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Aspergillus oryzae was found to secrete two distinct B-glucosidases when it was grown in liquid culture on
various substrates. The major form had a molecular mass of 130 kDa and was highly inhibited by glucose. The
minor form, which was induced most effectively on quercetin (3,3',4’,5,7-pentahydroxyflavone)-rich medium,
represented no more than 18% of total B-glucosidase activity but exhibited a high tolerance to glucose
inhibition. This highly glucose-tolerant 3-glucosidase (designated HGT-BG) was purified to homogeneity by
ammonium sulfate precipitation, gel filtration, and anion-exchange chromatography. HGT-BG is a monomeric
protein with an apparent molecular mass of 43 kDa and a pl of 4.2 as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and isoelectric focusing polyacrylamide gel electrophoresis, respec-
tively. Using p-nitrophenyl-3-p-glucoside as the substrate, we found that the enzyme was optimally active at
50°C and pH 5.0 and had a specific activity of 1,066 jumol min~" mg of protein~" and a K, of 0.55 mM under
these conditions. The enzyme is particularly resistant to inhibition by glucose (K;, 1.36 M) or glucono--lactone
(K;, 12.5 mM), another powerful 3-glucosidase inhibitor present in wine. A comparison of the enzyme activities
on various glycosidic substrates indicated that HGT-BG is a broad-specificity type of fungal B-glucosidase. It
exhibits exoglucanase activity and hydrolyzes (1—3)- and (1—6)--glucosidic linkages most effectively. This
enzyme was able to release flavor compounds, such as geraniol, nerol, and linalol, from the corresponding
monoterpenyl-B-p-glucosides in a grape must (pH 2.9, 90 g of glucose liter—'). Other flavor precursors (benzyl-
and 2-phenylethyl-B-p-glucosides) and prunin (4',5,7-trihydroxyflavanone-7-glucoside), which contribute to
the bitterness of citrus juices, are also substrates of the enzyme. Thus, this novel 3-glucosidase is of great
potential interest in wine and fruit juice processing because it releases aromatic compounds from flavorless

glucosidic precursors.

B-Glucoside glucohydrolases, commonly called B-glucosi-
dases, catalyze the hydrolysis of alkyl- and aryl-B-glucosides, as
well as diglucosides and oligosaccharides. These enzymes are
widely used in various biotechnological processes, including
the production of fuel ethanol from cellulosic agricultural res-
idues (4, 27, 48) and the synthesis of useful B-glucosides (21,
38). In the flavor industry, B-glucosidases are also key enzymes
in the enzymatic release of aromatic compounds from glu-
cosidic precursors present in fruits and fermentating products
(13, 39). Indeed, many natural flavor compounds, such as
monoterpenols, C-13 norisoprenoids, and shikimate-derived
compounds, accumulate in fruits as flavorless precursors linked
to mono- or diglycosides and require enzymatic or acidic hy-
drolysis for the liberation of their fragrances (41, 45). Finally,
B-glucosidases can also improve the organoleptic properties of
citrus fruit juices, in which the bitterness is in part due to a
glucosidic compound, naringin (4',5,7-trihydroxyflavanone-7-
rhamnoglucoside), whose hydrolysis requires, in succession, an
a-rhamnosidase and a B-glucosidase (33).

It is now well-established that certain monoterpenols of
grapes (e.g., linalol, geraniol, nerol, citronelol, a-terpineol, and
linalol oxide), which are linked to diglycosides, such as 6-O-a-
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L-rhamnopyranosyl-, 6-O-a-L-arabinofuranosyl-, and 6-O-3-D-
apiofuranosyl-B-p-glucosides, contribute significantly to the
flavor of wine (15, 44). The enzymatic hydrolysis of these
compounds requires a sequential reaction; first, an a-L-rham-
nosidase, an a-L-arabinofuranosidase, or a B-p-apiofuranosi-
dase cleaves the (1—6) osidic linkage, and then, the flavor
compounds are liberated from the monoglucosides by the ac-
tion of a B-glucosidase (18, 19). Unlike acidic hydrolysis, en-
zymatic hydrolysis is highly efficient and does not result in
modifications of the aromatic character (16). However, grape
and yeast glucosidases exhibit limited activity on monoterpe-
nyl-glucosides during winemaking, and a large fraction of the
aromatic precursors remains unprocessed (9, 16, 35). The ad-
dition of exogenous B-glucosidase during or following fermen-
tation has been found to be the most effective way to improve
the hydrolysis of the glycoconjugated aroma compounds in
order to enhance wine flavor (2, 14, 39, 40). The ideal B-glu-
cosidase should function and be stable at a low pH value (pH
2.5 to 3.8) and should be active at a high concentration of
glucose (10 to 20%) and in the presence of 10 to 15% ethanol.
However, most microbial B-glucosidases are very sensitive to
glucose inhibition (4, 12, 47), as well as to inhibition by glu-
cono-d-lactone, another powerful B-glucosidase inhibitor pro-
duced by grape-attacking fungi which can be found in wine
must at concentrations up to 2 g/liter (10).

The need for more suitable enzymes has led us and other
workers to search for novel B-glucosidases with the desired
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properties. Recently, we showed that an extracellular glucose-
tolerant and pH-stable B-glucosidase can be produced by As-
pergillus strains (17). However, the enzyme of interest repre-
sented only a minor fraction of total B-glucosidase activity, and
the major form was highly sensitive to glucose inhibition. As-
pergillus oryzae appeared to be the best producer of the minor
form when it was grown on quercetin (3,3',4’,5,7-pentahy-
droxyflavone), a phenolic flavonoid found in plant cell walls.
This paper presents further data on the production and char-
acterization of this novel highly glucose-tolerant B-glucosidase
(designated HGT-BG) purified from the extracellular culture
filtrate of A. oryzae grown on quercetin.

MATERIALS AND METHODS

Organism and culture conditions. A. oryzae CBS 12559, which was used in this
study, was obtained from the Centraalbureau voor Schimmelcultures (Baarn,
The Netherlands) and was maintained on potato dextrose agar (Difco). For
enzyme production, A. oryzae was grown on minimal medium [0.2% NaNO;,
0.2% KCl, 0.1% KH,PO,, 0.1% NH,NO3, 0.1% (NH,)H,PO,, 0.05% MgSO, -
7H,0, 0.05% yeast extract; pH 6.0] supplemented with an appropriate carbon
source at a concentration of 0.5% (wt/vol). Quercetin, rutin, cellobiose, glucose,
lactose, sucrose, maltose, arabinose, and xylose were purchased from Sigma. A
1-liter flask containing 500 ml of liquid medium was inoculated with 5 X 107 A.
oryzae viable spores resuspended in 0.15% (vol/vol) Tween 80. The culture was
incubated at 28°C for 14 days on an orbital shaker (120 rpm) and was harvested
by filtration through Whatman GF/A glass microfiber filters. The filtrate was
used as the crude B-glucosidase preparation.

Purification of HGT-BG. All steps in the purification of HGT-BG were carried
out at 4°C.

(i) Ammonium sulfate precipitation. The protein of the culture filtrate was
precipitated overnight with 85% (NH,),SO,. The resulting precipitate was col-
lected by centrifugation at 10,000 X g for 30 min and dissolved in the smallest
possible volume of 100 mM acetate buffer (pH 6.0).

(i) Gel filtration. The concentrated enzyme solution was loaded onto an
Ultrogel AcA 44 column (exclusion range, 10 to 130 kDa; BioSepra; 1.6 by 100
cm) equilibrated with 10 mM acetate buffer (pH 6.0). Elution was performed
with the same buffer containing 50 mM NaCl and 8 mM EDTA at a flow rate of
20 ml h™!, and 2.5-ml fractions were collected. The B-glucosidase activity was
eluted in two peaks (designated BGI and HGT-BG). The molecular weights of
the native enzymes were determined by the method of Andrews (1) by using blue
dextran and molecular weight markers from Sigma as standards. The fractions
containing HGT-BG activity were pooled, concentrated, and desalted by ultra-
filtration on Centriplus PM 10 membranes (Amicon).

(iii) Ton-exchange chromatography. HGT-BG was further purified by high-
pressure liquid chromatography on a TSK DEAE-5PW column (7.5 by 75 mm;
Beckman) equilibrated with 10 mM citrate-phosphate buffer (pH 6.0) containing
1 mM EDTA. The column was washed with the same buffer and then again with
the same buffer containing 0.13 M NaCl. A linear 0.13 to 0.25 M NaCl gradient
was then applied at a flow rate of 2 ml min !, and 1-ml fractions were collected.
The protein content in the column effluent was monitored by determining the
absorbance at 280 nm (A,g,). The active fractions were pooled, concentrated,
and desalted as described above. This enzyme solution was the purified HGT-BG
preparation used for subsequent studies.

Enzyme assay. B-Glucosidase activity was routinely assayed by using a 1-ml
reaction mixture containing 5 mM p-nitrophenyl-B-p-glucoside (pNPBG) (Sig-
ma), 100 mM acetate buffer (pH 5.0), and an appropriate dilution of enzyme
preparation. After 30 min of incubation at 50°C, the reaction was stopped by
adding 2 ml of 1 M Na,COs3, and the p-nitrophenol release was monitored at
A0 One unit of B-glucosidase activity corresponded to release of 1 wmol of
p-nitrophenol min~! under these conditions. Activities on other aryl substrates
and in the presence of cations and reagents, all purchased from Sigma, were
determined under the same conditions. The K,,, and V,,,, values were calculated
by the double-reciprocal plot method of Lineweaver and Burk (24) by using the
SIGMA-PLOT software program. Glucose inhibition and glucono-3-lactone
(Sigma) inhibition were tested by adding the inhibitors at different concentra-
tions to the standard reaction mixture and then performing the reaction exper-
iment under the optimal conditions (30 min, 50°C, pH 5.0), using purified
HGT-BG, the BGI active peak, or Klerzyme B-glucosidase (Gist-Brocades). The
release of reducing sugars resulting from hydrolysis of natural substrates was
determined by monitoring the As,, by the method of Miller (26), using glucose
as the standard. Activity on insoluble B-glucans in synergism with B-glucanases
was tested in 100 mM acetate buffer (pH 5.0) containing 2 mg of substrate ml ™"
and 0.1. U of purified HGT-BG ml ™! alone or in combination with 0.1. U of
cellulase ml~" or 0.1 U of laminarinase ml~' (Sigma). Activity on monoterpenyl
glucosides was tested by adding 0.1 U of purified HGT-BG ml~' or 0.1 U of
Klerzyme B-glucosidase ml~! to 100 mM acetate buffer (pH 5.0) containing 1.5
mM geranyl-B-glucoside and 100 g of glucose liter ! or to a grape must (Ugni
Blanc; pH 2.9, 90 g of glucose liter ') supplemented with 0.15 mM geranyl-,
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FIG. 1. Extracellular B-glucosidase production by A. oryzae CBS 12559
grown on 0.5% (wt/vol) quercetin. (A) B-Glucosidase activities separated by gel
filtration on an Ultrogel AcA44 column. (B) Glucose inhibition of B-glucosidase
activities.

neryl-, and linalyl-B-glucosides synthesized as described by Voirin et al. (42).
After incubation at 20°C for 24 h in acetate buffer or for 1 week in grape must,
the hydrolysis products were analyzed by performing high-pressure liquid chro-
matography on a reverse-phase column (Cg, 5 pum; 220 by 4.6 mm; Brownlee)
with water-acetonitrile (30:70, vol/vol) as the eluent at a flow rate of 1 ml min™!
(3). The release of glucose and monoterpenol was monitored at 4,y,. Hydrolysis
of naringin (4',5,7-trihydroxyflavanone-7-rhamnoglucoside) (Sigma) was deter-
mined in 100 mM acetate buffer (pH 5.0) containing 2 mM substrate and 0.1 U
of purified HGT-BG ml ™! alone or in combination with 0.1 U of a-rhamnosidase
purified from naringinase ml~! (Sigma) (19). Hydrolysis was checked by thin-
layer chromatography analysis. Hydrolysis of benzyl- and 2-phenylethyl-B-p-
glucosides was also studied by performing a thin-layer chromatography analysis
after 24 h of incubation at 40°C in 100 mM acetate buffer (pH 5.0) containing 2
mM substrate and 0.1 U of purified HGT-BG ml™! or 0.1 U of Klerzyme
B-glucosidase ml~".

Other analytical methods. The protein content was determined at Asqs by
using the Bio-Rad protein assay based on the Bradford procedure (5) with
bovine serum albumin as the standard. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed on 10% gels by the method of
Laemmli (23). Low-molecular-weight standards (Bio-Rad) were used to deter-
mine the subunit molecular weight of the enzyme, and a Quick-Silver stain kit
(Amersham) was used to locate the proteins. Analytical isoelectric focusing
(IEF) was performed with Servalyt Precotes (Serva) containing ampholytes with
a pH range of 3.0 to 6.0 or 10.0. Purified HGT-BG was stained with Coomassie
brilliant blue R-250 (Serva) in order to determine the pI with pI standards
(Protein Test Mix 9; Serva). Analytical IEF was also used to distinguish B-glu-
cosidase activities revealed on the gel after 5 min of incubation at room tem-
perature in 100 mM acetate buffer (pH 5.0) containing 1 mM 4-methylumbel-
liferyl-B-p-glucoside (Sigma). The hydrolyzed substrate was revealed by
fluorescence under UV light (A4s45). Polyclonal antibodies against purified
HGT-BG were raised in a rabbit. Western blotting was performed after SDS-
PAGE on nitrocellulose filters by using a Protoblot Western blot AP kit (Pro-
mega) and an appropriate dilution (1:2,000) of anti-HGT-BG antiserum. Pon-
ceau Red staining was used to locate high-molecular-weight standard proteins
(Bio-Rad) and to estimate the specificity of anti-HGT-BG antibodies.

RESULTS

Production of HGT-BG. A. oryzae produced at least two
distinct extracellular B-glucosidases, one which had a molecu-
lar mass of about 130 kDa and was highly inhibited by glucose
(BGI) and one which had a molecular mass of about 40 kDa
and was highly glucose tolerant (HGT-BG) (Fig. 1). The effects
of a variety of carbon sources on HGT-BG production by A.
oryzae were investigated (Table 1). The organism grew well on
every substrate tested, although the cell mass yield was about
five times lower on quercetin- or lactose-containing media than
on glucose-containing media. Differences in the growth yield
were, however, not related to differences in total or relative
enzyme production. The greatest amount of B-glucosidase ac-
tivity was recovered from the culture filtrate of strain CBS
12559 grown on cellobiose or rutin, a quercetin-3-rutinoside
from plants. A high yield was also obtained on non-B-glu-
cosidic substrates, such as glucose or maltose, but the B-glu-
cosidase activity corresponded almost exclusively to the major
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TABLE 1. Ratios of HGT-BG produced by A. oryzae CBS 12559 A B C
grown on various carbon sources”
1 2 2 1 2
Carbon Total B-glucosidase Ratio of pH 3
source activity (U) HGT-BG (%) kDa kDa
Quercetin 1,142 17.8 e 100 —
Rutin 1,228 13.7 - — 66.2
Lactose 396 12.7
Sucrose 1,047 10.4 HGT-BG 914 —
Cellobiose 1,336 8.5 & — 50
Maltose 836 4.6 T 66.2 —
Arabinose 796 3.4
Xylose 585 2.3
Glucose 1,146 15 BaI
- 310
¢ Cultures were grown at 28°C for 14 days in 1-liter flasks containing 500 ml of —“. 45.0 —
minimal medium supplemented with 0.5% (wt/vol) carbon source. The precipi-
tated proteins obtained from the different culture filtrates were resuspended in i
the same volume and loaded onto an Ultrogel AcA44 gel filtration column to | &
separate the two distinct B-glucosidases. i — 215
i - pH 6 310 —

form BGI. The best substrate for the production of HGT-BG
form was found to be quercetin. Rutin, lactose, and sucrose
were also good inducers of HGT-BG, but in no case did the
HGT-BG activity exceed 18% of the total B-glucosidase activ-
ity.

Purification of HGT-BG. HGT-BG was purified to homoge-
neity from a 10-liter culture filtrate of A. oryzae grown on
quercetin. The purification results are summarized in Table 2.
After separation of the two B-glucosidase peaks by gel filtra-
tion, HGT-BG was retained on an anion-exchange column and
eluted at NaCl concentrations ranging from 0.198 to 0.212 M,
with a maximum at 0.203 M NaCl. After SDS-PAGE analysis
and silver staining, the protein was detected as a single band
(Fig. 2A). The purified enzyme preparation had a specific
activity of 1,066 U mg of total protein—*. Thus, HGT-BG was
purified 177-fold to homogeneity. About 5 pg of pure enzyme
were recovered per liter of culture; this yield corresponded to
45% of the total extracellular B-glucosidase activity and
0.026% of the total extracellular proteins measured in the
culture filtrate.

Characterization of purified HGT-BG. (i) Molecular weight,
plI, and immunological specificity. The molecular mass of na-
tive HGT-BG was estimated to be around 40 kDa by gel
filtration and was determined to be 43 kDa by SDS-PAGE
analysis, indicating that the purified enzyme is a monomeric
protein (Fig. 2A). The pI value of the purified enzyme was
determined by analytical IEF to be 4.2 (data not shown). The
two B-glucosidases could be easily distinguished after the en-

FIG. 2. Molecular mass, pI, and immunological specificity analysis of purified
HGT-BG from A. oryzae CBS 12559. (A) SDS-PAGE analysis. Lane 1, 3 pg of
purified HGT-BG; lane 2, low-molecular-mass markers. Proteins were revealed
by silver staining. (B) IEF-PAGE analysis. Lane 1, 10 pg of proteins from the
BGI active peak; lane 2, 3 g of purified HGT-BG. Activities were revealed by
methylumbelliferone fluorescence under UV light. (C) Western blot analysis.
Lane 1, high-molecular-mass markers; lane 2, 50 pg of total proteins from
quercetin culture filtrate. Preparations were probed with anti-HGT-BG rabbit
antiserum (1:2,000) as described in Materials and Methods.

only one band was detected, and this band corresponded to the
molecular mass of the purified enzyme. The antibodies did not
cross-react with any band around 130 kDa that would have
corresponded to BGI. Similar Western blotting experiments
were performed with the protein extracts recovered from cul-
ture filtrates of the organism grown on different carbon sources
as described in Table 1. The relative intensity of the single
band which was detected in each case clearly confirmed the
variations in HGT-BG-specific production that depended on
the carbon source; quercetin was found to be the best substrate
(data not shown).

(ii) Temperature and pH. The temperature dependence and
pH dependence of purified HGT-BG are shown in Fig. 3. The
temperature optimum for maximal HGT-BG activity was 50°C
when preparations were incubated for 30 min in 100 mM
acetate buffer (pH 5.0). Under optimal temperature condi-
tions, the purified enzyme had a pH optimum of 5.0, although

zymatic activity was visualized in the IEF gel (Fig. 2B); the pl 120 120
value of BGI was estimated to be 4.9. SDS-PAGE followed by i A o B
immunoblotting was performed in order to determine the im- 1T ™, 1 T
munological specificity of rabbit antiserum raised against the & w0 ‘ gl ° f
purified enzyme. The ability of anti-HGT-BG antibodies to £ ‘ £ ) bd R
cross-react with other proteins from the culture filtrate of A. 5o . LR LY
oryzae grown on quercetin was examined. As shown in Fig. 2C, ;; w ’,' 5 . ;; ol s \\. :\\
20 < :\ \' 20 4 / \. &
TABLE 2. Purification of HGT-BG from A. oryzae CBS 12559 0 . Lﬁ“’“\j« o ‘ N
Total Total S t 20 30 40 50 60 70 80 2 3 4 5 6 7 8
ota ota p ac . . Temperature (% H
Purification step protein activity (U mg of Rec?ve Pur(1f13§3;10n persture €O ’
(mg) (U) protein™!) Ty FIG. 3. Effects of temperature (A) and pH (B) on activity (@) and stability
(O) of purified HGT-BG from A. oryzae CBS 12559. For the temperature sta-
Culture filtrate 193.8 1,142 5.9 100 1 bility determinations, residual activity was assayed after 4 h of incubation of the
Ammonium sulfate  80.4 1,040 12.9 91 2.2 enzyme in 100 mM acetate buffer (pH 5) at different temperatures. For the pH
Ultrogel AcA 44 2.4 140 58.3 12.5 99 stability determinations, residual activity was assayed after 24 h of incubation of
TSK DEAE-5PW 0.05 53.3 1,066 45 176.9 the enzyme at 20°C in 100 mM citrate-phosphate buffer at different pH values.

The enzyme was used at a concentration of 0.1 U ml™! in both studies.



3610 RIOU ET AL.

ApPL. ENVIRON. MICROBIOL.

TABLE 3. Relative initial rates of hydrolysis of various substrates by purified HGT-BG from A. oryzae CBS 12559

Relative initial

3 Linkage of rate of
Substrate glycosyl hydrolysis
group (%)b
Saccharides (2 mg ml™")
Laminaribiose (3-O-B-D-glucopyranosyl-D-glucose) B(1,3)Glc 100
Gentiobiose (6-O-D-B-D-glucopyranosyl--D-glucose) B(1,6)Glc 100
Cellobiose (4-O-B-D-glucopyranosyl-D-glucose) B(1,4)Glc 88
Cellotriose ([B-D-Glc-1,4)],-D-Glc) B(1,4)Glc 75
Cellotetraose ([B-D-Glc-1,4)]5-D-Glc) B(1,4)Glc 62
Cellopentaose ([B-D-Glc-1,4)],-D-Glc) B(1,4)Glc 48
Xylobiose (4-O-B-D-xylopyranosyl-D-xylose) B(1,4)Xyl 43
Lactose (4-O-B-D-galactopyranosyl-D-glucose) B(1,4)Gal 73
Sophorose (2-O-B-D-glucopyranosyl-D-glucose) B(1,2)Glc 26
Nigerose (3-O-a-D-glucopyranosyl-D-glucose) a(1,3)Gle 72
Isomaltose (6-O-a-D-glucopyranosyl-D-glucose) a(1,6)Gle 70
Maltose (4-O-a-D-glucopyranosyl-D-glucose) a(1,4)Gle 68
Laminarin [soluble linear B-(1,3)-D-glucan] B(1,3)Glc 11
Aryl-glycosides (5 mM)

pNPBRG BGlc 100
p-Nitrophenyl-B-D-xyloside BXyl 50

p-Nitrophenyl-B-D-galactoside BGal 8.2

“ No activity or poor activity was detected with sucrose, trehalose, isotrehalose, salicin (B-salicyl alcohol glucoside), methyl-B-glucoside, insoluble B-glucans, such as
cellulose, curdlan, pustulan, lichenan, pullulan, barley B-glucan, and yeast glucan, and p-nitrophenyls, such as a-pD-glucoside, B-p-cellobioside, B-p-gentiobioside,

B-p-maltoside, a-L-maltoside, a-L-arabinofuranoside, and B-p-glucuronide.

> Depending on the substrate, activity was determined under optimal conditions (50°C, pH 5) by measuring the release of reducing sugar (4s4) or the release of
p-nitrophenol (44¢,). The relative initial rates of hydrolysis of saccharides and aryl-glucosides are expressed as percentages of the initial rates of hydrolysis obtained
with laminaribiose and pNPBG, respectively, and correspond to 0.1 U of HGT-BG activity ml~ %

the activity was 50% of the maximal activity at pH 3.5 and 25%
of the maximal activity at pH 3.0. The thermostability of the
enzyme was investigated by measuring the residual activity
after 4 h of incubation at temperatures ranging from 20 to
80°C. Under the conditions used (100 mM acetate buffer, pH
5.0), HGT-BG was highly stable at temperatures up to 45°C
but was almost inactivated at temperatures above 60°C. It
retained full activity after storage for 6 months at 4°C. The pH
stability was also investigated by measuring the residual activity
after 24 h of incubation at 20°C at pH values ranging from 2.5
to 8.0. The enzyme was fairly stable at pH 3.0 to 7.0, and 60%
of the activity remained after incubation at pH 2.5. The stabil-
ity of the enzyme in grape must (pH 2.9) was tested at 20°C.
Full activity remained after 1 week of incubation under these
biotechnological conditions.

(iii) Substrate specificity and catalytic properties. The rel-
ative rates of hydrolysis of various substrates by HGT-BG are
presented in Table 3. The enzyme efficiently hydrolyzed natu-
ral oligosaccharides having (1—4)-B-glycosidic linkages, such
as cellobiose, lactose, and xylobiose, but it hydrolyzed laminar-
ibiose and gentiobiose, which have (1—3)-B- and (1—6)-B-
glucosidic linkages, respectively, even more efficiently. The en-
zyme could also hydrolyze cellooligosaccharides (cellotriose to
cellopentaose), but the efficacy decreased as the chain length
increased. Laminarin, the only soluble polysaccharide with
(1—3)-B-glucosidic linkage which could be tested, was poorly
hydrolyzed, confirming the exo type of activity of the glucosi-
dase. Insoluble B-glucans, such as cellulose, curdlan, pustulan,
lichenan, laminaran, and yeast glucan, were also poor sub-
strates for the purified enzyme alone. However, when used in
combination with cellulase or laminarinase, HGT-BG in-
creased the relative rates of reducing sugar release by 20 to
100% (data not shown). A comparison of the enzyme activities
on various aryl-glycosides confirmed that HGT-BG has broad
specificity for mono-B-p-glycosides, with a preference for glu-
cose at the nonreducing end. However, the enzyme had no

activity on salicin, which is usually a good substrate for B-glu-
cosidase. Even more surprisingly, the enzyme could efficiently
hydrolyze nigerose, maltose, and isomaltose, which have
(1-=3)-, (1—4)-, and (1—6)-a-glucosidic linkages, respectively,
although pNPaG was very poorly cleaved.

The reaction kinetics of the purified enzyme were deter-
mined from Lineweaver-Burk plots under optimal conditions
(30 min, pH 5.0, 50°C). The enzyme had apparent K,,, values of
0.55,3.5,5,7,and 15.8 mM and V,,, values of 3,040, 380, 367,
353, and 283 pmol min~* mg of protein~! for hydrolysis of
pNPBG, laminaribiose, gentiobiose, cellobiose, and geranyl-3-
glucoside, respectively.

(iv) Inhibition by glucose, glucono-8-lactone, and other sug-
ars. Glucose and glucono-8-lactone acted as competitive in-
hibitors of pNPBG hydrolysis with K; values of 1.36 M and 12.5
mM, respectively, which were obtained from the intersections
of the lines on Dixon plots. The BGI active peak and Klerzyme
B-glucosidase were completely inhibited by 1 g of glucono-8-
lactone liter ', whereas purified HGT-BG still retained 20%
of its initial activity in the presence of 10 g of this powerful
B-glucosidase inhibitor liter '. Sugar inhibition was not ob-
served with 15% (wt/vol) fructose, sophorose, galactose, su-
crose, lactose, arabinose, or xylose. Substrate inhibition was
also not observed with 50 mM pNPBG, but the hydrolysis was
50% of the initial rate with 15% (wt/vol) laminariobiose, gen-
tiobiose, cellobiose, or maltose.

(v) Potential inhibitors and activators. The effects of various
cations and reagents on HGT-BG activity were investigated
(Table 4). Significant inactivation was observed with Ag™,
Hg?*, Cu®", Zn?*, and Fe*", as well as with group-specific
potential inhibitors, such as SDS, N-bromosuccinimide (NBS),
diethylpyrocarbonate (DEPC), castanospermine, deoxynojiri-
mycin, and methyldeoxynojirimycin. The presence of substrate
(10 mM pNPBG) slightly decreased inhibition by NBS and
DEPC. However, enzyme activity was either not affected or
only slightly affected by other potential inhibitors, such as
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TABLE 4. Effects of cations and reagents on purified HGT-BG
activity from A. oryzae CBS 12559

Relative initial
rate of
hydrolysis (%)

Cation or reagent”

CONLIOL ... 100
AGCT et 3.1
HECLy e eeaae 0
CUCL oot 3
ZNCly ot 17
FECLy o 13
IMINCLy e 177
SDIS e 2.5
INBS e 0(2)"
DEPC ...ttt 4.5(9)
CaStaNOSPEITIINE ...c.evveveueiruererinnereereereeenentereeseereseeneeeneseenesens 4.5
DEeOoXYNOJIriMYCIN .....evvvmerierereieieieieierereieiereiereseiesesereresesenenens 5.5
MethyldeoXynojirimyCin .......c.ceceveeerereeueenenuerereneeieeeeeeeereenenens 14.5
N-Acetylimidazole ... 82

“ Activity of the purified enzyme was assayed in the presence of various cations
at a concentration of 5 mM and reagents at a concentration of 10 mM. The
activity observed in the absence of an added substance (control) was considered
to be 100%. No effect on activity was observed with NaCl, KCl, CaCl,, MgCl,,
LiCl,, CoCl,, EDTA, pCMB, dicyclohexyl carbodiimide, Woodward’s reagent K,
DTT, and DMSO.

> The values in parentheses are values from substrate protection experiments
and are the relative residual activities after incubation of NBS or DEPC and 0.1
U of HGT-BG in the presence of 10 mM pNPBG.

EDTA, p-chloromercuribenzoic acid (pCMB), dicyclohexyl
carbodiimide, Woodward’s reagent K, dithiothreitol (DTT),
dimethyl sulfoxide (DMSO), and N-acetylimidazole. The en-
zyme did not require Ca**, Mg>*, or Co*™" for activity but was
significantly stimulated by Mn?>*. pNPBG hydrolysis was in-
creased by 77% in the presence of 5 mM Mn*". However,
Ca®* and Mn?* had no effect on the stability of the enzyme.

At the optimal concentration found in wine, ethanol had a
stimulating effect on HGT-BG activity. Under optimal condi-
tions (30 min, pH 5.0, 50°C), pNPBG hydrolysis by purified
HGT-BG increased 30% in the presence of 15% (vol/vol)
ethanol but only 15% in the presence of 20% (vol/vol) ethanol.

(vi) Monoterpenyl-glucoside and naringin hydrolysis.
HGT-BG from A. oryzae and Klerzyme B-glucosidase from
Aspergillus niger were assayed to determine whether they hy-
drolyzed monoterpenyl- (geranyl-, neryl-, linalyl-), benzyl-, and
2-phenylethyl-B-glucosides in rich glucose-containing media.
Previously, Klerzyme B-glucosidase was found to efficiently
catalyze the hydrolysis of monoterpenyl-glucosides during wine
processing (20). However, after 24 h of incubation at 20°C in
100 mM acetate buffer (pH 5.0) supplemented with 100 g of
glucose liter !, 50% of the geranyl-B-glucoside was hydrolyzed
in the presence of HGT-BG, compared to the 9% of geranyl-
B-glucoside that was hydrolyzed in the presence of Klerzyme
B-glucosidase. The activities of the two enzymes were also
compared after 1 week of incubation at 20°C in grape must
(pH 2.9, 90 g of glucose liter ') supplemented with monoter-
penyl-glucosides at a concentration 10 times higher than the
concentration usually found. Under these conditions, 50% of
the geranyl- and neryl-B-glucosides was hydrolyzed and 90% of
the linalyl-B-glucoside was hydrolyzed in the presence of HGT-
BG, whereas Klerzyme B-glucosidase exhibited no hydrolyzing
activity (data not shown).

Finally, the activity of HGT-BG on naringin was tested.
Naringin hydrolysis involves an a-rhamnosidase, which re-
leases prunin, which is cleaved by a B-glucosidase; this process
diminishes the bitterness of citrus juices (33). As expected,
HGT-BG alone did not hydrolyze this substrate. However,
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naringin was completely hydrolyzed when HGT-BG was sup-
plemented with an a-rhamnosidase (data not shown).

DISCUSSION

We identified two distinct active forms of B-glucosidase in
the culture filtrate of A. oryzae CBS 12559 grown on various
carbon sources. The two enzymes could be clearly distin-
guished on the basis of molecular weight, pI, immunological
reactivity, and tolerance to glucose. The major form, BGI
(molecular mass, 130 kDaj; pI 4.9), could correspond to the
B-glucosidase from A. oryzae described previously (25), al-
though the latter enzyme was reported to have a different
molecular mass (218 kDa) and a plI of 4.3. It could be that we
underestimated the molecular mass of BGI due to a higher
exclusion limit of the gel filtration procedure and that the pl
value appeared to be different under the conditions which we
used. However, fungi are known to secrete many forms of the
same enzyme depending on the strain and environmental con-
ditions. The two forms of A. oryzae B-glucosidases which were
identified here, BGI and HGT-BG, were produced in different
total and relative amounts depending on the carbon source
upon which the strain was grown (Table 1). As expected, B-glu-
cosidic substrates, such as cellobiose and rutin, resulted in the
highest yields of total B-glucosidase activity, although a high
level of activity was also observed on glucose-containing me-
dium. It is known that B-glucosidases play an important role in
the solubilization and reconstitution of biological membranes
(21, 38). It was therefore not surprising to observe B-glucosi-
dase production after 14 days of growth in very dense and
miscellaneous cell cultures. Secretion of the minor form, HGT-
BG, seemed, however, to be more specifically induced on com-
plex phenolic flavonoidic compounds from plant cell walls,
such as quercetin and rutin, suggesting that HGT-BG could
play a specific role during plant attack and degradation by the
fungus. On all of the substrates tested here, the fraction of
HGT-BG in the cell-free culture filtrate was limited compared
to the fraction of BGI, and even on quercetin it did not exceed
18% of the total B-glucosidase activity. After separation of the
two B-glucosidase forms by gel filtration, HGT-BG was puri-
fied to homogeneity in a single step by anion-exchange chro-
matography. The overall purification procedure resulted in
recovery of 4.5% of the enzyme activity and a 177-fold increase
in specific activity (Table 2). The low level of enzyme recovery
was due to the fact that the B-glucosidase activity measured in
the culture filtrate was mostly the undesired BGI activity,
which was discarded during purification of the HGT-BG activ-
ity. The specific activity of the purified enzyme preparation
under optimal conditions (50°C, pH 5.0) was 1,066 U mg of
protein~! on pNPBG, whereas the specific activities reported
for B-glucosidases from other fungi range from 2.7 to 979 U mg
of protein—* (28, 43). The purified enzyme from A. oryzae is
therefore among the most efficient fungal B-glucosidases de-
scribed so far. As a monomeric 43-kDa protein, HGT-BG is
also among the smallest known B-glucosidases from aerobic
fungi, whose molecular masses range from 39.8 to 480 kDa (8,
46). HGT-BG is, however, similar to other fungal B-glucosi-
dases with respect to pI (pI 4.2) and optimal activity conditions
(50°C, pH 5.0), as well as pH stability and thermal stability (7,
22,28, 43, 46, 49).

B-Glucosidases may be divided into three groups on the
basis of substrate specificity: (i) aryl-B-glucosidases, which have
a strong affinity for aryl-B-glucosides; (ii) cellobiases, which
hydrolyze only oligosaccharides; and (iii) broad-specificity
B-glucosidases, which exhibit activity on many substrate types
and are the most commonly observed B-glucosidases (34). The
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TABLE 5. Characteristics of glucose-tolerant B-glucosidases from A. oryzae CBS 12559, C. peltata NRRL Y-6888, and A. niger CCRC 31494

Optimum . % Stimulation .
Strain Sp act (U Er%g of Mol}wt temp Optimum ol by ethanol _CatloI}
protein™ ') (10°) C) pH (15%, volivol) stimulation
A. oryzae CBS 12559 1,066 43 50 5.0 4.2 30 Mn?* (5 mM)
C. peltata NRRL Y-6888 108 43 50 5.0 ND“ None None
A. niger CCRC 31494 198.5 49 (X2) 55 5.0 32 30 None

“ND, not determined.

purified B-glucosidase from A. oryzae is a broad-specificity
type, since it can hydrolyze a range of (1—3)-, (1—4)-, and
(1—6)-B-diglycosides, as well as aryl- and alkyl-B-glycosides
(Table 3). B-Glucosidases with very broad specificity have been
isolated from many fungi (7, 12, 22, 30, 43, 46, 49). Surprisingly
though, HGT-BG can also rather efficiently hydrolyze maltose
and other diglucosides having (1—3)-, (1—=4)-, or (1—6)-a
linkages, although it exhibits almost no activity on pNPaG
compared to the activity on pNPBG. Additional studies are
required to characterize the unusual specificity of this B-glu-
cosidase. To our knowledge, only one other fungal B-glucosi-
dase, a B-glucosidase from Botrytis cinerea, has been reported
to have the ability to hydrolyze both B- and a-glucosides (12).
The fact that HGT-BG also exhibits substantial activity on
B-glucans, such as laminarin, or cellooligosaccharides but ex-
hibits decreased efficiency as the number of glucose units in-
creases indicates that the enzyme possesses some exoglucanase
activity. Furthermore, a synergetic effect was observed during
B-glucan hydrolysis by HGT-BG in combination with cellulase
or laminarinase, suggesting that HGT-BG might be implicated
in B-glucan degradation in concert with efficient B-glucanases,
as previously reported for Acremonium persicinum B-glucosi-
dase (30). The results of previous studies suggest, however,
that many broad-specificity enzymes that exhibit exo-B-(1,3)-
and exo-B-(1,6)-glucanase activities with glucose as the only
product of hydrolysis are B-glucosidases rather than exo-B-
glucanases (7, 11, 29-31).

Various metal cations and potential inhibitors modified the
activity of the purified enzyme. The enzyme was indeed greatly
inhibited by Ag*, Cu**, Hg?*, Zn*", and Fe’*. This may
indicate that thiol groups are involved in the active catalytic
site. However, HGT-BG activity was not affected by pCMB or
DTT, well-known thiol group inhibitors. Sulfhydryl groups may
not be involved in the catalytic center of the enzyme but rather
may be essential for maintenance of the three-dimensional
structure of the active protein. Surprisingly, HGT-BG activity
was not affected by dicyclohexyl carbodiimide and Woodward’s
reagent K, suggesting that aspartyl and glutamyl residues are
not involved at the active site of the enzyme. Slight inhibition
by N-acetylimidazole also eliminated the possibility that ty-
rosine participates in catalysis, whereas the complete inactiva-
tion by NBS and DEPC observed indicates that tryptophan and
histidine residues are important in the catalytic action of the
enzyme (Table 4). However, pNPBG provided only a little
protection against both inhibitors, suggesting that tryptophan
and histidine residues are not involved in the binding site of
the substrate. The three well-characterized B-glucosidase
inhibitors (castanospermine, deoxynojirimycin, and meth-
yldeoxynojirimycin) also inhibited HGT-BG activity, suggest-
ing again that HGT-BG is a B-glucosidase rather than an
exo-B-glucanase (32). The chelating agent EDTA did not in-
hibit HGT-BG activity, indicating that divalent cations are not
required for enzyme activation. However, Mn** did signifi-
cantly stimulate enzyme activity. Since Mn** is not involved in

the stability of the enzyme, this specific cation could play a role
in the enzyme function (e.g., by modulating its activity accord-
ing to environmental conditions). It was also interesting to
observe 30% stimulation of enzyme activity in the presence of
15% (vol/vol) ethanol. A similar effect was observed for A.
niger B-glucosidase (49), whereas the activity of Fusarium ox-
ysporum was increased 1.5-fold by ethanol (6). It has been
proposed that alcohol activation of some B-glucosidases may
be due to their glycosyltransferase activities (27). The enzyme
could preferentially utilize alcohol rather than water as an
acceptor for the glycosyl moiety during the catalysis of pNPBG,
resulting in elevated reaction rates.

Its high resistance to glucose inhibition is surely what makes
the newly purified B-glucosidase of great interest for biotech-
nological applications. Competitive inhibition by glucose is a
common characteristic of fungal B-glucosidases that limits
their use in enzymatic hydrolysis of plant products (12, 22, 36,
37, 43, 47, 49). Most microbial B-glucosidases have glucose
inhibition constants (K;) ranging from as low as 0.5 mM to no
more than 100 mM (37, 47). For enzymes from Aspergillus
species, K; values have been reported to range from 3 to 14
mM (22, 49). Therefore, the K; calculated here, 1.36 M, gives
HGT-BG an outstanding position among fungal B-glucosi-
dases. To our knowledge, in only one other study have workers
described the purification and characterization (from Candida
peltata) of a B-glucosidase having such a high tolerance to
glucose (36). Recently, a glucose-tolerant B-glucosidase was
also purified from A. niger, and this enzyme had a somewhat
lower K; (0.543 M) (49). Substrate inhibition is also a common
property of fungal B-glucosidases (37, 47). A. oryzae HGT-BG
was not inhibited by 50 mM pNPBG, and the hydrolysis was
50% of the initial rate in the presence of 15% laminaribiose,
15% gentiobiose, 15% cellobiose, or 15% maltose. This indi-
cates that A. oryzae HGT-BG is tolerant to substrate inhibition,
although to a lesser extent than C. peltata B-glucosidase, which
was not inhibited by 40 mM pNPBRG or 15% cellobiose (36).
The properties of the glucose-tolerant B-glucosidases from A.
oryzae, C. peltata, and A. niger are summarized in Table 5. As
Table 5 shows, the three enzymes have many distinct features,
especially in their catalytic properties. A. oryzae HGT-BG is
the most efficient catalyst and the only enzyme with (1—3)-
(1—6)-B specificity. HGT-BG is also more tolerant than most
fungal B-glucosidases to inhibition by glucono-8-lactone, the
most powerful B-glucosidase inhibitor found in wine. Glucono-
d-lactone is produced at concentrations up to 2 g liter ! from
glucose by a glucose oxidase produced by grape-attacking
fungi, such as B. cinerea (10). Like other fungal B-glucosidases,
HGT-BG was competitively inhibited by glucono-8-lactone (7,
30, 31). However, it still exhibited 20% of its initial rate of
hydrolysis in the presence of 10 g of glucono-3-lactone liter *,
whereas the other fungal B-glucosidases are totally inhibited by
1 g of this powerful inhibitor liter !, K; values ranging from
0.035 to 0.05 mM (7, 30, 31). The K; value calculated here (12.5
mM), therefore, gives HGT-BG an outstanding position
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TABLE 5—Continued
Thiol Substrate inhibition (%) K, (mM)
group NPBG Cellobiose Substrate specificity 1 K forM Reference
inhibition (10 mw) (15%) PNPRG Cellobiose glucose (M)
None None 50 Laminariobiose, gentiobiose 0.55 7.0 1.36 This study
None None None Cellooligosaccharides 2.3 66 1.4 36
None ND ND Cellooligosaccharides 21.7 ND 0.543 49

among fungal B-glucosidases. To our knowledge, only one
other study has reported the characterization (from Sclerotium
glucanicum) of an exo-B-1,6-glucanase having such a high tol-
erance to glucono-d-lactone (K, 12.79 mM) (31).

The present data clearly indicate the potential of the novel
B-glucosidase HGT-BG to release flavor compounds in a nat-
ural medium rich in glucose. The higher efficiency of HGT-BG
than of Klerzyme B-glucosidase for hydrolysis of monoterpe-
nyl-glucosides in grape must is probably due to the broad
specificity and higher glucose tolerance of HGT-BG rather
than to differences in stability at acidic pH values, since Kler-
zyme B-glucosidase was described to be stable in grape must
(20). Finally, HGT-BG, together with an a-rhamnosidase, was
able to fully degrade the complex B-glucosidic naringin present
in citrus juices.

In conclusion, the novel B-glucosidase purified from A.
oryzae shows great potential for several biotechnological uses;
it may be used to (i) increase the aromatic character of wines
and fruit juices through the hydrolysis of flavor glucosidic pre-
cursors, (ii) decrease the bitterness of citrus juices through the
hydrolysis of prunin, and (iii) improve the enzymatic conver-
sion of cellulosic or noncellulosic materials to glucose through
synergetic action with B-glucanases.
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