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a  b  s  t  r  a  c  t

The  �-glucosidase  gene  Tt-bgl  from  Thermotoga  thermarum  DSM  5069T  was  cloned  and  overexpressed  in
Escherichia  coli.  A simple  strategy,  induction  at 37 ◦C  with  no  IPTG,  was  explored  to  reduce  the  inclusion
bodies,  by  which  the activity  of  Tt-BGL  was  13  U/mL  in LB  medium.  Recombinant  Tt-BGL  was  purified  by
heat  treatment  followed  by  Ni–NTA  affinity.  The  optimal  activity  was  at pH 4.8  and  90 ◦C.  The activity
of  Tt-BGL  was  significantly  enhanced  by methanol  and  Al3+. The  enzyme  was  stable  over  pH range  of

◦

eywords:
verexpression
lucose-tolerant �-glucosidase
hermotoga thermarum
iotransformation

4.4–8.0,  and  had  a 2-h  half  life  at 90 C. The  Vmax for p-nitrophenyl-�-d-glucopyranoside  and  ginsenoside
Rb1 was  142  U/mg  and  107 U/mg,  while  the  Km was 0.59  mM  and  0.15  mM,  respectively.  The activity  of
the  enzyme  was  not  inhibited  by ginsenoside  Rb1  (36 g/L).  It  was  activated  by glucose  at  concentrations
lower  that 400  mM. With  glucose  further  increasing,  the  activity  of Tt-BGL  was  gradually  inhibited,  but
remained  50%  of  the  original  value  in  even  as  high  as 1500  mM  glucose.  Under  the  optimal  conditions,

nosid
insenoside Tt-BGL  transformed  ginse

. Introduction

Ginseng is generally known for its medical properties. Recently,
harmaceutical activities of ginseng roots have been proven
y many researches, and ginseng has become a world-famous
edicinal plant [1]. Ginseng roots contain various pharma-

eutical components ginsenosides, polyacetylenes, polyphenolic
ompounds and acidic polysaccharides, and among the compo-
ents, ginsenosides are the most pharmaceutically active. Until
ow, more than 180 ginsenosides have been isolated from gin-
eng roots, with five major ginsenosides (ginsenosides Rb1, Rb2, Rc,
e and Rg1) constituting more than 80% of the total ginsenosides
1,2]. The various ginsenosides have the different pharmaceutical
ctivities because of the different skeletons and sugar moieties.
In the recent decades, many studies have focused on the phar-
aceutical activities of the ginsenoside Rd, because it activity is

ound to be superior to those of the major ginsenosides, such as

Abbreviations: IPTG, isopropyl-�-d-thiogalactopyranoside; GH, glycoside
ydrolase; pNPGlu, p-nitrophenyl-�-d-glucopyranoside; pNPGal, p-nitrophenyl-
-d-galactopyranoside; pNPXyl, p-nitrophenyl-�-d-xylopyranoside; pNPAra, p-
itrophenyl-�-l-arabinofuranoside.
∗ Corresponding author at: College of Chemical Engineering, Nanjing Forestry
niversity, Nanjing 210037, China. Tel.: +86 025 85427962.

E-mail addresses: peijj2000@sina.com.cn, jianjunpei@hotmail.com (J. Pei).

381-1177/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcatb.2013.05.027
e  Rb1  (36  g/L)  to Rd  by  95% in  1  h.
© 2013 Elsevier B.V. All rights reserved.

to enhance the differentiation of neural stem cells, protect neural
systems against neurotoxicity by attenuating NO overproduction,
decrease levels of urea nitrogen and creatinine in the kidney, and
protect the kidney from apoptosis and DNA fragmentation caused
by chemical drugs and cancer drugs [3–7]. Therefore, producing Rd
with high-activity and low-cost has been a hot topic in the ginseno-
side research. But Rd content of ginseng roots is less than those of
major ginsenosides. Moreover, it is not feasible to prepare Rd by
chemical synthesis because of its complex structure [8,9]. Through
analyzing the structures, Rb1 has structural similarities to Rd, and
Rb1 has only one more sugar residue at the C-20 position than Rd
(Fig. 1). Thus, Rd can be obtained by the chemical transformation
or biotransformation. In comparison with the chemical transfor-
mation, the biotransformation has more potential for conversion
because of its high specificity and environmental compatibility
[3,10].

�-Glucosidases (EC 3.2.1.21) does not only participate in cel-
lulose degradation, it also play an important role in bioactive
substrates liberation from these precursors, because �-glucosides
constitute the majority of the known glycoconjugated the com-
pounds [11–14]. Some studies have looked for suitable microbes or
enzymes that can transform Rb1 into Rd [15–17]. However, most

of �-glucosidases have been lack of high catalytic efficiency, ther-
mostability, high glucose tolerance, high substrate tolerance, or
high specificity. Thus, producing a �-glucosidase with the advan-
tages discussed above has become important.

dx.doi.org/10.1016/j.molcatb.2013.05.027
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.molcatb.2013.05.027&domain=pdf
mailto:peijj2000@sina.com.cn
mailto:jianjunpei@hotmail.com
dx.doi.org/10.1016/j.molcatb.2013.05.027
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Fig. 1. Enzymatic transformation of ginsenside Rb1 to Rd.

Bacterium Thermotoga thermarum DSM 5069T is a strict anaer-
be that grows on a variety of carbohydrates including fructose
affinose, salicin and cellulose at 80 ◦C, which have attracted
onsiderable interest with regards hydrogen production and ther-
ostable enzyme production [18]. Owing to the inherent difficulty

f cultivation of T. thermarum DSM 5069T, it is difficult to obtain
 sufficient amount of cells for large-scale enzyme production. For
he production of the recombinant protein, genetic engineering is
he first choice because it is easy, fast, and cheap.

In this paper, we report the sequence analysis, cloning, over-
xpression, and detailed biochemical characterization of the
-glucosidase from T. thermarum DSM 5069T. The favorable prop-
rties make the �-glucosidase a good candidate for utilization in
iotechnological applications.

. Materials and methods

.1. Bacterial strains, plasmids, growth media

T. thermarum DSM 5069T was purchased from DSMZ
www.dsmz.de). It was grown anaerobically at 80 ◦C as described
reviously [18]. Escherichia coli JM109 and JM109(DE3) was
rown at 37 ◦C in Luria-Bertani medium (LB) and supplemented
ith kanamycin when required. The expression vector pET-28a

Novagen) was employed as cloning vector and expression vector.

.2. DNA manipulation

DNA was manipulated by standard procedures [19]. QIAGEN
lasmid Kit and QIAGEN MinElute Gel Extraction Kit (Qiagen, USA)
ere employed for the purification of plasmids and PCR prod-
cts. DNA restriction and modification enzymes were purchased
orm TaKaRa (Dalian, China). DNA transformation was performed
y electroporation using GenePulser (Bio-Rad, USA).

.3. Plasmid constructions

The �-glucosidase gene Tt-bgl was amplified from T. ther-
arum DSM 5069T genomic DNA by PCR using primers bgl-1

CCCCCATGGGTTTTCCAAAGGATTTTCTGTTCGGCGCGAGCATGGCC-
GCTTCCAAGTTGAAATGGGATATG) and bgl-2 (CCCCTCGAGCAT-
CGCCAGATTTCGTATGGGCTTTTCAGGTAGTTGTGAAAGCGTGCCG-
TGTCCCTTCTTTG). The boldface italic nucleotides represented
utations for optimizing codons, the underlined sequences for

he restriction enzyme sites. The PCR products were digested with
co I and Xho I and inserted into pET-28a at Nco I and Xho I sites,
ielding the plamid pET-28-BGL.

.4. Expression and purification of Tt-BGL
Plasmid pET-28-BGL was transformed into E. coli JM109(DE3),
nd induced to expression recombinant Tt-BGL by adding
sopropyl-�-d-thiogalactopyranoside (IPTG) to final concentration
lysis B: Enzymatic 95 (2013) 62– 69 63

from 0 to 0.5 mM at OD600 about 0.7, and incubated further at 25 ◦C
or 30 ◦C or 37 ◦C for about 6 h.

One liters of the recombinant cells carrying pET-28-BGL were
harvested by centrifugation at 5000 × g for 10 min  at 4 ◦C, and
washed twice with distilled water, resuspended in 50 mL  of 5 mM
imidazole, 0.5 mM NaCl, and 20 mM Tris–HCl buffer (pH 7.9), and
French-pressured for three times. The cell extracts were heat
treated (75 ◦C, 30 min), and then cooled in an ice bath, and cen-
trifuged (20,000 × g, 4 ◦C, 30 min). The resulting supernatants were
loaded on to an immobilized metal affinity column (Novagen, USA),
and eluded with 1 M imidazole, 0.5 M NaCl, and 20 mM Tris–HCl
buffer (pH 7.9). Protein was  examined by SDS-PAGE [20], and the
protein bands were analyzed by density scanning with an image
analysis system (Bio-Rad, USA). Protein concentration was  deter-
mined by the Bradford method using BSA as a standard.

2.5. Determination of enzyme activities and properties

The reaction mixture, containing 50 mM imidole-potassium
buffer (pH 4.8), 1 mM  p-nitrophenyl-�-d-glucopyranoside
(pNPGlu) or 2 mM ginsenosides Rb1 as substrates, and cer-
tain amount of �-glucosidase in 0.2 mL, was incubated for 5 min
at 90 ◦C. The reaction was stopped by the addition 1 mL of 1 M
Na2CO3. For pNPGlu, the absorbance of the mixture was measured
at 405 nm. For ginsenosides Rb1, the residue was assayed by HPLC.
The glucose was  determined by glucose assay kit (Dingguo, China).
One unit of enzyme activity was defined as the amount of enzyme
necessary to liberate 1 �mol  of pNP (or ginsenoside Rd) per min
under the assay conditions.

The optimum pH for activity �-glucosidase was  determined
by incubation at 90 ◦C for 5 min  in the 50 mM imidole-potassium
buffer from pH 4.0 to 8.0. The optimum temperature for the enzyme
activity was  determined by standard assay ranging from 50 to
100 ◦C in the 50 mM imidole-potassium buffer, pH 4.8. The results
were expressed as percentages of the activity obtained at either the
optimum pH or the optimum temperature.

The pH stability of the enzyme was  determined by measuring
the remaining activity after incubating the enzyme (0.05 �g) at
70 ◦C for 1 h in the 50 mM imidole-potassium buffer from pH 4.0
to 8.0. To determine the effect of temperature on the stability of Tt-
BGL, the enzyme (0.05 �g) in the 50 mM imidole-potassium buffer
(pH 6.0) was  pre-incubated for various times at 85 ◦C, 90 ◦C and
95 ◦C in the absence of the substrate. The activity of the enzyme
without pre-incubation was  defined as 100%.

The effects of metals and chemical agents on �-glucosidase
activity of purified enzyme (0.05 �g) were determined. Fe2+, Mg2+,
Zn2+, Mn2+, Ca2+, K+, Al3+, Li2+, Cu2+, Co2+, and Hg2+ were assayed
at concentrations of 1 mM in the reaction mixture. The chemical
agents EDTA (10 mM)  were assayed. The effects of organic solvents
on the enzyme were determined by adding 5%, 10%, 20%, and 30%
organic solvents (ethanol or methanol) in the reaction mixture. The
enzyme was incubated with each reagent for 10 min  at 90 ◦C before
addition of pNPGlu to initiate the enzyme reaction. Activity was
determined as described above and was  expressed as a percentage
of the activity obtained in the absence of the chemical agents and
metal cations.

The substrate specificity of the enzyme (0.05 �g) was tested by
using following pNPGlu, ginsenoside Rb1, CMC, p-nitrophenyl-�-
d-galactopyranoside (pNPGal), p-nitrophenyl-�-d-xylopyranoside
(pNPXyl), p-nitrophenyl-�-l-arabinofuranoside (pNPAra), sucrose,
gentiobiose, and cellobiose. Kinetic constant of Tt-BGL was
determined by measuring the initial rates at various pNPGlu con-

centrations (0.2, 0.4, 0.6, 0.8, 1, 1.5, and 2 mM)  or various pNPGal
concentration (1, 1.4, 1.8, 2, 2.5. 3, 4, and 5 mM)  or various cellobiose
concentration (10, 20, 40, 60, 80, 120, and 160 mM)  or various gin-
senoside Rb1 concentration (0.072, 0.144, 0.288, 0.36, 0.72, 1.44,

http://www.dsmz.de/
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Fig. 2. Multiallignment of Tt-BGL with some GH1 family members. Sequence alignment was  performed by using Clustal X2.0. The active sites are indicated as * on the
top  of the alignment. Tt-BGL: T. thermarum DSM 5069T (YP 004660190.1), Te-BGL: Thermoanaerobacter ethanolicus JW200 (ZP 08211795.1), Tx-BGL: Thermoanaerobac-
terium xylanolyticum LX-11 (YP 004471891.1), Tp-BGL: T. petrophila RKU-1 (YP 001244546.1), Tm-BGL: T. maritima MSB8 (AEP25088.1), Ts-BGL: Thermoanaerobacterium
thermosaccharolyticum DSM 571 (YP 003852393.1).
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ig. 3. SDS-PAGE analysis of the soluble Tt-BGL. Lane 1: protein marker, lane 2, 5, 

8:  the insoluble protein of JM109(DE3) harboring pET-28-BGL; lane 4, 7, 10, 13, 1
ecombinant Tt-BGL.

nd 2.88 mM)  under standard reaction conditions. The Ki value of
lucose was defined as amount of glucose required for inhibiting
0% of the �-glucosidase activity and was given as the averages of
hree separate experiments performed in duplicate.

.6. Analysis of ginsenoside Rb1 degradation

The ginsenoside Rb1 was treated with purified Tt-BGL, and the
egradation was subjected to analysis of HPLC. The reaction mix-
ure (100 �L) contained 50 mM imidole-potassium buffer (pH 4.8),
6 g/L ginsenoside Rb1, and 1.2 U/mL Tt-BGL. The reaction per-
ormed for various times at 90 ◦C, and stopped by the ice bath. The
eaction was determined by HPLC at various times.

.7. HPLC analysis

HPLC analysis of ginsenosides was performed using an HPLC
200 system (Agilent, USA) and a C18 (150 mm × 4.6 mm;  i.d.,

 �m)  column with acetonitrile (A) and distilled water (B) at A/B
atios of 32:68, and 50:50 and run times of 0–13, and 13–14 min,
espectively. The flow rate was 1 mL/min, and detection was per-
ormed by monitoring absorbance at 203 nm.

.8. Sequence analysis of Tt-BGL

The condon usage preference of E. coli in translation initia-
ion region of pET-20-BGL was analyzed by using codon usage
ool (http://gcua.schoedl.de/). The potential ORF of Tt-bgl was
earched using the ORF search tool provided by the National Center
or Biotechnology Information (www.ncbi.nlm.nih.gov). Database
earching was  performed with Blast at NCBI and against CAZy
www.cazy.org). The multiple sequence alignment tool Clustal X2.0
as used for multiple protein sequence alignment [21].

. Results and discussion

.1. Cloning and sequence analysis of Tt-bgl

By analysis of the genome sequence of the T. thermarum DSM
069T, a protein (Theth 1013), defined as �-glucosidase in Gen-
ank, consists of 1.470-bp fragment encoding 490 amino acids,
hich belonged to family 1 of the glycoside hydrolases. It shares the
ighest sequence similarity with that of the �-glucosidase from T.

ettingae TMOT (72% identity, GenBank no. ABV33892.1), and the
-glucosidase of Fervidobacterium pennivorans DSM 9078T (56%

dentity, GenBank no. AFG35894), which were revealed by whole-

enome sequencing, but has not been biochemically characterized.
lignment of the Tt-BGL cluster with several thermophilic bacteria
embers of GH1 indicated that they share some conserved pep-

ide motifs Asn-Glu-Pro (residues 204–206) and Thr-Glu-Asn-Gly
14, 17: the total protein of JM109(DE3) harboring pET-28-BGL; lane 3, 6, 9, 12, 15,
 the soluble protein of JM109(DE3) harboring pET-28-BGL. Closed arrow indicates

(residues 388–391), in which the Glu (E205, E389) residues are typi-
cal catalytic residues of the GH1 enzyme (Fig. 2). These results show
that Tt-BGL is a bacteria member of the GH1 family, but homol-
ogy analysis between the Tt-BGL and �-glucosidases from other
thermophiles showed that Tt-BGL was distant with others (Fig. 2).

In order to increase the expression level of Tt-BGL in E. coli,  we
designed and performed to optimize codons of Tt-BGL for E. coli
expression system. The DNA fragment of Tt-bgl gene was amplified
from genomic DNA of T. thermarum DSM 5069T with site-directed
primers (bgl-1 and bgl-2) in which rare condons for the N, C-
terminal amino acid residues were replaced by optimal codons in
E. coli without any change of amino acid sequence. Then the Tt-
bgl gene was  inserted into pET-28a at Nco I and Xho I to generate
plasmid pET-28-BGL.

3.2. Overexpression of Tt-BGL

The recombinant Tt-BGL was overexpressed by adding 0.5 mM
IPTG at 30 ◦C for about 6 h. But the overexpression of the Tt-BGL
resulted in the production of large amount of inclusion bodies
with a weak �-glucosidase activity of about 0.02 U/mL (Fig. 3,
lanes 14–16). It is a common problem for recombinant protein
aggregates to form inclusion bodies when some genes from ther-
mophilic bacterial and fungal were over-expression in E. coli [22].
This complex phenomenon has many contributing factors: insolu-
bility of the product at the concentrations being produced, inability
to fold correctly in the bacterial environment, or lack of appropriate
bacterial chaperone proteins [23]. To reduce inclusion body forma-
tion of Tt-BGL, we expressed the gene using different strategies.
These included inducing at 25 ◦C and adding different concentra-
tions of IPTG. Only small proportion of Tt-BGL was soluble in the
cell-free extracts and most of the enzyme was  in inclusion bod-
ies under the induction at 25 ◦C with IPTG to final concentrations
from 0.01 mM to 0.5 mM (Fig. 3). However, expression at 37 ◦C
with no IPTG decreased the inclusion body formation. About 50%
of the Tt-BGL (13 U/mL) was found in soluble fraction by leaky
expression. Interestingly, only 0.5 U/mL �-glucosidase activity was
detected by inducing at 30 ◦C with no IPTG (Fig. 3). These results
provided a potential method for producing low-cost thermostable
�-glucosidase because the enzyme was expressed without adding
the expensive IPTG.

3.3. Purification and characterization of recombinant Tt-BGL

The protein in the cell-free extract was  purified to gel electro
homogeneity after a heat treatment and a Ni–NTA affinity. The final

preparation gave a single band on SDS-PAGE gel and the molecular
mass of the enzyme was estimated to be 55 kDa (Fig. 4, lane 4).

The biochemical properties of Tt-BGL were investigated by using
the purified recombinant Tt-BGL. The optimal pH of the Tt-BGL was

http://gcua.schoedl.de/
http://www.ncbi.nlm.nih.gov/
http://www.cazy.org/
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Fig. 4. SDS-PAGE analysis of recombinant BGL in E. coli JM109(DE3). Lane 1: protein
marker, lane 2: the total protein of JM109(DE3) harboring pET-28a, lane 3: the total
protein of JM109(DE3) harboring pET-28-BGL, lane 4: purified Tt-BGL (2 �g).

Table 1
Effects of cations and reagents on purified Tt-BGL activity.

Cation of reagenta Residual activity (%)

Control 100
Fe2+ 77
Fe3+ 102
Mg2+ 102
Zn2+ 82
Mn2+ 106
Ca2+ 104
K+ 101
Al3+ 126
Li+ 103
Cu2+ 21
Hg2+ 0
Co2+ 97
Ag2+ 19
EDTA (10 mM)  105

Fig. 5. The effects of pH and temperature on the activity and stability of the recombina
activity; (c) the pH stability of the enzyme; (d) the thermostability of the enzyme. The 

diamonds), 90 ◦C (filled squares), and 95 ◦C (filled triangles). The initial activity was  defin
a Final concentration, 1 mM or as indicated. Values shown are the mean of dupli-
cate experiments, and the variation about the mean was below 5%.

determined to be 4.8 (Fig. 5a), while the �-glucosidase activity was
higher than 50% of the maximum activity at the pH range from 4.0
to 8.0. The enzyme was stable for about 1 h at pH 4.4–8.0 at 80 ◦C in
the absence of the substrate (Fig. 5c). The optimal temperature of
the enzyme was  90 ◦C, which the �-glucosidase activity was  higher
than 60% of the maximum activity at the temperature range from 75
to 100 ◦C (Fig. 5b). Thermostability assays indicated that its residual
activity was more than 50% after being incubated at 90 ◦C for 2 h
(Fig. 5d). In practical applications, the high thermostability of the
enzyme is desired because the longer active life means the less
consumption of the enzyme.
The effects of metal ions and some chemicals on the enzyme
activity were shown in (Table 1). In various assays, the Tt-BGL activ-
ity was significantly enhanced by Al3+, and completely inactivated

nt Tt-BGL. (a) Effect of pH on Tt-BGL activity; (b) effect of temperature on Tt-BGL
residual activity was  monitored, while the enzyme was incubated at 85 ◦C (filled
ed as 100%.
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Table 2
Effects of ethanol and methanol on purified Tt-BGL activity.a

Final concentration of organic solvent (%) Residual activity

Ethanol Methanol

0 100 100
5  99 111

10  102 123
20  90 130
30  30 128

a Values shown are the mean of duplicate experiments, and the variation about
the  mean was below 5%.

Table 3
Substrate specificity of Tt-BGL.

Substrate Enzyme activity (%)

p-Nitrophenyl-�-d-glucopyranoside (1 mM)  100
p-Nitrophenyl-�-d-galactopyranoside (1 mM)  70
p-Nitrophenyl-�-l-arabinofuranoside (1 mM) 0
p-Nitrophenyl-�-d-xylopyranoside (1 mM)  0
Ginsenoside Rb1 (1 mM)  92
Ginsenoside Rd (1 mM)  0
CMC  (0.5%) 0
Gentiobiose (1 mM)  28
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Cellobiose (1 mM)  <1
Sucrose (1 mM) 0

y Cu2+, Ag2+, or Hg2+. The effects of Mg2+, Ca2+, K+, Li+, Co2+, or
DTA (10 mM)  on the enzyme activity were not so significant. The
helating agent EDTA displayed no influence on the �-glucosidase
ctivity, indicating that the enzyme is not a metalloprotein. How-
ver, the �-glucosidase activity was greatly stimulated by Al3+,
hich implied that Al3+ is required for the maximal activity of

t-BGL. These results distinguished the enzyme from the other
acteria �-glucosidase [24].

The enzyme activity was unaffected by the concentration of
lcohol below 20% and was significantly enhanced by the con-
entration of methanol not exceeding 30% (Table 2). The results
howed the enzyme can be effectively applied in the organic bio-
ransformation, because some ginsensides only dissolved in organic
olvent.

.4. Effect of glucose on Tt-BGL activity and substrate specificity

�-Glucosidases may  be divided into three groups on the basis
f their substrate specificity. The first group is known as aryl-�-
lucosidases owing to strong affinity to aryl-�-glucose. The second
roup consists of cellobiases that hydrolyze oligosaccharides only.
he third group is broad specific �-glucosidases that exhibit activ-
ty on a wide range of substrates, and are the most commonly
bserved form of �-glucosidases [25]. The enzyme was able to
ydrolyze pNPGlu, cellobiose, gentiobiose, ginsenoside Rb1, and
NPGal, while no activity was detected upon pNPAra, pNPXyl, CMC,
insenoside Rd, and sucrose (Table 3). These results indicated that
t-BGL belonged to the third group.

The dependence of the rate of the enzymatic reaction on the sub-
trates concentration followed Michaelis–Menten kinetics, with Km

nd Vmax values of 0.59 mM and 142 U/mg for pNPGlu, for pNPGal
.54 mM and 250 U/mg, for cellobiose 35.5 mM and 19 U/mg, for
insenoside Rb1 0.15 mM and 107 U/mg under optimal conditions.
he Vmax/Km value of 713 U/mg mM for ginsenoside Rb1 was  more
han those for other substrates. The data indicates that Tt-BGL is
ot only specific for �-glucoside, but also especially fond of some

glycones. Moreover, �-glucosidases are frequently very sensitive
o glucose inhibition and substrate inhibition in the enzymatic
ydrolysis [24,26]. The enzyme activity was enhanced by the con-
entrations of glucose below 400 mM,  and the enzyme activity was
Fig. 6. The effects of glucose or ginsenoside Rb1 on Tt-BGL activity. (a) Influence
of  glucose on enzyme activity with pNPGlu as the substrate and (b) influence of
ginsenoside Rb1 on enzyme activity.

increased 136% when adding 200 mM glucose into reaction mix-
tures (Fig. 6a). When glucose was increased, the enzyme activity
of Tt-BGL was gradually inhibited, with a Ki of 1500 mM glucose
(Fig. 6a).

3.5. Analysis of ginsenoside Rb1 degradation

To verify ginsenoside Rb1 biotransformation by Tt-BGL, gin-
senoside Rb1 was incubated with Tt-BGL. As shown in Fig. 7, the
reaction mixture (100 �L), containing 50 mM imidole-potassium
buffer (pH 4.8), 36 g/L ginsenoside Rb1, and 1.2 U/mL Tt-BGL in
0.1 mL,  was  incubated for 60 min  at 90 ◦C. Only one product was
detected and identified as ginsenoside Rd by a yield of 95% (Fig. 7),
while no relevant product was  detected in negative control (data
not shown). We  also used ginsenoside Rd as a substrate to verify the
specificity of Tt-BGL. As expected, the enzyme did not hydrolyze
Rd after incubation at 90 ◦C for 1 h (Table 3), just like the phy-
topathogenic fungus Cladosporium fulvum [27]. But the catalytic
efficiency of C. fulvum was much lower than that of Tt-BGL.

To verify the effect of ginsenoside Rb1 on Tt-BGL, different con-
centrations of ginsenoside Rb1 (from 4 g/L to 36 g/L) was  incubated

with Tt-BGL. The activity of Tt-BGL was not inhibited by ginsenoside
Rb1 (36 g/L) (Fig. 6b). The Kcat was  101 s−1 at the concentration of
ginsenoside Rb1 36 g/L, which was  identical to the theoretical value
(102 s−1).
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Fig. 7. HPLC analysis of ginsenoside Rb1 hydrolysis by Tt-BGL. 1: ginsenoside Rb1, 2: ginsenoside Rd, lane 3, 4, 5, 6, 7, 8, 9: ginsenoside Rb1 (36 g/L) incubated with Tt-BGL
(1.2  U/mL) for 0, 10, 20, 30, 40, 50, and 60 min, respectively.
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. Conclusions

With this study, we successfully overexpressed and character-
zed the �-glucosidase gene Tt-bgl from T. thermarum DSM 5069T
n E. coli.  A simple procedure was explored to overcome inclusion-
ody formation observed. As compared on the enzyme properties,
t-BGL was higher tolerant to glucose and ginsenoside Rb1, more
fficient and selective in biotransformation ginsenoside Rb1 to
d, and more thermal stability than �-glucosidases from other
icroorganisms. Thus, this study provides a useful �-glucosidase,
hich may  be used to improve the enzymatic conversion of gin-

enoside Rb1 to Rd.

cknowledgements

This work was supported by the National Natural Sci-
nce Foundation of China (Grant no. 31070515), the Natural
cience Foundation of Jiangsu Higher Education Institutions
12KJB220001), the Open Fund of Jiangsu Key Lab of Biomass-based
reen Fuels and Chemicals (JSBGFC12003), and A Project Funded
y the Priority Academic Program Development of Jiangsu Higher
ducation Institutions (PAPD).

eferences
[1] L.P. Christensen, Adv. Food Nutr. Res. 55 (2008) 1–99.
[2] B.S. Sun, L.J. Gu, Z.M. Fang, C.Y. Wang, Z. Wang, M.R. Lee, Z. Li, J.J. Li, C.K. Sung,

J.  Pharm. Biomed. Anal. 50 (2009) 15–22.
[3] D.S. An, C.H. Cui, B.H. Sung, H.C. Yang, S.C. Kim, S.T. Lee, W.T. Im,  S.G. Kim, Appl.

Microbiol. Biotechnol. 94 (2012) 673–682.

[
[

[

lysis B: Enzymatic 95 (2013) 62– 69 69

[4] Q. Shi, Q. Hao, J. Bouissac, Y. Lu, S. Tian, B. Luu, Life Sci. 76 (2005) 983–995.
[5] S.S. Choi, J.K. Lee, E.J. Han, K.J. Han, H.K. Lee, J. Lee, H.W. Suh, Arch. Pharm. Res.

26 (2003) 375–382.
[6] T. Yokozawa, Z.W. Liu, E. Dong, Nephron 78 (1998) 201–206.
[7] T. Yokozawa, E. Dong, Nephron 89 (2001) 433–438.
[8] W.Y. Kim, J.M. Kim, S.B. Han, S.K. Lee, N.D. Kim, M.K. Park, C.K. Kim, J.H. Park, J.

Nat. Prod. 63 (2000) 1702–1704.
[9] C.Z. Wang, B. Zhang, W.X. Song, A. Wang, M.  Ni, X. Luo, H.H. Aung, J.T. Xie, R.

Tong, T.C. He, C.S. Yuan, J. Agric. Food Chem. 54 (2006) 9936–9942.
10] J.H. Su, J.H. Xu, H.L. Yu, Y.C. He, W.Y. Lu, G.Q. Lin, J. Mol. Catal. B: Enzym. 57

(2009) 278–283.
11] W.  Saibi, A. Gargouri, J. Mol. Catal. B: Enzym. 72 (2011) 107–115.
12] B.J. Kim, S.L. Mangala, B.K. Muralidhara, K. Hayashi, J. Mol. Catal. B: Enzym. 37

(2005) 101–108.
13] H.Y. Shin, S.Y. Park, J.H. Sung, D.H. Kim, Appl. Environ. Microbiol. 69 (2003)

7116–7123.
14] C.A. Uchima, G. Tokuda, H. Watanabe, K. Kitamoto, M.  Arioka, Appl. Environ.

Microbiol. 78 (2012) 4288–4293.
15] A. Dong, M.  Ye, H. Guo, J. Zheng, D. Guo, Biotechnol. Lett. 25 (2003) 339–344.
16] M.K. Kim, J.W. Lee, K.Y. Lee, D.C. Yang, J. Microbiol. 43 (2005) 456–462.
17] J.W. Son, H.J. Kim, D.K. Oh, Biotechnol. Lett. 30 (2008) 713–716.
18] E. Windberger, R. Huber, A. Trincone, H. Fricke, K.O. Stetter, Arch. Microbiol.

151  (1989) 506–512.
19] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A Laboratory Manual,

Cold Spring Harbor Press, Cold Spring Harbor, 1989.
20] U.K. Laemmli, Nature 227 (1970) 680–685.
21] M.A. Larkin, G. Blackshields, N.P. Brown, et al., Bioinformatics 23 (2007)

2947–2948.
22] K.L. Pan, H.C. Hsiao, C.L. Weng, M.S. Wu,  C.P. Chou, J. Bacteriol. 185 (2003)

3020–3030.
23] Y.R. Sevastsyanovich, S.N. Alfasi, J.A. Cole, Biotechnol. Appl. Biochem. 55 (2010)

9–28.
24] J.J. Pei, Q. Pang, L.G. Zhao, S. Fan, H. Shi, Biotechnol. Biofuels 5 (2012) 31.

25] A. Rojas, L. Arola, A. Romeu, Biochem. Mol. Biol. Int. 35 (1995) 1223–1231.
26] M.  Chauve, H. Mathis, D. Huc, D. Casanave, F. Monot, N. Ferreira, Biotechnol.

Biofuels 3 (2010) 3.
27] X.S. Zhao, J. Wang, J. Li, L. Fu, J. Gao, X.L. Du, H.T. Bi, Y.F. Zhou, G.H. Tai, J. Ind.

Microbiol. Biotechnol. 36 (2009) 721–726.

http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0005
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0010
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0015
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0020
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0025
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0030
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0035
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0040
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0045
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0050
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0055
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0060
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0065
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0070
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0075
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0080
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0085
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0090
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0095
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0100
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0105
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0110
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0115
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0120
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0125
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0130
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135
http://refhub.elsevier.com/S1381-1177(13)00160-4/sbref0135

	Overexpression and characterization of a glucose-tolerant β-glucosidase from Thermotoga thermarum DSM 5069T with high cata...
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains, plasmids, growth media
	2.2 DNA manipulation
	2.3 Plasmid constructions
	2.4 Expression and purification of Tt-BGL
	2.5 Determination of enzyme activities and properties
	2.6 Analysis of ginsenoside Rb1 degradation
	2.7 HPLC analysis
	2.8 Sequence analysis of Tt-BGL

	3 Results and discussion
	3.1 Cloning and sequence analysis of Tt-bgl
	3.2 Overexpression of Tt-BGL
	3.3 Purification and characterization of recombinant Tt-BGL
	3.4 Effect of glucose on Tt-BGL activity and substrate specificity
	3.5 Analysis of ginsenoside Rb1 degradation

	4 Conclusions
	Acknowledgements
	References


