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ABSTRACT

The gene products of AK121211, AK066327, and AK070534 from Oryza sativa encode cycloartenol, parkeol, and achilleol B synthases, respectively.
Parkeol synthase is a unique enzyme that affords parkeol as a single product. Achilleol B synthase is the third seco-type triterpene cyclase identified
to date, and triterpenes produced by this synthase include achilleol B (90%), tetracyclic (5.12%) and pentacyclic scaffolds (4.37%), and unidentified
triterpenes (0.51%). The pathway for achilleol B biosynthesis is proposed.

Naturally occurring cyclic triterpenes are biosynthesized
by the enzymatic reaction of squalene or (3S)-2,3-oxidos-
qualene as the substrates. The structural diversity of cyclic
triterpenes is remarkable. In addition to sterols (lanosterol
and cycloartenol), approximately 100 additional triterpe-
noid scaffolds have been identified to date.1 Lanosterol
and cycloartenol can serve as precursors to membrane
sterol and steroid hormones. Many genes encoding squa-
lene-hopene cyclases (SHCs)2 and oxidosqualene cyclases
(OSCs)3 havebeen elucidated; investigations ofOSCs from
Arabidopis thaliana have provided substantial insight into
plant OSCs. Specifically, OSCs are generally classified into
the following three categories: accurately functional OSC

(to give a single or dominant product),3,4 multifunctional
OSC (to produce a variety of triterpene skeletons by a
single OSC, none of which are dominant),3,4 and a seco-
type triterpene synthase OSC (C�C bond cleavage(s), i.e.
Grob fragmentation). Only two examples of a seco-type
triterpene synthase have been identified to date: marneral
synthase (At5g42600, PEN5) fromA. thaliana5 and seco-β-
or seco-R-amyrin synthase (At1g78500, PEN6).6 It has
generally been assumed that lanosterol is only produced
by vertebrates and fungi and that it is not produced by
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plants. However, genome mining of A. thaliana triterpene
cyclases has led to the identification of lanosterol synthase
(At3g45130, LAS1).7a,7b Additionally, a plant lanosterol
synthase was identified in Lotus japonicus, which is a
dicotyledonous plant.8 Recently, Muranaka et al. demon-
strated that phytosterols are produced via both cycloarte-
nol and lanosterol pathways (dual pathway).9

Rice is one of the most important cereals in the world.
Some phytosterols (cycloartenol, stigmasterol, sitsterol,
and campesterol) have been isolated from rice bran;10

however, these triterpene derivatives including γ-oryzanol
are only biosynthesized from a cycloartane scaffold. In
1999, Akihisa et al.11 reported that monocyclic achilleol
A12 and seco-type graminol A11 were present in rice bran.
However, to the best our knowledge, no other cyclic
triterpene skeletons have been isolated from Oryza sativa.
In 2004, the genome project of Oryza sativa was
completed.13We selected the following six gene candidates
encoding triterpene cyclases based on a homology search:
AK121211,AK066327,AK068026,AK067451,AK072702,
and AK070534 (DDBJ accession no.). These genes have
approximately 30% homology with Sacchromyces cerevi-
siae lanosterol synthase and A. thaliana cycloartenol
synthase [Supporting Information (SI), Figure S1].Herein,
we describe the functional analyses of these six candidates.
AK121211 encoded cycloartenol synthase. AK066327 en-
coded an enzyme that was defined as parkeol synthase.
Each of the two cyclases gave rise to a single product. The
product of AK070534 was achilleol B synthase, which
yielded multiple products. No cyclic triterpene product
was detected from the constructs of the other three gene
candidates, AK068026,14 AK067451,14 and AK072702,14

suggesting that the gene expression may have been un-
successful in S. cerevisiae GIL77 or that these candidates
are pseudogenes.
cDNA clones were obtained from the Rice Genome

Resource Center at the National Institute of Agrobiologi-
cal Sciences, Japan. The putative osc genes were amplified
by PCR. The subcloned pYES2 vector harboring each of
the osc genes was transformed into S. cerevisiae GIL77,

which lacks lanosterol synthase (gal2 hem3�6 erg7
ura3�167),15 after which the transformed yeasts were
cultured and the triterpene cyclaseswere induced by adding
galactose according to a previously published protocol.15

Next, 15% KOH/MeOH was added to the harvested
cells, and the samples were then refluxed for 1 h, after
which the lipophilic materials were extracted with hexane
and analyzed by GC/MS and SiO2-TLC (SI, Figures S2
and S3).
The transformant carrying the pYES2 vector harboring

the AK121211 gene was cultured and the lipophilic mate-

rials from the yeast cells were analyzed by GC/MS. Three

triterpene products, 2, 5, and 6, were identified in the GC

trace at a ratio of 45.9:32.8:21.3. Purification was con-

ducted as follows. The hexane extracts from the cultured

cells were subjected to SiO2 column chromatography and

then eluted with hexane/EtOAc (100:1�3) to obtain the

triterpene-enriched fraction, which was acetylated with

Ac2O/pyridine. The samples were then purified by 5%

AgNO3�SiO2 columnchromatography (hexane/EtOAc=

100:0.5�1.0) to give a pure acetate of cycloeucalenol 6 and

a mixture of acetates of 2 and 5. These acetates were then

purified by normal phase HPLC (hexane/2-ProOH =

100:0.01).

The structural determinations of these products are
described in Figures S4�S6 (SI). Cyclopropane ring pro-
tons were found in the 1H NMR spectra of 2, 5, and 6 [δH
0.54 (1H, J=3.9 Hz), 0.25 (1H, J=3.9 Hz) for 2], which
clearly indicated that this gene encodes cycloartenol
synthase. Previously, Venkatramesh and Nes16 reported
that 2 is metabolized in S. cerevisiae into 29,30-bisnorcy-
cloartenol 7 and 24(28)-methylene-pollinastanol 8. This
indicates that the dimethyl groups at C-4 are removed
through oxidation and decarboxylation to give 7, which is
then converted into 8 with the aid of S-adenosylmethio-
nine. However, 7 and 8 were not detected in our

Figure 1. Metabolic pathway of cycloartenol 2 by S. cerevisiae.
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experiments. Instead, we isolated 5 and 6, which indi-
cates that methylation at C-24 occurred from 5, but not
from 7. Taken together, these findings indicate that two
differentmethabolic pathways of 2may exist inS. cerevisiae
(Figure 1).
GC/MS analysis confirmed that the yeast transformant

harboring the AK066327 gene produced only one product
(SI, Figure S2). The hexane extracts from 5L cultured cells
were subjected to SiO2 column chromatography and elu-
tion with hexane/EtOAc (100:1�3), after which the par-
tially purified product was acetylated with Ac2O/pyridine.
The acetate fraction was further purified by SiO2 column
chromatography using hexane/EtOAc (100:0.5�2), which
gave the pure acetate of 3 (10.1 mg). Substrate 1 contains
five double bonds and six allylic methyl groups in the
molecule. Two double bonds and two allylic Me groups
were identified on the 1H and 13C NMR spectra (CDCl3):
δH5.22 (1H,bd,J=5.6Hz,H-11), 5.09 (1H,bt,J=6.9Hz,
H-24); δH 1.60 (3H, s) and 1.67 (3H, s); δC 148.1 (s, C-9),
130.9 (s, C-25), 125.1 (d, C-24), 115.2 (d, C-11), suggesting
that 3 had a tetracyclic skeleton. The following HMBC

cross peaks were clearly observed: Me-19 (δH 1.06, 3H, s)/
C-9 and H-11/C-13 (δC 44.27, s). These findings indicate
that the double bond is located at C9�C11. A clear NOE
between Me-19 and H-8 (δH 2.16, bm, 1H) supported the
β-orientation for H-8. Thus, this product was assigned as
parkeol (SI, Figure S7). The chemical shift of Me-21 in
CDCl3 was δH 0.857 (d, J=6.0 Hz), which is very similar
to the previously reported value of (20R)-parkeol
(δH 0.87).17

The amounts of the triterpenes produced by the trans-
formant harboring theAK070534 genewere very poor (see
SI, Figure S2). GC/MS analysis of the hexane extract
revealed a relatively large peak that showed m/z 426
as the molecular ion at the shorter retention time (rt,
16.8 min). In addition, several other peaks showing m/z
426 were also found at longer rt’s (24�26 min), although
they were present in negligible amounts. To isolate these
products and determine the structures by NMR spectra,
we cultivated the transformant on a large scale (150 L
culture). SiO2 column chromatography (hexane/EtOAc=
100:0�100:5) of the hexane extract (lipophilic materials)

Figure 2. Products of yeast harboring the AK070534 gene and the metabolic pathways.The parentheses show the production ratio.
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obtained after saponification revealed separation between
the major product 4 and the minor products. The fraction
containing 4 was acetylated and then completely purified
by normal phase HPLC (hexane/2-PrOH= 100/0�100/2),
which resulted in a yield of 4.2 mg. The detailed 2D NMR
analyses (SI, Figure S8) supported the presence of mono-
cyclic and bicyclic ring systems connected by the acyclic
linear moiety, which led to the proposal of the structure of 4
(achilleol B) that was isolated from Achillea odorata.18

Acetates of the minor products were subjected to normal
phase HPLC (hexane/CHCl3 = 100:0.1), which yielded six
pure products (acetates 9�14), and then to NMR analyses
(SI, Figures S10�S15) to determine the structures. GC
analyses (SI, Figures S2 and S9) showed that the production
ratios of each product were as follows: 4:9:10:11:12:13:14=
90:2.9:1.8:0.41:1.98:0.42:1.97.
The biosynthetic pathways for these products are shown

in Figure 2. Proton attack of the epoxide ring of 1 triggered
by theAsp residue ofDCTAmotif gave dammarenyl cation
15. Proton elimination from Me-21 afforded dammara-
20,24-dien-3β-ol 9. A succesive migration of the hydride
andMegroups in15gave16possessing theC8cation,where
two isomers of 20R- and 20S-configurations were gener-
ated, thus yielding butyrospermol 10 and tirucalla-7,24-
dien-3β-ol 11 as a result of the removal of H-7. The
tetracyclic cation 15 underwent ring expansion to afford
pentacyclic lupenyl cation 18 via baccharenyl cation 17.
Further ring expansion led to oleanyl cation 19. A 1,2-shift
of C20R-Me to the C19 cation gave taraxasteryl cation 20.
Deprotonation of H-21 of 20 afforded Ψ-taraxasterol 13.
1,2-Shifts of hydrides in an antiperiplanar fashion gave
ursanyl cation 21, which was followed by deprotonation of
H-12R of 21 to yield R-amyrin. Hydride shifts of H-18R and
H-13β of 19 gave cation 22. Proton elimination of H-12R of
22 afforded β-amyrin 12. The C�C bond cleavages (Grob
fragmentations) ofC8�C14andC10�C9gave 24, followed
by deprotonation from Me-25, which yielded achilleol B 4
(seco-type triterpene). The finding of the production of
β-amyrin 12 (or pentacyclic oleanyl cation 19) by the
AK070534 enzyme could lead to the credible proposal for
the formation mechanism of 4 that is shown in Figure 2.
Gene AF169966 (GenBank accession no.) from Oryza

sativa has been suggested as the putative cycloartenol
synthase gene;3,15b,19 however, no functional evidence of
this has been provided to date. We demonstrated here that
the AK121211 gene, which is equivalent to AF16996620 (SI,

Figure S1), encodes cycloartenol synthase. Pearson et al.21

reported that Gemmata obscuriglobus OSC produces both
lanosterol and parkeol in an approximately 1:3 ratio, but
triterpene cyclase that affords parkeol as a single product has
not been reported to date; thus, the AK066327 gene is the
first report of a gene encoding parkeol synthase.22 An
AK070534-encoded enzyme produces achilleol B as a main
product (ca. 90%) in addition tominor products of six other
triterpenes (ca. 10%). To date, only two genes that afford a
seco-type triterpene have been identified from A. thaliana,5,6

as described above. Thus, AK070534 is the third seco-type
OSC. Folding of 1 in a chair�boat�chair�boat conforma-
tion in the enzyme cavity produces cycloartenol and parkeol
via the protosteryl cation, while a chair�chair�chair�boat
conformation of 1 affords 4 and 9�14 via dammarenyl
cation 15. Phylogenetic analyses of the six OSC genes (SI,
Figure S16) showed that AK121211, AK066327, and
AK068026 are grouped as a protosteryl cation intermediate
type, while AK070534, AK072702, and AK067451 are of a
dammarenyl cation type. These findings coincide with the
results obtained from the functional analyses described
herein. It is not surprising that Achilleol B synthase shares
the same clade as β-amyrin synthase from Avena strigosa
(monocot),19a because achilleol B synthase affords a negli-
gible amount of β-amyrin (Figure 2).
In summary, we demonstrated here that the rice plant

produces a variety of triterpene scaffolds in addition to
a cycloartane skeleton, including parkeol, achilleol B,
R- and β-amyrin, Ψ-taraxasterol, butyrospermol, tir-
ucalla-7,24-dien-3β-ol, and dammara-20,24-dien-3β-
ol. We did not recover achilleol A and graminol A,
despite these compounds being identified in rice in a
study conducted byAkihisa et al.11 Further studies may
be necessary to overview the triterpene cyclases of
Oryza sativa.
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