
P
S

W
L

a

A
R
R
A
A

K
S
�
G
F
C
R

1

a
b
s
e
g
a
r
e
e
y
g

b
i
l
a
a
o
l

1
d

Journal of Molecular Catalysis B: Enzymatic 72 (2011) 107– 115

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis B:  Enzymatic

jo u rn al hom epa ge: www.elsev ier .com/ locate /molcatb

urification  and  biochemical  characterization  of  an  atypical  �-glucosidase  from
tachybotrys  microspora

alid  Saibi,  Ali  Gargouri ∗

aboratoire de Valorisation de la Biomasse et Production de Protéines chez les Eucaryotes, Centre de Biotechnologie de Sfax (CBS), B.P ‘1177’, University of Sfax, 3038 Sfax, Tunisia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 28 January 2011
eceived in revised form 28 April 2011
ccepted 16 May  2011
vailable online 26 May 2011

eywords:
. microspora
-Glucosidase

a  b  s  t  r  a  c  t

Stachybotrys  microspora  is a filamentous  fungus  secreting  various  �-glucosidases.  The  current  work
undertakes  purification  and biochemical  characterization  of  the  most  particular  one,  named  bglG,  which
is  the  only  one  to  be  highly  produced  on  glucose  and  fairly on  cellulose-based  medium.  Although  pro-
duced  on  glucose,  bglG  activity  continues  to  be highly  inhibited  by this  sugar.  After  two  chromatographic
steps,  bglG  was  purified  to homogeneity  and  shown  to be  a monomeric  protein  with  the  molecular  mass
of 225  kDa.  The  highest  bglG  activity  was  obtained  at  pH 5  and  a temperature  range  of 50–60 ◦C.  This
enzyme  was  shown  to  act through  a retaining-enzyme  mechanism.  The  N-terminal  sequence  analysis
did  not  reveal  any  homology  with  all available  sequences  in  the  database.  BglG  is  somehow  atypical
lucose
errous ion
oomassie blue
etaining-enzyme

for  multiple  reasons:  (1)  BglG  is  insensitive  to the  conventional  Coomassie  staining  protocol  and  CuCl2
method  was  applied  to reveal  the  protein;  (2)  the  bglG  activity  is strongly  enhanced  by ferrous  ion  (Fe2+)
to  161%  at 5 and  10  mM  of  Fe2+. Flame  spectrometry  analysis  showed  that  iron  was  stoechiometrically  and
strongly  bound  to  bglG;  (3)  besides  cellobiose,  BglG  is  active  on  sucrose  (114%);  a rarely  described  prop-
erty  among  �-glucosidases  and  (4) bglG  is significantly  stimulated  by xylose.  BglG  could  be  considered

know
as  very  original,  since  all 

. Introduction

Cellulose is the major component of plant cell wall and the most
bundant renewable biological resource in the biosphere [1]. The
iological depolymerisation of cellulose requires a multi enzymatic
ystem composed of three enzymes functioning in synergy [2,3]:
ndoglucanases (EC3.2.1.9), cellobiohydrolases (EC3.2.1.4) and �-
lucosidases (EC3.2.1.21) [4,5]. Indeed, endoglucanases attack the
morphous regions of cellulose fibres, liberating long oligosaccha-
ides, which are readily taken by the cellobiohydrolases, processive
nzymes which sequentially split cellobiose units from their
xtremities [3].  Finally, the �-glucosidases terminate the cellulol-
sis by hydrolysing cellobiose and other cellooligosaccharides into
lucose monomers.

�-Glucosidase enzymes are important for cellulolytic fungi as
y hydrolysing cellobiose, which is a strong cellobiohydrolase

nhibitor, they minimize such end-product inhibition of cellu-
ases [6];  they also convert cellobiose into sophorose, which is

 very potent inducer of cellulolytic genes [7].  �-Glucosidases

re also important for insects and animals as they cleave vari-
us glycosilated biomolecules into deglycosilated forms more or
ess actives [8,9]. Other studies proved that Bacillus thuringiensis

∗ Corresponding author. Tel.: +216 74 874 449; fax: +216 74 874 449.
E-mail address: faouzi.gargouri@cbs.rnrt.tn (A. Gargouri).
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n  �-glucosidases,  did  not  share  these  properties.
© 2011 Elsevier B.V. All rights reserved.

�-endotoxin exerts its bio-insecticide effect through �-glucosidase
activity [10]. Industrially, �-glucosidases provide glucose stream
for their use as carbon and energy sources such as in bio-conversion
to ethanol [11–13] and other industrially important molecules by
fermentative microorganisms [14]. Commercially, available cellu-
lase preparations are often supplemented with �-glucosidase to
boost the overall cellulolytic activity on biomass [15].

Among cellulases, only �-glucosidases possess the capacity not
only to hydrolyse cellobiose and other cellooligosaccharides but
also to synthesize oligosaccharides [8,16–18]. Thus, they contribute
efficiently to the synthesis of valuables molecules in medical, phar-
maceutical and industrial fields [19].

The catalytic mechanism mediated by �-glucosidase requires
the presence of two acidic amino-acid residues in the catalytic site.
The reaction occurs in one or two displacement steps depending on
the space between the two  acidic residues, 9.5 or 5.5 Å respectively,
leading to an inverting or retaining mechanism according to the
anomeric carbon configuration of the liberated glycone molecule
[20]. �-Glucosidases are classified into three GH families: GH1,
GH3 and GH9. GH1 and GH3 are families with a retaining mech-
anism while GH9 presented an inverting mechanism and mostly
contains endoglucanases. Retaining enzymes often display trans-

glycosylation abilities [21].

Glucose is the most known catabolic repressor of several
genes, which are therefore controlled negatively by glucose at
the transcriptional level. Being the end-product of the reaction

dx.doi.org/10.1016/j.molcatb.2011.05.007
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:faouzi.gargouri@cbs.rnrt.tn
dx.doi.org/10.1016/j.molcatb.2011.05.007
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atalyzed by the cellulolytic complex, glucose is also a very
otent inhibitor of the cellulolytic enzymes and particularly the
-glucosidases. Nonetheless, exceptionally, some �-glucosidase
enes are expressed/induced in presence of glucose even though
hey continue to be inhibited by the same substrate [8,22].

Stachybotrys microspora secretes a large number of �-
lucosidases. The production of the last ones was directed
ifferentially by the use of various carbon sources [23], two  of these
-glucosidases were already purified and characterized [8,22].  In

he current work, we undertake the purification and biochemical
haracterization of the most particular one, named (bglG). This �-
lucosidase is not only produced in presence of glucose as unique
arbon source, but also characterized by some peculiar properties
uch as its activation by xylose and ferrous ion or its capacity to effi-
iently hydrolyze sucrose, in addition to its insensitivity to ordinary
rotein staining methods. BglG thermo-activity, thermo-stability
nd refolding recovery were improved by wheat dehydrin, a some-
ow chaperone-like molecule, as we have already proven in our
revious work [24].

. Materials and methods

.1. Biological strain

The biological stain used in this work is a filamentous fungus A19
hat was isolated in our laboratory and belongs to S. microspora [22].

.2. Production and purification of bglG

A19 strain was grown on potato dextrose agar medium at 30 ◦C
or 4 days. The spores were harvested in 0.1% Tween 80 solution
nd used to inoculate Mandels medium [25] that was modified as
ollows, per litre: 2 g KH2PO4, 1.4 g (NH4)2SO4, 1 g yeast extract,
.69 g urea, 0.3 g CaCl2·2H2O, 0.3 g MgSO4·7H2O, 1 mL  Tween 80
nd 1 mL  trace element solution composed of 1.6 g/L MnSO4, 2 g/L
nSO4, 0.5 g/L CuSO4, 0.5 g/L CoSO4. Glucose at the concentration of
% was used as a unique carbon source, during the pre-culture and
he culture of the fungus. 10 mL  of pre-culture inoculated 100 mL
f modified Mandels medium in 500 mL  erlenmmeyer.

S. microspora was grown at 30 ◦C for 5 days and the supernatant
as used for the purification and characterization of the bglG.

he culture medium was centrifuged for 15 min  at 4000 × g. The
upernatant was concentrated using twice volumes of cold acetone,
ncubated for 2 h at −20 ◦C and centrifuged for 30 min  at 10,000 × g
t 4 ◦C. The pellet was resuspended in buffer A (20 mM Tris–HCl
uffer pH 8), dialysed against the same buffer and applied to an
nionic exchange column (Q sepharose big beads, 1.5 cm × 20 cm)
quilibrated with the same buffer. Proteins were eluted with a lin-
ar gradient of NaCl from 0 to 1 M in buffer A (Buffer B). The active
ractions were pooled, concentrated with cold acetone as described
reviously, resuspended in 50 mM sodium acetate buffer pH 5.6 and
pplied onto a Sephacryl S-200 gel filtration column (1 cm × 90 cm)
re-equilibrated in the same acetate buffer. The active fractions
ere pooled and analyzed by gel filtration-HPLC system (Schodex

00 mm × 8 mm)  and SDS-PAGE analysis in order to judge the pro-
ein purity and to determine its molecular mass.

.3. Enzyme assays

The �-glucosidase activity was monitored using para-nitro-
henyl-�-d-glucopuranoside (pNPG) as substrate. 0.2 mL  of 1 mM
NPG (in 0.1 M sodium acetate buffer pH 5) was incubated with

glG at the appropriate dilution at 50 ◦C for 15 min. The reaction
as stopped by adding 0.6 mL  of 0.4 M glycine–NaOH buffer
H 10.8; the amount of the liberated p-nitrophenol (pNP) was
etermined by measuring the optical density at 400 nm. The
talysis B: Enzymatic 72 (2011) 107– 115

molecular extinction coefficient of the pNP is 18,000 L/mol cm.
One unit of enzymatic activity was  determined as the amount of
enzyme required to release 1 �mol  of pNP per min  under the assay
conditions.

Various substrates were used to measure the hydrolytic
capacity and specificity of bglG. The substrates used were
chromogenic substrates like pNPG, oNPG (ortho-nitro-phenyl-�-d-
glucopuranoside), pNPX (para-nitro-phenyl-�-d-xyloside), pNPA
(para-nitro-phenyl-�-d-arabinofuranoside) and others such as
salicine, amygdaline, arbutine, esculine, cellobiose, lactose, sucrose,
avicel cellulose, CM-cellulose, starch, xylan, pectin and casein.
For the chromogenic substrates, we  used the same assay as with
pNPG. For the remaining substrates, the activity was  assessed by
determining the liberated reducing sugars using the method of 3,5-
dinitrosalicilic acid (DNS) [26]. Alternatively, the liberated glucose
was also determined via the glucose oxidase/peroxidase kit (GOD
kit was  purchased from Biomaghreb company) as follows: 10 �L of
the sample was  added to 1 mL  of GOD-kit, incubated at 37 ◦C for
10 min and the optical density was  determined at 505 nm against
standard curve prepared with glucose solution.

2.4. Protein assay, electrophoresis and staining

The protein content of the samples was  determined using the
Biorad-Bradford assay with optical density reading at 595 nm and
BSA used as standard [27]. After electrophoresis, proteins were
stained using conventional Coomassie blue staining solution.

Alternatively, CuCl2 staining method was  applied. Such method
is 2–3 times more sensitive than Coomassie blue staining, much
more easier and faster and the gels can be stored at 4 ◦C for several
months without fading [28–30]. Practically, the gel was immersed
in CuCl2 solution at the concentration of 0.2 M for 5 min, washed
with water and observed in dark phase. Using this method, the gel
can be subsequently used in zymogram analysis, just after washing
the gel with water, which eliminates the copper ion. This staining
method depends partly on the tyrosin and tryptophan content [31].

The protein band was  excised from the gel and transferred onto
PVDF membrane as described in [31,32]. The purified enzyme was
then subjected to N-terminal sequence analysis using an automated
protein sequencer (Procise 492 cLc, Applied Biosystem).

2.5. Zymogram analysis

Proteins were mixed with the same loading buffer as in SDS-
PAGE but they were not heated before loading on SDS-gel [33].
After electrophoresis, the gel was  incubated during 2 h in 20 mM
Tris–HCl pH 8 to get rid of SDS, allowing the renaturation of
proteins. After 15 min  of equilibration in 0.1 M sodium acetate
buffer pH 5, the gel was superposed against 1% agar gel containing
100 �L of 4-methylumbelliferyl-�-d-glucoside (MUG) at 25 �g/mL.
Following a suitable period of incubation, the system was observed
under UV light, with excitation at 366 nm and emission at 445 nm.
The zone of activity was indicated by the fluorescence emitted
by methylumbelliferol (MU) released during enzyme action. The
zymogram analysis can also be conducted using pNPG as substrate.
Indeed, after the renaturation step, the gel was immersed in
sodium acetate buffer 0.1 M pH 5 containing 10 mM pNPG and
incubated for up to 15 min  at 50 ◦C. The gel was briefly washed in
distilled water and then immersed in 0.4 M glycine–NaOH buffer
pH 10.8. The yellow color characteristic of pNP develops thereafter
at the site of enzyme activity.
2.6. Determination of the molecular mass of proteins

The purified enzyme was  applied onto a Sephacryl S-200
(93 cm × 1.5 cm)  gel filtration chromatography and eluted with
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0 mM sodium acetate buffer (pH 5.6) at a flow rate of 0.8 mL/min.
he column was calibrated with gel filtration standard markers
dextrin blue 20 × 103 kDa, catalase (230 kDa), BSA (67 kDa), oval-
umin (43 kDa) and vitamin B12 1.350 kDa). The plot representing
he function: Log (MW)  = F (Ve/V0) permitted the determination
f the molecular weight of bglG. The SDS-PAGE [33] with 8% sep-
rating gel and 5% stacking gel was also used to determine the
urity, the molecular weight and to confirm the monomeric state
f bglG. The colored molecular weight marker is composed of: blue
225 kDa), red (150 kDa), green (102 kDa), yellow (76 kDa), pur-
le (52 kDa), blue (38 kDa), orange (31 kDa), green (24 kDa), blue
17 kDa) and red (12 kDa).

.7. Determination of the glycosylation state of bglG

The absence/presence of glycosylation on bglG was  monitored
s follows: the purified enzyme was digested with Endoglycosi-
ase H (Endo H) according to the manufacturer’s instructions (New
ngland Biolabs, Beverly, MA,  France). 100 �L of bglG was mixed
ith 100 �L sodium acetate buffer (pH 5), 0.2 M,  SDS 0.1%. The final

olume was divided into two aliquots E1 and E2. One microlitre
f Endo H was added to E1 and the two aliquots (E1 and E2)
ere incubated for 16 h at 37 ◦C. E1 and E2 were analysed by

ymogram analysis using MUG  as substrate. Alternatively, the con-
anavalin A-sepharose affinity chromatography (ConA-Sepharose
10 cm × 1.2 cm)  from Pharmacia) was used to bind the glycosi-
ated enzyme. The fractions were eluted using N-acetylglucosamine
from 0 to 1 M)  and assayed for the �-glucosidase activity, using
NPG as substrate [34].

.8. Effect of ionic strength (I) on bglG activity

BglG activity was determined in the presence of sodium acetate
uffer, NaCl and KCl solutions at different concentrations varying
rom 0.05 to 1 M.  The ionic force was determined using the relative
quation: I = (1/2)

∑
Ciz

2
i
; with Ci and zi are the concentration and

he ion charge, respectively. “I” was expressed in mol/L [35].

.9. Configuration of the anomeric carbon of the released glucose

The method described in [20] was adapted to identify the
nomeric configuration of the glucose liberated following the
ction of the �-glucosidase. BglG was incubated with 1 mM pNPG
or 15 min  at 50 ◦C. The reaction was stopped by the addition of
-gluconolactone (100 mM final concentration) which completely
nd specifically inhibits the �-glucosidase activity. Two  equivalent
amples were removed, the first before and the second after boiling
he reaction tube for 5 min. Heating insures the displacement of the
quilibrium between the two anomeric forms of glucose towards
he � form. The GOD kit was used to measure the liberated glu-
ose using two controls consisting in the fresh and boiled solution
f glucose. The method is based on the fact that glucose oxidase
eacts exclusively with �-glucose form [20].

.10. Effect of pH on bglG activity and stability

The optimal pH was examined by measuring bglG activ-
ty at various pH values ranging from 3 to 11 using different
uffers at 0.1 M (pH 3–5: sodium–citrate buffer; pH 6–7: phos-
hate (KH2PO4/K2HPO4) buffer; pH 8: Tris–HCl buffer; pH 9–11:

lycine–NaOH buffer). The pH stability of bglG was  studied by incu-
ating the purified bglG in various buffers with pH ranging from 3
o 10 during 24 h at 4 ◦C, followed by the determination of bglG
esidual activity.
talysis B: Enzymatic 72 (2011) 107– 115 109

2.11. Effect of temperature on bglG activity and stability

The bglG activity was  measured at various temperatures rang-
ing from 0 to 70 ◦C in 0.1 M sodium acetate buffer pH 5. The thermal
stability was  assessed by incubating the purified enzyme for 30 min
at the desired temperature, followed by measuring the residual
activity. Incubating the bglG at 50 ◦C in presence or absence of reac-
tants (cationic solutions) at 5 mM was  used to determine their effect
on the bglG thermo-activity and/or thermo-stability, during activ-
ity assay. The half-life time (t1/2) of bglG was also determined in
presence of cations.

2.12. Effect of reactants (salts, chelators, sugars, polyols and
reducing agents) on bglG activity

The bglG activity was measured in presence of various effec-
tors and the residual activity was determined. The stock solutions
used in this study were prepared in ultra pure water at 1 M.  BaCl2,
CoSO4, CoCl2, MnSO4, CuSO4, CuCl2, HgSO4, CaCl2, ZnSO4, ZnCl2,
FeCl2, FeSO4, FeCl3, EDTA, glucose, xylose, xylitol, mannose, �-
mercaptoethanol, urea, Cys and GSH were used as additives. All
these reactants were added individually to the reaction mixture
containing the pNPG, used as substrate. The Ki of glucose and man-
nose were determined using Lineweaver–Burk representation [36].

2.13. Metal ions analysis by flame atomic absorption
spectrometry

A Perkin-Elmer Analyst 200 atomic absorption spectropho-
tometer (Norwalk, CT), equipped with a deuterium lamp
background correction system, was used for metal ion quan-
tification. The manganese hollow cathode lamps (wavelength,
279.5 nm;  slit, 0.2 nm;  Perkin-Elmer) were used as the primary
radiation source. Analytical measurements were based on the
average absorbance under the recommended conditions. The puri-
fied enzyme was dialyzed against ultra-pure water, treated with
an equal volume of absolute HNO3 and absolute HCl during 2 h
at 200 ◦C, then, ultra-pure water and absolute HNO3 (V/V) were
added, followed by incubation at 100 ◦C until desiccation. Finally,
25 mL  of ultra-pure water were added and used for flame atomic
absorption analysis.

2.14. Kinetic parameters of bglG for pNPG

Kinetic parameters (Km and Vmax) of the purified bglG were
determined for pNPG as substrate, using a specific enzymology
program (Hyper 32, exe program, version 1.0.0, 2003; free ware
on the web). BglG was incubated with pNPG at various concentra-
tions (0.25, 0.5, 1, 2, 3, 4 and 5 mM)  under optimal experimental
conditions. The initial velocities were determined for the indi-
cated substrate concentrations and used to determine Km and Vmax

following the Lineweaver–Burk plot [36]. The same strategy was
adopted to determine the Km and Vmax when cellobiose was used
as substrate at various concentrations ranging from 0.25% to 2%.

2.15. The capacity of bglG towards cellobiose and cellotetraose

BglG (0.4 U/mL) was  added to 5 g/L of cellobiose or cellotetraose
solution (prepared in 0.1 M sodium acetate buffer pH 5), at the
final volume of 5 mL.  The mixture was  incubated at 50 ◦C. Aliquots
(50 �L) were taken during various time intervals and analyzed by

HPLC (Aminex Fast carbohydrate 100 mm × 7.8 mm,  0.5 mL/min);
the peak areas were determined and converted into percentages
of glucose versus cellobiose or cellotetraose. The results were con-
firmed by the GOD method [37].
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F rude extract on Q sepharose (big beads) exchange anionic column; (B) S-200 gel filtration
c . (�) Symbolizes bglG activity expressed on U mL−1, (�) optical density at 280 nm.
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Fig. 2. Biochemical analysis of purified bglG enzyme. (A) Staining of BglG: on the
right: G250 Coomassie blue staining of 8% SDS-PAGE with (M)  molecular weight
markers. (1) Purified bglG. (2) CuCl2 staining of the purified bglG migrated. (B) Zymo-
gram profiles of bglG migrated on SDS-PAGE using MUG  as substrate (in 3) and pNPG
(4)  (M)  colored molecular weight marker. The colored marker used is composed of:
blue (225 kDa), red (150 kDa), green (102 kDa), yellow (76 kDa), purple (52 kDa),
blue (38 kDa), orange (31 kDa), green (24 kDa), blue (17 kDa) and red (12 kDa). (C)
Endo H test on bglG, revealed by zymogram using MUG; (a) EndoH treated bglG
and  (b) untreated bglG. (D) HPLC chromatographic profile of the purified bglG. (For

T
S

ig. 1. Purification profiles of bglG. (A) Chromatographic profile of the precipitated c
hromatographic profile of the active fraction pooled from the first step on column

. Results and discussion

.1. Production and purification of bglG

Two steps were conducted at 4 ◦C for the purification of bglG;
he third �-glucosidase to be purified from S. microspora strain. This
ungus was grown for 5 days in liquid modified Mandels medium
upplemented with 1% glucose as sole carbon and energy sources.
he medium was  centrifuged, the recuperated supernatant was
recipitated using two volumes of acetone to concentrate sam-
le, dialyzed against buffer A and injected onto anionic exchange
olumn (Q Sepharose big beads) (Fig. 1A). A single peak of �-
lucosidase activity was eluted with buffer B. The increase of the
ercentage of recovery observed during Q Sepharose chromatogra-
hy (Table 1) might be due to the elimination of an inhibitor such
s an ion or a metabolite, which had an activating effect on bglG
ctivity. The active fractions were pooled and injected on gel fil-
ration column (Sephacryl S-200) giving rise to the elution profile
hown on Fig. 1B.

.2. BglG is insensitive to Coomassie blue staining method

To check the purity and the molecular weight of the novel �-
lucosidase, we performed SDS-PAGE and zymogram analysis. We
ere surprised to discover the complete absence of any protein

and in the lane of the purified enzyme, after staining by the con-
entional Coomassie blue method (Fig. 2A(1)). We  checked that
he molecular weight marker bands were clearly revealed on the
ame stained gel (Fig. 2A(M)). Inversely, a positive response was
bserved on the bglG corresponding lanes of the zymogram, which
as very intense since it appeared just after few minutes of overlay

nd exposure to UV (with MUG  used as substrate) (Fig. 2B(3)). The
ame result was observed after immersing gel in pNPG as described
n zymogram analysis section of Section 2 (Fig. 2B(4)).

Since we were absolutely sure that we have loaded enough
mounts of purified enzyme on the gel, we hypothesized that prob-
bly the G 250 Coomassie blue did not stain it in our conditions.

e therefore tested another staining method, using CuCl2 [28–30].

he copper produces a “negative image” of colorless protein bands
gainst a semiopaque background. It reacts partly, with tyrosin
esidues, leading to opacity but leaving the proteins as uncolored

able 1
ummary of purification steps of bglG. Enzyme activities were determined using pNPG as

Total protein (mg) Total activity (U) Sp

Crude extract 120 150 1
Q-sepharose 32 160 5
Sephacryl S-200 6 120 20
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)
zones (Fig. 2A(2)). Consequently, this method allowed us to reveal
the bglG enzyme on gel and to ascertain its purity.

We hypothesized that hyper-glycosylation could preclude the
interaction between glycoprotein and Coomassie blue staining

 a substrate at the concentration of 1 mM.

ecific activity (U/mg protein) Recovery (%) Purification fold

.25 100 1
 106 4

 75 16
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Fig. 3. (A) Thermo-activity and thermo-stability of the purified bglG. Residual activity was determined under optimal conditions. The non-heated enzyme was considered as

control  (100%): ( ) thermo-activity ( ) thermo-stability. (B) Effect of pH on the activity and the stability of the purified bglG. ( ) Effect of pH on bglG activity: the maximum
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ctivity  obtained at pH 5 was considered as 100%. ( ) Effect of pH on stability of bg

nd  50 ◦C. The enzyme activity before incubation was  taken as 100%. (C) Thermo-st
anganese ( ). (For interpretation of the references to color in this figure legend, 

olution. In order to verify such hypothesis, bglG was  treated by
ndo H glycosidase and migrated on gel and revealed by zymogram
nalysis; the results showed that bglG is not glycosilated (Fig. 2C).
he use of concanavalin A confirmed this result. Indeed, after gentle
ixing with concanavalin A and centrifugation, bglG was present

n the supernatant.
Table 1 summarizes all purification steps of bglG. The purified

nzyme, named bglG, from the last step was considered as homo-
eneous, as shown by SDS-PAGE and HPLC gel filtration profile
Fig. 2D) and was used to determine its biochemical and kinetic
roperties.

.3. Molecular weight and NH2-terminal sequence determination

BglG molecular weight was estimated, using gel filtration cali-
rated markers, to be about 225 kDa. The analysis on 8% SDS-PAGE

ndicated that bglG behaved as a monomer and confirmed its
etermined molecular mass. The NH2-terminal sequence is NH2-
YMFVMPEE as determined by the automated Edman method.
lasted to protein databases, this sequence did not show any
omology with known proteins.

.4. The substrate concentration affects bglG activity

The effect of the substrate concentration on bglG activity was
tudied in order to optimize the molarity that should be used in

inetic studies. The pNPG concentration was varied from 0.125 to

 mM.  This study shows the gradual increase of the amount of pNP
ith the increase in substrate concentration till 1 mM,  and then it

ontinues constant (data not shown). Therefore, 1 mM was chosen
ubated in different buffers for 24 h and the residual activity was measured at pH 5

 of bglG without ( ) and with cations: ferrous ion ( ), calcium ( ), barium ( ),
ader is referred to the web version of the article.)

for further assays of bglG activity. Perfect proportional relation-
ship was  observed between bglG activity and bglG concentration
(data not shown), which suggests firmly the Michaelian behaviour
of the purified bglG. In addition, we also note that bglG resists to a
high ionic strength, as high as 1 M of sodium acetate, KCl and NaCl
(data not shown). Such result is very important for biotechnological
applications in which stability and efficiency of the enzyme against
ionic potential are required.

3.5. Substrate specificity of S. microspora bglG

The substrate specificity of bglG activity was investigated using
two substrate categories; synthetic and natural ones. Table 2 shows
that bglG presented a higher specificity for the hydrolysis of pNPG
than that for oNPG. Hence, the position of NO2 radical is crucial for
the affinity between the enzyme and its substrate. Indeed, bglG was
able to cleave oNPG with only 17% relative to pNPG (Table 2). In the
same context the specificity of bglG is exemplified by the absence
of activity on pNPA (Table 2).

The second interesting result concerned the activity of bglG on
sucrose. BglG is, not only active on cellobiose and esculine (clas-
sical substrates of �-glucosidases) but also on sucrose. It is less
active on salicine, amygdaline, arbutine and finally was completely
inactive on lactose, cellulose, CM-cellulose, xylan, starch, pectin
and casein (Table 2). While several �-glucosidases are known to

split esculine, their ability to act on sucrose is very unusual. We
even note that bglG cleaves sucrose more efficiently than that cel-
lobiose and esculine, as shown in Table 2 (114% against 100%). We
advanced the following hypothesis to explain such behaviour: (1)
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Table 2
BglG specificity and stereospecificity on various substrates.

Substrate Concentration Relative activity (%)

p-NP-glucose 1 mM 100
o-NP-glucose 1 mM 17
p-NP-xylose 1 mM 8
p-NP-arabinose 1 mM 0
Cellobiose 2% 100
Lactose 2% 8
Sucrose 2% 114
Esculin 2% 100
Amygdalin 2% 16
Arbutin 2% 19
Salicin 2% 10
CMC  1% 0
Cellulose avicel 1% 0
Xylan 1% 0
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showed no significant difference. The analysis by flame atomic
absorption spectrometry indicated the presence of one iron atom
per protein molecule (226 ppm of iron was detected on the analysed

Table 3
Illustration of the half-life time of bglG in presence of cationic solutions. The half-
life time (t1/2) was  determined in presence of Ba2+, Co2+, Mn2+, Cu2+, Hg2+, Ca2+ and
Fe2+, at the concentration of 10 mM,  against bglG used alone.

Half-life time (t1/2) (h)

BglG >23
BglG + Fe2+ >23
BglG + Ca2+ 23
BglG + Mn2+ 20
Starch 1% 0
Pectin 1% 0
Casein 1% 0

glG has a double function (�-glucosidase and invertase activi-
ies) and (2) bglG was co-purified with an invertase enzyme. To
isclose between these two hypotheses, the hydrolysis of sucrose
as tested in presence of �-gluconolactone, a specific and strong

nhibitor of �-glucosidases. This resulted in the annihilation of both
ctivities and confirmed the first hypothesis: bglG possesses a dou-
le function: �-glucosidase (cellobiase) and invertase capacities. It
hould be noted here that bglG shares this property with almond
-glucosidase, which cleaves sucrose with 77% of its relative activ-

ty on glucose [10]. The invertase activity of bglG could be exploited
o produce glucose from molasses (highly rich in sucrose), which
ould be fermented into bio-ethanol [10].

.6. Kinetic and physico-chemical properties of bglG

The Km and Vmax kinetic parameters were determined for bglG
owards the pNPG substrate using the Hyper 32 program. The
alues of 0.9 mM and 27.77 U/mg for the Km and Vmax respec-
ively, were in the range of other known �-glucosidases [38,39].
egarding cellobiose, the Km and Vmax are 1.9 mM  and 21.14 U/mg
espectively. Therefore, the bglG behaved much more as aryl �-
lucosidase as it exhibited higher velocity and affinity towards
NPG, compared to cellobiose. BglG possess more affinity to pNPG
han F2 [8] and less affinity than M9  [22].

BglG presented an optimum of temperature ranging from 50 to
0 ◦C (Fig. 3A). BglG was also quite stable at temperatures ranging
rom 4 to 50 ◦C, such stability decreased at 60 ◦C as it conserved
nly 20% of its activity (Fig. 3A).

BglG presented an optimal pH around 5 and could be considered
s quite stable since it conserved 100% of its activity between pH 5
nd pH 9 (Fig. 3B).

.7. Effects of ions and other additives on the bglG activity

The effect of several divalent cations was assessed on the pNPG
ydrolysing capacity of bglG. Interestingly, ferrous ion upgrades
glG activity to 161% at 5–10 mM (Fig. 4) while ferric ion inhibited
trongly the purified enzyme, suggesting that Fe2+ is specifically
ecognised by some residues of bglG.

Other ions improved the activity to moderate level, such as
anganese (140%) and barium and calcium (both 120%). However,
ercury decreases the activity to 15.79% (Fig. 4). Cobalt had no

ffect, neither did EDTA. We  checked that the anionic form (sul-

hate or chloride) did not influence these effects as no differences
ere observed between both forms.

Thereafter, the bglG thermo-stability was tested in presence
f Fe2+ and other activator ions at 50 ◦C. Fig. 3C indicates that
Fig. 4. Divalent cations effect on bglG at two ionic concentrations (5 mM (�) and
10  mM (�)).

bglG thermo-stability was clearly improved in presence of iron
while it remained unchanged in presence of calcium and bar-
ium and slightly decreased in presence of manganese. Table 3
indicates the progress in bglG thermo-stability through its half-
life time (t1/2) in presence of some cations. The half-life time
of bglG alone is more than 23 h. It continues to be constant in
presence of Fe2+ and Ca2+ (both 23 h). The Mn2+ t1/2 is 20 h and
Ba2+ is less than 6 h. Thus, Fe2+ plays a double enhancing role on
both thermo-activity and thermo-stability of bglG. Ca2+ and Ba2+

are considered as two  thermo-activator effectors but not thermo-
stabilizator ones. However, the remained cations (Hg2+, Cu2+

and CO2+) affected negatively bglG thermo-activity and thermo-
stability. Mn2+ affected positively bglG thermo-activity (140%) and
negatively bglG thermo-stability (t1/2 = 20 h). The half-life time is
determined as the time required to detect the loss of 50% of the
bglG activity in presence or absence of the effector.

The thermostability of bglG in presence of the activator ions
was tested to assess their exact role: thermo activation or stabili-
sation or both. In fact, not only iron upgrades bglG thermoactivity
by 161% but we  proved that it maintains an elevated level of acti-
vation during thermo stability studies (more than 23 h). Hence, it is
true that the half-life time of bglG is conserved with or without iron
but it is upgraded. Therefore, we can conclude that this ion might
play a dual role on the enzyme in terms of thermoactivation and
thermostabilisation.

3.8. Detection of iron in bglG structure by flame atomic
absorption spectrometry

The enhancing effect of Fe2+ ion prompted us to seek for the
presence of such ion in the bglG structure. The purified bglG was
treated with 10 mM EDTA and dialysed against ultra-pure water.
The measurement of bglG activity, before and after this treatment,
BglG + Ba2+ 6
BglG + Cu2+ 1.5
BglG + CO2+ 0.75
BglG + Hg2+ 0
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Table 4
Effect of inhibitors and reducing agents on bglG activity, using pNPG as substrate at
the concentration of 1 mM.  Effect of carbohydrates on the bglG activity, using pNPG
as  substrate at the concentration of 1 mM.

Concentration (mM) Relative activity (%)

None – 100
Iodoacetamide 5 104
NEM 5 102
Cystein 5 63
GSH 5 87
2-ME 1 157
DTNB 1 171
Urea 10 105
Xylose 10 120
Xylitol 10 108
�-gluconolactone 1 7
Glucose 10 33
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ample (5 mg/mL  were used in this study) by flame spectrome-
ry). This finding strongly suggests that iron is closely bound to
glG, in such away that the EDTA treatment cannot remove it. Such
ehaviour has been already reported for many proteases, amylases,

somerases and cellulases in which the calcium, chloride, cobalt
ons were strongly bound to the enzyme [40–43].

.9. BglG activity is stimulated by xylose and inhibited by glucose

Table 3 shows that bglG activity was enhanced, to 120% by
ylose, a C5 sugar, as well as its alcohol derivative, the xylitol, to
08% (Table 4). Such stimulation was observed with either 5 or
0 mM of both molecules. It has been suggested that these addi-
ives can act as alternatives to a water molecule in accepting the
-glucosyl moiety from the �-glucosyl-enzyme complex formed
uring bglG catalysis [39]. Another obvious explanation is that
he xylose enhancing effect could be due to a trans-glycosylation
eaction as suggested in [44]. Indeed, pNPG could play the role of
lycone donor and xylose would then play the role of acceptor of the
eleased glycone [44–46]. Hence, xylose attracts the released glu-
ose and increased the frequency of meeting between the enzyme
nd the substrate. It should be also recalled here that glucose con-
titutes a strong inhibitor of bglG.

Inversely to xylose, glucose inhibited bglG as only 33% of resid-
al activity was obtained in presence of 10 mM glucose (Table 4). As
his sugar is the end-product of �-glucosidase catalyzed reaction,
eed-back inhibition is evoked to explain such result. The mannose,
n epimer of glucose, also inhibited bglG to 50% at the same con-
entration of 10 mM (Table 4). The Ki value of glucose and mannose
re 2.11 and 3.3 mM,  respectively. According to these findings, we
onclude that glucose possess more affinity to bglG than mannose.
his fact explains the difference on the level of inhibition observed
n presence of glucose. We  deduce also that the level of inhibition
s governed by the inhibition severity observed with glucose and

annose.

.10. Effect of iodoacetamide and NEM on bglG activity

The negative effect of mercury on bglG activity, would sug-
est the involvement of a free cystein residue in the vicinity of
he catalytic site as it was suggested for other enzymes affected
y mercury [39]. In this context, we tested agents acting on free
ystein. Except the DTNB, which activated bglG, some other com-

ounds have no effect, such as those known as thiol alkylating
gents as iodoacetamide and NEM. DTNB (or Ellman’s reagent) is
nown to react, generally rapidly and selectively, with the free
ulfhydryl side chain of cystein to form an S–S bond between the
Fig. 5. BglG hydrolysis of cellobiose, with ( ) concentration of cellobiose ( ) con-
centration of glucose. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

protein and a thionitrobenzoic acid (TNB) residue [47]. It is possible
that the 1-cystein residues, reacting with DTNB, are not the same
that react with NEM or iodoacetamide; 2- those residues should be
maintained at reduced or alkylated state to give a more active open-
structure to BglG. Usually, DTNB inhibits the enzymes by covalently
linking cystein engaged in the active site as in the glutamate dehy-
drogenase [48] but in certain cases, it exerts an activating effect
was already reported in the fructose diphosphatase by [49].

In this context, it is also interesting to note that reducing
agents which are able to prevent the oxidation of free sulfhydryl
residues (cysteines) and to reduce disulfide bonds, showed also
controversial effect. Indeed, while mercaptoethanol (used at the
concentration of 1.66%) efficiently increased the bglG activity to
2.5 fold, other reducing agents showed slight inhibitory effect such
as cystein and GSH with 63 and 87% of residual activity, respectively
(Table 4).

In this context, we shall recall that the oxidation of free cystein
residues into disulfide bonds can lead to non-specific aggregation
of the enzyme or its inactivity and denaturation. It is also known
that reducing agents can bind metals and trace metal compounds
(such the ferrous ion in bglG), inactivating by the way the reducing
agent and the metal. This could explain the action difference of the
mercaptoethanol and other reducing agents.

3.11. Cellobiase and cellotetraose bglG hydrolysis capability

�-Glucosidases may  be divided into three groups on the
basis of substrate specificity. (1) Aryl �-glucosidases exclu-
sively hydrolysing or showing a great preference towards aryl
�-glucosides; (2) cellobiases hydrolysing cellobiose and small
oligosaccharides and finally (3) the members of the third group,
termed as broad-specificity �-glucosidases, that act on both sub-
strates (aryl-�-glucosides, cellobiose and cellooligosaccharides)
and are the most commonly observed group in cellulolytic microbes
[39].

The bglG hydrolysing capacity was  tested on cellobiose (5 g/L)
in a small bioreactor. Aliquots were taken at various reaction times
and their glucose contents were determined by HPLC. The profile in
Fig. 5 shows that the conversion of cellobiose into glucose reached
74% of recovery. Hence, bglG rejoins the two other �-glucosidases

previously purified from S. microspora and specified as cellobiases.
However, kinetic conversions and hydrolytic recoveries are differ-
ent for each enzyme. BglG is more efficient than the two  other
�-glucosidases purified from S. microspora [8,22].
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Fig. 6. The capacity of bglG to hydrolysis cellotetraose. Chromatographic profile
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llustrating the cleavage of cellotetraose by the purified bglG under the experimental
onditions described in Section 2. (A) Represents the time zero; (B) after 1 h and (C)
fter 24 h.

The capacity of bglG to hydrolysis cellotetraose was also
ssessed under the same experimental conditions described for
ellobiose conversion reaction towards glucose monomer. Chro-
atographic profiles shown in Fig. 6 prove that bglG have the ability

o hydrolyze cellotetraose into glucose units. Indeed, after 1 h of the
onversion reaction, only glucose appeared but not cellotriose or
ellobiose. This fact could be explained by the fact that such saccha-
ids are probably immediately cleaved into glucose units. After 24 h,
he hydrolysis efficiency decreased giving rise to the appearance of
he intermediates (cellobiose and cellotriose). In comparison to cel-
obiose, bglG seems to be more efficient in hydrolysing celloteraose
ince after only 1 h, bglG shows a degradation yield of about 63.34%
hile it reached 74% with cellobiose after 24 h.

Based on the above results and those in Table 2, bglG belongs
o the third group of �-glucosidases described in [50], because of
he capacity of bglG to hydrolyze cellobiose, cellotetraose and also
ryl- and alkyl-glucosides.

.12. BglG is a retaining-enzyme

According to the protocol described in Section 2.9,  adapted from
20], the configuration of the anomeric carbon of glucose (end-
roduct of pNPG hydrolysis) was determined. At the end of the

eaction, the liberated glucose can have � or � form depending
n the action mechanism of the enzyme, qualified respectively as

 retaining or inverting mode. It is already known that (1) the
-glucose might be converted into � form by a simple heating
talysis B: Enzymatic 72 (2011) 107– 115

at 100 ◦C for 10 min; (2) the glucose oxidase can act only on the
�-glucose. Consequently, the method described by Genta and his
collaborators [20] and adapted to �-glucosidase assessment is
based on the comparison of the amount of glucose liberated by
the �-glucosidase, determined by GOD (Glucose Oxidase kit) either
directly or after a heat treatment. In addition, the amount of pNP
is also measured spectrophotometrically, in order to compare it
to the GODs determined amount of glucose, without heating. We
found that these latter amounts are similar whereas, after boiling,
the amount of �-glucose is roughly nil. Indeed, the comparison of
these amounts proves that pNP concentration (40 �g/mL) is equal
to the non boiled glucose sample, � form (38 �g/mL). The amount of
boiled glucose, � form, was  0.08 �g/mL. Consequently, bglG could
be considered as a retaining-enzyme. According to these findings
and the 3D structure of all known retaining �-glucosidases, the
distance between the two  bglG catalytic acids should be around
5.5 Å.

4. Conclusions

In summary, we  have produced, purified and characterized an
atypical �-glucosidase (bglG) from a local filamentous fungus (S.
microspora). Regarding its several unusual properties, bglG should
be studied further on both basic and applied levels. The highlight-
ing of Fe2+ in the bglG structure is a very important clue to explain
the bglG inhibition/activation and others structural properties. Not
only Fe2+ but also other compounds presented enhancing capacity
of bglG activity such as xylose, DTNB and mercaptoethanol. If the
latter two compounds should act on the status of cystein residues,
xylose effect is more difficult to explain. We  advanced the hypoth-
esis of trans-glucosilation via xylose as acceptor, which somehow
pumps the liberated glucose. This would sequestrate such strong
inhibitor and indirectly enhances the bglG enzyme activity.

Another peculiarity of our enzyme consisted on its ability act
on sucrose, a property rarely reported for �-glucosidases except
the almond one [10]. Such capacity would be understood once
the bglG gene isolated and/or the 3D structure determined. Mean-
while, this capacity could be of great benefits in some applications
such the bioconversion of molasses into fermentable sugars, which
can be valuable sources for bio-ethanol production. In this field,
we showed recently that the addition of bglG to crude cellulolytic
juice enhances its hydrolytic of cellulosic substrates, resulting in
the enhancement of glucose yield and hence the bio-ethanol yield
after fermentation.
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