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The gene encoding glucose 3-dehydrogenase (G3DH)
rom Halomonas sp. a-15 was cloned and expressed in
scherichia coli. An open reading frame of 1686 nucle-
tides was shown to encode G3DH. The flavine ade-
ine dinucleotide binding motif was found in the
-terminal region of G3DH. The deduced primary

tructure of G3DH showed about 30% identity to sor-
itol dehydrogenase from Gluconobacter oxydans and
-keto-D-gluconate dehydrogenases from Erwinia her-
icola and Pantoea citrea. The folding prediction of
3DH suggested that the 3D structure of G3DH was

imilar with cholesterol oxidase from Brevibacterium
terolicum or glucose oxidase from Aspergillus
iger. © 2001 Academic Press

Key Words: glucose 3-dehydrogenase; marine bacte-
ia; Halomonas sp.

Various glucose oxidoreductases have been reported
nd utilized for the enzymatic determination of glucose.
mong them, only few enzymes which oxidize hydroxy
roup of pyranose and its derivatives except C-1 position
ave been reported. Such enzymes can be applied for the
roduction of sugar derivatives (1, 2) and the measure-
ent of 1,5-anhydro-D-glucitol (1,5AG) (3–5), which is a
ajor polyol in human blood and has been becoming a

ood clinical marker for diabetes. These include glucose
-dehydrogenases (G3DHs) from Agrobacterium tumefa-
iens (6), Flavobacterium saccharophilum (7), Cytophaga
arinoflava (8), Agaricus bisporus (9), and Halomonas

Deleya sp. a-15). However, only few works on these pri-
ary structure and cloning have been reported. The

mino acid sequence of eight residues from the N termi-
us of G3DH from Agaricus bisporus is only the informa-
ion about the primary structure of G3DHs (9). Schuer-
an et al. reported that introduction of Agrobacterium

umefaciens DNA fragment into Escherichia coli enabled
. coli to utilize aucrose as a sole carbon source. The DNA

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 81-42-388-7027. E-mail: sode@cc.tuat.ac.jp.
21
3DH structural gene, since this constructed recombi-
ant E. coli produced 3-keto glucose (10). However, DNA
equencing and isolation of G3DH gene has not yet been
eported.

We previously reported the isolation of a co-factor
inding soluble G3DH which oxidizes 3rd hydroxy
roup of pyranose from a Gram-negative marine bac-
erium designated strain a-15, which was identified as
eleya sp. (11). Recently, genus Deleya was transferred

o a genus Halomonas (12). Therefore, in this paper, we
se the description Halomonas sp. a-15 instead of De-
eya sp. a-15. This enzyme is a monomeric enzyme with

r 63 kDa. This enzyme can oxidize monosaccharides
ike 1,5AG or a-methyl-D-glucoside and disaccharides
ike lactose or sucrose. On the other hand, the primary
tructure of G3DH is still unknown as same as other
3DH.
In this paper, we described the direct-expression

loning of G3DH structural gene from Halomonas sp.
-15. This is the first report of the enzyme structure
hich can oxidize hydroxy group of pyranose and its
erivatives except C-1 position.

ATERIALS AND METHODS

Bacterial strain and culture media. Halomonas sp. a-15 (11) was
sed as the source of DNA in the gene-cloning experiment. Esche-
ichia coli XL-1 Blue MR and E. coli DH5a were used as the host
trains for direct-expression screening for the G3DH gene. Halomo-
as sp. a-15 was grown at 30°C in BSa medium, which contained
olypepton (1% w/v), yeast extract (0.1% w/v), NaCl (3% w/v),
H2PO4 (0.2% w/v) and a-methyl-D-glucoside (0.4% w/v) or YM9Slac
edium, which contained Na2HPO4 (0.6% w/v), KH2PO4 (0.3% w/v),
H4Cl (0.1% w/v), yeast extract (0.02% w/v), MgSO4 (0.02% w/v),
aCl2 (0.002% w/v), NaCl (3% w/v) and lactose (0.8% w/v) as were
escribed in the previous study. E. coli XL-1 Blue MR and E. coli
H5a were grown at 37°C in Luria broth medium.The cosmid used

or cloning and expression of the G3DH gene in E. coli was SuperCos
(Staratagene, U.S.A.). The plasmid used for sequence and expres-

ion of the G3DH gene in E. coli was pUC18.

DNA preparation and manipulation. Total DNA from Halomo-
as sp. a-15 was prepared according to the manual of SuperCos 1
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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osmid Vector kit (Staratagene). General DNA manipulation were
arried out as described by Sambrook et al. (13).

Construction of genomic library and screening of the G3DH gene.
he total chromosomal DNA was partially digested with Sau3A I
nd the 30- to 42-kb DNA fragments were prepared. These frag-
ents were ligated to SuperCos 1, which was linearized with XbaI

nd BamHI and dephosphorylated with calf intestine alkaline phos-
hatase. The ligation mixture was packaged using the Gigapack III
old Packaging Extract (Stratagene) and transduced to E. coli XL-1
lue MR. The transformant colonies were selected using LB agar
late containing ampicillin and neomycin. These clones were culti-
ated in 3 ml LB medium containing 0.8% (w/v) lactose in tubes at
7°C overnight and whole cell G3DH assay was carried out.

Preparation of soluble fraction. Cells of Halomonas sp. a-15 or
ecombinant E. coli were harvested at the late exponential phase and
ashed three times with 10 mM potassium phosphate buffer (pH 7).
he cells were disrupted by ultrasonication in 10 mM potassium
hosphate buffer (pH 7). After centrifugation to remove the cell
ebris, the resulting supernatant was ultracentrifuged at 50000g for
0 min. The supernatant was designated as the soluble fraction.

Analytical method. Growth was monitored by measuring the op-
ical density at 660 nm. The amount of G3DH production in Halomo-
as sp. a-15 and recombinant E. coli was measured as follows. One
illiliter of culture was centrifuged for 5 min at 5000g. The centri-

uged cells were washed with 10 mM potassium phosphate buffer
pH 7) three times and resuspended in 500 ml of 10 mM potassium
hosphate buffer (pH 7). Ten microliters of the resuspended cells was
sed for whole cell G3DH assay. This sample was mixed with 80 ml
f 10 mM potassium phosphate buffer (pH 7), 60 mM 2,6-
ichlorophenol indophenol (DCIP) and 1 mM phenazine methosul-
ate (PMS) and measured the rate of absorbance decrease at 600 nm.
3DH assay of the soluble fraction was performed as follows. The

oluble fraction of cells, 195 ml, was mixed with 2 ml of 1 M a-methyl-
-glucoside and 3 ml of 10 mM potassium phosphate buffer (pH 7), 4
M DCIP and 66.7 mM PMS and measured the rate of absorbance

ecrease at 600 nm. Simultaneously, 30 ml of the resuspended cell
ample was mixed with 10 ml of 10% SDS and boiled. Then, the
rotein concentration was measured using a DC protein assay kit
Bio-Rad, CA).

Purification, SDS–PAGE, and N-terminal amino acid sequence
nalysis. Purified G3DH was prepared as described previously (11).
he prepared G3DH sample was subjected to SDS–PAGE separation
nd the band corresponding to G3DH was blotted to the PVDF
embrane. This sample was used for the N-terminal amino acid

equence analysis by PPSQ-10 (Shimadzu, Japan).

DNA hybridization and sequencing. Southern hybridization was
arried out at 40°C according to the manual of DIG DNA detection
it (Roche Diagnostics). The oligonucleotide probe used for hybrid-

FIG. 1. Restriction map of clone 2. 2, N-terminal of G3
22
zation was as follows: 59-CCG GAC AAC CAC TAC GAC GCC ATC
TC GTC-39. The sequence of this probe was designed based on the

esult of N-terminal amino acid sequence. The probe was labeled by
IG oligonucleotide tailing kit (Roche Diagnostic).
DNA sequence analysis of G3DH was performed in an automated
NA sequencer, ABI PRISM 310 genetic analyzer (Applied Biosys-

ems, U.S.A.). Each region was sequenced at least three times.

ESULTS

-Terminal Amino Acid Sequencing of G3DH

The G3DH of Halomonas sp. a-15 was purified
rom soluble fraction. The purified G3DH gave a
and of about 63 kDa on SDS–PAGE. The
-terminal amino acid sequence of G3DH of Halomo-
as sp. a-15 was determined as NH2-Pro-Asp-Asn-
is-Tyr-Asp-Ala-Ile-Val-Val and no similarity was

ound to N-terminal amino acid sequence of G3DH
rom Agaricus bisporus (9).

loning and Expression of the Gene Encoding G3DH
in E. coli

We tried to isolate the G3DH gene by a direct-
xpression method as described under Materials and
ethods. Of 15 transformants, one putative positive

lone was isolated and designated clone 2. Clone 2
howed dehydrogenase activity for glucose, a-methyl-
-glucoside and lactose in the presence of PMS-DCIP
s the electron acceptor. The substrate specificity of
ye mediated dehydrogenase activity was as same as
alomonas sp. a-15, indicating that G3DH had been

loned and expressed in E. coli. A recombinant cosmid
ontaining about 40-kb DNA fragment was purified
rom the positive clone and designated pG3DH. The
0-kb fragment was excised by NotI and the restriction
ap of this fragment is obtained (Fig. 1). To identify

he location of G3DH gene, this fragment was digested
y BamHI or XbaI and southern hybridization was
arried out. The probe for G3DH N-terminal sequence
as hybridized with a 5.1-kb BamHI fragment and an
.8-kb XbaI fragment. Therefore, G3DH gene was con-

. o, G3DH structural gene. N, NotI; B, BamHI; X, XbaI.
DH
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ained in a 5.1-kb BamHI fragment or an 8.8-kb XbaI
ragment. These fragments were subcloned in pUC18
nd designated pUCBam5.1kb and pUCXba8.8kb, re-
pectively.
Next, the G3DH activity in recombinant E. coli was
easured. The recombinant E. coli DH5a transformed
ith pUCXba8.8kb, E. coli XL-1 Blue MR harboring
G3DH and Halomonas sp. a-15 were cultivated in LB
edium or YM9Slac medium. The soluble fraction was

repared and G3DH activity was measured. The re-
ults were shown in Table 1. The G3DH activity was
ound in the E. coli cells harboring pG3DH or
UCXba8.8kb although the G3DH activity in E. coli
as lower than the activity in Halomonas sp. a-15.
owever, E. coli cell harboring pUCBam5.1kb did not

how G3DH activity. These results indicated that the
.8-kb XbaI fragment covered the whole region of
3DH gene.

ucleotide Sequence of the G3DH Gene

The DNA sequence and deduced amino acid se-
uence of G3DH were determined and the results were
hown in Fig. 2. The open reading frame (ORF) corre-
ponding to G3DH might start with ATG at nucleotides
01 to 403, preceded by Shine–Dalgarno (SD) se-
uence, AAGGAAAA (nucleotides 388 to 495). The
RF terminate with TGA at nucleotides 2087 to 2089.
possible promoter sequence (235, CTGACC at nucle-

tides 297 to 302, 210, AAAAAT at nucleotides 319 to
24) was found upstream of the G3DH gene. The gene
onsists of 1686 bp, encoding a polypeptide of 562
mino acid with a calculated molecular weight of
3172. The molecular mass of the polypeptide was in
ood agreement with the molecular mass obtained by
DS–PAGE (63 kDa). The N-terminal amino acid se-
uence of the purified G3DH was found in this ORF at
ositions 2 to 11. However, the methionine at position
was not found in the N-terminal amino acid sequenc-

ng analysis. This methionine residue may be pro-
essed by methionine aminopeptidase in Halomonas
p. a-15.

omparison with Other Proteins

Comparison of G3DH polypeptide sequence to pro-
ein database using BLAST showed Halomonas sp.

G3DH Activity in Halomonas sp. a-15 and E. coli

G3DH activity (U/mg protein)

alomonas sp. a-15 0.86
lone 2 0.07
. coli DH5a/pUCXba8.8kb 0.28
. coli DH5a 0
23
orbitol dehydrogenase (SDH) from Gluconobacter oxy-
ans and the catalytic subunit of 2-keto-D-gluconate
ehydrogenases (2KGDH) from Erwinia herbicola
GenBank Accession No. AF068066) and from Pantoea
itrea (14). The amino acid sequence alignment is
hown in Fig. 3. The overall identity between G3DH
nd SDH or 2KGDH was about 30%. The similarity of
3DH to SDH and 2KGDH also extends to the pre-
icted secondary structures using PHD (15–17). Simi-
arly, the predicted locations of helices, sheets also
how a remarkable resemblance between these en-
ymes.
The flavine adenine dinucleotide (FAD)-dependent

nzymes, containing SDH and 2KGDH, possess the
haracteristic bab motif for binding the ADP moiety of
AD (19). This motif is usually located at the
-terminus of the enzyme and contains so-called gly-

ine box (GXGXXG). The deduced amino acid sequence
f G3DH contained glysine box, GSGISG, at positions
2 to 17. The secondary structure prediction using
HD also suggested that the N-terminal region around
he glycine box possessed an bab structure.

The folding prediction of G3DH using 3D-PSSM (19,
0) suggested that the 3D structure of G3DH was sim-
lar with cholesterol oxidase (COD) from Brevibacte-
ium sterolicum or glucose oxidase (GOD) from As-
ergillus niger.

ISCUSSION

In this paper, we have cloned and expressed the gene
ncoding glucose 3-dehydrogenase (G3DH) from
alomonas sp. a-15 in E. coli. This is the first report of

tructure of glucose oxidoreductases which can oxidize
ydroxy group of pyranose and its derivatives except
-1 position.
The deduced primary structure and the predicted

econdary structure are similar to sorbitol dehydroge-
ase from Gluconobacter oxidans and 2-keto-D-
luconate dehydrogenases from Erwinia herbicola and
antoea citrea. SDH from G. oxydans and 2KGDH from
. herbicola and P. citrea are composed with three
ubuints; catalytic subunit (about 65 kDa), cytochrome
subunit (about 40 kDa) and small subunit of which

unction is unknown (about 20 kDa). These enzymes
xist as membrane-bound protein although G3DH was
solated from Halomonas sp. a-15 as a soluble enzyme.
he primary structure similarity between G3DH and
hese enzyme may suggested that G3DH is also an
ligomeric enzyme composed of catalytic subunit and
lectron transfer subunit. That G3DH coupled with
espiratory chain is also consistent with this hypothe-
is. Further analysis of genetic construction of G3DH
ocus may elucidate these possible quaternary struc-
ure of G3DH.
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FIG. 2. DNA and amino acid sequence of G3DH from Halomonas sp. a-15. The underlined amino acid sequences were determined by
-terminal amino acid sequence. Potential promoter (235 and 210 regions) and Shine–Dalgarno (SD) sequence are boxed.



FIG. 2—Continued
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FIG. 3. Alignment of the amino acid sequences of G3DH with sorbitol dehydrogenase (SDH) and 2-keto-D-gluconate dehydrogenases
2KGDH). FAD binding region is boxed.



The folding prediction of G3DH suggested that the
3
B
3
G
s
t
i
T
s

R

1

conferred by genes from Agrobacterium tumefaciens. Appl. Mi-

1

1

1

1

1

1

1

1

1

2

2

2

Vol. 282, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
D structure of G3DH was similar with COD from
revibacterium sterolicum or GOD from A. niger. The
D structures and functional residues of COD and
OD have been reported (21, 22). The comparison of

tructural motifs between these enzymes and G3DH,
he functional regions of responsible for catalytic activ-
ty and substrate recognition of G3DH will be revealed.
hese structure information should facilitate studying
ubstrate specificity and substrate site specificity.
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