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of Protopanaxadiol from Dammarenediol-Il During
Ginsenoside Biosynthesis in Panax ginseng
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Ginseng (Panax ginseng C.A. Meyer) is one of the most
popular medicinal herbs and contains pharmacologically
active components, ginsenosides, in its roots. Ginsenosides,
a class of tetracyclic triterpene saponins, are thought to be
synthesized from dammarenediol-Il after hydroxylation by
the Cyt P450 (CYP) enzyme and then glycosylation by
glycosyltransferase (GT). However, no genes encoding the
hydroxylation and glycosylation in ginsenoside biosynthesis
have been identified. Here, we identify protopanaxadiol syn-
thase, which is a CYP enzyme (CYP716A47), to be involved
in the hydroxylation of dammarenediol-1l at the C-12
position to yield protopanaxadiol. Nine putative full CYP
sequences were isolated from the expressed sequence tags
(ESTs) of methyl jasmonate (MeJA)-treated adventitious
ginseng roots. The CYP716A47 gene product was selected
as the putative protopanaxadiol synthase because this
gene was transcriptionally activated not only by MeJA
treatment but also in transgenic ginseng that overexpresses
squalene synthase and overproduces ginsenosides. In vitro
enzymatic activity assays revealed that CYP716A47
catalyzed the oxidation of dammarenediol-ll to produce
protopanaxadiol. Ectopic expression of CYP716A47 in re-
combinant WAT21 yeasts that were fed dammarenediol-1l
yielded protopanaxadiol. Furthermore, co-expression
of the dammarenediol synthase gene (PgDDS) and
CYP716A47 in yeast yielded protopanaxadiol without
adding dammarenediol-ll. The chemical structures of the
protopanaxadiol products from dammarenediol-11 were con-
firmed using liquid chromatography-atmospheric pressure
chemical ionization mass spectrometry (LC/APCIMS). Thus,
CYP716A47 is a dammarenediol 12-hydroxylase that
produces protopanaxadiol from dammarenediol-II.

Keywords: CYP716A47 e Cyt P450 e Dammarenediol e
Ginsenoside e Protopanaxadiol.

Abbreviations: CYP, cytochrome P450; EST, expressed
sequence tag  GC/MS, gas  chromatography—mass

spectrometry; GT, glycosyltransferase; LC/APCIMS, liquid
chromatography-atmospheric pressure chemical ionization
mass spectrometry; MeJA, methyl jasmonate; ORF, open
reading frame; RT-PCR, reverse transcription—PCR.

Introduction =

Triterpenoid saponins are secondary metabolites of isoprenoi-
dal compounds and are present in higher plants. They exhibit
a wide range of structural diversity and biological activities
among plant species. These molecules also have considerable
commercial value and are exploited as medicinal drugs
(Hostettmann and Marston 1995, Vogler et al. 1999, Shibata
2001). The natural role of saponins in plants is probably in
defense against pathogen and pest attacks (Osbourn 1996).
The primary components of triterpenoid saponins are oleanane
(B-amyrin), ursane (o-amyrin), lupeol or dammarene-type
triterpenoid skeletons.

Panax ginseng is well recognized by consumers for its notable
pharmacological effects on cancer, diabetes mellitus and
neurodegenerative disease, among others. Ginsenosides are
considered the primary components of ginseng root respon-
sible for its bioactivity. Panax ginseng roots contain at least 4%
ginsenosides by dry weight (Shibata 2001). Seven dammarene-
type tetracyclic triterpenes (ginsenoside Rb, Rb,, R, Rd, Re, Rf
and Rg;) are reported to be the major ginsenoside constituents,
and only ginsenoside Ro is an oleanane-type pentacyclic triter-
pene, which is found in minor amounts in P. ginseng. These
dammarane-type ginsenosides are divided into two groups
according to the aglycone structure: the panaxadiol (Rb;, Rb,,
Rc and Rd) and panaxatriol groups (Rg;, Re, Rf and Rg,). It is
well known that the dammarene-type triterpene is a major
compound in the genera Panax (Kushiro et al. 1997) and
Gynostemma (Cui et al. 1999).

The first step in biosynthesis of dammarane-type gin-
senosides is the cyclization of 2, 3-oxidosqualene to
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Fig. 1 Proposed biosynthetic pathway for ginsenosides in P. ginseng. Squalene epoxidase converts the squalene into 2,3-oxidosquane, which is
converted into triterpene aglycones (dammarenediol-Il or 3-amyrin) through dammarenediol synthase or B-amyrin synthase. The triterpene
aglycones subsequently undergo oxidation and glycosylation, and are finally converted into triterpene saponins (ginsenosides).

dammarenediol-Il, a reaction that is catalyzed by a dammare-
nediol synthase (Fig. 1). Two homologous dammarenediol
synthases from P. ginseng (DDS and PNA) have been function-
ally characterized (Han et al. 2006, Tansakul et al. 2006).
Dammarenediol-1l is thought to be converted to a ginsenoside
after hydroxylation by Cyt P450 (CYP) enzymes (Shibuya et al.
2006) and subsequent glycosylation by glycosyltransferase (GT)
(Kushiro et al. 1997, Choi et al. 2005, Shibuya et al. 2006).
The ginsenoside Ro is thought to be synthesized from oleanolic
acid, which is a product of -amyrin (Shibata 1977).

Both CYP and GT are in plant genome supergene families.
In plants, CYPs play critical roles in oxidative reactions during
the biosynthesis of diverse plant secondary metabolites, lignins,
terpenoids, sterols, fatty acids, hormones, pigments and
defense-related phytoalexins (Schuler 1996). In P. ginseng, two
CYP genes are thought to be involved in dammarene-type
ginsenoside biosynthesis. One of these genes might be involved
in dammarenediol hydroxylation at the C-12 position for pro-
topanaxadiol synthesis. Another gene is involved in protopa-
naxadiol hydroxylation at the C-6 position for protopanaxatriol
synthesis, and these two compounds are used as the backbones
for dammarene-type ginsenosides. However, the CYP (proto-
panaxadiol and protopanaxatriol synthase) and GT genes
remain uncharacterized.

In the present study, we isolated nine putative full CYP gene
sequences from the expressed sequence tag (EST) sequences of
elicitor (MeJA)-treated adventitious roots. CYP716A47 was
selected as the putative CYP gene by profiling transcription
in roots through reverse transcriptase-PCR (RT-PCR) analysis
with and without MeJA treatment as well as transgenic cell lines
that overexpressed squalene synthase (PgSS1), which overpro-
duces ginsenosides. Ectopic expression of CYP716A47 and
co-expression of PgDDS and CYP716A47 in yeast yielded proto-
panaxadiol, indicating that CYP716A47 is protopanaxadiol
synthase, which is a critically important step in ginsenoside
biosynthesis.

Results I

Isolation and classification of CYP genes from the
P. ginseng EST library

Elicitor (MeJA) treatment strongly activates triterpene saponin
biosynthesis in many species, including P. ginseng (Gundlach
et al. 1992, Suzuki et al. 2002, Han et al. 2006). In many studies,
MeJA treatment produced the greatest stimulation of ginseno-
side biosynthesis (Lee et al. 2004, Han et al. 2006). To isolate the
CYP genes involved in ginsenoside biosynthesis, EST sequences
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Table 1 The EST sequences that are homologous to the CYP genes from the MeJA-treated adventitious P. ginseng roots

CYP450 Typical EST ID GenBank No. of Nomenclature Homology to Description Accession E-value
family accession ESTs of CYPs (species name) No.
No. of gene
CYP71 KYERRC001_46-A08  JN604540 7 CYP71D312 CYP71D55 Premnaspirodiene EF569601  2e-09
KYERRC001_36-B03  JN604541 5 CYP71D313 (Hyoscyamus oxygenase
KYERRCO001_26-F07 1 CYP71D314 muticus)
KYERRCO001_18-F12 1 CYP71D315v2
KYERRCO001_17-H02 2 CYP71D315v1
KYERRC001_10-D12 1 CYP71D316
KYERRCO001_19-GO1 1 CYP71D317
KYERRCO001_43-F04 1 CYP71D318v1
KYERRCO001_45-G06 1 CYP71D318v2
CYP72  KYERRCO001_39-E08  JN604542 2 CYP72A219 CYP72A57 Unknown DQ350360 3e-64
KYERRCO001_42-H03 1 CYP72A220 (Nicotiana
KYERRCO001_31-H09 1 CYP72A221 tabacum)
CYP73  KYERRCO001_19-F10  JN604543 5 CYP73A100 CYP73A5 Cinnamic acid D78596 3e-166
(Arabidopsis 4-hydroxylase
thaliana)
CYP82  KYERRCO001_42-G11  JN604544 3 CYP82H23 CYP82A1 Unknown wound- AF175278  2e-09
KYERRCO001_19-F02 1 CYP82H24 (Pisum sativum) inducible P450
KYERRC001_01-H12  JN604545 1 CYP82D47 hydroxylase
CYP90  KYERRC001_12-D12 3 CYP90A29 CYP90 A2 Putative brassinosteroid AB218762 9e-122
(Pisum sativum) C-23 hydroxylase
CYP94  KYERRC001_27-A10 1 CYP94A33 CYP94A1 Fatty acid 081117 0.0
(Vicia sativa) omega-hydroxylase
CYP98  KYERRC001_26-B07 1 CYP98AS58 CYP98A13 p-Coumaroyl shikimate ~ AY082612 1x 10~ '
KYERRC001_08-H05 1 CYP98A59 (Ocimum  basilicum) 3'-hydroxylase
CYP716 KYERRC001_23-C09  JN604536 7 CYP716A47 CYP716A2 (Medicago Oxidation of -amyrin FN 995112 6e-169
truncatula) and erythrodiol at
the C-28 position
CYP734 KYERRC001_09-G04 1 CYP734A23 CYP734 A7 Brassinosteroid C-26 AB223042 5e-49
(Lycopersicon hydroxylase
esculentum)
CYP736 KYERRC001_22-FO01 JNG604539 3 CYP736A12 CYP736B (Vitis Unknown disease F)828518 5e-24
arizonica x Vitis responsive
rupestris)
CYP749 KYERRC001_20-C10  JN604538 2 CYP749A22 CYP86A22 Fatty Acyl-CoA- DQ099540 2e-17
(Petunia x hybrida) hydroxylase
were isolated from MeJA-treated adventitious roots. Of  CYP82D47 because this gene is phylogenetically related to the

the 4,140 high-quality EST (2,966 unigenes) sequences, 53 EST
sequences were homologous to CYP mRNAs (Table 1). They
were grouped into 11 CYP families with single and multiple
copies (Table 1). The most abundant CYP transcripts in gin-
seng adventitious roots were for the CYP71D subfamily, which
included seven isoforms. The other CYP family genes with
multiple transcripts were CYP716, CYP73, CYP72 and CYP82.
Because the EST sequences were isolated from MeJA-treated
adventitious roots, we hypothesized that multiple transcripts
might comprise the CYP genes involved in ginsenoside biosyn-
thesis. Therefore, CYP genes with multiple copies were selected
as the genes possibly responsible for ginsenoside biosynthesis.
Nine full-length  sequences (CYP71D312, CYP71D313,
CYP72A219, CYP73A100, CYP82H23, CYP82D47, CYP716A47,
CYP736A12 and CYP749A22) were obtained from the CYP
mMRNA transcript sequences with >2 EST copies, except for

Glycine max CYP93E1 gene (B-amyrin and sophoradiol

24-hydroxylase).

Phylogenic analysis of the full sequences of the
nine genes with multiple EST transcripts

Analysis of the phylogenetic relationship between the nine
putative CYP genes from P. ginseng and other plant CYP
genes (Fig. 2) revealed that CYP716A47 is similar to the recently
identified Medicago truncatula CYP716A12, whose product is
involved in B-amyrin and erythrodiol oxidation at the C-28
position (Carelli et al. 2011). The CYP716A47 deduced amino
acid sequences were 49% homologous to that of CYP716A12.In
addition, both CYP71D312 and CYP71D313 shared close amino
acid sequence similarity with the CYP71 family genes involved
in terpene biosynthesis (Takahashi et al. 2007). Both CYP82H23
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Fig. 2 Phylogenetic tree constructed based on the deduced amino acid sequences for the P. ginseng CYPs (bold letters) and other plant CYPs.
The tree was constructed by the Neighbor-Joining method using the ClustalX program. Bar = 0.1 amino acid substitutions/site. The species
abbreviations are Gm, Glycine max; Sc, Solanum chacoense; At, Arabidopsis thaliana; Ge, Glycyrrhiza echinata; Sm, Solanum melongena;
Gu, Glycyrrhiza uralensis; Sb, Sorghum bicolor; Vs, Vicia sativa; Cr, Catharanthus roseus; Hm, Hyoscyamus muticus; Ps, Pisum sativum;
Ph, Petunia hybrida; Va, Vitis arizonica x Vitis rupestris; Mt, Medicago truncatula; Nt, Nicotiana tabacum.
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and CYP82D47 are phylogenetically related to the G. max
CYP93ET gene (B-amyrin and sophoradiol 24-hydroxylase).
CYP73A100 showed significant amino acid sequence similarity
to Arabidopsis thaliana CYP73A5 (cinnamate 4-hydroxylase),
which is involved in phenylpropanoid biosynthesis (Urban
et al. 1997). CYP736A12 is closely related to the uncharacter-
ized disease response genes in Vitis arizonica x Vitis rupestris
CYP736B and is phylogenetically related to A. thaliana ferulate
5-hydroxylase (CYP84A1). CYP72A219 is related to the secolo-
ganin synthase, which converts loganin into secologanin
(Irmler et al. 2000), and CYP749A22 is related to Arabidopsis
CYP72C1, which plays a role in inactivating brassinosteroids,
although its biochemical activity is unknown (Thornton et al.
2010).

Transcriptional activities of the nine CYP mRNAs
after elicitor (Me)JA) treatment and in transgenic
ginseng that overproduces ginsenosides

To narrow the range of candidate CYP genes involved in
ginsenoside biosynthesis, the transcription activities of the
nine isolated CYP mRNAs were investigated using RT-PCR
analysis. Adventitious roots were exposed to 10 tM MeJA for
12 or 48h, which has previously yielded the best activation
results for genes involved in ginsenoside biosynthesis
(Lee et al. 2004, Han et al. 2006, Han et al. 2010). CYP73A100,
CYP749A22 and CYP716A47 were up-regulated by Me)A
(Fig. 3A); CYP82D47 and CYP82H23 were down-regulated
by MeJA; and CYP736A12, CYP71D312, CYP71D313 and
CYP72A219 were unresponsive.

Previously, we reported that overexpression of the squalene
synthase gene (PgSS1) in transgenic P. ginseng was followed by
up-regulation of downstream genes, such as squalene epoxidase
(SE), B-amyrin synthase (-AS) and cycloartenol synthase (CS)
(Lee et al. 2004). The enhanced activity of the PgSS1 enzyme
resulted in a remarkable increase in the ginsenoside content
(Lee et al. 2004). We hypothesized that the PgSS1-overexpres-
sing transgenic ginseng roots up-regulate protopanaxadiol
synthase transcription. Thus, the transcriptional activities of
the nine CYP mRNAs in the transgenic ginseng roots that
overexpress PgSST were monitored using RT-PCR (Fig. 3B).
CYP716A47 and CYP749A22 were transcriptionally activated
in the two transgenic lines compared with the wild type.
CYP736A12 and CYP71D313 were transcriptionally activated
only in transgenic line 5 and not in transgenic line 6.
The other five CYPs showed no changed or decreased transcrip-
tional activity in the transgenic lines.

Ectopic expression of CYP716A47 cDNA in
WAT21 yeast

The full-length cDNA clone of CYP716A47 was 1,485 bp long
with a 487 amino acid open reading frame (ORF), yielding a
protein with a predicted molecular mass of 55.36 kDa. To exam-
ine functionally the hydroxylation activity of CYP716A47 in
protopanaxadiol production, the ORF region of CYP716A47
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0 12 48(hr) PgSSt
PgDDS
CYP82D47
CYP736A12 <«
< CYP73A100

<« CYP749A22

A

< CYP716A47

A

CYP71D313
CYP72A219

CYP82H23
CYP71D312

1
|
?

Actin

Fig. 3 RT-PCR analysis of the nine CYP genes in the MeJA-treated
roots and transgenic PgSS1-overexpressing ginseng roots. (A) RT-PCR
analysis of the MeJA-treated roots. The arrows indicate activated tran-
scripts after MeJA treatment. (B) RT-PCR analysis of the transgenic
PgSS1-overexpressing ginseng roots. The arrows indicate activated
transcripts in the transgenic roots.

cDNA was inserted into the pYES2.1 expression vector and
expressed in WAT21 yeast under the control of the regulatable
promoter (GAL1). The yeast extracts were analyzed using total
ion chromatograms from liquid chromatography—-atmospheric
pressure chemical ionization mass spectrometry (LC/APCIMS).
Because dammarenediol-ll was exogenously applied to the
yeast, both dammarenediol-Il and protopanaxadiol were exam-
ined in the total ion chromatogram from LC/APCIMS (Fig. 4).
The retention times of the standard dammarenediol-1l and
protopanaxadiol peaks were 24.70 and 32.59 min, respectively
(Fig. 4). Both dammarenediol-Il and protopanaxadiol were
identified in CYP716A47-expressing yeast using LC/APCI-MS
(Fig. 4B). A protopanaxadiol signal was not detected in the
control yeast extract with the empty vector, although a peak
from the exogenously added dammarenediol-Il was detected
(Fig. 4A).

The protopanaxadiol signal at the 32.59 min retention time
in yeast expressing the CYP716A47 gene was analyzed using the
MS fragmentation pattern (Fig. 5). The LC/APCIMS fragmen-
tation pattern in yeast expressing the CYP716A47 gene included
the m/z ratios of 407 [M-3H,0+H]*, 425 [M-2H,0+H]* and
443 [M-H,0O+H]", which are the same as for authentic proto-
panaxadiol (Fig. 5). This result indicates that CYP716A47 is a
dammarenediol 12-hydroxylase gene and its product converts
dammarenediol-Il to protopanaxadiol.

In vitro CYP716A47 enzymatic activity assay

To examine the hydroxylation activity of CYP716A47 in
protopanaxadiol production, microsomal fractions from
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WAT21 yeast expressing CYP716A47 were incubated with
dammarenediol-1l for 2 h at 30°C. Gas chromatography—mass
spectrometry (GC/MS) analysis revealed that CYP716A47 con-
verted dammarenediol-1l (37.95 min) to a product (42.46 min)
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Fig. 4 The total ion chromatogram from LC/APCIMS analysis of the
CYP716A47 product in yeast. (A) The LC chromatogram of the yeast
cell extract with an empty vector as a control. (B) The LC chromato-
gram of the yeast cell extract with pYES2-CYP716A47. The arrow
indicates a protopanaxadiol peak at a retention time of 32.59 min.
(C) The LC chromatogram of a protopanaxadiol standard.
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with the same GC retention time (42.46 min) and mass spectra
as those of the authentic protopanaxadiol standard (Fig. 6A).
No activity was observed in yeast transformed with the empty
vector control (Fig. 6C) or in boiled enzyme preparations
(Fig. 6B). This result suggests that CYP716A47 catalyzes
conversion of dammarenediol-Il to protopanaxadiol.

Co-expression of PgDDS and CYP716A47 in yeast

The PgDDS and CYP716A47 genes were subcloned into the
yeast expression vector pESC-URA with double gene expression
cassettes, and the ethyl acetate extracts from the cells were
analyzed by LC/APCIMS. The total ion chromatogram from
LC/APCIMS revealed that co-expression of PgDDS and
CYP716A47 in yeast clearly produces a peak (Fig. 7B) at a
retention time of 32.59 min, which is the same retention time
as for the protopanaxadiol standard (Fig. 7C). In the control
yeast with only an empty vector, no peak was detected at the
retention time (32.59 min) of the standard protopanaxadiol
peak (Fig. 7A).

The protopanaxadiol signal at a retention time of 32.59 min
in yeast that expressed both the PgDDS and CYP716A47 genes
was analyzed using the MS fragmentation patterns (Fig. 7D).
The LC/APCIMS spectra of a peak at the 32.59 min retention
time from yeast that expressed both the PgDDS and CYP716A47
genes included the mj/z ratios of 407 [M-3H,0+H]¥, 425
[M-2H,0+H]* and 443 [M-H,O+H]", which are the same as
for authentic protopanaxadiol (Fig. 5B). The protopanaxadiol
yield on the galactose induction medium after 2d of culture
was approximately 17.32 ug g71 FW.

HPLC analysis with UV fluorescent detection revealed that
the chromatogram fraction pattern was similar between the
recombinant (Supplementary Fig. S1B) and control yeast
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Fig. 5 LC/APCIMS spectra of peaks detected in yeast with CYP716A47. (A) The MS spectrum for a peak detected in yeast with CYP716A47

at a retention time of 32.59 min. (B) The MS spectrum for the peak detected in the protopanaxadiol standard.

220z 1snBny 91 uo 1s8nB Aq §191.281/2902/21/2S/a10ne/dod w0 dno-oiwspeoe)/:sdny wouy papeojumoq

Plant Cell Physiol. 52(12): 2062-2073 (2011) doi:10.1093/pcp/pcr150 (© The Author 2011.

2067



PCP J.-Y. Han et al.

PLANT & CELL PHYSIOLOGY

A
140
120

Dammarenediol-

v

100

Relative Abundance

Protopanaxadiol

v

e /L

Qv e
38 39 40

70 o 109 135
50
40
30
20
10

0

Relative Abundance

135
70 109

50
40
30
20
10

0

Relative Abundance

60 100 140

180 220

60 100 140 180 220

L LA e B B B B |

41 42 43
Time

60 Reaction product of CYP716A47

260 300 340 380 420

60 Protopanaxadiol standard

260 300 340 380 420
m/z

Fig. 6 In vitro conversion of dammarenediol-Il to protopanaxadiol by the reaction of microsomes from yeast expressing CYP716A47.
(A) The GC/MS chromatograms of the reaction products of microsomes with dammarenediol-Il. Line a reveals the protopanaxadiol
(42.46 min) production from the reaction of microsomes with pYES2-CYP716A47 and dammarenediol-Il. Lines b and c reveal the reaction
products from boiled microsomes with dammarenediol-Il and microsomes with empty vector with dammarenediol-Il, respectively. Lines d and e
are chromatograms for authentic standards of dammarenediol-1l and protopanaxadiol, respectively. (B) The MS spectrum for a peak (42.46 min)
detected in the reaction products of microsomes with CYP716A47 in line a of A. (C) The MS spectrum of protopanaxadiol standard.

(Supplementary Fig. ST1A), except for a new peak at a retention
time of 32.59min, which corresponds to the standard
protopanaxadiol peak (Supplementary Fig. S1C).

The authentic protopanaxatriol peak was found at a reten-
tion time of 19.20 min. Protopanaxatriol was not detected in
yeast that expressed PgDDS and CYP716A47 (data not shown).
Moreover, a traceable LC/APCIMS signal for protopanaxatriol
was not detected. This result indicates that CYP716A47 can-
not further hydroxylate protopanaxadiol to biosynthesize
protopanaxatriol.

To confirm the possibility that protopanaxadiol was cata-
lyzed by yeast endogenous hydroxylation enzymes, yeast
with PgDDS as a negative control was analyzed by GC/MS. In
the yeast with PgDDS as a negative control, dammarenediol-II
(Supplementary Fig. S2A) was detected at the same retention
time (37.95 min) as for the dammarenediol-Il standard, but no

protopanaxadiol peak was detected (Supplementary Fig. S2A).
Co-expression of PgDDS and CYP716A47 in yeast clearly pro-
duces a peak (Supplementary Fig. S2B) at a retention time of
42.56 min, which is the same retention time (Fig. 4D) as for
the protopanaxadiol standard. The major peaks (m/z =109 and
424) in MS fragmentation (Supplementary Fig. S2C) were
identical to those (Fig. 4E) of the authentic protopanaxadiol.

Discussion =
Isolation of the CYP gene involved in ginsenoside
biosynthesis

The CYP superfamily is a large and diverse group of enzymes. In
A. thaliana, 246 CYP genes were reported (Nelson 2006).
Therefore, it is difficult to analyze each CYP gene using a reverse
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Fig. 7 LC/APCIMS analysis of protopanaxadiol production in WAT21 yeast that expressed both PgDDS and CYP716A47. (A) The total ion
chromatogram of the yeast extracts with an empty vector as a control. (B) The total ion chromatogram of the yeast extracts with both PgDDS
and CYP716A47; the arrow indicates the protopanaxadiol signal at a retention time of 32.59 min. (C) The total ion chromatogram of a
protopanaxadiol standard. (D) The MS spectrum of a protopanaxadiol peak at a retention time of 32.59 min from yeasts with both PgDDS

and CYP716A47.

genetics approach (Nelson 2006). There have been large-scale
attempts to isolate the CYPs and GTs involved in ginsenoside
biosynthesis in P. ginseng (Jung et al. 2003, Choi et al. 2005),
P. quinquefolius (Sun et al. 2010) and P. notoginseng (Chen et al.
2011). In this work, we isolated CYP716A47 from the EST
sequences in MeJA-treated ginseng roots and successfully
characterized CYP716A47 as a protopanaxadiol synthase.
Many studies have shown that MeJA treatment produces
the greatest stimulation of ginsenoside biosynthesis (Lee et al.
2004, Han et al. 2006). We hypothesized that the CYP genes
involved in ginsenoside biosynthesis might yield multiple
transcripts in the EST sequences isolated from MeJA-treated
roots. Among the 53 EST clones that were homologous to
CYP genes, nine full sequences were obtained from ESTs with
multiple transcripts. MeJA treatment activates not only the
genes involved in triterpene biosynthesis but also various de-
fensive mechanisms (Cheong and Choi 2003). Previously, we re-
ported that upon PgSS1 overexpression in transgenic P. ginseng
roots, all of the downstream genes tested were up-regulated, for
example SE, B-AS and CAS. The enhanced activity of the PgSS1
enzyme yielded a remarkable increase in phytosterol and gin-
senoside content. Two genes (CYP716A47 and CYP749A22)
were finally selected as the best candidate CYP genes involved
in ginsenoside biosynthesis that had elevated transcription both

in MeJA-treated roots and in the PgSS1-overexpressing trans-
genic ginseng roots.

Functional characterization of dammarenediol
12-hydroxylase

Using yeast expression analysis, CYP716A47 was characterized
as a protopanaxadiol synthase with dammarenediol
12-hydroxylase activity, as demonstrated by the construction
of a recombinant CYP716A47-expressing yeast, which yielded
protopanaxadiol from dammarenediol after the yeast were fed
dammarenediol-Il. Co-expression of dammarenediol synthase
and CYP716A47 in yeast yielded protopanaxadiol without
feeding of dammarenediol-Il.

CYP716A47 belongs to the CYP716 family in the CYP85 clan.
Recently, it was shown that mutants in CYP716A12 from
M. truncatula were unable to produce hemolytic saponins
and only synthesized soyasaponins; thus, CYP716A12 lacked
hemolytic activity (Carelli et al. 2011). Furthermore, in vitro
enzymatic activity assays indicated that CYP716A12 catalyzes
B-amyrin and erythrodiol oxidation at the C-28 position, yield-
ing oleanolic acid, which indicates that it is a multifunctional
oxidase (Carelli et al. 2011). Accordingly, CYP716 family genes
are thought to be involved in triterpene saponin biosynthesis.
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The first identification of a triterpene hydroxylase cDNA was
CYP93E1, and the product of this gene converts -amyrin into
the sophoradiol in G. max (Shibuya et al. 2006). Because all
of the CYP93 family members thus far identified have been
flavonoid biosynthesis-related enzymes, it was unexpected
that CYP93E1 would encode [-amyrin and sophoradiol
24-hydroxylase (Shibuya et al. 2006). Another CYP is
B-amyrin 11-oxidase (CYP88D subfamily in the CYP85 clan),
which converts B-amyrin to 11-oxo-f-amyrin during biosynthe-
sis of the triterpene sweetener glycyrrhizin (Seki et al. 2008).
These two characterized enzymes, CYP93E1 and CYP88D6,
are involved in oleanane-type saponin biosynthesis. The
major type of ginsenoside is the tetracyclic dammarene-type
triterpene, which is structurally similar to sterols. Jung et al.
(2003) suggested that the CYP involved in ginsenoside
biosynthesis might have evolved from sterol biosynthesis. In
this work, CYP716A47 in P. ginseng is categorized into the
CYP716 family, which is involved in dammarene-type saponin
biosynthesis.

In addition to the triterpene glycosides, triterpene aglycones
also have interesting biological activities. For example, soyasa-
pogenol B has hepatoprotective activity (Sasaki et al. 1997),
and oleanolic acid and ursolic acid have anti-inflammatory
and anti-tumor activities (Banno et al. 2004), among others.
In P. ginseng, >30 ginsenosides have been identified and divided
into two groups according to the aglycone structure: the
panaxadiol (Rb;, Rb,, Rc and Rd) and panaxatriol (Rg; Re,
Rf and Rg,) groups. Each ginsenoside has been shown to
have different pharmacological effects, including immune
system modulation as well as anti-stress, anti-hyperglycemic,
anti-inflammatory, anti-oxidant and anti-cancer effects
(Briskin 2000, Shibata 2001). However, biotransformation may
be required before these ginsenosides can be active in
mammalian systems. Recent studies have demonstrated that
ginsenoside metabolites have greater biological effects
than ginsenosides (Jia et al. 2004, Popovich and Kitts 2004).
The anti-tumor activities of the ginsenoside Rh, and protopa-
naxadiol are more potent than those of the ginsenoside Rgs
(Bae et al. 2004). Recently, protopanaxadiol, a triterpene agly-
cone hydrolyzed from various ginsenosides, has been shown
to exhibit apoptotic effects on cancer cells through various
signaling pathways and has been reported as cytotoxic to
multidrug-resistant tumors (Jia et al. 2004, Popovich and Kitts
2004, Li et al. 2006). Therefore, PanaGin Pharmaceuticals
(British Columbia, Canada) is developing protopanaxadiol
(Pandimex) for the treatment of lung cancer and other solid
tumors and has completed pre-investigational new drug com-
munications with the US Food and Drug Administration.
In 2011, the company is preparing to file an investigational
new drug for HemoMex S (PBD-1226) as an adjuvant treat-
ment for lung cancer and other solid tumors (PanaGin
Pharmaceuticals, Inc. Further information available at http://
www.panagin.com).

Because the production of triterpene is not practical
through organic synthesis, these compounds must be

isolated from natural sources or by ginsenoside hydrolysis.
Protopanaxdiol production through co-expression of PgDDS
and CYP716A47 in yeast in this study might represent a promis-
ing way to produce useful dammarene-type triterpenes using
genetic engineering.

Materials and Methods

Plant materials and EST library construction

Total RNA was isolated from in vitro cultured adventitious
roots. Poly(A)* RNA was isolated using a Poly(A) quick
mRNA isolation kit (Stratagene). cDNA libraries were con-
structed using the Creator SMART cDNA library construction
kit (Clontech). DH10B was used as a host strain, and pDNR-LIB
was used as a cloning vector.

Single-pass partial sequences were determined using an
automated DNA sequencer (model ABI Prism 3700, Applied
Biosystems). A total of 4,226 cDNA strands (NCBI GenBank
dbEST accession Nos. HS076062-HS080287) were randomly
isolated and sequenced from the 5’ end using the ABI 3730
XL automatic DNA sequencer (Applied Biosystems). The result-
ing ESTs were compared with GenBank and dbEST sequences
using the BLASTX algorithm on the NCBI website.

Isolation and comparison of CYP protein
sequences

Nine complete genes were isolated by sequencing the nine
selected putative CYP ESTs. The GenBank accession numbers
of the nine putative CYP sequences from P. ginseng were the
following: CYP72A219 (JIN604542), CYP73A100 (JN604543),
CYP736A12 (JN604539), CYP82H23 (JN604544), CYP82D47
(IN604545), CYP71D312 (JN604540), CYP71D313 (JN604541),
CYP749A22 (JN604538) and CYP716A47 (JN604536). Their
nucleotide and predicted amino acid sequences were analyzed
using the DNASIS program (Hitachi Software Engineering Co.).
To analyze the phylogenic relationships among these gene
sequences, amino acid sequences were obtained from EMBL,
GenBank and DDBJ) sequence data. Multiple sequence
alignments were generated using the CLUSTAL W program
(Thompson et al. 1994). Phylogenetic analysis of the deduced
amino acid alignments was performed using the Neighbor—
Joining method with TreeView software (Page, 1996).
Bootstrap analysis with 1,000 replicates was used to assess
the strength of the nodes in the tree (Felsenstein 1985).

RT-PCR analysis

Total RNA was isolated from the Me)A-treated adventitious
roots or different organs of ginseng plants and reverse tran-
scribed using the ImProm-Il Reverse Transcription System
(Promega). First-strand cDNA was used as the template for
RT-PCR analysis, which was performed as follows: 96°C for
5min, 30 cycles of 96°C for 30s, 60°C for 30s, 72°C for 1 min,
and a final 10 min extension at 72°C. The cDNA for B-actin was
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used as a control for RNA integrity and loading accuracy.
Electrophoresis of the products was performed using 1%
agar/0.5x TBA buffer. The primer sequences are summarized
in Supplementary Table S1. The RT-PCR analyses were
repeated twice, and representative data are shown in the
figures.

Expression of CYP716A47 in yeast

To construct an expression plasmid vector for yeast, ORFs from
CYP716A47 were amplified from cDNA using PCR (25 cycles of
40s at 94°C, 40s at 55°C and 2min at 72°C) with Pfu DNA
polymerase (Stratagene) and cloned into pYES2.1 using the
TOPO TA expression kit (Invitrogen). The primer pairs used
to isolate the cDNAs were 5-ATG GTG TTG TTT TTC TCC
CTATCT-3"and 5-TTA ATT GTG GGG ATG TAG ATG AAT-3
for CYP716A47. The PCR products were cloned into the
pYES2.1/V5-His-TOPO  vector and transformed into
Escherichia coli. The ORFs were then ligated to the GAL1 pro-
moter in the sense orientation. The nucleotide sequence of the
inserted DNA was confirmed by sequencing. CYP716A47 and an
empty vector were expressed in the Saccharomyces cerevisiae
strain WAT21, which carries A. thaliana NADPH-CYP reductase
(Urban et al. 1997).

WAT21 yeast cells were transformed using a modified
lithium acetate procedure, as described previously (Gietz
et al. 1992). Transformed cells were selected by SC-U (SC
minimal medium lacking uracil) and after 3d of growth were
subcultured on YPG medium (Kribii et al. 1997). The culture
conditions and methods for induction by galactose and
preparation of the triterpene monoalcohol fraction have been
described previously (Kushiro et al. 1998), with the exception
that dammarenediol-Il (50 mg|™") dissolved with ethanol and
Tween-80 (1:1, v/v) was added to the medium as a substrate.
After galactose induction for 1d, the cells were collected by
centrifugation at 500 x g for 5min and refluxed with 2ml
of 20% KOH/50% EtOH for 5min. After extraction with
the same volume of hexane, the extracts were analyzed by
LC/APCIMS.

Co-expression of PgDDS and CYP716A47 in yeast

The coding region fragment for PgDDS (GenBank accession
No. GU183405) was amplified by PCR using a primer set with
restriction enzyme sites at the 5’ end (Notl-PgDDS-Fw 5'-GCGG
CCGC ATG TGG AAG CTG AAG GTT GCT CAA GGA-3' and
Sacl-PgDDS-Rv 5'-GAGCTC TTA AAT TTT GAG CTG CTG GTG
CTT AGQG), cloned into the pGEM-Teasy vector and sequenced.
The ORF fragments were excised through Notl and Sacl and
inserted into the Notl and Sacl sites of the pESC-URA vector
(Stratagene). Similarly, the coding region fragment of the
CYP716A47 gene was amplified and subcloned into the
pGEM-T Easy vector as an Xhol-Kpnl fragment using the pri-
mer pairs Xhol-CYP716A47-Fw 5'-CTCGAG ATGGTG TTG TTT
TTC TCC CTA TCT and Kpnl-CYP716A47-Rv 5'-GGTACC TTA
ATT GTG GGG ATG TAG ATG AAT-3'. The plasmid DNA was
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digested by Xhol and Kpnl and then ligated into the Xhol and
Kpnl sites of the pESC-URA vector including the PgDDS
gene. The resulting plasmids were designated pESC-
PgDDS-CYP716A47-URA and pESC-PgDDS-URA. WAT21 cells
were transformed with these plasmids using the same
method as described above.

In vitro enzymatic activity assay

To examine in vitro conversion of dammarenediol to protopa-
naxadiol from yeast expressing CYP716A47, microsomal
extraction of proteins was done as described by Olsen et al.
(2010) with some modifications. The microsomal fractions
from WAT21 yeast cells expressing CYP716A47 were collected
by ultracentrifugation at 100,000 x g for 60 min. The enzymatic
activity of CYP716A47 was tested in a total volume of 500 pl of
100 mM potassium phosphate buffer (pH 7.4) containing 1 mM
NADPH, 20 g of substrate (dammarenediol-ll or protopanax-
adiol) and 1 mg of microsomal fraction protein. The reaction
mixture was incubated for 2 h at 30°C, and the reaction was
extracted twice with same volume of hexane.

GC/MS analysis

The hexane extract was evaporated and dissolved in methanol
(1ml). A 10l aliquot of the solution was analyzed by GC
(Agilent 7890A) linked to an inert MSD system (Agilent
5975C) with its Triple-Axis detector, and equipped with a
HP-5MS capillary column (30 m x 0.25mm, film thickness
0.25mm). The injection temperature was 250°C, and the
column temperature program was as follows: 150°C for
5min, followed by a rise to 300°C at a rate of 5°Cmin~', and
a hold at 300°C for 20 min. The carrier gas was He, and the flow
rate was 1.2mlmin~". The interface temperature was 300°C,
with a split injection (10: 1). The temperature of the ionization
chamber was 250°C, and ionization was by electron impact at
70 eV. The dammarenediol-Il used as the standard for GC/MS
analysis was provided by Professor Yong Soo Kwon of the
Kangwon National University in Korea. The protopanaxadiol
was obtained from Sigma-Aldrich Co.

LC/APCIMS analysis of the recombinant yeast

Yeasts (1g) were extracted by sonication with 15ml of 20%
KOH containing 50% ethanol for 10 min. LC/APCIMS analysis
was performed on a surveyor LC system (Thermo Finnigan Co.),
which consisted of four solvent pumps, a Rheodyne injector
(5ml loop) and a HTP Pal autosampler (CTC Analytics).
The analytical column was a YMC pack-pro C18 RS (5mm,
2.0 x 150 mm, YMC Co. Ltd.) maintained at 40°C. The time
of water and acetonitrile gradient application and the ratio of
the constituents were as follows: 0 min, 20% acetonitrile and
80% water; 30 min, 90% acetonitrile and 10% water; 32 min, 95%
acetonitrile and 5% water; 34 min, 95% acetonitrile and 5%
water; 36 min, 20% acetonitrile and 80% water; and 45 min,
20% acetonitrile and 80% water at a flow rate of 0.2 mImin~".
A triple quadrupole mass spectrometer Finnigan TSQ
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Quantum Ultra (Thermo Electron Co.) was fitted with an
atmospheric pressure chemical ionization (APCI) system,
which was used for detection. The analysis was performed in
the positive mode with a 5.0mA discharge current, 320°C
vaporizer temperature and 320°C ion-transfer capillary
temperature. Nitrogen was used as the sheath (15p.s.i.) and
auxiliary gas (10 p.s.i.). For HPLC-UV detection, ginsenosides
were monitored at a wavelength of 202nm. Authentic
dammarenediol and protopanaxadiol were subjected to the
same conditions.

Supplementary data I

Supplementary data are available at PCP online.
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