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Abstract. In carrot crown gall cells transformed
with Ti plasmids, Ti-derived IAA biosynthetic
genes are transcribed and translated, followed by
overproduction of IAA. However, the newly syn-
thesized IAA is immediately metabolized to IAA-
amino acid conjugate, and the content of endoge-
nous free IAA is maintained at a low level. In this
study, JAA-amino acid conjugate in carrot tissues
transformed with Ti plasmids was identified as in-
dole-3-acetylaspartic acid (IAAsp) by using frit-fast
atom bombardment liquid chromatography/mass
spectrometry (LC/MS).

When plant cells are infected with Agrobacterium
tumefaciens harboring Ti (tumor-inducing) plas-
mids, a certain part of the Ti plasmid, called T-DNA
(transferred DNA), is integrated into the plant ge-
nomic DNA. Genes for the synthesis of auxin and
cytokinin encoded on the T-DNA are expressed in
transformed plant cells. As a result, tumors are in-
duced at the sites of infection (for a recent review,
see Zambryski et al. 1989).

It was reported that endogenous levels of indole-
3-acetic acid (IAA) were similar among carrot tis-
sues transformed with three different Ti plasmids:
wild-type, aux~ Ti (a mutant Ti plasmid with trans-
poson insertion at tms locus) or cyt™ Ti (a mutant Ti
plasmid with transposon insertion at tmr locus)
plasmids (Ishikawa et al. 1988a), although the tis-
sues transformed with wild-type or cyt™ Ti plas-
mids exhibited a higher rate of biosynthesis of IAA
than the tissues transformed with aux™ Ti plasmids
(Ishikawa et al. 1988b). One reason for maintaining
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free IAA at the same level in tissues transformed
with three different Ti plasmids is that the synthe-
sized IAA was metabolized to an amino acid con-
jugate form. The tissues transformed with aux™ Ti
plasmids had only a low activity of IAA-conjugate
formation because the rate of biosynthesis of IAA
was so low that free IAA did not accumulate. Treat-
ment with exogenously applied IAA induced high
IAA-conjugate formation activity in tissues trans-
formed with aux™ Ti plasmids (Ishikawa et al.
1990). These results suggested that the formation of
conjugated IAA, which is induced by endogenous
IAA, may have an important role for maintaining
a low level of free IAA. Furthermore, we reported
that the IAA-conjugate formation was induced by
some chemicals having auxin activity (Sasaki et al.
1993) and that this conversion of free IAA to IAA-
conjugate form requires enzymatic reaction(s) and
is regulated at the transcriptional level (Sasaki et al.
1992).

Three IAA-amino acid conjugates have been re-
ported, namely, indole-3-acetylaspartic acid
(IAAsp) in Picea sylvestris (Andersson and Sand-
berg 1982), Heracleum laciniatum (Cohen and
Ernstsen 1991), Lycopersicon esculentum (Catala et
al. 1992), and IAA-overproducing transgenic to-
bacco plants (Sitbon et al. 1993); indole-3-acetyl-
alanine (IAAla) in Picea abies (Ostin et al. 1992); and
indole-3-acetylglutamic acid (IAGlu) in cucumber
(Sonner and Purves 1985). In addition, IAAsp is
known as a common product in many plants treated
with high levels of exogenous IAA (Monterio et al.
1988, Norcini and Heuser 1988, Nordstrom et al.
1991, Riov and Gottlieb 1980).

In this study, by using a very simple method for
identification with frit-fast atom bombardment lig-
uid chromatographymass spectrometry (LC/MS),
conjugated IAA in carrot crown gall cells trans-
formed with Ti plasmids was identified as IAAsp.
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Materials and Methods

Carrot Tumor Culture

Seedlings of Daucus carota L. cv. US-Harumakigosun were
grown on vermiculite for 10 days at 25°C under 16-h light/8-h
dark conditions. Surface-sterilized hypocotyl segments were
placed on hormone-free Murashige and Skoog’s (1962) (MS)
solid medium (0.2%, w/v, Gelrite, Scott Laboratories, Inc.).
Agrobacterium tumefaciens (C58C1) harboring wild-type Ti
plasmids (pTiB6S3), aux™ Ti plasmids (pGV 2215, a mutant of
pTiB6S3 with a transposon insertion at the tms locus; Leemans
et al. 1982), or cyt ™ Ti plasmids (pGV2250, a mutant of pTiB6S3
with a transposon insertion at the tmr locus; R. Deblaere, un-
published) were cultured for 2 days on LB medium (Bacto tryp-
tone 10 g - 177, Bacto yeast extract 5g-17!, NaCl 10 g - 171)
solidified with 1.5% (w/v) agar and inoculated on freshly cut
surfaces of the hypocotyl segments with a needle. To eliminate
bacteria, inoculated hypocotyls were transferred to hormone-
free MS solid medium supplemented with carbenicillin (500
mg - 171 5 days after inoculation and subcultured every week on
the same medium. After 3 weeks, crown galls were excised and
subcultured every week on hormone-free fresh MS solid medium
with carbenicillin (500 mg - 17!) for 1 month. After elimination of
bacteria, crown gall cells were transferred and subcultured
monthly on hormone-free MS solid medium without antibiotics
at 25°C under 16-h light/8-h dark conditions, as described earlier
(Ishikawa et al. 1988a). In the following experiments, we used
crown gall cells that were proliferating rapidly 10 days after
transfer to fresh MS medium.

IAA Treatment of Crown Gall Cells

Crown gall cells (0.2 g fr wt) transformed with three different Ti
plasmids were cultured in 0.2 ml of MS liquid medium containing
20 pM of unlabeled IAA or 37 kBg/ml of (20 uM) [1-“C]JIAA for
3 h. After culturing the crown gall cells, they were rinsed five
times with 1 ml of hormone-free MS liquid medium and then used
for extraction of conjugated IAA.

Identification of Conjugated IAA

Extraction and purification of conjugated IAA. IAA-treated
crown gall cells were extracted with 10 ml of 80% (v/v) acetone.
The extracts were reduced in vacuo and dissolved in 5 ml of 1%
(v/v) acetic acid. The acetic acid soluble fraction was passed
through a Sep-Pak C,4 cartridge (Waters Associated, Milford,
MA) equilibrated with 1% acetic acid. After washing the car-
tridge with 5 ml of 1% acetic acid, the IAA metabolites were
eluted with 50% (v/v) methanol. The 50%-methanol eluate was
reduced to dryness in vacuo and dissolved with 100 ul of meth-
anol, then filtered through a 0.45-pm membrane (Tosoh Co.
Ltd., Tokyo, Japan). A 10-pl aliquot of the methanol solution
was subjected to HPLC by using TSKgel ODS-80TCTR (4.6-
mm i.d. X 10 ¢cm; Tosoh Co. Ltd.). The HPLC solvents con-
tained 30% (v/v) methanol and 0.7% acetic acid. The eluate was
monitored with a fluorescence spectrophotometer (FS-8010,
Tosoh Co. Ltd.) to detect IAA metabolites (excitation at 280 nm
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Fig. 1. Reverse-phase HPLC profile of ['*C]IAA metabolite ex-
tracted from crown gall cells transformed with aux ~ Ti plasmids
following incubation with [**CJIAA. Retention time of IAA and
IAAsp are designated by arrows. A, fluorescent profile; B, ra-
dioactive profile.

and emission at 365 nm) and with a radioactivity detector (RS-
8020, Tosoh Co. Ltd.).

LC-MS. The IAA metabolites were analyzed by HPLCMS. The
liquid chromatograph (Beckman Instruments, Irvine, CA) con-
sisted of a system Gold and programmable solvent module 125
with micro pump heads, which were programmed to produce a
mobile phase flow rate of 200 pl - min—!. The outlet was linked
to a rheodyne 7725i injection valve (20-ul loop), which was cou-
pled directly to a 4.6-mm i.d. X 10 cm HPLC column packed
with § pm of C,3 (ODS-80TCTR, Tosoh Co. Ltd., Tokyo, Ja-
pan). The HPLC solvent was 30% (v/v) methanol containing
0.05% (v/v) acetic acid. The HPLC eluate was mixed with meth-
anol containing 1% glycerol matrix and sent, through a fused
silica capillary tubing (1 m X 60-pmi.d.) ata rate of S ul - min~?,
to a frit-FAB-HPLC-MS interface (JEOL Ltd., Tokyo, Japan),
which was attached at the ion source of a MS-LX2000 mass
spectrometer (JEOL Ltd.). The ion source temperature was
30°C, and ions were generated with a beam of 6-kV xenon atoms
at an emission current of 5 mA. The mass spectrometer accel-
eration voltage was 3 kV, and the slits were set to provide a
resolution of 1500. Positive ion FAB was acquired at a rate of §
s per scan with a cyclic time of 5 s for mass range of 50-1500
atom mass units. All data were processed by a MS-MP7000 data
system (JEOL Ltd.).

Results and Discussion

HPLC elution of a partially purified methanolic ex-
tract from carrot crown gall cells transformed with
aux~ Ti plasmids and incubated with ['*CJIAA re-
veals the presence of two major metabolite peaks
(Fig. 1). The peak, with a retention time of 9.70 min,
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Fig. 2. Frit-FAB LCMS spectra of authentic IAAsp and IAA metabolite extracted from crown gall cells transformed with aux~ Ti
plasmids following incubation with unlabeled IAA. (A) positive ion mass spectrum of IAAsp standard; (B) positive ion mass spectrum

obtained from the analysis of extracts from crown gall cells.

corresponded to IAA. Another peak, with a reten-
tion time of 7.41 min, had the same retention time to
IAAsp. The same data was observed in the other
crown gall cells transformed with wild and cyt™ Ti
plasmids.

The metabolite fraction extracted from crown gall
cells transformed with aux™ Ti plasmids incubated
with unlabeled JAA was analyzed by LCMS. The
peak of retention time 7.41 showed the spectrum
presented in Fig. 2B, which matches the spectrum

of IAAsp (Fig. 2A) with an m/z 291 [MH *] and an
miz 130 quinolium ion. The conjugated 1AA in car-
rot crown gall cells was identified as IAAsp. The
same data was observed in the other crown gall
cells transformed with wild-type and cyt™ Ti plas-
mids.

These conclusions follow from these results and
extend the suggestions made in other reports
(Ishikawa et al. 1990, Sasaki et al. 1992, 1993). In
carrot crown gall, free IAA was metabolized to
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IAAsp, and the level of free IAA was maintained at
alow level. IAAsp formation was induced by chem-
icals having auxin activity, and the induction was
accompanied by enzymatic reaction(s) and was reg-
ulated at the transcriptional level.

Acknowledgments. This research was supported in part by
Grants-in-Aid for Scientific Research from the Ministry of Edu-
cation, Science and Culture, Japan, and by Special Coordination
Funds of the Science and Technology Agency of the Japanese
Government. We thank Dr. D. Macer for his critical reading of
the manuscript.

References

Andersson B, Sandberg G (1982) Identification of endogenous
N-(3-indoleacetyl) aspartic acid in scots pine (Pinus
sylvestris 1..) by combined gas chromatography-mass
spectrometry, using high-performance liquid chromato-
graphy for quantification. J Chromatogr 238:151-156

Catala C, Ostin A, Chamarro J, Sandberg G, Crozier A (1992)
Metabolism of indole-3-acetic acid by pericarp discs from
immature and mature tomato (Lycopersicon esculentum
Mill.). Plant Physiol 100:1457-1463

Cohen JD, Ernstsen A (1991) Indole-3-acetic acid and indole-3-
acetylaspartic acid isolated from seeds of Heracleum la-
ciniatum horn. J Plant Growth Regul 10:95-101

Ishikawa K, Kamada H, Yamaguchi I, Takahashi N, Harada H
(1988a) Morphology and hormone levels of tobacco and
carrot tissues transformed by Agrobacterium tume-
faciens. 1. Auxin and cytokinin contents of cultured tis-
sues transformed with wild-type and mutant Ti plasmids.
Plant Cell Physiol 29:461-466

Ishikawa K, Kamada H, Harada H (1988b) Morphology and hor-
mone levels of tobacco and carrot tissues transformed by
Agrobacterium tumefaciens. I1. IAA biosynthetic activity
of cultured carrot tissues transformed with wild-type and
mutant Ti plasmids. Plant Cell Physiol 29:1171-1175

Ishikawa K, Kamada H, Harada H (1990) Morphology and hor-
mone levels of tobacco and carrot tissues transformed by
Agrobacterium tumefaciens. III. Formation of IAA con-
jugates in cultured carrot tissues transformed with wild-
type and mutant Ti plasmids. Plant Cell Physiol 31:777-
782

K. Sasaki et al.

Leemans J, Dealaere R, Willmitzer L, De Greve H, Hernal-
steens JP, Van Montagu M, Schell J (1982) Genetic iden-
tification of functions of TL-DNA transcripts in octopine
crown galls. EMBO J 1:147-152

Monterio AM, Crozier A, Sandberg G (1988) The biosynthesis
and conjugation of indole-3-acetic acid in germinating
seed and seedlings of Dalbergia dolichopetala. Planta
174:561-568

Murashige T, Skoog F (1962) A revised medium for rapid growth
and bioassays with tobacco tissue cultures. Physiol Plant
15:473-497

Norcini JG, Heuser CW (1988) Changes in the level of [**Clin-
dole-3-acetic acid and [**Clindole acetylaspartic acid dur-
ing root formation in mung bean cuttings. Plant Physiol
86:1236-1239

Nordstrom AC, Jacobs FA, Eliasson L (1991) Effect of exoge-
nous indole-3-acetic acid and indole-3-butyric acid on in-
ternal levels of the respective auxins and their conjugation
with aspartic acid during adventitious root formation in
pea cuttings. Plant Physiol 96:856-861

Ostin A, Moritz T, Sandberg G (1992) Liquid chromatography—
mass spectrometry of conjugates and oxidative metabo-
lites of indole-3-acetic acid. Biol Mass Spectrom 21:292-
298

Riov I, Gottlieb HE (1980) Metabolism of auxin in pine tissues:
Indole-3-acetic acid conjugation. Physiol Plant 50:347-352

Sasaki K, Daita M, Sakai S, Kamada H, Harada H (1993) Effects
of some auxins on IAA-amino acid conjugate formation in
carrot tissues transformed with Ti plasmids. Plant Tissue
Cult Lett 10:33-37

Sasaki K, Sakai S, Kamada H, Harada H (1992) Regulation of
IAA-amino acid conjugate formation in carrot tissues
transformed by Agrobacterium tumefaciens. J Exp Bot
43:1491-1495

Sitbon F, Ostin A, Sundberg B, Olsson O, Sandberg G (1993)
Conjugation of indole-3-acetic acid (IAA) in wild-type and
IAA-overproducing transgenic tobacco plants, and iden-
tification of the main conjugates by frit-fast atom bom-
bardment liquid chromatography-mass spectrometry.
Plant Physiol 101:313-320

Sonner JM, Purves WK (1985) Natural occurrence of indole-3-
acetylaspartate and indole-3-acetylglutamate in cucumber
Cucumis sativus cultivar straight-eight shoot tissue. Plant
Physiol 77:784-785

Zambryski P, Tempé J, Schell J (1989) Transfer and function of
T-DNA genes from Agrobacterium Ti and Ri plasmids in
plants. Cell 56:193-201



