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Fig. 1. Proposed Pathway for the Oxidation of 3b-Hydroxy-
9b-pimara-7,15-dien-19,6b-olide (1) to Momilactone A by De-
hydrogenase.
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Momilactone A, a major rice diterpene phytoalexin,
could be synthesized by dehydrogenation at the 3-posi-
tion of 3b-hydroxy-9b-pimara-7,15-dien-19,6b-olide in
rice leaves. The presence of 3b-hydroxy-9b-pimara-
7,15-dien-19,6b-olide in UV-irradiated rice leaves was
conˆrmed by comparing the mass spectra and retention
times after a GCWMS analysis of the natural and syn-
thetic compounds. The soluble protein fraction from
UV-irradiated rice leaves showed dehydrogenase activi-
ty to convert 3b-hydroxy-9b-pimara-7,15-dien-19,6b-
olide into momilactone A. The enzyme required NAD＋

or NADP＋ as a hydrogen acceptor. The optimum pH
for the reaction was 8. The Km value to 3b-hydroxy-9b-
pimara-7,15-dien-19,6b-olide was 36 mM when NAD＋

was supplied as a cofactor at a concentration of 1 mM.
3b-Hydroxy-9b-pimara-7,15-dien-19,6b-olide and its
dehydrogenase activity were induced in a time-depen-
dent manner by UV irradiation.

Key words: momilactone A; dehydrogenase; phytoa-
lexin; diterpene; 3b-hydroxy-9b-pimara-
7,15-dien-19,6b-olide

The rice plant produces diterpene and ‰avanone
phytoalexins which are involved in the defense
mechanism of the plant.1–4) Their production in the
rice plant is triggered by fungal invasion, heavy
metals such as copper chloride or UV irradiation.
The biosynthetic pathway and enzyme of the ‰ava-
none phytoalexin, sakuranetin, have been studied in
detail;5,6) however, in the case of diterpene phytoalex-
ins, information on their biosynthetic pathway is
limited. It has been reported that geranylgeranyl
diphosphate was cyclized to yield 9bH-pimara-7,15-
diene as the precursor of momilactone A.7) However,
the remaining steps leading to the biosynthesis of
momilactone A have not previously been elucidated.

The work described in this paper was undertaken to
provide information about the last step of momilac-
tone A biosynthesis. We hypothesized that momilac-
tone A could be synthesized by dehydrogenation at
the 3-position of 3b-hydroxy-9b-pimara-7,15-dien-
19,6b-olide (1) and that this reaction would be cata-
lyzed by dehydrogenase (Fig. 1). Although com-
pound 1 has been reported as a reduction product of
momilactone A,8) the natural occurrence of this com-
pound has not previously been reported. The
presence of 1 in rice plants was therefore conˆrmed
by a GCWMS analysis, and the conversion of 1 to
momilactone A by dehydrogenase was studied.

Materials and Methods

Chemicals. Momilactone A was puriˆed from rice
husks in our laboratory. 3b-Hydroxy-9b-pimara-
7,15-dien-19,6b-olide (1) was prepared by the reduc-
tion of momilactone A with lithium aluminum
hydride by the method of Kato et al.8)

Plant material. Rice plants (Oryza sativa L. cv.
Nipponbare) were cultivated in a greenhouse, and at
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the sixth-leaf stage, the fourth- and ˆfth-stage leaves
were detached for use as experimental material.
These detached rice leaves were UV-irradiated and
incubated as described previously.4)

Identiˆcation of 3b-hydroxy-9b-pimara-7,15-dien-
19,6b-olide (1). Rice leaves (1.2 g), which had been
incubated for 2 d after UV irradiation, were boiled in
6 ml of 70z aqueous MeOH for 20 min. After 3 ml
of brine had been added to the extract, the mixture
was partitioned against 9 ml of EtOAc. The EtOAc
layer was concentrated to dryness and adsorbed to a
Sep-Pak Light Silica cartridge (Waters) with n-
hexane. After the cartridge had been washed with
20z EtOAc in n-hexane, the fraction eluted with
50z EtOAc in n-hexane was collected and evaporat-
ed to dryness. The concentrate was dissolved in 10 ml
of acetone. A 1-ml aliquot of the synthetic compound
1 solution (10 ppm in acetone) and 1 ml of the extract
obtained from UV-irradiated rice leaves were each
directly injected into the GCWMS instrument (Saturn
2000R, Varian) which was equipped with an ion-trap
mass spectrometer. Separation was carried out with a
CP-Sil 8 CB low-bleedWMS column (0.25 mm×30 m,
0.25 mm ˆlm thickness, Varian). Helium was used as
the carrier gas at a ‰ow rate of 1.5 mlWmin, the injec-
tor temperature was 2509C, and the temperature pro-
gram of a column oven was 609C for 1 min, before
heating to 3009C at 109CWmin. The conditions used
for the mass spectrometer were as follows: ionization
mode, EI (70 eV); ion trap temperature, 2209C; scan
range, mWz 70-600; scan rate, 1 sWscan.

Protein assay. The protein concentration was
measured by the method of Bradford et al.,9) using
bovine serum albumin as a standard.

Enzyme preparation. Rice leaves were collected at
2 d after UV irradiation or at the times indicated in
the time-course experiment. The leaves were cut into
small pieces and then homogenized with a mortar
and pestle on ice in 5 ml per gram fresh tissue weight
of a buŠer consisting of 0.2 M Tris-HCl at pH 8.5,
10 mM 2-mercaptoethanol, 1 mM of phenylmethylsul-
fonyl ‰uoride, and 1z (wWv) polyvinylpolypyrroli-
done. The subsequent extraction was performed at
49C. The resulting homogenate was ˆltered through
four layers of cheesecloth, and the ˆltrate centrifuged
at 10,000×g for 40 min to remove the dense mem-
branes and other cellular debris. The resulting super-
natant, which is referred to as the crude extract, was
subjected to ultracentrifugation at 100,000×g for
60 min to provide a supernatant (termed the soluble
protein fraction) and pellet (microsome fraction).
This pellet was dissolved in the small amount of the
extraction buŠer. The microsome fraction and crude
extract were dialyzed with a 0.2 M Tris-HCl buŠer at
pH 8.0 before the assay. The soluble protein fraction

was concentrated by ultraˆltration with a Centricon
YM-30 membrane (Millipore). This fraction was
desalted in a PD-10 or NAP-10 column (Amersham
Pharmacia Biotech) that had been equilibrated with
the assay buŠer or by dialysis with the 0.2 M Tris-HCl
buŠer at pH 8.0 before the assay. The protein con-
centrations of the crude extract, soluble protein frac-
tion and microsome fraction were 100–200, 60–500
and 430 mgWml, respectively, in the assay.

Enzyme assay for dehydrogenase. The reaction
mixture containing 150 ml of the enzyme solution
and 150 ml of the assay buŠer consisting of 0.2 M

Tris-HCl at pH 8.0 and 10 mM 2-mercaptoethanol
was pre-incubated for 5 min at 309C. To determine
the optimum pH value, 0.2 M Hepes-NaOH, Tris-
HCl and 3-(cyclohexylamino)-1-propanesulfonic acid
(CAPS)-NaOH were used as the assay buŠer for the
pH ranges of 6–8, 7–9 and 9–10, respectively. The
reaction was initiated by adding 83 ml of 600 mM com-
pound 1 in the assay buŠer containing 0.5z DMSO,
100 ml of 5 mM NAD+ in the assay buŠer and 17 ml of
distilled water. After incubating at 309C for 40 min,
the reaction was stopped by the addition of 0.5 ml
of MeOH, before the solution was centrifuged
(10,000×g for 10 min). A 10-ml aliquot obtained
from the assay was subjected to LCWMSWMS
(Perkin-Elmer SCIEX API-300, Applied Bio-
systems), the instrument being equipped with an
APCI inlet system, to determine the amount of
momilactone A by the method described previous-
ly.10) Momilactone A was detected at a combination
of mWz 315W271 in the multiple reaction monitoring
(MRM) mode.

Quantiˆcation of momilactone A and 3b-hydroxy-
9b-pimara-7,15-dien-19,6b-olide (1). UV-irradiated
rice leaves were collected at the time indicated. These
leaves were cut into small pieces and then boiled in
70z aqueous MeOH (5 ml per gram fresh tissue
weight) for 20 min. Ten ml of the extract was subject-
ed to an LCWMSWMS analysis by the method
described previously.10) Compound 1 was detected at
a combination of mWz 317W299 in the MRM mode.

Results and Discussion

Identiˆcation of 3b-hydroxy-9b-pimara-7,15-dien-
19,6b-olide in UV-irradiated rice leaves

We had speculated that momilactone A would be
biosynthesized from 1 by dehydrogenation at the 3-
position. Since 1 had not been previously reported as
a natural product prior to this investigation, it was
necessary to clarify whether this compound was
present in rice plants. The retention time and mass
spectrum of synthetic 1 was determined by GCWMS
with a capillary column. The peak at the same reten-
tion time had an identical mass spectrum when the
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Table 1. Comparison of the Retention Time and Relative Inten-
sity of the Characteristic Ion between the Extract Obtained from
UV-Irradiated Rice Leaves and Synthesized 3b-Hydroxy-9b-
pimara-7,15-dien-19,6b-olide

Retention
time
(min)

Diagnostic ion (mWz) with
percentage abundance

183 199 239 255 273 288 316

Synthesized 22.116 43 45 100 38 46 26 7
Natural 22.109 52 55 100 38 49 26 10

Fig. 2. Demonstration of Dehydrogenase in UV-Irradiated Rice
Leaves.

The complete assay mixture contained the crude extract, a
cofactor such as 1 mM NAD+ (1) or 1 mM NADP+ (2) and
100 mM compound 1. The control was this assay mixture
containing the denatured enzyme which had been prepared by
dipping the crude extract into boiling water for 5 min before the
assay. (3) and (4) are the control assay mixture respectively
containing NAD+ and NADP+ . An incomplete assay mixture
containing the crude extract and compound 1 without any cofac-
tor (5) was also prepared. Assay mixtures containing the enzyme
and cofactors NAD+ (6) and NADP+ (7) without compound 1
were also prepared. The maximum activity corresponds to a
speciˆc activity of 120 fkatWmg of protein.

Table 2. Fractionation of the UV-Irradiated Rice Leaf Extract
and Subcellular Localization of the Dehydrogenase

Fraction

Dehydrogenase
activity in one gram

of fresh leaf
(z of crude extract)

Speciˆc activity
(fkatWmg of protein)

Crude extract 100 183
Microsome 1.1 21.8
Soluble protein 77 240

The crude extract was prepared by centrifuging the rice leaf extract at
10,000×g. After ultracentrifuging this crude extract at 100,000×g, the su-
pernatant was obtained and is termed the soluble protein fraction. The
microsome fraction was obtained from the resulting pellet. All of the frac-
tions were dialyzed with 0.2 M Tris-HCl at pH 8 before the assay. The reac-
tion mixtures are described in the Materials and Methods section. The activi-
ty corresponding to the 100z value was 248 fkatWg fresh weight equivalent
of leaves.

568 A. ATAWONG et al.

extract obtained from UV-irradiated rice leaves was
analyzed by GCWMS (Table 1). This result indicates
that 1 had been biosynthesized in the UV-irradiated
rice leaves and may play a role as the precursor for
momilactone A biosynthesis. This is the ˆrst report
on 1 from a natural source. The antifungal activity of
1 was measured by the spore germination of the rice
blast fungus, Magnaporthe grisea. Its activity was
almost the same as that of momilactone A (data not
shown).

Demonstration of 3b-hydroxy-9b-pimara-7,15-
dien-19,6b-olide dehydrogenase

The last step for momilactone A biosynthesis had
been speculated to be oxidation at the 3-position of 1
by dehydrogenase. In the 10,000×g UV-irradiated
rice leaf supernatant, 1 was converted into momilac-
tone A in the presence of NAD(P)+, while the con-
version of 1 into momilactone A in the presence of
NAD+ showed higher activity. Moreover, 70z of
activity was also found in the presence of NADP+.
The boiled control and assay without a cofactor or 1
showed no activity for producing momilactone A
(Fig. 2). These results demonstrate that momilactone
A was enzymatically synthesized from 1 by
NAD(P)+-dependent dehydrogenase in the UV-
irradiated rice leaves.

To study the enzymes involved in the biosynthesis
of secondary metabolites, a GCWMS analysis or
radioisotope tracing is usually used.11–13) However,
the GCWMS analysis usually requires some puriˆca-
tion of the samples and takes more than 20 min for
each analysis. Although radioisotope tracers are very
useful, their availability is limited. We used in this
study an LCWMSWMS analysis for the enzyme assay.
The assay mixture could be directly analyzed, and the
time for the analysis of each sample was less than
5 min. We propose that the LCWMSWMS technique
can substitute for a GCWMS analysis and radioiso-
tope tracing when investigating the biochemistry of
secondary metabolites.

3b-Hydroxy-9b-pimara-7,15-dien-19,6b-olide de-
hydrogenase activity was detected in a soluble protein
fraction

To determine whether the dehydrogenase activity
existed in the soluble or microsome fraction, subcel-
lular fractionation preparations were examined for
their dehydrogenase activity to convert 1 to momilac-
tone A. The result is shown in Table 2. After
ultracentrifugation at 100,000×g, the dehydrogenase
activity was retained in the supernatant, showing that
it originated from the soluble enzyme. Only 1z of
dehydrogenase activity was found in the microsome
fraction. These results demonstrate that the de-
hydrogenase which synthesized momilactone A from
1 was a soluble protein.
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Fig. 3. Activity-pH Proˆle of Dehydrogenase Assayed for the
Optimal pH for Activity with DiŠerent BuŠers in the Range pH
6–10.

The experiment was performed with the soluble protein frac-
tion used as the enzyme. Dehydrogenase activity is presented as
a percentage of the maximum activity. The maximum activity
corresponds to a speciˆc activity of 41 fkatWmg of protein.

Fig. 4. Time-dependent Induction of Momilactone A (A, ),
3b-Hydroxy-9b-pimara-7,15-dien-19,6b-olide (A, ) and De-
hydrogenase Activity (B) in UV-Irradiated Rice Leaves.

Following irradiation by UV light, the compounds were ex-
tracted with 70z MeOH, and the soluble protein fraction was
prepared from the leaves at diŠerent time intervals. Details of
the analysis are provided in the Materials and Methods section.

569Biosynthesis of Rice Phytoalexin

Characterization of 3b-hydroxy-9b-pimara-7,15-
dien-19,6b-olide dehydrogenase

Some properties of the enzyme involved in the oxi-
dation of 1 to form momilactone A have been
established in this work. The optimum pH for the
dehydrogenase was determined to be 8.0, with
reduction of activity to 74z and 80z of the maxi-
mum at 1 pH unit above and below the optimum
(Fig. 3). A substrate saturation experiment was per-
formed under the optimum assay conditions with the
soluble protein fraction, using 1 as a substrate at
various concentrations. The Km value for substrate 1
was estimated to be 36 mM from Lineweaver-Burk
plots when NAD+ was supplied as a cofactor at the
concentration of 1 mM.

Time-dependent induction of momilactone A,
3b-hydroxy-9b-pimara-7,15-dien-19,6b-olide (1) and
dehydrogenase activity in UV-irradiated rice leaves

Momilactone A and 1 were extracted after diŠerent
incubation times from UV-irradiated rice leaves and
quantiˆed by LCWMSWMS. The level of momilactone
A increased rapidly up to 48 hr and then slightly
increased up to 72 hr after UV irradiation. The level
of 1 reached a maximum 36 hr after irradiation
(Fig. 4(A)). These results strongly support the notion
that 1 was a precursor of momilactone A. The
amount of 1 at the maximum level was about 20
times less than that of momilactone A, this being
similar to the relationship between sakuranetin and
its precursor, naringenin. The maximum level of

naringenin was 60 mgWg fresh weight of UV-
irradiated rice leaves, while that of sakuranetin was
1.15 mgWg fresh weight (M. Hasegawa, unpublished
results). These results suggest that 1 and naringenin
were eŠectively converted to momilactone A and
sakuranetin in UV-irradiated rice leaves.

The proˆle of dehydrogenase induction was also
examined. Figure 4(B) shows that the dehydrogenase
activity reached a maximum 48 hr after UV-irradia-
tion. This result provides good correlation between
the increase in enzyme activity and the accumulation
of momilactone A. Neither the production of the
compounds nor any dehydrogenase activity was in-
duced in detached rice leaves which had not been UV-
irradiated (data not shown).

The results reported here provided the information
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about the involvement of dehydrogenase in momilac-
tone A biosynthesis. Although there have been some
reports on the involvement of dehydrogenase in ter-
penoid biosynthesis in plants,11–13) this is the ˆrst
report on a dehydrogenase being involved in a stress-
inducible terpenoid compound.
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