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ABSTRACT

m~

Detalled studies were carried out on the process of
lipid desaturation by m1crosoma1 membranes prepared from

Ccells of Candida lipolytica grown at 10°C and 25°C and

harvested at varlous stages in the growth cyvcle. The

following results were obtained:

1) A %ecipfoeal relationship between oleic'(IS:l) and
linoleic (18:2) acids occurred during the eérly log
phase of growth of the cells at both temperatures;

2) Fatty acids were more unsaturated at 10°C than §5°C
and unsaturation of the .fatty acids was maintained at
a higher level later in the growth phase at 10°C than
at 25°C; ‘

3} 18:0-CoA, 18:1-CoA and PC desaturase specific activities
in microsomes.of cells growh at 25°C were maximal at
the mid-log phase and were correlated with the maximum-
absolute content of 18:2 fatty acid in the microsomes.
In contrast microsomal_membranes from 10°C cells, had
maximum 18:0-CoA, M:1-CoA and PC desaturase activities in
the early log-phase pf_growth, coinciding with maximum
and minimum proportions of 18:2 and 18:1 acids
respectively, but not precisely with the maximum absolute
content of 18:2; while maximum 18:1-CoA activity in 10°C
cells was double the maximum activity in 25°C cells the
activities of the 18:0-CoA and PC desaturases were ’

considerably lower in 10°C cells;



4)

5)

xiii ﬁj

<
Increase in aeration rate (shaking speed) resulted in

iﬁbreased'percentages of 18:2 acid and in increased

18:1-CoA desaturase activity but di@ not affect the” O\

lecithin desaturase or the 18:0-CoA desaturase activities;

Kinetic studies of 18:1-CoA desaturase using microsomes
prepared from cells at 25°C to mid-log phase, in the
presence of ATP, MgCl2 and CoA and both in the presence
and absence of NADH,showed that a relatively low
hydrolvsis réte of acyl-CoA (10% in 30 min.) and a rapid
tyansaéylation of 14C-acyl groups into phospholipids

(Si% in 30 min.) and triglycerides (10% in 30 min.) had
occurred. In the presence of NADH, formation of linoleic
acid occurred in the phbspholipids more rapidly (2.4% in
2 min.) than in the neutral lipids (0.2% in 2 min.) or
.in the acyl-CoA (0.7% in 2 min.)}. After 2 minutes the
[14C]-18:2 acid in the phospho;ipids accounted for 74%

of the total newly formed [14C]—18:2, while the acvl-CoA
accounted for 20% and the neutral lipids for 6%. The
newly formed 18:2 acid was distributed among the
phospholipids after 2 min. and 30 min., respectively,

as follows:
PC, 66%, 47%; PE, 15%, 34%; and PS andPI 19%, 19%. These

.{sTﬂtssuggest that a considerable portion of 18:2 acid

present in microsomesﬁpf Candida lipolytical_is formed

by the action of the phospholipid desaturase. Although

these studies cannot completely rule out the action of

an 18:1-CoA desaturase, the recent studies by Stymne and <i

N
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Glad (1981), suggest that even the low level of
desaturation observed with 18:1-CoA (Table IX, Fig. 14)
may have resulted from back-exchange I;etween [MCJ
phospholipids and the a'éyl-CoA, and therefore it may be
that most of the/observed‘desatur.ation occurred_by the

activity of a phospholipid desaturase.



'W " INTRODUCTION -

- s

‘I. General
Biologicai membranes are-essential to 1life. In addition
- - . l .

*to providing a phvsical barrier which s rate cells and

subcel@dlar'brganeixes from their respective ‘environments,
membranes are intimately involved in\essential processes
suQEJQS‘faciiitation Znd control of transport of metabolites.
between the environments they separéfe. ‘In eukarvotic cells
they are involved in the process of oxidative phosphorylatlon,
proteln and lipid synthesis as well as other cell functlons,

'while in' photosynthetic organisms the lamellae membranes

contain the molecular apparatus of photosynthesis (Branton,

1569; Kern, 1969). . e
' The s™wey of membranes is one of the most exciting fields

of modern biochemistry. Of particular interest is the
problem of control of membrane 1lipid composition. For
example, knowledge of the control of unsaturéted fatty acid
biosynthesis would be helpful in understanding the mechanism
of control of membrane fluidity. Specifically our aim was
to obtain knowledge of the biosynthetic pathways for 18:1
and 18:2 acids and on the éontrol and regulation of tﬁese
pathwéys. The organism chosen for the present study was

Candida lipolytica, primarily because it synthesizes oleic and

linoleic acids in large quantities but not higher poly-

unsaturated fatty acids, and secondly, the content of these

acids can be manipulated quite readily B§ change in growth
: ,\‘

'
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temperature or phase, of growth. This thesis will present.the

Tesults of ‘a study of:the cﬁénges in desaturase activity in

Candida lipolytica as.a function of growth phase and growth
temperature 5 correlated with corresponding changes in fatty

acid composition.

= f\

II. The QOrganism

Yeasts may’be classified into three different thermal
categories:
a) the obligate psychrophiiic yeasts e.g.,1 Torulopsis

psychrophila, Leucosporidium gelideum, and L.'E}valis{'

which grow in the temperature range -2 to 20°C;
b) the obligate thermophilic veasts, e.g., Torﬁlogsis-

bovina, Candida sloofii, and Saccharomyces telluris which

are facultative anaerobes with temperature limits of

25°to 45°C; and

c) the mesophilic yeasts, e.g., Candida lipolytica,

Torulopsis c¢andida, and Saccharomyces cerevisiae, which

comprise the majority of yeasts having temperature

limits of 5° to 35°C (Arthur and.Watson, 1976).

Previous studies have established that a characteristic
differentiating property between these three classes is the
content of polyunsaturated fatty acids (Kates and Baxter,
1962; Arthur and Watson, 1976); thus psychrophilic yeasts
have the highest content, meéophiles are next and thermophiles
have the lowest.” Conversely the thermophiles and mesophilés

are rich in monounsaturated fatty acids. .These characteristics




) N
are summarized in Table I. .
R ' Cp . K :
The most notable features of the genus Candida dre the
presence of pseudomycelia and in some species, including

C. lipolytica, the presence of a true mycelial structure.

Members of this genus are widely distfﬁﬁuﬁed in nature,
usually existing as saprophytes in association with both
Plants and animals. " Some species, m&st notably C. albidans;
are pathogenic. In industry, a variety of Candida species .
are found as contaminants in beverages, dairy products, wood
pulp and stock veast cultures. Certain strains of C. |

lipolytica appear to be associated with meat spoilage and

contamination of refrigerated grape juice, and other strains

have‘?éggﬁ}mplicated in infections of skin and nails.

L'E. lipolytica is found often associated with fatty

substances such asmargarine, butter, and ollves. This
assoc1at10n is due to .its ability to produce lipases, a

factor which permits its growth .on lipid material.

-

III. Lipid Composition of C. lipolytica

1. Fatty Acids

Kates and Ba*ter (1962) have shown that the major fatty
acids of C. lipolytica when grown on glucose medium are
palmitic (16:0), palmitoleic (16:1), stearlc (18:0), oleic
(18:1) and linoléic (18:2) acids. Small amounts (<1%) of
shorter chains as well as odd ﬁumbered chains (ls:O_and
17:0) acids were also found. The total fatty acid composition

and that of the phospholipids varies with a) age of the

N



. TABLE I
\J

- ' ‘ . L4

Dif?%?i}tiating Properties of Psychfophilic,
Thermophilic/and Mesophilic Yeast? :

’

Yeast Temp. Limits Anaerobic ‘Unsaturated
for Growth Growth Fatty Acids
o
¢ 18:1 18:2 18:3
Psychrophilic -2 to 20 - ' o +e e
Mesphilic . S to 35 + + ++ -b N
Thermophilic 25 to 45 + -+ - -
4pata taken from Arthur and Watson (1976), Watson (1980), and
Kates and Baxter (1962).
bSome mesophilic yeasts e.g., Torulopsis candida contain
18:3 fatty acid.
{




‘culture and b) growth temperature. The changes in fatty
acid composition as a’fUnction o% érowth temperature may
Tepresent a-mechanism allowing the organism to adapt to a
particular environment. |

2. Phosphatides

Kates and Baxter (1962) and Kates and Paradis (1973)

analysed the lipids of C. lipolvtica and found the following

components: Pho:phatldxlchollne (PC), phosphatldwlethanolamlng

(PE), phosphat1dy11n031tol (PI), phosphatidylserine (PS),
digl§cerides,'f}eé fatty acids and sterols. Phosphatides
comprised 80% of the total }ipids, with phosphatidylcholine
as major.component (35-40% of total phospholipids), followed
'bylphosphatidylethanolamine {20-30%) and phosphatidylserine
?lus phosphatidylinositol (33%). Thése analyses are quite
similar to the phosphatide compositions reported for other
species of Candida [Letters 1968)

3. The Effect of Temperature and Growth Phase on Llpld

Composition

The three thermal categories of yeasts, namely
psychrophilic, mesophilic and thermophilic yeaqts; have
different temperature aimits for growth, namely -2°to 20°C,
5° to 35°C, and 25°t0’233ﬁ respectively (Table I). The
1ipid composition of these three groups reveal that the
lower the temperature for maximum_grthh'tﬁé'greater the
degree of lipid unsaturation. . For example, the membrane
lipid composition of. mesophilic and psychrophilic yeasts

shows particularly high contents of unsaturated fatty acids

."‘v



e ' - tE ¢
(80-90%) and low contents of saturated fatty‘acids (10-20%),
- -] '
as compared to thermophilic yeasts which have a reduced
content of unsaturated fatty acids (BO-SO%J with a
[ v : . .
corresponding increase in more saturated fatty acids

(20-40%).

E

Kates and Baxter (1362) demonstrated thit mesophilic
and’psychrophilic strains‘of yeast had higher levels of

unsaturated fatty acids at 10°C than 25°C. Meyer and Bloch

(1963) hsing cgll-free extracts of Tofulopsis utilis were
able to demonstrate 3 higﬁgr conversioszf ;cyl=CoA to
unsaturated derivatives {3‘19°C thaﬁ at 30°C. They showed
- that this phenomenqn-could easily be explained by the
increase in activity of the desatufating enzymes af the
particulate phase of their cell-free system. Kates and
Paradis (1973), looking at the fatty acid composition and

degree of unsaturation during the growth of Candida lipolytica

at both 25°C and 10°C f%und that at both_températures, a
marked increase in the proportion of linoleic acid and—e
corresponding decrease in the proportion of oleic acid,
relative to the iroculum, occurred %ery early in the 1log

pﬁase. Linoleic and oléic acids reached.a maximum and minimﬁm,
respectively, at the beginning of the active growth phase.
Thereaftgr, fhe proportions of these acids were restored to
the value of the inoculum when the stationary phase was
reached at 25°C, but at 10°C this process was slower and the

. #
original inoculum values were not attained even in stationary

L4




. '
phase. As result, the proportion of linoleic acid and
therefore the degree of unsaturation, was much hlgher in -
cells grown at 10° C than in cells grown at 25°C. Closer
examination oé the changes in fatty acids in the individual

‘phospholipids and neutral lipids revealed that at both

growth temperatures the reciprocal changes in linoleic and

-*. -

oleic acids occur in all»pﬁﬁ%phollplds, being most pronounced
in the 1ec1th1n and PE components (Fig. 1).- While the
c¢hanges in PC occur .in the fatty acids at both the a- and
8-positions, in PE the reciprocal changes.occur gnly at the

B~position (Kates and Paradis, 1973). {

IV. Fatty Acid Svynthesis

1. Saturated Fatty Acid nlosvnthe51s
==

The pathway for saturated fattv acid biosynthesis is

essentially the same for all organisms so far examined.

The primary .substrate for saturated fatty acid synthesis is
acetyl-CqA. In eukaryotic cells the availability of acetyl-
CoA is controlled by ATP-citrate. lyase more commonly known

as citrate cleavage enzyme. Citrate transported from the {
mitochondria to the qytoplasm is cleaved by thelgnzyme,
citrate lygse to oxaloacetate and acetyl-CoA as’illustrated
1n Scheme I. One of the first steps in the biosynthesis of
saturated fatty acids is the activation of acetyl-CoA to
malohy}-CoA by acetyl-CoA carpoleasé enzyme (Wakil, 1958).
The igtter enzyme occupies a ceptral role in the biosynthesis

pathway and is regarded as a kdy reguiatory enzyme. In yeasts



FIGURE 1. (Kates and Paradis 1973). ' Changes in fatty
acid composition of total lipids, lecithin and

phosphatidylethanolamine at 25°C and 10°C.
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SCHEME 1

)

Y

Transport of Acetate from the.Mitochondria {Thomspon, 1980)
- I

-

COOH
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. . Lo
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"/ HO-C-COOH + ATP + C fnzyme ”
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J ‘ o - -
CH2
/ COOH i N\ .
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‘Citrate
COOH
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| CH2
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and animals, the monomeric form of this enzyme, which is /'

Nm—
enzymatically inactive, is made up of four subunits:
i) bﬁotin carboxyl carrier protein ii) biotin carboxylase,
1ii) acetyl-malonyl-CoA transcarboxylase and iv) citrate
binding ﬁrotein. The binding of citrate to the fourth
subunit léads to a conformational change of tﬁg\enzyme and

. : BN

a shift in the equilibrium from the mohomeric form to the
polymeric form, consisting on the average of 20 monomeric
units(:fifch is the active form of the enzyme complex. The

reactions carried out by this complex are illustrated in

Scheme II.

Malonyl-CoA is utili=ed by an enzyme complex known as
fatty acid synthetase (FAS). The bacterial fatty acid
s&nthetase, from which much of our knowledge originates, is
an easily dissociable multienzyme complex of six enz}mes and
a low molecular weight heat-stable protein having a
4-phosphopantetheine group, known as "acyl carrier protein"
(ACP). The reactions are schematically represented in

Fig. 2 and summarized in 2 stepwise fashion in scheme III.

s
I2s

3
From the initial step of the overall reaction, the substrates

-and products remain covalently bound to the sulfhydryl group

or the "parking™ -SH group of the acyl carrier protein (ACP)
until a chain length of sixteen or eighteen carbons is
Teached after which palmitate or stearate is transferred to

CoA in the cytosol. Termination of the process is apparently

controlled by the B-ketoacyl-ACP synthetase component. In

tg' coli palmitoyl-CoA was found to bind to this enz?me less
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SCHEME II

Activation of Acetyl-CoA to Malonyl-CoA (Thompson, 1980)

Biotin

i. ATP + HCOj + BCCp glarhoxvlase CO, - BCCP + ADP + Pi

0 | 0 0
N - u Carboxyl R I
1i. CO2 - BCCP + CHS-C-SCOA Tans eraseHO-C-CHZ-C—S-COA + BCCP

O Acetyl-CoA 0 0
OVERALL CH, -C-SCoA + HCO, + ATP Carboxylasg .o CH,-C-SCoA' + ADP + Pi

&
Acetyl CoA Malonyl~CoA
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FIGURE 2. Fatty acid synthetase (FAS) of bacteria, taken

)

from Stoops et al., 1977.
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FIGURE. 2 \
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tightly than acetyi-CoA, and the binding of acyl-ACP substrates
decreased when the chain length exceeded ClO' Hexadecanoyl-
ACP, the main fatty acid of E. coli, shows no affinity for

the enzyme (Greenspan et al., 1970).

In veast the completed‘fatty acid (palmitate or
stearate) is transferred from the FAS complex to CoA. A
still different product.is obtained in animal syvstems, where
an active thiolesterase gives rise to free fatty acids. The
fatty acid chain length in animal systems, as studied in the
mammary gland, is stronglv influenced by a soluble protein;
this protein appears to interact with the FAS.cau51ng it
to terminate its fatty acids at chaln lengths of C8 to C12
rather than C16' It should be pointed out that fatty acyl-
CoA derivatives such as propionyl-CoA may substitute for
acetyl-CoA in the priming reaction as described above,
leading to the biosynthesis of odd-numbered fatty acids.

In contrast to the bacterial FAS, the fatty acid
synthetase from eukaryotic organlsms, animals and yeasts,
are stable multienzyme complexes of the same enzymes and
ACP as in bacterial FAS. So far, neither their dissociation
into individual enzymatically active component enzymes nor
the isolation of a distinctive acyl carrier protein from
them has been unequivocally demonstrated. Although the
pathway of fatty acid biosynthesis, as shown above, has been
elucidated in detail and appears to be essentially the same

in all systems so far studied, the structural and functional
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organization of fhe eukaryotic FAS complex is only now being
elucidated. A recent genetic investigation by Schweizer et
al., (1973) of the FAS complex in yeast indicated that the

FAS cqmplex was encoded by two polycistronic and genetically
unlinked gene loci which they called fas-1 and fas-2. End
group analysis of the yeast fatty acid synthetase (Schwietz
et al., 1976) was consistent with the presence of two
nonidentical polypeptide chains in the PAS'complex. Later
Stoops et al., (1978) were able-to isoffate the intact FAS
complex by the use of pro%ease inhibitors to eliminate
proteolytic degradation of the polypeptide chains during the
isolation procedure. Under these conditions, bnly two bands
(e and 8) appeared on SDS gel electrophoresis of the FAS
complex, compared to several bands when protease 1inhibitors
we™e omitted. The o and 8 components, of almost equal
molecular weight, when isolated in the absence of Substrates-
(acetyl-CoA, malonyl-CoA, and NADPH) existed predominantly in
the oligomeric inactive form asz at low brotein concentration

with very little of the polymeric active form o In the

6°6"
presence of the substrates, the polvmeric form a686 predominated
over the smaller qligomeric form azsz or a484 (Stoops et al.,
1978). The simplest form of the FAS complex {a 8) in the

yeast is represented im Fig. 3. Note that the ACP is on the

a- chgin together with the condensing enzyme and 8-ketoacyl

reductase, while the remaining enzymes are on the B-chain.
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FIGURE 3. Active sites on the o and 8 subunits of veast
fatty synthetase: o subunit: 1. RED, B-ketoacy-ACP
;eductase; CON, condensing ‘enzyme (Hspyﬂgjrking site);
ACP; acyl-carrier protein (HSc, carrie;\kﬁte).

B subunit: PAL,‘MAL, ACE - ACP—palmitoyl-,—malonyl-, and

acetyl-transacqusfj respectively; Thompson, 1980.
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a-subunit

B-sutunit
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The FAS complex of animal tissues have been shown to
occur as dimers of two identical subunits (Stoops et al.,
1979}, indicating th%f the domains for all catalyti&
activities and acyl carrier protéin involved in fatty acid
synthesis‘exist within one large multifunctional polypeptide
chain. A more recent study by Zendra et al.,- (1980)"
presented evidence that the FAS from the goose uropygial
gland contains a large mRNA synthetase that is translated

as a complete unit. This confirmed the large size of the

synthetase subunit and its multifunctional nature. &

V. Biosynthesis of Unsaturated Fatty\ﬂcids

1. Anaerobic Mechanism of Fatty Acid Desaturatign in

ey

Prokaryots

Anaerobic desaturation occurs only in prokaryots and
involves the retention of a cis-double bghd formed during
the course of biosynthesis of fatty acids by the FAS complex.
The mechanism to explain how this might arise was put forwardl
by Scheuerbrandt and Bloch (1962) who were studying the
bilosynthesis 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 produced: 87~ and Ag-hexadeceﬁfic and A9- apd .
All-octadecenoic gdids. The. formation of these isomers can
be explained if there are branch boints in the FAS complex

e

at C8 and C10 as shown in Fig. 4. At these branch points,



o
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FIGURE 4. The anaerobic pathway for synthesis of

monounsaturated fatty acids; Gurr and James (1971).
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the normal trans-2-enoyl-ACP is isomerized to Eii-é-enﬁyl-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'gig-isomer will give rise to a long-
chain cis-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 FAggcomplex of E. Eﬂli (Kass and
Bloch, 1967) revealed‘the presence of an enzyme system which
catélysed the dehydration of S—hydroxy-deéanoyl-ACP
(B-hydroxy-decanovl) to a mixture of trans-2 and cis-3-
decenoates\ and the inter-conversion of _these two isters.
The en:yme}was called B-hydroxy-decanovl thioester dehvdratase,
and has been purified (Norris et al;, 1964 and Brock et al.,
1967} from FAS by making use of the property that the -
dehydratase is stable on heating at 50°C for 10 nmin., while the
synthetase is completely denaturated after only 2 min. under
.the same conditions. The purified enzyme has been shown to
produce mainly trans-2-enoyl-ACP (85%) while the complete FAS
system produced predominantly unsaturatéd fatty acids. The
explanation given to reconcile these differences is that the
Tate qf C2 addition to the Cis-isomer is verv much faster
than the corresponding reductive step of the trans-2-isomer,
thereby resulting in the accumulation of unsaturated produéts._

Using a specific inhibitor (3-decynoyl-N-acetylsteamine)

Kass and Bloch (1967) were able to specifically inhibit the
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synthesis of unsaturated fatty acids in vivo and in“vitro
while the'productioq of saturated fatty acids was not
affected. It seemed, therefore, that two dehydratases were
present one for the synthesis of the trans-2-isomer and the
cher for the cis-isomer (see Fig. 4). This “idea was
confirmed b¥ the finding of Silbert and Vagelos (1967) that an
E. coli mutant, lacklng the specific dehvdratase could
synthesize saturated acids normally, -bit not unsaturated
acids. A closer scrutiny has revealed that the B-hydroxy-
decanoyl thioester dehydrase has the aBility to catalyse
both'dehydratién and isomerization reéctions (Helmkamp and

~

Bloch 19@9) by way of enzyme-bound trans-2Z-decenoyl
thioiéster.‘ Tﬁe enzyme has been shown to consist of two
polvpeptide chains of almost equal molecular weiéht each
" of which contains both dehydration and isomerization
activiiies. The inhibitory effect of'S—decynoyl-NAC_wﬁs due
to its irreversible binding to functional.groups of the
}nzyme that are involved in both activities. |
Altogether three dehydratases have now been found to be
involved in fatty acid synthesis in E. coli" (Mizugaki et gi.,.h
1968), one dehydrétésg specific for the dehydration of
B-hydroxxdecanoyl—ACP, the second specific for the
dehydration of shorter B;hydroxyacyl—ACP (C4 to CSJ and the
third specific for Qie dehydration of longer chain

B-hydroxyacyl-ACP (Pugh et al., 1966). It seems, therefore,

that although a specific dehydratase is essential for the



synthesis of long unsaturated fétty acids, it is not
responsible for the proportioﬁs of these acids; in vivo the
relative rates of the two reactions, reduction and chain
elongation, will determine the proportionsof saturated and

unsaturated acids.

2. Oxidative Mechanism of Fatty Acid Desaturation in Eukarvots

fhe most important pathway of unsaturation in eukaryots
is by an oxidativé mechanism in which the double bond is
introduced directly into the preformed long chain saturated
fatty ac1d with oxygen and NADH or NADPH as cofactors.
This pathwav is almost unlversal and is used by yeasts,
higher animals, proto:oa, algae and some bacteria. Thus far,
no organism has been found that contains boéh pathwavs of
desaturation. With the exception of some bacterla and
plants (Gurr and James, 1980) the oxidative pathway ethlblts
a remarkable positional specificity for the 9 10-p051t10n,
_most monoenoic fattw aC1ds produced having a A9- -cis double
bond The mechanlsm of desaturation has been particularly
difficult to demonstrate because the desaturase enzymes are
membrane bound and the substrates used are in the micellar
form at concentrations usually employed in vitro studles.
Work by Oshino et al., (1971) and Holloway and Katz (1872),
led to the identifjcation of three microsomal bound proteins:
a flavoprotein, NADH-cytochrome bS reductase; a2 heme-
‘‘containing protein, cytochrome bs; and the terminal desaturase

itself which, because of its inhibition by low concentrations
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of CN is usually referred to as the éyanide sensitive factor.
Strit?matterg;_gl., (1974) have purified the terminal
desaturase and found it to be a single polypeptide chain of
M.W. 53,000 contaiﬁing one non-geme iron atom per mole of
enzyme. The ifon can be reduced in the absence of substrate,
by NADH and the electron transport protein (NADH-cytochrome
bS reductasé and cvt bs); when iron is lost the activity of
the enzyme is lost as well. A possible function of the
reduced iron is to bind oxygen which, after an activation
-Process not well understood, can accept the hydrogens
abstracted from the substrate. The postulated roles of
these components in the overall.desaturation process is
illustrated in fig. 5. Briefly the reducing equivalents

from the electron donors (NADH or NADPH) are transferred
sequentia%ly to cytochrome bS reductase then to cytochrome

b5 and finally to the terminal desaturase; the reduced
desaturase in turn reduces molecular oxygen to water with a
concomitantﬁ}e-oxidation of the enzyme. Evidence provided
by Schroepfer and Bloch (1965) and confirmed by Morris

{1967, 1970) and Morr;s et al., (1968) showedlthat the
stereospecificity of the hydrogen removal at one'position of
each double bond was absolute for the D-configuration. The
Morris group (1968) proceeded then to established the overall
stereochemistry by determining the relative configuration of
the hydrogens removed, using racemic but geometrically
specific vic-dideuterated substrates, either DL-cis- (or

erythro) or Qk-trans-tor threo). The conclusion was that the
J B
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hydrogen atoms removed in all ‘these substrates were of the

cis or erythro-configuration. The stereochemistry of

hydrogen removal is identical whether the transformntiofl is
from a satﬁrated to-a monosaturated #cid or from a mono-
unsaturated to a diunsaturated acid. Consistent with their
studies was the conclusion that desaturation involved a
concerted removal of a pair of hvdrogen atoms without the

formation of oxvgenated intermediates.

5. Substrates for Desaturase Activity

Desaturation of acyl chains can occur in the form of CoA
or ACP-thiolesters. fhe substrates for A9 desaturation of
saturated acids has been shown to be the écyl-CoA in }easts
(Bloonfield and Bloch 1960), seed tissues (Vijay and Stumpf
1972), bacteria (Fulco and Bloch 1962), and animal tissues
(Holloway and Holloway, 1973; Marsh and James, l%ﬁZ). As
far as photosynthetic tissue is concerned, the desaturase
that converts oleic acid into lingleic acid was.shown by Harris
and James (1965) to have similar requirements, but many
attemps to demonstrate the conversion of stearoyi-CoA into
oleocyl-CoA failed. ‘Fhe problem was resolved by Nagai and
éloch'(lQGS, 1966, 1968) when they found that a soluble

preparation from the alga, Euglena gracilis which provides a

link between animal and plant kirngdoms, was able to convert
stearic to oleic acid. When the organism was grown under
photoautotrophic cénditions, the required substrate was

stearoyl-ACP; the CoA derivative was not a substrate. When
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the organism was grown in the dérk on an.organi¢ medium, the
CoA thiolester bd; not the ACP derivative was a substrate.
Regarding the synthesis of dienoit acids, evi&ence
reported by Gurr et al (1969) with dhlorella, shoﬁed that
Al12 desatﬁration of oleic acid might occur on the phospho-
lipids, particulariy with PC, as had been previously
postulated by Nichols et al (1967). These findings weré
corroborated by Baker and Lynen (1971) while studying Al2
desaturases of the fungus Neurospora crassa. More direct
evidence was obtained by fa;amo et al (1973), who found that
synthetic 1,2~di-[14C]-01eoyl phosphatid&lcholine was
converted very rapidly to dilinoleate-PC in a reaction
requiring both the particulate fraction and the supernatant

from Torulopsis utilis extracts. .fr

Kates and Paradis (1973), in attemptipg to explain the

.reciprocal changes of 18:1 + 18:2 in Candida lipolytica

(see section iII) 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 aesaturation of
phospholipids Pugh and Kates (1973) incubated either [14C,
32P]lecithin or [14C, 32P]phosphatidylet_hanolamine with
yeast microsomes in a reaction mixtpre containing oxygen and
reducedlpyridine nucleotides. TheSe doubly-labelled
phospholipids were obtained from cells of €. lipolytica

grown in the presence of [14C]acetate and [SZP]érthophOSphate



and were used‘as substrates in order to eliminate the
possibility of hydrolytic breakdown of .the substrate and/or
resynthesis by transacylation. When [14C] and [SZP]-
labelled lecithin or phosphatidylethanolamine were incubated
with C. lipolytica microsomes in the presence of oxygen and
reduced pyridine nucleotides, no breakdown of eithér -
substrate was observed. This was shown by the relatively
constant 14C/SZP ratios qf the substrates and pfoducts
isolated from the incubation mixture.

Both phoqpholipiﬁs isoIatgd after the incubation, however,
differed from the respective substrates in that they contained
increased amounts of linoleic acid, the proportion of
linoleic acid in both phospholipids increasing by 5-10%.

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

The alternative possibility was that the phospﬁolipids
used as substrates were first hydrolyzed by a phospholipase
A, and the fatty acids activated by a thiokinase. The
resulting CoA ester could in turn have been desaturated by
an acyl-CoA desaturase and the desaturated product used to
resynthesize the phéspholipids. This possibility is, however,
unlikely for two basic reasons; first no significant release
of free fatty acids from the phospholipids were observed
under the desaturating conditions, and second, CoA and ATP

were not required for lipid desaturation of the phospholipid



as would be expected if a thiokinase was involved at some.
™
intermediary step.. Therefore, it could be concluded from
these studies that a direct désaturation of the membrane
phospholipids had occurred. Using labelled lecithins,
Pugh and Kates (1975) then characterized the membrane bound
phospholipid dessturase in comparison with the acyl-CoA
desaturase. They observed the following{ a) Both
desaturases showed the same requirements for cytochrome b5
reductase, cvt bs‘(lack of CO inhibition), and the terminal
desaturase (cyanide sensitivity); b) Membranes prepared in
‘the mid-log phase at 10°C contained 505 linoleic and 30%
oleic acids (molar ratio 18:2/18:1, 1.7), whereas those
grown: at ZS;t contained 40% linoleic and 40% oleic acids
(molar ratio 18:2/18:1, 1.0); phospholipid desaturase
activity was found to be lower (20-25 pmoles/min/mg) in
membranes from cells grown at 10°C than that 50-80 pmole/
min/mg from cells growﬁ at 25°C; o) “Incontrast, the
oleoyl-CoA desaturase was found to be higher in membrane
from cells grown at 10°C than that cells grown at 25°C;
dj Arrhenius plots of phospholipid desaturase activity for
the two membranes not only showed that the activity of the
10°élmembrane was lower than that of the 25°C membrane but
it also showed that plots to be linear with both membrane
Preparations over the temperature range of 10-37°C, no
clear-cut evidence for a change in slope or phase transition

was observed. The activation energy on the other hand was

¢




higher at 25°C than 10°C. The increase in the phospholipid’
desaturase activity at 25°C was due to an increase in Vmax
of the enzyme aﬁd not to a change in Km for the substrate.

It was concluded from these studies that the phospholipid
desaturase activity was inversely related to the 18:2/18:1
mole ratio of the membrane preparation or presumably to the
© fluidity of the membrane (Kates and Pugh, 1980). A similar
conclusion has been reached by Skrivef and Thompson (1979)

for the palmitoyl-CoA desaturase of Tetrahvmem and by Riordan

(1979) for the Mg2+-ATPase of rat liver plasma membrane. Thus
the‘activity of the membrane bound phospholipid desaturase

may be considered as a self-regulating mechanism if one assumes
maximum interaction and/or optimal conformation of the three
pProteins occurring in a membrane of low 18:2/18:1 ratio or

low fluidity and suboptimal interaction or conformation
occurring in a membrane of high 18:2/18:1 ratio or high

fluidity Fig. 18 (see p. 112).

4. Does a True Acyl-CoA Desaturase Exist?

Using rat microsomes Xates and Pugh (1980) demonstrated
that 20:3-CoA, substrate, was rapidly hydrolyzed and
transacylated into phospholipids, and that the 20:3-
phospholipid was degaturated to 20:4-phospholipid at a
greater rate than desaéuration of 20:3-CoA. Similar results
have been reported for the 18:1-CoA desaturase activity of
sunfiower seed microsomes by (Stymne and Appelqgvist, 1978,

1979) and on microsomes of Fusariunm oxysporum by ¥ilson et al

- -




(1980). Therefore the question arises whether specific
acyl-CoA desaturases actually exist orcwhether the observed

activity is accounted fQ{\Ezaa combination of transacylase

&tivities. These questions

will be considered in detail in this thesis.

and phospholipid desaturase



VI. Aim of the hesearch

The purpose of the research undertaken and reported in
this thesis was to examine in detail the process of lipid

desaturase.in C. lipolvtica at both 25°C and 10°C.

Specifically it was my purpbse to determine: a) whether

the activity.of the 18:1-desaturase system is correlated

with thé reciprocal changes of oleic and linoleic acids
occﬁrring during the cell cvecle; b) whether the formation

of high amounts of linoleic acid in response to loﬁ-temperature
is due to the increased activity of the desaturase enzyme;

and <¢) whether acyl-CoA of phospholipid or both are the
actual substrates for the desaturase enzymes. The final aim

of tﬁese studies was to shed light on the mechanism of

control of oleic and linoleic acid synthesis in the veast

C. lipolytica.
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MATERIALS AND METHODS

I. MATERIALS

A. Yeast

The organism used was the mesophilic yeast, C. lipolvtica

stran NRRLY>1094. This is the same strain which was first
used by Lawrence et al (1959) and studied by Kates and
Baxter (1962), Kates and Paradis (1873) and Pugh and Kates
(1973, 1975). The brganism was first obtained from the
National Rgsearch Council of Canada in a lyophilized form

and maintained on agar slants Xt 4°c. .

B. Chemicais

All >eivents were glass distilled before use. All
other chemicals-used were of "Reagent Grade' quality unless
otherwise specified. NADH, ATP, CoA, Triton X-100,
oleoyl—CoA and stearoyl-CoA were purchased from Sigma
Chemical Co., St. Louis, MO. [1-%CIstearoyl-Coa,
[1-14Cjoleoy1-C5A and 1,2—Di[14C]oleoyl-gg-s-glycsrophos-
phorylcholine were prepared as described in section J.
[1-14C]oleoy1-C0A (57.5 Ci/mmole) was also obtained from
New England Nuclear, Lachine, P.Q. and was adjusted to a

specific activity of 6.85 uCi/umole.

IT. METHODS

A Growth of the Organism

1. Growth Medium

The medium used for the}growth of the organism was first
A



used by Lawrence et al (JP59) in the initial isolation of gﬁe‘
organism and by Kates and Baxter (1962) and Kates and Paradis
(1973) in their studies of the lipids of C. lipolytica.

The medium §as slightly modified by Ohno and Kates
(1978) and their medium is used in the present studies. The
comp051t10n of this liquid medium is as follows: 2% glucose,
0.1% veast extract, 0.1% NH4C1, 1.56% KH,PO,; the pH was
adjusted to 6.0 with 0.1_N KOH. Agar slants contained 15 g

of nutrient agar per 100 ml of medium.

2. Culture .of Cells

A subculture was prepared by loop inoculating 100 nl
of fresh autoclaved medium in a 500 ml Erlenmeyer flask
with sealed-on side-arm and the flask was incubated for
40 hours at 25°C and a shaking speed of 120 rpm; the final
optical density which ranged from 1.3 to 1.4 was measured
at 680 nm in a Coleman junior spectrophotometer by tipping
the flask so as to fill the sidearm with the culture. The
instrument was set to réad 100% T with an uninoculated
culture medium incubated in a 51m11ar flask as described
above. The large cultures were grown in 1 liter of liquid
medium in a 4 liter Erlenmeyer flask; a ratio of 1:4 for
medium volume to flask volume was used throughout in order
to maintain a constant degree of aeration in all cultures,
at a given shakiné rate. The 40 hour sﬁbculture was used as

an inoculum to initiate growth of large cultures (50 m1

ey



inoculum to 950 ml of fresh medium) to be grown in a Controlled
Environment Incubator-Shaker (New Brunswick Co. Inc.) at 10°C
or 25°C and a shaking speed of 120 rpm. The culture flasks

were harvested at different time periods.

5. - Growth Curves

To follow the growth of the cultures, optical densities
were determined pPeriodically on 10 ml;aliquots of the

culture removed aseptically into 18 x 100 nm cuvettes.as

Sy

described above, using an appropriate blank. Growth was
followed at 10°C and 25°C to an 0.D. of about 1.0, the

beginning of the 'stationary phase.-

4. Harvesting of Cells

Cells weré harvested at various stages in the growth cvcle.
When cultures reached the aﬁpropriate optical density, cells
were harvested by ceﬂtrifugation-in_250 ml plastic buckets
in a‘Sorval RCZ-B automatic refrigerated céntrifuge for
10 min. at 4,000 xg-. The pellet of packed cells was washed
once with cold water and recentrifuged at 4,000 xg. Yield
of wet cells per lite£ culture was: 2.7 g at d.D. 0.22;

1

L

.4 g at 0.D. 0.84; and 17.2 g at 0.D. 1.00.

B. Preparation of Cell Free Extract

The cell free extracts were prepared as follows: the

.

cells were suspended in 25 ml of- potassium phosphate buffer
(PH 7.2) containing 0.25 M sucrose (1 g wet cells/ml of

suspending medium) and broken by shaking in a heaf} walled




glass Bqttle (70 m1 total voluﬁe),_with ballofini.g;agé

beads (0.45-0.50 mm in diamefer; 33 g/ 25 mi of suspension °
medium) in a higﬁ speeﬁ, COz-cooied shaking apparatus

(Braun shaker, Bronwell Scientific, fnc.) fof §p sec. The
total contents of the bottle were transferredf:o a centrifuge
tube and subjectéd to differential centrifugation as .
1llustrated in ﬁig. 6. All preparations were carried out at
4°C and fractions were kept on ice. For prepafatiqn of the
microsomal fractions the final high speed (160,000 .xg)
supernaéén; was poured off, and the microsomal pellet was
suspended in a hand operated glass PPotter"'homogenizer
{loose-fitting pestle) in § fo‘lo,ml"of 0.1 M phosphate
buffer (pH 7:%) to a concentration of lg to 20 mg protein/ml;:
fhe suspensioﬁ was used immediately. Protein concentrgtioﬁ

was measured by the procedure of Lowry .et al (1951).

C. P%eparation of Lipid Dispersions

About .0.45 pCi (106 dpm) of [14C]-dioléoyl-pﬁosphatidyl-

choline (171 nmoles) was dispersed in 0.5 ml of 0.1 M .
phosphate buffer (pH 7.2) by sonication at 0°C (ice bath), oA
N ‘ ~

under an atmosphere of N2 in a sonifier with microtip
(Quigley-Rochester, Inc.) operated at an output of 2A for
15 sec. intervals with 15 secz'coo;ing intervals, up to a

-maximum of 2 min. or until the dispersion cleared.

'D.  Assay of Desaturase Activity

The stearoyl-CoA and oleoyl-CoA desaturase activities of

-
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FIGURE 6

Cells (1 g wet cell/ml of suspending medium*) -
Homogenized for 30 sec as described

under '"Materials and Methods"

)

v

Total Homogenate (Plus Beads)

. 4,000 x g, 10 min.

Y

Cell deb , beads Supernatant
~ . s

20,000 x g, 30 min.”

; —

Mitochondria Supernatant

160,000 x ¢, 2 hrs.

v :

Microsomal Pellet High Speed Supernatant (HSS)

®
0.1M phosphate buffer (pH 7.2) in 0.25M sucrose.
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C. lipolytica microsomes were determined in a reaction mixture

(0.5 m1) containing 100 mM phosphate buffer (pH 7:2),

10 mM NADH, 5 mM MgC17, 5 mM ATP, 0.1 mM CoA, 27 nmoles
(0.4 uCi) of stearoyl-CoA or 54 nmoles—{o 06 uC1) of
cleoyl-CoA, and 1.0 mg of microsomal protein.

Desaturation of the phospholipid substrate was assaved
in a reaction mixture (0.5 ml) containing 100 mM phosphate
buffer (pH 7.2), 10 mM NADH, 0.1% Triton X-100, 26 nmoles
(0.07 uCi) of the [14C]—dioleoy}~phosphatidylgholine_and
2.0 mg microsomal proteiﬁ.

‘The reactions were initiated b{ adding the microsomes,
and incubations were performed in open test tubes with
shaking for 15 min. in 2 water-bath shaker (120 rpm).at
25°C. Reactions were terminated by adding 0.3 ml of 40%
jaqueous KOH. The mixture was saponlfled at /O C for 1-2
"hours followed by ac1d1f1cat10n Wlth 0.5 ml concentrated HC1
. and additipn of 2.5 ml of ‘methanol and 2.5 ml of ;hloroform
plus 1.0 ml of HZO to form a biphasic system. The mixture
was vortexed and centrifuged at 2,000 xg for 1-2 min. The
lower chloroform phase, containing the free fatty acids was
removed with a Pasteur pipette into a clean 15 ml glass
stoppered centrifuge tube; th; upper methanol-wateér phase
- was washed with chloroform (1-2 ml) 3 to 4 times. The
combine@ chloroform extracts'were concentrated under 2
stream of NZ’ with addition of benzene to remo;é;any water,

and the residue was diluted with 2.0 ml of 2.5% methanolic-
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HC1; and heated under reflux for 2 hours at 75°C. After
cooling 0.2 ml of water was added and the fatty acid methyl
esters (FAME) were extracted with petroleun .ether (B.p. 30 -
60, with 2.0 ml 4 times). The combined pet-ether extracts
were brought to drvness in 15 ml glass stoppered centrifuge-

tubes. under a stream of N, using benzene to remove any water,

and the residue was  dissolved in X100 ul of chloroform-me;ha ol
(2:1 v/v). The fatty acid methyl esters obtained were

separated according to their degree of unsaturation on

<P

AgNOS-impregnated silica gel G (0.5 mm thick) plates together
with authentic standards of 18:0, iS:l, and 18:2 methyl esters.
The solvent used was chloroform-ethanol (200:3 v/v). The

$pots were detected with either 2',7'-dichlorofluorescein

(see section II.I) or by autoradiography (section 11.J.3),
scraped off into counting vials and fhe radicactivity measured
as described in section 1I.J. 2. The specific activity of

the desaturase was expreséed as pmoles desaturated pfoduct
formed per minute per mg of microsomal protein.

- When isolation of the lipids was desired,‘the reaction

was stopped by addition of 3.75 volumes of methanol—chlorqform K
(2{1 v/v) followed by 1.25 ml chloroform and 1.25 ml water

to make the biphasic system. The sepa}ation of lipid
components was achieved as described in section II.K.
Acyltransferase—activity and acyl-CoA hydrolase were measured
using the standard desaturase assay procedure with [1-14C]-

oleoyl-CoA as substrate except that NADH was omitted (Jones




et al 1969).

E. Extraction of Microsomal Lipids

Immediately after use in enzyme essays, the microsomal
suspensions were stored at -70°C until the lipid extracticns
were ﬁerformed. The lipids were extracted by the method of
Bligh and Dyer (1959) modified as follbws: to one volume of
microsomal suspension (about 20 mg protein) was added 3.75

7

volumes of freshly prepared methanol: chloroform (2:1 v/v)

{o obtain a ratio?of methanol: chloroform:water of 2:‘1:0:3
v/v. Extraction was. carried out in 15 or 50 ml pyrex
glass-stoppered centrifuge tubes. .The mixture was vortexed
vigorously on a Vortex-Genie mixer (Séientific Industries) -
and allowed to stand for about 30 minutes before appropriate
volumes of chloroform:water were added to give a final ratio
of methanol:chloroform:HZO 0f '1:1:0.9 v/v. The mixture was
vortexed and allowed to stand for another 15-20 minut®¥s
before centrifugation at 2,000 rpm in a IEC HN-SII centrifuge
for 1-2 minutes. The bottonm chloroform layer was removed to
2 separate tube and the upper phase was washed 3 times with
1-2 ml chloroform. The combined chloroform solutions were
concentrated under a stream of N,, after adding'benzene_to'
remove traces of water, to about 1 ml and made to 2 known

volume (5.0 ml). A known aliquot was used for fatty acid

quantitation as described under section II.F

s
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F. Methanolysis Procedure

An aliquot of the chloroform solu;ion of 1ipids
(containing about 15 mg of lipids) was pipetted into a
20 ml glass-stogpered ‘test tube and to that was added a
known quantity of‘internal standard (C17) and the solvent
evapérated under a stréam of nitrogen;2.0 ml of 2.5% HCl in
methanol (made by dissolving ;.S g of hvdrogen chloride gas -
in 100 ml of methanol) was added; the tube was stopperéd
and heated for 1 hour at.70-75°C in a temperature-controlled
block heater (lab—liﬁe Instruments Inc., Melrose Park, I111.);
O.é ml of yater‘was added and the fatty acid methyl esters
(FAME) Wefg'extracted 4 times with 2 ml portions of petroleum
éihér (Blp. 30-60°C)§ the ethér extract was concentrated
under a stream of N, and the residue diésolved in a known
volume of chioroform.

The FAME were either analyzed by TLC on a silica gel G
impregnated with 10%'AgN03 or by gas 1iquid chromatography
(6LC). '

G. Aﬁalysis of Fatty Acids by Gas-Liquid Chromat&%raphy

Fatty acid methyl esters (FAME) prepared as described
above, weré analysed by GLC on a column, (2 mm x 0.4 mm) of
10% butanediol sucéinate polyester on Chromosorb W (AW -

DMCS, 60 - 80 mesh) at 185°C using a Carlo Erba gas
chromatograph., 1Inlet carrier-gas (Nz) pressure was 0.7
Kg/cmz; flowfa;e 30-40 ml/min. The gases fed to the detector

were hydrogen (0.5 Kg/cmz) and compressed air (1.5'Kg/cm2).



Electrometer attenuation was set at 1600. Peak areas were
measured by the retention time x peak height method of

Carroll (1961).

H. Analvtical Procedures

Protein was measured by the procedure of Lowrylgz al
(1951); and phosphorus (P) was determined by tﬁe procedure
of Bartletf as modified by Kates (1972). Acyl-CoA analysis
was performed according to the spectrophotometric procedure

of Peterson and Bloch (1977).

I. Chromatography

1. Analytical TLC was carried out on 20 x 20 cm plates

coated with 0.5 mm laver of silica'gel H or G (E. Merck
AG/Brinkmam), for non-polar. and polar 1lipids, respectively.
'Samples were spotted under nitrogen on plates previousiy
activated for 1 hour at 120°C. The solvent systems‘used for
the development “of the.chromatograms were as follows:
A. Pet-ether-ethvl ethe;-acetic acid (81:15:1 v/v).
for neutral lipids;
B. Chlqroform-ethanol((100:1.5 vol.) for argentation
TLC;
C._ Chloroform-methanol-acetic acid-water (65:25:8:4
vol.) for polar lipids;
D. Chloroform-methanol-acetic acid water (25:15:4:2
vol.) for polar lipids; .

E. Chloroform-methanol-water (65:35:5 vol.) for polar

1
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~lipids;

F. Chloroform-methanol-water (45:45:15 vol.) for polar

lipids;

Following the- development of‘the'chromatogram, spots
were located either by autoradiography or by sprayving the
rPlate with the following general reagents:

a. Jodine; ' | -

b. 40% sulphuric acid in ethanol following by charring

the plate;

c. 2',?'-dichlorofludrescein and visuvalization under

u.v. light;

d. Copper-phosphoric acid spray followed by charring;

e. Rhodamine 6G and visualization under u.v, light
The molybdate reagent, a$ described by Hack and Ferrans

(1959), was used as a specific phosphelipid stain.

Z. Oxalate-Silica Gel Thin-laver System

The oxalate plates were made with potassium oxalate
(1.75 g), silica gel H (E. Merck/Brinkmann, 88 g), water
(175 m1), and methanol (1 ml) as descrlbed by Ullman and
Radin (1972), the coatings on the plate were 0.5 mm thick.

After spreading, the prlates were air-dried and actlvated at

120°C for 60 min. before use,

3. SilvercNitrate 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‘p1ates were air-dried and
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subsequently activated at 120°C for 60 min. prior to
utilization. These plates are light sensitive and were used .

immediately or shortly after preparation. '

4. Paper Chromatography

Analytical paper chromatogfaphy was carried out on
Whatman No. 1 filter paper with ascending development in
butanol-glacial acetic acid-water (5:2:3 v/v). The lipids
were detected by staining with Rhodamine 6 G: the
chromatogram was immersed in 0.0012% aqueous;%glution of Rhod-
amine 6 G for 1-3 min. and immediately viewedugﬁder tke UV

light (366 nm). .

J. Radiocisotopic Procedures

1. Labelled Compounds

a) Commercially Available

| [1-14C]oleic acid (50 mCi/mmole) and [1-14C]stearic acid
(50 mCi/mmole) were purchased from New England Nuclear
Corporation. [1—14C]oleoyl CoA and [1-14C]stear§yl—CoA were

synthesized as described below.

b) Preparation of Labelled Substrates

i) Chemical Synthesis of 1,2[14C]dioleoylphosphatidyl—
choline |
1,2-[14C]dioleoylphosphatidylcholine was prepared by the
method of Warner and Benson (1877). In this procedure fatty
acids are first converted to fatty acid imidazolide with

carbonyldiimidazole and then reacted with the CdCl2 complex
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of sn-glycer-3-phosphorylcholine and sodium methylsulfinyl-
methide in dimethylsulfoxide solvent. A reaction mechanism
for this procedure is shown in Scheme IV,

To 40 umoi;s of labelled fatty acids was added 49 umoles
Qf carbonyldiimidazole in 1.0 ml of dry tetrah}drofuran
(freshly distilled over LiA1H4). The reaction was allowed
to proceed for 45 min. at Toom temperature under nitrogen
with occasional shaking. Anhydrous conditions were maintained
throughout the preparation by puxging the reaction vessel
with dry nitrogen. Upon completioh of the reaction the
solvent was removed with a stream of nitrogen and the'
resulting fatty acid imidazolide was dissolved in 1.0 ml of
freshly distilled dimethylsulfoxide.

The cadmium chloride complex of gg-glyce?ophosphoryl-
choline [-(GPC)2 (QdClZ)S, 10.5 umoles] in l.O‘ml of
dimethylsulfoxide was added to the fatty acid imidazolide,
followed by the addition of another 1.0 ml dlmethylsulfoxlde
and 1.5 ml of $odium methylsulfinylmethide solution
(prepared as a stock solution by reacting 0.37 mmole metallic
sodium with 6.9 ml of dimethylsulfoxide; under nitrogen)
was slowly added to the rapidly mixing reactants.

The reaction was allowed to proceed at 25°C for 5 min.
under nitrogen and was terminated by rapidly immersing the
reaction vessel in an ice bath followed by addition of
1.0 ml of 0.4 N HC1l to neutralize the sodium. The pH was

adjusted to 1.0 with the addition of 5.0 ml of 0.2 N HCIL.



SCHEME IV
0 . . . . '
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0 .
¥ S
Hz-‘-O-$-O-CH2CH2N+(CH3)3 - 0 =====J
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Reaction scheme for the preparation of dioleoyl phosphatidylcheoline.
Reaction (1), formation of fatty acid imidazolide from carbonyl-
diimidazole and fatty acid in.tetrah&drofuran (THF). Reaction (2),
fatty ac;d imidazolide is reacted without purifi;ation, with the
cadmium complex of Eg-glycero-3-phospho;y1§holine and sodium methyl-
sulfinyl-methide in dimethylsulfoxide, (MeZSO). Experimentaliy, sodium
methylsulfinylméthide in excess of the tﬁeoretical amount is required

due to the presence of the imidazole that is formed in reaction (1).

,‘ | ’“\\\
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The acidified reaction mixture (10.5 mi) was extracted 4 times
with 15 ml of CHCl3 and the combined chloroform extracts were
concentrated under nitrogen to 1-2 ml. The residual 1ipid
mixture was applied to a2.small column containing silicic

acid (30 g silicic acid/lg lipid) preequilibrated with
chloroform. Elution of the column was noni;ored by determining
the radioactivity pPresent in each fraction; the elution
profile of the column is shown in -Fig. 7. Fractions 1-10
elutlng with chloroform and chloroform- methanol (9:1)
contalned free acids; fractions 28-42 containing 1,2~ dloleoyl-
phosphatldylchollne were pooled and concentrated under

reduced pressure and made to a known volume. Fractions

43-70 were found to gontain lysophosphatidylcholine. The

vield of l,Z-di[14C]oleoylphosphotidylcholine based on GPC

‘was found to be 60% (4.0 mg of 1, Z-dioleovl-sn glycero-

3- phosphorylchollne' 4.73 umoles by phosphorus analysis),
The material was analyzed by thin-layer chromatography
using the solvent system chloroform-methanol-water (65:25:4
v/v) with hlghly purified egg phosphatidylcholine as a
standard. The 1lipid .areas on the plate were visualized with
iodine vapor, or the lipid phosphorus spray [procedure of
Hack and Ferrans (1959) as described by Kates 1972] and

by radloautpgraphy. The lipid areas detected by radio-
autograni;iwere scrapéd from the plate ano the 14C counted

in a scintillation counter. The phosphatidylcholine spot

was found to contain 99% of the radicactivity and less than



FIGURE 7. Elution profile of 1,2=di[14C]oleoylphosphatidy1—

choline from a silicic acid column.
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1% pf thej;4c was associated with a slower-moving minor
component detected onlf‘on the autdradiogram.

ZThe bstlmated spec1f1c activity of the 1 2[ C]dloleoyl-

,phog\hapldyl choline obtained was found to be 2.63

utl/umole.

h: 4
ii) Synthesis of[l ¢y 1s: 1 an’d [1-*%c] 18:0-coa

The acvl CoA esters -of the above fatty acids were
prepared by the method of Al-Arif and Blecher (1969), with
slight modification. ' o«

The overall reaction is shown in Scheme V.

N-hydroXysuccinimide Ester of Stearic or Oleic Acid

SO'umdle; of either f1-14Cloleig,or [1-*%cystearic

acids in chloroform were tranéferred to a 15 ml Stoppered

.. centrlfuge tube and the chloroform removed under a nitrogen

stream. To the residue was added'N—hydroxysuccinimide
(50 umoles) and dicyclohexylcarbodiimide "(50 umoles) and

the mixture was flushed with nifrogen, stoppered, and left

-

" overnight at room fémpefature: After removal of the white

crystals of diéyclohexylurea by ceptrifugation at 2,000 xg
for 2 min., the supernatant.was“transferred into 50 ml rouﬁa
bottom flask and the solveﬁt was evaborated under reduced
pressure. The N-hydroxysuccinimide estéfs of fatty acids
were pbtained‘as stable crystailiﬁe compounds in good yield.
The crystals were dissolved in 4.0 ml of tetrahydrofuran

(freshly distilled over LiAlH,) and used iﬁhediately.
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b. Reduction of Coenzyme A With Sodium Amalgam

To a solution of coenzyme A (30 ﬁmoles) in a 15,0 ml
centrifuge tube was added 0.5 ml of 0.5¢% sqQdium amalgam

(0.5 g of S5odium metal in 100 g of mercury). The onset of

-

the reaction was marked by a ra;?d evolution of hydrogen gas
and it was allowed to proceed at room temperature for 10
min. The pH was maintained near neutrallty by adding a few
| » grains of the H' - form of dowex-50; upon complétion of the
reduction, the coeneyme A solution was removed and made to

a volume of 2.0 ml (with water).

¢. Synthesis of Acyl-CoA's

Sodium bicarbonate (84 mg) was added to thé solution

{2.0 ml1) of the reduced coenzyme A and the mixture was added

to the 4.0 ml of tetrahydrofuran containing the N-hydroxy
succinimide esters of the fatty acids. The one-phased
mixture was agitated by a stream of nitrogen gas and the
reactlon allowed to proceed for 4 hours. Since it is
imperative that the reaction mixture remain a single phase
throughout the reaction in order to get tﬁe product in
reasonable yieid, 1t was necessary to add additional
tetrahydrofuran to maintain homogeneity.

After the reaction was complete 6.0 ml of 5% HClO4 was
added - to prec;pitate the acyl-CoA, excess N-hydrosuccinimide
esters and the free fatty acids. To achieve complete
precipitation of_these'compounds, the THF was removed under

reduced pressure in a rotary evaporator and the tube, flushed

-
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witb N2 énd stoppered, was‘left on ice for 30 min. The
précipitate was collected by centrifugation (at 2,000 x g fof
2 min) and washed 3 times with 5.0 ml of 0.8% Hb104, 4 times
with 5.0 ml of acetone and 4 times with 5.0 ml of ethyl
.ether. The residue was dried under nitrogen and extrgcted
twice with 2.5 ml of phosphate buffer (pH 5.9).

The pfoduct had the following properties:
a).'UV spectra were identical with those of corresponding )

-

commercial standards.

b)" The UV spectrum measured against a reference solution of
d coenzyﬁe A showed a peak at 232 um, which disappeared
| after t%eatment with methﬁnolic NaCOH, indicating
hydrolysis of the thiol ester bond.
¢) Chromatography on Whatman No. 1 filter paper in butanol
glacial acid-water 5:2:3 v/v revealed a single spot
wh}sh co-migrated with authentic sfﬁndards.

- -

d): Ratio of absorbances,-AZSZ/A257‘was 0.6 (theoretical

ratio 0.55); assuming an E 15.4 mm~ 1
- max

» the yvield was
found to be 30%, based on CoA. .

e) Autoradiography of the thin-layer chromatogram on
oxalate-impregated silica gel H revealed the presence
of a éingle spot which co-migrated with authentic
standards and accounted for 97% of the 14C; 3% of the

total radiocactivity waa found to be associated with the

trans-isomer of the respective fatty acid.
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2. Measurement of Radiocactivity
£ 14

-

Solutions o C 1ipid in chloroform were counted byr
liquid scintillation in 10 ml of a mixture of 0.3 g of POPOP,
55.0 g of PPO, 150 ml of CHOH, 100 ml of solubilizer
(Bio-solv, Beckman) and 770 ml of toluene. (J.T. Bakgr.Chem.
Co., Phillipsburg, N.J.); the instrument used was a LKB
Rackbeta 1iqu§d Scintillation Counter .(Wallac Qy., Turku
Finland). .Buenching was cérrected by the external standard
“ratio (ERS) method using a series of Amersham-Searle
standards éontaining equal ‘amounts Qf‘%l4C] toluene

(2.05 x 105 dpm) with different améunts of the quenching
agent, chloroform. The quench curve carrection was
programmed in the counter and the final counts.given in
dpm. Each sample was coun?ed to 1% or less statistical
errorT. 14C spots obtained from 10% AgNQS-impregnated TLC
plates and visualized with 237Ldichlorof1uo:escein under
U.V. light, were scraped directly into scintillation fluid
prepared‘withéﬁt the solubilizer and counted as described

above.

3. Autoradiography
1

Yc-1abelled lipid spots on TLC plates were detected by
exposing the chromatograms to a sheet of Kodak Blue Brand
X?ray film. for a suitable period of time depending on the
14C activiéy of- the.labelled spot; 2 days for l,OOO'dpm per
spot on the TLC plates. |

The film was devélopéd and fixed by standard photographic
\ %

SN
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procedures.

K. Kinetic Studies of 18:1-CoA Desaturase Activity

The assay system used for the klnetlc studies was as
described in section II D, except that the total volume of
the reaction mixture was increased to 1.0 ml and the substrate
18:1-CoA (58.5 nmoles) had a higher specific activity
(6.85 uCi/umole); all other reagents had final concentrations
given in section II.D. Tho reaction mixture was terminated
by addition of 3.75 m1 methanol-chloroform (2:1 v/v) at
‘varlous ‘time periods as indicated in the figure legends. A
further 3ddlt10n of 1.25 ml of chloroform and 1.25 ml of
water was required to make a biphasic system; the top
methanol-water layer contained fatty acid-CoA and tho bottom
chloroform layer contained the complex lipids and free fatty
acids. The tubes were mixed O a vortexer for a few seconds
and subsequently centrlfuged at 2,000 x g for one mlnute
The bottom chloroform Phase, was transferred with a Pasteur
Pipette to a 15 ml glass-stoppered.centrifuge tube; the
water-methanol phase was washed three times with 2.0 ml CHCl-.
The combined chloroform phases were washed once with 1.9 m1
of uppor phase and concentrated under a stream of nitrogen,

with addition of benzehe to remove traces of water, to about

2.0 m1 and subsequently made up to a known volume.

a) Analysis of Methanol-Water Phase

To the upper phase (6.0 ml) was added 0.3 ml of 40%

aqueous KOH and the mixture was saponified at 70°C for one
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hour. After éﬁoling 0.5 ml of concéntrated HCl was addéd a
biphasicisystem was formed by the addition of chloroform

(5 ml) and methanol (0.9 or 1.0 ml). The chloroform phase
was transferred into clean glass-stoppered centrifuge tubés
and the upper methanol-water phase was washed with chloroform
(3-4 m1) 3 to 4}times. The cbmbined chloroform extracts,

was concentrated under a stream'bf N, with addition of
benzene to remove water, and made to a known volume: an
aliquot was taken for counting which showed that all of the
radioactivity, originally present in acyl-CoA was recovered
as free fatty acid in the chlorofoa@ phase. The remaining
solution was concentrated under a2 stream of N2 and the
residue was heated ﬁnder reflux in 2 ml of 2.5% methanolic
‘HC1 for 2 hours at 70-75°C. The fatty acid ﬁethyl esters .
(FAME) were extracted and chromatographed on 10% AgNO3 silica

gel G plates as described in section II.I.3

b) Analysis 6f Chloroform Pﬁase

The chloroform phase was made up to 5.0 or 10.0 ml with
chloroform-methanol (2:1) and 50 to 100 ul were taken for
counting. The remainder of the chloroform solution was
divided into three portions: a) For estimation of 14C
distribution among 1lipid compounds, 1.0 ml was concentrated
to 0.1 .ml and épqtted on TLC silica gel H plates (0.5 mm
thick) and which were developed in chloroform-methansl-water
(65:35:5 v/v) alongside authentic standards (PC, PE, PS, PI,

FAME, FFA) (Fig. 13); the spots were detected by autoradio-
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graphy, scraped from the plate and countgd. b) For
determination of total desaturation, 2.0 ml of ¢hloroform
phase.was concentrated under a stream of N2 and the residue
was heated under reflux in 2.0 ml of 2.5% methanolic-HC1

for one hour at 70-75°C; the FAME were extracted and analysed
on 10% AgNO3 silica_gel G plates-;s deééribed in section II.F,.
c¢) For estimation of [14C]18:2 in each lipid class, the
remainder of the chloroform phaselwas concentrated to 0.1 ml
and spotted on silica gel H,Io.s mm thick, defeloped as-
described in a) (see Fig. 14); the phospholipid spots were
scraped into glass-stoppered tubes and heated under reflux

in 2.0 ml of 2.5% methanolic-HC1 for one hour at 70-752C;

‘the FAME were extracted aﬁd analysed on 10% AgNO3 silica gel
G platea\as described in section II.F. The neutral lipids,
running,with the solvent front, were immediately scraped

iﬁto 15.0 ml glass-stopperéd centrifuge tubes and extracted
by the Bligh and Dyer procedure (1959); the chloroform.
extracts were concentrated to 0.1 ml and spotted on TLC
silica gel G (0.5 mm thick) and re-developed’in petroleun
ether: ethyl ether:acetic acid (81:15:1 v/v) along with
authentic standards (FAME, TG, DG, FFA). The radioactive
spots FAME + FA and TG + DG.were scraped into glass-stoppered
tubes and heated under reflux in 2.0 ml of 2.5% méthanolic;HCi
for one hour at 70-75°C; the fatty a;id methyl esters were

extracted and analysed on 10% AgNO3 silica gel G plates as

described above.
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Results

I. General Properties of 18:1-Coa Desaturase

a) Localization of Desaturase System

Preliminary studies revealed that the desaturase activity
was,dlstrlbuted betueen the 105,000 x & pellet (heavy
microsomal fraction, 12% of total activity) and the 105,000 xg
supernatant fluid still containing a considerable amount
(94%) of particle- ~bound en'vme activity (Table ITIA) which
could be sedlmented on further Ccentrifugation at 160,000 x g
for 2 hours (Table IIB). The 160,000 x g fraézzan was found
to contain a higher proportion (33%) of total 18:1-CoaA
desaturase activity, and the highest specific activity
(Table IIB). The 160 »000 x g supernatant still contalned a
high proportion of activity (62%), but with a low specific
activity; the 1§0,0QO X g supernatant activity could not be
sedimented by further centrifugation at 200,000 x g.

In all subsequent studies the final centrifugation step

was performed at 160,000 X g rather than 105 »000 x g, and the

pellet obtalned was used’ as the enzyme pPreparation.

b} Assay Conditions

With the above €nzyme preparation the rate of desaturase
of 18 1-CoA was found to be linear up to 1.0 mg (Fig. 8).
Further, the rate of desaturation was linear with increasing
substrate (18:1- -CoA) concentrations up to 60 uM without an

apparent saturation being. reached (Fig. 9A). Lineweaver-Burk
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TABLE II

\
Sub-cellular Distribution of 18:1-CoA Desaturase Activity

in the Mesophilic Yeast C. lipolytica

A,
- Protein Synthesis -of Linoleic Acid
Cell Fraction mg § Activity % Specific Activity
nmoles/min pmoles/min/mg
"A. EXPERIMENT 1
Cell Free Homogenate 273.3 100 189.5 100" 693.4
Mitochondria 32.8 12.0 1.1 0.6 33.5
Microsomal Pellet - - - -
@ 05,000 x g) 70.1 25.7 25.1 12f2 329.5
Supernatant at - ' - - - a
105,000 x g 172.5 635.1 179.5 94.7 1,040.6
% Recovery - 100.8 107.5 -
B. EXPERIMENT 2 -
. ap _ - .
Cell Free Homogenate 461 100 300.1 100 651.0
Mitochondria 893.9 20.4 3.7 1.2 39.4
Microsomal Pellet O
160,000 x g ) 57.1 12.4 100. 33.3 1,751.3
Supernatant at - - =a
160,000 x g 310.0 67.3 186.4 62.1 601.3 ‘
% Recovery 102.1 '96.6

aSpecific activity of supernatant fractions are not considered valid because of
the high content of soluble prote%ﬁ.

v
kY

\



FIGURE 8. Desaturation of oleoyl-CoA by C. lipolytica
micfosomes as a function of mic}osomal protein concentration.
The incubation mixture contained per 0.5 ml: 100 mM phosphate
buffer (pH 7.2), 10 mM NABH, 5 mM MgClz, 5 mM ATP, 0.1 mM |
CoA, 54.3 umoles lS:i-CoA and increasing concentration of

microsomal protein. Incubation time, 15 min.
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FIGURE 9. Oleoyl-CoA desaturase activity of microsomal

membranes of C. lipolytica grown at 25°C as a function of

oleoyl-CoA concentration. A, plot of V against S; B,
Double-reciprocal pldf (Lineweaver-Burk). Incubation

m@xture was as described in Fig., 8 using 1.0 mg profein.
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c) Optimal Assay Conditions . ' ‘

-III. Changes in Fatty Acid Composition Durlng_Growth at

plot indicated an éﬁbarent Km of 250 uM, .a velue_similar to

that previously reported by Pugh and Kates (1975)\fbf
l-acyl-2-oleoyl-phoephatidylchefgnz as substrate.- <r\

.Jr

[

-

.Throughout’ these scudies, except were otherwise

indicated, 1.0 mg of mitrosomal protein and about 50 nmole of
-

N -, .85
substrate were used in the assay mixture as described under

section II.D. ?u

-

II.  Effect o% Cell Aerationﬁon Desaturase-Activities - -

The percentage of the relative amount of 11nole1c ac1d ;
was found to incrase by 14.5% on 1ncre351ng the rate of - _;Aéf
aeration of the cell culture (shaking speed, 70 rpm'to‘lSO ]
rmp) while that of.oleic acid decreased by 11.23% (Table III)

correspondlng to a doubling of the molar ratio of 18: 2/18 1

from 0.81 at 70 rpm to 1.62 at 130 rpm. The 18:0-CoA

desaturase activity showed no 51gn1f1cant change with change

in shaklng speed (Table IV) whlle the 1ec1th;n desaturase

activity showed 4 smaller increase (22%) with “increased - -o*
shaking speed from 120 rpm t,§i§0 rpm. The 18:1-CoA

desaturase activity in contdast showed a pronounced increase

with increased shaking speed paralfeling the increase in

18:2/18:l"ratic.

10°-and 25°C -

-

Microsomes from cells grown at 10° were found to have

@ higher fatty acid content than that from cells grown at 25°C.
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(Table V). At boﬁh temﬁératures the major fatty aéids
identified were linoleic (18: 2), oleic (18:1), palmltlc (16: 0),
and palmitoleic (16:1); smaller amounts of stearic (18: 0),
“heptadecenocic (17:1), and trace amounts (<1%) of myrlstlc

(14: 0), heptadecanoic (17:0) and pentadecan01c (15:0) Ac1d

were also present (Table III,V). Microsomes prepared from'cells
grown at 10°C had an overall higher degree.of fatty acid
unsaturation than microsomes whose cells had been grown at
25°C. /) The lefel of 18:2 acid increased from the inoculum value
of 27% to A maximum of 553 early in the growth phase (4.5 hr.)
while a concurrent decrease in 18:1 acid from 41.5% to a
minimum of 19% Sccurred (Fig. 104). After 4.5 hr. linoleic
acid decreased slowly to 26.5% (32 hr.) while oleic acid
increased propo}tionately to 41.8% (32'hr.). No other
significant changes in fatty acids were observed other than a
relatively small increase in palmitic and stearic acids.' At
10°C the same general pattern was observgd except that the
maximum of linoleic acid was 5% higher at 10° thaﬁ E;}f}and
higher levels of 18:2 acid were maintained throughout the growth
phase (Fig. 10B). ‘The double bond index,wusgqlly used as a mea-
tsufe of‘membrgne unsaturation, changes from an early high

vﬁlue of 9.7 at 4.5 %r. to a low 5.2 at 32 hr. (256C];

(Table V). The double bond ihdex,‘from 10°C-microsomal
membranes, changed from an earl} growth high of 14.3 at 37 hr.
to a 1ow-of 12.1 at 72 hr. (Table VIJ In absolute amounts
(nmoles per mg protein) both 18:1 and 18:2 acids in 25°C

-

microsoflal membranes showed simultaneous increases in the



—

ey

"SPIdE £31BJ palBINILS JO SoTouw uwwcoa oTYnop jo sa

*$1> 919M sueauw dY3

Tou "= Xdpuj puog ayqnog = 14ad,

*SPTIOV A33®] 0:/T PUB Q:ST ‘0:¢[ JO %I> vmcﬂmucou osTe soyrdues [1V.

Wwou1j

SUOT)

ap {suoTlVUTWIAIOP 7 JO

sodvaoAr sv uaATd aawv sanyejp

q

*s3TUN (0 20°0

aw,.ou wo.m.m.ou mﬂaﬂumwohaou a10M 9TDAD :usoam.m:p‘:ﬂ sjutod snorava jv ueyel sardwes Jo sorjrSsusp ﬂmuﬂugom
wm.w ;Hmhm . w.ﬂvu..mumg. 1 A S'vI (A% 2N A8 S¢ €71 w- (A4 ov 0¢°1
”ummw 597 wﬁww bE 80 90T 679 06T | 008  S¢ rmwm. 9L & TZ1 2€ . 001
wfo £°1e £ 0p ,.v.w 8°0 S0t 61 682 60¢ 6T ¢£€°'9 18 It 8¢ £6°0
g8'9 2°'1¢% Hwaw .fm.m 8°0 0°01 92°V1 §8¢ omw 61 L'9 Z8 61T (A . qI8'0
mun 9°'¢e 80V £ 6°0 §°'8 6°¢1 09 L1g 81 [ A oo_ 80T 91 29°0
9°'8 6°6¢ £°9¢ AN 6°0. m.m. T°¢T 00¢ - £Le It L9 £9 86 A qlt’o0
£'8 9y N4 8°1 8°0 0°'6 S°¢1 LS¢ S6T Mm Sy ps Z8 0T ov'o
£'6 T'SP 1°1¢ < 8'1 0°T b8 €21 LTZ  IST 6 Sy (87 6S g qés’0
hamm 0°SS T'6T ¢€°1 "1 Vot I°'¢t M £91 LS b b S £ 6% S'¥ 220
oIdd .2:81 T:81 0:81 I:L1 1:91 0:9T ¢:81  T:81 0:81 I:41 1:91 6:91 sy A3Tsuaq

.w.moﬁos
qsuorlxodoxry proy A33ey

:A:Houomm du/soqowu) juajuol proy L3y

owr]  predT3dQ

*

STT22 uModd ),§7 WOIF SHWOSOIDTW JO uorzrsoduod proe A33Ey

-

A HTaVL
-TL- .



'3Ivy polrINIEBS JO SOTO|{ :S3[QNO( JO SO[O){ = XOPU] puoy aiqnoq

.
’

‘aTqerTel 8( O poJapISUCD jou ale aydwes sTY3i IoF sanyep

P
14d,

$

ir

*sprow £33ey 01LT pu® ‘0:ST ‘0:bT JO $T> POUTEBIUOD
osie MoHaEmm [T2 (37> OJOM SUBOW 9Y3 -WOIJ SUOTIBTAOIP ‘SUOTIBUTWIDIIOP Z JO safviaoAe su uoard oue wws~m>a

"S3tun (O ¢0g0

031 10°'0 # 03 a1qronpoadaa s1am a124d Yimoad ayj ut sjurod snoTiea 3B uayel sordues jo seraTSUSp TEOT o

w.NH ¢'Sy 1°¢§ 9°0 V0 2°01 S°01 GL9 86 v -8 9°'g €91 8ST L S0° 1
9'2T b'1S §°'8Z  8°0 €0 9°8 v oT 8¥9 65¢ 0L I°¢ 60T ST . 6§ 9L°0
8°¢T 6°9S v ve 6°0 £°0 1L P01 899 Z8¢ 11 #.m. . 18 121 €S 09°'0
6°¢T 0°'8S £°¢2 1 ¥ 0 6°9 00T Ly 08T HﬂL Ho.m. s . hﬁ 0S , wmm.o.
L'2T 8°'LS S'ST  6°0 €'0 6°9 9°01 8£9 09z 0T 0°S 9L LTT LY ¢ OF°O0
V'€l 6°69 122 0°'T v o .99 S T°0T £09 NNN .01, L€ 99 . 201 v , 6¢°0
€'v1T 6°'09 9°zZz 1°1 €0 8§ £°6 865 222 1T 9°2 LS 16 LS L1°0
5190 2:8T  T:8T  0:8T T:LT - T:9T 0:91 Z:81 T:8T  0:8T THLT 19T 0:9T1 ‘SIN £a1suaq

§ sarouw . . auty, Teot3do

nmcoﬁaAOQOhm proy £31ey aﬁcﬂououa Bu/saTowu) 3juslzuo) proy L313ey @

STIa) umoty

IA H'I4VL

INNI

o0T WO1J Sowosoudily Jo uoraTsodwo) pIroy L3318y | .

v



FIGURE 10. Changes in 18:1 and 18:2 Acid Percentage
Composition of Microsomal Membranes as a Function of Growth

~of Candida lipolytica at (A), 25°C and (B), ~10°C. Culture

conditions as given in the text (Material and ‘Methods, .

I1.2). . q

m----- a Growth Curve
A—A Linoleic Acid
- — 8 Oleic Acid
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early stages of growth (Fig. 11A), but the amounts of 18:2
were always gre;}er than 18:1 up to 12 hr. of growth; There-

after 18:1 continued to increase to a constant level at 22 hr

while 18:2 decreased to a rkciprocally constant lower level

a -
at 22 hours.

The absolute amounts of 18:2 and 18:1 in 10°C-microsomal
membranes showed extensive recipfocal change with reépect to
the inoculum values (Fig. 124) in early log-phase (up to 37'
hours)}; thus, 18:2 increased by 53% while 18:1 decreased byl

46% during this period. After 37 hours, the absolute amoants,
¢
of 18:2.acid increased very slowly to a maximum level in the

stationax phase, while 18:1 increased much more rapidly giving

a 18:2/18:1 ratio of 1.4 compared to 2.7 at 37 hours. Overall,
) .
the degree of unsaturation is higher at 10° than 25°C and the
\ .
decrﬁase in the double bond with time is much slower at 10°C -

than 25°C.
e

IV, Effe&: of Temperature on Desaturase Activity
} — N

Since the prodortions of oleic and linoleic acid in
microsomes of C. 1i2012tica change reciprocally in the log-

phase, a study was undertaken to determine whether. these

" changes were related to changes in activities of desaturases

v~

. . . oo )
during growth. Microsomes were prépared from cells grown for

f‘ﬂ%Qp 32 hours at 25°C and from 24 to 80 hours at 10°C, at a

'sﬁggroyl-CoA,oleoy14CoA, and 1,2-[14C]dioleoylphosphatidyl

\. .
shaking speed of 120 rpm and the specific activities of

choline, desaturases.were determinkd. ¢ln microsomes fer

- 2\ |

/—""'"
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FIGURE 11. Changes in A, contert of 18:1 and 18:2 acids
-and B, desaturase activities, as a function of growth in

microsomal membranes prepared from cells grown at 25°C.

-------- Growth Curve
— . 18:1 Acid

A———4 18:2 Acid

G 18:0-CoA Desaturase
o————o 18:1-CoA Desaturase

Ae——4A Lecithin Desaturase
\

\ | , ©
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FIGURE 12. Changes inqA, content of 18:1 and 18:2 acids

and B, desaturase activities, as a function of growth in

' microsomal membranes prepared from cells grown at 10°C.

/ N Growth Curve
s—e 18:1 Acid
bA——k 18:2 Acid
O——0 18:0-CoA Desaturase
o °” 18:1-CoA Desatunase
| b—p Lecithin Desaturase

0$,

k ____’__/\\ o=y



-

Aisueq 1091400

( u.ﬂn; Bui/uiwy/ejowd <KAoy 8SDJINIDSAQ

. O { O Q )
@ o < N : o .
2 < n_u. ﬂ_u n_U g W I m. I" T e AL
| ) N
\ ¢ - .“...w (®)
. - R O
A R
| o NS,
4 // ® - : 0]
e /o | o
~ / . o
- -1
O <« N o . .
. // /. . . —
|
Q / : /// A 4% =
4 // L ) o w -
. /. g *. s
Q . -
; mE. b ..nm s lm =
v g LE |
| .
0 | | 83¢ 8
1 I | o- -
1| eaée
“ 1 ooaq 1<
; I
< m
. : L g —qg
l | I NS TP N S _ L _ i ol
Q. ]
8 S e8 & ¢ & § 7
utejosd Buyejowu ‘spioy Alog (v—'0—0) Bw/uiw/ ajowd *A}1A1}0Y - 8SDINJDSE(Q <



D

-80-

i

25° cells, specific activity of 18:0-CoA desaturase increased
abruptly froﬁ_a low value of 358 pmoles/min/mg very early in

log-phase (4.5 hours) to a plateau of 1,043 pmoles/min/mg at

mid-log phase (12 hours) and then gradually increased further

to 1,214 pmoles/mln/mg at stationary phase 32 hours (Fig. 11B).
In microsomes of 10° cells, the spec1f1c activity of the 18:0-
CoA desaturase showed a maximum in early log-phase (47 hours,
Fig. 12B) which was 50% lower than that in'25° cells, then
reached a minimum at 53 hours and then gradually incregsed
again at the stationary phase The generally high act1v1ty
of the 18: 0-CoA desaturase durlng the growth cycle explained
the low levels of stearlc acid found in C. lipolvtica aqbzs C
or at 10°C. ' |

The 18:1-CoA desaturase in microsomes of 25° cells under-
goes an increagg in specific activity from an early low value
of 8.7 pmol?s/min/mg in'early log p}iase 4.5 hours to a
maximum of 109 pmoles/min/mg in mid-log phase (12 hours) and
decrgﬁsing to low value in stationary phage (Table VITI, Figl
11B).

In microsomes of 10° Cells changes in 18:1-CoA desaturase

" activity were similar to those in 25° microsomes except that

‘the maximum activity was double (200 pmoles/min/mg) that of

the 25°C microsomes (109 pmoles/min/mg) and occurred earlier
in the growth phase. The lecithin desaturase i;\ﬁﬁi_gip¥6—
somes reached its maximum specific activity somewhat earlier
in the gfowth curve than the 18:0-CoA and 18:1-CoA desaturase
and the maximum activity of the lec;thin desaturase was

twice that in 10° microsomes.



*SUOTIBUTULIJAD STSUTS 10F 9du san[eA Ia9yjo [[®

L]
sAesse juapuddapul g JO SUBIUW WOIJ UOTIBTIADP ¥

sodeJa9AE 9ae UDATT BlEBp PIIEBDIpPUTL daaYY

(4 004 8¢ L2 at’ 08T oy

) It 240! ve 06T 00¢ 00°1T ¢

Z1 Wit 6 652 - 60¢ £6°0 82

2°0 ¥ 0T 0°TT 7 $50°T $'0 ¥ 8T 552 9s¢ £8°0 2z

$1 086 Ly 092 LTS 29°0 o1

A3 €Y0°T 60T 00 | sLe Ly 0 Al

8°0 7 ¢ S'6L % 061 'z % 15 L5 561 0v°0 0T
€0 7 LI 0°S ¥ 609 2°0 7 1% L1Z IST AN 8
4 8S 6 £9T LS < 22'0 S

od - 1:81 V0D-0:8T " VO)-T:i8T Zi8T 1481 Adytsusq  ‘say

mﬁme\cﬁs\moﬂoEmu A1TATYOV DrjIoadg % ajou Te213do sutl

’ ‘ pToy £ijey

2,62 38 e213A10dTT ') Jo Yjmorxd Jo uoildunjy B SE SOTITATIOR OSCINIESPP-Id pue

VoD-0:8T ‘VOD-T:8T U0 puw STIADT Z g7 pue T[:8T Ut sadueyd uo eviep Jo AJlvwwng

L

1IA H14V],
l._”w..



fl
T .

"OTQRITAIUN, IQ 0] POIIPISUOD aaan oTdwes STyl I10J sanTep
T9eTT 4994 p PT LS ry F T

o : . q
. ’ o *SUOTIBUTWIDIAP OT8UTS 10J 91v SONTBA 194l0 [I®
sAesse juopuadopur 7 JO SuvaW JO .UOTIBTASP F SOZpLoAR 91v UDATS wluvp PIIuvdIpPUr oYM,
L. 9o z8v-  g'ss | z'sy o Toes s0°tT 2L
L0°F S PIYUE 09TV - 2T T 6°9p VTS -st8z . 90T0 " 68
. g2t vesssT . . 6709 6°95  ptvz . 090 . 5§
Cover T Tstws o 8 rwe | otss sy 550 q0S
€'TF piLL 0 1°6C % §1579 °. o 6F TS| 87sS sz o Ly
4 ...w.mﬂ o L . 8°S6T|  6°65 172 6270 2
S . 17808 © T get]l 609t 9tzz - LT Ls
‘od - 18T . Vo-0:8T. . V0D-T:igT 28T - Ti8T farsuoq s
mﬁwE\er\woﬁosmq A3TATIDY D1jT0dS . § oTou Teor3do. . ourl
Jo ‘ ! ’ . . . pPIoy £13eq

*

2,07 3¢ B2134LT0dIT *D JO Yyimoad wm uoT3IdUNy B SEB SOTITATIOR 9SBINIBSIP-J4 pue
. VOD-0:8T ‘VOD-T:81 UO-puU®B STOADT Z:igT Pue f:igy UT sofueyd uo ejep jo Livuwng

+

IIIA 974V]
. . - -28-




V. Kinetics of IS:I-COA Desaturase Acfivity

o~

To investigate the possibility'that desaturafion of
i18 01 occurred after transacvlatlon from 18 I- CoA into
phosphollplds we studied the dlstrlbutlon of 18:1 among
the 11p1d components and 1ts desaturatlon as a functlon of

" time in microsomes of Candlda llpolytlca. In these,

experiments, after incubation of microsomes with [IQC]
oleoyl-CoA the mixtures were extracted wifﬁ a biphasic
system accordlnq\\e Bligh and Dver (1959), in. whlch the upper
methanol-water phase, contalned all of the (water- soluble)

-acyl-CdA.prese i1le the lower chloroform phase contained

.the'complex ids and free fatty acids. By following the
-dEEtribution of'14C‘inheach of the pheses, it was found that
" o0leoyl-CoA was rapldlw converted to free fafty acids in
. absence of ATP and-Mg®* “due to the action of‘dn acyl-CoA
thiolase and only about .14% of the initial substrate was
incorporated into total phosphollplds in 30 min. (Fig. 13).
' The circumvent fhe-thiolase react1on,ﬁATP MgCl and
CoA were added to the reaction mixture and thlS resulted in
a decrease 1n the extent of acyl-CoA hvdroly51s from 70%
to about 100 in 30 min., while the extent of 14C
incorporated into phe phospholipide increased from 14% to
51% ih 30 min. (Fig. 14 and 15). WNote that the free fatty
acids were released almost entirely in the first 2 minutes
of the feaction and thereafter remained essentially constant

(Fig. 14) in contrast to the rapid and continuous release

of fatty acids in absence of ATP and Mgz+ (Fig. 13)}. 1In the
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FIGURE 13, Distributiop'of'[l4C] in acyl-CoA and acyl lipids

during incubdtion of [1-14C]oleéy1—CoA with microsomes of

C. lipolvytica grown in the mid-log phase at 25°C. Incubations

were Qerforméd in the presence of NADH as described in
section II.K. with the excebtion'that ATP, MgCl2 and CoA were -
. ]

omitted. ' o ’ <

/ o " -,'
. °o—————o Total 14C in acyl-CoA
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FIGURE 14. Autoradiogfam of [14C]acy1 lipids during

incubation of [1—14C]oleoy1-CoA with microsomes of

Candida lipolytica. The X band, consisting of <3% of

total [14C] after 30 min., was not investigated further.

Chromatography was performed on silica gel H plate

(0.5 mm) and developed in chloroform:methanol:water

(65:35:5 v/v). - ) . -
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.FIGURE‘IS.“Distfibution of [14C] in'acy1~CoA and acyl

lipids during incubation of [1-14C]01e0y1-CoA with microsomes

~ of Candida lipplytica.g}own in the mid-log phase at 25°C.
Incubations were performed in‘presence of ATP and MgCl2 as
described in Sectionm IID,;A, in the presence and .B; in
absence of NADH;'lipidsqwere separated by TLC (see Séction .

IIK) and counted for 14C.
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presence of NADH, desaturation of 18:1 - 18:2'occurred-and
analysis’ of phosﬁﬁolipids, neutral lipids, and acyl-CoA
fracfion (see ?ié. 14 and Section II. K.) revealed that
after 30 min. 1;% desaturation occurred in the phdspholipids
/yﬁﬁzéummarized in Fig. 16), trace amounts were foﬁnd in the
neutral lipids, wﬁile about 4% was recovered in the atyl-CoA
fraction. Tables IX and Xsumﬁarize the extent of desaturation
in“each of the lipid ciasses and in individual 1lipid
components. Phosphatidylcholine was alwavs more-rapidly
labelled than the other phosbhatides, and its extent of

desaturation always exceeded that of phosphatidylethanoclamine

or phosphatidylserine -plus rhosphatidylinositol.

~

~



' FIGURE 16. Time course of disappearance of [14C]oleoyl-CoA
(0---0) and appearance of fl4C]oleate (X———X) and [14C34

N +
linoleate in phospholipids (0——0) and [14C]1inoleate in

acyl-CoA (o—;—?). [l

4C]oleoyi-CoA was incubated with
microspgmes of €. lipolvtica prepared from cells grown to
mid-log phase at 25°C. Incubations were performed as °
described in Section II KX and .radiocactivity expressed as

‘percentage of total radioactivity,
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TABLE IX

5 Distribution of [*%C] with Time?

Time Acyl Lipids (CH€£3~Soluble) Acyl-CoA (CHOH/H,0-solible)
min. 18:1 183 . Total 18:1 18:2 Total

0 1.13 0 1.13 98.2 0, 98.2

_ , .

2 19.3 2.8 22.1 .79.0. . 0.7 79.7

5 24.2 4.7 28.9 697 1.8 71.5

10 28.7 6.5 35.2 59.4 1.8 61.2

15 28.5 ‘9.0 37.5 54.8 3.4 58.2

30 " 38.9 113 "50.2 42.0 4.4 46.4

4In the. presence of NADH.
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Discussion

I. Errors . B

N

a) Measurement of Fatty Acid Compositidn:

The method of Carroll (1961) was used to measure the peak
areas of fatty acid methvl esters on the GLC analysis. The
method is based on the assumption that peaks obtained closely
approximéte the Gaussian distribution curve. However,
Dijkstra (1961) pointed out some of the shortcomings of this
method especially with respect to fatty acid analysis
determination. Carroflfs method, however was used because
of its rapidity and convenieénce which allow analysis of large
numbers of samples within a short time and range of error.
The probable error inherent in Carroll's metho& is‘i 1.5-2.0%
(Carroll, 1961); in addition errors of 0.5-1.0% mayv be .
introduced as result of medsurements of peak height and
retention time, giving a total errcrof = 2.0.- 3.0%. There-
fore,  only fatty acid changes >4% were considered significant

and are commented upon in the discussion.

b) Variation in Culture of Cells .

Precautions were taken to minimize contamination of
culture flasks by other microorganisms and to ensure the re- -
producibility of growthconditionsthroughout the study.
Provided that a ﬁhiform and constant sample qf the inoculum
was taken each time, it was possible to reproduce the gfowth

curves and activity measurements very accurately. Thus, the .
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growth points were reproducible within # 0.01 - 0.02 0.D.
units'and'énzyme activities were within * 5% (see Table VIT
and VII)). Variations in fatty acid composition in different

RS mic;bsomal preparation were within * <1% (Table V, VIj.

k]

,{) II. Generallproperties of 18:1-CoA Desaturase
‘ Cell ffactiOnation studies r?vea}ed that the 18:1-CoA
desaturase activity was present both in the 105,000 x g or
160,000 x g pellets and their respective ;upernatants
'(T le IIA, B); the bulk of the activity was still present
in tﬁe 160,000 x g supernatanf. The high speed supernatant .
may represent éither a sqlubilized form of the desaturase
enzymes or may be a finely dispersed form of the membrane-
bound enzyme system, Further investigation of the super-
natant activity is required to settle this point. The
specific activities recorded in Table II are mdch higher
than éhose found in subsequent,experiﬁents; this may be
due to the fact that-only in this experiment was the 18:2
band counted together with a radioactive band (X, Fig. 1%)
formed during the incubation, which migrated close to it and
could only be detected on autoradiograms. In the experiments
recorded in Table II, the spots were revealed by
2',7'-dichlorofluorescein which did nét discriminate between
the i8:2 band and thg X. Band X may be an oxidized form of
18:1 or 18:2 ;cids. ‘

Lineweaver-Burk plot indicated an apparent Km of 250 uM,

a value similar to that previously reported by Pugh and Kata{
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FIGURE 17. Autoradiogram of a thin-layer chromatogram on
10% AgNOS-Silica Gel G showing the- formation of 18:2 an&
18:1 acids from 18:1-CoA and ISQO-COA; respectively.

T?e Band marked X appeared only with 18:1-CoA as a
substréte, and may be an oxidized form of 18:1 or 18:2

acids produced during the incubation in air.
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(1975) for 1-acylw2-oleo}l-phosphatidylcholine‘as a substrate
Thig informékion, iogether with the subsequent work described
in this thesis{'confirmed the preééﬁqe of a phospholipid .
desaturasé. Assuming the presence of lysophospholipids in
membranes, these couldlﬁe acylated with.iS:l-CoA to form .
l-acyl-2-olecyl-phospholipid which then could undergo

desaturation to l-acyl-2-linoleoyl-phospholipid.

III. Changes Due to Aeration Rate

An almost doubling in aeration rate frém 70 to 130 rpm
resulted in a corresponding doubling in the fatty acid mole
ratio from 0.81 to 1.62. Since thé fatty acid mole ratio'is
usually taken as an index of membrane unsaturation, it
appears than an increase in aeration rate results in an
increase in membrane unsaturation. The increase in linoleic
acid with increasing shaking speed may be explained by the
increased supply of oxygen for the desaturase. This .
conclusion, however, is contrary to the observation of
Thompson et al (1986i while Studying the palmitoy1l-CoA

desaturase in the Tetrahymena pyriformis whose membrane fatty

acids did not change with a change in O2 tension at -either
15°C or 39.5°C. In our experiments, both 18:0-CoA and PC
desaturase activities remained independent oﬁiaeratfon rate
while 18:1-CoA desaturaséﬁéctivity showed 2 large increase

in activity. However, it should be kept in mind that 18:1-CoA

activity shows a sharp maximum strongly dependent on the age

of the culture (Fig. 11B) while the other desaturases show

— L4

2
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broader rangé% of activitiegn Thus the decrease in 1é£1~CoA

desaturase %;tivities in cells grown at decreased aeration
Yates may be due tb the fact that these‘éells are actually .
_older than those grown at the highei,aeration Tate.

However, more detailéd studies are required to explain this

aeration effect unambiguously.

In con?rast 18:0-CoA desaturase is almost independent of

; age after 12 hours (Fig. 11B) and so would not be expected to

change with aeration rate.

Iv. ;::lth and Temperature Related Changes in Fatty Acid

Comgosition and Desaturase Activity

Th€ changes in fatty acid composition of microsomes of

C. lipolytica with growth at either 10°C or 25°C found in our

studies; were similar to those reported previocusly by Kates
and Baxter {1962) and Kates and.Paradis (1973) for total
cellular lipids: a large increase in proportions 18:2 acid
and a reciprocal decreasé in pro;BTtionsof 18:1 acid occurring
very early in the log-phase, followed by a decrease and
increase in proportions of 18:2 and 18:1 acids‘respectively
as’ growth continued (Fig. 10A § B). In membranes of 25°C
grown cells the proportions of 18:2 and 18:1 acids returned
to the originql inoculum value late in the growth phase, but
in membranes of 10°C grown cells a higher level of 18:2 acid
was maintained throughout the growth phase. A shift in
temperature from 25° te 10°C during the growth period, could

increase the rigidity of the membranes, or create a more

F



viscoqs lip;;‘;:;\eu in, the 1lipid biléyqx; especially in the

early stages of growth, and such a stimulus could result in

~an increase in desaturase activity (see further discussion

in Section VII).leading to hig?er levels of 18:2 in L0°C
membranes than in 25°C membranes.

In absolute values, the total fatty acid céntent
exprggsed as nmoles per mg microsomal pfotein was higher at
10°C than 25°C and increased with age of the cells at both

temperatures (Tables V and VI). Activities of 18:0-CoA,

A ) ) .
L«{S/,lszl-COA and PC-desaturases in 25°C membranes were all
/" ' l

“

maximal in mid log-phase (12 hours) of growth (Table VII,
/S

Fig. 11B), coinciding wg}H the maximum absolute contents of

'18:2 acid (Fig. 11a). However, the £§§}mum and minimum

proportions of 18:2 énd 18:1 acids, Tespectively, occurred
in early 1og-ﬁhase (4.5 hours, Fig. 10A). 1In contrast,
microsomal membranes from 10°C cells, had maximum 18:0-CoA,
18:1-CoA and 18:1-PC desaturase activities in the early stages
of growth (42-47 hours), coinciding with maximum and minimum
proportions of 18:2 and 18:1 acids, respectiveiy (Fig. 10B)
but not preciseiy with the maximum absolute content of 18:2 -
reached at 72 hours of growth. Actually, the maximum rate
of conversion of 1871 - 18:2 acids (Fig. 12A, Table VIII)
og%urred early in the log-phase (37 hours), just preceeding
the maximum 18:1%CoA activity at 42 hours of growth. After
4Z hours, the absolute amounts of 18:2 acid still increased
but less rapidly to 2 maximum level in the stationary phase

(72 houf?j; the low levels of 18:1-CoA activity during this
&
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period probably suffice to account for the slow -increase in

18:2 acid. Furthermore, it should be noted that the maximum_.
18:1-CoA activity in 10°C membranes wa%inearly double that\in
25°C membranes. PC-desaturasé activity was lower in 10°C
membranes than in 25°C membranes, but in both cages the general
pattern of activity thfdughout the growth cycle was similar
to that of 18:1-CoA desaturase. The 18:0-CoA desaturase ¢
activity was also lower in 10°C membranes than in 25°C _
membranes, but the overall pattern of act1v1tv was the same
An-both membraneq In the 10°C membranes the high activity of
18:0-CoA together with fhe.lower 18:1-CoA activity‘after the .
mié-log phase would explain why the rate of accumulation of
18:1 acid in membranes proceeds faster than the 18:2 acid
"during the late period of growth.

It should be mentlonad that the high activity of 18:0-CoA
desaturase (per mg mlcrosomal protein) throughout the grouth
phase at both temperature is probablv responsible for
malntalnlng the low content of 18:0 acid in the membranes at
both temperatures. The question now arises as to which
enzyme, 18:1-CoA or PC-desaturase, is responsible for the
high 18:2 content in_10°C membranes. The high 18:1-CoA
desaturase activity obsdrved in 10°C membranes would suggest
that this enzyme is responsible for the higher 18:2 content K
in this membrane. However, thehkinetic studies described
above (Section V.of Results) raise the possibility that the
observed 18:1-CoA activity might be accounted for by a

Phospholipid desaturase and this will be discussed further in

~ -
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Sectién V of Digcussion.

. ‘Another point that arises, concerns the queétion whether
the increase in desaturase activity per mg protein in early
log phase at 10°C and mid-log phase at 25°C is due to

de novo synthesis of the eﬁ:ymes or to activation of the
desaturase enzyme .system. Previous studies by Pugh and Kates
(1975) have shown.thaffthe'Km of the PC-desaturase fgom 25°C
and 10°C grown cells at maximum activities remains cqﬁstant
while Vmax was higher for the desaturase 25°C grown cells.
These results would suggest that the chanées in activity may
be due to changes in conformation of the enzyme system’
(see.Fig. 18) but furté:r'studies are necessary to resolve
this point. -These studies would involve the use of pr&;ein

inhibitors such as cycloheximide to see whether de novo

enzyvme synthesis is requ1red and activity measurement of the

membranéédlsSOC1ated and reconstituted desaturase system.

A
!

V. Kinetic'Studies oms the Desaturase Activity

The rapié\ﬁ}drolysis of acyl-CoA catalyzed by’;\ERiolase,

could be greatly reduced by addition of ATP, MgCl2 and CoA

to stimulate resynthesis of acyi-CoA by membrane bound
acyl-CoA ligase (thiokinase). In the presence or absence

of reduced nucleotides, the 18:1-CoA was rapidly incorporated
into phospholipids and neutral lipids, indicating that acyl
transfer was independent of reduced nucleofides; The only
puzzling'obsefvatiﬁn was the reversal of labelling of PC and

PE in the presence or absence of reduced nucleotides: while
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PC pregominated:>h the presence of'réduced nucleotide, PE was
- the major phospholipid in the absence of reduced nucleotides

(Fig.ﬂ\"éj

In the presence of NADH, the newly formed 18:2 acid

appeared in the phospholipids at a faster rate than‘in'the
acyi7CoA fraction (Fig. 16, Table X ). After 2 min. of
incubation, 67% of the [14C]acy1 gréups present in pheospho-
lipids was found to be 18:2 acid, whereas only 0.9% of T14C]
18:1-CoA had peen'converted to [14C] 15:2-CoA (Table X).
After 30 min. of incubation, the newly formed 18:2 acid in
.phospholipids dquéfSEd to 35% while the 18:2 in acvl-CoA
increased to 10%. “Thgse findings indicate that 18:1-CoA,
apart from being hydrolvsed bv a thiolase to the free acid
and CoA, was also rapidly transacylated into phospholipids
and that the 18:1-phospholipid was desaturated to 18:2-

g?“ olipid at a greater rate than desaturation of 18:1-CoA
Ei}gs. 15, 16). _

The phosphoiipids involved in the desaturation of oleate,
were fo;nd to be PC, PE, and PS + PI. Only.trace amounts of
18:2 were found in the‘neutral lipids, TG anquree fatty acids
(Table X ). 1In early stages of iﬁcubation (Z-miﬁ.), 65% of
the 18:2 in phospholipids was found in PC, 15% in PE and 19%
in PS + PI, while at the end of 30 -min., 18:2 in PC decreased

to 47%, increased to 34% in PE and remained constant (19%)

~

in PS + PI.,

The above results ipdighte that linoleic acid appears to

be formed largely‘by ction of a phospholipid desaturase and
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to some.extent also by a 18:1-CoA desaturase. However, recent
studies by Stymne and Gla@ (1981) on microsomes of developing
soyva bean catyledons demonstrated conclusively thé%"bleate
frém oleovl-CoA was rapi&l? transacylated into phéspholipids
primariiy PC and desaturated to linoleate while part of the
Phospholipid molecule. This transacylation waé followed by
a reverse exchange of the-PC acyl groups (labeiféa and
unlabelled) with free CoA, resulting in the appearance of low
(14 ‘

amounts of C]18:2 in acyl-CoA. If a similar reverse

exchange reaction occurred in the Candida lipolytica microsomal

'system, then the small amounts of {14C]18:2-C0A formed at

early stages (Table IX) might have resulted, at least partly,

1&C}IS:2—PC, which at all times is

1 .
present in highér concentrations than [‘AC]ls:Z-CoA. It may ‘'«

by back exchange with [

therefore be concluded that 2 considerable portion of linoleic

~

acid present in the Candida lipolvtica microsomes may have

been formed by the action of the phospholipid desaturase, iy
acgkpg predominantly on PC and PE, 2nd that this enzyme may

play an important role in control of membrane fluidity.

VI. Proposed Pathway of 18:1 and 18:2 Synthesis

On the basis Of the foregoing results and previous work

done in our labor;f§ry Pugh and Kates, 1973 and 1975) it is

possible to postu¥dte-the following pathways for the synthesis

of oleic and 1j Lc acids in the yeast Candida lipolytica

{Scheme V).

Stearoyl-CoA, synthesized by the FAS complex or formed

&
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. SCHEME VI

N\

Proposed pathways for the synthesis of oleic and linoleic

acids in the yeast Candida lipolvtica midorosomal membranes.
. —— :

‘. H
-Abbreviations used: PC, phosphatidylcholine; 18:1; oleate;

; 18:2, linoleate.
: L
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from free stearic acid and CoA by the micro;omal ligase, is
desatu}ated to 18:1-CoA by a A9-desaturase (pathway A) .
(Bloomfield and Bloch, 1960). The 18:1-CoA then undergoes
acyl exchange with phospholipids (mainly.PC, pathway B),
which undergo further desaturation (412-desaturase, pathway C)
to 18:2-phospholipids (mainly 18:2-PC). Alternatively,
18:1-CoA could be desaturated directly to 18:2-CoA which
could then undergo aéyl exchange to oTm 18:2-P6 tpathway D
and E).
As showg in Fig. 16 the rate of-appgar nce of[14c}18:2
;p PC is at all times more than_twiceithatazagzéyILCoA.
Such kinetics are consistent with the paéhways B, C and not
with pathways D, E as major éoute io 18:2-formation. If
pathway D, E was predominadt the ratgdszifﬂi}S:z-CoA.
formation would initiallv be much higher‘than £hét of
E4C]18:2-PC, which is clearly not the case. This latter'
route is therefore presumédlto be a minor one: relative to
“the pathway involving direct desaturation of lé:l-PC

(pathway B, C). )

VII. The Physiological Role of Fatty Acid Desaturation

13 <
Phospholipids are structural components of biological
SN .

membranes and because of this, they may pléy important roles

\
in cellular metabolism and physiology. As demonstrated by
. ° _ . g
Kates and Paradis (1973) in yeasy Candi inolvstta,

-
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" phospholipid content of Candida lipolytica (Kates and Paradis,

1973} and total microsomal lipid content (This thesis Tables
V-, VI), appear to be greater at 10°C.than 25°C gro&n cells.
Similarly, the fatfy acid composition of phospholipids also
changes with respect to growth‘éﬁd temperature (Kates and
Paradis, 1973). Thus it is reasonable to assume that a
close control is exerted by the cell on fatty acid and
phospholipid synthesis as a function of growth stage and
temperature. Such control mechanisms, will determine how
well the cell will adapt to and_survive under changed
environmental conditions.

The degree of fatty acid unsaturation has a large effect
on its physical properties, such as melting or boiling
points; the greater the degree of unsaturation the lower the I
melting and beoiling points and therefore, the greater the {
fluidity. These gr0perties will be reflected in those of the
membrane phospholipids to which the fatty acids are esterified.
Thus thé‘%@eater the degree of unsaturation in phospholipid
fatty acids the gréater the fluidity and hence the permeability
of the mémbrane., On this baéis, the large increase in
‘unsaturation in the major membrane phospholipids, PC aﬁd‘PE,
in the earl& log phase would indicate an increased membrane
permeability during this period. This is reasonable in view
of the greater requirements for exogenous nutrients_during
the active growth cycle. Decreases'in‘unsaturation during

. later stages of growth would correlate with decreased membrane

permeability expected for older cells (Chapman, 1968). At lgw
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temperatures, an even higher degree of membrane fluidity would
be required and this in turn would necessitate a higher degree
of fatty acid.unsaturation than at normal temperatures, as
was observed in the present studies (Table VI)}.

A model for control of fatty acid unsaturation that
~would provide increased lipid unsaturation required for
increased membrane fluidity would involve the membrane-bound
desaturase enzyme system itself. It would be recalled thatf/
this enzyme system consists of two electron transporting
proteins, cytochrome bS reductase and cytochrome bS’ and
terminal desaturase, which fit into the lipid bilayer of the
microsomal membrane.as shown in Fig. 18. The model proposes
that the three prazeins are optimally oriented only in the

membrane of low fluidity (Flg‘ lSA), l.e., in the case of

Candlda llpolvtlca when 18:2/18:1 molar ratio is low. The

desaturase system will therefore have optimal.activity when
the membrane has low degree of unsaturationm. As more linoleic
acid is formed the 1ipid chains become more fluid allowing

the enzymes to move apart, thus decreasing their interaction
and hence reducing the desaturase activity (Fig. IBB?. The
system therefore consitutes a self-regulating mechanism,
shutting itself off when the membrane become§ too unsaturated
or fluid and turning itself on again when the unsaturat;on or
.fluidity decreases due to insertion of less unsaturated

fatty acids into the membrane phosPholipids In fhis way,

the optimum physical state within the 11p1d blla%er of the

cellular membranes would be maintained at all tinmes.
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N

FIGURE(1 Hypothetical model for self-regulation of

phospholipid desaturase activity by membrane fluidity.
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" acid early in t?iflog—phase; thereafter, 18:2 increased
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Summarz

The proportions of 18:1 .and 18:2 fatty acids of Candida
lipolytica microsomes were shown to have a reciprocal
relationship during the early log phase of ‘growth at
both 10° and 25°C. |

Microsomal membranes prepared from 10°C grown cells had
-

a higher 1lipid con&ent and degree unsaturation than

membranes prepared from 25°C growm cells.

_ simultaneously, with the 18:2 acid predominating Jover

18:1 acid up to 12 hours of growth while 18:1 aci
predominated over 18:2 acid in the later stages of growth.
The absolute amount of 18:2 acid in microsomal membranes
from 10°C grown cells was much higher than that of 18:1

~
slowly while 1841

’ increased very rapédly.

The specific activities of.18:0-CoA, 18:1-PC and 18:1-CoA

desaturases showed maximum values corresponding to

maximum absolute contents of 18:1 and 18:2 acids in 25°C
—

microsomal membranes. '

In 10°C qémbranes 18:b-CoA and 18:1-PC desaturase

specific‘ﬁctivities decreased, while that of the 18:1-CoA

desaturase nearly doubled indicating that the latter

enzyme may be responsible for the increased content of

18:2 in 10°C microsomal membranes.
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Lineweaver-Burk plot of oleo?l-CoA as substrate for
desaturase activity gave a Km lue of 250 uM similar

to that df'lmacyl-2~oleoy1-pho:z%atidylcholine as a
substrate (Pugh and Kates,'1975).

An increase in aeration rate resulted in an increase iﬂ
18:2/18:1 mole ratio from 0.81 at 70 rpm to 1.62 at

130 rpm. The 50% increase in 18:2/18:1 ratio was
reflected in a corresponding increase in the 18:1-CoA
activity. | ' r |

Kinetic studies of 18:1-CoA desaturase performed in the
presence of AfP, MgCl2 and CoA showed 2 low level of
hydrolvsis of thé substrate (10% in 30 min.) and rapid
transacylation E4C}acy1 groups into phospholipids

(31% in 30 min) plus triglycerides (10% in 30 miﬁ.). In
the presence of NADH, 74% of the newly formed[l4t]18:2
acid appeared in the phospholipids while about 20% was
associated with acyl-CoA after 2 min. PC was more rapidly
labelled and containéd more 18:2Z than any 6ther phospho-
iipid during the incubation period. These studies sugges
that the observed 18:1 + 18:2 conversion occurs largely
by desaturation at the level of phospholipids primarily
PC. and to some extent PE. However these studies do not

. . X, .
entirely rule out the operation of an acyl-CoA desaturase.

n
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