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Description

[0001] The present invention relates to a novel xylitol dehydrogenase of acetic acid bacteria, gene coding for the
same, method for producing xylitol dehydrogenase, and method for producing xylitol. Xylitol is useful in the fields of food
industry, drug industry and the like.

Background Art

[0002] Xylitol, which is a naturally occurring sugar alcohol, is a promising low-calorie sweetener because it has lower
calories but exhibits comparable sweetness compared with sucrose. In addition, because of its anti-dental caries prop-
erty, it can be a dental caries preventive sweetener. Furthermore, because xylitol does not elevate glucose level, it has
been utilized for fluid therapy in the treatment of diabetes mellitus. For these reasons, it is expected that the demand of
xylitol will increase in future.
[0003] The current industrial production of xylitol mainly relies on hydrogenation of D-xylose as disclosed in U.S. Pat-
ent No. 4,008,285. D-Xylose used as a raw material is obtained by hydrolysis of plant materials such as trees, straws,
corn cobs, oat hulls and other xylan-rich materials.
[0004] However, such D-xylose produced from hydrolysis of plant materials suffers from a drawback that it is rather
expensive, and it is arisen from high production cost. For example, the low yield of the hydrolysis treatment of plant
materials leads to low purity of the produced D-xylitol. Therefore, the acid used for the hydrolysis and the dyes must be
removed by ion exchange treatment after the hydrolysis treatment, and the resulting D-xylose must be further crystal-
lized to remove other hemicellulose saccharides. In order to obtain D-xylose suitable for foodstuffs, further purification
would be required. Such ion exchange treatment and crystallization treatment invite the increase of production cost.
[0005] Therefore, several methods for producing xylitol have been developed, which utilize readily available raw mate-
rials and generate little waste. For example, there have been developed methods for producing xylitol utilizing other
pentitols as a starting material. One of such readily available pentitols is D-arabitol, and D-arabitol can be produced by
using yeast (Can. J. Microbiol., 31, 1985, 467-471; and J. Gen. Microbiol., 139, 1993, 1047-54).
[0006] Thus, several methods for producing xylitol that utilize D-arabitol as a raw material have been developed. One
method has been reported in Applied Microbiology, 18, 1969, 1031-1035, wherein D-arabitol is produced from glucose
by fermentation using Debaryomyces hansenii ATCC20121, then converted into D-xylulose using Acetobacter
suboxydans, and the D-xylulose is converted into xylitol by the action of Candida guilliermondii var. soya.
[0007] EP 403 392A and EP421 882A disclose methods which comprise producing D-arabitol by fermentation using
an osmosis-resistant yeast, then converting D-arabitol into D-xylulose using a bacterium belonging to the genus
Acetobacter, Gluconobacter, or Klebsiella, forming a mixture of xylose and D-xylulose from the D-xylulose by the action
of glucose (xylose) isomerase, and converting the produced mixture of xylose and D-xylulose into xylitol by hydrogen-
ation. There is also disclosed the production of xylitol comprising preliminarily concentrating xylose in the mixture of
xylose and D-xylulose and converting the concentrated xylose into xylitol by hydrogenation.
[0008] While those methods for the production of xylitol utilizing D-arabitol as a starting material mentioned above can
produce xylitol with a relatively high yield, however, they suffer from a drawback that they requires multiple reaction
steps, and hence the processes should become complicated. Therefore, they have not been economically acceptable.
[0009] On the other hand, breeding of xylitol fermenting microorganisms has been attempted by using genetic manip-
ulation techniques. International Publication WO94/10325 discloses production of xylitol from glucose through fermen-
tation by using a recombinant microorganism obtained by introducing an arabitol dehydrogenase gene derived from a
bacterium belonging to the genus Klebsiella and a xylitol dehydrogenase gene derived from a bacterium belonging to
the genus Pichia into an arabitol fermenting microorganism (yeast belonging to the genus Candida, Torulopsis, or
Zygosaccharomyces).
[0010] However, such breeding of xylitol fermenting microorganisms by using genetic manipulation techniques as
mentioned above is not considered to be completed as a practical means.
[0011] By the way, xylitol dehydrogenase is an enzyme that catalyzes the reaction producing xylitol from xylulose, and
its presence has been known in various organisms. For example, there has been known the presence of xylitol dehy-
drogenase in yeast species such as Pichia stipitis (J. Ferment. Bioeng., 67, 25 (1989)), Pachysolen tannophilus (J. Fer-
ment. Technol., 64, 219 (1986)), Candida shehatae (Appl. Biochem. Biotech., 26, 197 (1990)), Candida parapsilosis
(Biotechnol. Bioeng., 58, 440 (1998)), Debaryomyces hansenii (Appl. Biochem. Biotech., 56, 79 (1996)), and Pullularia
pullulans (An. Acad. Brasil. Cienc., 53, 183 (1981)), filamentous bacteria such as Aspergillus niger (Microbiology, 140,
1679 (1994)) and Neurospora crassa (FEMS Microbiol. Lett., 146, 79 (1997)), algae such as Galdieria sulphuraria
(Planta, 202, 487 (1997)), bacteria such as Morgannela morganii (J. Bacteriol., 162, 845 (1985)), and the like.
[0012] As for the xylitol dehydrogenase gene, there have been reported nucleotide sequences of the gene derived
from Pichia stipitis (FEBS Lett., 324, 9 (1993)) and Morgannela morganii (DDBJ/GenBank/EMBL accession No.
L34345).
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[0013] However, xylitol dehydrogenase derived from acetic acid bacteria and its gene have not been known so far
even for their presence itself.

Summary of the Invention

[0014] The object of the present invention is to provide an enzyme involved in the xylitol biosynthesis of microorgan-
isms excellent in xylitol production ability, genes thereof, and use thereof in order to establish a technique for efficiently
producing xylitol or breeding of xylitol fermenting bacteria.
[0015] To achieve the aforementioned object, the present inventors searched microorganisms having ability to directly
convert D-arabitol to xylitol. As a result, they found that certain bacteria belonging to the genus Gluconobacter or
Acetobacter have such ability. Further, they succeeded in purifying two kinds of xylitol dehydrogenase from one of such
bacteria, Gluconobacter oxydans, and also succeeded in isolating genes coding for these enzymes and determining
their structures. Thus, the present invention has been accomplished.
[0016] That is, the present invention provides:

(1) a protein defined in the following (A) or (B):

(A) a protein which has the amino acid sequence of SEQ ID NO: 4 in Sequence Listing;
(B) a protein which has the amino acid sequence of SEQ ID NO: 4 in Sequence Listing including substitution,
deletion, insertion, addition, or inversion of one or several amino acids, and has xylitol dehydrogenase activity;
and

(2) a protein defined in the following (C) or (D):

(C) a protein which has the amino acid sequence of SEQ ID NO: 6 in Sequence Listing;
(D) a protein which has the amino acid sequence of SEQ ID NO: 6 in Sequence Listing including substitution,
deletion, insertion, addition, or inversion of one or several amino acids, and has xylitol dehydrogenase activity.

The present invention also provides:
(3) a DNA which codes for a protein defined in the following (A) or (B):

(A) a protein which has the amino acid sequence of SEQ ID NO: 4 in Sequence Listing;
(B) a protein which has the amino acid sequence of SEQ ID NO: 4 in Sequence Listing including substitution,
deletion, insertion, addition, or inversion of one or several amino acids, and has xylitol dehydrogenase activity;

(4) a DNA which codes for a protein defined in the following (C) or (D):

(C) a protein which has the amino acid sequence of SEQ ID NO: 6 in Sequence Listing;
(D) a protein which has the amino acid sequence of SEQ ID NO: 6 in Sequence Listing including substitution,
deletion, insertion, addition, or inversion of one or several amino acids, and has xylitol dehydrogenase activity;

(5) the DNA of the above item (3), which is a DNA defined in the following (a) or (b):

(a) a DNA which contains at least a nucleotide sequence corresponding to nucleotide numbers 25 to 1053 of
the nucleotide sequence of SEQ ID NO: 3 in Sequence Listing;
(b) a DNA which is hybridizable with a DNA having a nucleotide sequence corresponding to nucleotide num-
bers 25 to 1053 of the nucleotide sequence of SEQ ID NO: 3 in the Sequence Listing or a probe prepared from
the nucleotide sequence under a stringent condition, and codes for a protein having xylitol dehydrogenase
activity;

(6) The DNA of above item (5), the stringent condition is a condition in which washing is performed at 60 °C, and
at a salt concentration corresponding to 1 x SSC and 0.1 % SDS.
(7) the DNA of the above item (4), which is a DNA defined in the following (c) or (d):

(c) a DNA which contains at least a nucleotide sequence corresponding to nucleotide numbers 1063 to 1848
of the nucleotide sequence of SEQ ID NO: 5 in Sequence Listing;
(d) a DNA which is hybridizable with a DNA having a nucleotide sequence corresponding to nucleotide num-
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bers 1063 to 1848 of the nucleotide sequence of SEQ ID NO: 5 in the Sequence Listing or a probe prepared
from the nucleotide sequence under a stringent condition, and codes for a protein having xylitol dehydroge-
nase activity; and

(8) The DNA of above item (4), the stringent condition is a condition in which washing is performed at 60 °C, and
at a salt concentration corresponding to 1 x SSC and 0.1 % SDS.

The present invention also provides:
(9) a cell which is introduced with a DNA of any one of the above items (3) to (8) in such a manner that xylitol dehy-
drogenase encoded by the DNA can be expressed.

The present invention further provides:
(10) a method for producing xylitol dehydrogenase, which comprises cultivating the cell of the above item (9) in a
medium so that xylitol dehydrogenase should be produced and accumulated in the medium, and collecting xylitol
dehydrogenase from the medium.
The present invention still further provides:
(11) a method for producing xylitol, which comprises allowing xylitol dehydrogenase of the above item (1) or (2) to
act on D-xylulose, and collecting produced xylitol; and
(12) a method for producing xylitol, which comprises allowing the cell of the above item (9) to act on D-xylulose, and
collecting produced xylitol.

[0017] While the xylitol dehydrogenase of the present invention has activity for catalyzing both of the reaction for
reducing D-xylulose to produce xylitol, and the reaction for oxidizing xylitol to produce D-xylulose, the expression "hav-
ing xylitol dehydrogenase activity" herein used means to have at least the activity for catalyzing the reaction producing
xylitol from D-xylulose.
[0018] According to the present invention, a novel xylitol dehydrogenase and DNA coding for the enzyme are pro-
vided, and xylitol dehydrogenase can be produced by using the DNA.
[0019] Further, xylitol can be produced by using a cell introduced with the xylitol dehydrogenase or a DNA which
codes for the enzyme.
[0020] Furthermore, the DNA of the present invention can be utilized for the breeding of xylitol producing microorgan-
isms.

Brief Description of the Drawings

[0021]

Fig. 1 is a photograph for polyacrylamide gel electrophoresis of purified XDH; a) CBB staining after SDS-PAGE, b)
CBB staining after Native-PAGE, and c) activity staining after Native-PAGE.
Fig. 2 is a graph representing the pH dependency of the enzyme activity of XDH2.

Detailed Description of the Invention

[0022] The present invention will be explained in detail hereafter.

*1+  Xylitol dehydrogenase of the present invention

[0023] The xylitol dehydrogenase of the present invention is an enzyme that is produced by Gluconobacter oxydans.
Two kinds of such enzyme were found, one was designated as XDH1, and the other as XDH2. XDH1 has the amino
acid sequence of SEQ ID NO: 4, and XDH2 has the amino acid sequence of SEQ ID NO: 6 in Sequence Listing. XDH1
and XDH2 show a molecular weight of about 36,000 to about 40,000, and about 27,000 to about 30,000, respectively,
as determined by SDS-PAGE (SDS polyacrylamide gel electrophoresis). These two kinds of xylitol dehydrogenase,
XDH1 and/or XDH2, may also be collectively referred to as "XDH" hereinafter.
[0024] As shown in Example 5 mentioned hereinafter, the optimum pH for XDH2 in the reduction reaction (reaction
producing xylitol from D-xylulose) was around 5. The optimum pH for the reduction reaction of well-known xylitol dehy-
drogenases, for example, xylitol dehydrogenase derived from Aspergillus niger is strictly 6.5 (Cor F.B. Witteveen, et al.,
Microbiology, 140, 1679-1685, 1994), and therefore they are clearly different from XDH2 of the present invention
derived from Gluconobacter bacteria in the optimum reaction pH.
[0025] As an example of the method for producing XDH of the present invention, methods utilized for isolation and
purification of XDH from Gluconobacter oxydans will be explained below.
[0026] First, cells of Gluconobacter oxydans, for example, the strain ATCC621, are disrupted by a mechanical means
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such as ultrasonication, or an enzymatic means utilizing a cell wall digesting enzyme etc., and a cell extract is prepared
by removing the insoluble fraction therefrom by centrifugation or the like.

[0027] The cell extract obtained as described above can be fractinated by a combination of conventional purification
methods for proteins such as anion exchange chromatography, affinity chromatography, hydrophobic chromatography,
and gel filtration chromatography, to purify XDH.
[0028] As a carrier for anion exchange chromatography, Q-Sepharose FF (produced by Pharmacia), Mono-Q (pro-
duced by Pharmacia) and the like can be mentioned. The extract containing XDH is passed through a column filled with
such a carrier so that the enzyme should be adsorbed on the column, and, after washing the column, the enzyme is
eluted with a buffer of high salt concentration. In this case, the salt concentration may be raised stepwise, or a concen-
tration gradient may be applied. For example, when Q-Sepharose FF is used, XDH adsorbed on the column may be
eluted with 200 to 350 mM KCl. In the case of Mono-Q, it may be eluted with 150 to 250 mM KCl.
[0029] As a carrier for affinity chromatography, HiTrap Blue (produced by Pharmacia) can be mentioned. The XDH of
the present invention utilizes NAD or NADH as a coenzyme, and hence has affinity for these substances. XDH
adsorbed on the carrier can be eluted with a buffer containing about 5 mM NAD.
[0030] As a carrier for hydrophobic chromatography, Phenyl Sepharose HP (produced by Pharmacia) can be men-
tioned. XDH adsorbed on the carrier at a low salt concentration can be eluted with about 200 to 300 mM ammonium
sulfate.
[0031] The XDH purified as described above can be further purified and separated into XDH1 and XDH2 by gel filtra-
tion chromatography, SDS-PAGE or the like. As a carrier for gel filtration chromatography, Sephadex 200HP (produced
by Pharmacia) can be mentioned.
[0032] In the aforementioned purification procedure, if a fraction contains XDH or not can be confirmed by measuring
the XDH activity of the fraction by, for example, the method shown in the examples mentioned hereinafter.
[0033] The N-terminus amino acid sequences of XDH1 and XDH2 purified as described above are shown as SEQ ID
NO: 1 and SEQ ID NO: 2 in Sequence Listing, respectively.
[0034] While the XDH of the present invention can be obtained from cells of Gluconobacter oxydans by isolation and
purification as described above, it can also be produced by introducing a DNA which codes for XDH mentioned herein-
after into a suitable host so that expression of the DNA should be obtained in accordance with a conventionally used
method for producing heterogenous proteins by fermentation.
[0035] The various genetic recombination techniques mentioned below are described in Molecular Cloning, 2nd edi-
tion, Cold Spring Harbor Press (1989).
[0036] As a host for obtaining the expression of the XDH gene, various prokaryotic cells including Escherichia bacte-
ria such as Escherichia coli, Gluconobacter bacteria such as Gluconobacter oxydans, and Bacillus subtilis, and various
eukaryotic cells including Saccharomyces cerevisiae, Pichia stipitis and Aspergillus oryzae can be used.
[0037] A recombinant DNA used for introducing the XDH gene into a host can be produced by inserting a DNA coding
for XDH into a vector selected depending on the kind of the host in which the expression is to be obtained in such a
manner that the expression of XDH encoded by the DNA can be possible. When an XDH gene specific promoter can
function in the host cell, that promoter can be used as the promoter for the expression of the XDH gene. Further, if
required, another promoter that can function in the host cell may be ligated to a DNA coding for XDH to obtain the
expression under the control of that promoter. When Escherichia bacteria are used as a host, as examples of such a
promoter, lac promoter, trp promoter, trc promoter, tac promoter, PR promoter, PL promoter of lambda phage and the
like can be mentioned. As vectors for Escherichia bacteria, pUC19, pUC18, pBR322, pHSG299, pHSG298, pHSG399,
pHSG398, RSF1010, pMW119, pMW118, pMW219, pMW218 and the like can be mentioned. Phage DNA vectors can
also be utilized. Furthermore, an expression vector containing a promoter and capable of expressing an inserted DNA
sequence can also be used.
[0038] E. coli can be transformed by introducing a plasmid in accordance with, for example, a method of D. A. Morri-
son (Methods in Enzymology, 68, 326 (1979)) or a method in which recipient cells are treated with calcium chloride to
increase permeability for DNA (Mandel, M. and Higa, A., J. Mol. Biol., 53, 159 (1970)).

* 2+  DNA coding for XDH

[0039] A DNA coding for XDH can be obtained from a cDNA library or chromosome DNA library of Gluconobacter
oxydans by PCR (polymerase chain reaction, see White, T.J. et al; Trends Genet., 5, 185 (1989)) or hybridization. Prim-
ers used for PCR can be designed based on the amino acid sequences of the amino termini determined for the purified
XDH1 and XDH2. Further, since the nucleotide sequences of XDH1 gene (SEQ ID NO: 3) and XDH2 gene (SEQ ID
NO: 5) have been elucidated according to the present invention, primers or probes for hybridization can be designed
based on those nucleotide sequences. By using primers having sequence corresponding to 5' non-translation region
and 3' non-translation region as primers for PCR, the XDH coding region can be amplified in its full length. Specifically,
as for XDH2, a primer having a nucleotide sequence of a region upstream from the nucleotide number 1063 in SEQ ID
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NO: 5 can be used as the 5' primer, and a primer having a sequence complementary to a nucleotide sequence of a
region downstream from the nucleotide number 1851 can be used as the 3' primer. As for XDH1, a primer having a
nucleotide sequence of a region upstream from the nucleotide number 25 in SEQ ID NO: 3 can be used as the 5' primer.

[0040] Synthesis of the primers can be performed by an ordinary method such as a phosphoamidite method (see Tet-
rahedron Letters, 22, 1859 (1981)) by using a commercially available DNA synthesizer (for example, DNA Synthesizer
Model 380B produced by Applied Biosystems). Further, the PCR can be performed by using, for example, Gene Amp
PCR System 9600 produced by PERKIN ELMER and using TaKaRa LA PCR in vitro Cloning Kit (supplied by Takara
Shuzo Co., Ltd.) in accordance with a method designated by the suppliers.
[0041] The DNA of the present invention may code for XDH1 or XDH2 including substitution, deletion, insertion, addi-
tion, or inversion of one or several amino acids at one or a plurality of positions, provided that the activity to produce
xylitol from D-xylulose of XDH1 or XDH2 encoded thereby is not deteriorated. Although the number of "several" amino
acids differs depending on the position or the type of amino acid residues in the three-dimensional structure of the pro-
tein, it may be 2 to 100, preferably 2 to 50, and more preferably 2 to 10.
[0042] DNA, which codes for the substantially same protein as XDH1 or XDH2 as described above, is obtained, for
example, by modifying the nucleotide sequence or XDH1 gene or XDH2 gene, for example, by means of the site-
directed mutagenesis method so that one or more amino acid residues at a specified site of the gene involve substitu-
tion, deletion, insertion, addition, or inversion. DNA modified as described above may be obtained by the conventionally
known mutation treatment. The mutation treatment includes a method for treating DNA coding for XDH in vitro, for
example, with hydroxylamine, and a method for treating a microorganism, for example, a bacterium belonging to the
genus Escherichia harboring DNA coding for XDH with ultraviolet irradiation or a mutating agent such as N-methyl-N'-
nitro-N-nitrosoguanidine (NTG) and nitrous acid usually used for the mutation treatment.
[0043] The substitution, deletion, insertion, addition, or inversion of nucleotide as described above also includes
mutation (mutant or variant) which naturally occurs, for example, the difference in strains, species or genera of the
microorganism.
[0044] The DNA, which codes for substantially the same protein as XDH1 or XDH2, is obtained by expressing DNA
having mutation as described above in an appropriate cell, and investigating the XDH1 or XDH2 activity of an expressed
product. The DNA, which codes for substantially the same protein as XDH1 or XDH2, is also obtained by isolating DNA
which is hybridizable with DNA having, for example, a nucleotide sequence corresponding to nucleotide numbers of 25
to 1053 of the nucleotide sequence of SEQ ID NO: 3 or a probe which can be prepared from the DNA, or a nucleotide
sequence corresponding to nucleotide numbers of 1063 to 1848 of the nucleotide sequence of SEQ ID NO: 5 or a probe
which can be prepared from the DNA, under a stringent condition, and which codes for a protein having the XDH1 or
XDH2 activity, from DNA coding for XDH1 or XDH2 having mutation or from a cell harboring it. The "stringent condition"
referred to herein is a condition under which so-called specific hybrid is formed, and non-specific hybrid is not formed.
It is difficult to clearly express this condition by using any numerical value. However, for example, the stringent condition
includes a condition under which DNA's having high homology, for example, DNA's having homology of not less than
50% are hybridized with each other, and DNA's having homology lower than the above are not hybridized with each
other. Alternatively, the stringent condition is exemplified by a condition under which DNA's are hybridized with each
other at a salt concentration corresponding to an ordinary condition of washing in Southern hybridization, i.e., 60°C, 1
x SSC, 0.1% SDS, preferably 0.1 x SSC, 0.1% SDS.
[0045] The gene, which is hybridizable under the condition as described above, includes those having a stop codon
generated in the gene, and those having no activity due to mutation of active center. However, such mutant genes can
be easily removed by ligating the gene with a commercially available activity expression vector, and measuring the
XDH1 or XDH2 activity in accordance with the method described below.
[0046] A DNA which codes for the XDH of the present invention can be used for, in addition to the method for produc-
ing XDH mentioned above and the method for producing xylitol mentioned below, breeding of xylitol producing micro-
organisms. For example, by enhancing the XDH gene in a microorganism having the ability to convert D-arabitol into
xylitol, e.g., Gluconobacter bacteria, the ability of the microorganism to convert D-arabitol into xylitol can be increased.

*3+  Method for producing xylitol

[0047] Xylitol can be produced by allowing the XDH of the present invention or a cell introduced with a DNA which
codes for XDH and expresses XDH to act on D-xylulose, and collecting produced xylitol.
[0048] XDH may be an enzyme extracted from Gluconobacter bacteria, or an enzyme produced by a genetic recom-
bination technique utilizing a DNA which codes for XDH. Further, XDH may be either XDH1 or XDH2, and may be a
mixture of them at an arbitrary ratio.
[0049] The reaction producing xylitol from D-xylulose usually provides good results when performed at a temperature
of 20-60°C, more preferably 30-40°C, and pH of 4-10, more preferably pH of 4-8. For the reaction, either of standing
culture or spinner culture may be used. While the reaction time may vary depending on concentration of XDH, amount
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of cells, and substrate concentration to be used, it is desirably 1-100 hours.

[0050] For collecting and separating the produced xylitol from a finished reaction mixture, any conventional methods
including use of a synthetic adsorbent, precipitant, or the like may be used.

Best Mode for Carrying out the Invention

[0051] The present invention will be further explained more specifically with reference to the following examples here-
inafter. However, the present invention is not limited by the descriptions of the examples.

Example 1: Production of XDH by Gluconobacter oxydans and purification thereof

*1+  Culture of Gluconobacter oxydans ATCC621

[0052] The Gluconobacter oxydans strain ATCC621 was cultured to obtain its cells having sufficient XDH activity. The
cultivation was always performed in PD medium as broth culture with shaking at 30°C. The PD medium had a compo-
sition of 24 g/L potato dextrose (Difco), 30 g/L yeast extract (Difco), 5 g/L meat extract (Difco), 15 g/L glycerol, 10 g/L
D-arabitol, 10 g/L D-xylose, 10 g/L xylitol, 20 g/L calcium carbonate (Kanto Chemical), pH 7.0.
[0053] First, as a seed culture, the strain ATCC621 was inoculated into a Sakaguchi flask containing 40 ml of PD
medium, and cultured overnight with shaking at 30 °C. The obtained culture broth was inoculated in an amount corre-
sponding to 1% into 40 Sakaguchi flasks each similarly containing 40 ml of PD medium, and cultured with shaking for
3 days at 30°C (main culture). After removing calcium carbonate by centrifugation, the cells were collected by centrifu-
gation. The cells obtained as described above were used as a material for purification of XDH.
[0054] The XDH activity was determined by the following enzyme activity assay. 30 µl of enzyme solution was added
to 570 µl of a reaction solution containing 100 mM (final concentration) xylitol, 2 mM NAD, and 100 mM CAPS (pH 10.0)
to perform the enzymatic reaction at 30°C, and the increase of NADH produced as the reaction proceeded was deter-
mined by measuring the absorbance at 340 nm using a spectrophotometer (DU640 Spectrometer produced by BECK-
MAN). The activity producing 1 µmol of NADH per minute was defined as 1 unit (U). The calculation was performed by
using the molecular absorption coefficient ε of NADH at 340 nm of 6.3 x 103.

*2+  Purification of XDH

(1) Preparation of cell extract

[0055] The cells obtained above were suspended in 50 mM potassium phosphate buffer (pH 7), and centrifuged at
5000 x g for 10 minutes to be collected again in the precipitated fraction. The procedure comprising suspension and
centrifugation of these cells was repeated twice to wash the cells.
[0056] About 10 g of the washed cells were suspended in 50 ml of Buffer 1 (20 mM Tris-HCl (pH 7.6), 0.5 mM EDTA,
1 mM MgCl2, 1 mM DTT), and disrupted by sonication for 20 minutes at 4°C. The disrupted cell suspension was cen-
trifuged (8000 rpm, 10 minutes) to remove the cell debris, and further ultracentrifuged (56000 rpm, 30 minutes) to
remove the insoluble fraction. Thus, a soluble fraction was obtained.

(2) Anion exchange chromatography

[0057] The above-obtained soluble fraction was loaded on an anion exchange chromatography column Q-Sepharose
FF (produced by Pharmacia) equilibrated with Buffer 1. By this operation, XDH was adsorbed on the carrier.
[0058] The protein not adsorbed on the carrier (non-adsorbed proteins) was washed off by using Buffer 1, and then
the adsorbed protein was eluted by using a buffer containing KCl as an eluate. In this elution, KCl concentration in the
buffer was linearly changed from 0 M to 0.5 M. The XDH activity was measured for each eluted fraction obtained by this
elution, and the XDH activity was found in eluted fractions corresponding to the KCl concentration of about 200 to 350
mM.

(3) NAD affinity chromatography

[0059] The above-obtained fractions containing the XDH activity were combined, and dialyzed against Buffer 1. The
solution after the dialysis was filtered through a 0.45 µm filter. The obtained filtrate was loaded on an NAD affinity col-
umn HiTrap Blue 5 ml (produced by Pharmacia) equilibrated with Buffer 1. By this operation, XDH was adsorbed on the
carrier.
[0060] The protein not adsorbed on the carrier (non-adsorbed proteins) was washed off by using Buffer 1, and then
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the adsorbed protein was eluted by using Buffer 2 (20 mM Tris-HCl (pH7.6), 0.5 mM EDTA, 1 mM MgCl2, 1 mM DTT, 5
mM NAD) containing NAD as an eluate. As a result, XDH was detected in the eluted fractions.

(4) Anion exchange chromatography

[0061] The aforementioned eluted fractions containing XDH activity were filtered through a 0.45 µm filter. The
obtained filtrate was loaded on an anion exchange chromatography column Mono-Q (produced by Pharmacia) equili-
brated with Buffer 1. By this operation, XDH was adsorbed on the carrier.
[0062] The protein not adsorbed on the carrier was washed off by using Buffer 1, and then the adsorbed protein was
eluted by using a buffer containing KCl as an eluate. This elution was performed by linearly changing KCl concentration
in the buffer from 0 mM to 500 mM. The XDH activity was measured for each eluted fraction obtained by this elution,
and the XDH activity was found in eluted fractions corresponding to the KCl concentration of about 150 to 250 mM.

(5) Hydrophobic chromatography

[0063] The eluted fractions for which the activity was detected were dialyzed against Buffer 3 (50 mM potassium phos-
phate buffer, 1 M ammonium sulfate, pH 7.0). The solution obtained after the dialysis was filtered through a 0.45 µm
filter. The obtained filtrate was loaded on a hydrophobic chromatography column Phenyl Sepharose HP (produced by
Pharmacia) equilibrated with Buffer 3. By this operation, XDH was adsorbed on the carrier.
[0064] The protein not adsorbed on the carrier was washed off by using Buffer 3, and then the adsorbed protein was
eluted by using Buffer 4 (50 mM potassium phosphate buffer, pH 7.0) as an eluate. For this elution, ammonium sulfate
concentration in the buffer was linearly changed from 1 M to 0 M. The XDH activity was measured for each eluted frac-
tion obtained by this elution, and the XDH activity was found in eluted fractions corresponding to the ammonium sulfate
concentration of about 200 to 300 mM.

(6) Analysis of purified fraction

[0065] The XDH-active fraction obtained by the aforementioned purification was subjected to SDS-PAGE and stained
with Coomassie Brilliant Blue. As a result, it was confirmed that XDH had been purified to such a level that XDH could
be detected as two bands, and their molecular weights were estimated to be about 27,000 to abut 30,000, and about
37,000 to about 40,000, respectively (see Fig. 1). Henceforth, the protein corresponding to the band of molecular
weight of about 36,000 to abut 40,000 is referred to as XDH1, and the protein corresponding to the band of molecular
weight of about 27,000 to about 30,000 as XDH2.
[0066] Further, the obtained active fraction was subjected to Native-PAGE (non-denaturation PAGE), and stained with
Coomassie Brilliant Blue. As a result, two bands corresponding to molecular weights of more than 100 kDa were con-
firmed. When the gel after Native-PAGE was subjected to activity staining with an activity staining solution (25 mM gly-
cine buffer, 2.5 mM NAD, 50 mM xylitol, 0.2 nM phenazine methosulfate, 0.2 mM tetranitro blue tetrazolium chloride),
the XDH activity was detected in both of the two corresponding bands, and it was confirmed that both of the proteins
corresponding to the two bands detected in the SDS-PAGE had XDH activity (Fig. 1). The purified fraction containing
these XDH1 and XDH2 will sometimes be referred to simply as XDH hereinafter.
[0067] The increase of the XDH specific activity as a result of the aforementioned purification was determined. The
XDH activity of the aforementioned cell extract and the active fraction obtained by the purification was measured. As a
result, it was found that the specific activity per unit protein weight was increased by about 550 times by the series of
purification procedures. By the activity assay method used for this measurement, the specific activity of the purified
XDH was estimated to be about 130 U/mg (30°C, pH 10).

(7) Determination of amino acid sequence at amino terminus of XDH

[0068] The N-terminus sequence of the XDH purified as described above was sequenced as follows. That is, about
10 µg in terms of protein of the purified XDH fraction was electrophoresed in polyacrylamide gel in the presence of SDS,
and then the XDH in the gel was blotted to a membrane filter, and analyzed for the amino acid sequence from the N-
terminus by a protein sequencer. Specifically, the objective enzymes were blotted to a polyvinylidene fluoride (PVDF)
membrane from the gel after the electrophoresis by the semi-dry method (Tanpakushitu Kozo Kaiseki [Analysis of Pro-
tein Structure], H. Hirano, Tokyo Kagaku Dojin) by using Milliblot (Millipore). Then, the objective enzymes (XDH1 and
XDH2) on the PVDF film were analyzed by a protein sequencer (Model 476A produced by ABI) to perform N-terminus
amino acid sequence analysis.
[0069] As a result, the amino acid sequence of 27 residues from the N-terminus was determined for XDH1, and the
amino acid sequence of 25 residues from the N-terminus was determined for XDH2. The amino acid sequence of the
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determined N-terminus sequence of XDH1 was shown as SEQ ID NO: 1 in Sequence Listing, and the amino acid
sequence of the N-terminus sequence of XDH2 was shown as SEQ ID NO: 2 in Sequence Listing, respectively.

Example 2: Conversion of D-xylulose into xylitol by XDH

[0070] D-Xylulose was converted into xylitol using the purified XDH (XDH1 and XDH2) obtained in Example 1. 0.2 U
of the purified XDH was added to 0.25 ml of a reaction solution containing 21 mM D-xylulose, 20 mM NADH, and 100
mM Tris-HCl buffer (pH 8.0), and incubated at 30°C for 1 hour to allow the reaction. The solution after the reaction was
subjected to high performance liquid chromatography (HPLC) to analyze the produced xylitol under the following con-
ditions.

Column: Shodex SC1211 (produced by Showa Denko Co., Ltd.)
Mobile phase: 50% acetonitrile/50% 50 ppm aqueous Ca-EDTA
Flow rate: 0.8 ml/minute
Temperature: 60°C
Detection: RI detector

[0071] As a result, formation of 18 mM xylitol was observed in the solution after the reaction, and it was shown that
xylitol could be produced from D-xylulose using the purified XDH.

Example 3: Isolation of XDH gene derived from Gluconobacter

*1+  Amplification of XDH gene fragment by PCR

(1) Preparation of PCR primers based on N-terminus amino acid sequence of XDH

[0072] Based on each of the aforementioned N-terminus amino acid sequences (SEQ ID NOS: 1 and 2) of XDH
(XDH1, XDH2) derived from Gluconobacter oxydans ATCC621, mixed primers which had the nucleotide sequences
shown as SEQ ID NO: 7-10, respectively, were prepared.

(2) Preparation of chromosome DNA of Gluconobacter oxydans ATCC621

[0073] Gluconobacter oxydans ATCC621 strain was cultured under the following conditions. First, the ATCC621 strain
was cultured in 20 ml of YPG medium (3% glucose, 0.5% Bacto yeast extract, 0.3% Bacto peptone, pH 6.5) overnight
as a seed culture. By using 5 ml of this culture as seed bacteria, main culture was performed using 100 ml of YPG
medium. The culture was performed with shaking at 30°C.
[0074] After the bacteria were cultured to late log phase under the aforementioned conditions, 100 ml of the culture
broth was centrifuged (12000 x g, 4°C, 15 minutes) to collect the cells. The cells were suspended in 10 ml of 50:20 TE
(50 mM Tris-HCl, pH 8.0, 20 mM EDTA), and the cells were washed and recovered by centrifugation. The cells were
suspended in 10 ml of 50:20 TE again. To this suspension, 0.5 ml of 20 mg/ml lysozyme solution and 1 ml of 10% SDS
solution were added, and incubated at 55°C for 20 minutes. After the incubation, deproteinization was performed by
adding equal volume of 10:1 TE-saturated phenol. DNA was precipitated by adding equal volume of 2-propanol to the
separated aqueous layer, and collected. The precipitated DNA was dissolved in 0.5 ml of 50:20 TE, added with 5 µl of
10 mg/ml RNase and 5µl of 10 mg/ml Proteinase K, and allowed to react at 55°C for 2 hours. After the reaction, depro-
teinization was performed by adding equal volume of 10:1 TE-saturated phenol. The separated aqueous layer was fur-
ther added with equal volume of 24:1 chloroform/isoamyl alcohol, and stirred, and the aqueous layer was collected.
After this procedure was further repeated twice, the obtained aqueous layer was added with 3 M sodium acetate solu-
tion (pH 5.2) so that a final concentration of 0.4 M should be obtained, and further added with twice as much volume of
ethanol. The produced DNA was collected as precipitates, washed with 70% ethanol, dried, and dissolved in 1 ml of
10:1 TE.

(3) Preparation of DNA fragment by PCR

[0075] The DNA molecule containing the gene coding for XDH derived from Gluconobacter bacteria was amplified
and isolated by PCR using TaKaRa LA PCR in vitro Cloning Kit (supplied by Takara Shuzo Co., Ltd.). The experiments
were performed according to the instruction attached to the kit hereafter unless otherwise indicated.
[0076] Five µg of the chromosome DNA produced as described in the above (2) was digested with restriction
enzymes PstI or HindIII respectively. Then, a PstI cassette or HindIII cassette was ligated to the DNA fragments col-
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lected by the ethanol precipitation. Furthermore, after performing ethanol precipitation, first PCR was performed for the
collected DNA by using a combination of primers of the primer C1 and primers mentioned below. That is, a DNA ligated
to PstI cassette was used as a template DNA for the primer XDH1-S1 that was based on the amino acid sequence of
XDH1, and a DNA ligated to HindIII cassette was used as a template DNA for the primer XDH2-S1 that was based on
the sequence of XDH2, respectively. There are shown the nucleotide sequences of the primer C1, the primer XDH1-
S1, and the primer XDH2-S1 as SEQ ID NO: 11, SEQ ID NO: 7, and SEQ ID NO: 9 in Sequence Listing, respectively.
The primer C1 was contained in the TaKaRa LA PCR in vitro Cloning Kit, and corresponded to the sequence in the PstI
cassette and the HindIII cassette. The PCR reaction was performed by using Gene Amp PCR System 9600 (produced
by PERKIN ELMER), and a reaction according to the following conditions was repeated for 30 cycles.

94°C for 30 seconds,
55°C for 2 minutes
72°C for 1 minute

[0077] Then, the reaction mixture was diluted 100 times, and newly added with the primer C2 and the primer XDH1-
S2 or the primer XDH2-S2, and the second PCR was performed. The conditions were the same as those of the first
PCR. The nucleotide sequences of the primer C2, the primer XDH1-S2, and the primer XDH2-S2 are shown as SEQ
ID NO: 12, SEQ ID NO: 8, and SEQ ID NO: 10 in Sequence Listing, respectively. The primer C2 was contained in the
TaKaRa LA PCR in vitro Cloning Kit, and had the sequence corresponding to the sequence in the PstI cassette and the
HindIII cassette. The primer XDH1-S2 and the primer XDH2-S2 each contained a sequence designed based on the
amino acid sequences determined, the sequence corresponding to EcoRI site, and EcoRI site.
[0078] After the reaction, 3 µl of the reaction mixture was subjected to 0.8% agarose gel electrophoresis. As a result,
it was confirmed that a DNA fragment of about 1 kb was amplified when primer XDH1-S2 was used, and a DNA frag-
ment of about 1.7 kb was amplified when XDH2-S2 was used.

(4) Cloning of DNA fragments amplified by PCR into pUC19

[0079] Cloning was performed by ligating the DNA fragments of about 1 kbp (XDH1) and about 1.7 kbp (XDH2) ampli-
fied by PCR with pUC19. The ligation was performed by using DNA Ligation Kit Ver.2 (supplied by Takara Shuzo Co.,
Ltd.). The experiments were performed according to the instruction attached to the kit hereafter unless otherwise indi-
cated.
[0080] 400 ng of the DNA fragment of about 1 kb, which had been amplified by using the primer XDH1-S2, was
digested with PstI and EcoRI, then purified, and ligated to pUC19 digested with PstI and EcoRI. Escherichia coli
JM109 was transformed by using this ligation reaction mixture.
[0081] Further, 400 ng of the DNA fragment of about 1.7 kb, which had been amplified by using the primer XDH2-S2,
was digested with HindIII and EcoRI, then purified, and ligated to pUC19 digested with HindIII and EcoRI. Escherichia
coli JM109 was transformed by using this ligation reaction mixture.
[0082] From the obtained transformant cells, several JM109 strains transformed with pUC19 and containing the target
DNA fragment of about 1 kbp (XDH1) or about 1.7 kbp (XDH2) were selected for each case. The selection was per-
formed according to the method described in Molecular Cloning, 2nd edition, Cold Spring Harbor Press (1989).

(5) Determination of nucleotide sequence of XDH2 gene fragment

[0083] The plasmid carried by JM109 transformed with pUC19 containing the DNA fragment of about 1.7 kbp (XDH2)
was prepared according to the method described in Molecular Cloning, 2nd edition, Cold Spring Harbor Press (1989),
and the nucleotide sequence of the inserted DNA fragment was determined. The sequencing reaction was performed
by using Dye Terminator Cycle Sequencing Kit (produced by ABI) according to the instruction attached to the kit. The
electrophoresis was performed by using DNA Sequencer 373 (produced by ABI).
[0084] As a result, it was found that the DNA fragment amplified by PCR had a sequence of from the thymidine resi-
due at position 1116 to the thymidine residue at position 2774 of the nucleotide sequence shown as SEQ ID NO: 5 in
Sequence Listing.

(6) Preparation of DNA fragment of upstream region of XDH2 gene by PCR

[0085] The XDH2 gene and a DNA fragment of the upstream region of the XDH2 gene were amplified and isolated
by PCR using the nucleotide sequences determined above. The PCR reaction was performed by using TaKaRa LA
PCR in vitro Cloning Kit (supplied by Takara Shuzo Co., Ltd.). The experiments were performed according to the
instruction attached to the kit hereafter unless otherwise indicated.
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[0086] Five µg of the chromosome DNA prepared as in the above (2) was digested with restriction enzyme SalI. Then,
SalI cassette was ligated to the DNA fragment collected by ethanol precipitation. Ethanol precipitation was further per-
formed, and first PCR was performed for the collected DNA by using the primer C1 and the primer XDH2UP-S1. The
nucleotide sequences of the primer C1 and the primer XDH2UP-S1 are shown as SEQ ID NO: 11 and SEQ ID NO: 13
in Sequence Listing, respectively. The primer XDH2UP-S1 is a sequence complementary to the region of from the cyto-
sine residue at position 1317 to the cytosine residue at position 1283 of the nucleotide sequence of the gene cluster
coding for XDH2 of Gluconobacter shown as SEQ ID NO: 5.

[0087] The PCR reaction was performed by using Gene Amp PCR System 9600 (produced by PERKIN ELMER), and
a reaction according to the following conditions was repeated for 30 cycles.

94°C for 30 seconds,
55°C for 2 minutes
72°C for 1 minute

[0088] Then, the reaction mixture was diluted 100 times, and newly added with the primer C2 and the primer
XDH2UP-S2 to perform the second PCR. The conditions were the same as those of the first PCR. The sequences of
the primer C2 and the primer XDH2UP-S2 are shown as SEQ ID NO: 12 and SEQ ID NO: 14 in Sequence Listing,
respectively. The primer XDH2UP-S2 is composed of a sequence complementary to the region of from the guanosine
residue at position 1255 to the guanosine residue at position 1225 of the nucleotide sequence of the gene coding for
XDH2 of Gluconobacter shown as SEQ ID NO: 5. After the reaction, 3 µl of the reaction mixtures was subjected to 0.8%
agarose gel electrophoresis. As a result, it was confirmed that a DNA fragment of about 1.3 kb had been amplified.

(7) Determination of nucleotide sequence of XDH2 gene and DNA fragment containing upstream region thereof

[0089] The DNA fragment of about 1.3 kbp amplified by the aforementioned PCR was purified, and determined for
the nucleotide sequence. The sequencing reaction was performed by using Dye Terminator Cycle Sequencing Kit (pro-
duced by ABI) according to the instruction attached to the kit. The electrophoresis was performed by using DNA
Sequencer 373 (produced by ABI).
[0090] As a result, it was found that the DNA fragment amplified in the above (6) had a sequence from the guanosine
residue at position 1 to the guanosine residue at position 1224 of the nucleotide sequence shown as SEQ ID NO: 5 in
Sequence Listing. The nucleotide sequence shown in SEQ ID NO: 5 comprises this nucleotide sequence combined
with the nucleotide sequence determined in the above (5). The amino acid sequence which may be encoded by this
nucleotide sequence, deduced based on the universal codons, is shown together in SEQ ID NO: 5, and also shown as
SEQ ID NO: 6. The sequence of from 2nd to 26th amino acid residues of that amino acid sequence completely corre-
sponded to the sequence of the 1st to the 25th amino acid residues of the N-terminus amino acid sequence of XDH2
shown as SEQ ID NO: 2. From this, it was confirmed that the DNA fragments amplified by the PCR were the target
XDH2 gene and its upstream region derived from Gluconobacter bacteria.

(8) Cloning of DNA fragment containing full length XDH2 gene coding region

[0091] Cloning was performed by amplifying a DNA fragment containing full length XDH2 gene coding region by PCR,
and ligating it to pUC18. The PCR reaction was performed by using TaKaRa LAPCR kit (supplied by Takara Shuzo Co.,
Ltd.). The experiments were performed according to the instruction attached to the kit hereafter unless otherwise indi-
cated.
[0092] PCR was performed by using 1 µg of chromosome DNA of Gluconobacter oxydans ATCC621 strain produced
in the same manner as in the above (2) as template, and using a primer XDH2-5' and a primer XDH2-3'. The nucleotide
sequence of the primer XDH2-5' was shown as SEQ ID NO: 15, and the nucleotide sequence of the primer XDH2-3'
was shown as SEQ ID NO: 16 in Sequence Listing. The primer XDH2-5' comprises a sequence corresponding to the
region from the cytosine residue at position 1043 to the adenosine residue at position 1063 of the nucleotide sequence
containing the XDH2 gene shown as SEQ ID NO: 5, and the primer XDH2-3' comprises a sequence complementary to
the region from the guanosine residue at position 1957 to the cytosine residue at position 1978 of the same.
[0093] The PCR reaction was performed by using GeneAmp PCR System 9600 (produced by PERKIN ELMER), and
a reaction according to the following conditions was repeated for 30 cycles.

94°C for 30 seconds,
55°C for 2 minutes
72°C for 1 minute
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[0094] After the reaction, 3 µl of the reaction mixture was subjected to 0.8% agarose gel electrophoresis. As a result,
it was confirmed that a DNA fragment of about 1 kbp had been amplified.

[0095] The DNA fragment of about 1 kbp amplified by the aforementioned PCR was ligated to pUC18 to perform clon-
ing. The cloning was performed by using DNA Ligation Kit Ver.2 (supplied by Takara Shuzo Co., Ltd.). The experiments
were performed according to the instruction attached to the kit hereafter unless otherwise indicated. 400 ng of the
amplified DNA fragment of about 1 kb was digested with BamHI and EcoRI, then purified, and ligated to pUC18
digested with BamHI and EcoRI. Escherichia coli JM109 was transformed by using this ligation reaction mixture.
[0096] From the obtained transformants, several JM109 strains transformed with pUC18 containing the target DNA
fragment of about 1 kbp were selected. The selection was performed according to the method described in Molecular
Cloning, 2nd edition, Cold Spring Harbor Press (1989).
[0097] The XDH2 gene derived form Gluconobacter oxydans could be cloned as described above. The plasmid hav-
ing the target XDH2 gene fragment obtained by the aforementioned method is referred to as pUCXDH2.

(9) Determination of nucleotide sequence of XDH1 gene fragment

[0098] The plasmid carried by the JM109 strains transformed with pUC18 containing the DNA fragment of about 1
kbp (XDH1) and selected above (4) was extracted according to the method described in Molecular Cloning, 2nd edition,
Cold Spring Harbor Press (1989), and the nucleotide sequence of the inserted DNA fragment was determined. The
sequencing reaction was performed by using Dye Terminator Cycle Sequencing Kit (produced by ABI) according to the
instruction attached to the kit. The electrophoresis was performed by using DNA Sequencer 373 (produced by ABI).
[0099] As a result, it was found that the DNA fragment amplified by PCR had a sequence from the guanosine residue
at position 52 to the guanosine residue at position 1011 of the nucleotide sequence shown as SEQ ID NO: 3 in
Sequence Listing.

(10) Cloning of XDH1 gene from chromosome DNA library

i) Construction of chromosome DNA library

[0100] One µg of the chromosome DNA prepared in the above (2) was completely digested with HindIII. After the DNA
was collected by ethanol precipitation, it was dissolved in 10 µl of 10:1 TE. Five µg of this solution and 1 ng of pUC19
(supplied by Takara Shuzo Co., Ltd.) which had been digested with HindIII and subjected to dephosphorylation with
BAP (bacterial alkaline phosphatase) were mixed, and the ligation reaction was performed by using DNA Ligation Kit
Ver.2 (supplied by Takara Shuzo Co., Ltd.). Three µl of this ligation reaction mixture was mixed with 100 µl of competent
cells of Escherichia coli JM109 strain (supplied by Takara Shuzo Co., Ltd.) to transform the Escherichia coli JM109
strain. This was applied on a suitable solid medium to create a chromosome DNA library.

ii) Preparation of probe

[0101] It was decided to use a part of the XDH1 gene obtained in the above (3) for a probe. The DNA fragment of
about 1 kb amplified by using the primer C2 and the primer XDH1-S2, which was obtained in the above (3), was sepa-
rated by 1% agarose gel electrophoresis. The target band was excised, and the DNA was purified by using Gene Clean
II Kit (produced by Funakoshi). Finally, 16 µl of 50 ng/µl DNA solution was obtained. A probe labeled with digoxigenin
was obtained by using this DNA fragment and DIG High Prime (produced by Boehringer Mannheim) according to the
instruction attached to the product.

iii) Screening by colony hybridization

[0102] In order to obtain the XDH1 gene in full length, screening of the chromosome DNA library by colony hybridiza-
tion utilizing the aforementioned probe was performed. The colony hybridization was performed according to the
method described in Molecular Cloning, 2nd edition, Cold Spring Harbor Press (1989).
[0103] The colonies of the chromosome DNA library were blotted to a nylon membrane filter (Hybond-N produced by
Amersham), denatured with alkali, neutralized, and immobilized. Hybridization was performed by using EASY HYB
(produced by Boehringer Mannheim). The filter was immersed into the buffer (EASY HYB), and pre-hybridization was
performed at 42°C for one hour. Then, the labeled probe produced above was added, and hybridization was performed
at 42°C for 16 hours. Then, the filter was washed with 2 x SSC containing 0.1% SDS at room temperature for 20 min-
utes. Further, it was washed twice with 0.1 x SSC containing 0.1% SDS at 65°C for 15 minutes.
[0104] The colonies hybridizable with the probe was detected by using DIG Nucleotide Detection Kit (produced by
Boehringer Mannheim) according to the instruction attached to the kit. As a result, four strains of colonies hybridizable
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with the probe could be confirmed.

(11) DNA sequence of XDH1 gene

[0105] In the same manner as in the above (5), the nucleotide sequence of the DNA fragment inserted into pUC19
was determined. The result is shown as SEQ ID NO: 3 in Sequence Listing. The amino acid sequence, which is
deduced to be encoded by the nucleotide sequence based on universal codons, is shown in SEQ ID NO: 3 together
with the nucleotide sequence, and also shown as SEQ ID NO: 4. The amino acid sequence from the 2nd to 28th amino
acid residues completely corresponded to the sequence composed of the 27 residues of the 1st to the 27th amino acid
residues of the sequence shown as SEQ ID NO: 1. From this, it was confirmed that the obtained DNA fragment was the
target XDH1 gene derived from Gluconobacter bacteria and flanking regions thereof.

Example 4: Expression of XDH2 gene derived from Gluconobacter bacteria in Escherichia coli and purification of the
product

*1+  Culture of Escherichia coli harboring recombinant XDH2 gene and induction of expression

[0106] In the pUCXDH2 obtained in Example 3, the DNA coding for XDH2 gene derived from Gluconobacter bacteria
is ligated downstream of lacZ promoter, and therefore it was designed to be expressed under the control of lacZ pro-
moter.
[0107] Escherichia coli JM109 transformed with pUCXDH2, and Escherichia coli JM109 transformed with pUC18 as
a control were cultured at 37°C overnight with shaking in 50 ml of LB medium containing 100 µg/ml of ampicillin. These
were used as seed culture. The seed culture of Escherichia coli JM109 transformed with pUCXDH2 was inoculated in
an amount of 1% to a flask containing fresh medium, and this was designated as Experimental panel 1. On the other
hand, the seed culture of Escherichia coli JM109 transformed with pUC18 was similarly inoculated in an amount of 1%
to a flask, and this was designated as Experimental panel 2 (control). Each experimental panel was cultured, and when
absorbance of the culture for a light having a wavelength of 610 nm became about 0.7, it was added with IPTG (isopro-
pyl-beta-D-thiogalactopyranoside) to a final concentration of 1 mM. Then, after 4 hours, the culture was completed.

*2+  Confirmation of protein obtained by induced expression

[0108] After the completion of the cultivation, the cells were collected by centrifugation (12,000 x g, 15 minutes) of 10
ml of the culture broth. The cells were suspended in 2 ml of 10 mM Tris-HCl, pH 7.5, washed and recovered by centrif-
ugation. The cells were suspended in 1 ml of the same buffer, and disrupted by shaking with 0.1 mm zirconia beads for
3 minutes using Multi Beads Shocker (Yasui Kikai). This disrupted cell suspension was subjected to SDS-PAGE, and
stained with CBB (Coomassie Brilliant Blue). As a result, a band corresponding to a molecular weight of about 27,000
to 30,000 was confirmed, which was observed only in Experimental panel 1 (JM109 transformed with pUCXDH2).
Deduced from the molecular weight, it was considered that the desired XDH2 protein was expressed.

*3+  Confirmation of XDH activity

[0109] The XDH activity of the expressed protein was measured. The XDH activity was measured by using the afore-
mentioned disrupted cell suspension according to the method described in Example 1. As a result, 14 U/mg of the XDH
activity was detected in the Escherichia coli JM109 transformed with pUCXDH2, whereas no XDH activity was detected
in the Escherichia coli JM109 transformed with pUC18 as the control. From this result, it was confirmed that
Escherichia coli JM109 transformed with pUCXDH2 showed the XDH activity.

*4+  Purification of XDH2 from recombinant Escherichia coli JM109

[0110] The Escherichia coli JM109 cells transformed with pUCXDH2, which were cultured in the above *2+ , were
collected by centrifugation. The obtained cells were used as a material for purification of XDH. The XDH activity was
measured by the method described in Example 1.

(1) Preparation of cell extract

[0111] The above bacterial cells were suspended in 50 mM potassium phosphate buffer (pH 7), and collected again
in a precipitated fraction obtained by centrifugation at 5000 x g for 10 minutes. This procedure comprising suspension
and centrifugation was performed as washing of the cells. This washing process of the cells was repeated twice.
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[0112] Three grams of the washed cells was suspended in 20 ml of Buffer 1 (20 mM Tris-HCl (pH 7.6), 0.5 mM EDTA,
1 mM MgCl2, 1 mM DTT), and disrupted by sonication for 20 minutes at 4°C. The disrupted suspension was centrifuged
(8000 rpm, 10 minutes) to remove cell residues, and ultracentrifuged (56000 rpm, 30 minutes) to remove insoluble frac-
tion.

(2) Anion exchange chromatography

[0113] The obtained soluble fraction was loaded on an anion exchange chromatography column Q-Sepharose FF
(produced by Pharmacia) equilibrated by Buffer 1. By this operation, XDH was adsorbed on the carrier.
[0114] The protein not adsorbed on the carrier (non-adsorbed protein) was washed off by using Buffer 1, and then the
adsorbed protein was eluted by using a buffer containing KCl as an eluate. In this elution, KCl concentration in the buffer
was linearly changed from 0 M to 0.5 M. The XDH activity was measured for each eluted fraction obtained by this elu-
tion, and the XDH activity was found in eluted fractions corresponding to the KCl concentration of about 200 to 350 mM.

(3) NAD affinity chromatography

[0115] The above-obtained fractions containing the XDH activity were combined, and dialyzed against Buffer 1. The
solution after the dialysis was filtered through a 0.45 µm filter. The obtained filtrate was loaded on an NAD affinity col-
umn HiTrap Blue 5 ml (produced by Pharmacia) equilibrated with Buffer 1. By this operation, XDH was adsorbed on the
carrier. Then, the protein not adsorbed on the carrier (non-adsorbed protein) was washed off by using Buffer 1, and then
the adsorbed protein was eluted by using, as an eluate, Buffer 2 (20 mM Tris-HCl (pH 7.6), 0.5 mM EDTA, 1 mM MgCl2,
1 mM DTT, 5 mM NAD) containing NAD. As a result, XDH was detected in the eluted fractions.

(4) Hydrophobic chromatography

[0116] The eluted fractions for which the activity was detected were dialyzed against Buffer 3 (50 mM potassium phos-
phate buffer, 1 M ammonium sulfate, pH 7.0). The solution obtained after the dialysis was filtered through a 0.45 µm
filter. The obtained filtrate was loaded on a hydrophobic chromatography column Phenyl Sepharose HP (produced by
Pharmacia) equilibrated with Butter 3. By this operation, XDH was adsorbed on the carrier.
[0117] Then, the protein not adsorbed on the carrier was washed off by using Buffer 3, and then the adsorbed protein
was eluted by using Buffer 4 (50 mM potassium phosphate buffer, pH 7.0) as an eluate. For this elution, ammonium sul-
fate concentration in the buffer was linearly changed from 1 M to 0 M. The XDH activity was measured for each eluted
fraction obtained by this elution, and the XDH activity was found in eluted fractions corresponding to the ammonium sul-
fate concentration of about 200 to 300 mM.
[0118] The obtained active fraction was subjected to SDS-PAGE, and stained with Coomassie Brilliant Blue. As a
result, it was confirmed that XDH2 had been purified to such a level that XDH2 could be detected as a single band, and
its molecular weight was estimated to be about 27,000 to abut 30,000. That is, XDH2 expressed in Escherichia coli
JM109 could be purified as a single enzyme.

Example 5: Determination of optimum pH of XDH

[0119] By using the XDH2 enzyme obtained in Example 4, variation of the enzyme activity depending on the reaction
pH was measured as follows to determine the optimum pH.
[0120] Sodium acetate buffers (pH 3.3, 4, 4.5, 5 and 6), Tris-HCl (pH 7 and 8), Glycine-NaOH (pH 9), and CAPS-
NaOH (pH 10) buffers were used for the enzyme reaction buffers. Measurement of the XDH activity for the reduction
reaction was performed as follows. Thirty µl of an enzyme solution was added to 570 µl of a reaction solution containing
100 mM (final concentration) D-xylulose, 0.2 mM NADH, and 100 mM buffer to allow the enzymatic reaction at 30°C,
and the decrease of NADH caused by the reaction was determined by measuring the absorbance at 340 nm using a
spectrophotometer (DU 640 Spectrometer produced by BECKMAN). The activity decreasing 1 µmol of NADH per
minute was defined as 1 U. The calculation was performed by using the molecular extinction coefficient ε of NADH at
340 nm of 6.3 x 103. Each buffer was added so that it should have a concentration of 100 mM in the reaction solution.
The XDH fraction purified above was used as an enzyme source, and the reaction was performed at 30°C. The result
of the measurement was represented as a relative value of enzyme activity to the actually determined pH value of each
reaction solution. For convenience, the activity for the oxidation reaction at pH 5 was defined as 100. The results of the
measurement are shown in Fig. 2.
[0121] It was found that the optimum pH for the reduction reaction (reaction producing xylitol from D-xylulose) of the
XDH2 of the present invention was about 5 (see Fig. 2). Since the optimum pH for the reduction reaction of the XDH
derived from Aspergillus niger reported by Cor F.B. Witteveen, et al. (Microbiology, 140, 1679-1685, 1994) is strictly 6.5,
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and therefore the XDH2 of the present invention derived from Gluconobacter bacteria is clearly different from the known
XDH in the reaction optimum pH. That is, it was demonstrated that, among the Gluconobacter bacteria derived XDH
found by the present invention, at least XDH2 was characterized in that it had a lower optimum pH for the reduction
reaction.
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Claims

1. A protein defined in the following (A) or (B):

(A) a protein which has the amino acid sequence of SEQ ID NO: 4;
(B) a protein which has the amino acid sequence of SEQ ID NO: 4 in Sequence Listing including substitution,
deletion, insertion, addition, or inversion of one or several amino acids, and has xylitol dehydrogenase activity.

2. A protein defined in the following (C) or (D):

(C) a protein which has the amino acid sequence of SEQ ID NO: 6;
(D) a protein which has the amino acid sequence of SEQ ID NO: 6 including substitution, deletion, insertion,
addition, or inversion of one or several amino acids, and has xylitol dehydrogenase activity.

3. A DNA which codes for a protein according to claim 1 or 2.

4. The DNA of claim 3, which is a DNA defined in the following (a) or (b):

(a) a DNA which contains at least a nucleotide sequence corresponding to nucleotide numbers 25 to 1053 of
the nucleotide sequence of SEQ ID NO: 3;
(b) a DNA which is hybridizable with a DNA having a nucleotide sequence corresponding to nucleotide num-
bers 25 to 1053 of the nucleotide sequence of SEQ ID NO: 3 or a probe prepared from the nucleotide
sequence under a stringent condition, and codes for a protein having xylitol dehydrogenase activity.

5

10

15

20

25

30

35

40

45

50

55



EP 0 976 827 A1

26

5. The DNA of claim 3, which is a DNA defined in the following (c) or (d):

(c) a DNA which contains at least a nucleotide sequence corresponding to nucleotide numbers 1063 to 1848
of the nucleotide sequence of SEQ ID NO: 5;
(d) a DNA which is hybridizable with a DNA having a nucleotide sequence corresponding to nucleotide num-
bers 1063 to 1848 of the nucleotide sequence of SEQ ID NO: 5 or a probe prepared from the nucleotide
sequence under a stringent condition, and codes for a protein having xylitol dehydrogenase activity.

6. The DNA of claim 4 or 5, wherein the stringent condition is a condition in which washing is performed at 60°C and
at a salt concentration corresponding to 1 x SSC and 0.1 % SDS.

7. A cell containing a DNA of any one of claims 3 to 6 in such a manner that xylitol dehydrogenase encoded by the
DNA can be expressed.

8. A method for producing xylitol dehydrogenase, which comprises cultivating the cell of claim 7 in a medium so that
xylitol dehydrogenase is produced and accumulated in the medium, and collecting xylitol dehydrogenase from the
medium.

9. A method for producing xylitol, which comprises allowing xylitol dehydrogenase of claim 1 or 2 or a cell of claim 7
to act on D-xylulose, and collecting produced xylitol.
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