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T

he role of ATP-binding cassette (ABC) transporter proteins as
drug efflux pumps is arguably the best appreciated activity of
these membrane proteins (1). Mutant cell lines engineered to exhibit high-level chemotherapeutic resistance led to the identification of the foundational eukaryotic ABC transporter Mdr1 (2).
The dramatic drug efflux effect of these proteins has led to a focus
on these roles of ABC transporters and less emphasis on their
endogenous activity. More recent work indicates that ABC transporters have important functions in the absence of any drug, including export/import of natural products (3). While each ABC
transporter has a characteristic substrate range of transported
molecules, these proteins have also been found to influence the
lipid composition of the membrane in which they are embedded
(4). Altering the lipid environment of a given membrane has the
capability to alter the function of the large number of proteins
sharing this membrane.
The yeast Saccharomyces cerevisiae expresses two plasma membrane ABC transporters that have been demonstrated to be required for development of the normal asymmetric distribution of
phospholipids across this membrane (5). These two proteins,
Pdr5 and Yor1, were first identified via their contributions to the
drug resistance of cells (6–9). Work from two laboratories found
that these ABC transporters were required to maintain the low
exofacial distribution of phosphatidylethanolamine, a phospholipid normally enriched in the cytoplasmic leaflet of the plasma
membrane (5, 10). Another group discovered that cells lacking
Pdr5 and Yor1 were robustly resistant to the sphingolipid intermediate phytosphingosine (PHS) (11). This was attributed to the
transcriptional induction of a 7-transmembrane-domain-containing protein called Rsb1 that was argued to be a PHS exporter
(12). The transcriptional control of the RSB1 gene was shown to
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be dependent on the zinc cluster-containing transcription factor
Pdr1 (11). Pdr1 is a key regulator of pleiotropic or multiple drug
resistance in S. cerevisiae through its control of many target genes,
including PDR5 and YOR1 (reviewed in reference 13).
We previously demonstrated that cells lacking Pdr5 and Yor1
also had a defect in the internalization of the high-affinity tryptophan permease Tat2 (14). A pdr5⌬ yor1 strain exhibited elevated
plasma membrane levels of Tat2 with an associated increase in
tryptophan uptake. Importantly, pdr5⌬ yor1 cells were better able
to grow in the presence of limiting tryptophan than wild-type
cells, linking the increased Tat2 levels to a growth phenotype.
Yeast strains that are tryptophan auxotrophs are exquisitely sensitive to the levels of Tat2 in the plasma membrane, as this is the
only high-affinity route for these cells to obtain tryptophan (15).
We found that rsb1⌬ cells had lower plasma membrane Tat2 levels
and provided evidence that the control of Tat2 by Rsb1 was likely
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ATP-binding cassette transporters Pdr5 and Yor1 from Saccharomyces cerevisiae control the asymmetric distribution of phospholipids across the plasma membrane as well as serving as ATP-dependent drug efflux pumps. Mutant strains lacking these
transporter proteins were found to exhibit very different resistance phenotypes to two inhibitors of sphingolipid biosynthesis
that act either late (aureobasidin A [AbA]) or early (myriocin [Myr]) in the pathway leading to production of these important
plasma membrane lipids. These pdr5⌬ yor1 strains were highly AbA resistant but extremely sensitive to Myr. We provide evidence that these phenotypic changes are likely due to modulation of the plasma membrane flippase complexes, Dnf1/Lem3 and
Dnf2/Lem3. Flippases act to move phospholipids from the outer to the inner leaflet of the plasma membrane. Genetic analyses
indicate that lem3⌬ mutant strains are highly AbA sensitive and Myr resistant. These phenotypes are fully epistatic to those seen
in pdr5⌬ yor1 strains. Direct analysis of AbA-induced signaling demonstrated that loss of Pdr5 and Yor1 inhibited the AbA-triggered phosphorylation of the AGC kinase Ypk1 and its substrate Orm1. Microarray experiments found that a pdr5⌬ yor1 strain
induced a Pdr1-dependent induction of the entire Pdr regulon. Our data support the view that Pdr5/Yor1 negatively regulate
flippase function and activity of the nuclear Pdr1 transcription factor. Together, these data argue that the interaction of the ABC
transporters Pdr5 and Yor1 with the Lem3-dependent flippases regulates permeability of AbA via control of plasma membrane
protein function as seen for the high-affinity tryptophan permease Tat2.

ABC Transporters Regulate Plasma Membrane Composition

TABLE 2 Plasmids

TABLE 1 Strains
Genotype

SEY6210

MAT␣ leu2-3,112 ura3-52 lys2-801 trp1⌬901 his3-⌬200 suc2-⌬9 GAL
pdr1-⌬2::hisG
pdr1-⌬2::hisG pdr3-⌬1::hisG
pdr5-⌬1::hisG
yor1-1::hisG
pdr5-⌬1::hisG yor1-1::hisG
pdr3::kanMX4
lem3::kanMX4
lem3::kanMX4 pdr5-⌬1::hisG yor1-1::hisG
ypk1::natMX4
ypk1::natMX4 pdr1-⌬2::hisG pdr3-⌬1::hisG
MAT␣ ho⌬::tetO2-GFP-URA3 can1⌬::
GMToolkit-alpha [CMVpr-rtTA
NATMX4 STE3pr-LEU2] lyp1⌬ his3⌬1
leu2⌬0 ura3⌬0 met15⌬0
MAT␣ adp1⌬ snq2⌬ ycf1⌬ pdr15⌬ yor1⌬
vmr1⌬ pdr11⌬ nft1⌬ bpt1⌬ ybt1⌬
ynr070w⌬ yol075c⌬ aus1⌬ pdr5⌬ pdr10⌬
pdr12⌬ can1⌬::GMToolkit-alpha
(CMVpr-rtTA NATMX4 STE3pr-LEU2)
his3⌬1 leu2⌬0 ura3⌬0 met15⌬0
per1::kanMX4
per1::kanMX4 pdr5-⌬1::hisG yor1-1::hisG
atr1::kanMX4
atr1::kanMX4 pdr5-⌬1::hisG yor1-1::hisG
gcn4::kanMX4
gcn4::kanMX4 pdr5-⌬1::hisG yor1-1::hisG
gda1::kanMX4
gda1::kanMX4 pdr5-⌬1::hisG yor1-1::hisG
C21 MATa per1 pdr5-⌬1::hisG yor1-1::hisG
pdr1::kanMX4 pdr5-⌬1::hisG yor1-1::hisG
pdr3::kanMX4 pdr5-⌬1::hisG yor1-1::hisG
B19 MATa lem3 pdr5-⌬1::hisG yor1-1::hisG
B27 MAT␣ cyc8 pdr5-⌬1::hisG yor1-1::hisG
B33 MATa gda1 pdr5-⌬1::hisG yor1-1::hisG
C1 MATa swa2 pdr5-⌬1::hisG yor1-1::hisG
C17 MATa bsh1 pdr5-⌬1::hisG yor1-1::hisG
C25 MAT␣ mss4 pdr5-⌬1::hisG yor1-1::hisG

MRY3
MRY4
MRY32
MRY56
MRY290
MRY454
MRY745
MRY746
RMY190
RMY193
RYO568b

RYO623b

SKY52
SKY53
SKY82
SKY83
SKY90
SKY91
SRY71
SRY73
SRY92
SRY187
SRY188
SRY222
SRY224
SRY226
SRY228
SRY230
SRY232
a
b

Scott Emr
71
71
71
71
14
This study
This study
This study
This study
This study
22

Description

pSR101
pBT16
pPL215
pSH14HA
pDR3.3

pRS316 YPK1PRO-1⫻HA-YPK1 CEN6 URA3
pRS316 YPK1PRO-1⫻HA-YPK1L424G CEN6 URA3
p416Met25 YPK1-3HA URA3
ORM1PRO-HA-ORM1-ORM1TERM CEN6 HIS3
Sau3A partial fragment of yeast genomic DNA
containing PDR5-coding region was inserted
into BamHI site of YEp24, URA3 2
pdr5 mutant allele derived from YJM789,
YEplac195, URA3 2
Constitutively active GCN4C allele in YCp50,
URA3 CEN4

MRB700
p238

This study
This study
23
72
73

56
61

that the entire suite of Pdr1-regulated genes was induced in cells
lacking Pdr5 and Yor1. Together, these data suggest that these
ABC transporters are important determinants of plasma membrane function as well as serving as upstream inputs controlling
the activity of nuclear transcription factors.

22

MATERIALS AND METHODS
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

All strains were generated in SEY6210 background unless otherwise specified.
Diploid strain from BY4741 ⫻ BY4742.

to explain both the PHS resistance phenotype and enhanced
growth on low tryptophan.
In further studies of the physiology of the pdr5⌬ yor1 strain, we
found that this strain was also extremely resistant to the sphingolipid inhibitor aureobasidin A (AbA). AbA causes lethality by
blocking the conversion of ceramide to inositol-phosphoryl-ceramide (IPC) by inhibiting the IPC synthase enzyme encoded by
AUR1 (16) and KEI1 (17). The AbA resistance of a pdr5⌬ yor1
strain was insensitive to tryptophan auxotrophy and Tat2 or Rsb1
levels, consistent with this being a different resistance mechanism.
We carried out a genetic screen for mutations that would lower the
elevated AbA resistance of the pdr5⌬ yor1 strain and identified 6
different genes required for AbA tolerance. Analysis of AbA-induced intracellular signaling supports the view that pdr5⌬ yor1
cells are likely to exclude AbA from their cytoplasm, an ability that
would explain the elevated resistance to this sphingolipid biosynthetic inhibitor. Transcriptional microarray analysis indicated
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Source or
reference

Name

Media, strains, and plasmids. Cells were grown in rich YPD medium (1%
yeast extract, 2% peptone, 2% glucose) or under amino acid selective
conditions in complete supplemental medium (Difco yeast nitrogen extract without amino acids, amino acid powder from Sunrise Science Products, 2% glucose). Cell transformations with plasmid were performed
using the lithium acetate method with single-stranded DNA (ssDNA)
(18). All strains and plasmids used in this study are listed in Table 1 and
Table 2, respectively. Gene disruption with a hisG-URA3-hisG cassette was
performed as described previously (19). Complete gene deletion strains
were generated using a kanMX4 or natMX4 deletion cassette (20, 21). A
strain lacking all 16 multidrug resistance cell membrane transporters in
the RYO568 background was called RYO623 (22). To generate plasmid
constructs, we used PCR amplification and homologous recombination
in yeast. For construction of pSR101, a 1⫻ hemagglutinin (HA) aminoterminally tagged YPK1 gene was placed under the control of its native
promoter in pRS316. To generate pBT16, the analogue-sensitive
YPK1L424G allele was amplified from pPL220 (23) and introduced into
pSR101, gapped with ClaI and MfeI. All positive clones were confirmed by
sequencing.
Drug sensitivity assay. For drug sensitivity plating assays, we used
mid-log-phase cultures (optical density at 600 nm [OD600] of 1). Fifteen
thousand cells were spotted in 1:10 dilutions onto plates containing aureobasidin A (Clontech catalogue number 630466), myriocin (Myr)
(Sigma catalogue number M1177), phytosphingosine (PHS) (Avanti catalogue number 239083), or fluconazole (Flu) (LKT Laboratories, Inc.,
catalogue number F4682). Plates were incubated at 30°C for 2 days.
EMS mutagenesis. The protocol for ethyl methanesulfonate (EMS)
mutagenesis was adapted from that of Steven Hahn’s laboratory, Fred
Hutchinson Cancer Research Center. The pdr5⌬ yor1 (MRY290) strain
was treated with EMS for 40 min to induce 50% lethality. To recover
mutagenized clones, 15,000 cells were plated onto YPD at 500 cells per
plate density. Recovered clones were further analyzed for their sensitivity
to 75 ng/ml aureobasidin A (AbA) by replica plating. EMS mutants that
showed strong sensitivity to AbA were backcrossed to the parental pdr5⌬
yor1 strain three times. Final strains were transformed with the YCp50
library with selection for AbA resistance. Boundaries of the complementing DNA contained in the plasmids were determined by sequencing with
YCp50-specific primers 5=-GCCGCCCAGTCCTGCTCGCTTCGCT and
3=-TGATGTCGGCGATATAGGCGCCAGC. Three mutants (lem3, swa3,
and per1) could not be complemented from our YCp50 library. We prepared genomic DNA from these mutant strains and the isogenic wild-type
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RESULTS

Links between ABC transporters and sphingolipid biosynthesis.
Strains lacking the plasma membrane ABC transporter proteins
Pdr5 and Yor1 have been found to exhibit striking resistance to
exposure to long-chain base phytosphingosine (PHS) (11). Since
PHS is an intermediate in sphingolipid biosynthesis, we tested the
ability of the pdr5⌬ yor1 strain to tolerate inhibitors of sphingolipid biosynthesis to probe activity of this biosynthetic pathway.
We used the IPC synthase inhibitor aureobasidin A (AbA) and the
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serine palmitoyltransferase inhibitor myriocin (Myr) (Fig. 1A).
We used the ergosterol biosynthetic inhibitor fluconazole (Flu)
and PHS to provide phenotypic controls for previously characterized phenotypes of the pdr5⌬ yor1 strain. Strains were grown to
mid-log phase and serial dilutions plated on rich media containing drugs at various concentrations.
Although both AbA and Myr act to inhibit sphingolipid biosynthesis, the behaviors of the pdr5⌬ yor1 strain in response to
these drugs were very different. Resistance to AbA was strongly
elevated in this genetic background, while these same strains were
hypersensitive to Myr (Fig. 1B). This differential resistance behavior does not support the idea that a simple increase in sphingolipid
biosynthesis is likely to explain the AbA resistance. As expected,
the pdr5⌬ yor1 cells were sensitive to Flu and resistant to PHS
exposure.
PHS toxicity is most pronounced in tryptophan auxotrophs, as
the PHS-dependent diversion of Tat2 to the vacuole removes the
only high-affinity route cells possess to acquire this amino acid
(30). Restoration of tryptophan prototrophy strongly elevates tolerance to PHS (31). Since resistance to AbA and PHS was elevated
in the absence of Pdr5 and Yor1, we wanted to determine if AbA
resistance was also sensitive to tryptophan prototrophic status.
Isogenic wild-type, pdr5⌬, or pdr5⌬ yor1 cells were transformed
with plasmids expressing the URA3 or TRP1 gene, restoring uracil
or tryptophan prototrophy, respectively. Transformants were
then plated on media containing AbA or PHS (Fig. 1C).
AbA resistance was unaffected by tryptophan prototrophy.
Both wild-type and pdr5⌬ cells remained sensitive to AbA irrespective of their ability to biosynthesize tryptophan. As seen before (14, 31), Trp⫹ transformants were highly tolerant to PHS
compared to isogenic Trp⫺ cells. These data indicate that the
mechanism of AbA resistance in cells lacking Pdr5 and Yor1 is
different from that of PHS tolerance and seems unlikely to involve
increased sphingolipid biosynthetic pathway activity.
Pdr pathway activity and AbA resistance. We wondered if the
finding that increased AbA resistance was seen in the absence of
Pdr5 and Yor1 could be related to earlier findings that loss of
particular ABC transporter-encoding genes triggered a potentially
compensatory induction of the remaining genes (32). To evaluate
this possibility, we employed a strain engineered to lack all genes
encoding the ABC transporter proteins in S. cerevisiae (22).
Matched congenic control strains were grown and placed on medium containing AbA (Fig. 2A).
Loss of all 16 ABC transporter-encoding genes still produced a
strain exhibiting a robust AbA-resistant phenotype. We conclude
from this experiment that the cause of the enhanced AbA resistance seen in the absence of Pdr5 and Yor1 is not related to
changes in other ABC transporter proteins. Since both PDR5 and
YOR1 are transcriptionally regulated by the homologous zinc
cluster-containing transcription factors Pdr1 and Pdr3, we examined the participation of these positive regulatory proteins in the
increased AbA resistance seen in a pdr5⌬ yor1 strain. Isogenic
strains lacking the indicated PDR genes were placed on media
containing various drugs and compared for their ability to respond to these stresses (Fig. 2B).
Removal of Pdr1 but not Pdr3 dramatically lowered AbA resistance in a pdr5⌬ yor1 strain. This result is consistent with Pdr1
playing a more important role in the AbA resistance phenotype
induced in response to loss of Pdr5 and Yor1. A similar increased
importance of Pdr1 compared to Pdr3 was seen in the elevated
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strain. These DNA samples were subjected to Illumina sequencing and
analyzed for the altered genes contained in each mutant. We confirmed
that the mutations detected were responsible for the AbA sensitivity phenotype in at least one of two ways. All mutants were transformed with
plasmids containing the wild-type gene obtained from a genomic library
(24). The presence of the appropriate wild-type gene returned AbA resistance to its high level. We also disrupted wild-type copies of LEM3 or
PER1 with a kanMX4 allele and determined that these null mutations led
to AbA hypersensitivity in all backgrounds tested. For these EMS mutant
strains, yeast sphingolipids were extracted and measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS) according to previously established protocols (25).
Western blot analysis. Four OD600 units of mid-log-phase cells were
collected per each sample. Total protein extract was isolated using an
NaOH-trichloroacetic acid (TCA) method as previously described (26).
Equal amounts of total protein extract were resolved on 8% SDS-polyacrylamide gels and transferred to Whatman Protran nitrocellulose membranes (GE Healthcare Life Science catalogue number Z670960). The
membrane was blocked in 5% nonfat dry milk in1⫻ TBST (50 mM Tris
[pH 7.4], 300 mM NaCl, 0.05% Tween 20) and probed with 1:5,000
mouse monoclonal HA.11 (16B12) (Covance catalogue number MMS101P), polyclonal anti-phospho-T662-Ypk1 (23), or monoclonal mouse
12G10 anti-alpha-tubulin (procured from the Developmental Studies
Hybridoma Bank at the University of Iowa) primary antibodies in Odyssey blocking buffer (phosphate-buffered saline [PBS]) (Li-Cor catalogue
number 927-40000) overnight. IRD dye 680RD goat anti-rabbit (Li-Cor
catalogue number 926-68071) and IRD dye 800CW goat anti-mouse (LiCor catalogue number 926-32210) were used as secondary antibodies at a
1:15,000 dilution in Odyssey blocking buffer (PBS). For imaging and
quantitation of the protein signal, we used the Li-Cor Odyssey infrared
imaging system, application software version 3.0.
Microarray analyses. Cells were grown in YPD medium prior to RNA
isolation. One microgram of total RNA was reverse transcribed and labeled with Cy5 or Cy3 using the amino-allyl protocol described at transcriptome.ens.fr/sgdb/protocols/. We used custom yeast microarrays
8x15k made by Agilent, in which each gene probe is present in duplicate
(GEO platform number GPL6035). These Agilent arrays were hybridized
with the labeled cDNA using the Agilent hybridization protocol. After
washing following the supplier’s recommendations, the slides were
scanned using a 2-m Agilent microarray scanner. The images were analyzed using the feature extraction software and normalized by global lowess using Goulphar (27). For each gene, the Cy5/Cy3 ratios corresponding
to the duplicated probes were averaged. The experiments were performed
four times using biologically independent samples and dye swap. The
averaged log2 of the mutant/wild-type ratios and the standard deviation
between the two replicates were calculated for each gene. The complete
microarray data are available in Table S1 in the supplemental material.
The Gene Ontology category enrichment analyses were performed using
FUNSPEC with default parameters (cutoff P value ⫽ 0.01 and no Bonferroni correction) (28). The enrichments in specific transcription factortarget gene regulatory interactions were measured using the “rank TF”
tool of YEASTRACT with default parameters (29).
Microarray data accession number. The complete microarray data
have been deposited in the GEO database under accession number
GSE65264.
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biosynthesis and the locations at which different inhibitors block this pathway. Spt, serine palmitoyltransferase; LCB, long-chain base or sphingoid base; GPI
anchors, glycosylphosphatidylinositol-linked protein biosynthesis; IPC, inositol phosphorylceramide; MIPC, mannosyl-IPC; M(IP)2C, mannosyl-(di-inositol
phosphoryl)-ceramide. (B) Isogenic yeast strains were grown to mid-log phase and tested for drug resistance by spotting the indicated number of cells on rich
medium (YPD) or YPD supplemented with drugs. The resulting plates were incubated at 30°C. (C) Strains were transformed with low-copy-number plasmid
vectors to restore uracil (pRS316:URA3) or tryptophan (pRS134:TRP1) prototrophy. Transformants were spotted on YPD or YPD plus the indicated drugs.

PHS resistance of the pdr5⌬ yor1 strain (Fig. 2B) (11, 14). In
strains containing Pdr5 and Yor1, loss of either Pdr1 or Pdr3 alone
has a negligible effect on AbA resistance. Loss of both transcription factors increased AbA sensitivity in otherwise wild-type cells.
These findings indicate an important transcriptional input
from Pdr1 that contributes to the AbA resistance in pdr5⌬ yor1
cells. We examined this directly using transcriptional microarray
experiments (see below).
Evidence that AbA accumulation is lowered in a pdr5⌬ yor1
strain. The toxicity of AbA requires this drug to enter the cell and
bind to the Aur1 protein, an essential subunit of IPC synthase
(16). AbA tolerance could be increased by multiple mechanisms,
including lowered intracellular levels of the drug and/or efficacy of
action. The AGC kinase Ypk1 is induced by AbA exposure and
influences resistance to this drug via the phosphorylation and inhibition of the serine palmitoyltransferase (Spt) regulator Orm1
(and Orm2) (33, 34). The Orm proteins inhibit Spt activity (35).
We used Ypk1 and its substrate Orm1 as monitors for the effect of
loss of Pdr5 and Yor1 on AbA-induced changes in signaling.
Isogenic wild-type and pdr5⌬ yor1 strains lacking the chromosomal YPK1 gene were constructed. These strains were transformed with epitope-tagged versions of the YPK1 gene corresponding to either the wild-type or analogue-sensitive (AS) allele
carried on a low-copy-number vector plasmid. The AS allele was
engineered to confer sensitivity to an ATP analogue (23), and we
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demonstrate here that this allele has reduced function compared
to the wild-type version of this gene. Appropriate transformants
were tested for the ability to confer AbA resistance to ypk1⌬ or
pdr5⌬ yor1 ypk1⌬ strains. The empty low-copy-number vector
was included as a negative control. Transformants were grown to
mid-log phase and then placed on media containing different concentrations of AbA (Fig. 3A).
Loss of Ypk1 led to a dramatic increase in AbA sensitivity in
both otherwise wild-type and pdr5⌬ yor1 strains. The presence of
the AS-Ypk1 protein was unable to restore AbA resistance to
ypk1⌬ cells but did support increased resistance in a pdr5⌬ yor1
strain. We interpret these data to indicate that the AS-YPK1 allele
encodes a hypomorphic form of Ypk1 that has reduced but still
significant function compared to that of the wild-type kinase and
that the ability of this protein to function is regulated by the presence of Pdr5 and Yor1.
To determine the effect of the pdr5⌬ yor1 background on
Ypk1-dependent signaling, we used two different reporters for the
activity status of Ypk1. Experiments from several labs demonstrated that Orm1 is a Ypk1 substrate that is negatively regulated
by phosphorylation (33, 36, 37). Activation of Ypk1 requires
phosphorylation on threonine 662 via the TORC2 kinase complex
(36, 38). Relevant transformants from the experiments described
above carrying either the wild-type or AS form of Ypk1 were
grown to mid-log phase and then either left untreated or chal-
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FIG 1 Sphingolipid biosynthetic inhibitors and their interaction with strains lacking ABC transporters. (A) A simplified diagram depicting sphingolipid

Khakhina et al.

lenged with AbA for 90 min. Whole-cell protein extracts were
prepared and then analyzed by Western blotting with several different antibodies (Fig. 3B).
Ypk1 phosphorylation of Orm1 was increased upon AbA challenge, as reported previously (33, 34). However, AbA-induced
phosphorylation was lower in pdr5⌬ yor1 strains. No significant
increase in Orm1 phosphorylation could be detected in the presence of the AS-Ypk1 kinase in either genetic background. Direct
evaluation of the TORC2-dependent activation of Ypk1 was accomplished using an anti-phosphothreonine 662 (p662T) antibody described previously (23). Levels of p662T Ypk1 were
strongly increased upon AbA challenge in ypk1⌬ cells but clearly
reduced in the presence of the pdr5⌬ yor1 mutations. This same
behavior was seen for the AS-Ypk1 kinase. Expression of Ypk1 was
similar under all conditions.
These data argue that the degree of AbA-induced stress is reduced in the absence of Pdr5 and Yor1 and support the view that
less AbA is able to access its intracellular target (Aur1).
Genetic search for second-site suppressors of AbA resistance
of pdr5⌬ yor1 strains. The data discussed above indicate that the
increased AbA resistance seen in a strain lacking Pdr5 and Yor1 is
unlikely to be caused by increased expression of other ABC transporters or enhanced Ypk1 signaling. To identify genes involved in
the elevated AbA resistance seen in a pdr5⌬ yor1 mutant background, we mutagenized a strain lacking these two ABC transporter-encoding genes with a chemical mutagen. Survivors were
recovered on rich medium and then screened for loss of AbA
resistance. AbA-sensitive mutants were backcrossed to a pdr5⌬
yor1 strain of opposite mating type and the diploids evaluated for
AbA resistance. These diploids were sporulated and segregants
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FIG 3 Ypk1-dependent signaling is required for AbA resistance in both wildtype and pdr5 yor1 cells. (A) Isogenic ypk1⌬ and pdr5⌬ yor1 ypk1⌬ strains were
transformed with low-copy-number plasmids expressing either wild-type
Ypk1, analogue-sensitive (AS) Ypk1, or the empty vector plasmid alone.
Transformants were grown to mid-log phase and then tested for AbA resistance. (B) Transformants from panel A were retransformed with a low-copynumber plasmid expressing epitope-tagged Orm1 (HA-Orm1). Transformants were grown to mid-log phase and then either left untreated (⫺) or
challenged with 0.3 g/ml AbA for 90 min (⫹). Whole-cell protein extracts
were prepared and analyzed by Western blotting using the indicated antibodies. HA-tagged Orm1 and Ypk1 were well resolved by this 12% SDS-PAGE and
detected simultaneously using anti-HA antiserum. TORC2-dependent phosphorylation of Ypk1 residue threonine 662 (Phospho-T662-Ypk1) was detected using a previously described antibody (23). Levels of tubulin were blotted as a control for equal protein loading (Tub1).

retested for AbA sensitivity. Sensitive mutants were backcrossed
to an unmutagenized pdr5⌬ yor1 strain at least two more times.
The genes altered in these AbA-sensitive strains are referred to as
maintenance of aureobasidin resistance (MAR) genes.
We have identified 6 different complementation groups of
MAR loci that were all represented by single isolates in our original
screen. All of the mutant alleles were recessive. These genes were
recovered in one of two manners. First, we used a YCp50-based
library to clone three genes by selecting for restored AbA resistance in a marX pdr5⌬ yor1 background. These genes were GDA1,
CYC8, and MSS4. Second, three genes were identified by sequencing the genome of a marX pdr5⌬ yor1 strain of interest as well as
the wild-type strain. Candidate mutations were selected by comparing the DNA sequences and the causative allele confirmed by
complementation. Genes identified in this fashion were SWA2,
PER1, and LEM3.
Two of the MAR loci encode enzymes involved in biosynthetic
pathways. GDA1 produces a guanosine diphosphatase that acts to
stimulate mannose import into the Golgi apparatus (39). This
sugar is used for glycosylation of both proteins and sphingolipids,
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FIG 2 Genetic analysis of participation of other ABC transporter-encoding
genes or Pdr1/3 transcription factors in pdr5⌬ yor1 phenotypes. (A) Serial
dilutions of congenic strains containing (RYO566/568) or lacking (RYO622/
623) the genes encoding the 16 ABC transporter proteins were placed on rich
medium (YPD) lacking or containing the indicated concentration of AbA.
Isogenic wild-type and pdr5⌬ yor1 strains used in all other panels were included as controls for the effect of AbA. (B) The indicated strains were tested
for resistance by spotting different numbers of cells on drug-containing media.
Plates were then incubated at 30°C to allow spots to develop.
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supplemental material), consistent with the EMS-generated alleles corresponding to loss-of-function forms of the genes.
Interaction of Pdr5 and Lem3/flippase activity. Work from
two other laboratories provided evidence that Pdr5 and Yor1 can
act as phospholipid floppase proteins, moving phospholipids
from the inner to the outer leaflet of the plasma membrane (5, 10).
The action of floppase proteins is balanced by the inward movement of phospholipids catalyzed by flippase proteins. In S. cerevisiae, Lem3 is an essential contributor to the plasma membrane
flippase activity. Lem3 acts as an auxiliary subunit that is required
for exit of the flippase complex from the endoplasmic reticulum
(53). Lem3 associates with the catalytic subunits encoded by
DNF1 and DNF2 to produce the plasma membrane flippase. Identification of a lem3 mutation as a suppressor of the AbA resistance
induced in a pdr5⌬ yor1 strain prompted us to examine the possible interaction between Pdr5 and Lem3-dependent flippase activity.
We constructed isogenic lem3⌬ derivatives of our wild-type
and pdr5⌬ yor1 strains to evaluate the contribution of flippase to
the AbA and Myr phenotypes caused by loss of Pdr5 and Yor1. As
can be seen from Fig. 5A, loss of Lem3 had dramatically different
effects on the resistance to these sphingolipid biosynthesis inhibitors. Introduction of the lem3⌬ allele into either wild-type or
pdr5⌬ yor1 strains led to a large increase in tolerance to Myr while
causing a dramatic sensitization to AbA exposure. The elevated
resistance to Myr caused by loss of Lem3 has been noted by two
other groups (36, 54). The epistatic relationship between the
LEM3 and PDR5/YOR1 genes is most consistent with Lem3 acting
downstream from the ABC transporters.
To further probe the genetic relationship between the floppase
activity produced by Pdr5 and Yor1 and the flippase activity dependent on Lem3, we constructed a series of strains lacking positive regulators of the flippase (Fig. 5B). These two related genes,
FPK1 and FPK2, encode protein kinases that stimulate flip activity
(55). Loss of Fpk1 is sufficient to cause Myr resistance and a
marked decrease in flip (54, 55). Loss of both Fpk1 and Fpk2
caused elevated Myr resistance and AbA hypersensitivity. This relationship was retained in pdr5⌬ yor1 cells. Together, these genetic
interactions suggest that Pdr5 and Yor1 act as negative regulators
of AbA resistance but positively modulate Myr resistance. The
effect of Pdr5 and Yor1 is overridden by disruption of LEM3,
consistent with these ABC transporters acting upstream of the
Lem3-dependent flippase.
Since these data suggest that Pdr5 might be acting by modulating flippase function, we wondered if the activity of Pdr5 as a drug
efflux transporter could be separated from its influence on flippase function. To examine this possibility, we used a recently described allele of PDR5 that lacked the ability to provide fluconazole resistance but produced a protein that was normally
expressed and localized (56). This mutant form of Pdr5 was obtained from a clinical isolate of S. cerevisiae and is referred to as
PDR5* here. PDR5* has 17% amino acid alterations between its
second transmembrane domain region and that of the standard
S288C PDR5 gene (56). Plasmid vectors expressing either the
wild-type (PDR5) or this clinical (PDR5*) allele were introduced
into a pdr5⌬ yor1 strain and transformants tested for several different resistance phenotypes (Fig. 5C).
Expression of either the wild-type or PDR5* allele in pdr5⌬
yor1 cells strongly elevated Myr resistance, as expected for a positive regulator of tolerance to this drug. As expected, expression of
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and loss of Gda1 causes defects in both of these processes (40).
PER1 is required for biosynthesis of glycosylphosphatidylinositol
(GPI)-anchored proteins (41). Work from others established that
loss of GPI-anchored protein biosynthesis led to a profound increase in AbA tolerance (42). Interestingly, the recessive allele of
PER1 identified here corresponded to an amino acid substitution
mutation in the conserved catalytic region of this enzyme (G103E)
(41).
CYC8 is a transcriptional coregulator, involved in both negative (43) and positive (44) control of gene expression. While the
pleiotropic nature of CYC8-dependent target genes complicated
our understanding of this mutation, the change responsible for
the phenotype in this mutant was localized by DNA sequencing to
a missense mutation changing glycine 337 to aspartate, located in
tetratricopeptide repeat 9 (TPR9). These TPRs are important
in protein-protein interaction, and TPR9 has been implicated in
promoter-specific gene regulation (45).
The remaining three genes are involved in events at the plasma
membrane. SWA2 encodes another TPR-containing protein that
is involved in disassembling clathrin-coated vesicles (46). The
SWA2 mutation is predicted to be a glycine-to arginine change at
position 449. Swa2 is important in endocytosis and has defects in
cortical endoplasmic reticulum inheritance (47). MSS4 encodes
the only phosphatidylinositol 4=,5=-phosphate (PI-4,5-P2) kinase
in the cell and is an essential gene (48, 49). As seen with other
MSS4 alleles (48), the mutation isolated here is temperature sensitive and consists of two changes in the coding sequence (T271I
T724M). Finally, LEM3 encodes an essential subunit of the plasma
membrane phospholipid flippase (50, 51). The lesion affecting the
LEM3 gene was the introduction of stop codon at position 308 in
place of a tryptophan codon (TGG to TGA).
To compare the behaviors of these different mutations, we
grew isolates that had been outcrossed twice to an unmutagenized
version of the starting pdr5⌬ yor1 strain. These strains were tested
for the ability to grow in the presence of AbA or PHS by spot test
assay (Fig. 4A).
All of these mutant strains were highly sensitive to AbA, although some differences were seen. Strains lacking wild-type versions of MSS4, LEM3, PER1, and SWA2 were the most sensitive to
AbA while loss of GDA1 and CYC8 caused a less severe phenotype.
Interestingly, none of these mutants exhibited significantly increased sensitivity to PHS. As described above for the tryptophan
sensitivity of PHS resistance, these phenotypes support the view
that the mechanisms of AbA and PHS tolerance are distinct.
We also analyzed all these strains for their levels of sphingoid
bases (PHS and dihydrosphingosine [DHS]) via mass spectrometry (Fig. 4B). Only loss of PER1 caused a large increase in sphingoid base levels, with the relative amounts of DHS and PHS being
twice those in the other strains. Mutants lacking PER1 have previously been shown to normally synthesize complex sphingolipids
(containing inositol) (41). These data provide the first demonstration that Per1 is required for normal metabolism of sphingoid
bases, at least in the context of the pdr5⌬ yor1 strain.
Finally, we confirmed for PER1, GDA1, and LEM3 that the
mutations we isolated were loss-of-function alleles by constructing isogenic deletion derivatives. We amplified the respective
kanMX4 allele from the S. cerevisiae disruption collection (52) and
introduced these mutations into isogenic wild-type and pdr5⌬
yor1 strains. Single disruption mutations of each of these genes
caused AbA sensitivity in both backgrounds (see Fig. S1 in the
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yor1 background were tested for resistance to AbA and PHS as before. (B) The strains in panel A were grown to mid-log phase and total lipids extracted as
described previously (74). Levels of the two sphingoid bases in S. cerevisiae (DHS and PHS) were determined by mass spectrometry.

the PDR5* allele did not complement the fluconazole sensitivity of
the pdr5⌬ yor1 strain but did partially reverse both the AbA and
PHS resistance, suggesting that this form of Pdr5 retained low but
significant activity. Wild-type PDR5 was able to fully restore fluconazole and Myr resistance and normal AbA sensitivity. These
data are consistent with the view that drug efflux activity (represented by fluconazole resistance) can be separated from Myr resistance (potentially mediated by flippase).
Loss of Pdr5 and Yor1 induces a Pdr1-dependent transcriptional response and represses the Gcn4 regulon. As mentioned
above, Pdr1 was required for the increased AbA resistance in the
absence of Pdr5 and Yor1 (Fig. 2B). We used transcriptional microarrays to profile the genomic changes in gene expression induced in a pdr5⌬ yor1 strain compared with its isogenic wild-type
strain, We analyzed the enrichments in gene ontology categories
and specific transcription factor regulatory interactions in the lists
of the 50 most induced and 50 most repressed genes (see Table S1
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in the supplemental material). These analyses pointed out two
striking patterns of regulation that characterized the pdr5⌬ yor1
strain (Fig. 6A).
First, removal of the PDR5 and YOR1 genes induced the Pdr
response. Indeed, the upregulated genes were mostly involved in
drug response (P value ⫽ 3.3 ⫻ 10⫺5) and stress response (P
value ⫽ 1.5 ⫻ 10⫺7). Moreover, according to the Yeastract database, the transcription factor which is the most strongly associated
with the 50 most upregulated genes in our experiments is Pdr1,
with 74% of these genes being documented as Pdr1 targets (P
value ⫽ 10⫺15). More precisely, 17 out of the 25 genes being previously defined as constituting the “Pdr1 regulon” (57–60) were
found among the 50 most upregulated genes (Fig. 6A). Microarray
comparisons of the pdr5⌬ yor1 and pdr5⌬ yor1 pdr1⌬ transcriptomes confirmed that this PDR response was dependent on the
presence of the PDR1 gene, with the notable exceptions of PDR3
and PDR15, which remained overexpressed in the triple mutant
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FIG 4 Isolation of second-site suppressors of the AbA resistance of a pdr5⌬ yor1 strain. (A) The indicated EMS-generated mutant strains generated in the pdr5⌬

ABC Transporters Regulate Plasma Membrane Composition

(Fig. 6B). This result is consistent with our previous observation
that the loss of the transcription factor Pdr1 prevents the normal
development of pdr5⌬ yor1-induced AbA resistance (Fig. 2B).
Second, the list of the 50 most downregulated genes in the
pdr5⌬ yor1 strain is enriched in loci encoding enzymes involved in
amino acid biosynthesis (P value ⫽ 1.3 ⫻ 10⫺10), particularly
those required for arginine (P value ⫽ 5.5 ⫻ 10⫺9) and leucine (P
value ⫽ 4.3 ⫻ 10⫺6) production. Strikingly, almost all of these 50
genes are referred as Gcn4 targets in the Yeastract database (92%;
P value ⫽ 3 ⫻ 10⫺15) (Fig. 6A). To determine if the decreased
expression of Gcn4-responsive genes influenced the resistance
phenotypes of the pdr5⌬ yor1 strain, we introduced a plasmid that
drove constitutive expression of Gcn4. This plasmid allows the
expression of a GCN4 allele lacking the 4 upstream AUG codons in
the 5= untranslated region (UTR) of the GCN4 mRNA that normally repress translation of the coding sequence (61). This plasmid drives elevated and unregulated levels of Gcn4. This Gcn4overproducing plasmid was introduced into wild-type and pdr5⌬
yor1 cells. Transformants were tested for resistance to AbA and
Myr (Fig. 6C). The presence of the Gcn4-overexpressing plasmid
caused a dramatic reduction in AbA resistance in both wild-type
and pdr5⌬ yor1 cells. Gcn4 overproduction was also able to restore
Myr resistance to pdr5⌬ yor1 cells but had minor effects on this
phenotype in wild-type cells. These data provide evidence that the
reduction in Gcn4-dependent gene expression is a factor contributing to the AbA-resistant, Myr-sensitive phenotype seen in
pdr5⌬ yor1 cells.
In conclusion, pdr5⌬ yor1 cells induce the Pdr1 regulon and
repress Gcn4 targets. Both effects are important for the response
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of pdr5⌬ yor1 strain to sphingolipid biosynthesis inhibitors, since
the inactivation of Pdr1 or the overproduction of Gcn4 reversed
the mutant phenotypes.
DISCUSSION

The vast majority of phenotypes caused by loss of the ABC transporters Pdr5 and Yor1 involve increased sensitivity to many
chemically dissimilar drugs (62). Our finding here of the large
increase in resistance to the IPC synthase inhibitor AbA was unexpected and striking when considered along with earlier observations that the pdr5⌬ yor1 strain was also highly resistant to the
ceramide precursor PHS (11). These observations, along with
findings that genes involved in sphingolipid biosynthesis were
members of the Pdr regulon (63, 64), suggested the presence of a
regulatory link between the plasma membrane ABC transporters
and sphingolipid biosynthesis that could be mediated by Pdr1.
Our microarray experiments supported this view and provide evidence for the existence of a presently unidentified signal that elevates Pdr1 activity in a pdr5⌬ yor1 background. This signal is
Pdr1 specific, as disruption of the related PDR3 gene failed to
reduce AbA (or PHS) resistance (11, 65). The finding that Pdr1regulated transcription is induced in the absence of Pdr5 and Yor1
extends a previous observation that compensatory activation of
genes encoding other ABC transporter proteins can be detected in
a similar genetic background (32). The data reported here demonstrate that the full Pdr regulon is induced in a pdr5⌬ yor1 strain
and is not restricted to ABC transporter-encoding genes. Taken
together, these observations suggest that some Pdr1-specific signal
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FIG 5 Interaction of Lem3-dependent flippase with ABC transporters determines resistance to sphingolipid biosynthesis. (A) The indicated strains were tested
for resistance to either myriocin (Myr) or AbA. The LEM3 alleles represent lem3⌬::kanMX4 deletions that were recovered from the collection of genomic
disruption mutations (75). (B) Loss of Fpk1/2 kinases phenocopies lem3⌬. Disruption alleles of FPK1, FPK2, or both were introduced into wild-type and pdr5⌬
yor1strains. These mutants were tested for resistance to Myr and AbA. (C) Separation of resistance phenotypes influenced by Pdr5.

Khakhina et al.

MA (Bland-Altman) plot of the pdr5⌬ yor1 comparison is shown. The x axis is the log2 of fluorescence intensity. The y axis is the log2 of the expression ratios
(mutant/wild-type). Red squares are genes from the PDR regulon. Green triangles are Gcn4 gene targets. (B) The PDR response of the pdr5⌬ yor1 strain is Pdr1
dependent. The x axis is the log2 of pdr5⌬ yor1 strain/pdr5⌬ yor1 pdr1⌬ strain expression ratios. The y axis is the log2 of the pdr5⌬ yor1 strain/wild-type strain
expression ratios. Red squares are genes from the PDR regulon. Green triangles are Gcn4 gene targets. (C) Gcn4 antagonizes phenotypes caused by loss of Pdr5
and Yor1. A low-copy-number plasmid containing a constitutively expressed allele of GCN4 (GCN4c) (61) or the empty vector (pRS316) was introduced into
wild-type and pdr5⌬ yor1 strains. Transformants were then tested for resistance to AbA and Myr by plate assay.

is produced in the pdr5⌬ yor1 background that leads to the increased expression of target genes.
While Pdr1 activity is induced upon loss of Pdr5 and Yor1, we
do not believe that the increased AbA resistance of a pdr5⌬ yor1
strain can be explained by an increase in sphingolipid biosynthesis, since resistance to other pathway inhibitors such as Myr or
rustmicin decreased when Pdr5 was lost (66). Additionally, our
direct measurements of long-chain bases demonstrated that no
consistent increase in the levels of these key sphingolipid biosynthetic intermediates could be seen (Fig. 4B). These nonequivalent
phenotypes point out the inherent complexity of analysis of a
multifunctional protein like Pdr5 (or Yor1). These ABC transporters have a direct action on drug resistance through their activity as drug exporters but also can influence membrane function
via their control of phospholipid asymmetry. The phenotype of
strains lacking these membrane transporter proteins will be a
summation of the direct loss of their drug-pumping activities
combined with the secondary phenotypes triggered by loss of their
lipid-transporting functions. It is this second role in regulation of
membrane composition that we believe is responsible for AbA
resistance via export of this drug from the cell.
The elevated Pdr1 activity in pdr5⌬ yor1 strains is accompanied
by a corresponding reduction in Gcn4-mediated transactivation.
While the precise cause of this response is not understood, we
speculate that reduced Gcn4 function may be related to the likely
defect in protein delivery to the vacuole that we have previously
characterized (14). Extensive genetic analyses have clearly estab-
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lished a link between subcellular protein trafficking and Gcn4
transactivation (67). Loss of various Vps proteins involved in traffic to the vacuole depressed the ability of Gcn4 to activate transcription of target genes. This earlier study also demonstrated that
mutants with abnormal endosomal trafficking did not uniformly
inhibit activator function, consistent with our finding here that
Pdr1-mediated gene expression is stimulated when Gcn4 activation is lowered. Together, these data suggest that alterations in
endosomal trafficking caused by pdr5⌬ yor1 alter nuclear gene
expression.
We were struck by the identification of a LEM3 allele as a strong
suppressor of AbA resistance in the pdr5⌬ yor1 strain. Lem3 is
required for normal development of flippase activity at the plasma
membrane in association with the catalytic subunits Dnf1 and
Dnf2 (53). Lem3-dependent flippase activity is required for wildtype PHS resistance (11), likely through its role in the normal
delivery of Tat2 to the plasma membrane (68). Mutants lacking
Lem3 are highly sensitive to AbA but also extremely resistant to
Myr (54, 69). These same phenotypes are seen when a lem3⌬ mutation is introduced into a pdr5⌬ yor1 strain. This strongly suggests that the influence of Lem3 is not via modulation of Pdr5
function but rather through an influence on another protein.
Since both Lem3 and Pdr5/Yor1 are known to impact function
of Tat2, we suggest that at least part of the phenotypes influenced
by loss of these phospholipid asymmetry regulating proteins is
through regulation of other membrane transporters. Tat2 serves
as an illustration of this target protein, as we have demonstrated
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FIG 6 Loss of Pdr5 and Yor1 induces expression of the Pdr regulon. (A) The pdr5⌬ yor1 strain induces the PDR regulon and represses a subset of Gcn4 targets.
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of the plasma membrane with important proteins indicated is shown. Movement of drugs is represented by black lines, while the genetic interactions
suggested by our data are shown as gray lines. Positive effects are indicated by
arrows, while inhibitory effects are denoted as a T bar. The question marks
indicate a currently unknown AbA exporter that is suggested by these data.

that the tryptophan phenotype is not important in AbA resistance
(making Tat2 an unlikely participant in this phenotype). Based on
work from two other labs, Myr appears to enter the cell via the
action of flippase (54, 69). The role of Lem3-dependent flippase as
the importer of Myr would explain virtually all the genetic effects
we have seen for this inhibitor. Recently, Lem3 was shown to be
required for Myr uptake by direct measurement of intracellular
Myr levels (54). Finally, overproduction of Pdr5 lowered AbA
resistance but strongly increased Myr tolerance.
From these data, we suggest the model shown in Fig. 7. If Tat2
is used as a representative membrane transporter, then Pdr5 and
Yor1 are positive regulators of its internalization, and the Lem3dependent flippase is a negative regulator as shown (68). A membrane transporter that could efflux AbA would be an ideal candidate for such a target of Pdr5/Yor1- and Lem3-dependent
regulation. We are currently carrying out genetic screens searching for a relevant target protein.
The conclusion that loss of Pdr5 and Yor1 inhibits uptake of
AbA is based on the finding that pdr5⌬ yor1 strains treated with
this inhibitor do not exhibit the normal induction of sphingolipid
biosynthesis that is seen in wild-type cells (33, 34). AbA is a cyclic
peptide (70), and there is no known means to directly assay its
uptake. A further argument against pdr5⌬ yor1 cells exhibiting
increased AbA resistance due to an increase in sphingolipid biosynthetic pathway function comes from earlier work using a different drug that also inhibits IPC synthase. This drug, called rustmicin, was found to have increased efficacy against cells lacking
Pdr5, although both AbA and rustmicin act to inhibit IPC synthase activity (66). Coupled with our failure to detect any change
in steady-state production of sphingolipids by either mass spectrometry (Fig. 4B) or pulse-labeling of cultures (data not shown),
this can be most simply explained by a reduction in AbA entry to
the cells. Furthermore, these findings also indicate that TORC2dependent signaling is unlikely to be responsive to loss of Pdr5 and
Yor1.
The epistatic relationship of Pdr5/Yor1 and flippase indicates
that the ABC transporters are most likely to be acting upstream of
the flippase proteins. The phenotypes seen upon deletion of PDR5
and YOR1 were reversed by loss of flippase activity via removal of
LEM3. The increased Myr resistance seen when PDR5 was present
in a high-copy-number plasmid can also be explained by inhibition of flippase activity (and Myr uptake) via Pdr5. The predom-
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FIG 7 Interaction model for Pdr5 and Lem3-dependent flippase. A diagram

inant role of the flippase in determining both resistance to AbA
and Myr suggests that these phenotypes are routed through this
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in terms of the multidrug resistance phenomenon. In the case of
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to hundreds of different compounds (62). We suggest that a significant fraction of these resistance effects might emerge from the
influence of Pdr5 on the content of phospholipids in the plasma
membrane, which in turn can regulate the function of proteins
localized there (such as Tat2). This notion of Pdr5 in particular
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resistance phenotypes.
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