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SUMMARY
More than 807 of the cellular ergosterol can be replaced by cholesterol
in a sterol requiring mutant strain of Saccharomyces cerevisiae. The effect of
this replacement, as well as the effect of sterol starvation on the uptake and
exit of cytosine and c~aminoisobutyric acid (0-AIBA) was studied in an attempt
to elucidate the role of sterols in cellular permeability. Neither the exit of
cytosine nor the exit of o—AIBA was affected by changes in the sterol content
of the cell. Cells grown on cholesterocl or on ergosterol had very similar rates
of cytosine uptake, but a lower rate was found for sterol-starved cells. This
difference may be a consequence of the cellular growth rate. However, nystatin
induces a much slower exit of o~AIBA in cells grown on cholesterol than in

cells grown on ergosterol. This strongly suggests that a change in membrane
structure has taken place.

Ergosterol is the predominant sterol in aerobically growing Saccharomyces
cerevigiae cells, comprising generally 907 of the total sterol pool. Ergoste-
rol is present in the yeast cytoplasmic membrane (1) and evidence has been pre-
sented to show that this sterol is required for the membrane synthesis (2). The
study of the effect of sterols on the physical state of model membrane systems
made of phospholipids has shown that sterols increase order and rigidity (3, 4).
It is also well established that the permeability of artificial phospholipid
membranes diminishes considerably after incorporation of cholesterol : this
effect has been demonstrated for the permeability of water (5), anioms (6, 7),
cations (8) and non electrolytes (6). Cholesterol present in plasma membranes
is also thought to influence their permeability. Experiments performed on myco-
plasma cells have demonstrated that cholesterol prevents the crystallisation
of membrane lipids and diminishes considerably the non electrolyte permeabili-

ty of this microorganism (9). Cobon and Haslam have demonstrated that changes
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in ergosterol levels in yeast produce a concomitant change in the phase transi-
tion temperature of mitochondrial ATPase (10). An inverse relationship between
the sterol concentration in the mitochondria and the transition temperature

was established.

The present communication reports data obtained from the sterol requiring

yeast mutant erg I. In this strain, cholesterol was shown to replace efficient-
ly the natural yeast sterol ergosterol. The effects of this replacement and of
sterol starvation on cellular permeability to cytosine and a-aminoisobutyric
acid were investigated. The polyene antibiotic nystatin was used as a probe to
test structural differences of the cellular membrane in cells grown on diffe-

rent sterols.,
MATERIAL AND METHODS

Yeast strains and genetic analysis. The mutant strain FK erg 1 (ATCC 28382)
and the parent strain FL 100 (ATCC 28383) as well as the strain RJ 16 sp?2
carrying the fey 2-3 (permease less) and fey I-1 (cytosine desaminase less)
mutations are isogenic and have been previously described (11, 12). The gene-
tic analyses were performed according to the methods of Mortimer and Hawthorne

(13).

Media and culture methods. Yeast nitrogen base (Difco) 6.7 g/l, supplemented
with 20 g/1 glucose was the basic minimal medium. The sterols, 1.5 mg/l, were
dispersed by 0.25 g/1 Tergitol np40 (Sigma).

Sterol analysis. The cells growing in exponential phase were harvested and
washed with distilled water containing 0.25 g/l Tergitol np40. The non saponi-
fiable lipids were extracted and separated on silica gel G plates as previgusly
described (14). The sterol fraction was acetylated by using radioactive | C
acetic anhydride (15). Ergosterol and cholesterol acetates were separated on
silica gel G plates impregnated with silver nitrate, developed overnight in a
cyclohexane-benzene (3-2 V/V) solvent system. The respective amounts of radio-
activity of different spots were counted in presence of 10 ml of a mixture of
toluene diphenyloxazole 5 g/l which allowed the measurement of the absolute
amount of each compound.

Uptake and efflux measurement. All experiments were carried out at 30°C on
exponentially growing cells in minimal medium. Uptake and efflux of cytosine
were measured as previously described (12). For the measurement of the efflux
of o—aminoisobutyric acid (a-AIBA), the cells were incubated for 45 min. in
the presence of ! Cl labelled substrate, then filtered through a membrane f£il-
ter (1.2 u pore size), washed once with fresh medium and resuspended in fresh
medium. At different times during the experiment, 1 ml samples were removed,
filtered and washed with 2 x 10 ml ice cold water. The filters were then dried
and their radioactivity counted in toluene plus 5 g/1 diphenyloxazole
(Intertechnique liquid scintillation spectrometer SL 30).
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RESULTS

Sterol analysis.

Whereas the sterol content of the wild type strain FL 100 is 0.9% (w/dry
weight), the sterol content of the erg I mutant strain was never greater than
0.157, whether culture medium was supplemented with ergosterol (1 mg/l) or
cholesterol (1 mg/l). On the other hand, a mean value of 14 % residual ergoste-
rol (vs the amount of total sterols) was present in the mutant strain after 8
generations of growth in minimal medium supplemented with cholesterol. This
data suggests that a leaky synthesis of ergosterol occured in the erg I mutant
strain, or that cholesterol was partially converted to ergosterol. This latter
hypothesis was eliminated on the basis of following experiment. The mutant
strain was grown 8 generations in minimal medium supplemented with 4.9 mg/l of

|]4C| cholesterol (40 mCi/mM). The sterols were extracted and separated after

acetylation (see Material and Methods). |14C| radioactivity was associated
with acetyl cholesterol only (less than 1/1000 of the counts were found in

acetyl ergosterol).

Active transport of cytosine in the strain erg 1 fey 1-1.

A recombinant strain erg I fey I-1 was used to bypass the metabolism of
cytosine (inactivation of cytosine desaminase by the fey I-1mutation). Imitial
velocities of cytosine uptake were measured in this strain after growth on
cholesterol or on ergosterol, or after 18 hours of sterol starvation (corres-
ponding to twice the doubling time). The Km values as calculated from the dou-
ble reciprocal plots (fig. 1) were not significatively different, but the Vmax
were lowered in the mutant in comparison to the wild type strain. The observed
values (mM internal concentration * 30 sec—l) are 2 mM for the wild type strain,
0.53 and 0.33 for the mutant strain cultured on cholesterol and ergosterol res-
pectively, and 0.15 for the mutant strain after sterol starvation. Initial
rates of cytosine uptake were measured at different temperatures from 3° to 36°

in the recombinant strain erg 1 fey I-1 grown on cholesterol or ergosterol. The
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Figure 1. Double reciprocal plots of initial velocities of cytosine uptake in
strain erg 1 fey I-1 as a function of external concentration. Cytosine concen-
tration in cells is expressed in mM of cell water per 30 sec. incubationm.

- ~ -culture medium supplemented with 2 ug/ml ergosterol (Vmax 0.328, doubling
time 240 min.) ; -4— -medium supplemented with 2 ug/ml cholesterol (Vmax 0.535,
doubling time 195 min.) ;- —@-18 hours sterol starvation (Vmax 0.148, doubling
time 400 min.) ;-O-O-wild type strain (Vmax 1.57, doubling time 140 min.).

0.50}

0.050}

0.0050

cytasine (intraceliuler concentration)
mM - 30 sec-!

33 34 35 36

ool

Figure 2. Arrhenius plots of initial velocity of cytosine uptake as a function
of temperature., 1 wl samples of the erg 1 fey 1-1 cells grown on cholesterol
(8-, or ergosterol (@—@) are preincubated for 5 min. at the different tem-
peratures before uptake measurement.
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corresponding Arrhenius plots (fig. 2) show biphasic kinetics with the same

transition temperature at 23°,

Efflux of IMCLcytosine and IMC] o-aminoisobutyric acid (o-AIBA).

a~aminoisobutyric acid (a-AIBA) is a non metabolized compound, which

enters the yeast cell by active transport (16). Extracellular cytosine is also
concentrated and accumulated in Saccharomyces cerevisiae cells having the cyto-
sine desaminase-less mutation (fey I-I1). In a cytosine desaminase-less cytosi-
ne permease-less (fcy 2-3) strain, cytosine enters and leaves the cell by free
diffusion (12). The two compounds, G—AIBA and cytosine were therefore chosen
for testing cellular permeability in erg I cells grown on cholestercl, ergo-
sterol and in cells starved for sterols. The assays for cytosine permeability

were carried out on two recombinant strains carrying the mutations erg I
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Figure 3. The cells are incubated for 45 min. in minimal medium plus 0.50 mM
of [1 C| eytosine, then washed and transfered in fresh medium without cytosine,
at time zero. The exit is measured as described in Methods.

3A : Cytosine efflux from strain fey 1-1 fey 2-8 grown without sterol (#=%),
and from strain erg 1 fey 1-1 fcy 2-3 grown on cholesterol (O-Q), ergosterol
&-*—~%), and after a 15 hours period of sterol starvation (@-@).

3B : Cytosine efflux from strain erg 1 fey I~1 fey 2-3 in the presence of nys-
tatin. Nystatin is added at time zero at a final concentration of 10 ug/ml.

- Cells grown on cholesterol ; efflux measured in presence (JHB-) and absence
(&) of nystatin.

- Cells grown on ergosterol ; efflux measured in presence (@—@-) and absence
(O—-) of nystatin.
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fey 1-1 fey 2-3, or fey 1-1 fey 2-3. It was observed that cytosine exit in
strain erg 1 fey 1-1 fey 2-3 follows first order kinetics with the same rate
constant (k min. = 0.040) whether the strain was grown in the presence of cho-
lesterol, ergosterol or in sterol depleted medium (fig. 3A). Moreover the ini-
tial intracellular cytosine concentration was always higher in cholesterol
grown cells than in ergosterol grown cells. The kinetics of cytosine exit in
strain erg 1 fey 1-1 fey 2-3 are therefore very similar to that observed in
strain fey 1-1 fey 2-3 (fig. 3A). When the wild type strain FL 100 and the

erg 1 mutant strain were preloaded with |I4C| a-AIBA, no significant exit of
|140| label was detected, whether the growth medium had been supplemented with

ergosterol or cholesterol (fig. 4).

Effect of nystatin on the exit of cytosine and c-AIBA.

The polyene nystatin is highly effective in inhibiting the growth of
yeasts and other fungi. Several studies have indicated that the crucial step
in the antifungal action of this substance is its binding to membrane sterols
(17). The study of yeast mutants resistant to nystatin has shown that these
cells are unable to synthesize ergosterol and thus accumulate ergosterol pre-
cursors (18). Moreover, ergosterol requiring mutants are more resistant to
nystatin if ergosterol is replaced by cholesterol in the culture medium (14).
The effect of addition of nystatin (10 mg/l) on the efflux of cytosine and
0~AIBA was therefore investigated on erg I cells growing in the presence of
cholesterol or ergosterol, and on the wild type cells. Nystatin had no signi-
ficant effect on cytosine free diffusion in the cytosine permease-less cells
(fig. 3B). In contrast, a very fast exit of 0-AIBA was induced by the polyene
in the wild type strain grown in minimal medium whether or not it was supple-
mented with ergosterol or cholesterol (fig. 4B). A rapid exit of a-AIBA also
occured in the presence of nystatin in erg 1 cells cultured on ergosterol, but

it was greatly decreased when the cells were cultured on cholesterol (fig. 4A).
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DISCUSSION

It can be concluded from the above data that the replacement of approxi-
mately 80 % of the cellular ergosterol by cholesterol has no stricking effect
on the cellular permeability of compounds such as cytosine or o-aminoisobutyric
acid (a~AIBA). The differences observed in initial velocities of cytosine up-
take (fig. !) in cells grown on ergosterol, cholesterol and after sterol star-
vation are more likely linked to the general physiology of the cells as reflec-
ted by the differences in growth rates. The kinetics of the down-hill exit of
cytosine and 0-AIBA are very similar for both sterols as well as after sterol
starvation. It is sigqificant that similar exit kinetics were found for a com-
pound like cytosine which leaves the cell rapidly (half life 20 min.) anf for
0~AIBA which is not released by the cell. The fact that nystatin induces a si-
gnificantly lower exit of a~AIBA from cells which have been grown on choleste-
tol than from those grown on ergosterol, points to the structural integration
of these sterols in the cell membrane (fig. 4A). This difference of sensitivity
cannot be‘explained by a protective effect of cholesterol against nystatin by
fixation on the outside of the cellular membrane (19), since the wild type
strain always presents the same sensitivity to the polyene, whether the cells
are grown on ergosterol, cholesterol or in absence of sterols. Furthermore the
fact that cholesterol promotes a better growth of erg I mutant than ergosterol
rules out the possibility that cellular energetics is the primary target of
nystatin action, since nystatin is a more efficient inhibitor of fast growing
cells than of slow growing cells. This was demonstrated by the fact that there
is no release of a—AIBA in yeast cells pretreated with 10-3M sodium azide (fig.
4C), or in cells grown with proline as sole ammonium source. Acceleration of
0~AIBA exit by nystatin, in contrast to its lack of effect on the exit of cyto-
sine is in agreement with other data on the selective loss of metabolites indu-
ced by nystatin (17). Experiments with mycoplasma (20) and yeast mitochondria

(10) as well as the Zn viiro measurement of diffusion of liposomes (6) point to
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an important role of sterols in permeation and diffusion. However our present
experiments, as well as the data reported on pig erythrocytes (19) point to a
different conclusion. One way to conciliate these two sets of data would be to
admit that a very small amount of sterol is sufficient to endow its specific
properties on the membrane. In our experiments, then, the residual ergosterol
content would be responsible for the basic membrane properties. The isolatiom

of completely blocked mutants would permit probing of this hypothesis.
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