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ABSTRACT: We determined the orientation of the SDR (short-chain dehydrogenase/reductase) rat RoDH1
(retinol dehydrogenase type 1) in the endoplasmic reticulum to provide insight into its function in retinol
metabolism, and to resolve whether retinoid-metabolizing SDRs differ from several other SDRs by requiring
a C-terminal segment for the membrane orientation. In contrast to several soluble SDRs, the membrane-
associated RoDH1 has hydrophobic extensions N- and C-terminal to the SDR core. Confocal microscopy
and/or proteinase K protection assays of RoDH1, RoDH1 mutants, and RoDH1-green fluorescent protein
fusion proteins showed that the N-terminal segment anchors RoDH1 to the endoplasmic reticulum
membrane facing the cytosol. The C-terminal hydrophobic segment increases the relative proportion of
RoDH1 associated with the endoplasmic reticulum, but has no affect on orientation. Deletion of either or
both extensions causes nearly total loss of enzyme activity, possibly through altering the nature of RoDH1
association with membranes, or destabilizing the enzyme, but does not alter the expression of RoDH1 or
convert it into a soluble protein. The latter suggests that the SDR core of RoDH1 has marked external
hydrophobicity that causes nonspecific membrane association.

atRA1 functions as a hormone in vivo that regulates
numerous biological processes by controlling gene transcrip-
tion (1, 2). Three nuclear hormone receptors (RARR, -â, and
-γ) mediate atRA-induced transcriptional activation during
multiple phases of development, and continue to act through-
out the lives of all vertebrates (3, 4). Two-step metabolism
of retinol (vitamin A), a molecule without biological activity
per se, generates the endocrine factor atRA (5). The first
and rate-limiting step of atRA biosynthesis from retinol relies
on reversible dehydrogenation into retinal. Dehydrogenation
of retinal produces atRA irreversibly, and may serve as a
rate-determining event. Members of two classes of enzymes
(the medium-chain alcohol dehydrogenases, ADHs, and the
SDRs) convert all-trans-retinol into all-trans-retinal in vitro
(5, 6). Only certain members of the SDR family, e.g., rat
RoDH1 and human RoDH-E, recognize the major physi-
ological form of retinol, retinol bound with the cytosol
protein CRBP (7-10). Of these, rat liver microsomal RoDH
has lower apparentKm values with holo-CRBP versus
unbound retinol, and catalyzes retinal synthesis in the
presence of excess apo-CRBP. Because the CRBP-retinol
interaction has an apparentKd of <0.1 nM (11), synthesis
of atRA in the presence of total CRBP exceeding total retinol,

with the concentrations of both in the micromolar range, must
be driven by enzyme access to CRBP-bound retinol. Al-
though dehydrogenases that recognize holo-CRBP occur in
cytosol, they are inhibited severely by a small excess of apo-
CRBP. Even uninhibited, they provide a much smaller
contribution to the total retinal-generating enzyme units than
microsomal RoDH (8, 9).

The first 18 amino acid residues of the rat microsomal
SDR RoDH1 form a hydrophobic helix consistent with a
membrane directing and/or anchoring function, but this
segment does not undergo cleavage (12). A cleavable
hydrophobic signal peptide at the N-terminus targets proteins
for the lumen of the ER, whereas signal peptides that do not
undergo cleavage indicate membrane-anchored proteins that
can face either the lumen or the cytosolic sides of the ER
(13). For some integral membrane proteins, a distinct
C-terminal transmembrane domain acts as a membrane
anchor. Enzymes resident as soluble lumen proteins usually
undergo glycosylation, and contain a consensus motif,
KDEL, usually located at the C-terminus (14, 15). RoDH1
contains no KDEL motif and does not appear to be
glycosylated, because it migrates on SDS-PAGE according
to the molecular mass deduced from its cDNA (8, 12).

Different models have been proposed to describe the
interaction of SDR with membranes (16-18). h11âHSD1,
for example, uses a single N-terminal hydrophobic segment
as a membrane anchor, with the bulk of the enzyme pro-
jecting into the lumen of the ER (16). h11âHSD2 has the
opposite topology; it anchors to the ER projecting into the
cytosol (18). The N-terminal transmembrane segments
seem sufficient to lead h11âHSD1 and -2 to the ER, and
to determine their orientation (18, 19). In contrast, the 11-
cis-RoDH orthologs (mouse RDH4 and human RDH5)
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reportedly rely on N- and C-terminal hydrophobic segments
as ER membrane anchors, with the bulk of the proteins
projecting into the lumen (17, 20). Unfortunately, no common
structural motifs have emerged that indicate how other
membrane-bound SDRs anchor to the ER, and whether they
face the lumen or the cytosol.

This study had two purposes: to provide additional insight
into the precise function of RoDH1 in retinol metabolism
by determining its ER orientation and to determine whether
retinoid-metabolizing SDRs differ from steroid-metabolizing
SDRs by requiring a C-terminal segment for ER association
and/or orientation. The data show that RoDH1 requires both
N- and C-terminal hydrophobic segments for appreciable
activity. The RoDH1 N-terminal hydrophobic segment serves
as a necessary and sufficient signal that directs the enzyme
to the ER and anchors it facing the cytosol. The C-terminal
hydrophobic segment enhances ER association, but does not
direct the orientation of RoDH1. Thus, RoDH1 is an ER-
anchored, cytosol-facing SDR.

EXPERIMENTAL PROCEDURES

Expression Vectors.pcDNA3/RoDH1 was constructed by
inserting the coding region of rat RoDH1 into the mammalian
expression vector pcDNA3 between theBamHI and EcoRI
sites. cDNAs encoding truncated mutants of RoDH1 were
amplified by PCR. RoDH1(∆1-18) relied on the primers
5′-CATGGATCCACCATGAGGGAGAGGAAGGTG (sense)
and 5′-CATGGAATTCCCCAAGTCTGCACACAT (anti-
sense). RoDH1(∆289-317) used the primers 5′-GATCG-
GATCCACCATGTGGCTCTACCTG (sense) and 5′-GATC-
GAATTCTCACTTGGCATCC (antisense). RoDH1(∆1-
18+∆289-317) was amplified with the primers 5′-CATG-
GATCCACCATGAGGGAGAGGAAGGTG (sense) and 5′-
GATCGAATTCTCACTTGGCATCC (antisense). PCR prod-
ucts were digested withBamHI and EcoRI and subcloned
into pcDNA3. For RoDH1(∆289-311), a cDNA encoding
amino acids 1-288 was amplified with primers 5′-GATCG-
GATCCACCATGTGGCTCTACCTG (sense) and 5′-CT-
TGGCATCCCAACCA (antisense), and a cDNA encoding
amino acids 312-317 was amplified with primers 5′-
AAGCCTGCCCGAGCC (sense) and 5′-CATGGAATTC-
CCCAAGTCTGCACACAT (antisense). The PCR products
were treated withBamHI andEcoRI, respectively, and were
ligated and subcloned into pcDNA3 in one reaction. The
Kozak sequence was introduced before the ATG codon in
all mutants.

The RoDH1(1-22)-GFP fusion protein was constructed
by inserting the first 22 N-terminal amino acid residues of
RoDH1 immediately before the coding region of GFP in
pEGFP-N1 (19). First, a cDNA encoding residues 1-22 of
RoDH1 (by the Kozak sequence), with anEcoRI site at the
5′-end, and extended by aBclI site at the 3′-end, was
amplified by PCR using primers 5′-CTTGGAATTCCCAC-
CATGTGGCTCTACCTGCT (sense) and 5′-TGGATTGAT-
CACCCTCTCCCTCAAGAAGCG (antisense). Second, the
coding sequence of GFP was amplified from pEGFP-N1 by
PCR using a 5′-oligonucleotide that contained aBclI site
(5′-ATGGTGATCAAGGGCGAGGAG) and 3′-oligonucle-
otide containing aNotI site (5′-CCTCTACAAATGTGG-
TATGGC). This was done to remove the Kozak sequence
preceding the first ATG codon of GFP in the pEGFP-N1

vector so that the initiation codon introduced in the N-tag
sequence would be used. The PCR products were purified
and digested withEcoRI-BclI andBclI-NotI fragments for
N-tags and GFP, respectively, and inserted intoEcoRI-NotI-
digested pEGFP-N1 in a one-step ligation. Other GFP
chimeras were constructed similarly. For the RoDH1-GFP
fusion protein, a cDNA encoding the entire RoDH1 was
amplified with primers 5′-CTTCGAATTCCCACCATGTG-
GCTCTACCTGCT (sense) and 5′-TGGATTGATCAA-
CAGGGCTCGGGC (antisense). An h11âHSD1(1-41)-
GFP expression vector was made by PCR amplifying an
h11âHSD1 cDNA from human kidney cDNA with primers
5′-GAGGATCCGCCATGGCTTTTATGA (sense) and 5′-
GATCTAGATCCTACTTGTTTAT (antisense). A cDNA of
the 41 N-terminal amino acids of h11âHSD1 was amplified
from the first PCR product by PCR with the same sense
primer and an antisense primer extended with aBclI site
(5′-TGGATTGATCAATTCCTCGTTTGCAGA). The PCR
product and theBclI-NotI-treated GFP fragment was
inserted into theBamHI-NotI-digested pEGFP-N1 vector
in a one-step ligation.

To make a construct encoding the RoDH1(1-22)-GFP-
RoDH1(∆289-317) fusion protein, a cDNA encoding the
RoDH1(1-22)-GFP protein was amplified with the sense
primer 5′-CTTGGAATTCCCACCATGTGGCTCTACCT-
GCT and the antisense primer 5′-GATCAAGCTTGTA-
CAGCTCGTC. A cDNA fragment encoding RoDH1(∆289-
317) was amplified with the sense primer 5′-GATC-
AAGCTTTTCTTCTACCTCCCC and the antisense primer
5′-CATGGAATTCCCCAAGTCTGCACACAT. The PCR
products were digested withEcoRI andHindIII. The RoDH1-
(1-22)-GFP protein and RoDH1(∆289-317) were ligated
into EcoRI-digested pcDNA3 in one step to make the
RoDH1(1-22)-GFP-RoDH1(∆289-317) fusion protein.
All constructs were sequenced.

Antibody Generation and Purification.The peptide NH2-
NLKKLWDQTTEEVK-COOH corresponding to residues
222-235 of rat RoDH1 was used to raise rabbit antisera
(Bio-Synthesis, Inc.). Antiserum (5 mL) was diluted 1:1 in
PBS and passed three times through a column made by
coupling the peptide (1 mg) to 1 mL of NHS-activated
Sepharose 4 Fast Flow gel (Amersham Pharmacia Biotech).
The column was washed with 15 mL of PBS and eluted with
0.1 M glycine (pH 2.2) in 0.5 mL fractions directly into 0.1
mL of 1 M Tris-HCl (pH 8.0). Protein-containing fractions
were pooled and stored in 50% glycerol at∼0.2 mg/mL.

Immunofluorescence Assay.CHO-K1 cells were grown to
80% confluence in F-12 medium with 10% fetal bovine
serum on glass cover slips placed in 60 mm plates. The cells
were transfected with 1µg of expression vectors mixed with
15µL of LipofectAMINE reagent. Immunostaining was done
48 h post-transfection. Cells were fixed for 15 min at 25°C
using 2% paraformaldehyde in PBS and were washed three
times with PBS, and incubated for 20 min at 25°C with
PBS containing 1% BSA and 0.5% Triton X-100. The glass
cover slips were blocked with 10% goat serum in 1× PBS
for 1 h and incubated with anti-RoDH1 (1:100) for 1 h at
25 °C. The cover slips were washed three times with PBS
and incubated with fluorescein-conjugated secondary anti-
body (Molecular Probes). The cover slips then were incu-
bated for 45 min at 25°C with 0.1 mg/mL ConA in PBS
containing 1% BSA, washed three times with PBS, and
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mounted using Fluoromount-G (Electron Microscopy Sci-
ences). Analyses were done with a LSM510 confocal micro-
scope (Carl Zeiss) at 630-fold magnification.

Rat LiVer Microsomes.Rat liver was homogenized in 10
mM Hepes, 250 mM sucrose, and 1 mM EDTA (pH 7.5)
(homogenization buffer) by 15-20 strokes in a glass Dounce
homogenizer at 4°C. Cell debris and nuclei were pelleted
at 1000g for 30 min. The supernatant was centrifuged at
25000g for 30 min. The resulting supernatant was centrifuged
at 34000g for 45 min. This supernatant was centrifuged at
100000g for 1 h. The pellet (microsomal fraction) was
resuspended in homogenization buffer and stored at-70 °C
in aliquots.

Transient Transfection of CHO Cells and Subcellular
Fractionation.CHO-K1 cells were cultured in 100 mm tissue
culture dishes and transfected as described previously (21).
Cells were harvested 24 h post-transfection. Cell pellets were
suspended in homogenization buffer, disrupted by sonication
on ice, and centrifuged at 1000g for 10 min. The supernatant
was centrifuged at 10000g for 30 min. This supernatant was
centrifuged at 100000g for 1 h at 4 °C. The last pellet
(microsomal membrane fraction) was resuspended in ho-
mogenization buffer.

Glycerol Extraction of Microsomes and Proteinase K
Protection Assay.To remove peripheral membrane proteins,
microsomal membranes were resuspended in a buffer of 20
mM KH2PO4 (pH 8.0) and 20% glycerol and incubated at 4
°C for 30 min. The mixture was centrifuged at 100000g for
1 h, and the pellet was resuspended in homogenization buffer.
The glycerol-extracted microsomes were diluted in PBS.
Proteinase K was added to a final concentration of 50µg/
mL, and the reaction was allowed to run for 2 h in the
presence or absence of 1% Triton X-100. Samples were
quenched on ice for 10 min with 2 mM phenylmethane-
sulfonyl fluoride and were analyzed by Western blotting.

Endoglycosidase H Treatment.Microsomes were solubi-
lized at room temperature in 0.1% SDS and 100 mM
2-mecaptoethanol and heated at 100°C for 2 min. The
solubilized proteins were incubated at 37°C for 12 h with
or without endoglycosidase H (1 milliunit/µL) in 50 mM
sodium citrate (50µL, pH 5.5).

Enzyme ActiVity. RoDH assays were done at 37°C in 0.25
mL of a mixture of 50 mM Hepes, 150 mM KCl, 1 mM
EDTA, and 2 mM NAD+ (pH 8) with the 1000g supernatant
of transfected CHO cell lysates. The reactions were quenched
with 0.1 mL of 0.1 MO-ethylhydroxylamine and 0.35 mL
of methanol, and the mixtures were incubated at room
temperature for 30 min and extracted with two 2.5 mL
portions of hexane. The retinoids in the hexane extract were
quantified by normal-phase high-performance liquid chro-
matography with a detection limit of<1 pmol as described
previously (22).

Western Blotting.Proteins were separated by 12.5% SDS-
PAGE and were electrotransferred onto nitrocellulose mem-
branes (Sigma). Membranes were blocked with 5% dry milk
in PBS with 0.05% Tween 20 (PBST). After three washes
with PBST, membranes were incubated for 1 h at room
temperature with anti-RoDH1 (1:2000 dilution) or with
mouse monoclonal anti-GFP antibody (Clontech) at 1:1000
dilution. Membranes were washed with PBST and incubated
with horseradish peroxidase-labeled goat anti-rabbit IgG (1:
10000) or rabbit anti-mouse IgG (1:10000) (Sigma). Signals

were visualized with a chemiluminescence reagent kit (NEN).
In some experiments, signals were quantified with a Chem-
Imager system (Alpha Innotech Corp.).

RESULTS

Analysis of RoDH1 Structure.Soluble SDRs generally
consist of 250-280 amino acid residues (23, 24). Alignment
of RoDH1 with several soluble SDRs reveals that RoDH1
extends at both the N- and C-terminal ends, and that the
extension contains potential transmembrane regions (Figure
1). The first 18 N-terminal residues of RoDH1 form a helix,
sufficiently long and hydrophobic for membrane anchoring
(12). A short stretch of hydrophilic residues, R19ERK, flanks
this hydrophobic span, a feature typical at membrane
junctures, presumably to position the enzyme precisely.
C-Terminus residues 289-311 constitute another potential
hydrophobic helix that is sufficiently long to span mem-
branes. A hydrophilic section from residues 276 to 288 with
two proline residues flanks this section on the N-terminal
side. Another charged proline-containing section, KPAR,
flanks the hydrophobic section on its C-terminal side. The
six motifs characteristic of steroid- and/or retinoid-metaboliz-
ing SDRs occur between these two sections and occupy the
same relative positions in both soluble and membrane-bound
SDRs (24). The motifs include the cofactor binding site,
G36X3GXG, and the catalytic residues SXnY176X3K. These
data indicate that SDRs have a core tertiary structure, with
membrane-bound SDRs having an N-terminal extension, and
sometimes a C-terminal extension, for membrane interaction.

RoDH1 Is a Nonglycosylated ER Protein.We determined
the subcellular locus of RoDH1 by immunofluorescence of
RoDH1-transfected CHO cells. Cells were treated with Triton
X-100 (which permeabilizes both plasma and internal
membranes), and were analyzed by confocal laser scanning
microscopy using anti-RoDH1 and fluorescein-labeled goat
anti-rabbit IgG (Figure 2A). RoDH1 exhibited a signal
pattern consistent with ER expression, with no indication of
nuclear or plasma membrane expression. The ER was
visualized by the red fluorescence of a ConA-conjugated dye
(Figure 2B). In most cell types, ConA selectively binds to
R-mannopyranosyl andR-glucopyranosyl residues specifi-
cally in the ER (25). The green fluorescence pattern of anti-
RoDH1 staining was identical with the red fluorescence
pattern of ConA staining; combining the two revealed yellow
fluorescence, indicative of colocalization (Figure 2C). The
anti-RoDH1 antibody that was used recognizes RoDH1
specifically, as shown by Western blotting of mock and
RoDH1-transfected CHO cells (Figure 2D, compare lanes 1
and 2). Western blotting analysis also confirmed localization
of RoDH1 with microsomes from RoDH1-transfected CHO
cells (Figure 2D, lane 3) and rat liver (Figure 2D, lane 4).

Most lumenal microsomal proteins are N-glycosylated with
high-mannose oligosaccharides linked to an asparagine
residue in the consensus motif NX(S/T). A potential N-
glycosylation site, N212VT, exists in RoDH1. Treatment of
denatured RoDH1 with endoglycosidase H, however, did not
alter its molecular weight, consistent with a lack of glyco-
sylation (Figure 2E).

N- and C-Terminal Hydrophobic Segments and Enzymatic
ActiVity. We constructed four mutants of RoDH1 to deter-
mine the impact of the N- and C-terminal hydrophobic
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extensions on activity and expression loci (Figure 3).
RoDH1(∆1-18) had the first 18 N-terminal amino acids
deleted. RoDH1(∆289-317) had the last 28 C-terminal
amino acids deleted. RoDH1(∆1-18+∆289-317) had both
deletions. RoDH1(∆289-311) had the putative C-terminal
membrane region deleted, but retained the last six C-terminal
mostly hydrophilic amino acids. Microsomes from CHO cells
transfected with wild-type RoDH1 (15µg of protein)
produced 57( 3.5 pmol (mean( standard deviation of
triplicate experiments) of all-trans-retinal from 2 µM all-
trans-retinol over the course of 10 min. Under the same
conditions, microsomes from cells transfected with the
mutants had only 4-7% of the activity of wild-type RoDH1.
The amounts of mutants expressed in microsomes were small
relative to the amount of the wild type. Therefore, enzyme
assays also were done with intact cells that expressed the
wild type and mutants, and with the 830g supernatants. The
results confirmed the loss of activity in the four mutants.

N- and C-Terminal Hydrophobic Segments and Membrane
Association.RoDH1 and its mutants were expressed to the
same extent, as shown by Western blot analysis of the 1000g
supernatants of transfected CHO cells (Figure 4). Relative
to RoDH1 (relative distribution of 1), much less of the
N-terminal deletion mutants RoDH1(∆1-18) and RoDH1-
(∆1-18+∆289-317) was distributed to the 10000g super-
natant (relative distributions of<0.2 and∼0.3, respectively).
The two constructs with only C-terminal mutations, RoDH1-
(∆289-317) and RoDH1(∆289-311), also exhibited a
smaller distribution to the 10000g supernatant than RoDH1
(relative distributions of∼0.5 each). Western blot analysis

verified the presence of expressed proteins in the 10000g
pellets (data not shown); i.e., the changes in distribution did
not represent losses during handling. Analysis of the 100000g
pellet prepared from the 10000g supernatant reflected these
results, showing the virtual absence of N-terminal mutants
from the microsomes, but the occurrence of C-terminal

FIGURE 1: Alignments of soluble vs membrane-bound SDR primary sequence. Protein Data Base entries were used for soluble SDRs:
2hsd (Streptomyces3R,20â-hydroxysteroid dehydrogenase), 1fmc (Escherichia coli7R-hydroxysteroid dehydrogenase), and 1cyd (mouse
lung carbonyl reductase). Sequences were numbered according to RoDH1. Boldface shows the KK signal in 11âHSD1. Underlining denotes
the sections deleted from RoDH1 and the section used from human 11âHSD1. The boxed areas show the six motifs characteristic of SDRs.
The first motif contains the cofactor binding site. The fourth and fifth motifs contain the catalytic residues.

FIGURE 2: Endoplasmic reticular localization of RoDH1. CHO cells
were transfected with RoDH1 and treated with anti-RoDH1. (A)
Cells were incubated with fluorescein-conjugated goat anti-rabbit
IgG (green). (B) The same cells also were treated with Texas red-
conjugated ConA (red). (C) Merged images of panels A and B
revealing localization of RoDH1 in the ER. (D) Western blot
analysis with anti-RoDH1 of (lane 1) mock transfected CHO cells
(10000g supernatant), (lane 2) RoDH1-transfected CHO cells
(10000g supernatant), (lane 3) RoDH1-transfected CHO cell
microsomes, and (lane 4) rat liver microsomes. (E) Endoglycosidase
H treatment of microsomes solubilized from RoDH1-transfected
CHO cells. Five micrograms of protein was applied in each lane,
and signals were visualized by chemiluminescence.
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mutants in the microsomes. These results indicate that the
N-terminal hydrophobic region targets RoDH1 to the mi-
crosomes, the lack of the C-terminal hydrophobic region
reduces, but does not preclude, RoDH1 association with
microsomes, and RoDH1 lacking both regions still associates
with membranes, but not well with microsomal membranes.

The N-Terminus of RoDH1 Is a Transmembrane Region
That Is Sufficient for ER Targeting.To confirm the function
of the N-terminal hydrophobic region, the RoDH1(1-22)-
GFP fusion protein was constructed with the first 22 amino
acid residues of RoDH1 fused to the N-terminus of the
soluble GFP. The RoDH1(1-22)-GFP fusion protein had
a typical membrane localization pattern, whereas native GFP
had a diffuse and distinct pattern (Figure 5A). To confirm
that the fluorescence distribution along the reticular network
characterizes ER localization, we compared the green
fluorescence pattern of the RoDH1(1-22)-GFP protein
(Figure 5B, left) with a ConA staining pattern, indicated by
red fluorescence (Figure 5B, middle). The yellow signal
produced by combining the green and red fluorescence

signals revealed localization of the RoDH1(1-22)-GFP
fusion protein in the ER (Figure 5B, right). Western blotting
also indicated microsomal localization of the RoDH1(1-
22)-GFP protein (Figure 5C). These results corroborate the
function of the first N-terminal amino acids of RoDH1 in
ER targeting and membrane anchoring.

RoDH1 Faces the Cytosol.Proteinase K protection assays
were done to determine the orientation of RoDH1. At 4°C,
RoDH1 resisted proteinase K digestion in both the absence
and presence of 1% Triton X-100 (Figure 6A, top left). Under
the same conditions, the lumenal-orienting signal peptide of
an SDR with steroid dehydrogenase activity attached to GFP
resulted in a fusion protein, 11âHSD1(1-41)-GFP, that was
protected from proteinase K digestion only in the absence
of Triton X-100 (Figure 6A). These results suggested that
RoDH1 resists proteinase K action at low temperatures. At
37 °C, however, proteinase K degraded RoDH1 in the
absence and presence of Triton X-100 (Figure 6A). In

FIGURE 3: RoDH1 mutants and GFP fusion proteins. The structures
of the reported constructs are shown. Striped boxes represent
potential transmembrane segments. White boxes represent the
remaining residues of RoDH1 or the indicated section of h11âHSD1.
Black boxes represent GFP.

FIGURE 4: Membrane distribution of RoDH1 mutants. Western blot
analysis with anti-RoDH1 of transfected CHO cell lysates: (top)
1000g supernatant, (middle) 10000g supernatant, and (bottom)
100000g pellet. Fifteen micrograms of protein was loaded onto each
lane.

FIGURE 5: Subcellular localization of a RoDH1(1-22)-GFP fusion
protein. Representative fluorescence images and Western blots are
shown of CHO cells transfected with the RoDH1(1-22)-GFP
protein. (A) Subcellular distribution in CHO cells. (B) Localization
of the RoDH1(1-22)-GFP fusion protein in the ER membrane:
left, GFP fluorescence (green); middle, staining of the ER by Texas
red-conjugated ConA (red); and right, merged image of the fusion
protein and ConA (yellow). (C) The 100000g supernatant and the
microsomal pellets (10µg of protein each) of the RoDH1(1-22)-
GFP protein expressing CHO cells were analyzed by Western blot
analysis.
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contrast, at 37°C the lumenal-facing 11âHSD1(1-41)-GFP
fusion protein was degraded by proteinase K only in the
presence of Triton X-100 (Figure 6A, right). Clearly, RoDH1
behaves differently with respect to proteinase K digestion
from a fusion protein made with an SDR signal sequence
established as a lumenal-facing anchor.

Proteinase K protection assays with the mutants RoDH1-
(∆289-317) and RoDH1(∆289-311) showed that both were
degraded in the absence of Triton X-100 somewhat more
thoroughly than native RoDH1 (Figure 6B). This indicated
that these mutants were oriented toward the cytosol, acces-
sible to the protease. Proteinase K protection assays also
revealed that the RoDH1(1-22)-GFP fusion protein faces
the cytosol (Figure 7). To further test whether C-terminal
hydrophobic residues 289-317 affect the orientation of
RoDH1, a fusion protein was constructed with GFP situated
between both extensions of RoDH1, i.e., RoDH1(1-22)-
GFP-RoDH1(∆289-317) (Figure 1). The proteinase K
protection assay of the RoDH1(1-22)-GFP-RoDH1-
(∆289-317) that remained within the glycerol-extracted
microsomes (i.e., with peripheral membrane proteins ex-
tracted and only tightly associated members remaining)
showed proteinase K sensitivity in the absence of Triton
X-100, indicating exposure to cytosol. This eliminated the
possibility that residues 289-317 signal lumenal orientation
of RoDH1.

DISCUSSION

At least 15 structures of soluble SDRs have been deter-
mined by X-ray crystallography (27, 28). Despite levels of

amino acid identity as low as 15%, these soluble SDRs share
strikingly similar globular structures and substrate access
portals (24, 28). The 255-amino acid cores of both soluble
and membrane-associated SDRs share the same six charac-
teristic SDR motifs, including the same arrangements of
conserved amino acids that form cofactor binding sites,
catalytic residues, and secondary structure. The primary
structures of membrane-bound SDRs differ from soluble
SDRs predominantly in the former having a hydrophobic
extension beyond the shared core at the N-termini and
sometimes at the C-termini. These insights and our data are
consistent with RoDH1 folding into an ER-associated
globular protein that faces the cytosol and uses the C-terminal
segment to enhance ER association and protein stability and/
or optimum folding. A model consistent with these insights
allows a cytosol-facing RoDH1 with the N-terminus an-
chored in the membrane and the C-terminal hydrophobic
segment extending along the membrane (Figure 8). Such a
membrane association pattern has been postulated for pros-
taglandin endoperoxide H synthases 1 and 2 (29).

The low enzymatic activity of mutants truncated at the
N- or C-terminal ends might have different causes. A model
of protein insertion into the endoplasmic reticulum has the
N-terminal signal sequence associate with the aqueous
channel formed in the membrane from the heterotrimeric
Sec61p complex as the remaining protein undergoes transla-
tion (38). The ribosome remains membrane-bound during
protein synthesis, and transmembrane domains can leave the
channel laterally during translation. An enzyme lacking the
N-terminal signal sequence would not associate with the
channel, and may not fold properly. On the other hand,
according to this model, a protein lacking its membrane-
associated C-terminus should fold properly to a point, but
may not associate properly with the membrane: both
incomplete folding and a decreased level of membrane
association could cause loss of activity.

The model (Figure 8) allows for facile recognition of
cytosolic holo-CRBP as a substrate by microsomal RoDH1
(7). Evidence supporting a substrate function for holo-
CRBP during RA biosynthesis includes kinetic experi-
ments that distinguish between holo-CRBP and unbound

FIGURE 6: Proteinase K protection assays with RoDH1 and its
mutants. Western blot analysis of protease K digestion (50µg/mL)
of transfected CHO cell microsomes in the absence or presence of
1% Triton X-100. (A) Proteinase K digestion of RoDH1 and
h11âHSD1(1-41)-GFP. (B) Proteinase K digestion of RoDH1-
(∆289-317) and RoDH1(∆289-311).

FIGURE 7: Proteinase K assays of RoDH1(1-22)-GFP and
RoDH1-GFP-RoDH1(∆289-317) fusion proteins. Fusion pro-
teins (5µg of microsomal protein from transfected CHO cell lysates)
were treated with proteinase K at 37°C for 2 h.

FIGURE 8: Proposed association of RoDH1 with microsomal
membranes. The N-terminal hydrophobic region directs RoDH1
to the microsomal membrane and anchors the protein, but does not
cause it to enter the lumen. The C-terminal hydrophobic region
may help associate RoDH with membranes, but does not cause
RoDH1 to pass through the membrane to face the lumen. Thus,
RoDH1 orients itself toward the cytosol. The degree to which
RoDH1 embeds in the membrane remains uncertain. The depiction
of it sitting on top of the membrane does not preclude the possibility
that the globular structure of RoDH1 might penetrate partially into
the membrane bilayer.
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retinol as substrates. Briefly, increasing the concentrations
of holo-CRBP, while maintaining a constant concentration
of unbound retinol, provides Michaelis-Menten kinetics for
the rate of retinal formation. Alternatively, maintaining a
constant holo-CRBP concentration while decreasing the
concentration of free retinol does not alter the rate of retinal
production, until the apo-CRBP:holo-CRBP ratio exceeds
1:1. Both specify access of microsomal RoDH to retinol
bound with CRBP. Moreover, holo-CRBP, but not apo-
CRBP, cross-links with semipurified RoDH and RoDH in
rat liver microsomes only in the presence of cofactor, as
expected for the ordered bisubstrate reaction characteristic
of dehydrogenases (8). Cross-linking appears to be specific
because in microsomes, a milieu replete with multiple
enzymes, only RoDH and LRAT bind covalently with
derivatized CRBP. Mutation of a single exterior residue of
CRBP, not involved in protein folding or ligand binding,
i.e., L35A, produced retinal with aVm decreased relative to
that of wild-type CRBP, without an apparent change inKd

or folding, suggesting that the protruding L35 mediates
interaction between CRBP and RoDH (30). Finally, a RA-
generating system has been reconstituted from holo-CRBP,
microsomes, and purified retinal dehydrogenases, verifying
the function of the major physiological form of retinol, holo-
CRBP, as a substrate provider (31, 32).

Various arguments can be made for predicting the direc-
tionality of retinoid/steroid dehydrogenase-catalyzed revers-
ible reactions. One would rely on the high NAD+:NADH
and NADPH:NADP+ ratios in liver to drive NAD+-depend-
ent dehydrogenases in the oxidative direction and NADP+-
dependent dehydrogenases in the reductive direction (33).
Another would rely on the oxidative environment of the ER
lumen, compared to the reductive environment of cytosol,
to house oxidative SDR (34). The directionality of metabolic
enzymes often does not yield to such analyses. For example,
h11âHSD1 represents a NADPH-dependent, lumenal-facing
SDR that functions in both directions, but is primarily
reductive in vivo (35). h11âHSD2 represents an NAD+-
dependent, cytosolic-facing SDR that functions oxidatively
(36). RoDH1 can use either NADP+ or NAD+ in vitro, and
functions in the oxidative direction when assayed in intact
cells.2 Thus, despite the relatively reductive environment of
cytosol, RoDH1 as well as h11âHSD2, and a host of other
cytosol-exposed dehydrogenases, function oxidatively.

Mouse CRAD1 has been proposed as a lumenal-facing
ER-associated SDR, based on a slower rate of proteinase K
digestion at 4°C in the absence of Triton X-100 relative to
that in its presence (37). The sequences of mouse CRAD1
and rat RoDH1 are 86% similar overall, and 90% similar in
the two hydrophobic extensions that consist of amino acid
residues 1-22 and 289-317. These two proteins likely fold
and orient similarly. Slow digestion of CRAD1 by proteinase
K at 4 °C resembles RoDH1 resistance, and contrasts with
the stability of the lumenal-facing h11âHSD1-GFP protein
in the absence of detergent, even at 37°C. The CRAD1 data
and the similarities between CRAD1 and RoDH1 seem more
indicative of CRAD1 facing the cytosol. Consistent with this
conclusion, neither CRAD1 nor RoDH1 has the N-terminal
di-lysine or di-arginine residues responsible for the lumenal
orientation of 11âHSD1 (18, 19).

In summary, this report shows that the N-terminus of
RoDH1, a prototypical retinoid/steroid-metabolizing SDR,
provides a necessary and sufficient signal for anchoring the
enzyme to the ER oriented toward the cytosol. Removal of
the C-terminus reduces but does not prevent ER association.
Removal of both the N- and C-termini eliminates ER
association, but does not generate a soluble protein, sug-
gesting that the SDR core of RoDH1 has overall external
hydrophobicity.
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