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Abstract The ginsenoside-hydrolyzing f-glycosidase
(Bgp3) derived from Microbacterium esteraromaticum
transformed the major ginsenoside Rb2 to more pharma-
cologically active minor ginsenosides including com-
pounds Y and K. The bgp3 gene consists of 2,271 bp
encoding 756 amino acids which have homology to the
glycosyl hydrolase family 3 protein domain. Bgp3 is
capable of hydrolyzing beta-glucose links and arabinose
links. HPLC analysis of the time course of ginsenoside Rb2
hydrolysis by Bgp3 (0.1 mg enzyme ml~' in 20 mM
sodium phosphate buffer at 40 °C and pH 7.0) showed that
the glycosidase first hydrolyzed the inner glucose moiety
attached to the C-3 position and then the arabinopyranose
moiety attached to the C-20 position. Thus, Bgp3 hydro-
lyzed the ginsenoside Rb2 via the following pathway:
Rb2 — compound Y — compound K.
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Introduction

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

used for more than 2,000 years as a traditional medicine in
East Asia to strengthen immunity, provide nutrition, and
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reduce fatigue. Ginsenosides are the principal components
of ginseng that are responsible for its biological and
pharmaceutical properties. Many previous studies have
focused on the anticancer [2], antitumor [8], anti-inflam-
matory [14], antidiabetic [9], antihypertensive [16], anti-
fatigue [6], and antioxidative activities [7] of ginsenosides.
Over 180 ginsenosides have been purified, characterized,
and classified [4]. They are classified into three groups:
oleanane, protopanaxadiol (PPD), and protopanaxatriol
(PPT). The PPD ginsenosides harbor three sugar moieties
(glucopyranose, a-L-arabinopyranose, o-L-arabinofuranose)
at C-3 and C-20 of the aglycon PPD. The minor ginseno-
sides, including ginsenosides F2, Rg3, Rh2, compound Y,
compound K, Rg2, F1, and Rhl, can be produced by
hydrolysis of sugar moieties from the major ginsenosides
Rbl1, Rb2, Rc, Rd, Re, and Rgl, which comprise more than
80 % of the total ginsenosides [11].

Ginsenoside Rb2 is one of the major components of
ginseng, comprising 2—-17 % of total ginsenoside in gin-
seng root [5]. The deglycosylated compound K, which is
absent in ginseng root, reportedly induces tumor cell
apoptosis, inhibits tumor metastasis, and restrains tumor
invasion [12, 18, 19]. Its production has been achieved
from ginsenoside Rb2 by using enzymatic methods
including use of the f-glucosidase from Fusobacterium
K-60 [1] and p-glucosidase from Aspergillus niger [3].
However, these enzymes exhibited low selectivity and the
enzymes involved were unknown.

In this study, we report the cloning and expression of the
bgp3 gene which encodes a ginsenoside-hydrolyzing f-
glycosidase derived from Microbacterium esteraromati-
cum. This enzyme effectively converted the ginsenoside
Rb2 to compounds Y and K by hydrolyzing the inner
glucose moiety attached to the C-3 position and arabino-
pyranose moiety attached to the C-20 position. The
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elemental formula of compound Y was C4;H7001, (Mw
755) and compound K was C36Hg,03 (Mw 623) in ESI-
MS.

Materials and methods
Materials

The pure ginsenosides Rb2, compound O, F2, compound
Y, Rh2, and compound K were obtained from ginseng
genetic resource bank at Kyung-Hee University (Yongin,
Korea).

Cloning of f-glycosidase (bgp3) gene
from M. esteraromaticum

Microbacterium esteraromaticum (KACC 16318, Korean
Agricultural Culture Collection, Suwon, Korea) was iso-
lated from a ginseng field. Genomic DNA from M. est-
eraromaticum was extracted using the genomic DNA
extraction kit (Gene ALL, Korea). The gene-encoded

p-glycosidase was amplified from a genomic DNA and
used as template by polymerase chain reaction with Pfu
DNA polymerase. The gene termed bgp3 (GenBank
accession number JN 603821) was amplified using the
following primers (with Ndel and EcoRV restriction sites
in boldface): bgp3F (5'-CCA TAT GGA GCC CCA GAT
GAC CAA-3') and bgp3R (5'-CCG ATA TCT CAG GCG
AAG ACG-3'). The amplified fragment was digested with
Ndel and EcoRV and inserted into pMAL-c5X to generate
the maltose binding protein (MBP)-bgp3 gene fusion. The
Bgp3 protein expression construct was verified by DNA
sequencing.

Purification of f-glycosidase (Bgp3)

Escherichia coli BL21 (DE3), transformed with recombi-
nant pMAL-bgp3, was grown in Luria—Bertani (LB)-
ampicillin medium at 37 °C to an optical density at 600 nm
(ODgqp) of 0.4; protein expression was induced by adding
0.5 mM isopropyl-f-D-thiogalactopyranoside ~ (IPTG).
Bacteria were incubated for additional 9 h at 28 °C and
harvested by centrifuging at 5,000xg for 30 min at 4 °C.
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Fig. 2 Mass spectra of a
ginsenoside Rb2 after
hydrolysis by Bgp3. a Mass 4-
spectrum of compound Y, m/

z 800 = [Mw + formic acid], 34
Mw 755. b Mass spectrum of

compound K, m/z 668 = [Mw + 2]
formic acid], Mw 623
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Fig. 3 Time course for compound Y and compound K production
from ginsenoside Rb2 by Bgp3 at 40 °C and pH 7.0. Rbl (filled
circle) - compound Y (filled triangle) — compound K (open
triangle)

The cells were washed twice with 20 mM sodium phos-
phate buffer (pH 7.0, | mM EDTA, and 1 mM NaCl) and
then resuspended in 20 mM sodium phosphate buffer (pH
7.0). Cells were disrupted by 3-min periods of sonications
at 1-s intervals with 5 repetitions on an ultrasonic processor
at 70 % output with cooling on ice, and debris was
removed by centrifugation (12,000 g, at 4 °C for 30 min).
The crude extract of 5 ml cell lysate was applied to the pre-
equilibrated amylose column (5 ml, NEB, USA), followed
by washing with 12 column volumes of elution buffer

Counts vs. Mass-to-Charge (m/z)

(20 mM sodium phosphate buffer pH 7.0, 1 mM EDTA,
and 1 mM NaCl). The bound proteins were eluted with
elution buffer supplemented with 10 mM maltose. The
cleaved proteins were applied to the second amylose col-
umn, and Bgp3 was eluted with flow through and purified.
Protein concentration was determined using the SMART
BCA protein assay kit (Intron, Korea).

Enzymatic hydrolysis of ginsenosides

The enzyme (Bgp3) at 0.1 mg ml~" dissolved in 20 mM
sodium phosphate buffer (pH 7.0) was incubated with an
equal volume of ginsenosides Rb2, compound O, F2, and
compound Y at 1.0 mg ml™" in 20 mM sodium phosphate
buffer (pH 7.0) at 40 °C. Samples were withdrawn at
regular intervals. An equal volume of water-saturated n-
butanol was added to each sample to stop the reaction;
subsequently, the n-butanol fraction was evaporated to
dryness, and the methanol extract was analyzed by TLC,
HPLC, and LC/MS.

TLC analysis of ginsenosides

TLC was performed with silica gel plates (60F,s4, Merck,
Darmstadt, Germany), with the developing solvent CHCl5/
CH;0H/H,O (65:35:10). Spots on the TLC plates were
detected by spraying plates with 10 % H,SO, followed by
heating at 110 °C for 10 min.
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Fig. 4 Transformation pathway
of ginsenoside Rb2, compound
O, F2, and compound Y by
Bgp3
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Analysis of ginsenosides by HPLC and LC/MS

The reaction mixture was extracted with n-butanol satu-
rated with H,O, and evaporated in a vacuum. The residue
was dissolved in methanol and analyzed by HPLC using a
Cig (250 x 4.6 mm, particle size 5 pum) column with
acetonitrile (solvent A) and distilled water (solvent B) as
mobile phases at 85 % B for 5 min, 79 % B for 20 min,
42 % B for 55 min, 10 % B for 12 min, and 85 % B for
18 min all at 1.6 ml min~'. Detection was at 203 nm. For
LC/MS, ginsenosides were analyzed by Agilent QQQ/MS
with positive polarity and an ion trap analyzer. Ion spray
was operated under 51 Np/min, 3.5 kV, 25 psi, and
300 °C.
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Compound K

Results and discussion

Biotransformation pathway of ginsenoside Rb2
by Bgp3

A gene consisting of 2,271 bp encoding 756 amino acids,
which have homology to the protein domain of glycosyl
hydrolase families 3 [17] and with the same sequence as
bgp3 (GenBank accession number JN 603821), was cloned
and expressed in E. coli. To maximize the yield of the
fusion protein we tested different conditions for protein
induction. Induction with 0.5 mM IPTG at 28 °C for 9 h
produced the maximum level of soluble active fusion
enzyme. The MBP-Bgp3 fusion protein was purified from
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cell-free lysate by affinity chromatography on amylose
resin. The time-course experiment was performed and the
hydrolyzed product was periodically analyzed by HPLC
(Fig. 1). Hydrolysis of the ginsenoside Rb2 produced two
different metabolites: ginsenoside Rb2 was transformed to
an intermediate, metabolite 1, and then to the final product,
metabolite 2. The retention times of metabolites 1 and 2 on
HPLC were similar to those of compounds Y and K.

Metabolites 1 and 2 from the transformation were sub-
jected to LC/MS to determine their molecular weights
(Mw). Metabolite 1 was obtained as a white powder and
displayed a pseudomolecular ion peak [Mw + formic acid]
at m/z 800 in ESI-MS, corresponding to the elemental
formula C4H;00;, (Mw 755). Thus, metabolite 1 was
confirmed as being compound Y (Fig. 2a).

The molecular formula of metabolite 2 was determined
to be C3¢Hg,0g based on the protonated molecular ion peak
[Mw + formic acid] at m/z 668 (Mw 623) in ESI-MS. This
result confirmed that metabolite 2 was compound K
(Fig. 2b).

The conversion of ginsenoside Rb2 by Bgp3 was con-
firmed quantitatively by HPLC analysis. As shown in
Fig. 3, 0.74 mg ml~'ginsenoside Rb2 was transformed to
0.27 mg ml~'compound Y and 0.1 mg ml~" compound K
after 12 h. Hence, Bgp3 hydrolyzed the ginsenoside Rb2
along the following pathway Rb2 — compound Y — com
pound K, i.e., it hydrolyzed the inner glucose moiety
attached to the C-3 position, followed by the arabinopyr-
anose moiety attached to the C-20 position of ginsenoside
Rb2 (Fig. 4).

Substrate specificity of Bgp3

Theoretically, four sugar moieties attached to the ginse-
noside Rb2 could be available for hydrolysis by Bgp3,
namely, the outer and inner glucose moieties attached at
position C-3, and arabinopyranose or glucose moieties
attached at position C-20. On the basis of the HPLC
analysis of the hydrolysis products of ginsenoside Rb2,
Bgp3 first hydrolyzed the inner glucose moiety attached to
the C-3 position of ginsenoside Rb2 and then the arabi-
nopyranose moiety attached to the C-20 position, effec-
tively converting Rb2 to compounds Y and K.

To investigate whether Bgp3 showed the same speci-
ficity and selectivity for glycone residues attached at the
C-3 and C-20 positions of other PPD ginsenosides, the
ginsenosides F2, compound O, and compound Y were also
used as substrates (Fig. 5). Compound O was converted to
compounds Y and K by hydrolysis of the glucose moiety at
position C-3 and the arabinopyranose moiety at position
C-20, whereas ginsenoside F2 was converted to compound
K by hydrolysis of the glucose moiety at position C-3.
When compound Y was used as a substrate, Bgp3

~___5Compound K

],Compound X

Compound K |
Rh2

Compound Y
F2

Compound O — -

S C-O Bgp3 F2 Bgp3 C-Y Bgp3

Fig. 5 Transformation of ginsenosides F2, compound O, and com-
pound Y by Bgp3. Metabolites were analyzed by TLC. C-O
compound O, C-Y compound Y

hydrolysis of the arabinopyranose moiety at the C-20
position of compound Y produced compound K (Fig. 4).
The ginsenoside-hydrolyzing «-L-arabinopyranosidase
from Bifidobacterium breve K-110 [13] exploits the
hydrolytic pathway Rb2 — Rd; f-p-glycosidase from
Thermus caldophilus [15] exploits the hydrolytic pathway
Rb2 — Rd; cell-free extracts from Bifidobacterium sp.
Int57 [3] exploit the hydrolytic pathway Rb2 — Rd —
F2 — compound K; and f-glycosidase from Sulfolobus
acidocaldarius [10] exploits the hydrolytic pathway
Rb2 — compound Y — compound K.

Conclusions

This study demonstrated that compounds K and Y were
produced from the ginsenoside Rb2 by Bgp3, a ginseno-
side-hydrolyzing f-glycosidase from M. esteraromaticum.
The recombinant f-glycosidase was able to convert gin-
senoside Rb2 into rare ginsenosides through selective
hydrolysis of glucose and arabinopyranose moieties,
yielding compounds Y and K. Therefore the Bgp3 enzyme
is considered potentially useful for the practical preparation
of compounds Y and K.
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