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Abstract b-Glucosidase from Thermus thermophi-

lus has specific hydrolytic activity for the outer

glucose at the C-20 position in protopanaxadiol-type

ginsenosides without hydrolysis of the inner glucose.

The hydrolytic activity of the enzyme for gypenoside

XVII was optimal at pH 6.5 and 90 �C, with a half-life

of 1 h with 3 g enzyme l-1 and 4 g gypenoside

XVII l-1. Under the optimized conditions, the enzyme

converted the substrate gypenoside XVII to ginseno-

side F2 with a molar yield of 100 % and a productivity

of 4 g l-1 h-1. The conversion yield and productivity

of ginsenoside F2 are the highest reported thus far

among enzymatic transformations.
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Introduction

Ginseng (the roots of Panax ginseng C. A. Meyer) is

used as a traditional medicine in Asian countries and

ginsenosides in ginseng exhibit important biological

activities, such as anticancer (Lee et al. 2009),

antifatigue (Yoshikawa et al. 2003), antiallergic (Bae

et al. 2002), anti-inflammatory (Wang et al. 2011b),

and antioxidant (Cho et al. 2006) activities. Ginseno-

side F2 especially exhibits anticancer effects against

glioblastoma multiforme (Shin et al. 2012). The minor

ginsenosides, including F2, Rg3, Rh2, compound K,

compound Mc, compound Y, and aglycone proto-

panaxadiol, which are absent or present at low

concentrations in ginseng, exert greater pharmacolog-

ical effects than the major ginsenosides, including

Rb1, Rb2, Rc, and Rd (Xu et al. 2003). Therefore,

many studies have focused on the conversion of the

major ginsenosides to the minor ginsenosides by the

hydrolysis of the sugar moieties of ginsenosides.

Ginsenoside F2 has been converted from Rb2 by

crude extracts of Caulobacter leidyia (Cheng et al.

2006) and Intrasporangium sp. (Cheng et al. 2007),

from Rb1 by crude extracts of Leuconostoc mesen-

teroides (Quan et al. 2011) and Lactobacillus paral-

imentarius (Quan et al. 2013), from gypenoside XVII

by b-glucosidase from Flavobacterium johnsoniae

(Hong et al. 2012), from Rd, gypenoside XVII, and

compound Mc1 by b-glucosidase from Sphingomonas

sp. (Wang et al. 2011a), and from Rd and gypenoside

XVII by b-glucosidase from Pythium irregulare
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(Andreea Neculai et al. 2009). b-Glucosidase from F.

johnsoniae specifically hydrolyzes the outer glucose

linked to the C-20 position in the protopanaxadiol

(PPD)-type ginsenosides Rb1 and gypenoside XVII.

However, the substrate specificity of this enzyme has

not been investigated. Moreover, the quantitative

production of F2 from diverse ginsenosides has not

been attempted.

In this study, among the cloned b-glucosidases, a

thermostable b-glucosidase from Thermus thermophi-

lus was found to have highly selective hydrolytic

activity for the outer glucose at the C-20 position in

PPD-type ginsenosides, and the enzyme was applied

to the quantitative production of ginsenoside F2 from

gypenoside XVII.

Materials and methods

Materials

The ginsenoside standards F2, R1, R2, Rb2, Rc, Rd, Re,

Rg1, Rg2, Rg3, Rf, Rh1, Rh2, and compound K were

purchased from Sigma, BTGin (Daejeon, Korea), and

Ambo Laboratories (Daejeon, Korea). Gypenoside

XVII and LXXV were prepared from Rb1 and

gypenoside XVII, respectively, by b-glucosidases

from Sphingopyxis alaskensis (Shin and Oh 2013)

and Dictyoglomus turgidum (Lee et al. 2012), respec-

tively. The reactions were performed at 50 and 80 �C,

respectively, in 50 mM phosphate/citrate buffer (pH

5.5) containing 1 mM ginsenoside and 0.5 mg enzy-

me l-1 for 10 h. The product solutions were then

mixed with Celite 545 (Daejung, Shiheung, Korea) to

adsorb the products. The solutions were filtered

through Whatman filter paper No. 2, and the solid

particles were eluted with 100 % methanol at 60 �C

for 1 h using a sonicator. The eluted solutions were

dried using a centrifugal evaporator and the dried

materials were used as ginsenoside standards and

substrates.

Bacterial strains, plasmid, and culture conditions

Genomic DNA from T. thermophilus DSMZ 579,

Escherichia coli ER2566, and pET-24a(?) were used

as the sources of b-glucosidase gene, host cells, and

expression vector, respectively. Recombinant E. coli

for protein expression was cultivated with shaking at

200 rpm in a 2 l Erlenmeyer flask containing 500 ml

LB medium at 37 �C with 20 lg kanamycin ml-1

until the OD600 reached 0.6. IPTG was then added at

0.1 mM to induce enzyme expression. The culture was

grown at 16 h with shaking at 150 rpm and 16 �C.

Gene cloning

The b-glucosidase gene (1,296 bp) was amplified by

PCR using genomic DNA isolated from T. thermo-

philus as a template. Primer sequences were based on

the DNA sequence of a glycosyl hydrolase 1 family

domain protein from T. thermophilus (GenBank

accession number YP_145326.1). Forward (50-CAT-

ATGATGACCGAGAACGCCGAAAAATT-30) and

reverse primers (50-AAGCTTTTTAGGTCTGGGCC

CGCGCGA-30) were designed to introduce the NdeI

and HindIII restriction sites (underlined), respectively.

The PCR product was subcloned into the pET-24a(?)

plasmid digested with the same restriction enzymes

and then transformed into E. coli ER2566.

Enzyme purification

Cells were harvested from culture broth and disrupted

on ice using a sonicator in 50 mM phosphate buffer

Table 1 Substrate specificity of b-glucosidase from T.

thermophilus

Substrate Specific activity

(lmol min-1 mg-1)

p-Nitrophenyl-b-D-glucopyranoside 4.94 ± 0.11

o-Nitrophenyl-b-D-glucopyranoside 2.60 ± 0.03

p-Nitrophenyl-b-D-galactopyranoside 3.76 ± 0.07

p-Nitrophenyl-b-D-xylopyranoside 0.14 ± 0.01

o-Nitrophenyl-b-D-xylopyranoside 0.43 ± 0.02

p-Nitrophenyl-a-D-glucopyranoside ND

p-Nitrophenyl-a-D-galactopyranoside ND

p-Nitrophenyl-a-L-arabinopyranoside 0.33 ± 0.01

p-Nitrophenyl-a-L-arabinofuranoside ND

p-Nitrophenyl-a-L-rhamnopyranoside ND

p-Nitrophenyl-b-D-mannopyranoside 0.40 ± 0.02

Rb1 2.20 ± 0.08

Gypenoside XVII 1.61 ± 0.08

Gypenoside LXXV 0.68 ± 0.02

No activity was found for compound K, F2, R1, R2, Rb2, Rc,

Rd, Re, Rg1, Rg2, Rg3, Rf, Rh1, and Rh2

ND not detected
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(pH 7.0) containing 300 mM NaCl and 1 mg lyso-

zyme ml-1. Unbroken cells and cell debris were

removed by centrifugation at 13,0009g for 20 min at

4 �C, and the supernatant obtained was applied to a

His-trap affinity chromatography column equilibrated

with 50 mM phosphate buffer (pH 7.0). The bound

protein was subsequently eluted at 4 �C with the same

buffer containing 250 mM imidazole at 1 ml min-1.

The active fractions were collected and dialyzed at

4 �C for 16 h against 50 mM citrate/phosphate buffer

(pH 5.5). The resulting solution was used as the

purified enzyme. The purification step using the

column was conducted using a FPLC system at 4 �C.

Hydrolytic activity

One unit (U) of enzyme activity used with aryl-

glycoside or ginsenoside was defined as the amount of

Fig. 1 Transformation pathways of Rb1, gypenoside XVII, and gypenoside LXXV to Rd, F2, and compound K, respectively, catalyzed

by b-glucosidase from T. thermophilus
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enzyme required to liberate 1 lmol p-nitrophenol

(pNP) or ginsenoside F2 from pNP-b-D-glucopyrano-

side or gypenoside XVII as a substrate per min at

90 �C and pH 6.5, respectively. The hydrolytic

reactions were performed at 90 �C for 10 min in

50 mM phosphate/citrate buffer (pH 6.5) containing

1 mM aryl-glycoside and 24.7 U enzyme l-1, or

containing 0.5 mM ginsenoside and 8.1 U enzy-

me l-1. The activity for aryl-glycosides was deter-

mined by the increase in absorbance 450 nm due to the

release of NP. The activity for ginsenoside was

measured from the increase in the product

ginsenosides.

Analytical methods

A reaction solution containing digoxin as an internal

standard was extracted with an equal volume of n-

butanol. The n-butanol fraction was evaporated to

dryness and methanol was added (Huang et al. 2006).

Ginsenosides were assayed by HPLC at 203 nm with a

C18 column. The column was eluted at 37 �C with

acetonitrile/water from 20:80 (v/v) to 80:20 (v/v) at

1 ml min-1.

Results and discussion

Substrate specificity of b-glucosidase from T.

thermophilus for aryl-glycosides and ginsenosides

The substrate specificity of b-glucosidase from T.

thermophilus was investigated using aryl-glycoside

and ginsenosides. The specific activity for aryl glyco-

sides followed the order pNP-b-D-glucopyrano-

side [ pNP-b-D-galactopyranoside [ oNP-b-D-gluco-

pyranoside [ oNP-b-D-xylopyranoside [ pNP-b-D-

mannopyranoside [ pNP-a-L-arabinopyranoside [

Fig. 2 HPLC profiles for the conversions of ginsenosides by b-

glucosidase from T. thermophilus. a Conversion of ginsenoside

Rb1 to Rd in 30 min and 36 h and the ginsenoside standards Rb1

(retention time, 9.5 min), Rd (12.4 min), and Rg3 (21.2 min).

b Conversion of gypenoside XVII to ginsenoside F2 in 30 min

and 36 h and the ginsenoside standards gypenoside XVII

(13.9 min), F2 (18.7 min), and Rh2 (28.7 min). c Conversion

of gypenoside LXXV to compound K in 30 min and 36 h and

the ginsenoside standards gypenoside LXXV (18.2 min),

compound K (27.5 min), and APPD (32.0 min)
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pNP-b-D-xylopyranoside. However, no activity for

pNP-a-D-glucopyranoside, pNP-a-D-galactopyrano-

side, pNP-a-L-arabinofuranoside, and pNP-a-L-rhamno-

pyranoside was found (Table 1). The enzyme

exhibited hydrolytic activity for b-1,4-linked and b-

1,2-linked aryl-glycosides, whereas it showed no

activity for a-1,4 linked aryl-glycosides except for

pNP-a-L-arabinopyranoside. The specific activity for

ginsenosides as the substrates was in the order

Rb1 [gypenoside XVII[gypenoside LXXV (Table 1).

No activity was observed for other ginsenosides,

including Rd, F2, compound K, R1, R2, Rb2, Rc, Re,

Rg1, Rg2, Rg3, Rf, Rh1, and Rh2.

The ginsenoside standards and reaction products

were analyzed by HPLC using the C18 column. The

ginsenoside standards Rb1, Rd, Rg3, gypenoside XVII,

F2, Rh2, gypenoside LXXV, compound K, and APPD

were detected based on retention times of 9.5, 12.4,

21.2, 13.9, 18.7, 28.7, 18.2, 27.5, and 32.0 min,

respectively (Fig. 1). The products obtained from Rb1,

gypenoside XVII, and gypenoside LXXV by b-

glucosidase from T. thermophilus were identified as

Rd, F2, and compound K, respectively, based on

retention times, which were the same as those of the

ginsenoside standards, with no formation of the

byproducts Rg3, Rh2, and APPD, respectively. More-

over, the reaction products of Rd, F2, and compound K

were not further hydrolyzed by the enzyme. Thus, Rb1,

gypenoside XVII, and gypenoside LXXV were con-

verted to Rd, F2, and compound K, respectively, which

were not further hydrolyzed by the enzyme (Fig. 2). T.

thermophilus b-glucosidase hydrolyzes only the outer

glucose linked to the C-20 position in PPD-type

ginsenosides with a b-1,6 linkage and does not

Time (h)

0 20 40 60 80 100 120

R
el

at
iv

e 
ac

ti
vi

ty
 (

%
)

20

40

60

80

10

100

Fig. 3 Thermal inactivation of the activity of b-glucosidase

from T. thermophilus for ginsenoside Rd. The enzyme was

incubated at 70 (filled triangle), 75 (open square), 80 (filled

square), 85 (open circle), and 90 �C (filled circle) in 50 mM

phosphate/citrate buffer (pH 6.5) for various periods of time. A

sample was withdrawn at each time point and assayed in 50 mM

citrate/phosphate buffer (pH 6.5) containing 0.5 mM gypeno-

side XVII and 8.1 U enzyme l-1 at 90 �C for 20 min. Data

represent the means of three experiments, and error bars

represent the standard deviation. The relative activity of 100 %

was 0.16 mM F2
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Fig. 4 Effects of enzyme and substrate concentrations on the

production of F2 from gypenoside XVII by b-glucosidase from

T. thermophiles. a Effect of enzyme concentration. The

reactions were performed in 50 mM citrate/phosphate buffer

(pH 6.5) containing 2 g gypenoside XVII l-1 90 �C for 20 min.

b Effect of substrate concentration. Ginsenoside F2 production

(filled circle) and conversion yield (open square). The reactions

were performed in 50 mM citrate/phosphate buffer (pH 6.5)

containing 3 g enzyme l-1 at 90 �C for 20 min. Data represent

the means of three experiments, and error bars represent the

standard deviation
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hydrolyze the inner glucose linked to the C-20

position, the other outer glycosides (arabinopyranose

and arabinofuranose) linked to the glucose at the C-20

position, or the inner glucose and outer glycosides

(xylose, rhamnose, and glucose) linked to the C-3 and

C-6 positions. The ginsenoside F2 producing b-

glucosidases from Sphingomonas sp. (Wang et al.

2011a) and P. irregulare (Andreea Neculai et al. 2009)

hydrolyzed both the outer glucoses linked to the C-3

and C-20 positions in PPD-type ginsenosides. b-

Glucosidase from F. johnsoniae (Hong et al. 2012)

converted Rb1 and gypenoside XVII to Rd and F2,

respectively, by hydrolyzing the outer glucose at the

C-20 position. However, the detailed substrate spec-

ificity of this enzyme for ginsenosides has not been

investigated. These results suggested that T. thermo-

philus b-glucosidase exhibits novel narrow substrate

specificity.

Effects of pH and temperature on the activity of b-

glucosidase from T. thermophilus for gypenoside

XVII

The product, Rd, which was converted from Rb1 by

the reaction of T. thermophilus b-glucosidase, was a

major ginsenoside, whereas F2, which was converted

from gypenoside XVII, was a minor ginsenoside.

Therefore, gypenoside XVII as a substrate was used

for the enhanced production of F2. No ginsenoside F2

was formed when the reactions were performed with

gypenoside XVII in the absence of enzyme or in the

presence of E. coli cells, which lack the b-glucosidase

gene from T. thermophilus. The maximum hydrolytic

activity of b-glucosidase from the thermophile T.

thermophilus for the production of F2 from gypenoside

XVII was observed at pH 6.5 and 90 �C (data not

shown). The activity of b-glucosidase from F. johnso-

niae for gypenoside XVII that was converted to F2

(Hong et al. 2012) was optimal at pH 6.0 and 37 �C. b-

Glucosidase from T. thermophilus displayed first-

order kinetics for thermal inactivation, and the half-

lives of the enzyme at 70, 75, 80, 85, and 90 �C were

437, 125, 70, 10, and 1 h, respectively (Fig. 3). b-

Glucosidase from T. thermophilus was the most

thermostable enzyme among b-glucosidases that

produce ginsenoside F2 from diverse ginsenosides

(Neculai et al. 2009; Wang et al. 2011a; Hong et al.

2012).

Production of ginsenoside F2 from gypenoside

XVII by b-glucosidase from T. thermophilus

The effect of enzyme concentration on F2 production

was investigated with 2 g gypenoside XVII l-1 as the

substrate by varying the enzyme concentration from

0.1 (0.16) to 4 g l-1 (6.4 U ml-1) after 20 min. F2

production increased with increasing the enzyme

concentrations up to 3 g enzyme l-1 (4.8 U ml-1).

However, above 3 g l-1, gypenoside XVII was com-

pletely converted to F2 (Fig. 4a), indicating that the

enzyme concentration was optimal at 3 g l-1. The

production of F2 from gypenoside XVII was assessed

with 3 g enzyme l-1 for 20 min by varying the

concentration of gypenoside XVII from 0.5 to

10.0 g l-1. Up to 2 g l-1 gypenoside XVII, the

conversion yield of gypenoside XVII to F2 was

constant. However, above 2 g l-1, the conversion

yield decreased. F2 production increased with increas-

ing the concentration of gypenoside XVII (Fig. 4b).

To achieve a suitable conversion yield and product

concentration, we selected 4 g gypenoside XVII l-1

as the substrate concentration.

The optimal reaction conditions for the production

of F2 from g gypenoside XVII were pH 6.5, 90 �C,

3 g enzyme l-1, and 4 g gypenoside XVII l-1. Under

the optimized Fig. 5 conditions, the enzyme produced

3.3 g F2 l-1 after 50 min, with a molar yield of 100 %
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Fig. 5 Production of F2 (filled circle) from gypenoside XVII

(open circle) by b-glucosidase from T. thermophilus. The

reactions were performed at 90 �C in 50 mM phosphate/citrate

buffer (pH 6.5) containing 4 g l-1 gypenoside XVII and

3 g enzyme l-1. Data represent the means of three separate

experiments and error bars represent the standard deviation
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and a productivity of 4 g l-1 h-1 (Fig. 5). The results

suggested that T. thermophilus b-glucosidase is an

effective producer of ginsenoside F2.

In summary, b-glucosidase from T. thermophilus

hydrolyzed only the outer glucose at the C-20 position

in ginsenosides. Because of the novel narrow substrate

specificity, the enzyme completely converted gype-

noside XVII to ginsenoside F2 without further hydro-

lysis. Therefore, b-glucosidase from T. thermophillus

is an effective enzyme for the production of ginseno-

side F2 from gypenoside XVII as a substrate.
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