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By a global search of the genome database of Aspergillus oryzae, we found 23 genes encoding putative b-glucosidases,
among which 10 genes with a signal peptide belonging to glycoside hydrolase family 3 (GH3) were overexpressed in
A. oryzae using the improved glaA gene promoter. Consequently, crude enzyme preparations from three strains, each
harboring the genes AO090038000223 (bglA), AO090103000127 (bglF), and AO090003001511 (bglJ), showed a substrate
preference toward p-nitrophenyl-b-D-glucopyranoside (pNPGlc) and thus were purified to homogeneity and enzymat-
ically characterized. All the purified enzymes (BglA, BglF, and BglJ) preferentially hydrolyzed aryl b-glycosides, including
pNPGlc, rather than cellobiose, and these enzymes were proven to be aryl b-glucosidases. Although the specific activity
of BglF toward all the substrates tested was significantly low, BglA and BglJ showed appreciably high activities toward
pNPGlc and arbutin. The kinetic parameters of BglA and BglJ for pNPGlc suggested that both the enzymes had relatively
higher hydrolytic activity toward pNPGlc among the fungal b-glucosidases reported. The thermal and pH stabilities of
BglA were higher than those of BglJ, and BglA was particularly stable in a wide pH range (pH 4.5e10). In contrast, BglJ was
the most heat- and alkaline-labile among the three b-glucosidases. Furthermore, BglA was more tolerant to ethanol
than BglJ; as a result, it showed much higher hydrolytic activity toward isoflavone glycosides in the presence of ethanol
than BglJ. This study suggested that the mining of novel b-glucosidases exhibiting higher activity from microbial
genome sequences is of great use for the production of beneficial compounds such as isoflavone aglycones.
� 2015, The Society for Biotechnology, Japan. All rights reserved.
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b-Glucosidases (EC 3.2.1.21) are biologically and industrially
important enzymes (1). They hydrolyze alkyl and aryl b-glycosides
and can be classified into three groups on the basis of their sub-
strate specificities (2,3). Cellobiases, a type of b-glucosidases, effi-
ciently hydrolyze cellobiose and cellooligosaccharides. Other b-
glucosidases show higher specificities toward aryl b-D-glycosides
than cellobiose and are therefore called aryl b-glucosidases. On the
other hand, most b-glucosidases are called broad-specificity b-
glucosidases because they exhibit broad substrate specificity and
can equivalently degrade both the types of substrates. In many
biological stages, b-glucosidases play various important roles cor-
responding to these substrate specificities.

Together with endoglucanases (EC 3.2.1.4) and cellobiohy-
drolases (EC 3.2.1.91), cellobiases, the first type of b-glucosidases,
are also involved in the degradation of cellulosic biomass (4).
Although the activities of cellobiohydrolases and endoglucanases
are inhibited by the reaction product (cellobiose) when they hy-
drolyze cellulose, b-glucosidases can overcome such inhibition by
the reaction product (5,6). These catalytic functions of b-glucosi-
dases are very important for bioethanol production. On the other
hand, numerous secondary metabolites are accumulated in
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glycosylated forms in fruits and plants (7). These glycosylated
compounds include many flavor precursors that are cleaved into
sugar and aglycone by the action of aryl b-glucosidases, the second
type of b-glucosidases. Recently, the application of b-glucosidases
for flavor enhancement in plants has attracted increased attention
(8). In addition, some of these aryl b-glucosidases can hydrolyze
isoflavone glycosides to isoflavone aglycones (9,10). Isoflavones are
known to have estrogenic activity and are abundantly found in
soybean in aglycone forms (e.g., daidzein, genistein, glycitein) and
glycoside forms (e.g., daidzin, genistin, glycitin) (11), and they
possess useful preventive properties against cancer (12e14). As the
aglycone forms of isoflavones are absorbed into the human body
more effectively and are more biologically active than their glyco-
side forms (15e19), hydrolysis of isoflavone glycosides to isoflavone
aglycones by b-glucosidases has significant importance in the field
of biotechnology.

In addition to their hydrolytic activities, b-glucosidases also
catalyze glycosidic bond formation (2,20). This transglycosylation
activity is an industrially useful property. For example, in chemical
syntheses, some moieties of substrates need to be protected during
reactions; however, enzyme-catalyzed syntheses have high selec-
tivities, and thus, glycosidic bond formation can be achieved
without the protection of these moieties (21). Numerous glycosyl-
transferases catalyze the transfer of sugars and have been used for
the syntheses of flavor precursors, glycosylated oligopeptides, and
oligosaccharides (22,23). However, the application of these
All rights reserved.

atic characterization of secretory glycoside hydrolase family 3 (GH3)
oeng., (2015), http://dx.doi.org/10.1016/j.jbiosc.2015.03.019

mailto:gomi@biochem.tohoku.ac.jp
http://www.elsevier.com/locate/jbiosc
http://dx.doi.org/10.1016/j.jbiosc.2015.03.019
http://dx.doi.org/10.1016/j.jbiosc.2015.03.019
http://dx.doi.org/10.1016/j.jbiosc.2015.03.019
http://dx.doi.org/10.1016/j.jbiosc.2015.03.019


2 KUDO ET AL. J. BIOSCI. BIOENG.,
enzymes to industrial processes is limited because of the require-
ment of expensive nucleotide sugar precursors (21). Compared
with these glycosyltransferases, b-glucosidases are more suitable
for oligosaccharide synthesis because of their commercial avail-
ability and lower cost (24). However, in industrial applications,
their utility in glycoside synthesis is limited due to lower trans-
glycosylation activities (6). As a result, there is a need to find more
suitable b-glucosidases.

b-Glucosidases are distributed in all types of living organisms,
frombacteria, fungi, and plants to animals (21,25). Aspergillus oryzae
is afilamentous fungus and an important genetic resource because it
can produce various useful enzymes (26). The genome sequence of
A. oryzae has already been determined (27) and has been proven to
comprise nearly 20 b-glucosidase genes (28). Among these b-glu-
cosidases, only one b-glucosidase encoded by AO090009000356
has been purified and enzymatically characterized (29,30), and
recently, genetically engineered yeast strains displaying two b-
glucosidases (encoded byAO090003001511 and AO090001000544)
from A. oryzae on their cell surfaces have been reported (31).
However, other b-glucosidases have not yet been studied.

In the present study, we globally screened novel b-glucosidase
genes from the A. oryzae genome to identify more suitable enzymes
for industrial applications. From the CAZy database (http://www.
cazy.org/), we chose 23 genes encoding enzymes belonging to
glycoside hydrolase family 3 (GH3) and then attempted to over-
express 10 genes that were presumed to encode putative b-gluco-
sidases with a signal peptide under the control of the improved
glaA gene promoter (32) with A. oryzae as the host. Consequently,
three strains, each harboring AO090038000223 (bglA),
AO090103000127 (bglF), and AO090003001511 (bglJ), showed
higher hydrolytic activities toward aryl b-D-glycosides. Therefore,
we purified and enzymatically characterized these enzymes from
the overexpression strains. Although there are several studies on
the secretory production of BglJ (Bgl1) from A. oryzae (31,33,34),
they focused on the basic characterization and isoflavone aglycone
production by the crude enzyme. In the present study, we describe
the enzymatic properties of these three purified enzymes in detail.

MATERIALS AND METHODS

Strains, media, and cultivation conditions An A. oryzaemutant deficient in
a nitrate reductase gene (niaD�), derived from the industrial strain A. oryzae AOK11
(Akita Konno Shoten, Akita, Japan) (35), which can produce higher amount of
secreted proteins, was used as the host for the overexpression of putative b-
glucosidase genes. A. oryzae RIB40 (27) was used as the DNA donor.
Transformation of A. oryzae was performed using the method described by Gomi
et al. (36). The A. oryzae transformants were grown in the CzapekeDox (CD)
medium consisting of 0.3% NaNO3, 0.15% KCl, 0.1% KH2PO4, 0.05% MgSO4, trace
amounts of FeSO4, ZnSO4, CuSO4, MnSO4, (NH4)6Mo7O24, 0.8 M NaCl, and 1% sugar
supplemented with appropriate nutrients, which was used as the minimal
medium. The culture was grown at 30�C for 5e7 days and purified thrice on CD
medium plates. For b-glucosidase production, the A. oryzae transformants were
cultured in the YPM medium [0.5% Bacto yeast extract (BectoneDickinson, Sparks,
MD, USA), 1% Bacto peptone (BectoneDickinson), and 1% maltose (Wako Pure
Chemical Industries, Ltd., Osaka, Japan)] at 30�C for 48 h after inoculation with
approximately 1 � 106 conidia per 100 ml of the medium. Subsequently, the
cultures were harvested by filtration with Miracloth (Calbiochem, CA, USA).
Escherichia coli DH5a (supE44, hsdR17, recA1, gyrA96, endA1, thi-1, relA1) was used
for plasmid construction and was grown in the LuriaeBertani medium [1% (w/v)
Bacto tryptone (BectoneDickinson), 0.5% (w/v) Bacto yeast extract, and 0.5% (w/v)
NaCl] containing 50 mg/ml ampicillin (Wako Pure Chemical Industries, Ltd.) at 37�C.

Construction of plasmids for the overexpression of putative b-glucosidases,
BglA, BglF, and BglJ Each insert DNA that contained the ORF of each putative b-
glucosidase gene was amplified by PCR using appropriate forward and reverse
primers with the genomic DNA of A. oryzae RIB40 as the template. For bglA gene
amplification, the PCR fragment containing BglA ORF was amplified with primers
SN-bglA-SpeI and ASN-bglA-SpeI. For bglF gene amplification, the PCR fragment
containing BglF ORFwas amplifiedwith primers SN-bglF-SpeI and ASN-bglF-SpeI. For
bglJ gene amplification, the PCR fragment containing BglJ ORF was amplified with
primers SN-BglJ-HindIII and ASN-BglJ-XbaI. Cleavage sites (underlined) for the re-
striction enzymes SpeI, HindIII, or XbaI, which were included in the multicloning site
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(MCS) of the expression vector plasmid pNGA142 (32), were attached at the 50-end
of each primer. PCR amplification was performed using PfuUltra II Fusion HS DNA
Polymerase (Stratagene, La Jolla, CA). The reaction mixture was first incubated at
95�C for 5 min and then subjected to 50 cycles of 95�C for 0.5 min, 56�C for
0.5 min, and 72�C for 1.5 min, followed by incubation at 72�C for 7 min. The
resulting PCR fragments were inserted between the improved glaA promoter and
the agdA terminator of the expression vector with the niaD gene as the selectable
marker. The nucleotide sequences of all the primers used in this study are shown
in Supplementary Table S1.

Purification of BglA, BglF, and BglJ The culture filtrates of the A. oryzae
AOK11 transformants, each harboring the overexpressed construct of the bglA, bglF,
and bglJ genes, grown for 48 h at 30�C in the YPM liquid medium (400, 700, and
700 ml, respectively) were prepared by filtration. After filtration, all the steps of
enzyme purification were performed at 4�C. Solid ammonium sulfate was added to
the filtrates containing BglA, BglF, and BglJ under stirring to obtain 70%, 50%, and 65%
saturation, respectively, for removing contaminant proteins. b-Glucosidase activities
in the supernatants were recovered at 80%, 65%, and 75% saturation, respectively.
The precipitates formed were collected by centrifugation at 12,000 �g for 30 min
and dissolved in 20 mM phosphate buffer (pH 6.8) and dialyzed against the same
buffer containing 1.5 M (BglA), 1.05 M (BglF), or 0 M (BglJ) of ammonium sulfate
overnight at 4�C.

Following ammonium sulfate precipitation, the dialysate of BglA was added to
the Hitrap Butyl FF column (1.6 � 2.5 cm, GE Healthcare, Tokyo, Japan) equilibrated
with 20 mM phosphate buffer (pH 6.8) containing 1.5 M ammonium sulfate. The
column was washed with the same phosphate buffer, and then, elution was per-
formed with a linear gradient of ammonium sulfate from 1.5 to 0.9 M in the same
buffer. All the eluted fractions were checked for b-glucosidase activity using p-
nitrophenyl-b-D-glucopyranoside (pNPGlc; Wako Pure Chemical Industries, Ltd.) as
the substrate and analyzed by sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). The fractions that exhibited high b-glucosidase activity were
collected and concentrated by Centricut W-10 (Kurabo, Osaka, Japan) to 1.5 ml. In
the case of BglF, the dialysate was added to the Hitrap Butyl FF column equilibrated
with 20 mM phosphate buffer (pH 6.8) containing 1.05 M ammonium sulfate.
Elution was performed with a linear gradient of ammonium sulfate from 1.05 to
0.825 M in the same buffer. The fractions with high b-glucosidase activity were
collected and dialyzed overnight against 20 mM phosphate buffer (pH 6.8).

Following hydrophobic interaction chromatography, the dialyzed enzyme so-
lution of BglF was added to an anion exchange column (1.6 � 4.0 cm) of TOYOPEARL
SuperQ-650M (Tosoh Corp., Tokyo, Japan) equilibrated with 20 mM phosphate
buffer (pH 6.8). After the column was washed with the same buffer, proteins were
eluted with a linear gradient of NaCl from 50 to 88 mM in the same buffer. All the
eluted fractions were used for enzyme activity assay and SDS-PAGE analyses. The
active fractions were concentrated by Centricut W-10 to 1.5 ml. In the case of BglJ,
following ammonium sulfate precipitation, the dialysate was added to the TOYO-
PEARL SuperQ-650M column (1.6 � 4.0 cm) equilibrated with 20 mM phosphate
buffer (pH 6.8). Elution was performed with a linear gradient of NaCl from 0 to
0.05 M in the same buffer. The fractions with high beta-glucosidase activity were
collected and concentrated by Centricut W-10 to 1.5 ml.

The concentrated enzyme solution of BglA obtained after hydrophobic interac-
tion chromatography was added to a gel filtration column (1.6 � 60 cm) of HiLoad
16/60 Superdex-200 prep grade (GE Healthcare). The column was equilibrated and
eluted with 150 mM NaCl in 20 mM phosphate buffer (pH 6.8), and all the eluted
fractions were used for enzyme activity assay and SDS-PAGE analyses. The active
fractions were collected and concentrated by Centricut W-10 to an appropriate
concentration of the enzyme preparation and used for enzyme characterization. In
the case of BglF and BglJ, the concentrated enzyme solutions were added to the same
gel filtration column, and elution and concentration procedures were performed
similar to those employed for BglA. All the chromatography procedures were per-
formed using ÄKTAprime plus (GE Healthcare).

SDS-PAGE and glycosylation analysis SDS-PAGE was performed using the
method described by Laemmli (37). The stacking and separating gels comprised 4.5%
and 10% polyacrylamide, respectively. Proteins were stained with Coomassie
Brilliant Blue R-250. The molecular weight standards used were Precision Plus
Protein Standards, Unstained (Bio-Rad Laboratories, Hercules, CA, USA). For
glycosylation analysis, purified BglA, BglF, and BglJ were electrophoresed on a 10%
acrylamide gel following incubation with or without 200 U of Endo Hf (New
England Biolabs, Beverly, MA, USA) at 37�C for 5 h, according to the
manufacturer’s instruction, and then stained with Coomassie Brilliant Blue R-250.

Protein measurement The protein was measured by BCA Protein Assay Kit
Reducing Agent Compatible (Thermo Fisher Scientific, Yokohama, Japan) according
to the manufacturer’s instructions with bovine serum albumin (BSA) as the
standard.

b-Glucosidase activity assay Plate assay to evaluate the b-glucosidase ac-
tivity of the overexpression strains was conducted using a fluorogenic substrate for
b-glucosidase, 4-methylumbelliferyl b-D-glucopyranoside (MUG; Wako Pure
Chemical Industries, Ltd.). The transformants obtained were cultured for 3 days at
30�C on CD agar plates containing 1% maltose. Then, each plate was overlaid by
soft agar containing 0.1% MUG and incubated for 1 h at 37�C, followed by
detection of a clear zone around the colony under UV light.
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b-Glucosidase activity was assayed using the method developed by Riou et al.
(38) with slight modifications. As a standard assay procedure, several concentrations
of the p-nitrophenol (Wako Pure Chemical Industries, Ltd.) solution were used to
construct a standard curve. b-Glucosidase activity was measured at the optimal
temperature of each enzyme with 1 mM pNPGlc as the substrate in 0.4 ml of 20 mM
citrate buffer (at the optimal pH of each enzyme) and the appropriately diluted
enzyme preparation (2 ml). After 20 min of incubation, the reaction was stopped by
adding 0.8 ml of 1 MNa2CO3, and the release of p-nitrophenol wasmeasured at A400.
The results were calculated using the equation obtained from the standard curve.
One unit of b-glucosidase activity was defined as the amount of enzyme that yielded
1 mmol of p-nitrophenol per minute under the assay conditions.

For substrate specificity analyses, we used a 0.3-ml reaction mixture containing
2 mM pNPGlc, 100 mM acetate buffer (at the optimal pH of each enzyme), and an
aliquot (2 ml) of the enzyme reparation. After 20 min of incubation at the optimal
temperature of each enzyme, the reaction was stopped by adding 0.6 ml of 1 M
Na2CO3, and the release of p-nitrophenol was monitored at A400. One unit of b-
glucosidase activity was defined as the amount of enzyme that yielded 1 mmol of p-
nitrophenol per minute under the assay conditions. Furthermore, the activities to-
wardother chromogenic aryl substratesweredeterminedunder the same conditions.

The activities toward natural oligosaccharides were assayed using a 0.3-ml re-
action mixture containing 2 mM sophorose (SigmaeAldrich, St. Louis, MO), lami-
naribiose (Funakoshi, Ltd., Tokyo, Japan), cellobiose (Wako Pure Chemical Industries,
Ltd.), gentiobiose (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), maltose (Wako
Pure Chemical Industries, Ltd.), lactose (Wako Pure Chemical Industries, Ltd.), or
cellotriose (SigmaeAldrich), 100 mM acetate buffer (at the optimal pH of each
enzyme), and 2 ml of the enzyme preparation. After 20 min of incubation at the
optimal temperature of each enzyme, the reactionwas stopped by boiling for 2 min,
and the amount of released glucose was measured by HPLC. The HPLC system
(Model 8020; Tosoh Corp.) consisted of a dual pump (DP-8020) and a column oven
(CO-8020) equipped with a refractive index detector (RI-8020) and an Aminex HPX-
87H column (300 � 7.8 mm, Bio-Rad). The HPLC conditions were as follows: the
column oven temperature was 65�C, the flow rate was 0.6 ml/min, and the mobile
phase (isocratic) was 5 mM sulfuric acid. Several concentrations of the glucose so-
lution were used to construct a standard curve. One unit of b-glucosidase activity
was defined as the amount of enzyme that yielded 1 mmol of glucose per minute
under the assay conditions.

The activities toward aryl b-glycosides were assayed using a 0.3-ml reaction
mixture containing 2 mM arbutin (Tokyo Chemical Industry Co., Ltd.), salicin (Wako
Pure Chemical Industries, Ltd.), or indican (Wako Pure Chemical Industries, Ltd.),
100 mM acetate buffer (at the optimal pH of each enzyme), and 2 ml of the enzyme
preparation. After 20 min of incubation at the optimal temperature of each enzyme,
the amount of reducing sugar released was immediately measured using the
method proposed by Nelson (39) and Somogyi (40). Alkaline copper reagent (0.3 ml)
was added to the reaction mixture, boiled for 10 min, and chilled quickly on ice,
followed by adding 0.3 ml of arsenic molybdate reagent and mixing well. After in-
cubation at room temperature for 15 min, absorbance was measured at 500 nm.
Several concentrations of the glucose solution were used to construct a standard
curve. One unit of b-glucosidase activity was defined as the amount of enzyme that
yielded sugar equivalent to 1 mmol of glucose per minute under the assay conditions.
The Km and kcat values for the activity of BglA and BglJ toward pNPGlc and the most
hydrolyzed substrate were calculated using the double reciprocal plot method of
Lineweaver and Burk (41).

Assay of the hydrolytic activities of BglA and BglJ toward isoflavone
glycosides The hydrolytic activities toward isoflavone glycosides were assayed
using a modified method of Kudou et al. (42). Isoflavone glycosides [daidzin,
genistin, and glycitin (Nagara Science, Ltd., Gifu, Japan)] were dissolved in 70% (v/
TABLE 1. Summary of the purific

Purification step Total activity (U)a Total prote

BglA
Culture filtrate 21.0 401
(NH4)2SO4 precipitation 1.53 6.
Hitrap Butyl FF 0.90 0.
Superdex 0.36 0.

BglF
Culture filtrate 1.40 613
(NH4)2SO4 precipitation 0.82 29.
Hitrap Butyl FF 0.26 1.
TOYOPEARL SuperQ 0.032 0.
Superdex 0.028 0.

BglJ
Culture filtrate 160 1610
(NH4)2SO4 precipitation 53.2 30.
TOYOPEARL SuperQ 11.0 0.
Superdex 1.04 0.

a Activity was measured in 20 mM citrate buffer [pH 5.5 (BglA), pH 6.0 (BglF), and pH
substrate.

b The protein was assayed using the BCA Protein Assay Kit with BSA as the standard.
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v) ethanol at a concentration of 0.1 mg/ml and mixed with 100 mM acetate buffer
(at the optimal pH of each enzyme) at a ratio of 1:4. An aliquot (2 ml) of the
diluted enzyme solution was added to 0.3 ml of these substrate solutions and
incubated at the optimal temperature of each enzyme for 40 min. After
incubation, the reaction was stopped by boiling for 2 min, and the amount of
released aglycones was measured by the HPLC system (model 8020) equipped
with a UV detector (UV-8020) and an YMC-pack ODS-AM column (5 mm,
25 cm � 4.6 mm; YMC, Kyoto, Japan). The HPLC conditions were as follows: the
column oven temperature was 35�C, and the concentration of the mobile phase
increased with a linear gradient of acetonitrile from 15% to 35% containing 0.1%
acetic acid within 50 min at the flow rate of 0.6 ml/min. Absorbance was
measured at 260 nm. Several concentrations of the aglycone solutions were used
to construct a standard curve. One unit of b-glucosidase activity was defined as
the amount of enzyme that yielded 1 mmol of aglycone per minute under the
assay conditions.

For comparison of the hydrolytic activities of BglA and BglJ toward isoflavone
glycosides with those toward pNPGlc, the hydrolytic activity of each enzyme toward
pNPGlc was assayed under the same condition as that toward isoflavone glycosides.
Similar to the method to determine the hydrolytic activity of each enzyme toward
isoflavone glycosides, pNPGlc was dissolved in 70% (v/v) ethanol or distilled water at
a concentration of 230 mM, which was equivalent to 0.1 mg/ml isoflavone glycosides,
and mixed with 100 mM acetate buffer (at the optimal pH of each enzyme) at a ratio
of 1:4. Then, 2 ml of the enzyme preparation was added to 0.3 ml of the pNPGlc
solution and incubated for 40 min. The reactionwas stopped by adding 0.6 ml of 1 M
Na2CO3, and p-nitrophenol released was monitored at A400.

Effects of temperature on the activity and stability of BglA, BglF, and
BglJ The effect of temperature on the activity of purified BglA, BglF, and BglJ
was determined by incubating each enzyme at various temperatures ranging from
10�C to 80�C for 20 min in 200mM citrate buffer (at the optimal pH of each enzyme)
using 1mM pNPGlc as the substrate, according to the assaymethod described earlier
(see the b-Glucosidase activity assay section). The thermal stabilities of the enzymes
were examined by incubating the enzymes for 30 min at various temperatures
ranging from 10�C to 80�C in 20 mM phosphate buffer (pH 6.8) without any
substrate and assaying the residual activity using 1 mM pNPGlc as the substrate in
200 mM citrate buffer (at the optimal pH of each enzyme). The maximum activity
obtained was defined as 100%.

Effects of pH on the activity and stability of BglA, BglF, and BglJ The ef-
fects of the pH on the activity of purified BglA, BglF, and BglJ were determined by
measuring the enzyme activity at various pHs for 20 min at the optimal temperature
of each enzyme, according to the assay method described earlier (see the b-
Glucosidase activity assay section). The pH stability of purified BglA, BglF, and BglJ
was examined after incubating each enzyme in various 20 mM buffers at different
pHs for 30 min at 30�C without any substrate and assaying the residual activities
using 1 mM pNPGlc as the substrate in 200 mM citrate buffer (at the optimal pH
of each enzyme). The buffers used were 20 mM HCleKCl buffer (pH 1.5e2.0),
20 mM glycine-HCl buffer (pH 2.5e3.5), 20 mM citrate buffer (pH 3.0e6.0),
20 mM phosphate buffer (pH 6.0e8.0), 20 mM TAPS buffer (pH 8.0e9.0), 20 mM
glycine buffer (pH 9.0e10.0), and 20 mM CAPS buffer (pH 10.0e11.0). The
maximum activity obtained was defined as 100%.

RESULTS

Selection and overexpression of putative b-glucosidase
genes from A. oryzae genome First, we chose 23 genes
ation of BglA, BglF, and BglJ.

in (mg)b Specific activity (U/mg) Purification (fold)

0.052 1.0
42 0.24 4.6
14 6.43 124
053 6.79 131

0.0023 1.0
6 0.028 12.2
66 0.16 69.6
050 0.64 278
048 0.58 254

0.099 1.0
7 1.73 17.5
94 11.7 118
099 10.5 106

4.5 (BglJ)] at 50�C (BglA), 45�C (BglF), and 40�C (BglJ) using 1 mM pNPGlc as the
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encoding enzymes that belong to GH3 from the CAZy database
(http://www.cazy.org/). Then, 10 genes encoding putative b-glucosi-
dases with a signal peptide were screened from the SignalP 4.1
database (http://www.cbs.dtu.dk/services/SignalP/) (Supplementary
Table S2) and overexpressed in A. oryzae, because these gene
products were expected to be secreted into the culture media
so that they could be easily purified and analyzed.
Subsequently, plasmids for the overexpression of these genes were
constructed using the expression vector plasmid pNGA142 and
introduced into A. oryzae AOK11 to construct the b-glucosidase-
overexpressing strains. Through plate assay using MUG as the
fluorogenic substrate for b-glucosidase, four transformant strains,
each harboring AO090038000223 (bglA), AO090009000356 (bglC),
AO090103000127 (bglF), and AO090003001511 (bglJ), formed a
large clear zone around the colony when detected under UV light
(data not shown). As the b-glucosidase encoded by
AO090009000356 (BglC) had already been purified and
A

B

C

FIG. 1. SDS-PAGE of each purification step of BglA (A), BglF (B), and BglJ (C), and Endo Hf-tre
proteins (250, 150, 100, 75, 50, 37, 25 kDa); Crude, crude enzyme sample; (NH4)2SO4, enzyme
interaction column (Hitrap Butyl FF) chromatography; SuperQ, enzyme sample after anion ex
after gel filtration column (Superdex 200 prep grade) chromatography. (DeF) Purified BglA, B
without (�) 200 U of Endo Hf at 37�C for 5 h and stained with Coomassie Brilliant Blue R-
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characterized (29,30) and because our preliminary experiment
suggested that the other three gene products had higher activity
toward pNPGlc than cellobiose, the three b-glucosidases BglA, BglF,
and BglJ were purified to homogeneity from the overexpression
transformants.

Purification of BglA, BglF, and BglJ BglA, BglF, and BglJ, were
purified from the culture filtrates of the A. oryzae AOK11 trans-
formants that overexpressed the bglA, bglF, or bglJ genes by
employing the procedure described earlier (see Materials and
methods). The b-glucosidase activities of all the fractions were
assayed using pNPGlc as the substrate. The purification of BglA,
BglF, and BglJ is summarized in Table 1. From the culture filtrates,
proteins were concentrated by ammonium sulfate precipitation,
and the dialyzed enzyme solutions were used in the subsequent
step of purification. After ammonium sulfate precipitation, BglA
was purified by hydrophobic interaction and gel filtration
F

E

D

ated (þ) or not (�) BglA (D), BglF (E), and BglJ (F). (AeC) M, molecular weight standard
sample after ammonium sulfate precipitation; Butyl, enzyme sample after hydrophobic
change column (Toyopearl SuperQ-650M) chromatography; Superdex, enzyme sample
glF, and BglJ were electrophoresed on a 10% acrylamide gel after incubation with (þ) or
250.
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chromatographies; BglF was purified by hydrophobic interaction,
anion exchange, and gel filtration chromatographies; and BglJ
was purified by anion exchange and gel filtration
chromatographies. The specific activities of purified BglA, BglF,
and BglJ were 6.79, 0.58, and 10.5 U/mg, which were
approximately 130-, 250-, and 100-fold higher than those of the
crude enzyme preparations, respectively. The purified samples of
BglA, BglF, and BglJ migrated as single protein bands on SDS-
PAGE (Fig. 1AeC), and MUG-containing plate assay revealed that
all the protein bands of purified BglA, BglF, and BglJ on PAGE
showed b-glucosidase activities (data not shown). The apparent
molecular masses of purified BglA, BglF, and BglJ obtained by
SDS- PAGE analysis were approximately 130, 120, and 100 kDa,
respectively, which were much higher than the values (87.7, 85.9,
and 91.9 kDa, respectively) deduced from the amino acid
sequences of mature proteins. As differences in the molecular
masses were presumed to be due to glycosylation of proteins,
purified BglA, BglF, and BglJ were treated with Endo Hf. After
treatment with Endo Hf, the protein bands shifted to
approximately 88 kDa (BglA; Fig. 1D), 86 kDa (BglF; Fig. 1E), and
84 kDa (BglJ; Fig. 1F), corresponding to the molecular mass
estimated from each amino acid sequence; this suggested that
proteins were N-glycosylated.

Effect of temperature and pH on the activity and stability of
BglA, BglF, and BglJ The effect of temperature on the activity
and stability of BglA, BglF, and BglJ was examined. As shown in
Fig. 2, the maximum activity of BglA, BglF, and BglJ was obtained at
50�C at pH 5.5, 45 C at pH 6.0, and 40�C at pH 4.5, respectively.
Although BglA was stable below 50�C, it lost its activity sharply
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FIG. 2. Effect of temperature on the activity and stability of purified BglA (A), BglF (B), and B
lines) were assayed in 200 mM citrate buffer (at the optimal pH of each enzyme) at vario
remaining activities (broken lines) were measured after incubating the enzyme for 30 min
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over 50�C. BglF was stable below 40�C and retained over 70% of
its maximum activity up to 50�C. Among the three b-
glucosidases, BglJ was the most thermolabile enzyme, which was
stable below 30�C but lost its activity at 45�C.

The optimal pH for the activity of purified BglA was 5.5 at 50�C,
and over 80% of its maximum activity was retained between pH 5.0
and 6.5 (Fig. 3A). In addition, BglA was stable in a wide pH range
between 4.5 and 10.0 and retained over 70% of its maximum ac-
tivity between pH 4.5 and 11.0 but lost its activity at pH 3.0 (Fig. 3B).
The optimal pH for the activity of BglF was 6.0 at 45�C, and over 70%
of its maximum activity was retained between pH 5.0 and 6.5
(Fig. 3C). Although BglF was stable between pH 6 and 9, it lost its
activity sharply at pH higher than 9.5 and gradually at pH below 5.5
(Fig. 3D). In contrast, the optimal pH for the activity of purified BglJ
was 4.5 at 40�C (Fig. 3E). Although BglJ was highly stable between
pH 4.0 and 7.0, it was significantly unstable even at weak alkaline
pH and lost its activity at pH 8.0 (Fig. 3F).

Substrate specificities of BglA, BglF, and BglJ The substrate
specificities of BglA, BglF, and BglJ, were examined, and the results
are summarized in Table 2. First, we investigated the hydrolytic
activities of the purified b-glucosidases toward various
oligosaccharides, including cellobiose, and compared these
activities with their activities toward pNPGlc. BglA, BglF, and BglJ
displayed the highest hydrolytic activity toward pNPGlc, with
specific activities of 319, 0.6, and 168 U/mg, respectively. These
three b-glucosidases also hydrolyzed laminaribiose, cellobiose,
and gentiobiose, but their specific activities were significantly low
when compared with their activities toward pNPGlc. In particular,
the hydrolytic activities of BglA, BglF, and BglJ toward cellobiose
B
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FIG. 3. Effect of pH on the activity and stability of purified BglA (A, B), BglF (C, D), and BglJ (E, F). (A, C, E) For the determination of the optimal pH, b-glucosidase activities were
assayed in different buffers at the optimal temperature of each enzyme using 1 mM pNPGlc as the substrate. The buffers used were 20 mM HCleKCl buffer (closed triangles), 20 mM
glycine-HCl buffer (closed squares), 20 mM citrate buffer (closed diamonds), and 20 mM phosphate buffer (closed circles). (B, D, F) For pH stability assay, the remaining activities
were measured after incubating each enzyme for 30 min at 30�C in the following buffers: 20 mM glycine-HCl buffer (closed squares), 20 mM citrate buffer (closed diamonds),
20 mM phosphate buffer (closed circles), 20 mM TAPS buffer (open triangles), 20 mM glycine buffer (open squares), and 20 mM CAPS buffer (open circles) indicated by. The
maximum activity obtained was defined as 100%. Error bars are given as mean � SE of three independent experiments.
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were only approximately 6%, 1%, and 12% of those noted toward
pNPGlc, respectively. Although BglA and BglF could not hydrolyze
sophorose, maltose, lactose, and cellotriose, BglJ showed little
hydrolytic activity toward maltose. From these results, we
assumed that BglA, BglF, and BglJ were aryl b-glucosidases. As the
specific activities of BglF were significantly lower than those of
BglA and BglJ toward the various substrates tested (Table 2),
further analyses to determine the substrate specificities of BglA
and BglJ toward various aryl b-glycosides were performed.
Interestingly, BglA could effectively hydrolyze arbutin, with a
specific activity of 327 U/mg, when compared with its activity
toward pNPGlc. In addition, BglA showed little hydrolytic activity
toward p-nitrophenyl-b-D-xylopyranoside (pNPXyl) and indican
and could not hydrolyze p-nitrophenyl-b-D-galactopyranoside
Please cite this article in press as: Kudo, K., et al., Purification and enzym
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(pNPGal), p-nitrophenyl-b-D-cellobioside (pNPCel), and salicin.
Conversely, BglJ exhibited hydrolytic activities toward salicin as
well as pNPXyl, arbutin, and indican. In particular, BglJ showed
considerably higher activity toward arbutin, resulting in a specific
activity of 439 U/mg, which was 1.3-fold higher than that of BglA.
However, BglJ showed no hydrolytic activities toward pNPGal and
pNPCel. Thus, BglA and BglJ preferentially hydrolyzed aryl b-
glycosides rather than oligosaccharides, and both the enzymes
were proven to be aryl b-glucosidases.

Kinetic constants of BglA and BglJ The steady-state kinetic
parameters of BglA and BglJ measured for pNPGlc and arbutin,
both of which were preferentially hydrolyzed by these enzymes,
are summarized in Table 3. The Km, kcat, and kcat/Km values for the
atic characterization of secretory glycoside hydrolase family 3 (GH3)
oeng., (2015), http://dx.doi.org/10.1016/j.jbiosc.2015.03.019



TABLE 2. Substrate specificities of BglA, BglF, and BglJ.

Substrate Linkage of
glycosyl group

BglA BglF BglJ

Specific act. (U/mg) Relative act. (%) Specific act. (U/mg) Relative act. (%) Specific act. (U/mg) Relative act. (%)

Oligosaccharides
Sophorose b-(1,2)-Glucose N.D. N.D. N.D. N.D. e e

Laminaribiose b-(1,3)-Glucose 22.8 � 2.36 109 0.010 � 0.0 169 21.7 � 9.75 12.9
Cellobiose b-(1,4)-Glucose 21.0 � 1.44 100 0.0059 � 0.0004 100 20.2 � 12.4 100
Gentiobiose b-(1,6)-Glucose 49.3 � 2.68 235 0.0046 � 0.0013 78.0 1.07 � 0.07 5.3
Lactose b-(1,4)-Galactose N.D. N.D. N.D. N.D. N.D. N.D.
Cellotriose b-(1,4)-Glucose N.D. N.D. N.D. N.D. N.D. N.D.

Aryl b-glycosides
pNPGlc b-Glucose 319 � 15.4 100 0.60 � 0.002 100 168 � 5.80 100
pNPGal b-Galactose N.D. N.D. e e N.D. N.D.
pNPXyl b-Xylose 2.70 � 0.35 0.8 e e 10.6 � 1.02 6.3
pNPCel b-Cellobiose N.D. N.D. e e N.D. N.D.
Arbutin b-Glucose 327 � 2.35 103 e e 439 � 3.29 261
Salicin b-Glucose N.D. N.D. e e 28.8 � 3.76 17.1
Indican b-Glucose 42.2 � 0.42 13.2 e e 78.7 � 6.85 46.8

All the substrates were tested at a concentration of 2 mM (BglA and BglJ) in 100 mM acetate buffer (at the optimal pH of each enzyme) or 5 mM (BglF) in 20 mM citrate buffer
(pH 6.0). The specific activities were determined by measuring the amount of released glucose (oligosaccharides, arbutin, salicin, and indican) or p-nitrophenol (p-nitrophenyl
glycosides) after incubating them with the enzymes for 20 min at the optimal temperature of each enzyme. The relative activity toward cellobiose (for oligosaccharides) and
pNPGlc (for aryl b-glycosides) was defined as 100%. The values are expressed means � SE of three different experiments. N.D., no activity was detected; e; not determined.
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activity of BglA and BglJ toward pNPGlcwere 0.75 and 0.48mM, 651
and 373 s�1, 868 and 777 s�1 mM�1, respectively. Conversely, the
Km, kcat, and kcat/Km values for the activity of BglA and BglJ
toward arbutin were 2.48 and 0.82 mM, 759 and 810 s�1, 361 and
987 s�1 mM�1, respectively. It has been reported that the kcat
values for b-glucosidase activities toward natural substrates are
relatively low (normally, a maximum of 300 s�1 or lower) (25). In
the present study, the kcat values for the activity of both these
enzymes toward arbutin and pNPGlc were significantly high. In
addition, transglycosylation activities of BglA and BglJ were
scarcely detected toward pNPGlc, cellobiose, and gentiobiose as
substrates (data not shown).

Hydrolytic activity of purified BglA and BglJ toward
isoflavone glycosides Purified BglA and BglJ were aryl b-gluco-
sidases because both the enzymes displayed strong specificity to-
ward aryl b-glycosides. It was reported that BglJ on the yeast
surface exhibited high hydrolytic activity toward soybean iso-
flavones (31,34); hence, apart from purified BglJ, we investigated
whether BglA also possessed this activity or not. Both BglA and
BglJ were incubated with isoflavone glycosides (daidzin, glycitin,
and genistin), and the results are summarized in Table 4. As
isoflavone glycosides are difficult to dissolve in buffers or water,
they were dissolved in 70% (v/v) ethanol at a concentration of
0.1 mg/ml (equivalent to 230 mM), followed by mixing with
100 mM acetate buffer by following the method developed by
Kudou et al. (42). Similarly, the hydrolytic reaction toward pNPGlc
was also tested by employing the same procedure: pNPGlc was
dissolved in 70% ethanol or water at a concentration of 230 mM.
The specific activities of BglA and BglJ were determined by
measuring the amount of released aglycons (daidzein, glycitein,
and genistein) or p-nitrophenol after incubating the substrates
with the enzymes. Consequently, as shown in Table 4, BglA
showed much higher hydrolytic activities toward all the
isoflavone glycosides tested than BglJ. Interestingly, when
compared with hydrolytic activity toward pNPGlc in the absence
TABLE 3. Steady-state kinetic constants of BglA and BglJ.

Enzyme Substrate Vmax

(U mg�1)
Km (mM) kcat (s�1) kcat/Km

(s�1 mM�1)

BglA pNPGlc 456 � 10 0.75 � 0.06 651 � 14 868
Arbutin 531 � 8 2.48 � 0.20 759 � 12 316

BglJ pNPGlc 264 � 21 0.48 � 0.003 373 � 30 777
Arbutin 573 � 36 0.82 � 0.008 810 � 51 987
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of ethanol (ethanol ‒), BglJ showed a 86% decrease in hydrolytic
activity in the presence of ethanol [14% (v/v)], while BglA
retained about 60% activity even in the presence of ethanol.
Indeed, the ethanol tolerance of BglA was much higher than that
of BglJ (Fig. 4). Thus, BglA was more tolerant to ethanol than BglJ,
and we assumed that the ethanol tolerance of both the enzymes
resulted in the difference in the hydrolytic activities toward
isoflavone glycosides.

DISCUSSION

b-Glucosidase plays an important role in the degradation of
cellulosic biomass, isoflavone aglycones production, and other
bioconversion processes; thus, numerous studies have been con-
ducted to characterize b-glucosidases (10,43,44). A. oryzae is an
industrially important filamentous fungus that has been used for a
long time in Japanese fermentation industries (26), and this fungus
can produce various useful enzymes, including b-glucosidases
(45,46). In the present study, we screened and attempted to over-
express putative b-glucosidase genes from the A. oryzae genome,
for which sequencing analysis had been completed (27). Besides
the three b-glucosidases [AO090009000356 (BglC),
AO090003001511 (BglJ), and AO090001000544 (BglG)] previously
reported, we found seven additional genes encoding putative b-
glucosidases with a signal peptide in the genome, all of which
belonged to GH3 according to the CAZy database. The signature
motifs encompassing an active site of GH3, found using the PROSITE
database (http://prosite.expasy.org/) (consensus pattern is
[LIVM](2)-[KR]-x-[EQKRD]-x(4)-G-[LIVMFTC]-[LIVT]-[LIVMF]-[ST]-
D-x(2)-[SGADNIT] and D is the active site residue; PROSITE acces-
sion no. PDOC00621), were highly conserved in their deduced
amino acid sequences (data not shown).

Among these 10 genes, the transformants overexpressing four
genes, bglC, bglJ, AO090038000223 (bglA), and AO090103000127
(bglF), clearly showed b-glucosidase activities in plate assay using
MUG as the fluorogenic substrate (data not shown). The enzymatic
characterization of purified BglC has been previously reported
(29,30), and BglC has been suggested to be a broad-specificity b-
glucosidase. Alternatively, the other three b-glucosidases appeared
to exhibit high specificity toward aryl b-glycosides; hence, we pu-
rified and enzymatically characterized these enzymes. Analysis of
the substrate specificities toward various oligosaccharides and
pNPGlc revealed that all these b-glucosidases could be categorized
into aryl b-glucosidases because natural oligosaccharides with b-
atic characterization of secretory glycoside hydrolase family 3 (GH3)
oeng., (2015), http://dx.doi.org/10.1016/j.jbiosc.2015.03.019
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TABLE 4. Hydrolytic activities of BglA and BglJ toward isoflavone glycosides.

Substrate Ethanol BglA BglJ

Specific act.
(U/mg)

Relative
act. (%)

Specific
act. (U/mg)

Relative
act. (%)

Daidzin þ 8.31 � 1.99 49.2 1.09 � 0.02 7.6
Glycitin þ 7.93 � 1.66 46.9 0.67 � 0.02 4.6
Genistin þ 10.5 � 2.02 62.1 1.18 � 0.13 8.2
pNPGlc þ 10.4 � 0.87 61.5 1.97 � 0.01 13.7
pNPGlc � 16.9 � 2.06 100 14.4 � 0.76 100

The reaction mixture contained 240 ml of 100 mM acetate buffer (at the optimal pH
of each enzyme), 60 ml of daidzin, glycitin, or genistin solutions dissolved in 70% (v/
v) ethanol at a concentration of 0.1 mg/ml (about 230 mM), and an appropriate
dilution of the enzyme preparation. The hydrolytic reaction toward pNPGlc was also
tested with 240 ml of 100mM acetate buffer (at the optimal pH of each enzyme) plus
60 ml of 230 mM pNPGlc, which was dissolved in 70% ethanol (þ) or water (�).
Specific activity was determined by measuring the amount of released aglycones
(daidzein, glycitein, and genistein) or p-nitrophenol after incubating the substrates
with enzymes for 40 min at the optimal temperature of each enzyme. The relative
activity toward pNPGlc (ethanol �) was defined as 100%. The values are expressed
means � SE of three different experiments.
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1,4-, b-1,3-, and b-1,6-glucosidic linkages were appreciably poor
substrates when compared with pNPGlc (Table 2). The substrate
specificities and kinetic parameters of both BglA and BglJ were
subsequently examined, although BglF was not subjected to further
enzymatic characterization due to its very low specific activity.
Among the substrates tested, both BglA and BglJ preferentially
hydrolyzed aryl b-glycosides, particularly pNPGlc and arbutin,
rather than oligosaccharides. To date, only two fungal GH3 b-glu-
cosidases that exhibit a marked preference toward hydrolysis of
aryl b-glycosides have been reported to be purified to homogeneity
(8,47). Decker et al. (8) purified four b-glucosidases from the culture
broth of Aspergillus tubingensis and found that b-glycosidase II
exhibited high substrate specificity toward aryl b-glucosides. Based
on the partial amino acid sequences of b-glucosidase II, this enzyme
was noted to be most likely to be the one encoded by
Asptu1_0124418 by a BLAST search of the AspGD database (http://
www.aspergillusgenome.org/). The amino acid sequences of BglA,
BglF, and BglJ were highly homologous to the sequence of b-
glucosidase II (Asptu1_0124418-P) (46%, 51%, and 53% amino acid
identities, respectively); thus, these enzymes might also exhibit
similar substrate specificities. However, the amino acid sequence of
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FIG. 4. Effect of ethanol on the activity of BglA and BglJ. To examine the ethanol
tolerance of BglA and BglJ, the remaining activities were measured after incubating
each enzyme at various concentrations of ethanol for 20 min at their optimal tem-
peratures, according to the assay method described in Materials and methods. The
maximum activity obtained was defined as 100%. Error bars are given as mean � SE of
three independent experiments.
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b-glucosidase (Cel3a; accession no. AAL69548) from Talaromyces
emersonii (47) showed higher homology to that of BglC, a broad-
specificity b-glucosidase (69% amino acid identity), when
compared with those of BglA and BglJ (47% and 41% amino acid
identities, respectively). These results suggested that the substrate
specificities of b-glucosidases could not be predicted only based on
the homology of amino acid sequences. There had been no reports
on the crystal structures of fungal b-glucosidases until the most
recent studies on those of Aspergillus aculeatus BGL1 and Tricho-
derma reesei Cel3A (48,49). Hence, a comparative study on the
three-dimensional structures of BglC and BglA or BglJ could reveal
the difference in their substrate specificities.

The substrate specificities and kinetic parameters of BglA and
BglJ were slightly different from each other. For example, BglA
showed a higher substrate preference toward aryl b-glycosides
than BglJ. In addition, the Km value for the activity of BglA
(2.48 mM) toward arbutin was relatively higher than that for the
activity of BglJ (0.82 mM). The Vmax values for the activity of BglA
toward pNPGlc were comparable with those for the activity of
T. emersonii b-glucosidase (47), which was approximately 2-fold
higher than those for the activity of BglJ. However, the Km values
for the activities of both BglA and BglJ toward pNPGlc were 4e6-
fold higher than those for the activity of T. emersonii b-glucosi-
dase; thus, their kcat values were lower than the latter to a similar
extent. Nevertheless, according to the BRENDA database (http://
www.brenda-enzymes.org/), the kinetic parameters of BglA and
BglJ for pNPGlc suggested that these enzymes had relatively higher
hydrolytic activity toward pNPGlc among the b-glucosidases
reported.

The thermal and pH stabilities of BglA were relatively higher
than those of BglF and BglJ, and BglA was particularly stable in a
wide pH range (pH 4.5e10). In contrast, BglJ was themost heat- and
alkaline-labile among the three b-glucosidases, because it was
stable only below 30�C and up to pH 7.0. In previous studies, the
thermal and pH stabilities of BglJ produced by Saccharomyces cer-
evisiae and A. oryzae were determined (33,34). When compared
with purified BglJ examined in the present study, BglJ secreted by
the yeast was similarly unstable at weak alkaline pH but was more
stable over 40�C (34), whereas BglJ produced by A. oryzaewasmore
stable at pH 8.0 (33). Although the reason for this difference in
enzyme stability between the data obtained in the present study
and those previously reported is still unclear, it could be concluded
that BglJ is more unstable than BglA and BglF.

Interestingly, we found that the hydrolytic activities of BglA
toward isoflavone glycosides, such as daidzin, glycitin, and genistin,
were significantly higher (7e12-fold) than those of BglJ under
ethanol-containing assay conditions (Table 4), in which isoflavone
glycosides were dissolved in ethanol due to their insolubility in
water. Although the specific activities of BglA and BglJ toward
pNPGlc (230 mM) in the absence of ethanol were almost identical,
BglJ showed a remarkable reduction (approximately 10%) in the
activity toward pNPGlc in the presence of ethanol [14% (v/v)], while
BglA showed moderately decreased activity under the same con-
dition. Thus, BglA seemed to be more tolerant to ethanol when
compared with BglJ. The ethanol tolerance of b-glucosidases is an
important characteristic for industrial applications, particularly for
wine making, because b-glucosidases that can efficiently hydrolyze
aryl b-glycosides are used for liberating aromatic compounds from
glucosidic precursors present in wine grapes (50). Moreover, BglA
exhibits better thermal stability than BglJ, which also makes BglA a
good candidate enzyme for industrial applications, although its
enzymatic stability and activity should be much improved.

In conclusion, the present study suggested that the mining of
novel b-glucosidases showing higher activity from microbial
genome sequences is of great use for the production of beneficial
compounds such as isoflavone aglycones. Moreover, certain
atic characterization of secretory glycoside hydrolase family 3 (GH3)
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potentially useful enzymes for industrial applications are expected
to be found among other uncharacterized b-glucosidase genes in
the A. oryzae genome. In addition to b-glucosidases, useful b-1,4-
endoglucanases (EC 3.2.1.4) and cellobiohydrolases (EC 3.2.1.91) as
well as hemicellulases such as xylanase and b-xylosidase could be
screened from the A. oryzae genome. Currently, construction of
transformants that overexpress these candidate genes and char-
acterization of the gene products are in progress.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jbiosc.2015.03.019.
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