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ARSTRACT

The in TUCTL e (O G ot e ot he OXdations of

Inole e actd and 1y imulatwdy(:mm PR wan a0
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Vst tagi o o Dol et cps inCiaone . Doth SR ng NOTi-
3
Ny

i

CnzZyn e OMTddat ton, wr artioulars Coen VTR et S

of the 1ol of thig Plement g ANt IOt e CobTO-agidoant
rrhk‘ I v LYoo IS WS ¢ rymm e e
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Characte; I S o S BV ST 1tg (o Ylerns on

Sephade ¢ 150 R PEAT-Cellulose Gl AULIVI b 4y 4
functiog - o Contentration, suscwpfibj.ity Lo en -
clum, cyvanide, iron ang Corper; Susrowribility Yo aging
substrate Specificity, il dwpcndonvv, temperat yre cool-
fﬁcicntﬁ, heat Stability, molecular weight byv disc g0

ABRIE Constitution, ang s abi i

Clectropiomyes;

‘0

LS Soon
to destroy £-carotoenc in Coupiied oxidations With lincleje

acid. Enzyme ASSAYS woero Yerformed by Measuring with ga

Clark electrede the 02 Uptake by a Iinoleic acig substrate

Matrices of Pea albumins, bea globulins, cellulose,
amylose, anylopectin and pectin were impregnateqd with ney-
tral lipias (§L) zang polar lipigg (PL) from pcas, with and

without adiiticon ©¥ P-cargtene and ireeze-dried. They were

used gs the basiy feor cubseguent manometric studijes of ncn-

enzyvmic Oxidations, comprising two-phase (solid*gas) Sys-

tems. Measurcments, made over 50 g pericds at 50°C., were

o Ty
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carried out in the dark and in int.unf:v Hiqht.

Discussion of n':;u'lts; of enzyvme i\ngvs:t,i<1\1ti<m:f': mar-
shalled arguments to support the conclusion that the LStor -
age resistant pea Iipuxqurasv which was isolated corres-
ponds Lo 1socnzyvme=3 of sovboean Hpoxyvgenase, that i+ ISRES

not completely purd ficd bv the procodures employed, and

that it is Important as a so-called carotene oxidase, bns
RS

, .
not identical with ¢t . Parthermore, caratoene bleashing

./ . ‘ X . ) -
studics reveaied that rute and amount of viament acetriaction
4 N B ;
) .

: . . .
depend upn concentration of carotene and upoen the ratio
i

\

of 1ts concentration ¢ that o

-

tnsaturated 1inid sub--
strato.
g Results of non-cnzymic pea lipid oxidation invest-
: . Ca .. . ¢
lgations indicatco that, regardiess Oof matrix, B-carotene
functions
1) antioxidativelv in the Yight for bcth lipiqg
Categories (NL and PL) and in the dark for
”
NL,
2) bro-oxidatively in the dark for PL. .
Thus, although selection of a particular matrix influenced
the amount of non-enzymic oxidation of pea PL or NL, g-

carotene effected the oxidation, also, according to the

lipid category and the preésence or absence of light.
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1. VI'N'I‘!T' ‘,I)U(‘,T]_( "N

Amonag the conat iy uents of foods Susceptible o
(dnglat 1on are the UnSaturated ¢ tyf.n(‘i<18 In thejy Varlious
forms of combingt Lon and numcrous minor substances.  The

A -

former dsually include CRsential ottty acids ang the latter,
flavor and aroma constituents, Pihmenttss and vi taming .
Theae oy d,iz:?bi‘u substrates can be ACCOMp AN o] Dy enzumec

O othor Catrivets copable oF AaCuederat g Ty st Don

with OXyaen, Protoctive Fhvsicad conditiong and/or -
Sral oantiosidnn: o Tavoaleo nocyr .
. In comolex Zeadsg Cuel as poas, oxlaation of Lo or

more sSubstancoes nay be coupled together, so that the oxid-
ation product of ene oxidizes another, The result is dif-
. ) . S S ¢
ficult to predict, but off-flavors and loss of nutritional
value gre certaiem, f)r<x1hc>lcq>ti<r Unacceptability s whoily
Cr partly due to livid deteridration.
Lipid breakdown can be hydrolytic but this i3 paf
N . ' . . . . . \
usually important in terms of lmpairing food Guality, ex-
. an
cept as a pPreliminary to subseqguent oxidation. Serious
lipid oxidation proolems may arise 'in any food, €specially

T as in the pea - if 4 sutstantiagl proportion of tectg]

lipi@“is represented by unsaturated fatty acid moieties,

N ’

. Disregarding the complexities of microbsal Spoilage,
o .
on the one hand, ang residual metabolic (a~, B- and w-)

3
oxidation of the tissue, on the other, onc can subdivide

I3



the oxidations of practical importance in ftood proced llm:
)

into three acneral catoegorics -

1) Autoxidation .

¢ 2)  Oxidation resulting from the action of Lio-
Catd]ysts:
a)  hematin compounds
b) lipoxygenases
3) Photoxidat ion
These are arbitrary, byt ootified by investications infmy

reaction mechanisny, Literature concern in<7 photoxwidat jong
in foods or mode] YYsiems s overy scanty )

Ubiqguitous atmospheric oxyagen tends to Nttack tho
unsaturated fatty aciq residues at the doublg/b@nd, the
‘more so 1ficertain catalysts are present .- (;eroxidation"
(strictly, Peroxvgenation), the attachment of diatoﬁic
OoXygen to a carbon skeleton, oécurs initially. The pos-
sibilities of attack or Oxygen at the substrate mole cule
are increased by humerous factors, ”hlef amonag them being
unsaturation. - Tne number of seécondary reaction proaucts

is almoqt boundle Autoxidation of long-chain, unsatur-

istry technoloay. .
\
The reason for stating that %Te above three cate-
gories werec arbitrary becomes clear when the following

points are considereq:



»
1) Free radica mechanisms gre qendrally recog-

nized to Play o central role in 11 three,
-~ v
2) Autoxidation can be viewed g a branch of froc
i
\

radical chemiot ry, subject tg catalysis by o 11
kKnown formes of clectromagnet je radiation and
corpuscalar bombardment - llowever, photo-
chemigal peroxidation is rblon—aut ocatalvtic
WA Cas auto dation is autocataips i

3) Certain Pre-nd antioxidants have a simila;
effect on 413 th}oo tvpes of reaction, oi-
thourth tiiye g no universal AGrecnont uron
fundament ul modes of interaction.

Since a food 18 a thOquGnQOUS svstem ébntaininq

both pro- ang anticoxidant Substances, interpretation of

. . . ; . L o
recactions 1is compilcatced.  Heped contro?lcd conditions aqre

3

needed to study oxidution surameters in isolation. The
fcw Teperts available seem to indicate that f-carotene ig
a pro-oxidant in the light and an antioxidant in the dark,
but ‘work in our laboratory indicatés discrepancies here.

The investigations reported in thiS'thesis have
been undertaken in an effort to discover trends in'simple
model systems which‘could reveal principles underlying

x #

oxidations occurring in the tissues of bP¢as, and to ccon-
tribute to charact@riéation of the lipoxygenase lsoenzymes

N ,

preseat in our pea seeds,



II." RbBviIeEw Op THE 1.4 Tilfl</\'Y(7I{I?

AL Autoxi d‘"lr t Aif?f,’ .

The oxidative dvt(v‘riorati(‘m of food lipids in-
v'o]‘vos primary reactions which are aCCommeied by varbious
secondary reactions having oxidative or non-oxidative char-
acter.  The brincipal mechanism involved in the Primary
oxldation of fatty materials has been falrlv well ecluci-
dated, but o laragc nambhor of sccondarty roactions e Foss
well understood.,

The reaction inve) .fﬁ;*::.dwub]o bor ls primarily,
the hvdroporos: o dTOup favprharing in x=pnsiticn rela-
tive to a double bond. Saturated fatty acyl groups
autoxidize to form hydroperoxides of undetermined stryce-
ture, but the reaction is so slow as to be of minor im-
portance.

1. Mechunianm

The oxygen molecule is a diradical, -0 - O-, with
two unimpajired electrons, Autoxidation is a radical
mechanism in which 0, 1s used as the oxidanﬁ. Oxvgen is,
however, not reactive enough to attack the majority of
organic molecules under normal conditioné, but it combines
casily with free radicals. The most common autoxidation®
is that in which compounds with labile hydrégens reacs to
form hydroperoxidés without prior cleavage of the 0-0 bond.
This is energetically favored overbcleavage of 02.

The hydroperoxy radicals formed in the initiation



step are thought to arise from o molecule-induced homolysis

(Seakins and Hinshelwood, 1963) .

R - H + 02 R+ -0 - OH (chain 1nitiation)

and are more reactive than 02 1tself.

The chief conccrn'here i1s the hydrogen of the gen-
eral formula, R - H, which represents a fatty acid moiety.
The probability of its being actjvatod?increaﬁos exponen-
tja11y.wi{h‘incrcasjng nunber of double andS»ln the car-

bon chaifi. The process continues:
R+ .0 -0- = R=-0 -0Q-

R -0 -0- + i - % > ROOH + R- -+ ctc.

@

~ (chain propagation)

Breakdown of hydﬁbperoxjde can lead to different oroducts

' A
according to conditicns (such as p02):
)

/
]

/

/
ROOH  ~ ROO:; RO-; R-; -GCii-; H-,

These are themselves capable of further catalysis. Thus
autoxidation is autocatalytic (Rieche et al., 1963).

Chain termination occurs when two radicals recom-

bine or by other means (sce A.4, Antioxidants); e

Gy

’ 2 ROO. >
« + . . . .
ROO. R 7 (chain termination
2 R - . .
‘ vlia non-radical
2 . . :
RO ” products) ,
etc. -



A d(_zczxd(: Of Intensive rescearch was d(\\'/‘é_t»c“a to the
Investiation of Kinetics, mechanismsland thofmbdynamics
of the autoxidation of liquid olefins by E.H.'ﬁarmcr,

G. Gee, J.L. Bollanad, L. Bateman and CO~workers jp the

labordtories &T the British Rubber Producer'g Resecarch

Assoé'ation.
According to the theory (Farmer, 1942; Farmer et
S il

al.

r

1912) autoxidation Of methvl oleato should give rise .

the following isomeric hvdroperoxidos:
(%

11 10 9 8
- CH —CH:CII~CH— .
2 |
O0OH
9
- CH = Ccy - CH - CH2 -
QOH 7
10
- CH - CH - CH = CH =
S
O0H
11
b -CH~CII:CH—C}12—
Oo0oH

Farmer studieq hydroperoxide formation in autoxi-
diziﬁg ethyl linoleate, 4 particularly googd model because
hydropefgxide vield accounts for 982 of the . oxygen uptake.
The'free radical chain reaction Scheme, preéegted above,
emerged froﬁ this and other work. The most‘strik{hg fea-
ture is the inhibition of autoxidation by s&all concen-

trations of readily oxidizable substances which consume

free radicals, but do not themselves undergo autoxidation



A3

via chain reaction.

The mechanism for autoxidation of linoleate based
on Farmer's theory involves a homolytic abstraction of
hydrogen from the pentadicne systéem, thus forming three

possible.resonance structures:

e

1312 11 10 9
- CH = CH - CH -«CH = CH

if
)

- CH=CH - CH - cCH = CH -

- CH -CH =CH - Cil « C1 -

CH - CH

- CH Cil - CH

il
i

which, upon propagation, become (theoretically)

. 1312 11 10 9

.

ST - CH=CH - CH - CH = CH -
' ’ 4 BN

OCH
/
13 ,
= ?H -~ CH = CH - CH = CH -
OOH
%
- CH=CH - CH = CH - TH -
. _ OOH ) §

The formation of conjugated hydroperoxides consisting of
approximately equal amounts of the 9- and l3—isgmefs
from autoxigized linoleate indicates that reaction with

0, at the end positions of the resonating system is favored.
) ‘



This 1s cxpocted since the products are there by resonance
stabilized by conjugated double( bonds .

If a hybrid radical 1s postulated,

- CH.T.CH.T.CII.T.CII.r.CH -

.S}EJPfﬂﬁi' g;ip% trans, or gii,gii conficurations of the
resulting hydroperoxides would become thoorotically PRS-
sible. Aotuallw, 9£i,£;3y* forms arc in Ovorwhe Imiug T -
domjnaanpxsince they are more stablo. Current “heoriog
on fat autoxidétion based on rFormoytg free radical goecn-
anism have bheoep cxﬁondcd to exnlain the structuris of -
isomeric dydroperoxides ottained from clozte, Iincleaso
and linolenate by means of this Sort of hybrid radical.
Assuming oxvgen to attack at either eng of the resonating
system 1s enough to account for all tho hydroperoxide struc-
tures identified in the literature (cr. Pezold, 19+:9) .
Further,research by this group 1nto ﬂuboxldatlowe of
linolcate at several dlfferent temperatures indicated that
the rate of Odeatlon was directly propertional to lino-
leate concentratlon Bateman et al. (1953) foung that
above a certain level of oxidation, the rate of oxidation
increased in a Straight line relatlonsblo with the extent
of oxidation (Figure 1). That hydroperoxides Lhemselves

were catalysts, was inferred from the fact that axl,of the

absorbed oxygen appe ears, initially, as hydroperoxide.

Scakins and Hinshelwood (1963) provided evidence for the
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Figure 1. Rate of oxidation in relation to extent of a
‘ oxidation, Autoxidation of ethyl linoleate
at 55°C. andg 46 mm Hg pressure of oxygen -
(redrawn fron Bateman et al., 1553, p. 190).
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factor other than the basic autoxidation mechanism which.

initiates the chain (see chain initiation, above) .

This work in toto is the basis for the unlvor'ally
accepted mechanism of autoxidation. Fxporimentally, it

has been shown that a double bond in a hydrocarbon chain

-

activates g4 hydrogen on an adjacent C atom, and this cffect

inEpcascs with increasing unsaturation. Furthermore,
numerous studics have econes rmed that an indussior veriog
1s typical qi~the initial stage of autoxidation, maximum
02 uptake following only after maximum peroxicle fornation

Hydroperoxides exist inp egquilibriun:
2 ROOH ¢ 2> (ROOH)2

At low hydroperoxide concentration, the ratio of monomer
to dimer is high and the chain reaction is initiated

primarily by decomposition of the monomer. At high con--

centration, the ratio is reversed and chain initiation re-

‘sults mainly from dimer breakdown. The straight lzne por-
\

tion of the curve in\flgure 1 cannot be extrapolated to
the origin because a portion aof the autox1datlon at all
~levels is initiated by decomposition of monomeric hydro-

’

peroxide,

2. Secondary Products. , .
M .

"

7

Autoxidation forms hydroperoxides first.. They are
non-volatiile, tasteless, and odorless. Further oxidation

is negessary before off-flavors are noticeable. Compli-

10
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Cated tvpes of TOANC LS may bt formed unon furticr decom-
Yl ! it

- - - . I

e

position: .. -

. v
3

polymerd o higher polymer«

T» . N — \ ?

. L i

dl—pcrox1des ' i dimers

i

further oxidation ' pblymerizatioh
: o
Q /
’ v

FAT HYDpROD CRONIDR

I

fission” ., cchvdrationg oxidaticon

of CH = Ck

aldehydes in other

. . molecules
semi-aldehydes f

aldehydo‘glycoridos keto~ >epoxides

OH—cqmeunds glycerides Cli-glvcerides

l o | v di-OH-glycerides

acids

The Lendenc; for Polymerization in food autoxlaa—
tions is Sllght except in frying operations where sus-
talned heat induces formation of - o) .~ 0 -0 —,‘and
-C-2¢C - bridges, ylelding a viscous ﬁiss eventually.

Typicaliy, an autoAldatlon dlsplays a oharacieflstlc
induction period, ‘in which oxyqen absorption: is nil. When
any appreciable O2 uptake begins, it ig tdo'late to avoid
offfflavors because of autocatalysis. At higher oxidétion-

ievels direct 1 2—.and/or 1,4~ addition of oxygen may take,

[
P



place secondarily at the now conjuagated diene Structures
of the fatty acid h}&lrm}N‘ro}:ld(&:, léading to the formation
of 'various non-volatile monomeiic oXygen-containing com-

_pounds (sometimes with Carbony] functions) and to dimers
= ‘.

(Johnston\g& al., 1961) ..

q

The secondary oxidation products are generally
odorless, but not tastecless. Assuming monomolecul ar homo-
lytic cleavage (Bateman, 1954) we obtain from a hvdroper-

OXicde :

R—CH—R*R—CH

- R + -0OH
O - OH 0.
4 +
R- + RCHO

Abstraction of. 3 hydrogen from another molecuyle can,

e.q.,
result in a new free radical and an alcohol :
.R«C‘H—R;+R'—HA'R—CH—R+R'-
S !
. 0- ( © OH ~

Interchange between two freec radicals can lead to chain

termination and ketone formation:

R~CH~Ra4R® . g _ ¢
| | B i
0- | 0

+ R' - g
alternatively,

R - CH - R + R 0- R-C - R+ R' - 0g
| / | I :
O.



The formation of poxides following roaction of hydropey-
oxides and/or thejy radicals with double bonds can also

occur :

OOH . i 0 oH -
and *
Ro- € R o4 i CLo- Ch R' > - oow (o Rt Cil i
l \ / ! .
[Ue 0 0.
Most of the short -~ Tovolatile, senope ric Dro—

duct s (;rredorinant v carbonvie) have 0 Aanctive oder and

taste. The non-volatile products can be monoméric (e.q.,

semi-aldehydes) or polymeric and are usually oderless and-

)

asteless.  The major part of the volatiles resulting from
¢

autoxidation of oils ancd fats of all kinds COT‘l%LJ S

»

aldehydes, but total volatllcs are always less than 47 of

3

the products.  1n practiceh the aldehydes cause unaccepi-

.

.

able flavor and &roma in féods.containinq lipids. Many

aé@gf?ﬁps POSSess an organoleptic threshold in the-dilu- |
10

tion ré{qc of l:lO9 to 1510
Table 1 gives a prospect of mono- hvdrooorox1deq and

mono—aldehyde% Wthh are formed by aLfOdeatlon of the

most important,unsaturated fatty acids. This is a conserv-

ative~view; because only the most active methy]ene group

is taken into account as the site of oxygen attack. e

Vi
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NUMCTrous woyp ke have taoltoed aldohydes fron autox-
1dizing ipid systoms in numbers oftog in CXCOSS Of Lt he
theoretio,g ., Cls, trans - Isomerism and double bong shiftg

-~
resulting frong the tendency to o tIwrr’m»dyn(imi\\xlly
more stapl.e compounds o as wel] g Nvdropoeroyide formation

. I - . -
at sltvr.{ other g han a-metnylonie qrouns . have heoen offered

asoexplanations,

P
4
. - e - n
EMOD R ATED BRI rmallon st HNSER T 1 N DO gn
.
autoxsd Dron bl establi s S bt Toe s bt et i
1 : ) } 07y : ; 3 T
surstryate ja o STyl ot ,N.':’.:‘r):;or‘u'»:l<“3 indbial SO0
Foactlon ooty cooohing from o and GOV hYﬁle“TuK;uv

Have DOCh st cuhed, Lot further Frowicioae g s1l]
heeded to explain products which are being divcoverea con-
tinually by CVer- more refined analytic;l methods,  Limiioq
Shace allows o Voone oxamnle of manv | during avtoni oy ton
of SobeJn oll, saturateq Lvdrocarbons CAn arise CAarly

when aldehvdes o “lther absent Or not detcectable (3nike

et al., 1970).

3. Pro-oxidants.
LIV PAlde

The Characteristiz feature of l1ipiq autoxidation is
/s ' :
the case with which it can be influenced by factors other
than.the usuall ones of concentration of reactants and tem-
.perature. Acce]erating factors are ultimately radical

formers. Most "important are light, ionizing radiation,

peroxides and transition metal ions, Xait (NaCl) exhibits
} ‘ .



an accelerat lxn fi( '1an 11}>1
:’l
. ) i
systems (s h J}m Pmuﬁldb) g bu\,

It is ()f(‘a\“nqci t:@ 7n\ 1] 12&) met
' :
The mO(hdﬁfqW of 11<ht
. . A

tion is known to bo different

ation, because the products of

no precise Information jsg avai

(blus) 1iqn: Provablyv fgnction

yielding radicula which initiag

terioration in ligh+ differs
{ 4 ]

tion as detioony el o g, S v the

In the prescnce of w cav
Cu, Mn, and their organie ang

minute trace amounts - the bre

hydroperoxides s catalyzed.

themwselves initiate reaction ¢

d- O\lhdt‘on 1. some

N
3

al Catalysts, v

In accel erating fat

fomd

. |
1ty J‘Ol(: has not been proved,

oxida-

from that of lonizing rad;j-

Teaction are dqj fferent ;. but

lable. U.V. and short wave

by phoiglvagg . Ol

12 new feaction chyinag . D=

'\_\_
gain {rom Léns ENTTMa ]l e

S i R LSS

Yy motald,_su:h as -

aVOrs rox o

)

, Co,

1norqanic salts - even in

.

akdown pf ‘n'tlalLy rolme

hains with qw,s rat

gen. Accgrding to Bawh (1953) ;

Me' T 4 roon o Me

FA G

e L
M T ot L

8.

An analogous-set-bfpreactlons

given by Bolland and Gee (1946
‘/‘ ) v- . > ‘ ¢
ey poon - e

.

ROO+ + RH - R

. _ Re + oé > R

44 : -
+ RO- "+ of

v
-

Met 4 Lop

e

¢

Now rad Cals are formed which

Or oxy-

induced photéchemically is

.

++

+ ROO- -+ gt
OOH + R.
OQ° etc.
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A1l theories concerning metal (?atal\ys;isz H;zvo one¢
Point in common Casily: chanqgod valence favors redox re-
actions (donation or acceptance of ¢lectrons) which; in
their turn, tend to maintain certain concentrations of
active fqdicals. The latter are strong oxidizinq agents
and initiate furthey reaction chains via Farmer's mechanism,

Pigments (lipochromes) and biocatalysts will be

_ " N
dealt ity SRRt G e

4, Antioxican ts !

Antioxidant SIS free radical Sdvenaers and s not

‘nhibit OXvgen uptake divectly, They absorh activation

)

energy from excited fatty‘acid peroxide free radicals,
therebAy inacti vating them._

The cfféctjvonoss Of.natural and synthetic .nti-
oxidants jisg determined Ly the presence of-gf least one
phenolic oy Group. If séveral OH groups are presesc, p-

1somers are more effective than ©-isomers, while m-isomers

are weak, or non+effectivye antioxidants, Or-even pro-

oxidants (Tiufe] and Rothe, 1951).
The chain—breaker'effect of phenolic antioxidfnts
1s exerted at the stage of ROO- as follows (Bolland and

ten Have, 19%{):
Rag. 4 A, > ROOH + AH.

2 AHe AH, + Ag,

K ~ ,
ROO: + AH- 5 noog 4 a

£

17



1g

hdnfrt'z\ﬁz 15 the Primary ant toxidant .,  The spocics AH -
can be quite table. \

Synergicts gre compounds which cnhance the ability
of primary antloxidants to function without being able to
interrupt autoxidation by themselves. Good synerqgists
generally are di- of multi-basic organic OTr inorganic
acids (ascorbic, phOSphﬁriC, Cltric, maleic, fumaric) ang

certain Ploaphod Tpicds (o

!
1

-, lecithi ). Whece CODouna;
act as H donater continnally *v<on<Aa“n; the H Gonaced
by the Primary arntioxicdunt, Thus, they evteng YO dnduce-
tion nericg ot thioilr cwn 2Upcnse They are alsg ne v o]
chelatore .

‘ Pezold (1969) offers an interesting hypothesig for
reconciling appdrent]y Paradoxical behavior of antfgki—
dants in autoxia dizine svstems. His mechanism ig based upan

~

his own observations and those of others. Briefly, they

are: ' o

1. Most plant oils contaiﬁ antioxidative agents
naturaily in optimum concentratlon - Further
addltlon of this same antlox1dant shows no
enhancement of offect

2. In non-marine animal fats, there are only
minute quantltles of antioxidants., Addition
Of more of the Same primary antioxidant jig

effective as increaseq antioxidant Protection.

3. Synergists show g Strong effect when added



to plant oils, because Primary antioxidants
are already present. They do not halt autoxi-
dation of animal fats.

4. Plant oils freed of their natural antioxigunts
(by chromatography) arec fundamentally the some
as animal fats.

5. Tocopherol catalvzes thqureakdown of fatty

acil hydroperoxide. in vacuo vo frce radicals,

fic found that the process ctf autoxidation in tlhe
presence of antioxidants was arresult of threeo Qifficrer:

competing. reactiors:

1. normal autoxidation (o)

2. antioxidant-inhibited oxidation (a)

3. antioxidant—catalyzed oxidation, or pro-
oxidative reaction (p) Cﬁ}

A comparative investigation of reaction rates of the thyce
competing reactions disclosed the following relationship

of activation encrgies (AE) :
(s .

AE_ < AE < AE
a. o]

The pro-oxidative reaction runs considerably slower than

the antioxidative reaction at low temperatures and only

v

gains influence over the net reaction after gz higher tem-
perature is reached. The rate of the antioxidative-re-

‘\l< .
action increases with increasing concentration of anti-

oxidant as long as the reaction partners (peroxy radicals)

»

19



are available in sufficient quantity. Above the optimum
concentration antioxidant molecules are available for pro-
oxidative reaction. The latter isA;ecn as cleavage of
stable peroxides with fbrma}ion.of free radicals. Thus,
with Znough excess of antioxidant the substance functions
pro—oxidatfvoly.

Powerful protection against lipid oxidation is af-
fofdod by\wator in conplex foods of low meisture content.
Optimal stability is afforded by a monolaver of woter
molecules. Below this lewel of hydratian'rawid ofijutio:
ensues and, aove it, hydrolysis and Su5sequen; oxidat.ve
deteriorétion'occur. The mbnolayer is bound bv functional
groups of proteins and carbohydrates. Water attached at
these sites prevenmts adsorption of 02 by 1ts presence. .
Tt also coordinates trace metals, thus reducing their,
Cétalytic effect. Finally, water stabilizes hydroovcr-~

]
oxides by H-bonding.
The literature contains many reports concerning
pPro- and antioxidative effects of various amino acids
and ascorbic acid upon the oxidative reactions of food

lipid systems. The data and hypotheses are inconclusive

and outside the scope of this thesis.

B. Biocatalysis,

Lipid peroxidation catalysts exist in wide variety

in biological systems. They include transition metals in

20
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different states of coordinat ion, Hematin compounds gnd
Iipoxyqgenases are most prominent because they have areatoer
catalytic activity than other known Catalysts ang have

therefore been studiced most.

1. Hematin Compounds.
Mk\ ———

Lipiq peroxidation Catalyzed by hematin compounds
is_a basic deteriorative ang bathological reaction ond is
becoming 4 subjicct of idcreasing Tooearch intopege Hom-
atin catalvzeq oxldative rancidity“sets the ultimate 1 mat

t
to storage 11 of refrigerateq end frozen mrats,

All the hematin conpounds eccurring in navurc cat-
alyze oxidation of unsaturated lipids andg other olefing.
The products of hematin Catalysis ang autoxidation are
similar, but Comparison reveals that hematin Catalysis
has more.rapid iniﬁiation and propagation reactions, 1n
fact there Mmay be no induction period, wherecas autoxiation
always displays an induction,period. /

Hematin catalysis is no more specific than autoxi-
dation. (with reference to substfate), but hematin—catalyzed co
oxidations of linoleate, é.gi, have activation energies

-
comparable tg lipoxygenase+cata1yzed oxidations of 1ipg-
leate, 3-¢ kcal/mole; the activation‘energy of autoﬁi—
dation of the same'substrateais far more, . 15 kcal/mole_
(Tappel, 1961, p, 337). _ _ ’
Figure 2 is a.schematic‘of hematin—catalysis.' Af-

ter reaction between hematin compound ang lipid hydro-
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OH
ROOH N\l’, /N
_e R'
LIPID
HYDROPEROXIDE \ N7 \N
HEMATIN RH UNSATURATED
R COMPOUND LIPID
O * .
) O [N
t\'\! /i“i i\!\ :/l\'
- e Fe
N7 N | N7, NN

RO’

RO + RM ——>ROH + R
Re + Oy —> ROO-
RGO« + R —— ROOH « R

Figure 2, Proposcg Mechanism of hematin-c
ated lipig Ooxidation (
p. 357).

atalyzed unsa+tur-
redrawn from Tappel, 1961,
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peroxide - without valence change of the lron - the com-
Plex thus formed decomposes with homolytic SCiSS.l.OH at
the - 0 - o - linkage to form two free radicals. As in
autpxidqtion, many reactions are possible from these free

LY

radicals, depending on conditions. The main pathways in

the presence of CXCess unsaturated lipid involve f¥ee
radical chain reactions.,

; : . _ \
TheNevidence )y Feuencration of the hemqtin Come

pound with ead\y turn of the cycle is that small guantiticos

of hematin catafyets cayse thoe oxidatign of large amount s

«

of unsaturated ilpids aﬁd the decomposition ol larao
amounts of lipild peréxides.

Duri eématin catalyzed oxidation there is é con-
current idation of many labile compouncds, including caro-
tenoids, ~ducing enedicls, polyphencls and the heratin
catalyst itself.

Poljphenolic antioxidants function as chain breékers
and their effective concentration is inéreascq by syner-
gists as discussed previously.

Inhibition by nitrogenous compounds, including

Cyanide, involves hemichrome formation and steric hindrance,

préventing reaction with lipid hydroperoxide.

2. Lipoxygeﬁ%ses.
——edrygerrases

a. General Aspects

The enzyme lipoxygenase (linoleate: O2 oxidore-

‘ductase, EC 1.13.1.13), formerly;termed lipoxidase, occurs

23



widely in plant tis Sues. The main sources are pulse
vegetables and cereal grains.  Other sources include po-
tato, pumpkin, flaxsced » Tapeseed and hemp.  There | S no

evidence for its occurrence outside the plant Kingdom.
More than anv other CRZyme 1t necessitates the heat troeat-
ment in food procauslnq known as blanching. 71t is there-
fore one of the most thoroughly documented CNzZvmes pert-
Inentein thig rio13.

‘Lipoxyquqasv is a hig ihly specific Catalyvst “,r the
peroxidation of unsatur. tchfatty acids and their oster-

which contyin ). Lol »A-ventadiene svstan, Thails in-

cludes the essontfﬁl fatty acids linoleic, linolenic ang
arachidonic, but not oleic.

Advance 1in knowledge concerning‘this enzyme came
after the prtpd ation or” pure soybean lipoxvgenase by
Theorell et al., (1947). The principallinitial product
from soybean lipoxygenase~cata1yzed oxidation of lino-

leic acid is . '

9D - hvdroperoxy - 10 - trans, 12 - cis - octadecadienoic acid.

13 L - hydroperoxy - 9 - Lrans, 11 - Ccis - octadecadienoic acid
is also formed, the ratio of these products varylng with
conditions and source of €nzyme. The reaction is’ Spele}C
with reSpect to position of the methylene group of the
g&g,gi§-1,4—pentad1ene system qnd the point at which per-

oxidation occurs (Holman et al.\_1969). rFor reaction

tofoccur;Ithe CHZ.group must be located at the 8th carbon
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atom as counted from the met hvl end of the molecule (18-~

.

carbon) . Peroxidation, then, will occur at the w6 or at
’

.

1

the wl0 carbon atom (i.c., at the 13- oy o- carbon atom,
respectively) in the case of linoloiq acid.

Variation at the carboxyl end of polvunsaturated

fatty acids influcence reactivity onlv in roportion to
N ) I I !

the influcnce on solubilizat lon. Not only does 951 ubiiity
of a substrate f:: tvoncid or Qtn cotersg aenoerd o pi, gt
so too could cortadin findamens Droperties of Ll DNEVING
protein.  Indoed pH orofile of
PCNAS upon 1onic zoranath of fhe redium. All f‘hctors

which dotorjiie toextent the hydrophilic CnZvme hLas

Frobic substrate must be considered
Rvity.

antioxidants are the only i1mportant

Polyphd

¢

3 . N .7 . .
xyacnase.  Nordihvdroquailaretic acid i

e

inhibitors of
hibitor known. Although there is a lack
of specificity; ;onq various aﬁtioxidant inhibitofs, tﬂey
are thought toflunction in like mannef as competitive in-
hibitors of.lipokygenase by donating an active hydrogen
forxabs£raction in place of the one donated by the sub-
strate (sce below). The chain breaker polyphenolic anti-
oxidants could serve as Criterion for identification of
true lipoxyqenases, provided proper precautions. rule out
non—e?zymic catalysts. Cyanide, e.q., has no effect on

lipoxygenase.
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Theorell et 1. (1947) reportod thot Faponiy -

did not require o metal or ot her prosthet e Group.
yme and metal analysis, Althoudh 0.3 qtom ¢ 1.
nole of enzyme was detected, it wag reaarded s

V. Chan (1973) reported that the Theorel] CNZVIN

!

Iy

to 2 atons ¢of
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~
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s

s essontial fo - CNTUMe Qo -
and that the Fe is present 1n the feorric state
Tappel (1963) proposcd a mechanism for Tipoxwv-—

catalysis which i< stiq1] gencerally acceptod, ~i-

i

-

new knowledge continues to encrge. Tre latter oan
idered to be supplementary (see below) hut, Zuvoand

substantiating Tappel's view. Briefly, it is:

The enzyme protein acts as an elect%éh sink,
holding momehtarily an electron from the ac-
tive methy}éne group of the reactive unsat-

urated fatty acid ang thus allowing oxida-

tion to pr@d .

1. Formation of an enzyme—substrage complex.

The five steps are:

2. Attachment of O2 to the enzyme in prox-

imityagg the substrate.

20
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3.0 Formation of o free radical at the meth-
ylene aroup by removal of a hydrogen atom.

: The enzyme protein holds an electron

- momentarily from the alpha methylene JIoup,

‘thus allowing oxidation. The hyvdrogen .
, i
ion goes to the medium or directly to
the protein.
4, 1'.%(')[1(‘,"1'7..".‘1 on of double bond ol wiien e
clectron moves to conjuaate tne deat Lo
2>én1df;, ;})f"(if:'iplicnil. oxyan attack:s the ¢
Tornod 3&wff‘ radical, resuitine i tloe ‘
EN j)erj)X}' rodical. C

5. A molecule of hydroperoxide is formed,

after picking up a hydrogen ion, and

then roleased.

Mitsuda SE al. . (1967a) produced cvidence indicating
that methionince rv(Jduol accept the H (S?Cp 3 above) and,
also, that there is a hydrophobic binding site ncar the
activo‘centep; ) .

Chrlstopher ct al (19%6) 1solatod two isoen-

zymes of sovbean llpoxygenace which had differences in sub <:>

strate SpGlelClty heat stability, turnover number and
activation bv Ca2+ ion. ‘One of these, lipoxygenase-1, is
k . 2 + :

inhibited by'Ca . The other, lipoxygenase-2, is activ-

ated by Ca2+, a procesSAwhich the authors characterize

as overcoming substrate inhibition. Théggecond 1s the-
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one which 1o pare heat Fabi o, Pach of then DOSL e Gney

nolecular weragnt of LO2, 000 o5 determined by chromato-

. o , )

draphy on Sophades o 500 Yamamoto ctale (1970) iso7-

ated thease g Froenzyes Glao and Named the Prooxyvacng e
B

. ‘ . , A L
a and b, respective] Yoo They confirmed the ¢ o tnhibition

and activat ion . Numerous ot hep TOPOTts oxist in the 144 -
t

erature of FnOenzymes of Pipoxyaenases,
Rostrepo o0y {1073y At temptod to gy

the neculjgy LT o tane oF Seanron o of %:‘(Hii‘iu:z TR

. . 24+ .
cetivat ina . oo Sdded vt Poastron mixtare o oo )

N ~, . N Ve ea L . N “rq 3 . PR N . PR N vy e
LOor concurrent R B A R AR Bl

¢

Qﬂjt I will not r added arter the CNZyme s They ogt b
3

lished that adsorption on glass surfaces is not pPrevent o

24 A o
by Ca . They ruled out the Possibility thayt phvtates s
Y I Py

. . 4 . . o L2+ .
nay be involved in activation or inhibition by va™ | T

. . e . . . C L .
establiched that it Ch activation occurs 1T trilinalcein

- 2+ ) .

1s usced as substrate, and that Ca concentration affording
’ C 1
5]

the maximum activation is independent of lipoxvgengeds

Li

concentration, but varies with linoleic acid concentration

when lipoxygenase is constant. In the latter Case, it isg

about equimol ar with linoleic acdig concentration, However,
i

they did not have an cxplanation for this behavior. 71t jis
_ ‘ 1

evident that rescarch on these enzvmes has fundamental

problams yot ro solve. Because of their importance, work

2

in many laboratories is continuing. The near future qey
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_ , A
reveal more complete maps of active centers which presym-

ably could vlucidat o subsitrate proferoence and ver satility

AMONG  1SOCn Ve .

of t

stit

whic
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Grea

loration of flavor and nutritive value is incomplet
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Peas are an tmportant nart of the dict of most peoples

[y - N

he carth, Rescarch and application of ifs results., con-

ute an im portant Inovut of the XA Processing industry,
N s 4

)

h hos oo avolvrng Sincoe oo Lata nineceantlp cont o

o the advent of Cec g foods, eciontific stady has po-

2Ty

ed nmuch Lnpotus, boecougse Pras are thix veg tobloe of

I

1
«

Lost coe nomi ¢ LEDoStance 1n “rozen paTarTal Lo,
Present knowlednse of the role of enzymes in o

S ¢

past, emphasis has been given to the presence or ab-
o of cat™ase ang peroxidase (hematin conpourds) in

. 1s . .
processed product,” but théﬂlmportance of lipoxygenase
. Y
b A
Lipase as specific catalysts of lipid breakdown 15 now

-

recognized (Wagenknecht and Lee, 1958). Thé destruction

of t

purp

two

mole

he 14 %;/éould provide a better criterion for conkrol
oses. .

~In 1970, Egiksson agd Svensson isoYétcd and purified
active 1ipo.yqenasgnﬁsoenzymes from peas and reported

cular weights of 72 000 and 67 ,000 on the ba51s

Ol amino acid analysis and ultracentrifugation. These

prob

deto

ably corre%pon ed to the two isoenzymes of lipoxygenase

‘b
cted in the pea by Hale et al (1969), who Separated |



lipoxygenase into bands with gel electrophoresis and vis-
ualized them with acidrc KI staﬁninq. Haydar and Hadziyev
¢
(l973f?reportcd an entity of lipoxygenase which had .a
molecular welght of 74,000~QX gel e%ectrépho;cs}s. " They
found three to four 1soenzynes by the zymogram ﬁeihodf
The same group (iaydar et al. 1974) isolated a pea lipuxyi
genase, which possessed only one active isoenzyme, in'thc
2+
prescnce of i cndosenous Ca” ion of the ves.  lhe on-
/ o ' ' 2+
CYMEe actlvity was found to be lower than when ca Intor-
ference was avoided, Weber, Arens and Crosch (1973) seo-
aratoed pea Lipox, ceiage inic two peaks with DﬁAf—cullu}oﬁp
colummn chromatography, and nnstis‘and Friend (1974) sep-
arated five active-isoenzyme fractions of lipoxygenase from
dwarf peals usiﬁg a carboxymethyl—cellulose column.
Unblanched (frozen and dried) green peas can do-~
velop off-flavors from accumulaﬁing‘volatile aldehydes
which result fron iipoxyqenasé catalyzed oxidaticn of lino-
leic and linolenic acid, tﬁe major polyunsaturate@ fatty
acids in the pea. Recently, Leu (19745) examined primary
oxidation products of this reaction using gas chrémato~
graphy. He found €qual amounts of the 9- and 13- hydro-
peroxidés of linoleic acid. Leu.(l974b) ahalyzed volatile
Secondary produCtS,.also, and found aliphatic saturated and
unsaturated D-aldehydes. His findings show that the amounts
and ratios of Primatry hydroperoxide isomers vary with con-

ditions and enzyme source, but that most of the volatiles

- 1
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derive from these primary products. Yurthermore, enzymes

from Qifferent sources vield the same aldehydes in Si‘giar
4y
X

ratios, although the ratios of 1someric primary produl
differ. 1In summary, his results age compatible with
existing theorics concerning formation of secondary pro-
ducts. Homologous aldchydes are formed one from another
by successive rupture of one carbon bond in the chain (n-

Y

hexanal, n-pentanal, n-butanal, n-propan&l, <thaenal; th.
quantities of cach diminish in the order givern). Also,

hydrocarbons and furan derivatives were observed.

€. Pigment doitructicn.

The three ﬁajor classes of natural pigments,

- the anthocyanins and flavbnes,

- the chlorophylls and

.. the carotenoids
are increasingly unstable iﬁ the order listed. That 1s,
they are subjcct to oxidations and isomerizafions, wilth
subsequent loss of pigmentation. Only the last two groups
are to be considered here in connection with peas. Ac-
ceptability of any pea pack depends upon the chlorophyll-
»pheophytin@rétio,or the ratio of the attractive fresh green
of the for%er to‘the olive green of the latter (a chloro-
phyll heat—degradétion product). Carotenoids, chiefly

-

B-carotene, are of nutritional significance as potential

pro-vitamin A source.

31
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Although autcxidations and photoxidations of is0-
lated pigments have been carried cut uncer laboratory con-
ditions, it is generally accepted by food chcﬁdsts that
pigment destruction occcurring in foog prodﬁcts 15 coupled
with ]ipidwpxidation and that a frre radical mechani%m is
involved. ( ’ .

Strain (1941) observed that chlorophyll was oxidized

1 - ~ 4 . R N L I S - - - P I .3 - R S i - r -
N a systom containing an viucous Soybhean eMtract, o o

EN

and oxygen.  In 1955, Moapson and Moustalarreportos hat
chlorophyll was bleachod during the oxidation ¢* Glnta-
thicne by a4 poa extiocti in the presence of lirclicic acid.
The oxidation of glutathicne was atiributed to ﬁhe lipoxy-
genase catalyzed oxidaticn of linoleic acid. Zlanched fro-
Zzen peas show no loss of chlcrophyil, bat it is decraded
in frozen raw poas; Wagenknecht and Lae (19%%) added
;

various enzyme preparations to enzymaficalLy inactive veas
and di;coverod that lipasec and lipoxygenase together, lip-
ase alone, and'lipoxygenasc alone catalyzed 35%, 28% and
129 dostruction of chlorothll, respectively.

Holden (1965) tested several legume seed extracts
for chlorophyll beaching activity and their response to

addition of fatty acids. Linoleic and linolenic acids

showed the greatest bleaching rates in the presence of
soybean extract. Neither peroxidized linocleic acid nor
purified lipoxygenase plus 1lipid bleached the chlorophyll

as rapidly as the crude extracts. Therefore, she postu-



lated a Co—ox}dation factor for chlorophyll loss. Thesoe
observations were supported by Buckle and Ldwards (1970)
in studics of frozen soyveans and peas. They noted a pn
optimum for chlorophyll blcaching lower than that required
for lipoxygnase and a requirement for a crude extract éom—
ponent besides lipoxygenase which was a. heat-labile factor.
This factor could be isolated by (NH4) 804 preciliitation.

2
A similar co-oxidation factor wWas postulated Ly lics et

f
ey i . . .
alt (1969) in the coupled oxidation of carotenc.

Zimmerman and Vick (1970) "demonstrated that chlorp~»

phyll is bleachcd only in the preseace of liroleic acidg, !

lipoxygenase and h‘uIOQCIOdeL 1som‘r15‘ It 1s proposcd
that the enediol which proceeds from the action of the
enzyme, hydroperox1qe lsomerase, upon the primary product

of llpoyygenase catalvsis,

-

‘Patty acid hydropcroxide » g-ketol - enediol,

attacks the conjugated double bond systgmq of pigment mcle-
cules, vielding colorless compounds not yet identified.

Orthoefer and Dugan (1973) reported th;t the usual
lipoxygenase inhibitors also inhibit chlorophyll bleachlng
in model systems with linoleié acid, chlorophvl , and
lipoxygpnase. They claimed to have improved upon Helden's
’chlorophyll assay technique and concluded that lipoxygenéée
is the only enzyme required in the system. They explain

the lower pH optima reported by others on the basis of al-

terations in vitro of critical micelle concentration of

~
&

-
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lipid substrate during the assay of bleaching {(maximum
pigment qestruction occurs at the critical micelle concen-
tration). The authors conclude that chlorophyll bleaching
is mediated through coupled oxidation with the Gnsgturated
lipid substrate, since the pigment is not bleached with
previously oxidized fatty acid.

Blain. (1970) stated in his paper that carotene
bleaching activity in gencral could be more readily attrib-
uted to intrinsic hematins than lipoxyyenaces, although 1t
"is "generally assumed" that‘this activity is due t5 lipoxy-
"genase. Chou ;nd Breene (1972) conclude tha- decoloretion
of B-carotene is an autoxidative reaction when lipid iz
excluded ffom the system and Ehat the presence of either
wateg-or an antioxidant inhibits_fhe'rate'of decoloration
in a manner similar to that for lipid oxidat:ion.

Considerable research on wheat lipokygenase and
Carotene oxidation has shown the importaﬁée of lipoxy-
genése actipn duriﬁg dough mixing and its co-oxidation of
carotene (Irvine, 1959). Carotene co-oxidation can be con-
trolled by selection of wheat of suitable "lipoxygenase and
carotene contents, by addition of legumé flours centaihing
the enzyme during dough mixing and by controlled aeratioh
ddring mixing. In contrast, durum wheat products such'as
semolina, macaroni and sbaghétti are selected on the basis

of minimal lipoxygenase activit¢ to preserve the carotenoid

pigmentation. . Soybean lecithin is even added to synergize

1
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natural primary antioxiddntg.

Coupled oxidation of carotcnoids in lipoxyaecnase
reaction 1s complex both with respect to kinectics and pro-
ducts formed. Tookey et al. (1958) demonstrated that
free radical intermediates of the linoleate - lipoxygenase
reaction cause hydrogen abstractions which are relatively
non-specific and which are capable of oxidizing carotene.
aAanotner line of ovidence for the esnistence of&Ehe frec
radical intermediate is provided by Fridovich and Handler
(1961); Concurrent oxidation cof other carotenoids, cil
coluble vitamirs, e¢ssential oils, polyphenclic cemnounds -
Asuch as lavonois (cl. Heimann and Reiff, 1953) and various
antioxidants can occur via abstraction of their hydrogens
by the unsaturated fatty acid peroxy free radical inter-
@pdiate which is .crucial to the lipoxygenase reaction
mechanismn. Coupled oxidations can also aﬁise by other

free radical mechanisms previously disdussed.

.

‘D. 4Pho oxidation

It §s a matter of genefal experience in food pro-
qgising and storage that the most favorable conditions for
maintaining original B-carotene contént are also those
which favo; shelf life of fats; viz., exclusion of oxygen,
inclusion of antioxidénts, and exclusion of light. It is
also common knowledge that yellow-pigmented féts, such as

beef tallow and butter, bleach out dufing storage, espec-

ially if acid number is appreciable and light exposure is

35



not -avoided. The nutritive value of alfalfa can be se-
riously impaired during harvesting and storage, because
of the coupled oxidation of carotene. Thus, quick drying
is supecrior to field drying in the sun where chlorophyll
has an opportunity to function as photosensitizer 'in the
oxidation.

The utilization of electromagnetic energy in -phctox-

idations dopends on the prefence of a chromophore 1n the

ge;

‘substrate or upon the presence of a photoscnsitizer. A4

photoactivated molcculs re-cemits 1ts energy elther as hozt

-
1%

or as clectromagr2tic energy of lower wavelengtl..

transfers its energy to the substrate or to oxygen, re-

sulting in photoxidation. The presence of a phétosensiJ

tizer may have a profound effect on rate of oxidation and
~

the products formed.

Photoactivated intermediates possess more energy
than those normally involved in autoxidation. Khan et al.
(1954) found that photoxidation of 1,4-dienes yiclded only
1- énd S-hydfoperoxides with inversion of configuration
at one double bond. When chlorophyll was introduced an
appreciable proportion bf 3-hydroperoxide was also formed.
Furthermore, whereas Withouf chlorophyll cis,trans hydro—

peroxides result, both double bonds were inverted to form

trans,trans hydroperoxide in fhe presence ofvthe.photo—

sensitizer.

According to Scott (1965, p.95 ff.) photoxidation
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involves the same chain propagating steps gs autoxidation
occurring in the dark. The difference lies in the nature
of the initiating Step and in the rate of achievement of

the linear part of the. oxidation curve. That is, light

accelerates the rate of approach to the Steady state of i

oxidation.
Thus, the energy supplied by exposure to light>is

0 amport.. SCLOY In tho initiation ¢’ oxiiative pro-
Cesses in food fats. A test desicned to exrloit thig,
Principle has beoen ceveloped to determine stability of
cdible ciles (Mosor et oal., 1965). mhe develorment of
surface oxidation in butter during cold storage under
bright lights has bean established.(de Man et al., 1965).

The question as to the role of B-carotene in oxi-
dizing fats and O1ls has ‘been discussed for some time.
Whether or not ths Figment acts pro- o>1daL1vely or anti-
ox1dat1vely depends, apparently, upon the Presence or ab;
seénce of light.

Chevallier et al. (1948) reported that carotene
inhibits autoxidation Of triolein in the dark (at 40°)
‘but accelerates the oxidation in monochromatic U.V. light
havinf a wavélength of 3400 g. These autpors did not -
“carry the experiments beyoﬁd the point of tota] carotene
destruction. Probabl; the pigment acts as 1 photosensi-

tizer during photox1datlon, thereby furthering the‘form—A

atlon of free radicals. Lee (1955) reported that peroxide

37
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values of carotenc-oil mixtures exposed to sunllight are

about‘equal to or slightly higher than controls not con-
taining carotfene. His results could be more informative
had he measured 02 up take, singg peroxides do not accumu-
late beyond a certain stcady-state level. ‘

Taufel et al. (1959) reported that chlorophyll -

exerts a pro-oxidative effect only in daylight. 1In the

v

Gark it has no eff2ct on the avtoxidation of ursatuar ated
tate, unless phenolic anticxidants are added, in which

¢
case 1t 15 synergistic.

Lun&bcrg (1962, p.41 £1.), studied tihe oxidation
of methyl linoléate ™¥n the prescnce of chloropnyll and
~monochromatic light of wavelength 660 nm at 37°. He found
that hydroperoxides were the primary products of oxidation
and that the quantity formed was directly proportional to
the amount of light absérbed. The mechanism is presumed
different from that of ordinary autoxidation, because
Siénificant gquantities of unconjugated hydroperoxide were
formed and becauée a—tocophefol is ineffee}ive as an in-

hibitor, iﬂaicating that a chain reaction does not take
place. #

‘Haydar (1974) observéd tﬁat B-carotene exerted an
antioxidant effect upon the course of:photoxidatioh of
butter fat during the early stages. After the B-carotene

had been totally destroyed, the reaction accelerated sig-

nificantly. He concluded that decomposition of B-carotene



39

D

‘protects the fa >13rly stages, but that breakdown

~products accelcf- 5dation once all the plgment jg
exhausted. : reported that these breakdown
products arg ~£ed to a certain degree. Witﬁrthis
in mind, it ASonable to SUppose that they coulq
function ag cﬁi' féaking phenolic antioxidants unti]

they were no 14

—~h

£ able to donate active hydrogens, at
ctio® rering Would be ovepr ano the o=

b Lo, /

found, Moreover, thea+ in the d ik

that stage 1.
action would accas
Haydar (1773

e A . —- 3 - Ll e Ny Y
Tavicn seer odg L0 b e ZiOToNTdant,

1
g
)
.

E-carotone in 1oy

and, at g five-721¢ increase in concentrution; the plamernt

exerted an antioxid

Lo foct, 1 Suggest that this would
have been shown to 41 induction Period had the exper-
iment been extended to the point where B-carctenc was de-~

2ieted. From this point of view, the findings are re-

Pt

conciled with those of Friend, because o+ the low Concen-
tration (39 Hg pPer gram butter fat) insignificant amounts

of OH-compounds were formed.

-

E. Non-enzymic Oxidation °of Pea Lipids in Model
_~vx____*_?______~__*_~_~.__‘_&_____*_~____

sttéms.

Bfaddock and Kesterson (1974) have recently re-

ported that carotenoids (including carotene) of citrus
flavedo are well éreserved for an}mal feeding stufrs only
if treated with antioxidants or freezing. The potential
of this important citruskby~product as a valuable source

3



of pro-vitamin A in aninal feeds 1s not fully realived

at present, becange. the technology of drying has not over -

come the problem of ‘capotonce loss. Many operators {indg
,K

that it docs not pay to take such vains as are regulred

to prevent browning. This vroblen . however, does not
exist with alfalfa. surcly, moisture content in the fin-
ished product is important.  According to Lea (1958) water

promotes non-cenzymic browning, which can result in theo
formation of antioxidant compounds.. Although the dried

flavedo is higher in moisture content than drioeds alfalfa,

. - . )
it is ‘probably poorer in natuﬁal qntlox1dant content and

one 1s inclined to as ss1gn an 1mportdnt rolw to other plant
constituents. For instance, the flavedo is very high in

p£§tins.

According to Karel (1973) oxidi;ing 11pjds in the

N

presence of proteins tend to 1nt cract by formlng llp)d—

protein complexes. In most complexes std&}edj the‘]ipid
constituent contains phospho—ltpld The Lnteractlon us-
ually 1nvolves electrostatlc foxces or salt brldgec via
divalent metals. They can lead to colored or 1noolublc
compounds and even jeopardize the food value of the re-

actants. G

B

(982

'Crawford et al. (1967) stated that lipid peroxi-

L~ R

‘ N . . N
dation products react with proteins in a number of ways.

a

Malonaldehyde,

. OHC - CH, - CHO
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A
1s a product of hydroperoxides of Iinolenic, arachidonic
, \ -
and other oxidized fatty acids. It can Yeact irreversibly
with amino acid residues.

Zirlin and Karel (1969) studied gelatin-linolcate
interactions in the dry state and concluded that reaction
of the two components can lead to scission of the protein
as well as protein-protein crosslinking. ‘tree radicals
Ay form on carbons ¢ 7 othe croteins and cuetesl railiclsa
mey form in ‘protoings containing cysteine or Tysiine,
Su!fur-co ontiining rrotzins are more likels to croco.ink

4

than non—su}fur wvrotelns, such as aelatin., -
/-’"1 N A3 .
Free radical participation in lipoprotein ferma-

tion, reactions.and properties is a Chailenging subject
of research being pursued currently at several 1not1tu—
tions. At thenUniverQi ty of California, Roupal (19/3) i
1nterprcted the- ESR (1gnal obtained from proteins exposed
to oxidized lipids to be caused«by’pretéin—lipid peroxide

" o - ot

complexes. ; Er@~ e

A

. e
Haydar and Hadziyev.(1973) studied oxidation oge¥

pca lipids on carbohydrqte and protein ma£figes in freezes=
dried model sysﬁems, They concluded that the polnrJ_j of
the lipid was more decisive in determlnlng SusceptlbLllty
to ox1datlon than the degree of uﬂgaturatlon. on all M}.
matrices’ the polar lipids were more suséeptible to oxida-

tion, but particularly more so on pectin. This seems to

esterson

N

‘be consistent with the findings of Braddock and



(1974) CONCCINING CATotene i destruetion in tlavedo.

<

to

oxXert an

Con-
@
parced to cellulose controls, albunine and globul in: Soeemoedd
antioxidative intlucnce on neutral lipids,

wRoereas albumin alone wWas
On the other hand,

ITipid oridat ion syrgnitficant Ly

antiloxidative toward polar lipidga,

the globuling matrix acceles ated polar

By way of oritiqusd con-

authona!'

corning the interprotation of tihelr findings, |
suLmit th Dol i collulose moat e oo e ' ;
f,
«b face value, tio vrosaee of CatuaVile Ccodlulose gt 1-
dation orods cte suet b ruled owt (¢l Seott e, oL 20 .
b
. Moethods of N .
S e /
The literature (bLounds in mothods Lor measurin
enzymic and non-enzymic lipid cxidation. Some are de-
and others, the

signed to measure products of oxidation
consunption of oxyoen or.subsﬁratc.
far Superior for nost work, wnless one s
to demonétrato the

less convenience dictates the choice of

approach.
The
meétric and

genase, to

suring the

to dé Vore

use of the

uptake.

1

(Y. L
Che Are o

ter
setisMicd noraly

existence of a certain product, or un-
a less accurate

L]

reader is referred to Tappel (1962) for mano-
spoctrophétomotric methods of assaying lipdxy—
Mitsuda et al. (19¢7b) fgr a method of méég
gctivity of this enzyme by polarography, and
and Solbery (1974) for a‘description of the

differential respirometer in measuring oxygen
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Materials andg Chomiegl

Wrinkled pog

steader), aig dried,

(Edmonton, Alborta) ., The

5

hunidity of

were obtatnoed

J00 and 15°C. for five

o
D

~

e Var. Home-

from f\{}‘d

storad

Contro 1.

ceds wore At a relative

months. The reafter,

they wore Kept gt 4°¢, in 4 storage cold roon. After one
VUL, gGeridn of Sy Povrealod vigh TEe o b e v
than 920 .. ('f‘lf\)z\:i,,\.l“,'ll a, L“;’}JUI’()EJN}/IJ L,oand total \‘«':I'(j—k
Lenol contonta wen Qcﬁb:}"."ﬁ“l:‘d to be 00152, 0.204 Wl
Co00J¢ iy poer crogy on Ly weight LASTE, resnos - 1
(motsture contont LI 0Y solation of linHngnqgu,
albuning and globulins, frbm these peas is discussed under
flethods.

Whedt erotein ‘ractions, which wWere used fof moa—
trices in pleiminay§MS{gdics of non-eazymic oxidation

of linoleic acid, wetc Nindly provided by Dr. D. Hadzivyev,

They represented éurplus material from previous research

(SKura, 1972, p.32). Triticuna vulgare L., vars. Park and
-~

Thatcher, obtained from the

as foundation No.1l, were ea

. .
ferent fractions. These we

_—
¥

Chlorophy11 concentratio
ruatlions and technigue

-~ (1963) and carotcnoids b
(1957), cited by *Maclach
ment of absorption is ma

solution at the appropri

iy

Alberta Wheat Pool and graded
ch extracted for three daif-

re glutenins (gluten protein -

NS were determined with the
given by Maclachian and Zalik

Y the equation of von Wettstein
lan and Zalik, whercby measure-
de of the pigments in- acetone

ate wavelengths.
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soluble in 0.05 N oacetic acid), globulins (soluble in

0.4 Mo NaCl), and gliadins (soluble in 702 (Ww/w) cthanol).
Afu:r exXtraction they were frecze-dried and stored in dry,
air-tight containcrs gs pure white powders.

Linoieic acid, obtainced f{rom Fisher Scientific Co.
(Fair Lawn, N.J.), was freshly distilled before wse at
149-150°C. under o pressure of 0.4 mm Hg. f-Carotene, ob-
t2ined frem 103 fh@rnwcuutiCJLs Inc. (L]QVUipnf, Ol Y,
{rom benzene-mothanol,

Linoleic acid, its nethyl ester, and t{ilinolcin,
all. of grocter then 930 varity, which wero coed 1n sub-
strate testindg of the enzyme, were obtaincd from Horme ]
Institute (Austin, Minn.).

A 1.7 gram-package of commercial Spanish saffron

. -

(McCormick) was obtaincd from a 1ocal grocery store.  This

commodity, consisting of stigmas of Crocus sativus L.,

was used for the extraction of crocin, the digentiobiose

ester of crocetin, an acid carotenoid,
Potato amylose and soybean lipoxygenase (EC 1.123-

-1.13)* were purchased from Sigma Co. (St. Louis, Mo.),

Tween-20, -80 and Darco Activated Carbon Grade KB from

. Atlas Powder Co. (Brantford, Ont.), DEAE-cellulose from

‘Baker Chem. Co. (Phillipsburg, N.J.), Bovine Sertin Al-

bumin (BSA) and dithiothreitol from Calbiochem  (san Diego,

1

* o
The supplier claims an enzyme activity of 156,460 units

'mg“l, where one unit will cause an increase in Aj;34 Of
0.001 per min at pH 9.0 and 25°C.when linoleic acid is
the substrate.
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Calif.), acrylamide, and N—mothyleno—bis-acrylamidc, from

BioRkad Labs. (Richmond » Calif.), TEMED and 2—nu:rx:ag)t(>—
c¢thanol from Eastman Organic Chemn. (Rochester, N.Y.),
pectin (qcno~pcch§n‘slow set) from Fooa Products Ltd.
(Montreal, Quc.),;émylopoctin from 1ICN Pharmaceuticdls
Inc. (Clevo];nd, Ohio), Folin-Ciocalteu phenol reagent
from BDHU Lab. Chen. Div. (Toronto, Ont.), Sephadex G 150
from Pharmacia (Uppsal.., chﬁvn), silicic acid for chro-
matogravhy, 100 mesh, from t\lallinckrodt (New York, N.Y.),
‘and 5DS, Tris and othor chemicals, all of reagent grade,
wero obtain;d from Pisher Scientific Co. (Fair Lawn, N.J.).
Certified protein standards used for molecular welght
determinationé, Ccytochrome c, chymotrypsinogcn A, oval-
bumin, BSA and human globulin (mol. wt. 12,000; 25,000;
45,000; 67,000 and 160,000, respcectivelv) angd Coomassie
Brilliant Blue stain were obtained frem Schwarz/Mann Co.
(Orangebprg, N.Y.). Cardiac tropoﬁyosin (mol. wt. 36,000)
was kindly provided by Dr. r.H. Wolfe of this Department.
Whatman No.3 filter paper, a thick, medium speed paper-*

with high retention, was used to cut circles of 3.0 cm

diameter for matrix studies.

Eguigment. . «

Centrifuges used were: 1) Sorvall ss-1 Superspeed
Angle Centrifuge manufactured by Ivan Sorvall co. Inc.
(Norwalk, Conn.) and 2) Spinco LC 2-65 B U tracentrifuge

i
-
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with rotor type 40, Beckman Instr. Inc., Spinco Div,

(Palp Alto, Calif.). Electrophoresis equipment was from
Buchler Instruments (Fort Lee, N.J.). The electrolytic
destainer was from Canalco (Rockville, Md.). Oxygen con-

Sumption measurements were performed w%fﬁ?\rf Gilson dif-
ferential respirometer Models GR 20 ana\GP 8 (Gilson Med-
ical Electronics Inc., Middleton, Wisc.) set to osciilate
104 times per minute with a 3.5 cnp stroke, 2) a Biological
OXygen Monitor (also referred to as the OXygraph), Model
53, equippéd with a.Clark electrode (Yel%ow Springs In-
Struments, Yellow Springs, 0O.) connected to a Beckman
llOO mV potentiometric recorder (Beckman Instr. Inc.,
Fu{}erton, Calif.) and 3) a Laboratory Oxygen Analyzer,
Model 777 (Beckman Instr. Inc.). Supplementary illumin-
atjon was provided by BLAK-RAY long wave Uv, Model Xx-4

Ultra-vViolet Products; Inc., San Gabriel, Calif.). All )

Ltd.; Cambridge, England). The fraction collector used
was the ISCO Model] 327 (Tnstruments Specialties Co. Inc.,
Lincoin, Nebri). Freéze—drying was done with the RePpP
instrument, manufactured by the VirTis co. Inc., (Gardiner,

N.Y.).  The peristaltic pump employed in column chromato-

of 1.1 mm i.qd. (LKB Produkter, AB, Bromma, Sweden). Emul-
J - .
sions were enhanced with g Raytheon sonicator, 250 W, \\\\
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10 k¢ sonic Oscillator (Raytheon Manuf. Co., Waltham,
Mass.). Biological Oxygen Monitor and Spectrophotometer
Cuvette temperatures wWere maintained with Model 154 Lo-
Temptrol circulating baths, filleq with water (Precision
Scientific Co., Chicago, 111.). Gel Scanning was per-
formed by Chromoscan MK II double beam recording‘and in-
tegrating densitometer gt 620 nm, gear ratio 1:3 (Jo&ce
Loebl and co. Inc., Goteshead, England). Heating of
énzyme solutionsg 4P to 20 min. at specified tenperatures
Was accomplisheq With a. Tecam Dri-Blok DpB-3 solid state

heating block (Techne Cambridge Ltd., Cambridge, Englangd).

Methods.

A. Lionygenase.
1. Isolation and Purification
T———— 27« furiliication

Enzyme Preparations were extracted from non-
defatted bP€a seeds, because defatting vYielded consistently
lower activity, |

One enzyme batch was prepared as follows (Pro-
Cedure I). A portion of 100 g pea seeds Was ground, with
dry ice pellets, tqo a po&der in a Waring blendor. The
powder was extractedq by stirring with 1.0 liter of 0.1 M
Tris-c1 buffer,»pH 7.2, for 16 h. The slurry obtained
Was<filtered through six layers of cheesecloth and centri-
fuggd at 20,000 x g for 15 min. The Supernatant was

Centrifuged at 140,000 X g fg; 2.5 h,. This. supernatant
3 :



was then precipitated with 252 ammonium sulfate satura+
tion for 30 min, the precipitate discarded, and the super-
natant agaln precipitated with ammonium sulfate, but at
SOéfgaturation. ‘The precipitate was cpllected, dissolved
in 90 ml of 50 mM Tris-Cl buffer, pH 7.2, and dialyzed
against 40 volumes of the same buffer for 15 h with sev-
eral changes of buffer. The dialyzate was further puri-
fied by Sephadex and DEAE-cellulose column chromatography.
\\\ Sephadex G 150, allowed previously to swell in
0.02% azide solution, was poﬁfed into a 1.5 x 90 cm
glass colﬁmn and eqﬁilibrated with 50 Qﬁ Tris-Cl buffer,
pH 7.2. An aliquot of 6.7 ml of dialyzate, containing
400 A28O units, was applied to the column and eluted with
the same buffer at a conétant rate with the LKB pump.
Fractions of 4.5 ml were collected every 15 min. The
A280 of each fraction was determined, all those displaying
G

absorbance being then sted for lipoxygenase activity.

i&he fractions containing lipoxygenase were combined and
then the enzyme was pfecipitated by 50% ammonium sulfate
saturation. After centfifugation (20 min at 15,000 x g)
the pellet was dissolved in 10 mM Tris-Cl Euffer, pH 6.5,
containing Z'Qﬂ »CaClz and 1 mM 2—mercap£oethanoi (Tris-
Ca2+—SH); The soiutiQn was then dialyzed against 40
volumes of the same buffer for 5, 10 or 15 h with seQeral

changes.

The DEAE-céllulose column (2.5 x 45 cm) was
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equilibratéd with Tris—Ca2+—SH buffer. Amounts of 30 to
120 A28O units of the dialyzed lipoxygenase were applied
to the column and elution was performed with the same
buffer combined with a shallow linecar NaCl gradient ran-
ging from 0.0 to 0.2 ﬂ.b A Zeliss Abbe’ refractometer was
used to monitor the gradient. Fractions of 4.5 ml were
collected}every 12 min and assayed for A280 and lipoxy-
genase activity.

A second, similar method (Proceaure II) omitted the
Seéhadex G 150 filtration Sstep and the enzyme extracticn
was achieved in 10 mM sodium phosphate buffer, pd 7.0,

y

for 16 h. After cheesecloth filtration, lcw and high
speed centrifugation and ammonium sulfate precipitation
as before, the pellet'was dissolved in 90 ml of 10 mM
sodium phosphate buffer, pH 7.0, and dialyzed against 40
volumes of the same buffer, with several changes, for 15 h.
Amoungs of 30 -to 120 A280 units of dialyzate were chromato-
graphed on the DEAE-cellulose column, as above. That is,
+«the phosphate buffer, combined withvthe‘shallow salt
gradient, was used for elution.

~In a third ;pproach-(Pfocedure III) emplcying the
two chromatographic steps, the precipitations with 25%
and 50% ammonium sgLfate wefé omitted. After extraction
with 10 mM phOSphate'buffer, pH 7.0, for 16 h, low and

high speed centrifugations, the clarified pea seed ex-

tract (140 A,go units) was applied to the Sephadex G 50
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column. After elution with the s%ge buffer, an aliquot
of effluent was égplied to the DEAE-cellulose column, and
the lipoxygenasc enzyme collected as before (cf. Figures
3,4 and 5).

All isolation and purification steps described '
were carried out in the cold (4°C.) .

Protein determinations were done according to

Lowry et al. (1951), as modified by Oyama and Eagle (1956),

S’

with crystalline BSA as standard (cf. Figure Al).

2. Characterization.

a. Lipoxygenase Activity

The oxygraph, equilibrated to the Qesired temper-
ature, was used to measure the rate of oxygen consumption
by a defined, buffered linoleic acia,substrate containing
an emulsifier. Our standard assay for lipoxvgenase, ac-
tivity is based upon a total reaction mixture volume of
3.0 ml; containing 7.5 x 107° M linoleic acid, 0.25%
Tween-20 and 0.1 M Tris-Cl buffer, pH 7.0.  The addition
of, say.30 ul of.a solution of ehzyme introduces a 1%
error into these figures and is ignored ‘(cf. Derivation

of Formula for Convertlng Oxygraph Readlngs to Absolute

e

Values, and Figure A2)
For the carotene bleaching experiments, the method
of Ben Aziz et al. (1971) was adapted to the oxygraph

with the modifications being an increase in quantities



CGround pea 6eeds; extraction {n 0.1 M Teta-Cl, py 7. 2;
cheesecloth fll:ra(xon, centrit. (20,000 x B: 15 min)

__‘___~_,__L“~7

Peller - Supernatant 'centrif. (140,000 x 8 : 2.5h
(discard) ,

—_—
lle(

(discard)

Supernatant: (NHG)ZSOA PPN, 252 sac'y.

Ppt. Supernatanc: (NH )25(), PPIN., 50X sac'n.
(d1scard) '“ ;
T,\N___ — *_—“*_L_y. -
|
Supernatan: Dissolve ppc. tn 50 2y Tris~ci, pR o C oz
(discard) Dialysi{as Vs. same bLutter

O e

Elution with Sephadex ¢ 190
' sane buffer column

lnactive fractiong Active x aktans- ("”/"505 ppra.

I_h'g_.

(discard) 502 sa:

_— &

5
Supernatant Ppt.: dissolve ta Trls—Ca‘*-su, pH 6.5;
(discard) Dialysts vS. same buffer

AFigure 3.

Eultion with same buffer
and NaCl gradient «

!
f
f

DFAL-cellulose

colu=n
Active fractions poonled:
Purified enzyme

-

. T
Flow diagram for pea lipoxygenase isolation
by Procedure 1. variations (Procedures II
and III), in which certain steps were cmitted
and different buffers were employeo, are des-
cribed in the text.
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Figure 4. purification of pea lipoxygenase according .,

to Procedure T. Sephadex G 150 column ef-

fluent contained lipoxygenase activity con-

centrated in tubes 11-23, which were com-
bined,” precipitated with 50% ammonium sul-
fate saturation ang dialyzed against Tris-
Using the same buffer as eluent,
one or two purifications were performed on
a DEAE-cellulose columfi. The size of elu-
tion peaks 2 and 3 decreased substantially
as the ‘duration of the previous dialysis
step was prolonged.

“w
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by a factor of 3/2, to give 3.0 ml final volume, and
wrapping ln aluminum foil to exclude light.

Activity as a function of cnzyme concentration.

Lipoxygenase (first DEAI-cellulose column of fluent
peak), prepared by Procedure I, was tested for activity
by the oxygraph at 25°C.using the standard substrate and
vdrying amounts of enzyme. ‘Appropridte dilutions wiéh
10 mM phosphate bufier, pH 7.0, were rmade of tho 2N ZVIe
prebaration to allow injection of the sare quantity

(20 ul) into the cell, which wais zet up with 2.98 ml of

substrate mixtur:. The uvndiluced prevacas:on Containg i
‘ -1 . '
46.2 A28O units - mi . Thus, ten different concentra-
i ngin r .92 units d - .0014 A
tions, rangi g from 0.924 A28O 1ts down to 0.0014 A0

units per 3 ml of test solution, werec assayed.

The effect of calcium

The paper published by Christopher et al. (1372),
concerning isolation and characterization of a third iso-
enzyme from soybean lipoxygenase, suggested an approach

4

tc the stucy of pea seed lipoxygenase, pa;ticularly to
the entitfrrepresented by the first elution peak frem

the DEAE—céllulose column. Conjecturing that this entity
might represent one of tbe corresponding isoenzymes, oxy-
gen uptake measurements were made on the enzyme prepara-
tion, using the'standard substratc at-25°C.in the oxygraph

with varying amountg of'calcium ion.” A stock solution of

0.1 M Cﬁéfé'2H20 was emjployed to adjust the substirate
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Mixtureg to zero (control)f_O.S, 1.0, 1.9, 2.0, 2.8, 3.0

. 2+ . .
3.5 and 4.0 m Wilth respeet to ¢y , respwctlvuly. The

activity of the isoenzyme prepdred 1n the éresenCe of’
Calcium (PFOCOdUTUPI) was‘compared with thag of the 1so- .
' . .

enzyme prepareﬁ In its absepce (Procedure 11).
Fh(*(:ff&(t,<{ﬁfaqirbi.

The stability ot the enzyme”prepared by Procodure_
FIT andg Stored in e refrigerqtor L‘A)T-Wua testag
Oviar 31 days (9 ceLerlpatlJns) US1Nng the

7

aph g+ 2500, i Standarg SUbstrate, T T
AN

In order to establish,the nNature of the three peaks
emerging from the DEAE—cellulose column\(Procedu?e l77§fn

investigatiop ©f the effoct of > MM pBtassium cyanide cn o

50 Ml-sampleg from e¢ach pPeak was undertaken.,”The ONYGron
‘ C g _

was used gt 25°C.with the standard Substrate te me CasUre

is

OXygen Consumpticn, both wjth and without cyarlﬂ The

[oad

third peak avas tested with s mM Ca2 r also (see Figurs
6. Phe Same eyanide test was applied toq the three Major
pPeaks of DEAE~ cellulose Column effluent Procedure II1

°

(30 p1-~ “Samples) .
The cffect of iron and\cogg r. :
+
To anCStlggtC the effects of Cu2 , Fe2+ and Fe-

10ns upon llpoxygenase (first peak from DEAE-~ ccllulose h

€
Column, Procedure 1), stock Ssolutions of CuSO4'5H20

(NH4)2SQ4-FeSO -6H2O and NY l“e(SO ) 12H O were made up jnp
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Figure 6.

) 10 15 20 25

TUBE NUMBER

Argo Of fractions of DEAE-cellulose column
efflucnt according to Procedure I.  Lach
tube contained 4.5 ml. “Samples of 50 4l
from tubes 5, 10 and .15 were tested for
susceptibility to cyvanide; tube 15 was
tested tor susceptibility to calcium.
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dIstitlod wator to 2 e (Coppor sultate), 5 md and 5 N

(both 1ron ammon - sultate salts) . These metallic ion
solutiwnx, when added to the 'standard mxygqu& sSubstrate
in the amount ot 30 ul, were then Jdilutee 100 1o .

Amounts of 50 ;] of CREYRC preparation contain Ing 50 hy

of protein were usoed i the QALsay (25°C,) which'wasg de-
iy J ’

Siancd to CoOmpare activity of substrate alone Wit! that of

substrats pn o n UIoTenC i okl 6 Chr 10 e,
Subat rat o IR IR I U il oo
—_ ——— -~ —~ —_ - — - I ——
[l . Y 1 ~ . N 1 .
LA activiie 2of Tipe VGenase (first DEoE-collulo e
- Tree s - TS -n a0 N -7 - . - - : oo, S e TN pw o e
colunn poak, Do ) as e Sanstion ac was inves-

3 .

tigatod for oueh of the throe 1ipia subscratez, linocleic
acid, methyl lineoleot e and trilinolein. Final substrare
concentrations of 22, 20 and 40 ng%, respectively, wero
achieved Ly agdinq apprepriate amounts of stock livid
golutions to solutions of Tween-20 in buffer +p vield a
final voluwe of 3 i for the oxvgraph cell. Cxygen up-
take measurements were made at 20°C. with 30 Hl quantities
0! enzvne breparation (72 g brotein) per assay. Solwvents
used in stock soluticns were ethancl (95%) for linoleic

. ~

acid and aéetone-ethanol (40%—60%,\v/v)"for the other two
lipids. The ten different 50 ™ buffer solutions con-
“taining 0.25% Tween-20 were ﬁrepared as follows: sodium
wcetate (pil 4.0 and 5.0}, sodium péosphate (pH 6.0, 6.5,

7.0, 7.5 and 8.0) and sodium borate (PH £.5, 9.0 and 9.5),

L
U



Temperature cocfficionts. N
LT ———= tPrilicients

To invcstigatc‘the ctfect of temperature upon the

activity of Fipoxygenase (first DEAE-cellulose column peak,

Procedure IT), the standard oxXvgraph-assay was avplied at
elght different tcmporaturcs, ranqing/from 5°C. to 40°C. ,
with 5e° intervals. A calibrated thermomet e was used to

.
establish cach now Lemperature (<0.05°) with water in g

second cell of thc in:trumcnf, befors the substrato gg--
ture was added to the test cell. Then, tenp minutes weoro
allowed to clapse afteyp iﬁtroducinq the substrate scoly-
tién, before adding enzyme, to guaragteo Propor tempera-
turé equilibrium angd solution of ambient air.

Heat stability.

The stability of lipoxygenase (first DEAE—cellulosé
column peak, Procedure I11) was tested by hoiding samples
for up to 20 min at 50°, 60°, 70°, 80° and 96°C. before
determining activity in the OxXygraph at 25°c,, using the
Sstandard assay Substrate and 13.] “g of enzyme protein
(as determinegd by the Lowry method). The active. enzyme
Preparation, diluted 5 to 1 in 10 mM phosphate buffer,

PH 7.0, was held st the desired temperature in 4 solid
state'heating block. The timer was started at fhe moment
temperature was attained, aliquots were withdrawn sequen-

tially at 1, 3, 5, 10, 15 and 20 min with 3 microsyringe

and oxygraph easurements were undertaken right away.

Duplicate samples of enzyme not exposed to heat were assayed
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also for the control. .

b. Gel Elccterhorosis.

Holecular weight determination.

Protein molecular weights were determined for
liéoxyqenasc (Frocedure 1, first DEAE-cellulose column
effluent peak), for commercial soybean lipoxygenase and
for pea albumins and alobulins (-f. Methods B.2.c¢. Al-
bumins and Globul:ins) following essentially the procecures
of Ornstein and Davis (1560) and weber and Osborn (1969).
Polyacryiamide 1els (8.5%; Acrylamide-2is ratio, 45:1)
were formed in € x 100 mm glass tubes. The gels.and
electrode rescrvoirs contained 50 mM sodium phosphate
buffer, pH 7.1, and 0.1% sDsS. Protein-SDS complexes were
prepared by heating sample solutions (Containin@ approx-
imately 4 to 7 ug of protein per anticibated separation
band pef gel) for ten minutes in a boiling water bath in
the presence of 1% SDS and 0.5 mM dithiothreitol. After

2
cooling, an equal quantity of 60% glycgrol was added to
increase the density of the protein solution (the stacking
r

gel was omitted). Several samples of a mikture of six
standard proteins were included in every run, both on
Separate gels and'mixed with unknown proteins. The Stan-
dards used were cytoch;dme c, chymotrypéinoqen A, tropo-

myosin, ovalbumin, RSA and human Y—globuiin (cf. Figure

17). Electrophoresis was performed at room temperature



c

using a current of 5 mA per tube for 5 h. The gels were
stained for 2 h inp 0.2% (w/v) Coomassie Brilliant Blye
dissolved in 9.23 aqueous acetic acid containing 46s
methanol. Destaining was performed eLectrophorcticully

e
in 7.5% aqueous acetic acid containing 5% methano] over g
period of 20 min, with a change of destaining solution

after 10 min (cf. Evaluation. of Calibration Curve Used in

@Etermination of Molcculqr‘WuightS, Appendix).

g}

ngoqram,

Isocenzyme patterns of lipoxygenase, isclated from

fresh green peas and pea sceds by Procedure 1, were op-
»’

7

tained on 7: polyacrylamide gels (Acrylamide-Bis ratio,
38:1) with the technique reporteq by Guss et al. (1967).
This is a modification of the Ornstein-pDavis technique,
which employs 19 potato amylosé in the small pore gel,
Both staCKing gel*and 30% glycerol were used in the appli-
Cation of 109 g to ZOO‘ug of protein per tube, without
any evident difference in observed bands. Electrophoresis
was carried out in the cold room, for épproximately 3 h,
until tracker dye (5 mg% Bromphengl Blue)bwas within 1 cp’
of the end of the gel. Reservoirs were filléd with agueous
Tris-glycine buffer (0.025 M - 0.19 M), pH of 8.3. cCur-

i

rent was maintained at 4 ma per tube. The staining of the

&

gels containing active enZyme entities was accomplished
after 7.5 ™M linoleic acid in 0.1 M Tris-c1, pH 8.3, con-

taining 0.25% Tween-20 (freshly sonicated at a power . level
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setting of 8, tuned to 6 A.) was recacted with the gels

c

for 30 min. Parallel substrate solution containing 5 mM
KCN were also used. Following exposure of enzyme to sub-
strate, staining with saturated aqueous KI solution was
accomplished in 5 to 20 min.

The enzyme extracts in buffer soluticns of pH 7.0
or pH 6.5 were applied without preliminary readjustment
of theif pH, nor was preliminary or simultancous treatment
of gels with thioaglvcollic acid performed (Hale et ail.,
1969). To avoid the possibility of obtaining an altered
electrophoretic pattorn due to an interactior. of pea lip-
OXygenase with free fatty acids, defatted enzyme samples
were also run. However, when the Crude enzyme was ex-

.tracted with cold CHC13=CHJOH (2:1, v/v), followed by
acetonei the isocenzyme pattern was similar to that of un-
extracted enzyme (Haydar et al., 1975). As this observ-

“ation is 1n agreement with results obtained by Hale

et al. (1969), thé*defatting step was omitted and. the

<ymograms reported are for .in situ isoenzymes.

3. Carctene Destruétion Mediated by Lipoxygenase

The technique of Ben Aziz et al. (1971) for .

following the rate of destruction of B-carotene in an
aqueous medium containing linoleic acid, lipoxygenase and
Tween-20 was used.’ The detailed instructions were fol-

lowed for reaction mixtures containing 1.4 x 10—5 M B-

carotene and certain modifications were introduced to
g v
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afford final concentrations, both greater and smadller,

as follows:

Concentration

8-Carotene Concor&rafion . L;noh_\:‘c’w.?_\il__l
Reaction 1 Relative
Mixture* ug-eml M to ¢ M .
-6 -3
a 1.875 3.4 x 10 0.25 x 2.0 x 10 y
-6 -3
b 3.75 6.8 x 10 0.5 x 2.0 x 10
¢
S -3
c 7.5 1.4 x 19 1 x 2.0 x 19
a 15 2.7 x 107° 2 x 2.0 x 1077
-5 3
e 22.5 4.1 x 10 3 x 2.0 x 10
- e
*
Concentrations are based on a final volume of 3 m!.
. 1
Details for solution preparation are as follows:
Aqueous Linoleate
Ethanolic linoleic acid (1.0 ml; 7.5%, w/v) was
mixed with 0.3 ml of ethanolic Tween-80 (103, v/v).
Aqueous EDTA-T\Ja2 (5.0 ml; 0.5%, w/v) was added. The pH
was adjusted to 9.0 by dropwise addition of 0.1 N NaOH
and the volume adjusted to 10 ml with distilled water.
This solution was stable for one week under N2 in the
refrigerator (4°C.).
—

Agqlieous Carotene
B-Carotene, 25 mg, plus 0.9 ml Tween-80 were dis-
solved in 25 ml CHCl3 (when not used immediately, the sol-

ution was stored under N2 in the refrigerator, protected

from light, up to 48 h). Of this solution, 1.0 ml was
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evaporated to dryness under a stream of No, in diminishegd
light, and the residuc was dissolved immediately in 19 ml
of aqueous EDTA—NaZ (0.25% w/v). This solution was pre-

pared fresh daily.

Buffer Solution
———-=- 20lution

Citrate—phosphate buffer, 0.2 M, pH 7.0.

Aqueous Buffered Carotene—Linoleate Solution
-~

Aqueous linoleate, aqueous carotene and buffer
solutions were combined in volume ratios 1:1:8, giving
feaction mixture ¢ (Ben AzZiz et al., 1971). Since an in-
Crease in the Proportion of 84carotene in the aqueous
carotene sélution was impossible (solubility level Yould

be Surpassed), the increase in final concentration was

\

ifications of the original (c):

Reaction Aqueous 8Agueous SBEffgr
Mixture Linoleate ~Carotene Olution
—2ture =0 ¢cace —=—Iokene =—=->10n
a Y4 om < 1 ml 35 ml
b ' 2 ml 1 ml : 17 m1
d 1 ml 2 ml 7 ml
e | I ml 3 ml 6 ml
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&3

4 ml) and in an oxygraph cell containing 3 ml of reaction
medium, 3 ml was sclected as total vélume in each case.

Therefore, 2.25 m] of aqueous buffereq carotene-linoleate
solution were placed in the cell and 0.75 m] enzyme solu-
.tion (pea lipoxygenase represented by the first peak from
the DEAE—cellulosé column, Procedure 7T) was added at zero

time for measuring carotene destruction. With the oxy-
% .

AE;

graph cell, however, only a small quantity of enzyme solu-
tion can be addég?at Zero time. Thus, 2.25 ml of aqueous
buffered carotene—linoléate plus 0.72 m1 of water were
added three miﬁutes before addition of 32.6 11 of enzyme
solution. to allow temperature and gaseous GOUlIlQIlum to
be reached. The oxXygraph is equipped with i magnetic
Stirrer, but the only mixing possible in the spectro-
photgpéter cell is ptovided by the vigérous sqhi:t from
»\\{ggrsyringb of the enzyme solution at Zero time. In both

techniques, syringes were withdrawn as quickly as possible
to permit the manipulations required for excluding light
to follow immediatgly. Tempgratqres Were strictlyv con-
trolled (25.00:0.059¢. ).

To prqvide#some data for compariscon, commercial
soybean lipoxygenase was glso used. a

A prellmlnarv Scan of the aqueous Dt*feved carotene—
llnoleate solution, 3 parts, plus 1 part water (np enzyme)

was carried out in the 420 to 500 nm region in order to

verify the kmax at 460 nm (See Figure A3). Another pre-



#
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liminary study with the isolated pea and commercial soy-
bean lipoxygenase was carried out to test bleaching ef-
ficiency at two different enzyme levels, 10 ug'ml—l and
250 pg-ml—l. The former is the concentration used 1in the
published method which was being rehearsed and the latter
resulted from use of the undiluted enzyme -preparation
available from this study (920 ug'ml—l dilﬁted 4 times in
the cell). |

On the basis of these findings, the study of caro-
tene destruction was underééken over 15 min periods in
the recording spectrophotometer at A - 460 nm, employing
the five different concentrations described. The 10 ug
-ml—l level of each €nzyme was adhered t5. The enzyme
solutions were added at Zero time after balancipg the in-
Strument with substrate- ~plus-water solution made up with
alllconstltuents for agueous carotene solution except g-
carotene. The rates of decrease in absorbance were com-
p¥ted from the Strip charts. These data, in turn, were
converted into ng E-carotene loss - min‘l. Finally,.ug

~“Carotene - mg enzyme-l was computed for each enzyme

on a 15-second incremental basis and on a cumulatlve ba51s

‘Oxygraph determlnatlons were maee upon dupllcate
‘reaction mixtures. Only initial r@%es of oxXygen uptake

were obtained by this mehog. In-all carotene destruction

Studies, light was excluded or diminished as much ;zppg S

sible. - - =

~
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B. Model Systems for the Study of Non-Enzymic

Oxigations.

L. Preliminary ixperiments
a. Filter paper, linolejic acid and the caro-
tenoids, f-carotene and crocin.

All substrates except. ¢crocin were described under

Materials and Chemicals. The method of Friend and Mayér

(1960) was employed to extract crocin from saffron.
Briefly, it entailed the removal of lipid and other caro-
tenoids by continuous ether extraction at room tempera-
ture in the dark, removal of ether, and extraction of the
residue with methanol. The methanol solution was kKept in
the refrigerator as a stock solution. Crocin was freed
from methanol by evapo:ating an aliguect of the solution
to dryness while protecting from light and from excessive

heat. The residue was redissolved in water to a known

volume. From the known molecular weight, 977, the volume

of the methanolic aligquot, and Aiim = 1369 at 440 nm
(Isler et al., 1957), the concentration of agueous crocin

.and, hence, that of the stock solution, was determined.
§ The absorpticn ééectrum'(in water) was obtained at the
| same time to verify the purity. The maxima at 440 nm
and 473 nm are consistent with the published data (see
Figure A4). "~ .
Filter paper discs (3.0 cm diamcter) were impreg-

nated in methanolic solutions containing linoleic acid



(10¢ w/v; cach die absorbed 3.6

ST
,

acid on the AVOTraGe) and crocin at

Comparable Hetricos, Impreanated wi

prcarotone, wepe prepared fron CHCL

cmployoed for Carotenoids wore zereo

and 10~4.

Chloroform was purified befo

washing with water ip d separatory

distillod water and 2 times with de

.

water) in order to remove phosgoene

H

20

shaking with Cuclz to removoe

14

traces of dhosgenc, and subsceauent
] | (]

into a brown bottle For storage in

Once the filter paper matrix

with the appropridte solutions by i

with forc"psi for 10 sceconds, foll

the inside wall of the beaker, they

v
10 min on stainless steel wilire-mesh

for 24 h » and sto
&
the cold, protoctedég&om light.

at . a pressure <51

Gilson respirometer recadings

5

‘over h-pecriods. Each 15 ml flask

fully.crumpled discs
@

creasing). All manipulations of dji

forceps. The work was carried out

light and flasks were sealed to man

smole of linolejc

10

the desired molarg Ly,

th lTinoloice acid and

3 solation. Molaritioes

-0

((‘ux'li‘r'ols), lO~8 10

4

e use by COR10Us

funnu] (4 times with
~ionizod distilled

and HC1, vigorous

traces of cthanol and
distillation over CaClz

the cold room.
discs were impregnated

mmersion, indjvidually

owed by draining on

B B

were air-driced for

racks, freeze-dried
red in desiccators in

were taken at 25°cC.

ived four care-

]

rece

(i.e., not torn, nor folded with

5Cs were done with
rapidly in diminisheq

ometer glass joints



with high vacuum silicone grease and modelling clay. rFi-
nally, they were covered with alwaminum foil to exclude
% .

light. Periodic flushing of the system with dry air
(twice in S h) in order to guarantee GXCESS of oxygen was
performed by means of 4 water tap-aspirator, air being

{4 . ~
admitted through g U-tube packed with drv CdClz. Foug’
or five flasks werq usced for cach matrix Category and the
values were averaged (cf. Note ConCUrninq Assessment of
Precision of tﬁe Gilson Rospirometef, Appendix) . Mano-
meter adjustments were made every 30 to 60 min and readings
recorded approximately every 2 h.  All glassware, wire
racks and forceps were scrupulously cleaned with alcoholic
KOH or detergent, followed by thorough rinsinq,.cnding
with distilled water, and oven dried. s $

For comparison, deterFinations of oxyyen uptake

from soluticen” by %UJHS of the oxygraph were made on en-
zymically catalyzed oxidations of linoleic acid in the
presence of crocin and f-carotene. The substrate (2.90 ml)

<5 310 3 M linoleic acid, 0.25% Tween-20

/

contained

(v/v)%,%y75 phosphate buffer, pH 7.0 and the enzyme prep-

& * - . o _ . . -
aratib%é?b,lo ml) contalned‘9/125 mg - ml 1 of commercial
B kS - o

Soybeaﬂ’13poxygeﬁase in 0.1"M phosphate buffer, pH 7.0.

b. Wheat proteins, linoleic acid and B-

4 carotene.

Wheat protein fractions were dissolved.in their

appropriate solvents (sce under Materials and Chemicals)
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o the extent of 14 (w/v) for filtery Paper dise lmpreg-

hation, After fruuzv—dryinq, a5 describeg under o, they

W e lrnprmzn&:tvd With 10- (w/v) Firolege acid in CHCL . or
L A : : -4 . : e

10 (w/v) linolej. AC1d plus 19 M FTCarotene gp LHLIB,

Adain subjecteg to fruczo—drying and storeq in desicea-

Ltors in ti. cold and {p the dark. Rcspirometcr Studies,
. 0
With the CXClusion of light, Were carried Qut at three
AN

1xf<rknt t(mparaturtb (25, 40° ang 50°cC.) over 5(0Yh.
One disge Was used per flask ang results werea tabulateg as

cumulat i ye through time . Zero settings wera Chosen at
100 or 200 41 rather than 0 ul, because m§hy Matrices ex- N
. S A

hibited nes cvof&tion, L.e., lncregse of gas phase volume‘\\\\

A4t constant Pressure, €xrly in the run.” Ajr flushing was

-

performeq every 5 41 ip the beginnlng of a .run, bncomlng
‘ éa

More frequent (2 or 3 p 1nterVJls) toward the end, when

OXldation increased.

D Oseie ; YA Lid de 5> D - -
2. )uldatlon Of Peg Lipids On Some qu‘ggg
-
tltug]ts ) "

§‘$ Matriceg
M

“-  Measurement of oxidation, .
Oﬂldatlow Was monitoreg by means of @ilson dif-
ferentiag resplromcLers in the' dark (aluminum foil applied

to cach flask) ang in intense liéht, at 5Qe°c, é}

definition of light intensity, all eXperiments in light

were ryn under idenkical illumlnatlon The eiqht 30~
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Ll combined with pea polar {:ii;;(/«\:4111111 tod the 'Whest

N

Vo uplake at 50°¢. in the Light.  Assuming tho same to
< . .

Cocuroan the dark, head SPace analyvsa s of oxvaon with thees

Beckman Laboratory UMyagen Analveor, Model 777, was ca¥ricd
G

out on \1i1'f:nxd'ourniinx1xnatr‘ivcs:()f Pea polar lipids + i~
varotene + opea globulins in the dark for 50 h at 50°cC. -
N -

Also, 50 h-runs of polar lipids + “CCarotene impregnated

on alobulins, albumins, amylose, amylopectin, pectin and
cellulose r?spoctivcly, were carried out in the Intensely

Lighted Gilson respirometer constant temperature water

.
.

bath.

All head space oxyagen determinations were done as
follows.  Three matrpis diécs, carcefully crumpled, were
placed in the 50 m1 alass flask. The flask was imnersed,

unscaled, feor 10 min in the 50°C. bath to allow complete
LS

temporature cquilibrium to be attained. At the commence-
1 s

k¥
ment of the 50 h Gilson run, the oxygen probe was scaled
. - .6 . Coy s
Into place with hiosh vacuum sillcone grease and the bar-

.
<

SReter pressure was nptods The seal remained intact

jout the run. Although matrices wore subjected to
" . e . . .

. ‘ s

the same temperature unﬁ illimunaﬁion‘(or darkness) as
. . = ‘ AN- ‘ ' * " \’ -

those in the ¢iT3on flasks, thore_was tho funddmental

K
B

: . -
difference that the head space analysis flask and oXygen

probe could not, be shaken, afid "fherefore remained station=>

-

. _ )
ary. DPure N2 was used to check the efficicncy of the

o

eXygen probe, a reading of 13 to 33 02 saturation (normal

:

71



72

ambilent air as 1007) being accepted as an adeguate zero

point, since oxygen contamination could not be avolided

completely.

b. Lipids

Homesteader pea sceds, 1000 g, were around as above
and soaked overnight in a 3-liter round bottom flask in
about 2 1 of CHClB:FHBOH (2:1, v/v). The mixture was re-
flukod‘for aS min, cooled and filtered. The solid mass
was extracted twice again, with reflgxyng and@?iltration,
until free of pigment. Aftor combiniﬁd the extracts, the
volume was reduced to 500 ml by vacuum flash rotary evap-
oration (procautions wurc>taken to avold temperatures
abova 30°C. and ¢xposcure to light in tgis and all subse-
quent manilpulations). Water was removed by addition'g?
99% pure ethanol and ecvapcration of the” azeotropic mix-
ture (100 m1 fifsﬁ, followed by two additions of 50 ml
cach). After flash cvaporatién to dfyness, the residue

was dissolve® in 100 ml of pure CHBOHf\mixed thoroughly
. : b 1
d

at 90°C. and evaporated to dryness in ia Stream of N2.

This procedure, designed to break any existing lipid-

proteiln bonds, was repeated twic_:e more, using 50 ml of X
CH3OH. The residue, crude‘tOtal lipids,‘was dissoved in
anhydgous CHC13‘and stored in the dark at 4°C.

For purification of total lipids, thevprocedure of .

»Folech et al. (1957) was followed. For subsequent separ-

.



ation of Fiords inte poloa s (i01)

i neutral lipid (31))

fractron, colunn <‘hx(\;:ui<>‘:x‘:;)hy Walsio applled, using splicic

Acld as deorheent Salicie aeid

and Hytlo SUper Col o woegpe

wonshood Separately, In hot moethanol, tollowed Ly hot aco-

tone, and dricd ot 105°C, tor 2

h. A 202 x40 o colunn

Was packed with a chlorofor slurry of three parts, by

wWelant, of gilicic ac1d and one part -lyflo Super Coj.

The tot ) ]ipifis;, in (‘H(,‘lg, Woroe

applicd, to the column Ly .

the ratio of 30 /g silicic acld.  NL and carotenoids

were eluted together with 500 )

\

} r
of purce (711(‘13. This sol-

vent was removed by flagh Cvaporation and the residuce was

dissolved in vet.oother. P wereseluted with 700 m) of,

(‘11(,‘13~(‘H3()H (1:1, v/v). No furth;/.*r frgit‘tjC)xmtion was

'

performed on the PL and they wera freed of solvent, -weighed,

Made ub to 100 solution in CHC13,'qnd'stor<ed in the cold ©il

(Cf. Iigure 7).

Further chromatosraphy on: an alumina column was re-

‘ . ;
quired to separate NL from carotenoids. A larac column, N
‘ ,

i
: ’

.

2.0 % 20 inches, was ‘packed with a pet.ethoer slurry of

AlZOB’ which had previously been washed with pet.ether.

H
I “

-

sample was applied in pet.cther

containing at first, 1% acetone
7.

i . , ; , \ ~ '
vIhe void volume, including seca sand, was 500 ml. The

and eluted with pet.ether

3 .
(v/v), wdith increasing

amounts, up/to 6% acetone. It was established that 2.5%

acetone in pet.cether was the most efficient cluent. Thus,

after the emergence of 800 mi of effluent, the column was '

)
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Ground Pea Sceds

Extract total lipids with CHCIi—CHKOH(Z:l);

Reduce
Remove water

Break lipia-

Crude lipids

Apply total

e

RS CHClzy

*

Filtoer with suction

(x 3)

—

Discard residue

| ]

volume of extract by evaporation

as azeotropic mixture with CHBCHZOH (x
protein bonds by heating to 90°C. 'in CH3
: evapérate (x 3) . \\
'
purificd according to Folch ct al., (195
' ‘ 3
lipids in CiCl, to Sipz—Hyflo Super Cel

El

§olumn '

”CHCl3fCH30H (1:1)

NL + Carotenoids

»

:

PL

i

Fiqur§t7. Flow diagram for isolation of NI + carotj&oid

and PL from peas.

o

3)

OH ;

7).

S
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3

Just clearced of visible carotenos, the \qnthoplyllb re- . <

maining at the top of the golumn The next lOQOﬁml of
effluent were a%sumod to’contain NL.  Fina) elution was
berformed with 350 ml of 6% acetone inﬁpotuethor: the
highest pefcentage which did not Cause!xanthophylis_té move
and thch Was assumed to elute some NL, as well. Sinee,
aster reduction of volume b§ flash €vaporationh, a residual
yellowish coloration was evident in tﬁe combined NI frac-
tions, a final purificaﬁion was done with activated éar—
bon. . ©

The cdnéentrated NL fraction was evaporat@d to drv—

. heéss in a N2 stream and redissolved in 100 m1 of pure
CHC13 in a 250 ml*Erlenmever flagk. Activated carbon was

added in the amount of 0.2% by weight. The flask was. C ol

Then, suction filtration was performéd, followed bv washlng
the filter Papcer with fresh CHClB.- ThlS orocedure was re-
peated, becéuse nd.apparent discolorat}on was-dccurring.,
After three washings( A450 was read and found to be 0.435. ;

After. three more washings, in which the proportion of

Ascrlblng the faint- orange- red coloratlon to NL themselves,

‘the treatment was stopped, since further treatment would

risk depletlon of NL and/or thelr ¢} détion. The solvent - S

was ‘removed, bhe NL weighed}‘madé‘up to 10% solution in &



fresh CHCLl, and stored at 4oc, protected fmom light. (cf.

Figure 8),

C. Albumins ang globuling
Total pea proteins were extracted and isolated as
two fractions, albumins ang globulins, according to Daniel-
- Sson (1949, 1950) and Danie >lsson and Lis (1952).
Homesteader pea eeeds (100 g) were ground: to a
515} powder with dry ice in a Waring blendor and extracted
Yovernight by stirring with 350 ml of 0.05 M phosphate buf-
fer, pu 7.0, containing 0,2 M NaCl. The slurry was fil-
3 tered tﬁrough cheesecloth and the hemogenate was centri-
fuged at 10,000 x 9 for 10 min. Proteins in the super-
natent were precipated overnight with 70% amménium sul-
fate saturation 'and centrifuged at 10,000 X g for 10 min.

®

The péﬁlet\was dissolved in 40 ml of the extraction buffer

.
A

and dralyZed VS. running tap water dgvernight, _rollowed by
aéistillea water for 5 h, ~and flnally vs. de 1ina§ichs~
tilled udter for 15 h to remove traces of chloride. The
dlalyzate, contelnlnq protein, was Lentrlfuged at 10,000.
x‘g'forllo min to Yleid the gloDuLlnS pellet (viciltm and
legumih) and the albumins, held in the supernatent. ‘The
latter was dlalyzed for an addltlonal 5 h 'Vs. de-ionized

water and centrifuged at 10 ,000 x g rdv 10 min. The shpérw

natent contained pure albumlns. The pellet,_containing

globulins, was combined with the previous pellet and dial- -

yzed vs. de-ionized water for 5'h. The dialyzate was -
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NL + carotenoids in pet.ether

A1203 column

Elute with acetone-pet.ether (1:99 - 6:94),

Xanthophylls retained:

1. Elute most of caroteﬁos with acctone-

pet.ether (1:99 - 2.5:97.5)

IT. =lute NL ang traces of carotenes with

acetone-pet.ether (2.5:97.5 -~ 6:94)

Remeove ‘lvent
Dissolve in CHC1

Adsorb residual carotenes on activated carbon

N . (x 6) . -

NL-

Figure 8. ‘Flow diagram' for .separation 85 NI* From caro-
e ténoids, : \ : ,

. : . -t . ) T



centrifuged

at 10,000 x g for 10 min ang the pellet, con-

Slsting of pure ulobullne was dlssolved in a few ml of

0.2 M nNacCl.

ried out in
The

Pressure -5

in Figure 9.

-tions was performed ag previously describeq for lipoxy-

baper itsel
Matrices by

agueous sol

o Besides the cellulose matrix fepresented by filter

ALl of the fore-going Procedures were Car-

the colg (4°C.).

two fractions were freeze—dried for 24 h at a

Mo The protein 1solation Steps.are outlined

d. Carbohydrates o

£, three ‘othbr carpohydrates were emploved as

impregnation-of filter paper discs in 1% (w/v)

utions of puyre amylose, amylopectip and slow

setting pectin. <
. > T _};, = ‘
€. Matriy preparetié$.~ : K\-/
~ Upon the sjix baslc matrlces albumi“s, globuliné,

cellulose,

inmposed Nl,

amy.lose, amVlODLCtln and pectin, were super-

NL + Q‘*carotene PL and PL + ga- carotene by
«

repoat 1mpregnatlon and freeze drv1ng The latter impreg~

L4

nations were performed in CHCl3 solutlons at 4-°cC,

e Lynch e 1. (1959) reported a ranqe of 0.4 to

\

0.6 mg of

eare content of 77.5%, From the. mean of ‘thig range (0 ar‘

Mg - 100 g

3—carotene pégxlOO g fresh peas having 3 m01s—

o] : ’

3 s

S
ffé%h peas“l), the NL/PL ‘ratio of 1.8 and total

78
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Ground pea sceds; extraction of proteins
with 0.05 phosiphate buffer, ph /.0, con-
taining 0.2 M nNaci, chocgocloth filtra-
tion; centrif, (10, OOO X ¢4; 10 min)

.

\
Pellet (discard) . Supernatent : (NH4)ZSO4 pptn.,
' 70% sat'n.; centrif: (L0,000
o X g; 10 min)

§ o

Supcernatent (discard) | @ Pellet: dialysis . in extrac-
~ -tion buffer vs. water;
. \ centrif. (10,000 x g; 10
. min) ,
[ N > [
"Pellet: globulin (Vicilin st Supernatent~.album1ns f‘
and lcoumin). Dialysis ip : Dialysis vs. ‘wafer; o
0.2 M NaCl wvs. water; ' centrif. (10" ;000 x g; "
centrif, (10 ,000 x g; 10 10 min) ’
O | 7 ]
.Supernatent; Pellet: Globullns,  y Supernatent
(discard) . .(frecze- ~dryd ) ﬂf”} Alkumins
s ¢j,,¢ :y{ u’i{( (freeze-dry)
v . . t’?%: S ) ‘z’j ' .
S I ujf\l "y
1 . f
3 [

Fiqﬁfe 9. Flow dlagram for, lsolatlon of pea album%né“and_
globullns )
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. . . /
Lipid content of 2%, dry basis, for Homestoader pea seeds
(Havdar, 1972) ang the moisture content of Homestecader

bea secds of 15.93% (500 i1tﬁr111> «nd Chemicals), the

following rat o 0f B-carotene to Lipid fraction were caj-

culated:
0.00M0 ¢ P-carotene - g NL and
N _ N
' 0.0018 g “=carotene - g PL_l.

¥

These ratiog were applied in matprix disc impregnations by
adding the approprjlate amounts of b-carotene to 103 (w/v) -
: B .

CHC13gsolutions of NL and PL.
i
IV. RESULTS
Af &lgvaQﬂnase Activity,
1. CharacteriZation

Pea lipoxygenase attivity contained in ﬁhe first
A28O pcakJof UIAL -cellulose column effluent varied con-
siderably accordinq to method of prcparation, as Table 2
shows. In Brocedure I, 1n which the jion exchange column.
was eluted with Tris~Ca2+—SH buffer{ the resulting en-

Z2/me preparation Caused uptake by oxvardph Substrate of
LHe prey I »oPAydrapn

4.59 M O2 * min © . mg enzyme~l.‘ This dct1v1ty was about

1/8 (12.83%) of that.of the corrﬂspondlng preparatlon f?bm

n~

Procedure I1, inp which calcium and Sephadex filtration
were omitted, and about 1/3 (34.52) of that of the cor-
rEsponding pfcparation from Procedure‘IIi, in_whichTQK:’

monlum sulfato pDrec \ultathn was omitted and both cnromato—



Table 2. pog Lipoxvgenase AcCtivitics Expres-
Sk Rate oot Oy Ubthake Por Milli-

4 Gram Prote™ (Low ry Method) 1n tho
Standard Oxvoranh ASsay*
T B
r
. .
’ T T
-1 -1
1 Procedur LM 02 * min - my
N il
I ! s
—_— ]
. I < 4.59
11 - 36.0 .
I
\IV ) -
IIT e _ - 13.3
, .
4 r ‘
*

Conditions:
. \

U)

bstratc. “7.5 x 10-3 M 1anl eic ac1d in
0.1 M Tris-c1 buffer, pH 7.0,
COntaln%Qq 0.25% TW¢en 20 v/v).~

Enzvme Preparation: First uEAI—collulose
co Lumn effluent peak.
o -

Temperature: 25°C,
~=peraturc

2
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draphlc stoeps woere rotained.  Th. Prucudux\\li[ pForaratio

reported in Table 2 was puarified onee only on DEAR-cellu-

lose. Thus, Procedurce T appears to vield ¢l proeparat Ton

with hiighest activity.

Investigation of onayme activity as o ftunction of

CRZVe concentratilon (P1x>c<m111r(; I, first DiAb-cellulose

column effluent peak) vielded the data for Figure 10.

In Figqure 10, activity 1s scen to dé:urt from Iignarity
. : -

over the broad concentration ranae tested (up to 9,24

-1 : :
10 AZ 0 unit per assay). Of the ten different concen-

[8.9]

Q‘!
ur (lower range) cén-

te
n:s

hip. Protejn content:

trations assaved, onlv the first
~ Tormed to o straiaht line relatio
of the cenzyme preparation (Lowry method) gave -, calcaalted

value of 1.07 mg protein per ml per A280 unit.

In Tigure 11, the activity of 1ipoxchnase@(first
DEAL-cellulose column effluent peak) prepared in the
pfgéence of calcium is scen to be considerably less than

that of 1igoxvgenase prepared in its absence (the first

. el
two values shown in Table 2 correspond to the zcero levels
2+

L2+ \ . :
of Ca added to substrate for, enzyme preparations +Ca
L 2+ . . ‘ it
and -Ca™ , respectively). Ficgure 11 reveals furcher that

increasing amounts of calcium add®d to the substrate ex-

.

A = . e . ‘
hibit 'increasing inhibition, regardless of previcus treat-

ment. Indeeqd, in the lower activity regions, the curves
' i ” 2+

It

appear to by equivalent, butout of pnase by 2.5 mM Ca”-.

: . L 2+ :
In other words, the addition of 2.5 mM Ca® to substrate,

1

il . N

n

25

e
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Mg enzyme protein -

OXYGEN UPTAKE , KM - min-1.

W
o
@

N w
0] N
I 7

N
S
[

N
=)
[

o .
T

Lipoxygenase
¢ -Ca?t

Lipoxygenase >

4~ *Ca?* | N o

Flgure 11.

mM Cq2+

Comparison of the effects of increasing
amounts of calcium “POn pea lipoxygenase
ACtivity contained in the first DEAgR-
cellulose column effluent peak, prepared
in the absence of calclum (-Ca’*) ang in
its prescnce (+Ca®*). Sstandarg OxXygraph
A58ays performed at 25°c. :

84



24

secms Lo render the -y CREYIe preparation as oinhibj ted
a5 the other (+Ca2+). )

Flgure 12 indicates t}LM:;n‘tivity 45 A function of
aging In cold stgxgqo decreases by 2914 over 31 days,
more than one third of this decrease (36%) vccurring in
the first 24 hr.

The oftocts of 5 mM cyanide on tho activity of the
CnzZyme component s Prepared according to Procedures [ angd
oD are summarized in Table 3. A high degree of inhibition

. 2+ . .
of the third peak by S mM  Ca s also indicated (Pro-

cedure 1). Figure 13 Shars the concentration of enzyme
ACE1IVItY to be in the second major peak of DEAE=cellulose
column efflucnt when Procedure 111 ig employed.  This
activity was inhibited 89? by 5 mM cyanide; lipoxygenase
ACt1vity in the first and third major pecaks was 1inhibitegd
807 and 1007, respectively, by 5 M cyanide {(Table 3).
Table 4 shows the effects of iron and copper ions
upon the activity of lipoxygenase isolated by Procedure I
(first DEAE-cellulose column effluent peak). It is noted
that the higher concentrations of the iron csalts caused
significant catalysis without the addition of énzyme and
that the relatively low copber concentration (20 uM Cu2+)
was very inhibitory (-95%)." Both Fe2+ and F93+ stimulated
enzyme: activity a£ the level of 50 uM in the substrate,
but they each inhibitéé when present at levels of 50 mM.

Substrate specificity and pH dependence for the
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Table 3.0 The Effoct of Cvanide (5 mM) on Pea

B L1poxygenase Activi y*. .

e

Poak*» Procedure

1 Inhibition

—_

1 68
2 100
i1 o -
[ M—._
3 ‘ 87

{ :
N ,
' Based upon standard OXygraph assays at 25°C.

Refers to a

of DEAE-cellulose column effluent
A ; 280 ’
fractions.

* K ‘ . 2+
The third peak was also tested with § mM Ca”® .
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enzyme

preparation contained in the

II,

90

first_DEAﬁ—colThlose

column ¢ ffluent peak, Procodure are presented in

Figure 14. 1¢ i evident that py thihum'Is St.or noear

P 7.0 for all three Substraées teszed. 'Trilinolcin‘dis-
played the sharpesg-peak, fdlllng\off rdoldly on eilther ~
;ide of pH 7.0, but rising again abovc pH 8.5. Linoleic
acid showed a broad peak, "centered at pl 7.0 also. ’Methyl.
linoleate was sc¢en to have the broadcstvpcak, with iﬁs

summit at PH 7.5 and a secondary

8.5. Figure 14 reveals that the

not very specific with regard to
uptake per min Per mg of protein

aration increasead

<;gbcid, trilinolein in the mos t

PH 8.0). At py 750,

were 0.414, 0.887 and 1.04),

Dependence upon temperature of
*

in the order methyl

these values

rise gshoulder) at pH
cnzyme preparation was
substrate. The oxygen
contained in ¢nzyme prep-

linoleate, linoleic

active pH region (pH 6.0 to

-1 -1

(u;_"_’l ° min > mg )

respectively.,

the activity of

lipoxygenase from the first DEAE-cellulose column effluent

peak, Procedure 11,

are given experimtntally derived

The g

~.

Cst positive temperature coeff1c1ent

in the 10° - 150 C. range.

is shown in Figure lg.

reatest aGtiviﬁy occurred at 30°c.

In Table 5,
temperature coefficients.
-, whereas the great-

d‘.
was found to occur

¥ The heat stability’of lipoxygenase from the first

‘DEAE~cellulose coluSn effluent peak, Procedure III

the dlfferent tempe atures dCSCrlbed in Methods A.2,

at

is
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: 0 I ! l l i
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Figure 14, Activity of pea lipoxygenase asg 5

function of PH and substrate.
£yme preparation was from first
DEAE-cellulose column effluent peak,
Procedure 17.

En-
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’
summarized in Figure 16 ad Table ¢, Not shown in Figure
16 er’thﬁ results of inactivation ot 8O°C . and 90°C. A+
these latter t&o.tempcraturvs, inactivat{on was complete
after one minute; that is, al1 ORYJgraph assays recorded
Zero oxvGen uptake. Ag Table’ 6 shows, total Inactivation

g&écurred also at 70°C. after 20 min{ heat st oy s ~
Just under 509 ’f er 20 min at 60°(C. and just over 2/3
after 20 min at 50°¢1 The datg indicate, also, that heatihg
at 60°C. fof one minute ig cequlvalent to 10 mip at 50°cC.,
both réducing ACLIVIty to 75.6% of the origin;l.

Results of molecy! - welaht detomir tions of lip-
OxXyqgenases from pcea ané Soybean, and of pca albumins ang
qlobu;ins, are reproduced in Figures 17, 18 and

.rFigure 17 is typical of resalts o sined with sev-
eral batches of gpg Jels in which (g ‘:f'r,‘aigh't lines w“ere
realized with the six . _.andard proteins cmployed (see
Evaluation of Calibration Curve Used in Determination of
Molgcular Weights, Appendix). The pea llpovvgenase, which
Was contained in an allquot from the first peak of DEAE-
CGllLlOQL Column effluent (Procedure IL, vielded no fewer
than four bands (cf. F;gure 19; only three of these. are
1ocated on the calibration curve, Figure 17). Six bands
‘were obtalned from the Commercial soybean lipox}genase
preéératiqm (Figure 18). The first band for the pea and

Soybean enzyme Preparations (correSpondlng to molecular

welghts of 106,000 and 106,500, respectively) proved to

[

&
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*
»
N I3
A I‘-
\ -
Table 6. Heat Stability of pe, Lipoxygenase
Held gt i fer g Yenprratures Por
R e »_7’7:1;’{11-:)771:71':1(".:171'9‘:»*;_ e
]
v

e e— — Mﬁ——\‘.—_\_{__\_.“_'__” T T e

. < [

* § N H
EXpressed as s of activity of unheated enzyme. ’
For details see Methods AL,

) e



MOLECUEAR WEIGHT x 10-4

20 T I I T T I l |
N
© ¥-GLOBULIN (HUMAN)
0 © LIPOXYGENASE (15t band) MW 106000
Q9 . ~
8- 8 LIPOXYGENASE (2nd band) Mw 76000
7 "® BOVINE SERUM ALBUMN
6__. —
L 4
O s -]
® OVALBUMIN
4 . 3 -—
\ ® . TROPOMYOSIN
3 LIPOXYGENASE (3rd band)®. MW 29000 ]
® CHYMOTRYPSINOGEN $ .
A
2 —
‘ ® .
- CYTOCHROME ¢ ‘@
1 1 | S | ] 1 | I BEDE B ,
) ;
o) 04° 0.8 1.2 1.6 2.0

RELATIVE MOBILITY, Rm (Tropomyosin=1)

Figure 17.. Calibration curve used for determination of

molecular weights of pea lipoxygenase. Prep-
aration of enzyme according to Procedure I.
Cf. pea seed enzyme data, Figure 18. The
equation for the line of  best it drawn
through the data points is log vy = mx + b,
where m = 0.73588, b =5.29579, v = molecu-.
lar weiqpt and x = di'stance of migration
relative to tropomyosin..

20!
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% % |

PROTEIN MW, PROTEIN MW,
... —136,500

6.3~ I —114100 6.6~ e _ 98070
>07 W~ 82680 - 129~ M — 83 940
- 232 I _ 67700
0.7 S 35,560 63~ S — 52020
| 92~ 4 — 46,050

193— ~ 27,460 83~ @ —35740
2257 .~ 14,150 - — 28140
120~ @ — 17200

83— — 12100 38— S 14770
39— W —12770

MAJOR MAJOR

N
PEA ALBUNN}NS

Figurc 19,

+ Se€c Figure 9;
were dctermined as for

PEA GLOBULINS

of major pea seed

For isolation pro-
molecular weights
lipoxygenaSes.
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w
be, in cach case, the major constituent (40,549 and 49, 3%,

Tespectively) ., '

In Figure 19, only’ the majorgbands of the pea al-
bumins and globulins are depicted, ;ix for the former and
eléven for the latter (the globﬁlin band ¢xhibiting a
molccular weight of 136,500 was present only to the ex-
“tent of about 2.5%) 0 Ag ally, there were 20 and 25 bands
discernible, respectively, but minér_bands (present in ‘.
quantities of only a fow percent or less) were.not 1gb¢;led
in Figure 19.

-

Zymograms of‘lipoxygenases ffom fresh green pcas -
and from pea seed four months, six months and cone year
old are reéroduced in Figure 20 (vertical éxis}to scale,

ct £
1:1). 1t i¢g ﬁoted that the second band becomes weaker
with age and disappears after one year. A zymogram of

>

-¢amnercial sovbean lipokygenace 1s included for comparison.
. 2
When comparing r‘lgure 20 w1th Figures 17 and- 18, one can
deduce that the active enzyme components of lipoxygenase
(isoenzymes) are feWer in number than the Protein compon-
ents visualized in the SDs gels. rlea liookygenase' thus
Céntalns at lecast four dlStlnCt ‘Protein components on SDS
gels, but only two (if fresh), cr one (if one vear old),
enzymically active ccmponents on N}moqraml Similarly; ,
the commercial soybéan lipoxygenase, which displays six
Protein components on SDS géls, has only one Zymogram sband.

A

Zymogram bands depicted in Figure 20 were not affected by
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addition.of 5 m1 cyanide to the substrate solution before
. . .'
Staining.

2. Enzymic Destruction of f-carotene..
Comparison of the cfficacy of lipoxygenase from
the pea (firgt DEAE-cellulose column efflﬁent peak, Pro-
cedure I) in the f~carotene bleaéhing dssay with that of

soybean lipoxygenasé, at 230 g °'ml-l and at 10 ug - ml—l,

in short Periods of time. Furthérmore, rapid pigment de-

pletion, as occaéioned, for example, by the higher con-
centration, could pe avoided (see Table 7).

Figures 22 through 26 ang Tables 8 through 10 jip-
cluge all the data derived from the enzymic B—caroteﬁe
bleaéhing work at the five different Pigment levels.

3 b

]
In Figures 22 and .23, it is seep that the inter-

L
~a
4

C

mediate'B—carotene Concentration, afforded the most

rapid pigment destruction, t curves in each case rising
the.mo;t.abruptly'from Zero time. The inéremental plots .
of B—éérotene destruction (Figure 24);§eveal this initial ‘Vﬁ
rate of reaction iﬁ the ¢ mixtures. When pea_lipoxygenase
wWas used (Figure 22), depletion of B-carotene was complete

in reaction Mixture g after 2 1/4 min, in b after 7 1/2
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AA460' min“

0.2

Figure 21, Y lipoxygenases
) C Legend:
), soybean enzyme (---),

Pea enzyme [
See Methodsg A.;.
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v

Table 7. Prcliminary'Study:Bcta—Carotone Destruction
! Occurring in Reaction Mixture ¢ in First 30 &
seconds, Expressed as ¢ of Initial Concentr- o
- ation of Pigment*
N‘N ¢ —s““——h_—‘**h—d‘\

Enzyme concentration Pea lipoxygenase Soybean lipoxy-

geénase
230 pg » 1t 78.3 76.7
: : - L
g
10 ug - m17t \ 8.1 30.0
. ¢ |

3
Assay at 25°C, \\ ~ :
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min, in ¢ after 9 1/2 min, and in d and e, not at all
after 15 min. The rate of deoletion in d was greater than
in-e, as seen by the fact that 79.1% of the f-carotene iu
the former, and 57.8% in the latter, had been destroyed
after 15 min (cf. the two horizontal columns at the foot
of Table 8). The courses of all five reactions graphed
in Figure 22 indicate a maximum rate initially, with‘di—
minution of rate setting in sooner or later. Byﬂcontrast,
soybean lipoxygenase under tho same conditions (Figure 23)
displayved a different order of depletion of pigment:
first in a, then in c, b, d and e. Moreovef, maximum rate
was attained initially only in a, b qnd c. After 15 sec-
onds, a steady state was maiutained in reaction mixture d
(the curve/Became a perfect straight line) until depletion
_of B-caroténe, the initial rate being less. 1In e (Figure
23), the initial rate of B—carotene.destruction was min-
imal, increasing slightly but steadily throughout the 15
min. Likewise, e of Flgure 22 approached linearity |
throughout, but with a slight downward skew. The e sections
of Figure 24 reveal these gradual changes graphically.
Total amounts of B-carotene destroyed (ug * mg en-
zyme p:otein_l) in eao% one-minute interval are given .in
Table 8 for the different systems tested. These incre-
mental values give essentially the same klnd of informa-

tion found 1n Figure 24, but provide the reader with num-

bers. It 15 clear that within 15 min all initial pigment
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Peq Lipoxygenase {n Reaction Mixture Sn;bvan Lipoxygenaae ta Reactton Mixtyce

24.2 53
—
19.1 49.2
.
20.8 35
"7 8.6 27.2
—_— [
8 15,5 31.2
9 18.2
\h_‘\
10 10.4
\“_-H-.\“__\_,_
11 .
.\__\_\
12 .97 .
\‘Mﬁ‘_\\
13
—_— D I
14 . . )
-—-\_\_~_M~\ _—
15 45.7 71.6 . 78.6
R \\’\“x‘ T \h,\“‘“ﬁ“
— T T —— [ T -
E i87.4 375.0 750.0 1185.8 1301.5 188.0 375.0 749 .9 1500.3 790.4
\ .

— ~\\~\~_\\_____ ._“‘__‘*-_\\“_\
e 187.5 375 750 1500 2250 187.5 375 750 1500 2250
_\Jw\ﬁrh,\\*_ﬁ\\_%“

* - ~ .
As Lg - mp €nzyme protein 1 * min J; for details see _H(‘lhodi A.3. s
tx 1

).

B-carotene inftially present (g » mg enzyme protefn
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A-CAROTENE DESTROYED

E DESTROYED

A-CAROTEN

I l
£ - :
b e
2 d
Q
U ]OOO" -
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N
N
c
v
£ 500 -
o)
3
0 1 I I
0 10, 15
TIME, min "+
4
Figure 22, Cumulatjvye B-carotene destruction in 15
Min in the Presence of linolejc acid and
bea lipoxygenase’
e

~ 1500} , d -
£ a
m L4
* I
O
| .
Q.
o 1000 ]
E <
o e
C
o
o -
£
o
3,

Figure 23,

Soybean lipoxygenase.
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. PEA LIPOXYGENASE SOYBEAN LIPOXYGENASE
300 T I T T
. a . . Q
¥
200 -~ ; ]
100} ) - , —
E 0] ] 1 . ﬂ | |
[T o o
§ b b
Q 200 . , — -
£
>~ 100 -
¢
® 0 1 1 1
g c c
2’\200 -
-
O 100 -
=
5) 0 L | 1
i d d
o [ .
A 200p~
Ly
L]ZJ 100 —
’-‘ .
. % 0 I l I
VIU e e
@ 200 - - -
100 - —~ —~
O | - i N ~
0 5 . 10 0 5 10 15
TIME, min b

Figure 24, Incremental‘B—carotene destruction, medﬁated

by lipoxygenases from the pea'and from soy-
bean, in the bresence of linoleic acid. Mea-
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0 _
. was destroyed by pea llooxyq<na>c in rLaLthn mixtures

a, b and ¢, hut not in g and e, andﬂthdt the soybean liée
OXygenase was more active, since ag11 pigment was. destroyed
’in a, b, ¢ andad d, under the same conditions,‘and only inA
¢ wWas destruction incomplete in 15 min,

Table 9 compares initigl rates of destruction of
B—carotene in the different Systems. Apoarent only are
general trends of increase with increasing p@gment up to
reaction mixture ¢, and then a falling off, with no evij-

)

dent quantitative correlations. The values for d and e
in the pLa Cnzyme system reverse this pattern. |
Flgures 25 and 26 compare initig] OXygen uptake
Values (solid lines) w1th initial gp- carotene destruction
rates (broken lines) for bleaching Systems catalyzed by
pea and soybean lipoxygenases respectively. In the for-
| mer, the oxygen Uptake was littie 1nffhenced by the amount
of Pigment in the system, although, compared to’ control
containing no pPigment, the presence of g- Carotene in all
five concentrations reduced uptake of OXygen by about 70%.
An entﬁ}ely dlfferent pattern 1S seen in Figure 26¢. FirSt,
oxygen uptake of the control which containeq no pfgment
was 6.05 times greater than that observed when pPea lipoxy-
genase was useq. Then, a varied pattern of oxygen uptake
was observed. At the lowest cOncentratlon of B- Carotene,

reaction mixture a, OXygen uptake was elevated 15,032 above

the control, at b oxygen uptake was hearly the same as the
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Table 9. Initial Ratest? of Destruction of
Beta-Carotene in Different Blea- -«

. chinqg Svstems.

-2

Relative Pesﬁg Soybean

Reaction Concentrations Lipox <cﬁase Lipoxygenase
~=4action ——xtltrations ) Y9 pPoxyqg

a 0.25 | 58.7 | 94.0
b 0.5 . 62. 2 117.73 \
c 1 , 277.1 2437
d , 2 ' 27.5 24,4 or 65.1*%*
e | 3 33.1 - . .6.9

l'l’ ’Nt:\'

-1 -1 .

As ug * mg ehzyme protein:~ - 15 gec i for details

See Methods A. 3.

Disregarding lag period. .

)
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control. («0.24 lower), at o where pigment destruction was

“\grcabésﬁ, oxygcn”uptgko Was 74.02 below that of the con-
Sg;gwﬁrQi, at d OXygen uptake was down 53.8% from the control,
S
and at €, where pPlgment destruction Was lowest, so was

B

’-Qéxyqen uptake, at 80.5% lessg than control. Table 10 sum-
P S

marizes these relationships.

B. .&EIIEE&EEﬁipXidatiO“S'
The resultsg of‘thc prelimina;y oxygen‘uptake ex-
‘Périment in the dark, using dry filter Paper impregnateq
‘ witﬁ linoleic acig *+ Crocin or linol¢ic acid + f-carotene,
are summarized In Figure 27; Linoleic aciq was bpartially
Protected from Ox1dation bylthe Presence of crocin, to

aPproximately the Same extent, by all three Concentrations

ot the Pigment employed (10_8, 10—6 and J.O_4 M). In the

Fresence of B—Carotene, however, linoleic acid was pro-

tected only at +he lowest cohccntratiQn employed (lO-—8 M)

and only Very slightly. a¢ the higher cdncentrations

(10 and 10”4 M) b-carotenec enhanced OXygen uptake.

The data frém g paraliel OXvgraph CXperiment, in
which the constituents were in solution ip the presence

and in the ébsence of soybean lipoiygenase, are presented

o

in Figure 23. Enzymically Catalyzed Oxidation of lino-
leic acid ip solution (solig line curves) was evidently

unafiected by the Pigments at the lower concentrations

-8 M crocin, 10‘8 and 10_6 M B—carotene). Crocin was

Protective at the higner concentrations (10_6, lO_4 and

(10
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.l (uncorrected )

w

1Sai
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)

OXYGEN UPTAKE
©
Q
1

p-Carotene

Crocin -

4 o ‘1 ]

Figure 27,

-8 -6 -4
LOG MOLARITY OF CAROTENOID

Total non-enzymic oxygen uptake after § h in
the dark by dry filter paper matrices impreg-
nated with lineoleic acid and variable amounts
of carotenoid. Linoleic acid level was con-.

- stant. The experiment was performed in Gilson
respirometer Model GR 20 at 25°C. See Metheds

B.l.a. fqr experimental details.
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MINUTE

DEPLETION PER

PERCENT OXYGEN

S50

30k

p-Carotene

201

}

Figure 28,

-8 6 - -2

LOG MOLARITY OF CAROTENOID

Initial rate of eénzymic and non-enzymic
consumption of OXygen. in the dark as
Mmeasured in the OXygraph cell containing
linoleic acid ang variable amounts of
carotenoid. Qn%yme‘used,_soybean lipoxy-
genase; temper&ture, 25°C., gee Methods
B.l.a. for other details.
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=2 . . . .
10 M) in the enzymic rcaction, whereas 8~carotenc stim-~
ulated the recaction when present to the extent of lO_4 M,
but was antioxidative at the still higher concentration

of lO—2 M (very near the maximum solubility undey the

Prevailing conditions). The broken line curves ‘in Figure

Table'll. They were carried out in the dark at different
temperatures and include B-carotene a3 the parameter of
Particular interest, .

It is seen that the curves représenting matyrices
alone (without linoleic acid) have similar shapes and
Positions, within a tempera%ure category,~regaféless.ofl
matrix. In all four experiments (Figure 295, b, ¢ and 4)

- these curves indica;e the least OXygen uptake, or the most)
net gasecous evolution. Whep comparing results from exper-

iments performed at 25°C. (Figure 29a) with those obtained

at 40°c, (Figure 29b), i1t is evident that, in the formegL/



Figure 29.

Volu
flas
tein
acid
pres
valu
upta
crea
poin

me changes in dry Gibson respirometer
ks, containing one cellulose or wheat pro-
matrix disc impregnated with linoleic

* B-carotene, and maintained at constant
sure 1n the dark for 50 h. Positive
es indicate volume decrease (apparent 0,
ke); negative values indicate volume in-
se¢ (net gaseous evolution). Plotted
ts are based on multiple values as in-

dicated.

a. Park variety wheat proteins; 25°C.; dup-
licate; 10 points plotted.

b.  Park variety”&heat proteins; 40°C.; dup-
dicate; 9 points plotted (experiment
terminated at 39 h due to instrument
failure).

Cc. Park variety wheat proteins; 50°C.; trip-
licate; 15 points plotted.

d. Thatcher variety wheat proteins; 50°C.;
triplicate; 15 points. plotted.

Abbreviations: , (

Cel = cellulose (filter pafet)

Glu = glutenins

Glo = giobulins

Gli = gliadins

Legend: -—————— Matrix alone (cellulose

Oor wheat protein)
———————— Matrix impregnated with
linoleic acid
Cereean Matrix impregnated with

linoleic acid + B-carotene
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20°C." (Figure 29¢ and d).  Also, at 40°C. (Figure 29b),
there was g4 considerable pet increase of gas phase within
the flasks containing matrices lacking liholeic acid.
Figﬁres 29¢ and d reveal the more vigorous Oxidations at
50°C. and thc results, based on triplicate values, are
Straightforward. With regérd to rgTétive pPositions, the
curves in ¢ are consistent with those in (¢ (50°cC. was

adopted for all subsequent work) .

higher (see Table 11). one can accept the category of
matrix alone (control) as indifferent, O zero uptake +
slight variations._ In Figure 29¢c, as in Figure 294, it
1S evident that thé‘maﬁrix + linoleic acig curve is lowest
when the Matrix is globulin. The dreatest difference be-
tween oxygen uptake curves, when Comparing matrix + lino-
leic acig categories of c (Park) with g (Thatcher), is
found where tye matrix consisted of globulins (Table 11).
The egsentia#?information yielded by the wheat Protein
matrixcexperiments is that oxidation of linoleic acid is
accelerated in the presence of fF-carotene when. the ﬁatrix
is cellulose, glutenins or globulins ang that the oxigas-

tion is ihhibited by B-=carotene when gliadins are:used,
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dry matrices of peca carbohydrate and protein constituents,

conducted at 509C. in the dark and in intense light, con-
¢

‘stitgted the major part of the non-enzymic wora, The data

from these eXperiments are summarized in Figures 30 and

31 and Table 12. ——t

matrices. "Conditions underlying the results depicted in
scctions a and b of Gigure 30 are exactly 1dent1cal ex-~

cept for the parameter of light (absent ip a, present in

b). The time coordinates in Figure 30 are drawn to the

same scale. The most obvious difference between the two

sets of data 1s the ratlo of the ordinate Scales: 8 ui .

mm_; for data obtained frOm experlments conducted in the

dark (Figure 30a) and 400 pl - mm—l for data obtained from -~

5

experlments conducted in light (Figure 30b), or a natio -

of 1 to 50. Since graphs ' ﬁh a are about twice as high
as those in b, the real ratio of magnltddes (dark to ¢
light) is about 1 to 35, That is, under the intense
lightling employed, Consumption of bxvgen (as volume of
ambient air) was about 25 tlmepmas great as’ that which
.occurred when light waslﬁyclu;g? s

In 2ll experiments conducted in’ the dark (Figure
30a) the maximum oXygen uptake was achieved by NL (neu-

tral lipids) in the absence of B-carotene. Indeed, oxida- §

tion of NL outstr&pped oxidation of NL + B—garotene“in all

t



Figure

30.

S

Volume changes jp dry Gilson respirometer
flasks, containing four PCa matrix discs im-
bregnated with peag lipids - B-carotene, and
maintained at constant pressure for 50 h.
Plotted points aro based on” duplicate values;
temperature, 50°¢. Positive valucs Indicate
volume decreaso (apparent O, uptdke) ; negative
values indicate volume increase (net gaseous
evolution) .,

< s

a. In the/dark; 15 points plotteq.
b. In intense light; 25 points plotted.
Abbreviations:

Alb - pea albumins
Glo = pea globulins
Cel = cellulose (filter paper)
Amyl = amylose

A-p = amylopectin

pectin

I

Pect
Legend: Matrix impregnated with

"ctrree----. pea polar lipids

 ——— pea polar lipids +
- E-carotene

——.——.——. pea neutral lipids

————————— === pea neutral lipids +
B-carotene
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\

light experiments, as well (Figurce 30b). However, in the
dark experimepthss—one is thrown back on much spcculaéion,
since more of the plotted points are below 20ro~than above,
which i:éicates a net migration of matter from the solid
phase to the gaseous. Among matrices impregnated with

PL (polar lipids), only two curves rose substantially

above zero (net volume decrease in flasks). These were

PL + f-carotene associated with amylopectin and pectin.

A certain uniformity in the appearance of peaks is dis-
cernible in all curves obtained from the experiments con-
duc®ed in the dark (i.e., broad peaks centered at about

20 h and 40 h). Thus, the experiments.conducted'in the
dark were generally characterized byAa net expansion of
gas phase in the first 12 to 15 h, followed by contraction
up to about 20 h, after which different patterns set in.
.These latter were a levelling off, rising or falling, de-

pending on the nature of the lipids and matrices involved.

gt
A pattern common to all six matrix @ategories tested
in the dark emerges: the presence of f-carotene retarded

oxidation of NL (antioxidant) and stimulated oxidation
of PL (pro-oxidant). .

In the light kFigure 30b) NL were uniformly prol
tected by B;carotene, also (as in Figure 30a), but, in
contrast to the dark experimental results, so were PL

protected from oxidation by B-carotene.

Although impregnating solutions were made up to



conform to a NL/PL ratio of 1.8 (sce Mathods B.2.e.),
& .

.

B0

2
%

actual weighing of discs after freeze ng indicated

»
TN

+ averaging three

that the ratios obtained were 1.89+3.40
discs for each category (NL: 2.16 mg + cm disc surface_z;
PL: 1.14 mg - cm disc Surface_z).

Figure 31 is a compilation of graphs representing
Oxygen uptake per matrix disc in secaled flasks throughout
50 h-runs. The plotted points are based on calculations
made from periodical pO2 readings taken in an atmosphere
(originally of ambient air) of known volume, under known
bressure at 50°C. Although the ordinate is labelled oxy-
gen uptake per disc (uM), true uptake is only indicated
by a curve of positive slope. In all graphs, with the
exception of that for pectin + PL + B-carotene (if minor
dips are disregardéd), there are negative slopes, which
indicate increasing headspace OxXygen. The highest vdlues
of oxygen uptake were registered in the dark, using globf
ulins + PIL + B-carotene; the lowest uptake Qas registered
with the same matrix category in the light.

In Table 12, which is based on data presented in
Figures 30 and 51, can be found relative maximum oxygen
uptake displayed by NL and PL associated with various
matrices, with and without B-carotene. The arrangement
is in decreasing order pf susceptibility to oxidation,

‘from left to right.
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Figu;e 31.1 Oxygen uptake, recorded polarographically,

per matrix disc impregnated ‘with pea polar
lipids + f-carotene, over 50 h at 50°Cc. ab-
breviations as in Figure 30. Plotted points

- based on single values. Nimber of points

ranged from 31 to 45 per run. Legend: one
experiment in the dark (=----); the others
i1n intense light (——) .,
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V. DISCUSSION AND CONCLUS ION
A. Concerning Lionzgenase. ‘

In the hands of Eriksson and Svensson (1970) pea Vﬂd
lipoxygenase was obtalned aS an homogeneous protein upon
ultracentrlfugatlon Procedure I of #he present 1nvest1;
gation was taken~directly from their bPaper. Instead of
tGStlng the effect of Cyanide on llpoxygenase they moni-
tored hemoprotein by assaying specifically for pPeroxidase
and catalase activities ang by analyzing pyrldlne ferro—
hemochrome absorption bands in the U.V. andg visible re-
gions of the sSpectrum. After Sephadex G lSO chromato-
graphy, they had separated most of the lipcxygenase from
bPeroxidase and catalase, After the first DEAE~cellulose
chromatography step, utlllZlng the steep salt gradient,
only minor peroxidase and Catalase activities were left
in the concentrated l;poxygenase fractlon ‘ Rechfomato—
graphy on DEAE- cellulose with a less steep salt gradlenb*
freed lipoxygenase completely from the other two enzymes,
By assuming a partial Specific volume of 0.75 (mi - g—lf
they calculated a prediminary. molecular welght of 75,000.
Partial specific volumes of 0.74 and. ®.72 were obtained
with different methods of calculation from amino acid
analysis data, yielding calculated molecalar weights of
71,845 and 67 ,000, respectively. 1In any case, the values

are open to question because methionine and tryptophan

re51du¢ values were lacking.



The two isoenzymes from ripe green peas, which were
characterized by Weber, Arens and Grosch (1973) as being
identical to so-called carotene oxidase and as cérrespondf
ing to lipoxydgenases-2 and -3 of soybean described by
Christopher et al. (1970, 1972), were doubtless encounte
ered in the present study. Using DEAE—cellﬁlose column
chromatography, Weber, AreﬁQ‘and Grosch (1973) separated
the pea enzyme into two peaks, each with an optimum éé—
tivity at pH 6.5. They reported that the elution pattern
corresponded to lipoxygehase-2 and —3. Further, they re-
ported a molecular weight of 78,000 for one of the pea
isoenzymes (details and data not reported, however). The
SDS gel moleculaf weight of 74,006 previously reported
’from'this iaboratory (Haydar and Hadziyev, l973a),vprob—
ably corresponds to the band representing 76,000 reported
here (Figures 17 and 18). The inference that this lipoxy-
genase iéoenzyme from the pea, which resisted storage
(cf. Figure 20), corresponds to the soybean isoenzyme-3
of Christopher et al. (1972) is supported by evidence of
the kiﬁd reported by the latter. The striking non-
linearity of activity as a function of enzyme cOncentra-
tion (Flgure 10) mimics very closely that reported for
soybean isoenzyme-3, as does, also, the response to cal-
cium depicted in Figure li (see Christopher et él.,

1972, p.61). .

Specific activities in Table 2 are not accompanied

132



133

by turnover numbers, because it is not: likely that the
enzyme preparations in each case represent g single, pure
isoenzyme of pea lipoxygenase (sece below, concerning
cyanide inhibition). If one were to assume this and that
the bands observed on SDS gels represented components of
the éarent protein molecule of molecular weight 106,000,
then "turnover numbers" of 486, 3820 and 1410 for iso-
enzyme-3 of pea lipoxygenase could ge‘calculated when

Procedures I to III were employed, respectively. But

ety
J

turnover numbers are not justifiéd unless one has at least
several lines of evidence indicating that the enzyme in
question is homogeneous, if not indeed crystallized. The
relatively low activity of -the Procedure I preparation
as compared to that prepared by Procedure II can be at-
tributed to calcium inhibition. The intermediate value
of the Procedure III preparation reflects reduced purity
resulting from the om;ssion of precipitation Qith ammonium
sulfate. |

The effect of aging in cold storage. (Figure 12) in-
dicates that this enzyme is generally rather stable after
purification, as it is in the natural environment of the.
intact tissue of the pea, but that, immediately after
purification Jwithin 24 h), a sudden loss of some activity
occurs. This latter may pertain to irreversible confor-
mational changes thch introduce some steric hindrance

near active sites.
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It 1s well documented that cyanide has no effect on
pure lipoxygenase from soybean (sece €.g9., Pistorius and
Axelrod, 1974). Until lipoxygenase from pcas is likewise
recadily crystallizable and available fd};extensive studies, ]
which is theoretically possible, one can only conjecture ‘
that it, too, is cyanide insensitive. Thus, one assumes
that any inhibition 1s a result of Co-precipitation and/or
co-chromatography of some other prdtein catalyst which 1is
cyanide sensitive (such as heme protein). From Table 3,
one sees that this is the case here. Peak 3 of Procedure
I, which is inhibited 96% Qy calcium, is also strongly
irhibited by cyanide (87%). The latter inhibition points
to contamination by héme protein, but probably there is
substantial isoenzyme-3 (adopting the soybean lipoxygenase
terminology of Christopher et gi;) as suggested by calcium
inhibition. Slight procedural differences (as seen for
instance between Procedures I, II and III) could cause
‘Subtle shifting of elution orders of isoenzymes. Ample
testing of elution peaké with cyanide and calcium would
be required before a more precise statement of conditions
could be made about optimal conditions for molecular
s*eving and ‘ion exchange chromatography of a given pea
lipoxygenasé i1soenzyme. Fuli purification may never be
achieved by this method alone, but the use of other tech-
nigues, such as preparativé electrophoresis, was beyond

the scope of this thesis. - ' K



Procedure 111, which was that usecd by Weber, Laskawy

and Grosch (1973), is reported by them to yield pea lipoxy-
genase 1soenzyme-3 in peak 1 and l1soenzyme-2 in peak 2.
However, as(éhe results ;n Table 3 indicate, it 1s, not
possible to state categorically on the one- hand that the
fllot two peaks represent carotene oxidase and, on the
other, that carotené?oxidase is nothing more than lipoxy-
genase (isoenzymefZ and -3, in the pea), because cyanide

. i
insensitivity is generally established for lipoxygenase.

Further, the lack of homogeneity is evidenced by peak
mg&oulders (Figure 13 of this report and Weber, Lackawy

<

and Grosch, 1973, p.327). )

That the higher iron salt concentrations (Tagle 4)
had a pronounced and instantaneous pro-pxidative effect
on linoleic acid before the addition of enzyme prepara-
tion was to be expected, since iron is one of the best
known Catalysts of'fat autoxidation. The concéntrations
were high ‘enough to eliminate the induction period. That
the lower iron salt concentratioﬁs stimulated bioEatalytic
activitfghay have been additive. The induction period,
as evidenced by no oxygen uptake before addition of en-l
Zyme preparation, was eliminated by the lower activation
energy requireé by the latter. Not so,faci%e 1s the in-
terpretation of the obseryation that the pro-oxidative

effect of 50 mg‘ Fe2+ on linoleic acid was inhibited by

addition of enzYme, whereas addition of enzyme to autoxi-
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linoleic acid in the presenca-of 50 mM Fe3+ had

el

effect. If the iron atom in the enzyme 1s necessarily

\

i the ferric state for activity, as the evidence presented
by Pistorius and Axelrod (1974) strongly suggests, add-~
ﬂition of a relatively large amount of Fe2+ (50 mM) would,
:Zby simple mass action, reduce some Fe3+‘of the enzyme
imolecules to Fe2+, the inactive form. By the same argu-
Lent, addltlon of enzyme'to linoleic acia autoxidizing in
£he presence of 50 mM Fe?+ would not change the oxidation
utate of lipoxygenase 1ren\ ‘The inhibition of enzymlc
idation of linoleic acid observed in the presence of
iOOO folqd higher iron salt concentratlons has yet to
Ee explained. Sufficient autoXl@ation was taking place

to render some substrate unavailéble for enzymic attack

by converting it to hydroperoxide. The remainder was not

. SO rapidly oxidized as in the absence of iron, because
the enormous metal ion population, by some sort of 1nter—
action with enzyme protein, was clogglng the delicate
machinery. Thisfgpeculation seems reasonable in view of
Tappel's mechanism, which postulates multiple active sites.
(Tappe , 1963). Although copper is known to poison many
plants and animals, no pProposed mode of action in the
llpoxygenase system will be attempted here.
Haydar et al. (1975)‘}eported that Homesteader'pea

seeds kept in cold storage for more than S1x months re-

tained act1v1ty of only one lipoxygenase enzyme. After

i
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D | X . . .
eXtraction and purification by ammonium sulfate fraction-
ation, gel filtration on Secphadex G 150 and DEAE-cellulose
column chromatography, the enzyme which: had the distinct

elution profile and inverse dependence of act1v1ty upon

enzyme concentration reported here (F igures 4, 5 ang 10,
this report), showed the same pH and substrate dependence
as depicted in Figure 14. In fact, it was the same en-

Zyme and the data, including calcium inhibition, suggest
that it corresponds to. the. .recently characterized soybean
lipoxygenase-3 of fhrlstopher et al. (1972). These
authors reported pHc7.0 as the optimum for activity when
linoleic acid wasbused as substratehfor isoenzyme-3.- They
did not test the enzyme\with other substrates, although
€arlier they had reported that the soybean lipoxygenase-1
and -2 corresponded roughly\wlth the classification "fatty

\h
acid (or linolei¢ acidy lipox@dase' and "triglyceride

(or trilinolein) lipoxidase",\respcc 1vely (Christopher !
et al., 1970). Each of these purlfled 1soenzymes was
active on both substrates, relative activities being a
function of pH. Theé@re‘erence for trlllnoleln of the
€nzyme reported here tends to rule out correspondence with -
isoenzyme-1 and suggests a p€culiar archltecture of the
’soenzyme For handling the trlgL;Cerde Skeleton-most ef-
ficiently. The droo’ln activity as pH increases from the

optimal pH 7.0 is ‘reversed after pH 8.5, suggestlng that

a S/&ublllty effect on the larger trlglycerlde molecule
X .
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was operative, which dig not cnhance reaction with the
simpler substrate molecules (see Figure 14),

Christopher ct al. (1970) reported, %ﬁreovér, that
difference in heat stabilities dlffcrentlatc the two soy-
bean lipoxygenases, isocnzyme-~1 (Theorell) ang isocnzyme-2.
In their hands the former had'a half-time of survival of
25 min at 69°é. while the latter was at least 36 times
less stable. Comparison with results in Table 6 would
probably rule out correspondence of the tested pea lipoxy-
génase isoenzyme with soybean isoenzyme-1, since over ﬁalf
Oof the activity was lost in only 20 min at 60°. Certainly
isoenzyme-2 could be excluded on heat stability grounds,
since the enzyme reported here was more stable than the
soybean 1soenzyme-1, not less.

The conflicting’statements to be found }n the 1it-
crature concerninqwfhe.phenomenaQ%Ssociated with enzymic
carotene bleaching could be resolve%?@f researchers could

o '
concern themselves with obtaining pure %éggme preparafions
rather than with polemics. Although soy5eaq§1heofell en-
Zyme (1so@nzyme 1. of Christopher et al.) 1swé ppor caro-
tene bleacher 11’th° bpresence of lindleic acid when pure,
commercial preparations contaln con51derable peroxidase:
~activity, (Eriksson and Svensson, 1970, p.450). This is
substantiated in Figure 21.

The more thorough investigations into the 1dent1ty

0of carotenc: oxidase, such as the paper by Kies et al.
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(1969), tak% purity 1nto account, as well as heat stab-

ility. 1In reading the report of Weber, Arens and Grosch

(1973), one is struck by the lack of scepticism toward
»
thelr own conclusions. They claim to refute Kies et al.,

who impute carotene bleaching activity to some heat sensi-
‘tivc factot, without any heat testing. As‘ﬁhe present
"report has shown, ampP; carotene bleaching can be obtained
with pea lipoxygenase prepared by column Chromatoqraphy,
th.,qbqt certainly no claim can be made to a pure en-
zyme preparat}on. In Tabl% 13, are set out some déta for
comparison. Weber, Arens and Grosch take the view that,
py their metheod of prcﬁaration, the nearly equal values
for Q (quotient = ratio of lipoxygenase activity to that
of carétene oxidase) obtained with raw extract and puri-
fied enzyme'is sufficient fo brove the identity of the
latter with lipoxygenase alone. oOn the contrary, this } 2
merély underscores that the purification procedure yields
a biocatalytic preparation of protein nature capable of
catalyzing coupled o;idatian of'linoieic acid and 8~‘
cérotene.

The difference in turnover vélucs presented in
Table 13 (reaction hixture c is accgrding to Ben Aziz
et al., 1971) for f-carotene from the 30th to the 90th
se¢ can be attributed to: ‘\
1. Assumption of‘a molecular weight of 106,000 .

. in this report for the enzyme preparation

T
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represented by the first DEAE-cellulose ¢olumn
effluent peak, Procedure T. Weber, Arens and
Grosch report a valuc«of 78,000 but do not
indicate their method of determination or
clarify whether they idéntify 1t with iso-

cenzyme-2 or -3,

2. Modification by Weber, Arefis and-Grosch of
the substrate of Ben Aziz et al. as follows:
final concentration ofvlinoleic acid, re-
duced to one half; finai concentration of
f-carotene, reduced to 0.679 or about two-

thirds.

3. Measurement at pH 6.5 by Weber, Arens ‘and
Grosch as compared to pH 7.0 for the assays

in this report.

S 4. .Unknown'experimental parameters, including
the use of ripe green peas, var. Mignon,
by Weber, Arens and Grosch ag opposed to
dry stored pea seeds, var. iomestecader,

here.

Nevertheless, the purpose of each of the two stud-
ies was different. Weber, Arens and Grosch were attempting
to demonstrate the identity of lipoxygenasei?isoenzyme~2
and -3) with carotene oxidase and the present study was

designed to elucidate the parameters influencing B-carotene

4
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destruction., To Summhrize, 1t can be said that the time
factor is important, as 1s indicated by comparison of re-
sults obtained in the first 15 sec with those obtained
from the 30th to the 90th sec (Table 13) ang by the shapes
©f the curves in Flgures 22 anq 23. Also, the ratio of
f~carotene concentration to that of lipid substrate de-
termines tg g large extent the amount of equmic coupled
oxidation .of f-carotene and unsaturated lipigd. Although
1t was not tested, it is POssible that these parameters‘
are likéwise important in ahy lon-enzymic oxidations ip-

volving carotene and unsaturated lipids.

B. . Non—enzymic Oxidations.

The first set of Preliminary ¢Xperiments with

hon=enzymic oxidation of linoleic acid in the presence

~

of S8-carotene and crocin (Figure 27, dry systems) indic-
ated that . thisg pufified neutral lipid was protected from
oxidation by ¢roCin about equally at the three concentra-
N
tions employed, whereas in the presence of 8-carotene, -
1t was only protected at the lowest concentration. At
the higher concentrations, B-carotene wag pfoigxidative.
But in solution, both pigments were pro-oxidative at the
higher concentrations (Figure 28, non-enzymic systems) .
The latter results are limitedq only to the first few sec-
onds and should not welgh too heavily. The conflicting
data only provoked further work. Although no mechanism

/
. s
is evident, it is possible to conclude that B-carotene

»



in the dark can be Pro-oxidative gt room temperature in

enzymic and Non-enzymic Systems ang appears to bpe anti—“
Oxidative ip enzymic Oxidationsg only in unnatural ly high
concentrations, which agrees with results obtaineq in the

B-carotene-destruction €Xperiments., This is also consig-

which are well volatilized at 40°c., byt not at 25e°c,
These products do not react with OXygen unless heated tg
50°C., at which temperature the tendency for-gas phase
CXpansion isg nullifieq by oxygen Uptake. A monolayer of
adsorbed atmospheric water molecules 1s ruled out beyond
reasonable doupt by the fact that it did not occur appre-
ciab1§ at 50c°c, Freeze—d:ying technique ang desiccator
Storage regimens were uniformly eXecuted ang each matrjx
category was handleq as one batch, thyg cutting across
temperature categories. Furthermore, monolayer eVolution

Hersists only for 4 few hours at the MOSt, not for 5¢ h.

‘Data resulting from the More vigoroys oxidations

k]
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at 50°C. were less complicated, probably becduse the in-
tricacies manifest in a and b of Figure 29 were negligible
compared to oxygen uptake. In explanation of the result
that métrix + linoleic acid was lowest in oxygen uptake
(at 50°C.) when. the matrix was globulins (Table 11), it

is proposed that, since linoleic acid is a slightly polar
molecule, it is probably held more tenaceously by globu-
lins than by the other matrices due to the more highly
charged surface presented by globulins. If this circum-
stance hindered oxidative reaction, then the speculation
would seem reasonable. It is at best ga working hypothesis
to be tested.

When comparing Figure 29¢ (Park) with Figure 29d
(Thatcher) results, the greatest difference between oxy-
gen uptake of matrix + linoleic acid is found to be where
matrix consisted of globulins. Skura (1972; pp. 55-60,
62-74) has shown with urea and SDS gels that differences
in distribution and relative quantiﬁies of prdtein com-
ponents in glutenins, globulins and gliadins of Park and
Thatchefvvarieties of wheat do exist. Partial substanti-
‘ation of the findings presented_here”is.found'in Skura's
work, inasmuch as qualitative differences (molecular
weights of major bands in the 29,000 to 67,000 range) are
gfeatest'betwéen the globulins of these two varieties.

Oxygen uptake, in Figure 29c and d, of mgﬁrices

combined with linoleic‘acid and B-carotene is greater



’ .
than that of the same Matrices combined with linoleiq

acid alone, when the Matrix in question offers a
charged or hydrophilic Surface (cellulose, globulins, glu-
tenins*) . the other hand, when the matrix 1s com-

pPosed of gliadins,* the Opposite result ensues: OXygen

'Aa light capturing pigment. One can imagine g dreater
hydrophobic affinity of f-carotene for the gliadins than
for the other matrices. Assuming autoxidation of linoleic
acid to be enhanced by Partial matrix binding (by a more
stationary Oorientation ip Space and, also, by suppression
Of fatty acid dimer formation), then f-carotene could
funétigf antioxidatively by "competitive inhibitjiop"
(greater affinity than linoleic acig for the surface of
;liadins). | |

The experimentally e@stablished Pro-oxidative ef-

fect could pe explained on the basis of the anmple 7 elec-

trons of B-carotene (11 double bonds) . They could induce

*

Sulfide linkages, whose localizeq electron densities
are'Sufficlent to put  theqm into this'group. Gliadins

contain mainly single Polypeptide chains; the disulfide
bridges .are substantially buried (wall et al., 1972,

145



by the glladlns matrix only, in whose presence the 7 elec-
trons of B—carotene are no longer as free. This inter- |
pretatlon could be tested by further experiments in which
crocin, e.g., was used instead of B-carotene. Such in-
vestigations should include a wide range of carotenoigq
concentrations.

An interesting task for further investigafion would
be to establish the extent to which free sulfhydryl groups
'effect the oxidation behavior in Gilson experiments (both
in light and dark) as described here,.using proteins pre-
pared in the dsual way and, also, prepared in denaturing
solvents (such as urea), which would expose buried sulf-
hydryls. This proposed work would compare ox1datlons
with and without B-carotene, as well, with the idea of
elucidating its mode of action.

ern attempting to interpret the results of the
experlmental nNon-enzymic oxidations of pea llpldS in the
presence of different matrices, one is confronted first
of all,by the gross difference betWeen oxygen dﬁtake oc-
curring in the dark and that occurring;in the presence

of light. As to whether these processes occur by dif-

ferent meq?anlsms, it can only be p01nted out thaQﬁleading

146
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3
scientists in the field do not agree. The view held by
‘/Scott (1965, p.95 ff.), that photoxidation occurs by the.
same chain propating steps as autoxidation taking place
in the dark, is opposed by that of Elndberg (1962, p.41
ff.), who holds that the mechanisms are basically different,
especially in the presence of a photosensitizing piément.
Perhaps, in photoxidations of the SOort reported here,
autoxidation occurs simultaneously in spite of‘the fact
that it cannot be demonstrated to be subject to normal
antioxidant action (Lundberg's main argument). This prob-
%em is intimately involved with the question of oxidation
rate. The present results offer only the clue thét they
appear to represent diff;rent méchaq}sms in the dark as
compared to the light reactions, beéause the dark curves
display a ro&ing course, and those obtained in the light
are rather unéomplicated, approaching steadily fising
straight lines. ‘But this interpretation overlooks, the
question of rafe. The reactions depicted in FigureVéOa
did not reach the linear stage (steady state of oxidation
equiyalent to maximum rate) as did those depicted in
Figure 30b, and the qﬁestion éf mechanism remains unset-
tled.
No fewer than 12 of the 24 curves resuiting from
the pea matrix experiments in the dark persisted in the

negative zone for 50 h. The Gilson respirometer registers

“only net gaseous content in flasksf Doubtless oxygen was



consumed, but the products of reaction must have beeq in-
completely oxidized, substantially gaseous at 50°C.‘ahd
complex in the extreme, since each cﬁrve had its own pro-
filé. By contrast, experiments conducted in the light
led to more complete 6xidation, because the Gilson readings
were predominantly positive (net shrinkagg/pf headspace
gas phase). The oxygen dptake values, being of a greater
order of magnitude, were sufficiently I;rge to nullify
any minor gas phase expansions of the kina recorded in
the dark. An interesting difference in fesults grom pea
matrix experiments in the dark as compared to wheat. matrix
experiments in the dark, which shows that pea NL as a
group did not respond as did purified linoleic acid, is
that oxygen uptake of matrices impregnated with NL + B8-
carotene was always less than that of the same matrices
impregnat;d with NL alone, when thé matrix offered a
charged or hydrophilic surface. One must design experi—v
ments more simply, with each lipid precisély @efined, be-
fore a well-founded mechanism could be deduceé.

The differences apparen£_among the matrix categories
are difficult to. interpret. Probably‘thé relationship
- summarized under "In the light" in Table 12 are more
mearningful than thoge under "In the darkﬁ, because the

lattgr suffer from the complicating superimposed 'undula-

tio® (these could have ¢riginated in the filter paper

itself, since that parameter was common to all categories).

148
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light, therefore, and compares those of Haydar and Hadziyev
(1973b) with results obtained in this study (from Table

12, Gllson3. The two sets of data show agreement with
regard to relative rates of oxygen uptake by NL and PL
associated w1th pea proteins, but not when these lipiq
categories were associated with the various carbohydrates.
This comparison omits B-carotene from consideration.

A critique of the exXperimental antoxidation of
neutral lipids in the dark (including preliminary experi-
ments) is not €asy because, although B-carotene has been
“shown to be Pro-oxidative in the Presence of linoleic
acid when cébmbined with cellulose, wheat globulins and
glutenins, it ig dlStlnCtly anti-oxidative in the pres-
ence of llnolelc acid combined with glladlns. Where pea
neutral lipids were present as a mixture, they were uni-
formly protecteq by B-carotene in tne;dqu and in the
light, regardless of matrix. Polar pea lipgds were not
protected from autoxidation by B-cafetene in the dark,
but were oxidizegd faster in its presence, rega;dless of
matrix. Only in the light was B-carotene antioxidative
for polar pea li?ids in.all systems tested. Ffom this
evidence it can be concluded, that,'although selection of
a particular matrix influences the amount of non—enzymic

oxidation of pPea PL or NL significantly,_B—caroténe

effects the oxidation also. In the light, the pigment is
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Table 14. Relative Maximum Oxygen Uptake by Pea
Neutral Lipids (5L) and polar Lipids
(PL) at 50°C. 1n the Light. a Compar-
ison of Results of Djf{vtent V.‘or}a(_?rsf:~

According to

I

Haydar andg Hadziyev,

1973b, pp. 776-77.
~_________~______~&____~____*_\_‘_
) Cel > Amyl > pect » A-p
NL [
Cel > Glo > alp
— ]
Pect > A-p » Amyl > Cel
PL. .
Glo > Cel > Alb
!
NL/PL l.66
Measure-~ 20 to 45 h
ment 1
Period ,

* Abbreviations as for Figure 30.

[RETIN

Table 12, this report
(Gilson respiromoeter )

A-p > Amyl > Cel > Pect

Cel > Glo > alb

—

A-P > Amyl > Cel .> Pect
OO |

Glo > Cel > Aalb

1.89

50
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antioxidative for both iipid categories. In the dark, it
is antioxidative for NI and pro-oxidative for PL. |
Further research, which could link up the COHClq:
sions discussed above (concerning the role of wheat pro-
tginé in autoxidative processes) with results of the.pea
lipid oxidatidn work, would include gome experiments with

pea lipids as here described and gliadins as a matrix. The

purpose would be to determine wheﬁher the role of g-
carotene wouldAbe reversed, because at present there are
not enough facts available. Conversely, Simiiér data
based on a polar lipid, such as phosphatidyl choline, for ,
example, are lacking.

To conclude the discussion, a word about ﬁge head-
Space oxygen analyzer (Figure 31) is in order. 'T%ese re;
sults are potentially far more valuable than those de-
rived from the Gilson; because they ére in terms of OXy~—
gen rather than mere volume changes. Besides the obvious
need for multiple results and an unequivqgal rﬁling out
of any leaks (which could explain an apéérent reversal of
Oxygen uptake by 'the discs), the want of substantialAdata’
‘1s conSpicuous; In éther words, can the bottom two hori~/
zontal columns in Table 12 be reconciled? ~Such data,
both for matrices with and without B-carotene, would have
the /highest priority in further investigation of the role

¥

S
of B-cardtene.
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1.0 1 I ]
A. Water
—~ B, 00IM Fis-Ca2*_SH pHé.5 ~
C. 0.0im Phospho?e, pHZ0
D 005M Tris -y, pH7.2
0.8}

Figure A1l. Lowry protein calibration cy
to Oyama ang Eagle (195¢) .
linearity indicated by (====).
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Derivation of Formula for Convertine Oxvgraph Readings to
oo vdation gs_to

—_— .

Absolute Values
e oMt values

The polarographic OXygen probe measures oxygen
Pressure change in the reaction medium‘as a function of
timé. In order to convert to uM 02 . mingl, the following
factors“must be considered:

1. O, depletion - min ! as a fraction éf 1008 (or
unity)'sat&ration of the medium with ?tmoépheric 02. Let
this be X, the experimentally determined value from the
BiOIOgical-Oxygen Monitor (oxygraph).

2. Mole fraction of air represented by oxygen
(0.2095) .

3. Prevailing baeretric pressure (mm Hg).

. 4. Volume of medihm (ml).

5. Nature of medium, 1f agueous, the ml of O2
water; i.e., the Bunsen coefficient (a) is employed (cf.
Figure A2).

6. Temperature of medium (°K.).

7. Volume of one mole of o‘2 at S.T.P. (22.414 ‘.
liters), or, 1.0 HM O, = 22,414 1 of O, at s.T.p.
Thus,
1 ul 02 = “

Assuming the reaction cell to contain Y ml (final
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volume), the conversion formula becomes

uM O, = ¥ mi~1 . min—lif
o , . mm Hg 1000 273 mm H
(X) (\)(0.209))((1)[ 750 J [m‘l ﬁ—. ‘.76h0(i
When Y = 3.0 ml, ag was the case throughout these studies,

‘and °K.=298 (25°CQ), as was most common ftue formula be-

comes

MO, P minTh = () (mm Hg) 2 (1.2459) (107%) |

gvaluation of Calibration Curve (Figure 17) Used in Deter-
= . A - T

. mination of Molecular Weights

{ The best straight line, based on the S1x points

! >
(x, y) established by the purified protein standards,

ek

R (x) ~ MOT® wt
J - 0.14 ’ 160,000
0.68 67,000 &
b ol 0.91 45,000
1.00 36,000
1.19 ., 25,000
1.62 | 12,400

A

was evaluatod by the Unlver51ty of Alberta Computing Ser-

1

vices by the method of least Squares (ON AT 09:58.20,

OFF AT 10:06.48, Wed., Oct. 2/74). The best values of
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m(slope) and b(intercept Of y-axisg) were foung to be

=~ 0.16846¢

and

respectively. The 954

was found to be

kS

Thus,

- 0.7358g (cf.

interval.

ations which €Xpresseg
» in terpms of the g

precision (%)

Uantity being deter-
mMined,

A
andard dev1a— !
tion, g, by the me an value

’ XI

of n determlnatlons of in-
dividua] xi values. g is Obtaineg by
TR
2. _
i1 (x. - %)
s - 1=1




and relative standard deviation as percent is

(S / x) x 100 )

The manufacturer's Instructions for testing the

&

instrument for leaks were modifiod insofar as the Second
,tomperdture equilibrium was only 0.3°C. higher than the
first, rather than 1.0°C.  This w# done for the same
reason that frequent manometer adjustments were necéssary
-.to obtain even approximate reproducibility. It wasg dis—

covered ecarly, namely, tRat conditions (such as long in-

. S

tervals between adjustmghts, very rapid oxidations and
leak testing regimens with temperature changes greater
than 0.3°C.) thch cauSo manometer. fluid menlsC1lto tra-
vel beyond tng rloht anéa bend of the manoneter tupes,

introduce enormous <errors. Thé interpretation is probably

,»,\

s

D

that additiona] friction is lntroduced thereby and that
Somqggeakage in tygon tubing occurs. This problem-does )
g , &
not exist with the ﬁore expensive all—glé%s models (per-
sonal communication from Mr. Hugh Kay: rechniciangpo Dr.
N. ColotefoJ Plant Science Department University of
Alberta). The remedy 1is clear, but expensive in ferms ot
of labor.
Below is given detailed description of a typical
test carried out on the GR 20 in order to dlSpOl by ob-

jective observation, any'@oiemics rélatinq to this in-
A

Strument. . ¢
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»

The volumes of 20 manometer flasks, nominally of

\

IS ml capacity, were determined tO fhe neagrest 0.1 ml with
serolocical oipots and distil Led water, . They were then
cmpticd and oven dricd. Al cauloment  and watoer werpre

caullibrated with ambient room temperature (22.5°C.) .

N

The cmpty, dry flasks, balanced by an cmpty, dry roference
« -\ _

flask (250 ml), were scaled to nanometer arms as usual
and allowed to equilibratc with all values open.  The
MENTSCl were st to index lines and all mrcerovolumeters
. 4]
vere set oat 300 ul. The oporator valves Were closed.
AFter 30 min, the water bath still at 22.5°C. , the menisci
wore observed to be at the index scettinas as expected.
. X -
CThe tomberature was: thon brousht gradually to 22.8°C.,
manometer adjustments being nade continually. 30 min at
. - . !\\
the noew temperature were maintained without need for fur- A}
ther adiustment.  Thee procodure was terminated and readings
EAY

recorded (of, Table Al) . .

J
[
i
—

Variance = &% = )
- ' n -1

2 : : - U
59 = D003y g5 10 o :
To find square root: ¥ - ) .
;
lou,, 147438 x 1074 '
¢ . ‘ 5 4 _ ’
10 _ 824150 5 oo

1oy, S = 3

S =-antilog 2:12075 =\ 205¢ of vpl. increase.
M -

7

N



Measured

Vol ;7(_‘:717)

22,900
21,200
23.,400
20,200
24,400
2},9‘00
23,900

" 22,400

24,100
21,000
21,600
" 24,100
24,400

G

bro
f)

G,

jke)

0

yol

N

0,92

23,700
215,000
22,000

23,000

2

14 <
P
Table Al.  Precioion A sessment Data For
The Gulson boonivometor Model
~ GR 20
% Vol.
Observed Vol Inczeace Deviation . S
. . . o 4
Increase {ul) X3 N S 1

26 0.1135 £ 0.0191 0.000228

23 0. iuvyy £ 0.0101 Joouuios

26 0.1111 £ 0.0127 0.000161

17 0.0842 S 0L0LEY . 0.000202

28 0.1148 4 0.0104 U.000299

27 0.1130 + L.0l40 V.000213

25 0.104¢ v0. 0000 0.60Ud 33

23 0.1027 +0.0043 0.000018

is 0.087¢ - 0.010¢ 0.0V0112

,,\7 27 0.1120 + 0.01 20 U.00018%
// 19 0.090% S - 0.007 ‘ 0.0000062
! 20 0.0926 - g%one 0.000034
27 0.1120 L 001§ 0.000185

25 0.1025 + 0.0043 0.000017
e 0.08¢1 - 0,012 000015

15 V 0.0718 - 0.020e 0.00@759

A,~ 23 0.0970 - 9.0014 0.000002
( C 16 0.0762 0.0227 0.000493

- K :
o 22 0.1000 + 0.001¢ 0.000003
200 @ 0.0870 " 0.0114 0.060130
1.9679 - 0.0001 0.003313
.
g - e
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N.013205%

\ - N 313 Ten Y Y z T - N
Relative standard deviation 3.09847 x 100 = » 13%.

This analysis was basced on the approach of Martin and

Jordan (1971).
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FaCSimilé‘of absorption spectrum |

Figure A3.

of reaction mixture c, 3 parts +
water, 1 part, totalling 3 ml F,
(L.4 x 107> M #-carotene in aque*®
ous buffered carotene - linoleate
solution, pH 7.0, according to

~Bén Aziz et al., 1971) .



ABSORBANCE

Figure A4.
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QFac51mlle of absorption Spectrum of
aqueous ﬁfOCln
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