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ABSTRACT

=
Underiop;imum conditions for'desaturase activity, three
and four products were observed with 18:1-CoA and 18:2-CoA
as substrate, respectively, with either proplastids or
microsomes. The two major produch 6f 18:1-CoA metabolism
were iaentified as Az’g-octadecadienoic acid and 3-hydroxyoleate,
a product of hydroxylase activity, while the minor.product‘

2
was identified as Ag’l“

2
Al"

-octadecadienoic acid, the product of
-desaturase activity. These products were characterized by
the following methods: (a) cqmigration of products with
authentic standards on 10% silver nitrate~silica gel and siiica
gel TLC plates and on radio-GLC; (b) quantitative hydrogenation;
(c) permanganate-periodate-oxidation; (d) by gas liquid
sﬁectrometric analysis.

The two major products of 18:2-CoA metabolism were

2 ] . . - .
9’1“-0ctadecatr1en01c acid and 3-hydroxylinoleate,

identified as 4%
a product of hydroxylase activity, while the two minor components
were not identified further because of the low amount of material
at our disposal. The identification of the two major products

of 18:2-CoA metabolism was pérformed as for the 18:1-CoA

15

metabolic products. No product of A" -desaturase activity

was detected.
5
The Al"—desaturase and hydroxylase activities were found

associated mainly with the proplastids and to some extent with

microsomes. These observations are in contrast to previous
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- /

{indings which demonstrated the Alz-desaturase to be primay{{y
of microsomal origin and the hydroxyTase activity either of

-microsomal origin or soluble.

S
2 ) <
1“—desaturase of both proplastid or micresomes was

-

The &
‘also found to behave differently than the Alz-desaturase of
other plant systems with respect to pyriaine nucleotide
requirements and response to cyanide: “the enzyme was found to
bé insensitive to c¢yanide and did not have an absolute
requirement for exogenéus electron donors.

The hydroxylaselsystem did not require exogenous
electron dénors.absolutely, as with the Alz-desaturase, and
was not significanﬁly inhibited by azide and carbon monoxide,
inhibitors of electron donor§ and ¢yt P-450 respectively.

The absence of inhibition b;vazide and carbon monoxide is in
contrast to the strong inhibition of w- and midchain plant
hydroxylating systems and the 5-hydroxylation syétem in slime
mold, but is similar to the insenstivity of the hydroxylating
system involved in the formation of ricinoleic acid

(12-hydroxyoleate) which does not utilize cyt P-450.
Ry

Both hydroxylation and desaturation enzyme activities were

found to act on acyl-CoA derivatives and not on phospholipids

or glycolipids as substrates; this observation, as far as the
2
ALl

——

-desaturase is concerned, is also in contrast to the findings
in other plant systems showing 18:1 - 18:2 desaturation occurring

on phospholipids, mainly PC.
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Résumé

Sous des conditions optimales pour l'activité de désaturase,
trois ou .quatre produits ont &été observés avec 18:l-coenzyme A et
18:2-coenzyme A comme substrat, respectifément, avec les
proplastides ou les microsomes des cultures de cellules de féves
sojagf Les deux produits majeurs du métabolisme du 18:1-CoA ont
fae s . 2,9 T . ,
¢tés identifiés comme 1l'acide A7’ -octadecadiénoique et 1l'acide
5-hydroxyoléique, pendant que le produit mineur a été identifié

17

comme 1l'acide Ag’ “-octadecadiénoique, le produit de 1l'activité

2 c . s s s pia
Al“—désaturase. Ces produits ont ¢té identifiés par les

méthodes Suivantes: (a) ‘coyigration des.produits avec des
substances éuthentiques pay chromatographie sur couche mince

de silice-nitrate d'argent (10%), par chromatographie sur =
couche mince de gel de silice et par radio chromatographie en
phase gazeuse; (b) hydrogénation quantitative; (¢} oxidation
avec le permanganate-periodate; (d) analyse par spectrométrie

de masse.

Les deux prodults majeurs du métabolisme du 18:2-CoA

2 2 L.
"9’1“—octadecatrlen01que et

ont &té iQpntifiés comme l'acidega
l'aci%e 5-hydroxylinoléique, un produit de 1'activité hydroxylasique,
pendant que les deux conétituants mineurs n'ont pas &té

i1dentifiés plus précisement parce qu‘ilin'y avait que trés peu de
substance. La méthode employée pour identifier les deux prodults
majeurs du métabolisme 18:2-CoA était la méme que pour les

produits métaboliques 18:1-CoA. On n'a pas détecté de produits

de 1'activité Als-désaturasique.

‘\_. N
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Les activités de désaturase et d'hydroxylase sont associées
surtout avec les proplastides et jusqu'a un certain polint avec
les microsomes. Ces observations contrastent avec les résultats
d'autres recherches qui ont démontré que 1la Alz-désaturase
est surtout d'origine microsomale et que 1'hydroxylase est’
d'origine microsomale out est soluble. i

Les Alz-désaturases des proplastides et des microsomes
agissent différemment de 1la Alz-désaturase d'autres systémes
végétaux si on compare les exigences des cofacteurs pyridines
nucléotides et la réaction au cynaﬁre, Cn trouve gue l'enziyme est
inscnsible au cvanure et n'a pas besoin de pyridine nucléotides reduits

Le systeme hydroxylasique n'a pas besoin absolue .en donneurs
exogénes d'électrons ainsi que la Alz-désaturase et son activité
n'est pas réduite notamment par l'azide et le monoxide de
carbone, inhibiteurs des donneurs d'électrons et du cytochrome

P-450 respectivement. L'absence d'inhibition par l'azide et

le monoxide de carbone contraste avec 1'inhibition trés forte

des systémes des hydroxylases végétales (w- et demi- -chaine) et

du systéme de la 3- hyd;ox»latlon dans les m0151ssures ”sllme"
cette comportement est semblable 3 1'insensibilité du systéme
hfaroxylasique responsable de la formation de 1tacide ricinoléique

(1Z-hydroxyoléique) qui n'utilise pas le cytochrome P-450.

-



b .

On a trouvé que les @ctivités des- deux systémes, hydroxylasique"

-"

. ‘
et désaturasique agissent sur les dérivés acyl-CoA mails pas
i B
sur led phospholipides ou les glycolipides cpmme substrats.
En ce qui concerne la désaturation, cette observatlon contraste,
avec les résultats obtenus avec les autres systémes de plantes :

.qui démontrent la désaturation 18:1 + 18:2 sur les phospholipides, -

surtout la phosphatidylcholine.

‘
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INTRODUCTION

A. Introduction

\.___
I. General

—

. A living cell consists of a discrete mass of cytoplasm
separated from its envfronment by a meﬁbrane, c;lled "plasma
membrane', which defines the boundaries of the cell. The cell
can take on a number of differen; shapes according to its
physiological rele and the extent of interaction of the plasma
'membrane with the cytoskeleton. The plasma membrane in férming
a continuous barrier around the cell also limits the diffusion
©f substances in and out of the cytoplasm as Tesult of its
lipid core, which péing hydrophobic, restricts or controls the
passage of water and other charged ﬁafticles sucﬁ as anions and
cations. The organization of fhe.complex membrane lipids also

-

plays a role in the permeability of the membrine.

-

One of the most prdﬁinent features of the éukaryotic
cell is the abundance of subcellular organelles partiticned off
by intracellular membranes. These intracellular membranef_are
similar to the plasma in that the membrane is made up by two
layers of polar lipid molecules, but differ radically with
respect -to their metabolic fuhctions which depend on their
constituent proteins. ‘One of the most impdftaﬁt functions of
these intracellular membranes is to provide a matrix to which

-

enzymes may bind and also form a suitable environment within which

Pl



certain enﬁymes worﬂ best. For example, plant membranés are
characterized by their high content of polyunsaturated fatty acids
such as linoleic and linolenic acids and the properties (e.g.
fluidity) which they impart on the membrane are known>tb affegt
the activity of many membrane bound enzymes.

A second, and very important function of intracellular
membranes is to define compartments within the cell creating a
specific environment able to support thé function of specialized
organelles. Thus, the interesting problems associated with
membranes are concerned with the role of lipids as support
material for membrane bound enzymes as well as the control
mechanism involved in the regulation of membrane 1lipid or fatty
acid biosynthesis. Thus interesting problems associated with the
study of membranes are the quesgtions of cont?ol of membrane 1lipid
composition and the control of temperature-induced fatty acid
changes in membranes lipids.

The present study is céncerned with the mechanism and
control-of fatty acid biosynthesis and membrane lipid composition
in plants.. We have chosen soybean cell suspegnsion cultures as a
useful modél for the study of membrane lipids in plants.
Specifically, the aim of the present research was to demonstrate

.in vitro desaturation of acyl-CoA chains (18:1 and 18:2-CoA) by

subcellular fractions prepared from.these soybean cell suspensions.

This, in turn, would help us to answer the question concerning

the site of biosynthesis of linoleic (18:2) and linolenic (18:3)

-



fatty acids, the major constituent fatty’acids in plant cells,

and the question whether acyl-CoA or'phgspholipids or both are

the actual substrates for desaturation. The answé#’to these

questions should l1ead to a better unéerstanding of the.biosynthetic

pathway for 18:2 and 18:3 fatty.acids and its regulation, and will

thus provide a basis for exploration of some of the more

challenging problems, such as the effect of growth temperature

on fatty acid comﬁbsition of membranes aﬁd.the corresponding

activi£y of membrane bound enzymes. During the course of these

studies we found that hydroxyacids were major prpdhcts of the

metabolism of 18:1 and 18:2-CoA ;} preoplastid énd microsomal

fractions of "soybean cultures. We have therefore also

investigated the characteristics of the membrane-bound hydroxylation

System associated with these cell fractions. ,
Before proceeding with the experimental sectioﬁ a brief

account of the composition and metabolism of lipids and fatty

acids in plants will presented in order to pr0V1de a background

on this subject.




t
II. Plant Fatty Acids

a) Majbr Saturated and Unsaturated Fatty Acids

The major fétty acids of plants are saturated and
unsaturated, normal monocarboxylic acids with an even number
carbon chain. The saturated fatty acids are lauric (dodecanoic,
12:0), myristic (tetradecanoic, 14:0)}, palmitic (Hexadecanoic,
'16:0) ,- and stearic (octadecanoic, 18:0) while the unsaturated
fatty acids are oleic (cis-9-octadecenoic, 1851), linoleic (cis,

cis-9,12-octadecadienoic, 18:2) and linolenic {(c¢is,cis,cis-9,12,

15-octadecatrienoic, 18:3) as summarized in Table I (1). Together
these féttx acids account for most of the acid content of higher
plants; for instance these fatfy acids account for 94% of the
total fatty acids of commercial plant oils and 89-97% of the
total fatty acids of leaf tissues.

b) Minor Saturated and Unsaturated Fatty Acids

The minor fatty acids of plants are short chain saturated
acids such as hexanoic, octanoic, and decanoic acids,
differing from the major fatty acids only in carbon chain length.
Usually they represent only undetectable proportions of the total
fatty acids except in certain oils such as coconut {Cocus
nucifer) oil which contain up to 1, 8, and 7§ of these acidé
- :
respectively (2). Longer chain fatty acids such as arachidic
(eicosanoic), behenic (docosanoic) and lignoceric (tetracosanocic)
acids, have been observed in waxes of seceds (3) such as 1in
sunflower (4), and in lecaves (55) . Branched chain fatty acids are

rare in plants; the simplest case is the accumulation of

A
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2-methyl-2-butenoic dc¢id in roots of Angelica archagelica and

Croton tiglium (2), while the breakdown of phytol present in

chlorophyll may lead to the formation of phytanic acid
(3,7,11,15-tetramethylpa1mitéte)_and pristanic acids
(2,6,10,14-tetramethylpentadecanoate). In addition, branched
chain amino acids, ‘leucine and isoleucine, may lead to the

formation of branched chain acids in Antirrhinum majus (6).

Of the minor unsaturated fatty.acids, the most important
ones are palmitoleic acid (cis-9-hexadecenoic, 16:1y
tfans—S—hexadecenoic acid, (16:1) found in the C2 position .
of phosphatidylglyce;ol of phostosynthetic tissues, and

arachidonic acid. Arachidonic (cis,cis,cis,cis-5,8,11,14-eico-

satraenoic, 20:4) acid is not usually found in higher plants, but
in mosses and some algae it maf represent 40% of the total fatty
acids (4), while in some ferns it represents 26% of the total
fatty acids (7). Some unsaturated fatty acids found in seed oils
of a few plants species have unusual structures. They can be
classified as follows: (1) wunusual double bond positions,

e.g. cis-1l-octadecanoic acid (vaccenic acid), found also in
bacteria (See section A.VI.b); (2) nonrconjugated ethylenic acids

-

with mixed cis-trans configuration, e.g. trans, cis, cis-2, 9,

12-octadecatrienoic acid found in mixed pollen (8); (3) conjugated

ethylenic acids such as cis, trans, trans-9,11,13-octadecatrienoic

acid, trans,trans,cis-8,10,12-octasecatrienoic acid, are widely

distributed in plants (9) where they are found assocliated mainly



with seed oils; (4) Acetylenic fatty acids, e.g. stearolic acid
(18:1 (9a)), have been reported from many plant species (2) and
may be derived from normal fatty acids.

(c) Hydroxy Fatty Acids in Plants

The most common substituted saturated and unsaturated
fatty acids in plants have hydroxyilgroups as major substituents
although aldehydes, ketones, epoxides as well as carboxyl groups
may also be found.

The Z-hydroxyacids are widely distributed in nature, being
found in small amounts in animals, microorganisms, and plants.
In plants the 2-hydroxyacid derivatives of common fatty acids are
found esterified to cerebrosides, ceramides and phytoglycolipid
while in seed oils they are found in triglycerides. For e#ample,
Sastry and Kates (10) have isolated a glucocerebroside from

runner-bean leaves (Phaseolus multiflorus) which contained only

2-hydroxyacids while in Phaseolus vulgaris Carter and Xoob (11)
have reported the presence of Z-hydroxyacids in phytoglycolipid,
cerebrosidé and ceramide. In seed oils, the. 2-hydroxyacids occur

- ¥n triglycerides; for example, the seeds of Pachira insignis and

Bombacopsis glabra contain 20% and 109 of Z-hydroxysterculic

(Z-hydroxy—Q,10—methy1ene—oleic acid) acid respectively (12) while

the seed oils of Thymus vulgaris have been found to contain 135

of 2-hydroxylinolenic acid (13).

-
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\;) The 3-hydroxy fatty acids are important intermediates
in both fatty acid synthesis and g-oxidation of fatty acids and
there is evidence, at least iﬁ some systems, that thgse hydroxy
fatty acids exist only as intermediates bound to enzyme
sulfhydryls as thiol ester (l14y, and therefore, never accumulate.
in the celi. Interestingly, Davidoff and Korn (15) have found

that a soluble enzyme from slime mold Dictyostelium discoideun

was able to transform saturatéd fatty acyl-Coﬁ derivatives to a
series of long chain intermediates, each of which accumulated in
considerable quantity. These compounds included long chain
D(-)-8-hydroxyacids which are important intermediates in fatty
acid synthesis but hot B-oxidation and long chain trans-g,8-un-
saturated fatty acids which are the postulated intermediates

in fatty acid oxidation and synthesis. In addition, long chain’
cis- and trans-8,c-unsaturated fatty acids, whose metabolic role is
not clear, were also formed. These compoun&s were also produced
during the incubatioﬂ.of\balmitoy1~CoA with the mitochondrial
fraction from guinea pig liver {15). The 3-hydroxyacids have

also been reported from other natural sources; 3-D-hydroxymyristic
acid has been isolated from E. coli (16), S-E-hydroxylauric acid

from a metaboiite of Isaria cretacea (17), and 3-D-hydroxycapric

acid from a metabolite of Pscudomonas aeruginosa (18). Several

species 'of the red yeast Rhodotorula graminis (19) have been

shown to produce extracellular glycolipids consisting of a

mixture of mannitol and pentitol esters of 3-D-hydroxypalmitic



and 3-D-hydroxystearic acids.
Ricinoleic acid, 12-hydroxyoleic acid, is a well characterized
component of commercial castor oil, accounting up to 90% of the

fatty acids of the seed oil of Ricinus communis (20) where it

occurs exclusively in triglycerides.

The triglycerides of seeds from a number of plants have been
found to contain conjugated fatty acid dienols with the hydroxyl
group present elther before or after the conjugated diene
grouping. The most important hydroxyacids of these seeds include

dimprphecolic\(9—hydroxy—trans,trans-lO,12-octadecadienoi¢) acid

which was showWwn to have an unusual trans, trans conjugated double

bond and found to be a major constituent (66.5%) of Dimorphotheca

sinuata seed oil (21,22) -while others had the cis, trans-conjugated .
dienol system either of 9-hydroxy or 13-hvdroxy isomers. |
Monohydroxymonobasic and monohydroxydibasic acids occur as
importaht cdmpOnents of cutin and suberin in plant cell walls.
O0f the monobasic acids, hydroxytetradecenoic and hydroxy-
pentadecanoic acids are most frequently encounéered in plant
cutins and suberins (23,24), and the positional iscmers of both
these compounds occur with the hydroxyl groups located mqiniy in
the 9- and 10-position. Of the monohydroxydibasic acids,
positional isomers of m0nohyaroxyhexadecane—1,16-dioic acids have
been found to occur frequently as miﬁor components of cutin (25).
Similar fositional isomers of hydroxypeniadecane*l,lS-dioic acid

have also been widely reported by Hunneman and Eglinton (23) but

their pr7%ence as natural products needs further corroboration.



Perhaps, the most important class of hydroxyacids found in cutins
is the w-hydroxymonobasic acids, which was first identified by
Matic (26) and Brieskon and BYss (27), comprising 5-10% of the

total monomers of cutin. The principal compounds are the C-16,

) N
C-18, C-18:1(cis-9), and C-18:2(cis,cis-9,12) acids. Although

the diunsaturated acid (C-18:2) occurs much less frequently, it
e,

was found to account for as much a2s.15% of the total cutin

1

monomejs in cultivars of Molus pumila fruit (28); 16-hvdroxy-

heiadeg-Q—enoic acid has also been identified as a minor
component of the fruit Eutin (29). Other hydroxyacids such as
the monohydroxyoxomonobasic, dihydroxymonobasic, epoxymono-
hydroxymonobasic, epoxydibasic, dihydroxydibasic, and
trihvdroxymonobasic have also been reported (25) but a complete
survey of the distribution of hydroxyacid derivatives is beyond

the scope of this thesis.
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IIT. Complex Plant Acyl Lipids

a) Glvcerides
The most important member of this class of lipids 1is
triacylglycerol (tfiglyceride); typical of blant seed oils, in
which all three hydroxyvl groups of the glycerol molety are
esterified with fatty acids.. The less esterified 1,2-diacy1g1ycérol
and monoacylglycerol are important metabolic intermediates which

do not ordinarily accumulate to any significant levels.

b} Glycerolipids or Phosphoglyceridés

. Glycerolipids are derived from phosphatidic acid, a key
intermediate in glycerolipid synthesis and their structures are
shown in Fig. 1. Their biosynthesis in plants is reviewed in
detail elsewhere (30,31) and briefly in section A.VIII. Of the
phosphoglycerides, phosphatidylcholine is the principal complex
lipid in most plant tissues and membranes. Phosphatidylglycerol
ii alsola major glycerolipid of plant tissﬁes found predominantly
in chloroplast membranes. It is also of interest because it.
contains high amounts of trans-3-hexadecenoic¢ acid in the C-2
position. Although, phosphatidylglycerol (PG) has two asymmetric
centres and can theoretically exist in any of the four possible
sterioisomers, only one isomer is present in nature and shown to
be (sn-3-phosphatidyl-sn-1-glycerol). Phosphatidylinasitol (PI) is
also a major phospholipid in many plant species, but unlike animal
systems, plant systems do not synthesize the higher inositides,
diphosphoinositide and triphosphoinositide. Phosphatidyl-

ethanolamine (PE) is present in plants usually in lower content
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FIQURE 1. The major phosphoglycerides.
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Phosphatidic acid (P4)
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than PC: recently N-acylderivatives of phosphatidylefhanolamine
have been found in some seeds (32). Phosphatidylserine (PS),
although widely‘distributéd in plants, comprises only a minor
portion of the total phospholipids.

Disphosphatid}lglycerol (cardiolipin, CL) os‘a major
phospholipid of animal mitoohondria and has been found also in
plant mitochon&kigﬁyhere it }epresents only a minor fraction.
Other phospholipids which occur in plants in small amounts
are lysophospholipids and phosphatidic acid; fhey are either
intermediates in the biosynthetic pathway of phosphoglycerldes
or cellular catabolites and/or artlfacts generated during the
lipid extraction protedure. Choline and ethanolamine

plasmalogens are generally absent in hlgher plantr/)yz”h

been reported in.some plants species (33). BispHosphatidic

P

acid, the fu;;y/acylated form of phosphatidylglycerol been
found- in soybean suspension cultures-(34) and has been implicated

as a possible intermediate in the biosynthesis of polyunsaturated
[4

.f/amy'acids (35). ' - .

.

c) Glycolipids

It is well established that plants.4issues contain
_\eve;al polar lipids containing galactose which are called
galatOllpldS. These galactolipids were flrst isolated and
‘characterized from wheat flour in Carter's laboratory (36,37) and
their presence conflrmed in photosynthetlc_tlssues (38,39) and runner
- bean leaves (40). T@e oajor golactolipids are the mono- and

digalac}osyldiglycérides whose structures are shown in Fig. 2.
V. M *



FIGURE 2,
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The Major GlycoglyceroXipids

a.

Monogalactosyldiglyceride, MGDG; 1,2-diacyl[8-D-
galactopyranosyl (1'+3)]-sn-Glycerol.
Digalactosyldiglyceride, DGDG; 1,2-diacyl[a-D-
galactopyranosyl (1'+6')-B-D-galactopyranosyl
(¥'+3)3-sn-glycerol.

Trigalactosyldiglyceride, TGDG; 1,2-diacyl[a-D-
galactopyranosyl (1"'+6")-a-D-galactopyranosyl

(l”+6')—B—D—galactopyranosyl-(1'+3)]-§£-g1ycerol.

TR
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Galactolipids containing more than two galactose residues,

namely trigalactosyl diglyceride (TGDG) and tetragalactosfl
diglyceride (TTGDG) have ggén isolate§ from many plant species,

but in marked contrast to monogalactosyldigyceride (MGDG) and
digalactosyldiglyceride (DGDG) these galactolipids constitute only a
minor percentage by weight of the total lipids in plants. In
addition, several investigators (41-43) have isolated from spinach
leaf homogenates a lipid which was more hydrophobic than MGDG

and had a compésition‘of glycerol, galacfose and fatty acids in

a mole ratio of 1:1:3. Further investigation revealed that the
third fatty acid residué was esterified at the 6 position of the
galactose (6-0-acyl-MGDG) (44). Investigation of spinach leaf
homogenates revealed zlso the presence of other galactolipids

which were characterized enzymatically, spectroscopically, and by
nuclear magnetic resonance (nmr) as acyl-DGDG and 6-0-acyl-1yso-MGDG
(45). These minor écylgalactolipids may be formed by acylation of
MGDG, DGDG and 1yso-MGDG exclusively in the 6-position of gglicedse
perhaps by an acyl transferase located in the envelope méﬁg;anes

of the chloroplast (46). These major glycolipids, MGDG and DGDG,
are concentrated within thé chloroplast membranes (47, 30). In
thylakoid membranes (stroma and grana lamellae) MGDG znd DGDG

are present in a ratio of 2:1 while the situation is reversed in
the envelope fraction (48,49). It is interesting to note that

the conélusions reached for mature chloroplasts are also valid

for other types of plastids such as etioplasts, amyloplasts, and

chromoplasts (50). ‘While MGDG is synthesized 'in the envelope
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from diacylglycerol and galactose (50-52). The fatty acids of
either MGDG or DGDG can be either of microsomal origin in 18:3
plants or of chloroplast origin in 16:3 plants (53).

The MGDG molecule has a single éalactose residue on its.‘\\\
polar head group. Measuremeﬁts of [13C]—longitudina1 relaxation
times indicate that the head group motions of the thylakoid
lipids DGDG, SQD, and PG are similar, but those of MGDG are
considerably faster (54), indicating that the MGDG head group is
smaller than those of the other lipids. Swrface pressure versus
area 1sotherms of galactolgﬁids monolayers show that the MGDG
film is less expanded than DGDG film (55) consistent with the fact
that MGDG has a less bulky head group. The small polar head group
and the relatively bulky-hfdrophobic region of MGDGresults in the
formation of a cone-shape molecule for this glycolipid (56).

Some investigators (57) have concluded that MGDG does not form
planar bilayers and that it,mav be. responsible for‘the curvature

in the lamellar membranes. In contrast, DGDG having a more polar
and bulky group, is.believed (50) to be strongly linked to proteins
and probably plays an important role in stabilizing protein

conformation in the thylakoid membranes:

d) Sulfolipids )

Photosynthetic organisms have been shown to contain two
main types of sulfur containing lipids: .(1) a series of
alkysulfates and chloralkylsulfates (58,59), occurring mostly in
Ochromonas sp;.and others species of #igae; (2) sulfoquinovosyl;;

diacylglycerol found in all green plants so far studies, as well
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as in algae and photosynthetic bacteria (60-63). Furthermore
while the latter sulfolipid is a major lipid in higher plants,
in lower plant species it may represent a minor fraction of the
total lipids. The structure of this sulfolipid has been
established by Benson et al. (64) as shown in Fig. 3d.

In photosynthetic tissues this sulfolipid %s associated
with ‘the chloroplasts (65) where it is concentrated in the
lamellar membranes (66). Available evidence indicates that this
sulfelipid 1is evenly distributed between the stroma and grana
membranes (67) and on the basis of labelling (68) and x-ray .
difraction studies (69) it was suggeszga that it may be associated
with photosystem I. Other sulfur containing lipids were first
detected in several photosynthetic diatoms (70,71) and 1later

~identified in the non-photosynthetic diatom Nitzschia alba as a

ey

ceramide sulfonic acid (N-acylsphingosine-1-sulfonic acid) (DCS)
(72),ui4-methy1enecholesterol sulfate (SS) (73), phosphatidyl-
sulfocholine (PSC) (70,?1,74) as well as the ubiquitous
sulfoquinovosyl diacylglycerol (SQD) (see Fig. 3a-c). ?hosphatidyl
sulfocholine completely replaced phosphatidylcholine in the
nonphotosynthetic N. alba (75) but all of the photosynthetic diatoms

contained both PC and PSC in varying'proportions (71).



———
FIGURE 3.

3

The major sulfolipids.

3
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IV. Distribution of Acyl Lipids_and Fatty Acids in Plant Tissue

a) General

Cultured plant cells provide useful and manipulative

systéms for the study of plant biochemistry. The culturing of

plant cells may be initiated from most plant parts (leaf, roots,

seedlingj of many plant species.

The initial step involves the sterilization of the plant

orgén followed by incubation of an explant on a suitable

solidified growth medium under appropriate conditions (76,77).

A callus culture, an undifferentiated, disorganized and

proliferating mass of tissue 1s usually established within a

month. Cell suspension cultures are obtained when a friable

callus is placed in a liquid medium with suitable agitation to

disperse callus clumps into single or small aggregates of cells.

The advantages of using plant cell culture in basic and

applied research are numerous, and a few examples are cited

below:

i. Cell cultures are available for study all year round.

ii. The life cycles of plant cell cultures are much shorter,

whereas those of normal plants take months or years.

iii. The handling of plant cell cultures is much easier than

- that of normal plant cells, being handled like bacterial or

veast cells.

iv. A greater number of environmental and nutritional

manipulations are possible with plant cell cultures than

possible with normal plant cells.

For instance, environmental



.conditions prevailing during growth sueh as aeration,

nutrients, illumination and "temperature are known to

affect the composition of 1ipi& classes in plant ceil

cﬁltures as well as the patterns of their constituent

fatty acids.. Because of this, it is possible to direct

the lipid metabolism toward the synthesis of a valuable

commercial product or to study the phenomenon of chilling

resistance in order to select chilling resistant cell lines.
v. Protoplasts can be generated more easily with plant cell’

cultures than normal plant cells.

vi. There is a greater f}eedom from contaminating organisms
(e.g. bacteria) with plant cell cultures than normal plant
cells.

These advantages make the plant tissue culture a2 valuable
technique in agricultural programs aimed to breeding oil-bearing
- plants of high nutritional values, curing disease traits, and
‘particularly important in the propagation of valuable variéties

vegetatively.

b) Lipid Classes

Studies on photoautotrophic, photomixotrophic and
heterotrophic cell cultures of a variety of plant species have
reverled that the composition of lipid classes, as well as the
pattern of the constituent fatty acids of theée lipids is
different. Generally, the lipids of photoautotrophic cell
cultures contain higher proportions of monogélactosyldiacyl—

glycerols and digalactosyldiacylglycerols, as well as fairly
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high amouﬂés of sulfoquinovosyldiacylglycerols -and phosphatidyl-
glycerols (Table 2). Conversely, the photomixotrophic and |
heterotrophic cells éultures, from which the photoautotrophic
cultures had been derived, contained much lower levels of these
lipids (Table 2). The lipids of photoautotrophic cell cultures
contained higher proportions of linolenic acid, but 1;wer
concentrations of linoleic acid than the corresponding photo-
mixotrophic and heterotrophic cell cultures (Table 3). Thus
one of these possible stages of culturing ﬁlant cells méy be
selected with the aim of studying the biosynthesis of specific
classes of lipids as well as the blosynthesis sf specific fatty
acids. L ¥
Environmental conditions, which prevail during the

growth of cell cultures, affect the relative abundance of
differgpt lipid classes and their respective fatty acid
composition. For instance, an increase in the rate of aeration
results in large proportions of sterols, steryl esters (SE),
steryl glycosides (SG) and various sterylglycolipids (79); and
while illumination does not affect the reiative concentrations
of lipid classes in heterotrophic cultures (79), a change in
‘growth temperature results in slight changes in the concentration
of 1lipid classes (SQ). ;

- Concerning the fatty icids of cell cultures, palmitic acidl
{(16:0} is the major saturated ' fatty acid while stearic acid
(18:0) 1is p?esent onlyein small proportions (Table fT&\S}eic

(18:1), linoleic (18:2) and linolenic (18:3) are the major.



unsaturated fatty acids (Table 3). 1In most cases, the levels of
18:2, predominantly associated with PC, are much higher than

those of 18:3, predominant in glvcolipids. The environmental
factor which has the greatest effect on the relative proportions
of fatty acids in cell suspension culture is temperature.
Generally, the 1lipids in cell cultures grown at lower temperatures
coqtain higher levels of 18:3 and 18:2 than the corresponding

cultures grown at ambient temperature (80).
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V. De novo Fatty Acid Synthesis

The enzymes. that catélyse the synthesis of fatty acids are {
collectively referred to as thée fafty acid synthesis (fAS) ‘ . l
syStem, a multienzyme complex; The overall process catalysed A 5
by these enzymés is summarized by scheme I. Although a
homologous ser%é§ of fatty acids with chain lehgtﬁ rangiﬂg
from 12 to 20 Eaibons occur in most organisms, the.mgiﬁ produtts
" of FAS are palmitic and stearic acids. As shown in scheme I, |
although coeﬁzyme A derivativés of acétate and malonate serve as
initial substrates or primers to the FAS, the.intermediatés of
FAS are derivates of.acyl carrier protein (ACP). ACP is composed
of 4'-phosphopantetheine linked to a protein. 1In bacteria and
eukaryotic plants, the intermediates of FAS occur as free ACP
derivates howevér, in animals and fungi, -the intermediates are j
linked to 4'-phosphopantetheine which is part of a multifunctional ‘
FAS protein and the intermediates are not released from the J
FAS until an appropriate acyl chain length is reached. Althoggh
the reactions of fatfy acid biosynthesis are universal, the typé
of organization of the'respeéfive enzymes of FAS, as indicated
above, vary .with the organism and even in a single orgénism may
‘vary with the growth condition. ’

Bloch aﬁd Vanée'(SlJ have d%stinguished two classes of;
enzymes invalved in the de novo biosynthesis of fatty acids.

Type-T1 FAS is a high molecular weight complex composed of two

multi-functional polypeptide chains and is found in veast,

pigeon liver, mammary gland, some bacteria (e.g. Mycobacterium
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phlei)} and Euglena gracilis (etiolated). Type-If'FAS system

is composed of a separated ACP and discrete enzyme components
énd has been(found in most bacteria and plants.

The mechanism of fatty acid formation involves the transfer
of acetyl-CoA and malonyl-CoA to ACP. These reactionsare
catalyzegaby aEetyi—CoA and malonyl-CoA: ACP traﬁsacylases,
respectively which constitute part of the FAé (S;heme I,
steps I and III). The acetyl moiety of acetyl-ACP is subsequently
transferred to the sulthydrvl group ("parking™ SH-group) of
B-ketoacyl-ACP synthesis présent at the active site, step II.
Thé ﬁek; reaction in the biosynthesis of fatty acids is the
condensation of the acetyl and malonyl moieties with the loss
of CO, to form acetoacetyl-ACP. This reaction is catalyzed by
Bletbacyl-ACP synthetase which is referred to as_the cbndensing
enzyme. It should.be'kept‘infmind that acetogcetyl-ACP |
intermediate may be either free or bound to.ége enzyme depeﬁding
on the source df'the FAS. The importance oﬁumalonyl—ACP as
: Condensing agenf rather than gcetyl—ACP'(stqp III)'QS explained
on a.thermodynamic basis in which the loss of CO, shifts the
equilibrium of the reaction toward the condensation reaction.
The condensation reaction (step IV) is followed by the réduétiOn
of acetoacetyl-ACP to g(—)-B-hydroxybutyryl—ACP‘(step V). This
reaction 1is catalyzed by S-ketoacyl-ACP: butyryl-ACP reductase‘
and 1is specific for NADPH as a reductant énd‘g(-)—sfereoisomer

as the substrate. The reduction is followed by the dehydration

- .
~

of the hydroxy intermediate to~crotonyl-ACP [trang-B—butenyl-ACP)
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catalyzed by D(-)-B-hydroxybutyryl-ACP dehydrase (step VI).
This enzyme is highly specific for Ehe 3-hydroxy-ACP derivative,
- and several dehydrases with different chain length specificities
have been isolated from different sources (see section A.VI.Db).
The final chain modification involves the reduction of crotonyl«ACP
to bufyryl—ACP in a reaction catalyzed by enoyl-ACP reductase,
(step VII}. The above sequence of reactions are repeated with
the malonyl-ACP moiety instead. of acetyl-ACP until longer chain
'lengths.‘.(cl6 and C18) more prevalent in nature, are formed.
The terminal reaction of FAS regulated by B-ketoacyl-ACP
synthetase appears to vary with the organism and may include:
(1) traﬁsfer of acyl groﬁp to‘free ACP to form the ACP ester
characteristic of bacteria,and plants, (2) transfer of acyl group
to CoA to form the CoA ester as is the case in fungi and yeast
(3) hydrolysis to the free fatty acidras in mammals.

| Recent genetic and biochemical sthdies on the Type I of the
yeast (82;85) or animal t86-88) FAS, have feported that the FAS
was combosed of two multifunctional proteins, desigﬂéted as
a and £, for the yeast, and o and « fof the animal system.
The @ and B subunits of the yeast contain 3 and 5 of the
synthetase functions, respectively and is believed to exist as
" six copies of each subunit, Ce 86 (89) and the synthesis of the
two subunits 1s coded by two unlinked genes Y82), fas 2 and fas ll
respectively. The distribution of catalytic function and
cofactors between the two subunits for the yeast FAS 1is summarized

in Table 4 Fig. 4A.



N, - " TABLE 4

Distribution of Catalytic Functions and Cofactors

between the o and 8 Subunits of the Yeast Fatty

Acid Synthetase |

Fas 1 (Subunit B8) Fas 2 (Subunit o)
Acetyl-CoA:ACP transacylase 4‘-Phosphopantetheiﬁe
Malonyl-CoA (palmityl):ACP (ACP function)

‘ transacylasea \ ' B-ketoacyl synthetase
D(-)-B-hydroxybutyryl:ACP - (condensing enzyme)
dehydrase . _ .o A- g-ketoacyl reductase

" Enoyl reductase

FMN

- ‘ a ..
%1n yeast, the malonyl and palmityl transacylase activities are

associated with the same catalytic site (serine hydroxyl)
whereas they are distinct sites in animal fatty acid synthetase
complexes. Fatty acid synthetase compleies from various sources

have been compared by Bloch and Vance (81).



FIGURE 4. Proposed models for yeast and animal FAS complex;

Wagil et al (91).

A. a linear model of'the yeast FAS depicting the
$ix sites of palmitate synthesis and the
complimentary arrangement of the 4'-phospho-
pantetheine-SH (P—Sﬁ) and the active cysteine-
SH(HS-C) at the B-ketoacyl synthetase centres
in each of these sites (the activity of each of
the polypepéides is as stated in Table 4y .

B. schematic representation of animal FAS compiex
showing the two multifunctional polypeptides and
their head-to-tail association to form the
enzymétically active homodimer (Abbréviations:
AT, acetyl transacylase; MT, malonyl tranéacylase;
KS, B-ketoacyl synthetase; KR, B-ketdacyl

’,/" -reductase; DH, dehydratase; ER, enoy1>reductase;

\ ' TE, thiolesterase; ACP, acyl carrier protein.
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In contrast the animal fatty acid synthetase has two identical
ﬁolypeptide subunits and each polypeptide contains the sites
of the partial reactions}equired for palmitate synthesis
Ffig. 4Bl

Knowledge of the organization of FAS enzymes in higher
plants has emerged more slowly than for other organisms. As
plants are eukaryotes, a type I arrangement might be expected.

However, the purification of plant acyl carrier protein similar

to the E. coli protein;-and the observation that the synthesis

of fatty acids in plants appears to be compartmentalized in the
plastid, rather than in the cytosoplasm as in animals, suggested
that a prokaryotic type‘Ii organization might also exist in
‘plants. | .

In plants, all of the nonassociated enzymes of FAS have
ACP és their common acyl carrier. Thus, the localization of
\this protein in the leaf cell immediately identifies the site
of the enzymes. By employing a radio—immunoassay system for_
the quantitation of ACP protein, Ohlrogge et al {90) were able
to demonstrate that in spinach leaf, the ACP protein was
localized in the stroma of the chloroplast. Imn-addition,
further work in spinach leaf has demonstrated that acetyl-CoA
synthetase (91) aﬁd.acetyILCoA carboxylase (B.J. Nikolan,
personal communication) were also localized in the chiorOplast.
Thus; the eiidence is overwhelming that the chloroplast 1is

the site for the synthesis of palmitoyl-ACP which is further



elongated to stearoyl-ACP followed by des;%ﬁration to oleoyl-ACP.
Thus, the previously observed association between euka;yotes
and type I FAS structure does not hold for plants, the most
aﬁundant class of eukatryotes. |

Recently Shim#kata and Stumpf (92) have isolated two
different 8-ketoacyl-ACP synthetase enzymes. The first
synthetése produced primarily palmitate when incubated with
the other FAS enzymes. However, upon addition of the second
B-ketoacyl-ACP synthetase, tﬁe product-shifted primaril? to
the production of stearate. Thus, it appears that the palmitate
to stearate elongation requires a second condensing enzyme ,
whereas the other enzymes have broader substrate specificity
which can ac£ on all  chain lengths from C12 to Cléﬂ The
acyl-ACP's synthesized are in tura hydrolysed by a oleoyl-ACP
thiocesterase, present_in the chloroplast (93), acting on,both
palmitoyl-ACP and oleoyl-ACP to release the respective free
acids. These fatty écidsfa?e-subsequently converted to’
acyl-CoA by a acyl-CoA synthetase found associated with the
envelope of‘the chloroplast (94-96) and either released into
the cytoplasm of the cell or psed fdr acylation of lipids.

Shimakata and Stumf (92), have speculated on the possible
stoichiometry of the FAS complex 13-13£3, and suggested that
there might he two types of noncovalernt complexes. The major
type of association, including stearyl-ACP desafurase and

oleoyl-ACP hydrolase, would provide oleate for export from the

/-—\ .



pléstid,while;"&he sscond type o}-qpmplex lacking in palmitoyl-
ACP elongas?{ might provide palmitoyl-ACP for direct acylation
to e.g. glycerpl-S-ﬁhosphate. Thus, the presence of two
condensing enzymes woulé provide a method of channelling the
different metabolic routes. In addition, the chloroplast,
through its PhotosystemsI and II, is able to generate ATP, NADPH,
and 0, whichlércrall required in the synthesis of these

fatty acids.

This new information on the similarity between the
organization of plaﬁt and prokaryotic FAS lends further support
to the tﬁéory of an endosymbiotic origin of the chloroplast.
Recent studies on soybean (Glycine max) cell suspension

cultures have also shown the FAS to be located in the proplastid

fraction (97-98).
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VI. Biosynthesis of Unsaturated Fatty Acids

a) General

.The- mechanism of biosynthesis of the unsaturated
fatty acids follow two completely,different pathways: The
anaerobic pathways which occurs in prokaryotes (anaerobic and
some aerogic bacteria) and the aerobic pathway which h;s been
demonstrated in a variety of eukarvotic systems from mammals,
bird, fishes, plant, algae and 4lso in some bacteria, 1s
summarized in Table S, (69-102). While the anaerobic systeﬁ
1s assoclated largely with primitive organisms (prokaryotes),
the aerobic system arose when higher forms of life (eukaryotes)
superceded the more ;rimitive ones.

b) Anaerobic Pathway of Monoencic Acid Biosynthesis

Anaerobic desaturation involves the retention of the
cis-double bond formed dufing the course of biosynthesis of
fatty acids by ;he FAS complex. The mechanism to explailn hgQw
this might arise was put forward by_ Scheuerbrandt and Bloch
{103) who were stuyding the bioesynthesis of unsaturated fatty

acids in the anaerobic bacterium Clostridium butyricum.

This organism, like most other bacteria, produces only
monounsaturated fatty acids. Two pairs of monoene isomers are

j 7 . -
produced: A - and Ag-hexadecen01c and Ag— and All-octadecen01c

acids. The formation of these.isomers can be explained if

there are branch points in the FAS complex at'C8 and C10 as

L;-—..._
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. TABLE 5

Organisms Known to Synthesis Unsaturated
Fatty Acids by A) Anaerobic and B) Aerobic Pathway

A) Anaerobic Pathwaya

Bacteriab ' Clostridium butyrlcum
C. kluyveril

C. pasteurianum
Escherichia coli®
Lactobacililus arabinosus
Pseudomonas fluorescens

Photosynthetic bacteriab : Rhodopseudomonas capsulata
) ; R. gelatinosa
R. palustris
R. spheroides
Rhodospirilium rubrum

B) Aerobic Pathwayd

Bacteria : Bacillus megaterium
Corynebacterium diphteriae
Micrococcus lysodeikticus
Mycobacterium phleilb

Algae ’ Anabaena variabilis
. O¢hromonas malhamensis
Porphyridium cruentum
Poteriochromonas stipitata
~Chlorella vulgaris

Euglenids Astasia longa
Euglena grac11115 >€
Yeasts Saccharomyces cervisiae®
Torulopsis utilis
Metaphyta : ~ Avocado (mesocarp)C o

Castor bean (leaf)
Castor bean (developlng seeds)
Spinach (leaf)b

Metazoa Fish (llver)c
Goat (llverg
Hen (llver)
Rat (liver)©
Sheep (intestinal epithelium)®

a Erwin and Bloch (99); Wood et al (160).

b Whole cells,

c. Active subcellular systems have been prepared.
d

e

Erwin and Bloch (99); Bloch et al (101); James (102).
The "plant pathhav" can be demonstrated in these systems.



shown in Fig., 5. At these branch points, the normal trans-2-
‘enoyl-ACP is isomerized to -cis-3-enoyl-ACP which 'is not a
substrate for the enoyl;ACP reductase, but can undergo chain -
elongation. Therefore, the trans-isomer formed at the

branch point will give rise to a long-chain saturated fatty

acid while the- Cis-isomer will give rise to a long—chaln
Gcis-unsaturated fatty acid. The position of the double bond

in the final products will depend on the position of the

-
-

branch point. Subsequent studies on the FAS complex of E. coli

{105) revealed the Presence of an enzyme system which
catalysed the dehydration of 3—hydroxy-décanoyl-AC?« '
(B~hydroxy-decanoyl} to a mixture of trans-2 and cis-3- ’
decenoates, and the inter-conversion of these two isomers.

The eﬁzyme was called B-hydroxy-decanoyl thiocester dehydratase,
and has been purified (106-107) from FAS by making use of the
property that the dehydratase is stable on heating at 50°C for
10 min., while the synthetase is completely denaturated after
only 2 mir. under the same conditions. The purified enzyme
has been shown to. produce mainly Ezgggfz-enoyl-ACP (85?) while
the complete FAS system produced ﬁfedominantly unsaturated
fatty acids. The explanation given to reconcile these

' differences is that the rate of C, addition to the Cis-isomer
is very much faster than the corresponding reductive step of
the trans-2-isomer, thereby feéulting in the accumulation of

unsaturated products.
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FIGURE 5. The anaerobic pathway for the synthesis of

monounsaturated fatty acids; Gurr and James (104). ,
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Using .a Spfcific inhibitor (3-decynoyl-N-acetyl-
stearaming) Kdss and Bloch (105) were able to specifically

~ inhibit the synthesis of unsaturated fatty acids in vivo and

in vitro\while thf production of saturated fatty acids .was not’
affap;igﬁ It §eemed,ﬁpherefore, that tﬁo dehydratases were
preseﬂt one @br the synthesis of the trans-2-isomer. and the
otﬁé%*fﬁ?’ggfbgigfisomer (see Fig. 5). This idea was ’

lgconfirmed by the finding of Silbert and Vagelos (108) that an

blE. coli mutani, lacking the specific dehydratgse could.

synthesize saturated acids normally, bﬁt‘ndt unséturaped o .

acids. A closer écrutiny-has revealed that the B-hydroxy—

decanoyl thloester dehydrase has the ability to catalyse'i

both dehydratlon and isomerization reactions (104) by way _

of enzyme-bound trans—Z-decenoyl thiolester. The enzyme has

been shown to consist of two polypeptide chains of almost

equal molecular weight each of whic¢h contains both dehydratién

and isomerization activities. The iﬁhiﬁitory effect of 3-decynoyl-

-

N-acetyl-stearamine was, due to its irreversible binding to functional

groups of the enzyme that are ihvolvea in both activities.
Altogether three dehydratases lhave now been found
to be involved in fatty acid synthesis in E. coli (110),
one dehydratase specific for the dehydration of B~hyaroxy--
decanoyl-~ACP, the second specific for the dehydration of
shorter B~ hydroxyacyl-ACP (Cp to£g) and the third spec1f1c

for the dehydratlon of longer chain B-hydroxyacyl-ACP (111).
\ '

]



It seems, therefore, that although a specific dehydratase is
essential for the synthesis of léng chéin unsaturated fatty

acids, it is not responsible for the proportiops of these.acids:
in vivo the relative rates of -the two reactions, reduction and
chain el&hgatioﬂ, will determine the proportions of saturated

and unsaturated acids. - In particular it explains why octanéic
acid {s'the highest homologue of‘the saturated fatty acid series,
while the lower C8 homologue_in£érmediate leads to the formation
of vaccenic acid, A11—18:1, characteristic of bacteria as the only
octadecenoic acid present in some strains of E. coli (112). While

"the 3-hydroxydecanoyl thiolester dehydrates has been found only

in those organisms which synthesize their unsaturated fatty acids

via the anaerobic pathway, this anaerobic pathway 1s not strickly

confined to anaerobic bacteria but is also present in facultative

aerobes (e.g. E. coli) and obligate aerobes (e.g. Pseudomonas)

P

as shown in Table 5.

Other bacteria (e.g. Micrococcus lysodeikticus, Bacillus

megaterium, Corynebacterium species and Mycobacterium phlei)
synthesize their unsaturated fatty acids via the aerobic pathway

of'desaturatiqn (Table 5) (99-113). ' ¥

N~ .

)
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c) Aerobic Pathway of Fatty Acid Desaturation ' —

1. Biosynthesis of Monoenoic Fatty Acids’

The most important pathway of fatty acid unsaturation in
eukatyotes is by an oxidative mechanism in which the double bond
is introduéed directly into the preformed long chain saturated
féZty acid with oxygen and NADPH as cofactors. This pathway 1is
_almdst universal and is used by yeasts, higher animals, protozoa,
algae, higher plants and some bacterig (Table 5). Thus far,
no organism has been found that contains both pathways of
desaturatipn. The mechanism of desaturation has been Rarticulaély
difficult -to demonstrate because the desaturase enzymes are
membrané boynd and the substrates used are in the micellar form
at concentrations usually employed in in vitro studies. Work by
Oshino et al., (114) and Holloway and Katz (115), led to the
identification of three microsomal bound protelns involved in
desaturation of stearate ® oleate in rat liver: a flavoprotein,
NADH-cytochrome be reductase; a heme-contairing protein,
cytochrone bs; and the terminal desaturase itself which, bécause
of its inhibition by low concentrations of CN is usually referred
to as the cyanide sensifive factor. Strittmatter et al., (116)
have purified the teﬁminal desaturase and found it to be a
single polypeptide chain of M.W. 53,000 containing one non-heme
iron atom per mole of enzyme. The iron can be reduced in the
absencelof_substrate, by NADH and the electron transport protein

(NADH—cytodhrome bS reductase and cyt bs); when iron is lospthe
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activity of the enzyme is lost as well. A possible function of

the reduced iron is to bind oxygen which, after an activation
procéss not well understood, can accept the hydrogens abstrgcted
from the substrate. The postulated roles of these components

in the overall deéaturation process 1s illustrated in Fig. 6. e
Briefly, the reducing equivalents from the electron donors (NAﬁH

or NADPH) are transferred sequentially to cytochrome b5 feductase
then to Cytochrome bc and finally to the terminal desaturase;’

the teduced desaturase in turn reduces molecq%%%,oxygen to water
with a concomitant re-oxidation of the enzyme.& The desaturation
of acfi chains can occur in the form of CoA or ACP thiolesters.

The substrates for Ag—desaturation 0of saturated acids has been

‘shown to be the-acyl-CoA in yeasts (117); seed tissues (118),

bactéria (119), and animal tissue (120,121). 1In contrast,

Foot et al., (122) have suqqested éhat Ag—desaturase in the

psychrophilic bacterlum Mlcrococcus cryophilus may take place
at the level of phOSphOllpldS .

Although the above described aerobic desaturation pathway
is very widespread, higher plants and some algae‘have a distinct
desaturation pathway of their own. For example the pathway of
oleéte biosynthesis was_shown to have myristate as a precursor
and not palmitate and/or stearate even though the latter were

effectively transferred without desaturation to acyl lipids

(123-125). . This anomaly was resolved by Nagai and Bloch

(126) when theyv found that a.soluble pféparation
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from the alga, Euglena gracilis which provides a link between
animal and plant kingdoms, was able to convert stearic to oleic
acid. When the OTganism was grown upder photoautotrophic
conditions, the required substrate was stééroyl-ACP; the CoA
derivative was not a substrate. When the organism was grown in

the dark on an organic medium, the CoA thiolester but not ACP

- -
‘derivative was the substrate. They also showed the existence

of a stearoyl-ACP desaturase in spinach chloroplasts, and more

recently these observations have been extended to include a

- variety of plant tissues (127). Thus the.plant enzyme system

uses stearoyl-ACP as substrate while oleoyl-ACP has Dbeen shown

' to be the product (128-129). In essence, the stearoyl-ACP

desaturase in all plants examined is a soluble protein found
either in the proplastids of the cell or in'the stroﬁg'qf the
chloroplasts, unlike its counterpart in yeasf and animal tissues
in which the substrate is stearoyl-CoA and the enzyme is membrane
bound. The plant stearoyl-ACP desaturase requires the input Bf
two electrons either from NADPH or water (via photosystem I and
II) and oxygen, and 1s iphibited by CN thus resembling the
18:0-CoA desaturase of liver microsomes. The desaturase system
requires three coqponents for activity: an NADPH: ferredoxin
reductase, ferredoxin, and the .terminal desaturase; the overall
scheme 1is summarizeg in Fig. 7.~-The added stearate 6r palmitaté
cannot be converted to the active substrate and were therefore
not available fer desaturation. Since, however they were

available for the synthesis of acyl lipids, esterification to
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A generalized scheme showing the two-compartment

18
fatty acids in the leaf cell or elongation etc. in

system for the synthesis and desaturation of C

the seed cell. For the sake of‘simplicity the
origins of acetyl-CoA and NADPH are not defined,

From P.K. Stumpf, (131).
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organism such as Chlorella which exhibits the plant pathway when

- carboxyl group while correctly locating the C
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their CoA thiolester must have .occurred; a block therefore occurs

during the process of transfer of the acyl chain from CoA to

the enzyme. Nagai and Bloch (126) postulated that the enzymes

which- are lacking could be the CoA-ACP.palmitoyl and stearoyl

transferases. These enzymes are also absené or 1nactive in the
.

growing in a nutrient medium, but when the cells are suspended

in an inorganic medium unde{ 1llumination, the transferdie

%nzymes are either activated or induced, and the direct

desaturation of stearate can take place.

1.1 Specificity of Desaturation

Brett et al., (130) whileN}tudying the conversion of

homologous 14C—labelled saturated
: o y
monoenoic acids by four different systems (microsPmes from |

fatty acids to the corresponding

goat, mammary gland, and hen 1liver, and whole cells of

Torulopsis bombicola and Chlorella vulgéris) suggested the

[

presenée of a widely distributed desaturase systém for 1ong
chain fatty acids capable of binding the substrate at its

. 9-10 at the
active centre of the enzyme. They suggested the presence of a
second Ag-desaturase for shorter chain fatty acids. On the
basis of their results they speculated on the likelyhood of
conformational changgé in both the enzyme and the substrate on
binding ?nd on the course of the. desaturase reaction. A similar

postulate was advanced by Pollard et al., (132) in which they

proposed that the hydrocarbon chain of the substrate was held
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at the active centre of the desaturase enzyme by a deep cleft

of hydrophobic character with dimension of 26 i in length and
4 i in width. Such a model imposed a spatial constraint on the’
acyl chain favoring hyd;ogeq removal at the qg—clo carbons.
Evidence provided by Schroepfer and Bloch fiSS) and confirmed by
Morris (134,135) and Morris et al., (136) showed that the
stereospecificity of the hydrogen removal at one position of
each double boqd was absolute for the D-configuration. The
Morris group (136) proceeded then to establish the overall
sgereochemistry by determining the rélative configuration of

the hydrogens removed, using racemic but geometrically specific

vic-dideuterated substrates, either DL-cis-(or erythro) or.

- DL-trans-(or threo). The conclusion was that the hydrogen atoms

removég;in all these substrates were gf the cis or erythro

configuration. . The stereochemistrjri&%&_ydrogen removal 1is

. X —

identical ‘whether the transformation is from 2 saturated to a
monosaturated acid or from a monounsaturated to a diunsaturated
acid. Consistent with their studies was the conclusion that

desaturation involved a concerted removal of a pair of hydrogen

atoms without the formation of oxygenated intermediates.

S

2. Biosynthesis of Polyenoic Fatty Acids

2.1 General
It 1s generally accepted that bacteria are unable to
synthesize polyunsaturated fatty acids with the exception of a
few bacteria. On the other hand, the biosynthesis of poly-

unsaturated fatty acids takes place in all plants and algae
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by a méchanism involving sequéntial desaturation e.g. 18:1 »
18:2 - 18:3 + 18:4 and chain éiongation, e.g. 18:4 » 20:4. The
poéition of the second double bond is not made at random but.it
is usually spaced from a previous double bond to yield a préduct
with the familiar methylene-interrupted fatty acid. Since the
‘first double bond is usually introdﬁceq in the-middle of the
fatty acid chain, there is room at either end of the molecule
for the introduction of the second double bond. In plants, fatty
acids are usualiy'desaturated between -the existing douﬁle bond
and the methyl end of the molecule; in contrast, in the animal
kingdom, the second or third double bonds are introduced only |
between the pre-existing double bond and the carboxyl ‘end of
the molecule. Thus, the animal kingdom.has lost the ability tp'
desaturate the fatty acid between the existing doubie'bond and \“/\?ﬁ
the methyl end of the molecule.
2.2 Yeasfs'.
Yuan and Bloch t137) were the first ones to study the

biosynthesis of polyunsaturated fatty acid in the yeast

Torulopsis utillis which contains a high proportion of linoleic

acid; fhey observed that [1—14C] oleic acid was rapidly converted

fo linolieic and a-linolenate by Torulopsis utilis cells, and

that it occurred by an oxidative mechanism similar to that of

Ag-desaturation. THe first evidence for Ag

-desaturation by
subcellular fractions was provided by Mayer and Bloch (138).
During the last decade there has been considerable discussion

as to whether 18:1-CoA or 18:1 esterified to PC is the real
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substfate for lB:l'desaturétion. The argument now appears to
be resolving in favor of 18:1-5%, a conclusion that is fully
consistent with the -evidence from in vivo studies. Evidence
reported by Gurr et al., (139) with Chlorella, showed that
Alz—Qesaturation of oleic acid might occur on the phospholipids,
ﬁarticularly with PC,‘as had been previéusly postulated by
Nicﬁols et al., (140). These findings were corroborated by

2
Baker and Lynen (141) EE&};fstudying Al“-desaturases of the

fungus Neurospora crassa. .More direct evidénce was obtained
by Talamo éE al., (142), who found that synthetic 1}2-di-[l4C]-
oleoyi phosphatidylcholine was converted.very rapidly to
dilinoleate-PC in a reaction reiﬁiring both.the particgiate

_ fraction and the supernatant from Torulopsis utilis extracts.

Kates and Paradis (143), in.attempting to explain the

reciprocal changes of 18:1 - 18:2 in Candida lipolytica
suggested that conversion of oleic to linoleic acid in

C. lipolytica might occur by the operation of a desaturase

system- directly on the phospholipids.

To test the possibility of direct desaturation of

-

phospholipids Pugh and Kates (144) incubated either [I4C,
32 Cos 14 32 - .

Pllecithin or [°7C, ““P]phosphatidylethanolamine with yeast
microsomes in a reaction mixture contalning oxygen -and reduced
pyridine nucleotides. These doubly-labelled phospholipids were
obtained from cells of C. lipolytica grown in the presence of

372 14

[14C]acetate and [ “Plorthophosphate and were used as substrates

~
in order to e¢liminate the possibility of hydrolytic breakdown
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of the substrate and/or resynthesis by transacylation. When
[14C] and [SZP]-labelled,lecithin of phOSphatidyléthaQQIamine
were incubated with C. lipolytica microsomes in the presence of
oxygen and reﬁuced_pyridine nucleotides, no breakdown of either
substrate was observed. This was shown by the felatively
constant 14C/32P ratios of the substrates énd_products isolated
from the incubati?n mixture.

Both phospholipids isolated after the incubation,d
however, differed from the reSpeétive substrétes in.th?t they
£fontained increased amounts of linoleic acid, the:proportion 5f
linoleic acid in both phosphelipids increasing by-S-lo%.

The increased amounts of linoleic acid in the products must
have originated from direct desaturation bf the respective
phospholipid substrates.

The alt{rnatiye possibility was that the phospﬁolipids -
used as substrates were first hydrolyzed by a phospholipase |
Az and the fatty acids activafed by a thiokinase. The
résulting CoA ester could in turn have been desaturated by
an acyl-CoA desaturase and the desaturated product used to
resynthesize the phospholipids. This possibility is, howevef,
unlikely foiizgg basic reasons; first no significant release
9f free fatty acids from the phospho;ipids were . observed
ﬁnder the desaturating conditions, and éecond, CoA and ATP -

were not required for lipid desaturation of the phospholipid

as would be expected if a thiokinase was involved at some

T
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intermediary step. THErefore, it cou}d be concluded-from these
studies that a direct desaturation ofgthe membrane-phospholipids
had cccurred. These membrane bound phospholipid and acyl-CoA f)
Vdes;turases both sho#gd the same requirements féf-cytochromé bs "
reductase, cyt bS (laék\?f.co inhibiticn), and the terminal
desaturase (cyanide séggﬁtive) (143}:(Fig. 6). -Recent efidence-
(146) showed that.ﬁicrosomgl membranes prépared from Candida
lipolytica cells grown at 10°C shad a higher‘lipid content and

degree of unsaturation than membranes prepared from 11s grown

at 25°C, paralleling .the Tespective microsomal”desaturase

activity. Regarding the identity of the actual substrate for)

, _ . .
1‘_—desaturase', recent evidence (147,148)

the microsomal A
. suggests that the bulk of newly synthesized: 18:2 occurs via

¢ -
phospholipid (steps A-C) a5 a substrate and to some extent from

acvl-CoA .as substrate (step'A and D), as summarized in scheme II.

It was concluded from these studies that the phospholipid %
desaturase acfivity was‘inversely related to the 18:2/18:1 mole 1
fqtio of the memb;ane'preparation or presumably to the fluidity

of the membrane. (149).. A.simila? conclusion has been rgached

by Skriver and-%h&mpsbﬁ_(lSO) for the"palmitoyl-CoA desaturase

. of Tetrahymena and by ﬁiordan {(151) for the Mg2+-ATPasefb% rat
liver plasma membrane. Thus t;e:activity‘of the membrané baund
phospholipid desaturase system may Be considered as self- ' >

regulating if one assumes maximum interaction gnd/or optimal

conformation of the three proteins, occurring in a membrane of low s
: - g S S ’ . .

N . I 0 3 D - . .

18:2/18:1 ratio or low fluidity (FIgs 8B) and suboptimal interaction



SCHEME 1l

Proposed pathways' for the ‘synthesis of oleic and linoleic

acids in the yeast-Candida lipolytica -microsoma? membranes.

Abbreviations used: PC, phosphatidylcholine; 18:1,-01eate;

18:2, linoleate; taken from Ferrante et al., (147).

{o
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Hypothetical model for self-regulation of
phospholipid desaturase activity by membr

fluidity (147). .

ane ’
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cgpformation occurring in a membrane of high 18:2/18:1 raﬁio
. N y -

or high fluidity (Fig. 8A). -

.

2.3 DPlants

25,1 im vivo Studies

‘< 3¢ [1.14 '

K1net1cs Clacetate 1ncorpoﬂat10n into Jpumpkin

leaf lipids and the subsequent metabolism of fatty acNds bound
to glycerolipids suggested that the phospholipids, main
pﬁosphatidylcholine:(PC), played- an important role in the
mechanism of long chain fatty acid desaturatio?‘in 1éa§es.

In addition it was suggested that the polyunsatﬁrated fatty

acids formed on PC were subsequently transferred to other -

glycerblipids-and gﬁycolip}ds within the cell. Of the
radioactivity incorporated into lipid from [1—C14]acet3tc, PC was
found to contaln the bulk of the label containing oleate and .
llnoleate (152,153) The resulting unsaturated fatty acids of '
PC were subsequently transferred to MGDG (155;156). Recept'
studies have demonstrated high-turgdver rates of the acyl
moieties of PC, PG and‘mGDG in leaves from a number of plant
sbecies labelled with'[14C02]b{154—156)'or [1-14C]acetate (154,
155,157). In,gener%l, there 'is at the earliest labqllﬁng times
a relativély specific ;ssociation of laﬁelléd oleate and
linoleate with PC, of lagelled palmitate witﬁﬁPGl and of &abelled
linoleate é;d linolenate with MGDG. While the rapidly labelled

PC was recovered 1in the microsomal fraction, the labelled PG’

and MGDG were recovered‘predqminatly in the chlordplasf fraction



- 54 -
%
(134). -In intact spinach leaves ‘labelled with [l-lAC]acetate,
a significant transfér of label from oleate of miprosomal PC
to linolenate of chloroplast MGDG occurred on prolonged
incubation (158).. _

It was inferred from éhesé and other studies (156,159)
that PC actéh as a carrier of the DAG backbone for the
synthesis of MGDG.IVSimilar conclusions have now been reached j
in develéping oil'sgeds (159-161) which actively accumulate _ . B

-

TAG. Rogghan iﬂgii;ack have proposed (158) that chloroplastic

— : -
MGDG may Pﬁ/bf dual origin (Fig. 9): (a) aeriv?d from =
di-lS:Z-DQﬁ‘formed from’microsomal di-18:2-PC; (b) der‘ved( :
from chloroplastic 18:1-1ﬁ:0-DA . This mi&rosomal thway,
referred to as the "eukaryotic pathway"; involves first the
desaturation of di-18:1-PC to Qi-lSJZ-PC, then conversion.to
di-18:2-DAG and sgbsequently transferred to the chloroplast
wﬁere it is converted to 18:2-MGDG and desaturated to 18:3-MGD§.
This pathway accounts for the formation of MGDG“molecﬁlar
species containing Clséfatty aciés at both C-1 and C-2 positions
of the glycerol (18/18-species). A similar sequence of
reactions would ac;ount for the formation of minor proportions

of 16/18-molecular species starting from 16/18.

In trast, the’"chloroplastic” or ”prokaryotic.
pathway' involvgs a DAG made by the chloroplast which is
: ) |
! . P .
chgracter zed bx\zii/pxclu51on of_Cl fatty acids from_the
C-2 position while containing 18/16 molecular species with
minor proportions of 16/16 molgcular species. The MGDG from
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FIGURE 9. A model of planf 1lipid metabolism showing the

interdependence of chloroplast (or plastids) and

cytoplasm in the synthesis of typical membrédne
glycerolipids. (Taken from Roughan and Sﬁzik
(158)). Abbreviations: DGG, diacylgalactgéyl-
glycerol; DDG, diacyldigalactosylglycerol;

SL, sulphoquinovosyldiacylglycerol; for other

abbreviation see page XV,

(]
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the prokaryotic pathway resembles the MGDG from the primitive

blue-green algae in its_acyl-positioning (162). In

chloroplasts of 18:3- plants (Asteraceae and Fabaceae) (163)
the 18/18 species represent more than 959 of the total MGDG,

while in 16:3- plants'(AEiaceae and Brassicacea) these

- molecular species account for only 20%. Chloroplﬁsts isolated
from 16:3- plants (163) synthesize 18:1/16:0-MGQG from water
soluble predursors, made in a light-dependent reaction, which
i1s in turn desaturated, in light independeht reaction, to
18:3/16:3;MGDG. These results, demoqstrate that isolated
chloroplasts are autonomous in the bigsynthesis of these

18:5/16:3 acids esterified to MGDG. In contrast chloroplasts

solated from 18:3- plants shoqgg\no significant change in the

§ o~

proportions of these polyenoic acids during the incubation.

However, when 16:3-plants were grown in the presence

- -

of [ldclacetate, followed by the isolation of chloroplast and/ort
thylakoid MGDG, 10-17% of the acyl groups at the C-2 positibn
were found to'be'C-IS fatty acids. These results demonstrate
that the eukaryotlc pathway prov1des the chloroplast with ~
18:2-DAG for synthesis of MGDG molecules which are subsequently,
desaturated at both (3 and‘cz pqsitioﬁs to form 18:3{18:3—MGDG
_-(Fig. 9). Recenfly, it has been reported.(lGS)'that'fhe final
step in desaturatlon of the fatty acid moiety. (18: 2 ~ I8:3)

may .occur dlrectly on MGDG but not on DGDG.

-
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The origin of 16:3 in different 16:3-pléhts may‘be
explained by fhe desaturation of 16:0 to 16:3 at C-2 of MGDG
and the varying proportions in which prokaryotic (i8/16)

MGDG 1is synthesized in chloroplasts of different plants,
depends on the varying degrees of PA synthesis, PA phosphatase
and galactosyltransferase enzyme activitie§>which may be:
present in different 16:3—plénts.

Further developments in the biosynthesis of 18:3 are
discussed in the following section in "in vitro" studies.

-

2.3.2 In vitro Studies

In an early attempt to study the metabolism of

1

[(1- 4C] 18:1-CoA in safflower seed microsomes "in vitro",

7 . -
l'-—desaturase first

Vijay and Stumpf (164) concluded that the &
desaturated 18:1-CoA to 18:2-COA and then the 18:2 was
esterifieé to PC. . Unfortunately, the method used to
differentiate between CoA and .-PC estefified 18:2 was shown to.
be unreliable (166). Later, Stymne and Appelqvist (Eﬁi%'
indeed showed that the reverse was true: 18:{‘Wa§'first
transferred to pﬁos hdlipid and then desaturated by the
Al?-desatUrase. . |

This mechanism ¥f Alz-desaturation was shown to occur

r
~

in other microsome syste‘s such as fungi(168,142), yeast
-(145,147), leaves (1'69)\3& deveroping ‘seed (170‘,171), using
18:1-CoA as substrate. More direct demonstration of{i
phosa?olipid desatura£ion was achieved by the use of exogenous

' ﬁiolebyl-PC added to the assay mixture (170) or By pre-labelling
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membrane phospholipids under nen- desaturatlng conditions
(142,169-171). N

One puzzle arising from these studies is the
observation that only 30-50% of the 18:1-PC in the membrane is
converted to 18:2—BC; if in fact oleoyl-PC was the actual
substrate for the desaturase system, thep a higher
proportion of_éhe oleoyl-PC ﬁight haverbeen expected to be
converted to linoleoyl-PC. One interpretation of this
discreéepancy comgsffrom the suggestion that only oleoyl-PC
"boun&éry” to the-desaturase enzyme 1s actually available
for desatufation arrd that the remaining oleoyl-PC in_the bulk
phase 1s too remote from the enzyme to serve és'substrate.
The 18:1-PC Al -desaturase in plants is membrane bound and
probably restricted to the endoplasmic reticulum (169,172).
The desaturase system nequires NADH and 0, for activity and
the eﬁzymé is inhibited by CN- (171,173) as for the
Ag-desaturasé of liver microsomes (which uses 18:0-CoA as
substrate) or Ag;deséturase of plaht c?lorSﬁlésts whi;h uses
18:0-ACP. |

At present there 1is 11m1ted 1nformat10n on thHe

final hesaturatlon step in plants namely, the conver51on of

Tinoleic acid to w-linolenic geid. In homogenates and in
* 1

" subcellular fractions froem developing soybean bean cotyledons

Stymne et al (167) showed marked differences in the properties

- 2 - . . . - -
of 2. and Als—desaturases indicating that the two systems

\{,f”
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are distinct enzymegl"These authors demonstrated thit the
al2_desaturase resembled other desaturasés in that NADH and

O2 were required and the enzyme was iﬁhibit%d by cyanide.

Other workers (165,174-176) have shown that while linoleoyl-PC
accumulated under in vivo conditions,-very little.linolenoyl-PC

could be detected as product and instead $inolenoyl-MGDG

appeared to be the main product., Further to the in vivo

studies~of'Roughan et al., (158) and their proposal that

‘di-18:2-PC was transferred to the chloroplast via di-18:2-DAG

(Fig..9) an alternative proposal was .forwarded by Jones and
Harwood (léS)(and Yamada and Ohnishi (177) who have demonstrated
that cytoplasﬁﬁc proteins (165) or phospholipid exchange
proteins (177) wer?i;nvolved in the transfer of di-18:2-PC
from microsomes to chlorobﬁast. The di-18:2-PC, transferred
to the chloroplast, is then converted to di-18:2-DAG followed
by its conversion to di-18:2-MGDG. The di-18:2-MGDG is then
desaturated to di-18:3-MGDGsand subsequently converted to
di-18:3-DGDG. This alternative pathway is reinforced bf the
finding by Jones‘and Harwood (181)q£hat the actual substrate
for the Al§-desaturase is MGDG and hot DGDG £165). In ‘
conclusion, this alternative pathway is an 'extension of the
woTk by Rouéhan et 3&.,"(158) in that it accounts for the -

labelling pattern of MGDG observed in vive as well as the

actual substrate for the Al5-desaturase (165).

L

~N
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Plant Cell Cultures

o
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Stearns and Morton (178,179) have examined the capacity
of soybean cell suspemrsion cultures to incorporate [1—14C]
acetate into fatty acids. They observed that the 14C derived

from [1—C14]acetafe was rdpidly incorporated into the y

saturated, monounsaturated diunsaturated and triunsaturated

acyl moieties of phospholipids. Subsequently, Stumpf and

-

. o™
Weber (180) not only confirmed these results but also studied

qgghe uptake and metabolism of [14C]pa1mitate, [14C]stearate,“ '
. -~ . -
~ \ .-
[14C]oleate and [l4cllinoleate as a.function of time. They

N

observed that within minutes after addition to the medium,

considerable portions of the exogeneaus fafty acids entered

R+

the cells and were incorporated mainly into PC and TAG and

to a lesser extent into PE. While the satuqated fatty acids,

[l4c]palmitatc and [I4CJstearate were recovered unmetabolised :

after 5 hours of incubation, the unsaturated fatty acids,-

[14C301eate and to a leésef extent [14C]1inoleate were

desaturated to [14C]linoieatc and [;4C]1inolcate.

respectively. T . S _ .
When soybean cell cpltures were'incubated‘ﬁiih_[}4cl\\%

acetaéé for up to 22 hoﬁrs { 35) rather*high prbpoftié§s7cf

14C were found .in linoleate and linolenate of polar lipids. )

At the earliest time of incubation (16 min), PC.accounted £QF'Ehe -
highest proportion of {%4chlcate acid which decreased to a
low value at 22 hours of incubation. In addition, while

—

[14C]11noleate was low at the earliest incubation time while
. ~
- / n

-‘4
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reaching a maximum aé 2.6 hours and decreasing thereafter,
[14C]1inolenate increased slowl} up to 2.6 hours and then
increased coﬁsiderably between 2.6 hours and 22 hours of 7
incubation. These Tresults were consistent with-the sequential
desaturation of 18:1 - 18:2 + 18:3 and raised the interesting
question concerning flow of 14C through the major lipid
components. It was suggested that the sequential esaturation

of 18:1 might occur directly on PC and that thete was a flow
14

of ~~7C from PC principally to PX (bis-PA) ang MGDG plus
DGDG, suggesting perhaps that PC might act as a donorpof DAG
backbone to the other polar lipids. The alternative pathway
involved the direct sequential desaturation of acyl-CoA
followed by acyl-exchange with éC, mainly, and to a lesser
extent with the cther lipids. ﬁowever, further work was
required to establish the actual pathway of biosynthesis of
polyunsaturated fatty acids unambiguously in soybean cell

suspension cultures.

2.5 Effect of Temperature

It is generally observed that growth of cells at low
temperatures favours an accumulation of polyunsaturated
fatty acids at the expense of the more saturateé fatty acids
(180-182). Twb hypotheses hav? been put forward to explain
this general observation: (1) as suggested several years
ago (163); thé availability of oxygen, which is an obligatory
factor in the mechanism of:desaturation, might influence -

directly the desaturase system; and (2) as proposed more



—

recently'(l49,183), the fluidity of the membrane might
inflqénce inversely the activiéy of the desaturase system
(Fig. 8). The latter hypothetical model advances .a very
interesting self-regulatory ﬁechanism-for“the control of
membrane fluidity. The model proposes that the three proteins,

two electron transporting proteins (cyt. B, reductase and cyt.

5
bs) and the terminal desaturase are optimally oriented only in

a membrane of low fluidity (Fig. 8). In this physical state

-~ —
’ . . .- .
% ~6f the bilayer, a constraint is imposed on the conformational

flexibility of the intergral proteins, as well as a reduced
degree and rate of lateral diffusidn that they can_qndergo
within tﬂégplane of the bilayer. As more polyunsaturated fatty
acids are formed, the lipid chains become moTe fluid due to -
the packing properties of the fatty acids, allowing increased
lateral diffusion of the proteins and thus decreasing their
interaction and hence the desaturase activity (Fig.-8). The‘
system therefore constitutes a self-regulating mechanism,
which shuts itself off when the membggnes becomes too unsaturated
or fluid and turns itself on again when .the fluidity decreases
due to insertion of less unsaturated fatty acids into thé
membrane lip%dsf In this way, an optimal physical state within
the lipid bilayer of the cellular ;embranes would be maintained.

The synthesis of polyunsaturated fatty.acids in plants
'may respond to variations in temperature in several ways.

+

While the synthesis of 18:1 is generally favoured at high

temperatures {184,185) more diverse respoﬁses are found for -
-
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the synthesis of poiyunsaturated fatty acids., For instance;
in the roots of alfafa exposed to frost hardening (186) or
maize ToOts exposed to ¢old treatment (187) a ;tiTulatioh in
the biosynthesis of 18:2 has been observed. A siﬁilar
observation has been reported in fungi (188) blue green _algae
(181), wheat seeldihgs)(18§) and in linseed and soya-bean

cotylédons (190). In fungi (188) the biosynthesis of 18:2

1s sometimes decreased at lower temperatures and in cotyledons

of Pharbitis nil L., (191) the biosynthesis of 18:2 was more

rapidly induced in plants grown at 27°C than those grown at

17°C.

.

However, it has been a general observation that seed oils
Hrbduced by plant;“grown in a warmjclimate have low?r
proportions of polyunsaturated fatty acids than thase grown -
in colder environments (192,193) and vice-versa.

These examples show that the three major unsaturated
fatty acids in plants (oleic, linoleic and linolenic) respond

to temperature in different ways. Thus, the biosynthesis of

. polyunsaturated fatty acids in plants may not be contrclled

by a simple physical factor such as the concentration of

oxygen in the medium or membrane fluidity, as was mentioned

- above.
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VII. Biosynthesis of Hydroxy Fatty Acids

, -

The pathways for the biosynthesis of hydroxy fatty
acids in plants is briefly summarized below: The 2Z-hydroxy-
acids are probably formed in plants by a-oxidation, Two
different processes of a-oxidation have beeﬁ described in
plants (194), one involving a hydrogen peroxide generating
system (195) and a second. system requiring molecular oxygeﬁ
(2). The a-oxidation complex is membrane bound, probably in
the endoplasmic reticulum, and is believed to aci on free
Attty acids. Although the physiologic role of the a-oxidation
system is not fully defined, it is believed to be involved not
only in the formation of 2-hydroxyacids but alsc in the

formation of odd chain fatty acids from even numbered fatty
acid-s (196). =
] A soluble preparation from maturing avocado mesocarp
was found (15) tc be highly active in forming 3-hydroxy fatty
acids of medium chain lenghts (C8 to Clz). Wﬁile CoA, ATP
and oxygen were required by tﬁis hydroxylating system, NADPH
had no effect @hile NAD® or NADH. were highly inhibitory.
Inhibitor studies also revealeé the involvement of thiel and
heavy metals groups as well as Cyt. P-450. The biological
significance of th;s very active hydroxylating system remains
unknown and it has not been reported to act on unsaturated

fatty acids,
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The biosynthesis of ricinoleic acid, 12-hydroxyoleic
acid, has been shown to cccur with oleoyl-CeoA as substrate
t1§7) by a microsomal system requiring molecular oxygen as
well as NADH. No other_apyl—éoA or free fatty acid was
hydroxylated by this system. As CO failed to inhibit-this
hydroxylation, cyt. P-450 is probably not invelved. Studies
with metal chelators suggested the probable invelvement of‘
irdﬁffi the system. -

The w-hydroxylation, which is the first step involved.
in the biosynthesis of hydroxyacids in plant cutin and }**n
suberin, has been shown to occur in microsomes of Vicia faba
at the ievel of free fatty acids requiring NADPH and oxygen
(198). This microsomal system was inhibited by the classic -

mixed function oxidase inhibitors such as metal ion chelators,

azide and thiol directed reagents (198}. The involvement of

cyt P-450 was suggested on the basis of the extreme sensitivity

of the w-hydroxylase to carbon monoxide.

The mi@chgin (CS—CIO) hydroxylation, for the formation
of dihydroxyacid components of cutin or suberin, also occurs
by a microsomal mixed function oxidase £199) requiring NADPH
and oXygen. This midchain hydroxylase is also inhibited by
heavy metal chelators, azide and thiol directed reagents (199).
Carbon monoxide. inhibited "this midchain hydroxylation and,
unlike the w-hydroxylase, the inhibition was reversed by light-
at 420-460inﬁ. Therefore, a typical cyt P-450 appears to be

involved in this hydroxylation.

\ -
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vThese few examples suggest that plants have different
mechanisms for the biosynthesis of hydroxyacids -and that the

type of hydroxylating system observed (CO sensitive or

insensitive), may depend on the tissue studied.

The mechanism of hydroxylation has also been demonstrated
/ . N , ' ) - -
in many other systems such as slime mold (15) (see section

A Il.c), Baétefia [166), beeswax (201) yeast (202,203) a&nd

- L

animal systems (204).
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VIII. Bilosynthesis of Phospholipids

1Y

The enzymatic steps of phospholipid biosynthesis in plants
and the subcellular location of these steps is summarized in
'Fi"g_'.- 10.

The biosynthesis of PA, a key intermediate in the
biosyﬂ%hesis of phospholipids may occur in the endoplasmic
reticulum, mitochondria and plastids by the direct acylation
of glycerol-3-phosphate (265) (Fig.MIOJ. Aﬁ alternative pathway
which inv%lves the direct phosphorflation of DG by a mitochondrial
peanut kinase enzyme has been reported but Mazelis aﬁd Stumpf
(206) but its contribution may be negligeable when compared to
~the acylation of‘glycerol-S-phosphate. Subsequently PA can be
either hydr9iy§ed to-DG by PA-phosphatase (207) or can form
CDP-diglyceride through the action of a cell-free CTP—phosEhatidid -
acid cydidyl transferase enzyme (208). These latter intermediates,
DG and CDP-diglycerides, .are in turn utilized in the biosynthesis
of the other phospholipids through the respective CDP-nitrogenous
base or CDP-diglyceride pathway.

There are two major pathways for the biosynthesis of
~phosphatidylcholine (PC) in plants, the first inyolving DAG and
CDP-choline catalysed by a microsomal CDP-choline: diglyceride
phosphotransferase (209,210), referred to as the "nucleotide
pathway'", and the second mechanisnm involving the methylation of
phosphatidylethanolamine (PE) with S-adenosyl-methionine

(211,212). About 1-2% of PC synthesis by methylation (213)

has also been reported associated with the inner mitochondrial
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FIGURE 10. Pathways of phospholipidﬁbiosynthé;is and their

subcellular location in plants (214).

v,

o
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membranes.

Phosphatidylethanolamine (PE)} can be synthesized in
microsomes by either the nucleotfde pathway (211,212) involving
CDP-ethanolamine and DG cataiysed by CDP-ethanolamine:
digliceride phosphotransferase.or by the decarboxylation of
phbsphatidylserine (211,212) &ataiysed by PS-détarboxylgse
enzyme. _

The biosynthesis of phosphatidylserine tPS) and
phoisphatidylinositol (PI) in plants occurs only by the CDP-DG
pathway using serine for PI synthesis or inositol for the
synthesis of PS catalyse§ by their respective phosphatidyl-
transferase enzyme. The enzyme activities involved in the
synthesis of PC, PE, PI and PS thus appear to bg associated
with the microsomal membranes (215). k

The biosynthesis of PG in plants also occurs in microsomes
by a reaction bf CDP-DG with sn-glycerol-3-P with ‘the intermediate
formation of phosphétidyl glycerophosphate (PGP) which 1is
dephosph;rylated to PG (205). A major portion (50%) of the
enzyme activity for the pathway of PA to.PG has alsc been
found associated with the“inner mitochgh&rial heﬁbréﬁe (216)

(see Fig. 10).
The biosynthesis of cardiolipin (CL) has been demonstrated

in E. coli to occur by a pathway involving two PG (217,218)

while in animals the biosynthesis of CL occurs by a pathway
involving PG plus CDP-DG (219,220). The latter pathway,

expected for eukaryotes has not yet been satisfactorily demonstrated
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in plants.

Since all the major enzymes involved in the blosynthe51s

: ”

of polar 11p1ds are localized in the endoplasmlc retlculum (2 1)

the 1nterest1ng question is how are the lipids transported to

the organelles where they play major functional and/or structural
roleg. For instance, while PC is synthesizeé in the endoplasmic
reticuium, it 1s also found in the outer envelope of the
chloroplast membrane. Two mechanisms are envisaged for the

movement or redistribution of lipids (222), one involving soluble

phospholipid exchange proteins and the second is the

“ hypothesis that proplastids and promitochondria derive directly

from the endoplasmic reticulum.
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IX. Aim of the Present Research

Previous in vivo studies havé\demonstrated that oleic and
linoleic acid can be desaturated to the respective linoleic and
linolenic acids and {%at this procéss of desaturation may occur
at the level of phospholipids 5nd glycolipids resﬁectively (35).
In the available literafure, there are only two publications

(97,98) which describe the ég novo biosynthesis of fatty acids in

proplastids 1isolated from heterotrophic soybean cell

suspension-cultures.

Ly

The aim of the present ssudy therefore, was first to
demonstrate desaturation of 18:1 - 18:2 and 18:3 and then to study
the mechanism of desaturation in éubéellular fractions of
soybeaﬁ cell suspension cultures. Additionally, our aim was
to establish whether the acyl-CoA or the phospholipid or bothL

N ,
were actual substrates for the desaturase system. During the
course of these studies it was found unexpectedly, that the
major products of metabolism.of 18:1 or 18:2-CoA were hydroxy
fatty acids. Therefore the identity of thesérproducts as well
as the properties of the enzyme system for their formation‘was

investigated.

s
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' MATERIALS AND METHODS . —
. . y -
B. Materials ~ £ Ct

I. Cultures

The soybean cell susﬁension culture was that of Glycine
max (L) Merr., strain M.b. The suspension culture was.initiated
from callus cultures kindly donated.by Agriculture Canada and
maintained on solia B5 medium Fontaining 2,4-dichlorophenoxyacetic
acid as the only phytOhormoﬁe (see Section C.I.a.). - )

II. Chemicals

All solvents were distilled before use. All other chemicals
were of ”réagent grade" quality unless otherwise specified.
NADPH, NADH, CoA, ATP, Triton X-100, EDTA, cold oleoyl-CoA and
linoleoyl-CoA, cytochroﬁe ¢ (Type III)? 9- and 12-hydroxystearic
methyl estefs, p-iodonitrotetrazolium vielet (INT), 1,
10-Phenanthroline, Phenazine methosulfate, Ferredoxin (Type III),
Antimycin A, heptadecanoic acid methyl ester, oleic acid
(cis-9-Octadecenoic acid), linoleic acid (all cis 9, 12-Octadeca-
dienoic acid), linolenic acid (all €is 9,12,15-octadecatrienoic
acid), nonanoic acid (pelargonic acid), azelaic acid (1,7-
_heptanedicarboxylic acid), pimelic acid, suberic acid,‘;uctinic
acid, and succinic acid disodium salt were purchased from Sigma
Chemical Co., St. Louis, Mo. [1-14C]oleoy1—CoA was synthesized
as described for [1-'*C]1inoleoyl-CoA in Section C.XI.b. or

purchased from Amersham.Corporation (Oakville, Ontario, Canada)

and the specific activity was adjuste& to known values by addition

o -

C
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of unlabelled material.

Atebrine -ZHC1 (Quinacrine); SAN 6706%4—chloro—§—
(dimethylamino-z—(a,a,a-trifluoro-m—tolyl)—3(ZHj—pyridazinone]
and SAN 9785 [4-chloro-5-(dimethylamino)-2-phenyl-3(2H)-pyrida-
zinone]; Destun (1,1,l1-trifluocro-4'(phenylsulfonyl)-methansulfo-
o-toluidine); 'and hydroxyacids were gifts of Sferling-Wintrhrdp
Res. Inst., C. Willemot (Agriculture Canada, Ste-Foy, Canada),‘
L.R.G: Valadon (University of London, Dept. of Botany, England)
and A.P. Tulloch (National Research Council of Canada,

Séskatoon, Sask.) respectively.

C. - Methods

I. Growth of Soybean Cells

a) Growth Medium

- The medium used for the growth of the sovbean cells
was the mineral salt medium of Murashige and Skoog (77) using
the vitamins and hormone supplements described by Gamborg (76)
as given in Table 6. Solid BS medium, used for the propagation

_of callus cultures, contained 6-8 grams .of agar per liter of 8%
Tiguid medium. . -

o b) Culture of cells

For the growthboflsubcultgges; sections of callus
cultutes, which had been grown for about 35 days in the dark on
solid BS5 medium, were transferred aseptically in a laminar flow
cabinet to T?S ml Erlenmyer fyasks each containing 40 ml of fresh

. L) o i
B5 liquid medium and incubated ofh a G24 environmental incubator

e PRI TR S Y Y. / |
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TABLE 6

Composition of Mineral Salt Media for Plant Tissue

and Cell Culture

Macronutrient mg/1

NH,NO . ~ 1650
3, )
KNO . - 1900
D .
CaCl,-2H,0 440
MgS0, - 7H,0 370
| KH,PO, 170

Micronutrient mg/1

KI 0.83
- HSB_OS 6.20
MnSO, - 4H,0 22,30
ZnS0, - 7H,0 8.60
| Na,Mo0,-ZH,0 | 0.25 -
-7 CuS0,-5H,0 0.025
€oCl,-6H,0 0.025
Na,-EDTA : 37.3
' FeS0, - 7H,0 27.8
Sucrose 40000

pH ' 5.7
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shaker (New Brunswick Scientific Co., Edison N.J., U.S.Al)

rotating at 175 rpm under continuous illumination and af a

temperature of 28-29°C. Good growth was usually established in

3-4 weeks; 5.0 ml of this subculturé was used.to initiate

growth of soybean cell-suspension cultures as described above.

These cultures were subcultured every 7 days. Electron

micrographs of typical soybean cells, grown as described above,

are shown in Fig. 11: (A) a youné'sﬁybean cell in the process of

division showing a large vacuole with a small number of organelles;

(B) an older soybgan cell showing a mucﬁ smallér vacuole with a

large number of plastids and pitochondria; A clearer and |

hiéher magnification of these organelles is shown in Fig. 12.
For "the study of the effect of light oﬂ desaturase, .

hydroxylase activities and.fatty acid composition (seec section

D.II.l.d.):‘while one batch of cells was grown under continuous

illﬁmination, as described above, a second batch was grown in

complete darkness. The basic difference between the two types

of cells, dark grown and light grown, was in-the lack of pigments

formed with cells grown in the absence of light.

¢) Harvesting of Cells

Unless specified, cells.were harvegted after 7 days
-of growth by suction filtration at room temperature in a Buchner
funnel containing two layers of miracloth (Calbiochem-Boehring
Corp.; Lajolla, Clif.) weighed and quickly transferred in the
cold room {4°C) for breakage in a precooled moftar and pestle.

The yield of wet cells per 40 ml of culture was between 7-8 g.




FIGURE 11.

Electron micrograph of typical soybean cells grown
for seven days at 29°C as described in section C.
A, young soybean cell (X 3,192); B, older soybean
cell {X 3,500). N, nucleus; Nu, nucleolus; P,
proplastids; M, mitochondria; CW, cell wall; CM,
cell memErane; TM, tonoplast membrane; Ve, vesicles
which may comprise a large part of band E on sucrose
gradient (see Fig. 14); G, golgi apparatus;

V, vacuole.






FIGURE 12. Electron micrograph of a soybean cell showing the
major organelles; P, proplastids; M, mitochondria;

ER, endoplasmic reticulum; V, vacuole (X 7,000).






II. Preparation of Cell Free Extract and Subcellular Fractions

The cell free extracts were prepared as follows: The
harvested cells were suspended in 2 volumes of homogenizing
medium (Table 7) aﬁd carefully disrupted for 2 min. to ensure
the isolation of intact organelles. The homogenate was
filtered through 8 léyers of gauze and the procedure was
repeated 2 more times. Details for the isolation of subceliular
organelles from the combined filtrates are given in the flow
sheet (fig. 13).

I1I. Sucrose-Gradient Separation

Sucrose-gradient separations were necessary for the

study of the intracellular localization of the oleoyl-CoA

ey -

desaturase enzyme. The crude 3,000 X g pellets (pellet I and

~

-

pellet II) were suspended in a small volume of suspending
medium and layered on a discontinuous sucrose gradient* and

the tubes centrifuged.at 45,000 x g for 2 hours in the SW 28
head of Beckﬁan model L2-65B ultracentrifuge. At the end of
this time, the centrifuge was allowed to decelerate without the
application of the brake. 1.0 ml fractions were congcted.with
a Beckman Fraction Collector System folLoﬁed by pooliﬁg those
fractions corresponding to each clearly visible band (see Fig.

14). These sugar containing bands were diluted considerably

*Each Ultra-clear (25 x 89 mm) centrifuge tube (Beckman
Instruments, Inc.) contained -5.0 ml eadh of 2.0 M (bottom)

1.75 M, 1.50 M, 1.0 M, 0.75 M (Top) sucrose solutions.

-
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. FIGURE 135,

CELL FRACTIONATION PROCEDURE

Soybean cultured cells (7 day cultures)

. hcmogeni:oda in mortar; filtered
through cheese-cloth

: L J
Total homogenate

270.x g, 5 min

r
~  cell debzris supernatant
3,000x5, 10 min

e — ]
EE . “"proplastid” pellet I supc:natant
- 000 xg, 10 min

"proplastid” pellet II superImatant

20,000 x5, 15 min

“mitochondzial® pellet supernatant
—
150,000 xg, 2 hr
_ L
"microscmal” pellet . high speed
supernatant

Pellets I + II b
in suspending medium™,

spin at 3000 xg, 1S min

|
Pellet supernatant (300 xg)
-]

in susp. med.
spin at 700 xg, 3 min.

1
"proplastigd”

T
starch + debris
fraction

Pellet

a, : s ‘
Homogenizing medium:

Phosphate buffer (pE 7.2) 10 mM,
EDTA ImM, BSA 0.1% and PVP Q.l%.

b L. .
buffer (pH 8) 40 mM, sorbitol 330 mM, MgCl, 1lmM,

sorbitol 330 mM, MgCl, lmM, KCl 10 =,
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TABLE 7

COMPOSITION OF MEDIA USED IN CELL FRACTIONATION

Compound Homogenization Suspending Medium
Medium (mM) (mM)

Tricine pH 8.0 L 50
Phosphate

Buffer pH 7.2 10 -
Sorbitol 330 330
Mg C1, 1 1
KC1 10 10
EDTA 1 -
PVP s -
BSA 018 -

S
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FIGURE 14. Typicallgeparation of.crude proplastids (see Fig. 13)
on sucrose gradient prepared as. described in section
C,III. Pellet A, containing mostly starch; Bapd B,
peroxisomes; Band C, proplastids; Band D, mitochondria;
Band E, vesicles derived from tonoplast and plasma
membranes. For identification see electron micrographs

and marker enzvme activities 1n section D,II.1.
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with cold suspending medium and the organelle suspensions
'were then centrigued a{‘Z0,000 x g for 15 min. at 4°C in the
SSSQ head of Sorval RC-5B centrifuge. The individual
'éellets, A - E, obtained were finally suspended in a small
volume of suspending medium and assayed for protein content |
§311), marker enzymes (see section C.V. and XIII) and oleoyl-
CoA desaturase activities.,

e

IV. Assay of Desaturase Activitvy and Hydroxy Fatty Acid

Formation

The oleoyl-CoA and linoleoyl-CoA desaturase activities of
proplastids or microsomes prepared from soybean cell suspension
cultures were determined in a reaction mixture (1.0 ml)
containing 100 mM Tricine buffer (pH 8.0), 200 uM NADPH:

40 mM’MgClZ; 40 mM ATP, 0.1 mM coenzyme A and eifier 100 uM
oleoyl-CoA or 30 uM of linoleoyl-CoA w%&h 0.2 mg enzyme E
protein. The incubation was carried out at 29°C for 30 min
for oleoyl-CoA or one hour for linoleovyl-CoA, in 15 ml N
unstoppered tubes with shaking at 120 rpm.

Reactions were terminated by adding 0.2 ml of 20%
methanolic KOH, followed by heating at 500 for an hour. The
mixtures were subsequently acidified with 0.5 ml of conc. HC1;
0.5 ml water, 1.8 ml of methanol and 2.0 ml chloroform- were
added to form a biphasic_systeﬁ. The mixture was vortexed and
centrifuged at 2,000 x g for i—Z min. The lower chloroform

phase, containing the free fatty acids was removed with a
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Pasteur pipette into a clean 15 ml glass stoppered éentrifuge
tube. The upper methanol-water phase was washed with chloroform
{2.0 ml) 3 to 4 times. The chloroform extracts were combined
1n 20 ml screw-capped test tubes and concentrated under a
stream of NZ’ with additioﬁ of benzene to remove any water; to
the residue was added 2.0 ml of 2.5% of methanolic HCl and the
mixture was heated under reflux for one hour at 70°C. After
cooling, 0.2 ml of water was added and the fatty acid methyl
esters (FAME) were extracted with 3 to 4 portions of 2.0 ml

of petroleum ether. The combined petroléum ether extracts were
brought to dryness in a 15 ml glass stoppered centrifuge tubes
under a stream of N,, using benzene to remove traces of water,
and the residués were dissolved in 100 pl of chloroform. The
fatty acid methyl esters obtained were analysed either
according to their degree of unsaturation on 10% AgNO3
impregnéted silica gel G (0.5 mm thick) plates together with
authentic standards, (18:0, 18:1, 18:2, 18:3 acids), in the
solvent system chloroform-ethanol (200:5 v/v) or g} radio-gas
chromatography as outlined in Section C.VIV. The specific
activity of the desaturase was expressed as nmoles (or umoles)
of product formed per min. or per hour (linoleoyl-CoA) per mg |
of either proplastic or microsqyal protein.

V. Marker Enzyme Activities

a) . Succinate Dehydrogenase Assay

Succinate dehydrogenase activity was measured as

described by J.W. Porteous and B. Clark (223) in a system
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-~ ,
(final vol, 1.0¢¥ml) containing; potassium phosphate (pH 7.4)

~ ! .
50 mM: 2-(p- Iodophenyl)-s-{p-S-Nitrbphenyl)-S-phenyl-tetrazolium
F. J

(‘\

<hydrochloride (INT) 0.1%; sodium sucqlnate, 50 mM; sucrose,

. 25 mM; and_EDTA, 2 mM.. The mixture? was incubated at 0°C for

.30 min. The reaction was 1n1t1ated by addition of zbout 0.2 mg
of protein followed by further incubation at 37°9C for 15 min.
Assays were dgne in duplicate in 15 ml centrifuge tubes. The
reactlon was stopped by addition of 1.0 ml of 10% tr1chloro—
acetic acid. Vote that trlcﬂlo;oacetlc acid was added prior

to the:prétein for the zero-time blanks. The formazan or
reduced INT was extracteé with 4.0 ml of ethyllacetate and its
absorbance measured at 490 nm (e, 20.1 x 103 cmz/mole).
Specific activity was exXpressed as umolgs of INT reduced per
min per milligram of protein. - - §

S |

The method of assay for catalase is that described by

b} Catalase Assay

Hugo Aebi (224), involving the measurement of HZOZ decompositicn
at 240 mm (5240y4 0 cmz/umole). The following were added to

3.0 ml (1 c¢m path) spectrophotometer cuvette; phosphate buffer
(pH 7.0), 50 mM; and protein. The reaction Q:s initiated by
addition of 1.0 ml of 102 uM H,0, into the sample cuvette and
the decrease in absorbance was measured with a:recorder for
several minutes against a blank cagmaining buffer alone.
Specific activity was expressed as nanomoles of H202 removed

per minute per milligram of protein. ' : -
~ !

<

R h_'.;.d
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¢) ~UDP-Gal Transferase

The UDP-6al transferase assay (51) was carried out in
a reaction mixture (1.0 ml) containing the following: phosphate
buffer (p;\;tS), 100 mM;-UDP—Gal, 83.6 nmoles; MgCl,, 10 mM;
-and diglycer;de, 90 nmoles., The reaction was started by
addition of 0.5 mg of protein followed Sy incubation at 30°C

for 1 hour with gentle shaking. The reaction was stopped by

addition of methanolFChloroform_(Z:l v/v} followed by extraction |

of the lipids according to the method of Bligh and Dyer (225}.
The 14C activity in the total lipids was counted in a liquid
scintillaticn counter as described iﬁ section C.XI.c and the
dpm converted to nmoles of"[14C3—ga1actose incorporated per
millig}am of protein per hour.

VI. Procedure for Electron.Micqbscopy

The pellets of cell fractions prepared as described in
section C.II, Fig. 14, wefe fixed overnight with 6%
glutazaldehyde at 4°C. The gluteraldehyde was ca%efully
removed with a Pasteur pipette and the pellets were washed
2 times with 3-5 ml of 0.1 M phosphate-buffer (pH 7.2) for
1.5 hours total. The pellets were post-fixed in 2% 0s0, for
4 hours at 4°C, then rinsed twice with phosphate buffer for
5 min. each time. The peliets were then subjected to a serial
dehydratien in 30%, 50%, 70% and -100% ethyl alcohol for 15 min.
in each step. While the first three dehydrations were
performed at 4°C thé dehydration %ith 100% alcohol was done

at room temperature. The alcohol was decanted and further

v
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removed from the sample by addition and removal of propylene
oxide followed by a mixture of Araldite-propylene oxide (1:1).
The embedding material* was aéded to the sample and left
overnight on a rotary shaker. The following day, the embedding
material was gently decanted and replaced with fresh

embedding material and left standing for an additional 1-2Z hour.
Fresh embedding material was added in a gelatin capsule
followed by the addition of tlte pellet and kept first at 40°C
for 6 hours then at 65°C for 72 hours. Samples were sectioned
with a Reichert Ultramicrotome ahd the sections placed on a

300 mesh copper grid, stained first with uranyl acetate
(saturated solution), then with lead citrate (Reinold stain).
The sections were viewed with a Siemens 101 and/or Philipps

300 Electron Microscope. Fixing, staining, sectioning and
viewing of phe sample~was carried out by Mr. Philip Chﬁw-Chogg,
" in the Department of Anatomy, University of Ottawa.

VII, Procedure for. Hydrogenation

a

A chloroform solution of the lipid sample (1-10 mg) was
transferred to a 15 ml centrifuge tube, and brought to dryness
under a stream of N,. The residue was dissolved in 1.0 ml of

methanol and about 5 mg of platinum oxide catalyst was added. .

*Embedding material (EPON-ARALDITE mixture) containing the
following: DDSA, 30 gm; Araldite, 11.1 gm; and EPON 812,
15.5 gm; The ingredients were thoroughly mixed, followed by

the addition of DMP-30 (1.4 ml) and mixing again.
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Hydrogen gas was bubbled through the mixture for 15-30 min.
at room temperature. On completion of thg\reaction, nitrogen
was briefly bubbled through the mixture toh}emove excess
hydrogen, and the catalyst was centrifuged down at 2,000 x g
for 1 min. The methanol supernatant was transferred to a
clean 15 ml centrifuge tube and the platinum residue washed
3 more times with methanol. The cpmbined methanol solutioh

‘. was evaporated to dryness under a stream of N2 and the residue

dissolved in chloroform. (100 ul).

VIII. Procedure for Methylation

A solution of the hydrogenated 1lipid {1-10 mg) was
traﬂsferred to a 50 ml round bottom flask and the solvent
removed in vacuo on a rotary evaporator. To the residue wagl

~added 4.0 ml of metﬁyl jodide and 100 mg of silver oxjde and
the mixture was heated under reflux for 5 hours. On completion
of the reaction, the mixture was transferred quantitatively
into a 15 ml centrifuge tube using two or three 2.0 ml portions
of ethyl ether each time to rinse the flask. The silver salts
were centrifuge down at 2,000 x g for 1 min. and the supernatant
transferred to a clean tube. The salts were rinsed twice more
with 1.0 ml portions of ethyl ether. The combined ether
solutions were concentrated under NZ’ with addition of benzene,
and the residue was dissolved in chloroform (100 pl).

IX. Analysis of Fatty Acids by Gas-Liquid Chromatography

Fatty acid methyl esters (FAME) were prepared as

described in Section C.IV and analysed by GLC on a column,
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ZQ‘m x 4 mm, of 10% SP-2330 on 100/120 chromosorb W AW or 5%
0V-17 on chromosorb ﬁ, AW-DMCS 100/120. The inlet carrier gas
.(Nz) pressure‘was set at 0.7 Kg/cmz, corresponding to a flow
rdte of about 30-40 ml/min. The gases fed to the detector

were hydrogen (HZ) (1.0 Kg/cmz) and compressed air (0.7 Kg/cmzj.
The electrometer attenuation. was set as required. Peak areas

were measured by the retention time X peak height method of

Carroll (226).

X. Periodate-permanganate Oxi@ation of Fatty Acids

This procedure was employed to determine the position of
the ethylenic bonds in the fatty acids By oxidative cleavage
with periodate—permanganéte followed by the analvsis of'the
cleavage producﬁs by GLC (227).

Each reaction,mixthre’contained the following per mole of

double bond: 1.0 ml of oxidation solution (20.86 g Nal0, + 395 mg

4
KMnO4 per liter), 1.0 ml of NaZCO3 (2.5 mgj, 1.0 ml of
t—Butanql, and 1.0 mg of fatty acid. The reaction was carried
out at room temperéture in a 100 ml round bottom flask for one
~hour witﬁ stiring. On completion of the reaction, solid
sodium metabisulfide was added until the permanganatelieieﬁ%
disappearéd, followed by the addition pf 1.0 ml of IN NaOH.
Thé t-butanol was removed in vacué and the remaining mixture
was transferred into a 15.ml centrifuge tube and-acidified
with 6N H2504; The products of oxidation were extracted with

4 portions of ethyl ether. The ethyl ether extracts were

combined - into a.-methanolysis tube and subjected to methanolysis



- 89 -

as described in Section C.IV. The methylated products were
analysed by GLC at 90°C for monocarboxylic acids and 170°C for
dicarboxylic acids along with authentic standards and oxidation
products from standard fatty acids. The principal products

included azelaic acid, nonanoic¢ acid, and adipic acid, while C3

. (malonate) generated fromthe oxjdatioﬁ of 18:2 and 18:3, was

not recqvered due to its oxidative decomposition. It is also
known that malonate is susceptible to decomposition during GLC
analysis and has a low relative molar response in the flame
ionization detector (228).

XI. Radioisotopic Procedures —_5\\\\\’/

a) Labelled Compounds

[1-14C]oleic acid (50 mCi/mmole) and [1-14C]1in01eiq
acid (50 mCi/mmole) were purchased from Amersham Corporation.

[1—14C]oleoy1-CoA was e¥ther obtained from Amersham Co. or

synthesized as [1- teoyl-CoA as described below.

b) Preparation of [1-C14]1inoleoy1-CoA or [1-C14]oleoy1-

CoA Substrates

The acyl-CoA esters of [1-C14]oleic or [1-C14]linoleic
acids Qere synthesized by the method of Sanchez et al., (229)
with modifications as follows: The anhydride of the [l—C14]
oleic or [1—C14]1inoleic acid (40 pmoles) was prepared in 15 ml

centrifuge tubes by adding 0.5 ml of nethylene chloride and

triethylamine (40 umoles), which had been dried over NaOH pellets.

The reaction was left at room temperature for 30 min. After

cooling to 0°C (on ice), 40 umoles of ethylchloroformate was
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added and the mixture was left for two hours at 0°C. The
methylene chloride was removed under a gentle stream of N, and
the residue was washed 3 times with 0.5 - 1.0 ml tetrahydrofuran.
The combined tetrahydrofuran washings were transferred into a
clean 15 ml tube and the tetrahydrofuran was removed under a
stream of Nz; 2.0 ml of p-dioxane was added followed by 4.6 ml
of 1M KHCO3 containing 40 umoles of CoASH. The tﬁbe was
flushed with N,, sealed and incubated at- room, temperature
(25-30°C) in the dark; with gentle shaking fo; 90 min. The ﬁH
was then decreased to about 1 by dropwise addition of 2N HCI.
The precipitate was collected by Sentrifugation at 2,000 x g
for 2 min. and the pellet washed 5 times with 2.0 ml of
diethyl ether and 3 times with 1.0 ml of 0.1 M HCI. _The
remaining pellet (acyl-CoA) was taken up in a known volume of
0.1 M acetate buffer pH 6.0. The concentration of acyl-CoA
wﬁs determined by measuring the absorbance at 232 nm assuming

1

€535 (230) and by quantitative GLC of the fatty

of 15.4 mM~
acid ester.prepared from acyl-CoA by transmethylation with
2,0 ml of sodium methoxide solution for 15 min., at 25°C. The
FAME were extracted with petroleum ether, dried under N, and
chromatographed as described in section C.IV and IX.

c) Measurement of Radioactivity

Solutions of 14C lipid in chloroform were counted by
liquid scintillation in 10 ml of a mixturc of 0.3 g of POPOP,
55.0 g of PPO, 130 ml of CHSOH, 100/mI~of solubilizer

(Bio-solv, Beckman) and 770 ml of toluene (J.T. Baker Chem. Co.,
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Phillipsburg, N.J.); the instrument used was a LKB Rackbeta
liquid scintillation counter (Wallac Oy., Turku Finland).
Quenching was corrected by the external standard ratio (ERS)

method using a series of Amersham-Searle standards containing

equal amounts of 14C toluene (2.03 x 105 dpm) with different

amounts of the quenching agent, chloroform. The quench curve

correction was programmed in the counter and the final counts

given in dpm. Each sample was counted to 1% or less

statistical error. 14C spots on 10% AgNO3 impregnated TLC

plates were visualized by autoradiography as described below -
and were scraped directly into scintillation. fluid prepared

without the solubilizer and counted as described Prgviously

-

(147).

d) Autoradiography
14

<

C-labelled 1lipid spots on TLC plates were detected by
exposing the chromatograms to 2 sheet of Kodak Blue Brand X-ray
film for a suitable period of time depending on the 14C
activity of the labelled spot; 4 dafs for 1,000 dpm per spot
on the TLC plates. '

The film was developed and fixed by standard

photographic procedure.

¢) Radio-Gas Liquid Chromatography

" Fatty acid meéhyl esters (FAME) were prepared as
described in Section C.IV and analyzed by Radio-GLC, in a
2mx 4 mm column of 10% butanediol succinate poiyester on

chromosorb W(AW-DMCS, 60-80 mesh), aﬁ 185°C with argon as the
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2

carrier gas inlet pressure (20 Kg/c¢m™). The effluent gas was
split into two streams, one half passing to a flame ionization
detector (Pye Unicam, GLC), the other half.passing through a

tube containing;CuO heated in a furnace at 700°C; the 14CO,

gormed.fTOm the [14C]1abe11ed peaks was then assayed by
measurement of radioactivity in a proportional gas-flow counter
(ESI Nuclegr Radio Qas Chromatography detector). The flow

rate through the radio-counter.was set at 20 ml/min. The mass

and the distfibution of radioactivity were recorded simultaneously
with a two-pen recorder (linear Instrument Corporation). The
radioactivity of each peak was quantitated using a known amount/

counts of [14C]palmitate as internal standard.,

XII. Gas Ligggg Chromatography-Mass Spectrometry

The products of 18:1-CoA and 18:2-CoA desaturase‘
activities were methylated and separated on 106 AgﬁOS:SOZ
plates as described in Section C.IV and XIV.b. The components
were scraped, eluted from the silica gel and rerun on washed
precoated glass plates (silica gel, ZSO/Em; J.T. Baker, Chem,
Co.,) in the solvent system petroleum e?ﬁg??ﬂgzhyl-ether: acetic
acid (70:30:1 v/v). The bands corresponding to 18:1, 18:2,
18:5, B, C, and H ere carefully scraped, eluted from the silica
gel witﬁ Cgtls-CHSOH and the eluates made to a known volume.

All esters weré introduced in%o a mass spectrometer
through a Dani Model 3800 gas chromatograph with a temperature
programmer set at 200°C and designed to increase at a rate of

10°C/min. The gas chromatography was used with a 6 ft x 6 mm
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glass column packed with 6% QV-17 on chromosérﬁ W-HP. The

column effluent was detected by a mass spectrometer (VG-7070E ,

Mass ‘Spectrometer equipped with a digital RL0O2 data system'and

printonix printer). Compon?nts in the effluent arriving at the

mass spectrometer were detected by a total ionization monitor

and mass spectra were taken at the apices of thé peaks. The

temperature at the ion source was set at 200°C and the ionization

voltage at 70 EV with a source pressure of about 10-7 Torr.
Hydroxyl groups were silylated with trimethylsilane

(Chromatographic Specidlties Ltd.} in pyridine.

XIII. Analytical Procedures

1. Protein was measured by the procedure of Lowry

et al., (231);

[~
»

Acyl-CoA analysis was performed according to the
spectrophotometric procedure of Peterson and
Bloch (230).

XIV. Chromategraphy

a) Analytical TLC

Was carried out on 20 x 20 cm plafes coated with
0.5 mm layer of silica gel G (E. Merck AG/Brinkmann), for non-
polar and polar lipids, respectifely. Samples were spotted
under nitrogen on plétes previously activated for 1 hour at

120°C. The solvent systems used for the development of the

chromatograms were -as follows:



1. Petroleum-ether:ethyl ether:acetic acid (70:30:1 v/v)
for neutral lipids;

2. Chloroform-ethanol (100:2.5 vol.) for argentation TLC;

5. Two dimentional TLC was performed in chloroform-
methanol-acetone-diethylamine-water (120:35537.5:5:6:4.5
v/v) in the first dimension and chlorofor?:?gthanol-
con¢. ammonium hydroxide (65:25:5 v/v) in Whe second
dimension,

Following the development of the chromatogram, spots.
were located either by autoradiography or by spraying the plate
with the following general reagents:

1. Iodine;
2. 40% sulphuric acid in ethanol foliowing by charring

the plate;

(#23]
.

',7'-dichlorofluorescein and visualization under
u.v, light;

b) Silver Nitrate Impregnated Plates

Silver nitrate (3 g), silica gel G (E. Merck/Brinkmann,
"30 g), and about 100 ml of water were mixed to give a fine
slurry. After spreading; the plates were air-dried and
- subsequently activated at 120°C for 60 min. prior to utilization.

These plates are light sensitive and were used immediately or

shortly after preparation.
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XV. Metabolism of 18:1-CoA and 18:2-CoA as a Function of Time

The assay system-usedeor the kinetic studies was as
described in section C.IV except that the substrate lStl—CoA"
had a higher specific activity (2.0 uCi/umole); all other
reagents had final concentrations given in section C.IV. The
reaction mixture was terminated by addition of 3.75 ml
methanol-chloroform (2:1 v/v) at various time periods as
indicated in the figure legends. A further addition of 1.25 ml
of chloroforin and 1.25 ml of water was Tequired to make a
biphasic system; the top methanol-water layer contained fatty
ac1d-CoA and the bottom chloroform layer Eontained the complex
lipids and free fatty acids. The tubes were mixed on 2
vorte# mixef for a few seconds and subsequently centrifuged at
2,000 rpm for one minute. The bottom, chloroform phase, was
transferred with a Pasteur pipette to a 15 ml glass-sfoppered
centrifuge tube; the water-methanol phase was washed three times
with 2.0 ml CHCIS. The combined chloroform phases'were washed
twice with 2.0 ml of upper phase and concentrated under a
stream of nitrogen, with addition of benzene to remove traces
of water, to about i.O ml and subsequently made up to a known
véI:;E (5.0 or 10.0 ml).

a) Analysis of Methanol-Water Phase (Acyl-CoA)

To the upper methanol-water phase (8.55 ml) containing
the acyl-CoA's was added to 0.5 ml of 20% methanolic KOH and

the mixture was saponified at 70°C for one hour. After cooling,

0.5 ml of concentrated HCl was added and a biphasic system was
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formed by the addition of chloroform (5 ml) aﬁd methanol.
The chloroform phase was transferred into a clean glass-stoppered
centrifuge tube and the upper methanol-water phase was washed
with chloroform (3-4 ml) 3 to 4 times. ' The combined chloroform
extracts were concentrated under a stream of N,y with addition

of benzene to remove water, and made to a known volume

(5.0 or 10.0 ml); and aliquot was taken for counting to check
that all of the radioactivity, originally present in acyl-CoA
was recovered as free fatty acid in the chloroform phase. The
remaining sclution was dried under a stream of N2 and the
‘residue methylated as described in section C.IV. The fatty
~acid methyl esteré (FAME) were extracted and chromatographed
on 16% AgNO3 silica gel G plates as described in section C.XIV.b.

b) Analysis of Chloroform Phase (Acyl Lipids)

The chloroform phase cqntaining the acyl-lipids was
‘made up to" 5.0 or 10.0 ml witﬁ chloroform-methanol (2:1) and
50 to 100 Lkl were taken for counting, fqz,dggimation of 14C
distribution among lipid compounds; the remainder of the
chloroform solution was concentrated to ¢.1 ml and spotted on
TLC silica gel plates (0.25 mm thick), and develope% in
chloroform-methanol-atetone—diethylamine-water (120:35:37;5:6:4.5
v/v) in the first dimension and chloroform-methanocl-conc.
ammonium hydroxide (65:25:5 v/v) in the second dimension. Each
lipid component was identified by running appropriate authentic
standérds. The 14C spots were detected by autoradiography,
scraped from the plate and counted as_described in section

C.XI.c. o
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XVI. Extraction of Membrane Lipids

Immediately after use in enzyme essays, the microsome
and plastid suspensions were stored at -70°C until the 1ipid

extractions were performed. The lipids were extracted by the

method of Bligh and Dyer (225) modified as follows: to one <

volume of microsomal or plastid suspension, containing about
4-5 mé and 2-3 mg 5rotein, respectively, was added 3.75

volumes of freshly préfared methanol-chloroform (2:1, v/v) to
obtain a ratio of methanol-chloroform-water of {(2:1:0.8 v/v).
Extraction was carried out in 15 or 50 ml pyrex glass-stoppered
centrifuge tubes; 150 ug and 250 ug of 17:0 internal standard
fatty acid was added to the plastid and microsomes fespectively
and the mixture was vortexed -vigorously (on a Vortéx-Genie '
mixer,-Scientifié Industries) and allowed to stand for about

50 minutes before appropriate volumes of chloroform and water
were added to give a final ratio of methanol—chloroform-HZO-of
1:1:0.9, v/vy The mixture was vortexed and allowed to stand
for another 15-20 min. before centrifugation at 2,000 rpm (in

a IEC HN-SIT centrifuge)} for 1-2 min. The bottom chloroform
layer was removed to a separateltube and the upper phase was
washed 3 times with 1-2 ml chloroform. AThe combined chloroform
solutions were concentrated under a stream of N, after adding
benzene to remove traces of water, to about 0.1 ml and the FAME

(fatty acid methyl esters) were quantified as described under

section C.IX.
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D. RESULTS

I. Identification of Products of Enzyme Activities

1. Products of 18:1-CoA Metabolism

a) TLC and GLC

On incubation of [14C]oleoy1—CoA with either

s

propla%}id or microsomal fraction under the conditions described

in matefigli and methods for the desaturase system, three
products (A, B and C) were detected (Fig. 15 and 16B instead of
the one product (18:2) expected from qlz-desaturase activity.
The distribution of 14C among thg products of 18:1-CoA
metabolism was as given 1in Taﬁfz‘s. The expected desaturase

broduct;was only a relatively minor component (B) identified

as £1%C3.18:2 on -the basis of its co-migra;igg/with an
TLC

authentic standard of 18:2 on Agl\‘O3 - Si0j (Fig. 15) and

on radie<GLC (Fig. 168). The major product (C)_of the enzyme
system was in fact identified as a hydroxy-18:1 acid (HO-18:1)
by its mobility on TLC (Table 8 and $) and on radio-GLC

(Fig. 16B and C, TaBle 9). Because of rg; long retenticn

time, preduct C gave 2 shallow peak on radio-GLL which was not

always detectable, particularly with the microsome system which

» formed relatively low levels of prpduct C. The other major
product A, was detected on radio-GMNC (BDS column) (Fig. 16B)

but nbt on AgNOs—TLC, where it co;migrated with the 18:1
substrate (Fig. 15). These products were further identified
by GLC before and afte;'hydrogeﬁation in the féllowing

experiments: In Exp. 1 (Table 10), a pertion of the 14c

~ .



FIGURE 15-.

10% AgNO;-silica gel G showing the formation of
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Autoradiogram of a thin-layer chromatogram on

Y

B (18:2) and C (3~0H-18:1) from 18:1-CoA.

Incubation wasrperformed with proplastids (PL)

and microsomes (M) for 30 min. as described in

-Section C.IV.



FIGURE 16.
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Radio-GLC tracing on BDS at 185°C from 18:1-CoA

incubation with proplastids as describgd in

Section C, IV. A, O time (control) incuba?;on,
showing the majo; fatty acids (upper tracing, mass
response) 16:0, 18:0, 18:1, 18:2 and 18%3; and
[14C]-1311~(lowef tracing, radioactivity):B, showing
the formation of product B (18:2), A, (diunsaturated
C18 fatty acid), and C (M0-18:1): (see Table 8 for
1.“ILC distribution; €, after hydrogenation and

methylation (see Table 10).
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“TABLE 9

4

Retention Time Relative to Methyl Palmitate

of Standard Hydroxvacid Hvdroxylated Metabolic

Products and.their Methoxy and TMS-ether Derivatives

s

GLc?

TLCb

Fatty Acid Relative Retention Re
HO-Me | OCH.-Me | OTMS-Me | HO-Me OCH ;-Me
ester estér ester ester ester
2-OH-18:0 5.7 3.1 2.2 0.41 0.63
3-OH-18:0 7.9 3.1 2.2 0.35 0.64

. 9-0H-18:0 10.4 4.0 3.2 0.25 0.60
12-0H-18:0 10.9 4.1 3.2 0.26 0.60
16-0H-18:0 14.2 3.6 0.13 0.53
18-0H-18:0 22.7 5.7 0.12 0.56
12-0H-18:1 11.1 4.9 3.4 - -

- Product HO-18:1 (C) §.1 4.1 2.9 0.34 T
Product H0-18:0 (Cp) | 7.9.| 3.1 0.35 0.64
Product HO-18:2 (H) | 9.3 4.3 3.4 0.31 -

"Product HO-18: (Hh) 7.9 3.1 0.35 0.63

4GLC on SP

(RS )

b

30 at 205°C;

retention relative to 16:0

TLC on silica gel G in petroleum ether:ethylethef:acetic acid
(80:20:1 v/v). :
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-

STANDARDS

.0 TIME

4¢.STD
18:1+18:2

PL M

30 min.

ISTANDARDS

18:0

18:1 (trogs)
18:1(Cig)+A

18:2 (B)
HO-18:1 (C)

18:3
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products was used to check their percent distribution relative

to [14C}\16:0, as internal standard, while the rest was
hydrogenated (see section C,VII) in the presence of hydrogen gas
with platinum oxide as cataiyst [HZ/Pt); and in Exp. 2 (Table 10),
a portion of the [14C1-products was again used to check their
percent distribution relative to [27C]16:0 and the remaining
portion was first hydrogenated (Pt/Hz), and then methoxylated with
methyl iodide in the presence of silver oxide (CHSI/AgZO)

(Section C, VIII).

The results showed that on hydrogenation products A and B
formed with either proplastids or microsomes, were reduced to
18:0 but product C could not be detected on the GLC tracing due
to its high retention time on the BDS column (Table 10). In
Exp. 2 (Table 10) all products except C could be reduced to 18:0
on hydrogenation, as in Exp. 1, but after hydrogenation apd
methoxylationproduct C was converted to a compound having GLC
retention similar to that of a methoxystearate. Comparison of
GLC relative retention data of product C and ifs derivative
(Ch and Chm) with those of authentic hydroxyacid methylesters and
their methoxy "and TMS derivatives (Table 9) showed a close
correspondence of C to 2-, or 3-hydroxy-18:0, indicating that the
Bydroxyl group in C was close to the carboxyl group. When Exp. 1
was repeated with isolated 18:1 + A mixture (see Section C, XII),
the 18:0 formed on hydrogenation accounted for all of the 14C
present in 18:1 + A (Table 11). All of these experiments thus

confirm that product B was 18:2, product C was a hyvdroxvy-18:1
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S TABLE 11

Distribution of Purified?® [14C]18:1 Substrate + Product

A Before and After Hvdrogenation

L4c Products Rel. 14C-Distr. mole ratiob Relséfggggéon on

Before Hydrog.™ After Hydrog.m Before , AMter .
Hyvdrog. Hydrog.

18:1 T 3.82 , - 2.1 -

A 1.08 . - 3.2 -

Hydrqg.n Prod.

18:0 - 4.87 - 1.9

Totals 4.590 4.87

aPurified as described iﬁ“Section C.XIT. o

bRelative to internal standard [14C]16:D; GLC on SP-2330 at 205°C.

“Relative retention to 16:0 internal standard on SP—ESSO at 205°C;
18:0 authentic standard, 1.9.
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fatty acid, and produét A, was an unsaturated Cls-fatty acid
with no other functional grouﬁ in the molecule. Further
information concerning the location of the double bonds in A and
B, and the double gond and Hydro;y group 1n C was obtained from

the results of periodate permanganate oxidation of the products.

b. Permanganate-Periodate Oxidation of Fatty Acids

The reliability of this procedure (see section C, X) was
first tested with authentic standard fatty acids: oleate (A9—18:1),
linoleate (A9112—18:2) and linolenate (A9s12»15—18:3). Two
main products were obtained from each acid: a Cg dicarboxylic
acid (azelaic_acid) and a Cg, C6 or C3 monocarboxylic acid,
reépectively (Table 12). On the basis of relative retention
data, the monocarboxylic and dicarboxylic acids produced by the
oxidation of thg 18:1 substrate were found to be nonano;%.(cg)
and azelaic (Cg) aclds} respectively, verifying that 18:1
" substrate was Ag—octadecenoie acid (Table 12). Similarly, the
oxidation products of product B were a Cg monocarboxylic acid
and C9 dicarboxylic acid-(Table 12) confirming that this product
of Aiz-desaturase reaction was indeed-9,12-octadecadienoic acid.
Product C vielded a C9 monocarboxylic acid, indicating the
presence of a double bond at position-9, and~a CT dicarboxylic
acid indicating the presence of hydroxyl group at the CS position.
Product A (in 18:1 + A) vielded a q;monocarboxylié acid and a'C7
dicarboxylic acid indicating the presence of one doublg bond at
Cg and the second double bond at C, to s but the'C2 or C; diacid;

could not be detected because of its rapid decomposition to CO,

-~
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P

(227,228). The final identification of products A, B and C
was achieved by GC-Mass Spectrometry, as described in the next

section.

c) GC-Mass Spectrometry

i, ~Product A and B

The GC tracing of‘[l4C]18:l (Fig. 17) obtained
from E14C118:1-C0A substrate as described in section C, XII
of Materials and Méthods, showed methyl oleate as the major
peak. 1ts mass sﬁectrum (ﬁig. 18A) showed a molecular ion
(M+) peak at m/e 296 corresponding to the expected moleéular
weight and peaks at m/e 265 and 264 representing the ’
elimination of a methoxy group (M-31) and methanol (M-32)
Tespectively; fragment ions at m/e 74 (M-222) and 222(M-7ﬁ)
arise from the McLafferty rearrangement. The base peak at
m/e 55 and other major fragment ions of low mass at m/e 41,69,
85 and 97 are typical ion fragments arising from hydrocarbon
chains. The spectrum was in fact identical to that of
authentic methyl oleate. The small 'peak which eluted before
methyl oleate (Fig. 17) was, according to its MS fragmentation
pattern, unlabelled methyl palmitate which co-migrated with
methyl oleate on silver nitrate plates, and was probably
derived from endogenous proplastid lipids.

. The slow_migratiﬁg peak corresponding to

component A (Fig. i?) migrating close to methyl iinolenate

on a radlo-GLC (Fig. 16B) and with methyl oleate on silver



FIGURE 17.
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‘GLC tracing of 18:1 + product A purified and

analysed as described in Section C, XII. Mass

response of 18:1,.A and 16:0 as contaminant

(see text for explanation). S = solvent (CHClS).

e e, -Jl-l&'“iw

e
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FIGURE 18. Mass spectra of A, 18:1; B, product A from

Fig., 17.

7
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nitrate plates tFig. 15)-wés dné-bf the major metébolic
products of 18:1-CoA with either, proplastid or microsomal
fraction. This product (A) gave a molecular ion beak at
m/é 294 (M+) (Fig. 18B) indicating the presencé of a C18
diunsaturated acid. 15 mass spectrum was similar to that
of methyl linoleate (18:2, AQ,lZ) with the'major f;agmentation
jons at m/e 55 (base peak), 29,41,69, and 75 and other
fragmenf ions at m/e 262 (M+—32) and m/e 263 (M+-31) arising
from the eliminatién of methanel and methox; groups
while the ion peak atlm/e 234 (M+—32—28) arﬁseafrom.the loss
of methanol and carbon monoxide. McLafferty rearraﬁgement‘
fjons are at m/e 220 (MT174) and m/e 74 (M -220). However
the.spéctrum differ§ fr&m that of methyl linoleate  in the
appearance of the major’diagnostic.%on peaks at m/e 113
(M*-181) and m/e 181 (M'-113). This frégme_nt occurs with
spilitting bertwe'e‘ C‘S and C, with the double bond 0;, 8 to
the carboxyl group; ions at m/e 99 (M7-195) and m/e 195
(M+—99) may arise from fragmentation between C4 and C‘5 while
splitting between Cé and C, givesrise to, ion peaks at m/e 167
(M'-127) with the-same location of the double bond. The ’ .
presence of all these peaks strongly sugéeststhe presence of
the new double bqnd between C2 and CS'

The 18:2 formed by the r12 desaturase system was GLT pure
as shown in.Fig. 19A, and its MS spectrum, taken ét the apex

of the peak, (Fig. 19B) gave a molecular ion (M+) at m/e 294,
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FIGURE 19. GC-MS of purified product B (18:2) from 18:1-CoA
. metabolism prepared as described in Section C,XII.

A, GLC tracing; B, Mass spectrum. S = solvent (CHCISJ.
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corresponding to the expected molecular weight: Fragmentation
peaks at m/e 263 (M-31) and m/e 262 (M-32) represent the loss
of methoxy-;nd methanol groups respectively, while fragment
" ions at m/e 220 (M-74) -and m/e-74 (hFZZO) may arise from
McLafferty rearrangemeﬁt. The base peak present at m/e 67
with the other fragment ions of low mass appearingfat m/e 41,
55,81 and 85 are typical fragments afising from hydrocarbon
chains.. The fragment ions seen for product B, were identical
to those of authentic linoleate, thus confirming our previous
conclus;ons (see prefious section) that product B is indeed
9,12—o¢£adecadienpic acid, and is therefore a product of
a2 desaturase aciivity.

1i. Hydroxylated Products

-

The other major metabolic product, hydroxycleate (C)
was GLC pure (Fig..io) and its mass spectrum gave-é molecular
ion (M+) at m/e 312 indicating the presence of an oxygen
atom in the C ¢ fatty acid molecule (Fig. 21A) . The fragment
ién at m/e 281 {M+-31} represents tﬁe loss of a methoxy group .
while m/c 294 (M+—1S) is due to the loss of water. The ion at

.m/e 262 (M-32-18) may arise from the loss of water and
methanol, while m/e 220 (M-18-74) and m/e 74 (M-18-220) represents
first the loss of water followed by MéLafferty rearrangement.
The base peak at m/e 55 and the low molecular ion mass m/e 29,
41,45,69,81 and 95 are typical fragments-arising from

hydrocarbon chains. If the hydroxyl group is present on CS’



FIGURE 20. GLC tracing of purified product C (HO-18:1) from
18:1-CoA metabolism prepared as described in

Section C, XII. S = solvent (CHC1 ).
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FIGURE 21. L, Mass spectra of A, product C_(HO-lS:l) and B, its
TMS derivative (TMS-0-18:1) from 18:1-CoA
metabolism prepared as described in Section C, XII

{see text for explanation),
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 then splitting between CS and C, would give riseito ion ‘peaks
at m/e 103 (M'-209) and m/e 209 (M -103) while splitting
between'C2 to C3 would«giyq rise mainly to ion peak at 73‘
(M+-239) and m/e 239 (M+:7§). The presence of all these'peéks
suggest that the hydroxyl group was on position CS' The
preséﬁce of an oxygen atom or hydroxyl grouﬁ as én integral\

—

part of-produgt‘B was further confirmed by analysis of the
trimethylsilyl~ether.dErivative which showed a molecular ion
(%) atr 384 (Fig. 21B). The base peak was now found @t m/e 369
(M=15) with loss of a methyl group from the trimethyl silyl

ether gréup. Fragmentation at m/e 35

wl

(M-31) arises from the

1

V3]
~

loss of a methoxy group while m/e (M-72) and m/e 294 (M-90)
may occur as result of the loss of trimefhyl silvl (Si(CHS)S)
and trimethylsilanol group (Si(CHSJOH), respectively. Peaks
at m/e 220 (M-90-74) and m/e 80 (M-90-220) arise from the loss
of a trimethvlsilanol gréup foliowed by McLafferty rearrangement.
Fragments at m/e 29,55,67,73 and 159 arise from fragmentation
of the hydrocarbon chain.

The fbrﬁétion of a strong ion peak -at m/e 175 (M+—209) is
typical of 3-hydroxyacids as confirmed from the trimethyl silyl
ether of authentic S-hydfoxy stearate (Fig. 22A and Appeéendix I),
thus confirming the.presence of an hydroxyl group at CS; this
ion can only arise if' fragmentation occurs between C5 and Cy

atoms. For further identification product C was methylated

as described in section C,VIII, and the mass spectra were taken,
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FIGURE 22. 'Mass spectra of A, TMS derivative of authentic
5-0H-18:0 (TMS~0-18:0), and B, methoxy ,(OCHS)
derivative of product C prepared as described

&ﬁ section C, XII, (see'text for explanation).
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before. dnd after hydrogenation of the respective components.

The mass spectrum of the methoxy derivative “of c,

methoxyoleate (Fig. 22B, Appendix II) gave a molecular ion
—;f9+) at mke 326, corresponding to its expected molecular
; weighr.f The major ion fragments included the loss of merhanol
&_/iﬁ,gjé 294 (M+-32) followed by McLafferty réarréngement ion
at m/e 220 (M -32-74). The base peak at m/e 75 (M -31- 220)
may arise from the loss of a methoxy group followed by the
McLafferty rearrangement. The fragment ion ‘at m/e 262 (M -64)
represents the loss of two methanol groups while the ion at-
m/e 234 (M -64-28) may arise from the loss of carbon monoxide

from the ion fragment at m/e 767 Tﬂr\ioh mass ions at m/e 29

41,55,81 and 94 are typlcal fragment géns of hydrgcarbon |
chains and are similar to the lowlﬂass ioﬁ; of'oleére

(Fig. 18A)\~ The most important ions which are diagnostic in
establishing éhe position of the hydroxyl group in the
moleeule were fragment ions at ﬁ/e 253 (M+-59) or m/e 59 (M+—253)
and m/e 117 (M+-209). -These ions arise onl& if the functional
fmethoxy group is present on C3 with fragmentation occcurring
‘between C,-C; to give rise to the ions at m/e 253 and m/e 59,

) v
between c_~c for the ion at m/e 112-(Fig. 223).

4
- On hydregenation of methoxyoleate the molecular ion
(M+) (m/e 328} correspondlng to the molecular weight of
methyoxystearate was very wcak but a strong W—IS) ion was

observed (Fig. 23A, Appendix IT). The diagnostic ion fragment

P
>



FIGURE 23.

Y
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Mass spectra of A, hydrogenated and methylated
product C from 18:1-CoA metabelism .and B, methylated

3-0H-18:0 authentic standard.
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at m/e 296;(M+-32)‘represents the loss of methanol; McLafferty
.. . . +
rearrangement of this ion gives ions at m/e 222 (M -32-222).

Ion fragments at m/e 297 (M+—Si) and m/e 223 (M+—31-74) arise

v

from the loss of a methoxy group fqlloﬁéd by McLafferty -
rearrangeﬁent, respectively, while the ion peak‘at m/9f298 ~
(M+—30) represent the loss of two methyl groups. Theglow T
abundance of the ions at m/e 297, m/e 223 and m/ef74 suggested
that the,Q;in pathway for Mclafferty rearrangement was ' 7
preferentially from m/e 297ﬁf§;—31) to give rise to the base
peak at m/e 75 (M+—31-222). \The ion fragment at m/e 264
(M+-64) arises from the loss of the two molecules of methanol.

0f major diagnostic importance are the ions at m/e 255,

+ .
(M -73) and m/e 73 (M+-255) arising from the FragTSEtatlon

between C7—C3 (Fig. 23A) amd m/e 117 (M+—211) which arises from
2 ht

i

a fragmenta{ion between C37q4 (Appendix II). These results
clearly suggest that tpe méthoxy group is.located in CS; this
was furtheruconfirhed by the fact that its mass specfrum is
identical to that of authentic 3-methyoxystearate (Fig. 23B).
All of the above results fhus confirm thq£ the major product of

18:1-CoA metabolism is in fact 3-hydroxyoleate. -

2. Products of 18:2-CoA Metabolism | . (f\v
a) TLC and GLC '
On incubation of [14C]1iqoicoy1—CoA with proplastid
fractionL under the conditions described in matefials and Methods,
for spots (E,F,G,H), apart from thé‘derived from the 18:2, substrate
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were observed on 10% AgNOS-silica gel G plates with the

assignments and percent distribution of [14

C] given in Fig. 24
'
and Table 13. 'However, 'when the analysis was performed on

radio-GLC three peaks (D,E or G,H), apart from 18:2 were observed )

with the percent distribution of [14C] as given in Table 13 ~

{see also Fig. 24). Components F was not qbserved in subsequent
experiments and will not be discugsed-further. The higher amount of
[14C] in 18:2 on TLC suggested the presence of another component
(D) in the TLC spot; which appearéd as a sepgrate peak on
radio-GLC "(Fig. 25B, Table 13). Product G was not seen on
radio-GC @ut was present on AgN03—8102 plates. Thus component D
probagly migrates with the substrate (18:2) on ASNOS-SiOZ\plates
while component G appears to comigrate with componeﬁt D on
radio—GLC. Component E and H are deiected-on both TLC and GLC
(Table 13,14 and Fig. 25B). |

These products weré further charag;erized as follows:
After adding a known quantity of [14C]16:0 as 1nternal standard
to the zero time incubation, as well as to proplastid reaction
mixture (30 min. incubation), ;he products were examined by
radio-GC., At zero time, all the radioactivity, was ﬁssociated
with [14C]18:2 substrate (Fig. 25A), whiéh on incubation gave
products, D,E,G and H with the relative éefcent distriEPtign
given in (Table.14, Fig. 25B). Aftér catalytic hydrogenation
of the total products, the [14C]stearate formed accountgd far the

sum ofr18:2 substrate plus.product D but may not include product

E which is a minor component (Fig. 25C). Hvdrogenated product H
= '



- 122 -

FIGURE 24. Autoradiogram of a thin-layer chroﬁatogram on 10%
AgNOS—silica gél G showing the formation of E,F,G,
and‘H (HO-18:2) from lé:Z—CoA-metabolism. Incubaq}on

’ was performed with proplastids (PL) ‘and microsomes‘
(M) for one hour as described in Section C,IV.
Note, product F was observed only in this experiment

and will not be mentioned further in the course .

of this thesis.
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TABLE 153

Distribution of 14C Among Products of 18:2-CoA Metabolism®

- TLCP cLcC
Product L - 5
: Re l4c pist.n Reth l4¢ pist.
- % Tel. 26:0 % .
Substrate 18:2 ' 2.8 33.2
0.48 . 57.8 _
Product D : 4.4 51.9
, Product E 0.32 3.4 3.3 3.9
Product G 0.20 5.2 - { o wn.p.¢@
Product H 0.11 31.53 16.7 } 31.0

Tncubation with the proplastid preparation as described in
: Materials and Methods section C.IV.
> »

’ bTLC on 10% AgNOS-SiO7 pldtes in chloroform:ethanol (200:5 v/v).

»

Rf values of standard: 2(0OH)18:0, 0.56; SCOH)IS:O, 0.54; Z(OCHS)
18:0, 0.76; S(OCHS)—IS:O, 0.73; 9(0OH}-18:0, 0.55; 9(OCHS)-18:O,

~

0.74; C and Hj

hm hm? 0.75.

“GLC on SP-2330 at 170°C; ret. rel. to 16:0 of standards see

Table 9. . ) -

N.Dr = not detected; see explamation given in Section D.I.2.a.
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FIGURE 25.

%
Radio-GLC tracing on SP-2330 at 170°C {rom
18:2-CoA incubation with proplastids (sece
Table 14). )

Upperatr?cing. Mass response (———) .

Lower tr;;ing: Radipactivity («waw)

A, control ( 0 time incubation)?‘B, incuba;ion
for one hour as déscribed in section C, IV,
showing the distributien of lfC 18:2 substrate,
E, D (+G), and H (see Table 13); C, hydrogenatéd
Fig. 25,B and Table 14; D, hydrogenated and

methylated Fig. 25,C and Table 14.
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—

.(Hh), with a shorter netention than H, was detected but its
- -
integration was subject to error because of the long

retention time and skewed nature of its peak (Table 14,

.

Fig. 25C). However, after hvdrogenation followed by

jmedmmyl@ﬁ@n (see section C, Vil and VIII), -the hydroéenated

" methoxylated product Hhm (Fig. 25D) gave = well-reéolved and
easily intégrated ﬁeak; showing that product H was indeed an
.unsaturated kydroxyacid, with a significant shorter
retention value than that of 9- or l1Z-methoxy stearate
(Table 14). Thus the product H formed from 18:2-CoA by

proplastids is an unsaturated hydroxyacid with "the hydroxyl

e

-group located closer to the carboxyl group than Cg.

That product D migrated with the 18:2 substrate,. was

.
LS

further confirmed by isola%ion and purification of 18:2 as
described in Section C, Xif;”and on hydrogenation the 18:0

formed -accounted for all the [14C] present’ in 18:2 + D (Table 15).
These experiments thus confirm that produetib, migrating with

the substrate, was an unsaturated Cis fatty acids with no

other functional group-in the molecule and product H was a
hydroxy-18:2 fatty acid with the hydroxyl group being closer

to the carboxyl end of the molecule than C9 (Table 14).

Products E and G were'not identified further -because of lhe

low amount of conversion.

It shouldbe npoted that no 18:3 was detected among the

15

produd;s, showing that a a*”-desaturase system was not

operative.
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Further inforﬁation concerning the location of the double
bonds in D and the double bonds'agﬁfhydroxy group in H was obtained
from -the results of GC-MS of thesé‘pro&ucts.

b) Gas Liguid-Mass Spectrometry

1. Substrate and Product.D

e e———— After incubation of lS:i—CoA.with proplastids
(see section&Gi IV), the [14C] 18:1 isolated from’AgNOz—SiOZ
plates was found by GC-MS analysis to contain two minor
components, palmipoleate and product D (Fig. 26A).

The fragmentation pattern of 18:2 substrate was
identical zo that ¢f the authenfic methyl'linoleate-standard
and that of thé'methyl linoleate product of 18:1-CoA
desaturase activity (Fig. 19B), described previously. The
first minor component, eluting before 18:2, was identified as
palmitoleate according to its mass spectrum, while the peak
‘eluting after 18:Z, product D, was present only after incubation
with the'propiastids, as described in secﬁion C,IV.

The mass spectrum of ‘component D (Fig. ZGB).gave
a molecular ion (M+) at m/e 292 corrésponding to that of a
trienoic-C18 acid. Fragment ions at T/e-Zﬁl (M+-Sl) and
260 (M+—32) represent the loss of;z;iethéxy and methanol

groups, respectively, while McLaffpfey rearrangement ions- are

at m/e 218 (M+—j4) and m/e 74 (M+—218). Fragméni‘ions_at

m/e 233 (M+-31—28) and 232 (M+—32-28) represent.fhe elimination §\~
of methoxy or methaﬁol gfoup followed by the loss of carbon

monoxide. Fragment ions at m/e 127 (M'-165) and m/e 165 (M'-127)

@ N ..
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FIGURE 26.
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(’/
GLC tracing and mass spectrum of 18:2 substrate
+ product D prepared as described in Section C,
XII. A, mass response.showing 18:2, D and 16:1

as a contaminant; "B, mass spectrum of product D

(see text for explanation). S =.solvent (CHClSJ.

it "
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may arise from fragmentétion'betwéen C6 and C, while the ion
peaks at m/e 151 (M+—14i3 and m/é 141 (M+-151) may arise,

from frégmentation between C7 and CS of the molecule. Of _
majo% éignificance are the ions at m/e 99 (M'-193) and ﬁ/e
193.(M+-99) arising froT fragTentation betweeg Cy and CS and

m/e 113 (M+~179) and m/e 179 (anllS) arising from fragmentation
_ between Cs and C6' These iong occur gnly if‘a double bond
exists \petween C and C-, suggesting that the th;rd double ™ ¥

bond is present at C7. The base peak present at m/e 67

and ‘the other low mass ions at m/e 29,41,55,81 and 95 . &

14"

represent hydrocarbon chain fragmentation ions.

ii. Hydreoxylated Products

The GC tracing of hydrgxylindleate, product H, the
other major component of 18:2 metabolism, §howed the presence
of a ;ingie peak (Fig. 27). qjk mass spectrum taken at its.
\jﬁﬁm gévg a molecular ion (M+) at m/e 310 (Fig. 28A),

- correspondlng to methyl linoleate plus an oxygen atom

-

(hydrptyllnoleate} analogous toproduct C (hydroxyoleate)} of

lS.lnCoA metabollsm? Fragment ion at m/e 279 (M -31) —
représents the loss of a methoxy group from the ester group

while m/e 292 (M+—18) represents the elimination. of water
M‘ . "
. presumably from a hydroxyl group. The ion fragment at m/e

260 (M+132-18J arises from thé loss of methanoiqnnd water
respectlnelw while the ions at m/e 236 (W —14) and m/e ‘74

(M -736) arise. from the direct MclLafferty rearrangement of the

molecular ion (M l m/e 310; ion peak atsem/e 218 (M -18-74)
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FIGURE 27. GLC tracing of product H (HO-ls:%) formed from

18:2-CoA metabolism prepared as described-in

Section C, XII. § = solvent (CHCl;). “
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represents the loss of water followed by the McLafferty
rearrangement. The base peak at m/e 67 and the other low
mass ions at 28,41,55 and 81 are typical fragments derived
from hydrocarbon chains.

The presence of a hydfoxyl group as aﬁ integral part
of product H (hydroxylinoleate) was confirmed by anaiysis ofg
the trimethylsilyl ether derivétf%e which now gave a
molecular ion (M+] at mf; 382 (Fig. 28B énd AppendiXx I)-

The loss of a methyl group from the trimethylsilyl ether

gives rise to the Peak at m/e 367 (M+-15) whilef the
appearance of athe diagnostic ion at m/e 292 (Mﬁ-QO) arises
from the loss of trimethylsilanol moiety: The fragment ions
at m/e 218 (M'90-74) and m/e 74 (M'-90-218) occur from the
respective loss of the trimethylsilanol group followed by
McLafferty rearrangement. The formation of a strong peak
at m/e 175 (M+—207) (Fig. 28B and Appendix I), typical of
S-hydroxyacids'(Fig. 21B and 22A), confirms the presence of
an-hxdroxyl group at Cs; th;s iom can arise if fragmentation
occurs between C3 and C4
< - _ For further identificatgpn p?oduct H was methylated as
described in section C,VIII and the mass spectrum of the
methoxy derivative was taken before and after hydrogenatlon.
The molecular ion (M ) ‘was found at m/e 374 (Flg 79A and
Appendix II], correspondlng to the molecular weight expected
. for methoxvllnoleate Ton fragm ts at m/e 293 and m/ 292

~ ..
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FIGURE 28. Mass spectra of A, product H (HO-18:2) and

B, its TMS derivative [TMS—O—IS:é) prepared as

described in Section C,XII (see text for

explanation) .
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FIGURE 29. Mass spectra of methylated derivative.of product
H (OCH;-18:2); A, before hydrogenation;- B, after

hydrogenation (see text for explanation).
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represent the loss of methoxy and methanol groups, respectively,

while those at m/e 218 (M -32-74), m/e 219 (M -31-74), and

m/e 74 (M -32-218 or M -31-219) arise from the loss of

Wethoxy and.methanol groups, réspectively, followed by

McLafferty rearrangment. The fragqfnt ion at m/e 117 (M =-207)

could occur only from fragmentation between C; toO Cy of the

molecule. b
The mass spectrum of the hydrogenated and methylaté&

] pr;duct B (Fig. 298 and Appendix II) was identical to that |

of authentic 3-methoxystearate (Fig. 22A). Thus component H

has tﬁ; structure of 3-hydroxylinoleate.

II. Metabolism of 18:1-CoA Substrate

A
a) Properties;‘of a2 _pesaturase and Hydroxylating

Enzyme Svstem

1. Intracellular Location

Differfptial centrifugation of the total
homogenate of'the séybegn cell suspension cu}turé, revealed
that most of the proteiﬁ (83%) was recovered in the high
speed supernﬁtant (HSS) with only minor amounts beling
recovered in the proplastid (7%), mitﬁlhondrial (5%) (Fig. 30)
and microsomal (5%) (Fig. 31) fractions (Table 16). In
contrast, the bulk of the 18:1-CeA desaturase was recovered

mostly in the proplastid and microsomal fractions with lesser
- . :

activity in the mitochondrial fraction. The bulk of



FIGURE 30.
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-

\
y
Electron micrograph of mitocthQE}al fraction

obtained by differential centrifugation at

19,000 X g as, described in Fig. 13 (x 31,920).

M, mitochondria; C = cristae; arrow indicating
. :

mitochondrial ribosomes;”V = Vacuole.

-
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-

FIGURE 31. Electron micrograph of microsomal fraction
4 obtained by differential centrifugation at

; 150,000 x g (see Fig. 31) (x 20,000}.

=~
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hydroxylase activity was also found present in the proplastid

fraction and to a lesser extent in microsomes. Further

fractionation of the proplastid fraction on a discontinuous

sucrose gradient (2.0 - 0.75M) resulted in the formation of

'hfiye bands (Fig. 14) plus a pellet. - Since the top bands were

very faint and low in yvield of protein, they were combined
and d351gnated as band E.. After sucrose den51ty gradlent
centrlfugatlon of the crude prOplastld fraction, the- .
Al~-desaturase activity, Wh1Ch was originally concentrated‘
mostly in the crude proplastid fraction, was found to be
distributed among all of the suctose density layers, but_its
specific activify‘appeared to be highest in band C (Table 17).
Band.C also contained the highest épeciffc activiéyﬂier'UDP—gal
transferase, which is a marker for pigstids, while band B had
the highest catal;se specific activity, the marker for °
peroxisomes, aid band D had the highes£ succinate dehydrogenase
activity, the marker for mitochondrié (Table 17). The highest
specific activity for the hydroxylase system was also
associated with band C

Electron microscopy studies of these bands (B-E) confirmed
the assignment of each of the bands as studied with marker

-~

enzymes and the known specific gravity of sucrose density

‘gradients (232). Band B contained peroxisomes as well as some

mitochondria and proplastids with a considerable contamination

by cell wall fragmehté (Fig. 32A). Band C, corresponding to
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] 3

FIGURE 32. ‘Ei%é;}on micrograph of Band B and C obtained

*from sucrose gradients as described in Section C,
III. A, band B showing many peroxisomes (Pe) and
cell wall fragments (CW) (X 15,960) with the
insert showing a typical peroxisome of soybean
cells (31,920 X); B, band C containing many

" intact plastids (P) showing thylakoid membranes
(L) and few lipid droplets (Ld) (X 15,960) with
mindr'cont;minations by mitochondria (M) and

vesicles (V).
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the plastidial fraction, céntg?ﬁing in addition few
metochondria and vesicles orig%nating from the tenoplast
and plasma membranes (Fig. 32&). The mitochondrial enriched
fraction.band-D, was enriched in mitochondria (Fig. 33A) but also
contained vesicles dérived perhaps from the _plasma membrane.
The upper band E, consists of a mixture of small membrane
vesicles derived from tonoplast membrane By a normal process
of budding off (see Fig. 33B). |

The fa;ty acid ca?ﬁosition of'thé;e bands (A-E) revealed
that the highest prppaﬁmions of 18:3 and highest 18:3/18:2
%ole ratios were associated with bands B and C (Table 18);
the latter band was enriched in proplastids, consjstegt -with
the observations that 18:3 is mainly associated with the plastid
membranes (223,234).

2. Effect of ATP and MgCl2 on Desaturation

In the absence of ATP—MgZ+ in the incubation mixture
a time course expéfiment revealed th;t 18:1-CoA was rapidly
hydrolysed to the free oleic acid and coenzymé.A {(Table 19).
This rapid hydrolysis could be reve}sed by- the addition of
inc;easing amountg of ATP:Mg2+. It was found that thé use of
40.ﬁM of ATP and Mg2+ was sufficienf to completely inhibit
the hydrolysis of 18:1-CoA (Table 19) . However, the increased
concentration of the substrate (18:1-CoA) in both proplastids

and microsomes in the presence of 40 mM ATP-Mg2+ resulted

b4

in only a slightly increased incorporation of [14C]oleic acid



FIGURE 33.
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R

Electron microgram of band D and E obtained from
sucrose grgdients as described in Section C, III.
A, band D sHowing intact mitochondria and the
presence 6f many vesicles (V) and perhaps broken
plas;;Eé (P) (X 15,960); B, band E showing
membrane vesicles originating either fr;m plasma

membranes (V) or from budding-off of tonoplast

membrane (Ve) as illustrated in Fig. 11 (X 12,540).

e
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TABLE 19

by Thiclase of Plastid Microscome Fractions

Distribution of %¢ from [*%cI1s:1-Con, $ of total *%C
. Proplastids ) ~Microsomes
24 Free ™ Polar + Free Polar +
I‘iﬁp f:lg’ Fatty | Neut. Fatty Neut.
Acids | 18:1-CoA | Lipids | . Acids 18:1-CoA | Lipids
0 0 40 17 43 35 33 32
10 10 1 54 45 3 65 32
20 20 0.4 60 39 1 69 30
40 40 0 55 45 1 64 35
8Q__[, 80 0 49 51 0.6 69 30

Incubation system (1 ml): tricine buffer (pH 8) 100 mM, [2%C118:1-CoA

* 44 nmoles (0.049 uCi), 0.5 mg protein; incubation for 15 min.

-

. Reaction mixtures were partitioned according to Bligh-Dyer; 18:1-CoA

counted in methanol-water phase and lipids in CH‘Cl3 phase were

chromatographed on silica gel H in CHCI ;-acetone-MeOH-HAc-H,0

(10:4:2:2:1) and radioactive spots were counted.

@
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1

into the polar and neutral lipids (Table 19). All subsequent
assafs of desaturatase activity were carried out with an
incubatids medium containing 40 mM ATP and 40 mM MgCl,.

3. Influence of Protein Concentration

Desaturase activity of both proplastid and microsomes
fractions was found to be proportional to protein concentration
with either the proplastid or microsomal fraction, up to
0.2 mg/ml; with either fraction méximum desaturation was

\\Sbbtained at a concentration of 0.5 mg/ml (Fig. 34). We have
routinely used 0.20 mg/ml, unless otherﬁi§e specified.
Maximum hydroylase activity, with elther proplastids or
microsqmes, was also obtained at a concentration of 0.5 mg/ml.

4?"Inf1uence of pH -

The pH optimum for 412

-desaturase activity for either
proplastids or microsomes was in the range of 7.5 to 8.0
(Fig. 35). The optimum pH for the hydroxylase system was also

in the range of 7.5 to 8.0.

5. Time Course
' With either proplastid or microsomal Eraction the
rate of &esaturatidn was found-?o be rapid and linear with
the time of incubation up to 15 min., reaching a plateau
after 30 min. of incubation, (Fig. 36). -

The rate of hydroxylation, with either the microsomal
or proplastid fraction, was also linear up to 15 min.} reaching

a plateau after 30 min. imcubation. -

-~



FIGURE 34.
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Influence of proplastid (0-0) and microsomal

12

(84-4) protein on A~ 7-desaturase activity.

Incubation system (1.0 ml): Tricine buffer

(pH 8), 100 mM; ATP, 40 mM: MgCl,, 40 mM; CoA,
0.1 mM; NADPH, 200 uM; [**CI18:1-CoA, 49 uM;
incubation at 29°C for 30 min. with increasing

toncentration of proplastid and microsomal

protein.
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FIGURE 35.
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Influence of pH on the proplastid (0-0) and

microsomal (A-=4) 512

-desaturase activity. Incubation
system (1.0 ml): Buffer (acetate, phosphate or
tricine) (pH 5.5-9.5), 100 mM; ATP, 40 mM; MgCl,,

40 mM; CoA, 0.1 mM; NADPH, 200 uM; [ %CJ18:1-CoA,

59 uM; Protein, 150 mg; Incubation at 29°C for

30 min.

i
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FIGURE 36. Desaturation of oleoyl-CoA by pqoplasfids (d-OJ

and microsomes (A-4) prepared from soybean céll'
suspension cultures grown for seven days at 29°b

as a functio_n of time. Incubation system (1.0 ml):
tricine buffer (pH 8), 100 mM; ATP, 40 mM; MgCl,,
40 mM; CoA, 0.1 mM; NADPH, 200 uM; [*%Cloleoyl-Coa,
49 pM; protein, 200 ug; incubation at 29°C for

various time periods.
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6. Influence of Temperature
The optimum assay temperature of Al2-desaturase
activity was found to rénge between 20 to 30°C with a
maximum at éS°C for both proplastids - and microsomes (Fig. 37).
The enzyme is inactivated above 50°cC.
7 The optimum temperature of‘hydroxyyége-activity,

with either proplastids or microsomes, was alsoc in the range

between 20 to 306°C.

7. Influence of Substrate (lS:i-ng) Concentration on

Al2 -Desaturase and Hydroxylase

" The rate of oleoyl-CoA desaturation was found to be
linear up to 2 18:1-CoA concentration of 100 uM, fhereafter
levelling off from linearity and reaching saturation above
300 uﬁfﬁfig. 38A). Lineweaver-Burk plot (Fig. 38,B)
indicating an apparent Km of 435 uM and Vmax 2.9 pmoles/min./mg.
The ;ate of hydroxyoleate formation was also linear up to a
18:1-CoA concentration of 100 uM, thereaftér levelling off
from linearity and reaching a piateau above 300 uM (Fig. 39A).

"Lineweaver-Burk plot .(Fig. 39B) indicated an apparent Km of

250 pM and Vmax of 11 pmoles/min./mg.

8. Effect of Reduced Pyridine Nucleotides and Other

0f the reduced pyridine nucleotides tested, NADPH
produced a stimulation of alZ-desaturase and an inhibition of
hydroxflase éctivity while NADH was somewhat inhibitory for

both activities (Table 20). However, ferredoxin, an electron



FIGURE 37.
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Desaturation of oleoyl-CoA by proplastids (0-0)
. and micreosomes (A-A) prepared from soybean cell

suspension cultures grown for seven days at 29°C

as a function of temperature. Incubation system

(1.0 ml): tricine buffer (pH 8), 100 mM; ATP,

40 mM; MgCl,, 40 mM; CoA 0.1 mM; NADPH, 200 uM;

[1%¢] oleoyl-CoAy, 49 uM; protein, 200 pg; incubated

%gr 30 min. at various temperatures.

44"_.._‘ . "
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FIGURE 38.
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Oléoyl-CoA desaturase activity of proplastid
fraction ptrepared from soybean cell suspension
cultures grown fo} seven days ét 29°C as a
function of oleoyl-CoA concentration. Ad;Plot"
of V against S; B, double-reciprocal plot
(Lineweaver-Burk) . Incubation mixture was
described in Fig. 37, for 30 min. at various

concentrations of oleoyl-CoA.
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FIGURE 39.
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Oleoyl-CoA hydroxylase activity of proplastids

prepared from soybean cell suspension cultures
- . —_—

‘grown for seven days at 29°C as a function of

oleoyl-CoA concentration. A, plot of V against

§: B, double-reciprocal plot (LineweaveTr-Burk) .

Incubation was as described in Fig. 37.
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-
“« TABLE 20
\
- . . A
Efffat of Pyridine Nucleotides, and other Cofactors -

. |
on Metabolism of 18:1-CoA in Soybean-‘Proplastids
: - : 3 A

-

- Activity; %'of Control*
. Conditiocns 18:2. HO-18:1

- - : : Product Product
Comple;e system + 02 :; | B -, 100 100
Complefé system + Nj — .. ? '2
Complete system ¥ Oé + NADH (200 uM) = -Siﬁ 59 =

Complete SysStémi®-0,-+.NADPH (200 uM) F.109-136 81

o -l

Complete system *+ 0, + Ferredoxin (10-60 ug 100-102 91-100

*Control: complete system (1 mlj contained tricine buffer
(pH 8), 100 mM; MgCl,, 40 m; ATP, 40 mM; CoA, 0.1 mMg 14 <4
‘ 18:1-CoA, 47-49 uM; protein,zzoo ug; ineubation 30 min at
-~ 28°C; a;tivity‘of "complete system", 11.3 nmoles 18:2/30 min/mg
for 012 &saturase and 37.5 umoles/30 min/mg for hydroxylase

+
H

activity.

ot
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donor in plants, in the.rangé 10-60 ug had no effect on the
desaturase and hydroxylé;e activities. These results seem to
indicate that the propiastid desaturase and hydroxylase
systems were already saturated with endogenous electron donors
of.Sithgr NADPH or ferredoxin. To test the poséibility that
the proplastid preparét?on does not require electron donors

for desaturation, as has been demonstrated in the psychrophilic

bacterium Micrococéus cryophilus (122), this fraction was
sonicated at 0°C (on ieé) in a sonifier with a microﬁip
(Quigley-Rochester Inc.) operated at an output of 2A for
15 sec, with 15 sec. cooling intervals, up to a maximum of
2 min. The assay of 2lZ_desaturase activity was performed

in the présencé and_absence of reduced nucleotides on the whole
sonicated fraction as wéll as-én pellets and supernatants
obtained by centrifugation at the spée s indicated in Téblé 21.
These Iesults show that NADPH is not absolutely required for
the formation of 18:2 or HO~18:1. Desaturation activities in
the the presence of NADPH were alsways lower than in its
absence. It should be noted that these enzyme activities are
associate with the lamellar membfanes as indicated by the,high
enzyme activity of the 150,000 x g pellet, containing
chloreophyll, and virtual ahsence of éctiﬁity in the supernafant
which contained the solyblé'proteins. Since NADPH produced - -
a slight stimulation with the crude enzyme preparation (Table 20),
the desaturation reaction was routinely carried out in the

presence of NADPH in the incubation mixture.
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 TABLE 21

Effect of Sonication on 18:1-CoA Metabolism

in Soybean Proplastids

Conditions™ NADPH Activity, % of control*
18:2 product HO-18:1 product

Control ' - 100 100"

+ 100 100

Sonicated - - 133 106

' + 84 114

Pellet 5,000 x g - 154 ' 107

+ 97 87

Super 5,000 x g - 168 - 101

' + 114 82

Pellet 150,000 x g - y 166 100

. (green) + 104 88
Supernatant 150,000 - 59 0.10
* 8 + ) 37 0.10

*Control: complete system (1.0 ml): tricine buffer (pH 8.0},

100 mM; MgCl,, 40 mM; ATP, 4¢7mM; CoA, 0.1 mM, [1-t4cioleoyl-CoA,
100 uM; protein, 0.2 mg; incubation at 2§°C for 30 min. Activity
of complete system was 8.5 nmoles/30 min/mg (~NADPH) and

15.5 nmoles/30 min/mg (+ NADPH) for o'’

-desaturase and 99 umoles/
30 min/mg (-NADPH) and 104 nmoles/30 min/mg (+ NADPH) for

hydroxylase activity.

el

kg T
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9. Effect of Inhibitors on Alz-Desaturase and Hydroxylaig

Systems - ]
>4

Relatively little or no inhibition was observed with
the electron transport inhibitor, azide, in contrast to the
strong inhibitory effect reported for the'ég—desaturase in
rat liver microsomes (235). and the microsomal midchain
hydroxyating system of Vicia ‘faba (198,199). However,
inhibition by Cyanide was observed at high concentration
(Table 22), indicatidyg the probable invquement of a cyanide
sensitive factor. Carbon monoxide (Co), a specific inhibitor
of ¢yrochrome P-450, had little effect, indicating that this
Cytochrome méy not be involved. That the products of
desaturaticn are.indeed envymatlc products was shown by the
complete, lack of act1V1ty on b0111ng the enzyme system
‘Replacement of oxygen, by bubbling nitrogen in the reaction
mixture, -almost completely abolished the al?-desaturase and
hydroxylase enzymes; demonstrating_the absolute requirement
of oxygen for both enzyme activities. »

' While the desaturase and hydroxylase activities were
not affected by EDTA (20 mM), a general chelaéing_agent,
o-phenanthroline (Tab;e Z3) and a,a-dipyridyl (Table 22),
which specifically bind Fe2+, reduced the desaturase activity
by 37 and 83% and hydroxylase activity by 53 and 919
respectively, indicating the possible involvement of heme-

and/or non-heme iron proteins.
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-

TABLE 23

Effect of Other Inhibitors on 18:1-CocA°

Desaturase and Hydroxylase Activity

Conditions ‘Activi;y, %, of Control*
’ 18:2 HO-18:1

Control . 100 100

SAN 6706** 1.0 mM 63 62

' 5.0 mM : 7 4

SAN 9785** 1.0 mM 63 . 100

' 5.0 mM 26 : 18
Destun** .015 mM
026 mM

Atebrine 1.0 mM 63 38

0 mM 26 : 26

Dithiothreitol 1.0 mM 63 100

5.0 mM S 48 52

g—phenanthroline 1.0 mM 63 47

5.0 mM 7 4

*Control complete system (1.0 ml) contained: tricine buffer

(pH 8), 100 .mM; ATP, 40 mM; MgCl,, 40 mM; CoA, 0.1 mM; [1-%%¢3
oleoyl-CoA, 100 uM; protein 0.2 mg; incubation at 29°C for

30 min. Activity of "complete system” was 13.5 nmoles/30 min/mg.
for Alz
activity.

-desaturase and 104 mmoles/30 min/mg for hydroxylase

* x

See abbreviations, page XV.
N
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The thiol-directed reaéents N—ethylmaleim}de and
dithiobis-2-nitrobenzoate almost completely inhibited the
desaturase and hydroxylaée reactions, (Table 22), but
iodoacetamide had no significant effect; of .the thiol-
protecting agents; mercaptoethanol had no effect but
dithiothreitol was inhibitory at high concentrations. On
tﬁg'basis of the inhibition by N-ethylmaleimide and
dithiobis-Z—nitrobenioate, it would appear that sulfhydryl
groups might be required for both the desaturase and

hydroxylase reactions, but the lack of inhibition by

iodoacetamide and the inhibition by dithiothreitol is puzzling.

The non-ionic detergent, Triton X—lOOl and butylated
hydroxytoluene (antioxidant) almost completely abolished the
desaturase and hydroxyldge activities as might be expected
for membrane-bound enzyme systems.

The pyridaziqonetSan 6706 and San 9785) and Destun
herbicides were strong'inhibitors Eoth of 18:2 formation as
well as on the formation of hydroxyolelic acid (hO-lS:l)
(Table 23). It is interesting to note that San 9785 at 1.0 mM
showed preferential inhibition of 18:2 formatioﬁ, as did
1.0 mb dithiothreitol.” This preferential inhibition suggests
that the enzymes involved in Fhefformation of the two products
are separate enzyme systems. Atebrine, an antimalarial agent
which has been reported to inhibit acyltransferase activity

(236), at 1.0 mM concentration inhibited the formation of



hydroxyoleic acid (HO-18:1) more strongly than the formation
of 18:2. This preferential inhibitory effect lends further
support on the independence of the two enzyme systems.

b) Influence of Storageon Enzyme Stability

Proplastid and microsomal fractions were stored at
=70°C for various periods ;f time (Fig. 40). The al2_desaturase
after 8 day storage lost about 25% or 29% of the initial
activity in the proplastids and microsomes respectively; after
Sz,days storage, the losses were 34% and 43% respectively
{(Fig. 30A). The 1655 of hydroxylase activity on storage
followed the same pattern as the desaturase activity with
either proplastids or microsomes (Fig. 40B) exceﬁt that the
hydroxylase activity of the microsomal fraetion appears to

become stable after 8 hours.

¢) Influence of Growth Phase

Maximum 812 -desaturase was obtained with proplastids
and microsomes derived from cells grown for a period of 7 days
{(end of log phase) (Fig. 41). The extent of-hydroxyo%eate
formation was also maximmal on the seventh day, (Fig. 41).
Note that the rate of formation of 18:2 and hvdroxyoleate by
the proplastid fraction is always higher than that.produced
by the microsomes. After seven dayvs (stationary phase) the
desaturase activity in both plastids and microsomes decreased

-* .
. while the hydroxylase activity remained essentially constant.



FIGURE 40.
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Oleoyl-CoA desaturase and hydroxylase activity

of proplastids and micresomes prepared from

soybean cell suspension éultures grown for

seven days at 29°C as a function of storage at
-70°C. A, nl2_desaturase activity (o-o propléstids;
A-4 microsomes): B, hydroxylase activity {go—g

proplastids; V-V microsomes). The enzyme assay

was as described in section C, IV.




J0V0LS 40 SAva

9l

121

4Y

gL

e

A"

r

nmoles linoleate/3g min./mg

nmoles hydroxyoleate/30 min./ mg

n
bl\
] N
>
= 7T
—
> O
>
@
= D
-
4 0
i 1 | ] 1
= 3 8




- 1863 -

FIGURE 41. Oleoyl—CoA:degaturase and hydroxylase activity of
" proplastid and microsomes prepared from soybean cell
suépension cultures grown in the light for seven days at
29°C as a function of growth (---). Alz-degaiurase
attivity (o-o proplastids; A-4 microsomes) ;
hydroxylase activity (O30 propl&sfids; V—%l
microsomes). The enzyme assay was as described in

section C, IV.
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The major fatty acids of proplastids and microsomes
prepared from soybean cell suspension cultures are palmitic,
stearic, oleic, linoleic and linolenic acids; minor
proportions of myristic, pentadecanoic, palmitoleic and
eicosanoic acids are also present (Tabie=23425). Up to seven
days of growth, the fatty acid composition of proplastids or
-microsomes'showed little change, but growth of cells for
longer periods (10 days), resulted in higher proportions of
18:3 at the expense of 18:2 fatty acid with a doubling of the
18:3/18:2 mole ratio with no change in the number of double bonds
(Table 24,25) &

In absolute amounts, the total fatty acid content
(nmoles/mg protein) with either proplastids or'microsomes was
highest at 2 days of growth and decreased céﬁtinuously'
thereafter. The content of 18:2 and 18:3 in particular,
decreased ma;kedly while the more éaturated fatty acids remained\/«\\:>
virtually unchanged up to four days; thereafter, while 18:2
continued to decrease to a low value at 10 days of growth, the
18:3 content increased to higher levels at 10 days of g;owth
thereby suggesting the possible conversion of 18:2 to 18:5
during this period (Table 24). It shbuld be noted that at all
times during growth, the total amount of lipid per mg of protein
found associated with the proplastid fraction was higher than

that of micrqsomes.



' (o10W/y) pioe xuucu Tow #od spuoq oTqnop jo poc:Bzu

"SpIow A13vJ 0:07 ‘T1:91 ‘O mH ‘04T JO 41> pourwiuod sorduws HH<Q

"$1> F Sueau Y. woljy :oﬂuaq>ov Y31TM sosATeue oM} jo sofevisae auam S1TNsayY,,

8570 A4 PT'T A% 62 9 8 S¢ a6r - 001 orT 0¢ H 021 01
1850 mw»m S9°0 ¥4 68 L L A 065 0ST 0%2 ov oy 0fT L
1570 L8'T 95'0 oz . 9¢ L G 82 | 069 or1 052 0s 09 061 4
9570 pste mo.o 9z 6¢ S. . 9 vz 008 0r1¢ 01g or - 0s 061 (4
"1BS/ 38SIN Z:8T/¢ 81 €8T _Z:'81 T:8T . Q81 NQH TB30L €8T 2'81 T:8T " 0:8T  0:9T YaMoag
42TOu/y Toomney o13vy ﬁw satow) suotjaodorg pioy L1376 H:Houoga mE\moﬁnﬁnc Juaiuo) proy £13vd | yo sdeq

pSTTAD UMOID D67 woxy paxedar spraserdoig jo uoryrsodio)

PIoV 433y oy uo aseyJ-{IMN01) JO dduanTyul _



f—r———— . e ————

. . . s :
¢
) ) . Jr..- ‘ .
. ° . T\ ’ v
S -
J
L ’ -
W . o
- v, \ ; . % =
... i . . + . ”/\ .
v, . oL * (orowyy) proe £331wy [ow .1od spuoq oyquop jo uoﬂzizu
. : ) ‘sproe £13eJ 0:0Z pue T:9T “0:ST ‘0:¢T Jo 31> poutejuod sotduwes ~H<z
gT> F JOSSUROW OY} WOLJ SUOTILTAGD YITa SESLTeue OM3 JO sofedoAr o1 SIS,
95'0 . 66°T , 00T 15 R 8 gz | oos ott ot ot o0g  .00T | 0T
L] .
o 95°0 227 L9°0 sz 8% S 8 sz | o0r 00T . 0ST 0z 05 00F | L
0 N .
" ogpo o'T 59°0 oz 18 TI 8 T€ | oso  o0sT 00z 0oL oS 007 P
B2 bz 8L°0 8¢ ¢ 9 9 sz | 059 08T 05z O o 09T | Tz
qes/ qmsun  Z:9T/S:RT | _€i8T 28T T:8T _0:9T 00T |Te30h €T i1 - T:8T 08T 0IOL") W3MOI)
uoHoE\q otimny oTIRY .~w$% satou) uorirodorg proy A3 mm:ﬂquAQ Bur/SaTou) JUdIU0Y POV L3l | jo sdeq

o _ 7 | / |

STT9D UMOIY Jo6z WoxJ poredalj somosoidiy jo uoljtsodio)

PIOV £311d 91 U0 OSBYJ-IMOI) JO ddUaNTIUT :

SZ HavlL ) WI/:l



dj Influence of Light

- Light has been reported to influence the development
(237) and fatty acid composition (238) of plastids and
micfosomes. Changes in fatty acid contents of pToplastids and
microsomes, ﬁrepared from scybean cell suspension cultures,n\xadd
grown in the p?esence or absence of light was studied and the
results are presented in Table 26. The total fatty acid content
of elther proplasitids or-microsomes increased by 16 and'26%
respectively when. the cells Qere grown in the presence of
light. Of the proﬁiastid fatty acids, the contents of 18:0,
18:1, 18:2 and l§:§ remgined essentially constant when the
cells were grown in the presence of light but the most
signifiéant‘thgngé occurred with 16:0 acid which increased by
158%. This change.was responsible for the increased content
of toﬁal fatty acids and most likely results from an increased
de novo fatty acid synthesis (Table 26).

In contrast, microsomes prepared under the same

conditions,$éﬁoyed increases in the content of all fatty acids,
resulting in little change in the DBI.

2
l'-desaturase and

The specific activity*of the &
hydroxylase enzymes did not change on exposure to light
(Table 27), thus reflecting the constant amount of 18:2 acid
observed in proplastid mémbranes; the rate of formation of
hfdroxyoieic (C) acid also. did not change significantly. In
centrast micrbsomal Al7-desaturase on exposure to light

increased by about 503, refl\Qtlng the 1ncreased levels of
A.



"(otow/y) proe A3jey row uad spuoq arqnop Jo roquny_
i ‘spthe Auucu.o"om pue 0:6T ‘0:pT Jo 31> pautejuod sordues HH<:
“4T3 F JO SUBOW oY} WOIJ SUOTIBIAIP YITA S¥sATeue OM] JO SOTRIOAR da® SIINSIY,

i . ! B -

. 1
IT'¢v , ' AN 96° T 86°T | - JoTou/y
99§ . . 259 8¢ CTv teso) .
i’ 122 - vee s0T - : ¢eT g8l
. : - -
6zz - . Lee 0tt bet 7:81
91 - .ot 8 0T 1:81 .
Yogy s 97 0 o 0:8T
o
Q.
k 6 . 8 b L AT
8t £l Si 68 0:91
e . u:mHA yaeq ‘ IYd1] )
@ﬁiopo&a Su/satowu) mvﬂummHQOhm nﬁ:ﬁouOAQ dur/sarouu) SOWoSOIDTH P12V L3118
L SPTOV £33l Truwosoldily pue priserdory jo ) ' '
. . Tquojuo) oyl uo ouwIdaY Niea/3y3t] Jo 1259331
; 92 HTHVE
&
* I3



xnl 00027 .wo;a®<*

T z P . _ T¢ 9 2817
13

r T 01 8¢ 4 yaeq

+ SOUWOSOIDTH . ’
b 8 0S . 921 ‘ 1 SUBTT.
- .
w
AN R L 61 . . 1zt 11 yreq
' v spraserdold .

9. | (H) z:81-0N" (0) 1:81-0H 78T

(y/3wu/soTowu) wsrroqeldN Vod-Z:81 " (utw g¢/Bu/soyowu) wsTroqeIal VOO-T:8T soutdoy

DobZ TT UMOID S2INITND

uotsuadsng 1190 :moakom wotjy poaxuvdorg suorioelr TewosoldTly pue priserdoid jo
e

VOD-7 8T PUE YOD-T:8T JO WSTTOoqEIdN 2yl uo awrday Nae(q/iysrq jo uuoumw

L7 21qvel _ .



- 170 -

18:2 in microsomal membranes (Table 27). The rate of
hydroxyoleic acid.(C) formation was also increased to some
extent.

The formation of hydroxylinoleic acid (product H)
together with the minor products (E,G), was not affected by
light dhen the assay was performed with the proplastid
f;action (Table 27); however, when the assay was ﬁerformed
with the microsomal fraction, while the formation of the
mineor componeﬁ;s E and G remained virtually unchanged,

the formation of hydroxylinoleic acid increased by about 40%.

e) Formation of Products of [14C11811—C0A Metabolism

with Time

Under the opfimum incubation conditions described
in section C,IV, [14C] 18:1-CoA was slowly incorporated into
phospholipids and neutral lipids but not glycolipids both 1in
the presencé or ‘absence of redﬁced.p@ridine ﬁuc%eotides
(Table 28). The rate of acyl transfer thus appeared to be
inéependent of the addition of reduced nu€leotides. After
60 min of incubation, only about 10% of/ the [l4c] suﬁstrate
was associated with the‘acyl lipids ¢ hospholipids. and neutral
lipids) (Table 28) while the rest remained in the form of
ac?l*CoA'é. A typical two-dimenticnal Ttgﬁslate and
autoradiogram of the [14C] acyl lipids is shown in Fig. 42).

The major radioactive phospholipid component in both

proplastids and microsomes was the unidentified phospholipid'w

»

"pX', which followed an inverse relationship with PG in

I - el
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Autoradiogram of thin-layer chromatogram on silica
gel G showing the distrIbution of 14C among acyl
l1ipids; Incubation was performed, as described in
section C,XV, wifh the proplastid fraction. Cer.;'

~ .
Ceramide; PX unidentified phospholipid; 1,2 and 7,

undidentified lipids; 3,4,5 and 6, grouped with the

neutral 1lipid (NL) fraction; for other abbreviations

‘see page XV.

Solvent System

=l

.. Chloroform-methanol-acetone-diethylamine-water

(120:35:37.5:6:4.5 v/v)
Chloroform-methanol-conc. ammenium hydroxide

(65:25:5 v/v).

ta
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proplastids but not in microsomes where it continued to

accumulate (Table 29). The l4C associated with phosphatidyl-

choline was highest in the early Imsubation time while

decreasing thereafter in both proplastids and microsomes. gz

14C associated with PC of microsomal origin was

at all times higher than that of proplastid PC. The 14C

Note that-the

found associated with PI and PE, though higher in. microsomes
than prbpléstids, was significantly lower than the 140
incorporated into neutral lipids and the other phospholipids.

The NL fraction accounted for about 15 and 20% of 14C
incorporated into acyl lipids of microsomes and proplastids,
respectively after 60 min. incubation; in both éases thé l?C
incorporation in NL increased slightly up to 60 min. of
incubation{Table 29). The neutral ffaétion consisted of at
least 4-7 components, mainly fatty acid methyl esters,
triglycerides, acylated sterols and unidentified components
(Fig. 42). In Tegard to the-acyl-CoA's formed after 60 min.
of incubation, only small amounts of (**c]18:2-Coa (llS% and
0.80%) wé?e found respectively in the pfoplastids and microsomes
-'while the formation of hydroxyla£éd (C) was much higher (27%
and 7.9% resﬁectively). ;Note that all of the newly formed

hydroxyacid was in the acyl-CoA form. A plot of al2

-desaturase
or hydroxylase activity versus time (Fig. 43) revealed that the
reactions were almost complete after 30 min. incubation with

either proplastids or microsomes. It should be noted that all

of the [14C]18:2 formed was recovered from the acyl-CoA fraction

oy |
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FIGURE 43. Time course of alZ-desaturase and hydroxylase

activities of proplastids and microsomes prepareda

from sovbean cell suspension cultures grown for

seven days at 29°C. A, desaturase activity

(0-0 proplastids; A-A microsomes); B, hydroxylase
activity (®--8 proplastids; A-A microsomes).

Incubation mixture was as described in section

C, XvV.
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and none was detected in the acyl lipids (Table 28); in
addition, it was interesting to note that the 18:2 formed by
the proplastids fraction was at all times greater than that
produced by the microsomes (Fig. 43A). The formation of
hydrox&oleic acid was also almost complete after 30 min.
incubation and its formation was higher in the proplastid
than the microsomal fraction (Fig. 43B).

III. Metabolism of 18:2-CoA Substrate

As shown in section D,I,2a, the products of [14C]
linoleoyl-CcA metabolism by propiastids OT microsomes were:
product (H) identified as hydroxylinoleic acid; component (D),
a triepoic acid and two unidentified minox components E and G.
Since no 18:3 was detected, studies were then carried out on
the formation of hydroxylinoleate and related products in
order to gain more information on this enzyme system and to
perhaps explain why 18:2-CoA is not desaturated in vitro while

the membrane lipids contain 18:3 in abundance.

a) Properties of Hydroxvlating Enzyme System

1. Infuence of Protein Concentration

The rate of hydroxylinoleic acid formation was -
linear with proplastid othicrosom;l protein concentration up:
to 200 ug but some inhibitioﬁ'wés observed at higher prote;n
concentrations, being.more pronounced with proplastid than

microsomal protein (Fig. 44).



FIGURE 44.
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Influence~of propiasti%~(0-0) and microsomal

(A-4) prdtéin on.hydrokylase activity. Incubation
mixture.(l.o-ml) contained: tricine buffer (pH'Sﬂ;
106 mM; ATP, 40 mM; MgCl,, 40-mM; CoA, 0.1 mM;
NADPH, 200 ui; ['%CJ18:2-CoA, 32 uM; Incubation
was at 29°C for one hour with varying amounts of

protein.

.
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2. Time Course . -
Under oQtimum conditions the formation of HQ-18:2
by proplasﬁiﬁ system %95 fairly Fapid up to 40 min. of incubation
thereaftgr\?eaching a plateall at 80 min. (éée’Fig. 45) .
Formation of minor proddﬁts é and G was-relatively slow and
was essentially ¢complete by 80 mig.'and nouiég phasé was

apparent for the formation of eitHer product.

3. Influence of Substrate (18:2-CoA) Concentration

" The prdplastid hydrox&lating enzyme system
rg;ched an apparent saturation at a relatively low s&bstrate
concentration (32 uM) while displaying consider®ble substrate
inhibition at higher concentrations. (Fig. 46). The formation
of products E and G also appeared to reach s -uratigﬁ at low
substrate concentrations and, be slightryjj:hibited at

higher concentrations.

-

- 4. Influence of Pyridine Nucleotides, and Other

————
Cofactors

Of the reduced pyridine nucleotides, NADPH )
di§played a slight stimulation, but NADH wasnfound to inhibit
the formation of HO-18:2 and related pr ts (Table 30).
Since ﬁetabolism of 18:2-CoA occurred evgﬁ‘in the absence of
reducing substrates, the results suggested the presence of an .

endogenous source of electron donors. ?Z: system required

KOXYgeniand was inhibited by high concentrations of cyanide.
‘Carbon flonoxide, an inhibitor of cytochrome P-450, had only a

"slight inhibitory'effect while complete inactivation of the



FIGURE 45.
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Linoleoyl-CoA hydroxylase activity of proplastids
prepared from soybean cell suspension cultufres

grown for seven days at 29°C as a function of

. incubation time. Incubation mixture was as

described in Fig. 44, except for [14C]linoleoyl-CoA

653 uM; and 0.5 mg protein with incubation at 29°C

performed at various time periods.
‘
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FIGURE 46.
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~Linoleoyl-CoA hydroxy%ase activity of proplastids

prebared from'soybean‘cell suspensien cgitures
grown for seven days at 29°C as a function of
linaleoyl-CoA concentration; Incubation mixture
was as described in Fig. 44, with 200 ug.prAtein_

and varying concentrations of linoleoyl-CoA.
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TABLE 30

Effect of Pyridine Nucleotides and Other Cofactors,

~ on 18:2-CoA metabolism c¢f soybean progiastidsa’b

3 ~
System HO-18:2 (5) )
complete system + O2 p 100
complete system + N2 10
complete system * O2 + NADPH (200 uM) 104 )
complete system + O2 + NADH (200 uM) 22- '
boiled enzyme ) 0
complete system + 0, + CN™ (40 mM) . 64
complete system + 0, + CN™ (80 mM) 25
i:O/oz/Nz (31:3:66) 83

aComplete system (i.U ml): Tricine buffer (pH 8), 100 mM;

b

MgCl,, 40 mM; ATP, 40 mMy CoA, 0.1 mM; [T'CI18:2-CoA, 32 uM;

protein, 200 ug;

Incub

ation 60 min at 29°C; activity of the

N

complete system, 10 nmoles/mg/h.

The miner components E

analogously to HO-18:2.

“~

“

~

and G were founq§to be affected
¢

h by
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proplastid enzyme activity, resulted after boiling (Table 30).

b) Influence of Growtﬁ Phase on 18:2-CoA Metabolism

Maximum _formation .of HO-18:2 was obtained with

proplastids or microsemes de from cells grown for a

perio& of'seven days (Fig. 47). The proplastid hydroxylase

activity decreased considerably (35%) between 7-10 days of

growth, while the decrease in the microsomal hydroxylase activity

was much less (16%).

¢) Influence of Storage

The rate of HO-18:2 acid formation decreased éh storage
of either proplastids and microsomal fraction at -70°C, to the
extent 6f about 30% aﬁd SOi_with proplastids and microsomes,
respectively over a period of 32 days (Fig. 48).

d) Formation of Products of 14C 18:2-CoA Metabolism

with Time

NG Under optimum incubation conditiocns, as described in
section C, IV, [*%CJ18:2-Coa was slowly incorporated into
phospholipids and neutral lipids but not glycolipids (Table 31),
both in the presence of absence of reduced pyridine nucleotides.
After 60 min. of incubation with either prpplastidé-or microsomes
only about 2% of the [liC]ls:Z was associated with the acyl
lipids (Table 31) while the remaining 140 was present in
acyl-CoA's. It should be noted that the acyl-CoA fraction
cogxgined ail products (HO-18:2 (H), E,G) of the hydroxflase
system aﬁd none of these prodhcts were detected i; the acyl

lipids (Tablé 31}. 1In addition, the rate of product formation




FIGURE 47.
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Linoleoyl=CoA hydroxylase‘acfivity of proplastids
(0-0) and microsomes (A-34) prepared from soybean
cell suspension cultures grown for seven days at
29°C as a function of growth (---). Incubation

mixture was as described in section C,IV.
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FIGURE 48. LinoleOyl-goA hydroxylase activity of proﬁlastids
(&= ) and microsomes (A-A) preparedlfrom soybean
cell suspension cultures grown for seven days at
29°C as a function of storage at -70°C. Incubation

was as described in section C,IV.
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N
)
in the acyl-CoA fraction, was always higher with proplastids
thgn microsomes‘and was .almost complete after 40 min. incubation
(Fig. 49). )
| In ;egard to the acyl lipids, the major radiocactive
phospholfpid, in both proplastids sand microsomes, was the
unidentified pho§pholipid‘"PX", which displayed a ré&iprocal
relationshiﬁ with PG in probléstids But not in microsomes
where "PX" continued to increase (Table 32). The [14C118:2
associated with proplastid PC was at all times highe% than
that of microsomal PC and its value decreased with time in
both_fractions (Table, 32). The [2%CJ18:2 associated with PI
and PE were considerably lower than those of neutral lipids.
and othef phospholiiias in_boih proplastid and microsomal
fractions.  The NL fraction accounted for 34 and 26% of the »
14¢ incorporaredinto acyl lipids after 60 min. of incubation
with proplastids and microsomes, respectively. It should be
mentioned that the NL fraction consisted of at 1§asf 4-7
components comprising mainly fattykacid methyl esfers,
triglycerides, acylated sterols and other unidentified
components as with 18:1-CoA aslsubstrate. In-both caseé, the

14C incorporated ih NL remained virtually unchanged over the

entire time course.

3



FIGURE 49.
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Time course of linoleoyl-CoA hydroxylase
activity of proplastid and micrbsz:z§/preparéd

S grown

from %oybean cell suspension cult
for seven days at 29°C. A, pfbplastids;. B,

microsomes. Incubation was as described in

section C,XV.
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1. Identification of Metabolic Products of [L%C118:1-CoA

On the basis of the results presented, the three
products formed from 18:1-CoA meﬁabolism were identified as
~follows: éomponent A, a Cls_dienoic acid; component B,
18:2 (product of Alz-desaturase), and component C, 3-hydro-

.;xyoleat?. 7 » .

| | ~ The @ienoic atid (A) was not identical to the
Al?-desat;;ase product 9,12-octadecadienoic acid. However,
ocne doublg bond must be loc;ted a'E.C9 because of the .

. formation.of C9 monocarboxic acid on oxidation with pgrmanganate-
periodate (Table 12), and MS-fragmentatigﬁipattern (Fig. 18B)
indicateq that the newly formed double bond must be located
clese to the carboxyl-group of the moleéule probably at C2
because of the presence of a major fragmentation ion at m/e
113 and minor diagnostic ions at m/e 99, 181 and 195 which ™
are typical for a,B~unsaturated fatty acids (239). This
structure sgill requires further confirmation by U.V. analysis
of component A which should givé an absorbance band at about
250 nm for a conjugated double bond system and by infrared
and NMR spectral analysis in comparison with authentic
synthetic standards. The latter two methods would also be
useful in establishing conclusively the stereochemistry §f the

newly formed double bond (cis or trans). We were unable to

carry out all these studies because of insufficient material
: : noe s

at our disposal considering the rather high amounts required

-,

"E. DISCUSSION ~—
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for measurements of these spectra.

—— Product A might have arisen from the 3-hydroxyoleate
(product C) by a specific enzymatic dehydration, in which cgse
the newiy formed double bond-would be eit@éruét c, or Cg
depending on the specificity of the enzyme. Alternatiuely A
could have arisen by the action uf an a,B-dehydrogenase on' the
substrate 18:1-CoA (see section E,V. for further discussfon).

N
Product C.was conclusively identified as 3-hydroxyoleate

. on the basis of results presented in (Table 9, 10, 12 and

Fig. 21, A and B; 22, B and 23, A). However, it would be of
interest to.determine the optical activity (D or L) of this

product in order to pinpoint its biosynthetic pathway; while.

. the D-hydroxyacids-arte intermediates of fatty acid synthesis,

the L-isomers are believed to be irtermediates in fatty acid
oxidation. It must be kept in mind, however, that the

oxidation of long and short chaln fatty acids 1is con51dered to

~proceed directly tog acetate WlthOUt the accumulation of

intermediates (240). Similarly, in the biosynthetilc system
only the short chain intermediates have been detucted and not
the long chain intermediates (14). -

Davidoff and Korn (15) have observed the accumulatlon
of 3-hydroxy fatty acids from saturated substrates, in the

order myristoyl-CoA > palmitoyl-CoA > stearoyi—CoA by\a soluble

preparation. from slime mold Dictyostelium discoideunm. These

authors also conclus1ve1fﬁaﬁmonstrated that the formation of

the 3-hvdroxyacid occurred ¥ia the o,B8- unsaturated fatty acid

~.
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&

e

derivates as precursor. A similar pathway was also-demonstrated

in a mitochondrial fraction of guinea pig liver incubated

with palmitoyl-CoA (241). The formation of 3-hydroxyacids have

also been reported in high-speed supernatant fraction from
mayﬁring avocado mesocafp (242) and to a much lesser extent
in safflower.supernatants (242) both of which act on short and
médium chain fatty acids such as octanoic, dgcénoic and
dodecancic acids.” These enzyme systeﬁs were.soluble
preparations in contrast to the proplastid enzyme system
described in this the51s, hthh is most likely bound to lamellar
~

membranes.
\ &

Identification of product B as 9,12-octadecadienoic

acid shows that a Al“

-desaturase system is present in both.
proplastids and microsomes of soybean celd.suspension cultures.
The desaturation of 18:1, in both sysfems, occurslat the
levellof acyl-CoA, in contrast to desaturation in differentiated
plant systems such as 1eaves (172,243) or developlng seeds

(173 174,244)" where desaturation of 18:1 -~ 18:2 occurs

exclusively in .microsomes 2t the level of phospholipids,

mainly PC, and not in the chloroplast (163). Thus the
12 |

-A7"-desaturase system from the undifferentized soybean cells
A .

behave quite differently than that of fully differentiated

- Sy

plant cells, with respect to substrate used.

II. Identification of Metabolic Products of 18:2-CoA

. The'two major products formed from:18:2-CoA

metabolism ‘were identified as follows: component D, a C18

-
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-

triencic acid and component H, 3-hydroxylinoleate. The minor
components E and G were not identified because the small
amounts of products formed were not enough for any structural
studies.

The C18 trienoic acid (Table 14,15;'Fig. 26A and B)
was nﬁt identiéﬁl to 9,12,15-octadecatrienocic acid, product of
Als—desapurase activity. However, two of the~”three double

2 . . .
9’1“—p0511:10n since the ion fragments

bonds are retainéd in A
proauced from tpis part of thevmo%ecule are identical to

those of methyl linoleate (Fié. 19,B). The major differences
between the MS of methyl linolenate and product'D, is in the
éppearancg of the molecular ion at m/e 292 which indicated

the presence of a third double bond, and the ion fragments

at m/e 113, 179 with splitting between CS apd C6’ and E% m/e
99 and 193 with splitting between C4 and QS.;‘These ion éeaks '
occur only if tﬁe third double bond ié present Setween o and
CS‘ The o,B-unsaturated acids have recently‘been shown to

give rise to the ion peak at m/e 113 (240)-which ig therefore
typical of unsaturation between Cz fo CS' The structure of

9,12

v 2 . . .
product D, presumably A7’ -octadecatrienoic acid was not

further confirmed by U.V., IR and NMR studies, because of
insufficient material.

This trienoic acid could be formed either by a specific
L J
enzymatic dehydration of 3-hydroxylinoleate or by action of
a specific a,B-dehydrogenase on 18:2-CcA, as suggested for the

formation of product A, (sce section E, I and V for further

-

A
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discussion). On the basis of their mobilities on AgNO5-TLC “
d ~ .
and on GLC, products E and G might be stereochemical isomers

(cis or trans) of the o,8-unsaturated acid‘TD) or isomers of

Ehe B,y-unsaturated fatty acid arising from isomerization of
the a,B—unsatLrated acid (Fig. S0B); such an isomerization
has beén demonstrated in slime meld (15).

Product H, was.conclusively identified as 3-hydroxy-
linoleate on the basis of results presented in Table 9 and
14 and Fig. 28 (A and B), 29 (A and B). It may arise either
from direct hydroxylation by a mixed function oxidase or from
a a,B-unsaturated (e.g. Az’g’lz—octadecatrieﬁoic) acid b; a

specific hydratase; for further comments see section E,V.

III. Enzyme Systems of 18:1-CoA and 18:2-CoA Metabolism

a) General Properties and Subcellular Location

The concentration of protein (Fig. 34),
optimum pH (Fig. 35), oﬁtimum temperature (Fig. 37), and time
of incubation (Fig. 36) rggﬂﬁ;éd for optimum conversion’of‘
18:1 + 18:2, were similar to the values obtained for

£12_desaturase systems, in other plants, such as pea leaves (245

potato tubers (246) and soya bean cotyledons (246). However,
the proplastid Alz-desatura;p had a much lower substrate

affintiy (Xm, 0.4.mM) than previously reported in other plapt-
. 12 :
systems (245,246). The association o£ a 4 -desaturase

largely with the proplastids and to ;eséer extent with microsomal

’

fractions (Table 16,17) is in contrast to other plant

7 - = - - . hd
Al“—desaturases.whlch are largely associated with the microsomes
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(169, 245-247). It d be noted also that the proplastid
hydroxylating system had the same optimum pH ag reported for
other plant hydroxylating,systems (198,199,242) but it
differed in its cellular location, being a;sociaied largely
with the lameilar membranes (Table 21), while other plant
hydroxylating systems are either of microsomal origin (198,199)
or are soluble (242). The differences in Km and subcellular
location of Aiz—desaturase as well as the location of the
18:1-CoA hydroxylating system; indicate that these enzymes in
undifferentiated plant systems, such as soybean cell culturés,
have diff;;ent properties than, those of fully differentiated
plants (169,198,19Q,242,245—247).

Under the optimum conditions required for degaturation
?in plants, no AlS—desaturase‘activity was observed with either
proplastids or microsomes; however,.-a very active hydroxylating
system was observed with the properties reported in Fig. §4,45,
and 46. The lack of 18:2 + 18:3 desaturation may in part be
due to Ehié very active hydroxylating system which rapidly
utilises the substrate (18:2-CoA) and converts it to products
ﬁhiCh are not substrates of desaturatiohl The substrate
inhibition observed at higher concentrations of 18:2-CoA
(Fig. 46), toward the hydroxylase activity, may Be due to the
higher deterﬁén£ effect of ﬁhe 18:2-CoA substrate and is

different than the observations reported with 18:1-CoA as the

substrate (Fig. 39A). The hydroxylating enzyme with 18:2-CoA

K
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as the substrate was also mainly associated with the proplastid
fraction (Fig. 49).

b) Effect of Pyridine Nucleotides, Cofactors and

Inhibitors

The prOpléstid Alz-desatufase systém displayed-an
absolute oxygen Tequirement (Table 20,22) as for othef
miérosomal Alz—desaturase systems from leaves (169,245),‘
potafo tubers (246 and seeds (2487. However, no absolute .
¥equirement for reduced pyridine nucleotides could be v
demonstrated; while NADPH stimulated desaturation only to a
small extent, NADH was found to bg inhibitery (Table 20,21).
Ferredoxin, an electron donor in plants did not affect the
level of 18:2 produced by "the proplastids (Table 20). The'lack
of a pronounced stimulation by these electron donors, usually
observed with plant systems (245-247), would suggesta;ither the
presence of tightly béund electron donors or cofactors (Table 21),
or a self-regenerating system for electron doners as suggested
for other microsomal plant Alz—desaturases (169,245,2d6).
Slack gi al., (169) have reported that microsomes prepared from
pea leaves did not require reduced pyridine pucleotides for
maximum 19:1 -+ 18:2 desaturation; however, on washing or gel

- . . 2
filtration of the microsomes, the atl

-desaturase activity was
decreased but not eliminated when the assay was done in the ,
absence of réduced pyridine nucleotides. ~Full enzyme activity
was re-eitablished when NADPH or the supernatant or sephadex-

treated supernatant was added back to the assay mixture as an
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electron donor. These authors sdggested from these studies
that a membrane bound high and/or low molecular weight
component acfing in a manner similar to NADPH was present in
microsomes (169). Similar observaiions have been reported fof

5 , .
12 _desaturase of yeast (142). .In addition, Foot et al.,

the A
(122) observed that a microsomal preparation from the

psychrophilic bacterium Micrococcus cr}gghilus did not |

absolutely require electron donors for maximum Ag—desaturationT
Our findings are therefore similas to previous observations
that reduced pyridine nucleotides are,not a%solutely required
‘for maximum Alz-desaturase activity in certain plant systems.
The function of reduced pyridine nucleotides can be :

substituted by a membrane bound component (Téble 21) which acts

in a manner similar to NADPH. This membrane bound component

can either be an existing membrane-pogd of reduced electron
-

donors (e.g., cyt. bg, Ferredoxin) ort3oke unknown component
yet to be identified. More studies are required. to shed more
. 2 .

light on the mechanism of Al“-desaturation in soybean cell

sﬁspension cultures and in pariicular on the role of NADPH as

electron donor. Further investigation is alsc required to

: oy ey s - 12
demonstrate the mechanism of NADH inhibition of A .-desaturase

in soybean cell cultures. NADH can be converted to NAD® and

RS

it can act as an inhibitor as was demonstrated for the

hydroxylating system of avocado mesocarp (242). ‘ :
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" ‘Azide, an inhibitor of electron transport, which has
been shown to inhibit the 4%-desaturase in rat liver
micrOSOmeé (235) as well as the w- and midqhain hydroxylases
of ﬁi;rosomes prepared from Vicia faba- (158,199), had no e%fect

. =
on either enzyme systems (Table 22). C(Cyanide a typical

_desaturase inhibitor at low concentration (1 mM) (248)

inhibited the a'?_desaturase as well as the hydroxylating
system only at high concentrations (40 mM) (;able 22). Since
a cyanide concentration greater than 1 mM can lead to
nonspec&fic secondary reactions (248), the significance of
inhibition at this very high cyanide concentratioﬁ, with
regard to a cyangg;:sensitive heme system, is not clear; at
best it may indicate the presence of a cyanide sensitive factor
which may be involved with either the Alz-desaturation or
the hydroxylation system. _

The inhibitory effects observed with either the more
specific heavy metal chelators or the thiol di%ected reagents

(Tablé 22, 23) indicate the possible involvement qf heme-

and/or non-heme iron proteins as well as the involvement of

‘ sulfﬁydfyl groups 1in the ﬁrocess of desaturation and

hydroxy}ation reactions. Similar‘obsefvatioﬁﬁ have been made
with regard to other plant Alz-desaturaseé (248} as well as
plant hydroxylating systems (198,199).

Carbon moncxide, a known specific inhibitor of.
cytochrome Pr450; inhibited the formatioﬁ of 18:2 and hydroxylase'

activity only slightly (Table 22). This partial inhibition by
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CO may.have resulted frgm a partial denaturation of éroteing
| resulfiné from the-bubbling efgéct of CO in the incubation
mixture and not by the known effects ¢f CO. In conclusion,
cyt P~450 is not invelved in the process of desaturation
and ﬁay not be involved in the hydroxylating mechanismlas
well; With regard to the hydrsxylating mechanism, the -
non-involvement of cyt P-450 as stated above, is contrary to
the probable involvement of cyt P-450 in the formation of
3-hydroxyacids in avocpdo;mesocarp (242)? and its certain
involvgmenf‘in the w- and midchain hydroxylation in plants E
(198,199) but'ii is similar to the mixed, function oxidase .
involved 1in the formation of ricinoleic acid (197) which does
net involve P-450. Thus plants may use more than one
mechanism of hydroxylation (CO sensitive or;insensitive)" .
depending on whether the tissue studied is differentiated
or not. °
The desﬁturase and hydroxylase systems areia%so
sensitive to detergents and antioxidants (Table 22) as 1is.
expected of membrane bound enzyme systems. The pyridgzinone
herbicides (San 6706 and San 97£S) and Destun, are strong
inhibitors of the desaturation reaction (Table 23j as
demonstrated in” vivo studies in other plant gystems such as .
broad bean (Vicia faba) (249}, spinach and pea leaves (250),
linseed and wheat (250 and in maize scedlings and sunflower

cotyledons (251). Atebriné, a known inhibitor of acyltransferase

- . ey . 12
activity (236), also inhibited both 47 -desaturase and

-

A

T I
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hydroxylase activities‘(Taple 23) . It should be noted that
San 9785 at 1 mM had a partial inhibiting effect on 18:2
formation but not hydroxyoleate formag}én while atebrine
inhibited the formatian af‘hydrox&oleate more so than that
18:2 formation, tﬂus indicating the pessible involvement of -
separate desaturase and hydroxylase. ;The'mgchanism of
EEETE??TBA by the Herbicides, Destun and Atebrine are not
known and will réquire further study. '
The proplasfid.hydroxylése system aﬁting on‘LS:Z-CoA

exhibited the same general properties.toward oxyden requiremeﬁt,

1‘

- -

reduced pyridine nucleotides, cyanide, inactivation of enzyme

-on boiling, and cyt. P:450’(Tabf§ 30) as with 18:1-CoA as

substrate. All these observations suggeét the presence cf a
single proplastid hydroxylating system acting preferentially

on lS:l-CéA and ‘to a lesser extend on 18:2-CoA. "

IV. Formation of Products of 18:1-CcA and 18:2-CoA

Metabolism with Time

On i?cﬁbation of [14C]18:1-C0A with proplastid or
microsomgl‘fr;étions-only about 10% of the [1%C] were transferred
to acyl lipids (chiefly phospholipids but not.glycolipids)
while the remainder was associated with acyl-CoA's including
the product of Alz-desatura§e, 18:2, and that of the hydroxylase

. enzyme, hydroxyoleate (TaBle 28). Thus, both the desaturase

and hydroxylase reaction utilize 18:1- CoA as substrate and

-neither reaction occurs at the level of phospholipids or

-
-



glycolipids. This resg}t ijs in contrast, at least as far as.

the desaturase is concerned to the findings in most plant

systems in which the-actual substrate’ fo esatufation of

"18:1 - 18:2 takes place at tHe level of phos holrpidé, L '.)
" principally PC (163,171). In Tegard to the-[14C] incdrporated
into the acyl lipids, Zﬁ%&un1dent1f1ed phosphollpld “PX” was
at all times the most heav1lv labQ}led acyl component
dlsplaylng an inverse relatlonshlp with PG of proplastids but
net with m1crosomal PG. While "PX” contained the buik of [ C]
in the early stage of incubation and decreased thereafter, PG
was low initielly but.became more progressrxely labelled with
time (Table 29). These results'suggests that "PX'" dcts as a
donor of (14c1 acyl groups of DAG backbone to PG. The -
.unldentlfred phosphollpld “ﬁK” may be bis- phosphatldlc ac1d o
(bls PAY previously detected in soybean suspension cultures (34)

and 1mp11cated in the process of desaturation by W1lson et 1.,

(35). HoweveT, its Rf value ‘on TLC appear 1o be closer to those

for a 1yso-bis-PA.. PC was also heav11y labelled during the earlv ~
stages of incubetdon, in microsomes more than proplastlds, and
decreased thereeéter;_suggestlng that‘lt too could act as a
donor of DAG backbone to the otber phos hoiipids as summdrized
in Fig. - (section A VIc) In conclusion proplastidsiand_
mlcrosomes prepared from heterotrophlc cell suspen51on
cultures seem to have a very active hydroxvlatlng svstem actlng e

on '18:1- CoA as substrate and a less active Al ~desaturase T e

system wh1ch 2150 acts on 18:1- d@ﬁﬁﬂs substrate contrary to

»prevlous observatlons that thls desaturase in fullv




differentiated plant»celis acted exclusively on phospholipid
substrates, mainly PC, of microsomal oriéin'(l63). It is
possible that heterotrophlc cell cultures have a unlque

alz- desaturase and Kydroxylating enzymes concentrated in the
proplastids and acting exclusively on 18:1-COA. In order to

study the mechanism of desaturation in heterotrophic soybean

.cell suspension cultures more effectively, 'it seems mapdatory

to find a ﬁéy to inhibit the very active hydroxylating

system which interferes with the mechanism of desaturation by

_removing the substrate. For comparison one might employ

!

phototrophic cell cultures which have been shown to
desaturate exogenous 18:1-CoA in vitro without the reported
formation of hydroxyacids (243).

’In régard to the hy&}oxylase enzyme, the enzyme acts
on lS:i—CoA us substrate as concluded above, and in this,
respect is‘similéfito the hydroxylating system reporté® in
slime mold (15) andzmaturing'avocadq\f/socarp (242) .

With [146118 ~CoA as substrate with pTOplaStldSJDj
mlcrosomal fractions even less (2%) of the [ C] was
transferred into acyl llpldS again mostly phospholipids=but
not glycoclipids while the remalnder was aSSOC1ated with
acyl- CoA's containing %11 the products of 18: CoA metabollsm

(Table 31). It should be emphas%zed that no 18:3 (Ag’¥:&15-

& . . . )
octadecatrienoic acid), the expected product of Als—desatu;ase,
was observed; instead oﬁly hydroxyat¢ids and trienoic dacids
were formed in both proplastids and microsomés., Thus, the
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qugstion still remains as to what me&hanism not involving
glycolipid intérmediateé could account for the in Vivo’
synthesis of 18:3, a major fatty acid of membranes from’
soybean cell cgltutes: "To solyé this problem, it would be

‘ helpful to f}é& a way of inhib}tfng the active hydroxylating
g{stem, without inhibiting the desaturase s}stém. Perhaps the

differential inhibition observed with Atebrine might bg

exploited for this purpose.

With regard to the [l%CjIS:Z acylated lipids, "PX" ///’i

was again';he most heavily labelled component, the [14Cf>lefel
of which also displayed a reciproéal relationship with ihat of
proplastid PG but not microsomal PG (Table 32).

In thé early stages of incubation’with [14C]18:2-C0A,
a prefe;ential acylation of proplasfid—éc (Téble 32), relative
to microsomal PC was obser%ed.which decreased on prolonged
incubatiorh, These results are in contrast to those -observed
with f{EEng:i-CoA substrate where the acylation of microsomal
PC in the early stages of incubation, was greater than that of
proplastid PC (T:;§e éSj. This preférential acylation of
microsomal PC-By'18:11CoA<;gﬁ of proplastid PC by 18:2-CoA

'suggeéts that these organelles in vivo maf-play different roles

-

with respect to the biosynthesis of pelyunsaturated fatty acids. *

- R J
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VII. Physiological Significance

The -degree of fatty acid unsaturation has a large effect
on its phy sical prope}tiés, such as melting or boiling_point;
the gr?ater the degree of unsaturation the lower the-ﬁélting
and boiling points and therefore, the greater the fluidity.
These properties will be reflected in those of the membrane
phespholipids and glycolipids to which the fatty acids are
esterified. Thus the greater the degree of unsaturatio

phospholipid and glycolipid fatty acids, the greater thg fluidity

. and hence the permeability of the membrane. In additiocyf, the

activity of several membrane bound enzyme seems to be directly
affected by the nature of the polar head grbup as well as the
fluidity of the acy} chains of boundary polar lipidg. Thus,
since the desaturases are directly involveé in regulating the
properti:; of acyl chains in membrane lipids, it is of inquest_
in plants which contain 18:1, 18:2 and 18:3, fatty acids in a
abundance, to study and elucidate the mechanism ofIIS:l + 18:2
and 18:2 + 18:3 desaturation.

fn the present- study, we were able to demonstrate
18:1 - 18:2 desaturat1on in proplastlds and.to a lesser éxtent
in microsomes, of undlfferentlated heterotrophlc cell suspen31on
kultures but the desaturation of 18:2 - 18/3 was nat observed
in either cell fraction. These studies:were compllcated by the
very active hydroxylating-system which was found to be presenp,ln

both proplastias'and microsomes Frém the above nentioned cells.

The use of phototrophic-cell suspension cultures. would be more

/&



'advan%ageous since they séem to be ;blg to desaturate 18:1 —+
18:2 +~ 18:3 effectively without the formation of.in;erfering
products (252) ) ’

- With.regard to -the hydroxylated and other products of

- the enzyme preparation originating-either fron 18:1-CoA or
l%:Z-CoA, their metabolic role ist not obvioué; the 3-hydroxyacids
ma§ be inté;nediates in fatty acid oxidation or synthesis or
both, orfthey may be part of a novel pathway yet to be-
determined. The\aata cannot be consistently interpreted <o,

- favor any of.ghe gi;st three possibilities for the following
reasons: (a) our enzyme system is strongly inhibited by
pyridineﬂnncleotides, which are e;sential cpfactor§ for both
B-Oxidation and fatty ééid'synthesis and (b) the hydroxylated
and unsaturated intermediates in.the proplastid or n}croéqmes
(products A énd C, D and H) show;time dependent accumulation
whlle the intermediated of §- ox1datlon and fatty acid synthe51s

-:§3~nQ£:EEthula%% Thus the hydroxylase system 1s probably
a separate system operating 1ndependently of either the fatty
acid synthetasb or B ox1dat1¢n systems; it is also dlfferent
fzgm other plant hydroxylases, e.g. the w-, mid-chain, and 3~
hydroxylase systems (198,199,242), and may represent a novel
pathway characteristic of undifferentiated cells.

"'r’

\\anihe basis of the results obtalned the’ pathw&iclfor

tHe formation of the hydroxylated and unsaturated products are

summarized in Fig. 50: . :

=~

{
AT o bt et Ao 3 sl it
. -A

Kiravontnteiaidnnil i sageionsi i



- 205 - .

—

FIGURE 50.. Proposed pathways for the synthesis of A; 18:1-CoA
‘ Emetabolites and-g, 18:2-CoA metabolites [linoleic
acid (B), 3-hydroxyacids (C and H), and «,B-un-

satursgted fatty acids (A and D)] in proplastids

or microsomes of soybean cell suspensiog.culturesi_

.'A': pathway I, hydroxylase; pathWay }I, -
'a,ﬁ-dehydrogenasg; pathway I11, dehydrase; -
pathway IV, hydrase. | o
B. pathway I - IV as in A; pathway V,‘isomera§g:

pathway VI, isomerase.

.



1

A9'12—18=2—C0A

3-OH-18:2-CoA(H) 'y

1

v
I

™.

R

4

2%%1248:3 con (D) vi A2'9'12—18'-3—C0A(E orG)
(g1s or trans) (trans or-cls)
>

A2 g3 con (E.G?)

(gls or trans’){
A

3-OH-18:1-CoA (C)
4 1)
912 " e
(8) &A™ "—18:2-CoA «———— 18:1-CoA -
' I ==
FY J

7 28 ; -

C\ - A'-OCTADECADIENO([“A 10(A)
B




--206 -

The 18:1-CoA can be ef%ﬁer hydroxylated first to form

5-hydroxyoleate (Fig. 50A, pathway I) followed by a dehydrase

enzyme (pathway III) to produce Az’g-octadecadienoic acid or

the 18:1-CoA can be first acted‘on by specific «,B8-dehydro- -'
genase enzyme (pathway II) to form.thp Az’g-octadeca&ienoic
acid, followed by a hydrafase enzyme (pathﬁay IV) to produce'
3-0H-18:1-CoA. The formation of 8912 _octadecadiencic. acid
by the-Alz—desaturase system, is shown in pathway V, and;it -
should be emphasized that this pathway is only a minor one when
compared to pathways I - IV.

The pathways for the fwo_main products formed f om-lé:Z-CoA
metabolism are shown in Fig. 50B, and the steps involved are
similar to those described for 18:1-CoA as substrate (Fig. 50,
pathway I - 1IV). _

The minor products E and G may arise from either
isomerization Qf the o,B-unsaturated acid to the B,Y-unsaturated
fatty acid (Fig. S0B, pathway V) or represents the cis or Eiggg
counterpart- of product D (Fig. 50B, pathway VI). It should
be possible to demonstrate the main biosynthetic ﬁathways
(I - 1v) for the formation of A or D and q or H by a2 time course
experiment showing the substrate to produc; relationship,

The function of the 3—hydroxy and a;B-unsaturated fatty -

acids in soybean cell suspension culture is not clear. The

3-hydroxyacids cannot be gonstituents of cerebrosides which
- L .

have'begn identified in soybean-cell cultures (335) since these

probably contain the\2-hydroxyacids as ha been reported for

~

/iis I’
-

‘ ‘)
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runner-bean leaves (10). In other systems 3-hydroxyacids

have a variety of functions such as: * -constituents of

extracellular glycolipids'in the red yeasf Rhodotorula

graminh;(ZOS); as components of depsipeptides in fungi (253);

as constituents of an antibiotic in Bacillus mesentericus

{254); constituent of an. agent, _causing hemorrhage and regression

of mouse tumor in E. coli (255).

Y

Whether or not 3-hydroxyacids of soybean cell cultures

have similar functions, it is not known, and further studies

are required to settle this point.
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"on the & yl-CoA derivative and not on phospholipids.
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CLAIMS TO ORIGINAL RESEARCH

a,

In vitro studies have shown that proplastids and to a
lesser extent microsomes from undifferentiated soybean
cell suspension cultures can carry out 18:1 - 18:2 but

not 18:2 + 18:3 desaturation.

k)

Contfary to the general belief that 18:1 + 18:2 desatﬁratibn
in plants.occurs only ;n microsomes, our system clearly
demonstratﬁs the exisgance_pf a Alz-desaturase of

proplastid as well as a microsomal oriéin. The proplastid
Al2

A}
-desaturase may be associated with the lamellar

membranes.

The Alz-desaturase of both microsomes and proplastids was
found to behave differently than the microdomal

Alz-desaturase of other plant systems with respect to
the reduirement for reduced pyridine nucleotides and

respgnse to CN.

Contrary to previous reports which indicated that
7 . . . . * B .. n
at?-desaturation in plants occurs at the level of -

phospholipids, this enzyme system was found to act only

T

MetabQ}ism of 18:1-CoA by proplastids or .micrdsomes resulted

in the formation two major components identifie@ as 42,9

-,y

octadecadienpic acid and 3-hydroxyoleate and a minor

component identified as -octadecadienoic acid. The

moo o
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hydroxylase was also found to act only on the acyl-CoA
of 18:1 or 18:2 and not on phospholipids or glycolipids

as substrate.

Metabolism of 18:2-CoA by either proplastids or microsomes
resulted in the formation of two major components identified

as Az’g’}z-octadecatrienoic acid and S—hydroxylinoleaté*
and twd‘unidentified_mihgf components. No 81°-desaturase

activity was observed. The hydroxylating, enzyme system

was found presengﬁpainly in proﬁlastids and to a lesser

eXxtent in microsomes of soybean cell cultures.

4{",-
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APPENDIX T
~ (CHy),Sich or (cri:,,)z'sm*:i:l-lz .(CH;,)aSi*
m/e 89 | m/e 73
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CH=CH—CO,CH, +———— R-CHCH,CO.CH,
¢’3+-_-5i(c|.|3)2 : .- osifeHy), ..
mfe 159 ‘
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" mfe 131

ﬁH'—CH2C°2CH3
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o

CH~0

CH-L{cH

v

I
| 0—Si(CHy), |

c=0

(cmj,sm'*:cn-bcm

m[e 133
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Suhm\a.ry of the major diagnostic ion péaks arising from the

fragmentation of the trimethyl §31yl ether derivative of products C,

. H and authentic 3-hydroxystearate.

“
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.o +— ) H c CH ’ : .‘
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