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Abstract

Aglycon protopanaxatriol (APPT) has valuable pharmacological effects such as anti-inflammatory and anti-stress
activities. However, the complete conversion of all typical glycosylated protopanaxatriol ginsenosides to APPT has
not been achieved to date. B-Glycosidase from the hyperthermophilic bacterium Dictyoglomus turgidum (DT-bg)
hydrolyzes the glucose residues at C-6 and the inner glucose at C-20 in protopanaxatriol (PPT), but not the outer
rhamnose residues at C-6. In contrast, 3-glycosidase from the hyperthermophilic bacterium Pyrococcus furiosus
(PF-bgl) hydrolyzes the outer rhamnose residue at C-6 but not the inner glucose residues at C-6 and C-20 in PPT.

Thus, the combined use of DT-bgl and PF-bgl resulted in the complete the conversion of all typical glycosylated PPT
ginsenosides, including R1, R2, Re, Rg1, Rg2, Rh1, Rf, F1, F3, and F5, to APPT. DT-bgl combined with PF-bgl completely
hydrolyzed 1.0 mg mI~' R1 and 1.0 mg mI~' total PPT-type ginsenosides in Panax notoginseng root extract to 0.5

and 0.63 mg ml~" APPT for 4 and 3 h, with molar conversions of 100% and productivities of 125 and 210 mg I=Th™T,
respectively. To the best of our knowledge, this is the first report of the complete conversion of all typical glycosylated
PPT ginsenosides to APPT and the highest productivity of APPT obtained from ginseng extract achieved to date.

Keywords: Aglycon protopanaxatriol, B-Glycosidase, Dictyoglomus turgidum, Pyrococcus furiosus, Panax notoginseng
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Introduction

Ginseng has been used as a traditional medicine in
Asian countries because it has bioactive ginsenosides.
Ginsenosides are the main substances in ginseng with
pharmacological effects and they are mainly divided
into protopanaxatriol (PPT)-type and protopanaxa-
diol (PPD)-type ginsenosides according to the number
and position of the hydroxyl groups. PPT-type ginse-
nosides contain different sugars at C-6 and C-20 linked
to the aglycon PPT (APPT) skeleton. The outer sugar
at C-6 in PPT-type ginsenosides is glucose, rhamnose,
or xylose, whereas the inner sugars at C-6 and C-20 are
always glucose (Shin and Oh 2016). The outer sugar at

*Correspondence: deokkun@konkuk.ac.kr
Department of Bioscience and Biotechnology, Konkuk University,
Seoul 05029, Republic of Korea

@ Springer Open

and indicate if changes were made.

C-20 in ginsenoside F3 or F5 is arabinopyranose or ara-
binofuranose, respectively. Typical PPT ginsenosides
consist of R1, R2, Re, Rgl, Rg2, Rhl, Rf, F1, F3, F5, and
APPT according to the presence or absence of different
types of sugars (Yang et al. 2014). The composition and
types of PPT ginsenosides in ginseng extract are differ-
ent depending on the parts and species of ginseng. The
types of PPT ginsenosides in the root, leaf, and berry of
Panax ginseng or Panax quinquefolius are Re, Rgl, Rg2,
and Rh1. P ginseng flower buds include F1, F3, and F5,
and Panax notoginseng root contains R1, Rgl, and Re. In
particular, R1 only exists in P notoginseng root (Li et al.
2016a; Wang et al. 2009a; Xie et al. 2004).

The pharmacological effects of PPT-type ginsenosides
are as follows: Rgl and Rb1l have anti-aging and anti-
amnestic activities (Cheng et al. 2005), ginsenoside Re
exhibits anti-diabetic activity (Xie et al. 2005), F1 protects
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keratinocytes from ultraviolet B-induced apoptosis (Lee
et al. 2003), Rgl and Rg2 protect against Alzheimer dis-
ease (Li et al. 2016b), and APPT has anti-fatigue, anti-
inflammatory, anti-stress, and memory enhancement
effects, and inhibits lipogenesis and adipocyte differentia-
tion (Lee et al. 2015; Oh et al. 2015a, b; Wang et al. 2009b;
Zhang et al. 2014). Minor ginsenosides with one sugar
or no sugars are more rapidly absorbed into the blood-
stream and have better pharmacological effects than
major ginsenosides with three or four sugars (Kim et al.
2005). Therefore, specific sugar-hydrolysis is required to
obtain biologically and pharmacologically active PPT-
type ginsenosides.

APPT is a final metabolite of PPT-type ginsenosides
by human intestinal bacteria that is not present in nature
(Bae et al. 2005). The production of APPT is relatively
difficult because it requires the complete hydrolysis of
all the sugar moieties linked to the skeleton of PPT-type
ginsenosides. Although APPT is currently produced via
alkaline hydrolysis, alkaline treatment cannot exceed
a yield of 80%, shows low productivity, and produces
a variety of by-products (Cui et al. 1993). In contrast,
enzymatic hydrolysis can hydrolyze specific sugar moie-
ties with high productivity and no by-products. Recently,
B-glycosidase from Dictyoglomus turgidum (DT-bgl) was
reported to be the most efficient APPT producer. How-
ever, this enzyme cannot hydrolyze the outer rhamnose
residue at C-6 in PPT (Lee et al. 2014). Thus, DT-bgl does
not produce APPT from Re, Rg2, and F3.

In the present study, to convert all typical glycosylated
PPT ginsenosides to APPT, B-glycosidase from Pyro-
coccus furiosus (PF-bgl), which can hydrolyze the outer
rhamnose residues at C-6 (Oh et al. 2014), was added to
DT-bgl. The combination of DT-bgl with PF-bgl resulted
in the complete conversion of all typical glycosylated PPT
ginsenosides to APPT with a molar conversion of 100%.

Materials and methods

Materials

The ginsenoside standards R1 and R2 were purchased
from Ambo Laboratories (Daejeon, Republic of Korea),
and Rgl, Rhl, APPT, F1, F3, and F5 standards were
obtained from Star Ocean Ginseng (Changshu, Suzhou,
China).

Preparation of notoginseng root extract

For the extraction of ginsenosides, 20 g of dried notogin-
seng root powder was suspended in 200 ml of 80% (v/v)
methanol and incubated at 80 °C for 15 h. To remove
solid, the mixed solution was filtered through a 0.45 pm
filter and the methanol in the filtrate was eliminated by
evaporation. Distilled water at 200 ml was added to the
methanol-free residue. The dissolved extract was applied
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to a packed column containing 50 ml Diaion HP-20 resin
to attach the ginsenosides to the resin. The hydrophilic
compounds including unbound sugars in the resin was
removed by eluting with 200 ml distilled water, and the
ginsenosides attached to the resin were then obtained by
eluting with 80% (v/v) methanol. The methanol in the elu-
ent was eliminated by evaporation, and the methanol-free
residue was dissolved in 200 ml distilled water. The result-
ing solution was used as the notoginseng root extract.

Culture conditions and enzyme preparation

Genes of B-glycosidases from D. turgidum DSM 6724
(DSMZ, Brauschweig, Germany) and P. furiosus DSMZ
3638 were cloned as described previously (Lee et al. 2014;
Oh et al. 2014). Recombinant Escherichia coli ER2566
(New England Biolabs, Herfordshire, UK) expressing
DT-bgl (GenBank Accession Number YP_002352162)
or PF-bgl (GenBank Accession Number AAC25555) was
cultivated at 37 °C in a 2000 ml flask containing 500 ml
Luria—Bertani medium mixed with 20 pg ml™ kanamy-
cin with rotation at 200 rpm in a shaker. When the opti-
cal density of the culture broth at 600 nm reached 0.6,
0.1 mM isopropyl-B-p-thiogalactopyranoside was added
to the broth, followed by incubation at 16 °C for a further
16 h with rotation at 150 rpm to induce B-glycosidase
expression. The induced recombinant cells were obtained
from the culture broth by centrifugation at 12,000xg at
4 °C for 30 min, suspended in 50 mM citrate/phosphate
buffer (pH 6.0), and lysed by sonication on ice. The soni-
cated cells were eliminated by centrifugation at 12,000x g
at 4 °C for 30 min, and the obtained supernatant was fil-
tered through a 0.45 um filter. The filtrate was heated at
75 °C for 30 min and centrifuged at 12,000 xg for 30 min
to precipitate and remove the insoluble proteins of the
heat-treated suspension. The soluble protein as the
supernatant was used as the enzyme for the biotransfor-
mation of ginsenosides.

Hydrolytic activity and productivity

One unit (U) of DT-bgl or PF-bgl activity was defined
as the amount of enzyme required to liberate 1 pmol
p-nitrophenol (pNP) from pNP-B-p-glucopyranoside
per min at 80 °C and pH 6.0. The substrate specific-
ity was determined after incubation at 80 °C for 10 min
in 50 mM citrate/phosphate buffer (pH 6.0) contain-
ing 0.4 mg ml~! PPT-type ginsenoside (R1, R2, Re, Rgl,
Rg2, Rf, Rhl, F1, F3, or F5), DT-bgl or PF-bgl, and 4%
(v/v) dimethyl sulfoxide. The DT-bgl concentration was
1.0 mg ml™! for R1 and R2; 0.1 mg ml™" for Re, Rf, and
F;; and 0.5 mg ml™! for Rh; and Rg,;. The PE-bgl con-
centration was 0.4 mg ml™! for R2; 0.25 mg ml™! for
F3; 0.2 mg ml™! for R1; 0.1 mg ml™* for Re and Rg,; and
0.3 mg ml™! for Rf. The specific activity was calculated



Yang et al. AMB Expr (2018) 8:8

from the decreased rate of concentration of the substrate
PPT-type ginsenoside.

The time-course reactions for the biotransformation of
glycosylated PPT-type ginsenoside to APPT by DT-bgl
combined with PF-bgl were carried out with 1.0 mg ml™*
total PPT-type ginsenosides, 4.0 mg ml~! DT-bgl, and
5 ug ml~! PE-bgl. Productivity was calculated as the con-
centration of APPT per the minimal reaction time for the
complete conversion to APPT.

Optimization of reaction conditions for APPT production
by DT-bgl

All reactions were performed at 80 °C in 50 mM citrate/
phosphate buffer (pH 6.0). To determine the optimal
concentrations of DT-bgl as an enzyme and ginseno-
side R1 as a substrate, enzyme and substrate concentra-
tions were varied from 1.0 to 8.0 mg ml™" at 1.0 mg ml™*
R1 and from 0.5 to 2.0 mg ml™! at 4.0 mg ml~! DT-bgl,
respectively. After 1.5 h, the concentrations of ginseno-
sides were determined. The time-course reactions for
the biotransformation of ginsenoside R1 to APPT were
carried out with 1.0 mg ml™! R1 and 4.0 mg ml™ DT-
bgl for 8 h. To determine the optimal concentrations of
DT-bgl as an enzyme and notoginseng root extract as a
substrate, the DT-bgl concentration was varied from 1.0
to 8.0 mg ml™! at 1.0 mg ml™' total PPT-type ginseno-
sides in the notoginseng root extract and the concen-
tration of notoginseng root extract was varied from 0.5
to 2.0 mg ml™! at 5.0 mg ml~! DT-bgl. After 5 h, the
concentrations of ginsenosides were determined. The
time-course reactions for the biotransformation of gly-
cosylated PPT-type ginsenosides in notoginseng root
extract to APPT were carried out with 1.0 mg ml™" total
PPT-type ginsenosides and 5.0 mg ml~' DT-bgl for 5 h.

Determination of the minimal concentration of PF-bgl
added to DT-bgl

The minimal concentration of PF-bgl for the complete
conversion of ginsenoside R1 to APPT was determined
by varying the enzyme concentration from 0.156 to
10 pg ml™" with 1.0 mg ml™ R1 and 4.0 mg ml~! DT-
bgl for 6 h. The minimal added concentration of PF-bgl
to DT-bgl for achieving the complete conversion of gly-
cosylated PPT-type ginsenosides in notoginseng root to
APPT was determined by varying the PF-bgl concentra-
tion from 0.025 to 0.8 mg ml™! with 1.0 mg ml™" total
PPT-type ginsenosides in notoginseng root extract and
5.0 mg ml~! DT-bgl for 4 h.

APPT production by DT-bgl combined with PF-bgl

under the optimized conditions

The time-course reactions for the biotransformation
of ginsenoside R1 to APPT by DT-bgl combined with
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PE-bgl were carried out with 1.0 mg ml™ R1, 4.0 mg ml™!
DT-bgl, and 5 pg ml™" PF-bgl for 5 h. The same reaction
conditions were used for the time-course reactions of
ginsenosides F3 and F5 to APPT for 8 h. The time-course
reactions for the biotransformation of glycosylated PPT-
type ginsenosides in notoginseng root extract to APPT
were performed with 1.0 mg ml™" total PPT-type gin-
senosides in notoginseng root extract, 5.0 mg ml~! DT-
bgl, and 0.4 mg ml~! PE-bgl in 50 mM citrate/phosphate
buffer (pH 6.0) at 80 °C for 4 h.

Analytical methods

The same volume of butanol containing digoxin as an
internal standard was mixed to the reaction solution. The
butanol layer of the mixture was dried by evaporation,
and methanol was added to the dried extract. A high-
performance liquid chromatography (HPLC) system
(Agilent 1100; Santa Clara, CA, USA) with a C18 column
and an ultraviolet detector set to detect at 203 nm was
used to determine the concentrations of ginsenosides.
The absorbed ginsenosides in the C18 column (YMC,
Kyoto, Japan) were eluted at 40 °C by pumping with a lin-
ear gradient of acetonitrile and water from 30:70 to 35:65
(v/v) for 17.8 min at a flow rate of 0.25 ml min~! and from
35:65 to 34:66 for 19.5 min at a flow rate of 0.2 ml min~!
and from 34:66 to 90:10 for 24.5 min at a flow rate of

1.0 ml min~%

Results

Substrate specificity and hydrolytic pathways of DT-bgl
and PF-bgl for all typical glycosylated PPT ginsenosides
The specific activities of DT-bgl and PF-bgl for all typi-
cal glycosylated PPT ginsenosides as substrates are pre-
sented in Fig. 1. DT-bgl produced APPT but PF-bgl did
not. PF-bgl had activity for Rg2 and F3 but DT-bgl did
not. In contrast, DT-bgl had activity for Rgl, Rhl, F1,
E5 but PE-bgl did not. The specific activity of PF-bgl for
the common substrates, including ginsenosides R1, R2,
Re, and Rf, were 7.8-, 19.3-, 6.0-, and 65-fold higher than
those of DT-bgl, respectively. DT-bgl converted R1 and
Re to R2 and Rg2, respectively, whereas PF-bgl converted
both of these ginsenosides to Rgl. In particular, DT-bgl
showed the lowest activity for R2 among the PPT-type
ginsenosides, indicating that the limiting step for APPT
production is the conversion of R2 to Rh1.

DT-bgl had the following hydrolytic path-
ways of  glycosylated PPT-type  ginsenosides:
Rl — R2 — Rhl — APPT, Rgl/Rf — Rhl — APPT,
F5 — F1 — APPT, and Re — Rg2. DT-bgl could not
hydrolyze the outer sugar rhamnose residue at C-6 in
ginsenosides Re and Rg2 and the outer sugar arabino-
pyranose residue at C-20 in ginsenoside F3. Since PF-
bgl could hydrolyze the rhamnose at C-6 in PPT-type



Yang et al. AMB Expr (2018) 8:8

1200
1000
800

400/

T-bgl
F-bgl

I

300
250 - -

¥

F3 F5 F1

200 -

Specific activity (U mg'1)

50

. WHJHH |

R1 R2 Re Rg1 Rg2 Rh1 Rf
Substrate

Fig. 1 Specific activities of DT-bgl and PF-bgl for all typical PPT ginse-
nosides. Black and gray bar represent DT-bgl and PF-bgl, respectively

ginsenosides and the arabinopyranose at C-20, PF-
bgl converted these ginsenosides to Rgl, Rhl, and F1,
which were transformed to APPT by DT-bgl. Thus,
DT-bgl combined with PF-bgl converted all typical gly-
cosylated PPT ginsenosides to APPT via the hydrolytic
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pathways of R1 — R2/Rgl — Rh1l — APPT, Re — Rgl/
Rg2 — Rhl — APPT, Rf - Rhl1 — APPT, and F5/
F3 — F1 — APPT (Fig. 2).

Conversion of ginsenoside R1 and glycosylated PPT-type
ginsenosides in notoginseng root extract to APPT

by DT-bgl under the optimized conditions

The optimal temperature and pH for APPT produc-
tion from R1 using DT-bgl were previously determined
to be 80 °C and 6.0, respectively (Lee et al. 2014). APPT
production was investigated at enzyme concentrations
ranging from 1.0 to 8.0 mg ml™! at 1.0 mg ml™* R1 as a
substrate for 1.5 h (Additional file 1: Figure Sla). APPT
production from R1 increased with increasing DT-bgl
concentration up to 4.0 mg ml~! and reached a plateau
at concentrations above 4.0 mg ml~!. APPT production
was tested by varying the concentration R1 ranging from
0.5 to 2.0 mg ml ! at 4.0 mg ml~! enzyme for 1.5 h (Addi-
tional file 1: Figure S1b). APPT production increased
with increasing R1 concentration up to 1.0 mg ml~* and
reached a plateau above this level. Thus, the optimal con-
centrations of DT-bgl and R1 were determined to be 4.0
and 1.0 mg ml~%, respectively. Under the optimized con-
ditions, the time-course reactions for the biotransforma-
tion of R1 to APPT were performed with 1.0 mg ml™! R1

- APPT
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on NG

Fig. 2 Hydrolytic pathways of glycosylated protopanaxatriol (PPT) ginsenosides to aglycon protopanaxatriol (APPT) catalyzed by 3-glycosidases
from D. turgidum (DT-bgl) and P, furiosus (PF-bgl). Solid and dotted lines represent DT-bgl and PF-bgl, respectively
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and 4.0 mg ml™' DT-bgl for 8 h (Fig. 3a). After 6 h, DT-
bgl produced 0.40 mg ml~! APPT, with a productivity of
67 mg 17! h™! and a molar conversion of 80.6%, and also
produced 0.14 mg ml~' R2, with a molar conversion of
16.9%. The intermediate R2 was not decreased after 6 h
due to the significantly low activity of DT-bgl for R2.
Notoginseng root extract containing 3.78 mg ml™!
total PPT-type ginsenosides was obtained by extrac-
tion with 80% methanol. The content of specific PPT-
type ginsenosides among total PPT-type ginsenosides in
notoginseng root extract followed the order R1 (54.7%,
w/w) > Rgl (37.7%) > Re (7.6%), indicating that efficient
hydrolysis of ginsenoside R1 is essential for the increased
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Fig. 3 Time-course reactions for the biotransformations of PPT-type
ginsenosides to APPT by DT-bgl. a Ginsenoside R1.The reactions
were performed at 80 °C in 50 mM citrate/phosphate buffer (pH

6.0) containing 1.0 mg mI~" R1 and 4.0 mg ml~' DT-bgl for 8 h. b
PPT-type ginsenosides in notoginseng root extract. The reactions
were performed at 80 °C in 50 mM citrate/phosphate buffer (pH 6.0)
containing 1.0 mg ml~" total PPT-type ginsenosides and 5.0 mg ml ™"
DT-bgl for 5 h. Data represent the means of three experiments, and
error bars represent the standard deviation
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biotransformation of glycosylated PPT-type ginsenosides
in notoginseng root extract to APPT. APPT produc-
tion was investigated at enzyme concentrations ranging
from 1.0 to 8.0 mg ml~! at 1.0 mg ml™! total PPT-type
ginsenosides in notoginseng root extract as a substrate
for 5 h (Additional file 1: Figure S2a). APPT produc-
tion from PPT-type ginsenosides in ginseng root extract
increased proportionally with enzyme concentration
up to 5.0 mg ml~! and then reached a plateau at higher
concentrations. APPT production was tested by varying
the R1 concentration in notoginseng root extract from
0.5 to 2.0 mg ml™! at 5.0 mg ml~! enzyme for 5 h (Addi-
tional file 1: Figure S2b). APPT production was maximal
at 1.0 mg ml~! total PPT-type ginsenosides in notogin-
seng root extract. Thus, the optimal concentrations of
DT-bgl and R1 in notoginseng root extract were deter-
mined to be 5.0 and 1.0 mg ml™!, respectively. Under
the optimized conditions, the time-course reactions of
APPT production were performed with 1.0 mg ml™! total
PPT-type ginsenosides and 5.0 mg ml~* DT-bgl for 6 h
(Fig. 3b). After 4 h, APPT production reached a plateau.
At this time, DT-bgl produced 0.40 mg ml~! APPT, with
a productivity of 100 mg 17! h™! and a molar conversion
of 74.9%. The enzyme also produced 0.17 mg ml~* R2
and 0.06 mg ml~! Rg2 as by-products, with molar con-
versions of 18.8 and 6.3%, respectively.

Determination of the added concentration of PF-bgl

to DT-bgl for the complete conversion of ginsenoside R1
and glycosylated PPT-type ginsenosides in notoginseng
root extract to APPT

The optimal pH and temperature values of DT-bgl and PF-
bgl were reported to be 6.0 and 80 °C; and 5.5 and 95 °C,
respectively (Lee et al. 2014; Oh et al. 2014). However, the
activity of DT-bgl was completely abolished at pH 5.5 and
95 °C. Thus, all reactions were performed at pH 6.0 and
80 °C. DT-bgl at 4.0 mg ml~* converted 1.0 mg ml™" R1 to
0.40 mg ml~! APPT with 0.17 mg mI™' R2 and 0.02 mg ml™*
Rh1 as by-products for 6 h. To completely convert R2 and
Rh1 to APPT, various concentrations of PF-bgl were added
to the reaction solution. The residual concentration of R2
decreased with increasing PF-bgl concentration, and neither
R2 nor Rhl was detected at PF-bgl concentrations above
5 pg ml~! (Fig. 4a). Therefore, 5 ug ml~! was the optimal
concentration of PF-bgl to completely produce APPT from
R1 along with 4.0 mg ml~* DT-bgl.

DT-bgl at 50 mg ml™! converted 1.0 mg ml™" total
PPT-type ginsenosides in notoginseng root extract
to 040 mg ml™' APPT with 0.17 mg ml™' R2 and
0.05 mg ml~! Rg2 as by-products for 4 h. To completely
convert R2 and Rg2 to APPT, various concentrations of
PF-bgl were added to the reaction solution. The residual
concentrations of R2 and Rg2 decreased with increasing



Yang et al. AMB Expr (2018) 8:8

a 06
0.5 ® ®
E
o 04
£
2
g o3
)
o
g 02
g — R1
(] -+ R2
01 —-O— Rh1
’ —8— APPT
0.0 . . Q
0 2 4 6 8 10
PF-bgl concentration (g ml'1)
b 06
05
E p — R1
o 04¢ - R2
3 —4- Re
@ —O— Rg1
5 03 —¥— Rg2
‘» —O— Rht1
e —@— APPT
$ 02 |-
£
o
0.1
0.0 . i
0.0 0.2 0.4 0.6 0.8 1.0
PF-bgl concentration (mg mI'1)
Fig. 4 Determination of the minimal concentration of PF-bgl to
DT-bgl for the complete conversion of PPT-type ginsenosides to
APPT. a Ginsenoside R1. The reactions were performed at 80 °C in
50 mM citrate/phosphate buffer (pH 6.0) containing 1.0 mg ml~"R1,
4.0 mg ml~! DT-bgl, and PF-bgl for 6 h. b PPT-type ginsenosides in
notoginseng root extract. The reactions were performed at 80 °C in
50 mM citrate/phosphate buffer (pH 6.0) containing 1.0 mg ml~" total
PPT-type ginsenosides, 5.0 mg ml~! DT-bgl, and PF-bgl for 4 h. Data
represent the means of three experiments, and error bars represent
the standard deviation

PE-bgl concentration (Fig. 4b). R2 and Rg2 were not
detected at concentrations above 0.4 mg ml™' PF-bgl.
Therefore, 0.4 mg ml~! was the optimal concentration of
PF-bgl along with 5.0 mg ml~! DT-bgl for the complete
production of APPT from glycosylated PPT ginsenoside
in notoginseng root extract.

Complete conversion of ginsenoside R1 and PPT-type
ginsenosides in notoginseng root extract to APPT

by DT-bgl combined with PF-bgl under the optimized
conditions

The time-course reactions for the biotransformation of
ginsenoside R1 to APPT were carried out for 6 h under
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the optimized conditions of pH 6.0, 80 °C, 1.0 mg ml™*
R1, 4.0 mg ml™' DT-bgl, and 5 pg ml™ PF-bgl. DT-bgl
combined with PF-bgl converted 1.0 mg ml™' R1 to
0.5 mg ml~! APPT, with a productivity of 125 mg ™' h™*
and a molar conversion of 100% after 4 h (Fig. 5a). The
HPLC profiles at 0, 2, and 4 h are presented in Additional
file 1: Figure S2.

The time-course reactions for the biotransformation of
glycosylated PPT-type ginsenoside in notoginseng root
extract to APPT were carried out for 4 h under the opti-
mized conditions of pH 6.0, 80 °C, 1.0 mg ml~! total PPT-
type ginsenosides, 5.0 mg ml~! DT-bgl, and 0.4 mg ml™*
PF-bgl. DT-bgl combined with PF-bgl converted
1.0 mg ml™! total PPT-type ginsenosides in notoginseng
root extract to 0.63 mg ml~* APPT, with a productivity of
210 mg I"! h™! and a molar conversion of 100% after 3 h
(Fig. 5b). The HPLC profiles at 0, 2, and 3 h are presented
in Additional file 1: Figure S5.

Complete conversion of ginsenosides F3 and F5 to APPT

by DT-bgl combined with PF-bgl

Under the optimized conditions used for the complete
conversion of ginsenoside R1 to APPT, the transforma-
tions of ginsenosides F3 and F5 to APPT were performed
with 1.0 mg ml™" of each ginsenoside by 4.0 mg ml~! DT-
bgl and 5 pug ml~! PF-bgl for 8 h. DT-bgl combined with
PF-bgl converted 1.0 mg ml~! F3 and F5 to 0.62 mg ml~!
APPT for 4 and 6 h, with productivities of 155 and
103 mg I"! h™! and a molar conversion of 100%, respec-
tively (Additional file 1: Figure S3).

Discussion

The concentration ratios of PPT-type to PPD-type gin-
senosides for Korean red ginseng, P quinquefolius root,
P quinquefolius seed, P. ginseng root, and P. notoginseng
root are 0.6, 1.0, 0.4, 1.3, and 1.4, respectively (Ko et al.
2008; Lee et al. 2014; Schlag and McIntosh 2006; Shin
et al. 2015a). Thus, notoginseng root extract is the best
substrate for APPT production based on the utilization
efficiency of ginsenosides.

Bacteroides JY-6 (Bae et al. 2005) and B-glucosidases
from Acinosynnema mium (Cui et al. 2013), Aspergillus
niger (Liu et al. 2010), Aspergillus sp. 39 g (Wang et al.
2012), Dictyoglomus turgidum (Lee et al. 2014), Gor-
donia terrae (Shin et al. 2015b), Penicillium aculeatum
(Lee et al. 2013), and Penicillium decumbens (Ko et al.
2003) have been reported to convert PPT-type ginseno-
sides as substrates to APPT. Crude p-glucosidase from
A. niger converted ginsenoside Rf to APPT with a molar
conversion of 90.4%. B-Glucosidases from G. terrae and
P aculeatum converted Rgl and Rf to APPT with molar
conversions of 65.8 and 90.0%, respectively. DT-bgl com-
pletely converted Rgl and Rf to APPT, and converted
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Ginsenosides (mg ml™)

ISR 3

3 4 5 6
Time (h)

b 10

Ginsenosides (mg ml™)

Time (h)

Fig. 5 Time-course reactions for the biotransformations of PPT-type
ginsenosides to APPT by DT-bgl combined with PF-bgl. a Ginsenoside
R1.The reactions were performed at 80 °C in 50 mM citrate/phos-
phate buffer (pH 6.0) containing 1.0 mg mI=' R1, 4.0 mg mI~' DT-bg],
and 5 ug ml~! PF-bgl for 6 h. b PPT-type ginsenosides in notoginseng
root extract. The reactions were performed at 80 °C in 50 mM citrate/
phosphate buffer (pH 6.0) containing 1.0 mg ml~" total PPT-type gin-
senosides, 5.0 mg ml~" DT-bgl, and 0.4 mg mI~" PF-bgl for 4 h. Data
represent the means of three experiments, and error bars represent

the standard deviation

R1 to APPT with a molar conversion of 75.6% (Lee et al.
2014). Therefore, the APPT-producing activity of DT-
bgl using ginseng extract was reported to be the highest
among the enzymes and cells tested (Lee et al. 2014) and
DT-bgl was selected as the enzyme for APPT production
in the present study. However, DT-bgl could not hydro-
lyze the outer rhamnose residue at C-6 in ginsenosides

Page 7 of 10

Re and Rg2 and the outer arabinopyranose residue at
C-20 in ginsenoside F3 and showed low activity for the
outer xylose residue at C-6 in ginsenoside R2 (Fig. 1).
In contrast, PF-bgl hydrolyzed the outer rhamnose resi-
due at C-6 in Re and Rg2 and the outer arabinopyranose
residue at C-20 in ginsenosides F3, and the activity of
PF-bgl for R2 was 19.3-fold higher than that of DT-bgl.
These results suggest that all typical PPT ginsenosides
can be efficiently converted to APPT by mutual com-
plementation of the two enzymes (Fig. 2), and the two-
enzyme system is expected to show the highest APPT
productivity.

DT-bgl was reported to convert 1.0 mg ml~* R1 to
0.36 mg ml~! APPT with a productivity of 15 mg 17! h™*
and molar conversion of 75.6%, and to convert
1.35 mg ml™! PPT-type ginsenosides in notoginseng
root extract to 0.62 mg ml~! APPT with a productivity of
31 mg 1! h™! and a molar conversion of 81.2% (Lee et al.
2014). This is the only report of the production of APPT
from R1 or PPT-type ginsenosides in ginseng root. In the
present study, the reaction conditions of DT-bgl were
optimized. Through the optimization, the productivity of
APPT from R1 and notoginseng root extract increased by
4.4- and 3.2-fold, respectively (Fig. 3).

PE-bgl at 5 pg ml™! for R1 and 0.4 mg ml™! for
notoginseng root extract as the minimal concentrations
was added to 4.0 and 5.0 mg ml~! DT-bgl, respectively.
As a result, the two enzymes converted the complete
amounts of R1 and glycosylated PPT ginsenosides in
notoginseng root extract to APPT by complete hydrol-
ysis of the by-products produced by DT-bgl for 8 h
(Fig. 4). DT-bgl combined with PF-bgl completely con-
verted R1 and converted 1.0 mg ml~! total PPT-type
glycosylated ginsenosides in notoginseng root extract
to APPT, with productivities of 126 and 200 mg 1=! h™%,
respectively (Fig. 5). The productivity and molar conver-
sion of APPT from R1 and notoginseng root extract by
DT-bgl combined with PF-bgl were 1.9-fold and 19%,
and 2.0-fold and 25% higher than those obtained by DT-
bgl alone under the optimized conditions, respectively,
and were 8.4-fold and 24%, and 6.5-fold and 19% higher
than previous results obtained with DT-bgl (Lee et al.
2014), respectively. Thus, DT-bgl combined with PF-bgl
under the optimized conditions showed the highest pro-
ductivity and conversion from R1 and ginseng extract
ever reported.

DT-bgl has a weakness for APPT production because
it could not hydrolyze Rg2 and F3 (Fig. 1) and could
not convert Re to APPT (Fig. 2). In contrast, DT-bgl
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Table 1 Complete conversion of all typical PPT ginsenosides to APPT by DT-bgl combined with PF-bgl
Microorganism Enzyme Substrate Pathway Molar conversion Productivity References
(mgml™) (mgml~) (%) (mgl~"h™")
Aspergillus niger B-Glucosidase Rf (1) Rf — Rh1 — APPT 904 NC Liu et al. (2010)
Gordonia terrae B-Glucosidase (20) Rg1 (4) Rgl — Rh1 — APPT 65.8 224 Shinetal. (2015b)
Penicillium aculea-  3-Glucosidases Rf (1) Rf — Rh1 — APPT 90.0 35.8 Lee etal. (2013)
tum (5.7)
Dictyoglomus B-Glycosidase (1.3) R1 (1) R1 — R2 — Rh1 — APPT 756 15.0 Lee etal. (2014)
turgidum Rgl — Rh1 — APPT 100 923
Rf — Rh1 — APPT 100 923
Dictyoglomus B-Glycosidase RT(1) R1 — R2and 100 126 This study
turgidum and (4) and Rgl — Rh1 — APPT
Pyrococcus B-Glycosidase g, (1) R2 — Rh1 — APPT 100 303
furiosus (0.005)
Re (1) Re — Rg1 and 100 167
Rg2 — Rh1 — APPT
Rgl (4,1) Rgl — Rh1 — APPT 100 297,148
Rg2 (1) Rg2 — Rh1 — APPT 100 202
Rh1 (1) Rh1 — APPT 100 373
RF(1) Rf — Rh1 — APPT 100 297
F1.(1) F1 — APPT 100 373
F3 (1) F3— F1 — APPT 100 155
F5(1) F5 — F1 — APPT 100 103

NC not calculated

combined with PF-bgl completely converted all typi-
cal glycosylated PPT ginsenosides, including R1, R2,
Re, Rgl, Rg2, Rh1, Rf, F1, F3, and F5, to APPT with
molar conversion of 100% (Table 1). B-Glucosidase
from G. terrae at 20 mg ml™' converted 4.0 mg ml™
Rgl to 1.12 mg ml™' APPT for 5 h, with volumet-
ric and specific productivities of 224 mg 17! h™! and
112 mg g ! h7l, respectively. DT-bgl converted
4.0 mg ml~! Rgl to 2.38 mg ml~* APPT for 10 h, with
volumetric and specific productivities of 297 mg1=' h™!
and 74 mg g~! h™!, respectively, which were 1.3- and
6.6-fold higher than those of f-glucosidase from G. ter-
rae, respectively. B-Glucosidase from P aculeatum at
5.7 mg ml~! converted 0.5 mM Rf to 0.45 mM for 6 h,
with a productivity of 35.8 mg ™! h™!. The productiv-
ity of APPT using Rf by DT-bgl combined with PF-bgl
was 297 mg 17! h™!, which was 8.3-fold higher than
that of B-glucosidase from P aculeatum. Thus, DT-bgl

combined with PF-bgl showed the highest activity for
APPT production using all typical glycosylated PPT
ginsenosides.

In conclusion, DT-bgl converted ginsenosides R1,
R2, Rgl, Rf, Rhl and F1 to APPT, but did not convert
Re, Rg2, and F3 to APPT. PF-bgl converted Re and Rg2
to Rhl and converted F3 to F1. Thus, DT-bgl combined
with PF-bgl completely converted all typical glycosylated
PPT ginsenosides, including R1, R2, Re, Rgl, Rg2, Rhl,
Rf, F1, F3, and F5, to APPT. To the best of our knowledge,
this is the first demonstration of the complete conver-
sion of all typical glycosylated PPT ginsenosides to APPT
and the highest concentration and productivity of APPT
from ginseng extract reported to date. Moreover, this is
the first report on the conversion of ginsenosides F3 and
E5 to APPT. Therefore, DT-bgl combined with PF-bgl is
an efficient biocatalyst for the production of APPT using
ginseng extracts.
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Additional file

Additional file 1: Figure S1. Effects of enzyme and substrate concentra-
tions on the production of APPT from ginsenoside R1 as a substrate by
DT-bgl. a Effect of enzyme concentration. The reactions were performed
at 80°Cin 50 mM citrate/phosphate buffer (pH 6.0) containing R1 and 4.0
mg ml~" DT-bgl for 1.5 h. b Effect of substrate concentration. The reac-
tions were performed at 80°C in 50 mM citrate/phosphate buffer (pH 6.0)
containing 1.0 mg mi~" R1 and DT-bgl for 1.5 h. Data represent the means
of three experiments, and error bars represent the standard deviation.
Symbols: R1 (filled square), R2 (open square), Rh1 (open circle), APPT (filled
circle). Figure S2. Effects of enzyme and substrate concentrations on the
production of APPT from total PPT-type ginsenosides in notoginseng root
extract as a substrate by DT-bgl. a Effects of enzyme concentration. The
reactions were performed at 80°C in 50 mM citrate/phosphate buffer (oH
6.0) containing 1.0 mg ml~' total PPT-type ginsenosides and 4.0 mg mlI~'
DT-bgl for 5 h. b Effect of substrate concentration. The reactions were
performed at 80°C in 50 mM citrate/phosphate buffer (pH 6.0) contain-
ing total PPT-type ginsenosides and 4.0 mg ml~' DT-bgl for 5 h. Data
represent the means of three experiments, and error bars represent the
standard deviation. Symbols: R1 (filled square), R2 (open square), Re (filled
diamond), Rg1 (open diamnod), Rg2 (filled triangle down), Rh1 (open
circle), APPT (filled circle). Figure $3. HPLC profiles during the conversion
of ginsenoside R1 to APPT using DT-bgl combined with PF-bgl.a 0 h.The
ginsenoside R1 peak represents a single substrate. b 2 h. The ginsenoside
R2, Rh1, and APPT peaks represent two intermediates and a product,
respectively. €4 h. The APPT peak represents a single product. Figure S4.
HPLC profiles during the biotransformation of notoginseng root extract by
DT-bgl combined with PF-bgl. a 0 h. Notoginseng was contained the R1,
Re and Rg1 peaks. b 2 h. The ginsenoside Rg2 and APPT peaks represent
intermediates and a product, respectively. € 3 h. The APPT peak represents
a single product. Figure S5. Time-course reactions for the biotransforma-
tions of ginsenosides F3 and F5 as substrates to APPT by DT-bgl combined
with PF-bgl. The reactions were carried out with 1.0 mg ml~' F3 or F5, 4.0
mg ml~" DT-bgl, and 5 ug mi~" PF-bgl for 5 h. a Time-course reactions for
the biotransformation of ginsenoside F3. b Time-course reactions for the
biotransformation of ginsenoside F5. Data represent the means of three
experiments, and error bars represent the standard deviation. Symbols: F3
(open triangle up), F5 (open triangle down), F1 (filled triangle up), APPT
(filled circle).

Abbreviations

APPT: 20(5)-protopanaxatiol; PPT: protopanaxatiol; DT-bgl: 3-glycosidase from
Dictyoglomus turgidum; PF-bgl: 3-glycosidase from Pyrococcus furiosus; HPLC:
high-performance liquid chromatography.

Authors’ contributions

EJY, KCS, and DKO designed the experiments, interpreted the results, and
wrote the manuscript. EJY, THK, and KCS performed the experiments. All
authors read and approved the final manuscript.

Acknowledgements
There are no additional acknowledgements to report.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data are shown in Figures and Tables within this article. Any material used
in this study is available for research purposes upon request.

Consent for publication
Not applicable.

Page 9 of 10

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals
performed by any of the authors.

Funding
This paper was supported by Konkuk University Researcher Fund in 2017.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 1 January 2018 Accepted: 15 January 2018
Published online: 24 January 2018

References

Bae EA, Shin JE, Kim DH (2005) Metabolism of ginsenoside Re by human intes-
tinal microflora and its estrogenic effect. Biol Pharm Bull 28:1903-1908

Cheng, Shen LH, Zhang JT (2005) Anti-amnestic and anti-aging effects of
ginsenoside Rg1 and Rb1 and its mechanism of action. Acta Pharmacol
Sin 26:143-149. https://doi.org/10.1111/j.1745-7254.2005.00034.x

Cui JF, Garle M, Lund E, Bjorkhem |, Eneroth P (1993) Analysis of ginsenosides
by chromatography and mass spectrometry: release of 20S-protopanaxa-
diol and 20S-protopanaxatriol for quantitation. Anal Biochem 210:411-
417. https://doi.org/10.1006/abio.1993.1215

Cui CH, Kim SC, Im WT (2013) Characterization of the ginsenoside-transform-
ing recombinant 3-glucosidase from Actinosynnema mirum and biocon-
version of major ginsenosides into minor ginsenosides. Appl Microbiol
Biotechnol 97:649-659. https://doi.org/10.1007/500253-012-4324-5

Kim MK, Lee JW, Lee KY, Yang DC (2005) Microbial conversion of major
ginsenoside Rb(1) to pharmaceutically active minor ginsenoside Rd. J
Microbiol 43:456-462

Ko SR, Choi KJ, Suzuki K, Suzuki Y (2003) Enzymatic preparation of ginseno-
sides Rg2, Rh1, and F1. Chem Pharm Bull (Tokyo) 51:404-408

Ko SK, Bae HM, Cho OS, Im BO, Chung SH, Lee BY (2008) Analysis of ginse-
noside composition of ginseng berry and seed. Food Sci Biotechnol
17:1379-1382

Lee EH, Cho SY, Kim SJ, Shin ES, Chang HK, Kim DH, Yeom MH, Woe KS,
Lee J, SIm YC, Lee TR (2003) Ginsenoside F1 protects human HaCaT
keratinocytes from ultraviolet-B-induced apoptosis by maintaining
constant levels of Bcl-2. J Invest Dermatol 121:607-613. https://doi.
0rg/10.1046/j.1523-1747.2003.12425 x

Lee GW, Yoo MH, Shin KC, Kim KR, Kim YS, Lee KW, Oh DK (2013) B-Glucosidase
from Penicillium aculeatum hydrolyzes exo-, 3-O-, and 6-O-3-glucosides
but not 20-O-B-glucoside and other glycosides of ginsenosides.
Appl Microbiol Biotechnol 97:6315-6324. https://doi.org/10.1007/
500253-013-4828-7

Lee HJ, Shin KC, Lee GW, Oh DK (2014) Production of aglycone proto-
panaxatriol from ginseng root extract using Dictyoglomus turgidum
B-glycosidase that specifically hydrolyzes the xylose at the C-6 position
and the glucose in protopanaxatriol-type ginsenosides. Appl Microbiol
Biotechnol 98:3659-3667. https://doi.org/10.1007/500253-013-5302-2

Lee SY, Jeong JJ, Eun SH, Kim DH (2015) Anti-inflammatory effects of ginseno-
side Rg1 and its metabolites ginsenoside Rh1 and 20(S)-protopanaxatriol
in mice with TNBS-induced colitis. Eur J Pharmacol 762:333-343. https://
doi.org/10.1016/j.ejphar.2015.06.011

Li KK, Xu F, Gong XJ (2016a) Isolation, Purification and quantification of
ginsenoside F(5) and F(3) isomeric compounds from crude extracts of
flower buds of Panax ginseng. Molecules 21:315. https://doi.org/10.3390/
molecules21030315

LiN, LiuY, LiWw, Zhou L, Li Q, Wang X, He P (2016b) A UPLC/MS-based metabo-
lomics investigation of the protective effect of ginsenosides Rg1 and
Rg2 in mice with Alzheimer’s disease. J Ginseng Res 40:9-17. https://doi.
0rg/10.1016/}jgr.2015.04.006

Liu L, Gu LJ, Zhang DL, Wang Z, Wang CY, Li Z, Sung CK (2010) Microbial
conversion of rare ginsenoside Rf to 20(S)-protopanaxatriol by Aspergillus
niger. Biosci Biotech Bioch 74:96-100. https://doi.org/10.1271/bbb.90596


https://doi.org/10.1186/s13568-018-0543-1
https://doi.org/10.1111/j.1745-7254.2005.00034.x
https://doi.org/10.1006/abio.1993.1215
https://doi.org/10.1007/s00253-012-4324-5
https://doi.org/10.1046/j.1523-1747.2003.12425.x
https://doi.org/10.1046/j.1523-1747.2003.12425.x
https://doi.org/10.1007/s00253-013-4828-7
https://doi.org/10.1007/s00253-013-4828-7
https://doi.org/10.1007/s00253-013-5302-2
https://doi.org/10.1016/j.ejphar.2015.06.011
https://doi.org/10.1016/j.ejphar.2015.06.011
https://doi.org/10.3390/molecules21030315
https://doi.org/10.3390/molecules21030315
https://doi.org/10.1016/j.jgr.2015.04.006
https://doi.org/10.1016/j.jgr.2015.04.006
https://doi.org/10.1271/bbb.90596

Yang et al. AMB Expr (2018) 8:8

Oh HJ, Shin KC, Oh DK (2014) Production of ginsenosides Rg1 and Rh1 by
hydrolyzing the outer glycoside at the C-6 position in protopanaxatriol-
type ginsenosides using B-glucosidase from Pyrococcus furiosus. Biotech-
nol Lett 36:113-119. https://doi.org/10.1007/510529-013-1331-2

Oh HA, Kim DE, Choi HJ, Kim NJ, Kim DH (2015a) Anti-fatigue effects of 20(5)-
Protopanaxadiol and 20(S)-protopanaxatriol in mice. Biol Pharm Bull
38:1415-1419. https://doi.org/10.1248/bpb.b15-00230

Oh HA, Kim DE, Choi HJ, Kim NJ, Kim DH (2015b) Anti-stress effects of 20(S)-
protopanaxadiol and 20(S)-protopanaxatriol in immobilized mice. Biol
Pharm Bull 38:331-335. https://doi.org/10.1248/bpb.b14-00669

Schlag EM, Mclntosh MS (2006) Ginsenoside content and variation
among and within American ginseng (Panax quinquefolius L.) popu-
lations. Phytochemistry 67:1510-1519. https://doi.org/10.1016/j.
phytochem.2006.05.028

Shin KC, Oh DK (2016) Classification of glycosidases that hydrolyze the specific
positions and types of sugar moieties in ginsenosides. Crit Rev Biotechnol
36:1036-1049. https://doi.org/10.3109/07388551.2015.1083942

Shin KC, Choi HY, Seo MJ, Oh DK (2015a) Compound K production from red gin-
seng extract by B-glycosidase from Sulfolobus solfataricus supplemented
with a-L-arabinofuranosidase from Caldicellulosiruptor saccharolyticus.
PLoS ONE 10:¢0145876. https://doi.org/10.1371/journal.pone.0145876

Shin KC, Lee HJ, Oh DK (2015b) Substrate specificity of B-glucosidase from
Gordonia terrae for ginsenosides and its application in the production of
ginsenosides Rg(3), Rg(2), and Rh(1) from ginseng root extract. J Biosci
Bioeng 119:497-504. https://doi.org/10.1016/jjbiosc.2014.10.004

Page 10 of 10

Wang CZ, Ni M, Sun S, Li XL, He H, Mehendale SR, Yuan CS (2009a) Detection
of adulteration of notoginseng root extract with other panax species by
quantitative HPLC coupled with PCA. J Agric Food Chem 57:2363-2367.
https://doi.org/10.1021/jf803320d

Wang YZ, Chen J, Chu SF, Wang YS, Wang XY, Chen NH, Zhang JT (2009b)
Improvement of memory in mice and increase of hippocampal excit-
ability in rats by ginsenoside Rg1’s metabolites ginsenoside Rh1 and
protopanaxatriol. J Pharmacol Sci 109:504-510

Wang DM, Yu HS, Song JG, Xu YF, Jin FX (2012) Enzyme kinetics of ginsenosi-
dase type IV hydrolyzing 6-O-multi-glycosides of protopanaxatriol type
ginsenosides. Process Biochem 47:133-138. https://doi.org/10.1016/].
prochio.2011.10.026

Xie JT, Mehendale SR, Wang A, Han AH, Wu JA, Osinski J, Yuan CS (2004)
American ginseng leaf: ginsenoside analysis and hypoglycemic activity.
Pharmacol Res 49:113-117

Xie JT, Mehendale SR, Li X, Quigg R, Wang X, Wang CZ, Wu JA, Aung HH, Rue PA, Bell
Gl, Yuan CS (2005) Anti-diabetic effect of ginsenoside Re in ob/ob mice. Bio-
chim Biophys Acta 1740:319-325. https//doi.org/10.1016/j.bbadis.2004.10.010

Yang WZ, Hu Y, Wu WY, Ye M, Guo DA (2014) Saponins in the genus Panax L.
(Araliaceae): a systematic review of their chemical diversity. Phytochemis-
try 106:7-24. https://doi.org/10.1016/j.phytochem.2014.07.012

Zhang Y, Yu LJ, Cai WJ, Fan SJ, Feng L, Ji G, Huang C (2014) Protopanaxatriol, a
novel PPAR y antagonist from Panax ginseng, alleviates steatosis in mice.
Sci Rep 4:7375. https://doi.org/10.1038/srep07375

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1007/s10529-013-1331-2
https://doi.org/10.1248/bpb.b15-00230
https://doi.org/10.1248/bpb.b14-00669
https://doi.org/10.1016/j.phytochem.2006.05.028
https://doi.org/10.1016/j.phytochem.2006.05.028
https://doi.org/10.3109/07388551.2015.1083942
https://doi.org/10.1371/journal.pone.0145876
https://doi.org/10.1016/j.jbiosc.2014.10.004
https://doi.org/10.1021/jf803320d
https://doi.org/10.1016/j.procbio.2011.10.026
https://doi.org/10.1016/j.procbio.2011.10.026
https://doi.org/10.1016/j.bbadis.2004.10.010
https://doi.org/10.1016/j.phytochem.2014.07.012
https://doi.org/10.1038/srep07375

	Complete conversion of all typical glycosylated protopanaxatriol ginsenosides to aglycon protopanaxatriol by combined bacterial β-glycosidases
	Abstract 
	Introduction
	Materials and methods
	Materials
	Preparation of notoginseng root extract
	Culture conditions and enzyme preparation
	Hydrolytic activity and productivity
	Optimization of reaction conditions for APPT production by DT-bgl
	Determination of the minimal concentration of PF-bgl added to DT-bgl
	APPT production by DT-bgl combined with PF-bgl under the optimized conditions
	Analytical methods

	Results
	Substrate specificity and hydrolytic pathways of DT-bgl and PF-bgl for all typical glycosylated PPT ginsenosides
	Conversion of ginsenoside R1 and glycosylated PPT-type ginsenosides in notoginseng root extract to APPT by DT-bgl under the optimized conditions
	Determination of the added concentration of PF-bgl to DT-bgl for the complete conversion of ginsenoside R1 and glycosylated PPT-type ginsenosides in notoginseng root extract to APPT
	Complete conversion of ginsenoside R1 and PPT-type ginsenosides in notoginseng root extract to APPT by DT-bgl combined with PF-bgl under the optimized conditions
	Complete conversion of ginsenosides F3 and F5 to APPT by DT-bgl combined with PF-bgl

	Discussion
	Authors’ contributions
	References




