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The action of iturin A on non-growingcells of Saccharomycescerevisiae was tested. This
antibiotic gave important modifications in the membranepermeability which permitted
nucleotides, proteins, polysaccharides and lipids to escape from cells. The lipid content
of cells was strongly disturbed; the level of phospholipids, essentially phosphatidylcholine,
decreased while the level of fatty acids increased. A part of these fatty acids were extruded
from yeast cells. The role of iturin A in these modifications was discussed.

Iturin A is an antifungal and hemolytic antibiotic produced by some strains of Bacillus subtilis;
it contains a cyclopeptide moiety with seven l and d a-amino acids and a lipophilic moiety consisting
of a long chain ^-amino acid1}. Previous studies showed that iturin A lysed protoplasts from Micro-
coccus luteus^ and formed channels in artificial lipid membranes3). Moreover iturin A released
intracellular K+ions and hemoglobin from erythrocytes4). All these results brought evidence that
the site of action of iturin Ais the cytoplasmic membrane of cells. However, the target material used
until now had only a simple natural or artificial membrane. In the case of yeast cells, the problem
is complicated by the presence of the cell wall; the antifungal action involves penetration into the
cell through the wall barrier and activity on cytoplasmic membraneor on intracellular membranous
systems. Wehere describe modifications in membranepermeability which were observed in cells of
Saccharomyces cerevisiae by action of iturin A.

Materials and Methods

Chemicals and Antibiotic
Sodium [l-14C]acetate (55 Ci/mol), [14C]leucine (54 Ci/mol) and D-[l-14C]mannose (50 Ci/mol)

were purchased from the Commissariat a l'Energie Atomique, Saclay (France). Standard phos-

pholipids, ergosterol, triacylglycerols and fatty acids were purchased from Sigma (U.S.A.), Cytohelicase
from IBF (France) and other chemicals from Prolabo (France). Iturin A was prepared as previously
described10.

Growth Conditions and Antibiotic Activity
Saccharomyces cerevisiae NCYC366 was grown aerobically at 28°C on a mediumcontaining,

per liter, peptone (Bio-Merieux) 10 g, yeast extract (Bio-Merieux) 2 g, glucose 20 g, pH 7.0. When
the absorbance reached 0.8, antibiotic in 0.15 m NaCl solution was added and the growth was measured
by turbidimetry at 600 nm.

Leakage of UVAbsorbing Materials
The cells were grown overnight, harvested, washed and resuspended in 0.05 m phosphate - citrate
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buffer, pH 6.0 (final absorbance 0.8). Various amounts of iturin A were added to the suspension;
a control was made in the same conditions. Samples (2 ml) were taken at various intervals and centri-
fuged at 4°C, the absorbance of supernatants was measured at 260 and 280 nm. The maximal ex-
tractable UVabsorbing materials was determined after treatment of cells with 1.2 n perchloric acid
at 100°C for 30 minutes, this value was taken as 100% release6^

Leakage of [14C]Leucine and [14C]Mannose Labeled Compounds
Cells were labeled by growing S. cerevisiae overnight in the presence of [14C]leucine (2 ^Ci/ml)

or of [14C]mannose (0.2 ^Ci/ml).
The uptake of radioactive marker by a suspension of yeast cells, after washings (3 times), was

measured in presence of Dimilume30. Soluble radioactive compoundswere quantified after the ac-
tion of Cytohelicase for 2 hours at 37°C on yeast cells and centrifugation at 40,000 x g. To determine
the leakage of labeled compounds, assays were set up as described above. The radioactivities of

supernatants and of trichloroacetic acid (TCA) precipitates were measured. In the latter case one
volume of 10%cold TCAwas added to each supernatant, the precipitate was collected on a filter
(Millipore 0.45 //m) and washed. The filter was placed in a vial containing 10 ml of Dimilume 30
and the radioactivity was measured.
This radioactivity was compared with that of material obtained by TCAprecipitation of a same

volume of bacterial suspension (total TCAprecipitable radioactivity).
After 5 hours incubation, 150 ml of cell suspension were filtered on a Millipore filter (0.45 ^m);
the soluble fraction was lyophilized and put on a Sephadex G 50 column (16x1.6) in water. The
elution profile was established by measuring the radioactivity of the fractions.

Leakage of Lipids
Cells were labeled by growing for 5 hours with sodium [l-14C]acetate (1 ^Ci/ml), harvested, washed

and resuspended in 0.05 m phosphate - citrate buffer, pH 6.0 (final absorbance 0.8). To the suspen-
sion 20 ^g/ml of iturin A were added. At intervals, 100 ml were withdrawn and filtered on a Millipore
filter (0.45 ^m) ; the cells and filtrates were lyophilized.
Lipids were extracted by stirring lyophilized materials overnight with CHC13- MeOH(1 : 1)

and then with CHC13- MeOH(2 : 1) for 8 hours. After filtration on a sintered glass filter and evapora-
tion to dryness, lipids were purified with the solvent of Folch et alP. The CHC13phase was washed
four times with the upper phase and evaporated to dryness; the radioactivity of an aliquot was meas-
ured in a toluene based scintillation counting solution. A preliminary fractionation of lipids was car-
ried out on a silicic acid column (Bio Sil HA325 mesh). The first fraction was eluted with CHC13
and the second with MeOH;their radioactivities were determined. Non polar lipids were separated
by TLC on Silica gel 60 (Merck). The plates were developed with hexane - diethyl ether - acetic acid
(90 : 10 : 1) and the spots detected by iodine vapor were compared with standard triacylglycerols,
fatty acids and sterols. Individual phospholipids were separated by bidimensional TLC on Silica gel
G with a concentration gradient. The solvents were, first CHC13- MeOH- propan-1-ol - 0.25%
KC1- ethyl acetate (25:13 :25:9:25), then CHC13-EtOH-water- diethylamine (30:34:8 :35)8).
The identification of phospholipids was made by comparison with authentic samples and by using
specific reagents. For quantitative analysis each spot was scraped off the plate and the radioactivity
was counted in a toluene scintillation fluid.

Results

Leakage of UVAbsorbing Materials from Yeast Cells
The action of iturin A on the permeability of yeast cell envelopes was tested by measuring the

escape of material absorbing at 260 and 280 nm. Various concentrations of antibiotic were added
to cell suspensions and samples were examinedat several time intervals. The results are indicated
in Fig. 1. Compoundsabsorbing at 260 nm and at 280 nm were released and the amounts increased
with concentrations of iturin A up to 20 ^g/ml, i.e. the minimal inhibitory concentration. This
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Fig. 1. Release of UVabsorbing materials from resting cells of Saccharomyces cerevisiae incubated with
various amounts of iturin A.

à" Control, O 10 /Wg/ml of iturin A, A 20 ywg/ml of iturin A, å² 40 ^g/ml of iturin A.

This concentration was chosen in the following experiments. After 5 hours incubation the removal
of UV absorbing material represented 10 % of the total material extractable with perchloric acid.

Leakage of Materials from [14C]Leucine Labeled Cells
Yeast cells were labeled by growing in a culture mediumcontaining [l-14C]leucine. Then, they

were harvested, washed and suspended in a phosphate - citrate buffer as described above. Iturin A
was added at a concentration of 20 ^g/ml, and samples were taken at 1 hour intervals during 5 hours
incubation. For each sample the radioactivity of the supernatant before and after TCAprecipitation
was measured. The results are indicated in Fig. 2: After 2 hours incubation with iturin A, release of
radioactive material was observed, the amount increasing up to the end of the experiment. The total
radioactivity in the supernatant was about 4-fold higher in the presence of iturin A than in the con-
trol. The released radioactivity was 1.5% of the total radioactivity in control cells. This increased
to 6.1 % when cells were incubated for 5 hours with iturin A.

A part of the radioactive material present in the supernatants was precipitated by TCA. It
represented 2.9 % of the total TCAprecipitable radioactivity when the cells were treated with iturin
A and only 0.4% of untreated cells. The released radioactive materials was analyzed by chroma-
tography on a column of Sephadex G 50 (Fig. 3). The elution curves show the presence of high and
low molecular weight compoundsin muchlarger amounts in cells treated with iturin A than in con-
trol cells.
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Fig. 2. Release of [14C]leucine labeled materials in
the supernatants of resting cells of Saccharomyces
cerevisiae suspended in phosphate - citrate buffer
pH 7.0 in presence of 20 /^g/ml of iturin A.

O Radioactivity in the control, å¡ radioactivity
in the iturin A-treated cells, ® radioactivity in the
TCA-insoluble fraction from the control, B radio-
activity in the TCA-insoluble fraction of the iturin
A-treated cells.

Fig. 3. Elution profile on Sephadex G 50 column of
supernatants of cells of Saccharomyces cerevisiae

labeled with [14C]leucine incubated for 5 hours at
28°C with 20 jig/ml of iturin A (å¡) and without

antibiotic (®).

Vo : Void volume, Vs : solvent volume.

Leakage of Materials from [14C]Mannose Labeled Cells
Yeast cells were grown in the presence of [14C]mannose and treated as described above.

The supernatant of the cell suspension treated with iturin A contained 14 % of the total radioac-
tivity of the cells while, in the control, it contained only 3.5 %. However the TGA-insoluble part was
very low, about 1 % in the control and 1.3% in the treated sample.

Leakage of Lipids from [14C]Acetate Labeled Cells
The release of lipids was determined with cells grown for 5 hours in the presence of sodium [14C]-

acetate. Labeled yeast cells were incubated with iturin A, then lipids were extracted from the super-
natant and from the cells.
Total cellular lipids and lipids released into the supernatant were fractionated into neutral lipids,

including fatty acids, and phospholipids by column chromatography on silicic acid. After 8 hours
incubation, in the presence and in the absence of antibiotic only neutral lipids escaped from the yeast
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Table 1. Lipid content of cells treated with iturin A.

Time of Radioactivity (dpm x 10" 2) Phospholipids/neutral lipids
No. assay incubation å  å 

(hours) Neutral lipids Phospholipids R Ro/Rt

F 0 8,750 5,400 O j52
5 9,650a 5,000a 0.52a 1.2a

12,730b 2,130b 0. 17b 3.6b
2 0 8,208 4,203 0. 51

8 10,584a 4,090a 0.39a 1.3a

13,055b l,950b 0. 15b 3.4b

a Control cells: Yeast cells were kept in resting state in phosphate - citrate buffer.
b Yeast cells were incubated with 20 ^g/ml iturin A in phosphate - citrate buffer.
Ro : Ratio phospholipids/neutral lipids at initial time.
Rt: Ratio phospholipids/neutral lipids after 5 or 8 hours of incubation.

Fig. 4. Effect of iturin A on neutral lipid composition of resting cells of Saccharomyces cerevisiae.
(A) Control cells, (B) cells treated with 20 ^g/ml of iturin A. A Sterol esters, à" triacylglycerols,

å¡ free fatty acids, å² sterols, O unidentified.

cells. When cells were treated with iturin A, 2.9 %of the total cell lipids were found in the supernatant
and a much smaller amount, 0.2%, escaped from control cells in the absence of antibiotic. These
neutral lipids were analyzed by TLC: Fatty acids were the sole components of released lipids.

In the cells, modification in the lipid composition was observed after incubation with iturin A
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Fig. 5. Effect of iturin A on phospholipid content of resting cells of Saccharomyces cerevisiae.
(A) Control cells, (B) cells treated with 20 /ug/ml of iturin A. å  Phosphatidylcholine, å¡ phos-

phatidylethanolamine, O phosphatidylserine, A phosphatidic acid, à" phosphatidylinositol, A diphos-
phatidylglycerol.

(Table 1). At the initial time the ratio of phospholipids/neutral lipids was 0.56±0.06. This ratio
was not significantly modified in resting cells after 5 or 8 hours without antibiotic (0.46±0.07). When
yeast cells were incubated with 20 ^g/ml iturin A the ratio decreased to 0.16±0.01. This decrease
was due to both a diminution of the radioactive phospholipids and an increase of the amount of neutral
lipids.

Neutral lipids were separated by TLCand each component was counted. The results are indicated
in Fig. 4. In resting cells without antibiotic there was a slight increase of the level of fatty acids and
triacylglycerols, the ratio R of the amounts at 8 hours to the amounts at the initial time was RFA=2.3
and RTG=1.6, respectively. This increase probably resulted from a residual synthesis of neutral lipids
in resting cells and from a slight hydrolysis of phospholipids as shown later. Whenthe cells were
incubated with iturin A the ratio increased strongly for fatty acids (RFA=5.8) and moderately for
triacylglycerols (RTG = 2).

Phospholipids were analyzed by TLCand counted; the results are shown in Fig. 5. Whencells
were kept in a resting state for 8 hours, no significant variation of phospholipid components was ob-
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served except for phosphatidylcholine, which decreased from 17.7 to ll.1 %of the total cellular lipids.
In the presence of iturin A, the levels of major phospholipids (phosphatidylcholine and phosphatidyl-
ethanolamine) and of minor phospholipids (phosphatidylserine and phosphatidic acid) decreased.
The most abundant phospholipid, phosphatidylcholine, represented 17.7% of total lipids initially

and only 5% after 8 hours incubation with iturin A.

Discussion

Iturin A is known to have a potent fungicidal action towards growing cells of S. cerevisiae. We
demonstrate that non-growing cells are also sensitive to this antibiotic. Cellular components that
escape from the cell in the presence of iturin A at the minimal inhibitory concentration apparently
include nucleotides and polynucleotides absorbing at 260 nm, proteins absorbing at 280 nm, poly-
saccharides and lipids.

The case of lipids is interesting: Only fatty acids escaped from the cells incubated with iturin A
but severe modifications were observed in the lipid composition of cells. The level of phospholipids,
notably phosphatidylcholine, was drastically decreased by the action of iturin A and the level of fatty
acids concomitantly increased. The ratio of phospholipids/neutral lipids was about 3-fold smaller

after incubation with iturin A than in resting cells without antibiotic. Such a modification in the lipid
composition must strongly disturb the permeability of the cell membraneand accounts for the release
of cellular components. The hydrolysis of phospholipids did not give lysophospholipids, thus both
ester linkages were split by phospholipases.

Twohypotheses could be put forward for the mechanism of action of iturin A:
1) Iturin A stimulates phospholipase activities in the yeast cells as does polymyxin B in bacterial

cells. In Pseudomonas aeruginosa, polymyxin B induced the degradation of phospholipids by in vivo
activation of phospholipase A which liberated fatty acids, especially from phosphatidylethanolamine
and phosphatidylglycerol9). More recently phospholipase C was also found to be activated by poly-
myxin B10). The mechanismof activation is unknownbut it does not consist in an enhancement of
the biosynthesis of these enzymes as both phospholipases exist in latent forms in bacteria.

2) Another explanation could be proposed. Previous results have shown that iturin A interacts
with cytoplasmic membranes of erythrocytes4) and with artificial membranes inducing the fusion of
phospholipidic liposomesn) and the formation of pores in bilayer membranes3). The presence of
iturin A must disturb the distribution of lipid components in the cytoplasmic membranesof yeast and
phospholipids might becomeaccessible to phospholipases. The confirmation of these hypotheses needs
further investigations which are currently in progress.
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