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An NADPH-dependent aldehyde reductase (ALR) isolated from a red yeast, Sporobolomyces salmonicolor,
catalyzes the reduction of a variety of carbonyl compounds. To investigate its primary structure, we cloned and
sequenced the cDNA coding for ALR. The aldehyde reductase gene (ALR) comprises 969 bp and encodes a
polypeptide of 35,232 Da. The deduced amino acid sequence showed a high degree of similarity to other mem-
bers of the aldo-keto reductase superfamily. Analysis of the genomic DNA sequence indicated that the ALR
gene was interrupted by six introns (two in the 5* noncoding region and four in the coding region). Southern
hybridization analysis of the genomic DNA from S. salmonicolor indicated that there was one copy of the gene.
The ALR gene was expressed in Escherichia coli under the control of the tac promoter. The enzyme expressed
in E. coli was purified to homogeneity and showed the same catalytic properties as did the enzyme from S.
salmonicolor.

Aldehyde reductase (ALR) (EC 1.1.1.2), aldose reductase
(EC 1.1.1.21), and carbonyl reductase (EC 1.1.1.184) catalyze
the NADPH-dependent reduction of a variety of carbonyl
compounds and are widely distributed in mammalian and plant
tissues. The amino acid sequences of aldose reductases and
ALRs show significant similarity, but that of carbonyl reduc-
tase does not show similarity to the other sequences. These
enzymes are members of the aldo-keto reductase superfamily
(3), which includes prostaglandin F synthase (29), r-crystalline
(8), d-3-ketosteroid 5-b-reductase (17), a soybean reductase
(30), and chlordecone reductase (34). The yeast GCY gene
product (16), the p100/11E gene product of Leishmania major
(21), and mouse androgen-dependent protein (19), whose
functions are not known, also show a high degree of sequence
similarity with members of the aldo-keto reductase superfam-
ily. The physiological roles of the aldo-keto reductases have
not been established. It is suggested that under physiological
conditions aldose reductase participates in osmoregulation,
but under hyperglycaemic conditions it contributes to the onset
and development of severe complications in diabetes.
We isolated an NADPH-dependent ALR from the red yeast

Sporobolomyces salmonicolor, which in addition to catalyzing
common substrates of ALRs (35) can catalyze the asymmetric
reduction of ethyl 4-chloro-3-oxobutanoate to ethyl (R)-4-
chloro-3-hydroxybutanoate, a promising chiral building block
for chemical synthesis of L-carnitine. L-Carnitine deficiency is a
common secondary problem associated with many metabolic
diseases, and oral administration of the compound produces a

drastic improvement in the condition of certain patients. On
the basis of the N-terminal amino acid sequence, we deduced
that the Sporobolomyces ALR belongs to the aldo-keto reduc-
tase superfamily (13).
In this study, we cloned and analyzed the cDNA sequence of

the ALR gene (ALR). The complete primary structure of ALR
was compared with those of other proteins in the family. We
also describe the structure of the genomic DNA coding for
ALR and overexpression of the enzyme in Escherichia coli.

MATERIALS AND METHODS

Microorganisms and culture conditions. S. salmonicolor (AKU4429) was used
as the DNA donor. The organism was cultivated at 308C in YPG medium
containing 5% glucose, 1% peptone, and 1% yeast extract. E. coli JM109 [recA
supE endA hsdR gyrA relA thi D(lac-proAB) F9 (traD proAB1 lacIq lacZDM15)],
E. coli MV1184 [ara D(lac-proAB) rpsL thi (f80 lacZDM15) D(srl-recA) 306::
Tn10(Tetr)], and E. coli HB101 [supE44 hsdS20(rB2 mB2) recA13 ara-14 proA2
lacY1 galK2 rpsL21 xyl-5 mtl-1] were used as host cells. E. coli cells were cultured
at 378C in Luria-Bertani (LB) medium containing 1% Bacto-tryptone (Difco
Laboratories, Detroit, Mich.), 0.5% Bacto-yeast extract (Difco Laboratories),
and 1% NaCl, pH 7.0. When necessary, ampicillin (100 mg/ml) and kanamycin
(70 mg/ml) were added to the medium.
Enzymes and chemicals. Restriction enzymes were purchased from Takara

Shuzo Co., Ltd. (Kyoto, Japan), and Toyobo (Osaka, Japan). Taq DNA poly-
merase was purchased from Takara Shuzo Co., Ltd. Sequenase and chemilumi-
nescent DNA sequencing kits were purchased from Toyobo. [g-32P]ATP and
[a-32P]dCTP were purchased from Amersham Inc.
Amino acid sequencing. ALR was purified from cells of S. salmonicolor as

described previously (35). The enzyme was digested with lysyl endopeptidase
(Wako Pure Chemicals, Osaka, Japan) in 30 mM Tris-HCl, pH 9.0, containing 4
M urea for 6.5 h at 308C at a substrate/enzyme ratio of 200:1. The peptides
obtained on lysyl endopeptidase digestion were separated by high-performance
liquid chromatography (HPLC) on a Cosmosil 5C18-AR column (4.6 by 150 mm;
Nacalai Tesque, Kyoto, Japan) equilibrated with 0.1% trifluoroacetic acid and
eluted with a linear acetonitrile gradient at a flow rate of 1.0 ml/min. Some
peptides were further rechromatographed on a Cosmosil 5C8-300 column (4.6 by
150 mm) with 0.1% trifluoroacetic acid and eluted with a linear acetonitrile
gradient at a flow rate of 1.0 ml/min. The sequence was determined with an
Applied Biosystems model 477A gas–liquid-phase protein sequencer. The phe-
nylthiohydantoin amino acid derivatives were separated and identified with an
Applied Biosystems model 120A on-line phenylthiohydantoin analyzer.
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Construction of a genomic DNA library in lEMBL3. Cell walls of S. salmo-
nicolor were lysed by the method of Shiraishi and Fujii (27). S. salmonicolor
cultivated in 500 ml of YPG medium was suspended in 20 ml of 50 mM glu-
cose–25 mM Tris-HCl, pH 8.0–10 mM EDTA, and egg white lysozyme was
added to a final concentration of 4 mg/ml. After the solution had been incubated
at 378C for 1 h with gentle shaking, the cells were collected by centrifugation and
then resuspended in 80 ml of 1.2 M sorbitol–50 mM sodium acetate buffer, pH
5.0–0.1 mM EDTA. Meicelase P-1 (Meiji Seika Co., Ltd., Tokyo, Japan) was
added to a final concentration of 18.75 mg/ml, and then the solution was incu-
bated at 378C for 16 h with gentle shaking. The cells were collected by centrif-
ugation, and the pellet was resuspended in 20 ml of 50 mM Tris-HCl, pH 8.0–1
mM EDTA–1% sodium dodecyl sulfate (SDS) and then incubated at 708C for 10
min. Next, proteinase K was added to a final concentration of 0.25 mg/ml and the
mixture was incubated at 378C for 2 h. The solution was extracted with phenol-
chloroform and then dialyzed against 10 mM Tris-HCl, pH 8.0–1 mM EDTA–
0.15 M NaCl. After RNase A treatment (30 mg/ml) at 378C for 2 h, the solution
was extracted with phenol-chloroform and then dialyzed against 10 mM Tris-
HCl, pH 8.0–1 mM EDTA and stored at 48C. Partial Sau3AI digests were
fractionated by agarose gel electrophoresis. Fractions containing fragments of 9
to 23 kb were recovered from the gel and inserted into BamHI-digested
lEMBL3 with T4 DNA ligase. The ligated DNA was packaged into l phage
capsids with an in vitro packaging kit (Gigapack II; Stratagene, La Jolla, Calif.).
After adsorption to E. coli P2392, the cells were plated onto LB agar plates.
Construction of a cDNA library of S. salmonicolor. Total RNA was prepared

from S. salmonicolor by the method of Sherman et al. (25), and poly(A)1 RNA
was purified with a Dynabeads mRNA purification kit (Nihon Dynal, Tokyo,
Japan). Oligo(dT)-primed double-stranded cDNA was synthesized with a cDNA
synthesis kit (Stratagene), ligated with dephosphorylated l ZAP II DNA di-
gested with EcoRI and XhoI, and then packaged in vitro.
Screening of the library. On the basis of the amino acid sequence of ALR, two

oligonucleotides [1, 59-TA(T/C)GG(G/A/T/C)AC(G/A/T/C)TGGCA(G/A)GC-
39; 2, 59-TGGGA(T/C)AT(A/T/C)AA(T/C)GT(G/A/T/C)TT(T/C)GG-39] were
synthesized as probes to screen the library. Hybridization was performed at 458C
for 16 h in 63 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–103
Denhardt’s solution–0.05 mg of denatured herring sperm DNA per ml–32P-
labeled oligonucleotide. Washes were carried out at 508C in 63 SSC–0.1% SDS
and then in 23 SSC–0.1% SDS. The genomic DNA library was screened with
oligonucleotides 1 and 2, and the cDNA library was screened with oligonucleo-
tide 2.

Subcloning and DNA sequencing. Phage particles were purified with Lamb-
daSorb phage adsorbent (Promega, Madison, Wis.), and DNA was extracted with
phenol-chloroform. The subfragments generated were cloned into M13mp18,
M13mp19, pUC118, and pUC119 to provide templates, and the sequences were
deduced from the data for both strands by the dideoxynucleotide chain termi-
nation method (15, 23).
Expression of ALR in E. coli. The PCR technique was used to subclone the

ALR gene. The two synthetic primers used for this protocol were an N-terminal
primer (59-GTTGAATTCGGAGGTATTATATGGTCGGCACTACTACCCT
C-39) containing a Shine-Dalgarno sequence (underlined nucleotides) (26)
flanked by an EcoRI site and a C-terminal primer (59-ATTCTGCAGCTACT
TGATCTTCACGGCGTTC-39) flanked by a PstI site. Plasmid pSAL2 was used
as the template. The PCR mixture (100 ml) comprised 50 pmol of each primer,
200 mM each deoxynucleoside triphosphate, 10 mM Tris-HCl (pH 8.3) (at 258C),
1.5 mM MgCl2, 0.01% (wt/vol) gelatin, 1 ng of template DNA, and 2 U of Taq
DNA polymerase. The reaction mixture was overlaid with mineral oil, and the
reaction was carried out by using a Perkin-Elmer Cetus thermal cycler. Initial
template denaturation was programmed for 5 min at 948C. The profile (1 min at
618C, 2 min at 728C, and 30 s at 948C) was repeated for 35 cycles, and the final
728C extension step was increased to 5 min. The PCR-generated DNA fragment
was ligated into pUC118 cleaved with EcoRI and PstI and then transformed into
E. coli JM109. After ampicillin selection, several clones were picked up and
plasmid DNA was examined by restriction analysis. The ALR gene was digested
with EcoRI and PstI and then subcloned into pKK223-3 (7).
Purification of ALR expressed in E. coli. E. coli HB101(pKAR) cells were

grown at 378C in 5 liters of LB medium containing ampicillin for 12 h. The cells
(20 g [wet weight]) were harvested by centrifugation and then resuspended in
buffer A comprising 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 10 mM
2-mercaptoethanol. The cells were disrupted by sonication, and the debris was
removed by centrifugation at 12,000 3 g for 30 min at 48C. The supernatant was
loaded onto a 200-ml DEAE-Sephacel (Pharmacia Biotech Inc., Piscataway,
N.J.) column equilibrated with buffer A containing 10 mM Tris-HCl, pH 7.4, and
0.1 mM dithiothreitol. The protein was eluted with a total 1,600-ml gradient of
0 to 0.4 M NaCl in buffer A. The ALR was purified to homogeneity by this
procedure.
Analytical method. The activity of ALR and the optical purity of ethyl

4-chloro-3-hydroxybutanoate were determined as described elsewhere (13). The
reductase activity was measured by using p-nitrobenzaldehyde as the substrate.
Protein was measured by means of a Bio-Rad protein assay (Japan Bio-Rad

FIG. 1. Separation of lysyl endopeptidase-digested peptides. The reverse-phase HPLC column (Cosmosil 5C18-AR, 4.6 by 150 mm) was equilibrated with 0.1%
trifluoroacetic acid and developed with a linear acetonitrile gradient at a flow rate of 1.0 ml/min. The solid and dotted lines show the A210 and the acetonitrile
concentration, respectively.
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Laboratories, Tokyo, Japan) with bovine serum albumin as the standard. SDS-
polyacrylamide gel electrophoresis (PAGE) was performed by the method of
Laemmli (14). The purified enzymes were analyzed by SDS-PAGE and then
transferred to a nitrocellulose membrane by the standard procedure (22). The
Western blots (immunoblots) were probed first with a purified antibody and then
with anti-rabbit immunoglobulin G coupled to alkaline phosphatase. Blocking
and probing with antibodies were performed as described by Sambrook et al.
(22). Isoelectric focusing was carried out by using precast isoelectric focusing gels
(pH 3.5 to 9.5), according to the manufacturer’s (Pharmacia Biotech Inc.) in-
structions. The standard methods described by Sambrook et al. (22) were used
for DNA manipulations.
Nucleotide sequence accession number. The sequence of ALR is available

from GenBank under accession number U26463.

RESULTS AND DISCUSSION

Partial amino acid sequence. ALR purified from cells of S.
salmonicolor (35) was digested with lysyl endopeptidase. The
19 peptides (K1 to K19) obtained were separated by reverse-

FIG. 2. Structure of plasmid pKAR. pUAR was constructed by insertion of the 1-kb PstI-EcoRI fragment generated by PCR into the PstI-EcoRI site of pUC118.
The PstI-EcoRI fragment was cut out from pUAR and then ligated into pKK223-3 digested with PstI and EcoRI to obtain pKAR. The translated regions are indicated
by filled boxes, and untranslated regions are indicated by open boxes. ALR, ALR gene; ApR, b-lactamase gene; SD, Shine-Dalgarno sequence; Plac, lac promoter; Ptac,
tac promoter.

TABLE 1. Intron-processing signals of the ALR gene
from S. salmonicolor

Species and/or
ALR intron

59 Splice
site

Internal conserved
sequence

39 Splice
site

S. salmonicolor
Intron 1 GTACGT GTCAC CAG
Intron 2 GTGAGT CTGAC CAG
Intron 3 GTACGC CTGAT CAG
Intron 4 GTTCGT CTGAC CAG
Intron 5 GTGCGT CTCAT CAG
Intron 6 GTAAGC CTCAT CAG

Higher eukaryotesa GTAAGT CTA
GAC

T TAG

a The S. salmonicolor splicing signals are shown with the corresponding con-
sensus sequence in higher eukaryotes (1).
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phase HPLC, and the amino acid sequences of these peptides
were analyzed (Fig. 1).
Isolation of a genomic ALR DNA clone. Total DNA was

isolated from S. salmonicolor cells and partially digested. DNA
fragments of predominantly 9 to 23 kb were inserted into
lEMBL3. To screen for the ALR gene, two oligonucleotide
probes based on the partial amino acid sequence were synthe-
sized. The library (70,000 plaques) was screened, and seven
positive clones, to which both oligonucleotides hybridized,
were obtained. DNA extracted from the phages was digested
with restriction enzymes, and Southern hybridization analysis
was carried out with the two oligonucleotide probes. The most
intense signals were obtained with clone SAL-6, whose struc-
ture was analyzed further.
A 4.4-kb BglII fragment was subcloned from SAL-6 into

pUC119, and the nucleotide sequence of the leftmost 2.3-kb
region was determined. Open reading frames in this sequence
could potentially encode portions of peptide derived from di-
rect amino acid sequencing of the protein. However, some
peptide sequences were interrupted by an inserted unrelated
DNA sequence. These results strongly suggested the presence
of introns in the ALR gene.
Isolation of an ALR-encoding cDNA and nucleotide se-

quence analysis. The cDNA library constructed from S. salmo-
nicolormRNA was screened by using the same oligonucleotide
probes used for screening of the genomic DNA library. Two
positive clones were isolated from among 20,000 plaques. The
nucleotide sequence was determined for the 1.0-kb insert in
one of the positive clones, pSAL2 (Fig. 2), and was compared
with the genomic DNA sequence. Figure 3 shows the nucleo-
tide sequence of the 2.3-kb genomic DNA encoding ALR and
the deduced amino acid sequence of ALR. The cDNA se-
quence revealed one open reading frame (969 bp, 323 amino
acids) which corresponded to the amino acid sequence of
ALR, and the deduced amino acid sequence from the cDNA
was identical to the partial amino acid sequence determined by
peptide sequencing (Fig. 1). The predicted molecular mass
(35,232 Da, excluding the initial methionine) was nearly iden-
tical to the molecular mass (35,000 Da) estimated by SDS-
PAGE (35).
The genomic DNA sequence covering the region encoding

ALR was 1,260 bp long and was interrupted by four introns.

This is the first report of the presence of introns in genomic
DNA of the red yeast S. salmonicolor. The cDNA sequence
contained a poly(A) tail added after a G residue located 55 bp
downstream of the translational stop codon. However, a po-
tential polyadenylation signal (AATAAA) was not observed
within this region. An inverted repeat was present 109 bp
downstream of the polyadenylation site. Comparison of the
genomic and cDNA sequences indicated that the ALR mes-
sage started at a point at least 283 bp upstream of the trans-
lation start codon and that two introns existed in the 59 non-
translated region (Fig. 4). Eukaryotic promoter-like elements
such as a TATA box and a CAAT sequence were not apparent
upstream of the mRNA start site.
The nucleotide sequences of the six introns in the ALR gene

of S. salmonicolor were compared with those reported for
higher eukaryotes. Table 1 shows that the splicing signals of S.
salmonicolor at the 59 splice site, branch point, and 39 splice site
are conserved relative to each other and to those of higher
eukaryotes (18). The spacing between the branch points and
the 39 splice sites in the two 59 noncoding region introns was 27
to 30 nucleotides, while that in the structural-gene introns was
16 to 21 nucleotides. Among the aldo-keto reductases analyzed
so far, both the cDNA and genomic DNA sequences have been
analyzed only for human aldose reductase (3, 11). The struc-
tural gene for human aldose reductase is interrupted by nine
introns. The intron positions were compared between two pro-
teins, but no similarity was found except for the first introns (in
both S. salmonicolor and the human gene) and between the
fourth (S. salmonicolor) and seventh (human) ones.

FIG. 4. Exon-intron structure of the ALR gene. A restriction map of the
genomic region containing the ALR locus along with the structure of the spliced
cDNA is presented. The translated regions are indicated by shaded boxes, and
the untranslated regions are indicated by open boxes. The start and stop codons
are indicated, as well as the polyadenylation site.

FIG. 5. Southern hybridization analysis of genomic DNA from S. salmoni-
color. DNA was digested with BamHI (lane 1), BglII (lane 2), or SmaI (lane 3)
and then fractionated on a 0.7% agarose gel. The DNA was transferred to
Hybond-N1 membrane and probed with oligonucleotide 2.

FIG. 3. DNA and deduced amino acid sequences of the ALR. The exon sequences are shown in uppercase letters. The intron sequences are shown in lowercase
letters and are labeled 1 to 6. Amino acids matching the amino acids identified on N-terminal sequence analysis (13) and internal peptide sequence analysis of the ALR
are in boldface. The position of the polyadenylation site is shown by double underlining. The triangle indicates the 59 end of pSAL2. A pair of arrows shows the inverted
repeat.
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A blot of S. salmonicolor genomic DNA digested with re-
striction enzymes showed the same pattern when probed with
oligonucleotide 2 used for selection of the genomic clone (Fig.
5), indicating that the S. salmonicolor genome contains a single
ALR gene.
Comparison of the ALR amino acid sequence with those of

other aldo-keto reductases. The deduced amino acid sequence
of ALR was compared with other protein sequences in the
GenBank database. A high level of identity was found for other
proteins belonging to the aldo-keto reductase superfamily (3).
Identities between S. salmonicolor ALR and the bovine (24),
rat (8), human (3), rabbit (10), and barley (2) aldose reducta-
ses; human ALR (3); and xylose reductase from Pichia stipitis
(1) were 45.1, 45.0, 43.7, 42.9, 39.5, 43.9, and 37.7%, respec-
tively. In general, the aldo-keto reductases have greater simi-

larity at their N-terminal regions than at their C-terminal re-
gions (Fig. 6).
Structural models of human aldose reductase suggested that

Tyr-49 acts as the acid base catalyst and Asp-44, Lys-79, and
His-112 play an important role in facilitating the hydride trans-
fer (4, 28). All four of these amino acid residues are conserved
throughout the superfamily, including the ALR from S. salmo-
nicolor.
These enzymes have a strict requirement for NADPH. The

tetra-amino acid motif IPKS is conserved among these
NADPH-dependent reductases, and the lysine residue in this
motif is involved in NADPH binding (5). Although the motif is
present in S. salmonicolor ALR (boxed in Fig. 6), some amino
acid residues were not conserved around the motif. The crystal
structures of aldose reductases complexed with NADPH or an

FIG. 6. Comparison of the deduced amino acid sequences of aldo-keto reductases. The sequences of ALR from S. salmonicolor (sALR), r-crystallin (RHO) (9),
prostaglandin F synthase (PGF) (29), human aldose reductase (hAR) (3), rat aldose reductase (rAR) (8), human ALR (hALR) (3), the yeast nuclear gene product
(GCY) (16), and 2,5-diketogluconic acid reductase from a Corynebacterium sp. (DKG) (12) are aligned. Dots represent amino acids identical to those in the ALR from
S. salmonicolor. Gaps in the aligned sequences are also indicated (2). The putative active-site residues are indicated by black triangles. The predicted NADPH-binding
motifs, IPKS, are boxed.
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analog of the cofactor show that the enzyme undergoes a large
conformational change upon binding to NADPH. The change
involves the reorientation of loop 7 to a position which appears
to lock the coenzyme into place (6, 20, 33). The putative loop
7 in the ALR from S. salmonicolor is shorter than that in other
aldo-keto reductases. The Km values for NADPH were esti-
mated to be 2 to 4 and 37.5 mM for mammalian reductases (31,
32) and S. salmonicolor reductase (13), respectively. The dif-
ference in the Km values could be due to amino acid sequence
differences around the NADPH-binding region.
Construction of an ALR-overproducing strain. An E. coli

strain carrying ALR cDNA, pSAL2, showed reductase activity.
As neither a putative promoter sequence nor a ribosome-
binding site precedes the ALR gene, the protein would be
expressed as a fusion protein with b-galactosidase derived
from the vector. The ALR gene was introduced into high-level
expression vector pKK223-3, and the recombinant plasmid,
pKAR (Fig. 2), was transformed into E. coli JM109 cells. The
specific activity of ALR toward p-nitrobenzaldehyde in a cell
extract of E. coli JM109(pKAR) was 19.69 U/mg of protein,
that is, 10 and 5 times higher than those in E. coli JM109
(pSAL2) and S. salmonicolor (35), respectively.
Analysis of ALR purified from E. coli. The recombinant

ALR was purified 5.8-fold from E. coli HB101(pKAR) cells,
with a yield of 72.6%. Cellular content of the enzyme was more
than 17% of the total extractable protein. The purified enzyme
gave a single band on SDS-PAGE, and Western blotting anal-
ysis showed that the purified recombinant enzyme reacted with
the ALR antibody in a manner similar to that of ALR from
S. salmonicolor (Fig. 7). The specific activity (104.5 U/mg), Km
value (0.64 mM), and Vmax value (370 mmol/min/mg) of the
recombinant ALR toward p-nitrobenzaldehyde were the same
as those for the ALR purified from S. salmonicolor (13, 35).
The isoelectric point of the recombinant enzyme was 4.7, which
was the same as that of the yeast enzyme (35). The sequence of
the first 10 amino acids of the purified enzyme was determined
by protein sequencing; the determined sequence was the same
as that of the enzyme purified from S. salmonicolor (13). The
substrate specificity for typical aldehydes and stereoselectivity
for ethyl 4-chloro-3-oxobutanoate of the enzyme from E. coli
were the same as those of ALR from S. salmonicolor. Since E.
coli does not contain a detectable amount of reducing activity
toward ethyl 4-chloro-3-oxobutanoate, we think that this sys-
tem could produce large amounts of ALR. This process with a
recombinant strain of E. coli could constitute an economical

means for the production of ethyl (R)-4-chloro-3-hydroxybu-
tanoate.
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