approximate size of mouse
CRALBP introns 3-6 was determined by PCR amplification using
primers designed to the flanking exons. (A) The ~13 kb mouse
CRALBP phage clone as template: lane 1, intron 3 ~1.8 kb; lane 2,
intron 4 ~1.5 kb; lane 3, intron 5 ~2.6 kb and lane 4, 1 kb DNA
Ladder (Gibco, BRL). (B) 129/SvJ genomic DNA as template: lane
1, intron 6 ~1.2 kb; and lane 2, 1 kb DNA Ladder (Gibco, BRL).
Exon sequence (200-300 nt) was subtracted from each of the ob-
served intron PCR products.

Figure 5. Mouse and Human CRALBP 5' Flanking Regions. Dot
matrix comparison of human and mouse DNA sequences upstream
of CRALBP exon 3. Gene positions are based on the human tran-
scription start-site (+1 bp). Alignment was generated using
GeneWorks program v2.5 (Intelligenetics) with a range of 16 nucle-
otides and stringency of 65% identity.

determined in both directions at least twice. Sequence results
were interpreted and aligned using SEQUENCHER 3.0
software (Gene Codes, Ann Arbor, MI) and GeneWorks v
2.45N (Intelligenetics, Mountain View, CA) computer
software. Sequence upstream of the presumptive translational
start-site in the mouse CRALBP gene was inspected for
consensus transcription factor binding sites using SIGNAL
SCAN and Mat Inspector.

RESULTS
Copy Number and Transcript Size of the Mouse CRALBP
Gene— Northern analysis reveals a predominant CRALBP
mRNA species of about 2.1 kb in mouse eye RNA (Figure
1A) but not in mouse liver or kidney RNA (not shown). Similar
size human CRALBP mRNAs are predicted (2046 bp and 2269
bp) from the human gene sequence [7]. Southern analysis of
mouse 129/SvJ genomic DNA digested with different enzymes
and hybridized with a 230 bp probe from the mouse CRALBP

gene revealed a banding pattern totaling less than 20 kb/digest
and consistent with a single copy gene (Figure 1B). Somatic
cell hybridization previously localized the mouse CRALBP
locus to a single site on mouse chromosome 7 [6].

Isolation of Mouse CRALBP Genomic Clones and cDNA
Sequences— Using human and bovine CRALBP cDNA
probes, a λ-phage clone designated λA2 was isolated from a
mouse 129/Sv genomic DNA library and found to contain an
~13 kb insert that included the 5' end of the CRALBP gene
through exon 6 (Figure 2). Three plasmid subclones were
prepared from λA2 DNA and designated mp3.2SK, mp2.8SK
and mp3.6CRII (Figure 2). The structures of mouse CRALBP
exons 7 and 8 were obtained by direct sequence analysis of
PCR products generated from mouse eye cDNA.

Characterization of the Mouse CRALBP Gene— The
genomic organization of the mouse CRALBP gene is shown
in Figure 2 and the DNA sequence of the gene in Figure 3.
The sequence of the mouse CRALBP DNA was determined
by automated analysis of genomic subclones and PCR
products. About 5.3 kb of contiguous sequence was determined
from overlapping subclones mp3.6CRII and mp2.8SK
(putative gene positions -4300 to + 1000), including 4 kb of
5'-flanking sequence, exons 1-3 and introns 1-2. The sequences
of exon 4 (205 bp) and exon 5 (179 bp) were determined from
subclone mp3.2SK. The sequence of 1297 nucleotides of the
mouse CRALBP cDNA was determined by direct analysis of
PCR products generated from C57BL6 mouse eye cDNA.
Mouse 129/SvJ genomic DNA was amplified with primers
designed from mouse C57BL6 CRALBP cDNA, and direct
sequence analysis of PCR products yielded the genomic
sequences of exons 6-8, intron 7 (177 bp) and 692 bp of 3'-
flanking sequence. The lengths of mouse CRALBP intron 3
(1.8 kb), intron 4 (1.5 kb), intron 5 (2.6 kb) and intron 6 (1.2
kb) were determined by PCR amplification using as a template
either the 13 kb λ-phage clone or mouse 129/SvJ genomic
DNA (Figure 4).
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Figure 6. Proximal and Distal CRALBP Promoter Sequences. (A) Alignment of mouse and human CRALBP proximal promoter sequences.
Conserved nucleotides are boxed and consensus regulatory elements are underlined. Represented by arrows are the transcription start-sites
(+1) and the 5' end of the 0.3pGL2 human CRALBP reporter construct that directs RPE specific reporter expression in vitro [8]. The mouse
gene transcription start-site is based on the human gene. (B) Alignment of mouse and human CRALBP distal promoter sequences. Conserved
nucleotides are boxed, consensus regulatory elements are underlined and regions with >=90% nucleotide conservation are indicated by ar-
rows. A previous study using human CRALBP reporter constructs 2.1 and 1.6 pGL2 (5' ends indicated) suggests the distal promoter region
contains an enhancer element [8]. Sequence alignments were performed using GeneWorks 2.5 (Intelligenetics).

DISCUSSION
The structure of the mouse CRALBP gene was determined
from a clone isolated from a 129/Sv mouse genomic library
and from PCR amplification of mouse eye cDNA and mouse
129/SvJ genomic DNA. The mouse CRALBP gene is similar
to the human gene in organization and size and contains eight
exons and seven introns. In both genes, exon 1 is entirely
untranslated, and the start (initiation) and stop (termination)
codons are located in partially untranslated exons 2 and 8. A
total of 6855 nucleotides of sequence was determined,
including 3932 bases from the 5'-flanking region, 629 bases
from the 3'-flanking region, all 8 exons and 3 introns. All mouse
CRALBP exon/intron boundaries follow standard vertebrate
GT/AG splicing convention [14]. Moreover, the 5' splice site
of all introns conforms with the consensus 6 bp binding
sequence of the spliceosome component U1 snRNP [15].
Exons range in size from 111 to 848 bases and introns vary
from 178 to 2600 bases. Based on Southern blot analysis and
localization to a single site on mouse chromosome 7 [6], the
mouse CRALBP gene (Rlbp1) exists in single copy in the
mouse genome. A search of the Mouse Genome Informatics
(MGI) Resource at The Jackson Laboratory (Bar Harbor, ME)
shows that no known mouse retinal diseases map to the
CRALBP locus. The transcription start site of the mouse gene

is predicted based on homology with the human CRALBP gene
and is about 841 bases upstream of the ATG translation
initiation signal. This putative transcription start site is
consistent with the mouse CRALBP mRNA species detected
by Northern analysis (~2.1 kb), a size within experimental
error of the non-polyadenylated mRNA species (1868 bases)
predicted from the mouse gene sequence. In the mouse gene,
a consensus polyadenylation signal (AATAAA) and a
terminator sequence (YGTGTTYY), separated by 12 bases,
were found beginning 663 bases downstream from the
translation stop (Figure 3). In the mouse CRALBP cDNA, a
poly-A tail was found immediately downstream of the
terminator sequence. Mouse and human CRALBP 3'
untranslated regions are ~60% conserved. Unlike the gene
encoding human RPE65, an RPE-specific protein also thought
to be associated with vitamin A metabolism, the mouse and
human CRALBP genes do not contain multiple ATTTA motifs
implicated in transcript instability [16]. Overall, coding DNA
in the mouse and human CRALBP genes exhibits ~87%
sequence identity and non-coding DNA (exons 1-2) exhibits
~65% identity.

As an approach to detecting cis-elements that regulate
CRALBP expression, evolutionary conserved sequences in the
promoter region of the mouse and human genes have been
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Figure 7. Comparison of CRALBP Protein Sequences. Alignment of the mouse, human and bovine CRALBP amino acid sequences is shown;
residues not conserved with the mouse protein are indicated.

Figure 8. Structural Relatedness of CRALBP with other proteins. Homology is shown between mouse CRALBP, human α-tocopherol transfer
protein (aTTP) [38], human protein tyrosine phosphatase (PTP) [39], yeast phosphatidylinositol-transfer protein (PITP) [40] and squid
retinaldehyde-binding protein (sqRALBP) [33]. Numbers represent amino acid sequence positions; asterisks represent identical residues in
mouse CRALBP and squid RALBP. Alignment was performed using GeneWorks program v2.5 (Intelligenetics).

sought. Alignment of ~4 kb of mouse and human CRALBP
gene sequences upstream of exon 3 reveals two homologous
domains of ~1.4 kb and ~1.8 kb (approximate gene positions
-2.9 kb to -1.5 kb and 0.7 kb to +1.1 kb, respectively), separated
by the human-specific Alu repetitive sequence (Figure 5).
Previously we reported that PCE1 sites in the human proximal
promoter bind RPE nuclear factors that appear to interact with
the distal promoter region -2089 to -1539 to drive high levels
of CRALBP expression in the RPE [8]. The PCE1 consensus
sequence CAATTAG (designated RCS1 in Drosophila) was
originally identified in several mammalian photoreceptor genes
and in Drosophila rhodopsin genes and proposed to direct

photoreceptor cell-specific gene expression [17]. The two
PCE1 between human RLBP1 positions -165 and -140 exhibit
significant homology with Ret-1 in the rat opsin gene, which
has been reported to direct in vivo gene expression in both rod
photoreceptors and brain [18]. One of the PCE1 sites is
conserved in the mouse proximal promoter (Figure 6A),
supporting the hypothesis that PCE1 influences CRALBP gene
expression. Notably, two identical sequences (GCAGGA)
flanking the PCE1 in human RLBP1 and important for complex
formation with human PCE1 binding proteins [8] are not
conserved in the mouse gene. A consensus TATA box exists in
the mouse gene [19] while the human proximal promoter



contains an apparent Initiator (Inr) element, a 46 bp insert
containing a Ying-Yang 1 (YYI) consensus site [20], and two
RPE65 related sequences [21]. Other conserved proximal
promoter consensus elements shown in Figure 6A include (i)
RET-2, which in the rat opsin promoter specifically binds
retinal nuclear factors [22]; and (ii) STRD, associated with
high levels of arrestin expression in the retina and more broadly
recognized by the vitamin D3, steroid, thyroid hormone and
retinoic acid receptors [17,23]. The significance of these sites
remains to be determined.

Conserved sequences in the mouse and human distal
promoter region (Figure 6B) may be associated with putative
enhancer activity in the human CRALBP gene between -2089
and -1539 [8]. Conserved distal promoter consensus sites
include: (i) the Cone rod homeobox (Crx)-binding element
that binds transcription factor Crx and transactivates several
pineal/photoreceptor-specific genes [24,25,26]; (ii) activator
protein 1 (AP-1) a common transcriptional activator [27]; (iii)
Brn-2, associated with development and survival of the
hypothalamus and pituitary [28,29]; (iv) MZF-1, important in
tissue-specific expression of myeloid cells [30]; and (v) Glass-
like (human CRALBP -2484 to -2465), implicated in
photoreceptor cell development [31]. Further studies are
required to determine the significance of these consensus sites
and the most highly conserved sequence between RLBP1
positions -1930 to -1900 bp and -1892 to -1852 bp.

The mouse, human and bovine CRALBP protein
sequences each encode 316 amino acids and overall are about
87% identical (Figure 7). Important amino acid residues
conserved in all three species include retinoid-binding pocket
components Gln-210 and Lys-221 [32] and Arg-150, which if
substituted with Gln (i. e., R150Q) can result in retinal
degenerations associated with retinitis pigmentosa [5]. As
previously described for bovine and human CRALBP, mouse
CRALBP shares limited homology (Figure 8) with α-
tocopherol transfer protein, protein tyrosine phosphatase and
phosphatidyl inositol-transfer protein [7]. Contrary to an earlier
report [33], CRALBP is also distantly related with squid
retinaldehyde-binding protein as shown in Figure 8. Structure
function studies with bovine and human recombinant CRALBP
have characterized ligand interactions [3,32,34,35,36] and
established in vitro evidence for a substrate carrier function in
RPE [1,2,37].

This study represents initial work toward developing an
in vivo model for studying CRALBP function and gene
regulation in transgenic mice. The current results and clones
have facilitated the construction of a mouse CRALBP gene
targeting vector containing the neomycin resistance gene
inserted into exon 3. Efforts to disrupt the mouse CRALBP
gene by homologous recombination are in progress and
homozygous knockout mice will be used for morphological,
electrophysiological and retinoid metabolism studies. The
current results also establish a foundation for identifying in
vivo the minimal CRALBP promoter required for high level
RPE expression in mice. Identification of the CRALBP
minimal promoter will enhance gene therapy approaches for
retinal diseases associated with CRALBP and other RPE
expressed genes.
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