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ABSTRACT

THE EFPECT OF PEROXIDASE ON MODEL
SYSTEMS OF LIPOXIDASE AND LINOLEIC ACID

BY
Kert F., Ivie

Model systems containing linoleic acid, lipoxidase
(Es Ce 1.13.1.13 1linoleate oxygen oxidoreductase) and
peroxidase (Donor: H,0, oxidoreductase, E. C. 1.11.1.7)
were used to study the effect of peroxidase on the lipoxi-
dase ocatalyzed oxidation of linoleic acid. Changes in the
model system were followed by the use of oxygen uptake
determinations, conjugated diene formation and conjugated
triene formation. The ultraviolet spectra of the linoleic
acid oxidation products were also determined and the effect
of bisulfite on the spectra of these products was observed.
Thin layer chromatography was used to determine changes in
products formed with the addition of peroxidase in the
lipoxidase-1linoleioc acid system.

A mechanism is proposed which shows the positions in
the lipoxidase-linoleic acid reaction where peroxidase
exerts an influence. The results showed that peroxidase was
capable of acting in two ways in the system., The first

function was that of a hydroperoxide breakdown factor. The



Kert F. Ivie
second funotion is that of a stimulation effect on the
lipoxidase and linoleic acid reaction which was reflected
in oxygen uptake, conjugated dienes and conjugated trienes.

The lag period reported for the lipoxidase-linoleic
acid reeaction was verified and shown to be related to a
changeover from conjugated triene production to conjugated
triene destruction as well as & change in the bisulfite
reactable component. Thin layer chromatography revealed
that there were no new major products formed during the
reaction.

Lipoxidase and peroxidase activity was shown in spinach
and this indicates that both enzymes are present in natural
products and therefore the possibility of interactions to
affeot the quality of food systems 18 quite pertinent.
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INTRODUCTION

Lipid oxidation and reactions coupled to lipid oxida-
tion have been & problem in the maintenance of fresh and
frozen vegetable quality which have not been fully explained.
It is known that both enzymatic and non-enzymatic oxidations
are involved in product deterioration (42, 44, 83) and loss
of quality. Lipoxidase has been indicated to be widespread
in nature (15, 30, 32) and is therefore one of the enzymes
most frequently involved in the oxidation of lipids.
Wagenknecht gt al. (83) showed lipoxidase to be involved in
the production of off-flavors in peas. Lipoxidase has been
shown by several workers (10, 58, 59) to catalyze the coupled
oxidation of linoleic acid and pigment degradations as well
as the produotion of off-flavors,

The heme proteins have been implicated by Tappel et al.
(71) to be involved in 1lipid oxidation. One of the heme
proteins involved is peroxidase which is abundant in many
plants (37, 44, 45), and is a catalyst of 1ipid oxidation
(2, 53, 71)¢ The peroxidase enzyme 18 of interest in
blanched, frozen vegetables because it oan regenerate after
some blanching procedures and regain its activity (86).
Maler et al. (54) showed that peroxidase activity involves
a free rediocal mechanism. Ben-Aziz et al. (2) compared 1its

1l



action to lipoxidase and indiocated the action of peroxidase
was different, but did not proceed to determine if the
enzymes had any arffect on each other.

In this study, the effect of peroxidase on lipoxidase
catalyzed 1linoleilc acid oxidation was studied in order to
gain a further insight into the action of both lipoxidase
and peroxidase catalyzed oxidation of unsaturated fatty
acids. One purpose of this investigation was to verify and
expand upon one of the several mechanisms proposed for the
lipoxidase catalyzed oxidation of linoleic acid (18, 26, 66,
68, 75).

Lipoxidase has been reported by Gardner et al. (24) to
have the hydroperoxides formed in the reaction used by a
hydroperoxide isomerease and possibly by an acetylating
enzyme., Other investigators have reported a hydroperoxide
decomposing enzyme which follows lipoxidase (6, 8, 92).
Peroxidase inhibitors have an effect on the hydroperoxide
breakdown factor, therefore, it has been proposed to be a
peroxidase type enzyme (29). The study which follows
ylelded information as to the nature of the hydroperoxide
breakdown factor which i1s of a peroxidase nature.

As mentioned earlier, both lipoxidase and peroxidase
have been shown to be present in many plants. However,
lipoxidase activity has not been reported in spinach. This
study attempted to show that lipoxidase, along with peroxi-
dase, 18 present in spinach. Lipoxidase and peroxidase

presence in the same tissues and their known wide distribution



in nature provide evidence that lipoxidase, peroxidase
interactions are possible in many types of plant material.

In showing the interaction of lipoxidase and peroxidase
and the effect of peroxidase on the system, a model system
similar to the one used by Theorell et al. (78) was used.
This model system has been used by other investigators and
shown to be an indicator of encymatic oxidation. The con-
Jugated dienes measured in the model system have been shown
to be linearly related to thiobardbituric acid (TBA) values
(14) which have long been used as a means of measuring the
oxidation of fats in some systenms.

The overall goal of this work 1s the elucidation of
some of the reaotlona<1nvolved in lipid oxidation of plant
material during storage by using a model system which has
ocomponents found in natural systems. The aim was to further
clarify the mechanisms involved in the enzymatic oxidation
of lipids and show areas which need further investigation
in order for the natural system to be better understood.



LITERATURE REVIEW

Many studies have been conducted on both lipoxidase
and peroxidase in model systems, but there are no complete
explanations as to their effect on the total system or their
modes of action. The following study was concerned with
elucidating some of the possible interactions of lipoxidase
and peroxidase rather than in covering all of theilr possible
modes of action. Since the scope of the work was limited to
interactions of these two enzymes and their possible inter-
actions in food systems, the following literature review
will be limited to:s 1) Lipoxidase properties and reactions
of importance, 2) hydroperoxide breakdown factors,

3) peroxidase properties and reactions of interest, and

4) presence of peroxidase and lipoxidase in natural systems.

e s and ctions of
Crystalline soybean lipoxidase (E. C. 1.13.1.13

linoleate oxygen oxidoreductase) was first prepared by
Theorell et al. (78, 79). The enzyme was found to have a
molecular weight of 108,000 by Stevens et al. (69) and an
isoelectric point of pH 5.65 by Catsimpoolas et al. (11).
Investigations of the amino acid content revealed that
lipoxidase was low in sulphur containing amino acids and
abundant in valine (69), leucine and isoleucine (41, 69).

4



The pH optimum for soybean lipoxidase was shown to be
pH 9.0 for linoleic acid by Ben-Aziz et al. (2) and above
7.0 for free fatty acids (39). Other lipoxidases exhibit
similar characteristics, with navy bean lipoxidase having a
pH optimum of 7.5, green pea lipoxidase a pH optimum of 7.5,
peanut lipoxidase a pH optimum of 8.1 and small red bean
lipoxidase a pH optimum of 7.0 for linoleic acid (15). It
was also reported that these lipoxidase preparations had
activity on trilinoleate with a secondary pH optimum for
trilinoleate at the linoleic acid optimum. The major pH
optimum was around pH 5.5 for the trilinoleate substrate.

The differing pH optimums for linoleic acid and
trilinoleate were found by Koch et al. (49) to be caused by
the presence of two lipoxidases; one a linoleic acid lipoxi-
dase and the other a triglyceride lipoxidase. Other inves-
tigators have reported the presence of isoenzymes of
lipoxidase in soybeans, wheat and peas (16, 32, 34, 48).

Lipoxidase 18 competitively inhibited by detergents
such as Tween 20 under certain conditions (2). It has also
been proven that acetylenic compounds such as elcosatetra-
ynoic acid are competitive inhibitors (7). Dillard et al.
(16) and Grossman et al. (31) have shown nordihydrogusiaretic
acid (NDGA) and other antioxidents are inhibitors of lipoxi-
dase. The natural antioxident, ©<tocopherol, has been shown
to be inhibitory to lipoxidase (76). This was elucidated
by Tappel et al. (75) to be the oxidation of one mole of

©¢toocopherol oxidized per mole of linoleic acid which 1s



not oxidized. Siddiqi et a). (66) exhibited, through the
use of inhibitors, that the thiol groups are not involved
and there are no prosthetic groups or easily dissociable
metal ions involved.

Hirano et &l. (38) indicated methemoglobin can act as
an inhibitor to lipoxidase under ocertain conditions, but
will not decrease the level of oxygen uptake. Alcohols
inhibit lipoxidase through hydrophobic bonding with long,
straight chain alcohols having the greatest inhibitory
effect (56). This was used as evidence for a non-polar area
being involved in the enzyme's aotive site.

Lipoxidase has been shown to be active in both a homo-
geneous and heterogeneous system by Tappel et al. (72). The
aotivity in the heterogeneous or colloidal system is some-
what reduced (71). Kooh et al. (48) noted the enzyme was
activated by Ca’* while Mg d1d not act as an activating ion.
The calcium ion also acts on the enzyme to increase its
substrate specificity (40). Balls et al. (1) noted that a
peptide activator was required for enzyme activity.

Substrates for lipoxidase action have been exhibited to
contain a c¢is, cis 1,4 pentadiene group with a methylene
group located at w3 (36). It was proven by Privett et al,
(60) that the bonds have to be in the cis, ocis oconfiguration
for activity. The points of attack have been demonstrated
to be at the W 6 or w9 position (35, 40). The ninth
carbon atom from the ocarboxyl end 18 the second best site of
attack, provided it begins the diene system (35). The
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lipoxidase forms hydroperoxides at the 9 and 13 position on
linolelic acid, as elucidated by Eriksson et al. (20).
Beare-Rogers et a8l. (3) have indicated that only one hydro-
peroxide 18 found per molecule of fat, even if there are
multiple double bonds. The 9-hydroperoxide formed 1s in the
D=configuration (3) while the l3-~hydroperoxide is in the L
form (36). The new bond formed in making the hydroperoxide
has been shown to be in the trans configuration (18, 36).
The percent of 9 hydroperoxy 10, 12 octadecadienoic acid and
13 hydroperoxy 9, 1l octadecadienoioc acid produced by
lipoxidase has been reported to vary for different systems
and sources of enzyme. Dolev et a). (18) noted that the 13
isomer is formed exclusively by soybean lipoxidase. Dolev
et al. (19) also 1llustrated that O, comes from the atmos-
phere. Alfalfa lipoxidese was reported by Chang et al. (12)
to produce 50 percent 9 isomer and 50 percent 13 isomer.
They also reported 70 percent 13 isomer and 30 percent 9
isomer for lipoxidase from soybeans. Corn lipoxidase was
reported by Gardner (25) to produce 85 percent of the 13
hydroperoxy and 15 percent 9 hydroperoxy. He also gave
proof of the trans 1l double bond. Lipoxidase isolated from
flax seed has been shown to produce 80 percent 13 hydro-
peroxy and 20 percent 9 hydroperoxy octadecadienoic acid by
Zimmerman et al. (93). These discrepancies indicate that
the system may be able to act in slightly different modes

to produce various amounts of the 9 and 13 hydroperoxides,
and that enzymes from different sources vary slightly in
their specificity.



In the production of hydroperoxides by lipoxidase it
has been reported that free radicals are produced (23).

This was confirmed in both the aerobic and anaerobic system
by Walker et al. (85) and to involve the formation of a
peroxy redical (26). It has been demonstrated that there is
an induction period which can be reduced by linoleate oxida-
tion products (67, 68). The abolition of the induction
period was reported by Smith et al. (68) to be due to
linoleate hydroperoxide.

Lipoxidase was reported to catalyze the anaerobic
destruction of peroxides in such a manner that dienes do not
decrease (6). Smith et al. (68) stated that hydroperoxides
were necessary for lipoxidase to catalyze the formation of
hydroperoxides. It was not stated where these initial
hydroperoxides originated. Hydroperoxide decomposition by
lipoxidase has also been reported to be involved in
chlorophyll bleaching (10) with the main hydroperoxide
involved being the 9 hydroperoxide (21).

Lipoxidase has been shown to be involved in several
coupled reactions. Buckle (10) has demonstrated lipoxidase
to be involved in chlorophyll bleaching and Orthoefer (59)
found this to be coupled to the oxidation of linoleic acid
catalyzed by lipoxidase. Pheophytin a was discovered to be
one of the end products (84). Lipoxidase is also the
catalyst of a coupled oxidation of carotene and linoleioc
acid (80) and to a system in which glutathion oxidation is
coupled to linoleic acid oxidation (55). The presence of



alcohol was found to activate the latter oxidation. Mapson
et al. (55) reported lipoxidase to be located in the soluble
portion of the cytoplasm where oxygen and substrates are
avallable.

Some of the end products of the lipoxidase reaction
are brought about by autoxidation of hydroperoxides.
Lipoxidase end products have been reported to be alcohols
in bread dough (30) due to the unstable nature of the hydro-
peroxides formed. It has been reported by Johnston et al.
(42) that one mole of oxygen absorbed by a linoleate hydro-
peroxide destroys one mole of cis, trans conjugated diene,
one-half mole peroxide group and one mole linoleate hydro-
peroxide. Dimers of varying polarity, scission acids, and
isolated trans bonds are formed by autoxidation. The cis,
trans diene formed by lipoxidase (60) can be further oxidized
to produce ketodienes and also aldehydes (26, 82), Dahle
et al. (14) reported that conjugated dienes produced during
the reaction are linearly related to TBA values which are
used to measure fat oxidation. Other products are possibly
due to autoxidation and enzymatic action.

Many mechanisms have been proposed for the action of
lipoxidase. Tappel et al. (75) proposed that a complex of
lipoxidase oxygen and substrate is formed, followed by the
transfer of one electron and the hydrogen ions to the
oxygen, which forms a biradicel. The biradical reacts to
give a conjugated peroxide which then dissociates from the

enzyme. They proposed that lipoxidase functions in the
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stabilization of the biradicel. They did not account for
the specificity of the enzymatic reaction.

Dolev et al. (18) proposed a mechanism for lipoxidase
which accounts for the specificity. The enzyme is activated
by oxygen, forming an enzyme oxygen radiocal, whioch adds to
linoleic acid at the carbon 13 position and i1s held there by
either the double bond at carbon 9 or the carboxyl group. A
series of one electron shifts in this complex establish a
new trans double bond at carbon 11 which transfers the
hydrogen to oxygen, forming the hydroperoxide and liberating
the enzyme. The enzyme could be a free radical which could
start the reaction again.

S1ddiql et al. (66) proposed a mechanism in which the
initial step is the formation of an enzyme substrate complex
where oxygen is held close to the linoleate molecule attached
by the e methylene group. Secondly, a free radiocal is formed
at the methylene group in which the hydrogen goes to the
media or the protein. Thirdly, the double bonds are iso-
merized, ylelding the trans form in a cis, trans peroxy-
radical which exhibits resonance so that an asymmetric center
is created by addition of biradical oxygen. The hydro-
peroxide is formed by the peroxy radical oxygen, recelving
an electron from lipoxidase and hydrogen from the media or
a hydrogen radical from the enzyme. The hydroperoxide 1is
then released. They also state the peroxyl group could
abstraot hydrogen from other linoleic acid molecules, thus

allowing a lipoxidase modulated chain reaction.
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Smith et al. (67, 68) showed that lipoxidase is capable
of self inactivation during the reaction sequence. They

proposed the following kinetic formulation of lipoxidase

action.
?SS
S L Kss *
ES E*
K
2
S Ks Ksp P /
E S
Kp Kps
P S K
EP& 2 EPP
1“4 /
E* P
E = Lipoxidase P = Product S = Substrate
*

E* and E* are inactive forms of lipoxidase

The above 18 based on & binding site for product and
substrate, and oxygen which must also be bound to the engzyme
for activity. From this model they propose the following
mechanism: an enzyme substrate, oxygen and hydroperoxide
complex is first formed in which the hydroperoxide reacts
with oxygen to form a tetroxide transition state which goes
to a perepoxide intermediate. Next the perepoxide breaks
down to hydroperoxide by stereospecific removal of the L-n-8
hydrogen from the adjacent methylene carbon, forming the
trans double bond and the hydroperoxide on the substrate

molecule. The complex could then release the new



12

hydroperoxide and begin again. They also proposed that the
self inactivation of lipoxidase is due to interactions of
the highly reactive intermediates with portions of the
enzyme. The results also indiocate how lipoxidase 1s capable
of being involved in coupled reactions due to the highly
reactive intermediates present in the reaction.

Tappel (74) has demonstrated that the Km value for the
oxygen requirement of lipoxidase is dependent on the sub-
strate concentration and that there is competition for the

oxygen binding site between the oxygen and substrate.

Hydroperoxide Breakdown Factors
A hydroperoxide breakdown facotor has been assoclated

with lipoxidase activity. Blain et al. (6) showed this
factor was enzymatic, heat labile and non-dialyzing. The
lipoperoxidase was shown to be different from hematin
activity due to differing pH activity ocurves (8). Heme
proteins were shown by Tappel (73) to break down hydro-
peroxides. Gini et al. (29) 1llustrated that the hydro-
peroxide breakdown factor was partially inhibited by
potassium cyanide (KCN), indiocating that a peroxidase type
enzyme was involved.

Gardner (24) has indicated that there 1s a linoleate
hydroperoxide isomerase in corn which utilizes the hydro-
peroxides formed by lipoxidase. He also showed that the
hydroperoxides were only present in trace amounts in the

lipoxidase reactions. A hydroperoxide isomerase was also



13

shown in flax seed (93) with the production of

OH ?
| \ 1
R e (C—C— CHZ — C=C—1HR

being proposed as one of the products (92).

ase ertl an ctions of Interest

Peroxidase (Donor: H,0, oxidoreductase E. C. 1.11.1.7)
is a heme protein with a molecular weight of 40,000 (51, 86).
The isoelectric point has been reported to be 7.2 and the
optimum pH at 7.0 by Maehly et al. (51)., Maehly et al. (52)
have shown the substrate to be hydrogen peroxide, methyl
peroxide and ethyl peroxide. Peroxidase also requires the
presence of & hydrogen donor. Bjorksten (4) reported that
thyroxine could act as the donor and Fox et al. (22) demon-
strated that indol-3-acetic acid could also be used.
Theorell (77) showed that at a concentration of 10™° molar
both cyanide and sulfide act as a reversible inhibitor.

Peroxidase has been reported by several investigators
to contain 6 to 7 isoenzymes (47, 64, 70, 86) which ocontain
protohemin IX. Apoprotein, as well as the heme group, is
involved in the reaction (87) on normal substrates. Peroxi-
dase has been found by Ben-Aziz et al. (2) to be involved in
1ipid oxidation. The pH optimum was found to be pH 4.5 with
& secondary maximum at pH 8.5. The activity of peroxidase
and other heme enzymes was reported to be much less than
that of lipoxidase., Tappel (73) showed that the heme

proteins are capable of ocausing homolytic scission of
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hydroperoxides. Maler et al. (53, 54) 1llustrated the homo-
lytic cleavage of the hydroperoxide to be similar to that
caused by iron at higher concentrations.

The enzyme is inhibited by hydrogen peroxide at levels
greater than one molar, while at levels lower than one molar
there 18 very little inhibition (87). The heme group and
protein were both shown to be involved in the phenomena.

The peroxidase heme iron can exist in many oxidation states
which affect the enzyme properties, Blumberg et al. (9)
indicated that a ferric protein (peroxidase) and a hydro-
peroxide could form a radiocal called compound I and that
this, if reduced by one electron, ocan produce compound II.
They also showed that ferroperoxidase 1s diamagnetic. Both
compound II and compound I were shown to be in the iron plus
4 state. However, for compound I the second oxidizing
equivalent is the porphyrin ring.

Ferroperoxidase and hydrogen peroxide have been demon-
strated by Bjorksten et al. (5) to be capable of forming
oxyperoxidase or compound II1I. They reported evidence of
interenzymatic reactions which allowed peroxidase to change
states of the iron in the porphyrin ring. Wittenberg et al.
(88) showed ferrous horseradish peroxidase reacting with
one equivalent of oxygen to produce oxyperoxidase. The
oxyperoxidaese was found to contain all four oxidizing
equivalents of oxygen and to be able to accept electrons.
George (27) demonstrated that horseradish peroxidase in the

presence of peroxlidase goes to compound I while excess



15

hydrogen peroxide forces the formation of compound III from
compound II. If hydrogen peroxide is then lost, compound
III will revert back to compound II.

Peroxidase was shown by Yokota et al. (91) to catalyze
the aerobic oxidation of reduced nicotinamide-adenine
dinucleotide (NADH) and reduced nicotinamide-adenine
dinucleotide phosphate (NADPH). In this reaction, free
radical forms of NADH and NADPH are active intermediates in
the formation of compound III and the reduction of peroxi-
dase., The peroxidase is reduced in this reaction if H202
or o2 is present. There was also a peroxidase cycle shown
in which peroxidase and H202 goes to compound I, followed by
& one electron reduction to create compound II. Compound II
then has a one electron reduction to peroxidase and the
cycle can begin again. The electrons came from the NADH
or NADPH.

da a as F 8

Lipoxidase activity has been exhibited in a variety of
foods. Dillard et al. (15) reported lipoxidase to be
present and active in navy beans, peanuts, green peas, baby
lima beans and small red beans. Gardner (25) demonstrated
lipoxidase activity in corn, along with the hydroperoxide-
decomposing enzyme. Grossman et al. (31) reported lipoxi-
dase to be present in egg plant while Hale et al. (34)
showed lipoxidase to be in green peas and their seeds and

in green beans and their seeds. Theorell et al. (78)
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isolated lipoxidase from soybeans. Lipoxidase was also
shown in flax seed (92, 93) and wheat (32).

Peroxidase has been reported in many plant products.
Joslyn et al. (45, 465) reported activity in asparagus and
artichokes., Joslyn et al. (43, 44) also reported activity
in spinach, peas, pea pods and lima beans, Other investi-
gators have shown peroxidase in other plant material. It
is now presumed that peroxidase 1s common to all plant
materlals.

The role of these two widespread enzymes in food
products 18 not fully understood. In the case of lipoxi-
dase, its biological function has not been clearly
established. One function proposed is mobilization of
energy in germinating seeds (58). Wagenknecht et al. (83)
have demonstrated that both lipoxidase and peroxidase are
involved in the production of off-flavors in frozen peas,
Wagenknecht et al. (83, 84) also reported lipoxidase to be
involved in color loss and that lipase liberates the free
fatty acid substrate for this reaction. Rackis et al. (62)
have shown the presence of both peroxidase and lipoxidase
and that lipoxidase is related to off-flavors. They also
noted peroxidase to be capable of breaking down linoleate
hydroperoxides. Purr (61) showed lipoxidase to be involved
in the production of carbonyls in low water content foods.
Rhee et al. (63) proposed that in frozen peas the lipoxidase
action did not contribute significantly to off-flavor.
They did note the produoction of off-flavor compound by
lipoxidase at low levels.



EXPERIMENTAL

eagents a figa s
Linoleic Acid
High purity linoleic acid obtained from the Hormel

Institute had a final purity of greater than 99% by GLC and
TLC. The linoleic acld used for the determination of lag

time was prepared by a procedure reported by Gardner (24)
and was modified as follows: a 2 cm X 22 cm column length
was packed with 125 mesh siliclc acid in benzene slurry.
The column was then washed with 100 ml of benzene and 1 g
of Sigma high purity linoleic acid was added to the column
with 5 ml of benzene. The following elution sequence was
followed.
100 ml of 100% benzene

50 ml, 90% benzene, 10¥ anhydrous diethyl ether

50 m1, 80% benzene, 20% anhydrous diethyl ether

50 ml, 60% benzene, 40% anhydrous diethyl ether

25 ml, 50% benzene, 40% anhydrous diethyl ether, 10% methanol

25 ml1, 40% benzene, 40% anhydrous diethyl ether, 20% methanol

The column was then washed with 100 ml of 100% methanol,
followed by 100 ml benzene and reused. The fractions

collected were examined by thin layer chromatography and
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those with pure linoleic acid were pooled and concentrated
under nitrogen. The entire procedure was oonducted under a
stream of nitrogen.

The thin layer chromatography procedure used was that
of Gardner (24). The solvent system was isooctane, diethyl
ether and acetic acid (50:503:1) by volume, with the use of
70% H,30, and saturated Cro3 sprey and charring for visuali-

zation.

Enzymes
The enzymes used were obtained from Worthington Bilo-

chemical Corporation. The lipoxidase (code Lx) was of soy-
bean origin and of the fatty acid type with an activity of
2372 Worthington units per mg. The peroxidase (code HPOD)
was obtained from horseradish with an activity of 600
Worthington units per mg. All other reagents were obtained
from commercial sources. One Worthington lipoxidase unit
is equal to the amount of enzyme necessary to cause a 0,001
optical density change in one minute at 25° C. One peroxi-
dase unit equals the amount of enzyme required to decompose

one micromole of peroxide per minute using the Worthington

assay.
Preparation of ILlpoxidase From Spinach

Three hundred grams of fresh spinach were macerated
with 600 ml of 0.05 molar, pH 6.8, sodium phosphate buffer
for S minutes in a Waring blender on high speed at 5° c.

The slurry was then centrifuged at 4° C for 40 minutes at
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l.5 X 10“ g+« The supernatant was decanted and 50 g of

activated charcoal added. This was filtered through number
gix Whatman paper with celite #545 overlaild as a filter aid.
This step, conducted in a cold room, was repeated until the
color was removed. The filtrate was then dialyzed against

deionized water to remove the buffer. The protein solution
wag then frozen and freeze dried. The resultant powder was
taken up in a 10 ml 0.1 molar borate buffer, pH 9.0 and cen-

L

trifuged at 3.9 X 10 g for 60 minutes to remove nonsoluble

material. The supernatant was then used for enzyme assays.

Preparation of Peroxidase From Spinach

Four hundred grams of spinach were blended for 3 minutes
in a Waring blender with 300 ml of pH 6.8 sodium phosphate
buffer 0.05 molar. The homogenate was then centrifuged at

2.2 X 10“ g for 70 minutes and the supernatant collected

and recentrifuged at 3.5 X 10“

g for 45 minutes. The super-
natant was then filtered through glass wool and used as a
crude enzyme preparation. An alternate procedure was to
take 60 g of spinach and blend for 5 minutes in pH 6.8
phosphate buffer 0.05 molar and then centrifuge at 3.9 X 10“
g for 70 minutes at 4° C. The supernatant was used as the

crude enzyme preparation.

Assa cequres

Oxygen Uptake
Oxygen uptake studies were performed using standard

procedures described in the Gilson Respirometer Manual (28).
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This procedure is based on standard Warburg manometric pro-
cedures and was used by Tappel et al. (78) as an assay
method for lipoxidase.

The reaction system used consisted of the following:
Linoleic acid was at a final concentration of 1 mg/ml.
Both peroxidase and lipoxidase were used at a final concen-
tration of 0.1 mg/ml which equals 237 units of lipoxidase
and 60 units of peroxidase. The buffer used consisted of
0.1 molar sodium borate buffer pH 9.0 with a final concen-
tration of 0.5% ethanol. The final reaction mixture had a
volume of 5 ml. The center well of the reaction vessel
contained three potassium hydroxide pellets to absord CO,.
The temperature was maintained at 30° Ce

The following combinations were useds 1) Linoleic
acid in buffer. 2) Lipoxidase and linoleic acid in buffer.
3) Lipoxidase, peroxidase and linoleic acid in buffer.
4) Peroxidase and linoleic acid. 5) Lipoxidase and
linoleic acid were reacted for 10 minutes and peroxidase
added. At this time the oxygen uptake was determined.
6) Peroxidase and linoleic acid were reacted for 10
minutes, lipoxidase was then added and the oxygen uptake
determined.

The enzymes being tested were added at time zero from
a side arm flask. The system was equilibrated for 5

minutes before the addition of any enzymes.
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Copjugated Djienes
Conjugated diene determinations at 234 nm were per-

formed through the use of the method originally described
by Theorell et al. (74) and modified by Tappel et al. (71).
The substrate was prepered and used as described by
Worthington (86). The final reaction mixture consisted of
the following: Linoleic acid was at a final concentration
of 0.11 mg/ml. The enzymes used were in a concentration of
6.66 ng/ml for both lipoxidase and peroxidase, which equals
158 units of lipoxidase and 40 units of peroxidase. The
total reaction volume was 3 ml with the buffer being 0.1
molar sodium borate buffer at a pH of 9.0 with 0.55%
ethanol. The increase in absorbancy at 234 nm was messured
on & Beckman DU at 15 second intervals and on a Beckman DU
equipped with a recorder. The initial rate after the induc-
tion period was used as the reaction rate. The molar
extinction coefficient for oconjugated dienes has been
reported to be 28,000 at 234 nm (34). The following systems
were used: 1) Linoleic acid and buffer. 2) Lipoxidase
and linoleic acid. 3) Peroxidase and linoleic acid.
4) Lipoxidase, peroxidase and linoleic acid. 5) Lipoxi-
dase and 1linoleic acid reacted 1.5 minutes, then peroxidase
added. 6) Peroxidase and linoleic acid reacted 1.5
minutes, then lipoxidase added.

The enzymes being tested were added at time zero from
& micropipette. Reactions were permitted to proceed at

ambient temperature.
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lag Time Assay

The lag time for the reaction was determined by using
the conjugated diene procedure and varying the lipoxidase
enzyme concentration (33). The systems were the same as
those in the conjugated diene procedure, except for the
following concentrations of lipoxidase which were used:
1.66 ng/ml, 3.33 ag/ml, 6.66 ng/ml and 0 pg/ml, The lag
period was the time necessary for the reaction rate to
become linear. This was determined by reading the absorbdb-
ancy &t 234 nm at 15 second intervals on a Beckman DU or
recording the absorbancy changes on a Beckman DU with

recorder. The enzymes were added at time zero.

Conjugated Triene Assay

Conjugated trienes were determined by a modification of
the conjugated diene procedure given in the Worthington
Enzyme Manual (90). The same systems were used, but the
change in the absorption was read at 270 nm. The change in
absorption was monitored at 15 second intervals on a Beckman
ACTA spectrophotometer and the resulting curves drawn 1in.
The model systems used were the same as those in the conju-
gated diene procedure. The reaction was started by the
addition of the enzyme from a micropipette at time zero.

The enzyme activity was the same as that used in the conju-

gated diene procedure.
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ltraviolet Spectrosco

Ultraviolet spectra (scans) of model systems were made
by a modification of the conjugated diene procedure
previously described. The reaction mixture consisted of the
following: 0,166 mg/ml 1linoleic acid was reacted with
10 ag/ml lipoxidase and or peroxidase in 0.2 molar borate
buffer pH 9.0 with 0.83% ethanol, and a final volume of
2 ml at the end of the desired reaction time. One ml of
100% ethanol was added by pipette to stop the reaction at
the desired time in the reaction and the absorbancy scanned
on a Beckman DK 2A or ACTA from 300 nm to 200 nme The final
reaction mixture at the time of scanning consisted of the
same components as the conjugated diene assay systems,
except the alcohol was at 34.16%. The blank consisted of
everything in the system except lipid. Buffer was added to
make the volume 3 ml.

The effect of bisulfite on the ultraviolet spectra was
determined by using the procedure for determining the ultra-
violet spectra of the reaction products. This was done by
the addition of 20 nl of a saturated bisulfite solution at
the same time the ethanol was added and then scanning to
obtain the spectra. The blank was the same as in the ultra-
violet spectre studies with bisulfite added, if it was

included in the reaction mixture.
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Enzyme ]Inactjivation

Two methods of enzyme inactivation were used. For
peroxidase, the enzyme was inactivated by either heat or
potassium cyanide. Five ml of peroxidase stock solution was
pleced in a 22 X 150 mm test tube, which was then placed in
a bolling water bath for 5 minutes as a heat treatment. The
cyanide inhibition was carried out by adding 1 ml of a 0.01
molar KCN solution to 1 ml of a 2 mg/ml peroxidase solution.
The procedure used for assaying the effeots was that of
assaying conjugated diene formation and peroxidase activity.
For the inhibition of lipoxidase, 5 ml of enzyme stock solu-
tion was placed in a 22 X 150 mm test tube which was placed
in a boiling water bath for 3 minutes as a heat treatment.
The conjugated diene and triene assay procedures previously
reported were used to determine the effects on the model
systems., The systems used were the same as those in the
conjugated diene assay procedure. A heated linoleic acid
system was also used, To heat treat the linoleioc acid a
sample of stock solution was placed in a 50 ml volumetrioc
flask which was then immersed for 3 minutes in a boliling
water bath. Nitrogen was bubbled through the solution and
filled the headspace for the removal of oxygen prior to the
heat treatment. The heat treated 1linoleic acid was then
used in the assay procedures in the same manner &s linoleic

acid which was not heat stressed.
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Peroxidase Assay

The determination of peroxidase activity was accom-
plished by using the procedure given in the Worthington
Enzyme Manual (86). In this procedure, the rate of hydrogen
peroxide decomposition by peroxidase with a o-dianisidine as
hydrogen donor was measured by the rate of color development
at 460 nm. The reaction mixture used was the same as in
the Worthington Enzyme Manual except for the crude extract,
in which case 5 ul or an amount necessary to give a measur-

able rate of absorption at 460 nm was used.

hin Chromatograph

Thin layer chromatography of the reaction products was
performed as reported in the section on prepareation of
linoleioc acid. The following solvent systems were used:
diethyl ether, hexane and acetic acid (30:170:0.5) by volume,
and isoctane, diethyl ether, and acetic acid (50:50:1) by
volume. The visualization of compounds was performed using
the reagents given by Vioque et al. (82). One percent N,
N dimethyl-p-phenylenediamine in chloroform, acetic acid
and water (5:5:1) by volume was used to visualize peroxides
and some aldehydes, followed by 50% H,80, and charring to

visualize other spots.,

Statistics
Statistics were calculated using the following equa=-

tions given by Chase and Rabinowitz (13) in whioch:

S = ﬁ%i (n-‘ﬂ)2 and 3 = —3—
V' N
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The S value was then doubled and used to determine if the
differences were still present at the 2e¢ level.
Statistical variance analyses were also used to deter-
mine if the differences reported were significant at the
954 level. The method used was that described by Kramer
et a]l. (50). This method showed data which was significant
at the 99% confidence level as well as the 954 confidence

level. The method was programmed on a Wang computer,



RESULTS AND DISCUSSION

In studying the effect of peroxidase on the lipoxidase
catalyzed oxidation of linoleic acid, the model systems
used were designed to establish various features of the
system.

1) Linoleic acid was used as the oxidizable substrate
and to determine the autoxidation which was taking place in
the other systems. Iinoleic acid also served as a control.

2) Lipoxidase and linoleic acid were reacted to deter-
mine the standard rate of the reaction for the model system
used.

3) Peroxidase and linoleic acid were reacted so that
heme catalyzed oxidation could be detected and compared to
the other model systems.

4) Three systems were used to determine the effect of
peroxidase on the lipoxidase-linoleic acid system.,

a, When lipoxidase and peroxidase were added at
the same time, the effect of peroxidase on the lipoxi-
dase reaction was determined.

b. When peroxidase was reacted with linoleic acid
before the lipoxidase was added, the result being
studied was peroxidase effect on the substrate and the
resulting effect on the lipoxidase reaction.

27



28

c. When lipoxidase was reacted with linoleic acid
and then peroxidase added, the result being studied
was peroxidase effect on reaction products already
formed and the resultant effect on the lipoxidase
reaction.

5) Model systems in which the peroxidase was inhibited
by KCN were used to determine whether the heme iron was
involved in the reactions of the previously described model
systems.,

6) Model systems in which peroxidase and lipoxidase
were inactivated by heat were used to determine if the
enzyme had to be in the active protein conformation for
activity to occur.

7) Systems in which bisulfite was added determined
whether oconjugated triene absorption in the ultraviolet
region was due to ketones or aldehydes., This was then

correlated to changes occurring in the systems.

Oxygen Uptake Determinations

In determining oxygen uptake the operational sequence
used in the procedure had to be standardized in order to
obtain reproducible results. The pH of the system proved
important since at a pH of 6.8 the author found it diffiocult
to obtain reproducible results, while at a pH of 9,0 repro-
ducibility became easier. This may be a result of the 1lipid
being incompletely suspended at pH 6.8. At a pH of 9.0 the

1ipid was in a better suspension as evidenced by less
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turbidity. A more uniform lipid concentration around the
enzyme may have occurred due to a smaller, micelle size or
better suspension.

Table 1 gives the results of the oxygen uptake experi-
ments and Figure 1 shows the graph of oxygen uptake in the
model systems described. These results inidicate that if
peroxidase 1s added at the same time or before lipoxidase,
the oxygen uptake will be stimulated by 12.5% and 12.6%
respectively. The rate of oxygen uptake of the lipoxidase-
linoleioc acid reaction when measured from 10 to 15 minutes
after the addition of lipoxidase, will be less when compared
to the oxygen uptake rate measured immediately after the
addition of lipoxidase. If peroxidase is present in the
system the rate of oxygen uptake is also decreased by 10
minutes after the initlation of the reaction. This rate of
oxygen uptake decrease with peroxidase present in the system
first is 9.5% faster than found in the lipoxidase and
linoleic acid reaction. If peroxidase is added at the same
time, the rate of oxygen uptake also decreased slightly
faster. This is a relative rate change and may not be
significant since by this time substrate 1s becoming a
limiting factor as shown by the curved line. If peroxidase
is added after the lipoxidase has had 10 minutes to interact
with linoleic acid, the addition will bring about an
increase of 70%f in oxygen uptake, This was found by compar-
ing the initial rate of the lipoxidase-linoleic acid

reaction, with peroxidase added late, to the rate measured
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Table 1: Results of oxygen uptake studies in model
systems containing lipoxidase, peroxidase and
linoleic acid in various combinations.

st om nenta2

Linoleic acid (control)

Lipoxidase and linoleic
acid

Peroxidase and linoleic
acid

Lipoxidase, peroxidase
and 1linoleic acid

Peroxidase added after
lipoxidase and linoleic
acid were reacted for
10 minutes

Lipoxidase added after
peroxidase and linoleic
acid were reacted for
10 minutes

1

Rates are reported as mM 02

tia at
‘00065

0.662
decreasing

0.827

o. 3&6

0.836

1

oxygen gn&'l!g

Rate Measured
From 10 to 15
Minutes After
Initiation of

the Reaction
“Oo 065
0,203

0.037

0.237

0.286

0.196

/ minute and the above differ-

ences are significant at a“2 ¥ level and a 95f¢ significance

level,
2

Reaction concentrations for the above systems were equiva-

lent. Linoleic acid concentrations, 1 mg/ml; peroxidase
concentrations, 1 mg/ml; lipoxidase concentrations,

1 mg/ml. Pinal volume was 5 ml, 0.2 molar pH 9.0 borate
buffer used in all preparations and stock solutions.



31

250

200

Oxygen uptake anl 02

50

Time in Minutes

Lipoxidase, peroxidase and 1linoleic acid (o)
Lipoxidase and 1linoleio acid [a)

Peroxidase and linoleic acid reacted 10 minutes, then
peroxidase — — ¢ - —

Linoleic acld +

Peroxidasgse and linoleic acid O

Lipoxidase and linoleic acid reacted 10 minutes, then
peroxidagse — -0 = -

Figure 1l: Results of oxygen uptake studies in model
systems containing lipoxidase, peroxidase and
linoleic acid in various combinations.
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from 10 to 15 minutes in the lipoxidase and linoleic acid
reaction. This was the actual rate of the system peroxi-
dase was added to. It is also apparent that the reaction
rate from 10 to 15 minutes after the addition of peroxidase
wag 0.286 aM 0, uptake per minute. In contrast, the rate
in the linoleic acid and lipoxidase system had dropped to
approximately zero at 30 minutes, whioh ocorresponds with
the 15 minute rate in the system to which peroxidase was
added late.

The preceding indicates that peroxidase has a greater
stimulation effect on oxygen uptake when added after
lipoxidase than in the systems in which it 1s added first
or at the same time lipoxidase was added. One explanation
is that peroxidase uses oxygen to break down produots which
have accumulated in the system. These products may have
acted as inhibitors to lipoxidase based on the Smith et al.
(68) model. Therefore the destruction could result in
higher oxygen uptake due to less lipoxidase inhibition. If
peroxidase 1s added first or at the same time lipoxidase 1is
added, the rate could be increased by the destruction of end
products. The loss of end products could shift the equili-
brium toward the formation of more products and the utiliza-
tion of more oxygen. Lipoxidase could still be self inacti-
vated since the peroxides would be produced faster and a
greater number of radical enzyme interactions could ocour.
This 18 supported by peroxidase having a slightly.greater
stimulating effect on oxygen uptake if added first. This
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is followed by a faster reaction rate decrease when
measured from 10 to 15 minutes after the reaction was
initiated. The results show that there are 4 moles of
oxygen consumed per mole of linoleic acid oxidized, if the
reaction 1s allowed to go to completion. This indicates
that 3 moles of the oxygen consumed are used to further
oxidize the hydroperoxide initially formed, or its decom-
position products. This also indicates that the initially
formed hydroperoxide is further oxidized and does not

accumulate to be the final product.

Conjugated Diene Determination

In studying the reaction of lipoxidase and linoleic
acid, the use of conjugated diene absorption was not repro-
ducible at a pH of 6.8 due to cloudiness of the lipid solu-
tion. PFor this reason the higher pH of 9.0 was used in the
determination. This is the pH optimum for lipoxidase
action on linoleic acid (2)., Heme proteins have & small
pH optimum for lipid oxidation at around pH 9.0 (2). The
conjugated diene measured 1s formed by the lipoxidase
catalyzed oxidation reaction, forming a cis, trans diene
structure in making the linoleate hydroperoxide (18). The
breakdown products of the hydroperoxide formed are also
capable of having conjugated diene structures which absord
at the wavelength used and contribute to the results
reported.

Tadble 2 and Figure 2 give a summary of the conjugated
diene results. They show that if peroxidase 1s added to
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Table 23 Conjugated diene formation in model systems
containing lipoxidase, peroxidase and linoleic
acid in various combinations.

Rate ofl
Con jugated
Dienes Formed

Sygtem Components

Linoleic acid (control) 0.035
Lipoxidase and linoleic acid 5.46
Peroxidase and linoleic aocid 0.143

Lipoxidase, peroxidase and
linoleic acid 6.03

Peroxidase added after
lipoxidase and linoleic acid
were reacted for 1.5 minutes 5.89

Lipoxidase added after
peroxidase and linoleic acid 2
were reacted for 1.5 minutes 3.64

1All systems contained the same concentration of lipid and

enzyme in a total of 3 ml, 0.2 molar pH 9.0 borate buffer.
Lipoxidase and peroxidase concentration, 6.66 mg/ml;
linoleic acid concentration 0.l11 mg/ml and 0.55% ethanol.

2Baaed on average of the inconsistent reaction rates.



35

1.0

o
L ]
o)

o
.
o\

Absorbance at 234 nm
o
&

0.2

Time in Minutes

Peroxidase and linoleic acid 0]
Linoleic acid +
Lipoxidase and linoleic acid —O
Lipoxidase, linoleic acid and peroxidase — ¢ — 0 — ¢« —
Lipoxidase and linoleic acid 1.5 minutes, then
peroxidage = - + - =

Peroxidase and linoleic acid 1.5 minutes, then

lipoxidase — -0 — —

Figure 2: Conjugated diene formation in model systems
containing lipoxidase, peroxidase and linoleilc
acid in various combinations.
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the system at the same time lipoxidase i1s added, there will
be an increase of 10% in oconjugated diene formation. If
peroxidase is added after the lipoxidase, there is an 8%
increase in conjugated diene formation. The addition of
peroxidase 1.5 minutes prior to the addition of lipoxidase
results in a system which exhibits variability. One-half
of the reactions proceed at a rate comparable to that of
the system containing lipoxidase and linoleic acld. The
other one-half of the reactions have 67% fewer conjugated
dienes formed. This variability was also found in conju-
gated triene determinations reported later.

Possible explanations for the effect of peroxidase
follow. Peroxidase destroys a factor which is capable of
inactivating lipoxidase. By keeping lipoxidase in the
active state the reaction rate would be increased. Another
explanation is that the presence of peroxidase causes a
fagster breakdown of hydroperoxides. The breakdown of hydro-
peroxides may kinetically shift the lipoxidase reaction
toward the production of more hydroperoxides. The oxidized
hydroperoxides or their products could still have a conju-
gated diene structure which would account for the increased
activity. Both explanations are feasible since it 1s known
that hydroperoxides are necessary for the lipoxidase to
react. The destruction of hydroperoxides could be an
explanation of why the peroxidase, if added first, inhibits
the reaction. If added at the same time or later the rate

is increased since the lipoxidase has some hydroperoxide
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present from autoxidation which it will use to initiate the
reaction. The loss of hydroperoxides could aid in the pre-
vention of product inhibition.

The rate may also be higher due to peroxidase breaking
down hydroperoxides which could potentially inactivate the
lipoxidase as reported by Smith et al. (64). This 1is
possible since hydroperoxide is competitive with linoleilc
acid for the substrate binding site on lipoxidase in Smith'’s

model.

t et ctrosc

The conjugated diene results led to an interest in the
ultraviolet spectra and the effect of peroxidase on the
spectra, Both conjugated dienes and trienes absord in the
ultraviolet region. Ultraviolet spectra were therefore
determined to determine the spectral properties of the
reaction products. Figure 3 shows typiocal spectra obtained
during this procedure. The results indicate that the conju-
gated diene activity results were correct, and that lipoxi-
dase was providing for increased conjugated trienes for at
least 3 minutes. However, after 5 minutes conjugated
trienes were decreasing. It appeared that peroxidase had
an affect on the amount of trienes produced. This is
reported later. There were no apparent shifts in the posi-
tion of the product peaks. There was a shift in the
products being formed as evidenced by & change in the ratilo
of absorption between the 280 nm and 270 nm peaks. From
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this it appears that if peroxidase 1s added at the same
time as lipoxidase, there 1s & slight increase in the 280 nm
absorption area of 3% over the 270 nm product. If the
lipoxidase acts first, there is 10% difference in the ratio
and the product present has a higher 270 nm absorption if
peroxidase 1s present,

The data was used to calculate an extinction coeffi-
clent at 270 nm for conjugated trienes using the EZ?B of
22,040 given by Vioque et al. (82) for the ketodiene they
isolated. The following equation was used:

___Qﬂ__g_zz - mMnmgn_mn%nm_ﬁ_Zzg_m
absorption at 278 nm absorption at 270 nm

The calculated value was 25,617 with a standard deviation
of the mean of 702. This was the value used in the oconju-~
gated triene data reported later. The molar extinction
coefficient for trienes was ocalculated at 270 nm so that
the maximum absorption change could be used and still be
quantitated. This resulted in relative changes which may
not reflect the true amount of product being formed at
270 nm since the absorption is the result of a mixture of
products. The changes of the 280 nm to 270 nm ratio
accounted for the variation expressed in the standard devia-
tion of the mean.

Change in the 280 nm and 270 nm absorption ratio could
be the result of a change from ketodiene or a similar struc-
ture which absorbs strongly at 280 nm, to an aldehyde or

conjugated triene structure which absorbs strongly at 270 nm.



ko

If the preceding hypothesis is true, the presence of peroxi-
dase before the addition of lipoxidase would cause a decrease
in the reatio of ketodiene to 270 nm oonjugated triene.
However, if added at the same time, the ketodiene would be
increased slightly over that found in the system of lipoxi-
dase and 1linoleic acid alone.

The preceding indlicates that if peroxidase is in the
system first, the components which absorb strongly at
270 nmn are converted to some other compound causing &
higher proportion of 280 nm absorption component. This
observation was later verified by conjugated triene deter-
mination, since peroxidase and linoleic acid have fewer
conjugated trienes formed per minute than were formed in
linoleic acid alone. This i1s of importance since the
bisulfite reactable component reported later is of the
aldehyde nature and does not appear in the reaction until

the lag period ends.

Lag Time Determinations
In studying conjugated dienes, it was noted that there
was an initiation time or lag time before the reaction
became linear. This was also reported by other authors
(63, 64). The lag time was determined at three different
enzyme concentrations. Table 3 shows the effect of enzyme
concentration on lag time in the lipoxidase-linoleic acid

reaction.
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Table 3: Effect of lipoxidase concentration on lag time in
the lipoxidase-linoleic acid reaction.

s Tiporidsse/nl | of Lag Period
Assay Mirture
0.00
1.66 4.50
3.33 3.75
6.66 2.95

Buffer - pH 9.0, 0.2 molar borate buffer, 0.5% alcohol
3 ml final volume in all reactions

Lipid - 0.1l mg/ml linoleic acid
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The concentration, when plotted against lag time on
semi-log paper, forms a straight line between the concen-
trations used (Pigure 4). The initial rete for reactions
in the oconjugated diene determinations was determined by
using the straight line portion after the lag period had
occurred. The assay mixture of 6.66 mg lipoxidase/ml was
chosen since it gave a reasonably short but measurable lag
period with an increasing absorbance rate which was measur-
able on a Beckman DU.

The 1lipid used for the lag time experiments was puri-
fied by the column chromatography procedure previously
reported. The lag times found using this preparation were
the same as those found with Hormel®s high purlity linoleioc
acid. The thin layer chromatography of the column cleaned
linoleic acid gave only one spot with an Rr of 0.70. The
Hormel 1inoleic acid obtained after this work was completed
had an R, of 0.70 under the same system. Unpurified lino~
leic acld had three spots, at R, 0.70, 0.56 and 0.42,
Although the column system used cleans up the linoleic acid,
it is not recommended because it is time consuming and

great care must be taken to avoid autoxidation.

Conjugated Triene Determinatjions
In determining conjugated trienes, the initial rate

was measured from the time the enzyme was added. This
facilitated the determination of changes in the system.

Table 4 and Figure 5 show the results of the determinations.
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Pigure 4: Effect of lipoxidase concentration on lag time
in the lipoxidase-linoleic acid reaction.
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The results indicate that peroxidase does affect the
system. The system containing peroxidase and linoleic acid
had 9% fewer oconjugated trienes formed than were formed in
the linoleic acid system. The same is true of the system
containing lipoxidase and linoleic acid in which 93.5% of
the linolelc acid autoxidation rate is found. If both
lipoxidase and peroxidase were present at the beginning of
the reaction, the rate was increased by 12% over that of the
linoleic acid autoxidation rate and 19% faster than the
lipoxidase and linoleic acid reaction rate. The results
show that an increase in changeover time, caused by
peroxidase, causes an increase in the triene freotion
necessary for lipoxidase to change from triene formation to
triene destruction. The time period for changeover from
triene formation to triene destruction for lipoxidase and
linoleic acid corresponds to that found for the lag time.
It is apparent that if peroxidase was added after the
lipoxidase and linolelc acid reaction had proceeded for a
period of 1.5 minutes, the system can be regenerated to
that providing for conjugated triene formation for a 3.5
minute additional time period. This is a total of 6.5
minutes of conjugated triene formation instead of the nor-
mal 3 minute period. If peroxidase was reacted for 1l.5
minutes before the addition of lipoxidase, it seemed to
destabilize the system in that one-half the reactions would
change over to destruction at a time of 6 minutes from the

time of lipoxidase addition.
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These results indicate that if peroxidase is in the
system, the enzyme system i8 activated to the formation of
conjugated trienes. Normally both enzymes use conjugated
trienes as evidenced by the slight decrease from the
autoxidation rate. The peroxidase keeps the system in its
initial state of conjugated triene production longer, as
evidenced by the longer turnover from production to destruc-
tion. The destruction of conjugated trienes was increased
after the turnover point, which could be due to a oconcen~-
tration effect caused by the increased production period
and product builld-up time. The variability of the system
in which peroxidase was added first was similar to that
encountered in measuring the conjugated diene in that the
system only reacts the same one-half of the time. This may
be the result of hydroperoxide destruction which causes the
lipoxidase to begin the reaction more slowly and to give
variation in the data.

ect S em h 8

The ability of bisulfite to react with aldehydes and
not with ketones was used to find the nature of the conju-
gated triene structure and what occurs in this area of the
spectra during the reaction. The lipoxidase and linoleilc
acid reaction was used for this study. The scans obtained
are shown in Figure 6. It ocan be seen that for the first
2 minutes there are no bisulfite reactable components from

285 nm to 265 nm. At three minutes there is a bisulfite



P1o® O19TOUIT pPu® @sepiXodiT
Suiuieauoo swe3sfs Topom JO wIjoeds OYj UO ©3TJINSIQ JO 308JJ9 oYL

B i
:
,5
Sorpasnt

19 eandtd



48

ote

00€

062

08¢

WU YaSueTeawp

042 09¢ 0s¢

sutd ‘sejnuim

o

sejuutwm

snyd ‘seojnuim

-

sojnuim

S
S
€
€

' v —

A% o3TJTusIq
P930WeI PTO® OTOTOUTT pPue esepixody]
PO309ed PTO® OTOTOUIT puw osepixodi]

+ °3tJTns1q
PO30WeI PTOw OTOTOUTT Puw esepixody
PO30WeI pTOw OTOTOUTT puw eswpixodyT]

A%

T°0

N
°
o

™
)
P0UwqQIOosqy

#°0

$°0




49

reactable component. This implies that during the lag
period ketodlienes or non-bisulfite products are built up.
However, when the lag period ends and the conjugated triene
destruction begins there is a conjugated triene present
which can be reacted with bisulfite. The structure of
some oompounds ocan be hypothesized from the dismutation of
the hydroperoxides formed.

The ketodiene or bisulfite stable product could have
the following structure, depending upon whether the hydro-
peroxidase i3 at the 9 or 13 position.

0
cna(crlz)u-c-z-t-i-g-(c32)7-coon

OR

0
fl

-

H
|

B
|
(o4 -CSC-(CH2)7"GOOH

H
|
= C
The aldehyde portion or bisulfite reactable product
could have the following structure, depending on the
disnmutation of the 9 or 13 hydroperoxide. |
0 ? H H BH

L\ | | |
}C «“C=C=-C=¢C =~ (CH2)7 - COOH

H
OR

H

B
| |

The scans also revealed that the absorption between
265 nm and 235 nm was decreased. This could be due to the
interaction of bisulfite with compounds whioch are
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intermediates between conjugated dienes and trienes, such as

the free radicals hypothesized below.

2 % %1%
C-C=C=-C=2C=- (CH,), - COOH
/ 277
H

OR

H H H H 0

| | | | 4
CHB(CHZ)b - C=C-C=_C-~- C\

H

Free radicals such as those hypothesized have been
suspected by other authors in the non-dismutated form and
it 1is possible to have them after dismutation. The presence
of free radicals in the lipoxidase reaction has been shown
by Fridovich et al. (23).

The conjugated triene and diene data can be correlated
to the bisulfite results since the time of changeover from
strictly & non-bisulfite reactable product to one which
reacts with bisulfite is at 3 minutes. This is the same as
the time for changeover from triene formation to triene
destruction and linearity in the diene determination.
Peroxidase therefore may keep the system producing keto or
non=-bisulfite reactable products. They may influence the
lipoxidase reaction toward a faster rate by binding more
substrate and fewer end products to the substrate binding

site.
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Heat Inhibition Studles

The use of heat inactivation on various components of
the system yielded the results shown on Table 5. From this
1t can be seen that heating lipoxidase will result in a 93%
decrease in the rate of conjugated diene production and an
11% increase in the rate of oconjugated triene production
over that found in the lipoxidase-linoleic acid reaction.
If peroxidase is added in the system with the inactivated
lipoxidase, there will be no further effect on the system.
If these same experiments are conducted using heated lino-
leic acid in the system, there is the same 93% decrease of
conjugated diene formation, but there is a 63% decrease of
conjugated triene formation. When peroxidase is added to
this system, there is a further decrease of 50% in the rate
of conjugated diene production and a 91.2% decrease of con-
jugated triene production rate.

Peroxidase and heated linoleic acid will give an 80%
reduction in the formation of conjugated dienes, However
there 18 no effect on the reate of conjugated trienes formed
when compared to the system of peroxidase and linoleic acid
which has not been heated.

These results show that, if lipoxidase 18 heat dena-
tured, activity for the production of conjugated dienes is
lost and the depression of conjugated triene production is
also lost. This indicates that lipoxidase must be in the
active state for peroxidase to have a stimulating effect on

the formation of conjugated dienes and on the repression of
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Table 53¢ Effect of heat inactivation on diene and triene
conjugation in model systems containing
lipoxidase, peroxidase and linoleioc acid,

Rate of Rate of
Conjugated Conjugated
1 Dienes Formed Trienes Formed
System Components minute

Linoleic acid 0.125 0.137
Heated linoleic acid 0.118 0.129
Peroxidase and non-heated
linoleic aociad 0.176 0.039
Peroxidase and heated
1inoleic acid 0,036 0,039
Lipoxidase and linoleic
acid 5.036 0.351
Heated lipoxidase and
heated linoleic acid 0.366 0.129
Heated lipoxidase and non-
heated linoleic acid 0.357 0.390
Peroxidase, heated
lipoxidase, and heated
linoleic acid 0.176 0.013
Peroxidase, linoleic acid
and heated lipoxidase 0.357 0.390

11inoleic acid concentration - 0.11 ug/ml

Lipoxidase concentration = 6.66 ng/ml
Peroxidase concentration - 6.66 ng/ml
Buffer 0.2 moler borate buffer pH 9.0
Beat treatments were as follows:

lipoxidase, 3 minutes at 100° Co
linoleic acid, 3 minutes at 100" C
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oconjugated trienes. This 1s evidenced by the laock of change
between the inactivated lipoxidase, non-heat stressed lino-
leic acid system and the same system containing peroxidase.
The results indicate that if the linoleic acid is heat
stressed, peroxidase is then capable of ocausing a reduction
in the rate of both conjugated diene and triene formation.
This is implied by the further decrease in rates between

the inactivated lipoxidase stressed linoleic acid system
and the same system with peroxidase. This same type of
effect 18 noted in the peroxidase ocontrols.

The previously discussed results indicate that peroxi-
dase 18 capable of acting at two points in the system. One
point is in the destruction of conjugated dienes and trienes.
This destruction does not depend on lipoxidase as evidenced
by the results with heat inactivated lipoxidase and heat
activated 1linoleic acid in which peroxidase caused a
decrease in the production rate. The other function 1is
that of diene and triene stimulation found in the previous
experiments., This phenomenon was not found when the lipoxi-
dase was in the heat denatured state and the linoleic acid
had not been heat stressed so hydroperoxides were formed for
peroxidase substrate. The peroxidase had no effect on this
system which indicates the need for active lipoxidase.

It was discovered that if the 1linoleic acid was heated
under nitrogen or atmospheric conditions there was no dif-
ference in the results. This was probably due to the heat
starting some chain mechanisms with the residual oxygen 1in
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the nitrogen flushed system. This could form substrate for

the peroxidase reaction.

Peroxidase Inhibition
Potassium ocyanide 18 a competitive inhibitor of

peroxidase at 10”7 molar (77). It interacts with the heme
iron so that it cannot function in the normal reaction
sequence., KCN inhibition was used to determine the role
of heme iron in the model system under study. Heat dena-
turetion of peroxidase would show if the protein must be in
the active state for stimulation of the lipoxidase-linoleioc
acid reaction to oecour. The results obtained are presented
in Table 6.

Prom Table 6 it is evident that the presence of peroxi-
dase in the aotive form gave an 11% inorease in the forma-
tion of conjugated dienes. When KCN was added to the system,
the conjugated diene production rate decreased by 7f from
that of the lipoxidase-linoleic acid system. When the
peroxidase was heat inactivated the decrease was 4% less
than the lipoxidase-linoleic acid system. These differences
were significant at the 99%¢ confidence level. These results
indicate that both the heme iron and the protein portion of
peroxidase are necessary for the stimulation effect to occur.
This and previous evidence that peroxidase has two roles
indicates that the action is enzymatic., It also substan~
tiates the previous work in that the necessity of both
enzymes being in the active state is mandatory for the
stimulation of the lipoxidase reaction to ococur.
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Table 6: Effect of peroxidase inactivation on model
systems oontaining lipoxidase, peroxidase and
linoleic acid.

Bate of
Conjugated
1 Diene Formation
System Components n
Lipoxidase and 1linoleic acid 7.45
Lipoxidase, linoleioc acid and KCN 7.45
Lipoxidase, linoleic acid and
peroxidase 8.11
Lipoxidase, linoleic acid and
KCN treated peroxidase 6.939
Lipoxidase, 1linoleic acid and
heated peroxidase 7.171

1Lipid and enzyme concentrations were constant for all

systems,



Thin Leyer Chropatosraphy

The chromatograms indicated that the major products of
the lipoxidase-peroxidase-linoleic acid system were the same
as those from the lipoxidase-linoleic acid system. Both
systems gave three spots on the iso-ootane diethyl ether
acetic acid system in addition to that for linoleioc acid.
These spots had the following R, valuess 0.66, 0.56 and
O.42., The spot at R, 0.42 was weak for both systems and
visualized by the use of N, N dimethyl-p-phenylenediamine
spray, indicating the presence of hydroperoxides. This spot
cannot be found in either system after a 30 minute reaction
time. The 1linoleic aocid had an Rf of 0.70 which compares
well with the earlier work. Autoxidation for the same time
period resulted in only one peak other than that for lino-
leic acid and it had an R, of 0.66.

The peroxides were not visible in the hexane-ether-
acetic acld system. However, the linoleic ;cid had an Bf
of 0.50 and its product an B, of 0.42, The products of the
enzymatic reaction were found at R, 0.45 and R, 0.36.

Again this indicates that the two model systems have the

same major end products.

Lipoxidage Activity in Spinach
Activity of lipoxidase in spinach was found at low

levels which were significant at the 5% level. The activity
found was 100 Worthington units per gram of spinach (One
Worthington unit equals 0.001 AOD/minute (89) ).
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The percent recovery is not known since activity assays
prior to final concentrations were not possible due to ocolor
interference, hydroperoxide breakdown factors and dilution
problems. It was discovered that upon addition of the pH
9.0 buffer several proteins appeared to become insoluble and

were ocentrifuged out.

P 4 e Activ h

Peroxidase activity in spinach was found to be 0.8
Worthington units per grem of spinach using the first
extraction procedure and 0.88 Worthington units per granm
using the second procedure. The addition of KCN to the
assay mixture completely inhibited the reaction, indicating
that peroxidase was the enzyme activity being measured in
both extractions. One Worthington unit equals the amount
of enzyme required to decompose one micromole of peroxide
per minute (90). In assaying the orude peroxidase extract
for lipoxidase activity by the conjugated diene procedure,
it was found there was an initial increase in conjugated
dienes after a one minute lag time. The reaction ran for
one minute and was followed by a decrease in conjugated
dienes, indicating that a hydroperoxide and conjugated

diene decomposing factor was present in the extract.

Generel Discugsion
The following model for the effect of peroxidase on

the lipoxidase-linoleic acid system 18 proposed. The
system uses the mechanism proposed by Smith et 51. (68)
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for the linoleate hydroperoxide requirement in the lipoxi-
dase reaction.

Pigure 7 is a diagramatic representation of the
lipoxidase~-1linoleic acid reaction showing the points of
peroxidase action.

At position 1 in Figure 7 peroxidase oxidized the
linoleate hydroperoxide necessary for the activation of
lipoxidase into a oconjugated diene type structure which
does not activate lipoxidase. This results in a decrease
in lipoxidase activity and is seen when the peroxidase is
in the system before lipoxidase. The inhibition is not
complete since peroxidase forms some peroxides which allow
partial activation of lipoxidase. This effect is not
noticeable if peroxidase is added at the same time or after
lipoxidase, indicating a reaction rate slower than that of
lipoxidase but similar to that reported for heme iron
oxidation of hydroperoxides. This result supports the need
for linoleate hydroperoxide in lipoxidase activation as
reported by Smith et al. (68). The action at position 1
and 4 in the scheme are of the same nature with position 1
utilizing initial peroxides as substrates while position &
uses peroxides made in the lipoxidase reaction as substretes.,
The initial peroxides oan result from autoxidation or heme
catalyzed oxidation and need not be the same as those
produced in the lipoxidase-linoleic &cid reaction.

Positions 2 and 3 in the proposed mechanism indicate
the effect of peroxidase in the system when it is present
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nactive lipoxidase

linoleate
hydroperoxide

linoleic acid 26, Jinoleate hydroperoxide

/

1, peroxidase 4, lipoxidase 2,| peroxidase
~ and and
\\\\\\ peroxidase lipoxidase
—
T oonjugated

T T ——%™diene oxida-
tion products
from lino-
leate hydro-
peroxide

conjugated
trienes

3, peroxidase

or
lipoxidase
further
oxidation
to diene
form

Numbers 1, 2, 3 and 4 represent points at
which peroxidase has an effeot. They are
discussed in the text.

Figure 7: Proposed mechanism for lipoxidase-peroxidase
interactions,
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at the same time as lipoxidase. If only lipoxidase or
peroxidase is present the enzyme action will be greater at
position 3 and conjugated triene produotion will decrease
from that of autoxidation as indicated by a lower triene
production rete. If both enzymes are present in the system,
the enzyme actions are faster at position 2, since there is
a stimulation in the rate of triene production. This
stimulation effect is only temporary and related to the
lipoxidase lag time which also corresponds to the changeover
from triene formation to triene destruction. Peroxidase
presence in the system lengthens the period of changeover
time and therefore oconjugated trienes are produced for a
longer period of time as well as at a faster rate.

From the preceding results, it can be hypothesized
that the lag period corresponds to the time necessary for
lipoxidase to become saturated with linoleate hydroperoxide.
This 18 suggested by the ability of peroxidase to decrease
activity Af added before lipoxidase. This loss of activity
could be due to a loss of peroxide necessary for lipoxidase
activation. The changeover from net triene formation to
destruction would then oocur when the lipoxidase 1is
saturated with hydroperoxide. This enzyme saturation would
normally ooccur at the end of the lag period.

It is apparent that both enzymes must be in the active
state for the increased production of conjugated dienes and
trienes by lipoxidase action. The inoreased rate of conju-

gated diene production is dependent on the two enzymes
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being active, as the inhibition studies show. For this
reason it ocan be oconcluded that the action of both enzymes
is enzymatic in the combined system and not a heme iron
effect caused by peroxidase. This means that for increased
oconjugated diene production and increased oonjugated triene
production the effect is not that of iron induced oxidetion
by peroxidease. In faot, both the iron and the protein of
peroxidase are involved which supports the work of Weinrydb
(87). This phenomenon is occurring at position 4 in the
proposed mechanism and is directly related to the changes in
the system at 2 and 3. This is suggested by the results
which show stimulation of conjugated diene and triene pro-
duction which parallel each other. If one system was
stimulated for dienes it would also be stimulated for trilenes,
and vice versa. Both lipoxidase and peroxidase have been
shown to be involved in the breakdown of linoleate hydro-
peroxides (66, 73). The combined enzymes could speed up
hydroperoxide breakdown and the production of final products.
This could kinetiocally shift the lipoxidase effeot toward
the production of more hydroperoxide.

The oxygen uptake data support this since the same
stimulation effects are shown. The data show that oxygen
is used in the breakdown of hydroperoxides since a total of
4 moles of oxygen are used to oxidize one mole of linoleio
acid to its final end products in the system containing
lipoxidase, peroxidase and linoleic acid. The use of oxygen

is also found in the lipoxidase breakdown of hydroperoxides
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at about the same 4 to 1 ratio. The increased oxygen
uptake rete with peroxidase present indicates a stimula-
tion of the lipoxidase activity requiring oxygen along
with the oxygen used by peroxidase in the system where
peroxidase was added.

The preceding indicates that lipoxidase, with the
necessary substrates, acts first to form a hydroperoxide
and then the peroxidese and lipoxidase act on the produots.
The overall result of the peroxidase action is the control
of lipoxidsse action and the direction of product formation.
This 1s based upon the increased oxygen oconsumption, diene
formation and changes in rates of triene formation and
destruotion, and the nature of trienes produced. This
control is exerted through a kinetic effect on lipoxidase
caused by the oxidation of hydroperoxides and possibly
other products in the reaction.

The proposed mechanism supports the work of other
investigators. The mechanism which 18 most closely followed
is that proposed by Smith et al. (68). In that system
hydroperoxide is necessary in catalytic amounts for lipoxi-
dase action, as is oxygen and substrate. The net result 1is
the formation of new hydroperoxides. The loss by peroxidase
action of hydroperoxides formed in the lipoxidase reaction
can result in an increese in activity or a condition in
which lipoxidase activity is maintained for a longer period
of time.
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The work also supports the theories on the induction
period (67, 68) and its dependence on substrate peroxide to
shorten this as evidenced by the decreased lipoxidase
activity when peroxidase is added early.

Blain et al. (6) reported that lipoxidase destroys
hydroperoxides without decreasing the amount of conjugated
dienes. This was indicated in this work by the small
peroxide spots evidenced on TLC without decrease of conju-
gated dienes. Rather these were increased by both lipoxi-
dase and peroxidase.

The ability of peroxidase to act upon hydroperoxides
was shown in the system where peroxidase was added first
and lipoxidase action was decreased, indicating a loss of
the initiating hydroperoxide. This 1s in agreement with
the suggestion of Ginil et a). (29) who proposed the hydro-
peroxide breakdown factor was of the peroxidase enzyme type.
The work reported shows that the peroxidase has effects
other than hydroperoxide breakdown in the system and may
not be the hydroperoxide decomposing enzyme which decreased
conjugated dienes as reported by others (6, 24) since the
conjugated dienes are increased and not decreased. The
ability of peroxidase to break down hydroperoxides has also
been reported by Tappel et &l. (76) but was not linked to
the hydroperoxide breakdown factor. This work shows that
active enzyme 18 involved in the stimulation of the lipoxi-
dase reaction. The need for both protein and iron in peroxi-

dase action has been reported for other processes (87, 91).
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This work has shown the presence of lipoxidase and
peroxidase in spinach. Other investigators (15, 25, 34, 46)
have reported the presence of the two enzymes in other plant
tissue.

Lipoxidase has been demonstrated to be supplied with
substrate from lipase action in a report by Wagenknecht et
ale (79) who showed further that both lipoxidase and
peroxidase could produce off-flavors. The faot that both
enzymes are present in foods and that there is substrate
available for lipoxidase action implies that the reactions
elucidated in this work may be found in many vegetables
including spinach. The reactions could also be involved in
the production of off-flavors as the breakdown products
have been reported to be aldehydes, ketones and alcohols
(30, 42, 93).



CONCLUSION

Lipoxidase and peroxidase activities were found in
spinach. Their presence together is evidence that the
reactions described below possibly can occur in food
systenms,

Peroxidase was found to have two roles in the lipoxi-
dase-1linoleioc acid reaction. The first role is that of a
hydroperoxide decomposing factor which is capable of
destroying the hydroperoxide necessary to activate the
lipoxidase. The second role is enzymatic in nature and
results in a change of lipoxidase activity, in whioh the
reaction rate is increased and the time for various changes
in the system 18 lengthened by peroxidase presence. This
is seen in the increase of oxygen uptake, conjugated diene
formation and conjugated triene formation. The production
of conjugated trienes with the peroxidase present was
accompanied by an increase in the time for changeover from
triene production to triene destruction compared to the
lipoxidase~1inoleic acid system. This changeover is accom-
penied by an increase in the rate of triene destruction.

The formation of a bisulfite reactable product at the
end of the lag period has been shown and this may be the
product which is utilized by both lipoxidase and peroxidase

65
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as a substrate for conjugated triene destruction. The
abllity of lipoxidase and peroxidase to decrease oconjugated
triene formation from that of the linolelc acid autoxida-
tion rate was demonstrated, which indicates conjugated
triene destruction is enzymatic in nature. Ultraviolet
spectroscopy revealed that in both systems the products are
of the same nature. This was verified by thin layer
chromatography. This implies that peroxidase 1s exerting a
controlling influence on the lipoxidase reaction in its
ability to increase production of dienes and trienes even
though the products measured do not change in nature. This
control is provided through kinetic effects on the lipoxi-
dase reaction caused by peroxidase removing products which
the lipoxidase has made or needs for activation.

The enzymatic effect reported requires that both
lipoxidase and peroxidase must be in the active state for
the increase in activity to occur. It was shown that both
the heme iron and protein are necessary for peroxidase to
increase the lipoxidase-linoleic acid reaction rate.,
Inhibition and inactivation studies on peroxidase and
lipoxidase led to this conclusion since if either enzyme
were inactive, the increased activity was not found. Thin
layer chromatography revealed that the hydroperoxides
formed by lipoxidase were not present in large quantities
which supports Gardner (24) who found the hydroperoxides to

be present at low levels,
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From the preceding results it can be concluded that in
natural systems where both enzymes are present lipoxidase
is capable of oxidizing linoleic acid to hydroperoxides
which can then be broken down by peroxidase. The action of
peroxidase causes lipoxidase action to be increased. This
is assuming the model system approaches that found in nature,
which has not yet been established. The possiblility of
these interactions does exist however, and their role in the
metabolism of the cell could be important witn respect to
off-flavor production in frozen or improperly blanched
vegetables since some of the breakdown products are

aldehydes and ketones.



FURTHER RESEARCH

Studies of the mechanism of peroxidase action on the
substrates provided by lipoxidase are needed to further
elucidate the system. Research is needed on the products
produced in the lipoxidase reaction and the kinetiocs of
the two enzyme systems.

Another pro ject which could expand the knowledge of
the two enzyme systems is the study of the oxidation state
of the iron in the peroxidase enzyme. Also & study of free
redicals produced in both reactions ocould lead to an under-
standing of the two system interaction.

There 18 a need for research on this combined enzyme
system in the naturel plant system so that the intersactions
can be compared to physical changes in the plant material

upon storage.
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