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B-Glucosidases and B-xylosidases are two categories of enzymes that could cleave out non-
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reducing, terminal B-D-glucosyl and p-D-xylosyl residues with release of D-glucose and D-
xylose, respectively. In this paper, two functional B-glucosidase Dth3 and B-xylosidase XIn-DT
from Dictyoglomus thermophilum were heterologously expressed in E.coli BL21 (DE3). Dth3 and
XIn-DT were relatively stable at 75°C and were tolerant or even stimulated by glucose and

xylose. Dth3 was highly tolerant to glucose with a K; value of approximately 3 M. Meanwhile,
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E-mail: njfu2304@163.com it was not affected by xylose in high concentration. The activity of XIn-DT was stimulated 2.13-
WX fold by 1 M glucose and 1.29-fold by 0.3 M xylose, respectively. Furthermore, the f-
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o ! glucosidase Dth3 and B-xylosidase XIn-DT showed excellent selectivity to cleave the outer C-6
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and C-3 sugar moieties of ASI, which established an effective and green method to produce
the more pharmacologically active CAG, an exclusive telomerase activator. We measured
temperature, pH and dosage of enzyme using a single-factor experiment in ASI
biotransformation. After optimization, the optimal reaction conditions were as follows: 75°C,
pH 5.5, 1 U of Dth3 and 0.2 U of XIn-DT, respectively. Under the optimized conditions, 1 g/1
ASI was transformed into 0.63 g/I CAG with a corresponding molar conversion of 94.5%
within 3 h. This is the first report to use the purified thermostable and sugar-tolerant enzymes
from Dictyoglomus thermophilum to hydrolyze ASI synergistically, which provides a specific,
environment-friendly and cost-effective way to produce CAG.
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Introduction

Radix Astragali (a type of Chinese traditional tonic herb),
which can enhance immunity over the long term, is widely
used in China [1, 2]. There are many active ingredients
isolated and identified from astragalus including poly-
saccharides, saponins, flavonoids, alkaloids and trace
elements [3, 4]. Among them, polysaccharides, saponins and
flavonoids are the main active components [5]. As one of
the main active ingredients in radix astragali saponins, the
bioactivities of 3-O-B-D-xylopyranosyl-6-O-3-D-glucopyranosyl-
cycloastragenol (ASI) have been widely investigated, and
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many pharmacological activities including anti-inflammatory,
anti-virus, anti-oxidation and cardioprotection were reported
[6, 7]. As the triterpene aglycone of ASI, cycloastragenol
(CAG) shows better pharmacological effects, although the
concentration of CAG was much lower than ASI. Except
for the pharmacological effects given above, the most
outstanding function of CAG was anti-aging [8]. By activating
telomerase, the cell division number was increased, which
can prolong life [9, 10]. However, the low concentration of
CAG in Radix Astragali from nature, represents a major
obstacle in the separation and purification of CAG from
Radix Astragali. Methods, including Smith degradation,
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acid hydrolysis, microbial transformation and enzymatic
biotransformation have been used to hydrolyze ASI into
CAG [11-13]. Compared with these methods, there are
many disadvantages to Smith degradation and acid
hydrolysis, such as complicated reaction conditions,
expensive reagents, low purity and inevitably having more
by-products. In contrast, microbial transformation and
enzymatic biotransformation has greater potential due to
high selectivity and mild conditions [14—17]. To date, only
one paper has reported that CAG could be obtained by
microbial transformation of ASI by Bacillus sp. LG-502 with
the final conversion rate of 84% after 6 days [11]. However,
the complex crude enzyme expressed by the Bacillus was
not only time-consuming but limited because of its
comparatively low selectivity in its transformation ability to
convert ASI to CAG. Therefore, direct enzymatic biotrans-
formation with the purified enzymes was considered as a
green and efficient technology.

As we all know, B-glucosidases and B-xylosidases are
two categories of enzymes that can cleave out non-
reducing, terminal B-D-glucosyl and B-D-xylosyl residues
while releasing D-glucose and D-xylose. These enzymes
are rooted in all kinds of organisms, such as bacteria, yeasts
and archaea and play many vital roles in various industrial
applications [18-21]. Among these enzymes, some are
sensitive to glucose and xylose, and some others are tolerant
and even facilitated by glucose and xylose. Altogether, B-
glucosidase and p-xylosidase with sugar tolerance can
increase the efficiency of substrate hydrolysis and lower
the cost in most of industrial processes. As key parts of the
cellulose and hemicellulose metabolizing enzymes, classical
B-glucosidases and B-xylosidases could finally hydrolyzed
short oligosaccharides and xylooligosaccharides into glucose
and xylose, respectively, then they are further transformed
into alternative energy sources (bioethanol and other fuel
products) [22, 23]. Recently, more and more studies have
been focused on hydrolyzing natural and flavor glucosylated
and xylosylated compounds such as ginsenoside, radix
astragali saponins and flavonoids by p-glucosidases and B-
xylosidases in many biotransformation applications [24, 25].

Previously, we cloned and expressed one p-glucosidase
Dth3 and one B-xylosidase XIn-DT from Dictyoglomus
thermophilum [26]. In this study, Dth3 and XIn-DT from
Dictyoglomus thermophilum exhibited high selective hydrolysis
for the outer C-6 position glucose and C-3 position xylose
in ASI with the final conversion rate of over 90% in 3 h.
Meanwhile, Dth3 and XIn-DT displayed high glucose and
xylose tolerance, which make the recombinant Dth3 and

XIn-DT more suitable for producing CAG and other aglycones
in some industrial and pharmaceutical applications.

Materials and Methods

Bacterial Strains, Medium and Materials

The recombinant strains Dth3-pet28a and XIn-DT-pet28a were
preserved in Microbial Technology Research Laboratory, Nanjing
Forestry University (NJFU). The purified recombinant B-glucosidases
(BGL3T, Tpebgl3, Tpebgll, Sibgll) and B-xylosidases (Tth XyB3,
Tpxy3, XInD, Tth Xyl) were prepared by Microbial Technology
Research Laboratory and Jiangsu Key Laboratory for the Chemistry
& Utilization of Agricultural and Forest Biomass, NJFU.

LB (Lysogeny broth) medium (yeast extract 5g/l, peptone
10g/1, NaCl 10g/l, and agar 15g/l) containing kanamycin
(100 mg/ml) was used for bacterial culture.

The substrates pNP-B-D-xyloside (pNPX), pNP--D-glucopyranoside
(pPNPGlu), o-Nitrophenyl-p-D-glucopyranoside (o0NPGlu), pNP-3-
D-galactopyranoside (pPNPGal), pNP-B-D-rhamnopyranoside (pNPR),
pNP-o-L-arabinofuranoside (¢NPAF) and pNP-a-L-arabinopyranoside
(PNPAP) were purchased from Sigma-Aldrich (USA). Standards
of ASI (>98% Purity, HPLC), 3-O-B-D-xylopyranosyl-cycloastragenol
(Cyc B, 80% Purity, HPLC) and CAG (>98% Purity, HPLC) were
purchased from Chendu Institute of Biology (China), CAS (www.
cdmust.com).

Protein Expression and Purification

The recombinant strains Dth3-pet28a and XIn-DT-pet28a were
transformed into E. coli BL21 (DE3). For the expression of -
glucosidase Dth3 and B-xylosidase XIn-DT, cells were grown in
LB medium containing 100 mg/ml of kanamycin at 37°C and
induced to express recombinant Dth3 and XIn-DT by adding
0.1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) to an optical
density at ODy, value of 0.6-0.8, and the bacteria were further
incubated at 28°C for about 14 h. The cultures were harvested by
centrifugation at 8,000 xg (4°C) for 10 min, washed with distilled
water several times and resuspended in 1x binding buffer (pH 7.9,
5mM imidazole, 0.5 mM NaCl, and 20 mM Tris-HCI). After
sonication, the cell extracts were heat treated at 75°C for 30 min
and then cooled in ice-bath and centrifuged at 12,000 xg (4°C) for
30 min. Finally, the supernatants were loaded and purified on a
2 ml Ni**-NTA affinity chromatography column (Novagen, USA),
and the enzyme protein was collected by eluting with Tris-HCl buffer
containing 100 mM imidazole. After dialysis and ultrafiltration,
the proteins were examined by SDS-PAGE gel and the protein
bands were analyzed by image analysis system (Bio-Rad, USA)
[27]. Purified protein concentration was measured by the Bradford
method using BSA (albumin from bovine serum) as a standard.

Enzyme Assay

Substrates pNPGul and pNPX were used for p-glucosidase and
B-xylosidase activity assay. The reaction mixture contained 5 pl of
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20 mM substrate pNPGul or pNPX, 90 ul of sodium phosphate
buffer (50 mM, pH 6.0) and 5 pl of purified enzyme. After 10 min
(75°C), the reaction was stopped by adding 300 ul of Na,COs(1 M).
The absorbance of the mixture was immediately measured at
405 nm. The definition of one unit of B-glucosidase and p-
xylosidase activity (1U) was consistent with the literature
references [15, 28]. For every sample, the activity was measured
three separate times.

The substrate specific activities of the purified enzymes
Dth3 and XIn-DT were tested by using pNPX, NPGlu, NPGluy,
NPGal, pNPR, pNPAF and pNPAP.

The effects of methanol on B-glucosidase and B-xylosidase
activity of purified enzyme Dth3 and XIn-DT were measured by
adding 5%, 10%, 15%, 20%, 25%, 30%, 40%, and 50% methanol in
the mixture. The B-glucosidase and B-xylosidase enzyme Dth3
and XIn-DT were mixed with each solvent for 30 min at 75°C
before adding pNPGul or pNPX to initiate the enzyme reaction.
The influence of various glucose and xylose concentrations (100,
200, 300, 400, 500, 800, 1,000, 1,500, 2,000, 2,500, and 3,000 mM) on
the B-glucosidase and B-xylosidase activity of purified enzyme
Dth3 and XIn-DT was measured. The activity of the enzyme
without the methanol or sugar was defined as 100%. Every
experiment was performed in triplicate.

Enzymatic Transformation of ASI

For ASI as substrate, five purified B-glucosidases (Tpebgll,
Tpebgl3, BGL3T, Dth3, and Sibgl1) and five purified p-xylosidases
(XIn-DT, Tth xynB3, Tpxy3, Tth xyl, and XInD) were selected to
hydrolyze the ASI with the reaction mixture (200 ul) containing
1 g/1 ASI (methanol as a solvent), 1 U of p-glucosidase or 1 U of p-
xylosidase and sodium phosphate buffer (50 mM, pH 6.0), and it
was incubated at 75°C for 1 h and stopped by the ice bath, then
terminated by adding 400 pl of methanol. The methanol extract of
this material was assayed by HPLC-ELSD. Control samples were
created using only substrate without enzyme and using enzyme
without substrate.

To select suitable hydrolyzation conditions, the effects of the
main factors were investigated. The main factors and the variation
ranges were as follows: temperature (70°C, 75°C, 80°C, 85°C,
90°C, and 95°C), pH (4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0),
enzymatic hydrolysis time (30, 60, 90, 120, 150, and 180 min) and

Fig. 1. The chemical structures and transformation pathway of ASI.
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enzyme dosage (0.1 U,020U,030,040,060U,080U,10,1.2U
for Dth3 and 0.05U, 0.1 U, 012U, 0.16 U, 02 U, 024 U, 0.3 U,
0.4 U, 0.5 U for XIn-DT added to the total 200 pl of the reaction
system).

To confirm the influence of the ASI on B-glucosidase Dth3 and
B-xylosidase XIn-DT, different concentrations of ASI (1, 2.5, 5,7.5,
10, 12.5, and 15 g/1) were incubated with Dth3 and XIn-DT.

The molar conversion rate of ASI to CAG, expressed as
hydrolyzation (%), was calculated by means of the following
formula (as given by Eq. 1):

Hydrolyzation (%) = [C;/M;]/ [C,/M,] x 100 (Eq. 1)
where C; is the initial concentration of the substrate ASI, M, is the
molar mass of the substrate ASI, C, is the product concentration of
CAG after time f and M, is the molar mass of CAG.

The concentrations of the substrate ASI and product CAG were
calculated according to the standard equations (y=1.4394x+2.9095,
R’=0.9989 for ASI and y=1.1663x+3.0684, R’=0.9966 for CAG). The
structures and proposed transformation pathway are shown in
Fig. 1.

Assay of ASI and CAG by HPLC and ELSD

The ASI and CAG were analyzed using an Agilent HPLC 1260
system (USA) and a C18 column (4.6 x 250 mm; i.d., 5 um; Ser. No.
USNHO017518, USA) with distilled water (A) and acetonitrile (B) as
the mobile phase, with the A/B ratios of 40:60 from 0 to 16 min
and detection was performed by monitoring the ELSD. The
injection volume was 10 ul for each sample; the flow rate was
1 ml/min; the gas flow rate was 2.1 L/min and ELSD drift tube
temperature was 90°C.

Results

Expression and Purification of Recombinant Dth3 and
XIn-DT

The B-glucosidase Dth3 and p-xylosidase XIn-DT belonging
to GH family 3 and family 39 from Dictyoglomus thermophilum
DSM 3960 were heterologously expressed in E. coli BL21
(DE3) after incubation with 0.1 mM IPTG for 14 h. After

OH
CcMG CAG
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Fig. 2. SDS-PAGE analysis of recombinant glucosidase Dth3
and p-xylosidase XIn-DT expressed in E. coli BL21 (DE3).

Lane M, protein marker; Lane 1, crude B-glucosidase Dth3; Lane 2,
crude B-xylosidase XIn-DT; Lane 3, supernatant of Dth3 after treatment

at 75°C for 1 h; Lane 4, supernatant of XIn-DT after treatment at 75°C
for 1 h; Lane 5, purified glucosidase Dth3; Lane 6, purified B-xylosidase
XIn-DT.

sonication, almost all the recombinant Dth3 and XIn-DT
were found in the soluble fraction, and the activities of the
recombinant B-glucosidase and B-xylosidase were 6 U/ml
and 1 U/ml, respectively. Then, the soluble fractions were
heated treat at 75°C for 30 min, followed by a Ni**-NTA
affinity chromatography. The purified B-glucosidase Dth3
and B-xylosidase XIn-DT showed a single band on the SDS-
PAGE gel (Fig. 2). The recombinant p-glucosidase Dth3
and PB-xylosidase XIn-DT showed a molecular mass of
approximately 88 kDa and 55 kDa on 12% SDS-PAGE,
without undesired bands.

1885

Enzyme Characterization of Recombinant Dth3 and XIn-DT

The enzymatic characterization of the recombinant Dth3
and XIn-DT were characterized by using the purified
enzymes. The recombinant Dth3 and XIn-DT had optimum
pH in 50 mM sodium phosphate buffer at pH 5.5 and 6.0
using the pNPGlu and pNPX as the substrates, respectively
(data were not shown) [26]. The optimum temperatures
were 90°C and 75°C for Dth3 and XIn-DT, respectively
(data were not shown) [26].

1 mM pNP and oNP glycosides with o and B configurations
detected the substrate specificity of recombinant Dth3 and
XIn-DT. All the data were shown in Table 1, which
illustrated that recombinant B-glucosidase Dth3 had high
activity towards pNP-B-D-glucopyranoside and less activity
towards pNP-B-D-xylopyranoside without any activity towards
pNP-B-D-galactopyranoside, pNP-a-L-arabinofuranoside,
pNP-a-L-arabinopyranoside, pNP-a-L-rhamnopyranoside
or oNP-B-D-glucopyranoside. The recombinant f-xylosidase
XIn-DT had the highest activity towards pNP-p-D-
xylopyranoside, followed by pNP-B-D-glucopyranoside
and pNP-o-L-arabinopyranoside, showing no
enzyme activity towards pNP-p-D-galactopyranoside,
pNP-a-L-arabinofuranoside, pNP-a-L-rhamnopyranoside
or oNP-B-D-glucopyranoside. All these results indicate that

while

Dth3 and XIn-DT have high specificity on residual glucose
and xylose, respectively.

We also detected the effect of methanol on recombinant
Dth3 and XIn-DT (shown in Table 2). The residual activity
of Dth3 was over 100% by the concentration of methanol
below 50%, which indicated that methanol has no
inhibitory effect on the recombinant Dth3. For XIn-DT, the
residual activity was completely unaffected by low
concentration of methanol and even enhanced by the
concentration of methanol below 25%. In addition, we

Table 1. Substrate specificity of the recombinant protein Dth3 and XIn-DT.

Relative activity (mean% + SD)

Substrate®
Recombinant B-glucosidase Dth3 Recombinant p-xylosidase XIn-DT
p-Nitrophenyl-B-D-xylopyranoside 9.46 +0.34 100 + 2.08*
p-Nitrophenyl-p-D-galactopyranoside NDP ND
p-Nitrophenyl-a-L-arabinofuranoside ND ND
p-Nitrophenyl-a-L-arabinopyranoside ND 10.69 = 0.88
p-Nitrophenyl-a-L-rhamnopyranoside ND ND
p-Nitrophenyl-B-D-glucopyranoside 100 + 1.18° 2591 + 1.61
o-Nitrophenyl-B-D-glucopyranoside ND ND

“Final concentration of each was 1.0 mM.

°Not determined, specific activity is not determined by the analytical methods used in this study.

‘The relative enzyme activity against p-Nitrophenyl-B-D-glucopyranoside was assumed to be 100%.

“The relative enzyme activity against p-Nitrophenyl-B-D-xylopyranoside was assumed to be 100%.
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Table 2. The effects of different concentrations of methanol for
the recombinant Dth3 and XIn-DT activity.

Relative enzyme activity (mean%=SD)
Final concentration

o sl (08) Recombinant Recombinant
B-glucosidase Dth3 B-xylosidase XIn-DT

0 100 + 2.24° 100 +4.03

5 101.8 £ 0.74 110.3 + 1.25
10 100.1 £2.29 118.8 + 1.61
15 102.3 £0.98 1222 +5.24
20 101.3 £4.23 112.0 £ 2.02
25 103.6 = 1.07 89.8 +4.47
30 102.2 +0.81 57.8 £5.11

40 100.7 £3.32 22.4 +2.86
50 96.9 +4.32 13.6 £ 1.05

“The relative enzyme activity against methanol free was assumed to be 100%.

compared the effects of three different organic reagents
(methanol, ethanol and DMSO) on the tolerance of
recombinant Dth3 and XIn-DT. The results showed that the
effects of three organic reagents on the tolerance of Dth3
and XIn-DT were followed by methanol, ethanol and
DMSO. As we all know, some natural products such as
ginsensides and radix astragali saponins have inferior water
solubility, which is needed to increase the solubilization
through high temperature and the addition of hydrophilic
organic solvents, such as methanol [16, 29]. Bio-catalysis of
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Fig. 3. The effects of sugars on recombinant glucosidase Dth3
and B-xylosidase XIn-DT activity.

Triangle, the effect of glucose on Dth3; cycle, the effect of xylose on
Dth3; square, the effect of glucose on XIn-DT; rhombus, the effect of
xylose on XIn-DT.
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radix astragali saponins such as ASI in a two-phase system
(water-methanol) can improve solubility of non-polar
substrates. Therefore, the recombinant Dth3 and Xln-DT
with excellent methanol tolerance indicated that these two
recombinant enzymes could be effectively used for
biotransformation of ASI in the presence of methanol,
which would provide a new development direction to use
these novel enzymes for applications in the field of organic
phase bio-catalysis of traditional Chinese medicines.

Effect of Sugars on the Activities of Recombinant Dth3
and XIn-DT

Recently, most B-glucosidases and p-xylosidases are
sensitive to glucose and xylose, and few B-glucosidases and
B-xylosidases are tolerant and stimulated by both glucose
and xylose [30, 31]. As we all know, in most industries,
application of B-glucosidases and p-xylosidases with glucose
and xylose tolerance and stimulation can improve the
efficiency of substrate hydrolyzation [32-34]. The effects of
glucose and xylose with different concentrations on
recombinant Dth3 and XIn-DT activities were determined
(Fig. 3). Surprisingly, when the concentration of sugar was
below 1 M, there was no inhibition on the relative activities
of these two purified enzymes. When the concentration of
glucose was up to 1 M, the activity of Dth3 was not affected
at all, and 60% of relative activity was reserved in 2.5 M
glucose. Xylose showed no any inhibition of Dth3. The
relative activity of Dth3 remained at 100% when the
concentration of xylose was 3 M. The XIn-DT activity was
significantly stimulated by glucose, with a maximal 2.1-
fold stimulation by 1 M glucose and 1.3-fold stimulation by
glucose at 3 M. In addition, the XIn-DT displayed high
xylose tolerance, and was activated by xylose with the
concentration below 0.8 M. When xylose was further
increased, the enzyme activity of XIn-DT was gradually
inhibited. All the results suggest these two glycoside
hydrolases are more beneficial to industrial applications
without the product feedback inhibition.

Optimization of the Biotransformation

B-Glucosidases and PB-xylosidases are known to have
the ability to bio-convert ginsenosides, flavonoids and
astragalosides [16, 35, 36]. Different B-glucosidases and p-
xylosidases from various sources are known to be diverse
in structure and specificity of biotransformation of a
certain natural active material. In this study, we studied the
specificity of five B-glucosidases and five PB-xylosidases
from different organisms to bio-transform ASI to CAG. All
the information about the enzymes was shown in Table 3.
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Table 3. Sequence homology of several recombinant $-glucosidases and p-xylosidases from different GH families.

Enzyme type Name Source GH Family hosnig;:;?o/o) Reference

B-glucosidase Dth3 Dictyoglomus thermophilum DSM 3960 GH3 1007 This study
BGL3T Thermotoga thermarum DSM 5069" GH3 34.3 [15]
Tpebgl3 Thermotoga petrophlia DSM 13995 GH3 45.6 [47]
Tpebgll Thermotoga petrophlia DSM 13995 GH1 23.6 [16]
Sibgl1 Sulfolobus islandicus GH1 25.2 This study

B-xylosidase XIn-DT Dictyoglomus thermophilum DSM 3960 GH39 100° This study
Tth xynB3 Thermotoga thermarum DSM 5069 " GH3 27.3 [18]
Tpxy3 Thermotoga petrophlia DSM 13995 GH3 26.2 This study
XInD Aspergillus niger NL-1 GH3 28.3 This study
Tth xyl Thermoanaerobacterium thermosaccharolyticum DSM571 GH120 321 This study

"The relative sequence homology against recombinant B-glucosidase Dth3 from Dictyoglomus thermophilum DSM 3960 was assumed to be 100%.

"The relative sequence homology against recombinant p-xylosidase XIn-DT from Dictyoglomus thermophilum DSM 3960 was assumed to be 100%.

The recombinant Dth3 belongs to Glycoside Hydrolase
(GH) family 3 and had less than 50% sequence homology
with the other two GH3 family B-glucosidases and two
GH1 family B-glucosidases. The recombinant XIn-DT
belongs to GH39 family and had approximately 30%
sequence homology with the other three GH3 family p-
xylosidases and one GH120 family p-xylosidase. As shown
in Fig.4A, using the following enzyme conditions,
specifically, ASI concentration: 1 g/1, enzyme dosage: 1 U,
pH: 6.0, temperature: 75°C, and reaction time: 1 h, all five -
glucosidases could remove the outer C-6 glucose of ASI to

A 120
100 |
80 |

60

Decrease of ASI (%)

40

20

BGL3T Dth3

p-Glucosidases

Tpebgll Tpebgl3

Fig. 4. Biotransformation rate of ASI by different enzymes.

Sibgll

produce 3-O-B-D-xylopyranosyl-cycloastragenol (Cyc B).
The transformation rates of three p-glucosidases from GH3
family reached to over 80%, which were higher than GH1
family B-glucosidases Tpebgll and Sibgll. Among three B-
glucosidases from GH3 family, Dth3 could transform almost
100% ASI to Cyc B in 1 h, which was a little more than the
other two enzymes. In addition, compared with the other
three GH3 family B-xylosidases and one GH120 family B-
xylosidase, only XIn-DT could remove the outer C-3 xylose
of the ASI with the biotransformation rate of 62% in 1 h
(Fig. 4B).

B 70
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30 -
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20 -
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o L 1 L 1 J
XIn-DT Tth xynB3 Tpxy3 Tth-xyl XInD

B-Xylosidases

(A) Dth3 from Dictyoglomus thermophilum DSM 3960; BGL3T from Thermotoga thermarum DSM 5069"; Tpebgl3 and Tpebgll from Thermotoga
petrophlia DSM 13995; Sibgll from Sulfolobus islandicus; (B) XIn-DT from Dictyoglomus thermophilum DSM 3960; Tth xynB3 from Thermotoga

thermarum DSM 5069"; Tpxy3 from Thermotoga petrophlia DSM 13995; XInD from Aspergillus niger NL-1; Tth xyl from Thermoanaerobacterium

thermosaccharolyticum DSM571.
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Fig. 5. Optimization of the biotransformation by recombinant glucosidase Dth3 and p-xylosidase XIn-DT
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biotransformation; D, the effect of enzyme dosage on the biotransformation; rhombus, Dth3; square, XIn-DT.

Therefore, in this paper, the combination of the purified
recombinant p-glucosidase Dth3 and B-xylosidase XIn-DT
from Dictyoglomus thermophilum was selected for the
biotransformation of ASI, and the temperature, pH and
enzyme dosage were optimized by the single-factor
experiments (Fig.5). The optimum temperature of ASI
biotransformation by p-glucosidase Dth3 and p-xylosidase
XIn-DT was depicted in Fig. 5A. The biotransformation rate
was improved within a temperature range of 70—90°C for
Dth3 and 70-75°C for XIn-DT, and the optimal pH was 5.5
for Dth3 and XIn-DT (Fig. 5C). Considering the cost of the
enzyme used in the industrial application, the temperature
of the reaction should be minimized. Hence, we set the
temperature of the reaction at 75°C and examined the
effects of temperature (75°C) on the stability of the two

J. Microbiol. Biotechnol.

recombinant enzymes at the same time. As shown in
Fig. 5B, the residual activity of XIn-DT was over 90% after
being incubated at 75°C for 180 min, and Dth3 residual
activity was about 80% after being incubated at 75°C for
60 min. With the extension of the reaction time, the
residual activity of Dth3 was down to 60%. However, in the
pre-experiment, the ASI could be degraded by Dth3 in
60 min completely. In addition, the more the dosage of the
enzymes, the higher the rate for completing the process of
the biotransformation, which was shown in Fig. 5D. The
optimum enzyme dosages of the two recombinant enzymes
were 1 U and 0.2 U for Dth3 and XIn-DT in the 200 pl
system, respectively. The biotransformation efficiency for
1 h of reaction was detected to be more than 90% for ASI in
75°C, pH 5.5 by Dth3 and about 70% by XIn-DT. With the
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Fig. 6. The influence of ASI on the hydrolysis rate (shadow,
Dth3; blank, XIn-DT).

increase of enzyme dosage of Dth3 (over 1 U) and XIn-DT
(over 0.2 U), the conversion rate did not increase significantly,
which indicated that excessive enzyme could not improve
the efficiency of substrate conversion.

The concentration of substrate was also a critical factor
affecting the biotransformation efficiency. To examine the
effect of ASI on Dth3 and XIn-DT, different concentrations
of ASI (from 1 to 15 g/1) were incubated with Dth3 and
XIn-DT with the dosage of 1 U and 0.2 U, respectively at
75°C, pH 5.5 in 1 h (Fig. 6). Compared with concentration
1 g/l and 15 g/, the activity of XIn-DT was not inhibited
by ASI. For Dth3, the hydrolyzation rate was inhibited
slightly on the high concentration of ASIL. When the
concentration of ASI was below 7.5g/1, the hydrolyzation
rate was approximately 100%. With the increasing of ASI
concentration (15 g/I), the hydrolyzation rate dropped
down to 80%.

Biotransformation of ASI by Recombinant Dth3 and XIn-DT

According to the previous study, Dth3 and XIn-DT
exhibited substrate specificity for ASI with glucose moiety at
C-6 and xylose moiety at C-3 positions. The biotransformation
pathway of the two purified enzymes from Dictyoglomus
thermophilum is ASI-Cyc B by Dth3 and then Cyc B-CAG by
XIn-DT, by cleaving the outer glucose and xylose at
position C-6 and C-3 of ASI, respectively (Fig. 1). The time-
course biotransformation analysis of the enzymatic reaction
by recombinant Dth3 and XIn-DT was shown in Fig. 7A. In
the first 1 h, a total of 1 g/1 ASI was bio-transformed into

0.79 g/1 Cyc B with a corresponding molar conversion
productivity of 100%. In the next 2h, the transformed
substrate (Cyc B) was bio-transformed into CAG continually,
with the concentration of CAG increased gradually.
Finally, the concentration of CAG was 0.63 g/l with a
corresponding molar conversion rate of 94.5% at the end of
the reaction. As shown in Fig. 7B, approximately all the ASI
was converted into CAG, which could be identified and
examined in the HPLC.

Discussion

B-Glucosidase and B-xylosidase are important ingredients
of the cellulose and hemicellulose enzyme systems [37, 38].
Although many p-glucosidases and B-xylosidases have
been cloned and characterized from plant, yeast and
bacteria, only a few studies about highly thermotolerant
and sugar-tolerant B-glucosidases and B-xylosidases have
been reported. Thermophilic bacteria, such as Thermotoga
thermarum, Thermotoga petrophila and Thermoanaerobacterium
saccharolyticum, are well known to produce plentiful
glycoside hydrolases with competitive advantages, such as
great catalytic ability and excellent pH and temperature
stability [39—41]. In the previous study, we identified p-
glucosidase of GH3, Dth3, and B-xylosidase with GH39,
XIn-DT, from Dictyoglomus thermophilum, a kind of
thermophilic bacteria. In this study, the purified enzyme
exhibited outstanding thermostability under 75°C. After
3 h, the activity of XIn-DT was almost never lost and Dth3
showed that its residual activity was over 60%.

To our knowledge, glucose and xylose are strong inhibitors
of B-glucosidases and B-xylosidases [42]. According to the
influence of glucose on the P-glucosidase activity, B-
glucosidases can be divided into three groups; the glucose-
sensitive B-glucosidase, the glucose-tolerant B-glucosidase
and the glucose-stimulated p-glucosidase [43]. Similarly, p-
xylosidases can be classified as above. Unfortunately, most
of the B-glucosidases and B-xylosidases are sugar-sensitive,
which inhibits the usage of B-glucosidases and B-xylosidases
in the industrial applications. Therefore, the search for B-
glucosidases and B-xylosidases with high tolerance for
sugars has attracted more interest in recent years since
these have great potential in the conversion of cellulose,
hemicellulose and other natural and flavor glucosylated
and xylosylated compounds. Surprisingly, we heterologously
expressed the highly thermostable and sugar-tolerant -
glucosidase Dth3 and B-xylosidase XIn-DT from Dictyoglomus
thermophilum in E.coli BL21 (DE3) in this study. The
recombinant purified p-glucosidase Dth3 showed excellent
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Fig. 7. HPLC analysis of ASI hydrolysis by recombinant glucosidase Dth3 and B-xylosidase XIn-DT.

(A) The time course of bioconversion of ASI to CAG by recombinant glucosidase Dth3 and B-xylosidase XIn-DT (cycle, ASI; triangle, Cyc B;
square, CAG); (B-1) standard sample of ASI (2.840 min), Cyc B (4.460 min) and CAG (12.689 min); (B-2—B-6) ASI (1 g/1) incubated with Dth3 (1 U)
and XIn-DT (0.2 U) for 0 min, 10 min, 1 h, 2 h, and 3 h.

sugar tolerance. When concentration of glucose was up to gradually inhibited, with a K; of over 3 M glucose, which
1M, the B-glucosidase activity was not decreased. With the was higher than that from Anoxybacillus flavithermus subsp.
increasing of glucose, the enzyme activity of Dth3 was yunnanensis, Thermotoga thermarum, and other reported -
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glucosidases [31, 44, 45]. In addition, the activity of Dth3
was not affected by xylose. The purified p-xylosidase XIn-
DT was also tolerant to xylose inhibition with a K; of over
3M xylose. Especially, the B-xylosidase activity was
promoted under low concentration of xylose, with the 1.29-
fold relative activity by 0.3 M xylose. Moreover, the XIn-DT
was activated by glucose at concentration up to 3 M, with
the 2.13-fold relative activity by 1 M glucose and 1.48-fold
by 3 M glucose. Till now, B-xylosidase stimulated by both
glucose and xylose has not been reported yet. Furthermore,
this is the first reported B-glucosidase and PB-xylosidase
from thermophilic Dictyoglomus thermophilum that can be so
resistant to a high concentration of sugar. During the ASI
hydrolysis by p-glucosidases and B-xylosidases, besides the
product CAG, the higher concentration is xylose and glucose.
Thus, the glucose- and xylose- tolerant and stimulated B-
glucosidases and B-xylosidases are more attractive to
enhance the ASI hydrolysis. Compared with other glycoside
hydrolases, Dth3 and XIn-DT exhibited higher sugar
tolerance and stimulation levels and better thermostability,
which also indicated greater potential for biotransformation.

Recent research has focused on establishing methods to
efficiently convert ASI into CAG. Methods such as Smith
degradation, acid hydrolysis two-phase acid hydrolysis and
microbial biotransformation have been used to degrade the
ASI into CAG [11, 12, 46]. It is well known that chemical
reactions such as acid hydrolysis and two-phase acid
hydrolysis require a temperature as high as 85°C and are
accompanied by a lot of pollution. In addition, because of
its low selectivity and yield (48.0%), the chemical method
has been abandoned. Although, the CAG yield was over
84.4% by Smith degradation, the process was too complex,
requiring four complicated steps, and the cost of the
reagent was too high. Wang and Chen reported that the
ASI could be bio-converted into CAG with the yield of 84%
by Bacillus sp. LG-502 after 6 days [11]. Although the
specificity has been improved, the biotransformation time
is too long and it is difficult to purify product subsequently.
Compared with the methods above, biotransformation with
purified enzyme has the advantages of greatly strengthened
selectivity, high catalytic efficiency, mild reaction conditions
and no pollution. In this study, we optimized a method for
bio-converting ASI into CAG, as well as established a green
and efficient biotransformation method for ASI using B-
glucosidase Dth3 and B-xylosidase XIn-DT. The capacities
of the PB-glucosidase Dth3 and B-xylosidase XIn-DT to
hydrolyze ASI synergistically were investigated by using
1 g/1 of ASI incubated with the purified enzymes at 75°C.

We established a suitable process for the biotransformation
of ASI using 1 U of Dth3 and 0.2 U of XIn-DT, pH 5.5, 75°C
for 3 h. In the first 1 h, the ASI was bio-transformed into
Cyc B by Dth3 100%. Remarkably, in the next 2 h, along
with the effect of the B-xylosidase XIn-DT, the Cyc B could
be bio-transformed into CAG with the final molar conversion
rate of 94.5% without any by-products. All the above
results show that our method can efficiently and safely use
B-glucosidase Dth3 and B-xylosidase XIn-DT in removal of
outer C-6 glucose and C-3 xylose in ASI, thereby serving as
a novel method for the biotransformation of ASI. Therefore,
the recombinant Dth3 and XIn-DT would be suitable
for producing CAG in pharmaceutical and industrial
applications, which presents great potential for producing
natural medicines.
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