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ABSTRACT

Many of monoterpenes produced in plants contribute to defenses against herbivores, insects and microorganisms.
Among those compounds, -thujaplicin formed in Cupressaceae plants has a unique conjugated seven-membered ring
and some useful biological activities, e.g. fungicide, repellent, insecticide and so on. The biosynthesis pathway of g-
thujaplicin has not yet been revealed; we have been trying to uncover it using Cupressus lusitanica cultured cells as a
model. In our previous study, terpinolene was identified as a potential g-thujaplicin intermediate at the branching point
to terpenoids. In this article, terpinolene metabolism in C. lusitanica cultured cells was investigated, and it was shown
that the microsomal fraction from cells oxidized terpinolene into the hydroxylated compound, 5-isopropylidene-2-met-
hylcyclohex-2-enol (IME). Then, IME was further oxidized by microsomal fraction to the epoxidized compound, 1,6-
epoxy-4(8)-p-menthen-2-ol (EMO). These were the only two products detected from the microsomal reactions, respect-
tively. Moreover, microsomal reactions with monoterpenes other than terpinolene produced nothing detectable. These
results show that the enzymes of these reactions had strict substrate specificity and regio-selectivity. Experiments on
kinetics and with specific inhibitors confirmed that these reactions were caused by cytochrome P450 monooxygenases,
respectively. These results support our hypothesis that terpinolene is a putative intermediate of g-thujaplicin biosynthe-
sis and show that IME and EMO are also putative intermediates.
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1. Introduction insecticide and/or their repellent [5,6]. In humans, it has
been reported to have activity against some viruses and
anticancer activity [7,8]. The structure of g-thujaplicin is
based on a unique conjugated seven-membered ring called a
tropolone ring.

In our laboratory, we have been trying to reveal the
biosynthetic pathway of p-thujaplicin in Cupressus lusit-
anica (Mexican Cypress) cultured cells. This cell culture
system is a very convenient model for metabolic analysis
of p-thujaplicin and related terpenes. C. lusitanica cul-
tured cells does not produce g-thujaplicin, until when it is
exposed to an elicitor or other stress; therefore, they have
been used to investigate the p-thujaplicin biosynthesis
pathway and its related enzymes. So far, our group has
shown by some feeding experiments that g-thujaplicin is
synthesized from geraniol (actually, geranyl diphosphate
(GDP)), which indicates that g-thujaplicin is a monoter-
pene; further, implied that th intermediate of p-thujap-
*Corresponding author. licin biosynthesis would have a menthane-like carbon ske-

Terpenoids are a group of compounds consisting of 5-
carbon isoprene units. Their reactions result in a huge
number of compounds, over 40,000 substances [1]. The
commercial importance of terpenes is based on their fla-
vors and fragrances in cosmetics, foods, soaps and so on.
Therefore, agricultural research on terpenoids in fruits
and flowers are in progress [2]. In addition, terpenes have
various pharmacological roles-antimalarial and anti-in-
flammatory activities, etc. and ecological influences re-
lated to the plant defense system: antifungal activity, at-
traction of natural enemies of predators and signaling to
other plants [3,4].

Some Cupressaceae trees produce p-thujaplicin (also
called hinokitiol in Japan) as a defensive compound. This
substance is known to have an important role in preserve-
ing its heart wood, and exerts strong activity as fungicide,

Copyright © 2012 SciRes. AJPS



Regio- and Substrate-Specific Oxidative Metabolism of Terpinolene by Cytochrome P450 Monooxygenases 269
in Cupressus lusitanica Cultured Cells

leton [9]. Elicitor-stressed cells showed extremely high
terpinolene synthase activity, and its time course profile
corresponds to that of g-thujaplicin concentration [10];
additionally, 1,6-epoxy-4(8)-p-menthen-2-ol (EMO) and
4(8)-p-menthen-1,2-diol existed in elicitor-treated cells
[11]. From these results, we have speculated that the ter-
pinolene metabolism pathway (Figure 1) and these sub-
stances comprise the potent intermediates of -thujaplicin
biosynthesis. Tropolonoid biosynthesis pathways have
been shown in fungi [12] and bacteria [13], however, the
pathways in plants have not been uncovered yet, except
for the colchicine derivatives in Colchicum plants. Those
are composed from dopamine and 4-hydroxycinnamic
acid [14]; therefore, the origin and the pattern of ring
formation must be different from those of g-thujaplicin.

In this paper, crude enzyme reactions with some mon-
oterpenes found in C. lusitanica cultured cells were per-
formed and the reaction products were analyzed and cha-
racterized. Hydroxylations of allylic positions and epoxi-
dation of double bonds of monoterpenes have previously
been reported in plants of some cytochrome P450 mono-
oxygenases reacting with monoterpenes [15-18]; hence,
the involvement of cytochrome P450s in this terpinolene
metabolism was investigated. As a result, we discovered
the two-step regio- and substrate-specific oxygenation of
terpinolene by cytochrome P450 monooxygenases and
describe those processes here.

2. Experimental Procedures
2.1. Cell Culture Conditions

Callus cultures of C. lusitanica were maintained in Gam-
borg B5 medium [19] supplemented with 0.01 mM ben-
zyl aminopurine, 10 mM-naphthyl acetic acid, 20 g/L
sucrose and 2.7 g/L gellan gum at pH 5.5 for more than
10 years. No terpene including g-thujaplicin was pro-
duced under this growth condition. For microsomal frac-
tion preparation, ca. 5 g of C. lusitanica cells growing in
solid B5 medium for 4 weeks was transferred to 30 ml of
liquid production medium [20]. To initiate terpene pro-
duction, 2 ml of partially purified yeast extract solution was
added as an elicitor [5]. After 24 h of 25°C, 70 rpm shaking,

oPP o
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| | | |

GDP Terpinolene IME EMO p-Thujaplicin

(Hinokitiol)

Figure 1. Expected oxidized monoterpene biosynthesis path-
way in C. lusitanica cultured cells initiated from GDP and
terpinolene. The dotted arrows indicate unrevealed reac-
tions and the several arrows indicate multiple enzymatic
steps.
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dark incubation, cells were separated from medium and
stored at —80°C.

Preparation of microsomal fraction—Eight g of cells
were ground in a pre-chilled mortar and pestle with lig-
uid nitrogen, and suspended in 200 ml of pre-chilled
buffer under the conditions reported by Bouwmeester et
al. [21]. The homogenate was transferred to a small bot-
tle, sonicated for 3 min in 10 s pulses at 35% power
(USP-400A SHIMADZU, Kyoto, Japan) and stirred for
12 min. The homogenate was centrifuged at 20,000 g for
20 min, followed by filtration with a glass fiber filter,
and then at 150,000 g for 90 min. Microsomal pellets
were either used directly for assay or stored at —80°C.

2.2. Microsomal Reaction

Microsomal pellets were resuspended in assay buffer
[21]. One ml of microsomal suspension was incubated in
a 20 ml teflon-lined screw cap vial flushed with O, gas,
and the reaction was started by the addition of 1 mM
NADPH, an NADPH-regenerating system (5 mM glu-
cose-6-phosphate, 1 iu. mlI™' glucose-6-phospate dehy-
drogenase) and 550 nmol of terpinolene or 315 nmol of
5-isopropylidene-2-methyl-cyclohex-2-enol (IME) (10 1
of acetone stock, respectively). Control assays were per-
formed with the enzyme solution boiled for 15 min be-
fore incubation or the enzyme reaction without substrates.
After incubation for 30 min or 1 h at 30°C, reactions
were stopped by addition of Et,O or ethyl acetate. As an
internal standard, 1.5 nmol dodecyl alcohol was added to
the reaction mixtures, then the mixtures were extracted
twice with Et;0O or ethyl acetate. The organic phases
were transferred to a fresh vial, washed with water, deh-
ydrated with anhydrous MgSO, and passed over a short
silica gel column. The fractions of reaction products were
concentrated by a stream of N, and analyzed with GC/
MS (HP 5890 series II and HP 5972; Hewlett Packard,
Palo Alto, CA). A fused silica capillary column InertCap
5 (length, 30 m; i.d., 0.25 mm; film thickness, 0.25 pm,
GL Sciences, Tokyo, Japan) was used. Helium was used
as the carrier gas with a column head pressure of 100 kPa.
The oven temperature was kept at 70°C for 3 min and
increased with a gradient of 10°C/min up to 250°C. The
temperature of the inlet port was 220°C and that of the
interface to MS was 250°C. Enzyme activity rates were
linear for over 30 min for terpinolene oxygenase and for
over 60 min for IME oxygenase.

O,-free atmosphere reactions were performed in vials
flushed with argon immediately before addition of sub-
strate and cofactors. To distinguish from peroxidase, the
concentration of 25 i.u. ml™ of catalase was employed.
Quantitative analysis with GC/MS was performed with
selected ion-monitoring mode: for IME m/z, 109, 119,
134, 152; for EMO m/z, 91, 107, 135, 168; and for inter-
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nal standard m/z, 55, 68. Other conditions were the same
as before. The assays were performed biologically in du-
plicate or triplicate.

2.3. Reactions with Inhibitors

For CO atmosphere reactions, reaction mixtures were bu-
bbled with CO for 5 min before addition of NADPH and
NADPH-regenerating systems.

Cytochrome P450 monooxygenase-specific inhibitors
were also tested. Miconazole and clotrimazole were added
to the reaction mixture in 4 to 8 1 of DMSO and incu-
bated 15 min at 30°C prior to the addition of substrate
and cofactors. The assays were performed in triplicate.

2.4. Preparation of Authentic IME

Authentic IME was chemically synthesized by Mother-
well’s method [22]. Briefly, a-Pinene oxide (2.4 ml, 15
mmol) was added to a stirred solution of p-toluene sulfo-
nic acid (2.85 g, 15 mmol) in DMF (100 ml), and the
reaction mixture was stirred at room temperature for 1 h
to overnight. Reaction products were derived with water
and Et,O. Then the organic phase was washed with water,
dehydrated and concentrated under a vacuum. The reac-
tion products were separated with alumina (aluminum
oxide 90 active neutral, Merck, Darmstadt, Germany) co-
lumn chromatography (hexane: ethyl acetate = 95:5). The
purity and structure of synthesized IME was confirmed
by analysis of GC/MS, 'H- and "C-NMR.

2.5. Preparation of Authentic EMO

Because EMO has already been discovered in extracts of
C. lusitanica cells and medium [11], authentic EMO was
obtained by extraction and purification of the cells and
medium. Cells were incubated in production medium
with elicitor for three days, separated from the medium,
and ground with a mortar and pestle. Then cells and me-
dium were extracted with ethyl acetate together. The or-
ganic phase was washed, dehydrated and concentrated
under vacuum. EMO was isolated from the extracts by
silica gel column chromatography (hexane: ethyl acetate
=30:70). The purity of the obtained EMO was confirmed
by GC/MS analysis.

3. Results
3.1. Terpinolene Metabolism

Microsomal reaction with terpinolene was carried out
first. The reaction products were analyzed with GC/MS
and the peak of 10.1 min was newly appeared only in the
complete condition; there was no such peak for negative
controls (Figure 2(a)). The retention time and mass spec-
trum of the peak agreed with chemically synthesized IME

Copyright © 2012 SciRes.
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Figure 2. Gas chromatograms and mass spectra of micro-
somal reaction product of terpinolene and authentic IME:
(a) Chromatograms of authentic IME “a” and reaction pro-
duct “b”. The peak at 7.2 min was terpinolene. The peak in
negative controls; (b) Mass spectrum of 10.1-min peak of
microsomal reaction product; (c) Mass spectrum of authen-
tic IME.
(Figures 2(a)-(c)). Other products regarded as being pro-
duced from terpinolene (e.g. hydroxylated at another
position or epoxidized terpinolene) were not detected.
Heat-deactivated enzyme solution and the reaction with-
out terpinolene did not produce the substance (data not
shown). From these results, it was shown that terpinolene
was hydroxylated to IME by enzymes in a microsomal

fraction of C. lusitanica cultured cells and that no other
reaction occurred.
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3.2. Characterization of Terpinolene Hydroxylase

Hydroxylations of cyclic and acyclic monoterpene ole-
fins at allylic positions by cytochrome P450 monooxy-
genases were previously reported [15-18]; therefore, it
was confirmed that the oxidation of terpinolene to IME
was catalyzed by cytochrome P450s. To prove the in-
volvement of a P450 enzyme, O,- and NADPH-removing
reactions, CO atmosphere reactions, catalase-applying
reactions and P450-specific inhibitor reactions (using
miconazole and clotrimazole) were performed. Results
are summarized in Table 1. The microsomal reaction
without O,, performed under an Ar atmosphere, did not
produced detectable level of IME. The value of IME
produced under CO atmosphere was about 30% less than
that of the O, atmosphere reaction. Then, the microsomal
reaction with catalase was performed to rule out the in-
volvement of hydrogen peroxide. Catalase did not inhibit
production of IME, i.e. denying the possibility of per-
oxidase reaction. Cytochrome P450-specific inhibitors
confirmed its involvement; the ICs, values of miconazole
and clotrimazole were 52 pM and 47 uM, respectively
(Table 1). These are similar to previously reported 1Csg
values in and spearmint monoterpene hydroxylases [23].
These results showed that terpinolene was metabolized to
IME by a cytochrome P450 monooxygenase in C. lusita-
nica cell culture. The Ky value given by the Lineweaver-
bark plot was 55 uM (data not shown), suggesting that
terpinolene was an adequate substrate. This is similar to
the values of other plants’ monoterpene hydroxylases pre-
viously reported: limonene hydroxylases were from 11 to

Table 1. Characteristics of terpinolene hydroxylase and
IME epoxidase: Relative activity indicates the rate of sub-
strate production as complete reaction was 100%. Complete
activityincludes all elements of reaction. No NADPH: NADPH
and regenerating system was removed. Ar and CO: re-
placement of air in reaction vials with each gas. Catalase:
complete system with 25 i.u. ml™ catalase. n. d.: not de-
tected.

Relative activity (%)

Substrate IME EMO
Complete 100 100
No NADPH n. d. trace
Ar n. d. trace
CO 31 42
Catalase 84 112
ICso (M)
Miconazole 52 23
Clotrimazole 47 19

Copyright © 2012 SciRes.

21 uM in caraway, peppermint, spearmint and perilla,
and geraniol and nerol hydroxylases in Vinca rosea were
5.5and 11 uM [21-24].

3.3. Microsomal Reactions with Other
Monoterpene Olefins

C. lusitanica culture cells produce monoterpenes when
they are exposed to elicitor and mechanical stress [5,6].

The cells emit various volatile monoterpenes such as
terpinolene, sabinene, limonene, f-ocimene, o-terpinene,
myrcene, p-cymene, y-terpinene, a-pinene, S-pinene and
o-terpineol [10] (Figure 3). In order to confirm whether
these monoterpene olefins were possible substrates, they
were treated with a microsomal fraction from C. [usi-
tanica cells. For this experiment, 2-carene and (+)-3-carene
were also used because these two compounds were theo-
retically proposed by Erdtman as intermediates of g-thuja-
plicin biosynthesis by the idea from organic chemistry [24].

From the results of GC/MS analysis of the reactions
with monoterpenes above, there was no peak thought to
be made by oxidized monoterpenes (data not shown).
Therefore, oxidation of terpinolene by cytochrome P450s
was the dominant reaction in C. lusitanica cells among
the monoterpenes emitted from elicitor-treated cells.

3.4. Metabolism of IME

To reveal the metabolism of IME in C. lusitanica culture
cells, microsomal reactions were performed with IME, in
the same manner as above. There was a newly appeared
peak whose retention time and MS agreed with authentic
EMO previously identified from cell and medium ex-
tracts [11] (Figure 4). In the case of deactivation by heat
or IME-free reaction, no EMO peak was observed. From
the chromatogram of the enzyme reaction product, no
other peaks estimated to be produced from IME were

| Z |
pCymene . Myrcene .
Limonene B-ocimene
a-Pinene
Sabinene y-Terpinene
p-Pinene a-Terpinene

Figure 3. Monoterpene structures other than terpinolene
emitted form C. lusitanica cells by initiation of elicitor.
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Figure 4. Gas chromatograms and mass spectra of micro-
somal reaction product of IME and authentic sample of
EMO: (a) Chromatograms of authentic EMO “a” and reac-
tion product “b”. The peak at 10.4 min was IME. The peak
at 11.8 min appeared after the reaction and wasn’t detected
in negative controls; (b) Mass spectrum of 11.8-min peak of
microsomal reaction product; (c) Mass spectrum of authen-
tic EMO.

found: for example, further hydroxylation of IME, ep-
oxidation at the C4-8 double bond or further oxidation of
the hydroxyl group to ketone. These results indicated that
IME was the sole substrate for EMO production and also
that EMO was the sole product of IME.

3.5. Characterization of IME Oxygenase

Because this reaction was also expected to be caused by

Copyright © 2012 SciRes.

cytochrome P450s, the characterizations were performed
as described above. Trace amounts of EMO were de-
tected in the NADPH- and O,-removed reaction, but
source of this EMO would be from the cell and medium
used for crude enzyme solution. The value of EMO pro-
duced under a CO atmosphere was about 40% less than
that in an O, atmosphere reaction. The Ky value given by
the Lineweaver-bark plot was 31 uM. The cytochrome
P450 enzyme in avocado catalyzing epoxidation of the
double bond in nerol was up to 50 uM [26]. ICs, values
of the reaction with miconazole and clotrimazole were 23
UM and 19 pM, respectively. These values were similar
to those of other cytochrome oxygenations of plant mo-
noterpenes catalyzed by P450 [23]. Then, the microsomal
reaction with catalase also ruled out the involvement of
peroxidase reaction. The amount of produced EMO was
in the range of a complete reaction. These results showed
that IME oxygenase was a kind of cytochrome P450
monooxygenase.

4. Discussion

Metabolism of terpenes starts at the production of hy-
drocarbon terpenes by various terpene synthases and fol-
low many kinds of steps, such as oxidation, reduction
and isomerization for final products [27]. However, the
many pathways that have been proposed have no ex-
perimental evidence expect for those of some comer-
cially useful terpenes such as taxol [28]. We have res-
earched monoterpene biosynthesis in C. lusitanica cult-
ured cells. When the cells were treated with elicitors
made from yeast extracts, they produced various volatile
and non-volatile monoterpenes. In ether extracts from the
cells and the medium, some oxidized monoterpenes (4-
terpineol, a-terpineol, 4-hydroxyphellandric acid methyl
ester, 1,6-epoxy-4(8)-p-menthen-2-ol, p-ment-4(8)-en-1,
2-diol and g-thujaplicin) were identified. On the other
hand, 10 hydrocarbon monoterpenes (a-pinene, sabinene,
B-pinene, myrcene, p-cymene, a-terpinene, limonene, S-
ocimene, y-terpinene and terpinolene) were previously
identified only as the emitted volatiles [10,11]. Although
the amount of emitted terpinolene was smaller than that
of other emitted monoterpenes, terpinolene synthase ac-
tivity was very dominant among the monoterpene syn-
thases, so it was assumed that terpinolene was metabo-
lized very quickly to another compound, then probably
eventually to g-thujaplicin [9]. In this paper, the oxida-
tive metabolism of terpinolene, the product of terpino-
lene synthase, was researched using a crude enzyme ex-
tracted from C. lusintanica cultured cells.

From our previous results, some oxidized monoter-
penes were identified in the ether extracts of elicitor-
treated cells and medium, for example, 4(8)-p-menthen-1,
2-diol and 1,6-epoxy-4(8)-p-menthen-2-ol [11]. The next
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reaction of terpinolene was thought to be oxygenation
because there have been some reports about oxygenation
of monoterpenes by cytochrome P450 monooxygenases
[15-18]. In the present study, a microsomal reaction with
terpinolene was tried and showed that microsomal frac-
tions extracted from C. lusitanica cells hydroxylated ter-
pinolene to IME, and that IME was further oxygenated to
EMO. These results indicated a two-step oxidation proc-
ess from terpinolene to EMO in C. lusitanica culture
cells.

When terpinolene is used as a substrate for the micro-
somal reaction, IME was produced but EMO was not.
This is because the amount of IME was not enough to
react and produce EMO. In addition, the enzymes that
take the reactions after EMO would exist in other parts of
C. lusitanica cells than microsomal fractions, therefore,
p-thujaplicin was detected neither the reaction products
from terpinolene nor IME.

Elicitor-treated C. lusitanica cells produced some mo-
noterpenes other than terpinolene: sabinene, limonene,
p-cymene, a-pinene, S-pinene, a-terpinene, and f-ocimene
[10]. These monoterpenes also have the possibility of oxi-
dative metabolism with the microsomal reaction. How-
ever, peaks thought to have M. W. of 152 or 150 (hydro-
xy or ketone monoterpenes) were not detected on GC/
MS. In this research, the monoterpenes 2-carene and 3-
carene were also tried as substrates [25], but no peak
thought to be produced by oxygenation of these com-
pounds was detected. The pathway from terpinolene was
the only one in evidence, so terpinolene was found to be
the sole substrate of the microsomal fraction enzyme
among the monoterpenes produced in elicitor-treated cells.
This result showed that the enzyme of the reaction had
strict substrate selectivity.

The hydroxylase of terpinolene and the epoxygenase
of IME were each experimentally characterized. An O,-
removing reaction by Ar atmosphere and an NADPH-
removing reaction gave reduced amounts of oxidized
products of them. Some specific inhibitor reactions and
Ky values were similar to those found in previous works
on other plants’ cytochrome P450 monooxygenases [21,
23,24,26], so the present reactions were assumed to be
likewise caused by a cytochrome P450. Mau and Croteau
reported that the oxidations of hydrocarbon monoter-
penes by several cytochrome P450 monooxygenases re-
sulted in hydroxylation at allyllic positions and multiple
products [18]. Terpinolene has some allyllic positions,
and IME also has some allyllic positions because of its
two double bonds. The nerol oxidase of avocado made
regio-isomers from nerol [26], so it was possible that
regio-isomers of IME and EMO were produced by these
reactions. However, the terpinolene oxidase in the C. [u-
sitanica microsomal fraction hydroxylated specifically at

Copyright © 2012 SciRes.

the 3rd carbon and did not produce isomers of IME
(there was no peak considered to be made by hydroxyla-
tion of terpinolene other than IME); i.e., the enzyme had
strict site-regulation. Similarly, when EMO was pro-
duced by the enzyme reaction, no other reaction products
were detected. Sheet [29] and Karp [23] reported that
N-substituted imidazoles, such as miconazole and clo-
trimazole, may be useful to distinguish between different
forms of cytochrome P450s. Enzymes that catalyze oxy-
genation of a single substrate at different positions were
differently inhibited by various reagents. In this work,
miconazole and clotrimazole were equally effective against
terpinolene hydroxylase and IME epoxidase; therefore,
these reactions should be expected to perform site regu-
lation. These results indicated that this reaction cascade
strictly regulates the position of oxidation and selects
certain structures of substrates and products.

Some P450s in plant monoterpene production produce
only one stereo-isomer while others do not act in that
fashion. IME and EMO do have stereo-isomers, but the
EMO produced in C. lusitanica cells had a single, abso-
lute configuration (LS, 2S, 6R-1,6-epoxy-4(8)-p-men-
then-2-ol) [11]. According to the previous report [11],
the biosynthetic pathway from terpinolene in C. lusitan-
ica culture cells would have stereo-regulation. The con-
figurations of the hydroxyl unit of IME and of epoxy
oxygen of EMO should have only one direction, respect-
tively. Therefore, our next work will be a further analysis
of stereo-regulations of the cascade of reactions dis-
cussed in this article.

C. lusitanica cultured cells produce a characteristically
large amount of g-thujaplicin, over 10% in weight of
ethyl acetate extracts. As previously reported from our
isotope feeding experiments, it is expected that g-thuja-
plicin is produced via a menthane-type intermediate [9].
Namely, EMO and 4(8)-p-mentene-1,2-diol were pro-
duced only when the cells were exposed to elicitor stress,
suggesting that these substances were related to a direct
defensive response or to the biosynthesis of defensive
compounds. Considering the relationship between the time-
course profile of terpinolene synthase activity and that of
p-thujaplicin concentration, terpinolene is expected to be
an intermediate of g-thujaplicin biosynthesis [10]. From
the present results, IME and EMO, enzyme reaction pro-
ducts from terpinolene and IME, are expected to be in-
termediates, too. Therefore, the pathway shown here was
expected to be the most possible cascade to produce
p-thujaplicin; the metabolism after EMO production will
become our next target in our efforts to reveal the bio-
synthetic pathway of g-thujaplicin.
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