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Chemistry and Physiology of Conjugates of
Indole-3-Acetic Acid

ROBERT S. BANDURSKI

Department of Botany and Plant Pathology, Michigan State University,
East Lansing, MI 48824

Auxins are hormones that promote plant growth. They occur
naturally and, in structure, generally possess 2 planar aromatic
ring, an unsubstituted, or electronegatively substituted position
ortho to a side chain of, at least, two carbons, and with a car-
boxyl group on the side chain (1, 2). Examples of auxins are
indole-3-acetic acid (3), phenylacetic acid (4), and 4-chloro-
indole-3-acetic acid E} 6). Knowledge of the structure of
indole-3-acetic acid--TAA--(7) led to the chemical plant growth
regulator industry with annual agricultural savings in Michigan
alone equal to the cost of all U.S. financed plant hormone
research.

Utilization of auxins date to antiquity, as for example, the
use of germinating seeds to promote rooting of cuttings (8). The
discovery of hormones in roots by the Polish horticulturalist,
Teofil Ciesielski (9) and in shoots by the British naturalist,
Charles Darwin (10) was made one century ago. They observed that
the tip of the root or shoot controlled growth of the tissue some
distance from the tip. Thus, an "influence" must have diffused
from tip to growing region. Sixty years later, F.W. Went

developed the "Avena curvature test" for the "influence" (3), and.

Bonner developed the "straight growth assay" (11). These tech-
niques plus knowledge that tryptophan could be converted to auxin
in fungal cultures (12) and that "precursors" in seeds could be
converted to auxins by alkaline hydrolysis (13, 14, 15, 16) led to
knowledge of the structure of IAA (Z)s

We stress these assays because, while leading to the dis-
covery of IAA, they imposed structure-activity requirements pre-
cluding study of the IAA conjugates--and possibly the discovery of
other auxins. For a substance to be active in the assays required
that they: 1) permeate membranes in a cut tissue surface, 2) be
transported to the growing zone, and 3) promote growth in that
zone. Hopefully these three requirements may someday be studied
independently.

The biological effects of the auxins are diverse and range
from rapid effects, usually growth promotion and occurring within
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PLANT GROWTI{ SUBSTANCES

minutes, to growth differentiation, obvious only in days (17).
How TAA can elicit profound changes in the size and form of a
Plant is totally unknown. At the cellular level it is known that
the plant cell walls must be “softened" for growth promotion to
occur (cf. 18). Such effects, however, may be concomitants of
growth and not the “primary" effects of auxin (19).

We suggest that research directed towards correlating and
developing biological and physiochemical assays of the auxins,
structural characterization of auxins and auxin conjugates and
studies of what permits auxins to move to different parts of the
plant and, perhaps selectively into different organelles, will be
productive approaches. Thus, I shall confine my remarks to, 1)
the chemistry of IAA conjugates, 2) the quantitative assay of IAA
and its conjugates, 3) the “"turnover" of the indolylic compounds
of the plant, 4) an indication of how knowledge of pool size and
turnover permitted identification of the seed auxin precursor, 5)
a demonstration of the equilibrium between IAA and its conjugates,
6) a demonstration of the perturbability of the equilibrium and,
lastly, 7) a working hypothesis concerning how a hormonal homeo-
static system can be attuned to the environment.

The Structure and Concentrations of Indoles of Zea mays

Figure 1 summarizes the structures and concentrations of the
IAA conjugates of the kernels of corn (Zea mayg), the only plant
to have been studied in detail. This work was done by my col-
leagues Drs. Labarca, Micholls, Ueda, Piskornik and Ehmann (20-
25). We have not detected appreciable amide linked IAA in Zea but
there are three major classes of esters: the IAA-myo-inositols,
constituting about 15%; the IAA-myo-inositol glycosides, about
25%; and the high molecular weight IAA 81+4 glucan, about 50% of
the total IAA, Free IAA, the 2-0, 4-0 and 6-0 IAA glucose esters
and the (1AA), inositols comprise the remainder. The vegetative
tissue of corn contains 300 ug/kg fresh weight of ester IAA and
30 .g/kg of free IAA (26). A major portion of the esters of the
shoot is IAA-myo-inositol (cf. 27 and Nowacki, unpublished).

The seeds of oats (Avena sativa) have been studied by Dr.
Percival and shown to have 85% of their IAA esterified to a
glucoprotein (28). The glucan is of the lichenan type having both
51-3 and B1+4 Tinkages. Recently, Ms. P. Hall in our laboratory
(personal communication) has isolated IAA-myo-inositol from rice
(Oryza sativa) thus showing the compound originated early in
cereal evolution,

This completes our knowledge of the chemistry of the
naturally occurring ITAA conjugates. IAA-aspartate is known to be
formed following exogenous application of IAA to plants of Pisum
satimes and was the first IAA conjugate to be structurally char-
ecterized (29). There are some data indicating that IAA-aspartate
occurs naturally (30). In addition, 1-0 glucosyl IAA has been
repogted to be formed following application of IAA to plants (31).
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Definitive characterization of the biosynthesized 1-0 glucose
ester has not been published although the compound has been syn-
thesized chemically (32).

Quantitative data on the amounts of free IAA, ester IAA and
amide linked IAA have been supplied by Ms, A. Schulze (33). Her
data, shown in Table I, permit several conclusions: first, all
plants examined contain greater amounts of IAA conjugates than
free IAA; secondly, the cereals contain mainly ester IAA; and,
thirdly, legumes contain mainly amide linked IAA.

The discovery by Ms. Schulze of the ubiquity of IAA-conju-
gates convinced us that covalently bonded hormone conjugates were
of metabolic importance. Especially significant was the occur-
rence of IAA conjugates in seedlings where growth rate is a func-
tion of IAA concentration. We concluded that, if an equilibrium
exists between IAA and its conjugates, then anything that shifts
that equilibrium would affect growth rate. To further study this
system for hormonal homeostasis two additional things were
required, one, a more convenient and sensitive assay for IAA and,
two, knowledge of pool size and turnover rates of the indolylic
components of the plant.

Methods of Assay

Bio-assays, in the hands of careful workers (cf. 3), have
provided almost all of our knowledge of plant hormonal metabolism.
Such assays, however, measure activities of extracts and are not
equatable to amounts of a chemical entity. Thus, one must rely
upon both chemical and bioassays. With regard to chemical

. assays, it is our contention that the planar indole structure and

the number of » bonding electrons renders IAA so unstable that
recoveries will be both low and variable thus making internal
standards obligatory (cf. 33, 34). We first used !%C-IAA-isotope
dilution assays in 1961 (35) and refined the assays in 1974 (33).
The original assays required kilogram amounts of tissue and a week
to obtain a single value. More recently we developed two new
assay procedures which permit one assay in a day or two of work
and require only 10 to 50 grams of tissue (36, 37). Our assays
are laborious but, in this early stage of chemical assays of IAA,
such labor may be desirable,

One method involves the use of 4,5,6,7 tetradeutero-IAA,
recently synthesized by Dr. V. Magnus (36). There are two advan-
tages to use of this as an internal standard: first, the deu-
terium in these positions is stable to the alkaline hydrolysis we
use to assay the IAA in the conjugates, and secondly, the pre-
sence of four deuterium in the standard moves the ions of the
standard away from the isotope cluster normally observed in mass
spectrometry owing to the naturally occurring heavy isotopes. We
add d,-IAA, plus a trace of 1%C-1AA, to the acetone in which we
homogenize the plant material. Then, with or without alkaline
hydrolysis, depending upon whether we wish to measure free or
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Figure 1. The structure and concentration of indolylic compounds in kernels of Zea mays
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TABLE 1

PLANT GROWTH SUBSTANCES

Concentrations of Free and Bound IAA

in Various Plant Tissues

Species Tissue IAA content
Free IAA! Ester [AA2 Pe?k;gy]
ug/kg
CEREALS )
Avena sativag vegetative
] tissue 16 5 69
Avena sativg seed 440 7620 n.d
Hordeum vulgare seed )
) (milled) 405 329 -
Oryza sativa seed 1703 2739 -
Pantcwn miligeewum seed 366 3198 -
Triticu~ aestivum seed 123 511 -
Zea mays vegetative
) tissue 24 328 60
Zea mays seed 500 to 71600 to
1000 78500 -
LEGUMES
Glycine max seed 4 505
Phaseolus vulgaris seed 203 305 fgg
Praum sarivum vegetative
o ‘ tissue 35 5 43
Flsum sativum seed 93 n.d.. 202
OTHERS
Cocas ruzi<erg liquid
endosperm 0 905 -
Fagorymer esculentum seed 40 127 25
Helianthus annus seed 303 1105
Lyzopersicum esculentum fruit trace trace -
Saceharcrmyces cerevisea packed
cells 290 n.d, -

'No alkaline hydrolysis,
21MA after hydrolysis with
31AA after hydrolysis with

1 N alkali minus the free IAA.
7 N alkali minus the

“Seedlings and fruits are fresh weight, seeds are air dry and
yeast cells contain 30% dry matter,

4 visual estimate of IAMMonaT
cluded by contaminants.

LC plate as colorimetry was pre-

Reprinted by permission of Plant Physiology (33).

free and ester IAA.
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total IAA, we re-isolate the IAA by partitioning, DEAE-sephadex,
and high pressure liquid chromatography. The resultant mixture
of d,-I1AA and the plant derived IAA is methylated and then the
indole nitrogen is acylated with heptafluorobutyric anhydride.
The methylheptafiuorobutyryl IAA derivative is used for gas
chromatography-selected ion mass spectrometry (gc-sim-msg. As
shown in Figure 2, we monftor four masses, 385 and 389, the
molecular ion for methylheptafluorobutyryl IAA (and its d,
analog), and 326 and 330, the base peaks for IAA and the d, stan-
dard. The agreement between the ratios of dy-IAA to IAA at the
molecular ion and at base peak give assurance of the vali-'ity of
the assay. Is this finally an absolute assay, giving data such
that error is impossible? We think it is close in that for an
error to occur a compound would have to cofractionate with IAA on
a DEAE and HPLC column and coemerge from the gc column and then
yield the same percentages of ions at mt and at base peak as IAA,
Still, we do occasionally observe anomalous results and can only
warn other workers that dealing with nanogram amounts of indoles
is difficult.

A second method of assay of IAA has been developed b{ Mr. J.
Cohen and involves a "double internal standard® usually 1%C-1AA
and !“C-indole-3-butyric acid (37). I will not discuss this
method of assay except to indicate that it is possible to develop
assays not involving mass spectrometry but with comparable sensi-
tivity and good selectivity.

Metabolic "Turnover" of Plant Indoles

Ms. Pat Hall and Drs. J. Nowacki and E. Epstein have pro-
vided our knowledge of the amounts and rate of metabolic turnover
of the indolylic components of the kernels of Zea mays (cf. 27,
28; Nowacki, unpublished; Epstein, unpublished), This knowledge
has enabled us, 1) to identify the “"seed auxin precursor"--that
is the compound which is transported from the seed to the growing
shoot (39), and 2) has provided a portion of the proof that IAA-
myo-inositol and IAA are in reversible equilibrium in the shoot
tissue, Proving that IAA and IAA esters are in reversible equi-
Tibrium in the tissue is essential if we wish to postulate hor-
monal homeostasis.

These experiments required labeled IAA and tryptophan, which
are available commercially, and !“C-labeled IAA-myo-inositol,
This compound was synthesized by Dr. Nowacki by reacting 1“C-IAA-
imidazole with myo-inositol (40). Application of these labeled
compounds to corn kernels, foTllowed immediately by homogenization
of the tissue in acetone permitted us to determine the amounts of
each constiuent in the kernel by the isotope dilution method of
Rittenberg and Foster (41). An extension of this method, whereby
the kernels are incubated for varying periods of time after
application of the isotopically labeled compound permits determi-
nation of the "turnover® of the pool. Such data are shown in
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Figure 2. Selected ion chromalo
tetrafluorobutyryl IAA and d,

and the d,-

gram of a mixture of the methyl esters o
-IAA. The 1AA was from an extract of corn seedling£

1AA added during homogenization. Retention time is in minutes and

the masses monitored are 326.2 and 385.2 for IAA and 330.2 and 309.2 for d,-1AA.

The percent d,-

IAA has been computed by the area of the peaks at 330.2/326.2 +

330.2 (base peak) and 389.2/385.2 + 389.2 (molecular ion).
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Table II. They showed that tryptophan, IAA and 1AA-myo-inositol
are turning over--that is made and then destroyed, or used, at
rates such that ti was 5, 3.2 and 12 hrs, respectively. Such
data permitted several important conclusions concerning the
metabolism of these compounds, for example, that it is the IAA
esters, and not tryptophan, which serve as a source of 1AA for
the germinating seed and secondly that the 1AA-inositols are
turning over at such a rapid rate that they must be in equili- .
brium with the IAA-myo-inositol glycoside pool perhaps acting as

glycosylation reagents (Epstein, unpublished).

TABLE 11

Concentration and Metabolic Turnover

of Some Indolylic Compounds in Zea Kernels

Incubation Recovered

Compound Time Sp. Act. k ty
hrs dpm/ug hrs=1 hrs
0 31,000
IAA 4 8,900 0.22 3.2
8 5,400
Tryptophan 0 15,200
8 5,000 0.14 5.0
1AA-myo-inositol 0 935
8 590 0.06 12.0

The “Seed Auxin Precursor"

Of great importance, for these studies, was knowledge of both
This knowledge permitted calculation of

the specific activity of the applied isotopically labeled compound
Thus, radioactivity, from a labeled compound

pool size and turnover.

at any desired time.

applied to the endosperm and appearing in the shoot could be
translated in amounts of compound moved from seed to shoot.

For these experiments, minute amounts of labeled 1AA, trypto-
phan, or IAA-myo-inositol were applied to an incision in the semi-
After 8 hrs

liquid endosperm of 4 day germinated Zea seedlings.
of incubation, the shoots were harvested and the IAA, tryptophan
or IAA-myo-inositol isolated using rigorous purification tech-

niques. Now, knowing the specific activity of the applied com-
pound at the mid-point of the experiment we could calculate the
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average rate of transport of that compound from endosperm to
shoot. A summary of a portion of these data (cf. 27; Nowacki,
unpublished; Epstein, unpublished) is shown in Table III. As can
be seen IAA-myo-inositol moves from endosperm to shoot at a rate
of 6 pmols-shoot=1.hr-1, We had previously estimated that about
9 pmols-shoot=!-hr-1 of IAA compound must be moving from endo-
Speym to shoot to sustain indole concentrations in the shoot (38)
and Gillespie and Thimann (42)measured 5 pmols-shoot~1.hpr-1 of
IAA diffusing down from excised Zeq tips. On the assumption that
what goes down must come up, at least § pmols-shoot=1.hr-1 myst
be going up. By contrast free IAA moves from endosperm to shoot
at a rate of 0.015 pmol-shoot~!.hr-1 and tryptophan in the endo-
Sperm appears as IAA in the shoot at less than 0.2 pmol-shoot-!.
hr=1. This last figure is high and could, in fact, be zero since
non-enzymatic conversion of tryptophan to IAA occurs so readily.
Thus these data establish that IAA-myo-inositol is the "seed
auxin precursor" for Zea mays (cf. 27 and Nowacki, unpublished).

TABLE 111

Rate of Transport of Indolylic Components
From Endosperm to Shoot

Compound applied Compound isolated Rate
to endosperm from shoot pmols.shoot-1.hr-1
3H-1AA IAA + ester IAA 0.015
3H-tryptophan IAA + ester IAA 0.15
IAA + ester 1AA 6.2

14C- IAA-myo-inositol

The Equilibrium Between IAA and IAA-myo-inositol in vivo

Dr. Hamilton earlier observed that ether extraction of
tissue induced autolysis, liberating active esterases and glycosi-
dases, and thus leading to more free IAA than extraction of
tissue by polar, and thus, enzyme-denaturing solvents (35), Thus,
we knew then that there were enzymes in the tissue capabTle of
hydrolyzing IAA esters. Much later, Kopcewicz demonstrated the
presence of an enzyme system which could synthesize IAA-myo-
inositol from IAA, ATP, Mg** and CoASH (43). More recently, Mr,
Lech Michalczuk (unpublished) has shown that IAA-CoA will acylate
inositol only in the presence of other nucleotides. Thus, the
reaction is complex, but there is no doubt that enzymes to make
and hydrolyze the [AA esters are present in corn.

Now, are the enzymes active in vivo? The data of Ms., Schulze
#nd Hall and Nowacki, Epstein and Cohen (27, 38; Nowacki, unpub-
lished; Epstein, unpublished) demonstrate that they are. We

1. DnANDURsKI Indole-3-Acetic Acid Conjugates 11

showed in 1972 that there is 93% esterified IAA and 7% free 1AA
in the shoots of Zea seedlings (26). The desired experiment then
was to apply labeled IAA-myo-inositol or labeled IAA to the endo-
sperm of Zea kernels and determine whether we approach the same
value--93% ester, 7% free--starting either from ester or free
labeled IAA. Hydrolysis or synthesis of ester in the endosperm
becomes unimportant since the pools are so large that we would
not see appreciable radioactivity in the shoot if hydrolysis or
esterification occurred in the endosperm, ‘Thus, we can determine
whether equilibrium is attained after the labeled compound enters
the shoot, Mr. Nowacki applied labeled 1AA-myo-inositol to the
endosperm and found 94% ester and 6% free IAA in the shoot (un-
published). Ms, Hall applied labeled IAA to the endosperm and
found 702 ester and 30% free IAA in the shoot (38). These values
approximate those found for natural in vivo concentrations by Ms.
Schulze, The conversion of free IAA to ester, as studied by Ms,
Hall, are low but these were early experiments done before we
were aware of the ease of hydrolysis of the esters. The results
demonstrate that one approaches the same equilibrium amounts of
ester and free IAA starting from either compound. We use the
word equilibrium to denote that ester IAA can be hydrolyzed to
free IAA and free IAA can be converted to ester IAA. He do not
imply that this is a reversible reaction catalyzed by a single
enzyme (43). This constitutes the first demonstration in biology
of an in vivo equilibrium between a hormone and its covalently
linked conjugates.,

Is the Equilibrium Between IAA and its Conjugates Perturable b
an_Environmental Input

An attempt to answer the question of whether the environment
controls plant growth by perturbing the equilibrium between free
and covalently conjugated hormone is the major effort of our
laboratory. To date only one environmental input has been tested
and that is photoinhibition of growth, It has been known for
many years that a brief flash of light will inhibit the extension
growth of an etiolated seedling plant (cf. 44). The question then
becomes, when photoinhibition of growth occurs, will there be a
concomitant decrease of free IAA and a commensurate increase in
ester 1AA? The results of this experiment are shown in Table IV.
A 20 second light flash resulted in a 43% inhibition of growth as
measured 90 minutes after the light flash. The free IAA
decreased by 35% and ester IAA increased by a commensurate amount
(45). Thus, our working hypothesis that growth is controlled by
the relative amounts of free and conjugated hormone and that it
is this ratio which reflects the environment is, in this case,
confirmed,
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TABLE IV

Photo-Induced Change in Growth
and in Free and Free Plus Ester IAA

Dark Light A %
mm/90 min
Growth 3.6 2.6 -1.1 -34
ug/kg
Free IAA 23 13 -10 =42
Free plus ester IAA 68 77 +9 +11

An Hypothesis Concerning Hormonal Homeostasis

The "take home lesson" I wish to leave with you is that the
hormones, IAA, the gibberellins, cytokinins, and abscisic acid,
all occur in free and conjugated form (46, 47, 48, 49) and that
anything that affects the relative amounts of free and conjugated
hormone will control growth. A similar hypothesis, concerning
mainly the gibberellins has been made (50). In the special case
of IAA we have demonstrated that IAA is in equilibrium with its
conjugates and that this equilibrium.can be shifted by light.
Thus, from these limited data, we propose, as a working hypothe-
sis, that the environment affects the rate of plant growth by
causing changes in the relative amounts of free and conjugated
hormone. This concept is illustrated diagramatically in Figure 3.

We envisage, Figure 3, that environmental stimuli, as for
example light, heat, gravity, water stress, etc., impact upon one
or more sensory apparatuses., In the case of light this would be
a pigment, whereas other stimuli would impact upon the plant
counterpart of a "solion" (51). A "solion" senses changes in
heat, sound, pressure, gravity, etc., using a reversible redox
system and a minute applied potential. Since plant cells have a
suitable bio-electric potential (52) and redox systems in their
cytoplasm, they can be, in a very real sense, “solions®. The
sensor then transfers its signal, perhaps a hydride ion from a
flavin, to one of the transducer enzymes. Chemically this could
mean using the hydride ion to reduce a disulfide bond in an en-
zyme that synthesizes or hydrolyzes hormone conjugates--thus
changing the activity of the enzyme. If the hydrolyzing trans-
ducer is activated then more active hormone results, If the
synthesizing transducer is activated then there is less free
hormone and less hormone effect occurs. We do not know what hor-
mongs do to control growth nor how many processes must occur for

1.
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| ENVIRONMENTAL |
b sTiMuLUS

HORMONE CONJUGATE HYDROLASE |

TRANSDUCER

[HORMONE-X]
HORMONE CONJUGATE SYNTHETASE

Figure 3. Diagram of a system for control of plant growth bj varying the relative
amounts of free and conjugated hormone
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growth to result so we show a dotted arrow leading to growth, My
personal feeling is that what the hormone does cannot be dis-
covered until in vitro hormone-responsive systems are available
(19). Here we encounter the Heisenberg uncertainty principle as
applied to biology.

Conclusion

I wish to close now upon an optimistic but cautious note.
Ultra-micro scale chemical assays of labile plant hormones will
never be easy and routine. Nonetheless, use of internal
standards and the detectors now available for gc and hplc, or the
sensitive and selective mass spectrometer, permits assays of the
hormones in 1 to 10 gm amounts of tissue thus permitting physio-
logical experiments. We must someday return to bio-assays, using
a definitive chemical assay and a physiologically sensitive bio-
assay simultaneously. This is true because the tissues contain
both hormones and high amounts of, usually inhibitory, phenylpro-
panes, as will be discussed later in this symposium. Also, as
Professor J. van Overbeek has indicated (personal communication),
we will not understand the physiology of the organism until we
simultaneously know what happens to all the hormones and their
conjugates during complex developmental phenomenon. Difficult as
this sounds, it will be possible, provided we confine ourselves
to a few plants and seriously try to understand the hormonal
system.

Lastly, I believe our working hypothesis of hormones and
their conjugates as homeostatic hormone systems will lead to new
and answerable questions. I emphasize, however, our data apply
to one hormone, and to one environmental input and only to seed-
ling Zea plants. Will there be a generality to our working
hypothesis that the environment controls the ratio of free to
conjugated growth hormone and thus controls growth? We feel that
the answer to this question has great implications for the con-
trol of food and fiber production by applied growth regulators.

I think we should work hard to answer this question.

Abstract

Most of the indole-3-acetic acid (IAA) in plants occurs as
ester or amide-linked conjugates. This preponderance and appar-
ent ubiquity led to a study of the functions of the conjugates.
Evidence for four physiological roles has been found: 1) Conjuga-
tion is reversible and provides the plant with a way to regulate
its IAA levels, and thus its growth rate, in accordance with the
environment; 2) one of the conjugates (IAA-myo-inositol) is the
chemical form in which IAA is transported from the seed of corn
to the shoot, suggesting that conjugation provides the plant with
%information concerning where the hormone-precursor should be de-
livered; 3) IAA conjugates serve as a source of IAA for the seed

‘a
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and seedling; and 4) conjugation of IAA protects it against
peroxidative attack. To our knowledge, this is the first case in
biology where hormone levels are controlled by the formation and
hydrolysis of a covalent bond.
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