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ABSTRACT

D-allose is a rare monosaccharide that possesses some interesting fea-
tures for enhancing the antitumor effects of chemoradiotherapy and treatment
of cancer, however, efficient production of D-allose with high percent yield has
not yet been reported. In this study, we proposed a utilization of D-glucoside
3-dehydrogenase together with chemical reaction to improve the D-allose pro-
duction. A D-glucoside 3-dehydrogenase, which regioselectively dehydroge-
nates glycosides at the C-3 position to the corresponding 3-ketoglycoside, was
newly isolated as Rhizobium sp. L35 and characterized as a flavin adenine
dinucleotide-dependent dehydrogenase. Its molecular weight was determined
to be 67,000 by SDS-PAGE and 131,000 by size-exclusion chromatography,
suggesting that it is a dimeric enzyme. Its optimum pH and temperature with
respect to activity were 7.5 and 40°C, respectively. It was stable between pH 6.0
and 11.0, and below 40°C (half-life of 3 h at 40°C and 50 min at 45°C). The en-
zyme showed broad substrate specificity towards various glycosides, especially
p-1,4-linked disaccharides such as cellobiose and lactose. Finally, D-allose
production was performed by a three-step process of engymatic-dehydrogena-
tion, chemical reduction and acid-hydrolysis, using cellobiose as the starting
material. The yield of D-allose was estimated to be 30% from cellobiose. This
result indicates that D-allose can be produced by this strategy three-fold high-
er than the conventional method.
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INTRODUCTION

D-Glucoside 3-dehydrogenase (G3DH; EC 1.1.99.13) was firstly discov-
ered and characterized in Agrobacterium tumefaciens (Hayano et al., 1967) and
later found in other organisms such as Flavobacterium saccharophilum (Takechi
et al., 1986; Takeuchi et al., 1988), Agaricus bisporus D649 (Morrison et al.,
1999), Halomonas sp. a-15 (Kojima et al., 1999), and Stenotrophomonas malto-
philia CCTCC M 204024 (Zhang et al., 2006). G3DH is a flavin adenine di-
nucleotide-dependent (FAD-dependent) oxidoreductase that catalyzes the de-
hydrogenation of hydroxyl group at the C-3 position of D-glucose and other
aldopyranosides to their corresponding 3-ketoglucoside and 3-ketopyranosides
(Maeda et al., 2001). When disaccharides are provided as substrates, G3DH
would catalyze from the non-reducing end of the glycosides (Bernaerts, 1963).

A number of enzymes producing 3-ketoglycosides have been reported,
including pyranose oxidase (EC 1.1.3.10) from Phanerochaete chrysosporium
(Gifthorn, 2000) and pyranose dehydrogenase (EC 1.1.99.29) from A. bisporus
(Volc et al., 1997; Volc et al., 1998), Macrolepiota rhacodes (Volc et al., 2001),
and A. xanthodermus (Kujawa et al., 2007). These oxidoreductases are well
known for their application for the sugars bioconversion, and for blood glucose
level measurement (Kojima et al., 1999). In addition, the utilization of G3DH
from Halomonas sp. a-15 for measurement of 1,5-anhydro-D-glucitol, a clinical
marker for diabetes, has an advantage over other oxidoreductases because of its
regioselectivity property (Tsugawa et al., 1996).

The reaction products, 3-ketoglycosides are attractive for production of
commodity chemicals such as polymers and surfactants (Eltz, 1968) and for pro-
duction of rare sugars. Rare sugars are defined as saccharides and their deriva-
tives occurring only in a small quantity in nature. D-allose, classified as a rare
sugar, has been reported several times for its physiological features and has at-
tracted attention as a precursor for other unnatural compounds production (Levin
etal., 1995; Kasiganesan et al., 2009) and as an anti-tumor drug (Moyroud et al.,
1999; Yamaguchi et al., 2008).
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Figure 1. A strategy of D-allose production using G3DH from Rhizobium sp.
L35. Cellobiose (B1,4-D-glucosyl-D-glucose; 1) is dehydrogenated
to 3-ketocellobiose (B1,4-3-keto-D-glucosyl-D-glucose; 2) by G3DH.
Then, 3-Ketocellobiose is equally converted to cellobiose (1) and
B1,4-D-allosyl-D-gulcose (3) by chemical reduction using NaBH,.
These two products are acid-hydrolyzed to D-glucose (4) and D-al-
lose (5), at a theoretical yield of 75% and 25%, respectively.

Mass-production of D-allose has been established based on the [zumoring
strategy, using enzymatic conversion of an inexpensive sugar (Granstrom et
al., 2004). D-fructose is epimerized to D-psicose (D-allulose) by D-tagatose
3-epimerase, and then it is isomerized to D-allose by L-rhamnose isomerase
with approximately 10% of theoretical yield. We have investigated the utiliza-
tion of G3DH isolated from Rhizobium sp. L35 to improve D-allose production.
Figure 1 shows a strategy of D-allose production procedure. Cellobiose, as a
substrate, is oxidized to 3-ketocellobiose (B-1,4 3-keto-D-glucosyl-D-glucose)
by G3DH, and subsequently converted to B-1,4 D-allosyl-D-glucose and
cellobiose by chemical reduction under mild conditions. After that, the two di-
saccharides are acid-hydrolyzed to D-glucose and D-allose at theoretical yields
of 75% and 25%, respectively. Compared with the convention method, G3DH
has shown the possibility to achieve mass-production of D-allose. In addition,
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the production of D-allose by enzymatic reaction would establish a new produc-
tion pathway for rare sugar. In this study, G3DH from Rhizobium sp. L35 was
purified and characterized to apply for the rare sugar production.

MATERIALS AND METHODS

Organisms, and growth conditions

Several microorganisms were isolated from soil and grown in mineral
salt (MS) medium (0.26% (NH,),SO,, 0.24% KH, PO,, 0.56% K _HPO,, 0.01%
MgSO,.7H,0, and 0.05% yeast extract) containing 1% lactitol as a carbon
source. Each microorganism was observed for a lactitol oxidation property by
the cysteine-carbazole method (Dische and Borenfreund, 1951). One microor-
ganism having the highest lactitol oxidation activity was named strain L35 and
later identified as Rhizobium sp. by the 16S rDNA sequence analysis (Sanger
et al., 1977) using a DTCS Quick Start Kit (Beckman Coulter, Fullerton, CA,
USA) and a CEQ8000 system (Beckman Coulter).

To optimize the condition for G3DH production, Rhizobium sp. L35 was
cultivated in four types of medium; Mineral salt (MS), Meat Extract (ME; 0.5%
meat extract, 0.5% polypeptone, and 0.5% sodium chloride), Yeast Extract (YE;
0.5% polypeptone, 0.5% yeast extract, and 0.5% sodium chloride), and Tryptic
Soybean Broth (TSB; 2% tryptic-soybean-broth). All medium was adjusted to
pH 7.0. To each medium, 1.0 % of carbohydrate (D-glucose, cellobiose, maltose,
trehalose, lactose, sucrose, D-sorbitol, lactitol, maltitol) was added as a carbon
source. For standard medium without carbohydrate was used as a control sample.

Enzyme assay and protein assay

G3DH activity was measured by following the reduction rate of 2,6-
dichlorophenolindophenol (DCPIP; molar extinction coefficient [¢] under the
measuring conditions: €600 = 10,000 M'cm™) at a wavelength of 600 nm
using a microspectrophotometer (BioTek Instruments Inc., Winooski, VT, USA).
Reaction mixture composed of 5 mM substrate and 20 puM DCPIP in 180 pL of
50 mM Tris-HCI buffer (pH 7.5) was pre-incubated at 37°C for 10 min. The re-
action was initiated by adding 20 pL of enzyme into the reaction mixture. This
composition was assigned to be a standard condition. One unit (U) of the G3DH
activity is defined as an amount of enzyme that causes the reduction of 1 pmol of
DCPIP per minute. Protein concentration was measured by the Bradford method
(Bradford, 1976) using a Protein Assay Kit (Bio-Rad, Hercules, CA, USA).
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Enzyme preparation and purification

Rhizobium sp. L35 was cultivated in 3 L of YE medium containing 1%
maltitol at 30°C for 24 h. The cells were harvested by centrifugation at 10,000
rpm for 10 min and washed twice with 50 mL of 20 mM Tris-HCI buffer (pH
7.5). The cell pellet was resuspended in 50 mL of the same buffer containing 1
mM EDTA and 1 mM phenylmethylsulfonyl fluoride (PMSF) before disruption
by sonication (Branson Sonifier 450, Danbury, CT, USA) in ice-cooling bath.
After extraction, the suspension was centrifuged at 18,000 rpm for 30 min to
remove the cell debris and the supernatant was used as a crude extract.

For purification, the crude extract containing G3DH was previously sat-
urated by 4 M ammonium sulfate for 1 h. The precipitated protein in this step
was removed by centrifugation at 18,000 rpm for 20 min. The supernatant was
loaded onto a HiTrap phenyl Sepharose column (GE Healthcare Bio-Science)
previously equilibrated with 20 mM Tris-HCI buffer (pH 7.5) supplemented with
2.0 M ammonium sulfate. After washing off unbound proteins, the bound pro-
teins were eluted with a linear gradient of 2.0-0.0 M ammonium sulfate in the
same buffer. The active fractions were pooled and dialyzed against 20 mM Tris-
HCl buffer (pH 7.5) over night. After dialysis, the supernatant was loaded onto a
HiTrap Q column (GE Healthcare Bio-Science) previously equilibrated with 20
mM Tris-HCI buffer (pH 7.5), and eluted with a gradient of 0.0-1.0 M sodium
chloride in the same buffer. The active fractions were pooled and dialyzed, as
described above. The supernatant was loaded onto a Resource Q column (GE
Healthcare Bio-Science) previously equilibrated with 20 mM Tris-HCI buffer
(pH 7.5), and eluted with a linear gradient of 0.0-0.25 M NaCl in the same buffer.
Finally, the enzyme was loaded onto a Superdex 200 pg column (GE Health-
care Bio-Science) previously equilibrated with 20 mM Tris-HCI buffer (pH 7.5)
containing 0.2 M sodium chloride. The eluted enzyme was pooled and dialyzed
against 20 mM Tris-HCI buffer (pH 7.5). All solutions and samples used for
purification procedures were filtered through a 0.22-pm or 0.45-um membrane
(Advantec, Tokyo, Japan) to remove dust and any other solids. All the purifi-
cation procedures were carried out at 0-4°C. The purity of the protein was con-
firmed by SDS-PAGE (Laemmli, 1970).

Identification of the enzyme reaction products

To identify the reaction product of G3DH, the enzyme reactions were
carried out by using methylphenazinium methylsulfate (PMS) as an artificial
electron acceptor at 37°C under the dark condition. After 6 h of reaction, the re-
action mixture was deionized with Diaion SK1B (H* form, Mitsubishi Chemical,
Tokyo, Japan) and Amberlite IRA-411 (Co,> form, Dow Chemical, Midland,
MI) ion-exchange resins. The reaction product was purified by CARBOSep



COREGEL-87C column (Transgenomic Inc., CA) and was analyzed by NMR.
NMR spectra were recorded on a JEOL JNM-ECA 600 FT NMR spectrometer
(JEOL, Tokyo, Japan) at 600 MHz for 'H, and 100 MHz for *C at 30°C. Chemi-
cal shifts were referenced to trimethylsilyl propionate (TSP), which is an internal
standard. 'H and "*C resonance assignments were made using a combination
of two-dimensional NMR homo- and hetero-nuclear correlated spectra (COSY,
HMQC, and HMBC). These 2D-NMR spectra were recorded using standard
pulse sequences and parameters.

Enzyme characterization

The effect of temperature on enzyme activity was determined using the
standard assay conditions but varying temperature from 20 to 70°C. The thermal
stability of G3DH was determined by measuring its half-life. The enzyme was
incubated at 40 and 45°C, then the residual enzyme activity was measured every
30 min for 3 h. The effect of pH on G3DH activity was determined the standard
assay conditions but varying in the pH value from 6.0 to 11.0. The buffer systems
were sodium phosphate buffer (pH 6.0-8.0), Tris-HCI buffer (pH 7.5-9.0), and
glycine-NaOH buffer (pH 9.0-11.0). For pH stability determination, the purified
G3DH was pre-incubated in various buffer systems at the concentration of 20
mM at 4°C for 4 h using the following buffers; citrate buffer (pH 3.0-4.0), acetate
buffer (pH 4.0-6.0), sodium phosphate buffer (pH 6.0-8.0) Tris-HCI buffer (pH
7.5-9.0), and glycine-NaOH buffer (pH 9.0-11.0). Then, these enzyme solutions
were used for the enzyme activity assay in the standard condition.

To investigate the effect of metal ions on G3DH activity, NiCl,, LiCL,
KCl, MgCl,, CaCl,, FeSO,, CuCl,, MnCl,, ZnCl,, NaCl, CoCl, and EDTA were
used in this experiment. The reaction mixture containing various metal ions at
the concentration of 1 mM in 20 mM Tris-HCI buffer (pH 7.5) was incubated at
4°C for 4 h before assay using the standard assay conditions. For EDTA-treated
sample, the enzyme solution was dialyzed against 20 mM Tris-HCI buffer (pH
7.5) after incubation. Various monosaccharides, disaccharides and saccharide
derivatives at the concentration of 50 mM were used as the substrate in the stan-
dard activity assay conditions for the substrate specificity determination.

Finally, the kinetic parameters of G3DH were determined using a Hanes-
Woolf plot (Hanes, 1932) in standard reaction condition. The substrates used
for kinetic parameters calculation were cellobiose, gentiobiose, lactose, maltose,
malto-triose, malto-tetraose, malto-pentaose, malto-hexaose, sucrose, trehalose,
and D-glucose. The calculation of £ used a value of 67,000 as the single sub-
unit molecular weight.



D-allose production using G3DH

D-allose production was carried out by a three-step process of enzymatic-
dehydrogenation, chemical reduction, and acid-hydrolysis, using cellobiose as
the starting material. First, partial purified enzyme containing G3DH was im-
mobilized onto IRA-958 ion-exchange resin (Dow Chemical) previously equil-
ibrated overnight with 20 mM Tris-HCI buffer (pH 7.5). Then, the immobilized
G3DH was added to a reaction mixture containing 50 mM cellobiose and 20
mM PMS before incubation at 30°C under dark condition. The conversion of
cellobiose to 3-ketocellobiose was monitored at the indicated times using HPLC.
The resultant mixture was evaporated to dryness and re-dissolved in methanol.
Then, the sample was reduced by adding 10 mg NaBH, to the solution and was
stirred for 30 min on ice. The reduction was stopped by adding SK1B (H" form)
ion-exchange resin and the resin was removed by filtration. In the final step, the
solution was acid-hydrolyzed with 1 M HCI at 100°C for 1 h.

The products from chemical hydrogenation were determined using a
Shimadzu HPLC system with a separation column of CARBOSep CORE-
GEL-87C. The eluent used was distilled water and its flow rate was 0.6 mL
min'.

RESULTS

Enzyme purification

Rhizobium sp. L35 produced G3DH in the presence of inducing carbo-
hydrates such as cellobiose, maltitol, lactose, and lactitol (data not shown). Both
ME medium containing 1.0% cellobiose and YE medium containing 1.0% mal-
titol were found to be suitable cultivation conditions for the efficient produc-
tion of G3DH. The latter was chosen for subsequent experiments because of its
cost performance. G3DH was purified approximately 150-fold and to 7.2% yield
from crude extract.

Identification of the enzyme reaction product

The reaction specificity of the enzyme was confirmed by NMR. Table 1
shows assigned 'H and *C chemical shifts. A signal from H-3 was absent, and
the signal from C-3 was a carbonyl group at 209.94 ppm. Therefore, we deter-
mined that G3DH reacts site selectively with the hydroxyl group at the C-3 po-
sition of the glycoside residue. From these results, we conclude that the enzyme
isolated from Rhizobium sp. L35 belongs to the GMC oxidoreductase family.



274 | CMU J. Nat. Sci. (2019) Vol. 18(3)

Table 1. 'H and '*C NMR data for C-3 oxidized methyl a-D-glucopyranoside
(methyl-3-keto-a-D-glcp). The chemical shift at the oxidized position
is shown in bold.

Chemical shifts in ppm

Proton (J, ) (coupling constants in Hz) Carbon
H-1(/,,. 7,5 521 4.1,-) C-1 104.57
H-2 (J,,) 4.62 (1.4) C-2 77.10
H-4 (J4:5) 4.40 (10.0) C-3 209.94
H-5 (s g Js ) 3.80 (2.0, 4.6) C-4 74.58
H-6a (J ) 3.94 (12.5) C-5 77.31
H-6b 3.88 C-6 63.45
OMe 3.42 OMe 58.09

Enzyme characterization

Purified G3DH showed a band estimated to be 67,000 Da by SDS-
PAGE, and its molecular weight was calculated to be 131,000 by size-exclu-
sion chromatography, suggesting that it is a dimeric enzyme (data not shown).
The optimal temperature for enzyme activity was determined to be 37-40°C,
and the half-life of G3DH was approximately 3 h at 40°C and 50 min at
45°C (Figure 2a, b). The optimum pH for enzyme activity was 7.0-7.5, and
the enzyme was stable between pH 6.0 and 11.0 (Figure 2c and Figure 2d)
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Figure 2. Characteristics of G3DH. Effects of temperature on G3DH activity (a)
and stability (b). Effects of pH on G3DH activity (c) and stability (d).
The symbols in panels ¢ and d represent citrate buffer (pH 3.0-4.0; o),
acetate buffer (pH 4.0—6.0; A), sodium phosphate buffer (pH 6.0-8.0;
0), Tris-HCI buffer (pH 7.5-9.0; ), and glycine-NaOH buffer (pH
9.0-11.0; o), respectively.

Most of the investigated metal ions did not affect G3DH activity, how-
ever, the activity was slightly enhanced by adding I mM FeSO, to the reaction
mixture (15% increase). Activity was inhibited by the addition of CuCl, and
MnCl, (Figure 3). The purified enzyme had absorption maxima at 279, 391, and
457 nm (data not shown), suggesting that FAD serves as a co-factor for G3DH,
as expected for a member of the GMC oxidoreductase family.
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Figure 3. Effects of metal ions on G3DH activity.

In terms of substrates, the enzyme showed its highest activity toward
cellobiose (21.5 U mg"'), followed by salicine [2-(hydroxymethyl)-phenyl
B-D-glucose] (19.3 U mg™'), lactose (18.2 U mg'), maltose (17.8 U mg™'), gen-
tiobiose (16.9 U mg™), maltotriose (16.2 U mg"), and D-glucose (13.6 U mg™')
as shown in Table 2. This enzyme exhibited low activity towards D-xylobiose
(B1,4-D-xylosyl-D-xylose; 1.5 U mg"') and D-mannobiose (1,4-D-mannosyl-
D-mannose; 1.1 U mg'). While G3DH showed almost no activity towards D-
xylose and D-mannose.

The kinetic parameters of G3DH for various substrates are listed in Table
3. The maximum reaction rate (V_ ), Michaelis-Menten constant (K,,), and cata-
lytic efficiency (k_/K,,) for cellobiose were 24.9 U mg™', 0.39 mM, and 5.7x104
M1 s respectively, while those for D-glucose were 16.6 U mg™!, 0.96 mM, and
1.5%x104 M s, respectively. Disaccharides of D-glucose showed 1.3 to 2.4-fold
higher affinity than that of D-glucose.



Table 2. Substrate specificity of G3DH from Rhizobium sp. L35.
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Specific  Relative
Substrate Linkage activity  activity

Umg™) (%)
cellobiose B-D-Glcp-(1—4)-B-D-Glcp 21.5+0.6 100
salicine 2-(hydroxymethyl)phenyl B-D-Glcp 193+0.5 91.5
lactose B-D-Galp-(1—4)-p-D-Glcp 18.2+0.3 84.7
maltose a-D-Glep-(1—4)-a-D-Glcp 17.8 £ 0.6 82.8
gentiobiose B-D-Glep-(1—6)--D-Glep 16.9+£0.3 78.6
maltotriose a-D-Glcp-(1—4)-0-D-Glep-(1—4)-D-Glcp 16.2+0.7 75.3
D-glucose - 13.6+0.4 63.3
lactitol B-D-Galp-(1—4)-D-solbitol 13.3+0.3 61.9
turanose a-D-Glep-(1—3)-a-D-Fruf 11.4+£0.3 53.0
sucrose a-D-Glep-(1—2)-B-D-Fruf 10.0+ 0.6 46.2
maltulose a-D-Glep-(1—4)-a-D-Fruf 9.4+03 43.7
maltotetraose a-D-Glep-[(1—4)-0-D-Glep] -(1—4)-D-Glep 8.8 +0.1 40.9
maltitol a-D-Glcp-(1—4)-D-sorbitol 7.9+0.3 36.7
paratinose a-D-Glep-(1—6)-a-D-Fruf 7.8+0.4 36.3
lactulose B-D-Galp-(1—4)-D-Fruf 7.1+£04 33.0
trehalose a-D-Glep-(1—1)-a-D-Glcp 5.8+0.1 27.0
meribiose a-D-Galp-(1—6)-a-D-Glcp 5.7+0.1 26.5
maltopentaose  a-D-Glcp-[(1—4)-a-D-Glcp]-(1-4)-D-Glep 5.6 £ 0.6 26.0
D-galactose - 2.6+0.1 12.1
maltohexaose  a-D-Glcp-[(1—4)-a-D-Glep],-(1—4)-D-Glcp  2.4+0.4 11.2
D-xylobiose B-D-Xylp-(1—4)-B-D-Xylp 1.5+0.3 7.0
mannobiose B-D-Manp-(1—4)--D-Manp 1.1+£0.1 5.1
maltoheptaose  a-D-Glcp-[(1—4)-a-D-Glcp],-(1—4)-D-Glep trace -
D-xylose - trace -
D-mannose - trace -

D-allose
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Table 3. Kinetic parameters of G3DH from Rhizobium sp. L35 for various

glycosides.
Substrate K,m™Mm) V. Umg") k (" k /K, (M"'s"
cellobiose 0.39+0.1 249+1.9 22.3 5.7x10%
gentiobiose 0.43+0.1 20.1+1.9 18.0 4.2x104
lactose 0.49+0.1 20.1+1.5 18.0 3.7x10%
maltose 0.70 0.1 189+ 1.8 16.9 2.4x10*
malto-triose 1.04 +0.1 19.0+0.8 17.0 1.6x10*
malto-tetraose 2.66£0.2 16.1£0.5 14.4 5.4x10°
malto-pentaose  3.58 £ 0.3 11.8+04 10.5 3.0x10°
malto-hexaose  4.63 +0.1 11.2+0.8 10.0 2.2x10°
sucrose 1.27+04 16.3+1.8 14.6 1.1x104
trehalose 0.58+0.2 8.6+14 7.7 1.3x10*
D-glucose 0.96 + 0.1 16.6 £1.2 14.9 1.5x10*

Production of D-allose from cellobiose via 3-ketocellobiose

D-allose could be produced from cellobiose (Figure 4a) by the follow-
ing steps. First, the dehydrogenation of cellobiose was done with immobilized
G3DH and PMS as an electron acceptor. The reaction was accomplished within
4 h and repeated once. As a reaction product, 3-ketocellobiose (Figure 4b) was
achieved before it was reduced by chemical hydrogenation. After the hydrogena-
tion, two products were obtained in a ratio of 4:6 estimated by HPLC chromato-
gram. The first product (RT 7.9 min) was cellobiose and the other one (RT 8.9
min) was not identical to any known substance. Because of the hydrogenation,
the second peak must be a disaccharide consisted of D-glucose and D-allose,
which was identified as -1,4-D-allosyl-D-glucose (Figure 4c). Finally, the ratio
of D-glucose (RT 15.6 min) and D-allose (RT 22.3 min) by acid hydrolysis of
hydrogenated mixture was estimated to be 3:1 (Figure 4d). Thus, the final yield
of D-allose was approximately 30% from cellobiose.
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Figure 4. Progress chromatogram of D-allose production. Cellobiose (a) was
converted to 3-ketocellobiose (b). Subsequently, 3-ketocellobiose was
reduced to cellobiose and allosyl-glucose (All-Glc; c). These two re-
sultant products were acid-hydrolyzed to glucose and allose (d). The
samples were analyzed by HPLC usinga CARBOSep COREGEL-87C
column(a—c),andaGL-C611 column(d). RTmeansretentiontime (min).

DISCUSSION

In this study, Rhizobium sp. L35 possesses G3DH that can produce 3-
ketoglycosides efficiently was isolated from soil. This enzyme was clarified as a
member of GMC oxidoreductase family by several experiments. Rhizobium sp.
L35 was found to produce G3DH when cellobiose or lactitol was added in the
culture medium, therefore, G3DH was identified as an inducible enzyme which
is similar to those of 4. tumefaciens (Hayano et al., 1967), A. bisporus (Morrison
et al., 1999), and Halomonas sp.a-15 (Kojima et al., 1999).

G3DH was purified 150-fold with the total yield of 7.2%. The result of
SDS-PAGE and size-exclusion chromatography suggests that G3DH is a di-
meric enzyme. Interestingly, most of the G3DHs were reported as a monomeric
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enzyme such as that of A. tumefaciens (Hayano et al., 1967), Halomonas sp.a-15
(Kojima et al., 1999), A. bisporus (Morrison et al., 1999), or F. saccharophilum
(Takeuchi et al., 1986). Only G3DH from F. saccharophilum has been reported
as a tetrameric enzyme (Takeuchi et al., 1988). The molecular weight of a single
subunit of G3DH from Rhizobium sp. L35 is similar to other G3DHs which is
in the range of 55,000-68,000 when estimated by SDS-PAGE (Jin et al., 2008).
However, the molecular weights in vitro are different.

The optimum temperature for G3DH activity was 37-40°C, which is
10-20°C higher than other known G3DH (Jin et al., 2008). G3DH tended to
show higher activity towards D-glucose and various disaccharides consisting of
D-glucose, which is also observed in other G3DHs (Takeuchi et al., 1988 and
Zhang et al., 2014). All the hydroxyl groups of D-glucose are in equatorial po-
sitions except for the C-1 hydroxyl group, while its epimers, D-mannose, D-al-
lose, or D-galactose, has axial hydroxyl groups at C-2, C-3, or C-4. The substrate
specificity for these monosaccharides suggests that axial hydroxyls group induce
steric hindrance, which decreases enzyme activity at the C-3 (no activity), C-2
(trace activity), or C-4 (2.6 U mg Vposition. As described above, G3DH exhib-
ited almost no activity towards D-mannose due to steric hindrance from the C-2
axial hydroxyl group of the sugar. However, 3-1,4-D-mannobiose can be recog-
nized as a substrate. Similar results were found for D-xylose and -1,4-D-xylo-
biose. A disaccharide substrate is likely to be recognized and bound more easily
by the active site compared with a monosaccharide. These two results implied
that disaccharides are good matched to the shape of the active site. By using
X-ray structural data of G3DH, it may be possible to improve the enzyme’s reac-
tivity toward epimers of D-glucose, and make it possible to produce various rare
sugars efficiently. Unfortunately, there are no reports on X-ray crystal structural
analysis of G3DH, therefore, we are very interested in the structure analysis of
this enzyme.

Finally, we succeeded D-allose production by enzymatic reaction.
Rhizobium sp. L35 can utilize cellobiose quickly because it produces not only
G3DH but also produces various glycoside-degrading enzymes. For this reason,
it is difficult to produce sufficient 3-ketocellobiose by the resting cell reaction
without by-products (Klekner et al., 1989). The enzyme reaction was carried out
using immobilized G3DH. Crude extract was partially purified to remove 3-glu-
cosidase, a major cellobiose degrading enzyme in Rhizobium sp. L35. D-Allose
could be produced approximately 25% yield from cellobiose, which is higher
than the conventional method (Granstrom et al., 2004). This new process of
D-allose production can apply for various rare sugars production.
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CONCLUSION

Rhizobium sp. L35 with an ability to produce G3DH, an inducible flavine
enzyme, was cultivated and the enzyme was then extracted. G3DH was purified
in four steps to 150-fold with 7.2% recovery and identified as a homo-dimeric
enzyme with a molecular weight of approximately 67,000 Da for a single sub-
unit. The optimum condition for G3DH is at 40°C and pH 7.5 in Tris-HCI buffer.
The purified G3DH also shown a broad range of substrate specificity. With a
new strategy for D-allose production, partial purified G3DH was immobilized
before utilized in cellobiose conversion reaction. In the final process, the yield of
D-allose was as high as 30% from starting material. Hence, the combination of
enzymatic reaction and chemical reaction is an alternative pathway to improve
the D-allose productivity.
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