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Aculeacin A is a lipopeptide that inhibits ,B-glucan synthesis in yeasts. A number of Saccharomyces cerevisiae
were isolated, and four loci (ACRI, ACR2, ACR3, and ACR4) whose
products are involved in the sensitivity to aculeacin A of yeast ceils were defined. Mutants containing mutations
in the four loci were also resistant to echinocandin B, another member of this lipopeptide family of antibiotics.
In contrast, acri, acr3, and acr4 mutants were resistant to papulacandin B (an antibiotic containing a
disaccharide linked to two fatty acid chains that also inhibits P-glucan synthesis), but acr2 mutants were
susceptible'to this antibiotic. This result defines common and specific steps in the entry and action of aculeacin
A and papulacandin B. The analysis of double mutants revealed an epistatic effect of the acr2 mutation on the
other three mutations. Cell walls of the four different mutants did not show significant alterations in
composition with respect to the parental strain, and in vitro glucan synthase activity was also unaffected.
However, cell surface hydrophobicity in three of the mutants was considerably decreased with respect to the
parental strain.
mutants resistant to this antibiotic

P-Glucan is the main structural component of the yeast
cell wall, to which it confers its characteristic rigidity (1, 10).
A number of antibiotics are inhibitors of P-glucan synthesis
in yeast species (8). In their presence, the cell wall structure
becomes destabilized and cell lysis occurs unless the medium is protected osmotically. Papulacandin B is an amphiphilic molecule with a hydrophilic moiety consisting of
glucose and galactose and a hydrophobic moiety containing
two long-chain unsaturated fatty acids (2). It has been shown
that papulacandin B specifically reduces the levels of p-glucan in the cell walls of a number of yeasts (2, 8, 36). On the
other hand, synthesis of a-glucan (which is a major component of Schizosaccharomyces pombe cell walls [51) is not
inhibited by papulacandin B (36). Another family of p-glucan
inhibitors comprises aculeacin A, echinocandin B, and cilofungin (LY121019), among others; they contain a cyclopeptide moiety linked to a fatty acid chain. Several studies have
demonstrated that in the presence of one of these lipopeptide
antibiotics, synthesis of p-glucan is affected in vivo in yeast
species such as Saccharomyces cerevisiae, Candida albicans, and S. pombe (12, 20, 21, 28, 33, 37, 38). Indirectly,
incorporation of mannoproteins into the walls of yeast cells
treated with aculeacin A or papulacandin B is also inhibited
(22, 35).
The exact mechanism of action of these antibiotics is not
well understood. In vitro, high concentrations of papulacandin B inhibit j3-1,3-glucan synthase activity in extracts from
S. pombe or Geotrichum candidum (25, 36), but this antibiotic has been observed to be ineffective on extracts from S.
cerevisiae (8, 11). Echinocandin B (28) and cilofungin (33,
34) are noncompetitive inhibitors of the glucan synthase
activity of C. albicans, although in our laboratory neither

aculeacin A nor echinocandin B inhibits S. cerevisiae P-1,3glucan synthase activity (11) when a conventional in vitro
assay for this enzyme (29, 32) is employed. In S. cerevisiae
and C. albicans, glucan synthase is found at the plasma
membrane (24, 29, 32). It is reasonable that in vivo inhibition
of P-glucan synthesis might be a consequence of the direct
interaction of the antibiotic with the synthase; alternatively,
it may be due to some indirect effect. The lipid moiety of the
lipopeptide antibiotics plays an important role in their mechanism of action, probably by establishing specific interactions with the membrane (34), and its role in the transport of
the antibiotic through the cell wall and/or plasma membrane
should also be considered. In this context, it can be noted
that although cilofungin differs from aculeacin A and echinocandin B exclusively in the fatty acid moiety (6), cultures of
two independent S. cerevisiae wild-type strains were resistant to cilofungin at 100 ,ug/ml but not to aculeacin A or
echinocandin B (11).
Ribas et al. (26) have obtained a number of S. pombe
mutants resistant to papulacandin B; some of these mutants
exhibit gross morphological changes and have alterations in
the polysaccharide content of the cell wall. In order to better
understand the mechanism of action of the lipopeptide
antibiotics, we have obtained a collection of S. cerevisiae
mutants resistant to aculeacin A and have begun to characterize some of them. Although this yeast species differs from
others in some aspects of susceptibility to the antibiotics
discussed in this article, it has been chosen because a
simultaneous biochemical and genetic approach can be easily used with it.
MATERIALS AND METHODS

Yeast strains. S. cerevisiae OLl (MATa leu2-3 leu2-112
his3-11 his3-15 ura3-251 ura3-337) (3) was used as the
parental strain to isolate aculeacin A-resistant mutants.
Strain SEY2101 (MATa ura3-52 leu2-3 leu2-112 suc2-A9
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ade2-1) (9) was used to introduce the ade2 marker into the
OLl background by conventional mating experiments.
Growth media. YPD medium (1% yeast extract, 2% peptone, 2% [wt/vol] glucose) was used as a rich medium. For
some experiments, this was supplemented with 1 M sorbitol
(YPDS medium). In some genetic experiments, YNB medium without amino acids (Difco) plus 2% (wt/vol) glucose
was used as a minimal medium; nutritional requirements
were added as indicated in reference 30. Media were solidified with 1.5% (wt/vol) agar. Cultures were incubated at
30°C unless otherwise indicated. In experiments involving
fractionation of cell wall polysaccharides, cells grown in
YPD medium to the exponential phase were sedimented and
resuspended in fresh YPD medium containing a lower concentration of nonradioactive glucose (0.05%, wt/vol) and 0.3
,uCi/ml (0.25 Ci/mmol) of [U-'4C]glucose; incubation was
then continued for 4 h more.
Isolation of aculeacin A-resistant mutants. About 3 x 108
cells from an exponentially growing culture of strain OLl in
YPD medium were mutagenized with ethyl methanesulfonate (30) under conditions where about 40% of the cells
remained viable. Mutagenized cells were washed twice,
resuspended in 10 ml of liquid YPDS medium, and incubated
for 15 h at 24°C. Thirteen aliquots of 50 Rl (106 CFU) each
were plated separately in solid YPD medium containing 1 M
sorbitol plus aculeacin A (15 pug/ml). After 3 days at 24°C,
303 resistant clones were recovered.
Analysis of susceptibility to antibiotics. The antibiotics
were assayed at the concentrations indicated for each experiment by using stock solutions (10 mg/ml in dimethyl sulfoxide, kept at -20°C). Two different methods were used for
analyses with liquid media. For parallel tests of a large
number of strains, late-exponential-phase cultures in YPD or
YPDS medium (A600 = 1.0 to 1.5) were diluted 1/100 in test
tubes containing 1 ml of the same medium, the antibiotic
(problem tubes) or an equivalent volume of the solvent
(control tubes) was added 1 h later, and incubation was
continued for 24 h at 30°C. The A6w value reached by each
culture was measured in a Shimadzu UV-240 spectrophotometer (1-cm light path). The same procedure was used for
MIC determinations with twofold serial dilutions of the
antibiotic. Alternatively, individual strains were inoculated
into fresh YPD or YPDS medium (with the antibiotic or the
solvent alone) by using 1/50 volume of late-exponential
cultures in the same medium and periodically measuring the
A6. during exponential growth at 30°C. Qualitative analyses
of susceptibility to aculeacin A were also carried out by
streaking the colonies to be tested on solid YPD or YPDS
medium containing the antibiotic at 10 ,ug/ml and incubating
the plates at 30°C for 72 h.
Protoplast obtention and regeneration. Protoplasts were
obtained from exponentially growing cultures as described
previously (35). They were regenerated at 30°C in liquid
YPDS medium containing 0.05% (wt/vol) glucose by initially
resuspending them at a protoplast concentration equivalent
to that of the original cell culture; antibiotics were added (in
some experiments) 1 h after protoplast resuspension, and
[U-'4C]glucose was added 1 h later.
Wall purification and polysaccharide fractionation. Cells
from exponentially growing cultures were broken mechanically by vortexing in the presence of glass beads (0.5- to
0.6-mm diameter) for eight periods of 30 s each, and walls
were purified by repeated washings and differential centrifugation (16). Regenerating protoplasts were broken by resuspension in 10 mM Tris chloride buffer (pH 7.5) and

YEAST MUTANTS RESISTANT TO ACULEACIN A

2597

shaking for 10 s with glass beads; the cultures were then
washed repeatedly as described above.
Polysaccharides were fractionated from purified walls
labelled with [U-'4C]glucose as described in reference 22.
Alkali-insoluble material corresponds to ,3-glucan (Zymolyase sensitive) plus chitin (Zymolyase resistant), whereas
the alkali-soluble material is divided into a Fehling solutionprecipitable fraction (mannan) and a nonprecipitable fraction
(alkali-soluble P-glucan).

Determination of 0-1,3-glucan synthase activity. Isolation
of membrane fractions and determination of enzyme activity
were done as described in reference 32. Aculeacin A,
echinocandin B, or papulacandin B (from stock solutions at
10 mg/ml in methanol) was added in some assays; control
assays were performed with an equivalent volume of the
solvent alone.
Hydrophobicity assays. Cell surface hydrophobicity (CSH)
in S. cerevisiae populations was determined by two methods. The phase partition test (27) was used with cyclohexane
in the organic phase. The microsphere hydrophobicity assay
was used as described in reference 18. In the latter assay, the
percentage of hydrophobic cells was considered the CSH
value.
Yeast genetic techniques. Crosses between strains, selection of diploids, dissection of tetrads, and determination of
nutritional requirements were carried out as described in
reference 30.
Analytical determinations. Wall sugar was determined by
the phenol-sulfuric method (7) with D-glucose as the standard. Protein concentration was measured by the Lowry
method (18a).
Chemicals and reagents. Radioactive chemicals were from
New England Nuclear (Boston, Mass.). UDP-glucose and
a-amylase were purchased from Boehringer GmbH (Mannheim, Germany). 2-Mercaptoethanol, EDTA, bovine serum
albumin, GTP, ATP, amino acids, nitrogen bases, and polystyrene microspheres were from Sigma Chemical Company
(St. Louis, Mo.). Aculeacin A was a gift from Toyo Jozo Co.

Ltd., Tagata-gun, Shizuoka-ken, Japan. Papulacandin B was
gift from CIBA-GEIGY, Basel, Switzerland.

a

RESULTS
Characterization of aculeacin A-resistant mutants. In order
to isolate aculeacin A-resistant mutants from wild-type
strain OL1, conditions that would also allow the recovery of
thermosensitive or lysis mutants or both were used. Of 303
clones isolated, none was dependent on the presence of
sorbitol as an osmotic stabilizer in the medium for growth.
Five clones were thermosensitive (they did not grow at
37°C), although thermosensitivity did not show meiotic
cosegregation with resistance to the antibiotic. Thus, these
five mutants were not studied further. Another 44 resistant
clones were analyzed for wall polysaccharide composition
by a simplified protocol for 2-ml cultures. None of them
exhibited gross differences with respect to the parental OLl
strain. Six of these clones were employed for further analyses. These were crossed once with strain SEY2101 and then
twice more with the parental OLl strain and in all cases with
selection for resistance to aculeacin A. This phenotype
always showed a 2:2 meiotic segregation pattern, a demonstration of the monogenic character of the resistance. The
six resulting isolates employed in the next experiments
(named LMF1l1 to LMF106) have the same genotype as
OL1, aside from the resistance to aculeacin A. All six are
stable in the absence of continued selective pressure.
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TABLE 1. Effects of different antibiotics on

S. cerevisiae acr mutants
MIC (,ug/ml) of:

Strain
Aculeacin A Papulacandin B Echinocandin B

OLl
LMF1l1
LMF102
LMF103
LMF104
LMF105
LMF106

5
100
50
>100
100
100
50

2.5
50
2.5
2.5
2.5
50
50

10
50
>100
>100
75
>100
50

Aculeacin A

in diploidsa
5
5
5
5
5
5
5

a Diploids were obtained by crossing each mutant strain of the appropriate
mating type with the wild-type strain.

Isolates LMF1l1 to LMF106 of the a mating type were
crossed with the parental strain. All of the resulting diploids
were sensitive to aculeacin A (Table 1); thus, the resistance
mutations are recessive.
Aculeacin A had a variable effect on growth rate depending on the mutant strain and the presence or absence of
sorbitol in the growth medium (Fig. 1). LMF1l1 was the
most affected strain; its growth rates with respect to control
cultures without the antibiotic were about 45% in YPD
medium and 80% in YPDS medium. The growth defect of
strain LMF106 in YPD medium plus aculeacin A was also
significantly reversed by the osmotic stabilizer (Fig. 1).
The six mutant strains did not exhibit gross morphological

alterations with respect to the parental strain. However,
cultures of LMF1O1 and LMF106 in the absence of sorbitol
contained a certain number of lysed cells, which were not
observed in the presence of the stabilizer. Cultures of the
other mutants were free of lysed cells under all growth
conditions.
Several other phenotypic traits of the mutant strains were
studied (Table 1). The MIC of aculeacin A varied among
strains, being at least 10-fold higher than the value of the
parental strain. All six mutants were also resistant to echinocandin B. However, while mutants LMF1l1, LMF105, and
LMF106 were also resistant to papulacandin B, strains
LMF102, LMF103, and LMF104 were susceptible to this
antibiotic.
Extraceliular stability of the antibiotic molecules. Resistance in the mutants is not caused by extracellular degradation of the antibiotic, since cell-free supernatant fluids obtained from 6-h cultures of the mutants grown in the
presence of aculeacin A (5 ,ug/ml) were still able to inhibit
growth of the wild-type strain (11).
Determination of the number of genetic loci defined by
mutants LMFlOl to LMF106. We constructed all possible
diploids by mating all possible pairs of mutants; in each of
the mating experiments, one of the mutants was HIS3 ade2
while the other was his3 ADE2. The 15 diploids were then
sporulated. Both random spore analysis experiments (using
the recessive ade2 marker as the indicator of haploid colonies [see reference 30]) and tetrad analysis indicated that the
resistance mutations carried by LMF102, LMF103, and
LMF104 affect the same locus or closely linked loci. In fact,

TIME (HOURS)
FIG. 1. Growth curves of the parental strain, OL1, and aculeacin A-resistant mutants (LMF1l1 to LMF106) in YPD (0 and 0) or YPDS
(U and O) medium at 30°C in the absence (0 and *) or presence (O and l) of aculeacin A (10 Fg/ml). In treated cultures, the antibiotic was
added at time zero.
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TABLE 2. Phenotypes of double acr mutants
Strain

Relevant
Rent
genotype

Growth with
papulacandin
(10 jig/ml)" B

LMF1l1
LMF102
LMF105
LMF106
LMF107
LMF108
LMF109
LMF110
LMF111
LMF112

acri
acr2
acr3
acr4
acrl acr2
acrl acr3
acri acr4
acr2 acr3
acr2 acr4
acr3 acr4

+

Dependence

on

osmotic
stabilizerb

+

+
+

+

+
+

+

+

Growth was considered to be inhibited when the A6. reached in the
presence of the antibiotic after 24 h was less than 10%o of that in control tubes.
b Dependence means that the growth rate of the cultures in the presence of
1 M sorbitol was at least twice that observed in the absence of the stabilizer.
a

no haploid-sensitive spores could be derived from crosses
between these mutants. On the other hand, random spore
analysis resulted in a segregation pattern close to 3:1 for the
aculeacin A resistance: susceptibility character in crosses
among LMF101, LMF105, and LMF106 or between one of
these mutants and one from the group consisting of LMF102,
LMF103, and LMF104, indicating that these mutants carry
independent mutations in separate chromosomes. To confirm this, tetrad analyses of the same crosses resulted in
parental ditypes (4:0 segregation pattern for resistance and
susceptibility to aculeacin A), nonparental ditypes (2:2), and
tetratypes (3:1).
Thus, at least four different genes are defined by the six
mutants characterized in this work: ACRI (defined by
LMF101), ACR2 (defined by LMF102), ACR3 (defined by
LMF105), and ACR4 (defined by LMF106).
Epistatic effects among acr mutations. Double acr mutants
were recovered from the aculeacin A-resistant spores
present in nonparental ditype tetrads obtained by crossing
single acr mutants. Two differential phenotypic traits (susceptibility to papulacandin B and effect of sorbitol on growth
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rate) of the double mutants were analyzed (Table 2). The
mutation in acr2 is epistatic to mutations in the other loci,
and the acr3 mutation is also epistatic to acri and acr4.
Cell wall composition in aculeacin A-resistant mutants. The
amount of cell wall sugar was not severely affected in the
strains carrying the four acr mutations in comparison with
the wild type (Table 3). However, the in vivo incorporation
of radioactivity into the walls of mutant cells was not
affected by the antibiotic, while the level of inhibition was
96% in the wild type. As expected, incorporation into the
alkali- and acid-insoluble fra4tion (P-glucan) was most affected in the wild-type strain. Fractionation of wall polysaccharides from the mutants yielded a pahtern not significantly
different from that of the wild type, ind the presence of
aculeacin A in the mutant cultures did not have an important
effect on the relative percentages (Table 3).
In vitro P-1,3-glucan synthase activity in the acr mutants
as well as in the parental strain was measured (Table 4). All
of the strains had similar levels of GTP- or ATP-activable
glucan synthase activity. Both in the parental and in the
mutant strains, aculeacin A and papulacandin B (at concentrations up to 20 ,ug/ml in the assay mixture) and echonocandin B (up to 40 jxg/ml) did not have an inhibitory effect in
vitro (11).
Effect of aculeacin A and papulacandin B on regenerating
protoplasts. Incorporation of radioactivity into cell wall
polysaccharides in regenerating protoplasts of the parental
and acr strains was sensitive to acule,acin A and papulacandin B (30 to 60% of the level of incorporation in the control).
The different polysaccharide fractions were affected to similar extents by the antibiotics (11), in accordance with
previous observations with wild-type yeasts (22, 35).
CSH in mutant cells. CSH values for the parental and
mutant strains were determined by the phase partition test
(28) and the microsphere hydrophobicity assay (14). Strains
with the acri, acr3, or acr4 mutation had CSH values of less
than half of the parental value (Table 5). In contrast, the
parental strain and the acr2 mutant had similar CSH values
when CSH was measured by the phase partition test; when
CSH was determined by the microsphere hydrophobicity
assay, acr2 cells displayed a CSH value intermediate be-

TABLE 3. Polysaccharide fractionation of isolated cell walls from ['4C]glucose-labelled cultures
of wild-type and aculeacin A-resistant strainsa
% of wall radioactivity in:

Strain (relevant
genotype)

OLl

Presence of
aculeacin
A
(10 g/ml)

(10
~L/ml)

+

LMF1O1 (acrl)

+

LMF102 (acr2)

+

LMF105 (acr3)

-

LMF106 (acr4)

-

+
+

Amt of wall
sugar/cell
(dry wt)

(qg/Mg)b
44
ND
46
ND
56
ND
52
ND
39
ND

Wall
radioactivity'

1
0.02 d
1
0.16
1
0.37
1
0.85
1
0.10

Alkali-soluble material

Fehling

Fehling

Alkali-insoluble material

solution

solution

precipitable

nonprecipitable

Acid
soluble

Acid
insoluble

23

48

2

27

29
28
26
25
32
28
23
21

37
43
36
53
41
52
45
52

3
2
5
3
1
5
2
2

31
27
33
19
26
15
30
25

['4C]glucose

for 4 h as described in Materials and
Exponentially growing cultures in YPD medium at 250 pg (dry weight) of cells per ml were labelled with
Methods. In the aculeacin A-treated cultures, the antibiotic was added 1 h before the isotope.
b Values are the means of results from three independent experiments. ND, not determined.
c Radioactivity values (per milliliter of culture) are normalized with respect to those of untreated cultures, which are given the unit value.
d Walls were not fractionated
because of the small amount of radioactivity incorporated.
a
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TABLE 4. P-Glucan synthase activity in acr mutants
Strain (relevant
genotype)
genotype)

OLl

Nucleotide
(concn)

Sp act (nmol of
~~~~glucose
of protein)
min/mgincorporated/

None
GTP (0.1 mM)
ATP (4 mM)

6.3
20.8

LMF1O1 (acri)

None
GTP (0.1 mM)
ATP (4 mM)

9.4
16.3
15.7

LMF102 (acr2)

None
GTP (0.1 mM)
ATP (4 mM)

8.9
21.7
20.3

LMF105 (acr3)

None
GTP (0.1 mM)
ATP (4 mM)

7.8
15.6
15.9

LMF106 (ac4)

None
GTP (0.1 mM)
ATP (4 mM)

6.4
16.0
16.9

19.0

tween that of the parental strain and those of the other three
mutants.
Resistance to aculeacin A and resstance to papulac n B
are not necesarily correlated. The properties of the four acr
mutants described above indicate that acquisition of resistance to aculeacin A does not imply resistance to papulacandin B in parallel. That is, some of the physiological functions
involved in the action of both antibiotics seem to be common
to both drugs, while others are different for each drug. To
confirm this, a collection of mutants resistant to papulacandin B (10 ,ug/ml) was obtained by the same protocol used for
aculeacin A. Of 15 independently obtained mutants, 10 were
also resistant to aculeacin A, while the other 5 showed the
same levels of susceptibility to this antibiotic as the parental
OLl strain.

DISCUSSION
A mutant of C. albicans simultaneously resistant to papulacandin B and echinocandin B had been isolated previously (2), and another C. albicans strain obtained as resistant to aculeacin A showed cross-resistance to papulacandin
B (19). A collection of S. pombe papulacandin B-resistant
TABLE 5. CSH in wild-type strain and acr mutants
Strain (relevant
genotype)

OLl

LMF1O1 (acrl)
LMF102 (acr2)

CSH (mean ± SD) determined by:
Phase
Microsphere
partition
hydrophobicity
testa
assayb

34.1 ± 11.4
14.9 + 6.8
33.5 ± 9.3

31.3 ± 0.8
15.1 ± 2.9
22.2 ± 2.1
14.3 ± 3.7

LMF105 (acr3)
16.7 t 5.0
LMF106 (acr4)
15.3 + 4.1
14.3 + 1.5
Values correspond to the percentage of cell biomass (measured as A60)
I

remaining in the cyclohexane phase. They are the means of three independent
experiments (each one involving three measurements).
IValues correspond to the percentage of cells having three or more
microspheres attached. They are the means of three independent experiments.

mutants has been obtained (26), and some of them are still
susceptible to aculeacin A. In the present work with S.
cerevisiae mutants, we have shown that resistance to aculeacin A does not necessarily correlate with resistance to
papulacandin B, that is, there are common and specific steps
in the mechanisms of entry and action of these antibiotics.
The functions defined by ACR1, ACR3, and ACR4 are
required for cell sensitivity to both families of antibiotics. In
turn, the physiological function defined by ACR2 is necessary for the sensitivity of cells to aculeacin A although not to
papulacandin B. Interestingly, double mutants with mutations in ACR2 and in one of the other three ACR loci are also
sensitive to papulacandin B; since single mutants with mutations in ACR1, ACR3, or ACR4 are resistant to this
antibiotic, the ACR2 function must remain unaltered for the
effect of papulacandin B to be blocked.
None of the four mutants exhibits gross alterations in cell
wall polysaccharide composition. The mutants contain normal levels of GTP- or ATP-activable 3-1,3-glucan synthase
activity. This argues against the synthase being directly
altered in any of the acr mutants. Obviously, the possibility
of the existence of more than one activity involved in the
synthesis of 3-1,3-glucan in S. cerevisiae, in a manner
similar to chitin synthesis (4, 23, 31), must be comtemplated.
Synthesis of ,B-1,3-glucan probably is a complex process in
which many different cellular functions are involved.
Since protoplasts from the four independent acr mutants
are sensitive to aculeacin A and papulacandin B, the mutations probably affect cell surface structures or functions
involved in the accessibility of the antibiotic molecules to the
plasma membrane. However, we should not completely

discard the alternative possibility that the physiological
functions affected by aculeacin A or papulacandin B in
regenerating protoplasts do not exactly correspond to those
affected in whole cells; in this respect, the inhibitory effect of
aculeacin A was much less pronounced on protoplasts than
on whole cells in the parental strain. Having considered this,
we still favor the suggestion that the acr mutations alter
entry of the antibiotic molecules into whole cells.
The fact that the three mutants resistant to both aculeacin
A and papulacandin B exhibit lower CSH values than the
wild-type strain points to the importance of surface charge in
the accessibility of the target to the antibiotic molecules.
Several observations suggest that changes in yeast cell wall
proteins are responsible for the modifications in surface
hydrophilicity and hydrophobicity (15, 18). Thus, antibiotic
resistance in the mutants described above may derive more
from fine changes in the wall mannoprotein pattern that alter
CSH than from the overall polysaccharide composition.
CSH may participate, together with other mechanisms, in
the adherence of C. albicans to surfaces in vivo, contributing
to the virulence of this yeast species (13, 17). Therefore,
isolation of aculeacin A- and papulacandin B-resistant mutants can be a strategy for obtaining C. albicans strains with
decreased virulence and for studying the basis of pathogenicity in this yeast species.
ACKNOWLEDGMENTS
This work was supported in part by grant PB87-0606 from the
Comisi6n Interministerial de Ciencia y Tecnologfa of Spain.
J.F.d.M. and R.G. received predoctoral grants from the Consellerfa
de Cultura, Educaci6 i Citncia de la Generalitat Valenciana and the
Ministerio de Educaci6n y Ciencia, respectively.
We thank Angel Duran for communicating results prior to publication, Jose Ruiz-Herrera for critically reading the manuscript, and
Lucas del Castillo for help in some experiments.

VOL. 35, 1991

YEAST MUTANTS RESISTANT TO ACULEACIN A

REFERENCES
1. Bacon, J. S. D. 1981. Nature and disposition of polysaccharides
within the cell envelope, p. 65-84. In W. N. Arnold (ed.), Yeast
cell envelopes: biochemistry, biophysics and ultrastructure,
vol. 1. CRC Press, Boca Raton, Fla.
2. Baguley, B. C., G. Rommele, J. Gruner, and W. Wehrli. 1979.
Papulacandin B: an inhibitor of glucan synthesis in yeast
spheroplasts. Eur. J. Biochem. 97:345-351.
3. Boy-Marcotte, E., and M. Jacquet. 1982. A Dictyostelium discoideum DNA fragment complements a Saccharomyces cerevisiae ura3 mutant. Gene 20:433-440.
4. Bulawa, C. E., and B. C. Osmond. 1990. Chitin synthase I and
chitin synthase II are not required for chitin synthesis in vivo in
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 87:
7424-7428.
5. Bush, D. A., M. Horisberger, I. Horman, and P. Wursch. 1974.
The wall structure of Schizosaccharomyces pombe. J. Gen.
Microbiol. 81:199-206.
6. Debono, M., B. J. Abbott, J. R. Turner, L. C. Howard, R. S.
Gordee, A. S. Hunt, M. Barnhart, R. M. Molloy, K. E. Willard,
D. Fukuda, T. F. Butler, and D. J. Zeckner. 1988. Synthesis and
evaluation of LY121019, a member of a series of semisynthetic
analogues of the antifungal lipopeptide echinocandin B. Ann.
N.Y. Acad. Sci. 544:152-167.
7. Dubois, M., K. A. Gilles, J. K. Hamilton, P. A. Rebers, and F.
Smith. 1956. Colorimetric method of determination of sugars
and related substances. Anal. Chem. 28:350-356.
8. Duran, A., R. Varona, P. Perez, and I. Garcia-Acha. 1984.
Biosynthesis of fungal wall f-glucan and its inhibition by
antifungal agents, p. 297-305. In C. Nombela (ed.), Microbial
cell wall synthesis and autolysis. Elsevier Science Publishing,
Amsterdam.
9. Emr, S. D., R. Schekman, M. C. Flessel, and J. Thorner. 1983.
An MFa1-SUC2 (a-factor-invertase) gene fusion for study of
protein localization and gene expression in yeast. Proc. Natl.
Acad. Sci. USA 80:7080-7084.
10. Fleet, G. H., and H. J. Phaff. 1981. Fungal glucans-structure
and metabolism, p. 416-440. In W. Tanner and F. A. Loewus
(ed.), Encyclopedia of plant physiology new series, vol. 13B.
Plant carbohydrates II. Springer-Verlag, Berlin.
11. Font de Mora, J., R. Sentandreu, and E. Herrero. Unpublished
data.
12. Gordee, R. S., C. Zeckner, L. F. Ellis, A. L. Thakkar, and L. C.
Howard. 1984. In vitro and in vivo anti-Candida activity and
toxicology of LY121019. J. Antibiot. 37:1054-1065.
13. Hazen, K. C. 1989. Participation of yeast cell surface hydrophobicity in adherence of Candida albicans to human epithelial
cells. Infect. Immun. 57:1894-1900.
14. Hazen, K. C., and B. W. Hazen. 1987. A polystyrene microsphere assay for detecting surface hydrophobicity variations
within Candida albicans populations. J. Microbiol. Methods
6:289-299.
15. Hazen, K. C., J.-G. Lay, B. W. Hazen, R. C. Fu, and S. Murthy.
1990. Partial biochemical characterization of cell surface hydrophobicity and hydrophilicity of Candida albicans. Infect. Immun. 58:3469-3476.
16. Herrero, E., P. Sanz, and R. Sentandreu. 1987. Cell wall
proteins liberated by Zymolyase from several ascomycetous
and imperfect yeasts. J. Gen. Microbiol. 133:2895-2903.
17. Kennedy, M. J. 1988. Adhesion and association mechanisms of
Candida albicans. Curr. Top. Med. Mycol. 2:73-169.
18. Lopez-Ribot, J. L., M. Casanova, J. P. Martinez, and R.
Sentandreu. 1991. Characterization of cell wall proteins of yeast
and hydrophobic mycelial cells of Candida albicans. Infect.
Immun. 59:2324-2332.
18a.Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.

Biol. Chem. 193:265-275.
19. Mehta, R. J., C. H. Nash, S. P. Grappel, and P. Actor. 1982.
Aculeacin A resistant mutants of Candida albicans. J. Antibiot.
35:707-711.
20. Mizoguchi, J., T. Saito, K. Mizuno, and K. Hayano. 1977. On the
mode of action of a new antifungal antibiotic, aculeacin A:
inhibition of cell wall synthesis in Saccharomyces cerevisiae. J.
Antibiot. 30:308-313.
21. Mizuno, K., A. Yagi, S. Satoi, M. Takada, M. Hayashi, K.
Asano, and T. Matsuda. 1977. Studies on aculeacin A. I.
Isolation and characterization of aculeacin A. J. Antibiot.
30:297-302.
22. Murgui, A., M. V. Elorza, and R. Sentandreu. 1985. Effect of
papulacandin B and calcofluor white on the incorporation of
mannoproteins in the wall of Candida albicans blastospores.
Biochim. Biophys. Acta 841:215-222.
23. Orlean, P. 1987. Two chitin synthases in Saccharomyces cerevisiae. J. Biol. Chem. 262:5732-5739.
24. Orlean, P. A. B. 1982. (1,3)-1-D-Glucan synthase from budding
and filamentous cultures of the dimorphic fungus Candida
albicans. Eur. J. Biochem. 127:397-403.
25. Perez, P., R. Varona, I. Garcia-Acha, and A. Durfin. 1981. Effect
of papulacandin B and aculeacin A on ,-(1,3)-glucan synthase
from Geotrichum lactis. FEBS Lett. 129:249-252.
26. Ribas, J. C., C. Roncero, H. Rico, and A. Duran. 1991. Characterization of a Schizosaccharomyces pombe morphological mutant altered in the galactomannan content. FEMS Microbiol.
Lett. 79:263-268.
27. Rosenberg, M., D. Gutnick, and E. Rosenberg. 1980. Adherence
of bacteria to hydrocarbons: a simple method for measuring
cell-surface hydrophobicity. FEMS Microbiol. Lett. 9:29-33.
28. Sawistowska-Schroder, E. T., D. Kerridge, and H. Perry. 1984.
Echinocandin inhibition of 1,3-3-D-glucan synthase from Candida albicans. FEBS Lett. 173:134-138.
29. Shematek, E. M., J. A. Braatz, and E. Cabib. 1980. Biosynthesis
of the yeast cell wall. I. Preparation and properties of
P-(1--+3)glucan synthetase. J. Biol. Chem. 255:888-894.
30. Sherman, F., G. R. Fink, and J. B. Hicks. 1986. Methods in
yeast genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.
31. Silverman, S. J., A. Sburlati, M. L. Slater, and E. Cabib. 1988.
Chitin synthase 2 is essential for septum formation and cell
division in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 85:4735-4739.
32. Szaniszlo, P. J., Kang, M. S., and E. Cabib. 1985. Stimulation of
P(1-*3)glucan synthetase of various fungi by nucleoside triphosphates: generalized regulatory mechanism for cell wall biosynthesis. J. Bacteriol. 161:1188-1194.
33. Taft, C. S., T. Stark, and C. P. Selitrennikoff. 1988. Cilofungin
(LY121019) inhibits Candida albicans (1-3)-p-D-glucan synthase
activity. Antimicrob. Agents Chemother. 32:1901-1903.
34. Tang, J., and T. R. Parr, Jr. 1991. W-1 solubilization and
kinetics of inhibition by cilofungin of Candida albicans (1,3)-1D-glucan synthase. Antimicrob. Agents Chemother. 35:99-103.
35. Valentin, E., E. Herrero, and R. Sentandreu. 1986. Incorporation of mannoproteins into the walls of aculeacin A-treated
yeast cells. Arch. Microbiol. 146:214-220.
36. Varona, R., P. Pirez, and A. Duran. 1983. Effect of papulacandin B on ,-glucan synthesis in Schizosaccharomyces pombe.
FEMS Microbiol. Lett. 20:243-247.
37. Yamaguchi, H., T. Hiratani, M. Baba, and M. Osumi. 1985.
Effect of aculeacin A, a wall-active antibiotic, on synthesis of
the yeast cell wall. Microbiol. Immunol. 29:609-623.
38. Yamaguchi, H., T. Hiratani, K. Iwata, and Y. Yamamoto. 1982.
Studies on the mechanism of antifungal action of aculeacin A. J.
Antibiot. 35:210-219.

2601

