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SUMMARY
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SUMMARY

An examination was made of the effects of alterations in fatty- 

acyl unsaturation in the plasma membrane of Saccharomyces cerevisiae 

Y185 on the kinetics of accumulation of nine L-amino acids and L- 

trialanine (L-(Ala)^). Data revealed different kinetics only for L- 

threonine, L-histidine and L-(Ala)^ accumulation. Data for accumu

lation of L-threonine and L-(Ala)^ best fitted a model describing 

accumulation by one transport system, and for L-histidine, a model 

describing accumulation by one transport system and diffusion. Values

for V , but not K , differed for L-threonine accumulation by oleyl- max T
as compared with linoleyl-enriched organisms whilst both and

values differed for accumulation of radioactively labelled L-(Ala)^.

However, determination of L-(Ala)^ accumulation by the fluorescamine

technique gave different results. Values for and the diffusion

constant (D) but not V , differed for L-histidine accumulation bymax
oleyl-, palmitoleyl- or linoleyl-enriched organisms. Kinetic 

values for accumulation of L-aspartic acid, L-glutamic acid, L-leucine, 

L-isoleucine, L-valine, L-methionine and L-serine were however identical 

for organisms enriched in oleyl or linoleyl residues.

When incubated in a glucose-containing phosphate buffer under

conditions that led to derepression of the general amino-acid permease

(GAP), Saccharomyces cerevisiae Y185 enriched in linoleyl residues more

rapidly acquired GAP activity, as indicated by an increased ability

to transport L-alanine, than did oleyl-enriched organisms. During

derepression, K values for the GAP were identical but V values T max
were greater for linoleyl-enriched organisms particularly after 1 h
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incubation in derepression buffer.

The effects of linoleic-acid supplementation on removal of amino 

acids and peptides by Saccharomyces cerevisiae NCYC 240 during fer

mentation of brewer's all-malt wort, and peptides from an adjunct 

wort, were studied. In the former fermentations, the presence of 

linoleic acid have very little effect on amino acid or peptide re

moval but, in the latter, it appeared to speed up absorption of 

peptides by the yeast.
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INTRODUCTION

General Introduction

Yeasts have been used for thousands of years in the production 

of alcoholic beverages, indeed references can be traced back as 

far as the Babylonian empire (Rose, 1977a). The levening of bread 

has an equally long history. However during most of that time 

yeast was not considered as an organism but merely an ingredient.

It was not until 1680 that Antonie van Leeuwenhoek viewed 

yeasts as single cells in his microscope. Even so, some 150 years 

later controversy was still raging between proponents of the chemical 

theory of fermentation, supported by Liebig, Wohler and Berzelius, 

and the vitalistic theory of fermentation supported by Cagniard- 

Latour, Schwann and Kützing. This argument was largely resolved 

by Louis Pasteur when he reported in his Etudies sur le Vin (1866) 

and Etudies sur la Bière (1876) that alcoholic fermentations were 

due to living cells. The one important question remaining, namely, 

how the sugar molecule was decomposed, was answered quite accident

ally by the Buchner brothers and Hahn in 1897 when they demonstrated 

alcoholic fermentations resulted from the action of substances 

(called ferments at the time, then zymases and ultimately enzymes) 

contained within the yeast cell. These workers thus set the stage 

for the development of the science of Biochemistry.

Since that time there has been a widespread acceptance of 

Saccharomyces cerevisiae as a model eukaryote. In the laboratory 

it has many advantages and is much easier to work with than plant
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or animal tissue or even cultured plant or animal cells. It is 

unicellular, readily available and grows easily and rapidly in 

relatively simple laboratory medium. Since it prefers a rather 

acid media contamination by bacteria is minimized. Unlike plant 

and animal cells, when necessary cells of Saccharomyces cerevisiae 

can be readily separated from their medium. The availability 

of mating types allows Saccharomyces cerevisiae to be genetically 

manipulated permitting hybridisation studies and the mapping of 

specific genes on the yeast chromosome. However it is pertinent 

to remember this "model" eukaryote has several features which 

are atypical of higher eukaryotic cells (Carter, 1978). These 

include behaviour of the nucleus during mitosis, mode of cell 

division, occurrence of mitosis in both haploid and diploid cells 

of Saccharomyces cerevisiae, chromosome size and the almost total 

absence of repetitive DNA.
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The plasma membrane

The yeast plasma membrane has at least three main functions. 

Firstly, it forms an expandable cover and protective barrier 

for the protoplast; secondly, it controls entry and exit of 

solutes to and from the cell, thereby allowing communication of 

the cell with the external environment; and thirdly it serves 

as an organelle on which enzymic reactions 'leading to synthesis 

of wall components can occur. in 1909, Ehrlich envisioned the 

now established complexity of plasma membrane structure and 

function when he hypothesised that it was "a mobile plastic structure 

studded with a multitude of functional receptors and transducers ; 

each responsive and contributing to the intracellular and extra

cellular environments as well as cell-cell interactions." Before 

we can begin to understand how the components interact together 

to form the functional organelle we must first know something of 

the plasma membrane's composition and structure.

Eukaryotic plasma membranes generally comprise 20 to 40% 

lipid, 50 to 70% protein, relatively small amounts of polysaccharide 

and approximately 20% water (Harrison and Lunt, 1980). The 

water is tightly bound and is essential to the structure of the 

plasma membrane (Harrison and Lunt, 1980). The literature available 

on the composition of the plasma membrane of Saccharomyces cerevisiae 

is relatively limited and that available needs to be studied very 

critically since very different techniques have been used to 

separate and purify the organelle. Indeed it has been stated that 

discrepancies in the data reviewed below may be due solely to 

differences in the preparation procedure (Rank and Robertson, 1983).



A major problem in designing subcellular fractionation procedures 

for micro-organisms arises from the fact that they are bound by 

a rigid polysaccharide cell wall. In general, techniques to 

isolate plasma membranes have employed three main strategies.

1. Following enzymic removal of the wall, sphaeroplasts are lysed 

to release plasma membrane vesicles which can then be 

isolated by density-gradient centrifugation (Boulton, 1965; 

Longley et al., 1968). Care must however be taken to avoid 

lysis of intracellular vacuoles which contain lytic enzymes.

A recent embellishment to this approach has been the use of 

concanavalin A to stabilise thefungal protoplast (Scarborough, 

1975), an idea which allows the isolation of the membrane 

relatively intact. The technique has also been applied to 

Saccharomyces cerevisiae (Santos et al., 1978; 1982). Santos

and coworkers (1982) also treated their cells with cyclo

heximide prior to membrane isolation. They suggested that this 

allows an analysis to be made of the basic structural compon

ents of the plasma membrane.

2. Although a major problem with disrupting the wall mechanically 

is that relatively harsh treatments are required which may 

break internal organelles thereby leading to cross contamin

ation, this has to a large extent been overcome by fraction

ating cell homogenates by differential and density gradient 

(Matile et al., 1967; Fuhrmann et al., 1974) or zonal 

centrifugation (Nurminen et al., 1976, 1977). An additional 

step was introduced by Suomalainen's group in Finland. They



remove wall material enzymically from the isolated cell- 

envelope fraction (Nurminen et al., 1970). However this 

approach has been heavily criticised for yielding unclean 

membrane preparations (Dube et al., 1973) since vesicular 

fractions appear to become entrapped.

3. An entirely different approach developed by Fuhrmann and

coworkers (1976) uses an adjustment of vesicle preparations 

to pH 4 to aggregate and remove non-plasma membrane (mito

chondrial) vesicles (designated A+) from the non-aggregated 

plasma membrane vesicles referred to as A (Rank et al., 1978)

On a dry weight basis the protein content of plasma membranes

from Saccharomyces cerevisiae has been put at around 50% (Longley

et al., 1968; Schneider et al., 1979) and the lipid content is

generally accepted to be around 45% (Boulton, 1965; Suomalainen 

et ai., 1967; Longley et ai., 1968) with the remainder probably 

being carbohydrate.-

Although proteins are the major components of the plasma 

membrane, relatively little is known about them. As yet analysis 

has not led to an unequivocal identification of proteins which 

are unique to the plasma membrane although recently advances have 

been made in this area. Using one-dimensional SDS polyacrylamide 

gel electrophoresis of proteins from plasma membranes, isolated by 

concanavalin A stabilisation of sphaeroplasts, Santos et ai. (1982) 

obtained 25 - 30 discrete polypeptide bands of which at least 

twelve gave a positive Schiff reaction. The molecular weights of



these polypeptides ranged from 10 OOO - 125 000 with a predominance 

of peptides at the higher end of this range (Santos et al., 1982). 

These polypeptides were not detected in the soluble cell fraction 

(Rank and Robertson, 1983). The major polypeptide component of 

the plasma membrane preparation of Santos and coworkers (1982) 

was a glycoprotein with a molecular weight of about 28 000. Rank 

and Robertson (1983) however were unable to find this glycoprotein 

in their concanavalin A-stabilised preparation but showed it was 

present in intact cells and sphaeroplasts. When cycloheximide was 

added to cells prior to membrane isolation, there was a redistri

bution of the relative protein proportions and a drastic decrease 

in Schiff positive bands to give an electrophoretic pattern very 

similar to that found for an internal membrane preparation 

(Santos et al., 1982). However, the glycoprotein of molecular 

weight 28 OOO was still the major protein. Rank and Robertson 

(1983) , using two-dimensional SDS polyacrylamide gel electro

phoresis, separated 150 polypeptides from concanavalin A-stabilised 

ghost and A- plasma-membrane preparations. Of these only a

relatively small number could be labelled by treating sphaeroplasts 
125with I. Using this technique, Tschopp and Schekman (1983) 

were able to identify seven cell-surface proteins as compared with 

nine identified by Rank and Robertson (1983) in their A 

preparation.

The lipid classes present are typical of these found in 

the plasma membranes of eukaryotic organisms and comprise the 

amphipathic glycerophospholipids, sterols and glycolipids together 

with the neutral sterol esters and triacyl glycerols. Arnold



(1981) expressed surprise at the low phospholipid content (less 

than 10% of the total lipid) of isolated plasma membranes of 

Saccharomyces cerevisiae reported by Schneider et al. (1979) as 

compared with the lipids in many other plasma membranes from eukary

otic cells which are mainly sterols and glycerophospholipids. These 

finds must also be compared to the approximately 52% phospholipid 

content reported for lipids from whole cells of Saccharomyces cerev

isiae (Kaneko et al., 1976). Arnold (1981) suggested that the 

high neutral-lipid content found by Schneider et al. (1979) was an 

artefact of membrane preparation, arising from enzymic digestion 

of phospholipids and/or the presence of lipid droplets or vesicles 

containing substantial amounts of neutral lipid.

Glycerophospholipids have hydrophobic and hydrophilic regions 

bridged by a glycerol residue (Fig. 1). The hydrophobic tail 

consists of two long-chain fatty acyl residues esterified to 

hydroxyl groups on C-1 and C-2 of the glycerol residue. The compo

sition of the hydrophobic tail varies in both chain length and degree 

of unsaturation. It is widely accepted that aerobically grown yeasts 

generally abound in unsaturated fatty-acyl residues. Indeed ^

and C^g  ̂residues have been shown to account for 80% of the fatty- 

acyl residues present in the plasma membrane of Saccharomyces 

cerevisiae (Longley et al., 1968; Schneider et ai., 1979). The 

composition of the hydrophilic headgroup is also variable. Residues 

of choline, ethanolamine, inositol or serine are attached to /C-3 

of the glycerol residue by a phosphodiester linkage. The plasma 

membrane of aerobically grown Saccharomyces cerevisiae has been shown 

to contain approximately 30% phosphatidylcholine, 22% phosphatidyl-



Figure 1. Structural formulae for 1,2-dipalmityl-sn- 

glycerophosphatidylcholine and ergosterol.
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ethanolamine, 30% of a mixture of phosphatidylinositol and phosphat- 

idylserine (Longley et al., 1968; Atkinson, 1978; Kramer et ai.,

1978; Rank et ai. , 1978) and relatively small proportions of 

phosphatidic acid (less than 5%) (Atkinson, 1978; Rank et ai., 1978). 

However Kramer and his colleagues (1978) put the value for phosphatidic 

acid as high as 15%, which may indicate phospholipases were active 

in their preparation. The proportion of phospholipids found in plasma 

membranes is rema_rkably similar to that for whole cells (Henry, 1982).

Sterols are based on the fused eyelopentanoperhydrophenathrene 

ring system having eight to ten carbon atoms in a side chain at 

C-17 and a hydroxyl group at C-3 (Fig. 1). In sterols this hydroxyl 

group represents the polar moiety and the sterol skeleton with the 

alkyl side chain the hydrophobic part. The sterol content of 

yeast cells has been generally shown to be in the range 0.03 to 

4.6% on a cellular dry weight basis (El-Refai and El-Kady, 1968).

Yeasts in the genus Saccharomyces are particularly rich in sterols 

(Dulaney et al., 1954), and ergosterol has been identified as 

the major cellular sterol (Wieland and Benand, 1942; Dulaney et ai., 

1954; Nés et ai., 1978) and plasma membrane sterol (Nurminen et ai., 

1975) of aerobically grown cells , usually followed by 24(28)-de- 

hydroergosterol. Longley et ai. (1968) found these sterols were 

present in roughly equal proportions in Saccharomyces cerevisiae 

NCYC 366. Zymosterol has also been observed in small proportions 

in many yeasts (Dulaney et ai., 1954).

Glycolipids have headgroups attached by a glycosidic linkage 

to a diglyceride residue, and are characterised by a relative
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abundance of odd chain, and long chain fatty acids (greater than 

C^g). They are extremely amphipathic in nature and are almost 

certainly restricted to cellular membranes. Indeed they have been 

detected in the plasma membrane of Saccharomyces cerevisiae but only 

in small amounts (Nurminen and Suomalainen, 1971; Tyorinoja et al,, 

1974). However very little information is available on glycolipids 

from Saccharomyces cerevisiae.

The foundations of the lipid character of cellular plasma 

membranes were laid by Overton (1899) when he suggested that, 

since a correlation existed between the relative lipid solubility 

of a compound and the ease with which i t passed through the cell 

membrane, this membrane must be impregnated with cholesterol or 

lecithin. Since that time, many structural models for this membrane 

have been postulated including the unit membrane (Davson and 

Danielli, 1935), the lipoprotein subunit model (Lucy, 1964), the 

mosaic model (Lenard and Singer, 1968; Glaser et al,, 1970) and 

the fluid mosaic model (Singer and Nicolson, 1972). It is now 

widely accepted that membrane structure in general is best described 

by the fluid mosaic model. The central feature of this model is 

the fluid phospholipid bilayer» which forms the basic matrix in 

which are embedded two types of protein. Firstly there are the 

loosely attached extrinsic proteins which are relatively easy to 

remove from the membrane unlike the amphipathic globular intrinsic 

proteins which are interpolated to various degrees into the fluid 

bilayer.

The fluid mosaic model was for several reasons a significant
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improvement on previous models. Hydrophilic and hydrophobic inter

actions were maximised thereby making it thermodynamically more 

favourable, it accounted for the transport of lipophilic compounds 

and it made provisions for transport of non-lipophilic compounds 

across the membrane. However, the model does have several short

comings. Firstly, it is rather oversimplified since it makes no 

provision for interactions between the components. Thus, the 

presence of intrinsic proteins has been shown to perturb fluid 

bilayer dynamics. Various terms have been used to describe the 

perturbed lipid including boundary layer-lipid (Jost et al., 1973), 

halo lipid (Trauble and Overath, 1973; Stier and Sackman, 1973) 

and annulus lipid (Warren et ai., 1975). The effects of this per

turbation usually extend beyond the first lipid boundary but 

thereafter decay (Chapman et ai., 1982)., Indeed, when considering 

the ratio of phospholipid to protein found in most native membranes, 

it is likely no unperturbed lipid domain exists. Although previous 

workers believed that boundary lipids were long-lived and distinct 

from bulk lipids (Jost et ai.,1973; Hesketh et ai.. 1976), it 

is now thought that rapid exchange between them occurs (Chapman 

et ai., 1979). This picture of protein-lipid interactions, however, 

is not totally in accord with the long-range ordering of the lipid 

bilayer by proteins that has been suggested by Conrad and Singer 

(1979; 1981). They found that the presence of integral proteins so 

modifies the structure of the phospholipids that amphipathic mole

cules such as chloropramazine and methochloropramazine no longer 

dissolved in the membrane. This exclusion effect, which is not 

seen with liposomes, is referred to as a large "internal pressure" 

in the phospholipids (Conrad and Singer, 1979; 1981). Indeed, it
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led Singer (1981) to suggest that integral proteins and lipids form 

a two-dimensional solution that is much less ideal in the thermo

dynamic sense thah had previously been suspected.

A second short-coming may be said to have stemmed from the fact 

that in many, but not all membranes, the lipid matrix was in a fluid 

condition such that the lipids were above the transition temperature 

and able to diffuse freely along the bilayer. Fluidity is a rather 

general term which incorporates several factors including the intra

molecular mobility of individual phospholipids, their lateral 

mobility and extent of intermolecular interaction, and it is there

fore dependent on the composition of the phospholipids and the 

presence of other molecular species. The transition temperature is 

the point at which a sharp rise in heat absorption occurs as hydro

carbon chains in the phospholipids pass from the closely packed 

gel phase to the highly mobile liquid-crystalline phase. This 

involves lateral expansion and a decrease in the thickness of the 

bilayer. The temperature at which it occurs is dependent on the 

composition of the headgroup, the hydrocarbon chain- length and the 

degree of unsaturation. There is now evidence to suggest that the 

phospholipid bilayer of plasma membranes is not homogenously fluid, 

but is organised on the basis of acyl-chain order into coexisting 

domains of a relatively gel or liquid-crystalline nature (Klausner 

et al., 1980; Kamov sky et al., 1982). Proteins are thought to 

partition into the fluid regions (Cullis and De Kruijff, 1979),

Yet another short-coming arises in that no provision was made 

in the model for inclusion of sterols. In model membranes, cholesterol
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has been shown to have a stabilising effect in that it can liquefy 

lipids in the gel state and condense lipids in the liquid-crystalline 

state, leading to an intermediate-gel state (Finkelstein and Cass, 

1957; Demel and De Kruijff, 1975). It is thought that sterols react 

with a specific region of the hydrocarbon chains of phospholipids 

without affecting the motion of the headgroup. This interaction is 

strongest in the case of cholesterol when the phospholipid contains 

either one monounsaturated and one saturated hydrocarbon chain or 

two completely saturated chains (van Dijck et al., 1975). The 

precise nature of this interaction, however, is not known but is 

likely to involve formation of hydrogen bonds between the sterol 

nucleus and the water molecules bound to phospholipids (Demel and 

De Kruijff, 1975). The primary role for ergosterol in the yeast 

plasma membrane is thought to be structural, and it is usually 

assumed to have the same overall role as cholesterol in animal 

membranes. However, high concentrations of ergosterol have been 

shown to lead to a disordering of synthetic membranes (Sinensky,

1978). Buttke and his coworkers (1980) suggested that, since 

Saccharomyces cerevisiae can only produce monounsaturated fatty 

acids, the increase in membrane disorder produced by the alkyl 

group and/or the C-22 double bond may enable these cells to grow 

at relatively low temperatures (25 - 28°C).
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Changing the lipid composition of the plasma membrane in Saccharomyces 

cerevisiae

A prerequisite of any study of the relationship between chemical 

composition and function of a cellular organelle, in this instance 

the plasma membrane of Saccharomyces cerevisiae, is the development 

of techniques which allow specific and ideally stoicheiometric changes 

to be made to each component. Referring to the yeast plasma membrane, 

in an ideal situation this would involve devising methods to grow 

Saccharomyces cerevisiae such that a particular membrane phospholipid 

can be replaced by stoicheiometric amounts of another phospholipid 

without the structure of any of the other lipid or protein components 

being changed. To date, however,the majority of the techniques 

available do not bring about a stoicheiometric replacement of one 

lipid by another but more often an enrichment with a specific lipid.

The lipid composition of the plasma membrane of Saccharomyces 

cerevisiae, like that of several other micro-organisms, is very 

sensitive to changes in both the chemical and physical nature of 

the environment in which they are grown (Hunter and Rose, 1971;

Rattray et al., 1975). Factors which affect composition include 

growth rate, composition of the growth medium, temperature and 

dissolved oxygen tension. Of these, the most extensively studied 

have been temperature (Hunter and Rose, 1972) and oxygen tension 

(Jollow et ai., 1968). However these effects are non-specific and, 

since they result in multiple changes to the plasma-membrane lipid 

composition, are of little value in studies on composition-function 

relationships.
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Specific changes to the plasma-membrane lipid composition can 

now be obtained by several techniques. One technique widely 

exploited is that developed by Alterthum and Rose (1973) . This 

technique exploits the discoveries made by Andreasen and Stier some 

thirty years ago that cells of Saccharomyces cerevisiae grown an

aerobically have a nutritional requirement for a sterol (Andreasen 

and Stier, 1953), and an unsaturated fatty acid (Andreasen and 

Stier, 1954). These compounds cannot be synthesised anaerobically 

since the fatty-acid dessaturase enzyme and the cyclisation of squalene 

require molecular oxygen. Other quantitatively minor anerobically- 

induced requirements such as nicotinic acid (Suomalainen et ai.,

1965) are supplied by a relatively low concentration of yeast extract 

(Alterthum and Rose, 1973). Under anaerobic conditions, the require

ments for an unsaturated fatty acid (Light et ai., 1962) are fairly 

non-specific. This was also thought to be true for the sterol 

(Proudlock et ai., 1968; Hossack and Rose, 1976) but more recent 

evidence suggests this may not be necessarily true (Nes et ai.,

1976; 1978). These latter workers demonstrated that the ability of

different sterols to support anaerobic growth is not simply an all 

or nothing phenomenon as had previously been implied. Indeed the 

natural yeast sterol, ergosterol, was the most capable of supporting 

anaerobic growth. However, by comparing pairs of sterol differing 

in only one component, they were able to show that each structural 

feature of ergosterol appeared to have some functional significance 

in the yeast (Nes et ai., 1978). Supplements of unsaturated fatty 

acids and sterols (Nes et ai., 1978) are not modified by yeast 

cells. Therefore, using this technique, specific enrichments can 

be made to the unsaturated fatty-acyl and sterol content of the
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membrane without altering the composition of any other type of 

lipid (Rose, 1977h) . The extent of enrichment of the total cellular 

phospholipids of Saccharomyces cerevisiae NCYC 366 with the supple

mented unsaturated fatty acid (C.^ _ , C.,_ . and _) was shown tolo;l lo:z lo:3
be between 54 and 65% (Alterthum and Rose, 1973). Recently this 

technique has been criticised (Macy and Miller, 1983). These 

workers claimed that, although anaerobic growth was stimulated by 

addition of Tween 80 and ergosterol to the growth medium, cells of 

Saccharomyces cerevisiae can grow in the absence of these supplements 

albeit very slowly. Work in this laboratory has shown that the 

ability to induce an absolute anaerobic requirement for an unsaturated 

fatty acid and sterol does show strain variability. Whereas to 

some extent these criticisms must be accepted, it must also be 

stated that these workers have apparently missed the point of the 

original studies, namely to develop a technique which results in 

changes to the plasma-membrane lipid composition and not to study 

anaerobic growth of Saccharomyces cerevisiae per se.

Under aerobic conditions, a low concentration of choline (1 mM) 

included in a chemically defined growth medium induces cells of 

Saccharomyces cerevisiae to synthesise a greater proportion of 

phosphatidylcholine (Waechter and Lester, 1971; Waechter et al.,

1969). Similarly, the inclusion of ethanolamine (1 mM) in the growth 

medium stimulates synthesis of phospatidylethanolamine (Ratcliffe 

et al., 1973). The extent of these enrichment was three-fold and 

two-fold for phosphatidylcholine and phosphatidylethaholamine res

pectively.
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During the last fifteen years particularly, efforts have been 

focused on the isolation of mutant strains which are defective in 

lipid biosynthesis and hence may be auxotrophic for a specific lipid. 

Three major classes of mutants are now available, namely those 

defective in fatty acid biosynthesis, phospholipid biosynthesis and ste

rol biosynthesis. These mutants have recently been reviewed by 

Henry (198 2).

Fatty acid biosynthesis mutants are of two types and affect 

either chain elongation or fatty acid desaturation. Chain-elongation 

mutants are isolated as saturated fatty acid auxotrophs. Originally 

two loci were detected for the fatty acid auxotrophs fas 1 and 

fas 2 isolated by Schweizer and Bolling (1970), Schweizer et al.

(1971) and Henry and Keith (1971). These mutants were defective 

in the structural genes for two of the fatty acid synthase sub

units and therefore different from the saturated fatty-acid 

auxotrophs isolated more recently (Mishina et al., 1980), designated 

acc 1 and acc 2, which are defective in genes for acetyl CoA 

carboxylase (acc 1) and biotin: apoacetyl-CoA-carboxylase ligase 

(acc 2). A variety of different saturated fatty acids have been 

shown to be capable of supporting growth in these chain-elongation 

mutants (Schweizer and Bolling, 1970; Henry and Keith, 1971;

Orme et al., 1972; Schweizer et al., 1974). However controlled 

changes to the fatty acid composition cannot be made since cells 

of Saccharomyces cerevisiae modify the supplemented fatty acids in 

various ways (Henry and Keith, 1971; Orme et al., 1972) rendering 

these mutants of little value in composition-function studies.
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Unsaturated fatty-acid auxotrophs were first isolated by 

Resnick and Mortimer (1966) and designated ole mutants. Ole 1 

mutants are defective in fatty-acid desaturase (Keith et al.,

1969) and ole 2, ole 3 & ole 4 are defective in haem biosynthesis. 

Their fatty acid requirement stems from the fact that the yeast 

fatty acid desaturase is a mixed function oxygenase having a 

c y t o c h r o m e - b  component (Oshina et al., 1966; Tamura et al., 1976).

A variety of unsaturated fatty acids will support growth of these 

mutants (Barber and Lands, 1973; Walenga and Lands; 1975) and, 

for the most part, the residues can be recovered from the cells 

unaltered (Walenga and Lands, 1975) which makes these mutants 

of considerable interest in studies on composition-function relation

ships. Indeed, these mutants have already illustrated the considerable 

flexibility of the plasma membrane in accepting different unsaturated 

fatty-acyl residues.

Phospholipids and free sterols are the major lipid components 

of the eukaryotic membrane. There are two main classes of phospho

lipid mutants, namely those isolated as choline- or ethanolamine- 

requiring mutants (Atkinson et ai., 198Cb; Kovac et ai., 1980) 

and designated chol, and those isolated as inositol-requiring 

auxotrophs (Culbertson and Henry, 1975; Greenberg et ai., 1983) 

and designated ino. The majority of choiImutants either have 

a decreased capacity to synthesise phosphatidylserine or completely 

lack this phospholipid (Atkinson et ai., 1980b;Kovac et ai., 1980). 

Supplementation of the growth medium with choline or ethanolamine 

overcomes this block, presumed to be in the gene for phosphatidyl- 

serine synthetase, since Saccharomyces cerevisiae is able to
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synthesise phosphatidylethanolamine for example by an alternative 

pathway described by Kennedy and Weiss (1956) which does not 

involve phosphatidylserine. This pathway involves the reaction 

of a diglyceride with CDP-ethanolamine. When grown in the presence 

of choline, phosphatidylcholine is formed, bypassing phosphatidyl

ethanolamine and phosphatidylserine as intermediates leading to 

a very diminished proportion of the two bypassed intermediates and 

a consistently higher proportion of phosphatidylinositol and 

phosphatidylcholine (Atkinson et al., 1980a). However, it has 

been shown the fatty acid composition of phosphatidylcholine 

made by de novo synthesis and the Kennedy and Weiss pathway 

are different. As such supplying choline to these mutants does 

not necessarily just change the composition of the phospholipid 

headgroups.

A mutant of Saccharomyces cerevisiae has recently been des

cribed which is similar to the mutation which elicits choline 

auxotrophy in Neurospora crassa (Scarborough and Nyc, 1967) since 

it is defective in formation of phosphatidylcholine via the 

méthylation of phosphatidylethanolamine (Greenberg et ai., 1983). 

This mutant designated opi 3-3 was | stimulated only by * inositol 

and not choline. Indeed exogenously supplied choline had no 

effect on its growth rate. The phosphatidylcholine content of 

this mutant was 2 - 3% of the total phospholipid content as 

compared to 40 - 50% in the wild type, but the proportion of 

intermediates phosphatidylmonomethylethanolamine and phosphatidyl- 

diraethylethanolaraine on the blocked pathway was appreciably higher.
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Sterol mutants have largely been isolated on the basis of 

an auxotrophic requirement for ergosterol or polyene antibiotic 

resistance. Polyene antibiotics are thought to interact with 

specific membrane sterols and are known specificially to inhibit 

lipid synthesis (Cass et al., 1970; Norman et al., 1972). Many 

mutants, although they synthesise no ergosterol, are not auxotrophic 

for ergosterol since their requirements appear to be fulfilled by 

intermediates of ergosterol biosynthesis which accumulate in 

membranes (Parks,1978; Parks et al., 1978). These mutants cannot 

be used specifically to manipulate plasma-membrane sterol compo

sition but they can provide an insight into the effects of changed 

sterol content. Mutants which are auxotrophic for ergosterol are mostly 

mutants defective in haem biosynthesis (Bard et al., 1974) and 

include those series designated ole 2 /ole 3, ole 4,hem 1-5, eye 4, 

olerg 1-6 (Henry, 1982) which are respiratory deficient and 

nystatin resistant and simultaneously auxotrophic for an unsaturated 

fatty acid and methionine. The first mutants of this type to 

be isolated (Resnick and Mortimer, 1966) were designated ole 

mutants. Other series of mutants isolated on the basis of 

requiring ergosterol and an unsaturated fatty acid have been 

described byi Karst, and Lacroute (1973) and by Gollub et al. (1974,

1977). On the whole, these sterol mutants have been shown to be 

unreliable and therefore have not been used to any great extent 

to change the composition of the plasma membrane.

Drugs which prevent synthesis of specific membrane components 

and thereby lead to their requirement in the growth medium have not
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been exploited to any great extent. Those available include the 

glycerol analogue, 3 chloropropane 1,2 diol which has been shown 

to decrease synthesis of phosphatidylglycerol in Saccharomyces cere

visiae (Bulman and Stretton, 1975) and hydroxylamine which linhibits 

phosphatidylserine decarboxylase (Trivedi et al., 1982). Also 

in this group is the antibiotic cerulenin which inhibits bio

synthesis of fatty acids (Nomura et al., 1972a,b), an inhibition 

which can be reversed by supplementing the growth medium with a 

fatty acid (Omura, 1976) or utilised to produce saturated fatty- 

acid-starved cells (Awaya et al., 1975; Otogura et al., 1981). 

Finally, there are the azosterols which are sterol analogues 

which can be used to inhibit several steps in sterol biosynthesis 

(Bailey et al., 1976; Hays et ai., 1977). By manipulating the 

concentration of azosterol in the medium, the proportion and types 

of intermediate accumulated can be changed (Parks et ai., 1978).

Transport of Solutes by Saccharomyces cerevisiae

An essential function of the yeast plasma membrane is to maintain 

a high concentration of many solutes within the cell. This can 

only be achieved if the membrane is selectively permeable to 

solutes. In general, there are four modes of solute transport, 

namely simple diffusion, facilitated diffusion, active transport 

and group translocation. Diffusion involves entirely physical 

forces. The rate of solute transfer is directly proportional to 

the concentration gradient, and is described by Fick's Law:

j = - D d̂x
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where J is the rate of movement or flux, D is the diffusion 
-1constant and dcdx is the concentration gradient. Migration of 

solute molecules from a region of high concentration to one of 

lower concentration is a direct result of random movements of 

molecules in solution, and obeys the second law of thermodynamics. 

The rate of diffusion of solute molecules across the plasma membrane 

depends on their chemical structure and molecular volume (Diamond 

and Wright, 1969). Whether a solute can be transported by diff

usion can be predicted from its octanol:water solubility co

efficient. The greater this value, the more likely is the solute 

to be transported by diffusion. The yeast plasma membrane is 

freely permeable to water, the common gases, free ammonia and 

compounds with at least some amphiphilic character. On the other 

hand, anions, cations, amino acids and carbohydrates almost 

certainly penetrate the lipid bilayer with difficulty (Eddy,

1982).

Accumulation of many molecules with a low octanol-water 

partition coefficient does however proceed at a higher rate than 

can be attributed to diffusion alone. Transport of these solutes 

does not obey Fick's law and involves carrier molecules. Facili

tated diffusion, active transport and group translocation are 

all carrier mediated. The carriers are transmembrane proteins 

which show many of the properties of enzymes. They are saturable, 

their activity is temperature dependent, they show specificity 

and they obey Michaelis-Menten kinetics. Solute transport by 

these carriers can therefore be described by the Michaelis-Menten
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equation:

V [S]
V = ___

Kj + [S]

where v is the velocity of transport at a given solute concentration,

S, is the maximum velocity of solute transport cind is the

half-saturation constant. The same graphical treatments that are

applied to enzyme kinetic data to obtain values for K and VT max
are also applicable to transport data. Of these, although 

Lineweaver-Burke plots (Lineweaver and Burke, 1934) have been more 

widely used, Woolf-Hofstee plots (Hofstee, 1959) are generally pre

ferable since they give a more even distribution of data points 

(Dowd and Riggs, 1965). Woolf-Hofstee plots have been used in 

the work described in this thesis.

Facilitated diffusion is a variation of simple diffusion in 

which the membrane carrier participates in the diffusion process.

It is not coupled to an energy supply. Therefore , as with diffusion, 

transfer of solute molecules is under the influence of the concen

tration gradient and, at equilibrium net transfer cannot take place. 

This mechanism has been implicated in transport of many monosacch

arides by Saccharomyces cerevisiae (Cirillo, 1961; Eddy, 1982).

Active transport was described by Rosenburg (1954) as a process 

capable of bringing about transfer of a substance against its 

electrochemical gradient. This is usually modified to give the more 

qualitative description; active transport usually indicates a 

process interlinked with cellular metabolism which cannot be understood
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by simple physical processes. Two types of active transport 

have been recognised. In primary active transport, uptake of 

solute is coupled to an exergo.nic chemical reaction. In secondary 

active transport, uptake of solute is coupled by a purely 

physical process to the movement of other particles usually 

protons (Mitchell, 1967). Such protons can form either a symport 

or antiport relationship with the solute. Transport of amino acids 

into Saccharomyces cerevisiae is thought to occur by such a symport. 

mechanism (Davies et ai., 1953; Eddy and Nowacki, 1971).

Group translocation involves chemical modification of the 

solute during passage across the plasma membrane. This mode of 

transport was implicated for sugar accumulation by Saccharomyces 

cerevisiae (Van Stevenick, 1972; Meredith and Romano, 1977), although 

this view is open to debate (Eddy, 1982). Since the main topic of 

this thesis is transport of amino acids and peptides, further 

discussion will be limited to these solutes.

Uptake of amino acids from the medium by Saccharomyces cerevisiae 

is accomplished by a number of transport systems. Amino-acid trans

port is generally accepted to be unidirectional and usually occurs 

against a concentration gradient. It is transinhibited by pre

accumulated amino acids (Crabeel and Grenson,1970) and affected 

by both metabolic inhibitors and uranyl ions (Kotyk et al., 1971b).

In many cases, a given amino acid is transported by several diff

erent transport systems which are encoded by distinct structural 

genes, and which exhibit different properties with respect to 

substrate affinity, specificity, capacity and regulation. For
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convenience, the amino-acid transport systems are usually divided 

into two groups. The first group contains those transport systems 

which are each specific for one or a small number of amino acids.

The second group contains only one transport system, the general 

amino-acid permease (GAP). This system exhibits a wide specificity 

and is controlled by nitrogen metabolite repression (Grenson et al.,

1970). Therefore, the more specific systems, which in general are 

not regulated in this manner, can be studied in ammonium-grown 

cells in the absence of the GAP. The amino-acid transport systems 

that have been detected to date in Saccharomyces cerevisiae are 

summarised in Table 1. Before these systems are discussed, it 

may be useful to know a little of the methods different workers 

have used to characterise them.

Analysis of amino-acid uptake by Saccharomyces cerevisiae has

generally involved two approaches, one biochemical and the other

geneticial. The affinity and capacity of transport systems have

been'describedby k and V values and their specificity determined T max ^
from competition studies. Where the value for uptake of a given 

amino acid is equal to its value for competitive inhibition of 

the transport of a second amino acid, this is taken to indicate that 

both amino acids are accumulated by the same system. That two 

systems are capable of transporting a single amino acid is usually 

indicated by a concave Woolf-Hofstee plot, although this is open 

to the alternative explanation of negative cooperativity. Two 

systems may be successfully distinguished only if the and 

values differ by at least one order of magnitude. When more than 

two systems exist the situation is hopelessly complicated. Although
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methods have been published to separate algebraically two systems

(Neal, 1972) most workers have tended to quote apparent K and VT max
values for each system. This makes a comparison of data presented 

by different groups of workers difficult. Other factors which 

may affect values quoted include the conditions of the transport 

assay and the state and age of the cells. There may also be seme 

strain variation. Mutant strains have been used to test the 

specificity of a given transport systen. In general these have 

been isolated on the basis of resistance to toxic amino-acid analogues 

However, this approach has been limited by the number of toxic 

amino-acid analogues available. The mutants isolated have been poorly 

defined and the mutation is usually only assumed to give rise to 

defective forms of the carrier protein.

At least twelve specific amino-acid transport systems have 

now been detected in Saccharomyces cerevisiae. The Belgian 

group under the supervision of Marcelle Grenson were the first 

to study amino-acid transport in any detail. In 1966, they demon

strated that uptake of L-arginine was accomplished by the ' operation 

of a single transport system which was lost in an arg-p^ mutant, 

isolated on the basis of its resistance to the toxic L-arginine 

analogue canavanine (Grenson et al., 1966). Uptake of L-arginine 

by this transport system was competitively inhibited by relatively 

high concentrations of L-lysine. L-Lysine, on the other hand, 

could be accumulated by two transport systems (Grenson, 1966).

The Ki value for L-lysine inhibition of L-arginine transport was 

identical to the value for the transport of L-lysine by the 

system with lower affinity. Since transport of L-lysine by this
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system was lost as a result of the arg-p^ mutation, it was concluded 

that this system, the arginine permease, was shared by L-arginine 

and L-lysine. Recently Cooper (1982) has designated this (system 

as a 'basic amino acid permease'. He suggested it should also 

transport L-histidine. Although Grenson and her coworkers (1965) 

did show L-histidine inhibited the L-arginine transport system, 

the nature of the inhibition was not competitive as may be expected 

on the basis of Cooper's suggestion. The higher affinity system 

for L-lysine transport, the lysine permease, is highly specific. 

Uptake of L-lysine by this system was not inhibited by either L- 

arginine or L-histidine when present at ten-fold greater concen

trations, and the loss of its activity by mutation (Igs-p^) affected 

L-lysine uptake exclusively (Grenson, 1966) . Subsequently 

a second transport system for L-arginine was detected (Chan and 

Cossins, 1976). This system had a much lower affinity for L- 

arginine. Whether this system is analogous to the lysine permease 

is not known.

Using similar methods Crabeel and Grenson (1970) demonstrated 

that Saccharomyces cerevisiae possesses two distinct transport 

systems for L-histidine. The activity of the high-affinity system 

was lost in mutants ihis-p^) isolated on the basis of very slow 

growth of a L-histidine requiring strain in the presence of low 

concentrations of L-histidine. Mutants defective in the low- 

affinity transport system were not isolated. The high-affinity 

system was more specific and more sensitive to feedback inhibition 

by preaccumulated L-histidine than the low-affinity system which 

may also accumulate L-tyrosine. L-Tyrosine and L-glutamic acid
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were the only inhibitors of L-histidine transport by a his-p^ 

mutant (lacking the high-affinity system) when present at a ten-fold 

greater concentration than L-histidine. The inhibition by L- 

glutamic acid was not competitive and was lost in mutants impaired 

in the transport of dicarboxylic amino acids. The slight inhi

bition of L-histidine transport by L-arginine and L-lysine in the 

wild type strain,which Cooper (198 2) suggested was indicative of 

the presence of a 'basic amino acid permease', was lost in a strain 

bearing the arg-p^ and lys-p^ mutations (Crabeel and Grenson,

1970). The latter workers concluded that L-arginine and L-lysine 

are unable to act directly at the level of the histidine transport 

system.

Transport of sulphur-containing amino acids into Saccharomyces 

cerevisiae was first studied by Maw (1963). Although he did not 

analyse the transport systems in any great detail, he concluded 

that this yeast was capable of transporting L-methionine at a much 

greater rate than L-cysteine which entered the cell only slowly.

The dimer cystine showed no detectable accumulation. It is worth 

noting that Maw (1963) did not attempt to stop formation of the 

dimer from cysteine in his studies. Subsequently, L-methionine 

was shown to be transported by two systems (Gits and Grenson,

1967) . The values quoted by these workers are not too dissimilar 

from those found by Kotyk et al. (1971a) for resting cells of 

Saccharomyces cerevisiae. Gits and Grenson (1967) found the high-

affinity system, which was lost in mutants (met-p^) isolated on 

the basis of resistance to low doses of the toxic analogue, 

ethionine, was highly specific and not competitively inhibited by
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any other amino acids. This is in accord with the earlier 

observations of Maw (1963). The residual activity in met-p^ mutants, 

although fairly specific, was inhibited by both L-threonine and L- 

serine (Gits and Grenson, 1967). Although the mode of this inhibition 

was not established. Gits and Grenson (1967), on the basis of the 

structural similarities of L-methionine, L-threonine and L-serine, 

suggested that the low-affinity L-methionine system could correspond 

to a L-serine or L-threonine transport system.

A specific transport system has not yet been detected for L- 

threonine. An inducible transport system has been reported for 

L-serine in a distiller's strain of Saccharomyces cerevisiae 

(Shukula et al., 1982). That a specific L-serine-transport system 

does exist in Saccharomyces cerevisiae X2180 has been shown rela

tively recently (Langdale, 1982). This system was competitively 

inhibited by L-threonine, L-asparagine and L-methionine. L-Cysteine 

also caused an inhibition of L-serine transport. Gregory et al.

(1982), working with the same strain and Keenan et al. (1982) 

with a different strain, described a single transport system for 

L-asparagine. The K^ value reported for L-asparagine transport

by this system (Gregory et al., 1982) was very similar to the Ki 
-4value of 5 X 10 M reported for inhibition of L-serine transport 

by this amino acid (Langdale, 1982). This is very good evidence 

these two amino acids share the same transport system. However, 

Gregory et ai. (1982) reported a different spectrum of inhibitors.

At its optimal pH value (4.5), this transport system was competi

tively inhibited by L-glutamine, L-threonine and L-tryptophan.
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L-Methionine inhibition was non-competitive. No inhibition was 

observed with L-aspartic acid. If this system is the same transport 

system reported by Langdale (1982), then it has a fairly wide 

specificity and the spectrum of possible substrates are L-serine, 

L-threonine, L-methionine, L-tryptophan, L-asparagine, L-glutamine 

and L-cysteine.

Keenan et al. (1982) reported a single transport system for
-4L-glutamine with a K^ value of 3.3 x 10 M. On the other hand, 

several observations made by Grenson and Dubois (1982) led them to 

suggest that at least two distinct systems are able to transport 

L-glutamine. One of them was suggested to be a specific permease 

which recognises only L-glutamine and L-asparagine. The second 

system appeared less specific since it was inhibited by L-glutamic 

acid, L-aspartic acid and L-alanine. Although the specificity of 

these two L-glutamine-transport systans was not extensively tested, 

Wiame et al. (1984) have suggested that the first of these might 

be the asparagine-transport system reported by Gregory et al. (1982).

Uptake of the dicarboxylic amino acids, L-aspartic and L-glutamic 

acids, has been studied by Grenson's group (Joiris and Grenson,

1969; Darte and Grenson, 1975). They reported that two specific 

transport systems are responsible for L-glutamic acid uptake.

The high-affinity system was repressed but not inhibited by 

ammonium ions when present alone, and its activity was inhibited by 

L-Jglutamic acid. The low-affinity system was constitutive in 

cells grown in the presence of ammonium ions but its activity 

was inhibited when L-glutamic acid and ammonium ions were present
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simultaneously. Kotyk et ai. (1971a) also reported two systems 

for L-aspartic acid acdumulation in resting cells of Saccharomyces 

cerevisiae.

The kinetics and energization of L-leucine transport has 

been extensively studied by Stoppani and his coworkers in both 

whole cells (Ramos et al., 1975. 1980) and protoplasts (Kotliar 

and Ramos, 1983). They demonstrated that L-leucine is transported 

into the cell by two distinct systems. The K^ values they reported 

were very similar to those published several years before for 

resting cells of Saccharomyces cerevisiae (Kotyk et al., 1971a). 

Although the specificity of these systems has not been studied in 

detail, they are thought also to transport L-isoleucine and L-valine 

(Bussey and Umbarger,1970 a,b).

A specific proline-transport system was first detected in 

Saccharomyces chevalieri ('now Saccharomyces cerevisiae) by Magdna- 

Schwencke and Schwencke (1969). More recently Lasko and Brandriss 

(1981) reported two transport systems for proline in Saccharomyces 

cerevisiae. Synthesis of both systems was repressed by growth in 

the presence of ammonium ions. However, at least some of the 

activity of the low-affinity transport system was the GAP. The 

high-affinity transport system, which could be removed by mutation 

{put 4), was similar to the proline-transport system reported by 

Magana-Schwenke and Schwencke (1969). Horak and Rihova (1982) 

also reported two transport systems for proline in Saccharomyces 

cerevisiae. When their strain was grown in a rich medium, the high-
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affinity system was present only in stationary-phase cells. It 

was competitively inhibited by L-alanine but unaffected by 

ammonium ions. In a medium containing a poor nitrogen source, 

such as used by Lasko and Brandriss (1981), this system was active 

in the early exponential phase and could be suppressed by ammonium 

ions. The significance of this finding was not discussed. The 

low-affinity system which was presumably the GAP was not studied.

Two major lines of evidence promoted Grenson and her coworkers 

(1970), to suggest the existence, under conditions of nitrogen 

starvation of a GAP which operates in Saccharomyces cerevisiae 

in conjunction with the constitutive more specific transport 

systems. Firstly, they found that organisms which had mutations 

leading to loss of specific transport systems for L - a r g i n i n e (arg-p^^, 

L-lysine (lijs-p^)- and L-methionine {met-p^) recovered their 

sensitivity to toxic analogues of these amino acids when the 

ammonium ions in the growth medium were replaced by a poor nitrogen 

source such as proline or L-glutamic acid. Alternative methods 

which have been used to produce nitrogen starvation in Saccharomyces 

cerevisiae include incubating organisms grown on a good nitrogen 

source, such as ammonium ions, for up to two hours in distilled 

water containing glucose (Kotyk and Rihova, 1972) or glucose in 

phosphate buffer (Woodward and Cirillo, 1977; Roon et ai., 1975). 

Secondly, they found that initial rates of entry of many amino 

acids were considerably increased when wild-type organisms were 

starved of a nitrogen source. These increased rates could be 

competitively decreased in the case of amino acids such as
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L-raethionine, which have specific transport systems, by amino acids 

which had no effect on the respective specific transport systems 

(Grenson et al., 1970).

Since values for L-arginine and L-lysine transport by the 

GAP (Grenson et ai., 1970) were strikingly similar to those of the 

respective specific transport systems (Grenson et ai., 1966;

Grenson, 1966), this evidence was insufficient to prove the existence 

of a GAP. Genetic clarification was required. This came from a 

mutant (gap) specifically impaired in the GAP 1 gene, a structural 

gene for the GAP (Grenson et ai., 1970). When starved of a 

nitrogen source the behaviour of this mutant in transporting 

L-arginine, L-lysine and L-methionine was consistent with the 

wild-type strain of Saccharomyces cerevisiae possessing a GAP,whose, 

activity or synthesis is inhibited or repressed during nitrogen 

sufficiency, simultaneously with specific amino-acid transport 

systems.

The existence of a GAP in Saccharomyces cerevisiae was not a 

novel idea since it had previously been suggested by Halvorson 

and Cohen (1958) and by Surdin and his coworkers (1965).

However, these workers believed that the GAP was solely responsible 

for transport of L-arnino acids. The remarkable similarities between 

values for transport of several amino acids by the GAP and by 

their specific systems may have misled these workers. Although 

it is unclear whether the aap mutation described by Surdin et al. 

(1965) affects different transport systems or the GAP alone, it 

does not affect the GAP 1 gene. A similar mutation to the aap
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mutation was described by Grenson and Hennaut (1971). This mutation 

(apf) affects a genetic locus unlinked to the GAP 1 gene and 

affects activity of the GAP and many other systems. It is 

thought that the product of this gene may be involved in an 

energy-coupling mechanism.

The GAP is a high capacity, broad specificity transport system, 

which functions during nitrogen starvation to provide the cell 

with amino acids primarily as a nitrogen source. It has more than 

twenty natural substrates, half of which are potential nitrogen 

sources whilst the others are unable to give rise to L-glutamic 

acid, L-glutamine or ammonium ions. It can transport all naturally 

occurring amino acids of both the L- and D- stereo configuration 

(Grenson et ai., 1970; Rytka, 1975) as well as proline (Lasko 

and Brandriss, 1981) into the cell. D-Amino acids, since they 

are toxic to the yeast, have been used as selective agents for 

mutant strains lacking GAP activity (Rytka, 1975). . In keeping with 

its function as an amino-acid scavenger, the GAP is very active 

when fully derepressed. Indeed, rates of amino-acid transport 

by derepressed cells have been reported to be as much as 50-fold 

(Larimore and Roon, 1978), 360-fold (Woodward and Cirillo, 1977) 

and 460-fold higher (Grenson et al., 1970) than rates shown by 

repressed cells depending on the amino acid and yeast strain used. 

Although all amino acids are transported rapidly by the GAP, not 

all are transported with a high affinity. In general, basic and 

neutral amino acids are preferred to acidic amino acids, and 

L-isomers are preferred to D-isomers. The GAP has a very low 

affinity for proline. The value for transport of proline by
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-2this system is 1.2 x 10 M (Lasko and Brandriss, 1981). The GAP 

therefore exerts a fairly stringent requirement for the carboxyl 

and 2-amino groups in amino acids whereas the requirements for 

the side chain and configuration at the chiral centre are fairly 

relaxed. For some L-amino acids, namely glycine, L-tryptophan, 

L-phenylalanine and possibly L-tyrosine and L-alanine, the GAP 

is thought to be their only route into the cell.

The GAP is composed of four proteins, three of which perform 

the transport function and the fourth is a periplasmically located 

binding protein (Woodward and Kornberg,1980). The presence of 

a binding protein was demonstrated by Woodward and Kornberg (1980) 

by the use of a substrate analogue for the GAP, namely ô-N-chloro- 

acetyl ornithine, which was developed by Larimore and Roon (1978). 

This analogue only binds to plasma membranes of the wild type 

when the GAP is derepressed. It does not bind to plasma membranes 

in a GAP-less mutant or in repressed wild type. The capacity of 

plasma membranes of the derepressed wild type to bind this analogue 

was lost by enzymic digestion of the cell wall suggesting that the 

protein to which it attached was a periplasmic protein (Oxender 

and Quay, 1976), rather than the transport proteins. Using a 

double labelling procedure. Woodward and Kornberg (1980) compared 

the plasma-membrane protein complement of a GAP-less mutant and 

the derepressed wild type and concluded that the dysfunction of 

the GAP in the mutant strain was not solely due to the absence 

of the periplasmic protein since three additional proteins of 

molecular weights 53000, 45000 and 30000 were also missing.
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The physiological function of the GAP is most probably to 

provide cells with amino acids as a nitrogen source. Regulation 

of the GAP appears to be essentially adapted to this function 

since it is integrated with that of several other enzymes in 

particular specific amino acid transaminases (Woodward and Cirillo,

1977). As early as 1907, Ehrlich found that, where amino acids 

served as the sole nitrogen source in yeast fermentations,sane 

of their carbon skeletons were released into the culture as deam- 

inated acids and fusel alcohols. Carbon skeletons which are known 

to be excreted are derived from hydrophobic amino acids, which 

have been transported into cells starved of a nitrogen source by 

the GAP, whereas the skeletons from basic and acidic amino acids 

are retained by the cell. This retention of acidic and basic 

amino-acid derivatives has been taken to indicate that the scope 

for utilisation of these compounds is much larger (Hockney, 1982). 

Keto acids and fusel alcohols can be produced from amino acids 

by successive transamination, decarboxylation and reduction 

reactions. How these derivatives leave the cell is not known.

During nitrogen sufficiency there is no production of keto acids 

and fusel alcohols.

The mechanism of nitrogen metabolite repression in Saccharomyces 

cerevisiae has recently been the subject of a series of very comp

rehensive papers from Grenson's group. A crucial aspect of this 

regulation is the absence of GAP activity when cells are grown 

on a good nitrogen source. For many years, the NADP -linked 

anabolic glutamate dehydrogenase was thought to occupy a central 

role in this regulation, since the GAP was insensitive to the
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effects of ammonium ions in mutants {gdhA ) lacking this enzyme 

(Grenson and Hou, 1972; Dubois et al., 1973). Upon addition of 

ammonium ions to proline-grown cells, the GAP is progressively 

and completely inactivated and supression of synthesis occurs 

(Grenson, 1983a). That these processes are linked to two distinct 

regulatory systems was shown by the fact that they could be lost 

separately as the result of mutation. The GAP is therefore only 

active in ammonium-grown cells if both controls are removed.

This could explain why previous studies failed to reveal the 

control mechanism.

Inactivation by ammonium ions is absent from mut 2, mut 4 

or pgr mutants grown in proline-containing medium (Grenson and 

Acheroy, 1982; Grenson, 1983a). The pre-existing GAP is main

tained but further synthesis is prevented. On the other hand, 

mutations which caused an increase in activity of the NAD -linked 

catabolic glutamate dehydrogenase {gdh'CR) or caused thermo

sensitivity in the glutamine synthetase {gln^^) resulted in loss 

of repression of GAP synthesis in the presence of ammonium ions 

(Dubois and Grenson, 1979). This has led to the suggestion 

that glutamine may act as an effector in the repression mechanism 

(Grenson, 1983a) . A double mutant carrying either the gdliCR 

or the gln^^ mutation at the non-permissive temperature together 

with one of the mut 2, mut 4 or pgr mutations, had a high GAP 

activity in ammonium-grown cells. The effects of the pgr mutation 

are restricted to the GAP since the PGR locus is found within 

the GAP 1 structural gene (Grenson and Acheroy, 1982) where it
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acts as a receptor site for the products of the üiUT 2 and MUT 4 • 

genes which mediate a negative control.

Formation of an active GAP also depends on the integrity 

of two additional unlinked genetic loci. The first of these, the

GAP 1 (gap), affects the GAP specifically (Grenson et ai., 1970;

Grenson and Acheroy, 1982) whereas mutations at the second, the 

NPR locus (npr), have a pleiotropic effect on several ammonia- 

sensitive transport systems (Dubois and Grenson, 1979; Grenson 

and Dubois, 1982). The presence of a functional product of the

NPR gene is required for maintenance of an active GAP since, in

some way, it either counteracts inactivation of the GAP by the 

products of the MUT 2 and MUT 4 genes or it is responsible for 

re-activation of the GAP (Grenson, 1983b). In steady-state wild- 

type cells growing on proline, the GAP is not fully active since 

an equilibrium is reached between the negative effects of the MUT 2- 

MUT 4 system and the positive effects of the NPR product.

Ammonium-induced inactivation of the GAP appears to be linked to 

the incapacity of the NPR-I re-activating mechanism to keep pace 

with the MUT 2-MUT 4 inactivating process (Grenson, 1983b). Whether 

this occurs because the MUT system becomes more effective or because 

the NPR becomes less effective is not known.

Membranes, since they are impermeable to ions, can separate 

charges so creating a membrane potential. During energy metabolism , 

yeast cells maintain a marked pH gradient across the plasma 

membrane. Studies using the partition of weak acids between cells 

and the extracellular medium (Ryan and Ryan, 197 2; Seaston et al.,
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1975) or the ^^P-nuclear magnetic resonance chemical shift of 

intracellular orthophosphate (Salhany et al., 1975) have shown 

that, when the extracellular pH is near 4.5, the intracellular 

pH is near 6.0. This corresponds to a very large proton gradient 

which is thought to energize amino-acid transport (Eddy, 1978).

The proton gradient in Saccharomyces cerevisiae is maintained 

by the ejection of protons by an electrogenic ATPase (Serrano,

1980; Malpartida and Serrano, 1980). Eddy and his coworkers 

have shown that, where ATP levels are decreased by pre-incubating 

cells with 2-deoxyglucose and antimycin, ejection of protons by 

the pump is prevented. Under these conditions, there is still a 

significant uptake of glycine (Eddy et ai., 1970) which indicates 

that the uptake process is driven by a proton gradient rather than 

direct hydrolysis of ATP.

It is now well established that uptake of amino acids involves 

their transfer in a symport relationship with protons (Seaston 

et ai., 1973, 1976). The overall process uses ATP formed by 

oxidative phosphorylation or glycolysis (Ramos et ai., 1975).

The number of protons absorbed with some amino acids has been 

studied by Eddy's group. They demonstrated that two equivalents 

of protons were absorbed with each equivalent of amino acid 

absorbed through the GAP whereas the slower absorption of 

L-methionine and L-lysine through the specific transport systems 

exhibited a stoicheiometry near unity (Seaston et ai., 1973).

The energy input to the GAP is therefore twice that of the 

specific amino-acid transport system. Eddy (1980) calculated 

that the extent of glycine accumulation at pH 4.5 observed by
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Indge et al. (1977) was considerably less than the GAP could 

maintain at thermodynamic equilibrium. The failure of the GAP 

to reach thermodynamic equilibrium and the increased input to this 

system compared with the more specific transport systems is 

consistent with the physiological role of the GAP in providing 

a fast flow of assimilable amino groups into yeast cells (Eddy, 

1980).

A very different view of amino-acid transport than is implicit 

in the chemiosmotic mechanism was suggested by Meister (1973).

He proposed that group translocation of amino acids could occur 

mediated by operation of the y-glutamyl cycle. Although most 

of Meister's work has been carried out using mammalian cells 

all of the enzymes of this cycle and the key intermediate, 

glutathione have been found in yeast cells (Mooz and Wigglesworth, 

1976; Hopkins, 1921). However, in all cases, evidence that this 

cycle operates in vivo to transfer amino acids is only circum

stantial and in the case of yeast cells probably does not occur 

(Robins and Davies, 1981a,b). Confirmatory evidence that the 

y-glutamyl cycle does not function in vivo in amino-acid movement 

into Saccharomyces cerevisiae has been provided recently by Payne 

and Payne (1984). They found a key enzyme of this cycle, y- 

glutamyl transferase was mainly membrane bound and could be 

inactivated from the outside of the cell by covalent modification 

with glutamine analogues. This inactivation had no significant 

effect on transport of either D- or L-amino acids.

Once amino acids have been transported, they can enter a
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compartmentalised storage pool or they can be held in the cytoplasm. 

The yeast vacuole is thought to play a major role in compartment- 

alisation and is particularly rich in basic amino acids (Matile,

1978). Wiemken and Durr (1974) and Durr et ai. (1975) concluded 

that at least 60 percent of the total amino-acid pool was located 

in vacuoles in Saccharomyces cerevisiae. Whereas the basic amino 

acids are accumulated in the vacuole, acidic amino acids were held 

preferentially in the cytoplasm (Wiemken and Durr, 1974). The 

localisation of hydrophobic amino acids is unclear.

This differential distribution has led several workers to 

look for amino-acid transport systems in isolated vacuoles. Boiler 

et al. (1975) demonstrated a transport system for L-arginine, the 

kinetic characteristics and substrate specificity of which 

differed from those exhibited by the sphaeroplasts from which the 

vacuoles were isolated. Uptake of L-arginine by vacuoles proceeded 

strictly by exchange with intravacuolar L-arginine and was not 

inhibited by proton conductors, whereas net absorption of L-arginine 

occurred at the level of the plasma membrane and was inhibited 

by proton conductors. Sequestration of L-arginine in this 

organelle is thought to be due to binding by polyphosphate which 

appears to be located exclusively in this organelle (Durr et al.,

1979). More recently, Oshumi and Ankaru (1981) have claimed that 

L-arginine transport into vesicles prepared from vacuolar mem

branes is active and is driven by a proton motive force. This 

uptake was dependent on ATP and was sensitive to dicyclohexyl- 

carbodiimide but was not inhibited by nystatin, an antibiotic 

which combines with sterols in the yeast plasma-membrane. The
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value for L-arginine transport into these vesicles was 
-30.6 X 10 M (Oshumi and Ankaru, 1981) which is 20-fold greater 

than the value quoted for L-arginine transported into isolated 

vacuoles (Boiler et ai., 1975). The mechanism by which the vacuole 

concentrates L-arginine in vivo is however unknown. The existence 

of both vacuolar- membrane and plasma-membrane transport systems 

did however lead Boiler et ai. (1975) to question"whether active

transport of amino acids in yeasts occurs at the level of the plasma 

membrane, or at the level of the vacuolar membrane, or at both 

levels."

Although the transport systems for amino acids have been 

fairly well characterised, relatively little is known about peptide 

transport in Saccharomyces cerevisiae. This has probably arisen 

from lack of satisfactory means of measuring peptide transport.

The number of potential peptide substrates is vast. Indeed, the 

potential number of dipeptide and tripeptide substrates containing 

only L-amino acid residues is 400 and 8000 respectively. In 

addition, very few radioactively labelled peptides are commercially 

available and those available are moreover expensive. Therefore 

it is difficult to study peptide transport in the usual way of 

monitoring intracellular accumulation of radioactivity. Many of 

the earlier studies concentrated on the use of growth tests in 

amino-acid auxotrophs to determine the range of peptides that could 

be accumulated by these organisms (Becker et al., 1973). These growth- 

response studies could not, however, provide information on the 

kinetics of peptide transport.
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More recently a group working at Durham University in England 

under the direction of Dr. J.W. Payne have extended their work on 

the transport of peptides by bacteria to eukaryotic organisms 

including Saccharomyces cerevisiae. In general, they have used 

two techniques based on fluorescence measurements which allow 

them to make direct measurements of the uptake of any peptide 

(Payne, 1983). In both methods, transport is usually determined 

by monitoring the disappearance of peptides from the incubation 

medium. The first method involves treating samples of filtered 

incubation medium with dansyl chloride to form dansylated peptide 

derivatives which can be separated by thin-layer chromatography- 

(Payne and Bell, 1979; Nisbet and Payne, 1979a). The amounts of 

peptide derivatives can then be estimated from the relative 

intensities of the fluorescent spots. Similarly, the concentration 

of intracellular peptide can be determined by using cell extracts. 

Using this technique, several peptides can be studied simultane

ously, and any exodus of free amino acid derived from peptides 

or peptide residues is immediately apparent. However, unlike the 

second method, this technique can only yield semi-quantitative 

results. The second method involves the use of fluorescamine 

which reacts with peptides to give fluorescent peptide derivatives 

that can be quantified directly in solution (Nisbet and Payne,

1979a). This technique has the advantage that, since it can be 

automated (Payne and Nisbet, 1981), it can be relatively rapid. 

However, although it can provide information on the kinetics of 

peptide transport, it cannot be used to study competition for 

transport between two peptides.
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There is now general agreement that transport of peptides 

by Saccharomyces cerevisiae is accomplished by only one general 

peptide transport system. Evidence that this system might be capable 

of transporting both di- and tri-peptides came firstly from studies 

of competition in transport (Nisbet and Payne, 1979a) and growth 

(Harder et al., 1977). These workers found that both di- and 

tripeptides could compete for utilisation of tripeptides and vice 

versa. Confirmation that all small peptides share a single 

transport system in Saccharomyces cerevisiae came from the 

isolation of mutants specifically impaired in transport of a wide 

range of both di- and tripeptides. These were isolated on the 

basis of resistance to the toxic analogues,»L-ethionyl-L-alanine 

(Harder et al., 1978) or bacilysin (Nisbet and Payne, 1979b).

That this peptide transport system is distinct from the amino- 

acid transport systems and that peptides are not broken down 

by extracellular peptidases to their constituent amino acids 

was confirmed by two observations. Firstly it was noted that 

there was a lack of competition for the peptide-transport 

systems by amino acids (Becker and Naider, 1977; Harder et al.,

1977). Secondly, it was shown that mutants, specifically im

paired in several of the amino-acid transport systems, could 

transport peptides at the same rate as the wild-type strain 

(Nisbet and Payne, 1979a).

The rate of peptide transport is markedly influenced by the 

amino-acid composition and sequence of the peptide as well as 

its size. Size restrictions of peptide transport by Saccharomyces
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cerevisiae appear to be strain dependent. Nisbet and Payne (1979b) 

reported that, although their strain was able to transport di- 

and tripeptides relatively rapidly, transport of tetra- and pen- 

ta-alanine could not be detected. This was in agreement 

with the observations of Harder et al. (1977) using a different 

strain. On the other hand, Naider and his coworkers (1974) 

found that Saccharomyces cerevisiae G1333 was able to grow on L- 

(Het)^ as a source of methionine.

Becker and Naider (1980) suggested in their review article 

that results of competition studies on both growth (Harder et ai., 

1977) and uptake (Becker and Naider, 1977) experiments, indicated 

that, in general, the peptide transport system has a preference 

for peptides containing hydrophobic amino acid residues. In 

contrast, Nisbet and Payne (1979b) found that their strain was 

able to transport peptides containing the basic amino-acid residues, 

L-histidine and L-lysine relatively rapidly. They suggested 

that the inability of Saccharomyces cerevisiae Z1-2D, a strain 

auxotrophic for leucine and lysine to use (Lys)^ or (Lys)^ (Harder 

et al. , 1977) could simply be due to strain variation or it 

could arise from the inability of the auxotroph to hydrolyse 

the peptide. Nisbet and Payne (1979b) showed that the peptide- 

transport system has a pronounced specificity for L-stereoisomers. 

Where tested they were unable to detect transport of peptides 

containing D- amino-acid isomers. This is in good agreement 

with the indirect observations made by Harder and coworkers 

(1977). They found that peptides containing D-amino acids were 

unable to inhibit growth of an auxotroph of Saccharomyces cerevisiae
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requiring both leucine and lysine since they could not be trans

ported into the cell. Becker and Naider (1980), however, sugg

ested that the peptide-transport system in Saccharomyces cerevisiae 

can transport certain peptides containing D-residues. Incorporation 

of D-residues does reduce their affinity. This suggestion was 

based on the results of direct competition experiments in which 

L-Met-L-Met-D-Met caused a 40% inhibition of uptake of L-(Met)^ 

when present in ten-fold excess (Becker and Naider, 1977). However 

the nature of this competition was not established.

That the amino-acid sequence of the peptide can affect the 

potential to be transported by the peptide-transport system was 

shown by Nisbet and Payne (1979b). They found that Saccharomyces 

cerevisiae 11278b was able to transport Ala-X more rapidly than 

X-Ala where X was an L-amino acid residue other than that of 

L-alanine. Peptides containing glycine residues at either the 

N or C-terminal were poor substrates for the peptide-transport 

system. However, Ala-Gly-Ala was transported at a rate comparable 

to (Ala) 2  or (Ala)^ (Nisbet and Payne, 1979b). This is in good 

agreement to the inability of the tripeptide Gly-Lsu-Glu to 

support growth of a leucine auxotroph (Harder et ai., 1976).

Both groups of workers are in agreement that growth on proline 

or L- glutamate rather than ammonium ions as the sole source

of nitrogen results in an increased capability of this system to 

transport peptides (Becker and Naider, 1977; Nisbet and Payne, 

1979a). This has led to the suggestion that this general peptide 

transport may be regulated by nitrogen metabolite repression in a
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similar fashion to the GAP (Becker and Naider, 1977). However it 

has not been shown whether the increased rate is a result of an 

increase in the capacity of the peptide-transport system present 

when cells are grown on ammonium ions or the appearance of a 

different system as is the case with amino acids.

Once inside the cell, the peptides may be subjected to the 

action of peptidases. To date, several peptidases have been 

detected by their ability to catalyse hydrolysis of various 

peptides (Rose et ai., 1979). Nisbet and Payne (1979a) reported 

that in Saccharomyces cerevisiae, although intracellular peptide 

hydrolysis was rapid, they were unable to detect amino acid exodus. 

This was in marked contrast to the situation in Escherichia coli 

where selective exodus of amino acids derived from peptides occurs 

when the oligomers were present in excess (Payne and Bell, 1979). 

They concluded that either yeast had a greater capacity for 

accumulating amino acids or the accumulated residues were released 

from the cell as deaminated derivatives which could not be detected 

in their assay. Subsequently they compared the results on uptake 

of (Ala) 2  by Saccharomyces cerevisiae obtained by two methods 

(Payne and Nisbet, 1980). The dipeptide was apparently accumu

lated more rapidly when measured by the fluorescamine technique

than by the use of radioactive labelled (Ala)2 * They suggested
14this resulted from loss of label from the cells partly as CO 2  

and partly as deaminated products of amino-acid metabolism and 

concluded that this outlines the limitations of the use of 

labelled substrates for studying peptide transport by micro

organisms. These results however were obtained using proline-
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grown cells in which specific transaminases are known to be de

repressed (Woodward and Cirillo, 1977). Whether any product of 

the accumulated peptide leaves cells when they have been grown 

in the presence of ammonium ions is not known.

Concentrative accumulation of peptides has not been shown 

since the action of intracellular peptidases results in a very 

rapid breakdown of accumulated peptide. Nisbet and Payne (1979a) 

reported that in peptides containing a sarcosine residue the 

N-substituted peptide bond is very resistant to enzymic hydrolysis 

These peptides usually retained adequate affinity for the 

peptide-transport system. Although they reported that accumu

lation of Gly-Sar was linear over a one-hour incubation period, 

during which time no detectable hydrolysis occurred, they did 

not give values for extracellular and intracellular concentrations 

of this peptide. Clearly this peptide could provide usful 

evidence on whether peptide transport in Saccharomyces cerevisiae 

can be concentrative. Becker and Naider (1977) demonstrated that 

the uptake of radioactively labelled (Met)^ is prevented by 

energy uncouplers such as sodium azide, 2,4-dinitrophenol and 

potassium cyanide. In addition Payne and Nisbet (1981) found 

that the protonophore, carbonylcyanide chlorophenylhydrazone 

(CCCP), and the ATPase inhibitor^ diethylstilboestrol, rapidly 

inhibited the uptake of L-(Ala)^ whilst N,N'-Dicyclohexylcarbo- 

iimide (DCCD) acted more slowly. This was in accordance to 

its slow penetration of the cell envelope to the ATPase.

Clearly, these results suggest that maintenance of the proton-
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motive force is required for peptide transport by Saccharomyces 

cerevisiae. That the y-glutamyl cycle plays no role in dipeptide 

transport has been shown recently using the same technique that 

ruled out the possibility of amino-acid accumulation by this 

route (Payne and Payne, 1984).

Influence of plasma-membrane lipid composition on amino-acid 

and peptide transport systems

The lipids and proteins of biological membranes are in intimate 

contact with each other. The question that is therefore often 

asked relates to the extent to which protein functions are in

fluenced by membrane lipids. There have been numerous reports in 

the literature of a requirement of lipid by various membrane- 

bound enzymes (Gennis et ai., 1975; Capaldi, 1977) but few of 

these studies have investigated the effect of lipids on the 

kinetics of the enzyme reaction concerned. Whether the lipid 

can appreciably affect protein conformation is unclear (Chapman 

et ai., 1982). It is clear, however, that the activities of 

several microbial plasma-membrane proteins are influenced by 

lipid (Sanderman, 1978). The majority of these effects have been 

demonstrated in bacteria, and few relate specifically to amino- 

acid and peptide transport systems. However Beebe (1972) 

found that a mutant of Bacillus suhtilis, that was unable to 

synthesise phosphatidylethanolamine, had decreased rates of 

uptake of several solutes including eight amino acids compared 

to the wild type. In addition, increased levels of phosphatidyl-
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serine have been shown to affect L-serine and L-glutamic acid 

uptake by Escherichia coli (Ohta et al., 1977). When a fatty 

acid-requiring auxotroph of this organism was enriched in cis- 

vaccenyl as opposed to oleyl or palmitoleyl residues, the rates 

of amino-acid uptake were slower (Cox et ai., 1975).

Far fewer studies have been reported on the effects of lipid 

composition in eukaryotic micro-organisms (Sanderman, 1978) .

However, phosphatidylcholine has been implicated in transport of 

L-lysine by Neurospora crassa since a phosphatidylcholine- 

deficient mutant had a decreased capacity to accumulate this 

amino acid (Sherr, 1969). Prasad and his coworkers(Trivedi et ai.,1982,83) 

have looked at the effects of the composition of the phospholipid 

headgroup on the transport of a variety of amino acids by Sacch

aromyces cerevisiae. They found an increased level of 

phosphatidylcholine or phosphatidylethanolamine led to a retard

ation in the rate of transport of all amino acids tested (Trivedi

et ai., 1982). Whereas V values were relatively constant,max
values increased reflecting a decrease in the affinity of 

these transport systems. At neutral pH values phosphatidylserine 

has an additional net negative charge compared with phosphatidyl

ethanolamine. Saccharomyces cerevisiae when grown in medium 

containing hydroxylamine had increased levels of phosphatidyl- 

serine which could be correlated with a decrease in phosphatidyl

ethanolamine (Trivedi et al., 1983). This resulted in a 40 to 55 

percent decrease in the extent of accumulation of L-methionine, 

L-phenylalanine, L-glutamic acid, L-serine and L-lysine whereas
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the uptake of glycine L-leucine and proline were unaffected 

(Trivedi et al., 1983).

Growth of Candida albicans on alkanes of various chain length 

led to a significant alteration in the lipid composition as 

compared with glucose-grown cells (Singh et al., 1978). In such 

cells, various carriers involved in uptake of several amino 

acids behaved differently following the alterations to lipid 

composition (Singh et al., 1978). However, since the change in 

lipids was of a general nature, no specific role for membrane 

composition can be envisioned. When Saccharomyces cerevisiae 

was starved of saturated fatty acids, uptake of L-leucine was 

impaired (Otogura et al., 1981), but could be almost completely 

restored by growth of the starved cells for 20 hours in medium 

containing palmitic acid thus implicating a requirement for 

saturated fatty acyl residues.

The influences of the degree of fatty-acyl unsaturation 

on transport proteins have been studied in this laboratory by 

Keenan and his coworkers. Initially they reported altered kinetics 

of L-arginine transport by Saccharomyces cerevisiae NCYC 366 en

riched in linoleyl as compared to oleyl residues (Keenan and Rose,

1979). The apparent K , and V values were increased for bothT max
the high and low-affinity systems in linoley1-enriched cells. 

Increased fluidity was suggested to be responsible for the 

greater values for L-arginine transport by linoleyl-enriched

organisms. Subsequent studies using the same strain revealed
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identical kinetics for transport of L-asparagine, L-glutamine,

and dihydrogen phosphate, calcium and sulphate ions when cells

were enriched in oleyl or linoleyl residues. Replacement of oleyl by

palmitoleyl residues did however lower both K and V values for ^ ip max
accumulation of L-asparagine. Whereas V values for accumulationmax
of D-glucose differed only slightly, large differences were observed 

in the kinetics of L-lysine transport by organisms enriched in lino

leyl as opposed to oleyl residues. The values for both the high- 

and low-affinity L-lysine transport systems were lower in linoleyl- 

enriched cells, reflecting a greater affinity for L-lysine.

The high-affinity L-arginine transport systen is known to be 

responsible for low-affinity transport of L-lysine (Grenson,

1966). The effects reported of decreased affinity for L-arginine 

on the one hand (Keenan and Rose, 1979) and increased affinity 

for L-lysine on the other (Keenan et al., 1982) therefore show 

the affinity of this transport systen is modulated in opposing 

ways by the incorporation of linoleyl residues. ALthough the 

V^ax value for the low-affinity L-lysine system was greater in 

linoleyl-enriched cells, this value for the high-affinity system 

was considerably smaller in these cells. This and the finding

that the V value for the high-aff inity system is lower in max
palmitoleyl- as opposed to oleyl-enriched cells could not be 

explained on the grounds of increased fluidity. In these cases, 

the presence of increased fatty-acyl mobility, and therefore 

less tight packing in the interior of the membrane, appeared to 

retard the rate of L-lysine movement. The effect of temperature 

on accumulation of L-asparagine and L-lysine was studied in an
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attempt to elucidate why the L-asparagine transport system was 

not influenced by the presence of linoleyl residues (Keenan et 

al., 1982). Although the results were not conclusive, they 

tended to suggest that linoleyl residues were unable to gain 

access to the asparagine transport system.

To date, there have been no reports of influences of plasma- 

membrane composition on peptide accumulation by Saccharomyces 

cerevisiae.

Amino-acid and peptide transport into Saccharomyces cerevisiae 

during fermentation of brewer's yeast

The strains of Saccharomyces cerevisiae that are used to 

ferment brewer's wort can be broadly divided into two groups. 

Traditionally,those which rise to the surface during fermentation, 

are normally used in the production of ale, and those which 

sediment during fermentation are generally used in lager production. 

The latter were formally classified as Saccharomyces uvarum.

The importance of the amino-acid content and composition of 

wort and subsequent removal of amino acids has been studied for 

some time. Thorne, in a series of papers between 1937 and 

1949 showed that, despite the synthetic capacity of a yeast cell 

when provided with a single amino acid as the sole nitrogen source 

(Thorne, 1937, 1941), pairs of amino acids (Thome, 1944, 1945) 

or more complex mixtures (Thorne, 1945) stimulated a fermentation. 

These observations led to the idea, when yeast is supplied with a
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diverse mixture of amino acids, they will tend to be assimilated 

intact and at a higher rate than would be possible if they had to 

first undergo deamination (Thorne, 1949).

The process of accumulating amino acids during fermentation 

was then largely ignored until 1964 when Jones and Pierce 

examined amino-acid removal from wort . They showed that the 

amino-acid content of a typical wort varied from about 200 yM 

for L-methionine and the aromatic amino acids to 900 yM for 

L-leucine and some basic amino acids; proline was around 3 mM.

Jones and Pierce (1964) studied top fermentations, while bottom 

fermentations were analysed five years later by Palmqvist and 

Ayrapaa (1969). Both groups found that, under each of these 

conditions, the pattern of amino-acid removal throughout the 

fermentation remained the same, although there were slight variations 

between yeast strains. The result was a classification of amino 

acids by their position in the removal sequence (Table 2 ; Jones 

and Pierce, 1964). Those amino acids in group A were removed 

immediately and were almost completely depleted from wort after 

a 20-hour fermentation whereas those in group Bwere absorbed 

gradually throughout the fermentation. Amino acids in group C 

were only removed after a considerable lag phase, the end of 

which coincided with the time at which group A amino acids could 

no longer be detected. Group D contained only proline which was 

only slightly removed from the wort.

Rose and Keenan (1981) explained this removal pattern in
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Table 2. Classification of L-amino acids according to

their speed of absorption from wort under brewery 

conditions (Jones and Pierce, 1964).

Group A Group B Group C Group D

aspartic acid histidine alanine proline

glutamic acid methionine glycine

asparagine leucine phenylalanine

glutamine isoleucine tryptophan

serine

threonine

arginine

lysine

valine tyrosine
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light of the information obtained on yeast amino-acid transport 

[Systems since its conception. Preferential removal of group-A 

amino acids led them to suggest that their uptake was probably 

accomplished solely by specific amino-acid transport systems 

although some minor contribution by the GAP could not be precluded 

Excepting L-asparagine and L-glutamine, all group-A amino acids 

had been shown to have their own transport system or share transport 

systems other than the GAP. Since 1981, specific transport systems 

have been reported for L-asparagine (Gregory et ai., 1982) and 

L-glutamine (Keenan et ai., 1982; Grenson and Dubois, 1982). At 

wort amino-acid concentrations they are all fully saturated 

(Rose and Keenan, 1981).

The slower removal of the group-B amino acids, L-histidine

and L-methionine, could be explained on kinetic grounds since the

concentrations of these amino acids in wort were below the KT
values for their respective low-affinity transport systems and 

very close to the K^ values of the high-affinity systems. Maximal 

rates of transport would therefore not be realised (Rose and 

Keenan, 1981). Since the other three amino acids in group-B 

probably all share the same transport systems, their slow removal 

was thought to be a result of the high total initial concentration.

Two factors led Rose and Keenan (1981) to conclude that 

GAP is largely responsible for removal of group-C amino acids 

from wort. Firstly, all group-C amino acids with the exception 

of tyrosine do not have transport systems other than the GAP. 

Secondly the onset of removal of group-C amino acids coincided
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directly with the complete removal of group-A amino acids and 

a considerable drop in the concentration of group-B amino acids 

in the wort.

The transport system for the group-D imino acid, proline, 

is not expressed in ammonium-grown cells (Lasko and Brandriss,

1982). Rose and Keenan (1981) asked the question: "why should 

proline be taken up?" since net growth of the yeast stops prior 

to depletion of group-B and -C amino acids. In addition, 

it should be noted that metabolism of proline involves the enzyme 

proline oxidase which requires molecular oxygen. During brewery 

fermentations, there is a rapid development of anaerobic ferment

ations, therefore oxygen would not be available for proline meta

bolism. Indeed Jones and Pierce (1964) reported that, in laboratory- 

scale fermentations of wort under aerobic conditions, proline was 

completely removed after 48 hours.

In contrast, relatively little is known about wort peptides 

even though together with amino acids they are the main nitrogen 

source available to the yeast. Brewer's malt wort contains a 

variety of peptides of different chain lengths and, in terms of 

total nitrogen, the ratio of amino acids to peptides is about 

2 : 1 (Clapperton, 1971). Approximately 40% of the peptides are 

used during fermentation but very little is known about their 

composition and order of removal.

Factors influencing the removal of amino acids from wort 

were studied by Romkes and Lewis (1971). They found that "mature"
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and "juvenile" yeast pitched into wort differed in their pattern 

of removal. Aeration would generally speed up removal and low 

oxygen tensions would usually hinder uptake. This implicates 

an involvement of the plasma-membrane sterol and fatty-acid 

content since much of the oxygen available to the yeast under 

brewery conditions is used in the production of these compounds 

(Aries and Kirsop, 1978). Indeed, since Saccharomyces cerevisiae 

will not grow anaerobically in wort for more than about five 

or six generations ( David and Kirsop, 1973), a supply of oxygen 

is required to ensure satisfactory fermentation (Kirsop, 1978), 

again reflecting the need for sterols and unsaturated fatty 

acids.

Certain amounts of unsaturated fatty acids and sterols 

can be obtained from wort components (David and Kirsop, 1973).

The lipid material of wort is derived almost entirely from 

cereal grist (Forch and Runkel, 1974). The major class of lipid 

present in barley is triglyceride which accounts for about 60% 

of the total lipid. In addition phospholipids, mono and diacyl- 

glycerides, glycolipids, sterols in both free and esterified 

form and free fatty acids are present. Linoleic, palmitic, oleic 

and linolenic acids are the major fatty acids of these lipids.

Of these the most predominant is linoleic acid which represents 

approximately 50 percent of the total lipid. Malt contains 

approximately the same amount of lipid as barley. Yeasts remove 

lipid effectively from wort (AyrSpSa et al ., 1961; Chen, 1980) 

including unsaturated fatty acids such as linoleic and linolenic 

acids and sterols such as sitosterol and stigmasterol which are not
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synthesised by Saccharomyces cerevisiae. In yeast harvested at 

the end of brewery fermentations, about 5 percent of the total 

cellular fatty-acyl residues may be linoleyl residues (Suomalainen 

and Keranen, 1968) while other residues bring the total polyun

saturated residues to 10 percent of the total.

Addition of sterols and unsaturated fatty acids to wort has been 

shown to retard ester synthesis (Taylor et al., 1979; Thurston 

et al., 1981) and enhance yeast viability (Thompson and Ralph,

1967). Taylor et al. (1979) showed that addition to worts of 

lipids derived from spent grain can obviate the need for oxygen 

during fermentation. They calculated that only 1.5 percent of the 

lipid of malt would have to survive into wort at pitching to allow 

the fermentation of unaerated wort. In reality, only 0.1 - 0.7 

percent of malt lipid is present in pitching wort and, although 

the h igher concentrations of free fatty acids quoted to be present 

would be expected to be effective, the concentration of sterol 

is probably too low (Taylor et al., 1979).

Recent years have witnessed considerable interest in high- 

gravity brewing. Basically, this consists of fermenting wort of 

greater than normal strength, followed by post-fermentation 

dilution to give the required beer. High-gravity brewing has 

several advantages, the most important of which is efficient 

utilisation of existing plant space (Whitworth, 1980). The 

behaviour of yeast in high-gravity fermentations differs in 

several respects from that in worts of lower original gravity, 

including retention of viability and production of esters. An
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important consideration is transport of nitrogenous wort consti

tuents since the original gravity of worts used is often increased 

by supplementing malt wort with sugar syrups thereby lowering the 

concentration of amino acids and peptides in the wort and increasing 

the oxygen requirement for yeast lipid synthesis. Greater yeast 

growth is required to ferment the additional sugar (Searle and 

Kirsop, 1979). Addition of unsaturated fatty acids can promote 

yeast growth in high-gravity fermentations (Anderson and Kirsop, 

1974; Palmer and Rennie, 1974). The provision of oxygen to such 

adjunct fermentations appears to stimulate preferentially the 

uptake of nitrogen sources other than free amino nitrogen.

From the preceding discussion it is clear that supplementation 

of unsaturated fatty acids can affect fermentation of brewer's wort. 

Very little information is however available on the effects that 

changes to the lipid composition of yeast that occur during brewery 

fermentations have on specific functions of the plasma membrane. Of 

particular interest in this context, especially during high-gravity 

fermentations, is the consequences these alterations have on trans

port of amino acids and peptides into the cell. It was with the 

conviction that a study of the effects of incorporating specific 

unsaturated fatty-acyl residues into Saccharomyces cerevisiae on 

the transport of these compounds could lead to further clarification 

of the importance of piasma-membrane fatty-acyl composition in 

amino acid and peptide transport by brewery yeast that the work in 

this thesis was undertaken.



METHODS
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METHODS

ORGANISMS

Saccharomyces cerevisiae Y185, a haploid strain used for the 

majority of the work, was supplied by Dr. J.R. Woodward. The yeast 

was maintained at 4°C on slopes of MYGP medium (Wickerham, 1951) 

containing per litre of water:

malt extract (lab m) 3 g

yeast extract (lab m) 3 g

glucose 10 g

peptone (lab m) 0.5 g

agar (lab m no. 2.) 20 g

A mutant of this stain, designated F V3, which lacked the GAP 

was provided by Mrs. Felicity J. Veazey. It was prepared by a
o

modification of the method of Rytka (1975) and maintained at 4 C on 

slopes of defined medium containing D-serine. The defined medium 

contained per litre of water:

glucose 20 g

KH^PO^ 4.5 g

MgS0^.7H20 25 mg

D-serine 1.05 mg

CaClg.ZH^O 25 mg

inositol 10 mg

calcium D-pantothenate 1 mg

pyridoxine HCl 1 mg

thiamin 1 mg

biotin 2 mg

agar (lab m) 20 g
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Saccharomyces cerevisiae NCYC 240, a polyploid brewing strain,

obtained from the National Collection of Yeast Cultures (ARC Food

Research Institue, Norwich), was used in fermentations of brewers

malt wort. This strain was stored at 4°C in yeast malt extract
8 -1(YM) broth (Difco) at a cell density of approximately 10 cells ml 

Each strain was subcultured every two months.

EXPERIMENTAL CULTURES

1. Defined Medium

Saccharomyces cerevisiae Y185 was grown anaerobically by the 

method of Alterthum and Rose (1973) in a medium which contained per 

litre of water:

glucose 50 g

<NH4>2^°4 3 g
KH^PO^ 4.5 g

Yeast extract
(lab m) 1 g

MgS0^.7H20 250 mg

CaCl2.2H20 250 mg

-1The medium was supplemented with ergosterol (5 mg 1 ) and an un-
-1saturated fatty acid (30 mg 1 ) as indicated in the text. Supplements

wefe added as solutions in chloroform prior to sterilisation. One-

litre portions of media, contained in 2 1 round flat-bottomed flasks,
-2 4were sterilised by autoclaving at 10 lb in (6.89 x 10 Pa) for one 

minute. Whilst still hot anaerobic conditions were imposed, and 

maintained throughout growth by flushing the flasks with high-purity
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nitrogen gas from which the last traces of oxygen had been removed

by a Nilox oxygen scrubbing device (Jencons Ltd., Hemel Hempstead,

Herts) , or by a column type oxy-trap together with a self indicating

oxy-trap (Alltech. Associates Incorporated, Deerfield, Illinois,

U.S.A). Portions of medium were inoculated with 1 mg dry wt

equivalent of organisms from an overnight starter culture, and

incubated in a constant temperature room (30°C). Each flask was
-1stirred (300 rev min ) throughout the growth period by a magnetic 

bar (35 mm length) situated in each flask.

Growth was followed by measuring absorbance at 600 nm,
—1

absorbance values being related to mg dry wt ml by

a calibration curve. Organisms were harvested from late expon-
-1ential-phase cultures (0.30 - 0.32 mg dry wt ml ) by filtration

at room temperature (18 - 22°C) through a membrane filter (0.45 ym

pore size; 47 mm diam., Oxoid). Control cultures lacking both

ergosterol and an unsaturated fatty acid were incubated with

each batch of experimental cultures and, when growth exceeded 
-10.05 mg dry wt ml in the control, experimental cultures were 

discarded.

2. Brewer's-Malt Wort

Laboratory-scale fermentations of brewers malt wort by 

Saccharomyces cerevisiae NCYC 240 were carried out by the method of Taylor 

et ai., (1979). An all malt-hopped wort of specific gravity 

1.040 was prepared by the pilot brewery at the Brewing Reserach 

Foundation, transferred into sterile stainless steel Cornelius
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vessels (20 1 capacity; Cornelius Co., Anoka, Minisota, U.S.A), and 

stored until required at 4°C. An adjunct wort (specific gravity 

1.060) was prepared by diluting all-malt wort with an equal 

volume of corn-starch hydrolysate (Fermentose 242; Tunnel 

Refineries Ltd., Greenwich). Typically all-malt wort of specific 

gravity 1.040 had the following composition per litre :

per litre:

glucose 7g
fructose 2g
sucrose 4g

maltose 54g

maltotriose 12.5g

dextrins 24g

total soluble 
nitrogen 0.83g

free amino
nitrogen 0.16 - 0.20 (

: 5.2. Corn-■starch hydrolysate

glucose 50g

fructose 2g

sucrose 3g

maltose 43g

maltotriose 8g

dextrin 48g

Both analyses were provided by Mr. G. Buckee of the Analytical 

Section of the Brewing Research Foundation. Prior to inoculation, 

worts (1.5 1, all-malt or adjunct; original gravity 1.040 or 

1.060, as required), contained in two-litre glass fermenters
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(Quickfit) , were air-saturated by rapid magnetic stirring for 3 h at

20°C. Air-saturated worts containing 1 ml silicone antifoam
-1(Dow Corning RD emulsion) 1 were inoculated at the rate of 2.5 g 

— 1wet wt.. 1 . The yeast was propagated twice in air-saturated all

malt wort. The fermenters were incubated at 20°C in a water bath 

fitted with magnetic stirring beds under a continuous flow of
-1high-purity nitrogen gas. The rate of stirring was 120 rev min 

Where specified in the text, linoleic acid (50 mg in 1.5 ml ethanol) 

was added prior to inoculation. Ethanol (1.5 ml) was added to 

control fermenters.

The progress of the fermentations was monitored by following 

the specific gravities of the fermenting worts after removal of 

the cells by centrifugation (3000 x g; 5 min, 4°C). Specific 

gravity was measured by a calculating digital densitometer (Paar 

DMA 45; Paar Scientific Ltd., Raynes Park, London). Growth 

of the yeast was determined by dry wt. analysis. Samples (5 ml) 

were removed from the fermenters, the cells collected by 

centrifugation, washed three times in distilled water (5 ml) and 

dried for ca. 72 h at llO^C to constant weight.

LIPID ANALYSES

1. Phospholipid analysis

Cultures or suspensions in derepression buffer containing 

organisms (300 mg dry wt.) to be analysed for lipids were supple

mented 15 min. before harvesting with a solution containing
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10 mg each of cycloheximide and chloramphenicol. After filtration, 

as already described, organisms were washed twice on the filter 

with piperazine-N-N'-bis 2 ethansulphonic acid (PIPES) or citrate 

buffer (both 10 mM; pH 4.5), and the lipid extracted by a modifi

cation of the Folch et al. (1957) and Watson and Rose (1980) 

procedures. Freshly washed organisms (300 mg dry wt) were mixed 

with methanol (10 ml) and the suspension shaken in a Braun homogeniser

(B. Braun, Melsungen, West Germany) for two periods of 30s at speed 
—2 (4000 rev min ) after addition of 35 g glass beads (Glasperlen;

B. Braun; 0.45 - 0.50 mm diam.). Chloroform was then added to the 

suspension to give the ratio 2:1 (v/v) chloroform:methanol, and 

the suspension was stirred on a flatbed stirrer for 2 h at room 

temperature (18 - 22°C). The suspension was then filtered through 

Whatman No. 44 filter paper, and the extraction procedure was 

repeated on the residue. The combined extracts were washed with

0.25 vol. 0.88% (w/v) KCl, and the mixture was separated by 

centrifugation. The lower phase was removed, taken to dryness 

on a rotary evaporator, and the residue was immediately dissolved in 

a minimum of chloroform:methanol (2:1, v/v). Samples were stored 

overnight under nitrogen gas at -20°C. Phospholipids were 

separated from other lipid classes in extracts by thin-layer 

chromatography on plates of silica gel H (0.5 mm thick) using 

a solvent system of hexane :diethyl ether: acetic acid (70:30:2, 

by vol.). Lipid bands were located by exposing plates to iodine 

vapour, and were marked with pins. The phospholipid bands were 

identified by reference to simultaneously run standards of 

phosphatidylcholine or phosphatidylethanolamine. The iodine was 

allowed to sublime at room temperature, the phospholipid band
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scraped off the plates, and fatty-acid methyl esters were prepared 

by refluxing the silica gel with methanol (2 ml) containing 14% 

(w/v) boron trifluoride for 10 min. After cooling, an equal volume 

of water was added, and the methyl esters were extracted into 

chloroform. Fatty-acid methyl esters were analysed by gas-liquid 

chromatography on a column (1.5 m) of 15% EGSS-Y supported on

loo to 120 mesh Gas-Chrom P at 180°C. The injection port was at
o —1220 C, and the carrier gas (N̂ ) flow rate was 40 ml min . The

detector temperature was 250°C. Alternatively, a glass column

(1.5 m) containing 10% S2330 on 100 - 120 mesh Chromosorb W-AW
o -1was used at 170 C with the carrier gas (N̂ ) flow rate 30ml min ,

and the detector at 270°C. Percentage fatty-acid compositions

were calculated using a Pye Unicam CDPl computing integrator.

2. Total fatty-acid analysis

Samples (30 ml) were removed from wort fermentations after 

72 h and the yeast harvested by centifugation (3000 x g; 5 min; 

4°C). The pelleted organisms were washed three times with water 

(30 ml) before being resuspended in 10 ml ethanolic KOH (1 M ) 

in 90% v/v ethanol containing tridecanoic acid as an internal 

standard. Saponification of the lipids was carried out by refluxing 

the suspension for 1 h at 90°C (Taylor and Kirsop, 1977) after 

which the suspension was centrifuged (3000 x g for 5 min at 4°C) 

and the pellet washed with ethanolic KOH (10 ml). The combined 

supernatants were transferred to a conical flask (250 ml capacity) 

containing 30 ml water. The solution was acidified with HCl (6M,
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3.5 ml) and the fatty acids extracted by shaking with chloroform

(2 ml) for 30 min. Samples were stored at -20°C prior to analysis.

Free fatty acids were analysed by gas-liquid chromatography on

a column (1.5 m) of 5% F1ÀP on Chromosorb G AW DMCS 80 to
o100 mesh (Perkin-Elmer) . The oven temperature was 190 C for 12 min

o oand then raised at the rate of 16 C min to 225 C. The injection

port and detector temperatures were 250 and 280°C, respectively.
-1The flow rate of the carrier gas (N̂ ) was 50 ml min . Percentage 

fatty-acid compositions were calculated by integration of the 

peaks.

SOLUTE ACCUMULATION

1. Measurement of velocities of amino-acid accumulation by specific 

transport systems

Harvested organisms were washed twice, with piperazine-N-N’-bis

2 ethansulphonic acid (PIPES) buffer (25 ml; 10 mM) or citrate

buffer (25 ml; 10 mM) , each adjusted to pH 4.5, suspended to 15 mg dry 
-1wt ml in the same buffer and stored in an ice-water mixture.

During storage, which never exceeded 30 min, the cell suspension 

was stirred magnetically and the head space of the storage vessel 

was flushed with oxygen-free nitrogen gas.

The velocity of amino acid accumulation by these organisms 

was determined at 30°C under anaerobic conditions by a modification 

of the method of Keenan and Rose (1979). The suspension (15 ml)
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used comprised PIPES or citrate buffer (10 mM; pH 4.5) containing
-1glucose (100 mM) , (NH^)2S0^ (1 mM) , organisms (0.5 mg dry wt ml )

and an amino acid in the range 10 - 10 m, including both

radioactive and non-radioactive compounds. The specific activities
-1of radioactive amino acids (yCiymol ; lyCi = 37kBq) in the

14buffered suspensions used were L- [U- C] aspartic acid 0.022 - 0.22,

L-[U-^^C]glutamic acid 0.020 - 0.44, L-[U-^^c]histidine

0.04‘4 -0.89, L-[U-^^C] isoleucine 0.022- 0.44, L-[U-^^c] leucine

0.0044 - 0.44, L-[1-^^CJmethionine 0.0089 - 0.89, L-[u-^^c]serine

0.044 - 0.89, L-[U-^^c]threonine 0.056 - 4.44 and L-[u-^^c]valine

0.022 - 0.44. Ranges of concentration are quoted since the tracer:

carrier ratio was varied because of wide differences in the

velocity of accumulation at different amino-acid concentrations.

Initially the suspension, lacking the amino acid, was placed in a

round-bottomed Quickfit flask (100 ml capacity) fitted with a

glass-stoppered sampling port. The flask was maintained in a water 
o

bath at 30 C and the contents were allowed to equilibrate to this
-1temperature for 5 min 30 s whilst being stirred (300 rev min ) by 

a magnetic bar (12 mm length) situated in each flask. The inside 

of the flask was continuously flushed with oxygen-free nitrogen gas. 

The experiment was started by adding amino acid (tracer and carrier) 

to the flask, after which portions (1 ml) were removed at pre

determined time intervals, rapidly filtered through membrane filters 

(0.45 ym pore size; 25 mm diam.; Millipore) and the filter and 

organisms washed with ice-cold PIPES or citrate buffer (10 ml; pH 4.5) 

containing the amino acid at the concentration included in the cell 

suspension. Filters were then transferred to scintillation vials 

containing 4 ml of either Unisolve liquid scintillant No. 1
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(Koch-Light, Colnbrook, Bucks, England) or a scintillatant of toluene 

(70%, v/v) containing 30% (v/v) Triton X-100 arid 0.5% (w/v) 2,5- 

diphenyloxazole (PPO). The radioactivity of the contents of vials was 

measured in a Packard Tricarb liquid scintillation spectrophotometer 

(Model 3385). Velocities of accumulation were determined from the 

linear sections of plots of the time-course of accumulation for up 

to 3 min 15 s.

Measurement of L-alanine-accumulating velocity during derepression

of the GAP

Harvested organisms were washed twice with two portions (25 ml) of

citrate buffer (10 mM; pH 4.5) and, in order to derepress the GAP, were
-1resuspended at room temperature to 1.5 mg dry wt ml in derepression 

buffer comprising 150 ml KH^PO^ (7.35 mM; pH 4.5) containing 277.5 ml'4 

glucose (Woodward and Cirillo, 1977). The suspension was placed in a 

round-bottomed two-arm Quickfit flask (250 ml capacity), a sample (15 ml) 

immediately removed, and the remaining suspension incubated at 30°C with 

stirring under a stream of oxygen-free nitrogen gas (Alterthum and Rose, 

1973) . Further samples (15 ml) were removed at times indicated up 

to 4.0 h. Immediately after removal, samples were placed in stoppered 

glass tubes that had been flushed with oxygen-free nitrogen gas, and 

were immersed in a bath containing ice-water. The period of storage 

never exceeded 10 min. During incubation of organisms in derepression 

buffer, frequent measurements were made of the A ^ ^  value of the 

suspension. To determine the dry wt of organisms in the suspension, tri

plicate portions (7 ml) were removed, centrifuged for 5 min at 3000 x g 

at room temperature, and the organisms washed with three 5 ml portions, 

of water. Organisms were then resuspended in 1 ml water, and the suspension
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transferred to a preweighed metal cup (16.5 mm diam.; 21.5 mm tall) 

and dried to constant weight at 105°C (taking approx. 72 h).

Velocities of L-alanine accumulation by organisms was measured

at 30°C under anaerobic conditions by a modification of the method

already described. The uptake suspension (15 ml), contained citrate

buffer (10 mM; pH 4.5), glucose (100 mM) , organisms (0.5 mg dry wt 
-1ml ) and L-alanine in the range 25 yM - 1 mM including both

radioactive and non-radioactive amino acid. The specific activity
14 -1of L-[U c ]alanine was in the range 22.5 - 225 yCi mmol

Ammonium sulphate was not included in this uptake suspension since

it is known to inhibit the activity of the GAP (Roon et al., 1975).

Samples (1 ml) were removed at 20 s intervals for up to 100 s,

over which period of time the plots were linear. The short time

course was used to minimise loss of label from cells as the keto

acid. This is known to occur when the GAP is operative (Woodward

and Cirillo, 1977). Velocities of L-alanine accumulation were also

determined for organisms which had been resuspended in derepression

buffer containing cycloheximide (lO yg ml ) or water.

Measurement of extent and velocity of phosphate accumulation 

during derepression of the GAP

The ability of organisms undergoing derepression to accumulate 

phosphate was studied in two ways. To measure the extent of 

accumulation harvested organisms were resuspended in derepression

buffer containing labelled and unlabelled phosphate. The specific
32 - -1activity of H^ PO^ was approximately 34 yCi ymol . The suspension



74.

was incubated as described previously under conditions which allow 

derepression of the GAP. Duplicate portions (1 ml) were removed 

at predetermined intervals, rapidly filtered through membrane filters 

(0.45 ym pore size; 25 mm diam. ; Millipore) and the filter and 

cells washed with ice-cold unlabelled KH^PO^ (10 ml ; 7.35 mM; 

pH 4.5). Filters with organisms were then transferred to scintillation 

vials and the radioactivity determined as previously described.

32Initial velocities of uptake of H^ PO^ were determined by
-1removing portions (10 ml) from a suspension (1.5 mg dry wt ml )

of organisms in derepression buffer, and filtering (.0.45 ym pore

size; 25 mm diam.; Millipore). Organisms on filters were washed

twice with citrate buffer (10 ml; 10 mM; pH 4.5) and resuspended
-1to 1.5 mg dry wt ml in the same buffer. The velocity of

phosphate accumulation by these organisms was measured at 30°C

under anaerobic conditions as described for amino acid accumulation

except that samples (1 ml) were removed at 15 s intervals for up

to 1 min 15 s, filtered and then washed twice with citrate buffer

(10 ml; lO mM; pH 4.5; containing KH^PO^ at the concentration under
32study) . The specific activity of the H^ PO^ was approximately 

-113.60 yCi ymol

4. Measurement of velocities of peptide accumulation

Velocities of accumulation of the tripeptide L-alanine-L-alanine- 

L-alanine (L- (Ala) ̂  )by organisms was followed by two methods. The first 

method used radioactively labelled L-(Ala)^and was carried out as 

described previously for amino-acid accumulation by specific amino-acid
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transport systems. The specific activity of the L-(Ala)^^niformally
14 •

C labelled in the C-terminal residue, was 0.43 yCi ymol . However, 

because of the limited availability of this labelled (Ala)^the volume 

of the suspensions used to follow accumulation of the peptide was 

lowered to 5 ml and the sample volume to 0.5 ml.

The second method was a modification of that used by Nisbet and

Payne (1979 a)to follow disappearance of peptide from the uptake

suspension. The uptake suspension (10 ml) comprised citrate buffer

(10 mM; pH 4.5) containing glucose (100 mM) , (NH^) ̂ SO^ (1 mM) ,
-1organisms (1 mg dry wt ml ) and L-(Ala) ̂ (50 - 200 yM) and was

contained in a round-bottomed Quickfit flask (capacity 100 ml)

fitted with a glass-stoppered sampling port. Anaerobic conditions

and the temperature of the contents of the flask were maintained

as described previously. The suspension was pre-incubated for

5 min 30 s before addition of L-(Ala) ̂  Portions (0.5 ml) of the

suspension were removed at predetermined time intervals and rapidly

filtered through a membrane filter (0.45 ym pore size; 25 mm diam.;
o

Millipore) . The filtrate was collected and stored at -20 C prior

to assay. The peptide content of the filtrates was determined using

f luorescamine by a method based on that used by Perrett et al.

(1975) for dipeptide analysis and modified by Nisbet and Payne

(1979 a) . Triplicate portions (50 yl) of each filtrate (containing O

10 n moles (L-(Ala)^)}were added to disodium tetraborate/HCl

buffer (2.5 ml; 0.1 M in deionised water; pH 6.2). Freshly prepared
-1fluorescamine solution (0.5 ml; 0.15 mg ml in acetone) was added 

whilst the peptide solution was being rapidly vortexed. Fluorescence 

was determined,after being allowed to stabilise for 2 min at room
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temperature (18 - 22°C), using an Amineo spectrofluorimeter 

(SPF-125TM; excitation wavelength 390 nm; emission wavelength 

485 nm) . A standard curve was constructed using L-(Ala) ̂  in the 

range 0 - 1 0  nmol. Fluorescence values for uptake medium without 

peptide were negligible.

Fluorescamine reacts with primary amines to form fluorescent 

derivatives (Udenfriend et ai., 1972). The reaction shows a marked 

pH dependence with the optimum for amino acids at about pH 9 and 

small peptides at pH 7 - 8 (Udenfriend et ai., 1972; Perrett et ai., 

1975) . As it is the unprotonated primary amine that reacts 

(De Bernado et ai., 1974), the greater reaction of peptides at 

lower pH can be attributed to the lower pKa value for the terminal 

amine group. Although at pH 6.2, the fluorescamine reaction with 

peptides loses 70% of its sensitivity (Perrett et ai., 1975), at 

this pH value peptides can be assayed in the presence of amino acids 

which give negligible fluorescence reaction at this pH value.

5. Accumulation of amino acids and peptides from wort

Samples (10 ml) were collected at predetermined time intervals 

throughout a fermentation of brewers' wort and centrifuged (5 min; 

3000 X g; 2°C) to remove the yeast. Protein in portions of the 

supernatant (3 ml), was then precipitated with trichloroacetic 

acid (1 ml of a 20% (w/v) solution) and the precipitate was removed 

by membrane filtration (0.22 ym pore size; 25 mm diam.,; Sartorius). 

Portions (15 - 200 yl) of the filtrate were freeze dried and stored 

under vacuum at -20°C prior to analysis of the amino acid and 

peptide content.
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The amount of individual amino acids in fermented wort samples 

was analysed by gas-liquid chromatography of N-heptafluorobutyryl esters 

of the amino acids. Amino acids were extracted from samples of 

fermented wort by ion-exchange chromatography (Bengtsson and Odham,

1978). The ion-exchange column was prepared by placing Dowex 

SOW (Ĥ ) (100 - 200 mg) into a Pasteur pipette fitted with a glass-

wool plug in the stem. Initially 3 M HCl (5 ml) was added to the 

resin followed by 3 M NH^OH (5 ml). This procedure was repeated 

before the addition of distilled and deionised water (15 ml) to wash 

the resin and fill the pipette which was connected to a glass funnel 

by a short piece of PVC tubing. The column was loaded with HCl 

(4 ml; 3 M) and then washed with deionised (approximately 15 ml) 

water until the eluate was neutral.

Initially a solution (0.010 ml; 50 nmol) of L-norleucine was 

added to each sample of freeze-dried fermented wort as an internal 

standard. Each sample was then acidified with HCl (3 M) until the 

pH value was 2.5 to 3.0, and transferred to a stoppered tube 

(Quickfit; 20 ml capacity). Chloroform (2 ml, which had previously 

been extracted with water to remove ethanol) was added to the tube 

containing the sample and shaken vigorously for 10 min. The aqueous 

phase was transferred to a separate tube. Deionised water ( 2 x 1  ml) 

was added to the chloroform surface, removed and added to the sample.

The combined aqueous phases were extracted with another portion 

(2 ml) of chloroform and the aqueous phase transferred to the ion- 

exchange column.

The sample was allowed to pass through the resin at a rate of
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-1approximately 1.0 ml min . The system was washed with deionised 

water (5 ml) to remove neutral molecules and anions from the column. 

The amino acids were then eluted by addition of NH^OH (3 ml; 3 M) 

to the column. The eluate (3.5 ml) was collected in a Bijoux bottle 

and freeze-dried. The resin was then washed with deionised water 

until the pH value of the eluate was 5 to 6 and the column regen

erated with HCl (4 ml; 3 M) . Each resin was used 3 times.

N-Heptafluorobutyryl esters of amino acids were prepared by 

modifications of the methods of MacKenzie and Tenaschuk (1974) 

and Pearce (1977) , suggested to us by Dr. A. Darbre of the 

Department of Biochemistry, Kings College, University of London. 

Preparation of N-heptafluorobutyryl esters of amino acids involves 

two steps, namely, an internal transestérification followed by a 

derivatisation. All solvents used in the internal estérification 

and derivatisation procedures were dried over molecular sieves.

To transesterify amino acids each freeze-dried amino-acid sample 

was redissolved in 100 yl ethanol-HCl (prepared as required by 

slowly pipetting 300 yl acetyl chloride into 1 ml dry ethanol at 

0°C), mixed and transferred into a 1 ml Reactovial (Pierce,

Rockford, Illinois, U.S.A.) and, after flushing the headspace 

with nitrogen gas, the vial was capped and heated to 100°C in a 

heating block (Tecam Dri-Block DB-3) for 1 h. Alternative internal- 

transesterification reagents were also examined. With methanol-HCl 

L-alanine and glycine heptafluorobutyric anhydride (HFBA)-derivatives 

were too close to the solvent front to be analysed and with iso- 

butanol-HCl double peaks were obtained for each amino acid except 

for.glycine. Excess reagent was removed and the residue dried by
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placing the vial in a vacuum oven. The vacuum oven was returned 

to atmospheric pressure using nitrogen gas. HFBA (50 yl) was 

then added to the dried residue and, after flushing the head space 

with nitrogen gas, the vial was capped and heated in the heating 

block at lOO^C for 10 min. After cooling, the solution was 

evaporated to dryness in a stream of nitrogen gas and the residue 

was redissolved in ethyl acetate (10 yl).

The HFBA-amino acid derivatives were analysed by a capillary

gas-liquid chromatograph (Pye Uni cam PU4500) on a SE-30 vitreous

silica WCOT capillary column (25 m length; 0.2 ram internal diam.;

0.33 mm external diam.). The oven temperature, initially 100°C

was raised to 240°C at the rate of 6°C min The injection and

detector temperatures were 100°C and 245°C, respectively. The
-1flow rate of the carrier gas (helium) was 1 ml min . Relative 

response factors of each amino acid relative to the internal 

standard (norleucine) were determined in a standard mixture 

containing 50 nmol of each amino acid and proline, using a Pye 

Unicam CDPl computing integrator. The amino-acid content of 

each sample was then calculated relative to norleucine taking into 

account the relative response factor for each amino acid.

The total peptide contents of samples of fermented worts were 

analysed by the fluorescamine technique described previously. 

Portions (15 - 75 yl) which had been freeze-dried were resus-
-1pended to a concentration in the range 0 - 1 0  nmol peptide 50 y 1 

deionised water. This method, although easy to use, suffers from 

the disadvantage that individual peptides differ slightly in their
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response in the reaction.

6. Retention of solutes

Organisms were allowed to accumulate radioactively labelled 

amino acids or peptides as previously described for up to 3 min 

except that the volume of the uptake suspension was increased three

fold. Duplicate portions (5 - 10 ml) of the suspension were then 

removedrapidly filtered through membrane filters (0.45 ym pore 

size; 25 mm diam. ; Millipore) and the organisms on the filter 

washed twice with citrate buffer (10 ml; 10 mM; pH 4.5) containing 

solute at the concentration used in the experiment. Organisms 

were then immediately resuspended under identical conditions in 

media containing either no amino acid or peptide or only unlabelled 

solute. Samples (1 ml) of these suspensions were removed at 

predetermined time intervals, rapidly filtered through membrane 

filters (0.45 ym pore size; 25 mm diam.; Millipore) and washed 

with citrate buffer (10 ml; 10 mM; pH 4.5) with or without 

solute at the concentration used in the experiment. Filters with 

organisms and portions (0.2 ml) of the filtrates were then trans

ferred to vials containing liquid',scintillant (4 ml) and the

radioactivity of the contents determined as previously described. 

The loss of counts from the organisms to the surrounding medium 

and loss of counts as volatile compounds derived from the solute 

under study were calculated.

7. Fate of accumulated amino acids

The fate of accumulated L-alanine, L-glutamic acid and 

L-histidine was followed by examining hot-water extracts of
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14organisms for C-containing compounds. Organisms were allowed to

accumulate these amino acids as already described, except that

the suspensions contained amino acids with increased specific

activities. The specific activities of radioactive amino acids 
-1(yCi ymol ; 1 y Ci = 37 kBq) in the buffered suspensions were: 

L-[U-^"^C]alanine 2.25, L-[u-^'^c]glutamic acid 4.44 and L-[u-^^c] 

histidine 8.9. The washed filters with organisms were immersed 

in 2 ml water at 100°C for 10 min. The suspension was then 

filtered through a membrane filter (0.45 ym pore size; 25 mm diam.; 

Millipore), the filtrate freeze-dried overnight and redissolved 

in 50 yl water. Ninhydrin-positive compounds in the filtrate were 

separated by paper chromatography using the solvent systan: butan- 

l-ol:water:glacial acetic acid (12:5:3, by vol.). Chromatograms 

were air dried, sprayed with ninhydrin (0.1%, w/v, in butan-l-ol 

saturated with water) and the location of the spots marked. They 

were then exposed to photographic plates (Kodak Industrex C) for 

at least 4 weeks .

VIABILITY MEASUREMENTS

Viability of yeast populations was measured by staining with 

methylene blue (Fink and Kühles, 1933). A portion (0.5 ml) of 

suspension was mixed with an equal volume of methylene blue solution 

(0.01%, w/v, methylene blue in 2%, w/v, sodium citrate). After 5 

min incubation at room temperature (18 - 22°C), wet preparations 

were prepared on haemocytometer slides, and the numbers of live 

and dead cells established microscopically.in a population of at
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least 500 organisms. Where the number of organisms in suspension 

were insufficient to allow an accurate determination of cell 

viability, portions (1 ml) of the suspension were centrifuged for 

3 min in a microcentrifuge at 3000 x g and the pelleted organisms 

resuspended in the appropriate volume of buffer.

ESTIMATION OF COMPARATIVE RATES OF PROTEIN SYNTHESIS

Rates of protein synthesis by organisms undergoing derepression

were determined by a modification of the dual labelling procedure

of Elliot and McLaughlin (1978). Harvested cells (90 mg dry wt)

were resuspended in derepression buffer (60 ml) containing 5 yCi

L-[u-^'^C jhistidine (final concentration 0.25 ym) , adenine and
-1uracil (both at 20 yg ml ) and incubated under anaerobic 

oconditions at 30 C. Adenine and uracil were added to prevent 

label being incorporated into DNA. At predetermined time intervals 

portions (12 ml) of the suspension were removed to a separate flask 

and pulsed under anaerobic conditions at 30°C with a ^H-labelled 

mixture of L-amino acids (10 yCi). After 10 min, duplicate portions 

(5 ml) of the pulsed suspension were removed, quickly filtered 

through a membrane filter (0.45 ym pore size; 25 mm diam.; Milli

pore) , and the filter and organisms washed 4 times with citrate 

buffer (5 ml; 10 mM; pH 4.5). Protein was extracted by resuspending 

the organisms in sodium deoxycholate (5 ml; 2% w/v) at room 

temperature (18 - 22°C) for 10 min. Protein was then precipitated

by treating the suspension with trichloroacetic acid (5 ml;
o ofinal concentration 5%; lOO C) for 30 min at 90 C. The suspension
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was then filtered through a membrane filter (0.45 ym pore size;

25 mm diam.; Millipore) and the precipitate washed twice with

acetic acid (5 ml; 1.0% v/v) . The filter and precipitate were

then transferred to a scintillation vial containing 5 ml of a

scintillant of toluene (70%, v/v) containing 30% (v/v) Triton

X-lOO and 0.5% (w/v) PPO. The radioactivity of the contents of

vials was measured in a LKB rackbeta liquid scintillation spectro-
3 14photometer (model 1217). The ratio of H: C c.p.m. was taken as

a measure of the rate of protein synthesis.

MEASUREMENT OF FERMENTATION RATES

The ability of organisms undergoing derepression to ferment

glucose was determined with a Gilson single-valve differential

respirometer. Portions (10 ml) of suspensions of organisms 
-1(1.5 mg dry wt ml ) in derepression buffer were removed at pre

determined time intervals, harvested by membrane filtration 

(0.45 ym pore size; 25 mm diam.; Millipore),washed twice with 

citrate buffer (10 ml; 50 mM; pH 4.5) and resuspended to 2 mg dry 

wt ml in the same buffer. The suspension (3 ml) used to measure

the rate of fermentation consisted of citrate buffer (50 mM; pH 4.5)
-1containing glucose (300 mM) and organisms (0.7 mg dry wt ml ) .

Initially a solution of glucose was contained in the side arm of

the flask, and the organisms allowed to equilibrate to 30°C for

10 min. During this time the flasks were shaken (95 oscillations 
-1min ) and the system was continuously flushed with nitrogen gas 

freed from oxygen as already described. All ground-glass joints
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joints were sealed with silicone grease. The supply of nitrogen 

gas was then cut off and the system sealed before addition of 

glucose solution to the buffered cell suspensions to start the 

fermentations. Evolution of CO^ was then followed over a period 

of 23 min. Included with each batch of experimental flasks were 

control flasks which lacked either organisms or glucose. The latter 

were used to determine the endogenous rate of fermentation.

ANALYTICAL METHODS

1. Measurement of intracellular pool of water-soluble ninhydrin- 

positive compounds and of L-alanine

The size of the intracellular pool of amino acids in organisms

undergoing derepression was determined by measuring the concentration

of ninhydrin-positive compounds in hot-water extracts. Duplicate
“1portions (5 ml) of suspensions of organisms (1.5 mg dry wt ml ) 

in derepression buffer were removed at predetermined time intervals, 

and the organisms separated by centrifugation for 2 min at 3000 x g 

at room temperature (18 - 22°C). Supernatant liquids were discarded 

and organisms washed twice with portions (2 ml) of water. Washed 

organisms were resuspended in 4 ml water at 100°C and suspension 

immersed in a bath of boiling water for 5 min. The suspensions 

were then filtered through a membrane filter (0.45 ym pore size;

25 mm diam. ; Sartorius) and the residue on the filter washed twice 

with 2 ml portions of water at 100°C. The combined filtrates were 

made up to 10 ml with water and stored at -10°C until used.

Total ninhydrin-positive compounds in cell extracts were assayed
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by the method of Harris and Parsons (1958). Portions (1 ml) of 

extract, containing 1 - 5 yg a-amino nitrogen, were mixed with 

ninhydrin reagent (1 ml 0.04% (w/v) ascorbic acid, 1% (w/v) ninhydrin in 

methoxyethanol and citrate buffer (0.5 ml; 0.8M; pH 4.8) and heated 

in a bath of boiling water for 20 min. After cooling to room 

temperature, the solutions were made up to 10 ml with water, and 

their absorbance measured at 570 nm. L-Alanine was used to 

construct a standard curve.

Concentrations of L-alanine in hot-water extracts of organisms

were determined by measuring the rate of NADH formation when extracts

were incubated with L-alanine dehydrogenase and NAD (Williamson,

1974). Freeze-dried portions (5 ml) of extract were dissolved

in tris-hydrazine buffer (2.9 mM tris; 322.5 mM hydrazine;

pH 10.0; 3.1 ml) containing EDTA (0.45 mM) and NAD^ (0.8 mM).

The ^240 value (Â ) of the solution was measured before addition
-1of L-alanine dehydrogenase (10 yl; final concentration 40 mU ml ,

lU is that which will catalyse the transformation of 1 ymol alanine 
-1min ) to a cuvette (1 cm light path). After thorough mixing, 

the contents of the cuvette were incubated at 30°C in a water- 

jacketed cuvette holder. The ^^40 value of the solution was measured 

at 5 min intervals from 40 - 60 min after addition of enzyme. The 

slope of the time-course curve was extrapolated to zero time to 

give the A^ value. AA values (A^ - A^) were compared with AA 

values for reaction mixtures containing known concentrations of 

L-alanine to determine the L-alanine concentration in hot-water 

extracts.
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2. Keto-acid analysis

Derepression of the GAP occurs concomitantly with derepression 

of several specific transaminases. The concentrations of deaminated 

neutral and acidic derivatives in suspensions of organisms actively 

tansporting L-alanine were determined by the method of Woodward . 

and Cirillo (1977). Portions (5 ml) of suspension were removed

at intervals, and organisms allowed to accumulate L-alanine (50 yM;
-12.25 mCi (83.25 M Bq) m mol ) for up to 100 s as already described. 

The L-alanine content of organisms on filters was assayed as 

already described. Filtrates were retained and stored at -20°C 

before being assayed for neutral and acidic amino acid-deamination 

products. Aliquots (2 ml) of filtrate were adjusted to pH 7.0, 

supplemented with an equal volume of amyl alcohol, and mixed for 

10 s in a vortex mixer before being centrifuged at 3000 x g. 

Radioactivity in samples (0.2 ml) of both the aqueous and amyl- 

alcohol layers was used to determine the concentration of neutral 

amino acid-derived compounds in filtrates. Other samples (2 ml) 

of filtrate were adjusted to pH 1.2 to assay the concentration of 

acidic amino acid -derived compounds, using the method already 

described. For both extracts, corrections were made for the dis

tribution between layers of unmodified L-alanine and pyruvate. 

Concentrations of volatile compounds derived from L-alanine were 

calculated from the differences between initial radioactive counts 

included in the incubation mixtures and the total counts recovered 

from the organisms and filtrates.
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COMPUTER-AIDED STATISTICAL ANALYSIS

Data on accumulation of individual amino acids by specific 

transport systems were examined for their ability to fit each of 

three models describing, respectively, a single transport system, 

with and without a diffusion component, and a double accumulation 

system without diffusion. The equations describing each of the 

models were:

V  =   (1)
Vmax^ [s]

[s]

Vmax^ [S]

^  + 1
[S]

Vmax^ [S]

[S]

V  =   + D [S] (2)

V [s] max
V  =  =  +     (3)

K + [S]
2

in which v is the accumulation velocity, and are half

saturation constants for each of the two independent accumulation

systems, V and V are the maximum velocities for the twomax^ max^
systems, S is the substrate concentration, and D the diffusion 

constant. Using standard non-linear regression analysis, computer 

programs were used to assess the ability of experimental data to 

fit each of the three equations (Cleland, 1979; Mannervik, 1982) .

A weighting was applied, proportional to the reciprocal of the
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square of the standard deviation, thereby placing greater emphasis 

on data points which were most accurately described. Alternative 

weightings were applied, but these did not alter the soundness 

of the fit of data for any amino acid. When a set of data was 

fitted to any two of the models, the fits were considered to be 

significantly improved when the probability value (P) was less than 

0.05. P(l,2) indicates, for example, the probability that model

2 is not a better fit than model 1. Kinetic constants for amino- 

acid accumulation generated by this statistical analysis were 

considered to be different if values differed by more than the sum 

of their standard errors. These programs were written by 

Dr. Geoffrey D. Holman of the Biochemistry Group, School of Biological 

Sciences.

MATERIALS

All chemicals used were Analar grade or of the highest purity 

available commercially. Ergosterol, palmitoleic acid (A^-cis- 

hexadecenoic acid), oleic acid (A^-cis-octadecenoic acid), linoleic 

acid (A^'12 cis,cis-octadecadienoic acid) ̂ nicotinamide-adenine 

dinucleotide (disodium salt, oxidized form), piperazine-N-N'-bis 

2 ethansulphonic acid (PIPES), fluorescamine and L-alanine de

hydrogenase were purchased from Sigma Chemicals Co., London, 

England. Cycloheximide and chloramphenicol were obtained from 

B.D.H. Laboratory Chemicals Division, Poole, England. Heptafluoro- 

butyric anhydride came from Fluka Chemie, Switzerland via 

Fluorochem. Ltd., Glossop, Derbys, England. Radioactively labelled 

amino acids and KH^PO^ came from Amersham International,
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Amersham, England. The radioactivity labelled peptide L-alanine- 

alanine-alanine (L-(Ala)^) was a gift from Dr. M.J. Hall, Roche 

Products, Welwyn Garden City, Herts, England. Gas-liquid chromato

graphy columns were purchased from Applied Science Laboratories, 

State College, Pa., U.S.A., Perkin-Elmer, Beaconsfield, Bucks, 

England or Pye Unicam, Cambridge, England.
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RESULTS

EFFECT OF PLASMA-MEMBRANE FATTY-ACYL COMPOSITION ON ACCUMULATION OF 

AMINO ACIDS AND PEPTIDES BY SACCHAROMYCES CEREVISIAE Y185

Growth of Saccharomyces cerevisiae Y185 in defined media

Saccharomyces cerevisiae Y185 grew anaerobically at the same 

rate (generation time 1.7 h) in media containing supplements of ergo

sterol and palmitoleic, oleic or linoleic acids. Moreover the duration
—of the lag phase and the final growth yield (1.0 - 1.2 g dry wt 1 )

were virtually identical in each of these media (Figs. 2,3 and 4).

A mutant of Saccharomyces cerevisiae Y185, FV3 which lacked the GAP, 

showed identical growth characteristics to the wild-type organism 

irrespective of the nature of the fatty-acyl enrichment.

Incorporation of exogenously supplied unsaturated fatty acids into 

cellular phospholipids of Saccharomyces cerevisiae Y185

Phospholipids from organisms grown anaerobically in the presence 

of palmitoleic or oleic acid were enriched to approximately 69% of 

the total content of fatty-acyl residues with residues chromato- 

graphically identical with the fatty-acyl residues supplied in 

the medium (Table 3). Growth in the presence of linoleic acid, 

however, brought about a somewhat smaller enrichment (51% of the 

total) of cellular phospholipids with  ̂residues (Table 3).
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Figure 2. Time-course of growth of Saccharomyces cerevisiae 

Y185 anaerobically in oleic acid- and ergosterol- 

supplemented medium (O ) and unsupplemented medium 

( • ). Values plotted are the means of three 

determinations.
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Figure 3. Time-course of growth of Saccharomyces cerevisiae

Y185 anaerobically in linoleic acid- and ergosterol- 

supplemented medium (O ) and unsupplemented medium 

( • ). Values plotted are the means of three 

determinations.



93.

>1
■o
O)

(A C  - 0) ■a

1 0  r

10

0 1

= 0 01

0 001

10 20 30

time (h)

Figure 4. Time-course of growth of Saccharomyces cerevisiae 

Y185 anaerobically in palmitoleic acid- and 

ergosterol-supplemented medium (O ) and unsupplemented 

medium ( • ). Values plotted are the means of 

three determinations.
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Accumulation of amino acids by Saccharomyces cerevisiae Y185 with 

phospholipids enriched in different fatty-acyl residues

The viability of populations of organisms, enriched with palmitoleyl, 

oleyl or linoleyl residues, when suspended in buffer (citrate or PIPES) 

and maintained in an ice-water mixture prior to use in solute accumula

tion measurements, did not change over the maximum storage period of 

1 h, as judged by methylene blue staining. Moreover the velocity 

with which organisms, enriched in any of the fatty-acyl residues, 

accumulated the amino acids under study did not change during this 

period of storage. Where studied, there was no loss or exchange of 

pre-accumulated amino acid from the organisms to the suspension over 

a period of at least 5 min irrespective of the nature of the fatty- 

acyl enrichment. Velocities of amino-acid accumulation were deter

mined from plots of time course of accumulation which were all linear 

over the experimental period of 3 min 15 s.

Chromatographic examination of extracts of organisms that had 

been allowed to accumulate either L-glutamic acid or L-histidine 

for up to 3 min 15 s revealed several ninhydrin-positive spots.

However exposure to photographic plates revealed that only one 

spot was radioactive in each extract. The value of the radio

active spots for extracts of organisms which had accumulated 

L-glutamic acid was 0.32 and for L-histidine was 0.17. These were

identical to the R values of simultaneously run standard of L- f
[U-^^c]glutamic acid and L-[U-^^c]histidine.

Data on kinetics of amino-acid accumulation as affected by 

plasma-membrane fatty-acyl unsaturation are now presented. They
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have been grouped together based on the transport systems which 

are thought to be involved in their accumulation by Saccharomyces

cerevisiae.

L-Aspartic acid and L-glutamic acid

Woolf-Hofstee plots (Hofstee, 1959) for accumulation of L-aspartic 

acid and L-glutamic acid by organisms enriched in oleyl or linoleyl 

residues were concave (Figs. 5 and 6). Data for L-aspartic acid 

accumulation gave a significant fit to model 2, which describes one 

transport system and diffusion. In addition to fitting model 2,data 

on L-aspartic acid accumulation by cells enriched in oleyl residues 

also gave a significant fit to model 3, which describes two transport 

systems. However, the fit of data for cells enriched in linoleyl 

residues to model 3 was much less significant and for either enrich

ment data for L-aspartic acid accumulation gave a less significant

fit to model 1. Values for K , V and the diffusion constant (D)T max
are quoted for both models 2 and 3 to convey the ambiguity encountered

with this amino acid (Table 4). However, in neither case do constants

vary significantly for organisms enriched in oleyl as compared with

linoleyl residues. For both models, though, the standard deviations

are fairly high. Data for accumulation of L-glutamic acid gave a

significant fit only to model 3 (Table 5). The K and V valuesT max
for L-glutamic acid accumulation by both the high- and low-affinity 

transport systems also failed to show significant differences for 

organisms enriched in oleyl as compared with linoleyl residues.
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Table 4. Values for K , V and the diffusion constant (D) for -------  T max
accumulation of L-aspartic acid by Saccharomyces 

cerevisiae Y185 enriched in oleyl or linoleyl residues.

Values are quoted ± standard deviation. The units for
-1 -1values are yM, and for V^^^ values are pmol (mg dry wt) s ,

-1 -1and for D are yl (mg dry wt) s . p(l,2), p(l,3) and

p(2,3) are probability values, as indicated in the Methods 

section.

Value for organisms with phospholipids 
enriched in:

oleyl residues linoleyl residues

Model 2

62.39 ± 14.99 76.68 ± 43.61

V 74.21 ± 10.88 77.34 ± 24.33max
D 0.17 ± 0.01 0.17 ± 0.02

p(l,2) 0.002 0.04

Model 3

High-affinity system

37.06 ± 15.19 15.69 ± 52.80

V 42.01 ± 11.31 28.20 ± 26.91max
Low-affinity system

4458 ± 2482 3602 ± 3956

V 1081 ± 427 1008 ±741max

p(l,3) 0.004 0.15
P ( 2 , 3 ) 0.11 0.48
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Table 5. Values for K and V for accumulation of L-glutamic -------  T max
acid by Saccharomyces cerevisiae Y185 enriched in oleyl

or linoleyl residues. Values are quoted ± standard

deviation. The units for K values are yM and for VT max
-1 -1values are pmol (mg dry wt) s . p(l,3) and p(2,3)

are probability values as indicated in the Methods section.

Value for organisms with phospholipids;
enriched in:

oleyl residues linoleyl residues

Model 3

High-aff inity system

19.94 ± 1.86 24.15 ± 3.51

Vmax 30.50 ± 1.91 36.08 ± 3.74

Low-affinity system

3337 ± 252 3509 ± 445

Vmax 1054 ± 44 1139 ± 80

p(l,3) 0.001 0.046

p(2,3) 0.002 0.056
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L-Histidine

Woolf-Hofstee plots for accumulation of L-histidine by organisms,

enriched in palmitoleyl, oleyl or linoleyl residues were concave

(Fig. 7) . An excellent fit to model 2 was obtained with all data

for accumulation of L-histidine irrespective of the nature of the

fatty-acyl enrichment (Table 5). The other two models gave much

less significant fits with these data. Although V values weremax
virtually identical, for accumulation of this amino acid by 

organisms enriched in palmitoleyl, oleyl or linoleyl residues, 

values differed depending on the nature of the fatty-acyl enrichment, 

as did values for the diffusion constant (Table 6).

L-Leucine, L-isoleucine arid L-valine

Woolf-Hofstee plots for accumulation of L-leucine, L-isoleucine

and L-valine by organisms enriched in either oleyl or linoleyl

residues were concave (Figs. 8. 9 and 10). Data for accumulation

of these three amino acids did not significantly fit any of the three

models, therefore K and V values could not be calculated.T max
Woolf-Hofstee plots for accumulation of L-leucine by organisms 

enriched in oleyl residues were superimposable on those for 

accumulation of this amino acid by organisms enriched in linoleyl 

residues (Fig. 8) , as were plots for accumulation of L-isoleucine 

(Fig. 9) . Woolf-Hofstee plots for accumulation of L-valine did 

however, differ in shape for organisms enriched in oleyl as compared 

with linoleyl residues (Fig. 10).
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Figure 7 . Woolf-Hofstee plots for L-histidine accumulation by

Saccharomyces cerevisiae Y185 with phospholipids enriched 

in oleyl ( O  ) , linoleyl (#) or palmitoleyl (A) residues. 

Each point represents the mean of at least four independent 

determinations. Bars indicate standard deviations.
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â) uo!;B|niun33B aui|BA--| p  A;iao|aA



107.

L-Methionine, L-serine and L-threonine

Woolf-Hofstee plots for accumulation of L-methionine by organisms,

enriched in either oleyl or linoleyl residues, were concave (Fig.

11) . Data for accumulation of this amino acid gave a significant

fit to model 3 (Table 7). The data gave less significant fits to

models 1 and 2. Values for K and V did not differ significantlyT max ^
for organisms enriched in oleyl as compared with linoleyl residues 

(Table 7).

Data for accumulation of L-serine and L-threonine by organisms

enriched in oleyl or linoleyl residues gave a very good fit to model

1. These data did not fit models 2 and 3. Woolf-Hofstee plots for

accumulation of both amino acids by organisms, enriched in either

oleyl or linoleyl residues, exhibited an abrupt change in curvature

at low concentrations of amino acid (Figs. 12 and 13) . This change

in curvature was more pronounced for L-threonine than for L-serine.

Values for K and V for accumulation of L-serine, were calculated T max
using data points over the concentration range 25 yM - 1 mM, assuming

a linear relationship between the points (Table 8). Kinetic

constants for accumulation of L-threonine were similarly calculated

using data points in the concentration range 50 yM - 500 ym (Table

8). Kinetic constants for accumulation of L-serine did not differ

for organisms enriched in oleyl as compared with linoleyl residues.

There were, however, significant differences in K and V valuesT max
for accumulation of L-threonine by organisms enriched in oleyl as 

compared with linoleyl residues.
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Table 7. Values for K and V for accumulation of L-methionine ---------------  T max
by Saccharomyces cerevisiae Y185 enriched in oleyl or

linoleyl residues. Values are quoted ± standard deviation.

The units for K values are pM and for V values are T max
-1 -1pmol (mg dry wt) s p(l,3) and p(2,3) are probability 

values as indicated in the Methods section

Value for organisms 
enriched

oleyl residues

with phospholipids 
in :

linoleyl residues

Model 3

High-affinity system

K 36.19 ± 7.98 45.44 ± 6.16T
V 85.11 ± 17.99 120.94 ± 15.99max

Low-affinity system

1829 ± 510 1718 ± 33

V 883 ± 106 812 ± 62max

P ( l , 3 ) 0.0016 0.0004

P ( 2 , 3 ) 0.0039 0.0013
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Table 8. Values for K and V for accumulation of L-serine and -------  T max
L-threonine by Saccharomyces cerevisiae Y185 enriched

in oleyl or linoleyl residues. Values are quoted ± standard

deviation. Units for K values are yM and for VT max
-1 -1values are pmol (mg dry wt) s

Value for organisms with phospholipids enriched in:
Oleyl residues Linoleyl residues

Amino acid
K V K VT max T max

L-Serine 558 ± 71 1065 ± 83 575 ± 25 1086 ± 29

L-Threonine 278 ± 34 891 ± 57 211 ± 23 733 ± 36

Effect of phospholipid fatty-acyl unsaturation on the time-course 

of derepression of the GAP

Time-course of derepression'

When organisms enriched in either oleyl or linoleyl residues

were suspended in derepression buffer, the ability to accumulate

L-alanine (50 yM) rapidly increased from a very low value to reach

a peak after 1.5 - 2.0 h (Fig 14 ). Plots, used to determine the

initial velocities of L-alanine uptake, were linear for at least

100 s at each time point throughout the 4.0 h incubation period.

At zero time, the velocity of L-alanine accumulation was identical
-1 -1(18.5 pmol L-alanine accumulated (mg dry wt) s in oleyl- and 

linoleyl-enriched cells, but, thereafter, increased at a greater
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Figure 14. Time-course of derepression of L-alanine-accumulating

ability in Saccharomyces cerevisiae Y185 with phospholipids 

enriched in oleyl (O) or linoleyl (•) residues. Sus

pensions of organisms were incubated as described in 

Methods. The concentration of L-alanine in the suspension 

used to measure the velocity of accumulation was 50 yM.

Each point represents the mean of a minimum of four 

independent determinations. Vertical bars indicate 

standard deviation.
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rate in organisms enriched in linoleyl rather than oleyl residues.

Indeed, after 1.0 h incubation, the rate of L-alanine uptake by

linoleyl-enriched organisms was twice that by oleyl-enriched

organisms (Fig. 14). After about 2.0 h incubation however, the

ability of organisms to accumulate L-alanine declined irrespective

of the nature of the fatty-acyl enrichment (Fig. 14) . The maximum

increase in the velocity of L-alanine accumulation was 12 fold in

oleyl-enriched organisms and 14 fold in linoleyl-enriched organisms.

When a mutant lacking the GAP (designated FV3) was incubated in

derepression buffer, there was no increase in the low L-alanine
-1 -1accumulating velocity (approximately 17 pmol (mg dry wt) s ) 

over a period of 4.0 h with organisms enriched in either fatty-acyl 

residue. The initial velocities of L-alanine (50 yM) accumulation 

by this GAP-less mutant at zero time and after 2.0 h were virtually 

identical with that of the wild-type organism at zero time, ir

respective of the nature of the fatty-acyl enrichment.

Kinetics of L-alanine accumulation during derepression of the GAP 

in organisms enriched in oleyl or linoleyl residues

Woolf-Hofstee plots for accumulation of L-alanine by wild-type 

organisms at zero time in derepression buffer were slightly concave, 

but did not differ significantly for organisms enriched in oleyl as 

compared with linoleyl residues (Fig. 15). After 1.0 h incubation 

the plots were more concave, and differed for organisms enriched 

in each residue (Fig. 16). At this time there was an approximately 

two-fold difference in the velocities of L-alanine accumulation at 

lower solute concentrations (25 - 100 yM L-alanine) by the differently
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Figure 15. Woolf-Hofstee plots for accumulation of L-alanine by

Saccharomyces cerevsiae. Y185 with phospholipids enriched 

in oleyl (O) or linoleyl (•) residues after incubation 

in glucose-containing phosphate büffer (derepression 

buffer) for Oh. Each point represents the mean of a 

minimum of four independent determinations. Bars indicate 

standard deviations.
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Figure 16. Woolf-Hofstee plots for accumulation of L-alanine

by Saccharomyces cerevisiae Y185 after incubation in 

glucose-containing phosphate buffer (derepression buffer) 

for Ih. Open circles describe responses of organisms with 

phospholipids enriched in oleyl residues, and closed circles 

responses of organisms with phospholipids enriched in 

linoleyl residues. Each point represents the mean of a 

minimum of four independent determinations. Bars 

indicate standard deviation.
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enriched organisms. On further incubation, the Woolf-Hofstee 

plots became increasingly similar in shape and after 2.0 h incubation, 

were superimposable (Figs. 17 and 18) which explains why standard 

deviations have been omitted from Fig. 18. These standard devi

ations were, however, of the same order of magnitude as those for 

data points for 1.0 and 1.5 h incubation (Figs. 16 and 17).

Woolf-Hofstee plots for L-alanine accumulation by GAP-less 

mutants enriched in either oleyl or linoleyl residues were linear. 

Moreover, these plots were identical at zero time and after 2.0 h 

incubation, irrespective of the nature of the enrichment.

Values for K and V for the GAP (the high-affinity system)T max ^
and the low-affinity system were determined by computer-aided

regression analysis of the data. This analysis assumed that each

system was represented by two straight lines on Lineweaver-Burke

plots, each line being described by four data points. The Neal

(1972) correction was then used to obtain separate K and V^ T max
values for each uptake system, with the assumption that both systems

are described by Michaelis-Menten kinetics. Values for K forT
the GAP, during derepression in organisms enriched in oleyl or

linoleyl residues,were similar (Table 9), while V values weremax
lower in oleyl residue-enriched rather than linoleyl residue-

enriched organisms, particularly during the early stages of

derepression (Table 9). At zero time, values for for the

low-affinity system were high, but they gradually declined during

derepression. Values for V ^ ^  for this sytem initially increased

during derepression but thereafter declined. The K and V ̂ ^ T max
values for the L-alanine transport system of the GAP-less mutant.
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Figure 17. Woolf-Hofstee plots for accumulation of L-alanine by Sacc

haromyces cerevisiae Y185 after incubation in glucose- 

containing phosphate buffer (derepression buffer) for 1.5 h, 

Open circles describe responses of organisms with phospho

lipids enriched on oleyl residues, and closed circles 

responses of organisms with phospholipids enriched in linol

eyl residues. Each point represents the mean of a minimum 

of four independent determinations. Bars indicate standard 

deviations.
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Figure 18. Woolf-Hofstee plots for accumulation of L-alanine by

Saccharomyces cerevisiae Y185 after incubation in glucose- 

containing phosphate buffer (derepression buffer) for 2.0 h. 

Open circles describe responses of organisms with phospho

lipids enriched in oleyl residues, and closed circles 

responses of organisms with phospholipids enriched in linoleyl 

residues. Each point represents the mean of a minimum o 

four independent determinations. Bars indicate standard 

deviations.
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enriched in either oleyl or linoleyl residues, were in the same 

range as those for the low-affinity L-alanine transport system of 

wild-type organisms at zero time.

Viability of populations of organisms suspended in derepression buffer 

Populations of organisms enriched in oleyl or linoleyl residues 

maintained a viability, as judged by methylene blue staining, of 

over 90% when incubated in derepression buffer for up to 1.5 h 

(Table 10), but thereafter viability declined. This decline occurred 

more quickly in organisms enriched in linoleyl as opposed to oleyl 

residues and, after 4.0 h incubation, was 85% in suspensions of 

organisms enriched in oleyl residues compared with 74% for those 

enriched in linoleyl residues. Viability measurements throughout 

derepression, as judged by plate counts using MYGP medium, gave 

virtually identical results as compared with methylene blue staining. 

The viability of populations of the GAP-less mutant (FV3) enriched 

in either fatty-acyl residue remained over 90% throughout the entire 

4.0 h incubation in derepression buffer.

Increase in dry weight of organisms suspended in derepression buffer

During incubation in derepression buffer for up to 2.0 h, the

apparent concentration of organisms, as measured by absorbance
-1determinations, increased from 1.3 to 2.0 mg dry wt ml , irre

spective of the nature of the fatty-acyl enrichment. This increase 

was confirmed by dry weight measurements (Table 11).
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Table 10. Viability of populations of Saccharomyces cerevisiae Y185 

enriched in oleyl or linoleyl residues, and suspended 

in derepression buffer as judged by methylene blue 

staining. Values quoted are the means of at least 

four independent observations ± standard deviations.

Time of incubation 
in derepression 
buffer (h)

Percent viability of populations of 
organisms enriched in:

Oleyl residues Linoleyl residues

0.0 97.3 + 2.9 97.3 + 2.1

0.5 97 .0 + 0.3 96.9 + 1.5

1.0 96.4 + 2.9 96.1 + 2.1

1.5 96.2 + 3.3 94.1 + 2.5

2.0 95.7 + 2.9 85.9 + 13.9

2.5 91.6 + 2.2 81.9 + 10.0

3.0 89.5 + 6.4 79.9 + 8.6

3.5 83.8 + 7.8 75.6 + 14.6

4.0 84.8 + 8.5 74.3 + 12.7



123.

Table 11. Changes in dry weight of suspensions of Saccharomyces

cerevisiae Y185, enriched in oleyl or linoleyl residues,

and suspended in derepression buffer. Values quoted

are the means of three determinations ± standard deviations

Time of incubation 
in derepression 
buffer (h)

-1Dry wt (mg dry wt (ml of suspension) )

oleyl-enriched
cells

linoleyl-enriched 
. . cells

0.0

1.0

1.5

2.0

1.30 ± 0.10 

1.50 ± 0.01 

1.79 ± 0.03 

1.77 ± 0.05

1.43 ± 0.06 

1.54 ± 0.16 

1.69 ± 0.10 

1.84 ± 0.10

Effect of suspending organisms in derepression buffer on the fatty-acyl 

composition of phospholipids in Saccharomyces cerevisiae Y185

For up to 2.0 h incubation in derepression buffer there was 

very little (maximum of 5% of the content of any one residue) 

alteration in the fatty-acyl composition of phospholipids in organisms 

with either fatty-acyl enrichment (Figs. 19 and 20).
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Figure 19. Fatty-acyl composition of phospholipids of Saccharomyces

cerevisiae Y185 enriched in oleyl residues during incubation 

in derepression buffer. Each value represents the mean 

of two independent analyses. trace represents less than 

1% of the total fatty-acyl content of the phospholipids.
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Figure 20. Fatty-acyl composition of phospholipids of Saccharomyces 

cerevisiae Y185 enriched in linoleyl residues during 

incubation in derepression buffer. Each value represents 

the mean of three independent analyses. trace 

represents less than 1% of the total fatty-acyl content 

of the phospholipids.
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Fate of L-alanine accumulated by Saccharomyces cerevisiae Y185 

suspended in derepression buffer

Analyses of suspensions of organisms which had been incubated 

in derepression buffer for up to 2.0 h revealed that over the 

period (100 s) used to determine the initial velocity of L-alanine 

accumulation , neither non-volatile, keto acids and neutral acids 

nor volatile products of metabolism of L-alanine could be detected 

regardless of the nature of the fatty-acyl enrichment. Autoradio

grams of hot-water extracts of organisms that had been incubated

in derepression buffer for between,Oh and 2 h, and then allowed to 
14accumulate L-[U- C]alanine for up to 100 s, revealed only one

radioactive spot which had a R value identical with that of aF
14simultaneously run standard of L- U- C alanine.

Intracellular amino-acid pool of Saccharomyces cerevisiae Y185 

suspended in derepression buffer

The size of the pool of intracellular water-soluble ninhydrin- 

positive compounds declined during incubation of organisms in de

repression buffer for up to 4.0 h (Fig. 21). This decline occurred 

to the same extent (to approximately one-third of the value at zero 

time) in organisms enriched in oleyl as compared with linoleyl 

residues. The concentration of L-alanine in hot-water extracts 

of organisms enriched in either residue declined during incubation

in derepression buffer over a 2.0 h period, but slightly faster
-1(10.3 to 3.2 nmol (mg dry wt) ) in organisms enriched in oleyl

-1as compared with linoleyl residues (11.8 to 4.6 nmol (mg dry wt) ).
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Figure 21. Changes in the size of the intracellular amino-acid

pool in Saccharomyces cerevisiae Y185 with phospholipids 

enriched in oleyl (O) or linoleyl (•) residues during 

incubation in derepression buffer. Each point represents 

the mean of a minimum of four independent determinations 

Vertical bars indicate standard deviations.



128..

Rates of fermentation of glucose by Saccharomyces cerevisiae Y185 

undergoing derepression.

The ability of organisms, havested after incubation in dere

pression buffer for up to 2.0 h, to ferment glucose was virtually 

identical in oleyl- and linoleyl-enriched cells (Table 12). 

Fermentation rates did however decline during the 2.0 h derepression 

period to approximately half of the original rates. Endogenous rates 

of fermentation, at each time point, were very low (less than 

3% of the glucose-fermentation rates) and were considered to be 

negligible. Moreover, they were always virtually identical in 

oleyl- and linoleyl-enriched organisms and declined during incubation 

in derepression buffer at the same rate as the glucose-fermentation 

rates.

Table 12. Fermentation rates of Saccharomyces cerevisiae Y185, 

enriched in oleyl or linoleyl residues, following 

incubation in derepression buffer. Values quoted are 

the means of at least six independent observations ± 

standard deviations.

Time of incubation 
in derepression

Fermentation rates 
dry wt)“^min”  ̂of

(ymol CO^ evolved (mg 
organisms enriched in:

buffer (h) oleyl residues linoleyl residues

0.0 0.35 ± 0.02 0.33 ± 0.05

1.0 0.23 ± 0.05 0.24 ± 0.02

2.0 0.15 ± 0.04 0.16 ± 0.02
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Accumulation of phosphate by Saccharomyces cerevisiae Y185 undergoing 

derepression

The time courses of the extent of E^1?0^ accumulation from de

repression buffer, by organisms enriched in oleyl or linoleyl 

residues were virtually identical over a 4.0 h incubation period 

(Fig. 22). The amount of H^PO^ equivalent present in the organisms 

increased at the same rate during the first 2.0 h incubation in

derepression buffer ; thereafter it plateaued at about 70 nmol 
-1(mg dry wt) . After 4.0 h incubation the content of HgPO^ 

equivalent in linoleyl-enriched organisms decreased slightly.

Plots of H^PO^ accumulation by organisms harvested after 

incubation in derepression buffer for up to 2.0 h were linear 

over the experimental period of 75 s. Moreover, the initial 

velocities of accumulation of H^PO^ , measured at intervals over 

the 2.0 h incubation period, were the same for oleyl- and linoleyl- 

enriched organisms (Table 13). The ability of these organisms 

to accumulate H^PO^ did however decline during the derepression 

period to 37% of the original value for oleyl-enriched organisms 

and 35% for linoleyl-enriched organisms. The greatest decrease 

in this ability occurred, in each case, during the first hour of 

incubation in derepression buffer.

Comparative rates of protein synthesis by Saccharomyces cerevisiae 

Y185 suspended in derepression buffer

Throughout a 2.0 h incubation period, organisms enriched in 

oleyl or linoleyl residues synthesised protein at the same comparative
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Figure 22. Time-course of the accumulation from

derepression buffer by Saccharomyces cerevisiae 

Y185 with phospholipids enriched in oleyl (O ) or 

linoleyl (#) residues. Each value is the mean 

of three independent determinations. Vertical 

bars indicate standard deviations.
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Table 13 . Changes in initial velocities of B^PO^ accumulation by 

Saccharomyces cerevisiae Y185 enriched in oleyl and 

linoleyl residues, and suspended in derepression buffer, 

Each value is the mean of at least three independent 

observations ± standard deviation.

Time of incubation 
in derepression 
buffer (h)

Initial velocity of H PO accumulation 
-1 ?(pmol (mg dry vrt) s ) by organisms 

enriched in: 
oleyl residues linoleyl residues

0.0 6.15 ± 0.65 6.75 ± 1.64

1.0 3.43 ± 0.46 3.76 ± 0.30

1.5 3.16 ± 0.48 3.98 ± 0.21

2.0 2.29 ± 0.67 2.38 ± 0.35

rate (Table 14), as determined by the dual labelling procedure of 

Elliot and McLaughlin (1978). Moreover these rates did not change 

to any great extent over the 2.0 h incubation period (Table 14).

Effect of cycloheximide on derepression of the GAP by Saccharomyces

cerevisiae Y185 suspended in derepression buffer
-1Including cycloheximide (10 yg ml ) in derepression buffer 

completely prevented expression of the GAP , and caused a decay in 

the low L-alanine-accumulating velocity detected at zero time at 

a rate which was faster in organisms enriched in linoleyl rather 

than oleyl residues (Table 15). After 2.0 h incubation, the ability
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Table 14. Comparative rates of protein synthesis in Saccharomyces

cerevisiae Y185 enriched in oleyl or linoleyl residues,

and suspended in derepression buffer in the presence of 
r 14 1L-LU- CJhistidine. After 50 min incubation, suspensions 

were pulsed for 10 min with a ^H-mixture of L-amino 

acids. Values quoted are the average of two independent 

determinations.

Time of incubation 
in derepression 
buffer (h)

3 14Ratio of H counts : C counts in protein
extracted from organisms with phospho
lipids enriched in:
oleyl residues linoleyl residues

1.0

1.5

2.0

0.60

0.49

0.58

0.57

0.48

0.45

to accumulate L-alanine could not be detected in linoleyl-enriched 

organisms. The presence of cycloheximide in derepression buffer 

caused a slightly faster decline in the viability of populations 

enriched in either fatty-acyl residue (Table 15).

Can derepression of the GAP occur in the absence of glucose and 

phosphate?

When organisms were resuspended in water rather than derepression 

buffer, the GAP was not derepressed (Table 16). Indeed, under these
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conditions, the L-alanine-accumulating velocity of organisms at 

zero time quickly decayed, and the ability was not detectable in 

organisms enriched in either residue after 2.0 h incubation. After 

2.0 h incubation, the viability of populations of organisms suspend

ed in water declined, more rapidly in populations of organisms 

enriched in oleyl rather than linoleyl residues (Table 16).

Accumulation of trialanine by Saccharomyces cerevisiae Y185 with 

phospholipids enriched in different fatty-acyl residues.

Woolf-Hofstee plots for the accumulation of L-trialanine

(L-(Ala)^) by organisms enriched in oleyl or linoleyl residues were

linear (Figs. 23 and 24) irrespective of the method used to determine

the initial uptake velocities. However the two techniques employed

did give very different values for initial velocities of L-(Ala)^

accumulation . This is exemplified in Figure 25 where it can be seen

the velocity of L-(Ala)^ accumulation is significantly higher when

determined by the fluorescamine technique rather than the method

using radioactive L-(Ala)^. When a comparison was made of the

and V values, calculated from the initial velocities obtained max
by the two techniques, it became obvious that the V values were ^ max
higher when data obtained by the fluorescamine technique were used

to calculate these values (Table 17). Values for however were

remarkably similar for oleyl-enriched cells. However both the

and V values obtained by the fluorescamine method for linoleyl- max
enriched cells had very large standard deviations. The standard

deviation of the value is not quoted since it was as large as

the mean. No comparison can therefore be made between K and VT max
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Figure 25. Time-course of L-(Ala)^ accumulation by Saccharomyces 

cerevisiae enriched in oleyl residues as determined 

by the accumulation of radioactively labelled 

L-(Ala) 2  ( O) or the fluorescamine method (•).

The initial concentration of the L-(Ala)^ in

the incubation medium was 0.21 mM
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values obtained by the fluorescamine method for L-(Ala)^ accumulation

by oleyl- and linoleyl-enriched cells. Significant differences in

both K and V values were, however, obtained for uptake of radio- T max ^

active L-(Ala)^ when organisms were enriched in linoleyl as opposed

to oleyl residues. Both the K and V values for L-(Ala)^ accumulationT max 3
were decreased by incorporating linoleyl residues into the cellular 

phospholipids (Table 17).

Loss of pre-accumulated radioactive label was minimal from both

oleyl- and linoleyl-enriched organisms. Indeed, when organisms

enriched in oleyl residues were suspended in O. Imfi L-(Ala)^, the
-1 -1initial uptake velocity was 26.2 pmol (mg dry wt) s but, when 

the same organisms were resuspended in incubation medium lacking 

peptide, the velocity of label loss was only 4% of this value.

In a similar experiment with linoleyl-enriched organisms, the velocity 

of label loss was only 6% of the initial L-(Ala)^ uptake velocity.

Table 17. Values for K and V for accumulation of L-(Ala)^ by --------  T max 3
Saccharomyces cerevisiae Y185 enriched in oleyl or linoleyl

residues. Values are quoted ± standard deviation.

The units; for values are yM and for V values are max
pmol (mg dry wt) -1 -1 s

Method used to Value Value for organisms with phospho
determine lipids enriched in:
initial
velocity of
L-(Ala)^ uptake oleyl residues linoleyl residues

14C (Ala) 142.1 ± 7.9 80.7 ± 4.7

Vmax 57.0 ± 1.6 37.5 ± 0.7

Fluorescamine 175.0 ± 54.0 463.6

Vmax 212.0 ± 37.6 459.5 ± 186.2
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EFFECT OF UNSATURATED FATTY-ACID SUPPLEMENTATION OF BREWER'S WORT 

ON REMOVAL OF AMINO ACIDS AND PEPTIDES BY SACCHAROMYCES CEREVISIAE 

NCYC 240.

Progress of fermentations and growth of Saccharomyces cerevisiae 

NCYC 240

The rate and extent of fermentation of brewer's all-malt wort, 

original gravity 1.040, were virtually unaffected by addition of 

linoleic acid (Fig. 25). The final specific gravity of these 

fermentations was 1.009. However, with the adjunct wort, original 

gravity 1.060, both the rate and extent of the fermentation were 

slightly different when linoleic acid was added (Fig. 27). The 

rate of fermentation was slightly faster in the supplemented 

adjunct, while the final specific gravity was lower in the supple

mented adjunct (1.033) compared with 1.037 in the absence of 

linoleic acid.

The final yeast mass increased by approximately 6% when the

all-malt wort was supplenented with linoleic acid. The yield from

the unsupplemented wort after 72 h. fermentation was 5.34 ± 0.13
-1mg dry wt (ml culture) and from the supplement wort was 5.79 ± 0.25 

mg dry wt (ml culture) . When linoleic acid was added to the 

adjunct wort, the increase in the final yeast mass was more pro

nounced. After 72 h. fermentation the yield was 3.51 ± 0.28 mg dry 
-1wt (ml culture) from the unsupplemented adjunct and 4.090 ± 0.20

-1mg dry wt (ml culture) from the supplemented adjunct, an increase 

of approximately 17%. However the final yield of yeast from the
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adjunct worts was less than that from the all-malt wort irrespective 

of the presence or absence of linoleic acid.

Incorporation of exogenously supplied linoleic acid by Saccharomyces 

cerevisiae NCYC 240

Organisms, harvested at the end of the fermentation (72 h) of 

brewer's all-malt wort (original gravity 1.040), had incorporated 

the linoleic acid into their total cellular fatty-acyl residues 

to the extent of approximately 23% (Table 18). The level of linoleic 

acid incorporation by organisms harvested from fermented adjunct wort 

(original gravity 1.050) was approximately 27% and therefore not too 

dissimilar. Organisms harvested from fermented worts (original 

gravity 1.040 or 1.060) which were not supplemented had no 

detectable linoleic acid or linoleyl residues. In these organisms 

the proportion of fatty-acyl residues that were of short chain 

length (C^ to and fully saturated was substantially higher

than that in organisms harvested from linoleic acid -supplemented 

fermentations (Table 18).

The proportion of unsaturated fatty-acyl residues were however 

substantially lower in organisms harvested at the end of fermentations 

of unsupplemented worts (Table 18). The ratios of unsaturated : 

saturated fatty acids obtained from extracts from organisms that 

fermented supplemented and unsupplemented all-malt worts were 

1 : 1.7 and 1 ; 4.0 respectively. Corresponding ratios for 

organisms that fermented supplemented and unsupplemented adjunçt 

wort were 1 : 1.6 and 1 : 4.3, respectively.
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Removal of wort amino acids by Saccharomyces cerevisiae NCYC 240

Amino acid analyses were performed only on the samples collected 

during fermentation of an all-malt wort of original gravity 1.040,

The results of these analyses are divided into the four groups 

previously described by Jones and Pierce (1964).

Group-A amino acids

Using the g.l.c. method, four of the amino acids within this group 

namely asparagine, glutamine, arginine and lysine cannot be accurately 

determined. Although derivatisation of asparagine and glutamine was 

successfully carried out, these amino acid derivatives were not suf

ficiently separated on the g.l.c. column from the respective dicarboxylic 

amino acids, aspartic acid and glutamic acid, for their concentration 

to be determined independently. Therefore, as with data obtained 

with amino acid analysers, values quoted for aspartic acid and 

glutamic acid contain contributions from the respective amides.

All four remaining amino acids in this group were present in the wort 

in approximately equal concentrations, ranging from a value for 

threonine of 315 yM to a value for L-serine of 1 mM (Table 19).

Ranges of concentration are quoted since these take into account 

intraexperimental variation of response factors for each amino acid 

and differences in detection in each wort sample. These amino acids 

were removed from the wort relatively rapidly and without an appreciable 

lag phase (Table 19). The exception was glutamic acid which was only 

depleted after an initial lag phase lasting 5 - 8 h, particularly 

in the linoleic-acid supplemented fermentation. Within 16 h from the
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start of fermentation aspartic acid and threonine were severely 

depleted from the wort and only approximately 10% of the initial 

concentration of these amino acids remained after this time.Uptake 

of glutamic acid and serine by the yeast occurred more slowly and only 

reached this concentration after approximately 30 h fermentation 

(Table 19). There were however, no significant differences in the 

rate or pattern of removal of these amino acids between the unsupple

mented and the linoleic acid-supplemented worts (Table 19).

Group-B amino acids

The only amino acid in this group that could not be analysed 

by the g.l.c. method was histidine. Wort concentrations of the 

remaining amino acids in this group ranged from a value of 105 yM 

for L-methionine to a value for leucine of 1.6 mM( Table 20). Leucine, 

isoleucine and valine were only removed from the wort after an 

initial lag phase of approximately 10 h (Table 20). Thereafter, 

they were absorbed by the yeast relatively rapidly and after 

approximately 23 h to 25 h only 10% of the initial concentration 

of these amino acids remained. The exception in this group was 

methionine. This amino acid was rapidly removed from the wort from 

the start of the fermentations and, after 18 h to 21 h, the 

concentration of methionine remaining in each culture was very low 

(Table 20). Indeed this amino acid could not be detected in many 

of the fermented wort samples collected after 18h fermentation.

However there were no significant differences in the pattern or rate 

of removal of amino acids, within this group, from the linoleic 

acid-supplemented as compared with the unsupplemented wort (Table 20).
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Group-C amino acids

Wort concentrations of amino acids in group C ranged from a 

value of 355 yM for tyrosine to a value of 2.9 mM for tryptophan 

(Table 21). Amino acids in this group, namely, alanine, glycine, 

phenylalanine, tryptophan and tyrosine, were absorbed by the yeast 

only after an initial lag phase of at least 10 h duration (Table 

21). For tryptophan this lag period extended to 21 h. After the 

initial lag phase, however, the wort was rapidly depleted of these 

amino acids and after 30 h fermentation, only 10% of the original 

concentrations of the majority of these amino acids remained (Table 

21). The final concentration of tryptophan at the end of the experi

mental period (72 h) was relatively high and between 20 and 30% of 

the concentration initially present was not taken up by the yeast. 

Slight differences between the rates of amino-acid removal from 

unsupplemented and supplemented fermentations were evident only 

for glycine and phenylalanine. Between 21 and 30 h after inoculation, 

the concentration of glycine remaining in the fermented supplemented 

wort was lower than in the unsupplemented wort and, during a similar 

period (23 h to 30 h fermentation), the concentration of phenylalanine 

was also appreciably lower in the linoleic acid-supplemented wort 

(Table 21).

Group-D imino acid

The initial concentration of proline in the all-malt wort 

was in the range 2.5 mM to 4.3 mM. Throughout the 72 h fermentation, 

the concentration of this imino acid did not fall significantly



150.
r—4
rH
3

3
m 3

G
U rH G
Q) 3
3 >
3

E
p G 3

E G
b -H O
3 X •H
4J 3 44
C E 3
3 •H
E b X,
3 C 3
rH 3 >
Û4
Û4 I—1
G 3
3 E 44
1 •H G

b G 3
•H •H E
U Ë •H
3 X4

3 3
Ü X a
•H 44 X
3 3
rH 0 XI
0 44 3
c 44
■H X4 G
rH 3 •H

<44
L 3 33
0 U G

3
T3
3 1
4J E 3
C •H X4
3 X 44E 3 G
3 E -H
rH
C k <d X
Û4 c X
G 3 •H
3 5
C
G X4E 3
<44 •H X
0 G X

•H 3
c 2 D>
0 0
•H X
X O
3
44 CN 3
C XI
3 U O 33E >4 X 3
>4 U U G
3 2 3 -H
<44 X E

X
tG 3 3 3
C 3 3 X
■H •H G 3
H 3 O 33
G •H a
b 3 X

3 3 0
3 M Xi G
T3 3
-H Ü X 3
U G 3
3 3 G 3

3 0
0 U ü 3
G =n C4 G
•H E 3 rH
E 0 fd
3 ÎH 0 >

3 ■P
U rG G 3
1 0 ■H X
&4 ü X
G 3 a
0 CO G X
H ■H 3
tG >1 X X

P 3 X
<44 X
0 P 3

U n 3
1—1 0 3 X
3 3 33 3
> X U
0 44 0 •H
E rH O 33
3 d 3 G
« E X •H

3m
u
3
4-)
<4-13
Cr>C-H
C-H
3

2G-

O TD G -H ■r4 U 
XI 3

OG-H
E T3

f a
ij  3

XCN •Vf H •Vf en VÛ co en O vo Vf VÛ O en 33 33 "G 33 33 33
H rH ro VÛ O rH 1—1 co Vf co Vf 00 Vf G G G G G G
CN X CN CN rH CN co 00

X I—1 en co VÛ O' VÛ Tf en 00 O Vf 1—1 en coN* ■Vf 1—1 rH LO CN en 00 CN Vf Vf C" 00 CN rH r - 33 33 33 33
VÛ X CN X CN VÛ CN Û O G G G C1—1 (—1
X en VÛ •Vf VÛ 00 en en 1—1 X CN VÛ 33 33 vo C'
<û •Vf O r - VÛ CD N" VÛ co co vo CO vO G C en en 33 33 33 33
N* rH 1—1 X 1—1 co VÛ G G C C

X en VÛ VÛ LO VÛ CN 33 33 00 33 33 X co co vom rnrH m en CJ1 G G co t'' G G co Vf O c-' 33 33 co CNX m 1—1 co CN co VÛ O' CN G G CN O1—1 CN

X 1—1in 00 1—1 vo Vf .—1 co co CN en vo en o en co f vo f D
O ro rH VÛ CN C" VÛ co 1—I co Vf co r - C" en I—1 co co X f 00
ro X  CN 1—1 X 1—1 CN VO VÛ r- 00 CN «—i

X t—1ro O en
in O o X CN 33 33 vo CN r' CO Vf Vû en Vf 00 VÛ
CN CN m CN co C G 00 00 Vf f" t—ivo O vo Vf co 33 33 33 33rH Vf 1—1 rH LO LO O X G C G GX 1—1
X rH in LO LO CTl CN r4 CN 00 CN CN rHm Vf O VÛ co en VO VÛ VO en VO CN rH 33 33 33 33 33 33 33 33
CN m VÛ CN lO CN CN Vf X CN m G G G G G G G G
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in either supplemented or unsupplemented fermented wort samples.

Data on amino-acid uptake have also been classified according 

to the approximate time taken for each amino acid to fall to half its 

initial concentration (Table 22). It is evident from such a classi

fication that methionine is rapidly depleted during the fermentation.

Removal of wort peptides by Saccharomyces cerevisiae NCYC 240

In terms of L-(Ala)^ equivalents, the peptide concentrations 

of the all-malt wort and the adjunct wort were approximately 4.7 mM 

and 2.2 mM, respectively (Figs. 28 and 29). By the end of the 

fermentations, these apparent peptide concentrations had fallen by 

approximately 75%. With the all-malt wort neither the rate of 

removal nor the final concentration of peptide equivalent remaining 

were affected by the addition of linoleic acid (Fig. 28). There was 

possibly a slightly faster removal of peptides from the supplemented 

adjunct wort as compared with the unsupplemented adjunct wort but 

the final apparent concentrations of peptide equivalents were iden

tical (Fig. 29). Peptides were, however, removed from the adjunct 

wort in a much shorter time than from the all-malt wort even though 

the rate of removal of peptides over the first 20 h fermentation 

was slower from this adjunct wort than from the all-malt wort 

irrespective of the presence or absence of linoleic acid. No net 

absorption of peptides by the yeast from the adjunct wort occurred 

after 20 h in the case of the supplemented and 25 h in the case of 

the unsupplemented wort (Fig. 29). By contrast, removal of peptides 

from the all-malt wort occurred for at least 40 h in both the 

supplemented and unsupplemented fermentations (Fig. 28).



152

Table 22. Classification of amino acids according to their

speed of removal from wort by Saccharomyces cerevisiae 

NCYC 240. nd indicates that the value was not 

determined.

L-Amino Acid Time taken (h) to reach half of the 
initial concentration

Linoleic-acid Unsupplemented 
supplemented wort wort

Jones and Pierce 
grouping

Methionine 9.0 8.0 B

Aspartic acid 9.0 9.0 A

Threonine 9.5 9.0 A

Serine 10.0 9.5 A

Glutamic acid 11.5 11,0 A

Isoleucine 15.0 14.5 B

Leucine 15.5 15.0 B

Glycine 17.0 16.0 C

Phenylalanine 16.5 17.5 C

Alanine 17.0 17.5 C

Valine 17.5 18.0 B

Tryptophan nd nd C

Tyrosine nd nd C
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DISCUSSION

EFFECT OF PLASMA-MEMBRANE PHOSPHOLIPID COMPOSITION ON THE UPTAKE OF 

L-AMINO ACIDS AND PEPTIDES BY SACCHAROMYCES CEREVISIAE Y185.

This section of the discussion has been divided into three parts. 

The first two deal with the uptake of L-amino acids and the effects of 

the phospholipid fatty-acyl composition on both specific amino-acid 

transport systems and the GAP. The last part is restricted to the 

transport of the tripeptide L-(Ala)^.and the influences of plasma- 

membrane composition upon the general peptide transport systan.

Effect of plasma-membrane phospholipid composition on specific 

transport systems of Saccharomyces cerevisiae Y185 for amino acid 

accumulation

A major finding which emerged from this study is that the kinetics 

of solute transport were altered for only three of the nine L-amino 

acids investigated when organisms were enriched in linoleyl as opposed 

to oleyl residues. These amino acids were L-histidine, L-threonine 

and L-valine^. Previous reports from this laboratory have shown 

that the kinetics of accumulation of L-arginine (Keenan and Rose,

1979) and L-lysine(Keenan et al., 1982) by Saccharomyces cerevisiae 

NCYC 365 are also influenced by the oleyl-linoleyl switch. In addition, 

an oleyl-palmitoleyl switch influences the kinetics of L-histidine 

transport by Saccharomyces cerevisiae Y185. A similar effect on 

the transport of L-asparagine was observed by Keenan et al. (1982).
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In the fluid mosaic model for membrane structure, transmembrane 

or intrinsic proteins are surrounded by the hydrophobic part of an 

overall amphilic environment. The natural amphiphiles are the 

phospholipids, the hydrophobic part of which comprises fatty-acyl 

residues. From the results presented in this thesis, two comparisons 

may be made. Firstly, by comparing oleyl-and linoleyl-enriched organisms, 

we can examine the effects of the degree of unsaturation of the fatty- 

acyl residues on the operation of the amino acid-transport systems. 

However, when attempting to explain the role of linoleyl residues in 

the membrane of Saccharomyces cerevisiae, it needs to be borne in 

mind that these residues cannot be synthesised by this yeast (Johnson 

and Brown (197 2). Secondly, for the transport of L-histidine a 

comparison of oleyl- and palmitoleyl-enriched organisms allows dis

cussion of the effects of the chain length of fatty-acyl residues on 

the transport systems for this amino acid. The transition temperature 

of a given phospholipid varies with both chain length and degree of 

unsaturation of the hydrocarbon chains. Although phospholipids in 

biological membranes are influenced by both proteins and sterols, 

one must envision that, within the constraints of the fluid-mosaic 

model, domains of linoleyl- or palmitoleyl-enriched phospholipids 

exist in organisms grown in the presence of the appropriate fatty 

acids, which are 'more fluid' than corresponding domains in the 

plasma membrane of oleyl-enriched organisms. Support for this view 

that the plasma-membrane is a heterogenous patchwork of structural 

and compositional domains has been provided by freeze fracture 

cytochemistry(Severs and Robenek, 1983). With this in mind transport 

of individual amino acids by Saccharomyces cerevisiae Y185 will now 

be discussed.
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The effect of membrane fatty-acyl composition on the kinetics

of L-histidine accumulation differs from the effects already reported

for accumulation of L-arginine (Keenan and Rose, 1979) , L-lysine

and L-asparagine (Keenan et al., 1982) in two respects. Firstly,

changes in fatty-acyl composition affected the K^ value for L-histidine,

the V ^ value remaining virtually constant. Previous reports of effects

of fatty-acyl composition on amino-acid accumulation, though in a

different strain of Saccharomyces cerevisiae, described changes in

both the K and V values. Here, incorporation of either linoleyl T max
or palmitoleyl rather than oleyl residues lowers the K_̂  value of the 

transport system for L-histidine, thereby increasing the affinity for 

this amino acid. That changes occur suggests that, in the three types 

of organisms, different lipid molecules surround the protein or 

proteins that make up the transport system. Indeed the transport 

system itself may have the capacity to attract specific lipids which 

are able to act as modulators of its activity. How the effects 

on the K^ value are manifest is not known, although one might speculate 

that different fatty-acyl residues are able to cause subtle conform

ational changes in the region of the L-histidine-binding site. The

constant V value suggests that if such conformational changes do max
occur, then they must be in a region quite distinct from that which 

carries out the transmembrane transport of L-histidine. At present it 

is however unclear whether the lipids in the bilayer are able to 

change the conformation of the proteins to any great extent (Chapnan 

et al., 1982).

The second difference concerns the apparent involvement of dif

fusion in accumulation of L-histidine by Saccharomyces cerevisiae,
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a phenomenon not previously reported to be involved in amino-acid 

accumulation by yeasts. The possibility that this amino acid can 

diffuse across the yeast plasma membrane is interesting since, at 

pH 4.5, it has a positive charge on both the 2-amino group and the 

imidazole group and only a single negative charge on the carboxyl 

group, and therefore exists as a cation. The only previous indi

cation that L-histidine may diffuse across the plasma membrane in 

Saccharomyces cerevisiae came in a brief comment by Crabeel and 

Grenson (1970) to an ability to grow L-histidine permease-less 

mutants only in the presence of high concentrations of this amino 

acid. A suggestion that diffusion may be involved in transport of 

the imino acid, proline, by Saccharomyces cerevisiae came from Lasko 

and Brandriss (1981). Possible involvement of diffusion in accumu

lation of this imino acid was suggested since these workers were 

unable to rationalize uptake of proline by double mutants (put 4 gap li, 

lacking both the high-affinity proline-transport systan and the GAP 

which was thought to be solely responsible for low-affinity proline

transport. In this study diffusion was ultimately ruled out on the

grounds of sensitivity of proline accumulation by this mutant to

arsenate. However these workers, and indeed the majority of previous

workers, have assumed that the biphasic Lineweaver-Burke plots or 

concave Woolf-Hofstee plots they obtained for the transport of 

amino acids by Saccharomyces cerevisiae indicate that two transport 

systems are present. To my knowledge no previous attempt has been 

made to assess the fit of data on amino-acid accumulation by Sacch

aromyces cerevisiae to the equation which describes two transport 

systems.
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It was however somewhat surprising to observe a lower diffusion 

constant for L-histidine transport for organisms with plasma membranes 

more fluid as a result of enrichment with linoleyl or palmitoleyl resi

dues as compared with oleyl residues. The opposite effect might have 

been expected on the grounds that fluidity would accelerate diffusion; 

however virtually nothing is known of the effect of membrane-1ipid 

composition on diffusion of charged molecules. It is however intere

sting to note here that where the oleyl-palmitoleyl switch has been 

studied, it has always revealed significant differences in kinetics 

of amino-acid accumulation; here with L-histidine and previously for 

L-asparagine and L-lysine transport (Keenan et ai., 1982).

Any attempts to explain further the changes in the value for 

K^ and the diffusion constant for uptake of L-histidine are however 

complicated by several further considerations. Firstly, L-histidine, 

once accumulated, is thought to enter the vacuolar compartment to

gether with the other basic amino acids, L-arginine and L-lysine. 

Although sequestration in this organelle allows for accumulation 

of L-histidine by diffusion to levels in excess of the extracellular 

concentration of this amino acid, it also means that, to gain an 

understanding into reasons why the kinetic values are altered, L- 

histidine accumulation by isolated vacuoles must also be studied 

in detail. Indeed here, ones attention must be drawn to the fact 

that the kinetics of accumulation of all three basic amino acids have 

been shown to be influenced by enrichment of organisms with linoleyl 

as opposed to oleyl residues. In this respect, in addition to possible 

effects of changing the composition of the vacuolar membrane on



160.

transport of these amino acids into this organelle, it is also 

conceivable that the mechanism by which these amino acids are 

held within the vacuoles, possibly by interaction with polyphosphate 

molecules (Durr et ai., 1979)/ or indeed the synthesis of polyphos

phates, are influenced by the fatty-acyl composition of the organism.

Secondly, transport of L-histidine is accomplished by a transport 

system operating together with an electrogenic plasma-membrane 

ATPase which creates the proton gradient necessary for active transport 

(Eddy, 1982). A report by Dufour and Goffeau (1980) indicated that 

the plasma-membrane ATPase in Schizosaccharoznyces pombe required 

phospholipids for activity. However, if one assumes that there is 

only one general ATPase, rather than an ATPase for each active trans

port system, it is unlikely that the effect of the plasma-membrane 

fatty-acyl composition on the value for L-histidine transport 

results from an influence on this enzyme since alterations to the 

kinetic values for transport of all L-amino acids studied would be 

expected. Indeed, for the majority of amino acids there were no 

changes. Further support for this has been provided recently by 

Sonia de Morias (unpublished observation) whilst working in this 

laboratory. She found that the efflux of protons from energised 

cells of Saccharomyces cerevisiae Y185 occurred at the same rate 

in oleyl- and linoleyl-enriched organisms suggesting that operation 

of the plasma-membrane ATPase is not influenced by this switch.

Further considerations relate to the organisation and effects of 

other membrane components in the differently enriched organisms.

For example does the fatty-acyl composition of the phospholipids
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influence protein-protein or protein-sterol interactions to any 

great extent? Any answer to this question must await further 

analysis.

The different V values for accumulation of L-threonine by max
organisms enriched in oleyl as compared with linoleyl residues

indicate that an increased fluidity is also not necessarily associated

with increased V values. Accumulation of L-serine and L-threonine max
had in common that Woolf-Hofstee plots showed an abrupt change in 

curvature at low concentrations of amino acid. Similar abrupt changes 

in curvature of Woolf-Hofstee plots have been reported with uptake 

by yeasts of cations (Borst-Pauwels et al., 1971; Borst-Pauwels, 

1973), L-asparagine (Gregory et ai., 1982), L-glutamine (Keenan,

1981) and sugars (Janda et al., 1976). What is responsible for this 

retardation of transport at low solute concentrations? A possible 

explanation is that, in addition to the L-serine- and L-threonine- 

binding sites involved in transport, there exists one or more sep

arate binding sites for each amino acid, occupation of which is 

necessary to activate the site involved in transport of these amino 

acids. At low concentration of amino acid, binding to these additional 

sites might lower the concentration of L-serine or L-threonine to 

a value at which the rate of their accumulation was affected. At 

high concentrations of L-serine and L-threonine, all binding sites 

would be saturated, so that the effect would not be manifest. If 

this occurred, one might expect the abscissa of Michaelis-Menten 

plots to be intercepted at positive values. However, this was not 

observed.
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It is also possible that accumulation of L-serine and L-threonine 

is accomplished by a transport system which has several binding sites 

for each amino acid with different affinities. Such a system could then 

be envisioned to operate in a similar manner to an allosteric enzyme 

showing positive cooperativity. This would account for the transport 

characteristics of L-serine and L-threonine at low solute concen

trations; transport is retarded but not absent. However, if this 

behaviour was so, one would expect a sigmoidal Michaelis-Menten plot.

Data for transport of both L-serine and L-threonine gave hyperbolic

Michaelis-Menten plots. In addition Hill plots (not presented in
-1this thesis) of log (v(V^-v) ) against log S (where v is the

initial velocity; is the maximal velocity and S is the concen

tration of solute) for both L-threonine and L-serine transport by 

oleyl- and linoleyl-enriched organisms were linear. Moreover, the 

gradients of these plots for L-threonine accumulation were 1.055 

and 1.053 for oleyl- and linoleyl-enriched organisms, respectively.

Similar values for L-serine accumulation were 1.004 and 1.003.

Although the Hill plot is by no means ideal, since the value for 

the gradient never reaches the precise number of binding sites 

involved, if positive cooperativity was operating, values in excess 

of those obtained would be expected. Clearly an alternative hypo

thesis must be sought.

At concentrations greater than those at which this phenomenon 

appears to operate, accumulation of L-serine and L-threonine could be 

described by a single system. Woolf-Hofstee plots for accumulation 

of L-threonine were however slightly convex at these higher concentrations.
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a finding consistent with a multisite model (Borst-Pauwels, 1981). 

Preston and his coworkers (19 74) and Thomson (1979) showed that 

convex Woolf-Hofstee plots for carrier-mediated solute transport 

might be explained by the presence of unstirred layers at the outer 

surface of the plasma membrane. Although this concept has not been 

extensively explored in micro-organisms, it is clearly possible that 

the presence of a thick hydrophilic wall on the outside of the plasma 

membrane of Saccharomyces cerevisiae could lead to formation of 

unstirred layers that do not equilibrate with the suspending liquid. 

L-Serine and L-threonine are possibly transported by the low-affinity 

transport system for L-methionine (Gits and Grenson, 1967). The 

flux at low substrate concentrations ^ m̂ax'^^T^ through this system 

increased in the order L-methionine (1.00) < L-serine (3.96) < L- 

threonine (6.63) for oleyl-enriched cells. Similar ratios of flux 

values for linoleyl-enriched organisms are 1.00 : 3.98 : 7.48. This 

correlates with the departure from linearity at low solute concen

trations which increases in the same order. This is in accordance 

with expectation if there is an unstirred layer. Presumably other 

amino acids do not show this effect because organisms possess low- 

velocity high-affinity transport systens which are capable of accum

ulating amino acids present at low concentrations. Theuvenet and 

Bindels (1980), however, reported virtually identical convex Woolf- 

Hof stee plots for accumulation of rubidium ions by sphaeroplasts 

and intact organisms of a strain of Saccharomyces cerevisiae suggest

ing that the wall provides little in the way of a diffusional impedi

ment. Whether this is the case for L-threonine and L-serine 

accumulation remains to be explored. Although a value has not
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previously been reported for accumulation of L-threonine, the values 

for found in this study for L-serine transport, although slightly 

lower, are of the same order of magnitude as that reported for L- 

serine accumulation by aerobically-grown cells of Saccharomyces 

cerevisiae X2180 (Langdale, 1982).

The inability to fit data for accumulation of L-leucine, L- 

isoleucine and L-valine to any one of the kinetic models suggests 

that accumulation of each of these amino acids probably involves 

one or more processes other than a transport systen or systems, 

that can be described by Michaelis-Menten kinetics, with or without 

diffusion. Previously it has been inferred from the structural 

similarity of L-leucine, L-isoleucine and L-valine, and from limited 

data available on inhibition by L-isoleucine of L-leucine accumulation 

by Saccharomyces cerevisiae (Bussey and Umbarger, 1970a,b), that 

these three amino acids were accumulated by the sane transport 

system. The assumption that transport of L-leucine, and by inference 

of L-isoleucine and L-valine, is by separable high- and low-affinity 

transport systems (Ramos et ai., 1975; 1977; 1980) must be questioned

in view of the inability to obtain significant fits with data for 

amino-acid accumulation in which transport is by two separate 

systems, each described by Michaelis-Menten kinetics. These workers 

based their assumption on the basis of a concave Woolf-Hofstee plot . 

In addition they assumed that high-affinity transport of L-leucine 

was accomplished by the GAP (Ramos et ai., 1980). Woolf-Hofstee 

plots for accumulation of this amino acid by oleyl- and linoleyl- 

enriched cells of Saccharomyces cerevisiae Y185 were also concave. 

However these cells were grown in media containing ammonium ions
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added to which uptake assays were performed in the presence of ammonium 

ions. The GAP would have been repressed in such cells (Grenson,

1983a) and, I therefore contend that the GAP played no part in 

accumulation of L-leucine by oleyl- and linoleyl-enriched organisms 

used in this work. That accumulation of some amino acids does not 

strictly obey Michaelis-Menten kinetics was suggested by Grenson et 

al. (1970). They found that the value for accumulation of a 

given amino acid was not always identical to the value for comp

etitive inhibition, by that amino acid, of transport of a second 

amino acid known to be transported by the same system.

A lack of fit to any model makes comment on the differences in 

shape of Woolf-Hofstee plots for accumulation of L-valine by oleyl- 

and linoleyl-enriched organisms somewhat hazardous . However, the 

finding that Woolf-Hofstee plots for accumulation of L-leucine and 

L-isoleucine are unaffected by changes in the fatty-acyl composition 

of the plasma membrane of Saccharomyces cerevisiae Y185 could be 

taken to indicate that these three amino acids probably do not share 

the same accumulation mechanism.

Accumulation of the other L-amino acids studied, namely L- 

methionine, L-aspartic acid and L-glutamic acid, was also unaffected 

by changing the fatty-acyl composition of the plasma membrane. 

Accumulation of each of these amino acids was probably accomplished 

by two specific transport systems, each described by Michaelis- 

Menten kinetics. However, it is worth noting that, in contrast 

to the findings of Darte and Grenson (1975) , both transport systems
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for L-glutamic acid are present in organisms grown in the presence 

of ammonium ions. Although Darte and Grenson (1975) showed that 

two transport systons for L-glutamic acid, apart from the GAP, 

were present in their strain of Saccharomyces cerevisiae, only one 

was constitutive. The rate of synthesis of the second systan was 

strongly inhibited by ammonium ions.

The question that must now be considered is why operation of 

these transport systems was unaffected by the oleyl-linoleyl switch. 

There are several possible explanations for this behaviour. The 

proteins that make up the transport systems may be insensitive to 

a change in the degree of unsaturation of the phospholipids in their 

immediate environment. Alternatively the lack of response to an 

oleyl-linoleyl switch may simply reflect a decrease in residence 

time of phospholipids containing oleyl or linoleyl residues in the 

boundary layer or layers surrounding the protein or in the extreme 

case a total exclusion of phospholipids containing these fatty-acyl 

residues from the vicinity of the transport system. The latter 

could arise from one or more of the transport proteins having an 

ability specifically to attract phospholipid molecules that do not 

contain residues of the fatty acid provided as a supplement. In 

this respect, if proteins are able to attract phospholipids containing 

specific fatty-acyl residues, it would not be surprising that those 

containing linoleyl residues are excluded from the vicinity of the 

transport system since they are foreign to Saccharomyces cerevisiae. 

Support for the latter view of exclusion came from Keenan et ai.

(1982). These workers found that the transition temperature of
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lipids associated with the L-asparagine transpqrt system was slightly 

higher in Saccharomyces cerevisiae NCYC 366 enriched in linoleyl 

as opposed to oleyl residues. This would not be expected if phospho

lipids containing either of these residues were allowed free access 

to the L-asparagine transport system. These results were explained 

in terms of this transport system having a lower affinity for linoleyl 

than for oleyl residues, thereby increasing the possibility that 

proteins of the L-asparagine transport systen are surrounded by 

palmityl residues. Such a system could be operating in the plasma 

membrane of Saccharomyces cerevisiae Y185 such that, in linoleyl- 

enriched cells more phospholipids containing palmityl residues are 

allowed access to the proteins making up the transport systems 

for L-aspartic acid, L-glutamic acid, L-methionine, L-isoleucine, 

L-leucine and L-serine, than in oleyl-enriched cells. Indeed the 

proportion of phospholipids containing palmityl residues is sub

stantially higher in linoleyl-enriched organisms than in oleyl- 

enriched organisms. Lack of differences in the kinetics of trans

port of these amino acids could then be explained since their trans

port systems would, for the most part, be surrounded only by palmityl 

residues.

Exclusion of phospholipids containing oleyl- or linoleyl residues 

from the immediate environment of certain proteins could result 

from steric factors. If the conformations adopted by different fatty- 

acyl residues are considered we find that the hydrocarbon chains of 

saturated residues are flexible and can adopt a very large number of 

conformations as each single bond in the backbone has complete freedom
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of rotation. The minimum energy conformation, however, is that 

of the planar zig-zag (Harrison and Lunt, 1980). Oleyl and linoleyl 

residues however, both contain at least one cis-double bond. There 

can be no rotation about these double bonds which each impart an 

overall bend of approximately 30° on the fatty-acyl chain (Harrison 

and Lunt, 1980). Introduction of such unsaturated fatty-acyl resi

dues into the region of the transport protein will therefore perturb 

the close packing of phospholipids around the transport system as 

the volume occupied by each residue increases with the degree of 

unsaturation. Indeed, since there is a finite volume around each 

transport system a selection pressure in favour of phospholipids 

containing saturated fatty-acyl residues may exist. This greater 

perturbation by linoleyl-enriched phospholipids may also explain 

why growth of Saccharomyces cerevisiae Y185 in the presence of 

linoleic acid brought about a somewhat smaller enrichment than 

growth in the presence of oleic or palmitoleic acid.

Support for the view that transport systems may be located in 

specific areas of the plasma membrane comes from Hennaut et al. (1970), 

They found that full expression of the genetic potential for L-arg- 

inine transport was absent from a polyploid series of Saccharomyces 

cerevisiae. This limitation of L-arginine uptake velocity corre

lated with the decrease in cell surface-to-volurae ratio, suggesting 

that the space available for insertion of L-arginine transport- 

systems was limited. On the other hand, an inducible transport system 

could still readily be inserted into the plasma membrane. This led 

these workers to the idea that the sites for transport-system fixation 

in the plasma membrane might be specific.
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Effect of plasma-membrane phospholipid composition on derepression 

of the GAP in Saccharomyces cerevisiae Y185

The data reported in this thesis strongly suggest that the 

transiently greater rate at which the GAP was derepressed was a 

direct consequence of enriching the plasma membrane of Saccharomyces 

cerevisiae Y185 with linoleyl as compared with oleyl residues. However, 

before being able to arrive at this unequivocally it was necessary to 

establish that this differential effect could not be attributed to 

differences in other aspects of cell physiology, such as rate of 

protein synthesis, regulation of derepression, metabolism of L- 

alanine, viability of organisms and the potential differential use 

of the constituents of the derepression buffer.

That protein synthesis was necessary was indicated by the 

absence of derepression in the presence of cycloheximide. In 

ammonium-grown cells, Grenson and coworkers (1968) attributed loss 

of L-arginine-accumulating capacity by organisms treated with cyclo

heximide to feedback inhibition of amino-acid transport by free amino 

acids which accumulated as a result of inhibition of protein syn

thesis. Whilst this may account for loss of the low level of L- 

alanine accumulation observed after 2.0 - 3.0 h incubation of 

organisms in derepression buffer containing cycloheximide, the 

effect on derepression of the GAP is more likely to be a direct 

result of inhibition of p r o t e i n (synthesis by cycloheximide. However, 

it was evident from use of the double-labelling technique that the 

rate of protein synthesis was virtually the same in oleyl- and 

linoleyl-enriched organisms throughout the derepression period.
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Further support for this view comes from the similar rates of increase 

in dry weight of the differently-enriched organisms when incubated in 

derepression buffer. The possibility that the data reveal a diff

erential release from transinhibition (Eddy, 1982) of an already 

existing GAP can also be discounted because of the absence of any 

difference in the size of the intracellular amino-acid pool or the 

concentration of L-alanine in this pool. Indeed Woodward and Kornberg 

(1980) found that proteins that go to make up the GAP were virtually 

absent from plasma membranes obtained from Saccharomyces cerevisiae 

Y185 that had been grown aerobically in medium containing ammonium 

ions.

Determination of and values requires measurement of

initial velocities of solute accumulation. Although it is generally 

believed that, once they have entered cells, amino acids are not 

released from Saccharomyces cerevisiae (Eddy, 1982), measurements of 

initial rates of L-alanine accumulation by the GAP might be compli

cated by the release of metabolites produced as a result of the action 

on L-alanine of transaminases which are derepressed concomitantly 

with the GAP (Woodward and Cirillo, 1977). However, all evidence 

found in this study points to the conclusion that measurements were 

made of rates of L-alanine accumulation in the absence of metabolism 

of this amino acid. Autoradiograms indicated that L-alanine was 

the only radioactive compound detectable in organisms, while analyses 

for both volatile and non-volatile products of L-alanine metabolism, 

during the maximum time interval taken to determine initial rates, 

indicated there was no measurable catabolism of L-alanine by these 

transaminases.
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The transiently greater rate of L-alanine transport by linoleyl- 

enriched cells could not be attributed to a greater viability in 

populations of these organisms since viability remained high in pop

ulations enriched in either residue for at least 1.5 h. Determining 

viability by methylene blue staining is not widely used particularly 

in studies on micro-organisms other than yeasts. However, Trevors 

et al. (1983) have recently found that this technique compares 

favourably with other methods used to assess viability of micro

organisms. It has the great advantage of being quick and relatively 

easy to use.

No evidence was obtained for marked or differential changes in

the fatty-acyl composition of phospholipids in organisms incubated

for up to 2.0 h in derepression buffer. Derepression of the GAP

did not occur in organisms incubated in water rather than buffer

indicating that the presence of glucose and phosphate are required

for this process to occur. In addition, the possibility that

differential derepression of the GAP results from differences in

the velocity of uptake and/or the extent of accumulation of the

components of the derepression buffer can be discounted since

virtually identical values were obtained for endogenous and glucose

fermentation rates, initial velocities of H^PO^ accumulation and 
32the extent of P incorporation from H^PO^ by the differently 

enriched organisms. That endogenous fermentation rates were 

identical during derepression suggested that the glycogen stores 

were of the same size in oleyl- and linoleyl-enriched organisms.

L-Alanine was selected for following derepression of the GAP
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because it has been claimed that it is one of the few L-amino

acids to be transported into Saccharomyces cerevisiae predominantly,

if not exclusively, by the GAP. Justification for this choice came

from the discovery that the ability to accumulate L-alanine did

not increase when a GAP-less mutant was incubated under conditions

which cause derepression. There is a need, however, to explain

the low but significant L-alanine accumulating ability in organisas

grown in ammonium-containing media. Woolf-Hofstee plots for L-alanine

accumulation by wild-type organisms at zero time of derepression

were slightly concave suggesting the presence of two systems capable

of transporting this amino acid. However, V values for. themax
high-affinity system at this time were very low, suggesting that 

the contribution of this system to overall transport of L-alanine 

was minimal. It is possible that this high-affinity system repre

sents a slight residual activity of the GAP. In this connection, it 

is worth noting that the GAP-less mutant did not possess this 

systen. A low-affinity system was detected in both wild-type organisms 

and the GAP-less mutant suggesting that it is not the GAP. Evidence 

for an L-alanine-accumulating system in Saccharomyces cerevisiae has 

come from Grenson and coworkers (1970), who reported a low L-alanine 

accumulating ability in organisms grown in the presence of ammonium 

ions. In contrast, Roon et al. (1975) were unable to detect L- 

alanine accumulation by another strain of Saccharomyces cerevisiae 

grown urlder the same conditions. Velocities of L-alanine accumul

ation by ammonium grown organisms determined in the present study 

are comparable to those reported for other specific amino acid- 

accumulating systems in Saccharomyces cerevisiae (Gregory et ai.,

1982). Specific accumulation of L-alanine might therefore be



173.

effected by a system that transports one or a small number of 

amino acids, probably with a higher affinity than for L-alanine. 

Throughout derepression the value, in particular for this low-

aff inity L-alanine transport appeared to decay rapidly. This may 

have resulted from a channelling of the available L-amino acids 

produced by protein turnover into the synthesis of the GAP which is 

able to not only transport L-alanine with greater affinity, but also 

a wide range of other L-amino acids that could become available.

In retrospect, a more suitable solute to study the appearance 

of GAP activity may have been a amino-isobutyric acid. This amino 

acid has a prochiral centre and the potential to mimic both L- and 

D-alanine. The GAP provides its major route of entry into nitrogen- 

starved cells of Saccharomyces cerevisiae (Kim and Roon, 1982).

The great advantage of a amino-isobutyric acid is that, unlike 

L- (Woodward and Cirillo, 1977) and D-amino acids (Zenk and Schmitt, 

1965), it is not metabolically altered in Saccharomyces cerevisiae 

nor is it incorporated into protein since it lacks a hydrogen atom 

on the a-carbon atom (Kim and Room, 1982). The possibility that 

metabolic products, of this amino acid,may leave the cell is there

fore ruled out (Kotyk and Rihova, 1972; Kim and Roon, 1982) . 

However a possible disadvantage is that the K^ value for a-amino- 

isobutyric acid transport by the GAP is much higher than those found

for most L-amino acids. Indeed, if the value for K observed byT
K i m  and Roon (1982) for a -amino-isobutyric acid transport (270 yM) 

is compared with the value (20 yM) for L-alanine transport by the 

GAP found in the present study it is immediately obvious that the 

affinity of this system is substantially higher for L-alanine.
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This is not, however, too surprising since a-amino-isobutyric acid 

combines features of both L- and D-amino acids in one molecule, 

the latter of which generally exhibit higher values (Rytka,1975).

To what, then, may the differences observed in the kinetics of

GAP synthesis following an oleyl-linoleyl switch be attributed?

Several possible explanations can be invoked to explain the greater

V value but virtually identical K value of the GAP for L-alanine max T
in organisms enriched in linoleyl rather than oleyl residues foll

owing complete derepression (after 1.5 - 2.0 h). Firstly, it may 

simply reflect the insertion of a greater number of GAP systems 

into the plasma membrane of linoleyl- as opposed to oleyl-enriched 

organisms. Secondly, it may be attributable to a greater membrane 

fluidity in the immediate environment of one or more of the GAP 

proteins in the linoleyl-enriched organisms, thereby allowing the 

transport system to operate more rapidly. This explanation has pre

viously been invoked to explain greater V values for accumulationmax
of other L-amino acids by more specific constitutive amino acid

transport systems in organisms enriched in linoleyl as compared

with oleyl residues (Keenan and Rose, 1979; Keenan et ai., 1982).

Alternatively it is conceivable that this increased V valuemax
arises from a preferential influence of the lipids surrounding the

GAP complex, in linoleyl-enriched organisms, on the conformation

of those proteins involved in the movement of L-alanine across the

plasma membrane, rather than the GAP binding protein . However other

factors must also be considered to explain the two fold difference

in the V value for L-alanine accumulation by the GAP, by organisms max
after 1 h in derepression buffer.
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The GAP in Saccharomyces cerevisiae consists of a plasma membrane- 

bound complex of three proteins which effect transmembrane movement 

of amino acids, together with a loosely-bound periplasmic binding 

protein (Woodward and Kornberg, 1980). Although the apparent rates of 

protein synthesis were virtually identical in the differently-enriched 

organisms, the rates of synthesis of the individual components of 

the GAP were not studied. The data obtained might therefore indicate 

that one or more of the GAP proteins are synthesised faster,in the 

earlier stages of derepression, when the organism has membranes en

riched in linoleyl rather than oleyl residues. Nothing has yet 

been reported concerning the sites at which GAP proteins are syn- 

thsised. If some of these are synthesized on the plasma membrane, 

additional phospholipid unsaturation could accelerate their synthesis. 

A more likely possibility is that some .or all of the GAP proteins 

are synthesised intracellularly and transported to the cell plasma 

membrane in vesicles. This route has been suggested for synthesis 

in Saccharomyces cerevisiae of transport systems for sulphate 

(Novick et ai., 1981), L-arginine (Schekman, 1982) and proline 

(Courchesne and Magasanik, 1983).

Schekman (1982), using mutants (sec) blocked at different stages 

of the secretory pathway, showed that the likely route for transfer 

of proteins to the plasma membrane in Saccharomyces cerevisiae was 

very similar to that found in animal cells, namely endoplasmic 

reticulum Golgi ->• vesicle cell surface. If GAP proteins are 

synthesised by this route, the differences observed are more likely 

to have arisen from effects of the presence of linoleyl, as opposed 

to oleyl, residues on post-translational events. Indeed, the presence 

of linoleyl rather than oleyl residues in the plasma membrane and
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vesicles could accelerate fusion of the vesicles with the plasma 

membrane (Henschke et al., 1983). This suggestion raises the possi

bility that plasma-membrane phospholipid unsaturation could be 

the regulatory factor controlling insertion of proteins into the 

membrane. This idea is consistent with the views of Ramirez et al.

(1983). These workers reported that when secretion of proteins was 

blocked after transfer of sec mutants from permissive to non-per- 

missive temperatures, although phospholipid synthesis eventually 

declined none of the mutants exhi Uted a fall in lipid synthesis 

rapid enough to explain secretion failure. Since the restrictive 

temperature (37°C) was higher than the permissive temperature (24°C), 

the initial increase in the rate of phospholipid synthesis exhibited 

by all of the mutants would result in newly-synthesised lipids con

taining proportionally more saturated fatty-acyl residues. Incorpor

ation of these more saturated lipids into the plasma membrane could 

lead to a possible decrease in the affinity of the manbrane for protein 

insertion. This is also consistent with the view that specific 

sites exist in the plasma membrane for insertion of transport systems 

(Hennaut et al., 1970).

Alternatively, it is conceivable that one or all of the GAP 

proteins preferentially locate in the more fluid linoleyl-enriched 

domains of the phospholipid bilayer. The transiently greater 

of the GAP for L-alanine in these organisms could then be explained 

in terms of more rapid operation of the GAP in these regions, as 

opposed to oleyl-enriched domains. As the number of GAP systens 

inserted into the plasma membrane increased they would be forced to
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locate into less-fluid palmityl-enriched regions of the phospholipid

bilayer, thus diluting out the effect of the linoleyl residues on the

V value, max

It is possible that mutants of Saccharomyces cerevisiae Y185, 

similar to those of Saccharomyces cerevisiae X2180 (sec) used by 

Novick et al. (1981) to determine the order of events in the yeast 

secretory pathway could be useful in providing further insight into 

the apparent differential appearance of GAP activity in the plasma 

membrane. Indeed, incubation of such mutants enriched in oleyl or 

linoleyl residues at the non-permissive temperature, under conditions 

which lead to derepression of the GAP should result in accumulation 

of intracellular vesicles containing the protein constituents of 

this system. Once the temperature block is released, insertion 

of these proteins into the differently enriched membranes could then 

be studied in the absence of further protein synthesis.

Effect of plasma-membrane phospholipid composition on uptake of 

trialanine by Saccharomyces cerevisiae Y185

Data on accumulation of L-(Ala)^ by Saccharomyces cerevisiae 

Y185, enriched in either oleyl or linoleyl residues, gave linear 

Woolf-Hofstee plots indicating that they possess only a single 

transport system for this peptide. This is in good agreement with 

previously reported results which suggest that Saccharomyces cere

visiae possesses only a single general peptide-transport system 

that is capable of transporting a wide range of both di- and tri-
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peptides (Harder et al., 1977; Nisbet and Payne, 1979a). In the

present study differences in both the K and V values for accum-T max
ulation of radioactively labelled L-(Ala)^ by linoleyl as opposed

to oleyl-enriched organisms were apparent. Incorporation of linolèyl

rather than oleyl residues into cellular phospholipids led to an

approximately two-fold increase in the affinity of the peptide

transport system for L-(Ala)^ and a somewhat smaller decrease in

the V value, max

Previously Nisbet and Payne (1979a) reported a value for 
-4of lO M for L-(Ala)^ accumulation by aerobically-grown cells

of Saccharomyces cerevisiae H278b. The values for found in

the present study by following initial rates of radioactively

labelled L-(Ala)^ accumulation were not too dissimilar even though

the fatty-acyl composition of the plasma membrane phospholipids

will have been different. In addition the K value determined byT
the fluorescamine technique for L-(Ala)^ accumulation by oleyl-

enriched organisms was within the same range. No such comparison

can be made with the value obtained for accumulation of this

peptide by linoleyl-enriched organisms since a large standard

deviation was encountered. Using the fluorescamine technique

Nisbet and Payne (1979a) reported that the rate of L-(Ala)^

accumulation by Saccharomyces cerevisiae from an initial concentration
-1 -1of 0.1 mM varied between 1.0 and 4.3 nmol (mg dry wt cells) min

-1 -1with a mean of 2.2 nmol(mg dry wt cells) min . Similar results 

for L-(Ala)^ accumulation by oleyl-enriched cells of Saccharomyces
-1cerevisiae Y185 varied only between 3.9 and*5.7 nmol (mg dry wt cells)

-1 -1 -1min with a mean of 4.9 nmol (mg dry vrt cells) min and by linoleyl-
-1 -1enriched cells varied between 3.9 and 5.5 nmol (mg dry wt cells) min

-1 -1with a mean of 4.8 nmol (mg dry wt cells) min . The variation
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between results found here was therefore appreciably less.

However there are several differences between the two studies.

Firstly, the present study used organisms that were routinely
-1harvested at 0.25 mg dry wt ml whereas Nisbet and Payne (1979a)

used organisms which had been harvested between 0.2 and 0.7 mg dry 
-1wt ml . Although no study has been reported that has followed 

changes in the capacity of Saccharomyces cerevisiae to accumulate 

peptides during batch growth, the initial rates of uptake of 

some amino acids have been shown to vary throughout the culture period; 

these include L-lysine (Keenan, 1981) and L-valine (Woodward and 

Cirillo, 1977). This could clearly account for the large differences 

in the rates of peptide accumulation encountered by Nisbet and Payne 

(1979a).

Secondly, for several reasons removal of L-(Ala)^ by Saccharomyces 

cerevisiae Y185 was followed for only 5 min as compared with 20 min 

(Nisbet and Payne, 1979a). Effective comparisons between the two 

techniques used for assessing L-(Ala)^ accumulation could only be 

made if experimental conditions were identical. Also a shorter time 

course was used to ensure that the rate measured represents the 

true initial velocity. This is particularly important in studies on 

amino-acid accumulation since transinhibition of their transport 

systems can occur (Eddy, 198 2). It has not been established whether 

this is also true for peptides. However it is known that peptides 

once accumulated are rapidly broken down to their constituent amino 

acids by the action of intracellular peptidases (Wolf,1980). Although 

the accumulated amino acids can transinhibit amino-acid transport
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systems concerned with their uptake, it is at present unclear whether

they are able to exert an effect on the ,peptide transport system.

That the rate of peptide accumulation may not be linear over a

longer time course is suggested by the results of Payne and Nisbet

(1980). A plot of L-(Ala)^ accumulation against time was only

linear for 10 min. The time over which accumulation was measured

was also decreased to minimise exodus of L-(Ala)^ or products derived

from the metabolism of this peptide. This was particularly important

with accumulation of radioactively labelled peptide since the

fluorescamine technique is unable to detect either amino acids or

other metabolic products. Indeed, rates of L-(Ala)^ accumulation by

Saccharomyces cerevisiae Y185, enriched in either oleyl or linoleyl

residues, were substantially lower when determined by accumulation

of radioactive label as compared with the fluorescamine technique.

This discrepancy has also been shown to obtain with uptake of

the dipeptide L-(Ala) 2  by Saccharomyces cerevisiae T1278b (Payne

and Nisbet, 1980). These workers however, used proline-grown

cells, a condition known to derepress amino-acid trcinsaminases

(Woodward and Cirillo, 1977). The discrepancy found by Payne and

Nisbet (1980) was therefore partly attributed to metabolic conversion
14of the labelled L-(Ala) 2  into CO 2 and amino acid-deamination products 

which then leave the cell. In the present study, Saccharomyces 

cerevisiae Y185 was grown in the presence of ammonium ions. Under 

such conditions amino-acid transaminases would have been repressed 

(Woodward and Cirillo, 1977) , so that metabolic conversion by these 

enzymes cannot be invoked to explain any discrepancies. In addition, 

loss of pre-accumulated label by both oleyl- and linoleyl-enriched 

organisms was minimal. It is however possible that estimation of
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peptide-transport rates by the fluorescamine technique was not suf

ficiently sensitive over the shorter time course employed in this 

work.

Thirdly, Nisbet and Payne (1979a) routinely used proline-grown 

cells since organisms grown on proline as a nitrogen source were 

known to transport peptides at ten times the rate of ammonium-grown 

cells (Becker and Naider, 1977). In this respect it was sonewhat 

surprising to find rates of L-^Ala)^ transport by ammonium-grown 

Saccharomyces cerevisiae Y185 similar to those reported by Nisbet 

and Payne (1979a). Indeed, data recently obtained in this laboratory 

(J. Waring; unpublished observations) using the fluorescamine tech

nique showed that suspension of ammonium-grown cells of Saccharomyces 

cerevisiae Y185 in a derepression buffer containing glucose and 

phosphate but no nitrogen source led only to a two-fold increase in 

the velocity of L-(Ala)^ accumulation. When initial velocities of 

L-(Ala) 2  uptake were determined by accumulation of radioactively 

labelled peptide no increase was observed over a derepression period 

of 4 h. Clearly this suggests that there may be variations between 

different strains of Saccharomyces cerevisiae with respect to peptide 

transport.

EFFECT OF FATTY-ACID SUPPLEMENTATION OF BREWER'S WORT ON REMOVAL OF 

AMINO ACIDS AND PEPTIDES BY SACCHAROMYCES CEREVISIAE NCYC 240.

Yeast harvested at the end of both normal and high-gravity lab- 

oratory-scale fermentations had completely different spectra of fatty-
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acyl residues when the wort had been supplemented with linoleic acid.

In unsupplemented fermentations there was a shift towards production

of shorter-chain length saturated fatty acids (C - C ). This
o  1 2

was consistent with results of other workers (Aries et ai., 1977).

This shift is presumably triggered to maintain the fluidity of 

cellular membranes when unsaturated fatty-acyl residues cannot be 

produced.

During fermentation of all-malt wort, all of the amino acids 

analysed were almost completely absorbed by the yeast irrespective 

of the presence or absence of linoleic acid. The exception was 

the imino acid proline. However, degradation of proline requires 

molecular oxygen which was not readily available since it is depleted 

relatively early in the fermentation (Aries et al., 1977). Incor

poration of linoleic acid into the cellular lipids of Saccharomyces 

cerevisiae NCYC 240 appeared to have very little effect on the rate 

or extent of amino acid removal. Haslam and A1 Mahdawi (1980)reported 

that a depletion of unsaturated fatty acyl residues to less than 

10% of the total fatty acyl residues impaired D-maltose and L- 

1eucine transport by Saccharomyces cerevisiae. They suggested this 

may have arisen because, under such conditions, the proton gradient 

required for the energisation of amino acid transport cannot be 

maintained. However, even in unsupplemented fermentations, the 

percentage of unsaturated fatty acids only fell to 20% of the total 

fatty acids of Saccharomyces cerevisiae NCYC 240. The lack of 

differences in the rate or extent of amino acid absorption during 

fermentation of unsupplemented and linoleic acid-supplemented 

worts may be because operation of amino acid-transport systems in
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Saccharomyces cerevisiae NCYC 240 is regulated by the bulk properties 

of the plasma membrane and not by the presence or absence of 

specific fatty-acyl residues within the phospholipids. However, the 

small differences in rates of removal of glycine and phenylalanine 

may reflect a specific effect of linoleyl residues on the GAP..

Indeed, at this time the amino acids of group A had been severely 

depleted and the concentration of those of group B had declined to 

at least half of their initial concentration. That the GAP will 

have been derepressed at this time was suggested by Rose and Keenan

(1981). The influence of linoleyl residues on the rate of removal 

of these two amino acids at this time is consistent with the effects 

of incorporation of linoleyl residues rather than oleyl-residues into 

the phospholipids of Saccharomyces cerevisiae Y185 on derepression 

of the GAP.

Several other interesting features were apparent in these 

fermentations. The concentrations of amino acids in the all-malt 

wort, although very similar to those in the wort analysed by Jones 

and Pierce (1964), were on the whole slightly greater. Indeed, 

values determined by Jones and Pierce (1964) for their wort 

were at the lower end of the concentration ranges found in this 

study. Although Jones and Pierce (1964) defined the four groups 

according to the rate of amino-acid rénovai during"brewery ferment

ations they also studied a 'laboratory-scale' anaerobic fermentation 

of brewery mixed-hopped wort. The classification of amino acids 

according to their speed of removal from wort under such conditions 

was virtually identical to that found during brewery fermentatins.

The exception however, in their laboratory-scale fermentation and in
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this study was methionine. Indeed this amino acid, which was placed 

in group B by Jones and Pierce (1954), was removed more quickly 

than any other amino acid. In addition there was an initial lag 

phase of 10 h before other members of group B namely, leucine, 

isoleucine and valine, were removed by Saccharomyces cerevisiae 

NCYC 240, whereas there was no such delay in methionine removal. 

Absorption of members of group A also showed no appreciable lag 

phase. I therefore contend that methionine should belong to group A 

rather than group B. Further evidence for this can be provided by 

a comparison of the systems available for transporting methionine 

and other group A amino acids from wort. Although a different strain 

was used in the wort fermentations, it is likely that it possesses 

similar transport systems to Saccharomyces cerevisiae Y185, and 

that the values will be of the same order of magnitude in the 

two strains. The wort concentrations of aspartic and glutamic acids 

as well as methionine are well below the values for their respective 

low-affinity transport; therefore it is unlikely that these systems 

play a role in the transport of these amino acids from wort. 

Accumulation of serine, threonine, the dicarboxylic amino acids 

and methionine was probably therefore accomplished by only single 

transport systems. It is therefore not inconceivable that methionine 

should be placed in group A, particularly since the wort concentration 

of this amino acid was between 2.5 and 7-fold greater than the K̂ . 

value for high-affinity L-methionine transport whereas the value 

for L-serine transport by Saccharomyces cerevisiae Y185 was very 

close to the wort concentration of this amino acid.
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The distinction between group-B and group-C amino acids was not 

as clear cut as might have been expected from the rigid classification 

of Jones and Pierce (1964) although the time taken for group-C amino 

acids to decline to half their concentration in wort suggested that 

they were removed later in the fermentation than group-B amino acids.

In addition, an initial lag phase was apparent for amino acids belonging 

to both groups. In many respects the absence of clear-cut groupings 

was not surprising since specific transport systems for both L-alanine 

and L-glycine (F. Veazey; unpublished observations) have been described. 

Although the value for glycine transport was not determined, this 

value for L-alanine transport by Saccharomyces cerevisiae Y185, 

enriched in oleyl or linoleyl residues, was approximately 1 mM and 

therefore within the range of the wort concentration of this amino 

acid.

Although brewer's malt wort is known to contain a variety of 

peptides (Clapperton,1971) the exact number present has not been 

determined. It is, however, likely to be very large given the 

pontential number of just di- and tripeptides that could be present. 

Separation of such peptides would involve long and laborious methods. 

With several reservations, the fluorescamine assay was used to gain 

further insight into depletion of peptides during fermentation of 

brewer's worts. This assay is not ideal when dealing with mixtures 

of peptides since fluorescamine reacts with peptides to give compounds 

that differ in fluorescence yield depending on the chemical composition 

of the peptide. In addition, it does not react with prolylpeptides 

to give a fluorescent product. This method does however have the 

advantage that peptides may be assayed in the presence of amino 

acids.The exceptions to this are L-phenylalanine and L-histidine 

which have relatively high yields but react more slowly



186

(Payne and Nisbet, 1981). The concentrations of both of these 

amino acids in wort are, however, relatively low (Jones and Pierce, 

1964).

Removal of peptides from both the all-malt and adjunct wort by 

Saccharomyces cerevisiae NCYC 240 occurred from the beginning of 

the fermentations without any substantial lag phase. The faster rate 

of removal of peptides from the all-malt wort can presumably be 

explained by the fact that the peptide concentration of this wort 

was twice that of the adjunct wort. It was interesting to find that 

the peptides were depleted to a greater extent during fermentation 

of the adjunct wort. Although this may simply have been due to 

a different spectrum of peptides being absorbed from the different 

worts, a limitation of the fluorescamine assay already referred to f 

other factors may have been responsible. Indeed, it may indicate 

that nitrogen starvation was responsible for termination of yeast 

growth in the high-gravity fermentations. This is consistent with 

the lower yield of yeast from both linoleic-acid supplemented and 

and unsupplemented high-gravity fermentations which indicates that 

cessation of growth was probably influenced by factors other than 

those affecting yeast growth during fermentation of all-malt wort.

In the latter fermentations, growth was most probably terminated by 

the effect of oxygen deprivation on synthesis of sterols. Evidence 

that sterol deprivation is responsible for termination of yeast 

growth in all-malt worts comes from Aries et al. (1977). That 

deprivation of unsaturated fatty-acyl residues, whose synthesis 

also requires molecular oxygen (Andreasen and Stier, 1954), væs not 

responsible is suggested by the virtually identical final yeast mass



187

from fermentations of both unsupplemented and linoléic acid- 

supplemented all-malt wort. If nitrogen starvation is limiting 

yeast growth in high-gravity fermentations, then it is not surprising 

that peptides are absorbed to a greater extent in such fermentations 

than from all-malt fermentations since all of the available peptide 

may simply not be required by the yeast in the latter.

Alternatively, the greater extent of depletion of wort peptides 

during high-gravity fermentations may reflect a derepression of 

extracellular peptidases in organisms in the adjunct wort. This 

would lead to a different spectrum or a greater number of potential 

peptide substrates being made available. Relatively little is, 

however, known about extracellular peptidases although the existence 

of at least one was suggested on the basis that the a-factor is an 

oligopeptide of 12- or 13-amino acid residues (Stotzler et ai.,

1975). Given the size restrictions of peptide transport by Saccharo

myces cerevisiae (Becker and Naider,1980) then this hormone can 

only enter the y east cell after cleavage into smaller peptides. 

However whether this peptidase is specific for a-factor is not 

known.

Where the supply of peptides appears to be more crucial, namely 

in high-gravity fermentations, the apparent rate of peptide removal 

was faster in linoleic-acid supplemented fermentations. This is 

consistent with the finding, for accumulation of other solutes, 

especially certain amino acids by different strains, of Saccharomyces 

cerevisiae, that incorporation of linoleyl residues can influence 

transport, kinetics. Whether this was because of specific effects
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of linoleyl residues, present within the plasma-membrane phospho

lipids, on the peptide transport syston of Saccharomyces cerevisiae 

NCYC 240 or the effect of these residues on the bulk properties of 

the membrane is not known.
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