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Plasma membranes from Saccharomyces cerevisiae were prepared by

a new procedure involving lyticase treatment of the yeast cells. The

plasma membranes were right-side out, closed vesicles of uniform

appearance with a sterol to phospholipid molar ratio of 0.365. The

thermotropic behavior of these plasma membranes from wild-type yeast

and from its sterol mutants was examined by differential scanning

calorimetry, fluorescence polarization, nuclear magnetic resonance,

and Arrhenius kinetics of plasma membrane enzymes. While DSC failed

to demonstrate any lipid transition, fluorescence anisotropy data

indicated that lipid transitions were occurring in the plasma

membranes of the sterol mutants but not the sterol wild-type.

Physical studies of mitochondria of the yeast wild-type and its
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sterol mutants gave similar results. Parallel experiments with model

membrane liposomes verified that the phase transition observed by

fluorescence polarization is dependent on the sterol present. NMR

data suggested that the plasma membranes from both types of yeast

were undergoing a phase transition, but the nature of this

transition was undefined. The apparent discrepancies in these

results may be ascribed to lateral phase separations of the

phospholipid and sterol present in the membranes.

The temperature dependence of the plasma membrane enzymes,

chitin synthetase and Mg -ATPase, was also investigated. The

Arrhenius kinetics of chitin synthetase did not reveal any

transitions in either the sterol mutant or wild-type plasma

membranes, yet the Arrhenius kinetics of the Mg
++
-ATPase suggested

that lipid transitions were occurring in both cases. To explain this

phenomenon, a model is proposed involving the existence of at least

two different domains in the yeast plasma membrane, one domain being

sterol-rich and the other domain being sterol-poor.
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THE DISTRIBUTION AND INFLUENCE OF STEROLS IN YEAST MEMBRANES

I. INTRODUCTION

The role of sterols in membrane physiology has been the subject

of considerable research interest. Using model membrane systems as

well as biological membranes, it has been well-documented that

sterols serve several functions in membrane bilayers. These

functions include the ability to maintain membrane integrity at

elevated temperatures, to allow for increased membrane fluidity at

lower temperatures, and to promote hexagonal phase transitions in

lipid bilayers for membrane fusion (9,22,30,40,53,70,75,81).

The ability to fulfill these functions in membrane systems is

largely dependent on the structure of the sterol. The sterol must

have a 3p-hydroxyl group, a planar nucleus, and an alkyl side chain

(9,30,40,70). Within these requirements, however, there is a wide

range of possible sterol structures (Figure 1). This is reflected in

the diversity of sterols found in natural membranes, where

structures vary from cholest-5-en-3pol (cholesterol) the predominant

sterol in animals and ergosta - 5,7,22 - trien -3$ol (ergosterol) the

predominant sterol in fungi to a host of unusual sterols found in

marine organisms (9,30,40,70). The question then arises as to

whether or not all naturally occurring sterols can each fulfill

sterol functions in membranes equally well.
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Figure 1. Structure of sterols. Basic sterol structure with
numbering. Egs. cholesterol, ergosterol.
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II. LITERATURE REVIEW

A. Model membrane studies

The function of sterols in membranes has been examined by two

systems. In the first, physical techniques are used to study model

membrane systems which contain phospholipids and various

concentrations of sterols. Cholesterol is by far the most commonly

used sterol in such studies and there is the tacit assumption that

those sterols of similar structure to cholesterol will have much the

same properties. Other sterols, however, have been employed for

purposes of delineating sterol structural requirements, as will be

discussed later. Model systems have demonstrated that the presence

of sterols can reduce lipid phase transitions, destabilize the

membrane bilayer, cause membrane condensation, create lateral phase

separations, decrease membrane permeability, control the level of

membrane hydration, and affect membrane enzymatic activities

(9,22,30,40,53,70,75,81).

Bilayer phospholipids undergo endothermic phase transitions from

a rigid state to a more fluid state as their fatty acid chains

'melt' with increasing temperature. This transition from gel (111) to

liquid-crystalline (La2 phase is highly cooperative, and the

temperature at which it occurs is dependent upon the phospholipid

headgroup, fatty acid chain length, and degree of unsaturation

(30,40). Differential scanning calorimetry (DSC), nuclear magnetic
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resonance (NMR), and fluoresence polarization studies of

phospholipid-sterol mixtures have shown that sterols decrease the

enthalpy of the gel to liquid-crystalline phase transition by

reducing the 'cooperative' melting of the phospholipid fatty acid

chains (30,40). At higher concentrations, sterols can effectively

eliminate this phase transition by broadening the temperature of

transition over 70° to 80°C (Figure 2). Thus, in the presence of

sterols, some phospholipid molecules will remain in a liquid state

below the phase transition temperature, and the membrane will appear

more fluid. Above the phase transition temperature, some

phospholipid molecules will still be in the gel state and the

membrane will appear more rigid. Therefore, sterols maintain not

only membrane fluidity but membrane integrity as well, by providing

an 'intermediate state of fluidity'(30,40).

Sterols may, however, in certain cases increase membrane

disorder by destabilizing the bilayer structure. NMR and X-ray

diffraction have shown that phospholipids are polymorphic and can

assume structures other than bilayers when in solution, including

hexagonal arrangements (Figure 3) (22). NMR studies have also

revealed that sterols may promote the lamellar (La) to hexagonal

(H11) phase transition of some phospholipids (eg., phosphatidyl-

ethanolamine) (22,23,24,38,99). This may occur because the

cone-shaped molecular structure of sterols can readily accomodate

the hexagonal phase. The ability of sterols to destabilize bilayers
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Figure 2. DSC heating scans of DPPC-ergosterol liposomes.
Liposomes with increasing ergosterol concentrations were
prepared and scanned as described in Methods. Ergosterol
concentrations: 0 mol% (A), 5 mol% (B), 10 mol% (C), 20 mol%
(D), 30 mol% (E).
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amine (hexagonal), and 85 mol% soya phosphatidylethanolamine/
15 mol% egg yolk phosphatidylcholine (isotropic). (Reference 22).



7

may be very important in membrane fusion, biogenesis, exocytosis,

endocytosis, transport, and lipid asymmetry (22).

Monolayer phospholipid film studies using the Langmuir-Adam and

Wilhelmy plate method have demonstrated that sterols can reduce the

surface area of films by condensing the phospholipid monolayer

(30,40,74). This condensation may again arise from the molecular

cone-shaped structure of sterols, which allows for intercalation of

the sterols between the phospholipid molecules without increasing

the distance between phospholipid headgroups (40). Nevertheless, the

phospholipid fatty acid chains would no longer be tightly packed and

the membrane becomes more fluid.

Several techniques including NMR, DSC, X-ray diffraction, and

electron spin resonance (ESR) have been used to study lateral phase

separation in phospholipid-sterol liposomes (30,40,46,54,60).

Phospholipids within bilayers form transitory clusters with other

phospholipids of similar phase transition temperatures (30,40). The

presence of sterols inhibits these lateral separations of

phospholipids (30). However, physical studies indicate that sterols

themselves tend to segregate out with phospholipid molecules

(3,26,30,32,33,46,54,60,79,80,101,102) . This phenomenon causes the

formation of sterol-rich and sterol-poor domains within the

phospholipid bilayer. Moreover, in the presence of more than one

class of phospholipid, DSC scans indicate that cholesterol has a

preferential affinity for negatively charged phospholipids
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(sphingomyelin >> phosphatidylserine, phosphatidylglycerol >

phosphatidylcholine >> phosphatidylethanolamine) (101). This

affinity may involve hydrogen bonding between the phospholipid

headgroup and the sterol 1A-hydroxyl, and/or the cone-shape

molecular structure of the sterols. Cholesterol also has more

affinity for phospholipids in the fluid state than for phospholipids

in the gel state (26,28,30,54,60). Thus, cholesterol selectively

associates with phospholipids having the lowest temperature of

transition (i.e., those with shorter fatty acid chains and

unsaturations). The result is a heterogenous distribution of lipids

in the membrane such that there are patches of fluid sterol-rich

regions interspersed with patches of gel phase sterol-poor regions

(52,54,79,80,94). The size and nature of these regions are very

transient and are temperature dependent.

Another level of sterol effects, which result from the ability

of sterols to control the state of the bilayer, is membrane

function. Model systems have been used to examine membrane

permeability, hydration, and enzymatic activities. In radiolabel

trapping studies, for instance, it has been shown that sterols

decrease liposome permeability of solutes like glycol, glycerol,

glucose, and ions, particularly in the presence of membrane proteins

(29,30,40,74). This decrease may involve reducing the partitioning

of solutes into the bilayer rather than actually preventing

diffusion through the membrane (40).
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The level of membrane hydration also decreases in the presence

of sterols (30,97). X-ray diffraction, DSC, and fluorescence studies

have shown, however, that the depth of water penetration increases

2.5 Angstroms in the absence of sterol (92). This factor plus the

sterol modulation of membrane fluidity greatly affects enzymatic

activities as was demonstrated by Arrhenius kinetics in rabbit

kidney (Na+-K
+
)ATPase reconstitution experiments (50). In such

cases, the presence of sterols may reduce phase transitions with the

result that there is no change in the activation energy of the

membrane enzymes. A phase transition in the lipid surrounding the

protein may occur in the absence of sterols, however, and the

corresponding change in the enzyme activation energy is indicated by

discontinuities in the Arrhenius plots (50).

For some membrane enzymes, particularly ATPases (30,40,50,61,

74,105), the presence of sterol appears inhibitory. Reconstitution

experiments of such enzymes as the Mg
++
-ATPase of rat liver

mitochondria have shown that cholesterol reduces the molecular

motion within the bilayer thereby decreasing enzyme activity,

analogous to the effects of lowering the temperature (40,74). It has

been further established that for some enzymes, like the Ca
++

-ATPase

of the sarcoplasmic reticulum, cholesterol must be excluded from the

annular lipid immediately surrounding the protein for enzyme

activity (103).
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B. Biological membranes

The second system employed to understand the role of sterols in

membrane physiology has been the use of biological membranes

isolated from cellular fractions to form in vitro systems. These

biological membrane systems are then examined by physical and

enzymatic techniques. Such biological studies have revealed that the

concentration of sterol present in membranes dramatically influences

their properties.

Differential scanning calorimetry of biological membranes has

proven that sterol enrichment can reduce the gel to liquid-

crystalline phase transition of the membrane (27,30,40,47,62).

Fluorescent probe studies have established that sterol depletion

also decreases lipid lateral diffusion in erythrocytes (47), and

increases membrane fluidity in erythrocytes, lymphocytes, and

synaptic plasma membranes (2,47,71).

Sterol enrichment and depletion can also affect permeability,

transport, and other membrane functions. Sterol enrichment, for

instance, prevents lymphocyte activation and increases their

microviscosity (2), decreases phase transitions in mycoplasma

(30,40), reduces permeability to glycol in acholesplasma (27),

prevents osmotic hemolysis in erythrocytes (40), inhibits the

(Na44
+
)ATPase in erythrocytes (105), and decreases respiratory

control ratios in rat mitochondria (20). Sterol depletion,

correspondingly, causes the loss of oxidative phosphorylation and
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decreases ATP uptake in yeast mitochondria (43), alters the affinity

of the Na+-K+ pump for cations in erythrocytes (39), increases

glucose permeability and osmotic fragility in erythrocytes (13,41),

allows more lectin agglutination in leukemia tumor cells (40), and

causes the loss of GABA (Y-aminobutyric acid) uptake in synaptic

plasma membranes (71). All of these studies indicate that the sterol

concentration is critical.

As in the enzyme reconstitution experiments, the sterol

concentration may also influence the Arrhenius kinetics of enzymes

in biological membranes (30,40). In normal rat liver mitochondria,

there are discontinuities in the Arrhenius curves of several

enzymes, including succinate cytochrome c reductase, NADH-cytochrome

c reductase, and Mg
++
-ATPase (34). In rat hepatoma mitochondria,

where the concentration of cholesterol is 5-fold higher, these

discontinuities no longer exist. In yeast mitochondria, the

temperature of the Mg
++

-ATPase discontinuity can be increased 17 °C

by inducing sterol depletion through anaerobiosis (19).

In light of the above observations, recent findings of

sterol-rich domains in biological membranes and asymmetric

distributions of sterols across membrane bilayers are very

significant. By using polyene antibiotics (eg., filipin) to bind

membrane sterol, electron micrographs have revealed that the

polyene-sterol complexes occur only in certain regions of many

membranes. Thus, it has been established that sterol-rich domains
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exist in such membranes as the cisternae of Golgi apparatus in mouse

pancreatic cells (73) and the nuclear membranes of mouse Ehlrich

ascite tumor cells (49) and urinary bladder cells (4). Sterol-poor

domains have been found in the tight junctions of quail oviduct

(17), the gap junctions of rat hepatocytes (85), the acetylcholine

receptor sites in frog muscle cells (12,68), and the plasma

membranes of flagellates (86).

The asymmetric distribution of sterol across membranes has been

demonstrated by sterol exchange experiments, freeze-fracture

electron microscopy, NMR, and fluorescent probe studies. These

studies indicate that while there is a homogenous transbilayer

distribution of sterol in some membranes (egs., rat erythrocytes

(10), influenza virus (57)), there is more sterol present in the

outer bilayer leaflet than in the inner leaflet of human erthrocytes

(35), mouse erythrocytes (89), and mycoplasma membranes (7,18).

However, in phosphatidylcholine liposomes (25,45), LM fibroblasts

(42,89), and vesicular stomatitis virus (77), the sterol

concentration is higher in the inner leaflet. This bilayer

distribution and the presence of sterol-defined domains allows for

more latitude in controlling membrane function. Sterols may not only

influence bulk membrane properties but microenvironments as well.

How the heterogenous concentration of sterol in biological

membranes is maintained has not been established. It is possible

that sterol affinity for certain phospholipids plays a role as
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discussed previously. Membrane proteins may also be important, as at

least some proteins, like the Mg
-1-+

-ATPase from the sarcoplasmic

reticulum (30,52,103), exclude cholesterol from their annular lipid.

Thus, the heterogenous distribution of membrane proteins may also

then result in a heterogenous distribution of membrane sterol

(30,40,52).

C. Sterol structure studies

Model membrane studies have been extremely useful in defining

which structural characteristics are necessary for sterols to

function adequately in membranes. Generally, three characteristics

are considered essential; a 3P-hydroxyl group, a planar nucleus, and

a trans-oriented alkyl side chain (8-9 carbons) at the C-17

position (9,30,40,70). Sterols lacking these features are not

efficient in reducing lipid phase transitions as demonstrated by DSC

studies nor do they decrease membrane permeability as examined by

radiolabel trapping experiments (27,29). Fluorescence polarization

showed that a planar nucleus is required for increased

microviscosity (40). Sterols without the 3p-hydroxyl group or an

alkyl side chain are also unable to condense phospholipid monolayers

or to promote lamellar to hexagonal phase transitions (26,38,54).

The chemical and physical interactions between sterols and

phospholipids, which require these structural features of the sterol

molecule, have not been experimentally established. The 3p-hydroxyl
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is proposed to orient the sterol with respect to the bilayer

(30,40). It may also be involved in hydrogen bonding with the

phospholipid headgroups or with water bound to the membrane (30-,40).

The nucleus confers the coneshape to the sterol molecule which

provides an adequate topology for placement between the inverted

coneshaped phospholipid molecules (40). The planarity of the

nucleus appears to be responsible for immobilizing the phospholipid

carbons adjacent to in this region because of packing constrictions

(40). The alkyl side chains allow fluidity within the inner regions

of the bilayer and may contribute to the Van der Waals interactions

with the phospholipid fatty acid chains (30,40).

The same sterol structural features are generally necessary in

biological membranes as well. In those organisms which require

sterols for growth (egs., mycoplasmas, anaerobic yeast, yeast sterol

auxotrophic mutants, insects, etc.), viability appears to be

dependent on the presence of the alkyl side chain and a planar

nucleus (9). The 3phydroxyl group was shown to be essential in

decreasing glycerol permeability in erythrocytes (13), as well as

decreasing glycerol and erythritol permeability and reducing phase

transitions in Acholesplasma laidlawii membranes (27).

Subtler changes in the sterol structure may be permitted in

certain cases, however, without loss of viability. Mycoplasmas and

yeast, for instance, have been shown to grow on a variety of sterol

structures (9). These include sterols, like ergosterol, which have
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additional carbons and/or unsaturations in the side chain. In model

and animal systems, such sterols are not as effective as cholesterol

in reducing the enthalpy of phase transitions, decreasing

permeability, condensing bilayers (30,40, 91) or distributing

symmetrically across the bilayer (18). Generally, sterols with

altered side chains are considered to be less efficient in ordering

membranes.

Thus, the type of sterol structure incorporated by these

organisms influences their physiology. The properties of the

membranes from organisms with altered sterol compositions are

different from the properties of the wild-type membranes. In yeast

sterol mutants, it has been shown by fluorescence polarization

studies of mitochondria (Figure 4) and Arrhenius kinetics of the

mitochondrial enzyme kynurenine hydroxylase (Figure 5) that phase

transitions occur in the sterol mutant membranes which are not

present in the wild-type membranes (65). For other yeast

mitochondrial enyzmes, cytochrome oxidase and sterol

methyltransferase, the transition temperature is lower in the sterol

mutants (98). Moreover, ESR studies indicate that the membranes of

yeast sterol mutants are more rigid than membranes of yeast

wild-types, suggesting greater membrane order in the mutants (55).

These sterol mutants are also more sensitive to ethanol and

detergents (56). Other studies show that changes in sterol

composition can also affect enzymatic activities. In Candida sterol
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370113,0;Z008r1,0 ), sterol mutants (3701B-N3,41;8R1,I1).
(Reference 65).
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mutants, for instance, the chitin synthetase activity is enhanced

because its zymogen is more susceptible to proteolytic attack (78).

D. Yeast systems

Much of the work on sterol function to date has involved

cholesterol in mammalian membranes. Several other systems though can

be utilized which have distinct advantages. Among these, yeast offer

a system where a large biochemical background is established,

cultural conditions may be easily controlled, and genetic

manipulations are possible (75).

In wild-type yeast, the predominant sterol is ergosterol.

However, mutants isolated by their resistance to polyene

antibiotics, like nystatin, accumulate ergosterol precursors

(Table I) (75). These sterol mutants, as mentioned above, appear to

have different membrane properties. In addition to the sterol

mutants, it is also possible to isolate yeast deficient in heme

biosynthesis. Unlike wild-type yeast which cannot utilize sterols or

unsaturated fatty acids from the medium under aerobic conditions,

these heme deficient yeast are auxotrophic for both sterols and

unsaturated fatty acids (9,96, Rodriguez, R. J., Ph.D. Thesis,

Oregon State University, 1983). The use of the yeast sterol mutants

and sterol auxotrophs allows for the in vivo introduction of

different sterol structures into biological membranes, which then

may be studied physically and enzymatically.



Table I. Yeast Strains.

Defect in Sterol
Strain Phenotypes Sterol(s) Accumulated Biosynthesis

S288C wild-type, nyss ergosterol
(3 units/ml)

JR 1 nys
r

ergosta-7,22-dienol A5desaturase
(8 units/ml)

JR 5 nys
r

zymosterol 6
24

methyltransferase
(14 units/ml) cholesta-5,7,22,24-tetraenol

ant's = nystatin: resistant concentrations in units nystatin/ml medium.
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III. METHODS

A. Growth of strains

Saccharomyces cerevisiae strain S288C (0C,SUC2,mal,ga12,CUP1),

and 2 mutant strains derived from S288C, JR1 and JRS (Table I) were

grown overnight at 27°C on 1% tryptone, 0.5% yeast extract, and 2%

ethanol to early log phase. Final growth yield of the yeast was

never greater than 2 g/1 wet weight.

B. Isolation of plasma membranes

1. Method 1: Lyticase digestion

Yeast cells were harvested by centrifugation at 4000 x g,

pre-treated with 0.5 M p-mercaptoethanol, 0.1 M TRIS buffer, pH 9.3

for 5 minutes at 30°C, and washed twice in lyticase buffer of 1.1 M

sorbitol, 10 mM phosphate, 1 mM EDTA, pH 7.5. The cell walls were

digested to form spheroplasts by incubation in lyticase for 1 hour

at 30°C with gentle shaking (1 g wet weight cells/3 ml lyticase).

Lyticase was prepared from Oerskovia xanthineolytica grown on

modified Sistrom's (90) medium containing 1.5% washed, autoclaved,

lyophilized yeast cells, for 72 hours. The O. xanthineolytica was

pelleted by centrifugation of the medium at 14,500 x g for 20

minutes, and the supernatant, containing the extracellular digestive

enzymes, was dialyzed against the above buffer extensively. This

dialysate (designated here as lyticase) was stored at 4°C and could
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be used for cell wall digestion up to 6 weeks after preparation.

The spheroplasts were washed 3 times in 0.9 M sorbitol, 10 mM

TRIS, 1 mM EDTA buffer, pH 7.4 and then osmotically lysed by

vortexing for 1 minute ih lysis buffer (10 mM TRIS, 1 mM EDTA

buffer, pH 7.4 or 50 mM imidazole, 2 mM MgSO4 buffer, pH 6.5) at 1

ml/g wet weight spheroplasts. After incubation on ice for 10

minutes, another 1 ml of buffer per g wet weight spheroplasts was

added to the suspension and vortexed for 1 minute. Following

incubation on ice for another 10 minutes, 2 ml of lysate was loaded

on 10-20-30-40-50-60-70% discontinuous sucrose gradients (2 m1:2

m1:2 m1:2 m1:2 m1:2 m1:1 ml) containing 10 mM TRIS, 1 mM EDTA, pH

7.5 and covered with 1 ml of lysis buffer. The gradients were

centrifuged at 27,000 x g for 30 minutes and fractionated from the

top in either 0.5 ml or 1 ml aliquots.

2. Method 2: Glusulase digestion

Yeast cells were harvested by centrifugation at 4000 x g for 1

minute, and the cell walls digested by Glusulase as described by

McLean-Bowen and Parks (65). The spheroplasts were washed, lysed,

and the plasma membranes were isolated as above (see Method 1).

3. Method 3: Concanavalin A conjugation

Yeast cells were treated with lyticase as described under Method

1. The spheroplasts were washed in 0.9 M sorbitol, 10 mM TRIS, 10 mM
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MgSO4 buffer, pH 7.5 for 3 times and incubated for 30 minutes at

27°C with gentle shaking in the same buffer containing fluorescein

isothiocyanate Concanavalin A (FITC-Con A) or unlabelled Con A at 1

mg Con A/g wet weight spheroplasts/0.5 ml buffer. After incubation

with the fluorescent Con A, the spheroplasts were washed 3 times

with the same buffer (sans Con A) and lysed as described above in

Method 1. Fluorescence of the Con A-labelled bands from the

discontinuous sucrose gradients was determined on an Aminco-Bowman

spectrophotofluorometer.

C. Radioactive labelling of the plasma membranes

The spheroplasts formed from the Glusulase and lyticase

digestions were each labelled with [

3
H]-N-ethylmaleimide (NEM) as

described by Schibeci, et al.(88). The spheroplasts were lysed and

the plasma membranes isolated as specified above (see Method 1). The

radioactivity in the sucrose gradient bands was determined by

counting 100 pl aliquots diluted in Aquasol II scintillation fluid.

D. Isolation of mitochondria

Yeast cells were harvested and lysed as detailed above (see

B. Isolation of plasma membranes, 1. Method 1: Lyticase digestion).

The mitochondrial band was identified, fractionated from the sucrose

gradients, and pelleted as previously described (11).
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E. Quantitation of membrane components

Lipids were extracted from the sucrose gradient bands by the

procedure of Bligh and Dyer (8), and separated by the thin-layer

chromatography system of Skipski and Barclay (93). Sterols were

quantitated by gas-liquid chromatography with cholesterol and

cholestane as internal standards as previously described (11,69).

Phospholipids were quantitated by the method of Ames (5), and

protein was quantitated by the method of Lowry, et al.(59) using

bovine serum albumin as the protein standard.

F. Preparation of liposomes

Liposomes were prepared by evaporating the lipids to dryness

under nitrogen and resuspending in 10 mM phosphate buffer, pH 6.8

containing 1 DPH, by vortexing and water bath sonicating into

solution (65).

G. Transmission electron microscopy

The bands from the sucrose gradients were fractionated as

detailed above and pelleted in 10 mM TRIS, 1 mM EDTA, buffer pH 7.4

by centrifugation at 48,000 x g for 30 minutes. The pellets were

fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.0,

solidified in 2% ionagar, and stained with 2% 0s04:cacodylate buffer

(1:1 v/v). After successive washing in 30% acetone, 50% acetone, 70%

acetone with uranyl acetate, and 100% acetone, the samples were
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infiltrated with Spurrs. The thin sections were treated with

Reynold's lead nitrate, sodium acetate stain prior to examination on

a Philips EM 300 transmission electron microscope.

H. Enzyme assays

Chitin synthetase activity was assayed by the method of Cabib

(16) with the exception that the N-acetylglucosamine particles were

isolated by fitration on to 0.45 pm Millipore filters instead of

centrifugation techniques. Mg
++
-ATPase activity was assayed

according to the procedure of Cross and Kohlbrenner (21).

*-Mannosidase was assayed by the method of Van der Wilden, et

al.(100). Cytochrome oxidase activity was measured as specified by

Wharton and Tzagoloff (104) and NADPH-cytochrome c reductase was

measured as described by Sottocasa, et al.(95). DNA content was

determined by the procedure of Burton (14).

In the enzyme inhibition studies, nystatin was incubated with

the plasma membranes for 30 minutes-prior to the start of the

reactions. Nystatin was solubilized in dimethylformamide and diluted

with the appropriate buffer to make stock solutions such that the

final concentration of dimethylformamide in the enzyme reactions was

less than 0.1%. This concentration of dimethylformamide did not

affect enzyme activity.

The sidedness of the plasma membrane vesicles was determined by

the inhibition of chitin synthetase by glutaraldehyde using the
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procedure of Duran, et al.(31). The final concentration of

glutaraldehyde was 0.25% in all cases. Spheroplasts treated with

glutaraldehyde before lysis were washed prior to disruption as

previously specified (31). Plasma membranes isolated from the lysate

containing glutaraldehyde were washed afer isolation from the

sucrose gradients. Plasma membranes isolated from the sucrose

gradients and then treated with glutaraldehyde were also washed as

above.

I. Physical studies

Fluorescence anisotropy was measured on a computerized

fluorescence anisotropy spectrometer (6), using the hydrophobic

probe 1,6-dipheny1-1,3,5-hexatriene (DPH) (65). The optical density

at 460 nm was 0.3 for all preparations and the concentration of DPH

was 1 pM in 10 mM TRIS, 1 mM EDTA buffer, pH 7.4.

High-sensitivity differential scanning calorimetry (DSC) was

conducted in a Micro-Cal I as previously described (76) using 10 mg

protein/ml of 10 mM TRIS, 1 mM EDTA buffer, pH 7.4 as the sample

concentration. Liposomes, plasma membranes and mitochondria were

scanned at a rate of 20°C per hour from 2.5°C to 75.0°C. Proteolysis

of-the membranes was performed by adding 1 mg pronase/ml of membrane

suspension and incubating the suspension at 25°C for 1 hour prior to

scanning.

31
P-nuclear magnetic resonance (

31
P-NMR) was measured using a
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Bruker WP-200 Fourier Transform NMR (99). Samples were prepared by

resuspending the equivalent of 50 mg phospholipid in 0.7 ml of

10 mM TRIS, 100 mM NaC1 buffer, pH 7.0 containing 20% D20 and

voxtexing vigorously into solution.

J. Materials

Snail gut enzyme preparation Glusulase was purchased from Endo

Laboratories, Inc. Concanavalin A, Concanavalin A fluorescein

isothiocyanate (FITC-Con A), bovine serum albumin, cholesterol,

nystatin, pronase, 1,6- diphenyl- 1,3,5 - hexatriene (DPH), and enzyme

reagents were from Sigma Chemical Co. Aquasol II and

N- [ethyl- 2-3H]-ethylmaleimide (NEM) were purchased from New England

Nuclear. Uridine diphospho-N-acetylglucosamine-[acetyl-1-
14
C] was

from International Chemical and Nuclear Corp. Dipalmitoylphospha-

tidylcholine (DPPC) used in the DSC analysis was purchased from

Calbiochem-Behring. All other chemicals and solvents employed were

reagent grade, and the solvents were re-distilled prior to use.

K. Instrumentation

A Sorvall RC-2B centrifuge was used for the centrifugations

involved in membrane isolations. Spectrophotometric assays for

enzyme activities and other analyses were conducted on a Beckman
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DU-8 spectrophotometer. Gasliquid chromatography quantitation

of sterols was performed on a Supelco SE-30 column in a Varian

Series 2700 gas chromatograph equipped with a CDS-111 data

processor. Densities of gradient fractions were determined by a

ABBE-3L Bausch & Lomb refractometer. Radioactivity was measured in a

Beckman LS8000 scintillation counter.
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IV. RESULTS AND DISCUSSION

A. Physical studies of mitochondria

As described earlier, work in our laboratory had indicated that

mitochondrial membranes from yeast sterol mutants have different

thermotropic properties than yeast wild-types (Figures 4,5).

Fluorescence polarization of 1,6- diphenyl- 1,3,5 - hexatriene (DPH) in

mitochondrial membranes from sterol mutants indicated that changes

in probe mobility were occurring which were not apparent in

wild-type membranes (65). These results were confirmed by the

Arrhenius kinetics of kynurenine hydroxylase, an outer mitochondrial

membrane enzyme (65).

We extended these studies to include a parental wild-type,

S288C, which accumulates ergosterol, and two sterol mutants derived

from S288C, JR1 and JR5, which accumulate ergosterol precursors

(Table I). The sterol mutant strains have been mapped as single gene

mutations and are considered to be isogenic with the parental.

Phospholipid analysis of the sterol mutant strains revealed that

there is little difference between the mutants and the parental

(McCammon and Parks, to be published). Therefore, unlike the

previous studies, it may assumed that differences in the

thermotropic properties of the sterol mutants and the wild-type are

solely due to differences in the sterol composition and not any

compensating phospholipid alterations.
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Fluorescence polarization studies of the mitochondrial membranes

from S288C and its sterol mutants, JR1 and JR5, reconfirmed the

earlier experiments (Figure 6). The wild-type membranes did not show

a phase transition in the physiological temperature range of yeast

(15°C to 40°C). The sterol mutant mitochondria, however, both

demonstrated a transition between 23°C and 28°C.

High-sensitivity differential scanning calorimetry of the

mitochondrial membranes gave other results. No reversible lipid

transitions were observed in the mitochondria isolated from either

wild-type or sterol mutant yeast within the temperature range

examined (Figure 7). Three irreversible transitions at 56°, 58°,

and 63°C appeared in all the mitochondria. The enthalpies of these

transitions could be reduced by a second scan of the same sample or

by treatment with pronase. Therefore, these transitions appeared to

be a result of protein denaturation rather than lipid phase

transitions.

To rule out the possibility of DPH influencing or inducing

transitions in the fluorescence polarization studies, the probe was

added to the mitochondrial preparations prior to the DSC scans. The

presence or absence of the probe had no observable effect.

Since protein denaturation was apparently masking any lipid

transitions occurring in the mitochondrial membranes of the sterol

mutants, another membrane system was sought which would have a

higher lipid to protein ratio than mitochondria. Yeast mitochondrial
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Figure 6. Arrhenius curves of fluorescence anisotropy of
mitochondria. Fluorescence anisotropy of DPH in mitochondria
from JR1 (AL) , JR5 (II), andoS288C p11) was measured as
described in Methods from 15 to 40 C.
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Figure 7. DSC heating curves of mitochondria. S288C mitochondria
(10 mg protein/ml) were isolated and scanned as described in
Methods. (A) First scan without pronase treatment. (B) Second scan
of (A). (C) First scan with pronase treatment.



32

membranes have a lower sterol to protein ratio and sterol to phos-

pholipid molar ratio than other cellular membranes (see Table IV).

If the sterol concentration is important in membrane properties, a

sterol enriched membrane needed to be examined. Moreover, the heme

deficient sterol auxotrophs, which could be used for similar

studies, do not have fully developed functional mitochondria.

Consequently, a new plasma membrane system was developed.

B. Identification of plasma membranes

Using the procedure of lyticase digestion of the yeast cell

walls (Method 1), the top band (p = 1.03) of the sucrose gradients

contained the bulk of the plasma membranes as demonstrated by the

distribution of the yeast plasma membrane markers chitin synthetase

and Mg
44
-ATPase (Table II, Figure 8). About 90% of these enzyme

activities was located in this band. These results were verified by

radioactive labelling experiments of the plasma membrane proteins

with N-ethylmaleimide (NEM) (Figure 9). Again in these experiments

90% of the plasma membrane was shown to fractionate in the top band.

The purity of this plasma membrane fraction was examined by the

use of other marker enzymes (Table II, Figure 10). Low levels of

cytochrome c oxidase activity in this band illustrated little

mitochondrial contamination, the major mitochondrial band being much

lower in the sucrose gradients (Figure 10A). Some contamination by

microsomes (NADPH-cytochrome c reductase) was evident (Figure 10A).



Table II. Specific Activities of Marker Enzymes and Lipid Distribution in Gradients. Cells were digested with
lyticase, the cellular lysate run on sucrose gradients, and the enzyme activities and lipid distribution
quantitated per mg protein as described in Methods.

F-raction
a ++

-ATPase
b

Mg Chitin synthetase

NADPH-cyto c

reductase

Cytochrome c

oxidase 00T-Mannosidese

(pmoles min
-1

mg
-1

) (moles min
-1

mg
-1

) ()tholes min-1 mg-1) ()moles min
-1

mg
-1

) (nmoles min
-1

mg
-1

)

1 0.000 0.34 0.0054 0.0010 0.27
2 0.037 0.92 0.0744 0.0014 0.50
3 0.222 4.63 0.0088 0.0083 0.83
4 0.192 4.22 0.0039 0.0078 1.37
5 0.129 4.29 0.0089 0.0054 7.14
6 0.080 1.57 0.0075 0.0025 14.50
7 0.027 0.63 0.0033 0.0100 9.33
8 0.007 0.74 0.0074 0.0259 7.04
9 0.006 0.20 0.0020 0.0530 1.00

10 0.004 0.45 0.0051 0.0538 0.77
11 0.005 0.45 0.0034 0.0716 0.80
12 0.005 n.75 0.0050 0.0675 1.75
13 0.000 0.53 0.0052 0.0029 1.05
14 0.000 0.50 0.0100 0.0027 3.33
15 0.003 0.33 0.0033 0.0050 1.80
16 0.026 2.02 0.0081 0.0113 2.10



Table 11 (continued).

DNA Phospholipid Sterol

(Pgrams mg
-1

) (Pmole mg
-1

) ( Pnole mg

0.07 0.013 0.0089

0.19 0.045 0.0036

0.20 0.104 0.0372

0.29 0.086 0.0336

0.57 0.112 0.0311

1.01 0.125 0.0109

0.80 0.083 0.0260

0.67 0.062 0.0117

0.60 0.300 0.0056

0.64 0.336 0.0123

0.95 0.321 0.0091

1.30 0.250 0.0059

1.68 0.044 0.0033

2.33 0.028 0.0025

1.00 0.042 0.0020

0.65 0.141 0.0323

a Fractions were collected in 1 ml aliquots from the top of the gradients;

fraction 1 represents the top of the gradient.

b
Mg

++ - ATPase activity measured was oligomycin-insensitive as described

in Methods.
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FRACTION NUMBER

Figure 9. Comparison of [

3
H]-NEM labelling of spheroplasts from

lyticase digestion (Method 1) and Glusulase digestion (Method
2). Spheroplasts were labelled, lysed, and the lysate run on
sucrose gradients as described in Methods. Gradients were
fractionated from the top (fraction 1) in 1 ml fractions.
Symbols: Method 1 (41), Method 2 (N).
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Figure 10A. Marker enzyme activities in sucrose gradients of
lysate from lyticase digested spheroplasts (Method 1). The
lysate and sucrose gradients (Method 1) were prepared and the
enzyme activities determined for 1 ml fractions (fraction 1 is
top of the gradient) as described in Methods. Cytochrome oxidase
( ), NADPHcytochrome c reductase ().



-

FRACTION NUMBER

38

Figure 10B. Marker enzyme activities in sucrose gradients of
lysate from lyticase digested spheroplasts (Method 1). The
lysate and sucrose gradients (Method 1) were prepared and the
enzyme activities determined for 1 ml fractions (fraction 1 is
top of the gradient) as described in Methods. oC- Mannosidase (A1),
DNA content ().
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However, this contamination was always less than 10% of the total

enzyme activities in the gradients and could be minimized by

layering lysis buffer over the lysate prior to centrifugation of the

sucrose gradients. Other markers for vacuoles (0(rmannosidase) and

nuclei (DNA content) indicated little or no contamination of the

plasma membrane fraction with these organelles (Figure 1013). The

purity of the plasma membranes was thus established with

contamination by other fractions being less than 10%.

As these results appeared to be inconsistent with previous work

(15,31,36,37,44,58,64,72,82,87,88), which reported plasma membrane

fractions of much greater densities, two other techniques for

isolation of plasma membranes were utilized. The first (Method 3)

involved the use of the lectin Concanavalin A to reinforce the

plasma membrane prior to lysis of the spheroplasts (see Methods).

Indeed, in these experiments, enzyme markers revealed a plasma

membrane fraction of much greater density (Figure 11). These results

were corroborated by conjugating the spheroplasts with fluorescein

Con A before lysis and then measuring the fluorescence intensity of

each fraction to locate the labelled plasma membrane. In these

experiments (Figure 11) the bulk of the plasma membrane was again

located at a much greater density (p = 1.22) than was seen without

Concanavalin A conjugation. There was, however, also a small peak of

intensity at the top of the gradients (p = 1.03), which appeared

consistently and represented some 20% of the total fluorescein Con A
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Figure 11. Effects of Con A conjugation (Method 3). FITC-Con A
was used to reinforce lyticase digested spheroplasts. Lysate was
run on sucrose gradients and fractionated from the top (fraction
1) in 1 ml aliquots as described in Methods. Fluorescence
intensity of FITC-Con A (ID) and chitin synthetase activity (II)
were measured as in specified in Methods.
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label in the gradients.

The other method of preparing a plasma membrane fraction

employed the snail gut preparation Glusulase (Method 2) for

digestion of the cell walls instead of lyticase (see Methods). The

pattern of enzyme marker distribution in the gradients was similar

to the experiments involving the Con A conjugation, and labelling

with NEM also confirmed this pattern of distribution (Figure 9). A

large band of high density (p = 1.22) representing the majority of

the plasma membrane was located near the bottom of the gradients with

a smaller band (p = 1.03) located near the top of the gradients.

The difference between these two types of plasma membrane

fractions appears to be the size of the vesicles and the amount of

internal components associated with the vesicles. The plasma

membrane vesicle size would be anticipated to be larger with Con A

reinforcement which would prevent the plasma membrane from

fragmenting into smaller vesicles. The amount of cell wall digestion

could also be a factor in the fragmentation of the plasma membranes

as any remaining cell wall could stabilize the membranes (15).

Therefore, if Glusulase was less efficient in cell wall digestion

than the lyticase, the Glusulase-prepared plasma membranes would

contain larger vesicles with more cell wall and internal components

present. We have observed using the lyticase digestion procedure

that any factor which influences the efficiency of digestion affects

the yield and distribution of the plasma membrane fraction. Thus,
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the age of the yeast culture, the particular yeast strain, the

temperature, pH, and length of digestion, and the age of the

lyticase preparation are all critical factors. It is of interest to

note that others have often reported a small band of plasma membrane

of comparable density to our plasma membrane fraction in their

gradients (31,58,64,72,88), as well as a larger plasma membrane

fraction of greater density.

C. Characterization of plasma membrane vesicles

The sidedness of the plasma membrane vesicles was determined by

inhibition of chitin synthetase by glutaraldehyde. Using this

technique, Duran, et al.(31) have demonstrated that chitin

synthetase is located on the inner surface of the yeast plasma

membrane. In parallel experiments, we treated the spheroplasts

before, during, and after lysis. Our results (Table III) indicate

that when the inner surface of the plasma membrane was exposed to

glutaraldehyde the chitin synthetase was inhibited (i.e., when

glutaraldehyde was present during lysis). If glutaraldehyde was

added after lysis, then the chitin synthetase was not inhibited

establishing that the plasma membrane vesicles are right-side out

(Table III).

The plasma membranes were further characterized by examination of

the fraction with transmission electron microscopy. Using the

lyticase digestion procedure (Method 1), the plasma membrane



43

Table III. Glutaraldehyde Inhibition of Chitin Synthetase in
Determining Sidedness of Plasma Membrane Vesicles. Plasma membrane
vesicles were isolated from lyticase treated spheroplasts in the
absence and presence of glutaraldehyde and the chitin synthetase
activity was determined as described in Methods.

Addition of Glutaraldehyde Chitin Synthetase Activity

[-roles of NAG converted to chitin]
min mg protein

None 124.9

Before lysis 109.5

During lysis 20.0

After lysis 102.2
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preparation (p = 1.03) was seen as many, small, uniform, closed,

bilayer vesicles (Figures 12A-B). These vesicles did not appear to

contain any internal contamination. The small, lower band located

where the bulk of the plasma membrane appeared using the other

procedures (y = 1.22) was also examined. This band was composed of

cellular material loosely enclosed in large vesicles, extraneous

cellular components, and non-vesicularized membranes (Figures

12C-D). The asymmetric appearance of the vesicles suggested that

little cell wall remained.

As the plasma membrane fraction from the lyticase digestion

procedure (Method 1) had the least contamination of other cellular

components, the largest yield, and the most uniform vesicles, this

was the procedure of choice for subsequent experiments. The lyticase

digestion procedure may be of great use in those cases where low

contamination of the plasma membrane fraction by cell wall and other

components is essential or where homogeneous closed vesicles are

desired.

D. Sterol quantitation of plasma membranes

The sterol composition of the yeast plasma membrane isolated by

lyticase digestion (Method 1) was quantitated on the basis of

phospholipid and protein content (Table II, Table IV). The

ergosterol to phospholipid molar ratio of the plasma membrane was

determined to be 0.365 compared to 0.321 ergosterol to phospholipid
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Figure 12. Electron micrographs of membrane fractions from lyticase

digested spheroplasts (Method 1). Preparation of fractions and

microscopy are described in Methods and text. Plasma membranes (low

density fraction), A. Bar ( ) = 0.5 pm; 36,000X. B. Bar ( ) =

0.1 pm; 148,800K. High density plasma membrane fraction, C. Bar

) = 2 pm; 6,800X. D. Bar ( ) = 1 hum; 12,800X.



Figure 12A.

Figure 12C.

Figure 12B.

Figure 12D.
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Table IV. Sterol Composition in Saccharomyces cerevisiae.

Whole cells

Mitochondria

Plasma membrane
a

Nuclear membranes

Vacuoles

Sterol Phospholipid
Protein Protein
(pmol /mg) (ymol/mg)

0.0225 0.070

0.0094

0.0372

0.313

0.102

47

Sterol
Phospholipid Reference
(ymol/pmol)

0.321

0.030

0.365

0.273

0.298

Table II

(11)

Table II

(63)

(67)

aPlasma membrane as isolated after lyticase digestion (Method 1).
Lipids were extracted and quantitated as described in Methods.



48

molar ratio of whole yeast cells. The ergosterol to protein ratio

was calculated to be 0.0372 }moles per mg for these plasma membranes

and 0.0225 pmoles per mg for whole cells. The plasma membranes are

thus enriched for sterol over the whole cell and other cellular

components such as nuclei and mitochondria (Table IV).

E. Physical studies of the plasma membranes

The thermotropic behavior of yeast plasma membranes was first

investigated by high-sensitivity differential scanning calorimetry

(DSC). The differential scanning calorimetry of the plasma membranes

from wild-type yeast, S288C, gave a large protein transition at 50°C

which could be eradicated by treatment with pronase (Figure 13). This

peak was superimposed over two other broad transitions occurring

from 5°C to 45°C and from 45°C to 100°C. The significance of these

broad transitions is not clear. They are unaffected by pronase and

cannot be observed if the same sample is scanned a second time

(Figure 13). The plasma membranes isolated from the yeast sterol

mutants, JR1 and JR5, gave identical DSC scans as the wild-type

yeast plasma membranes, despite the differences in the sterol

structures of those membranes. A protein transition at 50°C (which

could be eliminated with pronase) overlapped with other broad

transitions starting at approximately 5°C and 45°C.

31
P-NMR of the plasma membranes showed a lamellar phase was

clearly present in both the yeast wild-type and the sterol mutants
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Figure 13. DSC heating scans of plasma membranes. Plasma membranes
(10 mg protein/ml) were isolated and scanned as described in
Methods. (A) First scan without pronase treatment. (B) First scan
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(Figure 14). No hexagonal phase was detected in either type of

plasma membrane. A reversible shift to an isotropic phase at higher

temperatures was also evident in these membranes. Since the

isotropic phase may include several forms including cubic, rhombic,

inverted micellar, and micellar (22), one cannot determine which

phase is present in the membranes at elevated temperatures.

Moreover, it has not been established as to whether or not these

isotropic forms are naturally occurring and could be involved in

such processes as membrane fusion as has been postulated for the

hexagonal phase. The isotropic phase may arise just from the

dimensions of the plasma membrane vesicles.

Further physical studies on the fluidity of the yeast plasma

membranes involved fluorescence anisotropy measurements of the

hydrophobic probe DPH. In these experiments, transitions were

observed in the plasma membranes from the sterol mutants, JR1 and

JR5, just as had been observed in their mitochondria (Figure 15).

These transitions occurred between 22° and 25°C, depending on the

type of sterol present. Such transitions were not detected in plasma

membranes isolated from S288C, the wild-type yeast containing

ergosterol (Figure 15).

F. Physical studies of model systems

In order to define further the transitions observed in the

physical studies, a model membrane system using yeast lipid extracts



51

40 0 -40
PPM

Figure 14.
31
P-NMR of yeast plasma membranes. Membrane

preparation and NMR were as described in Methods. Spectra was
acquired after 30 min equilibration between 10 °C temperature
increases. (Work done in collaboration with Drs. C. Tilcock
and P. Cullis, University of British Columbia.)
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Figure 15. Arrhenius curves of fluorescence anisotropy of plasma
membranes. Fluorescence anisotropy of DPH in plasma membranes
from JR1 (AL) , JR5 ( ) , and S288C (40) was measured as
described in Methods from 15° to 40°C.
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was developed. Total lipid from wild-type yeast, S288C, and its

sterol mutants, JR1 and JR5, was extracted and resuspended as large

multi-lamellar liposomes. High-sensitivity differential scanning

calorimetry of these liposomes failed to indicate transitions in any

of the lipid dispersions (Figure 16). It is unlikely, therefore,

that a bulk lipid transition was responsible for the large, broad

peaks observed by DSC of the in vitro yeast plasma membranes.

31
P-NMR of the liposomes gave results very analogous to the

plasma membrane studies (Figure 17). No hexagonal phase transition

was detected. The lineshapes of the liposomes from both wild-type

and mutant lipids did indicate though a reversible shift from a

lamellar phase to an isotropic phase with temperature elevation.

Again it is possible that the dimensions of the liposomes may be

involved in this shift.

Fluorescence polarization of the model liposomes also gave

parallel results to the biological membranes (Figure 18). Total

lipid from the wild-type did not show any phase transitions. Total

lipids from the sterol mutants, however, had transitions at the same

temperatures as their plasma membranes.

To confirm that the presence of ergosterol prevents the phase

transition observed in the sterol mutants, a series of mix and match

experiments were designed. Sterols from the wild-type, S288C, and

its sterol mutants, JR1 and JR5, were mixed with liposomes

containing phospholipids from each of the organisms in the same
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Figure 16. DSC heating scans of lipid extracted from plasma
membranes. (A) DPPC (0.5 mg/ml), (B) JR1 lipids (5 mg/ml), (C) JR5
lipids (5 mg/ml), (D) S288C lipids (5 mg/ml). Preparation of lipid
and scanning are described in Methods.
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Figure 17.
31
PNMR of yeast total lipid. Liposome preparation

and NMR were as described in Methods. Spectra was acquired after
30 min equilibration between 10 °C temperature increases. (Work
done in collaboration with Drs. C. Tilcock and P. Cullis,
University of British Columbia.)
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Figure 18. Arrhenius kinetics of fluorescence anisotropy of
yeast total lipid. Fluoresence anisotropy of DPR in liposomes
composed of total lipid extracted from JR1 (AL) , JR5 (M10), and
S288C (41) was measured as described in Methods from 15° to
40°C.
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molar ratio determined for the plasma membranes. The fluorescence

anisotropy measurements revealed that when S288C sterols

(predominantly ergosterol) were mixed with phospholipid liposomes of

the mutants, the corresponding phase transition was eliminated

(Figure 19). On the other hand, sterols isolated from the sterol

mutants, JR1 and JR5, failed to prevent the phase transition of any

of the phospholipid liposomes (Figure 20, Table V). These

measurements suggest then that the sterols from the sterol mutants

are inadequate in reducing phase transitions. Nevertheless, as these

sterol mutants are viable, their sterols must be able to fulfill the

general bulk membrane function.

G. Enzymatic studies of plasma membranes

Arrhenius kinetics of the plasma membrane enzymes chitin

synthetase and Mg
++-ATPase yielded results very different from the

physical studies. Contrary to the fluorescence anisotropy

experiments, the Arrhenius kinetics of the chitin synthetase did not

demonstrate transitions in either plasma membranes isolated from the

wild-type yeast S288C or from its sterol mutants, JR1 and JR5

(Figure 21). No change in the activation energy of chitin synthetase

in any plasma membrane preparation was observed between 15°C to

40°C.

The Arrhenuis kinetics of the Mg
+
4.-ATPase, in contrast, showed

transitions both in plasma membranes from the yeast sterol mutants
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Figure 19. Arrhenius curves of fluorescence anisotropy of
liposomes containing wildtype sterol. Fluorescence anisotropy
of DPH in liposomes containing S288C sterol and phospholipid
from JR1 (A), JR5 CS), and S288C pl) was measured as
described in Methods from 15 to 40 °C.
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Figure 20. Arrhenius curves of fluorescence anisotropy of
mutant sterol/wildtype phospholipid liposomes. Fluorescence
anisotropy of DPH in liposomes composed of wildtype (S288C)
phospholipid and sterols from JR1 (A) and JR5 (5) was measured
from 15° to 40 °C as described in Methods.
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Table V. Discontinuity temperatures from Arrhenius curves of the
fluorescence anisotropy of mixed liposomes. Liposomes were
prepared by mixing phospholipid and sterol from different yeast
strains as described in Methods. Discontinuity temperatures were
calculated from fluorescence anisotropy data of DPH measurements
taken as described in Methods.

PHOSPHOLIPID SOURCE
STEROL SOURCE

S288C JR1 JR5

*
S288C --- ---

JR1 28°C 27°C 28°C

JR5 22°C 23°C 25°C

No discontinuity in Arrhenius curve (---).
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Figure 21. Arrhenius curves of chitin synthetase activity.
Chitin synthetase activity of plasma membranes from JR1 (AL),
JR5 ( 4, and S288C (41) was measured as described in Methods
from 15 to 40°C. (Work done in collaboration with Dr. C. A.
McLean-Bowen, Oregon State University.)
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and from the wild-type yeast (Figure 22). The temperatures at which

these transitions occurred varied between 23°C and 27°C. It has been

previously shown that the discontinuities in the Arrhenius plots of

this enzyme may be eliminated with detergents (1). Thus, the

transition is lipid dependent and not a temperature dependent

function of the protein itself. As these yeast strains are isogenic

with the exception of the sterol produced, the actual temperature of

transition appears to be dependent on the structure of the sterol(s)

accumulated by the organism.

Because of the anomalous behavior of these two plasma membrane

enzymes with respect to their activities over the physiological

temperature range, their membrane characteristics were investigated

further by nystatin inhibition studies. Nystatin is a polyene

antimycotic agent which disrupts fungal cellular membranes by

complexing with ergosterol (51,75). The yeast sterol mutants, JR1

and JR5, used in this study were isolated on the basis of their

resistance to nystatin (Table I). As the effectiveness of polyene

antimycotics to bind ergosterol biosynthetic intermediates is

greatly diminished, the membranes of the sterol mutants remain

intact thereby conferring resistance to nystatin. Thus it was of

interest to determine if nystatin would interfere in the plasma

membrane enzyme activities of the nystatin-sensitive, wild-type

yeast and the nystatin-resistant, sterol mutants.

Addition of nystatin did not affect the enzyme activity of the
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Figure 22. Aqhenius curves of plasma membrane Mg++-ATPase
activity. Mg -ATPase activity of plasma membranes from JR1
(A), JR5 (MO, and S288C () was measured as described in
Methods from 15° to 40°C.
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+
Mg

+
-ATPase from either wild-type or sterol mutant plasma membranes.

Even at concentrations of 1000 units nystatin/m1/10 mg protein, no

inhibition of the Mg
++
-ATPase was observed in the wild-type yeast

S288C, whose growth inhibition concentration is 3 units nystatin/ml

(Table I).

Nystatin did, however, affect the activity of chitin synthetase

(Figure 23). In the wild-type yeast plasma membranes, chitin

synthetase enzyme activity was decreased 10-fold by 10 units

nystatin /ml /10 mg protein. The chitin synthetase from the sterol

mutants' plasma membranes did not show such dramatic inhibition of

enzyme activity by nystatin. On the basis of the resistance of these

sterol mutants to nystatin, this result is not unexpected. Even at

100 units nystatin/m1/10 mg protein, chitin synthetase enzyme

activity in the plasma membranes from the sterol mutants was reduced

only 10%. Thus, the nystatin inhibition studies corroborated the

differences in membrane behavior between these two plasma membrane

enzymes.
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Figure 23. Dixon curve of inhibition by nystatin on chitin
synthetase activity. Chitin synthetase activity of plasma
membranes from JR1 (A), JR5 (II), and S288C (41) was measured
with increasing concentrations of nystatin (units/10 mg protein/
ml) as described in Methods.



66

V. CONCLUSIONS

The physical studies of the yeast membranes gave conflicting

results. Analysis by high-sensitivity differential scanning

calorimetry did not reveal any lipid transitions in either the

membranes isolated from the wild-type yeast or from the sterol

mutants. The fluorescence anisotropy data, however, indicated that

transitions were occurring the membranes of the sterol mutants which

were not occurring in the wild-type membranes. It is possible that

any lipid transition which was present in the sterol mutants'

membranes was undetected by DSC because of the large protein

transitions. This seems improbable, however, in view of the fact

that the extracted lipids did not have transitions either.

Unfortunately, the 3
1
P-NMR data are too ambiguous to help interpret

the other physical studies. The only conclusion that may be drawn

from the NMR experiments is that the phase transition observed in

the fluorescence polarization studies does not involve a complete

lamellar to hexagonal phase transition.

Because lipid phase transitions were not detected by

high-sensitivity differential scanning calorimetry of these

membranes and because the membranes show no loss of membrane

function (eg., no loss of transmembrane potential or coupled

phosphorylation to respiration in the mitochondria (66)), the total

membrane cannot be undergoing a bulk lipid phase transition (76). We
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propose that the transitions
detected by fluorescence anisotropy

represent the lateral phase separations of small, isolated domains

as described by Lee (54).
There is no detectable enthalpy increase

in the DSC profiles of these membranes, as there is insufficient

lipid in the phase-separated
domains to detect such a transition by

this method.
Others have reported similar

phenomena where phase

separations
have been

observed but no bulk lipid transitions were

demonstrated (34).

The lack of a bulk lipid transition
in the membranes

of wild-type
yeast is undoubtedly due to the presence

of ergosterol.

The presence of sterol
intermediates in the yeast sterol mutants

possibly precludes a bulk lipid
transition in their membranes,

as

well. Indeed, our experiments are biased, in that the sterol mutants

used for our studies are viable. It is anticipated
that the mutants

whose sterols cannot prevent
general bulk lipid phase transitions

would be inviable and thus, unobserved. The presence of lateral

phase-separated
domains in the membranes

of the yeast sterol mutants

indicates,
however, that sterol structure must influence membrane

properties.

This picture is complicated
by the enzymatic

analyses of the

yeast plasma membranes.
Changes in activation energy were observed

by the Arrhenius
kinetics of the plasma membrane Mg

++-ATPase in both

wild-type and sterol mutants. The Arrhenius
kinetics of the chitin

synthetase, on the other hand, did not show any clear transition. No
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distinguishable break could be discerned in the Arrhenius plots of

numerous experiments using either type of plasma membrane. It is of

interest that the kinetics of the wild-type plasma membrane

Mg
++
-ATPase indicated a transition not detected by fluorescence

anisotropy measurements. This suggests that the two enzymes,

Mg
++
-ATPase and chitin synthetase, exist in two different

environments.

This was further examined by the addition of nystatin to the

enzyme assays of the plasma membrane preparations. The addition of

nystatin had no effect on the activity of the Mg
++
-ATPase in either

the wild-type or the sterol mutants. The chitin synthetase activity

was affected by the inclusion of nystatin as previously

demonstrated (83), the plasma membranes from wild-type yeast showing

a marked inhibition. As expected, the plasma membranes from the

nystatin-resistant sterol mutants showed much less inhibition of

chitin synthetase by nystatin. These nystatin inhibition studies of

the two plasma membrane enzymes support the supposition of distinct

lipid environments.

We propose that there are at least two different domains in the

yeast plasma membranes, one being sterol-rich and the other being

sterol-poor. The chitin synthetase is preferentially localized in a

sterol-rich region. Thus, no transition is seen in the Arrhenius

kinetics of the chitin synthetase in the sterol-rich domains. Such

transitions are prevented, even if the sterol structure is defective
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as in the case of the sterol mutants, because the total sterol

concentration is so high. Moreover, nystatin will inhibit the

wild-type chitin synthetase (and to a much lesser extent, the sterol

mutants' chitin synthetase) by binding the sterol present in the

sterol-rich domains and disturbing the local environment.

The Mg
++

-ATPase, however, exists in a sterol-poor domain.

Therefore, transitions are seen in both wild-type and sterol mutant

Arrhenuis kinetics of Mgt -ATPase because insufficient sterol is

present in the local environment to prevent such transitions.

Nystatin, on the other hand, will have little or no effect on the

Mg
+
+-ATPase as there is little sterol present in this domain to bind

and thus disrupt enzyme activity. The sarcoplasmic reticulum

Ca
+
+-ATPase may exist in an analogous enviornment where sterol is

probably excluded from the boundary lipid layer surrounding the

protein (103).

The idea of different sterol-determined domains within membranes

has been advanced previously (48,94,see Literature Review). However,

the localization of different membrane enzymes within those domains

has never been clearly illustrated in an in vitro membrane system.

Research is presently ongoing to verify the existence of these

sterol-defined domains and to determine if the proposed lateral

phase separations are involved with these domains. The size, nature,

and transiency of the domains also remains to be investigated.
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