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ABSTRACT

A mixture of [2-14C,] and [P3C6Jindole-3-acetic acid was applied
to the cotyledons of 6-day-germinated seeds of "jacaranda do
cerrado" (Dalbergia dolichopetala) and after 8 hours the seeds
were extracted. Analysis of the fractionated extract by reversed-
phase high performance liquid chromatography-radiocounting re-
vealed the presence of five radiolabeled metabolite peaks (I-V).
After further purification, the individual peaks of radioactivity were
analyzed by combined high performance liquid chromatography-
steel filter-fast atom bombardment-mass spectrometry. The metab-
olite fraction V was found to contain ["4Cl,"3C6]indole-3-acetylas-
partic acid and unlabeled indole-3-acetylglutamic acid. Analysis of
the metabolite fraction 11 revealed the presence of dioxindole-3-
acetylaspartic acid and putative dioxindole-3-acetylglutamic acid
as well as putative benzene ring-hydroxylated derivatives of oxin-
dole-3-acetylaspartic acid and oxindole-3-acetylglutamic acid.
There was no evidence of significant incorporation of label from
[2'-14Ci] or [P3C6]indole-3-acetic acid into any of these conjugated
indoles.

production of IAAsp3 (II) and several unidentified, polar,
nondecarboxylated products (13).

Application of ["4CI]IAAsp to germinating Dalbergia seed
results in the rapid accumulation of a polar, water-soluble
metabolite and only trace amounts of IAA (13). This is in
keeping with the situation in Vicia faba seedlings, where
[14C,H]IAAsp applied to cotyledons is converted primarily
to DiOxIAAsp (III) and 3-Gluc-OxIAAsp (IV), with the for-
mation of IAA being at best a minor event (21). Likewise,
[14C]IAAsp applied to cotyledons of Glycine max L. is rapidly
metabolized to compounds other than IAA (4), and only a
small amount of IAA is released following application of
LAAsp to stem sections of Phaseolus vulgaris (2). Thus, the
role of IAAsp in these species is apparently unlike that of
arabinoside and galactoside conjugates of IAInos (V) in Zea
mays (8, 9), because its main function does not appear to be
that of a storage product that can be hydrolyzed to provide
the plant with a ready supply of IAA (13).

This paper reports on a study of the metabolism of a
mixture of [2'-14C1]IAA and ['3C6]IAA by germinating seed
of D. dolichopetala in which purified samples were analyzed
by HPLC-MS in an attempt to identify polar, nondecarbox-
ylated metabolites of IAA and IAAsp.

Dalbergia dolichopetala is a woody legume from the Brazil-
ian cerrado. Mature dry seeds contain indole-3-ethanol, IAA
(Fig. 1, I)2, and small quantities of IAA ester conjugates (11).
During the initial 24 h of germination, there is an increase in
the size of the endogenous IAA pool, which then declines
markedly over the next 5 d (12). The 6-d-old germinating
seeds convert both [2H5]L-tryptophan and [2H5]indole-3-
ethanol to IAA. The metabolism of [14C ]IAA leads to the

1 This work was supported by a fellowship from the Thunholm
Foundation (A.O.) and grants from the International Research Foun-
dation (A.M.M.), The British Council (A.C.), The Swedish Council
for Forestry and Agricultural Research (G.S.), and the Nansen Foun-
dation (E.J.).

2Throughout the text, boldface Roman numerals refer to the
structures depicted in Figure 1. Such designations should not be
confused with the lightface Roman numerals used to identify metab-
olite peaks in Figure 2.

MATERIALS AND METHODS

Plant Material

Seeds of 'jacaranda do cerrado' (Dalbergia dolichopetala,
also known as D. violacea and D. miscolobium) collected in
the cerrado reserve of Itirapina, Sao Paulo, Brazil in April

3Abbreviations: IAAsp, indole-3-acetylaspartic acid; DiOxIAA,
dioxindole-3-acetic acid; DiOxLAAsp, dioxindole-3-acetylaspartic
acid; DiOxIAGlu, dioxindole-3-acetylglutamic acid; FAB, fast atom
bombardment; 3-Gluc-OxIAAsp, 3-(0-f3-D-glucosyl)-oxindole-3-
acetylaspartic acid; 7-Gluc-OxIAA, 7-(0-fl-D-glucosyl)-oxindole-3-
acetic acid; HPLC-RC, high performance liquid chromatography-
radiocounting; IAGlu, indole-3-acetylglutamic acid; IAInos, 2-0-in-
dole-3-acetyl-myo-inositol; [MH]+, molecular ion; 7-OH-OxIAA, 7-
hydroxy-oxindole-3-acetic acid; OxIAA, oxindole-3-acetic acid;
OxIAAsp, oxindole-3-acetylaspartic acid; OxIAGlu, oxindole-3-ace-
tylglutamic acid.

63



Plant Physiol. Vol. 100, 1992

OH
tOH

H COOH

(IV) 3-Gluc-OxIAAsp

H
N COOH

H COOH

(VI) IAGlu

H
N COOH

(IX) OxIAsp

fCOOH

H

(XII) OxIAA

OH H

Q NrNCOOH
()H A

(EII) DiOxIAAsp

HOOH

(V) IAlnos

OH

H

(VED DiOxIAA

OH H

NCOOH

H( 2'COOH

(X) DiOxIAGlu

[7CcoOH
H

(VI) 7-OH-OxIAA

H

HO'N"COOH

(XI) OxIAGlu

XM 7G(OoH

(XI) 7-Gluc-OxIAA

Figure 1. Structures of IAA and related compounds (I-XIII). Com-
pounds are referred to by boldface Roman numerals in the text.

and May 1988, were soaked in running tap water for 3 h
then placed on damp filter paper in 10-cm glass Petri dishes.
They were maintained in a growth room at 250C with a 24-
h photoperiod supplied by Osram 'warm white' and daylight
fluorescent tubes and incandescent bulbs providing a radia-
tion flux of about 50 W m-2. Isotopically labeled IAA was

applied to the germinating seed 6 d after soaking when about
30 cm of root growth was evident and the cotyledons had
started to green.

Feeding Conditions

[2'-14C1JLAA (170 x 106 dpm, specific activity 54 mCi
mmol-1) (Amersham International plc, Amersham, Buckshire,
UK) was mixed with [13C6]JAA (270 ,ug) (Cambridge Isotope
Laboratories, Cambridge, UK), dissolved in 850 ,uL of 50%
aqueous ethanol, and 5-,uL droplets were applied to the
cotyledons of 170 6-d germinated Dalbergia seeds incubated
in the conditions described above. After an 8-h metabolism
period, the seeds were frozen in liquid nitrogen prior to
extraction with methanol.

Extraction and Partitioning
The frozen plant material was homogenized and extracted

twice, for 30 mmn, with 500 mL of ice-cold methanol contain-

ing 5 mm sodium diethyldithiocarbamate (6). The methanolic
extracts were combined, filtered through cellulose powder,
reduced to dryness in vacuo, dissolved in 100 mL of 0.1 M
phosphate buffer, pH 8.0, slurried with insoluble PVP (7),
filtered, and partitioned against three 100-mL volumes of
ethyl acetate. The aqueous phase was then adjusted to pH
2.5 with H2S04 and partitioned against 50-mL volumes of
ethyl acetate. The acidic ethyl acetate extracts were combined,
treated with anhydrous sodium sulfate to remove water, and
reduced to dryness in vacuo. The neutral ethyl acetate extracts
were treated in a similar manner. The residual aqueous phase
was frozen and lyophilized. Radioactivity in aliquots of the
aqueous phase and the two ethyl acetate extracts was esti-
mated by liquid scintillation counting. Aliquots of all three
extracts were also examined by HPLC-RC.

Reversed-Phase Flash Chromatography

Reversed-phase flash chromatography of the aqueous
phase and the acidic ethyl acetate extract was carried out on
a 20-mm i.d. column, with the slurry packed with 15 g of
preparative C18 support (50-150 ,um) (Waters Associates,
Milford, MA) to give a bed height of about 150 mm. The
samples, dissolved in 1 mL of methanol to which was added
100 mL of 0.5% aqueous acetic acid, were applied to the
column, which was then eluted stepwise, at about 10 mL
min-1, with 100-mL volumes of 0, 5, 10, 15, 20, 25, 30, 35,
40, and 50% methanol in 0.5% aqueous acetic acid. Succes-
sive 50-mL fractions were collected and aliquots taken for
liquid scintillation counting. After examination by HPLC-RC,
selected fractions were combined, reduced to dryness in
vacuo, and further purified by reversed-phase HPLC.

HPLC

Solvents were delivered at a flow rate of 1 mL min-' by
an Altex liquid chromatograph (Altex Scientific Inc., Berkeley,
CA). Samples were injected via an Altex 210 sample injection
valve with a 1-mL loop. Ion suppression reversed-phase
HPLC utilized a 250 x 4.6 mm i.d. 5 gm ODS Hypersil
column (Capital HPLC Specialists, Bathgate, Lothian, UK)
that was eluted with a 25-min, 10 to 60% gradient of meth-
anol in 0.5% aqueous acetic acid. Samples were also analyzed
isocratically using methanol-0.5% aqueous acetic acid mix-

tures. Column eluate was directed first to an LC 871 absorb-
ance monitor (Pye Unicam, Cambridge, UK) operating at 280
nm, then to a 9701 radioactivity monitor (Reeve Analytical
Ltd., Glasgow, UK) with a 200-,uL heterogeneous flow cell
packed with cerium-activated lithium glass scintillator (19,
20). Signals from both detectors were processed by a 27000
interactive data system with LC-Spring software (Reeve
Analytical).

HPLC-MS

Partially purified fractions were analyzed utilizing either a

capillary or a microbore reversed-phase HPLC column linked
to a double focusing mass spectrometer. In the case of the
capillary system, a 590 pump (Waters Associates) was used
to deliver a mobile phase of methanol:water:acetic acid
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(30:70:1, v/v/v), containing 1% glycerol as a matrix, at a flow
rate of 5,uL min-'. The inlet of a 300 x 0.32-mm i.d. capillary
column packed with 5 ,um C18 (LC Packings, Amsterdam,
The Netherlands) was inserted directly into a model 7520
injection valve with a 200-nL loop (Rheodyne, Cotati, CA).
The outlet of the capillary HPLC column was linked via fused
silica tubing (1 m x 50 ,um i.d.) to a frit-FAB HPLC-MS
interface attached to the ion source of a SX102 double focus-
ing mass spectrometer UEOL Ltd., Tokyo, Japan). The ion
source temperature was 500C, and ions were generated with
a beam of 5 kV xenon atoms at an emission current of 20
mA. The mass spectrometer acceleration voltage was 8 kV
and the slits were set to provide a resolution of 1000. The
signal from the mass spectrometer was processed by a JEOL
JMA-DA6000 data system, and positive ion spectra were
recorded at a rate of 3 s per scan with a cyclic time of 3.2 s
for a mass range of 50 to 800 amu.
With the microbore HPLC system, the liquid chromato-

graph consisted of two M510 pumps with micropump heads,
controlled by a M680 gradient controller (Waters Associates)
and a Rheodyne 752 injection valve with a l-,uL loop. A
mobile phase of methanol:water:acetic acid (10:90:1, v/v/v)
in a 1% glycerol matrix was delivered at a flow rate of 100
,uL min-' to a 100 x 1 mm i.d. column packed with a YMC
ODS 5-,um support (Yamura Chemical Laboratory Co. Ltd.,
Kyoto, Japan). Eluent emerging from the microbore column
was passed to a JEOL pneumatic splitter and the flow directed
to the frit-FAB LC interface reduced to 4 ,L min-'. The mass
spectrometer was operated as described above, except that
the ion source was at 650C.

RESULTS

A mixture of [2'-14C ]IAA (170 x 106 dpm) and [13C6]IAA
was applied in aqueous ethanol to the cotyledons of 170 6-
d-germinated D. dolichopetala seeds. After an 8-h metabolism
period, the seeds were extracted with methanol and 130 x
106 dpm of radioactivity recovered. Analysis of an aliquot of
the methanolic extract by HPLC-RC revealed the presence of
residual IAA along with metabolites I through V (Fig. 2A).
Similar metabolic profiles had been obtained in an earlier
study in which metabolite V had been identified as IAAsp
by combined GC-MS (13).

The methanolic extract was reduced to dryness in vacuo
and neutral and acidic ethyl acetate fractions were obtained
along with an aqueous fraction. The neutral ethyl acetate
extract was discarded because it was very impure and con-
tained only 3 x 106 dpm of radiolabeled components that
were present in the other two fractions in much larger
amounts. The acidic ethyl acetate extract (57 x 106 dpm) and
the aqueous fraction (27 x 106 dpm) were examined by
HPLC-RC. The major component in the ethyl acetate fraction
was metabolite V, whereas metabolite II was the main radi-
olabeled component in the aqueous extract. Relatively small
amounts of metabolites III and IV were present in both
samples (Fig. 1, B and C).
The acidic ethyl acetate and aqueous extracts were frac-

tionated by preparative reversed-phase flash chromatogra-
phy. After examination of aliquots by HPLC-RC, fractions
containing individual metabolite peaks were combined and
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Figure 2. Gradient elution, reversed-phase HPLC-RC of [2'-14C1]
IAA and [13C6]1AA metabolites from 6-d-germinated seeds of D.
dolichopetala. A, Methanolic extract; B, acidic ethyl acetate extract;
C, aqueous fraction.

reduced to dryness in vacuo prior to further purification by
isocratic reversed-phase HPLC-RC, after which the following
quantities of radiolabeled metabolites were recovered: metab-
olite I, 2.7 x 106 dpm; metabolite II, 6.5 x 106 dpm; metabolite
III, 20.7 x 10 dpm; metabolite IV, 0.2 x 106 dpm; metabolite
V, 6.5 x 106 dpm. The semipurified metabolites were next
analyzed by HPLC-MS.

HPLC-MS Analysis of Metabolite V Fraction

The extracted ion chromatograms and mass spectra ob-
tained from HPLC-MS analysis of the metabolite V fraction
are illustrated in Figure 3, A through C. The mass chromat-
ograms indicate the presence of two major peaks that corre-
sponded to IAAsp (II) and IAGlu (VI) (Fig. 3A). The full-
scan FAB mass spectra that were obtained confirmed these
identifications (Fig. 3, B and C). The IAAsp spectrum contains
a characteristic m/z 291 [MH]+ and a m/z 130 quinolinium
ion. Fragments associated with both of these ions, namely
m/z 293/297 and m/z 132/136, provide evidence of "4C, and
13C6 labeling (Fig. 3B). However, the intensities of m/z 293
and 132 relative to m/z 291 and 130, respectively, indicate
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Figure 3. Frit-FAB capillary HPLC-MS analysis of metabolite V frac-
tion. A, Extracted ion chromatograms; B, mass spectrum of
[14C1,l3C6]IAAsp; C, mass spectrum of IAGIu.

an overabundance of these fragments that is probably due to
effects associated with subtraction of the glycerol back-
ground.
The dominant fragments in the IAGlu spectrum are, simi-

larly, the [MH]+ and quinolinium ion at m/z 305 and 130
(Fig. 3C). In addition, there is a small but diagnostic [MH]+
glycerol adduct at m/z 397. Fragments indicative of "4Cl and
3C6 labeling were not present in the IAGlu spectrum.

HPLC-MS Analysis of Metabolite II Fraction

Data obtained from microbore HPLC-MS analysis of the
metabolite II fraction are presented in Figures 4 and 5, A
through D. The extracted ion chromatograms show four
major peaks (A-D) (Fig. 4). The mass spectrum obtained from
peak B (Fig. 5B) is that of DiOxIAAsp (III) in which the major
fragments are the m/z 323 [MH]+, m/z 306/7, and a m/z 146
2-oxoquinolinium ion. Although the mass spectra from peaks
A, C, and D (Fig. 5A, C, and D) do not correspond with those
of any of the available indole standards, the positive ion FAB
fragmentation patterns do provide evidence of the identity
of the compounds involved.

Mass spectra of hydroxylated oxindole derivatives of IAA
are diagnostic in that they can be used to distinguish between
dioxindoles, in which C-3 of the pyrrole ring is hydroxylated,
and oxindoles with a hydroxyl group attached to the benzene
ring (17). The dioxindoles, such as DiOxIAA (VII) and Di-
OxIAAsp (III), yield spectra containing a dominant m/z 146
2-oxoquinolinium ion (see Fig. 5B), whereas the spectra of
benzene ring-hydroxylated oxindoles, such as 7-OH-OxIAA
(VIII), are characterized by the presence of a strong m/z 162
hydroxy-2-oxoquinolinium ion, with the m/z 146 fragment
being either small or absent. In both instances, an initial loss
of a hydroxyl group, as either oxygen or H20, results in the
appearance of [MH-161+ and/or [MH-18]+ fragments in FAB
spectra (17). On this basis, the mass spectrum in Figure 5A,
containing a m/z 323 [MH]+ and a m/z 415 [MH]+ glycerol
adduct together with major ions at m/z 305 and 162 and a
minor fragment at m/z 146, is likely to be that of a 'ring'-
hydroxylated derivative of OxIAAsp (IX), the exact locus of
the ring hydroxyl group being, as yet, undetermined.
The mass spectra illustrated in Figure 5, C and D are very

similar indeed to those of the aspartate derivatives in Figure
5, A and B, except that the analogous [MH]+, [MHG]+, [MH-
16]+, and [MH-18]+ fragments are increased by 14 amu. This
implies that they are glutamate rather than aspartate indole
conjugates. More specifically, the spectra indicate the pres-
ence of DiOxIAGlu (X) (Fig. 5D) and a benzene ring-hydrox-
ylated derivative of OxIAGlu (XI) (Fig. 5C). The mass spectra
illustrated in Figure 5, A through D demonstrate an absence
of significant incorporation of label from [14C1]IAA and [13C6]
IAA into DiOxIAAsp and the putative DiOxIAGlu and ben-
zene ring-hydroxylated derivatives of OxIAAsp and
OxIAGlu.

HPLC-MS Analyses of Metabolite 1, III, and IV Fractions

HPLC-MS analyses of the metabolite I, III, and IV fractions
did not yield any mass spectra recognizable as either potential
metabolites or derivatives of IAA.
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Figure 4. Frit-FAB microbore HPLC-MS analysis of metabolite 11
fraction. Extracted ion chromatograms.
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Figure 5. Frit-FAB microbore HPLC-MS analysis of metabolite 11 fraction. A, Mass spectrum of ion chromatogram peak A (see Fig. 3); B, mass

spectrum of ion chromatogram peak B; C, mass spectrum of ion chromatogram peak C; D, mass spectrum of ion chromatogram peak D.

DISCUSSION

Eight hours after the application of [2'-'4C1]IAA and [13C6]
IAA to cotyledons of 6-d-germinated Dalbergia seed, most of
the substrate was converted to five radiolabeled metabolite
peaks (I-V) that were resolved by HPLC-RC. The major
components were metabolites II and V. Analysis of the me-

tabolite V fraction by HPLC-MS identified [14Cl,13C6]LAAsp
and unlabeled IAGlu. The ion chromatograms in Figure 4
suggest that the two amino acid conjugates were present in
broadly similar amounts. The lack of detectable isotope label-
ing in the spectrum of IAGlu therefore implies that the
preferred route for the conversion of IAA is via IAAsp rather
than IAGlu.
A previous study has shown that IAAsp is converted

rapidly to metabolite II (13). In the present investigation,
HPLC-MS analysis of the metabolite II fraction demonstrated
the presence of DiOxIAAsp and putative DiOxIAGlu and
benzene ring-hydroxylated derivatives of OxIAAsp and
OxIAGlu. Despite the presence of significant amounts of
radioactivity in the metabolite II fraction, there was no evi-
dence of 14C1, 3C6 labeling in the spectra of any of these
compounds. This may indicate that IAA and IAAsp are

converted to other components. Arguably, it is more likely to
be a consequence of the oxindole and dioxindole amino acid
derivatives having large endogenous pools and a relatively
slow rate of turnover.
Although IAAsp is now being detected in plant extracts

with increasing frequency (1, 3-5, 16), there are relatively
few reports on the metabolism of IAAsp. Data obtained with
Populus tremula cuttings suggest an IAA -. IAAsp -* Ox-

IAAsp pathway (18), whereas in Vicia faba seedlings, Di-
OxIAAsp and 3-Gluc-OxIAAsp are both derived from IAAsp,
with OxIAA probably acting as an initial intermediate (21).
In the present study with Dalbergia seedlings, although the
individual steps in the metabolic sequence have yet to be
confirmed, the available evidence is suggestive of an IAAsp
-- OxIAAsp pathway with OxIAAsp acting as a branch
point, giving rise to both DiOxIAA and a ring-hydroxylated
OxIAAsp derivative. In addition, there would appear to be
a parallel route involving glutamate rather than aspartate
conjugates.

In summary, the evidence obtained with several dicotyle-
donous species indicates that the metabolism of IAA initially
involved the formation of an amino acid conjugate that is
subsequently oxidized to yield oxindole, dioxindole, and, in
some instances, glycosyl derivatives. Except for an absence
of amino acid conjugation, similar pathways appear to op-

erate in the monocot Zea mays as IAA is converted to OxIAA
(XII) as the first step in a route leading to 7-Gluc-OxIAA
(XIII) (10, 14, 15).
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