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Abstract

Three metabolites of indole-3-acetic acid (IAA), N-(6-hydroxyindol-3-ylacetyl)-phenylalanine (6-OH-IAA-Phe), N-(6-hydroxyindol-
3-ylacetyl)-valine (6-OH-IAA-Val), and 1-O-(2-oxoindol-3-ylacetyl)-B-p-glucopyranose (OxIAA-Glc), were found by a liquid chroma-
tography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)-based search for oxidative IAA metabolites during the
vegetative growth of Arabidopsis. Their structures were confirmed by making a comparison of chromatographic characteristics and mass
spectra between naturally occurring compounds and synthetic standards. An incorporation study using deuterium-labeled compounds
showed that 6-OH-IAA-Phe and 6-OH-IAA-Val were biosynthesized from IAA-Phe and IAA-Val, respectively, which strongly suggested
the formation of these amino acid conjugates of IAA in plants. Both 6-OH-IAA-Phe and 6-OH-IAA-Val were inactive as auxins, as indi-
cated by no significant root growth inhibition in Arabidopsis. Quantitative analysis demonstrated that OxIAA-Glc was present in the
largest amount among the metabolites of IAA in Arabidopsis, suggesting that the conversion into OxIAA-Glc represents the main met-

abolic process regarding IAA in Arabidopsis.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Indole-3-acetic acid (IAA, 1) (Fig. 1) is one of the aux-
ins that regulate plant growth and development as a plant
hormone. Its levels are thought to be finely controlled by
balancing the activities of its biosynthesis, metabolism,
and transport to establish what is referred to as “TAA
homeostasis”. Considerable effort has also been directed
at clarifying the processes and factors contributing to
IAA homeostasis, but the entire picture remains to be elu-
cidated (Normanly, 1997; Slovin et al., 1999; Normanly
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and Bartel, 1999; Ljung et al., 2002; Woodward and Bar-
tel, 2005).

In plants, most IAA (1) is thought to be present in a
conjugated form, since a large amount of IAA (1) is
released by hydrolysis of plant extracts. Two distinct
groups of bound IAA (1), or IAA conjugates, have been
described in a variety of plant species. The first group
includes the IAA esters. The conjugate with glucose is the
one most studied: the enzymes involved both in its forma-
tion and in its hydrolysis have been characterized in several
plants (Bandurski et al., 1995; Szerszen et al., 1994; Slovin
et al., 1999; Jackson et al., 2001; Jackson et al., 2002). The
second group is comprised of the amide compounds, in
which TAA (1) is linked with various amino acids, such
as Ala, Asp, Glu, and Leu (Ostin et al., 1998; Barratt
et al., 1999; Tam et al., 2000; Kowalczyk and Sandberg,
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Fig. 1. Structures of IAA (1) and its metabolites.

2001). The presence of a peptide-bound IAA has also been
demonstrated in the seeds of Arabidopsis and bean, and
quite recently in strawberry fruit (Bialek and Cohen,
1986; Walz et al., 2002; Park et al., 2006).

Although a number of IAA conjugates have been iden-
tified to date, a considerable proportion of total bound
IAA (1) is still chemically unknown in many plants (Nor-
manly, 1997). In Arabidopsis in particular, IAA (1) and
hitherto characterized IAA conjugates only account for a
few persent of all the TAA (1) that is released after alkaline
hydrolysis (Tam et al., 2000). To identify the unknown
IAA conjugates, Kowalzcyk and Sandberg screened for
IAA-amide compounds using GC-MS, finding IAA-Ala
and TAA-Leu to be minor components (Kowalczyk and
Sandberg, 2001). However, they failed to find any major
compounds and concluded that no other conjugates were
present in detectable amounts in Arabidopsis seedlings.
Nonetheless, genetic analyses to date have shown that Ara-
bidopsis has a variety of IAA amidohydrolases. For exam-
ple, amide hydrolase ILR1 shows a high degree of highly
specific for IAA-Leu and IAA-Phe (5) (Bartel and Fink,
1995; LeClere et al., 2002), although IAA-Phe (5) has never
been found in plants until now. Furthermore, it was shown
recently that the early-auxin inducible GH3 genes encode
IAA-amide synthase, and that these amide synthetases cat-
alyze the formation of IAA-Asp (2), -Gln, -Glu (3), -Gly,
-Ile, -Phe, -Tyr, and -Val (4) in vitro (Staswick et al., 2005).
None of these conjugates, however, has been detected as
an endogenous component in intact plants except for
TAA-Asp (2) and TAA-Glu (3). These findings strongly sug-

gest that many types of IAA-amide conjugates are present
at levels below the detection limit and/or display a rapid
turn over, playing a regulatory role in planta.

Besides the conjugation of IAA (1) with endogenous
components, oxidation has been observed as a catabolic
process in a variety of plants (Normanly, 1997). The best
known oxidative metabolite is 2-oxoindole-3-acetic acid
(OxIAA, 6). The rapid formation of OxIAA (6) after plants
were supplied with IAA (1) indicates the important role of
OxIAA (6) in the homeostatic control of the hormone level
(Ostin et al., 1998). It has been shown that some IAA-amino
acid conjugates also undergo oxidation. In vivo administra-
tion experiments demonstrated that TAA-Asp (2) was
metabolized to OxIAA-Asp (7), without prior hydrolysis
to free IAA (1), in several plant species (Ostin et al., 1995,
1998). Furthermore, the formation of an OxIAA conjugate
with a hexose was observed when IAA (1) was administered
to Arabidopsis seedlings (Ostin et al., 1998). Although the
oxidative metabolism of IAA (1) is generally recognized
to occur ubiquitously in plants, the amount of information
available is relatively limited and so endogenous levels of
the metabolites or their significance under normal growth
conditions have not been well investigated. It is likely that
some other metabolites are present at very low concentra-
tions, but have an important role in the metabolism of
TAA (1). Such metabolites could include oxidized TAA-
amino acids that have not been detected in unoxidized
forms in plants. If so, the presence of amino acid conjuga-
tion pathways predicted by the above-mentioned molecular
biology study will be demonstrated.
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In this study, we searched for new IA A metabolites in veg-
etatively growing Arabidopsis, focusing on those produced
by oxidative processes. We used tandem mass spectrometry
to develop a multiple reaction monitoring (MRM)-based
method of screening that allowed for the selective and sensi-
tive detection of oxidized IAA conjugates. Conjugates of 6-
hydroxy-IAA were identified, thereby demonstrating for the
first time the occurrence of hydroxylation at position C-6 in
the indole ring of IAA (1) in plants. The results also suggest
that previously undescribed conjugates of IAA (1) with Phe
and Val are formed endogenously in Arabidopsis. In addi-
tion, we revealed that the OXxIAA conjugate with glucose
was present at high levels in seedlings, indicating that the for-
mation of this metabolite was a predominant process in the
catabolism of TAA (1) in Arabidopsis.

2. Results
2.1. Strategy for detecting IAA metabolites

In this study, we attempted to detect all oxidative
metabolites of IAA (1) present in vegetatively growing Ara-
bidopsis, using LC-ESI-MS/MS. For this purpose, we first
studied the typical mass spectroscopic fragmentation of
amide- and ester-conjugates of IAA (1) or oxidized TAA
using synthetic model compounds, OxIAA-Asp (7),
OxIAA-Glu (8), and IAA-Glc (9). By the product ion scan
of ESI-MS/MS, OxIAA-Asp (7) was observed to yield a 2-
oxoquinolinium ion at m/z 146 from the protonated mole-
cule at m/z 307 [M+H]" in the positive mode, and an ion at
m/z 132 from deprotonated molecule at m/z 305 [M—H]~
in the negative mode by the neutral loss of the 2-oxoin-
dole-3-acety moiety (174 amu), with relatively high inten-

sity. In the case of OxIAA-Glu (8), the same
fragmentation processes were observed, where an ion at
m/z 146 was formed from the protonated molecule at m/z
321 [M+HJ" in the positive mode, and an ion of
[M—174]" at m/z 146 from m/z 319 [M—H]™ in the nega-
tive mode. Thus, we deemed these two types of fragmenta-
tion processes typical of amide conjugates of oxidized IAA
so applicable to the screening of relevant metabolites in the
plant extracts by LC-ESI-MS/MS.

The synthetic IAA-Glc (9) afforded a deprotonated mol-
ecule at m/z 336 [M—H] in the negative mode, which
yielded the characteristic fragment ions at my/z 174 and
130 with the loss of the glucosyl moiety and by the decom-
position into a quinolinium ion, respectively. Therefore, we
assumed that an ester conjugate of oxidized IAA should
yield ions of m/z 190 and 146 in high abundance under
the same MS/MS conditions.

Based on these results, we established screening methods
for the amide- and ester-type conjugates of oxidized IAA in
the extract of Arabidopsis. In order to detect the amide-type
conjugates, the extract was subjected to HPLC and the elu-
ate was monitored using the MRM mode of MS/MS. Two
sets of experiments were done for each extract, in which the
ions that cleaved into fragments with m/z values of 146 and
M—173 were detected, respectively. When an ion with the
specified m/z value provided peaks with the identical reten-
tion times on the two chromatograms obtained under these
two different sets of conditions, the ion was deemed possi-
bly to be that of an amide-type conjugate of oxidized IAA.
Likewise, the ester-type conjugates were searched for by
combining the MS/MS detection methods that focus on
the ions cleaved into those with m/z values of 146 and
190. Optimized parameters for MS/MS to monitor these
transitions are listed in Table 1.

Table 1
Multiple reaction monitoring (MRM) parameters to detect IAA metabolites
Target compounds Filtered ions DP (V) FP (V) EP (V) CE (V) CXP (V)
Q1 Q3
OxIAA-amide 1 [M+HT" mfz 146 71 290 10 33 8
>M—173 2 [M—H]" M-173 -56 -300 —-10 —28 —15
OxIAA-ester 1 [M—H]™ m/z 190 —41 -250 —-10 —-16 -19
146<--------:,= 0 2 [M—H]™ m/z 146 =31 —230 —-10 -36 —13
N~ O

QI, quadrupole 1; Q3, quadrupole 3; DP, declustering potential; FP, focusing potential; EP, entrance potential; CE, collision energy; CXP, collision cell

exit potential.
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2.2. Detection of novel metabolites

A LC-MRM-based search for oxidized TAA-conjugates
with a molecular mass ranging from 200 to 1000 was per-
formed. After the extract of 2-week-old plants was separated
into six fractions by preparative HPLC, individual fractions
were subjected to analysis. Five possible peaks, I-1II from
fraction 3, and IV and V from fraction 5, were found.

Peaks I (tg, 6.2 min), I (6.4 min), and III (6.9 min) were
detected as a result of the screening of ester conjugates of

a 2.3e4| MRM, negative HIH
% 352190
g
2
3 L
Q
IS
A “—
1.8e4| MRM, negative
2 | 352146
< My
_2\
£ I
2 4 6 8 10 12 14

Time (min)
100 | Product lon 146
&
=
2 172
2 190
- 232

| | Il L |
60 100 140 180 220 260 300 340 380
m/z
C 2305| MRM, negative v
@ |337—>164
g
>
B
IS
1385 | MRM, positive A
© | 339146
o
2
‘2
o
<
2 4 6 8 10 12 14

Time (min)
100| Product lon 146
S
= 166
2
2
=

!

180 220 260 300 340
m/z

60 100 140

oxidized IAA, and the molecular weights of their compo-
nents were all estimated to be 353 (Fig. 2a). The product
ion spectra of these components were also identical, sug-
gesting that the three are isomers. Furthermore, the frag-
mentation pattern of each component, in which ions were
abundant at m/z 230, 190, 172, and 146, was similar to that
of the glucose conjugate of IAA, 9, in ESI-MS/MS, but the
respective fragment ions were larger by 16 mass units
(Fig. 2a). Thus, each compound in peaks I-1II was thought
to be a glucose conjugate of oxidized TAA.
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Fig. 2. LC-ESI-MS/MS-based screening of oxidized IAA metabolites in Arabidopsis extracts. The HPLC effluent was monitored by MS/MS in the MRM
mode. (a) Peaks I (#g, 6.2 min), II (6.4 min), and III (6.9 min) were detected as those of ester conjugates of oxidized IAA. The product ion spectrum for the
deprotonated molecule of III is shown in the bottom. Components in I-III afforded almost the same spectra. (b and c) Peaks IV (g, 8.4 min) and V
(10.5 min) were detected as those of amide conjugates of oxidized IAA. The product ion spectra for the protonated molecules are shown in the bottom,

respectively.
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The compound in peak IV (zr, 8.4 min) was found dur-
ing the screening of amide conjugates of oxidized IAA. Its
molecular weight of was presumed to be 290 and the prod-
uct ion spectrum is shown in Fig. 2b. The fragment ion at
m/z 118 was produced from the protonated molecule
[M+H]" in the positive mode, while that at m/z 116 was
produced from the deprotonated molecule [M—H]™ in the
negative mode (data not shown), both of which were
assigned to the ions related to the Val moiety in the com-
pound formed by the cleavage of the amide bond. We pre-
sumed, therefore, that compound in IV was a Val
conjugate of oxidized IAA.

The compound in peak V (zg, 10.5 min) was also consid-
ered to be an amide conjugate, with a molecular weight of
338 (Fig. 2c). A product ion scan of compound V showed
that the ions were obtained in abundance at m/z 293 and
164 from the deprotonated molecule [M—H]™ in the nega-
tive mode (data not shown) and at m/z 166 and 146 from
the protonated molecule [M+H]" in the positive mode
(Fig. 2c). These spectra were well explained by assuming
compound in V to be oxidized IAA linked to Phe.

2.3. Identification of compounds in peaks I-V

As indicated in the previous section, compounds in I-11I
were presumed to be glucose conjugates of oxidized TAA.
Because of the presence of OxIAA (6) as an oxidative
metabolite of IAA (1) in a variety of plant species (Nor-
manly, 1997), we assumed that they were most likely to
be 1-O-B-p-glucose esters of 2. In order to confirm this,
an authentic sample of OxIAA-Glc (10) was chemically
synthesized from OXIAA (6) according to the method used
for IAA-Glc (9) (Fig. 3a). Synthetic OxIAA-Glc (10) was
identical with compound of Il with respect to its chromat-
ographical behavior and MS fragmentation pattern in LC-
ESI-MS/MS (Table 2). The characteristic product ions
were appropriately assigned as shown in Fig. 4. It was
found that synthetic OXxIAA-Glc (10) was gradually con-
verted into a mixture of compounds in aqueous solution
at room temperature, and the newly produced compounds
had the same retention times (7g, 6.2 and 6.4 min) as com-
pounds in I and II (data not shown). This indicates that
they are the isomers of OxIAA-Glc (10) presumably
formed by keto-enol tautomerism and/or acyl migration.

The mass spectrum of compound in IV suggested that it
was the Val conjugate of oxygenated TAA. However, its LC
retention time was not identical with that of synthetic
OxIAA-Val (11). Therefore, it was assumed that com-
pound in IV had an oxidized indole moiety of IAA (1) that
distinguished it from 2-oxoindole of OXIAA (6). In order to
determine the oxidized position of the indole ring, a series
of Val conjugates of hydroxy IAA (OH-IAA), i.e. 4-OH-
IAA (15), 5-OH-IAA (16), 6-OH-IAA (17) and 7-OH-
TIAA (18), were synthesized from the corresponding meth-
oxyindoles (19) (Fig. 3b). The structures of the synthetic
compounds were confirmed by NMR spectroscopy and
mass spectrometry. Among the synthetic standards, com-
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Fig. 3. Schemes of the synthesis of OxIAA-Glc (10) (a) and OH-IAA-Val
(13, 25-27) and OH-IAA-Phe (14, 28-30) (b). For details, see Section 5.
Pd/C, palladium on activated charcoal; EtOH, ethanol; (COCI),, oxalyl
dichloride; THF, tetrahydrofuran; Et;N; triethylamine; DCC, N,N'-
dicyclohexylcarbodiimide; DMAP, 4-dimethylaminopyridine; BBr3, boron
tribromide; rt, room temperature.

Table 2
Tabulated LC-ESI-MS/MS-based analytical data of synthetic compounds

Compound Retention Precursor  Ions (m/z) (abundance)
time (min)  ion (m/z)
10 6.9 352 232 (2), 190 (9), 172 (15), 146
(100), 144 (24), 128 (27)
13 8.4 291 146 (100), 118 (2), 72 (21)
14 10.5 339 166 (1), 146 (100), 120 (28)

pound in IV agreed with 6-OH-IAA-Val (13) in terms of
retention time and product ion spectra in LC-ESI-MS/
MS (Table 2). Proposed assignments of characteristic prod-
uct ions are shown in Fig. 4.

Similarly, compound in V was also considered to be
OH-IAA conjugated with Phe via an amide bond. To clar-
ify its structure, a series of Phe conjugates of OH-IAA were
synthesized (Fig. 3b), and their chromatographic behaviors
as well as product ion spectra were compared with those of
compound in V by LC-ESI-MS/MS (Table 2, Fig. 4). Con-
sequently, compound in V was identified as 6-OH-IAA-Phe
(14).

2.4. Administration studies for elucidating the biosynthetic
route of oxidized IAA conjugates

2.4.1. OxIAA-Glc (10)
It has been demonstrated that a hexose conjugate of
OxIAA (6) was synthesized in plants administered TAA
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Fig. 4. Proposed MS fragmentation of OxIAA-Glc (10), 6-OH-IAA-Val
(13), and 6-OH-TIAA-Phe (14) in LC-ESI-MS/MS. Values represent m/z
recorded.

(1) and OxIAA (6), and therefore, the conjugate is most
likely synthesized by the oxidation of IAA (1) to OxIAA
(6) and subsequent coupling with the hexose moiety (Ostin
et al., 1998). However, the hexose moiety has not been well
characterized chemically. Besides, another reaction
sequence, i.e. conjugation followed by oxidation, is still
possible. To elucidate the biosynthetic route for OxIAA-
Glc (10), we prepared two kinds of deuterium-labeled puta-
tive  precursors, [2'.2'-’H,JIAA-Glc  (9-d>) and
[2/,2'->H,]OXIAA (6-d,), and separately fed them to 2-
week-old Arabidopsis plants grown in agar-solidified MS
media. After incubation for 48 h in the dark, a significant
incorporation of deuterium into OxIAA-Glc (10) from
both precursors was observed by LC-ESI-MS/MS, which
failed to discriminate the two possible routes (Fig. 5a and
b). However, it was also observed that a substantial
amount of deuterium-labeled IAA-Glc (9-d») underwent
hydrolysis and the produced [2/,2’-*H,]JIAA (1-d>) was sub-
sequently oxidized to [2,2'-*H,JOXIAA (6-d>) in Arabidop-
sis under the experimental conditions employed (data not
shown). This suggests that OxIAA-Glc (10) is more likely
synthesized via glucosylation of OxIAA (6) in Arabidopsis.

2.4.2. 6-OH-IAA-Val (13) and 6-OH-1AA-Phe (14)
Amino acid conjugates of 6-OH-IAA (17) were consid-
ered to be biosynthesized either by oxidation of the corre-
sponding TAA-amino acids, or by conjugation of 6-OH-
IAA (17). In order to clarify this issue, deuterium-labeled
IAA-Val (4), IAA-Phe (5), and 6-OH-IAA (17) were,
respectively, administered to 2-week-old plants grown in
MS agar media for 48 h. The formation of 6-OH-IAA-
amino acids from supplied IAA-amino acids was confirmed
by using LC-ESI-MS/MS, where the peaks with expected
mass spectroscopic properties were detected in the MRM
mode with identical retention times to those of synthetic
standards (Fig. 5¢ and d). The structural identity of the
component in each peak was also confirmed by its

product-ion spectrum. On the other hand, exogenous 6-
OH-IAA (17) was not incorporated into the amino-acid
conjugates to a measurable extent (data not shown). We
concluded, therefore, that 6-OH-IAA-Val (13) and 6-OH-
IAA-Phe (14) were synthesized by hydroxylation of IAA-
Val (4) and TAA-Phe (5) at the 6-position of the indole
moiety, respectively.

In these experiments, the formation of OxIAA-Val (11)
(tr, 10.7 and 11.3 min) and OxIAA-Phe (12) (tg, 12.6 and
13.0 min) was also observed after administration of deute-
rium-labeled IAA-Val (4-d;) and IAA-Phe (5-d;), respec-
tively (Fig. 5¢ and d), although these conjugates have
never been detected in intact plants. The ion intensities of
these conjugates were higher than those of conjugates of
6-OH-TAA (17). 1t is likely that supplied IAA-amino acids
are more susceptible to oxidation at position C-2 of the
indole ring to form OxIAA-amino acids, rather than that
at C-6, although the physiological importance of this con-
version in Arabidopsis under normal conditions remains
unknown.

2.5. Root growth inhibition assay

To examine the auxin-activity of 6-OH-IAA (17) and its
conjugates (13, 14), we carried out a biological assay in
terms of the inhibition of root growth in Arabidopsis seed-
lings (Staswick et al., 2005). None of the compounds tested
showed significant activity (Fig. 6), indicating that 6-
hydroxylation, as well as 2-oxidation, of the indole ring is
an inactivation process for IAA (1).

2.6. Quantitative analysis of IAA metabolites

The levels of oxidative IAA metabolites in Arabidopsis
seedlings at 7 and 14 days after germination (DAG) were
determined by LC-MS/MS. The MRM parameters for
the analyses are listed in Table 3. Of seven metabolites
quantified, OxIAA-Glc (10) was found in the largest
amount (1.95 and 1.53 pmol g™ ! fresh wt. at 7 and 14
DAG, respectively, Table 4). The amounts of free TAA
(1), OxIAA (6), and IAA-Glc (9) were almost the same,
while those of IAA-Asp (2) and TAA-Glu (3) were in the
range of 1/8-1/3 of the level of free IAA (1). The amounts
of 6-OH-IAA-Val (13) and 6-OH-IAA-Phe (14) were under
the detection limit at 7 DAG. In 14-day-old Arabidopsis, 6-
OH-IAA-Val (13) and 6-OH-IAA-Phe (14) were present at
11 and 2 pmol g ' fresh wt, respectively (Table 4). These
levels were considerably low, compared to those of TAA
(1) and other metabolites.

3. Discussion

Conjugation represents a major part of IAA (1) metab-
olism in plants. In particular, more than 98% of total IAA
(1) in Arabidopsis seedlings is estimated to be present as
conjugated forms, most of which remain chemically
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Fig. 5. Administration of deuterium-labeled TAA metabolites to Arabidopsis plants grown in MS media. [2/,2’-’H,JIAA-Glc (9-d») (a) and
[2/,2"-*H,]OXIAA (6-d>) (b) were incorporated into OXIAA-Glc (10) (g, 6.9 min). [2',2'-*H,]IAA-Val (4-d>) (c) and [2’,2"->H,JTIAA-Phe (5-d) (d) were
incorporated into 6-OH-IAA-Val (13) (fgr, 8.4 min) and 6-OH-IAA-Phe (14) (10.5 min), respectively. Deuterium-incorporation was confirmed by
comparing each product ion spectrum with that of synthetic deuterium-labeled standard.

uncharacterized (Tam et al., 2000; Ljung et al., 2002). In
order to further elucidate the metabolism of IAA (1) in
Arabidopsis, we first searched for novel IAA conjugates
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Fig. 6. Effect of IAA (1), 6-OH-IAA-Val (13), 6-OH-IAA-Phe (14), and 6-
OH-IAA (17) on inhibition of the root growth of Arabidopsis seedlings.
Four-day-old seedlings were transferred on MS media containing each
compound, and incubated vertically for 5 days. Values shown are
means + SD from five measurements.

in the vegetative tissue using LC-ESI-MS/MS. Although
the method used was designed to detect any conjugates
present in a certain amount, no novel conjugate was found
in the soluble form (data not shown), and therefore, it is
unlikely that some kind of conjugate with a relatively sim-
ple structure accounts for the hitherto uncharacterized
metabolites that are hydrolyzed to afford IAA (1). Subse-
quently, we changed our objective and searched for the
IAA conjugates that underwent oxidation. It has been
shown that IAA-Asp (2) is oxidized to OxIAA-Asp (7) in
several plant species (Ostin et al., 1995, 1998). We specu-
lated that oxidation of TAA-conjugates would also make
an important contribution to the regulation of their levels
in planta. Thus, we developed a LC-ESI-MS/MS-based
method to screen for oxidized IAA conjugates in Arabidop-
sis. In general, two modes of MS/MS; the precursor ion
scan and neutral loss scan, are used for structure-based
searches of metabolites. Preliminary experiments revealed
that these scan methods were not sensitive enough to detect
metabolites present in minute amounts. Therefore, we
employed the MRM mode to detect sensitively and selec-
tively oxidative IAA conjugates with a molecular weight
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Table 3
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Multiple reaction monitoring (MRM) parameters to quantify IAA (1) and metabolite

Compounds Polarity Filtered ions (m/z) DP (V) FP (V) EP (V) CE (V) CXP (V)
Ql Q3

IAA (1) Positive 176 130 40 370 10 19 7.5
[BCEIAA ([Cg)1) Positive 182 136 40 370 10 19 7.5
TIAA-Asp (2) Positive 291 130 46 340 10 25 8
[2/,2'H,IAA-Asp (2-db) Positive 293 132 46 340 10 25 8
IAA-Glu (3) Positive 305 130 21 260 10 27 8
[2/,2'-*H,IAA-Glu (3-d>) Positive 307 132 21 260 10 27 8
IAA-Glc (9) Negative 336 174 —51 —260 -10 —14 —11
[2/,2'H,IAA-Glc (9-d>) Negative 338 176 =51 —260 -10 —14 —11
OxIAA (6) Positive 192 146 36 230 10 17 8
[2/,2'-H,]OxIAA (6-d>) Positive 194 148 36 230 10 17 8
OxIAA-Glc (10) Negative 352 190 —46 —300 -10 -24 —11
[2/,2'-*H,]OxIAA-Glc (10-d>) Negative 354 192 —46 —300 -10 —24 —11
6-OH-TAA-Val (13) Positive 291 146 30 200 10 30 15
[2/,2'-*H,]6-OH-IAA-Val (13-d>) Positive 293 148 30 200 10 30 15
6-OH-IAA-Phe (14) Positive 339 146 30 200 10 30 15
[2/,2'-*H,]6-OH-IAA-Phe (14-d») Positive 341 148 30 200 10 30 15

QI, quadrupole 1; Q3, quadrupole 3; DP, declustering potential; FP, focusing potential; EP, entrance potential; CE, collision energy; CXP, collision cell

exit potential.

Table 4

Quantitative analysis of IAA (1) and its metabolites in 7- and 14-day-old Arabidopsis

Sample IAA (1) IAA-Asp (2) IAA-Glu(3) TAA-Glc(9) OxIAA (6) OxIAA-GIc(10) 6-OH-IAA-Phe (13) 6-OH-IAA-Val (14)
DAG pmol g~! fresh wt.

7 69 £ 10 13+2.8 7.8+0.8 58 £18 63£17 1950 + 544 = -

14 38+38 124+0.8 13+0.1 41+ 12 47+9 1530 +£ 73 11+13 2405

Data shown are means + SD of three replicates.
& Below the quantification limit.
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Fig. 7. Metabolic pathways of IAA (1) in Arabidopsis seedlings showing
the newly identified oxidative metabolites OxIAA-Glc (10), 6-OH-IAA-
Val (13), and 6-OH-IAA-Phe (14). The solid arrows represent the steps
that have been demonstrated in Arabidopsis.

ranging from 200 to 1000 in a more targeted manner. Con-
ditions for detection were set based on the MS/MS data for
synthetic model compounds as described above. As a con-
sequence, we found three novel metabolites in the extract
of Arabidopsis fractionated by preparative HPLC (Fig. 2).

Two amide-type conjugates, 6-OH-IAA-Val (13) and 6-
OH-TAA-Phe (14), were identified for the first time as

metabolites of TAA (1) in plants. The label-incorporation
experiment showed that these compounds were synthesized
from TAA-Val (4) and IAA-Phe (5) by hydroxylation at
position C-6 of the indole ring, which represents a previ-
ously unknown pathway for the catabolism of IAA (1)
(Fig. 5c and d). Although the presence of the precursors,
IAA-Val (4) and TAA-Phe (5), has not been confirmed in
intact plant tissues, IAA-Val (4) was reported as a metab-
olite of exogenous IAA (1) in the crown gall callus of Par-
thenocissus tricuspidata (Feung et al., 1976). In this case,
however, whether TAA-Val (4) was of plant- or micro-
bial-origin was not described. Recently, a family of GH3
genes encoding a series of IAA-amide synthases was iden-
tified, and the in vitro translated protein was demonstrated
to have activity to conjugate IAA (1) with Phe and Val
(Staswick et al., 2005). Besides, an IAA-amide hydrolase,
ILR1, expressed in Escherichia coli was most active against
IAA-Phe (5) among a series of IAA-amino acids (Bartel
and Fink, 1995). Together with these findings, the results
of the present study strongly suggest that IAA-Val (4)
and IAA-Phe (5) are certainly formed in Arabidopsis. Kow-
alczyk and Sandberg have demonstrated the existence of
IAA-Ala and TAA-Leu in Arabidopsis seedlings (Kow-
alczyk and Sandberg, 2001). These amino acid conjugates
have been considered as storage forms of auxin, since they
have auxin activity after releasing free IAA (1) in vivo
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when applied exogenously (Bartel and Fink, 1995; Davies
et al., 1999; LeClere et al., 2002; Rampey et al., 2004).
However, the actual levels of IAA-Ala and TAA-Leu in
the tissue were quite low compared to the levels of other
metabolites (Kowalczyk and Sandberg, 2001). It is likely
that a rapid turnover of both IAA-Ala and IAA-Leu
makes it difficult to detect these metabolites in the plant.
This may also be the case with IAA-Val (4) and IAA-Phe
(5). Although they have never been detected in plants, they
could play an important role in regulating the level of free
IAA (1).

Ostin et al. investigated the metabolism of IAA (1)
administered to Arabidopsis seedlings, in which three oxi-
dative TAA-Asp were detected using LC-FAB (fast-atom
bombardment)-MS (Ostin et al., 1998). One of them was
presumed to be TAA hydroxylated in the indole moiety
based on the mass spectrum, whereas the others were iden-
tified as tautomers of OXIAA-Asp (7). In the present study,
however, no data were obtained to suggest the presence of
OH-TAA-Asp. Chances are small that OH-TAA-Asp was
lost during the sample pretreatment procedure employed
in this study, because we succeeded in detecting a predicted
OH-IAA-Asp of similar polarity in rice plants using the
same procedure (unpublished data). It is likely that the for-
mation of OH-IAA-Asp is a specific response to the exog-
enous TAA (1) in Arabidopsis, and its level in the intact
tissue is quite low.

No enzymes or genes have been implication in hydroxyl-
ating the indole moiety of IAA (1) in plants. In this rela-
tion, a gene referred to as iarl was isolated from an
Arabidopsis mutant, which suggested the presence of a
genetically controllable oxidation system for IAA (1) (Las-
swell et al., 2000). This gene confers insensitivity to the
growth inhibition caused by amino acid conjugates of
IAA (1), but has no effect on sensitivity to TAA (1). The
gene also has some homology with Drosophila Catsup pro-
tein, considered to be a negative regulator of the conver-
sion of L-tyrosine to 3,4-dihydroxy-L-phenylalanine
(DOPA) (Kumer and Vrana, 1996). By analogy, IARI
was speculated to negatively regulate the hydroxylation
of the indole-moiety of IAA-amino acids. The mutation
of IARI should result in the catabolism of TAA-amino
acids by hydroxylation, which would account for the insen-
sitivity of the mutant to exogenous IAA-amino acids with-
out any effect on the sensitivity to IAA (1). This hypothesis,
however, is still lacking in many respects, and requires fur-
ther examination, together with the biochemical evidence
for the presence of hydroxylation activity toward IAA
(1). A detailed analysis of OH-IAA-amino acids in the
iar] mutant would provide more information.

As shown in Fig. 6, 6-OH-IAA (17) and its amino-acid
conjugates (13, 14) showed no inhibition of the root growth
of Arabidopsis. This indicates that the 6-hydroxylation of
the indole ring is an inactivation process for IAA-amino
acids. The amino acid conjugates of 6-OH-IAA (17) are rel-
atively unstable. In fact, we observed that authentic sam-
ples of 6-OH-TAA conjugates (13, 14) gradually

decomposed in the standard solution during the LC-ESI-
MS/MS analysis. Thus, 13 and 14 are likely to be further
transformed in plants. Clarifying the fate of these com-
pounds is also interesting and important to complete
understanding the metabolism of TAA (1).

As a result of screening ester-conjugates of oxidized
IAA, we found a new endogenous metabolite, OxIAA-
Glc (10) (Fig. 2a), whose structure was confirmed by com-
parison with a synthetic standard (Table 2). It has been
reported that OXxIAA-hexose was produced after the appli-
cation of IAA (1) in Arabidopsis, but no detailed structural
characterization was conducted for the hexose moiety of
this metabolite (Ostin et al., 1998). Since no OxIAA-hexose
other than OxIAA-Glc (10) was detected in the present
study (Fig. 2a), OxIAA-Glc (10) is considered to account
for the previously detected OxIAA-hexose in Arabidopsis.
By the isotope incorporation study with deuterium-labeled
IAA-Glc (9-d>) or OXxIAA (6-d,), it was confirmed that glu-
cosylation of OxIAA (6) occurred in vivo (Fig. 5a and b).
However, the presence of an oxidation pathway for IAA-
Glc (9) was not confirmed in this study. Administration
experiments using TAA-Glc (9) with an isotope-label in
the Glc moiety may help to elucidate the major pathway
in plants. To date, a gene product of UGT84B1 has been
identified as a glucosyltransferase that forms IAA-Glc (9)
in Arabidopsis (Jackson et al., 2001). However, this enzyme
has been shown to have no activity toward OxIAA (6), sug-
gesting that a different enzyme is responsible for its glu-
cosylation. Quantification of TAA metabolites showed
that the level of OxIAA-Glc (10) was very high in Arabid-
opsis seedlings, 28-40 times that of free IAA (1), far above
levels of the metabolites from which IAA (1) could revers-
ibly be produced, namely IAA-Glc (9) (Table 4), IAA-Ala,
and IAA-Leu (Kowalczyk and Sandberg, 2001). Since
OxIAA-Glc (10) was inactive as an auxin and is unlikely
to be reversibly converted to TAA (1), it is suggested that
inactivation of IAA (1) occurs rather actively, and the for-
mation of reserve IAA (1) may play a minor role in the reg-
ulation of IAA (1) levels in Arabidopsis seedlings. In other
words, the level of IAA (1) may be mainly regulated in a
relatively simple manner by the balance of biosynthesis
and catabolic inactivation. The change in the content of
each metabolite with the plant growth is of interest, and
a potentially important subject of future study.

4. Concluding remarks

In conclusion, we have identified three new oxidative
IAA metabolites, OxIAA-Glc (10), 6-OH-IAA-Val (13),
and 6-OH-IAA-Phe (14) in Arabidopsis (Fig. 7). Among
these, OxIAA-Glc (10) constituted the largest proportion
of all the metabolites of TAA (1) in Arabidopsis. We also
have demonstrated that hydroxylation at position C-6 of
the IAA moiety of amino acid conjugates occurs as a novel
catabolic pathway for IAA (1) by conducting feeding
experiments in vivo. The result also provided substantial
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evidence that IAA-Val (4) and IAA-Phe (5) are synthesized
in Arabidopsis plants. Although peroxidases have been pro-
posed to oxidize at C-2 of IAA (1) in vitro (Normanly,
1997), to our knowledge, little is known about the enzyme
which catalyzes hydroxylation of the indole-ring in plants.
Further detailed study will no doubt provide us new insight
into the oxidative metabolism of TAA (1).

5. Experimental
5.1. Plant material

Seeds of Arabidopsis thaliana ecotype Columbia were
surface sterilized in 5% (v/v) sodium hypochlorite contain-
ing 0.05% (v/v) Tween 20 for 5 min, and then washed three
times with sterile H,O. Seeds were germinated in petri
dishes containing agar-solidified MS medium and were
grown at 22 °C with 16-h photoperiods.

5.2. Synthesis of OxIAA-Asp (7), OxIAA-Glu (8), and
14A4-Gle (9)

OxIAA (6) was synthesized from TAA (1) according to the
method of Tuominen et al. with some modifications (Tuomi-
nen et al., 1994). OxIAA-Asp (7) and OxIAA-Glu (8) were
synthesized by condensing OxIAA (6) with the correspond-
ing L-amino acid -butyl ester HCI using N,N’-dicyclo-
hexylcarbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP) in pyridine at room temperature, overnight, fol-
lowed by acidic hydrolysis [trifluoroacetic acid—triisopropyl-
silane-H,0 (95:2.5:2.5, v/v), room temperature, 1 h]. The
yields of OxIAA-Asp (7) and OXIAA-Glu (8) were 54%
and 66%, respectively. IAA-Glc (9) was synthesized from
IAA (1) according to the method of Schmidt et al. with some
modifications (Schmidt and Michel, 1985).

5.3. LC-MRM-MSIMS-based screening of oxidative 14A
conjugates

Two-week-old Arabidopsis plants (4.7 g fresh wt.) were
homogenized in liquid N, and immediately soaked in ace-
tone-H,O (4:1, v/v) containing 2.5 mM diethyldithiocarba-
mic acid. After repeating the extraction procedure, the
extract was concentrated under reduced pressure. The
aqueous concentrate was acidified to pH 3.0 and passed
through a Sep-Pak Plus C18 cartridge (Waters, Massachu-
setts, USA), and then eluted with CH;CN-H,O (3:2, v/v).
The eluate was concentrated under reduced pressure and
dissolved in CH;CN-H,O (1:1, v/v, 400 pl). The sample
was fractionated on a preparative HPLC system (Shima-
dzu, Kyoto, Japan). For elution, a gradient from
CH;CN-H,O containing 0.05% (v/v) AcOH (1:9, v/v) to
CH;CN-H,0 containing 0.05% (v/v) AcOH (9:1, v/v) over
30 min, with a flow rate of 3.2 ml/min was used. An Inersil
ODS-3 column (250 mm x 10 mm, GL Science, Tokyo,
Japan) was used. Six fractions were collected every 5 min.

The samples were dissolved in 200 pl of an appropriate
concentration of MeCN.

Screening of oxidative-IAA conjugates was performed
using a LC-ESI-MS/MS system, consisting of an Agilent
1100 HPLC system coupled to an API3000 triple-quadru-
pole-stage mass spectrometer (Applied Biosystems/MDS
Sciex, Ontario, Canada). A Cadenza CD-CI18 column
(75 mm x 2 mm, Imtakt, Kyoto, Japan) was used. The
mobile phase was delivered at a flow rate of 200 ul/min
with an initial mixture of MeOH-H»O containing 0.05%
(v/v) AcOH (1:4, v/v) for 3 min, followed by a 12-min lin-
ear increase to MeOH-H,O containing 0.05% (v/v) AcOH
(4:1, v/v). The temperature was 30 °C. The parameters for
the screening of metabolites were optimized using synthetic
OxIAA-Asp (7) and TAA-Glc (9). A MRM-based screening
of metabolites in the range from m/z 200 to 1000 was per-
formed. Product-ion-scan analyses of metabolites were car-
ried out under the same LC conditions. The data obtained
were processed with Analyst 1.3 software (Applied
Biosystems).

5.4. Synthesis of OxIAA-Glc (10), OxIAA-Val (11),
OxIAA-Phe (12), OH-IAA-Val (13, 25-27), and OH-1A A-
Phe (14, 28-30)

'H and '*C NMR spectra were obtained using a Bruker
Avance 400 NMR spectrometer with tetramethylsilane as
an internal standard. Mass spectra were recorded with an
API3000 mass spectrometer as described above.

OxIAA-Glc (10). OxIAA-Glc (10) was synthesized from
OxIAA (6) using the same procedure as for TAA-Glc (9).
'H NMR (400 MHz, CD;OD): § 2.82-2.92 (1H, m),
3.08-3.19 (1H, m), 3.31-3.45 (4H, m), 3.60-3.84 (3H, m),
5.48 (0.5H, d, J=28.1Hz), 5.53 (1H, d, J=8.1 Hz), 6.90
(1H, d, J=17.7Hz), 698 (1H, dd, J="1.5, 7.6 Hz), 7.20
(1H, 1, J=7.7Hz), 729 (1H, d, J=7.4 Hz). 3*C NMR
(100 MHz, CD5OD): ¢ 35.31, 35.43, 62.24, 70.92, 73.83,
73.89, 77.7, 77.75, 78.69, 78.75, 95.97, 96.03, 110.85,
110.87, 123.33, 123.38, 125.25, 129.26, 129.29, 130.16,
130.20, 143.55, 143.62, 176.49, 181.06, 181.11. MS (ESI):
m/z 354 [M+H]".

OxIAA-Val (11). OxIAA-Val (11) was synthesized
using the same procedure as for OxIAA-Asp (7) in 78%
yield. '"H NMR (400 MHz, CD;OD): § 0.78-0.91 (3H,
m), 0.94-0.99 (3H, m), 2.16 (1H, m), 2.67 (1H, m), 3.01
(1H, m), 4.30 (0.5H, d, J=5.5Hz), 435 (0.5H, d,
J=5.5Hz), 6.88 (1H, m), 6.96 (1H, m), 7.17-7.25 (2H,
m). 3C NMR (100 MHz, CD;OD): & 18.5, 19.5, 31.6,
37.0, 59.1, 110.8, 123.2, 125.4, 129.2, 130.5, 143.6, 174.7.
MS (ESI): m/z 291 [M+H]".

OxIAA-Phe (12). OxIAA-Phe (12) was synthesized the
same as OxIAA-Asp (7) in 77% yield. 'H NMR
(400 MHz, CD;OD): 6 2.42-2.58 (1H, m), 2.84-2.96 (2H,
m), 3.14-3.27 (1H, m), 3.72-3.77 (1H, m), 4.69 (0.5H, dd,
J=5.2, 88Hz), 4.78 (0.5H, dd, J=4.7, 9.5Hz), 6.79
(0.5H, d, J=17.4 Hz), 6.82-6.87 (1H, m), 6.92 (0.5H, dd,
J=17.5Hz), 7.12-7.27 (7H, m). "*C NMR (100 MHz,
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CD;0D): 6 36.92, 37.04, 38.31, 38.39, 43.78, 44.01, 55.08,
55.22, 110.74, 123.31, 123.45, 125.21, 12542, 127.78,
129.01, 129.11, 129.42, 129.49, 130.19, 130.39, 130.51,
138.25, 138.40, 143.13, 143.25, 172.71, 174.56, 181.57.
MS (ESI): m/z 321 [M+H]".

OH-IAA-Val (13, 25-27). The scheme for synthesizing
4-OH-, 5-OH-, 6-OH-, and 7-OH-IAA-Val (25, 26, 13, 27)
is shown in Fig. 3. Treatment of methoxyindole (19) with
1.1 equivalents of oxalyl dichloride at 0 °C for 2 h, and
subsequently excess MeOH for 4h gave meth-
oxyindoleoxoacetic acid methyl ester (20) (4-MeO: 57%,
5-MeO: 95%, 6-MeO: 70%, 7-MeO: 87%). Reduction of
a-ketone with 0.4 equivalents (w/w) of 10% (w/w) palla-
dium on activated charcoal and 10 equivalents of NaH,-
PO, H,O in 1,4-dioxane-H,O at room temperature for
2 days afforded methoxyindole-3-acetic acid methyl ester
(MeO-IAA-OMe, 21) (4-MeO: 83%, 5-MeO: 94%, 6-
MeO: 74%, 7-MeO: 96%). Treatment of 21 with 1M
KOH in THF-H,0O gave MeO-IAA (22) quantitatively.
Condensation of 22 with r-valine methyl ester was con-
ducted with DCC and DMAP in pyridine at room tem-
perature overnight to give MeO-IAA-Val-OMe (23)
quantitatively. Demethylation using four equivalents of
boron tribromide in dichloromethane under Ar at
—78 °C overnight afforded OH-IAA-Val (25: 38%, 26:
33%, 13: 26%, 27: 47%). 4-OH-IAA-Val (25). '"H NMR
(400 MHz, CD;CN): 6 0.86 (3H, d, J=17.1 Hz), 0.88
(3H, d, J=70Hz), 212 (1H, m), 3.74 (2H, d,
J=19Hz), 429 (1H, dd, J=5.4, 8.3 Hz), 6.43 (1H, dd,
J=10, 74Hz), 691 (1H, dd, J=1.0, 8.2 Hz), 6.97
(1H, dd, J="1.5, 8.1 Hz), 7.03 (1H, d, J=2.4 Hz), 7.25
(1H, d, J=17.4Hz), 9.10 (1H, br. s), 9.96 (1H, br. s).
13C NMR (100 MHz, CD;CN): ¢ 18.0, 19.2, 31.2, 34.7,
58.5, 104.7, 106.5, 108.4, 123.3, 124.0, 139.9, 151.9,
172.6, 175.9. MS (ESI): m/z 291 [M+H]". 5-OH-IAA-
Val (26). '"H NMR (400 MHz, CD;CN): § 0.79 (3H, d,
J=69Hz), 0.86 (3H, d, J=6.8 Hz), 2.10 (1H, m), 3.68
(2H, s) 4.31 (1H, dd, J=5.4, 8.2Hz), 6.70 (1H, dd,
J=23, 87Hz), 682 (IH, br. s), 691 (1H, d,
J=22Hz), 7.14 (1H, d, J=2.1Hz), 7.24 (1H, d,
J=8.7Hz), 9.07 (1H, br. s). *C NMR (100 MHz,
CD;CN): ¢ 1.79, 19.3, 31.2, 33.3, 58.6, 103.5, 108.2,
112.8, 113.0, 126.0, 128.8, 132.3, 151.4, 172.9 (2). MS
(ESI): m/z 291 [M+H]". 6-OH-IAA-Val (13). '"H NMR
(400 MHz, CD;CN): 6 0.78 (3H, d, J=6.9 Hz), 0.85
(3H, d, J=69Hz), 2.07 (1H, m), 3.63 (2H, s), 4.27
(1H, dd, J=5.4, 8.4Hz), 6.61 (1H, dd, J=2.2, 8.5 Hz),
6.64 (1H, d, J=9.0Hz), 6.80 (1H, d, J=2.2 Hz), 7.02
(1H, d, J=2.3Hz), 7.35 (1H, d, J=8.5Hz), 8.97 (1H,
br. s). 3C NMR (100 MHz, CD5CN): 6 1.80, 19.4, 31.2,
33.6, 58.4, 97.6, 109.5, 110.3, 120.2, 122.2, 123.5, 138.5,
154.1, 173.2, 173.4. MS (ESI): m/z 291 [M+H]". 7-OH-
IAA-Val (27). '"H NMR (400 MHz, CD;CN): § 0.78
(3H, d, J=69Hz), 0.85 (3H, d, J=06.9 Hz), 2.07 (1H,
m), 3.65 (2H, s), 4.26 (1H, dd, J=15.5, 8.4 Hz), 6.58
(1H, dd, J=0.6, 7.5 Hz), 6.62 (1H, br. s), 6.88 (1H, dd,
J=1717, 179 Hz), 7.08 (1H, d, J=8.0Hz), 7.14 (1H, d,

J=23Hz), 9.18 (1H, br. 5). *C NMR (100 MHz,
CD;CN): 6 1.80, 19.4, 31.3, 33.6, 58.4, 107.1, 110.2,
111.6, 120.8, 124.6, 127.2, 130.3, 143.8, 173.2, 172.9. MS
(ESI): m/z 291 [M+HT".

OH-IAA-Phe (14, 28-30). MeO-IAAs (22) were individ-
ually condensed with L-phenylalanine z-butyl ester in the
presence of DCC and DMAP in pyridine at room temper-
ature overnight to give MeO-IAA-Phe-tBu (24) quantita-
tively. Deprotection with four equivalents of boron
tribromide in CH,Cl, under Ar at —78 °C for 4 h afforded
OH-IAA-Phe (28: 57%, 29: 70%, 14: 43%, 30: 27%). 4-OH-
IAA-Phe (28). "H NMR (400 MHz, CD;CN): 6 2.95 (1H,
dd, J=17.6, 13.9 Hz), 3.10 (1H, dd, J = 5.3, 13.9 Hz), 3.67
(2H, s), 4.62 (1H, m), 6.43 (1H, d, J = 7.4 Hz), 6.90-6.98
(3H, m), 7.02-7.03 (2H, m), 7.09-7.14 (2H, m), 7.22 (1H,
d, J=17.5Hz), 7.58 (1H, s), 9.11 (1H, br. s), 9.62 (1H, br.
5). ’C NMR (100 MHz, CD;CN): § 34.7, 37.6, 54.6,
104.8, 106.5, 108.1, 123.5, 124.0, 127.7, 129.2 (2), 130.2
(2), 137.4, 139.9, 151.8, 172.4, 175.4. MS (ESI): m/z 339
[M+H]". 5-OH-IAA-Phe (29). 'H NMR (400 MHz,
CD;CN): 6 2.92 (1H, dd, J=17.4, 13.9 Hz), 3.04 (1H, dd,
J=52, 13.9Hz), 3.54 (2H, s), 4.60 (1H, dt, J=5.,
7.5Hz), 6.53 (1H, d, J=7.4Hz), 6.71 (1H, dd, J =22,
8.7 Hz), 6.86 (1H, d, J = 2.2 Hz), 6.95-6.97 (2H, m), 7.02
(1H, d, J=2.0Hz), 7.13-7.15 (3H, m), 7.24 (1H, d,
J=8,7Hz), 9.04 (IH, br. s). 3C NMR (100 MHz,
CD;CN): & 33.5, 37.6, 54.3, 103.6, 108.4, 112.8, 113.0,
125.9, 127.7, 129.3 (2), 130.2 (2), 132.3, 137.5, 151.5,
172.9 (2). MS (ESI): m/z 339 [M+H]". 6-OH-IAA-Phe
(14). '"H NMR (400 MHz, CD;CN): § 2.92 (1H, dd,
J=17.6, 13.9Hz), 3.06 (1H, dd, J=5.2, 13.9 Hz), 3.54
(2H, s), 4.60 (1H, dt, J=52, 7.6 Hz), 6.53 (1H, d,
J=6.8Hz), 6.59 (1H, dd, J=2.2, 8.5Hz), 6.80 (1H, d,
J=2.0Hz), 6.90 (1H, d, J=2.3 Hz), 6.97-6.99 (2H, m),
7.15-7.18 (4H, m), 7.22 (1H, d, J = 8.6 Hz), 8.94 (1H, br.
5). *C NMR (100 MHz, CD;CN): § 33.5, 37.6, 54.2,
97.6, 109.2, 110.4, 120.2, 122.2, 123.6, 127.7, 129.3 (2),
130.2 (2), 137.6, 138.5, 154.1, 172.7, 172.9. MS (ESI): m/z
339 [M+H]". 7-OH-IAA-Phe (30). "H NMR (400 MHz,
CD;CN): 6 2.92 (1H, dd, J=1.6, 13.9 Hz), 3.05 (1H, dd,
J=5.1, 13.9Hz), 3.60 (2H, s), 4.63 (1H, dt, J=5.,
7.7Hz), 659 (IH, d, J=75Hz), 664 (IH, d,
J=17.6Hz), 6.84 (1H, dd, J=17.7, 7.8 Hz), 6.94-6.96 (3H,
m), 7.00 (1H, d, J = 2.4 Hz), 7.13-7.15 (3H, m), 9.26 (1H,
br. s). 3C NMR (100 MHz, CD5CN): 6 33.5, 37.6, 54.4,
107.3, 109.5, 111.5, 121.0, 124.9,127.3, 127.7, 129.3 (2),
130.2 (2), 130.3, 137.5, 143.9, 173.2, 173.3. MS (ESI): m/z
339 [M+H]".

5.5. Deuterium-labeled compounds

[2/,.2'*H,JIAA-Asp (2-d>) and [2',2'-*H,JIAA-Glu (3-d>)
were kindly supplied by Dr. J. Hiratake (Institute for
Chemical Research, Kyoto University). [2,2'-*H,]6-OH-
IAA-Val (13-d>) and [2/,2'-*H,)6-OH-IAA-Phe (14-d,)
were deuterium-labeled according to the method of
Hiratake et al. with some modification (Hiratake et al.,
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unpublished data). [2/,2’-’H,]6-OH-IAA (17-d,), [2',2'-
H,JIAA-Glc (9-d>), and [2',2'-’H,JOXIAA-Glc (10-d,)
were synthesized by hydrogen/deuterium exchange reac-
tion catalyzed by NaOD (manuscript in preparation).
The isotopic purity of these compounds was checked by
MRM-based LC-MS/MS analyses. Unlabeled (natural
abundance) compound was not detected in each prepara-
tion, except for [2/,2'-*H,]6-OH-IAA (17-d,); the purity
of 17-d, was 77.5%.

5.6. Root growth inhibition assay

Four-day-old seedlings grown vertically on 0.5 MS agar
plates under continuous light were transferred to MS agar
plates containing a given concentration of test compounds.
The plates were kept vertically and incubated at 22 °C
under continuous light for 5 days; lengths of primary root
were recorded.

5.7. Administration experiments

Deuterium-labeled compounds (50 mM in EtOH) were
diluted with distilled H,O to 100 uM. The solutions
(1 ml) were individually applied to the surface of agar-
solidified MS medium (30 ml) in which 2-week-old seed-
lings grew. After 48 h in the dark at 22 °C, samples for
analysis were prepared by the procedure described above,
but in this case purification by preparative HPLC was
not performed. The incorporation of deuterium into
metabolites was analyzed by LC-ESI-MS/MS.

5.8. Quantification of IAA (1) and its metabolites 2, 3, 6, 9,
10, 13, and 14

Approximately 100-500 mg of plant tissue was homog-
enized in liquid N,, and then in acetone-H,O (4:1, v/v)
containing 2.5 mM diethyldithiocarbamic acid and a mix-
ture of [*Cel-1, 2-d>, 3-d>, 6-d>, 9-d>, 10-d>, 13-d>, and
14-d, (0.5 nmol each) were added as internal standards.
The homogenate was then kept at 4 °C for 2 h. Following
the separation of supernatant by decantation, the residue
was again suspended with acetone-H,O (4:1, v/v) con-
taining 2.5 mM diethyldithiocarbamic acid, and this pro-
cedure was repeated. The combined extracts were
evaporated to remove acetone. After the pH was adjusted
to approximately 2.6 with 2% (v/v) HCO,H, the sample
was subjected to solid-phase extraction as described
above. After evaporation of the solvent, the sample was
dissolved in CH3;CN-H,O containing 0.5% (v/v) AcOH
(3:7, v/v).

IAA (1) and metabolites 2, 3, 6, 9, 10, 13, and 14 were
quantified using the LC-ESI-MS/MS system as described
above. The mobile phase was delivered at a flow rate of
200 pl/min with an initial mixture of MeOH-H,O con-
taining 0.05% (v/v) AcOH (1:9, v/v) for 1 min, followed
by a 14-min linear gradient to MeOH-H,O containing
0.05% (v/v) AcOH (9:1, v/v). The temperature was

30 °C. Other LC conditions were the same as those for
the screening of metabolites. The mass spectrometer was
operated in the MRM mode and its parameters are shown
in Table 3.
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