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We cloned and sequenced the gene encoding an NADPH-dependent aldehyde reductase (ARII) in Sporobo-
lomyces salmonicolor AKU4429, which reduces ethyl 4-chloro-3-oxobutanoate (4-COBE) to ethyl (S)-4-chloro-
3-hydroxybutanoate. The ARII gene is 1,032 bp long, is interrupted by four introns, and encodes a 37,315-Da
polypeptide. The deduced amino acid sequence exhibited significant levels of similarity to the amino acid
sequences of members of the mammalian 3b-hydroxysteroid dehydrogenase–plant dihydroflavonol 4-reductase
superfamily but not to the amino acid sequences of members of the aldo-keto reductase superfamily or to the
amino acid sequence of an aldehyde reductase previously isolated from the same organism (K. Kita, K.
Matsuzaki, T. Hashimoto, H. Yanase, N. Kato, M. C.-M. Chung, M. Kataoka, and S. Shimizu, Appl. Environ.
Microbiol. 62:2303–2310, 1996). The ARII protein was overproduced in Escherichia coli about 2,000-fold
compared to the production in the original yeast cells. The enzyme expressed in E. coli was purified to
homogeneity and had the same catalytic properties as ARII purified from S. salmonicolor. To examine the
contribution of the dinucleotide-binding motif G19-X-X-G22-X-X-A25, which is located in the N-terminal region,
during ARII catalysis, we replaced three amino acid residues in the motif and purified the resulting mutant
enzymes. Substrate inhibition of the G193A and G223A mutant enzymes by 4-COBE did not occur. The
A253G mutant enzyme could reduce 4-COBE when NADPH was replaced by an equimolar concentration of NADH.

Aldehyde reductase (EC 1.1.1.2), aldose reductase (EC
1.1.1.21), and carbonyl reductase (EC 1.1.1.184) catalyze
NADPH-dependent reduction of a variety of carbonyl com-
pounds and are widely distributed in mammalian and plant
tissues. These enzymes are members of the aldo-keto reduc-
tase superfamily (4, 8); however, their physiological functions
are not well understood. The amino acid sequences of aldose
reductases and aldehyde reductases exhibit significant levels of
similarity, but the amino acid sequences of carbonyl reductases
do not (32).

In previous papers, we described purification and character-
ization of three NADPH-dependent aldehyde reductases
(ARI, ARII, and ARIII) of the red yeast Sporobolomyces sal-
monicolor AKU4429 (9, 14, 34). ARI is the most abundant
aldehyde reductase in this yeast and catalyzes asymmetric re-
duction of ethyl 4-chloro-3-oxobutanoate (4-COBE) to ethyl
(R)-4-chloro-3-hydroxybutanoate (4-CHBE) {enantiomeric ex-
cess for (R) 5 [(R 2 S)/(R 1 S] 3 100 and vice versa}, a
promising chiral building block for organic synthesis. In con-
trast, ARII is produced in considerably smaller amounts but
reduces 4-COBE to the (S) enantiomer (92.7% enantiomeric
excess), which is also a useful chiral building block for chemical
synthesis of pharmaceuticals. In addition to the stereoselectiv-
ity of activity against 4-COBE, the N-terminal amino acid

sequences of these two aldehyde reductases are quite different.
Based on the amino acid sequence deduced from the cDNA
sequence, ARI belongs to the aldo-keto reductase superfamily
(13). Recently, an NADPH-dependent aldehyde reductase
(S1), which reduces 4-COBE to the (S) enantiomer (100%
enantiomeric excess), was purified from Candida magnoliae
AKU4643 (31). The substrate specificities, subunit structures,
and N-terminal amino acid sequences of ARII and S1 are not
similar. This indicates that the two enzymes belong to the
different groups.

In this study, we cloned and analyzed a cDNA clone of the
aldehyde reductase gene (ARII) in order to compare the cat-
alytic mechanisms of ARI and ARII and to understand the
molecular basis of the stereospecific reduction of 4-COBE.

MATERIALS AND METHODS

Microorganisms and culture conditions. S. salmonicolor AKU4429 was used
as the DNA donor. This organism was cultivated at 30°C in YPG medium
containing 5% glucose, 1% peptone, and 1% yeast extract. Escherichia coli
JM109 [recA supE endA hsdR gyrA relA thi D(lac-proAB)/F9 (traD proAB1 lacIq

lacZDM15)], E. coli LE392 (supE supF hsdR galK galT metB trpR lacY), and E.
coli MV1184 [ara D(lac-proAB) rpsL thi (f80lacZDM15) D(srl-recA)306::Tn10
(tetr)/F9 (traD proAB1 lacIq lacZDM15)] were used as host strains. E. coli cells
were grown at 37°C in Luria-Bertani medium containing 1% Bacto-Tryptone
(Difco Laboratories, Detroit, Mich.), 0.5% Bacto-Yeast Extract (Difco Labora-
tories), and 1% NaCl (pH 7.0). When necessary, ampicillin (100 mg/ml), strep-
tomycin (30 mg/ml), and tetracycline (10 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). ExTaq DNA poly-
merase and LA Taq DNA polymerase were purchased from Takara Shuzo Co.,
Ltd.

Amino acid sequencing. ARII was purified from cells of S. salmonicolor as
described elsewhere (14) and was incubated with lysyl endopeptidase (Wako
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Pure Chemicals, Osaka, Japan) in 50 mM Tris-HCl (pH 9.0) containing 3 M urea
for 12 h at 37°C at a substrate/enzyme molar ratio of 200:1. The resulting
peptides were separated by high-performance liquid chromatography by using a
Cosmosil 5C18-P column (4.6 by 150 mm; Nacalai Tesque, Kyoto, Japan) that
previously had been equilibrated in 0.05% trifluoroacetic acid and was eluted
with a linear acetonitrile gradient (0 to 100% acetonitrile in trifluoroacetic acid)
at a flow rate of 0.6 ml/min. The amino acid sequences of peptides were deter-
mined with a model PPSQ-10 protein sequencer (Shimadzu, Kyoto, Japan). The
phenylthiohydantoin amino acid derivatives were separated and identified with
an on-line phenylthiohydantoin analyzer (model C-R7A; Shimadzu) as recom-
mended in the instruction manual.

Screening of a genomic DNA library. To amplify an ARII DNA fragment from
S. salmonicolor chromosomal DNA by PCR, upstream and downstream primers
were designed on the basis of the N terminus (14) and the internal amino acid
sequence LYS, respectively. The sequences of the primers used were as follows:
primer N1, 59-GCIAA(A/G)AT(A/C/T)GA(C/T)AA(C/T)GCIGTI(C/T)T-39;
and primer LYS, 59-TT(A/C)TC(A/G/T)ATICA(C/T)TCIA(A/G)(A/G)TTC
CA-39. Chromosomal DNA extracted from S. salmonicolor as described previ-
ously (13) was used as a template for amplification. The PCR mixture (100 ml)
contained 50 pmol of each primer, each deoxynucleoside triphosphate (dNTP) at
a concentration of 200 mM, 10 mM Tris-HCl (pH 8.3) (at 25°C), 1.5 mM MgCl2,
0.01% (wt/vol) gelatin, 500 ng of template DNA, and 10 U of ExTaq DNA
polymerase. The reaction mixture was overlaid with mineral oil, and the reaction
was carried out by using a Perkin-Elmer Cetus thermal cycler. The initial tem-
plate denaturation step consisted of 2 min at 94°C. The amplification profile (1
min at 47°C, 1 min at 72°C, and 1 min at 94°C) was repeated for 35 cycles. The
PCR product was purified and cloned into pGEM-T (Promega, Madison, Wis.).

The PCR product derived from the genomic DNA was then labeled by using
a DIG DNA labeling kit (Boehringer Mannheim), and the resulting preparation
was used to screen an S. salmonicolor genomic DNA library (24,000 plaques)
(13).

Cloning of ARII cDNA. First-strand cDNA was synthesized from mRNA
isolated from S. salmonicolor (28) by using random hexamers and a GeneAmp
RNA PCR kit (Perkin-Elmer). To amplify ARII cDNA, two primers, primer N2
(59-ATGGCCAAAATCGACAACGCTGTG-39) and primer C1 (59-GGTTTCG
GAGCCGACGAGGTC-39), were synthesized based on the genomic DNA se-
quence. The PCR mixture (100 ml) contained 20 pmol of each primer, each
dNTP at a concentration of 200 mM, 10 mM Tris-HCl (pH 8.3) (at 25°C), 1.5 mM
MgCl2, 0.01% (wt/vol) gelatin, first-strand cDNA, and 2.5 U of ExTaq DNA
polymerase. The reaction mixture was overlaid with mineral oil, and the reaction
was carried out by using a Perkin-Elmer Cetus thermal cycler. The initial tem-
plate denaturation step consisted of 2 min at 94°C. The amplification profile (1
min at 65°C, 1 min at 72°C, and 1 min at 94°C) was repeated for 35 cycles. The
PCR product was purified and cloned into pGEM-T to obtain pGEM-AR2.

Subcloning and DNA sequencing. Phage particles were purified with Lamb-
daSorb phage adsorbent (Promega), and DNA was extracted with phenol-chlo-
roform. The subfragments generated were cloned into pUC118 and pUC119 to
provide templates. DNA sequencing was performed by the dideoxy chain termi-
nation method (20, 24) by using an automated DNA sequencer (model 373A;
Applied Biosystems). The sequencing reaction was carried out as recommended
in the manuals for Taq dye terminator cycle sequencing kits (Applied Biosys-
tems). The sequences were deduced from the data obtained for both strands.

Expression of ARII in E. coli. A PCR was used to subclone the ARII gene. The
two synthetic primers used for this procedure were primer N3 (59-CCGGA
ATTCATAGGAGGGGATTATGGCCAAAATCGAC-39), which contained a
Shine-Dalgarno sequence (underlined nucleotides) (29) flanked by an EcoRI
site, and primer C2 (59-CGGAAGCTTTATCAAGCGGTTTCGGAGCCGAC
GAGG-39), which was flanked by a HindIII site. Plasmid pGEM-AR2 was used
as the template. The PCR mixture (100 ml) contained 20 pmol of each primer,
each dNTP at a concentration of 200 mM, 10 mM Tris-HCl (pH 8.3) (at 25°C),
1.5 mM MgCl2, 0.01% (wt/vol) gelatin, 1 ng of pGEM-AR2, and 5 U of ExTaq
DNA polymerase. The initial template denaturation step consisted of 5 min at
94°C. The amplification profile (1 min at 60°C, 1 min at 72°C, and 30 s at 94°C)
was repeated for 25 cycles. The PCR-generated DNA fragment was ligated into
pUC118 cleaved with EcoRI and HindIII and then was transformed into E. coli
JM109. After ampicillin selection, several clones were picked, and the nucleotide
sequence of the plasmid DNA was examined.

Purification of ARII expressed in E. coli. E. coli JM109 cells carrying pUCAR2
were grown in 5 liters of Luria-Bertani medium containing ampicillin and 0.1
mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 9 h at 37°C. The cells (15 g,
wet weight) were then harvested by centrifugation, resuspended in 100 ml of 10
mM Tris-HCl (pH 8.0)–1 mM EDTA containing 500 mg of lysozyme per ml, and
left on ice for 1 h. Then the cells were disrupted by sonication, and the debris was
removed by centrifugation at 12,000 3 g (30 min, 4°C). The supernatant was
applied to a 200-ml DEAE-Sephacel (Pharmacia Biotech Inc., Tokyo, Japan)
column (2.4 by 11 cm) that previously had been equilibrated with 10 mM Tris-
HCl (pH 7.4)–0.1 mM dithiothreitol (buffer A). Proteins were eluted with a
500-ml linear 0 to 0.4 M NaCl gradient in buffer A. The fractions containing
more than 10% of the maximum activity were combined. After the NaCl con-
centration was adjusted to 4 M with solid NaCl, the enzyme solution was applied
to a Phenyl-Sepharose CL-4B (Pharmacia Biotech Inc.) column (2.4 by 11 cm)
equilibrated with buffer A containing 4 M NaCl. After the column was washed

with the same buffer, the enzyme was eluted by using a linear 4 to 0 M NaCl
gradient and a simultaneous linear increase in the ethylene glycol concentration
from 0 to 70% in buffer A. ARII was purified to electropheretic homogeneity by
this procedure.

Site-directed mutagenesis and purification of ARII variants. Site-directed
mutagenesis of the ARII gene was carried out by using the method described by
Hashimoto-Gotoh et al. (5) and a Mutan-Express Km kit (Takara Shuzo Co.,
Ltd.) as recommended by the manufacturer. The ARII gene was excised from
pUCAR2 with EcoRI and HindIII and then ligated to pKF19k cleaved by the
same restriction enzymes. The following oligonucleotides were used for muta-
genic primers: 59-AGCCGTTGGCAGCGGTGACGAC-39 (G193A), 59-AAG
CGACGAAAGCGTTGGCGCC-39 (G223A), and 59-GACGTGCGAACCGA
CGAAGCC-39 (A253G) (the mismatched nucleotides are underlined). The
presence of the mutations and the absence of unwanted mutations elsewhere in
the gene were confirmed by sequencing both strands of the entire gene of each
mutant. Each mutant gene was recovered by digestion with EcoRI and HindIII
and then ligated to pUC118 cleaved with the same restriction enzymes. The
plasmid was transformed into E. coli JM109, and then the mutant enzyme was
purified from the recombinant E. coli cells as described above for the wild-type
enzyme.

Analytical methods. The activity of ARII and the optical purity of 4-COBE
were determined as described elsewhere (34). The reductase activity was deter-
mined at 37°C by measuring the rate of decrease in the absorbance at 340 nm.
The standard reaction mixture (1.0 ml) contained 0.2 mM 4-COBE, 125 mM
NADPH, and 200 mM potassium phosphate buffer (pH 7.0). One unit of enzyme
activity was defined as the amount of enzyme that catalyzed oxidation of 1 mmol
of NADPH per min. Protein contents were measured by a Bio-Rad protein assay
(Japan Bio-Rad Laboratories, Tokyo, Japan); bovine serum albumin was used as
the standard. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) was performed by the method of Laemmli (16). Western blotting
(immunoblotting) was performed as described previously (13). The standard
methods described by Sambrook et al. (23) were used for DNA manipulation.

Nucleotide sequence accession number. The nucleotide sequence of the ARII
gene has been deposited in the GenBank database under accession no.
AF160799.

RESULTS AND DISCUSSION

Isolation of a cDNA clone. Purified S. salmonicolor ARII was
proteolytically digested with lysyl endopeptidase, and six pep-
tides were obtained by reverse-phase high-performance liquid
chromatography. The amino acid sequences of these peptides
were VRGTARSASK, LANLQK, DLVGSETA, QGAYDE
VIK, TEA, and SWNLESIDK. To clone the ARII gene on the
basis of these sequences, two oligonucleotide probes, primer
N1 derived from the N-terminal amino acid sequence and
primer LYS derived from the internal amino acid sequence
(SWNLESIDK), were synthesized. PCR performed with prim-
ers N1 and LYS yielded a single product that was approxi-
mately 0.6 kb long. This PCR product was subcloned into
pGEM-T, and its nucleotide sequence was determined. We
concluded that the 0.6-kb fragment was a portion of the ARII
gene, because the amino acid sequences of five of the peptide
fragments were found in the amino acid sequence deduced
from the nucleotide sequence of this PCR product. The N-
terminal amino acid sequence was interrupted by an inserted
unrelated DNA sequence. These results strongly suggested
that introns were present in the ARII gene. The PCR fragment
was then used to screen a genomic DNA library constructed in
lEMBL3, and five positive clones were obtained. One of these
clones, SAL-27, was analyzed further. The nucleotide sequence
of a 2.3-kb SalI-PstI fragment of this clone was determined.
Open reading frames in this sequence encoded all of the pep-
tides derived from direct amino acid sequencing of the protein.

To amplify ARII cDNA by reverse transcriptase PCR, two
primers, one derived from the N-terminal amino acid sequence
and the other derived from the C-terminal amino acid se-
quence, were synthesized by using the genomic DNA se-
quence. A 1.0-kb fragment was synthesized and cloned into
pGEM-T, and its nucleotide sequence was determined and
compared to the genomic DNA sequence. The genomic DNA
sequence covering the region encoding ARII was 1,375 bp long
and was interrupted by four introns. This analysis revealed a
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single 1,032-bp open reading frame encoding a 344-amino-acid
protein. The predicted molecular mass (37,184 Da, excluding
the initial methionine) was nearly identical to the molecular
mass estimated by SDS-PAGE (37,000 Da) (14).

Comparison of the ARII amino acid sequence. The deduced
amino acid sequence of ARII was compared with other protein
sequences in the GenBank database by using BLAST pro-
grams. The levels of identity with dihydroflavonol 4-reductases
from higher plants (Zea mays, Arabidopsis thaliana, et al.),
Eucalyptus gunnii cinnamyl alcohol dehydrogenase, and cin-
namoyl coenzyme A (cinnamoyl-CoA) reductases were 30 to
34, 35, and 32 to 36%, respectively. Dihydroflavonol 4-reduc-
tase (EC 1.1.1.219) is required to convert dihydroflavonols to
anthocyanin precursors (leucoanthocyanidins). Cinnamyl alco-
hol dehydrogenase (EC 1.1.1.195) catalyzes the conversion of
p-hydroxycinnamaldehydes to the corresponding alcohols and
is considered a key enzyme in lignin biosynthesis. Cinnamoyl-
CoA reductase (EC 1.2.1.44) catalyzes the conversion of cin-
namoyl-CoA esters to the corresponding cinnamaldehydes
(i.e., the first specific step in the synthesis of lignin monomers).
These enzymes are considered members of the mammalian
3b-hydroxysteroid dehydrogenase–plant dihydroflavonol 4-re-
ductase superfamily (15). We compared the amino acid se-
quence of ARII with the amino acid sequences of other mem-
bers of the superfamily by using CLUSTAL W programs. ARII
exhibited significant levels of identity with bacterial UDP-ga-
lactose 4-epimerases (30%), Nocardia sp. cholesterol dehydro-
genase (7) (30%), and mammalian 3b-hydroxysteroid dehydro-
genases (30%). UDP-galactose 4-epimerase (EC 5.1.3.2)
catalyzes the conversion of UDP-galactose to UDP-glucose
through a mechanism involving transient reduction of NAD1.
3b-Hydroxysteroid dehydrogenase (EC 1.1.1.145) converts
pregnenolone to progesterone, a key step in the synthesis of
steroid hormones. NAD- or NADP-dependent cholesterol de-
hydrogenase from Nocardia sp. strain Ch 2-1 specifically oxi-
dizes the 3b-OH group of cholesterol. In contrast, no similarity
was found with carbonyl reductases or proteins belonging to
the aldo-keto reductase superfamily, including ARI, which was
isolated from S. salmonicolor. As shown in Fig. 1, ARII can be
statistically considered a new member of the mammalian 3b-
hydroxysteroid dehydrogenase–plant dihydroflavonol 4-reduc-
tase superfamily defined by Baker et al. (2) and Baker and

Blasco (1). From the standpoint of molecular biology, we
found the first instance of multiple 4-COBE-reducing enzymes
with various stereoselectivities occurring in the same strain but
belonging to different superfamilies.

As shown in Fig. 2, the N-terminal region of ARII between
position 14 and position 49 is quite similar to the analogous
regions of enzymes belonging to this superfamily. Most of
these enzymes require NADPH; the only exception is UDP-
galactose 4-epimerase, which requires NAD(H). The con-
served N-terminal region is probably involved in the cofactor
binding sites of the enzymes, since the secondary structure of
E. coli UDP-galactose 4-epimerase (3, 30) and the predicted
secondary structure of E. gunnii cinnamoyl-CoA reductase (15)
correspond to the bab-dinucleotide binding fold of
NADP(H)- and NAD(H)-dependent reductases and dehydro-
genases (26, 33). The roles of the conserved amino acid resi-
dues in the N-terminal region were analyzed further, as de-
scribed below. The four-amino-acid motif IPKS, which is
thought to be involved in the interaction with NADPH in
NADPH-dependent aldo-keto reductases, was not present in
ARII.

Analysis of ARII purified from E. coli. The ARII cDNA, to
which a Shine-Dalgarno sequence was attached in the 59-flank-
ing region, was cloned into expression vector pUC118, and the
resulting recombinant plasmid, pUCAR2, was transformed
into E. coli JM109. Expression of the recombinant ARII was
induced by adding IPTG; the enzyme was subsequently puri-
fied ninefold, and the yield was 61%. The purified enzyme
produced a single band on SDS-PAGE gels (Fig. 3A) and on
native PAGE gels (data not shown). The specific activity (15
U/mg), Km (1.82 mM), and Vmax (350 mmol min21 mg21) of
the purified enzyme with 4-COBE were similar to the values
obtained for the enzyme purified from S. salmonicolor (14).
The sequence of the first 10 amino acids of the purified enzyme
was determined by protein sequencing and was found to be
identical to the sequence in the native enzyme. Also, the ste-
reoselectivity [99.2% enantiomeric excess for (S)] for 4-COBE
and the substrate specificity for typical aldehydes of the en-
zyme from E. coli were the same as those of the enzyme from
S. salmonicolor.

We noted that the amount of ARII produced was 5.8 mg/g
of E. coli JM109 cells; this value was 2,000 times the amount
produced in yeast cells (0.003 mg/g of cells). Since E. coli does
not exhibit a detectable level of reducing activity with 4-COBE,

FIG. 1. Phylogenetic tree of ARII and related proteins. The tree was con-
structed by using the CLUSTAL V program (6). Abbreviations: HSADR, human
aldose reductase (4); HSALR, human aldehyde reductase (4); ARI, S. salmoni-
color ARI (13); HSCRE, human carbonyl reductase (32); ZMDFR, Z. mays
dihydroflavonol 4-reductase (25); EGCCR, E. gunnii cinnamoyl-CoA reductase
(15); ARII, S. salmonicolor ARII (this study); HS3BHSDH, human 3b-hydrox-
ysteroid dehydrogenase (19); NSCDH, Nocardia sp. cholesterol dehydrogenase
(7); ECGALE, E. coli UDP-galactose 4-epimerase (17).

FIG. 2. Alignment of the N-terminal regions of ARII and related proteins.
For an explanation of abbreviations see the legend to Fig. 1. The secondary
structure of E. coli UDP-galactose 4-epimerase (30) and the calculated second-
ary structure of E. gunnii cinnamoyl-CoA reductase (15) are indicated below and
above the amino acid sequence, respectively. The solid diamonds indicate amino
acid residues which interact with NAD in E. coli UDP-galactose 4-epimerase.
The numbers to the right and left of each sequence indicate the absolute loca-
tions within the whole sequence. The glycine residues in a putative nucleotide-
binding motif are outlined in black. The positions conserved in cinnamoyl-CoA
reductase and ARII are indicated by colons. a, a-helix; b, b-sheet.
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this system could be useful for producing large amounts of
ARII. We recently developed a method for asymmetric reduc-
tion of 4-COBE to (R)-CHBE involving E. coli cells expressing
the ARI gene as a catalyst (10–12). A recombinant E. coli
strain expressing the ARII gene could also be an economical
way to produce (S)-CHBE.

Catalytic activity of ARII mutants. The amino acid sequence
of ARII contains the dinucleotide-binding motif G19-X-X-G22-
X-X-A25 in its N-terminal region. Since G7 and G10 in the
same motif in the UDP-galactose 4-epimerase have been
found to interact with NAD (30), we assumed that G19 and G22
in the motif in ARII might be involved in binding of NADP.
Position 25 is of particular interest since there is a glycine
residue at this position in most sequences, whereas the cin-
namoyl-CoA reductases of E. gunnii (15), Saccharum officina-
rum (27), Z. mays (22), and Populus balsamifera subsp. tricho-
carpa (18) and ARII have an alanine residue at position 25. To
determine the contributions of G19, G22, and A25 to the cata-
lytic activity of ARII, we mutated these three amino acid res-
idues and purified the mutant enzymes (G193A, G223A, and
A253G). The three mutant ARII enzymes were purified to
homogeneity from E. coli lysates, and the yields were the same
as the yield obtained for the wild-type enzyme (Fig. 3); they
were then characterized by determining the NAD(P)H-depen-
dent reductase activities. As expected, the G193A and G223A
mutants both exhibited less than 20% of the activity of wild-
type enzyme with NADPH in the presence of 0.2 mM
4-COBE, but the A253G mutant exhibited the same level of
activity as the wild-type enzyme. Initial velocity studies of
4-COBE reduction by the wild-type and mutant enzymes were
performed by varying the concentration of 4-COBE and using
a fixed concentration of NADPH (125 mM). The 4-COBE
concentration was varied from 0.015 to 16 mM. The wild-type
and A253G mutant enzymes were strongly inhibited by excess
concentrations of 4-COBE, but the G193A and G223A mu-
tant enzymes were not (Fig. 4A). Wild-type ARII does not
exhibit NADH-dependent reducing activity in the presence of
0.2 mM 4-COBE (14). We measured NADH-dependent
4-COBE reducing activity in the presence of a fixed concen-
tration of NADH (125 mM). The 4-COBE concentration was
varied from 0.015 to 16 mM. As shown in Fig. 4B, the wild-type
and A253G mutant enzymes exhibited significant activity with
NADH in the presence of higher 4-COBE concentrations, but
the G193A and G223A mutant enzymes did not (data not
shown). The Km for 4-COBE (2.7 mM) was equivalent to the

Km of the wild type (3.8 mM). The Vmax (1.7 mmol min21

mg21) of the A253G mutant enzyme for 4-COBE when
NADH was a cofactor was three times greater than the Vmax of
the wild-type enzyme (0.66 mmol min21 mg21), which resulted
in a 3.6-fold increase in the overall catalytic efficiency (kcat/Km,
21 min21 mM21) compared to the catalytic efficiency of the
wild-type enzyme (5.9 min21 mM21). These results suggest
that the amino acid residue at position 25 might be involved in
recognition of the presence of a phosphate group at the 29
position of the adenine ribose ring in nicotinamide nucleotide
coenzymes and in the interaction of 4-COBE as well; i.e., some
interaction between the substrate and NADPH might occur at
residue 25. Changes in coenzyme specificity from NADP de-
pendent to NAD dependent and vice versa have been observed
with many enzymes (21, 26, 35). From a practical viewpoint, it
is important to alter the coenzyme specificity of ARII, which is
a useful catalyst for production of (S)-CHBE. Changing cofac-
tor specificity was not possible with the replacement of one
amino acid residue that interacted with the coenzyme. Re-
placement of a few residues or a module is required because a
specific conformational change is induced by the binding of
cofactor and substrate. We purified ARII in amounts sufficient
for crystallization. Analysis of the three-dimensional structure

FIG. 3. SDS-PAGE of wild-type and mutant ARIIs purified from E. coli.
Portions (1 mg) of wild-type (lane 1), G193A (lane 2), G223A (lane 3), and
A253G (lane 4) ARIIs were separated by 0.1% SDS–PAGE on a gel containing
10% polyacrylamide (A) and then analyzed by Western blotting (B) by using
antibodies raised against wild-type ARII purified from E. coli. Lane M contained
molecular mass standards, whose positions (in kilodaltons) are indicated on the
left.

FIG. 4. Initial velocity (V) of 4-COBE reduction by the wild-type and mutant
ARIIs. Symbols: F, wild type; ■, G193A mutant; h, G223A mutant; E, A253G
mutant. (A) Experiments performed with NADPH as a cofactor. (B) Experi-
ments performed with NADH as a cofactor.
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of this enzyme should reveal a target region for replacement of
amino acid residues for cofactor conversion.
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