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The focus of this study was the cloning, expression, and
characterization of recombinant ginsenoside hydrolyzing
P-glucosidase from Arthrobacter chlorophenolicus with an
ultimate objective to more efficiently bio-transform ginse-
nosides. The gene bglAch, consisting of 1,260 bp (419 amino
acid residues) was cloned and the recombinant enzyme, over-
expressed in Escherichia coli BL21 (DE3), was characterized.
The GST-fused BglAch was purified using GST-Bind agarose
resin and characterized. Under optimal conditions (pH 6.0
and 37°C) BglAch hydrolyzed the outer glucose and arabino-
pyranose moieties of ginsenosides Rb, and Rb, at the C20
position of the aglycone into ginsenoside Rd. This was fol-
lowed by hydrolysis into F, of the outer glucose moiety of
ginsenoside Rd at the C3 position of the aglycone. Additio-
nally, BglAch more slowly transformed Rc to F, via C-Mc;
(compared to hydrolysis of Rb; or Rb;). These results in-
dicate that the recombinant BglAch could be useful for the
production of ginsenoside F; for use in the pharmaceutical
and cosmetic industries.

Keywords: biotransformation, f-glucosidase, recombinant
enzyme, minor ginsenoside, Arthrobacter chlorophenolicus

Introduction

Ginseng (Panax ginseng C.A. Meyer) is an important herbal
medicine that has been widely used for thousands of years
in East Asia and has been popularized in the West during
recent decades (Cho, 2012; Park et al., 2012). Ginsenosides
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are the major active components of ginseng, and they appear
to be responsible for the principle pharmacological activities
of ginseng, including anti-fatigue, anti-neoplastic, anti-dia-
betic, anti-inflammation, and anti-oxidant effects (Leung
and Wong, 2010; Lee et al., 2011; Yuan et al., 2011). After
oral intake of ginseng, the major ginsenosides are hydro-
lyzed through human intestinal digestion into the more ac-
tive minor ginsenosides, which are easily absorbed. For ins-
tance, ginsenoside Rb, is converted to ginsenosides Rd, F,,
compound K, and aglycone by intestinal micro-flora (Akao
et al., 1998; Tawab et al., 2003; Choi et al., 2011). Therefore,
converting the major ginsenosides, which account for more
than 80% of the total ginsenosides (Attle et al., 1999; Chris-
tensen, 2009), to highly active minor ginsenosides such as
F,, Rgs, Rhy, C-K, Rhy, and F, is highly significant for the
pharmaceutical industry (Park et al., 2008; Choi et al., 2009;
Leung and Wong, 2010; Lee et al., 2011; Mai et al., 2012;
Shin et al., 2012).

The minor ginsenosides can be produced by hydrolyzing
sugar moieties from the major ginsenosides such as Rb;, Rb,,
Rc, Rd, Re, Rg; (Park et al., 2010). To date, several methods
to produce pure ginsenosides have been developed (e.g.,
heating, acid treatment, and enzymatic transformation). The
enzymatic methods are considered the most promising as
they have the advantages of fewer byproducts, superior envi-
ronmental protection, and better stereo-specificity (An et al.,
2010; Wang et al., 2011; Kim et al., 2012; Cui et al., 2013a).
In particular, the recombinant enzymes exhibit higher selec-
tivity and efficiency than those isolated and purified from
cultivated microorganisms (Hong et al., 2012; Cui et al.,
2013b). Large-scale (100 g) production of particular ginse-
nosides is now available using enzymatic transformation
methods (Kim et al., 2013).

In this study, we report the cloning of a new gene encoding
ginsenoside-hydrolyzing B-glucosidase (BglAch) from Arthro-
bacter chlorophenolicus, which was isolated from soil (Wes-
terberg et al., 2000). It possesses 72 kinds of glycoside hy-
drolases within 31 glycoside hydrolase families in its geno-
mic DNA [Carbohydrate-Active enZymes (CAZY) database
(http://www.cazy.org)]. The enzymatic properties and sub-
strate specificities of a recombinant enzyme belonging to
glycoside hydrolase family 1 was thoroughly investigated.

Materials and Methods

Chemicals
Ginsenosides Rb;, Rb, Re, Rd, Re, Rgi, Rgs(S), Fa, Rha(S),
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and C-K were purchased from Nanjing Co. Ltd. and gype-
noside XVII, compound O (C-0O), compound Mc; (C-Mc;)
were obtained by our group as described by Wang et al.
(2011). All the chemicals used in this study were at least
analytical reagent grade, and the sources are noted indivi-
dually in the Methods section.

Bacterial strains, vectors and media

Arthrobacter chlorophenolicus KACC 20538', used as a
source for cloning of the 3-glucosidase gene, was cultivated
on R2A agar (BD, USA) under aerobic conditions at 30°C.
Escherichia coli BL21 (DE3) and the pGEX 4T-1 plasmid
(GE Healthcare, USA) for gene cloning and expression was
cultivated in a Luria-Bertani (LB) medium with ampicillin
(100 mg/L).

Phylogenetic analysis of BglAch

A database homology search was performed with the BLAST
program provided by NCBI. Sequences of the characte-
rized glycosyl hydrolases were obtained from the CAZY
database, and multiple alignments were performed using
the CLUSTAL_X program (Thompson et al., 1997). Gaps
were edited in the BioEdit program (Hall, 1999), and a phy-
logenetic tree was constructed using the neighbor-joining
method (Saitou and Nei, 1987) with a poisson model and
pairwise deletion in the MEGAS5 Program (Tamura, 2011),
and with bootstrap values based on 1000 replicates (Felsen-
stein, 1985).

Molecular cloning, expression and purification of recombi-
nant BglAch

Genomic DNA of Arthrobacter chlorophenolicus KACC
20538" was extracted by using a genomic DNA extraction kit
(Solgent, Korea). The gene, termed bglAch, encoding B-
glucosidase was amplified from the genomic DNA as a tem-
plate via a polymerase chain reaction (PCR) using Pfu DNA
polymerase (Solgent). The sequences of the oligonucleotide
primers used for the gene cloning were based on the DNA
sequence of 3-glucosidase (GenBank accession number: ACL
38420). Forward (5'-G GTT CCG CGT GGA TCC ACC
AAC CAG TTT CCG CAG GAC TTC-3') and reverse
(5'-G ATG CGG CCG CTC GAG TCA GGC GGG TTG
GGC CAC CTG GGA-3') primers were designed as primers
to introduce the BamHI and Xhol restriction sites (under-
lined), respectively, and were synthesized by Bioneer Co.
Ltd. (Korea). The amplified DNA fragment obtained from
the PCR was purified and inserted into the pGEX 4T-1 GST
Glutathione S-transferase (GST) fusion vector digested with
BamHI and Xhol using an EzCloning Kit (Enzynomics Co.
Ltd., Korea). The resulting recombinant pGEX-bglAch was
transformed into E. coli BL21(DE3). The E. coli BL21(DE3)
harboring the recombinant plasmid was grown in an LB-
ampicillin medium at 37°C until the culture reached an
ODgqo of 0.6, at which point protein expression was induced
through the addition of 0.1 mM isopropyl-p-D-thiogalac-
topyranoside (IPTG). The bacterial cells were incubated for
a further 18 h at 25°C and were then harvested by cen-
trifugation at 12,000 rpm for 10 min at 4°C. The cells were
washed twice with 50 mM sodium phosphate buffer (pH

7.0, 5 mM EDTA, and 1% Triton X-100) and then resus-
pended in 50 mM sodium phosphate buffer (pH 7.0). The
cells were disrupted by ultrasonication (Vibra-cell; Sonics
& Materials, USA) and the intact cells and debris were re-
moved by centrifugation at 12,000 rpm for 10 min at 4°C.
The GST-tagged fusion protein was purified by GST-Bind
agarose resin (Elpis Co. Ltd., Korea). The GST-Tag sequence
was removed from the GST-Bind agarose resin after being
incubated with thrombin. The purified recombinant pro-
tein used for the assay has an extra two residues (Arg-Ser)
at the N-terminus of wild type BglAch. The final buffer is
50 mM sodium phosphate (pH 7.0). The homogeneity of
the protein was assessed by 10% SDS-PAGE and EZ-Gel
staining solution (Daeillab Co. Ltd., Korea). Protein con-
centrations were determined using the bicinchoninic acid
(BCA) protein assay (Pierce, USA), with bovine serum al-
bumin (Sigma) as the standard. All assays were performed
in triplicate.

Characterization of recombinant BglAch

The specific activity of purified BglAch was determined by
using p-nitrophenyl--D-glucopyranoside (PNPG) as sub-
strate in 50 mM sodium phosphate buffer (pH 6.0) at 37°C.
The release of p-nitrophenol was immediately measured us-
ing a microplate reader at 405 nm (Bio-Rad Model 680,
USA). One unit of activity was defined as the amount of
protein required to generate 1 pmol of p-nitrophenol per
minute. To check the optimum condition for the specific
enzyme activity, pH, temperature, metals and chemical re-
agents were investigated as previously described by An et
al. (2010). The effect of pH on enzymatic activity was deter-
mined in the following buffers (each at 50 mM): KCI-HCl
(pH 2.0), glycine-HCI (pH 3.0), sodium acetate (pH 4.0 and
5.0), sodium phosphate (pH 6.0 and 7.0), Tris-HCI (pH 8.0,
and 9.0) and glycine-sodium hydroxide (pH 10.0). The results
are expressed as a percentage of the activity obtained at the
optimum pH. Substrate preference was examined by using
chromogenic o-nitrophenyl (ONP) and p-nitrophenyl (PNP).

A kinetic study was performed with freshly purified en-
zymes using PNP-B-D-glucopyranoside (pNPGlc) at con-
centrations from 1.0 mM to 20 mM. One unit of activity was
defined as the amount of protein required to generate 1 umol
of p-nitrophenol per minute. All assays were performed in
triplicate.

Enzymatic hydrolysis of ginsenosides

To investigate the biotransformation ability of recombinant
B-glucosidase, BglAch, 6 different ginsenosides [Rbi, Rby,
Re, Rd, Re, and Rg;] were evaluated as substrates. The initial
biotransformation experiments using ginsenoside Rb,; as
the substrate revealed that having GST fused to the BglAch
did not affect the activities of BglAch. The crude enzyme
solutions at concentrations of 0.1 mg/ml in 50 mM sodium
phosphate buffer (pH 6.0) were reacted with an equal volume
of Rby, Rb, Re, and Rd solution at a concentration of 0.1%
(wt/vol) in 50 mM of sodium phosphate buffer (pH 6.0) at
37°C. Samples were withdrawn at regular intervals. An equal
volume of water-saturated n-butanol was added to stop the
reaction, and the reactant present in the n-butanol fraction
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was analyzed by TLC after pretreatment. For the HPLC ana-
lyses, an equal volume of methanol was added to stop the
reaction. After centrifugation at 15,000xg for 10 min, the
supernatant was used for the sample analyses.

Analysis of ginsenosides by thin-layer chromatography (TLC)

TLC was performed using 60F,s4 silica gel plates (Merck,
Germany) with CHCl;-CH;OH-H,O (65:35:10, vol/vol/vol,
lower phase) in the solvent system. The spots on the TLC
plates were detected through spraying with 10% (vol/vol)
H,SO4, followed by heating at 110°C for 5 min.

Analysis of ginsenosides by high performance liquid chro-
matography (HPLC)

The HPLC analysis of the ginsenosides was performed using
an HPLC system (Younglin Co. Ltd, Korea) with a quater-
nary pump, automatic injector, single wavelength UV de-
tector (model 730D), and Younglin’s AutoChro-3000 soft-
ware for peak identification and integration. The separa-
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tion was performed on a Prodigy ODS(2) Cis column (5 um,
150 x 4.6 mm i.d.; Phenomenex, USA) with a guard column
(Eclipse XDB Cys, 5 pm, 12.5 x 4.6 mm i.d.). The mobile
phases were A (acetonitrile) and B (water). The gradient elu-
tion started with 32% solvent A and 68% solvent B, and was
changed according to the following schedule: from 0-8 min,
A was increased from 32 to 65%; from 8-12 min, A was in-
creased from 65 to 100%; from 12-15 min, A was constant
at 100%; from 15-18 min, A was decreased from 100 to 32%;
from 18-18.1 min, A was constant at 32% from 18.1-28
min. The flow rate was 1.0 ml/min, and the detection was
performed by monitoring the absorbance at 203 nm, with
an injected volume of 25 pl.

Results and Discussion

Phylogenetic analysis of the BglAch sequence

The B-glucosidase gene (bglAch) consists of 1,260 bp encod-
ing 419 amino acids with a molecular mass of 45.8 kDa and a

Drosophila melanogaster glycosyl hydrolase (AAL39878) __—_5_3—-'
Tenebrio molitor -glucosidase (AAG26008) E6 Eule
Orpinomyces sp. PC2 B-glucosidase (AAD45834) ukaryota
Arabidopsis thaliana -glucosidase (CAB75928) E1
Oryza safiva -glucosidase (BAB63224)
Streptococcus pneumoniae -glucosidase (AAL00636) B3
Streptococcus pyogenes [-glucosidase (AAK34377)
Bacillus subtilis 6-phospho-B-glucosidase (005508)
Clostridium acetobutylicum B-glucosidase (AAK78365) BS
Listeria innocia hypothetical protein (NP_472231)
100| Staphylococcus aureus 6-phospho-fi-galactosidase (P11175)
— Lac lactis 6-phospho-B-galactosidase (1PBG_A) B4
Strep preumoniae phospho-B-galactosidase (AAK99228)
Lactobacilius plantarum B-glucosidase (CAB71151)
100 Escherichia coli -glucosidase (P11988.2) B1 Bacteria
86 -Actinomyces naeslundii B-glucosidase (AAK33123) J
Sphing s sp. 2F2 B-glucosidase (JF308485)
ﬂ‘_{ Thermus caldophilus B-glucosidase (AF322365) B2
B-glucosidase from environmental DNA (DQ842022)
100 Arthrobacter chiorophenolicus BglAch (ACL38420)
Arthrobacter sp. 162MFShal.1 B-glucosidase (WP_018770875)
&) 99— Microbacterium sp. Gsoil 167 p-glucosidase (AGA60135) B6
100 Paenibacillus mucilaginosus B-glucosidase (AEI42200.1)
Sphingomonas paucimobilis p-glucosidase (AAG59862)
Streptomyces rochei p-glucosidase (Q55000) ) J
—_—
100 100! -Pyrococcus horikoshii f-glucosidase (058104) A2
Thermococcus kodakarensis KOD1 MB B-glycosidase (BADSG016)
L 100 Pyrococcus abyssi B-galactosidase (CAB49848)
94 Thermococcus kodakarensis KOD1 p-glycosidase (BAA78713
100 100| -Sulfolobus solfataricus p-glycosidase (AE006893) Al Archaea
Sulfolobus acidecaldarius B-galactosidase (AAY81155.1)
100 Thermosphaera aggregans B-glycosidase (1QVB_B)
E‘jﬂu‘amccusﬁ:ﬁoms CelB p-glucosidase (AAC25555) J
—

0.1

Fig. 1. Phylogenetic analysis of the characterized glycoside hydrolase family 1 (GH1). Amino acid sequences were obtained from the NCBI/EMBL data-
base and CAZY database (accession numbers are indicated on the tree). This tree was made using the neighbor-joining method with a poisson model and
pairwise deletion. Bootstrap values expressed as percentages of 1000 replications greater than 65% are shown at the branch points. The bar represents 10
amino acid residue substitutions per 100 amino acid residues. Bold means ginsenoside hydrolyzing -glycosidases.
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Fig. 2. SDS-PAGE analysis of purified BglAch: 1, uninduced crude ex-
tract (5 pl of 20 mg/ml); 2, soluble fraction in crude extract of BL21(DE3)
carrying pGEX-BglAch after induction (5 pl of 20 mg/ml); 3, precipitated
fraction in crude extract of BL21(DE3) carrying pGEX-BglAch after in-
duction (5 ul of 20 mg/ml); 4, GST-BglAch enzyme fraction after purifi-
cation by GST-Bind agarose resin (10 pl of 10 mg/ml); 5, purified BglAch
(10 pl of 0.2 mg/ml).

theoretical pI value of 4.88 (http://web.expasy.org/compute_
pi/). Analysis of the amino acid sequences of BglAch indi-
cated that it was most similar (86.6%) to the glycoside hydro-
lase of Arthrobacter sp. 162MFShal.l (GenBank number
WP_018770875) followed by that of Microbacterium sp.
Gsoil 167 (86.2%) (GenBank number AGA60135), which
both belong to the glycoside hydrolase family 1 (GH1).
Furthermore, the enzymatic activity of the Microbacterium
sp. Gsoil 167 has been reported to have ginsenoside con-
version activity. BglAch has homology to the protein do-
main of GH1. The CAZY database describes more than 5,000
uncharacterized and 270 characterized GHI members that
are widespread among numerous organisms. Glycosyl hydro-
lases are classified according to amino acid sequence simi-
larities, which reflect the structural features and substrate

Table 1. Effects of metal ions and chemical agents on the activity of puri-
fied BglAch

Relative activity + SD (%)

Metal ions or reagents

1 mM 10 mM
KCl 97.4+4.6 1422 +3.1
MgCl, 93.5+89 95.0 +2.0
MnCl, 89.9+75 109.8 + 0.4
CaCl, 951+5.3 157.8 +3.2
ZnCl, 92.7 £0.9 56.9 +0.4
CoCl, 96.2+£59 105.0 + 6.0
CuCl, 240+1.4 45+1.0
HgCl, 182+53 26+ 1.4
SDS 10.0+0.7 2.7+0.8
EDTA 68.4 0.7 285+1.3
B-Mercaptoethanol 102.1 £4.9 96.9 +12.0
DTT 99.9 £3.1 97.8 £12.0
Control 100.0 + 2.7 100.0 + 6.5

specificities of the enzymes from the CAZY database. GH1
has also been subdivided into several subfamilies (Marques
et al., 2003). In order to determine the evolutionary position
of BglAch within the characterized enzymes in GH1, phy-
logenetic analysis was conducted using the neighbor-joining
method in the MEGA5 Program with bootstrap values based
on 1,000 replications. The resulting consensus tree is pre-
sented in Fig. 1. BglAch clustered within Bacterial Subfamily
6 (B6) and formed a separate, well-supported clade (boot-
strap of 100) with amino acid sequences close to those of
both enzymes. Several ginsenoside-hydrolyzing f-glycosi-
dases in GH1 have previously been cloned, including j3-
glucosidase (BglA) from Environmental DNA (Kim et al.,
2007), Thermus caldophilus (Son et al., 2008), Sulfolobus
solfataricus (Noh et al., 2009), Sulfolobus acidocaldarius
(Noh and Oh, 2009), another S-glucosidase (BglSp) from
Sphingomonas sp. 2F2 (Wang et al., 2011), and a f-glycosi-
dase from Pyrococcus furiosus (Yoo et al., 2011). The rela-
tionship between BglAch and these ginsenoside-hydroly-
zing B-glucosidases is presented in Fig. 1.

Cloning, expression, and purification of recombinant BglAch
The GST-BglAch fusion gene was expressed in E. coli BL21

100 - —e— pH Effect
—o— pH Stability

Relative activity(%)

—e— Temp Effect
100 1 —o— Temp Stability

80 A
60

40

Relative activity (%)

0 10 20 30 40 50 60 70
pH

Fig. 3. Effects of pH (A) and temperature (B) on the stability and activity
of BglAch.
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Fig. 4. Thin layer chromatography (TLC) analyses

Rb, Rb, Re Rd of biotransformation of ginsenosides Rb;, Rb, R,
CK - l " H “ \ CK and Rd by recombinant BglAch. The sampling
RI(S) Rh.(5) times were 2 h and 8 h. Developing solvent: CHCls-
: i CH;0H-H,0 (65:35:10, v/v/v, lower phase). S, sap-
onin standards; C-K, compound K; reaction mixture
of 1.0 mg/ml Rb;: 1, 2, 3; reaction mixture of 1.0
F, l'_- - F’- Fy 2 ’ F; mg/ml Rby: 4, 5, 6; reaction mixture of 1.0 mg/ml
Re,(S) Rg;(5) Rc: 7, 8, 9; reaction mixture of 1.0 mg/ml Rd: 10,
11, 12; Reaction time: 1,4,7,10: 0 h; 2, 5, 8, 11: 2 h;
o 3,6,9,12: 8 h.
Rd - Rd -
RIS - - - i
R Rb. i - Re
< - T - LA
Rb, -.l LY
Oh 2h 8h Oh 2h 8&h oh 2h &h Oh 2h 8h
s 1 2 3 4 5 6 7 & 9 10 11 12 S
(DE3) followed by the induction of 0.1 mM IPTG and in- - T
cubated at 25°C for 18 h. The GST-BglAch fusion protein Standards
was purified using GST-Bind agarose resin and then the Gypl?

GST-Tag sequence was removed by thrombin at room tem-
perature during a 12 h incubation period. Though the pre-
dicted molecular mass of the BglAch by amino acid se-
quences was 45.8 kDa, the estimated molecular weight of
BglAch from SDS-PAGE analysis was 43.7 kDa (Fig. 2).

Enzyme characterization

BglAch was active over a narrow pH range (6.0 to 7.0) at
37°C. The optimum pH was 6.0 in sodium phosphate buffer
(Fig. 3A). The enzyme lost its optimal activity below pH 5.0
and more than 40% of its optimal activity within 30 min
when pH was above 8.0. The S-glucosidase from Paecilo-

Table 2. Relative activity of the purified recombinant BglAch on various
chromogenic substrates as measured by ONP or PNP release at 37°C

Substrate® Relative activity + SD (%)°

PNP-a-D-glucopyranoside ND®
PNP-a-D-mannopyranoside ND*
PNP-a-D-xylopyranoside ND®
PNP-a-L-arabinofuranoside ND¢
PNP-a-L-arabinopyranoside 6.6+0.2
PNP-a-L-D-fucopyranoside ND*
PNP-a-L-rhamnopyranoside ND®
PNP-B-D-fucopyranoside 81.2+25
PNP-B-D-galactopyranoside 7.5+0.2
PNP-B-D-glucopyranoside 18.4+0.3
PNP-B-D-glucosaminide ND®
PNP-B-D-mannopyranoside ND*
PNP-B-D-xylopyranoside ND®
PNP-p-L-arabinopyranoside ND*
ONP-a-D-galactopyranoside ND®
ONP-B-D-fucopyranoside 100.0 + 3.1
ONP-B-D-galactopyranoside 182+1.2
ONP-B-D-glucopyranoside 55.2+0.3

* Final concentration, 2.0 mM
Activity toward ONP-B-D-fucopyranoside was set as 100%.
“ Not detected.

A
( ) Rd Rb,:]zh
| A )
F.
(B) : Rb,:12h
Rd

N ST

(%) F, Re:12h
Re C-Mc,
(D)
Rd

Fig. 5. HPLC results of the transformation of ginsenosides Rb;, Rb,, Rc,
and Rd by recombinant BglAch. The sampling time was 12 h. (A) bio-
transformation of ginsenoside Rby, (B) Biotransformation of ginsenoside
Rb,, (C) biotransformation of ginsenoside R¢; D, biotransformation of
ginsenoside Rd.
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myces Bainier sp. 229 (Yan et al., 2008), Thermus caldophilus
(Son et al., 2008), and Sphingomonas sp. 2F2 (Wang et al.,
2011) had optima at pH 3.5, 5.0, and 7.0, respectively. The
optimal temperature for BglAch activity was 37°C and the
enzyme was stable at lower than 25°C. The enzyme lost 49%
of its activity at 45°C, and 65% of its activity at 55°C. It was
relatively tolerant to heat when it was derived from a meso-
philic strain (Westerberg et al., 2000; see Fig. 3B). However,
the purified -glucosidase from Paecilomyces Bainier sp. 229
(Yan et al., 2008), Thermus caldophilus (Son et al., 2008), and
Sulfolobus solfataricus (Noh et al., 2009) had optimal tem-
peratures of 55, 75, and 90°C, respectively.

The effects of metal ions, EDTA, p-mercaptoethanol, and
SDS on BglAch activity were investigated (Table 1). BglAch
activity was not affected by DTT or f- mercaptoethanol
which is a well-known thiol group inhibitor. K* or Ca** had

positive effects on the activity of the enzyme, while enzyme
activity was inhibited in the presence of both 1 mM and 10
mM Cu”* or Hg™". The chelating agent EDTA, and sodium
dodecyl-sulfate (SDS), also inhibited BglAch activity.

The substrate specificity of BglAch was tested using 2.0 mM
of p-nitrophenyl (PNP) and o-nitrophenyl (ONP)-glyco-
sides with a and 8 configurations (total of 18 kinds), as re-
ported previously (An et al., 2010). BglAch was maximally
active against ONP-f-D-fucopyranoside, followed by PNP-
B-D-fucopyranoside (81.2% compared to ONP-S-D-fuco-
pyranoside), and ONP-B-D-glucopyranoside (55.2% com-
pared to ONP-B-D-fucopyranoside). Some other substrates,
including PNP-a-L-arabinopyranoside, PNP-S-D-galacto-
pyranoside, PNP-S-D-glucopyranoside, and ONP-f3-D-gal-
actopyranoside; were hydrolyzed a little (Table 1). This ex-
plained why BglAch has catalytic activity against ginseno-

Table 3. Major ginsenoside transformations by the cloned glycoside hydrolase Family 1

Glycoside hydrolase name Subfamily Microorganism Ginsenoside conversion pathway Reference
B-Glucosidase B6 Arthrobacter chlorophenolicus A6" Rb;>Rd->F, This study
(BglAch) Rb,>Rd->F,

Rc>C-Mci»>F,
B-Glucosidase B2 Environmental DNA Rb;>Rd Kim et al. (2007)
(BglA)
B-Glucosidase B2 Thermus caldophilus Rb;>Rd Son et al. (2008)
B-Glucosidase Al Sulfolobus solfataricus Rb;>Rd>F,»>C-K, Noh et al. (2009)
Rb,»>Rd>F,>C-K,
Rc>C-Mc»>C-K
B-Glycosidase Al Sulfolobus acidocaldarius Rb;»>Rd>C-K, Noh and Oh (2009)
Rb,>CY->C-K,
Re>C-Mc
B-Glucosidase B2 Sphingomonas sp. 2F2 Rb1>Gyp XVII>F, Wang et al. (2011)
(BglSp) Rb,>C-O->F,
Rc>C-Mc>F,
Rd->F,
B-Glycosidase Al Pyrococcus furiosus Rb;>Rd->C-K, Yoo et al. (2011)
Rb,»>Rd>C-K,
Rc>RdA->C-K,

C-K>PPD
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side Rby, which had an outer arabinose moiety at the C-20
position of the glycone.

The Ky, and Vi values for the hydrolysis of PNPGlc by
BglAch were 3.19 + 0.4 mM and 20.1 * 0.84 pmol/min/mg
of protein, respectively.

Biotransformation of ginsenosides

In order to verify the bioconversion pathway of the major
ginsenosides using GST-BglAch, TLC and HPLC analyses
were performed at regular intervals. Based on the R values
(Fig. 4), it is clear that GST-BglAch could transform 4 kinds
of protopanaxadiol type ginsenosides [Rbi, Rb,, Re, and
Rd]. The HPLC profiles of the reaction mixture of the four
ginsenosides using GST-BglAch, after a 12 h incubation, are
shown in Fig. 5. The identities of the transformed ginseno-
sides were determined by their retention times compared to
standard compounds. GST-BglAch demonstrated the variety
of ginsenoside hydrolyzing activity. The proposed biotrans-
formation pathway (Fig. 6) for the PPD ginsenosides is:
Rb1 >Rd-~> F,, Rb2 >Rd-> F,, Rc > C-Mc; > B, Rd > F..
All of the Rb, was transformed to Rd in 2 h, but not all of the
Rd was transformed to F, (Fig. 5A). This conversion speed
was faster than that obtained using crude enzyme extracts
from Paecilomyces Bainier sp. 229-7 (Yan et al., 2008) and
Bifidobacterium sp. SH5 (Chi and Ji, 2005), which converted
1 mg/ml of ginsenoside Rb; to Rd within 24 h. The biotrans-
formation of all the Rb; to Rd occurred in 12 h, but again,
not all the Rd was transformed to F, (Fig. 5B). This pheno-
menon was observed in the transformation of ginsenoside
Rd as substrate (Fig. 5D). This means that the recombinant
BglAch showed a tendency to hydrolyze the outer glucose
or arabinopyranose at the C20 position quickly to produce
Rd first, and then to hydrolyze the outer glucose moiety
weakly at the C3 position into F,. Consequently, ginseno-
side Rd was not completely transformed to F, during longer
reaction times. Additionally, BglAch more slowly trans-
formed Rc to F; via C-Mc; (compared to hydrolysis of Rbl
or Rb,) (Fig. 5C). Although BglAch did not show any hyd-
rolysis activity to PNP-arabinofuranoside (Table 1), it could
bio-transform C-Mc; to F,, cleaving the outer L-arabino-
furanoside moiety attached at the C20 position. The con-
version pathways for Rb; Rb,, Rc, and Rd are unique and
have not been reported previously.

B-Glucosidases have been primarily classified in the gly-
cosyl-hydrolase Families 1 and 3, which commonly form
closely related subfamilies, with a wide range of activities.
Some B-glucosidases in these subfamilies might not have
only one specific activity. Furthermore, they might have a
high specificity to only glucosides, or glucosides together
with arabinosides; while $-galactosides, f-mannosides, and
B-xylosides might also be hydrolyzed (Opassiri et al., 2006).
In addition, many enzymes in this group are able to hydro-
lyze various types of sugars from aglycones; for example,
disaccharide acuminose, malonyl glucose (Chuankhayan et
al., 2005), and isoflavone glycosides (Kaya et al., 2008).
When ginsenosides were used as substrate; f-glucosidase
hydrolyzed the inner and outer glucoses attached to ginse-
nosides at the C-3 and C-20 positions, and hydrolyzed the
outer arabinoside at the C-20 site using various transfor-
mation pathways. With regard to GH1, where BglAch is

included, there have been several reports on ginsenoside
conversion (Table 3). For example, S-glycosidase derived
from Pyrococcus furiosus initially hydrolyzed the outer glu-
cose (L-arabinopyranoside and L-arabinofuranoside moiety
at the C20 position). This was followed by hydrolysis of the
inner and outer glucose moieties at the C20 site to make
compound K (Yoo ef al,, 2011). The other enzyme [B-glu-
cosidase (BglSp) from Sphingomonas sp. 2F2] initially con-
verted Rbi, Rb,, and Rc into gypenoside XVII, C-O, and
C-Mcy, respectively; by hydrolyzing the outer glucose at the
C3 position; then into F, by hydrolyzing the C-20 glucose
moiety (Wang et al., 2011). As a member of GHI1, BglAch
exhibited a similar ginsenoside-transforming pathway to
that of -glucosidase from Sulfolobus solfataricus (Noh et
al., 2009); however, BglAch didn’t exhibit F, > C-K trans-
formation activity.

In conclusion, a recombinant ginsenoside hydrolyzing gly-
cosidase (BglAch), belonging to the GH1 family, was con-
structed from Arthrobacter chlorophenolicus KACC 11414"
in an effort to obtain more effective biotransformation of
major ginsenosides. This enzyme was expressed in E. coli
BL21 (DE3) in a soluble form and was characterized. It had
optimum activity at 37°C and pH 6.0. The recombinant
BglAch could convert ginsenosides Rby, Rb,, and Re into F,
via Rd, Rd, and C-Mcy, respectively; through selective hyd-
rolysis of the glucose or arabinoside moieties. Therefore,
this report proposes a path to improve the functions of the
genes of existing organisms and to selectively produce mi-
nor ginsenosides.
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