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Background: Ginsenoside Rh2 is well known for many pharmacological activities, such as anticancer,
antidiabetes, antiinflammatory, and antiobesity properties. Glycosyltransferases (GTs) are ubiquitous
enzymes present in nature and are widely used for the synthesis of oligosaccharides, polysaccharides,
glycoconjugates, and novel derivatives. We aimed to synthesize new ginsenosides from Rh2 using the
recombinant GT enzyme and investigate its cytotoxicity with diverse cell lines.
Methods: We have used a GT gene with 1,224-bp gene sequence cloned from Lactobacillus rhamnosus
(LRGT) and then expressed in Escherichia coli BL21 (DE3). The recombinant GT protein was purified and
demonstrated to transform Rh2 into two novel ginsenosides, and they were characterized by nuclear
magnetic resonance (NMR) techniques and evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide assay.
Results: Two novel ginsenosides with an additional glucopyranosyl (6/1) and two additional gluco-
pyranosyl (6/1) linked with the C-3 position of the substrate Rh2 were synthesized, respectively. Cell
viability assay in the lung cancer (A549) cell line showed that glucosyl ginsenoside Rh2 inhibited cell
viability more potently than ginsenoside Rg3 and Rh2 at a concentration of 10 mM. Furthermore, glucosyl
ginsenoside Rh2 did not exhibit any cytotoxic effect in murine macrophage cells (RAW264.7), mouse
embryo fibroblasts cells (3T3-L1), and skin cells (B16BL6) at a concentration of 10 mM compared with
ginsenoside Rh2 and Rg3.
Conclusion: This is the first report on the synthesis of two novel ginsenosides, namely, glucosyl ginse-
noside Rh2 and diglucosyl ginsenoside Rh2 from Rh2 by using recombinant GT isolated from
L. rhamnosus. Moreover, diglucosyl ginsenoside Rh2 might be a new candidate for treatment of
inflammation, obesity, and skin whiting, and especially for anticancer.
� 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ginseng (Panax ginseng Meyer) has been used for more than
2,000 years and considered one of the most important traditional
oriental medicines in Asian countries [1]. P. ginseng has been used
as a healing drug and health tonic in Korea, China, Japan, and other
East Asian countries [2]. As the major effective ingredients in
ginseng [3,4], the minor ginsenosides are well known for their
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various pharmacological activities such as boosting immunity [5e
8]; anticancer [9e12], antiinflammatory [13,14], antitumor [15],
antioxidative activities; and antiaging effects. So far, a total of 131
different ginsenosides have been characterized by a sensitive and
practical high-performance liquid chromatography (HPLC)emass
spectrometry (MS)/MSn method [16]. Ginsenosides are classified
into dammarane- and oleanane-type saponins, which are derived
from dammarenediol and b-amyrin, respectively. Among the
nk, College of Life Science, Kyung Hee University, Yongin 17104, Republic of Korea.
nk, College of Life Science, Kyung Hee University, Yongin 17104, Republic of Korea.

lishing services by Elsevier B.V. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yeonjukim@khu.ac.kr
mailto:dcyang@khu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgr.2019.11.004&domain=pdf
www.sciencedirect.com/science/journal/12268453
http://www.ginsengres.org
https://doi.org/10.1016/j.jgr.2019.11.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jgr.2019.11.004
https://doi.org/10.1016/j.jgr.2019.11.004


D.-D. Wang et al / Novel ginsenoside using glycosyltransferase 49
reported ginsenosides, ginsenoside Rh2 with a dammarane skel-
eton is one of the characteristic components in red ginseng with
various potential bioactivities [17], which have been proven to
possess therapeutic effects on inflammation [17], various cancers
[18e24], and enteritis. Since 2006, ginsenoside Rh2 has been
approved as a food supplement in China [25]. Nowadays, many
physical and chemical methods have been used for the trans-
formation of ginsenosides; however, there are limitations in spec-
ificity and problems such as environmental pollution. Thus,
biotransformation is considered as the most promising method
because of the high selectivity and productivity [26].

Glycosyltransferases (GTs; EC 2.4.x.y) are enzymes that can
transfer the glucosyl donor to various specific acceptors, including
hormones and secondary metabolites [27]. GTs are important for the
biosynthesis of glycosylation of unnatural and natural products [28].
GTs have been classified into 97 families by amino acid sequence
similarities [29] (available at http://afmb.cnrs-mrs.fr/CAZY).
Furthermore, GT family 2 is known as the principal and evolution-
arily the most ancient of the inverting enzyme families, which can
use diverse sugar moieties, including uridine diphosphate (UDP)
donors [30]. UDP GTs (UGTs) are a superfamily of enzymes that can
catalyze functional groups including hydroxyl, carboxyl, amine, thiol,
and carbon groups using UDP-activated sugar molecules as donors
[31]. Glycosylation of natural compounds in plants is modified by
GTs, leading to increase in the hydrophilicity, stability, solubility, and
subcellular localization and thus the chemical properties and
bioactivity of the natural products [32]. Moreover, the related GTs are
the key enzymes in the last important step of ginsenoside biosyn-
thesis [33]. Compared with UGTs from plants, a group of microbial
UGTs shows high catalytic proficiency and contributes to high
expression in the engineered bacteria and yeast. A recent report
showed that a UGT from Bacillus licheniformiswas conducted for the
glycosylation mediating of phloretin and obtained five glucosides
[34]. At present, ginsenoside aglycones and compound K have been
obtained by synthetic biology [33]. Furthermore, complexity and
diversity of ginsenosides are produced by modification of ginseno-
side aglycones by GTs, which have more wide ranges of further
pharmacological activity [35]. As the last step of ginsenoside
biosynthesis, glycosylation of ginsenoside aglycones has been stud-
ied intensively in recent years [36]. Probiotic strains are generally
preferred to be of human origin and possess satisfying antibiotic
resistance along with providing beneficial metabolic activities
toward the host [37]. A type of probiotic strains, namely, Lactobacillus
rhamnosus,which is commonly found in the human body, has shown
its capability to survive through the gastrointestinal tract [38].
Nonetheless, L. rhamnosus has also been proven with regard to its
promising effect of maintaining good balance in a human’s intestinal
microbial ecosystem [39]. Apart from common understanding of the
benefit toward the human body, L. rhamnosus also has promising
commercial value especially in the production of functional food
[40]. Therefore, we investigated and characterized a gene (LRGT)
encoding GTs derived from L. rhamnosus ATCC 8530 in this study.
Subsequently, two novel ginsenosides, glucosyl ginsenoside Rh2 and
diglucosyl ginsenoside Rh2, were biotransformed, with ginsenoside
Rh2 as an acceptor and UDP glucose (UDPG) as an active donor using
LRGT. Finally, we investigated the cytotoxicity of the main product of
glucosyl ginsenoside Rh2 in normal and cancer cells [41].

2. Materials and methods

2.1. Materials

Ginsenoside Rh2 was provided by Ginseng Resource Bank,
Kyung Hee University, South Korea. UDPG was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The analytical grade solvents
(water and acetonitrile) were purchased from SK Chemicals (Ulsan,
Korea). B16BL6 melanoma cells, murine macrophage cells
(RAW264.7), and A549 human lung adenocarcinoma cells were
obtained Korean Cell Line Bank (Seoul, Korea). 3T3-L1 fibroblast
cells were purchased fromAmerican Type Culture Collection (ATCC,
USA).
2.2. Isolation and cloning analysis of the LRGT gene from
L. rhamnosus

The genomic DNA was extracted from L. rhamnosus American
Type Culture Collection 8530 using the genomic DNA Reagent kit
(GeneAll, Seoul, Korea). The target gene encoding the UGTs LRGT
was amplified from the chromosomal DNA by polymerase chain
reaction using Pfu DNA polymerase (GeneAll) using the genomic
DNA as the template. The fragment was amplified at EcoRV and
BamH1 sites using the designed primers: LRGT-F (50-CGA-
TATCATGGCAGGTCATGAAGCAG-30) and LRGT-R (50-GGGATCCA-
GACTCCTTTTTAACATTCTCATCT-30). The amplified DNA fragment
was digested with the aforementioned primer and then ligated into
a pMAL-c5X vector to generate a maltose-binding protein (MBP)-
LRGTgene fusion using the EzFusion Kit (Enzynomics, Korea). Then,
it was sequenced and confirmed at the Genotech facility (Daejeon,
Korea).

Moreover, the E. coli BL21 (DE3) cells harboring the recombinant
pMAL-LRGT was cultured in Luria-Bertani (containing ampicillin)
broth at 37�C until the absorbance reached 0.4e0.6 at 600 nm, and
then, the protein was expressed by 0.3e0.5 mM isopropyl-b-D-
thiogalactopyranoside induction at 16�C for 8e9 h. The cells were
harvested by centrifugation (5,000 � g, 20 min, 4�C), washed, and
resuspended in 20 mM sodium phosphate buffer (pH 7.0) con-
taining 1 mM EDTA and NaCl. The cells were disrupted by 5-min
periods of sonications at 5-s interval with 10 repetitions on an ul-
trasonic processor at 80% output with cooling on ice. The cell debris
was separated by centrifugation (12,000 � g, 20 min, 4�C). The
tagged fusion protein was purified in a preequilibrated amylose
column (New England BioLabs, France, UK) and eluted using 10mM
elution buffer. The recombinant LRGT was confirmed by 12% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).
2.3. Application of metabolite biosynthesis

Glycosylation assays containing 0.5 mM Rh2, 2.5 mMUDPG, and
0.1 mg/mL of purified overexpressed LRGT enzyme (pH 7.0) were
carried out at 30�C for 12 h (200 rpm). In addition, the assays were
carried out for the following groups: with Control 1 containing
ginsenoside Rh2 and LRGT (C1), Control 2 containing LRGT and
UDPG (C2), and Control 3 containing ginsenoside Rh2 and UDPG
(C3).
2.4. Kinetic properties of LRGT

The kinetic parameters of the purified LRGT enzyme were
detected in the reactants of UDPG concentrations (from 0.5mM to 5
mM) [41]. The duplicate reactions were repeated under the same
conditions. Vmax (mmol/L*min) and the MichaeliseMenten con-
stant, Km (mol/L) were calculated using theMichaeliseMenten plot
of specific activities. The values of Vmax and Km were determined
by means of the LineweavereBurk plot.
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2.5. Analysis of LRGT activities based on optimal temperature, pH,
and metal ions in synthesis of ginsenoside Rh2

The reaction mixtures (1 mL) containing 0.5 mM ginsenoside
Rh2 and 2.5 mM UDPG as the substrate were incubated for the
initial synthesis experiment. The optimal temperaturewas tested at
various temperatures ranging from 20 to 60�C. The optimal pH of
purified LRGT was studied in 20 mM buffer at various pH ranging
from 3 to 10. Activity of enzyme with metal ions was evaluated in
the presence of 10 mM CoCl2, MgCl2, FeCl3, NaCl, CuSO4, NH4Cl, KCl,
CaCl2, and ZnSO4 and then compared with a control without metal
ions under the optimum ratio of temperature and pH. The samples
were terminated by adding equal volume of water-saturated n-
butanol; then, the mixtures were centrifuged at 13000 g for 5 min,
and the supernatant was evaporated and dissolved with methanol
for thin layer chromatography (TLC), HPLC, and high-resolution MS
analysis.

2.6. TLC analysis

The transfer products were detected by TLC analysis. One
microliter of reactants was spotted on the silica gel 60F254 plates by
the solvent system of CHCl3/CH3OH/H2O (65/35/10) in a developing
tank. The plate was kept to air-dry and developed by soaking in
methanol solvent with 10 % (v/v) sulfuric acid. After that, the plate
was heated at 110�C for 10 min to obtain the reaction spots [41].

2.7. Metabolite 1 and 2 analyses by HPLC, nuclear magnetic
resonance, and high-resolution MS

The reactants were terminated by adding water-saturated
butanol and examined by HPLC (Agilent 1260 system) consis-
tent with the gradient protocol in our laboratory [30]. The sep-
aration was performed on a C18 column (5 mm, 250 � 4.6 mm)
using acetonitrile and water as the mobile phases, and the time
and ratios of the procedure were reported in our previous study.
The flow rate was set at 1.6 mL/min, and the metabolites were
monitored at 203 nm of UV wavelength [41]. To identify the
molecular weight, the products were detected by MS analysis
using a Finnigan LCQ-Advantage mass spectrometer (Thermo
Fisher Scientific, CA, USA) (ion mode: FAB-; elements: C 43/0, H
72/0, O 14/0; mass tolerance: 1000 ppm, 10 mmu if m/z < 10, 20
mmu if m/z > 20; unsaturation: �0.5-50.0). The structure of
Compound 1 and Compound 2 was identified via proton and
carbon nuclear magnetic resonance (NMR). The metabolites were
purified by preparative HPLC and recorded on the basis of 1H-
NMR and 13C-NMR spectra at 100 MHz using a Bruker AV 600
NMR spectrometer (Bruker, Germany) with pyridine-d5 as the
solvent.

2.8. In vitro cytotoxic test of Metabolite 1

With the aforementioned analysis, Metabolite 1 was the main
product in our study. Therefore, we selected it for future work.
Murine macrophage cells (RAW264.7), human lung adenocarci-
noma cells (A549), fibroblast cells (3T3-L1), and melanoma cells
(B16BL6) were cultured in a 5% CO2 atmosphere at 37�C. Cytotox-
icity of ginsenoside Rh2, ginsenoside Rg3, and the new metabolite,
Metabolite 1, was evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide (MTT) assay following our previous
procedure. The cell lines were seeded at a density of 1e1.2 � 105

cells/mL in a 96-well plate (NEST�, Nest Scientific USA Inc.,USA) in
triplicate. After culturing for 24-h, the cells were treated with Rh2,
Rg3, and Metabolite 1 (1, 10, 50, and 100 mM). After treatment was
finished, 10 mL of MTT solution (5 mg/mL) was mixed to each well,
and the plates were incubated for another 4 h. The media con-
taining MTT reagent was then removed from each well, and 100 mL
of dimethyl sulfoxide was added. After completion of this step, the
absorbance of the reaction solution was measured at 570 nm/630
nm using a multimodel plate reader (BioTek Instruments, Vermont,
USA).
2.9. Sequence analysis

The search of GT was carried out using the BLAST program at the
National Center for Biotechnology Information server. The BlasTn
programwas used with the expectation value (E-value) lower than
10�4. By comparing the other GT, we identified and selected a
sequence that was isolated from L. rhamnosus on the basis of the
open reading frames encoding the specific protein via the National
Center for Biotechnology Information BlastX program [42]. The
sequence analysis of nucleotides and amino acids were carried out
using the DNASIS program (Hitachi, Japan). The multiple align-
ments of GT isolated from L. rhamnosus were analyzed using
ClustalX (http://www.ebi.ac.uk/tools/clustalw2). We constructed
the phylogenetic tree using the neighbor-joining method. And for
the reliability, each node was established using MEGA6 software by
bootstrap methods [43,44]. The protein properties were estimated
using ProtParam (https://web.expasy.org/protparam, SIB: Swiss
Institute of Bioinformatics) [39], and the hydropathy value was
estimated by the method described by Kyte and Doolittle [45].
Conserved motifs were identified using MEME (http://meme-suite.
org, Multiple EM for Motif Elicitation) [43]. Another databases, such
as SOPMA (http://npsa-pbil.ibcp.fr), HMMTOP (http://www.enzim.
hu), MotifScan (http://myhits.isbsib.ch), and PSORT (http://psort.
hgc.jp/form.html), were also used to analyze the full-length GT
gene. A three-dimensional (3D) model was established using GT as
a template on an SWISS-MODEL workspace in automated mode
[6,26]. The generated 3D structure was visualized using the UCSF
Chimera package (Resource for biocomputing, visualization, and
informatics, University of California).
2.10. Statistical analysis

All our experiments were repeated in triplicate, independently.
Statistical significance of all data was analyzed using the Student t
test using Excel 2013 software. The p-value (less than 0.05) was
considered significant statistically.
3. Results and discussion

3.1. Cloning and expression of recombinant LRGT

The designed primers and amplification were used to amplify
the candidate gene. And then, the tagged gene from the L. rham-
nosus genome was inserted into a pMAL-C5X vector and heterol-
ogously expressed in E. coli BL21 (DE3). The length of the sequence
was 1224 bp, encoding a protein of 407 amino acid residues, the
gene of which was homogeneous to GT family 2 (GenBank acces-
sion number: KY021433). To obtain the maximize yields of the
fusion protein, diverse concentrations of protein induction were
examined. As a result, 0.5 mM isopropyl b-D-thiogalactopyranoside
produced the maximum amount of enzyme at 20�C for 9 h. The
active protein was eluted using an elution buffer containing
maltose [7]. The recombinant MBP-LRGT was purified by affinity
chromatography using amylose resin and confirmed by SDS-PAGE
analysis (Coomassie blue staining) (Fig. 1). What’s more, the mo-
lecular mass of 81.2 kDa was calculated.
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http://meme-suite.org
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Fig. 1. SDS-PAGE analysis of recombinant LRGT. M, molecular mass maker; 1, crude
extract of induced recombinant BL 21 (DE3) cells carrying pMAL-LRGT; 2, pMAL-LRGT
after purification with the MBP-bound agarose resin; MBP, maltose-binding protein;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Fig. 2. Thin layer chromatography (TLC) analysis of glycosylated products transformed
by LRGT. C1, Control 1denzyme and Rh2; C2, Control 2denzyme and UDP glucose; C3,
Rh2 and UDP glucose; R, result of synthesis; S, ginsenoside standard; UDP,
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3.2. Biosynthesis of metabolites

Glycosylation contributes to the last step of biosynthesis of
ginsenosides for functional diversity along with the capability to
identify the diversity of ginsenosides. Generally, UGTs are capable
of regulating the properties of ginsenosides (i.e., bioactivity and
solubility) by transferring glycosyl residues from activated sugars to
aglycones of ginesonides. Nonetheless, such an approach has been
actively adopted for the screening of UGT genes in the ginsenoside
biosynthesis by various researchers [46e48]. Here, in this report,
we aimed to synthesize novel ginsenosides from 2.5 mM UDPG
(donor) and 0.5 mM ginsenoside Rh2 (acceptor) using recombinant
GT LRGT (0.1 mg/mL). After the reactants were extracted, two
different obvious spots of Metabolites 1 and 2 were shown in the
TLC plate except for Rh2 (Fig. 2). Moreover, no new spots were
produced in the control reaction. The two signals of Metabolites 1
and 2 were observed by HPLC spectrum analysis (Fig. 3A); Metab-
olite 1 was the major product in the reaction mixtures, and we
selected it for further analysis.
3.3. Kinetic parameters of LRGT

The kinetics parameters of LRGT with a diverse concentration of
substrates were determined at 30�C and pH 7. The kinetic param-
eters of the products were analyzed by HPLC. The values were
calculated using the MichaeliseMenten model. The results are
shown in Fig. 3B. The values of Vmax and Kmwere estimated to be
0.10 mmol/L*min and 2.9 mmol/L as per the LineweavereBurk plot,
respectively.
3.4. Optimal condition of temperature, pH, and metal ions of LRGT
enzyme for synthesizing Metabolite 1

The optimal temperature was 30�C, which showed stronger
activity than other temperature conditions (Fig. 4A). The optimal
pH of LRGT activity was pH 7, which was more effective of catalytic
activity than others (Fig. 4B). The effect of metal ions on LRGT
enzyme activity was measured (Fig. 4C). The results showed
enzyme activity was significantly stimulated by CoCl2, MgCl2, FeCl3,
NaCl, CuSO4, NH4Cl, KCl, CaCl2, and ZnSO4. In addition, the optimum
condition of metal ion regarding LRGT activity was intensively
promoted by CuSO4.
3.5. Biosynthesis pathway of ginsenoside Rh2 by LRGT

Ginsenoside Rh2 (0.5 mM), 2.5 mM UDPG, and 10 mM CuSO4
with LRGT enzyme (pH 7, 0.1 mg/mL) were incubated at 30�C for 24
h in a shaking incubator. Then, the mass metabolites were sepa-
rated and purified using open silica column chromatography. At the
same time, the solvent system of CHCl3/CH3OH/H2O (65/35/10,
lower phase) was used. After that, the first separated products were
purified for further study by Waters Prep HPLC (Milford, U.S.A.)
using a Nova-pak C18 column (3.9 � 300 mm) [15]. After harvest-
ing, the results revealed that the yield of Metabolite 1 was 45.2%,
whereas the yield of Metabolite 2 was 9.3%.

Metabolite 1 was a white and amorphous powder. The negative
HRFABMS and 13C-NMR (DEPT) spectroscopic data showed that the
molecular formula was C42H72O13 as deduced by a molecular ion
peakm/z 783.4879 ([M-H]-, scaled for C42H71O13, 783.4895) (Fig. 5).
There were absorption bands at 3401 cm�1 and 1649 cm�1 due to
the OH group and double bond as per the IR spectrum, respectively.
The 1H- and 13C-NMR spectra of Metabolite 1 confirmed an
exception of the presence of an additional hexose sugar attached to
Rh2. The observation of 13C-NMR signals of the glucosyl moiety
characterized a hemiacetal (dC 105.0), four oxygenatedmethines (dC
78.2, 78.1, 75.3, 71.8), and an oxygenated methylene (dC 62.9),



Fig. 3. The kinetics of biosynthesis toward Metabolite 1 by LRGT were determined using the MichaeliseMenten model, the results of which are presented as follows: (A) HPLC
spectra of the glycosylated metabolites transformed by LRGT. (B) The LineweavereBurk plot of LRGT. HPLC, high-performance liquid chromatography.
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which indicated the glucosyl moiety to be a b-glucopyranose.
What’s more, the coupling constant of the anomer proton signal (dH
4.40, d, J ¼ 7.8 Hz) confirmed the configuration was anomer hy-
droxy. A notably significant downfield with glycosylation shift at
d 69.9 (w6.9 ppm, C6) indicated that a glucosyl moiety was
attached to the C6eOH of Rh2 owing to the glycosidation shift.
Similarly, the HMBC spectrum exhibited that the position of two
sugars was confirmed to be C-6 and C-6’. The correlations of two
anomer proton signals H-1’ (dH 4.30, d, J ¼ 7.8 Hz) and H-100

demonstrated the cross peaks with the oxygenatedmethine carbon
signal (dC 90.7, C-3) and the oxygenated methylene carbon signal
(dC 69.6, C-60), respectively. Taken together, Fig. 6 depicted that the
metabolite was identified to be (20S)-3b, 12b, 20-
Fig. 4. Effect of glycosylated metabolites under diverse conditions including temperature, pH
Metabolite 1. The most significant activity has been detected at the optimal temperature o
optimal pH of LRGT activity was identified at pH 7, which was more effective while comparin
synthesis of Metabolite 1. The optimal condition of metal ion regarding LRGT activity was i
trihydroxydammar-24-ene-3-O-b-D-glucopyranosyl (1/6)-b-D-
glucopyranoside [10,11]. Metabolite 1 has never been reported so
far; therefore, it is a novel ginsenoside which is now named glu-
cosyl ginsenoside Rh2 (Table 1).

On the other hand, Metabolite 2 was also a white and amor-
phous powder. The negative HRFABMS and 13C-NMR (DEPT) spec-
troscopic data showed that themolecular formulawas C48H82O18 as
deduced by a molecular ion peak m/z 969.54014 ([MþNa]-, scaled
for C48H82O18Na, 969.53934) (Fig. 5). There were absorption bands
at 3401 cm�1 and 1649 cm�1 owing to the OH group and double
bond as per the IR spectrum, respectively. The NMR data were
similar to those of glucosyl ginsenoside Rh2 (Metabolite 1), with
the exception of the presence of an additional hexose sugar. The
, and metal ions. (A) Effect of temperature on recombinant LRGT activity in synthesis of
f 30�C. (B) Effect of pH on recombinant LRGT activity in synthesis of Metabolite 1. The
g catalytic activity with others. (C) Effect of metal ions on recombinant LRGT activity in
ntensively promoted by CuSO4.



Fig. 5. MS spectrum of Metabolites 1 and 2 after transformation by recombinant LRGT. (A) Metabolite 1 molecular ion peak was m/z 783.4 ([M-H]-, scaled for C42H71O13, 783.4). (B)
Metabolite 2 molecular ion peak was m/z 969.54014 ([MþNa]-, scaled for C48H82O18Na, 969.53934). MS, mass spectrometry.

Fig. 6. Biosynthesic pathway of ginsenoside Rh2 to glucosyl ginsenoside Rh2 and diglucosyl ginsenoside Rh2 using LRGT.
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Table 1
1H- (600 MHz) and 13C-NMR (150 MHz) spectrum of glucosyl ginsenoside Rh2 and diglucosyl ginsenoside Rh2

No of C dC dH

1 2 1 2

1 40.4 40.3 1.71, 1.07, overlapped 1.72, 1.09, overlapped
2 27.6 27.4 1.86, 1.57, m 1.87, 1.58, m
3 90.7 90.4 3.20, overlapped 3.21, overlapped
4 41.1 40.4 - -
5 57.7 57.4 0.79, br d, J ¼ 11.7 Hz 0.81, br d, J ¼ 11.4 Hz
6 19.4 19.3 1.57, 1.48, overlapped 1.57, 1.47, overlapped
7 36.1 35.9 1.54, 1.32, overlapped 1.55, 1.32, overlapped
8 38.1 38.0 - -
9 51.5 51.2 1.49, overlapped 1.49, overlapped
10 40.5 40.9 - -
11 32.2 32.1 1.26, 1.09, m 1.26, 1.09, m
12 71.6 71.4 3.33, overlapped 3.33, overlapped
13 49.7 49.6 1.73, dd, J ¼ 10.8, 2.0 Hz 1.74, overlapped
14 52.8 52.6 - -
15 32.2 32.0 1.89, 1.38, overlapped 1.89, 1.38, overlapped
16 27.4 27.3 1.96, 1.94, m 1.98, 1.96, m
17 55.3 55.1 2.11, overlapped 2.06, overlapped
18 16.3 16.4 1.01, s 1.02, s
19 17.0 17.1 0.92, s 0.93, s
20 74.5 74.2 - -
21 26.6 26.8 1.14, s 1.16, s
22 36.5 36.3 1.52, overlapped,

1.34, ddd, J ¼ 6.5, 6.5, 5.2 Hz,
1.59, overlapped
1.40, ddd, J ¼ 6.4, 6.4, 5.3 Hz

23 23.4 23.2 2.16, 2.02, overlapped 2.16, 2.03, overlapped
24 126.3 126.4 5.13, m 5.16, m
25 132.1 131.9 - -
26 26.1 26.3 1.68, s 1.71, s
27 17.9 18.1 1.61, s 1.64, s
28 28.5 28.6 1.04, s 1.06, s
29 17.0 17.1 0.85, s 0.86, s
30 17.3 17.4 0.91, s 0.93, s
C-10 106.9 106.7 4.30, d, J ¼ 7.8 Hz 4.33, d, J ¼ 7.9 Hz
C-20 75.8 75.5 3.19, overlapped 3.20, overlapped
C-30 78.3 78.0 3.28, overlapped, 3.25, overlapped
C-40 72.3 72.0 3.57, dd, J ¼ 11.2, 5.0 Hz 3.55, overlapped
C-50 77.1 76.8 3.43, m 3.44, overlapped
C-60 69.9 69.9 4.11, br. d, J ¼ 11.7 Hz,

3.79, dd, J ¼ 11.7, 5.5 Hz
4.16, br d, J ¼ 11.3 Hz,
3.76, dd, J ¼ 11.3, 5.3 Hz

C-100 105.0 104.9 4.40, d, J ¼ 7.8 Hz 4.36, d, J ¼ 7.8 Hz
C-200 75.3 75.0 3.21, overlapped 3.22, overlapped
C-300 78.2 78.0 3.33, overlapped 3.33, overlapped
C-400 71.8 72.5 3.31, overlapped 3.33, overlapped
C-500 78.1 77.0 3.36, overlapped 3.45, overlapped
C-600 62.9 70.2 3.87, br. d, J ¼ 11.7 Hz,

3.67, dd, J ¼ 11.7, 5.4 Hz
4.08, br d, J ¼ 11.6 Hz,
3.80, dd, J ¼ 11.6, 5.9 Hz

C-1000 - 104.9 4.40, d, J ¼ 6.7 Hz
C-2000 - 74.2 3.22, overlapped
C-3000 - 77.9 3.33, overlapped
C-4000 - 71.5 3.27, overlapped
C-5000 - 77.9 3.37, overlapped
C-6000 - 62.7 3.87, br d, J ¼ 11.8 Hz,

3.67, dd, J ¼ 11.8, 5.3 Hz

NMR, nuclear magnetic resonance.
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observation of 13C-NMR signals of the glucosyl moiety character-
ized a hemiacetal (dC 104.9), four oxygenated methines (dC 77.9.
77.9. 74.2, 71.5), and an oxygenated methylene (dC 62.7), which
indicated the glucosyl moiety to be a b-glucopyranose. Moreover,
the coupling constant of the anomer proton signal (dH 4.40, d,
J ¼ 6.7 Hz) confirmed the configuration was anomer hydroxy. The
glucosyl moiety was attached to the hydroxy of C-600, an oxygenated
methylene, from the chemical shift of C-6” (dC 70.2), which was
downfield shifted by 7.3 ppm comparing to that of glucosyl ginse-
noside Rh2 (Metabolite 1) owing to the glycosidation shift. In
addition, the HMBC spectrum confirmed the position of three
glucosyl moieties to be C-3, C-60, and C-6”. The anomer proton
signals H-1’ (dH 4.33, d, J ¼ 7.9 Hz), H-1” (dH 4.36, d, J ¼ 7.8 Hz), and
H-1000 (dH 4.40, d, J ¼ 6.7 Hz) showed the cross peaks with the
oxygenated methine carbon signal (dC 90.4, C-3), the oxygenated
methylene carbon signal (dC 69.9, C-6‘), and the oxygenated
methylene carbon signal (dC 70.2, C-600), respectively. Therefore,
Metabolite 2 was identified to be (20S)-3b,12b,20-
trihydroxydammar-24-ene-3-O-b-D-glucopyranosyl (1/6)-b-D-
Glucopyranosyl (1/6)-b-D-glucopyranoside (Fig. 6) [10,11].
Metabolite 2 has never been reported so far; therefore, it is a novel
ginsenoside which is now named diglucosyl ginsenoside Rh2
(Table 1).



Fig. 7. Cytotoxicity assay of ginsenoside Rh2, Rg3, and glucosyl ginsenoside Rh2 on murine macrophage (RAW264.7), lung cancer (A549), preadipocyte (3T3-L1), and melanoma
(B16BL6) cell lines. (A) Cell viability (%) of RAW264.7, exposed to ginsenoside Rh2, Rg3, and glucosyl ginsenoside Rh2. (B) Cell viability (%) of A549, exposed to ginsenoside Rh2, Rg3,
and glucosyl ginsenoside Rh2. (C) Cell viability (%) of 3T3-L1, exposed to ginsenoside Rh2, Rg3, and glucosyl ginsenoside Rh2. (D) Cell viability (%) of B16BL6, exposed to ginsenoside
Rh2, Rg3, and glucosyl ginsenoside Rh2. Such cell viability was determined by 3-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data are expressed as a
percentage of sample-treated control and presented as mean � SD of three separate experiments. *P < 0.05, **P < 0.01, and ***P ＜0.001 vs. control. SD, standard deviation.
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3.6. In vitro evaluation assay of glucosyl ginsenoside Rh2 on murine
macrophage cell lines, preadipocyte cell lines, melanoma cell lines,
and lung cancer cell lines

Ginsenosides derived from P. ginseng are well known for their
biological activities, such as antiinflammation, antioxidant, and
anticancer properties [3]. The ginsenoside Rh2 was reported for
prominent antitumor effects against pancreatic cancer, leukemia,
skin squamous cell carcinoma, prostatic cancer, and glioblastoma
[8,12,49,50]. Furthermore, ginsenoside Rg3, the main metabolite,
can be isolated from 9-times steam-processed red ginseng. Previ-
ous studies indicated that it was feasible to reduce the viability of
cancer cells, induce apoptosis, and decrease angiogenesis through
different mechanisms of many cancer cell lines, including A549
Fig. 8. The predicted three-dimensional model using LRGT amino acid sequence as a
template then by using the UCSF Chimera package.
lung cancer cells [37]. Thus, glucosyl ginsenoside Rh2, which is
derived from Rh2 and possesses the same formula and molecular
weight but has a different glycosylated group at the C-3 position
compared with Rg3, was used to treat RAW264.7 macrophage cells,
B16BL6 melanoma cells, 3T3-L1, and A549 lung cancer cells to
determinate its cytotoxicity using MTT assay.

In our study, it was found that glucosyl ginsenoside Rh2
exhibited less toxicity than Rh2 and Rg3 in RAW264.7, 3T3-L1, and
B16BL6 cell lines up to a concentration of 50 mM after 24, 72, and
120 hours of treatment, respectively (Fig. 7A, C and D). On the other
hand, glucosyl ginsenoside Rh2 was more toxic than ginsenoside
Rh2 and Rg3 from a concentration of 10 mM in A549 lung cancer
cells after 24 h of treatment (Fig. 7B). In previous studies, it was
reported that Rh2 and Rg3 exhibited an activity for the treatment of
inflammation, obesity, skin whitening, and cancer [4,38]. Because
glucosyl ginsenoside Rh2 possesses less toxicity in inflammation-,
obesity-, and skin whiteningerelated cell lines but higher toxicity
in lung cancer cell lines, we hypothesize that glucosyl ginsenoside
Rh2 might be a candidate for the treatment of these diseases,
although further experiments are needed to confirm these
properties.
3.7. The protein properties estimated by ProtParam

The protein properties were estimated using ProtParam (http://
web.expasy.org/protparam/) as described by Gasteiger et al [39].
From the BLASTn analysis, the sequence was found to have origi-
nated from L. rhamnosus (Supplementary Fig. S1). Protein sequence
was identified based on their ORF encoding protein via BLASTx
analysis. The sequence was found to belong to GT family 2. Multiple
alignments of LRGT was analyzed using ClustalX [42]. Conserved
motifs on LRGT were predicted using MEME [43] (Supplementary
Fig. S2). As stated before, GTs are expected to be divided into two
major types owing to the configuration of the anomeric functional
group of the glycosyl moiety and the glycoconjugate metabolites: a
kind of retaining GTs transfer sugar residue with the retention of

http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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anomeric configuration and another kind of inverting GTs transfer
sugar residue with the inversion of anomeric configuration. One
inverting GT with a conserved domain is responsible for the
recognition of the UDP or thymidine diphosphate portion of a
donor sugarenucleotide molecule, which is Nucleotide Recognition
Domain 1 beta (NRD1 beta), belonged to 140 GTs. The significant
portion of NRD1 beta is intensely similar to the retaining GTs. On
the basis of stereochemistry and similarity of glucosyl moiety
transfer, the NRD1 alpha was designated to 77 GTs. Besides, there is
a homologous region of the two families that probably has a cata-
lytic function. In addition, a third conserved domain namedNRD2 is
present in 98 GTs andmembrane-bound GTs. These three identified
NRDs are presented in archaebacterial, eubacterial, viral, and
eukaryotic GTs. The hydropathy value was determined following
the method used by Kyte and Doolittle [45] using BioEdit software
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The secondary
structure of LRGT was predicted using SOPMA (self-optimized
prediction method, https://npsa-prabi.ibcp.fr/cgi-bin) [6]. The
SWISS-MODEL workspace in automated mode was used to predict
a 3Dmodel using the LRGT amino acid sequence as a template [26];
then, by using the UCSF Chimera package, the 3D structure was
visualized (Fig. 8). The number of amino acids was 349, the mo-
lecular weight was 39631.23, and the theoretical pI was 6.26. The
amino acid composition of LRGT was analyzed as follows: Ala (A),
36e10.3%; Arg (R), 21e6.0%; Asn (N), 15e4.3%; Asp (D), 26e7.4%;
Cys (C), 1e0.3%; Gln (Q), 17e4.9%; Glu (E), 17e4.9%; Gly (G), 18e
5.2%; His (H), 8e2.3%; Ile (I), 16e4.6%; Leu (L), 40e11.5%; Lys (K),
19e5.4%; Met (M), 10e2.9%; Phe (F), 15e4.3%; Pro (P), 12e3.4%; Ser
(S), 22e6.3%; Thr (T), 11e3.2%; Trp (W), 5e1.4%; Tyr (Y), 17e4.9%;
and Val (V), 23e6.6%. The number of negatively charged residues
(Asp, Glu) was 43, whereas the number of positively charged resi-
dues (Arg, Lys) was 40. The atomic compositions are carbon (C-
1783), hydrogen (H-2774), nitrogen (N-484), oxygen (O-518), and
sulfur (S-11). It was established that the formula of LRGT is
C1783H2774N484O518S11. The total number of atoms was 5570, the
instability index was calculated to be 33.40, and this classified the
protein to be stable. The aliphatic index was 92.01, and the grand
average of hydropathicity was �0.247.

4. Conclusion

In our study, the GT LRGT was identified from L. rhamnosus. The
MBP-LRGT was purified, and the molecular weight was character-
ized as 81.2 kDa. The 3D structure of the protein was estimated
using ProtParam. As shown by the results, the LRGT sequence was
found to belong to GT family 2. Moreover, the optimal conditions
for synthesis using LRGT enzyme were under 30�C and pH 7.0.
Meanwhile, the optimal metal ion with regard to LRGT activity was
intensively affected by CuSO4. Under optimal conditions, the mass
products were produced from Rh2 using UDPG and LRGT. As shown
by the results, ginsenoside Rh2 was transformed into two novel
ginsenosides: glucosyl ginsenoside Rh2, which had the same for-
mula and molecular weight as those of Rg3 but one glucose
attached at the C-3 position of Rh2 with C6/1 linkage and is the
isomer of Rg3 (C2/1 linkage); diglucosyl ginsenoside Rh2, which
has two glucosyl moieties attached at the C-3 position of Rh2 with
C6/1 linkage. Our study suggested that the diversity of ginseno-
sides could be generated by specific and efficient recombinant GT
enzymatic biotransformation. As a result, the LRGT enzyme is
critical for successful synthesis of mass production of potential
promising active novel ginsenosides in vitro.

Ginsenosides are unique, famous, and the main active ingre-
dient with various biological activities and considerable eco-
nomic value. Recently, the uncontrolled and excessive collection
led to the number of wild ginseng resources have become
reduced. Ginsenosides are exceptionally difficult to convert, and
their structure is complicated. Through years of efforts of scien-
tists, the biosynthetic pathway almost has been completed.
However, the glycosylation of ginsenoside aglycone is still in its
initial phase. As a multigene family, the large number of types,
specific sequence, and selectivity of GT have brought challenges
of research of ginsenosides aglycone glycosylation. So far, the
number of GT which has been completed to be identified is
extremely limited. But what can be expected is that, it will be a
new generation of ginsenosides production pathway using syn-
thetic biotechnology to produce engineering bacterial along with
the deepening of the GT enzyme combined with biological
fermentation method [14]. In our study, we synthesized two
novel ginsenosides by recombinant GT enzymatic biotransfor-
mation and focused on the main product of diglucosyl ginseno-
side Rh2 for in vitro applications.

Several studies already found that ginsenosides Rh2 and Rg3
which inhibit tumor cells also show toxicity to other cells. In the
present study, the cytotoxicity of the main product, diglucosyl
ginsenoside Rh2, was determined in vitro in murine macrophage
cell lines, preadipocyte cells, melanoma cell lines, and lung cancer
cells and was conjointly compared with that of Rh2 and Rg3, which
are well-known saponins with anticancer activity. We found that
diglucosyl ginsenoside Rh2 showed less toxicity than Rh2 and Rg3
in normal cells but more toxicity than Rh2 and Rg3 from a con-
centration of 10 mM in A549 lung cancer cells. Thus, diglucosyl
ginsenoside Rh2 might be a new candidate for treatment of
inflammation, obesity, and skin whitening, and especially for
anticancer.
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