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FIG 2 Genetic analysis of participation of other ABC transporter-encoding
genes or Pdrl1/3 transcription factors in pdr5A yorl 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 pdr5A yorl strains used in all other panels were in-
cluded 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.

lenged with AbA for 90 min. Whole-cell protein extracts were
prepared and then analyzed by Western blotting with several dif-
ferent antibodies (Fig. 3B).

Ypk1 phosphorylation of Orm1 was increased upon AbA chal-
lenge, as reported previously (33, 34). However, AbA-induced
phosphorylation was lower in pdr5A yorl strains. No significant
increase in Orm1 phosphorylation could be detected in the pres-
ence of the AS-Ypkl kinase in either genetic background. Direct
evaluation of the TORC2-dependent activation of Ypkl was ac-
complished using an anti-phosphothreonine 662 (p662T) anti-
body described previously (23). Levels of p662T Ypkl were
strongly increased upon AbA challenge in ypkIA cells but clearly
reduced in the presence of the pdr5A yorl 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 re-
duced in the absence of Pdr5 and Yor1 and support the view that
less AbA is able to access its intracellular target (Aurl).

Genetic search for second-site suppressors of AbA resistance
of pdr5 yorlstrains. The data discussed above indicate that the
increased AbA resistance seen in a strain lacking Pdr5 and Yorl is
unlikely to be caused by increased expression of other ABC trans-
porters or enhanced Ypk! signaling. To identify genes involved in
the elevated AbA resistance seen in a pdr5A yorl mutant back-
ground, we mutagenized a strain lacking these two ABC trans-
porter-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 pdr5A
yorl strain of opposite mating type and the diploids evaluated for
ADbA resistance. These diploids were sporulated and segregants
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FIG 3 Ypkl-dependent signaling is required for AbA resistance in both wild-
type and pdr5yorl cells. (A) Isogenic ypk1A and pdr5A yorl ypk1A strains were
transformed with low-copy-number plasmids expressing either wild-type
Ypkl, analogue-sensitive (AS) Ypkl, or the empty vector plasmid alone.
Transformants were grown to mid-log phase and then tested for AbA resis-
tance. (B) Transformants from panel A were retransformed with a low-copy-
number plasmid expressing epitope-tagged Orml (HA-Orml). Transfor-
mants were grown to mid-log phase and then either left untreated (—) or
challenged with 0.3 pg/ml AbA for 90 min (+). Whole-cell protein extracts
were prepared and analyzed by Western blotting using the indicated antibod-
ies. HA-tagged Orm1 and Ypk1 were well resolved by this 12% SDS-PAGE and
detected simultaneously using anti-HA antiserum. TORC2-dependent phos-
phorylation of Ypkl residue threonine 662 (Phospho-T662-Ypkl) was de-
tected using a previously described antibody (23). Levels of tubulin were blot-
ted as a control for equal protein loading (Tub1).

retested for AbA sensitivity. Sensitive mutants were backcrossed
to an unmutagenized pdr5A yorl 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 resis-
tance in a marX pdr5A yorl background. These genes were GDAI,
CYC8, and MSS4. Second, three genes were identified by sequenc-
ing the genome of a marX pdr5A yorl strain of interest as well as
the wild-type strain. Candidate mutations were selected by com-
paring the DNA sequences and the causative allele confirmed by
complementation. Genes identified in this fashion were SWA2,
PERI, and LEM3.

Two of the MAR loci encode enzymes involved in biosynthetic
pathways. GDAI 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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and loss of Gdal causes defects in both of these processes (40).
PERI 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 in-
crease in AbA tolerance (42). Interestingly, the recessive allele of
PER] 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 nega-
tive (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 (PI1-4,5-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 sen-
sitive and consists of two changes in the coding sequence (T2711
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 pdr5A yorl 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, al-
though some differences were seen. Strains lacking wild-type ver-
sions of MSS4, LEM3, PER1, and SWA2 were the most sensitive to
AbA while loss of GDAI and CYCS8 caused a less severe phenotype.
Interestingly, none of these mutants exhibited significantly in-
creased 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 spectrome-
try (Fig. 4B). Only loss of PERI caused a large increase in sphin-
goid base levels, with the relative amounts of DHS and PHS being
twice those in the other strains. Mutants lacking PER] have pre-
viously been shown to normally synthesize complex sphingolipids
(containinginositol) (41). These data provide the first demonstra-
tion that Perl is required for normal metabolism of sphingoid
bases, at least in the context of the pdr5A yorl strain.

Finally, we confirmed for PERI, GDAI, and LEM3 that the
mutations we isolated were loss-of-function alleles by construct-
ing 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 pdr5A
yorl strains. Single disruption mutations of each of these genes
caused AbA sensitivity in both backgrounds (see Fig. S1 in the
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supplemental material), consistent with the EMS-generated al-
leles 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 Yorl 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 move-
ment of phospholipids catalyzed by flippase proteins. In S. cerevi-
siae, 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
DNFI and DNF2 to produce the plasma membrane flippase. Iden-
tification of a lern3 mutation as a suppressor of the AbA resistance
induced in a pdr5A yorl strain prompted us to examine the pos-
sible interaction between Pdr5 and Lem3-dependent flippase ac-
tivity.

We constructed isogenic lem3A derivatives of our wild-type
and pdr5A yorl strains to evaluate the contribution of flippase to
the AbA and Myr phenotypes caused by loss of Pdr5 and Yorl. As
can be seen from Fig. 5A, loss of Lem3 had dramatically different
effects on the resistance to these sphingolipid biosynthesis inhib-
itors. Introduction of the lem3A allele into either wild-type or
pdr5A yorl 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/YORI 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 de-
pendent on Lem3, we constructed a series of strains lacking posi-
tive regulators of the flippase (Fig. 5B). These two related genes,
FPK1 and FPK2, encode protein kinases that stimulate flip activity
(55). Loss of Fpkl is sufficient to cause Myr resistance and a
marked decrease in flip (54, 55). Loss of both Fpkl and Fpk2
caused elevated Myr resistance and AbA hypersensitivity. This re-
lationship was retained in pdr5A 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 Yorl 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 modulat-
ing flippase function, we wondered if the activity of Pdr5 as a drug
efflux transporter could be separated from its influence on flip-
pase function. To examine this possibility, we used a recently de-
scribed allele of PDR5 that lacked the ability to provide flucona-
zole resistance but produced a protein that was normally
expressed and localized (56). This mutant form of Pdr5 was ob-
tained 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
§288C PDR5 gene (56). Plasmid vectors expressing either the
wild-type (PDR5) or this clinical (PDR5*) allele were introduced
into a pdr5A yorl strain and transformants tested for several dif-
ferent resistance phenotypes (Fig. 5C).

Expression of either the wild-type or PDR5* allele in pdr5A
yorl cells strongly elevated Myr resistance, as expected for a posi-
tive regulator of tolerance to this drug. As expected, expression of
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FIG 4 Isolation of second-site suppressors of the AbA resistance of a pdr5A yorl strain. (A) The indicated EMS-generated mutant strains generated in the pdr5A
yorl 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 pdr5A yorl 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 flu-
conazole and Myr resistance and normal AbA sensitivity. These
data are consistent with the view that drug efflux activity (repre-
sented by fluconazole resistance) can be separated from Myr re-
sistance (potentially mediated by flippase).

Loss of Pdr5 and Yorl induces a Pdr1-dependent transcrip-
tional response and represses the Gen4 regulon. As mentioned
above, Pdr1 was required for the increased AbA resistance in the
absence of Pdr5 and Yor1 (Fig. 2B). We used transcriptional mi-
croarrays to profile the genomic changes in gene expression in-
duced in a pdr5A yorl 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 pdr5A yorl
strain (Fig. 6A).

First, removal of the PDR5 and YORI genes induced the Pdr
response. Indeed, the upregulated genes were mostly involved in
drug response (P value = 3.3 X 107°) and stress response (P
value = 1.5 X 1077). Moreover, according to the Yeastract data-
base, the transcription factor which is the most strongly associated
with the 50 most upregulated genes in our experiments is Pdrl,
with 74% of these genes being documented as Pdr1 targets (P
value = 10~ "). More precisely, 17 out of the 25 genes being pre-
viously defined as constituting the “Pdr1 regulon” (57-60) were
found among the 50 most upregulated genes (Fig. 6A). Microarray
comparisons of the pdr5A yorl and pdr5A yorl pdrlA transcrip-
tomes confirmed that this PDR response was dependent on the
presence of the PDRI gene, with the notable exceptions of PDR3
and PDR15, which remained overexpressed in the triple mutant
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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 lem3A::kanMX4 deletions that were recovered from the collection of genomic
disruption mutations (75). (B) Loss of Fpk1/2 kinases phenocopies lem3A. Disruption alleles of FPK1, FPK2, or both were introduced into wild-type and pdr5A
yorlstrains. These mutants were tested for resistance to Myr and AbA. (C) Separation of resistance phenotypes influenced by Pdr5.

(Fig. 6B). This result is consistent with our previous observation
that the loss of the transcription factor Pdr1 prevents the normal
development of pdr5A yorl-induced AbA resistance (Fig. 2B).

Second, the list of the 50 most downregulated genes in the
pdr5A yorl strain is enriched in loci encoding enzymes involved in
amino acid biosynthesis (P value = 1.3 X 107'7), particularly
those required for arginine (P value = 5.5 X 10~?) and leucine (P
value = 4.3 X 10~ °) production. Strikingly, almost all of these 50
genes are referred as Gen4 targets in the Yeastract database (92%;
P value = 3 X 10™") (Fig. 6A). To determine if the decreased
expression of Gecn4-responsive genes influenced the resistance
phenotypes of the pdr5A yor1 strain, we introduced a plasmid that
drove constitutive expression of Gen4. 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 nor-
mally repress translation of the coding sequence (61). This plas-
mid drives elevated and unregulated levels of Gen4. This Gen4-
overproducing plasmid was introduced into wild-type and pdr5A
yorl cells. Transformants were tested for resistance to AbA and
Myr (Fig. 6C). The presence of the Gen4-overexpressing plasmid
caused a dramatic reduction in AbA resistance in both wild-type
and pdr5A yorl cells. Gend overproduction was also able to restore
Myr resistance to pdr5A yorl cells but had minor effects on this
phenotype in wild-type cells. These data provide evidence that the
reduction in Gen4-dependent gene expression is a factor contrib-
uting to the AbA-resistant, Myr-sensitive phenotype seen in
pdr5A yorl cells.

In conclusion, pdr5A yorl cells induce the Pdrl regulon and
repress Gen4 targets. Both effects are important for the response
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of pdr5A yorl strain to sphingolipid biosynthesis inhibitors, since
the inactivation of Pdrl or the overproduction of Gen4 reversed
the mutant phenotypes.

DISCUSSION

The vast majority of phenotypes caused by loss of the ABC trans-
porters Pdr5 and Yorl 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 un-
expected and striking when considered along with earlier obser-
vations that the pdr5A yorl 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 Pdrl.
Our microarray experiments supported this view and provide ev-
idence for the existence of a presently unidentified signal that el-
evates Pdrl activity in a pdr5A yorl background. This signal is
Pdrl specific, as disruption of the related PDR3 gene failed to
reduce AbA (or PHS) resistance (11, 65). The finding that Pdr1-
regulated transcription is induced in the absence of Pdr5 and Yorl
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 dem-
onstrate that the full Pdr regulon is induced in a pdr5A yorl strain
and is not restricted to ABC transporter-encoding genes. Taken
together, these observations suggest that some Pdr1-specific signal

ecasm.org 449

uoibuiysen Jo Ausianiun Aq §TOZ ‘ST aung uo /610’ wse:99//:dny woly papeojumod


http://ec.asm.org
http://ec.asm.org/

Khakhina et al.

B RSBI
3
ICT1
5
) GRE2 IY Bygrozse
crt w,
Yir346¢ B PDR16
Ypl088w o all
1 A °
B PDRregulon
0 - A GCN4 targets
17
Gev2e A ‘ L
-1 G‘QTZ ﬂ_*ARGlI tEUZ
A SNz1IcY2 ® cPA2
sNo1 ARG3
2 ARG1
wild-type
pRS316 | w
pdr5A yort
GCN4® wild-type
pdrbA yort

-URA

Log2 (pdr5A yorl/wt)

B RrsB1

2
J

Ygro3sc I"CT 1

2 ] GRE2
Yor152c Ypl088w
n wcrOSIW LI
. Ir346¢ a
SNQ2
Bl ppri6
P, B PDRregulon
, , ‘ A GCN4 targets
Log2 (pdrSA yorl /

124 0,8 18 28 pdrSA yorl Apdrl)

AbA Myr
35 ng/ml 0.25 ug/ml

FIG 6 Loss of Pdr5 and Yorl induces expression of the Pdr regulon. (A) The pdr5A yorI strain induces the PDR regulon and represses a subset of Gen4 targets.
MA (Bland-Altman) plot of the pdr5A yorl comparison is shown. The x axis is the log, of fluorescence intensity. The y axis is the log, of the expression ratios
(mutant/wild-type). Red squares are genes from the PDR regulon. Green triangles are Gen4 gene targets. (B) The PDR response of the pdr5A yorl strain is Pdrl
dependent. The x axis is the log, of pdr5A yorl strain/pdr5A yorl pdrlA strain expression ratios. The y axis is the log, of the pdr5A yor1 strain/wild-type strain
expression ratios. Red squares are genes from the PDR regulon. Green triangles are Gen4 gene targets. (C) Gen4 antagonizes phenotypes caused by loss of Pdr5
and Yorl. A low-copy-number plasmid containing a constitutively expressed allele of GCN4 (GCN4°) (61) or the empty vector (pRS316) was introduced into
wild-type and pdr5A yorl strains. Transformants were then tested for resistance to AbA and Myr by plate assay.

is produced in the pdr5A yorl background that leads to the in-
creased 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 pdr5A yorl
strain can be explained by an increase in sphingolipid biosynthe-
sis, 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 biosyn-
thetic intermediates could be seen (Fig. 4B). These nonequivalent
phenotypes point out the inherent complexity of analysis of a
multifunctional protein like Pdr5 (or Yorl). These ABC trans-
porters have a direct action on drug resistance through their ac-
tivity 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 pdr5A yorl strains is accompanied
by a corresponding reduction in Gen4-mediated transactivation.
While the precise cause of this response is not understood, we
speculate that reduced Gen4 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 Gen4
transactivation (67). Loss of various Vps proteins involved in traf-
fic to the vacuole depressed the ability of Gen4 to activate tran-
scription 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
Pdrl-mediated gene expression is stimulated when Gen4 activa-
tion is lowered. Together, these data suggest that alterations in
endosomal trafficking caused by pdr5A yorl alter nuclear gene
expression.

We were struck by the identification of a LEM3 allele as a strong
suppressor of AbA resistance in the pdr5A yorl strain. Lem3 is
required for normal development of flippase activity at the plasma
membrane in association with the catalytic subunits Dnfl and
Dnf2 (53). Lem3-dependent flippase activity is required for wild-
type 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 lem3A mu-
tation is introduced into a pdr5A yorl strain. This strongly sug-
gests 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/Yorl1 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 7 Interaction model for Pdr5 and Lem3-dependent flippase. A diagram
of the plasma membrane with important proteins indicated is shown. Move-
ment 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
Yorl are positive regulators of its internalization, and the Lem3-
dependent flippase is a negative regulator as shown (68). A mem-
brane transporter that could efflux AbA would be an ideal candi-
date for such a target of Pdr5/Yorl- and Lem3-dependent
regulation. We are currently carrying out genetic screens search-
ing for a relevant target protein.

The conclusion that loss of Pdr5 and Yor1 inhibits uptake of
ADA is based on the finding that pdr5A yorl 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 pdr5A yorl cells exhibiting
increased AbA resistance due to an increase in sphingolipid bio-
synthetic pathway function comes from earlier work using a dif-
ferent drug that also inhibits IPC synthase. This drug, called rust-
micin, was found to have increased efficacy against cells lacking
Pdr5, although both AbA and rustmicin act to inhibit IPC syn-
thase activity (66). Coupled with our failure to detect any change
in steady-state production of sphingolipids by either mass spec-
trometry (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 TORC2-
dependent signaling is unlikely to be responsive to loss of Pdr5 and
Yorl.

The epistatic relationship of Pdr5/Yorl 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 YORI 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 inhibi-
tion of flippase activity (and Myr uptake) via Pdr5. The predom-
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inant role of the flippase in determining both resistance to AbA
and Myr suggests that these phenotypes are routed through this
critical modulator of phospholipid asymmetry.

These data provide a new illustration of the importance of ABC
transporters in directly exporting drugs from cells but also in con-
trolling the composition of membranes in which they are resident.
The genetic interaction detected here between Pdr5/Yorl and
Lem3-dependent flippases suggests that these two opposing influ-
ences on phospholipid distribution across the plasma membrane
are in communication. This link would help explain how cells
ensure appropriate asymmetry and provide a clarifying discovery
in terms of the multidrug resistance phenomenon. In the case of
Pdr5 specifically, evidence has been provided that changes in ex-
pression of this single membrane protein can influence resistance
to hundreds of different compounds (62). We suggest that a sig-
nificant 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
and ABC transporters in general as direct drug exporters but also
regulators of other membrane transporters could help explain
why these proteins are able to influence such a broad range of
resistance phenotypes.
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