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Abstract

Understanding of the stereospecificity of enzymatic reactions that regenerate the universal
chromophore required to sustain vision in vertebrates, 11-cis-retinal, is needed for an accurate
molecular model of retinoid transformations. In rod outer segments (ROS), the redox reaction
involves all-trans-retinal and pro-S-NADPH that results in the production of pro-R-all-trans-retinol.
A recently identified all-trans-retinol dehydrogenase (photoreceptor retinol dehydrogenase) displays
identical stereospecificity to that of the ROS enzyme(s). This result is unusual, because photoreceptor
retinol dehydrogenase is a member of a short chain alcohol dehydrogenase family, which is often
pro-S-specific toward their hydrophobic alcohol substrates. The second redox reaction occurring in
retinal pigment epithelium, oxidation of 11-cis-retinol, which is largely catalyzed by abundantly
expressed 11-cis-retinol dehydrogenase, is pro-S-specific to both 11-cis-retinol and NADH.
However, there is notable presence of pro-R-specific activities. Therefore, multiple retinol
dehydrogenases are involved in regeneration of 11-cis-retinal. Finally, the cellular retinaldehyde-
binding protein-induced isomerization of all-trans-retinol to 11-cis-retinol proceeds with inversion
of configuration at the C15 carbon of retinol. Together, these results provide important additions to
our understanding of retinoid transformations in the eye and a prelude for in vivo studies that
ultimately may result in efficient pharmacological intervention to restore and prevent deterioration
of vision in several inherited eye diseases.

The transformation of light energy into a cascade of biochemical reactions in retinal
photoreceptor cells of the vertebrate eye is the fundamental step that allows vision. This process
is initiated by photoisomerization of a covalently linked chromophore, 11-cis-retinal, to all-
trans-retinal, which forces a conformational change in G protein-coupled receptors of cone
(cone pigments) and rod (rhodopsin) cells. This tightly regulated chain of enzymatic reactions
that amplify and shape the signal also have built-in mechanisms that lead to the restoration of
pre-bleach conditions. The amplification and restoration reactions, collectively termed
phototransduction, are well understood at the molecular level (1-5); however, the fate of the
bleached chromophore, all-trans-retinal, and its isomerization back to 11-cis-retinal still
requires further studies on the molecular and chemical levels.
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The enzymatic restoration of 11-cis-retinal from all-trans-retinal is crucial for proper visual
function and presents a number of significant technical and intellectual challenges.
Understanding the chemistry of this process could also potentially lead to treatment of several
human eye diseases that result from abnormal retinoid flow, such as some forms of Leber
congenital amaurosis (6-8), fundus albipunctatus (9-11), and Stargardt disease (12-15). The
current regenerative model first involves the reduction of all-trans-retinal to all-trans-retinol
in photoreceptor cells. All-trans-retinol is transported to adjacent retinal pigment epithelial
cells (RPE),1 where it is stored in the form of insoluble retinyl esters, isomerized to 11-cis-
retinol by an as yet unclear mechanism, oxidized to 11-cis-retinal by multiple RDH activities,
and transported back to photoreceptor cells where it is reintroduced into empty opsin and cone
photopigments (reviewed in Ref. 16). Among these reactions, at least three steps display
isomeric specificity: reduction of all-trans-retinal with respect to both dinucleotide and retinal
substrates (see Fig. 1A, forward), oxidation of 11-cis-retinol to 11-cis-retinal also with respect
to both dinucleotide and retinol substrates (Fig. 1A, reverse), and isomerization, which could
occur with inversion or retention of configuration at the prochiral methylene hydroxyl group
(Fig. 1B).

Law et al. (17) first reported on the stereospecificity of the retinoid cycle in the retina/RPE.
The reduction of all-trans-retinal was asserted to be of pro-R selective, whereas reduction of
11-cis-retinal had pro-S specificity in terms of the dinucleotide NADH. With respect to the
retinol specificity at the prochiral C;15 methylene hydroxyl group, it was proposed that all-
trans-RDH was pro-R-specific, whereas 11-cis-RDH was pro-S-specific (18). However, it was
later determined that ROS all-trans-RDH was an NADPH-specific enzyme (19) and was almost
completely unresponsive to NADH used in these original assays. The isomerization of all-
trans-retinol to 11-cis-retinol was proposed to occur with the inversion of configuration at the
Cy5 carbon. Yet, production of 11-cis-retinol was very low in these early experiments (20), as
compared with more recent studies (21-23). Because of these problems, the uncertainty in the
elucidation of the stereospecificity of all-trans-RDH, and the complexity of activities involved
in 11-cis-retinol oxidation, the conclusions of these studies were tentative.

In this report, we present multiple analyses of the isomeric specificities of retinoid cycle
reactions in the vertebrate retina. For reduction, all-trans-retinal is a highly preferential
substrate for expressed photoreceptor all-trans-RDH (prRDH), with a minor utilization of 9-
cis-retinal. Interestingly, despite the fact that prRDH is a member of SCAD, this RDH produces
pro-R-all-trans-retinol, and yet exclusively utilizes pro-S-NADPH. All-trans-RDH in ROS
exhibits the same property, and these results, in addition to other biochemical findings (24),
suggest that the main all-trans-RDH in ROS is prRDH. In RPE, we found that the redox
reactions are mostly pro-S-specific for both 11-cis-retinol and NAD(P)H substrates. This is
consistent with the idea that members of SCAD, including 11-cis-RDH, predominantly
catalyze these reactions. However, pro-R activities could also be easily detected, suggesting a
redundant pathway of 11-cis-retinol oxidation. Finally, the isomerization of all-trans-retinol
to 11-cis-retinol is catalyzed with the inversion of the configuration on the Cq5 carbon. These
studies will have important implications in the identification of enzymes involved in retinoid
metabolism in the vertebrate eye and also on the mechanisms by which the eye-specific 11-
cis-retinal is produced.

1The abbreviations used are: RPE, retinal pigment epithelium; BTP, 1,3-bis[tris(hydroxymethyl)-methylamino]propane; CRALBP,
cellular retinaldehyde-binding protein; HLADH, horse liver alcohol dehydrogenase; RDH, retinol dehydrogenase; prRDH, photoreceptor
RDH; ROS, rod outer segments; SCAD, short chain alcohol dehydrogenase; prRDH, photoreceptor all-trans-RDH; PCR, polymerase
chain reaction; DMF, N,N-dimethylformamide; HPLC, high pressure liquid chromatography; DTT, dithiothreitol; MES, 4-
morpholineethanesulfonic acid.
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MATERIALS AND METHODS

Preparation of Proteins

Fresh bovine eyes were obtained from a local slaughterhouse (Schenk Packing Co., Inc.,
Stanwood, WA). ROS membranes were isolated from bovine retina using the sucrose gradient
centrifugation method (25). Apo-CRALBP was expressed in Escherichia coli and purified
using Ni2* column chromatography (26). RPE microsomes were prepared as described
previously (22,23) and stored for up to 3 months at —80 °C at a concentration of 5 mg/ml as
determined employing the Bradford method (27). To destroy endogenous retinoids, RPE
microsomes were irradiated in a quartz cuvette (200-ul aliquots) for 5 min at 0 °C using a
ChromatoUVE transilluminator (model TM-15 from UVP, Inc.) (20,22). Horse liver alcohol
dehydrogenase (HLADH; Sigma/Aldrich) was purified on a Mono Q column equilibrated with
10 mm BTP, pH 7.3, using a linear gradient from 0 to 500 mw NaCl over 60 min at a flow rate
of 0.7 ml/min. The HLADH fraction (eluted at 1-3 min, 0.6 mg/ml) containing the highest
dehydrogenase activity when assayed with pro-R-[4-3H]NADH and all-trans-retinal or 11-
cis-retinal (see below) was used in further studies. .-Glutamic dehydrogenase (Sigma/Aldrich)
was dialyzed against 10 mw BTP, pH 7.3, 0.1 » NaCl before use.

Expression of 11-cis-RDH in Insect Cells

Human 11-cis-RDH was amplified by PCR from a human eye cup cDNA library (obtained
from Donald Zack, John Hopkins University) with primers FH329 (5'-
TCTAGAGCTATGTGGCTGCCTCTTC-3') and FH330 (5'-CTCGAGTCAGTA-
GACTGCTTGGGCA-3') through 35 cycles at 94 °C for 30 s, 58 °C for 30 s, and 68 °C for 2
min and cloned in pCRII-TOPO vector. A Hisg tag was added by PCR on pCRII-11-cis-RDH
plasmid using primers FH329 and FH331 (5'-
CTCGAGTCAGTGATGGTGATGGTGATGGTAGACTGCTTGGGCAGGC-3’) through
30 cycles at 94 °C for 30 s, 62 °C for 30 s, and 68 °C for 2 min. All PCR products were cloned
in pCRII-TOPO vector and sequenced using the BigDye Terminator Cycle Sequencing Kit
(Applied Biosystems). The coding sequence of human 11-cis-RDH-Hisg was then transferred
as a fragment Xbal-Xhol between the sites Xbal and Xhol of pFastBac1 expression vector (Bac-
to-Bac system, Life Technologies, Inc.). The expression cassette was then transferred into the
baculovirus shuttle vector by transposition. Sf9 insect cells were transfected with the
recombinant bacmid using the cationic liposome-mediated transfection (CellFECTIN reagent,
Life Technologies, Inc.). The expression of recombinant proteins was tested 3 days after
infection.

Expression of 11-cis-RDH in HEK293 Cells

Expression of 11-cis-RDH in HEK293 cells was obtained using recombinant baculovirus
constructed using the same Bac-to-Bac expression system. A fragment Bglll-Xhol from the
pcDNAZ3.1 vector (Invitrogen) covering the pCMV promoter was first cloned between the sites
SnaBIl and BamHI of pFastBac, to replace the baculovirus polyhedrin promoter with the
cytomegalovirus promoter, giving the vector pFastCMV. The 18-amino acid truncated 11-
cis-RDH-Hisg was amplified by PCR on pCRII-11-cis-RDH plasmid with primers FH336 (5'-
GCTATGAGGGACCGGCAGAGCCTG-3') and FH331. The coding sequence of human 11-
cis-RDH-and the 18-amino acid truncated 11-cis-RDH were then Hisg transferred as a fragment
EcoRI-EcoRl in the EcoRl site of pFastCMV expression vector (Life Technologies, Inc.).
Recombinant baculoviruses were generated as described above. After amplification, the
recombinant baculoviruses were concentrated by centrifugation at 80,000 x g for 1 h at4 °C
and resuspended in phosphate-buffered saline. HEK293 were then infected with the
concentrated recombinant baculoviruses, and the expression of recombinant proteins was
tested 1 day after infection.

J Biol Chem. Author manuscript; available in PMC 2006 April 12.
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Expression of prRDH in Insect Cells

Human erDH2 (24) was amplified by PCR from a human retinal cDNA library with primers
FH341 (5-AACATGGCCGCTGCACCCC-3') and FH343 (5'-
TCAGTGATGGTGATGGTGATGTCTTGGCCGCACCCGC-3'), which adds an Hisg tag at
the C terminus, through five cycles at 94 °C for 30 s, 60 °C for 30 s, and 68 °C for 2 min. The
PCR product was cloned in pCRII-TOPO vector and sequenced using the BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems).

The coding sequence of human prRDH-Hisg was then transferred as a fragment BamHI-Xbal
in pFASTBacl opened BamHI-Xbal. A prRDH recombinant baculovirus was then obtained
by transposition in DH10BAC bacteria and amplified after transfection in Sf9 cells. The
expression of recombinant proteins was tested 3 days after infection. The enzyme was also
expressed in HEK?293 cells as described for 11-cis-RDH; however, the expression level was
only 5% of that found in Sf9 cells.

Purification of 11-cis-RDH by NiZ* Column Chromatography

Pellets of 11-cis-RDH-transfected Sf9 cells were washed twice with 20 mv BTP, pH 7.2,
combined (12.5 ml), and resuspended in 12.5 ml of detergent solution (20 mm BTP, pH 7.2,
0.2% Genapol, 300 mu NaCl, 100 u» NAD, 2 mw benzamidine). The mixture was incubated
at 4 °C for 80 min and ultracentrifuged at 110,000 x g for 30 min. The supernatant (~23 ml)
was immediately mixed with glycerol (final 10%, v/v) and B-mercaptoethanol (5 mw). 11-cis-
RDH was purified by Ni2* column chromatography using 20 mw BTP, pH 7.2, 200 mu
imidazole, 0.1% Genapol, 150 mu NaCl, 50 um NAD, 5 mm B-mercaptoethanol, 10% glycerol,
and 1 mm benzamidine as elution buffer. The final concentration of 11-cis-RDH was 22 pg/ml
and stored at —80 °C.

Dinucleotides

Retinoids

Dinucleotides were purified on a Mono Q HR 5/5 column (Amersham Pharmacia Biotech)
equilibrated with 10 mw BTP, pH 7.3, using a linear gradient from 0 to 500 mm NaCl over 60
min at a flow rate of either 0.7 or 1 ml/min. Concentrations of NADH and NADPH (pH 7.3)
were determined using € = 6,220 at 340 nm, and concentrations of NAD and NADP (pH 7.3)
were determined using & = 18,000 at 260 nm (28). The 4-3H-labeled NADH and NADPH (50—
300 pwm) were stored at —20 or —80 °C in their original elution buffers.

All reactions involved with retinoids were carried out under dim red light and stored in DMF
under argon at —80 °C. Retinoids were purified by normal phase HPLC (Beckman, Ultrasphere-
Si, 4.6 x 250 mm) with 10% ethyl acetate/90% hexane at a flow rate of 1.4 ml/min using an
HP1100 with a diode array detector and HP Chemstation A.06.03 software. The latter feature
allowed the online recording of UV spectra and identification of retinoid isomers according to
their specific absorption maxima between 250 and 400 nm. The following absorption
coefficients (29) were used for isomers of all-trans-retinal and all-trans-retinol in EtOH or
hexane: all-trans-retinal, € = 48,000 at 368 nm; 9-cis-retinal, ¢ = 36,100 at 373 nm; 11-cis-
retinal, e = 36,100 at 365 nm; 13-cis-retinal, ¢ = 38,770 at 363 nm; all-trans-retinol, e = 51,770
at 325 nm; 9-cis-retinol, € = 42,300 at 323 nm; 11-cis-retinol, € = 34,320 at 318 nm; and 13-
cis-retinol, € = 48,305 at 328 nm.

2The expressed human prRDH (20) was unstable in Genapol and was inactivated when incubated for 1 h at 40 °C. In similar conditions,
ROS enzyme was stable. This stability difference could result from incorrect selection of initiation Met or the lack of specific proteins
or modifications that stabilize prRDH.
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Synthesis of pro-S-[4-3H]NAD(P)H

Synthesis of pro-S-[4-3H]NAD(P)H were carried out with -glutamic dehydrogenase, .-
[2,3-3H] glutamic acid (NEN Life Science Products), and NAD(P) as described previously
(10).

Synthesis of pro-R-[4-3H]NADPH

pro-R-[4-3H]NAD(P)H was prepared from a mixture of pro-R,S-[2-3H]1,2-NAD(P)H, pro-
R,S-[4-2H]1,4-NAD(P)H, and pro-R,S-[6-3H]1,6-NAD(P)H obtained by the chemical
reduction of NAD(P) (Sigma/Aldrich) with [2H]NaBH, (NEN Life Science Products) and
purified on a Mono Q column (19). The [BH]NADPH mixture (~144 nmol) was added to a
reaction buffer (final volume, 4.8 ml) containing ROS (2 mg of rhodopsin), MES (34 mw, pH
5.5), and all-trans-retinal (600 nmol). After 30 min of incubation at 33 °C, the reaction was
stopped with MeOH, the retinoids were extracted with hexane, and the aqueous phase was
evaporated. The resulting residue was dissolved in 10 mm BTP, pH 7.3, and the product,
[4-3H]NADP, was purified on a Mono Q column. [4-3H]NADP (453 nmol) was then
enzymatically reduced with .-glutamic dehydrogenase (300 ul) and .-glutamic acid (8 pmol)
in the presence of ADP (300 nmol) at room temperature overnight to yield pro-R-[4-3H]
NADPH.

Synthesis of pro-R-[4-3H]NADH

pro-S-[4-3H]NADH (260 nmol) was mixed with 0.5 mg of yeast alcohol dehydrogenase
(Sigma/Aldrich) in 20 mu BTP, pH 7.3, and 12 umol of freshly prepared aqueous acetaldehyde.
The reaction mixture was incubated at room temperature for 30 min and then evaporated to a
volume of ~0.5 ml. The oxidized dinucleotide, [4-3H]NAD, was purified on a Mono Q column.
[4-3H]NAD (~118 nmol) was enzymatically reduced by 400 pl of .-glutamic dehydrogenase
and 2.5 pmol of -glutamic acid in the presence of 600 nmol of ADP. The reaction mixture was
incubated at room temperature overnight to give pro-R-[4-H]NADH.

Synthesis of pro-R,S-[15-3H]All-trans-retinol and pro-R,S-[15-3H]11-cis-Retinol

To a vial containing 100 pl of 16 mw all-trans-retinal or 11-cis-retinal, 500 pl of 9.6 mu [3H]
NaBH,4 in DMF (NEN Life Science Products, 520 mCi/mmol) was added. The vial was flushed
with flowing argon, capped, and left at room temperature (all-trans-) or on ice (11-cis-) for 30
min with occasional vortexing. The reaction was stopped by adding 750 ul of H,O, and the
vial was left opened on ice in a fume hood for several minutes. The product, pro-R,S-[15-3H]
all-trans-retinol or pro-R,S-[15-3H]11-cis-retinol, was extracted with hexane and purified by
normal phase HPLC.

Synthesis of [15-3H]All-trans-retinal and [15-3H]11-cis-Retinal

To a 1.5-ml polypropylene tube containing 5 mg of MnO, in 100 pl of DMF, 253 pl of 3.33
mu pro-R,S-[15-3H]all-trans-retinol or pro-R,S-[15-3H]11-cis-retinol was added. The reaction
mixture was flushed with argon, capped, and placed on a mixer at room temperature for 30
min. The reaction mixture was then chilled on ice and mixed with 300 ul of ice-cold HO.
Retinoids were extracted with hexane and purified by normal phase HPLC.

Synthesis of Stereospecific 15-3H-Labeled Retinols

Synthesis of various stereospecific 15-3H-labeled retinols by different dehydrogenases is
summarized in Table I. pro-R and pro-S designations were used for 15-3H-labeled retinols
produced by HLADH because the stereospecificity of the enzyme is known. The designations
for 15-3H-labeled retinols produced by all-trans-RDH in ROS and 11-cis-RDH are given in
Table I.

J Biol Chem. Author manuscript; available in PMC 2006 April 12.
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Isomerization of All-trans-retinol

To a solution containing 10 mm BTP, pH 7.5, containing 1% bovine serum albumin, 0.5 mw
ATP, and 25 uv apo-CRALBP, 20 ul of RPE microsomes (total volume, 200 pl) were added,
and the reaction was initiated by the addition of 0.5 pul (~2 nmol) of either pro-R-, pro-S-,
pro-“R”-,3 or pro-**S”-[15-3H]all-trans-retinol. For production of retinols in sufficient
quantities, the assay was performed simultaneously on 40 identical samples. The assays were
incubated for 2 h at 37 °C and then quenched with 300 ul of MeOH, and retinoids were extracted
with 2 x 300 pl of hexane. The pooled hexane fractions were evaporated under a stream of
argon, and the residue was redissolved in 300 pl of hexane. The sample was then purified by
normal phase HPLC, and the 11-cis-retinol fraction was collected and used as a substrate for
11-cis-RDH.

All-trans-RDH in ROS and prRDH Assays by Phase Partition

Activities of all-trans-RDH in ROS (2 mg of rhodopsin/ml in 20 mv HEPES, pH 7.5, 0.1 m
NaCl) and prRDH (2.1 mg of protein/ml in 20 mw HEPES, pH 7.5, 1 mm DTT, 1 mwm
benzamidine) were assayed by monitoring the production of either [15-3H]all-trans-retinol
(reduction of retinal) or [4-3H]NADPH (oxidation of retinol) (19). The reduction reaction
mixture (100 pl) contained MES (final concentration, 40-90 mw; pH 5.5), pro-R- or pro-S-
[4-3H]NADPH (15-41 pw), ROS (8-16 pg rhodopsin) or prRDH (10-20 pg), and 1 pl of all-
trans-retinal, 9-cis-retinal, 11-cis-retinal, or 13-cis-retinal (66 pw) substrate stock was added
last to initiate the reaction. The reaction was incubated at 33 °C for 5-10 min and then
terminated with 400 pl of MeOH, 50 pl of 1 » NaCl, and 50 pl of 0.1 » NH,OH (pH 7.0), and
extracted with 500 pl of hexane. Radioactivity was measured in 350 pl of the organic phase
by scintillation counting.

The assay for the reverse reaction (oxidation) was carried out as follows (19). The reaction
mixture (100 pl) included sodium phosphate (final concentration, 80—-90 mw; pH 7.5), ROS (8-
16 pg rhodopsin) or prRDH (21 pg), DTT (1 mwm), bovine serum albumin (30 pw), NADP (300
uw), and pro-R- or pro-S-[15-3H]all-trans-retinol (15-30 uv) added last to initiate the reaction.
The reaction was incubated at 33 °C for 30 min and stopped with 400 pl of MeOH and 50 pl
of 0.1 » NH,OH. After 6 min at room temperature on a mixer, 150 ul of 1 » NaCl and 400 pl
of were added. After mixing and centrifuging to separate the CH,Cl, phases, the lower phase
was removed, and the upper phase was extracted three more times with 400 ul of CH,Cl>.
Radioactivity was measured in 400 pl of the upper phase by scintillation counting.

HPLC Assay for all-trans-RDH Activity in ROS and Activity of Expressed prRDH

Reaction conditions (with 1 mm DTT) were as described for the above phase partition assay
(reduction). Reactions were quenched with 400 ul of MeOH, 50 pl of 1 » NaCl, and 500 pl of
hexane. After mixing and separating phases, 400 pl of the upper phase was removed and dried
down by a stream of argon. The residue was dissolved in 120 pl of hexane, and 100-pl aliquots
of the hexane solution were analyzed by normal phase HPLC. The corresponding retinol
fraction was collected and subjected to scintillation counting.

Phase Partition Assay for 11-cis-RDH

The assay for 11-cis-RDH activity was similar to that for all-trans-RDH. The reduction assay
(100 pl) for the production of [15-3H]11-cis-retinol included MES (final concentration, 50-90
mw; pH 5.5), pro-R- or pro-S-[4-3H]NADH (15-41 ), or pro-S-[4-3HINADPH (15-41 pw),
11-cis-RDH (0.1-0.2 pg) or RPE (10-20 pg), and 1 ul of 11-cis-retinal (1.2—-66 pw) substrate
stock added last to initiate the reaction. The reaction was incubated at 33 °C for 5-10 min and
analyzed as above. Assays for all-trans-retinal, 9-cis-retinal, or 13-cis-retinal were carried out
in the same way.

J Biol Chem. Author manuscript; available in PMC 2006 April 12.
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The oxidation assay (100 pl) for the production of [4-3H]NADH included sodium phosphate
(final concentration, 80-90 mw; pH 7.5), 11-cis-RDH (0.2 pg) or RPE (40 pg), DTT (1 mw),
bovine serum albumin (30 uv), NAD (300 uw), and pro-R- or pro-S-[15-3H]11-cis-retinol (15—
30 um) added last to initiate the reaction. The assay was incubated at 33 °C for 30-35 min and
analyzed as above.

HLADH Assay by Phase Partition

HLADH activity was assayed by monitoring the production of either pro-R-[15-3H]all-trans-
retinol or pro-R-[15-3H]11-cis-retinol (reduction) or pro-R-[4-3H]NADH (oxidation) (18).
The reduction assay (100 ul) included MES (final concentration, 50 mw; pH 5.5), pro-R- or
pro-S-[4-3HINADH (15-30 pw), HLADH (12.6 ug), Tween-80 (0.05%), DTT (1 mw), and 1
ul of all-trans-retinal or 11-cis-retinal (66 ) substrate stock added last to initiate the reaction.
The reaction was incubated at 33 °C for 45-60 min and analyzed as above.

The oxidation assay (100 ul) contained BTP (final concentration, 55 mwm; pH 8.6), HLADH
(12.6 ng), DTT (1 mwm), Tween-80 (0.05%), NAD (300 pw), and pro-R-, pro-“R’’-, pro-S-, or
pro-*S”-[15-3H]retinols (15-30 pw) added last to initiate the reaction. The reaction was
incubated at 33 °C for 45 min and analyzed as above.

I,-catalyzed Isomerization of 11-cis-Retinol to All-trans-retinol

RESULTS

pro-R-, pro-“R”’-, pro-S-, or pro-*S”-[15-3H]11-cis-retinol (120 nmol) was treated with I, (50
nmol) in DMF (60 pl) at 33 °C for 20-60 min. The reaction was stopped by adding 60 pl of
saturated NayS,03, 200 pl of 1 » NaCl, and 200 ul of H,O. The corresponding all-trans-retinol
was extracted with hexane and purified by normal phase HPLC.

Stereospecificities of hydrogen transfers in two redox reactions catalyzed by retinol RDHs and
the isomerization reaction of the retinoid cycle (Fig. 1) were examined. pro-S-Specific .-
glutamic dehydrogenase (30-32) and pro-R-specific HLADH (33-36) were utilized to prepare
stereospecific 3H-labeled dinucleotides and retinols, respectively. pro-S-[4-3H]NADH and
pro-S-[4-3H]NADPH were prepared from .-[2,3-3H]glutamic acid and NAD and NADP,
respectively, employing c-glutamic dehydrogenase. pro-R-[4-3H]NADPH and pro-R-[4-3H]
NADH were prepared by reduction of [4-3H]NADP and [4-3H]NAD, respectively, with .-
glutamic acid using .-glutamic dehydrogenase. pro-R-[15-3H]All-trans-retinol and pro-R-
[15-3H]11-cis-retinol were prepared by reduction of all-trans-retinal and 11-cis-retinal,
respectively, with pro-R-[4-3H]NADH in the presence of HLADH. pro-S-[15-3H]All-trans-
retinol and pro-S-[15-3H]11-cis-retinol were prepared using HLADH and NADH from
[15-3H]all-trans-retinal and [15-3H]11-cis-retinal, respectively. These 3H-labeled compounds
were then used to explore the stereospecificity of reactions involved in the retinoid cycle.

Stereospecificity of HLADH toward Retinols

The stereospecificity of HLADH toward all-trans-retinol and 11-cis-retinol depends on how
aldehyde groups are oriented at the active site of the enzyme. For example, if 11-cis-retinal
has the si face orientation (Fig. 2, structure 2), the resulting 11-cis-retinol will be pro-S-labeled.
However, if all-trans-retinal and 11-cis-retinal are oriented in the re face (Fig. 2, structures
1 and 3), the reduction will result in production of pro-R-labeled retinols. To demonstrate that
HLADH had the same stereospecificity toward both all-trans-retinol and 11-cis-retinol in the
oxidation reaction, pro-R-[15-3H]11-cis-retinol and pro-S-[15-3H]11-cis-retinol were
chemically isomerized by I, (18) to yield corresponding pro-R-[15-3H]all-trans-retinol and
pro-S-[15-3H]all-trans-retinol, respectively. Only pro-R-[15-3H]all-trans-retinol showed 3H
transfer activity toward HLADH (Table Il), indicating that HLADH possesses the same pro-
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R stereospecificity toward both all-trans-retinol and 11-cis-retinol. These experimental data
are in agreement with the cubic space model for predicting the specificity of HLADH (37).

Stereospecificity of All-trans-RDH(s)

All-trans-RDH in ROS and a major candidate of this activity, prRDH (24), were examined in
parallel with respect to their stereospecificities toward retinals, dinucleotides, and retinols (Fig.
3B and Table I11). All-trans-RDH in ROS and prRDH preferred all-trans-retinal over other
retinals; from cis-retinals, 9-cis-retinal was less efficiently reduced, whereas 11-cis-retinal and
13-cis-retinal were not substrates (Fig. 3B and Fig. 4). These results are inconsistent with that
data reported previously that 13-cis-retinal is efficiently reduced by ROS membranes (19). The
improved HPLC analysis presented here is a more reliable method, because even if the retinal
substrate is contaminated, separation of retinols is efficient and activity still could be
unequivocally assigned. One possible explanation of previous data is that 13-cis-retinal was
contaminated with all-trans-retinal because of spontaneous interconversion. Because only a
phase partition assay was used, the actual assay could have monitored reduction of all-trans-
retinal. All-trans-RDH in ROS and prRDH utilized pro-S-[4-3H]NADPH, but not pro-R-
[4-3H]NADPH or pro-R- or pro-S-[4-3H]NADH, as the substrate for the reduction of all-
trans-retinal. All-trans-RDH in ROS and prRDH accepted pro-R-[15-3H]all-trans-retinol only
as the substrate, and no activity was observed for pro-S-[15-3H]all-trans-retinol (Table I11).

In an independent experiment, pro-“R”- or pro-*S”-[15-3H]all-trans-retinol synthesized by
all-trans-RDH in ROS (Table 1) was cross-examined by HLADH, and pro-*“R”-[15-3H]all-
trans-retinol was the only HLADH substrate for the oxidation of all-trans-retinol in the
presence of NAD to produce [4-3H]JNADH (data not shown). Therefore, pro-“R”’-[15-3H]all-
trans-retinol was indeed pro-R-[15-3H]all-trans-retinol. Based on these results, it could be
concluded that all-trans-RDH in ROS and prRDH displayed pro-S specificity toward NADPH
in the reduction of all-trans-retinal to make pro-R-[15-3H]all-trans-retinol but pro-R
specificity toward all-trans-retinol in the reduction of NADP to produce pro-S-[4-H]NADPH.
prRDH and RDH of ROS were also inert for steroid activities (androsterone and 5a-
androstane-3,17-dione) toward all of four ste-reospecific 3H-labeled dinucleodes (data not
shown).

Stereospecificity of Detergent-purified 11-cis-RDH

11-cis-RDH has been proposed to be a main enzyme of RPE responsible for oxidation of 11-
cis-retinol to 11-cis-retinal, whereas in other tissues it may be involved in oxidation of 9-cis-
retinol or steroids (38—41). To prepare a soluble and purifiable fragment of 11-cis-RDH devoid
of contaminating host cell RDH activities, hydrophobic residues of the N terminus
(PWLPLLLGVLL-WAALWLL) were removed. The activity of expressed N-terminal-
truncated 11-cis-RDH was null, but the expression was much lower than native 11-cis-RDH.
Apparently, the N-terminal region is necessary for correct expression of 11-cis-RDH or
assembly to multisubunit form of 11-cis-RDH. We examined various detergent conditions to
maintain 11-cis-RDH activity in detergent. Finally, expressed human 11-cis-RDH was found
to be stable in Genapol, purified to apparent homogeneity (Fig. 5A, a single band on
immunoblot), and used for studies. 11-cis-RDH activity was linear at low concentrations and
inhibited by high concentrations of cell membranes as shown for Sf9 (Fig. 5B). In contrast, the
activity of the detergent-purified 11-cis-RDH from Sf9 cells and 11-cis-RDH expressed in
HEK?293 cells appeared to be linear over a broad range of enzyme concentrations used in the
assay.

The dependences of the initial velocities for the productions of different [15-3H]retinols from
the corresponding retinals, pro-S-[4-3H]NADH, and 11-cis-RDH displayed hyperbolic
kinetics, and their respective Ky, and Vnax Values (derived from double-reciprocal plots) were
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summarized in Table V. In the presence of 41 pw of pro-S-[4-3H]NADH, the Vay/Km, was
similar for both 11-cis-retinal and 13-cis-retinal and double that for 9-cis-retinal. No activity
could be detected for all-trans-retinal. When varying the concentrations of pro-S-[4-3H]NADH
with 66 pw of the different retinals, the Viyax/Km Was also similar for both 11-cis-retinal and
13-cis-retinal and twice higher than that for 9-cis-retinal. Apparently, 11-cis-RDH had higher
affinity for 11-cis-retinal and 13-cis-retinal than for 9-cis-retinal and all-trans-retinal. When
detergent-purified 11-cis-RDH was assayed with pro-S-[4-3H]NADH and 9-cis-retinal, 11-
cis-retinal, or 13-cis-retinal in the presence or absence of excess NADPH, only slight inhibition
for the production of [15-3H]retinol was observed (Table V). In contrast, when 11-cis-RDH
was assayed with pro-S-[4-3H]NADPH and 9-cis-retinal, 11-cis-retinal, or 13-cis-retinal, no
enzyme activity could be detected in the presence of excess NADH (Table VI). The result
indicates that the enzyme preferentially utilizes NADH rather than NADPH.

The inhibition of 11-cis-RDH activity with pro-S-[4-3H]NADH and 11-cis-retinal was tested
in the presence of NAD, NADH, NADP, and NADPH (Fig. 6). As expected, NADH was the
strongest inhibitor, NADPH was a poor competitor, and NADP did not compete at all. Because
NAD was also a poor competitor (Fig. 6), the binding of dinucleotide and 11-cis-retinol(al) to
11-cis-RDH probably proceeds via an ordered mechanism, as proposed for all-trans-RDH in
ROS (42).

In stereospecific assays, 11-cis-RDH displayed activities only toward pro-S-[4-3H]INADH
with 11-cis-retinal (reduction of retinal) and pro-S-[15-3H]11-cis-retinol with NAD (oxidation
of retinol) (Table I11). pro-“R”’-[15-3H]11-cis-retinol or pro-*S”-[15-3H]11-cis-retinol
synthesized by 11-cis-RDH (Table I) was also cross-examined by HLADH, and pro-“‘R”’-
[15-3H]11-cis-retinol was the only HLADH substrate (data not shown). These results clearly
indicate that 11-cis-RDH exhibits dual pro-S stereospecificity, i.e. utilizing pro-S-[4-3H]
NADH to yield pro-S-[15-3H]11-cis-retinol, and pro-**S”-[15-3H]11-cis-retinol is indeed pro-
S-[15-3H]11-cis-retinol.

Stereospecificity of an Alternative RDH Activity in RPE Microsomes

An additional NADP/NADPH-specific redox system in bovine RPE microsomes was present
besides NAD/NADH-and NADP/NADPH-dependent 11-cis-RDH (10,43). Hence, the
investigation of the substrate specificity and stereospecificity of RDH activity in RPE
microsomes was initiated with respect to retinoids and dinucleotides (Tables 111 and V). When
RPE microsomes were incubated with pro-S-[4-3H]NADH and 9-cis-retinal, 11-cis-retinal, or
13-cis-retinal in the presence or absence of large excess NADPH, 13-cis-retinal was the best
utilized substrate and had 2.5-3.1-fold higher activity than did 9-cis-retinal and 11-cis-retinal.
NADPH only slightly inhibited RDH activities (~10-20%) with all three retinals as substrates
(Table V). Interestingly, when RPE microsomes were incubated with pro-S-[4-3H]NADPH
and 9-cis-retinal, 11-cis-retinal, or 13-cis-retinal in the presence or absence of large excess
NADH, 11-cis-retinal was the best utilized substrate and had 1.5-fold higher activity than did
9-cis-retinal and 13-cis-retinal. In contrast to 11-cis-RDH activity (Table VI), NADH only
partially inhibited RDH activities (25-52%) with all of three retinals as substrates. These results
clearly suggest that there are multiple RDH activities with different substrate specificities,
utilizing an NADP/NADPH redox system in RPE microsomes.

Table 111 showed that RDH activities were pro-S-specific toward both pro-S-[4-3H]NADH
(with or without 1 mw NADPH) and pro-S-[4-3H]NADPH (with or without 1 mu NADH) for
the reduction of 11-cis-retinal. With respect to 11-cis-retinol, RDH activities were utilizing
both pro-R- and pro-S-[15-3H]11-cis-retinol in the presence of NAD or NADP but with pro-
S specificity being more predominant.
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Specificity of I, Isomerization

Because HLADH had the same pro-R stereospecificity toward both all-trans-retinol and 11-
cis-retinol (Table Il), it was interesting to test whether all-trans-RDH(s) in ROS would only
transfer pro-R-[15-3H] of all-trans-retinol (generated from pro-R-[15-3H]11-cis-retinol by I,
isomerization) to NADP. As shown in Table Il, all-trans-RDH(s) showed the same pro-R
stereospecificity toward all-trans-retinol as did HLADH. Similarly, pro-“R”- or pro-““S”-
[15-3H]11-cis-retinol produced by 11-cis-RDH was isomerized by I, to generate the
corresponding all-trans-retinol, which was tested with all-trans-RDH(s) or HLADH. The result
(Table 11) again showed that both enzymes displayed the same ste-reospecificity toward pro-
R-[15-3H]all-trans-retinol.

Specificity of RPE Isomerization

One pathway in the retinoid cycle (see Fig. 8) is the isomerization of all-trans-retinol to 11-
cis-retinol in RPE. The isomerization may occur with retention or inversion (20) with respect
to the absolute stereo configuration of the methylene hydroxyl hydrogens on Cy5. To determine
what kind of the stereochemistry accompanies isomerization, pro-R- or pro-S-[15-3H]all-
trans-retinol was isomerized by RPE. The resulting [15-3H]11-cis-retinols were purified by
normal phase HPLC and tested against pro-S-specific 11-cis-RDH (Fig. 7C). The result clearly
showed that only [15-3H]11-cis-retinol (i.e. pro-S) generated from pro-R-[15-3H]all-trans-
retinol was the substrate for 11-cis-RDH. Likewise, pro-““R”- or pro-*S”-[15-3H]all-trans-
retinol was also isomerized, purified, and tested against 11-cis-RDH (Fig. 7B), and only
[15-3H]11-cis-retinol (i.e. pro-S) generated from pro-R”-[15-3H]all-trans-retinol (this indeed
was pro-R, see above). If the above results are taken together, the CRALBP-induced
isomerization of all-trans-retinol to 11-cis-retinol in RPE is accompanied with inversion of
configuration.

DISCUSSION

The stereochemistry of the retinoid cycle was investigated employing stereospecifically
labeled dinucleotides (pro-R- and pro-S-[4-3H]NAD(P)H), retinols (pro-R- and pro-S-[15-2H]
all-trans-retinol; pro-R- and pro-S-[15-3H]11-cis-retinol), isomers of retinoids (all-trans-
retinol(al), 9-cis-retinol(al), 11-cis-retinol(al), and 13-cis-retinol(al)), RPE and ROS
membranes, and expressed RDHs in heterologous systems (11-cis-RDH and its mutant and
prRDH expressed in insect and HEK293 cells). It is important to note that reduction/oxidation
reactions of the visual cycle are readily reversible.

Reduction of All-trans-retinal in ROS

As a result of photoisomerization of rhodopsin, all-trans-retinal is reduced to all-trans-retinol
by all-trans-RDH (Fig. 1) (19,42,44-46). Several enzymes catalyzing the reduction of all-
trans-retinal were recently cloned (reviewed in Ref. 47), including one expressed in cone cells
(48). Rattner et al. (24) cloned the enzyme of ROS that could be also likely expressed in cone
cells. Because cone membranes are not accessible for biochemical investigation, we focused
on ROS membranes.

ROS contains predominantly all-trans-RDH activity, with clearly observed 9-cis-RDH activity
(Table 111 and Figs. 3B and 4). The enzyme was absolutely specific for NADP(H) and even in
the best experimental conditions, we could not detect any hydrogen transfer from NAD(H)
(Table I11) (19). The reaction was pro-S-specific in terms of NADPH hydrogen (Table Il1).
Unexpectedly, ROS activity transferred the pro-R hydrogen of all-trans-retinol (Tables 11 and
Il and Fig. 7) onto NADP, whereas most members of SCAD family are both pro-S-specific
for NAD(P)H and their hydrophobic substrates (for example, 11-cis-RDH; this study and Ref.
49). However, this stereospecificity is distinct from aldo-keto reductase for both substrates
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being pro-R-specific (50). The same stereospecificity was observed for the expressed prRDH
(Table 111 and Fig. 3B). These data and localization of prRDH (24) suggest that this enzyme
constitutes the primary all-trans-RDH of ROS.

Oxidation of 11-cis-Retinol in RPE

Lion et al. (46) and Zimmerman (51) found an 11-cis-retinal-specific enzyme associated with
the light membrane fractions (proposed to be endoplasmic reticulum) isolated from RPE. More
recent studies proposed that 11-cis-RDH activities are associated with both endoplasmic
reticulum (52,53) and plasma membrane-enriched fractions (54). Simon et al. (55) isolated a
32-kDa integral membrane-associated SCAD, a member of the family utilizing hydrophobic
alcohol substrates, such as retinoids, steroids, prostaglandins, and alkaloids (56,57), termed
11-cis-RDH, which forms a complex with RPEG5, an abundant membrane protein in bovine
RPE. 11-cis-RDH was also cloned independently by Driessen et al. (58). Multiple studies on
the specificity of 11-cis-RDH has produced conflicting evidence depending on the type of assay
used (38,41,43,59,60), but it is now believed that 11-cis-RDH reduces 9-cis-retinal, 11-cis-
retinal, and 13-cis-retinal. Our studies demonstrate that 11-cis-retinal and 13-cis-retinal are far
better substrates for purified 11-cis-RDH than 9-cis-retinal (Tables IV and VI and Fig. 3A).

Originally it was thought that 11-cis-RDH has RPE-specific expression. However, Driessen
etal. (61) and Wang et al. (60) have found that 11-cis-RDH is also expressed in extraocular
tissue. 11-cis-RDH is expressed very early during fetal development and is expressed in the
embryonic tissues, where it is believed to be involved in 9-cis-retinal production (39). Because
of the importance of 9-cis-retinoic acid in transcription regulation, it was proposed that an
enzyme of similar homology encodes 9-cis-RDH (39,65). However, experimental data have
shown that these differences are due to divergence between 11-cis-RDH ortologs (38,41,42,
60).

Several SCADs have dual steroid/retinol activities (62—-64). 11-cis-RDH has also 3a-
hydroxysteroid but not 17B-hydroxysteroid activity (60); thus, 11-cis-RDH could also serve
as an androgen dehydrogenase. In contrast, prRDH, as measured in this study (see “Results”),
does not have steroid activity.

Analyses of the RDH5 gene, which encodes 11-cis-RDH, identified causative mutations
associated with fundus albipunctatus, an autosomal recessive disorder (9-11). Cideciyan et
al. (10) found a novel null mutation in 11-cis-RDH. Patients with these mutations have delayed
cone and rod adaptation but ultimately attain full regeneration. Furthermore, studies using RPE
membranes indicated the existence of an alternative oxidizing system for the production of 11-
cis-retinal. Our data support the idea of an alternative oxidation system, because of observed
pro-R-specific (unknown enzyme) and pro-S-specific (11-cis-RDH) production of retinol in
RPE membranes.

To elucidate the possible role of 11-cis-RDH in the visual cycle and/or 9-cis-retinoic acid
biosynthesis, mice carrying a targeted disruption of the 11-cis-retinol RDH gene were
generated (61). Homozygous 11-cis-RDH mice showed normal rod and cone responses;
however, delayed dark adaptation was noticed using high bleaching levels. Lowered 11-cis-
retinol oxidation resulted in the accumulation of 11-cis-retinol/13-cis-retinol and 11-cis-
retinyl/13-cis-retinyl esters. Compared with wild-type mice, a large increase in the 11-cis-
retinyl ester was noticed in 11-cis-RDH knock-out mice. In murine RPE and the patient with
null mutation in 11-cis-RDH, there has to be an additional mechanism for the biosynthesis of
11-cis-retinal, which partially compensates for the loss of the 11-cis-RDH activity (10,61).

Our results presented in these studies clarify many points on stereoisomeric specificity of 11-
cis-RDH activity in RPE and purified 11-cis-RDH. Various enzymatic activities are present in
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RPE showing pro-R and pro-S specificities for both dinucleotides and retinols. Both NADP
(H) and NAD(H) and cis-retinols and cis-retinals are utilized with different preferences for
these multiple enzymatic activities (Tables I11-VI and Fig. 3A). In vivo, utilization of these
RDH activities will depend on the concentration of NAD versus NADP (66) and
sublocalization of retinoids and nucleotides. One of the components of the 11-cis-RDH activity
isthat 11-cis-RDH shows strictly pro-S specificities toward retinols and NADH. The enzymatic
stereospecificity is unaffected by detergent (Table I11), suggesting that phospholipids have a
minor effect on how substrate binds to the active site. This enzyme also uses NADPH but with
less efficiency (Table VI and Fig. 3A). These data are consistent with the findings that knock-
out 11-cis-RDH mice and humans with null mutation in the RDH gene are still able to produce
11-cis-retinal efficiently. 13-cis-RDH activity could be a very important property of 11-cis-
RDH in detoxification of 13-cis-retinal to prevent the accumulation of this nonproductive
vision isomer (61). It is also important to keep in mind that there are other enzymes that can
utilize cis-retinals, including two SCAD cis-retinol/3a-hydroxysterol dehydrogenases (64,
67). These and other enzymes could contribute to the production of 11-cis-retinal in RPE.

PrRDH versus 11-cis-RDH

One unanswered question is why two SCAD dehydrogenases display different stereospeci-
ficities. It is assumed that both enzymes bind NAD(P) in syn configuration (32), a feature that
is well conserved among all of the enzymes from the same family, producing pro-S-labeled
dinucleotides (Table I11 and Fig. 8). For the retinoid substrate, the binding sites of the enzyme
could accommodate two reti-noid configurations (Fig. 2, structures 1 and 2). Thus, with the
expected evolutionary conserved mechanism of enzymatic action for the members of SCAD,
this would give pro-R- (all-trans-retinol) and pro-S-labeled products (11-cis-retinol) because
these two aldehydes bind to the enzyme in re and si configuration (Fig. 2). This observation
is not unprecedented in biology. Two tropinone reductases (members of SCAD family with
64% identical amino acid residues) involved in a key branch point in the biosynthetic pathway
of tropane alkaloids share and reduce the 3-carbonyl group of a common substrate, tropinone,
but they produce alcohol products with different stereospecific configurations (68). As
proposed here for 11-cis-RDH and prRDH, this is accomplished by reversing the si to re
configuration of the retinal substrate.

Isomerization

Conclusions

CRALBP-promoted isomerization of all-trans-retinol occurs with the inversion of
configuration on Cq5 carbon (Fig. 7) producing 11-cis-retinol (20-23) or 13-cis-retinol,4
depending on the binding specificity of retinoid-binding proteins.4 These results suggest that
the isomerization intermediate is an anhydro-like carbocation structure formed by removal of
water? or carboxylate from one side and upon isomerization addition of water to the opposite
face of the anhydro-like structure.® This is an important observation, because it will narrow
down the possible mechanisms of isomerization.

Our studies provide analyses of the stereospecificity of the retinoid cycle. These studies are
necessary for understanding the chemical transformation that these retinoids undergo in the
eye as a result of bleaching. The efficiency of mammalian vision is remarkable, with a
sensitivity more comparable with hormone metabolism than that of major metabolic flux. For
example the mammalian retina contains ~108 photoreceptors. If each photoreceptor absorbs

4McBee, J. K., Kuksa, V., Alvarez, R., de Lera, A. R., Prezhdo, O., Haeseleer, F., Sokal, 1., and Palczewski, K. (2000) Biochemistry, in

ress.

Note that the rotation around C11-C12 during isomerization changes the three-dimensional localization of C15 carbon. Thus, inversion
of the configuration does not necessarily imply that the enzyme has two binding sites for water molecules acting “in line.”

J Biol Chem. Author manuscript; available in PMC 2006 April 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jang et al.

on

Page 13

average 1-2 x 108 photons/s with a quantum yield of 0.65, the daily requirement of 11-

cis-retinal is only ~10-40 ng. Understanding the chemistry of this process is a necessary prelude
that could lead to the potential treatments of inherited eye diseases by simply bypassing the
retinoid production and feeding into one of the steps in the retinoid cycle. A precise road map

of

retinoid transformation the chemical level is the key for eventual human therapy.
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Fig. 1. Stereospecificities of the retinoid cycle reactions in the mammalian retina

A, redox reactions catalyzed by photoreceptor all-trans-RDH(s) and RPE 11-cis-RDHSs could
have pro-R- or pro-S-dinucleotide stereospecificity generating either pro-R- or pro-S-all-
trans-retinol or 11-cis-retinol. B, isomerization may occur with retention or inversion of
configuration on Cy5 retinol carbon.
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Fig. 2. Conformational orientation of retinal at the active site of dehydrogenases

A, two orientations show how all-trans-retinal (1) and 11-cis-retinal (2 and 3) can occupy the
active site of HLADH. Similarly, all-trans-retinal and 11-cis-retinal could bind in the
orientation shown to all-trans-RDH and 11-cis-RDH, respectively. B, the re (si) face
orientation of aldehyde will result in the production of the corresponding pro-R(S)-retinol if
the hydrogen from dinucleotide is transferred from the top, perpendicular to the structure.
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Fig. 3. Relative activity of detergent-purified 11-cis-RDH and prRDH expressed in Sf9 cells with
NADH, NADPH, and geometric isomers of retinals

A, the activity of purified 11-cis-RDH with retinal isomers. The assay was carried out for 5
(NADH) or 8 (NADPH) min at 33 °C using phase partition assay as described under “Materials
and Methods,” and the retinal, pro-S-[4-3H]NADH, and pro-S-[4-3H]NADPH concentrations
were 66, 41, and 50 pw, respectively. Inset, the activity ratio for NADH and NADPH
(normalized to 1 for 9-cis-retinal) for different retinals. B, the activity of prRDH. The assay
was carried out at 33 °C for 10 min and analyzed by HPLC as described under “Materials and
Methods,” and the retinal and pro-S-[4-3H]NADPH concentrations were 60 and 50 pw,
respectively. Inset, RDH activities in ROS. The assays were carried out at 33 °C for 10 min
and analyzed by HPLC as described under “Materials and Methods,” and the retinal and pro-
S-[4-3H]NADPH concentrations were 60 and 50 puw, respectively.
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Fig. 4. HPLC assay: prRDH activity with isomers of retinals
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The assay and HPLC conditions were described under “Materials and Methods.” In each panel,
the bottom chromatogram (control) was from bacmid in Sf9 cells, and the top
chromatogram was from expressed prRDH in Sf9 cells. Note that only reduction of all-trans-
retinal and 9-cis-retinal was evident, whereas 11-cis-retinol and 13-cis-retinol were not
observed above the background.
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Fig. 5. Expression and purification of human 11-cis-RDH
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A, 11-cis-RDH containing Hisg tag at the C terminus was expressed in Sf9 insect cells and
purified employing Ni2* column chromatography in Genapol (“Materials and Methods™). The
enzyme was purified to apparent homogeneity as judged by SDS-polyacrylamide gel
electrophoresis and Coomassie Blue staining (lane a) and identified by Western blotting with
an anti-11-cis-RDH-specific antibody (10) (lane b). B, assays of 11-cis-RDH activity. The
assays were carried out using phase partition assay with pro-S-[4-H]NADH and 11-cis-retinal
as substrates, 11-cis-RDH from Sf9 insect cell membranes, HEK293 cell membranes, and

purified 11-cis-RDH served as the source of enzyme.
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Fig. 6. Inhibition of purified 11-cis-RDH by dinucleotides

The assay mixture contained purified 11-cis-RDH and various concentrations of NAD(P)H
(A) and NAD(P) (B) in 80 mw MES, pH 5.5, and pro-S-[4-3H]NADH (final concentration, 16
um). The reaction was initiated by addition of 11-cis-retinal (66 pw final concentration in 1%
DMF). The reaction mixture was incubated at 33 °C for 7 min. 11-cis-RDH activity was
analyzed by phase partition assay as described under “Materials and Methods.”
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Fig. 7. Test of isomerization stereospecificity

A, isomerization reaction of pro-““S”-, pro-S-, pro-“R”-, and pro-R-[15-3H]all-trans-retinol
using RPE microsomes was carried out as described under “Materials and Methods.” Peak 1,
retinyl esters; Peak 2, 11-cis-retinol; Peak 3, all-trans-retinol. Note that 13-cis-retinol
(arrow) was well separated from 11-cis-retinol. Inset, UV spectra of peak 2. The elution time
and spectrum of peak 2 corresponded to the authentic 11-cis-retinol. B, determination of
absolute configuration of 11-cis-retinol. The product of isomerization, [15-3H]11-cis-retinol,
derived from pro-**S”-[15-3H]all-trans-retinol, when oxidized by 11-cis-RDH (pro-S-specific
enzyme), showed no transfer of [3H] to NAD (column a). [15-3H]11-cis-Retinol derived from
pro-*R”’-[15-3H]all-trans-retinol when oxidized by 11-cis-RDH showed transfer of [3H] to
NAD (column b). C, the product of isomerization, [15-3H]11-cis-retinol, derived from pro-S-
[15-3H]all-trans-retinol, when oxidized by 11-cis-RDH, showed no transfer of [3H] to NAD
(column a). [15-3H]11-cis-Retinol derived from pro-R-[15-3H]all-trans-retinol when oxidized
by 11-cis-RDH showed transfer of [3H] to NAD (column b).
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Fig. 8. Isomeric specificity of the retinoid cycle reactions in the vertebrate retina

Light causes the isomerization of rhodopsin chromophore, 11-cis-retinal to all-trans-retinal,
which is next reduced in the reaction catalyzed by all-trans-RDH(s). This RDH activity utilizes
pro-S-[4-H4] of NADPH and does not bind NADH, to generate pro-R-[15-Hj]all-trans-retinol.
Next, pro-R-[15-H;]all-trans-retinol, or its derivative, is isomerized with the inversion of
configuration on Cq5 prochiral methylene hydroxyl group, generating specifically pro-S-[15-
Ha]11-cis-retinol isomer. pro-S-[1°-H,]11-cis-Retinol isomer is then oxidized by 11-cis-RDH
activities (resulting in the loss of pro-S-[15-Hg]), including 11-cis-RDH, to 11-cis-retinal with
concomitant generation of pro-S-[4-H,JNADH or pro-S-[4-H,]JNADPH to complete the cycle.

ROS
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Table IV

Kinetic parameters for detergent-purified 11-cis-RDH

The assays were carried out using phase partition assay at 33 °C. The results are shown with standard error.
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Retinoid or dinucleotide Kwm Vimax VinaxdKm
uM nmol/min/mg

All-trans-retinal® NDb ND 0
9-cis-Retinal® 3.6+0.6 168 + 15 47
11-cis-Retinal® 6.1+1.9(30)° 713+ 23 117
13-cis-Retinal® 7.0£16 659 + 74 94
NADH

9-cis-Retinald 2.240.02 1321 60

11-cis-Retinal 41+05(55)° 508 + 60 123

13-cis-Retinal 3.8+0.6 410+ 30 108

4At 41 pm pro-S-[4-3HJNADH.
bND, not detectable.
cFor HEK?293 membranes.

dAt 66 pw retinoid.
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Substrate specificity of RDH activity in RPE
The assays were carried out using phase partition method at 33 °C for 5 or 10 min. The concentrations of pro-

S-[4-3H]NADH and pro-S-[4-3H]NADPH and retinals were 53 and 132 pw, respectively.

Table V
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Radiolabeled dinucleotide substrates Retinals

Dinucleotide inhibitor®

Radiolabeled product

pro-S-[4-*H]NADH

pro-S-[4-*HINADPH

9-cis-retinal
11-cis-retinal
13-cis-retinal
9-cis-retinal
11-cis-retinal

13-cis-retinal

NADPH

NADPH

NADPH

NADH

NADH

NADH

nmol/min/mg
5.35
6.45
4.22
4.79
12.92
14.85
111
1.48
1.07
1.85
0.69
1.46

4NADH or NADPH was 1 mw.
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Table VI

Substrate specificity of detergent-purified 11-cis-RDH
The assays were carried out using phase partition method at 33 °C for 7 or 10 min. The concentrations of pro-

S-[4-3H]NADH and pro-S-[4-3H]NADPH were 23 uwv, and retinals were 66 pu.
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Radiolabeled dinucleotide substrates Retinals

Dinucleotide inhibitor®

Radiolabeled product

pro-S-[4-*H]NADH

pro-S-[4-*HINADPH

9-cis-retinal
11-cis-retinal
13-cis-retinal
9-cis-retinal
11-cis-retinal

13-cis-retinal

NADPH

NADPH

NADPH

NADH

NADH

NADH

nmol/min/mg
108.3
132.8
500.1
585.9
389.7
4615
NDP
21.8
ND
95.5
ND
49.4

20.5 mw NADH or NADPH.

bND, not detectable.
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