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ABSTRACT

Thirteen oxidosqualene cyclase homologues exist in the genome of Arabidopsis thaliana . One of these genes, At4g15340, was amplified by
PCR and expressed in yeast. The yeast transformant accumulated tricyclic triterpene, (3 S,13R)-malabarica-17,21-dien-3,14-diol (arabidiol), whose
structure was determined by NMR and MS analyses. Its epoxide analogue, (3 S,13R,21S)-malabarica-17-en-20,21-epoxy-3,14-diol (arabidiol 20,21-
epoxide), was also isolated from the transformed yeast. This is the first example of a triterpene synthase that yields a tricyclic triterpene with
two hydroxyl groups.

Triterpenes are a large and medicinally important group of
natural products, many of which exhibit a variety of phar-
macological activities including antiinflammatory, antimi-
crobial, antitumor, antiviral, cardiovascular system protective
activity, etc.1 More than 100 different types of triterpene
skeletons from natural origin are known, which are derived
from a common precursor, 2,3-oxidosqualene, via reaction
catalyzed by oxidosqualene cyclase (OSC) (Figure 1).2 In
the previous studies, more than 20 OSC cDNAs have been
cloned from various plant species, which included cyclo-

artenol synthase,3 lupeol synthase,4 â-amyrin synthase,3e,5

mixed-amyrin synthase,5b isomultiflorenol synthase,6 cucurbi-
tadienol synthase,7 and multifunctional triterpene synthase.3b,5d,8

The completion of the genome sequencing project revealed
the presence of 13 OSC homologues inArabidopsis thaliana.
Among them, At1g66960,8a At1g78500,8a At1g78960,8b,cand
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At1g78970 (LUP1)4b,c have been identified to encode mul-
tifunctional triterpene synthases with leaky product specificity
yielding more than one product, while At2g07050,3a

At5g48010,9 and At5g4260010 products are monofunctional,
specifically yielding cycloartenol, thalianol, and marneral,
respectively. Recently, At3g45130 product was identified as
lanosterol synthase by Matsuda’s and our groups.11 Thalianol
and marneral are new compounds which have not been
isolated before from any plants including this plant. This is
a good example of an alternative method to discover new
natural products which may complement conventional phy-

tochemical methods. Discovery of lanosterol synthase in
higher plants, where cycloartenol synthase has been believed
to be a unique enzyme that yields a sterol skeleton from
oxidosqualene, provided a new aspect of phytosterol bio-
synthesis, in that two pathways might exist from oxi-
dosqualene to phytosterols. Here, we report the identification
of At4g15340 as a new triterpene synthase producing
arabidiol, which has a 6,6,5-tricyclic ring system with two
hydroxyl groups.

A 2.3 kb full length cDNA corresponding to At4g15340
was amplified by RT-PCR with specific primers12 designed
from the database sequence and RNA from one-week-old
seedlings ofA. thalianaas a template. The obtained cDNA
was subcloned into an expression vector pYES2 and
expressed inSaccharomyces cereVisiaeGIL77, a lanosterol
synthase deficient strain.3e The transformant cells were
extracted with hexane. TLC analysis showed two cyclization
products, which were further separated by silica gel column
chromatography and preparative HPLC. Structure of the
products was analyzed by NMR (1H and13C NMR, DEPT,
DQF-COSY, HMQC, HMBC, NOESY, and differential
NOE) and high-resolution EIMS (HREIMS).

HREIMS of the major product1 gave a molecular ion
peak atm/z 444.4015, indicating its molecular formula to
be C30H52O2 with five degrees of unsaturation. NMR analysis
indicated the presence of two double bonds and two hydroxyl
groups. Detailed analyses of DQF-COSY, HMQC, and
HMBC gave a possible planar structure of1 as malabarica-
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Figure 1. Proposed reaction mechanism of OSCs.
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17,21-dien-3,14-diol. Recently, Hoshino et al. reported two
diastereomers of malabarica-17,21-dien-3,14-diol, in a prod-
uct mixture produced from oxidosqualene (nonphysiological
substrate) by a bacterial squalene cyclase (SHC) mutant.13

The mixture consisted of achilleol A (35%), (3S,13S)-
malabarica-17,21-dien-3,14-diol (27%), (3S,13R)-malabarica-
14(27),17,21-trien-3-ol (14%), thalianol (9%), the 9(11)-en-
isomer of thalianol (9%), and (3S,13R)-malabarica-17,21-
dien-3,14-diol (9%) (Figure 2B).13

Chemical shifts of C-9 and C-26 were distinct between
(3S,13S)-malabarica-17,21-dien-3,14-diol and its 13Repimer.
C-9 and C-26 of 13S-epimer resonated atδ 60.3 and 26.7,
while those of the 13R epimer resonated atδ 63.2 and 15.9,
respectively. Product1 showed identical chemical shifts to
those of the (3S,13R)-epimer including C-9 (δ63.2) and C-26
(δ 15.88 orδ15.92). Finally, NOESY analysis of1 showed
the correlations from H-9 to H-13, H-3, and H-5 and from
H-3 to H-5 and 23-Me (Figure S2, Supporting Information),
establishing the orientation of H-13 to beR. As the absolute
configuration of C-3 isS, that of C-13 is determined asR.
The configuration at C-14 was not determined in this study,
although 13C NMR showed the presence of only one
diastereomer of1. From these results,1 was determined as
(3S,13R)-malabarica-17,21-dien-3,14-diol, which we named
arabidiol (Figure 1).

HREIMS of minor product2 gave a molecular ion peak
atm/z460.3898 indicating the molecular formula of C30H52O3,
which has one additional oxygen atom compared to arabidiol.
The NMR data of2 are very close to those of arabidiol except
for the signals around terminal dimethyl group.2 showed
two oxygenated carbon signals atδ 64.2 (C-21) and 58.3

(C-22) in place of the terminal olefinic carbon signals atδ
124.8 (C-21) and 131.3 (C-22) observed in arabidiol,
indicating the presence of epoxide between C-21 and C-22.
The structure was finally determined as (3S,13R)-malabarica-
17-en-20,21-epoxy-3,14-diol by the HMBC and NOESY
analyses (Figure S2, Supporting Information), except for the
configuration at C-14 and C-21.

Production of arabidiol epoxide can be explained by
cyclization of dioxidosqualene accumulated in the host cells.
Dioxidosqualene is synthesized in yeast from oxidosqualene
by a squalene-epoxidase.14 Lanosterol synthases from mam-
mals15 and yeast16 cyclize dioxidosqualene to yield 24,25-
oxidolanosterol, which is further metabolized to oxysterols.17

Recently, it has been found that LUP1, which gives a
pentacyclic product, can also cyclize dioxidosqualene to yield
oxacyclic triterepenes.18 These facts strongly suggest that
OSCs can generally accept dioxidosqualene as the substrate
to give the product with an oxirane, a pyran, or a furan ring
at the other end. These oxacyclic triterpenes might be
produced in the transformant cells in the previous OSC
expression studies. If arabidiol epoxide is a direct cyclization
product from dioxidosqualene by arabidiol synthase as in
the case of thalianol epoxide,9 the configuration at C-21 of
2 must beS since yeast has a unique squalene epoxidase
that gives one diastereomer, (3S,22S)-dioxidosqualene. To
the best of our knowledge, arabidiol epoxide has not been
reported in the literature.

A fused ring system such as 6,6,6,6,6-membered ring is
one of the characteristic features of plant triterpene skeletons,
produced by a carbocation mediated reaction by OSC as
shown in Figure 1. Opening of epoxide by protonation,
generation of preferred tertiary carbocation, and electrophilic
addition to a double bond yield the first 6-membered ring
intermediate. The second electrophilic addition yields a fused
6,6-membered ring, and the third one generates a 6,6,5-
membered ring with the preferred tertiary carbocation
(Markovnikov addition). Ring expansion yields a 6,6,6-
membered ring. In a similar manner, 6,6,6,5- and 6,6,6,6,6-
membered rings are formed. The carbocation could be
quenched by deprotonation or addition of a water molecule
at any intermediary step, producing a greater diversity of
triterpene structures. Triterpenes with fused 6,6,6,5-, 6,6,6,6,5-
or 6,6,6,6,6-membered rings are widely distributed in higher
plants, but those with other ring systems occur only in limited
plant families or species. Arabidiol and thalianol have a fused
6,6,5-membered ring. Addition of a water molecule to the
6,6,5-membered-ring-carbocation intermediate yields ara-
bidiol. Hydride and methyl group shifts along the backbone
of this intermediate yield migrated marabaricane skeleton,
and quenching of carbocation by deprotonation from C-9
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Figure 2. Multiple products of bacterial SHC (A) and its G600
deletion mutant (B).
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yields thalianol. These reactions are precisely controlled by
each enzyme (At4g15340 or At5g48010), and yield a single
product, although many of the otherA. thaliana triterpene
synthases produce multiple triterpenes. It is noteworthy that
A. thalianahas an ability to produce the rare triterpenes with
6,6,5-ring-skeleton, namely arabidiol and thalianol.

OSCs generally terminate the reaction by deprotonation
to form a double bond. Some OSCs including LUP1 and
arabidiol synthases terminate it by water addition to car-
bocation, to yield a product with two hydroxyl groups. LUP1
is a multiple-product OSC that yields dihydroxylupane and
lupeol in nearly equal amount (Figure 1), together with minor
triterpenes includingâ-amyrin, etc.4c Feeding of 1,2-[13C]
acetate to LUP1 transformant showed mixed-labeling patterns
at the propene moiety in lupeol as the result of intact
incorporation of the acetate unit to a single bond between
C-20 and C-30, and a double bond between C-20 and C29,22

while giving a unique labeling pattern at the hydroxypropane
moiety in dihydroxylupane.8a Multiple productivity of LUP1
and these labeling patterns suggest that attack of a water to
lupenyl cation is restricted from only one face in the
quenching reaction.8a The presence of deprotonation and
water addition products was also shown in bacterial SHC,
which yields hop-22(29)-ene and hopan-22-ol in a ratio of
5:1 (SHC fromBacillus acidocaldarius)19aor 1:1 (SHC from
Acetobacter pasteurianum)19b (Figure 2A), although diaster-
eomeric purity regarding the prochiral center at C-22 was
not determined. In contrast to multiple productivity of LUP1
and SHC, it is noteworthy that arabidiol synthase yields a
single product. Arabidiol synthase is the first OSC yielding
a single product with a hydroxyl group originating from a
water molecule. Recently, we have succeeded in cloning of
dammarerenediol-II synthase fromPanax ginseng, which
yields tetracyclic triterepene-diol as the sole product (to be
published elsewhere). Arabidiol synthase and dammarene-
diol-II synthase yielded exclusively one diastereomeric
product. These suggest that the position of the water molecule
that terminates cyclization in the active site pocket of OSCs
is precisely controlled.

As mentioned above, arabidiol and thalianol have a fused
6,6,5-membered ring. Quenching of the 6,6,5-membered-
ring-carbocation by addition of water yields arabidiol, while
deprotonation after hydride and methyl group shifts yields
thalianol. Some particular amino acid residues in the active
site of arabidiol synthase may keep a water molecule that
reacts to carbocation at C-14 immediately after 6,6,5 ring
formation. X-ray crystal structure analysis of human lanos-
terol synthase (hLAS)20 revealed that His232 of the229LWCH-
CR234 motif is positioned to stabilize the anti-Markovnikov
secondary cation formed at C-13 during C-ring formation.

Homology modeling analysis of hLAS based on the crystal
structure of bacterial SHC showed that Lys331 of the
330TKSIS334 motif is situated directly above the two cationic
centers at C-10 and C-15 during protosteryl cation forma-
tion.21 These229LWCHCR234 and 330TKSIS334 motives of
lanosterol synthase correspond to259LWIYLR 264 and366NRY-
IT370 of arabidiol synthase. If259LWIYLR 264 and366NRYIT370

also locate at a similar position in the active site of arabidiol
synthase, they may play an important role in stabilizing or
quenching carbocation formed at the C-ring.259LWIYLR 264

and366NRYIT370 motives are identical between thalianol and
arabidiol synthases except for Asn366. The amino acid
residue corresponding to Asn366 is Thr in thalianol synthase,
and Ser or Thr in all other known triterpene synthases (Figure
3). Asn at this position in arabidiol synthase is quite unique

compared to other triterpene synthases. We therefore specu-
late that Asn366 may take part in water addition to a carbo-
cation at C-14 of the 6,6,5-membered-ring-intermediate be-
cause Asn is more polar than Thr and Ser, and can contribute
to efficiently keep a water molecule in the active site.

Nine out of thirteen OSCs inA. thaliana including
arabidiol synthase (this study) have been identified for their
enzyme function, demonstrating thatA. thaliana has the
ability to produce more than 15 triterpenes, although triter-
pene constituents of this plant itself have not been identified
except for a few triterpenes such asâ-amyrin, R-amyrin,
lupeol, etc. (our unpublished data). It is noteworthy thatA.
thaliana, even though a small model plant, has the ability to
produce nearly one-sixth of the total natural triterpene
skeletons so far reported, owing to the contribution of both
single-product and multiple-product OSCs.
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Figure 3. Alignments of partial amino acid sequences of OSCs.
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