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'SUMMARY



Saccharomyces”cerevisiae NCYC %66, was grown anaerobicaliy
in batch culturé, in the presence of one of a number of
different stefols. Lipids were éxtracted from thé cells
and the sterol compositions analysed in order to find the
degree of enrichment of the particular sterol provided in
the medium. The free sterol content was found to range
from A7% in the case of 7-dehydrocholesterol to 93% in
cells grown in the presence of stigmasterol. The total
lipid contents and thé contents and compositions of-other
lipids were also analysed in order to- find if,anﬁ of the
sterols in any way influenced lipid metabolism in the
yeast. Lipids examined.included free sterols, esterified
sterols, phospholipids, triacylglycercls, sgualene, and
fatty-acyl compositions of phosphoiipids and neutral
lipids. Variations among cells enriched with différent
sterols were only slight, the greatest range being in -
the sterol ester contents, where cells enriched in
cholesterol had a content some three to ten times greater
than other cells. An interesting result was that, in

all cells, the fatty-acyl residues in the phospholipids
consisted of 72 - 79% unsaturated residues, whereas there
was less than 4% unsaturated residues in the neufral lipids.
This finding is discussed in relaticn to the possible roles

. of 1lipid containing vesicles in phospholipid synthesis.

In order to check that the sterols were in fact being
incorporated into the plasma membranes, these organelies
were specifically labelled, isolated and their free sterol

compositions measured. These showed that 70% of the



sterol present was chemically identical with that

supplémented to the medium.

SphaeroplastsAof cells énriched in specific sterols were
| prepared, and their behaviour following suspension in
hypotonic solutions of buffered sorbitol was measured.
'Two groups of responsés were 6bserved, Those sphaero-
‘plasts enriched with a sterol possessing a double bond

at C-22 remained relatively stable at 0.9 - 0.7M

sorbitol before becoming susceptible to osmotic lysis,
whereas those enriched with sterols withouf a doublé bond

at C-22 lysed rapidly in sorbitol solutions below 1.0M.

The function of sterol structure and membrane stability,
particularly with regard to stretching is discussed;

and the data obtained from osmotic lysis compared to some
preliminary data on phospholipid-sterol interactions as

a monolayer at an air-water interface.
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Yeasts, particularly strains of Saccharomyces cerevisiae,

have for many years been ﬁopular orgapisms for studying
biochemical phenomena. This is because they are eukary-
6tic, and yet, being uniéellular, do not represent too
specialized a system. They are easy to handle in the
labofatory, and can be grown under a variety 6f environ-
-mental conditions. However knowledge of the lipids of
~yeasts is not so exfensive és that of other cellular
components, such as nucleic acids, proteins and carbohyd-
rates. This is due, in part at least, to the physical
prOpertieskof lipids which maké‘them relatively difficult
to work with. Recently, with the development of more
accurate and sensitive techniques for lipid analysis,
reliable data on yeast lipids have been reported. '

},
Some fifty years ago the importance of 1lipids in membrane
structure was suggested by Gorter and Grendel (1925).
This discovery lead to further research on both the
structure and composition of biological membranes.
Progress has been greater on membrane composition rather
than structure. However two main models of membrane
structure bave been proposed. Davson and Danielli (1935)
suggested that the basic membrane consists of a bilayer,
some 7.5 nm wide, which is seen in thin section in the
- electron microscope as an electron-transparent lipid layer
sandwiched between two electron-dense layers of protein.
Robertson (1959) dubbed this a "unit membrane". Although
the unit membrane is an attractive model, other theories

favour discontinuity within the plane of the membrane.



The amphipathic nature of the protein allows hydrophobic
interaction with lipid fatty-acyl chains, while the polar
groups protrude into the aqueous phase (Singer and
Nicolson, 1972). This model is known as the fluid mosaic

model.

The object of the present Study_was to examine aspects of
the relationship betwcen composition and function of
yeast membranes, with particular reference to variation
in the lipid composition. In any such study the ideal
.approach is to effect specific changes in the chemical
composition of the organelie'being studied. There are
three waysiin which specific changes in the lipid compos-
ition of membranes may be achieved. Firstly, the groﬁth
:conditions may be altered in such a way that a single and
hopefully stoicheiometric change is obtained. Secordly,
mutants, deficient in an enzyme concerned with the
biosynthesis of a particular membrane component, may be
used and fed with the compound for which it is auxotrophic.
Lastly, drugs which inhibit biosynthesis of a specific

conpound may be employed.

The main part of the research described in this thesis
set out to examine how altering the sterol composition

" influences the lipid compositicn of Sacch. cerevisiae and

also the stability of the sphaéroplasts formed from these

cells.

In this work, use was made of the fact that Sacch. cerevisiae

grown on a defined medium under anaerobic conditions



s

becomes auxotrophic for a sterol and an unsaturated fatty

acid (Andreasen and Stier, 4954). Throughout this work
Tween 80 wés used as a source of oleic acid and by supple-

menting the.medium with one of a variety of sterols, cells

were obtained enriched in particular sterols.

YEAST LIPIDS

Considerable ‘work has now been reported on the lipid
composition of yeasts and, as a result, two main groups <f
yéast have been recognized. Most yeasts have a lipid
content representing 7 - 15% of their dry weight, while a
smaller group of these unicellular fungi contain much more
lipid (3C - 60%). Lipids are difficult to define, but
they are a heterogeneous group of compounds characterized
by their variable Solubility in organic solvents, and
sparing solubility in water. Such properties reflect
their hydrophobic nature. The lipids found in.yeasts

are those typically found in eukaryotic organisms. These
include glycerophospholipids, sterols, sterol esters and

triacylglycerols (Erwin, 1973).

Sterols

Sterols are complex molecules whose structures are based

on the cyclopentanoperhydrophenanthrene ring (Fieser and



Cyclopentanoperhydro- . Numbering of the
phenanthrene i 307 T3t Steroid skeleton

Lanosterol

Zymosterol

HO

24(28)-Dehydro-ergosterol
Ergostero!

HG

Fig.1. Formuiae of some important yeast sterols
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Fieser, 1959; Shoppee, 1964; Klyne, 1965).

The total sterol content of yeasts including the free
alcohoi and esterified fofmé usually comprises 0.1 to
2.0% of the dry weight (Bills et al., 1930; Shaw and
Jefferies, 1953),.aithough Dulaney et al. (1954) reported

a strain of Sacch. cerevisiae which, under certain condit- -

ions, may contain 7 - jo% of its dry weight as sterols. _
The commonest yeast sterol‘is ergosterol (Hunter and Rose,
1971) which was first isolated from ergot-infected rye in
‘1889 (TanZret, 1889) and from yeast in 1895 (Gerard; 18§5).
Elucidation of its structure is reviewed by Fieser and
Fieser (1959). Ergosterol is the principal sterol found

in most yeasts which have been studied (Wieland andlBenénd,
:1942;_ Usden and Burell, 1952; Dulaney et al., 1954). The
next most common sterol found in y-:ast is 24 (28)-dehydro-

ergosterol, first reported in baker's yeast by Breivik et

al. (1954). This was found to be the major sterol in

Sacch. cerevisiae N.C.Y.C. %66 by Longley et al. (1968),
though Hunter and Rose (1972) using the same strain found
ergosterol énd,24 (28)-dehydroergosterol in about equal
proportions. Zymosterol has also been reported in many '
yeasts (Wieland and Benend, 1942; Usden and Eurell, 1952;
Dulaney et al., 1954) and it has been suggested to be an |
.intermediate in ergosterol bidsynthesis (Fryberg et al.,
1973).  Other minor sterols reported in yeasts include
lanosterol (Wieland et al., 1937), 7, 22 ergostadien-3f-ol,

episterol, fecosterol (Wieéland and Coutelle, 1947 ), mono-

and dimethylzymosterol (Ponsinet and Ourisson, 1965} and



-6 -

4 & -methyl-8, 24 (28) ergostadien-3B-ol (Barton et al.,
1968), some of whiﬁh may be intermediates in ergosterol
biosynthesis (Fryberg et al., 1973). Ascosterol
(Wieland and Coutelie, 1941), cerevisterol and 14-dehydro-
ergosterol (Fieser and Fieser, 1959) have also been

detected in yeasts.

As well as being present as the free alcohols, sterols are
also.eéterified with long chain fatty acids (Smedley-
MacClean and Thomas, 1920; .Maguigan and Walker, 1940).
Madyastha-andtParks (1969) analysed the fatty'acidsfrom

the sterol esters of Sacch. cerevisiae, and found that

C,g and C,g acids predominated with some Cy, acids. An

ergosterol-polysaccharide complex has also been repgrted

fo be present in basker's yeast. The binding between the
stercl and the polysaccharide is ron-covalent, and the .
polysaccharide is thought to be glycogen (Adams and Parks,

j968). Sterol glycosides, detected in cell envelopes of

Sacch. cerevisiae, had a different sterol composition from

other sterols, although a high proportion were unidentified

(Tyorinoja et al., 1974).

Phospholipids

Phospholipids are the substituted fatty-acyl diesters of
sn-glycerol. The principal phospholipids in yeast are
those typical of eukaryotes, namely phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, phosphatidyl-



-7 -

inositol, diphosphatidylglycerol (cardiolipin) and
phosphatidylglycerol. Eéch represents a class of
compounds which vary in the nature of the fatty-acyl

residues on the glycerol moiety.

Numbering of the carbon atoms of glycerol is based on the
' stereochemistry of L-glyceraldehyde (Hirschmann,1960).

. Phospholipids become 1,2—diacylfgg-glycefophoSphatides.
Similarly triacylglycerols are designatéd triacyl-sn-
glycerols (I.U.P.A.C. - I.U.B. Commission, 1963). The
fatty acids found in phospholipids contain 8 - 24 carbon
atoms, the major ones being 016 and 618‘ These fatty-
acyl residues may be saturated of unsaturated, and are
normally straight-chain and even-numbered. Branched-
chain residues and those containing cyclopropane riﬁgs,
which are relatively common in prokaryotes, are absent

or rare in yeast. Polyunsaturated fatty-acyl residues
are usually present in small amounts in yeast, although
018:2 and 018:5 fatty-acyl residues represent 35% of those

of Kluyveromyces (Sacch.) fragilis (Noble and Duitschaever,

- 1973%). Long-chain fatty-acyl residues, with 20 to 30
carbon atoms, have also been reported in yeast; 026'0
accounted for about 1% of the total fatty-acyl residues

(Welch and Burlingame, 1973).

The major phospholipid of yeast is usually phosphatidyl-
choline which represents 25 - 50% of the total phospho-

lipids in Sacch. cerevisiae (Jollow et al., 1968;

Longley et al., 1968; Getz et al., 1970; Hunter and



o
c-0-C-R
92
R-C-0-CH
H,C-0-P-0-X

R,R'=Fatty-acyl residues

Structure of X

~CHy-CHy-N(CHg)3
~CHy-CHy-NH,

OH OH

OH
" OH

NH2
-CHo-CH-COOH

0
R-C-0-CH,
HC-0-C-R'

Q
~CHp-CH-CHp-0-P-0-CHp
OH o

'CHz‘(;H'CHz‘OH

Name_of Phospholipid

Phosphatidylcholine

Phosphatidylethanolamine

i
7

Phosphatidylmyo-inositol

Phosphatidylserine

Diphosphatidylglycerol
(Cardiolipin)

R.R'=Fatty-acyl residues

Phosphatidyiglycerol

Fig.2. The structures of some glycerophospholipids found in yeasts
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Rose, 1972). The next major yeast phospholipid is
phosphatidylethanolamine, accounting for 20 - 32% of the

total phospholipid in Sacch. cerevisiae (Longley et al.,

1968; Getz et al., 1970; Hunter and Rose, 1972). - Both

of these phospholipids are prevalent in Sacch.

carlsbergensis (Shafai and Lewin, 1968) and Candida sp.
(Kates and Baxter, 1962).  N,N-Dimethyl- and N-methyl-
phosphatidylethanolamine have also been isolated from

lipid extracts of Sacch. cerevisiae (Letters, 1966).

These compounds are intermediates in synthesis of
phosphatidylcholine from phosphatidylethanolamine
(Steiner and Lester, 1970)Q"

Phosphatidyl-myo-inositol was first isolated from yeast
by Hanahan and Olley (1958), and accounts for about '20%

of the phospholipids in Sacch. cercvisiae (Deierkaur =znd

Booij, 1968; Longley et al., 1968; Getz et al., 1970;

Hunter and Rose, 1972) and Sacch. carlsbergensis (Shafai

and Lewin, 1968). Mono- and di-phosphoinositols have

also been detected in Sacch. cerevisiae (Lester and

Steiner, 1968), and these phospholipids are believed to
be the equivalent of the 4-phospho and 4,5-diphosphomono-
esters found in rat brain. Further evidence for the |
presence of Such compounds in yeast is the finding of

"phosphatidylinositol kinase activity in Sacch. cerevisiae

(Wheeler et al., 1972). These esters are, however,
present in much smaller amounts than phbsphatidylinositol

(Steiner and Lester, 1972).
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Compared with these phospholipids, phosphatidylserine is

usually present 'in smaller proportions in Sacch. cerevisiae

(Deierkauf and Booij, 1968; Getz.et al., 1970; Hunter
and Rose, 1972), where it represents about 4% of the total

phospholipids. However, in Lipomyces starkeyi, the value

may be as high as 18% (Hunter and Rose, 1971).

Diphosphatidylglycerol (cardiolipin) was identified in

Sacch.'cerevisiae_by Letters (1966), and usually accounts

for about 4% of the phospholipids of this species
(Deierkauf and Booij, 1968; Getz et al., 1970; Hunter
and Rose, 1972). The same lipid is also present in
Candida sp. (Kates and Baxter, 1962). Cardiolipin has
been found to be located mainly in mitochondria in Sacch.

cerevisiae (Jakovcic et al., 1971). Another glycero-

phosrholipid found in about the sazme proportion as
cardiolipin is phosphatidylglycerol, which was first

isolated from Sacch. cerevisiae by Letters (1966).

Phosphatidylglycerol phosphate has been found in 1lipid

extracts from mutant strains of Sacch. cerevisiae by

Deierkauf and Booij (1968) and is believed to be an

intermediate in the biosynthesis of cardiolipin.

Ljsbphospholipids are phospholipids which 4o not have a
:fatty-acyl residue on C-1 or C-2 of sn-glycerol (Tattrie
and Cyr, 1963). Many of the lysophospholipids encountered
in yeast may be artefacts, due to the action of phospho-

lipases during extraction, particularly in anaerobically-
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grown cells (Letters, 1968gl.  Letters found that lipids

of Sacch. cerevisiae contained a high.proportion of

lysophosphatidylcholine ahd lysophosphatidylethanolamine
when the cells were grown anaerobically but not when

~ cultured under aerobic conditions. Getz et al. (1970)

found only 1% of lysophospholipids in Sacch. cerevisiae

.grown aerobically. .

Another phospholipid found in extracts of yeast which
could arise as a result of phospholipase D activity is
phosphatidic acid. This compoﬁnd has been found iﬁ

Sacch. cerevisiae (Longley et al., 1968) and Sacch.

carlsbergensis (Shafai and Lewin, 1968) but not in

Candida lipolytica (Kates and Baxter, 1962). ‘

Amino-acyl esters of phosphatidylglycerol, usually
referred to és’lipo—amino acids, have been detected in
bacteria, the first to be detected being lysylphosphat-
idylglycerol (MacFarlane, 1964). However, such lipids
have not been found in yeasts or other eukaryotic

organisms.

Triacylglycerols

These are esters of the trihydric alcohol, sn-glycerol and
long-chain fatty acids; the fatty acids are the same as
those found esterified’ in phospholipids. It is usual to

find that the fatty-acyl residue at C-2 of sn-glycerol is



- 12 -

unsaturated, as in mammalian lipids (Meyer and Bloch,
196%a). Lipiad particles have been isolated from Sacch.

cerevisiae of which 90% of the lipid was triacylglycerols

together with sterol esters (Clausen et al., 1974).
Since they had a high proportion of unsaturated fatty-
acyl residues they éuggested these particles were a reserve

of materials for membrane biosynthesis.

Diacyl-sn-glycerols (both 4,2 and 1,3) and monoacyl-sn-
glycerols have also been found in yeast lipids (Kates and
‘Baxter,'1962). They are possibly degradation prodﬁcts'
of triacyl-sn-glycerols as a result of lipase activity

" (Nurminen and Suomalainen, 1970) or of ﬁhospholipids by
phospholipase C (Harrison and Trevelyan, 1963). ‘

t

;-

Hydrocarbons

These are probably the leaét understood of tﬁe yeast lipids.
They can repreéent 2 - 20% of the total lipids of yeast
(Kovae et al., 1967; Baraud et al., 1967). However
accurate data have not been obtained, due to lack of
reliable methods of determination. Baraud et al. (1967),
using gas-liquid chromatography, separated hydrocarbons

- from Sacch. oviformis, either grown aerotically or

anaerobically, and from Sacch. ludwigii grown anaerobically,

and they found several different chain 1engths, ranging from
10 to 31 carbon atoms. Branched hydrocarbons were also

detected. Squalene, the C30 hydrocarbon precursor of
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sterols, has been found in Sacch. cerevisiae (Jollow et

al., 1968) and Sacch. carlsbergensis (Shafai and Lewin,

1968). In aerobically-grown cells it accounted for 2%
of the totai lipid, but this value was much higher in
anaerobically-grown cells, even if the medium was
supplemented with sterol. This is presumably due to

an accunulation of squalene, which-would normally require
fhe presence of molecular oxygeh before‘its cyclization

to yield sterol.

Sphingolipids

These are the hydroxy-fatty-acyl esters of long-chain
amino alcohols, and are found in small amounts in many
yeasts. In yeasts, the type of sphingolipid found)is
referred to as a cerebroside (Hunter and Rose, 1971),
which are amides of long-chain amino alcohols, substituted

with sugars.

Cerebrosides were first reported in Sacch. cerevisiae by

Reindel et al. (1940). Those from Torulopsis utilis

were examined by Stanacev and Kates (1963) and, on
hydrolysis, yielded 018 and 020 phytosphingosines and a
- small amount of 018 dihydrosphingosine. The main fatty
acids were 018’ Csyy and CeGeL—hydroXy-acids. Weinert

et al. (1973) isolated, from Sacch. cerevisiae, three

types of cerebroside which contained either a C18 sphingo-
sine, a C18 or C,, dihydrosphingosine, or a 018’ 019, or

C20 phytosphingosine. The fatty-acyl residues found were
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026:0’ EoL-hydI‘OX‘y—C26:o and 2,3_dihydr0xy_026:o acids.

Other workers héve reported the presencejin baker's yeast,
of'sphingolipids containing inositol and mannose
(Trevelyan, 1968; Nurminen and Suomalainen,_1971), and
with 026 and 2—hydroxy—026 fatfy—acyl residues (Nurminen
and Suomalainen, 1971).  Steiner et al. (1969) extracted
- with pyridine a complex sphingolipid from §gggg.

cerevisiae. Partial analysis revealed the compound to

be mannosyl-di-inositol-diphosphatidylceramide. Acid
or base hydrolysis released an inositol—phosphate moiety,
and left a structure similar to *he 'mycoglycolipid'

found by Wagner and Zofcsik (1966) in Sacch. cerevisiae

and Candida utilis. More recently a mono-inositol

phosphorylceramide has been isolated from Sacch. !

cerevisiae by Smith and Lester (1974).

Polyprenols

These are polymers of isoprenoid units;

| ,[;CH2-C(CH5)=CH-CH2—]H, with a free hydroxyl group at one
terminal, where n is bebtween 5 and 24. The principal types
found in yeast are the dolichols, which have a saturated
~unit at the hydroxyl end of the ﬁo;ecule (Hemming, 1970).

- Dunphy et 2l. (1967) isolated polyprenols from jeast, and
found five main types containing 14 to 18 isoprenoid units,
three of which are believed to be the trans configuration,

while the remainder are cis.
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Lipophilic intermediates are thought to be involved in

the synthesis of mannan in the cell wall of Sacch.

cerevisiae (Sentandreu and Elorza, 1973). The 1lipid

acceptor was shown to be adlichol monophosphate in yeast
(Tanner et al., 1971). As well as mannose, glucose and
galactose have aléoAbeen shown to form a dolichol-sugar

complex in Sacch. cerevisiae (Palamarczyk and Chcjnacki,

1973) which suggests a general role of polyprenolphosphéte—
sugars in yeast, rather than a specific transfer of

mannose residues.

Glycolipids

t

Mono-galactosyl-diacylglycerol has been detected in’

.Sacch. cerevisiae by Baraud et al. (1970). This is

similar to the glycosyl di-acyl glycerol glycolipids found
in bacteria by Shaw and Baddiley (1968).

EFFECTS OF GROWTH CONDITIONS ON THE COMPOSITION OF YEAST

LIPIDS

The lipid composition of yeast is known to'vary with
changes in environmental conditions. These conditions
include age of the culture, growth rate; growth temperature,

medium composition and oxygen tension of the medium.
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Age of the Culture and Growth Rate

Typically the lipid content of yeasts increases with age

of the culturgs. This has been found in Candida utilis

(Dawson and Craig, 1966) and Sacch. cerevisiae (Castelli

et al., 1969a). Of the individual lipids, the total
phospholipids were found to be greatest during the

exponential phase of growth in Sacch. cerevisiae

(Castelli et al., 1969a; Getz et al., 1970). . Dawson
and Craig (1966) examined the fatty-acyl residues and

‘lipids of Candida utilis and found an increased proportion

of C18:2 and 018:3 acids as exponential growth progressed.
' They also observed a greater proportion of these acids in

Candida utilis grown at a slower growth rate in a

t

@hemostat. .

Growth Temperature

In considering fhe influence of growth temperature it
must be remembered that a change in temperature also
changes the rate of growth and the ccntent of Jdissolved
oxygen, unless the microbe is grown in a chemostat with

control cf oxygen tension.

Lowering of growth temperature causes an increase in the

lipid content of Candida lipolytica (Kates and Baxter,

1962) and Sacch. cerevisiae, harvested at the mid exponen-

tial phase of growth (Hunter and Rose, 1972). Lipids of
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Candida sp. grown at suboptimum temperatures contain
greater proportions of unéaturated fatty~acyl residues
(Kates and Baxter, 1962). This effect was also found

in Sacch. cerevisiae by Chang and Matson (1972). These

workers reported a greater proportion of fatty-acyl
residues with chain lengths shorter than 16 carbon atoms
"at high temperatures.” Tn contrast Hunter and Rose

. (1972) observed little difference in the composition of

fatty-acyl residues of Sacch. cerevisiae grown at 30°¢C

or 1500, at constant growth rate.

The total phospholipid content bas been found to be

greater at lower growth temperatﬁres in Candida lipolytica

(Kates and Baxter, 1962) and Sacch. cerevisiae (Hunter and

Rose; 1972). The latter workers also found that, in

Sacch. cerevisiae grown at a fixed rate, a drop in temper-

ature caused a large diminution in the total free and
esterified sterol. Starr and Parks (1962a) demonstrated

that, in Sacch. cerevisiae, the rate of sterol biosynthesis

was optimum at BOOC, which is the optimal growth temper-
ature. Above 40°C sterol synthesis was inhibited, but
addition of sterol to the culture medium would support

growth.

Medium Composition

The composition of the. medium is also important in determ-

ining the 1lipid composition of yeast. The total lipid and
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total fatty-acyl residues increased in Candida utilis,

grown in a chemostat, if the glucose content of the medium
was increased from 0.1 to 4.5% w/v (Babij et al., 1969).
Conversely Brown and Johnson (1970) found that the total
lipids and unsaturated fatty-acyl residues of Sacch.

cerevisige fell when the glucose content was increased.

Mangnall and Getz (1973) observed that cardiolipin
production was sensitive to the carbon source used in the

medium. If Sacch. cerevisiae was transferred from a

glucose-supplemented to a galactose-supplemented medium,
the cardiolipin content increased, as did respiratofy |
capacity. However Jakovcic et al. (1971) found similar
changes in a respiratory deficient mutant of Sacch.

cerevisiae, indicating that loss of respiratory activify

1

:does not bear a simple relationship to cardiolipin

content.

Vitamin deficiency also affects the lipid composition of
yeast. Haskell and Snell (1965) found less total lipid
and a lower proportion of unsaturated fatty-acyl residues

in pyridoxine-deficient Hanseniaspora valbyensis than in

- cells grown on medium optimally supplemented with the
vitamin. Similarly pantothenate-deficient Sacch.

cerevisiae has a lower total lipid content than cells

- grown in the presence of an optimal concentration of this
vitamin (Furukawa and Kimura, 1971; Hosono and Aida,

1074). Inositol-deficient Sacch. carlsbergensis synthe-

sizes a greater amount of triacylglycerols, but less

phosphaticdylinositol than in organisms grown in the
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presence of optimal concentrations of inositol (Shafai and

Lewin, 1968). Biotin deficiency in aerobically-grown

Sacch. cerévisiae restricts synthecis of 018 fatty acids,

particularly C,q,, acids (Lynen, 1967).

Phosphate limitation of growth of Sacch. cerevisiae

caused an increase in the content of total liﬁidvand‘fattyﬂ
acyl residues, principally in thé triacylglycerols,
conpared with carbon-limited cells (Johnson et al., 1973).
However little change occurred in the composition of the

'fatty—acyl residues. Similar results were obtained with

Candida utilis, but this organism showed a difference in

the composition of fatty-acyl residues. Saccharomyces

cerevisiae grown on a medium containing 0.1% yeast
‘extract, and 1.0% glucose produced less sterol than ;if
grown on medium containing 1.0% yeast extract and 2.0

w/v glucose (Starr and Parks, 1962b).

Oxyzen Tension

In this thesis, the influence of anaerobiosis was exploited
in order to obtain specific changes in the linids of

Sacch. cerevisiae. Yeast, grown anaerobically, becomes

:auxotrophic for a sterol and an unsaturated fatty acid
(Andreasen and Stier, 1954), since the biosynthesis of
these compounds requires the presence of molecular oxygen.
The oxygen-requiring reactions in the bioéynthetic pathways

of these compounds are, respectively, those by which
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squalene is cyclized, and in which a double bond is

introduced into a saturated fatty-acyl residue.

Conversion of Squalene to Sterol . Cyclization of squalene

involves two different enzymes. The first stage is
oxidative and requires NADPH2, theiproduct being squalene
2-5 oxide. The oxide is cyclized anaerobically to form
lanosterol, gatalysed by 2-% oxido-squalene lanosterol
cyclasé. These enzymes have been isolated from rat liver
preparations (Willet et al., 1967) and the cyclase was
most active iﬁ the microsomal fractionf The‘cyclase
activity has since been found in Sacch. cerevisiae

(Barton et al., 1968).

t

Desaturation of Fatty Acids Bloch and his colleagues

have isolated from Sacch. cerevisiae (Bloomfield and Bloch,

1960) and Candida utilis (Meyer and Bloch, 1963b) a

microsomal enzyme system which desaturates coenzyme A
esters of C16:O and 018:0 fatty acids to the 016:1 and
018:1 derivatives, the reactions requiring molecular
oxygen (Bloomfield and Bloch, 1960). Lennarz and Bloch
(1960) suggested that a hydroxy acid méy be an intermediate
in this oxygenase-cataly.sed reaction, though such
cdmpounds were not converted to oleic acid (Light et al.,
'1962). The purified desaturase from baker's yeast, free
of synthetase activity, desaturated palmitoyl-CoA without
prior transfer of the fatty-acyl residue to the enzyme,
suggesting a lack of involvment of an acyl-carrier protein.

Since the desaturase also catalysed desaturation of the
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coenzyme-A ester of quLOEacids,'the produétiqn'of mainly
Cqg:q and Cqg.4 acids in yeasts could be due, not to
specificity of the desaturase, but to that of the synthe-
tase which supplies coenzyme-A esters of C16'O and 018'0
" acids as substrates (Schultz and Lynen, 1971).

‘Serial desaturation héas bezen shown to give rise to

.polyunsaturated acids such as Cﬂ8'2 in Cahdida utilis

(Yuan and Bloch, 1961) from which the enzyme responsible
was isolated (Meyer and Bloch,_1965§5. It is specific
for coenzyme-A esters of 018:1 acids, and fequires
molecular oxygen and NADHg,or NA’DPH2 as cofactors, as
well as an unidentified factor, not required for the
formation of mono-unsaturated acids (Meyer and Bloc?,

_1965_§) . , !

'~ However it is worth noting that microsomal fractions of

Candida ‘lipolytica (Pugh and Kates, 1973) and Torulopsis

utilis (Talamo et al., 1973) have been shown to catalyse
desaturation of fatty-acyl residues on phosphatidylcholine
or phosphatidylethanolamine, in the presence of molecular
oxygen and NADPH2 or NADHa,'but not requiring CoA,SH or
ATP, as does the synthetase.

~Several groups of workers, notably that led by Linnane,
have reported on the lipid compositions of -anaerobically-

grown Sacch. cerevisiae. Sacch. cerevisiae, grown

anaerobically in a medium supplemented with a sterol and

unsaturated fatty acid, had a lower total lipid than
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aerobically grown cells (Jollow et al., 1968). A
similar result was found with a respiratory-deficient

mutant of Sacch. cerevisiae (Kovég'gg.gl., 1967).

Individual lipids also vary in response to anaerobiosis
or lowered oxygen tension in the medium. Anaerobically-

grown Sacch. cerevisiae was found to have less total

fatty-acyl residues, total phospholipids and sterol
contents (Jollow et al., 1968). However, the squalene
contenf was éreatgr in anaerobically-grown cells; this
is presumably due to the requirement of molecular oxygen

for its cycliiation during sterol biosynthesis.

The fatty-acyl composition is known to differ dramatically
between aerobically and anaerobically-grown cells. ‘
_Anaerobically—grown cells contain a high proportion’of
short-chain saturated acids, containing 10 to 14 carbon

atoms, rather than longer-chain unsaturated acids (Jollow

et al., 1968).

The fatty-acyl residue composition of yeast also varies
under conditions of lowered oxygen tension. Candida
utilis, grown in a chemostat under glucose limitation,
had less saturation in the fatty-acyl residues, but more
short-chain acids, when the oxygen tension was lowered
:from 75 to <1 mm mercury, the greatest change occurring
at tensions of 1 mm of mercury and lower (Brown and Rose,
1969). Chang and Matson (1972) found a much higher

proportion of fatty-acyl residues with 10 to 114 carbon

atoms in semi-anaerobically grown Sacch. cerevisiae than
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in aerobically-grown cells. Mono-unsaturated acids
(01651 and 018:4) represented about 45% of the total fatty-
acyl residues of aerobically-grown cells, but were present

in only trace amounts in semi-anaerobically-grown cells.

Of the individual phospholipids, phosphatidylethanolamine
and cardiolipin are found to be in much lower amounts in

anaerobically-grown Sacch. cerevisiae (Jollow et al.,

1968; Getz et al., 1970). Jollow et al. (1968) reported
greater proportions of phosphatidylcholine and
phosphatidylinositol in anaerobically-grown cells. There

is a higher proportion of lysophospholipids in anaerobically-

grown Sacch. carlsbergensis (Letters, 1968g), but this was

much lower in Sacch. cerevisiae (Getz et al., 1970).
’ ’ i

]

The sterol content of anaerobically-grown Sacch. cerevisiae

is greatly lowered and, under strict anaerobic conditions,
the medium must be supplemented with a sterol (Andreasen

and Stier, 1954). In Sacch. cerevisiae grown anaerobically

in sterol-supplemented medium, Jollow et al. (1968)
reported only 0.07 mg sterol per 100 mg dry weight cells,
whereas aerobically grown cells contained 0.82 mg per

100 mg dry weight of cells. The yeast Schizosaccharomyces

japonicus can grow anaerobically without sterol supplement
:and the sterol content is then 0.01 mg per 100 mg dry
weight cells, compared with a value of 0.24 mg per 100 mg
dry weight cells for_aerobically-grown cultures'(Bulder,

1971).
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Adams and Parks (1967) found that sterols of Sacch.

~cerevisiae appeared to be of two types; one was acid-

labile, the other base-labile. - They noticed that the
acid-labile type increased and the base-labile sterol
decreased at early adaptation to aerobic respiration,
and suggested that the proportions of each would depend

on the respiratory state of the cells.

STRUCTURE AND FUNCTIONS OF MEMBRANES

A membrane is a pliable, selectively permeable, barrier,
surrounding a cell or cell organelle. Prokaryotvic .

| organisms have a relatively simple membrane s&stem;f
consisting of only a plasma membrene, whereas eukaryntes,
including yeasts, possess a complex system of intracelluléf
membranes associated with organelles, as well as the
plasma membrane. The principal functions of membranes

are considered'to be threefold: firstly, to act as a
barrier between the internal environment of a cell or
organelle and its external environment, and so to give

it an organised structure; secondly, to regulate transport
of compounds into or out of the cell or organelie; and

: thirdly to be involved in or to provide a site for

certain enzymatic processes. As long ago as 1899,
Overton, from permeability studies on plant tvissues,
postulated that membranes contained a fatty substance
(Overton, 1899). Analyses of membranes have subsequently

shown that they are composed mainly of lipid and rrotein.

-
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The major membrane lipidséaré phospholipids and sterols.
In prokaryotic organisms,”sterols are absent, and the
phospholipids are mainly phosphatidylethanolamine and
ﬁhdsPhatidylglycerol as-éibhosphatidylglycerol (Erwin,
 1973).  Eukaryotes, including yeasts, also possess
phosphatidylcholine, phosphatidylserine and phosphatidyl-
"inositol. There is little sphingolipid in yeast, though
.these lipids may be imnortant in mammalian membranes.
Sterols vary in structure in different organisms. In
animals; cholesterol is the predominént one; higher
plants contain mainly stigmasterol and fB-éitosterol
whereas ergosterol is the most common sterol in yeasts

(Weete, 1973).

]

The 1lipid composition of yeast membranes also varies,
presumably associated with specificity of function. For

example, most of the cardiolipin in Sacch. cerevisiae

is present in mitochondrial membranes (Jakovecic et al.,
1971). However few data are available for the exact
lipid composition of yeast plasma membranes, mainly due

to difficulties in obtaining pure preparations.

Isolation of Yeast Plasma Membranes

The existence of a system of intracellular membranes in
yeast has been demonstrated by electron microscopy (Matile
et al., 1967), but nc completely satisfactory isolation

of plasma membrane has'yet been achieved from yeast.
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There are two main methods which can be used to isolate

plasma membrane from yeast. Boulton (1965) removed the

cell wall of Sacch. cerevisiae with the digestive Jjuice

of Helix pomatia (Eddy and Williamson, 1957). The

sphaeroplasts so formed were subjected to osmotic lysis
for 30 min at 0°C in 0.025M tris buffer (pH 7.2)
containing mM MgCl,. The plasma membrane and cell
debris were obtained by centrifugation at 20,C00g for

30 min. Of the mémbrane fraction, 90% of the dry weight
was lipid plus protein. Osmotic lysis was also used on

sphaeroplasts of Candida utilis by Garcia-Mendoza and

Villaneuva (1967). They found that analyses of the
| memfranes yielded mainly protein and lipid. A more
detailed lipid analysis of the membrane fraction of

Sacch. cerevisiae, obtained by the same method, was’

carried cut by Longley et al. (19€3). They found tkat )
protein and lipid accounted for 50% and 40%, respectviely,
of the dry weight; The remainder comprised_nucleic acids
and carbohydrates. The 1lipids were those typical of

membranes, namely phospholipids and sterols.

Other workers claim that membranes prepared by osmotic
lysis of sphaeroplasts are heterogeneous, and that the
analyses carried out do not give representative results.

" Matile et al. (1967) homogenized Sacch. cerevisiae in

0.05M tris buffer containing O.25M sucrose and mM EDTA.
The cell-free extract was submitted to differential
céntrifugation, and the microsomal fraction, which

separated from the mitochondrial fraction at 150,000g for
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30 min, was layered on a density gradient of Urografin.
The plasma membrane was separated as a distinct band at
1.165 - 1.170 g/cm’®. . Analyses again identified 1ipid and
- protein, although quite considerable amounts of carbohyd-

rate were present.

Suomalainen and his coworkers have isolated plasuna ﬁembrané.
by digestion with snail Jjuice, of isolated cell envelopés,
which consist of cell wall with attached plasma membrane,
obtained by breaking baker's yeast in a disintegrator
(Nurminen et:al., 1970). They have reported on the lipid
composition of these preparations (Suomalainen and

Nurminen, 1970).

t

The digestive juice of Helix pomatia (which is also’ known

as helicase) is a mixture of some 30 enzymes (Holden gt al.,
1950), amongst which is known to be lipase, so that

caution must be eﬁployed when it is used. To overcome
this objection, Nurminen et al. (1970) and Suomalainen and
Nurminen (1970) removed lipase and phospholipase by
subjecting the. juice to gel filtration on Sephadex G.100

in 0.85% (w/v) NaCl.

» Problems with obtaining pure preparafions of plasma membranes
" are those of fragmentation (Boulton, 1965) and vesiculation
(Dubé et al., 1973). Recently Shibeci et al. (1973)

prepared csphaeroplasts of Sacch. cerevisiae with helicase,

and labelled the outer membrane with various radiocactively

labelled reagents, selected for various amino-acid residues
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of the membrane proteins. The labelled sphaeroplasts
wére'recovered byAcéntrifugation, washed in mannitol
buffer, and membranes obtained by lysis in 0.1M phosphate
buffer (pH 7.0) conbtaining 10mM MgCl,. The membrane
preparation was layered onto a discontinuous sucrose-
density gradient and separated at 589,0005 for 2.5 hours
at 400. The bulk of the radioactivity was found in bands

with a density of 1.18 - 1.29g/cm°.

Methods for Effecting Changes in the Lipid Composition

of Yeast Membraneé

As alfeady mentioned, to examine the structural require-
ments for the incorporation of lipids in membranes,:one of
Athc following methods should be used to effect specific
alterations in membrane composition. (a) Variation of
the environmental conditions, so that a specific pathway
aoes not function and therefore a specific 1lipid component
is not synthesised. This 1ipid can then be supplied in
the medium; (b) Use of mutants deficient in the ability
to synthesise certain lipids, and which are therefore
auxotrophic for these lipids; (c) Use of drugs as
specific inhibitors of a pathway leading to synthesis of‘
a lipid. The extent to which method (c) has been used is

very slight and will not be referred to any further.

As far as mutants are concerned, most of the work has been
carried out with mutants which are auxotrophic for a fatty

acid. There are two classes of fatty acid-requiring
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mutants of Sacch. cerevisiae. Firstly there are the

desaturase mutants, which?lack the capacity for desatur-
éting saturated acids (016:0 and C,q.,) at the Cy - C1o
bond. Secondly there are the chain-lengthening mutants,
which cannot elongate the fatty-acyl chain. The earliest
mutants to be isolated in the first class were by Resnick
“and Mortimer (1966). - The specificity of chain length
_fbr such mutants wés found to be broéd (Wisnieski and
Kiyomoto, 1972), though rather less broad with cis or
trans acids. Williams et al. (1973), using a desaturase

mutant of Sacch. cerevisiae, supplemented various poly-

unsaturated C2O acids and found srowth was best if the
acid contained double bonds at Cé, 08 and C,,. With
regard to the second group of fatty acid-requiring gutants,
,receht work has been concerned with discovering the?range

of saturated fatty acids which can be utilized (Henry,

1973).

Sterol-requiring mutants of yeasts have proved much more
difficult to obtain, though recently sterol-requiring

respiratory-deficient mutants of Sacch. cerevisiae have

been isolated (Karst and Lacroute, 1973; Gollub et al.,
1074), The former workers have also isolated a sterol-
requiring mutant which is not petite and which possibly
:has a block at the enzymatic stage converting sqﬁalene to
lanosterol (Karst and Lacroute, 1074) The requirement
is not stringent for ergosteroi as growth will occur with
a supplement of cholesterol, ;B—Sitosterol or stigmasterol

(Karst and Lacroute, 1973).
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With reference to the first method for effecting specific

changes in yeast lipids, when Sacch. cerevisiae is grown

énaerobically it becomes auxotrophic for an unsaturated
fatty acid and a sterol (Andreasen and Stier, 1954). A
. low order of specificity was found for 016 and C18 acids

when provided for anaerobically-grown Sacch. cerevisiae

- (Light et al., 1962),-since acids with a hydroxyl group,
'a cis double bond, a triple bond, or a cyclopropane group
in the central region of the molecule each supported
growth. Proudlock et al. (1968) also found a low order
of specificity for sterol struétural requifements, in

order to support anaerobic growth of Sacch. cerevisiae.

They found that the three structural requirements of the
steroid molecule were a planar steroid nucleus; a hydroxy
group at C-3, and a long alkyl side chain at C-17. E
‘Interestingly, this is in ccntrast to the structural

requirements of sterols for T-strain Mycoplasma (Rottem

et al., 1971), where a sterol with a saturated, rather
than an unsaturated, side chain was necessary for satis-

factory growth.

Phospholipid-Sterol Interactions

The precise arrangement of phospholinids and sterols in
membranes is not fully understood, and several physical
techniques have been employed to investigate this

arrangement, and after toc explain the exact function of

the sterol component. Work has been carried out on
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artificially prepared monolayerS‘and bilayers, as well as

on biological membranes.

fhé fatty-acyl chains in'phospholipids exist in two forms,
- namely the crystalline and liquid-crystalline phases.
Conversion of the crystalline to the liquid-crystalline
'form (melting), as phé temperature increases, in fact
-occurs below the capillary melting point 6f a hydrocarbon
of comparable structure. This phenomenon is responsible
for the'fluidity of the membrane, and could be important

in such membrane properties as permeability.

Nuclear magnetic resonance (n;m.f.) has been used to
investigate the mobilities of fatty-acyl chains in ;
phosﬁholipids, phospholipid-sterol mixtures, and in/
mixtures or lipids from membrane. Oldfield et al.,
(1971), studying lecithin in water, found that the
ﬁ(CHa)B-region of lecithin was highly mobile. However
the fatty-acyl residues showed restricted mobility of
methylene groups near the carboxyl end and greater
freedom of movement at the methyl-group end of the

residue (Chan et al., 1971).

~Olafield and.Chapman (1972a)carriéd out n.m.r. studies

" on a mixture of sphingomyelin and 50 mole% choleéterol,
and observed that, above the phase transition temperature
of the fatty-acyl residue, cholesterol restricted moticn,
indicating a 'rigidizing' effect; but below the

transition temperature, cholesterol 'fluidized' the chain.
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The mobility of the 'intermediate fluid' state was
insensitive(to teﬁperature between 20°C and 60°C.

Similar results were also obtained with sonicated mixtures
of lecithin dispersions and 50 mole % cholesterol over the
same temperature range (Darke et al., 1971).  They
suggested that, in fact, lecithin énd cholesterol formed

a complex bound by van der Waals forces between the
steroid nucleus and the first 10 methylene groups in each
lecithin fafty—acyl residue, but leaving the remainder

of the chain free. There is also hydrogen bonding
between the Bfihydroxyl group of the sterol énd the
phosphate of the lecithin. These workers suggested that
the complexes are present in clusters, rather than

distributed evenly throughout the membrane.
. ]

!

The »esults of n.m.r. studies have been supported by
electron-spin resonance (e.s.r.) data. These have been
carried out on bilayers from liposome dispersions
.(Hubbell and McConnell, 1971; 0Oldfield and Chapman,

1971) and oriented systems (Jost et al., 1971). Motion
in the bilayers is greatest towards the centre of the
bilayer. Jost et al. (1971) also found that motion was
greater at the methyl-group end rather than the carboxyl
end of the fatty-acyl residues. This finding is

- consistent with data from e.s.r. on plasma-membrane lipids

of Mycoplasma laidlawii (Rottem et al., 1970). Hydration

of lecithin increased the chain motion, but this is most
apparent at the carboxyl end of the molecule (Jost et al.,
1971). Boggs and Hsia (1972) examined the influence of
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hydration on the mobilities of fatty-acyl residues in
dipalmitoyl 1ecithin and egg lecithin, and found that
hydration increased the mobilities of each. This effect
is achieved by decreasing the 'degree of order‘ of the
phospholipid, i.e. the extent to which the fatty-acyl
residues orientate themselves to the plane of the membrane.

Rottem et al. (1970), using plasma-membrane lipids from

Mycoplasma laidlawii, found that cis 018°1 acids had more

motion than the corresponding trans acids.

The effect of‘addition of sterols to lipids has also been
examined by e.s.r. Hubbell and McConnell (1971), who
used egg lecithin plus 33 mole % cholesterol, considered
that the first eight carbon atoms from the carboxyl‘end of
fhe fatty-acyl residue of the phospholipids exist as a
rigid rod in the presence of cholesterol, with increasing

-~

motion towards the methyl-group end of the chain.

As with n.m.r., the 'rigidizing' and 'fluidizing' roles
of cholesterol have been observed with e.s.r. At 20°C
cholesterol made dipalmitoyl lecithin more fluid,
presumably by relaxing the close packing of the saturated
chains, but egg lecithin, which has a lower phase
tfansition temperature, is made less mobile (0ldfield and
- Chapman, 1971; Schreirer-Mucillo gg'gl.,’1972). Each
mixture has a similar 'intermediate fluidity'. Above
the tramsition temperature, a concentration of 50 mole %
cholesterol was found to lower the mobility of fatty-acyl

chains in egg-yolk lecithin, but the same effect was
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obtained with only 25 mole % with dipalmitoyl lecithin
(Boggs and Hsia, 1972). Above 25 mole % cholesterol,
the sterol perturbed the close packing of the saturated
chains. The deviation of‘thg perpendicularly orientated
phospholipid has been measured. Iapper et al. (1972)
calculated, for egg;yolk lecithin, movement through 46°
in the absence of cholesterol, decreased to a minimum

of 170 in the presence of 55 mole % of the sterol.

The features of the sterol molecule required to cause
Amaximum"degree of ordering' of phospholipids have Been
examined by e.s.r. Hsia et al. (1972) found that,,
with egg-yolk lecithin, the most effective sterols, were
cholesterol, 7-dehydrocholesterol, and lathosterol.‘ |
‘Ergosterol and P-sitosterol wer'e less effective. ‘No
effect was observed if the hydroxyi group was esterified,
or replaced 5y a keto group, or if the alkyl side chain

at C-17 was absent} Butler et al. (1970) found, with
sterol-free brain lipids, that cholesterol had a greater

effect than ergosterol at 25 mole %, but vice versa at

10 mole %. Above this latter value the bulkier side
chain of ergosterol caused increased mobility.

P -Sitosterol had a similar effectto cholesteiol. These
workers also found that replacing the 3B -hydroxyl group
- of the sterol, even by a %ol -hydroxyl, did not give an
'ordering' effect. If the side chain was absent at C-17
then the ordering was very much diminished. Further
they found that there was no necessity for a double bond

at C-5 but that, if the A-B ring fusion was trans
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resulting in a non-planar nucleus, the ordering was very
much decreased.' ABoth groups of workers stated that,

for maximum ordering of a phospholipid, a sterol molecule
must have a 3}3—hydroxyl.group, a planar steroid nucleus,
and a hydrocarbon chain at C-17. It is significant

that these are the same conditioné required for optimum
growth of a sterol-requiring organism such as Sacch.
.cerevisiae when grown anaerobically (Proudlock et al.,

1968).

A disadvantagé of n.m.r. and e.s.r. studies is that the
presence of the label (paramagnetic groups for e.s.r.

or isotopic substituent for n.m.r.) introduces to the
system an unnatural molecule which could cause perturb-
~ations in the system, especially where there is close
packing of molecules (Darke et al., 1971; Lapper et al.,

1972).

'X-Ray diffraction studies of phospholipid bilayers
indicate that hydration decreases their thickness and
increases the average surface area of the lipid molecules
(Levine and Wilkins, 1971). This fiﬁding suggests
greater mobility of the fatty-acyl residues, a suggestion
which is supported by the observation of a diminished

: phase-trancition temperature when hydrated (Williams and
Chapman, 1970). On addition of cholesterol to dipalmit-
oyllecithin at 25°C, more water is taken up (Ladbroke et
al., 1968). Cholesterol at 7.5 mole % does not disturb

the packing of the chains, but causes the fatty-acyl
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chains to become ordered perpendicularly-to the plane

of the bilayer. ' Addition of more cholesterol up to

50 mole % causes fluidization of the chain. Thié finding
is consistent with evidence from e.s.r. (0ldfield and
Chapman, 1971) and differential scanning calorimetry
(d.s.c.) studies (Ladbroke et al., 1968). Cholesterol
increases the thickness of the bilayer and decreases the
'average surface area occupied by each phospholipid
molecule in iiposomes-(Levine and Wilkins, 1971). -This
discovery suggests arestriction of motion of the fatty-

acyl residues.

Thermal studies -are: useful for examining the phase change
ffom érystalline to liquid~crystalline states. The
femperature of the phase transition depends on the ﬁhospho—
lipid structure, more particularly of the fatty-acyl
residues and the nature of the polar groups, and on the
degree of hydration and also the presence of a sterol.

if the head group and degree of hydration are the same,
then a 1lipid with a larger fatty-acyl chain has a higher
transition temperature than one with a shorter one (Chepman
et al., 1967); one with an unsaturated fatty-acyl residue
has a lower transition temperature than with a saturated
one (Iadbroke et al., 1968), and lipid with a cis unsatur-
-ated fatty-acyl chain has a lower transition temperature
than when the tond is trans (Chapman et al., 1966). With
regard to polar groups, dimyris?g;gggganolamine has a
transition temperature of 4800, some 25°C above that of

phosphatidyl

dimyristoy%fholihe (quoted in Oldfield and Chapman, 1972b).
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A mixture of the two lipids has a broad transition
témperature range, which suggests there are clusters of

crystalline and liquid-crystalline lipids in the bilayer.

The effect of water is also important. Differential
scanning calorimetry indicates thefe are ten moles of water
per mole of lecithin (Williams and Chapman, 1970). The
.presence of this water lowers the transition temperature
(Williams and Chapman, 1970). However, concentrations of
water greater than 10 moles % do not cause a further change

in the transition temperature (Chapman et al., 1967).

Additions of cholesterol above a concentration of 20
mole % to dipalmitoyllecithin in water lowers the trans-
ition temperature, and decreaées the heat of transi%ion
(Ladbroke et al., 1968). At 50 mole % the transition
temperature is abolished resulting in a state of inter-
mediate fluidity, and Ladbroke et al. (1968) suggested
fhat cholesterol controls the fluidity by disruption of
the crystalline packing below the transition temperature,
and by inhibiting flexibility of the fatty-acyl chains in
the liquid-crystalline phase. This sﬁggestion is
consistent with the data obtained by n.m.r. and e.s.r.
studies. Similar results were obtained by d.s.c. on a
:mixture of sphingolipids and cholesterol (0ldfield and
Chapman, 1972a.).

Sterol structure has been shown to be important in phase
transition. de Kruyff et al. (1972) showed that incorpor-

ation of cholesterol causes a large decrease in the phase
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transition temperature of isolated membranes of

Acholeplasma laidlawii; 32 mole % abolishes the transition

with synthetic 1'-oleoyl-2-stearoyl-sn-glycero-3-phosphoryi-
choline. However epicholesterol, which has a 3d -hydroxyl
group, and a sterol without a side chain at C-17 or the
5;3-hydroxyl group replaced by a E;keto group, did not
exhibit any effect, de Kruyff et al. (1973b) used d.s.c.
.to study the effect of cholesterol (33.3 mole %) on the
phase—fransition temperatures of liposomes made from
chemicél derivatives of phospholipids) and found that,

for any changé to be manifested, there was nd requirement
for the oxygen atom at the acyl ester link. Using mono-
glucosyldiacylglycerol, they showed that the phdsphoryl
base was not required. They emphasised the importgnce of
_fhe 3p.—hydroxyl groups on the sterol, and suggestea it

to be imporpant for interaction with phospholipids (gi

also Darke et al., 1971). The same workers(de Kruyff

et al., 1973b) also found that, in an equimolar mixture

'of dioleoyllecithin and distearoyllecithin, the cholesterol
(25 mole %) preferentially associated with the unsaturated
lecithin, The sterol associated with both phospholipids
only at high temperatures. Using d.s.c. de Kruyff et al.
(1974) found that cholesterol would mix randomly with
lécithins possessing fatty-acyl chains which differ bj two
- carbon atoms, but that, if the difference was four or more
carbon atoms, then cholesterol would preferentially
associate with the fatty-acyl chains with the lower phase-

transition temperature.
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Lipids from erythrocyte membranes do not have a phase-
transition tempérafure, but removal of cholesterol gives
rise to two transitions the lower of which is attributable
to highly unsaturated species of fatty-acyl chain (Williams
and Chapman, 1970). Adding back cholesterol to the lipid
~mixture removes both transitions, ﬁhich is further evidence
jo support the dual role of cholesterol to 'rigidize' and

'fluidize' regions of the membrane.

When applied as a monolayer at a water-air 1nterface, 11p1ds
can be compressed to give a minimum surface area per |
molecule. Addition of a sterol will give an average
molecular surface area which is less than that eXpected if
there was no interaction (Leathes, 1925). This phenomenon
Ais called 'condensation', and its extent gives morev
intormation about the type of interaction between phospho-

lipids and sterols.

The condensation effect is known to depend on the structure
of both the phospholipids and the sterols. Using

different steroids, Demel et al. (1972a) found the most
effective condensation to be with cholesterol, and rather
less condensation with ergosterol or stigmasterol. No
condensation was obtained with a 3dJd -hydroxysterol, a
‘ketosteroid, or if a side chain at C-17 was absent. These
workers suggested that the side chain was important with
particular reference to the double bond at C-22 and substit-
uents at C-24 encountered in the plant sterols. This is

in contrast to results obtained by Ghosh and Tinoco (1972)
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who found that cholesterol and }3—sitosterol gave similaf
céndénsation,reéults with synthetic lecithins, but
different from the effects obtainéd with dihydrocholest-
erol or ergosterol. Ghosh and Tinoco (197 2) proposed
that the degree of unsaturation in ring B of the sterol
nucleus was more important than the structure of the side

chain.

The nafure of the fatty-acyl residues has also been
examined. Condensation occurs with cholestepol-if the
phospholipid contains one saturated and one unsaturated
fatty-acyl residue, thdugh the position on the glycerol
residue was not significant. Condensation did hot occur
if both chains were polyunsaturated (Demel et al., 1972¢c).
)
The presence of an oxygen atom at the acyl ester linkage
at C-2 of glycerol, or between the phosphorus and carbon
atoms at C-3 or the presence of the phosphoryl-base was
not required for condensation (de Kruyff et al., 1973b).
This discovery coincided with the finding that these
structural features had no influence on the phase-trans-
ition temperatures. Ghosh et al. (1973a) found that

cholesterol also condensed with phOSphatidylethanolamine.

‘The finding that, for maximum interaction with a phospho-
lipid to be manifested, the sterol should have a planar
nucleus and an alkyl side chain (Butler et al., 1970;
Hsia et al., 1972; Demel et al., 1972a) indicated the

importance of hydrophobic interaction. From their studies
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of the condensing‘effect of cholesterol on monolayers of
various lecithins, Ghosh ég al. (1973b) suggested that
fhe greatest interaction was obtained if the first nine
étdms of the acyl residué Were saturated, and suggested

- an ipteraction between the nucleus of the sterol and
these atoms. This finding is in agreement with the
"existence of a complex svggested from e.s.r. and n.m.r.
evidence (Hubbell and McConnell, 1971; Darke et al.,
1971). However the necessity for the 5;3 rather than the
%4 hydroxyl group on the sterql does not suggest the
presence of polar interactions, but does iﬁdicate the
possibility of the importance of hydration (de Kruyff

et al., 1973b). ‘

Rothﬁan and Engelman (1972) have proposed a model t;
describe the interaction between sterols and phospho-
lipids, in which the molar ratio of the two compounds

is not important, and in which steric interactions play

a prominent part. The 'intermediate fluid' condition is
explained by the close packing of the carboxyl end of the
fatty-acyl residues and the nucleus of the sterol, but
the loose packing can be explained by an interaction of
the termiral end of the fatty-acyl residues and the sterol
side chain. The freedom of the terminal fatty-acyl

: residues is also enhanced by the mobility of the.sterol

side chain.

The relationship between lipid structure and permeability

has been examined for synthetic liposomes and also natural
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membrane lipids. | The pepmeability of liposomes to
solutes depends on the na%ure of the polar groups on the
ﬁhospholipid, as well as on the chain length and number,
position and geometry of the unsaturated fatty-acyl
residues in the lipids. The chemical structure and
configuration of the sterol, and the phospholipid-sterol
-molar ratio also influence liposome permeability (wvan

Deenen, 1972).

Liposomes composed principally of lecithin have decreased
permeability to glucose in the.presence of.cholesterol,
though this also depends on the nature of the fatty-acyl
residues. = Cholesterol had more'effect on liposomes
derived from 1-stearoyl-Z-oleoyl-sn-glycero-3-phosphoryl-
llecithin than if both fatty-acyl residues were poly;
unsaturated (Demel et al., 1968). This finding is in
agreement with the condensing properties of cholesterol

and lecithins containing different fatty-acyl residues
(Demel et al., 1972¢c). Similarly a greater degree of
unsaturation in the fétty-acyl residues increased the
permeability of liposomes to glycerol and erythritol. A
shorter chain length cr combination of acyl chains with
widely different chair lengths also increased permeability.
Permeability was lowered in the presence of cholesterol

- proportionally tc the amount of cholesterol presént (de
Gier et al., 1968). The diminished permeability in the
presence of cholesterol in various liposomes has been
demonstrated only when there is a condensing effect hetween

cholesterol and the corresponding lecithin (Demel et al.,
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The nature of the sterol structure which affects the .
permeability of egg-yolk lecithin .liposomes has been
studied (Demel et al., 1972b). Cholesterol, cholestanol
and 7-dehydrocholesterol all caused a greater decrease

'in permeability than did ergosterol or stigmasterol. No
decrease was observed for epicholesterol, 3-keto-steroids,
coprosfanol or a sterol without an alkyl side chain ‘at
C-17. Demel et al. (1972b) suggested that, in order to
induce a 1owefing of permeability, a sterol mﬁst have a
3P -hydroxy group, a planar nucleus and a side chain at
C-17. These requirements are identical with those
deduced from other types of experiment.

t

]

Permcability studies on intact menbranes from Acholeplasma
laidlawii with different sterol compositions have been h
reported. As with liposomes, cholesterol caused lowered
permeability to glucose, but this effect was not observed
with epicholesterol (de Kruyff et al., 1972). Flux of

14C erythritol through membranes of Acholeplasma

laidlawii, the composition of whose lipids is manipulated
by supplementary different fatty acids and sterols in the
médium, was found to be higher in the order: linoleic

" acid > oleic acid > eloidic acid (trans 18:1) > stearic
acid. All types of membrane exhibited lowered
permeability in the presence of cholesterol or ergosterol,
but not with epicholesterol or coprostanol (de Kruyff

et al., 1973a).
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Huang et al. (1974) grew Acholeplasma laidlawii in the

presence of arachadic acid (C,y,4) or lauric acid (C12:O)
and obtained corresponding enrichments in the fatty-acyl
chains of the phospholipids. Cells enriched with the
longer-chain acid were less permeable to glycerol, were
more sensitive to osmotic shock, and were less mobile
‘when measured by €.S.T. compared to those cells eﬁriched
in the.shorter acids. They also measured the thickness
of such membranes'by electron microscopy and found there
wés no difference; they suggested that the apparent
restricted motion of the larger fatty-acyl residues was
due to the tighter packing as they occupied the same

volume as shorter residues.

t
J .
Trke data or phospholipid-sterol interactions suggest that

the function of a sterol is to regulate the permeability
of membranes by controlling the degree of fluidity, and
giving stability over a wide range of temperature by
allowing a certain latitude of fatty-acyl structure in
the phospholipiés (Ladbroke et al., 1968; 0ldfield and
Chapman, 1972a; Demel et al., 1972c). ~ This suggestion
is supported by the presence of crystalline and liquid- .
crystalline phases in membrane lipids, and the dual role
- of cholesterol (Darke et al., 1971; 0ldfield and Chapman,
19713 Williams and Chapman, 1970). More recent
support comes from the observation by Rottem et al.

(19752) that Mvcoplasma myvcoides will not survive below
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25°C if adapted to grow in the absence of supplemented
cholesterol, whén the membrane lipids would be crystalline;

Polyene-resistant mutants of Sacch. cerevisiae, which have

altered sterol compositions, were also found to die if
stored at 4°C (Karunkaran and Johnson, 1974).  They
suggested that death could be due to leakage of essential
ions, caused by altered permeability. Also of interest
.is that changes in both crystalline and liquid-crystalline
phases‘are dbserved by d.s.c. (Steim et al., 1969), and

X-ray diffraction (Engelman, 1971) studies on Acholeplasma
laidlawii which have membranes with low’ levels of

cholesterol.

The presence of sterol in a membrane also appears to
‘fegulate the activity of certain enzymes. Rottem ég_gl.
(1973%) observed a reversible phase change, by d.s.c. and
a break in the Arrhenius plot of ATPase activity versus

temperature, in the membranes of Mycoplasma mycoides, if

adapted to grow in cholesterol-deficient medium, but not
in cells containing the full complement of cholesterol.
Cobon and Haslam (1973) made similar observations using

Sacch. cerevisiae grown anaerobically with a range of

ergosterol supplements. It appears that a BP -hydroxyl
group on the sterol is important, as epicholesterol

- incorporated into the membranes of Acholeplasma laidlawii

caused a break in the Arrhenius plot of ATPase activity,
though this did not occur if cholesterol was provided in

the medium (de Kruyff et al., 1973c¢c).
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Sterol-Protein Interactions

The interaction between 'Folch-Lees' apoprotein and a
variety of steroids was examined by London et al. (1974).
They found the greatest affinity between hydrophobic
protein and cholesterol and, to a iesser extent, 7-dehydro-
cholesterol. The presence of an o -hydroxyl group or
keto group at C-3 of the steroid nucleus, a non-planar
stenoid nucléus such as coprostanol, or the absence of a
side chain at C-17 resulted in less eﬁficient interaction.
These findingé are comparable with the steroiﬁ structural
features required for optimum sterol-pﬁospholipid inter-
actions. London et al. (1974) pointed out the importance
of the orientation of the hydroxyl group of the sterol,
_énd also suggested that the presence of the hydrophébic
side chain at C-17 is important in hydrophobic inter-

actions.

OSMOTIC LYSIS

The behaviour of plasma membranes may be observed in an
uhdifferentiated eukaryotic system, such as that found
jin yeast, by using sphaeroplasts prepared after removal of
cell walls. Properties which can be examined include
osmotic lysis and extensibility of the plasma membrane.
Information obtained gives clues about membrane structure

and the molecular basis of its activities.
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Resistance to lysis of sphaeroplasts from Sacch.

carlsbergensis, in response to osmotic shock, has been

shown to be lowered by the presence of chelating agents,
but this effect was inhibited by K , Na ', Mg® ' or
spermidine (Indge, 1968). Indge.(1968) suggested that
there is a cation-binding site in the membrane which
confers stability on the membrane. Corner and Marquis

(1969) examined the effect of various molecules as osmotic

stabilisers for protoplasts of Bacillus megatherium, and

found that the porosity of the membrane to these molecules
increased-during osmotic swelling, by siowly diluting the
stabilissr. The membranes were found to be highly
extensible in hypotonic solutions, eventually stfetching
sufficiently to allow solute to enter the protoplast
fhrough pores, hence leading to rupture by brittle '

fracture.

Alterthum and Rose (1973) grew Sacch. cerevisiae NCYC 366

anaerobically in a defined medium supplemented with
ergosterol and either oleic, linoleic or ¥-linolenic

acid; the fatty acids supplied accounted for 54 - 65%

of the fatty-acyl residues of the cells. The resistances
to osmotic lysis of sphaeroplasts obtained from these cells
Abj the action of a basidiomycete glucanase were compared.
"These workers showed that sphaeroplasts from cells grown

in a medium supplemented with oleic acid were more resistant
than those from linoleic acid-supplemented medium, while
those grown in the presence of linolenic acid were unstable

even in isotonic conditions, unless spermine was included
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in the glucanase digest. They attributeé the lowering

of stability of Sphaeroplasts, as the degree of unsaturation
of the fatty-acyl residues was increased, to the diminished
stability in the plasma membrane caused by the perturbation
of the close packing of the fatty-acyl chains of the
phospholipids. |

The work reported in this thesis is in many ways an
extension.of that described by Alterthum and Rose (1973).

Sphaeroplasts were obtained from Sacch. cerevisiae N.C.Y.C.

366, grown anaerobically in the presence of different
sterols and Tween 80 (a source of 048'1 acid), and an
éxamination made of certain physical properties of the

plasrz membranes of the sphaeroplasts.



METHODS AND MATERIALS
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METHODS

Organism

The yeast used in this study was Sacch. cerevisiae

N.C.Y.C. 566, a strain which can rapidly be converted

into sphaeroplasts (Eddy and Rudin, 1958). The yeast was
maintained on slopes of glucose-salts-vitamins medium
(Diamond and Rose, 1970), stored at 4°C and subcultured

at weekly intervals.

Experimental cultures ).

The yeast was grown under strictly anaerobic conditions
which induce a nutritional requirement for a sterol and
an unsaturated fatty acid (Andreasen and Stier, 1954).

The medium contained per litre: 100g glucose, 3.0g

(NH, ),80,, 3.0g XKH,PO,, 2.0g yeast extract (Oxoid), 25mg
MgSO, .7H,0, 25mg CaCl,.2H,0, 2.0g Tween 80 (as a source of
C,4g:4 acid), and 5.0mg of the sterol indicated. The
desired sterol was added as a solution (2.5ml) in 95%

. (v/v) ethanol. Cultures (11) in 2 1 round flat~bottomed
flasks were inoculated and grown as described by Alterthum
and Rose (1973) except that the control medium was
supplemented with Twéen 80, but not with sterol (Fig. 3).

Growth was followed by removing portions of the culture
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Fig.3.Apparatus used for anaerobic cultivauon of Saccharomyces cerevisiae NCYC 366
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with a hypoaermic syringe through a Suba seal port fitted
on the side of the flask. Cultures were harvested when
the density reached 0.22 - 0.24mg dry wt. per ml.

Before harvesting, 2 ml ofra solution containing 10mg
each of chloramphenicol and cycloheximide were injected.
into the flask thfoﬁgh the Suba seal, and the culture
incubated for a further 15‘min._ 'The culture was then
centrifuged in a M.S.E. High Speed '18' refrigerated
centrifuge at 4°C for 5 min at 12,250 x g.  Cells which
were to be analysed for lipid or sterol content or -
composition were washed twice with water at 4°C, fréeze
dried, and stored at -20°C over silica gel. Cells
which were to be converted into sphaeroplasts were
washed twice with 1.2M sorbitol containing 10mM MgCl,
:and 10mM imidazole hydrochloride (pH 6.0). ‘f

Extraction and estimation of total lipids

Lipids were extracted from freeze dried cells by a
modification of the method of Letters (1968k)with the
exception that, during chloroform-methanol extraction of
the residue from the ethanol extraction, the residue was

first suspended in methanol for 10 min to disperse the

" ¢cells before addition of chloroform. Other modifications

adopted have already been described (Hunter and Rose,
1972). Total lipid estimations were carried out
gfavimetrically as described previously, the desiccator

being evacuated for at least 48 h before the pans were
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weighed to constant weight.

Analysis of phospholipids

Total phospholipid in lipid extracts was assayed as
described by Hunter and Rose (1972), usihg‘the method of
Chen et al. (1956). Individual phospholipids were |
separated by thin-layer chromatography using several
solvent systems, and identified using authentic samples,of
phOSpholipids and specific reagents (Watner et al., 1961;

~ Skidmore and Enteman, 1962; ‘Dittmer and Lester, 1964).
.The distribution of phospholipids in extracts was
‘determined by using two-dimensional thin—layer.chromato;
graphy. Plates (20cm x 20cm) were coated with a lager
(0.25mm) of Kieselgel HF254 (Merck,, washed in chlorctorm, _
and activated at 105°C for 30 min then cooled over a
desiccant before use. They were then developed in the
first direction in chloroform-methanol-ammonia (0.88 sp.
gr.) (65:42.5:6.5, v/v/v) and, after drying in air for

20 - 30 min, in the second direction with chléroform—
acetone-methanol-acetic acid-water (50:20:10:10:4, v/v/v/v/v).
Both solvent systems contained butylated hydroxytoluene
(0.005% w/v) (Neudoeffer and Lea, 1966).

Phospholipids spots were detected by exposing the plate to
iodine wvapour. Phospholipids were eluted from the silica
gel with two portions (3ml) of chloroform-methanol-water

(5:5:1, v/v/v) followed by ?ml of methanol, and 3ml of
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methanol-acetic acid-water (95:1:5, v/v/v). Phospholipid
was determined by assaying the phosphorus conﬁent of the
extract using the method of Chen et al. (1956). A small
portion of si;ica gel was'aiso removed from each plate,
gnd eluted for use as'a blank. Values for phosphorus
contents were mulfiplied by 25 to give the total phospho-
lipid content, which is expressed as mg per 100mg drj wt.

cells.

‘Analysis of non-polar lipids

Non-polar lipids were separated by quantitative thin-layer
chromatography on plates coated with a layer (Q.4mm? ofi
Kieselgel HF254 + 266 (Merck); the plates were not !
activated before use. Plates were developed with
petroleum spirit (40-60°C)-diethyl ether-acetic acid
(70:30:2, v/v/v). ' The solvent system contained butylated
hydroxytoluene (0.005%, w/v). Non-polar lipids were
identified usiﬁg ultraviolet illumination at 254 nm for
compounds containing unsaturated acyl residues, and 366

nm for sterols and sterol esters, using appropriate

standards.

" PTriacylglycerols were eluted from the silica gel with two
portions of chloroform (3ml) followed by two portions of
diethylether (3ml). The first elution with diethylether
was carried out by shaking the éuspension in a Rotary

Evapomix for 10 min prior to centrifugation. Sterols

and sterol esters were eluted with three portions (3ml)

.2
-~ I
- — e an
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of chloroform-methanol (4;1,#/V); Triacjlglyéerols
Were‘assayed by determiniﬁg the total content of fatty-
acyl residues, és their methyl esters, using gas-liquid
chﬁomatography. AHeptadécanoic acid was used as an
internal standard. Both fast-reacting (5, 7-diene) and
slow-reacting sterols were asséyed by the method of

'Moore and Baumann (1952). Sterol contents were calculated
-as fast- and slow-reacting sterols, respectivély, from a
standard curve prepared using ergosterol or cholesterol.
Sterol esters were saponified and aséayed as described

by Hunter and Rose (1972).

Squalene was separated by thin léyer chromatography on
platgs coated with Kieselgel HF254, and developed in
petroleum spirit (40—6000). Squalene was identifiéd by
u.v. radiation against a standard of squalene run
simultaneously. Elution was with petroleum spirit (40-

60°C) and squalene was assayed by the method of Trappe
(1938).

Preparation of fatty-acid methyl esters

_PhOSpholipids and neutral lipids ﬁere separated by thin-

" layer chromatography as already described; Neutral

lipids were eluted from the silica gel with diethylether
(100ml1) followed by chloroform (100ml). Phospholipids

were eluted as already described. Extracts were eVaporated

to dryness, and methyl esters of the fatty-acyl residues
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prepared as described by Hunter and Rose (1972).

Preparation of sterol derivatives

Sterol acetates ﬁefe prepared by dissolving purified
sterol (1mg) in dry pyridine (0.5ml) and adding acetic
anhydride (0.5ml) (Kuksis, 1967). The reaction mixture
was left at room temperature overnight. The excess
reagent was then evaporated off under a stream of
nitrogen gas, and the acetates taken up in a small volume

of chloroform.

Saponification of sterol esters prior to acetate fqrmaﬁion
‘was carried out as already described (Hunter and Rose,

1972).

Trimethylsilyl ethers of sterols separated by thin-layer
chromatography were prepared by dissolving the sterol
(Mmg) in dry pyridine (1ml) and adding 0.2ml hexamethyl
disilizane and. 0.1ml triethylchlorosilane (Kuksis, 1967).
The mixture was shaken and left for 15 min, then partitioned
between water and petroleum spirit (40-60°C).  The
petroleum iayer was separated, and the mixture re-extracted
" with two further portions (1ml) of petroleum spirit. The
extract was evaporated to dryhess and redissolved in

chloroform.
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Gas-liquid chromatography

All samples were assayed using a Pye 104 model 64 unit

with flame ionization detectors. -

Free sterols were separated on 3% OV-1 supported on 100-
_120 mesh Gas Chrom Q packed in a stainless-steel column
(5ft x 0.25 inch). The column was maintained at 225°C
with a.nitrogen gas flow rate of 30ml/min and the detector
at 250°C. Sterol acetates and trimethylsilylethers were
separated on 3% OV-17 supported on 1OQ—120 mésh Gas Chrom
Q packed in a stainless-steel column (9ft x 0.25 inch).
The column was maintained at 255°C with a nitrogen gas
flow rate of 70ml/min, and the detector at 300°C. ‘

‘Retention times, relative to cholestane, were determined

for standard sterols and sterol acetates.

Fatty-acid methyl esters were separated on 15% EGSS-X
supported on 100-120 mesh Gas Chrom P. The EGSS-X was
packed in a stainless-steel column (S5ft x 0.25 inch).
The column was maintained at 175°C with a nitrogen gas
flow rate of 50ml/min and the detector at 200°C.
Retention times, relative to methyl palmitate, were
determined fbr standard mixtures of fatty-acid methyl

esters.

All samples were injected onto the column in 1 U1
chloroform. Peak areas were measured, and the relative

amounts of compounds calculated by the method of Pecsok
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(1959).

Preparation of sphaeroplasts

Sphaeroplasts weré Prepared from freshly harvested cells

. by digestion with a glucanase from Basidiomycéte.QM 806.

The method used was a modification of that described by
Alterthum and Rose -(1973) as described by Cartledge and
Rose (1973). Glass vessels and centrifuge tubes used in
'the preparation of sphaeroplasts were flushed with high;
purity nitrogen gas before use. Throughout the prepar-
‘ation, chloramphenicol and cycloheximide were included

in all reaction mixtures and buffers each at about O.2mé/ml.

) .

Isolation of plasma membranes

Purified preparations of plasma membranes from Sacch.

cerevisige N.C.Y.C. 266 were obtained by labelling intact

sphaeroplasts by iodination (Phillips and Morrison, 1970;
Marchalonis et al., 1971), lysing the sphaeroplasts, and
isolating plasma membranes by density-gradient centrifugation.
Jodination was carried out by a modification of the method
‘described by Shibeci et al. (1973). The reaction mixture
(50ml) consisted of a suspension of sphaeroplasts (from

800mg dry wt cells) in 10mM imidazole buffer (pH 6.5)
containing 1.2 sorbitol, 2mM ﬁgCle, 1.0 x 10”1 lacto-

peroxidase, and 0.1 Ci Na1251/m1. Iodination was
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initiated by adding H,0, to a concentration of 8uMlM.

Equal amounts of H202 were added at‘one-minute intervals
up to 5 min. The sphaeroplasts were then removed by
centrifugation, washed foﬁr.times with buffered 1.2M
sorbitol containing 10mM MgCl,, and lysed by a combination
of osmotic and geﬁtie mechanical shock. A suspension of
the sphaeroplasts in 8% (w/v) sucrose was submitted to

ten strokes in a Teflon-glass hand homogenisor (O.1mm
clearance). The lysate was centrifuged at 3,000 x g

for 10 min, and the membrane-containing pellet washed three
‘times with 8% (w/v) sucrose (about 20ml). The pellet

was then suspended in 15ml 8% (w/v) sucrose, and portions
" (3ml) of the suspension layered on the top of a discontin-
uous gradient of sucrose solutions each of which was ﬁaée
up in 10mM tris buffer (pH 7.4). The gradienf coneisted
of solutions containing 4ml each of 10, 20, 30, 40, 50,
57.5 and 62% (w/v), sucrose. An overlay of 2ml tris
buffer (pH 7.4) was layered on top of the sample. The
tubes containing the gradients were centrifuéed at

26,250 x g for 16 h at 4°C. Visible bands in the
gradient were then removed with a hypodermic syringe.
After removing the remaining supernatant, the pellet was
resuspended in a small volume of water. The concentration
of sucrose in each fraction removed frcm the gradient was
:measured with a refractometer and the refractometer
readings converted to sucrose density by a standard

curve taken from the data of de Duve et al. (1959).

Absorbancies of the fractions at 280nm were measured in
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a Unicam S.P;1800.spectrophotometer using cells of 1cm
light path. Portions (1&1) of each fraction from the
éradient, as well as of washings of the sphaeroplasts
énd of the supernatant ahd washings of the centrifuged

- membrane-containing pellet obtained from the sphaeroplasﬁ
lysate, were added to 5 - 10ml of scintillatién liquid
(Unisolve, Koch-Light-Ltd.) in 20ml vials. The radio-
~activity of the contents of the vialé was counted for

20 min in a Beckman scintillation counter (model CPM
500). Preparations of plasma‘membréne, located as
described in the Results section, were frééze dried, and

stored at -20°C.

Assessment of osmotic fragility I

The susceptibility of sphaeroplasts to osmotic lysis was
measured at 20°C by adding O.4ml portions of sphaeroplast
suspensions (containing 10mg dry wt. equiv./ml) to 2.9ml
portions of 10mM imidazole buffer (pH 6.5) containing

2mM Mg012 and sorbitol at concentrations ranging from 1.2
to 0.0M. After adding the sphaeroplast suspension, the
contents cf each tube were gently shaken, left for 10 min,

and the absorbance (Eggg) of the Suspension measured.

Measurement of sphaeroplast volumes

Volumes of cells and sphaeroplasﬁs were measured as
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described by Harvey (1968) and Kubitschek'(1969)-using
an electronic particle coﬁnter (Electrozone-Celloscope;
model 111 LTS; Particle Data Inc., Elmhurst; Illinois,
U.S.A.). The counter wés fitted with a 60 Um-diameter
orifide, and was calibrated with standard latex spheres
(2.03 and 9.79MUm-diameter; Coulter Electronics, Luton,
"Bedfordshire, Englapd). Signals from the counter were
.sized in a multichannel pulse-height analyser (Nuclear
Data Inc., Palatine, Illinois, U.S.A.; series 1100)
and the volume distribution in the sﬁspension of cells
or sphaeroplasts plotted on a X-Y plotter (Hewlett-
Packard Inc., Pasadena, Califorria, U.S.A.; model 7055B);_
Suspensions of cells in O.2M.NaCi, or of sphaeroplasts
in buffered sorbitol of the molarity indicated and
supplemented with 0.2M NaCl, were diluted to about 404
particles/ml to avoid coincidence counting, and the
suspension drawn through the counter orifice at Sm/sec
until the analyser had assembled sufficient data tor
present a reasonable analysis. Suspensions of cells
were submitted to ultrasohic vibration (30 sec at OOC)
with a M.S.E.-Mullard instrument to separate individual

cells from clumps. All measurements were made at 21°C.

" Force-area studies on dispersed monolayers

These were carried cut by methods similar to those described

by Gaines (1966). Solutions of cholesterol or ergosterol
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and egg-yolk lecithin, containing between.0.6 and 1.0 g
perMll, were prepared using the spreading solvent mixtures
of chloroform:methanol (2:1, v/v). | Portions (50/11) of
these solutions or nixtures containing different molar
ratios of one of the sterols and lecithin were applied to
the surface of a Lahgmuir trough (Unilever, Welwyn,
Herts.) over an area of 558cm2. The trough ﬁad‘previously,
been cleaned by suctlon to remo&e all grease and filled
with glass-distilled water (pH 6.0) which was also cleaned
to remove surface-active impurities, this being repeated
several times until there was no change in surface pressure
recorded. The trough was filled so as to form a high

‘ meniscus, care being taken to avoid leakage.

:Mica slides (1cm wide) were used and the force dae ;o the
surface pressure was measured as the barriers were vrought
together at a rate of 11cm/min, the final area bounded )
by the barriers being 46.5cm2. The temperature was kept

constant at 30°C.

Plots were made of force due to surface pressure
(expressed as dynes/cm) against the mean area per lipid
molecule at the air-water interface. The arza per lipid

molecule was calculated as follows:

No. ofbmolecules applied to treugh = ‘

wt. of 1ipid (ME) 4 g .02 x 1023
mol.wt. x 106
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Area per lipid molecule (K2) =

area of trough'(cmg) x 1018

no. of molecules

For a quantitative evaluation of the interactions the
variations of the mean molecular areas at a pressure of
5 dynes/cm were measured and plotted against the mole %

of the phospholipid:sterol mixtures.

‘Similarly mixtures of either cholesterol or ergosterol and
phosphatidleEXQ—inositol, dissolved in benzene:chloroform
(2:1 v/v) were applied to thé'trough and the capacities

of the sterols to decrease the average molecular area of

the phospholipid were measured. : ) i
)

MATERIALS

Campesterol (cholest-B—en-24(R)-methyl-3fB—ol),
7-dehydrocholesterol (cholest-5,7-dien-3B -ol), B -sito-
sterol (cholest-S—en-24(R)-ethyl-3;3-61), and stigmasterol
(cholest-5,22-dien-24(S)-ethyl-3B -ol) were obtained

. from Applied Science, State College, Pa., U.S.A.
 Cho1esterol (cholest-B-en-BfB-ol) and ergosterol (cholest-
5,7,22-trien—24(R)-methyl-ﬁﬁ»-ol) were supplied by Sigma
Chemical Co. (London). A small quantify of 22,23-dihydro-
bfassicasterol (cholest—5—en-24(s)-methyl-Sfi-ol) was
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kindly supplied by Dr. H.W. Kircher, Department of
Agricultural Biochemistry, University of Arizona, Tucson,-
Arizona, U.S.A. All of the sterols were shown by gas-
liquid chromatography to Be.97-99% pure. They were used

without further purification.

All other chemicals used were AqalaR or of the highést
purity available commgrdially. Chloroform, ethanol and .
methanol were redistilled before use. Sigma Chemical

Co. (London) were the suppliers of cholesterol palmitate,
.dipalmiﬁin, heptadecanoic acid, monopalmitin, oleic-acié,
phosphatidylcholine, phosphatidylethanolamine, squalene
and lactoperoxidase. Egg-yolk lecithin and phosphatidyl-
myo-inositol were obtained from Lipid Products (Nutfieid,
‘Redhill, Surrey). Applied Science provided mixtures of
fatty acid methyl esters, and 15% ©GSS-X on Gas Chrom P,
while 3% OV-17 and 3% OV-1, each on Gas Chrom Q, came from
Phase Separations,vRock Ferry, Cheshire, England. Silica
gels (Merck) fqr thin-layer chromatography were supplied
by Anderman and Co., Tooley St., London, England, Tween

80 and Unisolve by Koch-Light Laboratories, Colnbrook,
Bucks, England, and glycerol palmitate by British Drug
Houseé, Poole, Dorset, England. Na1251 for membrane
iodination was obtained from the Radiochemical Centre,

" Amersham, Bucks. Beta-Glucanase from Basidiomycete

QM 806 (Huotari et al., 1968) was prepared and purified
‘as described by Alterthum and Rose (1973).



RESULTS
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Growth of cells in the presence of different sterols

Saccharomyces cerevisiae N.C.Y.C. 366 was grown anaerob-

ically in medium supplemeﬁtéd with various amounts of
grgosterol. The rates of growth in the presence of ZOmg
per litre or Smg pef litre were similar, but greater than

in the presence.of 3mg per litre (Table 1). ~For subsequent
experiments a concentration of Bﬁg of sterol per litre

was used.

”Cultures'of the yeast grown anaerobically in the présenée
of campesterol, cholesterol, 7-dehydrocholesterol, 22,25-
 dihydrobrassicasterol, ergosterol, fs-sitosterol or
stigmasterol did not differ in the duration of the lag :
'phase_of growth or in the rate of exponential érowtﬁ.
Moreover, cells from mid-exponential phase cultures
containing any of these sterols did not differ in size as
Judged by microscopic examination. Electronic cell size
measurements of the diameters of cells and sﬁhaeroplasts

of Sacch. cerevisiae N.C.Y.C. %66 grown anaerobically in

the presence of cholesterol or ergosterol indicate that

there is no significant difference between them (Table 2).

~Lipid content and composition of cells

Analyses of the free and esterified sterol fractions of

cells grown in media containing any one of seven sterols
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TABLE 1

GROWTH RATES OF Saccharomyces cerevisiae N.C.Y.C.
366 GROWN ANAEROBICALLY IN THE PRESENCE OF
DIFFERENT CONCENTRATIONS OF ERGOSTEROL.

Concentration of Growth rate per hour

ergosterol (mg/litre) during exponential .phase
1 0.3%5
3 - 0.40
0.75
10 . 0.78

20 o 0.73 I



- 66 -

TABLE 2

DIAMETERS OF WHOLE CELLS AND SPHAEROPLASTS OF

Saccharomyces cerevisiae N.C.Y.C. 266GROWN

ANAEROBICALLY IN THE PRESENCE OF CHOLESTEROL
OR ERGOSTEROL

Sterol included

in medium - Diameter gum)

Whole Cells Sphaeroplasts

Chdlesterol 7.25 + 1.C2 (5) 5.46 + 0.52 (5)
Ergosterol 6.86 * 0.46 (7) 4.98 + 0.94 (4)
b
).
Figﬁres in parenthescs indicate the number of
analyses conducted on independently-grown batches
of cells. The values are quoted + 95% confidence

limits.
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(Tables 3 and 4) show that the free-sterol fraction is
eﬁriéhed with the sterol supplied in the medium. Thé
extent of enrichment ranges from 67% in cells grown in
7-dehydrocholesterol-containing‘medium to 9%% in cells
grown in the presence of.stigmastepol. Most of the
remaining sterol was accounted for by a tetraethenoid
sterol 24(28)-dehydro-ergosterol and ergosterol which
are the two principal sterols synthesized endogenously
by aerobically grown cells (Hunter and Rose, 1972).
However, the sterol-ester fraction was not always enriched
to the same extent (Table 4). With cells grown in the |
presence of ergosterolkdnly 39% of the esterified sterol
was ergosterol but, in cells grown in the preseﬁce of
‘campesterol, over 91%.0f the sterol-ester fraction

.contains campesterol.

Although inclusion of different sterols in the medium
_led'to appreciable enrichment of the free-sterol fraction
with the sterol supplied, it was imperative to establish
that the contents and composition of other lipids in the
cells did not differ when the nature of the sterol in the
medium was changed. The total lipid content, and the
contents of the major classes of lipid, in cells grown

~ in the presence of each of six sterols are shown in Table
- S. Becausé of the small amount of'steroi available,
vanalyses were not made on lipids from cells enriched in
22,23-dihydrobrassicasterol. The total lipid contents

of cells vearied little, with the exception of cells grown
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TABLE 3

COHPOSITiON OF THE FREE STEROLS OF Saccharomyces

cerevisige N.C.Y.C. 366 GROWN ANAEROBICALLY IN THE

PRESENCE OF DIFFERENT STEROLS

Sterols included

Percentage composition of the free sterols

in medium

24(28)-
'Stgrol Zymosterol Ergosterol Dehydro-
.included N sterol
in medium Tgo r
Campesterol (4) 92.3 0.7 - 7.0
Cholesterol (5) 74.9 - 7.4 . 17.0
7-Dehydro- | '
cholesterol (4) 66.6 7.1 12.2 13.0
22,23-Dihydro- ‘ | | #
‘brassicasterol (4) 76.8 5.9 - 1 17.3
Ergocterol {(5) 80.0 3.5 | 16.4
P-Sitosterol (4) 83.8 1.1 15.0 -
Stigmasterol (4)  92.6 2.0 1.4 3.8

Figures in parentheses indicate the number of analyses
Conducted on independently-grown batches of cells. The

95% confidence limits of the values for the sterols
suppiemented to the medium ranged from *+ 17.7‘for ergosterol-
- supplemented cells to * 0.5 for cells grown in the presence

| of p-sitosterol.
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TABLE 4

COMPOSITION OF THE ESTERIFIED STEROLS OF

Saccharomyces cerevisiae N.C.Y.C. 366 GROWN
ANAEROBICALLY IN THE PRESENCE OF DIFFERENT STEROLS

Sterol included Percentage composition
in medium of the esterified sterols
Sterol 24(28)-~
included Zymosterol Ergosterol Dehydro-
in medium ~ ergosterol
‘Campesterol (4) 9.2 4.7 - 4.1
Cholesterol (5) 90.2 - - 8.4 1.3

22,2%-Dihydro-

brassicasterol (3) ©2+% 22.4 _ - 2.2
Ergosterol (4) 39.1 52.3% ‘ i 8.6
B -Sitosterol (3) 68.0 6.1  25.9 b
Stigmasterol (4) 59.8 12.3 26.0 1.6 -

Figures in parentheses indicate the number of analyses
conducted on independently-grown batches of cells. The
95% confidence limits of the values for the sterols
supplemented to the medium were somewhat greater for the
esterified sterols than for the free sterols, because of

the smaller sizes of these fractions (seeTable 5).
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in the presence of cholesterol, where the higher contént
was largely accounted for by an increased content of
triacylglyéerols. The coptents'of other classes of lipid
are remarkabiy similar in cells grown in the presence of
the different sterols. An interesting exception is with
the content of esterified sterol in cells grown in medium
" containing cholesterol, whiéh is at least three timeé
greater than the content in cells grown in the presence‘

of any of the other cells.

Tween 80 was <included in the medium for anaerobic growth
~ of the yeast to supply Cqszqhacid. The phospholipid
-fraction from cells grown in the presence of different _
rsterols was enriched to the extent of 58% to 63% with
C,g:1 Tresidues (Table 6). However, the fatty-acyl '
composition of the neutral lipid fraction (esterified
sterols and triacylglycerols) was very different, and
contained predominantly C16:O’ together with some 014:0

and C acids (Table 7).

18:0
Table 8 summarizes the composition of the saturated and
unsaturated fatty-acyl residues from the phospholipids

and neutral lipids.

‘The phospholipid composition of cells growﬁ in the presence
of each of the sterols except 22,23-dihydrobrassicasterol
(Table 9) showed this to be remarkably constant. The
gréatest variation was in the contents of phosphatidyl-

inositol.
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Preparation and analysis of sphaeroplasts

Alterthum and Rose (1973) reported differences in the

susceptibility of Sacch. cerevisiae N.C.Y.C. 366, grown

anaerobically in the presence of ergosterol and different
unsaturated fatty acids, to the action of Baéidiomycete

" glucanase which they attributed to alterations in wall

. composition caused.by changes in the.lipid composition of
the plasma membrane. Cells enriched with various sterols
differed slightly but consistently in their susceptibility
to the action of the wall-dissolving glucaﬁase, as Jjudged
by the time taken for the absorbznce of portions of the
glucanase-containing reaction'miiture when added to water
to decline to a constant low value (Table 10). Populations
of célls grown in the presence of ergosterol or stigma-
sterol took slightly longer to be converted completely into
Asphaeroplasts-compared with cells grown in medium

containing one of the other sterols.

During preparation of sphaeroplasts, portions of the
Aglucanase-containing reaction mixture were routinely

diluted in%o buffered 1.2M sorbitol (see Methods). As
incubation of the reaction mixture proceeds, there is,

with aerobically-grown cells, a dfop of not more than 10%

B in the absorbance of the diluted suspension (Carfledge

and Rose, 1973). This pattern of change was observed

with cells grown anaerobically.in the presence of any of

the sterols, with the exception of cholesterol or 7-dehydro-

cholesterol (Table 10). The absorbance of diluted
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TABLE 10

EFFECT OF STEROL COMPOSITION OF Saccharomyces
cerevisiae N.C.Y.C. 366 ON SUSCEPTIBILITY OF

CELLS TO GLUCANASE ACTION AND ON THE STABILITY
OF SPHAEROPLASTS

Sterol included Time (min) taken to Percent ratio of final

in medium complete sphaeroplast to original absorbance
formation of sphaeroplasts diluted

into glucanase-free
buffered sorbitol

Campesterol 20 (&) . 84 + 13 (4)

Cholesteiol 15 (7) 73 + 7 (6)

7?-Dehydro- :
chg{esterol 18 (5) v 72 X1 16 (5)

22,23=-Dihydro- '

bréssicaszeiol .20 (&) 88 2 1o=(4)

Ergosterol 24 (3) 9 +10'(4)

P - Sitosterol 21 (5) 92 + 6 (5)

Stigmasterol 27 (5) 94 + 4 (5) -

Sphaeroplast formation was carried out as described
previously (Alterthum and Rose, 1973; Cartledge and Rose,
1973), and was monitored by diluting portions (0.1ml) of
the suspension in glucanase-containing buffered sorbitol

(1.2M) into 2.9ml portions of water, gently shaking the
600)

diluted suspension and measuring the absorbance (E lem

Values in the right hand column were obtained by
‘diluting portions (0.1ml) of the reaction mixture into 2.9ml

portions of buffered sorbitol and measuring the absorbance
1em”*®
tests conducted on independently-grown batches of cells.

The values in the right hand column are quoted + 95%
confidence limits.

Figures in parentheses indicate the numbers of
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suspensions from reaction mixtures contaiﬁing cells grown
in the presence of either of these sterols declined to
almost 70% of the value at zero time; There appearé to
be two possib;e explanatidns for this increased drop in
gbsorbance. One possibility was that sphaeroplasts with
| plasma membranes enfiched in cholesterol or 7-dehydro-
cholesterol assume a volume in 1.2M sorbitol differeht
from that taken up by sphaeroplasts enriched in any one
of the other sterols.- A éecond possibility was that,
with sphaeroplasts enriched with cholesterol or 7-dehydro-
'cholesterol,.there was sufficient lysis in 1.2M sorﬁitoi
to cause an appreciable decrease in absorbance.
Microscopic examination showed that there was only a small
amount of lysis of these sphaeroplasts in 1.2M sorbitoll

. | ‘.) '
Although chloramphenicol and cycloheximide were inciuded
in reaction mixtures and buffers during preparation of
sphaeroplasts, it was possible that some endogenous
synthesis of sterols took place during sphaefoplast formation.
To examine thié possibility, freshly prepared washed
sphaeroplasts were freeze dried, and their free-sterol
content analysed. These analyses revealed that the
percentage enrichment of the free-sterol fraction with the
exogenously supplied sterol either remained unchanged or
“decreased by no more than 10% of the total (Table 11).
Exceptions to this generalisation were noted with sphaero-
plasts enriched with f3-sitosterol and campesterol where

the percentage enrichments feli by, respectively, 23 and

15% of the total free sterols in whole-cell lipids (see
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- TABLE 11

COMPOSITION OF THE FREE STEROLS OF SPHAEROPLASTS
PREPARED PROM Saccharomyces cerevisiae N.C.Y.C.

366 GROWN ANAEROBICALLY IN THE PRESENCE OF
DIFFERENT STEROLS.

~

Sterol included Percentage composition of the Tfree sterols

in medium

Sterol 24(28)-Dehydro
included Zymosterol Ergosterol —Ergosterol
in medium

Campesterol 77.0 14.1 - 8.9
Cholesterol 81.8 - . 8.6 9.2

. . ]
22,2%-Dihydro- i
brassicasterol //-© 22.4 - -
ﬁ—Sitosterol 60.3 14.2 25.5 - ~

Stigmasterol 81.2 1.0 - 7.8
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Table 3). The changes were due to the appearance in
sphaeroplasts of sterols fhat are synthesized by aerobically-

grown cells.

Preparation and analysis of isolated plasma mémbranes

-

‘Plasma membranes from sphaeroplasts of Sacch. cerevisiae

N.C.Y.C. %66, enriched in cholesterol or stigmasterol,
were radioactively labelled with 125I} washed and separated

on a discontinuous sucrose density gradient.

When 3ml aliquots of lysed sphaeroplasts were applied to

a gradient consisting of solutions containing éml each of
10, 20, 30, 40, 50 and 60% (w/v) sucrose large concéntrations
of radioactivity were found throughcut the gradient
including the pellet at the bottom of the tube (Fig. 4).
Much of this activity was associated with a fraction
floating on the surface of the gradient which previous work
in this laboratory has shown to consist of large and small
 lipid-containing vesicles (Hossack et al., 1973). However
ﬁhén the sphaeroplast lysates were themselves centrifuged
at %,000g for 10 min, and the membrane-containing pellet
washed, then 80% of the counts associated with the
:cholesterol-enriched sphaeroplasts and 70% from those
enriched with stigmasterol were removed with the washings.
When these membrane-containing'pellets were applied to the
gradient described in Methods the highest concentration of

radioactivity was found in the pellet at the bottom of the
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gradient, with a density of just above 1.30g/ml (Figs.
5 and 6, Table 12). The location of radiocactivity on the
gradient approximately paralleled the absorbance at 280nm

(Figso 5 and 6).

After sucrose density gradient.centrifugation'the pellets
"were freeze dried and- tLe free sterol analyses were carried
. out. These showed that about 70% of the free sterol of
the pellet was the one included in the medium (Table 13).

Fragility of plasma membranes

The fragility of the plasma membrane surrounding th?
‘sphaeroplast was asseSsed by examining the stability of
sphaeroplasts when suspendea in hypotonic solutions of
buffered sorbitol. When sphaeroplasts were suspended in
buffer containing sorbitol at 1.0M or less, there was a
decrease in the absorbance of the suspension. When
suspended in buffer containing 0.9 - 0.7M sorbitol, two
different patterns of responses were detected (Fig. 7,
Table 14). Sphaeroplasts enriched in ergosterol or
stigmasterol were comparatively stable as Jjudged by the
small decline in the absorbance of the suspension and

: microscopically bty the absence of ruptured sphaefoplasts.
When sphaeroplasts enriched in campesterol, cholesterol,
7-dehydrocholesterol, 22,23-dihydrobrassicasterol or
fi—sitosterol, there was a much larger decline in

absorbance.



Fig. S.

Histograms showing density, distribution of
radioactivity and absorbance at 280nm on a

sucrose density gradient of a membrane

' preparation obtained from radio-actively

labelled .sphaeroplasts of Saccharomyces

cerevisiae N.C.Y.C. 366 enriched in

cholesterol.

These show (a) sucrose density (g/ml),
(b) counts per minute per ml of sample and

(c) absorbance (E %QS
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Fig. 6.

Histograms showing density, distribution of

radioactivity and absorbance at 280nm on a
sucrose density gradient of a membrane
preparatién obtained from radio-actively

labelled sphaeroplasts of Saccharomyces

"cerevisiae N.C.Y.C. 366 enriched in

stigmasterol.

These show (a) sucrose density (g/ml),

(b) counts per minute per ml of sample and

280

)

(c) absorbance (E
: 1cm
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TABLE 13

COMPOSITION OF THE FREE STEROLS OF PLASMA MEMBRANES
OBTAINED FROM Saccharomyces cerevisiae N.C.Y.C. 366

GROWN ANAEROBICALLY IN THE PRESENCE OF CHOLESTEROL
OR STIGMASTEROL

Sterol _
included Percentage composition of the free sterols

in medium

Sterol ' - . 24(28)-
included Zymosterol Ergosterol Dehydro-
in medium : ergosterol

Cholesterol 71.3 - _ 3.7 25.0

Stigmasterol 70.1 : 19.7 | 2.3 ' V.7
. ) .



- 87 -

1001
90}
80
oF
20
D -
w
o
e 04
©
o]
&
[77]
Q
<
-
5 60}
o
3
o
sof-
4of
30 Il F i - 1 L L - )
12 1.0 0-8 06 0-4 0-2 00
Molarity of Sorbitol
ig. 7. Stability of svhaeroplasts from cells enriched

in cholesterol ( @) or ergosterol ( ©) when
suspended in hypotonic solutions of buffered.
sorbitol, The vertical bars indicate 95%

confidence limits of wvalues.



- 88 -

TABLE 14

STABILITY OF SPHAEROPLASTS OF Saccharomyces

cerevisiage N.C.Y.C. %66 ENRICHED IN DIFFERENT

STEROLS AFTER DILUTION INTO HYPOTONIC SOLUTIONS
. OF BUFFERED SORBITOL '

Per cent ratio of absorbance of

Sterol included

hypotonic to isotonic suspensions

in medium of sphaerqplasts in buffered sorbitol

at
0.9M 0.8M - 0.7M
Campesterol (4) 67 * 6.1 60 + 5.0 55 + 5.8
Cholesterol (4) 65 + 10.9 55 + 7.0 50 + 4,2
7-Dehydro- _
Tehoyesterol (5) 70 +11.4 © 66 *15.0 . 64 *+ 9.7
_),
22.,2%-Dihydro-
trassicasterol (w) 67 £ 9.7 62 ¥ 5.6 61 1 10.6
Ergosterol (3) 94 + 9.4 89 + 7.4 82 +8.0
P-Sitosterol (5) 77 *+ 9.7 68 + 7.2 60 + 5.8
Stigmasterol (5) 9% + 3.9 93 + 4.1 87 *+ 8.2

Figures in parentheses indicate the number of tests
conducted on independently-prepared batches of sphaeroplasts.

The values are quoted * 95% confidence limits.
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The effects Caused by suspending-sphaeroplésts in hypo-
tonic -solutions of bufferea sorbitol were further examined
5y measuring the volume distribution of surviving sphaero-
piaSts in the suspensioné by electronic sizing. The data
- (Figure 8) show that the average volume of surviving
sphaeroplasts increased as the sorbitol concentration was
lowered, slightly more so with sphaeroplasts enriched in
cholesterol than with ergosterol. If was estéblished
(Victoria Sharpe, unpublished observations) that the effects
of sorbitol and sodium chloride_conceﬁtrations are additive
as far as osmotic effects on sphaeroplasts'ére concerned.
Table 15 shows the percentages of sphaeroplasts that
survive in the hypotonid solutioné of buffered sorbitol.

It can be seen that sphaeroplasts enriched in ergostprol
were more stable when diluted into buffer containing’

0,8 or 0.6M sorbitol than sphacroplasts enriched in

cholesterol.

Force area studies on phospholipids and sterols

Mixtures of phosphatidylcholine and either cholesterol

or ergosterol at different molar ratios were applied as a
monolayer onto the surface of a Lahgmuir trough. From
fhe force~area curves so obtained the mean'molecuiar areas
of the mixtures of lipids were found at a pressure of

S5 dynes/cm. These areas were somewhat less than those.
expected if there was no interaction between the phospho-

lipid and the sterol. The extent of this 'condensing'



S8 Q =

——

160

150

140

130

120

110

100

Fir. 8.

Molarity of Sorbitol

pprcentB”r incrparo in average volumes of
surviving sphaeroplasts enriched in
cholesterol (¢ ) or ergosterol (o ) after
dilution into hypotonic solutions of

buffered sorbitol. The lines of best fit

00



- 91 -

. *9pTTs 9doosoxotuw nmpmaophooaoma

B8 Jursu ‘urw Q| JI93Je poInNsSeoW 9I9M SUOTANTTIP oUg ut sgserdoxeeyds IUTATAIUS JO SI9QUUU

8UJ  °SpPoU3ey U DOqQIIOSep sB TO4TAIOS DOIBIING OAUT PIJNTTP DUB POWIOF eZem sgiserdoxesydg

¢ ¢t : #8.° L L°LE 94 L 9°0

¢°84 _ 6e°¢ Lot sw*e _ 8°0
0oL _ gzt | ooL 66" g , 2t
.. ToaTqIoS 90l x Tw aad - 1031QIOS o0L x Tw Iad
We°lL pagdazinq utr sqseTdoaseyds W2°lL peIxejjng ut saseTdoaseyds
Jequnu JO 3ud0 I8J FO Jaquuy Joqunu JO 7QUdD I9g JO Jaquuy
Toaa3S03ay ToI93s8TOUD

Io7Jnq UT [031Qa0S

UT poUOTJIUd® s3seTdoxasyds JO TeATAING 70 X3TIOTON

TOLIEY0S qH¥dadNd 40 SNOILATOS OINOLOJXH
OINT NOILATIC ALEV TOHILSOOYH ¥0 TOYILSHTOHD NI (IHOIUNH SISYIJOYAVHIS 0 TVAIAYNS

, _ . N Sl FTdvL



- 92 -

effect was similar for each type of sterol (Figs. 9 and
10) and the maximum effect occuﬁ%d at a phosphatidyl-

choline : sterol molar ratio of approximately 2 : 1.

Similar studies on phosphatidyl-myo-inositol and cholesterol

or ergosterol showed a maximum 'condensing' effect at a
g g

wolar ratio of approximately 1 : 1 (Figs. 11 and 12).
However above a mole fraction of 65% phosphatidyl-myo-
inositoi with cholesterol there was an apparent repulsion
between the lipids, which was not observed in the case

of ergosterol.
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The data reported-in this thesis have been obtained by

exploiting the anaerobic requiremént by Sacch. cerevisiae
for a sterol and an unsaturated fatty acid (Andreasen and
Stier, 1954) and they demonstrate the advantages of using
this systemn. The study was restricted to varying the

sterol composition of the yeast membranes, Tween 80 being

used as a source of oleic acid.

Although sterol-requiring (Karst and Lacroute, 1973;
Gollub et al., 1974) and fatty acid-requiring (Resnick
and Mortimer, 1966) mutants of yeast can also be obtained
enriched with a particular sterol or fatty-acyl residue
they ﬁave not yet been exploited particularly with regard
to studies on the role of sterols in the plasma meﬁbrane.
Lack of physiological work on these mutants may be due to

their genetic instability and also because they are often

auxotrophic for other nutrients such as haem.

Lipid Composition of Anaerobically grown cells

Before discussing the physical properties of sphaeroplasts

of Sacch. cerevisiae N.C.Y.C. 366 in response to altering the

-sterol composition, I wish to discuss the effects of sterol
enrichments on the lipid content and composition of the
cells. It would appear that the sterols added to the
growth medium are incorporated into membranes in chemically

unmodified form. The degree of ircorporation was high,
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especially of_freé sterols. This was’particularly
important as free éterols are one of the major lipids
present in cell membranes. It was also noted that the
rates of growth of cells enriched with any one of the
sterols were similar, and that cells enriched with
cholesterol or ergosterol were of éimilar size. These
findings suggest that the chemical nature of the sterol in
ﬁembranes does not materially affect the overall regulation
of growth rate and cell size, which is an important
consideration when the object of the study was to'altef a
specific éohpohent (namely membrane sterol) in the
organism. The other‘Sterols detected'in anaerobically
grown cells, namely zymosterol, ergosterol and 24(28)-
dehydfoergosterol, probably arise from endogenous biosyn-
ﬁhesis via squalene, due to the presence of very sméll
amounts of cxygen in the purified nitrogen. Calculations
show that the endogenous sterols present in the cells in )
~the inoculum could account for only about 1% of the total
free sterol in the harvested crop. The contents of free
sterols in anaerobically-grown cells were found to be
about 50% of those found in aerobically grown-cells of the
same strain (Hunter and Rose, 1972). In cells grown
anaerobically in the presence of sterol and Tween 80, the
intracellular membrane system is not so well developed as
4true mitochendria are absent (Morpurgo et al., 1964;
Jollow et al., 1968): it is hardly surprizing therefore,

that less free sterol was present in these cells.

The total phOSphoiipid contents and phospholipid
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compositions of anaerobically-grown cells enriched with
ahy one of the sterols were similar. This is of particular
siegnificance, as these lipids, along with sterols, are
‘the principal 1ipids of cell membranes. The greatest
variation, that of the phosphatidylinositol content, is
possibly due to the difficulties eﬁcountered in extracting
this phospholipid as it is more polar than othef phospho-
.lipids, and may resist extraction by organic sdlvents.
These findiﬁgs would suggest thét the structure of the
sterol molecule in a membrane is not concerned with
regulation of'phospholipid synthesis. This.is in
agreemert with the idea that sterols are not involved in

metabolic activities of Sacch. cerevisiae but rather act

in a structural role in membranes (Proudlock et al., 1968).
.The phospholipid compositions of all types of anaerobically-
grown cells were similar to those reported by Jollow et al-

(1968) on cells of another strain of Sacch. cerevisiae

grown in the presence of ergosterol and Tween 30, but
contrasted with those obtained by Hunter and Rose (1972)

for aerobically-grown Sacch. cerevisiae NCYC 3%66. The

anaerobically-grown cells are deficient in cardiolipin, which
is presumably lacking because of the absence of true
mitochondria. Also the phosphatidylcholine content of
anaerobically-grown cells was found to be 50% higher than
:in aerobically-grown cells of the same strain (Hunter and
Rose, 1972). Perhaps this change in phospholipid
composition is due to a demand by the anaerobically-grown
cells for a larger proporticn of phosphatidylcholine in

order to stabilize the cell membranes in the presence of
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5
lower molar proportions of sterol. Alternatively it may
be a response by the cells fesulting from an enhanced
activity of enzymes that catalyse methylation of
phosphatidylethanolamine. Perhaps the enhanced activity
is due to the lower sterol content, althougn this would

indicate a metabolic role for sterols in the yeast plasma

- membrane.,

The total 1lipid contents of anaerobically-grown cells
enriched with any one of the sterols were lower than‘in_
.aerobically-grown cells of this strain (Hunter and Rose,
1972). The lower values for the anaerobically-grown cells
.may be due to smaller'amounts of neutral 1lipid, particularly
the triacylglycerols, as was noted by Jollow et g;.a{1958).
However the triacylglycerol values reported by Huﬁter and
Rose (1972) were for aerobically-grown cells lower thcn
those obtained in the present study. The total of the
contents of all of.the individual lipids repqrted by these
workers accounted for only 56% of the total lipid extracted,
whereas in the present study the total values for individual
lipid classes obtained from cholesterol- and ergosterol-
enriched cells were 88% and 79%, respectively of the total
lipid extracted. The lower results obtained by Hunter and
‘Rose (1972) may be due to the different method used for

“acylglycerol assays.

The total csterified sterol contents of'anaerobically-grown
cells enriched with any of the sterols were much lower than

values reported by Hunter and Rose (1972) using aerobically-
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grown cells of thé same strain. This is presumably because
under-anaerobic,conditiong, there is a smaller pool of
intracellular sterol available for esterification since

ﬁoét of the free sterol»is incorporated into tne plasma

' memb;ane as the free alcohol, supplied exogenously.
Cholesterol-enriched cells were found to have a somewhat
‘higher esterified sterol content compared with other
~anaerobically-grown cells, ana this might be éxplained by
cholesterol being a more suitable substrate than the other
sterols for enzymes that catalyse esﬁerification. The
greater proportions of endogenously—syntheéized sterol in
the esterified form compared to the free alcohols in
anaerobically-grown cells enrichéd in any one of the sterols,
is of considerable interest. It may be accounted for

in part by endogenously-synthesized sterols present in

the starter inoculum, but calculations show this would
account for up to only 20% of the esterified sterols in
ergosterol-enriched cells and less than 5% in campesterol-
or cholesterol-enriched cells which have a higher estefified
sterol content than other anaerobically-grown cells.
Alternatively, if esterification occurs via a reaction
catalysed by a phosphoiipid-sterol acyltransferase then,
following incorporation of exogenously-provided sterol

into the plasma membrane, there wéuld remain an intra-
cellular pool of sterol available for esterificafion made

up of a high proportion of endogenously-syntheSized sterols.

Squalene analyses of cells grown in the presence of

cholesterol or ergosterol not surprisingly showed higher
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values than Sacch. cerevisiae grown aerobically .

(I1lingworth et al., 1973). This sterol precursor
accumulateé under anaerobic conditions since its conversion
to sterols fequires the presence of molecular oxygen (Dean

et al., 1967).

Interesting results were obfained from analyses of fétty-
acyl residues from the phospholipids and the neutral liﬁiQS
of anaerobically-grown cells enriched in any one of the
sterols. The major fatty-acyl residues present in'the'
'phospholipids were C,g., and this and other unsaturated
residues accounted for some.75% of the total, a value
‘comparable with cells of the same strain grown anaerobically
in the presence of ergosterol and pure oleic apid (éltefthum
and Rose, 1973) or aerobically (Hunter and Rose, 1972).
However the fatty-acyl residues of the neutral lipiasv
contained very little msaturation. These results may give

clues to the function of lipid-containing vesicles since,

in Sacch. cerevisiae, neutral lipids (sterol esters and

triacylglycerols) are thought to be located in low-

density intracellular vesicles (Cartledge and Rose, 1973;
Hossack et sl., 1973) In aerobically- grown cells
microsomal acetyl CoA synthetase and fatty-acyl CoA
synthetase catalyse synthesis of long-chain fatty-acyi

CoA esters (Lynen, 1967). These fatty-acyl residues may
be saturated or unsaturated and are incorporated into
phospholipids which in turn begome membfane constituents.
This latter process may occur after transport of the fatty-

acyl residues to the membrane, perhaps combined to a lipid
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carrier molecule (Sumper and Trauble, 1973) or

cohceivably in the form of the low density vesicles
(Cartiedge and Rose, 1973%; Hossack et al., 1973;

Clausen et al., 1974). It is also possible that, in
aerobically-grown yeast,.there is synthesis mainly of
saturated fatty-acyl chains, which are desaturated when

in phospholipids in the membrane (Pugh and Kates, 1973;
Talamo et al., 1973). In anaerobically-grown cells oleyl-
CoA esters derived froum Tween 80, may be incorporated into
phospholipids at the site of the gfowing membrane, while
on the other hand microsomal production of fatty-acyl
residues via fatty acid synthetase produces only saturated
residues, which become incorporated into vesicles before

being transferred to the growing membrane.

From the 1lipid analyses car:’icd out it was found thaé
incorporation of the different sterols did not signific-
antly alter the compositions of other lipids, and so the
anaerobié technique was considered to be suitable for
studying the effects of making stoicheiometric alteration
of the sterol composition of cell membranes, a necessary
prerequisite for using these cells in composition—functibn

studies on the plasma membrane.

Formation and Sterol analysis of Sphaeroplasts and Plasma

Membranes

The course of sphaeroplast formation was compared using cells
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grown anaerobically in the presence of each of‘the sterols.’
Although the rates of formation did not vary'as dramatic-
ally, in contrast to the findings of Alterthum and Rose
(1975), who used cells 6f the same strain grown in the
presence of ergosterol and different unsaturated 018

acids, it did appear that cellé enriched with sterols

- possessing a double bond at C-22 (ergosterol and stigma-

- sterol) were slightly more resistant to the glucanase-
catalysed digestion of cell walls, compared with cells
enriched with the other sterols. Séerols have not as

yet been shown to be involved in wall—synﬁhesizing
processes. However Kotyk (1972) reported that ergosterol,
together with a lipoprotein, phoéphatidylethanolamine

and phosphatidylcholine, is associated with a glucose-
binding protein isolated from plasma membranes of §éggg.

cerevisiae. These data suggest a role for ergosterol

in glucose transport. With anaerobically-grown cells
perhaps the presence of ergosterol and stigmasterol iﬁ the
plasma membrane could cause greater synthesis of cell-wall
glucan than does the presence of other sterols. |
Alternatively these sterols may influence the degree of

branching of the cell-wall glucan, and hence its

susceptibility to digestion by B-glucanase.

Those cells which were enriched with a sterol possessing
an alkyl group at C-24 (campesterol, 22-23% dihydrobrassica-
sterol, ergosterol, B -sitosterol and stigmasterol) gave
rise to sphaeroplasts which were more stable in buffered

1.2M sorbitol (pH 6.0) than those enriched with cholestercl
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or 7-dehydrocholesterol. This could be due to the effect
of the alkyl group in stabilizing the plasma membrane
allowing closer packing of the phospholipid molecules in
the membrane. These data should be compared to those of
Alterthum and Rose (1973%) who, from the same strain of
yeast, prepared sphaeroplasts enriéhed with different
fatty-acyl residues, and required the presence of .
‘spermine as a stabilizer in suspensions of sphaeroplasts

enrichéd with linolenic acid.

Analysis of the free sterols in sphaeroplasts-were carried
out in order to check if there was anﬁ significant change
in the sterol composition after harvesting the cells and
their subsequent exposure to molecular oxygen. Throughout
fhe work on anaerobically-grown cells every effort ﬁas
made to ensure that endogenous syuthesis of sterols (and
fatty-acyl residues) was minimized. Firstly, the
antibiotics actidione and chloramphenicol (Kerridge, 1958;
.Wilkie, 1970) were included in the buffers during
sphaeroplast formation to prevent protein synthesis.
Secondly, during harvesting by centrifugation, the temper-
ature was kept low in order to minimize the activities of
enzymes which catalyse synthesis of sterols. Thirdly,
glasswar@ used during work with sphaeroplasts was flushed
with nitrogsn gas. Despite these precautions, sterol
analyses of sphaeroplasts showed that the degree of
enrichment was some 10% lower than that in freeze-dried
whole cells, while the degree of enrichment in isolated

plasma membranes was about 15% lower than in lipids from



- 106 -

freeze-dried cells. This latter result may have been
due to endogenous synthesis, but is more likely due to
preferential incorporation of exogenously-supplied sterols

in membranes other than plasma membranes.

Membranes were isolated from sphaeroplasts enriched with
either cholesterol or stigmasterol, these beiﬁg-repfesent—-
ative of each group of osmotically-sensitive sphaeroplasts
described in the Resuits Section. The radio-activity
throughout the gradient used to isolate plasma membranes
from membrane preparations was low, except in the péllef
at the bottom. These findings agree with those reported
by Shibeci et al. (1973). However in preliminary
experiments on fractionation  sphaeroplast lysates frém
cholesterol-enriched cells, it was found that consiéerable
radiocactivity was located in a fraction which rises ©to the
top of the gradient and which contains low-density lipid-
containing vesicles (Hossack et al., 1973). This was

not reported by Shibeci et al. (1973), who discarded the
supernatant affer separating the membrane fraction by
centrifugation of lysed sphaeroplasts. One explanation
for this finding is that Naq25I entered the plasma
membrane and labelled the vesicles, which werc transiently
present in the surface layers of the membrane. This
suggestion implies that these vesicles are concerned with
synthesis of plasma membranes (Cartledge and Rose, 1973;
Hossack et al., 1973; Clausen et al., 1974) or possibly
also of cell walls (Sentandreu.and Northcote, 1969), as

radiocactive labelling can only presumably occur when the
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vesicles are in close proximity to the outside of the

plasma membrane.

Fracility of Sphaeroplast Plasma Membranes

A major finding in‘thé work described in this thesis came
- from an examination of the stability of sphaeroplasts,

derived from anaerobically-grown Sacch. cerevisiae enriched

with different sterols, when they wefe suspended in solutions
of buffered sorbitol (pH 6.5).  All types of sterol-
enriched sphaeroplasts were stable in 1.2M sorbitol but,
when these sphaeroplasts were suépended in solutions

whose molarities were lower than 1.2M, they became less
resistant to osmotic lysis. Two types of responsefwere
manifested. Firstly sphaeroplasts enriched in either
ergosterol or stigmasterol were found to be resistant to
osmotic  lysis when suspended in sorbitol at concentrations
in the range 1.2M to 0.8M as judged by the decrease in
absorbance which microscopic examination confirmed to have
‘been caused by rupture oi the sphaeroplasts. However
further lowering of the molarity led rapidly to rupture

of the entire population. In contrast, sphaeroplasts
enriched with either campesterol; 7-dehydrocholesterol,
22-23% dihydrobrassicasterol or ﬁB—sitosterol were stable
in sorbitol solutions with concentrations from 1.2M to
1.0M, but rapidly lost stability as the molarity of
sorbitol was lowered further. The mly difference in

structure between the two groups of sterols is the presence
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of a double bond at C-22 in ergosterol and stigmasterol;‘
all of the remaining sterols have a saturated side chain
at C-17. It would appear that the degree of unsaturation
in ring B of the stercl does not influence the response

of the sphaeroplasts to osmotic stress, since ergosterol
has two double bonds (at C-5 and C-7) as does 7-dehydro-
cholesterol, whereas all of the other sterols have only-
one double bond at C-5. Also fhe size of the alkyl

group at C-24 and"its'configuration (R or S) do‘not'appear
to have any effect, since campesterol, 22-23 dihjdro—
brassicasterol and ﬁ-sitosterol all have similar effects
on plasma-membrane stabiiity. While ergosterol and

22-2% dihydrobrassicasterol have an alkyl group at C-24

in the S configuration, campesteroi, ;B—Sitosterol and

stigmasterol have a group in the R configuration.

Before considering the reasons for the two different types
of response to osmotic lysis it should be emphasized that
membranes, both artificial and natural, which are most
stable are,; in all probability, those in which the lipids
present (phospholipids and sterols) exhibit the strongest
interaction with each other (Demel et al., 19722). Such
interactions have been studied by measuring the lowering
of the mean molecular area occupied by a phospholipid at an
alr-water interface following the addition of sterol to
the monolayer. This is known as the 'condenéing' effect
and is studied using a Langmuir trough. it has been
established that the degree of condensation depends on the

nature of the fatty-acyl chains, with regard to chain
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length and the degrec of unsaturation (van Deenen et él-;
1962; Demel et al., 1972a; Ghosh et al., 1973b), and
also on the nature of the sterol molecule (Demel et al.,
1972a; Ghosh and Tinoco, 1972).  Othier evidence has been
obtained from e.s.r. data by Butler et al. (1970) who
reported that sterols cause the fatty-écyl chains of sterol-
Iree brain lipids to orientate themselves in a directioh
perpendicular to the lamellar plane, fhis being known as

an 'ordering' effect. These latter workers also found
that the mole.% of sterol which gives.a maximum 6rdering

of the phospholipids varied with the nature of the sterol.
The maximum ordering efféct by cholesterol on sterol-free
brain lipids occué@d at 25 mole % of the sterol, whereas
ergosterol was more effective at 5 ; 10 mole % (Butler

et al., 1970). This range of mole ratios of sterol is the
same as the proportion of sterol in anaerobically-grown

Sacch. cerevisiae used during this study, and suggesvs that,

if this proportion is the same in plasma membranes as in

whole cells, Sacch. cerevisiae has a phospholipid : sterol

ratio such that -the membrane lipids interact most strongly.

The nature of the interaction between phospholipids and
sterols has been studied by various‘workers. Shah and
Schulman (1967) considered there was an absence of inter-
action between phospholipids and sterols, btut that sterols
fitted into cavities, the sizes of which were.determined by
the nature of the fatty-acyl chains. More recent work
favours interaction between the lipids. From monolayer

studies of phospholipid-sterol mixtures it was concluded
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that the orientation of the hydroxyl group of the sterol
was important as the degree of hydration and hydrogén
bonding play an important part in 1lipid-lipid interactions
(Demel et al., 1972a). The technique of n.m.r. has been
used to examine the interactions of cholesterol and fatty-
acyl chains of phospholipids. Darke et al. (1971) found
that the sterol molecule and the first 8 - 10 methylene
groups.from the polar‘end of phosphatidylcholine are
complexed‘by van der Waals foﬁces. This interaction
restricts the motion of these methylene groups, but those
groups toﬁards the methyl terminus of the fatty-acyl chain
have much more freedom of motion. Similar evidence has
also been found by using e.s.r. to study egg lecithin
cholesterol mixtures (Hubbell and lMcConnell, 1971) though
these workers said that the first 8 carbon atoms coﬁld be

considered to be a rigid rod in the presence of cholesterol.

I shall now attempt to explain the data obtained during
the present study, by using these data already reported

on phospholipid4sterol interactions.

When suspended in hypotonic solutioéns of sorbitol sphaero-
plasts swell and the surface area occupied by the plasma
membrane increases. Resistance to swelling will be
conferred on those membranes which possess a sterol which
interacts strongly with the fatty-acyl chains of the
phospheclipids. This in turn woulc render the sphaeroplasts
stable to osmotic lysis, even in relatively low molarities

of sorbitol. Results in this study suggest that
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sphaeroplasts enriched with either ergosterol or stigma-
sterol exhibit the strongesﬁ interaction of any of the
sterols uséd with the‘plasma membrane phospholipids, as
these sphaeroplasts are more stable in hypotonic sorbitol
solutions than sphaeroplasts enriched in other sterols.
Measurement of sphaeroplast volumes support this view,
since, in hypotonic solutions of sorbitol, surviving
sphaeroplasts enriched with cholesterol swelled more

rapidly than did those enriched with ergosterol.

The strohger'interaction of ergosterol or stigmasterol
must presumably be due principally to the presence of the
double bond at C-22, particular attraction occurring
between the double bond at C-22 of the sterol and C—9-of
the phospholipid fatty-acyl chains, and this interaction
stabilizes the membrane during osmctic stress. In
contrast, sterols which have an alkyl group at C-24, but
do not have a double bond at C-22 may disturt the packing
of the fatty-acyl chains of the phospholipids, but not
interact strongly enough to resist increase in area when
present in hypetonic sorbitol. . Cholesterol (and
presumably 7-dehydrocholesterol although Butler et al.,
1970, did not use this sterol) which lack a double bond
at C-22 and an alkyl group at C-24 are presumably present
at too low a concentration to cause aporeciable interaction
with the phospholipids, due td the small area occupied by

the sterol side chain (Butler et al., 1970).

Preliminary work on monolayers of phospholipids and sterols
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at an air-water interface were carried out during this
study in order to attempt té explain the fragility of
sphaeroplaéts, and also to find if there could be inter-
action between a sterol and a phospholipid possessihg a
particular polar group. Interactions between sterols

and phosphatidylcholines have often been studied by _
monolayer techniques (Demel et al., 19723} Ghosh et gl.,-
1972), as have interactions between cholesterol and
phosphatidylethanolamine (Demel et al., 1967; Ghosh et
al., 197%a). The three major phospholipids found ih

anaerobically grown Sacch. cerevisiae during this study

were phosphatidylcholine, phééphatidylinositol and
phosphatidylethanolamine. Of these only the first two.
were studied on monolayers. Phosphatidylcholine was |
selected as it is the most abundant phospholipid fouﬁd

in the yeast, and phosphatidylinositol was studied because .
there are no published data on its interactions with
sterols, and also because there is a particularly high

level in Sacch. cerevisiae (Longley et al., 1968; Getz

et al., 1970; Hunter and Rose, 1972).  Sterols used for
the monolayer work were cholesterol and ergosterol, a
representative from each group of sterol giving rise to

osmotic sensitivity of sphaeroplasts.

The average area occupied on a monolayer by a phosphatidyl-
choline molecule was lowered by both chqlesterol and
ergosterol, although there were no appreciable differences
beﬁween the condensing effects of the sterols even at molar

ratios found during.analyses of anaerobically-grown Sacch.
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cerevisiae. This suggests that interaction with phospha-

tidylcholine‘is hot dependent on the presence or absence

of a double bond at C-22 of the sﬁerol molecule. Although
this contrasts with results obtained by Demel et al., (1972a)
and Ghosh et al.. (1972) it must be pointed out that these
two groups used phosphatidylcholine which had fatty-acyl
chains of a dfferent composition from those examined in.

this study. It is possible that one or other of the

sterols has particulaf attraction to particular unsaturated
fatty—acyl chgins on phospholipids as.was reportéd by de
Kruyff et al. (197%b).

However a study of the interactions between phosphatidyl-
inositol and the sterols gave interésting results. = It
appeared that with phosphatidylinositol there was a'J
'condensing' effect by ergosterol at all molar ratios
exemined though not to the same extent as with phosphat-
idylcholine. But cholesterol, though it caused a
lowering of the molecular area of phosphatidylinositol

at high mole ratios of the sterol, the effect was not
manifested at concentrations below 40 mole % cholesterol.
Instead there was an apparent repulsion between ﬁhe two
lipids. This repulsion occurred at the phosphatidyl—
inositol : sterol ratio found in anaerobically-grown Sacch.

cerevisiae, which was 5 : 1. This effect could be due to

repulsion of the hydroxyl groups on the inositol residue
by the hydroxyl groups of the sterol, causing the incsitol
moiety of the phospholipid to lie below the plane of the

monolayer, thus occupying a lower area per molecule. As
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the proporticn of cholesterol>is lowered, the phosphat-
idylinositol molecules may‘move back into the plane of

the monolayer thus increasing the area occupied by each
1ipid molecule. Repulsion by the hydroxyl groups could

- then force the lipid molecules apart to give an increase
in average molecular area per lipid. - On the other hand
‘in the presence of gr@osuerol;which has a double bond at
.C-22, there might be, in addition to mutual repulsion by
the hydroxyl groups of the lipids, an interaction between
the side chain of the sterol and fatt&—acyl residues of
phosphatidylinositol particularly between the double bonds
at C-22 of the sterol and C-9 of the fatty-acyl chains of
the phospholipid. This latter effect may be stronger
than that at the polar end of the lipid molecules, and
resuit in a 'condensing' effect at all molar ratios.’
Caution must be applied when interpreting these monolayer
data, as the phosphatidylinositol used in this study was
from wheat and contained a high proportion of 018:2 fatty-
acyl residues, one hardly ever encountered in Sacch.

cerevisiae.

It must be pointed out that these attempts to explain

osmotic fragility are probably applicable only at low
proportions of sterols. When présentin higher mole ratios,
compared to phospholipids, steric hindrance causéd by the
C-17 side chains with alkyl groups at C-24 ¢ould give rise

to a lowered stability of the plasma membrane with subsequent
loss of resistance to swelling whereas sterols such as

cholesterol may confer stability on the membrane by lowering
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the average area per lipiq mdlecule. This is‘in agreement -
with results obtained by monolayer work (Demel et al.,
1972a) and liposome permeability (Demel et al., 1972b).
However it is possible tﬁat, in the yeast plasma membrane,

- there are clusters of sterol énd phospholipid molecules
which are in a 1 : 1 molar ratio, as has been previously
‘reported by Darke et al. (1971) who used the technique of
-n.m.r. to examine codispersions of lecithin and cholesterol.
If this does occur in the yeast plasma membrane, then the
results reported in this thesis suggést that these clusters
are composed of sterol and phosphatidylinoéitol, where
there is a difference in interacticn in the presence of
different sterols, rather than sferol and phosphatidyl-
choline where there is no difference. This contrasts

with the model proposed by Rothman and Engelman (1972) in
which the irolar ratios of sterols and phospholipids were
not considered to be important, and steric hindrance by

the sterol was thought to be responsible for membrane

stability.

A particuliarly interesting feature of the data reported

in this thesis is that it indicates a fundamental
difference in the behaviour of membranes enriched in
cholesterol, the typical mammalian sterol, compared with
ergosterol, a typical fungal sterol. It is possible that
these differences in behaviour of membranes are relevant
to the distributions of these sterols in living organisms.
It could be related to'the temperature of growth of an

organism. Saccharomyces cerevisiae grows optimally around
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BOOC whereas mammals maintain themselves around 3700.

At EOOC the fatty-acyl chains of phospholipids in yeast
may be less fluid than at 5700.’ However the bulkier
side chain of ergosterol would tend to fluidize these
lipids more readily than would cholesterol, but may cause
steric hindrance at'37°C, giving rise to a less stable

membrane at this temperature than would cholesterol.

The ability to stretch is important in the phenomenon of
pinocytosis. The plasma membranes of plant protop}asts,
as examined by electron microscopy, were distorted locally
by latex spheres of C.1ZMm diameter, suggesting that
adhesive forces are involved with the initiation of
invagination (Willison et al., 1971). Stretqhingzwouid cause
the density of the plasma membrane to be lower at the site
of invagination, so that only this part of the membrane
will stretch and surround the particle. The capacity

for stretching and the resulting stability of the membrane
could be determined by the structural characteristics of
the membrane lipid molecules, particularly the sterols.
Whether the ability of a membrane to afrect pinocytosis

is coupled with the presence in that membrane of a sterol
with a saturated side chain will only be confirmed when
plant and animal cell plasma membranes have been studied

for sterol composition.

Another rcason for differences between animal and fungal

sﬁerols may be due to a possible function of animal sterols



- 117 -

with insertion of glycolipids, a type not encountered

in fungi, in thé cell wall.

The data reported‘in this thesis demonstrate that cells

and membranes.of Sacch. cerevisiae can be altered in a

specific manner, affecting the nature of sterols, and
that this alteration may be exploited to examine the
effect of sterol structure on physical properties of the

yeast plasma membrane. ' ‘
J
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Lipid Composition of Cells and Membranes
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I. INTRODUCTION

During the first half of this Century, the biochemist was
conspicuously successful in charting the major metabolic pathways
that occur in living cells. With this knowledge available, it seemed
inevitable that cell biologists would attempt to discover the intra-
cellular location of individual metabolic processes. More recently,
ccll biologists have added a vectorial component to the overall
picture provided by metabolic maps, and this has led to a renaissance
in cell physiology. This development was accompanied by an interest
in relationships between composition and function of ccll mem-
branes which form a permeability barrier between a ccll and its
environment and, by delimiting subcellular organelles, give rise to
several discrete metabolic compartments within the cell.

To date, research has inevitably concentrated on biological
membranes prepared from those tissues and organisms that are
amenable to laboratory manipulation. The erythrocyte membrane
and the Schwan cell membrane, which forms the myelin sheath, have

been favoured by many workers. But, although these membranes can

readily be obtained in bulk quantity, they arc specialized membranes
and so may not be ideal for studying basic membrane phenomena
[1]. Other workers have turned to micro-organisms as convenient
sources of biological membranes, largely because microbial mem-
brane composition can be manipulated by altering the composition
of the growth medium or other environmental conditions used for
growing the organism. Attempts have been made to study the
composition and function of several bacterial membranes, including
(a) Escherichia coli (although because of the chemically complex cell
wall in this bacterium it is not an idcal organism [2]); (b) strains of
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Bacillus which can casily be converted into protoplasts; and (c) the
mycoplasmas which do not form walls and so are attractive model
organisms [3]. However, a major drawback to such studies on
prokaryotic organisms is that the membrane composition is radically
different from that of membranes derived from cukaryotic micro-
organisms, and animal and plant cells.

An obvious solution to the problem of sclecting an ideal model
organism for composition-function studies on biological membranes
is to choose a eukaryotic micro-organism, the membrane composi-
tion of which can be changed in a specific and predictable fashion. If
the organisms sclected can be studicd and manipulated genetically so
much the better. Strains of Saccharomyces cerevisiae, particularly
those which are susceptible to conversion into sphaeroplasts, go a
long way towards being ideal modcl organisms. This explains the
considerable increase in rescarch on yeast membranes in recent years.

The present paper shows how the lipid and membrane composi-
tion of Sacch. cerevisiae can be altered in a specific and predictable
manner, providing a very useful method for studying the role of
‘individual membrane components (e.g. phospholipids, sterols,
fatty-acid residues) in membrane function.

I1. Lipid Composition of Saccharomyces cerevisiae

For a long time, knowledge of the lipid composition of Sacch.
cerevisiac was fragmentary compared with that available for other
yecast-cell components. This situation simply reflected the fact that,

for many years, studies on lipids lagged behind those on other classes’

of biological molecule, mainly because of the unattractive physical
properties of lipids. Indeed, it is only since accurate and sensitive
methods for analysis of lipids have become available that reliable
data on the lipid composition of cells have been reported.

Several analyses of the lipid composition of Sacch. cerevisiae have
been published [4]. From these analyses, it appears that the lipid
composition of Sacch. cercvisiae resembles that of other eukaryotic
organisms (Table ). There are, however, important differcnces
between the lipid composition of Sacch. cerevisiae and that of
prokaryotic micro-organisms. Firstly, lipid extracts of Sacch.
cerevisine contain appreciable amounts of sterols (free and esterified)
- and of triacylglycerols, two classes of lipid that are virtually absent
from prokaryotic micro-organisms [5]. Secondly, glycolipids are
major components of Gram-positive bacteria and have also been
detected in some Gram-negative bacteria [6, 7]. However, they are

-
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TABLE 1
Lipid content and composition of Saccharomyces cerevisiae NCYC 366
Lipid content : 'Lipid composition
(% dry weight cell) (:1g/100 mg dry weight cells)
Phospho- Triacylgly- Diacylgly- Free fatty Free Sterol
lipids - cerols cerols . acids sterols esters
12.5 3.76 1,22 0.09 0.38 0.23 1.32

Cells were grown batchwise at 30°C. Data from Hunter and Rose [15].

present in only very small amounts in Sacch. cerevisiae |8, 9].
Finally, this basic distinction between the lipid compositions of
bacteria and Sacch. cerevisiae extends to the fatty-acid composition.
Lipids from Sacch. cerevisiae contain predominantly residues of
straight-chain saturated and unsaturated fatty acids, with chain
lengths of 16 or 18 carbon atoms [10]. Bacterial lipids, on the other
hand, contain fatty-acid residues with a greater variation in chain
length, and also branched chain and cyclopropane fatty-acid
residues [5].

Since the review by Hunter and Rose [4] was prepared, the main
emphasis of research on yeast lipids has been on the quantitatively
minor components. Reference has already been made to the recently
published data on yeast glycolipids [8, 9]. In addition, Lester and his
colleagues have made an intensive study of the inositol-containing
phospholipids in Sacch. cerevisiae. At least seven of these have been
detected [11]. The predominant representative is phosphatidyl-
inositol, but there are also small amounts of diphosphatidylinositol
and triphosphatidylinositol [12]. Four inositol-containing sphingolipids
have been detected in Sacch. cerevisiae [11], the main component
having the composition: ceramide-(P-inositol), -mannose [13].

III. Methods for Effecting Variations in the Lipid Composition of
Saccharomyces cercvisine

The great advantage of using micro-organisms in any physiological
study is that their composition and metabolic activity can be
manipulated, with some degree of precision, by varying the composi-
tion of the growth medium or other environmental conditions (such
as growth temperature). There is a wealth of data available on ways
in which environmental factors, such as medium composition, pH
value, dissolved oxygen content and growth temperature, influence
the lipid composition of bacteria [5] and yeasts [4].
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When the aim is to use environmentally induced changes in the
lipid composition of microbial membranes in studics on inter-
relationships between composition and function it is highly desirable,
and for definitive studies essential, that any change effected be
stoicheiometric, i.e. that one lipid component be replaced by an
equivalent amount of a closely related lipid. Although this ideal
situation is difficult to achieve, only in this way can the role of
individual components in membrane function be demonstrated.

The purpose of this contribution is to show how it is possible to
achiceve changes in the lipid composition of Sacch. cerevisiae
approaching this ideal.

A. Variations in Growth Temperature

One of the best documented environmentally induced changes in the
lipid composition of micro-organisms is the increase in proportion of
unsaturated fatty-acid residues when the temperature at which a
micro-organism is grown is lowered below the optimum for growth
[14]. In this Laboratory we have examined the effects of variations
in growth temperature as possible means of enriching the lipids in
Sacch. cerevisiae NCYC 366 with unsaturated fatty-acid residues, as a
prelude to a study of the role of lipid unsaturation in the functioning
of the veast plasma membrane. A detailed examination of the effect
of growth temperature on the lipid composition of this yeast by
Hunter and Rose [15] revealed that the changes induced by varia-
tions in growth temperature over the range 30°C to 15°C, either in
batch-grown or continuously grown cells, are confined not only to
variations in the degree of unsaturation of the fatty-acid residues in
the lipids but also include changes in the amount of phospholipids
synthesized. Indeed, with this strain of Sacch. cerevisiae, the
proportion of unsaturation in cell lipids is much less affected, over
this temperature range, than with many other yeasts including
Candida strains [16]. Sphaeroplasts from cells of Sacch. cerevisiae
NCYC 366 grown batchwise at 30°C or 15°C differ in their
susceptibility to osmotic shock [17]. But the complex nature of the
changes in lipid composition induced by lowering the growth
temperature makes it impossible to state precisely the molecular
basis of this difference in susceptibility.

B. Provision of Exogenous Choline and Ethanolamine

Saccharomyces cerevisiac is known to cmploy the methylation .
pathway for synthesis of phosphatidylcholine [4, 18]. The initial
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- step on this pathway is a reaction between CDP-diacylglycerol and
serine to form phosphatidylserine, which is then decarboxylated to
yicld phosphatidylethanolamine. Phosphatidylcholine is then lormed
by N-methylation of phosphatidylethanolamine. A second pathway,
the cytidine nucleotide pathway, operates in many although not all
mammalian cells; its operation in eukdryotlc micro-organisms has
been very little studlcd

However, there is evidence that the cytidine nucleotide pathway
can be used in Sacch. cerevisiae. The pathway involves, initially,
the formation of CDP-choline or CDP-ethanolamine from the free
bases. These cytidine nucleotides then react with 1,2-diacylglycerols
to produce, respectively, phosphatidylcholine and phosphatidy-
lethanolamine. The nucleotides CDP-choline and CDP-ethanolamine
have been detected in Sacch. cerevisiae by Kennedy and Weiss [19].
 Subsequently, Lester and his colleagues [20, 21] reported incorpora-
tion of choline into phosphatidylcholine by Sacch. cerevisiae, and
reported that the prescnce of choline in the growth medium represses
synthesis of enzymes that catalyse synthesis of phosphatldylcholme
by methylation of phosphatidylcthanolamine.

Waechter and Lester [21] found that incorporation of choline in
the growth medium leads to an increased synthesis of phosphatidyl-
choline by the yeast. This report has recently been confirmed in this
Laboratory [22], and we have shown, in addition, that exogenous
ethanolamine is incorporated into phosphatidylethanolamine by
Sacch. cerevisiae NCYC 366 under conditions that also cause
synthesis of additional amounts of phosphatidylethanolamine
(Table II). |

Growth of Sacch. cerevisiae in medium supplemented with choline
or ethanolamine provides a useful means of obtaining cells that are
enriched in phosphatidylcholine or phosphatidylethanolamine
although, as yet, they have not been used to study the role of
phosphatidylcholine and phosphatidylethanolamine in yeast
membranes. A necessary prerequisite to these studies is the need to
ascertain the distribution of the additional phosphohplds in yeast
membranes. .

C. Anaerobic Induction of Lipid Reqm’revﬁents

Current work in our Laboratory employs a method for varying the
lipid composmon of Sacch. cerevisiae that approaches more closely
the ideal situation described earlier, When strains of Sacch. cerevisiae
are grown under strictly anaerobic conditions, they become
auxotrophic for a sterol and an unsaturated fatty acid {23]. The
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specificities for these requirements have been examined, and both
have been shown to be fairly broad. Thus, providing that the nutrient
(sterol or fatty acid) supplied in the medium is incorporated
unchanged into the ycast ccll lipids, and this incorporation docs not
affect the regulation of synthesis of other lipids, the techniquc. could
prove valuable as a means of effecting specific changes in thc
composition of membranes in Sacch. cerevisiae.

Anaerobically Induced Fatty Acid Requirements. Bloch and his
colleagues [24] found that anacrobically cultured Sacch. cerevisiae
will not grow on stearic acid (C 13: g) but would when supplied with a

C 18 fatty acid that has a cis double bond between C-9 and C-10 or

between C-10 and C-11, or a triple bond between C-9 and C-10. The

12-keto and 11, 12 cyclopropane derivatives supported growth less
efficiently. Other acids, including the 10-methyl, 9, 10 cpoxy, 9, 10
dihydroxy and 9, 10 trans olefinic derivatives, were inactive.

Professor Flavio Alterthum in our Laboratory, using these findings,
has grown Sacch. cerevisiae NCYC 366 anacrobically in medium
containing ergosterol, and oleic acid (18 : 1 ¢is 9 :10), linoleic acid
(18:2¢is9:1012:13), or ylinolenicacid (18 : 3¢is 6 : 79 : 10
12 : 13) [25]. Incorporation of any one of these acids in the
medium does not affect the rate of growth of the yeast, but does
change the duration of the lag phase of growth; this is greatest in
medium supplemented with linolenic acid, and shortest in oleic
acid-supplemented medium. The duration of the lag phase of growth
was extended by about four hours as cach acid was replaced by one
with a greater degree of unsaturation. Cells grown in medium
containing any one of these acids do not differ detectably in size or
morphology. Moreover, the total lipid and total phospholipid
contents of cells remain unaltered when the fatty-acid composition
of the medium is varied. Analyses of the lipids from cells grown in
mcdia supplemented with oleic, linoleic, or linolenic acid show that
fatty-acid supplement accounts for 65, 57 and 54%, respcctwcly, of
the total fatty-acid content (Table III).

Saccharomyces cerevisiac NCYC 366 possesses the conmderablc

advantage of being readily convertible into sphacroplasts by digesting
the cell wall with snail gut juice or an exo-f (13) glucanase from
Basidiomycete QM 806 [26]. Alterthum and Rose [25] went on to
prepare sphacroplasts from cells grown anaerobically in media
supplemented with each of the different fatty acids. The
susceptibility to sphacroplast formation differs among cells grown in
these three different media. Those grown in oleic acid-containing
medium are converted into sphaeroplasts at a rate comparable with
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' TABLE III
Fatty-acid composition of lipids of Saccharomyces cerevisise NCYC 366 grown
anaerobically on different fatty acids

Cells grown in medium containing

Fatty acid ~ Oleic acid Linoleic acid Linolenic acid
12:0 2.5 1.7 2.3
13:0 1.8 1.1 1.2
14: 0 3.6 4.8 8.5

14 :1 tr 1.5 -~
16:0 18.5 24.2 22.8
16:1 4.0 2.1 2.4
18: 0 2.3 2.7 5.7
18:1 65.1 5.2 1.3
18: 2 1.6 56.7 1.9
18:3 - - 53.9

Values indicate the percentage molar composmon Data from Alterthum and
Rose [25].

that for cells grown aerobically. Cells grown in linoleic acid-con-
taining medium are however more refractive and, in order to convert
a population of these cells completely into sphaeroplasts in 45-60
min, it is necessary to double the concentration of glucanase protein
in the digestion mixture. This finding indicates that the wall
composition in these cells differs from that in oleic acid-grown cells.
However, in spite of making further increases in the concentration of
glucanase in the digestion mixture, it was not possible to convert
cells grown in lmolemc acid-containing medium into sphaeroplasts.
Microscopically, sphacroplasts can be seen to be formed from these .
cells, but they arc extremely fragile and quickly lyse after extrusion.
However, when spermine (10 mM) is included in the digestion
mixture [27], it is possible to prepare stable sphaeroplasts of
linolenic-grown cells. A plausible explanation of this finding is that
spermine protects the extremely fluid plasma membrane of sphaero-
plasts emerging from these cells.

This techmque for obtaining sphaeroplasts with membranes that
are enriched with oleic acid, linoleic or linolenic acid residues
allowed Alterthum and Rose [25] to examine the effect of fatty-acid
unsaturation on the susceptibility of the sphaeroplasts to esmotic
lysis. Not surprisingly, perhaps, in view of the effect on the packing
characteristics of phospholipids which contain fatty acyl chains with
additional unsaturation, sphaeroplasts from cells grown in the
presence of linolenic acid are more susceptible to osmotic lysis in
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hypotonic solutions of sorbitol than those from cells grown in linoleic
acid-containing medium, which in turn are more susceptible to lysis
than sphaeroplasts from cells grown in oleic acid-supplemented
medium.

The data of Alterthum and Rose [25] are the first to show how
anaerobically-induced nutritional requirements of Sacch. cerevisiae
~ can be exploited in studies on composition-function relationships in
cell membranes. The technique offers numerous possibilities for
further exploitation. Different series of fatty acids, including
cyclopropanc acids, could be examined in view of the broad
specificity of the fatty-acid requirement. Other plasma-membrane
functions, such as solute transport, might be examined. But probably
the most attractive feature of the technique is that it permits a
simultaneous examination of variations in the fatty-acid and the
sterol composition of yeast membranes. This could be a considerable
advantage in view of the suggestion [28] that sterols interact with
unsaturated fatty acid acyl residues in membrane phospholipids.
Anaerobically Induced Sterol Requirements. The specificity of the
sterol requirement of anaerobically grown Sacch. cerevisiae is easier
to formulate than that for unsaturated fatty acids. It was examined
by Linnane and his colleagues [29], who found, briefly, that the
sterol must have a 6-hydroxyl group at C-3, the molecule must be
planar, and it must possess a long alkyl'side chain at C-17.

One of us {J. A. Hossack, unpublished observations) exploited this
broad specificity, and examined the growth and composition of
Sacch. cerevisiae NCYC 366 in media supplemented with Tween 80
(polyoxyethylene sorbitan mono-oleate) to supply the unsaturated
fatty acid, and ergosterol, cholesterol, or 7-dehydrocholesterol.
These sterols were selected for a preliminary study, since ergosterol is
a major yeast sterol, cholestcrol is a sterol commonly found in
mammalian tissues, and 7-dehydrocholesterol has an intermediate
structure, with the steroid nucleus of ergosterol and a side chain
identical with that of cholesterol.

There was no significant difference in the duration of the lag phase
of growth or the rate of exponential growth of the yeast in media
supplemented with the different sterols. Morcover, cells grown in
each of the media do not differ either morphologically or in their
contents of total lipids or total phospholipids. However, preliminary
data show a difference in the amounts of free sterol and sterol ester
in the lipids extracted from cells grown in each of the sterol-
supplemented media. Ergosterol and cholesterol would scem to be
incorporated largely unmodified and account for, respectively, 75
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and 80% of the total free sterol in the cells. However, cells grown in
media containing 7-dehydrocholesterol contain a high proportion of
a sterol which has a retention time, on gas-liquid chromatography,
similar to that of the tetraethenoid sterol which is a major
component of Sacch. cerevisiae NCYC 366 [15]. A particularly
interesting finding is that, although half of the sterols in cells grown
in cholesterol-supplemented medium are esterified, cells grown on
ergosterol contain very little sterol ester. It would seem that cells
grown anaerobically on ergosterol could be used to study the kinetics
of sterol-ester formation when they are incubated under aerobic
conditions, in a way similar to that in which anacrobically grown
yeast cells are used to investigate mitochondrial biogenesis.

D. Use of Lipid-requiring Mutants

An attractive alternative to using anaerobically induced lipid
requirements of Sacch. cerevisiae is to isolate mutant strains of the |
yeast that are auxotrophic for a membrane lipid component or which
have an altered lipid composition. Suitable medium supplementation
will then permit controlled manipulation of the lipid composition of
the yeast membranes. A number of mutants of this type have
recently been described in the literature, and already some of these
have been used to probe basic problems in membrane function. So
far, just two classes of these mutants have been examined.
Unsaturated Fatty Acid-requiring Mutants. The first report of
mutants of Sacch. cerevisiae with mandatory requirement for an
unsaturated fatty acid for growth was by Resnick and Mortimer
[30], who used ultraviolet irradiation of a wild-type haploid culture.
Certain of these mutants have since been subject to extensive
biochemical and genctical examination [31, 32]. In particular, a
detailed examination has been made of the specificity of the
requirement of these mutants for unsaturated fatty acids. All of
those examined in dctail are desaturase mutants, and must therefore
be supplied with an unsaturated acid. The specificity of the require-
ment depends on the strain, but in general it can be met by any one
of a wide range of acids, with chain lengths ranging from 14-20
carbon atoms, and with one, two or three double bonds in a variety

. of locations along the chain. Moreover, the double bond need not be
cts [33]. The requirement for an unsaturated fatty acid by these
mutants is therefore broader than the requirement by anaerobically
grown Sacch. cerevisiae. The extent of enrichment of the cell lipids
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by the fatty acid supplied varies between 50 and 75% of the total
fatty acid [33].

A second series of unsaturated fatty acid-requiring mutants of
Sacch. cerevisiae has been described, but as yet they have received
only cursory examination. These are chain-elongation mutants
[34, 35, 36] and have a nutritional requirement for a saturated fatty
acid. They cannot grow when supplied with a highly purified
unsaturated fatty acid.

So far, unsaturated fatty acid-requiring mutants of Sacch.
cerevisiae have been employed mainly to study the dynamics of lipid
alkyl chains in biological membranes using the technique of spin
labelling [33, 37]. Reports have not yet appeared on formation of
sphaeroplasts from these mutants, or on the effect, if any, which
incorporating different unsaturated {atty acids into the cell lipids has
on synthesis of the various classcs of lipid. The use of these mutants
in membrane studies has advantages, as well as disadvantages,
compared with the use of anacrobically induced lipid requirements in
Sacch. cerevisiae. Since they can be grown acrobically, they clearly
are easler to use in the laboratory. And they can readily be subjected
to genetical analysis. However, unsaturated fatty acid-requiring
mutants cannot be used to study interactions in membranes between
different sterols and unsaturated fatty acids. Nevertheless, there can
be little doubt that the studies being made with these fatty acid-
requiring mutants will help to elucidate interactions between
individual components in biological membranes.

Sterol Mutants. Several groups of zymologists have attempted to
isolate sterol-requiring mutants of Sacch. cerevisiae, but without
success [38].

Recent research on polyene resistance in yeasts has revealed a way
in which the sterol content and composition of Sacch. cerevisiac can
be varied, and these findings could be useful to workers interested in
composition-function relationships in yeast membranes. Polyene
- antibiotics complex with membrane-bound sterols, an interaction
‘which severely disrupts the permeability of the plasma membrane

[39]. Mutants of Sacch. cerevisiae that are resistant to one or more
polyene antibiotics (etruscomycin, filipin, nystatin, pimaricin,
rimocidin) have been isolated and, as expected, have an altered sterol
composition compared with the parent strain [40, 41]. The
possibility of exploiting these sterol mutants, particularly when
coupled with a fatty-acid requircment, is attractive and could prove a
valuable probe in membrane studies.
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IV. Distribution of Lipids in Subcellular Structures of Saccbarohz;/ce& cerevisiae

Establishing the nature and extent of environmcntally induced
changcs in the llpld composition of Sacch. cercvisiae is only the first
of a serics of investigations, the aim of which is to explain relation-
ships between composition and function in cellular membranes. If
Sacch. cerevisiae is to be used as a model organism in membrane
studies, it is essential first of all to establish the distribution of lipids:
n the various types of membrane (nuclear mitochondrial, vacuolar,
plasma), since it is a eukaryotic organism. When specific alterations
in the lipid composition of Sacch. cercvisiae have been effected, it is
then necessary to discover whether the lipid composition of all of the
types of membrane in theé cell are changed to the same extent, or
whether the changes are confined to just onc or two types of
membrane.

Several preliminary studies have been reported on the separation
of subcellular organelles in Sacch. cerevisiae [15, 42]. The most
popular method is to prepare sphaeroplasts by digesting the cell wall,
and to separate subcellular organelles from sphaeroplast lysates by
differential, density-gradient or zonal centrifugation.

Having established methods for effectmg spec1flc alterations in the
lipid composition of Sacch. ‘cerevisiae NCYC 360, recent work in our
Laboratory has been directed towards developing techniques for
separating subcellular organelles from sphaeroplast lysates. As we are
interested in both composition-function relationships in the plasma
membrane, and the physiological roles of triacylglycerols and sterol
esters, our work has concentrated on isolating plasma membranes
and on establishing the subcellular location of triacylglycerols and
sterol esters, using sucrosc density gradients.

In order to estabhsh rigorously the relative purity of subcellular
fractions isolated by density-gradient centrifugation, it is essential to
have available marker components or enzymes that are uniquely
associated with a particular subcellular structurc. These markers can
then be used to monitor the distribution of individual subcellular
structures on the gradient. Nuclear DNA and mitochondrial cyto-
chromes are used to locate nuclei and mitochondria respectively.
Marker compounds or enzymes for surface or plasma membranes are
less well documented. In studies involving subcellular fractionation
of animal cclls, several enzyme activities have been used as markers
for the surface membrane, including 5'-nucleotidase and [Na" + K*]
-stimulated ATPasc [43, 44]. However, 5'nucleotidase activity could
not be detectable in subcellular fraction of Sacch. cerevisiae
NCYC 366. -



ENVIRONMENTALLY INDUCED CHANGES IN S. CEREVISIAE 223

Because of the obvious need to isolate fractions rich in plasma
membrane from Sacch. cerevisiac NCYC 366, onc of us (G. E.
Wheeler) investigated criteria for establishing the distribution of
plasma membrane upon density-gradient centrifugation of lysed
sphaeroplasts of Sacch. cerevisiae NCYC 366. Since there are no
reports of enzyme activities specifically associated with the plasma
membrane of yeast, initially an attempt was made to label chemically
~ the plasma membrane of sphaeroplasts before lysis and fractionation..

Marinctti and Gray [45] found that the fluorescent compound .
4-acetamido-4'-isothiocyanate-stilbene-2,2'-disulphonic acid (SITS)
can bind specifically to the surface membrane of liver cells if the
label is introduced before the cells are homogenized. Intact sphaero-
plasts of Sacch. cerevisiae NCYC 366 were treated with SITS, excess
reagent removed, and the sphacroplasts lysed. The lysate was then
submitted to density-gradient centrifugation, and the material at
each interface of the discontinuous gradient collected. A qualitative
determination of the concentration of SITS extracted from each
fraction with potassium hydroxide indicated the distribution of.
plasma membrane on the gradient. _

In our Laboratory, R. J. Diamond (unpublished observations) had
previously obtained evidence for the presence of a [Na* +K*]
-stimulated ATPase in crude plasma membranes from Sacch.
cerevisine NCYC 366; these membranes were obtained by differential
centrifugation of lysed sphaeroplasts [17]. Subsequent experiments
(G. E. Wheeler, unpublished observations) showed that while this
activity can be found in crude plasma membrane fractions, and in

fractions from density-gradient separations providing that the yeast
cells have not been treated with a thiol reagent before or during
sphaeroplast formation, nevertheless the activity could not
consistently be demonstrated. Therefore, the activity is not a suitable
marker enzyme for plasma membranes.
- The enzyme phosphatidylinositol kinase has been shown to be
‘located predominantly on the surface membranes of liver cells
[46], and this activity was investigated as a possible plasma-
membrane marker for Sacch. cerevisine NCYC 366. The activity was
detected in homogenates prepared either by lysing sphaeroplasts or
by mechanical disruption of intact cells by shaking with glass beads.
Phosphatidylinositol kinase activity was largely concentrated in
material that collected at the interface between densities 1.13 and
1.16 on sucrose gradients [47]. When [Na* + K*] -stimulated
ATPase activity could be detected, it too was largely concentrated in
material with the same density as that containing phosphatidy-
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linositol kinasc with the highest specific activity. As surface

membranes from mammalian cells have a density in this range [43],
material derived from Sacch. cerevisine NCYC 366 with densities in
the range 1.13-1.16 was considered to be mainly plasma membrane.

A preliminary analysis of a fraction rich in plasma membrane from
density gradients of lysed sphaeroplasts of Sacch. cerevisiae NCYC
366 (Table 1V) shows that the lipid extracts contain predomlnantly
phospholipid and sterol. Compared with whole-cell lipids, it is DN
relatively deficient in sterol ester. These data indicate that the plasma
membrane of Sacch. cercvisiae may have a lipid compgsition similar
to that of animal ccll-surface membranes [48]. |

TABLE IV
Lipid composition of fractions from a sucrosc density- gradlcnt of a sphaeroplast
lysate of Saccharomyces cerevisine NCYC 366

Density Phospholipids  Sterols - = Sterol esters
<1.08 27 29 52
1.08-1.13 11 1111
1.13-1.16 12 ' 14 1
1.16-1.18 20 18 13
>1.18 30 27 22

Values indicate percentage of total

- Analyses of material from other density bands on sucrose
gradients show that sterol esters are concentrated in organelles with a
density below that of the plasma membrane-rich fraction (K. Hunter:
Ph.D. Thesis; University of Bath). Analyses have been made of the
low-density organelles (Table V) and these reveal that their composi-
tion resembles that of low-density lipid-containing vesicles from ,
mammalian cells and plasma [49], that is they contain a large amount
of lipid which is largely sterol ester and triacylglycerol. Low-density
vesicles from Sacch. cerevisiae NCYC 366, like those from animal
sources, are also precipitated by heparin in the presence of divalent
~cations.

Further work is required to establish the nature and physiological |

function of low-density lipid-containing vesicles from Sacch.
cerevisine. They could conceivably be associated with subcellular
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structures that have been identified as vacuoles [50]. Alternatively,
they may be similar to the vesicles which may be mvolved with

rclease of matérial from the plasma membrane during wall growth

[51] or secretion of internally synthesized enzymes such as invertase
[52]. It is attractive to assign such a role to these vesicles, at least
provisionally, since an enzyme that catalyses hydrolysis of sterol

esters has been located in the periplasmic space of Sacch.,cerevisiae |
NCYC 366 [53], an activity which may be concerned with dissocia-
tion of enzymes and wall material from the vesicles.
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INTRODUCTION

The lipid composition of micro-organisms is very responsive to changes in the chemical
and physical properties of the environment. In many micro-organisms, altering one environ-
mental factor frequently causes multiple changes in lipid composition. For example, although
lowering the growth temperature of micro-organisms below the optimum usually leads to
an increased synthesis of lipids with a high proportion of unsaturated fatty acid residues
(Farrell & Rose, 1967a,b), in Saccharomyces cerevisiae this effect is accompanied by
changes in the proportions of phospholipids (Hunter & Rose, 1972). Studies in thislaboratory
have exploited environmentally induced changes in the lipid composition of Sacch. cerevisiae
(reviewed by Hunter & Rose, 1971) to investigate relationships between composition and
function in yeast membranes. In these studies, it is desirable to be able to bring about
specific changes in the lipid composition of organisms. Lester and his colleagues (Waechter,
Steiner & Lester, 1969; Waechter & Lester, 1971) recently showed that the presence of
choline (1 or 10 mM) in the growth medium leads to synthesis of an increased proportion
of phosphatidylcholine by Sacch. cerevisiae. This was the first report showing how the content
of one type of phospholipid in Sacch. cerevisiae can be altered by medium supplementation,
and it provides a useful technique for varying the phosphatidylcholine content of yeast
membranes. The present paper shows that provision of exogenous ethanolamine in the
growth medium can similarly induce an increased synthesis of phosphatidylethanolamine by
S. cerevisiae.

METHODS

The yeast used was Saccharomyces cerevisiae NCYC 366. Methods for maintaining the
yeast, growing it in defined medium in batch culture, harvesting organisms, extracting lipids
and separating and determining the contents of individual phospholipids were as described
by Hunter & Rose (1972) except that, in some experiments, the phosphorus contents of phos-
pholipids were directly determined by acid digestion of the materials without their removal
from the thin-layer plates. Phospholipids on thin-layer plates were identified from R
values of standard compounds. Ethanolamine was sterilized by membrane filtration and
included in medium at 10 mM. Choline, which was included in medium at 1 mm, was
sterilized by filtration or by autoclaving. ‘

RESULTS

Addition of choline to the medium causes an increase of about 60 % in the synthesis of
total phospholipid by Saccharomyces cerevisiae NcYc 366, as indicated by the phosphorus
content of the lipids (Table 1). Most of this increase is attributable to an almost fourfold

29 . MIC 76



446 Short communication

Table 1. Effect of exogenous choline and ethanolamine on tne phospholipid composition of
Saccharomyces cerevisiae NCYC 366 and incorporation of exogeneous ethanolamine into these
phospholipids

Choline was incorporated into the basal medium at 1 mM and ethanolamine at 10 mM. Organisms
were harvested from cultures in the mid-exponential phase of growth (0-20 to 0-24 mg dry wt/ml),
lipids extracted, and determinations made of the lipid phosphorus and the contents of individual
phospholipids. Values quoted are the means of at least four separate determinations, where
indicated +standard errors of the mean. In experiments on incorporation of radioactive ethanol-
amine, organisms were grown in medium supplemented with [2-**C]ethanolamine (1 #Ci/mmol) -
with or without choline. Bands of silica gel containing labelled phospholipid were scraped off thin-
layer plates, and transferred to scintillation vials containing 5 ml scintillation liquid (toluene:
2,5-diphenyloxazole; 1:0-003, v/w). Samples were counted in a Beckman liquid scintillation
spectrometer (model 1650) for up to 100 min. Readings were corrected for average background count
using blank areas of silica gel from thin-layer plates.

Radioactivity (c.p.m./umol
Content (#mol phosphorusfg dry wt yeast) in phosphorus) in lipids from -

lipids from organisms grown in: organisms grown in:
Medium . Medium Medium Medium
supple- supple- supple- supple-
Medium mented - mented mented mented
Unsupple- supple- with with with ‘with
mented mented ethanol- choline+ ethanol-  choline +
Phospholipid medium  with choline  amine  ethanolamine amine ethanolamine
Phosphatidylcholine 1007£0°3(4) 392+06(4) 157+0'5(4) 244+06() 1339 12
Dimethylphosphatidyl- — — — — 2336 o
ethanolamine :
Phosphatidyl- 142+08(4) 18:511°3(4) 26:310'4(4) 13:9£01(4) 558 284
ethanolamine ’
Phosphatidylinositol 13:9+02(4) 11-1+1°3(4) 162+38(4) 144104 (4) 8
Phosphatidylserine 10+01{(4) 34*03(4) 19+07(4) 29+03(4) 9 32
Cardiolipin 29+05(4) 22+04(4) 1'5+02(4) 08%0o2(4) . 0 . Q
Phosphatidic acid 27+04(4) 1-8+08(4) 59+23(4) 10x03(4) o 0
Lipid phosphorus 44'5+1°1(4) 71-3£01(4) 667122(4) 55:8+1°4(4)

rise in the content of phosphatidylcholine. The increases in total phospholipid and in the
content of phosphatidylcholine are somewhat greater than those reported by Waechter &
Lester (1971). Supplementing the medium with ethanolamine causes a smaller increase in
the synthesis of total phospholipids (Table 1). In these organisms, the increase is mainly
attributable to synthesis of additional phosphatidylethanolamine and to a lesser extent of
phosphatidylcholine. Organisms grown in medium supplemented with both choline and
ethanolamine also synthesize more total phospholipid, but to a smaller extent than those
grown in medium supplemented with only ethanolamine (Table 1). In organisms grown in
the doubly supplemented medium, the increase in phospholipid is caused mainly by an
increase in the phosphatidylcholine content; synthesis of other phospholipids was hardly
affected as compared with organisms grown in unsupplemented medium. Small amounts of
other phospholipids, including dimethylphosphatidylethanolamine, were detected in lipids
from organisms grown in the various media, but the amount of any one of these lipids never
exceeded 1 % of the total phospholipid. Addition of choline to medium had no effect on
~ the duration of the lag phase or on the rate of growth of the yeast. The lag phase of growth
was however extended by 2 to 4 h when ethanolamine was added to the medium; the rate
of exponential growth was not affected.

Label from [2-!*Clethanolamine is incorporated into phosphatidylethanolamine by
organisms grown in choline-free medium (Table 1). Essentially all of the label was shown
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to be in the ethanolamine moiety of the phosphatidylethanolamine. Phospholipids were
separated from neutral lipids in the extract by thin-layer chromatography (petroleum
spirit + diethylether +acetic acid; 70:30:2, by vol) and hydrolysed by the procedure of
Dittmer, Feminella & Hanahan 1958. Liberated ethanolamine was separated by descending
paper chromatography using methylethyl ketone + methoxyethanol +20 % (v/v) acetic acid
(40:15:20, by vol), and the spot corresponding to ethanolamine cut out and extracted with
50 % (v/v) ethanol (Magee, Baker & Thompson, 1960). The radioactivity of the ethanolamine
accounted for virtually all of the activity of the phosphatidylethanolamine. The recovery
did not differ significantly from that obtained when a standard of [2-*C]ethanolamine was
submitted to the same procedure. However, in lipids from organisms grown in [2-14Cletha-
nolamine-supplemented, choline-free medium, the specific activity of phosphatidylcholine
is greater than that of phosphatidylethanolamine; moreover, the specific activity of dime-
thylphosphatidylethanolamine is greater than that of phosphatidylcholine (Table 1). In
these experiments, it was not possible to resolve completely phosphatidylinositol and .
phosphatidylserine, and the radioactivity of these lipids is quoted as one value. When choline
is added to [2-14Clethanolamine-supplemented medium, considerably less label from
ethanolamine is incorporated into the lipids (Table 1), and almost all of that is in phospha-
tidylethanolamine the specific activity of which is nevertheless only half of that obtained
with this phospholipid in extracts from organisms grown in choline-free medium,

DISCUSSION

Our data confirm the finding of Waechter et al. (1969) on the effect of exogenous choline
on synthesis of phosphatidylcholine by Saccharomyces cerevisiae, and extend this effect to
show that provision of exogenous ethanolamine causes a smaller but nevertheless reasonably
specific increase in phosphatidylethanolamine synthesis. Organisms enriched in phos-
phatidylcholine or phosphatidylethanolamine will be useful in studies on the role of these
phospholipids in yeast membranes, particularly since suitable methods have not so far
been available for studying the role of these phospholipids in, for example, membrane
transport. In addition, our data show that it is possible to label phosphatidylethanolamine
in lipids of Saccharomyces cerevisiae with some degree of specificity, a technique which
furnishes a valuable tool in studies on phospholipid metabolism in yeast.

Two different pathways lead to synthesis of phosphatidylcholine. One involves formation
of phosphatidylserine from CDP-diacylglycerol and serine; phosphatidylserine is then
decarboxylated to yield phosphatidylethanolamine which, in turn, is N-methylated to
produce phosphatidylcholine. In a second pathway, CDP-choline reacts with a 1,2-diacyl-
glycerol to produce phosphatidylcholine; phosphatidylethanolamine is synthesized in a
similar reaction involving CDP-ethanolamine and a I,2-diacylglycerol. The former or
methylation pathway operates in a wide range of organisms including bacteria and fungi
(Goldfine, 1972) and mammalian tissues (Lennarz, 1970). Saccharomyces cerevisiae uses
the methylation pathway (Letters, 1966; Waechter et al. 1969; Hunter & Rose, 1971).
However CDP-choline and CDP-ethanolamine were detected in Sacch. cerevisiae (Kennedy
& Weiss, 1956; Tochikura, Kimura, Kawai & Gotan, 1972) which suggested that the second
or cytidine nucleotide pathway may also be used by yeast. The data of Waechter et al. (1969)
and Waechter & Lester (1971) onincorporation of choline into phosphatidylcholine provided
the first direct evidence for operation of the cytidine nucleotide pathway in Sacch. cerevisiae.
Our data on incorporation of label from [2-14CJethanolamine into phosphatidylethanolamine
by Sacch. cerevisiae provide further direct evidence for operation of this pathway in this
organism. Indirect evidence for synthesis of phosphatidylethanolamine from ethanolamine
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came recently from Steiner & Lester (1972). They studied incorporation of sn [*Clglycero-
3[*2P]phosphate into phospholipids by a cell-free particulate fraction of Sacch. cerevisiae, and
calculated that the cytidine nucleotide pathway may be responsible for about a quarter of
the phosphatidylethanolamine synthesized by yeast. The possibility that ethanolamine is
incorporated into phosphatidylethanolamine by reactions other than those of the cytidine
nucleotide pathway appears unlikely. A Ca’+-stimulated exchange of ethanolamine with
phospholipids has been reported in vitro in animal (Dils & Hiibscher, 1959) and plant tissue
(Yang, Freer & Benson, 1967) although the role of the reaction in vivo is very uncertain
(Hill & Lands, 1970). The reaction has not, however, been reported in micro-organisms.
Even if such an exchange reaction were possible in yeast, the rapid rate of synthesis of
phospholipids in exponentially growing cultures of yeast would probably preclude any
major contribution to phospholipid synthesis being made by the reaction. Nevertheless, until
data are available on the operation of the exchange reaction in yeast, the possibility that
some ethanolamine is incorporated in this way cannot be dismissed. The possibility that
ethanolamine is incorporated into phosphatidylserine following carboxylation of ethanol-
amine can be discounted since an ethanolamine carboxylase has not been reported.

The increased synthesis of phosphatidylethanolamine, but to a much more limited extent
of phosphatidylcholine, in organisms grown in the presence of ethanolamine suggests that
methylation of phosphatidylethanolamine is under tight metabolic control. However, the
high specific activity of phosphatidylcholine and especially of dimethylphosphatidylethanol-
amine from organisms grown in choline-free ethanolamine-supplemented medium suggests
a preferential methylation of phosphatidylethanolamine synthesized from exogenously
provided ethanolamine. An alternative explanation by which free ethanolamine may be
methylated to choline (Nemer & Elwyn, 1960) seems unlikely in view of the high specific
activity of the dimethylphosphatidylethanolamine in these organisms. It is conceivable
that methylation of phosphatidylethanolamine synthesized from phosphatidylserine, and of
phosphatidylethanolamine synthesized from ethanolamine, occurs at different sites in yeast.
The need for separate locations for these syntheses may be associated with the requirements
of the organism for phospholipids with fatty-acid residues containing different degrees of
unsaturation for, in animal tissues, it has been reported that phosphatidylcholine synthesized
by the cytidine nucleotide pathway contains a greater proportion of saturated fatty-acid
residues than when synthesized by the methylation pathway (Kanoh, 1969).

Our results on incorporation of labelled ethanolamine into phospholipids by organisms
grown in the presence of choline support the suggestion of Waechter & Lester (1971) that
the presence of free choline in the medium represses synthesis of enzymes that catalyse
methylation of phosphatidylethanolamine to phosphatidylcholine. The contents of phos-
phatidylethanolamine and phosphatidylcholine in these organisms suggest that synthesis
of phosphatidylethanolamine is controlled by choline since, even when methylation of
phosphatidylethanolamine is repressed, the content of phosphatidylethanolamine in the
organisms does not increase as compared with those grown in unsupplemented basal medium.
The lower specific activity of phosphatidylethanolamine in these organisms also suggests
that the presence of choline regulates synthesis of phosphatidylethanolamine from ethanol-
amine, possibly as a result of competition between choline and ethanolamine for a
phosphokinase (Wittenberg & Kornberg, 1953).

The work reported in this paper was supported by S.R.C. Research Grant B/[RG/182.
We are grateful to Mrs Diane Arkell for competent technical assistance.
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