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ABSTRACT

The decérboxylation and oxidation of indoleacetic

ki

acid is catalysed by either peroxidase or catalase in the

presence of manganese and a monohydroxyphenol or resorcinol,

The kinetics of the system and the non-enzymic reactions of

‘ 1ndoleacet1c acid with manganlc ions 1ndicate the following

chain reaction sequence for enzymic 1ndoleacetic acid

degradatlon,
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where: - S-COOH = indoleacetic acid (S=skatole nucleus),

ROH=phenolic cofactor, Enzyme'peroxidase or catalasee

In accordance with the autoxidative nature of the

reaction system, inhlbltors act either as chain-stOpping agents

and cause an exten31on of the 1nduct10n period .8, catechol,

or as chain-transferrlng agents which cause retardatlon e.g,

rlboflggn or hydroquinone.
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I INTRODUCTION

Indoleacetic acid is widely distributed in higher

plants and its concentration within a cell appears to be a
determining factor in all early stages of cellular differentiation,
organ development and growth processes‘(see review9 Audus, 1953).
‘Thus, by v1rtue of its natural occurrence and w1de variety of
effects on growth, 1ndoleacetic acid is. consldered to be the
'?masterﬁ “non- -s8pecific hormone of plants (Thlmann, 1951;,)q

Although evidence has been accumulating for some twenty years

to support this contention, the‘mechenism of action of indoleacetic:

acid is not yet understooda

In general terms, plant growth may be envisioned
as under the control of a "growth centre™ or ''reactive
entlty"‘w1th1n the cell composed of a proteln together with
either.lndoleacetic ac1d itself or a derivative (Muir and Hansch,
1955) Whether indoleacetlc acid - remains unchanged by acting as - -
a cofactor’catalyst in the growth process or is utllized in an |
essential reaction is not known (Gordon 1949)0 Closer examinas‘
tion of this central problem has been hampered by a lack of

knowledge of the metabollsm of 1ndoleacet1c acid, partlcularJy

- of the catabollc processes which are belleved to be respon31ble

in large part for controlling the concentration of the hormone

at the growth centre site (Larsen, 1951).




There has been little or no agreement on the
requirements for and the mechanism and products of indoleacetic
acid inactivation. This has naturally contributed a large
element of uncertainty to explanations of the way in which
environmental conditions influence the concentration of

1ndoleacet1c acid and thereby growth (Larsen 1951) Furthermore,
no dec131on can yet be made on the pos51b111ty that an 1ntera ‘
‘mediate formed from 1ndoleacetlc acid maybe the actlve growth~

regulating entlty.

In the present 1nvest1gations an attempt has been made
to recon01le the confllctlng data avallable on the enzymes and
~‘cofactors required to catalyse complete 1ndoleacetlc acid
decarboxylatlon and ox1dat10n in vitro. The kinetics of enzyme,
substrate and -cofactor requlrements and the mechanlsms of
retardatlon and inhibition of the systems have been studied in
deta;le From these results a ‘reaction sequence is proposed
‘which fer~the4first‘time offe}s a detailed description ofsthe“
pathway of‘indoleacetic acid breakdown and hence of some of

the reactive potentialities of the indoleacetic acid molecule.

~These findings should provide a foundation for further biochemical

investigation into the nature of the growth‘process.




Il LITERATURE REVIEW

~The growth of plant organs is conditioned‘by a wide
variety of ‘external stimuli including temperature, light,
nutrition, etc,, the effects of which represent the integrated
~influences of many metabolic processes. However, in 1ecent
~years evidence has accumulated that many growth responses are
:ellcited through dlreot or 1nd1rect env1ronmental effects on
specific growth hormones. -Thus in order to characterize the
way in which normal growth patterhs ere established, many studies’
ehave~been made on the’neture, distribution ahd!effects of

naturally occurring grOWth—regulating substances.‘

: ‘The first clear demonstratlon of the ex1stence of
plant hormones resulted from the now classlcal experiments of
Went (1928, 1935) and a35001ates on the bending of etlolated
oat coleoptiles. Bending occurred towards the source of a
unllateral whlte or blue light or away from the eccentrlc
~appllcat10n of extracts from the coleOptlles themselves. After
1ngenious ‘experimentation, it was concluded that bending was
‘due to the unequal dlstrlbutlon within the coleOptlle of a
growth-promot;ng substahce or Mauxin" (%ent, 1935, Wildman

;end*Bonner, 1948).

‘SubseQuently, Kogl et. al. (1934) isolated from
biological sources three chemically pure substances which in

very low concentrations also caused the bending of oat coleoptiles.
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Two of these are now thought to be artifacts (Zimmerman, 1947),
but the third, ''heterocauxin' or indoie¥3~acetic acid (IaA},

was eventually proven (Wildman and Bonner, 1948) to be the

natural hormone in oat coleoptiles and to‘account for about 80%
of its phototropic response. IAA has since been found to occur

in all plant organs and species 1nvestigated with the exception
of the apple‘(Luckw111 and Powell, 1956) and tobacco leaves
(Vlitos et. al., 1956) and but for these reports is now considered
to be ‘the priﬁcipal native auxin‘of higher plants (Gordon and .

‘Nieva, 1949, Bonner and Bandurski, 1952).

When fed to a plant TAA has a multiplicity of effects
on growth phenomena ranglng from stlmulatlon to inhlbltion of
flowerinp fruiting, rooting and ‘budding (see review, Audus, 1953)
IAA also affects the linear growth of roots, stems and leaves |
and appears to exert a control over geotropism and phototropism.

Whether IAA stlmulates or inhibits growth depends in part on its

~ concentration and in part on the partlcular plant oryqn and spe01es

under study (VWent, 1935 Muir and Hansch 1955).  Nevertheless,
1rrespect1ve of the plant material used, external stimuli and
normal metabolic events could alter the concentration of IAA in
a plant organ by any of three processes 1 e. by influencing

‘translocation, synthe31s or destruction- of the hormone.

It has been established (Wildman et.al.; 1947, Gordon

and Nieva, 1949, Galston, 1949a) that the enzymic‘conversion of



tryptophane to IAA is the chief pathway of JAA synthesis in
plants and takes place mainly in apical meristems of aerial
organs e.g. buds and flowers (Wildman et. al., 1947). Synthesis‘
of TAA is probably continuous (eee review, Gordon, 1949) provided
the source of tryptophane is not {a) exhausted, which is unlikely
axcept in cases of starvation or (b) 1nterrupted which may

occur for example as one effect of 21nc deficiency (Tsul, 1948).

The mechanism by which active translocation of IAA
occurs is not well understood but there is generally a pronounced
downward ‘movement from the site of synthesis (Galston, 1950b)
whlch can proceed against a congentration gradlent (Went and
‘~White, 1929). Lateral or‘upward movement takes place if TAA
.- enters the transpifatien stream, but when located within living
aerial tiesues, polar basipetal movement resumes (Skoog, 1938).
The fate of translocation within a given tissue appears to be
‘relatively constant (Wildman et. al., 1947, Galeton, 1950b) and

is probably 1nfluenced by env1ronmental condltlons only when these‘

are extreme e. Ee local heatinp or chilling.

With our present knowledge it 'seems probable that
the chief factor governing varldtlon 1nIMA concentratlon in vivo
under normal condltlons is the process of TAA 1nact1vat10n ‘
(Van Overbeek, 1938, Galston and Dalberg, 1954 ), This view has
only been questiohed once (Briggs et. el., 1955b) and then as a

result of negative evidence and the unsatisfactory state of



knowledge of the mechanism of TAA breakdown.

Many attempts have been made to extract from plant
sources enzyme systems which are capable of destroying TAA,
The system which‘has received most extensive study has been
obtained from etlolated pea eplcotyls by grlndlng and
centrlfuglng (Tang and Bonner, 1947, Hillman and Galston, 1956)
followed in most cases by partial ourlflcatlon w1th acetone
(Tang and Bonner, 1948 ‘Galston and Baker, 1951, Goldacre, 1951
Andreae and Andreae, 1953) and/or ammonlum sulphate (Wagenknechtt
and Burrls, 1950, Galston et. al., 1953 Mannlng and Galston,
1955). Extracts active in destroying TAA have been prepared
from other plant sources notably green pea eplcotyls (Galston
and Baker, 1951), bean roots~(Waeenknecht ahdeurris, 1950,
Kenten, 1955) plneapole tissue (Gortner and Kent 1953),
~ horseradlsh roots (Goldacre, 1951, Galston et. al., 1953, Goldacre

et.al., 1953, Kenten, 1955), the fern Osmunda cinnamomea L,

~(Briggs et. al,, 1955a, Brlqgs et. al.,y 1955b) wheat leaves

{Waygood et. al., 1956)‘and the fungus Omphalla flavida
(Segueira and Steeves, 1954, Ray and Thimann, 1955),

The literature on IAA inactivation has been reviewed
by Larsen up. to 1951 at whlch tlme there was little agreement
on the coadltlons requlred for complete IAA destructlon. It was
established that for partial IAA destructlon under the cataly31s

“of undialysed extracts frogetlolated pea epicotyls and bean roots,
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oxygen was required and consumed and an equal amounﬁﬂgf%;arbon
dioxide was released i.e. the R{ of the reaction was p (Larsen,
1940, Tang‘and‘Bonner, 1947, Tang and Bonner, 1948, Wagenknecht
~and Burris, 1950). However, the stoichiometric relationship
between the gas exchanged and TAA destroyed had received no
attention and none of- the systems were capable of completely
destroylng more than mlcromolar concentratlons of IAA. There
were indications therefore that the systems‘as descrlbed were
ipcomplete i.e. that‘eofactors and/or enzymes were present in
suboptimum amount, Hence‘conflictinv‘reports of the properties

of these inefficient systems must be regarded w1th caution until

they can be tested on systems in whlch IAA 1s completely destr'oyedn

| mnzyme systems have recently been descrlbed by Kenten
(19)5) and Waygood et. al (1956) whlch completely destroy as
: much as 2 x 1073 M IAA with the concomitant uptake and release of
one mole each of oxygen and carbon dioxide per mole of IAA,
Both‘systems‘eOntaihed pefeXidasé:fehorseradiSh (Kenten,s1955)
and vwheat leaf (Waygood‘et; al., 1956), and were stimulated by
the addiﬁion of certain organic cofactors e.g. resorcinol or
—~monohydric phenols. The systems dlffered in that manganeqa was
requlred as hell as an organlc cofactor for full act1v1ty in the
~ wheat leaf system whereas manganese had only a small stimulatory
effect on the horseradlsh peroxidase svstem. The literature on

TAA inactivation will be reviewed with regard to its support or




conflict with the findings of these authors.

Several lines of evidence support the contention
that peroxidese participates in IAA oxidation, The enzyme
employed by Kenten (1955) was a highly active crystalline

peroxidase prepared from‘horseradish by the method of Kenten
and Mann {1954) and further purified‘ey acid«ammonium:sulphete
precipitation and dialysis to remove flavins and other soluble‘
impufities;‘ Extracts from other plaht eources whieh destroy
IAA have almost all been shown to conﬁaih peroxidase (Tang and
Bonner, 1947, Wagenknecht and:Burris, 1950, Galston et. al.,
1953, Gorther and Kent, 1953, Réy‘end Thimann,‘1955; Briggs et.
~al., 1955a) and to be inhibitedeby agéhts‘e.g. cyanide, which
form irrevefsible complexes‘with‘porphyfins‘(Tang and Bonner,
19&7,‘Andreae and Andreae, 1953). ‘Briggs et. al. (195§a) found
a correlation befween the peroxidase~(and catalase) content and

the IAA ‘"oxidése" act1v1ty of fern leaf extracts and Goldacre

(1953) reported 31milar results with extracts from peas. Flnally, ‘

‘perox1dase is adaptively formed in pea seedlings fed IAA thus
Galston and Dalberg (1954 ) suggested that plants may protect
themselves from deletefious effects of excess IAA by developing

part of the enzymic system which destroys the hormone.

Polyphenol oxidase may also catalyse TAA ingctivation
since some IAA Moxidase! systems are inhibited by known

copper-chelating agents e.g, diethylthiocarbamate‘(Wagenknecht
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and Burris, 1950, Briggs et. al., 1955b). 1In addition, a
tyrosinase from mushrooms has been reported (Briggs and Ray,
1956) to be capable of partially inactivating TAA. However,
this reaction probably has little generél physiological »
significénce since polyphenol oxidase has a limited distribution

in higher plants (Onslow, 1931).

The participation of ‘a peroxidatic foaction in the
reaction sequence‘for IAA destruction is strongly implied‘by
the many findings that in vitro IAA oxidation is stimulated by
the addition of~cértain kncwn hydrogen donors in peroxidatic
reactions; These include monohydroxyphenols, notably dlchlorophenol
(Kenten, 1955 Hillman ‘and Galston, 1956 Goldacre et. al., 1953,
Lockhart, 1955, Waygood et. al,, 1956, Hillman and Galston, 1956)
‘ résorcinol‘(Kenten, 1955, Waygood et.al., 1956), and two substances
which are‘suspected hydrogenidonors:— maleic;hydrazide (Andreae |
and Andreae, 1953, Kentén, 1955) ahd methyl umbelliferone
(Ahdreae ahd Ahdreée‘1953). ‘Thesé sﬁbétances;are probably invol#éd
in a‘péfoxidatioh with peroxidé derivéd from the reactions of
IAA itself. Indlrect evidence has been found that IAA is
peroxigenic in the presence of peroxidase extracts from pea
epicotyls (Andreae and Andreae, 1953, Andreae, 1955b) and also
“‘when fed to 1ntact pea sectlons (Siegel and Galston, 1955)
Fu:thermore, there seems to bo little doubt that a peroxide is

utilized during IAA degradation since IAA inactivation is promoted
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by the addition of hydrogen peroxide directly (Goldacre, 1951,
Galston et. al., 1953 ,Briggs et. al.,’1955a, Lockhart, 1955)

or indirectly via a peroiigenic oxidase system {(Waygood et. al,
1956). It must be made clear however, that the systems described
by Waygood et. al., (1956) and Kenten (1955) did not require
~added peroxide to achleve complete TAA breakdown., Hence TAA
1nact1vation aopears to be a cyclic reactlon 1nvolv1ng at least
peroxidase end a phenolic cofactor and in which peroxide is

‘both produced and utilized.

It has been suggeSted by Galston and coworkers that .
a flaVOproteln enzyme supplements the action of perox1dase in
TAA breakdown. Light promoted IAA bredkdown by crude extracts ‘
‘from pea eplcotyls (Galston and Baker, 1949, Galston, 1950a,
Galston and Baker, 1951 Galston et. al., 1953) and the action
spectrum of the photosen51tlzed 1nact1vatlon resembled the
‘absorption spectrum of r1boflav1n (Galston and Bsker, 1949,
Galston, l950a) Slnce high concentratlons of r1boflav1n des=
~troyed IAA non-enzymlcallyaln light (Galston, 1949b), Galston
suggested that a flavoprotein was requlred to catalyse peroxide
formation from IAA. - This possibility was attractlve since the
spectrum of rlboflavin also parallels the actlon Spectrum of
phototroolc responses that are known to be 1nfluenced by IAA
(Galston, 1949b), Galston and Baker, 1949, Galston, 1950b).

However, riboflavin itself was not shown to stimulate enzymic
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IAA oxidation and the systems used by Gaiston were relatively
inefficient in oxidizing IAA. Furthermore, riboflavin was
evidently not required for complete IAA breakdown by peroxidase
systems (Kenten, 1955, Maclachlan and Waygood, 1956) nor did
:light increase the rate or.amount‘of‘breakdown’in the wheat
leaf system (Waygood et. al., 1956) It must be concluded as
“implied by Galston hlmself in a recent paper (Hillman and Galston,
1956), that the existence of a flavoproteln component of IAA

"oxidase™. is questionable.

Catalese is known to‘act peroxidatically (Chance, 1951,
“Kellln and Hartree, 1955 Laser, 1955) and under certain
- conditions mlgbt be exoected to replace perox1dase as enzyme
catalyst in . IAA breakdown. However reports of 1ts effect on
the ‘course of IAA ox1dat10n have varled w1dely according to the.
~source of the system used to catalyse the reaction. Thus
“catalase‘completely inhibited IAA oxidation‘catalysed by pea
eplcotyl extracts in the dark (Goldacre, 1951 Andreae and
Andreae, 1953), extended the 1nductlon period w1th wheat leaf
extracts (Waygood et. al., 1956) and enhanced the rate of TAA
oxidation catalysed by horseradish peroxidase  (Kenten, 1955).
Inhlbitlon by catalase has been interpreted (Goldacre, 1951,
Andreae and Andreae, 1953, Waygood et. al., 1956) as 1ndlcat1ng
that an intermediate peroxide requlred for TAA ox1datlon wa 3

catalatically destroyed by catalase.  This explanation seems
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unlikely since at the low concentratione of peroxide which
could arise in the extracts, catalase would not act
~catalatically but peroxidatically, It is possible that the
inhibitory effects of catalase were due to thermostable
dialysable inhibitors in the catalase preparations and not

to. catalase itself. Natural 1nh1b1tors have been reported

to contamlnate almost all plant extracts 1nvest1gated

(Tang and Bonner, 1947, Wagenknecht and Burris, 1950, Gortner
and Kent, 1953, Brlggs et. al., 1955 a, Waygood et. al.;'1956)
but the nature of theee 1hhlb1tors and their possible relatlon-

Shlp with catalase 1nh1b1tlon have vet to be demonstrated.

Although moSt inveStigators'are agreed that

peroxidase and a phenolic cofactor are requlred for IAA
ox1dation the requirement for manganese is less well established.
Nagenknecht and Burris (1950) first demonstrated that IAA

"oxidase® systems which had been rendered 1nact1ve by dlaly31s
were partlally to completely reactlvated by the addition of
manganous‘lons. Magnesium, cuprlc, zinc and ferric ions would
not substitute. Most other investigators (Tang and Bonner, 1947,
Goldacre, 1951, Gortner and Kent , 1953, Kenten, 1955, Ray and
Thlmann, 1955 Loekhart 1955) found no obvious manganese
requlrement but thls could have been due to the presence of
sufficient mangdnese endogenously since dialy51s was never
used to clarify the systems. Galston ‘and Baker (1951) identlfied ‘

~the manganous ion as a photolabile inhibitor present in crude
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pea epicotyl preparations but later (Goldacre et. al., 19513)
found that 10=6M to 107 manganese enhanced the activity
of well-dialysed brei. It was therefore not surprising that
Waygood et. al. (1956) found a marked manganese requirement
for IAA inactivation by dialysed peroxidase extracts from

wheat leaves.,

‘With‘respect to tne mechanism of manganese activation;‘
Waygood et. al., (l956)‘were first to suggest that manganese |
underwent oxidation and reduction during IAA oxidation and -
that manganlc ions (trivalent manganese) initiated the degrada-
tion of IAA. On the basis of 31m;lar results with,a system
from peas, Hillman and Galston (1956) also postulated the
participation of mangenic ions. In support of this hypothesis
it was pointed out (Waygood et. ‘al., 1956, Hillman and Galston,
1956) that the requlrements for complete TAA ox1dat10n were

1dentlcal with the requlrements descrlbed by Kenten and Mann

{1950, 1952) for the enzymlc oxidation of manganese.

The oxidation of manganese by the "Kenten-Mann"
system (1950, 1952) is accomplished as follows: -
(a) utilization of hydrogen perox1de by perox1dase for the
“oxidatlon of those phenollc substances (RCH) e, ge‘monohydrouyphenols
or resorcinol which do not readily form stable oxidation
products; (b} oxidation of manganous to manganlc ions by the

semiqulnol (RO ) of the phenolic cofactor and resulting semi-
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quinol reduction; {c) chelation of manscanic ions in stable

complex by such agents as pyrophosphate or citrate, ife.:

(a) H‘?o2 + 2ROH _peroxidase . 2H O + 2 RO®
# ) R 2
(b) RO* + Mn°" + g* > ROH + Mn>'
+ .
(c) Mn~  + citrate » manganicitrate

Wéjgood et. al. (1956) sugeested that peroxide
produced during the degradation of IAA‘was:utilized by‘
peroxidase‘for the oxidation of phenolic cofactors (reection a)
which then oxidized menganese (reaction b). In the absence
of pyropnosphate or citrate menganic ions would oxidize IAA
by virtue of their extremely hlgh redox potential (Maclachlan
and Waygood 1956) “The fact that pyrophosphate and citrate
completely prevents iAA breakdown (Waygood ete‘elg, 1956) |
lends support to this‘hypothesis; | | | |

The theory of cataly51s of TAA breakdown by the

KentenuMann system not only accounts for the role of peroxldase,~

manganese and phenollc cofactors but also asszmllates reports
that peroxlde is produced and utlllzed durlng TAA oxidation,
Partlcipatlon of the Kenten-Mann system implies that IAA

~oxidation 1s actually a peroxidase-controlled autox1dation and

as such a unlque process whlch has not been documented elsewhereo

However, note should be made of suggestions that an autoxidatlon
- may also be involved in tyrosine (La Du and Zannoni, 1956) and

tryptophane (Knox and Mehler, 1950, Dalgliesh, 1951) metabolism.
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Such a process would be expected to obey the classical laws
of autoxidation (Waters, 1947, Waters and Wickham-Jones, 1951)
and thereforerto be subject top&erificetion by eppropriete

kinetic investigation.

It appears that the only enzyme required for IAA
autoxidation is peroxidase which functions 1ndirectly by prov1ding
‘a source of manganic ions. = Therefore . the actual reactions
undergone by IAA shouLd occur spontaneously in the presence of
oxidized manganese alone, This prediction has been confirmed.r,
by Maclachlan and Waygood (1956) who isolated the reaction
between IAA and manganlc ions using the organic chelatlng agent
ethylened1am1metetraacet1c ac1d (versene) to blnd manganic ions
in complex at a redox potential of ca, 0,80 Ve At pH 690 and
in an oxygen atmosphere the reactions of IAA in the presence
of manganiversene were identical with those in the enzymic system
in the follow1ng respects (a) the release of one equlvalent
of‘carbon diox1de sllvhtly preceeded the consumption of one mole
of oxygen per mole of IAA; (b) the yellow and product possessed
characteristic solubllity relations, srystal structure and chromato-
“graphic Rf value, These findings at once confirmed the partlclpatlon
-~ of manganic 1ons in the enzymic breakdown of TAA and obv1ated the.
need for postulatlng a more complex system of catalysts and
cofactors in the enzymic system other than those required for

the formation of manganic ions,
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On analogy with the well documented reactions of
“the cobaltic ion (Bawn and White, 195la, 1951b, 1951c) the
following reaction sequence - was proposed (Maclachlan and Waygood
1956) for the spontaneous manganic ion - initiated degradation
of IAA (IAA = S—COOH, where S represents the skatole nucleus)

l.e.:
5=COOH + Mn3* ——5 s5.0000 + H'+Ma?"
8-C00° ———> 0, + S0
2 > S0,

S+ 0

The final yellow product bf the reéction‘was thought to be

formed from the oxidized skatole radical (S0 ) or skatole
peroxide by the addition of an hydrOgen atom derlved from other.
congstituents of the‘reaction system e.g.: versene. The structure
of the produét‘ahd‘prbof of its empirical formula

(8023 = CgHngN) werg not determined.

It shduid be‘notéa that under certéin‘conditidns
little or none of:the‘yeiiow producﬁ was obtéined in the non-
enzymic system. Thus anaerobically, to some extent in air,
and even in an oxygen atmosphere beloﬁ,pH 5.0, a purple-black
';precipitate was formed ‘indicating that polymerization had taken
‘place, The skatole radical (S°) was considered to he a highly
‘reactive intermediate and its condensation or reaction with

-~ various components of the medium would result in more than one
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reaction product. This may explain the difficulties that
investigators have had in identifying the end product of the
enzymically-controlled reaction (Manning and Galston, 1955),

In summary then, the following constituents may be
considered as established requlrements for the enzymic
‘ decarboxylation and oxidatlon of IAA (a) manganese,
(b) an organic cofactor whlch is oapable of actlng as a redox
~catalyst for the ox1dat10n of manganese by the Kenten-Mann
system, {c) an enzyme catalyst for a peroxidatic reaction.
The reactions of the non-enzymic system whereby TAA is oxidatively“
decarboxylated probably also take place in the enzymlc system.
On thls basis it is concluded that the enzymic degradatlon of
IAA is 1nit1ated by manganic 1ons‘and thereafter IAA‘decarboxylaoo‘
tion and oxidation pn:ceeds‘spontaneously'“Operation of the
Kenten~Mannosystemcexplaine ohe roles~of peroxidase and the
phenolic cofactors, If these conclusions‘ere»correct the enzymic
~system must be con31dered to produce an intermediate durlng |
IAA degradation whlch contrlbutes dlrectly or 1nd1rect1y to
further IAA breakdown.‘ A kinetic examination of the enzymic
system should therefore reveal characteristics of‘an autocatalytic

system,
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III METHODS AND MATERIALS

(A) Enzyme Preparation

Leaves of wheat, Triticum compactum Host. var.

Little Club{were harvested‘after groWing from 12-15 days

under normal diurnal conditions in greenhouse soil, The
leaves were ground with sand in a cold mortar and the brei
‘was squeezed through nylon or cheeﬁecloth. The volume of
extract;obtalned in milliliters was gererally close to -half
of the fresh weight‘of leaves in gfams. The press juice

was centrlfuged at 20 000 xg at 2°C for 30 minutes and dlalysed
against distilled water in a rocklng dialyser at 4°¢, Unless
otherwise 1nd1cated the brel was dlalysed agalnst 20 volumes
of water for each of three consecutive 2/ hour periods. The
flnal dlalysate was centrifuged as before and the supernatant
stored at -15°¢, Intermlttent freezing and thawing during
usage ﬂendered v131b1y clear preparations contalnlng little or
"No _green materlal and approx1mately 0. h mgms. protein nitrogen

per milliliter.

Solutions of commercially purified horseradish
peroxidase and crude beef liver catalase were purchased from‘
“ Nutr1tional Blochemlcals Corp. and dlalysed in the same way
as wheat leaf extracts to result in final concentratlons of’

0.10% and 0.55% W/V respectively.
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(B) Manometric Methods:

The decarboxylation and oxidation of TAA was
followed by measuring gas exchénge by the direct method
of Warburg in staudard respirometers, Flasks of volume
ca. 20 c.c. contained the components in a liquid volume
of 3 0 ml, w1th 0.2 ml, 2N KOH in the central well, The
concentrations of the components of a ”standard"‘system
for IAA ox1dation were as fOllOWS Enzyme, 0.5 ml; orthophosphate~
buffer pH 6.0, 150 uM; manganous chlorlde, 30 uM, resorcinol
1. 5 ume ‘Reaction was usually begun by the addition of the
sodlum or ammonlum salt of IAA at pH 6,0 (6.67 uM = 158 pl
gas exchange at molar equlvalence) CAll experlments except

‘those‘so indicated were performed at 29.5°C°

(c) Colorimetric Methods:

The concentration of IAA was determlned oolorlmetrically

“by use of the Salkowski reagent (Fe013 - perchloric acid) in

a procedure descrlbed by Gordon and Weber (1951), To estimate

the amount of IAA‘destroyed‘in a reaction, one or two tenths

milliliters of the contents of a Warburg flask were added to
enough water to make up a volume of 2,0 ml. The Salkowskl reagent

‘(3 0 ml, ) was added and the protein precipltate centrifuged off,

After 30 minutes the solution den51ty was read in a Coleman

Universal Spectrophotometer at 520 mp and the concentration of

IAA obtalned by reference to a‘standard concentration/density

curve,
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IV EXPERIMENTAL R&ESULTS

(A) General Features of IAA Degradation:

1. Enzyme and Cofactor Requirements:

When IAA was added to a dialysed wheat leaf preparation
in orthophosphate‘buffer at pH 6.0 no destruction of the acid
tooksplace.j If, however manganous ions were present partial
" destructlon occurred w1th the uptake and release of an
equlvalent volume of oxygen and carbon dioxide. If in addition
to manganous ions, a monohydroxy phenol or resorcinol were
present, IAA was completely destroyed with the concomitant
uptake ‘and release of one mole each of . oxygen and carbon dioxide
per mole of IAA ~The ox1dat10n was thermolablle, no carbon
dioxide was released in a nitrogen atmosphere and 1n neltner
of these cases was IAA converted to a non-Salkowski reactlng
substance. - The gaseous exchange of the complete system in

the absence of one or more of the components is shown in Figure 1.

A characteristlc feature of the progress curves for

- gas exchange of systems catalysed by 16-214 hr. dialysed
preparations from summer -grown wheat leaves was a lag or
‘1nduct10n phase lastlng for 10 to 20 min. Extracts from winter
grown leaves gave a lag ‘phase of only 2 to 8 min. due apparently

“to a lower concentration of~dialysable naturalinhibitors of IAA

oxidation. In spite of extended dialysis the lag phase was never -

completely ove'rcome (Fig. 1) In this respect then, IAA oxidation -




Figure 1, Cofactors for enzymic decarboxylation and oxidation

of indoleacetic acid.

- Standard system: O.5 ml. wheat leaf extract.(0.20 mgms,
" protein N); 5 x 107™*M resorcinol; 1073y MaCl,s 5 x 107°M

phosphate, pH 6603 2.22 x 1072M IAA = 158 uLe 0, at

molar equivalenée; final vol, 3,0 ml.} temp. 29.5°C°

A. 0, uptake of complete system.

B. GOé release of complete system,

Ce 02 uptake of systém minus resorcinol.

D, Oé uptake of system minus manganeses

E. _02 uptake of system minus manganese and resorcinol,
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resembles all autoxidation systems and the induction period
may. be considered as the time necessary for the system to
build up a threshold concentratlon of the intermediate which

initiates reaction i e, manganic lons.

The decarboxylatlon and ox1dation of TAA in the

presence of manganese ‘and an orvanlc cofactor was catalysed

. by wheat leaf extracts‘(Fig. 1) and also by purlfled horseradlsh

peroxidase and well dlalysed beef llver catalase., The 1n1t1al
‘veloc1t1es i e, the max1mum velocity in any 10 min., and the
absolute amounts of oxypen coneumed by IAA after the attalnment
~of equllibrlum in ‘the presence of these three enzyme extracts
{and varlous organic cofactors are compared in Table 1.

Salkowski measurements on each system conflrmed that the amount
of IAA destroyed corresponded to the ratlo oxygen consumed to
theoretical consumptlon for molar equlvalence. The product

of the reactlons in each case was a soluble yellow substance
11dent1cal in crystal structure and solublllty relaflons to the
non—enzymlc product (Maclachlan and Waygood 1956) Although
not shown in Table 1 there was invariably a lag phase with all
‘cofactors and enZymes. Carbon dioxide was liberated always

: prlor to the onset of oxygen consumption as 1llustrated in

: Flgure l, 1ndlcating that in each case decarboxylatlon of TAA

prec. ededlts aerobic ox1datlon.

‘ The‘oxidation‘of IAA in the presence of mahganese
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able I Effect of Organic Gofactors on Indoleacetic Acid

0xidat10n by Catalase and Perox1dase ﬁxtractsy

System ‘ Maximum Velocity (uL. 02/5 min,}"
Organic Dichloro=- Maleic Natural R . N
Cofactor: ‘ phenol = Hydrazide  Factor esorcinol - None
Beef Liver G e L o : :
catalase - 39.0 49.5 0 ; 18.0 0
| Wheat Leaf : S
extract .o hbe5 25,0 17.5 31,5 6.0
‘Horseradish ‘ N
- peroxidase 6745 765 4365 68,5 14.0
‘:Oxygen Consuméd‘at‘Equilibrium (uL. 02/3 hrs.)
Beef liver s e o . ‘
~.catalase 157 150 0 - 86 0
Wheat leaf | ‘ O T EER :
- extract 153 146 128 162 36
Horéeradish L R | | : : ‘ o
- peroxidase 136 153 126 0 149 92

YSystems contaln peroxidase (O 2 mgms), catalase (5.5 mgms) or
wheat leaf extract {0.2 mgms protein), manganese‘(Bu gms ),

> orthophosphate pH 6.0 (150 bogms), IAA (6.67 u gms = 158 ul)

in a flnal volume of 3.0 ml, Cofactor con¢entrétions as follows:
‘dichlorophenol,‘le5 e gms, maleic hydrézide,‘BOu gmsy natural

factor, 0.15 ml.; resorc¢inael, 1.5 Bk gms. Temperature 29°5°CQ
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and wheat leaf or peroxidase extracts was stimulated by a

soluble fraction (natufal factor) from'wheat leaves (Table 1)
which . was effectlve in replac1ng the artificial organic. cofactor 4
~e.g.! resorcinol, in the system. The factor was prepared from
the:dialfsing‘medium‘of the ﬁheat‘leaf‘extracts as follows:

The medium from the flrst ZA hours dlalysls was concentrated

in vacuo at L5° C, a01d1f1ed to pH 2 0 with pnosphorlc a01d

~and extracted with three volumes of ether. - The yellow re51due
from the ether layer after evaporation was taken’ up in water,‘
adgusted to pH 6.0 with NaOH and made to 1/10 of the volume

~of the oripinal enzyme‘eXtract. When 0.15 ml. of this preparatlon
“was used in conJunctlon w1th Oe¢5 mlo of enzyme extract 1n

‘ systems for “TAA oxldatlon,an approx1mately threefold concentratlon‘
and purlflcatlon of the actlve prlnciple was effected. ‘When

0.5 ml, of the natural factor -extract was used the induction
~phase whlch prec ‘eded [AA oxidation was extended from ca. 10 min.
to ca, 80 min. thus 1ndlcat1ng the presence of natural 1nh1b1tors

eas well as actlvators of the oxidatlon°

The relatlve rates of IAA ox1dat10n catalysed by
peroxidase or catalase (Table 1) varled in the presence of
dlfferent cofactors 1ndicat1ng reaction or complex formation
between enzyme and cofactor. The catalase system dlffered from
the peroxidase and wheat leaf systens in that it was completely

‘ inact1ve towards IAA in the absence of an organic cofactor or
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in the presence of the natural factor. This suggests that
peroxidase but not catalase possesses an afflnity for naturally
occurring cofactors (see also p.~39 and Table III), Similarly
Kenten (1955) and Goldacre and Galston (1953) have concluded

that natural cofactors exist in pea epicotyls and bean roots.

' Resorcinol ‘at the ‘same concentration as dlchlorophenol
(5 X 10 M) was equally effectlve in promoting IAA oxidation
‘;n the horseradish peroxidase system but less effective in the
wheattleaf system‘(Table‘l) - In the catalase-resoroinol system
a 30 min, 1nduct10n period occurred, the rate was lower and
less IAA was ox1dlzed at equilibrium (Table 1) Further experlments
‘revealed sllght but reprodu01ble dlfferences bst ween catalase :
t and other systems in the optima of pH and resorc1nol concentratlonss
These are shown 1ater (Table III) but because of such quantltative

dlfferences between the catalase and peroxldase systems it is

“‘sug z@sted that the act1v1ty of the wheat leaf extract which

“contalns both enzymes, 1s due to perox1dase chlefly. It may

~be noted that resorcinol, under optlmum conditions in the catalase
system, promoted the most rapid rate of IAA ox1dation (63 uL./5 min.)
found 1n the entlre catalase 1nvestigatlon. Further studies ‘
of the kinetics of the catalase and peroxidase reaotlons would
‘undoubtedly reveal other quantltatlve differences, nevertheless

- with respect to cofactor requlrements the two systems are evidently

1dent1cal.‘~
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2¢  Non-Enzymic Manganic Ion Reguirements

A method was previously described (Maclachlan and
Waygood, 1956) for preparing a manganiversene complex which
was reasonably stable at pH 6,0 yet possessed a suffioiently
high‘redox potential (greater than 0,7 v) to react with IAA,
Manganoversene is oxidlzed to manganiversene by either excess
solid lead dloxide or excess manganese dioxide and in most
experiments with IAA the oxidant was allowed to remain suspended
in solution, This reaction system had the advantage of allowing
e manganic ions to be- continuously generated but the disadvantage
of producing the 1ons at an unknown concentratlon. Thus, it-
ewas of interest to prepare manganiversene and remove the oxldant

by centrlfugation since by 1ncubat1ng TAA w1th known amounts

of . manganlversene the st01chiometry of 1ts reaction with manganic

“ions could be determlnedo

Manganiversene was freshly prepared freed of ~oxidant
“and varylng amounts were added to the maln compartment of
standard respirometers contalnlng orthophosphate buffer pH o 0
~and, in sidearms, IAA:. These were bn:ught to temperature
‘equilibrium (29,5 °¢) and a perlod of 20 min. was allowed to.
‘eelapse between the preparetlon of manganiversene and the addltion
of IAA The experiment was performed in air and in oxygen and
nitrogen atmospheres with up to a maximum total manganese/ IAA

concentration ratio of 5/1, After gas exchange had reached
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equilibrium the‘flask contents were analysed for IAA by the
Salkowski test, The amount of IAA destroyed is plotted as
a function of the total manganese/IAA concsntration ratio in

Fivure 2.

It should be reallzed that the units of the ab501ssa
‘of Flgure 2 represent the maxlmum possible manganic ion ‘

concentration having been calculated from the total manganese

‘ (Mn + Mn2" )e Manganiversene is least stable at pH 6.0
(Maclachlan and Waygood 1956) and in 20 min, partially decomposes;
Manganoversene is colorless but manganiversene is red

~ (>‘max = 500 mp.); thns thedrate of~decOloriZetion of‘the
latter~permits‘a‘oonvenient‘measuremeht of the rate of‘spontaneons
degr;detion:of manganic‘ions. The‘opticalrdensity‘Of~severa1,
mangeniversene solutions was found toldecrease independently of
the orlglnal concentration by 21- -24% per 20 mln. at pH 6. 0 and |
~room temperatureo However, the actual manganlc ion concentration~
was probably even less than ca. 75«80% of that 1ndicated in

Flgure 2 since manganese oxidation dld not appear to go to
completion using lsad dloxide as ox1dant. When manganiversene

was titrated 20 mlnutes after preparatlon w1th ferrous sulphate,
generally close‘to SOA and never more than 61% of the total

manvanese was found in the manganic form,




Figure 2.

Indoleacetic acld destruction in the presence of

1ncrea31ng concentratlons of manganlversene 1n alr,

‘ oxygen~and nitrogen atmosphenas.

Systems: manganiversene (see text for preparation);

5 x 1072 phosphate, pH 6.05 2.22 x 107°M IAA; Final
vel. 3.0 ml.; tempe‘ZQ.SOC, Oxygen,‘air‘and~nitrogen 
atmospheres as indicated. % IAA destroyedidetermined

by Salkowski tésta
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On this basis, complete IAA degradation occurred
in the presence of less than equimolar amounts of manganlc
ions {Fig. 2:4). In one instance, 72. 5% IAA destruction
occurred in the presence of 0.5 moles Mn + Mn3 per mole TAA
 which indlcates that only about 0.35 moles Mn3 were required
f:per mole IAA destroyed._ Thus~there can be no- doubt ﬁhat‘IAA
does not necessarily react st01ch10metr1cally with manganic
ions but once 1n1t1ated. TAA degradation may to some extent
proceed catalytlcally. From the above caloulat;ons as much
as 65% of the IAA destruction may occur viafautocatalytic

pathweys{

N Catalytlc IAA breakdown in the presence of llmitlng :
‘}amounts of manganiversene took place only w1th a hlgh oxygen
tension (Figa 23 A) This 1mp11es that an ox1dlzed 1ntermediate

of IAA breakdown possesses a hlgh enouoh ‘redox potential to
~j;react w1th IAA and prOpacate an autoxidation sequence, In terms

‘ of the free radlcal mechanlsm previously proposed (Maciachlan g
and Waygood 1956), the overall propagation sequence, as a
consequence of inltlatlon by manganio ions,; may be represented as
- follows, where S5=-CO0H = IAA, SO . =‘ox1dized skatole radical =

~skatole perox1de, SO2H = final product 8 = skatole radical.
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80ye + 8-CO0H ~——3 SO0uH + So + co,

Se 4+ 0'2 ———> 50,0
| It should be understood that these equations represent the
overall process of autoxidation and do not‘ettempt to explein,
the mechanism which may involve other intermediate reactions
€. g.;:‘ox1dation of manganous ions by 302' and resulting TAA

sox1dat10n by manganlc ions so generated,

‘ At any given manganiVersene‘concentration less IAA
was destroyed in air. (Fig, 2:B) than in oxygen (Flg° 2: A)

This was interpreted (Maclachlan and Waygood 1956) as an
indlcation that the decarboxylation product of IAA i.e. the
jskatole radlcal S, tended to react with manganlc ions rather
than with oxygen. In all systems manganlversene was completely

decolorized 1n less than 10 mlnutes, thus S° ‘and 802° are probably

: capable of reacting w1th versene with ths result that manganiversene
is decomposed in a chaln reaction. In nltrogen at high mangani-
,versene concentratlons in air and even in oxygen below pH 5.0,a

a black precipltate formed whlch was found to contaln some IAA

even after v1gorous washing (Maclachlan and Waygood 1956},

’:Thls 1ndlcated that condensation of the decarboxylation products
with themselves or IAA could also take place. The one system
fcomponent with whlch these free radicals did not appear to react
Qas‘wétero This may be stated with confidence since the amount

of oxygen consumed by the systems was naver found to be less

~than the carbon dioxide released. This result would not be expected‘<3':

if water were decomposed by radicals with the formation of
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hydroxyl radicals and hydrogen peroxide. It should be noted
that reactions of the intermediatg radicals, particularly
302-, are impbrtant‘in interpreting the results of the enzymic
system since it was concluded (see Literature Review) that
-a_product of IAA breakdown was utilized to propagéte further

breakdown ‘i.e.:  the eniymic>system was cyclic.,
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(B) Kinetics of Enzymic Indoleacetic Acid Degradation

1. Enzyme Conc¢entration:

In the presence of low concentrations of wheatileaf
enzyme the progress curves for TAA oxldation attalned an
equilibrium lower than the theoretical oxygen equivalence (Fig. 3);
At these low equllibrla, perox:datic act1v1ty of the systems
‘could not be detected by the benzidine test and rapid oxidation
‘resumed only 1f more enzyme were added (Fig. 3:A). The addition
of IAA (Fig. 3:B) or'any‘constituent of the system other than
enzyme had‘no effect on the rate of oxidation. Evidently the
‘peroxldatlc act1v1ty of the extracts was destroyed or stronply
~1nn1b1ted durlng ‘TAA ox1dat10n. “Similar. eflects were described
by~ﬂentene(l955) with the horseredish pefoxidase-catelysed

oxidation of ‘IAA.

The perox1dat1c act1v1ty of catalase appeared to
fbe 1nact1vated durlng IAA oxldatlon in the same way as wheat
“~leaf extract and horseradish perox1dase.‘ With low catalase
ooncentratlons ( 0.0S% the rate of oxygen upteke declined
prematurely - and resumed only if more catalase (or perokidase)
were added. When hydroyen peroxide was introduced to the flasks
at thls stage oxyoen was evolved v1gorously. Sllehtly more
oxygen was evoived 114%) from a system containing all the
‘ components‘with the exceptlon of IAA, and less was evolved (90%)

from a solution of catalase only at the same concentration.




Figure 3.  Enzyme inactivation during indoleacetic acid oxidation.
Systems standard é,xc‘ept enzyme. COnc‘entration‘ =
0,05 ml. At érrow(éo min. ), A: 0.05 ml enz‘y‘me‘
added, B: 6,67 pM. IAA added. |
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It was concluded that during the oxidation of IAA the
catalatic activity of catalase was retained whereas its
peroxidatic activity - was inhibited. Inactivation of both
catalase and peroxidase is probably reversible and due to

strong binding of a reection intermediate at peroxidatic sites.

‘in ‘the presence of optimum (see later~seoti0ns)‘
concentratlons of resor01nol and manganese the effects of
enzyme 1nact1vat10q are shown by wheat leaf systems containlng
‘up to 0.25 ml° of enzyme (Fig. 4 C-E) in which theoretical
oxygen equlvalence was not attalned. ~The change‘in slope at
about 30 mlnutes 1ndlcates the p01nt where the enzyme concentratlon

“became llmlting; Theoretlcal amounts” of‘oxygen were consumed

‘wnenf0.5~ml “of ‘enzyme was used (Fin. I B), ‘but hlgher concentratlons

of‘enzyme (Fiw. 4:A) decreased the amount of oxygen uptake in
‘thls particular experlment. Analogous resu]ts were obtalned
~~using DCP in olace of resorolnol at the same concentratlon

{5 x 10" M)

The effect of varying the enzyme concentratlon in

the presence of. suboptlmum amounts of resorcinol (5 x lO 5M) are

shown for comparison in Figure 5, As expected, the initial
veloc1t1es of TAA ox1detlon were lonef,at eaeh ennyme concen-
tfation than in‘the corresponding systems containing‘optimum
amounts‘of resorcinol‘(Fig. L), But in addition, lower final

equilibria were attained. Thus, for example, with 0.25 le



: Figure g.‘ ‘Effect of enzyme concentration bn?indéleaéetic:acid‘
| “‘bxidatioh with~0ptimum‘cdfaétdr.‘;‘ . S
"Systems Standafd~with ehzyme éonc. in‘mlgziﬂ, 1.03

B, 0.50; C, 0.25; D, 0.10; E, 0. 05. * Resorcinol

L conc. 5 %10 Ah.‘

Figure 5. - Effect of enzyme concentration‘with‘suboptimum éofactor.f

Systems Séme as‘Figg74;eXéept‘résorCinol =5 x 10 "M,
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of enzyme about lZO‘pl. oxygen were consumed at equilibrium
(Fig. 4:C) as compared to about 70 pl. (Fig. 5:C) at the
lower cofactof concentraﬁion. In similar experiments using
‘ the‘natural factor (concéntfation unknown, but suboptimum),
0.25 ml. of enéyme~catalyséd the‘consumption of cnly 40 pl
‘oxygen at equilibrium.. With either thé‘natural factor or -
‘limitidg‘résorcinoliit‘Wés égaih‘fdund‘that‘thé enzyme was‘
the only component of the systemsjwhich, when added at
‘équiiibrium, brought‘about a significant‘increase in the rate
of IAA oxidatioh. Therefdré from a comparison of Figures 4
and 5 it‘ié evident that more enzydé was inactivated at low

cofactor concentrations than at the‘optimuin°

The 1ntermed1ate cau51np 1nact1vat10n aepeared to
be an ox1dized substance 31nce in any. one experlment the oxygen

consumed at equlllbrlum was related to the ~amount of enzyme

klnactlvated e, g. Flg. L:C~E, ~But since more enxyme was inactivated

at low concentratlons of cofactor it must be concluded ‘that
optimum amounts of cofactor had a protectlve' effect on the
~‘enzyme. ~Dependence‘of‘enzyme‘ "inactivation™ -on the‘enzyme/
: cofactor concentration ratio is satlsfactorily explalned if it
~is assumed that the substance whlch causes 1nact1vat10n may
react elther with the enzyme Or with the cofactor. It is
suggested that the szdlzed skatole radical (skatole‘peroxide)

is the most probable inactivating agent and that in the absence
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of sufficient hydrogen  donor (cofactor) a relatively stable

and inactivé enzyme-peroxide-gkatole complex is formed.

7 The enzyme concentrat10n/act1v1ty curves for resorcinol,
“DCP and the natural factor (Fig. 6) all dev1ate from llnearlty
at hlgh enzyme concentratlons. Similar results opcur with
catalase‘and have been reported in other IAAitﬂoxidase" systems
(qudaCré,‘l951,‘betnér and Kent;‘l953, Goldacfé ét.al,,‘1953)‘;
In all of these systems this effect‘is undérstandabie if it
is:assumed‘that the‘enzymeéinéctivatihg intermediate was élsd

‘aﬁ oxldant of a natural of artifical cofactor and as such
promtted the oxidation‘of manganesé and IAA. By increasing the‘
concentration\fatid of:eniyme/COféctOr‘more of the intermediate
“would‘be;diverted from chain éxidation of TAA to inactivation

of the’enzyme,t Thus,‘dué‘to ~cdm§étition, a 1inear‘increase

‘in aétivity with enzyme concentration would not. be éxoécted
~except at low enzyme/cofactor concentratlon ratlos i.e.:

where the enzyme was saturated w1th hydrogen donor,

R - Bubstrate Concentration

Rl A typical set of'prpgress curves for the oxidation
_of variable amtunts of IAA (0.56 to 3;33 x 1073M) is shown ‘
“in Figuré 7;‘~Thére are three diétinctivé features of the
curves., Firstly, the lag‘phase which prec :aded TAA bxidation
was due to intomplete rémoval of endogenous inhibitors since

the wheat leaf enzyme used in this particular experiment had



Figure 6.

Effect of enzyme concentratlon on the oxldatlon rate

w1th varlous cofactorso

~Systems standard w1th A 5 x 10 hM dlchlorophenol,

‘B 5 x 1074y resorc1nol c, O .15 ml; natural factor;
D, 5 x lO SM resorc;nole
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~Figure 79‘

Effect of 1ndoleacet1c acid concentratlon on the

‘pnagress of oxygen uptake,:“

| Systems standard with IAA in ugms.: A, 10.0; B, 6.67;

Cy 5404 D, 3.33; E, 2.5; F,‘167. Theoretical molar

" oxygen equivalences for curves B to F indicated by

Arrows.
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been dialysed for only 8 hours. The lag phase was longest

in reaction mixtures containing the least amount of IAA

~thus implicating the substrateras a factor in overcoming
inhibitors of its own oxidation. Secondly, the rates of

oxygen uptake increased linearly with increasing concentrations

of ‘TAA up to about 1.7 x 10 3M (cf Flg. 8)e Tnlrdly,

i theoretlcal oxygen uptake was attalned at equlllbrlum only

when 1.7 x 10 3M TAA or less was used. Above this concentratlon o
the effects of enzyme inactivation were evident in the premature
decline of reaction velocity (Flg. 7 A,B). Kenten (1955) has

- found 51m11arly that horseradlsh perox1dase preparations ox1d1sed
small amounts of IAA (O 83 x 10 M) almost comcletely, but
:larger amountsd(B 33 x 10~ 3M) requlred further additions of

‘enzyme‘before aucomparable‘destruction of IAA took place.:

‘In order to compare the 1n1t1a1 veloc1t1es of
reactlons with lag phases of varlable length the ‘maximum
‘increments attalned in any 5 mlnute perlod were chosen as the
_:most reprodu01ble feature of the progress curves.,. In most
cases‘thls was the 1ncrement from 5 to 10 minutes after oxygen
uptake had commenced‘(Fig. 7)o The IAA concentration/act1v1ty

curves obtalned in thls manner (Flg. 8) were approx1mately

‘ hyperbolic, but varlatlons within any 51ngle experlment precluded an

accurate klnetlc treatment of the data. hhen the experiment
was. performed in an oxycen atmosphere, the lag phase was

almost overcome, similar initial velocities were‘obtained,



‘;gme8=‘

Effect of indoleacetic acid concentrétibn cn the
oxidation rate. S

Systems standard, allowed to react in:atmospheres‘
of air (solid circles) and oxygen (crossess Average

rates in air and oxygen shown as open circles,
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but variability was still encountered. From the average of
‘the maximum‘velocities found in the experiment in oxygen
‘and three experlments in alr (Fig. 8) a Michaelis constant

of betheen O 7 and 1 1x 10 3M was calculatedo

3. The Effect of ph:

Hydrogen 1ons are not 1nvolved in the overall

‘reactlon of normal perox1datlon (Chance, 1951) ice.:

ROOH +~‘AH2‘ — S>ROH « HO + A

Hence the reaction ve1001ty is constant over a w1de pH range.
Thls was not true of IAA ox1datlon by wheat leaf extractso
In the presence of resor01nol DCP maleic hydra21de or. the
natural factor the rate of oxygen uptake was preatest about
- pH 5.0 and was markedly 1nh1bited above pH 6,0 (Fig, 9).
At pH h 0 and 6.0, where the rates of ox1dat10n were . suboptimum 9“
the reactlons neverthelesq proceededfo molar equlvalence without
‘showing signs of enzyme inactlvatlon. The rate of carbon
dloxide release, measured 1n one experlment using resorc1nol
was somewhat greater than the‘rate of oxygen uptake at pH 3.0,
4.0 and 5;0 bot eoual‘to io‘et‘higher‘pH valoes. The reaction
product at each pH and with each cofactor was a soluble yellow

‘substance.~ Prec1p1tate formatlon, so marked in the non—enzvmlc
L system below pH 5.0 (Maclachlan and Waygood, 1956) was never

Observed,



Figure 9.

Effect Of pHe

Enzym°-buffer mlxtunas prepared as follows.

1.25 ml. wheat leaf enzyme plus 3. O ml° O 1 M phosphate‘ 

:adJusted to requlred pH and made to vol, 5 0 ml.

Reaction systems contalned 2.0 ml. enzymeebuffer,

10 3M MnClz, cofactor, 2.22 % 10 3M IAA; flnal vol.
3,0 ml. Cofactors as follows.‘ A, 5 X lO hM ‘ ‘
dichlordphenol; B, 5 x 10 AM resor01nol C, lO M

"malelc hydrazide, D 0 15 mla;natural factoroi
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The pH optimum for IAA oxidation catalysed by
catalasé»resorcinol systems also lay elose to pH 5.0 and the
rate of oxidation decreased sharply below pH 4.0 and above
pH 6.0. Homever quantltatlvely the pH optlmum was more
dlstlncr for the catalase than for the wheat leaf system
‘i.e,:; the ratlos of act1v1ties at pH 5. O/pH 6 O were 3.3

and 1. 4 respectlvely.

Inactivity of‘the:eystems*ebqve‘neetrality éan

not Be‘due to‘enZYme inactivation, but more probably‘to the
ihstabiiity of en‘essential intermediete‘e 288 manaanic ions

:of ffeelradicais; It is dlSO p0351ble that 1nsoluble manganese
‘carbonate is formed at hlgher pH values (Hochster and Quastel,

1952) thus lowerlng the effectlve manganese concentration below
optimum.f In‘addltlon, the‘ox1dat10n of manganese‘by cofactor
‘fadicals:(ROf)1iﬁvolves:the‘utilieation of‘hydrogen ions i.e.:
| : an+ ot H+ + Roe —-———) un®' + RoH

“Slnce the reverse reactlon can readlly be demonstrated (see jo *w)‘l‘

a high pH would be expected to retard manvanese oxidation and

hence IAA destruction by a mass actlon effect.

L+ Temperature:

The rate of IAA oxidation‘by wheat leaf‘extraets
was‘meaeured‘at‘four teﬁperatures: 100, 200, 29.50 aﬁd 42.500;
using either DCP, maleic hydrazide, the natural factorror
resorcinol‘as cofactof,‘the latter in both air‘and oxygen‘

atmospheres. The initial velocities were represented by the
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maximum increment of any 5 min. = period rather than the net
increment from zero time since with each cofactor the lag

'phase of at least 10 min, whlch occurred at the lowest temperature
was almost overcome at. the hlgheet. Dupllcate experiments were
performed and “the results, wh;ch agreed closely, were averaged

to give the tempereture/activity curves shown in Figure 10.

The rate of IAA oxidation 1ncreased w1th increasing
temperature 1n the range lO =29, 5 but only the systems
‘contalnlng DCp and maleic hydrazide (Flvure 10:A,B) were
81gn1flcantlv:ﬂﬁmulaad by a further temperature increase. At
h2 596G the progress curves of systems contalnlng the natural
: factor or resorc1nol 1n a1r ‘were almost: 001n01dent with the
‘correspondlng~curves at 29.5 C as indicated in Figure ‘10:C,8,
When the oxypen tension was 1ncreased in the presence of
 rescrc1no1 the rate of TAA ox1dat10n (Fig.- lO.C,D)~was;1ncreasede

at 10‘0 ; but was decreased at 42.5°C.

‘ Thermal 1nact1vation ev1dently began at temperatures
abOVé BOQC partlcularly in the preeence of resorc1nol.
However, accordlng to the benzidine test, inactivation was
not due to enzyme destructlon. Instead, ~IAA autoxldatlon
‘ anpeared to be 1nterrupted at hlgher temperatures by 51de‘
reactlons €., cofactor oolymerlzatlon. The brown color of -
oxldlzed resor01nol formed mostﬁhtensely at hl?h temperatures

~and in an oxygen atmosphere, prior to the addition of IAA,



Figure 10, Effec‘t of temperature. |
“sttemS‘standafdiﬁith the‘fOIIOWinngQfactofs:
A, 5‘x‘iothM‘dichlérdphendl;‘B;,iOf?M}malaic
hydrazide; C, 5 x 10™*M resorcinol in air; D,

5 x 10y resordinollin oxygen; E;‘GalS ml. natural

factor,
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Hence by promoting condensation of phenolic intermediates,
oxygen and high temperatures diverted an essential
intermediate from IAA oxidation i.e.: promoted termination

reactions.

From the ratio of the velocities at different
‘temperatures the energy of actlvatlon (Table 11) was estlmated
by‘emplcying the Arrhenlus equatiOn.

: Ea T Tl?E : log V2

‘~‘W1th the probablllty that TIAA ox1dation is a chain reaction,
1t must be taken 1nto con31deratlon that temperature would
1nfluence 1nit1at10n and terminatlon as well as propagation
reactlons.‘ The fact that the lag~phase was varlable‘indicated
that 1n1t1atlon reactlons were temperature—controllede Indeed,
at lOOC IAA was' stable for a period of at least one hour in
‘:the presence of the natural factor (Flgure 10:E) whlch as.
used 1n these experlments, contalned 1nh1b1tors of 1n1t1at10n

o as well as actlvators of prOpagatlon (see p.32 }. Accordingly,

"~ the actlvatlon energy for the natural factor catalysed system

would be inflnltely large if calculated from the 1nterval

i 10 -ZOOC On the other hand w1th termlnatlon reactions promlnent
at algher temperatures, ﬁa values calculated from the 1nterval
29.5%-42, 5 C were low and even negatlve with resorcinol in

oxyeen.




 Table II Arrhenius Activation Energy of Indolsacetic Acid

Oxidation with Various Cofactors,

75700

Temperature‘;‘ ‘Activation Energy (cals./mole) in
Interval the presence of: :
| DCP - maleic resorcihol resorcihol natural
‘ hydrazide ; in air ' [in oxygen | factor
10%-20° ¢ | 10,600 | 12,800 | 11,800 5,300
o) o ~ L
20 =29,5 C 7,100 8,200 6,800 6,000
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 The activation energy of the‘system as a chain
sequence i.e.: propagation reactions, should be most
closely approximated by comparing the teldcities at intermediate
temperatures. ~Ffomo200—29;500 the‘values for Ea in the
presence of all cofactors were close and averaged 7160 calsymole

(Table II) Thls corresoonds to, a QJO from 209-30°C of about

& 1.5. It is 1nterest1ng that the lowest E value (6000 calstole)

‘in thls‘temperature 1nterval{was obtalned‘from the system
conteining the naturel faotor which on this besie‘may be -
considered the most_efficient medietor, From 10°-20°C the Ea
‘Values Wetenﬁigher‘(averaging ca, 11,700 céls./mole) in:the
presence of DCP,Jmaleic‘hydfezide and resorcinol in air, but
‘lower:(S;BOO cals;/ﬁole) with resorciool in oxygen. ~The high
Values probably reflect difficulty in overcoming natural
inhlbltors of the reactlon that are destroyed by 1ncrea51ng

oxygen ten51on thus resultinv in.a low E value,

5. CofactOr‘Conceﬁtratioh;

‘The oxidation of IAA catalysed by dialysed wheat
‘leaf ektracts end manganese wés stimulated by the addition
‘of certaln oroanlc cofactors e.p.‘resor01nol and monohydrlc
‘e‘phenols, however there wa s 1nvar1ably some endogenous act1v1ty
'1n the absence of a- cofactor (Fig, 11, Table 1). This was also
“true of ammonium‘sdiphéte‘precipitates Of‘wheat‘leef extracts
and horseradish‘peroxidese preperétions but did not apply to

catalase (Table 1}. The endogenous activity could pe decreased
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by extended dialysis, but peroxidase preparations which

were completely inactive in the absence of an added cofactor

were never obtained even after washing the protein with acetone
followed by dialysis, It was concluded that peroxidase has

“a marked affinity for saturally-occurring substances which

aact as redox catalysts in the oxidation of manganese. Incom-
~plete removal of such substances probably accounts for the

TAA- "oxidase™" ‘act1v1ty reported in extractS‘from various

plant sources to which no cofactor was added.

The cofaétor conceﬁtration/activity curves for
resorc1nol and DCP (Flg. 11:A B) showed optima at 10 “3M and
‘5 x lO hM respectlvely in the presence of 107 manganese.
Above these concentratlons the act1v1ty of the systems fell
‘rapidly to zero. In contrast higher concentratlon of maleic \
hydrazide i.e.: from 10~3M to its maximum solubility (ca. lOGlM),
were not 1nh1bitory, but ccntlnued to promote IAA ox1datlon
(Fig. 1:C). Simllar effects were observed in catalase systems
‘except that in the presence of 10 3M manganese the optimum
resorcinol concentration was 1thM (See Table III). With
horseradiSh perexidase, as with the wheat leaf enzyme system,
tthe resorcinol optimum was close to 5 x 1070 (see Table III),
“thus in this‘respect‘the catalase system differed quantitatively

from both peroxidase systems.

It has been argued (Waygood et. al, 1956) that for



Figure 11. Effect of cofactor concentratioh,‘
~Systems standard with the‘fo1léwing;dofactors:
A, dichlorophenol; B, resorcinol; C, maleic

hydrazide.
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a substance to act as a cofactor it must’be a substrate for
peroxidase {or catalase) i.e.: reaction A, vide infra, and
‘act as a redox catalyst for the oxidation of manganese i.e.:
reaction‘B. The‘intermediate which enters into a peroxidatic
oxidation with the cofactor (ROH) is considered to be the
oxidized skatole radical (oO2 ) and the resulting aryl radical

intermediate~(80°) is- then capable of ox1d1z1ng manvanese.

Reaction~A.o SO o '+ ROH ‘ Perox1daseL SO5H + RQe
‘ 2 or Catalase

Reaction B; R_0°‘+‘H+ + Mn2 ————m———% ROH ¥‘Mn3+

- The rever31b111ty‘of reactaon B may be demonstrated by

1noubat1nv resor01nol and DCP (ROH) with manganic ions in

‘complex with versene and observ1ne the rate of decolorizatioh

of manganirersene;o Resor01nol forms a brown and DCP a whlte
oxidation product both of which Dresumably result from condensatlon‘

‘reaotlons ice.: 2RO*~-—-e~f9‘ productsa

‘ “The abrupt decllne shown in the ooncentratlon/activ1ty
curves for DCP and resorc1nol systems (Flp. 11:A,B) resembles
the fall-off in act1v1ty of most enzymlc systems at the extremes of
opH or temperature and which, in these cases, is due to enzyme
‘inactivation} However, at ﬁ_g~ phenol concentrations there
- was llttle or no ev1denceof enzyme inactivation although the
progress curves for oxyegen uptake attalned lower than the
theoretlcal eoulllbria. At eqallibrlum, benzidine tests were

stlll‘p051t1ve and, no further IAA oxidation occurred if enzyme
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were added (compare the reverse results at low phenol
concentrations, Figure5.) Evidently a premature decline
in reactlon velocity can not be takenas necessarily diagnostic

of enzymeinactivation,

Accordingly, inhibition of TAA oxidation by excess
;resorcinol and DCP may be explained by a mass action effect in
‘ reactlon B. An excess of phenollc cofactor woul d compete with
‘IAA for manganlc ions. Thus, the equilibrium constant of the
redox system: phenol/manganese controls the rate of the
ent ire autckidation sequence at supraoptimdm levels of phenol,~

whereas the phencl/enzyme ratio controls at suboptimum levels.

On the other hand 1f mangaeic ions-were not reduced

by the cofacfor i.e.: 1f reaction B were not reversible, then
1nh1b1t10n at high concentratloﬂs should not ‘occur, Malelc
hydra21de prOV1des an examole of thls type of cofactor and
11tS reactlon w1th manganlversene has never been detected visibly -
or spectrophotometrlcally. Accordlngly, malelc nydra&lde does
not compete w1th IAA for manganic: 1ons and therefore in 1ncre351n9
concentratlons continues to- accelerate IAA oxidation, It is

*gested that if a partlcular cofactor reacts with manganlc ions
it w1ll exhlblt an optimum concentratlon in its ablllty to
promote IAA oxidation. From a brief survey of known Kenten-Mann
cofactors . . this would apply to. phenol, o-cresol,
p~phenylenediamine,‘and p—chlcrophenol,

manganiversene.,
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The‘overall rate of IAA oxidation may be determined

either by the equilibrium‘eetablished in reaction B or by

the rate‘of enzymic peroxidation (reaction A). For example,
maleic hydrazide must be difficult to oxidize peroxidatically
(reaction A) since considerably higher concentrations (100
fold)are required to produce an act1v1ty compdrable to that
of either resor01nol or DCP, When equlmolar with resorc1nol,
-DCP was ‘a more eff1c1ent cofactor at all concentrations.
Accordlngly, elther DCP was more eff1c1ently oxidized by
‘perox1dase tﬁan resor01nol (reactlon A) or it reduced manganic
‘ions more slowiy‘{reactlon B), or both factors contributed to
~the eff1c1ency of DuP Qualltatlve experlments with manganlversene
showed that - DCP reduced menganlc ions more slowly than did
‘resorcinol. Hence, in net effect the radlcal of ‘DCP probably
prov1ded manpanlc ions to IAA at a faster rate than did the
semlqulnol of resorcinol‘because of a higher equilibrium

constant in reaction B,

On the premlse tdat an 1ntermedlate product of IAA
degradatlon oxldlzes resor01nol it would be expected that an
increase in the concentration of IAA would increase the ratio
ox1dlzed/reduced resorc1nol and thereby overcome 1nh1b1t10n by
excess of the reduced form i.e.: due to reversal of reactlon B.
Thus the oxidation of 2.2 x 107 °m IAA was oompletely 1nh1b1ted
by the presence of 5 x 10™%m resorcinol(Fig. 11:B), but when

the initial concentration of TAA was increased 12-fold to 2,67
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X 10—2M, oxygen uptake proceeded for at least one hour at

an average fate of 27 pl/5minutes. Therefore, the system

was potentially active in the presence of 5 x lOon‘resorcinol,
but its activity was denendent on the concentration ratio
~IAA/resorcinol. Accordingly, it might be more accurete to
‘descrlbe the optlmum concentretlons of resor01nol and DCP as
relative to the IAA concentratlon 1.6, IAA/resorc1nol = 2.2,

TAA/DCP = 4.4,

: 6. Manganese Concentratlon

The effect of varylnp the concentratlon of ‘manganese
from 10 6M to 10 lM on the rate of oxidation of IAA by wheat
‘leaf extracts is shown 1n Flgurel2. Su001nate buffer was used
- throughout in order to_av01d precipitation of insoluble mangane se
‘salts and consequent alteration in pH. The velocities at |
: concentratlons of" manganese above 10 Z"i\'I are averages of at

»least two experlments.“

In the absence of added manganese, ox1dation of TAA
proceeded slowly in splte of exten31ve dialysis of the enzyme
opreparatlon agalnst water to remove endogenous manganese., ~The
~actual rate in the absence of manganese depended on the cofactor
~uged.  Of those tested DCP was the most effective yielding a

maximum 1n1t1al veloolty of 16 Ml 02/5 mln.‘(Flg. 12: A), After
| further dialysis of the enzyme agalnst 2,5 x 10 hM versene for

24 hr. the rate was decreased to 3.5 pl, Oé/B min. Further




 Figure 12.

Effect of‘manganese‘concentratioﬁg ‘

i i e D e o
Systems standard with 5 x 10 :M;suCCinate buffer,

pH 6,0} and‘the‘follcwing cOfaCtors;‘~A, 5;xuiO=4Mf

dichlorophenolj B, 107%M maleic hyd‘r‘azi‘de“; C, 0,15 ml.

natural factor; D, 5 x‘lOn4M resorciﬁola~
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dialySis against water‘instead of dilute versene did not
oiminish the endogenous rate. This may be taken as evidence
for the ability of the protein of these prepafations‘to
noind manganese and also the special properties of DCP as a

‘mobilizing or coordinating agent of endogenous manganese.

Caby In general,incr9351nv the menganese concentratlon
‘;dld not prolong the lag phase, but ‘had either of two effects
:non the rate of oxjgen uotake dependlng on the cofactor used.
In the presence of the natural factor or DCP (Fige. 12: A,C)
TAA was ox1dlzed most rapldly at the hlghest concentratlon
of manpanese (10 M) although w1th DCP no further stlmulatlon‘
‘occurred beyond lO 2M manganese,' In contrast, w1th resorc1nol
and male;c hydra21de,dlst1nct optlmum~manganese concentretlons
were found:at 10,3M end lO%ZM‘resnectively (Fig;;lé: B,D).

~ With the catelase syefemfcne‘optimum manganese concentration

£ was lszM:in the presence of‘5‘x 10th‘resorcinolz(Table‘III)o

Inhlbltlon by excess manyanese does not involve
an 1nact1vat10n of the enzyme nor-an: 1nterference in the

sequence of reaction undergone by IAA 51nce nelther phenomenon

takes place in the. presence of DCP or the natural factor (Fic 12).

Furthermore, increa51ng the concentratlon of IAA twelve—fold
‘ failed to overcome manganese 1nh1b1tlon as it overcame
1nh1b1t10n by excessive resorc1nol. Therefore it does not

appear- that manganouS‘ions are protecting IAA by, for example,
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diSplacing mangenic ions from complex with IAA4, Addition
of cofactors also had no effect oq@anganesefinhibited TAA
oxidation (see later Fig, 14)'although this would not be

ekpected from any mass action effect in reaction B {p. 40.).

The fact that the optimum manganese concentratlons

3M and 10 ZM) were close to the concentratlons of

. (10
resorc1nol (5 x 10 z‘”M) and malelc hydraz1de (107 ZM) appeared
“to be 001n01dental. The optlma remalned unchanged when
fexperiments were performed u51ng less cofactor 1.e,: 10 AM
resorc1nol and 5 x 10 3 malelc hydr321de (Table III)

: Accordlngly, excess manganese cannot 1nh1b1t by rchr51n

- but rather by 1nterrupt1ng an eosentlal reactlon e,g..‘ an

‘ ox1datlon, 1nvolv1ng the organic cofactors. It is noteworthy

i t‘that excess manganese also. 1nh1b1ted the ‘oxidation of resorcinol

(resorcznol ”ox1dase"‘) tWhICh occurs 1ndependently;of TAA
‘in the~presehce‘of‘mangenese‘and‘peroﬁidase‘(see later Flg. 14).
‘It therefore appears Justltlable to suggest that thls occurs
durlng IAA ox1datlon, but as yet “the mechanlsm of manganeoe

inhibition is not clear.

One further p0351b171ty should be noted in that
axcess manpanese may have promoted the polymerlzatlon of
skatole radlcal intermediates. This appears to. have taken

place in, the non—enzymic system where less TAA was destroyed

as the manganiversene concentration was increased (Fig. 24),




Table III Rate of Indoleacetic Acid Oxidation. Manganese and Cofactor Optima in Various Enzyme

Systems?
 Enzyme ,Compohent‘_ 'CQmponent : :Vméxr/S;mine at molaf concentrations of the varying
constant ' varyingﬂ  e S component,of; . o .
: : '-6, hat? BF -y - e i - e - - c .
o ’ 107 107 53107 107 53107 1073 5x10™2 1072 522072 107>
Wheat | s5x107M [ e ’ : |
Leaf Maleic SMac, | 1940 28,0 34,0 27.5
. ' ' hydrazide el R S ,
1074 L - Gean B
Resorcinol |  MaCl, | 11,5 14.0 27,0 30,0 26,0
Horseradish | -3 % i e e ' , G SRy o
peroxidase | 10 "M MnCl, | Resorcinol | 12,5 37.5 ~  63.5 65.5 . 15.5 o
H_Beef‘liver ' =3 ] L o S LI ' : ' .
catalase 10 "M MnCl, | Resorcinol Oo5 1he5 2400 17.0 1165 -0
| sxw™ | [ T ,
Resorcinol Mn012 , ' : 3.0 2265 40,0 29,0

YConcentrations of cofactors and manganese as indicated, other components as in Table I.
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Only a small fraction of intermediates polymerized in oxygen,
but certainly less than detectable amounts would be sufficient
to interrupt the propagation sequence and reduce the rate

of IAA oxidation.

7. Initiation Reactions:

;Theilegior induction period‘ﬁhich occufs‘in all
DrogreSS‘curQes‘for IAA decarboleation~end oxidation~has
:‘been con31dered to represent the tlme necessary for the system
to bulld up -a threshold conceqtratlon of manganlc ions L
(Waygood et.al., 1956). After 1nductlonsthe reaction exhibits
ssutocetelytic oharaoteristicsuwhi@h‘cleariy‘indicates that
‘ehe products of IAA breakdown contribute to 1n*t1at10n reactlons;se
“However to account for the initiation: of the reactlon it
is necessary to postulate that ox1dlzlnv power arose in the

extracts prior to and 1ndependently of the process of IAA

‘ ~ breakdown. ~Presumably this oxidizing power.was‘effectlve

in the;form~of‘manganic ions generated by reaction of the other
system components i.e.: ‘enzyme and cofactor. The independent
“reactions of resorcinol, enzyme and menganese were therefore

investigated,

The ablllty of wheat leaf extracts to ox1dlze
resor01nol was first noted in eXperlments performed in an
oxygen atmosphere where, prior to adding TAA, the reaction

mixtures developed the brown color characteristic of irreversibly
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oxidized resorcinol. This was less evident in air, but

final reaction mixtures always included the same brown

substance which was presumably formed by semiquinol condensation.
A similar- "oxidase"‘reaction‘oceurred with purified |
horseradish peroxidase or beef liverecatalaee and no color

was formed in the absence of manveneseo The oxidetien cennot
be due to polyphenol ox1dase 51nce thls enzyme is not present

1n wheat leavese

“Oxygen~consumption‘in this sjstemjwas investigated

-1y and

by adding resorcinol at concentrations of between 10
10 g to. reaction mlxtures contalnlng wheat leaf extracts

: and 5.x lO 2M mancanese dn succ1nate buffer. After a lag

 phase of 5- 10 minutes duratlon, oxygon uptake comnenced at

‘rates proportlonal to ‘the concentration of resorc1nol (Fig, 13),
ThlS system wxll be referred to as the resor01nol Moxidase™

Ssystem.:’

‘ From prev1ouo klnetlc‘data one would not expect IAA
to be oxzdlzed by these resor01nol "oxidase " systems owing
to the high level of manganese (cf. Fig. 12:D). That this
wa s the‘eaee‘is‘shown in figufe 13. where iAA added after‘BO
mln., had no effect on the _progress of oxygen uptake. After
two hours, Salkowsxl tests conflrmed that IAA was not destrOyed
Ev1dently 1nh1b1tlon of IAA ox1dat10n by excess manganese

was not‘overcome by‘ralslng the concentratlon of resorcinol.




Figure 13, Effect of reoorcinol concentration on‘its rate‘of -
: ‘coxidatlon by manoanese—perox1dase systems. e
~ Systemsrcontained' 0350 mlg wheat leaf enzyme,: ‘
5 x10° M Mally; 5 x. 10 2y succinate buffer PH 6. o, L
“‘:flnal vol. 3. O ml. Resorcinol molarlty as follows
“‘A 10‘1, B, 5 x 10 2, c, 10 ?, D, 5 x 10 3, h 10 3 ;

2422 X 10 3M IAA added to all systems at 30 min,

e Ficufe 1&.‘ Effect of manganese concentratlon on resor01nol

‘oxidation.i“

“Systems contalned 0. 5 mle wheat leaf enzyme, 5% 10° 2M
resorcinolyi 5 .x 10 2M suCCLnate buffer pH 6 0, flnal

vol. 3.0 ml.~~Manganese molarlty‘as follows: A, 5x10 2.

=1

B, 107} ¢, 1074,



TIME (mln)
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The effect of the manganese concentration on
the resorcinol Moxidase®™ system is shown in Figure 14,
Manganese was most effective in promoting oxygen uptake'
‘when eQuim01ér (5 x 10° M) w1th resorcinol (Fig. 14:4).
At hlgher (10 “1M) or lomer (107 BM) concentratlons of manganese
“(Flg. 14:-B, C respectlvely) the system was con51derably
less actlvea ~In‘separate~exper1ments 1t‘was_aga1n found

that TAA wasrnot oxidized‘at~these‘cofactor concentrations.

| The rate:of oxygeh:consumptiohppy resorcinol was
greatiy enhanced and‘the lag phaee was‘decreased by replacing
“air in the reaction vessels w1th oxygener The'lag ohase in
“air or. oxygen was abollshed by addlng elther riboflav1n
‘ohosphate, hydropen perox1de or manganlversene. ‘Furthermore
‘01trate and pyrophosPhate comoletely inhlbited reSOPCanl
ox1det10n,~all~of~whlch suvgests that manzanic ions were
:inVOlved.‘ Further studies on the system in an oxygen atmOSphere
 ‘have establlshed that the optimum pH 1ay between 5.0 and 6,0
and that the oxygen consumed at equlllbrlum exceeded one mole
:per mole of resorc1nol. " The reactlon appeared to be complex
and to form a mixture of products in various states of

| gox1dation,

Catalase or peroxldase, w1th man?anese, were the only
apparent requlrements of the resor01nol Moxidase" system,

but it is interesting to note that oxygen was consumed at a
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very slow rate in the presence of riboflavin or its phosphate

and manganese, but in the absence of enzyme. This non-enzymic

oxidation required light unlike the resorcinol '"oxidase!

system,

Certain aspects of these systems‘resembie‘the
system‘descrioed‘by Andreee~(1955a)ewhich forms‘menganiv
eyrophoschate from so]utlons contalnlng catalase, r1boflav1n,
a monohydrlc phenol or resor01nol manganous 1ons and
pyrophosohate. However, Andreas S system requlred llght
as well as each;cofactor for maximum: menganese‘ox1datlon.~
Light had no effect on fesorcinolff’oxidase" and riboflavin‘
did hdt eopeaf‘to‘be neceeeary; Nevertheless 1L 13 noesible
’that both systems developed ox1dlzlng power by 81m11ar
: mechanlsms.‘ Whether oxldlzed resorc1nol or manganzc ions
~‘were‘the:end:product appeared‘to‘depend only on the presence
‘of‘ee acceotor‘for7manganic‘ions.‘ IniAhdreee’s syetem this
‘fwas pyrophosphate or. c1trate. In‘chezfesorcinol ”oxldase"
~system it is suggested that llttle 1rrevere1ble resor01nol
ox1dat10n would occur and manganic ions would be reduced if
“IAA were added prov1ded the concentration of resorcinol were
‘ not ‘high enough to successfully compete w1th IAR and also

if manvanous 1ons were not in excess. In the standard system

for IAA ox1dat10n these condltlons are fulfilled° The relative

concentratlons of resorcinol and manganeeo (5x10 *M 10”3M)

are such that some manganese ox1dat10n woul d be expected




(Cfo‘ Figse 13} 11-&)0

cAiso since iAA is present at a high concentration
relative to ‘resorcinol (2;22 X IO%BM: 5% lOoAM) it would
: tend to react preferentially wlth manganic ions (cfo Fig. 13),
Thus the autocatalytlc productlon of manganlc ions via the
resor01nol "oxidase" system, even if operatlng to an almost
 ;‘negl1g1b1e extent 1n alr, could be responslble for 1n1tiating

‘IAA oxldatlon.‘

The apparent ease with whlch ‘the semiqulnol of
‘nresorclnol forms stable condensation products probably accounts
for the: ablllty of thls phenol to consume oxygen in the above~

“systemo Other cofactors e. g.i‘ phenol, o= cresol DCP maleic
hydrazide, resulted in much less or no oxygen uptake under the‘
same. condltionso These substances have not been studled further
“but are known to. produce menganlc ions udthout the necessity:

~of oxygen uptake (Andreae, 1955a).

8, eReactign‘SeQuence‘~~

The enzymlc ox1datlon of IAA has been investigated
on the assumption that IAA decarboxylates and consumes oxygen
via the same reaction sequence as occurs non=enzymlcally in
:the presence of manganlversene0 The product and st01chlometry
of the two reactions are the same but one 31gn1f1cant dlfference

has been found bstween the reaction conditions necessary to
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achieve equivalence. ‘As shown ih tﬁe IAA conéentration/
activity curve (Fig. 8) and the témperature/activity curve
{Fig. 10}, increasing oxygeh‘téﬂsion‘did not increase the
Michaelis COnstant of the enzymic systém nor the‘fate and

: amouﬁt:of ox&gen upﬁake‘ét‘29o500.f‘ln céntfasﬁ,‘é high‘
‘i:oxygen teﬁsion:was éssehﬁial in‘the‘hoh?enzymic systém for‘
‘1‘complete QXidéﬁiQn (Fig;‘2:A;B) eVen:though complete :

décarbokylation may haQe takeniplécéy :

‘ Iﬁ‘the=§ré5ence of‘hénganiversene‘the:decarboxylationi
‘product (Skat0le radicali‘S?)‘bolymerizéd‘(réaction‘l) more
feédily thanfit‘reactéd with oxygen (rééctidn 2)i.e.:
‘ Sy ‘ +  5. +;;;;‘§roducts‘v
 ‘+ ~IAA7e—4§>‘pfoduCts:

1l
* MnVﬁ———{)?products‘
Gl 0, —> 50,0

PolymerizatiOn has:ﬁever been‘ObsQrved:in the‘enzymic system.
‘Hbﬁévér; £his cén:nbtgbe:due‘to é‘éIOW‘féte‘of‘fdrmation»
‘Ofiﬁhe skatole radical (5°) since the most rapid rate of
:IAAfdecérboxylation observed~n§nfen2ymically (69 Pl°02/5min°)
‘was‘equailed‘by thefrétés of‘some:enzymic‘systems €efot Figo. 11,
Thefefores‘whethér:thé‘skétble radicai §olymerizes or reacts
with oxygen must depend on its rate of disposal‘wﬁich‘in

‘turn will depend on the disposal‘raté of the oxidized skatole
radical. Thus reaction {2) may be‘considered reversible

and to proceed rapidly to the right only if a substance is
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present which reacts with SOé@ more fapidly‘than Se

polymerizes.

Evidently formation of the final yellow product
—from the oxidized~ekatole‘rediCal is mofe‘readily accomplished
‘1n the enzymlc than in the non-enzymic system. The only
econsltatent of the former whlch JS ea31Ty oxidlzed and not.
1oresent 1n the latter is. an organlc cofactox e. g.. resorelnol.
Therefore it 13 most probable that the ox1dlzed skatole
~eradlcal undergoes a dlrect and rapid enzymevcatdlysed reaction
:~;w1th the organlc‘cofactor rather than what must be -a slower
‘ reactlon with any substance common to both enzymlc and none=
‘en7ymlc systems. Thls conclu51on renders a reactlon between
‘the ox1d12ed skatole radlcal and water improbable in the
~enzymic system and may be used as ev1dence that nydroxyl

‘radlcals or hydrogen perox1de are not involvedo

: These conclu81ons and those arrived at withln

‘sthe text Of th preceedingsections are. sumﬂarlzed in the
follow;ng reactlonwsequencesfor~IAA autoxldatlon by a
"standard" system i.e.:  IAA = 5-CO0H ; skatole radical= Sv3
skatole pefoxideeB‘S02°"(ox;dized:skatole:fadical);

-product = SO,H; resorcinol = ROH,
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peroxidase

Initiétion anf or catalase Mn3+
| ~ ROH ~ ~
Propazation Mn2' +  5-COOH ' > Mn*' + H' 4 5-C00,
L ‘ sfquo > 5o+ 0O,
‘ 8° +‘oé‘ N 50,0

i SO o  +‘ ROH : ‘pePOXidase\‘ RO° + SOH :
2 or catalase R

st ‘\ e
RO* + 0° + MnS = —> ROH + Mn°"

Termination

N/

SO » + Enzyme 802—4Enzyme (inactive)
3" + RoM > ROe + '+ Mn?
‘;i2‘RO°5‘ . > 5produéts

 The propagation‘reacticns‘aliow for only Qhe
:J:manganic1ion‘prdducéd per moiécule IAAfdestroyed and thus
‘the system_wduld‘héve‘to‘be iOO%‘efficieht if‘there were no
7¢other‘ééurce~0f~manganic ion$~or;propagat10n pathWayF Excess
~méngéﬁic‘iohé couid‘be géﬁéfated b}‘the resér¢ihb1‘f'oxiddse’f‘
8ystem. . It is‘aiso possible that a direct reaction occurs
 betweén thebkidized‘skatole radical and TAA as has been observed
‘ in the non=enzymic SYStem‘(See pp27);“However,‘as long as
‘nthe‘supply of feduced;cofacpdr‘is sufficieht; this‘reéction‘iS‘:
improbable sinCéSOé° feaéts with the cofactor more rapidly
than‘with‘any other system compbnent:(see‘ébove). It is

concluded that the system can be close to 100% efficient and
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~that less than complete oxidation occurs only if termination

~reactions are promoted by conditions which are not Optimumo
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(C), Inhlbltlon and Retardation

1. General Characterlstics.‘

The kinetlcs of IAA breakdown have demonstrated that
‘the reaction sequence follows a cycllc course and - hence the
speed of the entlre autox1dat10n depends on the efficient operatlon

‘of each reactlon 1n the chaln serles.‘

o In order to 1nhib1t any such autoxidatlon sequence a
psubstance must interrupt the chaln of 1nterdependent steps by
‘reactlng with an essentlal 1ntermed1ate o the system, Inhibltion
fmay be expressed in either of two ways. (a)‘as an extensibn | |
of the 1nductlon perlod whlch occurs 1n all autoxidatlons,or
(b) as a retardation of reactlon velocity. As p01nted out by

‘Waters and chkhamaJones (1951) these effects are caused by agents

~“wh1ch 1nterfere 1n the reaction sequence in fundamentally different

~ ways and whlch may be descrlbed as chain-stOpping and chalno

transferrlng reagents respect1vely.~‘

‘ In the presence of a true 1nh1bit0r or chaln-stOpping
agent the 1n1tiation of the autox1dat10n is prevented. However,
"~at low 1nhibitor concentratlons ‘the reactlon may commernce abruptly
after a long 1nduction perlod and attaln a rate equal to that of
‘~ethe control in the absence of 1nh1bitor. Such‘temporary inhibition
“or "lag=exten51on"1nd1cates that the inhibitor is altered or -
destroyed‘during‘the induction period to a‘product that is not

inhibitory to the reaction. Inhibitor destruction must occur at
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the expense of an:essential intermediate of the system, but
also may be aided by side reaCtions e.g. autodestruction.
Thus, the system would ‘never operate in the presence of excessive

amounts of the 1nh1b1tor or 1f the latter were not destroyedo

On the other hand, in the presence of retardlng agents,
the reaction may proceed to completion w1thout an 1nduct10n period,‘
'but at a reduced rateo This could occur only if the retarder
acted as a chain-transferrlng agent by substltutlng a sequence of -
fnslow reactions w1th1n the rapid sequence of the: controle In order
_to exert its retarding effect contlnausly, a substance must be
reformed follow1ng reaction w1th an essentlal 1ntermediate.

Thereby the retarder 1nserts a ”shunt"c 1nto tne normal reaction

sequence whlch slows down the speed of propagatlon. i

‘ The reaction seduence for IAA breakdown 1nvolves several
:unstable 1ntermediates e. «g+ RO* | Mn3 :“’ 502 , with which many

: reduc1ng agents would be expected to react. and result in chainv‘c
stopping or chaln—transferrlng, It should be noted that the

; destruction of IAA differs from standard autox1dation sequences

by being dependent on an, enzyme—controlled peroxidatlon, Consequently,
‘substances that inhlblt perox1dase or catalase e.g. cyanide, also
inhibit IAA ox1dat10n. buch enzyme poisons should be distingulshed
from inhlbltors and retarders of the aut0i1dat10n of IAA and are

- not conSidered in the following discussion.

‘c'Typical‘progress‘curves of oxygen uptake during TAA
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oxldation catalysed by extracts from w1nter~grown wheat leaves

exhlbited a very short induction perlod and a subsequent rapid

orate of‘oxidatlon that gradually decelerated until theoretical

molar equivalence wassattained (Fig. ‘S?A) The system was 1nh1b1ted‘

‘by substances that either extended the 1nduct10n period e.g.

10° & M catechol (Fig. 15:B), or retarded the rate of oxidation

::from ‘the outset e. g. 2.1 x 10 hM riboflav1nphosphate (Fig. 15: C)

d;Or l 5 x~10 5M hydroqulnone (Flg.‘l5 D). The retarded system i
: containlng hydroqulnone attalned a. low oxygen equi 1 1ibrium prenaturely.i

~Thereby it differed from the system containlng riboflavinphosphate =

whlch consumed oxygen up to and in some cases beyond the oxygen ‘

f::equlvalence of indoleacetic acid. These examples illustrated
‘:"lagsextension'f and retardation in the classical sense and may

be regarded as a bas1s for con31dering the ox1dation of IAA as

a chaln autoxldatlon.~n~?

The above experiments were performed using resorcinol as

5“cofactor of the oxidation, but the effects of these 1nh1bitors and

‘retarders were qualltatlvely the same in the presence of other
_cofactors (Table IV) The length of ‘the 1ag phase 1nduced by

10 5M catechol depended on ‘the cofactor used. On the other hand ,
the degree to which hydroquinone and riboflavinphosphate retarded
‘the oxidation of IAA was 1ndependent of the nature of the cofactor.
‘The systems retarded by riboflav1nphosphate but not those by |
hydroquinone were rendered fully active by illumlnatlon (Table IV).

The effect of llght will be discussed more fully in follow1ng '




“Figupewgie Hetardation and 1nh1bit10n of 1ndoleacetlc ac1d .
‘oxidatlon._ | e L
‘Systems‘standafd~with‘  A, no- addltlonsg B lC SM
- catechol; C, 2.1 x 10 AM rlboflavmphoq')‘lates

D 1.5 x 10 5M hydroqulnonpg



| THEORETICAL o A e
EQUiVALENCE‘,f .

.0 490 e B0 120
- TIME (mm)




Table IV Inhibltion and Retardatlon of Indoleacetlc Acid

Ox1dat10n in the. Presence of Gatecholi Hydrogulnone

and Rlboflav1nphosphate7

Induction period

% Inhibition‘in7the‘preseﬁce of :

)boncentratlons-‘ catechol 5 x lO 6M, hydroqulnone9 2-x 10 SM,

riboflav1nphosphate, l l X lO AM, resorc1nol DCP, phenol,
. :5 x 10’ AM, malelc hydraz1de, 10° 2M9 natural factor, 0. 15 mLo

oBlue light,‘220 ft. candlesp

. Cofactor
e : ~iin the presence of - : : A
catechol (mln ) - |hydrogquinone ~riboflav1nphosphatei o
| B i i ‘ | Dark nght
Resorcinol ‘ ‘46e5;‘~‘ 55 35 ‘100
‘Dichloerhenol 24,0 59 28 97
~ Phenol 2645 Cous 31 91
 Maleic . e o i
hydrazide 30§O~ 53 33 QL -
Natural Sl . G 5
‘faptor - AlgO: S L2 40 147
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sections which deal with the mechanism of inhibition and

retardation.

ALl eubetances which have‘been found to retard or
;inhibitiIAA~oxidation by a 1ﬁetandard"fsystem, do so at

concentrations ranging from 10 &M to 10 5Me The following is

San list of substances whlch at 10’ 3M had no. detectable inhibitory ‘

f~or retarding effects on. the system-“ ,4edlchlorophenoxyacetate
2 sy 5-trichlorophenoxyacetate, 1ndole, skatole, indoleproplonate
‘1ndolebutyrate, isatin, naphthaleneacetate, naphthoxyacetate,
eosin'B';‘carotene (suspensionL cytochrome C, aden031ne—mono,
;and -triphosphate, menadlone, urac1l glutathlone, cysteine, .
:‘versene, methylene blue, 1odoacetate, pota331um 1od1de,‘cobalt

chloride, mercuric chloride,

2. Inhibitors‘:‘ :

The relationship between the concentration of catechol

“‘din the system and the length of the induction period 1s shown

~in Figure 16 The data demonstrate that the oxidation of JAA
iwould never occur above a catechol concentration of 1.9 x 10 SM.
However, thls value can be regarded only as approx1mate since the
age of the solutions and the enzyme. used was found to 1nfluence

the length of the lag phase 1nduced by catecholo

A similar inhibition was caused by pyrogallol and the

‘flavonoid pigment?rutin, both of which extended the lag phase




“ Figure‘lé;; Induction period 1n indoleacetic acid oxidation
| caused by catecholo“ L ‘

Systems standar'd9 catechol added immediately prior e
to IAAo | . ‘



Induchon F’enod (mm )
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by 25 min. at concentratlons of 1.{ x 10 5M end O 5°% lO 5M

respectlvely. Catechol and pyrogallol were reported prev1ously
‘1to 1nh1b1t the ox1datlon of IAA catalysed by horseradlsh
perox1dase (Kenten, 1955) ‘ It is noteworthy that to 1nduce‘

‘oan apprec1able lag phase, the concentratlon requlred of these
1nhib1tors was in the nelghbourhood of 10 M, Therefore it may

: be signlflcant that commer01al phloridzln (Nutrltional Blochemlcals
Co. ) and terramy01n (Merck and Co.) extended the lag phase by ‘

‘ LO‘mint: and 80 min., but only at relatlvely hlgh concentrations
of l 7 x lO 3M and 5 0 x 10 3M respectlvely. It is 1mprobable

~ that the systems could overcome thls amount of 1nh1b1tor and :
“:therefore it is supgested that the inhlbltory effects were caused :
- by impurltles present at concentrations of 1.0 to O 1% of ‘the

g respectlve reagent.o

Sial Mecharii‘sm of Ihhibitio‘n‘:t

In general terms 1t may be assumed that the catechol—typef“‘o

‘:;inhlbltor or chaln—stopplng agent 1s destroyed by an 1ntermed1ate

- formed prior to or during TAA oxldatlone‘ Catechol, pyrogallol

and probably‘futin‘afe‘ell‘readily oxidized‘td‘duinohes and could“‘

- inhibit the ox1dat10n of IAA by redu01ng an essentlal 1ntermed1ate‘id

;e.g. a cofactor radlcal, skatole radical,‘or manganic ions.7 Since

‘after the oxldatlon had commenced 1t is signlflcant that the

addltion, durlng IAA oxldetlon, of an amount of catechol that would:

- AA

11956,
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all these 1ntermed1ates would be present in hlgher ooncentratlon e T
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‘F;gure;lze g

“acid ox1dation by catalase.

Effect of natural inhibltors and light on 1ndoleacet1c

System: as for Table I u31ng catalase and

S

idichlorophenol IAA added at zero timee
~ﬁcontrol in darkness
. control in whlte light (1380 ft. candles)

control in darkness, b01led undialysed catalase““

(lO mgms. dry weight) added at arrow

‘control in. 11ght boiled undlalysed catalase

dded at zero time

same‘as D in darkness




120 —- e

o eo*
TIME (mm)
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~light~eotivated intermediate formed from the inhibitor causes
“an additional production of manganic ions which brings about
rdestruction of‘the reduced‘inhibitor.“The inhibitor‘was removed
with‘difficulty from‘catalase‘since"the control system that had
“been dlalysed for 72 hr. still showed a 51gn1f1cant 1nduction
‘period (Fig. l? A) whlch was almost overcome by 1llum1natlon
‘f(Flg. 17: BJ. It is noteworthy thet the rate of ox1dation in
light with or without 1nh1b1tor was no greater than the rate

in darkness and therefore light cannot be revarded as an actlvator.

‘but only as an. agency overcoming natural 1nh1b1t10n in this case¢“

The question as to wnlch 1ntermediate is responsible
‘\for destroylng cetechol or the other 1nh1b1t0rs cannot be
“unequlvocally answered on the besis of the present data. It
“15 p0331ble that manganlc ions arlsing durlng inltlation and
propagation reactlons preferent1a11y~oxidise catechol° ~This
ttis supported by‘the findings that manganese dioxide, riboflavin
: or an oxygen atmosphere overcome catechol 1nh1b1tlon (Table V)
since these agenc1es are known to lead to the formation of
~‘man¢anlc ions (see Kenten and Mann, 1950; Andreae, 1955a)
~F¥e1ncubatlon of catechol w1th manganlversene or even ‘manganous
1ons‘elso‘destroys 1ts‘inh1b1tory effect (Table‘V) presumably‘

by causing oxidation or promoting autoxidation of catechol.

On the other hand, there‘is no reason to exclude the“‘

poSsibility that free‘radicel intermediates are capable of




Table V Effect of Verlous Treatments on the Catechol -~

Induced Lag Phase in Indoleacetic Acid Oxidation.

‘Systemy plus;“ ‘ RN Lag phase (min,)
‘:Ne additions 5 ‘;Ql~‘ . N ‘e‘ 43
Illuminatlon t,_‘*~‘ G e Bl
“Riboflav1nphosphate (10 hM) s | 1805
: MnClz | : ‘60‘5‘
Oxygen atmosphere : ‘ 2 S Ded
‘ h{noz ‘ : ‘590
~ Mehgahiversene S S s 3,0

: YStandard wheat, leaf system containing 10°5M catechol,
‘s}Riboflavinphosphate, Mn02 and manganiversene added to
~;catechol plus system 20 min. prior to IAAe MnCl2 pre-

i 1ncubated wlth catechol alone 105 min. prior to adding

other constituents.
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destroying catechol. The fact that the catechol-induced

lag period varies in length with the cofactor used (Table IV)
‘sseggésts thatsthe cofactors may compete at different rates with
catechol for the deStroying agent.‘ All artificial -cofactors
and inhibitors (w1th the exceptlon of rutln, no data available)
are known hydrogen donors in perox1datlc reactlons. Hence it

is possible that the 1nh1b1tors compete wlth the cofactors for

)

:the perox1dase substrate i.e, skatole‘peroxme(so2

Naturally occurring substances that extend the 1nduction

: ;period in TAA ox1dat10n have been found in many sources 1nc1ud1ng

extracts of beef liver catalase, wheat leaves, uredospores of
~wheat rust (Waygood and Dangerfield 1956), pea epicotyls (Tang
‘and Bonner, 194?) and plneapple tissue (Gortner and Kent; 1953).
Indeed any crude plant extract would contaln substances that

are readily oxidised by manganic 1ons, peroxides or radlcals.

‘ Unllke catechol some of these R0 pea eplcotyl 1nh1b1tor (Galston
Esand Baker, 195D are less inhlbltory after exposure to llvht and
presumably these are. destroyed photochemlcally. It 1is possible
that such substances exert an effect on IAA oxidation in vivo,

_ but since they are‘readilj destroyed~their effect could be only

‘transitory.
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(%) Retarders

Typical of the‘progress‘curves of oxygen uptake at
varying retarder‘concentration are those shown in Fig. 18,
where~ribofiavinpho3phate was progressively more inhibitory
rin darkneSs‘as its concentration‘was increased above lO-sM
The progress curves for hydroqulnone retardation were. simllar
except that the systems attalned a low eculllbrlum (Flg. 151,
This was not due to ‘enzyme or cofactor destruction, ‘but apparently“
to the decline in the concentratlon of IAA, since. the further
;additlon of IAA at equlllbrlum caused a resumptlon in oxygen
‘uptake. Both hydroquinone ‘and 1ts oxidation product p-quinone
’(para—benzoqulnone) retarded the oxldation to- the same ‘extent.,
‘ The coumarln derlvatlve, scopoletln had effects resembling
“rlboflavinphosphate. Competltlve 1nh1b1tlon (retardatlon) of
IAA oxldatlon by scopoletln was renorted prev1ously by Andreas

(1952).

The maximum 1n1tlal rates of IAA ox1dation in the
presence of each of these retarders are compared as a function
of retarder concentration in Fig. 19, Unllke the inhibition

‘ 1nduced by chain-stopping agents, that caused by retarders d1d

~‘not appear to depend on the age of reacents, enzyme etce

Irrespectlve of the absolute rate of the unretarded control,
1close to 50% retardatlon occurred at the follow1nv concentratlons.

hydroqu1none,2.0 x 10 SM, p-quinone, 2.5 x 10 5M.; riboflavinphosphate,



‘Figure 18. Progress of‘indoleacetic>scid okidatibﬁ in the -
y ‘~presence‘Ofriboflavinphosphatefin?darknesse
Systems standard, rlbeflav1nphosphate molarlty
x10™¥ ~as fellows. A, 03 B 0.42, Ce 09625,
D, 1, 25, E, 2,1, F, 12.5° |
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Figure 12; Relatlve rates of 1ndoleacetlc a01d ox1dation 1n

the presence of varlous concentratlons of retarders.

Systems standard contalnlng retardera B A; hydroquinOne;

B, p‘qulnone, G r1boflav1npnosphate, D;iscopolétin,
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6.5 x 107°M.; scopoletin, 1.25 x 10™*M, (see Fig. 19).
Hydroquinone and p-quinone retarded the standard catalase-
DCP system (see Table IV) by 50% at concentrations of 1.1 to
1oé?i lO_SM, It should be added that‘these retarder concentrations
apply only to the systems exactly as indicated. Variation in
the‘coﬁoentration of any one component‘(see later, Table VII)
‘altered~the % retardaﬁion‘to a Value‘which‘ however; was‘constant
“for the new set of condltlonso As 1nd1cated prev1ously (Table IV)
‘the extent to whlch systems were retarded by hydroqulnone and
r1boflav1nphosphate was 1ndependent of the nature of the cofactorso
These properties bear w1tness to the stability and per51stence of
retarddion as opposed to 1nh1bitL0ﬂ of IAA ox1dation, phenomena

wh1ch may have physiologlcal 31gnlilcance.~

It is not known whether any of the natural inhibitors
reported to be present in crude plant extracts are retarders.
TeSts of‘regions‘of~chromatograms‘of various fractions from
- wheat leaves have revealed;as_yet only the presence of inhibitors.
7Neverthe1ess ribofla#in‘and‘its‘phosphate are‘ﬁniverSaily distributed}ee
o‘in plants and both retard IAA oxidation‘equally at the same o
concentration,. Similerly, scopoletin has been identified in
maoy dicotyledonous plants‘and‘oat roots from which it has been
isolated (Goodw1n and Kavanagh, l9h9) ‘ Hydroquinone ig ‘the
aglycone of the naturally«occurrlng glycoside arbutln. An
impurity in commer01al streptomycln (Agristrep, 27%, Merck and
Co.) caused a 75% retardaticn of the reaction at a concentration

of 0.83 x lOfBM streptomycin.  Purified streptomycin (Merck and Cog)
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had no effect,

5. .The Effect of Light and Riboflavin:

' Blue light overcame the retarding effect of
r1boflav1nphosphate on IAA oxidation by the wheat leaf system
in the presence of any one of the cofactors (Table IV), The
 rate of o#idatibh of‘illﬁminated‘syetems containing riboflavin
was no‘greater;than the rate in darkness witﬁi;iboflavin except
when the natural factor was used as organic cofactor. In the
absence,of riboflavin iight*had no effect on the syetem. The
augmentation of the dark‘rate~inithe iliuminated natural factor-
riboflavin system may have been due to the Qombined‘effect‘of
ribeflavin and light in overcoming an inhibitor present in the
'partiaily purified extract of the‘natural factor.

The alleviation of" the retardatlon by riboflavin

depended on the quality and lnten31ty of illumlnation. Figure 20

‘ shows the pn:gress of the oxidatlon under verlous kinds of

illumination. As would be expeeted from the absorption spectrum

of riboflavin blue light was most effective, whereas red light
was totally ineffective and white light was required at a higher
inten51ty to glve the same effect as blue. It 1s not eworthy
that after the blue ll?ht had been Sw itched off (Fig. 20) rapid-
oxidation of TAA continued for some time 1ndlcat1ng a residual

effect of light.




Figure 20. Effect of quality and intenSity of light on
riboflavin-inhibitédfindoleacetic]acid Qxidation. o
Standard system with 2 x:lO;BM‘ribofiavinphosphate.
Color‘and inteasity of 1light indi cated in'diagfam“

(f.co = ft. candles at surface of reaction vessel),
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Riboflavin and ribdflavinphosphate also retarded
IAA oxidation in cataléSe—DCP systems and riboflavin at a
concentration of 5 x 107*M compietely‘ inhibited the reaction
in darkness (Fig. 21:E). At 2 x 10™°M it was without effect
in 1ight or darkness, but at intermediate concentrations, the
retardation which occured in darkness was overcome, as in the
“wheat leaf system, by white or blue light (Fig., 21:B,C) but
not by red light (Fig. 21:D). Light had virtually no effect

on the catalase system in the absence of riboflavin (Fig. 17).

-~ In wheat leéf‘systems containing 1.1 x lO°4M

‘riboflavinphosphate} light saturation was attained at an intensity

o  0£ 110 fte‘caﬁdlés,‘under which éonditions the‘fate of oxidation
‘attained a maximum équai to‘the‘dafk rate without riboflavin.
 The intensity of whitefand blue light used in the catalase
eXperiment i.e. white: 1380‘ft.,candles, blue: 220 ft. candles,
 was well avae that raquired for light saturation. Clearly,
illuminated systems containing riboflavin oxidize IAA at a
rate which apprdaches‘but does not‘exéeéd the:dark rate in the
absence of riboflavin. Thus‘riboflavih can‘not be considered
to activate or sensitize IAA oxidation but, on the contrary,
protects~the hormone‘in‘darkness, Illumination of‘riboflavin-
‘contaiﬁing systéms has né éffect othér than td‘permit hormal

dark oxidation to take‘place.

One property of systems containing excess riboflavin

deserves further comment. The oxygen consumed in the breakdown




:“;Figure‘zlok

Effect of rlboflavinphosphate and light on

1ndoleacetic a01d ox1dation by catalase systemSof

Catalase~dichlorophenol system as in Table I

A,

B,

control in darkness

control + 10“4M r1beflav1nphosphatea

‘~‘Illuminated w1th blue 11ght (220 ft. candles]

at 60 min, s
same as B with'white‘light‘(1380 fto candles)_

same as B with red llght (960 ft. candles)
=l

control in darkness +5x 10 ™™ r1boflav1nphosphate
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of IAA by‘catalase sys£ems exceeded the theoretical molar
equivalence of IAA when illuminated in the presence of

riboflavin (Fig. 21;B,C). This also occurred with the wheat

leaf systems (Fig. 22:4, Table VI). In‘an ekperiment carried

on for 400 min., 199 uL, of OXygen were consumed by an illuminated
standard system contalnlng riboflav1n and the equivalence of

79 uL. IAA (Table VI) The rate of oxygen uptake showed no 51gns
of abating and 51m11ar~results were obtained when DCP or maleic

hydrazide were present in place of resorcinol (Table VI),

In the absence of IAA (Fig. 22'0); oxygen was consumed
by these systems at a slower 1nit1al rate, but at the same flnal
| rate as with IAA (Fig. 22 A). The difference between the oxygen
~consumed with and without IAA (plotted in Fig.22:B) always exceeded
at equllibrium the molar‘oxygen equivalence of IAA., The difference
was greater at higher light intensities or when the~riboflavin
concentration was increased e. g. to equlmolar with IAA (Table Vi),
“Thus it is p0351b1e that IAA was ox1dlsed directly by excess
| rlboflavin as demonstrated by Galston, (19h9b) 1nadd1tion to being

oxidised by manganic ions as in the riboflavin-free system.

6. Mechanism of Retardation:

The retarding effect on TAA oxidation of hydroquinone,
p-quinone, riboflaVin and its phosphate, and scopoletin persisted
even‘though several hundred moles of oxygen had been consumsd per
mole of retarder present. The persistence 1nd1cates that, although

the retarders must interfere in the reaction seguence, they are




Figure 22.~’OXygen‘consumptioh‘éf systems containing excess
~riboflavin with and without indoleacetic acid.

3M riboflavih

"A. standard system with 2 x 19’
“phosphate‘in blue 1ight {220 ft;’Candles)o
© IAA concentration: 1.11 x 107M = 79 uL.0p,
Be A minus C “‘ 2 B |
' C.‘ same aé A‘ﬁinus‘iAA

D. same as C in darkness
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Table VI Oxygen Consumed by Illuminated SystemsY

Containing Riboflavin,

Cofactor .

Oxygen uptake (pL./400 min.)
Plus TAA '| Minus IAA Difference
Resorcinol 199 - 70 129
- Dichlorophenol 181 5? 128
Méléic‘hydrazide 149 32 117

- standard wheat leaf systems containing:

3.33 pM IAA; 6.0 pM riboflavinphosphate

(2 x 107°M); blue light, 220 ft. candles.

Oxygen equivalence of:

IAA = 79 pl.;

resorcinol and dichlorophéhol = 35,5 uL;

maleic hydrazide = 712 uLe
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also reformed and at the end of the experiment are essentially

in the same form as they were at the beginning. All of these
retarders share the - property of readily participating in reversible
oxidation-reduction reactions. Significantly, hydroguinone and
its oxidation product p-quinone retarded the oxidation equally

at the same concentration. The progress of oxygen uptake by
reaction mixtures éontaining'eithéf the‘phénol or ité quinone
differed only in the initial velocity which was always slightly
greater with the quinone} Thereafter the curves continued exactly
parallel as would be expected if a steady state equilibrium

were established between the oxidized and‘reduced forms.

Therefore it is suggésted that the retarders operate in the system
as chain transfer agents by alternately oxidising and reducing |
eésentiél,intermediates, Evidence to support this conciusion is

given by the following‘resultsa

There are at least three potential oxidants of reduced
retarding agents among the reaction intefmediateé of IAA braékdoWno ‘
However, the only readily oxidizable component that could take
part in a‘reversiblé reaction is‘the.organic cofactor e.g. resorcinol.
Thus, to produce for example a hydroquinone/p-quinone equilibrium
in the system, it should be possiblé to demonstrate a reaction
between4p-Quinone and the organic cofactors. Resorcinol formed an
insoluble brown oxidation product merely on standing with p-quinone.
Dichlorophenol and maleic hydrazide did not show any visible

reaction probably because their oxidized radicals (RO°) do not
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condense readily to stable products ({see p. “44). Nevertheless,
when p-quinone was incubated in solutions of manganous ions

and pyrophosphate, the addition of either maleic hydrazide or

DCP resulted in the oxidation of manganese. Manganic ions were
rapidly produced on warming and were detected as pink
manganipyrophosphate or orange manganlcitratea This is essentially
the Kenten=Mann reactlon for the oxidation of manganese but
differs in that quinone replaces peroxide plus peroxidase. Both -
systems involve the reversible oxidation of organic cofaotofs
(ROH<— RO* + °H) and with p-quinone (Q ('O)é) as oxidant the

reactions may be represented as follows:

Q (0), '+ 2ROH ———> Q(-0H) + 2RO

RO* + Mn®" + B ———p ROH + Mo

3+ . + ‘ o
Mn + H4P207 T 3+ MnHPLO0,

Thus, provided .an acceptor for manganic ions is present
e.g. pyrophosphate, citrate or IAA,p-quinone is capable of

oxidizing manganese indirectly,

-Analagous reactions have been demonstrated by Andreae
(l955a) using riboflavin as initial oxidant, However, the
'meohanlsm whereby r1b0flav1n promotes manganese oxidatlon appears
to be more complex slnce in addition to a phenolic cofactor and
a manganicwacceptor, light and catalase were required for maximum

oxi@ation (Andreae, 1955a). The investigations into the gas
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exchange of riboflavin systems provide correlative evidence

for what may be called the ®manganigenic" effects of riboflavin.
Reference has been made to this with respect to the resorcinol
"oxidase'™ system (see p.ifT) in which solutions of riboflavin,
manganese and resprcinol consumed oxygen non eniymically when

the systems were illuminated. In darkness no reaction occurred,
waéver When‘whéap leaf perdxidase was added, the dark rate was
‘detectable (Fig. 22:C) and iight?enhanced the rate éf oxygen
uptake beyond that ofrthe non-enzymic system (Fig. 22:D),

The oxygén consumption-by tﬁese riboflavin systems in
the absence of TAA could not have been dué‘eﬁtirely to irreversiﬁle
cofactor oxidation since some oxygen uptake occurred in the |
presence of maleic hydrazide which does not form a stable oxidation
product. Furthermore oxygen uptake appeared to continue indefinitely
and by 400 min, had exceeded the molar oxygen equivalence of
resorcinol and DCP (Table VI). Since no oxygen uptake occurred
in the abéehce of a cofa¢tdf or manganese, it is suggested that
one'product of the feaction must be oxidized manganeée formed via
reve?sible cofactor oxidation. From the work of Kenten and Mann
(1952) it is known that manganic ions are to a small extent stable
in orthophosphate solution, and there is also the poséibility
that manganese dioxide could be produced. A mechanism whereby
riboflavin (Rb), a redox catalyst (ROH) and peréxidase could

interact to oxidize manganese is summarized as follows:
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Rb + 2ROH > Rb.2H + 2RO A

Rb,2H + 02 > Rb + H202 B
Héoé + 2ROH _peroxidase, 2Hé0 + 2RO C

catalase 7~
RO* + Mn?* + §' ——> ROH + Ma3"
2R0* + Mn?* + 28" —> 2ROH ¢+ Mmn*'

‘ReactionlB is a‘weil khown spontaneous reaction (Fruton
and‘Simmonds, 1953}, reaction C ig normal peroxidation and reaction
D is thé Kentén-Mann reaction. This reaction sequence is similar
to that proposed by Andreae {(1955a) except that peroxidase and
catalase’ are considéred‘td perform a‘beroxidatié‘reaction {(C)

:aﬁd thus dispose of hydrogen peroxide which would otherwise speed
* the decomposition of‘oxidized manganese (Kenten ahd Mann, 1952),
The enzyme is therefofe not essential for oxygen uptake (see

‘previouééﬂor fér the formation of mahganic ions {Andreae, 1955a),

It 1is important to note that light absorbed by‘riboflavin:
is not an absoluté requirement‘fof. but merely an accelerator
of,these reactions. In darkness manganic ions were still produced
by Andreae's system and oxygen-was consumed in the present system,
albeit at a slower rate (cf, Fig. 22:C and 22:Y). If riboflavin
~did not generate manganic‘ions‘in‘darkness‘it would be without
effect on IAA oxidation. The ability of light to overcome
retardation by riboflavin can therefore be explained by a photoinduced

increase in manganigenesis which, it should be emphasized, is
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a phenomenon independent of IAA.breskdown.

o With respect to the mechanism by which light activates
the system tests were made on the effect of light on the oxygen
uptake of riboflavin-resorcinol systems (reaction A), and on the
spontaneous oxidation of reduced riboflavin in air (reaction B),
;Very little reaction was found to occur between r1boflav1n and
resorcxnol in light or darkness and hence an activation by
light of reaction A as proposed by Andreae (1955a) appears unlikeiy.
On the other hand, white light (980 ft. candles) almost doubled
the rate of oxygen uptake by solutions of‘fiboflavinphosphate
artificially redﬁced bj dithionite. Therefore, it is suggested
~that light acted on reaction B in both Andreae's system ahd ‘
riboflevin—retarded IAA:oxidation. On this basis it is concluded
that the effect-of light was to maintain riboflavin in the oxidized

state,

The significant p01nt emerglng from these experlments with
‘respect to the retardatlon of IAA oxidation is that oxidized
retarders e.g. p=quinone and riboflavin, generate manganic ions
in the system. Evidently, the reduced form of the retarder,
which is a necessary product of manganigenesis, must be the
immediate cause of the retardation by‘being imvblved,in a second
redox system with an essential oxidized intermediate. Retardation
therefore depends on the equilibrium established between the

oxidized and reduced forms of the retarder, the latter diverting
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an oxidized intermediate from its normal function as a chain

reactant in IAA autoxidation. The concentration of the rsduced
retarder at equilibrium thus must differ for each retarder

(Fig. 19) and set of reaction conditions (Table VII).

The intermediate with‘which the reduced retarders react‘
‘1s probably the manganlc ion since reduced riboflavin hydroquinone
and scooolet1n all decolorize manganlversene 1nstantaneously, and
indirect evidence suggests that no reaction occurs with other
oxidized interﬁediates. For example, if the retarders reacted
with the ékatole peroxide they would nécessarily compete with the
cofactor which is the normal hydrogen donor to the peroxide.
However, experimentally‘it was shown that the nature of the
cofactor had no 51cn1f1cant affect on the degree of retardatlon
(Table IV) even though different cofactors react w1th the skatole
peroxide at varying rates (see p.42 ), Thus the retarders do
‘not appear to compete with the cofactor and accordingly do not

react with the skatole peroxide.

A similar argument renders improbable anj reaction
of the oxidized cofactor with reduced riboflavin (revérse of
reaction A, p.71 )¢ This could occur only at the expense of
the normal reaction of the cofactor radlcal w1th manganese.
Since an 1ncrease in the manganese concentratlon failed to
counteract the retardation by riboflavin (Table VII), manganese

and riboflavin very probably do not compaete for the cofactor



Table VII  Retardation of Indoleacetic Acid Oxidation” by Riboflavin. The

Effect of Enzyme, Manganese, Dichlorophenol and Indo leacetic

Acid Goncentratiohso

Concentration of varying compenent % Retardation
2+ , , ,

Enzyme Mn DCP , IAA 2+

(zmle)| () W fnzyme | Mn© | DOP | IAA
0.1 5x107% | 1,67 x 10™%| 0.56 x 1072 10 | 75.5 | 2 |42
0. 25 107 | 333 %20 101 %100 | 4 | 75 39 | 53.5
0,50 | 2x107° 5x107™ | 1,67 x 107 | 52 | 76,5 | 59 | 60.5
075 1077 | 1.33x1073 | 2,22 x 1072 | 60 | 77 720 | 675
1.0 2x107% | 2x107|35,33x107 | 58 | 69 77 | 7545

YStandard DCP-horseradish peroxidase systems containing 2 x 1074M riboflavinphosphate.
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radical. By inference, these results implicate the manganic

ion as the intermediate which reacts with retarders,

An increasé in the concentration of either IAA or
cofactor {DCP) in the system increases the degree to which
riboflavin retards IAA oxidation (Table VII). ‘These effects
- may be undefstood by considering the IAA-independentrequilibrium
attained by OXidized and reduéed riboflavin.“Excess iAA would
dispose fapidly of‘manganic jons derived from the reactions of
riboflévin and the cofactor {reactions A and D), thereby increasing
the concentration of reduced riboflavin, Excess reduced cofactor
promotes the reduction of riboflavin difectly (reaction A, see
also fesorcindl Moxidase" system, Fig. 13)6‘ Thus any increase
in the concentration of a reduced component of the system, aside
from influéncing the propagation of IAA oxidation, shifts thé
ribqflavin equilibrium towards the reduced form and thereby

increases the retardation.

Systéms contaiﬁing high concentrations df enzyme
were also retarded more effectively by a given riboflavin
concentration than systems in which the rate of IAA oxidation
was enzyme-limited (Table VII). Variation in enzyme concentration
would‘not be expected to alter’the riboflavin equilibrium (reactions
A and B) since in the absence of IAA the enzyme appears to act
only in the disposal of hydrogen peroxide. However, the enzyme

o .
does control the rateAfAA oxidation and thereby the rate of
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manganigenesis vi§ IAA breakdown. Provided the rate of IAA
oxidation was not enzyme-limited i.e. with 0.5 ml. enzyme or
greater, riboflavin retarded the systems equally (Table VII),
When the rate of TAA oxidation was low due to low enzyme
concentfation, riboflavin had léss retarding effect probably
because the ratio of manéﬁ% ions produced by riboflavin to that

produéed by IAA increased with decreasing enzyme.

Inhibitors of enzyme—coﬁtrolled reactions are generally
considered to be either competitive:or non-competitive according
to whether or not they compete for the -active sites of the
enzyme., With respect to IAA autoxidation, the enzyme éontrolled
reaction is a pefoxidatic Step between‘the skatole pérokide (SOé°)
and a cofactor hydrogen donor (RO°)‘i.e,:

so-'2~ + En ———m3 30" -En
2

S0,-En + ROH ———> SO_H + RO*

In the classical sense, a competitive inhibitor of thése‘reactions
must contest the active sites of peroxidase or catalase with the
skatole peroxide (substrate). From the foregoing results it is
evident that none of the inhibitors or retarders discussed can

be considered as competitive by this definition.

The difficulty in equating the types of inhibitors of
‘TAA breakdown with inhibitors of other engzymic reactions lies

in the cyclic nature of the former reaction. Since the rate of
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IAA oxidation depends on the speed of each component reaction

in the autoxidation sequence, inhibition may result from
interference at any point. Such interference embodies preferential
reaction of the inhibitor with an essential intermediate.

Thereby the inhibitor competes with the substance with which the
intermediate normally reacts. If the definition of a competitive
‘inhibitor is widened to ihclude substances which compete for

any reactive intermediate, then both lag-extension and retardation

of autoxidation sequences are expressions of competitive

inhibition.
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¥ DISCUSSION

The main body of this thesis has been concerned with
ellucidating the biochemistry of IAA degradation and few
conjectures have been'made as to the physiological implications
of the results. The study was undertakén with the supposition
that external and internal factors 1nfluenced the growth patterns
of higher plants by altering the process of TAA degradatlon. On
this basis it 'should be possible to interpret well established
physiological findings in terms of the biochemical findings provided

IAA is degraded in vivo and in vitro via the same pathway.

At_the _presént time there is a wide area of disagreement~‘

on the in vitro conditions reqdired to effect IAA degradation

(see literature'review). Conflicting reports have appeared on

the catalase effect and also on the pH optimum and cofactor,
manganese and light requirements, all of‘which has led to the
suzgestion that JAA is degraded by different pathways and enzymes

in plant tissues (Gortner and Kent 1953)s Such a conclusion

may appear to be warranted by the discrepancies of the in vitro
systems, but from a phy51olog1cal viewpoint metabolic patterns

are conveniently similar in different species and indeed in

- kingdoms. If then IAA catabolism is an important factor controlling
auxin lével and subsequent growth fesponses of higher plants

it is probable that the metabolic pathwéy and the enzymes responsiblé
aré common to them all. However, before this probability receives

experimental justification the conflicting results of the in vitro
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studies must be reconciled.

The present results show that catalase, 1like peroxidase,
catalyses the complete oxidation of IAA provided manganese and
an appropriate cofactor are present., ‘Earlier‘demonstrations
that catalase inhibited the IAA"’oxidase" from pea epicotyls
(Goldacre, 1951) may possibly be explalned by the presence in
catalase preparatlons of a powerful but easily destroyed
inhlbltoro ‘The inhibitor is dialysable and thermostable but is
destroyed‘by light. Inhibition of pea 'oxidase® by catalase
was also overéome by light (Galston'eto‘al., 1953) and ‘the
1llum1nated catalase plus oxidase system shoued some degree of
actlvatlon, The actlvatlon in light would be caused by the

. peroxidatic effect of the unlnhibited catalaseo

It is intereSting that rreparations of 2,4-dichloro-
phehoxyacetic acid reduced the inhibition of pea. ""oxidase™
by catalase (Goldacre, 1951), but the acid solutions were later
shown to contain some dichlorophenol (Goldacre and Galston, 1953},
It is generally agreed that dichlorophenol promotes IAA oxidation
and although it appears to inhibit the catalatlc action of
catalase (Goldacre and Galston, 1953) its function here is
undoubtedly as a redbx catalyst since it can bé replaced by‘
Vclassical peroxidase substrates,e.g. resorcinol9 which are active

as oxidants of manganese in the Kenten-Mann systen.

With regard to reports of IAA '"oxidase®!' systems which
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show no apparent phencl (Tang and Bonner, 1947; Wagenknecht

and Burris, 1950; Goldacre, 1951) or manganese (Tang and

Bonner, 1947, Goldacre and Galston, 1952; Kenten, 1955) |
requirement, it is possible that the extracts used contained
these cdfactors endogenously. It has been found that even

after prolonged dialysis of wheat leaf extracts and horseradish
peroxidase,‘some residual;activityftowards IAA persisted in

the absence of either cofactor. This does not apply to catalase.
Peroxidése appeafs to possess an affinity fof‘both manganese

and naturally occurring cofactors and this would serve to explain
previous reports of IAA oxidation in the absence of added
cofactors. ‘Because of these considerations it is concluded

that TAA degradation in moét of the sYstems studied in vitro
proceeded via the same metabolic pathway and utilized peroxidase

or catalase, organic redox catalysts and manganic ions.

The question remains as to whether this sé%em operates
in the intact plant. ‘At*?resent the evidence in favour of this‘
is mostly indirect, but firstly it is clear thaﬁ the experimental
environment of the system could exist in vivo. Peroxidase and
catalase are ubiquitously distributed in the plant kingdom and
the former appears to have an affinity for a substance or substances
which mediate IAA oxidation. - These natural‘cofactors occur at |
ieast in wheat leaves and probably elsewhere (Goldacre and Galston,

19535 Kenten, 1955). Most probably such factors have a momohydric
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phenolic group and it would not be surprising if they varied
from plant to plant and set the pattern of the growth response

to. some auxins.

Secondly, maleic hydrazide, which promotes IAA
oxidation by acting as a redox catélyst, is also a uﬁdely used
‘ growﬁh inhibitor (No«Gro of commerce). It has been shown
(Leopold and Klein, 1951) that stimulation by IAA of the growth
‘of‘pea‘stem sections was prevented by méleic hydfaiide
provided the latter's concentration was at least ten times that
of IAA. This is in accord with thé résﬁlts of the in vitro
‘system in whlch a 51gn1flcant rate of IAA oxidation was attained
‘only with a similar malelc hydrazlde/IAA concentratlon ratio
(see Fig. 11). ‘Large excesses of maleic hydrazide continue
to inhibit growth as would be expected since maleic hydrazide
shows no optimum concentrétion for promoting IAA oxidation
in vitro. Goldacre et. al. (1953) reported that dichlorophenol
also inhibited the growth of pea stem sections but, in contrast

concentration

“to maleic hydrazide, it showed a distinct Optimum in vivo as it

did in vitro (see Fig. 11},

The effects on growth of other mediators of the oxidation
of TIAA in ﬁitro e.g. resorcinol and mohohydric phenols, should
be similar to those of eit her dichlérdphenol or maleic hydrazide
depending on the shape of their concentration/activity curves.,

If further studies confirm this predictién, the present system
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for 1AA oxidation offers a convenient bioassay for the

possibility that a substance may act as a growth inhibitor.

The third main body of evidence that implies that
IAA is degraded by manganic ions in the plant is found in
the action on growth of substances which inhibit IAA oxidation
‘iﬁ vitro. For example, scopoletin'retards IAA oxidation
(Fig. 19} and also stimulates the growth of pea roots at_low
concentrations and inhibits at high {Andreae, 1952). The latter
effect was very probably due to such efficient protection of
TAA that the hormone accumulated to levels which were 1nh1b1tory

to growth (see Muir and Hansch 1955 ).

As previcusly pointed out, the efféétjof riboflavin
on the inactivation of TAA is of pafticular physiological interest
‘since the action spectrum of phototropic responses and the
absorption épectrum of riboflavin are closely related (Galston
and Baker, 1949; Galston, 1950a) Furthermore, Galston and
‘Baker(1949) demonstrated that riboflavin stimulated the growth
of pea stem sections in darkness although it was somewhat
inhibitory in light. Galston et. al. (1951, 1953) suggested
~ that a light-activated flavoprotein participated in the reactions
of:IAA breakdown‘but‘this~postulate was. rendered unlikely by
experiments performed in the absence of flavin by Kenten (1955)

and Maclachlan and Waygood (1956).

The present results demonstrate that riboflavin neitheg
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activates nor sensitizes IAA oxidation, but on the‘contrary
protects the hormone in darkness and inhibits its breakdown.

The inhibition by riboflavin is photoreversible and light has

.no affect other than to allow normal dark oxidation to take
place. Galston et. al. (1951, 1953) reported that light stimulated
IAA oxidation catalysed by orude undialysed extracts from peas.
It is possible that naturally‘occurring riboflavin in Galston's
‘system retarded the oxidation - of IAA and light produced its
effect by overcoming the inhibition. Thus the parallel which
exists between the effect of ligcht on growth and on riboflavin-
retarded TAA oxidation in vitro supports the hypothésis.that
catabolism of IAA in the plant follows the in vitro pathway.

‘It is in full accord w1th ppy31ologlcal data to regard riboflavin
as continuously exerting a check on IAA destruction in vlvo,

‘the extent of which is determined Dby illumination.

It should be noted that both soopoletin and riboflavin,
as retarders of in vitro IAA oxidation, operate persistently
‘as opposed to inhibitors, e.g. catechol, which are eésily
destroyed to neutral products. Thus low concentrations of a
retarder at the site of TAA activity in vivo would be expected
to have a greater physiological effect than the eguivalent of
an inhibitor (iag%extender)° The present system for IAA oxidation
clearly distinguishes between inhibitors and retarders and could
be used to indicate the potentialities of a substance as a

growth stimulant.
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In accordi%%%h the results of Andreae (1955a), it
has been shown that light-activated riboflavin oxidizes
manganese via the Kenten-Mann system in vitro. There 1s also
evidence that light promotes manganese oxidation possibly
through riboflavin in the plant (Arens, 1933) and in isolated
chloroplasts (Kenten4and Mann, 1955). Evidence that plants
do oxidize manganese was reviewed previously'(Maclachlan and
WaYgood,‘l956).‘ There can be little doubt‘that ménganic ions‘
are generated in vivo by ény peroxide-producing system coupled
to phénoléperoxidase (the Kehten~Mann system). Thus manganic
ions required fér the initiation of TAA destruction in vivo
could be derived either autocatalytically as they are in vitro
or this source may be‘suppléménted by other peroxigenic 5ystéms.
The contribution of the latter would depend on the juxtaposition
of cofactors and enzymes at the‘site4of IAA activity. If
peroxidase is distributed throughout the cytoplasm of plant cells
whereas catalase is confined to the particulate fractions (see:
Goldacre and GalstOH,‘l953; Jagendorf énd Wildman, 1954), it is
‘poésible that both enzymes cataiyse IAA okidation in different

parts of the cell.

The deétruction of indoleacetic acid by manganic ions
raises the qUestion of the physiologicalsﬂgnificance of the
,mahgan0°manganic equilibrium in the growth processes of plants.
Such an equ}librium is knbﬁn to exist in soil (Sherman and

Harmer, 1942) and is probably due to the action of bacteria




8L

(Bromfield and Skerman, 1950) or fungi (MacLachlan, 1941},

Among many factors which could displace this equilibrium,

light through its peroxigenic effects (Siegel and Galston,

1955) is one of the most important. Gerretson, (1950) has
presented potentiometric evidence for the oxidation of manganese
by illuminated chloroplasts and Kenten and Mann (1955) have
‘demonstrated that ~manganic ions are formed by‘Such preparationsee
‘Thus inhibition of growth by light could be regarded as an
gffect of illumlnatlon on the manvano~manganlc equilibrium
which, as evidence in this thesis suggests, 1s in turn under
~the control of riboflavin.

Perhaps the most‘sipnificant‘finding of the present
studles with respect to future 1nves€§§ns is the demonstration
that 1ntermediate radicals produced from IAA are extraordinarily
reactive. In the presence of mangahic ions IAA decomposes with
the release of carbon dioxide leaving‘a free radical of empirical
formula eQuivalent‘tc that of the skatole nucleus. This radical
haegbeen shown to react with any of versene, oxygen, manganic
ions, itself, another redical or even IAA; The intermediate
product of its reaction with cxygen, a skatole peroxide, is
capable of reacting in turn with versene, any of the cofactor
hydrogen donors of the enzymlc system, IAA, probably other radicals
and phenolic inhibitors e.g. catechol, and, most significantly, :

with peroxidase or catalase.
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In order to produce such striking effects on plant
growth it is assumed that IAA acts through an as yet unidentified
"growth centre" or""reactive entity™ within the cell, (Veldstra,
19535 Muir and Hansch, 1955). There is no clear explanation
available of how this 'growth centre'' controls growth. However,
from kinetic data there is evidence (Foster et.al., 1952) which
‘ suggests that IAA is attached to this centre at a minimum of two
points and that excess IAA or certain growth inhibitorsye.g.
maleic hydrazide, interfere in the attachment and thereby render
the complex inactive. In the in vitro system fof IAA oxidation
it has been shown that maleic hydrazide reduces a skatole peroxide-
peroxidase or catalase complex.‘ Without Sufficient maleic hydrazide
present, the complex becomes inactlvated with reSpect to its
ability to oxidize phenols. It may be,therefore, that the ''growth
-centre'' is equlvalent to or resembles this reactive complex.
The function of the haemoproteln may be to stabilize and direct
the non-specific reactlvity of the skatole radical towards,
| for example, speciflc hydrogen donors, This, of course, is
especulative, but the fact remains that the skatole peroxide-enzyme
complex is the only demonstration of a reactive association
between a protein and an auxin derivative,; and as such deserves

further attention.
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VI SUMMARY

I. The complete decarboxylation and oxidation of
indoleacetic acid (IAA) is catalyzed by peroxidase or catalase
systems containing maﬁganese and a monochydroxy phenol or
resorcinol.‘ The kinetics of the systems indicates that the

~reaction sequenceqis a cyclic autoxidation as fgllows:
(S~COOH = IAAé Se = ékatole radical{‘soéo = skatole peroxida;
SO,H = end product; ROH = phenolic cofactorj RO+ = phenolic

radical; Enzyme = peroxidase or catalase.)

. . 2+  Enzym 3+
Initiation: | 7» Mn +_§%§$.Mn
o . 3+ ; . 2+ +
Propagation: =~ Mn” -+ S«CO00H ——> S. + 002 + Mn + H
Se + 02 «———>‘8029 z
802- +. ROH Enzzgg SOzH + ROe°
ROe + Mn®" .+ H* ——5 ROH + Mn>"
’ o . 3+ ! s 2+ *
Termination: Mn + ROH -3 Mn + H + RO

2R0- ‘e-——+ products

50, + Enzyme —m 502~Enzyme

2. In the presence of manganic ions, IAA decomposes
non-enzymically with‘a gas exchange and product at pH 6.0 equivélent
to that of the enzymic system. The stoichiometry of the system
indicates the following reaction sequence: {symbols as above,

MnV~ = manganiversene)
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Initiation: MnV™ + S-COOH —> S + 002 + MV + Hé
Propagation: S+ + O, - > 80,
Tat pH 6.0) 2

502“ + 5=-C00 ———> 302H + S ot 002
Termination: =~ Se + MnV~ ——> products
{below pH 5.0

and anaerobically) =~ 2Se ——> - products

3. Inhibition of ehz?mic‘iAA oxidation occurs in such
é‘way‘thab the induction period is éxtended inﬁthe presence of
catechol, pyrogallol, rutin and diélysable inhibitors in wheab
leaf extracts and beef liver catalase. These substances stop
the chain sequence by compet ing favorably with IAA for manganic

ions e.ge

. . 3+ v s -
Chain stopping: 2Mn™ + catechol—>2Mn + H *+ o=quinone
Thus initiation of IAA oxidation is prevented until the inhibitor

is oxidized, in which form it has no further effect on the system.

Lo The enzymic system is retarded by hydroqulnone,
uquinone, r1boflav1n and SCOpOletln which act as chain transfer
agents. The reduced form of these substances 1nh1bits the system

by reacting with manganic ions but the oxidized form indirectly
generates manganic iohs; Thus the nature of the redox equilibrium
established determines the degree of retardation, The reactions
of hydfoquinone (Q (--OH)2 ) and p-quinone (Q (302) ) are

summarized as follows:

Chain transfer: Q(-OH), Mt —> Q(=0),, + Mn?t + oy
Q(=0), + 2ROH ——> Q(=0H), + 2RO-
RO+ + Mn®" + H® —> ROH + Mn3*
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5. The retardatidn of IAA oxidation caused by
riboflavin (Rb) is overcome by blue light which promotes the
spontaneous oxidation of reduced riboflavin (Rb2H). When
riboflavin is‘maintained in the oxidized form it has no effect
on IAA oxidgtione .

Chain transfer:Rb2H + 2Mn°' ——> Rb + 2Mn2' + 24"
{in darkness) : -

Rb '+ 2ROH ——> Rb2H + 2RO-
ROs + Mn?' v §* —3 ROH + Mn?'

‘Activation:  Rb2H + 02  —> Rb + HO
Tin 1ight}) | ~ SRR

6. - Evidence for the participation’of:manganic ions
in TAA oxidation in the plant falls into three main sectiéns:
(a) 'The reaction environmeht in vitro could exist in vivé;
manganese 1is oxidized by plant,cells and intracellular particles.
(b)  Substances which acce-lerate IAA oxidation in vitro occur
naturally, and two artificial cbfactors (dichlorophenol and
‘maleic hydrazide) are known to inhibit growth. (c) Riboflavin
and scopoletin oceur haturally, retérd in‘vitro IAA oxidation
and have been reported to stimulate growth under certain conditions}

The effects of:riboflavin on growth and IAA oxidation are reversed

by light.
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