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Abstract The hydrolytic activity of a recombinant f3-
glycosidase from Dictyoglomus turgidum that specifically
hydrolyzed the xylose at the C-6 position and the glucose in
protopanaxatriol (PPT)-type ginsenosides followed the order
Rf>Rg; > Re > R; > Rh; > R,. The production of aglycone
protopanaxatriol (APPT) from ginsenoside Rf was optimal at
pH 6.0, 80 °C, 1 mgml ' Rf, and 10.6 U ml™" enzyme. Under
these conditions, D. turgidum [(3-glycosidase converted
ginsenoside R; to APPT with a molar conversion yield of
75.6 % and a productivity of 15 mg ™' h™" after 24 h by the
transformation pathway of R; — R, — Rh; — APPT, where-
as the complete conversion of ginsenosides Rf and Rg; to APPT
was achieved with a productivity of 1,515 mg 1" h™" after 6.6 h
by the pathways of Rf — Rh; — APPT and Rg; — Rh; —
APPT, respectively. In addition, D. turgidum [-glycosidase
produced 0.54 mg ml™" APPT from 2.29 mg ml"' PPT-type
ginsenosides of Panax ginseng root extract after 24 h, with a
molar conversion yield of 43.2 % and a productivity of
23 mg ' h™!, and 0.62 mg ml"" APPT from 1.35 mg ml™'
PPT-type ginsenosides of Panax notoginseng root extract after
20 h, with a molar conversion yield of 81.2 % and a productivity
of 31 mg "' h™". This is the first report on the APPT production
from ginseng root extract. Moreover, the concentrations, yields,
and productivities of APPT achieved in the present study are the
highest reported to date.
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Introduction

For over several thousand years, ginseng (the roots of Panax
ginseng C. A. Meyer) has been used as a traditional medicine
in Asian countries to strengthen immunity, supply nutrition,
and decrease fatigue. Triterpene saponin ginsenosides found
in ginseng have important biological and pharmaceutical ac-
tivities, including anticancer (Chen et al. 2013), antineoplas-
tic, antistress (Attele et al. 1999), antioxidant (Li et al. 2010),
antiallergic (Choo et al. 2003), antidiabetic (Ni et al. 2010),
and antiaging effects (Zhang et al. 1994).

Deglycosylated ginsenosides are more readily absorbed into
the bloodstream and have better pharmacological properties
than glycosylated ginsenosides (Kim et al. 2005). Deglycosyl-
ated ginsenosides, including F;, F,, Rgs, Rh;, Rh,, compound
Y, compound Mc, compound K, aglycone protopanaxdiol
(APPD), and aglycone protopanaxatriol (APPT), can be pro-
duced by hydrolyzing the sugar moieties of the major glyco-
sylated ginsenosides, such as Rb;, Rb,, Rc, Rd, Rf, Re, Ry, and
Rg; (Park et al. 2010). In ginseng, deglycosylated ginsenosides
exist at a low concentration or are absent. Therefore, many
studies have focused on the hydrolysis of sugars in the major
glycosylated ginsenosides.

APPT is absent in ginseng but can be produced from the
glycosylated protopanaxatriol (PPT)-type ginsenosides such
as Rf and Rh; by intestinal bacteria. APPT is a very
promising drug candidate because of its powerful pharmaco-
logical effects such as improvement of memory, increase in
hippocampal excitability (Wang et al. 2009), mediation of
antitumor effects (Hasegawa et al. 2002), and decrease in the
proliferation of leukemia cells (Popovich and Kitts 2002).
APPT can be converted from PPT-type ginsenosides by
bacteria and [3-glycosidases. Bacteroides JY-6  converted
Re to APPT(Bae et al. 2005); other human intestinal
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microflora (Wang et al. 2001) and a [-glucosidase from
Actinosynnema mirum (Cui et al. 2013) converted Rg; to
APPT; naringinase from Penicillium decumbens (Ko et al. 2003)
and ginsenosidase type IV from Aspergillus sp. 39g (Wang et al.
2012) converted Rf and Rg, to APPT; and (3-glucosidases from
Aspergillus niger (Liu et al. 2010) and Penicillium aculeatum
(Lee et al. 2013) converted Rf to APPT. However, the APPT
production from R; and ginseng root extract has not been
reported.

In this study, we investigated the hydrolytic activity of a
recombinant (3-glycosidase from Dictyoglomus turgidum that
specifically hydrolyzed the xylose at the C-6 position and the
glucose in PPT-type ginsenosides. The enzymatic reaction con-
ditions, such as pH, temperature, and the concentrations of
enzyme and substrate, were optimized for APPT production.
Under the optimized conditions, D. turgidum [3-glycosidase
produced APPT from the reagent-grade ginsenosides R;, Rf,
and Rg,, and P. ginseng and Panax notoginseng root extracts.

Materials and methods
Materials

The ginsenoside standards Ry, R,, Rby, Rb,, Rc, Rd, Re, Rf,
Rg;, Rgy, Rgs, Rhy, and APPT were purchased from Sigma
(St. Louis, MO, USA), BTGin (Daejeon, Korea), and Ambo
Laboratories (Daejeon, Korea).

Preparation of ginseng root extract

To extract ginsenosides from ginseng roots, 50 g of P. ginseng
and P. notoginseng powdered dry roots were incubated with
500 ml of methanol/water mixture (4:1, v/v) at 80 °C for 12 h.
After cooling, the extract was filtered through a 0.45-um filter,
the methanol was removed by evaporation, and then the
residue was dissolved in 500 ml of distilled water. The solu-
tion was loaded onto a glass column (length x diameter:
500 mmx 12 mm) packed with Diaion HP-20 resin, which
was then rinsed with 300 ml of distilled water to remove the
unbound sugars and other hydrophilic compounds leaving
ginsenosides attached to the resin. The adsorbed ginsenosides
were eluted at a flow rate of 0.5 ml min~" with the methanol/
water mixture (4:1, v/v); methanol in the eluted product was
removed by evaporation, and then the residue was dissolved
in 500 ml of distilled water (Noh et al. 2009). The weights of
the final extracted residues from P. ginseng and P.
notoginseng were 4,914 and 3,627 mg, respectively.

Bacterial strains, plasmid, and gene cloning

D. turgidum DSM 6724 (DSMZ, Brauschweig, Germany),
Escherichia coli ER2566 (New England Biolabs, Herfordshire,
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UK), and plasmid pET-24a (+) (Novagen, Darmstadt, Germany)
were used as the sources of 3-glycosidase gene, host cells, and
expression vector, respectively. D. turgidum genomic DNA was
extracted using a genomic DNA buffer set (Qiagen, Hilden,
Germany). The (3-glycosidase gene (2,247 bp) was amplified
by PCR using D. turgidum genomic DNA as a template. The
oligonucleotide primers used for gene cloning were based on the
sequence of glycosyl hydrolase (GH) 3 family domain protein
from D. turgidum (GenBank accession number
YP 002352162). Forward (5-GCTAGC ATGAGTGTGGATA
TAAAAAAGCTCA-3") and reverse (5'-CTCGAG
TTAGCTATTAAGTTCTCTCAGTAGGT-3') primers, de-
signed to introduce the underlined Niel and XAhol restriction
sites, were synthesized by Bioneer (Daejeon, Korea). The [3-
glycosidase gene was amplified by DNA by PCR using Pfu
DNA polymerase (Solgent, Daejeon, Korea), purified using a
gel extraction kit (Promega, Madison, WI, USA), and cloned into
the pGEM-T Easy vector (Promega). The Nhel-Xhol fragment
from the T-vector harboring the (3-glycosidase gene was
subcloned into the same sites of pET-24a (+), and the resulting
plasmid was transformed into E. coli ER2566. A kanamycin-
resistant colony was selected on LB agar containing 20 pg ml ™'
kanamycin, and the plasmid DNA was isolated using a plasmid
purification kit (Promega). DNA sequencing was performed at
the Macrogen facility (Seoul, Korea).

Enzyme expression and enzyme purification

For enzyme expression, recombinant E. coli cells were culti-
vated in a 2-1 flask containing 500 ml of Luria—Bertani (LB)
medium supplemented with 20 g ml™' kanamycin at 37 °C
with shaking at 200 rpm. When the optical density of the
bacteria reached 0.6 at a wavelength of 600 nm, enzyme
expression was induced by the addition of isopropyl-3-D-
thiogalactopyranoside to a final concentration of 0.1 mM,
after which the culture was incubated at 16 °C with shaking
at 150 rpm for 16 h.

The recombinant cells were harvested from culture broth
by centrifugation at 6,000xg for 30 min at 4 °C, washed twice
with 0.85 % NaCl, resuspended in 50 mM phosphate buffer
(pH 8.0) containing 300 mM NaCl and 1 mg ml™" lysozyme,
and disrupted on ice using a sonicator (Fisher Scientific Model
100, Pittsburg, PA, USA). The cell debris was removed by
centrifugation at 13,000xg for 20 min at 4 °C, and the super-
natant was filtered through a 0.45-um filter. The filtrate was
applied to a His-Trap affinity chromatography column (GE
Healthcare, Piscataway, NJ, USA) equilibrated with 50 mM
phosphate buffer (pH 8.0) containing 300 mM NaCl. The
column was then washed extensively with the same buffer,
and the bound protein was eluted with a linear gradient of 10
to 250 mM imidazole at a flow rate of 1 ml min '. The
purification step using the column was carried out in a cold
room at 4 °C using a fast protein liquid chromatography
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system (Bio-Rad Laboratories, Hercules, CA, USA). The
active fractions were collected, dialyzed against 50 mM
phosphate/citrate buffer (pH 6.0), and used as the purified

enzyme.
Hydrolytic activity

One unit (U) of the 3-glycosidase activity was defined as the
amount of enzyme required to release 1 pmol p-nitrophenol
(pNP) from p NP-{3-D-glucopyranoside (p NPG) per minute at
80 °C in 50 mM phosphate/citrate buffer (pH 6.0). The hy-
drolytic reaction toward p NPG was performed at 80 °C for
5 min in 50 mM phosphate/citrate buffer (pH 6.0) containing
1 mM pNPG and 0.04 U ml ' enzyme, and the release of pNP
was assessed by the increase in absorbance at 450 nm. The
hydrolytic activity toward the glycosylated PPT-type
ginsenoside was measured from the increase in the concentra-
tion of the product ginsenoside. The substrate specificity was
determined after incubation at 80 °C for 10 min in 50 mM
phosphate/citrate buffer (pH 6.0) containing 0.4 mg ml™' R,
R,, Re, Rf, Rg, Rgy, or Rhy, enzyme, and 4 % (v/v) dimethyl
sulfoxide (DMSO). The enzyme concentrations were
0.26 Uml ™" for Ry, Re, Rg;, and Rg,; 10.24 U ml ™' for Ry;
0.05 U ml ™! for Rf; and 5.12 U ml ' for Rh,.

Optimization of reaction conditions for APPT production

The optimal pH and temperature for APPT production from
Rf using D. turgidum [3-glycosidase were determined in the
temperature range from 70 to 90 °C at a constant pH of 5.5,
and the pH range from 5.0 to 7.0 at a constant temperature of
80 °C. The reactions were performed in 50 mM citrate/
phosphate buffer containing 0.4 mg ml™' Rf, 2.56 U ml™'
enzyme, and 4 % (v/v) DMSO for 40 min. Thermal inactiva-
tion of D. turgidum (-glycosidase was evaluated by incuba-
tion at the temperatures from 70 to 85 °C for various times. A
sample was withdrawn at each time point and assayed in
50 mM citrate/phosphate buffer (pH 6.0) containing
0.4 mg ml' Rf, 2.56 U ml ' enzyme, and 4 % (v/v) DMSO,
at 80 °C for 40 min.

To determine the optimal concentrations of enzyme and
substrate, enzyme concentrations from 2.65 to 26.5 Uml ™' (at
1 mg ml™' Rf) and substrate concentrations from 0.4 to
2 mg ml' (at 10.6 U ml"' enzyme) were evaluated. The
reactions were performed at 80 °C in 50 mM citrate/
phosphate buffer (pH 6.0) containing enzyme, ginsenoside
Rf, and 4 % (v/v) DMSO for 40 min. The time course
reactions of APPT production were performed at 80 °C in
50 mM citrate/phosphate buffer (pH 6.0) containing
1 mg ml™" ginsenoside or 10 % (w/v) ginseng root extract,
10.6 U ml™" enzyme, and 4 % (v/v) DMSO. The reaction
times were 6.6 h for Rf and Rg;, and 24 h for R, and ginseng
root extracts.

Analytical methods

A reaction mixture containing digoxin as an internal
standard was extracted with an equal volume of n-
butanol. The n-butanol fraction was then evaporated to
dryness, and methanol was added (Huang et al. 2006).
Ginsenosides were analyzed by HPLC using an Agilent
1100 system (Santa Clara, CA, USA) equipped with a
C18 column and a UV detector. The ginsenosides were
eluted at 37 °C with a linear gradient of acetonitrile/
water from 20:80 to 100:0 (v/v) for 80 min at a flow
rate of 1 ml min~' and assayed at 203 nm.

Results
Substrate specificity of D. turgidum 3-glycosidase

The substrate specificity of D. turgidum {3-glycosidase toward
PPT-type ginsenosides as substrates is shown in Table 1. The
specific activity followed the order Rf > Rg; > Re >R; > Rh; >
R,, and the reaction products were Rh;, Rh;, Rg,, R,, APPT,
and Rh;, respectively. No activity was observed for Rg,. Thus,
the glycosylated PPT-type ginsenosides were transformed by
D. turgidum (3-glycosidase via the pathways of R; — R, —
Rh; — APPT, Rf — Rh; — APPT, Rg; — Rh; — APPT, and
Re — Rg, (Fig. 1).

Optimization of the reaction conditions for APPT production
by D. turgidum (-glycosidase

No APPT was formed when the reactions were performed
under the experimental conditions without enzyme or with
grown cells of E. coli ER2566, which did not contain the 3-
glycosidase gene from D. turgidum. In experiments on the
optimization of APPT production, Rf was used as a substrate
because D. turgidum [3-glycosidase showed the highest sub-
strate specificity for Rf among the PPT-type ginsenosides.
APPT production was examined over a temperature range

Table 1 Substrate specificity of D. turgidum (3-glycosidase

Substrate Product Specific activity (U mg ")
R, Ry 0.067+0.001

R, Rh, 0.00140.000

Re Rg, 0.152+0.002

Rf Rhy 0.794+0.003

Rg; Rhy 0.209+0.000

Re, - ND

Rhy APPT 0.009+0.000

Data are expressed as the means of three experiments and + represents
standard deviation
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Fig. 1 Transformation pathways of PPT-type ginsenosides using D. turgidum [3-glycosidase

from 70 to 90 °C at pH 5.5 (Fig. 2a), and maximum activity
was observed at 80 °C. At 70 and 85 °C, the activity was
approximately 70 % of the maximum. The effect of pH on
APPT production from Rf was investigated in a pH range
from 5.0 to 7.0 at 80 °C, and maximum activity was recorded
at pH 6.0 (Fig. 2b). The production of APPT from R; and Rg;
was also optimal at pH 6.0 and 80 °C. Thermal stability of D.
turgidum [3-glycosidase was assessed by measuring the resid-
ual activity after incubation at 70, 75, 80, and 85 °C (Fig. 3).
Thermal inactivation of the enzyme followed first-order ki-
netics, with half-lives for Rf of 267, 99, 27, and 0.32 h at 70,
75, 80, and 85 °C, respectively. Due to the instability of the
enzyme at 85 °C, the optimum temperature for APPT produc-
tion was determined to be 80 °C.

APPT production was investigated at enzyme concentra-
tions ranging from 2.65 to 26.5 Uml ' at I mg ml"' Rf as a
substrate for 40 min (Fig. 4a). APPT production from Rf
increased proportionally with enzyme concentrations up to
10.6 U ml' and reached a plateau at concentrations above
10.6 U ml™" as a substrate Rf of 1 mg ml™'. Therefore, the
optimal enzyme concentration was determined to be
10.6 U ml'. APPT production was tested at 10.6 U ml ™'
enzyme with Rf concentrations ranging from 0.4 to 2 mg ml ™"
for 40 min (Fig. 4b). APPT production increased with increas-
ing APPT concentrations up to 1 mg ml™' Rf and reached a
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plateau above 1 mg ml™" Rf. Thus, the optimal substrate
concentration was determined to be 1 mg ml™". The effect of
enzyme concentration on APPT production was also investi-
gated with 2 mg mI™' Rf for 90 min, and the optimal enzyme
concentration was 10.6 U ml ™' (data not shown). The time
course reactions of APPT production were performed with
2 mg mI"' Rf and 10.6 U ml™" enzyme for 7 h (data not
shown). The productivity of APPT with 2 mg ml™" Rf was
higher than that with 1 mg ml™" Rf. The molar conversion
yield of Rf to APPT with 2 mg ml™' Rf was 75 % after 7 h
whereas that with 1 mg ml™' Rf was 100 % after 6.6 h. Rf was
determined to be 1 mg ml™' due to the low conversion yield at
2mgml .

APPT production from ginsenosides Ry, Rf, and Rg; by D.
turgidum 3-glycosidase

The optimal reaction conditions for APPT production from Rf
using D. turgidum (-glycosidase were pH 6.0, 80 °C,
10.6 U ml ! enzyme, and 1 mg ml™" ginsenoside. Under these
conditions, the time course reactions of APPT production
were performed from R; for 24 h and from Rf and Rg; for
6.6 h. D. turgidum (3-glycosidase converted R, to APPT by
the transformation pathway of R; — R, — Rh; — APPT, with
a molar conversion yield of 75.6 % and a productivity of
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Fig. 2 Effects of pH and temperature on the activity of D. turgidum [3-
glycosidase for Rf. a pH effect. The reactions were performed in 50 mM
phosphate/citrate buffer containing 0.4 mg ml™' Rf,2.65 Uml ™', and 4 %
(v/v) DMSO enzyme at 80 °C for 40 min by varying the pH from 5.0 to
7.5. b Temperature effect. The reactions were performed in 50 mM
phosphate/citrate buffer (pH 5.5) containing 0.4 mg ml~' Rf,
2.65 U ml', and 4 % (v/v) DMSO enzyme for 40 min by varying the
temperature from 70 to 90 °C. Data represent the means of three exper-
iments, and error bars represent the standard deviation

15 mg 1" h™! after 24 h (Fig. 5a). The enzyme completely
converted Rf and Rg; to APPT via Rh; as an intermediate,
with a productivity of 1,515 mg 1" h™" after 6.6 h (Fig. 5b, c).

APPT production from P. ginseng and P. notoginseng root
extracts by D. turgidum [3-glycosidase

P. ginseng and P. notoginseng root extracts contained the PPT-
type ginsenosides R, Re, Rf, Rg;, Rg,, and Rh; and the
protopanaxadiol (PPD)-type ginsenosides Rb;, Rb,, Rc, Rd,
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Fig.3 Thermal inactivation of the activity of D. turgidum (3-glycosidase
in the reactions with Rf. The enzyme was incubated at 70 °C (open
triangle), 75 °C (filled triangle), 80 °C (open circle), and 85 °C (filled
circle) in 50 mM phosphate/citrate buffer (pH 6.0) for various times. A
sample was withdrawn at each time point and assayed in 50 mM citrate/
phosphate buffer (pH 6.0) containing 0.4 mg ml™' Rf, 2.65 U ml™'
enzyme, and 4 % (v/v) DMSO at 80 °C for 40 min. Data represent the
means of three experiments, and error bars represent the standard
deviation

and Rgsz (Table 2). The total ginsenoside contents in 10 %
(w/v) P. ginseng and P. notoginseng root extracts were 3.51
and 2.34 mg ml ', respectively. The content of specific PPT-type
ginsenoside in P. ginseng root extract for the total PPT-type
ginsenosides followed the order Rg; (43.7 %) > Re (33.6 %) >
Rf (19.2 %) > Rg, (2.2 %) > Rh; (1.3 %), whereas that in P.
notoginseng root extract followed the order Rg; (74.1 %) > R,
(16.3 %) > Re (8.9 %) > Rh; (0.7 %). Under the optimal
conditions (pH 6.0, 80 °C, and 10.6 U ml " enzyme), the time
course reactions of APPT production by D. turgidum f3-
glycosidase were performed from 10 % (w/v) P. ginseng and
P. notoginseng root extracts for 24 h. The enzyme produced
0.54 mg ml~" APPT from 2.29 mg ml™' PPT-type ginsenosides
of P. ginseng root extract after 24 h, with a molar conversion
yield of 43.2 % and a productivity of 23 mg I"' h™' (Fig. 6a) and
0.62 mg ml"" APPT from 1.35 mg ml™' PPT-type ginsenosides
of P. notoginseng root extract after 20 h, with a molar conversion
yield of 81.2 % and a productivity of 31 mg "' h™" (Fig. 6a).

Discussion

D. turgidum -glycosidase has been used for the production
of PPD-type ginsenosides, including compound Mc, compound
Y, and APPD (Lee et al. 2012). However, this enzyme has not
been applied for the production of PPT-type ginsenosides. In the
present study, we investigated the hydrolytic activity of D.
turgidum [3-glycosidase in the conversion of PPT-type
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Fig. 4 Effect of the concentrations of substrate and enzyme on APPT
production from Rfusing D. turgidum (3-glycosidase. a Effect of enzyme
concentration. The reactions were performed in 50 mM citrate/phosphate
buffer (pH 6.0) containing 1 mg ml ' Rf, enzyme, and 4 % (v/v) DMSO
at 80 °C for 40 min. b Effect of substrate concentration. The reactions
were performed in 50 mM citrate/phosphate buffer (pH 6.0) containing
Rf, 10.6 U ml™" enzyme, and 4 % (v/v) DMSO at 80 °C for 40 min. Data
represent the means of three experiments, and error bars represent the
standard deviation

ginsenosides to APPD. PPT-type ginsenosides contain different
sugar moieties at the C-6 and C-20 positions. The sugars at the C-

Fig. 5 APPT production from R;, Rf, and Rg, using D. turgidum (3-P

glycosidase. a APPT production (filled circle) from R, (open diamond)
via R, (open diamond, x-hair) and Rhy (semi-filled circle). b APPT
production (filled circle) from Rf (open circle) via Rh; (semi-filled
circle). ¢ APPT production (filled circle) from Rg; (open square) via
Rh, (semi-filled circle). The reaction was performed at 80 °C in 50 mM
phosphate/citrate buffer (pH 6.0) containing 1 mg ml™' Ry, Rf, or Rg;,
10.6 Uml ™" enzyme, and 4 % (v/v) DMSO. Data represent the means of
three experiments, and error bars represent the standard deviation
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Table 2 Ginsenoside content in 10 % (w/v) P. ginseng and P.
notoginseng root extracts

Ginsenoside P. ginseng P. notoginseng
Content  Concentration Content  Concentration
(%, wiw) (mg ml™") (%, wiw) (mg ml™)
PPD type Rb; 21.7 0.76 14.1 0.33
Rb, 6.3 0.22 6.4 0.15
Re 2.3 0.08 0.0 0.00
Rd 34 0.12 19.7 0.46
Rgs 1.1 0.04 2.1 0.05
Subtotal  34.8 1.22 423 0.99
PPT type R, 0.0 0.00 94 0.22
Re 21.9 0.77 5.1 0.12
Rf 12.5 0.44 0.0 0.00
Rg 28.5 1.00 427 1.00
Rg, 1.4 0.05 0.0 0.00
Rh, 0.9 0.03 0.4 0.01
Subtotal ~ 65.2 229 57.7 1.35
Total 100.0 3.51 100.0 2.34

6 position are (3-D-glucopyranose, (3-D-glucopyranosyl-(1—
2)-3-D-glucopyranose, o-L-rhamnopyranosyl-(1—2)-3-D-
glucopyranose, and (3-D-xylopyranoside-(1—2)-3-D-
glucopyranose, whereas the sugar at the C-20 position is 3-D-
glucopyranose. D. turgidum (3-glycosidase hydrolyzes the outer
[3-D-glucopyranose at the C-6 position to convert Rf to Rh; and
[3-D-xylopyranoside at the C-6 position to convert R, to Rhy,
whereas it cleaves [3-D-glucopyranose at the C-20 position to
convert R;, Re, and Rg; to R,, Rg,, and Rh;, respectively.
However, the enzyme cannot hydrolyze x-L-rhamnopyranoside
at the C-6 position of Rg, (Table 1). Therefore, the enzyme
specifically hydrolyzes the xylose at the C-6 position and the
glucose in PPT-type ginsenosides.

B-Glucosidases from Sanguibacter keddieii (Kim et al.
2012) and Penicillium sclerotiorum (Wei et al. 2011) hydro-
lyze 3-D-glucopyranose at the C-6 position to Rg; convert to
F,, but does not hydrolyze (3-D-glucopyranose at the C-20
position. Ginsenosidase type IV from Aspergillus sp. 39g
(Wang et al. 2012; Lee et al. 2013) and ginsenoside-o-L-
rhamnosidase from Absidia sp. 39 (Yu et al. 2002) hydrolyze
o-L-rthamnopyranoside at the C-6 position to convert Rg, to
Rh;. Bacteroides JY6 (Bae et al. 2005), a crude enzyme from
A. niger (Chi and Ji 2005), naringinase from P. decumbens
(Ko et al. 2003) hydrolyze «-L-rhamnopyranoside at the C-6
position to convert Re to Rg;. These results indicate that D.
turgidum (3-glycosidase has a novel specificity for PPT-type
ginsenosides different from those of other enzymes that hy-
drolyze PPT-type ginsenosides.

The biotransformation pathways of the glycosylated PPT-type
ginsenosides to APPT are summarized in Table 3. D. turgidum

a

1.2

Ginsenosides (mg ml™)

Time (h)

1.2

Ginsenosides (mg ml™)

Time (h)

Fig. 6 APPT production from ginseng root extract using D. turgidum 3-
glycosidase. a APPT production (filled circle) from Rf (open circle) and
Rg; (open square) in P. ginseng root extract via Rh; (semi-filled circle).
Re (open triangle) in P. ginseng root extract was converted to Rg, (close
triangle). b APPT production (filled circle) from ginsenosides R; (open
diamond) and Rg, (open square) via R, (open diamond, x-hair) and Rh,
(semi-filled circle) in P. notoginseng root extract. Re (open triangle) in
P. notoginseng root extract was converted to Rg, (close triangle). The
reactions were performed at 80 °C in 50 mM phosphate/citrate buffer (pH
6.0) containing 10 % (w/v) ginseng root extract, 10.6 U ml™! enzyme, and
4 % (v/v) DMSO. Data represent the means of three experiments, and
error bars represent the standard deviation

[3-glycosidase utilizes three transformation pathways of the gly-
cosylated PPT-type ginsenosides to APPT: R — R, — Rh; —
APPT, Rf — Rh; — APPT, and Rg; — Rh; — APPT. The
transformation pathway of R; — R, — Rh; — APPT is first
reported in the present study. The pathway of Rf — Rh; —
APPT has been reported for the crude (3-glucosidase from A.
niger (Liu et al. 2010), ginsenosidase type IV from Aspergillus
sp. 39g (Wang et al. 2012), B-glucosidase from P. aculeatum
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Table 3 Transformation pathways of the glycosylated PPT-type ginsenosides to APPT using microorganisms and enzymes

Biocatalyst Microorganism Enzyme Transformation pathway Reference
Microorganism Bacteroides JY-6 Re — Rg; — Rh; — APPT Bae et al. (2005)
Intestinal flora Rg; — Rh; — APPT Wang et al.
(2001)
Enzyme Actinosynnema {3-Glucosidase Rg; — Rh; — APPT Cui etal. (2013)
mirum
Aspergillus niger Crude -glucosidase Rf — Rh; — APPT Liu et al. (2010)
Aspergillus sp. 39g  Ginsenosidase type ~ Rf — Rh; — APPT Rg, — Rh; — APPT Wang et al.
v (2012)
Dictyoglomus 3-Glycosidase R; — R, — Rh; — APPT; Rf —» Rh; — APPT Rg; — Rh; —  This study
turgidum APPT
Penicillium 3-Glucosidase Rf — Rh; — APPT Lee et al. (2013)
aculeatum
Penicillium Naringinase Rf — Rh; — APPT Rg, — Rh; — APPT Ko et al. (2003)
decumbens

(Lee et al. 2013), and naringinase from P. decumbens (Ko et al.
2003). The pathway of Rg; — Rh; — APPT has been reported
in intestinal microflora (Wang et al. 2001), including
Bacteroides JY-6 (Bae et al. 2005), and (3-glucosidase from
A. mirum (Cui et al. 2013). The pathway of Rg, — Rh; —
APPT has been demonstrated for ginsenosidase type IV from
Aspergillus sp. 39g (Wang et al. 2012) and naringinase from P.
decumbens (Ko et al. 2003). However, D. turgidum [3-
glycosidase does not use this pathway because it lacks
L-rhamnosidase activity (Table 1). These results indicate
that D. turgidum [3-glycosidase exhibits hydrolytic ac-
tivity for PPT-type ginsenosides different from those of
other enzymes.

This is the first report of the conversion of R, to APPT
(Fig. 5a). A. niger [3-glucosidase converted Rf to APPT with
the highest previously reported molar conversion yield and
productivity of 90.4 % and 5.4 mg I"' h™', respectively (Liu
et al. 2010). However, D. turgidum [3-glycosidase converted
Rf to APPT with a molar conversion yield of 100 % and a
productivity of 1,515 mg I"" h™" (Fig. 5b), which are 9.6 %
and 280-fold higher, respectively, than those of 4. niger 3-
glucosidase. Thus, D. turgidum [(-glycosidase produces
APPT from Rf with the highest conversion yield and produc-
tivity reported to date. D. turgidum [3-glycosidase also
completely converted Rg; to APPT after 6.6 h, with a produc-
tivity of 1,515 mg 1" h™' (Fig. 5¢). This is the first report of
the quantitative APPT production from Rg;.

Ginseng root extract has been used for the production of
PPD-type ginsenosides, including compound K and APPD,
using microorganisms and enzymes. Compound K was pro-
duced from ginseng root extract by the fungi Paecilomyces
bainier (Zhou et al. 2008) and Fusarium sacchari (Han et al.
2007), a pectinase from A. niger (Kim et al. 2006), and [3-
glycosidases from Sulfolobus solfataricus (Noh et al. 2009),
Sulfolobus acidocaldarius (Noh and Oh 2009), and

@ Springer

Pyrococcus furiosus (Yoo etal. 2011). The highest conversion
yield of compound K from ginseng root extract was reported
for P. bainier, whereas the highest productivity was shown for
[3-glycosidase from P. furiosus. APPD production from gin-
seng root extract using 3-glycosidase from P. furiosus has
been reported. However, ginseng root extract has not been
used for the production of PPT-type ginsenosides.

D. turgidum 3-glycosidase utilized the transformation path-
ways of R; — R, — Rh; — APPT, Rf — Rh; — APPT,
Rg; — Rh; — APPT, and Re — Rg, (Fig. 1), but did not
convert Re and Rg, to APPT (Table 1). The contents of the two
ginsenosides Re and Rg, in P. ginseng and P. notoginseng root
extracts for total PPT-type ginsenosides were 35.8 and 8.9 %
(w/w), respectively (Table 2). P. notoginseng root extract is a
better substrate for APPT production using D. turgidum [3-
glycosidase because of its low content of Re and Rg,. The
enzyme produced 0.62 mg ml"' APPT from 1.35 mg ml™'
PPT-type ginsenosides of P. notoginseng root extract after
20 h, with a molar conversion yield of 81.2 % and a
productivity of 31 mg 1" h™' (Fig. 6a), which were
35 % and 1.4-fold higher, respectively, than those of P.
ginseng root extract (Fig. 6b). This is the first report of the
production of PPT-type ginsenoside from ginseng root
extract.

In conclusion, APPT was produced from R;, Rf, Rgj,
and ginseng root extract using D. turgidum [3-glycosidase
that specifically hydrolyzed the xylose at the C-6 position
and the glucose in PPT-type ginsenosides. This is the first
report on APPT production from R; and ginseng root
extract. Moreover, the concentrations, yields, and produc-
tivities of APPT achieved in the present study are the
highest reported to date. Our results should contribute to
an improvement in the industrial production of APPT by
biotransformation. (3-Glycosidase with a broader specificity
is required for the conversion of Re and Rg, to APPT in
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order to increase the APPT production from ginseng root
extract.
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