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ABBTRHAL

The auxin-induced growth reaction of the Avena coleoptile
has been treated by methods of elassical enzyme lkinetics. ‘The
kinetic treatment makes it pogsible to characterize the growth
promoting activity of an auzin by two paraveters, Ky and V..
~ These exnress respectively the affinity of the anxin for the auxin-
receptive sité within the plant and the ability of the commlex thus
established to promote growth.

Treﬂtmentlgf Lvena sectlon growth b?vthe nethods of enzyme
kineties has made it possible to determine rigorously whether or
not inhibitors of auxin—induced growth are true antiawxins and aet
by competing with auxin for the auxin-receptive site within the
plant, Certain awrtin-inactive compounds have been shown to possess
antiawzin activity. Among such substances are 2,4~dichloroanisole,
4~chloro- and 2,4-dichlophenoxyisobutyric acids, and 2,6-dichloro-
and 2,4,6~trichlorophenoxyacetic acids. BEach of these substances
can bhe conéidered as derived from an activ& auxin (2,4~dichloro-
vhenoxyacetic acid) by elimination of one of the structural
features essential to awxin ectivity and thereby capable of
combining at one point of the auzin-receptive site but ineapable
of consummating the two-point attachment requisite for awxin activity.

It is shown that chemically different auxins compete with one
anobher for the sane i-ecep‘ti'vé sites within the plant. Auxins of
low V.. are capable of inhibiting or augmenting the activity of
awxins of greater V... Whether inhibition or promotion result

derend on the concentrations of the two substances and the differential
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srept antiawdn sctivity. This activity is
showm to be different from competitive inhibition of true anti-

amring .

144

The relationship between fvenz section growth rate and swdin
conceﬁtr&tiom‘has been demonstrated to be predictable on the basis
of a requirement for two-point attachment of the awddin molecule to
 some receptive entity within the plant,

"The growth inhibition resulting from hizh suzin concentrations
is not allevisted by antiawcins tut rather the auxin inhibition
is augmented b the presence of sufficiently high entiawedn cone
centrations. A necessary corollary to the gingle point attachrent
antizurin concept and the bimolecular complex formation concept
for inhibitory awzin concentrations is therefore confirmed,

A preliminary investigation concerning herbicidal activity of
mixtures of an antiauwsin and an auxin on bean plants is nresented.
The data obtained do not unequivocally establish that inactive
bimoleenlar awdin-receptor complex formation at high auxin con-

- centrations is a factor contributing to herbicidal action of 2,4-D,
but the possikility thet this is in fact so is considered.

A cultural technique for obtaining isolated flax root
clones is described and data for some experiments with an ié@lated
flax root clonc are presented., The irhibitory ection of certain

antinetabolites on the growth of young tomato plants is described.
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GLOSSART OF

PRA

L-CP1iB
2,L~DCrIB
2,6-TCFA
2,L,6-TCPA
2,L-DCA
2,1,6-TCA

2,L,6-TCPP

ABBREVIATIONS

indole-3-acetic acid
2,h—dichlorophenoxyaﬂetic acid
naphthalene-l-acetic acid
2,3,5-triiodobenzoic acid

¥ -phenylbutyric acid
Li-chlorophenoxyisobutyrie acid
2,li=dichlorophenoxyisobutyric acid
2,6~dichlorophenoxyacetic acid
2,ly,6~trichlorophencxyacetic acid
2,li-dichloroanisole
2,h,6-trichloroanisole

2,li,0-trichlorophenoxypropanons



GENERAL INTRODUCT IOH

'Growthg a fundamehtal attribute of living organisms, is a mani-
festation of an integrated chain of biochemical reactions. Higher
plants; as well as other living organisms, have in common the bio-
chemical éharacteristic that growth is governed by organic compounds
which exert their effects at exceedingly low concentrations. It is
characﬁeristic of such plant growth substances that they are also
hormones, synthesized in one tissue or organ and transported to
distant sites where they exert their biochemical, physiological
or morphological effects on growth, Among the plant growth sub-
stances, the auxins are the best known and have been most intensively
studied, Historically, the term auxin was first applied to certain
naturally cccurring compounds possessed of the power of regulating
cell elongation. It was subsequently found that related synthetic
(non-nabive) compounds are able to duplicate the effects of native
auxins in their influence upon the cell elongation phase of growth,
We now know that auxins influence many aspects of plant growth in
addition to cell elongation, This investigation is however con-
cerned with basic principles of aux%n physiology, principles which
will be studied in relation to cell elongation,

There arsa dertain»pTant ﬁissues which do not grow (essentially)
unless auxin is supplied., It is characteristic of such systems that
there is a quantitative reiation between auxin supplied and growth,
In a sense, then, growth of such tissue might be viewed as an
;enzymatic reaction with the plant the enzyme and the hormone the

substrate,



Iﬁ the presént investigation, we will take this thought and see
how well it applies to auxin-induced growth. Growbh of excised
Avena éoleoptile sectios will be treated as an enzynatic reaction
and by classical enzyme kinetics., Tc do this, such extensions as
ére needed and appropriate will be made., It will be seen that this
way of viewing growth is a very useful one, It gives us new infor-
mation on:

1. the basis of structural specificity of auxins,

2, the basis of structural specificity of antiauxins,

3» the reasons for the seemingly strange interactions of

auxins,

i, the basis of herbicidal activity.

STRUCTURAL REQUIREMENTS FOR AUXT ACTIVITY, During the past

of the structural features which a compound must possess in order
to be active as an auxin (1-23). It is now apparent that there is
a definite structural pattern which is prerequisite to auxin
activity even though the many types of active molecules might
at first seem quite unrelated, The features which auxin-active
molecules possess in common, a»mattéf first systematically studied
by Koepfli et al. (1), may now be rather extensively codified and
understood in terms of the two-point attachment concept of auxin
action (20, 21, 22, 23).

On the basis of the compounds known to promote cell elongation,
Koebfli et al. {1) set forth the following qualifications as those
which a molecule must possess in order to eliecilt the cell elongation

response.,
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1, Tt must'pmssess a ring system as nucleus.

2. It must possess a double bond in this ring, ({(Subsequently
Went (8) made this and the following qualifications more
iarecise by stating that the side chain must be adjacent

4o the ring double bond.)
3. It must possess‘a side chain,
L., Tt must possess a carboxyl group {(or a structure readily
converted to a carboxyl, such as an ester or nitrile)
in’thevside chain at least one carbon atom removed
from the ring. -

5. It must be capable of assuming a particular spatial
relationship with respect to the ring and the carboxyl
group,

The structural qualifications for auxin activity, as presented above,
have not remained unchallenged. Veldstra (2, 3}, who holds that the
function of an auxin is a physical one and upon some boundafyﬁ
reduced to two the structural requirements for auxin activity.
Veldstra's proposed requirements are that the compound:

1. must possess a basai ring system (non-polar part) with
high interface activity,

2, must possess a carboxyl group (polar part)--in general
a group of acidic character--in such a spatial position
with respect fo the ring system that on adsorption of
-the active molecule %o a boundary, this functional group
will be situated perpendicularly to the plane-of the ring

systenm,
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As indicated in Veldstra's second requirement, the carboxyl
group qualification has Be en broadsnesd bo include grmips of acidic
character such as naphthalene-l-nitromethane (3). That qualification
3 of Koepfli gE 3&, must also be revised has become evident in recent
yeérs, The substituted benzoie a.r:ir..iJ 2-bromo-3-nitrobenzoic acid,
was shown to be active in causing curvatures of tomato petioles (L)
- and to be weakly active in the split pea test (9, 10}, Vhether
or not substituted benzoic acids were in faet aetive in causing
cell elongatipn-remained a controversial issue until Bentley (2l)
found that 2,3,b-trichlorobenzoic acid and its aldehyde have high
activity in the Avena coleoptile section test, Thimann (26), has
shown that 2,3,6-trichlorobenzoic acid is also highly active in the
split pea test (see also 10, 26}. That other substituted benzoic
acids are acti&e in straight growth of isolated Avena coleoptile
sections has been reported by Muir and Hansch (23), Becaﬁse of
the fact that soame of these compounds are inactive in the sﬁlit
pea test and inactive in promoting cell elongation in corn coleop-
tile sections (27), it has been suggested (16) that the substituted
benzolic aclds do not act 1iké typidal auxins. Veldstra (10,17)has
also shown that some a-naphthoic acids are active in the split pea
test,

In spite of the fact that the qualificabions of Koepfli et al.
have undergone some modification, it is nevertheless evident that
in order for a molecule to be active as an auxin it must have a
specific molecular architecture, The ultimate significance of

this architecture becomes evident through the two-point attachment
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concept of Muir and coworkers (20, 21, 22, 23), This concept, in
additién to recbgnizing the qualifications of Koepfli et al. and
their modifications, stfesses the imnortance of a free or poten-
tially substitutable position on the unsaturated ring ortho to the
side chain or carboxyl group, The significance of the ortho posi-
tions of phenylacetic, phenoxyacetic, phenylbutyric and indoleacetic
acids became apparent when it was realized that blecking both ortho
positions by subétitution converted the active awrin molecules into
molecules incapable of promoting elongation of Avena coleoptile
seclions (20, 21), For éxamplej 2,li~dichloro~ and 2,)j-dibromo-
phenoxyacetic acids have high activity in the Avena section test
but 2,h,b;trichloro— and 2,li,6-tribromophenoxyacetic aéids are com-
pletely inactive, Veldstra and Booij (9) account for such inactivity
by suggesting that trihalogenation increases the lipophilic character
so that a required 1ipophi1ic—hydrophilic balance is upset, ' Paleg
and Muir (29) have however pointed out that moving the halogen from
the L~ position of 2,L-dichloro or 2,Li-dibromophenoxyacetic acids
has' little effect on the lipophilic character of the benzene nucleus
but nevértheless these diortho halogenated phenoxyacetic acids are
inactive in the Avena section test,

The preceding observationé, and others, relative to the imbor-
tance of the ortho position suggested to Muir et al. (20) that in
order for a compound to be active as an auxin it must be capable of
undergoihg a two~point attachment through‘the carboxyl group‘and
the ortho group to some suhstrate within the eell, Furthermore,

the fact that electronegative substituents in the aromatic ring
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enhance the actiﬁity of ophenoxyacetic and phenylacetic acids suggested
(21} that the portien of fhe substrate within the cell which reacts

at an ortho position is nucleophilic in nature. To complete the
two-point attachient concept, Hansch et 3&1(23} propased that the
ortho position may react with a protein-bound cysteine sulfhydryl
group and that the essential carboxyl group may bescome involved

in a salt or amide type linkage with an amine group,

In contrast teo the situation in phenylacetic, phenvlbutyric,
phenoxyacetic and indoleacetic acids, diortho substitution in the
benzolc gelds does not necessarily give riee to an auxin-inactive
molecule (22}, 1In fact substitution by an electron-rich reactant
is enhanced when eiectronegative atoms or grnuﬁs are present st
one or both ortho nositions of benzoic acids, The additional
requirement Whichrmolecules rust possess to be active as auxins
may now be summarized by stating that a position ortho to the side
chain or carboxyl group must be capable of displacement by an
electron-rich plant substrate (23). Further considerations on
the ortho effect have been presented by Thimann (25) who proposes
two new rules for the relation between structure and activity of
auxins., These proposed rules are that a compound

1. must possess tﬁo free positions para to one another, and

2. must possess one free @osition ortho to the carbhoxvl

group containing side chain.
It is immediately apparent that rule 2 is that already proposed by
luir et al, (20). The first rule is based primarily on observations

made by Leaper and Bishop (29) who pointed out that chlorophenoxyacetic
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acids which havevhigh physiological activity are substituted in
positions in the benzene‘ring para ta each other. Fiﬁally, it has
béen suggested by Wain (30) and by Smith et al, (31) that, in addi-
tion,tb carboxyl group and free ortho position requirements, the
a~hydrogen atom of the side chain iﬁ aryloxv-acids mav be requisite
for auxin sctivity.

It has become evident during the cburse of the present work
that avéilable data concerning molecular architecture of compounds
active as auxiﬁs may be conveniently summarized, with few if any
exceptions, in the requirements for a carboxyl group and for a
critical electron density in the aromatic nucleus at positions
ortho to the carboxyl group or side chain and for an appropriate

spatial configuration between these functional groups,

PRIVARY AUXTN ACTIOH, We have seen that although many

chemically different organic compounds are active as auxins there

is nevertheless a certain molecular configuration essential for
activity., That there is a design common to physiologically active
molecules would seem to demand that they participate in a unique
biochemical reaction, The many different effects of applied auxins
on whole plants, plant organs, bissues and enzyme systems (7, 13,

1k, 15, 1o, 32-38 and many others}), might at first glance appear

to exclude the possibility that awrins do in fact exert their effects
upecn & single biochemical reacbion., It has become incresasingly
evident however that the different manifestations of~apxin action

are in fact secondary and are the result of a single common or



primary basic reaction which can be discovered when the experiment

is made sufficiently brief. This subject has been adequately
treatéd in recent revieWé by Bornner and Bandurski (15) and others

(9, 11, 16, 38, 39, LO) and it need only be pointed out that the
study of auxins in relation to cell elongation is thus simultaneously
the study of auxin-induced growth process in general,

Meny investigations have been directed toward determining the
primary auxin agtion through studies on the effects of awtins upon:
(1) properties of the cell wall, (2) changes in chemical composition
of the plant, (3) enzymes in vivo and in vitro, (L) relation between
growth and respiration, and (5) water uptake, Data available at
present ere insufficient to exclude the possibility that the effect
of auxin on increasing the plasticity of the cell wall is a direct
rather than a secondary one, The available svidence does not how-
ever support the thought that there is a direct relation between
the second and third of these effects and the primary action of
an auxin (15, L0), Evidence does, on the other hand, suggest that
respiration and water uptake'are intimately associated with the
action of an auxin, Since the work of Reinders (hi, L2} and of
others who followed her (L3-l9 and others) demonstrated that auxin-
induced water uptdke in plant tissues is an aerobic process, it
has become increasingly clear thalt promotion of active water uptake
is the‘primary function of auxin. Furthermore, the increase in
‘ respiratory rate resulting from the presence of auxin in the cells
appears. to be a response to the energy—éonsuming proceés of water

accumulation (L9}.
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It is evident then that although aurins evoke profound bio-
chemical, physioclogical and morphological changes in plants, the

primary auxin action may be the promotion of active water uptake,

THE ANTIAUXIN CCNCEPT, The fact that a svecific molecular

architecture 1s a property of auxins and that auxins are implicated
in the basic metabolic process of water accumulation suggests that
further information may be obtained concerning the site of auxin
action and the néture of the bilochemical reaction through studies

of compounds which interfere with the function of auxins, Compounds

which interfere with the function of a metabolite and induce deficiency

antagonists or metabolite competitive inhibitors). The term metabo-
lite is used in the broad sense in that it includes all substances
utilized by an organism for maintenance of 1ife,

It is now well recognized that many antimetabolites bear a
close structural resemblance to the metabolite itself, @uastel (1,9a)
clearly recognized that the metabolism of a substrate could be
inhibited by molecules, structurally similar to the substrate,
vhich are themselves incapable of undergoing enzymatic transforma-
tions. Approximately 12 years ago, Woods (50) reported that the
bacteriostatic action of sulfanilamide and related sulfonamide
drugs was campletely prevented by p-aminobenszolic acid. This

'disoovery led to a fapidly developing field in the study of anti-
metaboliﬁesa Antimetabolite investigations have heen directed
primarily toward the discovery of new chemotherapeuticragents and

secondarily toward an exploration into the biochemical reactions
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in whiéh metabolites are inveclwved. Considersbly less attention
has been direcbed toward \{.L uelermination ol the relalionship which
exists between the antimetabolite and the enzymatically active
centers at which the antimetabolite exerts ites inhibitory role,
‘In récaﬁt years, however, specific inhibitors have heen found which
have aided in défining sbmething of the nature of the enzymatically
active centers of certain di- and polypeptidase enzvmes as well
as affofding insight into the manner by which a substrate combines
with its enzyme through multinle abtachment points (51-5%). From
such studies, it is becoming increasingly evident that certain
functional groups of the substrate interact with oriented and
exposed functional pgroups on the enzyme. A consequence of this
intiwmale relabionship is that certain specific structural changes
result in the conversion of a metabolite into an antimetabolite,
Demonstration that a compound acts as an antimetabolite
(competitive inhibitor) can be achieved by either of two general
methods. The first method, that of Lineweaver aﬁd Burk (56} or
some variation thereof (57}, is generally employed when quantita-
tive data are desired, This method has been used in this investiga-
tion and is described in detail later. The second method, commonly
called inhibition analysis (58, 59) is that most often used in
antimebabolite investigations, vThe inhibition analysis method
provides satisfactory qualitative data for most antimetabolite
studies. Although this mebhod is qualitative in nature, certain
conditisns must be fulfilled in‘order that antimetabolite activity

may be ascribed to a substance. Tre basic condition is that the
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ef fect of the antagonist be proportional to the‘amount of metabolite
bver a wide concentration range of the metabolite (59), Tn general,
to analyze for this proportionality, the molar inhibition ratio,
antagonisﬁ/metabmlite, required to produce 50 per cent inhihition
(or half maximal effect) is used. The rati o, anta gnﬂ’ﬁ,s’n/metabolite, ‘
is called the molar inhibition ratio and the numerical value for
this ratio is termed the inhibition index, In antiretabolite studies,
then, engriments are designed in such a mannsr that sufficient anti-
metabolite is added to increésing concentrations of metabolite so
that 50 per cent inhibition mav te determined at a number of concen-
tration levels, If at a number of these concentration levels (four
or more) the molar‘inhibitian ratio remains constant, then the
antaponism is competitive and the inhibitor may be described as a
competitive inhibitor., On the other hand, if the ratio does not
remain constant, then the anteconism is not competitive and use
of Lhe molar inhibition ratio or inhibition index is of litﬂle
significance (’59}@‘a

It is evident from the foregoing and the kinetic considerations
to be discussed later, that an dntimetabolite, or competitive
inhibitor, is a substance which combines with the same catalytically
active center of an enzyme as does the metabolite itself, Further-
more, a fundamental differcnce between the antimetabolite and the
metabolite is that the antimetabolite is incapable of undergoing
the enZymatic transformatipn'which is characterisitic of the
metabolite,

Let us now turn our attention from the general considerations

of antimetabolites and consider only those substances which interfere
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with tﬁe activitj of auxins., Compounds which antagonize the action
of auxins and induce symptoms of a lowered effective auxin concen-—
tratibn.have been called antiauxins. It has been supgested (15)
that the term anbtiauxin be restricted to those substances which
 are themselves inactive, or essentially so, as auxins but which
satisfy the requirements of competitive inhibitors., It is in this

~ sonec that the bterm antiauxin is employed in this investigation,

It is imoortant that the term antiauxin be restricted to those
substances which compete at the auxin-active site within plants for
there are other ways in which compounds may bring about lowered
auxin concentrations in plants. For example, a substance may
enhance the destruction of endogenous auxin through activation of
indoleacetic acid oxidase (60, 61}, and thereby produce auxin
deficiency symptoms, Agaiﬁ, auxin deficiency symptoms may be
induced by substances which inhibit synthesis of the native<plant
auxin., It is clear that in either of these instances auxin applied
to the plant in the presence of such substances may alleviate the
auxin deficiency symptoms but not quantitatively as is character-
istic for the applied auxin alleviation of inhibitions induced by
true antiauxins. The behavior of such compounds then is not that

of competitive inhibitors.

Thus it may be seen that in order to ascribe true antiauxin

activity to a substance it must be demonstrated that the relation
ship which exists between antiauxin inhibition and auxin allevia-

tion of such inhibition is the appropriate quantitative relation-

ship.,
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It is the purpose of the preseqat investigatién to show that
the auxin-induced growth reaction of the isolated Avena coleoptile
séctian»can be treated by the methods of classical enzyme kineties.,
Thereaiter, using the Avena coleoptile section as experimental
'm;terial, the investigation deals cbnsecutively withs

(a) applicétion of the Lineweaver and Burk kinetic analysis

of competitive inhibition to the auxin-induced growth
reaction and presentation of experimental evidence upon
Which is hased a general formulation of the structural
requirements for antiauxin acbivity,

(b) kinetics of auxin interactions,

(e) kinetics of auxin-induced prowth inhibition,

(d} integratien of the antiauxin concept and auxin-induced

growth inhibition.
And finally, the investigation considers preliminary experiments

on the application of kineties to the study of auxins as horbicideag,
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JATERIALS AND LETHODS

The Avena seeds (vgr. Siegeshafer) used throughout the investi-~
gation were first stérilized for ten minutes in a 1% Na0Cl solution
- containing a pinch of detergent and were then socaked for one hour
in distilled,watefa They were next sovn in stainless steel trays
containing vermiculite previocusly moistened with distilled water
and allowed to‘germinate. Flantings for the majority of the
experiments were made at the same hour of the day, Germination
and seedling growth occurred in a standard Avena room, under low
intensity red light (with occasional orange light) at 25-26°C and
a relative humidity of 90%, for 82-3L hours. At this time a selec~
tion was made Tor those planté which possessed coleoptiles 2.75 to
3.25 cm, in length, Since the residual growth of excised coleoptile
sections (that due to endogenous azuxin} depends on the length of
the coleoptile and since it is important for this work Lo obtain
reproducible growth in the absence of added auxin, the selection
of uniform coleoptiles contributes an important element, To this
selection ie d.,ué, in a considerable mcasure, the fact that the
present results are both mére:precise and more reproducihle than
those heretofore recorded for growth of excised Avena sections.
Additional water sprinkled over the seedlinge approximately 2l; and
12 hours prior to harvesting facilitated the handling of the coleop-
vtiles and increased the sensitivity of the isclated sections to

added auxins, particularly to indoleacetic acid,
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From each selected colegptile one ©,0 mm. section was cut,
2~3 mm. from the tip of each hollow coleoptile evlinder (leaves
removed), with a double bladed cutting tool., After cutting, all
sections were randomized and lots of 20 sections distribubted to
petri dishes containing 20 ml., of solution. A basal medium of
Pyrex redistilled water, 3% sucrose and 0,0025 potassium maleate
buffer (62) (pH L.50) was employed, To this medium the auxins and
compounds undergoing test as antiauxins, adjusted to pH l.5 were
added. The sections were incubated in the dark at 25-26°¢ énd
length measurements made under a microscope after incubation for

12 hours.,

The variability to be expected within a single experiment as
well as that to be expected between experiments can be judged from
tables 1 and 2, respectively, In these tables the confidence limits
have Eeen determined according to the method described by Brownlee
(63}, and arc calculated at the 19 probability level. The doccasional
experiments which for' unknowm reasons yielded a degree of precision
less than that of table 2 were forthwith discarded, llost of the
growth data presente@ in the paper are averapges of two or more

xperiments (L0 or more coieoptile sections per trestment) carried
out on different days.

It is customary in awdin investigations to express concentra-
tions in mg./l. or v.p.m. Thersfore, this practice has been followed

and data are given in mg./l. Since it is, however, usual to express
kinetic constants in terms of molarity the appropriate conversions
from mg,. /1, concentrations to molarities have been madé in the summary

tables,
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H O SUCROSE CONCENTRATION, In Avena coleoptile sechion

=3

growth experiments, as first used by Bomer (6l), a carbohydrate
source was not added Lo the basal medium. Subsequently Bonner (65)
used sucrose, and Schneider (00} investigated the effect of varying
sucrose concentration on TAA induced Avena section growth and found
1% to be optimal. Lator Bonner (67) reinvestigaled optimum sucrose
concentration for section growth and found the optimum at 2-3%
sucrose, Bentley (68} also investigated the effect of sucross on
saction prowth and obtained quite w
incubation with 17 sucrose. Since the variability found by nrevious
workers may be due to differences in experimental technique, it was
decided to determine optimal sucrose concentration for the rresent
system,

The effect of sucrose concentration on Avena coleoptile section
growth at various IAA concentrations is shown in fig, 1. It is
apparent that there is a delinite optimum at 39 sucrose in the
presence of' 1.0 mg./l., IAA. In the absence of IAA or in the presence
of low or inhibitory cencentrations of IAA, growbh in 2 or LY
sucrose is less markedly different or not significantly different
from growth in the presence of 3% sucrose, Although 39 sucrose is
essentially optimal for IA4 induced Avena section growth, it was
considered possible that this concentration would not necessarily
be optimal for growlh promoted by other auxins., H owevér, iz, 2

indicates that 37 sucrose is optimal also for a considerable range
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of 2,li~D concentrations. Three ner cent sucross was therefore
chosen as addendum to the basal medium in all auxin-inducezd section

erowth experiments.

EFFECT OF POTASSIUL CHLORIDUE. For the type of study carried

o

out in this investigation, it was evident from the beginning that
a large number of treatments would be used in each experiment,
Furthermore, the nature of the treatments was to be such that growth
differences obtained had to be the result of auxin treatments or
effects of other cormounds undergoing investigation and not due to
extraneous materials such as inorganic ions. Since many of the
compounds to be investigated are acids, it is necessary to use a
base such as KOH to adjust the pH to lj.5. It was considered necessary
then to determine the effect of X+ ion and/or €1~ ions as KC1 on Avena
coleoptile section growth.

Potassium chloride has been reported fo influence Avena section
greowth., Thimann and Schneider (09} found that addition of XKC1 in
the absence of auxin had no effect on section growth. In the
presence of auxin, KCl was inhibitory above 0,01N although under
some conditions 1t promoted growth at lower concentrations. Tt
was reborted.by Bentley (60) that 0,011 KCl seemed inhibitery to
sections incubated in auxin for hB hours, GCooil (70) found that
KC1 had little effect on Avena section growth in the range between
0.001lf and 0,01H, For sections incubated 20 hours, 0,014 KC1 was
slightly inhibitory but this concentration was not inhibitory to

sections inecubated for Lo hours.



The =ffect of added EC1 on IAA and on 23h«9 induced ssaction
growth is shown in fig, 3 and li, respectively, 1In these experinments,
as in all other experiments, the basal medium contained 0.0025K
pobassium maleate buffer, It is clear frgm‘ﬁhe figures that the
influence of added KCL on growth is essentially identical Tor hoth
auxins. In the absence or presence of auxin there is no signifi-
cant effect of KGI on growth up to approximately 0.0034 KC1. At
a Gl concentration of 0,01N there is slirht growbh inhibition at
Iaa and 2,4-D concentrations of 1,0 mg./l. Growth is slizatly
inhibited by 0,041 KOl in the presence of 10.0 mg./1. 2,Li~D and
al other concentrations of both IA4 and 2,L-D section growth is
definitely innibited by KC1 concentrations higher than 0.011. Thsse
results indicate that the addition of KOH and HCl, at concentrations
sufficient to affect solution of and to adjust pH of caupounds under
investigation, will have no effect on auxin-induced Avena section

growth.

FROGRESS CURVES FOR AUXIN-TIDUCED CQROWIH. The considerations

of classical Wichaelis-lenten (71) enzyme kinetics can be applied
only to systems for which initial reaction rates are measured. The
time course of auxin-induced growth of the Avena coleoptile section
was determined by measuring section growth over periods up to I8
hours, The results obtained for the auxins used in the investiga-
tion as well as the time course of growth in the absence of auxin

are presented in fig. 5, Tt is apparent that the growth velocity

of the sections is essentially constant up to 10 hours in the absence

o' auxin and in the presence of 1.0 mg./l. TAA., The growth velocity
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of the sections ig similarly constant up to 2y hours in the presence
of 10,0 mg./1. PB4, O.L mg./1, TIRA, 1.0 mg./l. 2,L=D and 1.0 mg./1.
HAA. Tt may be assumed that the initial growth velocitv remains
constant over a simiiar interval with other concentrations of the
same auxins., In any case, an incubation time of 12 hours has been
used in all subsequent. experiments. This interval which includes
only the firsl portion of linear time-growth curves of Iig, 5 gives

then an estimate of the initial growth wvelocity,

Tt will

EINSTIC ThEA

NT CF AVENA COLECPTILE SECTION

now be shown that the growth response of the Avena coleentile to
added auxin can be formally treated hy the enmjme kinetiecs of
lMichaelis and Henten (71 ). These considerations have as their
basis the assumption that an enzyme catalyzes a reaction by first
combining with substrate to form an intermediate enzvme-substrate
complex which then decays to form the reaction products and to
regenerate free enzyme. This situation is exvressed in equation 1,

Ks
(1) E+ 5 === WS k > E + Products

where the equilibria invol#e'the following quantities:
E: - Znzyme (in the present case, the coleoptile ssction or
the auxin receotive entity within it)
53 - Substrate (in the present case, auxin)
ES: - Enzyme-substrate complex (in the present case, coleopbile-
auxin complex)

Kg1 - Dissocistion constant of the complex ES



ks - Velocity constant relating concentration of active
complex to rate of product formation (in the present
case, growth;
vL@t us now express equation 1 in terms of reaction velocity (v),
The maximum velocity (Vy,y) of the growth reaction is attained when
the substrate concentration is sufficiently high to ensure that all

availanle enzyme is saturabted with S to form ES. Under these condi-

tions, Epgpey, = BS and Vygo = koBapepyy, the kinetic consequencas

of equation 1 may now be expressed as in equation 2, vhere v is the

reactlon veloclity,

It is apparent that v (which in cur case is section growth rate)
is dependent upon [S] and upon the constants Kg and V,... Since ¥y and
Viax are constants, equation 2 is that of a rectangular hyperbola for
which Vygs 18 the value of v which is asvmptotically approached as
[S] is increased, and for which Kg is ths value of [S] at which one
half’ Vpay 1s attained, That the data obtained for IA&L and for 2,L4-D
induced growth of Avena coleontile sections at concentrations below
L.box 100 fit such hypefbolae are shovm by the dsba of fig. OA,

A more critical test of the applicabilitv of equation 2 may be
obtained by plotting the reciprocal of reaction velocity (1/v) as a
function of the recinrocal of substrate concentration (1/[5]:?®
This relation is expected to be a straisht line for systems which

follow Michaslis-Fenten kinetics as is evident from aquation 3

vinich is the reciprocal of equation 2, That the hyperbolae of
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fig. 6A for IAA and for 2,L-D induced coleoptile
X, 1

e - ¢ P —————

(3}
Vmazx [5] Vimazx

1
v

section growth reaction do in fact yield thelinesr relationship
expected from equation 3 is shown in fig. 6B. The reciprocal plote
af fig. 6B‘provide also a convenient method for the determination
of the two parameters, Vp.« and Kg, which characterize the two
different aspebts of the activity of an auxin toward plant tissue,
Thus the ordinate intercept, 1/Vpax, may be used to determine Vgax,
vwhich is a mcasure of the cffectivencos of an awxin if it is given
in a concentration suffiéiently high to elicilt the maximum growbth
rate of which it is capable, The slope Kg/Vjsx, on the other hand,
may be used to de‘terminek ¥s vhiech is 2 measure of the concentration
of the auxin needed to elicit a growth response, andvspecifically,

the conecentration nesded to elicit half maximum growbh rate.:

KINEI'TC TREATVENT OF COIFETITIVE INHIBITION, - Competitive

inhibitors are compounds which compete with the substrate for the
substrate-receptive sites of the enzyme, This complex, unlike
enzyme-substrate comnlex, does not, however, undergo further
reaction. This may be formulated {ollowing Tineweaver and Burk
(56} as in equation L.

K |
(4] E+ I et  EI
o=

s v

#In the application of the above considerztions to Avena coleoptile
section growth, it is assumed, as in classical enzyme kinetics, that
the concentration of sites is small with respect to the concentration
of auxin., That the tctal concentration of receptive sites remains
constapt with time is indicated by the faect that growth rote is
constant over the period of measurement,
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I: - Inhibitor

EI: - Tnactive enzyme inhibitor cemplex (in the present case,

coleoptile~irhibitor complex)

KI} - Dissociation constant for the complex BI
We may now express the combined consequences of equation 1 and L
(equation 5} in terms of reaction velocity (v) where this‘quantity
is now the velocity in the presence of inhibitor. Thusvthe degree
of inhibition exerted by a competitive inhibitor depends upon the
relative substrate and inhibitor concentrations as well as.upon
the constants Kg and Ky, The maximun veloclty (Vp..) is attained

when the substrate is present in such excess
Vmax[S]KI
Ks.X1 + Kg [I] +K71 [S]

over inhibitor that all of the enzyme is in the form ES and essen-

(5} v =

tially none in the form of EI. Again, it is more convenient to

use the reciprocal form of equation S, which then hecomes

1 Ks [I] 1 1

Rg + el - .

Tmax Ky [S] Vinax

(6}

<
fl

Comparing equation 6 with équation 3 it is apparent that in plots

of 1/v against l/Bﬂ, the presence of a competitive inhibitor
increases the slope of the resultant line by the quantity nglzl s
The intercept, 1/Vp.x, on the other hahd, remains constantKIand is
 not, influenced by the presence of inhibiter. Thus the inhibition
caused by a competitive iﬁhibitor (antiauxin} in the presence of

low auxin concentration is alleviated by increasing auﬁin concentra-

tions. This does not imply that sufficiently high auxin concentrations



(WY}
H
f

&

need cempletely overcome the'antiauxin;induced inhibition. Since
high auxin concentrations are of themoelves inhibitory, it is
essential for the present purposes to woerk within the range of
auxin cencentrations where this secondary inhibition is not

-apprecilable,
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CHEMICAL STRUCTURE AND ANTIAUYIN ACTIVITY

Introduction

This part of the investigation is concerned with the chemical
'characteristics and physiological properties of molecules which
possess antiaﬁxin activity. Relatively little sttention haé been
directed towards the discovery of compounds which are able to antago-
nize the action of auxins, In the fields of chemotherapy, pharmacology,
and bacterial nutrition, however, the study of metabolite antagonists
(antimetabolites) has contributed extensively to our understanding
of the sequence and nature of reacblons involving such materials
as the vitamins, hormones,and amino acids., It is, therefore, of
interest to attempt to discover what structural modifications are
required to convertAan auxin molecule inte an antiauxin. These
compounds possess the practical importance that they may be_used
to lower the effective auxin concentration in plants and may thus
. be employed for desirable experimental (e.g. control of flower
induction) and agricultural (e.g. leaf defoliation) ends,

For the ﬁresent purposes, an antiauxin will be taken to be a
compound which is itself devoid of auxin activity but which is
capable of antagorizing competitively the action.of an active
molecule., Several substances have already been reported to be
active as antiauxins and a comprehensive survey of such compounds
has been made by Bonner and Bandurski (15}, The 2,4-D analog,
2,li~dichlorocaniscle, for example, possesses the ability to antago-

nize auxin-induced growth (72). Although cis-cinnamic acid is
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acﬁive-as an auxin, its inactive isomerﬁ'traﬂs*cinnamic acid, has
been found by van Overbeek et al. (73} to have antiauxin properties.
Maleie hydrazide is repprted by Currier et al. (74) and Lebpold and
Klein_(?S, 76) to possess antiéuxin activity. Stereoiéomerism.may
also contribute antiauxin properties as has been shown for the two
forms of certain a-arylpropionic écids by Smith et al. (31). Thus
the (4) isomers of the (+)—q—(2—naphthoxy)~, (+)-q- (2,l~dichloro-
| phenoxy)-,'and (+)-a-(2,h,S«trichiorophenoxy)-propionic acids are
active in the Avena coleoptiie section test but the growth éctivity
of the (+)-isomers can be partially or canpletely antagonized by the
corresponding inactive (~)}-isomers.

Compounds which possess weak auxin actiﬁity'may also act antago-
nistically towards auxins of higher activity. Skoog et al. (77),
in the first study of this matter, found that ¥ -phenylbutyric acid
interacts competitively with indoleacetic acid in the Avena eurva-
ture test. An ability to antagonize more active auxins has also
been reported for 2,3,5-triiodobenzoic acid by Galston (78), de
Waard and Florschiltz (79}, Thimann and Bonner (80}, and Weintraub
et al, (81).

That auxins (except af very low concentrations) inhibit root
growth (82} is among the better known facts of auxin lore. On this
basis compounds other than auxins which are capstle of increasing roct
growth or which can overcome auxin-induced root inhibition, have .
been described as antiauxins or. auxin antagoenisbs., No rigorous
proof that this is so has however been presented, Among the materials

first found to considerably promote root growth were 2,L-dichloro-
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anisole (o), E~chlorophenoxyisobutyric.acid (83, 8)4) and indole=3-
iSObutyTic acid (8h). Rurstrda (85) has also feund that phenoxy-—
isobutyric acid as well_as its 2- and 3~ monochloro-derivatives

are active in increasing root growth. It has subsequently become
clear that a variety of substituted phenoxyiscbutyric'acids possess
this.property, including 2,l-dichloro-, 2,4,5~ 2nd 2,L,6-trichloro-
and 2,3,&,5,b—pentachloréphenoxyisobutyric acids (385}, The sulfur
containing compounds 2,li~dichlorophenyl-sulfoneacetic and 2 k-
dichlorophenylsulfoxideacetic acids have beer shown by Wilske and
Burstrém (96} to behave similarly. Minarik et al, (87) have found
3-nitro-li-fluorchenzoic acid to be the most active of thirty-five
substituted benzoic acids which inecrease rate of root elongation,
Boere (08, B9, 90) obtained increases of root growth with l-(naphthyl-
nethyl-sulfide }~propionic acid and auxin-induced root inhibitions were
alleviated by the compound, Eberg (B9)Ihas ziso shown that a number
of u-(naphthyl-methyl-sulfide or selenids)-alkylearboxylic acids,

in addition to incresasing root elongation, act to alleviate 2,L-D
induced root inhibition, Increases of root growth have been cbtained
with (-}-g-(2-naphthoxy}-propionic acid and furthermorc the inhibition
induced by the auxin-activé {+)-isomer and by 2,hwdichlorophehoxy—
acetic acid can be alleviated by the (-)-isomer (38). Bverg (90)

and _fELuduS' and Shipton (91) have demonstrated that the inhibition
prodﬁced by 2,hudichloroﬁhenoxyacetic acld may be counteracted by

the weak auxin phenoxyacetic acid.

Since rigeorcus proof of antiauxin sctivity has nok previously

been provided for any growth test, it was considered desirable to



Tirst investigate compounds to which antiauxin activity has been
attributed on qualitative grounds. The compounds chosen for the
initial phase of this work were those which do not have auxin
activitj but which héve been snown Lo increase rate of root growth.
It will now be shown that certain of these compounds as well as
other compounds not only inhibit auxin-~induced Avena secbion growth

but also bhiab Lhey do so in & strictly competitlve manner,
Results

The growth effects of varying econcentrations of IAL and of
L-CFPIB alone-and in combination, on Avena ccleoptile sections,are
sunmarized in table 3, It is apparent the L-CFIB inhibits TAA
indueced sectien growth and that the inhibition inereases with
increasing concentrations of L~CPIB. Further, for any given con-
centration of L~CPIB the inhibition decreases with increasing con-
centrations of IAA up to a concentration of 1.0 mg./l. The growth
vglues obtained for an inhibitory TAA concentration in the presence
of L-CPIB are alsc included in table 3. These data are not suitable
for Lineweaver-Burk competitive inhibition treatment. It may be
noted that the IAA inhib:i.tion‘ at a concentration of 10 mg./l. is
not alleviated by h—GﬁIB. The significance of this fact will be
discussed in a later éection. That L4-CPIB competitively inhibits
the action of IAA is shown in the double reciprocal plot (1/v against
' 1/[5]) of fig, 7. The lower line is that obtained from data on
growth in the presence'of.lka alone while the upper lines aré those

obtained in the presence of IAA but with increasing concentrations
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of>h-CPIBm The resultant family of straight lines possessés increasing
slopes but a common ordinate intercept, The requisites for compsti-
tive inhibition are then fulfilled Ly L-CFPIB which is therefore a

true antiauxin.

The data of taeble L show that similar results are obtained for
the inhibition of 2,L=D induced section growth Ly L~CPIB, The
appropriate graphical treatment of the data of table ), given in
fig, 8, shows again that the criteria for competitive inhibition
are satisfied, UI~CPIB is therefore an antiauxin toward 23h#D as
well as toward IAA.

A compound closely related to L-CPIB, 2,4-DCPIB, also exhibits
antiauxin activity toward IAA and 2,L-D in the Avena section test
as is shown in tables 1 and 2 of Appendix I. Tt is ewident that
2,4-DCFIB possesses no auxin activity and it is eclear also that the
compound inhibits both I&4 and 2,)~D induced coleoptile section
growth, In addition, increasing concentrations of IAA or of 2,4-D
alleviates the inhibitions brought about by 2,L-DCPIB., The com-
petitive nature of 2,L~DCPIB inhibition in the presence of IAA or
of 2,h-D is evident from the double reciprocal plots of fig. 9 and
10 respectively. |

We will now compare in quantitative terms the effectiveness
.of the auxins IAA and 2,4-D with the two antiauxins discussed above,
The parameters, K and Vmaxs which describe the growth activity of
TAA and of 2,l-D in the experiments of fig, 9 and 10 are recorded
in table 5, The characteristic parameters, Ky, of each of the

competitive inhibitors L-CPIBR and 2,~DCPIB are also included. It
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can pe seen thalb the Eg of Jiils slighﬁly lower than that of 2,L-D.
IaA is, therefore, effective in this system in lower concentrations
than is 2,h~ﬁ. The Viyay which characterizes the action of JAA is
also gonSiderably higher than that for 2,L-D. TI44 is, therefore,
intrinsically mere effective in promoting Avena section growbth than
is 2,l-D. The value of Ky for Li-CPIB is substantially identical
With that for 2,4-UCPIB and both are roughly ten fold greater than
the K, values for IAA and 2,4=D. These antizuxins possess, there-
fore, an affinity for the plant growbth system of the coleoptile
wnich 1s some ten times less than that of the auxins, Since the
affinity of an antiauxin for the recepvive site within the plant
depends only on the nature of the antiauxin and of the site, it
follows that the K; values should be independent of the nature of
the auxin against which the antisuxin is tested. That this is so

is shown by the fact that the K. values for L-CPIB in the presence

I
of IAA and in the presence of 2,4-D are essentially identical. The
same is true with 2,L4-DCPIB for which K; is the same in the presence
of either of the two auxins,

The influence of varylng concentrations of IAA and of 2,b-10PA
alone and in combination, én the growth of Avena coleoptile sections
is shown in table 3 of Appendix I, It is clear that 2,6-DCP4 is
ibsélf inactive over the concentration range tested. [t is also
apparent that 2,6-TCPA inhibits the section growbh induced by IAA
and that this inhibltion increases with increasing concentrations
of 2,6-DCPA. The luhibillon by any glven concentration of 2,6-DCFA

does, however, decrease as the concentration of IAA is increased,
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That 2,6-DCPA competitively inhibits the action of IAA is shown

in fig. 11 by application of the Lineweaver-Burk formulation for
competitive systems., The lower line is that obtzined from the data
on growth with TAA alone while the upper lines are those obtained
from the data on growth in the presence of IA4 but with increasing
concentrations of 2,6-DCFA. The common intercept and different
slopes of the lines fulfill the requirements of competitive inhibi-
tors. Therefore 2,6-UCP4 is a true antiauxin.

Entirely similar results for the inhibition of 2,6-ICPA of
pection growth induced by 2,L4-D are shown in table L of aAppendix 1.
The Lineweaver-Burk treatment of the data of this table is given
in fig. 12 and shows that this inhibition is also a competitive
one. Therefore, 2,0-0CPA is an antlauxin toward 2,4-D as well as
toward IAA.

2,l;,6-TCPA, like its analog 2,6-DCFA, is an inhibitor of section
growth induced by auxin., The Lineweaver-Burk treatment for the data
on the interaction of 2,l,6-TCPA with IAA and 2,l)-D are presented
in fig, 13 and 14, respectively. The growth values from which
these graphs are obtained are contained in tables 5 and 6 of
Appendix I, It is evident that, agzin, the criteria for competi-
Live inhibition are fulfilled and 2,l;,6-TCPA is therefore an anti-
auxin toward IA4 and 2,li-D indueced colecptile section growth,

The constants which describe the activities of 1Ak, 2,L4~D and
?,0-0CF4 and 2,L,0-TCPA are recorded in table ¢, This table gives,

first, the experimental velues for £y and ¥ of TAA and of 2,5-D

max

obtained from the data of fig. 9 and 10. Again it can be seen that
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TABLE 6

CONSTANTS WHICH DESCRIBE IN ENZYME KINETIC TERMS THE ACTIVITIES
OF CERTAIN AUXINS AND ANTIAUXINS

X (molar) L (molar) Voox
(mm./section/12 hrs.)
TAA 3.55 x 1077 - 2.60
2,4-D 5.15 x 1077 - 1.76
2,6=DCPA
in presence
of IAA 4.0 x 1076 0.00
in presence '
of 2,4-D - 3.7 x 1076 0.00
2,4,,6~TGPA
in presence
of IAL - 2.0 x 1076 0.00
in presence ‘ -
of 2,4-D - 2,1 x 1076 0.00




the Kg for IAA is lower than that for 2,4-D. The V. for Ias is
also considerably greater than that of 2,l~D. The second portion
of the table shows that the KI for 2,6-0CFA in the presence of A&
is substantially identical with that which obtains in the presence
of 2,L,6-TGPa

I
is approximately one-half that of 2,0-DCPA and 2,L,6-TCFA, is,

of 2,4=D., This is trus also for 2,4,6-TCPA., The K

therefore, a slightly mere effective antiauxin than is 2,6-DCFA,
That IA4 and 2,li-D promoted growth of Avena coleoptile sections
may also be inhibited competitively by the compound 2,l-dichloro-
anisole (2,L~DCA} is evident from the double reciprocal plots of
fig. 15 and 16 obtained from the data in tables 7 and § of Appendix I,
respectively, 2,4-DCA is, therefore, a true antiaurin, The constants
wnich describe the activities of 144, Egh~D, and QﬁhaDﬂA are recorded
in table 7. Again it is apparent that the inhibitor constant ?I for
the antiauxin is essentially identical whether it is determined in
the presence of I&A or of 2,-D. It is evident, in addition, that
the KI Tor this antiauxin is approximately ten fold grecter than are
the Ki's for L-CFIB or 2,L-DCFIB, 2,L-DGA is therefore less effec-

tive as an antiauxin than are the other two materials.
Hscussion

The date presented above have shown that the growth response of
Lvena coleoptile sections to auxins conforms with some precision to
the expectations of classical enzyme kinetics, The fact that this
avxin-induced reaction can be so forpulated and treated provides us

not only with « rigorous method for testing whether or not growth
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inhibitors act as auxin compestitors but“provides'us also with a
vcnnvenient énd‘quantitative methed Tor the comparison of the
activity Qf‘various auxins and antiawrins.

It has been customary in the past to describe the activities
of diverse auxins in one of two general ways. Thus, on the one hand,
activities have been described in terms of the concentration range
over which the substance is effective or alternatively of the con-
centration range required to bring about some standard response, Or,
on the other hand, compounds have been compared, usually quaiitatively3
in terms of lhe magnitude of the response which they can elieit,
These two separate facets of auxin activity are exactly those described
respectively by the parameters Ks and Vmax of the present treatment.
Thus Kg may be regarded as that concentration of an auxin which
causes a half maximal effect, regardless of the magnitude of this
maximal effect, Vmax On the contrary is a measure of the maximal
response elicited by an auxin when the latter is supplied in non-
limiting concentrations. The parameter, Ky, possesses of course
the dimensions of concentration and the K, values for individual
auxins may therefore be compared directly not only as between varied
auxins but also as between varied plants and type of response, The

parameter V.,

maxe on the contrary, possesses the dimensions of response

per unit Lime and will, therefore, be unique to each type of response
to vhich kinetic treatment is applied. Tt is, of course, none the
less possible to compare the relative values of Vmax for each of a

series of auwxins as between varied kinds of responses,
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7 The general methods for estimation of Ks and.Vmax‘for auxin-
induced growth responses are evident from fig. 6A and 6B. It may be
noted that the dissociatiom constent K  for 2,l4~D has been found to
be ca. 1;6 times as gréat as that for IAA, This signifies then that
the affinity of IA4 for the auxin-receptive sites within the plant
is ca, 1.6 times as great as is the case for 2,Lj~D, That these
sites when combined with IAA are inbrinsically more active in pro-
moting Avena coleoptile growth than when combined with 2,li-D is
shom Dby the fact that the V. for IAA is ca, 1.5 that of 2,l-D.

Juet as the constants KS are a measure of the affinity of an
auxin for auxin-receptive sites within the coieoptile, so the con-
stants KI are a neasure of the affinity of growth inhibitors for
sites within the tissue. Since the inhibitors which have been here
considered have all been shown to act competitively toward auxins
we may conclude that the constants K1 are a measure of the affinity
of £he inhibitors for the same sites for which the constants 'Ks
measure auxin affinities,

It is now apparent that rolecules possessing structures which
Lear a close resemblance tolah active auwtin mey possess antiamein
activity. Since, however, all auwxin analogues are not antiauxins

it appears that specific structural modifications of an auxin are
required in order to produce an antiauxin, The nature of the struc-
tural modifications essential to antiauxin activity appear to be
understandable in terms of the two-point attachm&ht concept of awxin

activity proposed by Muir et al. (20}, According to this concept



which is illustrated in fig. 174, an auxin molecule undergoes
attachment at an eppropriate site within the plant through the
carboxyl group as well as through interaction at the reactive ortho
pesition; A molecule to be active as an auxin must be ablz to con-
summate such two-point attachment,

It is apparent that certain of the antiauxins described above
are simply 2,4-D molecules in which one or the other of tae two
essential reactive groups has been eliminated, This is true of
2,l-DCA in vhich the essential carboxyl group of 2,4-D is eliminated,
We may surmise that the resﬁl‘bing nolecule is sbill able to make a
single point attachment through the free ortho position to nosition
#1 on the receptive site (see fig., 17B). Even though 23hnDCA cannot,
consummate the two-point attachment requisite for activity, it is
nonetheless able to prevent 2,li-D or other auxin molecules from
making such attachment. Antiauxins also result when the essential
ortho positions of 2,L~D are blocked., This modification is illustra-
ted by the antiauxin 2,6-DCFA in fig, 17C., Again the antiauxin may
be surmised to be able to make a single point attachment, this time
through the carboxyl group to position #2 of the receptive site,

It is, however, unable to iﬁteract through either of the two halogen
substitubed ortho positions, The compound 2,l,6-TCPA is similarly
an antiauxin of this type.

Still another change'may be made in the 2,50 molecule to
convert it to an antiswrine. It is apparent from the carly data
on the inactivity of trans isomers of compounds active in the cis

form,vthat, as sumnarized in fig, 17A, a proper spatial relationship
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musi exist between the essential side chain ecarboxyl groun and the
essential ortho position. It is nossible then to interfere with
this required spatial arrangement by introducing appropriate bulky
groups or other forms of steric hindrance into the side chain. Such
a modification is illustrated by 23h~DGPIB in fig. 17D and a similar
afgument applies to L~CFIB, Thus steric hindrance in the side chain
permits ol single point attachment but prevents the consummation of
the two-point attachment which is'essential to auxin activity.

Let us now consider what quantitative conclusions can he drawn
from our knowlsdge of the values of KI for these varied types of
inhibitors, According to the formulation above, the inhibitor
constants should provide us wizh the oppertunity to determine
separately the affinities of each interasction point of the auxin
molecule for its respective group on the receptive entity.‘ The
data of table 8 summarize the wvalues of Kq for each of the inhibi-
tors studiecd in the present investigation. The AT values for the
inhibitors (as calculated from KI) are also included in this table
as are values for Kg and AF for the auxins IAA and 2,li-D. These
values a2re averages of all 4e:kperimeent£-u. The KI valuevs for the dior-
tho substituted phenoxyacetic acids, 2,6-DCPA and 2,li,6-TCFA, are
closely similar and are about ten fold less than that for 2,4-DCA.
Thus 2,h~DCA, a compound lacking a carboxyl group, does not possess
as great an affinity forbits resctive site within the colecoptile
as do those antiauxins which possess a free carboxyl group but no
reactive ortho position. 2,4-DCA is, therefore, less effective as

an antiauxin., These differences in hinding affinities are reflected
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TABLE 8

FREE ENERGY OF FORMATION AND EQUILIBRIUM CONSTANTS FOR ESTABLISHMENT OF
SOME AUXIN AND ANTIAUXIN COMPLEXES WITH AVENA COLEOPTILE SECTIONS.

- Substance K (molar) Ky (molar) AF(cal./mole)
TAA 3.6 x 1077 -8800
2,4-D 5.3 x 1077 . ~8500
2, 6~DCPA 3.9 x 1076 ~1400
244, 6~TCPA 2.1 x 1076 ~7900
4~CPIB 2.9 x 107 ~7500
2,4~DCPIB 3.5 x 1076 ~7400
2,4=DCA 1.8 x 1073 -6500




in the AF of binding which is approximately 1000 cal,/mole less

» for 2,14=DCA than for those antizuxins nossessing a free carboxyl
group. The fact that the values of K, for li~CFIB and 2,L-DCPIB
are essentially identical to those for the diortho substituted
~antiauxins, which have free carboxyl groups, but are quite differ-
ent from the Kg value for 2,L4-DCA or the Ky value for 2,li~D indi-
cates that the‘halogen spbstituted phenoxyisobutyric aclds interact
through the carquyl group in preference to interacting through
the free ortho position or through both positions. This, of course,
is to be expected since the carboxyl group possesses an approxi-
nately ten fold greater affinity foruits site than the ortho posi-
tion does for its site.

Although a spatial configuration has been assigned to ;':?ﬂ;-—DCi’IB
in fig. 17D, it is obvious that this planar representation does nob
vroperly present, the three dimensional state of affairs., It might
properly be asked whether the presence of the two a—meﬁhyl groups
does actually nrevent proper approximation of carboxyl and ortho
groups. The Hirschfelder model of 2,L4-DCPIB reveals that this
molecule is capable of assuming a configuration in which the spa-
tial arrangement of the cafbdxyl group relative to the free ortho
position is not greatly different from that in 2,L~D. The inactivity
of 2,L=-DCPIB cannot therefore be attributed merely to prevention by
the bulky methyl groupstT proper approximation of carboxyl and
reactive ortho groups,

That the phenoxyisobutyric acids are completely‘without‘auxin

activity in the Avena coleoptile section test suggests then thai
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still another factor is involved in thé inability of these mole-
cules to cbnswmnahe two-poinl allaciment. Such a facbor might
well be the presence of‘an additional barrier or protuberance

in the feceptor sjiebbetween nositions #1 and #2. That such a
hindrance or barrier does in faet exiet is indicated ’by the AF
values of table 8; If there were no barrier between positions #1
and #2 it would be expected that the AF for the two-point attach-
ment of 2,l1-D would apprnximate'ly‘ equal the sum of the AFIs for
attachment at the two separate points. This is not so since the
AT for 2,-D is considerably less than the sum of theAF's for the
two types of antiauxins., Thus once a single point attachment has
been made the second attachment is more difficult than is the case
if the molecule is starting from scratch. It may be suggested,
therefore, that the inactivity of the phenoxyiscbutyric acids as
auxins and their activity as antiauxins is to be accounted for by
the presence of a barrier between positions #1 and #2 of the auxin-
receptive entity. The bulky methyl groups on the a-carbon atom of
the side ohaiﬁ prevent the side chain carbpxyl group and the free
ortho position of the phenoxyisobutyric acids Irom assuming the
intimate spatial orientatién essential to two-point attachmenﬁ
although single point attachment is nonetheless possible, A
similar explanation suggests itself for the lack of auxin activity
of one sterecisonmeric form of o~aryloxy propionic acids and the
auxin gctivity of the enantiomorphs,

Smith ot al, (31} havce cuggesbed that the a-hydrogen atem of

the side chain in active aryloxy-acids is somehow essential to auxin
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acﬁivity, While the evidence available relative to the activity

or the inactivity of sterecisemeric forms of a-aryloxy propicnie
acids and the phenoxyisqbutyric acids might at first seem to lend
supportvto this hypothesis, the aveilable kinetic evidence does
‘not favor a three-point attachment concent, Tt will be shown in
a‘later section of this investigation that the kinetics of the auxin
growth reaction at high auxin concentrations is compatible with a
requirement for a two-point attachment of the auxin molecule to the
receptive entify within the plant., FPFurthermore, the two~pdint
attachment concept is equally applicable to the suxin active sub-
stituted benzoic acids which do not possess an a-hydrogen aton,

to the aryloxy-acids and to other types of active auxin molecules.,

The evidence presented above indicates then that an antiauxin
results when an active auxin molecule capable of consummating two-
point attachment, is so modified that it is only able to undergo
attachment at a single point to the auxin receptive entity within
the plant., There are at least three such changes which can be
made in an auxin of the phenoxyacetic acid series and these modi-
fications ma;,; be swmmarized as follows:
(1) Elimination of tﬁe carboxyl group and retention of an

unsubstituted ortho nosition (e.g, 2,L-DCAY.

~
(%]
ot

Blocking of both ortho positions by substitution , with
retention of the carboxyl group (e.g. 2,6-0CP4 ).

(3) Prevention of proper spatial relationships between

carboxyl and reactive ortho groups, for example, by
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bulky methyl substituents on the a-carbon (e.g.
L-CPIB), An unsubstituted ortho position is not
essential,

As a critical test of the foregoing concept the compounc
2,l,6-TCA was examined for antiauvin activity, 2 shy6-TCA, a
dompound.related to 2,l4-DCA, lacks a carboxyl group and has both
ortho positions blocked., It should not, therefore, be active as
an antiauxin, Table 9 shows the effect on Avena section growth
of 2,L;,6-TCA alone and in the presence of IAA, Tt is evident tﬁat
2,L,6-TCA, at concentrations up to 5.0 mg./l,, is inactive as an
auxin and dees not inhibit IAA induced section growth., Tntirely
sinilar results have been obtained with 2,L,6-TCA when 2,4-D is
used as the auxin, Thnis compound in which both reactive groups
are absent is, therefore, neither an auxin nor an antiauxin,

As mentioned earlier, Smith et al, (31) have suggested that
a compound of the aryloxy-acid series to be active must have a
hydrogen atom on the g-carbon of the side chain., In an attempt
to examine more critically the two-point attachment concept as
contrasted with what is essentially a three-point attachment con-
cept of Smith et al,, the éompound 2,L,6-TCFP was tested for anbti-
auxin activity, 2,4,6-TCFP, a compound in which the hydroxyl of
the carboxyl group of 2,L,6-ICPA is replaced by a methyl group,
which has both ortho positions blocked, and iﬁ which the carboxyl
group is eliminated hut the g-hydrogen atoms of the side chain are

present. If the g-hydrogen atoms of aryloxy-acids are involved
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in a point of attachment to the site within the plant, then
Q,h,éwTCPP should be an antiawxin. There is, however, the possi-
bility‘that the carbonyl group of the side chain may interact with
the auxin active site and thereby mask compeﬁitive inhibitive proper-
ties of the compound., Complete inactivity‘of the compound would
therefore be reguired in order to critically rule ocut participation
of the side chain a-carbon hydrogen atams in a three-point attach-
ment to the actiﬁe sité within the plant, Alternatively, if the
compound possesgses the characteristics of z competitive iphibitor,
the inhibition may not be assigned unequivocally to the hydrogens
of the side chain g=-carbon.

The data of table 9 (Appendix I) show that 2,L,6-TCFP, at
conecentrations of 10,0 and 50,0 mg./1,, inhibits growth ot Avena
sectlons both in the absence and presence of IAA, whereas 2,l,6-
TCPP concentrations of 0,1 and 1.0 mg./1. do not significantly
innibit growth. It may also be noted that there is much less
tendency for increasing IAA concentrations to alleviate 2,L,6-TCPP
inhibition than is true in the auwin-antiauxin systems. This fact
becomes more apparent when the dala wre presenled, as in fig, 18,
in the usual double reciprocal plots, That the compound is not a
competitive inhibitor is evident from the distinctly different
ordinate intcrceopta, Furthernore, with increasing concentrations
of 2,li,6-T0FP, the slope and the intercept increase by the factor

1~f[%l and the ratio, slope/intercept, is constant., These condi-
tions %uli’ill the requirements for non—competitive inhibitien (56}

2,L,6-TCPP appesrs therefore to be a non-competitive inhibitor.
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That the compound also inhibits 2,4-D induced section growth

is apparent from the data of table 10 {Appendix I} and the double

L

reciprocal plot of fig., 19, Agein, the slopes and the intercepts
of the lines are such that the criteria for non-competitive inhi-
bition are satisfied. It is not immediately apparent why, at low

7y

2,L=D concentrations in the presence of 2,l;,0-TCPP, the inhibition
is less than thal expecled on lLhe basis of lrliibilion oblained in
the presence of higher 23h—w concentrations., The slope and the
intercept have been determined, however, Ifrom the data on the linear
portion ef the curves.

The question arises as to whether or not the data in the
experiments are sufficiently precise to eliminate the presence of
weak competitive type inhibition in the system. The data of table 10
swimerize the important features of the non-competitive action of
2,L,6-TCPP in the presence of IAL and in the presence of 2,L-0, It

is apparent that the Ky of the inhibitor is independent of the
inhibitor concentration and independent of the auxin, PFurther-
more, 1L ds c¢lear that the Factor 19 L;L Increases Ly approxi-

K

mately the sane amount and that the ratios slope/intercept are
essentially constant. The.ur ecision of the data therelors supportis
the contention that competitive inhibition is not masked by non-
competitive action of 2,k,6-TCPP,

Let us now assume that the above statement is not valid but
rather let us make the assumption that compebitive inhibition is
masked by non-compstitive action of 23h,@wTGFP, An estimate of the

minimum K. which 2,lj,6-TCFP can have as a competitive inhibitor may

I
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be determined from the following expression:

Slope without inhibitor _ ., [Il |
Slope with inhibitor K

By éubstituting varicus K, valuca and I values of 10 or 50 mg./l1.
into the above expression, a family of strzicht lines which have
the same V. as that for Ii4 in the presence of 10 or 50 mg./1.
2,1,6-TCPP and which have a glope as-éalculatcd from the above
expressicnlmay be obtained. Supposes a Kt value of 1 % 1073 I

and an I value of 10 or 50 mg./l. are selected ard substituted into
the cxpression, straisht lines may be obbained which lie above the
lines for IAA in the presence of 10 or 50 me./1, TCFF (see fig. 18).
Now if the growth rate at any point along the theoretical line is
determined, the rate ig found to differ from the experimental ITAA
induced growth rate in the presence of inhibitor by avproximately
10-15 per cent. This means that if the experimental variability is
greater than about 10%, then 2,,,6-TCPF a5 a competitive inhibiter
may have a K; less than 1 x 1072 u. If, however, the experimental
variability is less tﬁan 10%Z then the Ky value may not be less than
1ox 10_3 ¥ and may be greater than this value, It is evident from
table 10 that the experimeﬁtally variability is not greater than 10%.
2,L,6-TCPP as a competitive inhibitor, therefore, may not have a Ky
less than 1 x 10“3 M.

Iet us now compare this value, 1 x 10"3 M, with the KI Tor
©2,l,-DCA (see table 7)., Tt is evident that if 2,li,6-TCPP were a

competitive inhibiboryits affinity for the awdin-receplbor silbe may

not be more than fifty times less than the affinity of 2,h-DCA for
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the.same site. Thus it may be concludéd that if 2,lj,6-TCPP has
antiauxin acti‘;ity by virtus of ite sohility teo make a - single point
attachment through the a-carbon atom of ths side chain o the auxin-
receptof site, the affinity for the site is very low. 1t may thers-
fore be further concluded that the binding through a third attachment
~pbint in aryloxy-acids, if such an attachment point does in fact
exist, is of little significance as compared to the ortho position
and.the-carboxyl_group bindings of ithe auxin to the receptor site.

It is of interest to inguire in how far compounds which have
earlier been described in the literature as antiauxing it the
requirements for single point abtachment outlined above. 4 1ist
of "such compounds is presented in table 11, Tt is at present con-
venlient to divide the list into the following five classes:

Class I: - Aryloxy compounds with free ortho pesition but

lacking & carboxyl group.

Class IIs - Compounds with ecarboxyl group hut having ortho

positions blocked.

Class III: ~ Compounds with steric hindrance in side chain.

Class IV: - Compounds with auxin activity but of low Vmax.

Class Ve - Substituted benzolc acids lacking auxin activity.

The first three claéses of antiauxinsg include the types of com~
pounds which have been discussed in this investigation. Compounds
of low Vo (class IV) are not true antiauxins although the present
. kinetic treatment may be satisfactorily applied to their inter-

action in the plant with auxins of higher Vp.y, as will be shown in

2 later section, Since it has been shown by Muir and Hansch (22)
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TABLE 11

A LITERATURE SUMMARY OF COMPOUNDS REPORTED TO POSSESS ANTIAUXIN ACTIVITY.

(AUKIN ANTAGONISTS)

I

II

Subgtance
2 4=Dichlorcenisole

2,6~Dichlorephenoxy=
acetice aecid

2,4,6=Trichloro~
phenoxyacetic
acid

Nature of ﬁgtagonigg
Competitively inhibits IAA
and 2,4-D induced growth
of Avena coleoptiles,

Increases rate of cucum™
ber root elongation,

Antagonlzes phenoxyacetic
acid induced inhibition of
cress roct growth,

Antagonizes 2,4-D Induced
inhibition of flaxz root
growth

Competitively inhibits
IAA and 2,4=D induced
growth of Avena coleop=
tile Se

Increases rate of isolated
flax root elongation,

Competitively inhibits TAA
and 2,4-D Induced growth
of Avena coleoptiles,

Increases rate of
isolated flax reot
elongation,

: Aunthor
Bonner*i725"

This investigation
Thompson gt al. (6)
Audus and Shipton (91)

o
Aberg (92)

This investigation

See Appendix II

'This investigation

See Appendix II
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TABLE 11 (cont.)

Clasg, Subatance Nature of Antagonism Author
III 4;Ghloroph%59xy150“ Increases rate of wheat
wbyric ac root elongation, A4ntag—
onizes IAA induced
inhibition of wheat root  Burstrdm (83, 84)
growth,

Gompetitively inhibits

TAA and 2,4D induced

growth of Avena coleop~

tiles, This investigation

2,4~ Dichlorophenyl= Increases rate of wheat Wilkse and Burstr8m
sulfoxideacetic root elongution, (86)
acid

2y4~Dichlorophenyl= Increases rate of wheat Wilkse and Burstr8m
sulfoneacetic acid root elongation. (86)

B-indoleisobutyric Increases rate of wheat

aeid root elongation, Burstrim (82)
e ={1=Naphthyl= Inereases rate of flax

mathylsulfide)-pro“ root elongation and

plonic aeid antagonizes IAA, NAA

and 2,4-D induced
inhibition of flax rocot

2]
growth, dberg (88, 89)
Antagonizes (+)=a= (2= |
naphthoxy) =propionic
acid induced inhibition  ,
of flax root growth, Aberg, (88)

Antagonizes phenylacetic,
¥ ~phenylbutyric, cyclo~
hexaneacetic and () =a
“phenoxyproplionic acids
induced inhibition of o
flax root growth Aberg (90)
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TABLE 11 (cont,)

Clasg  Substance
ITII Phenoxyisobutyric
aeld

2-Chlorophenoxyiso™~
butyric acid

3~Chlorophenoxyiso™
butyric acid

Nature of Antagonigm
Increases rate of wheat
root elongation,

Antagonizes a =phenoxy=
propionic acid induced
inhibition of wheat
root growth,

Antagonizes 2,4-D induced
inhibition of flax root
growth.

Inereases rate of wheat
root elongation,

Inereases rate of wheat
root elongation,

2y4~Dichlorophenoxy™ Increases rate of wheat

isobutyric acid

root elongation,

Competitively inhibits IAA
and 2,4~D induced growth
of Avena colsoptiles,

24445 Trichlorophen= Increases rate of wheat

oxyisobutryic acid

root elongation,

2,4,6?Trichlorophen- Increases rate of wheat

oxyisocbutyric acid

root elongation,

2,3,4,5,6-Pentachlo~ Increases rate of wheat

rophenoxyisobutyric

root elongation,

Author

Burgtrinm {85)

BurstrBm (85)
Kbeng (?0)
Burstrdm (85)
Burstrén (85)
Burstrén (85)

Thié investigation
Burstrin(85)
Burgtrsm (85)

Burstrim (85)



pfopiOnic acid

- (2=Naphthoxy) -

7.

TABLE 11 (cont.)

Nature of Antasonigm
Increases rate of flax
root slongation and
antaaonizes 2,4"D

ard (+)= a -(Z‘naphthoxy)
"propionic acid induced
inhibition of flax root
growth,

(+)=a= (1Napththoxy)— Inecreases rate of flax

propionic acid

Trang=cinnamic aeid

a'(2“Na hthylmethyl~
salfide? ~propionic
acid

* 1~(Naphthylmethyl~

sulfide)~propionic
acid

2"(Naphthy1methl-
sulfide)-propionic
acid

root elongation,

Antagonizes TAA, 2,4-D,
NAA and cis'cinnamic
acid induced growth of
paa sectiona,

Increase rate of flax
root elongation and
antagonizes 2,4~D
induced inhibition of
flax root growth,

Increases rate of flax
root elongation and
antagonizes 2,4-D
induced inhibition of
flax root growth,.

Increases rate of flax
root elongation and
antagonizes 2,4=D
induced inhibition of
flax root growth,

Author

0

‘Aberg (88)

o
Aberg (28)

van Oberbeek et al.
(73)

0
aberg (89)

Kberg (89)

o
Averg (89)



Glass Subgtance
III a~{1l-Naphthylmethyl~
sulrlde)—isobutyric
acid

a=(2=Naphthylmethyl~
sulfidey"isobutyric
acld

1'Naphthylmethyl-
selenideacetic
acid

2~Naphthylmethyl=~
gelenideacetis
acid

& =(Naphthylmethyl~
selenide) ~p-valeric
acld

- T -

TABLE 11 (cont.)
Nature of Antagonigm

Increases rate of flax
root elongation and
antagonizes TAA, NAA
and 2,4"D induced
inhiblitlon eof flax root
growth,

Increases rate of flax
root elongation and

‘antagonizes 2,4~D induced

inhibition of flax root

growth, %berg.(39)

Increases rate of flax
root elongation and
antagonizes 2,4=D _
induced inhibition of flax

root growth, Avorg (89)

Increages rate of flax
root elongation and
antagonizes 2,4D
induced inhibition of flax

root growth, 3berg (89)

Increases rate of flax
root elongation and
antagonizes 2,4-D
induced inhibition of

flax root growth, %bérg (29)

Bverg (89.95)



S b tance
III (=)= o =(2~Naphthoxy)=

propionic acid

(=)=~a=(2,4-Dichloro=
phenoxy) ~propionic

acid

(=) ~a(2,4,5-Trich~
lorophenoxy)*prOpionic

acid

¥ -Phenylbutyric
acid

2,3, 5~Trilodobenzoic

acid

- 78 -

TABLE 11 (cont,)

Nature of
Antagonizes (*)~isomer
induced growth of Avena
coleoptiles.

Antagonizes (+)=isomer
induced growth of
Avena colsoptiles.

Antagonizes (+)=isomer
induced growth of Avena

coleoptiles.

dntagonizes IAA induced
Avena curvatures,

Antagoﬁizes IAA induced
Avena curvatures.

Antagonizes TAA, NAA,

el —B-indoleprOplonic

acid and ¥ *=3~indole~
butyric acids inhibition
of abgoeipsion of first
internode of Black

Valentine bean ssedlings.

‘Author

Smith gt al.
(31)

Smith Q& g_le
(31

Smith e
(31)

Le

&
Ty

Skoog et al.
(rn)

Galston (78)
de Waard and
Florschlitz {79)
Thimann and
Bonner (80)

Weintraub et gl.
(81)



Claas
Iv

v

Phenoxyacetic acid.

3-Nitro=i~fluor~
obenzoic acid

- 79 -

TABLE 11 (cont.)

Antagonizes 2,4~D induced
inhibition of flax root
growth, Rverz (9)

Antagonizes 2,4~D induced
inhibition of cress root ,
growth, Audus and Shipton(91)

Increases rate of cucunm~

ber root elongation and

antagonizes 2,4~D induced

inhibition of cucumber Minarik et al.
root growth, (87
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thét the rules which govern activity in the substituted benzoic
acids are superficially different from those which govern activity
in the phenylacstic andtphenoxyacetic aclid series, it is necessary
for the present to consider benzoic acids separately from classes I

- and ITI. Class V, thereforé, consists of auxin inactive substituted
benzoic acids which possess antiauxin properties. It is evident at
once from table 11 that the great bulk of substances bo which anti-
auxin activitj has been attributed fall into catagories I, IT and
particularly III of this paper. The present formalation of the basis
of antiauxin activity is therefore broadly applicable.

There have been conflicting reports concerning the auxin or
antiauxin activity of cértain‘of the compounds listed in table 11,
Thue Audus and Shipton (91) in a study of root growth failed to find
any general interaction of 2,};~-DCA with auxins, and have concluded
that 2,L4-DCA may not be an antiauxin., The methods used by Audus and
Shipton are, however, quite unsuitable to the quantitative gtudy of
this matter since the concentrations of 2,li-DCA which they used were
in general high enough to be themselves inhibitory to root graowth,

In the few experiments in which Audus and Shipton used non-inhibitory
concentrations of 2,L4-DCA fhey actually showed that the substance
alleviates auxin-induced root growth inhibition., Tt is evident froem
the investigations of Kberg (88, 89, 90, 92), who has demonstrated
clear cut feversal of auxin«inducéd root growth inhibition by anti-
auxins, that this result is obtained only with concentrations of
antagonist which are not of themselves inhibitory or only slightly so.

If the two—point attachrent concept for auxin activity applies to root
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growmth, it is to-be expected that inhibitions brought about by
inhibitory concentrations of an antiauxin will he additive to zuxin-
induced inhibitions. It is true that 23M~DC& is a less effective
éntiauxin than either the substituted isobutyric acids or the diortho
substituted phenoxyacetic acids. The present experiments do however
uhequivocally establish this compound as a true competitive auxin
inhibitor in the Avena section,

Tt has beén shovm that 2,6-DCFA is without growth promoting
activity for the Avena coleoptile and the same is true of 2;6-DCP
in the pea test (93). 2,6-DCPA has also been found to be without
auxin activity by Synerholm and Zimmerman (9L}, Leaper and Bishop
(29}, and by Hansch and Muir (21}. The pea test activitj attributed
to the compound by Thimann (25) is no doubt owing to active impurities
in the samples used, particularly since there is a marked negative
correlation between activity and melting point of his several prepara-
tions,

Tt is of interest to note that Osborne and Wain (30) have found
‘ﬁnat certain aryloxyisobutyric acids (several of those listed in
table_ll as antiauxins) inducé positive curvatures in the pea test
but are inactive in nther ﬁests involving cell elongation. Although
it is evident that“there are differences in chemical speciflcity
bétween ﬁhe pea curvature test and the Avena coleoptile section
test, no satisfactory explanation has been presented to account
fnrvhhe difference,

The lone substituted benzole acid listed in class V is repre-

sentative of a large number of benzoic acids which appear to belong
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tovthis category, Minarik et al. (87}Ahave shown that 3-nitro-l-
fluorobenzoic acid is‘the most active of thirty-five benzoic acid
derivatives capable of increasing rate of elongation of cucumber
foots although it has not been established that the actiorn is a
~competitive one, It has not as vet been shown whether the substi-
tﬁted.benzoic acids other than 3-nitro-l,-fluorocbenzeic acid are
capable of antagonizing auxin-induced root inhibition or duxin
promoted growth as in Avena sections. MNeither do we know at the
present time whether these compounds function as antiauxins‘hy
single point attachment at the ortho interaction point, at the
carboxyl interaction point of the receptive site within the plant
or otherwise. As this information becomes available it will doubt-
less be possible to assipgn the substituted benzoic acids to their
apﬁropriate places in plass I or II,

There are at least two further general groups of compounds which
have the ability to inhibit auxin-induced growth responses., These
groups, certain phenols and certain unsaturated lactones respectively,
have not been included in table 11 because it is quite clear for the
unsaturated lactones, at least, that their action is not competitive
(15, 80)., With respect to.the phenols, however, the matter is not
quite so clear, Auxan-induced roct inhibitions have been alleviated
slightly by l—naphﬁhol (95) and by 2,L~dichlorophenol (91), Since
the information available concerning thece campounds does not demon-
stréte that they interact competibively with auxins, the btwo phenols

have not been included in table 11,
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The componund naleic hy noundoubtedly exerts its

apparent antiauxin action in the enolic form, has likewiss not been

olaced in teble 11, Kinstic

of the results obtained by
Lecpolad and ¥lein {70} indicates that maleic hvdrazide interacts

with zuxing in & manner which is qualitatively tut not quantita-
i ! 1

tively that expeclted of an antis

®in., Thus, the data of Leonold
and Klein show that maleic hydrazide inhibition is disproportion-
ately greater than expected at low auxin concentrations., Tt has
been found during the present work with Avena colsoptile sections
that maleic hydrazide in concentrations of 1, 10 and 50 mg./1. is
disproportionately inhibitory in the presence of low auxin concen-
trations. That this is so is evident for the interaction between
maleic hydrazide and 2,li~D as shown by the double reciprocal olots
of fig. 20 (see data in table 11 of Appendix 1), laleic hydrazide
is not, therefore, a strictly competitive inhibitor as are the
antiauvxins considered in the prasent study. .
The extensive work of the past two decades on the relation of
chemical structure to auxin activity has shown that three features
of the molecule are of critical importance to the biolorical activity
of the substance, Ve may 5ummarize tne considerations of the present
paper by a formulation of the principles which govern antiauxin
activity, An antiawsin appears in general to be merely an auxin-
like molecule in which one but not all of the features essential

to activity is lacking.
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Swmmary

1. The auxin-induced growth of the Avena coleoptlle section may be
formally treated by the nethods of classical enzvme kinetics, lme
kinetic treatment, which is based on the supposition that auxin
'exerts its effect through and becomes attached to an auxin-receptive
site within the plant, makes it possible to characterize the growth
promoting activity of an anxin by two parameters, Kg and Vysy. These
express respectively the affinity of the auxin for the auxin-receptive
site within the plant and the ability of the complex thus established
to promote growth.

-2, Treatment of Avena seclion growbth dabla by Lhe melhods of enegyme
kinetics makes it possible to determine rigorously whether or nob
inhibitors of auxin-induced growth are true antiauxins and act by
compebing with auxin for the auxin-receptive site within the plant.
3. fertain auxin-inactive derivatives of 2,h—dichlorophenQxyacetic
acid (2§h—D) act as strict antiawgins in the Avena section. Among
such substances are 2 h-d:mhloroanlsolp 2,h-dichloronhenoxyiscbutyrie
acid, h»—chlorophenmqfisobat}]ric acid, and the diortho substituted
phenoxyacetic acids, 2,6-dichloro- and 2,lj,6-trichlorophenoxyacetic
acids,

i, The affinity of the auﬂzn~renent1ve sites within the plant for
indoleacetic acid is slightly greater than for 2,L4-D, The affinities
of these same sites for the substituted phenoxyisohutyric acids are
approximately ten fold less and are approximately equal to the

af'finities for the auxin-inactive diortho substituted phenoxyaceb: acids,
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Thé affinity of the auxin-receptive siﬁ@s for Esh—dichloroanisolé
is still another %ten fold less, 2,li-dichlarcanisole is therefore
a less effective antiauxin than either of the other two groups of
matériaisa
5.  Each of the substances here investigated and shown to be an
antiauxin can be considered as derived from an active auxin by elimi-
nation of one of the structural features essential to auxin activity.
This may apparently be accomplished in any of the following three
ways:

a, elimination of the essential carboxyl group

b, elimination of the essential reactive ortho group

¢, elimination of proper spatial relationships between

groups a and b as by introduction of bulky groups in
the side chain,

6. A survey of the literature has shown that most if not all
presently known auxin antagonists which are themselves without auxin
activity may be characterized as belonging to categories a, b, orc
above,
7.  Earlier investigations of various authors have indicated that a
compound to be active as aﬁ auxin must be capable of consumating a
two-point attachment to an auxin-receptive site within the plant.,
The results of the present investigation suggest that a compound
tobewﬁﬁmaﬁanamummﬂlmmtbecqmﬂﬁofcmhhﬂm;m.me
point but incapable of simultaneously combining at both points of

this same receptive site,
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KINETICS CF AUAIH INTERACTION

Introduction

It is proposed in this section to study sxperimentally the
conditions under which one auxin may influence the action of a
second chemically different auxin and to determine the prinaiples
according to which this interaction occurs. Again, the experimental
work on which this discussion is based has all been done using elonga-
tion of excised oat coleoptile sections as the measure of physiologi-
cal activity. Perhaps the first detailed study of this kind was that
~of Skoog et al. (773 who investigated the effect of FBA upon IAA
induced growth of the Avena coleoptile, FBA is itself an auxin
although its activity in the Avena curvature test is only 1 x 10-5
that of TAA, Although the growth promoting activity of FBA in the
Avena coleoptile section test is so small as to have escaped Skoog
et al. (77}, such activity has been found by luir et al. (20) and
has béen confirmed in the present study. PRBAL is not only less aective
than is IAA in the Avena section test but is in addition active only
over a smaller concentration range., .

The inhibition of the action of IAA by PRA reported by Skoog
eb al, may be shown by appropriate treatment to be a competitive
one {15), It appears then that an active auxin may be compebitively
inhibited in its effect within the plant by other auxins of lesser
activity., Observations generally similar to those made concerning

the action of FBA have since been made by Thimann and Bonner (80
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oanIBﬁu Pheﬁoxyacetic acid which pnsé%sses but little activity

as an auxin has similarly besen shown to antaconize the action of
more active auxins. Thus fherg (90} found this compound effective
in éounﬁcracting 2,l=~D induced inhibillon of the growth of flax
‘roots while Audus and Shipton (91) have shown that it relieves 2,L-D
iﬁdnced inhibition of cress root growth,

It would seem reasonable to suppose in a qualitative way that
the action of a more active auvin might be inhibited by a less active
auxin through some sort of competition for the site within £he plant
to which aurins hecome attached in order to exort their effect. This
supposition would imply not only that auxins become attached in the
plant but also that diverse auxins exert their effects through attach-
ment at a common site. That these suppositions are correct has been
strongly indicated by the fact that any given antiaurin inhibits the
effects of many, perhaps of all, different auxins (73, 95).

As was shown earlier, the aection of auxins in promoting the
growth of the Avena coleoptile sections can be formally treated by
the methods of classical enzyme kineties. It was further shom
that the activity of an auxin ean be characterized by two parameters
which correspond to the stand Vmax, respectively, of lMichaelis~
Henten (71 kinetics. Thus, the parameter Ky, 15 a measure of the
affinit? of a given auxin for the anxin-receptive site or point of
attachment within the plant. The ability of the complex, once formed
to promote growth is measured by the parameter Vinax+ The way in

which two auxins interact within the plant to determine growth rate
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will be shown in-the present section to be dependent upon the value
of the constants, Kg and Vpoy, Tor each of the interacting materials,
Results

EQUILIBRIUN CONDITIONS OF LUXIN-TNDUCED AVENA SECTION GROWTH,

Tfeatment of auxin-induced Avena coleoptile section growth by the
classical methods of enzyme kinetics presupposes that equilibrium
conditions prevail between free auxin and auxin bound to the recep-
tive site within the coleoptile, The Validity of this assumption
may be readily demonstrated by the results of experiments in which
Avena sections are first grown for a short period in a solution
conbaining IAA as the growth substance and then transferred to a
solution containing 2,4=D or vice versa., Transfer from one solu-
tion to the other occurred in each case after a six hour interval
and measurements were made at three hour intervals for a total of
12 hours. The data of table 12 and fig. 21 show that éectidns
growing at a rate determined bv the concentration of TAA ih the
medium changed this prowth rate to that appropriate to the concen-
tration of 2,L-D when transferred to a fresh medium containing this
substance as the active coﬁponent. Transfer in the reverse direc-
tion (2,4-D to IAA) yielded similar results. Thus, after transfer
of Avena sections from a medium conbaining JAA to one contailning
2,li-D, the receptor sites become equilibrated with the new growth
substance. The time needed for consummation of the new equilibrium

condition isvevidently'short as compared to three hours since sections
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TABLE 12

EFFECT ON GROWTH OF AVENA COLECPTILES OF TRANSFERRING SECTIONS
FROM IAA® TO 2,4-D* AND VICE VERSA,

Time of Measurement (hours)

Medium
3 é 9 12
Growth in mm,/section/3 hours

IsA for 12 hras. 0,68 0.65 0.69 0,65
2,4=D for 12 hrs, - 0u45 0.43 0.44 Dedd
IAA for 6 hrs, 0,68 0.65 - -

then |
2,4=D for 6 hrs. - - 0.47 0443
2,4°D for 6 hrs. 0.45 0.43 - -

then
Tad for 6 hre. - - 0,68  0.65

#
_ Concentration of IAA or of 2,4~D used was 2.89 x 1076 M,

t
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put in, for example, 2,l~T} after having been in TAA prow at the

same three hour rate as sections which are continuously in 2,L-D,

* AVENA SECTION GROWTH I FRESENCT OF AUXIN MIXTURES. Iet us

now ccnsider what may be expected to happen if two chemically differ-
.ent auxins were to be simultanecusly supplied to such sections., Sup-
pose, for example, that auxin 1 {concentration S1) and auxin 2 (con-
centration So}, both act at the same site within the plant and that
the two free auxins are in equilibrium with the bound forms £S5, and
ES,, respectively. This situation is equivalent to that described
by Foster and Niemamn (96) for the competitive interaction of two
substrates at a common enzymatic site., For this case the overall
reaction velociby (growth.rate) may be shown (96) to be given by the
expression in equation 7. _
s ”
Vo L5 Vpoy, 152]
1 2 =
Ky Es

(7) = — = . I

5,1 [s5] [s,1  [sq]

1L 4+ m—— 1+ +
B, K K,

<
!

N

The quaﬁtities Vmaxl, and Emaxz of equation 7 represent respesctively
the individual quantities,-vmax, for the two substrates Sy and S
wnile Ksl and KS2 represent thg respective affinity constants. The
first term of equation.7 gives the growth elicited hy anvin 1 while
the second term gives the growth due to auxin 2, Thus for a single
auxin ([S2]1=0) equation 7 assumes the form of original equaticn 2.

The use of equation 7 is facilitated by its transfermation to the

reciprocal form. OSystems which follow equation 7, must, in reciprocal
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form, and for any given constant ratic of S}/Sp ke expectad to yield
a lineur relabionship between 1/v and 1/[57]1+ [S5].. trom this
linear relationship it is then possible to compute the apparent

parameters Vm

ax(combined) 2nd X

C : 8xX SVS
s{combined) for the complex system

as a whole. The apparent constants for bLhe bwo-auxin system zre
related to the constants derived earlier for the individual systems
by equations 8 and 9 below:

V. 38 v 5
maxl [ 1] - maxz [ 2]
K X

. Sl 52
(8) Vmax(combined)‘ = (5] . [s5]
Ksl K82
(9} K5(combinea) = &
[s;1  [s,]
Ksl K82 )

Thus, froum a knowledge of the constants Vinax and g which describe
the effects of individual auxins, we should be sble to predict the
overall effects of combinations of auxins., Conversely by measuring
the parameters Vmax(combined} and Es(combined) obbained for growth
in the presence of an auxin mixture and by comparing these vaiues
with those obtained by calculation from the appropriate parameters
of single auxin_systems we can determine whether orlnot the presant
formilation adequately describes the orowth response of Avena sec-
tions to auwxin mixtures.

That mixtures of auxins do indeed influence growth of Avena

sections according to principles here outlined is shown by the data
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of fig. 22. These present the dats from experiments on the inter-
action in Avena scction growbh of IAA and 2,L-D given alcone and in
a variety of concentrations and molar conceptration ratios. The
- reciprocal of initial growth rate (1/v} is plotted as a function
of the reciprocal of total auxin concentration (1/[Stotal]) for
eéch of these combinations. The dats for each individusl suxin
yield a straisht line with characteristic slope and intercept as
expected from the similar experiments of fig, 6B, The data for
the auwxin mixtures yield in each case a family of straight lines
lying between the lines for the individual auxins as predicted by
equation 7. The slope and intercept of each line is determined by
the molar concentration ratic between the two auxins, Table 13
gives a compilation of the values for the constants K

s{combined)

and Vma ) a5 measured for the several pairs of auxins at

x( combined
various nolar ratios and compares these values with those czleulated
Irom equations § and 9 using the previocusly determined values of ¥g
and V. for the individual auxins. It is evident that there are no
considerable differences between the measwred and calculated values
of the two combination parsmeters although there is & systemstic
devistion of the Kg values in favor of IS4 of approximately 5 per
cent,

Since the Kg and V. Values for NAA are approximately the same
as those for 2,Lh-D, it is to be expected that results obtained for

the interaction of IAA and NAAX should be similar to those found for

the interaction of TA4 and 2,4-D. Thet this is so is evident from
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INTSRACTION IN AVENA SECTICN GROWTH OF IAA AND 2,L-D

GIVEX INDIVIDUAILY OR IN A VARIETY OF CONCENTRATIONS

AND MOIAR COMCENTRATION RATIOS. DATA PLOTTED ACCCRDING
TO THE METHOD OF FOSTER AND NIEMANN( 96 ) AS A TEST F(R
COMPETITION AT THE AUXIN-RECEPTIVE SITE.
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fig. 23 where datz obtzined for the intersction of IAL and NAA are
presentoed in the appropriate double reciprocal plots, (See talle 1z,
Appendix I, for growth data.) Again, the data Tor the auxin mixtures
vield a family of straight lines which lie between the lines for the

- individual auxins. Purthermore, it is apparent from table 1L that
there is close agreement between the observed and calculated parameters,
NAA, therefore, interacts with IAA in Avena seeticn growth in 2 com-
petitive manner as do IAA and 2,L-D.

Although the interactions between 2,L-D, Ki4, and IAA are, as
shown above, in general accord with the expectations of classical
kinetics, there is nonsetheless at least one aspect of this inter-
action which camnot be interpreted on the present basis. This is
the inhibition or the action of low concentrations of JAA which is
elicited by low concentrations of 2,0i-D or NAA, That such inhibi-
tion cceurs is evident from the curves of fig, 2l which have been
obbalned from the dats of table 15, In this figure, growth rate of
the Avena coleoptile section is plotted as = linear function of 2,5-D
concentration, Each individual curve is that for a system of constant
IAL concentration. The shaded area of each curve represents the
concentration range over which 2,L-D inhibits growth at a constant
IAL cencentration. The sharp initial dip in each curve which repre-
sents dinhibitien by low QJﬁ—D concentrations ig scarccly detectable
in the double reciprocal'plcts of fig. 22 and 23 which there appear
a5 Straight lires, This inhibition is roushly competitive since it

is most marked at low TAL concentrations.
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INTERACTION IN AVENA SECTION GROWTH 'OF IAA AND MAA GIVEN

INDIVIDUALLY CR IN A VARIETY OF CONCENTRATIONS AND MOIAR

CONCENTRATION RATIOS. DATA PLOTTED ACCCRDING TO THE

METHOD OF FOSTER AND NIEMANN { 96 ) AS A TEST F(R COMPE-
TITION AT THE AUXIN-RECEPTIVE SITE.
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Let us now consider what tskes place when two auxins such as

%)

sL-D and H&2 interact in erowth vromotion of Avena sections.

Singe the Ko and V.. Values.for these two auxins are closslyr
similar, it is to be expected that section growth rate in the
presence of 2,L-D and NAL mixtures would approximsts the growth
fate in either auxin alone. That this is so is clear from the data
of fig, 25 where 1/v is again plotted ss 2 function of 1/[Stota1]'
.(See table 13, Avppendix I, for growth data.} Tt is apparent from
fig. 25 that growth rates in the presence of 2,4-D and NAL at a 1:1
rmolar concentration ratio fail nicely between growth rates for 2,l~D
alone and NAL alene, That mixtures of these two zuxins behave in a
manner consistent with the predicted interaction is apparent from
table 16 which shows complete agreement between cbserved and calecu-

lated values for the constants X_ and Viase Thus not only do 2,4-D

5
and NAL compete with IAA according to the principles of auxin inter-
addm1mmahmzﬁrbamIMAcmp%ewﬂhemmaﬂwrinammﬂmme
with the same principles.

It is of interest next to consider whether or not the preceding
principles are applicusble bLu lnberacllions betwéen an auxin which

possesses a high and one which possesses a V. lower than
L

Viax
those for either 2,4-D or NAA., A4n auxin which possesses such a low

Vﬁax is TIBA., The fact that this cempound has auxin acbivity and
has also been reported to possess antiauxin properties (78 ~ 81}
makes it of particular interest. TIBA possesses the zdditional fea-—

turc that it has been reported (25,80 } to act synerpistically tuward
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and.tO'increase growth response to lcwrconcentrations of JAA in
. the split pea test ..
. The data of-.experiments on the interaction of IAA and TIBA in
Avena section growth are summarized in table 17 (see table 1L, Appen-
“dix I, for growth data). Tt is evident that the K, of TTBA is essen-
tially the same as that for IAA while the Vipax for TIBA is about one
third that for JTAA, TIRA then is an auxin which has approximately
the same affinity lor the active site within the plant as IAA b.ut far
which the intrinsic activity is considerably lower, |
The datz ol table 17 reveal that growth rates obtained in mix-
tures of JTAA and TIEA are not in agreement with growth rates pre-
dicted from the constants Kg and Vg, of the individual auxins. It
is c¢lear that there is no cornsistent sgresment belween the observed
and caleulated values of K,. Furthermore, the observed valués for
Vmax are considerably higher than the calculated values. Thus,
growth rates obtained at constant molar ratios are greater than
those predicted and the straight lines obtained in the usual double
reciprocal plots lie guite close to the straight line obtained for
IAA alone., TFig. 26 presenis a portion of the experimental data
graphically. The growth rétes for TIBA alone and for IAA alene as
well as those for TIBA : TAA L:l molar ratic mixture are presented
together with the straieht line {dashed line)} for the l:l molar
ratio mixture calculated-according to the usual method. Tt is clear

that the calculated line lies congiderably above the experimental

line for this ratio. A final observation concerning the TIBA-TAA
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interaction dota is that, slthoush the growth rates obtained were
considerably rreater than those exnocted, TIBA did not act oyner-
.gistically with TAA,

The TIBA~-Iii interaction data may also be presented by plotiing
-growth rate as a linaar funetion of TIBA concentration. 4 vortion
of the data of table 1l, Apoendix I, is presented in fig. 27. Tt is
apparent that growth promoted by TIBA is additive to Ii& induced
srowth at IAA concentrations of 5.72 x 18_7 ¥ and lower whereas at
an IAA concentration of 9.1h.x 1070 If TIEA causes significant inhibi-
tion of IAA promoted growth, This decreased growth rate is not due
to the type of inhibition under consideration in the present section.
At an IAL concentration of 9.1 x 107° i, Avenz section growth rate
is éssentially'optimal; gso the addition of more auxin makes the
total awin conecentration supraoptimal znd hence a lowered section
growth rate results. The reason for this decreased growth rate will
become apparent in a lster section of this investigation,

As mentioned earlier, The auxin PBA has weak activity in the
Avena section growth test and has been reported to possess anti-
auxin activity. Tt is of interest then to determine whether this
compound follows the principles develoﬁed above for interaction
kiﬁetics for auxing., Experiments similar to the preceding were
carried out on the interaction of JAA and PBA in the growth of
Avena sections and the data (see table 15, Appendix I, for growth
values) are summarized in table 18, Tt is evident frem the data in
thisg lable that FBA 1s'con$iderab1y less active in promoting coleop-

tile section growth than is JAA. The Voo Tor PEL is however
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approximately the same as that for TIBA., Interesting  enocugh how-
ever is the fact that, whereas the K_ of TIBL and Tih are eszentially
5

the same, the Kg of PBA is about 100 Fold srsster. TPRL therefore

&)

has less affinity for the active site within the coleontile than has
~TIBA for the same site; but once the sctive complex is formed, PBA
énd TIBA induce approximately the same amount of growth. The remaine
ing data of table 18 show that there is rather close asresment bebween
the observed and calculated values for Vmax(cmabined)‘ This situwation
does nobt hold quite so well with respect to the caleculated ardobserved
Ks(combined} values. At high PBA : IAA molar ratios, the K, values
are in pood agreement. At molar ratios of 8:l and lower, experimen-
tal Ké values are somewhat higher than those predicted from thse
constants for the individual ausins. PBA therefore interzcis com-
petitively with TAA, quantitatively, only at hipgh PBA : Ii& molar
ratios.

Another feature of FBA induced coleoptile section growﬂh is
the fact, as is evident from its high K, that the compound has
auxin activity only at relatively high concentrations as compared
to IAA. This together with its low activity, make it iupractiecsl
to plot the interaction data for FPRA and TAA in its entj_.:c'ety.. A
pertleon of the data is however presented in fig. 27 whera the double
reciprocal plots for PBA alone and TAA alone are shown together with
interaction reciprocal piots for PEA ¢+ TAA molar ralios of 32:1 and
1631, Since the caleulated and experimental straight lines for
these ratios very nearly coincide, the former have not. been added

to fig. 28,
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Groﬁth rates for the FBA-IAA interaction experiment mev also
be conveniently presented as a linsar function of FBA concentration.
Winen this is done as in fig. 29, curves similar to those for 2,lL-D-
Iid interaction data of fig. 2} are obtained. Again, each curve of
fig. 29 is that for a systen at constant TAA concentration and the
Shaded areas of the curves indicate the concentration range over
vhich ¥BA effectively lowers the over-all auxin resvonse, It is
¢lear from the fipure, as well as from the data of table 15, 4dppen~
dix I, that concentrations of PBA which are of themselves incapable
of promoting Avena section growth are nevertheless able to interact
competitively with IAA and to dscrease the IAA induced growth
response. PHA In low concentrations acts qualitativelv as an anti-
auxin,

Let us now consider weak suxins as FBA in their role ao anhbi-
auxins. To do this we may again make use of the data of table 15,
Appendix I. It is immediately apparent fram this table that grawth
promoted hy TAL is decreased in the presence of low FRAL concontra-
tilons in a manner similar to antiauxin inhibition., That this is so
is more clearly evident when a portion of the data is presented in
the typical double reciprozsl plots as in fig. 30, It is clcar
from this figure that PBA at the two lowest concentrations seemingly
satisfies the requirements of a competitive inhibitor. Actually
similar straight lines may be obtained for the four hisher IR

tred

concentrations, These however have heen amitted because they fall

quite close to the lines of fip., 30. There is also 2 Lendeney,
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wiﬁh increasing PBA concentrations, twﬁard dovnward curvature of

the lines at low IAA concentretions. Furthermore, instead of the
slope of the lines incrsaﬁing with increasing PBhi concentrations, the
slopes decrease and approach the slope for IA4 alene, Heverthsless

- reasonably accurate straight lines may be drawm and the apparent KI
for FBA may be estimated for all six concentrations.

Since lines have not been included in fig. 30 to illustrate
the above point, the sloves are presented in table 19, Tt is clear
from this table that the slope of the lines decreases from a PRA
concentration of 1.42 x 107° ¥ to a concentration of 1.1k x 1077 M.

Included in table 19 also is the apparent KI constant for each
inhibitory PBA concentration. It is clesarly evident that the apparent
KI i1s not constant for different PR. concentrations. (The fazet that

the K, is not constant is the reason for calling it an apparent KI)”
With a 6l~-fold increase in FBA concentration there is an approximately
800-fold increase 1in apparent Kps The fact that this is so; in cone-
trast to the constant K; of a true antiauxin, is sufficient reason

for not considering auxins of low Vnax among the true antiauxins.,

X

Discussion

The experiments described above demonstrate that different auxins
interact in the Avena coleoptile section in a manner compatible with
the hypothesis that they react at a common site. They have shown

bfurthermpre that the nature of the interaction is dependent upon at
least four parameters which are respectively: (a) the Kg for each

auxin, (b) the Vpaxe for each auxin, and (¢} and (d) the concentrations



TABLE 19

SUMMARY OF THE SLOPE AND APPARENT K7 CONSTANT WHICH CHARACTERIZE THE
INHIBITING PROFERTIES OF PBA G IAA INDUCED AVENA SECTION GROWTH.

 Concentration of PBA Slope Apparent Ky
’ (molar) (molar)

0,0 1,57 x 1077 -
3,05 x 10”7 2.35 x 1077 6.3 x 1077
7.10 x 10~7 2.7 x 107 8.3 x 1077
1.42 x 107 2,56 x 107 2,0 x 1076
2.84 x 1076 2.13 x 1077 b4 x 1070
5.68 x 1076 1,77 x 10~7 4e2 x 1075
1.14 x 1073 1.62 x 107 5.0 x 1074
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ofveachauxinm The result of such inieraction is that one auxin such
as 2,0,-D may aﬁgmcnt or diminish the effects of a second auxin such
as IAA depending on hhe;absolute concentration of each., Thus the
data of table 15 show that 2,~D acts to diminish the growth response
~elicited by moderate or high concentrations of I&A, 2,i=D acts, in
general, to augment the growth response elicited by low concentra-
tions of IAA, The major interaction effects hetwsen 2,L4=D and Ish
are due to the fact that even though 2,4-D has slightly less affinity
(higher KS)'for the active site within the plant than does‘IAAj it
also possesses considerably lower intrinsic activity (V,.) than

does IAA, When 2,4-D is added to a system which contains a con-
centration of IAA greater than some certain critical walue, which is

a function of the characteristic parameters of the system

Vma:;:g

(Scriticalszl ) , the 2,L-D replaces IAA at a portion

maxy~ Viazx,
of the available receptor sites, The sites occupied by 2,li-D con-
tribute less to over-all growth rate than do sites occupied by IAA.
Even though some previously ocoupicd sitcs may aloo be oceupied by
2,4-D, the over-all effect will nonetheless be to diminish growth
rate, At concentrations of 2,11-D below the critical value, the
addition of 2,li-D should result in an increased growth rate because,
in this region, there are a relatively large number of unoccupied
sites available fbr combination with 2,4-D, Superimposed upon this
- effect is however an inhibition which is particularly marked in the
case of very low 2,L4-D concentrations and which is not predicted

by the present treatment. This qualitative description of the
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kinetic consequences which result from the presence of E,h-D in a
system which contains JAA applies similarly to the effects of INAA
in the presence of IAA and of Nii in the presence of 2,4-D.

The competbitive interaction of auxins of low V

.. With auxins
max

~of high V.. do not follow with precision the general principles
outlined sbove. At hich PBA 3 TAA molar ratios PBA behaves as
expected, while at lower molar ratios there is a significant devia-
tion. That the same or siﬁilar situation does not pertain to TIRA-
TAA interaction is probably due to the fact that sufficiently low
concentrations of the auxins were nobt employed. Thus it 1s not
possible to obtain, from the available data, high TIBA : IAL molar
ratios,

It is not surprising however that experimentally there is a
significant departure from the theoretical with the two aguxins of
low Vipays It is evident from the data presented that approximately
50 per cent of the maximunm section growth rate induced by these
auxins at the end of a 12 hour period is due to endogenous auxin.
¥hen a situation such as this prevails, an endogenocus growth concen-
tration factor should be added to the exogenous auxin concentration,
This however is impossible'to'do in the present experiments because
the endogenous growth coﬁcentration factor for FBA and for TIBA are
conéiderably greater than that for IAA, If the requisite factor is
added, then the experimental design is inappropriate for obtaining
data at constant molar ratios, The question may be asked then as to
vhy in the PBA : JAA interaction experiment the observed and calcula=-

ted constants, Kg and V.., were in close agreement at high PBA : IAA
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moiar ratios. The probable answer toAthis is that at high molar
ratios the endogenous growth concentration factor correction is
relatively unimportant as compared to the high exogenous PBA con-
centrations while at‘lower exogenous FBA concentrations, and there-
- fore low molar ratios, the correction factor is of considerable
éignificance.

Lét us now consider the possible steps which may be taken to
overcome the experimental difficulties encountered when considering
the interaction between auxins of low and high Vg Firsﬁﬂ the
endogenous growth concentration correction factor may be determined
for each auxin, This correction factor is then added to the appropri-
ate exogenous auxin concentration so that constant molar ratios,
which include the correction factor, may be obtained. This approach
has not however bheen taken. The second and more desirable method
to meet the problem is to have a growth system which is deveid of
endogenous auxin. With this in mind a simple experimeﬁt was carried
out in an attempt to deplete the Avena sections of endogenous auxin,

Sections approximately 10mm. in length were cut from the tip
of each coleoptile cylinder. A 2-3mm. tip was removed from one
group of sections and the fips were retained on another group'of
sections. Both groups of sections were placed in distilled water
on a shaker for 12 or 2l hours. After 12 or 2l hours, 5.0mm, sec-
tions were cut from each coleoptile and incubated for 12 hours with
JAA at 130 mg. /1., TIBA at 0,l mg./l., a combination of both auxins
and in the absence of auxin. The results of this experiment show

that the‘endogenous erowth rate is reduced by approximately 30 per



- 121 -

cént and the excgenous growth rate is.reduced by over 50 per cent,
the absolute reduction being dependent unon the pretreatment., This
method of pretreatment did not eliminate the endogenous growth of

the seétions and it was felt that any simple method which might be
- employed to reduce endogenous growth would result in censiderable

feduction of exogenous euxin-induced growth rate. lio further work
was carried out along this approach,

Competitive interactions of the present type may serve to make
understandable such bewildsring responses of intact plants to auxin
mixtures as those described by Hitchcook (973 who anplied 2,L-1)
and/or IAA to tomato plants, The repression of response to 2.L-D
by low concentrations of IAA and angmentation of responses to 2,l-D
by hicher concentrations of JAA recorded by Hitchcock are responses
which are consistent with the interactions presented above,

The prineiples which govern the interaction of two different
applied auxins may also be involwved in the interaction of an applied
exogenous auxin with the native zndogenous auxin of the plant. In
the pineapple, for example, an interesting anomaly is that symthetic
auxins such as 2,4~D or N4 supplied to the plants at low concentra-
tions induce flowering in spite of the fact that flowering under
other conditions appears to be associated with a decrease in the
amount of endopenous awsin, Bonner and Bandurski (15) have supgesw
ted that synthetic auxins may act as antaponists to the native auxin
of the pineapple plant. According to this view, the synthetic auxins
would at appropriate concentrations compete with the native auxin in
sucﬁ a‘manner that the effective auxin concentration within the plant

vould be lowered,



Auxin interactions of this tyme afe to be anticipated on the
basis of the present findings. That lhis is so 18 apparent from the
curves of fig. 2, In terms of the effects of an exogenous aurin on
a plant or plant organ which alrsady contains native IAA, the shaded
areas of fig. 2)f wonld represent the concentration range over which
abplied 2,L~D will effectively lower the over-all auxin resnponse, It
is evident that this type of interaction may account for the induc-
tion of flowering in the pineapple plant by applied 2,4-D or MAA
provided only that the ﬁative awrin of this plant be present in
concentrations which do not saturate all of the receptive sites
and that flowering is in fact assoeciated with lbw effective auxin
level. Responses similar to the ahove should also he obtained with
applied PBA, as 1s evident from fig, 29.

It would appear to be of importance for the understanding of all
such auxin interactions that the zetivity of each auxin be understood

and characterized in terms of the parameters Kq and Vnpxa
b $10

Swmmary

Chemically different auxins such as IAA, 2,L-D and HAL compete
with one another for the same receptive sites within the plant. That
this is so has been shown by the following steps:

(a) formulation of the quantitative relations between growth
rate and auxin concentration which would be expected on the basis of
competition of auxins for the same sites,

(b) derivation of the parameters Ks(combjned} and,Vm

ax(combined}

for systems containing two different auxins in terms of the constants
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I sugnrd
Ks and‘]hax for each auxin alone.

(c)} demonstration that the values K and V.

s(combined) x({ combined}

measured experimentally f0r growth rate in the presence of auxin mix-
tures afe identical with those calculated on the bhasis of (b) above.
Auxins of low X; and low V., are capable of inhibiting or
aﬁgmenting the activity of auxins of similar K, and greater V..

Whether inhibition or promotion result depends on the concentrations

of the two substances and upon the differentisl in V, for the two

ma
substances, Inhibition may be such that the auxin of low vﬁax
exhibits apparent antiauxin activity, This activity is shom to be
different from cempetitive inhibition of true antiauxins,

The principles according to which chemically different auxins
interact in promotion of growth of the Avena coleoptile section appear
to be largely understandable in terms of classical enzyme kinetics,
Although the correctness of this formulation has been verified only

for the Avena coleoptile, these same principles may perhaps be appli-

cable to further plant systems.
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KINETIOS OF AUXIN-INUUCED GHOWTH THHIBITION

Introduction

It is characteristic of a great number of biologically active
substances that the responses which they elicit are twofold, low
concentrations of the material promoting a particular activity, and
higher concentrations inhibiting it., This is the case with the suxin-
induced growth responses of plants., Excised Avena sections grow in
length when they are floated in solutions containing low concentra-
tions of auxin and this grmwth is a simple function of auxin concen-
tration as was shown in fig, 6A, With increasing auxin concentration,
hoﬁever, growth rises to a maximum only to decline as auxin concen-
tration is still further increessed. This behavior is not restricted
to Avena section grawth but is found to apply also to other eclassieal
auxin responses such as Avena curvature test, split pea test, and
pea epicotyl section test (6L, 67, 69, 76, 77, 98-105), Little
attention has however been focused on the significance of growth
inhibition at supra-optimal suxin concentrations, The few supges-—
tions which have been made concerning this phenomenon, those of
Skoog et al. (77}, Veldstra and Booij (9) and Thimann (1L}, will
be returned to belaw.

It has been shown above that a molecule in order to be active
as an auxin must satisfy a number of structural requirements among
which is the requirement for two suitably positioned reactive groups,

These two groups, a carboxyl group located in a side chain attached
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to.an unsaturated cyclic nucleus (1} and a substitutable group of
eritical reactivit—:;.f in the nuclous ortho to the side chain (20)
appear to be the functipnal groups through which the awddin melecule
makes attachment to ééme receptor entity within the plant. The
combined auxin, bound through its two resctive positimns to two
functional siteé of the receptor entity, appears to be the form

- which is active in eliciting growth responses. Althcough the exact
chemical nature and biochemical function of the auxin-receptor com-—
plex is not known, the existence and character of the compiex can
bé deduced from kinetic considerations of the data presented in
earlier sections of this investipgation and from the study of the
relationships of chemical structure to physiological activity of
synthetic¢ auxin analogs. It is the purpose of this part of the
investigation to show that the inhibition of growth induced hy
supra=-optimal concentrations of auxin is a natural and indeed an
inescapable consequence of the two-point attachment by whricli auxin

is bound within the plant to form the functional entity.
Results

KINET IC TREATMENT OF TWO-FOINT ATTACHLENT ., The kinetic treat-

ment used in this investigation thus far has dealt implicitly with
systems in which attachment to enzyme is conswmated through =
single point. TLet us now consider the marner in which two-point
attachment may be expected to alter this picture (106, 107). This
may be done by émploying an extension of the Michaelis~Menten treat-

menﬁ'(Tl). A molecule of auxin {S} might be expected to become first
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associated with cne of the two recepti&e sites on the enzymatic
entity and then, by becoming associzted with the second receptive
site, to consummate the two-point attachment essential to enzymatic
(growth) activity. This sequence of resctions will predominate at
low auxin concentrations., At higher auxin concentrations, howsver,
there is an appreciable probability that twe auxin molecules may
simultaneously approach the receptor entity and simultaneously
react with it, each combining through a single reactive sroup.
Such interaction will yield an inactive auxin-receptor complex in
which each auxin molecule prevents the other from consummabing a
two-point stitachment.

The several equilitria which relate the monomolecular and hi-
molecular substrate-receptor complexes are illustrated in fig. 31.
These equilibria invelve the following quantities:

E: - Receptive entity of the plant.

33 - Auxin,

BSq1 - Auxin-receptor entity complex combined through point 1.

ESl,B: - Auxin-receptor entity complex combined through points

1 and 2, This complex, the enzymatically active
one, may be presumed to be formed from either ES,
or %S5y,

152: - Bimolecular auxin-receptor enbiby complex in which
two auxin molecules are inveolved, one attached
through point 1, the other throush point 2, This

conplex is presumed Lo be ensynmalblicully inactive,
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GROWTH = k[ES, ,]

Figure 31.

EQUILIBRIA RELATING THE FORMATION OF ACTIVE RECEPTOR-SUBSTRATE
COMFLEX (ES:L 2) TO THE FORMATION OF INACTIVE RECEPT(R~SUBSTRATE
?

COMPLER (E:sI S,)e
¥



In the classical enzyme kinetics only the equilibris which regult
in the formation of the active complexx, ESl o are cengidered, IF
Y

we include in the consideration the formation of the complex ESISE’

the claésical expression relating reaction velocify to substrate
- concentration may be shomm to be sltered %o the form given in
équation 10.

oy [5]

(10} v . 5
k' *+[s] +[s]®/c

This expression differs from that of classical kinetics in that it
includes a term [8]2/0 which 1is a measure of the prohability that a
second moiecule of substrate will become attached to the receptor
entitj before the first molecule has consummated its two-point
attachmeﬁt. The reaction velocity v, which is proportional tec
Eslgg, is expressed in terms of S and the erperimentally deter~
minable constants Vay, Xg' and C. Equation 10 predicts a maximum
reaction velocity (growth rate) at a substrate concentration of

Kg'*C. This maximal rate is decreased below the rate which would
be achieved in a classical system by the amount to which the inactive
complex ESy3- is fermed in the system at the substrate concentration
V Kg'Co |

Bquation 10 will now be applied to data derived from experi-

menbal determinalion of the reiation of auxin concentrztion to rate
of Avena coleoptile section growth, We shall first evzluate the
constants Vey and Kg' which correspond to the constants Vpg. and Kg

of elassical enzyme kinetics, These two conetante may be determined



in the low range of zuxin concentratibn in wnich the formation

Cof the bimolscular complex 2'15152 is negligible, This ig most
readily done on the reciprocal plet of fig, 32, Vo is the
extrapolated intercept on the ordinate while X ! is the slope
divided by the intercept. The remaining constant G, which is a
measure of the probability that twe molescules will react with the
two receptor sites of the reactive entity bhefore eithsr has had a
chance to consummate its two-point attachment, must be evaluated

in the region of high concentration in which the formaticn of this
complex predominsizs., This is done as showm in fig. 33 which pre-
sents growth velecity as 2 function of the reciprocal of the sub-
strate concentration. It can be seen that as the auxin concentra-
tion is incressed, the growth velocity hecomes inversely proportional
to it and from the limiting slope which is Vg, G, the valus of C mey
be determined,

It appears thon dhet at the exiremes of the auxin cuncenlyablion
renge auxin affects growth in the manner predicted by equaticn 10.
This equation describes accurately the effects of IAA on the growth
response of Avens colaoctila =zections over ‘t,hc;3 entire range of
auxin concentratiéns to wihich this organ is sensitive, a ranpge of
one hundred thousand fold. That this is so is shown in fig. 3h.
Since tue range of concentration is so large, the data are pre-
sented in the form of initisl growth velocity as 2 function of the
log of auxin concentratioen., The curve of Fig.3h is that for equation

13 using the valucs for the constants debtermined as outlined above,
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The individual poinbs of fig. 3k represent data from five separabe
and conplete exporiments. These 9t the eurve within experimental
error over the entire 100,000 fold rance of concentrations, That

the maximm growth rate occurs at o subsirate concentration of

is also verified by the data,

The synthetic growth substances such as 2;h4D and KAA are,
like the naturally occurring I&4, active in promotiné'ﬁfdwth of
Avena coleoptile sections at low concentrations and active in innibit-
ing growth at higher concentrations. That the kinetic relations of
2,=0) and of NAA in Avena section growth are also in accord with
the two-point atiachment concept is evident from the data of fig.
35 and 36, This is true even thouph the consfants Vex, Kgt and G
for these subwlances Jillfer appreciably among Lhemselwes and differ
also from those determined for ITA4, a fact swmmarized in table 20,

It is next of interest te consider the behavieor of auxins of
low Vpaw b ocupra—opbimal concentrations. That TIDA and FPA inhibib
growth at high concentratlions is apparent from the dats of fig, 37
and 38, respectively. Furthermore it is evident that the kinetics
of TIBL promoted growth fellew the nredieations of equation 10
reather closely over most of the concentrastion range. At concen-
traticns at or near the optimal howsver, the cobserved growth rate
is someyhat hicher than that predicted.

The behavior of PRA is less well in accord with the expecta-
tions of egquation 10, 1In addition to a deviabion in observed
growth rates at or nesr opbimal concentrations, the inhibition

at high concentrations is greater than That expected,
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It is not imnediately clear why gfowthwrates for auxins of low
.max depart significantly from two-point attachment kincties. Tb is
suggested however that one of the following reasons or 2 combination
of them may account for such devizations, First, in order to swperi-
‘mentally verify squation 10 aceurately, it dis necessary te apply the
eﬁdogenous growth concentration correction factor, The concentration,
in terms cf exogenous concentration, whi;h gives Ihe observed endoge-—
nous growth rnte,js determined by extrapeclation to zera growth rate.
This concentration is then added to all exogenous concenbrations to
give the S of equation 10. The precision with which this factor
may be determined depends on the Vpgax of the auxin, The factor for
high Vpax auxins may be obtained more precisely than for low Vyax
auxins. Furthermore, if this factor is low, as it is with high V
auxins, it is of sisgnificance only at low eXogenous concentrations.
If, on the other hand, the factor is high, as with low Vp,. auxins,
it is of importance over a greater exogenous concentration range,

It is evident then that failure of low V. auxins to follow two-
point attachment kinetics with preclsion may be due to an inadequate
estimate of the endogenous growth concentration correction factor,
Secondly, since the same correction factor is used to determiﬁe the
constants K ! and V., it is clear that these constants may be more
inaccurately estimated for low V.. auxins than for auxins of high
Vyass Finally, the constant C is also more difficult to determine
accurately for auxins of low V. than for hish V. . auxins. In

view of these considerations, the relatively poor fit to two-point



kiﬁetics found for TiBA and FBL as coﬁpared'with auxins of higher
Vimx are not unexpécted.‘ While there is a possibility thait other
features of ihe system, -as yet unrecognized, msy complicate the
kinetics for auxins of low V.., any conclusion that there are such
~-factors is not yet an obligatory one.

The constants which relate growth of Avena coleontile sections
te TIBA and PBA are included in table 20, The constant C for TIBA
is approximately_ten fold less than for the cther auxins studied.
The optimal concentration for TIBA induced growth is similérly'
lower than for the other auxins. PBA induced growth, on the con-
trary, is optimal at a higher concentration. Growth promoted by
FBA differs from the other auxins in one other respect which is
evident from the data of fig. 38, The growth activity of this auxin
is restricted to a much smaller concentration range. The probable
reason for this is to be found in the large differential behween
Veyx and the observed maximal growth rate. The Vo forIPBA is 1.3mm,/
section/12 hours as compared to the experimental maximal growth
rate of approximately 0.9mm./section/12 hours. Since nearly half
this 0.9mm./section/12 hours is endogenous growth, it is clear that
the observed maximal growth rate is approximately 50 per cent of Vey.
This fact implies that at optimal PRA concentration bimolecular
complex concentration ie relatively high and therefore PBA not only
inhibits IAA induced section growth at zppropriate concentrations
but is also strongly inhibitory to itself. In the case of TIBA, the

differential betweaen obhserved maximal growth rate and Vox is about
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TABLE 20

SUI*iM&RY OF THE PARAMETERS WHICH RELATE GROWTH OF AVENA COLEOPTILE
SECTIONS TQ AUXIN CONCENTRATION

Vexs Xs', © ¢, ” VEs' x ¢, °
T 3.1 3.4 x 1077 4.0 x 1074 1.2 x 1079
2,4"D 2.3 5.5 x 1077 1.4 x 1074 0.9 % 1075
NAA 2,1 64 x 1077 17 x107% 1,1 x 1075
TIBA 1.3 3.7 x 1077 2,0 x 1075 0.4 x 1075
FRA 1.3 2.7 x 1077 2.1 x 1074 7.7 x 1075
a Concentration of auxin at whieh growth rate is 0.5 V., and
ES = E .
1,2 free
b Concentration of auxin at which growth rate is 0,5 maximal

due to formation of the complex which contains two auxin

molecules,

""'FSS

Concentration of auxin at which growth rate is maximal,
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15 per cent whereas for the other high V.. auxineg the differen-

tial is approximately five per cent.
‘TDiscuesion

The concept that auxins are bound within the plant to an
aﬁpropriate receptor entity through which auxin-induced growth
responses are mediated was originally based not only on the known
binding of auxins to plant proteins (108) but also and more spécifi—
cally on the fact that the kinetics of auxin action are in close
accord with the expectations of classical enzyme kinetics as has
been shown earlier in this investigation, The extension of this
econcept to inelude the specification that the binding must be con-
summated throuph a two-point attachment of the auxin molecule to
the receptor entity was first suggested by the observation of Muir
et al. {20), that a free ortho group of critical reactivity as well
as a free carboxyl group are essential to auxin activity. The
hypothesis that both of these groups are in fact essential to auxin
getivity and by implication essential to auxin binding has been
strengthened by the finding that auxin-like molecules in which
either of the two essential groupings is blocked or aholished are
not only inactive as auxins but also are in fact competitive inhibi-
tors of auxin aption. The matters considered in this paper consti-
tute a critical experiméntal test of the two-point attachment con-
cept as applied to auxin action. If two-point attachment of auxin

to its receptor is essential for the formation of the complex which
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induces growth it follows that inhibition of srowth by the formation
of bimolecular complexes may be expected at higher auxin concentra-
tions. The fact that auxin-induced growth inhibition not only does
occﬁr_bﬁt also that it follows in elerant detail the kinetics of
:bimolecular complex Tormation provides strong support of ths whole
tﬁo—point atbtachment concept.

Of what practical use may it be to exprsss and to think about
auxin-~induced grqwth inhibition in terms of the kinstics of twow
point -attachment? One evident application may be in the study of
the herbicidal action of synthetic growth substances such as 2,4-D.
It is a peculiarity of these materials that zlthough they are
exceedingly deleterious to particular plants at higher concentra-
tions, they act at lower concentrations in a manner indistinguishable
from that of IALA itself, We might therefore inquire in héw far the
herbicidal action of 2,L~D and related materials may be owing to the
formatlion of bLimeolecular complexes of bthe kind here described and we
might attempt to answer this question by determination of the extent

| to which herbicidal activity is a function of the second vower rather
than of the first power of the applied srowth substance concentration.
The twofold action ofraUKin on plant growth appears then to have
its basis in a requirement for two~point attachment of the auxin to
its:receptor, a requirement which makes possihle the formation of an
inactive bimclecular complex at higher auxin concentrations. Tt will
be of evident interest to discover whether the twofold action of
other biologically active substances may in some instances éimilarly

reside in a requirement for multiple attachment,
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Summary

The.relationship beﬁween_Avena caleoptile Séction grawth

rate and auxin concentration over a wide range has been demonstra-
ted to be predictable on the basis of a requirement for two-point
-attachment of the auxin moleculs to some receptive entity in the
plant. In particular, the inhibition of erowth at hirher auxin
concentrations, whiéh may be the cause of herbicidal acﬁivity of
certain chemicals, has been shown to be a natural and predictable
conseéuence of the two-point attachment of the auxin molecule to

the recepbor entity within the plant.,
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INTEGRATION OF THE ANTTA _ WITH THAT OF AUXIN-
' INDUCED GROATE THIBITION

Throdustdon

In a previcus section of this investisgation we have seen thatb

at auxin concentrations beleow the opbinum, auwrin-induced Avena coleop-

tile secticn growbh may be competitively antagoniszed by an antisuxin,
It was also pointed out that this does not necessarily Imnly that
sufficiently high auxin concentrations will completely overcome the
inhibitory effects of an antiauxin because relavively high auxin
concentrations arz of themselves inhibitory., The guestion arises
then as to what effect an antisuxin will have on growth in the
precence of inhikitory auxin concentrations.

It is eviden®t from data on growth in the presence of antiasuxins,
a8 recorded in tables of this text and of -Appendix I, that in no
instance did the antianxin at  concentrations tested have any Sige
nificant effect on auxin-induced growth inhibition. Bonner (67}
found that 2,11~DCA did not alleviate srowth inhibition at inhibitory
auxin concentrations but rather it increaged the inhibition. Simi-~
larly, van Overbeek et al. (73} have shom that the antiauxin trans-
cinnamic acid, at a concentration of 30 mg./l. displays toxicity
symptoms in the presence of relatively hish auxin concentrations
but not in the absence of auxin. ILeopold and Klein (76), antici-
pating that an antiauxin should overcome inhibitory eifects of

high auxin concentrations, reported thzt growth inhibition resulting
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frém,high Ths and.NAA concentrations was alleviated by maleic hydra-
~zide., The intimation that an antiauxin shoulsd overcome inhihition
brogght abou£ by dnhibitory aﬁxin cencentrations has also been made
by sbudus and Shipton (91},

The hypotheses that an antiauxin is an auxin~-like molecule so
ﬁodified that it is capable only of a single point atbachment to the
aﬁxin-receptor site within the plant and thaﬁ binelecular comnlex
formation predeminates at high auxin concentrations reguire that
growbh inhibition brought about by high auxin concentrations will
be enhanced by the presence of an anbiauxin. Boll represent mech-
anisms for the sequestering of awxin-receptor in the form of inzctive
complexes. The present section of this investigation dezls then with
the effect of antisuxins on Avena section growth in the presence of

irhibitory auxin concentrations,
Results

The data presented on a logarithmic scale in fig, 39 show the
effect of L~GPIR on Avena section growth in the presence of a ten
thousand fold concentration range of TAA. The uprer curve of fig, 39
is that for growth in the fmeSence of IAA alone and the lower curves
gre those for growth in ﬁhe presence of 1AL toepethsr with incressing
concentrations of L-CPIB. 4s is to be expected, rom previous data,
L~CPIB inhibits coleoptile section growth at sub-ontimal TAA concen—
trations. Tt 1s apparent also that the growlkh irhibilion sl supra-
optimal TAA concentrations is inereased by the presence of [-CPIR

(10 2nd 50 mg./1.). It is zlso evident that srowth rate in the
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presence of 10 and 50 mez,/l. L-CPIR approaches that for TAL alone
at the high TA4 concentrations. It mav also be noted thot in the
hicher AL concentrations. In the presence of 50 mg./l. L-CFIE
however the growth optimum shift is rot so apparent. Finally,
growth rates in the presence of 1 mg./l, L-CPIR and IA concentra-
fions above 5 mg./l. {data not included in fig. 39} are not sig-
nificantly different from,grcwth?fates in the presence of IiA alone,
It is evident from the data presented above that the antiawxin, ab
sufficlently hlgh concentrations, augments the inhibition induced
by inhibitory concentrations of IAA, |

The data of fig., 4O show that maleic hydrazide (50 mg./1.),
like the antiauxin LL—CI”ID,' inhibits growth induced by low auxin
concentrations and enhances the inhibition brought sbout by suprs-
optimal auxin concentrations. Maleic hydrazide, at concentrztions
of 1 and 10 mg./l., was slso tested in this experiment. Thsse
concentrations however had no significant effect on section growth

rate with 2,li-D concentrations between 1 and 190 mg./1,
Uiscussion

The data presented avove, showing that the antiasuxins [-CPIR
and maleic hydrazide enhance the growth inhibiticn caused by supra-
optimal auxin concentrations, integrate and substantiate the single
point attachment antisuxin concept and the bimolecular complex forma-
tien concept for inhibitory auxin concentrations. The fact that

L--CPIR causes a sreater enhancement of inhibition in the presence of
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supra-optimal auxin concentrations than does maleic hydrazide is
compatible with the différences in the constanis K1 for these two

6

compounds. The Ky for L-0PIB is approximately 3 x 107° W whereas

b

the KI for maleic hydrazide is between 3 x l()mS and 3 x 107
Because of the anomalous behavior of maleic hydrazide, as iz evi-
dent from the data of fig. 20, only & rough approximation of Ky

for this compound may be obtained, Since the affinity of 4-CPIB

for the auxin-receptive sites is from 10 to 100 fold greater than

the affinity of maleic hydraéide for the same sites, it is to be
expected that the additive inhibitory effects of L-CPIB tc supra-
optbimal auxin inhibition should be greater than these for malsic
hydrazide,

A quantitative treaiment for the tehavior of a competitive
inhibitor in the presence of a two-point attachment substrate is
available (107)}. This treatment has not been applied to ths vresent
experiments because the available dataere insufficient to Justify it.
It ﬁay be stated however that the quantitative treatment of Foster
and Niemann {107} predicts that rates in the presence of the competi-
Live inhibitor will approach the rabe for substrete alone ab inhibi-
tory substrate éoncentrations. In addition, the treatment prédicts
that the optimum rate in the presence of inhibiter will shift toward
higher oubstrate concontrations as the inhibitor concentration is
increased. That the present datasreat least in qualitative agree-
ment with the above predictions, is evident from fig. 39.

In view of the results herein obtsined with maleic hydrozide,

it is of interest to inguire into the reason for the discrepancy
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between the maleic hydrazide resulls 0btained in this investigation
and the results renorted by Leopold and Klein (76). As mentioned
earlier, Leopold and Klein, using the split pea test, found that
maleic hydrazide alleviated growth inhibition resulting from high
~IAA and NAA concentrations, Leopold and Klein did not however use
bH control in their split pea test experiments, since the strongly
buffered solutions required resulted in flaccid plant material and
unreliable results. As a substitute for »H conbtrol in the rea test,
Leopold and Klein carried‘out a pH controlled experiment uéing pea
rool seclions. They Lfound that maleic hydrazide was able to over-
come JTAA induced inhibition of pea root section growth and caoncluded
_that alleviation of the auxin inhibition of growth by maleic hydra-
zide was independent of pH. It is quite clear however that the pea
root section experiment has no bearing whatsoever on the split pea
test,, The conclusion which must therefore be reached is that the
apparent maleic hydrazide alleviation of the inhibition resulting
from high auxzin concentrationé, as observed by Leopold and Klein,

might well have teen due to a pH effect,
Summary

The growbth inhibition resuliing from high auxin concentrations
is not alleviated‘by antiauxins but rather the auxin inhibition is
augnented by the presence of sufficiently high antiauwxin concentra-
tlons. A neoessafy corollary to the single poinbt abbachment anti-
auxin concent and the binoleculer complex Jormation concent for

inhibitory auxin concentrations is therefore confirmed.
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IO THE STULY OF AUXTHS 45
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5

Introduction

Although the large variety of symptoms which result from appli-
cétion of many chemically different auxins to whole plants or plant
organs and.iissuesrﬁvetmen intensively investigated during the pest
deéadeﬂ'an explanation in biochemical terms has not been found which
satisfactorily sccounts for these symptoms. That this is so is
evident from the number of recent reviews which have brought together
and integrated the tremendous body of facts nertinent to the multi-
'plicity of auxin actions. Of ubmost interest in recent rears is
that aspect of auxin activity, the herbicidal or weed-killing actien,
which brings about profound mornhological, physiological and bile-
chemical changse which ultimately cause death of the plant. 1In spife
of intensive investigation in the herbicide field, it is generally
conceded (109} that in no instance is there sufficient evidence
available, relative to auxin-like herbicides, which permits a
detailed deseription of the biochemical sequence of events which
lead to the death of a plant. Nevertheless some suggesitions have
beén made to account Tor the herbieidal action of auxins.,

The most prominently held views concerning herbicidal action of
auxins are those which pertain to changes in the level of metabolites
such as carbohydrates, amino acids and rroteins and to changes in
respiratorv levels (11, 15, 35, LO, 109-11l). According to‘this

school of thought, the auxin molecule interferes with one to many



enzymatic processes, an aberrant metabolism ensues, and brings aboutb

the eventuzl death of the plant. It has also been suggested {115,
1le, 1173 that auxins impede normal phloem function and transport

bf foadvand thereby cause death. Interference with the native auxin
of the plant has also been proposed (7, 115, 119 as an explanation
fbr herbicidal action. The fact that the naturally occurring

coumarin derivative, scopoletin, increascs in plants after 2,L-D

treatment, has led to the suppestion (112 that toxicity broug

about by increascd scopolebin concentrations is the direct cause of
the herbicidal action of 2,L4~D, Tt has alsc been stated () that

growth inhibitions of the herbicide type are not assocciated with an

auxin~-like structurs but rather sre more closely cllied to the

prevaratory sctivity of hemiauxins, Ideas which are associe ith

the significence of pgrowth inhibition at supra-optimel auxin

concen-
trations (3, 7, 9, 1k, 77 will be discussed helow,

It was suggested in =2

recedirg section of this i

that formaticn of an inactive bimoleculsr aurin-racentor copplex at

high auxin concentretions might well zccount for the herbicidal

Turther

action of 2,li~D and related smthetic auxins.
ntimated that an appropriate approasch to this problem might be

to determine the extent to which herbicidal activity is a function
£ the second power rather than the lirst powsr of auxin concen-
ration, Since it is difficult to obtain dabta expressing degree.

of ¥illing in quantita Tlve terms, it was decided to try and obtain

indireet evidence which mivht support the himolecular compl@x



formation concert of herbicidal action. This section of the
investipgation »resents some preliminary exmeriments in this direc-
tion..

In the preceding seotion of this in

" that growth inhibition of the Avena coleoptile section resultine
from high auxin concentrations was aupmented by the rresence of an

antiauxin., It is to be sexpectad then that i7 herbicidal action is
i

a consequence of bimolecular complex formation, the killing of

plants by an zuxin such as 2,4-D should be erhanced by simultaneous

application of an antlauxin,
Zxpnerimental snd Results

A preliminarv experiment, using 25 day old Red Kidnev bean
plants, was carrizd out in Dolk greenhouss in the fall of 1952,
The trifoliate leaves of each plant were dipped into 2,L~1 solu-
tions alonc, L-GITB sclubions azlone, or combinations of bLoth com-
pounds at concentratilons indicated in fig, L1, The solutions con-
tained a concentration of I drops/l, of Dow nolyglveol 31 as
wetbing agent., In this experiment, in which the plants were not
too uniform, seven plants were used per treatment. The photé—
graphs of fig. Il were taken eight days after treatment. Up to
a concentration of 100 mg./1. (treatments 6, 11, and 16}, the anti-
auxin had no visible effects on the plants, 2,L-D treatment at the

two lowest concentrations (treatments 2 and 3) caused little perma-

nent injury to the plants. At 30 mg./1. 2,4-D (treatment L)}



5 After Treatment

Concentration 2,4-D
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(mg./1)

Figure L1,



thé plants were severely damaced but By the end of ten days meri-
stems had recovered and new growthh was starting te take nlace., The
plants trested with 100 mg./1. 2,4=D (treatment S} however showed
little sign of recovery. It is further evident from fig, L1 that
treatment with L~CPIB augmented the injury symptoms of the lethal

dose of 2,l;-Ii (treatments 10, 15, 20},

Following this oreliminary experiment, a second and nmore exten-—

sive experiment was carried out at Orlande greenhocuse, Seventeen
day old Red Kidney bean plants were treated with 2,L-D or L-CPIB

alone or in combination at concentrations show

L in fig. 42 and L3,
Dow volyglveel 31 was acded Lo each solutlon and all were adjusted
to pH L.5. Frimary lesves as well as trifeliste leaves of eignt
uniform plants were dippsd in the appropriate solutions for each

of the 35 different trestments., An additional treatment in which

the trifoliate leaves only were dipped in L=CPIB at a concentration
of 1000 mg./1., was also included in the experiment.

The data presented in fip. L2 and L3 shew that the results of
this experiment, up to concentrations of 100 me./1, 2,L-D and 100
mg./la‘u-CPiﬁg are similar to those of the first erperiment. L-CPIB

alleviated the damape symptoms caused by 2,L-D concentrations helow

30 mg. /1, (treatments 11, 12, 18 and 19} and aurmentad the killing
effects of 30 and 100 mg./1l. 2,4=D (treatments 13, 1k, 20 and 217,
At 1-CPIB concentrations of 300 and 1000 mg./l. (treatments 23 and
30}, the antiauxih induced localized injury. The trifcliate leaves

were wrinkled and chlorotic, the primary leaves showed necrotic
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7 'Dgys' Afyt'er Treatment

GConcentration 2,4-D (mg./1)

12100 100—",i ,
00 30 100 300 1000 00 30 100 300 1000
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Figure 12,
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aréas,'and.the plants were stunted., There was no evidence of
systemic injury. Absence of systenmic injury was also apparent
in,those nlants which receivad only trifoliate leaf trsatment with
the M-C?IB concentration of 1000 mg./1, The trifeoliate leaf symn-

toms were the same as those described ahove but primary leaves

3

showed no visible injury. It is also evident from fig, L2 and L3

(e

that L-CPIB at concentrations of 300 and 1000 mg. /1. alleviated
sub-lethal doses of 2,L4-D (treatments 25, 26, 27, 32, 33 and 3].
The antiauxin, furthermore, alleviated the lethal effects of 100
mg./l, 2,4-D (treatments 28 and 35,

Preliminary work has been carried out in another tyne of
~experiment in an abtempt to cbtain further insipht into the bio-
chemical sigmificance of herbicidal action. As mentioned previously,
since it 1s difficult to express depgree of killing of a whole plant
in quantitative terms, it was considered possible that satisfactory
data might De obtained from portions of leaves rather than the
whole plant. ZITxperiments have therefore been carried out using
leaf’ discs from tobacco, cotton, bean and cocklebur plants, The
data obtained thus {ar have been too wvariable to warrant their
presentation. It may be stated, howsver, that leal discs, loating
on solutions containing 2,4~D at low concentrations, exhibit an
inercase in fresh weight whereas leaf disecs, fleating on solubions
containing hirch concentrations of 2,-D, show a decrease in fresh

weight,
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Tiscussion

It is apparent from the results presented above that the anti-
auxin l~CFPIB alleviates the symptoms induced by low concentrations
of 2,i=D hut (under certain circumstances) enhances the killing
effect of sub-lethal doses of 2,li~D, This fact is thersfore con-
sistent with the notion that inactive bilmolecular auxin-recentor
complex formation at high auxin concentrations is a factor in the
herbicidal action of 2,4=D. Furthermore, the results obtained are
in qualitative asreement with results reported by Hitchcock and
Zimmerman (120}, Hitchecock and Zimmerman obtained additive and
antagonistic affects with combined treatments of 2,L-D and maleic
hydrazide applied to tomato, sunflower, zinnia and snap bean plants,

The question which immediately ardses is whether or not the
amount of 2934«-@ used for weed control is sufficiently hirgh Lo lead
to a concentration within the plant such that inactive bimolecular
auxin~receptor complex formation predominates over active auwxin-
recepbor complex formation. That inactive bimolecular comple:
formation within the plant resulting from herbicidal application
of 2,i~D is possible is evident from the following considerations,
An application of one kilogram 2,4-D (approximately five moles) per
acre is sufficient to kill susceptible nlants. There are of the
order of one to ten tons of plant, wet weight, per acre and this
is equivalent to a maximum of 103 to 10h liters of plant., The
concentration of 2,L-D within the plant may therefore be of the

order of 5 x 1073 to 5 x 10“h . That bimolecular comnlex formation



rredominates alt such concentrations 1s evident from data presented

previously. Since these considerations are compared to the Avens

coleoptile sec yeriments, 1t would appear that nmonocotyle-

sted

L¢s)

donous plants should also pe killed by 2,0, It has besn sugee
(121) however that selective action toward dicotyledonous plants by
éﬁh—D like herbicides may be due to the fact that these comnounds

are not translpcated.readily in monocotyledonous plants. Thus
concentrations required for bimolecular complex formation may not

be atbained in non-susceptible monocotyledonous plants,

In contrast to the concentrations of 2,l-D used for weed-killing,
we find that considerably lower concentrations of auxin (10-50 grams
' per acre) are used for such physiological responses as nromotion
ol Ilowering and preventlon 6f fruit drop (16). Concentrations of
10-50 grams per acre, then, are of the order of 2.5 x 10_5 to
5.0 x 10"5 il within the plant, It is apparent from data presented
previously that this concenbration range is near the peak of the
auxin activity curves, It is not unreasonable then to exnect that
while bimolecular complex formation may be a factor in the herbicidal
action of 2,li-D, the positive effects such as inhibition of abscis-
sion may be due to the doubly attached monomoleculzr complex.

It is not immediately clear why an antiauxin may either enhance
or alleviate the herbiecidal effects of 2,4-D. It is suggested, how-
ever, that not only is the antiauxin translocated slowly within the
plant but that it also interferes with the translocation of 2,4-1,

Thus if the 2,L-D concentration is high, relatively low antiauxin
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concentrations will not greatly interfere with translocation of

2,4-D and additive effects nmav be obtained., On the obthsr b and, if

the antiauxin concentration Is high, franslocation of 2,L-7 is
interfered with to such an extent thet systemic herbicidal symp-

toms are alleviated.
Summary

A vpreliminary investigation concerning herbicidal activity of
mixtures of an antiauxin and an auxin on Hed Kidney hean pi@ats is
presented, Although the data obtained do not unequivoczlly establish
that inactive bimolscular auxin-recevtor complex formation at high
auxin concentrations is a factor contributing to herbicidal action

of 2,L-1), the possibility that this is in fact so is considered,
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investipgation that in order for

a substance to be ective as en guxin it pust be capable of consun-

‘mating a two-polint sbibachment to some receptive entity within the

piamt. The twe functiconal groups through whieh this attachment is
made appe-r to.be the carboxyl group and a position in the cyclic
nucleus ortho iw the gide chain‘carboxyl group, It is not immediately
apparent that aurins have in common any other functional grbﬁp which
may be involved in the auxin-induced growth reaction., TFurthermore,
there ié no evidence which 15 not consistent with the notion that

the mere act of becoming two-point attached is sufficient to confer
2 P

activity uoon auxin molecules.
If it is the act of consummating two-point attachment which
determines aurin activity, the guestion then arises as to whv it

is that verious auxing possess markedly different V 's. An

max

answer to this cuestion mav be found from the following considera-
tions., The data nresented in this investigation suppest that of
every ten 2,L-D molecules present in the equilibrium mixture, within
the coleoptile section, seven molecules are two-point attached while
the remainder are single point attached, With an active auxin, such
as 2,h=D, the energy required to complete the second point of attach-
ment, once the first point of attachment is made, is relatively low,

For the weak auwxin FBA, ¢n the other hand, only three molecules are

two-point attached for every ten molecules present in the equilibrium
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mixture and the energy required to ccnéummate two-point attachment

is considerahly higher thzn that for 2,L4-D. The svidencs waich

'suppprts this viewpoint is to be found in the fact that PBL, as

an inhjbitorJ may have an apparent Kg which 1s considerably lover
‘than its Kj, as an auxin, It may be tentatively concluded, there-
fére§ that 211 awrins, once they are two-point attached mavy be
equally active in promoting prowth, and that the observed differences

~in V.. for various auxins are an‘expression of the proportions of
two-point attached and of single point attached molecules in the
equilibrium wnixture,

The concept that auxin is involved in a chemical reaction
which leads to growth is not a new one. TEarly investigations (see 39)
have shown that there is a stoichiometric relationship hetween auxin
and some substrate within the plant, Evidence for such a relation-
‘ship has heen deduced from the facts that there is a direct rela-
tionship between growth and the amount of auxin which diéappéars
during cell elongation (122) and that an essentially direct propor-
tionality exists hetween auxin cohcentration (linear or logarithmic)
and growth, Further evidence that a stoichiometric relationship
exists bebween auxin and séme'substrate within the cell has been
based on the fact that, in some insftances, when suitable corrections
are made (123) different auxins possess the same molar activity in
the prowth reaction., Veldstra (3) has found, however, that acids
» derived from naphthalene possess different molar activities in the

pea test even though corrections are made for the dissociation of
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the acids. Similarly, van Overbrek et al. (73) have found that

there is no correlation b

euxin activity, in pea curvature

or pea section tests

concentrations which are corrected
far'the‘dissmciatian of the acids, That corrections for the degree
of donization of auxin zctive moleculss of the phenorvacetic acid
séries do not account for their relative growth activities in the
Avena section test has been shown by Mfuir et al, (20). Audus (121)
also failed to fiﬂd.a correlation between dissccistion of auxins
and their root elongation inhibitory activity. It is evjdeﬁt from
the present investigstion also that a éorrection for the degree of
ionization of the auxins studied is not sufficient to account for
‘the observed different activities,

Skoog et al. (77) have presented theoretical considerations
which attempt to account not only for the varying physiological
activities of different auxins but also to account. for both the
bcbavior of interacting awrins and inhibitions caused hy high auxin
céncentr#tians, Skoog et al. based their considerations on the
assumption that auxin scts as a coenzyme and the auxin active com-
plex in turn reacts with a substrete. The cqnsiderations of Skoog
et al, require that substances possess two properties which con-
tribute to the physiological activity of auxins, First, the
structural econfignration must he such that the suxin molecule is
able to ceceupy specific nositicons in a large molecular aggregate,
Secondly, the auxin must have a specific chemically reactive group

which interacts with the substrate, The relstive activities of



djfferent‘auxinsﬁ'then, is visualized as being determined by their
degree of affinity for the substrate and their depree of association
with the apoenzyme-substrate complex, Skoog et al. (77) showed that
thevweak‘auxin PBA at low concentrations inhihbits 1AA induced growth
‘of Avena coleoptile sectioﬁs and that at higher PBA concentrations
(But below inhibitory coricentrations) growth was not inhibited, Tt
is evident that the results which they obtained are similar Lo
those obtained in this investigation. Skoog et al, account for
the nbove behavior by assumihg that PBA has the structural éonfiﬁu—
ration ecocential to auxins but that it ‘has vlmﬂ‘r chemical reacbivity
and is therefore able to compete with the more active TAA for
available positions in the enzyme-substrate system and thereby
block the action of the more active auxin, It is apparent that
while this hypbthesis may acgount for PBA inhibition of IAA induced
growth at low FBA concentrations, it is inadequate to account for
the additive effects of IAA’and.higher concentrations of PRA,

Skoog et al, (77) also used the above hypothesis as a basis
of an explanation for auxin-~induced gréwth inhibition, They pro- '
posed that the auxin molecule may act as a sort of bridpe between
the appropriate enzymatic éntity and a second molecule which forms
the substrate of the enzyme., At higher auxin concentrations inhibi-
tion would be brought aboutb accordiﬁg to this hypothesis by simul-
taneous saturation of both enzyme and sﬁbstrate with consequent |
prevention of the formation of the active trimolecular complex.

Jt is evident, however, from the present work that auxin-induced
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growth Inhibition is fundamentally a function of the second power
of the auxin concentraticn., Corollaries to the Skoog et al, hypothesis
which are required to make it £it the n»resent experimental data are:
(2} that 'the concentrations of enzyme and of the substrate nusl be
approximately ecual and both must be low, relative to auxin concen-
tration, and (b} that the affinities of auxin for substrote and
enzyme be anprokjma“hely equal. An odditional objection to the
hypothesis of Skoog et al, is that it is difficuit to visualize
how auxins of low Vp,, can completely inhibit coleoptile section
growth at lower concentrations than can high V... auxins.

Skoog (7) subsequently extended the competition hypothesis
and incorporated the idea that not only would the affinity of the
auxin for the apoenzyme and substrate be of importance but also of
significance would be the affinity of auxin for protein comnlexes
containing bound native auxin. According to this view, auxins having
high affinity for the protein comnlexes would displace the native
auxin. As a consequence, release of native auxin would cause, at
Lirst, a slimulalion of growth, and ultimstely, an excessive loss
of auxin might lead to loss of natiﬁe auxin and in extreme cases
woﬁld cause a complete destruction of the native auxin supplying
mechanism, Skoog (7) suggesbed, as have others (118, 119), that
this type of action may account for weed killing, According to the
above hypothesis then, a weak auxin is incapable of actively dis-
placing the native anxin and therefore growth promotion induced by

such low affinity compounds is small. It is evident again, however,
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that thig concept cannot account for the fact that auxins of low
Vinax induqe comnlete inhikition of section growth at lower concen-—
trations than the active auxins which supposedly can readiiy displace
the native aﬁxin.

Iet us now consider other mechanisms of auxin action which have
as their hasis 2 renction involvins three components or a two step
reaction and attempt to determine if the data, upon which such
mechanisms have heen proposed, do in fact demand a trimolecular
or two step reaction. Thimann (1) has suggested that auxins are
substances which nrotect ~n enzyme, such a2s succinic dehydrogenase,
from a naturally occurring inhibitor. Thus, it is proposed that in
the ahsence of auxin the inhibitor occupies the active site on the
enzyme and thereby prevents the substrate, essential for growth,
from-occupying the site, In the nresence of auxin, however, the
irhibitor is excluded from the active site because the auxin mole—
cules have greater affinity than the inhibitor molecules for the
‘active sites, On the basis of this interpretation it is immediately
apparent that auxin, even at low concentration, should inhibit growth
and not promote eorowth., For, if the auxin molecule prevents the
inhibitor from occupying the active site on the enzyme, then it
must also bleock the substrate from the active site; and since the
reaction which the substrate underroes is essential for growth,
then growth must be inhibited and not onromoted by auxin, Since
according to the above view auxin should inhibit growth at all con-

centrations, Thimann's sugrestions concerning auxin-induced growth
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inhibition at high concentrations and its relationship o herbi-
cidal achbivity are nobt consequences of his hynethesis and therefore

need not he eonsidered further.

It ié of Interest nevh to consider the views on vhysiclogicsl
activity of aurins and mechanism of aurin actien which have been
presented by Teldstra and his collaborstors (2, 3, 9, 19, 17, 16, 197,
Since Velustré pfesented his first hyrothesis on mechanism of auxin
action.and ohyéiological activity of auxins, it hés undergone fre-
Quént revision and it is thérefore difficult to present his views

in a unified theory. TPFor this reason most of the details of the
investigations will be omitted and only the major features of Teldstrals
ideas will be considered. Veldstra's first hynothesis stressed the
view that the fTunction of auxin is a physico-chemical influencing of

a boundary which results in an alfered.permeability of cell membranes.
Auxin was visualized as being adsorbed to the boundary with the ring
system influencing permeability while the carboxyl group contributed
to the physiological action proper with the possibility of a chemical
reaction, in the usual sense, being ruled out. This hypothesis ﬁas
based, in part, on polarographic studies which showed that there was
a cbrrelation.between physiological activity and adsorbability of

some auxins, Veldstra postulated that.auxins at low concentrations
exert an opening‘effect on the membrane and at high concentrations
they have a condensing effect on the membrane, Veldstra considered

that the condensing effect (decreasing permeability) would account

for growth inhibition at high auxin concentrations and might also
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account for herbicidal activity of compounds such as 2,1-D. Upon
examining the hypothesis, using oleate coacervates as a model mem-
brane and beet cells as a physiolosical membrane, Veldstra found
“that auxiﬁs exerted a turpescent effect only regardless of the auxin
concentfation. Furthermore, he found that there was an inverse
correlation between depree of phvsioclogical activity and turgescent
effect., These 5bservations invalidate the original deduction but
nonetheless Veldstra staved with the idea that auxins exert.their
effects on the membrane but conceded to the view that auxin may
also have some influence within the cell., This latter extension
to his views permitted Veldstra to account for the fact that many

compounds, such as 2,lL,6-trichlorophenoxyacetic acid, were inactive

lar active compounds. Subsequently Teldstra proposed that there
must be a fairly orecise balance between the hydrophilié and lipo-
philic. parts of the auxin molecule, %Thus, as the lipophilic char-
acter is increased to a point,‘activity is also increased; as the
lipophilic character increased still further, however, auxin acti&ity
Adecreased. As a consequence, the cdmpound strongly adsorbed to the
cell membrane could not get inside the cell in concentrations suffi-
ciently high for the primary reaction to take place. Furthermore,
Veldstra stated that too strong an adsorption might induce an open-
ing effect which in‘ﬁurn could disturb the normal equilibrium
between the protoplasm and the outside of the cell. Veldstra

further makes the assumption in his two-step reaction of auxins



amownt of the total auxin is recuired for the r»rimary reaction within
the cell,

Thelquestion wilh which we are nuwlconfronted is whether or not
Veldstrat's adsorption theory is to be accepted in preference to =
two~point attachment chemical reaction concept. As was mentioned
above, Lhe pr.ﬂu&r;-" precept upon which Veldstra's theory is based
is the fact that he found a correlation hetween nhysiologidal activity
and surface activity with a few auxins. Paleg and Muir (28), however,
havevshown that there is no correlation of surface activity with
physiological activity of 25 compounds tested in the Avena section
test., Furthermore, according to the Veldstra hypothesis, a compound
such as 2,L,6~TCPA which has greéter affinity for the membrane than
has 2,1-D should displace 2,4-D and make 2,L-D more available for
the primary reaction inside the cell. 2,4;,6-TCPA should therefore
act synergistically with 2,4-D. Tt is evident from the present
investigation that this is not so, in fact 2,L,6-TCPA inhibits 2,4-D
induced growth. It would appear then, that the Veldstra theory oﬁ
mechanism of auxin action, if at all wvalid, is not valid insofar as
Avena section growth is concerned. In fact, a rather careful survey
of the compounds which Veldstra has tested in his investigations
reveals that his results provide more support for a two-point
attachment concept than for his own theory. |

Thus far we have seen that the two-point attachment concept,

involving a chemical reaction between the auxin and some site within
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the plant, satisfactorily accounts for the mechanism of auxin

action without the recuirement of either a third hyoothetical sub-
strate or = second step in the renction. There is however another
two separﬁte sbep resction theory for mechanism of awrin action which
is apparentlyv contradictory to the results of the present investiga-
tion. Went (see 125} has advanced the hynothesis that in the grow-
ing Avena coleoptile the decrecsad rrowbh rate of the basal regions
is due to an auxin deficliency vhereas o factbr, suhsequently called
Nfood factor," which comes from the seed or roots limits the growth
rate of regions nearest the tip. According to this theory, auxin,
in addition to exerting its orimarv action within the plant, alsc
influences the transport of the food factor (a facilitation or
prevaratory reaction), Thus auxin apvlied to the tip of an Avena
coleoptile attracts to 1t the food factor with which auxin must
cooperate to cause growth. Adverse criticism of this hypothesis

led Went to examine it experimentally. In the first series of
exﬁeriments, Went (125) stated that only one type of experiment

(par. 7) provided evidence for the hypothesis that growth of the

tip zone was limited by the food factor. Tt is of interest there-
fore to cqnsider this experiment and to determine whether or not

an alternative explanation may be found to account for the apparent
food factor requirement, Went (125) measured the growth distribution
in an Avena coleoptile over consecutive 2, it and 10 hour periods,
There were three 2 hour periods, two L hour periods, and one 10 hour

veriod making a total observation period of 2L hours. Tt was found



that there wns a gradual dron in the prowth rate over all zones of

the coleoptile (arout LOma, inal lenpgthj. Nevt, lanolin paste
containing TALX was applied to the tir of a coleoptile, at the end

of the second two-hour neriod, and the ~rowvth distribution was
mensured as previouslv, The concentretion of auxin used wes deserined
ag M"excess auxin®" (2.F ne,/er. lanclin )}, Following the auxin appli-
cation (i. e. after the third 2 hour period} it was found that there
was a marked increase in the prowth of the highest zone (upper 20mm. )
while the lower zones ¢rew at the conirol rate. In the successive
periods, nowever, the growth rale of the upper zone dropped off

with time and the growth rate of lower zones remained constant.

The internretation which was eiven to account for the above behavior
was that the food factor was used up in the lower zones during its
upward transport and therefore became limiting with time in the
upper zone. It is apparent from the above description of the
experiment that cxcoss auxin aoplied to the tip of the coleoptile
might well result in the following sequence of eventsty

1. auxin diffuses slowly into the upper zone of the coleoptile
and induces the twvpical auvin growth promotion response,

2. with increasing time, however, an inhibitory concentration
of auxin accumulates in thc upper zone of the coleoptile
and bhimnlecular comnlex formation brings about a decreased
growth rate;

3. +transport of aurin to the basal region is insufficient for

bimolecular complex formation.



Tt may be seen that the above explanation may satisfactorily account
for the results obtained by iient,

later, Went (126) carried out ancther éeries of éxperiments
‘with the Avena coleoptile and obtained data which suggested that
the auxin-induced gfowth reaction proper was preceded by a prepara-
tory reaction, Agszin the preparatory reaction consisted in an
sttraction of food factor toward the point of application of auxin,.
Went (126} found that if intact Avena coleoptiles were treated with
weak auxins such as PBA or phenylacetic acid by application in lano-
line to the tip, inhibition of erowth occurred. TFurthermore, if
intact coleoptiles were nretreated for two or three hours with the
above mentioned auxins and then cut into three or four sections
and placced in IAA solution, it was shown that there was an increase
(over COnﬁrols pretreated with pure lanoline) in growth of the upper
sections and a decrease (usually) in the growth of the basal sec-
tions. As a consequence of the above behavior, it was concluded
that auxins, in general, have a dual effect; first, they redis-
tribute other growth factors, and secondly, they react with these
faectors and csuse cell elongation, This seneral statement was made
in spite of the fact that cretreatment with IAA caused a marked
inhibition of the growth of apical sections when subsequently
transferred to IAA solution. Although the conclusion which Went
has reached as a resﬁlt of the above experiments is a reasonable
one (with the exception of IAA pretreatment behavior}, it is nob

necessarily a unique conclusion, A detailed examination of Wenb's
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data reveals that they may be interpreted on the basis of the
interaction experiments, between an auxin of low V.. with a high
Vmax auxin, presented in this investigation and similar experiments

by Skoog et al. (77). That is to say, an auxin of low V.. may

inhibit or augment the growth induced by a high Vp . auxin (native
or synthetic}, the nature of the response being demeﬁdent upon the
relative concentration of each auxin, The foregoing considerations,
therefore, provide further evidence that insofar as auxin-induced
ceil elongation of the Avena coleoptile is cdncerned, it is not
necessary to postulate a dual effect of auxin, Went (127} has
shown, however, using the pea test, that the sensitivity to auxins
may be incfeased by pretreatineg split nea stems with compounds
closely related to, but not active as, auxins, This increasged
sensitivity was considered to lend support to the contention that
‘auxins exert a dual effect in the srowth reaction, Tt hés been
pointed out (128}, however, that although Went has demonstrated
the existence of two separate reactions in the pea curvature test,
it does not necessarily follow that the reactions are part of a
chain reaction., Furthermore, Skoog (77} has suggested that the
preparatory reaction, which sensitizes split pea stems to auxins,
may be due to 3n auxin-sparing action on the nart of the prepara-
tory substances (hemiauxins) and, there does not appear to be any
evidence which might eliminatg such a possibility. The existence
of a dual effect of auxin as a chain reaction, as deduced from the
behavior of hemiauxins in the split pea curvature test, has not

necesssrily been proven,



Tt would appear from the above censiderations that the
reaction between two functional grours of an auxin molecule and
the recentive entity within the nlant satisfactorily accounts for
and describes the kinetic and structural specificity aspects of
the phencmenon of auxin~induced cell eloncztion. We have seen,
further, that the oresence of a finite minimum.nuﬁber of two-point,
attached auxin molecules appears to be essential not only to normal
plant erowth but also even to the continued life of plant cells.
If‘two—point attachment of auxin molecules is reduced below this
lower limit by, tor example, high auxin or antiauxin concentrations,

the inevitable consecuence is death of plant tissues,
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APPENDIX IT -

- CULTURE OF ISOIATED FTAX ROCTS



Introduction

Tt was ordiginally planned that antimetabolite studies would
be corried sut with enltures of isalated roote. Hawaver, the wark
which has previously been presented in this investieation and that
which is nresented in Avvendix TIT had nriority over the root cul-
ture work. Yevertheless, some eyperimentes were carried out with
isolated flax roots and the results are presented in this part of
the investigation,

Por work with isolated roots, it is desirable to use root
clonzs, Isolated flax roots grow at a rapid rate and oroduce short
lateral roots. Upon subculturing, however, the excised latoral |
root tips fail to elongate and it is therefore impossihle to obtain
flax root clones by normal culbure techniqués. A culture method
for obtaining flax root clores has been found and this method is

described.

Experimental and Resulis

[ 6]

ESTABLISH]

ST OF FIAX ROOT CULTURES, TFlax seeds (unknovm

variety} were surface sterilized for ten minutes in % NaQCl and a

pinch of detergent, rinsed in sterile water, and germinated in the
dark §n moistened filter naper in Petri dishes. After four days
the primary root tips (1 cm. in length) of approximately 150 seed-
lings were excised aseptically and transferred to Petri dishes
containing 20 ml. of sterile nutrient medium. The medium consisted

of Bormer's salts (1}, two per cent sucrose, ferric tartrate at a
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concentration of 1.F mg./l., and Pyrex redistilled water. Tollowing
the first week of srowth, the root tips were subcultured into the
above mediun vhich contained, in addition, thiamin and nyridoxine
“at A concertration of 0,1 me./l., and nicotinic acid, at 2 concen-
tration of 0.5 me, /). Fer the newt six veeks, the nrimary roob

ting were subcultured ~eekly hut followine this pericd, =11 stock
subcultures were made at intervals of nine to L2 days (usuallv ten
davs}, In all root ecrowth experiments, two roots were groﬁn in

each Petri dish and 20 roots or more were used ner treatment. The
roots were kent In the durk bub nob abl cvonstanb Lemperabure, The

temperature variations were from about 20°C %o 2796,

DEVELOPIENT OF FIAX ROCT CLOKES. During the course of ten

————c W S——_ A7 oot %

days erowth, many short lateral roots develored on the primary roots.
Many hundreds of these lateral roots were subcultured during the first
90 days of flax root culturing but they failed to elongate. If, how-
ever, a short portion {1-2 cm,) of primary root bearing one to four
laterals was transferred, occasionally a lateral root would elongate.
The elonzated lateral roct resembled a primary roct and, if the
laﬁeral root iip were subcultured, it subsequently grew and becane
indistingruishable from the primary roots, The above observation
suggested that it might be nossible to cause the lateral roots to
elongate if more of the primary root tissue were present with the
1aterai roots. Or, alternatlvelv the lateral roots micht elongate

if the tip of the nrimary root were removed. Therefore, after the

thirteenth passage <f the originsl primory root tips, the orimary
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i
Lips of several roobs were excleed and the rensining porbtion of the

primary roots with their short laterals were transferred to fresh

nutrient, During the next ten davs, several laternls elongaberd
and upon subsccouent subculturing the tips of the Ilateral rocoto

erew like the original primary root tins, Br reveatins this

rrocedure, it was npossible to obtain flax root clones. Several

narted but after several passages all but one clone

[

[0]

)

Jasc
3

clones wer
a8 discerded,

Since it was inconvenient to transfer primary roots, after
excision of the tips, which were 25 cm. or more in length, it was
decided to cut each primary rooct into two or three nortions and to
transfer each portion to separate Petri dishes., When this was done,
lateral roots élongated as well as when the entire primary root
(minus tip) had been transferred to fresh medium, It should be
_stated, however, that although all lateral roots diad elohgate to
some degree when either of the above methods was employed, the
excised lateral tips did not always elongate. Tt was found,'hdw—
ever, that the excised lateral tips which were capable of growing
had a whitish translucent appearance whereas those which were
incapable of growing had a slight yellowish transparent appearahce.
Tt was quite easy therefore to select lateral root tips which would
prow upon excision and to discard the remainder, There was con-
siderable variability.in the number of lateral roots whi¢h were
capable of supplying usable tips, The number of usable lateral

tips was seldom as high as 50 per cent of the total number of
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laterals present. The fact that all lateral tips were not suitable
for use made it necessary to employ large numbers of Petri dishes
f,0 maintzin sufficient stock roote for exrerimental »urroses, This
then is an undesirable feature of the nresent technicue for the
maintenance of a flax roct clone., The fla2x root clone which was

used in 211 the experiments vresented below was cultured for 780 days.

ISOIATED FIAX ROCT EXPERIIFNTS, An experiment was set up to

determine the influence of growth factors on the rate of elongation
of the flax roots. Bonner and Devirian have shown that flax roots
require only thiamin, in addition to sucrose and mineral salts, for
continued rapid growth, The data presented in table 1 is very slimi-
lar to that obtained by Bonner and Devirian (2}, The data show

that of the erowth factors tested, vitamin B is as satisfactory or
better than any of the other srowth factors alone or in combination
with thiamin. Furthermore, it is apparent from the data that neither
vyridoxine nor nicotinic acid contribute to the elongation rate of
the roots. At the conclusion of this experiment, vitamin By only
was supplied as growth factor to the root cultures.

Following the development of the method for obtaining a flax
root clone the question arose as to why the excised tips of short
lateral roots fail to elongate when subcultured. It was considered
possible that further growth factors were required or that elonga-
tion was inhibited by excess auvin.

To test the latter possibility, excised lateral root tios

were treated with commounds which have been described as antiauxins.
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TABLE 1

INFLUENCGE OF GROWTH FACTORS ON FLAX ROOT GROWTH

Added growth factors

Observation

none®

By

Nicotinic acid

Bg

B1 + Nicotinic acid
By + 3¢

Nicotinic acid + By

Bl + Nicotinic acid + B6

Growth declined to 67 mm./10 days after
70 days

Growth maintained at an average of 239 mm./
10 days after 70 days

Growth declined to 52 mm,/10 days after
- 70 days

Growth declined to 90 mm,/10 days after
70 days

Growth maintained at an average of 241 mm,/
10 days after 70 days

Growth maintained at an average of 230 mm./
10 days after 70 days.

Growth declined to 81 mm,/10 days after
70 deys

Growth maintained at an average of 242 mm,/
10 days after 70 days

*

_Bagal medium = Bonner's salts, ferric tartrate, and 2 per cent

- gucrose,
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Txcised tips from the short lateral ro@ts were treated with TIBEA
and Q,M—DCPIB over a wide range of concentrations. The roots,
‘however, did not eloncate as a result of the antiauxin treatment
and it isltherefore doubtful that failure of these roote to elonmote
vas due to excess auxin in the tissue. Hormal growing lateral root
tips were also treated with the above mentioned commounds. TIBLY at
a concentration of 0.1 mg. /1. and hisher was found to be inhibitory
to flax root rrowth. That this was so is shown in table 2. That
coﬁcent’ations below 0.1 me. /1. had no sisnificant effect on the
rrowth rate is also evident from the data of table 2, (The least
significant difference value of 1l6mm. is an average value calcu-
lated only for the roots srowine 2t or near the maximum growth rate,
This is true also for lhe values presented in succeeding hables,)
An increase in the rate of flax roect elongation was obtained with
the antiauxin 2,0,-DCPIB, The data of table 3 show that this was so.
2,L.-DCPIB concentrations of 0.l mg./l, and lower inereased the growth
rate of the roots whereas concentrations higher than 0.1 mg./l.
inhibited growth., It is also apparent fram the data of table 3
that the degree of inhibition inereased with each successive passage
while there was a tendency for 2,L-DCPIB induced srowth rate to
increase durin~ the first three or fowr passages.

Although 2,L-DCPIB did not induce elongation of the excised
short laterzl root tiﬁs, it was considered nossible that it might
cause elonration of such laterals if primary root tissué were present.

Portions of primary roots (minus tips) were therefcre treated with



. TABIE 2

INFLUENCE OF TIBA ON GROWTH OF ISOLATED FLAX ROOTS SUBCULTURED AT
: 10 DAY INTERVALS

Concentration of Passage
TIBA Growth{min,/10 days)

(mg./1.) 1 2 3 4 5 6 7
0.0 242 246 245 257 253 - 244 238
0.001 254 262 260 256 251 240 242
0.01 215 238 239 232 241 237 239
0.1 222 202 217 205 189 193 197
1.0 137 127 117 125 94 - -

10,0 42 0 - - - - -

100,0 11 0 - - - - -

Least significant difference at 1 per cent probability level = 16 mm,



TABLE 3

INFLUENCE OF 2,4~DCPIB ON GROATH OF ISOLATED FLAX RCOTS SUBCULTURED AT
10 DAY INTERVALS

Concentration of Pagsage

2,4-DCPIB Growth (mm,/10 days)

(mg./1.) 1 2 3 4 5 6
0.0 232 243 246 235 243 R42
0,001 | 255 280 285 308 283 280
0.01 253 284 289 322 281 286
0.1 2.9 284 279 294 274 287
1.0 109 68 47 13 0 -

10,0 1 0 - - - -
100.0 | 5 0 - - - -

Least significant difference at 1 per cent probability level = 18 mm,
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2,l=-1CPIB, (bservations made after ten days revealed that 2,1,-DCPIB
did not chuse elonration of the short laterals which nermally would
not erew if eveised., 2,4-DCPIB did, however, increase the rate of
growb of the laterals which, if excised, would be capable of growing.,

Two experiments were carried out to determine whether or not
isolated flax roots were suitable material for antiauxin investiga-
ticns. The data of tables L and 5 show the effect of 2,L-DCPIB
and E,h;D or JAA, alone and in comhination, on the growth rate of
isolated flax roots, It is evident from the data of table L that a
concentration of 2,4~DCPIB, which was of itself capable of increasing
root elongation rate, alleviated 2,L-D induced inhibition of root
rrowth at intermediate 2,li~-D concentrations., That entirely similar
results were obtained with 2,1,~-DCPIB and TAA alone and in combina-
tion, is apparent from the data of table 5. Further work was not
done in this direction because the Avena coleoptile section test
was found tc be much more satisfactory for the antiauxin investiga-
tions.

The effect of the two diortho substituted phenoxyacetic acid
antiauxins, 2,6~DCPA and 2,l;,6-TCPA, on the growth rate of roots
has not heretofore heen reported. The data of tables 6 and 7 show
the influence of 2,6-DCPA and 2,h,6-TCPA, respectively, on the growth
of isolated flax roots. It is apparent from these data that, at a
concentration of 0.1 mg./l., both commounds possess the property

of increasing the rate of root growth.
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TABLE 4

EFFECT OF 2,4~DCPIB AND 2,4~D ALONE AND IN COMBINATION ON GROWTH OF

EXCISED FLAX ROOTS,

Concentration of

Growth (m,/7 days)

2,4"DCPIB Concentration of 2,4 D(mg./l.)

(mg./1.) 0,0 0,0001 0,001 0.00 0.1 1,0 10.0
0.0 140 140 128 46 11 6 VA
0.1 5 172 147 85 16 o) Q
1.0 57 78 117 55 2 0 0

Loasgt signifiecant difference at 1 per cent probability level = 12 mm,

TABLE 5

EFFECT OF 2,4~DCPIB AND TAA ALONE AND IN COMBINATION ON GROWTH OF

EXCISED FLAX ROOTS.

Concentration of

Growth (mm,/7 days)

2,4=DCPIB Concentration of IA& (Mg./1, x 1073)
(mg./1,) 0.0 0,01 0,1 1,0 10,0
0.0 134 132 127 48 7
0.1 161 159 138 101 29
1.0 59 80 92 51 22

Least significant difference at 1 per cent probability level = 10 mm,
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TABLE 6

EFFECT OF 2,6=DCPA ON GROWTH OF ISOLATED FLAX ROOTS bUBCULTURED AT
10 DAY INTERVALS..

Concentration of Passage
2,6~DCPA , Growth (mm./10 days)
(mg /1) 1 2
0.0 200 19
0.1 245 | 254,
1.0 111 119

Least significant difference at 1 per cent probability level = 19 mm,

TABLE 7

EFFECT OF 2,4,6~TCPA ON GROWTH OF ISOLATED FLAX ROOTS:SUBCULTURED AT
10 DAY INTERVALS,

Concentration of Pagsage
2,4,6—TCPA  Growth (mm,/10 days)
(mg./1.) 1 2
0.0 190 197
1.0 | 115 108

- Least significant difference at 1 per cent probability level = 17 mm,
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Introduction

There is a large background of information on the economy
.o:" certain vitamins in vlants {1, 2, 3). Plant vitamins are growth
factors synthesized in certain psrts of the plant and may he utilized
in the cells which produce then or may e transported to particular
sites of ufilizmatimn. Zor example, in tomato nlants, thismine is
synthesized in the leaves and is transported to the roots where it
is required for root growth (4). Entire plants normally make all
the vitamins necessary for growth. The deficiency symptoms of
exogenously required substances for plant growth are well recop-
nized. It is of interest, therefore, to discover whether or not
there are circumstances under which a plant may‘have a deficient
synthesis of a vitamin or any other endogenously synthesized sub-
stance and to determine how the deficiency symptoms would manifest
themselves,

An approach to this problen is through the use of competitive
metabolite antagonists., lany organic compounds have been found
which inhibit growth of bacteria, fungi, and such animals as mice
and rats. In the main, these organic compounds are vitamin, amino
acid, purine and pyrimidine analogues. In many instances the ana-
1ogﬁes canpetitively inhibit the utilization of the corresponding
vitamin, amino acid, purine or pyrimidine, by the organism.

It is the purpose of this investigation to present some preQ
liminary experiments on the effects of certain recognized antimetabo-

lites on the growth of yvoung tomato plants grown under aseptic
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conditions. Experimental difficulties which arose through the
course of this investigation made it impossible to achieve the
desired goal in the time availashle for the work, The original
plans for-the investigation were, first of all, to determine the
concentration range over wnich the various antimetabolites showed
visible effects upon growth of the vlants, and secondly to try and
overcome the antimetabolite-induced effects with an appropriate
metabolite. Alleviation of the toxic action of the antimetabolite
by the metabolite would be required in order to demonstrate that
the toxic symptoms were in fact deficiency symptoms and not some,

perhaps, quite unrelated non-specific action. TIn the first few

exveriments carried out, the tamato plants grew quite well under
the experimental conditions employed., Subsequently however, and
for same unknown reason, the plants grew very woorly. It was not
possible, therefore, to obtain satisfactory experiments on reversals
of the antimetabolite-induced inhibitions. The data obtained in
some attempted reversal experiments are presented however, as well
as data which show the effects of the antimetabolite on growth in
height and dry weight of the plants.A

| The literature concerning the effects of antimetabolites is
very voluminous (see, for example, 2, 3, 5, 6) and no attempt will
be made to review it here. The literature relative to the action
of a given antimetabolite, on bacteria, fungl or animals, is also
quite extensive and the following brief survey of the antimetabolites

used in this investigation is vresented with the view of acquainting



the reader with their existence and is in no way intended to be a
complete literature review,

The campounds, pyridine-3-sulfonic acid and 3-acetylpyridine,
‘are nicotinic acid analoruss which cause nicotinic acid deficiency
symptoms. McIlwain (7) has shown that pyridine-3-sulfonic acid
inhibits the srowth of several strains of btacteri:z and that the
inhibition was ﬁartially reversible with nicotinic acid, Hicotinic
acid deficiency symptoms induced in mice by 3-acetylpyridine was
abolished by administration of nicotinic acid (8) or tryptoohan (9).
Woolley (10) observed that animals which had received benzimidazole,
one of the first purine antagonists utilized (11}, had symptoms
which were sugrestive of biotin deficiency. Biotin did not however
overcome benzimidazole growth inhibition of microorganisms; but
inhibition of growth was overcome by the aminopurines, adenine and
quanine. Klotz and Mellody (12) also studied the reversal of
benzimidazole growth irhibition of E. coli and found that yeast
nucleic acid reversed the inhibition, but the nature of the _
reversal was such that it could not be due merely to the adenine
of -the nucleic acid, The effects of the isomeric 2-, 3- and L-
flﬁoronhenylalanines on the growth of voung rats have been investi-
rated by Armstrong and Lewis (Ll3). ‘'he 2- and L-fluorophenylalanines
were toxic but much less so than the 3-fluoroohenylalanine. Tt has
also been shovm (1L, 15, 16) that phenylalanine alleviates fluoro-
phenylalanine-induced inhibitions, Another 1mportan£ phenylalanine
antagonist is thienylalanine. The inhibitory effects of 3-2-

thienylalanine on the growth of several microorganisms have been



reversed by phenylalanine (17-21) and by tyrosine (20). The important
methionine antagonist, ethionine, is one of the earliest reported
amino aci¢ antimetabolites. Dyer (22) found that rats fed ethionine
“failed té gain weipht, but if methionine was ineluded in the diet,

the inhibition of crowth was alleviated. That ethionine inhibits

the uptake of methionine into protein in animal tissues was shown

hy Simpson et al. (23) who also showed that the inhibition was
relieved bv methionine. It has been shown (2h) that the inhibition

of erowth of E. coli induced by 2-chloro-h-amincbenzoic acid may be

overcome by pantothenic acid; although 2-chloro-li-aminobenzoic acid
is a growth factor for some microorganisms (25), 2-chloro-l-
aminobenzoic acid may also completely antagonize the growth inhibi-
tory action of sulfanilamide (26}, Finally, pyrithiamine, the
pyridine analogue of thiamin, has been found (27) to interfere
competitively with the utilization of thiamin by $S. Aureus, Woolley
and White (28) have shown that organisms which require the intact
thiamin molecule for growth are inhibited by much smaller concen-
trations of pyrithiamine than orpanisms which are able to utilize.

either the pyrimidine or thiazole pértions of thiamin.
Material and lethods

Tomato seeds {var. Extra Barly) were sterilized for ten minutes
in a one per cent NaOCl solution containing a pinch of detergent
and were then planted in 38 x 250mm. cnlture tubes (three seeds per

tube)} which had been nrepared in the following manner, Approximately
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five grams of vermiculite (sieved to remove small particles) and
30 ml. Hoagland's solution were added o each tube. The tubes
were stoppered with cotton nlups and autoclaved for 15 minutes at
15 pounds.pressure. The planting of seeds and all subsequent
onerations were carried out empleying aseptic techniques. The
plants were orown in the Earhart laboratory. After germination,
which took _place. in the dark at 2600, the tubes were transferred
to a shady area in the green day room (day temp. 230(3 and night
temp., 1700). Two days after germination the seedlings were thinned
to one plant ner tube, and on the third day following germination,
the plants were treated with 5 ml. sclution containing the compound
or com;;ounds undergoing test, Ten plants were used per treatment
in each experiment. At the time of treatment and at two day inter-
vals, the height of each plant was determined. The experiments
terminated ten days after treatment at which time the plants were
harvested and oven dry welghts of root, stem and leal (including
cotyledonary leaves) were obtained. In order to reduce the amount
of water which accumulated through condensation on the inside of
the stop'pered tubes, the tubes were treated with Desicote, a water
repéllent._ This precaution was not taken in the first experiment
which was set up in one of the constant temperature rooms ( 17°C)

under ar'bificial. light,
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Results

The data of table 1 show the effect of pyridine-3-sulfonic
acid on the srowth of tomato plants. As mentioned above, the plants
of this exmeriment were srom st a constant temnerature of 17%¢.
and, furthermore, only six plants per treatment were used, IbL 1s
epparent. f»nm the data of table 1 that treztment with pyridine-3-
sulfonic acid resulted in an increase in the height of the plants
as well as an increase in the dry weight, particularly the leaf
weight, at a concentration of 0.1 mg./plant. Following this experi-
ment, two further experiments with pyridine-3-sulfonic acid and
nicotinic acid alone and in combination were carried out. It was
found that “he results obtained in these experiments were not in
accord with the first experiment. Pyridine;B—sulfonic acid or
nicotinic acid alone and in combination had no noticeable effect
on the growth of the tamato plants. It is possible that the disa-
greement is a consequence of the different temperature and light
conditions used in the two sets of experiments. It is equally
possible that the growth differences obtained in the first experi-
meﬁt are not sienificant.

The influence of another nicotinic acid analogue, 3-acetyl-
pyridine, on the growth of tomato plants is shown in table 2. It
is evident from the data of this table that 3-acetylpyridine
inhibits the growth of the plants at the relatively high concen—.
tration of 10,0 mg./plant. At the end of ten days, the leaves of

plants treated at this concentration were dying. There was also an
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abundant development of short adventitious roots waich possessed
nany rpot hairs.

That the antapgonist benzimidazole exerts a marked inhibitory
‘acblon up;Jn the growbth of young tomato plants is evident from the
data of table 3. The inhibition is, however, obtained only at
fairly high concentrations of benzimidazole, At the end of ten
days, plants treated with a benzimidazole concentration of 10 me./
plant were dead or dying. There was no stem elongation, the
cotvledonary leaves turned black, and the stems appeared brown
and desiceated., Attempts to reverse the benzimidazole-induced
inhibition by cencurrent arplication of adenine or fanine were
not successful., Tables l: and 5 present dota from such an experiment,
The data show that adenine, at the concentrations tested, did not
alleviate benzimidazole-induced inhibition. It is suggestive,
however, from the data of table 6 that guanine, at a concentration
of 0.1 mg./plant, was able to canse slight reversal of the imhibition
induced by a benzimidazole concentration of 10 me, /plant. It may be
noted from the data of tables L, 5, and 6 that growth of the tomato
plants was considerably less than in the experiment of table 3. It
may‘also be noted that in the latter experiments benzimidazole
was not as inhibitory as in the former experiment. The reason
for this behavior is not appareht.

The vhenylalanine antagonists, 2- and L-fluorophenylalanine,
inhibit the growth of young tomato plants. That this is so is

evident frorm the data of tables 7 and 8. The data of table 7 show
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TABLE 4

THE EFFECT OF BENZIMIDAZOLE AND ADENINE ALONE AND IN COMBINATION ON
THE GROWTH OF TOMATO PLANTS GROWN UNDER ASEPTIC GONDITIONS.

Increase in Height (mm.)

Concentration of Concentration of Benzimidazole
adenine (mg./plant)
(mg./plant)
0.8 1.0 3.0 10,0
0,0 40 37 19 12
0,001 41 L, 22 13
0.01 39 46 21 11
0,1 38 42 22 10
TABLE 5

THE EFFECT OF BENZIMIDAZOLE AND ADENINE ALONE AND IN COMBINATION ON
THE GROWTH OF TCMATO PLANTS GROWN UNDER ASEPTIC CONDITIONS.

Total Dry Weight (mg.)

Concentration of Concentr?tio§ of Bsenzimide:zole
 adenine mg./plant)
(mg . / Plant)
0,0 1.0 2.0 10,0
0,0 65,5 57.1 4544 33,7
0.001 72,6 65,2 51,9 30.9
0,01 65,2 66.7 40,0 28,8
0.1 66,1 63,6 53.0 33.8
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TABLE 6

THE EFFECT OF BENZIMIDAZOLE AED GUANINE ALONE AND IN COMBINATION ON
THE GROWTH OF TOMATO PLANTS GROWN UNDER ASEPTIC CONDITIONS,

Increase in Height (mm.)
Concentration of

Guanine Concentration of Benzimidazole
(mg./plant) (mg. /plant)
0.0 1.0 3.0 10,0
0,0 40 36 22 10
0,001 40 37 21 12
0.0l 33 33 23 14

0,1 36 41 23 17
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that the inhibitory action of the Z-isomer is nore pronounced

than the inhibitory action of li=-fluorocvhenylalanine (data of table 3},

inhibitién at concentrations of 1.0 and 10,0 me./plant, there was
no indication that the plants would die. At these concentrations
of the antagonist, the leaves were small, thick and dark green,
There was a marked development of adventitious roots and the deep
rreenish-red appearance of the stems indicated an accurmlation of
anthocyanins. As mentioned above, the inhibitory action of k-
fluorophenvlalanine was not so marked, The olants treated with
this compnund appeared quite normal but they were stunted., There
was also considerahle development of adventitious roots.

The data of table 9 show that another phenylalanine antegonis®,

/3 -2-thienvlalanine, also inhibits the growth of young tomato plants
at concentrations of 1 and 10 mg./plant. Plants treated with the
high concentrations of 3 -2-thienylalanine developed adventitious
roots even though, with the 10 mg./plant treatment, the plants,
at the end of ten days, were dying at the base of the stems.

The effect of ethionine, a methionine antagonist, on the
gréwth of voung tomato plants was similar to the elfect of f4-2-
thienylalanine. That this was so is evident from the data of table 10,
Concentrations of 1 and 0,1 mg./plant induced a vigorous production
of adventitious rooté. The stems, however, were not noticeably

injured at concentrations of 10 mg./plant.
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That 2-chloro=li~aminobenzoic acid inhibits growth of young
t matq nlants is apparent from the data of table 11, Again, the
highér concentrations of this commound induced the development of
'adventitious roots,

The data of table 12 show that the thiamine antagonist, pyri-
thiamine, at concentrations up to 1.0 ng. /1. had no inhibitory

effect on the srowth of voung tomato plants.
Discussion

The preseht experiments, because of their preliminary nature,
were not designed to permit a statistical analysis of the data.
It is not possible, therefore, to estimate the significance of
small growth differencra or even large growth differences 'when
there appears to be considerable variability within aniexperiment.
The results of the investigation, as presented above, do, ﬁowever,
show that several recognized purine, vitamin and amino acid antago-
nists inhibit the growth of young tomato plants. Furthermore, the
data indicate the usefulness of the competitive antagonist approach
to the demonstration of metabolic réquirements and the svmptoms of
the deficiency of the metabolite. It is to be expected that further
studies with antimetabolites, under improved cultural techniques,
may provide information on the biochemistry of endogenously syn-
thesized substances in intact higher plants. |

A further consideration with respect to the effects of anti-

 metabolites on the growth of hicher plante is that all antimetabolites
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are potential herbicides. It would appear, fromlthe results of
the present work, that the practical ﬁsefulness of the compounds
studiéd in this investipation would be restricted because of the
relatively.high concentrations required to induce inhibition of
provth, It is possible, ﬁowever, that foliar application of this
type of compound would be much more effective than application to

the root system,



- 237 -

REFERENCES

(1)  Bonner, J. and Bonner, H.,Vitamins and Hormones (1948) 6:225
The B vitamins as plant hormones.

(2) ﬂmiﬂmﬂ, Ruedes Eakin, R.M,, Beerstecher, B,y Jr., and
Shive, W., The Biochemistry of B Vitamins (1950), Rein-
hold Pub, Corp., N.Y.

(3) Robinson, F.A., The Vitamin B Complex (1951), Wiley, N.Y.

(4) Bonner, J., Amer, Jour. Bot. (1942) 29:136. Transport of
thiamin in the tomato plant.

(5) Woolley, D.W.,Editor, Antimetabolites, Ann. N.Y. Acad. Sci.

(6) Woolley, D.W#., 4 Study of Antimetsbolites (1952), Wiley, N.Y.

(7) MeIlwain, H., Brit. J. Exp. Path, (1940‘) ,&'!._:136. Pyridine<3-
sulfonic acid and its amide as inhibitors of bacterial

growth.

(8) Woolley, D.W., Jour, Biol, Chem. (1945) 157:455. Production
of nicotinic acid deficiency with 3-acetylpyridine, the
ketone analogue of nicotinic acid,

(9) Woolley, D.W., Jour., Biol. Chem. (1946) 162:179, Reversal by
tryptophane of the bioclogical effects of 3-acetylpyridine,

(10) Goodman, L,, Gilman, A., and Hart, N,, Feder. Proc, (1943)
2:80, Preliminary investigations on the pharmocology of
benzimidazole.

(ll) Woolley, DQWO, Jour. Bilol. Chem, (1944) _]_.5_2_:2250 Some bio~
' logical effects produced by benzimidazole and their
reversal by purines.

(12) Kiotz, I.M. and Mellody, M., Jour. Bact, (1948) 56:253. The
reversal of benzimidazole inhibition of growth by nucleic
acid.

(13) Armstrong, M.D. and Lewis, J.D., Feder. Proc. (1950) 9:147.
Rat growth experiments with some derivatives of
phenylalanine.



(14)

(15)

(16)

(a7)

(18)

(19)

(20)

(21)

(22)

(23)

REFERENCES

Armstrong, M.D. and Lewis, J.D.,Jour, Biol. Chem. (1951)
190:461. Effect of phenylalanine on the toxicity of
4=fluorophenylalanine for the rat.

Atkinson, D,E., Melvin, S., and Fox, S,W.,Arch., Biochem.
(1951) 31:205. Effects of p-fluorophenylalanine on the

growth of Lactobacillug arabinosug.

Ellman, P.B.,, Surber, H.E., Mitchell, H.K., and Niemann, C..
(Personal communication).

Ferger, M.F, and du Vigneaud, V., Jour. Biol., Chem, (1948)
1742241, The microbial growth inhibition produced by
optical isomers of /3 ~2-thienylalanine.

Thmnpson, R.L., and Wilkin, MQLO, Proc. Soc. Exp. Blol. and Med,
(1948) 68:434. Inhibition of growth of the vaccinia
virus by/3 -2~thienylalanine and its reversal by

[OR RySppe, [te, JPIgwLy ey
P ALY L Sl QAL LIIC &

ﬂre&, W.F., qur. Bacto (1948) ﬁ:‘257. Grow'th inhibition Of
the H 37 strain of human tubercle bacilli by S=R-
thienylalanine and its prevention by phenylalanine.

Beerstecher, E. and Shive, W., Jour, Biol, Chem. (1947) 167:49.
Prevention of tyrosine synthesis by ~2~thienylalanine.

Garst, R.G., Campaigne, E., and Day, H.G., Jour, Biol. Chem,
(1949) 180:1013, 3-Substituted Thiophenes. IV. Synthesis
of /3 «3=thienylalanine and its antegonism to phenylalanine
in the rat.

Dyer, H.M.,Jour, Biol, Chem, (1938) 124;519. BEvidence of the
physiological specificity of methionine in regard to the
methylthiol group: the synthesis of s-ethylhomocysteine
(ethionine) and a study of its availability for growth,

Simpson, M.V,, Farber, E., and Tarver, H.,Jour, Biol. Chem.
(1950) 182:81. Studies on ethionine. I. Inhibition of
protein synthesis in intact animals.



(24)

(25)
(26)
(27)

(28)

- 239 _

REFERENCES

King, T.EC’ Staa.rman, R.Lo’ and Chﬂldelin, V.H., Je Amer,
Chem, Soc. (1948) 70:3969. Pantothenic acid studies. V.
Reversal of 2«chloro-i-aminobenzoic acid inhibition in

.E. coli by pantothenic acid,

JOhnscng SeHes Greeng D.E., and Pauli, R., Jour, Biol. Chem,
(1944) 153:37. The antibacterial action of derivatives

end analogues of p-aminobenzoic acid.

Martin, A.R., and Rose, F.L., Biochem. J. (1945) 39:91. Anti-
bacterial activity of substances related to p-amino-
benzoile acid.

Wyss, C., Jour. Bact. (1943) 46:483. Antibacterisl action of
a pyridine analogue of thiamine.

Woolley, DJW. and White, A.G.C.,J. Exp. Med. (1943) 78:489.
Selective reversible inhibition of microbial growth with
pyrithiamine,



