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SUMMARY

This thesig describes the interaction of auxins with
membrane fractions prepared from shoot tissue of etiolated Zea mays

seedlings.

The binding of radiqactive l-naphthylacetic acid (IAA) to
these mewbrane fractions is investigated using a pelletting technique
originally described by Hertel et al., (1972). Vodificationsof +this
technique'lead to greatly improved binding data. Optimal conditions
for the binding of NAAal4C are established, and the possibility that

binding is merely transport-into membrane vesicles iz eliminated.

A Scatchard analysis of the binding of NAA-14C to a crude
vmembrane pellet from coleoptiles reveals two sets of high affihity
binding sites, referred to as site ] and site 2. BEstimations of
digsociation constants (K) and site concentration values (n) show that

for site 1, K, =1.8 x 10" and n, = 52 pmole per g fresh weight, and
1 b

]

for site 2, K, 14.5 x 10" and n, = 101 mmole ver g fresh weight.

2

Two sets of binding sites are also demonstrated for 3-indolylacetic

acid (IAA), and these are of somewhat lower affinity than those described

for NAA.

The agxin-specificity of the NAA bin@ing sites is
investigated usiné a technique analogous to that used for enzyme inhibitor
studies. The'igteraction of a selected range of auxins, auxin gnalogues
and other phytohormones with the NAA binding sites shows that auxin-

specificity resides in site 2 whoreas site 1 is less specific.
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Sucrose gradient fractionation techniques are used in an
attempt to characterise further the membrane peliets. A partial
separation of site 1 and site 2 binding activijies is achieved, with
site 1 sedimenting in the lighter regions of the gradient and site 2 in
the heavier bands. A study of marker enzymes apd chemical composition
of the gradient bands reveals that the heavier regions are enriched in
plasma membraﬁes, wvhereas a distinct band of Golgli activity is obsezved
in the‘lighter regions. Using a phosphotungstic acid-chromic zcid
staining procedure, electron microscopy also demonsitrates an enrichment

of plasma membrane content in the heavy bands.

The binding of NAA—14C t0 membrane fractions from mesocotyl
tissue is also investigated. Early experiments suggest only one set of
binding sites, kinetically eqguivalent to site 2 in coleoptiles. However,
analogue competition and fractionation studies indicate the presence of
two sets of sites with only a two=to=three-~-fold difference in dissociation

constants.




UNIVERSITY OF GLASGOW

My To
In respect of my thesis [title to be inserted 3 /CNo M ~ ~
1. I understand that no access to it will be allowed without my prior

permission until one year has elapsed from the date of its deposit
in the University Library.

2. Thereafter

* a. I give permission for it to bo made available toreaders in the
University Library or within another library.

* b. I dp%not wish it to be made available to readersfor a further
fo years withoutmy v~tten consent or £%ailiiW a reply /Thom me
within 3 months to a/fequest from/thedUhiversityX(ibrary/) the
consent of the Library Committee in consultation wrtl” t”e Higher

Degrees Committee of the Faculty.

3. Once any restrictions on access have expired:-

a. I give permission for a photocopy to be made by the British
Library for lending to other libraries.

b. I * give/de not-give permission for the University Library to
make photocopies for other libraries or individuals without my

specific authorisation. Note : Any prohibition on photocopying
will lapse after five years from the date of deposit.

Signed

Date

Strike out the sentence or phrase which does not apply,

GUL 75.353



- THE BINDING OF AUXINS TO MEMBRANE

TRACTIONS FROM ZEA MAYS

A thesis submitted to the University of Glasgow
for the degree of Doctor of Philosophy

in the Faculty of Science

by

Susan Batt, B.Sc. (Sussex)

Avgust, 1975




Thesis
b2 sl
lopy

(e
LIBREL 2er

ghobes



" ACKNOWLEDGEMENTS

I would like here to show my appreciation to all who h;ve
given -their suppcrt and encouragement during the course of this work.
Firstly to Professor M.B. Wilkins in whose departiment most of this work
wag perform2d and under whose supervision this project was commenced.
Also to all my colleagues and friends in Glasgow for their help and
understanding; Particularly, I would like to thank Dr. V. Math for
help with mass spectrometry and chemical synthesis; Norman Tait for

" providing photographs and Mrs. Anne Strachan for typing the manuscript.
My thanks alsd go to the Science Research Council for financial support

during my studies.

During the course of this work, I spent several months at
the Shell Research Laboratories in Sittingbourne, Kent, and I would like
to thankAall who made this possible, I am grateful to Shirley Potter
and Ray Pillingef (also of the Shell Research Lavoratories) for providing

the electron micrographs and to Dr. M.A. Venis for the enzyme marker data.

I would like here to say a special thanks to my supervisor
Mike Venis for his continued scientific support and enthusiasm, both
during experiments and the writing of this thesis. Also, thanks to Mike,
-Jane, Rachel and Sara for their great hospitality during my many "Shell
Visits"., lastly, I must thank my hushand, Steve, both for his practical
-assistance in preparation of the figures and for his consistent bullying,

optimism and invaluable support which finally got this thesis written!



CONTENTS

ACKNOWLEDGEMENTS

SUMMARY

INTRODUCTION

MATERIALS AND - METHODS

1.
2,

30

4o

13.

14,
15.
16.
17.
1s.

19.

Plant material.

General chemicals.

Hormones and hormone analogues.
Radioactive solutions.
Determination of radiocactivity.
Protein determination.
Determination of auxin binding activity.
Competition experiments.
Bioassays,

Shadowgraph technique.

Rapid growth measurements.

Sucrose gradient fractionation cf the

membrane pellet,

Suerose gradient fractionation of

"mitochondrial pellet®,

Electron microscopy.
Enzyme assays.

Sterol and phospholipid determination.

Effect of enzyme treatments on binding activity.
Effect of temperature on binding activity.

- Equilibrium dialysis of a Triton-X-100

golubilised membrane fraction.

22
22
22
22
23
24
26
27
30
30
3]
32

35

%6
%8
39
42
44
45

46



20,

21,

Statistical analyses.

Kinetic analyses.

EXPERTMENTS AND RESULTS

1. Preliminary characterisation of the hinding of
NAAe14C to a membrane fraction isolated from
Zea, coleoptiles.
24 The auxin-specificity of the NAA-14C binding sites.
3. The interaction of other phytohormones with the
NAA binding sites.
4. Intracellular localization of the auxin binding sites.
5. Effect of temperature on binding activity.
6. Effect of enzyme treatments on binding activity.
Te NAA~14C binding activity in membrane fractions
prepared from Zea mesocotyls.
DISCUSSION
APPENDIX I
ABBREVIATIONS

BIBLIOGRAPHY

47
49

52

70

133
141
160
163

166



SUMARY

This thesis describes the interaction of auxins with '
membrane fractions prepared from shoot tissue of etiolated Zea mays

seedlings.

The binding of radioactive l~naphthylacetic acid (Wap) to
these membrane fractions is investigated using a pelletting technique
originally described by Hertel et al., (1972). Modificationsof this
technique lead to greatly improved binding data. Optimal conditions
for the binding of NAA—14C are established, and the possibility that

binding is merely transport into membrane vesicles is eliminated.

A Scatchard analysis of the binding of NAA--9C %o a crude
membrane pellet from coleoptiles reveals two sets of high affinity
binding sites, referred to as site 1 and site 2. Estimations of

dissociation constants (K) and site concentration values (n) show that
J

for site 1, K, = 1.8 x 167'M and n = 52 pnole per g fresh veight, and
for site 2, Ké = 14.5 x 10—7M and n, = 101 pmole per g fresh weight.
Two sets of binding sites are also demonstrated for 3-indolylacetic

acid (IAA), and these are of somewhat lower affinity than those described

for NAA.

The auxin-specificity of the NAA binqing sites is
investigated using a technique analogous to that used for enzyme inhibitor
studies. The interaction of a selected range of auxins, auxin gnalogues
and other phytohormones with the NAA binding sites shows that auxin-

specificity resides in site 2 whereas site 1 is less specific.




Sucrose gradient fractionation techniques are used in an
attempt to characterise further the membrane pellets. A partial
separation of site 1 and site 2 binding activities is achieved, with
site 1 sedimenting in the lighter regions of the gradient and site 2 in
the heavier bands. A study of marker enzymes and chemical composition
of the gradient bands reveals that the heavier regions are enriched in
plasma membrahes, vhereas a distinct band of Golgi activity is observed
in the.lighter regions. TUsing a phosphotungstic acid«chromic acid
staining procedure, electron microscopy also demonstrates an enrichment

of plagma membrane content in the heavy bands.

The binding of NAA~14C t0 membrane fractions from mesocotyl
tissue is also investigated. Early experiments suggest only one set of
binding sites, kinetically equivalent to site 2 in coleoptiles. However,
analogue competition and fractionation studies indicate the presence of
two sets of sites with only a two-tomthree~fold difference in dissociation

constants.




INTRODUCTION

of all.the plant growﬂlregulatoré, auxins have heen known to
plant'physiologists for the longest time. Since their isolation, much
has been written describing the effects of auxins on various physiological
processes., The American Soclety of Plant Physiclogists assigned a
general definitién whereby, "Auxin is a generic term for compounds
characterised by their ability to influence elongation in shoot cells and
their resemblance to 3-indolylacetic acid (IAA) in their physiological
characteristice ..." Many plant bioclogists have attempted to‘determine
the'processes involved in auxin-induced stem elongation, but the
fundamental question of the nature of the primary mode of action of auxin
remains unanswered. Numerous theories have been proposed to answer this
question and the eariy ideas are well documented in texts and reviews
(Galston and Purves, 1960; Thimann, 19723 Audus, 1972). More recent
approaches to this problem have also been summariced (Morré, 19723 Davies,
197%; Lesham, 1973; Venis, 1973%), and it is one such approach that this
thesis describes. A historical perspective of the theories of the
primary mode of action of auxin illustrates the rationale behind the use

of this approach.

Continued cell enlargement is the net result of a number of
events, The initial increase in size is primarily due to an uptake of
‘water. The ceil wall increases its surface area as a result of mechanical
and biochemical changeé in its properties, together with new wall synthesis.
Cell enlargement is an active process and requires respiratory energy, and
continued RNA and pretein synthesis (Cleland, 1971a). There are therefore
numerous possible sites of auxin action in cell enlargement, and in fact,

auxin effects on all of these events have been reported.




During the mid 193%0's, many studies demonstrated that IAA
stimulated respiratory metabolism in a number of elongating stem tissues,
and it was thus postulated that auxin had its primary effect on these
pfocesses. However, it is now considered that these respiratory
effects are the result rather than the cause of elongation (e.g. Rowan
et al., 1972). Another early idea, arising from the observation that
TAA induvced an'immediate increage in the rate of protoplasmic streaming
in cells of Avena coleoptile segments, was that auxin had its effect via
the Yprotoplasm" of these cells (Thimann and. Sweeney, 1937). However,
there is as yet no evidence that protoplasmic streaming is a _priori
involved in growth. In fact, there is some evidence that it is not,
since it was found that cytochalasin B completely inhibited streaming
whilst having no effcect on auxin~promoted growth (Cande éﬁéﬁ;ég 1973).
A more recent hypothesis suggested that IAA acted on elongation via
oxidation in vivo to 3-methyleneoxindole (3-MO) (Moyed and Tuli, 1968;

-li and Moyed, 1969; Basu and Tuli, 1972). However, the failure of
other workers (e.g. Evans and Ray, 1973) to obtain growth stimulation
with 3-MO casts severe doubt on this suggestion. Yurther, the hypothesis
cannot account satisfactorily for the activity of non-indolic synthetic

auxins.

Tor cell ehlargement to take place, there must be increased
water uptake, and it was proposed that auxins stimlate this process
directly by increasing the ogmotically active substances in the cytoplasm
or, by stimulating active water uptake by a pump mechanism. However,
there was little experimental evidence for these ideas and they are now
largely discounted (see Apdus, 1972). The effect of auxin on the

permeability of cells fto water was also widely studied and recently a



rapid, auxin-specific, promotion of influx and efflux of tritiated water
in etioclated pea stem segments was reported (Kang and. Burg, 1971).
However, the authors stated that the effect was not causally related to
growth. Furthermore, these results could not be repeated by three
separate laboratories (Dowler et al., 1974), and it was suggested that
the previous observations resulted from abrasion of the tissue during

handling.

Much attention has been focused on auxin modifications of the
mechanical and biochemical properties of plant cell walls, since a
reduction in wall pressure would wesult in water uptske and svbsequent
growth. FEarly studies using plasmometric and bending techniques
suggésted that auxins had an effect on the ﬁlastic rather than on the
elastic properties of cell walls. These data were later confirmed using
an Instron stress~§train analyser, and it was found that pretreatment of
Avena coleoptile segments with auxin resulted in a two-to-three fold
increase in the plastic extensibility of the walls; this increase reached
a maximun after 90-120 minutes and remained constant for 24 hours
(Clelénd, 1967). Some reports have also demonstrated that auxin
stimilates the elastic extensibility of planf cell walls (Masuda, 1969).
Similarly, recent work, using resonance frequency technigues, has shown -
that in pea segments and sunflower hypocotyls, TAA promotei*iiastic
extensibility within 4 minutes (Uhrstrom, 1969; 'Burstr?smz'ig';o). Two
theories suggested that suxins induced cell wall softening via an effect
on the calcium le;els in the wall. Calcium is known to inhibit
elongation growth and was believed t¢ increase wall rigidity by cross-
linking the carboxyl groups of galacturonic acid residues in the wall

pectin. It was first suggested that auxin promoted esterification of



these carﬁoxyl groups, thus preventing calcium bridge formation. The
secdnd theory was that auxins acted as chelating agents and removed the
calcium from the walls, However, it was subsequently found that: (1)
auxin-induced methyl transfer could be totally inhibited without any
effect on auxin-induced growth and (2) auxin did not remove radicactive

calcium, previously incorporated into cell walls (see Avdus, 1972).

Attention has also been focused on the effect of auxins on
degradative and synthetic processes within the cell wall, Auxine
enhanced cell wall synthesis has been observed in a number of systems.
Tor gxample, in TAA-treated ocat coleoptiles, incorporation of exogenous
14C=glucose into all the cell wall polymers except cellulose, was
increased (Ray and Baker, 1965). It was also shown that, in the presence
of auxin, the pattern of wall synthesis was shifted from apposition
(deposition of new wall material at the cell membrane) to intussusception
(deposition of new wall material throughout the wall), and it was
suggested that intussuscepted polysaccharides could cause wall loosening
by forcing apart the cellulose microfibrils (Ray, 1967). Recently, it
was shown that in pea stem segments, there is a highly selective pattern
of cell wall turnover, and that auxin has a specific influence on a
xyloglucan polymer (Labavitch and Ray, 1974a, 1974b). An auxin-induced
increase in the activity of an enzyme involved in wall synthesis, B-glucan
synthetase, has been demonstrated in a number of systems (Ray and Abdul-
Baki, 1968; Van der Woude et al., 19723 Ray, 1973a, 1973b; Shore and
MacLachlan, 1973). In pea stem segments, the incpease in the particulate
UDP~glucose~dependent B-glucan synthetase was shown to 5e a hormonally
induced activation of a previously existing enzyme (Ray, 1973b), and in

onion stems, the B-glucan synthetase was reported to be of plasma membrane




origin and was activated by 2,4-dichlorophencxyacetic acid (2,4~D) both

in vivo and in vitro (Van der Woude et al., 1972). A number of

polysaccharide hydrolases are known 1o exist in plant cell walls, and
it has been shown that the synthesis or activity of some of thece is
stimulated by auxin (e.g. B-l,4-glucanase, Fan and Maclachlan, 19663
B=l,3~glucanase,.B~1l,6~-glucanase and hemicellulase, Tanimoto and Masuda,
1968; pectinése and pectinesterase, Datko and Maclachlan, 19;%). It

was thus suggested that auxin has its primary effect on & hydrolase enzyme

which cauges wall—-loosening and thus cell extension.

From the above discussion, it is apparent that avxins may
act by regulating the synthesis of specific enzymes. Since enzyme
synthesis is intimafely dependent on nucleic acid métabolism, the
suggestion that auxins may act at the gene level hag received much
attention. It has been found on many occasions that auxin-induced
growth and cell wall extension are prevented by inhibitors of RNA and
protein synthesis (Fan and MacLachlan, 19663 Noodén and Thimenn, 19663
Coartney et al., 1967; Masuda, 1969). Also, auxin treatment results

in an increase in RNA and protein synthesis (Key, 1969).

The evidence linking the action of auxin with nueleic acid
metabolism has been extensively reviewed (Trewavas, 1968; Key, 1969).
The net accumulation of RNA in response to auxin left 1little doubt about
the ability of auxin t0 enhance RNA synthesis in many different elongating
stem segments. That this stimulation was not merely a result of growth
was demonstrated by the ability of auxin to stimulate RNA synthesis even
when elongation was prevented by 0.3M mannitol (Masuda, 1968). 1In

general, the stimulation of RNA synthesis by auxin was seen only after a




lag perio& of 1-3 hours (Davies et al., 1968; Masuda, 1968) although s
stiﬁulation within 10 minutes has been reported (Masuda and Kamisaka.,
1969): Attempts have been made to characterise the RNA species formed

in response to auxin., Auxin stimulation of messenger RNA (mRNA)
synthesis has been reported in soybean hyﬁocotylé (Key and Ingle, 1968),
pea stem segments (Masuda, 1968), and in lentil roots (Miassod et al.,
1970). Stimﬁlation by auxin of ribosomal RNA (rRNA) synthesis in pea
stem segments (Davies et al., 1968), callus tissue of chicory root
explénts (Gwozdz,1974) and lentil roots (Penon et al., 1970) has also been

demonstrated.

Auxin could contfol RNA synthesis by an effect on the
activity of the RNA polymerases. Chromatin isolated from soybean
hypocotyl tissue, pretreated with 2,4~D (0'Brien et al., 1968; Guilfoyle
and Hanson, 1974), and lentil root nuclei pretreated with IaA (Teissere
et al., 1973) showéd enhanced RNA polymerase I activity. This polymerase
is of nucleolar origin e~amanitin insensitive and believed to transcribe
primarily rRNA (Nagao et al., 1974).. On the other hand, in etiolated
maize shoots pretreated with 2,4~D, a stimulation of nucleoplasmic,
o~amanitin sensitive RNA polymerase was reported (Arens and Stout, 1972).
Detailed studies suggested that auxin treatment increases RNA polymerase I
levels by affecting the specific activity of the enzyme, rather than by
increasing template availability (O!Brien gﬁ'gl.; 1968; Guilfoyle et al.,
1975). In soybean hypocotyls the higher RNA polymerase activity was
reflected primarily in the production of longer RNA chains, with only a

small increase in the number of chains {Guilfoyle and Hansoen, 1974).

It is probable that the effects of auxins on nucleic acid and

protein synthesis are mediated by auxin recepitor molecules localised in




thé cytoplasm or nucleus. Several reports of auxin~binding macro-
molecules.have appeared during the past twenty years. These included
auxin—binding proteins (Siegel and Galston, 1953; Galston and Kaur,
1959; - Zenk, 1964), and auxin-coupling to transfer (or soluble) RNA
(trNA) (Bendaﬂa et al., 1965). Based on the IAA-~tRNA complex, a
hypothesis for auxin action was proposed whereby auxin plays an amino-
acid-like role in the quentitative regulation of both RNA and protein
synthesis (Aristrong, 1966)., However, these early studiecs on IAA-
conjugates were geverely criticised. The complex described by Siegel
and Galston appears to have heen an artefact of the precipitation
procedure (Zenk, 1964), the label from 14C~auxins in RNA fraciions largely
resﬁlted from the products of auxin catabolism (Key and Ingle, 1968) and
the extraction technique used by Bendans et al., was found to isolate
both RNA and polysaccharides so that what had been previouslyiidentified
as label in tRNA was actually label in a polysaccharide of similar
sedimentation value (Davies and Galston, 1971). Hewever, a later report
still maintained that TAA~tRNA complexes were to be found in mung-bean

hypocotyl tissue (Kobayashi and Yamaki, 1972).

More recent studies have described protein factors which, in
the presence of auxins, promote RNA synthesis. A protein factor was
prepared from lysates of tobacco, soOybean or pea bud nuclei, which in the
presence of 2,4-D, stimulated RNA synthesis in vitro when pea bud
chromatin, but not purified DNA, was used as teﬁplate. it was claimed
that the effect was auxin-specific and that the higher rates of RNA
synthesis were maintained even when exogenous H. coli polymerase was
increased 0 saturating levels, indicating an action on template availability
of the chromatin (Matihyse and Phillips, 1969). Ié was also claimed that

the factors showed tissue~specificity, since pea bud chromatin plus pea




root factér did not result in stimulated RNA synthesis (Matthyse, 197C).
Soyﬁean hypocotyls pretreated with 2,4-~D, show increased chromatin-bound
RNA polymérase activity (O!'Brien et al., 1968). A protein factor,
isolated from soybean cotyledons, was able to stimulate polymerase
activity from contrel, but not from 2,4~D treated hypocotyl tissue. It
was proposed that the in vivo action of the hormone on the polymerase
involved this irotein mediator, so that the polymerase from treated
tissue, being already "switched on", was incapable of further stimulation
(Hardin et al., 1970). In ancther approach, crude extracfs from pea or
cofn shoots were passed through an affinity column, consisting of a 2,4«D.
derivative coupled to agarose. Appropriate elutions yielded a protein
factor, which stimulated DNA-dependent RNA synthesis, supported by E. ccli

polymerase and homologous DNA, by up to 200% (Venis, 1971).

The experiments so¢ far quoted were deficient in that they did
not use completely homologous systems in the RNA assays and that none
showed direct evidence for auxin-binding to the protein factors. These
deficiencies were absent in the work reported by Mondal et al., (1972a,
l972b). An "guxin-acceptor~protein" was prepared from the nucleoplasm
derived from immgiture coconut endosperm which, in the presence of a
completely homologous system containing RNA polymerase, initiation factor
and DNA (all from coconut nuclei) stimulated RNA synthesis by two to three-
fold but only in the presence of 10-6 M TAA. freliminary eguilibrium
dialysis suggested that the protein did bind IAA-14C and gel electrophoresis
and hybridisation studies indicated that new species of RNA were

synthesised in the stimulated reaction. The IAA-protein complex was

found to interact with DNA, suggesting a template modification.




It is now necessary to consider what has been discussed so
far in the light of expcriments which show that auxins have rapid
effects on a number of cellular processes. The development of high
resolution recording techniques made it possible to monitor elongation
growth over a short period of time (Ray and Ruesink, 1962; Evans and
Ray, 1969; Dela Fuente and Leopold, 1970; Philipson et al., 1973). It
" was found that'auxin promoted stem elongation in nine tissues after
remarkably similar latent periods, ranging from 6 to‘lSIminﬁtes (Bvans,
1974a). In order for an auxin effect to qualify as the primary
mediator of these rapid growth responses, it must occur within this time
limit., With this in mind, it will be seen that most of the auxin
effects already discussed are not detected within this period, For
example, auxin-stimulation of RNA and protein synthesis generally
occurred after periods of at least 1 hour, Masuda and Kamisaka (1969)
claimed that auxin stimulated RNA synthesis within 10 minutes, but the
statistical significance of these reéults ;ge questionable. Thus, while
RNA and protein synthesis  are crucial to long-term growth, it is unlikely
that they are involved fn the rapid primary response to auxins. PFurther-
more, tissues pretreated with inhibitors of RNA or protein synthesis
still responded to auxin within the same latent period as non-treated
tissues (Evans and Ray, 1969; Barkley and Evans, 1970; Cleland, 1971b;

Perny, 19713 Penny et al., 19723 Pope and Black, 1972).

The study of growth ﬁromotion by nonhormonal factors is of
particular interest in attempts to elucidate the mechanism of auxin
action. If it can be shown that certain treatments promote growih more
quickly than auxin itself, and that the observed growth has features in

common with auxin-promoted growth, valuable clues as to the nature of
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auxin action may be obtained. Factors which have been shown to promote
rapid elongation are carbon dioxide (Rayle and Clelaund, 1970; Evans
et als, 1971; Barkley and Leopold, 1973), several fungal toxins (Evans,
19733 Lado 93_9;., 1973), transient exposure to heavy water (Evans,

1973), and hydrogen ions (e.g. Rayle and Cleland, 1970).

The phenomenon of growth promotion by hydrogsn ions has
received much attention in the past decade, leading to yet another theory
on the primary mode of auxin action = "the hydrogen ion secretion theory®.
When Avena coleoptiles were treated with acidic buffers, there was a
latent period of less than 1 minute followed by a stimulation of
elongation growth comparable to that obtained with optimum auxin
concentrations. Maximal growth stimulation was obtained at pH 2.6 — 3.0,
and growth rapidly ceased if the pH was changed from 3,0 to 7.0
indicating that low pH was not merely a trigger mechanism (Rayle and
Cleland, 1970). The estimation of the pH optimum was later revised when
it was found that the epidermis represented a significant barrier to
hydrogen ions, and after removal of the epidermis, stem segments
responded to buffers at pH 5.0 (Cleland, 19733 Rayle, 1973). A rapid
effect of low pH has also been detected in a number of other tissues,
including etiolated pea stem segments (Barkley and Leopold, 1973),
Helianthus hypocotyls (Hager et al., 1971) and light grown lupin hypo-
cotyls (Perley et al., 1975). The acid and auiin responses were found

.to be similar in many respects such as in their temperature dependence,
promoted growth rate and dependence on the continued presence of inducing
agent (Rayle and Cleland, 1970).' Hydrogen ions could also induce rapid
wall extensibility as shown in both an in vivo system (Rayle and Gleland,

1970) and in an in vitro system, which utilized frozen-thawed coleoptiles




- 1.

(Rayle et al., 1970). Since the in vitro acid response had many
characteristics in common with the in vivo response elicited by auxin
and low pH, a common wall=loosening and wall=extension mechanism was

proposed (Rayle and Cleland, 1972).

It was suggested that auxins might act by stimulating the
release of hyd#ogen ions into the cell wall which would either cleave
acid~labile bonds or activate enzymatic processes (Johnson et al., 1974;
Evans, 1974b), thereby leading to wall-loosening (Rayle and Cleland,
1972). Using peeled Avena coleoptile segments, an auxin-induced
secretion of hydrogen ions into the incubation medium was found. The
effect was observed after & lag of about 20 minutes and lasted for two to
three hours., It was argued that the effect was actually immediate, and
that the 20 minute lag merely reflected the time taken for the hydrogén
ions ?o reach the medium, and the slight absorption effect of the
phosphate buffer. It was further demonstrated that only growth active
auxins gave this response and that substances which inhibited auxin-
induced growth also inhibited auxin-induced hydrogen ion secretion {(Rayle,
19733 Cleland,'l973). Similar results were reported for eticlated pea
stem segments (Marré et al., 1973a, 1973b) and it was also found that the
stimulation of cell enlargement in leaf fragments by fusicocein was
accompanied by a rapid (i.e. within 5 minutes) decrease in the pH of
the medium (Marré et al., 1974a). Furthermore, *the proton extrusion
effects of both fusicoecin and auxin were accompanied by é negative
transmembrane potential, recognisable within a few minutes (Marré et al.,

1974b).

Thus, the evidence in favour of auxin action via cell wall
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acidification is (1) acid solutions stimulate growth in stem segments to
the same degree as auxins, (2) the gfowth response to acid occurs before
the response t0 auxins and (5) auxin induces hydrogen ion secretiocn.
Certain experimental arguments against the proton extrusion theory have
been’ advanced (e.g. Penny et al., 1975; Perley et al., 1975). However,
in spite of thésé arguments the current weight of evidence lies in favour

of some form of hydrogen ion excretion theory.

In.a recent report, it was demonstrated that in soybean
hypocotyl sections there were two separable growth responses to auxin.
The first was a rapid response, occurring 12 minutes after auxin addition,
and the second occurred after 30 minutes. Cytokinins were found to
inhibit the second response and treatment with acid solutions resulted
only in the transient, rapid response. It was proposed that the first
phage of auxin promoted growth was explainable in terms of the proton
secretion theory, while the second phase represents the long term response
o auxin which requires protein and nucleic acid synthesis (Vanderhoef and
Stahi, 1975). These results may have great significance in elucidating

the overall mechanism of auwxin-regulated growth.

The findings that elongation growth can be initiated after
only a very short lag period and that auxinsg induce many other rapid
responses led to the assumption that the initial interaction of
exogenously applied auxin was at or neaxr the cell surface, or, mors
specifically, with the plasma membrane. This idea is not new; and was
implied in many of the early auxin studies. TFor example, during the
classical "siructure-activity" studies it was proposed that one criterion

_for auxin molecules was that they should have a high surface charge in
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order to form a reversible, noncovalent attachment to the lipid
constituents of the plasma membrane (see Jonsson, 1961).  Other theories
required specific spatial relationships within the molecules (e.g. a
distance of 5.5 % between a fractional positive charge at some point_on
the molecule, and the negative charge of the dissociated carboxyl group),
in order that they could associate reversibly and non-covalently with an
auxin—recepto£ (see Audus, 1972). The application of enzyme-kinetics

t0 auxin-~induced growth implied that auxing interacted reversibly with

a "coleoptile receptor", although the nature of this receptor was not
defined (Bonner and Foster, 1956; Housley, 1961). The existence of a
spedific auxin transport sysfem (Hertel et al., 1969) also suggested
physico=chemical interactions with receptor molecules in the £issue.
Since the auxin-specificity of both transport and growth promofion are
well correlated, it was suggested that the two processes might have a
common site of action at the plasma membrane, this auxin-plasma membrane
interaction being reversible and noncovalent (Hertel and Flory, 1968).
Later studies supported the idea of a reversible, noncovalent interaction
of auxins and auxin transport inhibitors with a plasma membrane receptor.
However, the close correlation of transport and growth was questioned,
since the transport inhibitor, l-N-naphthylphthalamic acid (NPA) had no
effect on short term growth either alone, or with IAA (Thomson et al.,

1973).

An auxinmplasma‘membrane interaction is essential to the
model of auxin action suggested by Hager et al., (1971). It was proposed
that éuxin acted cooperatively with guanosine or inosine triphosphate as
aﬁ effecfor of a membrane-bound, ion-stimulated ATP-ase, which used

respiratory energy to raise the hydrogen ion level in the cell wall




compartmeht, thus leading to increased activity of enzymes which soften

the cell wall and allow elongation. If this model is correct,one would
expecl electrical balance to be maintained by either a concurrent influxl

of cations or an efflux of anions. IAA-enhanced potassium uptake (Luttge
et al., 1972) and auxin-inhibited chloride uptake, probably via a
stimulation of efflux (Bentfup_gi‘gl., 1973) have been demonstrated, although
contradictory reports also exist (e.g. IiA~enhanced chloride uptake,

Rubinstein and Light, 1973).

The presence of an auxin-stimulated, piasma membrane bound -
ATPfase is also essential to Hager's model, Plasma membrane associated
ATP-ases have been reported in a number of tissues including corn roots
(Hall, 1971; Leigh et al., 1975), oat roots (Hodges et al., 1972), mmg

bean hypocotyls (Kasame and Yamaki, 1974a) and in the marine diatom,

Nitzschia alba (Sulliven and Volcani, 1974a). Activation by in vitro
IAA tréatment of a magnesium-sensitive ATP-ase from mung hean hypocotyls
has also been reported (Kasamo and Yamaki, 1974b). However, this
stimulation was only slight and the association of this enzyme with the
plasma membrane was not rigorously proven. Clearly, this aspect of

Hager's model requires further attention.

It is only recently that progress has been made in the
isolation of plant plasma membranes. In general, the isolagtion
procedure involves gentle homogenisation of the tissue, followed by a
series of differential centrifugation steps and finally discontinuous
sucrose gradient separation of membrane populations. In some reports,
the plasma membranes were isolated using media prepared in coconut milk

(Lembi et al., 1971; Hardin et al., 1972; Roland et al., 1972; Van der



Woude et al., 1974) whereas others have used defined synthetic media
(Hodges and. Leonard, 1974; Sullivan and Volcani, 1974). A combination
of electron microscopy, and chemical and enzymatic analyses has been

used to identify the plasma membranes,

Plgsma membranes in both whole plant cells and in fractions
recovered from sﬁorOSe gradienté were found to react specifically 1o a
phosphotungstic and chromic acid (PTA) staining procedure. This stain
appeared to interact with complex carbohydrates and glycoproteins on the
plasma membrane surface, and the reaction was seen in plasma membranes
isolated from a wide variety of plant tissues but not with plasma
memb?anes from rat liver or mammary gland tissue (Roland et al., 1972).
Using this staining procedure, a plasma membrane~rich fraction was

identified in the heavy regions (approx. 1.0M - 1.2M) of a sucrose gradient

containing corn ccleoptile membranes (Lembi et al., 1971).

The enzyme B-glucan synthetase has also been proposed as a
marker for plant plasma membranes (Van der Woude et al., 1972). Recently,
the properties of this enzyme have been further characterised, and it was
shovm that at high UDPG concentrations (1 mM) the synthesis of alkali-
insoluble glucans by p-glucan synthetase was correlated with the abundance
of plasma membranes in the 1.0AM - 1.2M sucrose intéfface. At low UDPG
concentration (1.5 uM), on the other hand, the enzyme activity is
asgociated with dictycsomes which band at lighter regions of the gradient
(0.65M -~ 0,80M sucrose), do not stain with PTA, and have high inosine
diphosphatase activity (Van der Woude et al., 1974).  Another enzyme,

characteristic of oat root plasma membranes, is a monovalent ion-

stimulated ATP-ase (Hodges et al., 1972). The membranes which were
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enriched'iﬁ this enzyme also showed high levels of glucan synthetase
activity, a high sterol:phospholipid molar ratio (believed to be
characterigtic of plasma membraneé) and, from PTA staining and a
quantitative morphometric analysis, were estimated to-contain in excess
of 75% plasma membranes (Hodges et al., 1972). The plasma membrane
preparations contgined only low levels of enzyme activities associated

. with other cell fractions and weie clearly distinguishable from Golgi,
endoplasmic reticulum and mitochondrial membranes (Leonard et al., 1973;

Hodges and Leonard, 1974).

A further study compared the lipid composition of plasma
with total and mitochondrial membranes shat plasma membranes
were enriched in neutral lipids, espeoiailj %figlycerides, had a high
sterol :phospholipid molaxr ratio, showed a characteristic phospﬂolipid
distributioﬁ pattern and hed high levels of palmitic acid (Keenan et al.,
197%). The successful isolation has also been reported of relatively

pure preparations of plasma membranes from hypotonically lysed protoplasts

of the marine diatom, Nitzschia alba. From a cellular membrane pellet,

membrane fractions were separated on a discontinuous sucrose gradient.

The plasma membrane fraction was distinguished by a high sterol content,

a high sterol:phospholipid ratio, a low carbohydrate content and high
specific activities of both a Mg2+ dependents ATP-ase and a synergistically
stimulated Na¥ - k* - Mg2+ ATP-ase. On the basis of the latter activity,

the plasma membranes were reported to be purified 20-fold (Sullivan and

Volcani, 1974).

Thus, from these various reports, it seems that it is possible
to isolate and identify from plant tissue, fraciions considerably enriched

in plasma membranes. If an auxin-plasma membrane interaction does occur,




auxin receptor molecules localised in the plasma membrane would be
expected. The existence of such hormone receptors in a variety of
animal tissues has already been widely established, the insulin receptor

being a particularly well~studied example (Cuatrecasas, 1974).

Before presenting a detailed aocount‘of the work on plasma
membrane auxin réceptors, the evidence for receptors of other phyto-
hormones will be briefly discussed. From studies on the effects of
gibberellin on model membrane systems (1ip050mes) it was suggested that
these hormones produce their physiological response through a direct
effect on the physical properties of the 1lipid moiety of natural membranes.
Further data from nuclear megnetic resonance spectroscopy studies
demonstrated the formation of a complex between a phospholipid (phospha~—
tidyl choline) and the hormone (Wood and Paleg, 1974; VWood et al., 1974):
However, these effects were not specific:to active gibberellins and the
relevance of these artificial situastions is questionable. The only other
report relating to gibberellin receptors describes two protein fractions

3

in pea epicotyl extracts which became labelled when “H~gibberellin Al was
supplied in vivo. The protein-hormone complexes were noncovalently bound,
showed some gibberellin specificity and could undergo hormene exchange

with unlabelled giberellin Al (stoddart et al., 1974). The subcellular

localization of the protein fractions has yet to be elucidated.

A cytokinin mediatér protein, which in the presence of kinetin
or zeatin, promoted RNA synthesis with either chromatin or homologous DNA
as template, has been isolated from crude pea chromatin (Matthyse and
Abrams, 1970). Reversible low affinity binding of kinetin to plant

ribosomes has been reporied (Berridge et al., 1970). This work was




recently re-examined (Fox and Erion, 1975) and evidence presented for
the pfesenoe of two types of binding sites in plant ribosomal fractions.
The high affinity site was saturated at one cytokinin molecule per
ribosome, was specific for substances with cytokinin activity and could
be readily washed frqm the ribosomeg with O.5M KC1. The binding moiety
washed from the ribosomes was shown to have characteristics of a protein

and could bind'cytokinins when apart from the ribosomes.

The observations that phytochrome can bind to membrane
 preparations both in vivo and in vitro have led to the suggestions that
highly spebific receptor sites for phytochrome exist in the membrares (e.g.:
Maime et al., 1973; Maxmé ob al., 1974; Boisard et al., 1974). As yet,
there appears to be no literature describing possible receptors for

abscisic acid (ABA).

The search for plasma membrane auxin receptors wés stimulated
by the indirect evidence that auxin tranqurt sites were leccalised at the
plasma membrane. Since attempts with radioactive IAA were initially
unsuccegsful, the ébiiity of the auxin transport inhibitor, NPA, t0 bing
to plasma membranes in vitro was investigated. Specific NPA binding
activity was found in a crude (5,000 g supernatant) fraction prepared from
corn coleoptiles, Since radioactivity was lost when these fractions
were pelletied through a éucrose cushion, the binding was thought 40 be
reversible and noncovalent. When the fraction was further separated on
a sucrose gradient, a direct correlation between specific NPA binding and
plasma membrane content was demonstrated (Lembi et al., 1971). This
binding was of high affinity with dissociation constants of the order of

1078~ 107 (Thomson, 1972). It was also demonstrated that the
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concentration dependence of NPA inhibition of auxin transport has a
half-gaturation point at 10"7M, suggesting a correlation between binding,
and transport inhibition (Thomson et al., 1973). The compounds

gibberellin A,, ABA, triiodobenzoic acid (TIBA), 2,4~D, NAA and TAA did

37
not compete for the NPA binding sites and it was therefore proposed that
the NPA receptors, although localised at the plasma membrane, were

different from the auxin receptors (Thomson, 1972).

In a subsequent study, the in vitro, reversibie binding of
the auxins, NAA and TAA to particulate fractions from corn coleoptiles
was demonstrated (Heftel et al., 1972). The technique used in these
studies involved the isolation of crude membrane fractions from the
coleéptiles by homogenisation and precentrifugation (e.g. at 5,000 g).
Radioactive auxin (at a concentration of 107 M - 10“6M) was ad&ed to
aliguots of the precentrifuged supernatant and parallel samples were
prepared which contained higher concentrations (e.g. 10-4M) of unlabelled
auxin oxr other competitor being studied. The samples were centrifuged
at high speed (e.g. 20;OOb g) and the radiocactivity in the mémbrane
pellefs was determined. The difference between the counts in the samples

with or without competitor addition was veferred to as specific binding.

Using a Scatchard analysis (Scatchard, 1949), the kinetic
parameters of IAA~14C and NAA—14C binding were dgtermined. The

6M and 3.4 x 10“6M for NAA and IAA

dissociation constants were 1,2 x 10~
respectively, and an auxin binding site concentration of 10—7M per volume
of tigsue was estimated. Auxin-specificity of binding was tested by

examining the ability of a range of auxins and auxin analogues to displace

radicactive NAA from the membrane fractions. Among many compounds tested,




only auxins (2,4-D, TAA and NAA) and auxin analogues that interact
directly with auxin in transport and/or growth (TIBA and p-chloro-
phenoxyisobutyric acid ~ PCIB) were found to interfere with NAA binding
(Hertel et al., 1972). A subtle correlation (2,4,5=T > 2,3,4=T > 2,3,6~T)
between the ability of the trichlorophenoxyacetic acids (T) to displace
NAA—14C from its binding site, and their growth properties was also
demonstrated (Hertel, 1974). The crude auxin binding sites were found
to be heat labile, sensitive to 0.1% sodium dodecylsulphate, practically
free of DNA, starch and mitochondria and sedimented through 40% sucrose
(Hertel et al., 1972). A recent preliminary report has suggested a
cellular localization of auiin binding activity at the endoplasmic

reticulum as well as at the plasma membrane (Herfel, 1974).

Additional evideﬁce has suggested that the NPA and auxin
receptor sites are different. NPA was not able to displace 140«NAA
from the particulate fractions. Purthermore, the auxin binding sites
were foqnd to be concentrated in denser or larger particles than the NPA
sites (Hertel, 1972). A comparison of the in vitro binding of TIBA and
NPA with their effects on auxin transport suggested that TIBA interacted
with the auxin receptor, which was different from the NPA site (Thomson
et al., 1973). Another study demonstrated that certain morphactinsg and
NPA analogues also interacted with the NPA binding site (Thomson and

Leopold, 1974).

It has been suggested that particulate auxin receptors are
important in the regulation of plant development. The release of apical
dominance in the cotyledonary buds of pea was reported to be associated

with a large decrease in NAA competible 3H—IAA binding activity (Jablanowic




and Nooden, 1974). However, this report must be viewed with caution,

since the auxin binding properties of the tissue were very poorly defined.

There thus appears to be a érowing body of evidence for the
presence of auxin receptors in the plasma membranes of plant cells.
The interaction of auxins with these receptors may, in part, explain the
many known rapid'effects of auxins. It is interesting to mention here a
report which sought to rationalise the rapid growth response, and
delayed effects on gene expression, in terms of a common site of auxin
action at the plasma membrane. It was found that plasma membranes
prepared from soybean hypocotyls were able to stimulate the activity of
o=—amanitin-sensitive, nucleoplasmic, RNA polymerase solubilised from
soybéan chromatin, VWhen the membranes were incubated'with IAA or
2,4~D (at approx. lC"7M) and then repelleted, the stimulatory activity
was found in the supernatant. This release was not seen after incubating
the membranes in buffer, or in the anti-auxin, 3,5-dichlorophenoxyacetic
acid. A model was propused whereby auxin interacted with the plasma
menmbrane to cause the reiease of a regulatory factor for RNA polymerase
activity (Hardin et al., 1972). Unfortunately this interesting theoxy

has, as yet, received no further support.

The work described in this thesis attempts to characterise
further the properties of auxin binding to membrane fractions from Zea mays
shoot tissuwe. In 1949, Scatchard stated that the questions which must be
answered when studying the bindingkg small molecule to a maqromolecule are
"How many?", "How fightly?", "Where?" and "Why?". This thesis hopes to

provide answers to the first three guestions, and to make some suggestions

regarding the fourth.
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MATERIALS AND METHODS

1, PLANT MATERTAT

Seeds (fruits) of Zea mays L., cv. "Kelvedon 33" (from Hurst
Gunson Cooper Taber Ltd., Witham, Essex) were soaked in tap water for
+4°

6~12 hours, sown in damp vermiculite and grown in the dark at 25 C.

In experiments concerned with sguxin binding activity,
seedlings were grown for 4-5 days from planting (Coleoptile length was
25=30 mm). For rapid growth assays, 3-4 day-old seedlings were used

(Coleoptile length was 15-20 mm).  (See Plate 1 A and B).

2. GENERAT, CHEMICALS

All general laboratory reagents were obitained from Hopkin
and Williams, Chadwell Heath, Essex; or British Drug Houses (BDH),

Poole, Dorset. Reagents were analytical grade.

3. HORMONES AND HORMONE ANALOGUES

(1) Sources and Purity

3-indolylacetic acid (IAA), l-naephthylacetic acid (NaA),
2,4~dichlorophenoxyacetic acid (2,4-D), a-(2-chlorophenoxy)-isobutyric
acid (2~CPIEA), 6=furfurylaminopurine (kinetin),land 6-benzylaminopurine
(6—benzyladenine) were all purchased from Sigma Chemical Co., London.,
244 45~trichlorophenoxyacetic acid (2,4,5—T) was obtained from BDH and
recrystallised from water. 2,4-dichlorobenzoic acid (2,4~B) and

2,6-dichlorobenzoic acid (2,6-B) were also from BDH. Bengzoic acid (BA)
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was supplied by Hopkin and Williams, and 2,3,5-triiodobenzoic acid
(TIBA) was from Koch-Light Labs. Ltd. Gibberellic acid (GA3),
l-N-naphthylphthalamic acid (NPA), and cis,trans abscisic acid (ABA)
were 511 gifts from Dr. M.A. Venis (Shell Research Laboratories,
Sittingbourne, Kent). The GA3 was recrystallised from acetone-
petroleun ether (b.p. 60-8006) and contained approximately 94% GA

3

4 and GA7. The purity of the ABA was

verified by gas~liquid chromatography. 2,6-dichlorophenocxyacetic

with slight contamination by GA

acid (2,6-D), (a kind gift from Dr. V. Math, Glasgow University), was

synthesised by the procedure of Koelsch (Koelsch, 1931).

The purity of all auxins and auxin analcgues was verified
by Dr. V. Math using mass spectrometry. (A.E.I. MS 30 Mass

Spectrometer, A.E.I. Scientific Apparatus Ltd., Manchester).

(2) solutions

Unless otherwise stated, 10-2M gtock solutions were prepared
by dissolving the compounds in redistilied methanol. After dilution
during experiments, the final methanol concentration was reduced to
between 0.001% and 0.1%. Kinetin was dissolved in 50 mM potassium
hydroxide.  Stock solu£ions were stored in the dark at -20°C and were

kept for no longer than one week.

4. RADIOACTIVE SOLUTIONS

l-naphthyl (acetic acid—1~l40) (¥AA), 3-indolyl (acetic
acid-1-Y4C) (1aA), 2,4-dichlorophenoxy (acetic acid-2-14¢) (2,4-D) and
2,4,5=trichlorophenoxy (acetic acid-l~l4C) (2,4,5=T) were obtained from
the Radiochemical Centre, Amersham, Bucks., England. The specific

activities of the NAA varied between 44 and 61 mCi per mmole. The specific



activity of IAA was 52 mCi per mmole, 2,4-D was 28 mCi per mmole and
2,4,5~T wags 56 mCi per mmole. The organic solvents in which the
pamples were dissolved were dried off under a gentle stream of
oxygen=free nitrogen and the samples were taken up in approximately
5 mM KOH. Stock solutions of 10 uCi per ml were stored at mZOOC, in

the dark.

Solutions were tested for purity by thin-layer
chromatography on plastic-coated 5 x 20 cm Polygram Sil plates (Camlab,
Cambridge) wsing two solvent systems:

. (1) 1sopropanol :ammoniazwater, 8:1:1 (v/v).
(2) n-butanol:acetic acid:water, 62:25:15 (v/v).
Chromatograms were scanned using a Panax Radic—chromatogram Scanner.

No radiochemical impurities were detected.

5.  DETERMINATION OF RADIOCACTIVITY

Radioactive samples were assayed by liquid scintillation
spectrometry using a Packard Tricarb Spectrometer (model 3%380). An
"pAutomatic Activity Analyser" (model 544) gave an automatic conversion
to disintegrations per minute (dpm) by reference to an external standard.
A toluene-based scintillant (TBS), containing 4 g per litre of the fluor

2,5-diphenyloxazole (P.P.0., from Fisons, Lowghborough, Leics.,

.England) was used for non-aqueous samples. Aqueous samples were

counted in a scintillant containing TBS and Triton-X-100 (industrial

grade, Koch-Light Laboratories) in a ratio of 2:l v/v (TXBS).




PLATE 1

Seedlings of Zea mays L., ©V. "Kelvedon 33"

As 4-5 day-old seedlings.

B: 3=4 day-old seedlings.

o
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6. PROTEIN DETERMINATION

Protein concentrations were determined by the method of
Lowry (Lowry et al., 1951) using Folin and Ciocalteu's phenol reagent
(BDH). This reagent was titrated with NalOH to a phenolphthalein
end=point and diluted just before use to make it LN, TUsually,
duplicate 50 gi éamples, diluted to 0,2 ml with distilled water were
vsed. A blank, containing 50 pl of the corresponding buffer was
always carried through the same procedure as the samples. Protein
values were obtained from a calibration scurve using bovine serum

albumin (Sigma Chemical Co.) as standard.

(1) Reagents
Ae 2% Na2003 in 0.1 N NaOH.
B. Egual volumes of 1% GuSO4.5H20 and 2% sodium potassium
tartrate, mixed just before use.
Co 50ml A+ 1ml B, Discard aftexr 1 day.

D, Folin and Ciocalteu's phenol reagent. Dilute 1 vol

reagent with 4 vols water.
(2) Procedure

To 0,2 ml sample, add 2 ml reagent C., Mix, stand 10 min.
Add 0,2 ml D, rapidly with immediate mixing. Read after 30 min or
longer at 750 nm on a Pye Unicam SP 500 Series 2 spectrophotometer,

‘zeroed with water (1 cm glass cuvettes).
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T DETERMINATION OF AUXIN BINDING ACTIVITY

The methods used were similar to those described by Hertel

and coworkers (Hertel et al., 1972; Hertel, 1974).

(1) Buffers
The following three buffers were routinely uceds

(a) "Bxtraction medium": 0.25 M Sucrose - .
50 m Tris (2 amino-2-(hydroxymethyl)
propane-l,3=diol)
1 mM Na, EDTA (ethylenediaminetetra~-
acetic acid)
0.1 mM MgCl,

Acetic acid to pH 8,0.

(b) "Washing medium": 0.25 M Sucrose
10 mM Tri-sodium citrate
0.5 uM MgCl,
Acetic acid to pH 6,0.
(¢) "Binding medium": 025 M Sucrose
10 mM Tri-sodium citrate
5 mM MgSo

4
Acetic acid to pH 5.5.

(2) Homogenization and Preparation of the Membrane Pellet

Coleoptiles from 4-5 day-old Zea seedlings (Plate 1, A) were
harvested in daylight. Leaf rolls were removed and the coleoptiles
were kept on ice. Mesocotyls were similarly harvested. All subsequant

operations were carried out at O—4°C.
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Coleoptiles (or mesocotyls) were cut into small pieces with
a razor blade and homogenized in an equal volume of "“extraction medium",
using-a pestle and mortar. The homogenate was squeezed through a
fine mesh nylon cloth {20 um aperture) (from Becosyn Nylon Industries,
Beggan Cousland, Springfield Wireworks, Glasgow) and the residue was
reground and extracted twice more., The total tissue:extraction
medivm" ratio'was 1:4 (w/v). Approximately 0.5 g fresh weight of
coleoptile tissue or 1,0 g fresh weight 6f mesocotyl tissue per assay

was used.

The homogenate was precentrifuged at 4,000 g (6,000 Tpm) or
10,000 g (9,000 rpm) for 20 min in an 8 x 50 ml angle rotor of an M.S.E.
"High Speed 18" centrifuge, and the pellets were discarded. The
supernatant was respun for 30 min at either 38,000 g (18,000 rpm, "High
Speed 18") or at 80,000 g (30,000 rpm) in an 8 x 50 ml angie rotor of
an M.S.E. "Superspeed 50" centrifuge (referred to as 4-38Kg, 10-38Kg,
4~80Kg or lOmBOKggellets)f The supernatant was discarded and the membrane
pellet was gently resuspended in “"washing medium" (1:4 original tissue
weight:"vashing medium") using a 'teflon'=glass homogeniser. The

membrane fraction was repelleted at the same speed as before.

(3) Binding Assay

In a typical binding assay, the following procedure was used.
The washed membrane pellet was gently resuspended in 50 ml of "binding
medium" using a 'teflon'-glass homogeniser. NAA-14C was added to a
final concentration of 2 x 107! M. 10 x 5 ml aliquots.were pipetted
into test~tubes and to each of these was added 50 pl of either water or

an gppropriate concentration of unlabelled NAA %o give final NAA



concentrations which usually varied from 2 x 10“'7 M to ].O"6 M.

Triplicate 1.5 ml samples were taken from each aliquot and pipetted

into 2.5 ml polypropylene centrifuge tubes. ‘These were spun:

either (a) at 28,000 g, 45 min in the "High Speed 18"
centrifuge using adaptors custom-~made by M.S.E.
~ for the 8 x 50 ml rotor. Bach adaptor held three

2.5 nl tubes

or (b) at 150,000 g, 15 min (48,000 rpm) in the
"Superspeed 50" centrifuge using 2.5 ml adaptors

in the 10 x 10 ml angle rotor,

The suéernatant was decanted and the tubes drained for 5-10 min., The
pellets were rinsed with approximately 2 ml distilled water and drained
for a fufther 5=10 min, Pellets were recovered with Pasteur pipettes
using 3 x 0,4 ml aliquots of distilled water, transferred to scintillation
vials and counted in 10 ml TXBS. Total radicactivity per assay was

determined by counting 0.l ml samples from the original 5 ml aliquots.

(4) Expression of Binding Activity

In general binding activity was expressed as "total binding

activity" or "specific binding activity".

Total binding activity = A dpm per g fresh weight of tissue.

Specific binding activity = A dpm per mg protein.

where A dpm = difference in pellet counts between the lowest and

highest auxin concentration.
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In some experiments binding activity was expressed ag

"¢ specific binding"s

% specific binding = Adpm x 100%
dpm at lowest auxin concentration.

8. COMPETITION EXPERIMENTS

Several auxin analogues and other phytohormones were tested

for their ability to compete for the NAA binding sites as follows.

The membrane pellet was prepared as described and
resuspended in 100 ml "binding medium", NAA—14C was added to a
concentration of 2 x 10-7M. The required concentration of competitor
was added to 50 ml (treatment), and the same volume of solvent added
to the other 50 ml (contrel). 50 pl from a renge of unlabelled NAA
solutions of varying concentratiors were added to 10 x 5 ml aliquots from
both treatment and control, and the binding assay continued as

previously described.

9. BIOASSAYS

(1) corn Coleoptile, Straight Growth

Coleoptiles from 3-4 day-old Zea mays were used. All
operations were carried out in dim green 1ight.at 25 x 1OC. 5 mm
segments, 2 mm behind the tip were excised using a cutting device with
parallel blades, and placed in distilled water for 30-60 min. Test
compounds were made up in redistilled methanol to a concentration of
10"2 M,and diluted to the appropriate concentration with 10 mM phosphate

buffer, pH 6.,0. Each assay consisted of 10 segments in 5 ml of
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bufferedltest solution. Buffer controls contained an equivalent
volume of methanol.  After 24 hr the segments were measured using a

shadowgraph technique, as described below.

(2) 0at Coleoptile, Straight Growth

4 day-old Avena sativa L.,cve "Victory" were grown as

described for Zea mays. 5 mm coleoptile segments, 2 mm behind the

tip were used. The assay procedure was as described abcve,

(3) ©Pea internode, Straight Growth

8 day-old Pisum sativum L., cv. "Alaska" were grown in

moist vermiculite as previously described. The seedlings were at the
3rd internode stage (internode approximately 2-5 cm in length), with
the hook fully curved. The hook was removed and 10 mm segments, 2 mm
below the tip were excised. The assay was performed in 5 cm plastic
petri dishes containing 10 ml buffered test solution and measurements

made as in the corn coleoptile test.

10. SHADOWGRAPH TECHNIQUE

Segments from the bioassays were arranged in rows on a glass
plate. This was placed in a photographic enlarger, and the images,
(enlarged five~fold), were projected onto photogravhic paper which was
subsequently exposed, developed, fixed and glazed. The lengths of the

segments were determined from the shadowgraph.



32.

1l. RAPID GROWTH MEASUREMENTS

The technique used was a refinement of that described by
Philipson et al. (1975) which employed a linear displacement transducer

(Type D2/2.00 mm, Sangamo Weston Controls Ttd.).

(1)  Apparatus

Coleoptile segments were threaded on t0 a nylon line of
0.4 mm diemeter, ("Racine Torture" Nylon fishing line, 15 1b or 16 1b),
and placed in a 25 ml cylindrical reservoir which was supported
between 'teflon' trackets and held on a brass back plate. The apparatus
vas designed such that the lever, reservoir and transducer could be
easily positioned relative to each other (see Plate 2, 4 and B).
Polythene tubing was threaded above and below the coleoptile segments
to provide contact with the brass lever. This lever was countev-
balanced with a small weight. Klongation of the segments resulted in
movement of the lever which displaced the central arﬁature of the
transducer. The transducer operated on a stabilized 12 volt DC supply
and generated a DC output signal proportional to the displacement of
the armature. This signal was connected to a potentiometric chart
recorder and elongation was monitored continuously. The recorder was
set at a sengitivity of 5 volts and chart speed of 5 mm per min. The
apparatus was calibrated by displacing the lévef at the point where the
‘coleoptiles actf The distances displaced were measured by a micrometer
screw and the corresponding chart distances were recorded. A chart
displacement of 1 mm was equivalent to 14 um transducer.displacement.
Chart displacement was linearly proportionzl {o lever displacement over

the total lever displacement of 2 mm.



PLATE 2, A: Apparatus used for rapid growth measurements.
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PLATE 2,

B:

Apparatus used for rapid growth measurements.







(2) Experimental

A1l operations were carried out in dim green light at
25 X iOC. Segments, 5 mm in length, were excised 2 mm below the tip
of 3-4 day-old Zea seedlings (Plate 1, B), using a cutting device
with parallel blades. Segments were placed in 10 mm phosphate
buffer, pH 6.9'(10 mM KH2PO4, adjusted to pH 6.0 with KOH) and used
immediately. Ten segments were used in each assay and were arranged
in an "apex—to-apex" - "base~to~base" fashion on the n&lon thread.
Solutions were indirectly aerated and maintained at 25°C. They vere
passed continuously through the reservoir via polythene tubing and
Pasfeur pipettes,at a flow rate of approximately 10 ml per min. The
flow rate was increased whilst solutions were changed, and chgngeover
was achieved in approximately 45 seconds. The compounds to be tested
were dissolved in redistilled methanol as 1070 M or 1072 M stock
solutions. VWorking solutions of 10"'4 M or ].O"5 M were prepared by
dilution in 10 mM phosphate buffer, pH 6.0, Buffer controls contained
an equivalent volume of methanol. Segments were placed in the
apparatus and growth in buffer alone was recorded for approximately
30 min before treatment was begun at time zero, Growth was then

monitored for approximately 1 hour.

12. SUCROSE GRADIENT FRACTIONATION OF THE MEMERANE PELLET

The sucrose gradients used were first described by Hodges

et al., (1972) for the separation of membranes from oat roots.

Two types of discontinuous sucrose gradients were used:
(1) r'Complex!

(2) 'Simplet.



The tcomplex' gradients consisted of the following sucrose solutions:
2 ml of 45% w/w (1.58 M) and 3 ml each of 3%8% (1.29 M), 34% (1.1l4 1),
300 (0.99 M) and 25% (0.81 M). All sucrose solutions contained 50 mM
Tris, 0.1 mM MgCl2 and were adjusted to pH 8.0 with acetic acid

(Fig. 1, A).

The 'simple' gradients consisted of 6 ml of the 45% sucrose

golution and 8 ml of either 34% or 30% solution (Fig. 1, B).

A 4=38Kg membrane pellet was prepared asg previously
described and resuspended in 18% w/w (0.56 M) sucrose solution.
Appfoximately 5 ml (containing 10~20 mg protein) were layered onto the
gradient. Loaded gradients were centrifuged for 1.5 hr at 100,000 g
at 4°¢ (29,000 rpm in 3 x 20 ml swing-out rotor, "Superspeed 50"

centrifuge).

Visible bands occurred at the sucrose interfaces and were
removed with a Pasteur pipette. They were diluted {0 35 ml with cold
(4°C) "extraction medium" and repelleted at 80,000 g for 30 min.,  These

pellets were assayed for binding or enzyme activity as described.

13. SUCROSE GRADIENT FRACTIONATION OF "MITOCHONDRIAL PELLET"

A discontinuous sucrose gradient based on that deseribed by
Greenawalt et al.,(1967) was used %o obtain an enriched mitochondrial

fraction from a low speed pellei prepared from mesocotyls.

The gradient consisted of the following sucrose solutions:
2ml of 1,95 M and 3 ml each of 1.65 M, 1.50 M, 1.35 M, 1,20 M and
0.90.M. All sucrose solutions contained 50 mM Tris, 0.1 mM MgC12 and

were adjusted to pH 8.0 with acetic acid,



Pig, 1

Discontinuous sucrose gradients for membrane

fractionation.

A R "Complex" gradient

B : "gimple" gradient




Al

- SUCROSE SOLUTIONS

%(W/W)' ~ CONC.(M) VOL.(ml)
184+ SAMPLE 056 5
/.
25 0-81 3
30 099 3
34 114 3
38 1.29 3
45 1-58 2
" '
/ 18+ SAMPLE 056 5
30 or 34 0-99 or 1114 8
45 158 6



A mesocotyl homogenate was prepéred as previously described
and spun at 1,000 g (3,500 rpm, "High Speed 18") for 10 min and 10,000 g
for 20 min. This )-10Kgpellet was resuspended in 0,56 M sucrose
soluti;n and 3 ml were layered onto each gradient. - Gradients were
centrifuged for 1.5 hr at 100,000 g. Bands were removed and repelleted
as described above. Pellets were assayed for binding activity, and

~ succinate dehydrogenase activily as described later,

14. ELECTRON MICROSCOPY

Pellets were obtained from gradient bands and cut into small
piecés. They were fixed for 2 hr at room temperature in 0,1 M phosphate
buffer, pH T.4 containing 3% glutara}dehyde, and washed overnight at 4%
in 0.1 M phosphate buffer, pH 7.4, with 10% sucrose as an osmoticum.

They were then positfixed in 1%)0304 (in phosphate buffer) for 2 hr at
room temperature and washed in two changes (10 min each) of 0,1 M phosphate

buffer (standard fixation procedure, Sabatini,Bensch & Barrnett, 1963).

Samples were dehydrated through a graded series of alcohol
concentrations (300, 50%, T0%, 90%) and finally in three changes of 100%

alcohol.

They were then embedded in Spurr resin using the "standard
mixture" (Spurr, 1969). Samples were left in lil Spurr:alcohol for at
Jeast 1 hr, 3:1 Spurr:alcohol for at least 1 hr and then overnight in

100% Spurr. The resin was polymerised at 60°c overnight.

Sections were prepare& using an IKB Ultramicrotome 3
(1XB Instruments, Croydon, Surrey) and stained either by a standard

alkaline lead citrate procedure (Reynolds, 1963) or by a phosphotungstic



acid (PTA) - chromic acid procedure modified as follows from that
described by Roland et al., (1972). Sections were placed on gold grids
and floated on water (section side down) for 5 min, at 25°C. Using
tteflon'~coated tweegzers, the grids were transferred and floated on

1% periodic acid for 30 min at 3800 in @ humid enclosure. The grids
and tweezer tips were gently rinsed with water for 20 sec. The grids
~were then floéted on a solution containing 1% PTA and 1% chromic acid
for 2 min at 5800 in a humid enclcsure. Grids were finally rinsed

with distilled water for 20 sec.

Samples vere viewed with a Philips 300 electron microscope.

15. ENZYME ASSAYS

(1) ATP-ase (ATP~-phosphohydrolase) (E.C. No, 3.6.1.3)

Phosphate release by ATP-ase was assayed by a modified

- procedure of Lowry and Lopez (1946).

The assay was performed in a 1 ml reaction mixture
containing 20 mM Tris-MES, pH 6,0 (2(N-Morpholino)ethanesulphonic acid,
from Sigma Chemical Co.), 5 mM ATP (discdium ATP from Sigma Chemical Co.),
17 mM Na' (contributed by the ATP), 32 mM KCl, 5 mM MgCl, and 0.2 ml
enzyme sample, (dissolved in Tris-MES, pH 6.0). Tubes were incubated
at BOOC for 15 min and the reaction stopped by the addition of 0,5 ml of
'10% TCA (trichloroacetic acid). To the samples was added 4 ml acetate
buffer (0.1 M acetic acid + 25 mM sodium acetate, DH 4.0), 1 ml ammonium

molybdate (obtained from BDH as a 1% solution in 2 N H,S0 and 0.5 ml

D

of 10% FeSO4 containing one drop of concentrated H2S (made up fresh

%

daily). After Vortex mixing, samples were centrifuged at top—-speed in

* ATP titrated to pH 6.0 with NaQH before use.



a. bench centrifuge for 7-8 min. Absorbance of the supernatant was
read at 660 nm. Phosphate release was calculated from a calibration

curve ‘wsing potassium phosphate as standard.

(2) Succinate Dehydrogenase (SDH) (E.C. No. 1.3.99.1)

SDH activity was determined by the method described by

Morré (2971). "

The assay was performed in a 1 ml reaction mixture
containing 0.2 ml of 0.2 M phosphate buffer, pH 7.4, containing 5 mg per ml
bovine serum albumin, 0.4 ml of 0,125 M sodium succinate, TH T.4, and
0.24ml of enzyme sample. This mixture was preincubated at 370C for
5 min and the reaction started by the addition of 0.2 ml of 0,5% INT in
1 QM EDTA (INT = 2=(p-indophenyl)=3%~(p-nitrophenyl )~5-phenyl tétrazolium,
obtained from BDH). After 15 min the reaction was stopped by the
addition of 1 ml of 10% TCA. The formazan colour was extracted into
4 ml éthyl acetate and after brief centrifugation, the absorbance was
read at 450 nm. Enzyme activity was calculated using the relationship that

1 nmole formazan per ml = 20.1 absorbance units.

(3) Glucan Synthetase

Glucan synthetase activity was determined by the procedure

described by Van der Woude et al., (1974).

Pellets were recovered from gradient bands as already
described, and resuspended in 1 ml of 0.1 M Tris-HCl, pH 8.0, 4 mM
KZ—EDTA and 1 mM dithiothreitol (DTT). Assays were performed in a
200 pl reaction mixture containing 10 ymoles Tris-HCl, pH 8.0,04 pmoles

EDTA, 0.1 umole DIT (all contributed by 100 pl of enzyme sample),



4 umoles ﬁg012 (40 pl of 0.1 M Mgc12) 2 umoles cellobiose (20 pl of a
100 pmole per ml solution), 0.27 nmole UDP—D—(14C)~g1ucose (20 pl of a
13,5 nmole per ml solution) and 0,2 pmole UDP-Dn(lzc)—glucose (20 pl
of a iO pmole per ml solution).  (Cellobiose and UDP«D—(120)—glucose
from Sigmaj UDPwD~(14C)—gluGOSe from the Radiochemical Centre,

Amersham, specific activity 284 mCi per mmole).

Reaction mixtures, in 3 ml polypropylene tubes were
incubated at BOOC for 15 min, and the reaction was termingted by heating
the tubes in a boiling water bath for 5 min. The assay mixture was

then fractionated into products of varying solubility as follows:

(a) Hot water soluble

1-2 mg of VWhatman cellulose were added to each tube and the
‘mixtures extracted three times with 1 ml of water at 100°C for § min.
The insoluble residue was recovered each time by centrifugation at
38,000 g for 10 min. The hot water soluble products were recovered
from the hot water extracts by the addition of 0.5n% of 20 mg per ml
Ticoll (mol. wt. = 400,000, Pharmacia, Uppsala) followed by
precipitation from 70% ethanol overnight at 4°C, and centrifugation at
38,000 g for 20 min, Precipitates were washed once with 70% ethancl
and solubilized in 0.5 ml hot wéter (lOOOC, 5 min). The solubilized
product and 2 x 0,5 ml water washes were transferred to secintillation
vials, and radiocactivity determined as already déscribed.

(b) Lipid soluble

The hot water insoluble residue was extracted once with
1 ml of methanol:chloroform (2:1 v/v) and once with 1 ml of absolute
methanol. The extracts were transferred to scintillation vials, dried

down, dissolved in 1 ml of methanol and radioactivity determined.
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(c)- Insoluble
The remaining pellet was resuspended in 3 x 0.5 ml
aliquots of water and these transferred to scintillation vials.

Radioactivity was determined as already described.

(4) IDP-ase (inosine diphosphatase )(E.C. No, 3.6.1.6)

IDP-ase activity was determined by the method of Ray et al.,
(1969). The latent enzyme was activated by the detergent, sodium

deoxycholate (Powell and Brew, 1974).

The assay was performed in a 1 ml reaction mixture
containing 0,78 ml of 50 mM Tris-HCl, pH 7.5, 20 pl of 0,1 M MgClz,
0.1 ml of 30 mM IDP-Na, (from Sigma Chemical Co., titrated to pH 7.0

with NaOH), O.l ml of enzyme solution containing 1% sodium deoxycholate.

Tubes were incubated for 15 min at 30°C and the reaciion
stopped by the addition of 0.5 ml of 10% TCA. Phosphate release was

determined as already described for ATP-~ase.

16, STEROL AND PHOSPHOLIPID DETERMINATION

(l) Lipid Extraction for Phosphorma Analysis

Lipids were extracted by the general method of Polch et al.,
(1957).

Pellets from the gradient bands were obtained as previously
described, and suspended in 1 ml of water. A 0.4 ml aliquot was added
to 8 ml of chloroform:methanol (2:1 v/v) and left at room temperature,

in the dark, overnight. The mixture was spun for 7 min at top speed
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in a ben;h centrifuge, the supernatant decanted into a fresh tube and
0.2 volumes (1.6 ml) of 0,04% MgCl, were added., The samples were
mixed and spun at top speed in a bench centrifuge for 2 min giving a
5iphasic system. The upper phase was discarded and the lower phase
was washed twice with small volumes of uwpper phase and the washes

- discarded. Methanol was then added to give a single phase and the

extract was divided into two equal portions for phosphorus analysis.

(2) Digestion and Phosphorus Analysis

This procedure used the method of Rouser et al., (1966).
The -duplicate samples from ahove were dried down in Kjeldahl flasks and
exactly 0,9 ml of T72% perchloric acid wag added, with one anti-bumping
granule. This mixture was refluxed for 20 min. After cooling, 5 ml
of water were added and the sample was mixed. 1 ml of 2.5% aqueous
ammonium molybdate and 1 ml of fresh 10% ascorbic acid were added and
after mixing, the sample was heated for 5 min at 60°C in a water bath.
After cooling, the absorbance at 820 nm was read. Values are converted
to ug phosphorus by reference to a calibration curve using potassium

phosphate as standard.

(3) Sterol Estimation

Sterols were determined by a modification of the method

described by Stadtman (1957).

5 ml of reagent (a filtered mixture of 640 ml of acetic
anhydride, 360 ml of glacial acetic acid and 6 g of p~toluene sulphonic
acid) were added, with mixing, to each of two 0.2 ml samples of the

membrane suspension. After standing for 5 min, the samples were clear
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and 0.5 ml of concentrated H,SO, was added, dropwise with cooling.

2774

Samples were then maintained at 2500 for 15 min after which absorbance
at 625 nm was read. Sterol concentration was calculated by reference
to a calibration curve using sitosterol (Sigma, containing 60%

sitosterol and 40% campesterol) as standavd and an average sterol

molecular weight of 400.

17. EFFPECT OF ENZYME TREATMENTS ON BINDING ACTLVITY

The following enzymes were purchased from Sigma Chemical

Company.

(1) Trypsin (B.C. No. 3.4c4.4) from bovine pancreas. 12,500 BAEE
units per mg protein (1 BAEE wnit (a~N-Benzoyl-I-arginine ethyl

ester HC1l) = OD of 0,001 per minute in 3.2 ml at pH 7.6, at

253
25°¢).

(2) Phospholipase -~ A (E.C. No, 3,1.1.4) from Vipera russelli, 5 units

per mg protein; or from bee venom, 1,550 units per mg protein.
(1 unit hydrolyses 1,0 pmole of Leu-lecithin to lysolecithin and
a fatty acid per min at pH 6.5 (V. russelli) or pH 8,5 (bee venom)

at 37°C).

(3) Phospholipase ~ C (E.C. No. 3.1.4.3) from Clostridivm welchii,

5 units per mg protein (1 uwnit liberates 1.0 umole of water-soluble
organic phosphorus from egg yollk lecithin per minute at pH 7.3

at 37°C).

(4) Phospholipase = D (E.C. No, 3.1l.4.4) from cabbage, 20 - %0 units
per- mg protein (1 unit liberates 1 ymole choline from lecithin per

‘hour at pH 5.6 at 26°C).



An unwashed 4-80Kgmembrane pellet was prepared as previoﬁsly
described and resuspended in a sucrose (0,25 M), Tric (50 mM), acetate
buffer., For trypsin, éhOSpholipasemA and phospholipase-C treatments,
the pH was Te.4. For phospholipase~D the pH was 6.0. Phospholipase-C
is a calcium~requiring enzyme and thus 10 mM CaCl, was also included in

2
the buffer.

Enzymes were dissolved in buffer (at either 0,1 mg per nl
or 1 mg per ml) and added to 10 ml aliquots of resuspended membranes to
give a range 0f enzyme concentrations. These aliquots were incubated
at 2500 for 20 min in a shaking water bath. They were then transferred
to ice cold centrifuge tubes and diluted with 20 ml of cold ¥washing
medium®. The enzyme-~treated membranes were repelleted at BO,QOO g for
30 min and the pellets rinsed with distilled water., Each pellet was
resuspended in 15 ml "binding medium" and NAAm14C added to a concentration
of 2 x 1077 M. %3 x 5 ml aliquots were taken and 50 yl of unlabelled
NAA was added to give final NAA concentrations of (1) 2 x ZLO"7 M,
(2) 4 x 10“7 M, (3) 10—6M. The binding assay was then continued as

previously described.

18. EFFECT OF TEMPERATURE ON BINDING ACTIVITY

An unwashed 4~80Kgmembrane pellet was prepared as previousliy
‘described and resuspended in "washing medium”". 10 ml aliquots were
incubated at temperatures between 0% ana 60°C for 15 min. The
aliquots wvere transferred to icefcold centrifuge tubes, diluted with
20 ml "washing medium" and repelleted at 80,000 g for 30 min. A Each
pellgt vas resuspended in 15 ml "binding medium" and the binding assay

performed as described above.
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19, EQUILIBRIUM DTALYSTS OF A TRITON=X~100~SOLUBILISED

MEMBRANE TRACTION

A 4-38Kg pellet was prepared as previcusly described. A
portion of this pellet was resuspended in "binding medium" and used in
the equilibrium dialysis assay as described below. (Referred to as
Texude! sample).. Another portion of the pellet was resuspended in
50 mM Tris-acetate buffer, pH 7.6, containing 0.2% (w/v)‘Triton~X~1OO
(scintillation grade, from BDH). (Referred to as 'Triton' sample).
This sample was kept on ice for 2 hours, with occasional homogenisation,
and after 20 min, it appeared to be clear. The 'Triton' sample was
centrifuged at 120,000 g for 1 hour (40,000 rpm in an 8 x 25 ml angle
rotor, "Superspeed S50" centrifuge). The supernatant was passed through
a 10 om x 1.5 cm Sephadex G25 (medium) column, eguilibrated with
"binding medium”. The absorbance of the eluate (1 ml fractions) was
determined at 280 nm, and the peak five fractions eluting in the

excluded volume were combined. (Referred to as 'Triton extract').

Aliquots (1 ml) from the 'crude' sample and the 'Triton

extract? were each dialysed againsts

(a) 10 ml "binding medium", containing 2.2 x 10~ M NAA--3C
and (b) 10 ml "binding medium!, containing 2,2 x 1077 u naa-To

and 5 x 107 M unlabelled NAA,

Samples were equilibrated on a rotary turntable at 400 for 2% hours.
Duplicate 100 yl samples were taken from 'inside! the dialysis tubing
for protein determination. The radiocactiviiy in duplicate 250 pl
samples from 'inside' and 'outside! the dialysis tubing was alse

assayed.




Binding activity is calculated as follows:

i}

Adpm, = dpm inside - dpm outside (at 2.2 x 10771 u NAA)
" Adpm, = dpm inside - dpm outside (at 5 x 107 u NAA)

Binding activity = A,dpml - Adpmz.

20. STATISTICAL ANALYSES

Statistical analyses were performed using an Olivetti

Programma 101l desk~top computer.

(1) Mean and Standard Error of Mean

Mean and Standard Error of the mean were calcwlated from

the following formulae:

M

S

where M = mean of population

0 = Standard deviation
S.E. = Standard error of mean
N = number of obsexrvations.

Standard errors are shown on graphs as vertical bars drawn symmetrically

about the mean.

(2) "Student's" t-test

This t-test was used to ascertain whether the mean values

of two samples differed significantly. The computation used was as follows:




. 2 2
. (Nl - J.)s1 + (1\12 - 1)s2
Nl + N2 - 2
M, ~ M,
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T 7
[#) _— =
J NN

Where Ml and M2 = mean of lgt and 2nd samples respeciively
812 and.822 = variance of lst and 2nd samples respectively
Nl and Né = number of observations in lsgt and 2nd samples

respectively.

The significance levels were obtained from the "Student's"
t distribution (Fisher and Yates, Statistical Tables, 1963) with
' Nl + hz
vhere P = probability value:

-~ 2 degrees of freedom. The following notation was used,

P > 0,05 : N.S. (not significant)
P ¢ 0.05: =

P < >0.0l T K%

P

& 04,001 3 #xx

(3) Regression Analysis

This analysis was used 10 draw the regression line between
the two variables x and y. The parameters, a and b of the regression

equations

¥ = a 4 bx

vere computed using the formulae:

b Norxy = Gx)(Gy)
N 1x° - (zx)2

IV = by x
N




(4) Veiguted Regression Analysis

For the competition experiments, the weighted regressioh
analyéis of Wilkinson (1961) was used. Analyses were carried out
with the aid of a Univac 1108 computer, using a BASIC programme (by
courtesy of Shell Research Laboratories, Sittingbourne, Kent). Values

for K ¥ S.E. and n ¥ S.E. were obtained (these values are defined below).

2L, KINETIC ANALYSES

In the binding assay, the interaction of a small molecule,
(auxin), with a macromolecule is observed. The equilibrium aspect of

such an interaction has been correlated guantitatively by equation (1):

B = 7 (1)  (see Edsail and Wyman, 19%58)
vhere B = moles of bound auxin

n = number of binding sites
k = intrinsic site binding constant (an association constant)

F = molar concentration of nonbound auxin = 'free' auxin

oN Lot

K is defined as the dissociation constant = =, and is equal

to ¥ when 8 = -g-

(The derivation of equation (1) may be found in Appendix I).

(1)  Scatchard Plot

Scatchard (1949) suggested the following linear transformation

of equation (1):

% = kn - kB (2)  (scatchard, 1949)
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For a homogeneous population of binding sites, a graph of
%-against B yields a straight line which may be computed by a

standard regression analysis.

Calculation of Data

dpm in pellet
(a) B dpm per assay

i

x Auxin conccntration x 1.5 x 1072 (moles
bound per assay)
() P = molar auxin concentration

(¢) n = intercept on B-axis

: = L "1
(@) x = k = slope

(2) Double-Reciprocal Plot

Equation (1) can also be transformed as follows:

1 1 1 1
BF "nk*a (3)
A graph of % against % yields a straight line which may

be computed by the weighted regression analysis of Wilkinson (1961).

From this graph:

K=}-= -1
k
. 1 .
intercept on T axis
1
n = i)
intercept on T axis

Application in Competition Experiments

In the competition experiments, the double-reciprocal plot
vas used to illustrate whether or not a compound was having a

competitive effect on the binding of NAA. Two lines were computed, one



in the absence of competitor and one in its presence. TFig. 2 shows

the result if the compound is having a purely competitive effect:

Fig. 2 - 1 + COMPETITOR
~-COMPETITOR

1 -3

A
K Kp F

The two lines have a common intercept on the % axis, i.e.

they have a common n value. The inhibitor constant, Ki, may be

calcﬁlated from the equation:

K, = i (4) (Dixon and Webb, L1958)

KE
- 1

vhere i

]

concentration of competitor
X = dissociation constant in the absence of competitor
K = dissociation constant in the presence c¢f competitor

at concentration, i.
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EXPERTMENTS AND RESULTS

1. PRELIMINARY CHARACTERISATION OF THE BINDING OF NAA—14C TO A MEMBRANE

FRACTION ISOLATED FROM ZEA COLEOPTILES

The first experiments show the development, improvement

and. preliminary characterization of the binding assay.

(L) Original Experiments

The original experiments foliowed closely the procedure
outlined by Hertel et al., (1972). Coleoptiles were homogenised
using a Sorvall "Omni-mixer", at top-speed for 45 sec, in a buffer
containing 0.6 M sucrose, 80 mM Tris, 14 mM 2-mercaptoethanocl, 25 mM
MES, 10 mM MgClz, 0.5 mM EDTA, and adjusted with acetic acid to pH 7.5.
A 431 (v/vw) buffer:tissue ratio was used. The homogenate was
filfered through nylon cloth and precentrifuged at 10,000 g for 20
miﬁutes. The pH of the 10Kg supernatant was adjusted to pH 5.5 with
acetig acid, and NAA—14C wag added to a final concentration of 2 x 10"7M.
To aliquots of 5 ml, 50 pl of either water or unlabelled NAA were added
fo give final concentrations ranging up to 5 x 10"4 M. Three 1.5 ml
samples were taken from each aliquot and centrifuged at 38,000 g for
30 minutes. Pellets were recovered and counted as previously described.
The results of one of these early experiments afe shown in Fig. 3 and
Table 1. The data are consistent with those of Hertel et al., (1972)
and demonstrate that the radioactivity retained in the pellet decreases
with increasing concentration of unlabelled NAA, indicating saturation

kinetics.



Early experiment showing the binding of
NAA-14C t0 a membrane fraction from

Zez mays coleoptiles. Each point is
the mean of three replicates. Standard

errors of mean values are shown as

vertical bars drawn symmetrically about

the mean. Each bar is twice the 3.H.



PELLET DPM PER g FRESH WT.
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1,500 |-

1,300

1,100 -

/s | !

V/4 L
107 108 105 104

NAA CONCENTRATION (M)

1073



Table 1

Table 2

Comparison of data from Fig. 3 with data from
Hertel et al., (1972). The range of NAA
concentrations was 2 x 10 M to 5 % 1074 m.
(*Comparison on a cpm basis must assume the

same specific activity of NAAM14C, and the

-same counting efficiency).

Improvement of binding data by modified
buffers (Hertel, 1974) and pestle and mortar
homogenisation, Binding activity is assayed

between 2 x 10! M and 5 x 1074 .




Table 1
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BINDIRG ACTIVITY

FROM FIG. 3| ¥ROM HERTEL et al., 1972

% Specific binding

*A cpm per g fresh wt.

28
376

24
310

Table 2

g fresh wt.

CONDITIONS ORIGINAL BUFFERS MODIFIED BUFFERS MODITIED BUFFERS
10Kg SUPERNATANT 10-38Kg PELLET 10-38Kg PELLET
MECHANICAL MECHANICAL PESTLE & MORTAR
HOMOGENISATION HOMCGENISATION HOMOGENIZATION
A dpm per
418 563 769
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(2) Improved Experiments

The procedure outlined abhove differs from that described

in the‘Materials and Methods section in four respects:

(a) Method of homogenisation.
(b) Buffer composition.
(¢) Membrane-fraction preparation.

(4) Range of unlabelled NAA concentrations.

Using buffers of the composition described in the Materials
and Methods section (Hertel, 1974), a L0~38Kg pellet (unwashed) and
fesﬁle and mortar homogenisation, a marked improvement in binding
activity was found (Table 2 ). Pestle and mortar homogenisation,
modified buffers, and isolated membrane pellets were therefore'used in

subsequent experiments.

Hertel (1974), reported that binding activity was improved
if & washed 10-38Kg pellet (as described in Materials and Methods) was
used in the binding assay. The effect of pellet washing was tested on
four occasions, the first two being in the early stages of this work and

the second two being approximately one year later. (Tables 3 and 4).

The data in Table 3 indicate that washing the pelletbhas
very little.effect on % specific binding and actually reduces the total
specific binding ( Adpm). The data in Table 4, however, show that the
pellet wash improves binding activi%y. The major difference between the
two sets of experiments is that they were performed with different
batches of seed. In experiments performed with the early seed batch,

a pellet-wash step was not included. Ixperiments using the later seed

batch, however, d¢id include the pellet-wash.




Table 3 BEffect of washing the 10-38Kg pellet on binding
activity. Original batch of seed. The range

of NAA concentrations was 2 x 3.0_7 M to 10-4 M.

% The lower binding in this experiment is the

result of mechanical homogenisation,

Table 4 Effect of washing the 10-%8Kg pellet on binding
activity. Later batch of seed. The range of

NAA concentrations was 2 x 1071 ¥ to 1O~6 M.



Table 3

# EXPT. 1 ‘BXPT, 2
BINDING ACTIVITY
-~ WASH + WASH -~ WASH + WASH
A dpm per g 566 493 978 690
fresh wt.
% specific 47 46 4 70
binding
Table 4
M E}{PTQ l EXPT' 2
BINDING ACTIVITY
- WASH + WASH - = WASH + WASH
4 dpm per g 628 838 612 944
fresh wt.
% specific 33 A1 29 40
binding




In the experiments so far described, a wide range of

¥ %o 5 x 1074 M).

unlabelled NAA concentrations was wsed (from 2 x 107
A Scatchard analysis of this data (Figs. 4 and 5) indicates a
homogeneous population of binding sites over the NAA concentration range

6

2 x 1071 M - 10” M, with a K value of 1.3 x 10-6 M. The concentration

of binding sites, n, 1is estimated to be 72 pmole per g fresh weight of

tissue. Abo;e 10“6 M NAA, Dinding saturates very slowly with

increasing NAA concentration, indicating ;ow aeffinity, possibly non-

'SPecific bindingy at a large number of sites. Therefore, in order to

investigate the parameters of the high affinity sites, binding over the
6

concentration range 2 x 1077 M to 107° M NAA was investigated in greater

detail.

Figs. 6 and T show the results.of an experiment using the
modificatiors described above.l Also, in this experiment, the initial
pellet éréparation and final pelleting step were performed at 8CKg and
150Kg respectively. The combination of all these factors results in the
mean total 5inding activity from a number of experimenté being improved
to 1,369 f 68 apm per g fresh weight. From Fig. 6, it can be seen,
as before, that as the NAA concentration increases, pellet radioactivity
decreages, indicating saturation of the NAA binding sites. The pellet
radicactivity never decreages to zero over this concentration range,
since there is always residual low affinity binding together with
radiocactivity trapped in the small volume of aqueous phase in the pellet.
The Scatchard analysis (Fig. T ) gives a biphasic plot, indicating that
within the membrane preparation there are at least two sets of high

affinity binding sites for NAA. The binding parameters of the two sites




‘can be célculated directly from the intercepts and slopes of the two

lines, and are as follows:

1.5 x 1077 M

"

Higher affinity site, (site 1),XK;

n = 35 pmole per g fresh weight

16,1 x 10~ n

Lower affinity site, (site 2), K,

n, = 96 pmole per g iresh weight

X and n-values were found to vary between experiments. A two~to-three

. fold variation in K was observed.

The tecﬁnique for evaluating the hinding parameters from a
Scatchard plot indicating two classes of independent sites, has recently
béen refined by Hunstoﬁ (1975). Table 5 shows a comparison of the K
and n-values as determined by the Hunston analysis and the intercept-
slope analysis. As can be seen, the K values dc¢ not differ appreciably,
but the analysis results in a different distribution of binding sites
between ny and Dye Since interest was primarily in the values of the
dissociation constants, the simpler intercept-slope evaluation of X and

n was used.

(3) The Effect of pH on Binding of maa-t4o

The effect of pH on total binding activity is shown in
Fig. 8. Very low activity is observed at pH < 5.0 or pH > 7.0, A
distinct optimum is seen at pH 5.5, and reasonable activity is still

apparent at pH 6.0 and pH 6.5.



Fig. 4

Fig. 5

Binding of NAA~14C to a 4-38 Kg, washed
membrane pellet from Zea colecptiles, over
a wi@e range of NAA concentrations.

Fach point is the mean of three replicates.

Scatchard analysis of data from Fig. 4.
Fach point is the mean of three replicates,
and lines were computed using standard

regression analyses.

1

kK = slope

n = intercept on x-axis.
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Fig, 6

Tig,

Binding of NAA—14C to membrane fractions
prepared from Zea coleoptiles. Pestle and
mortér homogenisation, modified buffer
conditions, 4=-80Kg washed peliet and a

range of NAA concentrations of 2 x 107! M %o
107 M were used. Each point is the mean of

three replicates.

Scatchard analysis of the data from Fig. 6.
Each point is the mean of three replicates,

and the lines are drawn by standard regression

analyses.
X = 1

1 = slope of line through first five points
K _ 1

2 7 slope of line through last five points
n, = intercept of first line on x-axis

n +n, = ‘intercept of second line on x--axis
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Table 5

A comparison of the binding parameters for site 1
and site 2 as determined by the Hunston analysis
and the intercept~slope analysis. The data
represent the mean values from five experiments
in which a 4~80Kg membrane pellet and a range éf‘
NAA concentrations of 2 x 1077 M to 107 M were

used.




— ———

Table 5 .

g fresh wt.)

PARAMETER HUNSTON ANALYSIS { INTERCEPT-SIOPE ANALYSIS
K, () 1.4 x 1077 1.8 x 107/
(pmole per 31 52
g fresh wt.)
&, (1) 16.7 x 107 14,5 x 107
(pmole per 122 101




Fig. 8 "Effect of pH on total binding activity. -
The range of NAA concentrations was

2 x 1077 M 10 5 x 1074 M.
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(4) Identification of Radioactivity in the Membrane

Pellet as NAA—14C

It is possible that a coleoptile homogenate has the
capacity to metabolise excgenous NAA so that the radioactivity in the

rellet is no longer present as NAA~14C,

but as a radioactive metabolite.
Since experiments are performed at O-4°C, such metabolic changes are
unlikely., However, in order to examine this possibility, a membrane
fraction was prepared as normal and NAA—14C addéd. The fraction was
recentrifuged, the radioactive pe}let rinsed with distilled water, and
resuspended in a minimum volume of methanol, After centrifugation,

the methanol extract was loaded onto a thin-layer plate. A similar
plate, with Naa-Thc standard, was also prepared. The plates were
"developed in n~butanol:acetic acid:water (62:25:15, v/v) and after

drying, they were cut up into R_. zones and counted in 10 ml TBS. The

£
results aré shown in Fig. 9 and it can be seen tuat the radiocactivity
from the membrane pellet migrates as a single peak corresponding to the
NAA~14C standard at Rf 0.8. Thus it appears that under the experimental
conditions described, no metabolism of NAA«14C is taking place.

(5) solubilisation of Binding Activity

Under the extraction conditions used, the membrane material
forms closed vesicles (see Plates 9L  Thus, it is possible that the
“pelletable binding activity does not reflect the binding of NAA«14C to a
receptor on the membrane surface, but rather that it demonstrates the
concentration~dependent transporf of NAA-14C intc the vesicles. To test
thié possibility, the membranes were solubilized usiné the detergent,

Triton-X-100, and binding activity assayed using equilibrium dialysis.




Thin~layer chromatography on plastic-
backed silica plates in n-butanol:acetic

acidivater, (62:25:15, v/v).

A NAA-14C Standard

B : Methanol extract from a radioactive

membrane pellet.
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(See Materials and Methods). If binding activity represents transport
into vesicles, a large proportion of the activity should be lost after

this treatment.

From the results shown in Table 6 it can be seen that, on a
total activity. ba51s (A dpm per ml per g tissue), the TrltOntOlublllZed
preparatwon retains 87A of the blndlng activity of the 'ecrude! control.
On a specific activity basis (A dpm per ml per mg protein) there is
over a itwo~fold enrichment in binding activity. Thus, it seems that

NAA—14C binding is not a reflection of transport into membrane vesicles.

(6) The Binding of Taa-14C %0 a Membrane Pellet from Zea coleoptiles

Since IAA is an endogenous auxin of Zes mays coleoptiles
(Greenwood et al., 1972), the binding activity of IAA~14C to the membrane
preparations was examined (Fig. 10 )«  As previously described for
NAA~14C bihding, there appears to be two sets of binding sites (Fig. 11 )
with K values for IAA of 1,7 x 107 1 ana 5.8 x 10~0 M, and n values of
51 and 100 pmele per g fresh weight respectively. The binding
affinities are 5 to 10 fold lower than those calculated for NAA, and

consequently the observed A dpm is considerably reduced. The numbers of

binding sites are in remarkable agreement with those obtained for NAA.

(7) A Comparison of the Binding of Other Radioactive Auxins

with NAA-14C Binding

Table 7 shows a comparison of total binding activity obtained

with NAA-14C, IAA—14C, 2,4me14C and 2,4,5=T«14C over a concentration

range of unlabelled auxin between approximately 2 x 10”7 M and 10_6 M




Table 6

Equilibrium dialysis of a 'crude' and a

Triton—X-100 solubilized 4-38Kg membrane

‘and sample.
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Fig, 10 Binding of IAA~14C to a membrane pellet from
Zeg coleoptiles. EBach point is the mean of

three replicates.

Fig. 11 Scatchard analysis of the data from Fig. 10,
Each point is the mean of three replicates
and the lines are drawn by standard

regression analyses.
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Table 7

Comparison of total binding activities of
a 4-38Kg pelle, obtained with Naa-+4c,
Taa-Y4c, 2,4-p-14c ana 2,4,5-0-4c.

The range.of concentration of auxin was

2 % 10”7 M %o 10~° m.



‘Mable 7

COMPOUND NAA TAA 2,4-D { 2,4,5-T
BINDING ACTIVITY

( adpn/e {90922 | 16275 | 105716 | 475%23

fresh Wto)

68.



These data show that, in terms of A dpm per g fresh weight, NAAF14C
gives ﬁuch better results than the other auxins, The low valué for
2,44)éan in part be exblained by its lower specific activity (28 mCi per
mmole), but the specific activities of the other compounds are'of the
game orders as that of NAA. It is possible to estimate K and n values
with these low levels of binding (Figs..lQ and 11) but the errors are
often so great as to render the data of doubtful #alue. 1t was

therefore decided to use NAA—14C in all subsequent studies.
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: A
2. THE AUXIN~-SPECIFICITY O THRE NAA-I%C BINDING SITES

If the binding of NAA—14C has relevance to the physiological
activity of auxins, the binding sites should exhibit some measure of
specificity. In order to examine this importani question, several
euxin analogues were tested for their ability to interact with the two

sets of NAA binding sites.

(1) Determination of the Growth Activity of Auxins and Analogues

Most of the published information on the physiological auxin
activity of synthetic auxin analogueé, derives from the 1950's when the
chemical purity of the compounds tested was often not rigorously
established. It was thexefore decided to retest the selected compounds
for auxin activity and to include tests on the species (Zea) being

studied. This was done by:

(a) Standard bioassay techniques.

(b) Rapid growth measurements.

The sténdard bioassays measure the net effect, after 24
hours, of a number of processes resulling in stem elongation. In the
rapid growth measurements, coleoptile elongation can be detected within
10 min (Ray and Kuesink, 1962) and it might be argued that this assay is

more closely related to the primary response to an auxin.

The auxins and auxin analogues used in the experiments are
listed in Table 8, together with their activities as already quoted in

the literzture.



Table 8

List of auxins and auxin analogues used

in auxin-specificity experiments.

(1) oOsborne et al., (1954)
(2) Niedergang-Kamien and Skoog, (1956)
(3) Thomson et al., (1973)

1
(4) Morgan and soding, (1958).




1.

ABEREV.

COMPCOUND STRUCTURE REPCRTED AUXIN ACTIVITY=*
3windolylacetic TAA +++, very active
acid [ I:ijrCHZCOOH
N
H
l-naphthylacetlc CH,COOH
acid NAA +++, very active
H COCH
2,4~dichloro- 2"
phenoxyacetic 244D ++t+, very active
acid -
2,6~dichloro- Q0~CH,COOH Inactive; antiauxing
phenoxyacetic 2,6-D Cl Cl slight activity after
acid 6 br but not after
, 24 hr  (1).
2,4,5wtriohloro— : 0-CH,COOH
phenoxyacetic | 2,4,5«T Cl +i+, very active
acid :
Cl
Cl
a=(2=chloro- ?Hg
phenoxy)- 2~CPIBA Strong antiauxin
isobutyric - C COOH
acid Cl Ch
. . CCOH )
Benzoic acid BA t Inactive
- COOH
244~dichloro-
benzoic acid 2,4-B [i:]C‘ Inactive
C!
2,6-dichloro- . §OOH .
benzoic acid 2,6~B CIT:i:ICI + slightly active
2,3,5=triiodo~ COCH Weak auxin; strong
benzoic acid TIBA 1 antiauxini inhibitor
’ of polar auxin transpert
I I (2), (3)-
- 1=-N-naphthyl- Inhibitor of polar
phthalamic NPA @CONH Q auxin transporit
acid COOH Q (3), (4).

*As quoted by Jonsson (1961) for the oat coleoptile cylinder test.



() Standerd Bioassays

The results of the corn coleoptile, oat coleoptile and
pea internode straight growth tests are shown in Table 9. IAA, NAA,
2,4-D and 2,4,5-T show highly significant growth activity at 2072 M in
all three tests. BA and 2,4-B show no growth activity. 2,6~B,
2-CPIBA and 2{6~D are inactive in the oat and corn coleoptile tests but
in the pea internode test, 2,6-D shows significant activity at 10™% M,
and 2,6~B is also slightly active at this concentration; 2-CPIBA at
'10"5 M shows very slight activity in the pea'test, These results are,
in general, consistent with those quoted in Table 8 apart from the

lack of activity of 2,6~B in the oat test. No attempt was made to

measure anti-guxin activity.

(b) Rapid Growth Measurements

Activity of the auxins and auxin analogues (at a concentration
of 10"5 M) in inducing rapid elongation regsponses in corn coleoptile
segments is illustrated in Fig. 12 and Table 10, The terms "latent

period" and "promoted rate of growth" will first be explained.

Fig. 13
z
[®)
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z
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Table 9

Standard bioassay data. All compounds were tested
at 107> M.  Compounds inactive at 10 ° M were also
tested at 10“4 M. Results obtained at the higher
concentration are indicated +. Results show the
mean * S.E. of 10 segments. Significance values

are from a "Student's" t-test, using the notation

already described.

% change above control =-(969 x 1007Z) + (E%Q x 1007)

where C = buffer control length
U = original segment length (5 mm for oat and corn
segments; 10 mm for pea segments).
F = final length with compound,.

Values are corrected to the nearest Z.
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Fig. 12

Traces from rapid growth experiments.

.

. 10 mM Phosphate buffer, pH 6.0, 25°C.

102 M TAA and 1072 M Ba.

107 M 2,4-D and 1072 M 2,6-D.

107 M NAA and 1070 M 2,6-B.

H O a . =

e

107 ¥ 2,4,5~T and 10~ M 2,4-B.

Arrows indicate time of commencement of

analogue treatment.
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An endogenous rate of growth is first measured with the
segments bathed in buffer. After application of an active test
compound, this endogenous rate is mainfained for some time gnd then an
increased growth rate is observed, which gfadually increases to a
maximum. The lines of the endogenous growth and the promoted growth
are extrapolated to meet at the point, i. The time between t = 0 and
t =xis knowﬁ as the "latent period", "Promoted rate of gmowtﬁ" is

the maximum growth rate obtained, minus the endogenous rate.

When the coleoptile segments are left in 10 mM phosphate
buffer, pH 6.0 at 2500, an endogenous rate of growth which varies
between experiménts from approximately 6 um per min to 20 uym per min,
is observed- (mean endogenous rate = 14,8 £ 0.8 ym per min). After
about 55 min, the growih rate in phosphate buffer increases to
approximately 40 pm per min (Fig. 124 ). This may represent re-
gengration of the physiological tips of the coleoptile segments (Evans,
1973). In order to avoid this, segments were not preincubated for

longer than necessary, and experiments were completed within 1 hour.

Fig. 12 B,C,D | and E, show that TAA, NAA, 2,4-D, and
2,4,5=T all promote rapid elongation of the coleoptile segments. BA,
246-D, 2,4~B and 2,6-B are without effect, although the "phosphate
effect" (Fig.12A ) is usually detectable. 2,6-B was also tested at a
concentration of 10~4 M and still showed no activity. From Table 10 ,
it can be seen that IAA gives the largest promoted rate of growth of
81 um per min, with a latent period of 14.5 min.. These data are
consistent with published results for oat coleoptiles (Ray and Ruesink,

1962; Philipson et al., 1973) and are also in general agreement with the



Table 10

" Results of rapid growth experiments.

Numbers in brackets represent the number of

experiments performed, and the data show the

mean x S.E. of those experiments. Compounds

were tested at 10~ M.

} 2,6=B was also tested at 10”4 M, the same

result being obtained.



Table 10

COMPOUND ' LATENT PERIOD (min) | PROMOTED RATE OF GROWTH
(um per min)

144 (8) 14,5 ¥ 1.5 80,8 ¥ 6,7

Naa (9) 16.6 ¥ 0.7 5803 = 843

2,4;1) (1) 20.0 ¥ 1,5 51,7 * 2.3

2,6=D (5) NO AGTIVITY NO ACTIVITY

2,4,5-T (5) 20.6 ¥ 2,2 57.9 % 3.3

B (3) NO ACTIVITY NO ACTIVITY

2,4-B  (4) NO ACTIVITY NO ACTIVITY

2,6-B+ (5) NO ACTIVITY NO ACTIVITY




previous determinations of the compounds as 'active! or ‘'inactive!
(Tavle 8 ). 2,6~B is reported to have slight auxin activity
(Jonsson, 1961) but, in the agsays used so far, has given a positive

result only in the pea internode test.

(2) Competition Experiments = The Ability of Auxins and Auxin

"Analogues to Compete for the NAA Binding Sites

Since radiocactive auxins other than NAA show poor binding
activity (Table 7 ), and only a Limited range of radioactive analogues
is available, it was not possible to test the auxin-specificity of
binding directly. An indirect method was chosen which used the
principles, developed in enzyme;kinetics studies, for examining the
effect of enzyme inhibitors (Dixon and Webb, 1?58). The proéedure was
to analyse the binding of NAA¢14C(over the usual concentration rangej to
a membrane fraction,in the presence and absence of a fixed concentration
of the auxin analogue under investigation. The data were calculated
from a double-reciprocal plot ( %'vs. % ), computed by a weighted

regression analysis (Wilkinson, 1961),

In the case of enzyme-~inhibitor interactions, & range of
interpretations of the data has been defined (Dixon and Webb, 1958).
However, in the present study, only three situations have been

distinguished:

(a) "Competitive"
(b) "Not-competitive"

(¢) "No competitiont®,

The graphical equivalents of these interactions are demonstrated in

Tigs 14.




Fig. 14 Graphical representation of the possible
" interactions between NAA and an auxin analogue.
Graphs are simplified by considering one

binding site only.

A ¢ Competitive interaction,
B ¢ Not~competitive interaction.

C : No competition.

————— = guxin analogue.

—————— 4 guxin analogue.
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Fig. 14, A (ii) shows the double~reciprocal plot for a purely
competitive interaction. The two lines, in the presence and absence

of the compound, cross the % ~axis at exactly the same point yielding

a common n-value. The result illustrated in Fig. 14, A (iii) is often
obtained (referred to as the "crossover" effect), where the two lines
intersect in ?he'pOSitive quadrant of the graph,-rather than on the

% ~axis. There is no kinetic explanation other than competitive for
this situation, which probably arises because non--gpecific binding is

- not subtracted from the data. When this is done, the "crossover" (C.0.)
effect is reduced. However, this procedure was considered undesirable
sinee it appears to distort the kinetic analysis (particularly in
mesocotyl experiments described later). Furthermore, no genuine
plateau value is ever achieved at practical coneentration limits and
henee the selection of a non-gpecific binding level becomes an arbitrary

process.

Fig. 1l4,B shows the situation described as "not-competitive",
An interaction in the binding process does occur, but it is not
00mpetifive. The double-reciprocal plot may have a variety of forms
(ii - iv), in all of which the n~values in the presence and absence of
analogue, should be significantly different. In the "no competition®

situation (Fig. 14, C), the lines in the presence and absence of the

auxin analogue are superimposable.

¥igs. 15=-24 show representative examples of the interactions
vhich each of the selected compounds has with the NAA binding sites. The
figures present the ordinary binding curve (4A) and the double=reciprocal

plots (B and C) for the high and lower affinity sites (referred to as site 1



and site 2 respectively). For interactions which show “no competition®,
double~reciprocal plots were not pefformed since the result is obvious
from inspection of the ordinary binding curve. For competitive

interactions, Ki values were calculated.

It'is possible to obtain statistical -evidence that an
interaction is»"eompetitive" by performing a 't!'-test on the n-values
obtained from the weighted regression analysis. Thege 't'w~tests are
shown on the corresponding figure legends. In the "competitive" case,
+ the n-values should be nof significantly different. (in exception to
this is where there is a marked "crossovexr" effect, (see Pig. 19, B)
where, although the interaction is obviously competitive, the n~values

are significantly different).

Table ‘11 summarises the results from a number of experiments
. performed with each compound. For site 1, IAp (Fig. 15), 2,6~D

(rig. 17 ), 2,4,5-T (Pig. 18), 2-CPIBA (Fig. 19), BA (Fig. 20), 2,6-B
(Fig. 22 ), TIBA (Fig. 23) and NPA (Fig. 24) all have unanimously
tcompetitive" interactions. 2,4-D (Fig. 16) and 2,4~B (Fig. 22) show
some evidence for "competitive" and some evidence for "not—competitive®
interactions. Tor site 2, however, 2,6-D, BA and 2,4~B show either

"no competition" oxr "notucompetitive" interactions whereas TAA, 2,4-D,

244,5~T, 2-CPIBA, TIBA and NPA are all competitive.

Thus, it seems that the compounds generally believed to be
inactive (2,6-D, BA and 2,4~B), are able to compete for site 1 but not
for site 2. The active auxins (IAA, 2,4~D and 2,4,5-T), the antiauxin
(2-CP1BA), and the auxin~transport inhibitors (TIBA and NFA), all compete

for site 2 and generally for site 1 also (the only exception being the



8l.

variable behaviour of 2,4-D). 2,6-B gives variable results for site 2
but it does show some evidence for competitive behaviour, whereas
244-B"shows no such evidence. It is important to note here that the
Ki-values obtained for the TAA interéction (2.5 x 107 ¥ for site 1 and

. 703 X 10-6

M for site 2) are of the same order os the K~values obtained
from direct binding studies (1.7 x 1076 M for site 1 and 548 X 1078 n

for site 2, Fig. 10).

In concluéion, it appears that site 2 shows the binding
specificity compatible with the expected properties of an auxin-receptor
site, in that only active auxins, auxin antagonists or auxin transport
inhibitors interact competitively. Binding to site 1, on the other hand,

is lesg specific,



Fig. 15 IAA

competition for NAA-4C binding sites in

a membrane fraction from Zea coleoptiles.

A,

Binding data.
Each point represents the mean of three

replicates.

Double~reciprocal plot of site 1 data.
Bach point represents the mean of three
replicates, and the lines are computed by
a weighted regression analysis through all

the data.

Interaciion = competitive, Ki = 4.9 x 1076,

Double~reciprocal plot of site 2 data.
Calculated as for site 1.

6

Interaction = competitive, Ki = 16,1 x 10 M.

O-——0 NAA only

Hw—x  + 8B

x 10'6 M IAA.

Statistical Analysis n ha S.E. (x 10_11 molesg per assay) is

calculated by the weighted regression analysis.

SITE 1 SITE 2
n(NAA) n(IAA) t |signif.| n(NAA) n(Is4) t  |Signif.,
3,833%0,126(4.093%0,402} 0.616| ¥.s. ]10.690%0.779]10.430%1,9271{0.125| N.s.
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Pig, 16 '2,4—D competition for NAA-""C binding sites in a

membrane fraction from Zea coleoptiles.

A. Binding data.
Each point represents the mean of three

replicates.,

B. 'Double-reciprocal plot of =mite 1 data.
Bach point fepresents the mean of three
replicates and the lines are computed by a
veighted regression analysis through all

the data.

Interaction = Not=competitive.

C. Double-reciprocal plot of site 2 data.
Calculated as-for site 1.
Interaction = competitive, Ki = 2,5 x 1077w,

O————0 NAA only

X

X  + 107 M 2,4-D.

Statistical Analysis n ¥ S.E. (x 1071 pmoles per assay) is

calculated by the weighted regression analysis.

SITE L SITE 2

n(NAA) n(2,4~D) t [Signif. n{NAA) n(2,4~D) t Signif.

2.014%0,112{1.281%0.106 |4.729| == 7.458%0,910!8.746%1.107 [0.899] N.s.
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Pig. 17 2,6~L competition for NAA—14C binding sites in a

membrane fraction from Zesa coleoptiles.

A. Binding data.
Each point represents the mean of three

‘replicates.

Binding data shows for site 2,

Interaction = No competition.

B. Double-reciprocal plot oflsite 1l data.
Each point rgpresents the mean of three~
replicates and the lines are computed by
a weighted regression analysis through all

the data.
Interaction = competitive, Ki = 1.1 x 1077u.

O——0 NAA only

X+ 1077 M 246=De

Statistical Analysis n & S.E. (x 10 moles per assay) is

calculated by the weighted regression analysis.

SITE 1

n(NAA) n(2,6-D) t Signif.

1.023%0.108 | 1.136%30.12% | 0.689 | w.s.
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Fig. 18  2,4,5-T competition for NAA-T4C binding sites in

a membrane fraction from Zea coleoptiles.

A. Binding data.

Each point is the mean of three replicates.

B. ﬁouble-reciprocal plot of site 1 data.
Each point represents the mean of three
replicates and the lines are computed by a
) weighted regression analysis through all ihe

data.
Interaction = competitive, Ki = 2.5 x 1076 u.

C. Double=reciprocal plot of site 2 data.

Calculated as for site 1.
Interaction = competitive, Ki = 9.1 x 10-6 M.

O———-0 NAA only

X +5x 107 2,4,5=T.

X

Statistical Analysis n ¥ s.E. (= 10"11 moles per assay) is

calculated by the weighted regression analysis.

SITE 1 SITE 2

n(NAA) 0(2,4,5~T){ t |Signif.| n(NAA) n{2,4,5-1)] t |Signif.

3,035%0,1984.292%1,237]1.,003 N.s. |5.248%0.287|5.481%1.015)0.221] W.s.
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Fig, 19 2~CPIBA competition for Naa-4c binding sites in

a menmbrane fraction from Zea coleoptiles,

A. Binding data.
Each point represents the mean of three

replicates,

B. Double-reciprocal plot of site 1 data.
Each point represents the mean of three
. replicates, and the lines are computed b& a
weighted regression amalysis through all the

data.

6

Interaction = competitive, Ki = 2.6 x 10 M.

C. Double-reciprocal plot of site 2 data.

Calculated as for site 1.

6

Interaction = competitive, Ki = 6.5 x 10 M.

OO NAA only

X +5x 10'6 M 2-CPIBA.

X

Statistical Analysis n ¥ s.E (x 107 moles per assay) is

calculated by the weighted regression analysis.

SITE 1 SITE 2
n(NaA) n(2-CPIBA)| t |[Signif.| n(Naa) n(2-CPIBA)} t |Signif.
2.232%0,2993.769%0,4832.706]% (c.0.) l4.397%0,511{5.677%0,720{ 1.450| N.S.
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Tig. 20 BA competition for NAA—14C binding sites in a

membrane fraction from Zea coleoptiles.

A. Binding data.
Each point represents the mean of three
replicatés.
" Binding date shows, for site 2

interaction = No competition.

B. Double-=reciprocal plet of site 1 data.
Each point is the mean of three replicates
and the lines are computed by a weighted

regression analysis through all the data.

Interaction = competitive, Ki = 6.0 x 10"6M.

O NAA only

K————X + 5 X 10"6 M BA.

Statistical Analysis n¥s.B. (x 107 moles per assay) is

calculated by the weighted regression analysis.

SITE 1

n(NAL) n(B4) % Signif.

1.225%0,086 |1.322%0,182 | 0.485| w.s.
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Fig. 21'.72,4-3 competition for NAA—14C binding site in a

membrane fraction from Zea coleoptiles.

A. Binding data.
Each point represents the mean of three

replicates.

B. .Double-reciprocal plot of site 1 data.
Each point is the mean of three replicates
and the lines are computed by a weighted

regression analysis through all the data.
Interaction = Not-competitive.

C. Double-reciprocal plot of site 2 data.

Calculated as for site 1.

Interaction = Not—oompetitive.V

O} NAA only
6

X X +5x10° M 2,4-B.
s oox . + -11 .
Statistical Anslysis n ~ S.EB. (x 10 moles per assay) is
calculated by the weighted regression analysis.
-
SITE 1 . BITE 2
n(NAA) n(2,4-B) t |Signif.| n(Naa) n{2,4-B) t |{Signif.

4.129%0,184|3.401%0,213| 2,591 % 17.488%0.472|5.532%0.477] 4.337] **
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Tig.

22 2,6~B competition for NAA~14C binding sites in a

membrane fraction from Zea colecptiles.

A+ Binding data.
Bach point represents the mean of three

replicates.

B. Double-reciprocal plot of site 1 data.
Bach point is the mean of three replicates
and the lines are computed by a weighted

regression analysis through all the data.
Interaction = competitive, Ki = 7.9 x 10“5M.

C. Double-reciprocal plot of site 2 data.

Calculated'as for site 1.

Interaction = competitive, Ki = 7.l x lO_GM.

O———0 NAA only

X+ 1077 M 2,6-B.

b.s
Statistical Analysis n *s.E (x 107+ moles per assay) is
calculated by the weighted regression analysis.
SITE 1 " SITE 2
n(NAA) n(2,6~B) t Signif. | n(Naa) 1(2,6~B) t Signif,
3,68920.550 {3,395 20.695{1,050| N.S. [9.762%2.354(17.184%4.875]1.371| W.s.
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Pig. 23  TIBA competition for nas-t4c binding sites in a
membrane fraction from Zes coleoptiles.
A, Binding data.
Each point is the mean of three replicates.
B. Double~reciprocal plot of site 1 data.
Each point represents the mean of three
replicates and the lines are computed bj a
weighted regression analysis through all
the data.
Interaction m'competitive, Ki = 2.8 x IO-GM.
C. Double=reciprocal plot of site 2 data.
Calculated as for site 1.
Interaction = competitive, Ki = 3.0 x 10“6M.
Or——0  NAA only
X x +2x107° 1 1A,
Statistical Analysis n¥s.E (x 107 moles per assay) is
calculated by the weighted regression analysis.
SITE 1 SITE 2
n(NAA) n(TiBA) t |Signif.] n(Naa) n(TIBA) t Signif.
5.574%0,707 |5.93220.629{0.378| N.5. [11.897%1.354|14.334%2.587]0.833] n.s.
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Pig, 24

NPA competition for NAA~14C binding sites in a

membrane fraction from Zea coleoptiles,

A.

Binding data.

Each point represents the mean of three
replicates.
Double-reciprocal plot of site 1 data.

Each point represents the mean of three-
replicates, and the lines are computed by

a weighted regression analysis.

6.

Interaction = competitive, Ki = 3.0 x 10 M.

C. Double-reciprocal plot of site 2 data.,

Calculated as for site 1.

Interaction = competitive, Ki = 2.3 x 10~5M.

O-~—=-Q NAA only

X X

Statistical Analysis

6.

+ 8¢3 x 107 "M NPA.

n ¥ 8.BE. (x 107 moles per assay) is

calculated by the weighted regression analysis.

SITE 1 SITE 2
n(NAA) n(NPA) t |[Signif.| n(NaA) n(NPA) t |Signif.
2.223%0,11413,092%0,41612.016 | ¥.5. |7.976%0.78217.692%1.366]0.180| N.S.
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Table 11

Summary of the results of the competition
experiments. Mean Ki values are calculated
for competitive interactions. The numbers
in the "competitive!, "not-—competitive"™ and
"no competition" columns represent the
number of times that particular interaction

occurred.
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3. THE INTERACTION OF OTHER PHYTOHORMONES WITH THE NAA BINDING SITES

There are many repcrts of exogénously applied plant hormones
interacting in the physiological effects produced by other exogenously
applied plant hormones (e.g. Galston and Davies, 1969; Wareing et al.,
19683 Tanada,71972). One hormone is said to "modify®, "decrease",
"overcome", "reverse", "counteract", "inhibit", "potentiate", etc. the
action of the other. In this study, the ability of the hormones GA5’
ABA, benzyladenine and kinetin to compete for the NAA binding sites was
tested. The experiments were performed as described for the "competition“,‘

experiments in the previous section.

\

The reéults are shoym in Pigs. 25-27 and Table 12. ABA
(Pig. 25) appears not to interact competitively with either site 1or
site 2. Benzyladenine (Fig. 26) is competitive for site 2 and either
not-competitive or very weakly competitive for site 1. Kinetin (not
illustrated) is also only weakly competitive for site 1 and gives varied
‘results for site 2. When the interaction is competitive, the site 2 Xi
agreeé with that obtained for benzyladenine. GA3 (Fig. 27) competes for

site 1 but not for gite 2.

It thus appears that ABA does not interact with either site 1

or site 2, GA, is competitive for site 1 hut not site 2 and, in general,

3

the cytokinins tested interact competitively with site 2 and weakly with

site 1 also.




Tig. 25 ABA competition for NAA—14C binding sites in a

membrane fraction from Zea coleoptiles.

A: Binding data.
Each point represents the mean of three
replicates. |
Binding data shows that interaction = no

competition,

O—————Q  NAA only

Yo o 6 X 10_6 M ABA.
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Fig. 26 Benzyladenine competition for NAA—14C binding sites
" in a membrane fraction from Zea coleoptiles.

'

A. Binding data.

Each point represents the mean of three replicates.

AB. Double~reciprocal plet of site 1 data.
Bach point represents the mean of three replicates
cand the lines are calculated by a weighted

regression analysis through all the data.
Interaction = not-competitive,

C. Double reciprocal plot of site 2 data.
Calcuvlated as for site 1.

6

Interaction = competitive, Ki = 6.6 x 10 M.

OO0  NAA only

X + T x 10~6M Beniyladenine

R

1

Statistical Analysis n = S.E. (x 107 poles per assay)

calculated by the weighted regression

analysis.

SITE 1 SITE 2

n(NAA) n(Ben.td. ¥ t |Signif. n(NaA) n(Ben.Ad.)] + |Signif.

2.733%0.168| 2.63340.290 [0.299{ N.s. 5.764%0.638{7.898%1.150]1.857| N.s.
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Fig. 27 GA5 competition for NAAml4C binding sites in a

membrane fraction from Zea coleoptile.

A, Binding data.

Each point represents the mean of three replicates.

" Be Double reciprocal plot of site 1 data.
Each point represents the ﬁean of three replicates
and the lines are computed by a weighted
regression anaglysis through all the data.
6.

Interaction = competitive, Ki = 3,2 x 10 M.

C. Double reciprocal plot of site 2 data.

Calculated as for site 1.

Interaction = not-competitive.

O NAA only

X +6x 10"6 M GA,.

3

Statistical Analysis n % s.E. (x 107 moles per assay)

calculated by the weighted regression

analysis.
SITE 1 SITE 2
n(NAA) n(GA3) t  |Signif. n(NAA) n(GAB) t |signif.
1.943%0.238 £2.385%0.300(1.154| N.S5. [3.916%0.534]3.592%0,568)0.415] w.s.
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Tablel2 Summary of the results of the experiments considering
the interactions of other phytohormones with the NAA

.binding sites.

Mean Ki values are calculated for competitive

interactions.

The numbers in the "competitive, "not-competitive"
. and "no—competition" columns represent the number of
p P

times that particular interaction occurred.
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4. INTRACELLULAR TLOCALIZATION OF THE AUXIN BINDING SITES

The binding of radicactive NAA to a preparation referred to
as a "crude membrane preparation" has been demonstrated. Some of the
questions which suggest themselves are (i) what is the nature of this
membrane fraction? and (ii) are the binding sites localized specifically

in particular types of membranes?

(1) Differential Centrifugation of the Goleoptile Homogenate

The first approach to the problem of the cellular localization
of binding activity.was to examine binding in a variety of fractions,
obtained by differentizl centrifugation of the coleoptile homogenate.

The total binding activities in the 0-1 Kg, 1-4 Kg, 4-10 Kg, 1-10 Kg,

4~38 Kg, 10=~38 Kg and 4-80 Kg pellets are shown in Table 13.

Greatest binding activity is obtained with a 4~-80 Kg pellet.
A substantial proportion of this activity (67% of the 4~80 Kg value) is
recovered in the 4-38 Kg pellet, and this fraction was most frequently
used since it was operationally convenient to prepare. The 10-38 Kg
pellet contains 45% of the 4-80 Kg binding activity. This pellet will
be depleted of mitochondria relative to the 4-%8 Kg fraction. However,
a substantial amount of binding activity is lost in the 4-10 Kg pellet
and consequently, a'10a38 Kg fraction was not offen used. Significant
‘amounts of binding activity are found in the 1-4 Kg, 4-10 Kg and 1-10 Kg
prellets, which are believed to be enriched in mitochondria. Very little
binding activity is found in the O=~l Kg pellet which contains nuclear

material, starch and cell wall fragments.



Table 13 Total binding activities in pellets obtained by
differential centrifugation of a coleoptile
-homogenate. The range of NAA concentraiion was

% 10T to 10-6M. Figures represent the mean

2

z S.E. of at least three experiments.

Owl Kg = Homogenate cenirifuged at 1,000 g, 10 min.

1-4 Kg' = 1,000 g supernatant centrifuged at
4,000 g, 20 min,

4=10 Kg = 4,000 g supernatant centrifuged at
10,000 g, 20 min,

1-10 Kg = 1,000 g supernatant centrifuged at
10,000 g, 20 min.

4-38 Kg = 4,000 g supernatant centrifuged at
38,000 g, 30 min,

10-38 Kg = 10,000 g supernatant centrifuged at
38,000 g, 30 min.

4=80 Kg = 4,000 g supernatant centrifuged at

80,000 g, 30 min.
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weight

Table 1
. BINDING FRACTION
1 acTIvVITY -
0-1 Kg|l-4 Kg|4-10 Kg|1-10 Kg| 4~38 Kg|10-38 Kg|4-80 Ke
Adpm per | 2656 |180%30 |233t12 |285E51 | 90942 |631d45  |1,%69%68
g fresh .
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(2) Binding Activity in Mitochondrial Fractions

Several lines of evidence aré'available to show that binding
of NaA-—4C to mitochondria does not contribute significantly to the total

binding activity.

Since fhe low speed pellets are enriched in mitochondria, the
nature of the'bipding activity detected in these pellets was first
considered. Tigs. 28 and 29 show that the binding of a‘4—10 Kg pellet
has the kinetic properties of the lower affinity (site 2) binding site,
with no indication of site 1 activity. Similar results are obtained
with l=4 Xg and 1-16 Kg pellets. The poésibility that site 2 binding
represents binding of NAA~14C to mitochondria is rendered improbable by
the finding that a 10-38 Kg pellet, which is relatively poor in mitochondria,

possesses substantial site 2 activity (Figs. 28 and 29).

The activity of a mitochondrial marker enzyme, succinate
dehydrogenase (SDH), in differentially centrifuged pellets was examined,
together with the binding activities of these pellets (Table 14), It
can be seen that-mOSt of the SDH activity is found in the 4-10 Ké péllet,
whereas most of the binding activity is in the 10-38 Kg pellet. A similer
result is obtained with pellets prepared from mesocotyls (Table 15).

(The binding activity of mesocotyl membrane fractions is fully described
later). In both Tables 14 and 15, the same patfern,of results is seen
‘whether specific activities (i.e. on a mg protein basis) or total
activities (on a g fresh weight basis) are considered. The binding
activities in Table 14 represent'predominantly site 2 binding (because of
the NAA concentration range selected), and illustrate further the lack of

correlation between site 2 binding, and mitochondrial activity.



Fig. 29

The binding of NAA—14C by
(a) O——0 a 10~38 Kg membrane pellet

from Zea coleoptiles.

() x

from Zea coleoptiles.

X a 4-10 Kg membrane pellet

Each point represents the mean of three

replicates.

Scatchard plot of data from Fig. 28

o0 10--38 Kg pellet

¥~ X 4=10 Kg pellet

Each point represents the mean of three
replicates and the lines were computed by
standard regression analyses.

K=~values

For the 10-38 Kg pellet, K = 2.9 x 10"

X

, = 10.2 x 10" .

For the 4-10 Kg pellet, K = 15.7 x 107 M.
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Table 14

A comparison of binding activity and SDH activity
in 4~10 Kg and 10-38 Kg pellets from Zea
coleoptiles. Binding is examined between

4 % 1077 M NAA and 14 x 10~ M NAA.
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Table 14
SPECIFIC ACTIVITLIES TOTAL ACTIVITIES
- Binding SDhH Binding SDH
FELLET Activity Activity Activity Activity
(rdpm/mg (nmoles (aépm/g (nmoles
protein) formazan/ fresh wt) formazan/
nin/mg min/g fresh
protein) wie)
4-10 Kg 452 16.0 244 Ted
10-38 Kg 574 54 608 4.3




Table 15 A comparison of binding activity and SDH activity
"in 1-10 Kg and 10-38 Kg pellets from Zea mesocotyls.
Binding is examined between 3% x 10~7 M NAA ‘and

.10"5 M NAA.



102.

Table 15
SPECIFIC ACTIVITIES TOTAL ACTIVITIES
PELLET. Binding SDH Binding SDH
Activity Activity Activity Activity
(Adpm/mg (nmoles (Adpm/g (nmoles
protein) formazan/ fresh wt.) formazan/
min/mg min/g
protein) fresh wt,)
1-10 XKg 22 22,4 21 9.0
10~38 Kg 156 2.3 178 1.2
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A 1-10 Kg pellet prepared from mesocotyls has been further
fractionated on a discontinuous sucrose gradient ("mitochondrial
gradient"), in which mitochondria are reported to sediment at the
1.20M -~ Ll.35M sucrose interface. The bands were recovered from the
iﬁterféces of the gradient and assayed for SDH and binding activities
(Table 16). Total SDH activity peaks at the 1.20M - L1.35M interface,
and although éhis fraction alsé possessges considerable binding activity,
there is clearly no correlation between SDH and binding zctivities in

~:the other fractions (particularly the 0,56M = 0.90M, and 0,90M = 1,20M

fractions).

It therefore seems that the presence of mitochondria in
centrifugal fractions displaying binding activity is no more than

coincidental.

(3) Binding Activity in Membrane Pellets from Zea Coleoptiles

Fractionated on Sucrose Gradients

It has now been established that most of the binding activity
of the coleoptile homogenate is localised in the high-speed (4-38 Kg,
10~-38 Kg, or 4-80 Kg) pellets. The fractionation by discontinuous
sucroséngradient centrifugation.of_a similar pellet prepared from oat
roots has been described by Hodges et al., (1972).  Using this method,
the distribution of the binding activities in a.fractionated coleoptile

pellet was determined. )

The distribution of material from a 4-38 Kg pellet,
fractionated on a "“complex"™ gradient is shown in Plate 3, A. Visible

bands ares seen at all the sucrose interfaces. Fig. 30 shows the



Table 16 A comparison of binding activity and SDH activity
.of a gradient-fraciionated 1-10 Kg pellet from
Zea mesocotyls. Birding is examined bhetween

% % 10~1 M NAA and 3 x 1070 M mAA.
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1050 - 1‘95

Table 16
INTERFACE SPECIFIC ACTIVITLES TOTAL ACTIVITIES
(11 Sucrose) | Binding SDH Binding SDH
Activity hetivity Activity Activity
(Adpm/mg (nmoles (Adpm/ (nmoles
protein) formazan/ assay) formazan/
min/mg nin/assay)
protein)

0456 = 0.90| 1004 3,3 69 0.05
0,90 = 1,20 917 4.1 251 0,27
1,20 ~ 1.35 199 3640 239 10.08
135 = 1.50 183 25.7 38 1.23

8l 10.8 6 C.17




Plate 3 " Distribution of bands in discontinuous

sucrose gradients.
A:‘ "Complex" gradient

Bs "Simple" gradient.
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distribution of total binding activity in the bands recovered from the

gradients. Approximately 60% of the activity is found in the light

fractions (0.56M = 0.81M and 0,81M =~ 0.99M), of the gradients.

Table 17

shows a comparison of both specific and total binding activities in the

gradient-bands,

1ight bands.

Specific activity is also at a maximum in the two

Unfortunately, it is not possible to recover sufficient

material from the bands of the Ycomplex" gradient to perform a full

'

kinetic analysis on each band.

However, Hodges et al., (1972) also

suggested a simplified gradient from which only two bands are recovered.

These bands represent the combination of the two light bands (0.56M -

0,81M and 0.81M = 0,99M) and the three heavier bands (0.99M - 1,14M,

1.14M = 1,29 and 1,29M ~ 1,58M) of the "complex" gradient (Plate 3, B).

Using this “simple" gradient, sufficient material can be easily obtained

for a full kinetic analysis of the two bands.

activity in the two bands isolated from a "gimple" gradient.

As

Fige 31 shows the binding

expected, more activity is found in the light (0.56M ~ 0.99M) band,

(approximately 70% of the total activity recovered from the gradient).

The Scatchard analysis (Fig. 52), suggests that there is only one

distinet set of sites in each band. The mean K and n-values (from 8

experiments) for these bands are as followss

0.56M ~ 0,99M

0099M: e 1.58M

X

3.9 % 0.4 x 1077 M
24 x 3 picomoles per g fresh wt.
11.6 Y12 x107 " m.

32 : 7 picomoles per g fresh wt.



Fig.30

Distribution of binding activity in a 4-38 Kg
membrane fraction from Zea coleoptiles, fractionated
on a "complex" gradient. Binding is investigated

between 2 x 107 1M and 7 x 10~ M NAA.
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Table 17 Binding activity in a 4~38 Kg pellet from Zea
~coleoptiles, fractionated on a "complex"
gradient, expressed as "total" and "specific"

activity.
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Table 17
INTERFACE SPECTFIC ACTIVITY TOTAL ACTIVITY
(M Sucrose) (» dpm per mg protein) ( dpm per g fresh wt.)
0256 = 081" 2057 80
. 0.8l = 0.é9 1515 120
0,99 = 1.14 727 57
1,14 = 1,29 218 30
1e29 =~ 1,58 173 28




Tig,3L Binding activity of a 4-38 Kg membrane pellet from
2182
Zea coleoptiles fractionated on a "simple"
gradient. Each point represents the mean of

three replicates.

0e56M = 0,99M band

W semsemana 3 0e99M — L58M band

Fig. 32 Scatchard plot of data from Fig. 31.
Fach point represenis the mean of three
replicates and the lines are computed by

standard regression analyses.

o—-0 0c56M ~ 0,99M band
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The K values for the light and heay& bands are of the same order as
those previously determined for site 1 and site 2 respectively in
unfractionated 4-38 Kg peliets. It would asppear, therefore, that the
Usimple" gradient provides a means of separating the two binding sites.
If this is indeed the case, the n-values indicate that there is
approximately 50% recovery of site 1 activity and 30% recovery of site 2

activity.

.(4) Auxin~-Specificity of Binding to Light and Heavy Membrane Bands

If the two bands recovered from the "simple" gradient truly

‘ rebrésent the two sites found in an unfractionated pellet, then the
auxin-specificity as determined for the unfractionated sites should be
retained. This was tested by examining the ability of three selected
cbmpounds, IAA, BA and TIBA, to compete for the NAA binding sites which‘
are recovered from the two bands of the ﬁsimple" gradient. The binding
data and the corresponding double-reciprocal plots are shown in Figs. 33
and 34. IAA and TIBA compete for the binding sites recovered in both
bands while BAVCOmpeteS for the binding site in the light band, but shows
no conpetition for the site in the heavy band. Table 18 compares the Ki
values determined for the compounds tested, in unfractionated and "simple"-
gradient-fractionated pellets. It is evident that the binding
specificities of the light and heavy gradient bands correspond to those

pf gsite 1 and siie 2 respectively.

It therefore appears that by using the "simple" gradient
technique it is possible to separate, at least partially, the two NAA

binding sites which are found in an uwnfractionated pellet.



Fig.33 Binding data from competition experiments,in
a 4=38 Kg pellet from Zea coleoptiles,
fractionated on a "simple" gradient. Bach

point represents the mean of three replicates.

B ) NAA only
in the 0,56M -~ 0399M band
¥ -+ competitor

NAA only ;

in the 0.99M - 1e58M band.
O  + competitor)

A: 4+ ImA (5 x J.o’6m)
B: +BA (5x 10"614)

C: 4 TIBA (4 x 207%)
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Fig. 34

Double-reciprocal plots of data from Fig. 33.

Each

point represents the mean of three replicates, and

lines are computed by weighted regression analyses.

O NAA only
Koo 4+ competitor

- O———0  NAA only
By + competitor
At + I (5 =x 1o'em)
B: +BA (5 x 1070n)

Q
(1]

Statistical Analysis

+ TIBA (4 x 10‘6m)

% in the 0.56M = 0,99M band

i in the 0,99M - 1.58M band

n £ s8.E. (= 107 noles per assay) is

calculated by the weighted regression

analysis.

0¢56M = 0,99M

0099M .- 1058M

COMPOUND
n(NAA) n(comp, ) t  |Signif.| n(NAa) n(comp. ) t  |Signif.
TAA 4.44820,262|4.,39220.315| 0,141 | N.5. |6.128%1.579 [6.803%1.109]0,350| W.s.
BA 6.209%0.511{6.590%0.458| 0.556| w.s. - - - -
TLRA 44827-0,201| 7,784~0.687| 44130 (C*E ) 5455320360 |9.621%1,627| 2,560 . 2 ,
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Table 18 - A comparison of Ki values, as calculated for
‘site 1 and site 2 in an unfractionated 4-38 Kg
membrane pellet from Zea coleoptiles, and for
the‘sites recovered in the two bands of a

“gimple" gradient.



Table 18
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UNFRACTIONATED Ki (M) FRACTTONATED Ki (M)
COMPOUND | Site 1 Site 2 0456M = 0.99M | 0.99M -~ 1,58
TAA 2,5x1070 | 7.3x207° 7.9x10™C 9.1x10~°
BA Se 6ﬁ0—6 compgzition 123{10—6 complgzi”tion
TIEA 192070 | 2.4x107 | 1.3x07¢ 1.9x10™°
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(5) Enzymatic and Chemical Characterization of the "Complex"

Gradient Bands

Evidence just presented indicates that site 1 binding
activity is localized in a light membrane fraction, whereas site 2
activity is found in a heavier fraction. The nature of thése fractions
was further ip&eétigated with respect to enzymic activity and chemical
composition. Marker enzymes for aifferent membrane fractioné of
canimal tissues have been well defined, but the same patterns of activity
are not always found in plant systems. However, several enzymatic
markers for plant membranes have been reported aﬁd the distribution of
theée after fractionatiocn of membrane pellets on a “complex“-gradient
was studied. The molar ratio of sterol:phospholipid can also be used

to distinguish between membrane populations, and this was studied.

The bands from a fractionated 10-38 Kg coleoptile pellet were
each resuspended in the same volume of appropriate buffer and analysed
for:s

(1) ATP-ase‘activity (at pH 6}0)

(2) Glucan synthetase activity (at high (1 mM) UDPG-concentration
considering the hot water insoluble product).

(3) IDP-ase activity (activated by 0.1% sodium deoxycholate).

(4) sterol:phospholipid molar ratio.

Table 19 shows the results of these assays, expressed as "specifie!" and
"{otal" activities. Specific activities of acidic ATP-ase and glucan
synthetase are highest in the heavier regions of the gradient, while
IDP~ase activity peaks in the 0,81 - 0,99M band. The sterol:phospholipid

molaxr ratios show the highest values in the heavier regions of the



Table 19 Distribution of enzyme activities and sterol:
phospholipid ratios in a 10=38 Kg pellet from
Zea coleoptiles, fractionated on a “complex"

gradient.

A: Specific activities, expressed in nmoles

per min per mg protein.

B: Total activities, expressed in rmoles

per min per g fresh weight.
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Table 19

Ae
SUCROSE (M) | ATP-ase Glucan IDP-ase |Sterol:Phospholipid
| (oE 6.0) Sf§2$e;2§e dgg;ﬁf (molar ratio)
insoluble cholate)
1 M UDEG)
06560081 .52 5l 148 0636
0.81-0.99 | &8 19.5 307 0.35 -
0.99~1.14 174 433 141 Ce4T
1.14~1.29 167 3641 80 0.64
1,29-1,58 18% 41.3 38 0.79
B.
SUCROSE (M) | ATP-ase Glucan IDP-ase |Sterol:Phospholipid
(pH 6.0) S{ﬁziegage dgg;ﬁf (molar ratio)
insoluble cholate)
1 md UDPG)
0456-0,81 2.4 | 0.20 6.8 0436
0.81=0,99 8.8 2,02 30,7 0435
0.99-1.14 11.1 1.95 9.0 0.47
1.14-1.29 12.4 1.95 549 0.64
1.29-1,58 12.5 1.55 2.6 0.79




Table 20 Distribution of enzyme activities and sterols
phospholipid ratio, in a 10-38 Kg membrane
pellet from Zea mesocotyls, fractionated on a

complex gradient.

A: BSpecific activities, expressed in nmoles

per min per mg protein.

o
(1]

Total activities, expressed in nmoles

per min per g fresh weight.
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Table 20
A.
SUCROSE (M)| ATP-ase | Glucan IDP-ase |Sterol:Phospholipid
(5 6:0) Sﬁ(’izie:xage dggg? (molar ratio)
insoluble cholate
1 mM UDPG) -
0,56~0,81 39 5el 197 054
0o81"0¢99 43 2207 243 0'31
0,99~1.14 66 21l.1 135 0,41
1014""1.29 63 - 30.1 79 0.54
1029~1¢58 57 44-0 19 0075
B.
SUCROSE (M) (ATP—a,sSJ Glucan I]()P--ase Sterol :Phospholipid
pH 6.,0) |Synthetase 0,1% .
(hot 0 d80%ym (molar ratio)
insoluble cholate)
1 mM UDPG)
0056-0081 1014 0.06 7.4 0.54
0.81~0,99 3.07 0.85 18.2 0.31
0099"1.14 4—.39 1.32 6.8 0‘41
1014"1.29 3.31 1039 3.8 0054
1.29-1.58 2.30 1.05 0.4 0.75
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gradient.. A generally similar distribution of ATP~ase, glucan
synthetase, IDP-ase and sterol:phospholipid ratio is seen in a

fractionated 10-38 Kg pellet from mesocotyls (Table 20).

Using the assay conditions described, ATP-ase and glucan-
synthetase are reported to be markers for plant plasma membranes (Hodges
et al., 1972; . Vén der Woude et al., 1974). A high sterol:phospholipid
ratio is also reported to be characteristic of plant plasms membranes
(Hodges et al., 1972; Sullivan and Volcani, 1974). IDP-ase is
reported to be a Golgi membrane marker (Ray et al., 1965). = Thus, it
seems that the heavy regions of the gradient are enriched in plasma
membranes relative to the lighter bands, which show a Golgi-enriched

region.

6. Ilectron Microscopy of the “Complex" Gradient Bands

The bands recovered from the "complex" gradient were
prepared for electron microscopy as described in the Materials and
Methods. Sections prepared from each band were stained both by the
gtandard alkaline lead citrate procedure, (Reynolds, 1963, referred to
as lead strain), or by the PTA-chromic acid procedure (referred to as
specific stain) described by Roland et al., (1972). The alkaline lead
citrate is a general stain for cellular membranes whereas the PTA-chromic

acid stain is reported to be specific for plant plasma membranes.

Plate 4 shows a specifically-stained section of a root tip
of wild oat (Avena fatua). Apert from the cell wall, the plasma
membrane is the only cellular component which stains densely. Plates
5;9 show electron micrographs of the membrane fractions recovered from

the "complex" gradient. In all the fractions, there is, in general, a
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hcmogeneoﬁs distribution of the lead stain throughout the sections.

The 0.56M ~ 0.81M, 0.81M - 0,99 and 0.99M - 1,144 fractions show very
little evidence of specifically-stained material (Plates 5B, 6B and TB).
In the 1.14M -~ 1,29M band, the lead-stained sections show the presence
of a very high proportion of mitochondria (Plate 8A). This is to be
expected, since a 4-38 Kg pellet was used for the gradients. In the
1,144 - 1.29M‘fraction, there is much more specifically stained
material.than in the lighter bands (Plate 8B). This is not apparent
on a first inspection because of the high mitochondrial content of the
sections. However, most of the non-mitochondriasl material does stain
specifically. The‘lead—stained section of the 1l.29%M« 1,58M band shows
considerable heterogeneity in the membrane material (Plate 94).

However, this fraction has the highest proportion of specifically stained

material (Plate 9B).

It therefore seemg that the membrane material which sediments
in the heavier regions of the gradient is enriched in plasma membrane
vesicles. This observation is in agreement with the enzyme marker
results previously presented. In the light fractions of the gradient
many lead-stained membrane vesicles, but very few specifically=stained
vesicles are seen. There are no obvious stacks of Golgi cisternae in
the light fraction, although the vesicles themselves could be partly of
Golgi origin since'glutaraldehyde was not inducéd during the isolation

procedure.



Plate 4. ° - Section of a root-tip of wild oat (Avena fatua),
stained by the PTA-chromic acid procedure.

X 28,700.

cvW

i

Cell wall.

PM = Plasma membrane.
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Plate 5. -Electron micrograph of the 0,56M - 0,81M band.

X 28,700,

© Lead-stain.

-3

Specific (PTA-chromic acid) - stain.

w

V = Vesicles.
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Plate 6. ‘ Electron micrograph of the 0.81M = 0.99M band.

X 28,700,

- Lead-stain.

>

B : Specific-stain.

V = Vesicle.
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Plate‘:z. " "Electron micrograph of the 0,99M =~ 1.14M band.

X 28,700,

A ¢ ILead-stain.
B

: Specific~stain.

V = Vesicle,

PM = Plasma Membrane.

5
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Plate 8.

=
i

Electron micrograph of the 1,14M - 1,294 band.

. X 28,700,

A ¢ Lead-stain.

B : Specific-stain.

=
I

Mitochondrion.

Plasma membrane.
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Pla‘t@_:io

" Electron micrograph of the 1.,29M - 1,584

X 28,700,

A ¢ Lead~-stain.

B : Specific--stain.
PM = Plasma membrane.
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5. EFFECT OF TEMPERATURE ON BINDING ACTIVITY

The effect of temperature on total binding activity, and
on siée 1 énd site 2 activities in a crude pellet was examined. Site 1
activity was asséyed over a range of NAA concentrations from 2 x 10~7M
0 4 x 10", and site 2 over a range of 4 x 107TM to 107M. The
results are showﬁ in Fig. 35 and Table 21, After incubation at 30°C,
approximately 20% of total activity is lost, and at 60°C approximately
80% is lost. Site 1 appears to be more temperature-sensitive than
site 2. Tor example, at 30°C, 30% of site 1 activity is no longer
detectable whereas only 7% of site 2 activity is lost. Site 2 becomes
more labile at 40°C, when 19% of activity is lost. At 60°C 8% of

site 1 activity and 62% of site 2 activity cannot be detected.

These results thus indicate that total pelletable binding
activity is significantly decreased at temperatures 2,3000. Site 1
and site 2 activities are different in their sensitivity to temperature,
site 1 being sensitive at temperatures 2 2000, and site 2 activity not

decreasing until approximately 4000.



Fig. 25. Bffect of temperature on NAA—14C binding
activity in a 4-80 Kg membrane fraction

from Zea coieoptiles.

O———0 Total binding activity, assayed

between 2 x 10~ M NAA and 10"‘6M NAA

XX Site 1 activity, assayed between

2 x 10”1 NAA and 4 x 10™TH NAA

Site 2 activity, assayed between

6

4 x 10~ NAA and 107OM MAA.
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Table 21

Effect of temperature on'NAA~l4C binding

activity of a 4-80 Kg pellet from Zea

coleoptiles.

Binding activity is expressed as % of
that obtained at 0°C.
Data represent the mean % s.B. from three

experiments.




Table 21

BINDING ACTIVITY A4S % OF BINDING AT 0°C

TEMPERATURE (°c$ TOTAL SITE 1 SITE 2

0 100 100 100

10 95 & 4 92 X 12 104 E 12

20 95 ¢ 87 * 4 108 13

30 79 % 6 70 % 6 93 % 8

40 66 & 3 58 1 5 gLty

50 52 £ g 48 % 15 60 * 13

60 21 ¥ 1 13 4 38 L7

127
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6. EFFECT OF ENZYME TREATMENTS ON BINDING ACTIVITY

In several animal hormone-receptor systems, the effect of

‘ enzyme treaiments on the binding activity of polypeptide hormones and
other small molécules has revealed information concerning the nature of
the receptor molécules (e.g. Cuatrecasas, 197la, 1971lb; Pasternak and
Snyder, 1974). The effect of trypsin digestion and phospholipase
treaiment of crude membrane fractions from Zea coleoptiles was theféfore

examined.

(1) . Trypsin Digestion

The effect of {trypsin digestion on binding activity in a
4~80 Kg membrane preparation is shown in Fig. 36. There is véry little
effect on total binding activity at trypsin concentraticns up to 20 ug
per ml. At a trypsin concentration of 40 pg per ml, 25% of the total
bindihg activity is no longer detectable while increasing the trypsin
concentration to 100 pg per ml results in a further 5% loss of total
binding activity. At 100 pg per ml trypsin, both site 1 and site 2 show
a 30% Joss in binding activity. Site 1 is somewhat more sensitive to
lower concentrations of trypsin than is site 2 (evge 25% of site 1 activity,

but only 5% of site 2 activity is abolished at 30 pg per ml trypsin).

(2) Phospholipase Treatment

Typical experiments showing the effect of phospholipase
treatment on the binding activity of a 4-80 Kg membrane preparation, are

shown in Figs. 37 and 38  Phospholipase-A (from both Vivera russelli and

bee venom) has a dramatic effect on binding activity (Fig. 37). Virtwally



EBffect of trypsin digestion on NAA~14C binding

activity in a 4-80 Kg membrane fraction from

Zea, coleoptiles.,

(o m—

Total binding activity assayed between

2 x 10”1 NAA and 10™CM NAA.

Site 1 activity, assayed between

2 x 1071 NAA and 4 x 10™TM NAA.

Site 2 activity, assayed between

4 x 107" NAA and 10”0 Na4.




A DPM PER g FRESH WT.

. 129.

T I ] i I //, )
. 1,200 @ S i

'/~

800 |- -

400
O _l | { 1 § Yy !—
7/
0 10 20 30 40 100

CTRYPSIN CONCENTRATION { pg/ml)



Fig. 37 Effect of phospholipase treatment on NAA—14C
birding activity in a 4-80 Kg membrane fraction

from Zea coleoptiles.

A: Phospholipase-A from Vipera russelli
(activity, 5 units per mg protein).
B: Phospholipase-A from Bee venom

(activity 1,550 units per mg protein).

O————0  Total binding activity, between NAA

concentrations of 2 x 10”1 to 1Of6M.

b3 X Site 1 binding activity, between NAA
concentrations of 2 x lO"TM to
4 x 10™ T,

2 ® Site 2 binding activity, between NAA

concentrations of 4 x 10° 'M to 10‘6M.
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Fig. 38

Effect of phospholipase treatment on NAAwl4C
binding activity in a 4-80 Kg membrane fraction
from Zea coleoptiles.

As: Phospholipase~C from Clostridium welchii

(activity, 5 units per mg protein).
B: Phospholipase-D from cabbage (activity,

20~30 units per mg protein).

O——0  Total binding activity, between NAA

concentrations of 2 x 10™ M to 10_6M.

X Site 1 binding activity, between NAA
concentrations of 2 x 10™ M to

4 x 10Ty,

C~———€@  Site 2 binding activity between NAA

concentrations of 4 %10 to IO-SM.
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all the binding activity is lost at enzyme concentrations of 2-5 ug per

ml (Vipera russelli) and 0.1 ug per ml (bee venom). These differences

in sensitivities to the two enzymes are reflections of the differing
specific activities of these enzymes. It seems that both sites 1 and 2

are similarly sensitive to phospholipase-A.

Phogpholipase~C and phospholipase-D (Fig.38 ) do not reduce
the binding activity as dramatically as phospholipase-A. Approximately
40-50% of binding activity is sensitive to phospholipase~C and
phospholipase~D treatments at enzyme concentrations of 0.5 — 1.0 pg per>ml.

Again, both site 1 and site 2 are sensitive to these enzyme treatments.
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Te NAAa14C BINDING ACTIVITY IN MEMBRANE FTRACTICONS PREPARED FROM

ZEA MESOCCTYLS

Since the harvesting of coleoptile tissue is a time-
consuming and tedious process, an alternative source of membrane
material was iﬁvéstigated. | Mesocotyl tissue is reéponsive to auxins
(Nitsch, 1956) and therefore binding activity in membrane fractions from

this tissue was examined.

(1) Binding Activity in a 4~80 Kg Membrane Fraction from Mesocotyls

The binding of NAA~14C to identically prepared membrane
fractions from Zeg coleoptiles and mesocotyls is illustrated in Fig. 39
and 40. As already noted for coleoptiles, radioactivity in the meso~
cotyl membrane pellet decreases with increasing NAA concentration,
indicating saturation kinetics (Fig. 39). However, total binding
activity of the 4-80 Kg mesocotyl fraction (on a Adpm basis) is much
lower, (Adpm per g fresh weight = 336), than that observed in coleoptiles,
(4dpm per g fresh weight = 1,255). The Scatchard analysis (Fig. 40)
suggests that there is a homogeneous population of binding sites in the
mesocotyl membranes, with a dissociation constant, ¥, of 14.0 x 10"7M and

n~value of 67 pmole per g fresh weight.

Thus, it seems that the 4-80 Kg mesocotyl membrane fraction
has only one set of binding sites with a K-value equivalent to that
determined for site 2 in coleopti}es and n=-value intermediate between n

and n, as determined for coleoptiles.



Fig. 39 Comparison of binding activities in washed
4-80 Kg membrane fractions prepared from Zea
. coleoptiles and mesocotyls. Each point

represents the mean of three replicates.

OO coleop{iles

*¥——-X mesocotyls

Fig. 40 Scatchard analyses of data from Fig. 39.
Each point represeﬁts the mean of three
replicates and lines are drawn by standard

regression analyses.
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(2) The Auxin-Specificity of Binding in Mesocotyl Membranes

The data of Figs. 39 and 40 indicate that the 4-80 Kg
m930cétyl membrane fraction possesses binding activity which is
kinetically equivalent to site 2 activity of coleoptiles. It has
already been demonstrated that in coléoptiles, site 2 activity is
auxin-specific (Table 11). If binding activity observed in mesocotyls
is truly equivalent to the site 2 activity of coleoptiles, it should also

be auxin-specific.

Competition experiments, as previously described for
coleoptiles, were pérformed using mesocotyl membrane preparations. The
results of these experiments are summarised in Table 22, The mesocotyl
membranes do not show the auxinespecificity demonstrated by site 2 in
coleoptiles. Compounds which had a competitive interaction for both
sites 1 and 2 in coleoptiles (IAf, 2,4,5-~T, 2~CPIBA and TIBA) also have a
uwnanimous competitive interaction in mesocotyls. The Ki values in
general are intermediate between the site 1 and site 2 wvalues obtained for
coleoptiles. Those compounds, however, that were “competitive" for one
of the sites in coleoptiles, but showed "no competition" or "not-
competitive" behaviour for the other site (2,4-D, 2,6~D, BA, 2,4~B and
2,6-B), give contradictory results in the mesocotyl experiments.
Evidently, there-ig a lack of well~defined auxin-specificity; this can be
_clearly seen in thé ability of the inactive compound, 2,4-B, to interact
competitively in three out of five experiments. It therefore seems that
the idea that mesocotyl membranes only possess site 2 activity is an
oversimplification and the above data suggest the presence of a mixture

of auxin-specific and auxin non-specific sites.



Table 22 Summary of the results of the competition
experiments using membrane preparations from
Zea mesocotyls. Mean Ki values are calculated
for competitive interactions.
The numbers in the "éompetitiveﬁ, "mot
competitive" and "no competition" columns
represent the number of times that particular

interaction occurred.
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Iable 22

NO. OF MEAN Ki NOT NO

COMPOUND | EXPTS. () COMPETITIVE | COMPETITIVE | COMPETITION
- TAA 2 6.4x10‘6 2 0 0
2, 4=D 4 2.,5x10™ 2 2 0
2,6-D 3 1.6%1.07° 1 0 2
244 5T 4 8.8x10"6 4 0 0
2-CPIBA 3 5.4x10’6 3 0 0
BA 3 1.9;;10"6 1 0 2
2,4-B 5 1.3x107° 3 0 2
2,6-B 4 2.0x10™° 3 1 0
TIBA 2 2.5::10"6 2 0 0
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(3) Gradient Fractionation of the Mesocotyl Membranes

The results from mesocotyl experiments so far described
indicéte that mo¥e than one population of binding sites may be present
in the high speed (4-38 Kg, 10-38 Kg or 4-80 Kg), membrane pellet but
that these sites camnot be distinguishoed kinetically in thelcrude pellet,
Thus, sucrosewgrédient—fractionétion techniques, as already described for
coleoptiles, were used in an attempt to determine if more than one

population of binding sites was present.

» As already seen in Table 15 very little binding activity, but
most of the SDH activity, is lost in the low speed (1-10 Kg) mesocotyl
fellét. Also, from Tablel9, it appears that the high-speed pellet,
fractionated on a "complex" gradient, has a similar distribution of marker
enzymes to coleoptiles, These data suggest that the membrane fraction
prepared from mesocotyls is equivalent in relative membrane composition,

at least, to the fraction obtained from coleoptiles.

Pig, 41 shows the distribution of binding activity in a
mesocotyl membrane preparation, fractionated on a "complex" gradient.
As seen with coleoptiles, most of the binding activity (663%), is in the

. light bands (0.56M =~ 0.81M and 0.81IM -~ 0,99M) of the gradient.

The binding activity in a mesocotyl preparation, fractionated
on a "simple" gradient is shown in Fig. 42, Again, more binding activity
is found in the light band than in the heavy band. The Scatchard
analysis (Fig. 43 ), however, demonstrates that two sets of sites, which

are kinetically different, are separated on the "simple" gradient.



Distribution of binding activity in a

4-38 Kg membrane fractiion from Zee
mesocotyls, fractionated on a "complex"
gradient. The range of NAA concentrations

was 3 x 10°TM 1o 8 x 10 .
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Fig. 42 Binding activity of a 4~38 Kg pellet from Zea
mesocotyls, fractionated on a "“simple" gradient.

Bach point represents the mean of three replicates.

O———0  0.56M ~ 0,99M band

Fig.435 Scatchaxrd analyses of data from Fig. 42.
Bach point represents the mean of three
replicates and the lines are computed by

gtandard regression analyses.,

o= 0.56M = 0,99M band

X 0.99M ~ 1.58M band




‘ 139,

- ‘ - o
x <
\\
i~ X - D -
\ ‘ b
I~
| _V: o
\ x
=
S
T
<C
e
T
=z
(B8]
O
=
O
(@)
<
A
o
| o | ~“Nl// N
O (=] Q
O N (2]
~t (6 N
LM HS3IY4 B ¥3d Wdd L3773

10
PICOMOLES NAA BOUND PER g FRESH WT.

5 O

]
o

—~ 20
1

JYLIT ¥3d STTIOW) VYVN 3344

"IM HS3IH4 B ¥43d aNNog YVN S30W




i ' . 140,

The X~values are as follows:

0.56M = 0,99 1 K = 10,4 x 1071 M

0.99M — 1,58M : K 30 x 10°1 M

There is thus only a three~fold difference between the dissociation
constanfs, and in a crude membrane fraction it is difficult to distinguish
two sets of sites when the binding affinities ave this similar. If, in

. fact, the data in Figs. 39 and 40 are analysed as two lines the following
values are obtained, giving a two~fold difference in dissociation
constant:

'Kyt o= 944 x 1077

First five points

Last five points

(1)

'K, = 1744 x 1071 n

It therefore seems that there are two sets of binding sites in the
mesocotyl membrane fraction, with affinities differing only two fto three~
fold. VWhether these fractionated sites show differences in their
auxin-specificlty and are equivalent to the sites in coleoptiles has not

been demonstrated.
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DISCUSSTON

Sincezexogencusly applied auxins have a rapid effect on
elongdtion growth and on a number of other physiological processes
(Bvans, 1974a), it was suggested that the initial interaction of auxins
was with the plasma membrane (e.g. Morré, 1972; Venis, 1973). A
direct study of the interaction of auxins with membranes prepared from
Zea mays coleoptile tissue was first reported by Hertel et al., (1972).
A more complete investigation of the properties of this interaction is

described in this thesis.

It was found initially (Table 1) that Nas-Y4¢ binds to crude
membrane preparations from Zea mays coleoptiles, with results entirely
consistent with those of Hertel et al., (1972). However, since the data
showed a very low "signal:noise" ratio (e.g. 500 dpm specifically bound
over a range of NAA concentrations from 2 x 10~ to 10™4u compared with
a non-specific level of 1,000 dpm, Pig. 3), it was necessary to modify
the experimental procedure, in order to improve this ratio. Pestle and
mortar homogenisation, medified buffers and washed membrane pellets
isolated at high speed, resulted in a three to four fold improvement in
the binding activity (Fig. 6), and this over a restricted NAA concentration
range (2 x 1071y - 10"’6 M). It is probable that mechanical homogen—
isation disrupts the membrane material to such an extent that small
fragments, containing NAA binding sites, remain in the supernatant after
.centrifugation. In fact, most plant membrane isolation procedures
utilise either pestle and mortar homogenisation (Hodges and Leonard, 1974)
or a low-ghear mechanical techniéue (Lembi et 2l., 1971). and in this

study, pestle and mortar homogenisation appeared to give improved
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'pelletabie binding activity. Hertel (1974) reported inhibition of
binding activity on adding back the supernatant derived from the washing
step.: It is thus possible that the pellet washing procedure removes
an inhibitor of binding and that coleoptiles from the original seed
batch contained insignificant levels of this substance since initial
studies revealed no improvement. of binding activity upon wasﬁing (Table
5)e Presumaﬂly, Hertel's seed was similar, in this respect, to that
used in the later stages of the work described here, where a wash step
was essential to obtain satisfactory binding activity (Table 4). For
many experiments, a crude membrane pellet was isolated after a series of
differential centrifugation steps. Since this procedure does not
result in a clean separation of membrane populations, it is inevitable
that some binding activity is lost both in the precentrifuged'pellet and,
in the final supernatant. A 4 = 38 Kg membrane pellet was found to be
operationally convenient to prepare and this peliet shows levels of total
binding activity which are sufficient to demonstrate two sets of NAA
bindiné sites. Later experiments, however, demonstrated improved
binding activity when a higher speed (4 ~ 80 Kg) pellet is used and when
the final pelletting step is also ‘at high speed (150 Kg) (Fige 6). This
suggests that significant binding activity is associated with relatively
light membranes and this observation is supported by the sucrose gradient
fractionztion experiments. In some binding experiments, particularly
with the later seed batch, the 4 - 38 Kg pellet was lacking in site 1
activity and under these circumstances it was essential to use high speed

pellets.

The analysis widely used for determining the binding

parameters of a ligand-macromolecule interaction is that described hy
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Scatchard; (1949). The equation suggested is a linear {transformation

of the binding equilibrium equation. It was proposed to be more

accurate than a double-reciprocal transformation, since the extrapolation
necessary to determine the binding parameters is far easier, especially

if several different classes of binding sites are present (Scatchard,
1949). A Scatchard analysis of the binding of NAA~14C over a restricted
concentration.range (2 x 10" M to lO”sM), to a crude coiecptile membrane
pellet yielded a biphasic plot, indicating the presence of two sets of
high affinity binding sites for NAA (Fig. 7). From direct extrapolations,
dissociation constants (K) of 1.8 x 10”1 and 14.5 x 107 /M, and site
concentration values (n) of 52. and 10l pmole per g fresh weight of tissue,
were obtained for site 1 and site 2 respectively. At higher NAA
concentrations (Fig. 5), a low affinity (K= 107 - 10_4M), possibly
nonspecific binding at a large number of sites, was detected. Since it
would have been necessary to use nonphysiological levels of NAA, the
properties of this binding activity were not further investigated. The
values of X and n when a wide range of NAA concentrations (2 x 10" - 10"4M)
.was used (Hertel et al., 1972; Hertel, 1974; Tig. 5) are either inter-
mediate between site 1 and site 2 values or almost equal to the site 2
parameters. It was demonstrated (Fig. 7) that the range of NAA concen-
trations necessary to determine accurately the parameters for site 1 and
site 2 is 107TM to 107M. Thus, the original data were unable to
distinguish the two sets of sites. In fact, in the published exreriments
(Hertel et al., 1972; Hertel, 1974) there were usually only two or three
points within the concentration range, lOm7M - 10-6M, and these were often

gelected such that site 1 was completely missed and only a single,

'homogeneous population of binding sites was apparent.:
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From the saturation kinetics of physiological auxin effectis,
such as growth promotion or polar transport, it is posgible to make
rougb_estimates of the maximum affinity of suxin for its binding site.
For example, the "K" determined from transport data is apbroximately
5 x 1070 (fertel and Leopold, 1963) and that determined from growth
studies is 10"7M.~ IO"SM (see Housley, 1961). These estimates are of
the same order as the disscciation constants determined for the in vitro
binding of auxins and this correlation lends support to the claim that
the observed in vitro interaction has physiological significance and may
be associated with the primary auxin receptor(s) of the transport and

growth systems,

r

Since IAA has been proved to be an endogenous auxin of
Zea mays coleoptiles (Greenwood et al., 1972) it would have been ideal
to use this auxin in the in vitro binding studies. The ;g_g}}gg,binding.
of TAA tc crude coleoptile membrane fractions could be demonstrated
(Fig. 10) but the total binding activity is five to ten fold lower than
that obtained using NAA (Table 7). Scatchard plots (Fig. 11) revealed
that two sets of binding sites are present and that the lower binding
activity is reflected by lower binding affinities while the site
concentration values are the same as those obtained for NAA. Similar
results Qere reported.by Hertel et al., (1972). Other radioactive
auxing which were tested for in vitro binding acfivity also gave poor
results when compared 1o NAA (Table 7). Since it is very difficult to
estimate kinetic parameters with any degree of accuracy when the total
binding activity is so low, it was decided to use NAA-Y4C in all

subsequent experiments.
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In the original auxin-binding study (Hertel et al., 1972),
it was stated that "the in vitro binding site should be specific in
that only growth-active transportable auxing and competitive antiauxins
or transport inhibitors, but no inactive analogues should interact with
the receptor". The question of the auxin-specificity of the NAA binding
sites has beenHCOnsidered in detail in this study. The auxins and
analogues were selected %o include a range of reportedly growth active
and inactive compounds with only slight differences in their structure
(e+ge 244-D and 2,6-D; 2,4-B and 2,6-B), an antiauxin (2-~CPIBA) and
izhibitors of polar auxin transport (TIBA, NPA). In general, the growth
activity of the compounds, as determined from standard bicassays, agrees
with previously published data (JHnsson, 1961), the principal exception
being 2,6~B which only shows growth activiﬁy in the pea interﬁode bioassay
at a concentration of 10™M (Table 9). During the early studies on the
structural requirements which a molecule must éatisfy in order that it
have physioclogical auxin activity, it was demonstrated that while benzoic
acid itself was inactive, ortho-gubstitution by chlorine atoms conferred
auxin activity on the molecule. Activity was reported to increase after
2-chloro~, 2,6-dichloro- and 2,3,6-trichloro~ substitutions (Jdénsson,
1961; Audus, 1972). However, these studies often utilised chemicals
wbose purity was not rigorously established and the discrepancy in the
published data for 2,6-~B and the results from the corn and oat coleoptile
.tests reported here, might be explained in terms of contaminated
chemicals in the original experiments. The compounds which show growth
activity in the corn and oat coleoptile straight growth tests are also
active in the fapid growth assays. The ability of IAA, MAA and 2,4-D to

- promote rapid elongation in corn coleoptiles has been previously reported
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(Hertel gj,g&,, 1969). These workers also demonstrated the antiauxin
activity of 4~chlorophenoxyisocbutyric acid (4-CPIBA), a compound closely
related to 2-CPLBA. The ability of WPA and TIBA to inhibit polar auxin
transport in corn coleoptiles and the inability of NPA to affect rapid
elongation has also been established (Thomson et al., 1973). Because
of the variability between the four assay procedures, no attempt is made
1o assign an order of activity to the compounds.

S

The limited availability of radiocactive auxins and analogues

and the low binding activity of those which are obtainable, made a

dirgct analysis of the auxin-specificity of in vitro binding difficult.

An indirect approach, using principles of enzyme - inhibitor studies
(bixon and Webb, 1958) has therefore been used. This approaqh has been
successfully utilised elsewhere, for example in studies of the effect of
morphactins on NPA binding in corn coleoptile membranes (Thomson and
Leopold, 1974) and the effect of acetylcholine on 3H--nicotine binding to
fractions prepared from housefly heads, or the nerve cord of the
‘Madagascan cockroach (Aziz and Eldefrawi, 1973). Hertel et al., (1972)
investigated auxin~specificity by adding increasing concentrations (up

to § x 10-4 M) of the unlabelled analogue and observing whether NAA-14C
was disgplaced from the crude meﬁbrane pellets. Several arguments against
this approach are apparent. FPirstly, it now seems that either a mixture
of site 1 and site 2 binding activities, or site 2 activity alone was
detected in the early studies and secondly, the different sites do ndt
necessarily show the same auxin-specificity. Also, the various analogues,
at high concentrations, may have spurious effects on the membranes, which
are unrelated to the NAA binding sites. In the competition experiments

described in this study (Figs. 15 - 24), the effect of the anzlogues (at
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concentrations <€ 1077 M) on the displacement of Naa--4c by unlabelled
NAA represents a direct effect on the in wvitro binding reaction which is

knowvn to be taking place.

Another advantage of the approach uéed hefe is that it is
possible to estimate dissociation constants (or, more precisely, inhibitor
constants) for the various compounds. These were calculated from a
weighted regression analysis (Wilkinson, 1961) of the data which is
presented on double~reciprocal plots. The use of these plots for
determining binding parameters has been criticised (e.g. Scatchard, 1949)
since nonlinéarity (which is apparent when the simple situation of a
homégenous class of independent binding sites does not apply) may be
overlooked. In this study, it was clear from either Scatchard, or
double reciprocal plots, that two sets of binding sites exist;in crude
coleoptile membrane fractions. Fach binding site may be analysed
independently, since it is relatively easy, even though rather subjective,
to assign the points of the toftal curve to site 1 or site 2, The
graphical representation of the data on double-reciprocal plots has been

discussed in the results section.

Using the enzyme inhibitor approach, and the analysis discussed,
it became evident (Figs. 15 - 24) that site 2 shows the.binding specificity
compatible with the expected properties of an auxin-receptor as defined
previously by Hertel et al., (1972). Site 1, én the other hand, was less
specific, this being particularly demonstrated by the ability of the
inactive compounds, 2,6-D and BA to interact competitively for the binding
sites, and by the variable behaviour of 2,4-D in its site 1 interaction

(Table 11), The similarity between the site 1 and site 2 K, values for
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IAA deterﬁined from competition studies (Fig. 15) and the dissociation
constantsdetermined from direct binding experiments (Fig. 11) is

important since it supports the claim that the NAA and IAA binding sites
are truly equivalent and represent a receptor for all molecules with
physiological auxin activity. The auxinsgpecificity of the binding sites
described by Hertel et al., (1972) corresponds to the properties
‘established foi site 2 in the present study. On the other hand, since
the previous work of Hertel et al., (1972) failed to distinguish two sets
of binding sites (for reasons already discussed), the ability of inactive
compounds such as BA and 2,6-D, to compete for site 1 binding was

overlooked.

The observation that NPA interacts competitively with both
site 1 and site 2 (Fig. 24) conflicts with published data which failed 1o
demonstrate any displacement of NAA—14C by NPA (Lembi et al., 1971;
Thomson, 19723 Hertel et al., 1972). Again, the inability to demonsirate
the competition by WPA due to site 1 interaction is not surprising since
gite 1 activity was not detected in the earlier studies. IHowever, the
'interaction with the auxin-specific binding site (site 2) also seems to
have been missed. It should be noted that the NPA binding interactions
demonstrated here (Fig. 24) are ielatively weak (Ki values of 6.6 x 10-6M
and 1.6 x 10-5M for site 1 and site 2 respectively), while studies on
direct binding of NPA (Thomson, 1972) showed thaf the compound bhinds with
high affinity (X = 1070M - 1071M) to plasma membrane sites. This would
suggest that there are NPA binding sites distinct from the two sets of

auxin binding sites.

The interactionsof exogenously applied phytohormones in

physiological systems have received much attention (e.g. Wareing et al.,
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1968; Galston and Davies, 1969). However, the results obtained are
very difficult to interpret, since the simple observation that two growth
substances have synergistic, or antagonistic effects in a given physio-
logical system,does not necessarily indicate that they are acting at

the same point in that.system. The demonstration that different growth
substances interacf with the same receptor molecule would be a rather
more direct indication of the antagonistic or synergistic action of
those substaﬁces. waever, it may not be necessary that the growth
substances interact with the same receptor molecules in order that one
should modify the effect of the other. Perhaps the receptors for two
different growth regulators are distinct but connected by, for example,
being localised on the same membrane system. In this case, the binding
of one of the substances to its receptor could modify, either positively

or negatively, the binding of another substance to its respective receptor.

IAA and ABA antagonism on the phytochrome-mediated attachment
of mung bean root tips to glass has been reported (Tanada, 197%a, 19731))o
Low concentrations (10-9M) of TAA and ABA have a rapid effect on this
phenomenon, IAA inducing detachment and ABA inducing attachment of the
root tips. The opposite effect of the two hormones is observed with
barléy.root tips. It was pOStﬁlated that TAA and ABA both act on the
plasma mémbrane to bring about opposing changes in the surface electric
charge of plant cells. In this study (Fig. 25), it was demonstrated that
. ABA does not interact competitively with either of the membrane-associated
‘NAA binding sites. This result was previously reported for both the
auxin (Hertel et al., 1972) and the NPA binding sites (Thomson, 1972).
Thus it acpears that the antagonistic effects of IAA and ABA at the plasma
membrane are probably not mediated by the auxin receptor melecules

described here.
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In general, the cytokiniﬁs, benzyladenine and kinetin
interact in a weakly competitive manner for hoth site 1 and site 2
(Table 12). . The only other study on cytokinin receptor molecules
descriﬁes the specific binding of bengzyladenine to plant ribosomal
fractions (Fox and Erion, 1975). Since site 2 binding activity is
thought to be localised in plasma membrane rich fractions, it is
unlikely that'the competition of cytokinins for site 2 and the binding
of cytokinins to ribosomes are in any way related. Thus the significance
of the site 2 cytokinin competition is obscure, especially since cytokinins-
are - known to inhibit the long=term growth response to auxin
( Vanderhoef and Stahl, 1975) rather than the rapid, possibly acid-
mediated growth response which is suggested to stem from an auxin-
plasma membrane interaction (Hager et al., 1971). One cautionary note
is that the cytokinin competition studies give somewhat variable resulis
and the statistical significance is questionable in some instances

(e-go Fig. 26’ Site 1).

Since the function of site 1 binding activity is unknown, it
ig difficult to determine the relevance of the competitive interaction
of GAB for site 1 (Fig. 27). Very little other literature is available
on gibberellin receptor molecules, the only significant study being the
isolation of protein fractions from pea stems which have high affinity
for radioactive gibberellin A, (stoddart gt al , 1974). The subcellular
origin of these proteins was not determined and thus no parallels can be
drawn between this study and the observations cn gibberellin competition.
GA3 did not interact with either the auxin, or the NPA binding sites in
other studies (Hertel et al., 1972; Thomson, 1972), and this is consistent

with the inability of GA., to interact competitively for site 2 in this

5
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study (Fig. 27). Again, the statistical significance of the gibberellin

results for site 2 is not always conclusive (e.g. Fig. 27, site 2).

If, as has been suggested, an auxin-plasma membrane inter-
action is the primary process in auxin~induced growth (Hager et al., 1971),
and, that in vitro auxin binding is the manifestation of this interaction,
it is essential‘fo demonstrate that the suxin-specific binding is to
plasma membranes, as opposed to some other membrane fraction., Very little
evidence for auxin binding specifically to plasma membranes was presented
in the early reporis (Hertel et al., 1972), and so this guestion has been
studied in some detail here. Another question which suggested itself
was whether site 1 and site 2 are associated with the same or different

membrane fractions.

The total binding activity detected in the very low speed
pellet (0 - 1 Kg) is insignificant (Table 13) and since this pellet
consists mainly of starch, unbroken cells, cell wall fragments and DNA
(Hexrtel et al., 19725 it is unlikely that binding to nuclei or cell walls
contributes to auxin-specific binding. The pellets obtained from the
precentrifugation step of the crude membrane preparation procedure contain
10 - 20% of the total binding activity of the higher speed pellets
(Table 13), and this activity has the kinetic properties of site 2
(Fig. 29). These pellets also contain 60 - 70% of the specific SDH
activity (Table 14), a marker enzyme for mitochondria (Morré, 1971).
However, site 2 activity is not specifically associated with mitochondrial
membranes since there is no enrichment of site 2 binding activity in SDH-
enriched crude pellets (Table 14) or in SDH-enriched bands from sucrose
gradient fractionated mitochondrial pellets (Table 16). Also, 10 - 38 Kg

pellets which are substantially depleted in mitochondria still show
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signifiéaﬁt site 2 activity (Fig. 29). The site 2 binding activity
detected in the low speed precentrifugation pellets probably reflects
binding to heaviexr members of the membrane population found in the high
speed pelleis. Auxin binding activity was also detected in fractions
virtually free from mitochondria as assayed by cytochrome~c oxidase

activity (Hertel et al., 1972).

Fugther fractionation of the crude membrane pellet on 'complex'
sucrose gradients revealed that approximately 60% of the binding activity
is in the light regions of the gradient and 40% in the heavier bands.
(rig. 30). A kinetic analysis is facilitated if the complex gradient
baﬁds are condensed, ag in the ‘'simple' gradient. Such a kinetic
analysis demonstrated that site 1 activity is associated with the light
. bands and site 2 with the heavier bands of the gradient (Fig. 32). That
the fractionated bands represent site 1 and site 2 Qas further demonstrated
since the light and heavy bands retain the bindingwspecificity determined
for site 1 and site 2 respectively in crude membrane fractions (Figs. 33
and 34). The somewhat higher K and Ki values determined for the light
band (generally, two-to-three fold higher than site 1 in the crude pellet)
may indicate that the sites are not completely separagéd and that there is
some contamingtion in the light fraction with site 2. Thus it appears
that at least a partial separation of site 1 and site 2 activities can be
achieved and that the two sites are associated with membrane fractions

. which band at different regions of the sucrose gradient.

It is only recently that the characterisation of plant
membrane populations has receivéd mach attention. This contrasts with

the situation in animal cells where membrane fractions, especially plasma
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membraneé, are readily identified on the basis of distinctive
mérphological and biochemical characteristics (Emmelot et al., 1974).
However, some advances in plant membrane characterisation have been made,
and the following properties assigned to the various fractions: (1) Golgi.
membranes are characterised by latent IDP-ase activity‘and B=glucan
synthetase activity at low (1.5 uM) UDPG levels (Ray et al., 19693 Van
der Woude gj.éi., 1974) (2) NADH cytochrome-c reductase is associated
with endoplasmic reticulum (Hodges and Leonard, 19745 (3) plasma
membranes are identified by the presence of relatively high activities

of B-gluéan synthetase at high (1 mM) UDPG levels (Van der Woude et al.,
1974); monovalent cation stimulated ATP-ase at pH 6.0 (Hodges and
Leonard, 1974); high sterol:phospholipid ratio (Keenan et al., 1973);

and vesicles which react specifically to a PPA~chromic acid staining

procedure (Roland et al., 1972).

Some of these properties were used in the present study to
determine the nature of the membranes which contain site 1 or site 2
binding activity. The distributions of latent IDP-ase, B-glucan
synthetase ( 1mM UDPG), ATP-ase (pH 6.0) and the sterol:phospholipid ratio,
in complex gradient fractionated coleoptile and mesocotyl membranes
shown here (Tables 19 and 20), agree remarkably well with those reported
for oat roots (Hodges et al., 1972), onion stems (Van der Woude et al.,
1974) and soybean hypocotyls (Hardin et al., 1972).  When lead citrate
‘is used as a section stain for plant membrane fractions, it is impossible
to distinguish accurately and consistently membrane populations on the
basis of staining quality (Roland et al., 1972). However, the use of
the PTA stain to identify plant plasma membrane fractions has been

reported in corn coleoptiles {Lembi et al., 1971), oat roots (Hodges et al.,



- 154.

1972), maize Toots (Leigh et al., 1975), soybean hypocotyls (Hardin
et al., 1972) and onion stems (Van der Woude et al., 1974). In this
study, vesicles which react with the PTA stain were found to be
enriched in the i.l4 M~ 1,29 M and the 1,29 ¥ - 1,58 M sucrose
interfaces, with a few vesicles in the 0,99 M - 1,14 M band. In
several other studies, attempts have been made to egtimate the plasma
membrane conéent of various membrane fractions by techniques of
quantitative electron microscope morphometry (Lembi et al., 1971;
Hodges et al., 19723 Hardin et al., 1972; Van der Woude et al., 1974).
However, the technique is very subjective, since it is not zlways
abéolutely clear whether a particular membrane vesicle is specifically
stained. In this study, therefore, the plasma membrane vesicles were
distinguished only by their qualitative differences. Current attempts
to develop a specific colorimetric technique for plasma membranes
(Hodges, personal communication) will be of comsiderable value in the
guantitative analysis of these fractions. Due to tissue variations and
slight differences in gradient composition in the reported studieé, it
was not pcssible to assign membrane fractions to absolute sucrose density
values. However, a general observation was that plasma membrane
enriched fractions are found in the heavy regions, of sucrose concen-
tration ranging from 1.1 M - L.6 M, of discontinuous sucrose gradients.
The lighter regions are less wéll characterised, although they do appear
to contain a Golgi-enriched zone and there is some evidence for high

endoplasmic reticulum content (Dr. M.A. Venis, personal communication).

It has been demonstrated that site 1 and site 2 activities
are localised in the light and heavy regions respectively of the éucrose

gradients (Pig. 32). Thus, within the present limitations of plant



155.

membrane identification, it may be stated that the auxin-specific

(site 2) in vitro binding activity of coleoptiles is associated with
plasma membrane—enriched fractions. This has not been demonstirated in
any previous study, although the association of the NPA binding sites
with plasma membranes has been reported (Lembi et al., 1971). Site 1
activity appeqrs‘to be asgociated with a membrane fraction coataining
Golgi énd possibly endoplasmic reticulum membranes. A preliminaxy
demonstration of auxin binding activity in endoplasmic reticulum

fractions has also been reported (Hexrtel, 1974).

There is very little evidence available as to the nature
of the auxin receptor molecules. Membranes are known to consist of
three major components - proteins, lipids and oligosaccharides (e.g.
Singer and Nicolson, 1972), any of which could have the necessary
receptor properties, either alone ox more likely, in combination with one
of the other compounents. In many of the studies on animal hormone
receptors, this guestion has been approached using various techniques
such as detergent solubilisation of the receptors from membrane fractions
(Cuatrecasas, 1974), examination of the binding properties in the
presence of specific modifying reagents such asgs lodoacetamide and
p-~chloromercuribenzoate (Wilson et al., 1975) and examination of the
éensitivity of the binding reaction te temperature and various enzymatic

treatments (Cuatrecasas, 197la, 1971b; Pasternak and Snyder, 1974).

In this study, it was. demonstrated that 0,2% Triton~-X-100
solubilises 87% of the total binding activity of crude membrane fractions
(Table 6), However, since a convenient, sensitive assay for the

solubilised binding activity could not be found, no further character-
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isation 6f the activity was possible. The effect of temperature,
trypsin digestion and phospholipase treatment on site 1 and site 2
activity in crude membrane fractions was also studied. At 60°,

80% of the total binding activity is no longer detectable and site 1
appears to be more temperature sensitive than site 2 (Table 21). Both
site 1 and site 2 are relatively insensitive to trypsin digestion with
only 30% lost'at a trypsin concentration of 100 pg per ml (Fig. 36).
Treatment with low concentrations of phospholipase-A abolishes site 1
and 2 binding activities whereas only 40 ~ 50% is sensitive to phospho-
lipases-C and D (Figs. 37 and 38). Whether these enzyme effects are
on the total number.of receptor molecules or on their affinity has not
been invegtigated. -These data give preliminary evidence on the nature
of the receptor molecules and suggest that the receptors for site 1

and site 2 binding are within a membrane complex and require the

integrity of both phospholipids and proteins for activity.

The experiments on megocotyl tissue‘were originally
performed merely in an attempt to facilitate experimental procedure.
The initial observation was that only one set of sites, kinetically
equivalent to site 2 in coleoptiles, is present in the crude mesocotyl
preparations (Fig. 40}, This was encouraging since, if it could be
shown that this binding was truly equivalent to the auxin-specific, site
2 activity of coleoptiles, it would represent a.convenient method of
'preparing membrane fractions free from site 1 activity. However, the
competition experiments showed that this ig not the case (Table 22), and
that the crude mesocﬁtyl fractions contain a mixture of auxin specific
and nonspecific sites. Sucrose gradient fractionation demonstrated

that there are two sites which can be distinguished kineticallj but the



dissociafion constants differ by only two to three fold (Fig. 43).
Although, from marker enzyme studies (Table 20), it seemedthat the
mesocotyl membranes are similar in composition to the equivalent
coleoptile preparation, it has not been demonstrated that the mesocotyl
membrane binding sites in the light (K = 10"6M) and heavy (K= 2-3 x 10'"6M)
bands are equivalent to site 1 and site 2 respectively of coleoptiles.

An investigation of the auxin specificity of gradient-fractionated

mesocotyl membranes should provide this information.

The data described in this thesis therefore provide
convineing evidence for the in vitro binding of auxins 1o membrane
fractions from Zeg mays shoot tisswe. The possible relevance of the
auxin-gpecific, plasma membrane associated site 2 binding activity of
coleoptiles to the theories on the mode of auxin action in elongation
growth will be discussed below. However, the physiological importance
of site 1 binding activity is less obvious. Since it is not auxin-~
specific, the role of site 1 binding in auxin action is gquestionable.
Yet, it is also difficult to believe thaf a high affinity binding site
of no physiological value would bé'evolved. The data presented suggest
that site 1 activity may be associated with Golgi membranes, although
this is only based on the activity of one enzyme. One study has
demonstrated that IAA produces significant changes in the dictyosomes of
expanding oat coleoptile cells and it was suggegted that auxin-induced
growth is mediated through the Golgi apparatus (Gawlik and Shen~Miller,
1974). Since Golgi membranes are knowm to be intiﬁately comnected with
cell wall synthesis (Worthcote, 1972), ithese observations merit further

study.
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The current weight of evidence favours the hypothesis that
auxing promote rapid elongation growth via a hydrogen ion secretion
mechanism (Rayle, 19733 Cleland, 1973). Because of the rapidity of
this effect,‘an interaction of auxin with the plasma membrane has been
assumed. The data presented here suggest that site 2 binding activity
is an in vitro manifestation of such én interaction. However, it has
not yet been demonstrated that £he binding phenomenon per se produces a
physiological response. Thus, further evidence is required to complete
the story of auxin - plasma membrane <% 7 = release of il 2 cell
wall loogsening - rapid elongation growth. An auxin;activated ATP=-ase
or proton pump has been suggested as the mediator 6f hydrogen ion
secretion (Hager et al., 1975) but direct evidence for such a pump has
not been forthcoming. There ig also very little evidence concerning
the mechanism by which the released hydrogen ions induce cell wall

loosening.

Although an interaction of auxin with the plasma membrane
may be the primary respoﬁse in rapid elongation growth, its relevance
to 10ﬁg—term growth which requires protein and nucleic acid synthesis is
less well-defined. There are many reports of auxin effects on protein
and nucleic acid metabolism (Key, 1969) and also a growing body of
evidence for cytoplasmic and nuclear receptors (O‘Brien et al., 1968;
Matthyse and Phillips, 1969; Mondal et al., 1972a). The report of
Hardin et al., (1972) was an ambitious attempt at reconciling rapid
membrane-associated effects of auxin with longer ferm changes in nucleic
acid metabolism. This still remains a most interesting idea, and
further experimental evidence would be welcome. However, if the rapid

and long-term growth responses are distinet, a reconciliatory theory may
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not be nécessary. In fact, a separation of the rapid acid-mediated
growth response to auxin from the longer-—term, cytokinin-inhibited growth
response has been recently repofted ( Vanderhcef and Stahl, 1975).
Perhaps plasma membrane receptors are necessary to the first phase of
growth and the nuclear and cytoplasmic receptors important for the second

phase.

‘Thus, this theéis provides evidence for plasma-membrane
associated auxin receptors, and the importance of these receptors 1o
rapid growth promotion by auxins is discussed. The main area where
these data can be improved is in the more tvigorous identification and
localization of the receptor molecﬁles. Even gradient fractionated
membrane populations are heterogenous (Plates 5 ~ 9), and improved
separation technigques would be of great value. Techniques of
solubilisation and affinity chromatography have been successfully
employed in the isvlation of animal membrane~associated hormone receptors
(Cuatrecasas, 1974) and if these can be applied to plant tissues, perhaps

an auxin receptor molecule will be finally isolated and identified.
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APPENDIX T

1. DERIVATION OF BINDING EQUILIBRIUM EQUATION

(after Van Holde, 1971)

Consider a macromolecule, P, with n binding sites and which -

reacts with a small molecule, PF.

The reactions are as follows:

Reaction Association constant
- _ [prl
P+F = PP ko= B
PF + F <= FF, k, = [zr,]
(PFI(F]
. . 1.1
N _ Ler_ .1
PR, +F &= FF_ Kk, = ——u 110‘
(FF](F]
PP . 4+ F == DF K b
n=l 70 YT ~ n T
L n—l][ ]

The binding experiment yields the number of moles of P that are bound
per macromolecule, and since the population is heterogeneous, this is

an average quantity, B.

{ 7 ] bound

Thus B o= [P:jtong

1.2
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From 1.1, {F] bound = (PF] + 2[?@2] + 3[PF51 4+ eeeess 1.3,

Since PF2 binds 2 molecules of F etc.

and [P] total = [P] + [PF] -+ [Psz + ssseseeer s 1-40
. . 2

Also, from 1,1, [PP] = k) [p]{¥] , (Pr,] = kyk, [P](F] ©, 1.5.

From 1.3, - 1.5. a general expression for B is obtained:

2
. ky [F] 4 2k, [F]% oou + n(igkyek ) (FI

— . 1.6.
12 n
To simplify this equation, it is asswned that all the sites
are the same, and that the binding at any one site is independent of
the occupation of other sites, such that k measures the binding of F
by any one site. However, one must also congsider that there will be

many different forms of a molecule of P with i out of n siteé,occupied:

n !

No. of forms of P =W' 17,

If (PFi] represents the sum of these forms, then for each '(PF]' value
: ir i
(er;] = ¥ [2] (7] 1.8.

Equation l.6. is now written

n . . .
: _in! x[p]
B o= i Tayu! 1.9
n . L] L]
1+ ¢ _a! k& (r}
‘i=1 Zn-ii!i!
From the Binomial Expression:
Denominator of 1.9. = (1 + k [F] >
Numerator of 1,9. = nk[F] (L +k (7] )n-l
e B = nk (Pl (L +k.F] )n"l
T+x(F])H"
'« B = nk{F]! 1.10.
1 +kiF] ’
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Scatchard transformation of 1.10:

%zm_@ 1.11

Double~Reciprocal Transformation of 1.1l0:

1 .

ol
L

S

B~



TAA
NAA
2,4-D
2,6-D
2444 5~T
2-CPTRA
BA
2,4-B
2,6-B
TIBA

RPA

ABA
GA

Ben. Ad.

ATP
BDH
DTT
EDTA

INT

P.P.0O.
PTA
- TCA
Tris

8BS .
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ABBREVIATIONS

3~indolylacetic acid
l-naphthylacetic acid
2,4—dichlor0phenoxyacetic acid
2,6=~dichlorophenoxyacetic acid
244 45~trichlorophenoxyacetic acid
2=chlorophenoxyisobutyric acid
Bengzoic acid

2,4=~dichlorobenzoic acid
2,6=dichlorobenzoic acid
24%545-triicdobenzoic acid

l-N-naphthylphthalamic acid

Abscisic acid
Gibberellic acid

Benzyladenine

Adenosine tripﬁosphate

British Drug Houses

Dithiothreitol

Bthylenediaminetetra~acetic acid

2=(p=-indophenyl }=3=(p=nitrophenyl )=5~phenyl tetrazolium
2(N-morpholino)ethanesulphonic acid -
2,5-diphenyloxazole

Phosphotungstic acid

Trichloroacetic acid

2 amino~2«(hydroxymethyl )propane-1,3=diol

Toluene based scintillant, containing 4 g P.P.0. per litre



TXBS

w/w

ATP-zse
IDP~ase

ShH

ug
mng

g

ul
ml

pmole
nmole
pmole

mmole

Triton-X-100 based scintillant, containing TBS and

Triton-X-100 in a ratio of 2:1 (v/v)

Uridine diphosphate~glucose

Volume for volume
Weight for volume

VWeight for weight

ATP-phosphohydrolase
Inosine diphosphatase

Succinate dehydrogenase

Microgram(s)
Milligram(s)

Gram(s)

Microlitre(s)
Millilitre(s)

Litre(s)

Nanometre(s)
Micrometre(s)

Millimetre(s)

Picomole(s)
Nanomole(s)
Micromole(s)
Millimole(s)

Molax
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cpm Counts per minute
Adpm Disintegrations per minute
mCi. per mmole Milli=curies per millimole
Fig(s). Figure(s)
Ké X 1,000 g = X 1,000 relative centrifugal force
rpm Reﬁolutions per mimite
min Minute(s)
0C Degrees Centigrade
wt Weight
Re digtance from origin . (chromatograms)
. distance of solvent from origin
S.E. Standard Error
P Probability
N.S. Not significant
K Dissociation constant
k Intrinsic site binding constant (an association constant)
B Moles of bound auxin
n Number of binding éites
¥ Molar concentration of nonbound auxin = 'free'! guxin
Ki Inhibitor constant

Crossover effect
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