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Introduction

Besides being a major component of plant cell walls, cellu-
lose is found in some algae, bacteria, fungi and invertebrate 
organisms. This makes it the most abundant organic poly-
mer on earth and a promising source of renewable energy. 
In nature, this linear polysaccharide composed of glucose 
units linked by β-1,4-glucosidic bonds is degraded mainly 
by fungi and bacteria, thanks to the synergic action of endo-
glucanases (EC 3.2.1.4) and exoglucanases (EC 3.2.1.91). 
This synergy yields cellobiose, which is then converted 
to glucose by β-glucosidases (EC 3.2.1.21) [20]. These 
enzymes are thus crucial for carbon cycling. They are also 
becoming increasingly attractive to industrialists for diverse 
biotechnological applications, such as bioethanol produc-
tion from lignocellulosic biomass, waste management and 
the improvement of arable soil quality and feed digestibil-
ity. Furthermore, cellulases are used in the food and pulp 
and paper industries [1, 16, 17] and are widely employed in 
textile finishing, mainly to eliminate superficial microfibrils 
from cotton fibres and hence to improve colour brightness 
and reduce pilling propensity (bio-polishing) [33].

β-Glucosidases are key enzymes in most of these appli-
cations, as they relieve product inhibition of endo- and exo-
glucanases by limiting the accumulation of cellobiose, thus 
increasing the overall rate of cellulolysis [37]. Interestingly, 
although some β-glucosidases exhibit a strong ‘preference’ 
for cello-oligosaccharides and notably cellobiose (true cel-
lobiases, class II), most of them are also able to catalyse 
hydrolysis of β-glucosidic bonds linking glycoside residues 
to a wide variety of aglycones (broad substrate specificity 
enzymes, class III). On the other hand, some are highly 
specific for aryl glucosides (aryl-β-glucosidases, class I) 
[36]. This wide substrate-specificity variability, along with 
the fact that reverse hydrolysis and transglycosylation can 
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also take place under certain conditions, further extends 
the range of applications of β-glucosidases [27, 38, 40]. 
They are particularly helpful in the food industry, e.g. for 
enhancing the flavour of juices and wines, debittering cit-
rus juices, and degrading cyanogenic glucosides for detoxi-
fication of cassava. They are also useful in producing fine 
chemicals and pharmaceuticals [2].

To fully exploit the potential of such enzymes, a chal-
lenge is to discover β-glucosidases with new or improved 
properties. Particularly sought-after properties include high 
catalytic efficiency and stability under industrial process 
conditions and reduced sensitivity to end-product inhibi-
tion. A new approach to finding new enzymes is functional 
metagenomics [5, 35]. In the present study, by applying 
this approach to agricultural soils, we have isolated several 
β-glucosidases. We present here the characterization of two 
of them.

Materials and methods

Sample collection and DNA extraction

Topsoil samples were taken from a well-characterized 
experimental field located in Gembloux (50° 33′ N, 4° 42′ 
E), Belgium, at a depth between 15 and 20  cm. The soil 
is a luvisoil (Food and Agriculture Organization of the 
United Nations (FAO) classification) composed of a 30-cm-
deep silt-loam topsoil (clay, 14–16 %; silt, 75–80 %; sand, 
5–6  %) of neutral pH (6.5–7.0) and a slightly acidic (pH 
6.2–6.5) silt-loam subsoil (clay, 20–25  %; silt, 70–75  %; 
sand, 3–6  %, 30–100  cm depth). The field was subjected 
to conventional tilling with a ploughing depth of 30 cm and 
was sown with winter wheat on 22 November 2010 and soil 
samplings (three replicates/date) were performed after 2 
and 6 months of culture (on 17 January and 18 May 2011). 
Soil samples were frozen in liquid nitrogen and stored at 
−80  °C until DNA extraction. Eight grams of each bulk 
sample was used to extract metagenomic DNA with the 
PowerMax™ Soil DNA Isolation Kit (MO BIO Labora-
tories) according to the manufacturer’s instructions. After 
extraction, the metagenomic DNA was pooled equally per 
date.

Construction and screening of metagenomic libraries

Each DNA pool was used to construct one metagenomic 
library. After partial digestion with Sau3AI, DNA was pre-
cipitated with 5  % polyethylene glycol 6000 and 0.6  M 
NaCl to remove small DNA fragments [3] before separa-
tion in a 1  % low-melting-point agarose gel. DNA frag-
ments 5–20  kb long, recovered from the agarose with 
AgarACE enzyme (Promega), were inserted into the 

BamHI-linearized and dephosphorylated YEp356 vector. 
The ligation products were then introduced into electro-
competent DH10B E. coli cells (Invitrogen). This yielded 
libraries with an average insert size of ca. 5.5–6 kb. About 
45,000 E. coli colonies from each library (ca. 250  Mb/
library) were screened for β-glucosidase activity by spread-
ing the transformants onto 2  × YT medium (2  ×  yeast 
extract and tryptone) (MP Biomedicals) supplemented 
with 15 g/l agar (Oxoid), 50 μg/ml ampicillin, 5 g/l escu-
lin and 1 g/l ammonium iron(III) citrate (Sigma-Aldrich). 
The plates were incubated at 37  °C for 2  days and then 
transferred to room temperature (ca. 22 °C) for 2–3 weeks. 
Activities were detected by the appearance of a dark halo 
surrounding positive colonies.

DNA sequencing and sequence analysis

Plasmid inserts were sequenced at GATC Biotech (Ger-
many). Sequence similarity searches were carried out with 
the NCBI Blast programs (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Protein signatures were sought with InterProS-
can [25]. Signal peptides were predicted with the SignalP 
4.1 server [24]. Theoretical isoelectric points and molecular 
weights were computed with the ProtParam tool of ExPASy 
(http://www.expasy.org).

First estimation of the β‑glucosidase activity of positive 
clones

The β-glucosidase activity of the positive clones found in 
the screen was estimated at several pH values and tempera-
tures with p-nitrophenyl-β-d-glucopyranoside (pNPG), as 
previously described [22]. Briefly, 100-μl aliquots of over-
night cultures diluted to OD600nm  =  1 were harvested by 
centrifugation. The pellets were then mixed with 100 μl of 
4  mM pNPG in 100  mM buffer (sodium acetate pH 4–6, 
sodium phosphate pH 6–8 or Tris–HCl pH 8–10) and incu-
bated for 2–3 h at 20, 40 or 60 °C. The enzymatic reaction 
was stopped by addition of 100 μl of 1 M Na2CO3 before 
quantification of the released p-nitrophenol by measuring 
the absorbance at 405 nm.

Subcloning the coding sequences of the two β‑glucosidases 
in the pET‑30b expression vector

The entire coding sequences of both β-glucosidase genes 
were amplified with Platinum Pfx DNA Polymerase and 
0.5 × PCR × Enhancer Solution (Invitrogen). The following 
pairs of primers were used for AS-Esc6: 5′-gggaattcCATATG 
ACCGACACCCTGAACCCG-3′ and 5′-cgcGGATCCTCA 
TCAGTGGTGGTGGTGGTGGTGCGACGCCGCGTT 
CGCC-3′, and for AS-Esc10: 5′-gggaattcCATATGAACAA 
TGGTTGGAGTCATGAATTG-3′ and 5′-cgcGGATCCTC 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.expasy.org
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ATCAGTGGTGGTGGTGGTGGTGGCTGACGCCGA 
CAGGGTC-3′. The restriction sites (NdeI, BamHI) 
used for subcloning are underlined and the histidine tag 
sequence appears in bold. PCR products were cloned into 
the pET-30b(+) vector (Novagen) and the resulting plas-
mids introduced into E. coli Rosetta 2 (DE3) (Novagen) 
after checking the inserts by DNA sequencing.

Overproduction and purification of recombinant 
β‑glucosidases

To overproduce the β-glucosidases, overnight cul-
tures of transformed E. coli Rosetta cells were diluted to 
OD600nm  =  0.005 in 1-l shake flasks containing 200  ml 
Terrific Broth medium (Difco) and antibiotics (30  μg/
ml chloramphenicol and kanamycin). The cultures were 
grown at 37 °C under shaking at 160 rpm until the OD600nm 
reached about 0.4. Overproduction was induced by adding 
1  μM (AS-Esc10) or 5  μM (AS-Esc6) isopropyl β-d-1-
thiogalactopyranoside (IPTG) and then incubating the cul-
tures at 16 °C for 16 h. The cells were harvested by centrif-
ugation and lysed at 37 °C for 30 min in 20 mM Tris–HCl 
buffer (pH 8) containing 0.3 M NaCl, Triton X-100 (1 ml/l )  
and lysozyme (5 mg/ml). After sonication on ice (4 × 5 s, 
100 W), the lysates were centrifuged at 10,000g for 20 min 
(4 °C) to separate the insoluble from the soluble proteins. 
The recombinant proteins were purified from the soluble 
fractions by Ni-NTA affinity chromatography (Qiagen). For 
this, the protein mixtures were incubated overnight at 4 °C 
with 500 μl Ni-NTA agarose pre-equilibrated with binding 
buffer (20  mM Tris–HCl pH 8, 0.5  M NaCl, 1  ml Triton 
X-100 per litre). The resin was recovered by centrifugation 
at 800g for 5  min and washed twice with binding buffer 
(flow-through 1) and twice with washing buffer (20  mM 
Tris–HCl pH 7.5, 0.5  M NaCl, 20  mM imidazole) (flow-
through 2) before elution with increasing concentrations of 
imidazole (100, 250 and 500 mM) in 20 mM Tris–HCl pH 
7.5 and 0.5 M NaCl (5 ml eluate/imidazole concentration). 
The purified proteins were dialysed at 4 °C against 20 mM 
Tris–HCl pH 7.5 and 0 mM (AS-Esc10) or 300 mM (AS-
Esc6) NaCl and analysed by SDS-PAGE. AS-Esc6 was 
maintained in the presence of NaCl to prevent protein 
aggregation. As the first eluate obtained for AS-Esc10 still 
contained many protein contaminants, it was repurified by 
a similar protocol.

Characterization of the recombinant proteins

β-Glucosidase activities were determined by measur-
ing the amount of p-nitrophenol released from pNPG via 
the absorbance at 405  nm. They were expressed as spe-
cific activities (U/mg protein), 1  U being defined as the 
release of 1 μmol p-nitrophenol per minute. Standard assay 

conditions were as follows: the reaction was performed at 
40 °C in 100 mM phosphate buffer pH 8 containing 4 mM 
(AS-Esc6) or 6 mM (AS-Esc10) pNPG. After pre-incuba-
tion of the mixture (390  μl), the reaction was started by 
adding 10 μl of an appropriate dilution of the enzyme and 
stopped after 10  min with 400 μl ice-cold 1  M Na2CO3. 
The optimal temperature of each enzyme was estimated 
by incubating the reaction mixture at various temperatures 
from 10 to 80  °C. To determine the optimal pH, activi-
ties were measured at 40  °C over a pH range of 4–12 in 
various buffers at 0.1 M (sodium acetate pH 4–6, sodium 
phosphate pH 6–8, Tris–HCl pH 8–10, glycine–NaOH pH 
8–12). For the thermostability studies, the enzymes were 
pre-incubated at various temperatures (4–60  °C) for 1  h 
before measurement of the residual activity under stand-
ard assay conditions. The effect of pH on enzyme stabil-
ity was evaluated after a 1-h pre-incubation at 25  °C. To 
estimate the effects of ions, ethylenediaminetetraacetic acid 
(EDTA), organic solvents, detergents and H2O2, enzyme 
activities were measured after a 30-min pre-incubation at 
30 °C (AS-Esc6) or 40 °C (AS-Esc10) with each additive. 
Residual activities were then measured after a 20-min incu-
bation with the substrate at the same temperature. Tris–HCl 
buffer pH 8 was used instead of sodium phosphate to avoid 
precipitate formation.

Substrate specificity was estimated with several 
nitrophenyl derivatives (pNPG, p-nitrophenyl-α-d-
glucopyranoside, o-nitrophenyl-β-d-galactopyranoside, 
p-nitrophenyl-β-d-xylopyranoside, p-nitrophenyl-β-d-
cellobioside, p-nitrophenyl-α-l-arabinofuranoside and 
p-nitrophenyl-N-acetyl-β-d-glucosaminide) and natural 
substrates (cellobiose, esculin, salicin and arbutin), all pur-
chased from Sigma-Aldrich and tested at 4 mM under the 
standard assay conditions. For the natural glycosides, the 
reaction mixtures were boiled for 5  min to inactivate the 
enzymes before quantification of the glucose released with 
a glucose oxidase–peroxidase assay kit (Sigma-Aldrich) as 
recommended by the manufacturer. β-Glucosidase activity 
was expressed as specific activity (U/mg protein), 1 U cor-
responding to the production of 1 μmol glucose from sali-
cin, esculin or arbutin or of 2 μmol glucose from cellobiose 
in 1 min.

The kinetic parameters of AS-Esc6 were estimated by 
measuring the initial velocities of the reaction at 40 °C at 
various concentrations of substrate (0.4–6  mM pNPG or 
2–40 mM cellobiose) diluted in phosphate buffer pH 8. For 
AS-Esc10, the reactions were performed in the same buffer 
but at 50 °C (the kinetic parameters were not evaluated at 
60 °C because the enzyme was too unstable at this temper-
ature). Lineweaver–Burk plots were then used to determine 
the Km and Vmax.

To evaluate enzyme sensitivity to end-product inhibi-
tion, activities were measured at various concentrations 
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of glucose (0–2.5  M) and pNPG (0.5–6  mM) in sodium 
phosphate buffer (pH 8) at 40 °C (AS-Esc6) or 50 °C (AS-
Esc10). The inhibitory constant (Ki) of AS-Esc6 for 1  M 
glucose was deduced from a Dixon plot.

All experiments were performed at least twice in tripli-
cate, and the results of one representative experiment are 
shown. They are expressed as means ±  standard error of 
the mean. Comparisons with control conditions were per-
formed with Student’s t test. In all assays, controls without 
enzyme were included so as to take non-enzymatic hydrol-
ysis of substrates into account.

Nucleotide sequence accession numbers

The nucleotide sequences of the inserts containing the AS-
Esc6 and AS-Esc10 genes have been deposited in the Gen-
Bank database under accession numbers KF660587 and 
KF660588.

Results

Identification of new β‑glucosidase genes by functional 
metagenomics

To find new β-glucosidase activities, two agricultural-soil 
metagenomic libraries were screened on 2 × YT agar con-
taining ammonium iron(III) citrate and the aryl-β-glucoside 
esculin. Both plasmid libraries were constructed in E. coli 
with DNA extracted from the topsoil of a winter wheat 
field, the difference between them being the sampling 
date. So far, about 45,000 colonies from each library have 
been screened, corresponding to a total of ca. 500 Mb, and 
already four positive candidates have been identified (two 
per library). To test their temperature and pH preferences, 
preliminary activity assays were performed on intact E. 
coli cells with pNPG as substrate (data not shown). On 
the basis of the results obtained, two candidates seeming 
to act preferably at alkaline pH were selected for further 
characterization.

The first chosen clone was isolated with library 1 (sam-
pling date 17 January 2011) and contained a 3,396-bp DNA 
insert very rich in bases G and C (70.3 %). A Blastx search 
revealed an open reading frame of 2,286  bp coding for a 
762-amino-acid protein showing high similarity to various 
actinomycetales β-glucosidases. This new enzyme (named 
AS-Esc6) was found to be most similar (83  % similar-
ity, 72  % amino acid identity over 743  aa) to an unchar-
acterized β-glucosidase of Rhodococcus rhodochrous 
(WP_016694245). An InterProScan analysis revealed sig-
natures typical of proteins belonging to glycoside hydro-
lase family 3 (GH3), notably the conserved catalytic nucle-
ophile (D247) in the amino-terminal domain of the protein. 

Its carboxyl-terminal part contains a fibronectin-type-III-
like domain (IPR026891) of unknown function, frequently 
encountered in GH3 enzymes, and the conserved glutamate 
residue acting as catalytic acid/base (E433). The second 
protein selected, AS-Esc10, shows several features of fam-
ily-1 glycoside hydrolases (GH1), with two glutamate resi-
dues acting as nucleophilic and acid/base catalysts (G367, 
G173). This 475-aa protein displays 67 % similarity (52 % 
amino acid identity over 458  aa) to a β-glucosidase of 
Sorangium cellulosum So ce56 (YP_001618312). Its cod-
ing sequence was identified on a 5,573-bp insert (56 % GC) 
isolated by screening library 2 (18 May 2011). Analysis of 
the amino acid sequences of these two new enzymes sug-
gested that AS-Esc6 and AS-Esc10 are intracellular pro-
teins (no signal peptide detected). Their calculated pI val-
ues are 4.64 and 5.79, respectively.

Purification of recombinant β‑glucosidases

The coding sequences of these two proteins were cloned in 
fusion with a carboxy-terminal His-tag in the IPTG-induc-
ible pET-30b(+) expression vector to allow purification by 
Ni-NTA affinity chromatography. When overproduced in 
the E. coli Rosetta 2 strain, both recombinant proteins were 
found to be at least partly soluble in the cell extract. This 
allowed their purification under non-denaturing conditions 
by standard protocols. SDS-PAGE analysis of the fractions 
obtained during purification (Fig.  1) revealed molecular 
weights for AS-Esc6 and AS-Esc10 close to their theoreti-
cal ones (80.9 and 54.8 kDa). Although eluates containing 
each protein at sufficient purity were obtained, for AS-
Esc10 it was necessary to repurify the eluate obtained at the 
lowest imidazole concentration (E1), which still contained 
many contaminants. After purification, AS-Esc10 was dia-
lysed against 20  mM Tris–HCl (pH 7.5) to remove NaCl 
and imidazole. In the case of AS-Esc6, only the imidazole 
was eliminated, because in the absence of NaCl, the for-
mation of macroscopic protein aggregates a few days after 
dialysis resulted in lower hydrolytic activity than in undia-
lysed fractions.

Biochemical characterization of the purified β‑glucosidases

Temperature and pH dependence

To estimate the temperature and pH preferences of the puri-
fied enzymes, their activities were measured in the pres-
ence of pNPG substrate between 10 and 80 °C and between 
pH 4 and 12. AS-Esc10 was active across the entire range 
of temperatures tested (Fig. 2a), with an optimum at 60 °C, 
whereas AS-Esc6 appeared more mesophilic, with maxi-
mal activity at 40 °C and hydrolysis detectable only below 
60  °C. In thermostability assays, both β-glucosidases 
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proved stable up to temperatures about 10 °C below their 
respective optima, showing no to very low residual activ-
ity after a 1-h incubation at 60 °C. Both enzymes showed 
a pH optimum near pH 8, but AS-Esc10 proved active over 
a broader pH range: it displayed more than 75 % maximal 
activity between pH 5 and 10, whereas AS-Esc6 showed 
less than 20 % maximal activity at pH 5 and 10 (Fig. 2b). 
Interestingly, AS-Esc10 was very stable across a wide pH 
range and notably under alkaline conditions: when incu-
bated for 1 h at 25 °C and pH 12, it retained 68 % of its 
activity, whereas AS-Esc6 was almost completely inacti-
vated (Fig. 2c).

Substrate specificity and kinetic parameters

The substrate specificities of AS-Esc6 and AS-Esc10 were 
evaluated by replacing pNPG with various other syn-
thetic aryl glycosides or with natural substrates (Table 1). 
Although pNPG was clearly the ‘preferred’ nitrophenyl 
derivative tested, AS-Esc10 showed a significant hydroly-
sis rate with o-nitrophenyl-β-d-galactopyranoside and AS-
Esc6 with p-nitrophenyl-β-d-xylopyranoside, as frequently 
observed with GH1 and GH3 enzymes, respectively [9, 
10, 18, 45]. Both enzymes showed lower specific activities 
with the disaccharide cellobiose and the natural aryl gly-
cosides esculin, salicin and arbutin than with pNPG, with 
a ‘preference’ for salicin. Surprisingly, AS-Esc6 showed 
practically no cellobiose-hydrolysing activity, even at cel-
lobiose concentrations up to 40 mM (data not shown). This 
suggests that this enzyme is an aryl-β-glucosidase.

To better estimate the efficiency of pNPG and cello-
biose degradation by the enzymes, their kinetic param-
eters were determined at optimal pH (8). This was done 
at optimal temperature (40 °C) for AS-Esc6 and at 50  °C 

for AS-Esc10, because of the latter’s instability at optimal 
temperature (60 °C). The highest maximal velocity (Vmax) 
was obtained for AS-Esc6, which hydrolysed pNPG at the 
calculated rate of 46.1  U/mg protein (kcat  =  62.1/s) and 
showed a Michaelis affinity constant (Km) of 1.14  mM. 
Lower Vmax and kcat values (7.9 U/mg and 7.1/s) were found 
for AS-Esc10, which compensated for this with a higher 
affinity for pNPG (Km = 0.20 mM). For cellobiose degra-
dation, the Km of this enzyme was 16.9 mM (Vmax = 2.2 U/
mg, kcat =  2.0/s), consistent with the general finding that 
Km (cellobiose) is greater than Km (pNPG) [23, 39].

Effects of various additives

The activity of AS-Esc6 and AS-Esc10 was next tested in 
the presence of several ions and other additives (Table 2). 
Both enzymes were severely inhibited by 5  mM Zn2+ or 
Cu2+ and moderately affected by Mn2+, Mg2+, and Ca2+. 
Co2+ was found to reduce the activity of AS-Esc6 to ca. 
10 % and that of AS-Esc10 to ca. 70 % of that measured 
under control conditions. A metal cofactor thus appeared 
clearly unnecessary, as deduced also from the absence of 
inhibition by the chelating agent EDTA, which appeared 
even to cause slight activation when added at 5 mM.

Addition of 10 % v/v ethanol also somewhat stimulated 
the activity of AS-Esc6 but not that of AS-Esc10. Both 
enzymes were significantly inhibited by methanol and 
dimethyl sufloxide (DMSO), although inhibition was less 
pronounced for AS-Esc10 in the presence of 10 % DMSO. 
Activation of β-glucosidases by ethanol is sometimes indic-
ative of transferase activity, with alcohol as nucleophilic 
acceptor instead of water [14, 39], but it might be attribut-
able to increased stability and/or hydrolytic activity owing 
to a change in medium polarity.

MW T

150 kDa -
100 kDa -
80 kDa -

60 kDa -

40 kDa -

30 kDa -

20 kDa -

I S FT1 FT2 E1 E2 E3 MW T I S FT1 FT2 E1 E2 E3 E1 bis

AS-Esc6 AS-Esc10

Fig. 1   SDS-PAGE analysis of the recombinant β-glucosidases. Pro-
teins recovered at different purification steps were separated by SDS–
10 % polyacrylamide gel electrophoresis and stained with Coomassie 
Brilliant Blue. MW protein molecular weight markers, T total extracts 

of E. coli Rosetta cells overproducing AS-Esc6 or AS-Esc10; insolu-
ble (I) and soluble (S) fractions obtained after cell lysis; FT1 and FT2 
flow-throughs 1 and 2; E1–E3 fractions obtained after elution with 
100, 250 and 500 mM imidazole; E1 bis E1 repurified
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The β-glucosidases were found to be relatively resistant 
to detergents and notably to 1–2 % v/v Triton X-100, which 
enhanced the activity of both enzymes. SDS and Tween 80 
affected the two enzymes differently. AS-Esc6 was com-
pletely inactivated by 0.25 % w/v SDS but strongly stimu-
lated by Tween 80 up to a concentration of at least 2 % v/v 
(a 140 % activity increase). AS-Esc10, on the other hand, 
showed a lesser but significant and unexpected activity 
increase (ca. 30 %) in the presence of 0.25–2 % SDS and a 

ca. 70 % activity reduction in the presence of the non-ionic 
detergent Tween 80 (1–2 % v/v).

In addition to being particularly resistant to the 
harsh detergent SDS, AS-Esc10 was highly tolerant to 
hydrogen peroxide. In the presence of 1  % w/v H2O2 
it retained 50  % of its activity, and in the presence of 
0.1  % H2O2, its activity was actually increased by ca. 
70 %. AS-Esc6, in contrast, was inactive at both concen-
trations tested.
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Fig. 2   Effect of pH and temperature on the activity and stability of 
purified β-glucosidases. a Effect of temperature on the activity (filled 
diamond) and stability (filled triangle) of AS-Esc6 and AS-Esc10. 
Thermal stability was estimated by measuring the residual enzyme 
activity (pNPG, 40  °C, pH 8) after incubation for 1  h at the indi-
cated temperature. b pH-dependent activity of β-glucosidases. The 
ability to hydrolyse pNPG was assayed at 40 °C in different buffers: 

filled diamond 100 mM sodium acetate buffer pH 5–6, filled square 
100  mM sodium phosphate buffer pH 6–8, filled triangle 100  mM 
Tris–HCl buffer pH 8–10, filled circle 100 mM glycine–NaOH buffer 
pH 8–12. c Effect of pH on the stability of AS-Esc6 and AS-Esc10. 
The enzymes were incubated at 25 °C for 1 h in each buffer before 
estimation of their residual activity at 40  °C in 100  mM phosphate 
buffer pH 8
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Effect of glucose

We next investigated to what extent the activity of the new 
β-glucosidases is affected by the reaction end-product, 
d-glucose (Fig.  3). AS-Esc6 showed a typical decrease in 
pNPG hydrolysis rate with increasing d-glucose concen-
tration (calculated Ki 14  mM). In contrast, the activity of 
AS-Esc10 was enhanced by d-glucose up to a rather high 
concentration, above which it gradually returned to normal 
and then decreased further. In the presence of 6 mM pNPG, 
a 2.7-fold activity increase was observed for glucose at 
ca. 500–1,000  mM concentration, with inhibition appear-
ing only at concentrations above 2.5  M. Kinetic analysis 
performed in the presence of 1 M glucose showed enzyme 
stimulation to occur despite a reduced affinity for pNPG 
(8.2 mM), thanks to a 7.4-fold increase in Vmax (58.1 U/mg).

Discussion

Most β-glucosidases characterized so far show maximal 
activity in the acidic pH range (pH 4–6.5), retaining only 
low activity and/or showing instability under mildly alka-
line conditions [2, 34] (see also the BRENDA database: 
http://www.brenda-enzymes.org [31]). Our present screen 
of two agricultural-soil metagenomic libraries has iden-
tified two enzymes acting preferably around pH 8 and 

remaining relatively stable up to at least pH 10 (and even 
pH 12 for AS-Esc10). These very uncommon features are 
accompanied, in the case of AS-Esc10, by high glucose 
tolerance. This is a very sought-after property, as the high 
sensitivity of most β-glucosidases to glucose inhibition is 
a major obstacle limiting their use in many industrial pro-
cesses [34, 37]. Efforts are thus devoted to finding new 
enzymes with lower sensitivity to end-product inhibition. 
Among the β-glucosidases identified to date, some show 
high Ki values for glucose [11, 26, 28, 29, 43], but very 
few show stimulation by glucose [23, 39, 42] and none has 
an alkaline pH optimum. We show here that d-glucose at 
molar concentrations increases both the Km and the Vmax 
of AS-Esc10, causing enhanced activity at some sub-
strate concentrations. Similar modifications of the kinetic 
parameters have been highlighted recently for Td2F2 
[39], a β-glucosidase isolated from a compost microbial 

Table 1   Substrate specificity of AS-Esc6 and AS-Esc10 evaluated at 
40 °C and pH 8

The specific activities of AS-Esc6 and AS-Esc10 for pNPG were 
respectively 25.77 and 4.08 U/mg. The specific activities of AS-Esc6 
and AS-Esc10 for salicin were respectively 3.20 and 1.32 U/mg

ND not detected

The highest activities of each enzyme are indicated in bold

Substrate (4 mM) Relative activity (%)

AS-Esc6 AS-Esc10

Synthetic aryl glycosides

 p-Nitrophenyl-β-d-glucopyranoside 100.0 ± 1.2 100.0 ± 0.2

 p-Nitrophenyl-α-d-glucopyranoside 1.86 ± 0.01 3.60 ± 0.24

 o-Nitrophenyl-β-d-galactopyranoside ND 36.1 ± 0.1

 p-Nitrophenyl-β-d-xylopyranoside 15.1 ± 0.3 1.05 ± 0.12

 p-Nitrophenyl-β-d-cellobioside 1.29 ± 0.02 7.81 ± 0.04

 p-Nitrophenyl-α-l-arabinofuranoside 0.37 ± 0.00 0.24 ± 0.05

 p-Nitrophenyl-N-acetyl-β-d-
glucosaminide

ND 0.33 ± 0.20

Natural glycosides

 Cellobiose 0.09 ± 0.04 30.8 ± 0.7

 Esculin 88.7 ± 5.0 43.9 ± 1.1

 Salicin 100.0 ± 2.8 100.0 ± 7.8

 Arbutin 86.3 ± 2.5 33.0 ± 2.2

Table 2   Effect of various additives on the β-glucosidase activity of 
AS-Esc6 and AS-Esc10

The enzymes were pre-incubated for 30 min (at 30  °C for AS-Esc6 
and 40 °C for AS-Esc10) with each additive before activity measure-
ment with pNPG as substrate. All additives except KCl and K2SO4 
modified the activity of these β-glucosidases significantly (p < 0.05)

ND not detected

Additive Concentration Relative activity (%)

As-Esc6 AS-Esc10

No additive (control) 100.0 ± 0.2 100.0 ± 3.4

EDTA 5 mM 115.2 ± 4.7 103.6 ± 0.3

K2SO4 5 mM 100.2 ± 0.5 92.9 ± 0.1

KCl 5 mM 93.6 ± 3.5 97.9 ± 0.5

MnSO4 5 mM 63.8 ± 1.7 85.8 ± 3.6

MnCl2 5 mM 65.0 ± 2.7 80.1 ± 2.0

ZnSO4 5 mM ND 1.11 ± 3.01

ZnCl2 5 mM ND 0.20 ± 0.20

CuSO4 5 mM ND 0.16 ± 0.00

CoCl2 5 mM 11.7 ± 1.9 70.9 ± 0.3

MgCl2 5 mM 90.9 ± 1.3 90.9 ± 0.8

CaCl2 5 mM 84.3 ± 2.5 86.4 ± 0.8

Ethanol 10 % (v/v) 116.0 ± 1.5 22.7 ± 0.4

Methanol 10 % (v/v) 40.0 ± 1.0 22.7 ± 0.2

DMSO 10 % (v/v) 15.3 ± 0.4 80.1 ± 9.0

SDS 0.25 % (w/v) 1.55 ± 2.98 125.5 ± 0.8

SDS 1 % (w/v) ND 117.2 ± 0.7

SDS 2 % (w/v) ND 129.3 ± 3.7

Triton X-100 1 % (v/v) 167.3 ± 3.6 109.8 ± 0.6

Triton X-100 2 % (v/v) 200.7 ± 5.4 116.1 ± 1.7

Tween 80 1 % (v/v) 187.6 ± 5.4 35.7 ± 0.6

Tween 80 2 % (v/v) 237.6 ± 4.9 33.3 ± 5.5

H2O2 0.1 % (w/v) 1.41 ± 0.03 168.7 ± 9.1

H2O2 1 % (w/v) 0.74 ± 0.87 46.1 ± 12.0

http://www.brenda-enzymes.org
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metagenome and displaying high transglycosylation activ-
ity. The authors propose that the observed increase in 
pNPG hydrolysis might be due to high transglycosylation 
activity leading to production of sophorose and laminaribi-
ose from pNPG and glucose. Further work will be neces-
sary to determine whether the same applies to AS-Esc10.

Also of considerable interest is the resistance of AS-
Esc10 to SDS. Strikingly, the enzyme retains maximal 
activity at detergent concentrations (>10 mM, 0.29 % w/v) 
that denature most proteins [8], β-glucosidases included [7, 
19, 28]. Globular proteins are usually highly vulnerable to 
SDS because of an equilibrium between their native folded 
states and the (partially) unfolded conformations that the 
detergent targets. Some proteins, however, require a high 
activation energy to reach the transition state between the 
native and unfolded states, so that they are virtually trapped 
in the folded state and therefore generally highly resistant 
to denaturation by SDS [21, 30]. Interestingly, kinetically 
stable proteins tend to be both SDS resistant and less sensi-
tive to proteolytic cleavage, in addition to having extended 
half-lives under diverse extreme chemical and physical 
conditions even if the unfolded state is thermodynamically 
more favourable [4, 12, 44]. Kinetic stability is thus a clear 
asset for enzymes of biotechnological interest. The result-
ing ability of such enzymes to work in combination with 
surfactants is particularly advantageous, as these chemicals 
are used in a wide variety of industrial processes and nota-
bly in biomass conversion: added surfactants favour cel-
lulose hydrolysis by increasing substrate accessibility for 
cellulases while decreasing their nonproductive adsorption 
onto lignin [32]. In this respect SDS appears superior to 
non-ionic surfactants [6], but its use is currently limited by 
the low tolerance of the enzymes available. Surfactants also 
have applications in the textile industry, e.g. in reducing 
back-staining of indigo dye during bio-stoning of denim 
garments [46]. Surfactant-stable β-glucosidases could fur-
ther be helpful in the pulp and paper industry, which uses 

diverse cellulolytic enzymes and surfactants [15]. AS-
Esc10 might thus find many biotechnological applications, 
the most obvious being its use as a detergent additive in the 
textile and laundry industries, where it could help alkaline 
endo- and exoglucanases to remove dirt from cotton gar-
ments and improve colour brightness, by degrading their 
end-product inhibitor cellobiose even in the presence of 
glucose concentrations that are inhibitory for most other 
β-glucosidases. Besides the marked resistance of AS-Esc10 
to harsh detergents and its high pH optimum, its unusual 
stability under oxidative conditions should be a major asset 
in the detergent industry, as oxidants are generally included 
in detergents as bleaching agents.

Although AS-Esc6 is highly tolerant to gentler deter-
gents such as Tween 80 and Triton X-100 and although 
these detergents clearly enhance its activity, applications 
such as those just described are not feasible for this protein. 
It is too sensitive to SDS and oxidants and is also among 
the few β-glucosidases characterized so far having practi-
cally no detectable cellobiose-hydrolysing activity [13, 
41]. Most β-glucosidases are like AS-Esc10 in that they 
can act on both cello-oligosaccharides and aryl glycosides. 
Yet enzymes capable of hydrolysing aryl glycosides and/or 
of catalysing transglycosylations involving them also have 
various applications in the food, chemical and pharmaceu-
tical industries [2], and AS-Esc6, with its unusually high 
pH optimum, might extend the already wide range of appli-
cations for such enzymes to new ones requiring more alka-
line conditions. This is also true of AS-Esc10, although this 
very promising enzyme can also work efficiently at slightly 
acidic pH.

Conclusions

Exploring the metagenome of an agricultural soil has 
thus led us to identify two novel β-glucosidases with very 
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Fig. 3   Effect of d-glucose concentration on the activity of AS-Esc6 
and AS-Esc10. β-Glucosidase activities were evaluated in the pres-
ence of 1 and 4 mM (AS-Esc6) or 6 mM (AS-Esc10) pNPG and of 

increasing concentrations of d-glucose diluted in 100 mM phosphate 
buffer pH 8. The incubation temperature was 40 °C for AS-Esc6 and 
50 °C for AS-Esc10
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uncommon properties. Both show a high optimal pH, one 
of them is among the rare β-glucosidases unable to hydro-
lyse cellobiose efficiently, and the other displays features 
that industrialists seek and that make it a promising can-
didate for use in diverse biotechnological applications: 
marked resistance to detergents and oxidants combined 
with high glucose tolerance. To better estimate its potential, 
this protein will be characterized more extensively, notably 
as regards its kinetic stability. We will also pursue screen-
ing of this metagenomic library, which has so far been par-
ticularly fruitful.
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