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ABSTRACT: The recombinant β-glucosidase from the hyperthermophilic archaeon Pyrococcus furiosus was purified with a
specific activity of 330 U/mg for genistin by His-trap chromatography. The specific activity of the purified enzyme followed the
order genistin > daidzin > glycitin> malonyl glycitin > malonyl daidzin > malonyl genistin. The hydrolytic activity for genistin
was highest at pH 6.0 and 95 °C with a half-life of 59 h, a Km of 0.5 mM, and a kcat of 6050 1/s. The enzyme completely
hydrolyzed 1.0 mM genistin, daidzin, and glycitin within 100, 140, and 180 min, respectively. The soybean flour extract at
7.5% (w/v) contained 1.0 mM genistin, 0.9 mM daidzin, and 0.3 mM glycitin. Genistin, daidzin, and glycitin in the soybean
flour extract were completely hydrolyzed after 60, 75, and 120 min, respectively. Of the reported β-glucosidases, P. furiosus
β-glucosidase exhibited the highest thermostability, kcat, kcat/Km, yield, and productivity for hydrolyzing genistin. These results
suggest that this enzyme may be useful for the industrial hydrolysis of isoflavone glycosides.
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■ INTRODUCTION
Isoflavones are the structural homologues of human estrogens
and exist as glycosides most frequently in leguminous plants,
particularly soybean.1,2 Isoflavones have recently attracted
much attention due to their effects against osteoporosis, cancer,
cardiovascular disease, and menopausal symptoms.3−5 Many
studies have focused on the hydrolysis of isoflavone glycosides,
as isoflavone aglycones possess higher pharmaceutical activity
than isoflavone glycosides.6−8 Isoflavone aglycones are absorbed
more quickly in humans than their glycosides.7 However,
isoflavone aglycones exist at low concentrations or are absent in
leguminous plants.
The isoflavone aglycones daidzein, genistein, glycitein,

malonyl daidzein, malonyl genistein, and malonyl glycitein are
produced by removing sugar moieties from the isoflavone
glycosides daidzin, genistin, glycitin, malonyl daidzin, malonyl
genistin, and malonyl glycitin, respectively. These isoflavone
aglycones have been obtained by hydrolysis reactions of
microorganisms, including Lactobacillus paraplantarum,
Enterococcus durans, Streptococcus salivarius, Weissella confuse,9

Bacillus subtilis,10 and Rhizopus oligosporus.11 However, microbial
hydrolysis exhibits poor productivity because of long fermenta-
tion time. Thus, enzymatic hydrolysis has been proposed as a
potentially useful method because of its high specificity, yield, and
productivity. Enzymatic hydrolysis has been achieved using micro-
bial β-glucosidases from Aspergillus oryzae,6 B. subtilis,12

Bifidobacterium lactis, Lactobacillus acidophilus, Lactobacillus
casei,13 Dictyoglomus turgidum,14 Escherichia coli,15 Paecilomyces
thermophila,16 Pseudomonas sp.,17 Sulfolobus solfataricus,18

Thermoanaerobacter ethanolicus,19 and Thermotoga maritima20

and plant β-glucosidases from Dalbergia cochinchinensis, Dalbergia
nigrescens,21 Glycine max (soybean), and commercial almond.22

Recently, thermostable β-glucosidases from D. turgidum,14

S. solfataricus,18 and T. maritima20 exhibited high hydrolytic
activities for isoflavone aglycones. However, the hydrolysis of
isoflavone glycosides by these enzymes is inefficient in terms of

the conversion yield and productivity. Because the enzyme
reaction velocity is increased at higher temperatures, more
thermostable enzyme is required for the effective hydrolysis of
isoflavone glycosides. β-Glucosidase from the hyperthermo-
philic archaeon Pyrococcus furiosus showed a remarkable thermo-
stability with a half-life of 85 h at 100 °C and maximum activity at
100 °C for p-nitrophenyl (pNP)-β-D-glucopyranoside.23 Thus, the
enzyme would be highly useful for the hydrolysis of isoflavone
glycosides.
In this study, the optimal pH and temperature for the con-

version of genistin to genistein were determined using β-glucosidase
from P. furiosus, and the hydrolytic activity and kinetic parameters
of the enzyme for isoflavone glycosides were investigated.
Moreover, hydrolysis of isoflavone glycosides from a reagent and
a soybean flour extract was attempted.

■ MATERIALS AND METHODS
Materials. The isoflavone standards, including genistin, daidzin,

glycitin, malonyl glycitin, malonyl daidzin, malonyl genistin, genistein,
daidzein, glycitein malonyl glycitein, malonyl daidzein, and malonyl
genistein, were purchased from Sigma (St. Louis, MO). HPLC grade
acetonitrile and acetic acid were purchased from Fisher Scientific
(Hanover Park, IL). All of the restriction enzymes were purchased
from New England Biolabs (Hertfordshire, U.K.). All other regents
were purchased from Sigma.

Cloning and Gene Expression. The genomic DNA from
P. furiosus DSMZ 3638 (Microbank, Daejeon, Korea), E. coli
ER2566 (New Englands Biolabs), and pET24a(+) plasmid (Novagen,
Madison, WI) were used as the source of the β-glucosidase gene, host
cells, and expression vector. The gene encoding the β-glycosidase was
amplified by polymerase chain reaction (PCR) using the genomic
DNA isolated from P. furiosus as template. The sequence of the
oligonucleotide primers used for gene cloning was based on the DNA
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sequence of P. furiosus β-glucosidase, celB gene (GenBank accession
no. AAC25555). Forward (5 ′-GGATCCATGAAGTTCTC-
CAAAAAAC-3′) and reverse primers (5′-GTCGACCTTTCTTG-
TAACAAATT-3′) were designed to introduce the BamHI and SalI
restriction sites (underline), respectively, and were synthesized by
Bioneer (Daejon, Korea). The amplified DNA fragment obtained by
PCR was purified and inserted into the pET24a(+) vector digested
with the same restriction enzymes. E. coli ER2566 strain was
transformed with the ligation mixture using an electroporator
(MicroPulser, Bio-Rad, Hercules, CA) and plated on LB agar
containing 25 μg/mL of kanamycin. A kanamycin-resistant colony
was selected, and plasmid DNA from the transformant was isolated
with a plasmid purification kit (Promega, Madison, WI). DNA
sequencing was conducted using a DNA analyzer (ABI Prism 3730xl,
Perkin-Elmer, Waltham, MA). Gene expression was evaluated by both
SDS-PAGE and enzyme activity.
Culture Conditions. P. furiosus was grown anaerobically at 90 °C

on a complex medium containing starch as the carbon and energy
source.24 E. coli cells containing the β-glucosidase/pET24a(+) gene
were cultivated in a 2000 mL flask containing 500 mL of Luria−
Bertani (LB) medium and 20 μg/mL kanamycin at 37 °C with shaking
at 200 rpm. When the optical density of bacteria reached 0.6 at
600 nm, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to
a final concentration of 0.1 mM to induce the expression of
β-glucosidase, and then the culture was incubated with shaking at
150 rpm at 16 °C for 4 h.
Enzyme Preparation. The grown cells were harvested and

disrupted by sonication on ice for 2 min in 50 mM phosphate buffer
(pH 7.0) containing 300 mM NaCl with the addition of 1 mg/mL
lysozyme. The unbroken cells and cell debris were removed by
centrifugation at 13000g for 20 min at 4 °C, and the supernatant
obtained was used as a crude extract. The enzyme solution of the
supernatant was applied to a His-trap affinity chromatography column
(Amersham Biosciences, Uppsala, Sweden) equilibrated with 50 mM
phosphate buffer (pH 7.0). The bound protein was then eluted at 4 °C
with the same buffer containing 250 mM imidazole at a flow rate of
1 mL/min. The active fractions were collected and dialyzed at 4 °C for
16 h against 50 mM citrate/phosphate buffer (pH 6.0). The resultant
solution was used as a purified enzyme. The purification step using the
column was conducted using a fast protein liquid chromatography
system (Bio-Rad) in a cold room at 4 °C.
Hydrolytic Activity. The hydrolytic reactions of P. furiosus β-

glucosidase were performed in 50 mM citrate/phosphate buffer
(pH 6.0) containing 0.017 U/mL enzyme and 1.0 mM p−nitrophenyl-
(pNP)-β-D-glucopyranoside or 0.2 mM isoflavone glycoside genistin,
daidzin, glycitin, malonyl genistin, malonyl daidzin, or malonyl glycitin for
5 min at 95 °C. The activity for pNP-β-D-glucopyranoside was deter-
mined by release of pNP. The absorbance at 415 nm was measured
after the reactions had been quenched by the addition of 200 mM
Na2CO3. One unit (U) of enzyme activity used for the hydrolysis of
pNP-β-D-glucopyranoside was defined as the amount of enzyme
required to liberate 1 μmol of pNP per minute at 95 °C and pH 6.0.
The activity for isoflavone glycoside was determined by release of
aglycon isoflavone. One unit of enzyme activity used for the hydrolysis
of isoflavone glycosides was defined as the amount of enzyme required
to liberate 1 μmol of genistein from genistin as a substrate per minute
at 95 °C and pH 6.0. The specific activity (U/mg) was defined as the
produced amount of NP or isoflavone aglycone as a product per
enzyme amount per unit of reaction time. The productivity (mM/h)
was defined as the increase in the concentration of isoflavone aglycone
as a product per unit of reaction time.
Kinetic Parameters. Various concentrations of pNP-β-D-gluco-

pyranoside (from 0.1 to 3 mM), genistin (from 0.1 to 1.5 mM),
daidzin (from 0.1 to 2.5 mM), and glycitin (from 0.05 to 2.5 mM)
were used to determine the kinetic parameters of the enzyme. The
reactions were performed in citrate/phosphate buffer (pH 6.0) at
95 °C for 5 min. The amounts of isoflavone aglycones were detected
by HPLC assay. Km (mM) and kcat (1/s) were determined by the
Lineweaver−Burk plot from the Michaelis−Menten equation. To
calculate the catalytic constant, kcat, the amount of protein was divided

by the subunit molecular mass of 221952 Da. Protein concentrations
were determined according to the Bradford method using bovine
serum albumin as a standard protein.25

Effects of Metal Ions, pH, and Temperature. To investigate the
effect of metal ions on enzyme activity, the enzyme assay was carried
out after treatment with 1 mM ethylenediaminetetraacetic acid (EDTA)
at 4 °C for 1 h or after the addition of 1 mM of each metal ion such as
Co2+, Mn2+, Ba2+, Mg2+, Zn2+, Cu2+, Ni2+, Fe2+, or Ca2+. The reactions
were performed in 50 mM citrate/phosphate buffer (pH 6.0) containing
each metal ion at 95 °C.

To evaluate the effects of pH and temperature on β-glucosidase
activity, the temperatures were varied from 75 to 98 °C at pH 6.0, and
the pH values were varied from 4.5 to 7.0 using 50 mM citrate/
phosphate buffer (pH 4.5−7.0) at 95 °C. The effect of temperature on
enzyme stability was monitored as a function of incubation time by
applying the enzyme solution at six different temperatures (70, 75, 80,
85, 90, and 95 °C) in 50 mM citrate/phosphate buffer (pH 6.0).
Samples were withdrawn at time intervals and then assayed in 50 mM
citrate/phosphate buffer (pH 6.0) containing 0.2 mM genistin at
95 °C for 5 min. The half-life of the enzyme was calculated using
Sigma Plot 9.0 software (Systat Software, San Jose, CA).

Preparation of Soybean Flour Extract. The extraction method
for soybean flour was used on the basis of the extraction method for
soy flour.20 The extraction conditions were optimized by varying
soybean flour concentration (10−25%, w/v), methanol concentra-
tion (50−100%, v/v), temperature (60−90 °C), and extraction time
(1−5 h). The highest amount of isoflavones was obtained after
extraction with 6 volumes of 80% methanol by stirring for 3 h at 80 °C
for 3 g of soybean flour. Thus, these conditions were used for extracting
soybean flour.

Time Courses for the Hydrolysis of Genistin, Daidzin, and
Glycitin. The hydrolysis of the isoflavone glycosides genistin, daidzin,
and glycitin from a reagent and a soybean flour extract was investigated
using P. furiosus β-glucosidase. The hydrolytic reactions were
performed at 95 °C in 50 mM citrate/phosphate buffer (pH 6.0)
containing 1.65 U/mL enzyme and 1 mM reagent grade genistin,
daidzin, or glycitin for 120, 160, or 200 min, respectively, and 33 U/mL
enzyme and 7.5% (w/v) soybean flour extract for 160 min.

Analytical Methods. Isoflavones were assayed using the isoflavone
standards and an HPLC system (Agilent 1100, Santa Clara, CA) equipped
with a UV detector at 254 nm and a C18 column (50 × 4.6 mm,
YMC, Kyoto, Japan). The column eluted at 35 °C with a gradient of
solvent A (3% acetic acid in water) and solvent B (3% acetic acid in
mixture of water and acetonitrile of 50:50 (v/v)) from 75:25 to 40:60
for 12 min and then from 40:60 to 75:25 for 3 min. The flow rate was
1.5 mL/min. The substrates daidzin, glycitin, genistin, malonyl daidzin,
malonyl glycitin, and malonyl genistin were detected with retention
times of 3.4, 3.8, 4.3, 4.6, 4.8, and 5.1 min, respectively. The products
daidzein, glycitein, genistein, malonyl daidzein, malonyl glycitein, and
malonyl genistein were detected with retention times of 5.4, 5.8, 7.2,
7.6, 8.0, and 8.6 min, respectively. The isoflavones in the reaction
samples formed from different substrates and soybean flour extract
were identified as the same retention times with the isoflavone
standards. The amounts of isoflavones in soybean flour extract were
determined using linear calibration curves relating the peak areas to
the concentrations of isoflavone standards.

■ RESULTS

Gene Cloning and Purification, Molecular Mass
Determination of P. furiosus β-Glucosidase. A gene
encoding P. furiosus β-glucosidase, with the same sequence as
reported in GenBank (accession no. AAC25555), was cloned
and expressed in E. coli. The enzyme was purified from crude
extract obtained from harvested cells as a soluble protein by
His-trap affinity chromatography. The β-glucosidase was purified
with a purification of 7.2-fold, a yield of 62%, and a specific activity
of 330 U/mg for genistin. After IPTG induction, the specific
activity of P. furiosus β-glucosidase was constant at approximately
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330 U/mg regardless of incubation time. The molecular mass
of the expressed protein analyzed by SDS-PAGE was about
56 kDa (Figure 1), consistent with the calculated value of

55488 Da based on the 472 amino acid residues plus 6 histidine
residues (data not shown). β-Glucosidase from P. furiosus was
reported as a tetramer with a total molecular mass of approximately
230 kDa.23

Effects of Metal Ion, pH, and Temperature on the
Activity of P. furiosus β-Glucosidase. No isoflavone
aglycones were formed when reactions were conducted without
enzyme or with grown E. coli ER2566 cells that did not harbor
the β-glucosidase gene from P. furiosus. The effect of metal ions
such as Co2+, Mn2+, Ba2+, Mg2+, Zn2+, Cu2+, Ni2+, Fe2+, or Ca2+

on the hydrolytic activity of genistin by P. furiosus β-glucosidase
was assessed. The enzyme was not activated by monovalent or
divalent cations and was not inhibited by EDTA. Therefore, the
enzyme was determined as metal-independent (data not shown).
The hydrolytic activity of genistin to genistein by P. furiosus

β-glucosidase was examined in a pH range from 4.5 to 7.0
(Figure 2A). Maximal activity was observed at pH 6.0. The
activity was about 80% of the maximum at pH 5.0 and 7.0. The
temperature was varied from 75 to 98 °C at pH 6.0 to
investigate its effect on the hydrolytic activity of genistin to
genistein by the enzyme (Figure 2B). The activity was maximal
at 95 °C. The thermal stability of P. furiosus β-glucosidase for
genistin was examined at temperatures ranging from 70 to
95 °C (Figure 3). Thermal inactivation of the enzyme followed
first-order kinetics with half-lives of 1020, 476, 307, 181, 96,
and 59 h at 70, 75, 80, 85, 90, and 95 °C, respectively.
Substrate Specificity of P. f uriosus β-Glucosidase for

Isoflavone Glycosides. The specific activity of P. furiosus β-
glucosidase was investigated using isoflavone glycosides (Table 1).
The specific activity of the enzyme followed the order genistin
> daidzin > glycitin > malonyl glycitin > malonyl daidzin >
malonyl genistin. The specific activity for genistin was 2.8-fold
lower than that for pNP-β-D-glucopyranoside. The Michaelis−
Menten constants (Km), turnover numbers (kcat), and catalytic
efficiencies (kcat/Km) for genistin, daidzin, and glycitin are
presented in Table 1. The orders of the kcat and kcat/Km values
of P. furiosus β-glycosidase (genistin > daidzin > glycitin) were
the same as those observed for specific activity. However, the
substrate affinity of the enzyme followed the order glycitin >
daidzin > genistin.

Hydrolysis of Isoflavone Glycosides from a Reagent
and a Soybean Flour Extract to Isoflavone Aglycones.
The hydrolysis of isoflavone glycosides to isoflavone aglycones
was investigated at pH 6.0 and 95 °C using P. furiosus β-
glucosidase. The enzyme completely hydrolyzed 1.0 mM
genistin, daidzin, and glycitin to 1.0 mM genistein, daidzein,
and glycitein, within 100, 140, and 180 min, with no byproducts.
The productivities corresponded to 0.60, 0.43, and 0.33 mM/h,
respectively (Figure 4). The concentration of soybean flour
extract was adjusted to 7.5% (w/v) to obtain 1.0 mM genistin.
The soybean flour extract at 7.5% (w/v) contained 3.0 mM total
isoflavones, which consisted of 1.03 mM genistin, 0.86 mM
daidzin, 0.25 mM glycitin, 0.39 mM genistein, 0.34 mM daidzein,
and 0.13 mM glycitein. Genistin, daidzin, and glycitin in the
soybean flour extract were completely hydrolyzed to genistein,
daidzein, and glycitein, within 60, 75, and 120 min,
corresponding to productivities of 1.00, 0.80, and 0.50 mM/h,
respectively (Figure 5).

Figure 1. SDS-PAGE analysis of each purification step. Lanes: 1,
marker proteins; 2, cell debris; 3, crude extract; 4, supernatant after
His-trap affinity chromatography.

Figure 2. Effects of (A) pH and (B) temperature on the activity of
P. furiosus β-glucosidase. The reactions for pH experiments were
performed with 0.2 mM genistin and 0.017 U/mL enzyme at 95 °C for
5 min. The reactions were performed in 50 mM citrate/phosphate
buffer (pH 6.0) containing 0.2 mM genistin and 0.017 U/mL enzyme
for 5 min. Data represent the mean of three experiments, and error
bars represent the standard deviation.
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■ DISCUSSION

The hydrolytic activity of P. furiosus β-glucosidase for genistin
was maximal at pH 6.0 and 95 °C (Figure 2). The hydrolytic
activities of the enzyme for pNP-β-D-glucopyranoside23 and
ginsenoside Rd26 were maximal at pH 5.0 and 100 °C and at
pH 5.5 and 95 °C, respectively. The optimal pH values of β-
glucosidases from A. oryzae,27 the genusDalbergia,21D. turgidum,14

P. thermophila,16 Pseudomonas sp.,17 S. solfataricus,28 and T.
maritima20 for hydrolyzing isoflavone glycosides were 5.0, 5.5, 5.0
6.2, 6.0, 5.5, and 5.0, respectively. The maximal activities of
β-glucosidases from A. oryzae,27 D. nigrescens,21 D. turgidum,14

P. thermophila,16 Pseudomonas sp.,17 S. solfataricus,28 and
T. maritima20 for hydrolyzing isoflavone glycosides were observed
at 55, 65, 85, 75, 40, 90, and 70 °C, respectively. These results
suggest that temperature for the hydrolysis of genistin to genistein is
the highest among β-glucosidases.
The half-lives of P. furiosus β-glucosidase for genistin at 75,

80, 85, 90, and 95 °C were 476, 307, 181, 96, and 59 h,
respectively (Figure 3). The half-lives of the enzyme for pNP-β-
D-glucopyranoside at 100 and 105 °C were 85 and 13 h,
respectively,23 and for ginsenoside Rd at 75, 80, 85, 90, and
95 °C were 572, 333, 172, 118, and 68 h, respectively.26 These
results indicate that the thermostability of P. furiosus β-
glucosidase for substrate follows the order pNP-β-D-gluco-
pyranoside > ginsenoside Rd > genistin. β-Glucosidase from
Pseudomonas sp. for genistin showed 44% relative activity at
50 °C after 30 min.17 The half-life of P. thermophila β-glucosidase

was approximately 0.3 h at 70 °C.16 The half-life of T. maritima
β-glucosidase (Tm-BglB) was 1.5 h at 70 °C; those of D.
turgidum β-glucosidase for genistin at 75, 80, 85, and 90 °C
were 14, 9, 6, and 0.3 h, respectively;14 and those of S.
solfataricus β-glucosidase for daidzin at 75, 80, 85, 90, and 95 °C
were 80, 51, 31, 18, and 10 h, respectively.28 This enzyme
exhibited the previous highest thermostability of the reported
β-glucosidases for the hydrolysis of isoflavone glycosides. The
half-lives of β-glucosidase from the hyperthermophile P. furiosus
at 75, 80, 85, 90, and 95 °C were approximately 3−6-fold
higher than those from S. solfataricus. Thus, P. furiosus β-
glucosidase is the most thermostable β-glucosidase reported to
date for the hydrolysis of isoflavone glycosides.
The specific activity of β-glucosidase from P. furiosus

followed the order genistin > daidzin > glycitin > malonyl
glycitin > malonyl daidzin > malonyl genistin (Table 1), those
from T. maritima,20 Pseudomonas sp.,17 D. nigrescens, and D.
cochinchinensis21 followed the order genistin > daidzin > malonyl
genistin > malonyl daidzin, and those from P. thermophila and
D. turgidum followed the order genistin > daidzin > glycitin.14,16

However, S. solfataricus β-glucosidase followed the order
daidzin > glycitin > genistin > malonyl daidzin > malonyl
glycitin > malonyl genistin. These results indicate that β-
glucosidases except D. turgidum β-glucosidase exhibit the
highest activity for genistin among isoflavone glycosides. The
kinetic parameters of the β-glucosidases for the substrate
genistin are summarized in Table 2. Previously, the highest
reported kcat for genistin was 3660 1/s for a β-glucosidase from
D. turgidum,14 and the highest reported kcat/Km was 10500
1/(mM s) for a β-glucosidase from D. nigrescens.21 Notably, the
kcat and kcat/Km of P. furiosus β-glucosidase are 1.7- and 1.2-fold
higher than the previously highest values, respectively. These
results suggest that the kcat and kcat/Km of P. furiosus β-
glucosidase are the highest yet reported and that this enzyme is
a very efficient producer of isoflavone aglycones.
The conversion of genistin to genistein by β-glucosidases is

summarized in Table 3. The productivity of genistein using
1.0 mM genistin as a single substrate and 1.65 U/mL enzyme
by β-glucosidase from P. furiosus was 0.60 mM/h (Figure 4A),
whereas the productivity of genistein using 7.5% (w/v) soybean
flour extract with 1.0 mM genistin as a mixture and 33 U/mL
enzyme was 1.00 mM/h (Figure 5). Although the productivity
of genistein for the single substrate was 1.7-fold lower than that
for the mixture, the specific productivity of genistein for the
single substrate (364 mmol U1− h−1) was 12-fold higher than
that for the mixture (30.3 mmol U1− h−1). The previously
highest reported mole yield was 98% for a β-glucosidase from
E. coli using reagent grade genistin, whereas the previously highest
reported productivity was 0.11 mM/h for a β-glucosidase from
A. oryzae using soybean flour extract. β-Glucosidase from
P. furiosus completely hydrolyzed genistin from the reagent and

Figure 3. Thermal inactivation of the activity of P. furiosus β-
glucosidase. The enzymes were incubated at 70, 75, 80, 85, 90, and 95 °C
for various times. A sample was withdrawn at each time interval, and
the relative activity was determined. Data represent the mean of three
experiments, and error bars represent the standard deviation.

Table 1. Hydrolytic Activity and Kinetic Parameters of P. furiosus β-Glucosidasea

substrate product specific activity (U/mg) Km (mM) kcat (s) kcat/Km (1/(mM s))

pNP-β-D-glucopyranoside pNP 912 ± 14
genistin genistein 330 ± 12 0.50 ± 0.09 6050 ± 52 12100 ± 390
daidzin daidzein 180 ± 5.5 0.42 ± 0.02 1880 ± 23 4480 ± 108
glycitin glycitein 75 ± 1.5 0.33 ± 0.02 610 ± 28 1840 ± 130
malonyl glycitin malonyl glycitein 46 ± 1.6
malonyl daidzin malonyl daidzein 37 ± 0.9
malonyl genistin malonyl genistein 5 ± 0.1

aData are expressed as the mean of three experiments ± standard deviation.
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soybean flour extract to genistein with a conversion mole yield
of 100% (Figures 4A and 5). The productivity obtained using

P. furiosus β-glucosidase was 9.1-fold higher than that achieved
using A. oryzae β-glucosidase. Thus, P. furiosus β-glucosidase
converted genistin to genistein with the highest productivity
and yield yet reported.
The enzyme reactions for industrial biological processes have

needed temperature optimum >65 °C to reduce the opera-
tion cost at high temperature. Thus, the kcat of P. furiosus
β-glucosidase at 65 °C was determined, and its kcat is highest
except that at 85 °C of D. turgidum β-glucosidase among
β-glucosidases for the hydrolysis of isoflavone glycosides (Table 2).
The kcat of P. furiosus β-glucosidase at 85 °C was 4360 1/s, which
was 1.3-fold higher than that (3360 1/s) at the same temperature
of D. turgidum β-glucosidase. These results indicate that P. furiosus
β-glucosidase is the most effective enzyme for the hydrolysis of
isoflavone glycosides even though the enzyme reaction is performed
at 65 °C for industrial biological process.

Figure 4. Conversion of the reagent grade isoflavone glycosides
to isoflavone aglycones by P. furiosus β-glucosidase, respectively:
(A) conversion of genistin to genistein; (B) conversion of daidzin to
daidzein; (C) conversion of glycitin to glycitein. The reactions were
performed in 50 mM citrate/phosphate buffer (pH 6.0) containing 1.0 mM
reagent grade isoflavone glycoside and 1.65 U/mL enzyme at 95 °C
for 120−200 min. Data represent the mean of three experiments, and
error bars represent the standard deviation.

Figure 5. Conversion of genistin, daidzin, and glycitin in soybean flour
extract to genistein, daidzein, and glycitein, respectively, by β-
glucosidase from P. furiosus. The reactions were performed in 50 mM
citrate/phosphate buffer (pH 6.0) containing 7.5% (w/v) soybean
flour extract and 33 U/mL enzyme at 95 °C for 150 min. Data
represent the mean of three experiments, and error bars represent the
standard deviation.

Table 2. Hydrolytic Activity and Kinetic Parameters of β-
Glucosidases for Genistin

strain
Km

(mM) kcat (1/s)
kcat/Km

(1/(mM s))
temperature

(°C) ref

Bacillus natto 0.15 22 147 37 12
Dictyoglomus
turgidum

0.83 3660 4440 85 14

Pseudomonas sp. 0.12 5.3 443 40 17
Sulfolobus
solfataricus

0.30 932 3110 90 18

Thermotoga
maritima

4.22 348 83 70 20

Dalbergia
nigrescens

0.07 700 10500 30 21

Dalbergia
cochinchinensis

0.13 208 1700 30 21

Glycine max 0.33 4.45 13 40 22
almond 11 0.65 0.06 40 22
Pyrococcus
furiosus

0.48 2400 5000 65 this
study

0.50 6050 12100 95 this
study
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In conclusion, β-glucosidase from P. furiosus was found to be
the most thermostable among β-glucosidases for the hydrolysis
of isoflavone glycosides. This enzyme exhibited the highest kcat,
kcat /Km, productivity, and yield yet reported. These results
should be useful in the soybean product industry.
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