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Aureobasidin A (LY295337) is a cyclic depsipeptide antifungal agent with activity against Candida spp. The
mechanism of action of LY295337 remains unknown. LY295337 also shows activity against the yeast Saccha-
romyces cerevisiae. Generation of a mutant of S. cerevisiae resistant to LY295337 is reported. Resistance was
found to reside in a dominant mutation of a single gene which has been named AUR1 (for aureobasidin
resistance). This gene was cloned and sequenced. A search for homologous sequences in GenBank and by
BLAST did not elucidate the function of this gene, although sequence homology to an open reading frame from
the Saccharomyces genome sequencing project and several other adjacent loci was noted. Deletion of aur1 was
accomplished in a diploid S. cerevisiae strain. Subsequent sporulation and dissection of the aur1/aur1D diploid
resulted in tetrads demonstrating 2:2 segregation of viable and nonviable spores, indicating that deletion of
aur1 is lethal. As LY295337 is fungicidal and deletion of aur1 is lethal, aur1 represents a potential candidate
for the target of LY295337.

Aureobasidins are antifungal cyclic depsipeptides isolated
from Aureobasidium pullulans R106 (15, 25). Aureobasidin A
(LY295337) is the major factor isolated from the fermentation
broth of A. pullulans R106 (25). This compound has potent in
vitro antifungal activity against Candida albicans, other species
of Candida, and Cryptococcus neoformans (9, 26).
The model yeast Saccharomyces cerevisiae is susceptible to

LY295337. The study of mutants of S. cerevisiae resistant to the
action of LY295337 could lead to an understanding of its
mechanism of action. In this study, generation of a dominant
mutant of S. cerevisiae which is resistant to LY295337 has
allowed the cloning of a gene, ABR1, which encodes resistance
to LY295337 (12, 13). Hashida-Okado and coworkers and
Okado et al. have recently isolated the same gene as ABR1
through resistance to aureobasidin A (named AUR1) from S.
cerevisiae (11, 16). The gene encoding resistance to aureobasi-
din A will hereafter be referred to as AUR1. AUR1 is unique
and essential for viability of S. cerevisiae. AUR1may encode the
target for LY295337.

MATERIALS AND METHODS

Strains, media, plasmids, and transformations. S. cerevisiae strains used in
this study are presented in Table 1. Cultivation, storage, and genetic manipula-
tion of S. cerevisiae were carried out as previously described (19). The yeast
shuttle plasmid pRS416 was used for construction of the yeast library, and
pRS406 was used for construction of a deletion plasmid (24). Transformation of
yeast strains was carried out by the method of Reddy and Maley (18). Transfor-
mants bearing the URA3-marked plasmids were cured by the use of 5-fluoro-
orotic acid (5-FOA) (4).
Selective medium for drug resistance was standard yeast-peptone-dextrose

(YPD) agar with 5 mg of LY295337 per ml and 1% ethanol (19).
Library construction and propagation of plasmids were performed with Esch-

erichia coli DH5a, grown and selected for by standard methods (21).
Determination of antibiotic sensitivity. Drug sensitivity of S. cerevisiae was

determined by broth microdilution assays performed with YPD broth. The in-
oculum (104 cells per well) was prepared from fresh overnight cultures of S.
cerevisiae strains in YPD. Plates were incubated at 308C for 48 h, and growth was
determined by A650 in a ThermoMax plate reader (Molecular Devices, Inc.).
Generation of mutant resistant to LY295337. The yeast strain YPH1 was made

respiration incompetent by successive treatment with ethidium bromide. The
resulting strain failed to grow on glycerol as a carbon source (7, 19).
The YPH1 [rho0] strain (107 cells per plate) was mutagenized by exposure to

UV irradiation (20% survival rate) directly on YPD plates containing 5 mg of
LY295337 per ml. The plates were allowed to recover in the dark for 2 days and
incubated for 3 more days at 308C. Diploids formed by crossing the resistant
mutants with the wild-type YPH2 strain were tested for their sensitivity to
LY295337. The diploids were sporulated and dissected, and the resulting prog-
eny were tested for resistance to LY295337.
Genetic mapping. Linkage analysis was performed as described previously

(23). Strains harboring AUR1 were then crossed with multiply marked strains
bearing centromere-linked markers for determination of linkage and chromo-
somal location (23).
Isolation of DNA. Yeast genomic DNA was isolated as previously described

(17). Plasmid DNA was isolated from yeast cells as described previously (14).
Isolation of plasmid DNA from bacterial cells was accomplished by alkaline lysis
(21). Plasmid DNA was purified on Qiagen columns (Qiagen Co.) or Wizard
Magic Miniprep columns (Promega) according to the manufacturer’s instruc-
tions. A yeast genomic library was prepared from DNA isolated from strain
SH1-1a. Size-fractionated DNA was obtained by partial digestion with Sau3A
and purified on sucrose gradients and ligated to pRS416 by standard methods
(17).
Cloning of AUR1. The yeast genomic library was transformed into S. cerevisiae

YPH1. Transformed cells were selected on YPD agar with 5 mg of LY295337 per
ml. Plasmid preparations were made from drug-resistant transformants and
transformed into E. coli, and DNA was amplified and isolated as described
above. Isolates were analyzed by restriction analysis and subsequent agarose gel
electrophoresis. A plasmid-cured derivative of each isolate was obtained by
growth on 5-FOA (4).
Plasmid pAUR1 was isolated from a resistant transformant and amplified in E.

coli. Overlapping fragments of the original insert were generated by restriction
enzyme digestion and subcloned into pRS416. Plasmids containing subcloned
inserts were transformed into S. cerevisiae, and the transformants were tested for
resistance to LY295337.
DNA sequencing analysis. Plasmid pAUR1-4X was used to construct a set of

nested deletions by use of exonuclease III and mung bean exonuclease. Deletions
were sequenced by the dideoxy method (22). The entire sequence of the XbaI
fragment was analyzed with the Genetics Computer Group program, and com-
parison was done by BLAST analysis (1, 6).
Partial deletion of ABR1 gene. Partial deletion of the aur1 locus was accom-

plished by a two-step deletion-insertion method (20). pAUR1-4X was digested
with BsaBI. The linear plasmid was diluted and religated, forming pAUR1-4XD.
Plasmid pAUR1-4XD was digested with KpnI and XbaI, and the partial deletion
fragment of AUR1 was isolated by gel purification. Plasmid pRS406 was digested
with KpnI and XbaI and ligated with the pAUR1-4XD KpnI-XbaI fragment. The
resulting plasmid, pAUR1D, was digested with EcoRI and transformed as linear
DNA into the diploid strain YPH1/YPH2. Transformants were selected on
SC-ura (synthetic complete media without uracil) plates, and genomic DNA was
prepared. Correct integration of the target sequence was determined by hybrid-
ization using the XbaI fragment from pAUR1-4X as a probe. Integrants bearing
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aur1D were then selected for reversion on 5-FOA (4). Revertants were examined
as described above for integration of aur1D. Appropriate heterozygous diploids
(aur1/aur1D) were subjected to sporulation and dissection (19).

RESULTS AND DISCUSSION

Generation of mutants resistant to LY295337. Attempts to
generate spontaneous mutants resistant to the action of
LY295337 failed. Treatment with the mutagen ethyl methane-
sulfonate to increase the frequency of mutations resulted in
isolation of solely petite mutants which exhibited a phenotype
of resistance to LY295337. This result may have been due to
the combination of mutagenesis and drug selection, conditions
which are known to enhance the formation of [rho2] mutants
(7). The susceptibility of a [rho0] strain to LY295337 was found
to be similar to that of the [rho1] parent strain, however,
suggesting that the target for this compound was not encoded
by mitochondrial DNA. Other factors mediated by mitochon-
drial function, however, may affect or modulate the sensitivity
of S. cerevisiae to LY295337.
Genetic characterization of AUR1. Strain M, isolated from

plates containing 5 mg of LY295337 per ml, was crossed with
the wild-type strains K396-11b and 1383-5c. The resultant SH1
and SH2 diploids were resistant to LY295337 (.20 mg/ml),
indicating that the mutation encoding resistance was domi-
nant. The diploids were sporulated and dissected. Dissection of
40 tetrads from these crosses resulted in a 2S:2R segregation
pattern when the tetrads were replica plated on drug plates,
indicative of resistance to LY295337 residing in a single ge-
netic locus (data not shown). No other phenotypic differences
were noted in the segregants bearing the resistance mutation.
A single resistant segregant from this cross (SH1-6d) was then
mated with FW786 to create the diploid SH28. Sporulation
and dissection of this diploid gave similar results (data not
shown). This locus encoding dominant resistance to LY295337
was initially termed ABR1 (for aureobasidin resistance) (12,
13). During preparation of this paper, Hashida-Okado et al.
and Okado et al. reported cloning of the same gene, naming it
AUR1 (11, 16).
Linkage analysis of the tetrad data demonstrated that AUR1

was centromere linked but not linked to the markers examined

(Table 2). A segregant from one of the initial crosses (SH1-2c)
was crossed with the centromere-marked mapping strain
GT153-6A. Sporulation and dissection of this diploid indicated
that AUR1 was linked to either met14 or met2. Further analysis
with complementation tester strains GT160-34B and GT161-
31B indicated that the linked marker was met14 and not met2.
This was confirmed by a direct cross of SH1-2C with GT160-
45c and linkage analysis (Table 2). This demonstrated that
AUR1 was closely linked to met14 and places AUR1 on chro-
mosome XI. The distance from AUR1 to the centromere was
calculated to be approximately 2.5 centimorgans.
Susceptibility of AUR1 to antifungal agents. There are a

number of known pleiotropic drug resistance loci in S. cerevi-
siae (2, 3). Segregants from wild-type outcrosses of AUR1 were
tested against a number of compounds and compared with
parental strains. The other compounds tested showed no sig-
nificant (greater than fourfold) increases in their MICs (Table
3). The MIC of LY295337 for strains bearing AUR1 was .500
times the MIC for the wild type (.20 versus 0.04 mg/ml).
Cloning of AUR1. The heterozygous diploid AUR1/aur1 mu-

tant demonstrated resistance to LY295337 at .20 mg/ml, sug-
gesting that the mutation was dominant. A genomic library of
a strain bearing the AUR1 mutation was prepared in the plas-
mid vector pRS416 and transformed into the wild-type yeast
strain YPH1, which was then plated on drug plates. Seven
colonies were visible and were examined as described above.

TABLE 1. Strains used in this study

Strain Genotype Source

YPH1 MATa ura3-52 lys2-801 ade2-101 CSHLa

YPH2 MATa ura3-52 lys2-801 ade2-101 CSHL
K396-11b MATa ura3 ade1 his1 leu2 lys7 met3 trp5 CSHL
1383-5c MATa his4-G met13 ura3 leu2 trp1 lys2 ho::LYS2 CSHL
FW786 MATa ade8 CSHL
GT153-6A MATa ade1 gal7 leu2 ura3 his2 leu1 arg4 his6 ilv3 met14 asp5 lys7 lys9 met2 ade2 aro7 ade YGSCb

GT160-34B MATa ade1 leu2 his6 met14 lys9 YGSC
GT161-31B MATa ade2 leu1 his2 met2 lys7 asp5 YGSC
GT160-45C MATa ade1 leu2 his6 met14 lys9 ura3 YGSC
YPH1/2 YPH1 3 YPH2 This study
YPH1 [rho0] YPH1 treated with ethidium bromide W. L. Currentc

M LY295337-resistant mutant of YPH1 [rho0] This study
SH1 M 3 K396-11b This study
SH1-2c MATa ade leu2 ura3 ABR1 This study
SH1-6d MATa ade his ura3 leu2 met3 This study
SH2 M 3 1383-5c This study
SH2-3b MATa lys2 his4 ura3 ABR1 This study
SH26 GT160-45C 3 SH1-2c This study
SH28 FW786 3 SH1-6d This study

a CSHL, Cold Spring Harbor Laboratory yeast genetics course.
b YGSC, Yeast Genetic Stock Center, Department of Molecular and Cellular Biology, University of California at Berkley.
c Department of Infectious Disease Research, Lilly Research Laboratories.

TABLE 2. Linkage analysis of LY295337 resistance phenotypea

Diploid Markers
Tetrad typeb

Linkage
PD NPD T

SH1 and SH28 ABR1-leu2 36 31 17 Centromere
SH28 ABR1-ura3 25 29 12 Centromere
SH26 ABR1-met14 95 0 5 Centromere and

linked to met14

a Segregants from crosses of strains resistant to LY295337 with wild-type cells
demonstrated 2R:2S spores, indicative of ABR1 residing in a single genetic locus.
Resistance to LY295337 was tested at 5 mg/ml on YPD plates.
b PD, parental ditype; NPD, nonparental ditype; T, tetratype.
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Three of the plasmid isolates contained inserts and appeared
identical by digestion at a limited number of restriction sites.
Plasmids containing inserts were retransformed into S. cerevi-
siae YPH1 and tested for prototrophy (Ura1) and resistance to
LY295337 (5 mg/ml). All three plasmids yielded transformants
that were drug resistant. The transformants were then sub-
jected to plasmid loss conditions as described above. The trans-
formants returned to auxotrophy (Ura2) and were sensitive to
LY295337. The plasmids were digested with a number of re-
striction enzymes and appeared identical. The insert in plasmid
pAUR1 was 7.7 kb (Fig. 1).
Subcloning and sequencing of AUR1. The 7.7-kb insert was

fragmented with available restriction sites and subcloned into
pRS416 (Fig. 1). The left-hand XbaI fragment was found to
encode resistance to LY295337 (pAUR1-4X). Nested dele-
tions of this fragment were prepared and sequenced. Analysis
of all six reading frames revealed three open reading frames

within the 4.5-kb XbaI fragment. Examination of the nested
deletions for activity demonstrated that resistance to LY295337
was encoded by the middle open reading frame in the 4.5-kb
XbaI fragment. The sequence of AUR1 is 1,203 bp and contains
no introns. It codes for a putative 401-amino-acid protein (Fig.
2). Homology searching identified an open reading frame se-
quenced as part of the S. cerevisiae genome sequencing project
(Chr XI YKL004w [GenBank accession no. Z28004]) as well as
by overlapping sequence homologies with the adjacent loci of
YKL150 and MRP17 (5, 8, 10). The homology of parts of the
XbaI fragment to known sequences confirms the placement of
AUR1 on yeast chromosome XI and its close linkage to met14
as determined by genetic analysis. No biological function has
been assigned to the YKL004w open reading frame. No other
known homologs of this gene from other species were found.
In addition, functional analysis of the gene product by motif
searching did not provide any further insight as to the possible
functions of AUR1. Furthermore, there was no homology or
overall structural similarity to pleiotropic drug resistance
markers (2, 3).
Comparison of the sequence for AUR1 with the chromo-

somal sequence for a wild-type strain revealed two potential
amino acid changes in the putative translation product of this
gene. In the mutant sequence, Leu-137 has been changed to a

FIG. 1. Restriction map and subclones of AUR1. (A) Restriction map of
original cloned insert from pAUR1 (7.7 kb). (B) Subcloned fragments of pAUR1
and their ability to maintain yeast cell growth on LY295337 (5 mg/ml on YPD
plates). Restriction sites are as follows: K, KpnI; B, BamHI; C, ClaI; E, EcoRI;
and X, XbaI.

FIG. 2. Nucleic acid sequence of AUR1. The coding sequence for AUR1
determined from sequence analysis of the XbaI fragment of pAUR1-4X (under-
lined bases) and the sites of mutations from comparison of the sequence of
AUR1 with the wild-type sequence from YKL004w (8) (underlined codons) are
indicated.

TABLE 3. Susceptibility testing of ABR1 strains

Compound

MIC (mg/ml) for straina:

YPH1
[rho0] M SH1-1a SH1-1b SH1-1c SH1-1d

LY295337 0.04 .20 .20 .20 0.04 0.04
Nystatin 5.0 2.5 10.0 5.0 10.0 5.0
5-FCb 20.0 20.0 .40 .40 .40 .40
Cycloheximide 0.63 0.63 0.63 1.25 0.63 0.63
280949c 0.63 0.63 2.5 1.25 2.5 1.25

a SH1 strains are derived from individual spores from a single tetrad from
SH1.
b 5-FC, 5-fluorocytosine.
c 280949 is an echinocandin B analog with good in vitro activity against S.

cerevisiae.
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phenylalanine and His-157 is changed to a tyrosine. Each
change is the result of a single base pair alteration. The mu-
tation at His-157 is adjacent to the amino acid mutated in the
dominant resistance mutation in aur1 of Okado and coworkers,
in which residue Phe-158 was altered to a tyrosine (16). This
region of the AUR1 sequence thus appears important for dom-
inant resistance to LY295337.
Partial deletion of AUR1. Partial deletion of the wild-type

locus (aur1) was accomplished by deletion-insertion of the
AUR1 gene. A 549-bp deletion was constructed by digestion of
pAUR1-4X with BsaBI followed by religation. This deletion-
religation removed the sites of the mutations in AUR1 and also
introduced a reading frame shift of a single base pair. The
deleted fragment was inserted into pRS406, resulting in plas-
mid pAUR1D. This construct was digested with EcoRI and
transformed into a YPH1/YPH2 diploid. After selection of
transformants on SC-ura medium, colonies were picked for
preparation of genomic DNA and Southern blots by using a
labeled XbaI fragment from pAUR1-4X as a probe. Most
transformants demonstrated a pattern consistent with a tan-
dem insertion of a single disrupted allele of aur1 with the
wild-type locus (11.7 kb) compared with the nondisrupted al-
leles (10.1 kb) and showed the presence of plasmid sequences
at 6.3 kb (Fig. 3). The lower band at 5.8 kb represents the 39
end of the sequence from the wild-type sequence internal
BamHI site which is missing in the deletion construct. An
additional band is seen at ;8 kb (Fig. 3B, lane 4). This prob-
ably represents an integration into another locus.

Transformants were picked and then selected for reversion
to auxotrophy by being plated on 5-FOA. Loss of the Ura1

marker was accompanied in some cases by recombination of
tandemly inserted aur1D for the wild-type gene. Southern blots
of the genomic DNA with the XbaI fragment of pAUR1-4X as
a probe demonstrated two homologs of different sizes, one
corresponding to the wild-type aur1 gene (10.1 and 5.8 kb) and
the second to aur1D (15.4 kb). The larger size of the deletion
arises from the loss of the internal BamHI site in the coding
sequence of the deletion construct (Fig. 4). Excision of the
integrant (loss of the Ura1 marker) led in most cases to re-
covery of the wild-type allele for aur1.
A diploid carrying the aur1D/aur1 loci was sporulated and

dissected. The resulting spores demonstrated 2:2 segregation
of viable to nonviable spores (data not shown). Microscopic
examination of the plates revealed microcolonies of four to
eight cells in which nonviable spores were located. Southern
blots of genomic DNA from viable spores with the XbaI frag-
ment of pAUR1-4X used as a probe demonstrated that viable
colonies carried only the wild-type allele of aur1 (10.1 and 5.8
kb), suggesting that the nonviable spores were aur1D (Fig. 5).
The partial deletion of the aur1 locus thus renders the cells
capable of germination but unable to proceed through more
than a few rounds of division and growth. Thus, aur1 is essen-
tial for growth. In Schizosaccharomyces pombe and S. cerevi-

FIG. 3. Insertion of pAUR1D into YPH1/YPH2 diploid. (A) Map of tandem
insertion of aur1D in the aur1 locus. The sizes of the BamHI fragments from the
wild-type locus (single arrows), plasmid sequence (dashed double arrow), and
aur1D sequence from the plasmid (solid double arrow) are indicated. Sizes are in
kilobases. Restriction sites are as for Fig. 1; B1, BsaBI. (B) Genomic DNA from
integrants digested with BamHI and probed with pAUR1-4X. Lanes 1 to 10,
transformants; lane 11, YPH1/YPH2 wild-type diploid. Sizes are shown on the
right (in kilobases). FIG. 4. Analysis of revertants from treatment with 5-FOA. (A) Map of aur1D

locus after reversion on 5-FOA. Restriction sites as for Fig. 1 and 3. (B) Genomic
DNA digested with BamHI and probed as for Fig. 3. Lanes 1 to 16, individual
clones from 5-FOA; lane 17, transformant 5 from Fig. 3; lane 18, YPH1/YPH2
diploid. Sizes are shown on the right (in kilobases).
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siae, similar results were found by gene disruption in AUR1
(11, 16).
By inference, LY295337 perhaps disrupts this essential func-

tion and thereby causes cell death. Mutation of ABR1 may
therefore be expressed as resistance to LY295337 through al-
teration of the binding site and therefore the affinity of
LY295337 for the AUR1 gene product. Alternatively,
LY295337 may bind to the AUR1 gene product but is unable to
inhibit the function of the mutated AUR1 gene product. At
present, there is no evidence for direct binding of LY295337 to
the gene product of AUR1, and the biological role of AUR1 in
S. cerevisiae remains undefined and awaits further investiga-
tion.
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FIG. 5. Analysis of individual spores from the dissection of the sporulated
diploid (abr1/abr1D). Genomic DNAs from individual spores and blots were
prepared as described previously. Lanes 1 to 6, viable spore pairs from three
tetrads; lane 7, the revertant of transformant 5 (Fig. 4); lane 8, the YPH1/YPH2
diploid. Sizes are shown on the right (in kilobases).
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