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Abstract The 11-cis-retinol dehydrogenase (11-cis-RoDH)
gene encodes the short-chain alcohol dehydrogenase responsible
for 11-cis-retinol oxidation in the visual cycle. The structure of
the murine 11-cis-RoDH gene was used to reinvestigate its
transcription pattern. An 11-cis-RoDH gene transcript was
detected in several non-ocular tissues. The question regarding the
substrate specificity of the enzyme was therefore addressed.
Recombinant 11-cis-RoDH was found capable of oxidizing and
reducing 9-cis-, 11-cis- and 13-cis-isomers of retinol and
retinaldehyde, respectively. Dodecyl-p-1-maltoside used to solu-
bilize the enzyme was found to affect the substrate specificity.
This is the first report on a visual cycle enzyme also present in
non-retinal ocular and non-ocular tissues. A possible role in
addition to its role in the visual cycle is being discussed.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Vision is mediated by the visual pigments present in the
outer segments of the photoreceptor cells. Phototransduction
is initiated by the capture of a photon and subsequent isomer-
ization of 11-cis-retinaldehyde to all-trans-retinaldehyde. All-
trans-retinaldehyde is converted into all-frans-retinol by all-
trans-retinol dehydrogenase. All-tfrans-retinol is transported
to the retinal pigment epithelium (RPE) where it is esterified
and subsequently isomerized. It can remain esterified and
stored as a 11-cis-retinyl ester [1,2] or hydrolyzed and further
oxidized to form 11-cis-retinaldehyde [3] which is transported
back to the photoreceptor cells and linked to the apoprotein,
thereby completing the visual cycle.

The oxidation of 11-cis-retinol is catalyzed by an oxidore-
ductase called 11-cis-retinol dehydrogenase (11-cis-RoDH) [4—
6]. A full-length cDNA encoding bovine 11-cis-RoDH was
isolated [7,8]. Northern blot analysis using RNA isolated
from several ocular and non-ocular tissues suggested that
the gene encoding 11-cis-RoDH is transcribed only in the
RPE. However, upon immunohistochemical analysis using a
monoclonal antibody (designated 21-C3/AV) directed against
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11-cis-RoDH, reactivity was also observed to a number of
other ocular epithelial cells in addition to smooth muscle tis-
sue of the small arteries in kidney, liver and heart [9]. It was
hypothesized that the monoclonal antibody recognizes a
shared epitope on (an) other antigen(s), most likely (a) dehy-
drogenase(s) also belonging to the family of short chain alco-
hol dehydrogenases. In this report, however, the presence of
11-cis-RoDH gene transcripts in both ocular and non-ocular
tissues is shown. Immunoprecipitation was used to demon-
strate that the apparent molecular weight of the antigens rec-
ognized in bovine RPE and kidney are identical. Based on
these observations we concluded that the 11-cis-RoDH gene
is also transcribed in other ocular and non-ocular tissues.

As we know of no reports on the presence of 11-cis-reti-
noids in tissues other than the retina, we decided to determine
the substrate specificity of 11-cis-RoDH. The present study
will show that the enzyme is also capable of oxidizing 9-cis-
and 13-cis-retinol. This observation provides an explanation
for the presence of the enzyme outside the retina.

2. Materials and methods

2.1. Isolation of murine 11-cis-RoDH genomic clones and Southern blot
analysis

Cosmid clones were isolated from a mouse strain 129/SvJ genomic
DNA library using the bovine 11-cis-RoDH c¢DNA as a probe [8].
Three cosmid clones were isolated and designated MGRDHI1/CD,
MGRDH4/CD and MGRDHS5/CD.

Genomic DNA was isolated from mouse strain 129/Sv]J liver tissue.
Genomic DNA (10 pg) was digested with Kpnl, HindII1, Pstl, EcoR1,
BamHI or Sstl, electrophoresed on a 0.8% agarose gel and transferred
to Hybond-N* (Amersham, Buckinghamshire, UK). As a probe a
cDNA encompassing exon IV and V of the murine 11-cis-RoDH
gene was used.

2.2. Reverse transcriptase polymerase chain reaction (RT-PCR)

First strand cDNA was synthesized using 1 pg total RNA, 2 g
random hexamer primers (Boehringer, Mannheim, Germany),
200 units Superscript RNase H™ Reverse Transcriptase (Gibco Life
Technologies, Breda, The Netherlands), 625 uM of each dNTP, 5 mM
DTT in the first strand buffer supplied with the reverse transcriptase.
The PCR reaction contained 0.5 pg of first strand cDNA, 250 uM of
each dNTP, 2.5 mM MgCl,, 0.2 uM of each primer, and 1.5 unit
Amplitaq polymerase (Perkin-Elmer-Cetus, Branchburg, NY). Several
gene specific primers were used (Table 1). Cycling conditions: initial
5 min incubation at 94°C, 50 s at 94°C, 1.45 min at 55°C and 3 min at
72°C for 35 cycles and finally 10 min at 72°C. PCR products were
cloned into PCRII (Invitrogen, Leek, The Netherlands).

2.3. Immunoprecipitation

Bovine kidney tissue (50 g) was homogenized in 50 mM NaP; buffer
(pH 7.3) and centrifuged at 17000X g for 30 min. The supernatant
was subsequently centrifuged at 90 000 X g for 2.5 h. The microsomal
pellet was extracted with 20 mM dodecyl-B-1-maltoside (DoM) in
40 mM NaP; (pH 7.3) for 3 h at room temperature. Immunoprecipi-
tation was performed using 2 mg kidney protein extract, 100 ul mono-
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clonal antibody 21-C3/AV culture supernatant [9] and 1.5 mg protein
A Sepharose (Pharmacia Biotech, Roosendaal, The Netherlands) in a
final volume of 500 pl binding buffer (50 mM Tris, pH 7.5, 0.15 M
NaCl, 0.1% Nonidet P-40, 1 mM EDTA, 0.02% NaN,, 10 mM
DoM). After 3 h at 4°C the reaction mixture was centrifuged
(13000X g, 5 min). The pellet was washed 3 times with 1 ml binding
buffer. Precipitated proteins were subsequently dissolved in 50 pl sam-
ple buffer (final concentrations: 50 mM Tris-HCI, pH 6.8, 2% sodium
dodecyl sulfate, 100 mM dithiothreitol, 10% sucrose). As a negative
control the immunoprecipitation was also performed in the absence of
21-C3/AV. For gel analysis 10 pl of each sample was electrophoresed
on a 13.7% SDS-polyacrylamide-tricine gel [10]. Gels were either
stained with Coomassie blue R-250 or blotted to nitrocellulose. Blots
were subsequently incubated with 21-C3/AV.

2.4. Substrate specificity

Substrate specificity was tested using a modification of a method
described previously [8]. Briefly, 11-cis-RoDH containing protein ex-
tracts were either derived from recombinant baculovirus infected Spo-
doptera frugiperda (Sf9) cells or freshly isolated bovine RPE cells.
Recombinant virus infected Sf9 (4 days post infection) or bovine
RPE cells were harvested by centrifugation (4000X g, 10 min, 4°C).
Cell pellets were resuspended and lysed upon homogenization (Potter-
Elvehjem-tube) in 5 mM Tris-HCI, 10 mM NADH, 20% glycerol,
0.15 M NaCl, pH 7.4. NADH was replaced by NAD" when retinoid
oxidation was studied. Homogenized cell suspensions were kept on ice
during experiments. All further manipulations were performed in a
nitrogen atmosphere under dim red light (Schott-Jena, RG 645 cut-off
filter). We used 60-ul aliquots (= enzyme solution) to mix with 60 pl
substrate solution. For retinaldehyde reduction the substrate solution
consisted of the retinaldehyde isomer in 0.2 M acetate buffer, 5%
methanol, | mM NADH, pH 5.0. When retinol oxidation was studied
the substrate solution consisted of 0.1 M Tris-HCI, 5% methanol,
1 mM NADT, pH 8.5. Enzyme activity was determined by measuring
the velocity of substrate conversion over a 6-min time period at 37°C.
The reaction was started by mixing the substrate and enzyme solution.
At definite time intervals 25-ul aliquots were taken and frozen in dry
ice/ethanol. Retinaldehyde decrease/increase was determined by the
thiobarbituric acid method of Futterman and Saslow [11]. Substrates
tested were: all-trans-, 9-cis-, 11-cis-, and 13-cis-retinaldehyde and all-
trans-, 9-cis-, 11-cis-, and 13-cis-retinol. Except for 11-cis-retinalde-
hyde, a kind gift of Dr. W.J. de Grip (Department of Biochemistry,
University of Nijmegen, The Netherlands), retinaldehydes were pur-
chased from Sigma. Retinaldehyde stock solutions were prepared in
hexane and stored in a nitrogen atmosphere at —80°C in the dark.
Retinols were synthesized from their corresponding retinaldehydes by
NaBH, reduction [12]. Enzyme activity was measured immediately
following NaBH, reduction. Retinoid samples were checked routinely
by UV/VIS spectroscopy (Lambda Bio 10 spectrophotometer, Perkin
Elmer). Spectroscopical data were used to determine the retinoid con-
centration and Ay.x. The latter was compared to those reported pre-
viously for retinaldehyde and retinol isomers [12].

3. Results

3.1. The murine 11-cis-RoDH gene
The murine 11-cis-RoDH gene is composed of five exons
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Fig. 1. Southern blot analysis. A Southern blot containing 10 ug
murine genomic DNA digested with Kpnl, HindlIll, PstI, EcoRI,
BamHI or Sstl. The blot was hybridized with a cDNA probe encod-
ing exon IV and V of the murine 11-cis-RoDH gene. The sizes of
marker DNA are shown on the left.

separated by four introns. The first intron is situated in the 5’
non-coding sequence, 35 nucleotides upstream the start co-
don. The other three introns fall in codons 104, 190 and
245, respectively. A polyadenylation site was found 197 nu-
cleotides downstream the TGA stop codon. Sequence data
from murine 11-cis-RoDH cDNA clones obtained by RT-
PCR confirmed the positions of all exon/intron boundaries
and previously determined exon sequence data obtained
from cloned genomic DNA fragments. RNase protection as-
says showed the presence of six putative transcription initia-
tion sites, 163, 164, 174, 175, 187 and 188 nucleotides before
the translation start site. The nucleotide sequence mentioned
above is deposited in the GenBank/EMBL databases under
accession number X97752.

The open reading frame showed 83.9% identity with the
bovine nucleotide sequence. The deduced amino acid sequence
showed 86.2% identity with the bovine [7] and 88% with the
human [13] 11-cis-RoDH sequences.

Southern blot analysis was used to determine the copy
number of the gene in the murine genome. Selected enzymes
recognize a site within intron III and a second site at the

Table 1
Primers used for RT-PCR analysis
Gene Reference Species Exon Sequence
Rhodopsin [37] Bovine 2/3 5’-gtcggctggtccaggtac-3’
5 5’'-gccacagcagagagtggtg-3’
RPE-65 [38] Bovine 12 S’'-cttggcttgaatcactttgt-3’
[39] 14 5’'-tgaacagtccatgacaaaggtg-3’
11-cis-RoDH [7] Bovine 4 S’'-ttcttccgaacccctgtgac-3’
[8] 5 5’'-ccagagcagcttggcatccce-3’
[13] 2 S’-atgtggctgcctctgettet-3’
Mouse 4 S’-ttctttcgaacccctgtgac-3’
5

5’'-ccagagcagcttggcatccce-3’
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Fig. 2. Tissue specificity of 11-ciss-RoDH. RT-PCR products were analyzed on a 0.8% TBE-agarose gel. The position of a 100-bp DNA size
marker is shown in lanes 5, 10, 15 and 18. RT-PCR products obtained with opsin primers and bovine RNA isolated from liver (1), kidney (2),
cornea (3) and retina (4); with RPE65 primers and bovine RNA from liver (6), kidney (7), cornea (8) and RPE (9); with primers in exons IV

and V of the 11-cis-RoDH gene and bovine RNA from liver (11), kidney (12), cornea (13), RPE (14); with primers in exon II and exon V of
the 11-cis-RoDH gene and bovine RNA from kidney (16) and cornea (17).

3’-end of exon V, except for SstI and BamHI. The latter cuts
30 bases upstream of the TGA stop codon in exon V whereas
the former cuts 1.8 kb upstream of exon I. Restriction digests
of murine genomic DNA were hybridized with a cDNA en-
coding exons IV and V of the murine gene (Fig. 1). Based on
the results we conclude that the murine 11-cis-RoDH gene is a
single copy gene.

3.2. Tissue specificity

Tissue specificity was tested on total RNA isolated from
Swiss mouse eyes and liver using an upstream primer in
exon IV and a downstream primer in exon V of the murine
11-cis-RoDH gene. A PCR product was detected in both
samples. Upon sequence analysis, the liver derived PCR prod-
uct showed 100% identity with the murine 11-cis-RoDH se-
quence. The experiment was repeated using bovine total RNA
isolated from liver, kidney, cornea, neural retina and RPE.
Primers detecting opsin or RPE65 gene transcripts were in-
cluded as controls. Both genes were reported to be retina
specific [14,15]. A PCR product was obtained in all tested
tissues using 11-cis-RoDH specific primers (Fig. 2, lanes 11,
12, 13 and 14). The RPE6S transcript was detected only in
RPE derived total RNA (Fig. 2, lane 9). The opsin transcript
was detected only in neural retina derived total RNA (Fig. 2,
lane 4). The complete translated region of 11-cis-RoDH
cDNA was obtained from both bovine kidney and cornea
RNA (Fig. 2, lanes 16 and 17). The obtained cDNA sequences
were found to be completely identical to the bovine 11-cis-
RoDH cDNA sequence.

Monoclonal antibody 21-C3/AV [9] was used for immuno-
histochemical analysis on frozen cross-sections of bovine liver,
kidney, intestine and heart. In liver 21-C3/AV reacted with
smooth muscle cells of blood vessels in the portal field (Fig.
3, panel A). Reactivity was also found with smooth muscle
cells of small arteries in kidney (Fig. 3, panel C), small intes-
tine (Fig. 3, panel E) and heart (Fig. 3, panel G). In small
intestine additional staining was found in the muscularis mu-
cosae and muscularis propria (Fig. 3, panel E). Reactivity
with ocular tissues has been described previously [9].

Immunoprecipitation was used for purification of 11-cis-
RoDH from a bovine microsomal kidney protein extract.
The immunoblot revealed a specific protein band of approx-
imately 36 kDa (Fig. 4, lane 5) which comigrates with 11-cis-
RoDH detected in a bovine RPE derived protein sample (Fig.
4, lane 4). When 21-C3/AV was omitted from the precipita-
tion reaction no 36-kDa protein band was detected (Fig. 4,
lane 6). A number of non-specific protein bands were detected
in both samples (Fig. 4, lane 5 vs. lane 6). These bands orig-
inate from coprecipitated 21-C3/AV (Fig. 4, lane 5) and/or
bovine Ig (Fig. 4, lanes 5 and 6) that are also recognized by
the peroxidase labelled second antibody. The band displaying
the highest apparent molecular weight most likely originates
from non-reduced intact immunoglobulins (Igs) while the

smaller bands represent a light chain Ig (33 kDa), a heavy
chain Ig (+ 60 kDa) and one complexed heavy and light chain
Ig (£93 kDa). All four bands were also detected in the ab-
sence of 21-C3/AV during protein blot incubation, whereas
the 36-kDa band detected in lane 5 was not (data not shown).

3.3. Substrate specificity

Substrate specificity of 11-cis-RoDH was determined using
the baculovirus expression system. Protein extracts and homo-
genized Sf9 cell suspensions obtained from recombinant virus
infected cells were incubated with: all-trans-, 9-cis-, 11-cis-,
and 13-cis-retinaldehyde and retinol. Both enzyme mediated
oxidation and reduction were studied (Table 2). Substrate
concentrations at which the velocity of the enzyme-catalyzed
reaction is independent from the substrate concentration
(Vmax) Were determined prior to determining the enzymes sub-

Fig. 3. Staining pattern of 21-C3/AV in non-ocular tissues. 21-C3/
AV reacts with smooth muscle cells of the small arteries in liver
(A), kidney (C), small intestine (E) and heart (G). In small intestine
21-C3/AV was also found to react with the muscularis mucosae and
the muscularis propria (E). Background staining was observed when
sections were incubated without 21-C3/AV (B,D,F,H).
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Fig. 4. Immunoprecipitation. The following protein samples were
loaded for PAGE and Western-blot analysis: 20 ug RPE derived
protein (lane 1), 12.5 ug kidney microsomal protein (lane 2), 0.5 ug
RPE derived protein (lane 4), 21-C3/AV immunoprecipitated protein
from a kidney microsomal protein sample (lane 5) and kidney-de-
rived precipitated proteins in the absence of 21-C3/AV (lane 6) and
electrophoresed on a 13.7% SDS-polyacrylamide-tricine gel. Samples
loaded in lanes 1-2 were stained with Coomassie blue R-250. Sam-
ples loaded in lanes 4-6 were transferred to nitrocellulose and
probed with 21-C3/AV. The antibody stains a specific band of
36 kDa in the protein sample obtained by an immunoprecipitation
of a bovine kidney microsomal fraction in the presence of 21-C3/
AV. A prestained marker was run in lane 3. At the left molecular
weight markers are indicated in kDa.

strate specificity. To compare the V.. values for the sub-
strates mentioned in Table 2, 0.6 mM of each retinoid was
used. No decrease or increase of the retinaldehyde isomers
was detected in the absence of recombinant 11-cis-RoDH
(i.e. wild-type virus infected derived protein extracts and cell
homogenates, data not shown). Recombinant 11-cis-RoDH
reduces 11-cis- and 13-cis-retinaldehyde at a rate of 57
nmol/min/mg protein (Table 2, cell homogenate). Also 9-cis-
retinaldehyde is reduced efficiently (56 nmol/min/mg). RPE
cell homogenates reduce 9-cis- and 13-cis-retinaldehyde at a
rate that is 142% and 185% compared to 11-cis-retinaldehyde
reduction. Oxidation reactions were also studied. Recombi-

Table 2
Substrate specificity
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nant 11-cis-RoDH oxidizes 13-cis-retinol at a rate of
17 nmol/min/mg protein. The oxidation velocity of 9-cis-
and 11-cis-retinol, however, was 2-fold higher (38 nmol/min/
mg). Recombinant protein extracts did not oxidize all-trans-
retinol. Total RPE cell homogenates also oxidized 9-cis-,
11-cis- and 13-cis-retinol. RPE mediated oxidation of 9-cis-
retinol (26 nmol/min/mg), however, is 2.5-fold higher than
13-cis-retinol oxidation and 6.5 times higher than 11-cis-reti-
nol oxidation.

In most cases the data obtained from homogenized RPE
cell samples agree with those obtained from recombinant virus
infected Sf9 cells. Observed differences are likely to be caused
by the different amounts of 11-cis-RoDH present in both
homogenates and by the presence of additional retinoid proc-
essing enzymes in RPE derived samples. This probably also
explains the large difference in the 11-cis-retinol oxidation
velocity observed between Sf9/baculovirus and RPE derived
samples. The fact that this difference is much larger than that
observed for the 9-cis- and 13-cis-retinol oxidation velocity
suggests the presence of higher concentrations of 11-cis-reti-
noid processing enzymes in the RPE.

Retinoid reduction and oxidation was also studied using
DoM-solubilized protein samples (Table 2, protein extract).
DoM solubilization clearly affects the substrate-specificity of
11-cis-RoDH. For example, DoM-solubilized recombinant
11-cis-RoDH reduced 9-cis-retinaldehyde at a rate that is ap-
proximately 20% of that observed for both 11-cis- and 13-cis-
retinaldehyde, whereas in homogenized samples derived from
the same culture the reduction velocity for all three isomers is
almost equal. This effect is even more pronounced in RPE
derived protein extracts. The 13-cis-retinaldehyde reduction
velocity is 8.5 times higher compared to 9-cis-retinaldehyde
reduction (622 vs. 73 nmol/min/mg). In RPE derived cell ho-
mogenates this ratio is only 1.5.

4. Discussion
4.1. Expression pattern and substrate specificity

Previously a ¢cDNA clone encoding bovine 11-cis-RoDH
was isolated [7,8]. Upon Northern blot analysis a transcript

Oxidation (nmollmgimin)

Retinal pigment epithelium

Sf9/baculovirus

Cell homogenate

Protein extract

Cell homogenate Protein extract

all-trans-retinol 0 0 0 1£0
9-cis-retinol 26+3 18+ 1?2 38+3 2122
11-cis-retinol 4+0 nd 38+2 nd
13-cis-retinol 10+1 16+1 17+1 14+2
Reduction (nmollmglmin)

Retinal pigment epithelium Sf9/baculovirus

Cell homogenate

Protein extract

Cell homogenate Protein extract

all-trans-retinal 22+3 nd
9-cis-retinal 116+ 6 7316
11-cis-retinal 81+22 nd
13-cis-retinal 150+ 16 622+ 37

16+3 nd

56%1 44+5
57%3 2046
57%3 18616

The data are the means+ S.D. from three separate and independent experiments.
2Oxidation velocity as measured over the first 2 min of the 6-min time interval (see also Section 2). In contrast to the other measurements, 9-cis-
retinol oxidation was not linear over the time interval. No 9-cis-retinal synthesis was observed during the last 4 min of the 6-min measuring time.

nd, not determined.
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was detected only in the RPE. Hence, the protein was thought
to be RPE specific. However, when data on the murine 11-cis-
RoDH gene structure became available to us, the expression
pattern of the 11-cis-RoDH gene was re-examined as we had
previously observed 21-C3/AV reactivity outside the RPE [9].

The 11-cis-RoDH gene is composed of five exons. Members
of the short-chain alcohol dehydrogenase family are known to
have closely related isoforms derived from separate genes.
Southern blot data obtained on the murine gene, however,
exclude the existence of a second nearby homologous gene.
Mertz and coworkers [16] described the cloning of a 9-cis-
retinol dehydrogenase (9cRDH). Alignment of the human
9cRDH (GenBank/EMBL databases, accession no. U89717)
to the human 11-cis-RoDH protein sequence (GenBank/
EMBL databases, accession no. U43559) [13], displays 97%
homology at amino acid level. Alternative splicing of exon II
was studied because 7 out of 8 observed differences between
the two human amino acid sequences are encoded by this
exon. No indication for the presence of an alternative exon
II within the murine 11-cis-RoDH gene was found. Hence, in
mice the existence of a second closely related isoenzyme is
unlikely. It is therefore likely that both this report and Mertz
and coworkers [9] describe the same sequence. This idea is
also supported by the observed 11-cis-RoDH substrate speci-
ficity.

RT-PCR analysis with primers positioned in separate exons
was used to detect 11-cis-RoDH gene transcripts outside the
RPE. RT-PCR products derived from the 11-cis-RoDH tran-
script were detected in all tissues tested. To exclude the pos-
sibility that RT-PCR analysis detected only low level back-
ground transcriptional activity of the 11-cis-RoDH gene, it
was also necessary to demonstrate the presence of the encoded
protein in a non-ocular tissue. As an antigen source for im-
munoprecipitation bovine kidney tissue was used because this
tissue showed the most intense staining upon immunohisto-
chemical analysis. Western blot analysis detected a specific
36-kDa precipitated protein using 21-C3/AV. In a bovine
RPE derived protein sample a protein with the same apparent
molecular weight was detected. Hence we conclude that, con-
trary to what was previously reported, 11-cis-RoDH is not
RPE specific.

Enzymes involved in the biosynthesis of 11-cis-retinoid iso-
mers are thought to be specifically expressed in retinal tissues.
Therefore, finding 11-cis-RoDH expressed in non-retinal ocu-
lar and non-ocular tissues raised the question regarding its
role in the general retinoid metabolism. Our data and those
presented by others [6,7] show that both 11-cis-retinol and 11-
cis-retinaldehyde are good substrates, whereas all-trans-iso-
mers appear to be poor substrates. In addition to 11-cis-reti-
nol, 9-cis- and 13-cis-retinol and the respective aldehydes are
also substrates for the enzyme. Suzuki and coworkers already
showed that partially purified 11-cis-RoDH from bovine RPE
also oxidized and reduced the 13-cis-isomers of retinol and
retinaldehyde [6]. No reactivity with the 9-cis-isomers of these
retinoids was observed. However, in their experiments they
used Emulphogene BC-720 or Triton X-100 to solubilize
and purify 11-cis-RoDH. Purified 11-cis-RoDH was subse-
quently used to study the substrate specificity of the enzyme.
From our own experimental data it is obvious that the use of
detergent dramatically affects the substrate specificity. In the
absence of detergent, the recombinant 11-cis-RoDH mediated
9-cis-, 11-cis- and 13-cis-retinaldehyde reduction velocity is
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almost equal. In the presence of DoM the 11-cis- and 13-
cis-retinaldehyde reduction is 4.5 times faster than 9-cis-reti-
naldehyde reduction. In bovine RPE derived protein extracts
13-cis-retinaldehyde reduction velocity is even 10 times higher
compared to 9-cis-retinaldehyde reduction velocity. In some
experiments 1% DoM was replaced by 1% Triton X-100. Sim-
ilar differences were observed between cell homogenates and
1% Triton X-100 protein extracts (data not shown). Hence
Triton X-100, like DoM, stimulates 13-cis- and 11-cis-retinal-
dehyde reduction, whereas 11-cis-RoDH mediated 9-cis-retin-
aldehyde reduction is not affected by the use of detergent. In
their experiments Suzuki and coworkers also used bovine
RPE homogenates to study RPE mediated 9-cis-retinaldehyde
reduction [6]. Their substrate solution, however, contains
1.2% Tween-80 and in view of the data presented this is likely
to have affected the substrate specificity.

Recently Chai and coworkers [17] reported on the cDNA
cloning of a murine cis-retinol/3o-hydroxysteroid short-chain
dehydrogenase. The deduced amino acid sequence of this pro-
tein shows 51% identity to the murine 11-cis-RoDH sequence.
CHO cells were used for in vitro biosynthesis of the encoded
alcohol dehydrogenase. Cell homogenates were able to oxidize
9-cis-, 11-cis- and 13-cis-retinol at a rate of 9.9, 13 and
0.8 nmol/min/mg protein, respectively. No enzyme activity
with all-trans-retinol was detected. Hence at least two proteins
seem to play a role in 9-cis-retinol oxidation. The importance
in 9-cis-retinol oxidation of both proteins needs to be further
addressed.

4.2. Functional implications

The finding that 9-cis-retinoic acid binds to a subset of
receptors known as RXR-receptors [18] has provoked many
to study its biosynthesis mode. Studies regarding 9-cis-retinoic
acid formation have been carried out with liver microsomes
[19]. These studies did not show the presence of a retinoic acid
specific isomerase, however, bovine liver membranes were
found to isomerize all-trams-retinoic acid into both 9-cis-
and 13-cis-retinoic acid non-enzymatically. Additionally 9-
cis-retinoid biosynthesis from all-frans-retinol and all-trans-
retinaldehyde was not influenced by the presence of bovine
liver microsomal proteins. In kidney 9-cis-retinol appears to
be 10% of the all-trans-retinol content [20]. Rat liver cytosolic
retinaldehyde dehydrogenases have been shown to oxidize
both all-trans- and 9-cis-retinaldehyde [21] and retinoic acid
binding protein binds both all-trans- and 9-cis-retinoic acid
[22]. Several all-trans-retinol dehydrogenases have been cloned
[23-25]. Liver microsomal retinol dehydrogenases are reported
to convert neither 9-cis- nor 13-cis-retinol into their respective
aldehydes (for review see [26] and references therein). Bio-
chemical pathways resulting in the formation of 9-cis-retinoic
acid could include oxidation of 9-cis-retinol. As such, enzymes
capable of 9-cis-retinol oxidation could be part of this biosyn-
thetic pathway.

In the RPE 11-cis-RoDH is thought to catalyze 11-cis-re-
tinol oxidation. In vitro, however, the reverse reaction, i.e.
11-cis-retinaldehyde reduction, is much faster. However, the
present study does not take into account the role of retinoid
binding proteins (BPs). BPs play an important role in direct-
ing the retinoid metabolism in vivo [27-31]. Enzymes respon-
sible for retinol esterification and retinaldehyde oxidation are
also important affectors of the retinoid metabolism. In the
retina, for example, the cellular retinal binding protein
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(CRalBP) and the isomerase could be responsible for directing
the retinoid metabolism. CRalBP was shown to bind 11-cis-
retinol and 11-cis-retinaldehyde with high affinity and speci-
ficity [32]. The isomerase processed neither 9-cis- nor 13-cis-
retinol [33]. CRalBP was furthermore shown to retard leci-
thin:retinol acyltransferase (LRAT) catalyzed esterification
and to stimulate 11-cis-RoDH mediated 11-cis-retinol oxida-
tion [3]. Absence of CRalBP and the isomerase and presence
of BPs and retinaldehyde dehydrogenases in non-retinal ocu-
lar and non-ocular tissues with different retinoid binding spec-
ificities could make 11-cis-RoDH catalyze the first enzymatic
step needed for retinoic acid formation in these tissues.
Retinoic acid biosynthesis in the retina has been studied
[34,35] and was found to be light mediated [36]. Most of the
retinoic acid in the adult retina is synthesized by the RPE. In
addition to all-trans-retinoic acid, high concentrations of 13-
cis-retinoic acid (40-60%) have been detected [34]. However,
lack of a clear biological function and non-enzymatic 13-cis-
retinoid formation from all-frans-retinoids [19] make it diffi-
cult to address questions regarding the biological significance
of retinol dehydrogenase mediated 13-cis-retinol oxidation.
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