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ABSTRACT

THE CATABOLISM OF INDOLE-3-ACETIC ACID
IN ZEA MAYS ENDOSPERM

By
Dennis M, Reinecke

14C]-oxindole-3-acetic acid was identified as a cata-

(1-
bolic product of [1—14C]-indole-3-acetic acid metabolism in
Zea mays seedlings. IAA catabolic products were purified
by the following chromatographic sequence: DEAE-cellulose,
DEAE-Sephadex, LH-20 Lipophilic Sephadex, and HPLC. The
putative oxindole-3-acetic acid cochromatographed with
authentic oxindole-3-acetic acid in all chromatographic sys-
tems tested, and gas chromatography-mass spectrometry con-
firmed the identity of the catabolic product as oxindole-3-
acetic acid. Oxindole-3-acetic acid accounted for, at least,
26% of the expected carboxyl retaining IAA catabolism of
endosperm tissue without allowance for further metabolism.
The amount of oxindole-3-acetic acid was determined to be
73 ug/1000 kernels or 356 ug/kg dry wt. This is the first
identification of oxindole-3-acetic acid as a major cata-
bolic product of IAA, and the first quantitation of oxindole-

3-acetic acid in plant tissue.
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INTRODUCTION

The development of the growth hormone concept in plants
can be traced back over one hundred years to the pioneering
work of Ciesielski (8) studying the geotropic response in
roots, and Darwin (11) studying the phototropic response in
coleoptiles. These workers observed that removal of the
tip tissue resulted in loss of tropic sensitivity, suggest-
ing that the tip was a source of a transitory growth stimulus
which regulated growth and tropic responses. Subsequently,
indole-3-acetic acid was isolated and identified as a plant
growth hormone (41, 24).

To understand how the hormone regulates growth, it is
essential to understand how metabolism regulates the level
of hormone. In detipped Avena coleoptiles, Bonner and
Thimann (6) correlated growth with the inactivation of hor-
mone. More recent studies have indicated that the level of
hormone may be regulated by catabolism (23), compartmentation
(4) , conjugation (1), and synthesis (57). 1In the endosperm
of 4 day old dark-grown seedlings, the plant system studied
in this work, indole-3-acetic acid (IAA) is not being con-
jugated, but is rapidly turning over through an unidentified

catabolic route. The following discourse will be limited



to the examination of how IAA is catabolized in various plant
systems, and to the elucidation of the IAA catabolic pathway
in Zea mays.

Kisser et al. (38) and Thimann (65) were the first to
observe that crushed leaves and water extracts of leaves,
respectively, inactivated the growth promoting substance.
The inactivation of the hormone was shown to be enzymatic
and to require oxygen by Larsen (43). Galston et al. (21)
demonstrated that the IAA oxidizing system of pea extracts,
first reported by Tang and Bonner (14), had a peroxidase
and a flavin component. Galston's group also showed that
crystalline horseradish peroxidase had a similar IAA oxidiz-
ing activity.

There are many papers reporting the inactivation of IAA
in plant systems, and these are discussed in detail in the
review articles of Galston and Hillman (23), Schneider and
Wightman (55), Sembdner et al. (57), and Hare (27). These
studies measured IAA catabolism colorimetrically, most often
using the Ehrlich (15), and Salkowski reagents (52);
manometrically, measuring CO2 evolution or O2 uptake; with
bioassay; or radiologically. With the exception of the radio-
logical studies, none of these methods was sufficiently sen-
sitive to measure the amount of IAA "used up" by the tissue
during growth.

Care must be exercised in the comparison of the cata-
bolism of exogenously applied IAA in whole tissues, crude

homogenates, and enzyme preparations to the catabolism of



endogenous levels of IAA in vivo. Also, one must be careful

to exclude nonenzymatic destruction of IAA by UV radiation,
strong acids, and oxidizing agents (23, 32, 33). Deverall
(13) reported the decarboxylation of IAA in a buffered
solution, pH 4.5-4.7, approaching 20% decarboxylation in 1
hour, dependent on the washing treatment of the glassware.
Bacterial contamination (2), and the concentration of IAA
(32) may change the profile and extent of IAA catabolism
also.

Several studies have followed radioactive 14CO2 evo-
lution of IAA labeled in the 1, 2, and ring positions.
Andreae et al. (2) observed 19% decarboxylation of [1-14C]-
labeled IAA with pea root tips over 24 hours with 10—4 M IAA.
Andreae reported that 17% of the IAA was conjugated to IAA
aspartate, and 6% was degraded without carboxyl loss. Only
negligible decarboxylation of [2-14C] and [7a—l4C]-1abel was
observed in this system, although up to quantitative release
14

CO2 was observed from the 7a labeled IAA when the

incubation mixture was contaminated with microorganisms.

of

Davies (12) estimated that the amount of decarboxylation of
IAA in kidney bean and pea segments was 34% and 29%, respec-
tively, over 6 hours of incubation. Troxler and Hamilton
(66) with geranium callus cultures, and Strydom and Hartman
(61) with plum stem cuttings observed 32% and 31% of the

14

[2-14C]-1abeled IAA as respired CO, after 7 and 1 day

2
incubations, respectively. However, Hamilton et al. (26)

working with a crown-gall tissue culture of Parthenocissus




tricuspidata observed only 1% loss of [2-14C]-labe1, and 53%

loss of [1-14C]-1abe1 over a 48 hour incubation period.
Epstein and Lavee (18) observed that the age of the culture
influences the amount of decarboxylation in apple tissue
culture. Three month old nongrowing apple callus cultures
quickly decarboxylated 90% of the [1-14C]-labe1ed IAA during
4 hours, while young, growing callus cultures decarboxylated
only 20% of the [1-1%C]-labeled IAA during 4 hours. Fang
and Butts (19) found that corn seedlings had a light require-
ment for the decarboxylation of [1—14C]-labeled IAA applied
to primary leaves, with negligible degradation of IAA in
the dark. The leaves of pea and bean decarboxylated IAA in
both the light and the dark, but more slowly in the dark.
Excised corn shoots only decarboxylated 12-19% of labeled
IAA over 6 hours in the light, and 8-13% in the dark; while
corn root tips decarboxylated 82% in the light, and 85% in
the dark (20). Pea tissues were more active in degrading
IAA, with pea shoots decarboxylating 80-90% of the labeled
IAA in the light, and 54-80% in the dark; and pea roots
quantitatively decarboxylating labeled IAA in the light or
the dark. These experiments demonstrated that there can be
qualitative and quantitative differences in the destruction
of IAA in different plant species, and there may be quali-
tative and quantitative differences in the destruction of
IAA in different tissues of the same plant.

Many studies of IAA oxidation have indicated that IAA

was oxidatively decarboxylated, but it was the work of



Hinman and Lang (32) with an in vitro horseradish peroxidase
system that elucidated the major products as oxindole-3-
carbinol (hydroxymethyloxindole), and methyleneoxindole
(Figure la) by means of UV spectroscopy, and chemical ana-
logue studies. Hydroxymethyloxindole and methyleneoxindole
were subsequently reported as products of IAA oxidation in
pea (68) and corn extracts (5). Other reported decarboxyla-
tion products of IAA catabolism include: indolealdehyde (50),
methyloxindole (68), indole-3-methanol (45), indole-3-
carboxylic acid (45), 3-acetoxyindole, and oxindole-indole
polymers (62). Whether these compounds are of physiological
significance is uncertain, since many of the studies were

performed in vitro with high IAA concentrations.

Kinashi and coworkers (37) have isolated several com-
pounds from rice bran which are possible IAA catabolites
that retain the carboxyl group, including: the methyl esters
of oxindole-3-acetic acid and dioxindole-3-acetic acid, the
5-hydroxy analogues of the aforementioned compounds, and 5-
hydroxy-oxindole-3-acetic acid (Figure lb). Klambt (39) has
presented colorimetric evidence for the occurrence of
oxindole-3-acetic acid (OxIAA) in seeds and seedlings of

Zea mays, in germinating seeds of Brassica rapa, and in devel-

oping seeds of Ribes rubrum., Kldmbt also reported the

isolation of the glucoside of OxIAA (40) from feeding [l—l4C]-
IAA to several plant species, but his use of ammoniacal
solvents in the chromatographic separations makes the isolation

of a labile glucose ester impossible (34). Siehr (58) has
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shown that the basidiomycete Hygrophorus conicus can metab-

olize tryptamine and IAA to OxIAA. The quinolinic acids,
B-acid (2,6-dihydroxycinchonic acid) in rice bran (37), and
zeanic acid (2,8-dihydroxycinchonic acid) in corn (47), are
other possible catabolites from IAA which retain the carboxyl
group. However, B-acid and possibly zeanic acid are arti-
facts of isolation since dioxindole-3-acetic acid, and
oxindole-3-acetic acid rearrange in the presence of base or
acid to similar compounds (35, 67, 39, 63). Tsurumi and
Wada (67) have reported dioxindole-3-acetic acid derivatives

in Vicia faba from IAA transport studies.

Kopcewicz et al. (42) observed several apparent oxi-
dation products of IAA from a 24 hour incubation of mature
corn kernels in a solution of [1-14c]—IAA. The products
did not yield IAA or indoleacetamide upon ammonolysis, but
further chemical identification was not undertaken. Epstein
et al. (17) collected 14CO2 evolved from [1—14C]-IAA applied
to the cut endosperm of 4 day old dark-grown corn seedlings.
Only 12 pmol/h/endosperm of IAA was decarboxylated. Isotope
dilution experiments demonstrated that IAA remained rela-
tively constant over 4 days of growth at 308 pmol/endosperm.
Turnover studies showed that the specific activity of
labeled IAA was diluted by an apparent first order rate over
8 hours, From these data on dilution of specific activity
over time, the first order rate constant, k, of the reaction

was determined to be 0.22/h and the turnover time was cal-

culated to equal 3.2 h. Since there were 308 pmol/endospernm,



the turnover rate was calculated to be 96 pmol/h/endosperm.
Of this rapidly turning over IAA pool, only 12 pmol/h was
decarboxylated, so that 83 pmol/h of IAA catabolism was
through an unidentified carboxyl retaining catabolic route
(Figure 2). In the following experiments the carboxyl
retaining IAA catabolites are isolated and identified, as
the first step towards understanding the function of the
rapid turnover of IAA in endosperm tissue and its role in

growth.
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Figure 2.--The catabolic turnover of indole-3-acetic acid in
Zea endosperm tissue.



MATERIALS AND METHODS

Plant Material

Seeds of Zea mays cv. Stowell's Evergreen Sweet corn
were purchased from Vaughan Jacklin Co., Ovid, Mi., and

W. Atlee Burpee Co., Clinton, Iowa.

Chromatographic Material

Thin-layer chromatography was on Silica Gel 60 TL
plates without fluorescent indicator (E. Merk, Darmstadt,
Germany). DEAE-cellulose coarse mesh, DEAE-Sephadex A-25-120,
and lipophilic Sephadex LH-20-100, were purchased from Sigma.
A Whatman Partisil 10 ODS 25 x 0.46 cm Cig column was
employed for high pressure liquid chromatography (HPLC). A
Hewlett-Packard model 402 was used for preliminary gas-liquid
chromatography (GLC) on a 1.2 m x 2 mm ID 3% OV-1l on Gas
Chrom Q (100/120) column (Applied Science Laboratories,
State College, Pa.). Subsequent work was performed on a
Varian Series 2700 gas chromatograph with a 1.8 m x 2 mm ID
OV-1 on Gas Chrom Q (100/120) column, or 3% OV-17 on Gas
Chrom Q (60/80) column (Applied Science Laboratories, State
College, Pa.). A Hewlett-Packard 5985 gas chromatograph-

mass spectrometer (GC-MS) using a 1.8 m x 2 mm ID 3% SP2250

10
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on Supelcoport (80/100) column (Supelco, Inc., Bellefonte,

Pa.) was employed for GC-MS analysis.

Spectrophotometric Determinations

A Gilford 240 spectrophotometer, and a Cary 15

spectrophotometer were used for spectrophotometric analysis.

Chemicals

IAA, Sigma Chemical Co., St. Louis, Missouri; gramine,
Diazald (N-methyl-N-nitroso-p-toluenesulfonamide), 2-(2-
ethoxy) -ethanol, x-bromopentafluorotoluene, and dimethyl
sulfate, Aldrich Chemical Co., Milwaukee, Wisconsin; potas-
sium cyanide [13C] 90 atom %, Merk, Sharp, and Dohme,
Rahway, NJ; N-ethylpiperidine, Pfaltz and Bauer, Flushing,
NY; N-bromosuccinimide, Eastman Organic Chemicals, Rochester,
NY; Bis-(trimethylsilyl)trifluoroacetamide (BSTFA) with

1% Trimethylchlorosilane, Regis Chemical Co., Chicago, Il.

Radiological Material

[1-14C]—IAA (57 uCi/umol and 58 uCi/umol) was purchased
from Amersham, Arlington Heights, Il. Radioactivity was
measured on a Packard Tri-Carb liquid scintillation spectro-
meter, and on a Beckman LS 7000 liquid scintillation counter.

ACS (Amersham) was used as the scintillation cocktail.

Determination of Specific Activity

Specific activity (pCi/umol) was determined by measuring
radioactivity by liquid scintillation counting, and concen-

trations by UV absorbance. Concentrations were determined
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by measuring the absorbance of the solution of interest on
a Cary 15 spectrophotometer. The absorbance and the known
molar extinction coefficient may be used in the Beer-Lambert
law:

A = ecl

absorbance

where: A

€ = molar extinction coefficient (liters/mole-
centimeter)

c = concentration (moles/liter)

1 = pathlength (centimeters)
The radioactivity of the salution was measured by liquid
scintillation counting and corrected for efficiency by an
137Cs]

internal [14C]-toluene standard, or an external [

standard.

Synthesis of [13C]-Carboxyl Labeled IAA

Stowe (60) described a method for the synthesis of high
specific activity [14C]-carboxyl labeled IAA by reacting
gramine methosulfate (Sch6pf & Thesing) with Kl4CN. The
product, indoleacetonitrile was then hydrolyzed to yield

[1-14C]-labe1ed IAA. By using K13

CN, the reaction was modi-
fied for the synthesis of [1-13C]-labeled IaA.

The reactive tertiary amine gramine methosulfate was
synthesized at 1/10 scale using the method of Schépf and
Thesing (56). Gramine was recrystallized from hot acetone
and hexane; tetrahydrofuran was redistilled over potassium
and under nitrogen; acetic acid was dried over PZOS and
redistilled, and dimethyl sulfate was redistilled under
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reduced pressure., For the synthesis, 0.5 mmol acetic acid
was mixed with a solution of 14 mmol gramine and 25 ml of
peroxide-free tetrahydrofuran. The mixture was added drop-
wise with stirring to a solution of 0.1 mol of dimethyl
sulfate and 0.5 mol of acetic acid in 10 ml of tetrahydro-
furan at 16°C in the dark. After 30 minutes the reaction
flask containing a white o0il was transferred to a dark room
at 5°C. Crystallization occurred only after the oil was
washed with anhydrous ethyl ether. The crystals melted
initially at 135-137°C, and 141-143°C after drying over
P205. Stowe reported a melting point of 146-148°C for the
product and yields of 87-98%. I obtained 4.0 grams of
gramine methosulfate for a 96% yield based on gramine.

For the synthesis of labeled IRA, 70 mg of gramine
methosulfate plus 15 mg of K13CN were added to a 5 ml round
bottomed flask. Next, 2 ml of 0.2 M K,HPO

2 4
nitrogen, and then added to the flask. The mixture was

was purged with

agitated with a nitrogen stream through a glass capillary
while the reaction vessel was heated to 65°C for 5 hours.

One pellet of KOH and boiling chips were added and the mix-
ture refluxed for 1 hour. The contents were filtered through
a sintered glass funnel into a 10 ml beaker, and the flask

and filter washed with two 0.5 ml aliquots of H,O. The

2
filtrate was chilled to ice temperature and acidified to
pH 3.5 with concentrated phosphoric acid, whereupon thick
white crystals formed. The crystals were washed twice with

0.5 ml of distilled HZO' and then recrystallized from
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95% ethanol. Melting occurred at 164-166°C with the reported
value for the melting of IAA being 165-166°C. The yield of
[13C]-carboxyl labeled IAA was 33% based on [13C]-cyanide.
Stowe reports a yield of between 20-80% under similar con-
ditions. A summary of the synthesis of gramine methosulfate
and [13C]-1abeled IAA is given in Figure 3.

The UV spectrum of the putative IAA had a peak at 282 nm
and 220 nm as did authentic IAA. The ratio of the molar
extinction coefficients of IAA at 282 nm to 222 nm,
6060/33,200 (3), equals 0.183 which is identical to the ratio
of the absorbances of the putative IAA at 282 nm to 220 nm,
with 0.268/1.465 equaling 0.183. The putative IAA cochroma-
tographed with authentic IAA on TLC in the solvent system
chloroform:methanol:water 85:14:1, and the putative IAA was
Ehmann positive as was authentic IAA (14). The mass spectrum
of the methyl ester of the putative IAA had a molecular ion
at 190, and characteristic fragment ions at 130, 103, and 77
while authentic IAA had a molecular ion 189, and character-
istic fragment ions at 130, 103, and 77. Figure 4 shows the
fragmentation pattern of the methyl ester of the [13C]-

labeled IAA.

[1-13C]-IAA Labeling Experiments

Initial feeding experiments were conducted using
[1-13C]-labeled IAA at a ratio of 1:1 with the endogenous
free IAA. The [1-13C]-1abeled IAA plus a small amount of

[1-14C]-IAA, as an easily followed tracer, was applied to
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the cut endosperm of 4 day old dark-grown Zea mays seedlings.
All manipulations were at 25°C, 80% relative humidity, using
a phototropically inactive green safe light (17). After a

4 hour incubation period the corn kernels were excised and
homogenized in enough acetone to make the final concentration
70% allowing for the water content of the kernels. The
carboxyl retaining IAA catabolites were purified by a
sequence of partitionings with l-butanol, and chloroform;

and by column chromatography with DEAE-cellulose, DEAE-
Sephadex, and LH-20 lipophilic Sephadex. IAA catabolites
which retained the carboxyl group were to be identified by
gas chromatography-mass spectrometry. Since [1-13C]-
labeled IAA was added to the tissue in a 1l:1 ratio to the
endogenous free IAA, carboxyl retaining catabolites would
have distinctive double-peaked molecular ions of similar
intensity by gas chromatography-mass spectrometry.

The method of identifying carboxyl retaining IAA
catabolites by the double-peaked mass spectral marker proved
unsuccessful owing to the occurrence at 1000 fold greater
concentration of the plant phenolic compounds (3). Typi-
cally, IAA and IAA carboxyl retaining catabolites lose the
carboxyl label at the first fragmentation in GC-MS. The
double label would only be detected in a clean sample where
the doubled-peaked molecular ion could be clearly distin-
guished from contaminating fragments. To circumvent this
problem the [l-l3C]-IAA experiments were suspended, and

labeling experiments with higher specific activity
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[1-1%c)-1aA were begun. The [1-1%

Cl-experiments were
initiated to develop better purification procedures for the
isolation of IAA catabolites for GC-MS identification.

Isolation of OxIAA from Zea mays
Endosperm Tissue

l4C]—labeled IAA was applied to the cut endosperm

[1-
of 4 day old dark-grown seedlings. After a 4 hour incu-
bation period, the kernels were excised and extracted with
70% acetone at -78°C. Figure 5 gives a summary of the
initial extractions and partitionings used to isolate the
IAA catabolites from the endosperm tissue. The acetone
extraction recovered up to 90% of the initial radioactivity
added to the tissue, indicating that decarboxylation of the
IAA by the tissue was very low. The recovery yield through
the butanol partitioning and the chloroform extraction
ranged between 60% and 70%.

The crude chloroform extract was further purified with
DEAE-cellulose, and DEAE-Sephadex anion exchange chromatog-
raphy, LH-20 lipophilic Sephadex chromatography, and C18
reverse phase HPLC as summarized in Figure 6. Two peaks of
radioactivity were resolved by LH-20 chromatography. The
purified, derivatized samples were analyzed on gas

chromatography-mass spectrometry.

Quantitation of Oxindole-3-acetic Acid

The previous experiments indentified [1—14C]-OxIAA as a
carboxyl retaining catabolic product of [1-14C]-IAA metab-

olism in Zea mays. The next questions to answer were
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CORN SEEDLINGS + 14C-1a0

I EXTRACT WITH 70% ACETONE

RESIDUE FILTRATE
BUTANOL PARTITION
a0 PHASE BUTANOL PHASE
CHLOROFORM EXTRACT
RESIDLE CHLOROFORM PHASE

Figure 5.--The extraction procedure for the isolation of
carboxl retaining indole-3-acetic acid
catabolites.
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DEAE CELLULOSE
DEAE SEPHADEX
H-20
PEAK 1 PEAK 11
DERIVATIZE HPLC
HPLC DERIVATIZE
6C-1S GC-S

Figure 6.--The isolation and identification of carboxyl
retaining indole-3-acetic catabolites.
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whether OxIAA is a naturally occurring compound in Zea endo-
sperm tissue, and if so, at what concentration does it occur.
An external standard method, and the double standard isotope
dilution assay were employed to quantitate the endogenous
levels of OxIAA.

The external standard method compares the GLC peak area
of an external standard of known amount, to the GLC peak
area of a plant sample of unknown amount:

umol external standard peak area _ umol plant sample
peak area external standard = plant sample eluting from GLC

The GLC peak areas of both compounds are quantitated by
taking the average weight of three photocopies of each peak
tracing. The amount in umoles of external standard eluting
from the GLC effluent is calculated by collecting the radio-
activity eluting from the extinguished FID at the standard's
known retention time. The radioactivity collected, times
the known specific activity for the external standard, equals
the amount in pmoles of standard eluting from the GLC.

With this information, the preceding equation can be
solved for the amount in umoles of a plant sample required
to give the observed GLC peak response. The amount of OxIAA
initially in the tissue can be calculated from the GLC value,
by correcting for the recovery yield for the isolation of
OxIAA.

The main weakness of the external standard method is

its dependence on an accurate determination of recovery
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yield, which may vary depending on the concentration of
OxIAA in the tissve.

The double standard isotope dilution assay was employed
for a more exact determination of levels of OxIAA in endo-
sperm tissue (10). This method can quantitate labile com-
pounds in small amounts such as plant hormones and their
catabolites. The double standard isotope dilution assay
circumvents the difficulties of the external standard method,
accurate measurement of yield recovery and accurate quanti-
tative gas chromatography, by employing two internal stan-
dards (10). The first internal standard is a radioactively
labeled standard of the compound to be quantitated in the
tissue. The initial specific activity of the standard is
determined, and the specific activity of the standard after
its addition and reisolation from the tissue is determined.
Any OxIAA present in the tissue will dilute the specific
activity of an OxIAA standard added to the tissue. The
initial specific activity, the final diluted specific
activity, and the amount of standard added to the tissue can
be measured to determine the endogenous levels of OxIAA, as
in the following isotope dilution equation (51):

C

(o]
Y = (=2 -1) X
Ce

14C-OxIAA added

where: Co specific activity of

Cf specific activity of 14C-OxIAA recovered
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amount of 14C-OxIAA added

]
n

Y = amount of endogenous plant OxIAA

To determine the final specific activity of the compound to
be quantitated, a second internal standard is added to the
purified sample prior to gas-liquid chromatography. In the
present study IAA is used as the second internal standard.

By measuring the radioactivity, and peak areas (as described
in the external standard section), the final diluted specific
activity of OxIAA may be calculated (10):

collected OxIAA (DPM) IAA peak area
OxIAA peak area collected IAA (DPM)

specific activity

X of IAA

= final specific activity OxIAA

The final specific activity of the OxIAA thus determined, the
known initial specific activity, Co' and the known amount of
OxIAA added, X, can be used to solve the isotope dilution

equation for the endogenous level of OxIAA:

OxIAA in endosperm tissue = ( =—— -1 ) X

Labeled OxIAA, 10 uCi/umol, was synthesized for the
isotope dilution assay using the method of Hinman and
Bauman (30), and further purified on an LH-20 column and
eluted with 50% 2-propanol. The radiological purity of the
synthetic OxIAA was shown to be at least 95% by HPLC eluted
with 20% ethanol plus 1% acetic acid, and 94% by TLC devel-

oped with G solvent.
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Both the external standard method and the double stan-
dard isotope dilution assay depend on clean GLC peaks free
from cochromatographing contaminants. The identity of the

peak was further verified by GC-MS in the present study.



EXPERIMENTAL

METABOLIC CONVERSION OF “C-INDOLE-3-ACETIC ACID TO
“C-OXINDOLE-3-ACETIC ACID

Dennis M. Reinecke and Robert S. Bandurski

Received:

SUMMARY: We have identified [1-'*C}-oxindole-3-acetic acid as a catabolic product of [1-'*C}indole-3-
acetic acid metabolism in Zea mays seedlings. The isolation, and chemical and mass spectral characterization
of oxindole-3-acetic acid from corn kernel tissue is described together with data suggesting oxindole-3-acetic
acid to be a major catabolic product of indole-3-acetic acid.

Studies of the geotropic response of roots by Ciesielski (1) and of the phototropic response of shoots by
Darwin and Darwin (2) led to the conclusion that a growth stimulus was transmitted backwards from the tip
(cf.3). Removal or damage to the tip resulted in loss of tropic sensitivity indicating that the stimulus must be
*‘used up”’ when the tip of the plant is removed(4). .

Subsequent research led to the identification of indole-3-acetic acid (IAA) (S) as a plant growth
hormone, and a pathway for catabolism of IAA was discovered which involved decarboxylation of the IAA,
typically as catalyzed by horseradish peroxidase in witro (6). However, among the few plants studied, Zea mays
(7) and, possibly, Pisum (8) destroy only a minor portion of the IAA peroxidatively with carboxyl loss. Several
1AA-related compounds that retain the carboxyl have been reported in rice bran, including methyl-oxindole-3-
acetic acid, methyl-dioxindole-3-acetic acid, the S-hydroxyl analogs of both the aforementioned compounds,
and S-hydroxydioxindole-3-acetic acid (9).

In addition, Siehr (10) found that a basidiomycete Hygrophorus conicus metabolizes tryptamine and
IAA to oxindole-3-acetic acid (OxIAA), and Klimbt (11) has presented colorimetric evidence for the occurrence
of OxIAA in 3 plant species including Zea seedlings. The present work is the first demonstration of the
metabolic production of [1-**C}-OxIAA from [1-**C}IAA in plants.

25
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MATERIALS AND METHODS

DEAE-Sephadex A-25, DEAE cellulose coarse mesh, lipophilic Sephadex LH-20, and indole-3-acetic
acid, Sigma Chemical Co.; o-bromopentafluorotoluene, Diazald (N-methyl-N-nitroso-p-toluenesulfonamide).
Aldrich; N-ethylpiperidine, Pflatz and Bauer; Silica Gel 60 thin-layer plates without fluorescent dye, E. Merck:
3% OV-17 on Gas Chrom Q (60/80), Applied Science Laboratories; 3% SP-2250 on Supelcoport (80.100).
Supelco, Inc.; [1-**C}indole-3-acetic acid, 57 mCi/mmol, Amersham; and N-bromosuccinimide, Eastman
Organic Chemicals.

Incubation and Crede Extract Preparation:

Corn kernels, Zea mays cv. Stowell's Evergreen Sweet corn (W. Atlee Burpee Co.), were germinated for
four days in darkness at 25°C and 80% relative humidity using a phototropically inactive green safe light for
necessary manipulations (7). About 30% of the endosperm was cut from the end of the kernel and S ul of 50%
ethanol containing 25 ng of [1-'*C}-indole-3-acetic acid (57 mCi/mmol) was applied. This amounts to 46% of
the endogenous free IAA contained in a kernel (7). After a four hour incubation of the 1000 treated seedlings.
the kernels were excised and dropped into sufficient acetone at —78°C to make the final acetone concentration
70% allowing for the water in the kernels. This labeled material was used to develop purification and derivatiza-
tion techniques. whereas a large incubation mixture prepared from S000 seedlings to which was added approxi-
mately 10% of the labeled extract was used for the final chemical characterization of the unknown compounds.

In a control experiment, [1-'*C}IAA was added to the cut endosperm of seedlings. the excised kernels
were immediately dropped into acetone at —78°C, and the homogenate extracted as described. Only unchanged
labeled 1AA could be reisolated from the control unincubated seedlings.

The incubated kernels were homogenized for two minutes in a four liter Waring blendor and extracted
at 4°C for 12 hours. The homogenate was filtered and the residue reextracted two times with 70% acetone using
12 hour extraction periods. Acetone was removed from the filtrates under reduced pressure, and the aqueous
phase partitioned three times with 1-butanol. The butanol phase was reduced to a yellow paste under reduced
pressure, and the yellow paste extracted overnight in chloroform. Afier filtration, the yellow CHC], filtrate was
evaporated to about 20 m! for further purification using column chromatography.

Chromatography:

The extract was chromatographed on a 2.5 X 20 cm DEAE-cellulose column to remove lipoidal
material (12), and yielded a single peak of radioactivity eluted with CHC1,/CH,OH/CH,COOH 70:30:1. The
components of this peak could be resolved into two zones by thin-layer chromatography (CHC1,:CH,0H:H,0
85:14:1) with R, values of 0.20 and 0.40 with standard 1AA at R,=0.42. The DEAE-cellulose peak was pooled
and chromatographed on 8 2.5 m! DEAE-Sephadex column, washed with S0% ethanol, and eluted with a linear
gradient from 50% ethanol to 50% ethanol containing 5% acetic acid. The radioactive peak was pooled and
chromatographed on a 2.3 X 20 cm LH-20 column and eluted with S50% 2-propanol. Two peaks of radioactivity
eluted from the LH-20 column and the R, values of these peaks on TLC using the above solvent system were:
peak 1 R,=0.19, peak 11 R,=0.42, and standard IAA at R,=0.47.

The material in peak 11 from LH-20 chromatography was methylated with diazomethane (13), and the
resultant ester reacted with bis-(trimethylsilyl)-trifluoroacetamide at 45°C for 1S minutes to derivatize the imine
nitrogen. The pentafluorobenzyl ester of the material in peak I was synthesized using o-bromo-
pentafluorotoluene in the presence of N-ethylpiperidine (14) and purified by HPLC on a C,, reverse phase
column using 50% ethanol as eluant. The 70 eV mass spectral fragmentation pattern of these derivatives was
analyzed with a Hewlett-Packard 5985 GC-MS using a 1.8m X 2mm ID SP2250 column programmed from
220-280°C.
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RESULTS

Synthesis of exindele-3-acetic acid:

OzIAA was synthesized by oxidation of 1AA to OxIAA with 1 mole equivalent of N-bromosuccinimide
[caution-explosion hazard (15)] according to the method of Hinman and Bauman (16) at 1/100 scale with addi-
tion of 2 uCi of [1-“C}-1AA. The resultant OxIAA was purified by LH-20 chromatography with S0% 2-propanol
as eluant, and by HPLC using 20% ethanol plus 1% acetic acid as eluant. The following criteria indicated the
product to be OxIAA: the UV spectrum of the product in 95% ethanol evidenced a peak at 248 nm, and a
shoulder at 280 nm; the product was unreactive with Ehmann reagent (17); a green color was produced with
Ehrlich reagent after TLC of the product using 2-propanol:NH.OH:H,O 80:15:5 as solvent (12); and the
product retained the labeled carboxyl group. The 70 eV mass spectrum of the pentafluorobenzy! ester proved
the product to be oxindole-3-acetic acid with a molecular jon at m/e=371, and the expected major fragment
jons at m/z=181, 146, and 145 (Figure 7a) .

Product characterization:

Peak I and peak 11 from LH-20 chromatography were shown to be Ox1AA and JAA, respectively, by the
following procedures: peak 1 cochromatographed with authentic OxIAA on TLC with an R, of 0.2 using
CHC1,:CH,0H:H,;0 85:14:1 as solvent, and had a retention volume on a 20 x 2.3 cm LH-20 column of 92-110
ml identica! to that of synthetic OxIAA; the HPLC retention volume on a Partisil 10 ODS 25 1 0.46 cm C,,
column was 6-7 ml using 20% ethanol plus 1% acetic acid as solvent as was that of authentic OxIAA; and GLC
of the pentafluorobenzyl ester gave a retention time of 9.3 minutes on a 1.8m X i:'nm 1D OV-17 column pro-
grammed from 200-250°C, which again was identical to the derivative of the authentic OxIAA. TLC of the
diazomethane derivatized peak I, developed in CHC1,:MeOH:H,0 85:14:1, yielded the same compounds at R,
0.6 and 0.8 as did authentic OxIAA. GC-MS identified the compound at R, 0.8 as the methyl ester of OxIAA
with a molecular ion at m/e=205 and major fragment ions at m/z=146. 145, 128, and 117 (9). The coinpound
at R, 0.6 was unstable to the normal conditions of GC-MS probably owing to lactam ring opening (18). Both the
authentic and putative OxIAA yielded the same products and in similar proportions when treated with
diazomethane. The putative OxIAA of Peak I was Ehmann negative (17) and the mass spectrum of the
pentafluorobenzyl ester of peak 1 (Figure 70) had a molecular ion at m/e=371 and characteristic fragment ions
at m/z=181, 146, and 145 identical to those of authentic OxIAA (Figure 1a). Peak 11 cochron;atognphed with
authentic IAA on TLC with an R, of 0.42 using CHC1,:CH,0OH:H,0 85:14:1 as solvent, and was identical to
IAA on HPLC using 20% ethanol plus 1% acetic acid as eluant with a retention volume of 13 ml. Upon LH-20
chromatography, the putative IAA retention volume was 130-146 ml as was that of authentic IAA. Peak Il was
Ehmann positive (17) and the GC-MS mass spectrum of the N-trimethylsilyl methy] ester had a molecular jon at
m/e=261 and characteristic fragment ions at m/z=202, 130, and 77, identifying it as IAA.
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Figure 7.--The 70 eV mass spectra of the pentafluorobenzyl
ester of authentic oxindole-3-acetic acid (a),
and that of the putative oxindole-3-acetic acid
isolated from Zea endosperm (b).



29

DISCUSSION

By comparing the GLC peak area of the plant Ox1AA to the peak area of an OxIAA standard of known
concentration, it was estimated that 12.2 ug of plant OxIAA was obtained from the above purification pro-
cedure. Since the yield from the purification procedure was about 6% with labeled authentic OxlAA. it could
be calculated that 203 ug of OxIAA was present in 2500 corn kernels. This amounts to 387 ug per kg dry weight
of kernel tissue, and would be about 170% as much as the free IAA in 4-day-germinated corn kernel tissue.

Two findings suggest that OxIAA is a major catabolite of 1AA. First, there is about as much Ox]1AA in
the kernels as 1AA, 387 ug-kg™' (this paper) and 234 ug-kg™ (7) respectively. Second, from the studies of
Epstein et al. (7) on the turnover of 1AA in the kernels, it can be calculated that in 4 h about one-half of the IAA
of the kernel would be catabolized. We find that the labeled OxIAA isolated accounts for 26% of the expected
1AA catabolized during the incubation period—and this does not include OxIAA that was further metabolized.
Thus. this is the first demonstration that a major route of IAA catabolism in corn kernels is oxidation of IAA 10

OxlAA.
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RESULTS

Identification of Oxindole-3-acetic Acid

The chromatographic similarities between authentic OxIAA
and the isolated plant unknown I are summarized in Table 1.
The putative plant OxIAA and the authentic OxIAA had similar
chromatographic properties on LH-20 lipophilic Sephadex, and
TLC developed with G solvent (chloroform:methanol:water
85:14:1) and A solvent (methyl ethyl ketone:ethyl acetate:
ethanol:water 3:5:1:1). However, when either sample was
reacted with diazomethane, a potent methylating agent, two
zones of radioactivity were observed. Lengthening the
reaction time of methylation had no effect on the relative
amounts of the compounds. When the mixture was chromato-
graphed on GLC only one peak was observed. GC-MS identified
the compound as the methyl ester of OxIAA with a molecular
ion at 205, and characteristic major fragment ions at 146,
145, 128, and 117. The mass spectral fragmentation pattern
was identical to published spectra for the methyl ester of
OxIAA (37), with the addition of an M-2 peak at 203. The
two compounds could be separated by HPLC with 30% ethanol
as eluant, after which the UV spectrum of the major compound

with TLC Rf of 0.78, was found to be the same as OxIAA. The
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Table 1l.--Chromatographic similarities between authentic and

putative OxIAA.

CHROMATOGRAPHY PLANT UNKNOWN T OXINDOLE-3-ACETIC ACID

LH-20 g-10m, 210 m.

G SOLVENT 0.2 | 0.2
e [ " QIOEHWN 0.6, 0.78 | 0.6, 0.78

A SOLVENT 0.83 | 0.8
pc | PREAID 67 M. 7M.

PFB ESTER 8 M. 8 M.
6LC PFB ESTER 9,3 MIN, 9.3 MmN,
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compound with R_ of 0.6 did not give a detectable GC peak

£
under the conditions employed, which precluded its identi-
fication by GC-MS. The unidentified compound is most likely
the methyl ester of the product of lactam ring opening
(hydrolysis between the nitrogen and the carbonyl) which has
been reported to occur under acidic (35, 44) and basic con-
ditions (67), or the lactone ring formation (reaction of the
side chain acid with the carbonyl) as suggested by Kldmbt to
occur under basic conditions (39).

On C HPLC the putative plant OxIAA and the authentic

18
OxIAA cochromatographed both as free acids and as penta-
fluorobenzyl (PFB) esters. Finally, by GLC both the PFB
esters of the putative OxIAA and the authentic OxIAA had
identical retention times.

Final identification of the plant sample as OxIAA was
accomplished by GC-MS. The PFB esters of both the putative
OxIAA and the authentic OxIAA had identical 70 eV mass
spectral patterns as are shown in Figure 7. As expected,
the molecular ion of the PFB ester of OxIAA was at 371. An
M-2 peak at 369 was also observed, which appears to result
from dehydrogenation and rearrangement of the molecular ion
to the stable quinolinium fragment. The methyl ester of
OxXIAA gave a similar M-2 peak, while the bis-trimethylsilyl
(TMS) derivative of OxIAA had no M-2 peak. Since deriva-
tization with the silylating agent bis-(trimethylsilyl) -
trifluoroacetamide (BSTFA) derivatizes the side chain acid

group and the nitrogen, a free N-H group appears to be
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necessary for the M-2 rearrangement fragment. Other major
fragments from the PFB esters were at mass 181, the penta-
fluorobenzyl fragment, and at mass 146, and 145, the oxindole
fragments. A summary of the major fragments of the PFB

ester of the plant OxIAA and the authentic OxXIAA is listed on
Table 2. The percentage abundances between the plant OxIAA
and the authentic OxIAA fragments agree very well., The rela-
tive percentage abundances are, of course, dependent on the
concentration of the sample analyzed, and the conditions of
analysis, but the authentic and the putative samples varied

similarly.

Turnover of Labeled IAA

In this study, 13% of the labeled IAA metabolized was
converted to OxIAA after a 4 hour incubation period with
endosperm tissue. The following discussion examines the
data of Epstein et al. (17) to determine whether the turn-
over observed in the present study approaches their reported
value.

Epstein et al. determined the first order rate constant
for the dilution of specific activity of labeled IAA, when
labeled IAA was added to the endosperm of 4 day old dark-
grown Zea seedlings. The first order rate constant and the
following rate equation can be used to calculate how much
turnover of labeled free IAA would occur over a 4 hour incu-

bation period:
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Table 2.--Major GC-MS fragments and the percentage relative
abundances for authentic and putative OxIAA.

% ABUNDANCE
m/z FRAGMENT PLANT
OxIAA | SAMPLE
FF -,
M entocH F
37 2 2 10 i3
N7O F F
H
369 M-2 20 3
FF *
181 CH; F 100 100
| F F
> H ’
0 N0
| H H
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Q

o _ kt
1°9—t‘7.—30?
where: k = first order rate constant
t = time
Co = specific activity at time 0
Ct = specific activity at time t

Epstein and coworkers calculated the first order rate con-
stant to be 0.22/h. The specific activity of IAA at time 0
in the present experiments can be expressed as 0.32, for the
ratio between labeled free IAA to total free IAA,

Using this information and the rate equation, one may
calculate Ct’ the specific activity of labeled free IAA
after a 4 hour incubation period in the endosperm tissue.

C, was determined to be equal to 0.13; that is, 32% of the
IAA is initially labeled at time 0, but only 13% of the IAA
remains labeled after the 4 hour incubation owing to dilution
by newly produced IAA.

The total free IAA has been determined to remain rela-
tively constant over these time intervals, so that the ratio
of Ct to Co will equal the amount of labeled free IAA which

remains unmetabolized after 4 hours:

Ct _ IAA labeled at 4 h . IAA labeled at 0 h

E; - total IAA i total IAA

_ IAA labeled at 4 h
~ TAA Iabeled at 0 h

g;§% or 41% of the labeled IAA remains unmetabolized.
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If 41% of the labeled IAA was not turned over, then 59% of
the labeled IAA would have been catabolized to other pro-
ducts. Transport of labeled free IAA to other tissues and
conjugation of IAA are not significant at this stage of
development. The data of Epstein and coworkers, also found
that 13% of IAA catabolized proceeds through decarboxylation,

so that:

59% turnover - (59% turnover x 13% decarboxylation)

= 51% turnover through carboxyl retaining catabolites

Experimentally, the present study observed 13% turnover
to carboxyl retaining IAA catabolites after 4 hours, or 26%
of the expected rate predicted by the Epstein paper. The
difference between the observed 13% turnover and the calcu-
lated 51% turnover may be explained by differences in seed
lot, isolation procedure, etc. The work of Epstein and
coworkers predicted a rate of IAA turnover which approaches
the level observed in this study, and they predicted a
carboxyl retaining IAA catabolite which the present study
confirmed by isolation and identification.

Quantitation of Oxindole-3-acetic Acid
in Zea mays Endosperm Tissue

OxIAA (21.5 ug) with a specific activity of 10 uCi/umol
was added to 1000 excised Zea kernels. After purification,
the diluted final specific activity was determined to be
2.3 yCi/umol. This value was the average of two determi-

nations, where the specific activities were measured to be
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2.27 uCi/pymol and 2.23 uCi/umol. With these data and the
isotope dilution equation, it was determined that there is
73 ug OxIAA/1000 kernels. Since there was 0.21 g dry
wt/kernel, there was 356 yug OxIAA/kg dry wt. The amount of
OxIAA determined from the feeding experiment, calculated
using the external standard method, was 387 pg OxIAA/kg dry
wt, and this agrees well with the isotope dilution value.
The isotope dilution assay demonstrates that OxIAA is
a natural component of Zea endosperm at a level near that of

free IAA (17), 234 ug/kg dry wt.



DISCUSSION

The present work reports the first identification of
OxIAA as a major carboxyl retaining IAA catabolite in higher
plants. The amount of OxXIAA present in 4 day old dark-grown
endosperm tissue is 356 ug/kg dry wt.

The most thorough prior identification of oxindole-3-
acetic acid and dioxindole-3-acetic acid derivatives in
plant tissues is from the work of Kinashi et al. (37).

Using rice bran extracts, they identified the methyl esters
of oxindole-3-acetic acid and dioxindole-3-acetic acid,

their 5-hydroxy analogues, and the free 5-hydroxy-dioxindole-
3-acetic acid. Although Kinashi et al. proposed a route of
IAA catabolism through oxindole-3-acetic acid and dioxindole-
3-acetic acid, the precursor-product relationship between

IAA and these compounds was not demonstrated. Siehr (58)

was the first to demonstrate that IAA or tryptamine may be

metabolized to OxIAA by the basidiomycete Hygrophorus

conicus. The present radiological studies unambiguously
demonstrate that OxIAA is a catabolic product of IAA

metabolism in Zea endosperm tissue.

39
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Oxindole-3-acetic Acid as a Major
Route of IAA Catabolism

There are several lines of evidence that indicate OxIAA
formation is a major route of IAA catabolism in Zea endo-
sperm tissue. After a 4 hour incubation period, the extract
contained only two peaks of radioactivity: unmetabolized IAA
and OxIAA as isolated and identified by chromatographic and
mass spectral analysis. IAA catabolic products which lost
their labeled carboxyl group would not be identified by this
isolation procedure. However, after the 4 hour incubation
period, up to 90% of the initial radioactivity could be
recovered by the 70% acetone extractions. Most of the remain-
ing radioactivity could be accounted for in the endosperm
tissue residue, so that catabolism through decarboxylation
played only a minor role in IAA metabolism during the incu-
bation period. This data confirms the work of Epstein and
coworkers (17), who predicted that the majority of IAA
catabolism proceeds through a carboxyl retaining route, since
IAA was observed to turnover rapidly with low levels of IAA
decarboxylation,

Figure 2 indicates that there are two routes of cata-
bolism in Zea endosperm tissue: a route with retention of
the carboxyl moiety, and a route through oxidative decar-
boxylation; nevertheless, there may be only a single route
of catabolism of IAA, through oxidation of IAA to OxIAA
with subsequent OxIAA decarboxylation. The metabolism of
OxIAA must be further studied to resolve whether there are

one or two pathways regulating IAA levels in Zea.
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More evidence that OxIAA is a major catabolite of IAA
metabolism is that the present study accounts for at least
26% of the predicted turnover of IAA to carboxyl retaining
catabolites from the data of Epstein et al. (17). The
exact proportions of IAA catabolism accounted for by OxIAA

formation awaits complete turnover studies.

Indole-3-acetic Acid Turnover

Free IAA is turning over rapidly in the endosperm of
4 day old Zea endosperm tissue, but its relationship to the
growth of the seedling remains unknown. Free IAA does not
appear to be an important transport form of IAA to the shoot
or the root (25); but IAA conjugates, as IAA inositol, do
appear to be IAA precursors for vegetative growth (49).

When [3H]-IAA is applied to the cut endosperm of Zea seed-
lings (25), 98% of the radioactivity observed in the shoot
after 8 hours of incubation is no longer IAA or IAA esters.
The identity of the IAA metabolized during transport is
unknown.

At this stage of development, IAA is not being con-
jugated in the endosperm, so the purpose of the high turn-
over rate of IAA is unknown. The turnover of free IAA may
be a way of regulating the levels of IAA in endosperm tissue,
since the majority of free IAA is not being transported to
actively growing vegetative tissue. Corn endosperm tissue
is generally considered to be storage tissue surrounded by
the living aleurone layer, scutellum, and embryo (36). The

presence of free IAA and its catabolism in endosperm tissue
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may indicate a role of IAA in seedling development during

germination.

Biological Activity of Oxindole-3-acetic Acid

After Hinman and Bauman (30) developed a new synthesis
for OxIAA, several groups tested the biological activity of
OxIAA. Galston and Chen (22) reported the OxIAA had bio-
logical activity with etiolated, and green pea stem sections.

The greatest increase in growth occurred between the concen-

4

trations 1.6-5.2 x 10 °M for green pea sections, and between

4 3

-1.6 x 10 °M for etiolated pea

sections. The growth promotion induced by 1.6 x 10"4M ox12A

the concentrations 1.6 x 10~

was reported to be similar to the growth promotion with

2 x 1074

M IAA in green pea sections. All subsequent research-
ers have shown that OxIAA is inactive in growth promotion

in the bioassays tested. Weis (69) observed that OxIAA

did not promote growth of tobacco tissue cultures, and

4 7

inhibited fresh weight increases at 10  "-10" ‘M. OxIAA was

inactive in the Avena first internode test, and the Avena

coleoptile curvature test in the concentration range 5 x 10'-8

to 5 x 1074

M (28). Kinashi et al. (37) found no increased
growth in Avena coleoptile sections when treated with 0.1 to
100 pg/ml for the methyl esters of OxIAA, 5-hydroxy-OxIAA,
dioxindole-3-acetic acid, or 5-hydroxy-dioxindole-3-acetic
acid. The same group (63) showed that 5-hydroxy-dioxindole-

3-acetic acid, and 5-hydroxy-OxIAA were synergistic in IAA

promotion of ethylene in mung bean hypocotyl segments, but
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OxIAA and dioxindole-3-acetic acid were not, in the concen-
tration range 0.1-100 ug/ml or 5.2 x 10~ /=5.2 x 10~°M OxIAA.
The general concensus is that OxXIAA does not promote
growth in the bioassays tested. The work of Galston and
Chen should be repeated to show whether OxIAA is growth pro-
moting for pea stem sections, is metabolized to other growth
promoting substarnces, or was contaminated by a product of
OxIAA synthesis from IAA. Galston and Chen used TLC and
melting point analysis as an indicator of OxIAA purity.
Assuming that OxIAA is inactive as a growth regulator in
corn, it is interesting to speculate that the catabolism
of IAR to OxIAA occurs when IAA is "used up" during growth.
Other possible carboxyl retaining IAA catabolites:
zeanic acid, 2,8 dihydroxycinchonic acid, isolated from corn
steep liquor (47), and B-acid, 2,6 dihydroxycinchonic acid,
isolated from rice bran (37), (Figure 8), have been reported
to have biological activity. Zeanic acid was reported to
increase grape fruit set, and to promote dwarf rice seedling
growth. It was also reported to increase proliferation of
rice callus growth, and radish cotyledon growth in the
absence of kinetin and auxin (48). B-acid was observed to
supress dwarf rice seedling growth (37). However, when
OxIAA and dioxindole-3-acetic acid are isolated under simi-
lar acidic and basic conditions, ring expansion to similar
oxo-quinoline-4-carboxylic acids are observed (35, 67),

(Figure 9). Until zeanic acid and B-acid are isolated under
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Figure 8.--The keto and enol forms of zeanic acid and B-acid.
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less severe conditions their occurrence may well be an

artifact.

Identification of OxIAA

The lability of OxXIAA and their derivatives in acid and
base is one reason why these compounds may not have been
reported more often in biological materials. Oxindole-3-
acetic acids were first successfully synthesized in 1953 by
Julian and coworkers (35). Previous attempts to synthesize
OxIAA dating back to 1926 were unsuccessful since hydrolytic
conditions were used in the syntheses causing rearrangement
to 2-oxo0-1,2,3,4-tetra hydroquinoline-4-carboxylic acid
(Figure 9). The first reports of OxIAA in plant tissue by
Klambt (39) in 1959, and Siehr (58) in 1961 followed the
successful synthesis of OxIAA by Julian., Lawson and Witkop
(44) were the first to show that N-bromosuccinimide could
oxidize indoles to oxindoles. Subsequently, Hinman and
Bauman (30, 31) developed the relatively simple synthesis
of OxIAA from IAA, by N-bromosuccinimide oxidation; the
OxIAA biological studies followed.

Even with OxIAA standards available, a sensitive assay
for identifying IAA catabolites was also necessary. The
typical methods for following IAA catabolism, manometric
measurements, bioassay, or colorimetric assays would have
been little value in identifying IAA catabolites as OxIAA or
dioxindole acetic acid. Under normal conditions, OxIAA

produces no color with Ehrlich (39), Salkowski (28), or
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Ehmann (see Experimental) reagents. OxIAA does, however,
produce a green color reaction with Ehrlich reagent under
basic conditions (39). Plant hormones and their metabolic
products are present in tissues in low concentrations, so
that a sensitive radiological assay is needed to isolate
these products. Even with radiological tracing techniques,
the present study found purification and characterization
of the carboxyl retaining IAA catabolic products difficult
due to interfering compounds.

Another obstacle in identifying oxindole-3-acetic acid
compounds may be the level of peroxidase aétivity in crude
homogenates. Peroxidases are ubiquitous in plant tissues,
occurring in cell walls, and in the cytoplasm (59).
Peroxidase activity oxidatively decarboxylates IAA to
methyleneoxindole and hydroxymethyloxindole, as in the well-
characterized horseradish peroxidase system (32). However,

Zea, Pisum, and horseradish peroxidases do not degrade IAA

conjugates (9). Peroxidases are believed by many to be the
"IAA oxidase" of biological importance, although much of
the characterization of peroxidative IAA degradation has
been studied in vitro. An IAA catabolic route through
OxIAA might be outcompeted for substrate in a tissue homo-
genate with peroxidase activity present. Briggs et al. (7)
gave evidence that peroxidase activity was a cut surface

phenomenon in Osmunda cinnamonea, which was active in tissue

homogenates in degrading IAA., When peroxidase activity is

isolated from plant tissues, the activity can be resolved
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into many isozymes, with 7-20 isozymes in horseradish
peroxidase depending on extraction procedure, storage, and
tissue age, and 10 isozymes in corn depending on tissue age
(c.f. 53). Whether all peroxidase isozymes have "IAA
oxidase" activity, whether there are IAA oxidizing systems
unique from peroxidases, and whether peroxidative IAA

destruction regulates IAA levels in vivo remains unresolved

in the literature (57).

Methods which facilitated the isolation of OxIAA from
Zea endosperm tissue, were the use of radioactive feeding
studies, and the mild conditions of isolation. Only 1% and
5% acetic acid were used to elute compounds from DEAE-
cellulose and DEAE-Sephadex anionic exchange columns,
respectively, and 1% acetic acid was used in the elution of
compounds from HPLC. Even with low concentrations of acid,
compounds with low Rf values on TLC (G solvent) accumulated
in storage at 5°C over time. The formation of the compounds
which remained at the origin after TLC, were virtually
eliminated by rapid isolation through the isolation procedure
up to LH-20 chromatography. LH-20 chromatography was an
ideal purification step since no acid or base was involved,
and it separated unknown I from unknown II. Once the
carboxyl retaining compounds were separated and peak unknown
II was identified as unmetabolized IAA, the problem became
the identification of peak I. Gas chromatography of peak I
proved difficult due to interfering compounds and to the

variable results with diazomethane derivatization. Synthesis
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of OxXIAA for use as a model compound was required to develop
a purification procedure, synthesize a stable derivative for
GLC, and develop GC-MS analysis applicable to unknown I
identification, (that is, Zea OxIAA identification).
Presently, only Siehr with the basidiomycete Hygro-

phorus conicus, and the present work with Zea mays have

shown that IAA may be catabolized through a carboxyl retain-
ing route to OxIAA., Hinman and Lang (32) gave UV spectro-
scopic evidence that OxIAA is not oxidized by the horse-
radish peroxidase system, so that the preliminary data
indicates that OxIAA is not an intermediate of peroxidative
decarboxylation of IAA., Whether OxIAA is a naturally occur-
ring component of vegetative tissue other than Zea kernels is
also unknown. Klambt (39) gave colorimetric evidence for
OxIAA in vegetative tissue and kernels of Zea. Interesting
questions which the corn system may answer are whether OxIAA
can be identified in vegetative tissue, and if OxIAA for-
mation can be correlated with IAA induced growth. If IAA is
to remain growth limiting at the active site of growth in
vegetative tissues, the level of hormone must be carefully
regulated. It is interesting to speculate that once the
hormone does its "growth promoting action" it will be in
some way altered to keep the hormone limiting, so that the
site of action of IAA may be physically, or temporally close

to the site of catabolism of IAA.



SUMMARY

A method for the isolation and identification of
carboxyl retaining indole-3-acetic acid catabolites has been
developed. The carboxyl retaining catabolite of indole-3-
acetic acid metabolism in Zea endosperm, predicted by the
work of Epstein et al. (17), has been identified as oxindole-
3-acetic acid by chemical and mass spectral characterization.
This is the first demonstration that oxindole-3-acetic acid
is a product of indole-3-acetic acid catabolism in higher
plants as evidenced by [1-14C]-indole—3-acetic acid feeding
studies.

An isotope dilvtion assay has shown that oxindole-3-
acetic acid is a naturally occurring component of 4 day old
Zea endosperm tissue at 356 ug/kg dry wt, or an amount
similar to the levels of endogenous free indole-3-acetic
acid, 234 ug/kg dry wt (17). Oxindole-3-acetic acid is a
major catabolite of indole-3-acetic acid since nearly all
of the label could be accounted for as either oxindole-3-
acetic acid or unmetabolized indole-3-acetic acid. Also,
oxindole-3-acetic acid accounted for at least 26% of the
expected amount of carboxyl retaining indole-3-acetic acid

catabolism after a 4 hour incubation (17).

50
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Now that oxindole-3-acetic acid has been identified as
a catabolite of the plant hormone indole-3-acetic acid, the
function of oxindole-3-acetic acid in the regulation of
indole-3-acetic acid levels in Zea endosperm, its presence
in vegetative tissue, and its role in indole-3-acetic acid

mediated growth may be explored.
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