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The physiological significance of indole-acetyl aspartic acid 
(lAAsp) in auxin metabolism was examined with special reference to its 
role as part of a homeostatic mechanism to control hormone levels in 
pea seedlings (Pisum sativum L.)• 

A technique is described for the chemical synthesis of lAAsp. 
This was successfully used to obtain samples of the authentic 
compound. Techniques for the isolation, purification and concentration 
of lAAsp from plant tissues were examined in detail and a technique giving 
improved recoveries of the compound is described. Several techniques 
were used in an attempt to obtain more reliable identification of the 
presumed lAAsp in plant extracts. These included paper and thin-
layer chromatography in several solvent systems; mass spectroscopy 
(MS); gas chromatography/mass spectroscopy (GC-MS) and acid and 
alkali hydrolysis of the isolated compound. Although the presumed 
lAAsp consistently co-chromatographed with samples of the authentic 
compound, technical problems during isolation and derivatization 
prevented its successful identification by MS and GC-MS. 

When the presumed ^^C-labelled lAAsp was reapplied to intact 
pea plants, ^^C was found with indoleacetic acid (lAA) indicating 
that the conjugate could be hydrolysed at the presumed peptide 
bond to release the free hormone. The formation of lAAsp by plants 
may therefore represent a means of storing excess lAA in a protected 
and inactive form from which it can be released if tissue concentrations 

fall' 

14 
The time course of uptake, conjugation and export of C-IAA 

following its application to the apfcgs of intact pea seedlings 
was examined in relation to phgtomorph^genesis and dwarfism. 
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GENERAL INTRODUCTION 



GENERAL INTRODUCTION 

AUXINS, THE REGULATION OF PLANT GROWTH AND DEVELOPMENT 

Auxins are the group of natural and synthetic compounds defined 

by their ability to regulate plant growth, in particular cell 

differentiation, enlargement and division (Thimann, 1969). The 

stimulatory effects of auxin on plant growth vary considerably 

between tissues, and high concentrations of auxin generally bring 

about growth inhibition rather than stimulation. Roots are particularly 

sensitive to inhibition by auxins. In addition to the effects on 

plant growth, a large number of developmental processes in plants are 

regulated by auxins, including the initiation of adventitious roots, 

the differentiation of secondary vascular tissue and wound regeneration. 

Auxins play a major role in 'correlation' phenomona, that is in the 

overall organisation of plant processes, for example, apical dominance. 

Tropic responses partially result from the regulation of differential 

growth rates by auxins. 

Indole acetic acid 

Indole-3-acetic acid (lAA) was the first auxin to be identified 

(KOgl et al^, 1934) and is still regarded as the principal member of 

this group of plant hormones. lAA remains the only naturally-occurring 

auxin whose existence is definitely established. It has now been 

identified by colorimetric, chromatographic and chemical methods in a 

great many higher plants and is widely distributed throughout the 

plant kingdom. 

It is known that the concentration of auxin available to the 

tissues can have a determining effect on growth and differentiation. 



This behaviour is employed to bioassay auxins. It has also been 

shown that the number of xylem elements which formed in decapitated 

Coleus shoots was directly proportional to the amount of lAA applied 

to the shoots [Jacobs and Morrow, 1957). Investigations of fruit 

drop revealed a positive correlation between the concentration of 

auxin present in fruit extracts and the periods of fruit retention on 

the tree (Luckwill, 1959). 

The regulation of hormone concentrations 

An essential requirement of any hormone-mediated growth regulatory 

system is a mechanism for controlling the concentration of the active 

hormone within the plant. In addition to regulation of the levels 

of synthesis the plant has four known options for the removal or 

disposal of lAA. It can be 1) transported, 2) compartmentalized, 

3) enzymatically degraded, as by the lAA-oxidase system, or 

4) metabolically converted into inactive derivatives. 

The major pathways of metabolism of both exogenous and endogenous 

lAA are still incompletely understood. The free lAA concentrations 

found in plant tissue may represent a balance of the processes 

outlined in Figure 1. 

Assessment of the evidence for the control of active lAA 

concentration by compartmentalization has been made difficult by 

the loose terminology employed by authors. The confusion has arisen 

with the use of "binding". The concept of compartmentalization should 

refer to molecules held in different components of the cell and 

thus kept within separate systems. This may involve binding with 

protein. However, 'auxin-binding' has wider usage than in relation 

to compartmentalization, as binding may be associated with other 
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Figure 1 Scheme illustrating the possible mechanisms involved in regulating 

concentrations of free auxin in plant tissues (based on Cohen and 

Bandurski, 1978). 



processes such as transport or action sites for auxin. There are 

many reports of the binding of lAA to proteins and confusion arises 

from a limited understanding of the processes in which these are 

involved. A non-transportable bound auxin was recorded by Winter 

and Thimann (1966) in Avena coleoptiles. Some auxin remained in the 

tissue even after a two-hour export period, at the end of which further 

diffusion of lAA from the tissue had largely ceased. From the 

extraction properties of this component they deduced an association 

of lAA with protein. Further characterization of auxin-protein complexes, 

described as "binding sites" for auxin and localized on membranes of 

the endoplasmic reticulum, have been published recently (Kasamo and 

Yamaki, 1966; Batt et aly, 1976; Ray, 1977; Venis, 1971). It is 

now suggested that the binding of auxin to protein rather than 

representing compartmentalization, and thus removing and regulating 

free auxin concentration, may have a direct role in cell wall 

synthesis (for example, Davis, 1976). Ray, Dohrmann and Hertel (1977) 

concluded that auxin binding sites may be receptors for auxin action. 

Compartmentalized auxin may be represented by lAA stored, for example, 

in vacuoles, and the actual influence within the plant of such * bound' 

auxin remains unknown. 

Another possibility for the control of lAA concentrations indicated 

in Figure 1 is degradation. The regulation of plant growth and 

development by the oxidative degradation of lAA has been explored 

(Ockerse and Mumford, 1973). Jasdanwala, Singh and Chinoy (1977) 

analysed growth parameters of developing cotton hairs (Gossypium 

hirsutum) and divided fibre development into four distinct phases. 

Changes in oxidase and peroxidase activity showed that lAA catabolism 

while low during one phase, the elongation, increased four-fold during 



a phase of secondary thickening. They suggested that the level of 

free lAA, thus regulated,might determine the termination of primary 

wall extension and the initiation of cellulose deposition in cotton 

fibre. A relationship has also been reported between lAA-oxidase 

activity and the growth periods of Lupinus hypocotyls (Sabater et al., 

1978). A similar parallel between lAA catabolism and the rate of 

growth has been recorded in tobacco (Nicotiana spp.) callus tissue 

(Lee, 1971). Again the full significance of such regulation of 

concentration in terms of auxin action remains to be elucidated. 

AUXIN CONJUGATES 

A third pathway offering potential control of free lAA 

concentrations exists in the scheme outlined in Figure 1. The 

conversion of lAA into inactive metabolic derivatives affords an 

effective means for the rapid removal of auxin from the growth 

regulatory system and conjugation, unlike catabolism, does not destroy 

the lAA molecule. Such metabolites in which the lAA molecule is 

covalently linked to another compound, have been found in most 

higher plants examined. 

Bandurski and Schulze (1977) assayed a wide range of plants 

including the seeds of oats (Avena sativa L.), coconut (Cocos 

nucifera L.), soyabean (Glycine max L.), rice (Oryza sativa L.), 

millet (Panicum milliaceum L.), kidney bean (Phaseolus vulgaris L.), 

buckwheat (Fagopyrum esculentum Moench.), wheat (Triticum aestivum L.) 

and maize (Zea mays L.), as well as the vegetative tissue of oats, 

pea (Pisum sativum L.) and maize. They concluded that all the plant 

tissues examined contained most of their lAA in the form of ester 



or peptide derivatives. The predominant forms of lAA found in 

leguminous plants were amide conjugates, while esterified lAA 

was detected in most monocotyledons. 

lAA-esters 

The esters identified vary in structure, ranging from lAA 

esterified to myo-inositol, myo-inositol glycosides, arabinose and 

glucan polysaccharides found in mays (Labaracca j&t al., 1965; 

Piskornik and Bandurski, 1972; Bandurski e^ al., 1977) to lAA-glucose 

detected in cereals and P.sativum by Zenk, 1961. 

lAA-peptides 

The conjugation of lAA with peptides has also been demonstrated to 

be a general reaction for many plant tissues. Reported examples 

of amide lAA include conjugation with aspartic and glutamic acids, 

glycine, alanine and valine in Parthenocissus tricuspidata Planch. 

crown gall callus tissue (Feung et̂  al., 1976). Hutzinger and 

Kosuge (1968) also isolated the L-lysine conjugate of lAA from the 

plant pathogen Pseudomonas savastanoi Planch. 

Additionally the conjugation of externally applied plant growth 

regulators, such as 2,4-dichlorophenoxyacetic acid (2,4-D) and 

benzoic acid have been observed. Andreae and Good (1957) concluded 

that condensations with aspartic acid were not limited to lAA, but 

also occurred when P.sativum epicotyls were incubated with 

indo1epropionic, indolebutyric, benzoic and 2,4-D acids. Aspartic 

acid conjugates of 2,4-D, benzoic and napthalenacetic acid (NAA) 

have also been reported often (Beyer and Morgan, 1970; Veen, 1972; 

Venis, 1972; Goren and Bukovac, 1973). Feung et aly (1971, 1972, 



1973) also detected 2,4-D conjugates of seven amino acids, aspartic 

and glutamic acid, alanine, valine, leucine, phenylalanine and 

tryptophan in soyabean callus. An aspartic acid conjugate of the 

chlorinated natural auxins has also been identified (Hattori and 

Marumo, 1972). Hofinger and Lis (1977) reported that indolacrylic 

acid (lAcA), which they considered a true auxin in Lens culinaris Med., 

also formed a conjugate with aspartic acid. 

Many plant tissues have been reported to accumulate primarily the 

aspartic acid conjugate. The major occuring peptidyl conjugate 

is indoleacetyl aspartic acid (lAAsp). lAAsp was first detected by 

Andreae and Good (1955) after the incubation of pea tissue in concentrations 

of lAA admittedly higher than physiological levels. 

INDOLEACETYL ASPA&TIC ACID 

After Andreae and Good had identified lAAsp as a major metabolite 

of exogenous lAA in P.sativum tissue, they further demonstrated its 

formation in etiolated coleoptiles of oats, maize and barley 

(Hordeum vulgare L.); etiolated epicotyls of pea; etiolated 

hypocotyls of sunflower (Helianthus annus L.), cucumber (Cucumis 

sativus L.), and buckwheat; etiolated potato (Solanum tuberosum L.) 

sprouts, and the stems and petioles of pea, tomato (Lycopersicum 

esculentum Mill.) and cabbage (Brassica oleraceae L.) (Good et al., 

1956). Examination of the conjugation processes in roots, where much 

lower concentrations of lAA have growth inhibitory effects, revealed 

that the tips of intact roots accumulated lAAsp at a rate considerably 

greater than epicotyl segments (Andreae and Van Ysselstein, 1960). 



Natural occurrence of lAAsp 

lAAsp was subsequently reported in the above and many other 

plant species, both as a naturally-occurring compound and as a 

metabolite of exogenously applied lAA. Row, Sanford and Hitchcock 

(1961) demonstrated the natural occurrence of lAAsp in tomato seedlings. 

lAAsp has also been identified in peach, Prunus persica Stokes 

(Weaver and Jackson, 1963), a lilaceae, Veratrum tenuipetalum L. 

I 
(Olney, 1968) and P.vulgaris seedlings (Tilberg, 1974). 

A 

lAAsp, a metabolite of exogenous lAA 

The formation of lAAsp from exogenous lAA has been reported in 

a wide range of plants, (see literature cited by Mollan et aly, 1972; 

also Venis, 1972; Goren, Bukovac and Flare, 1974; Lau, Murr and 

Yang, 1974; Feung, Hamilton and Mumma, 1976). Many of these 

identifications rely heavily on the previously published Rf values 

of the sample. Often only one chromatography solvent system was 

employed and the co-chromatography of authentic lAAsp was not always 

recorded. Colour tests on the chromatograms and, more occassionally, 

biological activity have also been employed. Minchin and Harmey (1975) 

have identified lAAsp as the major form of lAA in barley endosperm 

using spectroscopic analysis. Andreae and Good (1955) demonstrated 

that alkaline hydrolysis of their plant metabolite released equimolar 

quantities of lAA and aspartic acid. Generally 'identifications* 

must be considered tentative unless supported by chemical analysis 

or at least co-chromatography with authentic sample in several solvent 

systems. 

As well as the identification of lAAsp as a plant metabolite in 

whole plants it has also been found in various callus tissue cultures 



and cell suspensions (Feung et al., 1976; Epstein ^ , 1977; 

Maillard and Zryd, 1977; Rekoslavskaya and Gamburg, 1977; Bogers 

et al., 1978). The synthesis of lAAsp by a cell free system 

prepared from peas was reported by Lantican and Muir (1969). Venis 

(1972) was unable to repeat these observations. Higgins and Barnett (1976) 

demonstrated the conjugation of [1-^^C]IAA with aspartic acid in a 

tissue homogenate of etiolated pea seedlings. The conjugation of 

applied lAA with aspartic acid has been found in many tissues, 

although the mechanism for the formation of conjugates and their 

biological function remains unknown. 

The formation of lAAsp 

The presence of ATP and CoA has been described as essential for 

the formation of lAAsp and other auxin conjugates. Zenk (1960) 

demonstrated a model system using octanoate thiokinase, an enzyme 

isolated from liver mitochondria, that catalysed the formation of 

conjugates of lAA with amino acids, in the presence of lAA, the amino 

acid, CoA and oxygen. Two intermediate products in the formation of 

indoleacetylglycine were, a) indoleacetyladenosine monophosphate, 

from lAA and ATP, which in turn combined with CoA to yield 

b) indoleacetyl-CoA. Zenk showed that several amino acids could be 

acylated with both the indoleacetyl-CoA and indoleacetyl-AMP. 

lAA-ester formation is stimulated by ATP and CoA (Kopcewicz, Ehmann 

and Bandurski,1974). These authors also suggested that the reaction 

proceeds by the formation of adenyl-IAA, followed by the formation 

of CoA-IAA and then acylation of cycliotol or glucose. Feung et al. 

(1973) had previously described a similar pathway for the formation 

of 2,4-D conjugates in soyabean callus tissue. 2,4-dinitrophenol 
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(DNP), which uncouples oxidative phosphorylation thus leading to a 

depletion of ATP in the tissue, suppressed the formation of lAAsp 

in experiments performed by Lau, Murr and Yang (1974). Higgins and 

Bamett (1976) described the enhancement of lAA and aspartic acid 

conjugation by ATP, as indicated by increased levels of lAAsp with 

the addition of phosphoenol pyruvic acid and pyruvate kinase to the 

incubation medium. 

It has also been reported that the rate of formation of lAAsp 

can be increased by pre-incubation with lAA (Venis, 1964; SUdi, 1964; 

Hofinger and Lis, 1977; Rekoslavskaya and Gamburg, 1977). This 

indicated the existence of an L-aspartic acid acylase whose adaptive 

formation can be induced by pretreatment, and explained reported lag 

periods between the application of exogenous lAA and the formation 

of lAAsp. Veen (1967) stated that he could not find evidence for 

induction, as conjugates were formed even at the lowest concentrations 

of external NAA (0.1 wM). However, cycloheximide, puromycin and 

actinomycin-D, inhibit the conjugation of lAAsp, providing evidence 

for the involvement of m-RNA and protein synthesis in the process 

(Venis, 1964; Kang et al;, 1971; Rekoslavskaya and Gamburg, 1977). 

SUdi (1966) and Dahlhelm (1969) postulated an allosteric interaction 

of auxin and the protein regulating the synthesis of the enzyme(s) 

responsible for the production of the conjugate, to explain the 

auxin-induced formation of lAAsp. There exists no further 

characterization of the systems involved. 

THE PHYSIOLOGICAL FUNCTION OF lAAsp 

A review has been presented which demonstrates that much of the 
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lAA present in plant tissues is incorporated in conjugates. The 

role of such conjugates in the hormonal relationships of the plant 

is not understood, but the information that is available will be 

examined. 

Auxin mobility 

Hoad, Hillman and Wareing (1971) produced data suggesting that 

in intact plants lAAsp functioned as the major form of transported 

auxin. Their conclusions were based on the involvement of the phloem 

in auxin transport. Bonnemain (1971), Bourbouloux and Bonnemain 
et al. 

(1973, 1974), LittTe^JT578) and Morris and Thomas (1978) considered 

it more likely that a cambial pathway for auxin (lAA) movement exists, 

and that this is the major transport pathway in the intact plant. 

Field and Peel (1971, 1972) and Field (1973) have assumed the mobility 

of lAAsp both laterally and in sieve tubes based on observations of 

willow (Salix viminalis L.) stems. These results may be accounted for 

by the lAA-mobile component being conjugated as it moved through the 

tissue. Their results were also in contradiction to those of Veen (1967), 

Eschrich (1968), Morris, Briant and Thomson (1969), and Lepp and Peel 

(1971), who found lAAsp to be immobile in pea, broad bean (Vicia faba L.), 

willow and Coleus (Coleus rhenaltianus L.). Bourbouloux and Bonnemain 

(1973) studied the transport of auxin from young pods of broad bean 

and found lAA was the main or only mobile auxin. The collection of 

lAAsp in agar receiving blocks from stem segments of willow and bean 

suggested the basipetal movement of this metabolite (Hoad ejb al., 1971; 

Patrick and Woolley, 1973). This may reflect the diffusion of conjugate 

from the cut surface of the segment where it was formed, rather than 

its transport. However, Morris, Briant and Thomas (1969) only found 
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lAA and indole-3-aldehyde in diffusates into agar from pea stems even 

though large amounts of lAAsp formed in the stem itself. The question 

of auxin-conjugate mobility should be more closely examined. Krul 

and Colclasure (1977) recommended further exploration of the mobility 

of lAA-glucoside, another conjugate for which contradictions exist. 
that 

Hertel and Flory (1968) offered evidence^one auxin, NAA does not move 

in a complexed form. When com coleoptiles were fed with NAA-glucose 

only the free acid (NAA) was detected at the protein binding sites 

which are believed to be the receptors associated with auxin transport. 

In spite of the inconsistency, it appears unlikely that auxin 

conjugates are a transported form of lAA. 

lAAsp and ethylene interaction 

Several authors explored the role of aspartic-conjugated lAA 

in relation to the inhibition of auxin transport by ethylene. The 

treatment of tissue with ethylene was shown to significantly stimulate 

lAAsp formation by Row, Sanford and Hitchcock (1961), Beyer and 

Morgan (1970) and Valdovinos, Ernest and Jensen (1970). However, 

they did find that the 'immobilization' of free lAA due to the increase 

in conjugate formation was not alone sufficient to account for the 

disruption of auxin transport by ethylene, and was more likely the 

result rather than the cause of the phenomena. 

Kang e^ aly (1971) found that IAA-induced ethylene production 

and growth i^ excised segments of etiolated pea shoots paralleled 

the free lAA concentration of the tissue, which in turn depended upon 

the rate of lAA conjugation and decarboxylation. The control of free 

lAA concentration by such processes as conjugation and decarboxylation 

could therefore play an important role in the regulation of plant 
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growth, in this case by the alteration of ethylene production. It 

was suggested that lAAsp might be involved in the interaction of other 

plant hormones with lAA (Kang et lal., 1971). Potato tubers treated 

with ethylene showed an increased rate of lAA conjugation and decarboxylation 

(Minato and Okazawa, 1978). It is possible that these systems provide 

a homeostatic mechanism balancing free lAA levels and ethylene production. 

Imaseki and Sakai (1973) reported the isolation of a proteinaceous 

inhibitor of ethylene production from mung bean (Phaseolus aureus Roxb.), 

which reversibly inhibited lAAsp formation. Possibly the enzymological 

mechanisms of ethylene production and lAAsp formation are interrelated 

and regulated at one stage by the same mechanism, affected by mung bean 

protein. 

Kinetin was shown to have a synergistic effect on auxin-stimulated 

ethylene production in mung bean hypocotyls (Lau and Yang, 1973; 

Lau, Yang, Yung, 1973; Imaseki, Kondo and Watanabe,1975). In 

contrast with the other references discussed in this section, an 

increase in ethylene production in kinetin treated tissue was associated 

with the suppression of lAAsp formation. At first these authors 

believed the regulation of lAA concentrations by lAAsp formation 

explained the interaction between kinetin and lAA-induced ethylene 

production. However, the case for such a regulatory role of lAAsp 

formation dwindled as they felt that the decrease in lAAsp conjugation 

and the corresponding increase in free lAA were not sufficient to 

account for the doubling of the ethylene production rate. Goren et al. 

(1974), and Lieberman and Knegt (1977) offered further data to demonstrate 

that conjugation was not the mechanism by which ethylene effects auxin 

behaviour or vice versa. 
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The biological activity of lAAsp 

A further role of lAAsp which can be considered concerns its 

function as an active auxin. There is great variety in the reports 

of the biological activity of this conjugate. lAAsp had little 

activity in split pea curvature or pea stem elongation bioassays 

although it was a major lAA-metabolite in the tissue (Andreae and 

Good, 1955). lAAsp greatly exceeded lAA in the stimulation of 

tobacco pith cell suspension cultures, although it was inactive in 

the induction of cell division in the first 10-24 hours (Robinson 

et al., 1968). lAAsp also had a weak activity on potato and soyabean 

suspension cultures. Feung, Hamilton and Mumma (1977) demonstrated 

that the aspartate conjugate was highly active in the Avena coleoptile 

and soyabean callus bioassay. Thurman and Street (1962) observed that 

lAA and lAAsp possessed similar biological activity in the inhibition 

of growth of excised tomato roots and Tillberg (1974) found the 

promotion of Avena coleoptile elongation by lAAsp. 

Generally, lAAsp appeared less active than lAA in tissues where 

it was a major metabolite. lAAsp may have direct biological function, 

or its activity may depend on the ability of the tissue to release 

free lAA from the conjugate. Feung et al. (1974) discussed this with 

reference to the activity of 2,4-D conjugates. They found higher 

activity of 2,4-D conjugates compared to 2,4-D, which may suggest 

that the conjugate is itself the required, or alternative, active 

form. However, the higher activity of the conjugate could be related 

to secondary factors such as altered uptake or metabolism. In 

dealing with exogenous hormones it becomes likely that the response 

may reflect differences in the uptake of the tested compounds rather 

than differences in activity. The lower activity of lAAsp in tissues 
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in which it is known to occur suggests that the conjugate may function 

as a storage form of lAA, releasing lAA only when the equilibrium 

favours free lAA and growth. 

The regulation of lAA concentration: Two examples 

The role of lAAsp in the regulation of 'critical' auxin levels 

has been explored in two recent references. Epstein, Kochba and 

Neuman (1977) reported the far greater formation of lAAsp in 

embryogenic callus than non-embryogenic ovular callus lines of 

"Shamouti" orange (Citrus sinesis). They found the non-embryogenic 

ovular callus tissue formed very little lAAsp and then only after 

much longer incubation periods. They concluded that 'by this mode of 

lAA removal' (lAAsp formation) the auxin level in embryogenic callus 

was reduced to a level inducive to embryogenesis. More recently, 

Liu, Gruenert and Knight (1978) discussed the involvement of lAA 

conjugates in tumorigenesis of Nicotiana species. They noted that 

genetic tumors arose most often in Nicotiana hybrids apparently in 

response to a signal aimed at potentially meristematic cells. The 

signal for tumorigenesis appeared to be a reduction in endogenous 

levels of lAA. The response is the activation of the lAAsp-synthetase 

system. The authors suggested that the release of lAA from a 'bound 

form' (lAAsp) played an important role in the activation mechanism 

causing tumorigenesis in the genetic hybrid plants. Thus both 

cases suggest the function of the lAAsp system is to provide regulation 

of the free lAA concentrations, the alteration of which results in a 

major developmental change within the tissue. 
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A biosynthetic intermediate 

An additional function of lAAsp which may explain its presence, 

is that it represents a biosynthetic intermediate for the production 

of lAA. No confirmation of this exists, although thorough investigation 

has been made into the biosynthesis of lAA (Schneider, Gibson and 

Wightman, 1972 for example) without indication of such metabolic 

involvement of lAAsp. It has also been suggested that the role of 

auxin conjugates may be one of detoxification, to maintain the endogenous 

concentration of lAA at the desired level, thus controlling or 

balancing the physiological behaviour of the plant organs and tissues 

(Zenk, 1966). Various functions of lAA-conjugates have been discussed 

in this section, and from the examples cited here the most likely 

function of lAAsp is that of homeostatic control of auxin concentrations, 

the effects of such a system being seen in the examples of tumoregenesis 

and embryogenesis . The formation of lAAsp could therefore be 

seen as a storage of lAA, from which lAA can be released under conditions 

where higher free lAA concentration is required. 

AN ANALYSIS OF THE EVIDENCE FOR HOMEOSTASIS 

If a system exists for controlling auxin levels by the 

maintainance of an equilibrium between lAA and lAAsp, two categories 

of evidence might be expected. Firstly, the formation of lAAsp 

has been established; now the fate of lAAsp i£i vivo should be 

examined. Evidence concerning the release of lAA from lAAsp will be 

discussed. Secondly, having postulated such a system for the regulation 

of auxin levels, variation in the equilibrium must occur with environmental 

stimulation known to result in physiological response. The literature 
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concerning these two categories is now reviewed. 

The fate of lAAsp 

There is little information about the fate of lAAsp in plant 

tissue. Thurman and Street (1962) bioassayed chromatograms from 

exised tomato roots treated with lAAsp and showed two zones slightly 

stimulatory to coleoptile straight growth. The zone of strongest 

proportion corresponded to the Rf value of lAA and the second 

stimulatory zone occured near the Rf value of lAAsp. It was considered 

unlikely endogenous lAA could account for the stimulatory effect 

and so this may be indirect evidence for the release of lAA from 

exogenous lAAsp. Sakai and Imaseki (1973) reported a personal 

communication from Igari demonstrating the formation of free lAA 

from lAAsp in isolated pea epicotyl segments. However, incubations 

of wheat coleoptile segments with lAAsp failed to produce growth and 

hydrolysis of free lAA from lAAsp was not detected even at high 

concentrations of lAAsp (Kl&nbt, 1961). There is no other examination 

of lAAsp hydrolysis in vivo, nor have the enzyme(s) which might 

cleave lAAsp to release free lAA been characterized. 

Two reports exist which describe the hydrolysis of other auxin 

conjugates. Feung e^ al. (1973) observed the hydrolysis of 2,4-D[l-*^C] 

glutamate. When 2-4,D-glutamate was metabolized for 12 days by 

soyabean callus tissue it was converted to other amino acid conjugates 

such as 2,4-D-aspartate (approximately 50 per cent). 2,4-D (approx. 

25%), unmetabolized 2,4-D-glutamate (approx. 20%) and some hydroxylated 

metabolites accounted for the rest of the activity. Studies by 

Bandurski and Schulze (1974) supported the occurence of the enzymatic 

hydrolysis of lAA-esters by Z.mays. 
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The lack of evidence for the im vivo hydrolysis of lAAsp 

may reflect the lack of examination of plant tissue in which the 

supposed equilibrium between lAAsp and lAA favours the former. 

The sensitivity of the homeostatic mechanism to physiological conditions 

One facet of the postulated system for the control of auxin 

levels, the existence of an equilibrium between lAAsp and lAA, is that 

it would be expected to relate to changes in the physiological status 

of the plant. Reports have demonstrated a stimulation of conjugation 

in conditions adverse to growth, and increased levels of free lAA 

in conditions favouring growth. It is believed that this system 

may account for differences between tall and dwarf peas. Lantican 

and Muir (1969) concluded that greater activity of the lAAsp-

conjugation system in the dwarf pea than the tall pea, resulted in 

less free lAA for growth and thus a 'dwarfed' form. Experiments 

using pea internodes and Coleus explants produced results indicating 

that conjugation increased in tissues which had aged and were no 

longer growing [SUdi, 1966; Veen and Jacobs, 1969). Davidonis, 

Hamilton and Mumma (1978) discussed the significance of their observation 

that older soyabean callus tissue regulated the level of free 

2,4-D within the tissue at, what they described as, a "saturation" 

level by converting any excess 2,4-D to glutamic and aspartic acid 

conjugates. This would indeed suggest a homeostatic function of auxin 

conjugates, especially as the conjugation of 2,4-D occured to a far 

lower extent in younger tissues. Differentiated roots were found 

to maintain a "saturation level" in a similar manner to older callus 

tissue. The authors speculated that the tissues in which auxin 

induction of aspartate conjugation has been observed would show the 
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regulation of auxin levels by the mechanism of conjugation. 

Levels of lAAsp have also been compared in plants grown in 

different light environments. Lantican and Muir (1969) and Muir 

(1970) reported observations that light-grown peas contained 

lAAsp, while dark-grown peas contained none. Morris (1970) concluded 

that light stimulated the synthesis of lAAsp after the application 
and Lis 

of lAA to pea seedlings, and Hofinger^^ (1977) described the 

necessity of light for the biosynthesis of lAAsp by lentil epicotyls. 

By contrast, Tillberg (1974) found concentrations of endogenous 

lAAsp were similar in light- and dark-grown bean seedlings making 

it possible that the differences observed by Lantician, Muir, Morris 

and Hofinger reflect differences in the behaviour of plants to 

exogenous lAA in varying light environments. In fact lAAsp formation 

was shown not to vary with different light treatments in rice 

coleoptiles, a variation in absorption of lAA being noted. A light 

flash, which was sufficient to cause inhibition of growth of Z.mays 

seedlings, has been shown to cause a decline in the concentration of 

free lAA (-10 wg. kg *) and an increase in ester lAA (+ 9 pg. kg ^) 

by Bandurski, Schulze and Cohen (1977). This does provide a clear 

demonstration of changes in hormone concentration, involving the 

formation of a covalently-bound hormone conjugate in response to 

environmental stimulation. This aspect of the conjugation mechanism 

has been investigated during the course of this project (Section V). 

Interrelations between control mechanisms 

The postulated regulation of free lAA concentration by 

conjugation may show some links to other known mechanisms of control. 

Cohen and Baqdyski (1978) produced results indicating that conjugation 
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protected lAA from degradation in vivo. This would further implicate 

lAAsp in the storage of the lAA moiety. They found that horseradish 

peroxidase, and peroxidase activity from Z.mays and P.sativum 

degraded lAA but not the lAA-conjugate native to the plant from 

which the peroxidase was isolated. lAAsp has also been shown to be 

protected from lAA-oxidase in tobacco cell cultures (Rekoslavskaya 

and Gamburg, 1976). Such a system adds another dimension to the 

lAA-conjugate system, which can be seen as providing the means 

for rapid detoxification of excess lAA, and also a source of 

rapidly available lAA within the plant. It is possible there may be 

a fine balance between the different pathways for the regulation of 

lAA concentrations illustrated in Figure 1. 

CONCLUSION 

Metabolites which incorporate the intact lAA moiety have been 

identified in many plant species, often accounting for a high 

proportion of the lAA present in the tissue. Little is known 

about the significance of these compounds to the hormonal relations 

of the plant. Various suggestions concerning the role of lAAsp 

have been described above. The formation of the amide-conjugate 

in P.sativum provides a suitable system to investigate the 

physiological function of conjugation. It is proposed that lAAsp 

represents a storage product involved in the regulation of free 

lAA concentrations and that an equilibrium may exist between lAA 

and conjugated lAA, regulated by environmental and physiological 

conditions. 

In the present investigation an attempt has been made to study 
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the involvement of lAAsp in auxin metabolism. Initially observations 

were made of the fate of lAAsp in vivo, in relation to the release 

of free lAA from the conjugate. To obtain information leading to 

a more comprehensive understanding of the function of conjugation 

in the regulation of plant development the role of lAAsp formation in 

photomorphogenesis in pea was examined. Attention has also been 

paid to the role of uptake and transport in the fate of exogenous 

lAA in intact plants. Other major objectives of the work described 

in this thesis were the development of an improved isolation 

technique for **C-IAA.sp and the positive identification of this 

conjugate as a metabolite of lAA in the pea. 



Section II 

THE ISOLATION AND RE-APPLICATION OP lAAsp 
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THE ISOLATION AND RE-AfPLICATION OF lAAsp 

INTRODUCTION 

The widespread occurrence of conjugated forms of lAA in plant 

tissues (see General Introduction) suggests that these compounds 

may play an important role in the regulation of free auxin levels 

in the plant. In a wide range of species lAAsp is both a major 

naturally-occurring conjugate of lAA and one of the main metabolites 

of applied lAA. In the case of exogenously applied lAA the conjugate 

is formed after uptake, as was demonstrated by Andreae and Van 

Ysselstein (1956) and this together with the observation that the 

lAAsp "synthetase" enzyme system may be induced by exposure of 

tissues to high external auxin concentrations (Andreae and Good, 

1955; Row, Sanford and Hitchcock, 1961) supports the view that 

conjugation is a mechanism for regulating internal concentrations 

of lAA rather than part of the uptake mechanism itself. 

Little is known about the fate of the conjugates once they 

have been synthesised. However, changes with time in the levels 

of l^C-labelled lAAsp formed in intact pea plants following the 

application of [1-^*0]lAA to their apical buds suggested that the 

compound was re-metabolised to release lAA (Morris, Briant and 

Thomson, 1969). This led them to suggest that the formation of 

lAAsp was a mechanism for storing excess lAA in a protected form 

from which it can be released later if free auxin levels become 

sub-optimal. 

If auxin conjugates form part of a homeostatic mechanism 

for controlling endogenous free auxin concentrations the means must 
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exist for their re-hydrolysis to release the active hormone 

molecule (see Fig. 1). A major objective of the present project 

was to investigate the fate in plant tissues of lAAsp, and to 

determine whether this compound could be hydrolysed by the enzyme 

systems of plant tissues to release free lAA. 

The plant material chosen for investigation was the pea 

(Pisum sativum). Previous studies using the dwarf variety, 'Meteor', 

have indicated that following the application of [1-^*C]IAA to the 

apical bud a considerable proportion of the applied lAA was rapidly 

converted by the apical tissue to lAAsp (Morris, Bryant and 

Thomson, 1969; Morris, 1970). An attempt was therefore made to 

isolate and purify [**C]IAAsp from this variety and to study the 

metabolic fate of this compound following its re-application to 

unlabelled pea plants. 

MATERIALS AND METHODS 

Plant Material 

Seeds of dwarf pea (P.sativum cv. 'Meteor') were surface 

sterilized in calcium hypochlorite solution (5%) for 15 minutes, 

washed thoroughly and allowed to soak overnight in running tap 

water. The seeds were planted singly in 60 mm pots containing 

vermiculite in a growth chamber at a temperature of 2l"C in a 

16-hour photoperiod. The illumination was provided by Phil yips 

'Warm White' fluorescent tubes (intensity 7.7 k lux). The plants 

were watered regularly with half strength Hoaglands' mineral 

nutrient solution. Plants were selected for uniformity and 

experiments were carried out when the plants were 12 to 14 days 
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old. Generally leaf 4 was fully expanded at this stage of growth. 

Application of ^^C-labelled lAA 

[1-**C]IAA (specific activity 57 mCi mMol was obtained 

either as the solid ammonium salt or in benzene/acetone solution 

from the Radiochemical Centre, Amersham, Bucks., U.K. When in 

solution a gentle stream of nitrogen was blown over the sample to 

evaporate the solvent and completely dry the sample. Prior to use, 

the [1-^^C]lAA was re-dissolved in a known volume of distilled 

water containing 0.1% polyoxyethylene sorbitan monolaurate 

('Tween 20') to act as a wetting agent to aid uptake by the plant 

tissues. As a precaution the radiochemical purity of the compound 

was checked before use by paper chromatography. 

The apical bud was exposed using a pair of fine forceps to 

open the stipules (usually of leaves 5 and 6) and the [1-*^C]IAA 

was applied to the bud with a previously calibrated 'Agla' micrometer 

syringe. A 5 %1 droplet containing a known concentration of lAA 

was applied to each plant. 

Extraction of the plant tissue 

After the required translocation period the plants were 

dissected into individual organs, cut into small pieces and 

placed in cold 70% aqueous ethanol (Burroughs, U.K.) in Erlenmeyer 

flasks. The flasks were kept in darkness at 3°C ± 1°C during the 

extraction period. The extraction fluid was changed after 72 hours 

and again after 36 hours, after which the extracts were bulked 

and made up to a known volume. 3 x 1 ml aliquots were taken from 

each sample for liquid scintillation counting. 10 ml of a 
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1,4-dioxan-based fluid was used, containing lOOg napthalene (BDH 

Chemicals Ltd., England), 0.3g l,4-di-[2-(4-methyl-5-phenyloxazolyl)]-

benzene (Dimethyl-POPOP) and 7.0g 2,5-diphenyloxazole (PPO) (both 

Koch-Light Laboratories Ltd., England) per litre. The samples were 

counted for 20 minutes in a Packard Tri-Carb Liquid Scintillation 

Spectrometer (Model 3375). The counts recorded were corrected for 

background and quenching, measured by the external standard ratio 

method. 

Additional ethanol extractions were sometimes employed. The 

tissue was homogenized in 70% ethanol using a Silverson blender, 

washed with more ethanol, and filtered on No. 1 Whatman filter 

paper with a BUchner funnel. The residue was further washed, the 

filtrate made up to volume and 3 x 1ml aliquots again taken for liquid 

scintillation counting. Finally NaOH extraction was also used to 

remove ethanol-insoluble The residual tissue was placed in 

beakers and oven dried at 80°C to remove any remaining ethanol. 

10ml of 10% NaOH was added to the dried residue and left for 

12 hours at room temperature. 10ml of distilled water was used 

to rinse the beakers and the samples centrifuged at 2000g (3500 rpm) 

for 3 minutes. The supematent was removed and aliquots counted. 

Chromatography of the extract 

Initially the chromatography system traditionally employed 

for auxin investigations was employed (for its development see 

Bennet-Clark, Tambiah, Kefford, 1952; Stowe and Thimann, 1953; 

Kefford, 1955). The extracts were reduced to a small volume by 

rotary evaporation under reduced pressure at 25°C. Approximately 

20 pi of ethanol was added and aliquots spotted on Whatman No. 1 



26 

chromatography paper (40mm x 480mm) and dried in a cool airstream. 

The chromatograms were developed in the ascending direction in isopropanol: 

ammonia (0.88)iHgO (10:1:1 v/v) over a distance of 150 or 200mm. 

The chromatograms were air-dried and scanned using a Packard 

radiochromatogram scanner (Model 7201). Authentic samples of lAA 

(Koch-Light Laboratories Ltd., U.K.) and lAAsp (initially Calbiochem, 

U.S.A.) were always co-chromatogrammed as standards. UV radiation 

and Ehrlich's spray reagent (B.D.H., Dorset, U.K.) were used to 

locate the authentic compounds on developed chromatograms. 

Elution of the radioactive material 

The Rf value of authentic lAAsp in isopropanol:NH2:H20 

(10:1:1 v/v) was 0.04. A radioactive spot was present on the 

chromatograms of the ethanol extracts from plants labelled with 

[1-^*C]IAA corresponding to lAAsp. To elute the compound this 

region of the chromatogram was cut out and the paper strip placed 

in 70% ethanol in the dark for 2-3 days under refrigeration. 

Purification 

The elutant was filtered through a fine scinter to remove 

paper fibres and concentrated under reduced pressure at 25°C. 

The purity of an aliquot was determined by paper chromatography 

and if necessary the sample was rechromatogrammed, eluted and 

reduced. The sample was dried and the residue taken up in a known 

volume of 0.1%'Tween 20'. The radioactive sample was then applied 

to the apical bud in a manner identical to that described for 

[1-**C]IAA. The initial activity of the sample was determined by 

counting. 5 ^1 droplets were applied to the apical buds. The 
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activity applied per plant ranged from 2,500 dpm to 3,500 dpm in 

different experiments. The translocation time was 8 hours in 

continuous light at 20° ± 1°C. The plants were then extracted, and the 

samples chromatogrammed as before. 

RESULTS 

A poor recovery of [*^C]IAAsp was achieved from plants labelled 

with [1-*^C]IAA, high losses occuring during the purification 

procedure (Table 1). As low percentage returns of lAAsp were obtained 

it was necessary to use large quantities of [1-^^C]lAA. The radio-

chemical purity of [**C]IAAsp so isolated is shown in Figure 2. 

An examination was made of the uptake of [^^C]lAAsp by the 

apices to which it had been applied. Prior to extraction the apical 

surface was rinsed in 0.1% 'Tween 20' and distilled water to remove 

any compounds remaining on the surface. 55% of the activity applied 

to the plant was removed by this treatment, compared to only 7% 

removed when [1-**C]IAA was applied under the same conditions 

(Section V, Fig. 32). The ^^C-material in the washings chromatogrammed 

as a single spot which corresponded to the Rf value of the applied 

compound (Fig. 3b). 

Although pure radioactive compounds corresponding to lAAsp, 

eluted and purified in the same manner were applied to the apical 

buds, considerable variability was observed in the patterns of 

metabolism and transport. The application of [^*C]IAAsp was 

repeated ten times and typically activity was only detected in the 

apex, occas^ionally the internode below it (Internode 6) and the 

expanding leaf (Leaf 6) as illustrated in Table 3. In this 
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Table 1 ^^C-IAAsp recovered from light-grown, 14-day old 

dwarf peas 8 hours following the application of 

[1-^*C]IAA to the apical buds. The 70% ethanol 

apical extract was reduced, and the sample purified 

twice by paper chromatography (isopropanoliNH^zHgO, 

10:1:1 v/v). 

dpm. plant" % recovery 

Applied Activity 403,225 100 

Apical Extract 322,580 80 

After Rotary Evaporation 15,548 58 

"^^C-IAAsp", activity . r .n-, 0.3 
eluted from Rf 0.04 
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Figure 2 Radiochromatogram scan of ^^C-activity extracted, 

purified and concentrated 8 hours after the 

application of [1-^^C]IAA to the apical buds of 

light-grown 12-day old pea seedlings. The horizontal 

bars represent the position of authentic lAA and 

lAAsp. The chromatograms were developed in 

isopropanoliNHgiHgO (10:1:1 v/v). 
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Figure 3 Radiochromatograms of the radioactivity applied, the 
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grown 12-day old pea seedlings. The horizontal bars 

represent the position of authentic lAA and lAAsp. The 

chromatograms were developed in isopropanol-^20 
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Table 2 
14 

C-activity recovered by apical washing and 70% 

ethanol extraction of 12 day old, light-grown 

'Meteor' peas 8 hours after the application of 

[**C]IAAsp to the apical buds. The apical buds 

were surface washed prior to ethanol extraction. 

Applied activity = 7800 dpm. plant 

All values are an average of 3 replicates ± sd 

(dpm. plant"*) 

Apical wash 

Apical extract 

Leaf 3 

Internode 3 

Remainder of Stem 

Cotyledons 

Roots 

Total activity recovered 

% recovery 

Mean ± sd 

4302 ± 287 

2701 ± 164 

0 

20 ± 3.5 

1.9 + 3.4 

0 

0 

7025 

90 
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Table 3 ^^C-activity recovered by 70% ethanol extraction 

of 14-day old, light-grown 'Meteor' peas after the 

application of [^^CjlAAsp to the apical buds. The 

apices were not washed prior to extraction. 

Applied activity = 3550 dpm. plant * 

All values dpm. plant ^ 

Harvest time (h) 

A pi LA I Exfract" 2562 2301 2310 

Leaf 6 0 104 340 

Internode 6 52 33 75 

Rest of plant 0 0 0 

Total activity recovered 2614 2438 2725 

% recovery 74 69 77 
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experiment 15% of the activity recovered from the plant had been 

exported after eight hours. Unfortunately the amount of transported 

activity was often too low to identify the labelled compounds. 

Where a measure of uptake was recorded it was found that less than 

1% of the [**C]IAAsp that entered the apex was exported (Table 2). 

Only on one occas/ion was appreciable (29%) *^C-activity exported 

from the apex (Table 4). 

There would appear to be a clear link between the amount of 

transport and the metabolism of the [**C]IAAsp applied. There was 

no evidence in any of the experiments for the metabolism of [**C]IAAsp 

within the apex (Pig. 3c, Fig. 4, Fig. 5). The *^C-material extracted 

from the apex chromatogrammed in isopropanoliNH^zHgO (10:1:1 v/v) 

(IAW) at Rf 0.04, identical to authentic lAAsp. Typically the 

major proportion of the radioactivity recovered from the stem co-

chromatogrammed with lAAsp (Fig. 3d). A small peak corresponded with 

the Rf value of authentic lAA and an unidentified peak occured at 

Rf 0.28 in IAW. On the one occasdion when there was significant 

transport of the **C-material (Table 4), conversion of lAAsp to 

lAA was clearly demonstrated (Fig. 5) in all parts of the plant 

except the apex. [**C]IAA represented the majority of the 

radioactivity extracted from the older foliage leaves and lower 

stem in this experiment. 

DISCUSSION 

The results described above reveal considerable variability 

between experiments in the ability of the plants to metabolise the 

applied lAAsp to other compounds. Similarly, differences occurred 
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Table 4 *^C-activity recovered by 70% ethanol extraction 

of 14-day old, light-grown 'Meteor' peas 8h following 

the application of **C-IAAsp to the apical buds. 

The apical buds were not washed prior to extraction. 

Applied activity = 2500 dpm. plant * 

-1 

Dpm. plant 

Apex 1684.0 

Stipules Leaf 6 39.9 

Rest of Leaf 6 140.0 

Internode 6 245.9 

Leaf 5 48.2 

Leaf 4 27.2 

Leaf 3 18.8 

Stem (Internodes 1-5) 118.3 

Roots 64.0 

Total activity extracted 2386.3 

% recovery 95 
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Figure 4 Radiochromatogram scan of the C-activity extracted by 

70% ethanol from the apex of 14-day old light-grown 

'Meteor' peas, 5 hours after the application of [^^C]IAAsp 

to the apical buds. The chromatogram was developed in 

isopropanolrNH^rH^O (10:1:1 v/v). Horizontal bars 

represent the positions of authentic lAA and lAAsp. 
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Radiochromatogram scans of the ^^C-activity applied (A), 

and the 70% ethanol extractions (B) of dissected plant 

parts 8 hours following the application of [*^C]IAAsp to 

the apical buds of light-grown, 14-day old dwarf peas. 

The chromatograms were developed in isopropanol:H20 

(10:1:1 v/v). Horizontal bars represent position of 
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