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Abstract The production of compound K and aglycon
protopanaxadiol (APPD) from ginsenoside Rd and ginseng
root extract was performed using a recombinant f3-
glycosidase from Pyrococcus furiosus. The activity for Rd
was optimal at pH 5.5 and 95°C with a half-life of 68 h at
95°C. (-Glycosidase converted Rb;, Rb,, Rc, and Rd to
APPD via compound K. With increases in the enzyme
activity, the productivities of compound K and APPD
increased. The substrate concentration was optimal at
4.0 mM Rd or 10% (w/v) ginseng root extract; 4 mM of
Rd was converted to 3.3 mM compound K with a yield of
82.5% (mol/mol) and a productivity of 2,010 mg I"' h™" at
1 h and was hydrolyzed completely to APPD with
364 mg 1" h™' after 5 h. Rb;, Rb,, Rc, and Rd at
3.9 mM in 10% ginseng root extract were converted to
3.1 mM compound K with 79.5% and 1,610 mg I"' h™" at
1.2 h and were hydrolyzed completely to APPD with
300 mg "' h™' after 6 h. The concentrations and
productivities of compound K and APPD in the present
study are the highest ever reported.

Keywords Aglycon protopanaxadiol - Compound K -
[3-glycosidase - Pyrococcus furiosus

Introduction

Ginseng, the root of Panax ginseng C. A. Meyer, has

been used as a traditional medicine, in China, Korea,
Japan, and other countries in Asia. The ginsenosides in
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ginseng are the principal components responsible for these
diverse biological and pharmaceutical activities (Wu et al.
1992; Yoshikawa et al. 2003). Pharmaceutically active
ginsenosides exist as deglycosylated forms at low con-
centrations or are absent in ginseng (Tawab et al. 2003).
The deglycosylated ginsenosides, including ginsenosides
F,, F», Rgs;, Rh;, Rh,, compound Y, compound Mc,
compound K, aglycon protopanaxadiol (APPD), and
aglycon protopanaxatriol, can be produced via the hydro-
lysis of sugar moieties from the glycosylated major
ginsenosides Rb;, Rb,, Rc, Rd, Re, and Rg;. In recent
decades, many studies have focused on the production of
the deglycosylated ginsenosides, as they evidence more
profound pharmaceutical activity than the glycosylated
major ginsenosides (Kim et al. 2005; Chen et al. 2008;
Park et al. 2010).

The deglycosylated ginsenosides, compound K and
APPD, are absent in ginseng root (Yu et al. 2007; Yan et
al. 2008a; Noh et al. 2009). These compounds have been
recognized as inducers of apoptosis in tumor cells (Suda et
al. 2000) and inhibitors of allergy (Bae et al. 2002a),
carcinogenesis (Chae et al. 2009), tumor metastasis
(Hasegawa et al. 1997), and tumor cell proliferation
(Wakabayashi et al. 1997; Kim et al. 2003). Compound K
production from ginseng root extract has been achieved via
enzymatic methods using the 3-glycosidase of Aspergillus
sp. (Yu et al. 2007), lactase from Penicillium sp. (Ko et al.
2007), P-galactosidase from Aspergillus oryzae (Ko et al.
2007), B-glucosidase from Fusobacterium sp. (Park et al.
2001), B-glucosidase from Paecilomyces bainier (Yan et al.
2008b), B-glucosidase from Terrabacter ginsenosidimutans
(An et al. 2010), pectinase from Aspergillus niger (Kim et
al. 2006), [3-glycosidase from Sulfolobus solfataricus (Noh
et al. 2009), and P-glycosidase from Sulfolobus acid-
ocaldarius (Noh and Oh 2009). However, the production
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of compound K, thus far, has proven inefficient in terms of
productivity. APPD has been produced by acid hydrolysis
(Tanaka et al. 1972) and by fermentation using human
intestinal bacteria (Bae et al. 2002b). These methods are
poorly selective and evidence extremely low productivity.
The enzymatic method has been proposed as the most
promising for APPD production, owing to its high
specificity, yield, and productivity. Although only one
qualitatively enzymatic production of APPD has been
reported (An et al. 2010), the quantitative study for the
production of APPD via enzymatic methods has not been
demonstrated.

In this study, the production of APPD via compound K
from ginseng root extract and reagent-grade Rd was
attempted using a thermostable (3-glycosidase from Pyro-
coccus furiosus. To enhance the production of these
ginsenosides, reaction conditions such as pH, temperature,
enzyme and substrate concentrations, and reaction time
were optimized. Under optimal conditions, the enhanced
production of compound K and APPD via (3-glycosidase
from P. furiosus was achieved.

Materials and methods
Materials

Reagent-grade Rb;, Rb,, Rc, Rd, compound K, and APPD
were purchased from Ambo Institute (Daejeon, Korea).
Ginseng root extract was prepared via the method reported
previously (Son et al. 2008).

Cloning and gene expression

The genomic DNA from P. furiosus DSMZ 3638 (Micro-
bank, Daejeon, Korea), Escherichia coli ER2566 (New
Englands Biolabs, Herfordshire, UK), and pET24a plas-
mid (Novagen, Madison, WI) were used as the source of
the (3-glycosidase gene, host cells, and expression vector.
The gene encoding the (-glycosidase was amplified by
polymerase chain reaction (PCR) using the genomic DNA
isolated from P. furiosus as a template. The sequence of
the oligonucleotide primers used for gene cloning was
based on the DNA sequence of P. furiosus [3-glycosidase
(GenBank accession number No. AAC25555). Forward
(5'-GGATCCATGAAGTTCTCCAAAAAAC-3") and re-
verse primers (5-GTCGACCTTTCTTGTAACAAATT-
3") were designed to introduce the BamHI and Sall
restriction sites (underlined), respectively, and were syn-
thesized by Bioneer (Daejon, Korea). The amplified DNA
fragment obtained by PCR was purified and inserted into
the pET24a(+) vector digested with the same restriction
enzymes. E. coli ER2566 strain was transformed with the
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ligation mixture using an electroporator (MicroPulser,
Bio-Rad, Hercules, CA) and plated on Luria—Bertani
(LB) agar containing 25 pug ml™' of kanamycin. A
kanamycin-resistant colony was selected, and plasmid
DNA from the transformant was isolated with a plasmid
purification kit (Promega, Madison, WI). DNA sequenc-
ing was conducted using a DNA analyzer (ABI Prism
3730x1, Perkin-Elmer, Waltham, MA). Gene expression
was evaluated by both SDS-PAGE and enzyme activity.

Enzyme preparation

E. coli cells containing the (3-glycosidase/pET24a(+) gene
from P furiosus were grown in LB medium containing
25 ug ml~" of kanamycin at 37°C with agitation at 200 rpm
until an optical density at 600 nm of 1.0 was achieved.
Isopropyl-f3-D-thiogalactopyranoside was added to the
culture medium at a final concentration of 0.1 mM, and
incubation continued for 12 h with agitation at 150 rpm at
16°C as the previously reported method (Son et al. 2008;
Noh and Oh 2009; Noh et al. 2009). The induced cells were
subsequently harvested and disrupted via sonication in
50 mM citrate buffer (pH 5.5). Unbroken cells and cell
debris were removed by centrifugation at 13,000xg for
20 min, and the supernatant was treated at 90°C for 10 min
to remove E. coli-derived proteins. Following heat treat-
ment, the suspension was centrifuged at 13,000xg for
20 min in order to remove the insoluble denatured proteins.
The supernatant was used as the soluble enzyme.

Hydrolytic activity

The hydrolytic reactions of P. furiosus 3-glycosidase were
performed at 95°C in 50 mM citrate buffer (pH 5.5)
containing p-nitrophenyl (pNP)-{3-D-glucopyranoside, pNP-
[3-D-galactopyranoside, oNP-f-D-galactopyranoside, pNP-
«-L-arabinopyranoside, or pNP-o-L-arabinofuranoside
(Sigma, St. Louis, MO) for 5 min and in 50 mM citrate
buffer (pH 5.5) containing 1 mM reagent-grade ginsenoside
Rb;, Rb,, Rc, Rd, or compound K for 20 min. The
nitrophenyl-glycoside activity was determined by the
increase in absorbance at 420 nm due to the release of
nitrophenol, and the ginsenoside activity was measured by
the increase of the ginsenoside product. The enzyme
amounts used for nitrophenyl-glycoside and ginsenoside
were 0.2 and 0.02 U ml ™', respectively. One unit of enzyme
activity used for ginsenosides or nitrophenyl-glycosides
was defined as the amount of enzyme required to liberate
1 pumol of compound K from ginsenoside Rd as a substrate
or to liberate 1 pmol of nitrophenol from nitrophenyl-
glycoside per min at 95°C and pH 5.5, respectively. One
unit of enzyme activity used for ginsenosides corresponded
to 0.18 mg protein.
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Effects of temperature and pH

To evaluate the effects of pH and temperature on [3-
glycosidase activity, the temperatures were varied from
70°C to 95°C at pH 5.5, and the pH values were varied
from 4.5 to 6.5 using 50 mM citrate buffer (pH 4.5-6.0)
and 50 mM phosphate buffer (pH 6.0-6.5) at 95°C. The
effect of temperature on enzyme stability was monitored
as a function of incubation time by applying the enzyme
solution at five different temperatures (75°C, 80°C,
85°C, 90°C, and 95°C) in 50 mM citrate buffer (pH 5.5).
Samples were withdrawn at time intervals and then
assayed in 50 mM citrate buffer (pH 5.5) containing
1 mM Rd at 95°C for 20 min. The half-life of the enzyme
was calculated using Sigma Plot 9.0 software (Systat
Software, San Jose, CA).

Effects of enzyme and substrate concentrations
on the production of compound K and APPD

In order to evaluate the effect of the amount of enzyme on
the production of compound K and APPD, the reactions
were performed at 95°C in 50 mM citrate buffer (pH 5.5)
by varying the enzyme activity from 1.2 to 48 U ml™' of
enzyme with 4.0 mM Rd for 5 h and from 1.2 to 96 U ml ™"
of enzyme with 10% (w/v) ginseng root extract for 6 h. The
effect of substrate concentration was investigated at 95°C in
50 mM citrate buffer (pH 5.5) by varying the concen-
trations of Rd from 1 to 8 mM with 48 U ml™' of enzyme
for 15 h and by varying the concentrations of ginseng
extract from 5% to 20% (w/v) with 96 U ml™" of enzyme
for 30 h. Samples were withdrawn at time intervals, after
which the time required for the maximal production of
compound K and APPD was determined and employed in
order to calculate the productivities.

Time courses for the production of compound K and APPD

The time courses for the production of compound K and
APPD from ginsenoside Rd and ginseng root extract by f3-
glycosidase from P furiosus were investigated. The
reactions were performed at 95°C in 50 mM citrate buffer
(pH 5.5) containing 48 U ml ' of enzyme and 4 mM
reagent-grade Rd for 5 h, and 96 U ml™' of enzyme and
10% (w/v) ginseng root extract for 6 h.

Analytical methods

Digoxin as an internal standard was added to the samples
and then extracted with an identical volume of n-butanol
for 1 min via vortexing. After centrifugation at 13,000xg
for 5 min, the upper organic phase as a n-butanol fraction
was transferred into a clean tube and evaporated to

dryness in the centrifugal evaporator (Eyela CVE-3100,
Tokyo, Japan). The residue was then reconstituted by
methanol for HPLC analysis (Huang et al. 20006).
Ginsenosides were assayed using an HPLC system
(Agilent 1100, Santa Clara, CA) equipped with a UV
detector at 203 nm using a C18 column (250%4.6 mm,
YMC, Kyoto, Japan). The column was initially eluted
with a mixture of acetonitrile and water of 20:80 (v/v) as
the mobile phase, a gradient of 40:60 for 40 min, and then
a gradient of 80:20 for 80 min. The flow rate was
1.0 ml min~' and the column temperature was 37°C.

Results

Effects of temperature and pH on the activity of [3-
glycosidase from P. furiosus.

A gene encoding P. furiosus [3-glycosidase, with the
same sequence as that reported in GenBank (accession
number AAC25555), was cloned and expressed in E. coli.
The enzyme was purified from crude extract obtained from
harvested cells as a soluble protein by heat treatment. There
was little inclusion body in cell debris (Fig. 1). The
molecular mass of the expressed protein analyzed by
SDS-PAGE was about 55.5 kDa, consistent with the
calculated value of 55,488 Da based on the 472 amino
acid residues plus six histidine residues.

No compound K and APPD were formed when the
reactions were carried out under the experimental condi-
tions without enzyme or with grown cells of E. coli
ER2566, which did not harbor the {3-glycosidase gene
from P furiosus. In order to evaluate the effect of
temperature on the hydrolytic activity of Rd to compound
K by pB-glycosidase from P. furiosus, the temperature was
varied from 70°C to 95°C at pH 5.5. The enzyme activity
increased with increases in temperature, evidencing maxi-
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Fig. 1 SDS-PAGE analysis of each purification step. Lane 1, marker
proteins; lane 2, cell debris; lane 3, crude extract; lane 4, supernatant
after heat treatment at 90°C for 10 min
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mal activity at 95°C (Fig. 2a). The effect of pH on the
production of compound K from Rd was investigated at
95°C in a pH range of 4.5-6.5. Maximal production was
observed at pH 5.5. At pH values of 5.0 and 6.0, the
activity was approximately 80% of the maximum (Fig. 2b).
Thus, the reaction pH was determined to be 5.5.

The thermal stability of P. furiosus [3-glycosidase was
examined by measuring the enzyme activity over time at
pH 5.5 and at temperatures ranging from 75°C to 95°C
(Fig. 3). Thermal inactivation of the enzyme followed first-
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Fig. 2 Effects of temperature and pH on the activity of (3-glycosidase
from P, furiosus. a temperature effect: the reactions were performed in
50 mM citrate buffer (pH 5.5) containing 1 mM Rd and 0.01 U mI™'
of enzyme for 20 min. b pH effect: the reactions were performed in
50 mM citrate buffer (filled circle, pH 4.5-6.0) or 50 mM phosphate
buffer (empty circle, pH 6.0-6.5) containing 1 mM Rd and
0.01 U ml™" of enzyme at 95°C for 20 min. Data are expressed as
the means of three experiments and the error bars represent standard
deviation
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Fig. 3 Thermal inactivation of the activity of (3-glycosidase from P.
furiosus. The enzymes were incubated at 75°C (filled circle), 80°C
(empty circle), 85°C (filled triangle down), 90°C (empty triangle), and
95°C (filled square) for varying time periods. A sample was
withdrawn at each time interval and the relative activity was
determined. Data are expressed as the means of three experiments
and the error bars represent standard deviation

order kinetics with half-lives of 572 h, 333 h, 172 h, 118 h,
and 68 h at 75°C, 80°C, 85°C, 90°C, and 95°C,
respectively. Due to the stability of the enzyme at 95°C,
this temperature was selected as the reaction temperature
for the production of compound K and APPD.

Substrate specificity of (3-glycosidase from P. furiosus
The substrate specificity of the enzyme was investigated
using aryl-glycosides and ginsenosides (Table 1). The

specific activity for the aryl-glycoside substrates followed
the order pNP-3-D-glucopyranoside > oNP-{3-D-glucopyr-

Table 1 Substrate specificity of (3-glycosidase from P. furiosus

Substrate Specific activity (U mg™)
p-Nitrophennyl-3-D-glucopyranoside 912+14
o-Nitrophennyl-3-D-glucopyranoside 828426
p-Nitrophennyl-3-D-galactopyranoside 561+30
o-Nitrophennyl-3-D-galactopyranoside 529+36
p-Nitrophennyl-«-L-arabinopyronoside 15+2.5
p-Nitrophennyl-x-L-arabinofuranoside 4.5+£0.03
Rb, 4.5+0.03
Rb, 0.55+0.00
Rc 0.08+0.00
Rd 5.5+0.00
Compound K 0.02+0.00

Data are expressed as the means of three experiments and the error
bars represent standard deviation
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anoside > pNP-f3-pD-galactopyranoside > oNP-{3-D-galacto-
pyranoside > pNP-x-L-arabinopyranoside > pNP-«-L-ara-
binofuranoside. The specific activity of the enzyme for
PpNP-B-D-glucopyranoside was approximately 60- or 200-
fold higher than pNP-o-L-arabinopyranoside or pNP-«-L-
arabinofuranoside, respectively.

The specific activity of the enzyme for the ginsenoside
substrates followed the order Rd > Rb; > Rb, > Rc >
compound K. Ginsenosides Rb;, Rb,, or Rc were converted
to Rd, Rd was converted to compound K, and compound K
was converted to APPD by (3-glycosidase from P. furiosus,
thereby indicating that the transformation pathway of
ginsenosides is as follows: Rb;, Rb,, or Rc — Rd —
compound K — APPD (Fig. 4).

Effect of enzyme activity on the production of compound K
and APPD by (-glycosidase from P. furiosus

The effect of enzyme activity on the production of
compound K and APPD was investigated at pH 5.5 and
95°C by varying enzyme activity from 1.2 to 48 U ml™' of

enzyme with 4.0 mM Rd for 5 h (Fig. 5a). The optimal
enzyme activity for compound K production was 8 U ml ™"
of enzyme after 5 h and the conversion yield and the
productivity of compound K at this activity were 80.8%
(mol/mol) and 399 mg "' h™", respectively. Ginsenoside Rd
was converted completely to APPD at 48 U ml ™' of enzyme
after 5 h with a productivity of 364 mg "' h™'. When
48 U ml' of enzyme was used, 3.3 mM (2.1 mg ml ")
compound K was produced after 1 h, corresponding to a
productivity of 2,010 mg 1" h™" and a conversion yield of
82.5% (mol/mol). With increasing enzyme activity, the
productivities of compound K and APPD also increased,
although the conversion yields remained almost constant.
The effect of enzyme activity on compound K and
APPD production was investigated by varying enzyme
activity from 1.2 to 96 U ml™' of enzyme with 10% (w/v)
ginseng root extract for 6 h (Fig. 5b). At the optimal
enzyme activity for compound K production of 16 U ml ™"
of enzyme after 6 h, the productivity and conversion yield
of compound K from ginsenosides Rb;, Rb,, Re, and Rd of
compound K were 322 mg I"' h™" and 79.5% (mol/mol),

Rd

Re

Compound K APPD

Fig. 4 Transformation pathway from ginsenoside Rb;, Rb,, Rc, or Rd to APPD via compound K by (-glycosidase from P. furiosus. The
transformation pathway was Rb;, Rb,, or Rc — Rd — compound K — APPD
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Fig. 5 Effect of enzyme amount on compound K and APPD
production by -glycosidase from P. furiosus. a Ginsenoside Rd as
substrate: the reactions were performed at 95°C in 50 mM citrate
buffer (pH 5.5) containing 4 mM Rd and 1.2-48 U mI " of enzyme for
5 h. b Root extract as substrate: the reactions were performed at 95°C
in 50 mM citrate buffer (pH 5.5) containing 10% root extract and 1.2—
96 U ml ' of enzyme for 6 h. Rb; (empty triangle), Rb, (empty
square), Rc (empty diamond), Rd (filled square), compound K (empty
circle), and APPD (filled circle). Data are expressed as the means of
three experiments and the error bars represent standard deviation

respectively. At 96 U ml™' of enzyme, 3.9 mM ginseno-
sides of Rby, Rb,, Rc, and Rd in 10% (w/v) ginseng root
extract were converted completely to APPD after 6 h,
corresponding to a productivity of 300 mg 1" h™'. At this
enzyme activity, 3.1 mM (2.0 mg ml"") compound K was
produced after 1.2 h, thereby indicating that the conversion
yield of compound K from Rb;, Rb,, Rc, and Rd was
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79.5% (mol/mol) and the productivity of compound K was
1,610 mg I h".

Among the enzyme activities tested, APPD productivity
was maximal at 48 U ml™" of enzyme for 4.0 mM Rd and
96 U ml"" of enzyme for 10% (w/v) ginseng root extract;
these were, therefore, considered the optimal enzyme
activities for the production of compound K and APPD.
The productivities of compound K and APPD using
ginseng root extract were decreased, and the amount of
enzyme was increased, relative to those achieved using
reagent-grade Rd. The retardation noted with the use of
ginseng root extract may be attributable to the inhibition of
the enzyme by other ginsenosides in ginseng root extract
(Son et al. 2008).

Effect of substrate concentration on compound K
and APPD production

The effect of substrate concentration on compound K and
APPD production was investigated at pH 5.5 and 95°C by
varying the concentrations of ginsenoside Rd from 1.0 to
8.0 mM with 48 U ml™" of enzyme for 15 h (Fig. 6a). When
Rd concentrations of 1.0, 2.0, 4.0, 6.0, and 8.0 mM were
employed, the maximal production of compound K was
0.80 mM at 0.25 h, 1.6 mM at 0.50 h, 3.3 mM at 1.00 h,
4.7 mM at 1.75 h, and 6.3 mM at 2.67 h, respectively. The
conversion yield of compound K from Rd was constant at
approximately 80% (mol/mol). The productivity of com-
pound K was constant within 4.0 mM Rd but was reduced
at above 4.0 mM Rd. When Rd concentrations of 1.0, 2.0,
4.0, 6.0, and 8.0 mM were employed, the maximal
production of APPD was 1.0 mM at 1.25 h, 2.0 mM at
2.5h, 4.0 mM at 5.0 h, 4.6 mM at 8.8 h, and 4.8 mM at
13.4 h, respectively. With increasing concentrations of Rd,
APPD productivity and yield were constant within 4.0 mM
Rd. However, above that concentration, the productivity
and yield were reduced even with the prolonged reaction
time. Thus, the optimal Rd concentration was determined to
be 4.0 mM.

The concentration of ginsenoside root extract was varied
from 5% to 20% (w/v) with 96 U ml™" of enzyme for a
reaction time of 30 h (Fig. 6b). The maximal production of
compound K was 1.6 mM at 0.6 h with 5% ginsenoside
root extract, 3.1 mM at 1.2 h with 10% ginsenoside root
extract, 4.7 mM at 2.4 h with 15% ginsenoside root extract,
and 6.2 mM at 42 h with 20% (w/v) ginsenoside root
extract. The conversion yield of compound K from Rby,
Rb,, Rc, and Rd in the ginseng root extract was constant at
approximately 80% (mol/mol). The productivity of com-
pound K was constant within a concentration of 10% (w/v)
ginsenoside root extract but was reduce above this
concentration owing to the retardation of the reaction time.
The ginsenoside root extract within 5% (w/v) was hydro-
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Fig. 6 Effect of substrate concentration on the production of
compound K and APPD by (3-glycosidase from P. furiosus. a Effect
of Rd concentration: the reactions for the production of compound K
and APPD were performed in 50 mM citrate buffer (pH 5.5)
containing 1-8 mM Rd and 48 U ml ™" of enzyme at 95°C for 15 h.
b Effect of root extract concentration: the reactions for the production
of compound K and APPD were performed in 50 mM citrate buffer
(pH 5.5) containing 5-20% (w/v) root extract and 96 U ml ' of
enzyme at 95°C for 30 h. A sample was withdrawn at the specified
time interval and then the time for the maximal production of
compound K, and APPD was determined and used to calculate the
productivities. Productivity of compound K (empty circle), conversion
yield of compound K (empty square), productivity of APPD (filled
circle), and conversion yield of APPD (filled square). Data are
expressed as the means of three experiments and the error bars
represent standard deviation

lyzed completely to APPD at 3 h and with 10% ginsenoside
root extract at 6 h. However, 15% (w/v) ginsenoside root
extract was converted to APPD with a yield of 60% (mol/
mol) after 12 h, and 20% (w/v) ginsenoside root extract was
converted to APPD with a yield of 43% (mol/mol) after
21 h. With increases in the concentration of ginsenoside
root extract, the productivity and yield of APPD were
constant within a concentration of 10% (w/v) ginsenoside

root extract; however, at ginsenoside root extract con-
centration above 10% (w/v), the productivity and yield
were reduced even with the prolonged reaction time. Thus,
the optimal concentration of ginsenoside root extract was
10% (w/v).

Time courses for the production of compound K and APPD
from ginsenoside Rd and ginseng root extract

The optimal conditions for the production of compound K
and APPD were pH 5.5, 95°C, 4.0 mM Rd, and 48 U ml™!
of enzyme with the use of ginsenoside Rd and pH 5.5,
95°C, 10% (w/v) ginseng root extract, 96 U ml ' of
enzyme, and ginseng root extract. Under optimal condi-
tions, the time courses of the production of compound K
and APPD using [(-glycosidase from P furiosus were
investigated with ginsenoside Rd for 6 h and ginseng root
extract for 7 h (Fig. 7). The maximal conversion of Rd to
compound K was noted at 1 h with a conversion yield of
82.5% (mol/mol) and a productivity of 2,010 mg I h™'.
After 5 h, Rd and compound K were converted completely
to APPD with a productivity of 364 mg 1" h™".

The ginsenosides in ginseng root extract that were
convertible to APPD via compound K by [3-glycosidase
from P. furiosus were Rb;, Rb,, Rc, and Rd, the concen-
trations of each ginsenoside in 10% (w/v) ginsenoside root
extract were 1.8, 1.1, 0.6, and 0.4 mM Rd, respectively, and
the total amount of these ginsenosides was 3.9 mM.
Ginsenosides Rb;, Rb,, and Rc were converted to Rd,
which was transformed to APPD via compound K. The
maximal concentration of compound K was 3.1 mM at
1.2 h, corresponding to a conversion yield of 79.5%
(mol/mol) and a productivity of 1,610 mg 1" h™'. After
6 h, ginsenosides Rb;, Rb,, Rc, and Rd were converted
completely to APPD via compound K, corresponding to a
productivity of 300 mg 1" h™".

Discussion

The PPD ginsenosides harbor different sugar moieties at C-
3 and C-20 in the aglycon PPD (Fig. 3). The sugars linked
to C-3 in the PPD ginsenosides are (3-D-glucopyranose and
[-D-glucopyranosyl-(1—2)--D-glucopyranose, whereas
those linked to C-20 are {3-D-glucopyranose, x-L-arabino-
pyranosyl-(1—6)-3-D-glucopyranose, and «-L-arabinofura-
nosyl-(1—6)-3-D-glucopyranose. The specific activity of
[-glycosidase from P. furiosus for the ginsenoside sub-
strates followed the order Rd > Rb; > Rb, > Rc >
compound K. These results demonstrated that the enzyme
evidenced higher hydrolytic activity toward the sugar
moiety at C-3 (Rd — compound K) than toward the sugar
moiety at C-20 (Rb;, Rb,, or Rc — Rd, compound K —

@ Springer



Appl Microbiol Biotechnol (2011) 89:1019-1028

a
4
—_ 3
=
£
N
n
]
-‘7’ 2
<] ;
c :
Q :
(7] H
£ ;
S 1|
o
O(; ] ] A ]
0 1 2 3 4 5 6 7

Time (h)

Ginsenosides (mM)

O
0 1 2 3 4 5 6 7
Time (h)

Fig. 7 Time courses for the production of compound K and APPD
from ginsenoside Rd and ginseng root extract by 3-glycosidase from
P. furiosus. a Production of compound K and aglycon PPD from
ginsenoside Rd: the reactions were performed in 50 mM citrate buffer
(pH 5.5) containing 4 mM Rd and 48 U ml ™" of enzyme at 95 °C. Rd
(filled square), compound K (empty circle), and APPD (filled circle).
b Production of compound K and aglycon PPD from root extract: The
reactions were performed in 50 mM citrate buffer (pH 5.5) containing
10% (w/v) root extract and 96 U ml ™' of enzyme at 95°C. Rb; (empty
triangle), Rb2 (empty square), Rc (empty diamond), Rd (filled
square), compound K (empty circle), and APPD (filled circle). Data
are expressed as the means of three experiments and the error bars
represent standard deviation

APPD). The specific activity order (3-D-glucopyranose
linkage of 20-O-f3-D-glucopyranosyl-(1—6)-3-D-glucopyra-
nose in panaxadiol (Rb; — Rd) > «-L-arabinopyranose
linkage in 20-O-x-L-arabinopyranosyl-(1—6)-{3-D-glucopyr-

@ Springer

anose (Rb, — Rd) > «-L-arabinofuranose linkage in 20-O-
«-L-arabinofuranosyl-(1 — 6)-3-D-glucopyranose (Rc —
Rd) is consistent with the order pNP-{3-D-glucopyranoside >
PpNP-a-L-arabinopyranoside > pNP-x-L-arabinofuranoside.

One (3-D-glycosidase can hydrolyze ginsenosides with
different hydrolytic pathways via a multiple-step process.
The hydrolytic pathway is determined by the stereo-
specific preference of an enzyme for sugars linked to C-
3 or C-20 in the PPD type. Several pathways from the
glycosylated major ginsenosides to compound K have
been previously reported. (3-D-Glucosidases from Fuso-
bacterium sp. (Park et al. 2001) and P. bainier (Yan et al.
2010) exploited the hydrolytic pathway of Rb;, —
gypenoside XVII — F, — compound K. (3-D-Glucosidase
from T. ginsenosidimutans showed two hydrolytic path-
ways of Rb; — gypenoside XVII — gypenoside LXXV
— compound K and Rd — F, — compound K (An et al.
2010). 3-p-Glycosidase from S. solfataricus exploited two
hydrolytic pathways of Rb; or Rb, - Rd — F, —
compound K and Rc — compound Mc — compound K
(Noh et al. 2009). 3-Glycosidase from S. acidocaldarius
exploited two hydrolytic pathways of Rb; — Rd —
compound K and Rb, — compound Y — compound K
(Noh and Oh 2009). (-p-Glucosidases from P. bainier
(Yan et al. 2008b) and Cladosporium fulvum (Zhao et al.
2009) exploited the hydrolytic pathway of Rb; — Rd —
F, — compound K and (3-glycosidase from Aspergillus
sp. exploited the hydrolytic pathways of Rb;, Rb,, or Rb;
— F, — compound K (Yu et al. 2007).

Only one hydrolytic pathway to APPD has been reported
in (3-glucosidase from 7. ginsenosidimutans as Rg; — Rh,
— APPD (An et al. 2010). However, the enzyme did not
convert compound K into APPD. (3-Glycosidase from P,
furiosus in the present study exploited different hydrolytic
pathway to that from 7. ginsenosidimutans as Rb;, Rb,, or
Rc — Rd — compound K — APPD. This hydrolytic
pathway of Rb; and Rb, to compound K was similar to that
associated with (-glycosidase from Aspergillus sp. How-
ever, the hydrolytic pathway of Rc to compound K via Rd
and the conversion of compound K to APPD have not been
previously reported, thereby indicating that the hydrolytic
pathway involving (3-glycosidase from P. furiosus of Rby,
Rb,, or Rc — Rd — compound K — APPD is novel.

The production of compound K by several microorgan-
isms and enzymes is summarized in Table 2. The previous
maximal production of compound K from reagent-grade
ginsenoside was reported in (3-glycosidase from S. acid-
ocaldarius (Noh and Oh 2009). The enzyme converted
0.90 mM reagent-grade Rb; to 0.85 mM compound K for
3 h, with a productivity of 177 mg 1" h™'. The
concentration and productivity of compound K from
4.0 mM Rd in this study were 3.3 mM and
2,010 mg 1" h™" (Fig. 6a); these values were 3.9- and 11-
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Table 2 Compound K production by (3-glycosidases and cells
Transformation ~ Microorganism Substrate (mM) Compound K Conversion yield (%, Productivity Reference
(mM) mol/mol) (mg ' b
Microbial Paecilomyces Ginseng extract ~ 0.06 84.3 0.26 (Zhou et al.
bainier (0.07) 2008)
Fusarium sacchari  Ginseng extract 0.37 - 1.62 (Han et al.
(NR) 2007)
Aspergillus niger Rb; (0.90) 0.86 95.6 11 (Chi and Ji
2005)
Enzymatic Paecilomyces Rb; (2.00) 1.69 84.5 45 (Yan et al.
bainier 2008a, b)
Aspergillus niger Ginseng extract 2.09 - 54 (Kim et al.
(NR) 2006)
Sulfolobus Ginseng extract 2.77 80.5 136 (Noh et al.
solfataricus (3.44) 2009)
Sulfolobus Ginseng extract 1.93 60.3 50 (Noh and Oh
acidocaldarius (3.20) 2009)
Rb; (0.90) 0.85 94.4 177
Pyrococcus Ginseng extract 3.10 79.5 1,610 This study
furiosus (3.90)
Rd (4.00) 3.30 82.5 2,010

NR not reported

fold higher than those obtained using (3-glycosidase from
S. acidocaldarius. The previous maximal production of
compound K from ginseng root extract was 2.77 mM using
[-glycosidase from S. solfataricus with a productivity of
136 mg 1" h™' (Noh et al. 2009). The production and
productivity of compound K from ginseng root extract in
the present study were 3.1 mM and 1,610 mg 1" h™"
respectively (Fig. 6b); these values were 1.2- and 12-fold
higher than those observed using (3-glycosidase from S.
solfataricus. The concentrations and productivities of
compound K and APPD obtained in the present study by
-glycosidase from P. furiosus are the highest ever
reported.

The major ginsenosides were decomposed to APPD
under both acidic and high-temperature conditions.
However, these chemical methods are generally poorly
selective, elicit side reactions such as epimerization,
hydration, and hydroxylation and generate environmental
pollution (Tanaka et al. 1972; Chi and Ji 2005; Park et al.
2010). Significantly low yield of APPD from ginsenosides
was exhibited in the hydrolysis of ginseng extract by
treatment of acids such as acetic, citric, lactic, tartaric, and
hydrochloric acids (Bae et al. 2004). In the experiments,
6 mg ml" of ginseng extract, which is corresponding to
approximately 250 pg ml™' ginsenosides (Son et al. 2008),
was hydrolyzed to less than 1 pug ml™' APPD, indicating
that the yield of APPD from ginsenosides is less than
0.4%. The human intestinal bacterium Bacteriodes HJ15
converted 0.3 mM ginsenoside Rg; to 0.07 mM APPD
after 40 h of incubation time with a productivity of

0.81 mg 1"' h™' (Bae et al. 2002b). However, in the
icrobial transformation of ADDP from Rg;, the enzymes
involved are unknown, and the produced concentration,
productivity, and conversion yield of APPD are too low.
Ginsenosides Rb;, Rb,, Rc, Rd, and compound K
produced via enzymatic transformation using P. furiosus
[3-glycosidase are hydrolyzed completely to APPD and its
concentration and productivity of APPD are 57- and 452-
fold higher, respectively, than those obtained by microbial
transformation.

The findings of this study demonstrated that APPD can be
produced from ginsenoside Rd or ginseng root extract via
compound K by a thermostable recombinant (3-glycosidase
from P, furiosus. The thermostable recombinant enzyme has
several advantages for the production of compound K and
APPD, including ease of purification by heat treatment,
genetic improvement through directed evolution, an in-
creased reaction velocity, increased solubility of compound
K and APPD, which evidence low solubility in water at
room temperature, and reduced contamination risk. The
levels of compound K and APPD productivities achieved
using [3-glycosidase from P. furiosus are the highest ever
reported. Moreover, the ginsenosides Rb;, Rb,, Rc, and Rd
in ginseng root extract were hydrolyzed completely to APPD
by B-glycosidase from P. furiosus.
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