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ABsTRAcr

Barbara Bisakowski (pb.D.)

Partially purified lipoxygenase (LOX) extraets were obtained nom Fusarium

orysporum, Fusarium pro/iferatum, Saccharomyces cerevisiae and Ch/ore/la pyrenoidosa by

precipitation with ammonium sulfate al 20-80, 040, 20-80 and 40-80 % of saturation,

respectively. The enzymatic extraets from F. orysporum and S. cerevisiae bath exhibited two

optimal aetivities at pH 8.0 and 10.0 while those from F. pro/iferatum and C. pyrenoidosa

showed one optimal pH al 6.0 and 4.5, respec:tively. The enzymatic extract trom F.

proliferatum showed the highest LOX aetivity while those from F. orysporum and S.

cerevisiae demonstrated only 27.8 and 16.5 % of the LOX aetivity al pH 8.0, and 61.2 and

9.7 % of the enzymatic activity at pH 10.0, respectively. The lowest LOX aetivity wu

exhibited in the C. pyrenoidosa extraet. The results showed that, al pH 8.0, LOX aetivity

from F. orysporum and S. cerevisiae was inhibited by 31 and 49 %, respectively, al

corresponding concentrations of 20 and 25 mM potassium cyanide (KCN), exhibiting a non

competitive inhibitory effeet; however, al pH 10.0, KCN had relatively little effect on enzyme

aetivity. In addition., KCN markedly inhibited LOX aetivity ftom C. pyrenoidosa by 58.2 % al

0.5 mM concentration and wu an uncompetitive inhibitor. Incon~ the results showed that

the enzymatic aetivity from F. proliferatum remained relatively stable at KCN concentrations

as high as 60 mM. The addition of 5 mM sodium ethylenediaminetetraacetate wu found to

increase the enzymatic activity nom F. orysporum by 50.3 and 16.6 % at pH 8.0 and 10.0,

respectively, ftom F. pro/i.feratum by 50 %, and produced a noticeable eight-fold increase in

the enzymatic aetivity from C. pyrenoidosa; however, LOX aetivity for the S. cerevisïae

extraet remained unaff'ected at both pH optimas. In addition, the use of 1.2 mM hydroquinone

(HQ) resulted in a 2-fold increase in LOX aetivity ftom F. pro/iferalUm whereas a competitive

inhibitory effect on LOX activity ftom S. cerevisiae wu observed al pH 8.0 at 0.5 mM HQ.

The results also showed that the enzymes nom the four microbial sources demonstrated an

overall preference towards linoleic acid, followed by Iinolenic acid. In addition, the enzymatic

extraet from F. proliferatlml showed a strong preference towards the glycerol Cany &cid

i



•

•

esters. The microbial enzymatic preparations were assayed with Iinoleic &cid, as substrate,

which was bioconverted into 9- and 13-hydroperoxides (HPODEs) by ail four extraets; in

additio~ the LOX aetivity in the F. oxysporum extraet produced the 10- and 12-HPODEs

from linoleic acid while that ofthe C. pyrenoidosa extraet produced only the 10-HPODE. The

partially purified extraet ftom F. pro/iferatum wu further purified by successive

chromatography on size.exclusion and ion-exchange which resu1ted in fraction FIIIa and FIV,

respectively. Fraction FlY showed the presence of one major protein band and two minor

ones in both the native and sodium dodecyl sulfate polyacrylamide electropherograms.

Optimal LOX activity wu shown to be at pH 6.0 for fractions FIlla and FIV; in addition,

fractions FIIIa and FIV a1so exhibited maximal LOX aetivity at pH 10.0 and 10.5,

respectively. The Km values were 2.5 x 10-6 M {FIIIa, pH 6.0),4.7 x 10-6 M {FIIIa, pH 10.0),

1LO x lO~ M (FIV, pH 6.0) and 3.9 x 10-6 M (FIV, pH 10.5). Fraction FDIa demonstrated

greater preference towards linoleic acid than Iinolenic and arachidonic acids al pH 6.0 and

10.0 and showed very little aetivity towards mono., di- md trilinolein. Fraction FlY

demonstrated approximately 2.5 times more aetivity towards mono. and dilinolein and 1.5

tintes more towards linolenic and arachidonic acids than that exhibited towards linoleic acid at

pH 6.0; in contrast, at pH 10.5, the partia11y purified enzymatic fraction possessed an overall

preference towards linoleic acid. The purified fractions FIlla and FlY produced mainly the 13

HPODEs fram linoleic acid at pH 6.0; hawever, the same ftactions produced the 9.. and 13

HPODEs al a ratio of approximately 1:1 al pH 10.0 and 10.5, respectively. In addition the

presence of a LOX aetivity producing the 10- and 12·HPODEs wu a1so suggested in

fractions FIlla (pH 6.0 and 10.0) and FlY (10.5); however, this ae:tivity wu not deteeted in

fraction FN at pH 6.0.

ü
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Barbara Bisakowski (pb.D.)

Des extraits partiellement purifiés en lipoxygénase (LOX) ont été obtenus de

Fusarium orysporum, Fusarium prolifératum, Sacharomyces cerevisiae et Chlorella

pyrenoidosa par précipitation au ammonium sulfate à 20-S0, 0-40, 20-S0 and 40-S0 % de

saturation, respectivement. Les deux extraits enzymatiques de F. oxysporum et S. cerevisiae

ont démontré deux activités optimales à pH 8,0 et 10,0 alors que ceux de F. pro/ifoatum et

C. pyrenoidosa n'avaient qu'un pH optimal à 6,0 et 4,5, respectivement. L'extrait

enzymatique de F. proliferatu1n a montré l'activité LOX la plus élevée alors que ceux de F.

orysponnn et S. cere"isiae n'ont démontré que 27,S et 16,5 % de l'activité LOX à pH 8,0, et

61,2 et 9,7 % de l'activité enzymatique à pH 10,0, respectivement. L'activité LOX la plus

faible a été exprimée par l'extrait de C. pyrenoit/osa. Les résultats ont montré qu'à pH 8,0,

l'activité LOX de F. oxysponmr et S. cerevisiae a été inhibée de 31 et 49 % • des

concentrations de cyanure de potassium (KeN) de 20 et 25 mM, respectivement, démontrant

un effet inhibiteur de type non-compétitif; cependant, à pH 10,0, KCN avait un effet

relativement faible sur l'activité enzymatique. De plus, KCN a fortement inhibé l'activité LOX

de C. pyrenoidosa de 58,2 % à une concentration de 0,5 mM et était un compétiteur

uncompétitif: En revanche, les résultats ont montré que l'activité enzymatique de F.

proliferatum est restée relativement stable pour des concentrations de KCN aussi élevées que

60 mM. L'addition d'éthylènediaminetétraaeétate de sodium à S mM a enuainé une

diminution de l'activité enzymatique de F. oxysporum de 50,3 et 16,6 % • pH 8,0 et 10,0,

respectivement, de F. proliferatum de 50 %, et a augmenté par huit fois l'activité enzymatique

de C. pyrenoidosa; cependant, l'activité LOX de l'extrait de S. cerevisiae est restée inchangée

aux deux pHs optima. De plus, l'utilisation d'hydroquinone (BQ) à 1,2 mM a provoqué une

augmentation de deux fois de l'activité LOX de F. prolifératum, alon qu'un effet inhibiteur

de type compétitif sur l'activité LOX de S. cerellisiae a été observé. pH 8,0 pour une

concentration de HQ à 0,5 mM. Les résultats ont aussi montré que les enzymes des quatre

sources microbiennes ont démontré une préférence pour l'acide linoléique, suivie par r acide
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linolénique. De plu~ l'extrait enzymatique de F. proliferatum a montré une préférence

marquée pour les esters d'acide gras g1ycéridiques. Les préparations enzymatiques

microbiennes ont été testées avec l'acide linoléique, comme sub~ qui a été converti en 9

and 13-hydroperoxydes (HPODEs) par les quatre extraits; de plus, l'activité LOX de l'extrait

deF. orysporum a produit les 10- and 12-HPODEs de racide linoléique alors que celle de C.

pyrenoidosa a seulement produit le Io-HPODE. L'extrait partiellement purifié de F.

proliferatum a été davantage purifié par chromatographies successives de tamisage

moléculaire et d'échangeurs d'ions pour donner les fractions FDIa and FlY, respectivement.

Les électrophorèses de polyacrylamide native et de dodécyl sulfate de sodium ont montré la

présence d'une bande protéique majeure et de deux autres mineures pour la ftaction FlY.

L'activité LOX optimale a été mesurée à pH 6,0 pour les fractions FIIIa et FIV; de plus, les

fractions Fma et FlY ont démontré une activité optimales à pH 10,0 et 10,S, respectivement.

Les valeurs de Km étaient de 2,S x 10~ M (FIlla, pH 6,0), 4,7 x 10~ M (FDIa, pH 10,0), 11,0

x lO.(j M (FlV, pH 6,0) et 3,9 x 10..() M (FIV, pH 10,S). La fraction FIlla a démontré une

plus grande préférence pour l'acide linoléique que pour les acides linolénique et arachidonique

à pH 6,0 et 10,0 et une très faible activité pour les mono-, di- et trilinoléine. La ftaction FIV a

démontré approximativement 2 fois et demi plus d'activité pour les mono- and dilinoléines et

1 fois et demi plus pour les acides Iinolénique et arachidonique que cene exprimée pour l'acide

linoléique à pH 6,0; en revanche, à pH 10,S, la ftaction enzymatique partiellement purifiée

avait une préférence pour l'acide linoléique. Les fractions fractions purifiées FllIa et FIV ont

principalement produit les 13-HPODEs de l'acide linoléique à pH 6.0; cependant, les mêmes

fractions ont produit les 9- et 13-BPODEs à un ratio approximatif de 1:1 à pH 10,0 et 10,S,

respectivement. De plus la présence d'une activité LOX produisant les 10- et l2-HPODEs a

aussi été suggérée dans les fractions FlUa (pH 6,0 et 10,0) et FIV (lO,S); cependant, cette

activité n'a pas été détectée dans la fraction FIV à pH 6,0.
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CLAIM OF ORIGINAL RESEARCH

1. This is the fiest study in which the partially purified lipoxygenase extraets trom Fusarium

orysporum, Fusarium proliferatum, Saccharomyces cerevisiae and Chlore/la

pyrenoidosa were isolatecl and characterizecl with respect to pH, kinetie paramet~

etrect of inhibitors and aetivators, substrate specificity and electrophoretic profile.

2. This is the fiest study in which the partially puritied lipoxygenase extraets trom FUSDTium

orysporum, Fusorium prolifeTatum, Saccharomyces cerevisiae and Chlore/la

pyrenoidosa were charaeterized with respect to end..produet specificity, Le.

hydroperoxide isomers and carbonyl compounds, using linoleic &cid u a model

• substrate.

3. This is the fiest time that Iipoxygenase isozyntes bave bem purified Û'om FfISOrium

proliferatum and charaeterized with respect to pH, kinetic parameters, substrate and

end-product specificity, and electrophoretic profile.

4. This is the first time that a method was developed for the separation of linoleic &cid

hydroperoxide isomers by capillary electrophoresis and compared with that used for

high-performance liquid chromatography and gas-liquid chromatosraphy/mass

spectroscopy.
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CllAPTERI

INTRODucnON

Lipoxygenase (linoleate: oxygen oxidoreduetase; EC 1.13.1.13) is a dioxygenase

which catalyzes as an initial reaetion, the hydroperoxidation of linoleic acid and other

polyunsaturated fany &cids (PUFA) and their esters containing a cis, cis-l,4-pentadiene

moiety. Lipoxygenase is particularly relevant to the taste and flavor of food of plant origin.

Lipoxygenase oxidizes the essential p~A ioto stereo- and regio-specific hydroperoxides

which can in tum be converted enzymatically by hydroperoxide dehydrase and hydroperoxide

lyase to a- and y-ketols as weB as carbonyl compounds which are responsible either for the

desirable, ftesh-vegetable flavors associated with the normal metabolism of the growina plant

or the undesirable ofF-fIavors that occur due to degradation reactions u a result of instability

after harvesting and durina storage or processing. However, the mechanism of lipoxygenase

for further bio-conversion of hydroperoxides of linoleic acid to ketols and carbonyl

compounds does not appear to be consistent trom one biological system to another. In

addition, the literature reveals that two schools of thought still exist regarding the formation

ofketols and the breakdown produets trom linoleic acid, one considering lipoxygenase as the

sole cause and the other holding the combination of lipoxygenase and hydroperoxide

dehydrase responsible.

Lipoxygenase can be found in plant, animal and microbial sources. Depending on the

source, lipoxygenase may be found in the fonn of various isozymes which difFer Û'om each

other with respect to pH optimum, substrate specificity and degree of inhibition by various

agents. Each lipoxygenase ÎSOzyme bas its unique optimal conditions for aetMty and by

modifying the medium in which the isozyme resides, its aetivity is aIso altered. The type of

substrate used in the reaction also alters the aetivity of the lipoxygenase isozyD1es due to

preferences for different substrates. In addition, lipoxygenase isozymes ditfer Û'om each other

by producing from linoleic acid different ratios of optically active derivatives of 9- and 13

hydroperoxydienes which contribute to the formation of many aldehydes and alcohols that are

responsible for desirable, ftesh-vegetable Oavors. Consequently, the production of a certain
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flavor compound will depend on the initial conversion orthe PUFAs such as linoleic &cid by a

lipoxygenase isozyme to the corresponding ratio of optically active derivatives of 9- and 13

hydroperoxydienes which will in tum be converted enzymatically to the corresponding Oavor

compound. The type offiavor compounds produced will depend on the Iipoxygenase isozyme

use<!, the substrate used and the optimal conditions provided for maximum enzyme aetivity.

By altering the Iipoxygenase isozyme, substrate or optimal conditions, the type of fiavor

compounds produced will also be altered. Flavor compounds ranging ftom six to nine carbons

May be produced depending on the specificity of Iipoxygenase isozymes. The elucidation of

the role that Iipoxygenase(s) may play in the bioformation of f1avor precurson is therefore an

important step in maximizing the production and recovery ofselected ftavors.

The use ofnatura! fiavors is becoming an important issue for the food industry in order

to meet the consumers demands for the use of "natural" additives in food produets. The

production of large quantities of flavoring materials or blends at relatively low cost by means

of biotechnological processes is of major interest to the fiavor industry. Inexpensive

commercial edible oü such as Canola oil and unused fish oil may he employed as a source of

fatty acids for the production of natura! fiavors thereby reflecting society's trend for natural

f1avors and preservatives. The biotechnological conversion of inexpensive raw materials or

unused by-produets into economically beneficial and commerciaUy marketable produets

presents a great opportunity to the food industry and is also an environmental answer with

respect to the usage ofwaste materiaIs and a response to the consumer's concem ofhea1th and

safety.

The bioconversion of raw materials into natural fIavors may be performed by exo- and

endo-enzymes. Enzymes play an important role in the production of tlavor precursors. Fresh

food aromas are produced by enzymes in living tissue and by degradative enzymes which

begin acting when the tissue is eut or aushed. In addition, the fiavon of cultured and

fermented foods result ftom microbial enzyme aetivity. Industrial enzymes could be obtained

trom plant, animal and microbial sources. The source of an enzyme and its physical and

chemical condition affects the efticiency of the extraction, purification process, stability and

ultimately cost of the enzyme. Up to the 19705, plant and animal material were considered to
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be the best sources of enzymes sinee the bulle of enzyme production wu aimed al the food

processing industry and enzymes isolated nom a plant or animal were assumed not to he

tainted with problems of toxicity or contamination. Enzyme extraction from plant and animal

tissue was also much simpler and less costly than that from micro-organisms due to the

relative ease of diSruptiOD of plant and especially animal tissue. However, the demand for

enzymes grew and animal sources of enzymes became limited and expensive, while plant

sources were not a stable source sinee they were al the mercy ofthe weather Uld international

potitics. Consequently, microbial enzymes became more popular due to refinements occurring

in fermentation technology and because microorganisms provide a stable, reliable souree of

enzymes.

Microbial enzymes rnay be produced in large quantities. The sheer quantity of produet

that can be produced in a short time in a smalI area vastly exceeds that of animal or plant

enzymes. The second advantage is the eue ofextraction. Since a large proponion ofindustrial

enzymes nom microbial sources are extraceDularly excreted into the srowth mediu:n. there

are no difficulties in extracting them. If the microbial enzyme is intraeeUu1ar, the extraction

procedure usually involves fewer $leps than that for plant or animal enzymes. Since

microorganisms are produced on the spot (with the exception of spent brewer's yeast), the

cost ofharvesting and transport involved in the production ofplant enzymes is eliminated. The

process ofproduction and extraction ofthe microbial enzyme may also be integrated together.

Equal1y important is the consideration that the plant or animal enzyme, unlike tbat of the

microorganism, is usuaUy specifically loeated in a particuIar tissue or organ and that this

portion of the organism must first be separated from the rest and the remains disposed of.

Microbial enzymes also provide a predietable enzyme yield and are not subject to seasonal

variation while plant and animal enzyme sources are subjeet to wide variations of yield and

may be available only at certain times of the yar. Consequendy. the latter problem requires

either the facility for high volume storage of the plant or animal source or else leaving

extraction equipment idle for long periods of lime, both fàcton contn"buting sisnificantly to

increase in cost.
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It is a1so important to note that animal and plant-derived enzymes have recently risen

considerably in cast, while those trom microbial sources have actually decreased in cost.

Presently, plant enzymes are more prevalent and include the proteases papain, bromelain and

flein, cereal amylases, soybean lipoxygenase and some specialized enzymes from citrus fiuits.

These enzymes are mostly used in the food industries. The ooly major Cm terms of volume of

production) animal enzymes in use al present are trypsin, a variety of lipases and rennets.

Microbial enzymes are by far the (argest proportion by volume used in today's industries.

However, despite the multitude of miccoorganisms avaiIable, few baeteria, yeasts and fùngi,

are actually used to produce virtualIy aD orthe microbial enzymes.

Microorganisms provide a natura! and stable source of Iipoxygenase ïsozymes. &ch

lipoxygenase isoenzyme provides unique end-products due to different substrate specificities.

The production ofend-produets which produce good flavor could be an inexpensive source of

flavor and could be termed -natural- thereby refleeting the changing trend of society towards

hea1thier foods with non-artificial preservatives and ftavors.

The present work is aimed al investigating the presence of Iipoxygenase in selected

microbial sources such as Fusarium orysporum (Bisakowski et al., 1995a), Fusarium

pro/iferalum (Bisakowski et al., 1995b), Saccharomyces cerevisiae (Bisakowski et al.,

1995c) and Ch/ore/la pyrenoic/osa (Bisakowski et al, 1995d) and potential biotechnologica1

applications for the bioconversion of lipid-rich by-products into highly desirable natura1

flavors. The objective of this wode was to optimize a procedure for the extraction and partial

purification of a lipoxygenase extraet ftom the four microbial sources and to characterize the

lipoxygenase extracts. The aim was a1so the development of a procedure for the recovery,

purification and charaeterizatioD of end-produets, i.e. hydroperoxide isomen and carbonyl

compounds, obtained ftom the enzymatic aetivity of partially purified extraets, usina Iinoleic

acid as weil as the 9- and 13-hydroperoxides u model substrates. The ultimate objective wu

to further purify the selected partially purified lipoxygenase extraets, chosen on the buis of

aetivity. specificity and nature of end-products. and to charaeterize the lipOXJgen8SC ftaçtjons

in terms of aetivity, speclficity and nature of end-produets, using linoleic &cid u • model

substrate. The purification and charaeterization of the selected microbial lipoxygenases will
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• establish the ground work of scientific knowledge neœssary for the industrial application of

selected microbial enzymes in the production ofnatural ftavors.

The overall objectives ofthis research work were:

(i) Biomass production, partial purification and charaeterization oflipoxygenase extraets ttom

selected microbial sources.

(ii) Characterization of end-produets obtained tram the partially purified microbial

lipoxygenase extraets, using linoleic &Cid as a model substrate.

(Ui) Further purification and characterization of the panial1y purified lipoxygena.se extra...--t,

selected with respect to its aetivity and specificity.

(iv) Charaeterization of end-products obtained ttom the biocatalysis of the purified

lipoxygenase isozym~ using linoleic acid as a substrate model.

• This thesis consists of five chapters. Chapter one descnbes the general introduction.

Chapter two covers the updated literature review, related topies and concepts used to

undertake the research wode. Chapter three descn"bes the partial purification and

characterization of the enzymatic extraets obtained from F. orysporum, F. pro/iferalUm, S.

cerevisiae and C. pyrenoidosa. Chapter four deals with the purification and characterization

of enzymatically-derived end-products, i.e. hydroperoxide isomers and carbonyl compounds,

produced from linoleic acid by the partially purified extracts itom F. orysporum, F.

pro/iferatum, S. cerevisiae and C. pyrenoit/osa. Chapter five cavera the fiuther purification

and characterization ofthe Iipoxygenase isozymes itom F. pro/iferatum as weB as the analysis

of hydroperoxide isomers ftom linoleic acid, using high-perfonnance Iiquid chromatography,

gas-Iiquid chromatography/mass spectroscopy and capillary electrophoresis chromatosraphy.
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CHAPTERn

LiTERATVRE REVŒW

2.1. LipoIYgenue

2.1.1. Definition or lipoSYlenase

Lipoxygenase (linoleate: oxygen oxidoreduetase; EC 1.13.1. 13) is c:onsidered to be a

key enzyme in the oxidative degradation of lipids. It is .. diOXYSeDaSe wbich eataIyzes as an

initial reaction, the hydroperoxidation of linoleic acid and other polyunsaturated tàtty &ciels

(PUFA) and their esters containing a cis, cis-l,4-pentadiene moiety (Axelrod etai., 1981).

2.1.2. Role of IipoSYlenase in the bioleneration or ft.vor

The production ofmany different volatile carbonyl compounds, important in the flavor

of fruits and vegetables (Tressl and Drawert, 1973), is dependant on the initial conversion of

PUFA such as linoleic acid by Iipoxygenase (LOX) to stereo-- and regio-specific

hydroperoxides of linoleic acid (HPODEs). Figure 1 shows the lipoxygenase-aatalyzed

conversion of linoleic acid into the corresponding 8-, 9-, 10- and 13-HPODEs. These

HPODEs cau in tum be converted enzymatically by hydroperoxide isomerase (HPI),

hydroperoxide dehydrase (HPD) and hydroperoxide lyue (HPL) to trihydroxy fatty &ciels, (X

and y-ketols as weU as carbonyl compounds, respectively. Depending on the source, LOX may

be found in the fonn of various isozymes which Mer Û'om each other with respect ta pH

optimum, substrate specificity and degree of inhibition by various agents. &ch LOX isozyme

has its unique optimal conditions for aetivity and by altering the medium in which the LOX

isozyme resides, the activity of the isozyme is a1so a1tered. The type of substrate used in the

reaction a1so a1ters the aetivity of the LOX isozymes since LOX isozymes bave preferences

for ditrerent substrates (Siedow, 1991). Hence, the production of a certain tlavor compound

will depend on the initial conversion of the PUFAs such as Iinoleic &cid by a LOX isozyme to

the corresponding regio- and stereo-specific HPODEs wbich will he converted enzymaticaUy

to the corresponding tlavor compound.

6



•
linoleic acid

•

Lipoxygenase

hydroperoxides of
linoleic acid (HPODEs)

OH

OH

(9-HPODE)

(lO-HPODE)

(13-HPODE)

•

Figure 1. The bioconversioD of linoleic &Cid into hydroperoxide isomen by
lipoxysenase acûvity.



•

•

•

2.1.2.1. HydroperoDde isomense

The enzymatic conversion of the 13...BPODE ioto trihydroxy tàtty &ciels by BPI

aetivity is demonstrated in Figure 2. BPI eatalyzes the transformation of the HPODE into an

epoxyhydroxy fatty acid which in tum is followed by the subsequent hydrolysis ofthe epoxide

resulting in the formation oftrihydroxy fatty acids (Gardner, 1991).

The HPI aetivity ftom a Saprolegnia par:JSitica homogenate convened IS

hydroperoxyeicosatetraenoic acid (BPETE) into Il, 12-epoxy...1S-HETE and 13,l~-IS

HETE which underwent subsequent hydrolysis ofthe epoxide group to produce four isomeric

trihydroxyeicosatrienoic aciels (Hamberg et al., 1986a,b). In addition, the 13- and 9-HPODEs

were also used as substrates by the HPI activity resulting in analogous produets (Hamberg,

1989).

Brodowsky et al. (1992) reponed the presence of • HPI aetivity tram

Gaeumannomyces graminis which catalyzed the conversion of 8·HPODE 10 7S,8S

dihydroxylinoleic acid (HODE). A red marine alga aracilarlopsis /emoneiformis extract

(Hamberg and Gerwick, 1993) containing bath 12-LOX and HPI aetivity convened

arachidonic acid ioto 12S...HPETE and 12R, 13S-diHETE, a compound of principal

biosynthetic interest because ofits unique oxidation at C...13, an unusual position for oxidation

in eicosanoids; in addition, incubations with Iinoleic acid-derived 13- and 9...BPODEs led to

the formation of 13J 14-diHODEs and 8,9-diHODEs.

2.1.2.2. HydroperoDde debydrue

HPD is a membrane-bound enzyme rautinely located in the microsomal pellet. The

presence of HPD bu been reported in most cerea1 seeds or seedlings (Gardner, 1988)7

flaxseed, lettuce7 suntlower, spinach, cotton seed1ings (Vicie and Zimm~ 1987), Vicia

faba (Vick and Zimm~ 1983) and eggplant (Grossman et al., 1983); however, with

respect to microbial sources, HPD activity bas only been round in Chlore/la pyrenoidosa

(Vick and Zimme~ 1989).

1
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• Figure 3 shows the conversion of the 13-HPODE into the respective allene oxide,

12,13~poxy-oetadecadienoie aci~ by HPD aetivity whieh is followed by the spontaneous

non-enzymatic hydrolysis to produce the eorresponding ex- and y-ketols.

The French bean HPD (Kennasha et aL, 1986) converted the 13-HPODE to the

respective ketols, 13-hydroxy-l0-oxCM>etadec-l1-enoie acid and to a lesser amount , 13

hydroxy-12-oxo-oetadec-9-enoie acid; this y-ketol is similar to tbat observed in alfalf.

(Esselman and CIageu, 1974), germinated com seed (Gerristen et aL, 1976) and flaxseed

(Veldink et al., 1970). There wu a1so some similarity in the findings ofGalliard and Mercer

(1975) and Stumpf and Conn (1980), who reported that the 13-HPODE wu transformecl

mainly into 13-hydroxy-12-oxo-oe:tadec-9-enoic acid (ex-ketol) and 9-hydroxy-12-oxo.

oetadee-9-enoic acid (y-ketol).

Yabuuehi and Amaba (1976) reported that a HPD ttom barley grains converted 9

HPODE to 9-hydroxy,10-0xo-12-oetadecenoie acid and 13-hydroxy, lC-oxo-ll-octadecenoie

• acid in the ratio of 2: 1. Vicie and Zimmerman (1981) reported the presence HPD in young

cotton seedlings which preierred the 13-HPODE in preference to the 9-isomer to produce the

. a-ketol (12-oxo-13-hydroxy-9,lS-oetadecadienoie acid) as a major produe:t and y-ketol (9

hydroxy-12-oxo-lS, 10-octadecadienoie acid) as a minor produet.

Vick and Zimmerman (1989) reported a HPD aetivity from C pyrenoit/osa which

metabolized the 13-hydroperoxylinolenic acid into 13-hydroxy-9,11,lS-oetadecatrienoic &cid

and 12,13-epoxy-9-oxo-oetadecadienoie acid.

2.1.2.3. Hydroperoside Iyue

The type of odor or tlavor of a ûuit or vegetable is largely determined by both the

LOX oxidation specifieity and the specificity ofHPL for either the 13- or 9-HPODEs. Figure

4 indicates that HPLs from plant sources specifie for the cleavage of 9-BPODEs tùmish nine

carbon a1dehydes, sueh u nonenal, whieh tend to sive cucumber, melon and violet odors

•
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oxide, 12,13-epoxyoctadecadienoic acid, by hydroperoxide
dehydrase activity, followecl by the spontaneous non-enzymatic
hydrolysis to the corresponding a1pha- and gamma-ketols.
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whereas those specifie for the 13-BPODEs produces six carbon aldehydes such u hexanal

which have grassylbeany odors (Gardner, 1989).

A HPL isozyme specifie for 13-HPODE wu reported in tomato fruits (Kazeni8C and

Hall, 1970; Stone et ai., 1975; Galliard and Matthew, 1977). The presence of a HPL in

germinating watermelon seed1ings catalyzed the cIeavage of 13-HPODE to 12-oxo-lO

dodecenoic acid and hexanal (Vick and Zimmennan, 1976). The involvement of LOX and

HPL from Phaseo/us vu/garis in the conversion of Il-HPODE to the wound hormone

traumatie acid (trans-2-dodecenedioic &cid) (Zimmerman and Caudron, 1979) bas been

suggested (Vick and Zimmerman, 1981) aloog with the production of hexanal and 2-hexenal

from Il-HPODE and Il-BPOTE, respectively (Vick and Zimmerman, 1987); these six

carbon volatile compounds charaeterize man.y freshly cut plant tissues (Tressl et al., 1981;

Grosch, 1982).

The HPL ftom pear fruit had a specificity for 9-HPODEs and 9-HPOTEs which

resulted in the formation of nine carbon volatile aldehydes (Kim and Grosch, 1981). In

cucumber fiuits, HPL reaeted with both 9-and 13-HPODEs (Galliard et al, 1976); the

enzymatic cleavage of 9-HPODE produced 9-oxononanoic acid and nonenal while that of 9

hydroperoxylinolenie acid (HPOTE) produced nonadienal. A HPL activity specifie for 9- and

13-HPODEs was reported in cucumber fruits (Galliard et al., 1976)

From microbial sources, different types of HPL specificities have been reported.

Figure 4 shows a HPL aetivity in the protein fraction from PSlllliota bispora (Wurzenburger

and Grosch, 1986) which catalyzed the cleavage of the 10-HPODE but not the 13-, 12-, and

9-HPODE isomers inta l-oeten-3-o1 and l0-0xo-8-decenoie acid; in addition, the HPL aets

with high regio- and stereo-selectivity by eleaving ooly the lQ-S-HPODE and Dot the IO-R

HPODE (Wurzenburger and Grosch, 1984b). The production of two oetadienols, i.e. I,S

oetadien-3-o~ 2,5-oetadien-l-ol u well as lC-oxo-8-decenoie acid Û'om linolenic &cid or Û'om

IO-HPOTE suggests the presence oftwo HPL aetivities in the mushroom protein ftaction.

Figure 4 also shows the cleavage of Il-HPODE by specifie HPL aetivities ftom

microbial sources which led to the production of different five-carbon compounds. A purified

u
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HPL from the blue-green alpe Osci/latoria sp. produced oxodienoic &cid and pentanol ttom

13-HPODE (Andrianarison et al.~ 1989). Vick and Zimmerman (1989) reported that HPL

aetivity from C. pyrenoidosa ceUs cleaved the 13-HPODE and 13-HPOTE to Corm pentane or

pentene, respectively~ and 13-oxo-9,11-tridecadienoic acid; the produets of the HPL aetivity

fram Ch/ore/la ditrered ftom those reported Cor MOst Iyase enzymes of higher plants (Vick

and Zimmerman, 1987). Higher plant lyases cleave HPODE into 6- and 12.carbon fragments

(hexanal and 12-oxo-dodecenoie &cid) whereas the Chlorella enzyme produces S- and 13

carbon fragments.

2.1.3. Mecbanism ofenzymatic actioB of Up0X)'leBue

The presence of one iron atom per molecule is believed to be a general property of

LOXs and its removal resuIts in the loss of enzymatic: aetivity. Iron appeau to he involved in

the eleetron transfer during the incorporation of 0% into unsaturated tàtty &ciels containing cis,

cis-l,4-pentadiene system. LOX must be in the oxidized (Fe3j fonn for the oxidation

reactions ta proceecl (Hildebran~ 1989).

Figure 5 shows a proposed mechanism Cor LOX activity in plants (Ga11iar~ 1991). The

oxidized fonn of LOX catalyzes the stereospecifie removal of hydrogen ttom the C-Il

Methylene group of linoleic: acid which leads to the formation of a C-13 or C-9 radical and

reduction oC Fe3+ to the Fe2+ fonn. Under Aerobic conditio~ the LOX-fatty &cid radical

complex reaets with 0%, Carmins a lipid peroxy radical. This step is CoUowed by the reduetion

of the fany &cid HPODE radical to a HPODE with the simultaneous re-oxidation ofLOX ta

the Fe3+ state and the release orthe fatty &cid HPODE. The heterogeneity and the source of

the enzyme are some of the factors which contn"bute to the variation in the proportion of 9

and 13·HPODEs (Kennasba and Metch~ 1986).

The cytosolic IR-dioxygenase ofG. graminis (Brodowsky et al., 1992) and Laetisaria

arvalis (Brodowsky and Oliw~ 1993) is a novel LOX eatalyzing the conversion oflinoleic &cid

to 8R-HPODE. The general LOX-catalyzed reaction (Fig. S) involves hydrogen abstraction

• tram the methylene carbon atom, foUowed by the formation ofconjugated Z,E-double bonds,

14
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Figure 5. The proposed mechanism forlipoxygenase activity in plants (Gardner, 1991).
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Figure 6. The proposed mechanism for lipoxygenase
activi ty in Gaeumannomyces graminis and
Laetisaria arvalis (Brodowsky et al., 1992).
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insertion of molecular oxygen, and the formation of a HPODE; however, the (BR)

dioxygenase reaction (Fig. 6) düfen in that molecular oXfgen is apparently inserted al carbon

8 after abstraction of a hydrogen, without any change in the position or configuration of the

adjacent double bond (Brodowsky et al., 1992). In general, LOXs require a fàtty acid with

one or more 1,4-Z,z-pentadiene systems as a substtate; however, the (SR)-dioxygenase reacts

with fatty acids possessing a 9Z-double bond and a saturated carboxyl side chain (Brodowsky

et al., 1992).

The production of 100HPODEs from 6noleic &cid by the LOX aetivity in mushrooms

was reported by Wurzenburger and Grosch (1984a,b,c,d); however, these authors did not

suggest any mechanism for this bioconversion.

2.1.4. Sources oC IipoSYleDue

In 1928, lipoxygenase (LOX) wu discovered when Boho and Baas reported the

presence of a carotene-destroying enzyme "carotene oxidase" in soybean. Andre and Hou

(1932) aIso later reported that soybean contains an enzyme which oxidizes PUFA and

subsequently named it "Lipoxidase". Summer and Summer (1940) had success in showing that

partially purified LOX bas a much lower activity in oxidizing carotene than the crude enzyme

extraet therefore raising the possibility that there is a second enzyme in addition ta a LOX

aetivity which oxidizes carotene (Kies et al., 1969). The occurrence of LOX wu original1y

thought to be confined to seeds ofleguminous plants and some cereals (Tappel, 1963), but it

is now Icnown to be more wide1y distnDuted among higher plants (Pinsky et al., 1971; Grosch,

1972) where they play a physiologica1 role in such degradative processes as senescence,

wounding, and infection (Hildebrand, 1989). Particularly rich sources of LOX are soybean

(Wagenknecht and Lee, 1956; Axelrod et al., 1981), patato tubers (Galliard and Phillips.,

1971) and eggp1ant (Grossman et al.t 1972a). LOX also occurs in leaves (Grossman et al.,

1972b; Antis and Friend, 1972b) and avocaclo peels (prusky and Kobiler, 1985).

The occurrence oC LOX in animal tissues wu first questionabl~ since lipid

peroxidation in animal tissues wu believed to be exclusively due to ubiquitous heme

compounds (Boyd and Adams, 1955; Tappel, 1963). However, the unfo1dina prostaaJandin
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research in the Mid 1970s le<! to the disc:overy of LOX aetivity in platelets (Veldink et al.,

1977) and leukocytes (Borgeat et al., 1976). Recently, LOX bas been round in cbicken muscle

(Grossman et al., 1988), the oocytes of the frog Xenopus /aevis (Hawkins and Brash, 1989)

and fish tissues (Hsieh and KinseUa, 1989). In animals, it is well established that the produds

of the LOX reaction play a role in the pathway which leads to the formation of important

regulatory molecules in inflammatory responses, leukotrienes, and lipoxins (Siedow, 1991).

The presence of LOX aetivity was first reponed in microorganisms of Aspergillus

niger, Aspergillusflavoryz~Aspergillus jionigallls and Penicillium g/ouCIIIII by Mukherjee

(1951). A LOX-like enzyme wu alsa reported inPseudomonas aeruginosa by Shimabara and

Hashizume (1973). Since then, LOX activity wu exhibited in the fungus Pleurotus

pulmonarius (Belinky et al., 1994) and Lagenidium giganteron (SimmODS et al, 1987).

Hennan and Hamberg (1987) reported the presence of LOX aetivity in • partially purifie<!

preparation of Saprolegnia parasitica. Matsuda et al. (1976) reported the purification of •

Co2
+ requiring heme protein having LOX aetivity ftom Fusarill1ll oxysponDll. Moghaddc"'Jll

and Gerwick (1990) reponed a highly active LOX..type aetivity in a crude &action of

Gracilariopsis lemaneiformis. A Rovel Catty acid dioxygenase wu reported in the two fimgi,

G. graminis and L arvalis (Brodowsky et al., 1992; Brodowsky and Olîw, 1992, 1993; Su et

al., 1995).

In mushrooms such as P. bispora, a LOX activity was reported to be responsible for

the conversion of linoleic &cid into the 100BPODE which wu in tum cleaved by BPL to

produce l-octen-3-o1 and 10-oxo--8-decenoic &cid (Wurzenburger and Grosch, 1982,

1984a,b,c,d); linolenic &cid wu aIso converted into I,S--oetadien-3-o1, 2,S--octadien-l-01 and

10-oxo-8--decenoic acid (Wurzenburger and Grosch, 1986). The occurrence of LOX aetivity

is suggested by the production of eight..carbon compounds in the fùngi Penicillium and

Aspergillus (Kaminski et al., 1974) and edible mushrooms such u Agaricus bisponu and

Psa/liota campestris (Maga, 1981).

The presence of LOX aetivity wu reponed in the yeast Saccharomyces vini

(Lyudnikova et al., 1984) used in champagne production and in Rhodotorll/a glutinus (Collins
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and Buick, 1989). Shechter and Grossman (1983) purified a LOX traction ftom

Saccharomyces cerevisiae.

Investigations ofmarine red algae have yielded a wide variety ofoxylipins (Gerwick et

al.., 1991)., an encompassing term for oxygenated compounds which are formed ftom fatty

acids by reactions involving al least one $lep of mono- or dioxygenase-catalyzed oxygenation

(Gerwick et al.., 1991). The detection ofsuch type ofLOX-like aetivity was reported in the

alga Laminaria sinclairii., Laminaria saccharina and Laminaria setchellii (proteau and

Gerwiclc, 1993). Gracilariopsis lemaneiformis (TWlg and Gerwick, 1991). Lithothamnion

coral/ioides and Lithothamnion ca/careum (Hamberg et al., 1992), Pti/ota fi/icina (Lopez

and Gerwick, 1987)., and Farlowia mo/lis (Salem et al., 1989).

Beneytout et al. (1989) reported a purified LOX Ü'om the green alpe, Oscillatoria sp.

Zimmerman and Vick (1973) reported a LOX activity in a crude and partially purified extraet

from the green algae C. pyrenoidosa. Iny et al. (1993b) reported a purified LOX fraction Ü'om

the thennophilic actinomycet~ The""oactinomyces vu/garis. Hamberg et al. (1992) reported

the presence of a LOX aetivity in the red alga Lithothomni01l cora/lioides extI'aCt. The

presence of a 12-LOX-type aetivity reported in the acetone powder extraet of the marine red

aIga G. /emaneiformis (Moghaddam and Gerwick, 1990).

2.2. CharacterizatioD of LipoIYleaue Isozymes

Charaeterization of the enzymes with respect to their properties shows that the LOXs

comprise a large group ofdiverse enzymes (Axelrod, 1974).

2.2.1. Isozymes

Kies (1947), who questioned the identity ofLOX and carotene oxi~ thought that

the LOX aetivity wu caused by more than one enzyme in soybean extracts, responsable for B

carotene oxidation. Koch et al. (1958) subsequendy reported that on the buis of

measurement ofperoxide-forming ability, soybeans contain two LOXs. one whose preference

was for the triglyceride and the other for ftee acids. Christopher et al. (1970) purified to
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homogeneity a second isozyme trom soybean which difFered trom the first in pH optimum and

ester-acid preference; hence,. the original enzyme (TheoreU et a/., 1947) wu designated u

LOX-! and the new isozyme as LOX-2. Yamamoto et al. (1970) also isolated an enzyme

designated as "b" which may be identical to LOX-2. A third isozyme LOX-3 wu isolated

fram soybean by Christopher et al. (1972); it wu distinct fi'om the other two isozyD1es in its

elutian profile trom DEAE-Sephadex column, isoelectric point, pH-profile and eiFect of

calcium ion on its' aetivity. The presence of four isozymes LOX-I, -2, -3 and -4 in soybean

was subsequently reported (Hurt and Axelrod, 1977; Axelrod et al., 1981); they differed ftom

one another in reaetion produets, pH optima, substrate specüicity and mobility in SDS gels

(Axelrod et al, 1981; Kitamura et al., 1983; Matoba et al, 1985).

The presence ofLOX isozymes is not limited to soybean. Anstis and Friend (1974a)

separated four isozymes trom pea seed and bve active fiactions from pea seed1inp. However,

Arens et al. (1973) reponed that only two to tbree isozymes were separated trom fresh green

beans, whereas Hale et al. (1969) showed the presence of one to two isozymes trom green

bean seeds. Two isozymes were isolated trom Caba beans (Beaux et al., 1973; Eskin and

Henderson, 1974), winged bem (Van Den et al. 1982) and wheat fiour extraet (Graveland,

1970; Wallace and Whealer, 1979).

Three isozymes LOX-l, -2 and -3 were reported in soybean (Engeseth et al., 1987),

the germ ofbread wheat (Nicholas et al., 1982) Uld immature English pea seeds (Chen and

Whitaker, 1986). However, Ohta et al (1986) reported the presence of ooly LOX-3 was

reported in rice bran and its embryos. In contrast, Ida et al. (1983) showed the presence of

LOX-I, LOX-2 and LOX-3 in riec bran; moreover, these authors demonstrated that riec

LOX-l and LOX-2 are similar ta soybean LOX-2. A type-l LOX wu reported Û'om pea

seeds (Reynolds and Klein, 1982b).

2.2.2. EfTect of pH OD IipoSJleaue ÎlOZ)'IIIe acdvity

In general, enzymes are active only within a narrow pH range; the pH optimum is

dependant on other fàctou such as time of reactioD, temperature, type of substrate, substrate
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concentration and the chemical propenies ofthe medium in which the reaction is beïng carried

out, such as ionic strength, type and source ofthe enzyme and its purity (Whitaker, 1972).

Almost all plant LOXs, except soybean LOX-I, have optimum activities al pH 6.S-7.0

(Siddiqi and Tapple, 19S6; Eriksson and Svensson, 1970; Ga1Iiard and Phillips, 1971; Yoon

and Klein, 1979; GaIliard and Chan, 1980). Soybean LOX-l and -2 (Christopher et al., 1972)

bave optimum activity at pH 9.S and 6.5, respec:tively, whereas LOX-3 ranged ftom pH 4.5

9.0. Axelrod et al. (1981) reported that soybean LOX-2 is a neutral plant enzyme because it

bas an optimum pH of6.5-7.0. Davies et al. (1987) reported tbree isozyntes in soybean seeds;

LOX-l bas an optimum pH of9.0-9.S (Axe1rod et al, 1981) while LOX-2 and -3 have a pH

optimum between 6.0 and 7.0. A partiaUy purified Ca-stimulated LOX trom soybean seeds

(Dressen et al., 1982) bad optimum aetivity at 7.S while the LOX-2 ftom soybean (Andrawis

et a/., 1982) had a pH optimum of6.S and its range ofaetivity was between pH S.0-8.0.

The winged bean LOX (Mtebe and Gordon, 1987) was more active al pH 9 tban at pH

7. The major isoenzyme trom immature English pea seeds (Chen and Whitaker, 1986) and

sweet corn germ (Theeralculkait and Barrett, 1995) exhibited maximal aetivity at pH 6.S-7.0.

The LOX isozyme of mature maize genn (Gardner, 1988) which had a broad pH optimum

between 6.0 and 7.2 as weil as that ftom the embryos ofinbred yellow dent corn (Belefant and

Fang, 1991) exhibited optimal ac:tivity at pH 6.8-7.0. The partially purified enzyme extraet

tram crude waterme10n hypo-cotyl root exlubited two pH optima, at 4.4 and S.S (Vick and

Zimmerman, 1976). The optimum pH for rice bran isozymes LOX-l, -2 and -3 wu 4.5, S.S

and 7.0, respectively (Ida etal, 1983).

In contrast to plant LOXs, a much more broacler range of optimum pH values wu

found for LOX activity ftom microbial sources. The isolated LOX of P. aeruginosa

(Shimahara and Hashizume, 1973) showed optimal aetivity at a pH of 10.8-11.0 while that of

Baci//us species (Shïmahara, 1964) at the pH of 10.9. Three optima at pH 6.0, 10.0 and over

12.0 were reported for the LOX activity of F. oxysponmt in its crude fonn (Satoh et al.,

1976) while the purified enzyme exlubited optimal aetivity at pH 12.0 with a shoulder peak at
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• pH 10 (Matsuda et al., 1976). Beneytout et al. (1989) reported a purified LOX &om the

green algae, Oscillatoria Spa whose maximal aetivity was at pH 8.8.

The optimal dioxygenase aetivity oCthe fungus G. graminis (Brodowsky et al., 1994)

was between pH 7.2 and 7.6. Herman and Hamberg (1987) reponed that the enzyme oCthe S.

parasitica had a pH optimum at 7.S. Zimmerman and Vick (1973) reponed a LOX aetivity in

a c:rude and panially purified extrae:t trom the green a1gae C. pyrenoidosa demonstrated

optimal aetivity at pH 7.4. A purified LOX trom S. cerevisiae (Shechter and Grossman, 1983)

showed maximal aetivity al 6.3 with very low aetivities with linoleate as substrate below pH

s.o and above pH 7.0. Iny et al. (1993b) reponed that the purified enzyme nom T. vulgaris

showed an optimum pH of6.S using arac:hidonie acid as substrate while with linoleie &cid, a

broad range oC aetivity (pH 3.S • 12.0) wu observed with an optimum at pH 6.0 and a

relatively lower one at pH 11.0; the ae:tivity found at pH 11.0 may be attn"butecl ta the

presence ofan isoenzyme in the purified preparation which is active at a baie pH

• 2.2.3. StabiliziDI r.cton OD lipoSYleDue isozyme .ctivity

Certain compounds cart enhanc:e or promote the expression of enzyme ae:tivity and are

calIed aetivators. Nearly 7S% of ail known enzymes require the presence of metal ions ta

express their full catalytie action. Metal ions cart he either monovalent (Na+, K') or clivaient

2+ 2+ 2+ 2+ 2~ .(Ca ,Mn t Co ,Mg ,Zn J (Whitaker, 1972).

•

There bas been considerable work: on the raie of Ca"+ in stimu1ating LOX ae:tivity

(Holman et al., 1969; Christopher et a/., 1972; Verhue and Franeke, 1972; Dreesen et a/.,

1982). It is reported that Ca2+ may influence the physical state of the fàtty acid substrate in

solution, panicu1arly at low pH (Zimmerman and Snyder, 1974), by eliminatina the floating

micelle fraction (Reynolds and Klein, 1982a). Renee, the role ofcalcium in aetivatina soybean

L-2 MaY be due to its interaction with the Iinoleate substrate., rather than • direct interaction

with the enzyme, thereby making it more accessJble to the enzyme (Zimmerman Uld Snyder,

1974). Andrawis et al. (1982) reporte<! that the activity of LOX-2 nom soybean increased
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when calcium was added. Although, calcium stimulates the aetivity of LOX-2, il inhibits the

aetivity ofLOX-3 under similar conditions (Christopher et al., 1972; Van Den et al., 1982).

Hamberg and Gerwick (1993) reported that the purified LOX of G. Iemaneifonnis

was activated more than IS-fold by the presence of 1 M NaCI; the stimulatory effect wu

almost identical using NaSr, whereas KCllacked the stimulatory effect thereby conclucling

that the ion giving rise to the stimulatory eifect was the sodium ion.. Of the ions test~ Li+

had about 50 % ofthe stimulatory e1Fect at 1 M concentration compared to that observed with

the sodium ion at the same concentration. In addition, Mg+ appeared to have some

stimulatory aetivity (ca. 10 % compared to that ofNa'). On the other band, Cal +, Znl +, Cul +,

Fel +, Mnl + and Col + did not give significant activation..

The F. orysporum LOX requires eo2
+ as an essential stabilizing factor for activity

(Matsuda et al, 1976) as its removal trom the buffer caused a 30 % decrease in aetivity. In

addition, when the enzyme was beated at 300e for 15 min, aetivity wu lost completely

without the presence of Col + whereas 100 % activity wu retained in the presence of Co"+

(Matsuda et al., 1976).

2.2.4. Effect inbibiton OD lipoSYleDue isozyme activity

Enzyme inhibitors are important tools used to investigate the physiological functions

of metabolic pathways and to charaeterize enzymes. Enzyme inhibitors anay provide

information on the degree of reJationship between enzymes.

The iron Itom ofLOXs is the target oftwo major classes ofLOX inhibitors, the redox

and the iron ligand inhibitors (McMiUan and Walker, 1992). Redox inhibitors reduce the iron

trom the catalytically active fenic fonn to the inactive faroua fonn (Nelson et al., 1991).

Nordihydroguaiaretic acid (NDGA) bas this mechanism ofaetion (Nelson, 1988). Iron ligand

inhibitors, e.g. o-phenanthroline and some hydroxamic acid derivatives, chelate ferrous and

fenie iron, respectively (pistorius and Axelrod, 1974; Corey et al., 1984) which partially

• explains their inhibitory efrect (Corey et aL, 1984; McMiIIan and Walker, 1992). Hydroxamic
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acid derivatives mayalso reduc:e ferrie iron to ferrous (Corey et al., 1984; Falgueyret et al.,

1993) and may have other etrec:ts on the enzyme; for example, linoleate-hydroxamie acid is

metabolized by soybean LOX and its Metabolite causes suicide inhibition of the enzyme

(Butovich et a/., 1990).

The panially purified LOX extraet of L cora/lioides (Hamberg et al., 1992) wu

inhibited by 2S % using NDGA at 0.1 mM while S,8, II,l4-eicosatetraynoic acid (ETYA) wu

without effect at a concentration of 0.1 mM. Herman and Hamberg (1987) reponed that the

LOX aetivity in the crude preparation ofS. parasitica wu completely inhibited by lO~ M of

ETYA or NDGA The purified LOX ofG. lemaneiformis (Hamberg and Gerwick, 1993) wu

inlubited by 89 and 78 % in the presence ofETYA and NDGA, respectively while tbat &om

Oscillatoria sp. (Beneytout et al., 1989) showed SO % inhibition al 16.2 J.IM NDGA The

antioxidants NDGA, butylated hydroxytoluene (BHT), tertiary butylated hydroxytoluene

(TBHT), and propyl gallate had IC,o values of2.0, 0.8, 3.0 and 20.0 J,1M, respectively for the

purified enzyme &action from T. vu/garis (Ioy etal., 1993b).

o-Phenanthroline caused SO to 100 % inlubition al 10.3 M for the LOX aetivity ofF.

oxysporum (Matsuda et al., 1976). For the dioxygenase aetivity of G. graminis (Brodowsky

et a/., 1994), the ICso of BW A4C, a hydroxamic acid derivative, and the redox inhibitor,

NDGA wu 0.2 ~ and 0.09 mM respectively. Linoleate-hydroxamic acid (30 JJM) wu

round to inhibit the 8R-dioxygenase by over 80 % while ETYA and o-phenantbtoline inlubited

enzymatic aetivity by 50 % al 0.15 and 2.5 mM, respectively.

Cyanide inhibits LOXs by forming very stable complexes with the heavy metallocated

in the enzyme. Pistorius and Axelrod (1974) repol1ed that ail isozymes of soybean LOX

contains one atom of iron per molecule; however, the nature of the binding of iron to the

enzyme is not known (Eskin et a/., 1977). Cyanide bas bem used to distinguish between

hemeprotein and LOX-catalyzed reactions (Ganthavom and Powers, 1989).

For the LOX-like enzyme inP. M11Iginosa (Shimahara and Hashizume, 1973), cyanide

• inbibited the enzyme reaction by 53 and 79 % al 0.4 and 4 mM, respec:tively. Zimmerman and
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• Vick (1973) reported that a LOX activity in the crude and partially purified extraet from algae

C. pyrenoidosa was not inhibited by 1.6 mM NaCN while 0.2 mM NDGA inhibited the

activity by 100 %. A purified LOX fi'om T. vulgaris (Iny et al., 1993b) wu Dot iDhibited by

2.2 mM KCN whereas that ftom S. cerevisiae (Shechter and Grossman, 1983) wu inhibited

by 70 and 10 %, using propylgallate and KCN, respectively. Cyanide wu a highlyeffective

inhibitor (40 %) at 10-2 M for the LOX aetiYÏty ofF. orysporum (Matsuda et al., 1976).

Gibian and GaIaway (1976) reported that the oxygenation of linoleate and

arachidonate, catalyzed by soybean Lax, wu subjected to competitive product inhibition

which caused the reaction to cease before completion. This process wu reversible upon

addition of further substrate and wu proposed to he a cbemical (reversible) change of the

enzyme. Iny et al. (1993b) reported that the purified enzyme aetivity ftom T. vulgaris wu

inhibited by the presence oe9- and 13-HPODEs at concentrations above 10 J,&M.

2.2.5. Molecular weilht of lipoSYlenase isozymes

• The soybean LOX was first crystallized by TheoreU et al. (1947) and had a molecular

weight (MW) of 100 kDa. Vick and Zimmerman (1976) reported that LOX-l and -2 ftom

watennelon seedlings had a MW of 120 and 240 kDa, respectively while that fi'om young

cotton seedlings was 100 lcDa (Vick and Zimmerman, 1981). Nicholas et al. (1982) identified

three isozymes, LOX.. l, -2, and -3 in the germ ofbread wheat whose MW wu estimated 10

be 90, 9S and 110 kDa, respedively. Reynolds and Klein (1982b) identified the presence of a

type-I LOX in pea seeds whose MW was 64 to 65 kDa. Chen and Wbitaker (1986) reported

that the major isoenzyme itom immature English pea seeds, LOX·2 showed a MW of 100

kDa.

The MW of the partially purifie<! LOX nom lupin (Olias and Valle, 1988), avocado

(Marcus et al., 1988), potato tubers (Ga1Iiard and Phillips, 1971) and tomato tiuit (Bonnet

and Crouzet, 1977) wu reported to be 92, 74, 100, and 87 kDa, respective1y; in contrut,

germinating sunflower seed LOX (Leoni et al., 1985) had a MW of250 kDa.
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The MW of the LOX ofF. orysponnn wu estimatecl ta be between 12 ta 13.7 kDa

(Matsuda et al, 1976). A purified LOX ftom Osci/latoria sp. (Beneytout et al., 1989) Uld T.

vulgaris (Iny et al., 1993b) possessed a MW of 124 and 160 kDa, respectively. The MW of

the LOX from S. parasitica was found to be 145 ta 150 kDa (Herman and Hamberg, 1987)

while that from G. /emaneiformis (Hamberg and Gerwicle, 1993) wu 84-89 kOL

2.2.6. Temperature stability of Iip0S)'lenue isozymes

Temperature plays a very important role in ail reactions; it affects the stability of the

enzymes and their corresponding substrates, the availability of substrates and cofàctors, the

affinity of the enzyme towards the substrate, the ae:tivators and inhibiton as weU as the

formation ofby-produets (Whitaker, 1972).

The LOX ofF. oxysporum wu stable at 70°C Uld less for 15 min whereu aetivity

was lost completely by heat treatment for 60 min at 100°C (Matsuda et al., 1976). Beneytout

et al. (1989) reported a purified LOX from the green algae, Oscillatoria sp. wbicb maintained

50 % of its aetivity at 45°C for 5 min; bowever, activity wu completely lost by a 5 min

treatment at 70°C. The LOX aetivity of the crude and partially purified extraets of C.

pyrenoidosa (Zimmerman and Vicie, 1973) wu destroyed by heating for 2 nùn al 100°C. The

LOX activity in the partially purified preparation from S. parasitiCD (Herman and Hamberg,

1987) was stable at OOC retaining 88 % ofits aetivity after 6 brs while at 3,oC, ail aetivity wu

rapidly lost.

°The LOX from F. orysporum (Matsuda et al., 1976) showed optimal aetivity at 40 C

while that from P. ae1'llginosa (Sbimahara and Hashizume, 1973) wu between 3,oC and

40°C. The general temperatures found for maximal LOX aetivity of microbial sources are in

the range of 35-40oC. However, Iny et al. (1993b) reported that a purified enzyme nom T.

vulgaris possessed an optimum temperature al 5SoC and significant aetivity al 7SoC. The

purified thermophilic enzyme wu also unstable al temperatures below zero, although at 4°C,
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it kept its stability for a few days. These data show that the LOX Û'om thermophilie bae:teria

has the properties of a classical thermophilic enzyme with a relatively stable protein

conformation wbereas LOXs ftom other microbial sources are less stable and at temperatures

over 45°C.

2.2.7. Substrate specilicity of IipoSYleDase isozymes

Substrates for LOX may be straight chain Catty acids, esters, alcohols and

hydroxymates (Haining, 1974) and halides (Blain and Shearer, 1965) which contain a cis, cu

l,4-pentadiene structure. The most common substrates used are essential Cany &cids such as

linoleic, linolenic and arachidonic acids (Hamberg and Samuelsson, 1965, 1967). Linoleie acid

is probably the best substrate for LOX activity (Axelro~ 1974; Takagi et al, 1987).

However, the pH-dependent solubility of linoleic acid in the aqueous reaction medium causes

Many difficulties. The poor water 501ubility of linoleic acid can be improved by the addition of

emulsifiers such as Tween..20 ta the reaction mixture (Surrey 1964; Grossman et al., 1969;

Ben..Aziz et a/., 1970).

The three LOX isozymes in soybeans have slightly different substrate specificities;

LOX-l is MOst active on linoleic acid, while LOX-2 is more active on arac:hidonic &cid than

on linoleic acid and LOX-2 and -3 are somewhat more active on methyllinoleate than on

linoleic acid (Bild et al., 1977; Axelrod et al., 1981). In addition, soybean LOX-l shows a

marked preference for cbarged fatty acids and therefore shows little reactivity with tàtty &cids

that are esterified (i.e., u they would be found in a membrane). LOX-2 and -3 are more

reactive toward neutral Catty acids but will reac:t with Û'ee fatty &ciels, puticularly al pHs

below 7.0 (Siedow, 1991).

Arachidonic, linoleie and S,8,11,14,17-eicosapentaenoic acids ail served u good

substrates for the LOX aetivity in the S. parasitica crude extraet (Hennan and Bamberg,

1987). The specific aetivity of the LOX of F. œyspo1'U1ll wu 19.4, 9.S, 1.46 and O.9S

unitslmg for linoleic &cid, methyl linoleate, Iinolenic &cid and methyl llnolenate, respec:tively

(Matsuda et a/., 1976); the monoenoic oleic acid and the saturated stearic &cid were inactive.
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The LOX aetivity in the partially purified extraet trom P. bispora (Wurzenburger and Groscb,

1984c) oxidized a-linolenic acid at about one third of the rate as that round for linoleic acid

while y-linolenic, methyl linoleate and trilinolein were not accepted as substrates. In general,

the free tàtty acids-linoleic, Iinolenic and arachidonic serve as substrates for microbial LOXs;

however, the LOX of the fungus L giganteum is an exception since it oxidizes ooly

eicosapentaenoic, arachidonic and docosahexaenoic acids in decreasing order (Simmons et al.,

1987).

The LOX aetivity in the crude and panially purified extraet &om C. pyrenoii/osQ

(Zimmerman and Vicie, 1973) wu active with both linoleic and tinolenic acids, the latter was

approximately 30 % more active than the former. A LOX-Iike enzyme wu reponed in P.

aeruginosa (Shimahara and Hashizume, 1973) which exhibited relative aetivities of 0.15 and

0.73 for methyl oleate and methyllinoleate, respectively, in comparison to linoleic acid.

The purifiecl LOX trom S. cerevisiae (Shechter and Grossman, 1983) demonstrated

greater aetivity towards arachidonate and linoleate as substrates than ÜDolenate. Iny et al.

(1993b) reported that the purified enzyme trom T. vulgaris showed substrate spec:ificity

towards linoleic acid (100 %), linolenic acid (33 %), arachidonic acid (22 %) 8,11,14

eicosatrienoic acid (43 %), II,14,17 eicosatrienoic 8Cid (38 %) but wu not active when the

substrate was linoleic &cid ethyl ester (0 %).

2.2.8. End..product specificity of lipoSYleaase isozymes

LOX isozymes are general1y classified into tbree types according to the positional

specificities ofHPODEs produced when linoleic acid is used as substrate. This classification is

based on soybean LOX isozymes. LOX-l catalyses exclusively the production of 13-HPODEs

(95%), LOX-2 catalyses the production ofequal amounts of 9- and I3-HPODEs and LOX-3

produces more 9-HPODE (65%) (Axelrod et al., 1981). Specificity for the site ofO2 insertion

into the substrate during oxidation is aft"ected by many factors including, source ofLOX, type

of isozymes, substrate and experimental conditions such u pH, temperature and 01 tension

(Eskin et al., 1977).
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• The ratio of Il· to 9-HPODEs formed trom linoleic acid wu 95:5, 70:30, 40:10,

50:50 and 87.7:12.3 by LOX aetivity ftom potato (Galliard and Phillips, 1971), soybean

(Hamberg and Samuelsson, 1965), fil" seed (Zimmennan and Vicie. 1970), dry immature

English pea seed (Roza and Francke, 1973), and immature English pea (Chen and Whitaker,

1986), respectively.

The major isoenzyme ftom pea (Gardner, 1970) catalyzed the peroxidation of linoleic

acid at the 13 and 9-positions with a ratio of 50:S0. Grosch and Laskway (1975) stated that

LOX-l oxidizes Iinoleic acid only to the 13-HPODE whereas LOX...2 and -3 catalyze the

formation of9- and Il-HPODEs in an approximate ratio of 1:1.

A purified LOX Û'omF. oxysporum converted linoleic &cid ioto 9- and 13-BPODEs al

a ratio of 70:30 al pH 9.0 and 56:44 al pH 12.0 (Matsuda et al., 1978). An enzyme

preparation ftom the red alsa L corallioidu produced the I1-HODE u weil u smaller

amounts of 9- and Il-HODEs and 11-ketcr9,12-oc:tadecadienoic &cid ftom linoleic acid

• (Hamberg et al., 1992). Shechter and Grossman (1983) reported that the 9- and 13-HPODE

isomers are produced by the purified LOX ofS.cerevisiae with a quantitative ratio of 1:1.

2.3. Enzyme Assay

The primary produets of the LOX enzymatic reaction are cis, trœu-conjusated diene

HPODEs. There are severa! methods tbat have been developed for determining the rate of the

enzymatic reaetion. The most commonly used methods are the polarographic method and the

spectrophotometric teclmique.

•

The polarographic or oxygen electrode method measures oxygeD uptake by the

substrate in the presence of enzyme. It measures the reactiOD coDtinually ftom the beginning

and the whole reaction may be completed in a few minutes. This method is especiaIly suitable

for kinetic studies usina the pure enzyme and the crude extract (GaIliard, 1983) and does not

requite optically clear substrate solutions for measuring oxysen uptake. However, the oxygen

uptake in the polarographie usay is Dot specifie for LOX aetivity only (Niebolu and Dopron,
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1981). Strict controls must be employed when the aetivity of crude extraets or particles is

tested, since oxygen uptake cao be caused by other systems in the respiratory chain. Renee,

for the determination of the presence of a true LOX, the use of at least two criteria to assay

the activity ofextraets and fractions is recommended (Grossman and Zakut, 1979).

The polarographie method bas been used to access the LOX aetivity in the CRIde F.

orysporum extract (Satoh et al, 1976) and the diSRlpted S. cerevisiae yeast ceUs (Shechter

and Grossman, 1983); the velocity wu measured trom the initia1linear portion orthe oxygen-

consumption curve and the unit wu defined as 1 J,Unole 01 consumed per minute at 25°C. In

addition, the LOX assay of the purified cucumber cotyledon (Matsui and Kajiwara, 1995) and

the bell pepper (Luning et al., 1995) extraets was also performed using an oxygen electrode.

The direct spectrophotometrie determination of enzyme aetivity is based on the

absorbance at 234 Dm formed when the cis,cis-l,4-pentadiene-containing substrate is oxidized

(Surrey, 1964). The advantage ofthis method is that it is simple and rapid but it a1so requires

optically clear solutions. When the method is operated at pH 9.0 or above, the unsaturated

fatty acids are present in a soluble form as an ammonium or sodium salt; however, at lower

pH values, the addition of the detergent , i.e. Tween-20 (polyoxyethylene sorbitan

monolaurate) is necessary for the solubility of the PUFA (Grossman and Zakut, 1979).

Tween-20 does not absorb ligbt al any wavelength of the ultraviolet spectrUm but bas been

reponed to have competitive inhibitory effects when the amount ofdetergent exceeded that of

linoleic acid; this effect is MOst striking at low substrate concentrations where the TWeeD

substrate ratio is the higbest (Surrey, 1964; Grossman and Zakut, 1979). Another

disadvantage is the difticulty in determining LOX activity ofcrude enzyme extraets due to the

turbidity ofthe preparation (Eskin et al., 1977); in addition, when preparations oflow specifie

activity are used, interference ftom protein absorption can he a problem (Axelrod, 1974).

The spectrophotometric method wu used to measure the conjugated diene absorption

ofthe HPODEs at 234 nm produced by LOX aetivity ftom winged beans (Mtebe and Gordon,

1987), watennelon (Vick and Zimmennan, 1976), sweet com letm (Theeraku1kait and

Barrett, 1995), the partially purified C. pyrenoidosa extraet (Zimmennan and Vicie, 1973), the
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crude wine yeast S. vin; extraet (Lyudnikova et al, 1984), the S. cerevisiae extraet (Shechter

and Grossman, 1983) and theF. orysporum extraet (MatsudaetaL, 1976).

Due to the ditrerent substrate specificity of LOX isozymes, LOX-l aetivity ftom

soybeans was determined by measuring conjugated diene absorption al 234 nm with Iinoleic

acid as substrate al pH 9.0 whereas LOX-2 aetivity wu determined at 238 Dm with

arachidonic acid al pH 6.1 while LOX-J activity was determined at 234 Dm and 280 Dm (keto

dienes) with linoleic acid at pH 6.S (Franlcel et al., 1988). Axelrol et al. (1981) suggested that

280 nm was the preferable wavelength to measure ketodiene formation by LOX-3 aetivity u a

secondary reaetion produet, as ketodiene formation is reasonably linear with lime whereas the

simultaneous HPODE production at 234 nm is not.

With respect to the polarographic procedure, the assay of LOX-l at pH 9.0 with

linoleic acid can be performed; however, the polarographic procedure is not weB suited for

measuring LOX-3 aetivity with Iinoleie &cid as it fails to give good stoichiometry between

enzyme concentration and specifie aetivity (Christopher et al, 1972). The LOX-2 aetivity

with linoleic acid may be measured; however, when arachidonic acid is employed, the

stoichiometric relationsbip between (h consumed and produet(s) formed is more complieated

(Axelrod et a/., 1981).

2.4. cen DisruptioD

The ftozen mycelia of F. orysporum were homogenïzed with a Warring blender

(N'mon Seikï Kogyo Co., Iapan) for 1 min and the cells were disrupted by a two-q'cle

treatment with a Manton-Gaulin (Manton-Gaulin Manufacturing Co., USA) al 8000 lbs

(Matsuda et al., 1976). A crude LOX extraet wu prepued trom S. parasitica (Herman and

Hamber& 1987), by homogenization in an ice-cold buft'er with a Polytron. Moreover, the ceUs

from T. vu/garlS; were sonicated (three times for 1 min each) and also homogenized using a

polytron homogenizer (Iny et al., 199Jb). The fimgus L giganteum (Sïmmons el aL, 1987)

was frozen and homogenized for 2 min under CCh in phosphate butfer (0.2 M, pH 7.S) using

a Braun homogenizer.
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Pieces of the ftozen algae G. lemaneiformis were homogenïzed using a Potter

Elvehjem type homogenizer (Hamberg and Gerwick, 1993). The fungus G. graminis

(Brodowsky and Oüw, 1992; Brodowsky et al., 1994) was disrupted by using a ceU sonieator

(Sonifier Cell disrupter, Branson) or by mincing the ftozen mycelia in a monar (at +4°C) with

A1203 (Shoun et al., 1985) and Tri~HCl butrer solution (0.05 M, pH 7.4 with 1 mM EDTA

and 1 mM EGTA); the latter method was also used to obtain the enzymatic extraet ftom the

fungus L arvalis (Brodowsky and Oliw, 1993). Su et al. (1995) homogenized the ftozen

mycelia ofthe fimgus Go graminis with alumina type A-S in potassium phosphate (pH 7.4).

The green algal cells ofC. pyrenoidosa (strain 211-8B) were homogenized using glass

beads (0.28 mm diameter) (Zimmerman and Vicie, 1973) wbile those of Oscillatoria sp.

(Beneytout et a/., 1989) were homogenized usins an Ultra Turrax homogenizer (3000 rpm,

15 min). The recl alga L corallioides (Hambers et a/., 1992) wu crushed and ground into a

powder using a mortar and liquid nitrogen; the powder wu suspended in buffer and

homogenized with an Ultra-Turrax (lanice and Kunkel, Staufen, Germany).

The yeast cells ofS. vini (Lyudnikova et aL, 1984) were ftozen and crushed in a press

using the method of Lyubimov and Lvov while those of S. cerellisiae (Shechter and

Grossman, 1983) were shaken thirty times for 30 sec using 0.2 mm Ballotini beads in 7S-ml

Pyrex bottles at 4°C in a Braun shaker at 4,000 rpm.

l.S. Enzyme ExtractioD

Kermasha and Metche (1986) reported that LOX ftom Phaseolus vulgaris wu

defatted by successive washing with acetone and diethyl ether which resulted in • two-Cold

increase in enzyme aetivity when compared to that using hexane; tbis e1fect may he related to

the polarity of the solvents, sinee bath diethyl ether and &Cetone bave a higher polarity index

(2.8 and 5.1, respectively) than that of hexane (0.1). The efFect of oraanic IOlvents on LOX

activity was investigated by Allen (1968). Galpin and Allen (1977) bave reported that the

effect of n·alcohols and n-carboxylic acids on LOX aetivity wu due to the physicochemical
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• interactions between these organic solutions and the substrate rather than their direct etfects

on the enzyme configuration.

Endogenous lipids were removed from peas by using acetone and diethyl ether (_30
0
C)

and the crude enzyme wu then extraeted using Tris-HCI butrer solution (Eriksson and

Svensson, 1970). Ganthavom and Powers (1989) reported tbat Iipids were extraeted trom

asparagus using an acetone wash (_30
0
C) and the enzyme wu then extracted from the

defatted powder using potassium phosphate buffer al 4
0
C. The winged bem seeds (Mtebe and

Gordon, 1987), soybean seeds (Axelrod et al., 1981) and wheat germ (Bhirud and Sosulski,

1993) were ground into a fine powder and defatted with hexane. Singleton et al. (1976)

prepared acetone powders of cured peanuts which were subsequently defàtted using &Cetone

and ether while 5hiiba et al. (1991) defatted wheat genn using aeetone.

2.6. Enzyme PurificatiOD

• LOX was purified by conventional techniques of protein isolation, such u ammonium

sulfate fractionatioDS, ion-excbange chromatography, size-exclusion chromatography,

isoelectric foeusing, chromatofocusing, reverse-phase c:hromatography, hydrophobie

chromatography, affinity chromatography and elearophoresis. These techniques are reliable

for the isolation and separation of the enzyme &om other proteins based on their respective

physical and chemical proPerties (Eskin et al., 1977).

2.6.1. Ammonium sulrate precipitation

Once the enzyme bas been solubiliz~ an early purification $lep involves salt or

alcohol mediated precipitation, foUowed by resolubilization and desa1tinS. The objec:tive of

this procedure is two-fold; the tint is to reduce the volume of the staning mataial to a level

amenable to subsequent purification steps while the second is the removal ofgrou impurities

such as carbohydrates, Iipids and nucleic .cids. Fractionatioll of protein mixtures by

precipitation with organie solvents such u ethanol and aceton~ ammonium sulfate and

• polyethylene glycol is used. The molt &equently used salt is the ammonium sulfate and its
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principal advantages are its high solubility (ca. 700 gI1iter) which permits the precipitation ofa

wide scale of protein Molecules, low cost and stabiIizing effect on the aetivity of most

enzymes (Lillehoj and Malik, 1989).

The tirst soybean LOX extraet wu partially purified by Theoren et al. (1947) using

ammonium sulfate ftaetionation and the final produet wu crystaJ]jzed. Sînce then, many

partially purified preparations of LOX have been reported in the literature (Tappel, 1961;

Yamamoto et al., 1970; Verhue and Francke, 1972). LOX active proteins isolated ftom

various sources were precipitated with ammonium sulfate using dift'erent levels of saturation

Olias and Valle (1988) reported that LOX wu partially purifie<! tram lupin by ammonium

sulfate at 2S % saturation. LOX from immature English pea (Chen and Whïtaker, 1986) and

pea (Eriksson and Svensson, 1970) was preclpitated by ammonium sulfate at 25·50 % of

saturation. Ammonium sulfate at 20 to 50 % of saturation was also used to precipitate the

LOX of P. vulgaris (Kennasha and Metche, 1986) and pea seed (Haydar and Hadziyev,

1973). Klein (1976) indicated that LOX wu isolated ttom clried split pea seeds, &ozen raw

peas and snap beans by ammonium sulfate ftactionation at 30-50 % of saturation; this ranle

was aIso used ta isolate and purify LOX trom dried WÏDged beans seeds (Van Den et al.,

1982). LOX from peas (Acens et al., 1973) and soybean seeds was isolated using 30-60 %

saturation. Partially purified LOX from asparagus (Ganthavom and Powers, 1989) and potato

tubers (Galliard and PhiIlips, 1971) wu obtained by precipitation with ammonium sulfate at 0

sa % saturation. Reynolds and Klein (1982b) indicated that LOX-l wu partially purified fi'om

pea seeds by 25e60 % whereas commercial soybean LOX (Stevens et aJ.7 1970) and green

bean LOX (Adams and Ongely, 1989) were purified al 40-60 % of ammonium sulfate

saturation. LOX wu isolated ftom peanut seeds (Sanden et al., 1975) and WÎnSed beans

(Mtebe and Gordon, 1987) with ammonium sulfate at 4().65 % Uld 30-40 % of saturation,

respeetively. Ammonium sulfate at 60 and 40 % of saturation was used to precipitate LOX

trom a crude watermelon hypocotyl.root extract (Vick and Zimmennan, 1976) and the genn

ofbread wheat (Nicholas et al., 1982).

Theeralculkait and Buren (1995) used acetone to extraet LOX aetivity tram sweet

corn germ, resulting in an &Cetone powder; ammonium sulfate precipitation al 4Q.6O % of
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saturation was used to further partially purify the LOX extract. LOX trom avocado (Marcus

et a/., 1988) was panially purified by 66 % acetone precipitation from 20 % acetone

supematant.

The crude suspension of F. oxysponnn (Matsuda et al., 1976) and S. parasitica

(Herman and Hamberg, 1987) was panially purified using anunonium sulfate al 10-100 and

25-55 % ammonium sulfate of saturation, respectively. The crude extraet of the fimgus G.

graminis (Brodowsky et al., 1994) wu partially purified by acetone and ammonium sulfate

precipitates (0-40 % of saturation); about 80 % of the total IR-dioxysenase aetivity wu lost

during ammonium sulfate precipitation and acetone precipitation. A crude LOX extract ftom

G. lemaneiformis (Hamberg and Gerwiclc, 1993) and G. graminis (Su et al., 1995) wu

partially purified using ammonium sulfate precipitation al 30-55 % and 20-45 % saturation.

respectively.

A partia11y purified LOX preparation Û'om the recl aigu L corallioidu (Hambers et

al., 1992) and the green a1gae C.prenoidosa (Zimmerman and Vicie, 1973) wu obtained by

ammonium sulfate at 30-55 and 0-42 % of saturation, respectively. A LOX-Iïke enzyme wu

partially purified ftom P. aeruginoSQ by (Shimahara and Hasbizume, 1973) usins ammonium

sulfate at 35-65 % ofsaturation.

A LOX-type enzyme trom an extraet of mushrooms (Wurzenburger and Groscb,

1984a,b,c,d), was obtained by precipitation with polyethylene glycol (3-6 % saturation).

2.6.2. Liquid Cbromatolrapby

Protein separations are normally performed usins Iiquid chromatography which

employs a liquid mobile phase and a soüd stationary phase packed into a tubu1ar sbaped

column. The development ofcolumn packings with high performance. high resolution, speed.

stability and rigidity bas made it easier to isolate and purify proteins. Packinp based on

Sepharose resins provide high flow rates and good recovery of proteins wbile preserving

biological ae:tivity, in comparison to conventionalliquid chromatography techniques, tbereby

• allowing separations to be performed on a time-scale ofminutes (Lillehoj and Malik. 1989).
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2.6.3. Ion-exchange chrom.to....phy

Ion-exchange chromatography is a technique which separates biomolecules accordins

to their differences in charge; it involves the interaction of charged funetional groups in the

enzyme sample with the ionic functional groups of opposite charge on the absorbent surface.

Anion-exchange chromatography is mediated by the interaction of negatively cbarged unino

acid side chains (e.g. aspanic acid and glutamic acid) with positively charged supports;

proteins with a net negative charge~ Le. in an aqueous solution with a pH above their

isoelectric point will bind to these supports. Cation exchangers are prepared by polymerization

of negatively charged groups to sillca for interaction with positively charged residues (e.s.

lysine and arginine); proteins in a solution with a pH below their isoelectric point will interact

with these absorbents (Lillehoj and Malik, 1989). The binding energy between the sample and

absorbent is dependent upon the solvent pH, ionic strength and selectivity of the counter-ion;

the best native biological or enzymatic activity is maintained by constant conditions ofpH and

counter-ions with a gradient ofincre8SÏns salt concentration.

There are severa! types of resins~ the most commonly used being DEAE-ceUu1ose~

which were introduced by Peterson and Sober (1956). However~ there are other ion-exchange

resins that have also been used in the purification ofLOX such as DEAE-Sephacel (Ida et al.~

1983) and DEAE-Sephadex (Sanders et aJ.~ 1975; Sekiya et aJ.~ 1977; Reynolds and Klein,

1982b; Van Den et al., 1982). Siedow (1991) reported that anion-exchange chromatography

(Christopher et al.~ 1970; Axelrod et al.• 1981) was used to separate LOX-l from LOX-2 and

-3 due to the large charge difference between the isoelectric point ofLOX-l (5.68) and LOX

2 (6.25) and -3 (6.15) (Axelrod etaI.~ 1981).

Wallace and Whealer (1979) indicated that two isozymes ofwheat gernt LOX were

separated and purified usina DEAE-ceUu1ose. Pea LOX bas been purified using DEAE

cellulose (Eriksson and Svensson, 1970; Arens et aJ.~ 1973; Haydar and Had7iyev~ 1973;

Chen and Whitaker. 1986). Commercial soybean LOX (Stevens et al.. 1970) wu purified

usina DEAE-cellulose. The separation of a calcium-stimulatecl LOX from one active in the

absence of calcium (Dressen et al., 1982). wu readily obtained usina • DEAE-ceUulose
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column. Chen and Whitaker (1986) discovered three isoenzymes nom immature English peas

by DEAE-cellulose chromatography. LOX-l trom soybeans was purified using DEAE

Sephadex (Axelcod et al., 1981). Sephadex DEAE-ASO column chromatography wu uscd in

the isolation of LOX-3 tram soybean (Christopher et al., 1972), of LOX-1, -2, and ·3 nom

wheat genn (Nicolas et al, 1982) and of LOX-2 and -3, ftam soybeans (Axelrod et al.,

1981).

A LOX-like enzyme preparation trom Pseudomonas aeruginosa (Shimahara and

HasbizlIme, 1973) wu purified usiDg DEAE-cellulose chromatography wbile that nom

Osci/latoria sp. (Beneytout et al., 1989) was purified using a DEAE-Tris-acyl column (2.S x

40 cm). The crude extraet ofS. parasitica (Herman and Hambers, 1987) wu purified using a

DEAE Sephadex column (l.8 x 24.S cm).

2.6.4. Size-exclusioD cbroDl.to....phy

Size-exclusion chromatography is a simple and reliable technique used for the

separation of biomolecules according ta their me; macromolecules in the mobile phase

differentially penetrate the pores of the stationary phase particles accordingly to their

hydrodynamic volume such that the larger components are excluded ftom the interior of the

particles whereas the smaller molecules are accessible to this volume. Size-exclusion is an

excellent technique to employ early in a purification scheme, idea1ly as the first or second step,

since it results in sample dilution; proteolysis due to chemica1 or enzymatic effects can

therefore be minimizee! resulting in a bigher yield in the final produet. In addition, a wide

variety ofmobile phases can be used (LiIlehoj and Malik, 1989).

Size-exclusion is suitable for the purification and size estimation of a wide range of

biomolecules, with Sephadex being the MOst commonly used. LOX trom pa, peanut,

commercial soybean and winged beans LOX was purified by Sephadex G-l SO, (Eriksson and

Svensson, 1970; Stevens et al., 1970; Sanders et al., 1975; Klein, 1976; Van Den et al.,

1982). LOX from pea seeds wu purified by Sephadex G-2oo (Yoon and Klein, 1979). LOX

trom lupin was purifiee! by Phenyl Sepharose CL-4B (Olias and Valle, 1988) while that ftom

apple (Kim and Grosch ,1979) wu purified using Sepharose CL-2B.
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• A purified LOX wu obtained from the concentrated enzyme suspension of F.

oxysporum (Matsuda et a/., 1976) by using a SP-Sephadex C-2S column (5 x 25 cm),

followed by a Sephadex G-I00 column (1.5 x 75 cm) and then again the SP-Sephadex C-2S

column. The partially purified extraet of S. parasitica (Herman and Hamberg, 1987) wu

purified by a Sephacryl S-300 column (87.5 x 2.4 cm). The LOX extraet of Osci/latoria !p.

(Beneytout et al., 1989) wu further purified using a Sephadex G-lS0 column (4 x 46 cm)

while that from G. /emaneiformis (Hamberg and Gerwick, 1993) wu purified by using •

Sephacryl S-3oo column (85 x 2.6 cm) (phannacia LKB Biotecbnology) or an Ultrogel AcA

44 (85 x 2.6 cm) column.

2.6.5. lsoelectric-rocusÏDI

•

•

The migration of proteins is determined by their isoelectric point (pl) and the

development of a pH gradient which is fonned by inclusion of high1y mobile amphoteric

components (ampholytes) in the gel matrix. Ampholytes consist ofa collection ofzwitterionic,

small molecular weight polyaminopolycarboxylic acids with ditfering pIs. In the presence ofan

electric field, they arrange themselves in a manner that the most basic are located near the

cathode and the acidic near the anode. A focusing effect is achieved when the proteins migrate

to the position in the pH gradient where their net charge is zero. The resolving power of

isoelectric focusing (IEF) is tremendous u proteins with a single charge cli1Ference cm he

separated on an analytical scale. However, a cleu disadvantage relating to the use ofIEF in a

preparative mode is the tendency of proteins to precipitate out of solution al their pl where

they are less soluble than in a charged !tate (LilIehoj and Malik, 1989). IEF techniques have

been used success1W1y by Funk et al. (1985) to achieve a high degree ofpurification.

Reynolds and Klein (1982b) indicated that a type-I LOX wu purifiecl fi'om pea seeds

using gel filtration, ion-exchange chromatosraphy Uld preparative IEF in asnnuJated sel;

however, extensive loss of enzyme activity occurred during preparative ŒF. Dressen et al.

(1982) partially purified a Ca-stimulated LOX nom soybean seeds, baving an pl ofpH 5.9, by

eleetrofocusing on flat beds of Sephadex G-7S with ampholytes ofpH 3 to Il. Christopher et
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• al. (1972) purified three isoenzymes trom soybean LOX with the use of an LKB column and

LKB ampholytes ofthe pH range 3-10 at a final concentration of 1 %.

The isoelectric point of the LOX of F. oxysporum (Matsuda et al., 1976) wu

estimated ta be 9.46 by IEF electrophoresis. Su et al. (1995) reported tbat active tiadioDl of

SR-dioxygenase tram the fimgus G. graminis were subjected to IEF with 1% ampholyte (3:10

or 5:8) and 20 % ethylene glycol, usinS a preparative IEF cell (Rotofor; Biorad). The apparent

pl of SR-dioxygenase wu between 6.1 to 6.3, however, IEF led to a major loss of enzyme

aetivity sa that specifie activity wu not determined. For looking al unpurified mixtures

containing more than one isozyme,

2.6.6. CbromatorocusÏDI

Chromatofocusing is a relatively new technique tbat, Iike ion-exchange

chromatography, separates macromolecules on the buis of their net ionic charse (Soderbeag

et al., 1982). The sample is applied to the resin at high pH, followed by a buft"er oflower pH

• containing various amphoteric components with a range ofpICa values used to titrate bath the

absorbent and bound sample. The former results in a lînear, descending pH gradient. As this

pH gradient develops, the proteins at the rear ofthe sample zone are the first to be titrated to

the same charge as the support and consequently desorbed from the support alIoWÎDg them to

migrate ta the front of the sample zone where tbey are titrated back to the charge opposite

that ofthe absorbent and reabsorb to it. Proteins comprising a crude mixture can he separated

based upon their isoelectric point with those possessing isoelectric points near the initial

column pH eluting first (Lillehoj and Malilc, 1989).

Feiters et al (1986) demonstrated the heterogeneity of soybean LOX-2 by

chromatofocusing. Four major protein peaks with LOX aetivity al pH 6.6, were found when

the pH range used wu 5.0-7.0. The peak with the lowest pl wu identical to the clusica1

LOX-l. The other peaks belonged to type-2 LOX and were tùrther characterized by

isoelectric focusing.

•
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Funk et al (198S) reported that the separation of soybean LOX-2 and -3, whose

isoeleetric points are 6.25 and 6.15, respectively, was carried out by chromatofocusing USÏDg a

column (10 x 500 mm) ofPBE 94 (pharmacia); the column wu ec[uihorated with imidazole

hydrochloride buffer (0.025 M, pH 7.4) and the proteins were eluted with Polybuffer 74

(pharmacia (1: 10 dilution,pH 5.0).

2.6.7. Revene phase cbrom.tocnphy

Reverse phase chromatography employs a stationary sillca phase bonded with

nonpolar fimctional groups such as alkyl (butyl, C-4; octyI, C-S; oetadecyl, C-1S) or aromatie

phenyl groups and a polar mobile phase sueh as acetonitrile, methanol, isopropanol or

tetrahydrofuran. However, prediction of elution order is often limited by the secondary and

tertiary structures that may prevent sorne hydrophobie amino acids trom interacting with the

support; although the native protein structure MaY be lost using standard organic solvents and

acidie conditions of the mobile phase and hydrocarbon bonding in the stationary phase thus

destroying biological activity, post-column conditions of lyophilization or dialysis, in many

cases, a1low sorne degree ofrenaturation ta occur (Lillehoj and Malik, 1989).

Ramadoss and Axelrod (1982) reported that bigh perfonnance chromatography wu

performed using a SynChropak AX-300 column (0.41 x 25 cm) (SynCbrom) for the

separation of soybean LOX-2 and -3 which could not otherwise be separated based on their

charge as their pIs of6.25 and 6.15 were so close.

2.6.8. Hydrophobie cbrom.to....phy

Hydrophobie chromatography, Iike reverse phase chromatography, relies upon

hydrophobie interactions between the protein sample and the absorbent. However, unlike

reversed phase supports, the bonded phases contain lower ligand densities and morter ligand

lengths (e.g. phenyl and butyl groups). Consequently, surfàce hydrophobicity is reduced

aIlowing hound proteins to be eluted under mild conditions, i.e. neutral pH and bigh ionic

strength. Proteins initia1ly bind to the support in the presence of bigh concentrations of salt

• such as 2 to 4 M ammonium sulfate. During a gradient of decreasing salt concentration, the
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bound proteins will tben be diff'erentially desorbed ftom the absorbent accordingly to their

increasing hydrophobicities. Due to the less disruptive elution conditions, hydrophobie

chromatography is more effective in retaining enzymatie aetivity than reverse-phase

chromatography (Lillehoj and Malik, 1989).

Olias and Valle (1988) purified LOX ftom lupin seed using a Phenyl Sepharose CL-4B

colWlU1, resu1ting in a 24.7-fold increase in specifie aetivity and a recovery of 73.6 % with

respect to the crode extraet.

2.6.9. Affinity chromatolraphy

Affinity chromatography is founded on the principle of constituents being absorbed to

and subsequently eluted Û'om a solid support; the initial binding of the constituent to a

conformationalIy complementary surtàce, i.e. an enzyme to its substrate, conCers a level of

specificity unparalleled by other methods 50 tbat the enzyme alone is e1uted off the column

(Lillehoj and Malik, 1989).

Soybean LOX-l was separated Û'om LOX-2 on a column containing polyelonal

antibodies directed against LOX-l covalently coupled to Sepharose 4B (Vemooy-Gerritsen et

al., 1982). Andrawis et al. (1982) isolated LOX-2 Û'om soybean by affinity chromatography.

LOX from avocado (Marcus et al., 1988) was purified to neac homogeneity by aftinity

chromatography.

Shechter and Grossman (1983) identified two LOXs located in the mitochondrial

fraction ofbaker's yeast by affinity ehromatography on Iinoleyl aminoethyl sepharose. A LOX

extraet from the thermophilic aetinomycete, T. vulgaris (Iny et al., 1993b) wu aIso purified

using a linoleyl aminoethyl sepharose column (2 x 10 cm); two ftactions with similar

recoveries were obtained but the purification factor wu 3-fold higher in the fraction eluted

with sodium borate as opposed to sodium acetate.
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2.6.10. Electropboresis

Electrophoresis is essential1y based on the migration of molecuIes by their respective

charge and the size through a support matrix such as paper, cellulose Acetate, starc, agarose

or polyacrylamide gel. The rate of migration ofcharged molecules in solution depends on the

strength of the external1y applied electric field, the net charge, size and shape of the molecu1es

as weil as the ionic strength, viscosity and temperature of the matrix. Polyacrylamide is

formed by the polymerization ofacrylamide monomers that are covalently crosslinked and bas

become a matrix ofchoicc for resolving protein mixtures on a analytica1 scale; proteins cm he

visualized by staining with Coomassie blue which is sensitive to about 1 Jig of protein or with

silver or nickel (Giulian et al., 1983; Yudelson, 1983) which provides sensitivity to

approximately 10 ng ofprotein (Lillehoj and Malik, 1989).

Sodium sodecyl sulfate (SDS) is an anionic detergent that binds to proteins in •

manner that overwhelms their individual charge and induces a conformational change 10 rod

like structures; all proteins therefore possess an equal charge density per unit length such tbat

electrophoretic migration is determined by molecular weight. As an analytical tool, SDS

polyacrylamide gel electrophoresis (pAGE) oWen a very high degree of resolution necessary

to follow a purification scheme. Identification of the molecu1ar weight of impurities that May

contaminate the protein of interest cm aIIow one to choose an appropriate chromatographie

technique to achieve a greater degree of purity. However, it cannot be used u a preparative

technique for the recovery ofproteins due to the presence ofSDS (Lillehoj and Malik, 1989).

The LOX extraet ftom dried split pea seeds (Klein, 1976) wu separated ioto one

major and two trace bands using polyacrylamide gel electrophoresis while that ftom pa seed

(Haydar and Hadziyev, 1973) wu separated into three to four LOX bands. The gel patterns

showed two to three bands in the pea seeds extraet, four bands in the wheat extraet (Hale et

al., 1969) and one protein band Cor soybean LOX-2 trom soybean (Andrawis et al., 1982).

Germinating sunf10wer seed LOX (Leoni et al., 1985) wu separated on SOS-PAGE having a

molecular weight of 250 kDa while the three LOX isozymes &om wheat genn (Shiiba et al.,

1991) each exhibited one single band ofmolecular weight of 100 kDa.
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Matsuda et al (1976) reported that the purifiecl F. orysporum LOX Cormed only one

band on PAGE at pH 4.3, regardless orthe concentration of acrylamide, and in the presence

of SOS. Two mitoehondrial LOX ftactions ftom S. ceTevisiae (Shechter and Grossman, 1983)

indicated the presence ofthree bands, a major one and two weak ones, on PAGE.

In addition to traditional non-specifie staining techniques, LOX isozymes may he

located in the gel using specifie chromogenic staining. One method involves the separation of

the LOX isozymes on a polyacrylamide gel which contains acidic potassium iodide and starch.

The gel is then allowed to react with linoleic acid and the HPODEs produced oxidize the

iodide to ils elementary fonn. The oxidized iodide then reacts with starch at the active

enzymatic fractions which resuIts in a cbromogenic reaction ofblue and brown bands (Guss et

al., 1968a,b). The main disadvantages of this method are the severa! hours needed Cor the

determination and the danger of oxidation of the iodine by oxygen in the air. Guu et Dl.

e1967) reported, on the buis of a chromogenic dise electrophoresis reaction, tbat tbere are

three ta four LOXs existing in a soybean extract.

Another chromogenic reaction is based on the conversion ofFe(CNSh to the colored

Fe(CNS») by HPODEs fonned during the LOX reaction (Koch et al., 1958). The cellulose

acetate electropherogram containing the separated isozymes is incubated in a linoleic acid

solution, then dipped in ferrous ammonium sulfate and unmonium thiœyanate; reddish brown

bands of Fe(CNS)3 indieate the location of the isozymes. This metbod cao he perfonned in

half an hour and there is no danger in the color development by oxygen in the air. However,

the method otren less sensitive separation of proteins on cellulose acetate gel compared to

polyacrylamide gel and the color is stable only for a few minutes. The presence of several

isozymes in potato tuben (Pinsky et al., 1973) was detected using this method. In addition,

the HPODEs produced by the LOX aetivity in the P. bispora extraet were also detected by

this method (Wurzenburger and Groseh, 1984a).

The third method is based on the oxidation of the dye 3,3'-dimethoxybenzidine

hydrochloride by the HPODEs of the LOX-catalyzed reaction. The electrophoretic gels,
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containing the LOX isozymes, are reacted with linoleic acid (30 min) and then stained

overnight with the dye. The gels have the advantage of a white background and cao be stored

for eighteen months without fading. DeLumen and Kazeniac (1976) reported the detection of

the LOX isozymes oftomatoes and other fruits by this method.

2.7. Separation .nd CbaraderizatioD ofProducts

The extraction of HPODEs, produced by the LOX-eata1yzed reaction, from an

aqueous environment by the use of organic solvents is an old but widely uscd procedure due

to its simplicity and efficacy. The recovery rate ofend-produets is improved by acidification of

the water phase; the extracts obtained by this manner are fi'ee from salts, proteins and

carbohydrates but have to be purified fi'om other lipids. The use ofimmisable solvents such u

ethyl ether or ethyl acetate have been used to selectively extraet BPODEs (Bedetti and

Cantafora, 1987).

2.7.1. Thin-layer cbrom.to....pby

Thin-layer chromatography (TLe) is used for both analytic:al and preparative

applications because of its simplicity and inexpensiveness. The commercial plates are coated

on glass, aluminum foil or plastic; plates with a fluorescent indieator cao be used to make UV

absorbing compounds such as HPODEs visible as opposed to usinS destructive agents for

detection. Large plates (20 x 20 cm) are developed in rectangular tanks containing 200 ml of

solvent (Bedetti and Cantafora, 1987).

The HPODEs were separated using various organic solvents al difFerent ratio of

concentration; these inc1ude ethyl acetatelheptane (4:6), ethyl acetatelhexane (1:9 or 1:4 or

2:8, v/v), diethyl ether/heptane (1:1, v/v), tolueno'dioxanelacetic acid/fonnic acid (82:14:1:1,

v/v/v/v), isooetanelether/acetic &cid (SO:50: 1 or 60:40:0, v/v/v), petroleum ether/diethyl

ether/acetic acid (60:40: 1 or SO: 100: l, v/v/v).

Precoated Kieselgel60 F2S4 (0.2S mm) or sillca gel60A (0.25 mm) plates were used

• to separate the 8-RODE, 8-HPODE, 8,16-DiHODE, 8,17-DiHODE, and 9,lo-Di-HOME
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produced by the SR-diox:ygenase extraet ofL arvalis (Brodowsky and Ofiw, 1993); the latter

was aIso used for the separation of 8-HPODE and 7,8-DiHODE, produced by the SR

dioxygenase and HPI ofG. graminis (Su et al., 1995). Precoated Kieselgel 60 plates (O.2Smm

thick) were also used for the separation ofthe methyl 9-, 11-, and Il-HODEs trom the methyl

ester of l1-keto-9,12-oetaelecadienoic acid, produced by the incubation of linoleic acid with

an enzyme preparation nom L corallioides (Hamberg et al., 1992); however, the separation

of 11-HODE ftom the 9- and Il-HOPEs wu performed on Silica gel G/AgN03 (9:1, w/w)

and that of9-HOTE nom Il-HOTE on plain silica gel

The untreated or methylated 9- and 13-HPODEs, produced by the LOX aetivity in the

F. orysporum extraet (Matsuda et al., 1978) were separated using silica gel 6OF1S4 plate;

separation of the respective fonner 9- and 13-hydroxystearates wu carriecl out by preparative

TLC using Silica gel G plate. The 13- and 9-HPODEs, produced by the C. pyrenoidosa LOX

extraet (Zimmerman and Vicie, 1973), were converted to the corresponding methyl

hydroxystearates and anaIyzed on Adsorbosil-S-Silica gel.

The 9- and 13-HPODEs produced by the LOX nom s. cernisi_ (Shechter and

Grossman, 1983) and T. vu/garis (Iny et al.,1993a) were analyzed using sillca gel (0.2 mm

truck). The lO-HPOD, produced by the LOX musbroom extraet (Wurzenburgel' and Grosch,

1984a,b), was purified using silica gel (SOO J,Un) containing 1 % oxalic acid.

The 10-HPODEs produced by the LOX aetivity tram musbroom extraet

(Wurzenburger and Grosch, 1984a,b) and the 9- and 13-HPODEs producecl by the LOX

extraet ofF. oxysporum (Matsuda et a/'fI 1976) were loeated by sprayins a sma11 strip al eac:h

side of the plate with solutions afIa and starch (Satoh et al., 1976)

The 8-HPODEs produced by the SR-dioxygenase extraet of L anaJis (Brodowsky

and OliwfI 1993) were also detected by spraying with 3.S % phosphamolybdic acid (Merck)

and charring while the 9-and 13-HPODEs produced by the F. O%)'sponI1II (Matsuda et al.,

1978) and the C. pyrenoidosa (Zimmerman and Vick, 1973) LOX extraet were deteeted
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under ultraviolet light or by spraying 0.1 % N,N-dimethyl-p-phenylenediamine in

chloroformlacetic acidlwater (5:5:1, v/v/v) (Vioque and Holman, 1962; Zimmennan, 1966),

The detection could aIso be perfonned by scanning the plates for radioactivity if the

enzyme incubations were performed using radioactive substrates such as rI4C]linoieic acid; the

HPODEs and diHODEs resulting from the LOX and HPI activity trom L arvalis (Brodowsky

and Oliw, 1993) and G. graminis (Su et al., 1995) were detected in this manner.

2.7.2. Gas-liquid cbrolD.to....pby

Gas-liquid chromatography (GLe) is used to separate mixtures of compounds which

exhibit appreciable vapor pressures (volatilities). The OLC anaiysis of lipids involves the

introduction of a small volume of a dilute solution (microgram to nanogram per microlitr~

dissolved in a suitable organic solvent) into the column via a gas-tight injection port where the

sample is volatilized into the inert carrier gas. Separation of the mixtures ofvolatile and semï

volatile lipids is performed according to their different vapor pressures, i.e. those compounds

exhibiting the highest vapor pressures will spend a relatively longer time in the mobile phase

and therefore pass through the column more rapidly whereas those compounds wbich possess

a lower vapor pressure, due to their higher boiling points or interaction with the stationary

phase, will progress through the column more slowly (pomeranz and Meloan, 1994).

Wall-coated open tubular (WCOT) capillary columns are the MOst commonly used

columns presently; tlexible-fused silica capillary column coated extemaJly witb either

polyimide or aluminum and intemally with a polymerie stationaryp~ (0.1 J.UIl to 10 JUIl film

thickness, are employed. The advantages of the capillary column includes a high column

efficiency, hence high resolving power, enhanced sensitivity due to improved signal/noise

ratios as a result of narrow peak widths and compatibility with mass spectrophotometers due

to the low flow rates used; disadvantages include long analysis times, low sample capacities,

and being more expensive and fragile than packed columns (pomeranz and Meloan, 1994).

Packed columns (typically 1 to 3 m x 4 mm i.d.) are usually comprised offine particles

of washed and deaetivated earth (support), coated with polymerie stationary phase. These

46



•

•

•

columns are of robust nature, cheap and readily re-packed when chromatographie

perfonnance deteriorate~ high sample capacity, analysis times less than 30 min; disadvantages

include relatively low efficiencies and thereCore limited separation power, and difticulty in

interfacing with mass spectrometers (pomeranz and Meloan, 1994).

The hydroperoxy and hydroxy derivatives of linoleic acid produced by LOX

preparations trom F. oxyspol'U11l (Matsuda et al., 1978), G. graminis (Brodowsky and Olïw,

1992), P. bispora (Wurzenburger and Grosch, 1984a,b) and Osci/latoria sp (Beneytout et al..,

1989) were converted to the corresponding Me]Si ether methyl ester derivatives beCore hein.

analyzed by GLC. The columns used Cor separation included a stainless steel column (3 mm x

lm) packed with 3 % EGSS-X on Nbeopack lA (Matsuda et al.., 1978), or a capillary OC

column (30-m DB-S, 1 &. WW Scientific, film thickness 0.25 J&IIl, inner diameter 0.25-mm)

(Brodowsky and Olïw, 1992., 1993).

The eight-carbon compounds, such as oct-l-en-3-one and l-octen-3-o1., produced by

the enzymatic extraet of Â. bisporus were anaIyzed using a Carbowax 20 M open-tubular

stainless steel column (Cronin and Ward, 1911; Picardi and Issenberg, 1913; Kaminski et al..,

1974)

Alcohol and carbonyl compounds as weB as the less volatile oxo and hydroxy acids

were isolated ftom the Â. campestris extraet (Tressl et al., 1982); the latter were subsequently

methylated and the extracts were purified by preparative gas-Iiquid chromatography usina a 3

m x 4 mm i.d. glass column packed with 60-mesh Chromosorb WAW coated with 15 % FFAP

and identified on a 50 m glass capillary column (0.32 mm i.d.) coatecl with Carbowax 20M.

A Carbowax 20 M column (25 m x 0.25 mm id.) was also used to analyze pentanol

and the methylated, reduced and TMS-derivative of 13-oxotrideca-9,II-dienoic acid produced

from 13-HPODEs by the enzymatic extraet trom Osci//atoria sp (Andrianarison et al., 1989).

I,S-Oetadien-3-o1., 2,5-octadien-l-01 (Wurzenburger and Grosch, 1986) and 1-octen

3-01 and the methyl ester of 10-oxo-8-decenoic acid (Wurzenburler and Grosch, 1982,

1984a,d) were analyzed using the FFAP column (3 m x 2 mm stainless steel column packecl

47



•

•

•

with 10 % FFAP on Chromosorb W, SO-loo mesh); 1,S-oe:tadien-3-o1, 2,S-oetadien-l-o1 and

lO-oxo-8-decenoic acid were identified using a 30 m x 0.3 mm glass capillary coated with SE

54 whereas l-oeten-3-o1 wu analyzed on a stainless steel column (3 m x 3.2 mm) of 15 %

diethyleneglycol succinate on Chromosorb WAW (100-120 mesh). l-octen-3-o1 and

methylated 10-oxo-S-decenoic acid (Wurzenburger and Grosch, 19S4a) were al50 analyzed

using a 25 m fused sillca capillary column (CP Sil 5 B; Chrompak, Middelburg, The

Netherlands).

2.7.3. Gu-liquid cbrom.to....pby/muslpectrolcoPY

Gas-liquid chromatosraphy is used to separate compla: mixtures quantitatively iota

individual unidentified components while the mus spectrometer is exceUent in the

identification of these compounds. Mass speetroscopy produces ions by bombarding organic

Molecules with high energy electrons, then accelerating these ions in a definite direction 50

that they can be separated according to their masslcbarge ratio. The separated ions are then

detee::ted and their relative intensity measured.

The mass spectrometer bas three major components: an ion source, an analyzer, and a

detee::tor. The ion source emits high-energy electrons which strike sample molecules thereby

producing positive ions (+), negative ions (-), electrons (el and neutral molecules. The

positive ions are separated ftom the mixture and subsequently separated ftom each other with

respect to their different mass-to-charge (m1z) ratios by a magnetic field in the analyzer. The

sample ions are detected by an electrode onto which they fall. Connected in series between

this eleetrode and ground is a resistor. Electrons ftom ground rush to neutralize the positive

charge on the coOector. Cuneot across the resistor causes a potential drop that is proportional

to the current tlow, 50 that by measuring the voltage the number of ions of each type cm be

determined (pomeranz and Meloan, 1994).

Iny et al. (1983a) reported the presence of the 9- and 13- methylated, reduced,

hydrogenated and silylated, i.e. methyl trimethylslloxy (MTMS), derivatives of HPODEs by

using a Finnigan 4021 mus spectrometer, by electron impact-mus spectral analyses. The
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detection of 9... and 13-MTMS produced by a LOX preparation ftom F. orysporum wu also

reported by using a Hitachi mass spectrometer model RMU-6L (Matsuda et al., 1978).The

mass speetra ofthe 9... and 13-MTMSs is indicated by the charaeteristic fragmentation patterns

resulting ftom a-cleavage ofboth sides of the carbon atom to which the trimethylsiloxy sroup

is attached; the results show the presence ofthe 9-MTMS as indicated by the mie fragments al

230 and 260 and that of the 13...MTMS as exbibited by the strong signais al 174 and 316

(Beneytout et al., 1989).

The 8...MTMS~ produced by the LOX activity trom L. arvalis (Brodowsky and Oliw~

1993) and G. graminis (Brodowsky et al., 1992; Su et al., 1995) wu detected, using an ion

trap mass spectrometer (lTS40, rmnigan MAT), by the strong signais of the respective 8

MTMS at mie 243 and 245. Moreover, the presence of a 12-MThfS as shown by the mie

fragments of 188 and 302 (Wurzenburger and Grosch, 1984a) and that of a 10...MTMS u

demonstrated by the strong mie signais at 216 and 274 wu detected using a mus

spectrometer (MS 112, Fa. Varian).

2.7.4. Higb-performance liquid cbrom.to....pby

High-perfonnance üquid chromatography (HPLC) bas been used extensively for the

separation and purification ofBPODEs. This method requires expensive equipment; however,

it also allows the separation and the purification of closely related compounds with a degree

of efficiency, selectivity and reproducibility not attainable by means of other techniques. Only

two types of stationary phases are widely used; sillca Sel for the straigbt-phase (SP) HPLC

stationary phase and the chemically bonded ODS or CI8 stationary phase for reverse-pbase

(RP) HPLC. Bath SP-HPLC and RP-HPLC may be used to achieve good purification of

HPODEs which are molecules possessing both Iipophilic chains and hydrophilic fimetional

groups such as carboxyl, carbonyl and hydroxyl groups. Bence, the combination of SP and

RP-HPLC in sequence provides an excellent method for achieving purification 10 the bigh

degree required for mass spectrum anaIysis. The detec::tion of HPODEs c:an be obtained by

continuous monitoring ofthe UV spectrum. The structural identity ofLOX products cao often
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be determined by their retention times as weil as their complete UV SpectlUm profile in

comparison with authentic standards. (Bedetti and Cantafora, 1987).

The 8R-HPODE and 1S,8S-DiHODE, produced by the SR-dioxygenase and HPIofG.

graminis (Su et al., 1995), respectively, were analyzed using the 5-J.LI1l Nucleosù-Cua, (ISO x

4.6 mm) RP-HPLC column with a solvent system of methanollwater/acetie &cid (75:25:0.01,

v/v/v) (Brodowsky and Oliw, 1992). A crude preparation of G. graminis (Brodowsky and

Oliw, 1992) produced 8-HPODE, 8-HPOTE, and 18-hydroxyeicosatetraenoic acid (BETE),

19-HETE and traces of 11-HETE; these hydroxy metabotites were separated as methyl esters

on SP-HPLC using 0.5 % 2...propanol in hexane (Olïw, 1989).

The 10-HPODE, produced by the mushroom LOX extraet (Wurzenburser and

Grosc~ 1984a), was further purified using a stainless-steel column (0.9 x 25 cm) packed with

LiChrosorb using a solvent mixture of hexanel2...propanollacetic &cid (990: 10: l, v/v/v). The

methyl ester of 10-oxo-8...decenoic acid (Wurzenburger and Groseh, 1982), produced ftom the

cleavage of 10-HPODE by the HPL activity in the mushroom extraet, wu anaIyzed using a

stainless steel column (25 cm x 4.6 mm) packed with LiChrosorb Si 60, 5J&l1\ (Mercie) and a

mobile phase of 0.35 % ethanol in hexane. The 13-oxotrideca-9,11-dienoic acid produced by

the enzymatic cleavage of the 13-HPODE by the HPL aetivity ftom Oscil/atoria sp

(Andrianarison et a/., 1989) was separated using a J&PorlSÜ (10f&Dl) Waters column (3.9 x 30

cm) and eluted with hexanelethanollacetie acid (98: 1.9:0.1, v/v/v).

The methyl esters of the 9- and 13-HPODE, produced by the F. oxysporum LOX

exttact (Matsuda et al., 1978), were separated using a stainless steel column (4.5 x 500 mm)

packed with Partisù-l0 with 0.5 % anhydrous ethanol in dried bexane (Chan and Preseau,

1915). The 13- and 9-HPODEs, obtained by the LOX preparation ftom Oscillotoria sp.

(Beneytout et al., 1989) were reduced and applied to SP-HPLC using a pporasil (10 J&II1)

Waters column (3.9 x 30cm) and eluted witb henne/ethanollaCebe acid (98: 1.9:0.1, v/v).

A purified LOX preparation ftom T. vulgaris (Iny et al., 1993a) oxidized Molac &cid

into 13- and 9-HPODEs; the HPODEs were subsequently left untreated or reduced and
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methylat~ and analyzed by SP·HPLC; a Lichrosorb Si-60 column (Merck, 0.4 x 25 cm, 101l

m) was used and a n-hexane:isopropanol:acetic acid solvent system for underived HPODEs

(98.7:1.2:0.1, v/v/v) and methylated BPODEs (99.4:0.6:0.0, v/v/v).

2.7.5. CapiUary electrophoresiJ

Capillary electrophoresis (CE) is typicaUy performed using fused silica capillaries that

are 30-100 cm long, 50 or 75 JIDl i.d., and 375 JUIl o.d. and with voltages ofup to 30 kV.

These capillaries provide very fast, high-efficiency separations and have an extemal coaling of

polyimide which makes them very strong. Electrophoresis is performed by filling the source

vial, capillary, and destination vial with an electrolyte, wbich is usuaI1y an aqueous buffer

solution. The capillary inlet is placed into a sample vi~ the sample is introduced, then the

capillary inlet is placed back into the source vial, and an electric field is applied between the

source and destination vials (Baker, 1995).

In comparison ta HPLC and Ge, CE bas very high efficiency; for typica1 capiUary

dimensions of30-1oo cm long and 50-100 JJIIl Ld., hundreds ofthousands oftheoretica1 plates

are common in CE compared to about 150,000 theoretical plates for a typical Ge column, and

at best, 20,000 theoretical plates for a typical HPLC column. In addition, advantages include

short separation times due to the use of high voltages and short capillaries, smaI1 sample

volumes and small quantities of reagents. Moreover, aqueous media is used so that aqueous

samples rnay be directIy injected and ambient temperature is employed thereby minimizing

sample decomposition or denaturation (Baker, 1995). Volumes of the arder of 2·10 ni CUl be

injected into a capillary column with good reproducibility; thus precious material is Dot

wasted. AJthough the mass limit cm be very low because of the smaII volume, the

concentration limit for UV detection is usually in the arder of 10-6 M, wbich is severa! orders

higher than the UV detection limits for HPLC. Laser·induced tluorescence also aIIows the

detection ofconcentrations in the order of 10-9 M; however, most anaIytes do not tluoresce.

In chiral free solution capillary electrophoresis (FSCE), optically active reasents, such

as cyclodextrins (CDs), proteins, carbohydrates, and crown ethers, are added 10 the
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electrolyte in order to aclûeve enantioselective interactions with the solute molecules. The

native CDs, C1y 13_ y, possess different numbers ofglucose subunits, being six- seveD, and eigh~

respectively. Enantioselective recognition is often explained by interaction between the CD

and the guest enantiomers. By derivatization of the surface hydroxyl groups on the

cyclodextrin, the solubility and enantioselective propenies cm he significantly altered.

Hydroxypropyl- and dimethyl-cyclodextrins are two such derivatives, which when compared

ta the native foons, differ significantly (Rogan and Kevin, 1996a,b).

Schmitz and Gâb (1997) reported that capillary e1eeuophoresis wu used for the

separation of several unsaturated Catty acids and the isomeric hydroperoxides derived ftom

them. An untreated fused-silica capillary (L = 40/47 cm, i.d. SO ).LM) purcbased ftom Beclanan

was used for separations. Uncharged polyoxyethylene lauryl ether (Brij 35) wu used as a

surfactant and for the dynamic coating. A mixed micelle ofBrij 35 and SDS made it possible

to separate oleic, linoleic and linolenic acids and nearly ail the isomeric HPODEs of these fatty

acids in a single nm of 15 minutes
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CHAPTERm

PARTIAL PmunCATION AND CllARACI'ERIZAnON OF LIPOXYCENASE ExTRAcrs FROM

FUSARIUM OXYSPORUM, FUURIUMPROUFElUTVM, SACCHAROMYCES CEREYISrAE

AND CHLORELU PYRENOIDOSA.

3.1. Abstract

Crude lipoxygenases, obtained from the biomass cultures of Fusarium Drysponnn,

Fusarium prolifuatum, Saccharomyces cerevisiae and Ch/orella pyrenoit/osQ were panially

purified by precipitation with ammonium sulfate at 2Q.SO, 0-40, 20-S0 and 40-S0 % of

saturation, respectively. The enzymatic extraets from F. orysporum and S. cerevisiœ both

exhibited two optimal activities at pH s.o and 10.0 while those from F. proliferatum and C.

pyrenoidosa showed one optimal pH at 6.0 and 4.5, respectively. The apparent Km values, for

the lipoxygenase (LOX) extraet trom F. oxysporum, at pH 8.0 and 10.0 were ca1c:ulated to be

-s -s
3.28 x 10 and 3.55 x 10 M, respectively, whereas those for the S. cerevisiœ extraet were

-s -06
1.3 x 10 and 9.5 x la M, respectively. In addition, the LOX aetivity ofF. proliferatum and

-s -s
C. pyrenoidosa exhibitedKm values of 5.15 x 10 and 9.12 x 10 M, respectively. The results

showed that, at pH S.O, LOX aetivity trom F. orysporum and S. cerevisiae wu inhibited by

31 and 49 %, [espectively, at corresponding concentrations of 20 and 25 mM potassium

cyanide (KCN), exhibiting a non-competitive inhibitory effect; however, at pH 10.0, KCN had

relatively linle etrect on enzyme aetivity. In addition, KCN markedly inhibited LOX activity

from C. pyrenoidosa by 5S.2 % al 0.5 mM concentration and was an uncompetitive inhibitor.

In contrast, the results showed that enzyme aetivity trom F. proliferatum remained relatively

stable at KCN concentrations as higb as 60 mM. The addition of 5 mM sodium

ethylendiaminetetraaeetate (EnTA) wu round to increase the enzyme aetivity ttom F.

oxysporum by 50.3 and 16.6 % at pH 8.0 and 10.0, respectively, ttom F. prolifuatlllll by sa
%, and produced a noticeable eight-fold increase in the enzymatic aetivity ttom C.

pyrenoidosa; however, LOX activity for the S. cerevisiae extraet remained unaft"ected al both

pH optimas. In addition, the use of 1.2 mM hydroquinone (HQ) resulted in • 2-fold increase in
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LOX activity from F. proliferatum whereas a competitive inhibitory eft"ect on LOX aetivity

fram S. cerevisiae was observed at pH 8.0 al O.S mM HQ. The results also showed tbat the

enzymes ftom F. orysponnn and S. cerevisiae demonstrated an overa1l preference towards

linoleic acid, foUowed by Iinolenic acid, al both pH 8.0 and 10.0; in addition, the enzytnatic

extraets showed higher aetivity towards the glycerol fatty acid esten al pH 10.0 compared to

that at pH 8.0. The partially purified enzyme from F. proliferatum showed a three-fold

substrate preference lowards linoleic acid whereas that from C. pyrenoidosa demonstrated a

preference for free linoleic acid and comparatively very little towards iU Cany &cid esten and

free linolenic acid. Native polyacrylamide gel electropbeorograms (pAGE) indieated the

presence of one major and five minor bands of molecular weights of 67 to 140 kDa for the

partially purified extract from F. oxysporum while that from S.cerevisiae showed two major

bands. In addition, PAGE indicated the presence ofone major band at 140 kDa and two minor

bands al 67 and 232 kDa for the LOX extraet from F. proliferatum whereas that &om C.

pyrenoidosa exhibited the presence of five bands varying between 67 and 140 kDL

3.2. Introduction

Lipoxygenase (Ee 1.13.11.12) is a dioxygenase wbich catalyzes, as an initial reactioD,

the regio- and stereo-specific addition of molecular oxygen to linoleic &cid and other

polyunsaturated Catty acids (PUFAs) and their esters containing a cis, cis-I,4-pentadiene

moiety, resulting in the formation ofhydroperoxides (Yamamoto, 1991). In cellular systems,

the two most abondant unsaturated Cany acids are linoleic acid and arachidonic acid; linoleic

acid can be hydroxylated in positions 9 or 13 resulting in corresponding 9- and 13

hydroxyoetadecadienoie acids, whereas arachidonic acid may he converted to six regio

isomeric products resulting in S-, 8-. 9-, 11-, 12-. and IS-hydroxyeicosatettaenoic acids

(Yamamoto, 1991).

The occurrence of lipoxygenase (LOX) wu originally thought to be confined to the

seeds of leguminous plants (Tappel, 1963) and amons bigher plants (Grosch, 1972;

Hildebrand, 1989). The presence of the enzyme bu al50 bem reported in animais (Borgeat

and Samuelsson, 1979; Hsieh and Kinsella, 1989; Yamamoto, 1989; Yamamoto and Ishimura,
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1991). However, limited Iiterature bas been reponed for the presence of LOX in

microorganisms (Siedow, 1991).

LOX aetivity was reponed in the fungus Gaeumannomyces graminis (Brodowsky et

a/., 1992) and Sapro/egnia parasitica (Herman and Hamberg, 1987). The fimSUS

Pityrosporum orbiculare (Nazzaro-Porro et al, 1986) was reponed to possas • LOX

aetivity capable of oxidizinSlinoleic acid and trilinolein. Sîmmons et aI. (1987) reported that

the fungus iAgen;dium giganteum exhibited LOX aetivity selectively for aracbidonic,

eicosapentaenoic and docosahexaenoic acicls- The fimgus Laetisaria arvaJis (Brodowsky et

aL, 1994) metabolized Iinoleie &cid to 8-hydroperoxylinoleic acid (HPODE) and 8

hydroxylinoleic acid (HODE) as major Metabolites. The enzyme wu also present in

mushrooms including Psalliota camputris and Pmlliota bispora (Grosch and WurzenburSel',

1984a,b,c,d), Agaricus bisporus (Mau et al., 1992), and Agaricus compestris (Tressl et a/.,

1982). In mushrooms such as Pleurotus pulmonarius (Belinlcy et aL, 1994), LOX aetivity wu

found to be involved in the formation of eight-carbon eomponents nom Iinoleic and/or

linolenic acids.

Microbial lipoxygenases have been reponed in the green alpe Osci//atoria sp.

(Beneytout et aL, 1989) and the thennophilic baeteria Thennoaetinomyces vu/garis (lnyet

al., 1993a). Jiang and Gerwick (1991) reponed the presence of a i2-LOX aetivity in a recl

algae GrQC;!ariopsis lemaneiformis preparation responsible for the conversion of aracbidonic

acid to its correspondins 12-HPODE. A partially purified enzyme preparation trom the red

algae Lithothamnion cora/lioicks wu reported by Bamberg et al. (1992) wbich convenecl

linoleic acid ÎDto Il-HODE as weB as smaller amounts of 9-HODE, l3-HODE and ll-keto

ODE. LOX activity wu reported in the pink yeast Rhot/ot01V/a glutinis (Collins and Buick,

1989)" the wine yast Saccharomyces vini (Lyudnikova et al, 1984), and Baker's yeut

otherwise known as Sacchoromyces cerevisiae (Shechter and Grossman, 1983).

LOX is panicularly relevant to the taste and flavor of food since the production of

cenain tlavor precurson depends on the initial bioconversiOD of the PUF~ by LOX to

correspondins optica1ly active HPODEs wbich in turn are enzymatically CODverted by
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subsequent enzymes, such u hydroperoxide isomerase and hyclroperoxide lyase, into

corresponding carbonyl compounds and a1cohols (Gardner, 1989), responsible for the

organoleptic quality of food (Ses5&, 1979). In a single source, several LOX isoenzymes cm

exist and difI'er from each other by producing, from linoleic acid, difFerent ratios of optjcally

active derivatives of HPODEs (Gardner, 1991). The various ratios of HPODE derivatives

contnDute to the formation of düferent carbonyls and a1cohol compounds responsible for

desirable ftesh-vegetable flavors. The enzytnatic formation of BPODEs from PUFAs is a

relatively weil defined process; however, the bio-degradation of HPODEs to ketols and

carbonyl compounds does not appear consistent from one biologica1 system to another.

Consequently, the production of certain flavor compounds depends on the initial conversion

ofPUFAs byLOX.

The specifie objective of this work was to develop a procedure for the extraction and

partial purification of LOX from FUSQrium orysporum, Fusarium proliferatum,

Saccharomyces cerevisiae and Ch/ore/la pyrenoidosa, and to cbaracterize the enzyme

extraets in terms of optimum pH, kinetic parameters, substrate specificity towards linoleic and

linolenic acids as well as mono-, di- and trilinolein, enzyme inhibition and activation, and

native electrophoretic profile.

3.3. Materials and Metbods

3.3.1. Culture growth aDd ba"estiDI cODditioDs

The production of the biomass culture ofF. oxysporum (MT-81-1) wu performed in

accordance to the procedure descn"bed by Satoh et al (1976). The fimgus wu cultured under

restrieted aerobie conditions in a S liter conical flask charged with 3 liters ofthe basal medium

(pH 8.0) containing 0.1 % NaN03. 0.1 % KH1P04, 0.01 % MISO. 71110, 0.1 % soybean

o
flour and 90 ml soybean oil, with agitation of ISO rpm al 26.5 C for four days.

The biomass culture of F. pro/iferatunl wu grown Cor three days on 2 litera of

modified Shoun medium, consisting ofa mixture of2 g NaNÛ], 0.2 1 MgSO.. 7H10. 2 1 soya
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flour, 1 ml minera! salt solution, 0.5 g yeast extrae:t, 1 g (NHtbHPO.., and 125 ml soya oil, at

2TJC and 85 rpm (Shoun et al., 1983).

Fleischmann Baker's yeast (s. cerevisiae) was obtained nom the local supermarket and

used throughout the study.

The biomass culture of C. pyrenoidosa (strain 211-8B) wu grown and harvested

according to the procedure described by Zimmerman and Vick (1973). The algal c:eUs were

o
grown in the light (10,000 lux) at 25 C in modified Amon'J medium (Budd et a/., 1969)

which consisted ot: per liter, 1 g KN03, 0.25 g MgSO.. 7H10, 0.03 g K2HPO.., 0.25 g

KHZP04 and micronutrients in the fonn of inner compla salts ofethylenediaminetetraaeetate;

the micronutrients were 5 J.lglml Fe and 1 J.lWml Co, Cu, Zn and Mn. The basal medium was

also supplemented with 1 % glucose or galactose and the pH wu adjusted to S.85. The cens
were harvested during the log phase ofgrowth.

3.3.2. Preparation or crude estract

The microbial cultures of F. oxysporum, F. proliferatum, S. cerevisiae and C.

pyrenoidosa were subsequently separated nom the growth media and washed with deionized

water and sodium phosphate buft"er solution (0.01 M, pH 7.0). The mycelia ofF. orysporum

were homogenized (1:4, w/v) in sodium phosphate buffer solution (0.01 M, pH 7.0) for a total

of a 6 min period using a MSK cell homogenizer (Braun, Melsungen, Gennany) whereas the

algal cells of C. pyrenoidosa were homogenized (1 :60, w/v) for 7 min and the S. cerevisi_

yeast cells (1:4, w/v) for 3 min. The temperature of the homogenization medium was

maintained at 4°C by a flow of stream liquid COz. The homogenized suspension wu

centrifuged (12,000 xg, 15 min) and the resulting supematant wu lyophilized whereas the

pellet was discarded.

The fungal mycelia of F. proliferatum were suspended in sodium phosphate buirer

solution (0.01 M, pH 7.0) ta produce a 25 % suspension. For homogenization, a mixer mm
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type~ (Retsch) was used according to the procedure descn"bed previously by Schütte and

Kula (1988). fifty-four ml of the cell suspension and 108 ml of glass beads were added to a

180 ml grinding vessel made of Nylatron OS Nylon (Morin et al., 1993). Subsequently, two

vessels were fixed to the mixer mill operated at 100 % of its osciIlatory Û'equency for a period

of 2 min. The homogenized suspension was then diluted with sodium phosphate butrer

solution (0.001 M, pH 7.0) and centrifuged (12,000 'Cgt IS min). The resultant supematant

was lyophilized; the pellet was discarded.

3.3.3. Defattiaa ofcrude ntracts

The Iyophilized enzyme extraet wu successively defaued with cold (_30
0
C) acetone

and diethyl ether (Kennasha and Metche, 1986) in order to remove the lipids thereby

eliminating their interference in the proceeding steps of purification.. The defatted enzyme

extraet was then suspended (1:10, w/v) in sodium phosphate buffer solution (0.01 M, pH 7.0)

and subjected ta mechanical stirring for 16 h. AlI the purification steps were performed al a

o
temperature of4 C uniess stated otherwise. The resulting suspension was centrifùged (12,000

xg, IS min) and the pellet was discarded whereas the supematant wu subjected to DNA

precipitation treatmen~ using protamine sulfate (Badaracco et al., 1983). The subsequent

suspension was centrifuged (40.000 xg, 10 min) and the supematan~ considered to be the

crude enzymatic extraet, wu subjected to further purification..

3.3.4. Partial purification of IipoSYleDue

The partial purification of LOX wu first initiated by the addition of solid ammonium

sulfate al 20 % of saturation.. The suspension wu aIlowed to stand for 30 min and then

centrifuged (12,000 xg, IS min) to obtain the precipitate (0-20 %). The resulting supemataDt

was saturated with 40 % solid ammonium sulfate and the precipitate (20-40 %) wu obtained

after centrifugation (12,000 xg, 15 min). The subsequent supematant wu tùrther saturated

with 60 % solid ammonium sulfate and the precipitate (40-60 %) wu obtained by

centrifugation (12,000 xg, IS min). The same procedure wu repeated twice to obtain the 60-

• 80 and 80-100 % fractions by the addition of solid ammonium sulfate at 80 and 100 % of
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saturation, respectively. The precipitated enzyme fractions were resuspended in a minimum

amount of sodium phosphate buffer solution (0.01 M., pH 7.0) and dialyzed apnst sodium

phosphate buffer solution (0.001 M, pH 7.0) for a period of 12 h. The desa1ted enzymatic

fractions were then lyophilized and subjected to kinetic studies and electrophoretic analyses.

3.3.5. Proteia determiDatioD

The protein concentration of the enzytnatic fractions was determined according to a

modification of the Lowry method (Hartree, 1972). Bovine serum albumin (Sigma Chemical

Co., St-Louis, MO) was used as a standard for calibration.

3.3.6. Substrate prepantioa

Substrate standards used throughout this study, included Iinoleic &cid (cis-9,cis-12

oetadecadienoic acid), linolenic acid (cis-9,cis-12,cis-IS-octadecatrienoic acid), monolinolein

(l-mono(cis,cis)-9, 12-oe:tadecadienoyl]-rac-glycerol), dilinolein (1,3-di[(cis,cis)-9,12

oetadecenoyl]-rac-glycerol), and trilinolein (l,2,3-tri(cis,cis,cis)-9, 12,15-octadecadienoyl]

rac-glycerol), and were purchasecl ftom Sigma Chemica1 Co. The preparation of stock

-3
solutions of substrates (4 x 10 M) was performed according to the procedure descnbed

previously (Kermasha and Metche, 1986).

3.3.7. Enzyme assay

LOX activity was measured spectrophotometrically in accordance to the procedure

outlined by Kermasha and Metche (1986). The reaction medium consisted of enzyme extraet

(12.5 J,LS protein, F. orysporum; 20 ilS protein, F. pTolife,atum; 25 J,l8 protein, S. ceTevisiae;

25 J.I.g protein, C. pyrenoidosa;) and a suflicient amount ofa selected buffer solution to adjust

the final volume to 3 ml. For determination of enzyme aetiYity in the crude extract and the

partially purified ftactions, the buffer used wu sodium phosphate (0.1 M, pH 7.0). For

optimum pH studies for the partially purified fraction, the enzyme assay wu perfonned using

the following buffers: sodium acetate (0.1 M, pH 5.0-5.5), sodium phosphate (0.1 M, pH 6.0-

• 8.0), Tris-HCI (0.1 M, pH 8.5-9.0), sodium carbonate (0.1 M, pH 9.5-10.5), phosphate

59



•

•

•

hydroxide (0.1 M, pH 11.0-11.5) and hydroxide-chloride (0.1 M, pH 12.0). The enzyme

reaction wu initiated by the addition of linoleic acid (40 J1M to 600 J.LM). A control solution,

containing all the components minus the enzyme preparation, wu NIl in tandem with these

trials. The reaction time of ail enzyme assays consisted of 3 min. The LOX aetivity wu

measured on a Beckman DU-6S0 specttophotometer (Beckman Instrumen~ Inc., San

Ramon, CA). The specifie activity of LOX wu expressed as the increase in Â (mg of

-1 -1
protein) min (Surrey, 1964), where Â is equal to 0.001 absorbance al 234 Dm (Shastry and

Rao, 1975; Klein, 1976; McCurdy et a/., 1983; Ali Asbi et al., 1989; Ganthavom and Powers,

1989).

3.3.8. Efrect of inbibiton and activaton 00 enzyme activity

The effect of potassium cyanide (KCN), sodium ethylenediaminetetraacetate (EDTA)

and hydroquinone (HQ) on the LOX aetivity of the partially purified extraet wu detennined

using the enzyme assay procedure described above. The reaction medium consisted ofenzyme

extraet, linoleic acid and buffer solution. KCN wu addecl to the reaction medium up to a final

concentration of 25 mM whereas EDTA and BQ were added up ta final concentrations of S

mM and 1 mM, respective1y. The inhibitor wu added ta both the reaction medium and a

control at the beginning of the reaction and the degree of inhibition wu monitored for a

period of3 min at 234 nm on a Beckman DU-650 spectrophotometer (Beclanan Instruments).

3.3.9. Electrophoresis

Polyacrylamide gel electrophoresis (pAGE) was performed using the PhastSystem

Unit (Pharmacia LKB Biotechnology. Uppsala, Sweden). The electrophoresis ND and the

staining of the separated protein bands were perfonned in accordance to the procedure

outlined in the manual (pharmacia, 1992).

High molecular weight standards (phannacia) were run in tandem with the &action

samples and consisted of thyroglobulin (Mr 669 leDa), ferritin (Mr 440 kOa). Çltal'R (Mr 232

kOa), lactate dehydrogenase (Mr 140 kOa). and albumin (Mr 67 kOa).
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• Native PAGE mini-gels (5 x 4 cm; 0.45 mm thickness) of 10 % polyaaylamide were

precast in accordance to the procedure outlined in the manual (pharmacia, 1992). The gels

were~ on a PhastSystem for 30 min at a e:onstant c:urrent of 10 mA, using PhastGe1 native

buffer strips (phannacia); the buffer strips consisted of0.88 M L-alanine, 0.25 M Tris, pH 8.8

in 2 % Agarose IEF. After the separation of the proteins, the gels were transferred ta the

development section of the PhastSystem Unit. Sîlver staining was performed on the gels as

outlined in the manual (Pharmacia, 1992). The sîlver staining consisted offixing and removing

buffer io~ sensitizing the proteins in a glutardialdehyde solution, reactinl the proteins with

silver ions using a silver nitrate solution, developing in a baie: formaldehyde solution and

stopping the development with ac:etie &cid. A final rinsinS step in 10 % acetie acidlS %

glycerol wu used to prevent gels tram curling or cracking after drying.

3.4. Resulu and DiscuuioD

3.4.1. Partial purification of Iip0X)'lenase

• Table 1 shows a scheme for the partial purification of the LOX extraets tram F.

orysporum, F. pro/iferatllm, S. cerevisiae, and C. pyrenoidosa. The partially purified extraets

of F. oxysporum, F. pro/iferatum, S. cerevisiae and C. pyrenoidosa were obtained by

precipitation with ammonium sulfat~ at different leve1s ofsaturation.

•

The results (Table 1) indicate that although the discarded fraction ftom F. oxysporum,

precipitated by ammonium sulfate at 0-20 % of satuntion, bu a 2.6-fold purification

compared to that of the crude extract, it contained only Il.8 % of recovery. The results also

demonstrate that 70.4 % ofthe total activity and 69.9 % ofthe specifie aetivity were found to

be in the partially purified hction preclpitated by ammonium sulfate at 20 to 80 % saturation;

this fraction also retained a recovery of 41.1 % and a 13.3-fold inc:rease in purification with

respect ta the crude extraet. The 20-80 % ammonium sulfate extraet wu therefore considered

as the partially purified LOX extraet ofF. oxysporum.

The results (Table 1) also show that although the discarded ftactions fi'om S.

cerevisiae, precipitated by ammonium sulfate at 0-20 and 80-100 % of saturation,
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Table 1. Partial purification oflipoxygenase extracts from selected microbial sources.

• Total
proteinCJ Specifie Total llecovery Purification

Fraction (mg) aetivityb aetivityc (%) (fold)

F.orysporum

etude extract 248 467 115733 100.0 1.0
Ammonium suUàt.e precipitaliœ al

0-20% 11 1217 13645 11.1 2.6

10.80% 21 '140 47742 41.1 13..3

80-100% 4 1467 6476 5.6 3.1

F. prolijératum

crude extract 114 1316 242144 100.0 1.0
Ammonium sulfilt.e precipitatiœ al

0-40% 1 3504 2277 1.0 2.7

4~% 12 26 303 0.1 0.0

60-10% 1 61 461 0.2 0.1

• 10-100% 4 182 740 0.3 0.1

S. cerevisiœ

crude extract 915 133 122117 100.0 1.0

Ammonium suI&t.e precipitatiœ al

0-20% 10 1190 11917 9.7 8.9

10-80% 172 2343 110405 90.4 17.5

80-100% 8 1493 12505 10.2 11.2

C. pyrenoidoSD

crude extract 687 32 21810 100.0 1.0

Ammonium sulfate precipitation al

040% 240 8 2023 9.3 0.3

40-80% 73 1645 119483 547.1 51.1

10.100% 14 103 1482 6.8 3.2

~ wu detamiDed ICCORÜIIIIO a modificatioll of the Lowry metbod (HaIUee, 1972), UIÏDI
boviDc lCI'UIIl aIbumin al a lIaIIdud.

bSpccifiç aetMty is cWined al AllDlproICiDIlIIiD. wbae Ais equal to O.OOllbloduœ al 234 am.• 'Unit ofaetivityil ddined al AlmiD, wbcœ A il oquaI tG 0.001 abIorbaDœ Il 234 Dm.
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respectîvely, have high specifie ae:tiviti~ they did not exeeed 20 % ofthe total LOX ae:tivity.

In addition, the results indieate that 81.9 % of the total aetivity and 46.6 % of the specifie

aetivity were found to be in the partially purified extra~ precipitated by ammonium sulfate al

20 to 80 % of saturation; this frac:fion aIso retained a recovery of 90.4 % and a 17.S-rold

increase in purification with respect to the crude extrad. Based on these findings, the LOX

extraet ofS. cerevisiae was also purified at 20 to 80 % orammonium sulfate saturation.

Rouet-Mayer et al. (1992) reported a 6.fold inc:rease in the concentration of the

soluble protein in the CNde extraet of carnation petais wbich wu obtained by unmonium

sulfate precipitation al 80 % of saturation. Zamora et al (1987) reported tbat the partial

purification of tomato LOX by ammonium sulfate precipitation at 25·70 % of saturation

resu1ted in a 4-fold increase in purification and 83 % recovery. In addition, a LOX extraet

trom tomato fruit was obtained by ammonium sulfate precipitation al 2S-60 % of saturation,

resulting in a 1.3-fold increase in purification (Bowser et al., 1992). A partially purified LOX

was obtained nom barley (Van Aarlw et al, 1992), snap bean and pea (Klein 1976) by

ammonium sulfate precipitation at 30-60 % ofsaturation, resulting in a 4.4-, 9.1- and 2.7-fold

increase in purification, respectively, with corresponding recoveries of 73, 400 and 47 %.

LOX was panially purified by ammonium sulfate at 2S-50 % of saturation ftom immature

English peas (Chen and Whitaker, 1986) and peas (Eriksson and Svensson, 1970) resulting in

a 3.24- and 4.2-fold increase in purification, respectively, and with corresponding recoveries

of85.5 and 93 %.

Table 1 shows that the LOX fraction ftom F. pro/iferatum, precipitated by ammonium

sulfate at 0-40 % of saturation, had 92.9 % of the specifie aetivity and 60.2 % of the total

activity; this fraction a1so retained a higher recovery compared to those of the enzymatie

fractions, precipitated by ammonium sulfate at 40-60, 60-80 and 80-100 % of saturation. In

addition, the 0-40 % ammonium sulfate enzymatie extrae:t showed a 2.'-rold increase in

purification with respect ta the crude extract and wu therefore considered as the partially

purified LOX ofF. pro/iferatum.
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The results (Table 1) indicate that a1though the &action ftom C. pyrenoidosa,

precipitated by ammonium sulfate at 0-40 % of saturation, had 73 % of the total protein, it

possessed ooly 1.6 % of the total aetivity and wu therefore discarded. In addition, the

fraction, precipitated by ammonium sulfate al 80-100 % of saturation, wu eliminated u it

possessed ooly 4.2 and 1.2 % of the total protein and aetivity, respectively. The resu1ts alsa

indicate that although the 40-80 % ammonium sulfate fraction had 22.3 % of the total protein,

it possessed 97 % of the total aetivity with a recovery of 547.8 % and a SI.8-fold increase in

purification as compared to the crude extraet; the increase in enzyme aetivity could be due to

the removal of inhibiton as a resuIt of the partial purification process. On the buis of these

findings, this fraction wu selected as the partially purified LOX

A panially purified enzyme was also obtained by ammonium sulfate precipitation at

40-80 % of saturation from maize (poca et al., 1990) with • recovery of 30.3 % and a 12.8

fold increase in purification. In addition, LOX wu partially purified trom peanut seeds

(Sanders et al., 1975) by ammonium sulfate at 40-65 % ofsaturation with • recovery of 13S.9

% and an increase in purification of 6.1-fold. A partially purified enzyme wu obtained ttom

green beans (Adams and Onsely, 1989), chickpea (Sanz et al., 1992) and cowpea (Van Den

and Mendoza, 1982) by ammonium sulfate at 40-60 % of saturation. However, Zimmerman

and Vick (1973) reported a partially purified LOX trom C. pyrenoidoso obtained by

precipitation with ammonium sulfate al 0-42 % saturation; in contrast, the partially purified

fraction of C. pyrenoidosa, obtained by ammonium sulfate precipitation al Q-40 % of

saturation (Table 1), contained only 1.6 % ofthe total enzyme adivity.

3.4.2. EfTect of pH OD eazyme activity

The aetivity ofLOX (Fig. 7) wu determined ovec a wide pH range fi'om S.O to 12.0.

The results indicate that both in the acidic (pH 5.0-7.0) and alkaline range (pH 11.0-13.0),

LOX activities from F. orysponmt and S. cerevisiae were relatively low and changed very

little; however, Figure 7 demonstrates the presence of two points of maximum aetivity,

respectively, at pH 8.0 and pH 10.0 which suggcsts the presence oftwo isozymes.
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Satoh et al (1976) reported two pH optimas, at pH 6.0 and 10.0, for the partially

purified LOX ofF. orysporum. The same authors aIso indicated that autoxidation of linoleate

proceeded al pH 12.0; the results reported in Figure 7 confinn the statement of Satoh et al.

(1976) since the LOX aetivity ofF. ox:ysporum decreased at pH 12.0 and above. In contrast,

Shechter and Grossman (1983) reported a pH optimum of 6.3 for the purified LOX obtained

from the mitochondrial ftaction of S. cerevisiae. The düference in the observed pH optimas

could be due to ditrerences in the purification scheme used to obtain the pania1ly purified

enzyme.

With respect to other microbial sources ofLOX, Beneytout et al (1989) reported that

a purified LOX preparation from the green algae Osci/latoria sp. had a pH optimum of 8.8.

Partially purified LOX was reported to have two pH optima, 6.2 and 7.8-8.0 respective1y, in

kiwi fiuit (Boyes et a/., 1992) and one pH optimum of 8.S in riee bran (Shastry and Rao,

1975). Defatted crude LOX demonstrated optimum activity in small red bean, green pa and

peanuts at pH 7.0, 7.5 and 8.1, respe<:tively (Dillard et al, 1960).

Figure 7 also indicates that the partially purified extraet from F. pro/iferatum exhibited

maximum LOX aetivity al pH 6.0. The results show that at pH 8.S, 13.2 % of the maximum

enzymatic aetivity wu observed while at pH 5.0, approximately 62.4 % wu exhibited. These

findings indicate that the enzyme appeared to he more active in an aadie reaction medium

than an alkaline one. Brodowsky et al (1994) recently reported that the LOX of the fùngus

G. graminis exhibited an optimum enzyme aetivity at pH 7.2. In addition, Iny et al. (1993b)

reported that the LOX of 1: vu/garis showed optimum LOX activity at pH 6.0. The pH

optima of partially purified LOXs trom tomato fruit (Bonnet and Crouzet, 1977), asparagus

(Ganthavom and Powers, 1989) and senescing carnation petais (Rouet-Mayer et al, 1992)

were 6.3, 5.5-6.0 and 6.1, respectively.

The results (Fig.7) also demonstrate that the enzyme aetivity trom C. pyrenoidosa

reached an optimum at pH 4.5; however, at pH values slightly higher than 4.5, aetivity

decreased dramatically to a minimum at pH 7.0 and continued to remain comparably low

throughout the aIka1ine pH region. Due to the limited solubility of free linoleic acid in the
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acidic reaetion medium ofpH 4.5, enzyme assays for kinetic studies were perfonned at pH 7.0

thereby allowing better solubilization of the Cree linoleic acid (Rouet-Mayer et al., 1992).

However, Zimmerman and Vick (1973) reported a pH optimum of 7.4 for the partial1y

purified LOX ofC. pyrenoit/osa. Wheat germ LOX-3 (Shiba et al., 1991) and rice bran LOX

1 (Ida et al., 1983b) had a pH optimum of 4.5-6.0 and 4.5, respectively, while a purified

watermelon hypCKOtyl root LOX extraet (Vick and Zimmerman, 1976) had two optima, at

pH 4.4 and S.S.

3.4.3. Kinetics of the partiaUy purilied IipoSYleDue

Table 2 shows that the apparent Km values at pH 8.0 and 10.0, for the F. oqsporum

LOX extract, were calculated from the best straight line using Lineweaver-Burk plots (1934)

-5 -5
to be 3.28 x 10 and 3.55 x 10 M, respectively. The results also indicate a s1ightly bigherK.

-5
of 5.15 x 10 M for the partially purified LOX extract tram F. proliferatum. The LOX

-s
extraet from C. pyrenoidosa exhibited the highest Km value of 9.12 x 10 M while tbat Û'om

-s ~
S. cerevisiae showed the lowest Km values of 1.34 X 10 and 9.S x 10 M, at pH 8.0 and

10.0, respectively.

~ ~

Partially purified LOX was reported to have Km values 0(2.0 x 10 , 3.5 x 10 and

-4 •
7.6 x 10 M from canola seed (Khalyfa et al., 1990), nce bran (Shastry and Rao, 1975), and

egg plant (Grossman et al., 1972a), respectively. Shechter and Grossman (1983) reported a

...
K value of 2.86 x 10 M for the purified LOX from the mitochondrial fraction of S.m

cerevisiae. A partially purifiecl LOX ftom Caba bean (Eskin and Henderson, 1974) and kiwi

-4 ... • elfruit (Boyes et al., 1992) have reported K values of5.7 x 10 and 2.4 x 10 M, resped1v y.•

~ ~ ~

Slighdy higher Km values of2.0 x 10 , 2.6 X 10 and 2.8 X 10 Mwere reported for

pea seed LOX (Reynolds and Klein, 1982a; Chen and Whitalcer, 1986) and partially purified
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Table 2. Kil1etic parameters ofpartially purified lipoxygenase extracts.

Km K'1

(10.5 M)
d

(10-5 M)
d

Type ofinhibitionMicroorganism pH Vmax Vmaxapp

F. oxysporum 8.0 3.28 1.62 2.81 0.58
•. 6

noncompetitlve

no inhibition
c
•
4

10.0 3.SS 1.36 'nhibit" 6.4- - no 1 IOn

F. proliferantum 6.0 S.IS 1.61 ·nhibitio 6,c.tI- - no 1 ft

S. cerev;siae 8.0 1.]4 0.42 1.41 0.37
., 6

noncompetitive

2.10 0.45
•• c

competitive

no inhibition
4

10.0 0.95 0.61 'nhibi' 6.4- . no 1 lion

C. pyrenoidosa 7.0 9.12 0.40 4.75 0.25
,. 6

uncompeütlve

no inhibitionc.d

•

a
Values expressed in JUDol hydroperoxidelmg protein/min.

b
Potassium cyanide.

c
Hydroquinone.

d
Ethylencdiaminctctraacctic acid.

• •
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broad bean LOX (Al-Obaidy and Siddiq~ 1981). The highest Km of 1 mM WU reponed by

Iny et al. (1993b) for the enzymatic extraet from T. vu/garis.

Slightly lower Km values were reponed for partially purified tomato fruit LOX

~

(0.015 x la M; Bonnet and Crouzet, 1977) and for the crude LOX ftom tomato tiuit

-5
(2.53 x 10 M; Jadhav et al, 1972). In addition, Bowsher et al (1992) reported Km values

~ ~

of 6.2 x 10 and 3.8 X 10 M for the membrane-associated LOX and the partially purified

soluble LOX from tomato fruit, respectively. The discrepancy in the Km values may be due to

the differences in the sources used to obtain the enzyme, in the purification procedures and

enzymatic assay methods (Klein, 1976).

3.4.4. EfTeet or KCN on enzyme aetivity

Figure 8 demonstrates the eft"ect of KCN on LOX aetivity ftom the four microbial

LOX extraets. The results show that the use of 20 mM ofKCN decreased LOX aetivity ftom

F. orysporum at pH 8.0 and 10.0 by 30.8 and 8.4 %, respectively. However, the use of 10

mM KCN inhibited enzyme aetivity at pH 8.0 and 10.0 by 16.2 and 4.1 %, respectively.

Matsuda et al. (1976) reported that, at 10 mM concentration ofKCN and pH 7.3, 40 % ofthe

LOX activity ofF. orysporum was inhibited. The results (Fig. 8) also show tbat at 25 and 5

mM KCN, the enzyme aetivity from S. cerevisiae, at pH 8.0" decreased by 51.4 and 16.2 %,

respectively whereas it remained unaffeeted at pH 10.0. Hardy et al. (1991) reporte<! that 10

and 20 mM NaCN inhibited the initial LOX aetivity in etiolated pea shoots by 0 and 15 %,

respectively.

In addition, the results (Fig. 8) demonstrates that the relative aetivity of the enzyme

from C. pyrenoidosa decreased by 58.2 and 67.1 % al o.s and 1 mM KCN concentration,

respectively. However, Zimmerman and Vick (1973) reported that 1.6 mM sodium cyanide

did not inhibit the partially purified LOX aetivity in the extract of C. pyrenoidosa. The activity

of partially purified LOX ftom apple (Kim and Groscb, 1979) decreasecl by 42 % al 1 mM

KCN whereas that ftom asparagus (Ganthavom and Powers, 1989) decreased by
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approximately 40 and 90 % at 1 and 5mM KCN, respectively. Flick et al (1975) reponed tbat

1 mM KCN completely inhibited the aetivity in the crude LOX extraets ftom three eggplant

cultivars.

In contrast, Figure 8 also shows that the addition of 60 mM KCN had linle etrea on

the LOX aetivity of the partially purified extraet ftom F. pro/iferatum; however, al higher

KCN concentrations (70-80 mM), the enzyme aetivity decreased dramatica1ly. The

experimental results (not shown) indicated that the decrease in LOX aetivity could be due ta

the increase in pH values from 6.0 to 9.0 upon the addition of SO mM to 80 mM KCN,

respectively.

St-Angelo and Kuck (1977) confirmed that the addition ofKCN increases the pH of

the reaction medium. In addition, Kermasha and Metche (1986) reported that the addition of

40 mM KCN resulted in a two-fold increase in the aetivity of partially purified LOX trom

Phaseo/us vu/gariS; however, these authors showed that higher concentrations of KCN

caused a decrease in enzyme activity which may not have been due to the CN inhibitory eff'ect

but to the increase in pH values. The literature also showed that the use of 10 mM NaCN had

no inhibitory effeet on LOX aetivity of the partially purified extraet trom egg plant (Grossman

et al., 1972a) and tomato fruit (Bonnet and Crouzet, 1977). Iny et al (1993b) reponed that

2.2 mM KCN showed no significant inhibitory etrect on the LOX aetivity ftom T. lIU/garis.

The use of 1 mM KCN had no inhibitory effect on LOX aetivity from cucumber (Wardale and

Lambert, 1980), tomato (Iadhav et al., 1972), and Marchantia polymorpha (Matsui et al.,

1990).

Table 2 shows that the Km value, ca1culated ftom the best straight line using

Lineweaver-Burk plots of l/v versus 1/S (1934), demonstrates tbat, at pH 8.0, CN is a

noncompetitive inhibitor Cor LOX activity from F. orysponmt. In addition, • plot (Fig. 9) of

Vmax versus the amount of total enzyme [E)total shows that the Ymax of the enzyme-cata1yze

reaction was lower in the presence of the inhibitor thereby indieating that KCN aets as a

classical irreversible noncompetitive inhibitor by binding irreversibly to the active LOX

• residues and completely removing the enzyme from the system (Segal, 1976). The results
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(Table 2) also show that KCN was round to be a noncompetitive inhibitor for LOX aetivity

from S. cerevisiae whereas it wu an uncompetitive inhibitor for the C. pyreno;c/osQ enzymatic

extraet.

Earlier worlc on the inhibition of LOX by CN produced contradietory resu1ts; some

researchers found little or no etfect (Galliard and Phillips, 1971; Jadhav et aL, 1972; Eskin and

Henderson, 1974; Bonnet and Crouzet, 1977) while othen reported significant inhibition (De

Lumen et al., 1978; Van Den and Mendoza, 1982; Hidalca et a/., 1986; Kermasha and

Metche, 1986; Khalyfa et al., 1990). The difference in the degree of inhibition ofLOX aetivity

might be due to inaccessibility of the iron to KCN or the interaction of CN with other heme

proteins or CN inlubitors present in the less purified sample; iodeed, CN is a weB known

inhibitor of other heme-proteins such as peroxidase and bas been used to distinguish between

heme-protein and LOX-catalyzed oxidation (Ganthavom and Powers, 1989). These

contradietory results May also be due to the faet that the degree of inhibition is inftuenced by

severa! factors such as pH, temperature, nature and concentration of buffet, ionic strengtb,

enzyme source, and enzyme, substrate and inhibitor concentration, reaetion time (Whitaker,

1972) as well as the pre-incubation time of the enzyme with the inhibitor (Ganthavom and

Powers, 1989) and the effect of KCN on the pH of the reaetion medium (St. Angelo and

Kuch, 1977).

3.4.5. Ef1'ect or EDTA OD eazyme activity

The results (Fig. 10) demonstrate that the addition of 5 mM EDTA increased the LOX

aetivity trom F. oxysporum by 16.6 and 50.3 % at pH 8.0 and 10.0, respectively. However,

Matsuda et al. (1976) reported that the presence, al pH 7.3, of 1 mM EDTA did not cause

appreciable inhibition of the aetivity of purified LOX ofF. oxysporum. Figure 10 a1so shows

that the addition of 1 mM EDTA had no effec:t on LOX activity ftom F. J'7oliferatum and S.

cerevisiae while 5 mM EDTA increased LOX aetivity of the former extract by 50 %. The

results (Figure 10) also indicate that the addition of 1 and 5 mM EDTA noticeably increased

the relative enzyme aetivity fi'om C. pyrenoidosa by two- and eight-fold, respectively.
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In contrast, the LOX aetivity of G. graminis (Brodowsky et al, 1994), M.

po/ymorpha (Matsui et al, 1990), sunflowec (Leoni et al, 1985) and cucumber (Wardale and

Lambe~ 1980) was not inhibited by the addition of 1 mM EDTA. Partial1y purified LOXs

from egg plant (Grossman et al., 1972a) and tomato tiuit (Bonnet and Crouzet, 1977) were

aIso not inhibited when EDTA was added to the reaction medium al a final concentration of

10 mM. In addition, EDTA wu an ineffective inhibitor of aude LOX aetivity in raw peanut

homogenates (Singleton et al., 1976) and tomato fruit (Jadhav et al., 1972). Howev«, the

ineffeetiveness ofEDTA as a LOX inhibitor could be explained by the faet that iron is stronsJy

bound in native LOX-I, resisting removal by ail high-affinity Fe(ll) chefalers, JUch as EDT~

which do not contain divalent sulfur (pistorius and Axelrod, 1974) due to the presence oCtwo

reported histidine residues which aet as ligands to the iron in the LOX active site (Zhaog et

a/., 1992). Shastry and Rao (1975) stated that the activity ofpartially purified rice bran LOX

was stimulated by 20 % after the addition of 1 mM EDTA; these authors postulated that dûs

increase in activity may be due to the removal of the inhibitory divalent metal ions present in

the preparation by the addition ofEDTA

The results (Fig. 10) aIso show that the residual activity of LOX from F. O%JIspotVIII

was considerably higher at pH 10.0 where the chelating efficiency of EDTA is enchanced due

to the dissociation of its carboxyl groups as a fimction of rising pH (Lindsay, 1985). The

carboxylate ions of EDTA cao then funetion as efficient donor groups thereby che1ating to •

greater degree with divalent metal ions in the reaction medium that migbt inhibit LOX aetivity.

The ability ofEDTA to let as a more efficient strong Metal chelator in alkaline medium is seen

by the greater enchancement of the relative aetivity ofLOX at pH 10.0 in comparison to pH

8.0.

In contrast, the addition of 1 mM EDTA wu reported to inhibit the aetivity of

partially purified LOX from apples (Kim and Grosch, 1979) and etiolated pea shoots (Hardy

et a/., 1991) by 67 and 6 %, respectively.
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3.4.6. Effeet of bydroquinone oa enzyme activity

Figure Il shows that the addition of 1 mM HQ resulted in a two- and four-fold

increase in LOX aetivity trom F. proliferatum and C. pyrenoidosa, respectively. In contrast,

the addition of 1 mM BQ inhibited the LOX aetivity7 al pH 8.02 ftom S. cerevisiae by S1.4 %.

The effect of higher concentrations of HQ on LOX activity could not he determined due ta

the limits of absorbance measurements of the spectrophotometer; moreover, the oxidation of

HQ was more pronounced at pH 10.02 thereby resulting in the formation of deep brownish

colored substances preventing absorbance measurements at 234 Dm.

Yasumoto et aL (1970) show~ wim the use ofpolarographic measurements, tbat S.2

mM HQ had an inhibitory efrect of 50 % on soybean LOX aetivity. In addition, Van Den and

Mendoza (1982) reported that the use of 1 mM HQ inhibited the aetivity of cowpea LOX-1

and -2 by 100 and 82 %2 respectively, whereas, Tappe1 et al (1953) indicated that 2 mM HQ

inhibited crude soybean LOX aetivity by 90 to 100 %.

In additio~ the results (Table 2) indicate that the HQ has a competitive inhibitory

effect on LOX aetivity ofS. cerevisiae, since the Vmax of the reactio~ 0.44 fUDol HPODE mg

-1 -1
protein min ,remained unchanged and the Km values difrered.

HQs are excellent hydrogen donors which cm reaet with hydroperoxy radicals to fonn

the corresponding hydroperoxides and the stable semiquinones resonance hybrids (Naw8C2

1985). The LOX-catalyzed reaetion could therefore be inhibited competitively by the

accumulation of end-produet, i.e. HPODEs. Moreover. the addition ofa bigher concentration

of substrate, i.e. linoleic acid, to the reaction medium could decrease the competitive

inhibitory efrect ofHQ.

3.4.7. Substrate specificity

The specificity of the partially purified LOX was assayed wim a wide range of

substrates, including free fatty acids and mono-2 di- and trilinolein. The results (Table 3) show

• that the highest specificity of the partially purified LOX extraets from F. orysporum and S.
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Table 3. Substrate specificity ofpartially purified lipoxyaenue mMs tram selected microorpnisms.

Specifie activityIl

F.o~",

pH

F. proIiferatu",

pH

S. cemisi.

pH

C. P1"noIdo.fa

pH

Substrate 8.0 10.0 6.0 8.0 10.0 7.0

Linoleie acid 100.0 100.0 100.0 100.0 100.0 100.0

Linolenie acid 28.8 18.8 35.2 10.9 20.0 15.7

Monolinolein 0.3 8.9 40.7 2.3 10.S 10.6

Dilinolein 1.7 7.9 37.8 3.3 9.7 10.1

Trilinolein 0.6 7.S 36.2 2.7 8.7 9.7

a
Specifie activity is defincd as Aper mg protein per min, whert: Ais equal to 0.001 absorbance at 234 nm.
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cerevisiae, at both pH 8.0 and 10.0, wu towards linoleic acid, foUowed by Iinolenic acid; the

LOX extraets exhibited higher activity towards mono-, di- and trilinolein at pH 10.0 than that

at pH 8.0. Table 3 also indicates that the enzymatic extraet nom F. pro/ifeTahmI sbowed ut

overall preference for linoleic acid and exhibited approximately 37 % of its relative activity

towards linolenic acid and mono-, di- and trilinolein. In addition, the results (Table 3) indieate

that LOX nom C. pyrenoidosa was more active towards nee Iinoleic &cid and comparatively

less towards its fany acid esters and ftee linolenic acid; the enzyme activity decreased in the

order of linoleic acid > linolenic acid > mono- > di- > and trilinolein.

Iny et aI. (1993b) reported that LOX nom T. vu/garis demonstrated ils maximum

aetivity towards linoleic &cid while exhibiting only a third of that with linolenic acid. Partially

purified LOX from kiwi fruit (Boyes et a/., 1992) demonstrated preferential enzyme activity

towards linoleic and linolenic acids but none towards trilinolein, whereas tbat nom appte (Kim

and Grosch, 1979) showed preferential specificity for linolenic acid in comparison to linoleic

acid. Crude cucumber LOX (Wardale and Lambert, 1980) was most active towards linoleic

acid followed by linolenic acid; however the enzyme was less than 80 % active towards

monolinolein. Grossman et al. (1972a) indicated that the partially purified eu plant LOX

exhibited less than 2S % activity towards di- and trilinolein than that observed with linoleic

and linolenic acids. Partially puri1ied LOX nom P. vu/garis (Kermasha and Metche, 1986) and

canola seed (Khalyfa et al, 1990) had higher specificity towards linoleic acid foUowed by

mono-, di-, and trilinolein wbile that ftom asparagus (Ganthavom and Powers, 1989)

exhibited similar specificities for Unoleic acid and monolinolein but yielded 10 % or less

aetivity towards di- and trilinolein. Eskin and Henderson (1974) reported that two partially

purified lipoxygenases ftom Caba bean showed preferential activity towards ftee linoleic acid

but exhibited less than SO % aetivity towards linolenic acid as weU as leu than S % towards

mono-, di-, tri.linolein.

3.4.8. Electrophoretie prorale

The eleetrophoretic profile (Fig. 12A) ofnative PAGE ofthe enzyme ftactions ftomF.

oxysporum shows that the CNde extraet and partially purified fi'action exlubit one major and
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five minor bands with an approximate molecular weight (Mr) of 67 to 140 kDa while those

fram F. pro/iferatum (Fig. 12B) show the presence of one major band al 140 kDa and two

minor bands at 67 kDa and 232 1cDa. In addition, the results (Fig. 12C) demonstrate tbat the

enzymatic extract ftom S.cerevisïae showed two major bands with an approximate molecular

weight (Mr) of 67 to 140 kOa in the crude extraet and partially purified ftaction. The

electrophoretic profile (Fig. 120) of the C. pyrenoidosa enzymatic extract indieates that the

crude fraction exhibits one band whereas the partially purified fraction exh1bits five bands with

an approximate molecular mass of 67 to 140 kOa. Although the exhibition of ooly one band

on bath native and sodium dodecyl sulfate PAGE is generally the result of extensive

purification and indicative of a pure sample, the single band exhibited by the crude extract of

C. pyrenoidosa does not represent a pure protein but the association of severa! proteins which

are subsequently separated into severa! protein bands, by ammolÛum sulfate precipitation,

based on their charge and molecular weight. The partially purifieeS fractions derived &am the

crude extract are also representative of the increased solubility and protein purification of the

sample as a result of the partial purification procedure that eliminated the interfering and

insoluble materia! present in the crude extract.

The literature indicates that, depending on the source ofextraction and the method of

purification, the molecular mass of LOX isozymes varies greatly ranging trom as low as 64

kDa for LOX-l from pea seeds (Reynolds and Klein, 1982b) to as high as 250 lcDa nom

germinating suntlower seeds (Lenoi et al., 1985). Khalyfa et al. (1990) reported that partially

purified LOX preparations ftom canola seed showed the presence of one major and Cour

minor bands. Seven protein bands were exlubited by the panially purifie<! LOX preparation of

soybean Meal (Yamamoto et al., 1970) and alfalfa (Chang et al.~ 1973). Slwtry and Rao

(1975) confinned the presence of LOX as weil as five proteins on PAGE. Klein (1976)

reported the presence of one major and one to two trace protein bands in enzyme extraets

from raw pea and split pea seeds, as weil as one major and one trace protein band in that trom

snap bean preparations. Bonnet and Crouzet (1977) confirmed, by native e1ecttophoresis, the

presence ofLOX and three protein stripes in the partially purified tomato extraet.
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3.5. CondusioD

The results gathered in this study indicated that the partial purification of the F.

oxysporum and S. cerevisiae extraets resuited in two active LOX aetivities, al pH 8.0 and

10.0, respectively, whereas that ftom the fungus F. proliferatum and the alpe C. pyrenoidosll

demonstrated the presence of one optimal LOX aetivity at pH 6.0 and 4.5, respective1y.

Although the literature showed little information regarding the isolation and characterization

of LOX from microorganisms, the present study demonstrated that LOX trom F. orysporum,

F. proliferatum, S. cerevisiae and C. pyrenoitfosa shared many of the same cbaracteristics of

those reported ftom other sources in terms of pH, kinetic parameters, substrate specificity,

enzyme activation and inhibition studies, and electrophoretic profile.
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CHAPTERIV

CHARACI'ElUZATION OF HYDROPEROXIDES AND CARBONYL COMPOUNDS OBrAINED BY

LIPOXYGENASE ExTRAcrs OF SELECTED MICROORGANISMS

4.1. Abstract

Partially purified lipoxygenase (LOX) extracts were obtained from Fusarium

proliferatum, Fusarium orysponnn, Saccharomyces cerevisiae and Ch/ore/la pyrenoidosa;

the enzymatic extraet for F. pro/iferatum showed the highest LOX aetivity while those ofF.

orysporum and S. cerevisiae demonstrated ooly 27.8 and 16.5 % ofthe aetivity at pH 1.0, and

61.2 and 9.7 % of the enzyme activity at pH 10.0, respectively. The lowest LOX aetivity wu

exhibited in the C. pyrenoidosa extraet. The microbial enzymatic preparations were assayed

with linoleic acid, as substrate, which was bioc::onverted into 9- and 13-hydroperoxides

(HPODEs) by aIl four extraets; in addition, the LOX aetivity in the F. orysponmr extraet

produced the 10- and 12-HPODEs from linoleic acid while that of the C. pyrenoidoSl:l extraet

produced only the 10-HPODE. When assayed with the 9- and 13-HPODEs, u substrates, the

selected rnicrobial extraets exhibited secondary enzyme aetivities, one of which produc:ed

hexanal. The highest hexana1-producing aetivity wu found to be 1.51 and 1.39 omol

hexanoVmg proteinlmin in the F. pro/ijera/Um and C. pyrenoidosa extracts, respectively,

while those ofF. oxysporum and S. cerevisiae exhibited approximately 1S % of the HPODE

cleaving enzyme activity. The C. pyrenoidosa extraet showed the highest proportion of

pentanone whic::h wu produc::ed at ooly one-fourth the concentration by the HPODE-c::leaving

enzyme aetivity in the three other microbial enzymatic extrac::ts.

4.2. Introduction

Lipoxygenase (EC 1.13.11.12) is an enzyme which metabolizes linoleic &cid and other

polYUJlSaturated fatty acids containing a as, cis-l,4-pentadiene moiety to hydroperoxy fàtty

acids by hydrogen abstraction ftom the Methylene carbon and antarafaciaI insertion of

molecu1ar oxygen (Yamamoto, 1992). Lipoxygenase (LOX) bas bem reported in plant (Mack:

et al., 1987) and animal (Yamamoto, 1983) sources; however, limited Iiterature bas reported
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its presence in micro-organisms. LOX-like aet1Vlty wu fust descnoed in several

microorganisms, including, Aspergillus and Penicillium (Mukherjee, 1951), Pseudomonas and

Achromohacter (Shimahara and Hashizume, 1973).

Matsuda et al. (1978) reported a purified Fusarium oxysporum LOX which converted

linoleic acid into 9- and 13-hydroperoxyoetadecadienoic acids (HPODEs). Wurzenberger and

Grosch (1984a) indicated that a Psalliota hispora LOX extraet converted linoleic &cid to 10

HPODE which was cleaved by a hydroperoxide Iyase (HPL) thereby producing l--oeten-3-o1,

responsible for the cbaracteristic tlavor ofmushrooms (Cronin and Wu'd, 1971) and l0-0xo

8-decenoic acid. Su et al. (1995) reported that the purified SR-dioxygena5e and

hydroperoxide isomerase (HPI) ftom Gaeumannomyces graminis converted Iinoleic acid into

SR-HPODE and ',8-dihydroxyoctadecadienoic acid (DiHODE). Moreover, a Laetisaria

arvalis extraet converted linoleic acid into the 8-HPODE and the a-HODE (Brodowsky and

Oliw, 1993). Hamberg (1989) indicated that a BPI from Saprolegnia parasitica converted 13

HPODE into 11,12- and 9,10-epoxy-13-hydroxy-oetadecenoic acid (HOME), respectively,

and the 9-HPODE into 10,11- and 12,13-epoxy-9-ROME, respectively. A LOX aetivity

which oxidized arachidonic, eicosapentaenoic and docosahexaenoic acids wu reported in the

fungus Lagenidium giganteum (Simmons et al., 1987).

A LOX preparation from Saccharomyces vin; (Lyudnikova et al., 1984),

Saccharomyces cerevisiae (Shechter and Grossman., 1983) and Thermoactinomyces vu/garis

(Iny et al., 1993a) was repol1ed to catalyze the oxygenation oflinoleic acid into the 9- and 13

HPODEs.

In algae, a LOX extraet trom Oscillatoria sp. produced the 9- and 13-HPODEs

(Beneytout et al., 1989); the 13-HPODE wu converted by a HPL to 13-oxotridecadienoic

acid and pentanol (Andrianarison et al., 1989). The Chlorella pyrenoidosa LOX extraet

oxidized linoleic acid into the 13-HPODE and the minor produet 9-HPODE (Zimmerman and

Vicie, 1973) while a HPL activity cleaved the 13-HPODE or 13-hydroperoxylinolenic &cid

(HPOTE) into 13-oxo-tridecadienoic acid and pentane or pentene, respectively; other

metabolites of 13-HPOTE were 13-ROTE and 12,13-epoxy-9-HODE (Vicie Uld Zimmerman,
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1989). Hamberg et al. (1992) reported that an enzyme preparation of the recl a1ga

Lithothamnion coraOioides produced Il-HODE as well as smaller amounts of9-HOD~ 13

HODE and 11-keto-oetadecadienoic acid from linoleie acid. A BPI acetone powder extraet of

the red alga Graci/ariopsis lemaneiformis eonverted 9- and 13-HPODE to the vicinal diol

fatty acids 8,9- and 13, 14-DiHODE, respectively (Gerwiek et al., 1991).

The specifie objective of this work was the development of a procedure for the

recovery, purification and eharacterization of end-produ~ HPODEs and carbonyl

compounds, obtained from the enzymatic aetivity of partially purifiee! extraets of F.

orysporum (Bisakowski et al., 1995a), Fusarium prolijératum. (Bisakowski et al., 1995b), S.

cerevisiae (Bisakowski et al., 1995e), C. pyrenoidosa (Bisakowski et al. 1995d) using Iinoleic

acid as weIl as the 9- and 13-HPODEs as model substrates

4.3. Materials and Metbods

4.3.1. Preparation of standards

The HPODE standards, the 9- and 13-HPODEs, were prepared according to the

procedure described by Kermasha et al (1986). The HPODEs were obtained by the

incubation of commerciallinoleic acid and soybean LOX (Sigma Chemical Co.). The reaction

medium consisted of 22.4 mg linoleic acid in which the final concentration of the substrate in

the reaction medium wu equal to 2 mM, 0.6 % (v/v) polyoxyethylene sorbitan monolaurate

(Tween-20) and sufficient Tris-HCl buffer solution (0.1 Mo. pH 7.3) to adjust the final volume

of the mixture to 40 ml. The reaetion medium wu held in a temperature controlled water-bath

at 25
0
C and shaked at 100 rpm. The reaetion was initiated by adding preincubated soybean

LOX suspension (3.3 mg protein) ta the reaction medium. A control trial containinS all the

components except the enzyme preparation wu ND in tandem. The aetivity of the lOybean

LOX was 110,600 U/mg, with 1 U being equal to 0.001 absorbance unitslmin at pH 9.0 and

o
25 C. The formation of HPODEs wu monitored by the increase in absorbance at 234 Dm

(Surrey, 1964), using a Beclanan DU-6S0 spec:trophotometer (Beclanan Instruments). After
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20 min, the enzymatie reaction was halted by the addition of 4 N HCI (pH 3.0) and immersed

in an ice-bath (10 min).

The HPODEs were subsequently extracted with diethyl ether and ail traces of protein

and Tween-20 were eliminated by extraction with water. The diethyl ether wu evaporated

using a gentle stream of nitrogen, and the residual HPODEs were resolubilized in methanol

The presence ofHPODEs was confinned by thin-layer ehromatography, using precoated sillca

gel RP-18F254S plates (5 x 20 cm, 0.25 mm thickness, Alltech Associates Ine., Deerfiel~ IL)

with a solvent system of methanoVwater (75:25, v/v). The HPODEs were revealed as

brownish-red spots when sprayed with fteshly prepared ferrocyanate reagent, a mixture oC 10

ml aqueous solution of 4 % ferrous sulfate and 15 ml oC 1.3 % ammonium thiocyanate in

acetone (Kermasha et al., 1986).

The aldehyde and ketone standards, ethanal, hexanal, 2-oetenal, 2-nonenal, decanal, 2

propanone, 2-butanone, 2-hexanone, 4-hexen-3-one, 2-heptanone and 2-octanone, were

purchased ftom Sigma Chemical Co. and converted to the corresponding 2,4

dinitrophenylhydrazones (DNPHs) according to the procedure described by Olias et al

(1990). The carbonyi compound solution (1 J.Ü) was cliluted in 20 ml sodium phosphate buffer

solution (0.1 M, pH 7.0) and incubated at 25°C for 20 min. The mixture wu subsequently

acidified with 4 N HCI to pH 3.0 and an excess of a 0.4 % oC 2,4-dinitrophenylhydrazine

(Sigma Chemical Co.) solution (750 J,.L1), prepared in 4 N HCI, wu addecl. The mixture wu

shaken for 1 min and allowed to stand for 10 min at 25°C. The DNPH-derivatives ofcarbonyl

compounds were then extracted three times with hexane (25 ml); the hexane wu evaporated

under a gentle stream ofnitrogen and the residual exttaet wu resolubilized in methanol.

4.3.%. Preparation of enzyme extracts

The partial purification of LOX extraets wu carried according to the procedures

described previously for F. oxysporum (Bisakowski et al., 1995a), F. proliferatum

(Bisakowski et al., 1995b), S. cerevisiae (Bisakowski et al., 1995c) and C. pyrenoidosa

• (Bisakowski et al. 199Sd). AlI four crude microbial extraets were partially purifiecl using
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ammonium sulfate precipitation; the F: oxysporum, F. proliferatum, S. cerevisiae, and C.

pyrenoidosa extraets were obtained at 20-80, 0-40, 20-80 and 40-80 % of saturation,

respectively, which resulted in a corresponding 2.66-, 13.3-, S1.8- and 17.S-fold increase in

purification. This procedure resu1ted in an overall higher LOX aetivity in ail four enzymatic

extraets; however, the presence of secondary enzymes such as HPL wu a1so detected.

4.3.3. Protein determinatioD

The protein concentration of the enzymatic fractions was determined according 10 a

modification of the Lowry method (Hartree, 1972). Bovine serum a1bumin (Sigma Chemical

Co.) was used as a standard for calibration.

4.3.4. Enzyme ASsay 01 IipoXYleDue aad bydroperoùde-deaviaa activity

The LOX aetivity of the partially purified extraets ofF.orysporum, F. proliferatulll, S.

cerevisiae and C. pyrenoidosa was assayed spec:ttophotometrically (Beckman DU-6S0

spectrophotometer) according to the procedure described by Bisakowski et al (1995a), using

linoleic acid (33 to 267~ as substrate. A control solution, containing all the components

minus the enzyme preparation, was run in tandem with these trials. The formation of 9- and

13-HPODEs by LOX activity was measured by an increase in absorbance at 234 Dm (Surrey,

1964) due to the presence of a conjugated hydroperoxydiene moiety; however, the absence of

this moiety in the 10- and 12-HPODEs allowed detection ofthese two produets only u their

respective methyl trimethylsilyloxystearate (MTMS) derivatives u5Ïng the gas-liquid

chromatography/mass spec:troscopy (GLC/MS) analyses. The specifie aetivity of LOX (U)

was defined as the amount ofenzyme giving rise ta 0.001 absorbance per min at 234 Dm (Ali

Asbi et al., 1989).

The partially purified extrae::ts ofF. oxysporum, F. proliferalUm, S. cerevisiœ and C.

pyrenoidosa were assayed for the presence ofsec:ondary enzymes, such as HPI and/or HPL, in

a similar way ta that for Lax, with certain modifications; the substrate used wu the 9- and

13-HPODE mixture (33 J.lM) and the activity of a cleaving-HPODE enzyme wu monitored

by the disappearance of HPODEs as indicated by a decrease in the absorbanc:e al 234 Dm
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(Gardner et aJ.~ 1991) as well as by the appearance of an oxodienoie acid as exhibited by an

increase in the absorbance at 284 nm. (Andrianarison et al.~ 1989). A control solution,

containing all the components minus the enzyme preparation, was aIso run in tandem with

these trials.

4.3.5. Recovery or enzymatic end-producU

In order ta recover Adequate quantities of HPODEs and carbonyl compounds by the

aetivity of the partially purified enzymatie extraets~ a scale-up of the enzymatic assay tram 3

ml to 20 ml wu performed. A control solution, containing ail the componenu minus the

enzyme preparation, was run in tandem with these trials.

4.3.6. mgh-penormance liquid chrom.to....phy or end-produeu

The high-performance liquid chromatography (HPLC) system used for the analyses of

HPODEs and DNPH-derivatives of carbonyl compounds was Beckman Gold (Beckman

Instruments) with computerized integration and data handling (Beckman Model 126),

equipped with a Beckman diode-array UV detector (Model 168). Injection wu achieved

through an automatic injector (Varian, Model 9095, Walnut Creek, CA) fitted with a 20 J,l1

loop. The HPODEs were separated on a reverse-phase Econosil C I8 column (250 mm x 4.6

mm 1.D., Alltech Associates Inc.) and monitored by their specifie absorption al 234 Dm; the

eluant system was a mixture of methanoVwater/acetie acid (75:24.95:0.05, v/v/v) al a tlow

rate of 1 ml/min. The DNPH.derivatives of carbonyl compounds were also separated on the

same column using an increasing gradient from 70 to 100 % methanol in water, al a flow rate

of 1 ml/min and a specifie absorption al 360 Dm (Olias et al., 1990).

4.3.7. Derivitization or liDoleic .cid bydroperosida

The HPODEs were resolubilized in 100 JAl methanol and reduced to RODEs by the

addition of 2 ml of 5 % sodium borohydride (NaBHJ solution, with continuous stirring, for

o
20 min at 0 C followed by 40 min at room temperature. Deionized water (2 ml) wu
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subsequentIy addecl to the HODE solution and the excess NaBH. wu eliminated by

acidification to pH 3.0 with 4 N HCI; the HODEs were extraeted with diethyl ether which wu

evaporated under a gentle tlow ofnitrogen (Hamberg and Samuelsson, 1967).

The carboxyl group of HODEs wu methylate~ using the Aldrich MNNG

Diazomethane Kit (Aldrich Chemica1 Co.). The residual HODEs were clissolved in dietbyl

ether (3 ml) and placed in the outside tube while o.s ml ofwater and one mmole of I-methyl

3-nitro-l-nitrosoquanidine (MNNG) were placed in the inside tube. The tubes were clamped

and immersed in ice water while 600 pl of a S N sodium hydroxide solution wu injected via

syringe through a septum. The addition of the a1ka1i ta the MNNG produeed cliazometbane

gas in the inner tube which was allowed to pass into the outer tube and reaet for 4S min with

the RODEs in diethyl ether. The diethyl ether wu then evaporated under a gentle f1owof

nitrogen (Fales et al., 1973).

The double bonds present in the methylated RODEs were subsequently hydrogenated

using the method ofHamberg (1993); the residual produets were dissolved in methanol (3 ml)

and platinum dioxide (lS mg) wu addecl as a catalyst for hydrogenation under a gentle tlow

of hydrogen gas and continuous stirring for 20 min at room temPerature. The Methanol was

evaporated under a gentIe tlow ofnitrogen.

Lastly, silylation of hydroxyl groups to trimetbylsilanes wu performed by

resolubilizing the residual extraet in pyridine (50 ~) and N,N-bis (trimethyl-silyl)

trifluoroacetamide (BSTFA) containing 1 % trimethyl chlorosilane (100 JIl) and alIowing the

o
reaetion ta occur for 30 min at 40 C (Kermasha et al., 1986). The solution wu evaporated

under a gende flow ofnitrogen.

4.3.8. Gas-liquid cbrom.to....pby/mus spectroscopy or ead-producu

The GLClMS system used for the analyses of the ueated HPODEI and DNPH

derivatives of earbonyl compounds wu a HP 6890 Series Ge System (Hewlett Packard) with

computerized integration and data handling. equipped with a mus selective deteetor. Injection

89



•

•

•

was performed through an automatic liquid sampler; the volume analyzed wu 1 J&1 by splidess

mode injection set al a ratio of 1:100. Separation of the treated HPODEs and DNPHs wu

performed on a fused silica capillary SPB-l column (30 m x 0.25 mm ID., 0.25 JUIl film
o

thickness, Supelco Ine., Bellefonte, PA); the initial column temperature wu 150 C and

o 0

increased at a rate of3 C/min to a maximum of290 C where it was held for 5 min. Flow rates

were set at 30 and 300 ml/min for the hydrogen and oxygen, respectively, while the carrier gas

(He) f10w rate was maintained at 1.5 ml/min. Injector and detector temperatures were al

o
290 C.

4.4. Results and Discussion

4.4.1. Hydroperoxides rormed by lip0I)'genase activity

The results (Table 4) showed that among the four partially purified enzyme extraets,

the specifie activity of LOX was highest in the F. proliferatum extJ'aCt. The results also

indicate that the second-highest activity wu exhibited by the F. orysporum preparation,

followed by that from S. cerevisiae. Moreover, the lowest enzymatie activity wu lound in the

LOX preparation of C. pyrenoidosa; however, since the optimal pH of 4.5 for the C.

pyrenoidosa extraet limited the solubility of the substrate linoleie acid, the enzyme assays

were run at the neutral pH of 7.0 where the specifie aetivity was one-seventh of that obtained

at the acidic pH.

Figure 13 presents the HPLC elution profile obtained for the HPODEs enzymatically

produced by the partially purified extraet of F. oxysporum; similar elution profiles were

obtained for the 9- and 13-HPODE standards as weI as the HPODEs produced by the

partially purified extraet5 of F. pro/iferatum, S. cerevisiae and C. pyrenoidosa. The results

show the presence of a major peak "an al 24 min and two mincr shoulder peaks "b" al

approximately 25 to 29 min of elution time. Although the 9- and Il-HPODEs were detected

by HPLC analysis, the 10- and 12-HPODEs were not as they showed no maximum
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Table 4. Specifie aetivity of partially purified Iipoxygenase extracts trom selec:ted

microorganisms.

•

Mieroorganism

F. orysporum

F. pro/iferatum

s. cerevisiae

c. pyrenoidosa

8.0 1691

10.0 3715

6.0 6071

8.0 1004

10.0 589

4.5 725

7.0 96

•

tLrhe optimal pH ofthe enzymatic reaction medium.

bSpecific activity is defined as A/mg proteinlmin, where Ais equal to 0.001 absorbance at
234 Dm.
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absorbance in the ultraviolet region (20S to 300 nm) due to the absence ofa conjugated diene

system (Wurzenburger and Grosch, 1984a).

The Ge elution profile of the MTMS derivatives of HPODEs obtained by the F.

oxysporum LOX extraet is shown in Figure 14; the 9- and 13-MTMS standards as weil u

those produced by the three microbial enzymatic extraets exhibited a simiIar e1ution profile.

The results demonstrate that the MTMS isomers were eluted by numeric order starting with

the 9-MTMS, closely followed by the 10-, 12-MTMS and lastly by the 13-MTMS al 21.30,

21.35 t 21.54 and 21.70 min, respectively_ The presence orthe 10- and 12-BPODEs, as the

respective 10- and 12-MTMSs, was fust detected by the GClMS analyses.

Figure 1S shows the mass spectra of the MTMS derivatives of HPODEs indicated in

the Ge elution profile (Fig. 14). Figures ISA and ISe demonstrate the mus speœa of the 9

and 13-MTMSs, obtained usmg the F. oxysporum extraet, as indieated by the characteristic

fragmentation patterns resulting from a-cleavage of both sides of the carbon atom to which

the trimethylsiloxy group is attached; the results show the presence of the 9-MTMS as

indicated by the m1z fragments at 230 and 260 and that of the 13-MTMS as exhibited by the

strong signals at 174 and 316 (Beneytout et al., 1989). The results (unshown) indieate that the

9- and 13-MTMSs produced trom the 9- and 13-HPODE standards and by the LOX ae:tivity

of the microbial extracts possessed the same cbaraeteristic mass spec:tra. The resu1ts also

suggest the presence of a 12-MTMS (Fig. ISB) as shown by the mie ftasments of 188 and

302 (Wurzenburger and Grosch, 1984a) and that ofa lO-MTMS (Fig. ISA) as demonstrated

by the mong m/z signais al 216 and 274. A similar mass spectrum was also obtained for the

10-MTMS obtained usinS the C. pyrenoidoso exttaet.

Table S shows the relative qualitative production of HPODEs by the four microbial

enzymatic extraets. The results indicate that the 9- and 13-HPODE isomers were produced by

LOX aetivity in ail four enzymatic extrae:ts; the highest relative proportions were observed in

extracts ofF. proliferatllm (45:55) and S. cerevisiae (47:53 al pH 8.0 and 4S:SS al pH 10.0).

The results also indicate that linoleic acid was convened into the 12-BPODE al •

proportionate of 21 % by the enzymatic aetivity of F. oxysporum extraet. Moreover, the
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Table 5. The gas-liquid chromatography analyses ofhydropcroxide isomcrs produccd by the partially purified lipoxygenase extracts
from selected microorganisms.

Microorganism

F. oxysporllm

F. prolifera/",,,

S. cerevis;ae

C. py,'e'lOic!osa

pHb

8.0

10.0

6.0

8.0

10.0

7.0

Relative peak area (%)"

Hydroperoxide isomers

HPLC fractiont' 9 9/10 12 13

a (/ 49.7 21.1 29.1-
b cl 52.0 17.1 28.0-
a d 43.5 5.2 47.8-
b 31.2 cl d 68.8- -
a 45.3 cl (/

54.7- -
b 49.9 cl d 50.1- -
a 47.1 cl cl 52.9-
b 55.6 cl d 44.4-
a 45.3 cl cl 54.7- -
b cl cl cl cl

a cl 53.8 cl 46.2- -
b cl cl (/ cl

(/The relativc pcrcentage peak area was defincd as the peak area of the methyl trimcthylsilyloxystcaratc isomer dividcd by the
slIm orthe mcthyl trimethylsilyloxystearate isomers, multiplied by 100.

hThe optimal pH of the enzymatic rcaction medium.

fllydropcroxidc fractions collectcd by BilLe as indicated in Figure 13,

tlNo peak dctectcd,
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results suggest the presence of a 10-HPODE by LOX aetivity in the C. pyrenoidostl and F.

orysporum extraets; however, the 9- and 10-HPODEs were eluted closely together 50 tbat the

latter could Dot be relatively compared by its peak area.

The conversion of linoleic acid inlo 9- and 13-HPODEs by a LOX preparation wu

reported for F. orysponnn (70:30 at pH 9.0 and 56:44 al pH 12.0) (Matsuda et al., 1978) and

the thennophilic actinomycete T. vu/garis (56:44) (Iny et al., 1993a). However, a (IR)

dioxygenase trom the fungus G. graminis (Brodowsky and Oliwt 1992) and L arvalis

(Brodowslcy and Olïw, 1993) wu found to catalyze the oxygenation of Iinoleic acid Il the

eighth carbon to produce a (8R)-HPODE, as indicated by the strong signais of the respective

8-MTMS at mlz 243 and 245. A LOX activity was also reported in several mushroom species,

that specificaUy catalyzed the conversion of linoleic acid into a 10-HPODE (Wurzenburger

and Grosch, 1984c).

A LOX yeast activity in S. vin; (Lyudnikova et al., 1984) and the mitochondrial

fraction of S. cerevisiae (Shechter and Grossman, 1983) wu reported to catalyze the

bioconversion oflinoleic acid into the 9- and 13-HPODEs.

In algal sources, a LOX extraet converted linoleic acid ioto the 9- and 13-HPODEs

(48:52) for Oscil/atoria sp. (Beneytout et al., 1989) and (20:80) for C. pyrenoidosa

(Zimmennan and Vicie, 1973). However, an enzyme preparation of the red alga L

cora//ioides produced the Il-HODE and smaller amooots of 9- and 13-HODE as weB as the

ll-ketodienone of linoleic &cid (Hamberg et al., 1992).

4.4.2. Absorbance SpectrulD of bydroperoxide cODvenioD

The enzymatic conversion of the 9- and 13-HPODE standards (30:70) (Fig. 16), by

the F. proliferatum extrae:t, wu monitored by a decrease in absorbanœ al 234 nm attn"buted

to the decomposition of the conjugated hydroperoxydiene moiety and an increase in

absorbance at 284 nm.' due to the formation of ketonic compounds by secondary enzyme

activity (Andrianarison et al., 1989); the extraets of F. orysponotl, C. pyrenoit/osa and S.

• cereviSÎae demonstrated similar absorbance profiles between 220 to 320 Dm. The Iiterature
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Figure 16. Spectroscopic scanning, at intervals of 0, l, S, 10, lS, 30, 4S, and
60 min, of the enzymatic end...produets obtained after incubation
ofthe partially purified extraet ofF. proliferatum with a mixture
(30:70) of9... and 13...hydroperoxides.
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indieated that absorption near 280 ont was charaeteristic of a conjugated dienone

chromophore (Vioque and Holman, 1962) or an oxodienoic acid (Salch et al., 1995).

The absorption profile (Fig. 16) was also reported by Andrianarison et al (1989) for

the aIgae Oscillatoria sp. extraet, which metabolized Iinoleic acid into five-carbon compounds

and 13-oxotrideca-9,11-dienoic acid; the CS, 13.cleaving enzyme aetivity wu attnbuted te the

presence of a HPL in the Oscillatoria sp. and the C. pyrenoit:/osa extraets (Vick and

Zimmennan, 1989).

The results indicate that the increase in absorbance at 284 Dm corresponds to oo1y 20

% of the decrease of that observed at 234 nm (Fig. 16). Consequently, the presence of

secondary enzyme aetivities other than HPL (Gardner et al., 1991) in the partiaUy purified

enzymatic extraets could also be responsible for the metabolization of the HPODEs.

Kennasha et al. (1986) reported the presence of a BPI aetivity, in a Phaseolus vulgaris

extraet, which was measured by a decrease in absorbance al 234 nm.

4.4.3. Carbonyl compounds rormed by bydroperoude-cinviDI activity

Figure 17 presents the HPLC chromatogram, obtained for the F. orysporum enzymatic

extraet, which shows the elution profile of the DNPH-derivatives of the carbonyl compounds,

ranging trom four to nine carbons chain length.; the DNPH-derivatized carbonyl standards and

those produced by the microbial extraets exhibited a comparable elution profile. A similar

HPLC separation of DNPH-derivatives of aldehydes wu also obtained by Matoba et al.

(1985), using a soybean enzymatic extract responsible for the synthesis of hexanal. The

number of carbons in the DNPH-derivatives of the carbonyl compounds wu determined with

reference to the retention times of 14, 17, 20 and 26 min which correspond to the DNPH

derivative standards of butanon~ pentanal, hexanal and nonenal, respective1y. ne results

(Table 6) show that the four enzymatic extraets produced hexanal when a1Iowed to react with

a mixture of 9· and 13-HPODEs (30:70) as substrates. The results al50 indicate that the

highest proportion of hexanal was produced by S. ce,evisiae extra~ foUowed by those ofF.

proliferatum and F. oryspo11l1ll. Moreover, the results demonstrate that although the extraet

of C. pyrenoidosa indicated the lowest yield (39 %) of hexanal production, it displayed a

99



,e

0.8 C6

î 0.6

0
\0
M
'-'
QJ 0.4
~..c..
0 C9~..c CSe <: 0.2

12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0

Time(min)
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Table 6. The relative production of carbonyl compounds produced by partially purifiecl

lipoxygenase extrICtS ftom selected microorpnisms.

Microorganism pif Cs

•
F. oxysporum

F. proliferatum

S. cerevisiae

C. pyrenoidosa

8.0 5.67 9.94 69.17 15.22

10.0 5.85 18.61 71.43 4.11

6.0 6.75 17.16 76.09 c-
8.0 6.87 c 77.02 16.11

10.0 c 8.47 86.81 4.72-
7.0 2.67 58.60 38.83 c-

•

';ne relative pena'tasc peak aRa wu cIefiDod as tbc peak aRa oftbc e:arbonyl compouDd dividcd by
the sum ofthe e:arbonyI COIllpo-mdl" multiplied by 100.

bThe optimal pH ofthe enzymaâc reac:tiœ medium.

'No peak detected.
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much higher proportion of five carbon-eompounds in comparison to the other enzymatic

extracts.

However, the results (Table 7) indicate that the highest HPODE<leaving aetivity wu

found to be 1.51 and 1.39 nmol hexanoVmg proteinlmin in the F. proliferatunl and C.

pyrenoidosa extracts, respectively; approximately 15% of this aetivity wu observed in the

preparations of F. orysporum and S. cerevisiae. The occurrence of nine-carbon carbonyl

compounds (Table 6) was detected ooly in the enzymatic extraets of F. orysporum and S.

cerevisiae which produced four times the concentration at pH 8.0 than al pH 10.0; the

presence of nine-carbon compounds suggests the occurrence of a BPODE-cleavïng enzyme

(Gardner, 1991) having a substrate specificity for the remaïning 9-HPODEs (30 %).

Pradel and Adda (1980) reported that the seneration of carbonyl compounds under

acidic conditions MaY he due to the decomposition ofHPODEs. Consequently, the quantity of

carbonyl compounds, produced as a resu1t of the acidic conditions (pH 3.0) used in our

experiment, was taken ioto consideration by using a control trial containing ail the

components except the enzyme preparation. The results (unshown) indieated tbat the &cid

degradation of 13-HPODE did not produce appreciable yields of hexanal (Gardner et al.,

1984) in comparison to those obtained by enzymatic aetivity.

Figure 18 shows the OC elution profile of the DNPH-derivatized carbonyl compounds

obtained using the F. proliferatum extraet; the DNPH-derivatized carbonyl standards as wen

as those produced by the microbial extracts showed similar chromatograms. The results

demonstrate that a tive-carbon carbonyl compound and six-carbon isomeric carbonyl

compounds were eluted at 20.23,24.03 and 22.77 min, respectively.

Figure 19 shows the mus speetra of the DNPH-derivatized carbonyl compounds

indicated in the Ge elution profile (Fig. 18). The mass-speeuwn of the DNPH-derivatized

five-carbon carbonyl compound produced by the F. proliferatunl exttact is indieated in Figure

19A; the same mass spectrum was obtained for the DNPH-derivatized five-carbon carbonyl

compound produced by the three other microbial extraCU. The resu1ts suaest the presence of
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Table 7. Production of bexanaJ by partially purified lipoxygenase

extraets ftom selected microorpnisms.

Microrganism Production ofbeDoalb

F. orysporum 8.0 0.31

10.0 0.15

F. proliferatlml 6.0 l.51

• S. cerevisiae 8.0 0.20

10.0 0.28

C. pyrenoidosa 7.0 1.39

~ optimal pH ofthe eazymatic readiaD medium.

bSpec:ific adivity ofa bydroperoxicIe-viDg CIIZ)'IIIe is defiDed as
nmol bexaMI'ma proteialmin.
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DNPH-pentanone as indieated by the strong m1z signal at 267 (M) and the &asmentation

pattern which is identical to that of the DNPH-butanone standard, minus one CH]-fiagment.

Further evidence of the presence ofDNPH-pentanone is suggested by the Ge elution profile

of the standards; using the six-carbon carbonyl standards, DNPH-bexanal and DNPH

hexanone~ it was observed that the aldehyde eluted one min after the ketone which wu the

elution pattern repeated for DNPH-pentanone and the DNPH-pentanal standard. The

possibility of the five-carbon compound being 2-pentanal wu eliminated as its mus spectra

did not match tbat of the DNPH-derivatized pentanal standard. The resu1ts (Fig.19B) also

show the mass spectra of the DNPH-derivatized six-carbon carbonyl compound produced by

the F. pToliferatum extraet; comparable mass spectra were also obtained by the DNPH

derivatized hexanal standard and by thOIe produced using the microbial enzymatic extrIctS.

The resu1ts indicate the occ:urrence ofDNPH-h~ u demonstrated by a major peak Il

m1z 281 (M'). In addition, the results show that DNPH-hexanal bad the same retentioll time

and mass-spec:tra as its respective standard.

Our findings suggest that the HPODE-metabolizing aetivity in the four enzymatic

extraets may be similar to a C6~Cl2-cleaving HPL aetivity found in higber plants; this HPL

activity was reported ta be specifie for the 13-HPODE in tomato ftuits (GaUiard and

Matthew, 1977)~ the 9-HPODE in pear fiuit (Kim and Grosch, 1981) and the 9- and 13

HPODEs in cucumber fruit (Galliard et a/.• 1976). Gardner (1991) reported tbat this type of

HPL produced hexanaJ and a 12-oxo-9-dodecenoic acid trom i3-HPODEs, and nonenal and a

9-oxo-nonanoie acid ftom 9-HPODEs.

To date. as the authors are aware. there is no report on this type ofHPL-like aetivity

in microorganisms. However, another type ofHPL. namely a CS,CI3-cleaving enzyme, bas

been reported in algae and two higher plants. In alpe, the 13-HPODE wu cleaveel into

pentanol or pentane, and a 13-oxodienoic acid by an enzyme preparation obtained Û'om

Oscillatoria sp. (Andrianarison el al., 1989) and C. pyrenoidosa (Vick and Zimmerman,

1989)~ respectively. In grass Agropyron repens (Berser et al.• 1986) and soybean cotyledon

(Kondo el al., 1995) extraets~ pentenol wu identified u a produet of a C5~13-eleaving HPL
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activity. Another type of HPL, a CS,10-cleaving enzyme, was also reported in musbrooms,

requiring a lO-HPODE as substrate. Wurzenberger and Grosc:h (1984a) reported a LOX

extraet from Psa/liota bispora that converted Iinoleic &cid to 100HPODE which wu then

cleaved by a HPL thereby producing l-octen-3-01 responsible for the characteristic flavor of

mushrooms (Cronin and Ward, 1971) and lO-oxo-8-decenoic acid (Wurzenburger and

Grosch, 1982). The presence ofthese two enzymes was a1so suggested by the formation ofCS

volatile a1cohols and ketones, such as l-octen-3-o1, 3-octanol, 2-octen-l-ol and l-octanol, and

3-octanone in extraets Agaricus bisporus (Mau et al., 1992) and Asperigillus j1avus

(Kaminski et al., 1972).

4.5. Conclusion

The results gathered in this study indicated that the partia1ly purified extraets of F.

proliferatum, F. orysporum, S. cerevisiae and C. pyrenoidosa demonsttated the presence ofa

LOX activity which had certain similarities in terms of HPODE production to that reported

from other microbial sources. However, the enzyme preparations a1so produced a more wider

range of HPODE isomers. In addition, the occurrence of a HPODE-eleaving aetivity in the

four microbial enzymatic extraets was also suggested by the production ofhexanal.
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CHAPTERV

CHARACl'ElUZATION OF Pc1UFIED LlPOXYGENASE ExTRAcrs

FROM Fus.uuUMPROUFERATUM

5.1. Abstract

A crude üpoxygenase (FI) extraet from Fusarium proliferatum was partially purified

by ammonium sulfate precipitation al 0-40 % of saturation (Fll). The purification of fraction

ru by size-exclusion chromatography resulted in three major peaks, FDIa, FllIb and FUIe.

Fraction FllIa demonstrated the highest specifie lipoxygenase aetivity as weB as the highest

recovery and was therefore further purified. The purification procedure resulted in one major

fraction (FIV) by ion-exchange chromatography. Fraction FlY showed the presence of one

major protein band and two minor ones in bath the native and sodium dodecyl sulfite

polyacrylamide electropheorograms. Optimal üpoxygenase activity was shawn ta be al pH 6.0

for fractions FUIa, Flllb, FUIe and FlY; however, fractions FllIa and FIlle also exhibited an

optimal pH at 10.0, while FIllb and FlY al pH 7.5 and 10.5, respectively. The Km values,

obtained from Lineweaver-Burlc plots, were 2.5 x 10-6 M (FDIa, pH 6.0), 4.7 x 10--6 M (FDIa,

~ -6 -6pH 10.0), 4.2 X la M (FIITb, pH 6.0), 7.S x 10 M (FIITb, pH 7.S), 3.1 x 10 M (FUIe, pH

-6 -6 -66.0), 4.7 x 10 M (FllIe, pH 10.0), 11.0 x 10 M (FlY, pH 6.0) and 3.9 x 10 M (FIV, pH

10.5). Fractions FIlla and FllIc demonstrated greater preference towards ÜDoleic &cid as

substrate than ÜDolenie and arachidonic acids al pH 6.0 and 10.0; in addition, tbese fractions

showed very little aetivity towards mono-, di· and trilinolein. In contrast, fraction FIllb

possessed higher substrate specificity towards mono-, di- and trilinolein al pH 6.0 while al pH

7.S, it preferred trilinolein; with respect to the free Catty acids, fraction FIllb preferred ÜDoleic

acid in comparison to linolenic and arachidonic acids al both pH optimas. Fraction FlV

demonstrated approximately 2.S limes more aetivity towards mono- and dilinolein and 1.5

times more with linolenic and arachidonic acids than that exhibited towards Molcic acid al pH

6.0; however, al pH 10.S, this enzymatic fraction possessed an overall preference towards

linoleic acid. The purified fractions FDIa, FllIb and FlY produced mainly the Il-BPODEs

from linoleic acid at pH 6.0, 7.5 and 6.0 respectively; however. the same fractions produc:ed
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the 9- and 13-BPODEs at a ratio ofapproximately 1:1 at pH 10.0, 6.0 and 10.5, respectively.

In addition the presence of a LOX aetivity producing the 10- and 12-HPODEs was also

suggested in fractions FIIIa (pH 6.0 and 10.0), FllIb (pH 6.0) and FlY (10.5); however, this

aetivity was not detected in fractions FIllb and FIV at pH 7.5 and 6.0, respectively.

5.2. IntroductioD

Lipoxygenase (Ee 1.13.11.12) is an enzyme which metabolizes Iinoleic &cid and other

polyunsaturated fany acids containing a cis, cis-l,4-pentadiene moiety to hydroperoxy &tty

acids by hydrogen abstraction trom the methylene carbon and antarafacial insertion of

molecu1ar oxygen (Yamamoto, 1992). Lipoxygenase (LOX) bas been reported in plant (Macle

et al., 1987), animal (Yamamoto, 1983) and microbial (Mukherjee, 1951; Shimabara and

Hashizume, 1973) sources. Theorell et al. (1947) were the first to isolate and purify the

enzyme from soybeans; however, it was in the 1970s that Axelrod and coworken first

separated and purified individual LOX isozymes from soybean seeds (Axelrod, 1974). In molt

sources, LOX exists as severa! isozynles wmch cm differ significantly in properties such as

optimum pH, substrate specificity, and end-products (O'Connor and O'Brien, 1991).

LOX-like aetivity was first descnoed in severa! microorganisms, includin& A.spergillus

and Penicillium (Mukherjee, 1951), Pseudomonas and Achromobacter (Shimabara and

Hashizume, 1973); however, apart from studies performed on plant and animal sources, littie

is known about LOX isozymes in micro-organisms. Two LOX purified fractions were

reported from Saccharomyces cerevisiae (Shechter and Grossman, 1983) and the

thermophilic aetinomycete, Thermoactinomyces vulgaris (Iny et al., 1993a). A LOX isozyme

was also purified from Fusarium oxysporum (Matsuda et al., 1976). In addition, a purified

LOX preparation wu obtained trom the green algae, Oscillatoria sp. (Beneytout et al., 1989)

and red algae Graci/ariopsis lemaneifonnis (Hamberg and Gerwic:k, 1993).

LOX plays an important role with respect to the taste and t1avor of food since the

resultant end-produets ofthe LOX-eatalyzed reaetion, i.e. hydroperoxides (HPODEs), can he

converted to volatile compounds such as alcohols, ketones and aldehydes that attribute to the

organoleptic properties offood (Sessa, 1979).
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• The specific objective of this work was the development of a procedure for the

purification and the charaeterization of LOX isozymes trom F. pro/iferatum (Bisakowski et

a/., 1995b) in tenns ofpH, kinetic parameters, substrate specificity towards Iinoleic, linoleniç

and arachidonic acids as weil as mono-, di- and trilinolein, end-produet specificity usina

linoleic acid as a model substtate, and the native and sodium dodec:yl sulfate (SDS)

electrophoretic profile.

5.3. Material aad Metbods

5.3.1. Culture arowtb and barvestial conditions

The biomass culture ofF. pro/iferatum was grown for three clays on 2 litera of

modified Shoun medium, çODSÏsting ofa mixture of2 aNaN03, 0.2 g MgS04 7HzO, 2 a soya

flour, 1 ml mineral salt solution, 0.5 g yeast extract, 1 g <NH4hHP04, and 125 ml soya oil, al

2,oC and 8S rpm (Shoun et al., 1983). The funga! mycelia were harvested and washed with

• deionized water followed by a sodium phosphate butrer solution (0.01 M, pH 7.0). The fimpl

mycelia were then suspended in sodium phosphate buft"er solution (0.01 M, pH 7.0) and

homogenized according to the procedure of Bisakowski et al. (1995b). The enzyme extraet

was successively defatted with cold (-20°C) acetone and diethyl ether (Kennasha and Metche,

1986) to remove the lipids thereby eliminating their interference in the proceeding steps of

purification. The defatted enzyme extraet was suspended (1:10, w/v) in sodium phosphate

buffer solution (0.01 M, pH 7.0) and subjected to mechanical stirring for 16 h. AIl purification

procedures were performed at 4°C unless otherwise indiçated. The suspension wu

centrifuged (12,000 xI, 15 min) and the supematant was subjected to DNA precipitation with

the use of protamine sulfate (Baclaracco et al., 1983). The subsequent suspension wu

centrifuged (40,000 xI, 10 min) and the supematant, considered to he the c:rude enzyme

extraet (FI), was subjected to partial purification by the addition of solid ammonium sulfate at

40 % of saturation (Bisakowski et al., 1995b), thereby obtaining the partially purified LOX

extraet (Fll).

•
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5.3.2. Size-ac1usioD chromat0tr8phy

The purification ofthe partially purified extract (FIl) was carried out by size-exc:lusion

chromatography, using a Superose-12 10/30 column (pharmacia) and the Fast Protein Liquid

Chromatography (FPLC, Pharmacia) system. The column was equilibrated with sodium

phosphate buffer solution (0.01 M, pH 7.0) and the sample (50 mg proteinlml) wu solubilized

in 200 J.Ü of the buffer solution.. Elution was performed at a tlow rate of0.5 ml/min and 1 ml

fractions were collected. The separated frae:tions were desalted by dialysis in sodium

phosphate buffer solution (0.001 M, pH 7.0) and concentrated by lyophilization.

5.3.3. Ion-excbuge chromatography

The main frae:tion obtained by size-exclusion chromatography wu subjected ta ion

exchange c:hromatography (IEC) on the Mono Q Hll SIS ion-exchange column (pharmac:ia)

using the FPLC system. The column was pre-equihorated with sodium phosphate buffer

solution (O.OOS M, pH 7.0; ButTer A), and the sample (125 mg proteinlml) was solubilized in

200 f.Ù of the sodium phosphate butTer solution (O.OOS M, pH 7.0). A linear gradient ofbuffer

A and buffer B (Buffer A containing 1 M NaCl) wu used for elution al a t10w rate of 1

ml/min. The separated fractions of 1 ml were desalted by dialysis in sodium phosphate bu1rer

solution (0.001 M, pH 7.0) and concentrated by Iyophilization.

5.3.4. Protein determinatioD

The protein concentration of the enzym&tic fractions wu detennined accorcling to a

modification of the Lowry method (Hartree, 1972). Bovine serum albumin (Sigma Chemical

Co.) was used as a standard for cahoration.

5.3.5. Substrate preparatioD

The substrate selectivity of the LOX isozymes wu detennined usina standards,

purchased ftom Sigma Chemical Co. (St..Louis, MO), whic:h included Iinoleie acid (cis-9,cis

12..oetadecadienoic acid), linolenic acid (cis-9,cis-12,cis-lS-octadecatrienoic &cid),

• arachidonic acid (S,8,11,14-eicosatetraenoic acïd), monolinolein (1-mono[(cis,cis)-9,12-

III



• octadecadienoyl]-rac-glycerol), dilinolein (1,3-di[(cis,cis)-9, 12-octadecenoyl)-rac-g1ycerol)

and trilinolein (1,2,3-tri[(cis,cis,cis)-9, 12, lS-octadecadienoyl]-rac-glycerol). Stock solutions

-3
were prepared at a concentration of 4 x 10 M, as described previously (Kermasba and

Metche, 1986).

5.3.6. Enzyme usay

The LOX aetivity of the purified extraets of F. proiiferalrml wu assayed

spectrophotometrically (Beckman DU-6S0 spectrophotometer) according to the procedure

-6 -6
described by Bisakowski et al. (1995b) using linoleic &cid (0.2 x 10 to 6 x 10 M) as

substrate. A control solution, containing ail the components minus the enzyme preparation,

was run in tandem with these trials. The formation of 9- and il-HPODEs by LOX aetivity

was measured by an increase in absorbance al 234 nm (Surrey, 1964) due to the presence ofa

conjugated hydroperoxydiene moiety; however, the absence ofthis moiety in the 10- and 12

HPODEs allowed the deteetion of these two products ooly as their respective methyl

• trimethylsilyloxystearate (MTMS) derivatives using the gas-liquid chromatography/mass

spectroscopy (GLClMS) analyses. The specific activity ofLOX wu defined as the increase in

U (mg of proteinr1min-1, where U is equal to 0.001 absorbance at 234 nm (Ali Asbi et al.,

1989).

5.3.7. Polyacrylamide lei electropboresis

•

Native polyacrylamide gel electrophoresis (pAGE) wu performed using the

PhastSystem Unit (phannacia). The electrophoretic ND and staining of the separated protein

bands were perfonned in ac:cordance to the procedure described previously by Bisakowski et

ai. (1995b). Sodium dodec:yl sulfàte (SDS) PAGE wu performed in • similar manner as

described above for the native PAGE; however, the standards and samples were treated with

SDS (2.5 %) and mercaptoethanol (5 %) at 100°C (10 min) and PhastGei SDS butrer strips

(phannacia), consisting of 0.20 M tricine, 0.20 M Tris (pH 8.1) and 0.55 % SDS in 3 %

agarose isoeleetric focusing buft'er, were used.
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• S.3.8. Preparation of bydroperoude standards

The HPODE standards, the 9- and 13-HPODEs, were prepared according to the

procedure descnoed by Kennasha et al. (1986). The HPODEs were obtained by the

incubation of commerciallinoleic acid and soybean LOX (Sigma Chemica1 Co.)_ The reaction

medium consisted of 22.4 mg linoleic acid in which the final concentration of the substrate in

the reaetion medium wu equal to 2 mM, 0.6 % (v/v) polyoxyethylene sorbitaD monolaurate

(Tween-20) and sufticient Tris-HCl butfer solution (pH 7.3, 0.1 M) to adjust the final volume

of the mixture to 40 ml The reacrion medium was held in a temperature controlled water...bath

al 25°C and shaked al 100 rpm and the HPODEs were subsequently extraeted with diethyl

ether.

5.3.9. Recovery of hydroperoxides

In order to recover adequate quantities of HPODEs by the aetivity of the purified

enzymatic extraets, a scale-up of the enzymatic assay ftom 100 td to 3 ml wu performed. A

• control solution, containing aU the components minus the enzyme preparation, wu nm in

tandem with these trials.

5.3.10. Higb-performance liquid chromatograpby of end-producu

The high-performance liquid chromatography (HPLC) system used for the analyses of

HPODEs was Beckman Gold (Beckman Instruments) with computerized integra1ion and data

handling (Beckman Madel 126), equipped with a Beclanan diode...array UV deteetor (Model

168). Injection was achieved through an automatic injector (Varian, Madel 9095, Walnut

Creek, CA) fitted with a 20 td loop. The HPODEs were separated on a reverse-phase

Econosil CIl column (250 mm x 4.6 mm ID., Alltech Associates IDe.) and monitored by their

specifie absorption at 234 nm; the eluant system wu a mixture of metbanollwater/acetie acid

(75:24.95:0.05, v/v/v) at a flow rate of 1 ml/min.

•
S.3.11. Derivitizatioa of liaoleic .cid bydroperoDdes

The HPODEs were resolubilized in 100 td methanol and reduced to HODEs by the
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• addition of sodium borohydride (NaBRd solution aeeording to the procedure descnDed by

Bisakowski et al. (1997).

The carboxyl group of HODEs was methylat~ uSÏDg the Aldrich MNNG

Diazomethane Kit (Aldrich Chemical Co.) and the double bonds were subsequendy

hydrogenated using platinum dioxide (15 mg) and a gentle flow ofhydrogen sas (Bisakowski

et al., 1997).

Lastly, silylation of hydroxyl groups to trimethylsilanes wu performed by

resolubilizing the residual extraet in pyridine (50 J.L1) and N,N-bis (trimethyl-silyl)

trifluoroacetamide (BSTFA) eontaining 1 % trimethyl ehlorosilane (100 JII) and aIlowing the

reaction to occur for 30 min at 40°C (Kermasha et al., 1986).

5.3.12. Gas-liquid chromatography/mass spectroscopy or end-products

The GLClMS system used for the analyses of the treated HPODEs wu a HP 6890

• Series Ge System (Hewlett Packard Co., Palo Alto, CA) with computerized integration and

data handling, equipped with a mass selective deteetor. Separation of the treated BPODEs

was performed on a fused sillea capillary SPB-l eolumn (30 m x 0.25 mm ID., 0.25 JIID film

thickness; Supelco Ine., BeUefonte, PA), using the conditions described by Bisakowski et al.

(1997).

5.3.13. Capillary electrophoresis analyses

The capillary e1ectrophoresis (CE) system used was the PIACE System 5510 trom

Beckman Instruments Ioe. (Beclanan Instruments, Fullerton, CA). Electrophoresis separations

were achieved using a capillary of 37 x 50 JJ.IIl ID., an applied voltage of 20.1 kV and UV

detection al 230 nm, al a temperature setting of 1SoC. The Nnning buft"er wu a Rigil pH

buffer solution (pH 8.0) eontaining 15 mM p-cyclodextrin as outlined in the manual

(Beckman, 1994). Samples were injected for 5 sec, using a pressure of 20 psi and each

analysis lasted 30 min. Between each analysis, the capillary WU washed with 0.1 M Hel for

• o.s min, followed by a 2 min wash with water and a 2 min rinse with buffer.
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5.4. Results and Discussion

5.4.1. Enzyme purification

The results (Fig. 20) show that by using size-exclusion chromatography, the panially

purified LOX extraet wu separated ioto nine fractions, FllIa-FllIi; however, the main LOX

activity was exhibited in the first three enzymatic extraets, FIlla, Fmb and FDIc possessing 88

% of the total activity (data unshown). Table 8 indicates that fraction FIlla exhibited 80.1 %

of the total aetivity present in fraction Fm and a 10-foid increase in purification with respect

to the crude fraction FI. The results aIso show that FIlla possessed 1.4 and 4 âmes higher

specifie aetivity than that for fractions FIllb and FllIe, respectively, as weil as 4.9 and 23

times the respective recoveries. On the basis of these findings, fraction FIlla wu selected for

further purification using IEC.

Figure 21 indicates that the IEe of fraction Fma resu1ted in one main ftaction (FIV)

which eluted al Il min. In addition, fraction FlY had a specifie aetivity of 6636 U/mg

proteinlmin which was 13 times higher than that showed by the crude extraet and an increase

of 13-fold in purification.

Matsuda et al. (1976) reported a LOX isozyme from F. orysporum which exhibited a

46S-fold inerease in purification and 21 % recovery. ALOX preparation from the green alpe,

Oscillatoria sp. (Beneytout et al., 1989) wu purified Sl-rold and bad a recovery of 0.089 %.

Two active LOX fractions from T. vulgaris (Iny et al., 1993b) were separated using acetate

(pH S.O) and borate (pH 9.0) buffers; the fonner had a recovery and purification factor of

10.1 % and 9.2-fold, respectively, while those of the latter were three times higher. In

addition, the acetate fraction (pH 5.0) from S. cerevisiae (Shecbter and Grossman, 1983)

exhibited an overall purification of 6.S-fold and recovery of 26.9 % wbile the phosphate (pH

6.85) fraction wu purified 9.7-fold and showed a recovery of 44.9 %. Sbïmahara and

Hashizume (1973) reported a 2S-fold purified LOX-like enzymatic &action fi'om

Pseudomonas aeruginosa. The discrepancy regarding the various degrees of purification of

LOX isozymes could be due to the ditrerent methods used for the extraction and purification
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Table 8. Purification scheme oflipoxygenase trom Fusarlum proliferatum.

Fraction

Total

protan

(mgt

Specifie

activity"

Total

activityC

Recovery

(%)

Purification

(fold)

CRIde (FI) 112706 506 57029236 100.00 1

Ammonium sulfate precipitation

0-40% (Fil) 3026 3538 10705988 18.86 7

Size-exclusion chromatography

FUla 77 5057 389389 0.69 10

FIlIb 23 3511 80753 0.14 7

Fille 13 1210 15730 0.03 2

Ion-exchange chromatography

FIV 5 6636 33180 0.06 13

a
Protein WU detennined acœrding ta a modification of the Lowry method (Hartree, 1972), using bovine serum albumin as a standard.

b
Specifie activity is defined as A/mg proteinlmin, where Ais equal to 0.001 absorbance at 234 nm.

c
Unit ofactivity is defined as A/min, where Ais equal to 0.001 absorbance al 234 nm.
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ofthese enzymes ftom various sources (Whitaker, 1972).

5.4.2. Optimum pH

Figure 22 demonstrates the influence of pH on the LOX ae:tivity of purified &actiODS.

Fractions FIlla., FDIb, FllIe and FIV demonstrated an optimal activity at the more neutnl pH

of 6.0; the panially purified &action Fil (Bisakowski et al., 1995b) aIso exhibited maximal

LOX activity at this pH. In addition, the presence of optimal LOX aetivity wu exhibited al

pH 10.0 for fractions FIlla and FllIc:, 10.5 for fraction FlY, and pH 7.5 for &action Fmb. The

enzymatie extract of fraction FIlla possessed the highest specifie aetivity Il ils two pH

optimas, CoUowed by that of the more purified fraction FlY; this relative 10ss of enzymatie

activity during the course of purification is not straightforward due to the &agile nature of

LOXs. The reason for enzyme aetivity loss is unknown, however, proteolysis and loIS of

catalytic iron after exposure to oxygen in the absence of reducing agents have been implie:ated

(Percival, 1991). Some LOXs are therefore purified onder anaerobic conditions (Carrou et al.,

1993).

A purified LOX extraet trom T. vulgaris (lny et al., 1993b) exhibited maximal activity

at pH 6.0 and a relatively lower one at pH 11.0 which c:ould be indicative of the presence of

two isozymes. A purified LOX extraet from S. cerevis;ae (Shechter and Grossman, 1983) and

Oscillatoria sp. (Beneytout et a/., 1989) exlùbited maximal aetivity at pH 6.3 and 8.8,

respectively. A pH of 10.8-11.0 wu reported for the isolated LOX trom P. aDfIgillOSQ

(Shimahara and Hashizume, 1973) and the Baeil/us species (Shimahara, 1964), while the

purified isozyme from F. orysporum exhibited an optimum of aetivity al pH 12.0, with a

shoulder peak: at pH 10.0 (Matsuda et al., 1976).

5.4.3. Enzyme specificity

Table 9 shows that fractions FIlla and FIlle exhibited • mong substrate specificity

towards Iinoleic acid at pH 6.0 and 10.0 in comparison with the other substrates. In contrait,

fraction FIllb showed an inc:reased preference towards monolinolein (140 %), dilinolein (122

%) and trilinolein (115 %) at pH 6.0 and trilinolein (112 %) at pH 7.5 in comparison to
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Table 9. Substrate specificity ofthe purified lipoxygenue filetions ftom Fum.,,,,proliferatu",.

Relative lipoxygenase activit)P

Substrate

Fraction pH
Linoleic Linolenic Arachidonic

ICid acid lCid Monolinolein DiIinoIein TriIinoIein

FlUa 6.0

10.0

100

100

44

52

38

Il

12

J

28

9

46

1

FIIIb 6.0 100 6S 92 140 122 115

7.S 100 S4 S8 91 44 112

FIDc 6.0 100 JO 21 13 6 8

10.0 100 74 10 21 6 19

FIV 6.0 100 167 154 250 222 67

10.5 100 27 12 68 80 71

a Relative adivity is defined as the percentage of specifie activity compaml ta that obtaincd with linoleie &cid, wbere specifie activity is
defincd as A/mg proœinlmin, where Ais cqual ta 0.001absorbance al 234 om.
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linoleic acid (100 %); fraction FDIb wu also more active lowards linoleic acid in comparison

to linolenic and arachidonic acids, at both pH optimas. The more purified ion-excbange LOX

fraction (FIV) demonstrated an overall increased aetivity. al pH 6.0, towards linolenic (167

%) and arachidonic (IS4 %) &cids as wen as monolinolein (2S0 %) and dilinolein (222 %), but

was considerably less active towards trilinolein (71 %); however, at pH 10.5, &action FlY

showed a strons preference for Iinoleic acid (100 %) aver linolenic (27 %) Uld aracbidonic

(12 %) acids but exhibited similar aetivity towards monolinolein (68 %), dilinolein (80 %) and

trilinolein (71 %). The partially purified extraet FIT of F. prolife7atum (Bisakowski et al.,

1995b) exhibited maximal aetivity towards linoleic acid and approximately 37 % of that

activity towards mono-. di~ and trilinolein.

The purified LOX extract from S. ce7evisiae (Shechter and Grossman, 1983)

demonstrated similar aetivity towards linoleie: and arac:hidonic &cids as substrates but only 40

% of that aetivity towards Iinolenie: &cid. The purified enzyme extraet ftom T. vulgaris (Iny et

al., 1993b) showed substrate specificity towards linoleic acid (100 %) but little aetivity

towards linolenie: (33 %) and arachidonie: (22 %) acids. The LOX isozyme from F. oxyspo7ll11l

possessed 13.3 tintes higher aetivity towards linoleic acid in comparison to linolenie: &cid

(Matsuda et al., 1976).

S.4.4. Kinetic studies

Table 10 shows the Vmax and Km values obtained Cor the purified LOX preparations

using the best straight line determined by the Lineweaver..Burk plots (Lineweaver and Buck,

1934). Fraction Fma exhibited the highest Vmax values of 13.9 and 20.6 J.UDollma proteinlmin

at pH optimas of 6.0 and 10.0, respectively, followed by ftac:tion FlY which showed Vmax

values of 8.4 and 6.6 J.UDollmg proteinlmin at pH optimas of 6.0 and 10.0, respectively. The

lowest values of 1.0 and 2.7 J,U1\ollmg proteinlmin were displayed by the aetivity of ûaction

FllIb, at pH 6.0 and 7.S, respectîvely. The purified factions Fma (pH 6.0 and 10.0), FDIb (pH

7.S), FIlle: (pH 6.0 and 10.0) and FlY (6.0 and 10.5) exhibited bigher Vmax values in

comparison to the Vmax value of 1.6 J.UIlollmg proteinlmin of the partially purified extraet. In
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Table 10. Kinetie parameters, obtained by the Lineweaver-Burk plot, for the purified

üpoxygenase ftactions ofFlISOrium proliferatum.

Km.
Fraction pH (l0-6M) Vmax

Q

Size-exelusion ehromatography

FIIIa 6.0 2.S 13.9

10.0 4.7 20.6

• FllIb 6.0 4.2 1.0

7.S 7.S 2.7

FIlle 6.0 3.1 4.0

10.0 4.7 3.4

Ion-exchange chromatography

FIV 6.0 11.0 8.4

10.S 3.9 6.6

QThe V 1f1IQ% value is expreued as fIIDOI hydroperoxideIma proteiDlmiD.

•



• addition, the purified fractions FllIa, FIllb, FllIc and FIV ail showed a considerably higher

affinity towards linoleic &cid as substrate as indicated by their lower Km values in comparison

to the partially purified extraet whose Km value was S.15 x -s M.

-3 -3
Higher Km values of 1.69 x 10 and 1.0 X 10 M were obtained for the LOX isozyme

from F. orysporum (Matsuda et al., 1976) and an enric:hed LOX preparation trom T. vu/garis

(Iny et al., 1993b), respectively. Shechter and Grossman (1983) reponed a Km value of2.86 x
4

10 M for the purified LOX extraet from S. cerevisiae.

5.4.5. Electropboresil

Figure 23A shows the native PAGE electrophoretic pattern ofthe enzymatic &actions.

The purification of the F. pro/iftratum extRa FIl by size-exclusion chromatography resulted

in the isolation of fraction FllIa which is comprised of seven protein bands. In addition, IEC

of fraction FIIIa resulted in the isolation of one major protein LOX fraction FlY; the

• efficiency ofthe purification ofFIV is indicated by the presence ofone major protein band and

two minor Caint ones in bath native and SDS-PAGE (Fig. 23B).

The two purified LOX fractions from S. cerevisiae (Shechter Uld Grossman, 1983)

showed tbree bands on polyacrylamide gel, a major one and another two weak bands. In

addition, bath purified LOX preparations from T. vu/garis (Iny et al., 1993b) demonstrated

the presence of one major protein and some traces of another protein on polyacrylamide gel

elec:trophoresis. Matsucla et al. (1976) reported that the purified isozyme from F. orysporum

exhibited only one band on polyacrylamide gel in the presence and absence of SDS.

5.4.6. Enzymatie end-producu

Figure 24 shows the typical HPLC elution profile of the HPODEs produced by the

enzymatic fraction FIlla; similar HPODE elution profiles were obtainecl for the purified

fractions FllIb and FlY as well as the panially purified extract (FU) of F. proliferatum

• (Bisakowski et al., 1997). The HPODEs eluted as one major peak "el' and two minOt peaks
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Figure 23. (A) Electrophoreogram ofthe native polyacrylamide gel and
(8) electrophoreogram of the sodium dodecyl sulfate
polyacrylamide gel of the purified lipoxygenase fractions
obtained ftom Fusarium proliferatum by size-exclusion
chromatography (FIIIa, FDIb, FnIc) and ion-exchange
chromatography ( FlV), using the FPLC system.
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"b" and "c"; the former wu selected for further study as it was considered to he the major

HPODE fraction.

The GLe e1ution profile of the MTMS derivatives of HPODEs obtained by the LOX

aetivity of the purified fraction Fma is shown in Figure 25; the purified fractions FIllb and

FlY as weIl as the partially purified extraet (Fll) ofF. prolijeratum (Bisakowski et al., 1997)

exhibited a simi1ar elution profile. The results demonstrate that the two MTMS derivatives of

the HPODE isomers were e1uted by numeric order starting with the 9-MTMS derivative of

the HPODE and closely CoUowed by the 13-MTMS of the HPODE al 21.30 and 21.10 min,

respectively.

The mass spectra Cor the 9- and 13-MTMS derivatives of HPODEs, produced using

the purified fractions FllIa, FIllb and FIV ofF. proliferatum, was similar to those obtained by

the partially purified extract (FU) (Bisakowski et al., 1997). The presence of the 9- and 13

MTMS derivatives of the HPODEs was indicated by the charaeteristic ftagmentation patterns

resulting from a-cleavage ofboth sides ofthe carbon atom to which the trimethylsiloxy group

is attached; the results show the presence ofthe 9-MTMS as indicated by the mie fragments at

230 and 260 and that of the 13-MTMS as exhibited by the strong signals al 174 and 316

(Matsuda et al., 1978; Beneytout et al., 1989). The results (unshown) indicate tbat the 9- and

13-MTMSs produced ftom the 9· and 13-HPODE standards and by the LOX aetivity of the

purified LOX fractions FllIa, FllIb and FlV possessed the same charaeteristic mus spectra.

Table Il shows the relative qualitative production of HPODEs by the purified LOX

fractions. The results show that fractions FDIa, FIllb and FIV produced the 9- and 13

HPODE isomers at a ratio of approximately 1:1 at pH 10.0, 6.0 and 10.5, respectively. The

partially purified fraction FIl (Bisakowski et al., 1997) showed simi1ar results to fractions

Filla and FlY u it also produced the 9- and 13-HPODEs al a ratio of 45.3 to 54.7 %.

However, the results also indicate a LOX activity in ftactions FllIa, FIllb and FlV which

produced the 13..HPODE u the predominant isomer at pH 6.0, 7.5 and 6.0, respectively. The

production of the different ratios of HPODE isomers suggests the presence of at least two

LOX activities in each purified fraction.
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Table Il. The gas-liquid chromatography analyses of hydroperoxide isomers~ produced by

the purified extracts ofFusarium proliferatum.

Relative peak area (%t

Hydroperoxide isomers

•

Fraction

Size-exclusion chromatography

FIIIa

FIIIa

FIIIb

FIIIb

Ion exchange chromatography

FIV

FIV

pH

6.0

10.0

6.0

7.5

6.0

10.5

9

b

46.2

39.1

b

8.1

47.4

13

100.0

53.8

60.9

100.0

91.9

52.6

•

aThe relative percentage peak area was defined as the peak area of the methyl
trimethylsilyloxystearate isomer divided by the sum of the methyl trimethylsilyloxystearate
isomers, multiplied by 100.

"No peak detected.
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Matsuda et al. (1976) reported the conversion oflinoleic acid into 9- and 13-HPODEs

by a LOX preparation ftom F. oxysporum (70:30 al pH 9.0 and 56:44 al pH 12.0). Iny et al.

(1993a) showed that the LOX extract trom the thennophilic aetinomycete T. vulgaris

produced the 9- and 13-HPODEs al a ratio of56:44. A LOX yeast aetivity in Saccharomyces

vin; (Lyudnikova et al., 1984) and the mitochondrial fraction of S. cerevisiae (Shechter and

Grossman, 1983) wu reported to catalyze the bioconversion of Iinoleic acid into the 9- and

13-HPODEs. In addition, a LOX extraet converted linoleic acid into the 9- and 13-HPODEs

(48:52) for Oscillatoria sp. (Beneytout, 1989) and (20:80) for Chlorel/Q pyrenoitJo,sa

(Zimmerman and Vic~ 1973).

Figure 26 shows the CE elution profile of the HPODEs produced by the purified

fractions FIIIa, FIllb and FIV as weR as the standards 9- and 13-HPODEs. The results show

that the HPODEs were elutecl in numeric order beginning with the 9-HPODE and ending with

the 13-HPODE with respective retention times of 27.7 and 33 min. The results also indieate

the presence ofa 10- and 12-HPODE as suggested by the minor peak between the 9- and 13

HPODEs possessing a retention time of 31.5; the presence of this minor peak remained

undetected by Ge as its concentration was too low.

Table 12 shows the relative qualitative production ofBPODEs by the purified LOX

fractions as detected using CE. The results demonstrate that the relative proportions of

HPODE isomers detected using CE is similar to that obtained using OC. However, due to the

increased sensitivity ofCE, fractions Fma (pH 6.0) and FllIb (pH 7.5) also show the presence

of the 9-HPODE isomer al a relative peak area of 34.9 and 27.9 %, respectively. In addition,

purified fractions FllIa (pH 6.0), FnIa (pH 10.0), FIllb (pH 6.0) and FIV (pH 10.5) also

suggest the presence of a LOX adivity which produced the 10- and 12-HPODE al • relative

peak area of 12.8, 5.1, 16.3 and 10.2 %, respectively. However, fractions FDIb (pH 7.5) and

FIV (pH 6.0) did not exhibit the presence ofsuch a LOX adivity.

A LOX adivity wu also reported in severa! mushroom species, that specifically

• catalyzed the conversion of linoleic acid into a 10-HPODE (Wurzen&urgel' ad Grosch,
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Table 12. The capillary electrophoresis c:hromatography analyses of hydroperoxide isomers,

produc:ed by the purified extrae:ts ofFusarium pro/iferatum.

Relative peak area (%)4

Hydroperoxide isomers

Fraction 9 10/12 13

Size-exclusion chromatography

Fma 6.0 34.9 12.8 52.3

• FIna 10.0 45.4 S.1 49.4

FIllb 6.0 3S.0 16.3 48.7

FIllb 7.S 27.9 b 72.1

Ion exchange chromatography

FIV 6.0 b b 100.0.
FIV 10.5 39.6 10.2 50.1

';ne relative percentage peak aRa wu defined as the peak area of tbc hydroperoxide divided by 1he sum
of the hydroperoxide ïsomers, multipliecl by 100.

"No peak detected.
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1984c) while an enzyme preparation of the recl algaLithothamnion coral/ioides produced the

Il-HODE and smaIler amounts of 9- and 13-HODE as weil as the 11-ketodienone of Moleic

acid (Hamberg et al.,1992).

s.s. Conclusion

The results indicated tbat the purification of the partially purified extraet of F.

prolifëratum resu1ted in the separation of severa! purified LOX aetivities which düfered in

terms of their pH optima, substrate specificity and end-produet specificity. Severa! of these

purified LOX fractions exhibited similar charaeteristics, in terms ofHPODE production and a

strong preference towards Iinoleic acid as substrate, to LOX extraets nom other sources.

However, the results aIso show that an unique LOX aetivity was isolated as suggested by the

biocatalysis ofvarious HPODE isomen and its strong substrate spec:ificity towards mono-, dî

and trilinolein.
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GENERAL CONCLUSION

The results showed the presence of lipoxygenase (LOX) aetivity in the biomass

cultures of Fusarium oxysponon, FUSDriUIII proliferatum, Saccharomyces cerevisit:Je, and

Ch/ore/la pyrenoidosa. The partial purification of the <:rude enzymatic extracts resulted in an

increase in LOX actiYity. The LOX aetiYity in the partial1y purified extracts ttom F.

orysporum and S. cerevisiae exhibited two pH optimas while that ttom F. proliferalUm and C.

pyrenoidosa showed only one. The enzymatic extract for F. proliferatum showed the highest

LOX actiYity followed by those of F. orysporum and S. cerevisiae while the lowest LOX

aetivity was exhibitecl in the C. pyrenoidosa extrae:t.

The results also showed that the enzymatic aetivities ttom the four partially purified

oûcrobial extraets demonstrated an overa11 preference towards linoleic acid, fonowed by

linolenic acid. In addition, the LOX aetivity from the F. proliferatum extraet showed a strong

preference towards the glycerol fatty acid esters.

The partially purified enzymatic preparations were assayed with linoleic &cid, as

substrate, which was bioconverted into 9- and 13-hydroperoxides (HPODEs) by the LOX

aetivity in ail four extraets; in addition, the LOX aetivity in theF. Dr)'sponon extraet produced

the 10- and 12...HPODEs from linoleic acid while that of the C. pyrenoidosa extract produced

ooly the lO-HPODE. When assayed with the 9- and 13-HPODEs, as substrates. the microbial

extraets exhibited secondary enzyme activities, one of which produced hexanal. The highest

hexanal-producing actiYity was round to be in the F. proliferatum and C. pyrenoidosa

extraeu, while those ofF. or)'sponon and S. cerevisiae exhibited the lowest actiYity. The C.

pyrenoidosa extraet a1so showed the highest production of pentanone.

The results showecl that the LOX aetivity from F. orysporum and S. cerevisi_ wu

non-competitively inhibited by potassium cyanide (KeN). In addition, KCN wu an

uncompetitive inhibitor of the LOX activity from C. pyrenoidosa. In contrast, the results

showed that the enzyme aetivity from F. proliferatum remained relatively stable al high ICCN

concentrations. The presence of sodium ethylenediaminetetraacetate wu found to inc:rease the

LOX aetivity from F. orysporum, F. proliferatum and C. pyrenoidosa extraets; however, the

LOX aetiYity trom the S. cerevisiae extraet remained unafFected. In addition, the use of
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hydroquinone resulted in an increase in LOX aetivity trom F. prolifuatum whereas a

competitive inhibitory efTect was observed on the LOX activity ftom S. cerevisiae extraet.

The charaderization of the partially purified extraets, obtained trom the Cour selected

microbial sources, particularly in terms ofLOX activity and substrate specificity showed that

the enzymatic exttaet trom F. pro/iferatum was the MOst appropriate extraet to pursue fiuther

purification and characterization.

The successive purification of the enzymatic extrad trom F. pro/iferatrml by size

exclusion and ion-exchange chromatographies resulted in one major ftaction which

demonstrated a LOX aetivity al two pH optima, 6.0 and 10.5. These findinp suggest the

occurrence of more than one isozyme ofLOX. The electrophoretic analysis of the denatured

purified enzymatic fraetÏon showed the presence of one major protein band and two minor

ones.

The purified LOX fraction demonstrated a strong substrate specificity towards mono

and dilinolein, as weil as the linolenic and arachidonic acids in comparison to linoleic acid al

pH 6.0. However, at pH 10.S, the purified fraction possessed an overall preference towards

linoleic acid. These results could confirm the hypothesis of the presence of more tbat one

LOX isozyme in the purified enzymatic fraction.

The purified LOX fraetion produced, al neutral pH, mainly the 13-HPODE of Iinoleic

acid while at the alkaline pH, the 9- and 13-HPODEs of linoleic acid were produced in equal

proportions. In addition, the bioconversion of linoleic acid into the 10- and 12-HPODE

isomers was also suggested by the LOX aetivity in the purified enzymatic ftaction.

This work bas provided a better understanding of the presence of purified LOX

fractions obtained ftom Cour microbial sources, in particular F. pro/iferatllm, u well u their

involvement in the production of regio-specific HPODEs. The production of a wide range of

end-produets by the purified enzymatic extrad may indicate the potentiality ofusina the LOX

from F. pro/iferatum in the bioaeneration ofselected tlavor precurson.
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