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Abstract

Anthranilate synthase (AS) is a key enzyme in tryptophan (Trp) biosynthesis. Metabolic changes in transgenic Arabidopsis plants
expressing the feedback-resistant anthranilate synthase a subunit gene OASA1D were investigated with respect to Trp synthesis and
effects on secondary metabolism. The Trp content varied depending on the transgenic line, with some lines showing an approximately
200-fold increase. The levels of AS activity in crude extracts from the transgenic lines were comparable to those in the wild type. On the
other hand, the enzyme prepared from the lines accumulating high levels of Trp showed a relaxed feedback sensitivity. The AS activity,
determined in the presence of 50 lM L-Trp, correlated well with the amount of free Trp in the transgenic lines, indicating the important
role of feedback inhibition in control of Trp pool size. In Arabidopsis, Trp is a precursor of multiple secondary metabolites, including
indole glucosinolates and camalexin. The amount of indol-3-ylmethyl glucosinolate (I3M) in rosette leaves of the high-Trp accumulating
lines was 1.5- to 2.1-fold greater than that in wild type. The treatment of the leaves with jasmonic acid resulted in a more pronounced
accumulation of I3M in the high-Trp accumulating lines than in wild type. The induction of camalexin formation after the inoculation of
Alternaria brassicicola was not affected by the accumulation of a large amount of Trp. The accumulation of constitutive phenylpropa-
noids and flavonoids was suppressed in high-Trp accumulating lines, while the amounts of Phe and Tyr increased, thereby indicating an
interaction between the Trp branch and the Phe and Tyr branch in the shikimate pathway.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Tryptophan (Trp, 4, Fig. 1) is an essential amino acid
that largely functions as a building block of proteins. The
biosynthesis of Trp (4) takes place via the shikimate path-
way, and the first committed step of Trp (4) synthesis is cat-
alyzed by anthranilate synthase (AS). AS transfers an
amino group of glutamine to chorismate (2) and generates
0031-9422/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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anthranilate (3) and pyruvate. It has been demonstrated
that AS activity is regulated by Trp (4) through feedback
inhibition (Belser et al., 1971; Widholm, 1972).

Purified AS enzymes are heterotetramers composed of
distinct a and b subunits (Poulsen et al., 1993; Bohlmann
et al., 1995; Niyogi and Fink, 1992; Niyogi et al., 1993).
While ASb transfers the amino group from glutamine to
ASa, ASa converts chorismate (2) to anthranilate (3) with
ammonium ion the amino donor, and is responsible for
feedback inhibition by Trp (4). Feedback insensitive ASa
subunits have been characterized in Ruta graveolens (Bohl-
mann et al., 1996) and cultured tobacco cells (Brotherton
et al., 1986), but naturally occurring ASa subunits in other
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Fig. 1. Schematic representation of the metabolic pathway closely related to Trp (4) synthesis.
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species are feedback sensitive. A mutant trp5 that has
relaxed feedback sensitivity was acquired by selection on
the basis of resistance to a-methyltryptophan (Kreps
et al., 1996) and 6-methylanthranilate (Li and Last, 1996)
in Arabidopsis. a-Methyltryptophan is a false feedback
inhibitor of AS, and 6-methyanthranilate is converted to
another false feedback inhibitor, 4-methyltryptophan, in
planta. The mutated ASA1 was found to be responsible
for the relaxed feedback sensitivity in the trp5 plant.

A mutated cDNA of rice ASa, OASA1D, was designed to
encode a protein with asparagine substituted for aspartate
at position 323 which corresponds to position 341 of Arabid-

opsis ASA1 (Tozawa et al., 2001). The original enzyme
OASA1 is similar to ASA2 in Arabidopsis with respect to
its expression pattern, which is constitutively expressed in
rice plants at a low level. An extract from calli expressing
OASA1D under control of the maize ubiquitin promoter
showed relaxed feedback sensitivity. The OASA1D enzyme
was further extensively characterized using a protein pre-
pared with an in vitro cell-free expression system (Kanno
et al., 2004). The reconstituted complex of OASA1D and
rice ASb (OASB1) exhibited a 3.4-fold greater Ki value for
Trp (4) than did the wild-type complex OASA1-OASB1.

The importance of the feedback regulation of AS in the
control of metabolic flow in the Trp (4) pathway has been
demonstrated by measuring the Trp (4) contents of plants
expressing feedback-resistant ASa genes. The Arabidopsis

trp5 mutant accumulated approximately 3-fold more Trp
(4) than the wild-type plant (Li and Last, 1996), and the
introduction of the mutated trp5 gene into hairy root cul-
tures of Catharanthus roseus caused an increase in Trp (4)
content from an almost undetectable level to 2.5 mg/
gDW (Hughes et al., 2004). The overexpression of the nat-
urally occurring feedback-resistant ASA1 gene in tobacco
(Song et al., 1998) also resulted in an approximately 3-fold
increase in the amount of free Trp (4) (Tsai et al., 2005). By
contrast, the utilization of OASA1D has been shown to be
very effective in increasing Trp (4) content. In rice calli
transformed with OASA1D, the Trp (4) content increased
up to 180-fold, and the leaves and seeds of progeny plants
accumulated an approximately 35-fold and 430-fold
greater amount of Trp (4) than wild type, respectively
(Tozawa et al., 2001; Wakasa et al., 2006). Potato plants
expressing OASA1D also accumulated a 2- to 20-fold
greater amount of free Trp (4) (Yamada et al., 2004; Mat-
suda et al., 2005). As shown by these examples, while the
introduction of a feedback-resistant ASa gene was gener-
ally effective in enhancing Trp (4) accumulation, the degree
of enhancement depended on the system. The feedback
sensitivity of the ASa protein encoded by the mutated
transgene and its expression level are two possible factors
leading to the difference in Trp (4) content. However, a
quantitative correlation between these factors and Trp (4)
content has not clearly been demonstrated.

The Trp (4) pathway provides numerous secondary
metabolites in plants. For instance, acridone alkaloids in
the Rutaceae family (Gröger and Johne, 1968) and avenan-
thramide phytoalexins in oats (Ishihara et al., 1999; Mat-
sukawa et al., 2002) are synthesized from anthranilate
(3). Benzoxazinones, the defensive secondary metabolites
in graminaceous plants, originate from indole formed from
anthranilate (3) by three enzymatic reactions leading to Trp
(4) (Frey et al., 1997; Nomura et al., 2002). Trp (4) is also
converted into a diverse range of secondary metabolites
including indole alkaloids and terpenoid indole alkaloids.
Hence, given that the feedback regulation of AS can mod-
ulate the Trp (4) pathway and is important for controlling
the Trp (4) pool size, the change in the feedback sensitivity
of AS also likely affects the secondary metabolism derived
from Trp (4). In Arabidopsis, indole glucosinolates (IGs)
and the indolic phytoalexin, camalexin (5), have been
found to originate from Trp (4) (Hull et al., 2000; Mikkel-
sen et al., 2000; Glawischnig et al., 2004). IGs are represen-
tative constitutive secondary metabolites, while camalexin
(5) formation is inducible in response to invasion by patho-
gens. Since changes in the accumulated amounts of Trp-
derived metabolites have been observed to be accompanied
or preceded by changes in the expression level of AS genes



Fig. 2. Trp (4) accumulation (a and b) and AS activity (c and d) in
transgenic Arabidopsis seedlings. Two-week-old seedlings were divided
into rosette leaves (a and c) and roots (b and d). The error bars indicate the
standard deviations of three replicates.
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(Niyogi and Fink, 1992; Bohlmann et al., 1995, 1996), AS
has been suggested to play a role in the control of substrate
supply for these secondary metabolites.

Increased supply of Trp (4) in plants may also affect the
levels of Phe (8) and Tyr (9), because Trp (4) shares part of
its biosynthetic pathway with these aromatic amino acids.
The first committed reaction in Phe (8) and Tyr (9) biosyn-
thesis is catalyzed by chorismate mutase (CM). The sharing
of a precursor by the two branches suggests putative compe-
tition between the two branches. Also, the feedback activa-
tion of CM by Trp (4) is another possible influence on the
synthesis of Phe (8) and Tyr (9) in plants. The presence of
cytosolic and plastidic CM isoforms has been shown in var-
ious plants (Romero et al., 1995). Plastidic CM has been
demonstrated to be negatively regulated by Phe (8) and
Tyr (9), while it is positively regulated by Trp (4) (Singh
et al., 1986; Eberhard et al., 1996). Considering that Phe
(8) is the precursor of various secondary metabolites such
as phenylpropanoids and flavonoids, its effects on Phe (8)
biosynthesis is of particular interest.

Recently, a series of transgenic lines expressing
OASA1D at various levels were established in Arabidopsis
(Kawagishi-Kobayashi et al., 2005). These transformants
are useful for examining the relationship between the accu-
mulation of Trp (4) and the level of AS activity in a plant.
In the present study, we analyzed the levels of Trp (4) and
AS activity in these transgenic lines in order to demonstrate
that the feedback sensitivity of AS rather than total activity
is the factor controlling the level of Trp (4) in Arabidopsis.
In addition, we also analyzed the accumulation of repre-
sentative secondary metabolites, as well as the amounts
of Phe (8) and Tyr (9) in order to elucidate the influence
of the overproduction of Trp (4) on the closely related met-
abolic pathways as depicted in Fig. 1.
2. Results

2.1. Effect of introduction of OASA1D on Trp (4) synthesis

The amount of Trp (4) in the transgenic lines bearing the
OASA1D gene was analyzed. Two-week-old seedlings of
transgenic lines were extracted and their Trp (4) levels were
determined by HPLC analysis. In rosette leaves of W551
and W552, the amount of Trp (4) was 2.6 and 3.0 lmol/
gFW. These values are more than 200-fold greater than
the amount in wild-type leaves (Fig. 2a). Other lines, except
W311 and W433, also showed 4- to 20-fold increases in Trp
(4) content. Based on these results, we categorized the
transgenic lines into three groups for convenience, i.e.,
high-Trp (4) accumulating lines (W551 and W552), moder-
ate-Trp (4) accumulating lines (W133, W146, W151, W163,
W521), and low-Trp (4) accumulating lines (W311 and
W433). In the roots, a similar accumulation of Trp (4)
was observed although the magnitude of the increase in
Trp (4) content was smaller than that observed in the leaves
(Fig. 2b).
To analyze the distribution of Trp (4) in the seedlings at
the reproductive stage of growth, transgenic seedlings ger-
minated on plates containing Murashige and Skoog (MS)
medium were transplanted onto vermiculite 2 weeks after
sowing, and were incubated a further 3 weeks. The plants
were divided into roots, rosette leaves, stems, cauline
leaves, flowers, and siliques, and the Trp (4) content of each
organ was analyzed. The transgenic and wild-type plants
showed similar patterns of Trp (4) accumulation (Fig. 3).
At this stage of growth, the silique and flower were the
organs that accumulated the highest concentration of Trp
(4), while the roots and rosette leaves contained Trp (4)
at lower concentrations. Similar levels of Trp (4) were
observed in lines W133 and W163 and wild-type plants,
with the exception of an approximatley 2-fold increase in
the silique of W133. Siliques and flowers of W521 showed
a 13-fold increase in Trp (4) content when compared with
the wild type, while the amounts of Trp (4) in siliques
and flowers of W551 were approximately 65- and 135-fold
greater, respectively, than those in the wild type. Other free
protein amino acids also accumulated at higher concentra-
tions in siliques and flowers than in rosette leaves (data
not shown). Their concentrations were not significantly
different between the wild type and W551 except that the
concentration of Phe (8) in W551 (307 nmol/gFW) was
1.6-fold greater than that in the wild type (194 nmol/gFW).

To examine the correlation between Trp (4) content and
AS activity in the transgenic lines, the crude enzyme was
extracted from the leaves and roots of 2-wk-old seedlings,
and the AS activity was determined with Gln and choris-
mate (2) as substrates. As shown in Fig. 2c and d, the respec-
tive activities in the rosette leaves and roots of transgenic
lines ranged from 75% (W133) to 140% (W151) and from



Fig. 3. Accumulation of Trp (4) in various parts of Arabidopsis seedlings. Two-week-old seedlings were transplanted to soil, and further incubated for 3
wks. The seedlings were divided into siliques, flowers, cauline leaves, stems, rosette leaves, and roots, and extracted with MeOH. The error bars indicate
the standard deviations of three replicates.
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68% (W146) to 139% (W521) of the activity detected in wild
type seedlings. The results suggested that the Trp (4) content
could not be correlated to total AS activity either in the
rosette leaves (Fig. 2a and c) or in the roots (Fig. 2b and d).

The feedback sensitivity of AS was also determined by
measuring the enzyme activity in the presence of various
concentrations of L-Trp (4) or D,L-5-methyltryptophan
(5MT). The inhibition curves obtained with L-Trp (4) and
5MT in the leaves of the wild type and a high-Trp accumu-
lating line W551 are depicted in Fig. 4a and b, respectively.
In the wild-type leaves, no activity was detected in the pres-
Fig. 4. Feedback inhibition of AS activity. AS activity in rosette leaves of
2-wk-old seedlings of the wild type (a) and line W551 (b) was measured in
the presence of various concentrations of L-Trp (4) (squares), D-Trp
(circles), and 5MT (triangles). AS activity in leaves (c) and roots (d) of 2-
wk-old seedlings was assayed with 10 mM glutamine and 4 mM choris-
mate (2) as substrates in the presence of 50 lM Trp (4). Trp (4) content in
each line, which was determined in the experiments in Fig. 2a and b, was
plotted as a function of AS activity.
ence of either 50 lM L-Trp (4) or 50 lM of 5MT, while
activity was detected in W551 even at 100 lM of L-Trp
(4) or 5MT. AS activity from W551 was not completely
inhibited in the presence of up to 5 mM of 5MT, with
18% of the activity detected in the absence of 5MT (data
not shown). Almost the same inhibition curves were
obtained for the other high-Trp (4) accumulating line
W552 (data not shown). Moderate-Trp (4) accumulating
lines also showed relaxed feed-back sensitivity although
the degree of relaxation was less than in high-Trp (4) accu-
mulating lines. In low-Trp (4) accumulating lines, no differ-
ence was found in the inhibition curves with those from the
wild type. The Trp (4) content in each line was plotted as a
function of the AS activity that was recorded in the pres-
ence of 50 lM L-Trp (4) in the reaction mixture (Fig. 4c
and d). A good correlation was observed between Trp (4)
content and AS activity measured in the presence of
50 lM Trp (4) in both the rosette leaves and roots.

The accumulation of the OASA1D transcripts in the
transgenic lines also correlated with the amount of Trp
(4) (Fig. 5). The transcript was detected in all transgenic
lines by RT-PCR analysis. On the basis of differences in
the level of the OASA1D transcript, the transgenic lines
were classified into three groups, corresponding to the
high-, moderate-, and low-Trp (4) accumulating lines.
The introduction of OASA1D did not affect the levels of
endogenous ASA1 and ASA2 transcripts.

2.2. Effects of introduction of OASA1D on secondary
metabolism

Arabidopsis plants constitutively accumulate IGs such
as indole-3-ylmethyl glucosinolate (I3M, 10) (Brown
et al., 2003). The amount of I3M (10) has been shown
to increase in leaves treated with jasmonic acid (JA) (Bra-
der et al., 2001). Hence, we analyzed the amount of I3M
(10) in rosette leaves that were treated with JA (Fig. 6a).
In the untreated leaves, the amount of I3M (10) in the
high-Trp (4) accumulating lines was approximately 2-fold



Fig. 5. Accumulation of the OASA1D transcript in transgenic Arabidopsis seedlings. Total RNA was extracted from 2-wk-old seedlings, and the
accumulation of transcripts of ASA1, ASA2, and OASA1D was analyzed by RT-PCR. Amplified OASA1D cDNA was quantified by hybridization with
the radio-labeled probe. Accumulation of the OASA1D transcript was expressed relative to that of the TUB2 transcript.
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greater than that in the wild-type leaves, but no significant
difference was observed in the other transgenic lines. In
the wild-type leaves, the treatment with JA resulted in a
2.8-fold increase in I3M (10) content, while the rate of
increase was relatively greater in W551 and W552 with
4.9- and 7.7-fold increases, respectively.

Camalexin (5) is another Trp-derived secondary metab-
olite present in Arabidopsis (Tsuji et al., 1992; Glawischnig
et al., 2004). For the induction of camalexin (5) formation,
the conidia of the pathogenic fungus Alternaria brassicicola

were inoculated in the rosette leaves of 2-wk-old seedlings,
and the amount of accumulated camalexin (5) was deter-
mined 72 h after inoculation (Fig. 6b). The accumulation
of camalexin (5) was detected in the inoculated leaves of
all lines, but not in the non-inoculated control leaves.
The amount of camalexin (5) accumulated in transgenic
plants including the high-Trp (4) accumulating lines was
approximately 200 nmol/gFW, which was similar to the
concentration in the wild-type plants. No difference in the
size of lesions was observed among the lines tested.

To further investigate the effects of Trp (4) accumulation
on phenolic secondary metabolism, major peaks detected on
HPLC analysis of the extract of Arabidopsis seedlings were
characterized. After being purified by fractionation by
ODS column chromatography and preparative HPLC, the
compounds corresponding to each peak were identified by
positive ion-spray MS and NMR spectroscopic analyses.
The compounds identified in the rosette leaves were I3M
(10), 4-methoxyindol-3-ylmethyl-glucosinolate (4MI3M,
11), 1-sinapoylglucose (13), kaempferol 3-O-glucos-
ylrhamnoside 7-O-rhamnoside (14), 1-methoxyindol-3-ylm-
ethyl-glucosinolate (1MI3M, 12), kaempferol 3-O-glucoside
7-O-rhamnoside (15), kaempferol 3-O-rhamnoside 7-O-
rhamnoside (16), and sinapoyl malate (17). The compounds
identified in the root extract were I3M (10), coniferin (19),
syringin (20), 4MI3M (11), kaempferol 3-O-glucos-
ylrhamnoside 7-O-rhamnoside (14), 1MI3M (12), quercetin
3-O-glucoside 7-O-rhamnoside (15), and kaempferol 3-O-
glucoside 7-O-rhamnoside (16). The identified compounds
were classified into IGs (10–12), phenylpropanoids (13,
18–20), and flavonoinds (14–17) based on their chemical
structures (Fig. 7). The changes in the levels of compounds
in the transgenic lines were simultaneously analyzed by
HPLC with a gradient elution system (Figs. 8a and 9a).
No new peaks that were specifically detected in the trans-
genic lines were present under the analytical conditions
employed. However, the analyses revealed differences in
amounts of phenylpropanoids and flavonoids among the



Fig. 6. Accumulation of I3M (10) (a) and camalexin (5) (b) in response to
exogenous stimuli. (a) Rosette leaves were excised from 3-wk-old seedlings
and floated in the 500 lM MeJA solution (gray bars) or dist. H2O (black
bars). After a 48-h incubation, the leaves were extracted by MeOH. (b)
Rosette leaves of 2-wk-old seedlings were inoculated with conidia of A.

brassicicola (5 · 105 conidia/ml). The leaves were extracted with MeOH
72 h after the inoculation. No accumulation of camalexin (5) was detected
in non-inoculated control of all lines. The error bars indicate the standard
deviations of three replicates.

Fig. 7. Chemical structures of identified compounds. Identified compounds
respectively), 4MI3M (11, peaks C and e), and 1MI3M (12, peaks H and h)], fl
G and g), kaempferol 3-O-glucoside 7-O-rhamnoside (15, peaks I and j), kaem
glucoside 7-O-rhamnoside (17, peak i)], phenylpropanoids [1-sinapoylglucose
syringin (20, peak c)] and tryptophan (4, peaks D and f).
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lines as shown in Figs. 8b and 9b. The amounts of major
flavonoids, namely, 14–16, showed a 63–57% decrease in
the leaves of high-Trp (4) accumulating lines. A decrease
in the amount of major phenylpropanoids, i.e., 13 and 18,
was also detected in the leaves (49–28% decrease). Similarly,
unidentified compounds (peaks F, L and M) showed a sig-
nificant decrease (80–25% decrease). In roots, flavonoids
(14, 15, 17; 60–9% decrease) and phenylpropanoids (19

and 20; 64–32% decrease) as well as unidentified compounds
(peaks d and k; 71–48%) decreased in the high-Trp (4) accu-
mulating lines. The amounts of flavonoids and phenylprop-
anoids in the other transgenic lines were not significantly
different from those in the wild-type seedling.
2.3. Effects on phenylalanine (8) and tyrosine (9) contents

Flavonoids and phenylpropanoids are biosynthesized
from Phe (8). The decrease in both flavonoids and phenyl-
propanoids in the high-Trp (4) accumulating lines sug-
gested competition between the Trp (4) branch and the
branch for Phe (8) and Tyr (9) of the shikimate (1) pathway
in the transgenic lines. In order to examine this possibility,
we analyzed the amounts of Phe (8) and Tyr (9) in the
transgenic lines (Fig. 10). The high-Trp (4) accumulating
lines showed about 2-fold and 1.3-fold increases in Phe
(8) content in the leaves and roots, respectively, when com-
pared with the wild type. Similarly, the lines showed 4.6-
and 1.7-fold increases in Tyr (9) content in the leaves and
roots, respectively. In addition, a comparison of Fig. 10
with Fig. 2 revealed that the pattern of Phe (8) and Tyr
(9) accumulation was similar to that of the accumulation
include indole glucosinolates [I3M (10, peaks A and a in Figs. 8 and 9,
avonoids [kaempferol 3-O-glucosylrhamnoside 7-O-rhamnoside (14, peaks
pferol 3-O-rhamnoside 7-O-rhamnoside (16, peak J), and quercetin 3-O-
(13, peak E), sinapoyl malate (18, peak K), coniferin (19, peak b), and



Fig. 8. HPLC analysis of secondary metabolites in aerial parts of transgenic seedlings. (a) MeOH extract of the aerial parts of 2-wk-old seedlings was
subjected to reversed-phase HPLC analysis. (b) Amounts of major secondary metabolites in aerial parts of the seedlings. Identities of peaks are shown in
Fig. 7. The error bars indicate the standard deviations of three replicates.
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of Trp (4) among the lines examined; the lines accumulat-
ing high concentrations of Trp (4) showed a tendency to
accumulate high concentrations of Phe (8) and Tyr (9).
The difference in the accumulated amount of Tyr (9)
among the lines was more pronounced than that of Phe (8).
3. Discussion

3.1. Effect on Trp (4) accumulation

In the present study, we analyzed the free Trp (4) con-
tent in transgenic lines bearing the feedback resistant
ASa gene, OASA1D. The amount of Trp (4) varied with
each line, and some lines showed approximately 220- and
20-fold increases in the rosette leaves and roots, respec-
tively. In addition, the high-Trp (4) accumulating lines
were more resistant to 5MT in the growth medium. How-
ever, the levels of AS activity in the transgenic lines were
not significantly different from those in the wild type irre-
spective of the difference in Trp (4) content. Rather, the
lines that accumulated a higher level of Trp (4) showed
more relaxed feedback sensitivity, thereby indicating the
importance of feedback regulation in Trp (4) accumulation
and 5MT resistance. It is of note that no obvious increase
in total AS activity was detected in the lines accumulating
high levels of Trp (4) because the relaxed feedback sensitiv-
ity found in these lines is the consequence of a strong



Fig. 9. HPLC analysis of secondary metabolites in roots of transgenic seedlings. (a) MeOH extract of roots of 2-wk-old seedlings was subjected to
reversed-phase HPLC analysis. (b) Amounts of major secondary metabolites in roots of the seedlings. Identities of peaks are shown in Fig. 7. The error
bars indicate the standard deviations of three replicates.
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expression of OASA1D. The formation of anthranilate (3)
from chorismate (2) and glutamine is catalyzed by the com-
plex of a and b subunits of AS. Thus, that there was no
obvious increase in AS activity in the transgenic lines sug-
gests that total AS activity is determined by the amount of
ASb subunit in both the wild-type and transgenic plants. A
similar unchanged level of AS activity was also reported in
potato plants expressing OASA1D (Matsuda et al., 2005).

The Trp (4) content reported for the trp5 mutant was
approximately 3-fold greater than that in the wild type.
The crude AS enzyme preparation from the trp5 mutant
in Arabidopsis showed a Ki value of 8 lM for Trp (4) (Li
and Last, 1996). On the other hand, the Ki value of
OASA1D–OASB complex for Trp (4) was reported to be
approximately 135 lM (Kanno et al., 2004). This difference
in feedback sensitivity between OASA1D and the mutated
ASA1 in trp5 well accounts for the more relaxed feedback
sensitivity in the transgenic lines expressing OASA1D com-
pared to the trp5 plant, and resulted in the higher Trp (4)
level.



Fig. 10. Accumulation of Phe (8) (a) and Tyr (9) (b) in rosette leaves
(black bars) and roots (gray bars) of 2-wk-old seedlings. The Phe (8) and
Tyr (9) contents were determined by LC/MS/MS analysis in the positive
MRM mode. The error bars indicate the standard deviations of three
replicates.
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The maximal Trp (4) level attained by transgenic lines
expressing OASA1D was approximately 3,000 nmol/gFW,
which is similar to the level in the leaves of transgenic rice
expressing OASA1D (Tozawa et al., 2001). The inhibition
curves obtained from the high-Trp (4) accumulating lines
were similar to the curve reported for the OASA1D–OASB
complex (Kanno et al., 2004). Given the similar inhibition
curve of the complex of OASA1D and Arabidopsis ASB
and the complex of OASA1D and OASB, it is very likely
that almost all AS complexes in the transgenic lines are
comprised of OASA1D and Arabidopsis ASB. Thus, a
stronger expression of OASA1D would not result in a more
relaxed feed-back sensitivity. The Trp (4) levels attained in
the high-Trp (4) accumulating lines are around the maxi-
mal limit attained by the introduction of the OASA1D gene
into Arabidopsis.

The RT-PCR analysis revealed that the level of
OASA1D transcripts in the transgenic lines largely corre-
lated with the relaxed feedback sensitivity and Trp (4) con-
tent. In addition, the levels of transcripts of endogenous
ASA1 and ASA2 were not affected by the introduction of
OASA1D, suggesting that the accumulation of Trp (4)
nor free ASa subunits had no effects on the transcription
of ASA genes. In the high-Trp (4) accumulating lines, the
active transcription of OASA1D resulted in the accumula-
tion of abundant OASA1D protein, and thus ASB had rel-
atively higher chances to bind to OASA1D in spite of the
presence of endogenous ASa subunits.

In the reproductive stage of growth, the siliques and
flowers accumulated the highest concentration of Trp (4)
among the organs analyzed, while the Trp (4) concentra-
tions in rosette leaves and roots were relatively low both
in the wild type and in the transgenic lines. The Trp (4)
concentration in the siliques and flowers of the wild type
was approximately 100 lM, which is beyond the concentra-
tion inhibitory to the wild-type AS. Thus, Trp (4) in these
organs was considered not to be synthesized ‘‘on site’’, but
to be translocated from the vegetative organs, although the
possibility that the sequestration of Trp (4) in the vacuoles
may enable the feedback-sensitive AS to generate anthrani-
late (3) in plastids was not excluded. Supporting the trans-
location of Trp (4), the presence of almost all amino acids
including Trp (4) has been shown in the phloem sap from
various plants (Tilsner et al., 2005; Caputo et al., 2001).

Phloem loading of amino acids has been assumed to be
mostly unspecific on the basis of the findings that the amino
acid composition in the phloem sap resembles that in the
cytosol of source cells, with no individual amino acids pref-
erentially enriched in the phloem (Riens et al., 1991; Lohaus
et al., 1995). In the high-Trp (4) accumulating line W551, the
Trp (4) content of siliques and flowers was around 65- and
135-fold greater than that in the wild type. This enhance-
ment of Trp (4) accumulation was similar in magnitude to
that found in the rosette leaves and roots of 2-wk-old seed-
lings. Thus, the translocation in the plant does not appear
to be a major limitation to the accumulation of Trp (4) in sil-
iques and flowers of the high-Trp (4) accumulating lines.

3.2. Effects on secondary metabolism

Trp (4) is a central precursor of secondary metabolites in
plants. In Arabidopsis, IGs and camalexin (5) have been
shown to be synthesized from Trp (4) (Hull et al., 2000;
Mikkelsen et al., 2000; Glawischnig et al., 2004). It has
been suggested that glucosinolates play a role in defense
against herbivores (Lambrix et al., 2001; Nielsen et al.,
2001) and pathogens (Brader et al., 2001; Tierens et al.,
2001), or function as attractants of specialist pests (van
Loon et al., 1992; Giamoustaris and Mithen, 1995), while
camalexin (5) has been characterized as a phytoalexin
(Tsuji et al., 1992). An investigation of the effects of
enhanced substrate supply for secondary metabolism is
essential as a basis for understanding the interaction
between primary and secondary metabolism.

In the high-Trp (4) accumulating lines, the amount of
constitutively accumulated I3M (10) increased, as shown
in the control of Fig. 7. However, considering greater than
200-fold increase in Trp (4) content in W551 and W552, the
increase in the amount of I3M (10) was small, which indi-
cates that IG biosynthesis is regulated in a relatively strict
manner independently of the supply of precursor. The first
committed step in the biosynthesis of IGs is the formation
of indole-3-acetaldoxime (IAOx) from Trp (4) catalyzed by
CYP79B2 and CYP79B3 (Hull et al., 2000; Mikkelsen
et al., 2000), and has been considered the rate-limiting step
of the pathway because overexpression of cyp79B2 resulted
in an increase in IG content (Mikkelsen et al., 2000; Zhao
et al., 2002). The high-Trp (4) accumulating lines showed a
more pronounced accumulation of I3M (10) when the
leaves were treated with JA. It has been demonstrated that
JA treatment induces the expression of genes involved in
the synthesis of IGs including cyp79B2 and cyp79B3 (Bra-
der et al., 2001). The pronounced increase in I3M (10) in
JA-treated leaves of high-Trp (4) accumulating lines sug-
gests that induced capacity to produce IGs in the JA-trea-
ted leaves is high enough for the already accumulated Trp
(4) to be converted to IGs, resulting in the accumulation of
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IGs in larger amounts in the transformants than in the wild
type.

The first step in the biosynthesis of the camalexin (5) is
the N-hydroxylation catalyzed by CYP79B2 and
CYP79B3, which is common to the synthesis of IG (Gla-
wischnig et al., 2004). The amount of camalexin (5) pro-
duced after the inoculation of A. brassicicola in all
transgenic lines was similar to that in the wild-type plant,
which was in contrast with the results obtained in the case
of IGs. Recently, raphanusamic acid was identified in a
root culture of Arabidopsis, and was proposed to be the
precursor of the thiazole ring of camalexin (Bednarek
et al., 2005). Substrate availability or the efficiency of
enzyme activity in downstream reactions may be rate limit-
ing in the biosynthesis of camalexin (5).

The high-Trp (4) accumulating lines W551 and W552
showed a decrease in the amount of phenylpropanoids
and flavonoids. The simultaneous decrease in the amounts
of phenylpropanoids and flavonoids indicates the suppres-
sion of the biosynthetic steps shared by these secondary
metabolites, i.e., Phe (8) biosynthesis and the phenylpropa-
noid pathway. Given the funneling of metabolic flow into
the Trp (4) branch in the transgenic lines, a reduction in
the synthesis of Phe (8) is expected to occur and give rise
to a decrease in the amounts of phenylpropanoids and
flavonoids. However, the actual level of Phe (8) in trans-
genic plants that accumulated high concentrations of Trp
(4) tended to be higher than or similar to that in the wild
type. These findings suggest that the decrease in the
amounts of Phe-derived secondary metabolites was not a
simple consequence of the competition between the two
[Trp (4) and Phe (8)] branches. Thus, biosynthetic steps
downstream of Phe (8), i.e., the reactions in the phenylprop-
anoid pathway, are plausible sites for the down-regulation
of accumulation of secondary metabolites, which may be
a mechanism to retain the Phe (8) concentration in response
to the accumulation of Trp (4).

The marked resemblance between the pattern of accu-
mulation of Trp (4) and that of Phe (8) and Tyr (9) among
10 tested lines indicates that the increased accumulation of
Phe (8) and Tyr (9) is related to Trp (4) accumulation. The
smaller enhancement of Phe (8) and Tyr (9) accumulation
in the roots compared to the leaves was consistent with
the smaller increase in the Trp (4) content of roots in the
transgenic lines. In Arabidopsis, plastidic isoforms of
chorismate mutase that catalyzes the first committed step
toward Phe (8) and Tyr (9) were shown to be sensitive to
feedback activation by Trp (4) (Eberhard et al., 1996; Mob-
ley et al., 1999). Therefore, the increase in Phe (8) and Tyr
(9) in the lines that accumulate high levels of Trp (4) may
be attributable to the feedback activation of CM by Trp
(4). An increase in Trp (4) content accompanied by a slight
increase in Phe (8) and Tyr (9) contents was also observed
in potato plants expressing OASA1D (Matsuda et al.,
2005), suggesting the generality of the accumulation of
Phe (8) and Tyr (9) in response to the overproduction of
Trp (4).
3.3. Concluding remarks

The Trp (4) content in the transgenic lines was corre-
lated with the relaxed feedback sensitivity of the crude
enzyme and the accumulation of OASA1D transcripts.
The transgenic lines that strongly expressed OASA1D
accumulated greater amounts of Trp (4) than the feedback
resistant trp5 mutants (Li and Last, 1996). Thus, both the
feedback property of the enzyme encoded by the transgene
and its expression level are the major factors that control
the Trp (4) accumulation. In addition to Arabidopsis, rice
(Tozawa et al., 2001) and potato (Yamada et al., 2004;
Matsuda et al., 2005) plants expressing OASA1D have been
reported to accumulate high levels of Trp (4), suggesting
that the introduction of OASA1D is an effective strategy
for the modification of Trp (4) level in a broad range of
plant species.

In contrast to the marked increase of in the content of
Trp (4), the effects of OASA1D expression on the second-
ary metabolism downstream of Trp (4) were limited, indi-
cating strict regulation of the pathways. Thus, coupling
of the introduction of OASA1D with other approaches
including modification of specific reactions to a metabolite
may be effective in the manipulating secondary metabo-
lism. We also found that there is an increase in the amount
of the other aromatic amino acids, Phe (8) and Tyr (9), and
a decrease in the amount of phenylpropanoids and flavo-
noids in the high-Trp (4) accumulating lines. These unchar-
acterized cross-talks may contribute to amino acid
homeostasis by controlling the synthesis of Phe (8) and
Tyr (9), and the flux of Phe (8) to secondary metabolism.
4. Experimental

4.1. General

Positive ion-spray mass spectra were recorded on an
API-165 (ion-spray voltage: 5000 V, orifice voltage: 30 V,
nebulizer gas: N2, curtain gas: N2, Perkin–Elmer–Sciex,
Foster, CA, USA). 1H and 13C NMR spectra were
recorded on a Bruker AC300 spectrometer with TMS as
an internal standard. Chromatography on an ODS column
was performed with Cosmosil 75 C18-OPN (Nacalai Tes-
que, Kyoto, Japan). Preparative HPLC was performed
on an ODS column (Wakosil II 5C18HG, 250 · 20 mm,
Wako Pure Chemical Industries, Osaka, Japan) with a col-
umn temperature of 40 �C. A two-solvent system was used
to generate the mobile phase for the preparative HPLC:
solvent A, 0.1% TFA; solvent B, CH3CN.

4.2. Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia was used as the
wild type. OASA1D-overexpressing plants were generated
with the plant transformation vector pBI101-Hm contain-
ing OASA1D cDNA under control of CaMV35S promoter
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(Yamada et al., 2004). Transformation of Arabidopsis with
the vector and selection of the transgenic plants were car-
ried out according to Kawagishi-Kobayashi et al. (2005).
The T3 plants harboring a homozygous T-DNA insertion
were used for analysis. Plants were aseptically cultured.
Seeds were surface sterilized with 1.5% (v/v) NaOCl and
0.02% Tween 20 with vigorous shaking, washed three times
with sterile H2O, and sown on Murashige and Skoog basal
salt mixture (Sigma), supplemented with Gamborg B5 vita-
mins, 2.5% sucrose, and 0.2% gelrite (Sigma). The plates
were kept in darkness at 4 �C for three days to synchronize
germination, and grown in a growth chamber at 21 �C with
light/dark cycles of 16 h/8 h. The age of plants indicated as
‘‘-days-old’’ in the text means number of days after
imbibition.
4.3. RNA extraction and quantitative analysis of the

transcript’s accumulation

Total RNA was isolated by use of an RNAwiz solution
(Ambion) following the manufacturer’s instruction. Semi-
quantitative RT-PCR experiments were performed to ana-
lyze the level of mRNA accumulation. One microgram of
total RNA was treated with RNA-secure solution (Ambion)
and digested with RNase-free DNase (Promega) for use as a
template. First strand cDNA synthesis was performed using
SuperScriptIII (Invitrogen) followed by a polymerase chain
reaction with ExTaq (Takara). ASA1 (5 0-atgtcttcctctat-
gaacgtagcga-30 and 5 0-attcctcagtcatggtttcattgttg-30), ASA2

(5 0-tatcaaatgctcatatactccgtcgtt-30 and 5 0-tagaggttagagattcc-
aaccgattc-30), OASA1D (5 0-gataccaaggagcattatggaacagtg-30

and 5 0-aactttgtcttctgctttcgattttcc-30), and TUB2 (50-ctcaa-
gaggttctcagcagta-3 0 and 5 0-tcaccttcttcatccgcagt-3 0) were
amplified using the indicated primers according to the fol-
lowing cycling conditions: 95 �C for 4 min followed by 25
cycles (OASA1D), 30 cycles (TUB2) or 35 cycles (ASA1

and ASA2) of 95 �C for 30 s, 55 �C for 30 s, and 72 �C for
1 min. Amplified OASA1D cDNA was separated on a
1.5% agarose gel by electrophoresis and transferred to a
GeneScreenPlus membrane (DuPont), hybridized with
radio-labeled probes. Blots were exposed to a phosphorim-
aging screen and quantified using MacBAS ver. 2.5 software
(Fuji Photo and Kohshin Graphic Systems, Inc.). The phot-
ostimulated luminescence (PSL) density of the signal was
measured using the Quant Mode in the MacBAS software
and was corrected by subtracting the image background.
The accumulation of the OASA1D transcript was shown rel-
ative to that of the TUB2 transcript.
4.4. Chemicals

Anthranilic acid, chorismic acid barium salt, and jas-
monic acid were obtained from Wako. Camalexin (5) was
synthesized from indole (Wako) and 2-bromothiazole
(Sigma), by a Grignard reaction according to the method
described by Ayer et al. (1992).
IGs were purified from broccoli according to the method
of Visentin et al. (1992) with modifications to generate
standard curves on HPLC. Flower buds (600 g) of broccoli
were extracted with MeOH–H2O [7:3 (v/v), 1.5 l · 2] at
70 �C for 30 min. The extract was washed with hexane,
and evaporated to a small volume. The concentrated
extract was applied to an ODS column equilibrated with
MeOH–H2O [5:95 (v/v)], and the column was eluted with
the same solvent system. The flow-through fraction and
MeOH–H2O (5:95) fraction were combined. The mixture
was evaporated and applied to a DEAE-Sepharose column
(Amersham Biosciences, Picataway, NJ, USA) equilibrated
with 50 mM imidazole–HCO2H buffer (pH 4.15). The col-
umn was washed with HCO2H–iso-PrOH–H2O [3:2:5 (v/v)]
and eluted with 0.5 M K2SO4 containing 5% iso-PrOH.
The 0.5 M K2SO4 fraction was concentrated, and the pre-
cipitated K2SO4was extracted with MeOH. The MeOH
solution was subjected to preparative HPLC [linear gradi-
ent: 0–40 min, 5–40% B/(A + B); flow rate: 7 ml/min:
detection: 280 nm]. The peaks corresponding to IGs were
collected, neutralized with solid NaHCO3, and concen-
trated to a small volume. The concentrated fractions were
applied onto a Sephadex G-10 column equilibrated with
dist. H2O. The fractions containing IGs were collected
and evaporated (10, 60.3 mg; 11, 6.9 mg; and 12,
28.9 mg). Their identities were confirmed by using positive
ion-spray mass spectra and by comparison of UV and 1H
NMR spectra with those reported previously (Agerbirk
et al., 1998) except for 11 for which no 1H NMR spectrum
had been reported.

4MI3M (11): 1H NMR (500 MHz, CD3OD): d 7.07 (1H,
s, H-200), 6.99 (1H, t, J = 7.8 Hz, H-600), 6.94 (1H, d,
J = 7.8 Hz, H-700), 6.48 (1H, d, J = 7.8 Hz, H-500), 4.72
(1H, d, J = 9.9 Hz, H-1 0), 4.60 (1H, d, J = 16.4 Hz, H-2),
4.18 (1H, dd, J = 16.4, 1.2 Hz, H-2), 3.92 (3H, s, MeO),
3.67 (1H, dd, J = 12.2, 2.3 Hz, H-6 0), 3.61 (1H, dd,
J = 12.2, 4.2 Hz, H-6 0), 3.31 (1H, t-like, J = 9.2 Hz, H-
2 0), 3.13 (1H, t-like, J = 9.3 Hz, H-4 0), 3.01 (1H, t-like,
J = 8.9 Hz, H-3 0), 2.95 (1H, ddd, J = 9.3, 4.2, 2.3 Hz, H-
5 0). 13C NMR (125 MHz, CD3OD): d 162. 5 (C-1), 155.8
(C-300a), 139.7 (C-700), 123.4 (C-500), 123.2 (C-200), 111.1
(C-300), 106.1 (C-600), 100.2 (C-400), 83.8 (C-1 0), 81.6 (C-5 0),
79.4 (C-3 0), 74.0 (C-2 0), 70.5 (C-5 0), 62.2 (C-6 0), 55.6
(MeO), 31.6 (C-2).

Positive ion-spray MS. 10, m/z (int.) 449 (5 [M+H]+),
369 (69 [M�SO3+H]+), 207 (100 [M�SO3�162+H]+);
11, m/z (int.) 479 (17 [M+H]+), 399 (39 [M�SO3+H]+),
237 (100 [M�SO3�162+H]+); 12, m/z (int.) 479 (6
[M+H]+), 399 (42 [M�SO3+H]+), 237 (100 [M�SO3�
162+H]+).

1-Sinapoylglucose (13), sinapoyl malate (18), and
kaempferol glycosides (14–16) were purified from the
rosette leaves of 2-wk-old seedlings of Arabidopsis. The
leaves (140 g) were extracted MeOH (0.7 l · 2). After add-
ing dist. H2O (175 ml) to the extract, the mixture was
passed through an ODS column equilibrated with
MeOH–H2O [4:1 (v/v)] with the column eluted with the
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same solvent system. The flow-through fraction and
MeOH–H2O (4:1) fraction were combined and evaporated.
The solution was applied to an ODS column equilibrated
with MeOH–H2O [5:95 (v/v)] and the column was eluted
with MeOH–H2O [1:4 (v/v)] and MeOH–H2O [1:1 (v/v)].
The MeOH–H2O (1:1) fraction was subjected to prepara-
tive HPLC [linear gradient: 0–30 min, 5–40% B/(A + B);
flow rate: 6 ml/min: detection: 280 nm] to yield 13

(3.3 mg), 18 (6.6 mg), 14 (9.8 mg), 15 (2.6 mg), and 16

(10.6 mg). The identities of the compounds were confirmed
by using positive ion-spray mass spectra and by compari-
son of UV and 1H NMR spectra with those in previous
reports (Mulinacci et al., 1995; Veit and Pauli, 1999; Linsc-
heid et al., 1980).

Positive ion-spray MS. 13, m/z (int.) 404 (13
[M+NH4]+), 387 (6 [M+H]+), 225 (76 [M+H�162]+),
207 (100 [M+H�180]+); 18, m/z (int.) 358 (5
[M+NH4]+), 341 (11 [M+H]+), 207 (100 [M�133]+); 14,
m/z (int.) 741 (74 [M+H]+), 595 (43 [M�146+H]+), 433
(100 [M�146�162+H]+), 287 (72 [M�2·146�162+H]+);
15, m/z (int.) 595 (96 [M+H]+), 433 (82 [M�162+H]+),
287 (100 [M�146�162+H]+); 16, m/z (int.) 579 (63
[M+H]+), 433 (100 [M�146+H]+), 287 (94
[M�2·146+H]+).

Similarly, coniferin (19) (26.7 mg), syringin (20)
(10.6 mg), and quercetin 3-O-glucoside 7-O-rhamnoside
(17) (9.5 mg) were purified from Arabidopsis roots (60 g)
of 2-wk-old seedlings by fractionation on a ODS column
and preparative HPLC under the same conditions. Their
identities were confirmed by using positive ion-spray MS
and comparison of UV and 1H NMR spectra with those
in previously published works (Hemm et al., 2004; Iwash-
ina et al., 1995; Mulinacci et al., 1995).

Positive ion-spray MS. 19, m/z (int.) 365 (100
[M+Na]+), 360 (57 [M+NH4]+), 343 (5 [M+H]+), 163
(98 [M�180+H]+); 20, m/z (int.) 395 (100 [M+Na]+), 390
(29 [M+NH4]+), 373 (5 [M+H]+), 193 (92 [M�180+H]+);
17, m/z (int.): 611 (71 [M+H]+), 449 (57 [M�162+H]+),
303 (100 [M�162-146+H]+).

4.5. AS activity

All procedures were carried out at 4 �C. Plant materials
were frozen in liquid N2 and ground until they were well
powdered. The powder was extracted with 5 vol. of
100 mM Tris–HCl buffer (pH 7.5) containing 1 mM
EDTA, 2 mM 2-mercaptoethanol, 20 mM glutamine,
4 mM MgCl2 and 10% glycerol, and centrifuged for
10 min at 12,000g. The supernatant was passed over a
PD-10 column (Amersham Biosciences) equilibrated with
the same buffer. The fraction containing proteins was used
for the enzyme assay. Protein concentration was deter-
mined by the method of Bradford by using BSA as the pro-
tein standard.

The AS assay was carried out according to the method
of Bücker et al. (1995) with slight modifications. A reaction
mixture containing 95 ll of 4 mM chorismate (2), 100 ll of
crude extract, and 5 ll of dist. H2O was incubated at 30 �C
for 60 min. In the experiments to investigate feedback inhi-
bition, a solution of 0.2–4 mM L-Trp, D-Trp, and 5MT was
added to the mixture instead of dist. H2O. The reaction was
terminated by inactivating the enzyme in boiling H2O. The
precipitated proteins were removed by centrifugation for
10 min at 12,000g, and the resulting supernatant was sub-
jected to a reversed-phase HPLC analysis (column: HiQsil
C18V, 150 mm, 4.6 mm i.d., KYA Technology, Yoko-
hama, Japan). Anthranilate (3) was eluted with 15%
MeOH in H2O containing 0.1% H3PO4 at a flow rate of
0.8 ml/min, and was detected with a fluorescence detector
(Shimadzu RF-10AXL; Ex = 340 nm, Em = 400 nm). In
this system, anthranilate (3) was eluted at a retention time
of 15.2 min.

4.6. Analysis of soluble secondary metabolites

Arabidopsis leaves and roots were extracted with 5 and
10 vol. of MeOH, respectively. The extract was analyzed
by HPLC. The conditions for HPLC were as follows: col-
umn, Mightysil RP-18 GP, 150 · 4.6 mm; solvent, A =
0.1% TFA, B = MeCN; gradient, 5–40% B/(A + B) within
30 min; flow rate; 0.8 ml/min; detection, 280 nm; column
temperature, 40 �C.

4.7. Analysis of IGs and camalexin (5)

For the analysis of IGs, rosette leaves of 3-wk-old seed-
lings were excised and floated in a solution of 500 lM jasm-
onate. After incubation for 72 h at 22 �C, the leaves were
extracted with MeOH. The extract was subjected to a
reversed-phase HPLC analysis under the conditions
described above. For the analysis of camalexin (5), rosette
leaves of 2-wk-old seedlings were inoculated with A. bras-

sicicola (NBRC No. 31226, NITE Biological Resource
Center, Department of Biotechnology, National Institute
of Technology and Evaluation, Kisarazu, Japan). Droplets
(5 ll) of a suspension comprising 5 · 105 conidial spores/ml
were placed on the leaves of seedlings grown under sterile
conditions. Four leaves of each plant were inoculated.
After a 72-h incubation period, the aerial parts of the inoc-
ulated plants were collected and extracted with 10 vol. of
MeOH. The camalexin (5) content was determined by
HPLC under the conditions described above.

4.8. Analysis of Phe (8) and Tyr (9) contents

Two-week-old seedlings were extracted with 10 vol. of
MeOH–H2O [4:1 (v/v)] for 12 h, with the extract was sub-
jected to LC/MS/MS analysis. Separation by HPLC was
performed with an Agilent 1100 HPLC system (Agilent
Technologies, Palo Alto, CA, USA) equipped with a
Mightysil RP-18 GP column (150 · 2.0 mm, 3 lm particle
size, Kanto Chemical, Tokyo, Japan) at a flow rate of
200 ll/min. A linear gradient [0.1% HOAc (A) and
MeOH (B), 5–30% B/(A + B) for 10 min] was applied.
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MS detection was performed on an API-3000 triple stage
quadrupole mass spectrometer equipped with a TurboIon-
Spray ionization source (Applied Biosystems, Foster City,
CA, USA). Concentrations of Phe (8) and Tyr (9) were
determined by multiple reaction monitoring (MRM).
The monitored mass transitions were m/z 166 to m/z
120 for Phe (8) and m/z 182 to m/z 136 for Tyr (9).
The conditions for MS were optimized for MRM using
authentic Phe (8) and Tyr (9) (Wako). The optimized con-
ditions included nebulizer gas flow (NEB), curtain gas
flow (CUR), ionspray voltage (IS), TurboIonSpray tem-
perature (TEM), collision gas pressure (CAD), decluster-
ing potential (DP), focusing potential (FP), entrance
potential (EP), collision energy (CE), and cell exit poten-
tial (CEP).
Acknowledgements

We thank Mizuho Tsuchiya for assistance with molecu-
lar biological analyses. This work was supported by CREST
of the Japan Science and Technology Agency (JST).
References

Agerbirk, N., Olsen, C.E., Sørensen, H., 1998. Initial and final products,
nitriles, and ascorbigens produced in myrosinase-catalyzed hydrolysis
of indole glucosinolates. J. Agric. Food Chem. 46, 1563–1571.

Ayer, W.A., Craw, P.A., Ma, Y.-t., Miao, S., 1992. Synthesis of camalexin
and related phytoalexins. Tetrahedron 48, 2919–2924.

Bednarek, P., Schneider, B., Svatos, A., Oldham, N.J., Hahlbrock, K.,
2005. Structural complexity, differential response to infection, and
tissue specificity of indolic and phenylpropanoid secondary metabo-
lism in Arabidopsis roots. Plant Physiol. 138, 1058–1070.

Belser, W.L., Baron Murphy, J., Delmer, D.P., Mills, S.E., 1971. End
product control of tryptophan biosynthesis in extracts and intact cells
of the higher plant Nicotiana tabacum var. Wisconsin 38. Biochim.
Biophys. Acta 237, 1–10.

Bohlmann, J., DeLuca, V., Eilert, U., Martin, W., 1995. Purification and
cDNA cloning of anthranilate synthase from Ruta graveolens: modes
of expression and properties of native and recombinant enzymes. Plant
J. 7, 491–501.

Bohlmann, J., Lins, T., Martin, W., Eilert, U., 1996. Anthranilate
synthase from Ruta graveolens. Plant Physiol. 111, 507–514.
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Gröger, D., Johne, S., 1968. Zur Biosynthesise einiger Alkaloide von
Glycosmis arborea (Rutaceae). Z. Naturforsch., B: Chem. Sci. 23,
1072–1075.

Hemm, M.R., Rider, S.D., Ogas, J., Murry, D.J., Chapple, C., 2004. Light
induces phenylpropanoid metabolism in Arabidopsis roots. Plant J. 38,
765–778.

Hughes, E.K., Hong, S.-B., Gibson, S.I., Shanks, J.V., San, K.-Y.,
2004. Expression of a feedback-resistant anthranilate synthase in
Catharanthus roseus hairy roots provides evidence for tight regula-
tion of terpenoid indole alkaloid levels. Biotechnol. Bioeng. 86, 718–
727.

Hull, A.K., Vij, R., Celenza, J.L., 2000. Arabidopsis cytochrome P450s
that catalyze the first step of tryptophan-dependent indole-3-acetic
acid biosynthesis. Proc. Natl. Acad. Sci. USA 97, 2379–2384.

Ishihara, A., Ohtsu, Y., Iwamura, H., 1999. Biosynthesis of oat avenan-
thramide phytoalexins. Phytochemistry 50, 237–242.

Iwashina, T., Matsumoto, S., Nishida, M., Nakaike, T., 1995. New
and rare flavonol glycosides from Asplenium trichomanes-ramosum

as stable chemotaxonomic markers. Biochem. Syst. Ecol. 23, 283–
290.

Kanno, T., Kasai, K., Ikejiri-Kannno, Y., Wakasa, K., Tozawa, Y., 2004.
In vitro reconstitution of rice anthranilate synthase: distinct functional
properties of the a subunits OASA1 and OASA2. Plant Mol. Biol. 54,
11–23.

Kawagishi-Kobayashi, M., Yabe, N., Tsuchiya, M., Harada, S., Kobay-
ashi, T., Komeda, Y., Wakasa, K., 2005. Rice OASA1D, a mutant
anthranilate synthase a subunit gene, is an effective selectable marker
for transformation of Arabidopsis thaliana. Plant Biotechnol. 22, 271–
276.

Kreps, J.A., Ponappa, T., Dong, W., Town, C.D., 1996. Molecular basis
of a-methyltryptophan resistance in amt-1, a mutant of Arabidopsis

thaliana with altered tryptophan metabolism. Plant Physiol. 110, 1159–
1165.

Lambrix, V., Reichelt, M., Mitchell-Olds, T., Kliebenstein, D.J., Ger-
shenzon, J., 2001. The Arabidopsis epithiospecifier protein promotes
the hydrolysis of glucosinolates to nitriles and influences Trichoplusia

ni herbivory. Plant Cell 13, 2793–2807.
Li, J., Last, R.L., 1996. The Arabidopsis thaliana trp5 mutant has a

feedback-resistant anthranilate synthase and elevated soluble trypto-
phan. Plant Physiol. 110, 51–59.

Linscheid, M., Wendisch, D., Strack, D., 1980. The structures of sinapic
acid esters and their metabolism in cotyledons of Raphanus sativus. Z.
Naturforsch., C: J. Biosci. 35, 907–914.

Lohaus, G., Winter, H., Riens, B., Heldt, H.W., 1995. Further studies of
the phloem loading process in leaves of barley and spinach: the
comparison of metabolite concentrations in the apoplastic compart-
ment with those in the cytosolic compartment and in the sieve tubes.
Bot. Acta 108, 270–275.

Matsuda, F., Yamada, T., Miyazawa, H., Miyagawa, H., Wakasa, K.,
2005. Characterization of tryptophan-overproducing potato transgenic
for a mutant rice anthranilate synthase a-subunit gene (OASA1D).
Planta 222, 535–545.



2362 A. Ishihara et al. / Phytochemistry 67 (2006) 2349–2362
Matsukawa, T., Ishihara, A., Iwamura, H., 2002. Induction of anthrani-
late synthase activity by elicitors in oats. Z. Naturforsch., C: J. Biosci.
57, 121–128.

Mikkelsen, M.D., Hansen, C.H., Wittstock, U., Halkier, B.A., 2000.
Cytochrome P450 CYP79B2 from Arabidopsis catalyzes the conversion
of tryptophan to indole-3-acetaldoxime, a precursor of indole gluco-
sinolate and indole-3-acetic acid. J. Biol. Chem. 275, 33712–33717.

Mobley, E., Kunkel, B.N., Keith, B., 1999. Identification, characterization
and comparative analysis of a novel chorismate mutase gene in
Arabidopsis thaliana. Gene 240, 115–123.

Mulinacci, N., Baldi, F.F.V.A., Bambagiotti-Alberti, M., Sendl, A.,
Wagner, H., 1995. Flavonol glycosides from Sedum telephium subspe-
cies maximum leaves. Phytochemistry 38, 531–533.

Nielsen, J.K., Hansen, M.L., Agerbirk, N., Petersen, B.L., Halkier, B.A.,
2001. Responses of the flea beetles Phyllotreta nemorum and P.

cruciferae to metabolically engineered Arabidopsis thaliana with an
altered glucosinolate profile. Chemoecology 11, 75–83.

Niyogi, K.K., Fink, G.R., 1992. Two anthranilate synthase genes in
Arabidopsis: defense-related regulation of the tryptophan pathway.
Plant Cell 4, 721–733.

Niyogi, K.K., Last, R.L., Fink, G.R., Keith, B., 1993. Suppressors of trp1

fluorescence identify a new Arabidopsis gene, trp4, encoding the
anthranilate synthase b subunit. Plant Cell 5, 1011–1027.

Nomura, T., Ishihara, A., Imaishi, H., Endo, T.R., Ohkawa, H.,
Iwamura, H., 2002. Molecular characterization and chromosomal
localization of cytochrome P450 genes involved in the biosynthesis of
cyclic hydroxamic acids in hexaploid wheat. Mol. Genet. Gen. 276,
210–217.

Poulsen, C., Bongaerts, R.J.M., Verpoorte, R., 1993. Purification and
characterization of anthranilate synthase from Catharanthus roseus.
Eur. J. Biochem. 212, 431–440.

Riens, B., Lohaus, G., Heineke, D., Heldt, H.W., 1991. Amino acid and
sucrose content determined in the cytosolic, chloroplastic, and
vacuolar compartments and in the phloem sap of spinach leaves.
Plant Physiol. 97, 227–233.

Romero, R.M., Roberts, M.F., Phillipson, J.D., 1995. Chorismate mutase
in microorganisms and plants. Phytochemistry 40, 1015–1025.

Singh, B.K., Lonergan, S.G., Conn, E.E., 1986. Chorismate mutase
isoenzymes from selected plants and their immunological comparison
with the isoenzymes from Sorghum bicolor. Plant Physiol. 81, 717–722.

Song, H.-S., Brotherton, J.E., Gonzales, R.A., Widholm, J.M., 1998.
Tissue culture-specific expression of a naturally occurring tobacco
feedback-insensitive anthranilate synthase. Plant Physiol. 117, 533–
543.
Tierens, K.F.M.-J., Thomma, B.P.H.J., Brouwer, M., Schmidt, J.,
Kistner, K., Porzel, A., Mauch-Mani, B., Cammue, B.P.A., Broekaert,
W.F., 2001. Study of the role of antimicrobial glucosinolate-derived
isothiocyanates in resistance of Arabidopsis to microbial pathogens.
Plant Physiol. 125, 1688–1699.

Tilsner, J., Kassner, N., Struck, C., Lohaus, G., 2005. Amino acid
contents and transport in oilseed rape (Brassica napus L.) under
different nitrogen conditions. Planta 221, 328–338.

Tozawa, Y., Hasegawa, H., Terakawa, T., Wakasa, K., 2001. Character-
ization of rice anthranilate synthase a-subunit genes OASA1 and
OASA2. Tryptohan accumulation in transgenic rice expressing a
feedback-insensitive mutant of OASA1. Plant Physiol. 126, 1493–1506.

Tsai, F.-Y., Brotherton, J.E., Widholm, J.M., 2005. Overexpression of the
feedback-insensitive anthranilate synthase gene in tobacco causes
tryptophan accumulation. Plant Cell Rep. 23, 548–556.

Tsuji, J., Jackson, E.P., Gage, D.A., Hammerschmidt, R., Somerville,
S.C., 1992. Phytoalexin accumulation in Arabidopsis thaliana during
the hypersensitive reaction to Pseudomonas syringae pv syringae. Plant
Physiol. 98, 1304–1309.

van Loon, J.J.A., Blaakmeer, A., Griepink, F.C., van Beek, T.A.,
Schoonhoven, L.M., de Groot, A., 1992. Leaf surface compound
from Brassica oleracea (Crudiferae) induces oviposition by Pieris

brassicae (Lepidoptera: Pieridae). Chemoecology 3, 39–44.
Veit, M., Pauli, G.F., 1999. Major flavonoids from Arabidopsis thaliana

leaves. J. Nat. Prod. 62, 1301–1303.
Visentin, M., Tava, A., Iori, R., Palmieri, S., 1992. Isolation and

identification of trans-4-(methylthio)-3-butenyl glucosinolate from rad-
ish roots (Raphanus sativus L.). J. Agric. Food Chem. 40, 1687–1691.

Wakasa, K., Hasegawa, H., Nemoto, H., Matusda, F., Miyazawa, H.,
Tozawa, Y., Morino, K., Komatsu, A., Yamada, T., Terakawa, T.,
Miyagawa, H., 2006. High-level tryptophan accumulation in seeds of
transgenic rice and its limited effects on agronomic traits and seed
metabolite profile. J. Exp. Bot., in press, doi:10.1093/jxb/er1068.

Widholm, J.M., 1972. Tryptophan biosynthesis in Nicotiana tabacum and
Daucus carota cell cultures: site of action of inhibitory tryptophan
analogues. Biochim. Biophys. Acta 261, 44–51.

Yamada, T., Tozawa, Y., Hasegawa, H., Terakawa, T., Ohkawa, Y.,
Wakasa, K., 2004. Use of a feedback-insensitive a subunit of
anthranilate synthase as a selectable marker for transformation of
rice and potato. Mol. Breed. 14, 363–373.

Zhao, Y., Hull, A.K., Gupta, N.R., Goss, K.A., Alonso, J., Ecker, J.R.,
Normanly, J., Chory, J., Celenza, J.L., 2002. Trp-dependent auxin
biosynthesis in Arabidopsis: involvement of cytochrome P450s
CYP79B2 and CYP79B3. Genes Dev. 16, 3100–3112.

http://dx.doi.org/10.1093/jxb/er1068

	Metabolic changes in Arabidopsis thaliana expressing the  feedback-resistant anthranilate synthase  alpha  subunit gene OASA1D
	Introduction
	Results
	Effect of introduction of OASA1D on Trp (4) synthesis
	Effects of introduction of OASA1D on secondary metabolism
	Effects on phenylalanine (8) and tyrosine (9) contents

	Discussion
	Effect on Trp (4) accumulation
	Effects on secondary metabolism
	Concluding remarks

	Experimental
	General
	Plant materials and growth conditions
	RNA extraction and quantitative analysis of the transcript rsquo s accumulation
	Chemicals
	AS activity
	Analysis of soluble secondary metabolites
	Analysis of IGs and camalexin (5)
	Analysis of Phe (8) and Tyr (9) contents

	Acknowledgements
	References


