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Abstract

Ginseng saponin, the most important secondary metabolite in ginseng, has various pharmacological activities. Many studies have
been directed towards converting major ginsenosides to the more active minor ginsenoside, Rg3. Due to the difficulty in preparing gin-
senoside Rg3 enzymatically, the compound has been mainly produced by either acid treatment or heating. A microbial strain GS514 was
isolated from soil around ginseng roots in a field and used for enzymatic preparation of the ginsenoside Rg3. Blast results of the 16S
rRNA gene sequence of the strain GS514 established that the strain GS514 belonged to the genus Microbacterium. Its 16S rRNA gene
sequence showed 98.7%, 98.4% and 96.1% identity with those of M. esteraromaticum, M. arabinogalactanolyticum and M. lacticum.
Strain GS514 showed a strong ability to convert ginsenoside Rb1 or Rd into Rg3. Enzymatic production of Rg3 occurred by consecutive
hydrolyses of the terminal and inner glucopyranosyl moieties at the C-20 carbon of ginsenoside Rbl showing the biotransformation

pathway: Rbl — Rd — Rg3.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The ginseng saponin (ginsenoside) is one of the most
important secondary metabolites in ginseng and has various
pharmacological activities (Yokozawa et al., 1985; Kenar-
ova et al., 1990; Kimura et al., 1988; Ota et al., 1991). To
date, about 50 kinds of ginsenosides including malonyl
Ral/Ra2/Ra3/Rbl/Rb2/Rc/Rd, Ral, Ra2, Ra3, Rbl,
Rb2, Rb3, Rc, Rd, Re, Rf, Rgl, Rg2 (R,S), Rg3 (R.S),
Rg5, Rg6, Rhl (R,S), Rh2 (R,S), Rh3, Rh4, Rkl, Rk2,
Rk3, R1, R2, F2, Rsl, Rs2, Rs3 (R,S), Rs4, Rs5, Rs6,
Rs7, Ro, Fl1, F2, F4, compound K/Y/O, notoginsenoside
R1, and quinquenoside R1 have been isolated and identified
from Panax ginseng C. A. Meyer. Among these ginseno-
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sides, Rg3 (1) exerts many pharmacological activities such
as tumor-suppressing (Shinkai et al., 1996), antimetastatic
(Mami Mochizuki et al., 1995), anticarcinogenic (Li et al.,
2005), hepatoprotective (Lee et al., 2005), neuroprotective
(Tian et al., 2005), immune-stimulating (Wang and Meng,
1999) and vasodilating effects (Kim et al., 2003). In addi-
tion, Rg3 (1) is a precursor for ginsenoside Rh2, which also
has a very strong antitumor effect. But the concentration of
ginsenoside Rg3 (1) is extremely low in normal ginseng
(Kitagawa et al., 1983). Thus, production of ginsenoside
Rg3 (1) would be very important and many studies have
been aimed at converting major ginsenosides to the more
active minor ginsenoside Rg3 (1).

Ginsenoside Rg3 (1) exists as S (1a) and R (1b) optical
isomers depending on the spatial arrangement of the
hydroxyl group on the chiral carbon (C-20) of the aglycone
(Fig. 1). The isomers exhibit different physical properties
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20(S)-ginsenoside Rg3 (1a) 20(R)-ginsenoside Rg3 (1b)

Fig. 1. Structures of 20(S)- and 20(R)-ginsenoside Rg3 (la and 1b).

and biological activities. The 20(S)-Rg3 (1a) isomer is more Major ginsenosides such as ginsenoside Rbl, Rb2, Rc
water-soluble and more bioavailable than the 20(R)-Rg3 and Rd can be readily converted into a mixture of 20(R)-
isomer (1b) (Ni et al., 2005). 20(S)-Rg3 (1a) but not and 20(S)-ginsenoside Rg3 (1b/1a) by either acid treatment
20(R)-Rg3 (1b), can inhibit Ca*", K* and Na™ channels or heating (Han et al., 1982; Park, 2004). But the isolation

and inhibit coronary artery contraction in endothelium-  of each isomer from the racemic mixture is a time-consum-
denuded (Jeong et al., 2004; Kim et al., 2006). ing and complicated process (Bae et al., 2002). 20(S)-Rg3
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Fig. 2. Biotransformation pathway for production of ginsenoside Rg3 (1) from Rbl (2): (a), indirectly, in this case ginsenoside Rbl (2) was converted to
ginsenoside Rg3 (1) with an intermediate Rd (3); (b), directly, in this case ginsenoside Rbl (2) was converted to ginsenoside Rg3 (1) without any
intermediates.
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(1a) has also been prepared by chemical synthesis from
20(S)-dammer-24-en-3a, 12, 20-triol (betulafolienetriol),
but the synthetic steps were complicated and the overall
yield was low (Anufriev et al., 1997).

The enzymatic conversion through sugar hydrolysis at a
specific position of ginsenoside is desirable for the produc-
tion of 20(S)-Rg3 (1a). Until now, no-one has reported
production of ginsenoside Rg3 (1) by using microbial
enzymes. In this study, we isolated a -glucosidase-produc-
ing microorganism GS514 from soil around ginseng roots
in a field using esculin-R2A agar, investigated the activity
transforming ginsenoside Rbl into Rg3, and identified its
related metabolites.

2. Results and discussion

2.1. Screening and identification of microorganisms
producing ginsenoside Rg3 (1)

A total of 200 isolates of B-glucosidase-producing micro-
organisms were isolated from soil around the ginseng roots
in a field using esculin-R2A agar. Among these isolates,
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Fig. 3. Growth of the strain GS514 cultured in various media.

strains GS342, GS514 and GS3072 showed an ability to
convert ginsenoside Rb1 (2) into Rg3 (1) in nutrient broth
(Fig. 2). The strain GS514 showed the strongest activities
to convert ginsenoside Rbl (2) to ginsenoside Rg3 (1) and
its TRNA gene sequence was blasted in the NCBI database.
The strain GS514 belonged to the genus Microbacterium
and its 16S rRNA sequences showed 98.7%, 98.4% and
96.1% similarities with those of M. esteraromaticum, M.
arabinogalactanolyticum and M. lacticum.

2.2. Selection of culture media

Growth of the strain GS514 was very slow in nutrient
broth and the activity producing Rg3 (1) was very weak.
In order to compare the effect of various media, strain
GS514 was cultured in LB broth, tryptic soy broth and
nutrient broth for 24 h. Samples were collected at 6, 12,
18 and 24 h, and O.D was measured at 600 nm. The O.D
of LB broth, tryptic soy broth and nutrient broth samples
at 24 h were 2.346, 2.849 and 0.910, respectively. The
growth rates in LB broth and tryptic soy broth were signif-
icantly higher than in the nutrient broth (Fig. 3). Each sus-
pension culture of the strain GS514 at 12 h was mixed with
the same volume of ginsenoside Rb1 (2) and then incubated
for 10 h in a shaking incubator. We observed that cultures
in LB broth and tryptic soy broth converted ginsenoside
Rbl (2) into Rg3 (1), but the culture in nutrient broth only
converted Rbl (2) to Rd (3) (Figs. 2 and 4). This suggested
that LB broth and tryptic soy broth were suitable for the
growth of the strain GS514 and also for production of
Rg3 (1). Therefore, LB broth, which is a costs lower price
than other media, was chosen for further study.

2.3. Biotransformation pathway

Theoretically, there are two pathways for the bioconver-
sion of Rbl (2) to Rg3 (1) (Fig. 2). One is through the gin-
senoside Rd (3) by sequential hydrolyses of two glucoses at
C-20 of RDbI1. The other is direct hydrolysis of the inner
glucose at C-20 of Rbl (2). In order to investigate the
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Fig. 4. TLC analysis of metabolites of ginsenoside Rb1 (2) converted by the strain GS514 cultured in different media, (a) LB broth, (b) tryptic soy broth
and (c) nutrient broth. Developing solvent: CHCl;/MeOH/H>O (65:35:10, by vol., lower phase). S: saponin standards.
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Fig. 5. Time-course TLC analysis of metabolites of ginsenoside Rbl (2) and Rd (3) converted by the strain GS514. (a), ginsenoside Rb1 (2) was used as
substrate; (b), ginsenoside Rd (3) was used as substrate. @, ginsenoside Rd (3); @, ginsenoside Rg3 (1); @ ginsenoside F2; and @ protopanaxadiol.
Developing solvent: CHCl3/MeOH/H,O (65:35:10, by vol., lower phase). S: saponin standards.

biotransformation pathway of ginsenoside Rbl (2) into Rg
3 (1), the suspension culture of strain GS514 was mixed with
a ginsenoside Rbl (2) and Rd (3) solution, respectively. As
shown in Fig. 5, strain GS514 converted ginsenoside Rbl
(2) into metabolites Rd (3), Rg3 (1), F2 (Cheng et al.,
2006) and presumably protopanaxadiol (aglycone) accord-
ing to the high R; value (Ma et al., 2001; Yu et al., 1999).
When ginsenoside Rbl (2) was added to the culture broth
of the strain GS514, the content of ginsenoside Rbl (2)
and Rd (3) gradually decreased and that of Rg3 (1) gradu-
ally increased from 2 h to 8 h, (Fig. 5a). This proved that
metabolite Rd (3) is a precursor of ginsenoside Rg3 (1).
Similarly, when ginsenoside Rd (3) was added to the culture
broth of the strain GS514, Rg3 (1) was also produced and
the content of the Rg3 (1) remarkably decreased after 4 h
(Fig. 5b). Conversion of Rd (3) into Rg3 (1) was faster than
conversion of Rb1 (2) into Rg3 (1). This suggested that Rb1
(2) was converted by different enzymes secreted by the strain
GS514 in the following sequence: Rbl (2) — Rd (3) — Rg3
(1), as shown in the pathway (a) in Fig. 4. The enzymes
hydrolyzed the terminal glucose and consecutively inner
glucose at the C-20 position. Interestingly, after 10 h of
the reaction (Fig. 5a), the content of the ginsenoside Rg3
(1) rapidly decreased. This may have occurred due to the
precursors (Rbl (2) and Rd (3)) being converted into ginse-
noside Rg3 (1) so the rate of production of Rg3 (1) was
slower than the rate of degradation of Rg3 (1).

The HPLC profile of the reaction mixture of ginsenoside
Rb1 (2) and the strain GS514 after 8 h incubation is shown
in Fig. 6. In the HPLC chromatogram, the peaks with
retention time 40.33, 45.10, 53.17 and 57.12 min corre-
spond to ginsenoside Rbl (2), Rd (3), F2 and Rg3 (1).
When 222 pg (0.2 pumol) of ginsenoside Rbl (2) was
reacted, 180 pg of Rbl (2) was degraded (81.2% conver-
sion) and 65 pg of Rg3 (1) was produced (yield 41.4%).
The yield of enzymatic production of Rg3 (1) (41.4%)
was higher than that of organic synthesis (12.8%) (Anufriev
et al., 1997) and similar to that of acid treatment (42.4%)
(Bae et al., 2002). In conclusion, a strong ability of the
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Fig. 6. HPLC profile of the metabolites of ginsenoside Rbl (2) converted
by strain GS514. Suspension culture of the strain GS514 in LB broth was
mixed with 1 mM ginsenoside Rbl (2) and then incubated for 8h,
extracted by n-BuOH, evaporated vacuo and analyzed by HPLC after
dissolved in MeOH.

strain GS514 to produce ginsenoside Rg3 (1) in a short per-
iod of 8 h was observed.

2.4. Structural identification

Among the metabolites of ginsenoside Rbl (2), com-
pounds (1) and (3) (Fig. 5) were previously identified by
'"H NMR and C NMR spectroscopy as Rd and F2,
respectively (Cheng et al., 2006). Because the Ry value and
the retention time of metabolite (2) were the same as those
of standard Rg3 (1) in TLC and HPLC analysis, compound
(2) was assumed as ginsenoside Rg3 (1), but we could not
confirm whether the Rg3 (1) was in the R-form or S-form.
To confirm the spatial configuration of ginsenoside Rg3
(1) by NMR, more than 100 fractions were obtained using
silica gel column chromatography. The S1st to the 94th
fractions, which contained only one component of the same
R values as the standard Rg3 (1), were collected and evap-
orated in vacuo to obtain 22.59 g of metabolite (2). This
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compound was dissolved in pyridine-ds and analyzed by 'H
NMR and '*C NMR spectroscopy.

In the "H NMR spectrum of metabolite (2), (Fig. 5) the
signals for the anomeric proton appeared at é 4.91 ppm
(1H, d, J=17.2Hz) and ¢ 5.36 ppm (1H, d, J=7.2 Hz),
which is indicative that the metabolite (2) harbored two
B-p-glucose moiety; the anomeric proton signals were sim-
ilar to the anomeric proton signals of the 3-O-inner-gluco-
pyranosyl and 3-O-outer-glucopyranosyl moieties of
ginsenoside Rbl (2), which appeared at ¢ 4.88 ppm (1H,
d, J="7.6 Hz) and ¢ 5.34 ppm (1H, d, J=7.6 Hz) (Dong
et al., 2003).

The '*C NMR spectra of the two isomers of the ginseno-
side Rg3 (1) are very similar, but there are obvious differ-
ences. For example, the signals for C-17 and C-21 of
20(S)-Rg3 (1a) appeared downfield than those for 20(R)-
Rg3 (1b), and the signal for C-22 of 20(S)-Rg3 (1a)
appeared upfield than that for 20(R)-Rg3 (1b) in the *C
NMR spectrum (Teng et al., 2000). The '*C NMR analysis
result of metabolite (2) is shown in Table 1. A comparison
of the '>C NMR spectrum of metabolite (2) with that of
ginsenoside Rbl (2) showed that the signal for the C-20
was remarkably shifted upfield from ¢ 83.5 ppm to ¢
73.0 ppm. This may mean that glucose moiety at C-20 posi-
tion was removed. Meanwhile, the signal for the C-3
appeared at 0 88.9 ppm, which is similar to ¢ 89.0 ppm of
Rbl (2), which means that there is no change of glucose
moiety at the C-3 position (Dong et al., 2003). The signals
for C-17, C-21 and C-22 of the metabolite (2) appeared at §
54.9 ppm, 6 28.2 ppm and ¢ 36.0 ppm, respectively, which
are similar to those for the same carbons in 20(S)-Rg3
(1a) (see Table 1). Based on the observations, we confirmed

Table 1

that metabolite (2) is 3-O-[B-p-glucopyranosyl-(1,2)-p-p-
glucopyranosyl]-20(.S)-protopanaxadiol, which is identical
to ginsenoside 20(S)-Rg3 (1a).

3. Conclusions

Previously, preparation of pharmacologically active
minor ginsenosides from major ginsenosides has been done
by chemical or physical methods such as acid treatment
and heating. The enzymatic conversion process may occur
in milder reaction conditions than chemical or physical
conversion and selective enzymatic conversion to S isomer
is possible. But until now there is no study on the enzy-
matic production of Rg3 (1). The enzymatic conversion
of ginsenoside Rbl (2) into Rg3 (1) is not easy because
enzymatic hydrolysis of glycosidic bond at C-3 is easier
than at C-20. C-20 of ginsenoside Rb1 (2) is a tertiary car-
bon with larger steric crowding, which inhibits approaches
of microbial enzymes, whereas C-3 is a secondary carbon
with more free space. If the glycosidic bond at C-3 is
hydrolyzed, ginsenoside Rg3 (1) cannot be produced
(Kim et al., 1998).

In this study, we isolated more than 200 B-glucosidase-
producing microorganisms from soil of a ginseng field
and identified one strain, Microbacterium sp. GS514 show-
ing a strong ability to convert the ginsenoside Rbl (2) into
20(S)-Rg3 (1a). The bioconversion pathway to produce
Rg3 (1) followed the sequence: Rbl (2) — Rd (3) — Rg3
(1). The suspension culture of the strain GS514 used in this
study contained also the enzymes to degrade Rg3 (1)
to other metabolites and so the production yield was

13C NMR comparison of metabolite @ produced by the strain GS514 with 20(R)- and 20(S)-Rg3 (1b and 1a) (100 MHz, solvent: pyridine-ds)

Carbon site 20(R)-Rg3?* 20(S)-Rg3* Metabolite @ Carbon site  20(R)-Rg3* 20(S)-Rg3?* Metabolite @
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
C-1 39.2 39.2 39.1 C-22 433 36.0 36.0
C-2 26.7 26.8 26.9 C-23 22.7 23.1 23.1
C-3 89.0 89.0 88.9 C-24 126.1 126.4 126.3
C4 39.8 39.8 39.8 C-25 130.8 130.8 130.8
C-5 56.4 56.5 56.4 C-26 259 259 259
C-6 18.5 18.5 18.5 C-27 17.7 17.1 17.8
C-7 352 353 35.2 C-28 28.2 28.2 28.2
C-8 40.0 40.1 40.1 C-29 16.6 16.7 16.7
C-9 50.4 50.5 50.4 C-30 17.4 17.8 17.1
C-10 37.0 37.0 37.0 1’ 105.2 105.2 105.1
C-11 322 32.1 322 2! 83.5 83.5 834
C-12 70.9 71.0 71.0 3’ 78.0 78.0 78.0
C-13 49.3 48.7 48.7 4/ 71.8 71.8 71.6°
C-14 51.9 51.8 51.8 5 78.1 78.3 78.3°
C-15 31.5 31.4 31.5 6 62.9 62.9 62.8
C-16 26.8 26.9 27.2 1" 106.1 106.1 106.1
C-17 50.7 54.9 54.9 27 77.2 77.2 77.2
C-18 15.9 15.9 15.9 3/ 78.4 78.4 78.3°
C-19 16.4 16.4 16.5 4" 71.7 71.7 71.6°
C-20 73.0 73.0 73.0 5 78.3 78.2 78.2
C-21 22.8 28.2 27.2 [ 62.8 62.8 62.7

* Ref. Teng et al., (2000).
® Overlapped with other signals.
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relatively low. So, the isolation of the enzymes responsible
for the production of ginsenoside Rg3 (1) is needed to
increase the yield.

4. Experimental
4.1. Materials

Ginsenoside Rb1 (2) was isolated from Panax quinquefo-
lius. Standard ginsenosides including 20(S)-Rb1, 20(S)-Rd,
20(S)-Rg3, 20(S)-Rh2 and compound-K were obtained
from KT&G, in Daejeon, Korea. R2A agar, LB broth,
tryptic soy broth and nutrient broth were purchased from
Difco. The 60 F-254 Silica gel plate (Merck) was used for
thin-layer chromatography (TLC) and silica gel 60 (70—
230 mesh, Merck) was used for column chromatography.

4.2. Screening and identification of microorganisms
producing ginsenoside Rg3

The isolation of B-glucosidase-producing microorgan-
isms from soil around ginseng roots in a field was performed
according to a previously published method (Cheng et al.,
2006; Kim et al., 2005). Each microbial suspension cultured
in nutrient broth was added to the same volume of aqueous
1 mM ginsenoside Rb1 (2) solution and then incubated on a
rotary shaker (200 rpm) at 30 °C for 48 h. The reaction mix-
ture was extracted with butanol saturated with H,O and
then analyzed by thin layer chromatography (TLC). Eight
microlitres of the ginseng extract solution was spotted on
a TLC plate and developed to 5.5 cm distance in a chamber
with CHCl3/MeOH/H,O (65:35:10, v/v/v, lower phase) as
the mobile phase. Bands on the TLC plates were detected
by spraying 10% H,SQO,, followed by heating. The 16S
rRNA gene sequences of the microorganisms producing
ginsenoside Rg3 was sequenced by Genotec (Daejeon,
Korea). The 16S rRNA gene sequences were blasted in
the NCBI database (Accession number is EU036992).

4.3. Selection of culture media

The strain GS514 was cultured in LB broth on a rotary
shaker (160 rpm) at 27 °C for 24 h then inoculated in nutri-
ent broth, LB broth or tryptic soy broth at 1% (v/v) and
shaken for 36 h under the same conditions. The O.Dggg
of suspension cultures was periodically measured.

4.4. Biotransformation pathway

The strain GS514 was cultured in LB broth on a rotary
shaker (160 rpm) at 27 °C for 24 h and then was added to
the same volume of 1 mM ginsenoside Rbl (2) aqueous
solution and then incubated on a rotary shaker (200 rpm)
at 30 °C for 48 h. The Reaction mixtures were extracted
with n-BuOH saturated with H,O every 2 h and analyzed
by TLC and HPLC.

4.5. HPLC analysis

HPLC was performed using a NS 3000 system
(FUTECS Co., Ltd.), equipped with a UV/Vis detector
and gradient pump. The detection wavelength was
203 nm. The column used was a C18 (250 x 4.6 mm, ID
5 um), a 20-ml sample volume was injected, and the mobile
phase utilized gradient conditions with CH3CN (solvent A)
and distilled H,O (solvent B). The solvent A/solvent B
ratios were as follows: 15:85, 21:79, 58:42, 90:10, 90:10,
15:85 and 15:85, with run times of 0-5, 5-25, 25-70, 70—
72, 72-82, 82-84 and 84-100 min, respectively, at a
1.6 ml/min flow rate.

4.6. Structural identification

An amount of 72 ml of 1 mM (0.072 mmol) ginsenoside
Rbl (2) was treated with the suspension culture of microor-
ganism producing Rg3. The reaction mixture was extracted
twice with n-BuOH saturated with H,O and evaporated in
vacuo. The residue was dissolved in MeOH and then evap-
orated in vacuo to dryness after adding a little silica gel.
The silica gel, which adsorbed an equal amount of sample,
was used in silica gel cc (¢ 4.5 X 25 cm) to isolate ginseno-
side Rg3 (1). The eluent was CHCl;/MeOH/H,0 (9:3:1, by
vol., lower phase) and the collection volume was 20 ml per
fraction. From the fractions, the same metabolite was col-
lected via TLC analysis and evaporation in vacuo. The res-
idue was dissolved in pyridine-ds, and the structure was
analyzed vie '"H NMR and 'C NMR, using an FT-
NMR spectrometer (Varion Inova AS 400, Varion USA.
400 MHz).

4.6.1. Metabolite () (ginsenoside Rg3 (1a))

'"H NMR (pyridine-ds, 400 MHz): m.p: 248-250 °C
(dec.), 0 0.77 ppm (3H, s, H-19), 6 0.93 ppm (6H, s, H-
18, H-30), 6 1.08 ppm (3H, s, H-29), 6 1.26 ppm (3H, s,
H-28), 6 1.44 ppm (3H, s, H-21), 6 1.59 ppm (3H, s, H-
27), 6 1.62ppm (3H, s, H-26), 6 491 ppm [IH, d,
j=6.8Hz, H-3-glc (inner)-1H’], 6 536 ppm [IH, d,
j=17.2 Hz, H-3-glc (outer)-1H""], for >*C NMR (pyridine-
ds, 100 MHz) data see Table 1.
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