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ABSTRACT: All- trans-retinol is the precursor for all-trans-retinoic acid, the activating ligand for nuclear
transcription factors retinoic acid receptors. In the cytosol of various cells, most retinol exists in a bound
form, complexed with cellular retinol binding protein type I (holo-CRBP). Whether retinoic acid is produced
from the free or bound form of retinol is not yet clear. Here, we present evidence that holo-CRBP is
recognized as substrate by human microsomal short-chain dehydrogenase/reductase (SDR) RoDH-4 with
theKm value close to the liver concentration of holo-CRBP. The ability to utilize holo-CRBP differentiates
RoDH-4 from a related enzyme, RoDH-like 3R-hydroxysteroid dehydrogenase (3R-HSD), which is 3-fold
more active with free retinol than RoDH-4 but is 15-fold less active toward holo-CRBP. Recognition of
the cytosolic holo-CRBP as substrate is consistent with RoDH-4 orientation in the membrane. As established
by immunoprecipitation and glycosylation scanning, RoDH-4 faces the cytosolic side of the membrane.
Purified RoDH-4, stabilized by reconstitution into proteoliposomes, exhibits the apparentKm values for
substrates and NAD+ similar to those of the microsomal enzyme and oxidizes holo-CRBP with the catalytic
efficiency (kcat/Km) of 59 min-1 mM-1. Apo-CRBP acts as a strong competitive inhibitor of holo-CRBP
oxidation with an apparentKi value of 0.2µM. The results of this study suggest that the human retinol-
active SDRs are not functionally equivalent and that, in contrast to RoDH-like 3R-HSD, RoDH-4 can
access the bound form of retinol for retinoic acid production and is regulated by the apo-/holo-CRBP
ratio.

All- trans-retinol is the precursor for all-trans-retinoic acid,
which serves as an activating ligand for a family of nuclear
retinoic acid receptors (RARs) (reviewed in ref1). RARs
regulate gene transcription during embryogenesis and in
adulthood (reviewed in ref2). All- trans-retinoic acid is
produced from all-trans-retinol in two oxidative steps: retinol
is oxidized to retinaldehyde and then further to retinoic acid
(3). In the cytosol of most cells retinol is complexed with
one of the four cellular retinol binding proteins (CRBPs).1

CRBP type I is the most widespread retinol binding protein,
which exhibits a somewhat different distribution pattern in
rat versus human tissues (reviewed in ref4). The expression
pattern of other retinol binding proteins appears to be more

restricted. CRBP type II is expressed in the small intestine
(4), human CRBP type III is abundant in kidney and liver
(5), murine CRBP type III is expressed in heart, skeletal
muscle, adipose tissue, and mammary gland (6), and human
CRBP type IV is present in kidney, heart, and colon (7).
Binding to CRBPs, especially to CRBP type I (Kd ∼ 0.1
nM), lowers the concentration of free retinol in the liver
cytosol to less than 0.002µM (reviewed in ref8). In contrast,
the concentration of the CRBPI-bound retinol (holo-CRBP)
in liver is ∼5 µM (8). Thus, in tissues with a high level of
CRBP expression, holo-CRBP is the predominant form of
retinol.

Partial purification and characterization of the first holo-
CRBP dehydrogenase, RoDH-1, from rat liver microsomes
provided evidence that the bound form of retinol can be
oxidized (9). Cloning of the corresponding cDNA revealed
that RoDH-1 belongs to the superfamily of short-chain
dehydrogenases/reductases (SDR) (10), which also includes
steroid and prostaglandin dehydrogenases. The partially
purified RoDH-1 was shown to oxidize holo-CRBP with
apparentKm and Vmax values of 0.6-1.6 µM and ∼0.105
nmol min-1 mg-1, respectively, in the presence of NADP+

as the preferred cofactor (9). However, the true catalytic
efficiency of this enzyme remains unknown, because the
solubilized enzyme is quite unstable and loses activity during
purification. The partially purified preparation of RoDH-1
contained an additional protein band of∼54 kDa, which
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appeared to copurify with RoDH-1 and could be required
for its activity toward holo-CRBP. Subsequently, a second
holo-CRBP dehydrogenase, RoDH-2, was cloned from rat
liver (11). RoDH-2 oxidized holo-CRBP with an apparent
Km value of 2 µM and, similar to RoDH-1, exhibited
preference for NADP+ as cofactor (11). In addition to
retinoids, both RoDH-1 and RoDH-2 were shown to recog-
nize 3R-hydroxysteroids as substrates (12, 13).

Search for the human homologues of rat RoDH enzymes
identified two human SDRs active toward all-trans-retinol
and 3R-hydroxysteroids, RoDH-4 (also called hRDH-E) (14,
15) and RoDH-like 3R-hydroxysteroid dehydrogenase (3R-
HSD) (12, 16). Unlike the rat enzymes, human retinol/sterol
dehydrogenases preferred NAD+ over NADP+ as cofactor.
Previous analysis suggested that RoDH-like 3R-HSD did not
recognize holo-CRBP as substrate (16). To determine
whether RoDH-4 could play a role in the metabolism of
bound retinol in human tissues, we characterized RoDH-4
activity toward holo-CRBP in the present study, using
RoDH-like 3R-HSD as a negative control for oxidation of
holo-CRBP.

EXPERIMENTAL PROCEDURES

Construction of Plasmids and Expression in Insect Sf9
Cells.The baculovirus expression constructs for RoDH-4 and
RoDH-like 3R-HSD were described previously (14, 16). The
expression levels of both proteins in Sf9 cells were similar.
Additional constructs of RoDH-4 containing artificially
introduced glycosylation sites for analysis of membrane
orientation were prepared by site-directed mutagenesis using
an ExSite PCR-based kit (Stratagene, La Jolla, CA). The
glycosylation site at position 60 was created by converting
Cys-60 to Asn using oligonucleotide primers TGC TGG CTG
CAA ATC TGA CGG AGA A (sense) and CCC GCA AGC
CTC GTG CAT CC (antisense). The glycosylation site at
position 124 was introduced by substitution of Leu-124 for
Asn using primers GGC TCC CAA TGA GAA TCT CAC
CAA GCA GG (sense) and GTG GGC AAG GAG ATG
CCA GCA T (antisense). Finally, Asp-260 was converted
to Asn using primers AGT GCA CAC AGA ATC TGT CGT
TGG (sense) and TCTGCT CCA TTT GTT CAG CTG ATT
T (antisense). The mismatched bases in the sense primers
are underlined. The full-length coding sequence for 11â-
hydroxysteroid dehydrogenase type 1 (11â-HSD1), which
was used as a control protein to monitor glycosylation
efficiency of Sf9 cells, was amplified using the sense primer
GCT GGA TCC GCC ATG GCT TTT ATG AAA AAA
TAT CTC (BamHI site underlined) and the antisense primer
AGG TCT AGA CTA GTC GTC GTC GTC CTT GTA
GTC CAT CTT GTT TAT GAA TCT GTC CAT ATT ATA
GC (XbaI site underlined), which encoded the FLAG epitope
MDYKDDDD. The product was cleaved withBamHI and
XbaI restriction endonucleases and cloned into the bacu-
lovirus transfer vector pVL1393.

All constructs were verified by sequencing and expressed
in insect Sf9 cells using the BaculoGold baculovirus system.

For in vitro protein synthesis, some RoDH-4 constructs
were cloned intoBamHI/EcoRI restriction sites of expression
vector pT7/T3-19 (Ambion Inc., Austin, TX). The expression
construct for 11â-hydroxysteroid dehydrogenase type 1 (11â-
HSD1) was described previously (17). 35S-Labeled RoDH-4

and 11â-HSD1 proteins were produced in vitro using the
TNT Quick system and dog pancreas microsomes (Promega)
and subjected to 12% denaturing polyacrylamide gel elec-
trophoresis in the presence of sodium dodecyl sulfate (SDS-
PAGE) (17). The protein bands were visualized by autora-
diography.

Isolation of Microsomes and Preparation of Holo-CRBP.
Sf9 cells were collected by centrifugation at 5000g for 10
min and homogenized using a French pressure minicell at
800 psig. Microsomes were isolated from the post-12000g
supernatant by centrifugation at 105000g for 2 h through a
0.6 M sucrose cushion and resuspended in 0.1 M potassium
phosphate, pH 7.4, 0.1 mM EDTA, 1 mM DTT, and 20%
glycerol. Protein concentrations were determined by Lowry
(18).

CRBP was expressed inEscherichia colias a fusion
protein with glutathioneS-transferase and purified using
affinity chromatography on a glutathione-agarose column
(19). The fusion protein was cleaved with thrombin, and
CRBP was separated from glutathioneS-transferase on a
Q-Sepharose column (19). To prepare holo-CRBP, apo-
CRBP was incubated with a 2-fold molar excess of all-trans-
retinol for 1 h in thedark, and the excess of free all-trans-
retinol was removed by gel filtration through a G-50
Sephadex column (2.6 cm× 30 cm). TheA350/A280 ratio of
the holo-CRBP preparation was 1.6-1.7.

ActiVity Assays and Determination of Kinetic Constants.
Activity assays were performed in 90 mM potassium
phosphate, pH 7.3, and 40 mM KCl at 37°C in siliconized
glass tubes (14). Retinol dehydrogenase activity was deter-
mined using free retinol or holo-CRBP in the presence of 1
mM NAD+ as cofactor (14, 16). In some experiments,
retinaldehyde was converted into retinaldehyde oximes by
the addition of cold 2 M hydroxylamine-bicarbonate buffer,
pH 6.5, according to the published protocol (20).

Initial velocities of holo-CRBP oxidation (nanomoles per
minute per milligram) were determined at fixed saturating 1
mM NAD+ and seven concentrations of holo-CRBP ranging
from 1.25 to 17.5µM. The reactions were carried out for 20
min with 5.5µg/mL RoDH-4 microsomes or with 0.625µg/
mL purified RoDH-4 reconstituted into proteoliposomes.
Under these conditions, the reaction rate was linearly
proportional to the reaction time and protein concentration,
and the amount of product was less than 10% of the substrate.
The background levels of retinaldehyde or retinaldehyde
oxime with holo-CRBP as substrate in the absence of
cofactor were negligible. The background levels of retinal-
dehyde with free retinol in the absence of cofactor were at
least 3-fold lower than in the presence of cofactor and were
subtracted from each experimental data point. The apparent
Km andVmax values were determined from nonlinear regres-
sion fit of enzyme kinetic data to the Michaelis-Menten
equation using the GraFit software package.

Apo-CRBP inhibition of holo-CRBP oxidation was evalu-
ated by incubating RoDH-4-containing proteoliposomes with
1 mM NAD+, four to six concentrations of holo-CRBP
(1.25-15µM), and three concentrations of apo-CRBP (0.6-
3.0µM). Each data set was evaluated for fit to different types
of inhibition (21) using the method of Marquart (22).

The 3R-HSD activity of RoDH-4 was assayed using
tritiated androsterone in the presence of NAD+ as cofactor
(14). Steroid reaction products were analyzed by thin-layer

Purified Human RoDH-4 Utilizes CRBP-Bound Retinol Biochemistry, Vol. 42, No. 3, 2003777



chromatography. The apparentKm value of RoDH-4 for
androsterone was determined using six concentrations of
androsterone (0.05-1 µM) in the presence of saturating
NAD+ (1 mM). The apparentKm value for NAD+ was
determined using six concentrations of NAD+ (0.05-6.4
µM) in the presence of a fixed concentration of androsterone
(1 µM).

For the membrane orientation studies, proteoliposomes and
Sf9 microsomes containing RoDH-4 were incubated with a
pore-forming antibiotic alamethicin (50µg/mg of protein)
on ice for 15 min (23). In one set of assays, permeabilized
proteoliposomes and microsomes were preincubated with 1
mM NAD+ before the addition of 0.5µM androsterone to
the reaction mixture. In another set of assays, NAD+ was
added the last. There was no difference in the reaction rates
between the two sets of experiments. The control reactions
were performed without the cofactor. Reaction products were
analyzed by thin-layer chromatography as described above.

Alkaline Extraction, Protease Resistance Assays, and
Endoglycosidase H Treatment.For alkaline extractions,
human liver microsomes (Human Cell Culture Center, Inc.,
Laurel, MD) or Sf9 microsomes (10µg in 5µL) were diluted
with 100 µL of 100 mM sodium carbonate (pH 11.5) and
25 mM potassium acetate or with 100µL of 1% Triton X-100
in PBS and incubated for 30 min on ice. Samples were
layered over a 100µL cushion of 0.5 M sucrose prepared in
alkaline or detergent-containing extraction buffer and cen-
trifuged at 200000g for 1 h. Pellets were dissolved in 20µL
of SDS-PAGE loading buffer and denatured by heating.
Supernatants were precipitated with an equal volume of ice-
cold 50% trichloroacetic acid for 30 min on ice and
centrifuged for 3 min at 12000g at 4°C. The resulting pellets
were washed twice with ethyl ether, dried, and dissolved in
20 µL of SDS-PAGE loading buffer. Following separation
in 12% SDS-PAGE, samples were transferred to Hybond-P
membrane (Amersham Pharmacia Biotech), and RoDH-4
was detected using the ECL western blotting analysis system
and Hyperfilm ECL (Amersham Pharmacia Biotech). Rabbit
polyclonal antibodies against the C-terminal fragment of
RoDH-4 were used at a 1: 5000 dilution (14). Polyclonal
antibodies against the human carboxylesterase 1 (hCE-1)
(24), which served as a positive control for extraction of
microsomal proteins, were kindly provided by Dr. William
Bosron (Indiana University School of Medicine) and were
used at a 1:10000 dilution.

For protease resistance studies, human liver microsomes
or Sf9 microsomes were incubated with proteinase K (Roche
Molecular Biochemicals) at a 10:1 (µg/µg) ratio for 1 h at 4
°C or for 1 h at 37°C in the presence or absence of 1%
Triton X-100. Similarly, proteins synthesized in vitro using
the TNT Quick system were incubated with 200µg/mL
proteinase K at 4°C for 1 h in thepresence or absence of
1% Triton X-100. The reactions were stopped by the addition
of phenylmethanesulfonyl fluoride (PMSF) to the final
concentration of 4 mM. Samples were denatured using SDS-
PAGE loading buffer, separated in 12% SDS-PAGE, and
analyzed either by autoradiography or by western blotting
as indicated.

For endoglycosidase H (Endo H) treatment, 20µg of
microsomal protein was resuspended in 50 mM sodium
phosphate buffer, pH 5.5, containing 0.1% SDS and 0.1 M
2-mercaptoethanol. PMSF was added to the final concentra-

tion of 5 mM. One-half of the mixture was treated with 2.5
µL (12.5 units) of Endo H (Boehringer Mannheim) and the
other half received 2.5µL of the buffer. Both samples were
incubated overnight at room temperature, then denatured with
SDS-PAGE loading buffer for 5 min at 94°C, and analyzed
by western blotting.

Immunoprecipitation.The IgG fractions of rabbit poly-
clonal antisera against the N-terminal (residues 22-104) and
the C-terminal (residues 159-304) segments of RoDH-4 (14)
were purified by affinity chromatography on ImmunoPure
immobilized protein A gel according to the supplier’s
recommendations (Pierce Chemical Co., Rockford, IL). The
purity of the IgG fractions was evaluated by SDS-PAGE
and Coomassie Blue staining. For immunoprecipitation
studies, intact microsomal vesicles containing RoDH-4 were
incubated with indicated amounts of immune or preimmune
IgG at 4 °C overnight. The samples were then incubated
with protein A-agarose beads at 4°C for another 24 h and
centrifuged for 5 min at 5000g. Supernatants were precipi-
tated with an equal volume of ice-cold 50% TCA, washed
twice with ethyl ether, dried, and dissolved in SDS-PAGE
loading buffer. Protein A-bound immune complexes were
eluted with the ImmunoPure elution buffer for immobilized
protein A (Pierce), neutralized with the binding buffer, and
denatured using SDS-PAGE loading buffer. SDS-PAGE
and western blotting were performed as described above.

Purification and Reconstitution into Proteoliposomes.
Solubilization of microsomal membranes was performed
using 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC)
(Avanti Polar Lipids, Alabaster, AL) (25). A freshly thawed
suspension of microsomal membranes containing RoDH-4
was diluted with 100 mM potassium phosphate, 150 mM
KCl, 20% (w/v) glycerol, 0.1 mM EDTA, and 1 mM DTT,
pH 7.4, to a final protein concentration of 3.5 mg/mL.
Membranes were solubilized at 4°C by adding a 200 mM
stock solution of DHPC in the above buffer dropwise under
vortexing to a final concentration of DHPC of 15 mM. The
membrane suspension was vortexed for another 30 min and
centrifuged at 100000g and 4°C for 1 h (Beckman Optima
LE-80K ultracentrifuge, rotor SW 55Ti). The extraction
efficiency and the enzyme stability at various stages were
monitored following the 3R-HSD activity of RoDH-4. The
DHPC extract was stable for several months without apparent
loss of activity if stored in aliquots at-80 °C in potassium
phosphate buffer with 20% glycerol.

For purification and reconstitution of RoDH-4 into pro-
teoliposomes, DHPC extract was incubated with proteinase
K at a 10:1 (µg/µg) ratio for 14 h on ice. At the end of the
incubation, proteinase K was inactivated by the addition of
PMSF dissolved in ethanol to the final concentration of 4
mM, followed by incubation on ice for 1 h. Proteinase
K-treated extract (∼300µL) was reconstituted into artificial
lipid membrane in the presence of DHPC. For vesicle
preparation, 100µL of a 3 mM premixed lipid solution of
egg yolk L-R-phosphatidylcholine and dipalmitoyl-DL-R-
phosphatidyl-L-serine at a 85:15 molar ratio in chloroform-
methanol (9:1 v/v) was dried down in 16× 110 mm glass
test tubes under a gentle stream of nitrogen for 2.5 h. RoDH-
4-containing vesicles were prepared by dissolving the lipid
film in proteinase K-treated extract. The lipids were dissolved
by gentle agitation for 15 min at room temperature. Vesicles
were then formed from these samples by rapid dilution
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followed by extensive dialysis as follows. While vortexing
vigorously, 3 mL of reconstitution buffer (at room temper-
ature) was added to the sample, thereby diluting the detergent
below its critical micellar concentration (10-fold), promoting
vesicle formation. Then, the detergent was removed by
dialysis (in Spectrapore 6-8 kDa cutoff dialysis tubing)
against 4 L of reconstitution buffer (10 mM potassium
phosphate, 100 mM potassium chloride, 10% glycerol, 1 mM
DTT, pH 7.4) containing 4 g ofBio-Beads SM2 beads (Bio-
Rad) at 4°C overnight with no buffer changes. Vesicles were
recovered and concentrated by flotation in a Nycodenz
(Sigma) step gradient (26). Fractions of dialysate (1.5
mL) were mixed with 1.5 mL of 80% Nycodenz (w/v)
dissolved in reconstitution buffer in 5 mL of Beckman
ultracentrifuge tubes and overlaid with 750µL of 30%
Nycodenz in reconstitution buffer followed by 500µL of
reconstitution buffer lacking glycerol. The samples were
centrifuged in a SW 55Ti rotor (Beckman) for 6 h at52000
rpm at 4 °C. RoDH-4-containing vesicles were harvested
from the 0/30% Nycodenz interface and combined. The
vesicles were stored at 4°C without apparent loss of activity
for at least 4 months.

RESULTS

RoDH-4 but Not RoDH-like 3R-HSD Is ActiVe toward
Holo-CRBP.To compare the retinol dehydrogenase activities
of human RoDH-4 and RoDH-like 3R-HSD, we expressed
the corresponding cDNAs in Sf9 cells and isolated the
microsomal membranes. The recombinant proteins appeared
as distinct protein bands in the microsomal fraction of Sf9
cells after electrophoretic separation in denaturing polyacryl-
amide gel and staining with Coomassie Blue R-250. The
expression levels of RoDH-4 and RoDH-like 3R-HSD in Sf9
microsomes were similar (data not shown). The identity of
the bands was confirmed by western blotting as described
previously (14, 16).

Retinol dehydrogenase activity of the microsomes was
assayed using 5µM free retinol or 5µM holo-CRBP. The
products were analyzed by normal-phase HPLC as described
under Experimental Procedures. RoDH-4 microsomes were
∼3-fold less active with free retinol than RoDH-like 3R-
HSD microsomes (0.4 versus 1.3 nmol min-1 mg-1) (Figure
1, open bars). At the same time, RoDH-4 microsomes were
∼15-fold more active with 5µM holo-CRBP than RoDH-
like 3R-HSD microsomes (0.23 versus∼0.015 nmol min-1

mg-1) (Figure 1, shaded bars). The activity of RoDH-like
3R-HSD microsomes with holo-CRBP was only slightly
higher than that of the control microsomes (∼0.013 nmol
min-1 mg-1) that were isolated from Sf9 cells infected with
wild-type virus and which, therefore, did not contain RoDH
proteins. Thus, although RoDH-like 3R-HSD was more
active than RoDH-4 with free retinol, RoDH-4 was more
active with holo-CRBP. Oxidation of holo-CRBP by RoDH-4
followed Michaelis-Menten kinetics with apparentKm and
Vmax values of 3.8( 0.8 µM and 390( 30 pmol min-1

mg-1 microsomal protein, respectively (Figure 2).
Membrane Orientation of RoDH-4 Is Consistent with Its

Binding of Holo-CRBP.Since the activity assays suggested
that RoDH-4 recognized holo-CRBP as substrate, we were
interested in whether the microsomal RoDH-4 could physi-
cally interact with the cytosolic holo-CRBP. To determine

whether RoDH-4 was an integral or a peripheral membrane
protein, we incubated human liver microsomes in sodium
carbonate (pH 11.5) or Triton X-100, separated the soluble
and the membrane-bound fractions by ultracentrifugation, and
analyzed the distribution of RoDH-4 by western blotting.
Human liver microsomal carboxylesterase hCE-1, known to
reside in the lumen of the endoplasmic reticulum, was used
as a control for the efficiency of extraction. These experi-
ments showed that liver RoDH-4 remained bound to the
microsomal membranes after alkaline treatment but was
extracted by Triton X-100, consistent with the behavior of
an integral membrane protein (Figure 3A). As an integral
membrane protein, RoDH-4 could be inserted into the
membrane with the polypeptide chain facing the cytosol or
the lumen of the endoplasmic reticulum. If RoDH-4 was
inserted facing the cytosol, it could directly bind holo-CRBP.
If, on the other hand, RoDH-4 faced the lumenal side, it
would require a transporter to translocate holo-CRBP across
the membrane.

To determine the orientation of RoDH-4 in the membrane,
we used an immunoprecipitation and glycosylation scanning
approach. For immunoprecipitation, intact microsomal vesicles
containing RoDH-4 were incubated with IgG against the 83
amino acid N-terminal segment or the 146 amino acid
C-terminal segment of RoDH-4. Control incubations con-

FIGURE 1: Activity of RoDH-4 and RoDH-like 3R-HSD toward
free and CRBP-bound all-trans-retinol. Microsomal preparations
containing RoDH-4 and RoDH-like 3R-HSD were used at a
concentration of 5.5µg/mL. The final concentration of holo-CRBP
and free retinol in the reaction mixture was 5µM. The reactions
were carried out for 30 min at 37°C, and the products were
extracted and analyzed by HPLC as described under Experimental
Procedures. The results shown are the mean( SD of three
independent experiments.

FIGURE 2: Determination of kinetic constants for oxidation of holo-
CRBP by microsomal RoDH-4. The reactions were carried out as
described in Figure 1. The concentration of NAD+ was 1 mM.
Kinetic constants were calculated using GraFit (Erithacus Software
Ltd.). Reported values are the averages from four experiments, with
the standard deviations indicated.
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tained the respective preimmune IgG. Both the N-terminal
and the C-terminal antibodies immunoprecipitated intact
microsomes containing RoDH-4, whereas the preimmune
sera did not (Figure 3B). Since the antibodies could bind to
RoDH-4, this suggested that RoDH-4 polypeptide was
exposed at the cytoplasmic surface of the microsomal
membrane.

The cytosolic orientation was further confirmed by the lack
of glycosylation of the RoDH-4 polypeptide. Glycosylation
occurs only in the lumen of the endoplasmic reticulum and
is manifested by the slower electrophoretic mobility of
glycosylated proteins in SDS-PAGE. Native RoDH-4
contains a glycosylation consensus sequence NVS at Asn-
161, which is not glycosylated, because liver RoDH-4 has
the same electrophoretic mobility as RoDH-4 produced in
vitro in the absence of microsomal membranes (Figure 4)
and because treatment of human liver microsomes with Endo
H does not change the electrophoretic mobility of RoDH-4
(data not shown). Furthermore, recombinant RoDH-4 polypep-
tides constructed to contain one, two, or three additional
glycosylation consensus motifs at positions 60-62 (NLT),
124-126 (NLT), and 260-262 (NLS) were not glycosylated
when expressed in Sf9 cells (Figure 4; only C60N and
D260N glycosylation constructs are shown). A control
protein, 11â-HSD1, was glycosylated at all three endogenous
glycosylation sites (Figure 4). Thus, both immunoprecipi-

tation and glycosylation scanning suggested that RoDH-4
faces the cytosolic side of the membrane. The cytosolic
orientation of RoDH-4 would allow direct binding of the
cytosolic holo-CRBP to RoDH-4.

Purified RoDH-4 Exhibits High Catalytic Efficiency for
Oxidation of Holo-CRBP.To determine the catalytic ef-
ficiency of RoDH-4 for oxidation of holo-CRBP, RoDH-4
was purified from the microsomal membranes. Previous
attempts to purify microsomal retinol dehydrogenases from
rat or bovine tissues using conventional methods were
essentially unsuccessful. The solubilized enzymes were
extremely unstable and lost almost 80% of the initial activity
even at the partially purified stage (9, 27-29). We used a
different approach to purification of RoDH-4 by taking
advantage of its unusual resistance to proteolysis.

We have established that human liver RoDH-4 was
resistant to proteolysis at 4°C in the presence of 1% Triton
X-100 and was degraded only at higher temperature (Figure
5A). Interestingly, rat RoDH-1 was reported to exhibit similar
resistance to proteolysis at low temperature (30). Using a
coupled in vitro transcription/translation system, we found
that RoDH-4 acquired its protease resistance cotranslationally
in the presence of microsomal membranes, because it was
completely degraded if microsomes were added after RoDH-4
protein synthesis was terminated by the addition of cyclo-
heximide (Figure 5B). It was important to keep solubilized
RoDH-4 on ice, because even brief exposures (10 min) to
higher temperatures (above 15°C) in the presence of
detergents denatured RoDH-4 irreversibly, leading to com-

FIGURE 3: Characterization of the RoDH-4 interaction with the
microsomal membranes. (A) Alkaline extraction. Human liver
microsomes were extracted with sodium carbonate (Na2CO3) or
1% Triton X-100 (Tx-100) and centrifuged at 105000g. Distribution
of RoDH-4 and hCE-1 between the pellet (P) and the supernatant
(S) was analyzed by western blotting. (B) Immunoprecipitation of
RoDH-4. Sf9 microsomes containing RoDH-4 were incubated with
the N-terminal IgG at a 1:0.6 ratio (µg/µg) and with the C-terminal
IgG at a 1:1 ratio (µg/µg). Control incubations contained the same
amounts of the respective preimmune IgG. The mixtures were
incubated overnight at 4°C, and the immune complexes were
precipitated by the addition of protein A-agarose beads. The
distribution of RoDH-4 between the pellet (P) and the supernatant
(S) was analyzed by western blotting. The results shown are
representative of four separate experiments.

FIGURE 4: Analysis of the glycosylation state of wild-type and
mutant RoDH-4. The electrophoretic mobility of35S-labeled
RoDH-4 produced in vitro using a coupled transcription/translation
system in the absence of microsomes (in vitro RoDH-4) was
compared to that of the human liver RoDH-4 (liver RoDH-4; 5µg
of liver microsomes) and recombinant wild-type (Sf9 RoDH-4; 0.5
µg of microsomes) and mutant RoDH-4 that contained additional
glycosylation sites (Sf9 C60N and Sf9 D260N; 2µg of each
microsome). Samples were separated in the same gel and transferred
to a nitrocellulose filter, which was then cut in half. The filter
containing35S-labeled RoDH-4 was exposed to X-ray film, whereas
the second filter was hybridized with anti-RoDH-4 antibodies to
visualize the microsomal RoDH-4 by chemiluminescence as
described under Experimental Procedures. The two images were
then aligned. 11â-HSD1 expressed in Sf9 cells (Sf9 11â-HSD1;
10 µg of microsomes) was detected by western blotting using anti-
FLAG polyclonal antibodies (0.85 mg protein/mL; Sigma) at a
1:2500 dilution. Four different forms of 11â-HSD1 were ob-
served: unglycosylated (b) and glycosylated at one (/), two (//),
and three sites (///). The second band seen in the preparation of
microsomes containing the D260N mutant of RoDH-4 was due to
nonspecific staining and was also observed with microsomes
isolated from Sf9 cells infected with wild-type virus. This band
was not removed by Endo H treatment, indicating that it was not
a glycosylated form of D260N.
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plete proteolysis of the extracted protein at 4°C (data not
shown).

To purify recombinant RoDH-4, we solubilized the mem-
branes using mild lipid-like detergent DHPC and removed
the detergent-insoluble material by ultracentrifugation. This
step yielded 91% of the total microsomal RoDH-4 activity
in the supernatant (Table 1 and Figure 6A, lane 2). Then,
the DHPC extract was treated with proteinase K at 4°C
overnight. Under these conditions, RoDH-4 remained intact
and fully active while most other Sf9 proteins were degraded
(Figure 6A, lane 3). Treatment with proteinase K resulted
in partial purification of RoDH-4 and played an important
role during subsequent reconstitution of the digested DHPC
extract into proteoliposomes. Unlike RoDH-4, most Sf9

proteins were degraded to such an extent that they could no
longer integrate into the artificial membrane. Therefore,
reconstitution into proteoliposomes was the most effective
purification step of the protocol. SDS-PAGE analysis of
the reconstituted proteoliposomes showed that they contained
a nearly homogeneous protein band of∼36 kDa subunit
molecular mass (Figure 6A, lane 4). The protein was recog-
nized by RoDH-4-specific antibodies (Figure 6B, lane 4),
confirming that RoDH-4 integrated into the proteoliposomes.
The overall activity yield was 89% of the initial RoDH-4
activity in the microsomal membranes (Table 1). The specific
activity of the enzyme increased 11-fold compared to the
microsomal preparation. The purification protocol was very
reproducible, consistently resulting in a highly purified
preparation of RoDH-4.

Reconstituted RoDH-4 resisted extraction with sodium
carbonate (pH 11.5) (data not shown), as expected for an
integral membrane protein properly inserted into a lipid
bilayer, and remained resistant to proteolysis at 4°C in the
presence of detergent (data not shown). Sealed proteolipo-
somes were immunoprecipitated by RoDH-4 antibodies,
consistent with the cytosolic orientation of the protein (data
not shown). To determine whether all of the RoDH-4 protein
integrated into the lipid bilayer with the right side out, we
permeabilized proteoliposomes using a pore-forming peptide,
alamethicin, to allow free translocation of NAD+ into the
lumen and assayed the activity of RoDH-4. If part of the
RoDH-4 protein integrated with the lumenal orientation of
the active site, we would have observed an increase in
RoDH-4 activity in the presence of alamethicin. The activity
of RoDH-4 in permeabilized proteoliposomes determined at
1, 3, 5, and 10 min of incubation was identical to that of the
intact proteoliposomes (data not shown), indicating that all
of RoDH-4 was oriented toward the cytosol. The same result
was obtained for RoDH-4-containing microsomes.

Purified RoDH-4 was remarkably stable when stored in a
refrigerator, retaining nearly full activity for at least 4 months
after reconstitution into proteoliposomes. The apparentKm

values of purified RoDH-4 for holo-CRBP, androsterone, and

FIGURE 5: Analysis of RoDH-4 resistance to proteolysis. (A)
Proteinase K digestion. Human liver microsomes (10µg) were
treated with proteinase K (PK) (1µg) in the presence (+) or absence
(-) of 1% Triton X-100 (Tx) for 1 h at 4 or 37°C as indicated.
RoDH-4 was detected by western blot analysis. RoDH-4 was
completely digested after 2 h at 37°C in the presence of Triton
X-100. (B) In vitro synthesis of RoDH-4. Five hundred nanograms
(0.5 µL) of linearized pT7/T3-19 plasmid containing RoDH-4
cDNA was incubated with TNT Quick master mix (10µL)
(Promega) and 10µCi of [35S]methionine (1µL) at 30 °C. An
identical reaction was performed in the presence of canine pancreas
microsomes (1µL). After 60 min, 2 mM cycloheximide was added
to both tubes, followed by the addition of microsomes (1µL) to
the first tube. After an additional 30 min incubation at 30°C, the
samples were digested by 200µg/mL proteinase K at 4°C for 1 h.
11â-HSD1 was used as a positive control for glycosylation and
protection from protease. RoDH-4 and 11â-HSD1 bands in SDS-
PAGE gel were visualized by autoradiography. Four forms of 11â-
HSD1 were protected from proteolysis: the translocated but not
glycosylated form (b) and glycosylated at one (/), two (//), and
three (///) endogenous glycosylation sites.

Table 1: Purification of RoDH-4 from Sf9 Cellsa

enzyme
preparation

specific
activity,

nmol
min-1 mg-1

activity
yield,

%

total
protein,

µg

protein
recovery,

%
purification

(n-fold)

microsomes 3.6 100 500 100 1.0
DHPC extract 4.0 91 410 82 1.1
DHPC extract+

proteinase K
10.0 89 160 32 2.7

proteoliposomes 40.0 89 40 8 11.1

a The results shown are representative of five independent prepara-
tions. The specific activity of individual fractions was determined with
1 µM androsterone.

FIGURE 6: Purification and reconstitution of RoDH-4 into proteo-
liposomes. (A) Silver-stained SDS-PAGE. Lanes: 1, Sf9 micro-
somes containing RoDH-4 (9µg); 2, DHPC extract of Sf9 mi-
crosomes (9µg); 3, DHPC extract treated with proteinase K
(10:1) for 14 h at 4°C (4.5 µg); 4, proteoliposomes with
reconstituted RoDH-4 (0.7µg). (B) Western blot analysis of
RoDH-4. Lanes 1 and 2 contained the same amount of protein as
in panel A. Lane 3 contained 9µg of DHPC extract treated with
proteinase K, and lane 4 contained 0.2µg of proteoliposomes.
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NAD+ agreed well with the values determined for the micro-
somal enzyme (Table 2). From theVmax value of 4.4 nmol
min-1 mg-1 and the subunit molecular mass of∼35 kDa,
we calculated that thekcat value of the purified RoDH-4 was
0.16 min-1, translating into the catalytic efficiency (kcat/Km)
of 59 min-1 mM-1. Thus, characterization of the purified
RoDH-4 confirmed that it was active with holo-CRBP and
did not require other proteins/transporters for its activity,
consistent with the cytosolic orientation in the membrane.

Apo-CRBP Is a CompetitiVe Inhibitor of Holo-CRBP
Oxidation. Recognition of holo-CRBP as a substrate sug-
gested that RoDH-4 had a specific binding site for CRBP.
This implied that apo-CRBP could also bind to the same
protein binding site on RoDH-4 and, possibly, act as a
competitive inhibitor of holo-CRBP oxidation. To test this
prediction, we titrated the holo-CRBP-containing reaction
mixtures with an increasing amount of apo-CRBP and
determined RoDH-4 activity. Apo-CRBP was a potent
inhibitor of holo-CRBP oxidation. For example, 1.2µM apo-
CRBP reduced oxidation of 5µM holo-CRBP by 67%,
suggesting that RoDH-4 had a stronger interaction with the
apoprotein than with the holoprotein. The inhibition of
RoDH-4 activity by apo-CRBP also suggested that RoDH-4
was able to specifically recognize the apoprotein. To obtain
theKi value for apo-CRBP, we determined the rate of retinal
formation by RoDH-4 at four to six concentrations of holo-
CRBP as substrate in the absence or presence of apo-CRBP
(0.6, 1.2, and 3.0µM). The Lineweaver-Burk transformation
of the data set showed that the inhibition was competitive
with a calculatedKi value of 0.20( 0.03 µM. Thus, the
competitive inhibition by apo-CRBP provided further evi-
dence for the direct interaction of the binding protein with
RoDH-4 and suggested that the activity of RoDH-4 is
regulated at the level of the apo- to holo-CRBP ratio.

DISCUSSION

Free retinol can be oxidized to retinaldehyde by multiple
dehydrogenases residing in the cytosolic as well as the
microsomal compartments of the cell (31). The best known
cytosolic retinol dehydrogenases are the multisubstrate
NAD+-dependent medium-chain alcohol dehydrogenases
(ADHs) (31). Among ADHs, class I ADH (ADH1), highly
expressed in liver and in a number of extrahepatic tissues,
and class IV ADH (ADH4), expressed mainly in the
epithelial lining of the stomach and esophagus, are thought

to be the major contributors to the retinol oxidation by the
cytosolic fraction of the cells. The catalytic efficiencies of
the human ADH1 and ADH4 for oxidation of free retinol
are 19 min-1mM-1 (for γγ isozyme) (32) and 2600
min-1mM-1 (33), respectively, with theKm values in the
upper micromolar range (9-290 µM). Besides ADH1 and
ADH4, the ubiquitously expressed class III ADH (ADH3),
also known as a glutathione-dependent formaldehyde dehy-
drogenase, was recently shown to possess a weak retinol
dehydrogenase activity toward free all-trans-retinol (∼0.105
nmol min-1 mg-1) (34). However, neither ADH isozyme
appears to be able to utilize holo-CRBP as substrate (19,
35, 36). Thus, the contribution of ADH enzymes to retinoic
acid biosynthesis depends on the amount of free retinol in
the cells.

In the liver and, presumably, other cells with a high level
of CRBP, holo-CRBP appears to be the predominant form
of retinol (8). Previous reports suggested that the bound forms
of retinoids are metabolically active but can be utilized only
by certain enzymes. For example, free retinol is esterified
to retinyl esters by two microsomal acyltransferases, acyl-
CoA:retinol acyltransferase (ARAT) and lecithin-retinol
acyltransferase (LRAT) (37, 38). Only LRAT recognizes the
CRBP-bound form of retinol as substrate (37, 38). Similarly,
free retinaldehyde is oxidized to retinoic acid in vitro by
both human ALDH type I and human ALDH type II (39),
but only ALDH type I exhibits significant activity toward
CRBP-bound retinaldehyde (39).

The results of the present study suggest that, although
RoDH-4 and RoDH-like 3R-HSD exhibit similar substrate
and cofactor specificity, share 65% amino acid sequence
identity, and have similar genomic organization on chromo-
some 12 (40), the two human microsomal retinol/sterol
dehydrogenases are not functionally equivalent in terms of
their ability to utilize holo-CRBP. RoDH-like 3R-HSD is
unable to access the bound form of retinol, whereas RoDH-4
exhibits significant holo-CRBP dehydrogenase activity. The
recognition of holo-CRBP as substrate by RoDH-4 is
especially convincing because RoDH-like 3R-HSD is actually
more active toward free retinol than RoDH-4. Therefore, the
level of RoDH-like 3R-HSD activity in the presence of holo-
CRBP as substrate serves as a good indicator of the amount
of free retinol in the reaction mixture. Lack of RoDH-like
3R-HSD activity in the presence of CRBP indicates that
retinol remains bound to CRBP during the reaction and that
holo-CRBP is the only available substrate. Therefore, the
formation of retinaldehyde from holo-CRBP in the presence
of RoDH-4 appears to be due to the direct interaction
between RoDH-4 and holo-CRBP. This conclusion is in
agreement with the previous report that recombinant RoDH-4
(hRDH-E) recognizes holo-CRBP as substrate (15).

Since holo-CRBP is localized in the cytosolic compartment
of the cells and RoDH-4 is an integral membrane protein, a
direct interaction between the two proteins inside the cells
can occur only if RoDH-4 faces the cytosolic side of the
membrane. Indeed, the results of immunoprecipitation and
glycosylation scanning demonstrated that the segments of
the RoDH-4 polypeptide chain that carry the cofactor-binding
(36-GCDSGFG-42) and the substrate-binding (176-YCISK-
180) domains are exposed at the cytosolic surface of the
membrane, indicating that the catalytic site of RoDH-4 is
oriented toward the cytosol. This result is consistent with

Table 2: Kinetic Constants of the Purified RoDH-4 Reconstituted
into Proteoliposomes and of the Microsomal Preparation of
RoDH-4a

proteoliposomes microsomes

substrate/
cofactor Km, µM

Vmax, nmol
min-1 mg-1 Km, µM

Vmax, nmol
min-1 mg-1

androsterone 0.20( 0.03 44( 2 0.16( 0.03 3.9( 0.3
holo-CRBP 2.7( 0.6 4.4( 0.3 3.8( 0.8 0.39( 0.03
NAD+ 0.24( 0.06 0.29( 0.14

a The reactions with holo-CRBP contained 0.625µg/mL proteoli-
posomes or 5.5µg/mL microsomes and were carried out for 20 min at
37 °C. The reactions with androsterone contained 0.1µg/mL proteo-
liposomes or 0.8µg/mL microsomes and were carried out for 15 min
at 37 °C. The concentration of NAD+ was 1 mM. Kinetic constants
were calculated using GraFit (Erithacus Software Ltd.) and expressed
as the means( SD.
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the model of RoDH-4 insertion into the membrane proposed
on the basis of the analysis of the primary structure of
RoDH-4 (14). Rat RoDH-1 was also shown to face the
cytosolic side of the membrane (30), in agreement with
binding of holo-CRBP to RoDH-1 in the presence of NADP+

(41).
Characterization of the purified RoDH-4, stabilized by

reconstitution into proteoliposomes, confirmed that RoDH-4
can utilize holo-CRBP as substrate in the absence of other
proteins, consistent with the cytosolic orientation of RoDH-
4. Furthermore, it provided the first opportunity to compare
the catalytic efficiencies of RoDH versus ADH retinol
dehydrogenases. It is now clear that the catalytic efficiency
of RoDH-4 toward CRBP-bound retinol (59 min-1 mM-1)
is actually higher than the catalytic efficiency of ADH1
toward free all-trans-retinol (see above). It has been estab-
lished that the oxidation of all-trans-retinol to all-trans-
retinaldehyde is the rate-limiting step in the biosynthesis of
retinoic acid (3). One can calculate the catalytic efficiency
of the human ALDH type I, which catalyzes the second step
of retinoic acid biosynthesis, oxidation of CRBP-bound
retinaldehyde to retinoic acid. On the basis of the reported
Vmax value of 29 nmol min-1 mg-1, theKm value of 1.7µM
(39), and the subunit molecular mass of 56 kDa, thekcat value
of human ALDH type I calculates as 1.6 min-1 with the
catalytic efficiency of 940 min-1 mM-1. The higherkcat/Km

value of ALDH type I and the lower level of RoDH-4 protein
expression in the liver are consistent with the retinol
oxidation being the rate-limiting step in retinoic acid bio-
synthesis.

It is well established that the intracellular levels of retinoic
acid are tightly controlled during differentiation and develop-
ment. The exact mechanisms of this regulation are not yet
fully understood. The results of the present study suggest
that the activity of the enzyme that utilizes holo-CRBP as
substrate is highly sensitive to the inhibition by apo-CRBP.
The levels of CRBP in the cells and tissues are known to
vary during differentiation and development (42-44), in
response to changes in cellular cAMP levels (45) and as a
result of vitamin A deficiency or treatment with retinoic acid
(46-53). The gene promoter for CRBP type I contains a
functional retinoic acid response element (54), and treatment
of cells with retinoic acid results in an increased expression
of CRBP (46-53). For example, treatment of human skin
with all-trans-retinoic acid induces CRBP mRNA expression
5.5-5.7-fold and CRBP protein 3.0-3.2-fold after 24-96
h of treatment (51). During vitamin A deficiency levels of
CRBP mRNA and protein decrease (48). However, although
the levels of CRBP mRNA can vary severalfold, the changes
in CRBP protein in certain cells may not be as dramatic. A
recent study by Eskild et al. (55) suggested that the level of
CRBP in rat Sertoli cells is controlled at both the transcrip-
tional and translational level. The authors observed that the
rate of CRBP degradation decreased in the presence of cAMP
and proposed that the cells may use attenuation of protein
synthesis and degradation as a means of maintaining the
desired amount of CRBP. The lowKi value of apo-CRBP
for inhibition of holo-CRBP oxidation (0.2µM) could be
necessary to sense minor changes in the level of apo-CRBP
in the cells. Interestingly, apo-CRBP does not appear to
inhibit the oxidation of androsterone (14), which is consistent
with the notion that apo-CRBP specifically competes with

holo-CRBP for the binding site on RoDH-4 and can,
therefore, modulate the rate of retinol oxidation but not of
androsterone.

Inhibition by apo-CRBP might serve as a highly sensitive
feedback regulation mechanism that allows the control of
local levels of retinoic acid. If the level of apo-CRBP rises
as a result of holo-CRBP oxidation or in response to
increased retinoic acid concentration, the elevated apoCRBP/
holo-CRBP ratio prevents further oxidation of holo-CRBP
by RoDH-4. A similar mechanism has been proposed for
the regulation of LRAT, one of the few enzymes that could
compete with RoDH-4 for holo-CRBP as substrate. Microso-
mal preparations of LRAT esterify holo-CRBP with the
apparentKm value of∼0.78 µM and are inhibited by apo-
CRBP with aKi value of 0.21µM (56). Like CRBP, LRAT
is known to be regulated by retinoic acid (56-59). It was
reported that induction of LRAT by retinoic acid in human
skin keratinocytes reduced conversion of retinol to RA by
50% (61). However, a decrease in LRAT expression during
vitamin A deficiency (57-60) would prevent the competition
between esterification and oxidation of holo-CRBP and target
retinol for oxidation. Furthermore, stimulation of retinyl ester
hydrolase by accumulating apo-CRBP (62) would promote
retinyl ester hydrolysis and saturation of CRBP with retinol
to provide the substrate for retinoic acid biosynthesis.

Characterization of the retinol dehydrogenase activity of
human RoDH-4 and RoDH-like 3R-HSD carried out in the
present study identifies RoDH-4 as the enzyme capable of
utilizing the bound form of retinol in human tissues. The
holo-CRBP dehydrogenase activity of this enzyme may play
a critical role in the biosynthesis of retinoic acid under
conditions when holo-CRBP is the only form of retinol
avaliable for oxidation.
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