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Description

[0001] The present invention relates to a novel, reduced β-nicotinamide adenine dinucleotide-dependent carbonyl
reductase that is useful for producing alcohol, particularly (S)-4-halo-3-hydroxybutyrate ester; DNA encoding said
enzyme; a method for producing said enzyme; and a method for producing alcohol, particularly (S)-4-halo-3-hydroxy-
butyrate ester, using said enzyme.
[0002] Asymmetric reduction methods using microorganisms such as baker's yeast to produce optically active (S)-
4-halo-3-hydroxybutyrate ester (Unexamined Published Japanese Patent Application No. (JP-A) Sho 61-146191, JP-A
Hei 6-209782, and so on) have been known for some time. These production methods, however, have problems that
must be solved for industrial applications because the optical purity and yield of the product are low due to more than
one reductases existing in microbial cells. Optically active (S)-4-halo-3-hydroxybutyrate ester is utilized as a synthetic
intermediate of drugs. It is thus important in the chemical industry to determine how to produce (synthesize or resolve)
optically purified antipodes of the compound.
[0003] Enzymes capable of producing (S)-4-halo-3-hydroxybutyrate ester from 4-haloacetoacetate ester are
described below, and methods for synthesizing (S)-4-halo-3-hydroxybutyrate ester using these enzymes have been
reported.

3α-Hydroxysteroid dehydrogenase (JP-A Hei 1-277494)
Glycerol dehydrogenase (Tetrahedron Lett. 29, 2453-2454 (1988))
Alcohol dehydrogenase derived from Pseudomonas sp. PED (J. Org. Chem. 57, 1526-1532 (1992))
Reductases derived from baker's yeast (D-enzyme-1, D-enzyme-2, J. Am. Chem. Soc. 107, 2993-2994 (1985))
Aldehyde dehydrogenase 2 derived from Sporobolomyces salmonicolor (Abstract of 391st Meeting of the Kansai
Branch of the Japan Society of Bioscience, Biotechnology, and Agrochemistry, p37 (1995))
Ketopantothenate reductase derived from Candida macedoniensis (Arch. Biochem. Biophys. 294, 469-474 (1992))
Ethyl 4-chloroacetoacetate reductasse derived from Geotrichum candidum (Enzyme Microb. Technol. 14, 731-738
(1992))
Carbonyl reductase derived from Candida magnoliae (WO98/35025)
Carbonyl reductase derived from Kluyveromyces lactis (JP-A Hei 11-187869)

[0004] Most of these enzymes are reductases that require reduced nicotinamide adenine dinucleotide phosphate
(NADPH) as a coenzyme. Thus, the method for synthesizing (S)-4-halo-3-hydroxybutyrate ester using these enzymes
is industrially disadvantageous because it needs the addition and regeneration of expensive and chemically unstable
NADPH.
[0005] 3α-Hydroxysteroid dehydrogenase, glycerol dehydrogenase, and alcohol dehydrogenase derived from
Pseudomonas sp. PED are oxidoreductases, which catalyze not only reduction reactions using reduced nicotinamide
adenine dinucleotide (NADH) as an electron donor but also oxidation (dehydrogenation) reactions. The use of these
enzymes cannot produce (S)-4-halo-3-hydroxybutyrate ester in a high yield because the equilibrium of the enzymatic
reaction is likely to limit the reaction rate.
[0006] Thus, the technical problem underlying the present invention is to provide means and methods to produce
(S)-4-halo-3-hydroxybutyrate in a fast and inexpensive way.
[0007] The solution of the technical problem is achieved by providing the embodiments characterized by the claims.
An objective of this invention is to provide a carbonyl reductase that uses NADH as a coenzyme. Another objective of
this invention is to provide a carbonyl reductase with excellent stereoselectivity capable of acting on a substrate, 4-
haloacetoaectate ester, to produce optically active (S)-4-halo-3-hydroxybutyrate ester with high optical purity at a high
yield.
[0008] Still another objective of the present invention is to isolate a DNA encoding the carbonyl reductase with
desired properties and obtaining a recombinant enzyme. A further objective of the invention is to provide a method for
enzymatically producing optically active (S)-4-halo-3-hydroxybutyrate ester using a novel carbonyl reductase.
[0009] Another objective of the invention is to obtain a recombinant capable of simultaneously expressing not only
the desired enzyme described above but also an enzyme that reduces NAD+ to NADH. It is also an objective of the
invention to provide a method for enzymatically producing optically active (S)-4-halo-3-hydroxybutyrate ester using a
novel carbonyl reductase, involving an enhanced regeneration system of the coenzyme using the above recombinant.
[0010] The provision of a carbonyl reductases capable of utilizing NADH as an electron donor is industrially useful
since NADH is less expensive and chemically more stable than NADPH. Further, enzymes that reduce 4-haloacetoac-
etate ester to form (S)-4-halo-3-hydroxybutyrate ester but do not substantially dehydrogenate the formed (S)-4-halo-3-
hydroxybutyrate ester are useful for efficiently producing optically active (S)-4-halo-3-hydroxybutyrate ester.
[0011] An enzyme that meets the above requirements has been found in Kluyveromyces aestuarii.
[0012] The present invenion relates to a novel enzyme and DNA encoding the enzyme, and in developing a method
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for producing alcohol using this enzyme. The present invention relates to the carbonyl reductase described below, DNA
and polynucleotides encoding said enzyme, a method for producing said enzyme, and the use of said enzyme.

1. A carbonyl reductase having the following physicochemical properties:

Reactivity
It reduces 4-haloacetoacetate ester to produce (S)-4-halo-3-hydroxybutyrate ester using reduced β-nicoti-

namide adenine dinucleotide as an electron donor. Substrate specificity
It has high reductase activity for 4-chloroacetoacetate ester but does no substantially dehydrogenate any

optical isomers of 4-halo-3-hydroxybutyrate ester and
shows higher enzymatic activity when used with reduced β-nicotinamide adenine dinucleotide as an

electron donor than reduced β-nicotinamide adenine dinucleotide phosphate.

2. The carbonyl reductase described in 1, which has additional physicochemical properties below:

Optimal pH
5.0 to 6.0

Substrate specificity
It does not substantially dehydrogenate isopropanol and does not reduce acetoacetate ester.

Molecular weight
About 32,000 when determined by sodium dodecylsulfate-polyacrylamide gel electrophoresis.

3. A substantially pure polypeptide comprising the amino acid sequence represented by SEQ ID NO: 2 and having
the enzymatic activity for catalyzing the reduction of 4-haloacetoacetate ester to (S)-4-halo-3-hydroxybutyrate ester
using reduced β-nicotinamide adenine dinucleotide as an electron donor.
4. A substantially pure polypeptide comprising the amino acid sequence represented by SEQ ID NO: 2 containing
up to 30 conservative amino acid substitutions, and having the following enzymatic activities:

reduces 4-haloacetoacetate ester to produce (S)-4-halo-3-hydroxybutyrate ester using reduced β-nicotinamide
adenine dinucleotide as an electron donor;
has high reductase activity for 4-chloroacetoacetate ester but does not substantially dehydrogenate any optical
isomers of 4-halo-3-hydroxybutyrate ester; and
shows higher enzymatic activity when used with reduced β-nicotinamide adenine dinucleotide as an electron
donor than reduced β-nicotinamide adenine dinucleotide phosphate.

5. A substantially pure polypeptide encoded by an necleic acid that hybridizes with the necleic acid consisting of
the nucleotide sequence represented by SEQ ID NO: 1 under stringent conditions, and having the following enzy-
matic activities:

reduces 4-haloacetoacetate ester to produce (S)-4-halo-3-hydroxybutyrate ester using reduced β-nicotinamide
adenine dinucleotide as an electron donor;
has high reductase activity to 4-chloroacetoacetate ester but does not substantially dehydrogenate any optical
isomers of 4-halo-3-hydroxybutyrate ester; and
shows higher enzymatic activity when used with reduced β-nicotinamide adenine dinucleotide as an electron
donor than reduced β-nicotinamide adenine dinucleotide phosphate.

6. The substantially pure polypeptide described in 5, comprising an amino acid sequence having at least 70%
homology with the amino acid sequence represented by SEQ ID NO: 2.
7. An isolated nucleic acid encoding the polypeptide described in any one of 3 to 6.
8. An isolated nucleic acid encoding the polypeptide described in 3 comprising the nucleotide sequence repre-
sented by SEQ ID NO: 1.
9. An isolated nucleic acid hybridizing with the nucleic acid consisting of the nucleotide sequence represented by
SEQ ID NO: 1 under stringent conditions, and encoding a polypeptide having the following enzymatic activities:

reduces 4-haloacetoacetate ester to produce (S)-4-halo-3-hydroxybutyrate ester using reduced β-nicotinamide
adenine dinucleotide as an electron donor;
has high reductase activity for 4-chloroacetoacetate ester but does not substantially dehydrogenate any optical
isomers of 4-halo-3-hydroxybutyrate ester; and
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shows higher enzymatic activity when used with reduced β-nicotinamide adenine dinucleotide as an electron
donor than reduced β-nicotinamide adenine dinucleotide phosphate.

10. The isolated nucleic acid described in 9 comprising a nucleotide sequence having at least 70% homology with
the nucleotide sequence represented by SEQ ID NO: 1.
11. A recombinant vector comprising the nucleic acid described in any one of 7 to 10.
12. A transformant carrying the vector described in 11.
13. The transformant described in 12, which is a microorganism.
14. A method for producing a carbonyl reductase, the method comprising culturing the transformant described in
12 or 13.
15. A recombinant vector comprising the nucleic acid described in any one of 7 to 10 and the nucleic acid encoding
a glucose dehydrogenase.
16. The vector described in 15 wherein a glucose dehydrogenase is derived from Bacillus subtilis.
17. A transformant carrying the vector described in 15 or 16.
18. The transformant described in 17, which is a microorganism.
19. A method for producing the enzyme described in any one of 1 and 2 or the polypeptide described in 3, the
method comprising culturing a microorganism belonging to the genus Kluyveromyces and producing the enzyme
of 1 and 2 or the polypeptide of 3.
20. The method for producing the enzyme described in 19, wherein the microorganism belonging to the genus
Kluyveromyces is Kluyveromyces aestuarii .
21. A method for producing a polypeptide encoded by the nucleic acid described in any one of 7 to 10, the method
comprising culturing the transformant described in 12.
22. The method for producing the polypeptide described in 21, wherein the transformant is the microorganism
described in 13.
23. A method for producing alcohol, the method comprising reacting ketone with the carbonyl reductase described
in 1 or 2, the polypeptide described in any one of 3 to 6, microorganisms producing them, or treated microorgan-
isms.
24. The method for producing alcohol described in 23, wherein the microorganism is the transformant described in
13.
25. The method for producing alcohol described in 23 or 24, wherein ketone is a derivative of 4-haloactoacetate
ester, and alcohol is a derivative of (S)-4-halo-3-hydroxybutyrate ester.
26. The method for producing alcohol described in 25, wherein the derivative of ethyl 4-haloactoacetate is 4-chlo-
roacetoacetate ester, and alcohol is ethyl (S)-4-chloro-3-hydroxybutyrate.
27. The method for producing alcohol described in 23, the method further comprising converting oxidized β-nicoti-
namide adenine dinucleotide to its reduced form.
28. The method for producing alcohol described in 27, wherein oxidized β-nicotinamide adenine dinucleotide is
reduced by a conversion of glucose to δ-gluconolactone by using a glucose dehydrogenase.
29. The method for producing alcohol described in 28, wherein glucose dehydrogenase is expressed by the trans-
formant described in 17.
In particular, the invention relates also to a nucleic acid molecule comprising a polynucleotide selected from the
group consisting of:

(a) polynucleotides encoding a polypeptide comprising the amino acid sequence shown in SEQ ID NO:2;
(b) polynucleotides comprising the nucleotide sequence as shown in SEQ ID NO:1;
(c) polynucleotides encoding the polypeptide of claim 3 comprising the nucleotide sequence represented by
SEQ ID NO:1;
(d) polynucleotides hybridizing with a polynucleotide of (a) or (b) under stringent conditions and encoding the
enzyme of claim 1 or 2;
(e) polynucleotides comprising a nucleotide sequence having at least 70% homology with the nucleotide
sequence of the polynucleotides of (a) or (b) and encoding the enzyme of claim 1 or 2;
or the complementary strand of such a polynucleotide.

The figures show:

Figure 1 shows the sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) pattern.
Figure 2 shows the pH-dependence of the ethyl 4-chloroacetoacetate-reducing activity of the carbonyl reductase
produced in Example 1. In the figure, circles represent results using Britton-Robinson buffer; squares, sodium ace-
tate buffer; and triangles, potassium phosphate buffer.
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Figure 3 shows the temperature-dependence of the ethyl 4-chloroacetoacetate-reducing activity of the carbonyl
reductase produced in Example 1.

Figure 4 shows the pH stability of the carbonyl reductase produced in Example 1.
Figure 5 shows the thermostability of the carbonyl reductase produced in Example 1.
Figure 6 illustrates the restriction map of plasmid pSE-KAR1 constructed in Example 16.
Figure 7 illustrates the restriction map of plasmid pSE420D constructed in Example 19.
Figure 8 illustrates the restriction map of plasmid pSE-BSG1 constructed in Example 20.
Figure 9 illustrates the restriction map of plasmid pSG-KAR1 constructed in Example 21.

[0013] The carbonyl reductase of this invention characteristically uses NADH as a coenzyme and reduces 4-chlo-
roacetoacetate ester but does not substantially dehydrogenate any optical isomers of 4-halo-3-hydroxybutyrate ester.
[0014] In the present invention, the 4-chloroacetoacetate ester-reducing activity of the enzyme can be identified as
follows in particular by the following method of assaying the 4-chloroacetoacetate ester-reducing activity of the enzyme.
[0015] A decrease of absorbance at 340 nm, following a decrease of NADH, is measured during the reaction at
30°C in a reaction mixture containing 50 mM potassium phosphate buffer (pH 6.5), 0.2 mM NADH, 20 mM ethyl 4-chlo-
roacetoacetate, and the enzyme. One unit of the enzyme of the present invention is defined as the amount required to
decrease 1 µmole of NADH in 1 min. A protein is quantitated by the dye-binding method using a Protein Assay Kit (Bio-
Rad).
[0016] When NADH cannot be used as a coenzyme, a decrease of absorbance at 340 nm can be only slightly
observed under the conditions described above. The carbonyl reductase of the present invention shows higher activity
in the presence of NADH as an electron donor instead of NADPH. Namely, NADH has significantly higher activity for
the enzyme as an electron donor than NADPH. The electron donor more suitable as a coenzyme can be clearly shown
by assaying the activities of the enzyme in the presence of either NADPH or NADH under the above reaction conditions
and comparing the results.
[0017] The carbonyl reductase of this invention has high 4-chloroacetoacetate ester-reducing activity but does not
substantially dehydrogenate (i.e., oxidize) any optical isomers of 4-halo-3-hydroxybutyrate ester. That the enzyme does
not substantially dehydrogenate 4-halo-3-hydroxybutyrate ester can be judged as follows. The enzyme contacts the
substrate, 4-halo-3-hydroxybutyrate ester, in the presence of NAD+, and the change (per unit time) of the absorbance
at 340 nm, which is accompanied with an increase or decrease of NADH, is measured. When the change rate is 5% or
less, preferably 1% or less, taking the change of the absorbance at 340 nm where 4-chloroacetoacetate ester is used
as 100%, the enzyme does not have substantial dehydrogenase activity.
[0018] In a preferred embodiment of the present invention, the carbonyl reductase does not substantially dehydro-
genate isopropanol and does not reduce acetoacetate ester. That the enzyme does not have the above activities can
also be judged, as described above, when the change rates of absorbance at 340 nm measured using the above sub-
strates are 5% or less, preferably 1% or less, taking the rate where 4-chloroacetoacetate ester is used as a substrate
as 100%.
[0019] The carbonyl reductase having the physicochemical properties described above is purified from, for exam-
ple, cultured cells of yeast Kluyveromyces. In particular, Kluyveromyces aestuarii  is preferably used in the present
invention since it produces the carbonyl reductase of the present invention in a high yield. The strains of Kluyveromyces
aestuarii, for example, Kluyveromyces aestuarii IFO 10597 and IFO 10598, that produce the carbonyl reductase of this
invention, are available from the Institute for Fermentation, Osaka (IFO) and recited in List of Cultures 10th ed. (1996)
published by IFO.
[0020] The above microorganisms are cultivated in a medium usually used for funji such as YM medium. After suf-
ficient cultivation, grown cells are collected and disrupted in a buffer containing a reducing agent such as 2-mercap-
toethanol and a protease inhibitor such as phenylmethanesulfonyl fluoride (PMFS) to obtain cell-free extracts. The
enzyme can be purified from the thus-obtained cell-free extracts by a protein solubility-dependent fractionation (precip-
itation by organic solvent, salting out by ammonium sulfate, etc.), and an appropriate combination of chromatographies
such as cation or anion exchange chromatography, gel filtration, hydrophobic chromatography, and affinity chromatog-
raphy using chelate, dye, antibody, etc. The enzyme can be purified by, for example, hydrophobic chromatography using
phenyl-Toyopearl, anion exchange chromatography using Q-sepharose, butyl-Toyapearl hydrophobic chromatography,
affinity chromatography using blue sepharose, gel filtration using Superdex 200, etc. After these purification proce-
dures, the enzyme can be electrophoretically purified to almost a single band.
[0021] In the present invention, the carbonyl reductase derived from Kluyveromyces aestuarii  is a polypeptide hav-
ing the following physicocchemical properties:

(1) Reactivity
It reduces 4-haloacetoacetate ester to produce (S)-4-halo-3-hydroxybutyrate ester using reduced β-nicotina-

mide adenine dinucleotide as an electron donor;
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(2) Substrate specificity

It has high reductase activity to 4-chloroacetoacetate ester but does not substantially dehydrogenate any opti-
cal isomers of 4-halo-3-hydroxybutyrate ester and

shows higher enzymatic activity when used with reduced β-nicotinamide adenine dinucleotide as an elec-
tron donor than reduced β-nicotinamide adenine dinucleotide phosphate.

In addition, the enzyme can have physicochemicalthe properties below.
(3) Optimal pH

5.0 to 6.0
(4) Substrate specificity

The enzyme does not substantially dehydrogenate isopropanol and does not reduce acetoacetate ester.
(5) Molecular weight

The molecular weight of the enzyme is 32,000 using sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

Furthermore, this enzyme can have properties described below.
(6) pH stability

relatively stable in the range of pH 7 to 11
(7) Optimal temperature

40°C to 45°C
(8) Thermostability

relatively stable up to 40°C
(9) Inhibition

This enzyme is inhibited by SH reagents such as p-chloromercuribenzoic acid (PCMB) and copper sulfate. The
enzyme is weakly inhibited by iodoacetamide but is not inhibited by quercetin or barbital.

[0022] This invention relates to an isolated nucleic acid encoding a carbonyl reductase and homologues of the
enzyme. An "isolated nucleic acid" is a nucleic acid which has a non-naturally occurring sequence, or which has the
sequence of part or all of a naturally occurring gene but is free of the genes that flank the naturally occurring gene of
interest in the genome of the organism in which the gene of interest naturally occurs. The term therefore includes a
recombinant DNA incorporated into a vector, into an autonomously replicating plasmid or virus, or into the genomic
DNA of a prokaryote or eukaryote. It also includes a separate molecule such as a cDNA, a genomic fragment, a frag-
ment produced by polymerase chain reaction (PCR), or a restriction fragment. It also includes a recombinant nucleotide
sequence that is part of a hybrid gene, i.e., a gene encoding a fusion protein. Specifically excluded from this definition
are mixtures of DNA molecules, vectors, or clones as they occur in a DNA library such as a cDNA or genomic DNA
library. Also excluded are RNA molecules that consist of naturally-occurring sequences (e.g., naturally-occurring
mRNA), except where the RNA is in a purified state such that it is at least 90% free of other naturally-occurring RNA
species. Thus, a naturally-occurring mRNA in a whole mRNA preparation prepared from a cell would not be an "isolated
nucleic acid," but a single mRNA species purified to 90% homogeneity from that whole mRNA preparation would be.
The nucleic acid encoding the carbonyl reductase of this invention comprises, for example, the nucleotide sequence
represented by SEQ ID NO: 1. The nucleotide sequence represented by SEQ ID NO: 1 encodes a polypeptide of the
present invention, e.g., consisting of the amino acid sequence represented by SEQ ID NO: 2. Nucleic acid homologues
encoding the carbonyl reductase of the present invention comprise the amino acid sequence represented by SEQ ID
NO: 2 in which one or more amino acids are deleted, substituted, inserted, and/or added, and DNAs encoding the
polypeptide having physicochemical properties described in (1) and/or (2). It will be apparent to those skilled in the art
that modifications such as substitution, deletion, insertion, and/or addition may be made in the DNA described in SEQ
ID NO: 1 using site-directed mutagenesis (Nucleic Acid Res. 10, pp. 6487 (1982), Methods in Enzymol. 100, pp. 448
(1983), Molecular Cloning 2nd Ed., Cold Spring Harbor Laboratory Press (1989), PCR A Practical Approach IRL Press
pp. 200 (1991)), and the like, to obtain homologues.
[0023] The nucleic acid homologues of the present invention hybridize with a DNA consisting of the nucleotide
sequence represented by SEQ ID NO: 1 or the nucleic acid molecule of the present invention under stringent condi-
tions, and encode a polypeptide having physicochemical properties (1) and (2) described above. DNAs that hybridize
under stringent conditions are defined to be DNAs hybridizing with one or more DNA probes such as any DNA frag-
ments sequentially containing at least 20 bases, preferably at least 30 bases, for example, 40 bases, 60 bases, or 100
bases of the DNA sequence represented by SEQ ID NO: 1 under the hybridization conditions described in the Manual
(wash: 42°C , primary wash buffer containing 0.5x SSC) using ECL Direct Nucleic Acid Labeling and Detection System
(Amersham Pharmacia Biotech), etc.
[0024] The nucleic acid homologues of the present invention comprise a nucleic acid encoding a polypeptide hav-
ing at least 70%, preferably at least 80% or 90%, and more preferably 95% or more homology with the amino acid
sequence represented by SEQ ID NO: 2 or of the polypeptide of the present invention.
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[0025] To determine the "percent homology (identity)" of two nucleic acids or of two amino acids, the sequences are
aligned for optimal comparison purposes (e.g., gaps can be introduced in the sequence of a first nucleic acid or amino
acid sequence for optimal alignment with a second nucleic acid or amino acid sequence). The nucleotides or amino
acid residues at corresponding nucleotide positions or amino acid positions are then compared. Then a position in the
first sequence is occupied by the same nucleotide or amino acid residue as the corresponding position in the second
sequence, then the molecules are identical at that position. The percent homology between the two sequences is a
function of the number of identical positions shared by the squences (i.e., % identity = # of identical positions/total # of
positions (e.g., overlapping positions x 100). In one embodiment the two sequences are the same length.

[0026] A homology search of a nucleic acid of the present invention can be performed using FASTA program,
BLAST program, etc. in, for example, the DNA Databank of JAPAN (DDBJ
[0027] The carbonyl reductase of the present invention includes a substantially pure polypeptide comprising the
amino acid sequence described in SEQ ID NO: 2 and having the physicochemical properties (1) and (2) above, and its
homologues. The term "substantially pure" used herein in reference to a given polypeptide means that the polypeptide
is substantially free from other biological compounds, such as those in cellular material, viral material, or culture
medium, with which the polypeptide may have been associated (e.g., in the course of production by recombinant DNA
techniques or before purification from a natural biological source). The substantially pure polypeptide is at least 75%
(e.g., at least 80, 85, 95, or 99%) pure by dry weight. Purity can be measured by any appropriate standard method, for
example, by column chromatography, polyacrylamide gel electrophoresis, or HPLC analysis.
[0028] A preferable example of the polypeptide of the present invention is a polypeptide comprising the amino acid
sequence described in SEQ ID NO: 2.
[0029] Homologues of the carbonyl reductase of the present invention include the amino acid sequence described
in SEQ ID NO: 2 in which one or more amino acids are deleted, substituted, inserted, and/or added. It will be apparent
to those skilled in the art that such modifications as substitution, deletion, insertion, and/or addition may be made in the
DNA described in SEQ ID NO: 1 using site-directed mutagenesis (Nucleic Acid Res. 10, pp. 6487 (1982), Methods in
Enzymol. 100, pp. 448 (1983), Molecular Cloning 2nd Ed., Cold Spring Harbor Laboratory Press (1989), PCR A Prac-
tical Approach IRL Press pp. 200 (1991)), etc., thereby obtaining DNAs encoding homologues of the carbonyl reduct-
ase. The DNA encoding a homologue of the carbonyl reductase is introduced into host cells and expressed to obtain
the homologue of the carbonyl reductase described in SEQ ID NO: 2.
[0030] The homologues of the carbonyl reductase of the invention can also be a substantially pure polypeptide
comprising the amino acid sequence represented by SEQ ID NO: 2 containing up to 30 conservative amino acid sub-
stitutions, and having the physicochemical properties (1) and (2).
[0031] A "conservative amino acid substitution" is one in which the amino acid residue is replaced with another res-
idue having a chemically similar side chain. Families of amino acid residues having similar side chains have been
defined in the art. These families include amino acids with basic side chains (e.g., lysine, arginie, histidine), acidic side
chains (e.g., aspartic acid, glutamic acid), uncharged polar side chains (e.g., glycine, aspargine, glutamine, serine, thre-
onine, tyrosine, cysteine), nonpolar side chains (e.g., alanine, valine, leucine, isoleucine, proline, phenylalanine,
methionine, tryptophan), beta-branched side chains (e.g., threonine, valine, isoleucine) and aromatic side chains (e.g.,
tyrosine, phenylalanine, tryptophan, histidine).
[0032] More specifically, homologues of the carbonyl reductase of the present invention are polypeptides having at
least 70%, preferably at least 80% or 90%, and more preferably 95% or more homology with the amino acid sequence
represented by SEQ ID NO: 2. The percent homology between the two amino acid sequences can be determined as
described above. A homology search of a polypeptide can be performed using the FASTA program, BLAST program,
etc. in, for example, the DNA Databank of JAPAN (DDBJ). A homology search of the amino acid sequence described
in SEQ ID NO: 2 was actually performed by using the BLAST program in DDBJ. As a result, Sorbitol Utilization Protein
SOU1 derived from Candida albicans was found to have the highest homology (63%) among known proteins.
[0033] An nucleic acid encoding the carbonyl reductase of the present invention can be isolated by, for example,
the method described below.
[0034] The N-terminal amino acid sequence of the purified enzyme of the present invention is determined. The
enzyme is cleaved with lysyl endopeptidase, V8 protease, etc., and the peptide fragments are purified by reversed-
phase liquid chromatography, etc. The amino acid sequence of the peptide fragments thus obtained can be determined
by a protein sequencer.
[0035] A fragment of the nucleic acid of the present invention can be obtained in the following manner. The primers
for PCR are designed based on the amino acid sequence determined. A portion of the nucleic acid of the present inven-
tion can then be amplified by PCR using the designed primers and chromosomal DNAs or cDNA libraries of cells that
produce the enzyme as a template.
[0036] Furthermore, the thus-obtained nucleic acid fragments can be used to obtain the nucleic of this invention as
follows. Libraries and cDNA libraries are prepared from E. coli transformed with a phage, plasmid, etc. into which a
restriction endonuclease-digest of a chromosomal DNA from enzyme-producing strains is inserted. The thus-obtained
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libraries and cDNA libraries can then be used for colony hybridization and plaque hybridization using the amplified DNA
as a probe, thereby obtaining the nucleic acid of this invention.

[0037] The nucleic acid of the present invention can also be obtained in the following manner. Primers for PCR are
designed to extend a known DNA fragment based on the sequence obtained by analyzing the nucleotide sequences of
the amplified DNA fragments. Chromosomal DNAs from the enzyme-producing strains are digested with appropriate
restriction endonucleases. An inverse PCR (Genetics 120, 621-623 (1988)) is then performed using the self-circular-
ized DNA formed from the above digests as a template and the primers. The RACE (Rapid Amplification of cDNA End,
"PCR Experiment Manual" p25-33, HBJ Academic Press) method, etc. can also be used, thereby obtaining the nucleic
acid of this invention.
[0038] Thus, the nucleic acid of the present invention can be obtained by cloning genome DNA and cDNA using the
above methods. Alternatively, the nucleic acid of the invention can be synthesized.
[0039] A vector expressing the enzyme of the present invention can be provided by inserting the thus-obtained
nucleic acid encoding the carbonyl reductase of the invention into a known expression vector. The carbonyl reductase
of the present invention can be produced by cultivating a transformant harboring this expression vector.
[0040] In the present invention, microorganisms to be transformed for expression of the carbonyl reductase requir-
ing NADH as an electron donor are not limited as long as they can be transformed with the recombinant vector contain-
ing the nucleic acid encoding the polypeptide having the carbonyl reductase activity requiring NADH as an electron
donor and can express the polypeptide. Examples of the microorganisms include those for which host-vector systems
are developed, such as bacteria belonging to the genus Escherichia, Bacillus, Pseudomonas, Serratia,
Brevibacterium, Corynebacterium, Streptococcus, or Lactobacillus; actinomycetes belonging to the genus
Rhodococcusor or Streptomyces; yeast belonging to the genus Saccharomyces, Kluyveromyces,
Schizosaccharomyces, Zygosaccharomyces, Yarrowia, Trichosporon, Rhodosporidium, Hansenula, Pichia, or
Candida; fungi belonging to the genus Neurospora, Aspergillus, Cephalosporium, or Trichoderma.
[0041] The procedure for generating transformants and constructing recombinant vectors suitable for hosts can be
performed according to standard techniques known in the fields of molecular biology, bioengineering, and genetic engi-
neering (for example, Sambrook et al., Molecular Cloning, Cold Spring Harbor Laboratories). The transformants such
as microorganisms stably maintaining DNA-inserted phages or plasmids should transcript and translate the genetic
information so as to express the carbonyl reductase gene of the present invention requiring NADH as an electron donor.
An IA promoter that regulates transcription and translation is inserted 5'-upstream of the DNA of the present invention;
preferably, a terminator is also inserted 3'-downstream of the DNA. The promoter and terminator should function in
microorganisms to be used as host cells. Vectors, promoters, and terminators functioning in various microorganisms
are described in "Biseibutsugaku Kisokouza (Basic Course of Microbiology) Vol. 8 Idenshikougaku (Genetic Engineer-
ing), Kyoritsu Shuppan Co., Ltd., particularly for yeast, described in "Adv. Biochem. Eng. 43, 75-102 (1990), Yeast 8,
423-488 (1992)" etc.
[0042] For example, plasmid vectors such as pBR and pUC series, and promoters such as those ofβ-galactosidase
(lac), tryptophan operon (trp ), tac, trc (fusion of lac and trp), and those derived from λ-phage PL, PR, etc. can be used
for the genus Escherichia, particularly Escherichia coli. Terminators derived from trpA, phage, and rrnB ribosomal RNA
can also be used.
[0043] Vectors such as the pUB110 and pC194 series can be used for the genus Bacillus and can be integrated
into chromosomes. Promoters and terminators such as those of alkaline protease (apr), neutral protease (npr), and
amy (α-amylase) can be used.
[0044] Host-vector systems for the genus Pseudomonas, specifically Pseudomonas putida and Pseudomonas
cepacia, have been developed. A broad host range vector pKT240 (containing genes necessary for autonomous repli-
cation derived from RSF1010) based on plasmid TOL that is involved in degradation of toluene compounds can be uti-
lized. A promoter and terminator of a lipase (JP-A Hei 5-284973) gene and the like can be used.
[0045] Plasmid vectors such as pAJ43 (Gene 39, 281 (1985)) can be used for the genus Brevibacterium, especially
Brevibacterium lactofermentum. Promoters and terminators for the genus Escherichia can be used for this microorgan-
ism.
[0046] Plasmid vectors such as pCS11 (JP-A Sho 57-183799) and pCB101 (Mol. Gen. Genet. 196, 175 (1984)) can
be used for the genus Corynebacterium, particularly, Corynebacterium glutamicum.
[0047] Plasmid vectors such as pHV1301 (FEMS Microbiol. Lett., 26, 239 (1985)) and pGK1 (Appl. Environ. Micro-
biol. 50, 94 (1985)) can be used for the genus Streptococcus.
[0048] For the genus Lactobacillus, pAMβ1 developed for the genus Streptococcus (J. Bacteriol. 137, 614 (1979))
can be used, and some of the promoters for the genus Escherichia are applicable.
[0049] For the genus Rhodococcus, a plasmid vector isolated from Rhodococcus rhodochrous can be used (J.
Gen. Microbiol. 138, 1003 (1992)).
[0050] Plasmids functioning in the genus Streptomyces can be constructed by the method described in "Genetic
Manipulation of Streptomyces: A Laboratory Manual Cold Spring Harbor Laboratories by Hopwood et al. (1985)." For
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example, pIJ486 (Mol. Gen. Genet. 203, 468-478 (1986)), pKC1064 (Gene 103, 97-99 (1991)), and pUWL-KS (Gene
165, 149-150 (1995)) can be used, particularly for Streptomyces lividans. Such plasmids can also be used for Strepto-
myces virginiae (Actinomycetol. 11, 46-53 (1997)).

[0051] Plasmids such as the YRp, YEp, YCp, and YIp series can be used for the genus Saccharomyces, especially
for Saccharomyces cerevisiae. Integration vectors (such as EP 537456) using homologous recombination with multiple
copies of a ribosomal DNA in genomic DNA are extremely useful because they are capable of introducing multiple cop-
ies of genes into the host genome and stably maintaining the genes. Furthermore, promoters and terminators of alcohol
dehydrogenase (ADH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), acid phosphatase (PHO),β-galactosi-
dase (GAL), phosphoglycerate kinase (PGK), enolase (ENO), etc. can be used.
[0052] Plasmids such as the series of 2 µm plasmids derived from Saccharomyces cerevisiae, the series of pKD1
plasmids (J. Bacteriol. 145, 382-390 (1981)), plasmids derived from pGK11 involved in killer activity, the series of KARS
plasmids containing an autonomous replication gene from the genus Kluyveromyces, and vector plasmids (such as EP
537456) capable of being integrated into chromosomes by homologous recombination with ribosomal DNA can be
used for the genus Kluyveromyces, particularly for Kluyveromyces lactis. Promoters and terminators derived from ADH
and PGK are applicable.
[0053] For the genus Schizosaccharomyces, plasmid vectors containing ARS (a gene involved in autonomous rep-
lication) derived from Schizosaccharomyces pombe and containing selective markers supplementing auxotrophy of
Saccharomyces cerevisiae can be used (Mol. Cell. Biol. 6, 80 (1986)). Furthermore, ADH promoter derived from
Schizosaccharomyces pombe is applicable (EMBO J. 6, 729 (1987)). In particular, pAUR224 is commercially available
from Takara Shuzo.
[0054] For the genus Zygosaccharomyces, plasmid vectors such as pSB3 (Nucleic Acids Res. 13, 4267 (1985))
derived from Zygosaccharomyces rouxii can be used. Promoters of PHO5 derived from Saccharomyces cerevisiae and
glycerolaldehyde-3-phosphate dehydrogenase (GAP-Zr) derived from Zygosaccharomyces rouxii (Agri. Biol. Chem.
54, 2521 (1990)), etc. are available.
[0055] For the genus Hansenula, host-vector systems have been developed for Hansenula polymorpha. Genes
(HARS1, HARS2) involved in autonomous replication derived from Hansenula polymorpha can be used as vectors.
These genes cannot be mainteined stably, so multiple copies of them should be integrated into chromosomes (Yeast 7,
431-443 (1991)). Promoters of alcohol oxidase (AOX) that is induced by methanol and the like and formic acid dehydro-
genase (FDH) can be used.
[0056] For the genus Pichia, host-vector systems for Pichia pastoris have been developed using genes such as
PARS1 and PARS2 involved in autonomous replication derived from Pichia (Mol. Cell. Biol. 5, 3376 (1985)). Promoters
such as a promoter of AOX with strong promoter activity induced by high-density culture and methanol are applicable
(Nucleic Acids Res. 15, 3859 (1987)).
[0057] For the genus Candida, host-vector systems have been developed for Candida maltosa, Candida albicans,
Candida tropicalis, Candida utilis, etc. Vectors for Candida maltosa using ARS, which was cloned from this strain, have
been developed (Agri. Biol. Chem. 51, 51, 1587 (1987). Strong promoters for vectors that are able to be integrated into
chromosomes have been developed for Candida utilis (JP-A Hei 08-173170).
[0058] In the genus Aspergillus, Aspergillus niger and Aspergillus oryzae have been most extensively studied.
Plasmids able to be integrated into chromosomes are available. Promoters derived from extracellular protease and
amylase are available (Trends in Biotechnology 7, 283-287 (1989)).
[0059] For the genus Trichoderma, host-vector systems based on Trichoderma reesei have been developed., and
promoters derived from extracellular cellulase genes are available (Biotechnology 7, 596-603 (1989)).
[0060] Various host-vector systems for plants and animals, in addition to microorganisms, have been developed. In
particular, expression systems for producing a large amount of foreign proteins in insects, particularly silkworms
(Nature 315, 592-594 (1985)), and plants such as rape seeds, corns, and potatoes have been developed and are avail-
able.
[0061] In the present invention, microorganisms capable of producing the enzyme that reduces 4-haloacetoacetate
ester include all strains belonging to the genus Kluyveromyces, their mutants and variants capable of producing the
NADH-dependent carbonyl reductase, and genetically engineered transformants that have acquired the capacity of
producing the enzyme.
[0062] The present invention relates to the production of alcohol by reducing ketone using the above carbonyl
reductase. The carbonyl reductase of this invention is industrially advantageous since it can use NADH as a coenzyme,
which is less expensive and more stable than NADPH. The desired enzymatic reaction can be performed by contacting
the reaction solution with the enzyme molecules, their treated products, cultured broth containing the enzyme mole-
cules, or living transformants such as microorganisms producing the enzymes. Furthermore, the contact of the reaction
solution with the enzyme is not limited thereto. The reaction solution is defined as an appropriate solvent containing a
substrate and NADH that is a coenzyme necessary for the enzymatic reaction, wherein the solvent provides circum-
stances desirable for the enzyme to express the enzyme activity. The treated microorganisms containing the carbonyl
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reductase of the present invention include microorganisms whose cell membrane permeability is modified by treating
them with surfactants or organic solvents such as toluene, cell-free extracts obtained by disrupting the microorganisms
with glass beads, or by treating them with enzyme, the partially purified preparation of the extracts, etc. The microbial
cells can also be used by being immobilized on carageenan gel, alginate gel, polyacrylamide gel, cellulose, agar, or the
like supporting material, using a known method.

[0063] The ketone used in the method for producing alcohol according to the present invention, 2,3-butandione,
with neighboring diketones and 4-haloacetoacetate ester derivatives is preferable. Halogen atoms of ethyl 4-haloace-
toacetate derivatives include bromine, iodine, and chlorine, but preferably chlorine. Examples of esters include those of
alcohol having linear chains, branched chains, and aromatic substitutions, such as methyl, ethyl, propyl, isopropyl,
butyl, octyl, and benzyl esters. Ethyl ester is most preferable. The 4-haloacetoacetate ester derivatives include, for
example, those with alkyl groups containing a linear chain or branched chain at the 2-position and halogens such as
chlorine, bromine, and iodine.
[0064] NAD+ formed from NADH during reductive reactions can be converted into NADH using the NAD+-reduction
ability of microorganisms (glycolytic pathway, catabolic pathway of C1 compounds in methylotroph). The ability of the
NAD+-reduction can be enhanced by adding glucose, ethanol; formic acid, etc. to a reaction system. Furthermore, the
above enhancement can be achieved by adding microorganisms, their treated products, or their enzymes capable of
forming NADH from NAD+ to the reaction system. For example, microorganisms having glucose dehydrogenase, for-
mate dehydrogenase, alcohol dehydrogenase, amino acid dehydrogenase, or organic acid dehydrogenase (malate
dehydrogenase and so on); their treated products; their enzymes that are partially or highly purified can be used. The
reactants necessary for regenerating NADH can be addeded to the reaction system for producing alcohol of the present
inventionWas they are, in immobilized forms, or through a membrane capable of regenerating NADH.
[0065] Such additional reaction systems for regenerating NADH are unnecessary when living transformants con-
taining a recombinant vector harboring the DNA of this invention are used in the above-described method for producing
alcohol. Namely, NADH is efficiently regenerated without adding the enzyme for NADH regeneration in the reduction
reaction with transformant microorganisms if the microorganisms have high NADH regenerating activity. It is also pos-
sible to express the NADH-regenerating enzyme and NADH-dependent carbonyl reductase and to perform the reduc-
tion reaction using them more efficiently by introducing a gene encoding the NADH-regenerating enzyme such as
glucose dehydrogenase, formate dehydrogenase, alcohol dehydrogenase, amino acid dehydrogenase, or organic acid
dehydrogenase (malate dehydrogenase and so on) to a host cell together with the DNA encoding the NADH-dependent
carbonyl reductase of this invention. These two or more genes can be introduced into a host by transforming a host with
recombinant vectors each having different replication origin and each enzyme gene to avoid incompatibility, transform-
ing a host with a single vector into which the genes are inserted, or introducing the genes into host chromosomes.
When two or more genes are introduced into a single vector, each gene is ligated with gene expression-regulating
regions including promoters and terminators. Alternatively, the genes are expressed as an operon containing two or
more cistrons such as a lactose operon.
[0066] The reduction reaction using the enzyme of the present invention can be performed in water; a water-insol-
uble organic solvent such as ethyl acetate, butyl acetate, toluene, chloroform, or n-hexane; or a two-phase system of
such a solvent and an aqueous solvent.
[0067] The reaction of this invention can be performed using an immobilized enzyme, a membrane reactor, etc.
[0068] The reaction of this invention can be performed at temperatures ranging from 4 to 60°C, preferably 10 to
37°C; a pH ranging from 3 to 11; preferably 5 to 8; and the concentration of substrates ranging from 0.01 to 90 w/v%,
preferably 0.1 to 30 w/v% based on the reaction mixture. NAD+ or NADH can be added to the reaction system as a
coenzyme in a concentration ranging from 0.001 to 100 mM, preferably 0.01 to 10 mM. The substrate can be added
once at the beginning of the reaction. Preferably, it is added continuously or several times with divided portions to pre-
vent the concentration of the substrate from becoming too high in the reaction system.
[0069] Compounds added to the reaction system for regenerating NADH, for example, glucose in case of using glu-
cose dehydrogenase, formic acid in case of using formate dehydrogenase, and ethyl alcohol or isopropanol in case of
using alcohol dehydrogenase, can be added at a molar ratio of 0.1 to 20, and preferably 1 to 5 or more per mole of the
substrate, ketone. The enzymes for regenerating NADH, for example, glucose dehydrogenase, formate dehydroge-
nase, and alcohol dehydrogenase, can be added in an amount of 0.1- to 100-fold, and preferably 0.5- to 20-fold, enzy-
matic activity based on that of the NADH-dependent carbonyl reductase of this invention.
[0070] Alcohol formed by the reduction reaction of ketone according to the present invention can be purified from
the cells and proteins by appropriate combinations of known purification techniques such as centrifugation, membrane
treatment, solvent extraction, or distillation.
[0071] For example, the cells are removed from the reaction solution by centrifugation, proteins are removed by
ultrafiltration, and solvents such as ethyl acetate and toluene are added to the filtrate to extract 4-halo-3-hydroxyacetate
ester into the solvent layer. The organic solvent layer is subjected to phase separation and distilled to obtain 4-halo-3-
hydroxyacetate ester with high purity.
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[0072] The NADH-dependent carbonyl reductase and the DNA encoding the enzyme of the present invention are
advantageous in the industrial production of alcohols. The method of the present invention using the above enzyme
enables efficiently producing (S)-4-halo-3-hydoxybutyrate ester with high optical purity.

[0073] In another embodiment the present invention relates to a kit comprising instructions for performing the
method of the present invention. Said kit can further comprise the enzyme or polypeptide of the present invention.
[0074] Further, in another embodiment the present invention relates to a kit comprising the enzyme, the polypep-
tide, the nucleic acid molecule, the vector, and/or the transformant of the present inveniton.
Advantageously, the kit of the present invention further comprises, optionally, NADH, 4-haloacetoacetate ester, 4-chlo-
roacetoacetate ester, reduced β-nicotinamide adenine dinucleotide, glucose dehydrogenase, (a) reaction buffer(s)
and/or storage solution(s). Parts of the kit of the invention can be packaged individually in vials or in combination in con-
tainers or multicontainer units. The kit of the present invention may be advantageously used for carrying out the method
of the invention and could be, inter alia, employed in a variety of applications referred to above, e.g. in diagnostic kits or
as research tools. Additionally, the kit of the invention may contain means for detection suitable for scientific and/or diag-
nostic purposes. The manufacture of the kits follows preferably standard procedures which are known to the person
skilled in the art.
[0075] The following examples further illustrate this invention but are not to be construed to limit the scope of the
invention.

Example 1 Purification of carbonyl reductase

[0076] Kluyveromyces aestuarii  IFO 10597 was cultured in 20 L of YM medium containing 24 g/L glucose, 3 g/L
yeast extract, 3 g/L malt extract, and 5 g/L peptone (pH6.0). The cultured cells were harvested by centrifugation. The
wet cells thus obtained were suspended in 50 mM potassium phosphate buffer (pH8.0) containing 0.02% 2-mercap-
toethanol and 2 mM phenylmethansulfonyl fluoride (PMSF). The suspended cells were disrupted with a bead beater
(BioSpec Co.), then cell debris was removed by centrifugation to obtain cell-free extracts. After protamin sulfate was
added to the thus-obtained cell-free extract, the mixture was centrifuged to obtain a nucleic acid-free supernatant. The
supernatant was adjusted to 25% saturation with ammonium sulfate and was applied to a phenyl-Toyopearl 650M col-
umn (5.0 cm X 27 cm) equilibrated with a standard buffer (10 mM potassium phosphate buffer (pH8.0), 0.01% 2-mer-
captoehanol) containing 25% ammonium sulfate. Elution was then performed with a linear gradient of ammonium
sulfate solution from a concentration of 25 to 0%.
[0077] The activity of the carbonyl reductase was detected in three fractions, a passed-through fraction and two
gradient-eluted fractions. The latest fraction among the three fractions was pooled and concentrated by ultrafiltration.
[0078] After the concentrated enzyme solution was dialyzed against a standard buffer, the dialysate was applied to
a Q-sepharose HP column (2.6 cm x 10 cm) equilibrated with the standard buffer. The column was subsequently
washed with the standard buffer and the standard buffer containing 0.2 M NaCl. Elution was performed with a linear gra-
dient of NaCl solution from 0.2 to 0.9 M. Active eluted fractions were pooled and concentrated by ultrafiltration.
[0079] The concentrated enzyme solution was adjusted to 20% saturation with ammonium sulfate and was applied
to a butyl-Toyopearl 650M column (1.6 cm X 5 cm) equilibrated with the standard buffer containing 20% saturation
ammonium sulfate. The column was washed with the same buffer, and elution was performed with a linear gradient of
ammonium sulfate solution from a concentration of 20 to 0%. The peak of the activity of the carbonyl reductase was
detected in two eluted fractions. The first fraction with major activity was pooled.
[0080] After the concentrated active fraction was dialyzed against the standard buffer, the enzyme solution was
loaded on a Blue-sepharose HP column (1.6 cm x 2.5 cm) equilibrated with the sane buffer, and the column was then
washed with the standard buffer. Elution was performed with a linear gradient of NaCl solution from 0 to 1 M. The
passed-through fraction in which the activity of the carbonyl reductase was detected was pooled and concentrated. The
concentrated enzyme solution was subjected to gel filtration with Superdex 200 column (1.6 cm x 100cm using the
standard buffer containing 0.3 M NaCl).
[0081] The active fractions obtained by gel filtration were concentrated and analyzed by polyacrylamide gel electro-
phoresis (PAGE). The enzyme was detected as a substantially single band (Fig. 1).
[0082] The specific activity of the purified enzyme was about 28.6 U/mg. The purification steps of the enzyme are
shown in Table 1.

Table 1

Purification step Protein (mg) Enzyme activity (U) Specific activity (U/mg)

Cell-free extract 55700 3610 0.0648
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Example 2 Molecular weight of carbonyl reductase

[0083] The molecular weight of the subunit of the enzyme obtained in Example 1 was determined to be 32 kDa by
SDS-PAGE. The molecular weight determined by gel filtration using Superdex G200 was approximately 85 kDa.

Example 3 Optimal pH of the carbonyl reductase

[0084] The relative reductase activity of the enzyme obtained in Example 1 to ethyl 4-chloroacetoacetate was
investigated with varying pH values of the reaction solution using the potassium phosphate buffer, the sodium acetate
buffer, and the Britton-Robinson buffer. The results are shown in Fig. 2 as activity relative to the maximum activity that
is regarded as 100. The optimal pH of the reaction was estimated to be pH 5.0 to 6.0.

Example 4 Optimal temperature of the carbonyl reductase

[0085] The reductase activity of the enzyme obtained in Example 1 with respect to ethyl 4-chloroacetoacetate was
determined under the standard reaction condition with varying reaction temperatures. The results are shown in Fig. 3
as the activity relative to the maximum activity that is regarded as 100. The optimal temperature was determined to be
40 to 45°C.

Example 5 pH stability of the carbonyl reductase

[0086] The enzyme obtained in Example 1 was incubated at 30°C for 30 min in the Briiton-Robinson buffer, ranging
from pH 4 to 12, and the activities were measured. The results are shown in Fig. 4 as the residual activity to the activity
of the untreated enzyme that is regarded as 100. The most stable pH of the carbonyl reductase of the present invention
was determined to be pH 7.0 to 11.0.

Example 6 Thermostability of the carbonyl reductase

[0087] The enzyme obtained in Example 1 was incubated at pH 8.0 for 10 min at 30°C, 37°C, 45°C, 50°C, and
55°C; the reductase activity of each incubation mixture to ethyl 4-chloroacetoacetate was then measured. The results
are shown in Fig. 5 as the residual activity to the activity of the untreated enzyme that is taken as 100. The carbonyl
reductase of the present invention showed 75% or more of the residual activity up to 37°C.

Example 7 Substrate specificity of the carbonyl reductase

[0088] The reductase activity of the enzyme obtained in Example 1 was measured by reacting the enzyme with var-
ious ketones and aldehydes in the presence of a coenzyme. The results are shown in Table 2 as the activity relative to
that of ethyl 4-chloroacetoacetate in the presence of NADH that is taken as 100. The carbonyl reductase of the present
invention showed only 6.4% of the activity in the presence of NADPH as a coenzyme to that in the presence of NADH
that is taken as 100%. The enzyme showed that the relative activity to 2,3-butadione used as ketone was 70.6%. This
enzyme did not show any NAD+-dependent dehydroganase activity to ethyl (R) or (S)-4-chloro-3-hydroxybutyrate.

Protamin sulfate precipitation 28500 4730 0.166

Phenyl-Toyopearl 591 83.2 0.141

Q-Sepharose 50.0 42.8 0.856

Butyl-Toyopearl 3.62 23.6 6.52

Blue-sepharose 0.21 3.00 14.3

Superdex 200 0.021 0.60 28.6

Table 1 (continued)

Purification step Protein (mg) Enzyme activity (U) Specific activity (U/mg)
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Example 8 Influence of the carbonyl reductase inhibitors

[0089] The enzyme obtained in Example 1 was incubated at 30°C for 10 min in the presence of various reagents,
and its reductase activity to ethyl 4-chloro-3-hydroxybutyrate was measured. The results are shown in Table 3 as the
residual activity to that obtained without any reagent that is taken as 100. The carbonyl reductase of this invention was
significantly inhibited by p-chloromercuribenzoic acid and copper sulfate, but not by quercetin and barbital.

Example 9 Synthesis of ethyl (S)-4-chloro-3-hydroxybutyrate by the carbonyl reductase [1]

[0090] The reaction was carried out at 30°C overnight in a reaction mixture containing 100 mM potassium phos-

Table 2

Substrate Coenzyme Relative activity (%)

Reduction reaction

ethyl 4-chloroacetoacetate NADH 100

NADPH 6.4

methyl 4-chloroacetoacetate NADH 13.1

ethyl acetoacetate NADH 0

methyl acetoacetate NADH 0

2,3-butandione NADH 70.6

2,3-pentandione NADH 8.2

2,4-pentandione NADH 0

Propionaldehyde NADH 2.5

Pyridin-3-aldehyde NADH 0

Methylglyoxal NADH 0

Acetophenone NADH 0

Oxidation reaction

ethyl (R)-4-chloro-3-hydroxybutyrate NAD+ 0

ethyl (S)-4-chloro-3-hydroxybutyrate NAD+ 0

ethyl (R)-3-hydroxybutyrate NAD+ 1.9

ethyl (S)-3-hydroxybutyrate NAD+ 0

Isopropanol NAD+ 0

Table 3

Inhibitor Concentration Residual activity

- - 100

p-chloromercuribenzoic acid 0.05 mM 0

iodoacetamide 1 mM 84.0

copper sulfate 1 mM 19.0

quercetin 0.1 mM 94.0

barbital 1 mM 101

Phenylmethansulfonyl fluoride 1 mM 99.0
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phate buffer (pH6.5), 139.8 mg of NADH, 0.5 U of the carbonyl reductase, and 2% ethyl 4-chloro-3-hydoroxyacetoace-
tate. The optical purity of the formed ethyl 4-chloro-3-hydoroxybutyrate was measured as follows. Ethyl 4-chloro-3-
hydoroxybutyrate was extracted from the reaction mixture with ethyl acetate. After the solvent was removed from the
extract, the extract was subjected to a liquid chromatography using an optical resolution column, Chiralcel OD column
(4.6 mm x 25 cm, Daicel Chemical Industries, Co., Ltd.), using a mixture of n-hexane and isopropanol (9:2) as an eluent
at a flow rate of 0.5 mL/min, monitored with RI. As a result, ethyl 4-chloro-3-hydoroxybutyrate produced by the method
of this invention was S-isomer with an optical purity of 99%ee or more.

[0091] The yield of ethyl 4-chloro-3-hydoroxybutyrate formed from ethyl 4-chloro-3-hydroxyacetoacetate as the
starting material was measured by gas chromatography. The gas chromatography was performed at 150°C using a
Thermon-3000 5% Chromosorb W 60-80 (AW-DMCS) (3.2 mm x 210 cm, Shinwa Chemical Industries, Ltd.) and a
hydrogen flame ionization detector (FID). The reaction yield was about 95%.

Example 10 Synthesis of ethyl (S)-4-chloro-3-hydroxybutyrate by the carbonyl reductase [2]

[0092] The reaction was carried out at 30°C overnight in 1 ml of the reaction mixture containing 100 mM potassium
phosphate buffer (pH6.5), 1 mM NAD+, 0.5 U of the carbonyl reductase obtained in Example 1, 2% ethyl 4-chloroace-
toacetate, 1 U of glucose dehydrogenase (Wako Pure Chemical Industries, Ltd.), and 250 mM glucose. The formed
ethyl 4-chloro-3-hydoroxybutyrate was S-isomer with an optical purity of 99%ee or more. The yield of the reaction was
about 95% (analyzed by the same method as in Example 9).

Example 11 Analysis of partial amino acid sequence of the carbonyl reductase

[0093] The carbonyl reductase obtained in Example 1 was subjected to SDS-PAGE. A piece of gel containing the
enzyme was cut out, washed twice with 0.2M (NH3)2CO3, and then subjected to in-gel-digestion at 35°C overnight
using lysyl endopeptidase. The digested peptides were subjected to a reversed-phase HPLC (TSK gel ODS-80-Ts, 2.0
mm x 250 mm, Tosoh Corporation), eluted with a gradient of acetonitrile solution in 0.1% trifluoroacetic acid (TFA), and
fractionated.
[0094] Three kinds of the thus-obtained peptide fractions were named lep50_51, lep54, and lep59, and an amino
acid sequence of each protein was determined by a protein sequencer (Hewlett Packard G1005A Protein Sequencer
System). Amino acid sequences of Lep50_51, lep54, and lep59 are described in SEQ ID Nos: 3, 4, or 5, respectively.

Example 12 Purification of the chromosomal DNA from Kluyveromyces aestuarii

[0095] The Kluyveromyces aestuarii  IFO 10597 strain was cultured in YM medium, and the cells were separated.
The chromosomal DNA was purified from the cells according to the method described in Meth. Cell Biol. 29, 39-44
(1975).

Example 13 Cloning of the carbonyl reductase gene by PCR

[0096] Six kinds of sense primers and anti-sense primers were synthesized based on amino acid sequences
lep50_51, lep54, and lep59. Nucleotide sequences are described in SEQ ID NO: 6 (KAR50-S), SEQ ID NO: 7 (KAR50-
A), SEQ ID NO: 8 (KAR54-S), SEQ ID NO: 9 (KAR54-A), SEQ ID NO: 10 (KAR59-S), and SEQ ID NO: 11(KAR59-A).
[0097] One sense primer and one anti-sense primer were paired to select a total of six primer pairs, and PCR was
performed for 30 cycles in a reaction consisting of denaturation (94°C, 30 sec), annealing (45°C, 30 sec), and extension
(70°C, 1 min), using GeneAmp PCR System 2400 (Perkin Elmer) in 50 µL of the reaction mixture containing 50 pmol
each primer, 10nmol dNTP, 50 ng of the chromosomal DNA from Kluyveromyces aestuarii, the buffer for AmpliTaq
(Takara Shuzo), and 2U AmpliTaq (Takara Shuzo).
[0098] A portion of the PCR reaction mixture was analyzed by agarose gel electrophoresis. As a result, putative
specific bands were detected for the combinations of KAR50-S and KAR54-A, KAR50-S and KAR59-A, and KAR54-S
and KAR59-A.

Example 14 Subcloning of PCR fragments of the carbonyl reductase gene

[0099] The three DNA fragments obtained in Example 13 were extracted with phenol/chloroform and precipitated
with ethanol to recover them as precipitates. Each of the DNA fragments was digested with BamHI and HindIII restric-
tion endonucleases and subjected to agarose gel electrophoresis. A piece of agarose gel containing the target band
was cut out, purified by SUPREC-01 (Takara Shuzo), and recovered as ethanol precipitates.
[0100] The DNA fragments thus obtained were ligated with plasmid pUC18, which was digested with BamHI and
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HindIII, using a Takara Ligation Kit, and Escherichia coli JM109 was then transformed with the ligated plasmid.

[0101] The transformants were grown on the LB plate (1% bacto-tryptone, 0.5% bacto-yeast extract, 1% NaCl) sup-
plemented with ampicillin (50 µg/mL), and the sizes of the inserted DNAs were confirmed by performing Colony Direct
PCR for some grown colonies using M13-21 and M13-RP primers. The putative colonies harboring the target DNA frag-
ments were cultured in LB liquid medium containing ampicillin, and the plasmids were then purified from the grown cells
with Flexi-Prep (Pharmacia). The plasmids obtained by PCR using a combination of KAR50-S and KAR54-A, that of
KAR50-S and KAR59-A, and that of KAR54-S and KAR59-A were named pKAR1, pKAR2, and pKAR3, respectively.
[0102] The purified plasmids were digested with BamHI and HindIII restriction endonucleases to confirm the sizes
of the target inserts, followed by sequencing. Namely, the inserted DNAs were subjected to PCR using Dye Terminator
Cycle Sequencing FS ready Reaction Kit (Perkin Elmer), and sequenced by DNA Sequencer 373A (Perkin Elmer).
Nucleotide sequences of inserted fragments of pKAR1, pKAR2, and pKAR3 are described in SEQ ID NOs: 12, 13, and
14, respectively.

Example 15 Subcloning DNA near the carbonyl reductase gene

[0103] The chromosomal DNA from Kluyveromyces aestuarii  was digested with HaeII, and the digests were self-
ligated at 16°C overnight using T4 DNA ligase to circularize each DNA fragment. The circularized DNAs were subjected
to PCR for 30 cycles of a reaction consisting of denaturation (94°C, 30 sec), annealing (55°C, 30 sec), and extension
(70°C, 5 min) in 50 µL of the reaction mixture containing 50 pmol each of primers KAR-5UP and KAR-3DN, 10 nmol of
dNTP, 50 ng of the circularized DNAs, a buffer for Ex-Taq (Takara Shuzo), and 3U of Ex-Taq (Takara Shuzo) with Gene-
Amp PCR System 2400 (Perkin Elmer). A 9.5 kb fragment was detected by analyzing a portion of the PCR products by
agarose gel electrophoresis.
[0104] The nucleotide sequences of primers KAR-5UP and KAR-3DNA are shown as SEQ ID NOs: 15 and 16,
respectively. The amplified DNA fragments were recovered as ethanol precipitates after extraction with phenol/chloro-
form. After agarose gel electrophoresis, a piece of gel containing the target band was cut out and purified using
EASYTRAP Ver.2 (Takara Shuzo).
[0105] The thus-obtained DNA fragments were ligated with pT7Blue T-vector (Novagen) using Takara Ligation Kit
ver. 2, and E. coli JM109 was transformed with the ligated plasmids. The transformants were grown on the LB plate
(1% bacto-tryptone, 0.5% bacto-yeast extract, 1% NaCl) supplemented with 50µg/mL of ampicillin, 50µg/mL of 5-
bromo-4-chloro-3-indolyl-β-D-galactopyranoside, and 20µg/mL of isopropylthio-β-D-galactopyranoside (IPTG). The
sizes of the inserted fragments were confirmed by performing Colony Direct PCR for several white colonies using KAR-
3DN and KAR-5UP as primers. The putative colonies harboring the target DNA fragments were cultured in LB liquid
medium containing ampicillin; the plasmids were then purified from the grown cells with Flexi-Prep (Pharmacia). The
plasmids thus obtained were named pT7B-F3 and pT7B-F8.
[0106] The nucleotide sequences of the inserted DNAs were analyzed by the primer-walking method. The nucle-
otide sequence was determined by PCR using Dye Terminator Cycle Sequencing FS Ready Reaction Kit (Perkin
Elmer) and by DNA Sequencer 373A (Perkin Elmer).
[0107] The nucleotide sequence inserted into pKAR2 with its 5'-upstream and 3'-downstream sequences was syn-
thesized and shown in SEQ ID NO: 17. The sequence of the carbonyl reductase (KaCR1) was determined by ORF
search in the nucleotide sequence represented by SEQ ID NO: 17. The determined nucleotide sequence and the
deduced amino acid sequence are shown in SEQ ID NO: 1 and SEQ ID NO: 2, respectively. The above synthesis of the
nucleotide sequence and OFR search were performed using Genetyx ATSQ, and Genetyx (Software Development Co.,
Ltd.).

Example 16 Cloning the carbonyl reductase gene

[0108] KAR-ORF5 (SEQ ID NO: 18) and KAR-ORF3 (SEQ ID NO: 19) primers for cloning were synthesized based
on the nucleotide sequence of the structural gene of the carbonyl reductase. The chromosomal DNA from Kluyveromy-
ces aestuarii  was subjected to PCR for 30 cycles of a reaction consisting of denaturation (95°C, 30 sec), annealing
(50°C, 1 min), and extension (75°C, 5 min) in 50 µl of the reaction mixture containing 50 pmol of each primer, 10 nmol
of dNTP, 50 ng of the chromosomal DNA from Kluyveromyces aestuarii, 2U of Pfu-DNA polymerase, and a buffer for
the enzyme (STRATAGENE) using GeneAmp PCR System 2400 (Perkin Elmer).
[0109] The putative specific bands were observed by analyzing a portion of PCR products by agarose gel electro-
phoresis.
[0110] The amplified DNA fragments were recovered as ethanol precipitates after extraction with phenol/chloro-
form. The DNA fragments were digested with BamHI and XbaI and were subjected to agarose gel electrophoresis. A
piece of agarose gel containing targeted bands was then cut out, and the DNAs were recovered as ethanol precipitates
after purification using SUPREC-01 (Takara Shuzo).
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[0111] The thus-obtained DNA fragments were ligated into plasmid pSE420 (Invitrogen), which was digested with
BamHI and XbaI, using a Takara Ligation Kit, and the resulting plasmids were introduced into Escherichia coli JM109.

[0112] The transformants were grown on the LB plate containing ampicillin (50 µg/mL), and the sizes of the inserted
fragments were confirmed by performing Colony Direct PCR for several grown colonies using Trc-3b and Trc-5b (SEQ
ID NOs: 20 and 21) as primers. The putative colonies harboring the target DNA fragment were incubated at 30°C over-
night in LB liquid medium containing ampicillin; cultivation was then continued for four more hours after the addition of
0.1 mM IPTG to the culture medium.
[0113] The cells were harvested by centrifugation then suspended in 50 mM potassium phosphate buffer (pH 6.5)
containing 0.02% 2-mercaptoethanol, 2mM PMSF, and 0.5 M NaCl and disrupted by sonication for 3 min using a sealed
ultrasonic cell disrupter (UCD-200 (Cosmo Bio)). The resulting suspension was then centrifuged to obtain the super-
natant as cell extracts. The cell extracts were reacted with ethyl 4-chloroacetoacetate to measure the reductase activity
to the substrate.
[0114] The transformants capable of expressing the highest activity were cultured in the liquid LB medium contain-
ing ampicillin (50µg/mL). The plasmid was purified from the transformants using Qiagen 500 (Qiagen) and named plas-
mid pSE-KAR1. The nucleotide sequence of the inserted DNA in the plasmid was determined by PCR using a Dye
Terminator Cycle Sequencing FS Ready Reaction Kit (Perkin Elmer) and DNA Sequencer 373A (Perkin Elmer).
[0115] The inserted DNA fragment was the same sequence as that of KaCR1 represented by SEQ ID NO: 1 with
5'-upstream 12 base pairs that were attached for cloning. The nucleotide sequence of the inserted DNA fragment in
plasmid pSE-KAR1, the amino acid sequence of the coding sequence, and a restriction map of the plasmid are shown
in SEQ ID NO: 22, SEQ ID NO: 23, and Fig. 6, respectively. E. coli transformed with the control plasmid pSE420 (not
harboring the insert) was cultured overnight in LB medium. After 0.1 mM IPTG was added, cultivation was continued for
an additional 4 hours, and the cells were disrupted in the same manner as described above. The reductase activity of
the cell extract to ethyl 4-chloroacetoacetate was assayed, but not detected.

Example 17 Synthesis of ethyl (S)-4-chloro-3-hydroxybutyrate by the recombinant carbonyl reductase

[0116] Ethyl (S)-4-chloro-3-hydroxybutyrate was produced from ethyl 4-chloroacetoacetate using the cell extract
prepared in Example 16. The reaction was performed at 25°C overnight in 1 ml of the reaction mixture containing 100
mM potassium phosphate buffer (pH6.5), 1 mM NAD+, 1.0 U of the recombinant carbonyl reductase, 2% ethyl 4-chlo-
roacetoacetate, 2U of glucose dehydrogenase (Wako Pure Chemical Industries), and 250 mM glucose. The formed
ethyl (S)-4-chloro-3-hydroxybutyrate was S-isomer with an optical purity of 98.4%ee or more, and the yield was about
99% (measured by the same methods as in Example 9).

Example 18 Purification of the DNA from Bacillus subtilis

[0117] Bacillus subtilis BGSC 1A1 strain was cultured on LB medium, and the cells were harvested. The chromo-
somal DNA was purified from the cells using Qiagen Genomic Tip (Qiagen) according to the method described in the
appendix.

Example 19 Construction of plasmid pSE420D for coexpression

[0118] Plasmid vector pSE420 (Invitrogen) was digested with NcoI and BamHI, treated with Klenow fragment, and
self-circularized to construct plasmid pSE420B. Synthetic DNAs SE420D-S described in SEQ ID NO: 24 and SE420D-
A described in SEQ ID NO: 25 were annealed and ligated into plasmid pSE420B, which was digested using MunI and
SpeI, with T4 DNA ligase, thereby obtaining plasmid pSE420D. A restriction map of plasmid pSE420D is shown in Fig.
7.

Example 20 Cloning of glucose dehydrogenase gene from Bacillus subtilis

[0119] A glucose dehydrogenase gene, which is to be used for regenerating NADPH, was cloned from Bacillus
subtilis by a known method (J. Bacteriol. 166, 238-243 (1986)).
[0120] Primers BSG-ATG1 (SEQ ID NO: 26) and BSG-TAA2 (SEQ ID NO: 27) were synthesized based on 5'- and
3'-sequences of the structural gene of the sequence of the glucose dehydrogenase gene described in the above refer-
ence, to clone only the open reading frame by PCR. PCR was performed for 30 cycles (95°C, 30 sec; 50°C, 1 min; 75°C,
3 min 15 sec), using the chromosomal DNA from Bacillus subtilis prepared in Example 18 as a template to obtain ampli-
fied DNAs.
[0121] The amplified DNA fragments were digested with EcoRI and HindIII, and ligated into a plasmid vector,
pSE420D, which was digested using EcoRI and HindIII, with T4 DNA ligase to obtain plasmid pSE-BSG1. A restriction
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map of the plasmid is illustrated in Fig. 8. The determined nucleotide sequence of the inserted DNA fragment agreed
with the nucleotide sequence registered in the database (DDBJ Accession No. M12276). The thus-obtained nucleotide
sequence of the glucose dehydrogenase gene and amino acid sequence of the protein encoded by the gene are shown
in SEQ ID NO: 28 and SEQ ID NO: 29.

Example 21 Construction of plasmid pSG-KAR1 coexpressing the carbonyl reductase from Kluyveromyces aestuarii
and glucose dehydrogenase from Bacillus subtilis

[0122] The DNA fragments containing a gene encoding the carbonyl reductase from Kluyveromyces aestuarii  were
prepared by digesting plasmid pSE-KAR1 constructed in Example 16 with BamHI and XbaI.
[0123] The plasmid pSE-KAR1 containing the carbonyl reductase gene from Kluyveromyces aestuarii was
digested with BamHI and XbaI. It was then ligated with plasmid pSE-BSG1 from Example 20 containing the Bacillus
subtilis-derived glucose dehydrogenase gene, which was digested with BamHI and XbaI, with T4 DNA ligase to obtain
the plasmid pSG-KAR1. This plasmid (pSG-KAR1) can express glucose dehydrogenase and β-ketoacyl-ACP reduct-
ase simultaneously.
[0124] A restriction map of plasmid pSG-KAR1 is illustrated in Fig. 9.

Example 22 Coexpression of the glucose dehydrogenase derived from Bacillus subtills and the carbonyl reductase
derived from Kluyveromyces aestuarii  in E. coli

[0125] E. coli JM109, HB101, TG1, and W3110 were transformed with plasmid pSG-KAR1 that can coexpress the
glucose dehydrogenase from Bacillus subtilis and the carbonyl reductase from Kluyveromyces aestuarii .
[0126] Each recombinant E. coli strain was cultured at 30°C overnight in the LB liquid medium. After 0.1 mM IPTG
was added, the culture medium was cultivated for an additional 4 hours. The cells were harvested from each of the four
transformants to measure their enzyme activities and subject them to the reduction reaction of ethyl 4-chloroacetoace-
tate.

Example 23 Enzyme activities of E. coli strains transformed with pSG-KAR1

[0127] The grown cells (1.5 mL of the culture) of E. coli transformed with plasmid pSG-KAR1 prepared in Example
22 were disrupted by the method described in Example 16, and the cell extract was prepared to assay its enzyme activ-
ities. The enzymatic reaction for assaying the glucose dehydrogenase activity was performed at 25°C in a reaction mix-
ture containing 100 mM potassium phosphate buffer (pH 6.5), 2.5 mM NAD+, 100 mM D-glucose, and the enzyme. One
unit of the enzyme is defined as the amount capable of catalyzing the formation of 1 µmol NADH in 1 min under condi-
tions described above. Each enzyme activity of the crude enzyme solution from each recombinant E. coli is shown in
Table 4.

Example 24 Synthesis of ethyl (S)-4-chloro-3-hydorxybutyrate using E. coli transformed with pSG-KAR1

[0128] E. coli HB101, TG1, and W3110 transformed with plasmid pSG-KAR1 prepared in Example 23 were cul-
tured in LB liquid medium at 30°C overnight. Each preculture was inoculated into 2xYT medium (Bacto-Tryptone 20g,

Table 4

Enzyme activities of E. coli transformed with pSG-KAR1

Host Enzyme activity

Glc-DH ECAA-R

JM109 2.19 3.66

HB101 3.42 2.70

TG1 3.51 2.81

W3110 3.44 3.82

Enzyme activity: enzyme activity/1 ml culture
Glc-DH: glucose dehydrogenase activity
ECAA-R: reductase activity to ethyl 4-chloroacetoactate
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Bacto-Yeast extract 10g, NaCl 10g/L) and grown at 37°C for 4 hours. After 0.1 mM IPTG was added, the cultured
medium was cultivated for an additional 4 hours. The grown cells were collected, and their reductase activity to ethyl 4-
chloroacetoacetate was measured.

[0129] The enzyme reaction was performed at 25°C overnight with shaking in 20 ml of a reaction mixture containing
the E. coli cells prepared from 20 ml of the cultured medium, 200 mM potassium phosphate buffer (pH 6.5), 5% ethyl
4-chloroacetoacetate, 607 mM D-glucose, and 1 mM NAD+. Separately, the reaction was performed under the same
conditions described above but without NAD+. The amount of ethyl (S)-4-chloro-3-hydorxybutyrate and its purity were
determined in the same manner described in Example 9, and the results are shown in Table 5.

Table 5

Synthesis of SECHB using E. coli transformed with
pSG-KAR1

Host NAD+ added NAD+ not added

(g/L) %ee(s) (g/L) %ee(s)

HB101 42.3 99.0 13.2 99.9

TG1 42.5 99.4 19.3 99.9

W3110 49.9 99.9 23.0 99.9

SECHB: ethyl (S)-4-chloro-3-hydroxybutyrate
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Claims

1. A carbonyl reductase having the following physicochemical properties:

reducing 4-haloacetoacetate ester to produce (S)-4-halo-3 hydroxybutyrate ester using reduced β-nicotina-
mide adenine dinucleotide as an electron donor;
having high reductase activity for 4-chloroacetoacetate ester but does not substantially dehydrogenate any
optical isomers of 4-halo-3-hydroxybutyrate ester and
showing higher enzymatic activity when used with reduced β-nicotinamide adenine dinucleotide as an electron
donor than reduced β-nicotinamide adenine dinucleotide phosphate.

2. The carbonyl reductase of claim 1, further having:

an optimal pH of 5.0 to 6.0;
a substrate specificity, such that it does not substantially dehydrogenate isopropanol and does not reduce ace-
toacetate ester; and
a molecular weight of about 32,000 when determined by sodium dodecylsulfate-polyacrylamide gel electro-
phoresis.

3. A polypeptide comprising the amino acid sequence represented by SEQ ID NO: 2 and having the enzymatic activity
for catalyzing the reduction of 4-haloacetoacetate ester to (S)-4-halo-3-hydroxybutyrate ester using reduced β-
nicotinamide adenine dinucleotide as an electron donor.

4. The polypeptide of claim 3 containing up to 30 conservative amino acid aubstitutions, and having the following
enzymatic activities:

reducing 4-haloacetoacetate ester to produce (S)-4-halo-3-hydroxybutyrate ester using reduced β-nicotina-
mide adenine dinucleotide as an electron donor;
having high reductase activity to 4-chloroacetoacetate ester but does not substantially dehydrogenate any opti-
cal isomers of 4-halo-3-hydroxybutyrate ester; and
showing higher enzymatic activity when used with reduced β-nicotinamide adenine dinucleotide as an electron
donor than reduced β-nicotinamide adenine dinucleotide phosphate.

5. A polypeptide encoded by a DNA hybridizing with the DNA comprising the nucleotide sequence represented by
SEQ ID NO: 1 under stringent conditions, and having the enzymatic activities of the polypeptide of claim 1 or 2.

6. The polypeptide of claim 5, comprising an amino acid sequence having at least 70% homology with the amino acid
sequence represented by SEQ ID NO: 2.

7. A nucleic acid molecule encoding the polypeptide of any one of claims 3 to 6.

8. A nucleic acid molecule comprising a polynucleotide selected from the group consisting of:
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(a) polynucleotides encoding a polypeptide comprising the amino acid sequence shown in SEQ ID NO:2;

(b) polynucleotides comprising the nucleotide sequence as shown in SEQ ID NO:1;
(c) polynucleotides encoding the polypeptide of claim 3 comprising the nucleotide sequence represented by
SEQ ID NO:1;
(d) polynucleotides hybridizing with a polynucleotide of (a) or (b) under stringent conditions and encoding the
enzyme of claim 1 or 2;
(e) polynucleotides comprising a nucleotide sequence having at least 70% homology with the nucleotide
sequence of the polynucleotides of (a) or (b) and encoding the enzyme of claim 1 or 2;
or the complementary strand of such a polynucleotide.

9. A recombinant vector comprising the nucleic acid molecule of claim 7 or 8.

10. The recombinant vector of claim 9 further comprising a nucleic acid molecule encoding a glucose dehydrogenase.

11. The vector of claim 10 wherein the glucose dehydrogenase is derived from Bacillus subtilis.

12. A transformant carrying the vector of any one of claims 9 to 11.

13. The transformant of claim 12, which is a microorganism.

14. A method for producing a carbonyl reductase, the method comprising culturing the transformant of claim 12 or 13.

15. A method for producing the enzyme of claim 1 or 2 or the polypeptide of claim 3, the method comprising culturing
a microorganism belonging to the genus Kluyveromyces and producing the enzyme of claim 1 or 2 or the polypep-
tide of claim 3.

16. The method for producing the enzyme of claim 15, wherein the microorganism belonging to the genus
Kluyveromyces is Kluyveromyces aestuarii .

17. A method for producing a polypeptide encoded by the nucleic acid molecule of claim 7 or 8, the method comprising
culturing the transformant of claim 12 or 13.

18. A method for producing alcohol, the method comprising reacting ketone with the carbonyl reductase of claim 1 or
2, the polypeptide of any one of claims 3 to 6, microorganisms producing them, the enzyme produced according to
the method of claim 15 or 16, the polypeptide produced according to the method of claim 17, the transformat of
claim 12 or 13 or treated microorganisms.

19. The method for producing alcohol of claim 18, wherein the microorganism is the transformant of claim 13.

20. The method for producing alcohol of claim 18 or 19, wherein ketone is a derivative of 4-haloactoacetate ester, and
alcohol is a derivative of (S)-4-halo-3-hydroxybutyrate ester.

21. The method for producing alcohol of claim 20, wherein the derivative of ethyl 4-haloacetoacetate is 4-chloroacetoa-
cetate ester, and alcohol is ethyl (S)-4-chloro-3-hydroxybutyrate.

22. The method for producing alcohol of any one of claims 18 to 21, the method further comprising converting oxidized
β-nicotinamide adenine dinucleotide to its reduced form.

23. The method for producing alcohol of claim 22, wherein oxidized β-nicotinamide adenine dinucleotide is reduced by
a conversion of glucose to δ-gluconolactone by using a glucose dehydrogenase.

24. The method for producing alcohol of claim 23, wherein glucose dehydrogenase is expressed by the transformant
of claim 12 or 13.

25. A kit comprising instructions to perform the method of any one of claims 15 to 24.

26. A kit comprising the enzyme of claim 1 or 2, the polypeptide of any one of claims 3 to 6, the nucleic acid molecule
of claim 7 or 8, the vector of any one of claims 9 to 11 or the transformant of claim 12 or 13.
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