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THESIS

'

THE LIPOXIDASE SYSTEM IN THE FLESH OF BRITISH
COLUMBIA HERRING

(Summary)

From the dark muscle of British Columbia herring (Clupea pallasii Valen-
ciennes) a highly active enzyme capable of peroxidising unconjugated unsaturated
fatty acids was isolated. This lipoxidase, which was shown to be a nitrogenous
complex possessing no heavy metals or sulphydryl group as the active centre, is
heat-labile and can act only in presence of activators such as certain iron-
containing organic nitrogenous compounds. Two such compounds, namely
haemoglobin and cytochrome ‘C’ were isolated. The enzyme exhibits optimum
activity at 15C°. and pH. 6.9. There is also an optimum concentration of enzyme,
substrate, and of the activators for maximum enzyme activity. The presence
of the activiators appears to change the kinetics of the reactions. The inhibition
of the enzyme reaction brought about by cyanides and azides is possibly due
to the inactivation of the iron-containing activators rather than of the enzyme
itself.
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ABSTRACT

From the dark muscle of British Columbia herring a
highly active enzyme capable of peroxldlising unconjugated
unsaturéted fatty acids was isolated. This t'lipoxidase?,
which was shown to be a nitrogenous complex possessing no
heavy metals or sulphydryl group as the active centre, is
heat-labile and can act only in presence of activators such
as certain iron-cqntaining organic nitrogenous compounds.
Two such compounds, namelylhaemoglobin and cytochrome *C!?
were lsolated. The enzyme exhibits optimum activity at 1l5°C.
and pH 6.9. There is also an optimum cpnoentration of enzyme,
substrate, and of the activators for maximum enzyme activity.
The presence of the activators appears to change the Kinetics
of the reactions. The inhibition of the enzymic reaction
brought about by cyanidé and azide 1is possibly due to the
inactivation of the iron4containing activators rather than of

the enzyme itself.
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INTRODUCTION

The deterlioration of quality due to rancidity that
develops‘in fatty foods during storage causes considerable
loss to packers, operators of frozen food lockerplants, aﬁd
their patrons, ahd all those concerned in general with pro-
duction, processing, storage,‘sale, or consumption of the
products. The problem is particularly important to the fish-
eries industries because of the high fat content of many
fishes and more particularly because of the composition of
fish fats. These fats are especially rich in unsaturated
fatty acids which are markedly prone to deterioration due to
the development of rancidity during storage.

In frozen fish the oxidation of the indigenous fats is
_accompanied by such undesirable changes as a yellow or brown
discolouration of exposed fats (ruéting), bleaching of the
natural red astacin pilgments (in salmon), and production of
unpleasant flavours variously described as rancid, bitter,
tsalt-fish', and by similar descriptive terms. The off-
flavours are known to be caused by the compounds‘formed as a
result of oxidative break-down of fats. Various products
have been identified in autoxidised lipides. Among them the
most common are peroxides, peracids, ketones, aldehydes,
substituted ethylene oxides, carboxyl compounds, hydroxyl
comrounds, water, and carbon dioxide (Black 1945, Mattil 1941).

In general, however, these studles have been concerned with
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fats that were oxidised far beyond the stage where rancidity
first appeared.

Conditions affecting the onset of rancidity in fats
have occupied the attention of many investigators during the
past few years. The development of ranoidity in fatty foods
may be attributed to both external and internal factors.
Among the former are mioro-organisms, temperature, moisture,
atmospheric oxygen, and light; while among the latter are
proteins, enzymes, co-enzymes, minerals of the tissue, and
chemicals which.méy be added during processing as well as
materials (e.g. metal foils) composing the package. The
effects and control of micro-organisms have been reviewed in
detail (Lea 1939) and the effeots of curing, different curing
mixtures, and impurities in the curing salts extensively stud-
ied (Lea 1931, 1933, 1939; Hills and Conochie 1945, 1946;
Greenwood, Striter and Kraybill 1945; Oser 1946.)

A factor comparatively little investigated but probab-
ly of the first order of importance is the effect of the
enzymes or enzyme systems in fatty tissue. Banks (1937, 194LL4)
demonstrated the presence of a heat-labile system in herring
muscle which stimulated rancidity in extracted herring oil.
Lea (1931, 1933) suggested that an enzyme system might’be
responsible for the rapid deterloration of bacon and later

Lea (1937) presented evidence for its presence. Watts and

Pang (1947) have compared the catalytic effects of pork muscle
extracts and heemoglobin on peroxidation of lard. Other

enzymes capable of oxidizing fatty acids and fats have been
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reported. Munoz and Leloir (1943) prepared an enzyme from
liver that catalyses the oxidatipn of low-molecular-weight
fatty acids, work which has been-considerably extended by
Lehninger (1945, 1948) and Lang (1939). Hove (1943) found
that rat liver end gastric mucosa cqntéined an oxidase capable
of oxidising unsaturated fats but the intestine and muscle
were inactive. Extract of gastric mucosa retalned its activ-
ity at pH 3. The capacity of'this extract to catalyse reactions
at such a high‘hydrogen ion concentration is possibly due to
the fact that the enzyme lnvolved is produced in an environ-
-ment, namely the gastric mucosa, characterised by high acid
production. Silillmann(1947) has demonstratéd the presence in
the striated muscle of the rabbit of an enzyme that strongly
peroxidises unsaturated fatty acids and fats. Brocklesby and
Rogers (1941) reported that an extract of salmon liver destroy-
ed 200 units of vitamin A in 45 minutes at room temperature,
indicating the probable presence of a similar fat-oxidising
peroxidase. Reiser (1949) gave evidence of the presence of
two heat-labile factors in bacon which may be responsible for
the development of rancidity in bacon.

A 'lipoxidase' present in legumes was investigated and
use made of it to_study the mechanism of the oxidation of
isolated unsaturated fatty acids (Bergstrsm 1945, Holman 1947).
The literature on this enzyme has recently been reviewed
(Holman 1948).

However, the effects of the tissue enzymes in fatty
foods on the development of rancidity have not been adequately
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studied. The investigations of Lea (1937), Watts and Pang
(1947), and Banks (1944) were not carried to a stage where the
nature of the enzyme or enzyme systems could be conclusively
ascertained. The preseﬁt author's work (Khan 1948) with
rancidity in frozen stored fish resulted in soﬁa.interesting
findings and it was thought a further study of the enzyme
involved was desirable, resulting in the present more detailed

investigation of the 'lipoxidase!'! of herring flesh.



. EXPERIMENTAL
Material |

Hérring, Clupea pallasii, were chosen as material

because 6f their relatively rich fat content and_the nature
and extent of the unsaturétion of the fats. High unsaturation
of herring oil has been known to provide suitable conditions
for rancidity to progress with a falir degree of repidity. As
a result, in all likelihood, the proneness of herring flesh to
undergo oxidative rancidity is most likely due to the activity
of the lipoxidase. in the flesh of this fish. Available infor-
mation regarding lipoxidase activity in fish flesh record the
presence of such an_énzyme only in herrihg flesh. Banks (1937),
studying the enzyme system in herring influencing réncidity,
reported that the enzyme is mostly concentrated in the dark
streak of muscle along the lateral lines of the fish and the
flesh exhibits either very little or no lipoxidase activity at
all. These findings were‘ohecked and the results agree fairly
well (Table I’. Hence, the dark streak of hefring flesh was
used for extracting the enzyms.

Substrate | _

In order to find a workable method for standardizing
the lipoiidase of herring muscle it'was necessary at first to
ascertain the essential substrate for the enzyme. A discussion
of this part of the studies will, therefore, precede the sub-

section on "Standardization".
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TABLE I

Lipoxidase activity of herring flesh and dark muscle along
the lateral lines. Substrate: 2 mg. of linoleic acid.

Timéfof Amount of Fe***as 10-6‘gm. producedA
reag;ion per 100 gm. tissue
minutes Flesh Dark strip
0 0 0
1 10 | 81
2 13 223
3 21 240
5 30 245
10 32 250
15 32 250
20 - 32 - 250
30 33 252

60 33 - 25%
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| It was.observed by Sumner and Sumner (1940) that the
lipoxidase in legumes oxidised carotene only in presence of
unsaturatedvfats. This observation was later confirmed by
Tauber (1940). Sumner (l9h2b) sutmitted evidence that carotene
is not oxidised either directly or indirectly by the peroxides
formed from unsaturated fats. It was also shown that the oxi-
dation of carotene requires that the peroxidation 6f unsatur-
ated fat be actually in progress. Sumner (1942a), investigat-
ing the effect of lipoxidase on various unsaturated compounds,
reported that the enzyme is most effective on the unsaturated
part of the structural group:

- CHp -~ CH = CH - CHy - OH = CH - (CHy), - COOH

the configuration of the groups about the double bond nearest
to the carboxyl group being probably of the gig type. Similar
results were reported by Holman and Burr (1945) and Holman and
Elmer (1947). These authors, using purified fatty acids and
their esters, found (1) that lipoxidase attacked 1inpleic acid,
linolenic acid, their esters and methyl érachidqnate;v (2) that
linoleate, linolenate, and arachidonate esters were oxidised at
the same rate; (3) that only-the cis isomers of linoleic and
linolenic acids were attacked. TFrom these results it is
suggested that the essential substrate structure for attack by
legume lipoxidase seems to be the methylene-interrupted, doubly
unsaturated system

- CH, - CH = CH ~ CH, - CH = CH - CH, -

with a cis configuration about both double bonds. A repetition
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of the above studies with herring.lipoxidase and using oleic,
linoleic, and linolenic acids as substrates produced results
which indicate that the essential substrate structure for
herring 1ipoxidase is similar to that for legume lipoxidase.
Oleic acid was peroxidised by herring flesh extract
| very slowly and the maximum effect, obtained in 20 minutes; »
was less than 20% of the theoretical. Linoleic acid with both
double bonds having cis configuration was peroxidised with
great rapidity, the maximum beiﬁg over 80% of the theoretical
total peroxidation of one double bond. Linoleic acid with one
double bond having trans.configuratiqn (obtained from Hormel
- Foundation, Austin, Minn., U.S.A.) was peroxidised gp a rate
about a third of that observed in case of linoleic acid with
both double bonds having cis configuration, the final amount
of peroxide formed also being about one third that from the
cis-cis linoleic acid. Linolenic acid (cis) was peroxidised
at a rate appréciably higher than that for cis-cis linoleic
acid and the meximum was about 110% of the theoretical total
peroxidation of one double bond (Table II, Fig. 1 and 2).

Reaction mechanism

It is known that the oxidation products of unsaturated
fatty acids and their esters in reactions catalysed by soy-
bean lipoxidase give a positive ferric thiocyanate test
(Sumner 1943) and it is also known the primary oxidation pro-
ducts of linoleic, linolenic, and arachidonic acids and their

esters in reactions catalysed by soybean lipoxidase show
increased absorption near 2300 and 27003 (Holman and Burr 1945).
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j " TIME 1N MINUTES

]

Fig. 1 - Effect of herring lipoxidase on different substrates.
In presence of 2 mg. of substrate and 0.1 mg. of crude
enzyme, (1) Oleic acid. (2) Linoleic acid cis-trans,.

(3) Linoleic acid cis-cis. (4) Linolenic acid.

. e e e e s e — T e em

! 800 |-

1 1 | | 1 | I - | 1
: L]

TINE IN MINUTES

Fig. 2- Effect of herring lipoxidase on linoleic acid,

A. Linoleic (cis-cis). B. Linoleic (cis-trans).
These are same graphs from Fig. 1 drawn on a larger scale
to show the nature of the reaction in the initlal stapges.
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TABLE II

Effect of herring lipoxidase on different substrates

Activity as 1076 gm. of Fe*t++

Time ,
Oleic 0 - 8 = 18 = « <« 60 -~ = 112 12% 130 12% 110
(eis)
-Linoleic 0 29 85 178 218 234 246 236 236 230 230 228 213 192 176
(cis~trans) .
Linoleic 0O 65182 L462 518 575 618 632 630 624 618 610 596 574 542
(cis-cis) . L
Linoienic 0 135 420 9763 812 '8h3 856 878 874+ 868 861 853 826 790 730
cis '

NOTE: Amount of substrate

was 2 mg., Enzyme added was 0.0l mg.
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Experiments were carried out to ascertain whether or
not similar facts would hold good in case of herring lipoxidase.
Oxidation products of oleic, linoleic, and linolenic acids gave
a positive ferric thiocyanate test (Table II). And these also
showed pronounced absorption near 2300 and 2700 2 (Table III
and Fig. 3). On the basis of the above results it“seams quite
possible that the reaction mechanism involved in the oxidation
of unsaturated fatty acids and their esters catalysed by
herring flesh extract is the same as that where the oxidation
is catalysed by soybean lipoxidase. As such, a brief review
of the present knowledge regarding the reactions involved in
the oxidation of unsaturated fatty acids and their esters,
taking the case of linoleic acid as a typical example, will be
presented here.

In accordance with the evidence now at hand, as a
result of investigations by Bergstr®m (1945), Holmen (1946)
and other workers in the field, particularly Bergstr&m and
Holman (1948), and Holman (1947), the mechanism of reaction
involved in the oxidation of linoleic acid catalysed by'lipoxi-
dase might be as follows:

13 122 11 10 9
-CH, - CH = CH - GH, - CH = CH - (CHy), ~ COOH ...(I)

~H A
~CH, - CH = CH - 8§ - CH = CH - CH, - e+ (IT)

| ~CH,<CH=CH-CH=CH-8fi-CH,~ (III)x=2(IV) -CH;28H-CH=CH-CH=CH-CH,-
“ +02 ‘|'02
v
~CH,-CH=CH-CH=CH-CH-CHp- (V)  (VI) -CHy-~CH-CH=CH-CE=CH-CHp-

| + B*{ 0-0° +H*| 0-0°
~CHp-CH=CH-CH=CH-CH-CHp- (VII) (VIII) -CH,-CH-CH=CH-CH=CH-CHp-

-0-H -0-H

(* indicates activation)
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] 1
20004 2400 2800 3200

1 l 1 |

Flg. 3 -~ Absorption spectrum of the primary oxidation
products of linoleic acid in herring lipoxidase
catalysed reaction, Two mg. of linoleic acid
and 0,01 mg. of active enzyme solution,
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TABLE III
Absorption spectrum of the primary oxidation
. products of linoleic acid in

herring lipoxidase catalysed reaction.
(2 mg. substrate). :

Wavelength
2100 4
2150
2200
2250
2300
2320
2340
2360
2380
24,00
2420
2450
2500
2550
2600
2650
2700
2750
2800
2900
3000
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The oxidation of linoleic acid, once started by lipoxidase,
could continue by means of a chaln reaction. For example, the

radicals V or VI could accept a hydrogen atom from linoleic
acid:
~CH,~CH-CH=CH-CH=CH-CH,~ (vi) (VvIII) ~CH,-CH~-CH=CH~CH=CH-CH>-

Q=0° 0-0-H
| + +
-CH2-0H=CH—CH2-CH=CH-(CHz)7-COOH -CHQ-CH=CH%§H-CH?CH—CH2-
| (II)

This would give rise to another radical, II, which would g0
fhrough the same cycle. ILipoxidase may'thus have its function
in initiating the chain reactions by removal of hydrogen from
the linoleic acid methylene group.

Other authorities (Swern, Scanlan and Knight, 1948).
have suggested that the oxygen addition may ocour at stage II,
followed by re-arrangement of the unsaturated double bond,
instead of the double-bond re-arrangement preceding the addi-
tion of oxygen at stage III in the scheme indicated above. The
end result is the same in either case.

Standardization

Various methods of assaylof lipoxidase, involving its
different properties, have been suggested. These methods can
be divided into the following classes: (1) those which employ
the Warburg apparatus and measure the absorption of oxygen
‘during the oxidation of the unsaturated substrates (Craig 1936;

Hummel and Mattil 194, Sifllmann 1941, Tauber 19&0); (2) meth<
ods in which the peroxides formed are estimated (Balls, Axelrod
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and Kies 1943, Banks 1937, Kokatnur and Jelling 1941, Sumner
and Dounce 1939, Sumner and Somers 194, Sumner 1943,

S1lmann 1941, Young, Vogt and Nieuwland 1936); (3) methods
based on‘decolorization of a suspension of carotenoid compounds
containing unsaturated fat (Balls, Axelrod and Kies 1943,
Reiser and Fraps 1943, Sumner and Sumner 1940, Swmner 1942).
Sumner (1943) employed the ferric thiocyanate method for deter-
mination of peroxide products. More recently Sumner and Smith
(1947) used an assay based on the destruction of bixin, a
caroténoid dicarboxylic acid. 7

| All these methods of assay are subjeot to considerable
error. In most of ebmparatively old methods of measuring per-
oxide produots, the substraﬁes used were not homogeneous. The
recent methods employing linoleic acid or its esters as sub-
strate ensure a homogenity and a ravourable degree of dispers-
ion of the substrate. And it is known that the rate of oxida-
tion of the unsaturated'compounds is influenced by the degree
of dispersion of the substrate. Whén one follows lipoxidase
activity with the Warburg apparatus, it is found that there is
no simple felation:between enzyme action and the consumption of
oxygen, at least over a range where convenient enzyme concentra-
tions are employed. Those methods using carotenold destruction
are subject to the diéadvantages that the rate of carotenoid
destruction is proportional to the enzyme concentration only
over a narrow range, and that a side reaction, rather than the
primary phenomenon, is being measured.

At the commencement of the present investigation the
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method of Sumner (1943), using linoleic acid suspension as
substrate and the ferric thiocyanate method for determination
of peroxide products, was employed for estimating lipoxidase
activity of herring flesh. Although positive»results‘with this
method established the lipoxidase activity of herring flesh, it
had to be discarded for the disadvantage that a side reaction,
nemely oxidation of Fe++ tb Fe+++ by the hydroperoxlides rather
than the primary phenomenon, namely the hydroperoxides formed
from the unsaturated fatty acids, is being measured. Next,

the bixin decolorization method of Sumner and Smith (1947) was
tried. Herring flesh extract failed to decolorize bixin at
pH L4-9. ‘This failure will be explicable on an examination of
the chemical changes involved in the peroxidation of unsaturat-
ed fatty acids which are discussed under a separate heading. In
coupled oxidation of carotenoid compounds and linoleic acid, |
the decolorization of the pigment occurs as a consequence of an
interruption of the chain oxidation of linoleic acid by the
carotenoid compounds. The radicals V and VI (see under 'Reac-
tion mechanism') may acéept hydrogen atoms from carotene, lead-
ing to its destructive oxidation and the termination of the
chain reaction. It is quite likely that in case of herring
lipoxidase there is a substrate competition as a result of
which compounds V and VI 6r both receive thelr hydrogen atoms
from linoleic acid in preference to carotenoids. Consequently,
the chain reaction is not terminated and carotenoids are not
bleached.

In the course of investigations of the spectra of
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autoxidized fatty acids Holman and Burr (1945) studied the
spectra of lipoxidase-oxidized fatty acids. These asuthors
noted that linoleic acid, ethyl linoleate, linoleniec acid,
ethyl linolinate and methyl arachidonate showed  increased
absorption near 2300 and 2700 E, indicating that these sub-
stances were changed by lipoxidase. The products which gave
the increased absorption were considered to be.the conjugated
unsaturated carbonyl compounds. A method of assay was devel-
~oped by Theorell, Bergstrdm and zkeson (1946), making use of
the absofption of the primgry products 6f oxidétion of unsatur-
ated fatty acids. This method overcomes the disadvantages of
the previously mentioned ones and has the added advantage of
being a very quick and reproducible method. A homogeneous
substrate solution is used, and the products of the reaction
are measured spectrophotometrically. Under these conditions,'
peroxide production is proportional to time and to enzyme con-
centration over wide ranges.

This spectrophotometric méthod was adepted in the
present case with certain modifications in order to standardize
the lipoxidase of herring flesh. The wavelength of light for
maximum absorption by the primary ﬁroducts of oxidation of
linoleic acid in presence of herring lipoxidase was found to
be 2380 A (Fig. 3) instead of 2340 A as employed by Theorell
ot al (1946) in standardization of SOybean_lipoxidasé. The
optimum temperature and pH employed were those for herrihg
lipoxidase. Furthermore,‘a larger quantity of ethyl alcohol

(5.0 ml.) was necessary to stop the enzyme reaction as against
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2.0 ml. used by Theorell et él (1946). The details of the
modified method are as follows.

One milliliter of 0.200% cis-cis linoleic acid in
0.2 M acetate buffer of pH 6.9 is placed in a Warburg respir-
ation bottle; into the side arm is put 0.2 ml, of enzyme
solution, the bottle is filled with oxygen and placed in a
water bath at 15°C. After temperature equilibrium is reached,
the contents of ﬁhe bottle are mixed and the mixture shaken
well. At the end of two mimnutes 5.0 ml. of 95.0% ethyl alcohol
(free from ammonia and oxides of nitrogen) is added to stop
the reaction. The mixture (6.2 ml.) is diluted with 75% ethyl
alcohol,(NHB- and N-oxide-free) to a strength measurable with
a Beckman spectrophotometer. The absorption of the diluted
- mixture at 2380 z.is measured With & Beckman spectrophotombter.
The blank was prepared in the same manner except that the
enzyme was inactivated by boiling prior to its incorporation
into the reaction mixturs.

A unit of lipoxidase will be defined as that amount
of the eﬁzyme which under the above. experimental conditions
produces in the final mixture (6.2 ml.) an optical density of
two at the end of two minutes‘of reaction.

BExtraction and purification

The conditions for the extraction and purification of
the enzyme were ascertained by a series of exploratory experi-
ments carried out.with a lot of Point Grey herring caught in
May, 1948 off Burrard Inlet close to Vancouver, B.C. To avoid

undue increase in the bulk of the thesis, the results of these
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exploratory experiments are placed in the appendix. Final
results recorded here were obtained with another lot of herr-
ing caught in August of the same year at a different locality
about 100 miles north of Vancouver along the coast of British
Columbia. Both lots were frozen and stored before extraction
was performéd. It was observed that there was a noticeable.
difference betweén the lipoxidase activity qf the two lots of
herring (Table IV). This difference might be considered to
have been caused by variable factors such as locality of catch
(e.g. water temperature in relation to activity), season of
catch (e.g. maturity in relation to spawning), type of food
consumed and agé. A future extension of this study might lead
to interesting observations on possible relations of lipoxidase
activity to certain of these factors when taken into account
more completely than the present work a;lowed.

Fiftean kilograms of the dark streak of muscle were
finely ground, lyophilized and extracted in the cold With low-
boiling "Skellysolve" petroleum spirits. The defatted tissue
was extracted in a Waring blendor at 0°C. with acetate buffer
of pH 5.6. The supernatent slightly yellowish fluid obtained
by céntrifuging the mixture was treated with ammonium sulphate.
At 35% concentration of ammonium sulphate an inactive fraction
precipitated out. The concentration of ammonium sulphate in
the clear filtrate was now raised to 60% whereupon an active
fraction precipitated out. The precipitate was filtered and
washed with 60% ammonium sulphate; dissolved in a minimum

amount of watef and dialysed overnight in running water until
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TABLE IV

Lipoxidase activity of the dark muscle
of two different lots of herring

Semple no. Amount of Fo***+ as 10~ gm.
- produced per 100 gm. tissue

146

131

157 140.8
(Av.)

127

L3

Iot no. I
(1000 herring)

wi & W NN e

231
249

261 24,5.6
(Av.)
245

2L2

Lot no. II
(2500 herring)

A TEEE — N VC B O I

NOTE: EFach sample represents ten herring taken

| at random from the lot concerned. Storage
conditions for Lot no. I and II were similar
within narrow limits of temperature and
elapsed storage time.
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free from sulphate. The dialysed solution was then adjusted‘to
pH 6.8 with dilute emmonium hydroxide. The inactive precipitate
wés Tiltered off. The filtrate was neutralized with 0.1 N NaOH
to pH 7, and treated with ethyl alcohol in the cold (0°C.). At
an efhyl alcohol concentration between 16 and 18% an inactive
precipitate was obtained. The filtrate from this was dialysed
and dried in vacuum and the residue dissolved in a minimum
amount of water. This solution was now treated with 20% basic
lead acetate. With 3 volumes of lead acetate to 2 volumes of
the solution a precipitate was obtained. At this stage an
interesting point was noted. The precipitéta with basic lead
acetate did not exhibilt any activity. At the same time the
~activity of the soluble fraction was lowered to less than 30%
of its expected value. That this lowered activity was not due
to oxidation or denaturation of the enzyme, or its distribution
between the precipitate and the soluble fraction was evident
from the following facts:
(1) The precipitate did not show any activity.
(II) Treatment of the soluble fraction with mild reducing
agents (Zn dust and acetic acid; sodium hyposulphite
. Nazszoh) d1d not increase the activity of the soluble
fraction.
(III) Addition of the fraction precipitated with basic lead
acetate to the soluble fraction, raised the enzyme
_ activity of the latter to its expected level.
That the enzyme proper was entirely in the soluble fraction
Was further evidenced by the fact that boiling the soluble
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fraction for five minntes completely destroyed its enzyme activ-
ity, whereas boiling had no effect whatsoever on the activating
capacity of the precipitate. From here on the soluble fraction

will be referred to as the engjms proper and the fraction pre-
cipitable with basic lead acetate as the activator. '

In later experiments the non-dialysable activator was
broken into dialysable and non-dialysable frgctions. However,
the activity was entirely in the dialysable fraction. 'The
dialysable portion gave negative biuret, Millon's, Molisch and
ninhydrin reactions, but positive tests for organic nitrogen.
Tests for sulphur, halogens and phosphorus were negative. The
material contained‘less than 0.45% iron. Tests for copper were
negative. These results 1ndicate”that the‘dialysable fraction
is a non-prbtein iron-containing nitrogenous compound. The
absorption spectra of the dialysate showed two maxima, one near
LLBO A and one at 5610 A (Table V and Fig. &) .

Experiments were repéated to obtain the activator without
the use of lead acetate since attempts to dissolve the activa-
tor from the lead acetate precipitate resulted in a breakdown
of the activator intb a dialysable non-protein and a non-
dialysable pxotein components. The dispensing of the use of
lead acetate was effected according to the following scheme.

After separation of the precipitate obtained by the use
of 16% ethyl alocohol, the conqentrationAof alcohol was raised
to 60% (at 0°C.). A reddish yellow precipitate was obtained.
This showed All the properties of the activator.
| Accordingly in the final purification the fractionation
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Fig. 4 - Abeorption spedtrum of “the dilalysable breakdown
product of activators. Concentration of substrate was 0.2%.
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TABLE V

Absorption spectrum of the
dialysable breakdown product of activator

Wavelength % absorption Wavelength % absorption
in & units in 0.2% in A units in 0.2%
A " solution ‘ ‘ solution
1,000 36.0 54,00 53.8
4100 39.0 5500 582
200 hle5 5520 59 ok
4300 Il o2 5540 6041
44,00 4642 5560 6046
44,20 16 Ly 5580 60.8
LL40 46,6 5600 61.0
4460 4702 5610 61.5
44,80 4749 5620 61.3
4,500 4743 5630 61.0
4520 | 470 5640 60,8
4540 6.7 5650 6047
1560 k643 . 5660 6044
4580 460 5680 59.2
4,600 547 5700 58,0
700  45.2 5800 4746
4800 Lio5 5900 32.0
4900 » 39.7 6000 2048
5000 38,6 . 6250 12.8
5100 4046 6500 9.0
5200 -~ L3.8 6750 | 740

5300 - L7.6 7000 5.0
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with basic lead acetate was discarded and the activator
fraction was separated from the enzyme by precipitation at 60%
concentrat;on of ethyl alcohol.

Enzyme Proper

After separation of the activator fraction, the alcohol
was removed by vacuum distillation at room temperature. The pH
of the aqueous solution was adjusted to 6.8 with 0.2 M acetate
buffer, sodium chloride was added to 50% concentration, the
inactive precipitate Waa removed and the filtrate dialysed and
lyophiliéed. This lyophilization was necessary from three con-
siderations: (1) to minimize bulk, (2) to get an idea of the
amount of material and (3) to preserve the enzyme until needed.
The lyophilized tissue was dissolved in the minimum amount of
Water and 1 volume of 50% trichloroacetic added to 5 volumes of
the solution. The inactive precipitate was removed, the solu-
tion 1yophilized, re-dissolved and subjected to electrophor-
esis. Progressive concentration of the enzyme at various

stages @f fractionation are shown in Table VI.

Electrophoresis
” A simple apparatus was designed (Plate I) for the
purpdse of electrophoresis. This pioved quite satisfactory for
the electrophoresis of relati#ely large volumes of materials,
especially when the components were coloured.

In a phosphate buffer (0.008 M NaH,PO,-0.06L M NayHPO, )
of pH 7.7, the active fraction migrated to the cathode when
the applied potential was 130 voits_and the current flowilng

through the solution was 10 milliamperes. The active fraction
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Plate 1 - Electrophoretic apparatus designed in the laboratory.
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TABLE VI

Lipoxidase activity at different stages of fractionation

of the extract.

Fractionation Total N, Total units Units/mg.N,
1. 60% Ammonium 40,000 mg. 2,040,000 51
sulphate
2. pH 6.8 13,160 " 1,250,000 95
3. 16% Ethyl | -
alcohol L,835 n 870,000 180
L. precipitation :
with basic 56)%
lead acetate 2,250 ¢ 54,0,000 63) 240
5. precipitation
with 60%
ethyl alcohol 1,160 .* 370,000 320
6. 50% sodium chlor-
- 1de 3L " 290,000 395
7. Triochloroacetic .
acid 512 ¢ 230,000 450
8. BElectrophoresis go n 96,000 1200

* Separation of activator from enzyme took place
at this stags.
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was pipetted out, dialysed, and dried under vacuum. This was
later subjected to electrophoresis in a Tiselius electrophpr-
etic apparatus at the Biophysiecs Laboratories of the University
of British Columbia. The results of these experiments are
shown in Table VII, and Fig. 5, 6 and 7. The three peaks were
given by the enzyme concentrate obtéined after fractionation
with trichloroacetic acid. The other three patterns showing
only one peak each were obtained with the active fraction
separated by electrophoresis in the apparatus designed in the
laboratory. From the electrophoretic patterns it appears that
the isolated enzyme is a single substance,

Attempfs were made to crystallize the enzyme from the
electrophoretically separated highly active fraction. The
enzyme felled to crystallize from alcohol and acetone at 0eC.
Similar ettempts to crystallize the enzyme by dialysing its
concentrated solution against saturated emmonium sulphate
solution also failed.

Purification of activator

The activator precipitate obtained at 60% concentration
of alcohol was dissolved in a minimum amount of Water, an..
equal volume of 50% ammonium sulphate was added, and the mixture
held at 60°C. for one half hour; a precipitate formed. The
mixture Waé refrigerated overnight and centrifuged. Both the
precipitate 'a' and the filtrate 'b' exhibited activating
properties. The precipitate 'a' was dissolved in water,
brought to pH 6.8-7.0 wiﬁh dilute ammonia, and sodium chloride

added up to a concentration of 50%. The activator precipitated
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(&) (B)
Flg. 5 -~ Electrophoretic pattern of enzyme concentrate
obtained after fractionation with trichlorescetic acid.
- A. Ascending limb, B, Descending limb.
(The lower Figure 1s the empty
cell and the upper 1is the cell
filled with enzyme solution).

(a) (B)
Pig. 6 - Electrophoreticupattern of herring lipoxidase 1in
diethylbarbiturate buffer. A. Ascending limb. B. Descend-
ing limb,
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TABLE VII

Electrophoretic analysis of herring lipoxidase

Buffer pH Concen- Time of Number
at tration electro- of
25%%. of phoresis peaks
material
0,008 M NaH, PO), -
0.06% M Na, HPO, 7.7 1.04 90 mins. 3
0.008 M NaH, POy, -
0.06% M Na,HPO)_ 7.7 0.2% " 1
0.1 N NaBar*- |
0.02 N HBar 8.6 " 0.2% " 1
0.1 N NaCac'- ' |
0.02 N HCac 6.8 0+.2% " -1

*Bar =diethylbarbiturate

*Cac = Cacodylate
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L]

| (&) (B)
Fig. 7 - Electrophoretlic pattern of herring lipoxidase in
cacodylate buffer. A. Ascending limb. B. Descending limb,
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out. This was centrifuged, dissolved in water and then'dialysed.
Biuret, Millon's, xanthoproteic, ninhydrin and thiocyanate
tests were positive. Tests for sulphur, halogens, phosphorus
and copper were negati#e. The material contained less than
0.30% iron. This compound showed absorption maxima at 5450 3
and at 5630 A, following reduction with Nagszo;. The filtrate
'b' was treated with one tenth of its volume of 90% trichloro-
acetic acid and the solution was refrigerated for 2 hours,

then centrifuged. The active sediment was brought to a solu-
tion by sti:ring with 0.1 M NaOH and the solution diluted to a
suitable volume with distilled water. This solution showed
positive biuret, Millon's, xanthoproteié, ninhydrin and thio-
cyanate tests. Sulphur, halogens, phosphorus and copper were
absent. The iron content was less than 0.35%. The absorption
maximum was near 5560 &, following reduction with Nep80),« The
results of absorption experiments appear in Tables VIII and'IX,
and Fig. 8 and 9. o '
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Fig: 8 - Absorption spectrum of activator 'a'.
(0.2% solution). ,

% ABSORPTION

z .
|

Fig. 9 - Absorption spectrum of activator 'bf.
(0.2% solution),
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TABLE VIII

Absorption Spectrum of activator 'a!

Wavglength % absorption Wavglength % absorption
in A units in 0.2% in A units in 0.2%
solution solution

4,000 29.0 5580 58.1
4250 | 29.5 5600 60.3
4500 30.6 5610 61.2
4750 33.4 5620 62.3
5000 38.1 5630 63.4
5100 , 40.4 5640 63.0
5200 43.2 - 5650 | 62.6
5300 48.0 5660 62.2
5,00 51.9 5680 , 62.0
54,20 52.2 5700 1 59.0
54,0 52.4 5800 50.5
5450 52.5 5900 . L2.0
5,60 52.3 6000 36.0
5480 52.2 6250 27.5
5500 52.0 6500 - 22.5
5520 : 51.8 6750 18.8
5540 '50.8 7000 ‘ 17.0

5560 50.8
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TABLE IX

Absorption Spectrum of activator 'b'

Wavglength % absorption Wavglength % absorption
in A units in 0.2% in i.units in 0.2%
solution solution
1,000 '32.6 5550 65.0
L250 : 35.0 5560 65.4
4500 37.6 5570 65.0
4750 4L1.0 5580 6L .5
5000 L7.2 5590 | 6L.1
5100 ~ 51.3 5600 61,0
5200 5L .14 5700 58.0
5300 56.8 5800 L5.0
5400 58.2 5900 33.5 |
5500 61.8 6000 28.4
5510 62.2 6250 - 20.8
5520 62.6 6500 | 16.7
5530 63.3 6750 14.0
| 2 7000 . 12.0

5540 6l .
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OBSERVATIONS

The slight activity exhiblted by the enzyme fraction
after removal of the activaﬁors might have been due to possibly
incomplete removal of the activators, since with further frac-
tionation it was evidenced that the enzyme alone falled to
peroxidise linoleic acid, while addition of a small amount of
the activator fraction restored the activity of the enzyme. It
was evident, therefore, that thevlipoxidase~concerned acts oniy
in conjunction with an activator or activators. The character
of the activators is discussed elsewhere.

Tests performed in the course of the present investiga-
tion showed that this enzyme gave positive biuret, Millon's
xanthoprotele and ninhydrin tests while tests for sulphur;
halogehs, phosphorus, iron and copper were negative. The pro-
teln nature of the enzyme is further evidenced by its inactiva-
~tion with pepsin and trypsin. The enzyme is also inactivated
by boiling. As such, the lipoxidase in herring flesh is a
heat-lablle enzyme exhibiting protein characters, which
requires an activator for its activity. As shown elsewhere
(Table XIX), several compounds can act as activator although
their efficiency varies ffom compound to compound. Two such
activators have been isolated from herring flesh.

Accordingly, in studying the characteristics of the

enzyme, &an optimum amount of the activator was added to the

enzyme.



The effect of pH upon the enzyme activity

Sodium linoleate was used as substrate and the pH was
ad justed to different values from 4-9 by the addition of NaOH
or HCl. The activities were measured by the method employed
for the standardization of the enzyme. The'relative activities
of the'enZyme at various pH values are shown in Table X and
Fig. 10. - |
| It will be observed that the enzyme is most active
around pH 5.9, but the activity falls much more quickly on the
acid side of the pH than on the alkaline side. It is likely
that this effect is ‘due to the relative inaccessibility of
substrate in the emulsion systems existing on the acid side of
the pH, while high alkalinity possibly inactivates the enzyme.
The effect of temperature on the enzyme activity

To determine the effect of temperature upon the rate
of reaction, a series of trials were made at each of several
temperatures, using equal quantities of enzyme together with
"an optimum amount of the activatér. The relaﬁive activities
expressed as the optical density at 2380 3 (-log I°/I) develop-
ed in two minutes reaction time are shown in Table XI and
Fig. il. It must be pointed out that the rapid decrease in
reaction rate above 20°C. does not represent a thermal des-
truction of the enzyme, fof the enzyme endured a much higher
temperatufe for a longer period of time in its preparation
without much loss in activity. The decrease in activity‘at
higher temperatures might possibiy be due to an inactivation

of the enzyme in contact with substrate or reaction products.
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Fig.1l0 - Effect of pH~on the activity of herring llpoxidase.
(2 mg. linoleic acid and 0.01 mg. of enzyme).

L — L L | ! L ) o
1 ° 10 20 30 40
“ TEMPERATURE IN C,

Fig. 11 - Effect of temperature on herring lipoxidase
activity., (2 mg. linoleic acid and 0.0l mg. of enzyme.
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TABLE X

Effect of pH on the activity of herring lipoxidase
(2 mg. linoleic acid and 0.0l mg. enzyme).

pH log Io

/1
at 2380 1

P 0.1
5 0.3
5.5 0.45
6.0 0.83
6.2 - 1.30
6.4 1.78
6.6 2.08
6.8 2.17
7.0 2.1k
725 | 1.95
8.0 ’ 1.54%
8.5 | 1.16

9.0 0.95
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TABLE XTI

Effect of temperature on herring lipoxidase activity.
(2 mg. linoleic acid and 0.0l mg. enzyme).

Temperature ° C. log I,,/I at 2380 h
0 | 0.4
5 ~ 0.8L

10 | 1.40
12 ' 1.96
14 | 2.11
15 _' 2.18
16 o 2.12
18 | - 1.95
20 , o 1.42
25 0.56
30 o 0.32
37 o 0.10
40 0.02

L5 | 0.00
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Effect of substrate and enzyme concentration on the enzyme

activity.

In the presence of an optimnm amount of enzymevand
activator, the activityvis a function of the substrate concen-
tration. Thus in the presence of 0.0l mg. enzyme and 8 x lo-hg.
of activator 'a' the reaction is monomolecular up to a linoleic
acid concentration of 2 mg. per ml., but in solutions between
about L-7 mg. per ml. of linoleic acid there is little or no
influence of substrate concentration on enzyme activity. In
other words, the reaction rate 1s of zero order. At higher
concentrations of substrate the activity agein deereases.'
These results are shown in Table XIIﬁaﬁd Fig. lé_.
| Similar results are obtained when the concentrations
of the substrate and the activator (in optimum amounts) are
kept constant and that of the enzyme is varied. At concentra-
tions below 0.0l mg. of enzyme per ml. of 0.200% iinoleic acid
the activity is directly proportional to the éniyme concentra-
tion. If the enzyme concentration is further inereased, the
reactioh rate is not influenced; while with Quantities of more
than Q.lO mg. of enzyme the reaction,rate'decreases. These
results are shown in Table XIII .and Fig. 13.

Enzyme activators

The effects of wvarious amounts of both activator 'a’
and activator 'b! as well as of mammalian haematin, haema- |
globin and cytochrome 'c' were studied. The effect was

observed by measuring the total optical dénsity produced at
2380 X under the conditions similar to those employed in the
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Fig, 12 - Effect of substrate concentration on enzyme
activity. (0.01 mg. enzyme),

! J 1 ! ! | I 1 ,
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_AMOUNT OF ENZYME IN mg.

Fig. 13 - Effect of enzyme concentration on the activity of
herring lipoxidase. (2 mg. linoleic acid).
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TABLE XII
Effect of substrate concentration on the activity of herring
lipoxidase.
Amount of enzyme = 0.0l mg. Activator 2 8 xlO"h g.
Linoleic acid log I at 2380 Kk
per ml. /I
0.5 0.73
1.0 1.60
2.0 | 2.32
3.0 - 2.30
4,0 2.26
6.0 2.10
8.0 1.95
10.0 - 1.85
15.0 1.6

20.0 1.2
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TABLE XIII

Effect of enzyme concentration on the acti#ity of herring
lipoxidase. (2 mg. linoleic acid).

Amount of . log I, at 2380 %
enzyme /I
0.002 mg. 0.50
0.005 . 1.80
0.010 2.32
0.020 . 2.0
0.050 2.2
0.100 | 2.3
0.150 2.16
0.200 2.02

' 0.500 | 2.00
0.725 1.90

1.000 | 1.80
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stendardization of the enzyme. Activator 'b' is roughly 1.6
times as-active as activator 'a' {Table XIK,YXV and XVI). The
amount of activator needed to produce maximum peroxide form-
ation in a given time depends upon the quantity of fat present.
If activator and the enzyme are both held constant, the maxi;
mum peroxide formation occurs in the presence of a definite
quantity of fat (Table XVII and Fig. 1l4). Either increase or
decrease in the amount of fat results in a decrease in the
peroxide formed. However, when;the eamount of activator was
increased together with fat, the rate of oxidation increased
with substrate concentration. The proportion of activator may,
therefore, be increased to compénsate for an increase in fat.
Large proportions of activator are apparently inhibitory

(Table XVII and Fig. 15), giving in effect a broad optimum of
actiVator concentration. Furthermore, it is shown that the
optimum amount of activator required to produce maximum per-
oxide formation at a given time is independent Qf the amount
of enzyme present (Table XVIII and Fig. 16). Relative activ-

ities of various activators are shown in Table XIX.

Enzyme inhibitors

| o The aeti#ities in presence of inhibitors were deter-
mined in the manner described but using 0.5 ml. of substrate
containing 4 mg. linoleic acid per ml., and 0.5 ml. of the
appropriate inhibitor solution; Use of thiocyanate determin-

ation was necessary in cases where ultra-violet absorption of
the inhibitor was too high in the blanks.

Effects of some commonly employed enzyme inhibitors
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Fig. 15 =~ Optimum amount of activator at different substrate
concentrations. Enzyme concentration is constant (0.0l mg.).
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Fig. 16 - Optimum amount of activetor at different enzyme
concentratioris. Substrate concentration constant (2mg.),
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TABLE XIV

Enzyme activity at different concentrationsof activator 'al
Reaction time was 2 minutes in presence of 2 mg. of linol-
eic acid and 0.0l mg. of herring lipoxidase.

Experiment Amount of activator log » at 2380 &
/I
A 2 x lO'1§L gm. 1.65
( 2 mg. sub- L x u ' 2,02
strate .010 mg. _
Enzyme ) 6 x " 2.30
8 x " 2.32
10x " 2430
Reaction time 15 x " | 2.00
=2 minutes

20x M 1.60
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TABLE XV

Enzyme activity at different concentration of activator ta'.
Reaction time was 2 minutes in presence of 2 mg. of linoleic
' acid and 0.05 mg. of enzyme.

Experiment Amount of activator log Io/ at 2380 }
. ' AT '
. B 2 x10°% em. 6.32
( 2 mg. subs ,
«050 mg. L x " 8.25
‘enzyme :
| 6x v 10.20
Reaction time g x M 10.78
2 minutes) -
10x 10.60
15 x " ' 9.30
20 x " 8.95
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TABLE XVI

Effect of the concentration of activator 'b'! on enzyme ac-
tivity. Reaction time was 2 minutes in presence of 2 mg.
of linoleic acid and 0.0l mg. of enzyme.

Amount of 'b! log Ir at 2380 &
/I

2 X 10'4 ge - le2

3 x " ‘ : 1.8

b ox " | 2.12

5 x " 2.56

6 x " | 2,60

8 x " 2.70

10 x " 2.5

15 x " ' 2.2

20 x " 1.9
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Fig. 14 - Effect of substrate concentration on the activators.
The upper curve represents activity st different substrate
concentrations in presence of their respective optimum
quantity of enzyme and activator ta', The lower curve shows
the effect of substrate concentrations in presence of an
optimum amount of enzyme and activator 'a' for 1 mg. sub-
strate. ,
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TABLE XVII

Effect of substrate concentration on the optimum amount of
activator 'a' necessary for maximum enzyme activity.
Amount of enzyme added was 0.0l mg.

Concentration | Optimum log Io/ at
of emount of I
substrate/ml. activator ‘'a! 1’2380 A
0.5 me. 3 x 10 %em. 0.6
1.0 " 5 x " 1.40
2.0 8 x " 2.32
3.0 | 11 x " 2.12
5.0 13 x " 2.0
6.0 1L x " 1.96
g.0 " 4.6 x " 1.85

10.0 " 15.0 x " 1.75
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TABLE XVIIIX

Effect of enzyme concentration on the
activity of activator 'a?

" Linoleic Amount of Optimum
acid/ml. enzyme amount of
activator tat
2,0 mg. 0.005 mg. 6 x 10“*,gm.
"o 0.0l " 7.0 X "
" 0.05 " 8.3 x "
" 0.10 *» 8.8 x "
L 0.50 8.6 x "

" 1.00 * 9.0 x "
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TABLE XIX

Relative activity of various activators
in presence of 0.0l mg. enzyme and 2 mg. linoleic
acid.

Activator Optimum amount

Dialysable breakdown prdduct

of activators ' 21 x 107 gme.
Activator t'a! 8 x "
Activator 'b! 5x ¢
Haematin (mammalian) 23 x "
Haemoglobin " ' 10.3 x ¢
Cytochrome te' * ' 6.7 x "
Fe++ | inactive

Fet++ ' ]
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are shown in Table XX, XXI and Fig. 17. Cyanide inhibits the
lipoxidese cafalysed reaction to a pronounced degree at all
concentrations of the inhibitor. Azide exhibits considerable
inhibitory effects only at higher concentration, while fluor-
ide and arsenité are slightly inhibitory at higher concentra-
tions, Iodoacetate exhibits very little or no inhibitory
effects at all concentrations. At lower concentrations, -
however, fluoride, arsenite and azide cause little or no in-
hibition. |

Irrespective of whether activator 'a? or *b! is
present in the enzymic reaction these effecté of the inhibitors
are similar in character although they vary slightly in degree.
As for example when activator ta! is present with 0.5 M
cyanide no activity of the enzymé is left while under similar
conditions in presence of activator 'b! about 10% of the |
enzymic activity persists, At the time the experimental work
had to be discontinued it is still uncertain whether the
reduced activity is due td the inhibition of the enzyme proper
or of its activator. But since the enzyme does not contain
any heavy metal, whlle the activators afe characterised by the
presence of iron in organic combination, it would seem possible
that the inhibition by cyanide and azide is due to the inactiv-
ation of the activators rather than of the enzyme proper. The
failure_of iodoacetic acid to inhiblit the activity and also the
fact that the nitroprusside and other tests for sulphur were

negative, rule out the sulphydryl groups as active centres.
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Flig. 17 - Effect of inhibitors on herring lipoxidase activity
in presence of activator 'b!, and 2 mg. linoleic acid and
0.0l mg. enzyme. 1. Cyanide. 2, Fluoride. 3. Arsenite
L, Azide., 5. Iodoacetic acid.
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TABLE XX

Effect of inhibitors on herring lipoxidase activity in
presence of activator 'b!' (2 mg. linoleic acid and

0.0l mg. enzyme).

g;ﬁiigﬁ Percent activity _

as -log M -Cyanide Fluoride Arsenite Azide IOdggggtic
0.0
0.5 9.0 67 70 30 83
1.0 14.0 73 70 32 . 85
1.5 20.0 87 75 40 90
2.0 23 90 - 83 60 91.0
2.5 27 95 92 81 93.0
3.0 30 95 98 89 96
3.5 33 96 98 90 96
L.O 34 .2 98 99 92 96
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TABLE XXI

Effect of inhibitors on the enzyme activity in presence of
(2 mg. linoleic acid and 0.01 mg. enzyme).

activator 'at.

gggzgg; Percent activity
as - log M _Cyanide ?1uoride_ Arsenite Azide Iodggggtic
0.5 0.5 57 | 67 420 _ 88
1.0 7.5 68 64 20.5. 94
1.5 14.8 8L 68 26 96
2.0 20.4 93 76 38 96
2.5 26.3 96 88 69 98
3.0 29.0 98 96 83 98
3.5 32.8 98 96 86 99
L.0 - 35.6 98 86 |

96

99
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DISCUSSION

From the results it becomes evident that herring flesh
cqntains a proteinaceous, heat-labile enzyme capable of peroxi-
dizing naturally-occurring unsaturated fatty acids, particular-

ly those possessing methylene-interrupted double bonds. This
enzyme exhibits optimum activity at 15°C. and at pH 6.9 but
fails to catalyse unless some iron-containing organic heat-
stable activator is present along with it. The enzyme which
is here.termed *lipoxidase' is characterised by an absence of
heavy metals and sulphydryl group as the active centrs. The
inhibition of the enzymic reaction brought about by eyénide
and azides is possibly due to the inactivation of the iron-
containing proteinaceous activators rather than of the enzyme
itself. | |

It nmust, however, be emphasized-that the accessory
substances here, termed 'activators'!, do not bring about the
activation of the enzyme proper. Iﬁ other words, the 'lipoxi-
dase! is isolated in an active forﬁ, not as a zymogenj because
if the enzyme were presént as a zymogen and the compounds which
are here called 'activators®! were kinases, the alleged zymogen
of lipoxidase would long have been converted to its active
. form since in the initial stages of purification of the enzyme
the activators (or kinases) and the lipoxidase (or zymogeh)
were in contact with each other for a protracted period.

The activators appear to be conjugated protelns in
combination with an iron-containing prosthetic group. This
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group is’rather firmly attached to the protein portioﬁ.' How-
ever, the former éan be removed from;the latter by treatment
with moderately strong alkalis and acids.

The absorption spectrum of the prosthetic group of
the acti#ators resembles very closely that of the mammalian
haematin. ?rom this evidence and also from the fact that the
prosthetic éroup is an iron-containing non-protein nitrogenous
compound, it is believed that the concerned component of the
- activators is haematin. |

The absorptlion spectrum of'activator 'a' resembles
fairly ciosely that of mammalian haemoglobin. The slight °
deviations of the above spectrum from that of memmelian haemo-
globin might possibly be dﬁe to differences in particle size,
structure, and composition of the protein fraction of activa-
tor 'a'. 1In all probability, therefore, activaﬁor 'at is
herring haemoglobin. Further evidence of the haemoglobin
character of activator 'a' is provided by the fact that the
activity of herring lipoxidase is augmented by mammalian
haemoglobin to a degree closely similar to that caused by
Qctivator tat (Table XIX). . | _

Unlike the absorption spectrum of activator *a', that
of activator *'b' does not so closely resemble the absorption
spectrum of any known haemochromogen. However, the maximum
lies within the range for the cytochrombs and is situated
closer to the maximum for memmalian cyfochrome ¢! than to
that for cytochrome 'b?, This phenomenon could be explained

on the assumption that the'protein fraction of herring cyto-
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chrome has a molelcular size, composition and structure
different from the protein fraction of mammalian cytochrome.

In inhibition experiments with cyanide it was found
that eveﬁ at 0.5 M concentration of the inhibitor abdut 8% of
the activity persisted. It is known that cytothome tet is
completely inhibited at sﬁch a concentration While}cytochrome
'p? is inhibited up to about_90%.\ Furthermore, the activity
of memmalian cytochrome 'c' towards the herring lipoxidase-
catalysed reaction is'about 75% that of activator 'b!

(Table XIX). | |

On the basis of the evidence obtained it is believed
‘that activator 'b!' is herring cytochrome 'c¢! possibly con-
taminated with herring cytochrome 'b'.

Although prosthetic group alone of the activators
exhibits activity, its combination with a protein greatly
‘modifies the degree of activity. At the necessitated termin-
ation of this study it is uncertain what specific role these
activators pley. But it would seem plausible to assume that
due to the presence of the haematin fraction in their molecul-
es, these compounds constitute an oxidation-reduction system.
The activators possibly accept an atom of hydrogen from
linoleic acid at stage I (see "Reaction mechanism") and donate
the hydrégen atom back at stage V or VI. .

In concluding the above discuséion of the investiga-
tion éccom@lished, the writer wishes to point out possible
extension of this workrthat might be of interest to future

investigators who may at some time have an opportunity of
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persuing further the ultimate solution of this complicated
problem concerning the complete mechanism of the reactions
involved in the rancidification of fats. Infommation regard-
ing the molecular size, isoelectric point, and other physical
properties as well as the chemical cohstiﬁutién of the enzyme
and also of the activators, will meke possible a better under-
standing of the eniymic reactions.

Tt would also be interesting here to consider the
possible use of the information made available in this
dissertation:in controlling rancidity development in frozen
fish foods. Any physical or chemical measures to inactivate
the enzyme or its activators, or to exclude oxygen necessary
for the enzymic-reaction to progress, would serve the purpose.
From the practical point of view, as well.as from economic ,
considerations; low storage temperatures to arrest the activ-
ity of the lipoxidase, or the employment of chemical aenti-
oxldants to make.oxygen unavailable to the system, woﬁld seem
logical. In employing chemical antioxidants the physiolog;cal
toxicity of the added chemicals must be considered scrupulousé
ly. Among the commonly employed antioxidants,Aaseorbic acid,
reductinic acid, a~-tocopherol, the gallates and similar
compounds seem effective and acceptable. Tarr (1947) reported
the comparative values of a number of antioxidants in delaying
- the onset of rancidity in indigenous fats of fish. Similar
reports were also made by Tarr and Cooke (l9h7j and Khan (1948),
who studied the effects of certain cyclic and acyclic carbqnyl
enediols in retarding rancidity when fish fillets and steaks
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are diﬁped in solutions of these compounds prior to freezing,
as well as when these compounds are incorporated in the glaze.
.waever, a further discussion of this subject goes beyond the

intended scope of the present dissertation.
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. . SUMMARY
1. Three different methods of estimating lipoxidase
activity'in herring flesh were lnvestigated. The ultra-
violet light absorption method was adopted with certain modi-
fications. . _ |
2. Previous reports that lipoxidase in herring is concen-
trated in the dark muscle along the lateral lines and that the
>flesh exhibits little 6r no lipoxidase activity were confirmed.
Different lots of herring were found to possess different
iipdxidase activity. »
3. From the dark muscle along the lateral lines in the
body of the herring an enzyme was isolated by different physi-
cal and chemical methods of fractionation and finally by
electrophqresis. Attempts to crystallise the enzyme failed.
The isolated enzyme is over two thousand times as active as
the rew material.
L. The herring 'lipoxidase' is a proteinaceous heat-labile
enzyme cépable of peroxidising naturally-occurfing unsaturated
fatty acids and fatty acid esters, particularly those possess-
ing methylene-interrupted double bonds. The lipoxidase
exhibits optimum activity at 15°C. and at pH 6.9 but fails to
catalyse unless some iron-containing organic heat-stable
activator is present. The enzyme is characterised by an
absence of heavy metals and sulphydryl group as the active

centre.
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5. Among the activators for herring lipoxidase, two com-
pounds were isoléted from herring flesh. These compounds are
conjugated proteins combined with an iron—éontaining nitro-
genous prosthetic group. This group, which éxhibits maximum
absorption near 4480 3 and at 5610 R, is believed to be
haematin. The activator ta‘, exhib@ts two absorption maximsa,
one at 5450 A and the other at 5630 X, while activator 'b,
shows maximum absorption near 5560 X. on the basis of evidence
obtained activator 'a' is believed to be herring haemoglobin.
Activator 'b'_is considered to be herring cytochrome ‘'c!
bossibly contaminated with cytochrome 'Db'.

6. There is an optimum concentration of enzyme, substrate,
and also of the activators for maximum enzyme activity. The
presence of activators appears to change the kinetics of the
oxidation of the substrate.

7. The inhibition of the enzymic‘reaption brought about
by cyanide and azide is possibly due to the inactivatibn of'
the iron-containing proteinaceous activators rather than of

the enzyme itself.
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APPEND IX

Extraction Experiments

Extraction at ] Amount of |Activyity as Total activity as
pH extract 10-%gm. 10-° gm. of
as gm. of |Fet*++ per gm. Fet++
N, per 100|N, of extract
gm. t;ssue
4,0 0.9 0.0 0.
5.0 1.6 3.20 51.2
5.2 1.9 8.42 159.6
5l 2.4 83.40 200.2
5.6 2.7 92,60 250.0
5.8 3.0 76.66 229.8
6.0 3.2 62.5 200.
7.0 3.6 50.0 180.
8.0 3.7 32.40 119.9
9.0 4.0 22.5 90.




FRACTIONATION EXPERIMENTS

Stage I: (Nﬁh)z S0,

Concentration Amount of ppt.

of (NHL)ZS°4 as gm. of N, Activity in units/mg. N,
in extract peﬁiéggegm' pDt. Filtrate
20% 0.4 Inactive 36.5
30% 0.9 - 1 46.6
35% 1.05 " 50.9
1,0% 1.h 20.8 '42,2
L5% 1.45 31.7 30.5
50% © 1.80 M. 12.4
55% 2.3 34.8 9.6
60% | 2.56 32.5 5.2

65% 2.62 | 31.9 2.1




| Stage II: Fraoctionation with NHL(OH) at various pH.

Amount of ppt.

Activity in units/gm. Nj

pH as gm. of N,
ppt. Filtrate
5.6 0.00 | - 31.1
6.0 0.20 _Inactive 35.4
6.5 0.75 " 57.0
6.7 0.90 " 68.4
6.8 1.10 " 91.
7.0 0.90 5.6 61.73
| 7.5 0.82 L.8 6L.5
8.0 0.50 5.6 k2.2




Stage III: Ethyl Alcohol

Amount of ppt.

cg?czgggggion as mg. N,/ke. Activity in units/mg. Np
tissue ppt. Filtrate
10% 60 Inactive © 120.8
15% 170 "o . 156.8
16% 218 " 179.6
18% 227 50.2 132.1
20% 230 89.6 120.7
25% 24,3 108.2 103.2

Stage IV: Lead Acetate

Volume of Activity in Units/mg. N,
‘Lead . Enzyme :
acetate solution ppt. Filtrate ppt. + Filtrate

1 1 inactive 192 -

2 "1 " 203 -

3 2 " 56 231.5

2 3 o 210.3 -

h. 3 L2 63 23L.6




Stage V: 60% Ethyl Alcohol

Concentra- Amount of Activity in units/mg. N,
‘tion of - ppt. as :

alcohol mg. of N, ‘ppt. - Filtrate ppt. +
Filtrate
204 90 Inactive 93.5 106.5
30% 134 " 123.2 131.4
1,0% 190 " 157.1 187.2
50% 212 " 182.2 218.8
60% 245 oo Inactive 320.0

- 70% 263 26.8 " 320.0




Enzyme Proper: Fractionation with Nacl at various pH.

pH ~ Activity in units/mg. N, at Nacl concentration of

30% 104 504 554

¥ - Pil- il-
ppt. rate DDb. trate ppt. grate ppt. mmgf.e
5.5 no ppt. 2b,0 inactive 263 1inactive 27'5' inactive 290

6. 0 inactive 253 " 272 " 291 " 301
6.2 " 279 " 287 " 301 mo 312
6., " . 286 293 » 313 " 329
6.6 " 292 . m 301 " 345 " 363
6.8 w 297 " 343 om 395 26 323
7.0 26 263 52 203 73 169 93 185

7.5 32 2,1 85 169 101 103 167 97




Trichloroacetic acid (50%)

Volume of Activity in units/mg. N,

Trichloro- | Enzyme
acetic acild solution ppt. : Filtrate
1 7 insctive L50
1 6 " ' 450
1 5 " L50
1 | L 26 ’. L12
1 3 53 360
1 2 134 | - 286




Elect:ophoretio analysis of enzyme concentrate

o ' ‘Concentra- Time in- Number -
Buffer PH tion of minutes of
material of elec- peaks
trophoresis :
0.008 M NaHéPOh _
0.06L M Na HPO, - 7.7 - 1.0% 90 3
0.004 M NaHzPoh -
0.032 M Na HPO, 7.7 " " 3
" 0,025 N NaHCOB_- ,
0.1 N Nacl 8.2 " " 2
0.1 N NaOH -
0.6 N Glycine 9.0 " " 2
0.002 M Acetic acid -
0.2 M Na-acetate 6.5 " " 3




Fractionation of activator 'b' with 90% trichlorocacetic acid.

ML. of 90% trichloroacetic Amount of activator as ldfhgm. )

acld per 100 ml. of activ- necessary for maximum activity
ator solution. in presence of 0.0l mg. enzyme.
ppt. ' Filtrate
5.0 Inactive 12.0
10.0 5.0 Tnactive
15.0 8.0 16.0

20.0 12.0 18.0




