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Ginsenosides Rh2 and Rg3 represent promising candidates for cancer prevention and therapy and have
low toxicity. However, the concentrations of Rh2 and Rg3 are extremely low in the bioactive constituents
(triterpene saponins) of ginseng. Despite the available heterologous biosynthesis of their aglycone
(protopanaxadiol, PPD) in yeast, production of Rh2 and Rg3 by a synthetic biology approach was
hindered by the absence of bioparts to glucosylate the C3 hydroxyl of PPD. In this study, two UDP-
glycosyltransferases (UGTs) were cloned and identified from Panax ginseng. UGTPg45 selectively
transfers a glucose moiety to the C3 hydroxyl of PPD and its ginsenosides. UGTPg29 selectively transfers
a glucose moiety to the C3 glucose of Rh2 to form a 1-2-glycosidic bond. Based on the two UGTs and a
yeast chassis to produce PPD, yeast cell factories were built to produce Rh2 and/or Rg3 from glucose. The
turnover number (k) of UGTPg29 was more than 2500-fold that of UGTPg45, which might explain the
higher Rg3 yield than that of Rh2 in the yeast cell factories. Building yeast cell factories to produce Rh2
or Rg3 from simple sugars by microbial fermentation provides an alternative approach to replace the

traditional method of extracting ginsenosides from Panax plants.
© 2015 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

It has been reported widely that ginsenosides Rh2 and Rg3 induce
tumor cell apoptosis (Min et al., 2006; Park et al., 1997), inhibit tumor
cell proliferation (Kim et al., 2004) and restrain tumor invasion and
metastasis (Mochizuki et al., 1995; Shinkai et al., 1996). Moreover, the
use of Rh2 or Rg3 in combination with anti-tumor drugs, increases the
efficacy of tumor suppression and potently reduces the side effects of
therapy in tumor-bearing mice (Liu et al., 2009; Nakata et al., 1998).
Rh2 and Rg3 are also potentially effective candidates for preventing
metabolic disorders, such as diabetes and obesity, via activating the
AMPK signaling pathway (Hwang et al,, 2007; Park et al., 2008). Rg3 is
now used as the major active component in an anti-tumor and anti-
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cancer drug in China (Z20030043). BST204, a purified ginseng dry
extract containing high concentrations of a Rh2 and Rg3 mixture, is
being developed as a supportive-care agent for cancer patients in
Korea (Bae et al.,, 2014).

Despite the versatile bioactivities of Rh2 and Rg3, their contents in
ginseng are extremely low. Rh2 is almost undetectable in the total
ginsenosides of Panax plants (Panax ginseng, Panax quinguefolium, and
Panax notoginseng), and Rg3 is only detected in the total ginsenosides
of P. ginseng; its content in the dry ginseng is about 0.0003% (Shibata,
2001). The contents of Rh2 and Rg3 can be increased markedly to
0.001% and 0.015%, respectively, in red ginseng, which is prepared by
treatment with steaming and air-drying (sometimes, the process is
repeated) (Shibata, 2001). The hot water reflux extraction of total
ginsenosides from P. quinguefolium also generates relatively higher
contents of Rh2 and Rg3 (Popovich and Kitts, 2004). Rh2 and Rg3 are
both protopanaxadiol (PPD)-type ginsenosides, bearing one and two
glucose moieties at the C3 hydroxy of PPD, respectively. The red
ginseng treatment and hot water treatment are believed to result in
the partial release of the glycosyl moieties that are originally attached

1096-7176/© 2015 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.
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at the hydroxyls at C20 and C3 of the major PPD-type ginsenosides,
such as Rb1, Rb2, Rc and Rd, and thus yield ginsenosides Rh2 and Rg3.
However, the contents of Rh2 and Rg3 in red ginseng are still
considerably lower than those of the major ginsenosides (Shibata,
2001).

Thus, the preparation of Rh2 and Rg3 for commercial use relies
on chemical or biological deglycosylation of the major
protopanaxadiol-type ginsenosides. The major PPD-type ginseno-
sides can be converted to Rh2 and Rg3 under mild acidic condi-
tions (Han et al., 1982). In biological approaches, microorganisms
or glycoside hydrolases were used to hydrolyze the glycosides of
the major ginsenosides to produce Rh2 and Rg3 (Bae et al., 2004;
Cheng et al., 2008; Su et al., 2006; Yan et al., 2008). For example,
BST204, a ginsenoside extract containing a high concentration of
Rh2 and Rg3 mixtures, was prepared from crude ginseng with a
ginsenoside-p-glucosidase combined with acid hydrolysis to
enrich Rh2 and Rg3 (Bae et al., 2014). Both of the chemical and
biological deglycosylation approaches require a supply of PPD-
type ginsenosides, which depends on plantations of Panax plants.
However, the repeated cultivation of Panax plants makes soil
unsustainable, and can result in decreasing productivity and
diseases. Indeed, the fields for Panax plants cultivation generally
require a period of more than 10 years for rotational tillage
before the next replantation (Huang and Madan, 1999). Thus,
problems associated with the cultivation of Panax plants are
becoming limiting in the preparation of Rh2 and Rg3 at a large
scale. Although Rh2 and Rg3 capsules have been available com-
mercially on the Chinese market, their price is too high for most
customers.

Previously, we assembled 158 UGT contigs from Panax EST
datasets, which were clustered into 42 operational taxonomic units
(OTUs) (Yan et al., 2014). Some of them were cloned from P. ginseng
and expressed in Escherichia coli and one of them was characterized as
a novel UDP-glycosyltransferase (UGTPg1) that could selectively
glucosylate the C20 hydroxyl of dammarane-type triterpenoids.
Through synthetic biology, a yeast microbial cell factory to produce
compound K (CK) was constructed by integrating the known pathway
to produce PPD in combination with this novel glycosylation step. In
this study, more Panax EST datasets were used to assemble UGTs
with full-length coding DNA sequences (CDS). Also more UGTs were
cloned from P. ginseng and expressed. We sought to identify UGTs that
could selectively glucosylate the C3 hydroxyl of PPD and further
elongate the sugar chain. In this study, we not only identified two
UGTs able to sequentially transfer two glucose moieties to the C3
hydroxyl of dammarane-type triterpenoids but also provided a
technique for de novo synthesis of Rh2 and Rg3 from glucose using
a one-pot approach.

2. Materials and methods
2.1. Prediction of UDP-glycosyltransferases

A Panax cDNA database was constructed in our previous study (Yan
et al, 2014). To expand the Panax cDNA database here a further four
Panax EST datasets were collected from the NCBI database (Table S1) and
used for cDNA assembly by the method as described previously (Yan
et al, 2014). The BESTORF software (http://linux1l.softberry.com/berry.
phtml?topic=bestorf&group=programs&subgroup=gfind) was used for
prediction of ORFs in cDNA sequences in the database. ORFs encoding
UDP-glycosyltransferases were identified by the conserved PSPG (Plant
Secondary Product Glycosyltransferase) box (Vogt and Jones, 2000).
Protein sequences of the selected ORFs were aligned with MAFFT (http://
mafft.cbrcjp/alignment/software/), and were then classified into OTUs
using the DOTUR software (95% cutoff).

2.2. Cloning of UDP-glycosyltransferase encoding cDNAs

The P. ginseng cDNA was prepared from P. ginseng callus and P.
ginseng leaves using the PrimeScript RT reagent Kit with gDNA
eraser (Takara, Dalian, China). The cDNAs potentially encoding
UDP-glycosyltransferase with long ORFs (likely to be full-length)
were PCR amplified using the P. ginseng cDNA as the template and
cloned into the pMD18T vector (Takara, Dalian, China). These
cloned genes were sequenced; the corresponding GenBank acces-
sion numbers range from KM401909 to KM401937.

2.3. Phylogenetic analysis of P. ginseng UGT genes

Multiple alignments of amino acid sequences of the Panax UGTs
were carried out using MAFFT. The alignment result output was
used to create a phylogenetic tree by the MEGA 5.2.2 software
using the Neighbor-Joining method, with Poisson correction. The
bootstrap confidence values were obtained based on 1000 repli-
cates and the pairwise-deletion option was used to address gaps in
the alignment of the amino acid sequences.

2.4. Heterologous expression of the UGT genes in E. coli BL21 (DE3)

Heterologous expression of the UGT genes in E. coli BL21 (DE3) was
carried out as described previously (Yan et al, 2014). Briefly, UGT
genes with a C-terminally 6 x His-tag was ligated into the pET28a
vector with the GBclonart kit (Genebank Biosciences Inc., Suzhou,
China) and expressed in E. coli BL21 (DE3) under IPTG induction. The
cells were collected by centrifugation and suspended in 100 mM
phosphate buffer (pH 8.0) supplemented with 1 mM PMSF and then
disrupted with a French Press (25 kpsi). The cell debris was removed
by centrifugation (12,000g, 20 min), and the supernatant was used for
enzymatic assays. The pET28a-transformed E. coli BL21 (DE3) cells
were treated in parallel as a control.

Quantification of the UGTPg29 and UGTPg45 in the crude cell
extract was carried out as described previously (Yan et al., 2014).
Serially diluted samples (0, 2, 4, 6, 8, 10 ng/uL) of a C-terminal
6 x His-tagged xylanase (53 kDa) were used to generate a standard
curve for quantitative reference.

2.5. Enzymatic assays for UGTPgs

Enzymatic assays for glycosyltransferases were performed as
described previously (Yan et al, 2014). Generally, the reaction was
carried out in a 100 pL volume containing 100 mM phosphate buffer
(pH 8.0), 1% Tween-20, 5 mM UDP-glucose, 0.5 mM acceptor substrate
and recombinant E. coli extract for 2 h in a 35 °C water bath and was
terminated by adding 100 pL n-butanol. The product was extracted in
the organic phase which was then evaporated. The residue was
dissolved in methanol for TLC and HPLC analysis.

For the kinetic study of UGTPg45, the reaction mixture contained
100 mM phosphate buffer (pH 7.5), 1% Tween-20, 5 mM UDP-glucose,
acceptor substrate (40-500 uM PPD) and 400 ng UGTPg45 in a final
volume of 100 pL. The reaction was incubated at 40 °C for 20 min. For
UGTPg29, the reaction mixture contained 100 mM phosphate buffer
(pH 8.0), 1% Tween-20, 5mM UDP-glucose, acceptor substrate
(40-500 pM Rh2) and 100 ng UGTPg29 in a final volume of 100 pL.
The reaction was incubated at 40 °C for 15 min. HPLC analysis was
used to quantify the target product in each reaction. The Michaelis—
Menten parameters were calculated by least-squares fitting of the
kinetic model using Prism 5 (GraphPad, San Diego, CA, USA). All data
are presented as means + SD of three independent repeats.
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Table 1
Strains and plasmids used in this study.

Genotype or characteristic Source
Strains
BY4742 MATa, his3A1, leu2A0, lys2A0, ura3A0 Brachmann et al.
(1998)
ZW-DM-A TEF1p-PgDDS-CYC1t, PGK1p-tHMG1-ADH1t, and LEU2 marker gene integrated into rDNA site of BY4742 This work

ZW-PPD-A TEF1p-synPgPPDS-FBA1t, TDH3p-ATR2.1-ENO2t, PGK1p-tHMG1-ADH1t, and URA3 marker gene integrated into 5§ DNA site of ZW-DM-A This work

ZW-PPD-B  GPM1p-ERG20-CYC1t, TPI1p-PgSQE1-ENO2t, PGK1p-ERG9-FBA1t, and HIS3 marker gene integrated into YPRCz3 site of ZW-PPD-A This work
D20RH18  UGTPg45 gene integrated into 6 DNA site of ZW-PPD-B This work
D20RG1 UGTPg45 and UGTPg29 genes integrated into 56 DNA site of ZW-PPD-B This work
Plasmids
PYES2 2MICRON, URA3 Invitrogen
PAG32 HPH EUROSCARF
PKS- ATR2.1 Yan et al. (2014)
ATR21
PHSCDAG  TPI1p-SQE1-ENO2t, GPM1p-CYP-TDH2t, TEF1p-DDS-ADH1t, TEF2p-ATR2-1-TPI1t, FBA1p-UGTPg1-CYC1t, 2MICRON, HIS3 Yan et al. (2014)
p2M TEF1p-CYC1t, HPH This work
p2M-GT45 TEF1p-UGTPg45-CYC1t, HPH This work
pP2M-GG TEF1p-UGTPg45-TPI1t-HXT7p-UGTPg29-CYC1t, HPH This work

2.6. Construction of vectors and yeast strains

All the Saccharomyces cerevisiae strains and plasmids used or
constructed in this study are listed in Table 1, and the primers used
for the construction of the yeast strains are listed in Table S2. Genome
integration of gene cassettes was performed using DNA assembler
methods via yeast homologous recombination (Shao et al.,, 2009). The
detailed procedures to construct the strains are provided in the
Supplementary Data.

2.7. Yeast cultivation and metabolite extraction

To determine the performance of the genetically engineered yeast
strains, individual clones were inoculated into the YPD medium and
cultivated at 30 °C, 250 rpm for 24 h. Aliquots were diluted to an
initial ODggp of 0.05 in 10 mL of YPD medium in 50 mL flasks and
grown at 30 °C, 250 rpm for 6 days. Cell biomass was determined by
spectrophotometer under 600 nm and convert to dry cell weight (1
ODgoo=0.513 g DCW L) (Dai et al, 2013). The cell pellets were
harvested, disrupted and extracted with n-butanol and used for the
analysis of intracellular dammarane-type triterpenoids (dammarene-
diol II, PPD, Rh2 and Rg3). The supernatant was extracted directly with
n-butanol and used for the analysis of extracellular dammarane-type
triterpenoids. Unless stated otherwise, the yield of dammarane-type
triterpenoids of yeasts referred to the sum of intracellular and
extracellular contents. The cell pellets were also lysed with 20%
(w/v) KOH and 50% (v/v) ethanol by boiling for 30 min, and extracted
with hexane and used for the analysis of squalene, 2,3-oxidosqualene,
lanosterol and ergosterol by HPLC.

2.8. TLC analysis

TLC analysis was performed using silica gel 60 F254 plates (Merck
KGaA, Darmstadt, Germany) as described previously (Yan et al., 2014).
For identification, a mixture of PPD-type ginsenoside authentic
samples (CK, Rh2, F2, Rg3, Rd, Rb1, Rb2 and PPD) of concentration
0.2 mg/mL (dissolved in methanol) was also spotted on each plate.
Ginsenoside authentic samples were purchased from Nanjing Zelang
Medical Technology Co., Ltd. (Nanjing, China).

2.9. HPLC analysis

A Shimadzu LC-20 A prominence system (Shimadzu, Kyoto, Japan)
was used for the HPLC analysis. Chromatographic separations were
carried out at 35°C on a Shodex C18-120-5 4E column (5 pm,

4,6 mm x 250 mm) as described previously (Yan et al.,, 2014). Authen-
tic dammarenediol II (DM) was purchased from BioBioPha Co., Ltd.
(Kunming, China). Authentic squalene, 2,3-oxidosqualene, lanosterol
and ergosterol were purchased from Sigma-Aldrich.
Semi-preparative HPLC was carried out on a Waters 1525
binary pump system with a Waters 2489 detector using a YMC-
Pack ODS-A column (5 um, 10 mm x 250 mm), and the mobile
phases were 70% and 80% acetonitrile in water for Rg3 and Rh2,
respectively. The products were monitored at 203 nm.

2.10. HPLC/ESIMS analysis

The chromatographic analysis was performed using an Agilent
1200 Series LC system (Agilent Technologies, Waldbronn, Germany)
equipped with a Shodex C18-120-5 4E column. ESIMS data were
acquired using a Bruker Daltonics Esquire 3000plus (Bruker Daltonics,
MA, USA) in the positive ionization mode.

2.11. NMR analysis

NMR experiments were performed in pyridine-ds for Rg3 and
CD50D for Rh2 on a Bruker Avance II 400 (for '"H NMR) or a Bruker
Avance III 500 (for 3C NMR) (Bruker, Billerica, MA, USA) with
reference to the solvent peaks.

3. Results and discussion
3.1. Phylogenetic analysis of cloned P. ginseng UGT genes

A Panax cDNA database was constructed in our previous study
(Yan et al., 2014). In this study, the database was expanded by adding
more P. ginseng datasets for ¢cDNA assembly (Table S1). Contigs
encoding UGTs were predicted by the consensus sequence of PSPG
box. ORFs > 1320 bp in length from these contigs with the PSPG motif
were used for further analyses. All of these UGT contigs were clustered
into 59 OTUs, based on protein sequences at a 95% similarity cutoff
including UGTPg1-16 which were cloned, expressed and characterized
partially in our previous study (Yan et al.,, 2014). The UGT genes of the
remaining 43 OTUs were PCR amplified and cloned from cDNA
prepared from a P. ginseng callus or leaves. However, only 29 UGTs
(designated as UGTPg17-45) were successfully cloned. The cDNA of
the other 14 OTUs (designated as UGT_Panax46-59) could not be
cloned from P. ginseng, which may have been due to the transcript of
these genes having very low abundances in the P. ginseng callus and
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Fig. 1. Phylogenetic analysis of Panax UGTs with an unrooted tree. A neighbor-joining tree was constructed using the MEGA 5.2.2 software (bootstrap values: 1000) with peptide
sequences of 59 representative UGTs from Panax plants (45 UGTs cloned from P. ginseng, UGTPg1-45 and 14 UGTs assembled from a Panax cDNA database, UGT_Panax46-59). In total,
18 UGTs of Arabidopsis thaliana, 5 UGTs of Zea mays, and 17 characterized terpene UGTs were used as reference sequences. The UGTs cloned from P. ginseng are labeled in red. The UGTs
assembled from the Panax cDNA database are labeled in blue. The UGTs of A. thaliana and Z. mays used to classify UGTs in groups are labeled in green. The characterized terpene UGT
sequences are labeled in purple. UGTPg1, previously identified as a triterpene UGT, is marked by a yellow asterisk. UGTPg29 and UGTPg45, which were also identified as triterpene
UGTs in this study, are marked by brown asterisks. The bootstrap values are marked above the nodes and the scale bar is indicated under the tree. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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leaves used as the template or that these genes were specifically
present in other Panax plants, such as P. notoginseng and P. quingue-
folium, since their transcriptome datasets were also used to assemble
the UGT contigs (Table S1). These 14 DNA sequences are accessible at
http://www.genoportal.org/bbdb/ under the accession numbers of
SBB_00486 to SBB_00499.

By phylogenetic analysis, 59 OTUs assembled from Panax plants,
which might represent 59 UGTs, were clustered into 15 groups defined
by the UGTs from Arabidopsis thaliana and Zea mays (Li et al., 2014).
The results demonstrated a high diversity of UGTs in Panax plants as in
other plants. Some UGTs of Panax plant, such as UGTPg20, UGTPg45,
UGTPg9, UGTPg35, UGTPg8, UGT_Panax55 and UGT_Panax53, were
phylogenetically close to characterized UGTs with known activities to
terpenoids in the phylogenetic tree, suggesting they may be involved
in glycosylation of ginsenosides (Fig. 1).

3.2. Characterizations of UGTPg45 and UGTPg29
The 29 P. ginseng UGTs newly cloned in this study were expressed
in E. coli BL21 (DE3) for characterization of their activities. Only two

UGTs, UGTPg45 and UGTPg29, were found to be active in the
glycosylation of PPD and PPD-type ginsenosides (Figs. S1-3). UGTPg45

A

belongs to group L and show 41% similarity to a UGT of Stevia
rebaudiana (SrUGT74G1, GenBank accession no. AAR06920.1).
UGTPg29 belongs to group A. And the similarities of both were low
to UGTPg1 (GenBank accession no. AIE12479.1), the first characterized
ginsenosides glycosyltransferase (Yan et al., 2014), which belongs to
group E.

Crude cell extract of the recombinant E. coli expressing UGTPg45 ORF
can convert 20(S)-PPD into 20(S)-Rh2 as monitored by TLC (Fig. S2),
HPLC (Fig. 2 A) and HPLC/ESIMS analysis (Fig. 2B). After purification by
semi-preparative HPLC, the structure of the product was further
confirmed to be that of 20(S)-Rh2 by 'H and *C NMR (Table S4). Thus,
UGTPg45 was demonstrated to have a novel function to glucosylate the
C3 hydroxyl of 20(S)-PPD. Similarly, incubation of UGTPg45 with UDP-
glucose and CK, a PPD-type ginsenoside with a free C3 hydroxyl, yielded
ginsenoside F2 in vitro (Fig. S2). However, UGTPg45 could not catalyze
the glucosylation of other PPD-type ginsenosides, such as Rh2 and Rg3,
which already harbor one or more glucose moieties at the C3 hydroxyl.
These results indicate that UGTPg45 selectively transfers a glucose
moiety to the free C3 hydroxyl of PPD and PPD-type ginseno-
sides in vitro.

The substrate specificity of UGTPg29 was analyzed in vitro using
the crude cell extract of the recombinant E. coli expressing the
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Fig. 2. Functional characterization of UGTPg45 and UGTPg29 in vitro. (A) HPLC analysis of in vitro products from the incubation of UGTPg45 and (or) UGTPg29 with PPD or
Rh2 as substrates. (B) MS spectrum of Rh2 produced from the in vitro reaction of PPD catalyzed by UGTPg45. (C) MS spectrum of Rg3 produced from the in vitro reaction of

Rh2 catalyzed by UGTPg29.
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UGTPg29 ORF. The expressed UGTPg29 could readily convert 20(S)-
Rh2 into 20(S)-Rg3, as shown by TLC (Fig. S3A), HPLC (Fig. 2A) and
HPLC/ESIMS analysis (Fig. 2C), and the structure of the product was
further confirmed to be that of 20(S)-Rg3 by 'H and >C NMR
following purification by semi-preparative HPLC (Table S4). Similarly,
incubation of UGTPg29 with ginsenoside F2 and UDP-glucose yielded
ginsenoside Rd (Fig. S3A). Moreover, incubating equivalent amounts
UGTPg45 and UGTPg29 proteins with PPD and UDP-glucose directly
yield Rg3 (Fig. S3A). By contrast, when UGTPg29 and UDP-glucose
were incubated with PPD, CK, Rg3 and Rd, no new compound was
detected (Fig. S3B). These results demonstrated that UGTPg29 selec-
tively transfer a glucose moiety to the C3 glucose of Rh2 to form a
1-2-glycosidic bond. To our knowledge, this is the first reported UGT
identified to elongate the sugar chain of tetracyclic triterpenoids.

3.3. Kinetic study of UGTPg45 and UGTPg29

The Vi Kmn Kee and ke/Kp for UGTPg45 to catalyze the
glucosylation of the C3 hydroxyl of PPD to produce Rh2 were
80 nmol/min/mg, 209 uM, 0.4s~ ! and 0.002 uM~' s~ !, respectively
(Table 2). These values for UGTPg29 towards Rh2 to produce Rg3 were
24,624 nmol/min/mg, 149 pM, 1111.5 s~ ! and 7460 M~ ! s, respec-
tively (Table 2). The substrate affinity of UGTPg29 was slightly higher
than that of UGTPg45. However, the turnover number (k.,) of
UGTPg29 was more than 2500-fold that of UGTPg45, indicating that

Table 2
The kinetic parameters of UGTPg45 and UGTPg29 towards PPD and Rh2 as
substrates, respectively.

Enzyme® Substrate/ Vinax (nmol/ K (M) Keqr Keat/Km
product min/mg) (s~ (M~ 's™h

UGTPg45 PPD/Rh2 80+4 209 +14 0.384 0.0018

UGTPg29 Rh2/Rg3 24,624 + 1429 149+16 11115 746

@ All given data in this table representing mean values from three repeats with
corresponding standard deviations.
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the catalytic efficiency of UGTPg29 was much higher than that of
UGTPg45. This is consistent with the results of in vitro reactions, in
which few Rh2 accumulated when an equivalent UGTPg45 and
UGTPg29 were used to catalyze PPD (Fig. S3). Based on these results,
we suggested that the single glucose moiety at C3 hydroxyl of PPD-
type ginsenosides, such as Rh2 and F2, could be rapidly elongated to
form a Glc(2-1)Glc glycan by UGTPg29 and produce Rg3 and Rd,
respectively. The rare ginsenosides Rh2, F2 and Rg3 could be inter-
mediates for the major ginsenosides Rb1, Rb2, Rc and Rd in P. ginseng,
all of which carry a Glc(2-1)Glc glycan at their C3 hydroxyl group.
Moreover, the k., of UGTPg45 was also only one twenty-fifth of that
of UGTPg1 which catalyzes the glucosylation of the C20 hydroxyl of
PPD-type ginsenosides with high specificity (Yan et al., 2014), suggest-
ing that the glucosylation of C20 hydroxyl was possibly prior to that of
C3 hydroxyl. Although Rh2 and Rg3 could also possibility be generated
through sequential glucosylation of the C3 hydroxyl of PPD by
UGTPg45 and UGTPg29, respectively; they would be rapidly glycosy-
lated by UGTPg1 to produce ginsenoside F2 and Rd as illustrated in
our previous study (Yan et al,, 2014). Thus, the contents of Rh2 and
Rg3, which bear a free C20 hydroxyl, are markedly lower than those of
the major PPD-type ginsenosides in P. ginseng.

3.4. Construction of protopanaxadiol producing chassis yeasts

PPD is a precursor of dammarane-type ginsenosides and its
biosynthetic pathway has been determined (Han et al., 2006, 2011;
Tansakul et al, 2006). The biosynthetic pathway of PPD was
integrated into the chromosome of S. cerevisiae BY4742 by Dai
and coworkers (Dai et al, 2013). The strengthening of the
precursor supplying pathway of PPD, including MVA pathway,
brought relative high PPD yield (Dai et al., 2013). A yeast chassis to
produce PPD was built according to Dai et al. with some modifica-
tions: we used the cytochrome P450 reductase gene of A. thaliana
ATR2.1, instead of ATR1 (Urban et al., 1997) and some steps of
assembling the genes were modified (Fig. 3).

ERGI3 tHMG1
—> HMG-CoA —> Mevalonate
M
IPP
ERGY ERG20 ( I
€ FPP < DI
t DMAPP

OH

Protopanaxadiol

|

UGTPg45

OH

W o

3
o

oH

) Ginsenoside Rh2

Fig. 3. Biosynthetic pathway of Rh2 and Rg3 in the genetically engineered yeasts. Black arrows indicate the intrinsic S. cerevisiae pathway; multiple-step reactions are shown
by dashed arrows and enhanced reactions are shown by bold arrows. Blue arrows represent the P. ginseng pathway. Black-colored genes are from S. cerevisiae, green-colored
genes are from P. ginseng, with newly characterized UGTs in this study shown in opal; the blue-colored gene is from A. thaliana. HMG-CoA, 3-hydroxy-3-methylglutaryl
coenzyme A, IPP, isopentenyl pyrophosphate, DMAPP, dimethylallyl pyrophosphate, FPP, farnesyl diphosphate. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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First, the PgDDS gene together with the tHMGI gene under the
control of the constitutive promoters TEF1 and PGK1, were integrated
into the rDNA sites of BY4742 chromosome. The DM yield of the
resulting strain ZW-DM-A was 2.60 pmol/g DCW. Second, a codon-
optimized CYP716A47 gene (SynPgPPDS) (Dai et al., 2013), ATR2.1 gene
and tHMG1 gene under the control of the constitutive promoters TEF1,
TDH3 and PGK1, respectively, were integrated into the 5§ DNA sites of
ZW-DM-A chromosomes, and 20 transformants were selected and
verified by PCR. The PPD yields of these transformants varied greatly,
suggesting different copies of genes had been integrated into the
recombinant yeast chromosomes (Fig. S4 A). The highest PPD produ-
cing yeast strain, 2.49 pmol/g DCW, was designated as ZW-PPD-A
(Fig. 4, Table 3). To further improve the productivity of PPD, strain ZW-
PPD-B was constructed by integrating PgSQE1, ERG9 and ERG20 genes
(under the control of the constitutive promoters TPI1, PGK1 and GPM1,
respectively) into the YPRCz3 site of strain ZW-PPD-A. Genes inte-
grated into this site often have higher expression levels than those in
other commonly used sites, such as the URA3 locus (Flagfeldt et al.,

2009). As expected, production of PPD in the resulting strain ZW-PPD-
B, 8.29 umol/g DCW, was over 3-fold of that of ZW-PPD-A (Fig. 4 and
Table 3). Major part of PPD ( > 80%) was retained within the cells of
the strains constructed (Table S3), which was consistent with the
previous report (Dai et al., 2013). All the yeast strains constructed in
our study produced very little DM, much lower than that of the strains
constructed in a previous study (Dai et al, 2013). For example, the
ratio of PPD/DM in strain ZW-PPD-B was more than 100-fold versus
those of the strains constructed by Dai et al. (2013). This result may be
due to the utilization of the cytochrome P450 reductase gene (ATR2.1)
in this study, which may be more efficient than ATR1. Accumulating
less intermediate metabolite would be a benefit of further engineering
of this strain.

3.5. Cell factories for the production of Rh2 and Rg3

To establish a yeast cell factory to synthesize ginsenoside Rh2,
UGTPg45 (under the control of the constitutive promoter TEF1) was

PPD DM
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Fig. 4. Chemical analyses of DM, PPD, Rh2, and Rg3 produced from the genetically engineered yeasts: (A) HPLC analysis of DM, PPD, Rh2, and Rg3 produced from ZW-DM-A,
ZW-PPD-A, ZW-PPD-B, D20RH18 and D20RG1. Black: authentic samples. Red: product of BY4742. Blue: product of ZW-DM-A. Brown: product of ZW-PPD-A. Green: product
of ZW-PPD-B. Purple: product of D20RH18. Light green: product of D20RG1. (B) MS spectrum of Rh2 produced by the genetically engineered yeast D20RH18. (C) MS spectrum
of Rg3 produced by the genetically engineered yeast D20RG]1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Table 3

Production of ginsenosides and precursor products in four genetically engineered strains.

Biomass or yield® ZW-PPD-A ZW-PPD-B D20RH18 D20RG1
DCW (g/L) 19.85 +0.24 19.77 £ 0.53 18.79 £ 0.31 18.19 + 0.08
Rg3 (umol/g DCW) 0 0 0 349+0.14
Rh2 (pmol/g DCW) 0 0 145 +0.27 0.07 + 0.02
PPD (pumol/g DCW) 249 +0.62 829+ 1.24 1.02 +0.11 3.68 +0.12
DM (pmol/g DCW) 0.06 + 0.02 0.14 + 0.01 0 0.18 + 0.004
SQ (pmol/g DCW) 4.09 + 0.42 3.18 +0.44 2.92 +0.20 2.52+038
LST (pmol/g DCW) 134+ 0.05 1254+0.23 138 +0.03 3.05+0.38
ER (pmol/g DCW) 9.01 +£0.39 9.66 +1.29 11.47 + 0.37 12.21 + 1.00
Total dammarenediol triterpenoids” (pmol/g DCW) 2.55+0.63 843+ 125 247 +0.33 742 +0.22

2 All given data in this table representing mean values from three repeats with corresponding standard deviations. Yield referred to the sum of intracellular and
extracellular contents. PPD, protopanaxadiol; DM, dammarenediol-II; SQ, squalene; LST, lanosterol; ER, ergosterol.

b Total dammarenediol triterpenoids including DM, PPD, Rh2 and Rg3.

integrated into the 5§ DNA sites of strain ZW-PPD-B, the PPD producing
chassis, and 20 transformants harboring UGTPg45 were selected for
fermentation. Based on HPLC analysis of product of fermentation, all
transformants produced Rh2, among which transformant D20RH18
produced the highest Rh2, 1.45 pmol/g DCW (Fig. S4B, Table 3). The
structure of Rh2 produced by D20RH18 was further confirmed by
HPLC/ESIMS (Fig. 4B).

Similarly, both UGTPg45 and UGTPg29 (under the control of the
constitutive promoters TEF1 and HXT7, respectively) were integrated
into the § DNA sites of strain ZW-PPD-B to construct a yeast cell
factory to synthesize ginsenoside Rg3. Based on HPLC analysis, the
highest Rg3 production, 3.49 pmol/g DCW, was detected in transfor-
mant D20RG1 (Fig. 4A, Fig. S4C). The product of D20RG1 was further
confirmed to be Rg3 by HPLC/ESIMS (Fig. 4B).

The cell biomass and the yields of total dammarane-type triterpe-
noids and ergosterol biosynthesis branch products (including lanos-
terol and ergosterol), and the variation of the components in the PPD
producing chassis, ZW-PPD-A, ZW-PPD-B and the two cell factories,
transformants D20RG1 and D20RH18,were compared (Table 3). The
cell biomass of D20RH18 and D20RG1 after fermentation was only
slightly lower than that of their chassis strain ZW-PPD-B, suggesting
that the production of ginsenosides Rh2 and Rg3 did not obviously
disturb the growth of these strains. The total dammarane-type
triterpenoids (including DM, PPD, Rh2 and Rg3) produced by strain
D20RH18 was significantly lower than that of chassis strain ZW-PPD-B
and the Rg3 producing strain D20RG1 (Table 3). The total
dammarane-type triterpenoids of the other 19 Rh2 producing trans-
formants were all considerably lower than that of ZW-PPD-B and
D20RG1 (data not shown). Squalene and 2,3-oxidosqualene are
precursors of both dammarane-type triterpenoids and sterols (includ-
ing lanosterol and ergosterol). No significant difference in accumu-
lated squalene (2,3-oxidosqualene was not detected in all strains) or
the total yield of lanosterol and ergosterol was detected between
D20RH18 and ZW-PPD-B (Table 3). Thus, it seems that the introduc-
tion of UGTPg45 into D20RH18 resulted in the inhibition of the
synthesis of dammarane-type triterpenoids. However, compared with
the chassis strain ZW-PPD-B, the total dammarane-type triterpenoids
of D20RG1, in which both of UGTPg45 and UGTPg29 were introduced,
did not decrease markedly. It seems likely that the production of Rh2
in D20RH18 severely inhibits its ability to synthesize dammarane-type
triterpenoids. In fact, little Rh2 was detected in D20RG1, due to the
strong catalytic efficiency of UGTPg29. Indeed, the k., of UGTPg29
was more than 2500-fold that of UGTPg45 (Table 2). Thus, the Rh2
produced in D20RG1 cells could be rapidly transformed to Rg3. It thus
is important to examine the effect of Rh2 on the synthesis of
dammarane-type triterpenoids.

Considerable PPD accumulated within both cell factories, D20RG1
and D20RH18 (Table 3), which may be due to the low catalytic
efficiency of UGTPg45 (Table 2). Overexpression of UGTPg45 in the
two cell factories by introduction of increased numbers of copies of

UGTPg45 or use of stronger promoters is expected to improve their
Rg3 and Rh2 yields further. Moreover, ergosterol yields in D20RG1 and
D20RH18 were higher than those of the chassis strains, ZW-PPD-A
and ZW-PPD-B. Production of ergosterol is believed to be required for
yeast growth. However, it seems the lower ergosterol yield in ZW-
PPD-A and ZW-PPD-B was sufficient for normal growth (Table 3).
Limitation of the metabolic flow from 2,3-oxidosqualene to lanosterol
and then to ergosterol in D20RG1 and D20RH18 is also expected to
increase the metabolic flow to Rg3 and Rh2, respectively. Moreover,
the majority of the Rh2 and Rg3 produced by strains D20RH18 and
D20RG1 was stored in the cells, extracellular transport of Rh2 and Rg3
would likely decrease feedback inhibition (or other unknown inhibi-
tion mechanisms) of the biosynthesis of dammarane-type triterpe-
noids or ginsenosides.

4. Conclusion

Two novel UDP-glycosyltransferases, UGTPg45 and UGTPg29,
which selectively transfer two glucose moieties to the C3 hydroxyl
of PPD or PPD-type ginsenosides step-by-step were identified from
P. ginseng. The introduction of the two UGTs and UGTPg45 alone into
the PPD producing yeast chassis brought the construction of two yeast
cell factories to produce bioactive ginsenoside Rg3 and Rh2 from
glucose, respectively. Analysis of the specificity and kinetics of the two
UGTs also gives hint to uncover the metabolic processes of ginsenoside
synthesis by sequential glucosylation of PPD in P. ginseng.
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