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ABSTRACT

THE OXIDATION OF INDOLE-3-ACETALDEHYDE AND ITS
1-METHYL DERIVATIVE BY HORSERADISH PEROXIDASE

by Ren Homer Yeh

Indole-3-acetaldehyde exerts the same physiologlcal
effect on plant growth as does indole-3-acetic acid. There-
fore, 1t 1s assumed that the former compound 1is oxidized
enzymatically within the plant tissues to indole-3-acetic
acld. Since this assumption has not been completely verified
th;s investigation was undertaken to ascertailn the alternative
metabollc pathways of these two plant auxins,

Because peroxidase enzymes play a dual role as an
"auxin oxidase" as well as an "aldehyde oxidase," horseradish
peroxidase was used as a model enzyme system to study and
compare the metabolism of indole-3-acetaldehyde and its
l-methyl derivative to that of indole-3-acetic acid.,

In this study, a number of organic compounds including
li-methylindole-3-acetaldehyde (not synthesized previously)
were prepared by various methods.

Our experimental results indicate that the peroxidase
enzyme catalyzed the oxidation of indole-3-acetic acid to
3-methylene oxindole. However, oxidation of indole=3-

acetaldehyde under the same conditions produced indole=3-
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carboxaldehyde as one of the ma jor products instead of
3-methylene oxilndole.

The oxidation of the auxin derivatives including
indole~3-acetic acid was found to be dependent on the con-
ditions of the reaction. Changes in pH and the presence or
absence of a cofactor altered the oxldative pathways of
these compounds and gave rise to different oxidation products.
For example, the presence of bisulfite ion at a pH range
above neutrality stimulated the oxidation of indole-3-acet-
aldehyde to 4-hydroxyquinoline. The latter compound was
isolated in crystalline form by use of siliclc acid column
chromatography. The same transformation of the l-methyl
derivative of indole-3-acetaldehyde to l-methyl-4-hydroxy-
quinoline was not obtalned, and apparently no single rule
can be applied to the various patterns of peroxidase oxida-
tion of indole auxins,

Thin-layer chromatographic techniques were used for
identifying the oxidatlion products resulting from the oxida-
tion of indole=3-acetaldehyde and l-methylindole-3-carbox-
aldehyde by horseradish peroxidase.

Manganese and 2,4-dichlorophenol had no effect on the
oxidation indole-3-acetaldehyde either at alkaline or acidic
PH conditlons, although these two cofactors are excellent
stlmulators of peroxidase oxidatlion of indole-3-acetlic acid.

Indole-3-acetic acid at alkaline pH conditions
inhibited strongly the formatlion of peroxide-peroxidase com-

plexes of the horseradish peroxidase. This observation
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supports the bellief that at certain pH values, oxidation of
auxin by peroxidase is controlled by auxin itself, Also
these studies indicate a typical case of substrate inhibi-

tion of an enzyme reactlon.
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INTRODUCTION



INTRODUCTION

Literature Survey
In 1934 Kogl, Haagen-Smit and Erxleben (52) demon=-

strated that indole-3-acetic acid (IAA), which was isolated
from urine, had a striking effect in promoting cell elonga-
tion in Avena coleoptlile sections. It was not until 1946
that Haagen-Smit and Went (34) definitely showed the
presence of IAA in Zea mays by lsolating this compound in
pure form. Most of theilr characterization of IAA was based
on chromatographic analysis. IAA has been found to be
widely distributed in the plant kingdom (8, 28, 88, 107).
In addition to the wide occurrence of IAA in plants, the
presence of other indollic compounds has been reported exten-
sively (26, 27, 53, 60, 79, 117). All of these compounds,
which are elther the precursors of the active auxins or the
end products of hormonal metabollism, constitute a pool of
auxin growth regulators in plants,

The presence of indole-3-acetaldehyde (IAAld) in
plant tissues was first reported by Larsen (57) two years
before Kggl. Haagen-Smit and Erxleben's publication (52) on
the identification of IAA. Evldence for the occurrence of
this neutral auxln derivative was also confirmed by other
investigators (29, 30, 55). Several investigators (55, 99,

108) suggest two metabolic pathways for the formation of






3
IAAld: one involves the decarboxylation of trytophan to
tryptamine followed by oxidative deamination to indole-3-
acetaldehyde; and the other involves an oxldative deamina-
tion to indole-3-pyruvic acid (IPyA) with subsequent
decarboxylation to IAAld. Direct evidence (16) for the
tryptamine pathway was provided by the finding that in
watermelon tissue tryptophan could be transformed easily
into tryptamine. Furthermore, the evidence that a puri-
fied amine oxldase obtained from pea seedlings (13) could
convert tryptamine readily into IAAld lends support to
this pathway. On the other hand, the ﬁresence of IPyA in
plant tissues was not confirmed (40). However, it has been
demonstrated that in aqueous solution IPyA can be decom-
posed readily to form IAAld (109). Observations that IAA
can be formed easlly from IPyA during chromatographic
analysis (40, 88) give further support to the IPyA pathway.

The suggested blochemical pathways leading to the
formatlion of IAAld are summarized in Figure 1.

It 1s apparent from experiments (87) that auxin-
stimulated growth depends not only on the biosynthesis of
auxins, but also on their metabolism. The presence in
plants of a so=-called auxin oxidase system (93, 94, 105),
which catalyzes the oxidation of IAA and its derivatives,
has been recognized extensively (10, 35, 76), but the
chemistry of this "auxin oxidase" is controversial. Galston,
Bonner, and Baker (22) postulate that "auxin oxidase" 1is

actually a combination of enzymes: an oxygenase which is
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a light-activated flavoprotein and a peroxidase which can
use the hydrogen peroxide generated from the flavoprotein
molety to oxidize IAA, On the other hand, Kenten and
Stutz (43, 91) could not identify the requirement for a
light-activated flavoprotein factor in bean and lupine
plants. They implied that an "auxln oxidase" 1s simply a
peroxidase which can also act as oxidase in the presence
of certain heat-stable cofactors such as monophenols and
manganese lons. The belief that "auxin oxidase" 1is an
oxidase-peroxidase 1s based on the following observations:
1. "Auxin oxidase" appears to be a hemoprotein
since 1t can be inhibited by cyanide or by car-
bon monoxide. The inhibition by carbon monox-
ide is light-reversible (75).
2, "Auxin oxldase" is inhibited by catalase and
stimulated by hydrogen peroxide (5, 43, 78).
3. Tissue extracts contalning "auxin oxidase! can
replace peroxidase for peroxidase substrates (75,
84, 91).
L4, Highly purified horseradish peroxidase can also
replace "auxin oxidase" to catalyze the oxidation
of TAA (22, 42, 43, 105).
5. The seasonal changes and the activity of "IAA
oxidase ! manganese oxidase, and peroxidase are
well correlated (70).
6. In vitro oxidation of IAA with purified horse-
radish peroxidase ylelds the same products as

"TAA oxidase " (37).
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7. The oxidation of IAA consumes one molecule of
oxygen and evolves one molecule of carbon dioxide
per molecule of IAA oxidized (94).

Obviously, a wealth of evidence suggests a close
similarity between "IAA oxidase" and peroxldase.

The purification of peroxidase from horseradish was
first reported by Keilin and Mann (41) and crystallized by
Theorell (97). It was the fourth hemoprotein to be crys-
tallized, succeeding hemoglobin, myoglobin, and catalase,
Other crystalline peroxidases from plant sources have been
obtained from turnips, Japaneses radishes, wheat germ, and
pineapples, Theorell and Akeson (96) have determlned the
amino aclid and carbohydrate composition of horseradish
peroxidase., Analyses 1lndicate that the enzyme contalins
carbohydrate, Similarly, Japanese radish peroxidase also
has a high content of carbohydrate residues: mannose (35),
Xylose (11), and arabinose (4) (69).

The heterogeneity of horseradish peroxidase has been
studied extensively (95). The multiple components of horse-
radish peroxidase with identical spectra and activity are
separable by salt precipitations, paper or starch electro-
phoresis, or chromatography. Theorell (98) reported the
exlstence of a varliable component, para-peroxidase or horse-
radish peroxidase I, which moves in a directlon opposite to
the ma jor component, horseradish peroxidase II, during elec-
trophoresis, In many aspects, horseradish peroxidase
resembles methemoglobin in absorption spectrum and in com-

plex formation with hydrogen peroxide.
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As far as the kinetics of the enzyme reaction are
concerned, the contribution of Chance (14, 15) should be
mentioned, Mild treatment of horseradish peroxidase with
hydrochloric acid cleaves the heme group of the enzyme,
and the nondenaturated apoprotein with some of the original
activity of the enzymé is obtained., Thilis observation was
reported earlier by Maehly (63). Recently Siegel and
Galston (85) observed that the cleaved protein without the
heme group did not oxidize IAA, However, IAA was oxidized
in the presence of a monophenol cofactor and manganese ions.
The cleavage of horseradish peroxidase was found to be
reversible; the acid treated peroxidase could be restored
to an active form by neutralization with alkall.

Numerous chemical compounds react with peroxidase to
form stable compounds which can be detected spectroscop-
ically (83). Many of these substances inhibit enzymatic
activity. Cyanlide, fluoride azide, hydroxylamine, and
nitric oxide are several compounds known to be inhibitors
of peroxidase activity. Some investigators (5, 23) suggest
that these o-polyphenols act as inhibltors since they are
capable of being oxidized rapidly by peroxidase with the
subsequent result of a deficlency of hydrogen peroxide in
the reaction mixutre. However, it 1s possible that the
inhibiting effect of o-polyphenols is due to the enzyme
catalyzed formation of the condensation products between
IAA and the polyphenols (59). The stimulating effect of

some naturally occurring monophenols may account for the
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fact that these compounds are oxidizable in the presence of
a peroxidase system (43). A cyclic mechanism was advanced
by Kenten and Mann (45) to explain the oxldase character of
the peroxidase. The suggested cyclic mechanism 1is 1llus-

trated by the following diagram:

Phenol Oxidized Phenol
Mn3+ or Mn4+ Mn2+
0, H20,

In addition to the monophenols, maleic hydrazide
(5, 43) was found to be a promoter in the oxldation of IAA,
but its mode of action 1s unknown. BRecently Klebanoff (49,
50, 51) reported that bisulfite or sulfite anions stimu-
lated the oxidatlion of pyridine nucleotides by horseradish
peroxidase and that thyroxine was a stimulator in the oxida-
tion of adrenaline, uric acld, and ascorbic acid.

Some compounds act eilther as accelerators in certain
reactlons'or as inhibitors in other reactions catalyzed by
the same enzZyme system. Thyroxine 1s an example of such a
compound, It is a strong accelerator in the peroxidase
oxidation of adrenaline, uric acild, and ascorbic acid but a
strong inhibitor of peroxidase oxidation of 1lodide and
pyrogallol. Among other compounds which are found to have a
significant effect on peroxidase were ammonia, hydrazine,

pyridine and imidazole (17).
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Peroxidase catalyzes the reactlon of hydrogen perox-
ide by electron donors other than hydrogen peroxide. A
wide variety of chemical compounds have been found to be
"active as hydrogen donors in the oxidation and reduction
systems. Therefore, the reactlon involved in peroxidase-
catalyzed reactions shows great versatility. Peroxidase
can act as an oxidizing agent, halogenating agent, and
hydroxylating agent as well. Peroxidase can also partici-
pate in polymerization, isomerization, and decarboxylation
reactlions. These observations on the versatility of perox-
1dase reactlions have been reviewed by Mason and Saunders
(65, 83).

Recently, IAAld was found to be an excellent sub=-
strate for rabbit muscle homogenates (81), liver homogenates
(115), and pure horseradish peroxidase (116). Apparently,
the peroxidase reactions are not only involved in the regu-
lation of the hormonal level in plant tissues, but are
closely related to the hormonal metabolism in mammalian
tissues., The interconversion of sterold hormones in mam-
malian tissue depends greatly on the peroxidase system (47).

The mechanism of enzymatic degradation of auxins has
for many years been a subject attractive to many investiga-
tors, The publications in this fleld are voluminous. The
early report by Tang and Bonner (94) indicated that the
oxidation of IAA consumed one molecule of oxygen and
evolved one molecule of carbon diloxide per molecule of IAA.

The proposed reaction product was indole-3-carboxaldehyde
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(IAld). The results obtained by them demonstrated that the
ma jor feature of enzymatic degradation of IAA by "auxin
oxidase " was decarboxylation of the side chain of the IAA
molecule, However, later reports published by Manning and
Galston (64) suggested that IAA could be oxidized in a
manner analogous to the well-known kynurenine pathway of
trypotophan metabolism in animal tissues, but they could
neither identify the formation of indole-3-carboxaldehyde
nor the production of formylkynurenine in the oxidation of
IAA by pea homogenates,

The formatlon of a small quantity of indole-3-
carboxaldehyde, among other products of IAA oxidation,
later was detected by Racusen (73), Pilet (71), and Stutz
(90) in reaction mixtures containing plant tissue homogen-
ates., The formation of IAld from IAA oxidation catalyzed
by Japanese radish peroxidase was reported recently (68).
Furthermore, Stutz (90) discovered that the addition of
cytochrome ¢ and a cytochrome oxidase containing homogenate
of rat liver to the lupine enzyme converted IAA to IAld in
50% yleld. Moreover, Stutz (92) reported IAld could be
formed almost quantitatively from indole-3-glycolic acid,
Because of the ultraviolet and infrared spectra of the
reactlion product, Stowe, Ray, and Thimann (89) suggested
that one of the IAA oxidation products might be 3-methyl
oxindole. By studylng the oxidation of IAA by a highly
purified enzyme from lupine seedlings, Stutz (91) found at
least filve oxidation products of IAA,
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Following the observation of Gglston, Bonner, and
Baker (22) that horseradish peroxidase itself could oxi-
dize IAA, research has been conducted mainly on the oxida-
tion of IAA in the presence of peroxidases alone. In the
studles on the oxidation of IAA by Omphalia enzyme and
horseradish peroxidase, Ray (77) observed the formation of
an intermediate compound, and as a result he proposed a
two-step reaction mechanism for the degradation of IAA by
fhe enzyme system. Thls intermedliate compound was regarded
as the actual product of the enzymatic reaction. The com-
pound in questlion was neutral and retained the indole struc-
ture, but was neilther oxindole nor indole-3-carboxaldehyde.
This intermedliate compound was called compound A by Ray.
The second step of the reactlon, a course to the final
products, was regarded as a nonenzymatic reaction.

Recently, H;nman and Lang (36) reported that the
oxldatlion of IAA catalyzed by crystalline horseradish
peroxidase ylelded 3-methylene oxindole as a major product.
They also showed that oxlndole=3-carbinol was a precursor
of 3-methylene oxindole. Consequently, oxindole=-3-carbinol
was regarded as the Intermedlate compound A in Ray's two-
step reaction mechanism. Hinman and Lang (36) proposed a
new mechanism for the degradation of IAA catalyzed by crys-
talline horseradish peroxidase. The mechanism involved, as
a first intermedlate, an indolenine hydroperoxide which is
converted through an indolenine epoxide to oxindole-3-

carbinol, which in turn undergoes a slow but spontaneous
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transformation into 3-methylene oxindole., This suggested
mechanism is of great interest and wlll be discussed further,

Recently, Latarjet and Caldas (58) made the interest-
ing observation that certain bacteria can be made sterile by
heavy exposure to ultraviolet light and then restored to
activity by peroxidase. Kamerbeek (39) and Galston (20)
reported, respectively, that there is remarkably greater
peroxidase activity in dwarf varleties of beans or peas,

These findings imply that the sul generis synthesis of

peroxidase decides the height of certaln variety of beans or
peas . Mathan (66) reported that leaf shape or size of
normal (Lat/La¥), Lanceolate (La‘/La™), and several other
leaf=-shape mutants of tomato was detefmined by the content
of peroxidase, catalase and phenoloxidase,

Another theory advanced by Galston and Dalberg (21)
suggested that the agelng process in plants is closely cor-
related to the activity of peroxidase in plant tissues,
Thls assumption was based on the observation that the IAA
destroying activity in pea stem or root sections increased
longitudinally from the apex (minimum activity) toward the
point where growth ceased and cell maturation occurred.
Siegel (84) noted that the lignification of vascular tis-
sue involved the action of peroxidase,

Apparently, other than the oxidation and reduction
processes, the blologically significant aspects of the
peroxidase catalyzed oxidatlion of auxins may be exhibited

in the areas of growth, agelng, morphogenesis, and protection
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or adaptebility of plants to the specific conditions they
may encounter, The observations of Saunders et al. (83)
indicate that the versatility of peroxlidases may be related
to the blosynthesis of certain complex organic compounds in
plants,

Recently, Galston and co-workers (19), and Key and
Ingle (46) mentioned that growth processes controlled by
auxin were closely related to the synthesis of RNA, especi-
ally messenger RNA, since auxin could enhance the synthesis
of RNA in excised plant tlssue. Such processes involved
the comblnation of IAA to the RNA fraction, but the combin-

ation could only be shown in the presence of peroxidase,

Statement of Problem

Several investigators (6, 29, 55) propose that IAld
is an lmmedlate precursor of IAA, Indeed, the presence of
an enzyme system which wlll catalyze readily the oxlidation
of IAAld to IAA has been reported (29, 55). However, a
satlsfactory stoichiometric relationship between IAAld dis-
appearance and IAA formation has never been obtained,
Therefore, some workers (6, 44) suggest that in plant tis-
sues IAAld and 1ts analogs may be metabolized in a manner
other than by oxidation or dismutation to the corresponding
acids (56). Larsen (56) studied the metabolism of IAAld
and naphthalene-l-acetaldehyde by Avena coleoptile sap, and
found that at least one-half of ‘the aldehydes added to the

coleoptile sap disappeared so rapidly that they did not give
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rise to the formation of IAA, Consequently, he suggested
that the conversion of IAAld to IAA might involve a dismu-
tation reactlion in which equivalent amounts of alcohol and
acid are formed. |

However, Kaper and Veldstra (40), who studied the

metabolism of tryptophan by Agrobacterium tumefaciens, did

not find the 1:1 ratio between IAA and tryptophol formation
reported by Larsen (56). The ratlio of IAA to tryptophol
depended on the experimental conditions used. Ashby (6)
also studied the metabolism of naphthalene-l-acetaldehyde
by Artemlsia-seedling root sap and found less than 1 mole
of acld per 2 moles of aldehyde. These facts do not sup-
port Larsents (56) dismutation theory for the explanation
of the extra loss of the aldehydes in plant tissues,
Apparently, no single enzyme called aldehyde mutase
1s present 1in both plant and animal tissues. The purified
aldehyde mutase from beef liver was found by Racker (72)
to be actually a mixture of two separable enzymes, an
alcohol dehydrogenase and aldehyde dehydrogenase. The
enzymes, which will cgtalyze the transformation of IAAld
and its analogs to the corresponding aclds or alcohols,

are 1llustrated in .the following schemes
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t} N

H

The lack of a stoichlometric relation between alde-
hyde dilsappearance and acid formation suggests that there
are at least two metabolic pathways which are involved in
the metabolism of IAAld or its analogs. One catalyzes the
transformation of IAAld to IAA and the other catalyzes the
direct metabollism of the active auxin precursors. These
facts indicate a balance between these two enzymatic systems
according to the stage of development of the living organ-
isms.

Kenten and Mann (45) studied the oxidation of g=-
phenylethylamine by pea-seedling extracts and found that the
total oxygen uptake was in excess of that required for the
oxidation of the amine to B-phenylacetaldehyde, They sug-
gested that a so-called aldehyde oxidase was present in the
extracts, Further studles on this pea-seedling "aldehyde

oxidase" by Kenten (44) indicated that the rate of oxygen



16
uptake required for the oxidation of B-phenylacetaldehyde
can be inhibited to the extent of 85% when a high concen-
tration of catalase 1s added., But for a simple flavopro-
tein, the inhibition of catalase would, at most, reduce
the reaction rate to half of the total oxygen uptake. From
this and other evidence, Kenten (44) concluded that the
"aldehyde oxidase" catalyzed reaction 1s very siﬁilar to
the oxidase-peroxidase reaction, and that the oxidase-
peroxldase-catalyzed oxidation of B-phenylacetaldehyde does
not yleld phenylacetlic acid but phenylcarboxaldehyde., Some
observations (44) suggest that the wide distribution of
oxldase-peroxidase systems in nature may be responsible for
the rapid disappearance of IAAld and 1ts analbgs in various
plant tissues,

Recently, Bartholini et al. (7) noted the presence
of enzyme systems in platelets and erythrocytes which can
readily catalyze the transformation of IAAld to 1lts corres-
ponding alcohol and acid., However, a lack of stoichiometric
relationship between aldehyde disappearance and acid forma-
tion was also observed in these experiments. Udenfriend
et al. (103) reported that only 30% of the serotonin metabo-
lized by rat liver homogenate could be recovered as 5=
hydroxyindole-3-acetic acid, whereas Wu (111) could not
detect any IAA when rat liver mitochondria was employed as
a catalyst for tryptamine oxidation. Similar results (115)
were observed when IAAld was directly used as substrate for

the oxidation studies by liver homogenates. Evidence has
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accumulated to support the existence of an alternative path-
way other than IAA formation for the metabolism of the
hormonal substances such as IAAld and 1ts analogs in both
plant and animal tissues,

Moreover, several investigators (3, &4, 9, 12, 32, 54)
have studled the effect of IAAld on various auxin tests,
Results of these tests indicate that IAAld becomes active
by being oxidized enzymatically into IAA., Moreover, another
noteworthy observatlon is that in all of these tests, the
relative activity of IAAld is not always the same., Accord-
ing to Larsen (54), the differences found in the relative
activity of TAAld in different tests may be due to test
objects with different properties in absorbing IAAld or to
conversion of IAAld into IAA, Indirectly, this finding also
suggests the existence of an alternative pathway for the
metabollism of IAAld.

Because of the dual role of horseradish peroxidase to
act both as an "IAA oxidase" and an "aldehyde oxldase," the
present work on thls enzyme was taken as a model to study
this new metabolic pathway of IAAld. Attempts were made to
identify the oxldation products of IAAld catalyzed by this
crystalline enzyme. Studies were made also on l-methyl-
IAAld to give further information concerning the mechanism
of horseradish peroxidase=-catalyzed oxidation of indole

aldehydes;
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MATERIALS AND METHODS

Synthesis of Compounds

A number of different methods were selected for the
preparation of indole derivatives for this thesis, Detalled

procedure for synthesis of the compounds 1s outlined below:

Indole-3-acetaldehyde.~--Indole-3-acetaldehyde was

synthesized from tryptophan by treatment with dilute sodium
hypochlorite solution by the method of Gray (32).

Three grams of DL-tryptophan were dissolved in 100 ml
of a 10% sodium hydroxide solution which was then ad justed
to a pH of 8.5 with 4 N hydrochloric acid. The solution was
poured at once into a 4,000 ml Erlenmeyer flask containing
1,200 ml of distilled water and 700 to 800 ml of benzene;
then 200 ml of a 0.52% sodium hypochlorite solution (1 part
Clorox with 9 parts water), was added. Immediately after
the addition of the hypochlorite solution, the flask and
contents were shaken with a swirling motlion in hot water
bath. The temperature was raised to 50° over a period of
20 minutes and then held between 50 and 51° for an addi-
tional 15 minutes. During this operation, the benzene layer
became yellow to orange in color indicating a successful
synthesis,

While still warm, the benzene layer was separated

from the water phase and concentrated to a volume of 65 ml
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under vacuum while maintaining the temperature below 50°°
A crystalline product was obtailned by shaking the result-
ing benzene solution with 50 ml of saturated sodium bisul-
fite solution. The crystals were collected on a Buchner
funnel and washed several times with 95% ethanol and
finally with absolute ethanol and ether. The product was
recrystallized by dissolving IAAld-NaHSO3 in a minimum
amount of water and then diluting with absolute ethanol to
make a final concentration of 90% ethanol. The yield was
1.9 to 2,0 g of pure IAAld-NaHSOB.
To obtain the free aldehyde, 200 mg of IAAld-NaHSO3
was dissolved in 8 ml of distilled water and a few drops of
concentrated Na2CO3 was added. The aldehyde was then
extracted with peroxide-free ether, After evaporation of
the ether solution to dryness under vacuum, 82 ug IAAld was

attained.

l-Methylindole-3-acetaldehyde.--The title compound

was made by the same procedure described by Gray (32) for
indole-3-acetaldehyde and was also obtalned in the form of
bisulfite salt. Since the bisulfite salt of l1-methyl-IAAld
is very soluble in 95% ethanol and cannot be recrystallized
by the method outlined for IAAld-NaHSOB. it was recrystal-
1ized by the following procedure. Fifst, the salt was
dissolved in a minimum amount of ﬁater to make a saturated
solution, and then it was filtered, A small amount of iso-~
propanol was added to the clear filtrate to induce cloudi-

ness, Then the mixture was set in a refrigerator overnight
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or longer for crystallization to occur. One and one-half
grams of white needles of 1.methyl-IAA1d-NaHSO3 was obtained
from 4 g of 1-methyltryptophan. The free l1-methyl-IAAld was
obtained in the same manner as described for indole-3-acetal-

dehyde (32).

l1-Methyltryptophan.--1-Methyltryptophan was obtalined
from the sodium salt of tryptophan witﬁ methiodlde in 1liquid
ammonia according to a process outlined by Yamada et al.
(112).

Metalllc Na (3.2 g, O.14 atomic mass units) was added
in small pleces to a mixture of about 450 ml of liquid ammonia
containing 0.2 g of ferric nitrate monohydrate while the
mixture was being stirred. After the sodium metal was com-
pletely dissolved, 12.3 g of DL-tryptophan which was sus-
pended in an approprlate amount of anhydrous ether, was added
to the mixture while it was being stirred. After 30 minutes
11.4 g of methyl lodide was added dropwise over a 15 minute
period and stirring was continued until all ammonia was com-
pletely evaporated. The residue was then slowly transferred
to a mixture contalning 350 ml of ethanol and 350 ml of H20.
This mixture was then evaporated under vacuum to dryness.
The residue was added to 350 ml Hzo, which was heated to
dissolve the mass and then filtered. The warm solutlon was
ad justed to pH 5.0 with glaclal acetlic acld and diluted with
350 ml of 95% ethanol. The mixture was then placed in a
refrigerator overnight. The resulting white precipitate was

collected on a Buchner funnel and washed successively with
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4O ml of H,0, 4O ml of 50% aqueous ethanol, 40 ml absolute
ethanol, and finally with 40 ml of dry ether. This precipil-
tate, which was recrystallized from 50% aqueous ethanol,
consisted of colorless needles of melting point 269° (11it.,

mp 2690) (112) and gave a positive ninhydrin test.

1-Methylindole-3~carboxaldehyde.--The title compound

was synthesized from l-methylindole by reaction of dimethyl-
formamide on indole in the presence of phosphorus oxychloride
by a method described by Tyson and Shaw (102).

To a flask protected from atmospheric moisture, fitted
with a mechanical stirrer, and containing 1.18 mole of
dimethylformamide cooled to -5°, 2.0 mole of phosphorus
oxychloride was added. During this procedure the mixture
was stirred constantly to prevent the temperature from rising
above 10°. After phosphorus oxychloride was added, 1.0 mole
of l-methylindole was added in small quantities while a tem-
perature between 23 and 2?° was maintained. Stirring was
continued at 25° for 0.5 hour. Then 4.0 g of finely divided
calcium carbonate was added to the mixture and the tempera-
ture was gradually ralsed from 30 to 350. From this point on
the temperature was controlled by cooling the flask with ice
from time to time until the tempefature reached 55 to 60o in
0.5 hour, The slurry was cooled externally to 10° with ice
and then 20.0 ml of 30% solutlon of sodium acetate was poured
into the flask as the mixture was stirred. Then the mixture
was diluted with water to a volume of 1,000 ml. After 1.18

moles of sodium hydroxide was added and the mixture was
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refluxed for 3 hours, dimethylamine formed copiously. The
mixture was diluted with water so that its volume reached
3.5 1liters, Then it was heated to reflux and filltered,
After the resulting filltrate was treated as described above,
it ylelded colorless needles of melting point 69° (11t. mp
69°) (82).

1-Methyl-4-hydroxyquinoline,--1-Methyl-4-hydroxy-
quinoline was made by using the method reported by Simpson

and Wright (86) for the synthesls of 6-nitro-l-methyl-d-
quinoline.

Methyl sulfate (2.2 ml) was added to a solution of
1.5 g of 4-hydroxyquinoline in 48 ml of aqueous potassium
hydroxide (1.9%) at 50°, At the end of the reaction, excess
alkall was added, and the l-methyl-4-hydroxyquinoline (2.1 g)
extracted with chloroform. The product was recrystallized
from benzene, and gave colorless prisms of melting polnt 150
to 152° (1it. 150-152°) (1). The chloride of 1-methyl-k-
hydroxyquinoline was obtained by dissolving the l-methyl-i4-
hydroxyquinoline in diluted hydrochloric acid solution.
After the solution was evaporated to dryness, the residue

was recrystallized from isopropanol. The crystals melted at

164 to 166° (1it. 164-166°) (67).

Identification of Compounds

1-Methylindole-3-carboxaldehyde.--The synthesized
aldehyde gave positive tests with 2,4-dinitrophenylhydrazine
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and xanthydrol, but responded poorly to Schiff!s and Ehrlich's

color reaction. Its crystals were colorless needles of 69°

(11t. 69°) (82). xﬁi 1780, 1720, 1650, 1560, 1470, 1400,

1380, 1375, 1327, 1260, 1190, 1125, 1075, 1032, 1012, 787,
749, and 730 em™l, The NH stretching band could not be
EtOH

shown. Amax 262 mJ «

The infrared spectrum of l-methylindole-3-carboxalde-
hyde was very similar to indole-3-carboxaldehyde. The two
infrared spectra are shown in Figures 2 (A) and 2 (B) respec-

tively, for comparison,

1-Methyl-4-hydroxyquinoline.--According to Alllson

et al. (1), l-methyl-=4-hydroxyquinoline has the following

reasonance structures:

OH 0-
N N
— () —— )
Nt N N
| C1 | |
CH

3 CH3 : CH
I II III

3

The quinolinone, structure II, shows no ketonic
properties and is unaffected by mefhlodlde in beclling
methanol, indicating that the ionic "aromatic" form II makes
the ma jor contribution to the reasonance structure.

The free l1-methyl-4-quinolinone crystals were color-
less needles of melting point 150 to 152° (11it. 150-1520)
(1). The chloride melted at 164 to 166° (1it. 164-166°) (68)

Ag:gH 313, 329 mu.
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Indole-3-acetaldehyde.-~-The title aldehyde was lden-
tical to the one reported by Gray (32). It was a colorless
syrupy liquid and was positive to Schiff's and 2,4-dinitro-
phenylhydrazine reactions for aldehydes and to Salkowski,
Ehrlich, and xanthydrol color reactions for the indole ring.

The infrared spectrum of the freshly released indole-
3-acetaldehyde was the same as that reported by Brown (12)
and Gray (32). It showed strong absorption bands at 3400,
1710, 747 et and medium strong bands at 1465, 1430, 1350,
and 1100 cm™r., The infrared spectrum of the crystalline
sodium bisulfite addition product of IAAld in a KBr pellet
showed no carbonyl stretching band at 1710 cm'l. Strong to
medium-strong absorption bands were noticed at 3400, 3200,
2930, 1620, 1490, 1460, 1345, 1300, 1242, 1050, 1005, 880,
870, 845, 800, 740, 700, and 645 cm™l. The ultraviolet
absorption spectrum of the free IAAld in ethanol had
absorption maxima at wavelengths of 273, 281, and 289 mu
The infrared spectra of IAAld-NaHSO3 and free IAAld are given

in Figures 3 (A) and 3 (C), respectively.

l1-Methylindole-3-acetaldehyde.~~The free 1-methyl-
indole~3-acetaldehyde was a colorless syrupy liquid. It gave

positive tests to Schiff'!s and 2,4-dinitrophenylhydrazine
reactlions for aldehydes; and to Salkowski, Ehrlich and
xanthydrol reactions for the indole ring.

The bisulfite salt of l-methyl-IAAld was as stable as

that of IAAld—NaHSOB. The aldehyde was stable enough for



Figure 3.

28

Infrared absorption spectra of indole=3-
acetaldehyde sodium bisulfite salt (A),
l-methylindole=3-acetaldehyde sodium
bisulfite salt (B), indole-3-acetaldehyde
(C) and 1-methylindole-3-acetaldehyde (D).
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chemical analysis, but it is highly recommended that the
aldehyde be stored under an atmosphere of nitrogen for
longer perlods. The aldehyde is not stable in acidic or
alkaline solution. During chromatography on thin-layer
plates the formation of small spots of l-methyl-3-carbox-
aldehyde, IAAld and an unknown substance were detected,
Apparently, the aldehydic carbon became unstable due to
the presence of a methyl group on the indolic nitrogen
atom.

The infrared spectrum of the freshly released 1-
methyl-IAAld bears a great similarity to that of IAAld
except that the N-H stretching band is not present at 3390
en~r. The aldehyde showed strong to medium-strong bands
at 1720, 1470, 1430, 1370, 1335, 1250, 1160, 1130, 1070,
1015, and 740 cm™!., The infrared spectrum of the aldehyde
was made as a thin film on a sodium chloride plate.

The infrared spectrum of the crystalline sodium
bisulfite addition product of 1l-methyl-IAAld in a potassium
bromide peliet showed strong to meédium-strong bands'at 3450,
3050, 2850, 1610, 1550, 1470, 1420, 1370, 1330, 1220-1175,

1100, 1050, 1015, 735, 695, and 670 cm'l. The carbonyl

1

stretching band at 1720 cm™~ could not be located. The

spectrum closely resembles that of IAAld-NaHSOB.

The ultraviolet absorption spectrum of the 1-methyl-
JAAld in ethanol showed absorption maximum at wavelength of
288 mu. The bisulfite addition product in water gave a

simllar ultraviolet absorption curve with a single maximum
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at the same wavelength,
The infrared spectra of the aldehyde and 1ts bisul-
fite salt are shown in Figures 3 (D) and 3 (B), respectively.

Analysis of C11H120uNSNa:

Calcd, C, 47.65; H, 4.36; N, 5.05%
Found. C, 46.04; H, 4.86; N, 4.93%

l1-Methyltryptophan.--The syntheslized l-methyltrypto-
phan gave a positive ninhydrin reactlion., It crystallized
as colorless prisms with a melting point of 269°, which is

in agreement with that reported by Yamada et al. (112).

Methods for Determination of
Substrate Concentrations

The concentrations of IAA and IAAld were determined
by xanthydrol reactlon with slight modifications of the
method described by Welssbach et al. (106). Before each
determination a fresh solution of 0,1% xanthydrol in glacial
acetic acld was prepared, The following procedure was used,
To 1.0 ml1 of the sample in water was added 0.8 ml of 12 N
hydrochloric acid and 2,0 ml of the xanthydrol reagent.

Five minutes later 1,0 ml of acetone was added, After each
addition of reagent; the solution was mixed well. The
intensity of the pink color, which developed, was measured
within 5 to 10 minutes at 520 mp in a spectrophotometer.
The standards and blanks were treated in the same manner,

The xanthydrol reaction is very sensitive to compounds having
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an indole ring. As little as 8 ug of IAA could be detected,"
and the optical density was found to be proportional to IAA
concentration over the entire range from 8 to 200 ug. The
calibration curves for IAA and IAAld were determined as

previously described. The data are shown in Figure 4,

Enzyme

The crystalline horseradish peroxidase (RZ = 3),
which was procured from Worthington Chemical Company, was
stored at 0° immediately after arrival. Enzyme with RZ less
than 3 was also employed, but had no effect on the results
reported in this thesis.

Enzyme Reactlons

For the enzymatic studies the reaction mixture con-
tained the following: 3 ml of substrate (1 x 10~% M of IAA
or IAAld) in 0.05 M of buffer solutions (acetate buffer for
pH below 5.2 or phosphate buffer for pH above 5.6), 0.1 ml
of enzyme solution (usually contained 6 ug to 0.3 mg

enzyme protein), and 0,1 ml of hydrogen peroxide (1 x 10'2

M.
Other cofactors (manganese, 2,4-dichlorophenol, and bisul-
fite), if used, were added to the substrate solutions.,

Total reactlion mixture per cuvette was 3,2 ml., After reac-
tion was started by the addition of hydrogen peroxide, the
rate of the reactlon was followed in a Beckman DK-2 Ratio
Recording Spectrophotometer to determine the change of the
absorbancy which was due elther to the oxidation of the

substrate or to the formatlon of the reaction products.
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Figure 4, Calibration curves for estimating IAA and
IAAld by xanthydrol reaction.
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Incubation Conditions for Blosynthesls
of a New Oxidation Product

4-Hydroxyquinoline.~-The new oxidation product, L~

hydroxyquinoline, was isolated from a reaction mixture con-

sisting of 2,000 ml of 200 mg of IAAld-NaHSO,, 40 mg of

3
peroxidase, and 0,05 M of phosphate buffer solution at pH
7.8. The reaction was started by addition of 160 ml of

2 x 10"3 M hydrogen peroxide and the rate of reactlon was
determined by the xanthydrol reaction and also by the changes
of the optical density at 316 and 330 mu (a typical absorp-
tion maximum of 4fhydroxyqu;noline) in the spectrophotometer.
After changes in the structure of the substrate were com-
pleted, the same amount of IAAld-NaHSO3 was added together
with 20 mg of peroxldase., Thls procedure was repeated in the

same way until finally 800 mg of IAAld-NaHSO_, and 100 mg of

peroxidase were added, In a similar manner 560 ml of 2 x ].O'3
ﬂ of hydrogen peroxide was added dropwlse to the reaction mix-
ture until a total of 650 ml of the hydrogen peroxide solution
was added, After the reaction was completed, the solvent was
evaporated under vacuum to dryness. The residue was extracted
with isopropanol and the crude material (267.9 mg) in the

isopropanol extract was further purified by fractlonation

through a silicic acid column.

Silicic Acid Column Chromatography

The siliclc acid (Fisher Scientific Company, 200 mesh,

chromatographic grade) was suspended with stirring in a
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sufficient quantity of pure benzene to make a slurry. The
supernatant was decanted and the silicic acid was washed
twice in the same manner with a mixture of 5% benzene in
hexane, After the final wash, the sllicic acid was resus-
pended in 5% benzene in hexane., This suspension was stirred
continually while it was transferred to a glass column, 2.0
cm in dlameter, to give a silicic acid column having a
length of 20 cm.

Samples were applied in amounts of about 200 mg.
After the sample, which was obtalned from the enzyme reac-
tion mixture, was applied to the top of the adsorbent in the
column, the adsorbent and sample were first developed with a
solvent system consisting of hexane and ethyl acetate (50:100)
and then with isopropanol. About 250 ml of the hexane-ethyl
acetate mixture was used for the first development. Samples
were collected with an automatic fractionation collector and
fractlons having similar absorption patterns were combined

for further purification.

Thin-layer Chromatography

For routine work the thin-layer plates were prepared
by the method of Randerath (74). For the results formally
recorded in this thesis, Silica Gel F254 (from Brinkmann
Instruments, Inc.) and Eastman Chromatoéram Sheet (Type K
301, R2 Silica Gel wlthﬁut fluorescent indicator) were used,
The following solvent systems were employed: (1) n-propanol-

hexane (1:4); (2) chloroform-acetic acid (95:5); (3) benzene=-
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acetic acld-water (4:1:1); and (4) n-butanol-hexane (18%
n-BuOH) .

JAl1d and 1-methyl-IAld were identified by spraying
the adsorbent on the plates with 2,4-dinitrophenylhydrazine
reagent, which was prepared according to Randerath (74).
Since both IAld and l-methyl-IAld responded poorly to
Erhlicht's reagent, the latter reagent was not employed for
identification of these two compounds., For ldentification
of U4-hydroxyquinoline or 1-methyl-u-hyﬁroxyquinoline ultra-
violef light was used as detecting agent with plates made

of fluorescence background.

Ultraviolet and Infrared Spectra

Ultraviolet spectra were determined in a Beckmann
DK-2 Ratio Recording Spectrophotometer either in 95% ethanol
solution or in water solution. Infrared spectra were made
in a Beckmann IR-5 Infrared Spectrophotometer. For liquid
compounds such as IAAld and l-methyl-IAAld, the spectra were
obtalned as a thin film and for other crystalline compounds

as potassium bromide pellets.
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Spectrophotometric Studies on the
Oxidation of IAA, TAAld and

IAAld-NaH803

The changes in ultraviolet spectra durling the
peroxidase reactions were followed by using the Beckman DK-2
Ratlio Recording Spectrophotometer. The incubation conditions
were the same as those described under the section on methods.
The serles of ultraviolet spectra of IAA, IAAld, and IAAld-
NaHSO3 are shown, respectively, in Figures 5, 6, and 7,

For the three different substrates used, it can be.
clearly seen that the breakdpwn of IAA, TAAld, and IAAld-

NaHSO, by the pure horseradish peroxlidase followed different

patteins of oxidative pathways. The conversion of IAA to
3-methylene oxindole 1s clearly noted by the appearance of
the typical intense double peaks at Xmax 247 and 253 mu
(Figure 5) parallel with the disappearance of the indole
absorption at 277 and 285 mu. These changes in spectrum,
which were observed when IAA was used as substrate under the
present conditions, are very similar to the observations
previously reported by Hinman et al. (36, 37) and Ray (77).
The experiments shown in Figure 5 were carried out at pH 3.9
acetate buffer solution without addition of any cofactor

such as manganese, 2,4=dichlorophenol, and sulfite or

bisulfite anion. It is clearly observed that at 265 mu,

39
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L2
absorbancy increases at first and then decreases; thils behav-
ior was shown by Ray to be evidence for the formation of an
intermediate A, A similar increase and decrease phenomenon
at 295 mu, as reported by Ray, was also observed in Figure 5.
The appearance of isosbetic points at 233, 262, and 296 mu
was also noted in Figure 5. It took 45 to 60 minutes for
such 1sosbetic points to.appear. This was further evidence
for Ray'!s support of his sequential IAA to A and B transfor=-
mation mechanism.,

Qualitatively, the spectroscopic changes during the
course of oxidation of IAA showed 1little difference within
the pH range from 3.7 to 4.5, but within this pH range the
rate of reactlion was reduced quantitatively as the pH
increased. At pH above 6.1 only a slight change of IAA
spectrum could be produced by the peroxidase system.

The changes of spectrum of IAAld during the course of
oxldatlion under the same condition used for IAA (pH 4.58
acetate buffer) are shown in Figure 6. Obvioﬁsly there are
significant differences in the Spéctroscopic changes between
Figures 5 and 6. The action of peroxidase on IAAld caused
the immediate changes of the spectrum of IAAld at 244, 246,
and 298 to 300 mu regions, but not at 253 and 247 mu regions
(characteristic absorption maximum for 3-methylene oxindole),
The changes of the spectrum during the course of the reaction
finally reached a steady state as 1s shown by the shape of
the plotted curve. This absorption behavior shows no similar-

1ty with that of the typlcal absorption of the 3-methylene-
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Ls
oxindole. The typical absorption spectrum produced was found
later to represent the absorption of IAld (Figure 22),

After careful study of the spectroscopic changes of
IAAld during the course of oxidation at pH between 3.7 to
4.4, it was noted that at certaln wavelengths (ca. 274 and
280 mu regions) the optical density first decreased and then
increased, These observatlions might be used as an interpre-
tation for the possible formation of an intermediate substance
during the course of oxlidative breakdown of the IAAld. How-
ever, because of the lack of substantial evidence, a conclu-
sion could not be drawn on the basis of Fhis simple observa-
tion,

Catalytic breakdown of IAAld--NaHSO3 by the peroxidase
system gave a completely different plicture as compared to that
observed for IAA and IAAld. At pH between 3.7 and 4,4, the
oxidation of IAAld-NaHSO3 followed the same pattern as that
observed for free IAAld, The reactlion rate decreased as pH
was Aincreased from 3.7 to 6.1. Apparently, the increase of
the hydroxide lons in the reaction mixture gradually stopped
the activity of the enzymatic system. However, when pH was
increased above 6,1, the activity of the enzymatlc system
toward the substrate (IAAld-NaHSOB) was started again by
some unknown mechanism. The rate 'of reactlion increased pro-
foundl& as the pH was increased above 6.1. This observation
is of considerable interest for the study of enzymatic oxida-
tion of the indole aldehyde.
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The spectroscopic changes of IAA1d-NaHSO, oxidized at

3
pH between 6 to 8 is shown in Figure 7. Large differences
in the changing of the spectra can be seen clearly as com-
pared to those described for IAA and IAAld. Neither the
peaks at 247 and 253 mu nor those at 244, 246, and 300 mu
could be observed. Instead, as a result of oxidative break-
down of IAAld-NaHSOB, an appearance of a double peak at 316
and 330 mu reglions was always observed. The appearance of
these peaks was not due to the absorption of bisulfite
present in the substrate molecule because apparently the

bisulfite compound itself represents an individual entity

in the formation of a new compound.

Effect of pH on the Oxidation of
JTAA, IAAld, and IAAld-NaHSOB

The effect of pH on the oxidation of these substances
1s 1llustrated in Figure 8. The rate of the enzymatic reac-
tion was followed at 244 my since the changes of optical
density at this wavelength represent the overall reaction.
The oxidation of IAA, TAAld, and IAAld-NaHSO3 was found to
be dependent on the concentration of hydrogen ions. The
data in Figure 8 indicate that all three of these substrates
were oxidized rapidly at a pH range between 3.6 and 5.2, a
normal optimal pH for horseradish peroxidase., The reaction
rate decreased as the pH was increased from 5.6 to 7.8. As
the pH was increased above 6.2, a differential behavior of

the enzymatic system toward the oxldation of IAAld-NaHSO3
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Figure 8, Effect of pH on the oxidation of IAA, ITAAld,

IAAld-NaHSOB. The rate of the enzymatic

reaction was followed by the change of
absorbance at 244 my per hour. Reaction
mixture contained 1 x 10-4 M substrates,

IAA or IAAld or IAAl1d-NaHSO_, in 0.05 M

3
buffer solution, 6 ug of enzyme (RZ = 2,0)
and 1 x 10~ M H,O0_.. For pH values rang-

22
ing from 3.6 to 5.2 and from 5.6 to 7.8

acetate and phosphate buffers were used,

respectively.
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was clearly seen; the oxidatlion of IAA and IAAld at a pH
above 6.2 decreased continually as the pH was increased,
whereas the oxidation of IAAld-NaHSO3 increased profoundly
as the pH was railsed above 6.2. Apparently, the competition
between the hydroxide ilons and sodium bisulfite may account
for the differential behavior of the enzymatic system toward
these three different substrates. It 1s possible that the
increase of the concentration of hydroxide ions lnactivated
the enzymatic system, whereas the presence of sodium bisul-
fite prevented the inhibitory effect of the hydroxide ions
and restored the activity of the enzymatic system at the
elevated pH values, Hochster and Quastel (38) believe that
the inactivatlion of the enzyme system toward oxidation of
IAA at high pH values may be due to the formation of manganese
carbonate at the higher pH values which lowers the effective
manganese concentration below optimum. However, since there
were no manganese ions present in the reaction mixtures, the
lowering of the effective manganese concentration does not
account for the reduced activity of the reaction system at
the elevated pH values.

The effect of pH on the spectroscopic changes of IAA,

IAAld, and IAA1d-NaHSO, has been described previously and,

therefore, will not be3e1ucidated further. However, one
should recall that the presence of sodium bisulfite had a
profound effect on the enzymatic system, whereas at the lower
PH conditions sodium bisulfite exhibited, to some extent, an
inhibitory effect on the activity of the enzyme. At higher

PH values the enzymatic action was enhanced (Figure 9).
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Figure 9. Effect of sodium bisulfite on the oxidation
of TAAld at different pH values. Data were

taken from Figure 8.
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Effect of HSO3 or SO Ions on the
Oxidation of IAA and %AAld

The effect on sodium bisulfite on the oxidation of
IAA has been reported by Ray (77). He found that sodium
bisulfite prevented further changes of optlcal density of
JAA oxidized by the peroxidase system. Simlilar results
were also obtained by Tonhazy and Pelczar.(loo) from P,
versicolor enzyme preparation. But 1t 1is noteworthy to
add that in BRay's experiments the pH of the reaction mix-
- tures was 3,7, whereas the optimal pH for P, versicolor
was 4.5, These results correspond well with those observed
in the present work (Figure 9). It has been noted pre-
viously that at pH between 3.7 and 4.4 the effect of
bisulfite ions on the enzymatic system was inhibitory
rather than stimulatory in contrast to that observed at
high pH values,

The effect of blsulfite ilons on the activity of
enzyme system toward IAA and IAAld 1s shown in Figures
10 and 11, respectively. Curve 1, Figure 10 shows the
effect of sodium bisulfite on the oxidation of IAAld and
curve 2 shows the activity in the absence of bisulfite
anions, In curve 1, Figure 11, the experiment was made
by the addition of sodium bisulfite to the reaction mix-
ture containing IAA at the beginning of the reaction,
whereas in curve 2 the sodium bisulfite was added 60
minutes after incubation was started., These results

clearly indicate that the oxidative degradation of both



Figure 10.

Figure 11.
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Effect of NaHSO3 on the oxidation of IAAld.
The incubation condition was similar to

that mentlioned for IAA in Figure 11, Curve
1 was obtalned in the presence of 0.1 ml of

3 x 1073 M NaHSO3 (final concentration was

4

0.9 x 10”° M); curve 2 was obtained in the

absence of NaHSOB.

Effect of NaHSO3 on the oxidation of IAA.

Reaction mixture contained 3 ml of 1 x
10~% M IAA solution in a 0.05 M phosphate
buffer, pH 7.8, 0.3 mg of enzyme (RZ =

1.5) in 0.1 ml water solution, and 0.1

-2

ml of 1 x 10™™ M H,0,. Total volume was

2
3.2 ml per cuvette. Curve 1 was obtained

by addition of 0.1 ml of 3 x 10™2 M NaHSO,

to the reaction mixture at the beginning
of the incubation. Curve 2 was obtained
when 0.1 ml of the NaHSO3 solution was

added 60 min. after incubation. Reaction

rate was followed at 244 mu.
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TAAld and IAA at the high pH values requires the presence
. of bisulfite ions, Although in the absence of bisulfite
ions there was little observable change in the spectrum,
the addition of a small amount (1 x 10~% M) of sodium
bisulfite solution to the reaction mixture enhanced the
oxldative degradation of both IAAld and IAA immediately.
The complete reaction system required only the presence
of an active enzyme, hydrogen peroxide and sodium bisul-
fite. The addition of manganese lons (Mn2+) and 2,4«
dichlorophenol had no effect on the optical density of the
substrates at pH 7.8.

The spectroscoplc change of IAAld during the course
of oxidation by the addition of sodlum bisulfite to the
reaction mixture was ldentical to that observed for the
oxidation of IAAld-NaHSO3 at the same pH conditions (Figure
12, A)., It is noteworthy that the oxidation of IAA at the
same alkaline pH value, in the presence of bisulfite ions
gave the same pattern of spectroscopic changes as that
observed for the oxidation of IAAld-NaHSO3 under similar
conditions (Figure 12, B)., Apparently, the presence of
bisulfite lons during the oxidation of both IAA and IAAld
by the enzyme system results in the same oxidation product
along with the formation of the typical double peak in 316
and 330 mu regions. A comparison of the spectroscopic
changes during the oxidation of IAA and IAAld at pH 7.8 in
the presence of bisulfite ions are 1llustrated in Figure
12,



Figure 12, A,

Figure 12, B,
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Spectroscopic changes during the oxida-
tion of IAAld at pH 7.8 in the presence

of NaHSOB. Enzyme (0.3 mg per cuvette

RZ = 1.5), 3 ml of 1 x 10~ M of IAAld

in 0.05 M phosphate buffer solution,

pH 7.8, and 0.1 ml of 1 X 10-2 M H202.

Reactlion mixture contained 0.9 x 107% M

of NaHSO; (0.1 ml of 3 x 1073 ¥ NaBSO,
per cuvette of 3.2 ml).

Spectroscopic changes during the oxida-
tion of IAA at pH 7.8 in the presence
of NaHSOB. The incubation condition
was similar to that used in A, except
the reaction mixture contained 1.35 x
10~% M of NeHSO, (0.15 ml of 3 x 1073 n

NaHSO3 per cuvette of 3.2 ml).
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Figure 12, A.

Figure 12, B.

58

Spectroscopic changes during the oxida-
tion of IAAld at pH 7.8 in the presence
of NaHSOB. Enzyme (0.3 mg per cuvette
RZ = 1.5), 3 ml of 1 x 107" M of IAAld
in 0.05 M phosphate buffer solution,

pH 7.8, and 0.1 ml of 1 x 1072 }t Hy0,.
Reaction mixture contained 0.9 x 107% M
of NaHSO; (0.1 ml of 3 x 10~> M NaHSO

3
per cuvette of 3.2 ml).

Spectroscopic changes during the oxida-
tion of IAA at pH 7.8 in the presence
of NaHSOB. The incubation condition
was similar to that used in A, except
the reaction mixture contained 1.35 x
104 M of NeHSO, (0.15 ml of 3 x 1073

NaHSO3 per cuvette of 3.2 ml).
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The results indicate that the 803.2 or HSOB-Z ions
and not the Na+ lons acted as catalysts since increasing the
ionic strength by raising the buffer concentration with
sodium phosphate had little effect on the enzyme activity.
No increase or decrease of activity was observed for the
SOL:LP ion tOﬁard the enzyme system.

The oxlidation of IAAld at an elevated pH was found to
be proportional to the concentration of bisulfite ion added.
The values plotted for increase in the reaction velocity

caused by the addition of SO ion against the concentration

3
of NaZSOB' formed a rectangular hyperbolic curve (Figure 13).
Accordingly, a constant similar to the Km value was calcu-

lated for S0_~%

3
Burk (61) and found to be 3.5 x 10-5 M in the presence of

ion by a method described by Lineweaver and

1x 107" M concentration of the IAAld at pH 7.8. The
stolchliometric relation between the rate of oxidation and
concentration of bisulfite ions suggests that the salt acts

as a catalyst In the enzymatic system.

Effect of Enzyme, Substrate, Hydrogen Peroxide
Tsulfite lon and Sulfite lon Concentrations on

B
the Formatlion of & Compound with & Spectral
Absorption of §1§ and 550 ﬁg

In the presence of bisulfite ion, the changing of

optical density at 244 my due to the oxidative breakdown of
IAA and IAAld no longer represents the overall reaction.
Hence, the rate of the reaction was measured at 316 mu to

determine whether the formation of the new product having



Figure 13,

61

Effect of Na2303 concentration on the

oxildation of IAAld. Reaction mixture

contained 1 x 10’4 M of IAAld, pH 7.8;

concentrations of Nazso3 varied from
L

0.25 x 10° M to 2.0 x 10~ M. Reaction

rate was followed at 316 mu.
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the typlical double peak, which appeared at 316 and 330 mu
regions, involved any enzymatic reaction.
The effect of IAAld concentration on the rate of for-
mation of the compound bearing an absorption at 316 and 330

my 1s shown in Figure 14. The experiments were made in the

3
was obtained by the addition of 3.57 x 107 M solution of

sodium bisulfite; curve 2 was obtained at a 3.57 x 10'4 M

presence of SO ion at pH of 7.8. Curve 1 in Figure 14

solution of sodium bisulfite. The Km values for IAAld
determined by the reciprocal plots (61) were found to be

1.02 x 10"4 b

M and 0.048 x 10° ' M, respectively, in the
presence of the two different concentrations of sodium
sulfite.

Obviously an increase in the concentration of sodium
sulfite in the reaction mixutre had a profound effect on
both the Vmax and the Km of the reaction system. The ten-
fold increase in the amount of 303'2 ions doubled the maxi-

mum velocity of the reaction as determined from the spectral

-2
3

ions concentration produced a twentyfold decrease in Km for

changes at 316 mu. In contrast, a tenfold increase in SO

JAAld., It is clear that the presence of sodium bisulfite
had significantly enhanced the affinity of the enzyme system
toward the substrate,

The effect of enzyme concentration on the formation
of a compound with an absorption spectra of 316 and 330 mu
from the oxidation of IAAld-NaHSO3 is shown in Figure 15,
The pH of the reaction mixture was 7.8. The formation of

the double peak at 316 and 330 mu regions was found to



Figure 14,

Figure 15,

64

Effect of IAAld concentration on the forma-
tion of a compound with spectral absorption
at 316 and 330 mu. BReaction mixture con-
tained 15,7 ug enzyme (RZ = 2,9) per ml,

7 x 10™% M H,0,, 0.05 M phosphate buffer

2
solution, pH 7.8, substrate and bisulfite.
Substrate concentrations were varied from

b to 2.17 x 10‘“ M. Curve 1

0,438 x 10°
was obtained in the presence of 3.57 x
10“5ﬂ N2,504; curve 2 1n the presence of
3.57 x 10‘“ M NayS05. Initial velocity
(A0.D./min,) was followed at 316 mu in a

DU-Beckman spectrophotometer,

Effect of enzyme concentration on the forma-
tion of a compound with spectral absorption

at 316 and 330 mu.
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increase as the concentration of enzyme increased. Extrapo-
lating the enzyme concentration-velocity curve to zero-
enzyme concentration it 1s clearly shown that only a negli-
gible amount of auto-oxidation of the substrate was observed
from the intercepting point.

The presence of hydrogen peroxide in the reaction
system 18 required. At the elevated pH values in the presence
of bisulfite lons IAAld was oxidized rapidly when a stoichio-
metric amount of hydrogen peroxide was present, An amount
less than the stolchlometric quantity caused incomplete oxi-
dation of the substrates. These results are shown in Figure
16.

At pH of 7.8, 1little formation of the compound with
an absorption spectra of 316 and 330 mu was observed in the
absence of elther one of the components: enzyme, hydrogen
peroxide, or bisulfite ion. Heat-treated or trichloroacetic
acld-denaturated enzyme had no activity toward the formation

of this compound. These results are given in Figure 17,

Effect of 2,4-Dichlorophenol and
Manganese Ions on the Oxidation
of %ZK and IAAld ‘

The effect of 2,4-dichlorophenol and manganese on the
oxidation of IAA and IAAld is shown in Figure 18. The experi-
ments were made in the absence of hydrogen peroxide at pH 4.0,
At a pH greater than 6 the presence of 2,4-dichlorophenol and
manganese had little effect on the peroxidase-catalyzed oxlda-

tion of IAA and IAAld, even when hydrogen peroxide was present



Figure 1 60

Figure 17,

67

Effect of hydrogen peroxide concentration
on the oxidation of IAAld-NaHSOB. Reaction
mixture contained 0,6 u mole of IAAld,

0¢33 u mole of Na2803. 0.05 M phosphate
buffer solution, pH 7.8. Curve =-x-X- con-
tained 0.1 p mole of Hzoz.
0%, -A=5- contained 0.3 M

-9-0- contained

0.2 p mole of H2

mole of H,0, and -o0-0- contained 0.4 u mole

of H202. Total volume 3.2 ml.

Effect of horseradish peroxidase on the
oxidation of IAAld at pH 7.8. Complete

system contained 8.3 ug enzyme (RZ = 2,9)

per cuvette of 3.2 ml, 1 x 10™% M IAAld,

-4 -4
3x10° ' M H,0p and 1 x 10 M Na2803.
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Figure 18,

69

Effect of 2,4-dichlorophenol and manganese
on the oxlidation of IAA and IAAld. Reac-
tion mixture contalined 1 x 10'4 M substrate
(either IAA or IAAld), 1 x 10'4 ﬂ’Mn012.
1x 10‘4 M 2,4-dichlorophenol and 0.2 ml

of enzyme (8.3 ug per cuvette, RZ = 2.9).
Total volume of the reaction mixture was
3.2 ml per cuvette., Blank contained all
reaction components except without addition

of enzyme, Reactlon mixtures were made in

0.05 M acetate buffer solution, pH 4.0,
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in the reaction mixture. In these studies the reaction was
followed spectrophotometrically at the 244 mu region. It
was observed that at pH 4.0 the oxidation of IAA was remark-
ably stimulated in the presence of 2,4-dichlorophenol and
manganese, and also in the absence of these cofactors IAA
appeared to be an excellent substrate for peroxidase activ-
ity.

In contrast to what was observed for IAA, the oxida-
tion of IAAld by the same enzyme system was not influenced,
to any extent, by the presence of these two cofactors, Under
these conditions IAAld was not oxidized., These observations
are contradictory to what is expected. One should recall the
observation previously described that IAAld was an excellent
substrate for peroxidase activity in the presence of hydrogen
peroxide at pH 4.0, Apparently, the diverted behavior of
the enzyme toward IAA and IAAld was a result of the slight
difference in the chemical structure of these two auxin deriva-
tives, The lack of reactivity of IAAld by the system con-
sisting of 2,4-dichlorophenol, manganese ions, and peroxidase
was not simply due to the defilcliency of the hydrogen peroxide,
because the function of manganese and 2,4-dichlorophenol are
closely related to hydrogen peroxide formation required for

the peroxidase catalyzed reaction (45).

Identification of the
Oxidation Products

Some Preliminary Studies with Thin-Layer Chromatography.--
Preliminary studies with thin-layer chromatography indicate
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that as a result of the oxidation of IAA, IAAld and TAAld-

NaHSO., several spots could be detected under ultraviolet

3
light. Among them two or three spots could be regarded as

common products, One of these common products was called
compound Xl' having R, values of 0.91 (spot Ai) and 0,92
(spot Az) which were obtalned from the oxidative breakdown

of IAA and IAAld, respectively. Spot A1 and spot A2 derived

from compound X, resembled each other not only in the Bf

1
values, but also in the absorption spectrum under ultra-

violet light (Figure 19). These spots had absorption maxima
at 240, 260, and 290 muy regions, Originally, it was sus-
pected that the compound was a derivative of an oxindole,
since oxindole was known to be an established end product
resulting from the action of peroxidase on IAA, However,
analysis indicated that it was not oxindole.

Another common product which was isolated from the

b

peroxidase oxidation of elther IAAld or IAAld-NaHSO, had R

3 f

values of 0,73 (spot B, from IAAld) to 0.77 (spot B, from

1 and B2. obtained from

JAAld and IAAld-NaHSOB, respectively, gave similar spectra

IAAld-NaHSOB). The two spots, B

with a characteristic double peak at 316 and 330 my regions
(Figure 20).

In the preliminary experiments the pH of the reaction
mixture was made at 6.1 since the reaction rate of the oxida-
tion of the IAAld and TAA was the lowest at this pH, conse-
quently, additional products may be produced in this reaction,

A significant conclusion which may be drawn from these
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preliminary studies, is that the presence of sodlum blsulfite

does not appear to be absolutely necessary for producing

compound X, from the IAAld, since the peroxidase-catalyzed

2
oxidation of IAAl1d in the absence of bisulfite lon also gave
rise to the same product with the typical double peak at 316
and 330 mu. The presence of bisulfite lon only stimulated

the yleld of the X Whether the same 1s true in case of

2.
JAA 1s unknown, although 1t was noted above that the presence

of bisulfite ion stimulated the formation of X2 from IAA,

The Xl and X2 were later identified as IAld and U4-hydroxy-
qQuinoline, respectively. Furthermore, for each substrate
(IAA, or IAAld4, or IAAld-NaHSOB) oxidized at least 5 spots
could be detected. In the present work only two of them

were identified.

Isolation and Purification of the Compound With a

Spectral Absorption of 316 and 330 my by Column Chromatography.-=-
For the isolation of the new oxidation product having a typl=-

cal double peak at 316 and 330 mu regions, the bilosynthetic
product was placed on top of the adsorbent in a siliclc acid
column packed according to the method previously described,
The column packing was first develoﬁed with a solvent systenm
consisting of 250 ml of hexane and ethyl acetate mixture
(50:100); and second, with isopropanol. The samples were
collected in two ml portions by an automatic fractionation
collector, Portions having similar absorption patterns were

combined, The compound having the typical double peak at
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316 and 330 mu remained at the top of the adsorbent during
first development and was isolated in a fairly purified form
from the second development with 1sopropanol. It was crys-
tallized in an acetone-ethyl acetate mixture and finally
recrystallized several times 1n pure acetone until a constant

melting point was determined.,

Identification of Compound X, as 4-Hydroxyquinoline.--

The ultraviolet and infrared spectra of compound X2 are shown
in Figure 21 and Figure 22 (A), respectively. The ultra-
violet absorption of the compound showed a double peak at

316 and 330 mu and a broad peak at 234 mu., Infrared spectrum
of the crystalline compound in a KBr pellet showed strong to
medium-strong bands at 3250, 3050, 2560, 1650, 1620, 1580,
1500, 1480, 1440, 1360, 1320, 1200, 1140, 1100, 830, 800,
775, 760, 725 and 675 em~l., The ultraviolet and infrared
spectra of the unknown compound were the same as the spectra
of an authentic sample of 4~hydroxyquinoline. The infrared
spectrum of 4=hydroxyquinoline 1s shown in Figure 22 (B).

The 4-hydroxyquinoline, which was purchased from
Aldrich Chemical Company, was a trihydrate having a melting
point of 200-2020. The 4-hydroxyquinoline isolated from the
peroxidase reaction mixture was melted at 207-208° (uncor=-
rected). However, after the samples were dried over phos-
phorous pentoxide, both the authentic and the isolated com-
pound melted at 207-208° (uncorrected) and a mixture of both

compounds showed no depression of the melting point. The
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molecular weight of the oxildatlion product determined by mass
spectrophotometric method or by a freezing-point depression
in acetone was found to be 145,15 and is the same as the
calculated value. The compound gave the followlng percent age
on elemental analysis: C 74,47, H 4,90, N 9,68, 0 10,95«
All avallable evidence indicates that the oxidation produbt
with the typical double peak in the 316 and 330 mu regions
was 4-hydroxyquinoline which has the following percentage
composition: Calcd, C 74,47, H 4,82, N 9,65, 0 11,06, The
yield of U4=-hydroxyquinoline under the experimental condi-
tions used was 20% of the substrate (IAAld) oxidized.

ThinfLazer Chromatographical Identification of Compound

31 as IAld.-=-The results of thin-layer chromatography experl-
ments with four different systems are shown in Figure 23,
The enzymic oxidation of IAAld was made at pH 4,4, It is
evident that the Rf values of the reaction product (compound
Xl) on the chromatograms in the different solvent systems
correspond to the IAld (Flgure 23 and Table 1). The compound
x1 was further identified by ultraviolet spectra which also
corresponded to the IAld. The absorption spectrum of the
aldehyde isolated from thin-layer chromatography and that of
IAld are given in Figure 24,

The 1solated IAld gave positive testswith 2,4-dinitro-
phenylhydrazl ne and xanthydrol, but responded poorly to
Schifft!'s and Ehrlich's test. These tests correspond with

those observed for IAld,
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The yield of IAld obtained by the peroxidation of

TAA1ld was approximately 50%. About 0.5 x 10'"’+ M of IAld

was formed by the oxidation of 1 x 10-4 M of IAAld, The
yleld was calculated from the spectral changes at 289 mu

when the reaction reached the final steady state.

Oxidation of l1-Methyl-IAAld
by Horseradlsh Peroxidase

The spectrophotometric changes of l1-methylindole~3-
acetaldehyde during the course of oxidation was more compli-
cated than that observed for IAA and IAAld. Both the rate
of the reaction and the pattern of oxidation product were
greatly influenced by the pH of the reaction mixture. The
optimal pH for the oxidation of l1-methyl-IAAld was in the
range of about 4.0, and the reaction rate decreased as the
pH was increased above 6,5. A simlilar stimulatory effect
of bisulflite ions on the oxidation of l1l-methylindole=3-
acetaldehyde at high pH values was observed.

One of the ma jor oxidation products was found to be
l-methyl=-IAld, Its formation from the peroxidase oxidation
of l-methyl-IAAld was identified by thin-layer chromatog-
raphy in different solvent systems, However, the formation
of l-methyl-IAld from l1-methyl-IAAld could not be shown
spectrophotometrically under ultraviolet light, since 1-methyl-
IAAld and 1-methyl-IAld have very similar ultraviolet absorp-
tion spectra. 1-Methyl-IAld has a single absorption maximum
at 288 myu while 1-methyl-IAAld has Apax 8t 292 mu. The
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distinguishable difference between these two absorption
spectra 18 the absorption minimum, 1-Methyl-IAAld shows a
trough at 247 my and 1-methyl-IAld has a trough at 261 mu.
During the course of peroxidase oxidation of 1-methyl-IAAld,
some new peaks were found to appear at 249, 260 and 330 mu
regions which nelther represent the formation of IAld nor
that of l-methyl-4-hydroxyquinoline.

Apparently, other than l1-methyl-IAld and l-methyl-i-
hydroxyquinoline, other oxidation producﬁ or products were
formed as a result of the oxlidative degradation of l1-methyl=-
JAAld catalyzed by the peroxlidase system. The spectroscopic
changes of l-methyl-IAAld during the course of the oxidation
is shown in Figure 25. Because the characteristic absorption
peak appeared in the reglon 240 to 250 mu, the formation of
a derivative of oxindole is not improbable. However, addi-
tional work will be required to identify the structural
characteristics of thls unknown substance.

The enzymatic oxidation of l1-methyl-IAAld was made at
pH 4.4, The results from the thin-layer studies are summar-
ized in Figure 26 and Table 2. It is clear that the Rf
values of the reactlion product correspond quite well with
l1-methyl-IAld, The spots were identified by spraying the
thin=-layer plates with 2,4-dinitrophenylhydrazine reagent,
Furthermore, if the reaction was made at higher pH values in
the presence of bisulfite ion, the formation of l-methyl-i-
hydroxyquinoline was not shown by th;n-layer chromatography
on a plate having a fluorescence background. The possibility
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of the formation of l-methyl-4-hydroxyquinoline cannot be
Tuled out if appropriate reaction conditions and better

chromatographical technique can be developed.

At this
point,

i1t should be mentioned that l-methyl-IAAld was not
as stable as IAAld during chromatographical analysis since
it undergoes spontaneous decomposition to form l-methyl-

TAl1d, and two other unidentified compounds., Therefore, it
may be possible that because of the structural character-

istics of l-methyl-IAAld, the formation of l-methyl-IAld

and the other unidentified compounds are energetically more

favorable than is l-methyl=4=-hydroxyquinoline.

Possible Mechanism of Peroxidase
Oxidation of and TAAld4d

The effect of bisulfite ion on the formation of

peroxide~peroxidase complexes is shown in Figures 27 and 28,
respectively., The experiments presented in Figures 27 and

28 were made aerobically at pH 7.68 in 0.15 M phosphate

buffer solution. Curve A, Figure 27, represents the optical
absorption of the normal peroxldase solution which had a
meximum peak at 402 mu., Curve B is the absorption curve of
complex II which had a maximum absorption at 418 my and was

formed when a small amount of hydrogen peroxide was added to

the free enzyme solution (14, 15). Curve C was obtailned

when a small amount of IAA was added to the solution contain-
ing the peroxidase and hydrogen peroxide.

The transformation
of the hydrogen peroxide-peroxidase complex, curve B, to free
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Figure 27.

95

Effect of hydrogen peroxide, indole=3-
acetlic acid, and sodium bisulfite on
the absorption spectra of horseradish
peroxidase. 0.15 M phosphate buffer
solution, pH 7.68. A. Free enzyme.
B. A plus 0.05 ml of 0.3% H,0,.
C. B plus 0,05 ml of IAA (2 mg),

D. C plus 0.03 ml of 1 x 1070 M NaHSO,.
Enzyme: 0.85 mg per cuvette (3 ml).
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Figure 28,
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Effect of hydrogen peroxide and sodium
bisulfite on the absorption spectra of
horseradish peroxidase. 0.15 M phosphate
buffer solution, pH 7.68. A, Free
enzyme. B. A plus 0,05 ml of 0.3% B,0,.
C. B plus 0,03 ml of 1 x 10~ M NaHSO,.
D. 30 min, after the addition of NaHSOB.
E. Two hours later after the addition
of NaHSOB. Enzyme: 0.85 mg per cuvette

(3 ml).
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enzyme, curve C, occurred instantaneously. Apparently the
addition of IAA had reduced the complex II béck to free
enzyme and prevented its further formation.

Furthermore, it 1s also interesting to note that
further addition of a small amount of sodium bisulfite to
the solution represented by curve C would convert the free
enzyme (curve C) to complex II (curve D) again. At this
point the enzyme complex mixture 4id not remalrn in a steady
manner, but the solution underwent further transformation
as represented by curve E in a consecutive manner which was
different from the instantaneous change of B to C. It is
possible that the transition of B to C is due to the
inhibitory effect of IAA toward the formation of complex II,
whereas the transformation of D to E is an oxidation and
reduction process. Because bisulfite lon is also the sub-
strate of the enzyme system (18) it reversed the inhibitory
effect of IAA under the alkaline pH condition and induced
the formation of the complex II which is essential for the
further oxlidation of IAA. The observation that complex II
is essentlial for the peroxidase-catalyzed reactions is in
agreement with that reported previously by Chance (14, 15).

Figure 28 shows the direct effect of bisulfite ion
on the formation of complex II in the absence of IAA, Curve
A of the Filgure represents the optical absorption of the
free enzyme and curve B 1s that of complex II. In the absence
of TAA the addition of sodium bisulfite, at first, enhanced

complex II formation and then reduced complex II through a
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redox process back to the original free enzyme (Curve E), In
Figure 28, Curve C was made immediately after the addition of
bisulfite, Curve D was‘taken 30 minutes after the addition of
bisulfite, and Cﬁrve E was obtained 2 hours later.

These data indicate that during the course of bisul-
fite oxildation, complex II was reduced in a consecutive man-
ner, Consequently, the free enzyme was released. This con-
trasts with the case when IAA was oxldized under the same
condition, When IAA was oxidized at pH 7.68 in the presence
of bisulfite ion, the final absorption of enzyme was also
changed, possibly indicating the change of the enzyme confor-
mation due to the interaction of the enzyme molecule with
IAA,

Yamazaki and Souzu (114) reported that IAA can inhibit

the oxidation of gualacol by peroxidation. As reported (114),

the inhibition of oxidation of gualacol by IAA could only be
observed under anaerobic conditlons., However, the inhibitory
effect of IAA toward the formation of complex II was found
under aerobic conditions at alkaline pH values., It was
assumed by the same authors that the inhibitory effect of IAA
toward the oxldation of gualacol possibly was due to the
inactivation of the enzyme by interaction of the enzyme
molecule with the free radicals generated from IAA, If the
same explanation can be applied in the case of IAA oxidation,
it is possible that the inactivity of peroxidase toward IAA
at pH above‘neutrality is due to the inhibitory effect of IAA

toward the formation of complex II as was observed in Figure

2,

i
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27, This seems to constitute a typical example of substrate
inhibition of enzyme action. It 18 interesting to note that
at the physiologlcally important pH range the oxldation of
TAA by "auxin oxidase"™ is controlled by auxin itself,

D ——
*
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DISCUSSION

The possibility that 4-hydroxyquinoline 1s produced
as an oxidation product of IAA has been discussed by Manning
and Galston (64). They belleved that 4-hydroxyquinoline was
not formed as an oxidative product in the "auxin oxidase"
catalyzed oxidation of IAA., However, our work definitely
shows that 4-hydroxyquinoline, which has typical absorption
at 316 and 330 mu, can be formed from peroxidase-catalyzed
oxidation of either IAA or IAAld, However, in order to
detect 1ts formation, specific reaction conditlons must be
employed. Apparently there exist, simultaneously, at least
two pathways for the oxildative breakdown of IAA or IAAld
catalyzed by the peroxidase system. These pathways compete
with each other and the inhibition of the one may result in
the stimulation of the other. Although 4-hydroxyquinoline
is not formed as a major product in peroxidase oxidation of
JAA, the probabllity of such a transformation seems to be
always present, Once favorable conditions are established,
its formation can be detected easily.

Our work partially supports Kenten's viewpoint (44),
i.e., that the oxidation of IAAld catalyzed by peroxidase
may result in the formation of IAld as one of the ma jor
products, However, the results indicate that the peroxldase-

catalyzed reactions depended mainly on the reaction conditions,

103
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Varying the pH and the presence or absence of certain cofac-
tors may change the pathways, These observations that the
change of pH will result in the change of the reaction path-
ways have not been reported previously for any other enzyme,

The effect of the bisulfite lon on the enzymatic
system might be accomplished in several different ways,
First, like hydrogen peroxide, it might participate directly
in the reaction as one of the enzyme substrates; second, it
might change the structural character of the side chain of
the 1ndole’compounds elther of the substrate, IAAld or the
product, IAld; and finally, the bisulfite ion might have a
profound effect on the structural characteristics of the
enzyme. Because of the large differences between the pH-
activity curves in the presence and absence of the bisulfite
lon, it seems that the effect of the ions might have a direct
influence on the catalytic behavior of the enzyme. This was
found to be the case, In this thesis, direct evidence has
been obtalned to 1llustrate how the peroxidase molecule is
involved 1n the bisulfite-stimulated oxidation of IAA (see
Figures 25 and 26).

As far as the pH effect 1s concerned, Maclachlan and
Waygood (62) has proposed a free radical mechanism to
explain the inactivity of the peroxldase system above neutral-

1ty. The proposed reaction mechanism is shown by:

e ,,_-.—._%
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ICH,C00™ + Mt S ICH,C00™ + m?* (1)
ICH,C00® e ICH," + CO, (2)

ICH,® + 0, ————> ICH,00° (3)
ICH,00° + ROH ZSZoXd8%¢  reom,o0m + RO ()
BO* + MnZ' 4 H 5 ROH + Mn >t (5)

From the suggested mechanism it 1s evident that Waygood
attributed the lack of reaction above neutrality to the insta-
bility of the free radical intermediates, since, according to
the mechanism, the generation of the free radicals (RO°)
involves the utlilizatlon of hydrogen lons. In our reaction
system no manganese was added; thus Waygood's explanation is
unlikely. Furthermore, there is some degree of uncertainty
involved in the proposed mechanism: first, Waygood'!'s mechan-
ism does not involve hydrogen peroxide (see equation 3).
Second, Waygood!s mechanism is based almost entirely on the
initial rate of nonenzymatic reactions (equations 1, 2, 3)

and consequently neglects the importance of the involvement

of the enzymatic process., The general mechanism of peroxidase-

catalyzed reactions has been studied extensively by Chance

(14, 15). He has shown that the peroxidase-catalyzed reac-
tions depend on the formation of chemical complexes between
peroxidase and H202.
to show how the peroxide-peroxidase complexes are involved in

In the present work we were also able

the enzyme -catalyzed reactlon., It 1s apparent that the
inhibitory effect of IAA toward the formation of compound II
may account for, at least partially, the instabllity of the

L
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enzymatic system at pH values above neutrality. Since Way-
good's mechanism was also criticized by Ray (76), there is
no need to repeat in detall all of his statements here.

Recently, Fridovich (17) reported that certain nitro-
genous compounds such as ammonia, pyridine, imidazole, and
hydrazine can stimulate the peroxidase.catalyzed oxidation
of anisidine. In contrast to stimulators of the monophenol
type, activation of the enzyme system by these ligands
resulted in changing the pKa of the enzyme protein from 6.5
to 9.5, Similar results were observed in the present inves-
tigation. It is known that the optimal pH for the Mn3+-mono-
phenol system is in the range of 3.5 to 4.5, However, the
optimal pH for the thyroxine activated oxidation of epineph-
rine and norepinephrine is between 7 and 8 (50), and thyroxine
at pH 5.6 was inhibitory to the oxidation of iodide catalyzed
by the same peroxidase system. Another interesting observa-
tion reported by Kirdani and Layne (47) was that the oxida-
tlion of norethynodrel by horseradish peroxidase was increased
as the pH was increased from 6.0 to 8.5,

The conclusion drawn from these observations is that
the optimal pH for peroxidase-catalyzed reactions depends on
both the chemical properties of the substrates and those of
the stimulators. Yamazaki and Souzu (114) has classifiled
ﬁeroxidase substrates into two groups: re?ogenic substrates
and oxidogenlc substrates, The redogenic substrates are
characterized by their capacity to reduce ferricytochrome c

in the presence of hydrogen peroxide and peroxidase, a

tpme-e
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property not possessed by the oxidogenlc group.

By analogy, 1t seems that peroxidase substrates and
its stimulators as well can be divided into two groups
according to the optimal pH at which they react. One group
reacts with an alkaline enzyme system, whereas the other
reacts with an acldic one. The results are possibly the
consequence of the amphoteric character of the enzyme
molecules, Thus, we may say that peroxldase may assume two
conformational forms: Form I 1s predominant in acldic
medium and Form II in alkaline medium. Compounds like
thyroxine, bisulfite, and nitrogenous ligands are a group
which can activate the enzyme system with alkaline Form II,
whereas the Mn3+-phenol’group is active toward the acidic
Form I,

From this assumption, 1t is not unreasonable to pre-
dict that a compound which stimulates enzyme Form I might
inhibit enzyme Form II. The phenomena was apparently observed
in the present experiments, Therefore, it appears that at
the physiologically important pH range (near neutral), the
actlon of the peroxldase system requlres the presence of an
appropriate cofactor such as bisulfite ion, ammonia, thy-
roxine, etc. The presence of the one of such cofactors may
induce the enzyme protein to assume a proper conformational
form essentlal for the enzyme actlvity toward the specific
substrate,

However, in our work it has been shown that peroxidase

activity directly involves the heme group of the enzyme

':-u.
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molecule. The inhibitory effect of IAA toward the formation
of compound II at alkaline pH under aerobic condition may
involve an electron transfer process in which the hematin-
peroxide complex 1s an essential intermediate.

Recently Yamazakl et al. (113) established that free
radicals participate in certain peroxidase-catalyzed reac-
tions, In fact, by using the technique of paramagnetic
resonance, they were able to detect the formation of free
radicals of dihydroxyfumarate, aécorﬁate. hydroquinone, and
IAA from peroxlidase-catalyzed reactions. The proposed free

radical mechanism of Yamazaki et al. (113) is as follows:

Peroxidase + H,0, ____El__> Compound I (1)
k;

Compound I + AH2 ——————> Compound II + AH* (2)
5

Compound II + AH, ——____3 Peroxidase + AH* (3)
k

2AH* _____2__;‘A + AH, (or HA-AH) (&)

In the above mechanism AH2 is the substrate electron donor,
AH* the free radical intermediate, and A is the oxidized
product,

From the above formulation, the free radical concen-

tration at steady state should be

1/2
e 5 - 2 B

d
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The fundamental concept of this formulation 1s based on two
propositions: that the free radicals are formed from sub-
strates, and that the formation of free radicals depends on
an enzymatic process., The results obtained by Yamazaki
from electron paramagnetic resonance spectra indicate that
the concentration of free radical formation 1s proportional
to Iﬁﬂl/z in accordance with the mechanism indicated above.
The same mechanism was also suggested by George (24), The
results obtained by Yamazakl are completely inconsistent
with Waygood'!s formulation which depends basically on the
auto-oxidation process, It is evident that auto-oxidation
processes are not necessarily related to the enzyme-catalyzed
reactions.

Aerobic oxidation of sulfite ions has been used by
Alyea and Backstrom (2) and also by Fridovich and Handler
(18) as a sensitive detector for the occurrence of free
radicals, In the presence of thelr respective substrates,
the enzymes, xanthine oxidase, aldehyde oxidase, and horse-
radish peroxidase, were found capable of initiating the
oxidation of bisulfite ion. The mechanism involved in
bisulfite oxidation was nearly ldentical to that found in
bioluminescence (101) caused by xanthine oxidase acting on
xanthine in the presence of luminol or lucigenin, in that
both of these two processes depend on the generation of
free radicals. As reported (18), the oxidation.of the
bisulfite ion initiated by horseradish peroxidase required

the presence of both hydrogen peroxide and a peroxidizable

et
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substrate, Either substrate by 1tself caused no oxidation
of the sulfite., Accordingly, since no free radical can be
generated in the transfer of an electron palr, they sug-
gested that the free radical was not generated from the
interaction of hydrogen peroxide with peroxidase, but from
the oxidation of a peroxidizable substrate through a succes-
sive univalent electron transfer, 3
In view of the important observations reported by 3
Alyea and Backstrom (2), Fridovich and Handler (17, 18), k.-
George (24, 25), and Yamazaki et al. (113, 114), it is clear
that the stimulatory effect of the bisulfite ion toward the
oxidation of IAA and IAAld by the peroxide-peroxidase system
occurs because the bisﬁlfite anions are capable of being
oxidized through a chaln reaction which is initliated by the
enzyme system, This type of reaction 1s essential for the
production, maintenance, and propagation of the free radicals
required for the catabolism of the substrates at the elevated
pH values, Furthermore, during such free radical transfer
processes the formation of peroxide-peroxidase intermediate
1s essentlal for the overall reaction sequence. In other
words, the overall process of the free radical chain 1s under
the strict control of the enzymatic system., This is reflected
in the changes of Vmax and Km of the enzymatlic system in the
presence of bisulfite anions. In addition, the fact that the
presence of bisulfite ion can change the oxidative products
may also attribute to the free radical mechanism, since the

change of the environmental factors such as pH or enzyme
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conformation may have changed the distribution of the single
electron about the substrate molecules,

Such environmental changes may lead to the increased
formation of a product which originally was only produced in
a small quantity. The observation by Stutz (90) that cyto-
chrome ¢ and a cytochrome oxidase containing homogenate of
rat liver can stimulate the formation of IAld from IAA is
another example to support such a hypothesis., At this point,
it should be recalled that Yamazakil and Souzu (114) have
divided the peroxidase substrates into two groups based on
thelr capacity to reduce ferricytochrome c in the presence of
hydrogen peroxlde and peroxidase; and that Fridovich and
Handler (18) noted that in the presence of ferrocytochrome c
cytochrome oxidase can initiate the oxidatlion of sulfite 1lon
vigorously. Hence the presence of the cytochrome ¢ and cyto-
chrome oxldase may have changed the electron wave function
of the IAA free radical, thereby facilitating the elimination
of the carboxyl carbon and stimulating the yleld of IAld., A
similar explanation may be applied to 4-hydroxyquinoline since
its formation is greatly stimulated by the existence of a
strong free radical generating system, i.e., a bisulfite-
peroxlide-peroxidase system,

If Yamazakl et al. (113) mechanism is correct, in case

of IAA oxidation, the following reactions may be suggested:
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HRPO + H,0p 1 _ Complex I (1)
ko

Complex I + IAA > Complex II + IAA' (2)
Xy

Complex II + IAA > HRPO + IAA! (3)
K

IAAY + Feot L. VU Fe2t (4)

In the above mechanlsm IAA' represents free radicals of IAA
and IAA" represents IAA oxidation products. Apparently,
this mechanism is only applicable in the acidic conditions,
at pH values above neutrality the oxidation of IAA 1is
inhibited because of the inhiblitory effect of the IAA toward
the formation of the compound II. In other words, at alka-
line pH values IAA itself inhibits reactions (1) and (2) but
not reactions (3) and (4). However, when bisulfite anions
are also present, these lons are also the substrate of the
peroxide-peroxidase system, so they can act as a bridge to
induce the reproduqtion of the compound II, thereby activat-
ing the overall system. Such an idea is depicted as follows:

k
HRPO + H,0, 1 —> Complex I (1)

- 3] -
Complex I + HSO;” 2 Complex II + (HS0;™) (2)

k
Complex II + IAA 3 5 HRPO + IAA! (3)

X
IAA' 4+ Fedt d_ o r1aav 4+ Fect (%)

In the above formulation, (Hso3-) stands for bisulfite free
radicals., Since bisulfite itself can also be oxidized

g
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through the same mechanism, the oxidation of bisulfite by

the peroxldase system may follow the scheme:

kl

HRPO + H,0, ———2 5 Complex I (1)
k!

Complex I + HSOB- _____fi_4> Complex II + (HSO3')° (2)

Complex II + HSO, —3 5 HRPO + (HS057)* (3)
k?

-ve 3+ d - 2+
(HSO3 )° + Fe > HSO,+ + Pe (&)

Since at this alkaline pH k% is much smaller than k3 (the
transition of D to E in Figure 25 took only 30 minutes, but
it took more than 3 hours for the transition of B to E in
Figure 26), the presence of bisulfite results in the stimu-
lation of the oxidation of IAA,

Although the formation of a small amount of IAld has
been reported from the oxlidation of IAA by peroxidase from
various plant sources, the major oxidation product was not
IAld but 3-methylene oxindole. In our work 3-methylene
oxindole rather than IAld was formed as one of the major
products in the peroxidase-catalyzed oxidation of IAA. How-
ever, in contrast to the observation noted for IAA, the
oxidation of IAAld by the same system ylelded as high as
50% of IAld in the reaction mixture. These results suggest
that IAA and IAAld were degraded by the same peroxidase sys-
tem in different ways and that IAA was not an intermediate

product in the course of peroxidase-catalyzed oxidation of

IAAld. Apparently there is a common factor in the peroxidase-
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catalyzed oxidation of either IAA or IAAld., As a result of
oxidative breakdown of IAA and IAAld, the oxidation products
in general are one carbon atom less than the original com-
pound, and the missing carbon atom 1s generally derived from
the terminal carbon atom of the side chain, Thus 1t appears
that therevis a general principle which 1s governing the
course of the enzymatic reaction. This principle may be
closely related to the chemical property of the frge radical
generated during the course oflfhe catalyzed reaétion.

A two-step sequential reaction mechanism (IAA to A
to B) has been suggested by Ray (78) to explain some results
which he had obtained in a series of spectroscoplc studies
on the course of peroxidase oxidation of IAA., Furthermore,
basgd on some results obtained in the present work, the
autﬁor suggests that Ray's intermediate compound A, either
generated from IAA or from IAAld may have a structural fea-
ture in commong

Recently, Hinman and Lang (36) suggested an "epoxide
mechanism® to explain the oxidation of IAA to 3-methylene
oxlndole or indole-3-carboxaldehyde as catalyzed by highly
puriflied horseradish peroxldase., Reviewing the results
obtained in the present work, it 1s worthwhile to point out
the following about the mechanism proposed by Hinman and
Lang.

1. They proposed that the aldehydic oxygen in the

IAld molecule is derived directly from H 02.

2
whereas the oxygen at 2-position of 3-methylene

| R '-‘1.’.»&.1(3.1
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oxindole is derived from the water molecule in the
reaction mixture.
According to the proposed mechanism of Hinman and
Lang, they further proposed that in the formation
of 3-methylene oxindole from the hypothetical
epoxide precursor, the epoxide oxygen 1s finally
lost to the reaction mixture again. It appears
that the major feature of this scheme designed for
3-methylene oxindole is simply a sequence of the
two steps of hydration and dehydration of the
epoxide intermedlate.

Finally, their experiments indicated that the

immediate precursor for the formation of 3-methylene

oxindole 1s oxindole-3-carbinol. According to their

observations, the formation of oxindole-3-carbinol
is an enzyme-catalyzed process, whereas the trans-
formation of oxindole-=3-carbinol to 3-methylene
oxindole is nonenzymatic. In their experiments

it took 76 minutes for the oxindole-3-carbinol
absorption peak to appear, but 23 hours for the
spontaneous transformation of this oxindole=3-
carbinol to the typlcal absorption of 3-methylene
oxindole. Under our experimental conditions the

formation of 3-methylene oxindole 1s not a slow

reaction, The typical peak of 3-methylene oxindole

can be observed within one or two hours and the

L ~n3
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rate of its formation depends on the enzyme concen-
tration. The more enzyme present the faster 1is
the appearance of this peak. The inconsistency
between the observation of the writer and the
latter investigators may be that the enzyme used
by Hinman and Lang had a rather low activity (RZ =
0.64), whereas the RZ of the horseradish peroxi-
dase used in our experiments was between 2,0 and
3.0. Nevertheless, there are at least two paths
in the formation of 3-methylene oxindole: one by
the spontaneous dehydration of oxindole-3-carbinol
(a slow process); and the other by direct addition
of one oxygen atom to the free radical intermedi-
ate compound A (a fast process).

The chemical nature of Ray'!s intermediate compound A
is unknown. However, our evlidence indicates that during the
course of enzyme-catalyzed oxidation of elither IAA or IAAld
there may be a translient existence of a 3-methylene

indolenine=like structure as indicated below:

Z ITCHZ COOH @:T CH, * * * CHO
N N/ N #

Indole-3-acetic Acid Indole-3-acetaldehyde

Yamazaki and Sauzu (114) noted that electron density

of the IAA free radical generated from the peroxidase-
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catalyzed oxidation of IAA was highest at the 3-positlion,

therefore the above diagrams of IAA and IAAld free radicals

are only hypothetical. However, a single electron 1ln a

molecule does not have a localized charge, but has a dis-

tributed wave function. A change in the environment may

change the distribution of the electron within the molecule.,

Consequently, a single electron of the IAA or IAAld free

radical could be distributed among three possible sites in

the molecule. One site 1s located at the methylene carbon

of the side chain, and the other two at the 2- and 3-

positions of the indole ring. The course of the reaction

1s then determined by the following factors:

1.

The nature of the carbonyl carbon.--Since the
carboxyl group of the acetic acid side chain of

IAA 1is more stable than the aldehydic carbonyl
group of IAAld, the carboxyl group stabllizes

the methylene hydrogens of the side chain of IAA,
whereas the same hydrogens are activated by the
aldehydic group in IAAld. Consequently, because
of this activation, the methylene group of IAAld
becomes more susceptible to attack by the oxidiz.-
ing agent (in this case peroxide-peroxidase com-
Plex) and thereby results in the formation of
IAld as the major product.

The polarity of the -N=C- group in the indolenine
intermedlate.--According to Witkop and Patrick

(110), the polarity of the =N=C- group of the
indolenine ring 1s determined by the acildity of

A
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the reaction medium. The presence of B will
enhance the additive ability of the -N=C- group,
whereas the hydroxide anions will reverse this
effect. Thus under alkaline conditions the 2~
position of the pyrrole rings of either IAA or
IAAld becomes less active toward the approaching
oxidizing agent (in this case peroxide-peroxidase
complex), consequently leaving the other two
positions as possible oxidation sites., Indeed,
under alkaline conditions as a result of the
oxidation of IAAld, the ma jor products were found
to be a mixture of Ub-hydroxyquinoline and indole-
3-carboxaldehyde.

The evidence for the existence of the indolenine-like

free radlcal 1s as follows:

1. From the peroxidase-catalyzed oxidation of the IAA

reaction mixture, Hinman and Lang (36) have 1so-
lated an ester which had the following structure
and possibly is formed by addition of IAA to 3-

methylene-indolenine:

CH,COOH CH,-C0=-0=-CH
O, (L I (L 5
NN N N~

H , H
3-Methylene Indole=3- Ester
Indolenine acetic Acid

2, The methylene side chaln of the intermediate 3-
methylene indolenine 1s also the side chain of

x

Z
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3-methylene oxindole, which is a ma jor oxidation
product from IAA.

3. The functional group which can stabilize the
indolenine structure greatly stimulates the a-
carbon elimination process, For instance, during
chromatographical analyses, l-methyl-IAAld can
undergo spontaneous auto-oxidation to give 1l-
methyl-IAld at room temperature in the presence
of atmospheric oxygen.

Therefore, the possible routes for the oxidation of

JAA or IAAld are the following:

CH
N O N“0
H

H
Oxindole=3-carbinol 3=Methylene
F\\\\ ////;z Oxindole
g™
N~
3=Methylene
Indolenine
/ ¥ \ OH
CH,C0=-0-CH HO
SwissswON e wi )
N N N
H H
Ester Indole-3- h-Hydroxy-

carboxaldehyde quinoline
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Goutarel et al. (31) suggests that two naturally
occurring alkaloilds cinchonamine and cinchonine are blochem-
ically related. A hypothetical pathway for production of

cinchonamine and cinchonine 1s shown below:

@:j CH,CH~COOH (I—l CH,CHp0H
N N"\ N
H

NH,
H
/4
Tryptophan Cinchonamine
CH,CH,0H CH, CHp0H
H H
CHO
OH HO
CHp CHCOOH \x
NHZ N
OH HO Ej>1\/
Tyrosine Cinchonine /4

Recently, Van Tamelen and Haarstad (104) suggested
that cinchonamine could be the precursor of cinchonine.
Using 2-methyl-IAAld as a model intermedlate, they suggested
a sequence of reactions for the possible manner of transfor-
mation of cinchonamine into cinchonine. The suggested reac-

tion scheme follows:



x+
OH Il X
Qﬂi\/ O\ Ji CHO \ CHO
R g N g SANTNg
H H
Cinchonamine
COR COR
X
CHO > S
=0 ———> /k
NH OH OH
2 H H
COR H
o —— O
N~
Cinchonine

Based on the above working hypothesis, they were able
to synthesize 4-acetylquinoline directly from 2-methyl
tryptophan by treatment of the tryptophan derivative with
two equivalents of sodium hypochlorite. The key hypothetical
intermediate of the proposed reaction scheme 18 a 2-methyl-
indole-3=-acetaldehyde derivative, The natural occurrence of
quinamine constitutes support for the proposed electrophilic
attack at the 3-position., In the above scheme, X+ represents

the agent ont or an equivalent,
OH

X,

Quinamine
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The sequence of the reactions proposed is very similar
to the well-known kynurenine pathway for the tryptophan
metabolism except that the cleavage of the indole ring occurs
at 1, 2-position and no carbon 1s lost during the ring expan-
sion process,

In the transformation of IAAld to b-nhydroxyquinoline
a similar mechanism, suggested by Van Tamelen and Haarstad
(104), may be followed with a net loss of carbon atom at
2=-position. In view of the results obtained in the present
work, it appears that a common feature of peroxidase-cata-
lyzed oxidation of IAA and IAAld is the eliminatlon of the
first carbon of the side chain, If this i1s also true in the
case when 4=-hydroxyquinoline is produced, an alternative
pathway of transformation of IAAld into 4-hydroxyquinoline
is suggested., An alternative mechanism which has an analogy

among other organic reactions 1s the rearrangement shown

below: H*
0
! L o
CH2 C= CH* X
— gH* — .
N N
3-Methylene 4-Hydroxy-
Indolenine quinoline

Since no direct evidence has been avallable to support
either mechanism proposed, further studies of this problem
are of great interest,

The formation of l-methyl-4~hydroxyquinoline from

1

——
r :
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l-methyl-IAAld could not be verified in the present work.
However, this naturally occurring alkaloid was first iso-
lated from Echipses by Greshoff (33) in 1900 as the chloride.
Consequently it was called echipsin. Posslibly, the procur-
sor of echipsin 1s either IAAld or l-methyl-IAAld, From
results obtained in our work we suggest that echipsin may be
directly produced from methylation of 4-hydroxyquinoline
rather than from 1-methyl-IAAld,

This discussion shows that it is possible that plant
peroxidase may have played an important role in bilosynthesis
of some physiologically important plant alkaloids as cinchonine,
quinine, and echipsin., All these processes may requlre the
participation of certain cofactors such as bisulfite 1lon,
ammonia or other normal metabolites present in plant systems.,

Recently it was reported that abnormally large quan-
tities of IAld have been detected in the urine of schizo-
phrenic patlents (80). The presence of peroxidase system in
nervous systems has been reported (11)., It is possible that
peroxidase 1s also involved in these blologically important
processes,

The reason why manganese and 2,4-dichlorophenol have
no effect on the peroxidase-catalyzed oxidation of IAAld in
the acidic pH range i1s unknown. Further studies of this
aspect are required.

Klapper and Hackett (48) demonstrated that commercial
horseradish peroxidase contains several isozymes, However,

the five purifiled enzyme components have been shown to have
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identical catalytic activities and the amino acid compositions
of three of the five purified 1sozymes are similar, It is
unlikely that the formation of 4-hydroxyquinoline is a result

of structural differences between these l1sozyme components,
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SUMMARY

In a serles of spectrophotometric studies on the oxida-
tion of indole-3-acetic acid (IAA), indole~3-acetaldehyde
(IAAl1d), and indole-3-acetaldehyde sodium bisulfite addition
product (IAAld-NaHSOB) catalyzed by horseradish peroxidase,
it was found that these substances each followed a different
pattern of oxidative pathway. Either qualitatively or quan-
titatively the peroxidase-catalyzed oxldation of IAA and its
analogs are pH dependent, At a pH range from 3.7 to 4.5,
the conversion of IAA to 3-methylene oxindole, as reported
previously, was confirmed in the present work; whereas the
oxidation of IAAld under the same conditions gave rise to as
high as 50% yield of indole-3-carboxaldehyde (IAld). The
oxidation of IAAld-NaHSO3 at pH between 3.7 and 4.4 followed
the same pattern as that observed for free IAAld., As the pH
was increased above 6,2, a differential behavior of the enzy-
matic system was noted, 1.e., the oxidation of IAA and IAAld
decreased continually as the pH was increased, whereas the
oxidation of IAAld-NaHSO3 increased greatly as the pH
increased above 6.2.

One of the interesting observations is that at alkaline
PH values as result of oxidative breakdown of IAAld-NaHSOB, a
new product having a double peak at 316 and 330 mu regions

was always observed., The presence of bisulfite ion was found
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to be stimulatory toward the oxidatlon of the auxins catalyzed

by

by the horseradish peroxidase. In the presence of 1 x 10
of TAAld Km calculated for bisulfite ion was found to be 3.5
x,10'5 M. Increasing bisulfite concentration from 3.57 x

107 to 3.57 x 10~%

M increased the Vmax of the system two-
fold and reduced the Km of the system twentyfold. Apparently
the presence of blsulfite ion greatly enhanced the affinity
of horseradish peroxidase toward 1ts substrates at elevated
pH values, The present work definitely shows that 4-hydroxy-
quinoline is the oxidatlion product in horseradish peroxldase-
catalyzed oxidation of IAAld, However, a change of pH and
the presence or absence of a cofactor greatly influenced the
peroxidase~-catalyzed oxlidation of IAA and IAAld., In the
present work the formation of 4-hydroxyquinoline from peroxi-
dation of IAAld was established., The evidence was obtalned
by the direct 1solation of the oxidation product in crystal-
line form.

The mechanism of the bisulfite ion stimulated oxidation
of IAA and TAAld was also studled. The results indicated that
at alkaline pH values the presence of the bisulfite ion stimu-
lated the formation of peroxidase complex II which is essen-
tial for peroxidase-catalyzed reactions.

Another interesting observation is that during the
course of peroxidase oxidatlion of IAA the indole ring was
altered by the oxidizing agent, whereas when IAAld was oxi-
dized the ring remained intact. This is not true when the
bisulfite lon 1s added to the reaction mixture., At alkaline

pH values in the presence of bisulfite ilon the oxidation of
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IAAl1d will result in the expansion of a five-membered indole
ring to a six-membered quinoline ring. Whether this is true
in case of the oxidation of l-methylindole-3-acetaldehyde
(1-methyl-IAAld) is unknown, No definite results have been
obtained to indicate that l1-methyl-4-hydroxyquinoline is an
oxidation product of l1-methyl-IAAld. Apparently, there is
no single rule which governs the peroxidase-catalyzed oxida-
tion of auxins, although a common feature in the peroxidase-
catalyzed oxidation of IAA, IAAld, and l-methyl-IAAld was the
elimination of the terminal carbon of the side chaln.
1-Methyl-IAld was found to be one of the major products in
the peroxidase oxidation of l1-methyl-IAAld,

The reason why the presence of bisulfite can divert
the oxidation pathway in the course of peroxidase-catalyzed
oxidation of IAA and TAAld is unknown. Some possible mechan-
isms are discussed,

The inhibitory effect of IAA toward oxidation of
gualacol was recently reported. Our investigations are
similar to the previous observation, i.e., IAA is inhibitory
to the peroxidase system. Furthermore, our work indicates
that the inhibitory effect of IAA toward the enzymatic sys-
tem is directly related to the formation of peroxide-peroxi-
dase complexes,

Another interesting observation is that the presence
of manganese and 2,4-dichlorophenol had no effect on the
peroxldase-catalyzed oxidation of IAAld under either acidic
or alkaline pH conditions,



REFERENCES



3.
b,

Se

7o

8.
9.

10.
11.

12,

13,

14,
15,

16.

17.
18.

REFERENCES
Allison, J. A. C., Braunholtz, J. T., and Mann, F. G.
J. Chem. Soc., 403 (1954).

Alyea, H. N., and Backstrom, H. L. J. J. Am. Chem.
Soc., 51, 90 (1929).

Andersen, A, 8, Physiol. Plantarum, 17, 891 (1964),

Andersen, A. S. Physiol. Plantarum, 17, 875 (1964).

Andreae, W, A,, and Andreae, S. R. Can, J. Botany,
31, 426 (1953).

Ashby, W. C. Botan. Gaz., 112, 237 (1951).

Bartholini, G., Pletscher, A., and Bruderer, H.
Nature (London), 203, 1281 (1964),

Bentley, J. A. Ann, Rev, Plant Physiol., 9, 47 (1958).

Bentley, J. A., and Housley, S. J. Exp. Botany, 3,
393 (1952). '

Bonner, W, D. Ann. Rev, Plant Physiol., 8, 427 (1957).

Brachet, J., and Jeener, R. Enzymologia, 11, 196

Brown, J. B., Henbest, H. B., and Jones, E. R. H.
Jo Chem, Soc. (London), Pt. III, 3172 (1952).

Clarke, A. J., and Mann, P, J. G. Biochem. J., 63,
763 (1957). '

Chance, B. J. Biol. Chem., 151, 553 (1943).

Chance, B., Brained, J. G., Cajori, F. A,, and Millikan,
G. A, Science, 92, 455 (1940).

Dannenburg, W. N., and Liverman, J. L. Plant Physiol.,
2, 263 (1957).

Fridovich, I. J, Biol. Chem., 238, 3921 (1963).

Fridovich, I., and Handler, P. J. Blol. Chem., 236,
1836 (1961).

130



19.

20,
21,

22,

23,

2“’-

25,
26,

27.

28.

29,

30,

31.

32.
33.
3k,

35.
36.
37.

38.

131

Galston, A. W., Jackson, P., Kaur-Sawhney, R., Kefford,
N. P., and Meudt, W. J. 1in Regulateurs Naturels de
la Croissance Vegetable, Centre National de la
Recherche Scientifigue, Paris (1964), pp. 251-26M4,

Galston, A. W. Plant Physiol. Suppl., 32, xxi (1957).

Galston, A. W.,, and Dalberg, L. Y. Am, J, Botany, 41,
373 (1954). :

Galston, A, W., Bonner, J., and Baker, R, S. Arch.

Blochem, Biophys., 42, 456 (1953).

Galston, A. W.,, and Baker, R. S. Am. J. Botany, 38,
190 (1951).

George, P. Blochem, J., 54, 267 (1953).

George, P. Science, 117, 220 (1953).

Good, N, E., and Andreae, W, A. Plant Physiol, 32,
561 (1957).

Good, N. E., Andreae, W. A,, and Van Ysselstein, M. W. H.
Plant Physiol., 31, 231 (1956).

Gordon, S. A, Ann., Rev, Plant Physiol., 5, 341-378
(1954).

Gordon, S. A., and Nieva, F. S, Arch, Biochem., 20,
367 (1949).
Gordon, S, A., and Nieva, F, S. Arch. Biochem., 20,

356 (1949).

Goutarel, R., Janot, M. M., Prelog, V., and Taylor, W, I.
Helv. Chim, Acta, 33, 150 (1950).

Gray, R. A. Arch, Biochem. Blophys., 81, 480 (1959).
Greshoff, M. M. Rec, Trav, Chim., 19, 360 (1900).

Haagen-Smit, A, J., and Went, F, W, Proc. Koninkl, Ned.
Akad, Wetenschap., Amsterdam, 38, 85 19 R

Hare, R, C. Botan., Rev., 30, 129 (1964).
Hinman, R. L., and Lang, J. Blochemistry, 4, 144 (1965).

Hinmen, R. L., Bauman, C., and Lang, J. Blochem.
Biophys. Res, Commun., 5, 250 (1961).

Hochster, R. M., and Quastel, J. H. Arch, Biochem.
BiOE!!zSQ, zé-. 132 (1952)‘




132
39, Kamerbeek, G. A. Acta Botan. Neerl., 5, 257 (1956).

40, Kaper, J. M., and Veldstra, H. Bilochim, Bio s, Acta,
30, 401 (1958).

41, Keilin, D., and Mann, T. Proc. Roy, Soc., (London)
Ser, B, 122, 119 (1937).

42, Kenten, R, H. Biochem. J., 61, 353 (1955).
43, Kenten, R. H. Blochem, J., 59, 110 (1955).
L4, Kenten, R, H. Biochem. J., 55, 350 (1953).

45, Kenten, R, H., and Mann, P. J. G. Bilochem, J., 46, 67
(1950).

4L6. Key, J. L., and Ingle, J. Proc, Nat, Acad, Sci, U. S.,
52, 1382 (1964).

47, Kirdani, R. Y., and Layne, D. S. Bilochemistry, 4, 330,
(1965).

48, Klapper, M. H., and Hackett, D. P. Biochim. Blophys.
Acta, 96, 272 (1965).

49, Klebanoff, S. J. Federation Proc., 19, 31 (1960).
50. Klebanoff, S. J. J, Biol, Chem., 234, 2437 (1959).
51, Klebanoff, S. J. Federation Proc., 18, 262 (1959).

52, Kogl, F., Haagen-Smit, A. J., and Erxleben, H,
Z, Physiol. Chem., Hoppe-Seyler's 228, 90 (1934).

53. Labarca, C., Nicholls, P. B., and Bandurski, R. S,
Biochem, Biophys, Res., Commun., 20, 641 (1965).

54, Larsen, P.,, and Rayagopal, R. 1n Regulateurs Naturels
de la Croissance Vegetable, Centre National de la
Recherche Scientifique , Paris (1964), pp. 221-223,

55. Larsen, P., and Aasheim, T. 1n Plant Growth Regulation,
The Iowa State University Press, Ames, Iowa (1961),
pp. U43-55.

56, Larsen, P, Plant Physiol., 26, 697 (1951).

57. Larsen, P. Dansk. Botan., Arkiv., 11 (9), 1 (1944).

58. Latarj)et, R., and Caldas, L. R. J. Gen, Physiol., 33,
455 (1952),



59.

60.

61.

62,

63.
6k,

65.
66.
67.
68,

69.

70.

71.
72.
73
74.

75
76.
77,
78.

79.

133

Leopold, A, C., and Plummer, T, H. Plant Physiol., 36,
589 (1961).

Letham, D. S., Shannon, J. S., and McDonald, I. R.
Proc. Chem. Soc., 230 (1964).

Lineweaver, H., and Burk, D. J. Am, Chem. Soc., 56,
658 (1934),

Maclachlan, G. A., and Waygood, E. R. Can. J. Blochem.
Physiol., 34, 1233 (1956).

Maehly, A. C. Blochim, Biophys, Acta, 8, 1 (1952).

Manning, D, T., and Galston, A. W. Plant Physiol., 30,
225 (1955).

Mason, H, S. Adven. Enzymol., 19, 79-233 (1957).
Mathan, D. S. 2, Vererbungslehre, 97, (2), 157 (1965).

Meyer, H, Monatsh., 27, 255 (1906).

Morita, Y., Kameda, K., and Mizuno, M. Agr., Biol. Chem.,
26, 442 (1962),

Morlta, Y., and Kameda, K. Bull, Agr, Chem. Soc., Japan
320 28 (1959) .

Mudd, J. B., Johnson, B, G., Burris, R. H., and Buchholtz,
K. P. Plant Physiol., 34, 144 (1959).

Pilet, P. E. Physiol., Plantarum, 13, 766 (1960).
Racker, E., J, Bilol, Chem., 177, 883 (1949).

Racusen, D. W. Arch, Biochem., Biophys., 58, 508 (1955).

Randerath, K. "Thin-Layer Chromatography" (Translated by
%1b2§?, D. D.) Academic Press, New York and London
19 .

Ray, P. M. Arch, Blochem. Biophys., 87, 19 (1960).
Ray, Po M. Ann, Rev, Plant Physiol., 9, 81 (1958).

Ray, P. M, Arch, Biochem. Biophys., 64, 193 (1956).

Ray, P. M., and Thimann, K. V. Arch. Biochem, Biophys.,
64, 175 (1956).

Redemann, C, T., Wittwer, S, H., and Sell, H. M. Arch.
Biochemo BlOEh!So. 2. 80 (1951).



134
80. Relo,.L. Arkiv Kemi, 22, 317 (1964).

81. Renson, J., Welssbach, H., and Udenfriend, S.
J, Pharmacol, Exp, Thera., 143, 326 (1964).

82, Rodionov, V. M., and Veselovskaya, T. K. Zh. Obshch.
Khim., 20, 2202 (1950).

83, Saunders, B. C.,, Holmes-Siedle, A. G., and Stark, B. P.
"Peroxidase," Butterworths, Washington (1964),
pp. 60-70.

84, Siegel, S. M. Physiol, Plantarum, 7, 41 (1954).

85. Silegel, S. M., and Galston, A. W. Personal Communica-
tion.

86. Simpson, J. C. E., and Wright, P. H, J, Chem. Soc.,
1707 (1948).

87. S8tili, C¢. C., Fukuyama, T. T., and Moyed, H. S.
J, Biol. Chem., 240, 2612 (1965).

88, Stowe, B, B., and Thimann, K. V. Arch, Blochem.
Biophys., 51, 499 (1954).

89. Stowe, B. B., Ray, P. M., and Thimann, K. V. Rapp.
et communs. 8th Congr. Intern. Botan., Paris, 151
(1954).

90. Stutz, R, E. Plant Physiol., 33, 207 (1958).

91, Stutz, R. E. Plant Physiol., 32, 31 (1957).

92, Stutz, R. E. Plant Physiol. Suppl., 31, xxvi (1956).

93. Tang, Y. W., and Bonner, J. Am, J, Batany, 35, 570

(1948).
94, Tang, Y.  W., and Bonner. J. Arch Biochem., 13, 11
(1947). '

95. Theorell, H., and Chance, B, "The Enzymes" 1st ed.
Vol. II, Part 1, pp. 397-428 (1951).

96, Theorell, H., and Akeson, A. Arkiv Kemi Mineral, Geol.,
16A, No. 8 (1943).

97. Theorell, H. Enzymologia, 10, 250 (1942),

98, The?reils H. Arkiv Kemi Mineral, Geol., 16A, No, 2
1942),




99.
100,

101.

102,

103.

104,

105.

106.

107.

108,
109.

110,

111,
112,

113,

114,

115.
116.
117,

135
Thimann, K. V. Arch, Biochem. Biophys., 44, 242 (1953).

Tonhazy, N. E., and Pelczar, M. J. Jr. Sclence, 120, ,
141 (1954).

Totter, J. R., DeDugros, E, C., and Riveiro, C.
J, Bilol., Chem., 235, 1839 (1960).

Tyson. F. To. and Shaw. Je Te Jo Am, Chg!_n_o Sogo. Lu"
2273 (1952).

Udenfriend, S., and Titus, E. in McElroy, W. D., and
Glass, B.. "Amino Acid Metabolism," Johns Hopkins
University Press, Baltimore, pp. 945 (1955).

Van Tamelen, E, E., and Haarstad, V, B. Tetrahedron
Letters, 12, 390 (1961).

Wagenknecht, A, C., and Burris, R, H. Arch, Biochemn.,

23, 30 (1950).

Welssbach, H., King, W., Sjoerdsma, A., Udenfriend, S.
Jo Blol. Chem., 234, 81 (1959).

Weller, L. E., Wittwer, S, H., and Sell, H. M. J. Am.
Chem, Soc., 76, 629 (1954).

Wightman, F., Can, J, Botany, 40, 689 (1962).

wildman, S. G., Ferri, M. G., and Bonner, J., Arch.
Biochem., Biophys., 13, 131 (1947).

Witkop, B., and Patrick, J. B. J. Am, Chem, Soc., 73,
2196 (1951). E—

Wu, C, C, J, Formosan Med, Assoc., 59, 182 (1960).

Yamada, S,, Shioiri, T., Itaya, T., and Hara, T.
Chem, Pharm, Bull.. 13 (1§ 88 (1965).

Yamazaki, I., Mason, H, S,, and Piette, L. J, Bilol.
Chem., 235, 2444 (1960).

Yamazakl, I., and Souzu, H. Arch. Blochem, Biophys., '
86, 294 (1960),

Yeh, R. H. Thesis, National Taiwan University.
Yeh, R. H, This Thesis,
Zenk, M., H. Nature, 191, 493 (1961).



MICHIGAN STATE UNIV. LIBRARIES
ITIRITIRATIN
31293104750603



