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ABSTRACT: Retinol dehydrogenase 12 (RDH12) is a novel member of the short-chain dehydrogenase/
reductase superfamily of proteins that was recently linked to Leber’s congenital amaurosis 3 (LCA). We
report the first biochemical characterization of purified human RDH12 and analysis of its expression in
human tissues. RDH12 exhibits∼2000-fold lowerKm values for NADP+ and NADPH than for NAD+

and NADH and recognizes both retinoids and lipid peroxidation products (C9 aldehydes) as substrates.
The kcat values of RDH12 for retinaldehydes and C9 aldehydes are similar, but theKm values are, in
general, lower for retinoids. The enzyme exhibits the highest catalytic efficiency for all-trans-retinal (kcat/
Km ∼900 min-1 µM-1), followed by 11-cis-retinal (450 min-1 mM-1) and 9-cis-retinal (100 min-1 mM-1).
Analysis of RDH12 activity toward retinoids in the presence of cellular retinol-binding protein (CRBP)
type I or cellular retinaldehyde-binding protein (CRALBP) suggests that RDH12 utilizes the unbound
forms of all-trans- and 11-cis-retinoids. As a result, the widely expressed CRBPI, which binds all-trans-
retinol with much higher affinity than all-trans-retinaldehyde, restricts the oxidation of all-trans-retinol
by RDH12, but has little effect on the reduction of all-trans-retinaldehyde, and CRALBP inhibits the
reduction of 11-cis-retinal stronger than the oxidation of 11-cis-retinol, in accord with its higher affinity
for 11-cis-retinal. Together, the tissue distribution of RDH12 and its catalytic properties suggest that, in
most tissues, RDH12 primarily contributes to the reduction of all-trans-retinaldehyde; however, at saturating
concentrations of peroxidic aldehydes in the cells undergoing oxidative stress, for example, photoreceptors,
RDH12 might also play a role in detoxification of lipid peroxidation products.

Retinol dehydrogenase 12 (RDH12)1 is a novel member
of the short-chain dehydrogenase/reductase superfamily of
proteins that is highly expressed in photoreceptors (1) and
was recently associated with Leber’s congenital amaurosis
3 (LCA) (2, 3). LCA is a genetically heterogeneous group

of disorders characterized by retinal dystrophy affecting both
rods and cones with onset of symptoms in early childhood
and progression to legal blindness in early adulthood
(www.sph.uth.tmc.edu/Retnet). Although RDH12 is obvi-
ously important for vision, its exact physiological role in
the eye and other tissues is not yet clear.

Initial analysis of the biochemical properties of RDH12
showed that this enzyme catalyzes the oxidation and reduc-
tion of both all-trans- and cis-retinoids in the presence of
NADP+ or NADPH as cofactors (1). In the cells, all-trans-
and 11-cis-retinoids bind to their respective binding proteins.
All- trans isomers of retinol and retinaldehyde bind to the
∼15 kDa cellular retinol-binding proteins (CRBPs) of four
different types (4-7). CRBP type I (CRBPI) exhibits the
most widespread tissue distribution and has a greater affinity
for all-trans-retinol than for all-trans-retinaldehyde (8-10).
11-cis-Retinoids bind to the 36 kDa cellular retinaldehyde-
binding protein (CRALBP), which exhibits a greater affinity
for 11-cis-retinaldehyde than for 11-cis-retinol (11). CRALBP
is abundant in the retinal pigment epithelium and Mu¨ller glial
cells (12, 13). It has been suggested that the physiologically
relevant retinol dehydrogenases should be able to utilize

† Supported by the National Institute on Alcohol Abuse and
Alcoholism Grant AA12153 to N.Y.K. and the National Institute for
Digestive Diseases and Kidney Grants DK59125 and DK65204 to
P.S.N. T.K. was supported by a CIHR fellowship.

* To whom correspondence should be addressed: Department of
Biochemistry and Molecular Genetics, Schools of Medicine and
Dentistry, University of Alabama-Birmingham, 720 20th Street South,
440B KAUL, Birmingham, AL 35294. Phone, (205) 996 4023; fax,
(205) 934 0758; e-mail, nkedishvili@uab.edu.

‡ University of Alabama at Birmingham.
⊥ Current address: Department of Physiology and Biophysics,

University of Iowa, Iowa City, IA.
§ University of Washington.
| Fred Hutchinson Cancer Research Center.
1 Abbreviations: SDR, short-chain dehydrogenase/reductase; CRBPI,

cellular retinol-binding protein type I; RDH12, retinol dehydrogenase
12; RalR1, retinaldehyde reductase 1; SCALD, short-chain aldehyde
dehydrogenase, mouse ortholog of human RDH11; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; SDS-PAGE, polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate; DHPC, 1,2-
diheptanoyl-sn-glycero-3-phosphocholine; DTT, dithiothreitol.

7035Biochemistry2005,44, 7035-7047

10.1021/bi050226k CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/14/2005



retinoids bound to their respective carrier proteins (14).
Whether RDH12 can metabolize CRBPI- or CRALBP-bound
retinoids is not yet known.

RDH12 shares the highest sequence similarity (∼79%)
with RDH11 (also known as PSDR1 (15) and RalR1 (16,
17)). The mouse ortholog of RDH11 named short-chain
aldehyde reductase (SCALD) exhibits high reductive activity
toward toxic lipid peroxidation products such as medium-
chain (>C6) aldehydestrans-2-nonenal, nonanal, andcis-6-
nonenal (18). Lipid peroxidation has been associated with a
number of retinal diseases, for example, age-related macu-
lopathy and diabetic retinopathy. The abundance of poly-
unsaturated fatty acids in the membrane-rich photoreceptors
renders the retina extremely vulnerable to oxidative attack
(19-23). If RDH12 is active toward medium-chain fatty
aldehydes, it could play a role in the detoxification of lipid
peroxidation products in photoreceptors.

In the present study, we expressed and purified RDH12
to determine its catalytic efficiency for the oxidation and
reduction of retinoids and medium-chain aldehydes, exam-
ined the effects of CRBPI and CRALBP on RDH12 activity
toward all-trans- and 11-cis-retinoids, and determined whether
RDH12 mRNA is expressed in extraocular tissues.

EXPERIMENTAL PROCEDURES

Construction of Vectors for Expression of Wild-Type and
His6-Tagged RDH12 in Sf9 Cells.The full-length cDNA for
human RDH12 was PCR-amplified from the retina cDNA
using primers 5′-ATGCTGGTCACCTTGGGACTGCTCACC-
3′ and 5′-CTACTCCCACCGGATTCCTAGAAGC-3′ and
TA-cloned into pCR2.1-TOPO vector. To prepare a vector
for expression of RDH12 in insect Sf9 cells, the RDH12
cDNA was excised from pCR2.1-TOPO usingEcoRI restric-
tion endonuclease, gel-purified using the QIAQuick gel
extraction kit (Qiagen Inc., Valencia, CA), and cloned into
the EcoRI site of the baculovirus transfer vector pVL1393.
The clone with the correct orientation of the insert was
identified based on the restriction digest and verified by
sequencing. Recombinant baculovirus was produced by
cotransfection of Sf9 cells with the transfer vector and the
linearized Sapphire Baculovirus DNA (Orbigen Inc., San
Diego, CA) according to the manufacturer’s instructions.

For purification of RDH12, a construct encoding RDH12
protein fused with a His6-tag on the C-terminus was first
prepared in the pET28a vector (Novagen, Madison, WI). To
create this construct, the RDH12 cDNA in pCR2.1-TOPO
vector was PCR-amplified using the forward primer 5′-
CTCCCATGGTGGTCACCTTGGGACTGCT-3′, containing
an NcoI restriction site (site underlined), and the reverse
primer 5′-GCCAAGCTTCTCCCACCGGATTCCTAGAAG-
3′, containing aHindIII restriction site (site underlined). PCR
amplification was performed for 35 cycles, with denaturation
for 1 min at 94 °C, annealing for 1 min at 53°C, and
elongation for 1.5 min at 72°C. The PCR product was gel-
purified, digested withNcoI and HindIII restriction endo-
nucleases, and cloned into the respective sites of pET28a
vector (Novagen, Madison, WI) in-frame with the C-terminal
His6-tag provided by pET28a.

Then, the cassette encoding RDH12-His6 fusion protein
was transferred from pET28a to pVL1393 vector for expres-
sion in Sf9 cells, because RDH12 was expressed inE. coli

at a very low level. The RDH12-His6 fusion cassette was
excised from the pET28a vector usingDraIII (flanking the
3′ end of the cassette) andXbaI (flanking the 5′ end of the
cassette) restriction endonucleases and gel-purified. The
cleavedDraIII site was blunt-ended using T4 DNA poly-
merase (New England Biolabs, Inc., Beverly, MA) before
cleaving the RDH12-containing pET28a withXbaI, because
pVL1393 did not have a matchingDraIII site. The excised
XbaI-blunt RDH12-His6 cDNA construct was gel-purified
and ligated into pVL1393 baculovirus transfer vector.
pVL1393 (BD Biosciences Pharmingen, San Diego, CA) was
prepared by cleaving it, first, withPstI endonuclease,
followed by treatment with T4 DNA polymerase to blunt-
end thePstI site, and then cleaving the pVL1393 vector with
XbaI to provide a 5′ cohesive end for the ligation of theXbaI-
cleaved end of the RDH12-His6 cDNA. The ligation was
carried out using T4 DNA ligase (New England Biolabs,
Inc., Beverly, MA). The final construct was verified by DNA
sequencing. Recombinant baculovirus was produced as
described above.

Preparation of Purified RDH12-His6. Expression of
recombinant proteins in insect Sf9 cells was carried out as
described previously for RDH11 and other microsomal SDRs
(16, 24-26). Briefly, Sf9 cells were infected with recom-
binant virus at a virus/cell ratio of 10:1 and incubated at 28
°C for 3-4 days. Sf9 cells were harvested by centrifugation
at 5000g for 10 min and resuspended in 10 mM Hepes (pH
7.4), 250 mM sucrose, 0.2 mM EDTA, 5 mMâ-mercapto-
ethanol, 1.5µg/mL aprotinin, 1.5µg/mL leupeptin, and 1.0
µg/mL pepstatin A. The cell suspension was homogenized
using a French press mini-cell at 800 psi. Phenylmethylsul-
fonyl fluoride was added to 5µM immediately after
homogenization. The unbroken cells, cellular debris, nuclei,
and mitochondria were removed by centrifugation at 12 000g
for 20 min. Microsomes containing RDH12 were pelleted
by centrifugation at 105 000g for 2.5 h and resuspended in
90 mM potassium phosphate, pH 7.4, 40 mM KCl (Buffer
A), plus 0.1 mM EDTA, 1 mM dithiothreitol, and 20%
glycerol. Protein concentration was determined by the
method of Lowry et al. (27) using bovine serum albumin as
a standard.

For purification of RDH12-His6, the 105 000g pellet of
RDH12-His6 microsomes was resuspended in a buffer
containing 50 mM KH2PO4 (pH 8.0), 500 mM KCl, 5 mM
â-mercaptoethanol, and 10% glycerol (Buffer B) and supple-
mented with inhibitors of proteases, 20 mM imidazole, and
15 mM detergent 1,2-diheptanoyl-sn-glycero-3-phosphocho-
line (DHPC) (Avanti Polar Lipids, Alabaster, AL) (28). To
extract RDH12-His6, the microsomal membranes were
incubated in the extraction buffer with DHPC for 1 h under
vortexing on ice followed by centrifugation at 105 000g for
2.5 h to remove the insoluble material. Binding of solubilized
RDH12-His6 to Ni2+-NTA resin was carried out in a batch
mode according to the manufacturer’s instructions (Qiagen
Inc.). Following a 2 h-incubation with DHPC extract on ice,
the resin was washed with 65 bed volumes of buffer B
supplemented with inhibitors of proteases, 50 mM imidazole,
and 2 mM DHPC. RDH12-His6 was eluted with a stepwise
gradient of 100, 150, 200, 250, and 300 mM imidazole in
buffer B plus 2 mM DHPC. Fractions were analyzed by
electrophoresis in a 12% denaturing polyacrylamide gel in
the presence of sodium dodecyl sulfate (SDS-PAGE). The
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actual molecular mass of RDH12-His6 (36.5 kDa) correlated
well with the experimentally predicted molecular mass (36
kDa). Those fractions that contained homogeneous RDH12-
His6 were combined and concentrated. To remove imidazole,
the buffer in the eluate was exchanged for buffer A plus 2
mM DHPC, 2 mM â-mercaptoethanol, and 10% glycerol
using Centriplus concentrators (Millipore Corp., Billerica,
MA). Purified RDH12-His6 preparations were stored at-80
°C for several months without loss of activity.

Preparation of Sf9 Microsomes Containing RDH5 (11-
cis-Retinol Dehydrogenase).EST clone C152778 encoding
RDH5 was obtained from Research Genetics (Huntigton,
AL). The full-length cDNA was amplified using primers
GCT GGA TCC ATG TGG CTG CCT CTT CTG CT
(forward primer,BamHI site underlined) and AGG GAA
TTC TCA GTA GAC TGC TTG GGC AG (reverse primer,
EcoRI site underlined) and cloned into the baculovirus vector
pVL1393. Preparation of the recombinant baculovirus,
expression of the protein in Sf9 cells, and isolation of the
microsomal fraction were carried out as described for
RoDH-4 (24).

The activity of RDH5 was determined using 0.4µg of
RDH5-expressing Sf9-microsomes, 1 mM NAD+, and 5µM
11-cis-retinol alone or in the presence of 5µM CRALBP.
The 0.5 mL-reactions were carried out for 10 min at 37°C.

Preparation of Apo- and Holo- Forms of CRBPI.CRBPI
was expressed inE. coli as a C-terminal fusion to a
bifunctional tag, consisting of the chitin binding domain
(CBD) and the intein (CBD-intein). For purification of
CRBPI using the C-terminal CBD-intein tag, the correspond-
ing cDNA was cloned between theNdeI andXhoI restriction
sites of pKYB1 vector (New England Biolabs Inc., Beverly,
MA). Expression and purification of CRBPI fused to CBD-
intein were carried out using the IMPACT-CN protein
purification system (New England Biolabs Inc.). Specifically,
M9ZB medium supplemented with 15µg/mL of kanamycin
was inoculated with freshly grown culture of BL21(DE3)
cells transfected with CRBPI-pKYB1 vector. Expression of
the protein was induced by the addition of 1 mM IPTG at
OD600 of 0.8. Cells were incubated in a shaker at room
temperature overnight. Harvested cells were resuspended in
an ice-cold 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1
mM EDTA (buffer C) supplemented with 5 mM benzamidine
and 4 mM PMSF. The cells were broken by French press
followed by sonication on ice to reduce viscosity. The cell
extract was clarified by centrifugation at 20 000g for 30 min
and then slowly loaded onto the chitin column. The column
was washed with 25-30 bed volumes of buffer C followed
by a quick flushing with 3 bed volumes of buffer C
supplemented with 50 mM DTT. The flow in the column
was stopped, and the column was left at room temperature
for 16 h. After the induction of the cleavage reaction, CRBPI
was released from the intein tag and was eluted from the
column using 4 bed volumes of buffer C. As judged by
SDS-PAGE analysis, the preparation of CRBPI was nearly
homogeneous. The yield of CRBPI was∼15-20 mg/L of
culture.

To prepare holo-CRBPI, an aliquot of purified apo-CRBPI
was saturated with a 2-fold molar excess of all-trans-retinol
at room temperature for 1 h. Unbound retinol was removed
by gel-filtration on G50 Sephadex column as described
previously (28). The A350/A280 ratio of the holo-CRBPI

preparation was 1.76. Holo-CRBPI was stored in small
aliquots at-80 °C.

All- trans-retinal complexed with CRBPI was prepared by
incubating 20µM apo-CRBPI with 25µM all-trans-retinal
for 20 min on ice, followed by purification of the complex
from unbound retinal by gel-filtration through Sephadex G-50
spin column.

Preparation of Apo- and Holo- Forms of CRALBP. Full-
length coding sequence of CRALBP cDNA was PCR-
amplified using the forward primer 5′- CCATAGGCCATAT-
GTCAGAAGGGGTG -3′, containing anNdeI restriction site
(site underlined), and the reverse primer 5′- GAGGGATC-
CTCAGAAGGCTGTGTTCTCAGCTTG -3′, containing a
BamHI restriction site (site underlined). The PCR product
was gel-purified and cloned between the respective sites of
the pET19 vector. CRALBP protein fused to the N-terminal
His10-tag was expressed and purified as described previously
(11).

To prepare holo-CRALBP, purified CRALBP was desalted
and incubated for 20 min on ice with a 1.2-fold molar excess
of 11-cis-retinal, which was prepared in ethanol. To remove
the unbound retinal, holo-CRALBP was applied onto Ni-
NTA affinity resin; the resin was washed, and holo-CRALBP
was eluted with 250 mM imidazole in 40 mM potassium
chloride and 90 mM potassium phosphate (pH 7.4) buffer.
Residual unbound 11-cis-retinal was removed by Sephadex
G-50 spin chromatography. The ratio of the extinction
coefficients for holo-CRALBP with bound 11-cis-retinal
(ε280/ε425 ) 2.8) (11) was used to estimate CRALBP-binding
stoichiometry from observedA280/A425 absorbance spectral
ratios obtained by UV-visible spectrophotometry.

HPLC Analysis of RDH12 ActiVity. Catalytic activity of
the membrane-bound RDH12 or purified RDH12-His6 was
assayed in buffer A at 37°C in siliconized glass tubes (24).
The 500-µL reactions were terminated by the addition of 1
mL cold methanol. Retinoids were extracted twice with 2
mL of hexane, separated in hexane/tert-butyl-methyl ether
(96:4) mobile phase at 2 mL/min flow rate, and analyzed
using a Waters 2996 Photodiode Array Detector. The
stationary phase was a Waters Spherisorb S3W column (4.6
mm × 100 mm). Elution of retinoids was monitored at 350
nm. On a typical chromatogram, elution times were as
follows: 3.17 min for 9-cis-retinal, 4.38 min for all-trans-
retinal, 14.41 min for 9-cis-retinol, and 15.59 min for all-
trans-retinol. 11-cis-Retinoids were separated at a 1.5 mL/
min flow rate with typical elution times of 3.58 min for 11-
cis-retinal and 14.95 min for 11-cis-retinol. Retinoids were
quantified by comparing their peak areas to a calibration
curve constructed from peak areas of a series of standards.
Using the known molar extinction coefficients of 9-cis-retinol
and 9-cis-retinal in ethanol (42 300 and 36 100, respectively),
we calculated the extinction coefficients in hexane as 43 765
for 9-cis-retinol with λmax at 320 nm and 38 737 for 9-cis-
retinal with λmax at 364 nm.

Determination of Kinetic Constants.The apparentKm

values for the reduction of retinals were determined at 1 mM
NADPH and six concentrations of all-trans-retinal (0.01-
1.0 µM), 11-cis-retinal (0.125-4 µM), or 9-cis-retinal
(0.01-5 µM). The apparentKm values for the oxidation of
retinols were determined at 1 mM NADP+ and six concen-
trations of all-trans-retinol (0.5-10.0 µM), 11-cis-retinol
(0.125-2 µM), or 9-cis-retinol (0.2-3.2µM). Reaction rates
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were determined based on the percent substrate conversion,
which was calculated as follows. Retinol and retinaldehyde
obtained from each reaction mixture were quantified based
on their peak area values using the respective calibration
curves as described above. The amounts of retinol and
retinaldehyde were summarized to obtain the total amount
of retinoids (equivalent to the initial substrate amount) in
the reaction (100%). Then, the amount of product was
divided by the total amount of retinoids to determine the
percent conversion at each substrate concentration. The
extraction efficiencies for retinol and retinaldehyde were
similar.

9-cis-Retinol was prepared enzymatically by RDH12-
catalyzed reduction of 9-cis-retinal and purified by HPLC.
11-cis-Retinal was obtained from the National Eye Institute.
11-cis-Retinol was prepared by the reduction of 11-cis-retinal
catalyzed by RDH5. Specifically, 20µM 11-cis-retinal
solubilized with the equimolar BSA was incubated with
RDH5-expressing Sf9 microsomes in the presence of 0.5 mM
NADPH. Retinoids were extracted by hexane and separated
using HPLC. 11-cis-Retinol was collected; mobile phase was
evaporated under nitrogen flow, and the residue was dis-
solved in ethanol and solubilized with the equimolar BSA
to obtain a 10-15 µM stock.

The apparentKm values for cofactors were determined at
5 µM all-trans-retinal or all-trans-retinol and six concentra-
tions of NADPH (0.25-20.0µM), NADP+ (0.2-10.0µM),
NADH (0.1-20.0 mM), or NAD+ (1.0-10.0 mM). The
reaction rate was linear with up to 0.16µg/mL of RDH12-
His6 for 15 min in the presence of 10µM all-trans-retinal
as substrate. The background value without cofactor was
determined for each concentration of substrate and was
subtracted from each data point.

Kinetic constants for the reduction of nonanal, 6-cis-
nonenal,trans-2-nonenal, and 4-hydroxynonenal were de-
termined spectrophotometrically at 37°C in 1 mL of buffer
A with 100µM NADPH. Aldehyde solutions were prepared
in ethanol. The concentrations of aldehydes varied between
1 and 150µM. The concentration of ethanol was the same
in all reaction mixtures and did not exceed 0.75%. Ethanol
was not inhibitory with up to 3% final concentration. Control
reactions contained all the components with the exception
of aldehyde substrates. The amount of purified enzyme was
0.2-0.4 µg/reaction. Six to eight points were obtained in
duplicates for each kinetic curve in three to four independent
experiments.

Initial velocities (nmol/min of product formed per mil-
ligram of protein) were obtained by nonlinear regression
analysis. Kinetic constants were calculated using GraFit
(Erithacus Software Ltd., U.K.) and expressed as the means
( SD. The results shown are representative of three to four
experiments. Goodness of fit was tested using theF test (29).
The probability value was calculated from the reducedø2

values and was considered to be significant if it was lower
than 0.1.

RDH12 activity toward steroids was assayed using [3H]-
labeled 5R-androstan-3R-ol-17-one (androsterone), 5-andros-
ten-3â-ol-17-one (dehydroepiandrosterone), 4-pregnen-3,20-
dione (progesterone), 4-pregnen-11â,21-diol-3,20-dione
(corticosterone), 5R-pregnan-3R-ol-20-one (allopregnanolo-
ne), and14C-labeled 5R-androstan-17â-ol-3-one (dihydro-
testosterone) (NEN Life Science Products, Boston, MA).

Aqueous solutions of steroids were prepared as described
previously (24). Reactions were carried out for 1 h at 37°C
in 150 µL of reaction buffer in the presence of 1 mM
NADPH and 5µM steroid compound. The amount of the
microsomal protein in the reaction mixture was 5µg.
Reaction products were extracted and analyzed by thin-layer
chromatography (25). To visualize tritiated steroids, TLC
plates were exposed to a tritium phosphorimager screen.
[14C]-labeled steroid was detected by exposure to an X-ray
film.

Incubations of All-trans-Retinol with CRBPI or BSA.All-
trans-retinol or all-trans-retinaldehyde dissolved in ethanol
was added to phosphate-buffered saline containing 50 mM
DTT and either 20µM apo-CRBPI or 20µM bovine serum
albumin (BSA) to the final concentration of 20µM. Tubes
containing retinol and equimolar CRBPI or BSA were
sonicated for 10 min in an ultrasonic waterbath to disperse
retinol. Sonication had no effect on the isomeric composition
of retinol. Samples were incubated at 4°C or at room
temperature in the light or covered with foil as indicated.
At selected time points, 500µL-aliquots were extracted with
hexane and analyzed by HPLC.

QuantitatiVe Real-Time PCR Analysis of RDH12 Expres-
sion in Human Tissues.Real time PCR was carried out in
triplicates for each tissue using SYBR green PCR master
mix (Applied Biosystems, Foster City, CA), 0.2µM of each
primer, and 12.5 pg of human retina marathon ready cDNA
(Clontech Laboratories, Inc., Palo Alto, CA) or 200 pg of
other human tissue cDNA in multiple tissue cDNA panel I
and II (Clontech). The PCR protocol was 95°C for 10 min
followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and
72 °C for 30 s. PCR was performed and analyzed using an
ABI Prism 7700 sequence detector. PCR without cDNA
templates did not produce significant amplification products.
Specificity of the primers was verified by the amplification
of a single PCR product, which was determined by observing
a single dissociation curve from each tissue. Primers for the
real-time PCR were as follows: RDH12 forward, 5′-TCT
TGA CCC TTC TGG GAA TG-3′; RDH12 reverse, 5′-CCA
GAG GGT TGC TGA CTT TC-3′; CRBPI forward, 5′-
CCAGTGGATCGAGGGTGATGAG-3′; CRBPI reverse, 5′-
TCCTGCTGATTCCTTGGGACAA-3′; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) forward, 5′-ACT TCA
ACA GCG ACA CCC ACT C-3′; and GAPDH reverse, 5′-
CAC CCT GTT GCT GTA GCC AAA-3′.

Relative expression of RDH12 and CRBPI was calculated
according to the ABI prism 7700 sequence detection system
user bulletin no. 2. Briefly, RDH12 and CRBPI expression
was normalized to GAPDH and then to their respective
expression levels in the liver, using the following formula:
∆∆CTgene(tissue)) ∆CT(gene-GAP)tissue- ∆CT(gene-GAP)liver; rela-
tive expression) 2-∆∆CTgene (30). Tissues expressing low
amounts of the gene had a standard deviation similar to that
observed in the tissues expressing high amounts of the
transcript.

RESULTS

Purification and Kinetic Characterization of RDH12-His6.
To obtain purified RDH12, the protein was expressed in Sf9
cells as a C-terminal fusion to a six-histidine tag. The His6-
tagged RDH12 was associated with the microsomal mem-
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branes of Sf9 cells. This subcellular localization was identical
to that of the untagged wild-type recombinant RDH12
expressed in Sf9 cells as a control. The level of expression
and the all-trans-retinal reductase activity of the His6-tagged
RDH12 were also very similar to those of wild-type RDH12
(data not shown).

RDH12-His6 was purified from DHPC-solubilized mi-
crosomal membranes using metal affinity chromatography
as described under Experimental Procedures. Purified
RDH12-His6 was nearly homogeneous (Figure 1) with an
average all-trans-retinal reductase activity of∼1000 (nmol/
min)/mg, which represented a 22-fold increase over the
specific activity of the starting microsomal preparation of
RDH12.

The apparentKm values of purified RDH12-His6 for
retinoids and cofactors were similar to those of wild-type
recombinant RDH12 expressed in Sf9 cells (Table 1),
indicating that the addition of the His6-tag did not affect the
properties of the enzyme. TheKm values for NADP+ and
NADPH were several 100-fold lower than those for NAD+

and NADH (Table 1).
The Km values for substrates were determined using

saturating concentrations of either NADP+ in the oxidative
direction or NADPH in the reductive direction. The array
of compounds included different stereoisomers of retinol and
retinal, medium-chain (C9) aldehydes, and a variety of
hydroxyl and ketosteroids. RDH12-His6 exhibited no sig-
nificant 3R-, 3â,-, 17â-, or 11â-hydroxysteroid dehydroge-
nase or 3-, 17-, or 20-ketone reductase activity with any of
the steroids tested. However, the enzyme was very active
toward C9 aldehydes. The highest rate of conversion was
observed with nonanal (Vmax of 1600 (nmol/min)/mg),

followed bycis-6-nonenal (Vmax of 1300 (nmol/min)/mg) and
trans-2-nonenal (Vmax of 810 (nmol/min)/mg). TheKm values
for nonanal andtrans-2-nonenal were 3 and 20µM,
respectively (Table 2). TheKm for cis-6-nonenal appeared
to be lower than 1µM, but the exact value could not be
determined due to limited sensitivity of the spectrophoto-
metric assay. 4-Hydroxynonenal was reduced with theVmax

of 180 (nmol/min)/mg and theKm value of less than 10µM
(Table 2).

Because the human ortholog (RDH11) of mouse SCALD
has not been previously tested with C9 aldehydes as
substrates, we included this enzyme in the present study for
the purpose of comparison with the highly related RDH12.
Surprisingly, human RDH11 exhibited little or no activity
toward C9 aldehydes. Human RDH11-His6, purified as
described previously (17), reducedcis-6-nonenal with the
apparentKm value of 5( 1 µM and theVmax value of only
19( 0.7 (nmol/min)/mg. TheKm value of RDH11 fortrans-
2-nonenal could not be determined due to limitations of the
detection method, but the reaction rate at 100µM trans-2-
nonenal was as low as 12.8 (nmol/min)/mg. Little or no
RDH11 activity was observed with nonanal or 4-hydroxy-
nonenal. These results suggested that, enzymatically, human
RDH12 shared more similarity with the mouse RDH11 than
the human RDH11.

The Km values of RDH12 for all tested retinoids were
much lower (0.04-0.4µM) than those for C9 aldehydes, but
the Vmax values were similar (Table 2), suggesting that at
saturating concentrations of C9 aldehydes, the RDH12
activity would be as high as that with retinoids. In terms of
catalytic efficiency (kcat/Km), all-trans-retinal appeared to be
the best substrate (900 min-1 µM-1) followed by 11-cis-
retinal (450 min-1 µM-1) and 9-cis-retinal (100 min-1 µM-1)
(Table 2). In general, the catalytic efficiency of RDH12 was
higher in the reductive direction than in the oxidative.

Effect of CRBPI on RDH12 ActiVity toward All-trans-
Retinoids.Previously, it was shown that the activity of
RDH12 toward all-trans-retinal and all-trans-retinol was
severalfold lower in the presence of CRBPI than in its
absence (1). However, without knowing the kinetic constants
of RDH12 for these compounds, it was not entirely clear
whether the enzyme utilized the available unbound retinoids
in the reaction mixture or whether it was able to recognize

FIGURE 1: Purification of RDH12-His6. Samples of RDH12-
containing fractions were analyzed by SDS-PAGE and stained by
Coomassie R-250. Lane 1, Sf9 microsomes containing RDH12-
His6 (16 µg); lane 2, DHPC extract of Sf9 microsomes (16µg);
lane 3, flow through the Ni2+-NTA resin (∼16 µg); and lane 4,
purified RDH12-His6 (0.42 µg). Positions of molecular weight
markers are indicated on the left.

Table 1: Kinetic Constants of Microsomal and Purified RDH12 for
Cofactorsa

microsomal wtRDH12 purified RDH12-His6

cofactor
apparentKm

µM
apparentVmax

(nmol/min)/mg
apparentKm

µM
apparentVmax

(nmol/min)/mg

NADP+ 1.2( 0.2 79.0( 2.5 3.2( 0.2 770( 30
NAD+ NDb NDb 7500( 2400 460( 80
NADPH 1.2( 0.3 98.0( 2.0 0.74( 0.06 1020( 20
NADH 2200( 130 180( 20 2400( 130 1600( 25

a The apparentKm values for cofactors were determined at fixed
saturating all-trans-retinal (5µM) and all-trans-retinol (5 µM). b ND,
not determined.

Table 2: Kinetic Constants of Purified RDH12 for Substratesa

substrate
apparentKm

µM
apparentkcat

min-1
kcat/Km

min-1 µM-1

all-trans-retinal 0.04( 0.01 36( 1.7 900
11-cis-retinal 0.10( 0.05 45( 4 450
9-cis-retinal 0.14( 0.03 14( 1 100
all-trans-retinol 0.40( 0.10 27( 2 68
11-cis-retinol 0.16( 0.03 7.0( 0.7 44
9-cis-retinol 0.16( 0.03 7.0( 0.3 44
nonanal 3.1( 0.7 56( 3 18
cis-6-nonenal <1b 45 ( 1 >45
trans-2-nonenal 20( 4 28( 2 1.4
4-hydroxynonenal <10b 6 ( 1 -

a Kinetic constants for the reduction of retinals were determined in
the presence of saturating NADPH (1 mM). Kinetic constants for the
oxidation of retinols were determined at saturating NADP+ (1 mM).
Kinetic constants were calculated using GraFit (Erithacus Software Ltd.)
and expressed as the means( SD. b The exactKm value could not be
determined because of the limited sensitivity of the spectrophotometric
detection.
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and utilize the CRBPI-bound retinoids as substrates at a lower
rate than free retinoids. To determine whether RDH12 could
oxidize CRBPI-bound retinol, holo-CRBPI was prepared by
saturating the binding protein with all-trans-retinol and
purifying holo-CRBPI from free retinol by size exclusion
chromatography. As shown in Figure 2, RDH12 produced
small amounts of three isomers of retinal from holo-CRBPI.
13-cis-Retinaldehyde was a minor component and, most
likely, was formed by spontaneous thermal isomerization of
all-trans-retinal (31). However, 9-cis-retinaldehyde was
clearly produced by the oxidation of 9-cis-retinol that was
detected in holo-CRBPI (Figure 2B). At 1µM total holo-
CRBPI, all-trans-retinaldehyde (1.52 pmol) was the dominant
peak compared to 9-cis-retinaldehyde (0.63 pmol) (Figure
2A). At 10 µM holo-CRBPI, 9-cis-retinaldehyde became the
dominant peak (3.75 pmol versus 3.55 pmol for all-trans-
retinal) (Figure 2C, inset). No product was formed in the
absence of NADPH (Figure 2B,D). Since the kinetic
parameters of RDH12 for the oxidation of 9-cis-retinol and
all-trans-retinol were very close (Table 2), these results
suggested that the amounts of all-trans-retinol and 9-cis-
retinol available for the oxidation by RDH12 were similar
despite the∼10-fold excess of the total all-trans-retinol over
9-cis-retinol in the preparation of holo-CRBPI. In other
words, the majority of all-trans-retinol was sequestered from
RDH12 by CRBPI, whereas 9-cis-retinol appeared to be
readily available.

Previously, it was reported that 9-cis-retinol is a poor
ligand for CRBPI (8-10). To determine just how well
CRBPI binds 9-cis-retinol, we measured RDH12 activity
toward 9-cis-retinol in the presence of varied amounts of

apo-CRBPI versus bovine serum albumin (BSA) (Figure 3).
A 6.25-fold molar excess of apo-CRBPI over 9-cis-retinol
inhibited the oxidation of 9-cis-retinol 90% (Figure 3E). The
same molar excess of BSA inhibited the oxidation of 9-cis-
retinol 41% (Figure 3F). Thus, even though CRBPI exhibited
a better binding of 9-cis-retinol than did BSA, still, a>6-
fold molar excess of apo-CRBPI was required to fully
sequester 9-cis-retinol from RDH12. These results confirmed
that 9-cis-retinol binds to CRBPI with low affinity. At 10
µM holo-CRBPI, there was more free 9-cis-retinol available
to RDH12 than at 1µM holo-CRBPI; hence, 9-cis-retinal-
dehyde became the dominant product, whereas most of all-
trans-retinol remained bound to CRBPI and protected from
the oxidation.

Using the lowest estimatedKd value of CRBPI for retinol
of 0.1 nM (10), we calculated that, at 1µM holo-CRBPI,
free all-trans-retinol concentration would be∼0.01µM. On
the basis of theVmax of RDH12 for free retinol of 770 (nmol/
min)/mg and theKm of 0.4µM (Tables 1 and 2), the reaction
rate at 0.01µM retinol was calculated as∼19 (nmol/min)/
mg. The actual rate of all-trans-retinaldehyde production
from 1 µM holo-CRBPI was approximately 1.5 (nmol/min)/
mg, below the theoretically possible rate based on the free
retinol concentration. These calculations further indicated that
RDH12 utilizes the free retinoids.

The appearance of 9-cis-retinol in the chromatographically
purified holo-CRBPI was surprising because 9-cis-retinol was
not present in the retinol stock used to saturate CRBPI.
Previously, it was reported that bovine liver membranes can
isomerize all-trans-retinoic acid into 9-cis-retinoic acid and
13-cis-retinoic acid and that these isomerization reactions

FIGURE 2: Oxidation of holo-CRBPI by RDH12. Purified RDH12-His6 (0.7 µg) was incubated with the indicated concentrations of holo-
CRBPI, and the products were extracted and analyzed by normal-phase HPLC as described under Experimental Procedures. HPLC traces
were measured at 350 nm. Peaks were identified as follows: 1, 13-cis-retinal; 2, 9-cis-retinal; 3, all-trans-retinal; 4, 13-cis-retinol; 5,
9-cis-retinol; 6, all-trans-retinol. The result shown is representative of at least three independent experiments.
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appear to be mediated by thiol groups (32). Since the
preparation of apo-CRBPI contained 50 mM DTT, which
was used to elute the protein from the chitin column
(Experimental Procedures), we investigated whether DTT had
an effect on the isomerization of all-trans-retinol. All-trans-
retinol was solubilized using BSA and incubated under
various conditions to which holo-CRBPI was exposed during
its preparation and purification (Figure 4). Under all condi-
tions tested, samples with DTT (Figure 4E-H, peak 1)
contained significantly more 13-cis-retinol than samples
without DTT (Figure 4A-D, peak 1). 9-cis-Retinol was also
formed, especially at room temperature (Figure 4G,H, peak
3) and in the light (Figure 4D,F,H, peak 3), but to a much
lesser extent than 13-cis-retinol. These results showed that,

in the presence of DTT, the BSA-solubilized all-trans-retinol
isomerized primarily into 13-cis-retinol, not 9-cis-retinol.

To determine whether the presence of CRBPI played a
role in accumulation of 9-cis-retinol, all-trans-retinol was
incubated with apo-CRBPI or with BSA as a control. As
shown in Figure 5A, the original ethanol stock solution of
all-trans-retinol used in this experiment contained a small
amount of 13-cis-retinol (peak 1), but little if any 9-cis-
retinol. After 2 days of incubation in the light, the CRBPI-
containing mixture had more 9-cis-retinol (Figure 5B, peak
3) than 13-cis-retinol. In contrast, the BSA-containing
mixture contained more 13-cis-retinol than 9-cis-retinol
(Figure 3C). After longer incubations, 9-cis-retinol consti-
tuted approximately half of all retinol in the CRBPI-

FIGURE 3: CRBPI inhibition of 9-cis-retinol oxidation by RDH12. Purified RDH12-His6 (0.02 µg) was incubated with 1.6µM 9-cis-
retinol and 1 mM NADP+ in the presence of 2µM or 10 µM apo-CRBPI. Control reactions contained the same concentrations of BSA.
Products were analyzed by normal-phase HPLC. Peaks were identified as follows: 1, 9-cis-retinal; 2, 9-cis-retinol; 3, all-trans-retinol.
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containing mixture (Figure 5D). Thus, the accumulation of
9-cis-retinol in holo-CRBPI exposed to light appeared to be
linked to the presence of CRBPI. CRBPI had no effect on
isomerization of all-trans-retinaldehyde (data not shown).

The enhanced isomerization of all-trans-retinol to 9-cis-
retinol in the presence of CRBPI was especially remarkable
considering that, in ethanol solutions, it was 9-cis-retinol that
isomerized to all-trans-retinol, not vice versa. For example,
an all-trans-retinol stock solution did not contain any 9-cis-
retinol (Figure 5), whereas the preparation of purified 9-cis-
retinol rapidly accumulated up to∼10% of all-trans-retinol
(Figure 3). Investigation of the molecular mechanism un-
derlying the preferential formation of 9-cis-retinol in the
presence of CRBPI was beyond the scope of this study.
However, this finding suggested that the enzymes that
recognize both all-trans- and 9-cis-retinols as substrates
might appear to be active toward holo-CRBPI, while utilizing
only the unbound 9-cis-retinol.

Next, we determined whether CRBPI inhibits the reduction
of all-trans-retinal by RDH12. TheKd value of CRBPI for

all-trans-retinaldehyde (∼50 nM) is significantly higher than
that for all-trans-retinol (<10 nM). Therefore, we expected
that CRBPI will have a lesser effect on the reduction of
retinal by RDH12 compared to the oxidation of retinol. We
attempted to prepare the CRBPI-retinaldehyde complex
following the protocol described above for holo-CRBPI
preparation. However, HPLC analysis showed that purified
CRBPI-bound retinaldehyde contained∼2.45-fold less retinal

FIGURE 4: Effect of DTT on the isomerization of free retinol. An
aqueous 10µM stock of all-trans-retinol was prepared from the
ethanol stock by solubilization with equimolar BSA in the reaction
buffer and subsequent sonication for 10 min. Equal amounts (500
µL) of solubilized all-trans-retinol were aliquoted into eight tubes.
DTT was added to four out of eight tubes to the final concentration
of 50 mM. Pairs of tubes (with and without DTT) were incubated
for 24 h under different conditions as follows: (A) at 4°C in the
dark (covered with aluminum foil), (B) at 4°C in the light (not
covered), (C) at room temperature (RT) in the dark, and (D) at
room temperature in the light. HPLC chromatograms were extracted
at 325 nm. At this wavelength, 13-cis-retinol and 9-cis-retinol have
an identical absorbance; therefore, the corresponding peaks can be
compared directly. Peaks are numbered as follows: 1, 13-cis-retinol;
2, all-trans-retinol; 3, 9-cis-retinol.

FIGURE 5: Isomerization of retinol in the presence of BSA or
apoCRBPI. (A) HPLC spectrum of the ethanol stock of all-trans-
retinol used in experiments B-D. (B) Twenty micromolar all-trans-
retinol was solubilized using CRBPI and incubated at 4°C in the
light. After 2 days, retinoids were extracted with hexane and
analyzed by HPLC. (C) Same as B, except CRBPI was substituted
for BSA. (D) Same as B after 4 weeks of incubation. Retinoids in
the control mixture were largely degraded after 4 weeks (data not
shown). HPLC chromatograms were extracted at 325 nm. Peaks
are numbered as follows: 1, 13-cis-retinol; 2, all-trans-retinol; 3,
9-cis-retinol. Inset: absorbance spectrum of peak 3 with aλmax of
322 nm, which matches theλmax of standard 9-cis-retinol in the
mobile phase of HPLC.
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than would be expected from the 1:1 binding stoichiometry.
It is possible that some retinal was lost during gel-filtration
because of the lower binding affinity of CRBPI for all-trans-
retinal compared to that of all-trans-retinol. To our knowl-
edge, the extinction coefficient for CRBPI-bound retinal has
not been reported, and other investigators used retinal
premixed with CRBPI in the cuvette for activity measure-
ments (33, 34).

To determine the effect of CRBPI on the reduction of all-
trans-retinaldehyde, we incubated the microsomes containing
wild-type RDH12 with all-trans-retinal and 0.5- to 20-fold
molar excess of CRBPI (Figure 6). At a∼1:1 molar ratio of
CRBPI to retinal, the initial rate of retinal reduction was as
high as∼60% (48 (nmol/min)/mg) of the rate in the absence
of CRBPI (Figure 6). At a 10-fold molar excess of CRBPI
over retinal, RDH12 was still able to reduce retinaldehyde,
albeit at a reduced rate (∼19 (nmol/min)/mg). From the
reportedKd value of CRBPI for retinaldehyde of 50 nM (9)
and the concentration of retinaldehyde (2µM) and CRBPI
(20 µM), we calculated that the concentration of free
retinaldehyde in the reaction was∼0.006µM. This concen-
tration of free retinaldehyde could support a reaction rate of
∼13 (nmol/min)/mg. Thus, the activity of RDH12 in the
presence of a 10-fold molar excess of CRBPI (∼19 (nmol/
min)/mg) could be largely explained by the presence of free
retinaldehyde in the reaction mixture. These experiments
suggested that RDH12 utilized unbound all-trans-retinoids
in the reductive as well as the oxidative direction.

Effect of CRALBP on RDH12 ActiVity toward 11-cis-
Retinoids.CRALBP was reported to have a mild inhibitory
effect on the activity of RDH12 toward 11-cis-retinoids (1),
suggesting that RDH12 might utilize CRALBP-bound ret-
inoids as substrates. However, the concentrations of 11-cis-
retinoids mixed with CRALBP in the assays were rather high
(∼20-30 µM) and, because of the highKd values of
CRALBP for 11-cis-retinoids (g21 nM), the concentrations
of unbound 11-cis-retinoids in the reactions might have been
sufficient to support the observed rates.

To determine whether RDH12 could utilize CRALBP-
bound 11-cis-retinoids, we assayed RDH12 activity toward
1 µM 11-cis-retinal or 11-cis-retinol in the presence of

increasing concentrations of CRALBP. At a 1:1 ratio of
CRALBP to substrate, the rate in the reductive direction was
∼72% of the rate without CRALBP, and the rate in the
oxidative direction was 82% of that without CRALBP.
However, a 2-fold molar excess of CRALBP over retinoid
strongly inhibited RDH12 activity in both directions (Figure
7).

To exclude a possibility that the excess of apo-CRALBP
acted as a competitive inhibitor of holo-CRALBP reduction,
CRALBP was saturated by 11-cis-retinal, and holo-CRALBP
was purified as described previously (11). From theA280/
A425 absorbance spectral ratio, the CRALBP-binding stoi-
chiometry was determined to be∼1:1 (11), indicating that
holo-CRALBP did not contain any significant amount of apo-
CRALBP. Nevertheless, the rate observed with 1µM holo-
CRALBP (∼190 (nmol/min)/mg) was still much lower than
the rate observed with 1µM free 11-cis-retinal (∼1200
(nmol/min)/mg). The higher rate of retinal reduction obtained
in the reaction where CRALBP was mixed with 11-cis-retinal
directly in the cuvette without further purification was, most
likely, due to the greater concentration of unbound retinoid.
Using theKd value for CRALBP of 21 nM, we calculated
that at 1µM holo-CRALBP and∼1:1 binding stoichiometry
(established from theε280/ε425 ratio of 2.8 as described
previously (11)), the concentration of unbound 11-cis-retinal
in the reaction would be∼0.14 µM. At this concentration
of 11-cis-retinal, the theoretical rate of RDH12 catalyzed
reaction was estimated to be∼700 (nmol/min)/mg. Thus,
the amount of unbound 11-cis-retinal in the reaction was
sufficient to support the observed rate.

As a positive control for utilization of CRALBP-bound
11-cis-retinaldehyde, we used RDH5 (also known as 11-cis-
retinol dehydrogenase) (35). A microsomal preparation of
human RDH5 exhibited only a 5.3% reduction in the rate of
11-cis-retinol oxidation after the addition of 5µM CRALBP
to 5 µM 11-cis-retinol (360 (nmol/min)/mg) compared to
the reaction in the absence of CRALBP (380 (nmol/min)/
mg). The Km value of RDH5 for free 11-cis-retinol was

FIGURE 6: RDH12 activity toward all-trans-retinal in the presence
of CRBPI. The formation of all-trans-retinol from 2µM all-trans-
retinal (atRal) was measured in the presence of increasing concen-
trations of CRBPI (0-40 µM). The 0.5-mL reactions were carried
out with 0.3µg of RDH12-containing Sf9 microsomes for 10 min
at 37 °C. The result shown is representative of at least three
independent experiments.

FIGURE 7: RDH12-His6 activity toward 11-cis-retinoids in the
presence of CRALBP. Effect of CRALBP on the conversion of
11-cis-retinol (black bars) or 11-cis-retinal (white bars) by RDH12
was determined at 1µM substrate and 0.5-4 µM CRALBP. The
amount of enzyme used in the oxidative reactions was 0.04µg. In
the reductive direction, 0.01µg of the purified RDH12-His6 was
used. The reactions were performed in 1 mL volume with 1 mM
NADP+ or NADPH as cofactors; samples were incubated at 37°C
for 10 min.
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reported to be∼7.5 µM (11). ThisKm value is much higher
than the correspondingKm of RDH12 (0.16µM). Binding
to CRALBP would significantly lower the concentration of
free 11-cis-retinol. Therefore, the lack of inhibition by
CRALBP could be explained only if RDH5 utilized the
CRALBP-bound 11-cis-retinol as substrate, as suggested
previously (36, 11).

Expression Pattern of RDH12 mRNA in Human Tissues.
To determine whether RDH12 is present in extraocular
tissues and whether its activity in these tissues could be
influenced by CRBPI, we determined the expression profile
of RDH12 versus CRBPI using quantitative RT-PCR.
Relative to the liver, RDH12 had the highest expression level
in the retina followed by the kidney and pancreas (Figure
8). Much lower amounts of transcript were detected in the
other tissues as indicated by high cycle threshold values (data
not shown). No detectable RDH12 expression was observed
in the heart and skeletal muscle. This expression pattern of
RDH12 was quite distinct from that of other related SDRs
(17, 37).

CRBPI was expressed in the majority of tissues at much
higher levels than RDH12 based on the lower cycle threshold
values (data not shown). The CRBPI transcript was most
abundant in the ovary and pancreas and was not detectable
in the peripheral blood leukocytes (Figure 8). The kidney
tissue contained slightly more RDH12 than CRBPI relative
to GAPDH as determined by the difference in cycle threshold
values (∆CTGAP-CRBPI or ∆CTGAP-RDH12). In contrast, ovary
tissue contained considerably more CRBPI than RDH12.

Previously, it was shown that, at the level of protein,
CRBPI was most abundant in the human ovary followed by
testis, pituitary, adrenal gland, and liver (38, 39). Pancreas
was not included in the previous studies (38, 39). In general,
the distribution of CRBPI mRNA determined here was
similar to the distribution of CRBPI protein reported earlier.
Some discrepancy between the CRBPI mRNA and protein
amounts could be due to tissue-specific differences in the
regulation of its mRNA or protein levels (40). In general,
CRBPI was found to be coexpressed with RDH12 in most
human tissues.

DISCUSSION

Enzymes that are active toward retinoids are found in the
cytosolic and microsomal fractions of the cells (reviewed in
ref 41). The cytosolic activity has been linked to the members
of the alcohol dehydrogenase (ADH) (42-44) and aldo-keto
reductase (AKR) superfamilies (45). The microsomal activity
has been linked to the members of the SDR superfamily (46-
50). ADHs are NAD+-dependent enzymes that are believed
to function in the oxidative direction in vivo, whereas the
NADP+-dependent AKRs are believed to function in the
reductive direction. The SDR superfamily includes both the
NAD+- and NADP+-dependent enzymes. All of the currently
known cytosolic ADH and AKR enzymes have been purified
and characterized. In contrast, very few microsomal SDRs
have been purified to homogeneity (11, 17, 28), which
impedes the comparison of their catalytic properties with
those of other retinoid-active SDRs, ADHs, and AKRs.

In this manuscript, we present the first biochemical
characterization of purified human RDH12, an enzyme that
belongs to the new subfamily of SDRs comprised of at least
four proteins, RDH11/RalR1/PSDR1, RDH12, RDH13, and
RDH14/PAN2 (1, 16, 37). RDH11 and RDH14 both
recognize all-trans- and cis-retinoids as substrates, but
RDH13 appears to be inactive toward any of the tested
compounds (1). Similar to RDH11 and RDH14, RDH12
characterized in this study exhibits a much greater (∼2000-
fold) affinity for NADP+ and NADPH than for NAD+ and
NADH. However, at saturating concentrations of cofactors
(millimolar), the reaction rate of RDH12 in the reductive
direction is∼2.6-fold higher with NADH than with NADPH.
The same is true for RDH11 (17). Thus, if RDH12 and
RDH11 activities were assayed in tissue samples at milli-
molar concentrations of cofactors, NADH would appear as
the preferred cofactor for both enzymes.

RDH12 exhibits very low apparentKm values for retinoids
and is most efficient in the reductive direction with all-trans-
retinaldehyde as substrate followed by 11-cis-retinaldehyde.
Thus far, RDH12 is the most efficient retinaldehyde reductase
among the characterized SDRs with thekcat/Km value for the

FIGURE 8: Human tissue expression profile of RDH12 and CRBPI. SYBR green real-time quantitative RT-PCR was carried out using 200
pg of cDNA from the indicated tissues or 12.5 pg of retina cDNA and primers specific for human RDH12, CRBPI, and GAPDH. RDH12
and CRBPI expression was normalized to GAPDH and presented as a relative expression or fold difference (∆) to the expression level in
the liver for each gene, which was set to one. Data represent the average( standard deviation of the triplicate real-time PCR within one
experiment and are representative of three other experiments.
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reduction of all-trans-retinaldehyde∼6-fold higher than that
of RDH11 (ref17 and this study).

RDH12 recognizes only the unbound forms of all-trans-
and 11-cis-retinoids. CRBPI strongly inhibits the oxidation
of all-trans-retinol by RDH12 but has little effect on the
reduction of all-trans-retinaldehyde, in accord with the much
higher binding affinity of CRBPI for all-trans-retinol than
for all-trans-retinaldehyde. Similarly, CRALBP, which has
a higher affinity for retinaldehyde, sequesters 11-cis-retinal-
dehyde from RDH12 more efficiently than 11-cis-retinol. The
exclusive recognition of free 11-cis-retinoids as substrates
distinguishes RDH12 from RDH5, which is believed to
oxidize CRALBP-bound 11-cis-retinol (36).

Tissue distribution of the RDH12 mRNA suggests that
this enzyme is most highly expressed in retina (this study),
where it is localized specifically in photoreceptors (1).
Photoreceptors lack either CRBPI (51) or CRALBP (52, 53).
Although RDH12 is highly active toward 11-cis-retinoids
and CRALBP cannot interfere with its activity in photo-
receptors, it is unlikely that RDH12 is involved in the
metabolism of 11-cis-retinoids, because according to the
current model of the visual cycle, 11-cis-retinol is produced
and oxidized in the retinal pigment epithelium (RPE)
(reviewed in ref54) and 11-cis-retinal that diffuses into
photoreceptors from RPE is likely to be sequestered by opsin
in the outer segments of photoreceptors before it can reach
RDH12. The most obvious retinoid substrate for RDH12 in
photoreceptors is all-trans-retinaldehyde, which forms in
large quantities by the photoisomerization of 11-cis-retinal-
dehyde.

In addition to RDH12, photoreceptors contain three other
microsomal SDRs, retSDR1 (48), prRDH (49), and RDH14
(1), which can also reduce all-trans-retinaldehyde in vitro.
The contribution of retSDR1 and RDH14 to the reduction
of all-trans-retinaldehyde in vivo is not yet clear, but prRDH
(RDH8) was recently shown to have a rather minor role (55).
Ethanol-active ADHs do not appear to play a role in
photoreceptors, because high doses of the ADH inhibitor
4-methylpyrazole are not toxic for these cells (56). The
contribution of retinoid-active AKRs to retinoid metabolism
in photoreceptors has not yet been investigated (57). Thus
far, of all photoreceptor-associated retinoid oxidoreductases,
only RDH12 has been genetically linked with retinal
degeneration in humans (2, 3).

RDH12 mRNA is also expressed in several extraocular
tissues such as kidney, pancreas, liver, and prostate. As
shown in this and previous studies (38, 39), all of these
tissues contain CRBPI, which can sequester all-trans-retinol
but not all-trans-retinaldehyde from RDH12. Thus, RDH12
could catalyze the reduction of retinaldehyde in extraocular
tissues. All-trans-retinaldehyde could come from the sym-
metrical cleavage ofâ-carotene catalyzed by the locally
expressedâ-carotene monooxygenase (reviewed in ref58).
The role of RDH12 in the reduction of retinaldehyde is
consistent with its high affinity for NADPH as a cofactor,
because in the liver cytosol and presumably other tissues
with the exception of retina (59), the concentration of
NADPH is about 100-fold higher than the concentration of
NADP+ (60).

Like mouse RDH11/SCALD, human RDH12 efficiently
reduces unsaturated medium-chain aldehydescis-6-nonenal
and trans-2-nonenal. This property distinguishes RDH12

from the human RDH11 (this study) and prRDH (18), the
only other SDRs that were tested with C9 aldehydes.
Unsaturated aldehydes are toxic to cells because they
combine spontaneously with glutathione and with cysteine,
histidine, and lysine residues in cellular proteins and display
a variety of cytotoxic and genotoxic effects (19, 61). These
aldehydes are produced by lipid peroxidation of unsaturated
fatty acids and can reach high concentrations (up to the
millimolar range (19)) in tissues undergoing oxidative stress.
Photoreceptors are especially vulnerable to oxidative damage
because they contain rhodopsin and the highest content of
docosahexaenoic acid (22:6,n - 3) of any cell type (62,
63). Aldehydes can be detoxified through one of the
following pathways: (1) enzymatic conjugation with glu-
tathione catalyzed by glutathioneS-transferase, (2) reduction
to corresponding alcohols by aldo-ketoreductases or alcohol
dehydrogenases, and (3) oxidation to acids by aldehyde
dehydrogenases (64-66). The kinetic parameters of RDH12
for C9 aldehydes (Km < 1-20 µM and Vmax between 1000
and 2000 (nmol/min)/mg) are comparable to those of other
enzymes implicated in detoxification of these aldehydes, such
as human aldehyde dehydrogenase ALDH3A1 (Km values
of 0.5-155µM andVmax values of∼500-5000 (nmol/min)/
mg) (67). These observations suggest that RDH12 might
contribute to detoxification of medium-chain aldehydes in
the cells with active lipid peroxidation. It will be interesting
to see whether RDH12 knockout mice have defects only in
the visual cycle or whether they have elevated levels of
peroxidic aldehydes as well.
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