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ABSTRACT: 9-cis-Retinoic acid activates retinol receptors, which serve as heterodimeric partners with
other nuclear hormone receptors, yet the enzymology of its physiological generation remains unclear.
Here, we report the identification and molecular/enzymatic characterization of a previously unknown
member of the short-chain dehydrogenase/reductase family, CRA®®2{inoid/androgen dehydrogenase,
type 3), which catalyzes the first step ircB-retinoic acid biosynthesis, the conversion etig-retinol

into 9-cisretinal. CRAD3 shares amino acid similarity with other retinoid/steroid short-chain dehydro-
genases/reductases: CRAD1, CRAD2, and RDH4. Relative to CRAD1, CRAD3 has greaeet®ol/
all-trans-retinol discrimination and lower efficiency as an androgen dehydrogenase. CRAD3 has apparent
efficiency (V/Ky) for 9-cis-retinol about equivalent to that for CRAD1 and 3 orders of magnitude greater
than that for RDH4. (CRAD2 does not recognizeiS+etinol as a substrate). CRAD3 contributes to
9-cis-retinoic acid production in intact cells, in conjunction with each of three retinal dehydrogenases that
recognize %isretinal (RALDH1/AHD2, RALDH2, and ALDH12). Liver and kidney, two tissues
reportedly with the highest concentrations ofi8+etinoids, show the most intense mRNA expression of
CRAD3, but expression also occurs in testis, lung, small intestine, heart, and brain. These data are consistent
with the participation of CRAD3 in the biogeneration otB-retinoic acid.

Vertebrates require retinoids biosynthesized from retinol eration would be controlledJnderstanding 9cRA biosyn-
(vitamin A) for vision, reproduction, embryogenesis, inter- thesis and its control seems essential to understanding the
mediary metabolism, and the maintenance of normal epi- precise functions of RXR and the mechanisms that regulate
thelia, bone, nerves, and immunity, (2). The retinol RXR-controlled genes.
metabolite atRA satisfies all known retinoid endocrine Androgens virilize through programming the formation
functions, primarily by activating the three nuclear receptors and maturation of reproductive organs and the development
RARaq, f, andy (3, 4). The isomer 9cRA controls the distinct  of secondary sex characteristi€3. (Testes produce the potent
receptors RXR, 3, andy, which alter functions of several  androgen testosterone, whereas prostate and other tissues
other nuclear receptors through heterodimerization, including convert testosterone into the potent androgen DHY (
RAR, VDR, and PPAR. These heterodimers seem to require Testosterone directs internal male genitalia formation. DHT
only the non-RXR ligand for maximum activation, if present programs embryonic external sex organ development and the
in sufficient concentration. 9cRA increases heterodimer phenotypic changes of male puber8).(Both testosterone
activation when non-RXR ligand concentrations fall below and DHT bind to and activate the androgen receptor.
maximum. Nevertheless, 9cRA and its analogues may affectReduction of its 3-oxo functional group converts DHT into
disease progression, including noninsulin-dependent diabeteg-adiol, which lowers its affinity for the androgen receptor
mellitus ©). This suggests that endogenous 9cRA has 5-fold, greatly reducing its potency as an androgen. SDR
fundamental effects in vivo and, therefore, that its biogen- can further inactivate 3-adiol through A-dehydrogenation
into the very low-activity androsterone or regenerate DHT

* This work was supported, in part, by Grant DK47839 from the from 3-adiol through 8-dehydrogenationX-11).

NI!;':I'he nucleotide sequence of CRAD3 has been submitted to The SDR enzyme superfamily Compr_ises more than. >0
GenBank under accession number AF372838. ammgl enzymes that control the activities of prostanoids,
* Corresponding author. Phone: 510-642-0908. Fax: 510-642-0535. Steroids, and retinoid4g, 13). SDR share conserved cofactor
E-ng:b rjg\%gigﬂ;r)kzkaglgel%ﬁgg.aldehyde dehydrogenase, type 2: Einding Isites,I cfatalytic reisidues, anc?j tertir:tjry structuresftbut

) : ; Mol _ : » have relatively few strictly conserved residues. SDR often
gigﬁg" %;';igfggfﬁgﬁ ﬁ'g:;(?rgizgfg?fgl%?;f?r?ggrﬁ?eféz7 5 are multifunctional; each may catglyze mgtabolism of Qistinqt
androstan-8-ol-17-one; CRAD cis-retinol/androgen dehydrogenase; —substrate types. An SDR subfamily, sharing close amino acid
DHT, (dihydrotestosterone)psandrostan-17-ol-3-one; HSD, hydroxy- identities, catalyzes eithémrans or cis-retinol and androgen

steroid dehydrogenase; atRAll-transretinoic acid; 9cRA, %is- ; ;
retinoic acid; RALDH, retinal dehydrogenase; RDH, retinol dehydro- dehydrogenation aBHSD. These enzymes could serve in

genase; SDR, short-chain dehydrogenase(s)/reductase(s); testosteront)€ Visual cycle or generate th_e endocrine factors atRA and
4-androsten-17-ol-3-one. 9cRA or to reactivate 3-adiol into DHTL, 15).
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Here, we report the isolation of a cDNA that encodes a ug of protein and 410 min). Protein was measured by the

previously unknown SDR (CRAD3), the enzymatic charac-
teristics of CRAD3, and its mRNA expression patterns.
CRAD3 has an efficiencyWKm) equivalent with that of
CRAD1 but a much higher activity than other SDR (CRAD2
and RDH4) that catalyze the dehydrogenatiogiefretinols
(16—20). In addition, CRAD3 has lower efficiency as a-3
HSD than either CRAD1 or CRAD2. CRAD3 functions in
intact cells in conjunction with each of three RALDH isomers
active with 9¢is-retinal to produce 9cRA and is expressed
in tissues that express RXR4, 21, 22). These characteristics
are consistent with CRAD3 contributing to c®-retinol
metabolism in vivo.

EXPERIMENTAL PROCEDURES

Library Screening.A 129 SvJ mouse genomic DNA
library was screened through three rounds witff][abeled
374 base-pair probe consisting of RoDH2 nucleotides 11
384 (3). Hybridization was done at 42C overnight.
Membranes were washed in2SC and 0.5% SDS at room
temperature for 20 min, followed by two washes ¥x55C
and 0.1% SDS at 65C for 1 h each time. Five positive
plagues were identified. DNA from one was isolated
(QIAGEN lambda maxi kit), and digests were analyzed by

southern blot with the same probe used for library screening.

The smallest fragment generated by digestion vi#toRI

(2 kb) was subcloned and sequenced. It contained nucleotide

1—-394 of the final cDNA of CRADS.
cDNA Isolation. A ~2.7 kb EST clone (ATCC no.

method of BradfordZ4). Products were quantified by HPLC
(retinals) or TLC (steroids), as describdd). Data were fit
with nonlinear regression analyses using the computer
program Graph Pad Prism.

CRAD1 versus CRAD3.To compare the activities of
CRAD3 and CRAD1, CHO cells were transfected with 8
ug of pcDNA3 (mock transfection), pcDNA3/CRAD3, or
pcDNA/CRAD1 and 0.1ug of the luciferase expression
vector pGL3. The 10 0@Psupernatants were used to measure
enzyme and luciferase activity. Luciferase activity was
measured with the Promega Luciferase Assay System ac-
cording to the instructions. Data were normalized to trans-
fection efficiencies of 89% for CRAD3 relative to CRADL1.

Whole Cell Assay<CHO cells in six-well tissue culture
plates were cotransfected with combinations of pcDNA3
(mock transfection), pcDNA3/CRAD3, pcDNA3/ALDH12,
pcDNA3/RALDH, pcDNA3/RALDH2, and the luciferase
expression vector pGL3. Twenty-four hours after transfec-
tion, 9<is-retinol in dimethyl sulfoxide (5«L) was added
to the cells at a final concentration oM. One hour later,
cells and medium were harvested independently. Cells were
lysed in a lyses buffer. Aliquots of the cell lysates were used
to measure protein by the Bradford meth@#)(and by
luciferase activity, as described previously. To measure
9cRA, 20% of each cell lysate was combined with 20% of
its medium to give a total volume of 1.2 mL. To each sample

Was added 2.5 mL of 0.025N KOH/ethanol, and neutral and

basic lipids were extracted with hexane (6 mL). The aqueous
phases were acidified with 0.15 mif 4 N HCI, and 9cRA

1895114) has a sequence identical with that in the 2 kb \ya5 extracted with hexane (6 mL). This hexane phase was
fragment. The EST insert was resequenced, and its codingeyaporated with a stream of nitrogen, and the residues were
region was PCR-amplified with primers identical to the {issolved in hexane (0.1 mL). 9cRA was quantified by

translation start and stop codons. A Kozak sequence, normal-phase HPLC eluted with 97% hexane (containing

GCCGCCACC, was added to the sense primer immediately 3504 acetic acid) and 3% dichloroethane, as descrié®d (

before the translation start coddsanH| and Xbad recogni-
tion sites (underlined) were added to thebds of the sense
and antisense primers: CGGGATCCGCCGCCACCAT-
GTGGCTCTTTCTAGTGGCACTG and GCTCTAGATCA-
GAGGGCTTTCTCAGGCTTCAG, respectively. This gen-

Data were normalized to the amount of protein and for
transfection efficiencies.

Northern Blot.A 455 base-pair probe corresponding to
nucleotides 21792625 of CRAD3 was generated by PCR
with the sense primer CTCCTCTTCTCTCAGTAG and the

erated a 979 base-pair fragment, which was cloned into antisense primer TATACCCTGCAGCATGAC. The probe

pcDNA3 to produce pcDNA3/CRADS3.

Expression of CRADZHO cells were cultured in Ham’s
F-12 medium (10 mL) supplemented with 10% fetal calf
serum (2x 10° cells/100 mm dish) at 37C under 5% CQ
Unless stated otherwise, after 24 h {#0D% confluence),
cells were transfected with 8g DNA/dish of pcDNA3/
CRAD3 or pcDNA3 complexed with LipofectAMINE (Life
Technologies, Inc.). CHO cells from a single transfection

was labeled wit#?P by random priming and hybridized to

a multiple tissue northern blot membrane (Clontech) contain-
ing 2 ug of poly(At) RNA per lane. Prehybridization was
done in 10 mL of ExpressHyb solution at 88 for 30 min.
Hybridization was done in 15 mL of fresh ExpressHyb
solution with a f?P]labeled probe at 68C for 1 h. The
membrane was washed ix®SC and 0.05% SDS at room
temperature for 40 min and then was washed twice in

were harvested 24 h later and were lysed by sonication in a0.1xSSC and 0.1% SDS at 5 for 40 min. Signals were

lyses buffer (20 mM Hepes, 150 mM KCI, 1 mM EDTA,
10% sucrose, and 2 mM dithiothreitol (pH 7.5)). Kinetic

detected by autoradiography.
RT-PCRMouse poly(A}- RNA (250 ng), purchased from

values were obtained with the supernatant produced by aSigma, was used for reverse transcription with the Thermo-

10 00@ spin for 10 min.
Enzyme Assayblnless stated otherwise, retinol and sterol

Script RT-PCR system (Life Technology). cDNAs were
diluted 10-fold, and JuL of each diluted stock was used.

dehydrogenase assays were done with radioinert retinoidsAmplification was done for 2 min at 94C and forX cycles

or [®H]steroids with 2 mM NAD at 37°C in 20 mM Hepes,
150 mM KCI, and 1 mM EDTA at pH 8. Initial screening
for candidate substrates was done with-20 ug of protein
and for 10-20 min (i.e., not necessarily under linear
conditions).Kn, values were obtained under initial velocity
conditions (linear rates with protein and time; i.e., at®

of 30 s at 94°C, 30 s at 55°C, and 40 s at 72C (with a
final incubation for 7 min at 72C) with the same primers
used for amplification of the northern probe. Different
numbers of cycles were used to define optimal conditions
for linearity. The analysis was done with 30 cycles for
CRAD3 and 26 cycles fop-actin. As a negative control,
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GCCTA 5
CACCTTCCTGTGTGAGCAGAGGCCAGGCTCATTTTGACACCGAGTATCTCTCTCTCTGCTTGGCTTCTACARACT 80
ATGTCGCTCTTTCTAGTGGCACTGGTGGGCCTTTGGACTCTCCTGTGCTTCTTCAGGGAGAGGCAGGTGGTGAGC 155

M W L F L VALV GG L WTUL UL CVFFUREI RIGQV V S 25
TATCTCCAAGACAAGTATGTCTTCATCACGGGCTGTGACTCTGGCTTTGGGAACCTGCTGGCCAGACAGCTGGAC 230
Yy L 0 D|K Y Vv F I T 6 C D S G F G|N L L A R Q L D 50
AGGAGAGGCATGAGAGTGTTGGCTGCATGTCTGACGGAGAAGGGAGCCGAGGAGCTGAGGAACAAGACATCTGAC 305
R R 6 M R V L AA C L TEZKSGAETETLR® RIDNIEKT S D 75
AGGCTGGAGACAGTGATCCTGGATGTCACCAAGACAGAGAGTATTGTGACAGCCACTCAGTGGGTGAAGGAGCGT 380
R L ET vV I LDV TZXTESTIUVTATIQWV KE R 100
GTTGGCAACAGAGGACTCTGGGGCCTGGTCAACAACGCTGGCATCTCCATCCCCTCGGGTCCCAACGAGTGGATG 455
vV G N|R 6 L W G L V N NA /I S I P S G P N E W M 125
AAGAAACAGGACTTTGCACATGTACTGGATGTGAACCTGTTGGGCTTGATCGAGGTGACTCTGAGCATGCTGCCC 530
K K @ p[F A H VL DV N TL L GULTIZEVTHL |s M . p 150
TTAGTGAGGAAGGCAAGGGGTCGTGIGATCAACGTCGCCAGIGICTIGGGCCGAGTATCTTIGIGTGGTGGTGCT 605
L VR KA R[6E RV INUVZXETGS]VLGRUVSLCGG A 175
TACTGCATCTCTAAGTATGGIGTAGAGGCCTTCTCAGACTCCCTCAGGAGGGAGCTCTCCTACTTTGGGGTGAAG 680
Y Cc I S KUY G|VE® ATFSTDSTLRRTETLS Y F G|V K 200
GTGGCTATTATAGAGCCTGGCTTCTTCCTGACCGGTGTGACCAGTAGTGCCAGATTATGCTCARAATACCCAGATG 755
Va1 1P G F F L T G V]T S SAURTILTZCSNT QM 225
CTGTGGGACCAGACCAGCTCAGARATCAGGGAGATCTATGGCGAGAAGTACCTGGCATCCTATTTGARAAGGCTA 830
L Wb TS SETIURTETI VY GEI K YL AS YL KR L 25
AACGAATTGGACAAGAGGTGCAACAAGGACCTGTCTTTGGTGACTGACTGCATGGAGCATGCTCTGACTGCCTGT 905
N E L b K R ¢ N KDL S L VT DU CMEUHA ATLTA C 275
CACCCTCGTACCCGATACTCAGCTGGCTGGGATGCTAAGCTCTTCTACCTCCCCTTGAGCTACCTGCCTACCTTT 980
H PR TR Y S A GWUDA AIZKTLT FYTLU®PUL S YL P T F 300
CTTGTGGATGCCCTTCTCTATTGGACTTCCCTGAAGCCTGAGARAGCCCTCTGACGTGTTCACCTATGTGCATAC 1055
L VvV DAL L Y W T S L K P E KA L * 317
CTGGGGAGATGTAGGTAGAGTTTGAGAGAGAGAATATTTAGGGGAAATTTGGAGGGTTGAGGGAGGGAGTTTATT 1130
ACTCTGGGGTTCTAGTCAACACACTTCATCTCATTAATTCTCCTATGACACTACTGAAGACTGATGATGACCAAA 1205
GAAATAGGCAAAGAATTCTGCCAAGGGATTCAGTTACAAGAGATCTGGCTGTTGCCCAGACTATGAACATCATGG 1280
CTACCATGAAGGTTGACACAGATGAAGAGGTTGGGACCAGCTTTGTGCCAAGCACTCTTCTGTGTCCTCCTCTGC 1355
AAGGARATGCACATGCCCTGGCTAGTTTARAGCCCTATGCAGCATGGAAGTGTCCCTGCTCTGCAGTCACCTCTG 1430
TCCATGGTATARAGTCTGAGGGAGTCACTAATAATGCCAGCACCCATTCCCTGGAGTCAGCTTGCCAGCCTCTGC 1505
GTGGAAGGTTCAGTTCCTGGTGGTGAAAGCTAGCARAGGATGGAGACACCAATTTTTCATTTATATTGARATCAT 1580
GGGTTTCTTTCTCTTCTTCTTTTTTTTTGTCACTTCTTATTTTTARAGGTAATATGAGGTGATCTCTGTTGCTCT 1655
GCGTTTTGAAGTATGGCTTTACCCTTTAGTGARATTTGGAACACAGAGGTAAAGGGAATGTCCTGAGAAGGATTG 1730
GCACAGGCCAGCAGTTACTTTCTTTGACTGTCTCATCCCTTCCTGCCAGTGAGTGGGAACAACTGCTCTCCATTT 1805
AAAACTTAATAATAACACATAAGGCAGAAGCCTGTGCATGCAAGTCCATGGACAGAATTTACCTGTAGGCCTCAG 1880
CTTCACAAGTTCCTTTTCTGTAGAATCACTAAGTGACCATCCCTCCCTGAARACTAACTATGTCACCATATACAG 1955
AGTATCCTTCTCAACACTAATTTTTCATATTTTGGGAATTTTTCARAAGAGCAAGGGTCTTGAACTTCCCATGGC 2030
CTCTGAGATCTGGCTCTGCCTGCTGCTAGGTTGGTGAGTCTTAAGAGTAGGCTGAGCAGGGARATCATGTGTGGA 2105
AGAGACAGAGAATCCTGGGCTCAATACAGATGTGCCCTGGGGAGGGGTTCCCATAGATGCCTGACTCCTCTTCTC 2180
TCAGTAGAAATGTGGGGGAAGAGGGGACGCAGGAGAAACTTGTARATARAACGATGATTTCTGGGTTAATGAARAT 2255
AGBRAATTCCTCTACCCTATCAGTTGCATGGTCATTCATTTTACCTATGT TATTTTGAGAGTTTGTTTTAGGACCA 2330
PTGAGCATATTTGTGTGTACCTGTATGGTACATGTGTGGGAGAGCCTTCAGAGATGGGAAGGTGTGGAGAGCCGT 2405
GCCGCGAGCAATCGCGTGTGTGCCGTGAGCAATCGCCATTATAAGATGGTGCTGGCTTCCATTGTGCCTAACTAG 2480
TAAACAAGTCTTATGCGCAAGTGCAAGAGTGAACTCACGCCTAGTCACTGCCCATCTCGTAGCATAGTAATGGGG 2555
TGATGGGCGAGCAACGGATCAGGAGCTGTCACGCCACATCAGGTGCTGAAACGTCATGCTGCAGGGTATATAAGC 2630
AGCACCATTTTCCCGGTTCGGGGTCTTCCCTCCTGATAAGTAAGCAATAAAAGCTTTGCCACAGAAGARARAARAAR 2705
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 2738

Ficure 1: Nucleotide and deduced amino acid sequences of CRAD3. Boldface indicates the start codon and an asterisk denotes the stop

codon. Boldface also indicates the amino acids that are conserved in most SDR family members. The boxed areas indicate the six motifs
characteristic of steroid/retinoid metabolizing SDR)(

RNA without reverse transcription was subjected to the same CRADL1, but the last 400 base pairs had only 25% identify

PCR reactions and program used for CRADS3. with CRAD1. The coding region of this EST was used to
s construct pcDNA3/CRADS, which has a deduced amino acid
ESULTS sequence that contains the six motifs characteristic of

cDNA and Amino Acid Sequencd@a isolate a genomic retinoid/steroid metabolizing SDRL?) and 20 of the 23

clone of a mouse ortholog of rat RoDH2, a 129 SvJ mouse €sidues conserved in 780% of SDR (3). These in-
genomic DNA library was screened with a probe homologous ¢!Ude the cofactor-binding residues I(X)sGXG, the
among rat RoDH1, 2, and 3 (nucleotides-BB4 of RoDH2). ~ G(X)sL'*XNNAG motif, and the catalytic residues
One of the five plagues identified was analyzed. It contained S**1X)1.Y(X)SK (Figure 1). The SDR was closest in amino

a nucleotide sequence identical to part of an insert in an ESTacid identity and similarity with mouse CRAD1 and rat
clone. The EST contained-8/ TR, the entire coding region, RoDH2 but had less similarity with other SDR that metabo-
and the entire '3UTR of an uncharacterized SDR. The first lize retinoids and androgens (Table 1, Figure 2). Each of
1300 base pairs of the'-BITR had 85% identity with the enzymes in Table 1, however, has different substrate
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Table 1: Amino Acid Homologies and Retinol Preferences of SDR That Catalyze Retinoid and Steroid Metabolism
amino acid homology

species enzyme % identity % similarity retinol specificity
mouse CRAD3 100 100 1dis = 9-cis (no all-trans activity)
mouse CRAD1 95 98 1tis = 9-cis (weakall-trans activity)
mouse RDH1 89 93 all-trans > 9-cis
rat RoDH2 85 90 all-trans > 9-cis
mouse CRAD2 81 89 1tis active (wealall-trans and 9¢is)
rat RoDH1 80 87 all-trans > 9-cis
rat RoDH3 80 87 all-trans > 9-cis
mouse RDH4 51 66 1tis = 9-cis (weak)= all-trans
———mCRAD2(rdh7) > = T T T T —
rRoDHI1 32 100: ]
L ropi3 -, - ]
mCRADI(rdh6) 2 !
mCRAD3 (rdh9) © 50 ] ]
mRDH1(rdh1) e f
rRoDH2 2,:3 . . . ; . L
hRDH-E “6.5 7.0 7.5 8.0 85 9.0
_Eml7BHSD9 (rdh8) pH
r17BHSD6 Ficure 3: pH effects on CRAD3 activity. @is-Retinal production
hRoDH was measured from BM 9-cis-retinol with 20ug of protein for
b11-cis-RoDH 10 min.

hRDHS5(rdh5)
mRDH4(rdh4)

hPR-RDH

mretSDR1
m118HSD1

m3BHSDI

h3aHSD

Ficure 2: Evolutionary relationships among mammalian SDR that ]
catalyze retinoid and steroid metabolism. The abbreviations used 0010 S P S T
are (b) bovine, (h) human, (m) mouse, and (r) rat. AH43D9 and 0 5 10 15 20
r178HSD6 are not orthologs, whereas mRDH5, mRDH4, and b11- retinol (“M)
cis-RoDH are orthologs. hRoDH does not appear to be an ortholog e
of rRoDH or mRDHL1. ' '

V/Vm

specificities, despite similar amino acid sequendes-@0,
23-29). 0.50
Enzymatic Actiity. The supernatant of CHO cells trans- ]
fected with pcDNA3/CRAD3 was used in a screen to identify 0.25 ]
candidate substrates, with arbitrarily chosen amounts of
protein and time, and 2 mM NAD The respective retinol 000, . . ..., e
substrates (5uM) generated 1bisretinal (1000+ 16) 0 2 4 6 8
(pmol/assay+ SD, n = 3), 9<isretinal (496+ 16), and sterol (uM)
13<isretinal (100+ 8). Noall-transretinal production was  Figure 4: Kinetics of CRAD3. Graphs show representative data
detected fromall-transretinol under the same conditions. from the most active retinol and sterol substrates: (top panel) 11-
With 3-adiol and androsterone (BV each), 1000 pmol of  cisetinal (filled circles), Seis-retinol (open circles); (bottom panel)
DHT and 2000 pmol of androstanedione, respectively, were 3-adiol (filled circles), androsterone (open circles). Data show
- representative curves. Each experiment was done twice with 2
generated (average of duplicates). No detectable productsepjicates per point.
were generated from testosterone, DHT, estradiol, or corti-
costerone. A supernatant of CHO cells transfected with The four most active substrates were evaluated in detalil
pcDNA3 alone (mock transfection) did not produce detect- under linear velocity conditions (Figure 4). CRAD3 exhibited
able products from the retinoid or steroid substrates assayedMichaelis—Menten kinetics for Sis-retinol, 11€is-retinol,
This substrate specificity indicated that the cDNA encodes 3-adiol, and androsterone wik, values of 2-4 uM (Table
a SDR withcis-retinol/androgen dehydrogenase activity (i.e., 2). To compare directly the activity of CRADS3 to that of
CRAD3). CRADS3 functioned with either 2 mM NADor CRAD1, side-by-side transfections were done and were
NADP, respectfully, generating 502 21 (pmol/assayt normalized for transfection efficiencies. CRAD1 produced
SD, n = 3) and 332t 37 of 9<cisretinal from 5uM 9-cis- 31 £+ 0.9 nmol/min/mg protein of @is-retinal from 7uM
retinol. An increase of pH increased activity until a plateau 9-cis-retinol (meant SD,n = 4), whereas CRAD3 produced
was reached at pH 8 (Figure 3). Activity at pH 7.4 was 82% 23 + 0.9 nmol/min/mg under identical conditions. TKgs
of the activity at pH 8. values of CRAD1 and CRAD3 (5.4 and 38/, respectively)
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Table 2: CRADS3 Substrate Specificities

substrate product activity Km (uM) Vm (relative %) Vi/Ki
11-<cisretinol 1lcisretinal cissRDH 2.3 113 17
3-adiol DHT 3-HSD 1.5 54 13
9-cis-retinol 9-cis-retinal cissRDH 3.6 100 10
androsterone androstandione a-BSD 4.0 93 8
all-transretinol none detected transRDH
testosterone none detected SAHASD
DHT none detected PBEHSD
estradiol none detected AHSD
corticosterone none detected PHSD

a Km and Vimax values represent the averages of two determinations. Duplicate values were generally less than 10% from th&/ avezege.
normalized to a relative value of 100 for thg of CRAD3 with 9-cis-retinol (35 nmol/min/mg of proteinVn/K, were normalized relative to the
calculated value of 10 with 8is-retinol (see text).

100F" 123 4567 8
= kb
>, 80f A
= 3.7
2 60 . ; N 30
it
-
40p
2 B
20
- S I 4
10-3 10-2 10-' 109 10" 102 10% 104 105
log [inhibitor] (LM) c 1234567 38M bp
FiGure 5: Inhibitors of CRAD3 activity. Reactions were run for 5 455
min with 8 uM 9-cis-retinol. Compounds assayed included 3-adiol
(open circles), carbenoxolone (filled circles), ethanol (open squares),
and 4-methylpyrazole (filled squares). Data bracket the 50%
inhibition points and are the meards SD of triplicates. The 16 D
values were calculated by nonlinear regression analyses. 500

allow for calculations YV, = ratex (Kos + S)/S] from these

rate data of 55 and 35 nmol/min/mg of protein for tig E
values of CRAD1 and CRAD3, respectivel¥d). CRAD1

and CRADS3, therefore, have nearly equivalent catalytic

efﬂme_n@es Vi/Kog) of ~10 for _9.CIS-ret|n0I. . . Ficure 6: CRAD3 mMRNA tissue expression. Northern blot
InthItOI’S Of CRAD3.C0mpetItI0n betWeen gl‘S're“nOl hybridization (A and B) or PCR (C' D, and E) was done Wlth po]y_
and 3-adiol was examined, along with the effects of several (A*)mRNA from (1) heart, (2) brain, (3) spleen, (4) lung, (5) liver,
alcohol dehydrogenase inhibitors (Figure 5). 3-Adiol inhib- (?i) n?'éieftg: néLlj?sA(\:IID(eé (7)Bk;dnnde)lg aHSOE)Be)St%SrtiS;i rgﬁé ?sn?o?)apc)tricr)]besé or
ited 9<is-retinal production with an 1§ value ~0.02uM. e T aﬁd(CRADs )pﬁmer& P + (B)
Carbenoxolone also inhibited potently, with ansd@alue
~1.2 uM. Ethanol had an I& value ~170 uM, and were transfected with pcDNA3/CRAD3 along with vectors
4-methylpyrazole inhibited CRAD3 with an igvalue~3.3  that encode three mouse RALDH: AHD2/RALDH1,
mM. RALDH2, and ALDH12 (Figure 7). Cells transfected with
Tissue Distribution of CRAD3 mRNAorthern blot pcDNAS3 alone (mock), with pcDNA3/CRAD3 alone, or with
hybridization revealed intense expression of CRAD3 mRNA any of the three RALDH-expressing vectors alone produced
in liver and much less intense expression in kidney tissue no detectable 9cRA (data not shown). Cells cotransfected
(Figure 6). The liver expressed a major 3 kb mRNA and a with CRAD3 and any one of the three RALDH isozymes
minor 3.7 kb mRNA. The kidney expressed only the 3.7 kb produced 9cRA. AHD2, the mouse ortholog of the rat
mRNA. No signal was observed by northern blotting in the enzyme RALDH1, seemed somewhat more efficient than
other tissues assayed under these conditions. The morénouse RALDH2 for 9cRA biosynthesis in conjunction with
sensitive technique of RT-PCR was applied to determine CRAD3. The mouse ortholog of human ALDH12, however,
whether other tissues express CRAD3 mRNA at lower levels seemed less efficient than ADH2 and RALDH2.
than in the liver and kidney. CRAD3 mRNA was amplified
by RT-PCR from multiple mouse tissues (testis, lung, small DISCUSSION
intestine, heart, and brain), with the liver and kidney showing  Although enzymes in the subgroup of mouse SDR that
the strongest signals. oxidize retinoids (CRAD%+3 and RDH4) share high amino
CRAD3 Can Contribute to 9cRA Biosynthesis from 9-cis- acid conservation, they have substantial differences in
Retinol in Intact CellsTo determine whether CRAD3 can substrate efficiencies. The newly characterized CRAD3
contribute to 9cRA biosynthesis in intact cells, CHO cells represents a retinoid SDR with relatively high efficiency for
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800 Cotransfections of CRAD3 with AHD2/RALDHI1,
] — [ RALDH2, and ALDH12 showed that CRAD3 generates
I 9-cisretinal that is accessible to RALDH in intact cells and,
therefore, could participate in 9cRA biosynthesis in vivo.
The generation of lesser 9cRA from the CRAD3/ALDH12
pair as compared to the CRAD3/AHD2 and CRAD3/
RALDH2 pairs was not foreseen, becauseVitk, values
in vitro for 9-cis-retinal compare favorably with those of
RALDH1 and RALDH2 @2). Perhaps preferential pairs of
CRAD and RALDH form intracellularly This possibility is
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Ny B
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under investigation.

AHD2 RALDH2 ALDH12 Ethanol has profound pleiotropic effects, obscuring the
iy A B 3938 420 mechanism whereby it interferes with CRAD3 (this work)
AHD2 4 4 4 o o and CRAD1 (6). Ethanol inhibition of both CRAD1 and 3,
RALDH?2 4 4 4 however, suggests that 9cRA biosynthesis may be compro-
ALDH12 4 4 4 mised by intoxication. It remains to be determined whether

PGL3 0101 01 0101 01 010101 this actually occurs in vivo. 4-Methylpyrazole, a prototypical
Ficure 7: Biosynthesis of 9cRA catalyzed by CRAD3 and RALDH Y ’ yipy »ap yP

isozymes in intact cells. CHO cells were transfected with two inhibitor of the medium-chain alcohol dehydrogenases, also
amounts of pcDNA3/CRAD3 and fixed amounts of AHD2 (open inhibits CRAD1 and CRAD3. 4-Methylpyrazole inhibits
bars), pcDNA3/RALDH2 (filled bars), or pcDNA3/ALDH12  ADH class | potently and ADH class IV moderately, with
(striped bars). Numbers indicate the amounty) (f vectors added K; values from 0.1 to 2«M and from 10 to 150QuM,
tnoor?zgl?zgIt?;%sfraréﬁo\éeg;f?éié)rﬁz;.s also was added as an aid 10,050 ctively, depending on the speci@8)( Inhibition of
CRAD by ethanol and 4-methylpyrazole demonstrates that
9-cis-retinol (V/Ky, = 10 nmol/min/mg)tM), similar to the neither xenobiotic has specificity for the medium-chain
value for CRAD1 RdI6). In comparison, RDH4RdM) has alcohol dehydrogenases. Use of neither would provide
aV/Kp, value of 0.007 (more than 1400-fold lower) forc®- unequivocal evidence of medium-chain alcohol dehydroge-
retinol, and CRAD2 RdHY) is inefficient and not saturable nase catalyses of retinol activation in vivo. Carbenoxolone,
kinetically with 9<cis-retinol (16, 17, 27). Although all the aglycone of the licorice constituent glycyrrhizin, inhibits
recognize multiple substrates, CRAD3 is the only one that many SDR, including 13-HSD, 15-hydroxyprostaglandin
does not recognizall-transretinol and, therefore, discrimi-  dehydrogenase, rat RoDH1 and RoDH2, and CRAD1, in
nates most between @s- and all-trans+etinol. All have addition to CRAD3 82—35). Inhibition of 113-HSD2 results
appreciable activity with 1tis-retinol except CRAD2, but  in high blood pressure, but the consequences are not clear
11<cisretinol does not occur extraoccularl§§—20, 23— for RDH/CRAD inhibition. Inhibition of RDH4 or CRAD1
28). A likely retinoid substrate for CRAD3 and 1, therefore, might contribute to the transient blindness caused by exces-
appears to be 8is-retinol, at least outside of the retina. In  sive licorice consumption, howevesg).
addition, CRAD3 is much less efficient than CRAD1 as a  Function of CRAD3 in androgen metabolism seems
30-HSD. CRAD3 has a greatés (1.5 «M) with 3-adiol improbable because other enzymes occur with higher ef-
than does CRAD1 (0.2M) and a lowerVy, value, yielding ficiencies for 3-adiol and androsterone. These may include
aV/Ko s value~55-fold less than that of CRAD1 for 3-adiol  several 1B8-HSD isozymes. 17-HSD9, for example, has
(16). Thus, CRAD3 shows much higher activity than RDH4 nearly equivalent 13-HSD and &-HSD activities 87). A
for 9-cis-retinol, is more discriminating for retinoid versus human RDH, more closely related totHSD than to RDH,
steroids than CRAD1, and, unlike CRAD1, has no detectable also has substantial #HSD activity (11). The human RDH-
activity with all-transretinol. E, rat RoDH1 and 2, and CRAD1 and 2 also harbor much
CRAD1 and 3 have different, but partially overlapping, more efficient 13-HSD activity than does CRAD3g, 39).
MRNA expression patterns. CRAD3 shows marked expres- All are expressed in liver, many in kidney, and several in
sion in liver, with less intense expression in kidney and low other tissues. Unless CRAD3 expresses in a locus unique
levels of expression in testis, lung, intestine, heart, and brain.from the others, its inefficiency for DHT metabolism would
Other than liver, only kidney expresses CRADL intensely, not allow it to compete favorably with the other enzymes.
and low levels of expression are detectable only in small  In summary, this paper shows that CRAD3 functions in
intestine and heart. Most intense expression of CRAD1 and transfected cells with each of three known RALDH isozymes
3 in liver and kidney seems consistent with a function in to convert 9eis-retinol into 9cRA consistent with a possible
9cRA biosynthesis, because these two tissues reportedly havéunction in vivo, discriminates much more than CRAD1
higher concentrations of 8is-retinol than other tissue$9, againstall-transretinol and 8t-hydroxysteroids, and has a
30). The mouse embryo and brain express RDH4, but different pattern of mMRNA expression than CRAD1. These
whether other tissues do seems uncertain because of potentialata are consistent with a unique contribution of CRAD3 to
probe nonspecificityX7). Many tissues express the human 9cRA biosynthesis in vivo.
ortholog of RDH4 (i.e., RDHS5, but with low intensity relative
to the eye 25)). The abundance of RDH4/5 in the eye REFERENCES
suggests th.at it generates djjs—retinal .in the visual cycle, . 1. Lotan, R. (1988Prog. Clin. Biol. Res. 259261271,
but its relatively low expression outside of the eye and its 5 \yoif, G. (1984)Physiol. Re. 64, 674-937.
inefficiency for 9<¢is-retinol do not seem compatible with a 3. Renaud, J. P., and Moras, D. (2000) Structural studies on
function in 9cRA biosynthesis3(, 32). nuclear receptor<Cell. Mol. Life Sci 57, 1748-17609.
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