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SUMMARY

Substantial changes have been reported in both the cell-wall 

and lipid composition of a variety of bacteria when these organisms were 
grown under conditions of phosphate limitation. Similar detailed studies 
with yeasts have not yet been described, however. The major objective of 

the present work was therefore an analysis of changes in the content and 
composition of these components resulting from growth of Saccharomyces 
cerevisiae NCYC 366 under phosphate-limiting conditions.

Phosphate-limited cells obtained by either batch or continuous 
culture of the yeast contained less total phosphorus than did cells grown 
in medium with an optimum concentration of phosphate. Detailed analysis 
of these cells revealed complex changes in both cell-wall and lipid 
composition although the changes observed were less dramatic than those 
described for bacteria.

Walls prepared from phosphate-limited cells had a lower 

phosphate content than did those from control cells. No evidence was 
obtained for the presence in these walls of uronic acid or succinyl residues 
although they did appear to contain an increased proportion of one or more 
unidentified anionic components. Walls prepared from chemostat-grown, 
phosphate-limited cells contained less carbohydrate than did those from 
control cells and this was reflected in a considerably decreased glucan 
content. The glucosamine content of the walls was only slightly affected 
however, while that of protein increased.

The most striking change observed in the lipid composition of 
phosphate-limited cells was a decrease of both sterol esters and

15



triacylglycerols. Phospholipid synthesis, overall, appeared to be

stimulated, leading to an increased proportion of phosphatidylethanolamine 

and phosphatidylcholine. The phosphatidylserine content on the other 
hand was decreased.

These changes in both cell-wall and lipid composition were 
interpreted in terms of a diminished population of small or large vesicles 
in the phosphate-limited yeast.

A secondary objective of this study was to investigate the 
reported occurrence of teichoic acid in Candida intermedia and then to 
extend the survey for these polymers to other yeast species.

Trichloroacetic acid extracts of C . intermedia, C. utilis and 
Sacch. cerevisiae were subjected to acid hydrolysis and the hydrolysates 
examined for products characteristic of a glycerol teichoic acid. Traces 
of glycerol were found in almost all of the hydrolysates, but glycerol 
phosphate was only identified in the hydrolysate of one extract from

C . intermedia. Glycerol diphosphate was not detected. Some evidence 
was obtained for the synthesis of a polymeric product from CDP-glycerol by 
subcellular fractions of C . intermedia. These results were considered too
equivocal to support a claim for the presence of teichoic acids in yeasts.
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"It is better to light one small candle 
than to curse the darkness."

Confuscius,
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A.
GENERAL REMARKS

The group of micro-organisms known as "yeasts" is by 
traditional agreement limited to fungi in which the unicellular form is 
predominant. They are uninucleate cells which reproduce asexually by 
budding or by fission. The diversity of the yeasts is illustrated by the 
fact that 39 genera and some 350 species are now recognised (Kreger - Van 
Rij, 1969).

The Dutchman, Antonie van Leeuwenhoek, is credited with being 
the first man to have observed yeasts microscopically. In 1680 he sent 
descriptions and drawings to the Royal Society in London of "globular bodies", 
oval or spherical in shape, which were present in fermenting beer. In 

recent times, the study of yeast morphology and cytology has advanced 
considerably with the introduction of the electron microscope as a research 
tool and the development of freeze-etching techniques. The fine structure 

of yeast cells, as revealed by freeze etching, was described by Moor & 
Muhlethaller (1963). More recently, the whole subject of yeast cytology 
has been comprehensively reviewed by Matile, Moor & Robinow (1969),

The principal features of a cell of Saccharomyces cerevisiae 
are shown in Fig 1. The outermost layer is the cell wall which appears to 
be composed of strata, Streiblova (1968) has recognised three layers in 
replicas of yeast cells obtained by freeze-etching. Improved visualisation 
of cell wall ultrastructure following prefixation treatment with tris-I 
aziridinylphosphine oxide and acrolein has been reported (Cassone, 1973). 

Using this fixation protocol, it is claimed that four layers are visible.
Many attempts have been made to assign the cell-wall components to specific 

layers but without much success.
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Fig 1. Schematic diagram of a typical yeast cell in 
cross section

I ;o o

D O
Bs Bud scar
c w  Cell wall
L Lipid granule
M  Mitochondrion
p Polyphosphate granule
V Vacuole
^  Nucleus
E R Endoplasmic reticulum
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The plasma membrane is a triple layered structure about 8 nm 
wide (Vitels. North & Linnane, 1961; Kopp, 1972). The outer surface of
the membrane, as revealed by freeze-etching, is sculptured with hexagonal

rt

arrays of particles 15 nm in diameter (Moor & Muhlethaller, 1963)• This 

feature has been used as a morphological marker for plasma membrane (Matile,
II

Moor & Muhlethaller, 1967).

A double membrane system located in the cytoplasm of the yeast 
cell is thought to resemble very closely the endoplasmic reticulum of higher

II

plants (Moor & Muhlethaller, 1963). The organelles which appear to be 
derived from the endoplasmic reticulum include the nuclear envelope, lipid 
granules (sphaerosomes or small vesicles), microbodies and the Golgi apparatus,

In thin sections of yeast cells, the vacuole (or large vesicle) 
appears as an electron-transparent area delimited by a single membrane (Vitols 
et al., 1961) . The diameter of this structure has been shown to vary from

It

0.3 ym to 3,0 ym (Moor & Muhlethaller, 1963), In the last decade, many 
properties and functions have been attributed to the vacuole including the 
storage of polyphosphate (Brachet, 1957; Indg^, JL968) and a variety of lytic 
enzymes (Matile & Wiemken, 1967) . Evidence has also been presented for the 
attachment of ribosomes to the surface of the vacuole (Matile, Moor &
Robinow, 1969).

The remaining organelles - the nucleus and the mitochondria - 
are very similar in morphology to those of higher plants. The yeast nucleus 
is globular, delimited by a nuclear membrane (probably containing about 
200 pores) and with a constant diameter of 2.3 ym (Moor & Muhlethaller, 1963) .
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The matrix of the cytoplasm contains 80S ribosomes and yeast 
glycogen which is very similar in architecture to animal glycogen 
(Silbereisen, 1960),

B. CELL WALLS OF YEASTS

Current knowledge of the yeast cell wall is based upon the 

accumulation and integration of data obtained by chemists, biochemists, 
enzymologists and cytologists. Early methods of extraction of specific 
components were severe, with the consequent degradation of the polymer under 
study. With time, the methods of extraction became less drastic and 
consequently views on structure and morphology have changed.

In Saccharomyces cerevlsiae, the yeast species that has been 
most extensively studied, the wall contains approximately equal amounts of 
glucan and mannan which, together, account for about 85 per cent of the 
dry weight of the wall. The remainder of the wall is made up of protein, 
lipid and glucosamine. When walls of Sacch. cerevlsiae are treated with 
hot, dilute sodium hydroxide solution, the mannan and some of the glucan 
are extracted, leaving a shell which retains thé shape of the intact yeast 
(Phaff, 1971). It is presumed, therefore, that the glucan which remains 
after alkaline extraction, constitutes the structural component of the wall 
in this yeast. Fibrils of glucan have indeed been observed on the 
surfaces of protoplasts of Sacch. cerevlsiae incubated under conditions 
that allow a partial regeneration of the cell wall (Darling, Thielade & 
Birch-Anderson, 1969).

1. Glucans

a) Structure

Early studies revealed little about the chemical nature of
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baker's yeast glucan except that it contained 3-Cl 3) bonds. There was 
also a vague implication that it was a branched structure (Phaff, 1971).

Enzymic analysis of whole cell walls or of purified wall 
fractions with various glucanases has contributed significantly to chemical 
studies. Tanaka, Phaff & Higgins (1965) observed that if a strain of 

Bacillus circulans was grown on baker's yeast cell walls it produced a 
mixture of endo-3-(l 3) and endo~3-(l ■> 6) glucanases which were easily 
separable by column chromatography on DEAE cellulose. Treatment of baker's 
yeast with either of these enzymes caused lysis, although the 3-(l ->• 3) glucanase 
was much the more efficient. Previously, Tanaka (1963) had treated 
purified cell walls with each enzyme separately and had concluded that there 

were twice as many linkages susceptible to the 3"(1 3) glucanase as were
susceptible to the 3~(1 6) enzyme. Buecher (1968) repeated the work of
Tanaka using slightly modified conditions and found that the ratio of 
susceptible linkages was 1:1, He concluded that long blocks of 3~(1 6)
glucan must be present since the endo-3” (l 6) glucanase could not hydrolyse 
gentiobiose and hydrolysed gentiotriose only very slowly. Recently a new 
model for the structure of baker's yeast glucan'has been proposed (Manners, 
Masson & Patterson, 1973) which takes into account the heterogeneous nature 
of glucan preparations. The major component (about 85%) is a branched 
3” (1 ^ 3) glucan of high molecular weight (about 240,000 daltons) containing 
3% 3"(1 6) glycosidic interchain linkages (Fig 2), The minor component
is a highly branched 3-(l 6) glucan containing a smaller proportion of
3“(1 3) glycosidic bonds that serve mainly as interchain linkages although

some may be interresidue links.

Roelofsen (1953) and Kessler & Nickerson (1959) reported that 
an alkali-soluble glucan accounted for 20-25% of the cell wall of baker's yeast.
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Fig 2,

Partial Structure of a Segment of Sacch.. cerevlsiae 
3-(l •> 3) Glucan (Manners et al., 1973)

G—^(1—►3)— ( G )------ ( 1— ►3)——G

G— (1— ►3)-™’(G )g—— ()— ^3)——G ——'(l »3)— ( G )  * (1  ►3)-™*(3

1
i
6

« - •G“— (l— ►s)— G-— (l— ►s)— G

a + b + c comprise about 60 glucose residues, although the exact lengths 
are unknown.
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Recently Fleet & Manners (1976) have isolated and characterised this polymer 
from the walls of Sacch. cerevlsiae NCYC 1109, They showed that it has a 
molecular weight of approximately 250,000 daltons and contains 80 - 85%
3“ (1 3) linkages, 8 - 12% 3-(l 6) linkages and 3% to 4% branched
residues. They were also able to demonstrate that an amorphous layer is 

lost from the cell surface during alkaline extraction,

b) Biosynthesis

Little is known about the biosynthesis of the glucan component 
of the yeast cell wall. Sentandreu, Elorza & Villaneuva (1975) demonstrated 
the incorporation of a small amount of [^^C^-glucose from -glucose
into the cell wall glucan of toluene-treated Sacch. cerevlsiae. Very 
recent work (Balint, Farkas & Bauer, 1976) suggests that GDP-glucose may 
also be required as a glucose donor. No evidence has as yet been obtained 
for involvement of a lipid-linked intermediate in glucan biosynthesis.

2. Mannans

a) Isolation

Mannan is a major polysaccharide of many but not all yeasts 
(Phaff, 1971) , Although it was discovered in 1894 by Salkowski it was not 
studied in any detail until the middle of this century. Early methods for 

the extraction of mannan from the yeast cell involved drastic chemical 
treatments, Haworth, Hirst & Isherwood (1937), for example, boiled whole 
cells in 6% sodium hydroxide solution, a treatment which dissolved the 
mannan and left most of the glucan and the chitin as insoluble residues.

The mannan was subsequently freed from other soluble polysaccharides by 
precipitation as an insoluble copper complex. The precipitate was then
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washed in water and redissolved in hydrochloric acid, A milder 
extraction procedure involves autoclaving intact cells in neutral citrate 
buffer (Peat, Whelan & Edwards, 1961), Mannan prepared in this way is 
an amorphous, water-soluble mixture of macromolecules and has been 
subjected to a variety of fractionation procedures including ion-exchange 
chromatography (Thieme & Ballou, 1971) and gel filtration (Thieme & Ballou, 
1972) , The fractionated preparations contained covalently-linked protein 

or polypeptide material indicating that most or all of the cell-wall mannan 
is present as glycoprotein. Simple cell breakage gives the least altered 
mannan-protein preparations, yielding active external invertase and other 
mannan-linked enzymes that can be purified to maximum specific activity 
(Neuman & Lampen, 1967). Any mannan adhering to the glucan component of 
the cell wall matrix may be freed by treatment with glucanases (Phaff, 1971).

b) Techniques used in structural analyses

Much of the information on mannan structure has come from 
studies on baker's yeast. Characteristically, this mannan is composed of 
long chains of D-mannose residues linked by a- (1 6) glycosidic bonds,
with short side chains in a-(l 2) and a-(l 3) linkage, Phosphodiester- 
1inked mannose residues are also present. These macromolecules are 

attached to asparagine in the protein. In addition, there are short 
a-(l ■> 2) and a-(l -> 3)-linked oligomannosides attached to serine or threonine 
in the protein.

i) Partial acid hydrolysis. The phosphodiester bonds are the most acid- 

labile and can be broken by gentle conditions (O.OIM HCl at lOO^C for 30 min) 
with quantitative release of free mannose (Rosenfeld & Ballou, 1974).
Recovery of the residue and subsequent rehydrolysis releases very little 
additional mannose, indicating the specificity of the reaction.
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ii) Alkaline hydrolysis. Mild alkaline hydrolysis C0.05M at 50^C for
18 hours) liberates mannose and mannose oligosaccharides attached to serine 
and threonine moieties in the protein (Nakajima & Ballou, 1974a), The 

oligosaccharides thus released may be recovered, separated into classes and 

analysed. In this way, the carbohydrate attached to serine and threonine 
has been characterised. Stronger hydrolysis (M NaOH at lOO^C for 5 h) 

releases the larger polymannose chains which are attached to asparagine in 
the protein (Nakajima & Ballou, 1974a).

iii) Selective acetolysis. A reaction mixture containing concentrated 
sulphuric acid and acetic anhydride splits a-(1 6)-linked mannose residues 
with great specificity (Gorin & Perlin, 1956; Kocourek & Ballou, 1969),
This reaction has been one of the most important in the determination of the 
structure of yeast mannan. The side chains liberated by this reaction 
have been characterised structurally (Nakajima & Ballou, 1974b) and have 
been used to prepare haptens with which the structural specificity of the 
immunochemical reactions of yeasts has been analysed (Ballou, 1970).

iv) Enzymic degradation. The most useful enzyme has been a bacterial 

exo-a-mannanase from a species of Arthrobacter which hydrolyses preferentially 
a-(l 2) and a-(l 3)-linked mannose residues. It also hydrolyses
a-(l ->• 6)-linked units, but only very slowly (Jones & Ballou, 1968, 1969a). 
Consequently, most of the side chains of the mannan can be removed leaving 
the backbone essentially intact (Jones & Ballou, 1969b), Side chains 
substituted with phosphate (Thieme & Ballou, 1971) or other sugars such as 
N-acetylglucosanine (Raschke & Ballou, 1972) are not attacked.

Other enzymes which have been used in mannan structural analyses 
include an endo-a-(l 6) mannanase which is only active against the
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unsubstituted mannan backbone and a 3-N acetyl-D-glucosaminidase which 
releases the mannan from its protein component (Ballou, 1976).

v) Immunochemistry. Immunochemistry, too, has been important in the
elucidation of the structure of mannan. It is possible to obtain antisera 
which are specific for different features of the mannan molecule (Ballou,
1970), the most common determinant being the terminal a-(l 3)-linked 
mannose unit.

Antiserum directed against wild-type mannan has been used to 
select for mutants with altered mannan structure in a mutagenized culture 
of yeast (Raschke, Kem, Antalis & Ballou, 1973) , Ballou (1976) suggests 
that this may lead to a series of mutants related to each other by single 
alterations in mannan structure arising from a stepwise loss of biosynthetic 
activity,

c) Structure

The first structures for yeast mannan were postulated over 
thirty years ago, based on the results of méthylation analyses (Haworth,
Hirst & Isherwood, 1937; Haworth, Heath & Peat, 1941), The mannan molecule 
appeared to be highly branched and to contain a degree of polymerisation of 
200-400 units. Its high dextrorotation indicated the presence of a-linkages 
although the presence of some 3-linkages could not be excluded. Periodate 

oxidation demonstrated (1 6) , (1 2) and (1 3) linkages in the ratio
2:3:1 (Lindstedt, 1945), Peat, Whelan & Edwards (1961) found that the
backbone of the highly branched mannan contained a-(1 6) and not a- (1 2)

linkages as had been previously suggested.

An exhaustive research programme using the techniques described
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in the previous section has envied Ballou's group to postulate a structure 
for the mannan molecule of Sacch. cerevlsiae X2180(Ballou, 1976), This 
structure is shown in Fig 3. The molecule consists of three parts: an
outer chain, an inner core and oligosaccharides which are linked to protein 
through serine or threonine residues. Some of the mannose residues in the 
outer chain are joined in phosphodiester linkage while the inner core is 
attached to asparagine in the protein through a di-N-acetylchitobiose 
grouping,

d) Biosynthesis

The mechanism of mannan biosynthesis is only poorly understood, 
partly because the structure of the molecule has not been fully elucidated 
and partly because of the inherent difficulties of working with such a 
complex macromolecule.

In a very recent review, Ballou (1976) proposes a scheme for 
mannan biosynthesis. He envisages that following the synthesis of the 
protein moiety, the inner core di-N-acetylchitobiose-mannosyl unit may be 
synthesised on a lipid carrier and then transferred to the polypeptide 

chain (Hsu, Baynes & Heath, 1974), The lipid carrier is thought to be a 
dolichol phosphate similar to that isolated by Tanner (1969), Sentandreu & 
Lampen (1971, 1972) and Jung & Tanner (1973), Similarly, the first mannose 
attached to serine and threonine is derived from a dolichol phosphate 
intermediate (Babczinski & Tanner, 1973; Sharma, Babczinski, Lehle &
Tanner, 1974) although the subsequent additions of mannose units are 
probably mediated by the sugar nucleotide GDP-mannose, The outer chain 
portion of the mannose polysaccharide is probably built up on the inner 
core. Preliminary evidence indicates that GDP-mannose is the mannose donor
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during this part of the biosynthetic process because a lipid requirement 
is not apparent with the a-(1 6) transferase-activity (Behrens & Cabib,

1968). Side chain modification consists of the transfer of mannosyl- 
phosphate groups from GDP-mannose to certain portions of the outer chain.

3, Chitin

Early investigators generally inferred the presence of chitin 
by testing for glucosamine or chitosan (diacetylated chitin) after drastic 
treatment with hot acid or alkali. Eddy (1958), however, observed the 
release of N-acetylglucosamine following treatment of baker's yeast walls 
with' crude chitinase preparations. Based on the amounts of enzyme- 
liberated and residual N-acetylglucosamine, he estimated the apparent 
glucosamine content of the wall to be about 0.8% to 0.9%, Korn &
Northcote (1960) fractionated cell walls into three components using an 
ethylene-diamine extraction procedure. They concluded that only 9% of the 
apparent glucosamine content was similar to crustacean chitin which is 

completely insoluble in this solvent.

Bacon, Davidson, Jones & Taylor (^966) using a mild extraction 
procedure on pressed baker's yeast obtained a preparation consisting almost 
entirely of bud scars. Its infrared spectrum and chemical analysis showed 
that it consisted of chitin (50%) and glucan (30 - 35%), Although the bud 
scar region is very rich in chitin. Bacon et al. (1966) could only account 
for 20% of the original glucosamine content.

Cabib & Bowers (1971) prepared cell wall ghosts by acid and 
alkaline treatment of wall hulls of Sacch. carlsbergensis. Electron 
microscopy showed that the ghosts were rich in bud scars. Treatment with 
a crude preparation of chitinase led to the destruction of the bud scars
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while glucanase treatment destroyed the integrity of the ghosts but left 
the bud scars intact.

Chitin biosynthesis has been extensively studied by Cabib and 
his group who have shown that the chitin synthetase is present in the cell 
as a zymogen (Cabib & Farkas, 1971); the activating factor is a yeast 
protease (Cabib & Ulane, 1973); the chitin synthetase zymogen is sedimentable 
with the plasma membrane (Duran, Bowers & Cabib, 1975). The activating 
factor is located in vesicles (Cabib & Ulane, 1973) .

Chitin is the major component of the primary septum in yeast 
(Cabib & Farkas, 1971), Cabib & Bowers (1975) examined the timing of 
chitin synthesis with respect to septum formation and bud emergence. They 

showed that chitin synthesis is induced at a stage in the cell cycle prior 
to septum formation. Chitin synthetase activity is not required for bud 
emergence although in the wild type it begins at or shortly after bud 
emergence.

4. Lipids

There is considerable variation in the reported lipid content 
of isolated yeast cell walls. That for cell walls of Saccharomyces species, 
for example, ranges from 2% to 13.5% (Eddy, 1958; Miller & Phaff, 1958).
There is also great disparity in the values for phospholipid based on the 
nitrogen and phosphorus levels in the isolated lipid. These apparent 
discrepancies are probably due to variable contamination of wall * 
preparations with plasma membrane fragments.

Suomalainen and his colleagues have examined the neutral lipid 
and glycolipid components of purified cell walls (Nurrainen, Kottinen &
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Suomalainen, 1975) and cell envelopes (Tyorinoja, Nurminen & Suomalainen,
1974) of baker's yeast. They claim that 1.6% of the cell wall is lipid, 
with neutral lipids (mainly acylglycerols and sterol ester) accounting 
for 74% of the total, while glycolipids (mostly in the form of sphingo- 
lipids) account for 5% of the lipid from isolated cell envelopes.

5. Protein and carbohydrate - protein complexes

Before techniques were developed to prepare relatively pure 
cell walls, it was not possible to study the protein components. Early

data by Northcote & Horne (1952) on the protein content (13%) of washed 
cell walls of mechanically ruptured baker's yeast may be considered too 
high due to contamination with small particles entrapped in the cell

envelope. A number of later studies showed that the protein content of baker'
yeast walls is approximately 5 - 7 %  (Roelofsen, 1953; Falcone & Nickerson, 
1956; Miller & Phaff, 1958).

It is well established that the protein of yeast walls is not 
extractable by repeated washing of the walls with water or buffers.
Northcote & Horne (1952) first demonstrated tl%-'association of protein with 
the mannan component. Falcone & Nickerson (1956) treated walls with alkali 
and solubilised 75% of the wall material. Part of the extract was water- 
soluble and appeared to consist of a tightly bound mannan-protein complex, 
whereas the water-insoluble component was a glucan protein. Other workers 
have subsequently isolated mannan-protein complexes and glucan-mannan- 
protein complexes by a variety of different extraction procedures (Phaff,
1971).

A number of hydrolytic enzymes in yeast are found external to 
the cytoplasmic membrane and bound tightly or loosely to certain wall
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components. Such enzymes are frequently excreted into the medium during 
growth and presumably enable the yeast to utilise substrates to which the 
plasma membrane is impermeable. The whole subject of external enzymes 
is the topic of a review by Lampen (1968).

The external enzymes of Saccharomyces species include 
invertase, acid phosphatase, mel\ibiase, catalase, glucanases (3-(l 3)
and 3-(l 6)), aryl g-glucosidase, glucamylase (3) and phospholipase.
Invertase and acid phosphatase have been purified and shown to be mannan 

proteins (Lampen, 1968), During the process of protoplasting baker's 
yeast with snail gut juice, invertase is released as a "large" molecule. 
Mechanical rupture of untreated cells, however, releases a mixture of 
"large" and "small" invertase molecules, the latter being a cytoplasmic 
constituent of much lower molecular weight.

Although the kinetic properties of the "large" and "small" 
invertases are very similar, fundamental differences between the two 
proteins, such as amino acid composition, have been found (Lampen, 1968) . 
Hence, there is no clear evidence that the "small" internal invertase is 
converted into the large form after excretion 'through the plasma membrane, 
followed by complexing with mannan,

Lampen envisages that invertase lies between the glucan or 
mannan layers, bound to both polymers by phosphodiester bonds. However, 
"the existence of any covalent linkage between the glycoprotein and either 
glucan or mannan is a matter of dispute (Kidby & Davies, 1970). Other 
workers have suggested that invertase, acid phosphatase (Arnold, 1972) and 
also an esterase (Wheeler & Rose, 1973) are located in the periplasmic 
space. Recent studies using fluorescent antibody labelling techniques
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indicate that newly-formed invertase molecules are located at the cell 
surface surrounding the bud (Tkacz & Lampen, 1972).

6. Molecular architecture

The cell wall of baker's yeast is approximately 70 - 10 nm thick
II

(1-îoor & Muhlethaller, 1963) and accounts for 15 - 16% of the dry weight of 
the cell (Bacon et al., 1969) . Many attempts have been made to demonstrate 
particular polysaccharides in particular layers by examination of ultra- 
thin sections under the electron microscope, but the results have been 
rather inconclusive. Recently, however, four layers have been recognised 
in thin sections of Sacch. cerevisiae (Cassone, 1973). It is claimed that 
layers 1 and 2 contain mannan-protein (layer 1 being furthest from the 

plasma membrane). Layer 3 is predominantly mannan-glucan-protein. Layer
4 is closely aprèssed to the plasma membrane and may be the alkali- 
insoluble glucan. This interpretation agrees fairly well with the cell- 
wall model proposed in 1970 by Kidby & Davies which is shown diagrammatically 
in Fig 4.

C. LIPIDS OF YEASTS

1. Total Lipid Content

Any survey of the literature relating to yeast lipids quickly 
reveals that the total lipid content varies widely from species to species. 
Nevertheless it is possible to distinguish at least two groups of yeasts by 
their lipid content. The majority contain between 7% and 15% of tlieir dry 
weight as lipid. However, a second, smaller class have a lipid content of 
bet\Yeen 30% and 60% (Hunter & Rose, 1971) ; these are the so-called "fat" 
yeasts.
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Fig 4.

Model of yeast cell wall (Kidby & Davies, 1970)
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The lipid content, of Sacch, cerevisiae has been variously 
reported as 8% (Letters, 1966,) and 14.4% (Hunter & Rose, 1972) , Such 
discrepancies presumably reflect the growth conditions used (see Section 
C-5) and the efficiency of the extraction method employed.

2. Methods of extraction

Although a wide variety of organic solvents have been used to 
extract yeast lipids, it is unfortunate that very few studies of 
comparative efficacy have been made. The results of two such studies are 
shown in Table 1. It has been suggested that non-polar solvents are 
efficient only when the cells have been previously disrupted (Harrison & 
Trevelyan, 1963), whereas Letters (1966) has claimed that neutral solvents 
must be acidified with hydrochloric acid if the full complement of phospho
lipids is to be extracted.

Great care must be taken to avoid possible enzymic 
decomposition of the phospholipid components during the extraction 
procedure. Letters & Snell (1963) found that treatment with organic 
solvents, particularly at room temperature, is sufficient to activate 
membrane-bound phospholipases. The major enzyme involved is thought to 

be a phospholipase C (Harrison & Trevelyan, 1963), However the problem 
can be overcome by heating the yeast cells in 80% (v/v) ethanol for 
fifteen minutes prior to extraction with chloroform and methanol. These 
conditions are sufficient to inactivate the phospholipases (Letters, 1968),

3. Lipid components

a) Fatty acids

Significant amounts of free fatty acids (approximately 5% of 
the total lipid content) have been found in Sacch. cerevisiae (Castelli,
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Barbares! & Bertoli, 1969; Hiinter & Rose, 1972), However, this may not 
be a true figure since fatty acids can also arise from the enzymic 

hydrolysis of phospholipids, as already mentioned.

A typical lipid composition for yeast would be anticipated to
have an overall fatty acid content of 70% to 90% (Rattray, Schibeci &
Kidby, 1975), with the and acids predominating. Baraud, Maurice 
& Napias (1970) have identified thirty-three different fatty acids in 
extracts from Sacch. cerevisiae ranging in chain length from to 
However acids of chain length *- have been found to account for 
only 1% to 2% of the total complement (Welch & Burlinghame, 1973).

Yeasts in general abound in unsaturated fatty acids and
Hunter & Rose (1972) have shown that in Sacch, cerevisiae NCYC 365 the

C^g^^ and Cjl8*1 (^°^Ponents account for almost 70% of the fatty acid content.

b) Acylglycerols

The acylglycerols (Fig 5a) are esters of long chain fatty 
acids and glycerol. Triacylglycerols, together with phospholipids and 
sterols, account for the bulk of cellular lipids in yeasts (Hunter & Rose,
1971). These three classes of compounds are easily separated by thin 
layer, paper and column chromatography.

As with triacylglycerols of mammalian origin, the unsaturated 
fatty acid component in yeasts is preferentially esterified to the C^ atom 
of the glycerol backbone (Meyer & Bloch, 1963),

Diacylglycerols and monoacylglycerols have also been 
detected in lipid extracts from yeasts (Kates & Baxter, 1962), These 
were mostly 1,2 diacyl-sn glycerols but a small amount of 1,3 diacyl-sn
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Figure 3 Structure of different lipids found in yeasts
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glycerols was detected. The monoacylglycerol was shown to be 1, acyl-sn 

glycerol,

c) Phospholipids

Most of the yeast species have a phospholipid content of 
between 3% and 7% of the cell dry weight. Structures for the most common 
phospholipids are given in Fig 5b. A representative distribution (as the 
percentage of total phospholipid) of 35% to 55% phosphatidyl choline, 20% 
to 32% phosphatidyl ethanolamine, 9% to 22% phosphatidyl inositol, 4% to 
18% phosphatidyl serine and less than 10% of minor component, has been 
described by Letters (1968) . The minor phospholipids include phosphatidic 
acid, cardiolipin, phosphatidyl glycerol, N ’monomethyl phosphatidyl 
ethanolamine and N'N' dimethyl phosphatidyl ethanolamine (Rattray,
Schibeci & Kidby, 1975). The amino acid esters of phosphatidyl glycerol 

(the lipoamino acids), common in bacteria, have not as yet been isolated 
from yeasts (Hunter & Rose, 1972). Similarly, plasmalogens appear to be 
absent or present in only trace amounts (Letters & Snell, 1963).

Lester and his colleagues have investigated the nature of the 
inositol-containing yeast phospholipids. So far seven have been isolated 

and characterised. Phosphatidyl inositol is predominant. The others 
are di- and tri-phosphatidyl inositol and four inositol-containing 
sphingolipids (Steiner, Smith, Waechter & Lester, 1969; Lester & Steiner, 
1972; Steiner & Lester, 1972a,b).

Lysophospholipids have been recognised in lipid extracts of 
yeasts, although they generally account for only a small proportion of the 
total lipid phosphorus (Hunter & Rose, 1972). Contrary to this. Letters 
(1968) has found that anaerobically grown Sacch. carlsbergensis contains
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large amounts of lysophosphatidyl choline accounting for some 27% of 
the total lipid phosphorus.

Recently a novel phospholipid - pyrophosphatidic acid - has 
been isolated and characterised from Cryptococcus neoformans. It may 
also be present in some other species of yeast (Itoh & Kaneko, 1974).

d) Hydrocarbons

Due to the lack of a reliable assay very little work has been 
done on this class of lipid. However, Russian workers reported that 
yeasts contain between 0.1% to 0.7% of their dry weight as hydrocarbon 
(Maksimova, Vorboreva, Grigoreva & Botnikova, 1967). A more detailed 
study of the hydrocarbon fraction from Sacch. oviformis and Sacch. ludwigii 
suggested that this class of lipid could account for up to 20% of the 
lipids in the cell (Baraud, Cassagne, Genevois & Joneau, 1967). More than 
forty different straight- and branched-chain alkahes were detected varying 
in chain length from C^^ to C^^. The same group confirmed the presence 

of hydrocarbons in Sacch. cerevisiae (Baraud, Maurice & Napias, 1970).

e) Polyprenols

Polyprenols have been demonstrated in yeasts only relatively 
recently (Dunphy, Kerr, Pennock, Whittle & Feeny, 1967). A total of 5 mg 
of dolichols was isolated from 1 kg of pressed baker's yeast. The chain 
length of these compounds varied from to Subsequently, Jung &
Tanner (1973) fractionated the naturally occurring dolichols in Sacch. 
cerevisiae into five homologous polyprenols saturated with a-isoprene 
units. Phosphorylated forms accounted for 10% to 20% of the free dolichols
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f) Sphingolipids

Sphingolipids are hydroxy fatty acid esters of long chain amino 
alcohols or sphingosines and comprise three main types known as sphingo
myelins, cerebrosides and gangliosides respectively. There have been 
many reports of sphingolipids in yeasts. All those examined in detail 
have been cerebrosides and derivatives of phytosphingosine (Reindel, 
Wieckmann, Picard, Luber & Turula, 1940; Stanacev & Kates, 1963; Wagner 
& Zofcsik, 1966a,b; Trevelyan, 1968; Tanner, 1968; Steiner et al., 1969), 
Wagner & Zofcsik (1966a,b) isolated and characterised two sphingolipids 
from Sacch. cerevisiae and Candida utilis. From one of these lipids 
three sphingosine bases, a-hydroxy stearic acid and galactose were released 
upon hydrolysis. The products of hydrolysis of the other lipid included 

and phytosphingosines; dihydro-sphingosine; and
fatty acids; inorganic phosphate, inositol and mannose. This latter 
sphingolipid was called a "mycoglycolipid". Later evidence (Tanner, 1968) 
precludes the possibility that it is an inositol mannoside-containing 
glycolipid of the type found in mycobacteria.

Recently, Suomalainen and his associates have demonstrated 
several complex sphingolipids containing phosphate and inositol in the cell 
envelope of baker’s yeast (Tyorinoja, Nurminen & Suomalainen, 1974) .

g) Glycolipids

In addition to the complex glycosphingolipids, small quantities 
of other glycolipids have been found in Sacch. cerevisiae, Monogalactosyl- 
diacyl glucose for example has been recognised in lipid extracts from 
stationary phase cells (Baraud, Maurice & Napias, 1970). Such glycolipids 
are characterised by an abundance of long chain (greater than C^g) and 
odd-chain fatty acids.
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The presence of sterol glycosides, monogalactosyl diacyl 
glycerols and acyl sugars has been demonstrated in cell envelopes of 
baker's yeast (Tyorinoja, Nurminen & Suomalainen, 1974).

h) Sterols

The total sterol content of yeasts can range from 0.03% to 
4.6% of the cell dry weight, accounting for up to 10% of the total cell 
lipid. Yeasts of the genus Saccharomyces are particularly rich in 
sterols. The most common yeast sterols are ergosterol and zymosterol 
(Pig 5c; Hunter & Rose, 1971) and ergosterol may account for over 90% of 
the total sterol in some species. Some of the minor sterols present in 
Sacch. cerevisiae are listed in Table 2.

Sterols can occur free or esterified to fatty acids 
characterised by a high content of and in certain genera g
acids. Sterol esters were first reported in yeasts as long ago as 1940 
(Maguigan & Walker, 1940). The bulk of the sterol component in Sacch. 
cerevisiae is esterified (Hunter & Rose, 1971). It would appear that 
sterols can also be esterified to a polysaccharide (Adams & Parks, 1967, 
1968) which may be identical to the cell-wall mannan (Thompson, Knights & 
Parks, 1973).

4. Cellular Distribution

Up to the beginning of this decade it was generally held that 
in non-fat yeasts, the cellular lipids were located in a membrane system 
(Hunter & Rose, 1971). Recently there have been a number of reports 
about the presence and/or composition of lipid droplets, granules, 

particles or vesicles in Sacch. cerevisiae (Dawson & Craig, 1966; Baraud,
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Table 2
Minor Sterols in Lipid Extracts of Sacch. cerevisiae

STEROLS REFERENCE

Dimethyl-4“4'zymosterol 
Methyl-4a-zymosterol 
^5,7,22,24(28)ergogtetraen-3B-ol*

Episterol

Asc0sterol 
Cerevisterol 
14-dehydrocholesterol 

5-dihydro chole sterol 
4a-methylene-24-25- 

dihy.dro zymo stero 1
4.14 dimethylcholesta-8,24-dien 

3g-ol
4.14 dimethylergosta-8,24-dien „ "

33~ol
4.14 dimethylergosta-8,24(28)- " 

dien-33“Ol

*This sterol has been shown to be a major component of the sterol 

fraction of Sacch. cerevisiae NCYC 366 (Longley, Rose & Knights, 1968; 
Hunter & Rose, 1972).

Ponsinet & Ourisson (1965)

Breivik, Oivades & Light (1954) 
Longley, Rose & Knights (1968) 

Wieland, Rath & Hess (1941)

Fieser & Fieser (1959)

Callow (1931)

Barton, Harrison & Widdowson (1968) 

Trocha, Jasne & Sprinson (1974)
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Maurice & Napias, 1970; Hossack, Wheeler & Rose, 1973; Cartlege & Rose, 
1973; Clausen, Christiansen, Jennsen & Behnke, 1974).

Longley, Rose & Knights (1968) found very few differences in 
lipid composition between isolated plasma membranes and whole cells, although 
they were able to demonstrate that the protoplast membrane contained a 
greater proportion of phosphatidyl ethanoline and phosphatidyl inositol 
plus phosphatidyl serine than whole cells, but less phosphatidyl choline. 

Minor changes in the distribution of fatty acids were also reported. In 
contrast to this earlier study, Hossack, Wheeler & Rose (1973) using plasma 
membranes isolated by a sucrose density gradient fractionation of sphaero- 
plast lysates found that they were deficient in sterol esters and 
concluded that Sacch. cerevisiae may have a plasma membrane lipid 

composition similar to that of animal cell-surface membranes.

A rather broad range of values have been reported for the 
amount of lipid that is genuinely part of the cell wall. Thus, Kessler & 
Nickerson (1958) reported a lipid content of 8% to 10% while Eddy (1958) 
quoted a figure of 2%. A range of lipid contents from 2% to 9% has been 
shown to exist in cell walls prepared from Sacch. cerevisiae grown under 
different conditions of substrate limitation (McMurrough & Rose, 1967), 
Suomalainen's group have examined the lipids from the cell walls of brewer's 
and baker's yeast in great detail and have reported yields of 1.4% and 
1.6% lipid respectively. They have further shown that the lipid of the 
cell walls prepared from baker's yeast comprises 74% neutral lipid with 

acylglycerols and sterol esters accounting for 83% of this (Nurminen, 
Konttinen & Suomalainen, 1975).

Much attention has been paid recently to the lipid composition 

of a low density vesicle fraction which can be isolated relatively easily
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from sphaeroplast lysates of Sacch. cerevisiae. Hossaclc, I'Theeler & Rose 
(1973) reported tliat the lipid composition was 32% phospholipid, 38% sterol 

ester and 26% triacylglycerol. In contrast, Cartlege & Rose (1973), 
using the same strain of yeast but another fractionation procedure, 
reported a quite different lipid composition for these vesicles. The most 

notable changes were a decrease in the sterol ester and phospholipid levels 
to 10% and 17% respectively and a large increase in the content of free 
fatty acids (from O to 30% of the total lipid). They also showed that 
the distribution of phospholipids in the vesicle fraction is different from 
that in whole cells.

A Danish group has also isolated lipid particles from Sacch, 
cerevisiae and has reported that these structures contain 94% lipid which 
is mainly composed of triacylglycerol and sterol ester (Clausen,
Christiansen, Jensen & Behnke, 1974).

5. Effects of growth conditions on lipid content

A variety of conditions influence the growth of yeast and must 
be taken into account in any meaningful asses^eht of the cellular lipid 

composition. The effects of the environmental factors on the cellular 
lipid composition of Sacch. cerevisiae have been summarised in Table 3,
Those attributable to phosphate deprivation are discussed in more detail 
in Section E, below.

6. Biological significance

a) Fatty acids

Fatty acid composition, it would appear, is an important variable 
in membrane morphology (Henry & Keith, 1971; James, Branton, Wisnieski &

48



Table 3 The effect of Environmental Factors on the Lipid Composition od

iCi.VO

Growth conditions 
Growth during early exponential phase

Growth during late exponential phase 
Entry into stationary phase

Decreased growth rate

Increasing the concentration of 
glucose in the culture medium 
from 0.2% (w/v) to 1.0% (w/v)

Phosphate deficiency

Inositol deficiency

Biotin deficiency 
Anaerobiosis

Decrease in growth temperature

Effect on lipid composition
Decrease in total lipid mainly at expens 
of triacylglycerols,
Increase in total lipid production.
Rapid decrease in lipid content as a 
result of increased lipid peroxidase 
activity.
Increased synthesis of phosphatidyl 
choline and sterol ester.

Decreased total lipid mainly at expense 
of phospholipid and sterol ester. 
Increased proportion of unsaturated 
fatty acids.

Increased total lipid mainly as 
triacylglycerol,

Increased total lipid, mostly as 
triacylglycerol. Overall level of 
phospholipid unaltered. Fall in level 
of phosphatidyl inositol. Accumulated 
lipid stored as globules. Affects 
composition of cell wall lipids.

Lowered level of and C^g fatty acids
Lowered amounts of total lipid, phospho
lipid and sterol. Variable acyl- 
glycerol content. Increased quantities 
of lysophospholipids. High levels of 
saturated fatty acids. Induction of 
fatty acid and sterol auxotrophy.

Increased synthesis of triacylglycerols 
and phospholipids. Decreased content 
of total and esterified sterols. Littl 
or no effect on unsaturated or 
composition of fatty acids.

Fall in pH from 6.0 to 5.5 Kffects geherai composition rather l^an 
quantity of cellular lipid.



Keith, 1972) , Considerable information has been obtained from studying 
the growth requirements of fatty acid de'saturase mutants (Keith, Wisnieski, 
Henry & Williams, 1973). Marked growth-promoting ability has been

9observed with fatty acids containing a cis-A bond (Wisnieski, Keith &
Resnick, 1970; Wisnieski & Kiyomoto, 1972). Barber & Lands (1973) have

dc
demonstrated that increasing the saturation of the fatty acid supplement 

increases the cell yield, with the ^ 2 2 - 6 ' ^20-5 ^20*4 ^^Ids producing
greatest activity. The biological significance of this finding is not 

clear since these acids are not normally found in Sacch. cerevisiae. 
ïfhen the level of unsaturation of the supplement was decreased it was found 
that respiratory incompetent cytoplasmic petite mutants were induced 

(Marzuki, Hall & Linnane, 1974). Rroudlock, Haslam & Linnane (1969, 1971) 
have demonstrated that unsaturated fatty acids are necessary components of 
mitochondrial lipid if electron transport is to be coupled to oxidative 
phosphorylation. A similar relationship has been shown for active cation 
transport (Haslam, Spithill, Linnane & Chappell, 1973),

By exploiting the anaerobically-induced requirement of Sacch. 
cerevisiae for an unsaturated fatty acid and %-:'’sterol, Altherthum & Rose 
(1973) were able to study the effect of lipid unsaturation on the ability 
of the yeast plasma membrane to resist stretching. They grew cells 
enriched in either oleic, linoleic or linolenic residues and found that 
the susceptibility to osmotic lysis of sphaeroplasts prepared from such 

cells increased as the proportion of fatty-acyl unsaturation was raised.

b) Sterols and sterol esters

Sterols have been isolated from a variety of membrane systems 
(Rattray, Schibeci & Kidby, 1972) and from vesicle preparations (Hossack, 

Vïheeler & Rose, 1973). Although the cell wall of Sacch. cerevisiae has
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been found to be deficient in sterol (Baraud et al., 1970? Nurminen & 
Suomalainen, 1971) its mannan component possesses a general capacity to 

bind sterol in vitro (Thompson, Knights & Parks, 1973),

The major function of sterols in yeast has been regarded by 
Proudlock, Wheeldon, Jollow & Linnane (1968) to be one of structural 
influence on the dynamic state of membranes. Recently, Hossack & Rose 
(1976) have examined the effect of different sterol enrichments on the 
ability of the plasma membrane to remain intact when sphaeroplasts are 
exposed to hypotonic solutions of sorbitol. The capacity to resist 
stretching was greatest when the membrane was enriched in a sterol with an 
unsaturated side chain at (e.g. ergosterol and stigmasterol).

c) Phospho1ipids

The relative constancy of the total phospholipid component in 
yeast is suggestive of some primary role (Rattray, Schibeci & Kidby, 1975). 
It has been proposed by Jollow, Kellerman & Linanne (1968) that phospho
lipids are the major structural components of yeast membranes.

Several isolated functions have been ascribed to individual 
phospholipids. Talwalker & Lester (1973) have observed that a cyclical 
turnover of polyphosphoinositides is accompanied by changes in adenylate 
energy charge which may possibly facilitate diffusion of ions across 
membranes in Sacch. cerevisiae. Hydrolysis of phosphatidyl glycerol 
phosphate to phosphatidyl glycerol may be important in active transport of 
^-galactose and amino acids (Deierkauf & Booij, 1968). Phospholipid has 
been shown to protect mitochondrial ATPase against the action of oligomycin 
(Somlo & Krupa, 1974).
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D. TEICHOIC ACIDS IN MICRO-ORGANISMS

The term "teichoic acid" (Gr. teichos = wall) was originally 
used to describe polymers containing phosphate which were isolated from 
the cell walls of Gram-positive bacteria. The first of these to be 
examined in detail were all polymers of either glycerol phosphate or 
ribitol phosphate in which repeating units were joined together through 
phosphodiester linkages. Glycosyl and D-alanine ester substituents were
also usually present. Subsequently, polymers possessing considerable 
variation on this basic structure were isolated. In addition, glycerol 
phosphate polymers were found to be almost ubiquitous components of the 
membranes of Gram-positive bacteria; these compounds appear to be 
covalently bound to lipid and are now generally referred to as lipoteichoic 
acids. Consequently the definition of teichoic acids has now been 

broadened to include all wall, membrane or capsular polymers containing 
glycerol phosphate or ribitol phosphate residues (Baddiley, 1972).

1, Occurrence and location

Teichoic acids were first extracted from the walls of Gram- 
positive bacteria by treatment with cold trichloroacetic acid (Armstrong, 
Baddiley, Buchanan, Carss & Greenberg, 1958), They are major cell wall 
components, often accounting for between 20% and 50% of the dry weight of 
the cell wall and are covalently linked to peptidoglycan (Baddiley, 1972). 
Their distribution is widespread and their occurrence, structure and 
antigenicity can be of taxonomic importance (Knox & Wicken, 1973). All 
wild strains of Staphylococcus .aureus for example contain ribitol teichoic 

acid in their walls.
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Some confusion still exists about the precise location of 
membrane-associated teichoic acids. They were first isolated from whole 
cell extracts of bacteria which lacked a wall teichoic acid and at that 
time were given the name "intracellular teichoic acids". Later studies 
on polymer release during protoplast formation suggested a periplasmic 
location (Hay, Wicken & Baddiley, 1963). However, subsequent isolation 
of teichoic acid covalently bound to lipid was demonstrated (lipoteichoic 
acid; Toon, Brown & Baddiley, 1972). Recent work (Huff, Cole & Theodore, 
1974) now suggests that lipoteichoic acid may be associated with mesosomal 
vesicles, at least in some bacteria, although this has been disputed 

(Joseph & Shockman, 1975). Lipoteichoic acids have been found in all 
Gram-positive bacteria examined so far with the exception of Micrococcus 

lysodeikticus (Powell, Duckworth & Baddiley, 1974) and Sarcina lutea 
(L.J. Douglas & J.H. Freer, personal communication), These organisms do, 
however, possess related acidic polysaccharides which also appear to be 
located in the mesosomes (Owen & Salton, 1975).

Although for many years it was supposed that teichoic acids 
were confined to Gram-positive bacteria, recent' reports indicate their 
distribution may be more widespread. It has been shown that a simple 
unsubstituted poly (glycerol phosphate) teichoic acid is present in a yeast ■ 
Candida intermedia (Naumova & Streshinskaya, 1973). These workers have 
tentatively suggested an intracellular location for this polymer. Recently, 
a lipoteichoic acid has been detected in hot phenol extracts of the Gram- 
negative rumen anaerobe Butyrivibrio fibriosolvens (Sharpe, Brock &

Phillips, 1975). This material was subsequently extracted, isolated and 
analysed and the presence of a lipoteichoic acid confirmed (Hewett, Wicken, 

Knox & Sharpe, 1976). Ribitol and ribitol phosphate have been released 
upon alkaline and acid hydrolyses respectively from a lipopolysaccharide
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preparation of Proteus mirabilis (Gmeiner, 1975). The significance of 
this observation is not yet clear, although it may indicate the presence 
of ribitol teichoic acid in a Gram-negative organism.

2. Structure

a) Poly (ribitol phosphate) teichoic acids

Ribitol teichoic acids of this type are confined exclusively to 
bacterial walls and the most extensively studied are those from strains of 
Staph, aureus (Baddiley, Buchanan, Martin & RajBhandry, 1962; Baddiley, 
Buchanan, RajBhandry a Sanderson, 1962). In all of those examined, the 

phosphodiester linkages are between positions 1 and 5 on ribitol and an 
N-acetylglucosaminyl residue is present at the D-4 position on each ribitol 
residue (Fig 6A). The glycosidic linkages may be a or 3 but in the 
majority of strains both types of linkage are present (Davidson & Baddiley, 

1963). Most of the ribitol residues also possess a D-alanine ester 
residue and the extracted polymer has an average chain length of 5 - 9 
repeating units.

V..'"
Similar ribitol teichoic acids are found in the walls of 

bacilli and lactobacilli. In a strain of Bacillus subtilis the sugar 
substituents are g-glucopyranosyl (Armstrong, Baddiley & Buchanan, 1961) 
whereas in Lactobacillus arabinosus 1 7 - 5  they are a-glucopyranosyl 

(Archibald, Baddiley & Buchanan, 1961). Ribitol teichoic acids of rather 
more complex structure also comprise the capsular material of some 
pneumococci (Chittenden, Roberts, Buchanan & Baddiley, 1968; Rao,
Buchanan & Baddiley, 1966; Brundish & Baddiley, 1968),
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Figure 6
Structure of typical ribitol and glycerol teichoic acids

A. Ribitol teichoic acid from Staph, aureus
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b) Poly (glycerol phosphate) teichoic acids

Teichoic acids containing glycerol phosphate are more widespread 
than are those containing ribitol phosphate. The first examples to be 
subjected to structural examination were polymers of glycerol phosphate 
in which phosphodiester linkages join the 1- and 3-positions of adjacent 
glycerol residues (Kelemen & Baddiley, 1961). These were lipoteichoic 
acids and subsequent work supports the conclusion that all lipoteichoic 

acids are of this type (Baddiley & Davidson, 1961; Davidson & Baddiley,
1963; Archibald, Baddiley & Button, 1968). Many of them lack glycosyl 
substituents completely, but a few have glycosyl substituents on 2-hydroxyl 
groups of occasional glycerol residues (Critchley, Archibald & Baddiley, 1962) 
Alanine ester residues occupy hydroxyl groups on most of those glycerol 
moieties that are not glycosylated. An example of this type of structure 
is shown in Pig 6B. Glycerol teichoic acids also exist in which the 
phosphodiester linkage is between Cl and 02 of adjacent glycerol residues. 
These have been found in actinomycetes (Naumova & Zaretskaya, 1964) and 
in Bacillus stearothermophilus (Wicken, 1966).

c) Complex glycerol teichoic acids

Glycerol teichoic acids have been recognised in which the sugar 
residue forms part of the main polymer chain. An example of this type of 
polymer is the glucosylglycerol phosphate teichoic acid from Bacillus 

licheniformis ATCC 9945 (Fig 7A). A galactosylglycerol phosphate teichoic 
acid of similar structure also occurs separately in the wall of this strain 

of B. licheniformis.

A related polymer has been identified in the walls of Staph. 
lactis 13. It contains a repeating unit in which glycerol phosphate is
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Fig. 7 STRUCTURES OF OTHER GLYCEROL TEICHOIC ACIDS
A. Glucosylglycerol Phosphate Teichoic Acid from B. licheniformis

A.T.C.C. 99i|5 (Burger & Glaser, I966)
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attached to the hydroxyl at C4 on N-acetylglucosamine 1-phosphate ;
D-alanine ester residues are present on the C6 hydroxyl of the N-acetyl- 
glucosamine residue (Fig 7B).

d) Lipoteichoic acids

A mixture of phenol and water can be used to extract membrane 

teichoic acids from disrupted cells (Burger & Glaser, 1964). The 
suggestion (Archibald, Baddiley & Blumsonv 1968) that in such preparations 
the linkage to membrane components remains intact has been verified in a 
study of teichoic acids extracted from lactobacilli (Knox & Wicken, 1970; 
Wicken & Knox, 1970), Such preparations of teichoic acid and membrane 
lipid are now termed "lipoteichoic acids".

Detailed analysis of the lipoteichoic acid from Strep, faecalis 
showed that the glycerol phosphate chain of the teichoic acid comprises 
2 8 - 3 5  repeating units and is covalently attached through its terminal 
phosphate to a phosphatidyl glycolipid that is a normal component of the 
membrane. The phosphodiester linkage is attached to an unidentified 
hydroxyl on one of the two glucose residues i^-'the glycolipid (Toon, Brown 

& Baddiley, 1972) and the phosphatidyl residue is attached to another 
unidentified hydroxyl on a glucose residue (Fig 7C).

More recently lipoteichoic acids have been extracted by the 
cold-phenol procedure from a variety of lactobacilli, streptococci, 
bacilli and staphylococci (Coley, Duckworth & Baddiley, 1972; Knox &
Wicken, 1973).

3, Biosynthesis

The incorporation of glycerol and ribitol into the corresponding
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polyol polymer has been accomplished using CDP-glycerol and CDP-ribitol 
as precursors (Burger & Glaser, 1964; Glaser, 1964; Ishimoto &
Strominger, 1966) and washed cytoplasmic membrane or particulate 
preparations corresponding to fragmented membrane as the enzyme source.
The particulate enzyme system from B. subtilis NCTC 3610 can also carry 

out a transglycosylation reaction in which a-D-glycopyranosyl residues 
are transferred from UDP-glucose to poly (glycerol phosphate). For the 
cell-free synthesis of the complex wall teichoic acid from Staph, lactis 
13 (Fig 7B) both CDP-glycerol and UDP-N-acetylglucosamine are required 
simultaneously (Baddiley, Blumsom & Douglas, 1968) .

Lipid intermediates, similar to those involved in peptidoglycan 
synthesis, have been shown to be important in the biosynthesis of some 
teichoic acids (Douglas & Baddiley, 1968; Hussey & Baddiley, 1972). 
Repeating units of the teichoic acids of B, licheniformis ATCC 9945 and 
Staph, lactis 13 are assembled stepwise on the lipid then transferred to 
the nascent polymer chain (Hancock & Baddiley, 1972; Anderson, Hussey & 
Baddiley, 1972; Hussey & Baddiley, 1972). A common pool of lipid, which 
has been identified as undecaprenol phosphatë̂ r-'has been shown to exist 

for peptidoglycan and teichoic and biosyntheses (Watkinson, Hussey & 
Baddiley, 1971; Anderson, Hussey & Baddiley, 1972),

Poly (ribitol phosphate) synthetase from Staph, aureus H has 
been solubilised and shown to use lipoteichoic acid as an acceptor for 

the newly synthesised polymer (Fiedler & Glaser, 1974a). Evidence has 
also been presented that lipoteichoic acids from a wide variety of sources 
can act as acceptor in this system (Fiedler & Glaser, 1974b).

Recent studies have shown that the poly (ribitol phosphate) 
teichoic acid of Staph, aureus H is attached to peptidoglycan through a
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oligomer of glycerol phosphate (Coley, Archibald & Baddiley, 1976),
This linkage unit appears to be synthesised from CDP-glycerol (Bracha & 

Glaser, 1976; Hancock & Baddiley, 1976),

4. Function

A considerable proportion of the metabolic activity in many 

Gram-positive bacteria is directed towards synthesis of teichoic acid and 
so it seems reasonable to assume that these polymers have some role or 
function which is of value to the cell. Thus far evidence has been 
obtained for three possible functions. Several observations support the 
idea that one important function is in the binding of cations and the 
provision of the correct cationic environment at the plasma membrane. 
Secondly, the lysis and autolysis of certain bacteria is influenced by 
teichoic acid, and it appears that teichoic acids may participate in the 
activation and regulation of autolytic enzymes during cell growth.
Finally, a role for lipoteichoic acid has been proposed in the synthesis 
of wall ribitol teichoic acid in some bacteria (see Section D.3).

In addition, teichoic acids are ifeeguently antigenic (Knox & 

Wicken, 1973) and often form part of the specific receptor site for various 
bacteriophages (Glaser, Ionesco & Schaeffer, 1956; Young, 1967), However 
important though these properties are, they are not usually regarded as 
true biological functions since they are unlikely to confer any advantage 
on the cell.

The cation-binding properties of walls of certain staphylococci 
(Cutineui & Galdiero, 1967; Bradley & Parker, 1968) have been ascribed to 
the teichoic acid component (HepKnstall, Archibald & Baddiley, 1970). The 
ability of teichoic acid to act as a cation buffer (that is to maintain, at
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the membrane, an optimal concentration of cation which is almost

independent of the cation concentration of the suspending medium) has
been demonstrated with a cell-free system from B, licheniformis ATCC 9945
(Hughes, Hancock & Baddiley, 1973). An inverse relationship between the

++amount of ester-bound alanine on the teichoic acid and the amount of Mg 
bound by walls of staphylococci has been established (Archibald, Baddiley 
& Hepfî nstall, 1973), It was also suggested that the alanyl-ester content 
may regulate the surface charge and cation binding properties of the wall. 
The importance of a negatively-charged polymer in the wall of many Gram- 
positive bacteria has been demonstrated by the finding that under 
conditions of phosphate limitation, teichoic acid is replaced by 
teichuronic acid (see Section E.l).

Bacterial autolysins have been implicated in the processes of 
surface growth and cell division (Rogers, 1970; Shockman, Daneo-Moore & 
Higgins, 1974). Since one result of autolytic activity is cell lysis, 

regulatory mechanisms at the cellular level have been postulated (Shockman, 
Daneo-Moore & Higgins, 1974), It has been proposed that lipoteichoic acid 
may act as an inhibitor of autolytic systems ?;(Holtje & Tomasz, 1975; 
Cleveland et al., 1975) . Déacylation of the lipoteichoic acid and 
certain lipids of Streptococcus faecalis ATCC 9790 removed the inhibitory 
action of these compounds on the autolytic enzyme (a muraminidase) of this 
organism (Cleveland, Wicken, Daneo-Moore & Shockman, 1976). Thus 
déacylation of lipoteichoic acid vivo by the action of a deacylase may 
provide a mechanism for the control of autolytic activity.

E. PHOSPHATE LIMITATION OF GROWTH OF MICRO-ORGANISMS

The ability of a micro-organism to alter its structure and 
function in response to changes in its growth environment is a striking
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one. In particular, the changes which often accompany phosphate 
limitation of growth are many and varied. Phosphorus is found as a 

structural component in nucleic acids, lipids, cell wall polymers and 

energy reserve polymers. It is therefore not surprising to find that 
much work has been carried out in investigating the effects of phosphate 
limitation on growth of micro-organisms.

One of the problems facing investigators in this field is that 
micro-organisms interact chemically with their environment, taking up 
nutrients and excreting end-products of metabolism. Consequently the 
environment in which the organism is being grown is changing continuously 
and, as the environment changes, so too will the parameter which is being 
studied. This difficulty can be avoided by growing the organism in a 
continuous-flow culture system. Only then are steady state conditions 
achieved, in which the properties of the organism and the environment of 
the organism do not change substantially with time.

1. Gram-positive bacteria

Phosphate limitation of growth produces major changes in both 

the cell-wall composition and lipid composition of many Gram-positive 
bacteria. Some of the effects have been reviewed by Ellwood & Tempest 
(1972). The changes in cell-wall composition which accompany phosphate 
limitation of Bacillus subtilis var niger grown in chemostat culture are 
particularly striking and these have been summarised in Table 4.

It would appear that, when a constraint is applied to the 
supply of phosphate, this organism can terminate the synthesis of wall 
teichoic acid and replace it with a non-phosphorus-containing anionic 
polymer, teichuronic acid (Ellwood & Tempest, 1968). The effect of
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Table 4

The Effects of Phosphate Limitation on the Cell Walls of
B. subtilis var niger

1. The phosphate content of the cell wall falls 10-15 fold.

2. The teichoic acid content falls from h0~'^0% of the dry weight
of the wall to < 3% of the dry weight,

3. The content of uronic acid increases from < 3% to 25^ of the
dry weight of wall.

U. The galactosamine content rises from < to 1%^ of the dry 
weight of the wall.
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phosphate limitation on synthesis of cell walls teichoic acid has now 
been examined in variety of other Gram-positive bacteria, and in each case 
the teichoic acid was replaced by teichuronic acid (Ellwood & Tempest,
1972). The list of organisms studied included B. subtilis W23, B. subtilis 
168, B. licheniformis., B . megaterium KM and Staphylococcus aureus H.

The peptidoglycan component of walls of Gram-positive bacteria 
may also be changed phenotypically by substrate limitation in general 
and phosphate limitation in particular. When B. subtilis W23 for example 
is grown under conditions of phosphate limitation, the peptidoglycan 
contains significantly more muramic acid than glucosamine (Ellwood &
Tempest, 1972). Such changes in peptidoglycan composition are paralleled 

by an altered sensitivity of the organism to lysozyme.

Rather less information is available on the effects of phosphate 
limitation of growth on the lipid composition of gram-positive bacteria. 
Minnikin, Abdolrahimzadeh & Baddiley (1971) claim that when B. subtilis W23 
and B . cereus T are grown under conditions of apparent phosphate 
limitation, these organisms accumulate diglucosyldiglycerides at the expense 
of some of the phosphatidylethanolamine. B.''cereus T also produces an 
acidic glycolipid which partially replaces the acidic phospholipids 
phosphatidylglycerol and diphosphatidylglycerol.

2. Gram-negative bacteria

The cell envelope composition of Aerobacter aerogenes grown 
under different conditions of substrate limitation has been extensively 
studied (Ellwood & Tempest, 1968), When phosphate limits the growth of 
this organism, the cell envelopes contain elevated amounts of lipopoly

saccharide while the levels of protein, phosphorus and carbohydrate are 
correspondingly lowered.
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Minnikin al. (1974) have repeated their claim that acidic 
phospholipids may be replaced in part with acidic glycolipids. The
organism under study in this case was Pseudomonas diminuta. Shaw (1975) ,
however, disagrees with their conclusions and suggests rather that the 
phospholipids are largely replaced by neutral glycolipids,

3. Yeasts

Slodki and his co-workers have shown that the phosphate content 
of exocellular mannans of Hansenula capsulatum and H. holstii is 
decreased when the phosphate concentration of the growth medium is lowered. 

Substitution of 3-linkages by a-linkages also occurs (Slodki, Safranski, 
Hensley & Babcock, 1970). The same workers additionally demonstrated 
that growth in medium containing low concentrations of phosphate 
increased the level of 0-acetyl substitution of the exocellular phospho- 
galactan of SporoboImyces sp. Recently, these results were confirmed 
with a different strain of H. holstii which had been grown batchwise in 
an undefined medium (San Bias & Cunningham, 1974a,b), It is interesting 
to note that these workers found that the mannans elaborated by the yeast, 
although deficient in phosphate residues, were still heterogeneous towards 
ion-exchange chromatography. They also detected changes in the structure 
of both the cell wall and the exocellular mannans and the apparent 
replacement of phosphate groups by 0-acetyl groups. Some of these 
findings were confirmed by Ellwood (1975) using H. holstii grown in a 
chemostat.

Some effects of phosphate limitation on the lipid composition 
of Sacch. cerevisiae and Candida utilis have been briefly reported 
(Johnson, Brown & Minnikin, 1973). An increased total lipid content was 
reflected in increased synthesis of fatty acids and triacylglycerols.
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Only minor, unspecified changes in the polar lipid fraction were 
reported. Similar changes in neutral lipid composition were also 
observed in C. utilis. However, the levels of the three major 

phospholipids were greatly diminished and they were replaced by three 

novel, phosphorus-free, lipids which were not characterised.

Although a detailed study of the effects of phosphate 
limitation on yeast fine structure has not been carried out, it has been 
reported that striated and crystalline inclusions are present in the 
nucleus and cytoplasm of Sacch. cerevisiae cultured in a basal medium of 
low phosphate content (Tanalca & Mizunaga, 1974) ,
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OBJECT OF THE INVESTIGATION

The specific aims of this investigation were two-fold:
(i) an analysis of cell walls and lipids of Sacch. cerevisiae NCYC 366 

grown under conditions of phosphate limitation
(ii) a search for teichoic acids in yeasts.

Substantial changes have been reported in both the cell-wall and 
lipid composition of a variety of bacteria when these organisms were grown 
under conditions of phosphate limitation. Similar detailed studies with 
yeasts have not yet been described, however. The primary objective of 
this work was to investigate whether related changes in the content and 

composition of these components occur when Sacch. cerevisiae is grown under 
phosphate-limiting conditions.

A secondary objective was to confirm the reported occurrence of 
teichoic acid in Candida intermedia and then to extend the survey for these 
polymers to other yeast species. Until recently teichoic acids were 

widely assumed to be confined to Gram-positive bacteria. An unambiguous 
demonstration of the presence of these compound%_.in eukaryotes might lead 
to further clarification of their function in micro-organisms.

67



MATERIALS AND METHODS
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A. GROWTH OF YEAST

1. Strains

The strains of yeast used in this study were 
i. Saccharomyces cerevisiae NCYC 366

ii, Candida intermedia CBS 572
iii. Sacch. cerevisiae type I
iv, C. utilis
v. Baker's yeast.

Sacch. cerevisiae NCYC 366 and C. intermedia CBS 572 were
maintained both in the freeze-dried state and on slopes of glucose-salts- 
vitamins agar (Table 5). Lyophilised cells of C. utilis and Sacch. 
cerevisiae type I were purchased from Sigma Chemical Company (London). 
Baker's yeast was obtained from Allinson Ltd. (London).

2, Growth media

Cultures of Sacch. cerevisiae NCYC 366 were grown in defined
media based on that detailed in Table 5. Fop. non-phosphate-limited and

-1phosphate-limited cultures the concentrations of KH^PO^ were 3 g 1 and 
-181.6 mg 1 , respectively. Cultures of C. intermedia were grown in three

different media, two of which'(GPYS Types A and B) were undefined. Details 
of all three media are also given in Table 5.

3. Cultural conditions

i. Small-scale batch culture

Aliquots of culture medium (50 or 500 ml) were dispensed in 
dimpled Erlenmeyer flasks (250 ml or 2 1) and sterilised by autoclaving
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Table Growth media used for different yeast species

(a) For Saccharomyces cerevisiae NCYC 366

e I L

Glucose

KHgPOj^
MgSO^.THgO
CaClg.SHgO
L“Asparagine
Inositol
Pyridoxal HCl
Calcium-D-pantothenate
Thiamine
Biotin

20
3
3
0.25
0.25
1.0
0.1
0.01
0.01
0.01
2.2 X lO'

(b) For Candida intermedia CBS 572
GPYS Type A

e I L

Glucose 20
Peptone 10
Yeast extract 5 
KH^PO"2" k
MgSO^.THgO
CaCl^.ÔH^O

1
0.50
0.25

GPYS Type B
e I L

Glucose 20
Peptone 10
Yeast extract 5
KH^PO2̂* Î+
MgSÔ .THgO 
CaClg.GH 0

3
0.25
0.25

Defined medium

KHgPOi^
MgSO[̂ ..THgO 
CaCl .6h 0 
Inositol 
Pyridoxal HCl 
Calcium-D-pantothenate 
Thiamine 
Biotin

E l l

3
3
0.25
0.25
0.1
0.01
0.01
0.01
—62.2 X 10

Alkanes' 2 %  (v / t )

'Alkanes' consisted of a mixture of equal volumes of dodecane, tetradecane, 
hexadecane and octadecane.
All media were adjusted to a pH value of ^.5. Distilled water was added to 
a final volume of 1 1.
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at 10 psi for 10 min, or 15 psi for 15 min. The former sterilisation 

conditions were employed for the defined media. Culture medium (50 ml) 
was inoculated with an aliquot (0.1 ml) of a washed cell suspension 
^^Icm “ 0.15) prepared from an overnight culture. Cultures were
incubated at 30°C in an orbital incubator (Gallenkamp Ltd.). The 
platform was adjusted to shake at 125 rpm.

ii. Large-scale batch culture

Cultures (15 1) were grown in a fermenter (LH Engineering Co.
Ltd., Stoke Poges, Bucks.). The fermenter vessel was sterilised, empty,
by autoclaving at 15 psi for 30 min. Culture medium was pumped into the
vessel through a sterile cellulose acetate membrane, pore size 0,45 \i

(Millipore Corp. Ltd.). Mixing of the culture medium was accomplished

using an impellar, revolving at 400 rpm. Sterile air was sparged through
-1the culture at a rate of lo 1 min . The temperature of the culture medium 

was maintained at 30^C by thermostatically-controlled, water-filled, 
submerged heating elements.

Control cells were grown after inoculation of 0.5 1 of an 
overnight culture into 14.5 1 of medium. Cells were harvested during the 

middle of the exponential phase of growth (^^cm ” i*0). Phosphate-limited
cells were grown in a similar fashion. Culture medium was inoculated with 
a washed cell suspension (1 ml) of phosphate-limited cells. The culture 

was harvested towards the end of the logarithmic phase of growth “ 0-75)

Most cultures (10 1) of C. intermedia were grown in a 20 1 
vessel. The medium was sterilised in the vessel by autoclaving at 15 psi 
for 30 min. An overnight broth culture (0.5 1) was used to inoculate the 
medium. Sterile air was supplied through a sparger at a rate of up to
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“1 o5 1 min . Incubation at 30 C was continued until the latter part of
logarithmic growth had occurred " 3.0 - 4.0) .

iii. Continuous culture

Chemostat cultures of the yeast were grown in a 2 1 vessel,

fitted with a device for the control of temperature. Vortex mixing was
accomplished using an impellar driven at a constant speed of approximately
lOOO rpm. Sterile air was sparged into the culture at a flow rate of
approximately 1 1 min The dilution rate (which is numerically equal

-1to the growth rate ) ■ • ' , ' was adjusted to 0.23 h by means of a
Watson-Marlow peristaltic pump. At regular intervals samples were 
removed aseptically through a drain point in the floor of the chemostat 
vessel and used to check the purity, absorbance, pH value of the

culture. The amount of orthophosphate (as phosphorus) present in cell- 
free filtrates of these samples was also determined. "Steady-state" cells 
were harvested either by draining the vessel to about 10% (v/v) of the 
initial volume or by recovery from the chilled, overflow receiver at short 
regular intervals.

4. Measurement of growth

Growth was followed by removing portions of cultures aseptically
and measuring the absorbance in a Pye Unicam spectrophotometer at a
wavelength of either 410 nm or 650 nm against a medium blank. Growth rates
(yi) were calculated using the equation:

log 2 0.69
P = — —  = — p—  where

9 9
tg = culture doubling time.
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B. PREPARATIVE METHODS

1. Preparation of cell walls

Cell walls were prepared by mechanical disruption of the yeast 
with glass beads. Cells were suspended in cold water (approximately lO g 
wet weight plus 10 ml of water) and shaken with No. 10 Ballotini beads 
(10 g) for 75 - 90 s at 4000 rpm in a Braun MSK Homogeniser (B, Braun, 
Melsungen, West Germany). The temperature was maintained at O - 4°C 
throughout the disruption procedure. The extent of cell breakage was 
estimated by phase contrast microscopy and was usually found to exceed 90%. 
Beads were removed by filtration through a sintered glass filter (porosity 
grade O) and the filtrate centrifuged at 750 x g for 20 min. Cell walls 
were recovered from the bottom layer of the pellet and washed ten times 
in 0.1 M tris-HCl buffer, pH 7.2, then four times in distilled water; the 

temperature remained below 4°C throughout. Wall preparations, which 

consisted of intact "wall hulls" and large fragments, were finally 
lyophilised and stored in vacuo over silica gel.

2. Treatment of cell-wall preparations with.g-glucanase and a-mannosidase

~1To 6 ml of a cell-wall suspension (2 mg ml ) in 0.05 M sodium 
citrate buffer pH 5.0, containing 10 mM MgCl^ and lO mM ZnSO^, was added 
0.05 ml (3.75 Units) of a-mannosidase and 0.15 ml (50 Units) of #-glucanase 
solution (10 mg/ml). The mixture was incubated at 30°C for 35 min. 
Aliquots (0.1 ml) were removed at time zero and after 35 min, diluted to 
3 ml with distilled water and their absorbance at 650 nm measured in glass 
cuvettes of 1 cm pathlength against a distilled water blank.
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3. Acid hydrolysis of enzymically-treated cell-wall suspensions

Cell-wall suspensions (1.8 ml) which had been pretreated with 
a-mannosidase and 3-glucanase as described above were hydrolysed in 
HCl (final volume 2 ml) at 105^C in vacuo for periods of time ranging from 
2 to 4 h. Hydrolysates were neutralised with 0.5 M KOH (4 ml) and 
transferred quantitatively to conical centrifuge tubes. After centrifu
gation at 1100 X g for 5 min to remove any insoluble material, hydrolysates 
were stored at -20^C. For qualitative examination of hydrolysis products 

by paper chromatography, aliquots of neutral hydro lysate (1 ml) were 
further concentrated by evaporation to dryness ^  vacuo over KOH followed 
by dissolution in a minimal volume of distilled water.

4, Acid hydrolysis of intact cell walls or trichloroacetic acid (TCA) 
extracts of cells prior to paper chromatography

Intact cell walls (10 - 15 mg) or TCA extracts ( 5 - 1 0  rag) of 
whole cells were hydrolysed in 2 M HCl (2 ml) at 105°C for 3 h ^  vacuo. 
Hydrolysates were evaporated to dryness in vacuo over KOH then resuspended 
in a minimal volume of distilled water,

5. Alkaline hydrolysis of cell walls

Cell walls (20 - 25 mg) were hydrolysed for 1 h in 0.1 M NaOH 
(20 ml) under nitrogen at 100°C (Owen & Salton, 1975). Insoluble material 
was removed by centrifugation at 1100 x g for 5 min and the hydrolysate 
made 0.5 M with respect to HCl then extracted four times with diethyl ether 
( lo o  ml) . The ether extract was evaporated to dryness vacuo and 
finally redissolved in a minimal volume of distilled water.
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6. Lipid extraction

All solvents were distilled prior to use and stored over 
anhydrous sodium sulphate or calcium chloride.

Freeze-dried cells of Sacch, cerevisiae NCYC 366 were extracted 
according to the method of Hunter & Rose (1972) (Fig 8). The combined

If

lipid extracts were evaporated to dryness on a Buchler Rotary-Evapomix. 
Non-lipid contaminants were removed in the following manner. The extract 

was redissolved in a small aliquot of chloroform-methanol (2:1, v/v) , 
transferred to a conical centrifuge tube and the volume adjusted to 5 ml 
with washings from the rotary evaporator flask, KCl solution (0.88%, w/v; 

1 ml) was added and the phases thoroughly mixed. Separation of the phases 
was achieved by centrifugation at 1100 x g for 5 rain. The upper phase 
was removed and discarded and the surface of the lower phase washed three 
times with 1.5 ml of the upper phase of a chloroform-methanol-0.88% (w/v) 
KCl solution (8:4:3, v/v/v). The purified lipid extract was again 
evaporated to dryness and stored at -20°C under nitrogen,

7. Thin layer chromatography

Scrupulously clean glass plates (20 cm x 20 cm) were 
coated with a layer (0,4 mm thick) of Kieselgel PF 254 + 366. The plates 
were prepared using a Shandon Unoplan Leveller model SA (Shandon Scientific 
Co, Ltd., Willesden, London),

Separation of the non-polar lipids was accomplished by 
developing the plates in petroleum spirit (BP 40° - 60°C)-diethyl ether- 

acetic acid (70:30:2, v/v/v). The different lipid classes were located by 
fluorescence at 254 and 356 nm using a UVSL-58 Mineralight multiband U.V. 

lamp (Ultraviolet Products Inc., San Gabriel, California). Bands
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Figure 8
Lipid extraction schedule (Hunter & Rose, 1972)

Freeze-dried cells (150 - 250 mg)

Extract with ethanol (80%, v/v; 20 ml)
at 80 C for 15 min

Filter through prewashed Whatman No. 44 paper

Filtrate 1 TResidue

Stir with chloroform-methanol 
(1:1, v/v; 30 ml) at room 
temperature for 3 h

Filter

Filtrate 2 Residue

Stir with chloroform- 
methanol (1:1, v/v; 30 ml) 
for 3 h and then 2 h

Filter

Filtrates 3,4 Final residue

Filtrates are combined and stored at -20 C
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corresponding to the sterol ester and triacylglycerol fractions were
scraped off together, eluted from the silica gel with three aliquots of
chloroform-methanol (4:1, v/v; 5 ml) and rechromatographed in petroleum 
spirit (BP 40° - 60°C)-diethyl ether-acetic acid (90:10:1, v/v/v). Both 
solvent systems contained butylated hydroxytoluene (0.1%, w/v).

Acylglycerols were eluted from the gel with two portions of
chloroform (3 ml) followed by two portions of diethyl ether (3 ml).
Sterols and sterol esters were eluted with three portions of chloroform- 

methanol (4:1, v/v) and fatty acids with two portions (3 ml) of diethyl 
ether-methanol (9:1, v/v) followed by two portions of chloroform (3 ml).

Individual phospholipids were separated by chromatography in a 
two dimensional system. Glass plates were coated with a layer (0,4 mm 

thick) of Kieselgel PF 254, as previously described, prewashed overnight 
in chloroform and then activated by heating at 110°C for 1 h and allowed 
to cool for 30 min in a desiccator.

The plates were developed in the first direction in chloroform- 
methanol -ammonia (0.88 sp.gr.) (65:42i5:6;5, V/v/v) and in the second 
direction in chloroform-acetone-methanol-acetic acid-water (50:20:10:10:4, 
v/v/v/v/v) . Phospholipids were detected by exposing the plates to iodine
vapour.

8. Treatment of cells prior to trichloroacetic acid extraction

All cell crops (50 g dry weight) which were to be examined for 

teichoic acid were first extraqted with chloroform-methanol (2:1, v/v; 2.5 1) 
for 18 h at 4°C. The defatted cells were recovered by filtration of the 

suspension through a sintered glass filter then washed extensively with 
large volumes ( 1 - 2  1) of chloroform-methanol (2:1, v/v).
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Figure 9

Trichloroacetic Acid Extraction of Yeast (Armstrong et al., 1958)

Lipid-free cells (10 g)

Residue

Stir with TCA (5%, w/v; 50 ml) for 3 h 
at 4°C then centrifuge at 7500 x g for 

30 min

Supernatant I

Stir with TCA (10%, w/v; 50 ml) 
for 18 h at 4°C then centrifuge 
at 7500 X g for 30 min

Residue Supernatant II

Stir with TCA (10% w/v; 50 ml)
for 18 h at 4 C, then centrifuge at 
7500 X g for 30 min

Residue Supernatant III
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9. Extraction of cells with, trichloroacetic acid

Lipid-free cells were extracted according to the schedule of 
Armstrong et al. (1958) as outlined in Fig 9. To supernatants I, II and 
III were added 2 volumes of cold absolute ethanol. The resulting 
precipitates were recovered by centrifugation at 12,000 x g for 1 h, then 

redissolved in a minimal volume of water. Cold, absolute ethanol 
(2 volumes) was added. Precipitates were recovered by centrifugation at 
23,000 X g for 1 h then washed with ethanol, acetone, diethyl ether and 
finally dried ^  vacuo over solid KOH. The material precipitated in this 
way was designated extract I, II or III corresponding to supernatants I,
II or III respectively.

10. Preparation of sub-cellular fractions of C . intermedia

Cells (10 g, wet weight), suspended in 0.1 M phosphate buffer 
pH 6.5, containing 0.25 M sucrose (10 ml), were disrupted by shaking with 
No. 10 Ballotini beads at a speed of 4000 rpm for 80 s in a Braun MSK 
homogeniser. Cooling was achieved using a flow of vapourising CO . The 
glass beads were removed from the disrupted cell suspension by filtration 
through a sintered glass filter (porosity grade O).

Various sub-cellular fractions were prepared by differential 
centrifugation as outlined in Fig 10, a scheme adapted from that of Rose 
(1976). Pellet II was washed three times in 0.1 M tris-HCl buffer pH 7.4, 
containing lO mM MgCl^ and 1 mM EDTA. Pellet IV was washed once in this 
buffer. Pellet III, the fraction rich in mitochondria, was washed twice 
in 0.1 M phosphate buffer pH 6.5 containing 0.25 M sucrose then once in 
tris buffer. Each fraction was resuspended in tris buffer (2 ml) and 
stored at -20°C.
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Figure 10 Preparation of sub-cellular fractions of C. intermedia

Disrupted cell suspension

1200 X g for 10 min
at

.1 5000 X g for 
15 min at

(predominantly cell wall fragments, 
with some intact cells)

r

-...... ... ..... Pr'l 1 T T

10,000 X g for 
30 min at .

(Large membrane fragments with 
some cell wall material)r

__-r-W- *Pn1 1 r&4- T T T

100,000 X g for 
1 h at 4°0

RnTiov>ria-l-an-f-

(mitochondria-rich fraction) 

____  . ........  ̂Fnl 1 P-h T V

(Ribosomes, small membrane
fragments and vesicles)

80



11. Gel-filtration of a trichloroacetic acid (TCA) extract of C. utilis

TCA extract II of C. utilis (200 mg) was dissolved in eluting 

buffer (2 ml) and centrifuged at 2000 x g for 5 min to remove any traces of 
insoluble, particulate material which remained. It was then applied to a 
column (57 x 2.6 cm) of Sephadex G-lOO and eluted with an upward flow of
0.05 M tris-HCl buffer, pH 7.4, containing 0.1 M KCl and 0.02% (w/v) NaN^, 
at a rate of 20 ml h Fractions (2.3 ml) were collected using an automatic

fraction collector (LKB Instruments Ltd., South Croydon, Surrey).

C. ANALYTICAL METHODS

Prior to analysis all cell-wall suspensions were routinely 
subjected to ultrasonic treatment for at least 1 min in a sonic water bath 
(Millipore Corp. Ltd.). This procedure resulted in the production of 
homogeneous suspensions and so removed a possible source of error in the 
subsequent assays.

1. Paper chromatography

Descending chromatography was carried out on Whatman No. 1 

paper (unless stated otherwise) in the following solvent systems:

A: butan-l-ol - pyridine - water (6:4:3, v/v/v; Jeanes, Wise & Dimler, 1951)
B: ethyl acetate - pyridine - acetic acid - water (5:5:1:3, v/v/v/v;

Fischer & Nebel, 1955)

C: upper phase of butan-l-ol - formic acid - water (4:1:5, v/v/v;
Owen & Salton, 1975) in the ascending direction 

D: propan-l-ol - aqueous ammonia (sp. gr. 0.88) - water (6:3:1, v/v/v ;
Hanes & Isherwood, 1949)

E: ethanol - M - ammonium acetate, pH 3.8 (5:2, v/v; Paladini & Leloir,
1951) on Whatman No, 3MM paper.
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Solvents A and B were used for the separation of sugars, 
solvent C for the separation of non-volatile acids and solvent D for the 
separation of polyols and phosphate esters. Solvent E was used to 

isolate polymeric product in the assay for poly (glycerol phosphate) 
synthetase.

Hydrolysis products were identified by co-chromatography 
with authentic standards and the use of the following specific spray and 
dip reagents:

1) alkaline silver nitrate for sugars and polyols (Trevelyan, Proctor 
& Harrison, 1950)

2) periodate - Schiff reagent for polyols (Baddiley at al., 1956)
3) perchloric acid - molybdate for phosphate esters (Hanes &

Isherwood, 1949)
4) aniline - diphenylamine for neutral sugars and uronic acids 

(Davenport, 1969)
5) Bromophenol blue for non-volatile acids (Kennedy & Barker, 1951)

6) Bromocresol green - bromophenol blue - permanganate for non-volatile 

acids (Paskova & Munk, 1960).

2. Estimation of total carbohydrate

The total carbohydrate content of cell walls, wall hydrolysates 
and TCA extracts was determined spectrophotometrically using the phenol- 
sulphuric acid method of Dubois e^ al. (1956). Glucose was used as a 
standard.

3. Enzymic determination of glucose and mannose

The glucose and mannose contents of cell-wall hydrolysates
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were determined enzymically. ' Glucose was determined using glucose 

oxidase blood-sugar kit (Boehringer Corp., Lewes, Sussex) while mannose 
was determined by the method of Gawehn (1974) . Each method is absolutely 
specific for its respective substrate, glucose or mannose.

4. Estimation of phosphorus

The phosphorus content of cell-wall suspensions, lipid extracts, 
isolated phospholipids and cell-free culture filtrates was determined by a 
modification (Letters, 1964) of the micromethods of Allen (1940) and 
Bartlett (1959), Potassium orthophosphate was used as a standard. The 
phosphorus content of column fractions was determined by the method of 
Chen, Toribara & Warner (1956).

5. Estimation of glucosamine

The glucosamine content of cell-wall hydrolysates was 
determined by the method of Rondle & Morgan (1955) Glucosamine was used 

as a standard.

6. Estimation of protein

Protein (as bovine serum albumin) was determined by the method 

of Lowry eit al. (1951) ,

7. Total lipid estimations

Lipid extracts were redissolved in a small aliquot of 
chloroform-methanol (2:1, v/v;, 5 ml) and transferred to a tared flask 
which had been heated at 140°C for 30 min then allowed to cool over silica 
gel and KOH before weighing. The solvent was evaporated using a stream of
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nitrogen gas and the flask returned to the desiccator. The lipid was
dried to a constant weight - 0.05 mg over silica gel.

8. Phospholipid estimation

Total phospholipids were determined by assaying the phosphorus 
content of the lipid extract as previously described. Phosphorus contents 
were multiplied by a factor of 25 to give a value for the total phospholipid 
content.

Individual phospholipids, isolated by thin layer chromatography, 
were assayed while still adhering to the silica gel. A blank area of 
silica gel was incorporated into the reagent blank.

9. Estimation of the free sterol content of lipid extracts

A method adapted from that of Jatzkewitz & Mehl (1960) was 
used to assay free sterols in lipid extracts. Aliquots of sterol 

solution, containing up to 0,1 mg sterol, were evaporated to dryness using 

a stream of nitrogen. A mixture of sulphuric acid (sp. gr, 1.84) and 
glacial acetic acid (1:1, v/v; 2 ml) was added to each tube. The tubes 
were then placed in a water bath at 90°C for 15 min. After cooling, 
the extinction at 390 nm was determined spectrophotometrically against a 
reagent blank. Ergosterol was employed as a standard.

10. Estimation of the sterol ester content of lipid extracts

Sterol esters were assayed by the amount of free sterol 
liberated upon saponification (Hunter & Rose, 1972). Isolated sterol 
esters were evaporated to dryness vacuo then redissolved in benzene 
(0.1 ml) and supplemented with ethanolic potassium hydroxide solution 
(10% (w/v) KOH in 90% (v/v) ethanol; 0.4 ml). A cold-finger condenser
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was placed in each tube and the contents refluxed for 2 h at 100°C,

Each hydrolysate was evaporated to dryness and the liberated sterol 

fraction isolated by thin layer chromatography in petroleum spirit (BP 40° 
60°C) “ diethyl ether-acetic acid (70:30:2, v/v/v). The sterols were 
then eluted with three portions of chloroform-methanol (4:1, v/v; 3 ml) 
and assayed as described above.

11. Estimation of the acylglycerol content of lipid extracts

Acylglycerols were assayed using a chromotropic acid method 
(Van Handel & Zilversmit, 1957), Contents of triacyl-, diacyl- and 
monoacylglycerols (as mg tri-, di- and monopalmitin) were calculated from 
standard curves prepared using tripalmitin.

12. Estimation of the free fatty acid content of lipid extracts

Free fatty acids were assayed according to the method of 
Heinen & De Vries (1966), using palmitic acid as a standard.

13. Gas-liquid chromatography of fatty acids

Aliquots of lipid extract, containing 1 - 2 mg lipid, were 
evaporated to dryness in_vacuo redissolved in benzene (0.1 ml) and 
saponified by refluxing in ethanolic potassium hydroxide (10% (w/v) KOH
in 90% (v/v) ethanol; 0.4 ml) for 2 h on a steam bath. The fatty acids
were subsequently isolated by thin layer chromatography in petroleum 
spirit (BP 40° - 60°C) - diethyl ether-acetic acid (70:30:2, v/v/v) then
eluted from the gel as previously described.

Fatty acids were analysed using a Perkin Elmer Fl7 gas 
chromatograph with a flame ionisation detector. The fatty acids were
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separated on a stainless steel column (1000 mm x 3.2 mm outside diameter) 
packed with 5% FFAP on Chromosorb G AW DMCS. The temperature of the 
column was programmed to increase by 4°C per min from 160°C to 230°C;
thereafter the column was isothermal. The injection temperature was

o —1275 C and the nitrogen carrier gas flow rate was 40 ml min

All samples were injected on to the column in 1 pi of 
chloroform. Peak areas were measured by triangulation (height of peak x 
width of peak at half the height).

14. Estimation of glycerol

Glycerol in acid hydrolysates of TCA extracts from

C . intermedia was determined colourimetrically using a chromotropic acid 

method (Hanahan & Olley, 1958) following enzymic dephosphorylation of the 
hydrolysates. Dephosphorylation was achieved by incubation of hydrolysates 
(5 ml) with a solution of alkaline phosphatase in 0,1 M ammonium 
carbonate, pH 9.3 (2 mg/ml; 1 ml) for 24 h at 37°C under toluene.

15. Assay for poly (glycerol phosphate) syhthetase activity

(2 ymole), CD_
(1.4 nmole; 3.12 x lo"̂  cpm) and crude enzyme suspension (200 ]il) in a
total volume of 0.22 ml. Following incubation at 37°C for 1 h, reactions
were terminated by boiling for 1.5 min. Zero-time mixtures contained 
crude enzyme suspension which had been boiled for 2 min.

Mixtures were applied as bands to VThatman No. 3MM paper and
subjected to descending chromatography in solvent E for 18 h. Poly 
(glycerol phosphate) remains at the origin in this solvent. After

Incubation mixtures contained MgCl^ (2 ymole) , CDpF^'^^ -glycerol
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thorough drying of the paper / a strip (4 cm x 1 cm) corresponding to the 
origin of each track was cut out and counted in 5 ml NE 260 scintillant 
(Nuclear Enterprises Ltd., Edinburgh) in an automatic scintillation 
spectrometer (Model 8312, Nuclear Enterprises Ltd.).

16. Statistical analyses

Results were expressed as ; sample mean - standard error of 
the mean. The 95% confidence limit was also calculated. The 
significance of differences in sample means was determined by the t-test 
and the level of probability (P) at which the null hypothesis be rejected 
was noted.

The reliability of the t-test depends on the standard 
deviations of the means being similar. The variance ratio test was 
employed to check the equality of these standard deviations. If, by the 
variance ratio test, the standard deviations were unacceptably dissimilar, 
then the result of the t-test was discarded.

D. CHEMICALS

Basidiomycete QM806 g-giucanase was kindly provided by 
Professor A.H, Rose, University of Bath and CUP -glycerol was a gift
from Dr. L.J. Douglas. a-Mannosidase and the glucose oxidase blood sugar 
kit were obtained from The Boehringer Corporation Ltd. (London); fatty 
acids and lipid standards were from Sigma Chemical Co. Ltd. (London); 
Sephadex G-lOO was from Pharmacia (Uppsala, Sweden); yeast extract was 
from Difco Laboratories (Detroit, Michigan, U.S.A.); silica gel was from 
Merck (Darmstadt, Germany). All other biochemicals and enzymes were 
purchased from Sigma Chemical Co. Ltd. (London). Solvents and other
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chemicals were of analytical grade where available and were obtained from 
BDH Chemicals Ltd, (Poole, Dorset).

E . GLASSWARE

All glassware used in analytical determinations was cleaned 
by steeping in either chromic acid or a 2% (v/v) solution of detergent. 
Cleaning fluid was removed by thorough rinsing in tap water followed by 
two rinses in distilled water prior to drying in an oven at 105°C,
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SECTION I THE EFFECT OF PHOSPHATE LIMITATION OF GROWTH ON THE CELL
WALL AND LIPID COMPOSITION OF Saccharomyces cerevisiae 
NCYC 366

A. GROWTH OF Sacch. cerevisiae

1. Formulation of a chemically defined medium for the growth of 
Sacch. cerevisiae

The defined medium of Rose & Nickerson (1956) which supports
only scant growth of Sacch. cerevisiae NCYC 366 was used as a basis for
further studies. Variation of the concentration of vitamins (Table 6)
and/or supplementation of the medium with inositol had no marked effect

on the growth of this strain of Sacch. cerevisiae. However, growth was
greatly enhanced by the addition of asparagine (Tables 6 and 7). Basal
medium supplemented with asparagine at a final concentration of 

~11 mg ml was used for all subsequent experiments.

2. Effect of varying the concentration of KH^PO^ on the growth of 

Sacch. cerevisiae

Preliminary experiments showed that lowering the concentration 
of KHgPO^ from 20 mM to 1 mM had little or no effect on the growth of this 
organism. Consequently media were prepared which contained a range of 

concentrations of KH^PO^ from 0.0 to 1.0 mM in uniform increments of 0.1 mM 
KH^PO^. The results of a growth experiment using these media are shown 
in Table 8. The availability of phosphate in the medium appeared to 
limit the growth of the organism at a KH^PO^ concentration of around 0.8 mM
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Table 6

The effect of different concentrations of vitamins,
inositol and asparagine on the growth of Sacch. cerevisiae

Concentration 
of vitamins

Concentration
of inositol
(mg ml

Concentration

of asparagine 
(mg ml

Growth after 
72 h

DS'
DS
DS
DS

0.02

1.02
0.02

1.02

O
O
0.4
0.4

+++

++t

TS
TS
TS
TS

0.03
1.03 
0,03
1.03

O
0.4
0.4

+++
+++

DS = Double strength. 'TS - Triple strength.

Medium (50 ml) was inoculated with 0.1 ml of a washed cell suspension 
=0,12 - 0.15) prepared‘from an overnight culture.1 cm

Growth was assessed visually as follows: -, no growth; +/-, slight
growth; t, moderate growth; ++, heavy growth; +++, very heavy growth,
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Table 7

The effect of different concentrations of vitamins

and asparagine on the growth of Sacch. cerevisiae

Concentration 
of vitamins

Concentration

of asparagine 
(mg ml

Growth after 
48 h 90 h

DS
DS
DS
DS

1.0
0.5
0.25
0.125

++
+

+/-
+/*

+++

- H - +

++

+

SS
ss

SS
ss

1.0
0.5
0.25
0.125

++

+

+/-

+/-

+++

+++

++

+

“DS = Double strength; 'SS = Single strength,

The inoculum was prepared and growth was assessed as described in 

Table 6 .
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Table 8 The effect of different concentrations of KH^PO^

on the growth of Sacch. cerevisiae

Concentration of Growth after
KH^PO^ (mM) 40 h

20 +++

1.0 +++

0.9 +++
0.8 ++

0.7 ++
0.6 ++

0.5 +
0.4 +
0.3 +/-
0.2 —

0.1

o

The inoculum was prepared and growth was assessed as described 
in Table 6 .
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Figure 11 Time-'Course of growth of Sacch. cerevisiae in medium 
containing 20 mM KH2PO4 (O) or 0.6 mM KH2PO4 (A). 
Triplicate cultures were inoculated with a washed cell 
suspension (0.1 ml; prepared from a
mid-exponential phase cuîture grown at the low 
concentration of phosphate.

1.0

. 10 
'650

0.1

20 mM KH^PO

0.6 mM KH^PO

0.01
130 32 34 36 38 40 42 44 46 48

Time (h) 
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and growth was severely limited at 0.5 mM KH^PO^. From these results,

0,6 mM KH^PO^ was selected as a growth-limiting concentration of phosphate 
suitable for further study.

3. Measurement of growth rate of Sacch. cerevisiae in media containing 

either 0.6 mM KH^PO^ (growth-limiting concentration) or 20 mM KH^PO^

(optimum concentration)

Growth curves for cultures in media containing 20 mM KH^PO^
and 0.6 mM KH^PO^ are shown in Fig 11. At the lower concentration of
KH^PO^ there was a marked decrease both in exponential growth rate and in

-1 -1cell yield. The growth rates were 0.26 h and 0.23 h at 20 mM KH^PO^ 
and 0.6 mM KH^PO^ respectively.

4. The effect of a decreased concentration of K on the growth rate 
of Sacch. cerevisiae

In order to determine whether the decreased growth rate at 0.6 mM 
KH^PO^ was a result of phosphate limitation or ..potassium limitation of 
growth, the concentrations of orthophosphate anion and potassium cation 
were varied independently by substituting NaH^PO^ and KCl for KH^PO^ in 

the growth medium. The results (Table 9) show that when the potassium 
ion concentration was lowered from 20 mM to 0.6 mM, the growth rate in 
media containing either 20 mM or 0.6 mM phosphate was unaffected. Thus,
when KH^PO^ is used in the medium at a concentration of 0.6 mM, growth is
limited solely by the availability of the ortliophosphate anion.

5. Production of Sacch. cerevisiae NCYC 366 for analysis of the

effects of phosphate limitation

Control cells (yeast grown at a KH^PO^ concentration of 20 mM)
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Table 9
The effects of high and low concentrations of potassium
and orthophosphate in the culture medium on the growth
rate of Sacch. cerevisiae

Concentration
+of K 

(mM)

Concentration 
of H^PO- 
(mM)

Growth rate 
-I(h n

20 20 0.262 ± 0.003 (0,013)

0.6 20 0.266 ± 0.007 (0.030)

20 0.6 0.227 ± 0.003 (0.015)

0.6 0.6 0.230 ± 0.003 (0.015)

Triplicate cultures containing K and at the concentrations shown
were inoculated as described in the legend tp Fig 11.

Results are expressed as mean - standard error of the mean.

95% confidence limits are shown in parentheses.
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and some of the phosphate-limited (0,6 mM KH^PO^) cells were grown 

batch-wise in a 15 1 fermenter (see Materials & Methods, section A.S.iii 
for details). The growth rates under these conditions were calculated 
to be 0.34 and 0.28 h  ̂respectively.

The remainder of the phosphate-limited cells were produced
using a chemostat of 2 1 working volume. The dilution rate was adjusted
such that the growth rate was numerically equal to 0.23 h A typical
growth profile showing three of the five parameters monitored daily is
depicted in Fig 12. In the steady state, the culture had an absorbance

^^Icm) 0,30 and a pH value of 3.5. The phosphorus content of cell-
-1free culture filtrates was 17 pg ml as compared with an initial

-1concentration of 22 yg ml in the growth medium.

6. Total phosphorus content of whole cells

-1Aqueous cell suspensions (1 mg ml ) were prepared using 
lyophilised samples of control cells, batch-grown, phosphate-limited cells 
and chemostat-grown, phosphate-limited cells. Aliquots (0.2 ml) of 
each suspension were then used for the determination of total phosphorus 
by the method of Chen et al. (1956) . The results (Table 10) show that 
the phosphorus contents of both types of phosphate-limited cells were 
similar and markedly lower than that of control cells.

B. CELL WALL ANALYSIS

1. Qualitative analysis of cell-wall preparations

Cell-wall preparations from control cells, batch-grown, 
phosphate-limited cells and chemostat-grown, phosphate-limited cells
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Figure 12

Growth profile of phosphate-limited Sacch. cerevisiae 
grown in a chemostat

O — Phosphorus content of cell-free
“1culture filtrates (%ig phosphorus ml )

A ▲ pH value of culture

H—  g Absorbance of culture1cm

The arrows indicate times at which the chemostat vessel 
was drained in order to harvest steady-state cells.
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Table 10

Total phosphorus content of whole cells

Cell preparation Total phosphorus content 
(mg/100 mg dry yeast)

Control 3.29 ± 0.08 (0.18)

Batch-grown, 
phosphate-limited

2.58 ± 0.08 (0.18)

Chemo s tat-grown, 
phosphate-limited

2.34 ± 0.14 (0.32)

Values quoted are means ± the standard error of the mean. 
95% confidence limits are shown in parentheses.
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(designated wall preparations A, B and C respectively) were hydrolysed in 
2 M HCl at lOS^C for 3 h vacuo, Paper chromatography of the hydrolysis 
products in solvents A or B, followed by staining with the silver nitrate 
reagents revealed glucose, mannose, glucosamine and a white "salt" spot 
in all three hydrolysates. No evidence was obtained for the presence 
of uronic acid in any of the hydrolysates following chromatography in 

either solvent and staining with the aniline-diphenylamine reagent.

Treatment of the three wall preparations with B-glucanase 
and a-mannosidase, followed by acid hydrolysis under rather milder 

conditions, gave the products shown in Table 11. Glucose and mannose 
were again major hydrolysis products, together with smaller amounts of 

glucosamine. N-acetylglucosamine was also identified as a product of 
this combined enzymic and acid hydrolysis of wall preparations B and C, 
but could be detected only in trace amounts in the hydrolysate from 
preparation A.

The white "salt" spot revealed by the silver nitrate reagents 
following hydrolysis of walls in 2 M HCl was also present after the 
combined enzyme and acid treatment. Furthermore, the intensity of the 
spots obtained after staining indicated that this component might be 
present in rather greater amounts in the hydrolysates of wall preparations 
B and C than in that from preparation A. This hydrolysis product, which 
had an R glucose value of 0.86 in solvent A, also stained with a bromophenol 

blue spray and a complex spray reagent (Paskova & Munk, 1961) both of 
which are specific for non-volatile acids. Following spraying with the 
complex reagent this component appeared as a pink spot with a purple edge 
on a grey-brown background. The spray reagent of Paskova & Munk (1961) 
also revealed an additional component (R glucose = 0.60) in each hydrolysate
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which appeared as a green spot within one minute of spraying. Hexoses 
and hexosaraines are not visualised with this stain. Succinic acid, 
which was used as a reference compound, ran with the solvent front.

An attempt was made to isolate the acidic cell-wall component 
by alkaline hydrolysis and ether extraction (Owen & Salton, 1975).

Ascending chromatography in solvent C of the ether extracts and 
unextracted hydrolysates of all three wall preparations. A, B and C, 
revealed the same pattern of components in each case. Resolution of the 
individual components was not good but three products could be clearly 

distinguished. The fastest running component (R^ ~ 0.35) stained pink 

in colour and appeared very rapidly during spraying. A second 
component (R^ = 0.20) appeared more slowly (about 1 min after spraying) 
and was green. Material remaining at the origin of the chromatogram 
stained pink and appeared rapidly during spraying. Succinic acid, 
palmitic acid and citric acid were co-chromatographed with the hydrolysates, 
All three standards stained pink although the fatty acid was much slower 
to appear than either succinic or citric acids... Succinic and palmitic 
acids chromatographed almost together (R^ =0,85 - 0.90) while citric acid 
ran more slowly (R^ = 0.55) . Chromatography of the alkaline hydrolysate 
in solvent A followed by staining with the silver nitrate reagents 
demonstrated that only a small amount of polysaccharide had been 
hydrolysed to monomeric constituents.

2. Quantitative chemical analysis of cell-wall preparations

The carbohydrate, protein and phosphorus contents of cell-wall 

preparations A, B and C are shown in Table 12. Walls prepared from
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Table 11
Products of mild acid hydrolysis of cell walls 

prepared from Sacch. cerevisiae grown under 
conditions of phosphate limitation

Component

Glucose

Cell Wall Preparation"
B

+++ +++

Mannose

Glucosamine

+++ +++ +++

N acetyl glucosamine

Salt spot (Rglc==0,86)

Slow-running 
component 1 (Rglc=0,64)

Slow-running 
component 2 (Rglc=0.46)

+/-

+/“

+

++

Following treatment with g-giucanase and a-mannosidase, cell-wall 

preparations were hydrolysed in 1 M HCl at 105°C for 2 - 4 h ^  vacuo, 
Hydrolysis products were separated by paper chromatography in 
solvent A and visualised using the silver nitrate reagents.

^Cell wall preparations A, B and C are as explained in the text.
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chemostat-grown, phosphate-limited cells (preparation C) contained 
markedly less total carbohydrate than either of the other two wall 
preparations. Perhaps surprisingly, walls from batch-limited cells 
contained the highest levels of carbohydrate. Statistical analysis 

showed that the differences in carbohydrate content between walls from 
chemostat-grown cells and walls from either control cells or batch- 
limited cells were highly significant (P = 0,001). Variation in glucosamine 
content, on the other hand, was very slight.

It would appear that the protein content of the cell wall may 
be complementary to the carbohydrate content. Walls prepared from the 
chemostat-grown cells contained the highest amount of protein (18.28%) 
while walls from batch-limited cells contained only 12.6% of protein.
These differences were also highly significant (P = 0.001),

It was surprising to find that the phosphorus content of 
walls from the chemostat-grown cells (0.70%) was higher than that of 
walls from batch-limited cells (0.52%). However, the phosphorus 
contents of walls from batch-limited cells and continuously-limited cells 
were both lower than that of walls prepared from control cells (P = 0.001 

and 0.05 respectively).

3. Quantitative chemical analysis of cell-wall hydrolysates

Wall preparations A, B and C were subjected to hydrolysis 
in M HCl at 105°C vacuo for time periods ranging from 2 to 4 h.

The glucose and mannose contends of the hydrolysates were then determined 
by enzymic methods specific for the free sugar.
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The results of these determinations are shown in Table 13,
It is clear that a summation of the glucose and mannose contents of the 
hydrolysates does not approach the figure corresponding to total 
carbohydrate released from the walls during hydrolysis. One possible 

explanation for this would be that although the bulk of the cell wall 
carbohydrate is released during the hydrolysis procedure, it is in a 
form which does not react in the enzymic assays for free glucose and 
mannose. However, subsequent treatment of neutralised hydrolysates with 
a 3-glucanase from Basidiomycete QM 806 had, in most cases, little effect 
on the glucose content (Table 13),

An alternative procedure involved treatment of the cell-wall
suspensions with 3-glucanase and a-mannosidase prior to hydrolysis in

I M HCl. The enzymic treatment solubilised a considerable proportion
of each cell-wall preparation such that the absorbance (sf^^) of the1cm
control, batch-grown limited and continuously-grown limited yeast wall 
suspensions fell by 47.2%, 27.9% and 23.3% respectively. The total 

carbohydrate, glucose and mannose contents of-' the hydrolysates were 
determined as in the previous procedure (Table 14) . This time all of 
"the cell-wall carbohydrate was released, although significantly, after 
different time periods for each cell-wall preparation. The carbohydrate 
of walls from chemostat-grown, limited cells was released most readily 
and that from control walls least readily. The recovery of carbohydrate 
as glucose + mannose was also greatly improved and ranged from 66 to 82% 
of the carbohydrate released from the wall. The mannose content of 
walls prepared from control and continuously-grown limited cells were 
about the same (24%) while batch-limited yeast walls contained more
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mannose (36%). The glucose content of control yeast walls (45%) was 
considerably higher than that of walls from cells grown under either 
type of phosphate limitation (26 - 28%) .

C. LIPID ANALYSES

1. Total lipid content

Control cells contained more total lipid than either 
continuously-grown, phosphate-limited cells or batch-grown, limited cells 
(Table 15), The total lipid content of the continuously-grown, limited 
cells was higher (P = 0.05) than the total lipid content of the batch- 
grown limited cells,

2. Phospholipid content

Continuously-grown, phosphate-limited cells contained 
surprisingly more phospholipid than either type of batch-grown yeast ' 
(Table 16). Batch-limited cells contained least phospholipid. The 
differences in phospholipid content between continuously-grown, limited 
yeast and either control cells or batch-limited cells were highly 
significant (P = 0.01 and O.OOl, respectively).

3. Lipid Composition

i. Neutral lipids

A complex series of changes in lipid composition were 
observed, those in neutral lipids being particularly striking (Table 16) .
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Table 15

The effect of phosphate limitation on the total lipid
content of Sacch. cerevisiae

Type of culture Growth rate
(h"l)

Total lipid content 
(mg/lOO mg dry yeast)

Batch, control 0.34 14.73 ± 1.025 (3.26)

Batch, limited 0.28 10.28 ± 0.90 (11.50)

Continuous, limited 0.23 13.30 ± 0.39 (1.22)

Values quoted are means ± standard error of the mean.

95% confidence limits are shown in parentheses,
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Yeast grown under phosphate limitation synthesised much less triacyl- 
glycerol than did control cells, with the continuously-grown cells 

producing least of all (P = 0,001). A similar pattern was observed with 
diacylglycerol and monoacylglycerol levels although the differences were 
not statistically significant. Monoacylglycerols were only detected in 
lipid extracts from batch-grown cells.

The sterol-ester content of phosphate-limited cells was also 
markedly lower than that of control cells (Table 16), Batch-grown and 

continuously-grown, limited cells contained only 52% and 33% respectively 
of the amount of sterol ester present in control cells (P = 0.05 and
0.001), Differences in free sterol content were less striking, although 
continuously-grown, limited cells contained less than batch-grown, 
limited cells (P = 0.05).

Curiously, the free fatty acid content of continuously-grown, 
limited cells was 12 to 13 times higher than that of either type of 
batch-grown yeast. The differences appeared, bo be significant (P = 0.001), 
although the variance ratio test (a test for the validity of the t-testj^ 
rejected the t-test on the mean values for free fatty acid levels* in 
control and continuously-grown, limited cells.

ii. Phospholipids

The phospholipid composition of yeast subjected to phosphate 

limitation of growth is shown in Table 17. The major differences in 
continuously-grown, limited cells as compared with control cells were an 

increased synthesis of phosphatidylcholine and phosphatidylethanolamine
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(p = 0,01) and a decreased synthesis of phosphatidylserine (P = O.OOl), 
The phosphatidylinositol and phosphatidic acid contents were similar. 
However, compared with continuously-grown cells, the batch-grown, 
limited yeast contained less phosphatidylinositol and less phosphatidic 
acid (P = 0.01).

Very low levels of N*N dimethylphosphatidylethanolamine, 
lysophosphatidylcholine and cardiolipin were present in control and 
batch-grown, limited cells. These lipids were not detected in extracts 
from continuously-grown, limited, cells. The amount of phosphorus 
remaining at the origin after thin-layer chromatography (base spot) was 
minimal in all samples,

iii. Fatty acids

The fatty acid composition of lipids extracted from
continuously-grown, limited cells is shown in Table 18. Unsaturated
fatty acids accounted for almost 49% of the total with _ and C16:1 18:1
acids predominating. The saturated fatty acid content appeared to be 

relatively high with ^ and acids present a‘s major components.

SECTION II A SEARCH FOR TEICHOIC ACIDS IN YEASTS

1. Growth of yeasts

The first, and to date, only report of teichoic acid in 

yeasts involved a strain of Candida intermedia (Naumova & Streshinskaya,
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Table 18 Fatty acid composition of the lipids of
continuously grown, phosphate-limited 

Sacch. cerevisiae

Fatty acid Content (% molar composition)

C8;0 5.1
C8:l trace^
C10:0 7.9
Cll:0 trace
C12:0 2.4
C12:l 1.9
C14:0 12.9
C14:l 1.2
C16:0 18.5
C16:l 29.6 ,
C18:0 4.3
C18:l 16.1

1trace = <0.1%
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1973), Since this particular strain is not available, attempts to 
confirm the results of the Russian workers were made using the type 
strain, C. Intermedia CBS 572. Other yeasts examined were those for 

which lyophilised cell crops were commercially available.

Because the amount of teichoic acid in yeasts is likely to 
be small, it was important to adjust the growth conditions so as to 

achieve a maximum cell yield, C. intermedia was grown initially in a 
glucose-containing medium and harvested towards the end of the 
exponential phase (Fig 13), However, Naumova & Streshinskaya (1973) 
reported an improved yield of teichoic acid from yeast grown in a medium 
which contained alkanes as the carbon and energy source. Unfortunately, 
growth of C. intermedia CBS 572 in alkane-containing medium was rather 
poor, and the cell yield was much lower than that from glucose medium 
(Fig 14). Attempts to use this medium for large-scale growth of the 
yeast were therefore abandoned.

Details of the cell yields obtained from various batches of 

glucose-containing medium are given in Table 19. The best yield was 
obtained with GPYS type B medium which contained a higher ratio of 
phosphate to magnesium than did GPYS type A medium. However, this 
culture (culture D) was also the only one grown in a fermenter.

2, Preparation of TCA extracts of cells

The classical procedure for extracting teichoic acids from 
bacteria with TCA was modified slightly in accordance with the method 
employed by Naumova & Streshinskaya (1973).
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Fig. 13 Growth of C. intermedia in GPYS
type A medium
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Fig. 14 Yield of C. intermedia in different growth media
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Washed cells were defatted with chloroform-methanol (2:1, 

v/v) prior to extraction with 5% (w/v) TCA (extract 1) , then two portions 
of 10% (w/v) TCA (extracts II and III), The yield of material recovered 
after each extraction was extremely low and highly variable (Table 19),

3, Acid hydrolysis of TCA extracts and qualitative analysis of 
hydrolysates

Poly (glycerol phosphate) teichoic acids are readily 
hydrolysed in dilute acid at lOO^C. Characteristic hydrolysis products 
which may be identified on paper chromatograms include glycerol, glycerol 
phosphate and glycerol diphosphate,

TCA extracts of yeast were hydrolysed in 2 M HCl at 105°C
for 3 h, subjected to paper chromatography in solvent A then examined for
the presence of polyols using the periodate-Schiff reagents (Table 20),
A product which co-chromatographed with glycerol was detected in some but 
not all of the extracts. Authentic standards of glycerol character
istically appear within 30 s of spraying with the periodate-Schiff 
reagents. In one case only (the hydrolysate of extract I from 

C. intermedia culture B) did the material co-chromatographing with glycerol 

appear within the prescribed time period. With other hydrolysates 
several hours were required for the visualisation of this product.

The acid hydrolysates were also chromatographed in Solvent B
and products located with the alkaline silver nitrate reagent. The

distribution of products revealed by this stain is shown in Table 21,
It is apparent that a considerable amount of cell-wall material was
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solubilised during the extraction with TCA since both glucose and 
mannose were major hydrolysis products. Although the alkaline silver 

nitrate stain characteristically reveals the presence of reducing sugars, 
glycerol is also visualised. Again, material which co-chromatographed 
with glycerol was detected in some but not all of the hydrolysates.

All hydrolysates which contained material co-chromatographing 
with glycerol in both solvents were further chromatographed in Solvent A, 
This time products were located with the molybdate spray reagent for 
phosphate esters. Inorganic phosphate was present in all hydrolysates 
examined in this way. However, only the hydrolysate of extract II from 
C . intermedia culture B contained a product which co-chromatographed 
with 1-sn glycerol phosphate. No material corresponding to glycerol 
diphosphate was detected in any of the hydrolysates.

4, Gel filtration of a TCA extract of C. utilis

It seemed possible that very small .amounts of teichoic acid 
might be masked during analysis by other components present in TCA 

extracts, particularly cell-wall polysaccharides. An attempt was 
therefore made to fractionate TCA-extracted material on a column of 
Sephadex G-100. Extract II from C. utilis was used since this extract 
was available in amounts sufficient for column chromatography.

Analysis of every third fraction collected from the Sephadex 
column (Fig 15) showed phosphorus-containing material of high molecular 
weight in the extract. Resolution of the phosphorus-containing
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material into three discrete peaks (peaks I, lA and II; Fig 16) was 
achieved upon subsequent analysis of every fraction between numbers 40 
and 50. Fractions corresponding to each of the three peaks were pooled, 
dialysed against water and freeze-dried. Samples of the dried material 
were then hydrolysed in 2 M HCl and the products analysed by paper 
chromatography as before. Glycerol and neutral sugars were present in
each of the three hydrolysates. However, 1-sn glycerol phosphate could 
not be detected on any of the chromatograms.

5. Glycerol and carbohydrate contents of TCA extracts of C. utilis

Confirmation of the presence of glycerol in these extracts was 
sought using a chemical assay for glycerol. Aliquots of the crude extracts 
were hydrolysed in acid. Any glycerol phosphate released during hydrolysis 
was dephosphorylated using alkaline phosphatase. The glycerol content of 
each hydrolysate was then determined (Hanahan & Olley, 1958), The 
results obtained (Table 22) indicated that glycerol accounted for 2,3 to 
4.9% (w/w) of the extracts. Considerable ahounts of carbohydrate were 
also shown to be present in each extract.

6. Assay of poly (glycerol phosphate) synthetase activity in sub- 
cellular fractions of C . intermedia

Since the demonstration of teichoic acid in TCA extracts of 
C. intermedia was not wholly convincing, various sub-cellular fractions 
were examined for their ability to synthesise a labelled polymer from

F i4 1CDpy_ CJ glycerol (a known precursor of poly (glycerol phosphate) 
teichoic acids in bacteria). The greatest amount of radioactive label
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Fig. 15

Elution profile of extract II from C. utilis 
separated on Sephadex G-IOO

( ©------ ) Phosphorus

( B— !— B ) Carbohydrate
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Fig. 16
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Table 22

Glycerol and carbohydrate content of TCA extracts 
from C. utilis

Extract Wt. hydrolysed Glycerol*
No. (mg) (mg)

Carbohydrate % (w/w) of glycerol
(mg) in extract

10.4 0.51 1.5 4.9

II 9.5 0.22 1.83 2.3

III 9,4 0.34 1.0 3.6

'These figures have been corrected for interference by carbohydrate in 

the colourimetric determination. Absorption due to carbohydrate is 
2% of that due to glycerol on a weight for weight basis (Hanahan & Olley, 

1958) . '
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was converted to polymeric form (Table 23) when a 100,000 x g fraction 
was used as the source of enzyme. However, no determination of 
specific activity of any of the fractions was made and the amount of 
incorporation achieved was too low to allow a proper characterisation 
of the polymeric product.
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DISCUSSION
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SECTION I THE EFFECT OF PHOSPHATE LIMITATION OF GROWTH ON THE
CELL-WALL AND LIPID COMPOSITION OF Saccharomyces 
cerevisiae NCYC 365

A. GROWTH OF Sacch, cerevisiae UNDER PHOSPHATE-LIMITING CONDITIONS

Since micro-organisms are capable of rapidly modifying their 
chemical composition in response to changes in their environment it is 
difficult to study the physiology of growing, functioning organisms 
without culturing them in a rigidly controlled environment. This cannot 
be achieved in a closed system such as a batch culture where due to the 
uptake of nutrients and excretion of metabolic end-products by the growing 
cells, the environment changes continuously as growth proceeds. The only 

effective way of maintaining the chemical environment constant is to use 
an "open" system, that is, continuous-flow culture.

Of the various "open" culture systems available the "cheraostat" 
type of continuous culture has the advantage of providing not only a range 
of controlled environments but also a range of unique environments which 
are never obtained in batch-type culture, or are obtained only transiently. 
With a chemostat the microbial population density is not controlled 
directly. Instead, the medium is compounded in a way such that all 
substances essential for the growth of the organisms, except one, are 
present in the culture at concentrations that are in excess of the microbial 
growth requirement. The one "growth-limiting" nutrient is present in the 
medium at a concentration sufficient to support only a limited amount of 
growth; thus, if the culture was allowed to develop as a batch culture, 

this nutrient would become depleted first, causing growth to cease. Under
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continuous-flow conditions, however, the growth rate of the culture is 
prescribed by the rate at which this growth-limiting nutrient (in effect, 
fresh medium) is added. The chemostat therefore provides a means of 
studying the effects of strict limitation of a single essential nutrient 
on the chemical composition of micro-organisms. In the present study 
Sacch. cerevisiae NCYC 366 was grown in a chemostat under phosphate- 
limiting conditions in order to investigate the effects of this particular 
nutrient limitation on the cell-wall and lipid composition of the yeast. 
Cells grown batch-wise in the same medium, and harvested during the late 
exponential phase of growth (when the phosphate content of the medium 
was almost depleted), were also analysed.

Clearly, if the effects of phosphate limitation of growth on
specific cellular components are to be determined, it is first necessary
to establish the content and composition of those components in organisms
grown in an environment containing an optimum concentration of phosphate.
There are certain intrinsic problems associated with the selection of
conditions suitable for the production of "control" cells, however. One
approach frequently used is to compare cells grown in a chemostat under
one nutrient limitation (say, phosphate limitation) with those grown

+similarly under another (K or glucose limitation, for example). This 

method has the advantage that both cultures are grown in a controlled 
environment at the same growth rate but the disadvantage that effects due 
to a second nutrient limitation are introduced. An alternative strategy 
is to use for comparison cells grown batch-wise in a medium containing 
optimum concentrations of all nutrients. The disadvantages here are those 
associated with growth in a changing environment. However, during the 
early or mid-exponential growth phase of such a culture there would be an
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excess of nutrients present and a minimal accumulation of toxic metabolites, 
Thus the cellular composition of organisms harvested during this period 
should correspond to that obtaining under optimum growth conditions. This 
second approach was adopted in the present study: the composition of
phosphate-limited cells was compared with that of cells grown in batch 
culture under conditions of nutrient excess and harvested during the mid- 
exponential phase of growth. The major draw-back of this procedure was 

that the growtli rates of the cultures were not identical and therefore 
possible growth-rate effects had to be taken into account when the 
analytical data were interpreted (see Sections IB and IC).

The growth of Sacch. cerevisiae in media containing 0.6 mM
KH^PO^ was limited by the availability of the phosphate anion and not by
that of the potassium cation (Table 9), Nevertheless the potassium ion
concentration may be of some relevance since potassium appears to play a
vital, but as yet unexplained, role in the transport of phosphate into the
yeast cell. Goodman & Rothstein (1957) for example, have shown that the

+uptake of phosphate by baker’s yeast is stimulated at a K concentration 
of 20 mM, particularly at low pH values.

Little information is available on the mechanism of phosphate
uptake by Sacch. cerevisiae. Recently, however, some interesting data
have been reported on phosphate uptake by Neurospora crassa (Lowendorf,
Slayman & Slayman, 1974; Lowendorf, Bazinet & Slayman, 1975). There
appear to be two transport systems for phosphate in this organism. The

+first is a constitutive, low-affinity system which is stimulated by K .
A second, high-affinity system is only derepressed during phosphorus

+starvation; no study of the K -dependence of this system was made.

134



In "steady state" chemostat cultures of phosphate-limited 
Sacch. cerevisiae the level of phosphorus in the medium (as detected in 
cell-free culture filtrates) remained at about 75% of the input level.
If the "steady state" cultures were allowed to grow batch-wise, however, 
by halting the flow of fresh medium into the chemostat vessel, then all 

of the phosphate was utilised. This anomalous situation might be 
explained by the existence of two systems for phosphate uptake similar 
to those reported for N. crassa. A constitutive, low-affinity and K - 

dependent system would operate inefficiently in "steady state" cultures 
due to the relatively low concentration of potassium ion available. The 
phosphate concentration in the growth medium would therefore never fall 
to a level necessary for derepression of the second high-affinity system. 
Under conditions of batch culture on the other hand there would be a 
gradual diminution in phosphate concentration until eventually the second 
system was induced. The operation of this system would then result in 
the total depletion of phosphate in the medium.

B. EFFECT OF PHOSPHATE LIMITATION OF GROWTH;-ON THE CELL-WALL 
COMPOSITION OF Sacch. cerevisiae

Perhaps the most striking change that phosphate limitation of 
growth induces in the cell-wall composition of many Gram-positive bacteria 
is the replacement of teichoic acid by an acidic polysaccharide containing 

uronic acid residues (teichuronic acid). It is apparent from the present 
study that no such drastic change in cell-wall composition occurs when 
Sacch. cerevisiae is similarly grown under conditions of phosphate 
limitation. The phosphorus content of the yeast wall is attributed to 

the presence of some phosphodiester linkages between adjacent mannose
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residues in a phosphoiuannan thought to be located on the outer surface 

of the wall. This phosphomannan component is presumed to be largely 
responsible for the negative charge or zeta potential of the cell and 

thus may be considered analogous to teichoic acid in bacteria. While 
the phosphorus content of walls prepared from cells grown under phosphate- 

limiting conditions was lower than that of walls from control cells 

(Table 12) it was not dramatically so, and no evidence was obtained for 
the presence, in these walls, of uronic acid substituents. It may well 
be that, unlike Gram-positive bacteria, Sacch. cerevisiae is unable to 
incorporate uronic acids into polymers, even under conditions of phosphate 

limitation. Although uronic acids are known to be constituents of 
capsular polysaccharides in some yeasts (Phaff, 1971), their presence in 
cellular components of Sacch. cerevisiae has not been reported. Further
more attempts to demonstrate the presence of UDP-glucose dehydrogenase 
(an enzyme unique to glucuronic acid synthesis) in batch-grown, phosphate- 
limited Sacch. cerevisiae have been unsuccessful (L.J. Douglas, 
unpublished observations),

Although uronic acid was not detected, it appeared that acid 
hydrolysates of walls prepared from phosphate-limited cells contained a 

larger quantity of one or more unidentified anionic components than did 
hydrolysates of walls from control cells. The anionic nature of these 
components was demonstrated by positive staining on chromatograms with 
reagents used for the detection of non-volatile acids. Thus it seems 
that under conditions of phosphate limitation, cell-wall phosphate may 

be partially replaced by an increased proportion of other negatively- 

charged constituents. This conclusion is supported by the work of San 
Bias and Cunningham (1974) who studied the effect of phosphate deprivation
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on the composition of mannans produced by Hansenula holstii. When 
this yeast was grown in a culture medium from which KH^PO^ had been 

omitted the cell-wall mannan contained only trace quantities of 
phosphorus but nevertheless bound in appreciable amounts to a column of 
DEAE-cellulose. The acidic constituent was not identified although, as 
in the present work, analysis for uronic acid proved negative.

M. lysodeiktlcus is rare among Gram-positive bacteria in 
lacking a lipoteichoic acid (Powell al., 1974). Membranes of this 
organism do however contain a mannan which is negatively-charged due to 
succinyl residues (Owen & Salton, 1975). A possible analogy with the 
mannan of phosphate-limited Sacch. cerevisiae prompted a search for 
succinic acid in cell-wall hydrolysates of the yeast. No succinate was 
detected, however, and the identity of the anionic component(s) remains 
to be established.

Significant quantitative changes in gross composition were 
observed in walls prepared from yeast grown Under phosphate-limiting 
conditions (Table 12). Such changes must be examined carefully in light 
of the finding by McMurrough & Rose (1967) that the overall wall 
composition of Sacch. cerevisiae is affected by changes in growth rate.

These workers showed that the protein and phosphorus contents of the wall 
increased as the growth rate was decreased. The total carbohydrate 
content, on the other hand, was largely unchanged, as were the relative 
proportions of glucan and mannan.

If wall carbohydrate content is independent of growth rate 
then the observed decrease from 83.5% (walls of control cells) to 72% (walls
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of chemostat-grown cells) can be attributed to a specific effect of 

phosphate limitation of growth. Changes in protein and phosphorus 
content, however, may be partially accounted for by variations in the 
growth rate. Thus, while the protein and carbohydrate contents of walls
appear to some extent to be complementary (Table 12), the increased

protein content of walls from chemostat-grown, phosphate-limited cells 
may be a reflection of the lower growth rate of this culture. The 
values obtained for both protein and carbohydrate content of walls from 
batch-grown, phosphate-limited cells seem anomalous and no explanation 
can be offered for these at present.

As might have been expected, the amount of phosphorus in 
walls prepared from batch-grown, phosphate-limited cells was substantially 
less than that in walls from control cells, a decrease of some 28%. 
Surprisingly, however, the phosphorus content of walls from chemostat-grown, 
limited cells fell by only 4%. Again this relatively high figure may 
reflect a balance between the opposing effect^ of phosphate limitation, 

which would tend to decrease the phosphorus content and a low growth rate, 
which would tend to increase it.

In order to investigate fully the effect of phosphate
limitation of growth on the carbohydrate composition of cell walls, a
simple and specific method had to be found for the independent assay of the 

two major polysaccharides. Early procedures involved lengthy fractionations 
of cell walls followed by a non-specific assay for hexose (Kessler & 
Nickerson, 1959; Korn & Northcote, 1960). More recently, the glucose 
content of cell-wall hydrolysates has been determined enzymically, and the
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mannose content calculated by subtracting this value from that for total 
hexose content (Fleet & Manners, 1976), In the present study, an attempt 
was made to determine both glucose and mannose in cell-wall hydrolysates 
by specific enzymic methods.

Initially, conditions were sought which produced maximum 
hydrolysis of the wall polysaccharides and at the same time, minimum 
degradation of the monosaccharides released. The results in Table 13 
show that mild acid hydrolysis alone released approximately 60 to 80% of 
the polysaccharide. However, very little of this material was recovered 
as either the glucose or mannose monosaccharide. Pretreatment of the 
cell-wall suspensions with 3-glucanase and a-mannosidase prior to acid 
hydrolysis solubilised considerable amounts of the cell wall. Subsequent 
acid hydrolysis conditions released lOO% of the polysaccharide, mainly 
in monosaccharide form (Table 14).

It is always difficult to achieve complete hydrolysis of a 
polysaccharide to its constituent monosaccharides while avoiding 
destruction of the sugar or acid reversion to oligosaccharides. The 
results shown in Table 14 therefore represent minimum values for glucose 

and mannose contents of the different cell-wall preparations. If these 
figures are extrapolated to account for the total hexose present in the 
cell wall then the results shown in Table 24 are obtained. Such an 
extrapolation assumes not only that glucose and mannose together account 
for the total hexose present, bpt also that glucan and mannan are 
hydrolysed to an equivalent extent, and may not therefore be completely 
valid. Nevertheless it is clear from either set of figures that walls 
prepared from both types of phosphate-limited yeast contained considerably
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less glucan than did walls from control cells. In the case of the 
batch-grown, phosphate-limited cells this decreased glucan content 

appears to have been compensated for by an increased synthesis of mannan.

The conclusion that phosphate-limited cells have a decreased 
proportion of glucan in their walls is supported by the finding that 
enzymic treatment of wall suspensions prior to acid hydrolysis solubilised 
more of the walls from control cells than those from phosphate-limited 
cells. The Basidiomycete 3-glucanase used in this pretreatment is known 
to hydrolyse 3 - linked yeast glucan rapidly, where Jack-bean o-
mannosidase has a rather restricted action on yeast mannan (Ballou, 1976). 
Thus walls containing a high proportion of glucan would be expected to 
be more readily solubilised by this procedure. It is possible, however, 
that the different susceptibilities of the wall preparations to enzymic 

hydrolysis also reflect differences in the chemical structure of the 
cell-wall polysaccharides.

C. EFFECT OF PHOSPHATE LIMITATION OF GROTOH ON THE LIPID COMPOSITION 

OF Sacch. cerevisiae

The lipid composition of micro-organisms is very responsive to 
changes in the chemical and physical properties of the environment. Among 
the environmental factors that have been reported to affect the lipid 
composition of yeasts are growth rate (Brown & Rose, 1969; Hunter & Rose,
1972), composition of the medium (Brown & Rose, 1969; Ratcliffe et al.,
1973), growth temperature (Hunter & Rose, 1972) and dissolved oxygen 
tension in the culture (Brown & Rose, 1969). Of these various parameters

140



Table 24

Estimated glucose and mannose contents of cell-wall
preparations

Walls prepared from % (w/w) content of 
Glucose Mannose

Control cells 55.8 29.8

Batch-grown, 
phosphate-limited cells

42.6 50.6

Cheraos tat-grown, 
phosphate-limited cells

43.3 28.2

Values quoted in Table 14 for glucose and mannose released during 
acid hydrolysis were extrapolated to account for the total carbohydrate 
content of each cell wall preparation.
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only changes resulting from different growth rates are directly relevant 
to the results of the present study.

Hunter & Rose (1972) have compared the lipid composition of
-1Sacch. cerevisiae NCYC 366 grown in a chemostat at growth rates of 0.25 h 

-1■and 0.05, h . They found that phospholipid synthesis was decreased at 

the lower growth rate and that this was reflected in lowered levels of 
phosphatidylethanolamine and, to a much lesser extent, phosphatidylinositol. 
The phosphatidylserine content was unaffected while the phosphatidyl
choline content increased by some 37%. Thus the only change in 
phospholipid composition of chemostat-grown, phosphate-limited cells which 
may be attributed to the lower growth rate of this culture is the increased 
content of phosphatidylcholine. The increased level of phosphatidyl
ethanolamine and decreased level of phosphatidylserine in these cells, 
and more especially, the wholly unexpected increase in total phospholipid 
content are in no way accounted for by these observations.

Phosphate limitation of growth induces quite profound changes 
in the polar lipid composition of some bacteria. Minnikin, Abdolrahimzadeh 
& Baddiley (1974) have shown that when Pseudomonas diminuta is grown in 
a chemostat under phosphate-limiting conditions the phospholipid content 
of the organism falls almost to zero and is replaced by an increased 
content of neutral glycolipids and acidic glycolipids containing uronic 
acid residues. By comparison, Sacch. cerevisiae would again appear less 
versatile in responding to this particular growth constraint. This 
conclusion is supported by the preliminary report of Johnson, Brown & 
Minnikin (1973) which states that only small differences in polar lipid
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composition were detected when Sacch. cerevisiae NCYC 712 was grown 

under conditions of phosphate limitation. The phospholipid composition 
of Sacch. cerevisiae can be manipulated to some extent. For example, 
the inclusion of low concentrations of ethanolamine in the growth medium 

induces an increased synthesis of phosphatidylethanolamine (Ratcliffe 
et al., 1973). However, while this yeast may be relatively amenable to 
changes in phospholipid composition it would appear from the present work 
to be intolerant of any appreciable diminution in overall phospholipid 
content.

Perhaps the most striking change in the lipid composition of 
chemostat-grown, phosphate-limited cells was their decreased content of 
sterol esters and triacylglycerols, Moreover this was unlikely to be a 
growth-rate effect since Hunter & Rose (1972) demonstrated that lowering 
the growth rate of Sacch. cerevisiae in a chemostat at 30°C caused an 

increased synthesis of sterol esters while the triacylglycerol content of 
the cells was unaffected. It is likely that rnter-relationships exist 
between the pathways for sterol ester, triacylglycerol and phospholipid 
biosynthesis involving the operation of complex control mechanisms.

Thus, if the decreased synthesis of sterol esters and triacylglycerols is 

a primary effect of phosphate limitation of growth, an increased synthesis 
of phospholipid may necessarily be a secondary effect* In this connection 
it is interesting that some of the results reported by Hunter & Rose
(1972) for glucose-limited yeast, when collated (Table 25), reveal a 
remarkably similar series of changes to those observed in phosphate-limited 
yeast. Here glucose limitation of growth resulted in a decreased synthesis
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Table 25

Effect of glucôse limitation on the lipid composition 
of Sacch. cerevisiae NCYC 366 (Results taken from Hunter 

& Rose, 1972).

Growth
conditions

Lipid Composition
!

(mg lipid/100 mg cells)
Growth 

rate (h )̂
Phospho
lipid

Sterol Sterol
esters

Triacyl
glycerols

Cells grown batch- 
wise at 30°C and 
harvested in mid
exponential growth 
phase

0.34 3.76 0.23 1.32 1.22

Cells grown in a 
chemostat at 30°C 
under conditions of 
glucose limitation

0.25 4.92 0.18 1.09 0.46
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of sterols, sterol esters and triacylglycerols, and this was accompanied 

by an increased synthesis of phospholipid. The same workers also 
demonstrated that when the growth temperature of cells growing in a 
chemostat at fixed rate was lowered from 30 to 15^C, the synthesis of 
sterols, and sterol esters decreased while that of phospholipids increased. 
The existence of control mechanisms operating between the various 
biosynthetic pathways might also partially explain the somewhat anomalous 
results obtained for the lipid composition of batch-grown, phosphate- 
limited cells (Table 16),

Sterol esters and triacylglycerols are two classes of lipid 
which because of their extreme hydrophobic nature cannot be accommodated 

in a membrane system. They are rather located exclusively in vesicles 
(Hossack, Wheeler & Rose, 1973; Cartledge & Rose, 1973; Clausen et al,,

1974)o There are two types of vesicle (large and small) present in 
Sacch, cerevisiae. Electron microscope studies on budding cells provided 
the first insight into their function, Sentandreu & Northcote (1969) 
showed that the large vesicle (or vacuole) multiplies by fission during 

the cell cycle and that the progeny of this fragmentation (small vesicles 
or sphaerosomes) are distributed between the mother and daughter cells.
The small vesicles were observed to congregate at the neck of the budding 
cell, a region of active envelope growth.

Following the development of reliable methods for the isolation 
of vesicles, several workers reported a variety of lytic enzyme activities 
in these organelles, including 3-glucanase, N-acetyl-3-glucosaminidase and 
esterase activities (Matile et al,, 1971; Cortat, Matile & Wiemken, 1972; 
Cartledge & Rose, 1973), On the basis of these findings it was suggested
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that small vesicles may function in cell-envelope biogenesis either by 

transporting envelope components to the growing region or by modification 
of the envelope prior to acceptance of these precursors (Cartledge & Rose,
1973) .

The decreased content of sterol esters and triacylglycerols in 
Sacch, cerevisiae grown under phosphate limitation implies a diminished 
population of one or both types of vesicle in these cells. If small 
vesicles are indeed involved in cell-wall biogenesis this would explain 
the disturbances in wall composition, notably glucan content, apparently 
caused by phosphate limitation of growth. It would be interesting to 
know whether vesicles contain a relatively high proportion of phosphatidyl
serine since the content of this particular phospholipid was substantially 
decreased in phosphate-limited yeast.

Electron microscopy of thin sections or replicas of frozen 
fracture planes would confirm that phosphate-limited cells contain a 
diminished population of vesicles. Both techniques were attempted in 

this study but the micrographs obtained were^of insufficient resolution to 
allow any conclusions to be drawn, A lack of resolution in electron 
micrographs of fungi in general is a fairly common problem and seems to be 
caused mainly by the relatively poor penetration of fixatives and stains 
through the cell walls of these organisms.

The changes observed in the levels of phosphorus-containing 
components in walls and lipids of Sacch, cerevisiae subjected to conditions 

of phosphate limitation would not appear to account for the appreciable 
decrease in total phosphorus content of these cells (Table 10), No 
attempt was made in this study to investigate the nucleic acid content and
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composition of phosphate-limited yeast and changes in these components 
cannot be discounted. However it seems more likely that the decrease 
in total phosphorus content can be attributed to a decreased synthesis of 
polyphosphate, a compound known to be accumulated by Sacch. cerevisiae 
(Dawes & Senior, 1973), The exact role of polyphosphate in yeast remains 
to be established although it is presumed to provide a reserve of 
phosphorus and/or energy. In light of the present work it may be of 
some significance that polyphosphate appears to be located in the large 
vesicle or vacuole (Indge, 1968),

SECTION II THE SEARCH FOR TEICHOIC ACIDS IN YEASTS

The presence of teichoic acids in walls and membranes of 

Gram-positive bacteria is well established (Archibald, 1974) but, prior 
to the report of Naumova & Streshinskaya (1974), these polymers had been 
widely assumed to be absent from other groups of micro-organisms. The 
Russian workers described the isolation and partial characterisation of a 
poly (glycerol phosphate) teichoic acid from the yeast Candida intermedia 
H-30, In the present study attempts were made to confirm these findings 
and to extend the survey to other yeast species. However, since 
C. intermedia H-30 is not available outside the Soviet Union, and since 
the Russian workers did not respond to a request for the culture, the 
initial confirmatory work was undertaken with the type strain C, intermedia 
CBS 572,

Because the amount of teichoic acid present in yeast is likely

147



to be small, isolation of the polymer in quantities sufficient for 
chemical characterisation requires the provision of a relatively large 
weight of cell starting material. Thus it was important to adjust the 
growth conditions so as to achieve a good cell yield and, if possible, 
maximum teichoic acid production. No reference to the growth medium 
(Rieder's medium) used by the Russian workers could be found in the 
literature. C. intermedia CBS 572 was therefore grown in a conventional 
undefined medium (GPYS type A) which supported good growth of the yeast.
A second medium (GPYS type B) was also used in which the ratio of phosphate 
to magnesium was higher. The relative proportions of these two 
constituents are known to influence the extent of teichoic acid synthesis 
in bacteria (Ellwood & Tempest, 1972).

Naumova & Streshinskaya (1973) claimed an improved yield of 
teichoic acid from yeast grown in a medium containing a mixture of 
alkanes as the carbon and energy source. When a similar medium was used 
in the present work, problems were encountered^,in stabilising the alkane- 
aqueous phase emulsion and cell yields were poor. The use of this 
medium was therefore discontinued. General difficulties in obtaining 
quantities of yeast sufficient for analysis also prompted the use of 
commercially-produced lyophilised preparations of other yeast species.

The procedure used to investigate the presence of teichoic 
acids in yeasts was similar to that of early investigators in the 
bacterial field (Armstrong et al,, 1958). Material recovered from 

trichloroacetic acid extracts of defatted cells was hydrolysed in acid 

and chromatograms of the hydrolysates were examined for compounds
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characteristically produced from a glycerol teichoic acid, namely 

glycerol and its mono- and diphosphates. Trace amounts of material 
which co-chromatographed with glycerol and stained similarly with 
specific reagents were recognised in most trichloroacetic acid extracts 
of the species examined. Attempts to establish conclusively the 
identity of this compound as glycerol by an enzymic method were 
unsuccessful. Chemical analysis of hydrolysates of C. utilis extracts 
on the other hand, indicated relatively large amounts of glycerol (Table 
22)o These results, however, must be viewed with some caution since 
the assay method used was rather non-specific and there was considerable 
interference from carbohydrates.

Glycerol phosphate was demonstrated in a hydrolysate of 
one trichloroacetic acid extract only. Glycerol diphosphates were 
never detected. Thus, the results, overall, from the examination of 
crude extracts were ambiguous and the evidence for the presence of teichoic 
acids not compelling.

Part.of the problem appeared to be the heterogeneous nature 
of the extracts which contained large proportions of carbohydrate and 
nucleic acid. Obviously, the isolation and identification of minor 
hydrolysis products from such preparations is extremely difficult.
Indeed, it is possible that even the hydrolysis conditions used - those 
normally adopted for pure teichoic acid - were inappropriate for these 
crude extracts. An attempt was therefore made to fractionate the 
extract from C. utilis by gel filtration. Phosphorus-containing 
material of high molecular weight was eluted from the column and acid

149



hydrolysates of this material were shown to contain glycerol. Again, 
neither glycerol phosphate nor glycerol diphosphate were detected in 
the hydrolysates»

The results of this study do not support nor refute the claim 
that teichoic acids are present in yeasts. The identification of 
glycerol and phosphorus in a component of high molecular weight in the 
extract from C. utilis might be considered reasonably good presumptive 
evidence. However, the possibility that traces of lipid were 
associated with polymeric material in this extract cannot be discounted.
An unequivocal demonstration of teichoic acid would require the 
isolation of sufficient material for a complete characterisation of the 
products of acid and alkaline hydrolysis. Naumova & Streshinskaya
(1973) were able to identify glycerol phosphate and glycerol diphosphate 
following both acid and alkaline hydrolysis of their material.
However, the presence of diglycerol triphosphate, a product considered 

diagnostic for a 1,3-linked glycerol teichoic acid (Archibald & Baddiley, 
1966) was not reported.

The maximum yield of teichoic acid obtained from C. intermedia 
H-30 by the Russian workers was 0.3 mg/g dry yeast. A demonstration of 
such low levels of a compound previously unreported in yeast inevitably 
gives rise to the question of bacterial contamination of the yeast culture. 
A rough calculation can be made which shows that the degree of 
contamination necessary to produce this yield of teichoic acid would be 
0.7% (w/w) or approximately 1 bacterium per 14 yeast cells. It seems 
unlikely that such a level of contamination would escape notice.
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In bacteria, glycerol teichoic acids are synthesised, from

CDP-glycerol, a nucleotide precursor unique to teichoic acid synthesis.
Thus, an alternative approach to the problem of identifying these polymers
as yeast components would be to demonstrate incorporation of -

*14 "1glycerol from CDP C| -glycerol into poly (glycerol phosphate) by 
subcellular fractions. The results of such experiments (Table 23) 
indicated that some synthesis had taken place although the amount of 
polymeric product formed was too small to permit its characterisation. 
Again, these results are somewhat equivocal. The assay conditions used 
were those which have been found optimal for teichoic acid synthesis in 
bacteria. It is possible, for example, that the pH value and divalent 
cation concentration used were inappropriate for the yeast system and 
responsible, at least in part, for the low levels of incorporation 
observed. Further investigation of these parameters might prove 

fruitful.

After this work was completed, the identification of glycerol 
teichoic acid in extracts of a Gram-negative bacterium Butyrivibrio 

fibrisolvens was reported (Sharpe et al., 1975). It has recently been 
characterised as a lipoteichoic acid (Hewett et al., 1976) and is present 

in an amount comparable to that found in most Gram-positive bacteria.
This polymer was initially detected by serological methods although it 
was subsequently isolated and characterised chemically. A similar use 
of specific antisera to poly (glycerol phosphate) might prove helpful in 
any future search for teichoic acids in yeasts.

151



ADAMS, B.Go and PARKS, L.W, ,(1957) Evidence for dual physiological forms 
of ergosterol in Saccharomyces cerevlsiae. J. Cell. Physiol. 70, 161-158.

ADAMS, B.Go and PARKS, L.W. (1968) Isolation from yeast of a metabolically 
active water soluble form of ergosterol. J. Lipid Res. 9_, 8-11.

ALTERTHUM, F. and ROSE, A.H. (1973) Osmotic lysis of sphaeroplasts from 
Saccharomyces cerevlsiae grown anaerobically in media containing 
different unsaturated fatty acids, J. Gen. Microbiol. 77, 371-382.

ALLEN, R.J.L. (1940) The estimation of phosphorus. Biochem. J. 34, 858-865,
ANDERSON, R.G., HUSSEY, H. and BADDILEY, J. (1972) Mechanisms of wall 

synthesis in bacteria. The organisation of enzymes and isoprenoid 
phosphates in the membrane. Biochem. J. 127, 11-25.

ARCHIBALD, A.R. (1974) The Structure, Biosynthesis and Function of Teichoic 
Acid. Adv. Microb. Physiol. 11, 53-95.

ARCHIBALD, A.R. and BADDILEY, J, (1966) The Teichoic Acids. Adv. Carb. 
Chem. 21_, 323-375.

ARCHIBALD, A.R., BADDILEY, J. and BLUMSOM, N.L. (1968) The Teichoic acids.

Adv. Enzymol. Relat. Areas Mol. Biol. 30, 223-253.
ARCHIBALD, A.R., BADDILEY, J. and BUCHANAN, J.G. (1961) The ribitol

teichoic acid from Lactobacillus arablnosus walls; isolation and 
structure of ribitol glucosides. Biochem. J. 81, 124-134.

ARCHIBALD, A.R., BADDILEY, J. and BUTTON, D. (1968) Membrane teichoic acid 
from Staph, lactis 13. Biochem. J. 110, 559-

ARCHIBALD, A.R., BADDILEY, J. and REINSTALL (1973) Alanine ester content 
and magnesium binding capacity of walls of Staph, aureus H grown at 
different pH values. Biochim. Biophys. Acta 291, 629-634,

ARMSTRONG, J.J., BADDILEY, J. and BUCHANAN, J.G. (1961) Further studies on 
the teichoic acid from Bacillus subtilis walls. Biochem. J. 80, 254-261.

152



ARMSTRONG, J.J., BADDILEY, J., BUCHANAN, J.G., CARSS, B„ and GREENBERG, G»R. 
(1958) Isolation and structure of ribitol phosphate derivatives (teichoic 

acids) from bacterial cell walls. J. Chem. See. 4344-4354.
ARNOLD, W.No (1972) Location of acid phosphatase and g-fructofuranosidase 

within yeast cell envelopes. J. Bacteriol. 112, 1346-1352.
AVERS, C.J. and FEDERMAN, M. (1968) The occurrence in yeast of cytoplasmic 

granules which resemble microbodies. J. Cell, Biol. 37, 555-559.
BABCZINSKI, P. and TANNER, W, (1973) Involvement of dolicholmonophosphate 

in the formation of specific mannosyl linkages in yeast glycoproteins. 
Biochem. Biophys. Res. Commun. 54, 1119-1124.

BACON, J.S.D., DAVIDSON, E.D., JONES, D, and TAYLOR, I.F, (1966) The 
location of chitin in the yeast cell-wall. Biochem. J. 101, 36C-38C.

BACON, J.S.D., FARMER, V.C., JONES, D. and TAYLOR, I.F. (1969) The glucan 
components of the cell wall of baker's yeast (Saccharomyces cerevlsiae) 
considered in relation to its ultrastructure. Biochem. J. 114, 557-567.

BACON, J.S.D., MILNE, B.D., TAYLOR, I.F. and WEBLEY, D.M. (1965) Features 
of the cell wall structure of yeast revealed by the action of enzymes 
from a non-fruiting myxobacterium (Cytophaga johnsonii). Biochem. J.
95, 28C-30C.

BADDILEY, J. (1972) Teichoic acids in cell walls and membranes of bacteria. 
Essays in Biochemistry 35-77.

BADDILEY, J., BLUMSOM, N.L. and DOUGLAS, L.J. (1968) The biosynthesis of 

wall teichoic acid in Staph. lactis 13. Biochem. J. 110, 565-571.
BADDILEY, J., BUCHANAN, J.G., HANDSCHUMACHER, R.E. and PRESCOTT, J.F. (1956) 

Biosynthesis of purine nucleotides. I. Preparation of N-glycylglycosyl- 
amines. J. Chem. Soc. 2818-23.

BADDILEY, J., BUCHANAN, J.G., MARTIN, R.O. and RAJBHANDRY, U.L. (1962) 
Teichoic acids from the cell walls of Staphylococcus aureus H.
2. Location of phosphate and alanine residues. Biochem. J. 85, 49-56,

153



BADDILEY, J., BUCHANAN, J.G., RAJBHANDRY, U.L. and SANDERSON, A.R. (1962)

Teichoic acid from the walls of Staphylococcus aureus H. 1, Structure of 

the N-acetyl-glucoscuninylribitol residues. Biochem. J. 82, 439-448.
BADDILEY, J. and DAVIDSON, A.L. (1961) The occurrence and location of 

teichoic acids in lactobacilli, J. Gen. Microbiol. 24, 295-299.
BADDILEY, J. and NEUHAUS, F.C. (1960) The enzymatic activation of D-alanine. 

Biochem. J, 75, 579-587.
BALINT, S., FARKAS, V. and BAUER, S. (1976) Biosynthesis of g-glucans by a 

particulate enzyme preparation from yeast., FEBS Lett. 64, 44-47.
BALLOU, C.E. (1970) A study of the immunochemistry of three yeast mannans.

J. Biol. Chem. 245, 1197-1203.
BALLOU, C.E. (1976) Structure and biosynthesis of the mannan component of 

the yeast cell envelope. Adv. Microb. Physiol. 14, 93-158.
BALLOU, C.E., KERN, K.A. and RASCHKE, W.C. (1973) Genetic control of yeast 

mannan structure. Complementation studies and properties of mannan 
mutants. J. Biol. Chem. 248, 4667-4673.

BARAUD, J., CASSAGNE, C., GENEVOIS, L. and JONEAU, M. (1967) Presence 
d'hydrocarbures dans 1’insaponifiable des lipides de levures.

C.R. Acad. Sci. (Paris) Ser. D 265, 83-85.
BARAUD, J., MAURICE, A. and NAPIAS, C. (1970) Composition et répartition 

des lipides au sein des cellules de Saccharomyces cerevlsiae.
Bull. Soc. Chim. Biol. 52, 421-432,

BARBER, E.D. and LANDS, W.E.M. (1973) Quantitative measurements of the 
effectiveness of unsaturated fatty acids required for the growth of 
Saccharomyces cerevlsiae. J. Bacteriol. 115, 543-551.

BARTLETT, G.R. (1959) Phosphorus assay in column chromatography.
J. Biol. Chem. 234, 466-468.

154



BARTON, D.H.R., HARRISON, D.M. and WIDDOWSON, D.A. (1968) 4d-methyl-24- 
methylene-24, 25 dihydrozymosterol, a new sterol of Saccharomyces 
cerevlsiae of possible importance in the biosynthesis of ergosterol.
Chem. Commun. 17-19.

BAUER, H., SIGARLAKIE, E. and BRACCO, U. (1975) The lipid globules of

Saccharomyces cerevisiae. A combined chemical and ultrastructural study 
using ultrathin frozen sections. J. Ultrastr. Res. 51, 32-39.

BEHRENS, N.H. and CABIB, E. (1968) The biosynthesis of mannan in 
Saccharomyces carlsbergensis. J. Biol. Chem. 243, 502-509.

BERTOLI, E., CHAPMAN, D., GRIFFITHS, D.E. and STRACH, S.J. (1974)
Organisation of yeast mitochondrial membranes : fluidity and phase
transition studied by calorimetry and spin label methods- Biochem. Soc. 
Trans. 2̂ , 964-967,

BIELY, P., KOVARIK, J. and BAUER, S. (1973) Cell wall formation in yeast.
An electron microscopic autoradiographic study. Arch. Microbiol. 94, 
365-371.

BLIGH, E.G. and DYER, W.J. (1959) A rapid method of total lipid extraction 

and purification. Can. J. Biochem. Physiol. 37, 911-917.
BOLDER, T., DURR, M. and WIEMKEN, A. (1975) Characterisation of a specific 

transport system for arginine in isolated yeast vacuoles. Eur. J.
Biochem. 54, 81-91.

BRACHA, R. and GLASER, L. (1976) In_ vitro system for the sjm.thesis of 
teichoic acid linked to peptidoglycan. J. Bacteriol. 125, 872-879.

BRACKET, J. (1957) "Biochemical Cytology" pp 70-71. Academic Press. New York,
BRADLEY, T.J. and PARKER, M.S. (1968) Binding of aluminium ions by 

Staphylococcus aureus 893. Experientia 24, 1175-1176.
BRENNAN, P.J., FLYNN, M.P. and GRIFFIN, P.F.S. (1970) Acylglucose in 

Escherichia coli, Saccharomyces cerevisiae and Agaricus bisporus.
FEBS Lett, £, 322-324.

155



BRETTHAUER, R.K., Wü, S. and.IRWIN, W.E. (1973) Enzymatic transfer of 
mannose from GDP-mannose to dolichol phosphate in yeast (H. holstii):

A possible step in yeast mannan biosynthesis, Biochim. Biophys. Acta 
304, 736-747.

BREIVIK, O.N., OWADES, J.L. and LIGHT, R.E. (1954) A new tetraethenoid 
sterol of yeast. J. Org. Chem. 19, 1734-1740.

BROWN, C.M. and ROSE, A.H. (1969) Fatty-acid composition of Candida utilis 
as affected by growth temperature - and dissolved-oxygen tension.
J. Bacteriol. 99, 371-378,

BRUNDISH, D.E. and BADDILEY, J. (1968) Pneumococcal C substance, a ribitol 
teichoic acid containing choline phosphate. Biochem, J. 110, 573-582, 

BURGER, M.M. and GLASER, L, (1964) The synthesis of teichoic acids. I, 
Polyglycerophosphate, J. Biol. Chem. 239, 3168-3177.

BUECHER, E.J. (1968) As In PHAFF, H.J. (1971): Structure and biosynthesis
of the yeast cell envelope.

BURGER, M.M. and GLASER, L. (1966) The synthesis of teichoic acids. V. 
Polyglucosylglycerol phosphate and polygalactosyl glycerol phosphate.
J. Biol. Chem. 241, 494-506.

CABIB, E. and BOWERS, B. (1971) Chitin and yeast budding. Localisation of 
chitin in yeast bud scars. J. Biol, Chem. 246, 152-159.

CABIB, E. and BOWERS, B. (1975) Timing and function of chitin synthesis in
yeast. J, Bacteriol. 124, 1586-1593.

CABIB, E. and FARKAS, V. (1971) The control of morphogenesis: an enzymatic
mechanism for the initiation of septum formation in yeast. Proc. Nat. 
Acad. Sci. (Wash.), 68, 2052-2056,

CABIB, E, and ULANE, R. (1973) Chitin synthetase activating factor from 
yeast, a protease, Biochem. Biophys. Res. Commun. 50, 186-191.

156



CABIB, E., ULANE, R. and BO^^ERS, B. (1973) Yeast chitin synthetase.

Separation of the zymogen from its activating factor and recovery of 
the latter in the vacuole fraction. J. Biol. Chem. 248, 1451-1458.

CALLOW, R.K. (1931) Occurrence of a dihydroergosterol as an impurity in 
yeast ergosterol. Biochem. J. 25, 87-94.

CARTLEDGE,T .E. and LLOYD,D. (1972) Subcellular fractionation of particles 

containing acid hydrolases from Saccharomyces carlsbergensis. Biochem. J. 
126, 755-757.

CARTLEDGE, T.G. and ROSE, A.H. (1973) Properties of low density vesicles
from Saccharonyces cerevisiae. Proc. 3rd Int. Spec, Symp. Yeasts part II, 
251-259.

CASSONE, A. (1973) Improved visualisation of wall ultrastructure in 
Saccharomyces cerevisiae. Experientia 29, 1303-1305.

CASTELLI, A., BARBARESI, G. and BERTOLI, E.I. (1969) Studies on the lipids 
of S. cerevisiae during the growth phase. Ital. J. Biochem. 18, 78-90.

CASTELLI, A., LITTARU, G.P. and BARBARESI, G. (1969) Effects of pH and CO^ 

concentration changes on lipids and fatty acids of Saccharomyces 
cerevisiae. Arch. Microbiol. 66, 34-39.

CAWLEY, T.N., HARRINGTON, M.G. and LETTERS, R. (1972) A study of the 
phosphate linkages in phospho-mannan in cell walls of Saccharomyces 
cerevisiae. Biochem, J. 129, 711-720.

CHEN, P.S., TORRIBARA, T.Y. and WARNER, H. (1956) Micro determination of 
phosphorus. Anal. Chem. 28, 1756-1758.

CHITTENDEN, G.J.E., ROBERTS, W.K., BUCHANAN, J.G. and BADDILEY, J. (1968)
The specific substance from Pneumococcus type 34 (41). The phospho- 
diester linkages. Biochem. J. 109, 597-602.

CLAUSEN, M.K., CHRISTIANSEN, K., JENSEN, P.K. and BEHNKE, O. (1974)
Isolation of lipid particles from baker's yeast. PEES Lett. 43, 176-179.

157



CLEVELAND, R.F., HOLTJE, J-V., WICKEN, A.J., TOMASZ, A., DANEO-MOORE, L. 
and SHOCKMAN, G. (1975) Inhibition of bacterial wall lysins by 
lipoteichoic acids and related compounds, Biochem. Biophys. Res. Commun. 
67, 1128-1135.

CLEVELAND, R.F., WICKEN, A.J,, DANEO-MOORE, L. and SHOCKMAN, G. (1976)
Inhibition of wall autolysis in Streptococcus faecalis by lipoteichoic 
acid and lipids. J. Bacteriol. 126, 192-197.

COLEY, J., ARCHIBALD, A.R. and BADDILEY, J. (1976) A linkage unit joining 

peptidoglycan to teichoic acid in Staphylococcus aureus H. FEBS Lett.
§ 1 , 240-242.

COLEY, J., DUCKWORTH, M. and BADDILEY, J. (1972) Occurrence of lipo-teichoic 

acids in membranes of bacteria. J. Gen. Microbiol. 73, 587-591.
COLONNA, W.J. and LAMPEN, J.O. (1974) Structure of the mannan from 

Saccharomyces strain FH4C, a mutant constitutive for invertase 
biosynthesis. I. Significance of phosphate to the structure and 
refractoriness of the molecule. Biochem. N.Y. 13, 2741-2748.

CORTAT, M., MATILE, Ph. and KOPP, F. (1973) Intracellular localisation of 
mannan synthetase activity in budding baker's yeast. Biochem. Biophys. 
Res. Commun. 53, 482-489.

CORTAT, M., MATILE, P. and WIEMKEN, A. (1972) Isolation of glucanase- 
containing vesicles from budding yeast. Arch. Mikrobiol. 82, 189-205.

CRITCHLEY, P., ARCHIBALD, A.R. and BADDILEY, J. (1962) The intracellular 
teichoic acid from L. arafoinosus. Biochem. J. 85, 420-431.

CUTINEUI, C, and GALDIERO, F. (1967) Ion-binding properties of the cell wall 
of Staphylococcus aureus. J. Bacteriol. 93, 2022-2023.

DARLING, S., THIELADE, J, and BIRCH-ANDERSON, A. (1969) Kinetic and 

morphological observations on Saccharomyces cerevisiae during 
sphaeroplast formation. J. Bacteriol. 98, 797-810.

158



DARLING, S., THIELADE, J. and BIRCH-ANDERSON, A. (1972) Structure and 
chemical composition of prosphaeroplast envelopes of Saccharomyces 
cerevisiae and Hansenula anomala. J. Bacteriol. 110, 336-345.

DAVENPORT, J.B. (1969) Detection of biochemical compounds. Chap 21 in 
Data for Biochemical Research. (Eds R.M.C, Dawson, D.C. Elliot, W.H. 

Elliot and K.M. Jones). Clarendon Press, Oxford.
DAVIE, J.M. and BROCK, T.D. (1966) Effect of teichoic acid on the 

resistance to the membrane lytic agent of Strep. zymogenes.
J. Bacteriol. 92, 1623-1631.

DAVISON, A.L. and BADDILEY, J. (1963) The distribution of teichoic acids 

in staphylococci. J. Gen. Microbiol. 32, 271-276.
DAWES, E.A. and SENIOR, P.J. (1973) The role and regulation of energy

reserve polymers in micro-organisms. Adv. t-îicrob. Physiol. 10, 135-266.
DAWSON, P.S.S. and CRAIG, B.M. (1966) Lipids of Candida utilis: changes

with growth. Can. J. Microbiol. 12, 775-785.
DEIERKAUF, F.A. and BOOIJ, H.L. (1968) Changes in the phosphatide pattern 

of yeast cells in relation to active carbohydrate transport. Biochim. 
Biophys. Acta 150, 214-225.

DOUGLAS, L.J. and BADDILEY, J. (1968) A lipid intermediate in the 
biosynthesis of a teichoic acid. FEBS Lett. 1̂, 114-116,

DUBOIS, M., GILLES, K.A., HAMILTON, J.K., RSBERS, P.A. and SMITH, F. (1956) 
Colourimetric determination for sugars and related substances. Anal, 
Chem. 2^, 350-356.

DULANEY, E.L., STAPELY, E.O. and SII4PF, K. (1954) Studies in ergosterol 
production by yeasts. Appl. Microbiol. 371-379.

DUNPHY, P.J., KERR, J.D., PENNOCK, J.F., WHITTLE, K.J. and FEENEY, J. (1967) 

The plurality of long chain isoprenoid alcohols (polyprenols) from 
natural sources, Biochim. Biophys. Acta 136, 136-147.

159



DURAN, A., BOWERS, B. and CABIB, E. (1975) Chitin synthetase zymogen is 
attached to the yeast plasma membrane. Proc. Nat. Acad. Sci. (Wash.).
72, 3952-3955.

EDDY, A.A. (1958) The structure of the yeast cell wall. II. Degradative 
studies with enzymes. Proc. Roy. Soc. B. 149, 425-440.

EDDY, A.A. and WILLIAMSON, D.H. (1959) Formation of aberrant cell walls and 
of spores by the growing yeast protoplast. Nature, London 183, 1101-1104.

ELLWOOD, D.C. (1975) The effect of growth conditions on the chemical 
composition of microbial walls and extracellular polysaccharides.
Proc. Soc. Gen. Microbiol. _3, 16-17.

ELLWOOD, D.C. and TEMPEST, D.W. (1968) The teichoic acid of Bacillus 

subtilis var niger and Bacillus subtilis W23 grown in a chemostat.
Biochem. J. 108, 40P.

ELLWOOD, D.C. and TEMPEST, D.W. (1972) Effects of environment on bacterial 
wall content and composition. Adv. Microb. Physiol, 7_, 83-117.

FALCONE, G. and NICKERSON, W.J. (1956) Cell wall mannan protein of baker's 
yeast. Science N.Y. 124, 272-273.

FIEDLER, F. and GLASER, L. (1974a) The attachment of poly (ribitol 
phosphate) to lipoteichoic acid carrier. Carb. Res. 37, 37-46.

FIEDLER, F. and GLASER, L. (1974b) The synthesis of polyribitol phosphate.
I. Purification of polyribitol phosphate polymerase and lipoteichoic 
acid carrier. J. Biol. Chem. 249, 2684-2689,

FIESER, L.F. and FIESER, M. (1959) In "Steroids" Reinhold Publishing Corp., 
New York.

FISCHER, F.G. and NEBEL, J.H. (1955) Qualitative and quantitative 
estimation of glucosamine and galactosamine by the method of paper 
chromatography. Z. Physiol, Chem. 302, 10-19.

160



FLEET, G.H, and. MANNERS, D.J, (1976) Isolation and composition of an
alkali soluble glucan from the cell walls of Saccharomyces cerevisiae.
J. Gen. Microbiol. 94, 180-192, FOLCH, J., LEES, M. and SL02HŒ-STANELY, 
G.H. (1957) A simple method for the isolation and purification of 
total lipids from animal tissues. J. Biol. Chem. 226, 497-509.

GAWEHN, K. (1974) D-mannose and D-mannose-6-phosphate. Methods of
Enzymatic Analysis vol 3, pp 1263-1270. J.u. Bergmyer (Ed)

Academic Press. New York and London.
GIMENEZ, P.C. and STAL, E. (1972) Growth of T. Candida (famata) on 

n-alkanes. Mycopathol. Mycol. Appl. 47, 161-165.
GLASER, L. (1964) The synthesis of teichoic acid II Polyribitol

phosphate. J. Biol. Chem. 239, 3178-3186.
GLASER, L. (1973) Bacterial cell surface polysaccharides. Ann. Rev.

Biochem. 42, 91-112.

GLASER, L., IONESCO, H. and SCHAEFFER, P. (1966) Teichoic acids as 
components of a specific phage receptor in Bacillus subtilis.
Biochim. Biophys. Acta 124, 415-417.

GMEINER, J. (1975) Identification of ribito], phosphate as a constituent of 
the lipopolysaccharide from Proteus mirabilis strain D52.
Eur. J. Biochem. 58, 627-629.

GOODMAN, J. and ROTHSTEIN, A. (1957) The active transport of phosphate into 
the yeast cell. J. Gen. Physiol. 40, 915-923.

GORIN, P.A.J. and PERLIN, A.S. (1956) The position of phosphate groups in 
the phosphomannan of Hansenula capsulation, as determined by Carbon-13 
magnetic resonance spectroscopy. Can. J. Chem. 51, 2105-2109.

GÜILLIERMOND, A. (1923) Quelques remarques nouvelles sur la structure des 
levures. Corap. Rend, Soc. Biol. 88, 517-520.

161



HANAH2VN, D.J. and OLLEY, J.N., (1958) Chemical nature of monophospho- 
inositides. J, Biol. Chem. 231, 813-828.

HANCOCK, I.e. and BADDILEY, J. (1972) Biosynthesis of wall teichoic acid 
in B. licheniformis. Biochem. J. 127, 27-37.

HANCOCK, I.e. and BADDILEY, J. (1976) In vitro synthesis of the unit that 
links teichoic acid to peptidoglycan. J. Bacteriol. 125, 880-886,

HANES, C.S. and ISHERWOOD, E.D. (1949) Separation of the phosphoric esters 
on the filter paper chromatogram. Nature, London, 164, 1107-1112.

HARRISON, J.S. and TREVELYAN, W.E, (1963) Phospholipid breakdown in baker's 

yeast during drying. Nature, London, 200, 1189-1190.
HASLAM, J.M., SPITHILL, T.W., LINNANE, A.W. and CHAPPELL, J.B. (1973)
• Biogenesis of mitochondria. The effects of altered membrane lipid on 
cation transport in mitochondria of Saccharomyces cerevisiae. Biochem. J. 
134, 949-957.

HAVELKOVA, M. and MENSIK, P. (1966) The golgi apparatus in the regenerating 
protoplasts of Schizosaccharomyces. Naturwissenschaften 53, 562.

HAWORTH, W.N., HEATH, R.L. and PEAT, S. (1941) The constitution of yeast 
mannan. J. Chem. Soc. 833-842.

HAWORTH, W.N., HIRST, E.L. and ISHERWOOD, F.A. (1937) Polysaccharides XXIV 
Yeast mannan. J. Chem. Soc. 784-791.

HAY, J.B., WICKEN, A.J. and BADDILEY, J. (1963) The location of intracellular 
teichoic acids. Biochim. Biophys. Acta 71, 188-190.

HAZEÜ, W., BATENBURG-VAN DER VEGTE, W.H. and NIEÜV7DORP, P.J. (1975) The 
fine structure of microbodies in the yeast Pichia pastoris. Experientia 

31, 926-927.
HEINEN, W. and DE VRIES, H. (1966) A combined micro and semimicro

colourimetric determination of long chain fatty acids from plant cutin. 
Archiv fur Microbiol. 54, 339-349.

162



HENRY, S.A. and KEITH, A.D. (1971) Membrane properties of saturated fatty 
acid mutants of yeast revealed by spin labels. Chem. Phys. Lipids 7_, 

245-265.
HEP&NSTALL, S., ARCHIBALD, A.R. and BADDILEY, J. (1970) Teichoic acids and 

membrane function in bacteria. Nature, London, 225, 519-521.
HESS, VJ.M. (1966) Fixation and staining of fungus hyphae and host plant 

root tissues for electron microscopy. Stain Technol. 41, 27-35.
HEWETT, M.J., WICKEN, A.J., KNOX, R.W. and SHARPE, M.E. (1976) Isolation 

of lipoteichoic acids from Butyrivibrio fibrisolvens. J, Gen.
Microbiol. 94, 126-130,

HOFFMAN, H-P. and AVERS, C.J. (1973) Mitochondrion of yeast: Ultra-
structural evidence for one giant, branched organelle per cell.
Science 181, 749-751.

HOLLEY, R.A. and KIDBY, D.K. (1973) Role of vacuoles and vesicles in extra
cellular enzyme secretion from yeast. Can. J. Microbiol. 19, 113-117.

HOLTJE, J-V. and TOMASZ, A. (1975) Lipoteichoic acid: A specific inhibitor
of autolysin activity in Pneumococcus. Proc. Nat. Acad. Sci. (Wash.).
72_, 1690-1694.

•i-

HOSSACK, J,A. and ROSE, A.H. (1976) Fragility of plasma membranes of 
Saccharomyces cerevisiae enriched with different sterols. Luiochim. 
B-iephy-s Ae-ta--, in- press . •

HOSSACK, J.A,, WHEELER, G.E. and ROSE, A.H. (1973) Environmentally induced 
changes in the cells and membranes of Saccharomyces cerevisiae. In 

Procs. 3rd Int. Symp. Yeast Protoplasts, pp 211-227. Academic Press,
New York.

HOUWINK, A.L. and KREGER, D.R. (1953) Observations on the cell wall of 

yeasts. An electron microscope and X-ray diffraction study. Antonie 
van Leeuwenhoek 19, 1-24.

163



HSU, A-F., BAYNES, J.W. and HEATH, E.C. (1974) The role of dolichol- 
oligosaccharide as an intermediate in glycoprotein biosynthesis,

Proc. Nat, Acad. Sci. (Wash.). 71, 2391-2395.
HUFF, E., COLE, P.M. and THEODORE, T.S. (1974) Lipoteichoic acid 

localisation in mesosomal vesicles of Staphylococcus aureus.
J. Bacteriol. 120, 273-281.

HUGHES, A.H., HANCOCK, I.C. and BADDILEY, J. (1973) The function of 

teichoic acid in cation control in bacterial membranes. Biochem. J.
132, 83-93.

HUGHES, A.H., STOW, M., HANCOCK, I.C. and BADDILEY, J. (1971) Functions of
2+teichoic acids and effect of novobiocin on control of Mg at the 

bacterial membrane. Nature (New Biology) 229, 53-55,
HUNTER, K. and ROSE, A.H. (1971) Yeast lipids and membranes. "The Yeasts" 

vol 2 (Eds. A.H. Rose & J.S. Harrison). Academic Press, New York.
HUNTER, K. and ROSE, A.H. (1972) Lipid composition of Saccharomyces

cerevisiae as influenced by growth temperature. Biochim. Biophys. Acta 
260, 639-653.

HUSSEY, H. and BADDILEY, J, (1972) Lipid intermediates in the biosynthesis 
of the wall teichoic acid in Staphylococcus' lactis 13. Biochem. J,
127, 39-50.

INDGE, K.J. (1968) Polyphosphates of the yeast cell vacuole. J. Gen. 
Microbiol. 51, 447-455.

ISHIMOTO, N. and STROMINGER, J.L. (1966) Polyribitol phosphate synthetase 
of Staphylococcus aureus. J. Biol. Chem. 241, 639-650.

ITOH, T. and KANEKO, H. (1974) Pyrophosphatidic acid. A new phospholipid 
from Cryptococcus neoformans. J. Biochem. 75, 1291-1300.

JAMES, R., BRANTON, D., WISNIESKI, B. and KEITH, A. (1972) Composition, 
structure and phase transition in yeast fatty acid auxotroph membranes : 
spin labels and freeze fracturing. J. Supramol. Struct. 3̂, 38-49.

. 164



JATZKEWITZ, H. and MEHL, E. (I960) Thin layer chromatography of brain 
lipids; hydrolytic and breakdown products. Z. Physiol. Chem. 320,
251-7.

JEANES, A.R., WISE, C.S. and DIMh^ER, R.J. (1951) Improved techniques in 
paper chromatography of carbohydrates. Anal. Chem. 23, 415-420.

JOHNSON, B., BROWN, C.M. and MINNIKIN, D.E. (1973) The effect of phosphorus 
limitation on the lipids of Saccharomyces cerevisiae.and Candida utilis 
grown in continuous culture. J. Gen. Microbiol. 75, X.

JOHNSON, B., NELSON, S.J. and BROWN, C.M. (1972) Influence of glucose 
concentration on physiology and lipid composition of some yeasts,
Antonie van Leeuwenhoek 38, 128-136.

JOLLOW, D., KELLERMAN, G.M. and LINNANE, A.W. (1968) The biogenesis of
mitochondria. III. The lipid composition of aerobically and anaerobically 
grown Saccharomyces cerevisiae as related to the membrane systems of 
the cells. J. Cell Biol. 221-230.

JONES, G.H, and BALLOU, C.E. (1968) Isolation of an a-mannosidase which 
hydrolyses yeast mannan. J. Biol. Chem. 243, 2442-2446.

JONES, G.H. and BALLOU, C.E. (1969a) Studies on the structure of yeast
mannan. I. Purification and some properties of an a-mannosidase from an 
Arthrobacter species. J. Biol. Chem. 244, 1043-1051.

JONES, G.H. and BALLOU, C.E. (1969b) Studies on the structure of yeast
mannan. II. Mode of action of the Arthrobacter a-mannosidase on yeast 
mannan. J. Biol. Chem. 244, 1052-1059.

JOSEPH, R. and SHOCKMAN, G.D. (1975) Cellular localisation of lipoteichoic 
acid in Streptococcus faecalis. J. Bacteriol. 122, 1375-1386.

JUNG, P. and TANNER, W. (1973) Identification of the lipid intermediate in 
yeast mannan biosynthesis. Eur. J. Biochem. 37, 1-6.

165



KATES, M. and BAXTER, R.M. (1962) Lipid composition of mesophilic and 
psychrophilic yeasts (Candida species) as influenced by environmental 

temperatures. Can. J. Biochem. Physiol. 40, 1213-1227.
KEITH, A.D., WISNIESKI, B.J., HENRY, S. and WILLIAMS, J.C. (1973) Membranes 

of yeast and Neurospora: lipid mutants and physical studies, in "Lipids
and biomembranes of eukaryotic micro-organisms" Ed. J.A. Erwin.
Academic Press, New York.

KELEMAN, D.E. and BADDILEY, J. (1961) Membrane teichoic acid from L. easel.
Biochem. J. 80, 246-254.

KENNEDY, E.P. and BARKER, H.A. (1951) Paper chromatography of volatile 
acids. Anal. Chem. 23, 1033-1034.

KESSLER, G. and NICKERSON, W.J. (1959) Glucomannan-protein complexes from 
cell walls of yeast. J. Biol. Chem. 234, 2281-2285.

KIDBY, D.K. and DAVIES, R. (1970) Invertase and disulphide bridges in the 
yeast wall. J. Gen. Microbiol. 61 , 327-333.

KLEIN, H.P. (1965) Nature of particles involved in lipid synthesis in 
yeast. J. Bacteriol. 90, 227-243.

KNOX, K.W. and WICKEN, A.J. (1970) Serological properties of the wall and
Â  ■ . -

membrane teichoic acids from Lactobacillus helveticus NCIB 8025.
J. Gen. Microbiol. 63, 237-248.

KNOX, K.W. and WICKEN, A.J. (1973) Immunological properties of teichoic
acids. Bact. Rev. 37, 215-257.

KOCOUREK, J. and BALLOU, C.E. (1969) Method for fingerprinting yeast cell 
wall mannans. J. Bacteriol. 100, 1175-1181.

KOPP, F. (1972) Freeze etching study of membranes from Sacch. cerevisiae.
Cytobiologie 287-317.

KORN, E.D. and NORTHECOTE, D.H. (1960) Physical and chemical properties of 
polysaccharides and glycoproteins of the yeast cell wall. Biochem. J,
75, 12-17.

166



KREGER-VAN RIJ, N.W. (1969) The Yeasts, a Taxonomie study. 2nd Edition. 

(1970) Ed. J. Lodder. Amsterdam, North Holland Publishing Co. Ltd.

LAMPEN, J.O. (1968) External enzymes of yeast: their nature emd formation.
Antonie van Leeuwenhoek, 34, 1-18,

LEE, Y.C. and BALLOU, C.E. (1965) Preparation of mannobiose, mannotriose 

and a new mannotetraose from Saccharomyces cerevisiae mannan. Biochem. 
N.Y. £, 257-264.

LEHLE, L. and TANNER, W, (1974) Membrane-bound mannosyl transferase in 

yeast glycoprotein biosynthesis. Biochim. Biophys. Acta 350, 225-235.
LESTER, R.L. and STEINER, M.R. (1972) The occurrence of diphosphoinositide 

in Saccharomyces cerevisiae. J. Biol. Chem. 243, 4889-4893.
LETTERS, R. (1964) The application of a two-dimensional paper-chromato

graphic technique to analysis of phospholipids. Biochem. J. 93, 313-316.
LETTERS, R. (1966) Phospholipids of yeast. II. Extraction, isolation and

characterisation of yeast phospholipids. Biochim. Biophys. Acta 116, 
489-499.

LETTERS, R. (1968) In "Aspects of Yeast Metabolism" (A.K. Mills, Ed.)

pp 303-319. Blackwell Scientific Publications, Oxford and Edinburgh.
LETTERS, R. and SNELL, B.K, (1963) The structure of a lysophosphatidyl- 

choline. J, Chem. Soc. 5127-5130.
LEWIN, L.M. (1965) Effects of meso-inositol deficiency on some important

chemical and biological characteristics of yeast. J. Gen. f^icrobiol.

4^, 215-224.
LINDSTEDT, G. (1945) Yeast Mannan. Arkiv. Kemi. Mineral. Geol. 20A, 1-22.
LONGLEY, R.P., ROSE, A.H. and KNIGHTS, B.A. (1968) Composition of the 

protoplast membrane from Saccharomyces cerevisiae. Biochem. J. 108, 
401-412.

167



LOWENDORP, H.S., BAZINET, G.F. and SLAYMAN, C.W. (1975) Phosphate
transport In Neurospora. Derepression of a high affinity system during 
phosphorus starvation. Biochim. Biophys. Acta 389, 541-549.

LOWENDORF, H.S., SLAYMAN, C.L. and SLAYimN, C.W. (1974) Phosphate transport 

in Neurospora. Kinetic characterisation of a constitutive, low affinity 
transport system. Biochim. Biophys. Acta 373, 369-382,

LOWRY, O.H., ROSEBROUGH, W.J., FARR, A.L. and RANDALL, R.J. (1951) Protein 
measurement with the folin phenol reagent. J. Biol. Chem. 193, 255-275.

LYNEN, F. (1967) The role of biotin-dependeut carboxylations in 
biosynthetic reactions. Biochem. J, 102, 381-400.

McMURROUGH, I. and ROSE, A.H. (1967) Effect of growth rate and substrate

limitation on the composition and structure of the cell wall of
Saccharomyces cerevisiae. Biochem. J. 105, 189-203.

MADYASTHA, P.B. and PARKS, L.W. (1969) The effects of cultural conditions 
on the ergosterol ester components of yeast. Biochim. Biophys, Acta 176, 

858-862.
MAGUIGAN, W.H. and WALKER, G. (1940) Sterol metabolism of micro-organisms. 

1. Yeast. Biochem. J. 34, 804-813.
MAKSIMOVA, G.N., VORBOR’EVA, G.N., GRIGOR’EVA, E.B. and BOTNIKOVA, T.A.

(1967) Concentrations of hydrocarbons in yeasts and some plant feeds. 
Mikrobiol. Sintes. SB. Inform. Mater. 11, 5-13.

MANNERS, D.J., MASSON, A.J. and PATTERSON, J.C. (1973) The structure of a 
31-3 glucan from yeast cell walls. Biochem. J. 135, 19-30.

MARQÜARDT, H- (1962) Der feinbau von trefezellen im electronenmikroskop.
Z. Naturf. 17b, 42-48.

MARZUKI, S., HALL, R.M. and LINNANE, A.W. (1974) Induction of respiratory 
incompetent mutants by unsaturated fatty acid depletion in Saccharomyces 
cerevisiae. Biochem. Biophys. Res. Comm. 57, 372-378.

168



MATILE, Ph., CORTAT,M., WIEMKEN, A. and PREY-WYSSLING, A. (1971) Isolation 
of glucanase containing particles from budding Saccharomyces cerevisiae. 
Proc. Nat. Acad. Sci, (Wash.). 68, 636-640.

I4ATILE, Ph., MOOR, H. and MUHLETHALER, K. (1967) Isolation and properties 
of the plasma lemma in yeast. Arch. Mikrobiol. 58, 201-211.

MATILE, Ph., MOOR, H. and ROBINOW, C.F, (1969) Yeast Cytology in "The
Yeasts" (Eds. A.H. Rose and J.S. Harrison) Academic Press, London and 
New York, vol 1, chap 6, pp 219-302.

MATILE, Ph. and WIEMKEN, A. (1967) The vacuole as the lysosome of the
yeast cell. Arch. Microbiol. 56, 148-155.

MEYER, F. and BLOCH, K. (1963) Metabolism of stearolic acid in yeast.
J. Biol. Chem. 238, 2654-2659.

MILLER, M.W. and PHAFF, H.J. (1958) On the cell wall composition of the 
apiculate yeasts. Antonie van Leeuwenhoek 24, 225-238.

MINNIKIN, D.E., ABDOLRAHIMZADEH, H. and BADDILEY, J. (1971) The

interrelation of polar lipids in bacterial membranes. Biochim. Biophys. 
Acta 249, 651-655.

MINNIKIN, D.E., ABDOLRAHIMZADEH, H. and BADDILEY, J. (1974) Replacement of 
acidic phospholipids by acidic glycolipids. Nature, London, 249, 268-269.

MIURA, T. and SATO, R. (1974) Cellular senescence in yeast caused by carbon 
source starvation. II. Induction and subcellular location of lipid 
peroxidation activity. J. Biochem. 76, 593-601.

MOLLER, F. and ROOMI, M.W. (1974) An enzymatic, spectrophotometrie
glycerol assay with increased basic sensitivity. Anal. Biochem. 59, 
248-258.

"MOOR, H. (1966) Ultrastrifeturen im zellkem der backerhefe. J. Cell. Biol. 
29, 153-154.

169



MOOR, H. (1967a) Der feinbau der mikrotubuli in hefe nach gefrieratzung. 
Protoplasma 64, 89-103.

MOOR, H. (1967b) Endoplasmic reticulum (ER) as the initiation of bud 
formation in yeast (S . cerevisiae). Arch. Mikrobiol. 57, 135-146.

MOOR, H, and MUHLETHALER, K. (1963) Pine structure in frozen etched yeast 
cells. J. Cell. Biol. 609-628.

MOUSTACCHI, E. and WILLIAMSON, D.H. (1966) Physiological variations in 
satellite components of yeast DNA detected by density gradient 
centrifugation. Biochem. Biophys. Res. Commun. 23, 56-61.

MUNDKUR, B. (1960) Electron microscopical studies of frozen-dried yeast.
I. Localization of polysaccharides. Expl. Cell. Res. 20, 28-42.

NAGAI, J. and KATSUKI, H. (1974) Effects of thiamine and pyridoxine on 

the content and composition of sterols in Saccharomyces carlsbergensis 
4228. Biochem. Biophys. Res. Commun. 60, 555-560.

NAKAJIMA, T. and BALLOU, C.E. (1974a) Characterisation of the carbohydrate 
fragments obtained from Saccharomyces cerevisiae mannan by alkaline 
degradation. J. Biol. Chem. 249, 7679-7684,

NAKAJIMA, T. and BALLOU, C.E. (1974b) Structure of the linkage region
1 ,.-

between the polysaccharide and protein parts of Saccharomyces cerevisiae 
mannan. J. Biol. Chem, 249, 7685-7694.

NAKAJyiURA, K.D. and SCHLENK, P. (1974) Examination of yeast cell vacuoles
for active transport. J. Bacteriol. 118, 314-316.

NAUMOVA, I.B. and STRESHINSKAYA, G.U, (1973) Teichoic acids in the cells 
of the yeast, Candida intermedia H-30. Dokl. Akad. Nauk S.S.S.R. 210, 
720-723.

NAUMOVA, I.B. and ZARETSKAYA, M. (1964) Some properties of ribitol teichoic 

acid from Actinomyces violaceus. Dokl. Akad. Nauk. S.S.S.R. 156, 
1464-1467.

170



NECAS, O. (1971) Cell wall synthesis in yeast protoplasts- Bact. Rev.
35, 149-170.

NECAS, O. and SVOBODA, A. (1974) Effect of proteases, phospholipases and 
polysaccharide splitting enzymes on plasma membrane particles and on 
synthesis of the fibrillar cell wall component in yeast protoplasts. 
Folia Microbiol. 19, 81-87.

NEUHAUS, F.C., LINZER, R. and REUSCH, V.M. (1974) Biosynthesis of membrane 

teichoic acid: role of the D-alanine activating enzyme and D-alanine
membrane acceptor ligase. Annals. N.Y. Acad. Sci. 235, 502-518.

NEUMANN, N.P. and LAMPEN, J.O. (1967) Purification and properties of yeast 
invertase. Biochem, N.Y. 468-475.

NICKERSON, W.J. and FALCONE, G. (1956) Identification of protein disulfide 

reductase as a cellular division enzyme in yeasts. Science 124, 722.
NORTHCOTE, D.H. and HORNE, R.W. (1952) The chemical composition and 

structure of the yeast cell wall. Biochem. J. 51, 232-236.
NURMINEN, T., KONTTINEN, K. and SUOMALAINEN, H. (1975) Neutral lipids in 

the cells and cell envelope fractions of aerobic baker's yeast and 
anaerobic brewer's yeast. Chem. Phys. Lipids 14, 15-32.

NURMINEN, T. and SUOMALAINEN,,H. (1970) The lipolytic activities of
isolated cell envelope fractions of baker's yeast. Biochem. J. 118, 
759-763.

NURMINEN, T. and SUOMALAINEN, H. (1971) Occurrence of long chain fatty 

acids and glycolipids in the cell envelope fractions of baker's yeast. 
Biochem. J. 125, 963-969.

NYNS, E.J., CHIANG, N. and WIAUX, A.L. (1968) Comparative lipid content of 
Candida lipolytica grown on glucose and on n-hexadecane. Antonie van 

Leeuwenhoek. J. Microbiol. Serol. 34, 197-204.

171



OWEN, P. and SALTON, M.R.J. (1975) A succinylated mannan in the membrane 
system of Micrococcus lysodeikticus. Biochim. Biophys. Acta 406,
214-234.

PASKOVA, J. and MUNK, V. (1950) A combined detecting reagent for an
identification of organic acids on paper chromatography. J. Chroraatog.

241-243.
PAL^\^ADINI, A.C. and LELOIR, L.F. (1952) Studies on uridine-diphosphate- 

glucose. Biochem. J , 51, 426-430.
PARISH, R.W. (1975) The isolation and characterisation of peroxisomes 

(microbodies) from baker's yeast, Saccharomyces cerevisiae. Arch. 

Microbiol. 105, 187-192.
PEAT, S., WHELAN, W.J. and EDWARDS, T.E. (1961) Polysaccharides of baker's 

yeast. IV. Mannan. J. Chem. Soc. 29-34.
PHAFF, H.J. (1971) Structure and biosynthesis of the yeast cell envelope

in "The Yeasts" (Eds. A.H. Rose and J.S. Harrison) vol II, 135-210.
Academic Press, London and New York.

PONSINET, G. and OURISSON, G. (1965) Yeast methylsterols, Bull. Soc.
Chim. France 12, 3682-3684.

■i-- ■'

PORTER, K.R. and MACHADO, R.D. (1960) Studies on the endoplasmic reticulum. 
IV. Its form and distribution during mitosis in cells of onion root tip.
J. Biophys. Biochem. Cytol. 7_, 167-180.

POWELL, D.A., DUCKÎV0RTH, M. and BADDILEY, J. (1974) An acylated mannan in 
the membrane of Micrococcus lysodeikticus. FEBS Lett. 41, 259-263.

POWER, D.M. and CHALLINOR, S.W. (1969) The effects of inositol deficiency 

on the chemical composition of the cell wall. J. Gen. Microbiol. 55, 
169-176.

PROUDLOCK, J.W., HASLAM, J.M. and LINNANE, A.W. (1969) Specific effect of
unsaturated fatty acid depletion on mitochondrial oxidative phosphorylation 
in Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 37, 847-852.

172



PROUDLOCK, J.W., HASLAM, J.M. and LINNANE, A.W. (1971) Biogenesis of
mitochondria. 19. The effects of nnsaturated fatty acid depletion on the 
lipid composition and energy metabolism of a fatty acid desaturase mutant 
of Saccharomyces cerevisiae. J. Bioenerg. 327-349,

PROUDLOCK, J.W., WHEELDON, L.W., JOLLOW, D.J. and LINNANE, A.W. (1968)
Role of sterols in Saccharomyces cerevisiae. Biochim. Biophys, Acta 

152, 434-437.
RAO, E.V. , BUCHANAN, J.G. and BADDILEY, J. (1966) The type specific

substance from Pneumococcus type 10A(34). The phosphodiester linkages. 
Biochem. J. 100, 811-814.

RASCHKE, W.C. and BALLOU, C.E. (1972) Yeast mannan containing N-acetyl-D- 
glucosamine as an immunological determinant. Biochem. N.Y. 11, 3807-3816.

RASCHKE, W.C., KERN, K.A., ANTALIS, C. and BALLOU, C.E. (1973) Genetic 
control of yeast mannan structure. Isolation and characterisation of 
mannan mutants. J, Biol. Chem. 248, 4660-4666.

RATCLIFFE, S.J., HOSSACK, J.A., WHEELER, G.E. and ROSE, A.H. (1973) 
Modifications to the phospholipid composition of Sacch. cerevisiae 
induced by exogenous ethanolamine, J. Gen. Microbiol. 76, 445-449.

RATTRAY, J.B.M., SCHIBECI, A., KIDBY, D.K. (1972) The nature of membranous 
fractions derived from yeast protoplasts. J. Am. Oil Chem. Soc. 49, 313A.

RATTRAY, J.B.M., SCHIBECI, A. and KIDBY, D.K. (1975) Lipids of yeasts. 
Bacteriol. Rev. 39, 197-231.

REINDEL, F., WEICKMANN, A., PICARD, S., LUBER, K, and TURULA, P. (1940)
Uber Pilzcerebrin II. Justus Leibigs Annin. Chem. 544, 116-137.

REUSCH, V.M. and NEUHAUS, F.C. (1971) D-alanine: membrane acceptor ligase 

from Lactobacillus casei. J . Biol. Chem. 246, 6136-6143.

ROGERS, H.J. (1970) Bacterial growth and the'cell envelope. Bacteriol.
Rev. 34, 194-214.

173



ROELOFSEN, P.A, (1953) Yeast mannan, a cell wall constituent of baker's yeast. 
Biochim. Biophys. Acta 10, 477<-478.

RONDLE, C.J.M. and MORGAN, W.T.J. (1955) The determination of glucosamine and 
galactosamine. Biochem. J. 61, 586-589.

ROSE, A.H. (1976) Chemical Microbiology (3rd edn.) 469 pp. Buttervrarths, London-
ROSE, A.H. and NICKERSON, W.J. (1956) Secretion of nicotinic acid by biotin 

dependent yeasts. J. Bacteriol. 72, 324-328.

ROSENFELD, L, and BALLOU, C.E. (1974) Genetic control of yeast mannan 
structure. J. Biol. Chem. 249, 2319-2321.

SAN BLAS, G. and CUNNINGHAM, W.L. (1974a) Structure of cell wall and exo- 
cellular mannans from the yeast Hansenula holstli. I. Mannans produced in 
phosphate containing medium. Biochim. Biophys, Acta 354, 233-246.

SAN BLAS, G. and CUNNINGHAM, W.L. (1974b) The structure of cell wall and
exocellular mannans from the yeast Hansenula holstii. II. Mannans produced 
in phosphate-limited medium. Biochim. Biophys. Acta 354, 247-253.

SCHATZ, G., TUPPY, H. and KLIMA, J. (1963) Trennung und charakteristerung 
cytoplasmatischer partikel aus normalex und atmungsdefekter backerhafe.
Z. Naturf. 18B, 145-153,

SENTANDREU, R., ELORZA, M.V. and VILLANEUVA, J.R.i(i975) Synthesis of yeast 
wall glucan. J. Gen. Microbiol. 90, 13-20,

SENTANDREU, R, and LAMPEN, J.O. (1971) Participation of a lipid intermediate 
in the biosynthesis of Saccharomyces cerevisiae LK2912 mannan. FEES Lett.
14, 109-113.

SENTANDREU, R. and LAMPEN, J.O. (1972) Biosynthesis of mannan in Saccharomyces 

cerevisiae. Isolation of a lipid intermediate and its identification as a 
mannosyl-l-phosphoryl polyprenol^. FEBS Lett. 27, 331-334.

SENTANDREU, R. and NORTHCOTE, D.H. (1969) Yeast cell-wall synthesis.
Biochem. J. 115, 231-240.

174



SHARMA, C.B., BABCZINSKI, P., LEHLE, L. and TANNER, W. (1974) The role of 
dolicholmonophosphate in glycoprotein biosynthesis in Saccharomyces 
cerevisiae. Eur. J. Biochem. 46, 35-41.

SHARPE, M.E., BROCK, J.H. and PHILLIPS, B.A. (1975) Glycerol teichoic 

acid as an antigenic determinant in a Gram-negative bacterium 

Butyrivibrio fibrisolvens. J, Gen. Microbiol. 88, 355-363.
SHAW, D.R.D. (1962) Pyrophosphorolysis and enzymatic synthesis of CDP- 

glycerol and CDP-ribitol, Biochem. J. 82, 297-312.
SHAW, N. (19 75) Bacterial glycolipids and glycophospholipids. Adv. 

Microb. Physiol. 12, 141-167.
SHOCKMAN, G.D., DANEO-MOORE, L. and HIGGINS, M.L. (1974) Problems of 

cell-wall and membrane growth, enlargement and division. Ann. N.Y. 
Acad. Sci. 235, 161-197.

SIERRA, J.M., SENTANDREU, R. and VILLANEUVA, J.R. (1973) Regulation of 
wall synthesis during Saccharomyces cerevisiae cell cycle. FEBS Lett. 
34, 285-290.

II

SILBEREISEN, K. (1960) In "Die Hefen" (F. Reiff, R. Kauzmann, H. Luers 
and M. Lindemann, eds.), vol 1, pp 357-368. Hans Carl, Nürnberg.

SLODKI, M.E., SAFRANSKI, M.J., HENSLEY, D.E. and BABCOCK, G.E. (1970) 
Variation in composition of yeast phosphohexosans. Appl. Microbiol.
19, 1019-1020.

SOMLO, M. and KRUPA, M. (1974) ATPase from mitochondrially determined 

oligomycin-resistant mutants of Saccharomyces cerevisiae. Effect of 
Triton X-lOO and phospholipase A on oligomycin sensitivity of ATPase 
from mitochondria and promitochondria. Biochem. Biophys. Res. Commun.

1165-1171.
SMITH, D.G. and MARCHANT, R. (1968) Lipid inclusions in the vacuole of 

Saccharomyces cerevisiae. Arch. Microbiol. 60, 340-347.

175



STANACEV, N.Z. and KATES, M. (1963) Constitution of cerebrin from the 
yeast Torulopsis utilis. Can. J. Biochem. Physiol. 41, 1330-1334.

STEINER, S. and LESTER, R.L. (1972a) Metabolism of diphosphoinositide and 
triphosphoinositide in Saccharomyces cerevisiae. Biochim. Biophys. Acta 

260, 82-87.
STEINER, S. cind LESTER, R.L. (1972b) Diversity of inositol-containing 

yeast phospholipids. Incorporation of 2-deoxyglucose into lipid.
J, Bacteriol. 109, 81-88.

STEINER, S., SMITH, S., MAECHTER, C.J. and LESTER, R.L. (1969) Isolation 

and partial characterisation of a major inositol containing lipid in 
baker’s yeast, mannosyl-diinositol diphosphoryl-ceramide. P.N.A.S. 64, 
1042-1048.

STOKES, J.L. (1971) Influence of temperature on growth and metabolism of 
yeasts. In "The Yeasts" Eds. A.H. Rose and J.S. Harrison. Vol. 2.

Academic Press, London and New York.
STREIBLOVA, E. (1968) Surface structure of yeast protoplasts. J. Bacteriol.

700-707.
SUOMALAINEN, H. and KERANEN, A.J.A, (1968) The fatty acid composition of

•À--.

baker's and brewer's yeast, Chem. Phys. Lipids 296-315.
SUOMALAINEN, H. and NURMINEN, T. (1970) The lipid composition of cell wall 

and plasma membrane of baker's yeast. Chem. Phys. Lipids,
SUZUKI, T,, TAKIGAWA, A. and HASEGAWA, K. (1973) Lipid extraction methods 

for Lipomyces starkeyi. Agr. Biol. Chem. 37, 2653-2655.
TALAWALKAR, R.T. and LESTER, R.L. (1973) The response of. diphosphoinositide 

and triphosphoinositide to perturbations of the adenylate energy charge 
in cells of Saccharomyces cerevisiae. Biochim. Biophys. Acta 306, 412-421,

TANAKA, H. (1963) As In PHAFF (1971), Structure and biosynthesis of the 
yeast cell envelope.

176



TANAKA, H., PHAFF, H.J. and HIGGINS, L.W. (1965) Enzymatic hydrolysis of 

yeast cell walls. II. Susceptibilities of isolated cell walls and ascus 
walls of various yeasts to the actions of bacterial endo-g-glucanases. 
Abh. dt. Akad. Wiss. Berl. Klasse f. Medizin 1966, Nr 6, 113-129.

TANAKA, K. and MIZUNAGA, T. (1974) Striated and crystalline inclusions in 

the nuclei and cytoplasm of intact yeast cells and protoplasts,
J. Ultrastruct. Res. 48, 124-157.

TANNER, W. (1968) On the metabolism of a myo-inositol-mannoside in 
Saccharomyces cerevisiae. Arch. Microbiol, 64, 158-172.

TANNER, W. (1969) A lipid intermediate in mannan biosynthesis in yeast. 
Biochem. Biophys. Res. Commun. 35, 144-150.

TANNER, W., JUNG, P. and BEHRENS, N.H. (1972) Dolicholraonophosphates; 
mannosyl acceptors in a particulate vitro system of Saccharomyces 
cerevisiae. FEBS Lett. 16, 245-247.

TEMPEST, D.W. (1970) Continuous culture of micro-organisms. I. The theory 
of the chemostat. Chap XII Methods in Microbiology Vol. 2 (Eds. Norris 
and Ribbons) Academic Press, London.

TEMPEST, D.W., DICKS, J.W. and ELLWOOD, D.C. (1968) Influence of growth 

conditions on the concentration of potassium in Bacillus subtilis var 

niger and its possible relationship to cellular ribonucleic acid, 
teichoic acid and teichuronic acid. Biochem. J. 106, 237-243.

THIEME, T.R. and BALLOU, C.E. (1971) Phosphodiester linkage of the 

phosphomannan of K1. brevis. Biochem. 10, 4121-4129.
THIEME, T.R. and BALLOU, C.E. (1972) Subunit structure of the phosphomannan 

from Kl. brevis cell wall. Biochem. 11, 1115-1120.
THOMPSON, E.D., KNIGHTS, B.A. and PARKS, L.W. (1973) Identification and 

properties of a sterol binding polysaccharide isolated from 
Saccharomyces cerevisiae. Biochim. Biophys. Acta 304, 132-141.

177



TKACZ, J.S. and LAMPEN, J.O. (1972) Wall replication in Saccharomyces 
species. Use of fluorescein conjugated concanavalin A to reveal the 
site of mannan insertion. J. Gen. Microbiol. 72, 243-247.

TOMASZ, A. (1967) Choline in the cell wall of a bacterium: a novel type 
of polymer linked choline in Pneumococcus. Science 157, 694-697.

TOON, P., BROWN, P.E. and BADDILEY, J. (1972) The lipid-teichoic acid
complex in the cytoplasmic membrane of Streptococcus faecalis NCIB 8191. 
Biochem. J. 127, 399-409.

TREVELYAN, W.E. (1968) Phosphatidyl inositol and complex inositides in 
autolysed baker's yeast. J. Inst. Brew. 74, 365-369.

TREVELYAN, W.E., PROCTOR, D.P. and HARRISON, J.S. (1950) Detection of 
sugars on paper chromatograms. Nature 166, 444-445.

TROCHA, P.J., JASNE, S.J. and SPRINSON, D.B. (1974) Novel sterols in 
ergosterol deficient mutants. Biochem, Biophys, Res. Commun. 59,

666-671.
TYORINOJA, K., NURMINEN, T. and SUOMALAINEN, H. (1974) The cell envelope 

glycolipids of baker's yeast. . Biochem. J. 141, 133-139.

USDEN, V.R. and BURRELL, R.C. (1952) Preliminary study of the lipids of 
Rhodotorula gracilis, Archs. Biochem, Biophys. 36, 172-177.

VAN DER WILDEN, W. , MAT ILE, Ph., SCHELLENBERG, M. , MYER, J. and WIEMKEN, A. 
(1973) Vacuolar membranes: Isolation from yeast cells. Z. Naturf. 28,
416-421.

VAN DIJKEN, J.P., BEENHUIS, M., KREGER-VAN RIJ, N.J.W. and HARDER, W. (1975) 
Microbodies in methanol assimilating yeasts. Arch. Microbiol. 102, 41-44.

VAN HANDEL, E. and ZILVERSMIT, D.B. (1957) Micro method for the direct 
determination of serum triglycerides. J. Lab. Clin. Med. 50, 152-157.

VITOLS, E.V., NORTH, R.J. and LINNANE, A.W. (1961) Studies on the oxidative 
metabolism of Saccharomyces cerevisiae. I. Observations on the fine 
structure of the yeast cell. J. Biophys. Biochem. Cytol. 9, 689-699.

178



WAGNER, H. and ZOFCSIK, W. (1966a) Sphingolipide und glycolipide von Pilzen 
und hoheren Pflanzen. I. Isolierung eines Cerebrosidsaus Candida utilis. 
Biochem. Z. 346, 333-342.

WAGNER, H. and ZOFCSIK, W, (1966b) Sphingolipide und Glycolipide von Pilzen 
und hoheren Pflanzen. II. Isolierung eines Sphingoglykolipidsans 

Candida utilis und Saccharomyces cerevisiae, Biochem. Z. 346, 343-350.
WATKINSON, R.J., HUSSEY, H. and BADDILEY, J. (1971) Shared lipid phosphate 

carrier in the biosynthesis of teichoic acid and peptidoglycan.
Nature Lond. 229, 57-59.

WATSON, K., BERTOLI, E. and GRIFFITHS, D.E. (1973) Phase transitions in 

yeast mitochondrial membranes. The transition temperatures of succinic 
dehydrogenase and F^-ATPase in mitochondria of aerobic and anaerobic 
cells. FEBS Lett. 30, 120-124.

WEINERT, M., KLJAIC, K. and PROSTENIK, M. (1973) Studies in the sphingolipid 
series XXXV. Separation and chemical characteristics of the cerebrins 
from the yeast Saccharomyces cerevisiae. Chem. Phys. Lipids 11, 83-88,

WELCH, J.W. and BURLINGHAME, A.L. (1973) Very long chain fatty acids in 

yeast. J. Bacteriol. 115, 464-466.
WHALEY, W.G. and MOLLENHAVER, H.H. (1963) The golgi apparatus and cell 

plate formation - a postulate. J. Cell. Biol. 17, 216-221.
WHEELER, G.E. and ROSE, A.H. (1973) Location and properties of an

esterase activity in Saccharomyces cerevisiae. J. Gen. Microbiol. 74, 
189-192.

WICKEN, A.J. (1966) The glycerol teichoic acid from the cell wall of 
Bacillus stearothermophilus B55. Biochem. J, 99, 108-116.

WICKEN, A,J. and KNOX, K.W. (1970) Studies on the group F antigen of 
lactobacilli__ isolation of a teichoic acid-lipid complex from 
Lactobacillus fermenti. J. Gen. Microbiol. 60, 293-301.

179



WIELAND, H. and BENEND, W. (1942) Relation between lanosterol and crypto
sterol secondary sterols from yeast X. Z. Phys. Chem. 274, 215-222, 

WIELAND, H. and GOUGH, G.A.C. (1930) Zur Kenntmis der sterine der hefe.
Justus Liebigs Annin. Chem. 482, 36-49.

WIELAND, H., RATH, F. and HESS, H, (1941) Die Nebensterine der Hefe VII,
Zur konstitution von ascosterin, faecosterin, episterin und neosterin. 
Justus Liebigs Annin. Chem, 548, 34-49.

WIEMKEN, A. and DURR, M. (1974) Characterisation of amino acid pools in 
the vacuolar compartment of Saccharomyces cerevisiae. Arch. Microbiol. 
101, 45-57.

WISNIESKI, B.J., KEITH, A.D. and RESNICK, M.R. (1970) Double bond
requirement in a fatty acid desaturase mutant of Saccharomyces cerevisiae. 
J. Bacteriol. 101, 160-165.

WISNIESKI, B.J. and KIYOMOTO, R.K. (1972) Fatty acid desaturase mutants of 
yeast: growth requirements and electron spin resonance spin label 
distribution. J. Bacteriol, 109, 186-195.

YOUNG, F.E. (1967) Requirement of glucosylated teichoic acid for
adsorption of phage to B. subtilis 168. Proc. Nat. Acad. Sci. (Wash.)

53, 2377-2384.

180


