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a  b  s  t  r  a  c  t

A  novel  �-glucosidase  gene  (PtBglu1)  from  the  thermophilic  fungus,  Paecilomyces  thermophila,  was  cloned
and expressed  in  Pichia  pastoris.  PtBglu1  contained  an  open  reading  frame  of  1440-bp  nucleotides  and
encoded  a protein  of  479  amino  acids  which  showed  significant  similarity  to  other  fungal  �-glucosidases
from  glycoside  hydrolase  (GH)  family  1. The  recombinant  �-glucosidase  (PtBglu1)  was  secreted  at  high
level of  190.2  U  mL−1 in  high  cell  density  fermentor  (5 L).  PtBglu1  was  purified  to homogeneity,  and  was
found  to be  a glycoprotein  with molecular  mass  of  56.7 kDa.  The  purified  PtBglu1  showed  optimum  cat-
eywords:
aecilomyces thermophila
-Glucosidase
ene cloning
fficient expression
ichia pastoris

alytic  activity  at  pH  6.0 and  55 ◦C. The  enzyme  exhibited  broad  substrate  specificity  with  highest  activity
toward  pNP-�-d-glucopyranoside,  followed  by  pNP-�-d-galactopyranoside  and  cellobiose.  The  Km val-
ues  for  pNP-�-d-glucopyranoside,  cellobiose,  gentiobiose  and  salicin  were  0.55  mM,  1.0  mM,  1.74  mM
and  6.85  mM,  respectively.  These  properties  make  PtBglu1  a potential  candidate  for  various  industrial
applications.
. Introduction

�-Glucosidases (EC 3.2.1.21) catalyze the selective cleavage of
-glycosidic bonds from the non-reducing ends in their substrates,
nd some of them are also capable of forming long polymeric
ssemblies (Hong, Tamaki, & Kumagai, 2007; Ketudat & Esen, 2010).
hey are a very relevant group of enzymes because of the diversity
f biological roles in which they are involved and their generalized
ccurrence in all sorts of living organisms (Bhatia, Mishra, & Bisaria,
002). �-Glucosidases have received a great deal of attention due to
heir extensive potential applications in different industrial fields
uch as food, feed, textile, detergents, pharmaceutical and bio-
thanol conversion industries (Bhatia et al., 2002; Jeya et al., 2010;
hou et al., 2012).

As a major group among glycoside hydrolase (GH) enzymes, �-
lucosidases have been mainly classified into GH family 1 (GH1)
nd GH family 3 (GH3) based on their amino acid sequence iden-
ities (Henrissat et al., 1996). Generally, GH1 �-glucosidases are
ainly from archaebacteria, plants and mammals, which usu-
lly show �-galactosidase activity, while GH3 �-glucosidases are
ainly from bacteria, fungi and yeast (Bhatia et al., 2002; Ketudat

∗ Corresponding author at: Post Box 294, China Agricultural University, No. 17
inghua Donglu, Haidian District, Beijing 100083, China. Tel.: +86 10 62737689;

ax: +86 10 82388508.
E-mail address: zhqjiang@cau.edu.cn (Z. Jiang).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.09.086
© 2012 Elsevier Ltd. All rights reserved.

& Esen, 2010). To date, a number of �-glucosidase genes have been
isolated and characterized from various fungi such as Trichoderma
reesei (Murray et al., 2004), Humicola grisea (Takashima, Nakamura,
Hidaka, Masaki, & Uozumi, 1999), Piromyces sp. (Harhangi et al.,
2002), Talaromyces emersonii (Collins et al., 2007), Thermoascus
aurantiacus (Hong et al., 2007), Stereum hirsutum (Nguyen et al.,
2010) and Neosartorya fischeri (Kalyani et al., 2012), while most of
which belong to GH3. There are only few reports on the gene cloning
of GH1 �-glucosidases from fungi such as H. grisea (Takashima
et al., 1999), Piromyces sp. (Harhangi et al., 2002) and N. fischeri
(Kalyani et al., 2012; Ramachandran et al., 2012). More recently,
�-glucosidases from thermophilic fungi have attracted research
interest due to the potential applications associated with their
unusual inherent biochemical properties (Haki & Rakshit, 2003).
However, other than T. emersonii (Collins et al., 2007), no reports
on the gene cloning of GH1 �-glucosidases from thermophilic fungi
are available till now. The genus Paecilomyces is known to be good
enzyme producer which has been reported to produce several kinds
of hydrolytic enzymes, such as chitinase (Khan, Williams, Molloy,
& Nevalainen, 2003), protease (Khan et al., 2003) and tannase (Jr,
Macedo, & Macedo, 2011). However, so far there is no report on the
GH1 �-glucosidase from this species.

Paecilomyces thermophila J18, as a thermophilic fungus, can pro-

duce a series of lingocellulosic enzymes (Yang et al., 2006). In our
previous study, a novel GH3 �-glucosidase from P. thermophila
was purified, characterized and applied in the production of free
isoflavone from soya bean (Yang, Wang, Yan, Jiang, & Li, 2009).

dx.doi.org/10.1016/j.carbpol.2012.09.086
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:zhqjiang@cau.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.09.086


te Poly

H
g
a
i
�

2

2

e
N
U
w
o
e
B
t
T

4
t
1
G
M
i
U
(

2

(
C
t
t
P
r
s
a
3
p

3
c
l
t
C
P
P
P
f
s
J
w
a
s
P
w
i
s
N

S. Yang et al. / Carbohydra

ere, we report the cloning and expression of a GH1 �-glucosidase
ene from P. thermophila. The recombinant enzyme was purified
nd its biochemical properties were further investigated. This study
s the first report on the cloning, expression and properties of GH1
-glucosidase from P. thermophila.

. Experimental

.1. Strains, plasmids and growth conditions

P. thermophila J18 used in this study was deposited in China Gen-
ral Microbiological Culture Collection Center (CGMCC, accession
o. AS3. 6885). Escherichia coli strain JM109 (Stratagene, California,
SA) was used for propagation of plasmids. Pichia pastoris GS115
as used for protein expression. The P. pastoris expression kit was

btained from Invitrogen (San Diego, California, USA). Restriction
ndonucleases and T4 DNA ligase were purchased from England
iolabs (Ipswich, Massachusetts, USA). The pMD18-T simple vec-
or system and KOD-Plus DNA polymerase were the products of
aKaRa (Dalian, China).

P. thermophila J18 was grown in the culture medium at 50 ◦C for
 d in a shaker with rotation speed of 200 rpm. The medium con-
ained 2% (w/v) corncob xylan, 0.5% barley �-glucan, 1% tryptone,
% yeast extract, 0.03% MgSO4·7H2O, 0.03% FeSO4 and 0.03% CaCl2.
enomic DNA of P. thermophila J18 was isolated with a Fungal DNA
idi Kit (Omega Bioteck, Doraville, Georgia, USA). Total RNA was

solated with the Trizol reagent (Invitrogen, Carlsbad, California,
SA), and mRNA was purified using an Oligotex mRNA Midi Kit

Qiagen, Hilden, Germany).

.2. Cloning of the full-length ˇ-glucosidase cDNA

To clone the PtBglu1 gene, degenerate primers PtBglu1CP1
GGCCCTTCCATCTGGGAYACNTT) and PtBglu1CP2 (GGTGC-
GTTCTCGGTGACRTADATYTTNGG) were designed based on
he conserved sequences of known fungal �-glucosidases using
he CODEHOP algorithm (Rose et al., 1998). Genomic DNA of
. thermophila J18 was  used as template for polymerase chain
eaction (PCR) amplification. PCR conditions were as follows: a hot
tart at 94 ◦C for 5 min, 10 cycles of 94 ◦C for 30 s, 61–55 ◦C for 30 s
nd 72 ◦C for 2 min, followed by 20 cycles of 94 ◦C for 30 s, 55 ◦C for
0 s and 72 ◦C for 2 min. The PCR product was purified, ligated to
MD18-T vector and sequenced.

The full-length cDNA sequence of PtBglu1 was  obtained by 5′ and
′ RACE (rapid amplification of cDNA ends) using a SMART RACE
DNA Amplification Kit (Clontech, Palo Alto, California, USA), fol-
owing the manufacturer’s instructions. PCR was  performed with
he following primer pairs: PtBglu1GSP1 (GGCCGATGGAATTGC-
GAACTTGTC) and 10× Universal Primer A Mix (UPM) for first
CR, Nested Universal Primer A (NUP, BD Biosciences, US) and
tBglu1NGSP1 (TTGCTGCCTTTGACCAGGGCGATT) for 5′ RACE, and
tBglu1GSP2 (GACCGACTCCCCACCTTCACCGACG) and 10× UPM
or 3′ RACE. The obtained PCR product was purified, cloned and
equenced. The cDNA sequence of PtBglu1 from P. thermophila
18 was deposited in the GenBank nucleotide sequence database

ith accession No. HM036350. The coding region of PtBglu1 was
mplified from the P. thermophila J18 genomic DNA using the
pecific primers PtBglu1DNAF (ATGACCACCGCAACTCTGCCG) and
tBglu1DNAR (TCACTCCTTGCGAATGTACTTTTC). The DNA product

as purified and cloned into a pMD18-T vector, and transformed

nto E. coli JM109 for sequencing. The gene and deduced amino acid
equence were analyzed and compared with sequence databases in
CBI using available online tools (http://www.expasy.ch/tools/).
mers 92 (2013) 784– 791 785

2.3. Construction of expression vector in P. pastoris

The coding region of PtBglu1 without the signal peptide-coding
sequence was amplified by PCR using primers PtBglu1SnaBIF
(AAGCTTTACGTAATGACCACCGCAACTCTGCC) and PtBglu1AvrIIR
(AAGCTTCCTAGGTCAATGATGATGATGATGATGCTCCTTGCGAATG-
TACTT). PCR amplification was carried out using the KOD-Plus DNA
polymerase at an annealing temperature of 65 ◦C. The PCR product
was purified and cloned into pPIC9K vector between SnaBI and
AvrII sites, yielding the recombinant plasmid pPIC9K-PtBglu1. The
recombinant plasmid was linearized with restriction endonuclease
SacI, and then transferred to P. pastoris GS115 competent cells by
electroporation.

The His+ transformants were selected based on their resistance
to Geneticin 418 (G418, Life Technologies, Gaithersburg, Mary-
land, USA). After incubating the plates for 2 days at 30 ◦C, the His+

transformants were scored and suspended in sterile water and 105

cells were coated on yeast extract peptone dextrose (YPD) plates
containing G418 at a final concentration of 0.5–4.0 mg  mL−1, and
then the putative multi-copy transformants were selected. To dif-
ferentiate Mut+ from Muts, one patch of GS115/His+ Mut+ �-gal
and GS115/His+ Muts Albumin were used as positive control and
negative control, respectively. His+ transformants scored as Mut+

phenotype based on rapid growth on minimal methanol medium
(MM)  plates were then used to express PtBglu1 gene.

2.4. High-level expression of PtBglu1 in P. pastoris

The recombinant PtBglu1 was  expressed in P. pastoris GS115
cells. A single colony was  inoculated in 10 mL buffered minimal
glycerol complex medium (BMGY) in a 100-mL shake flask. The
cells were grown at 30 ◦C in a shaking incubator (250 rpm) until
the cell density reached an OD600 of 2.0–6.0, then the cells were
collected and re-suspended in 50 mL  BMMY  medium (same com-
position as BMGY but with 0.5% methanol instead of glycerol) in
a 500 mL  shake flask and then further incubated under the same
conditions. Methanol (100%) was added every 24 h to ensure a final
concentration of 0.5% to maintain induction. After 3 days of culti-
vation, the cultures were centrifuged at 10,000 × g for 10 min, and
the supernatant was  used as the crude enzyme.

High-level expression of PtBglu1 was performed using high cell-
density fermentation according to the Pichia Fermentation Process
Guidelines (Version B, 053002, Invitrogen). The positive strain with
the highest activity was  cultured in shake flask at 30 ◦C with rota-
tion speed of 250 rpm until the cell density reached an OD600 of
more than 10.0, and then the culture was  inoculated into a 5-L
fermentor containing 2.0 L BSM medium with 8.7 mL  PTM1 trace
salts. The fermentation temperature, pH and agitation rate were
maintained at 30 ◦C, pH 4.0 and 700 rpm, respectively. The initial
dissolved oxygen (DO) level was  maintained at >20% air satura-
tion. After the initial glycerol was  depleted, fed-batch fermentation
was started by supplementing glycerol at a flow rate of 36.8 mL h−1

for 6 h. Then, the methanol containing PTM1 trace salts (pH 6.0,
12 mL  L−1) was supplemented, increasing the flow rate from 7.2 mL
h−1 at initial stage to 21.8 mL  h−1 over a 4-h period. Samples with-
drawn every 12 h were analyzed by SDS-PAGE, enzyme activities,
protein concentrations and wet cell weights were also determined.

2.5. Enzyme assay and protein determination

�-Glucosidase activity was determined at 55 ◦C using 5.0 mM
pNP-�-d-glucopyranoside (pNPG) as substrate in 50 mM citrate

buffer (pH 6.0). After 10 min  of incubation, the reaction was stopped
by adding three volumes of saturated sodium tetraborate solution,
and the absorbance at 405 nm was measured (Peralta, Kadowaki,
Terenzi, & Jorge, 1997). One unit of enzyme activity was  defined as

http://www.expasy.ch/tools/
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he amount of enzyme that is required to liberate 1 �mol  pNP per
inute under the above conditions.
Protein concentrations were measured by the Lowry method

Lowry, Rosebrough, Farr, & Randall, 1951) with bovine serum albu-
in  (BSA) as the standard. Specific activity was expressed as units

er milligram protein.

.6. SDS-PAGE, zymogram analysis and molecular mass
etermination of PtBglu1

SDS-PAGE was performed using 12.5% (w/v) separating gel
ccording to the method of Laemmli (1970).  Proteins in the gel
ere stained by Coomassie brilliant blue R-250, and the molec-
lar mass was estimated with reference to broad range molecular
ass protein standards. The protein standards used were phos-

horylase b (97.0 kDa), albumin (66.0 kDa), ovalbumin (45.0 kDa),
arbonic anhydrase (30.0 kDa), trypsin inhibitor (20.1 kDa) and �-
actalbumin (14.4 kDa).

A zymogram of PtBglu1 was produced by incubating the SDS-
AGE gel in 0.5 �M 4-methylumbelliferyl-�-d-glucuronide hydrate
olution at 50 ◦C for 0.5 h, after washing the gel with 25% iso-
ropanol and 50 mM phosphate buffer (pH 6.0), respectively (each
or 3 times). The �-glucosidase location on the gel was  then visu-
lized under UV light at 260 nm.

Native molecular mass of PtBglu1 was estimated by gel filtration
ith a Sephacryl S-200 HR column pre-equilibrated with 50 mM
hosphate buffer (pH 7.2) containing 50 mM NaCl.

.7. Purification of the recombinant PtBglu1

The crude enzyme solution was dialyzed against buffer A
50 mM pH 8.0 phosphate buffer) overnight, and then applied to

 Ni-IDA agarose column (1.0 cm × 10 cm)  pre-equilibrated with
uffer B (buffer A containing 500 mM NaCl and 10 mM  imidazole).
fter binding for 30 min, the column was washed with buffer B fol-

owed by buffer C (buffer A containing 500 mM NaCl and 20 mM
midazole). Finally, the absorbed proteins were eluted with buffer

 (buffer A containing 500 mM NaCl and 50 mM imidazole). Flow
ates in each elution were adjusted to 1.0 mL  min−1. The homo-
eneity of the fraction with enzyme activity was monitored by
DS-PAGE.

.8. Biochemical characterization of the purified PtBglu1

Optimum pH of the purified PtBglu1was determined by measur-
ng its activity in different buffers (50 mM)  with pH varying from 2.5
o 11.0, and pH stability was determined by measuring its residual
ctivity after it was incubated with different pH buffers for 30 min
t 45 ◦C. Optimum reaction temperature of the enzyme was deter-
ined by measuring its activity at 30–70 ◦C, and thermostability
as determined by measuring its residual activity after treatment

t 30–70 ◦C for 30 min  in 50 mM citrate buffer (pH 6.0).

.9. Substrate specificity of the purified PtBglu1 and kinetic
arameters

Substrate specificity of the purified PtBglu1 was determined by
easuring the enzyme activity using different pNP-glycosides, dis-

ccharides, oligosaccharides and polysaccharides as the substrates.
he reactions were carried out in 50 mM pH 6.0 citrate buffers at
5 ◦C for 10 min  with the pNP-glycosides (5 mM)  or the substrate
oncentration of 1% (w/v) for others. The amount of pNP released

rom pNP-glycosides was  determined by the standard enzyme
ssay. The glucose released from disaccharides and oligosaccha-
ides was measured using a GOD-POD assay kit (Kangtai, Beijing,
hina). The reducing sugars released from polysaccharides were
mers 92 (2013) 784– 791

analyzed according to the DNS method (Miller, 1959). Enzyme units
were defined as the amount of the enzyme that is required to pro-
duce 1 �mol  of pNP or glucose or reducing sugar per minute under
the above assay conditions. One unit of enzyme activity towards
gluco-disaccharides such as cellobiose, sophorose and gentiobiose
was defined as the amount of enzyme that is required to form
2 �mol  of glucose per minute. The kinetic parameters of PtBglu1
toward different substrates were determined by measuring the
enzyme activities with the substrate concentrations ranging from
0 to 20 mM  in 50 mM citrate buffer (pH 6.0) at 55 ◦C for 2 min. The
Km and Vmax values were calculated using “GraFit” software.

2.10. Hydrolysis properties of PtBglu1

The hydrolytic properties of PtBglu1 were evaluated by incu-
bating 10% (w/v) of individual cello-oligosaccharide or 1% of
polysaccharide with 10 U mL−1 of purified PtBglu1 in 50 mM citrate
buffer (pH 6.0) at 55 ◦C for 6 h. Samples withdrawn at different
time intervals were analyzed. Glucose released was  qualified by
a GOD-POD assay kit. Other hydrolytic products were qualita-
tively analyzed by thin-layer chromatography (TLC) on Kieselgel
60 plates (Merck, Germany) with a butan-1-ol–acetic acid–water
(2:1:1, v/v) solvent system. The plates were developed with one
run followed by heating for few minutes at 130 ◦C in an oven
after spraying the plates with a methanol–sulfuric acid mixture
(95:5, v/v).

3. Results

3.1. Cloning and sequence analysis of PtBglu1 from P. thermophila

A 1200-bp gene fragment was  obtained by PCR using degen-
erate primers PtBglu1CP1 and PtBglu1CP2 designed from other
fungal �-glucosidase sequences in the GeneBank database, with
P. thermophila J18 genomic DNA as template. This sequence was
subsequently used to design RACE primers to obtain full-length
coding region of the gene. Primers corresponding to the regions
containing the putative start and stop codons deduced from the 5′

and 3′ RACE PCR products were then used to amplify full-length
PtBglu1 sequence from first-strand cDNA and genomic DNA of P.
thermophila. The predicted product of the PtBglu1 insert revealed
a single open reading frame (ORF) of 1440-bp (Fig. 1) encoding a
polypeptide of 479 amino acid residues with a calculated molecular
mass of 54,997 Da without predicted signal peptide, and a deduced
isoelectric point (pI)  of 5.41. The putative protein sequence con-
tained one possible N-glycosylation site. Sequence analysis showed
that the full-length PtBglu1 gene is interrupted by four putative
introns (64, 55, 68 and 61 bp).

The deduced amino acid sequence of the PtBglu1 showed high
homology with some GH1 �-glucosidases from other fungi, such
as T. emersonii (AAL89551.2, Collins et al., 2007) (82%), Talaromyces
stipitatus (EED22235.1) (79%), Penicillium marneffei (EEA26357.1)
(78%), N. fischeri (EAW22388.1, Kalyani et al., 2012) (74%) and
Aspergillus fumigatus (EAL90802.1) (74%). The nucleotide sequence
of the PtBglu1 gene was deposited in the GenBank database under
the accession number HM036350.

3.2. Expression and purification of PtBglu1 in P. pastoris

A secreted expression plasmid, pPIC9K-PtBglu1 was success-
fully constructed by subcloning the PtBglu1 gene into pPIC9K vector
under the control of the AOX1 promoter, and then it was trans-

ferred to P. pastoris GS115 competent cells. A positive strain which
secreted high level of recombinant �-glucosidase in flask culture
was isolated, and then subjected to high cell-density fermenta-
tion. The maximum �-glucosidase activity of 190.2 U mL−1 with
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Fig. 1. Nucleotide sequence of PtBglu1 from Paecilomyces thermophlia and deduced amino acid sequence of the gene product. Flanking regions and four introns are shown
i on (AT
h

s
b
w
P
f
m
S
E
o

T
P

n  lowercase letters while coding regions are shown in uppercase letters. Start cod
ere  was  submitted to Genbank under accession number HM036350.

ecreted protein of 8.9 g L−1 was obtained after 144 h of induction
y methanol. Also, the highest cell density of the fermentation broth
ith OD600 value of 644 was achieved (Fig. 2a). The recombinant

tBglu1 was purified to apparent homogeneity with a purification
old of 9.0 and a recovery yield of 85.2% (Table 1). The molecular

ass of the enzyme was estimated to be 58.0 kDa and 56.7 kDa by

DS-PAGE (Fig. 2b), and gel filtration chromatography, respectively.
ndo H treatment of PtBglu1 did not result in a protein band shift
n SDS-gel (Fig. 2b).

able 1
urification of the recombinant �-glucosidase (PtBglu1) expressed in P. pastoris.

Purification step Total activity (U)a Total protein (mg)b S

Culture supernatant 9510 445 

Ni-NTA 8102.5 42.0 1

a Enzyme activity was  measured in 50 mM citrate buffer (pH 6.0) at 55 ◦C using 5 mM p
b The protein was  measured by the Lowry method (Lowry et al., 1951), using BSA as th
G) is boxed. Poly (A+) tail is double underlined. The nucleotide sequence reported

3.3. Biochemical characterization of PtBglu1

The recombinant PtBglu1 was most active at pH 6.0 (Fig. 3a),
and it exhibited good pH stability, since more than 80% of its activ-
ity remained after treatment in different buffers (pH 5.0–11.0) for
30 min  (Fig. 3b). The optimal temperature of the purified PtBglu1

◦
was found to be 55 C (Fig. 3c), and the enzyme was fairly stable
at this temperature. The residual activity reached up to 88% of its
original activity after treatment at 55 ◦C for 30 min  (Fig. 3d).

pecific activity (U mg−1) Purification factor (-fold) Recovery (%)

21.4 1 100
92.7 9.0 85.2

NPG as the substrate.
e standard.
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Fig. 2. Time course of PtBglu1 production expressed in Pichia pastoris by high
density-fermentation (a) and SDS-PAGE of proteins during purification process of
t
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Table 2
Substrate specificity of the purified PtBglu1.

Substrate Specific activity
(U mg−1)a

Relative
activity (%)

pNP-�-d-glucopyranoside 192.7 100
pNP-�-d-

galactopyranoside
97.7 50.7

ONP-�-d-
galactopyranoside

18.2 9.4

pNP-�-d-glucopyranoside 6.5 3.4
pNP-�-d-xylopyranoside 4.7 2.4
Cellobiose (Glc�1-4Glc) 65.2 33.8
Cellotriose 58.2 30.2
Cellotetraose 48.7 25.3
Lactose (Gal�1-4Glc) 39.8 20.7
Salicin [2-

(hydroxymethyl)phenyl-
�-d-glucoside]

27.8 14.4

Amygdalin 4.1 2.1
Gentiobiose (Glc�1-6Glc) 25.3 13.1
Lichenan 69.6 36.1
Laminarin 58.9 30.6
Barely-�-glucan 46.4 24.1

a The activity for pNP-�-d-glucopyranoside was defined as 100%. PtBglu1 did not
he recombinant PtBglu1 (b). (�) Enzyme activity, (�) protein concentration, (�)
D600. Lane M,  standard protein molecular weight markers; lane 1, culture super-
atant; lane 2, fraction after Ni-NTA; lane 3, PtBglu1 treated by Endo H.

.4. Substrate specificity and kinetic parameters

The activities of PtBglu1 on various substrates were exam-
ned (Table 2). Apparently, the enzyme exhibited broad sub-
trate specificity, and the highest activity was observed with
NP-�-d-glucopyranoside as the substrate, followed by pNP-
-d-galactopyranoside (50.7%), cellobiose (33.8%) and lactose

20.7%), while it displayed relative low activity on pNP-�-
-glucopyranoside (3.4%), pNP-�-d-xylopyranoside (2.4%) and
mygdalin (2.1%). It showed no activity toward carboxymethyl
ellulose (CMC), birchwood xylan and sucrose. Unexpectedly, the
nzyme even hydrolyzed polysaccharides such as lichenan, lami-
arin and barley-�-glucan, with 36.1%, 30.6% and 24.1% of relative
ctivities on pNPG-�-d-glucopyranoside, respectively.

The kinetic parameters of the purified PtBglu1 were deter-
ined for several preferred substrates (Table 3). The Km values

oward pNP-�-d-glucopyranoside, cellobiose, gentiobiose, pNP-�-
-galactopyranoside, salicin and lactose were 0.55 mM,  1.0 mM,
.74 mM,  5.3 mM,  6.85 mM and 26.1 mM,  respectively.

.5. Hydrolysis properties of PtBglu1
The hydrolysis properties of PtBglu1 toward polysaccharides
nd cellooligosaccharides were analyzed by TLC. Glucose was
he major product released from barely �-d-glucan, lichenan and
act toward Avicel, CMC, filter paper, birchwood xylan, �-1,3-glucan, rutin, starch,
pullulan, locust bean gum, maltose, xylobiose, sucrose, trehalose and raffinose.

laminarin (Fig. 4), suggesting the action mode of the enzyme was
exo-type. PtBglu1 could completely convert cellobiose, cellotriose
and cellotetraose to glucose in 4 h (Fig. 4). In the initial stage
(0–1 h) of the hydrolysis, some oligosaccharides with the degrees
of polymerization higher than the responding substrates were
observed, suggesting the enzyme had transglycosylation activity
(Fig. 4). All the intermediate products were hydrolyzed to glucose
finally with the extension of reaction time.

4. Discussion

Although the physical and biochemical properties of �-
glucosidases from various fungi have been studied extensively
(Bhatia et al., 2002; Chen, Fu, Ng, & Ye, 2011; Hong et al., 2007;
Krisch, Bencsik, Papp, Vagvolgyi, & Tako, 2012; Takashima et al.,
1999), as far as we  know this represents the first report on
the cloning, expression and characterization of a novel GH fam-
ily 1 �-glucosidase gene (PtBglu1) from the thermophilic fungus
P. thermophila. PtBglu1 in the present study exhibited moderate
homology to some GH1 �-glucosidases from other fungi such as T.
emersonii,  T. stipitatus, P. marneffei, N. fischeri and Aspergillus fumi-
gates (82%, 79%, 78%, 74% and 74% identity, respectively). Thus,
PtBglu1 is a new member of GH1 �-glucosidases.

A number of GH1 �-glucosidases have been isolated and char-
acterized from plants (Chuenchor et al., 2011), bacteria (Fan, Miao,
Liu, Liu, & Liu, 2011; Xu et al., 2010), and fungi (Collins et al., 2007;
Harhangi et al., 2002; Kalyani et al., 2012; Nguyen et al., 2010;
Takashima et al., 1999). In the present study, the �-glucosidase
(PtBglu1) gene has been successfully expressed in P. pastoris, and
the production of PtBglu1 reached 190.2 U mL−1 after 140 h of
methanol induction, which is the highest value for GH family 1 �-
glucosidases from fungi until date. This value is also much higher
than most other fungal GH3 �-glucosidases (Chen et al., 2011; Hong
et al., 2007).

The molecular mass of the purified PtBglu1 was  estimated to
be 58.0 kDa and 56.7 kDa by SDS-PAGE (Fig. 2b), and gel filtration
chromatography, respectively, which indicates that the enzyme is

a monomeric protein. The molecular mass is substantially lower
than that of typical GH3 �-glucosidases, which range from about
70 to 100 kDa (Maekawa, Hayase, Yubisui, & Minami, 2006), while
in agreement with those of many extracellular GH1 �-glucosidases
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Table  3
Kinetic parameters for the purified PtBglu1.a

Substrate Vmax (�mol  min−1 mg−1) Km (mM)  kcat (s−1) kcat/Km (mM−1 s−1)

pNP-�-d-glucopyranoside 328.8 ± 7.5 0.55 ± 0.03 5.5 9.96
pNP-�-d-galactopyranoside 325.0 ± 1.3 5.3 ± 0.06 5.4 1.02
Cellobiose 306.3 ± 6.3 1.0 ± 0.06 5.1 5.10
Lactose 149.0 ± 3.0 26.1 ± 1.15 2.48 0.095
Salicin 66.0 ± 0.4 6.85 ± 0.06 1.1 0.16
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Gentiobiose 44.5 ± 1.1 

a Enzymatic reactions were carried out in 50 mM citrate buffer (pH 6.0) at 55 ◦C f

rom other fungal sources such as T. reesei (57 kDa, Takashima et al.,
999), T. emersonii (57.6 kDa, Collins et al., 2007) and N. fischeri
56 kDa, Kalyani et al., 2012).

The purified PtBglu1 showed optimal activity at pH 6.0 and 55 ◦C.
he optimal pH is similar to that of most of the GH1 �-glucosidases
rom other fungi with pH optima around neutrality (pH 6.0–7.0)
Harhangi et al., 2002; Kalyani et al., 2012; Ramachandran et al.,
012; Takashima et al., 1999). The optimal temperature is higher
han those of most other reported recombinant GH1 �-glucosidases
oth from bacteria (Fan et al., 2011; Spiridonov & Wilson, 2001;
u et al., 2010) and fungi (Harhangi et al., 2002; Kalyani et al.,
012; Ramachandran et al., 2012; Takashima et al., 1999), with opti-
al  temperature ranging from 35 ◦C to 50 ◦C. The purified PtBglu1

lso exhibited good thermostability, with denaturing half-life of
160 min  at 50 ◦C. The high thermostability gives the enzyme many
dvantages in biotechnological applications, since a higher reaction
emperature can not only improve the reaction rate, but also reduce

he enzyme dosage.

GH1 �-glucosidases usually posses both �-glucosidase activity
nd �-galactosidase activity (Bhatia et al., 2002). The puri-
ed PtBglu1 in the present study showed high specific activity
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etermined by measuring its activity at different pH in various buffers. For pH stability det
nd  then the residual activities were determined. The buffers used were (�) citrate (pH 2.
nd  (©) glycine–NaOH (pH 10.0–12.0). The optimal temperature of the enzyme was  dete
nzyme  was  treated at various temperatures (30–70 ◦C) for 30 min, and then the residual
1.74 ± 0.10 0.74 0.43

in.

(97.7 U mg−1) for pNP-�-d-galactopyranoside. Based on substrate
specificity, �-glucosidases have been classified as (1) aryl �-
glucosidases, which act on aryl-glucosides, (2) true cellobiases,
which hydrolyze cellobiose to release glucose, and (3) broad
substrate specificity �-glucosidases, which act on a spectrum of
substrates (Bhatia et al., 2002). PtBglu1 from P. thermophila showed
significant activity for both aryl-glucosides and cellooligosaccha-
rides (Table 2), indicating that it belongs to broad substrate
specificity �-glucosidases. The substrate specificity of PtBglu1 is
similar to the GH1 �-glucosidase from the bacterium Micrococ-
cus antarcticus, which can also hydrolyze aryl-glucosides as well
as cellooligosaccharides (Fan et al., 2011), while it is different
from Sphingomonas pancimobilis GH1 �-glucosidase, which showed
no detectable activity towards substrates derived from cellulose
hydrolysis and lactose (Marques, Coutinho, Videira, Fialho, & S.Á-
Correia, 2003). Furthermore, the PtBglu1 in the present study is
significantly different from GH1 �-glucosidases from other fungi,

such as S. hirsutum (Nguyen et al., 2010) and N. fischeri (Kalyani et al.,
2012), which also exhibited low or no activity for cellooligosac-
charides. It should be noteworthy that the PtBglu1 in the present
study can hydrolyze polysaccharides such as lichenan, laminarin
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ermination, the enzyme was  treated at various buffers with different pH for 30 min,
5–5.5), (�) phosphate (pH 5.0–7.0), (�) MOPS (pH 6.0–8.0), (�) CHES (pH 8.0–10.0)
rmined by assaying its activity at 30–70 ◦C. For thermostability determination, the

 activities were measured.
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ydrolyzed by 10 U mL−1 of purified PtBglu1 in 50 mM citrate buffer (pH 6.0) at 55 ◦

nd barely-�-glucan to release glucose, which is different from
ost other reported �-glucosidases (Jeya et al., 2010; Joo et al.,

009; Kalyani et al., 2012; Murray et al., 2004; Nguyen et al., 2010).
tBglu1 had a comparable Km value of 0.55 mM for pNPG. This
alue is lower than that of the GH1 �-glucosidases from bacteria
uch as M.  antarcticus (7 mM,  Fan et al., 2011) and Sphingomonas
aucimobilis (1.3 mM,  Marques et al., 2003), and fungi including
. fischeri (2.8 mM,  Ramachandran et al., 2012), Piromyces sp. E2

1 mM,  Harhangi et al., 2002) and S. hirsutum (2.5 mM,  Nguyen
t al., 2010). It is only slightly higher than that of a bacterial GH1
-glucosidase (Spiridonov & Wilson, 2001) and a fungal GH1 �-
lucosidase (Takashima et al., 1999) with the Km values of 0.24 mM
nd 0.32 mM,  respectively. In addition, the value is also lower than
ost GH3 �-glucosidases from other fungi, such as Penicillium

urpurogenum KJS506 (5.1 mM,  Jeya et al., 2010), Fomitopsis pini-
ola (1.8 mM,  Joo et al., 2009) and Daldinia eschsecholzii (1.5 mM,
arnchanatat et al., 2007). The purified PtBglu1 showed relative

ow Km values for other tested substrates ranging from 1.0 mM
o 26.1 mM (Table 3) indicating that the affinities of enzyme to
ubstrates are in the order of cellobiose > gentiobiose > pNP-�-d-
alactoside > salicin > lactose. The broad substrate specificity and
igh affinity to substrates have the potential to enlarge PtBglu1’s
pplication. The properties of PtBglu1 against polysaccharides were
nvestigated by thin layer chromatography (Fig. 4). During time
ourse hydrolysis, only glucose was released from the substrate,
uggesting that the action mode of PtBglu1 was  exo-type. The
urified enzyme also displayed transglycosylation activity in the

ydrolytic process of cellobiose, cellotriose and cellotraose (Fig. 4).
ome other fungal �-glucosidases also have been shown to form
lycosidic linkages by transglycosylation action in the hydrolytic
rocess (Joo et al., 2009; Murray et al., 2004).
arides by the purified PtBglu1 of P. thermophila. Different substrates (1%, w/v) were
6 h. Samples withdrawn at different time intervals were analyzed by TLC.

In conclusion, a novel �-glucosidase gene, PtBglu1, from P. ther-
mophila was cloned and successfully expressed in P. pastoris for the
first time. The highest �-glucosidase production of 190.2 U mL−1

was obtained in a 5.0-L fermentor by high cell-density fermen-
tation. The recombinant PtBglu1 was  purified and characterized.
The molecular mass of the enzyme was estimated to be 56.7 kDa
by SDS-PAGE. The enzyme showed optimal activity at pH 6.5 and
55 ◦C. The enzyme exhibited broad substrate specificity, good ther-
mal  and pH stability. These properties make it potentially useful in
a wide variety of industrial applications.
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