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Semidominant mutations in the PDRI or PDR3 gene lead to elevated resistance to cycloheximide and
oligomycin. PDR1 and PDR3 have been demonstrated to encode zinc cluster transcription factors. Cyclohex-
imide resistance mediated by PDR1 and PDR3 requires the presence of the PDR5 membrane transporter-
encoding gene. However, PDR5 is not required for oligomycin resistance. Here, we isolated a gene that is
necessary for PDRI- and PDR3-mediated oligomycin resistance. This locus, designated YORI, causes a dra-
matic elevation in oligomycin resistance when present in multiple copies. A yorl strain exhibits oligomycin
hypersensitivity relative to an isogenic wild-type strain. In addition, loss of the YORI gene blocks the elevation
in oligomycin resistance normally conferred by mutant forms of PDR1 or PDR3. The YORI gene product is
predicted to be a member of the ATP-binding cassette transporter family of membrane proteins. Computer
alignment indicates that Yorlp shows striking sequence similarity with multidrug resistance-associated pro-
tein, Saccharomyces cerevisiae Ycflp, and the cystic fibrosis transmembrane conductance regulator. Use of a
YORI-lacZ fusion gene indicates that YORI expression is responsive to PDR1 and PDR3. While PDR5 expres-
sion is strictly dependent on the presence of PDRI or PDR3, control of YORI expression has a significant
PDRI1/PDR3-independent component. Taken together, these data indicate that YORI provides the link between

transcriptional regulation by PDRI and PDR3 and oligomycin resistance of yeast cells.

ATP-binding cassette (ABC) transporters are involved in a
wide range of energy-dependent transport events across cell
membranes (22). These proteins have a bipartite structure,
consisting of a set of membrane-spanning domains and a char-
acteristic nucleotide-binding domain (NBD). The NBD re-
gions of ABC transporters are the most highly conserved do-
mains of this group of proteins and are believed to couple ATP
hydrolysis to a transport event, in many instances (16). The
NBDs of ABC transporters show sequence similarity across the
entire approximately 200-amino-acid stretch of polypeptide
that constitutes the NBD (25). These NBDs contain Walker A
and B motifs that are found to be associated with many other
nucleotide-binding proteins (48). However, the sequence sim-
ilarity of the NBDs of ABC transporter proteins extends across
the entire NBD and is not constrained to the two short Walker
elements.

Although there is a great deal of sequence similarity in ABC
transporter NBDs, the number of amino acids between the
functional motifs is quite variable. This spacing consideration
has allowed two distinct subclasses of ABC transporters to be
recognized (10). We will refer to these two subclasses as class
1, represented by human Mdrlp, and class 2, represented by
human cystic fibrosis transmembrane conductance regulator
(CFTR). Class 1 has many more members and contains the
majority of known ABC transporters. Additionally, class 1 pro-
teins contain an additional segment of amino acids (13 more in
the comparison of Mdrlp with CFTR [10]) that is absent from
class 2 proteins. The spacing between the Walker A and B
domains is important, as the most prevalent allele giving rise to
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cystic fibrosis is an in-frame deletion of a phenylalanine codon
lying between the Walker A and B domains of NBD1 in CFTR
(47).

In tumor cells, overexpression of ABC transporter genes
leads to the simultaneous acquisition of resistance to several
different cytotoxic agents (17). Two different ABC transporter-
encoding loci in human cells have been commonly found to
elicit this multidrug resistance when overproduced, MDRI (19,
40) and MRPI (10). In animal cells, overexpression of these
genes in multidrug-resistant cells is most often elicited by am-
plification of their respective structural genes (39).

Saccharomyces cerevisiae also contains loci that have the
potential to give rise to a multidrug-resistant phenotype. In S.
cerevisiae, these genes are referred to as pleiotropic drug re-
sistance (PDR) genes. A number of loci involved in yeast PDR
have been identified, and information is now available con-
cerning how their respective gene products interact (5). An
ABC transporter-encoding locus, PDRS, that is a critical de-
terminant for several resistances, including cycloheximide, sul-
fometuron methyl, and chloramphenicol, has been character-
ized (6, 7, 23). PDRS is under the transcriptional control of two
homologous zinc finger transcription factors, Pdrlp (3) and
Pdr3p (13, 27), as well as the products of the regulatory genes
PDR7 and PDR9 (15). Dominant mutations in the PDRI and
PDR3 structural genes lead to overexpression of PDR5 and
high-level drug resistance to cycloheximide and oligomycin (27,
34). However, only the PDRI/PDR3-mediated cycloheximide
resistance requires the PDR5 gene to be present. These data
led to the prediction that another PDRI/PDR3 target gene was
responsible for oligomycin resistance.

Here, we isolated a gene that is a strong candidate for the
additional PDRI/PDR3 target gene conferring oligomycin re-
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sistance. This locus has been designated YORI! (yeast oligomy-
cin resistance 1) and found to encode an ABC transporter
protein. YOR! is regulated by PDR1/PDR3 but, most impor-
tant, is required for the oligomycin resistance that is normally
mediated by these transcription factors. Unlike PDRS, YORI
gene expression has a significant PDR1/PDR3-independent com-
ponent. Yorlp is a novel member of the class 2 group of ABC
transporter proteins, with unique spacing in its NBDI1. In a
separate study, a genetic approach has also identified YOR! as
an important oligomycin resistance locus (51).

MATERIALS AND METHODS

Yeast strains and media. Yeast transformations were performed by either the
alkali cation technique of Ito et al. (26) or a high-efficiency method (18). Yeast
strains were propagated on SD medium (43) containing supplements appropriate
for growth of auxotrophic strains. Selection for oligomycin resistance was ac-
complished by adding oligomycin (35) to YPGE medium. Oligomycin (5 mg/ml)
was dissolved in 95% ethanol. Relative resistance levels were assessed by streak-
ing colonies on plates containing different drug concentrations, a spot test assay
(50), or a zone-of-inhibition test (31). The yeast strains used in this study are
SEY6210 (MATo leu2-3,112 ura3-52 his3-A200 trpl-A901 lys2-801 suc2-A9
Mel™), PB2 (SEY6210 pdr3-Al:hisG), PB3 (SEY6210 pdri-A2:hisG), PB4
(MATa  leu2-3,112 wura3-52 his3-A200 trpl-A901 lys2-801 suc2-A9 Mel™
pdrl-A2::hisG pdr3-Al::hisG), and DKY7 (MATa leu2-3,112 ura3-52 his3-A200
trp1-A901 lys2-801 suc2-A9 Mel ™~ yorl-1::hisG). The pdr and yor] mutant strains
were all derived from SEY6210 by one-step gene disruption.

Plasmids. The YORI-lacZ fusion plasmid was constructed by inserting a 1.5-kb
EcoRI-EcoRV fragment containing the YORI promoter and N-terminal coding
sequence into EcoRI- and Smal-cut pSEYC102. A BamHI-Sacll fragment con-
taining 3 kb of the YORI coding sequence was inserted into pBluescriptKSII* to
form pSM102. The plasmids pDOC10-2, pDOC12, and pDOC65-2 contain var-
ious segments of yeast genomic DNA cloned as Sau3A fragments into the
BamHI site of YEp24.

Gene disruption. A gene disruption of YORI was produced by inserting a
BamHI-BgIII fragment from pNKYS51 (1) into the Bg/II site of pSM102. The
resulting construct was designated pDK30 and contained a 4.3-kb insert of
hisG-URA3-hisG at codon 316 in YORI. The pDK30 plasmid was cut with
BamHI and Sacll prior to transformation of SEY6210 cells. URA3 transformants
were selected and purified. Chromosomal DNA was prepared (24) from each
transformant, and the presence of the correct integration event was verified by
Southern blotting. The URA3 gene was removed through use of 5-fluoro-orotic
acid as described before (8). A representative yor! disruptant designated DKY7
was used in these studies.

RNA methods. Total RNA was extracted by a rapid method (42). Northern
(RNA) blotting was performed as described before (41). Antisense YOR! and
RPC40 probes were prepared by T7 polymerase transcription of appropriate
subclones of each gene. The YORI subclone was a pBluescriptKSII™ derivative
containing YORI sequences from an EcoRI site to the unique EcoRV site in the
coding sequence. The 5’ end of RPC40 was subcloned as an EcoRI-Clal fragment
in pBluescriptKSII*. RNase mapping was performed essentially as described by
the manufacturer of the reagents used (Ambion). Equal amounts of RNA were
used in both the RNase protection and Northern analyses. Verification that the
spectrophotometric quantitation of the RNA was accurate came from visual
inspection of the level of the rRNA subunits (data not shown). Protected RNA
species were separated by urea-polyacrylamide gel electrophoresis (PAGE) and
visualized by autoradiography.

Immunological methods. An anti-Yorlp antiserum was produced by immu-
nizing rabbits with a glutathione S-transferase (GST)-Yorlp fusion protein (21).
This fusion protein was produced by preparing a PCR fragment of YOR! that
encoded the extreme carboxy-terminal 80 amino acids. This PCR fragment was
cloned as a Sall-HindIII fragment into pGEX-KG (20) and sequenced to ensure
that no errors had occurred during PCR amplification. The resulting rabbit
anti-Yorlp antiserum was used to analyze Western immunoblots of yeast protein
extracts. The location of the antigen-antibody complex was detected by use of a
donkey anti-rabbit immunoglobulin-horseradish peroxidase secondary antibody
and ECL reagents (Amersham).

Protein extraction and analysis. Cells were grown in minimal medium to an
optical density at 600 nm of 0.7 to 1.0, harvested by centrifugation, resuspended
in sorbitol buffer (0.3 M sorbitol, 0.1 M NaCl, 5 mM MgCl,, 10 mM Tris [pH 7.4],
with protease inhibitors), broken with glass beads, and microcentrifuged at 2,000
rpm for 5 min at 4°C to remove debris. The protein concentration was deter-
mined (32), and equal amounts of protein were solubilized with Laemmli sodium
dodecyl sulfate (SDS) sample buffer (28). Immunoreactive protein species were
detected by standard Western blotting (46) with the anti-Yorlp antiserum.
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RESULTS

Identification of oligomycin resistance-conferring loci.
Dominant mutations in the PDRI or PDR3 gene were found to
lead to large increases in cycloheximide and oligomycin resis-
tance (reviewed in references 4 and 44 for PDRI and PDR3,
respectively). Genetic and biochemical studies indicated that
the cycloheximide resistance conferred by PDRI and PDR3
occurred through activation of PDR5 gene transcription (27,
34). However, the oligomycin resistance component of the
PDRI/PDR3 drug resistance phenotype was clearly PDRS in-
dependent. In order to identify the gene(s) required for PDR1/
PDR3-mediated oligomycin resistance, we set out to clone
genes that affected this phenotype.

A YEp24-based yeast genomic library was transformed into
a wild-type yeast strain, and ~24,000 individual URA3 trans-
formants were recovered. These transformants were then rep-
lica plated to YPGE medium containing various concentra-
tions of oligomycin. A total of 101 colonies were found to have
elevated resistance to oligomycin relative to the YEp24 vector.
Plasmid DNA was recovered from these transformants by trans-
formation into Escherichia coli. Restriction analysis indicated
that 23 different classes of plasmids had been isolated. Re-
transformation of representative plasmid isolates into the orig-
inal wild-type strain determined that three different classes of
plasmids reproducibly led to elevated levels of oligomycin re-
sistance. These plasmids were designated pDOC10-2, pDOC12,
and pDOC65-2.

Each of the three different classes of plasmids was then
transformed into a strain lacking both PDRI and PDR3. The
oligomycin resistance conferred by pDOC65-2 was unaffected
by the loss of both the PDRI and PDR3 genes (Fig. 1). How-
ever, no oligomycin resistance was seen if either pDOC10-2 or
pDOCI12 was introduced into a Apdrl,pdr3 strain (data not
shown). A high-copy plasmid containing the PDR5 gene was
assayed as a control for a PDRI/PDR3-dependent gene. Cyclo-
heximide resistance was elevated by increasing the copy num-
ber of PDRS, but only in the wild-type background. These data
indicated that the oligomycin resistance locus in pDOC65-2
was still able to confer a strong resistance phenotype in the
absence of PDRI/PDR3 gene function. In comparison, cyclo-
heximide resistance provided by PDRS required the presence
of PDRI and/or PDR3.

The approximate origin of the genomic DNA carried in each
recombinant plasmid was determined by hybridization to sep-
arated yeast chromosomes and a collection of N phage and
cosmid clones carrying known segments of the yeast genome
(37). The DNA from pDOC10-2 came from chromosome VIII,
near CUPI. The genomic insert in pDOCI12 was derived from
chromosome XII, near SKI2 and PEP3, while the insert in
pDOC65-2 originated on chromosome VII, close to the right
telomere. We focused our analysis on the insert in pDOC65-2
for two reasons. First, this plasmid conferred the highest level
of oligomycin resistance of the three isolates (data not shown).
Additionally, the gene carried on this plasmid is required for
PDRI/PDR3-mediated oligomycin resistance (see below).

Sequence of YORI. In order to localize the oligomycin resis-
tance gene present in pDOC65-2, two different derivatives
were prepared and phenotypically tested (Fig. 1). A 6-kb Sacl-
Sacll fragment was subcloned into pRS426, and this construct
was designated pSM100. This chimera was transformed into
wild-type cells and found to no longer elevate oligomycin re-
sistance. The unique Xhol restriction site present in pDOC65-2
was filled in with the Klenow fragment, and the resulting plas-
mid was designated pSM99. This plasmid was still able to
confer high-level oligomycin resistance. These findings sug-
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FIG. 1. Subcloning and phenotype analysis of YORI. (A) The yeast genomic
segments present in several YORI subclones are shown. Oligomycin resistance
represents the ability of a high-copy plasmid carrying the indicated genomic
fragment to elevate oligomycin resistance in an otherwise wild-type strain. The
location of the YORI coding sequence is indicated by the hatched box. All cloned
fragments were present in either the 2um URA3 vector YEp24 (pDOC65-2 and
pSM99) or pRS426 (pSM100 and pSM106). Relevant restriction sites are indi-
cated: SI, Sacl; X, Xhol; M, Mlul; SII, SacIl. The bar at the bottom of the figure
denotes the scale in kilobase pairs of DNA. (B) Yeast transformants carrying
high-copy plasmids were tested for their relative ability to grow on cycloheximide
and oligomycin by streaking on the indicated media. All plasmids carried the
2um origin and the URA3 gene for selection. YEp24 was used as a control
plasmid lacking an additional yeast gene. PDR5 indicates the presence of plasmid
pDR3.3 (31), containing the PDRS structural gene. YORI denotes transformants
containing pSM106, which carries the YOR! gene. SEY6210 has wild-type alleles
of relevant PDR genes, while PB4 lacks both the PDRI and PDR3 loci (27).

gested that the oligomycin resistance determinant was likely to
span the Sacll site but did not require an intact X#ol site for
function.

With this functional information, DNA sequence analysis
was initiated from the Sacl and Sacll restriction sites. The
DNA sequence around the Sacll restriction site was found to
lie within a gene that was sequenced by G. Volckaert and
colleagues in the frame of the effort to sequence the entire
yeast genome (47a). We determined that this gene had the
potential to encode a protein that was predicted to be a mem-
ber of the ABC transporter family of membrane proteins (see
below). We designated this open reading frame YORI (yeast
oligomycin resistance). To confirm that YORI was the oligo-
mycin resistance gene present in pDOC65-2, 1 kb of DNA
extending from the internal Sacll site to a SnaBI site down-
stream was inserted into pSM100 to form pSM106. Insertion of
this additional 1 kb of DNA was predicted to complete the
YORI open reading frame. Consistent with this prediction,
pSM106 was able to confer high-level oligomycin resistance.
Gene disruption of the YORI locus also led to extreme oligo-
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mycin sensitivity (see below), further supporting the role of this
locus in oligomycin resistance.

The DNA sequence of the YORI open reading frame pre-
dicted a protein product of 1,477 amino acids, with a molecular
mass of 166 kDa. Hydropathy analysis suggested the presence
of multiple membrane-spanning domains, consistent with the
idea that Yorlp is likely to be an integral membrane protein.
Analysis of the 5’ noncoding sequence of the YORI gene in-
dicated the presence of a likely binding site for Pdrlp and/or
Pdr3p upstream of the YORI ATG. The sequence TTCCGTG
GAA is located between —402 and —393 (relative to the trans-
lation start). This sequence is identical to an element in the
PDRS5 promoter, and we have recently found that both Pdrlp
and Pdr3p will bind to this YOR! element in vitro (20a). This
element and its relatives will be referred to as the Pdr1p/Pdr3p
response element (PDRE). We are currently analyzing the
function of the YORI promoter to confirm that this element is
responsible for Pdr1p/Pdr3p control of YORI expression.

Homology of Yorlp to ABC transporters. A BLAST search
(2) of the GenBank database with the predicted amino acid
sequence of Yorlp indicated the presence of strong sequence
similarity with ABC transporter proteins. The two most closely
related sequences were the mammalian multidrug resistance-
associated protein Mrplp (10), with 33% identity, and yeast
Ycflp (45), with 32% identity. The sequence identities of these
proteins extended through the entire length of the polypeptide
chains, suggesting that these factors are likely to have similar
overall structures. Yorlp also had 28% sequence identity with
the cystic fibrosis transmembrane conductance regulator
(CFTR) (38). Alignment of these four ABC transporter pro-
tein sequences is shown in Fig. 2.

While many ABC transporters exhibit strong sequence sim-
ilarity, a unique feature shared by Mrplp, CFTR, and Ycflp is
the spacing between the functional motifs present in NBD1.
Two of these functional motifs are found associated with many
nucleotide-binding proteins and are designated Walker A and
Walker B (48). The third motif, unique to ABC transporter
proteins, is known as the LSGGQ sequence (25). These three
elements are arrayed (from the N to the C terminus along the
NBD chain) as Walker A-LSGGQ-Walker B. Comparison of
the distance between these motifs in Ycflp, Mrplp, and CFTR
showed that the spacing of these elements was identical in
these three proteins (45). However, in the case of Yorlp, a
single-amino-acid gap had to be introduced to maintain the
sequence similarity. Other than this one-amino-acid gap, the
rest of Yorlp NBD1 showed high sequence identity with
Ycflp, Mrplp, and CFTR. This one-amino-acid gap is striking
in light of the mutational data available for CFTR and Ycflp
(see Discussion).

Genetics of YORI and PDRI1. YORI was isolated by virtue of
its ability to confer oligomycin resistance when present at a
high gene dosage. We constructed an isogenic pair of YORI/
yorl strains to determine if the single-copy YORI gene also had
an effect on oligomycin resistance. A YORI gene disruption
allele was prepared by inserting a hisG-URA3-hisG DNA frag-
ment into the Bg/II site spanning YORI codons 315 to 317. This
in vitro-generated allele was introduced into the chromosomal
YORI gene by transformation. The resulting yor! allele is an
insertion mutation.

Yeast strains containing the yorl-1::hisG allele were found
to be hypersensitive to low concentrations of oligomycin (Fig.
3). Strains with a wild-type YORI locus were able to tolerate
oligomycin at up to 0.3 pg/ml, while isogenic yorl-1:hisG
strains were unable to form colonies at 0.1 wg/ml. This result is
consistent with the notion that a normal physiological role of
Yorlp is to provide oligomycin resistance to the cell.
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Mrp  ....... MAL RGFCSADGSD PLWDWNVIWN TSNPDFTKCEF QNTVLVWVPC Mrp LPDLEILPSG DRTEIGEKGV NLSGGQKQRV SLARAVYSNA DIYLFDDPLS
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Ycflp AFFKAIHDVL AFTQPQLLRI LIKFVTDYNS ERQDDHSSLQ GFENNHPQKL Yecflp ...VMGNVWL KHWSEVNSRY GSNPNAARYL AIYFALGIGS
Yorlp IVFAILANCT SGFNPMITKR LIEFVEE... .......... .. .KATFHSM Yorlp FCSLFSSVWL SYWTENKFK. ..NRPPSFYM GLYSFFVFA.
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Mrp PDWQGYFYTV LLFVTACLQT LVLHQYFHIC FVSGMRIKTA VIGAVYRKAL ~ Mrp GIAVFGYSMA V.SI.GGILA SRCLHVDLLH SILRSPMSFF ERTPSGNLVN
Ycflp PIVRGFLIAF AMFLVGFTQT SVLHQYFLNV FNTGMYIKSA LTALIYQKSL  Yecflp ALATLIQTIV L.WVFCTIHA SKYLHNLMTN SVLRAPMTFF ETTPIGRILN
Yorlp HVNKGIGYAI GACLMMFVNG LTFNHFFHTS QLTGVQAKSI LTKAAMKKMF  Yorlp AFIFMNGQFT I.LCAMGIMA SKWLNLRAVK RILHTPMSYI DTTPLGRILN
Cftrp ERSIAIYLGI GLCLLFIVRT LLLHPATFGL HHIGMOMRIA MFSLIYKKTL  Cftrp TLLAMGFFRG LPLVHTLITV SKILHHKMLH SVLQAPMSTL NTLKAGGILN

Mrp VITNSARKSS TVGEIVNLMS VDAQRFMDLA TYINMIWSAP LOVILALYLL  Mrp RFSKELDTVD SMIPEVIKMF MGSLFNVIGA CIVILLATPI AAITIPPLGL
Ycflp VLSNEASGLS STGDIVNLMS VDVQKLODLT QWLNLIWSGP FQIIICLYSL  Ycflp RFSNDIYKVD ALLGRTFSQF FVNAVKVTFT ITVICATTWQ FIFIIIPLSV
Yorlp NASNYARHCF PNGKVTSFVT TDLARIEFAL SFQPFLAGFP AILATCIVLL  Yorlp RFTKDTDSLD NELTESLRLM TSQFANIVGV CVMCIVYLPW FATAIPFLLYV
Cftrp KLSSRVLDKI SIGQLVSLLS NNLNKFDEGL ALAHFVWIAP LOVALIMGLI  Cftrp RFSKDIAILD DLLPLTIEDF TOLLLIVIGA TAVVAVLQPY IFVATVPVIV

Mrp WLNLGPSVLA GVAVMVLMVP VNAVMAMKTK TYQVAHMKSK DNRIKLMNEI  Mrp IYFFVQRFYV ASSRQLKRLE SVSRSPVYSH FNETLLGVSV IRAFEEQERF
Ycflp YKLLGNSMWV GVIILVIMMP LNSFLMRIQK KLQKSQMKYK DERTRVISEI ~ Ycflp FYIYYQQOYYL RTSRELRRLD SITRSPTIYSH FQETLGGLAT VRGYSQQKRF
Yorlp IVNLGPIALV GIGIFFGGFF ISLFAFKLIL GFRIAANTFT DARVTMMREV ~ Yorlp IFVLIADHYQ SSGREIKRLE AVQRSFVYNN LNEVLGGMDT TKAYRSQERF
Cftrp WELLQASAFC GLGFLIVIAL FQAGLGRMMM KYRDQRAGKI SERLVITSEM  Cftrp AFIMLRAYFL QTSQQLKQLE SEGRSPIFTH LVTSLKGLWT LRAFGRQPYF

Mrp LNGIKVLKLY AWELAFKDKV LAIRQE...E LKVLKKSAYL SAVGTFTWVC Mrp THQSDLKVDE NQKAYYPSIV ANRWLAVRLE CVGNCIVLFA ALFAV..ISR
Ycflp LNNIKSLKLY AWEKPYREKL EEVRNNK..E LKNLTKLGCY MAVTSFQFNT Ycflp SHINQCRIDN NMSAFYPSIN ANRWLAYRLE LIGSIIILGA ATLSVFRLKQ
Yorlp LNNIKMIKYY TWEDAYEKNI QDIRTKEISK VRKMQLSRNF LIAMAMSLPS Yorlp LAKSDFLINK MNEAGYLVVV LORWVGIFLD MVAIAFALII TLLCVTR..A
Cftrp IENIQSVKAY CWEEAMEKMI ENLRQT...E LKLTRKAAYV RYFNSSAFFF Cftrp ETLFHKALNL HTANWFLYLS TLRWFQMRIE MIFVIFFIAV TFISILTTGE

Mrp TPFLVALCTF AVYVTIDENN TLDAQTAFVS LALFNILRFP LNI.LPMVIS  Mrp HSLSAGLVGL SVSYSLQVTT YLNWLVRMSS EMETNIVAVE RLKEY.....
Ycflp VPFLVSCCTF AVFV.YTEDR ALTTDLVFPA LTLFNLLSFP LMI.IPMVLN  Ycflp GTLTAGMVGL SLSYALQITQ TLNWIVRMTV EVETNIVSVE RIKEY.....
Yorlp IASLVTF..L AMYKVNKGGR ..QPGNTFAS LSLFQVLSLQ MFF.LPTATIG  Yorlp FPISAASVGV LLTYVLQLPG LLNTILRAMT QTENDMNSAE RLVTY.....

Cftrp SGFFVVFLSV LPYALIKG.. .IILRKIFTT ISFCIVLRMA VTRQFPWAVQ Cftrp ...GEGRUGL ILTLAMNIMS TLOWAVNSSI DVDSLMRSVS RVFKFIDMPT
Mrp SIVQASVSLK RLRIFLSHEE LEP....vv'r cevvrennnn wnnn. e Mrp ..S.ETEKEA PWQIQETRPP SSWPQVGRVE FRNYCLRYRE
Ycflp SFIEASVSIG RLFTFFTNEE LQP..vvvvr wevnvnenns crvenannnnn Ycflp . .A.DLKSEA PLIVEGHRPP KEWPSQGDIK FNNYSTRYRP
Yorlp TGIDMIIGLG RLQSLLEAPE DDPNQMIEMK PSPGFDPKLA LKMTHCSFEW Yorlp . .ATELPLEA SYRKPEMTPP ESWPSMGEII FENVDFAYRP
Cftrp TWYDSLGAIN KIQDFLQKQE YKTLE..... ........ YN LTTTEVVMEN Cftrp EGKPTKSTKP YKNGQLSKVM ITENSHVKKD DIWPSGGQMT VKDLTAKYTE
Mrp ... DSIE RRP.VKDGGG TNSITVRNAT FTWARSD..P Mrp DLDFVLRHIN VTINGGEKVG IVGRTGAGKS SLTLGLFRIN ESAEGEIIID

Ycflp ELDLVLKHIN IHIKPNEKVG IVGRTGAGKS SLTLALFRMI EASEGNIVID
Yorlp GLPIVLKNLN LNIKSGEKIG ICGRTGAGKS TIMSALYRLN ELTAGKILID
Cftrp GGNAILENIS FSISPGQRVG LLGRTGSGKS TLLSAFLRLL N.TEGEIQID

Yecflp ...... DSVQ RLPKVKNIGD VAINIGDDAT FLWQRKPEYK
Yorlp EDYELNDAIE EAKGEAKDEG KKNKKKRKDT WGKPSASTNK
Cftrp VTAFWEEGFG ELFEKAKQNN NNRKTSNGDD SLFFSN. ...

Walker A
Mrp .ol .. .TLNGITF SIPEGALVAV VGQVGCGKLS LLSALLAEMD Mrp GINIAKIGLH DLRFKITIIP QDPVLFSGSL RMNLDPFSQY SDEEVWTSL.
Yeflp .......... . . .ALKNINF QAKKGNLTCI VGKVGSGKTA LLSCMLGDLF Ycflp NIAINEIGLY DLRHKLSIIP QODSQVFEGTV RENIDPINQY TDEAIWRAL.
Yorlp RDGPEDLEKT SFRGFKDLNF DIKKGEFIMI TGPIGTGKSS LLNAMAGSMR Yorlp NVDISQLGLF DLRRKLAIIP QDPVLFRGTI RKNLDPFNER TDDELWDALV
Cftrp ...... FSLL GTPVLKDINF KIERGQLLAV AGSTGAGKTS LLMMIMGELE Cftrp GVSWDSITLQ QWRKAFGVIP QKVFIFSGTF RKNLDPYEQW SDQEIWKV. .

Walker A

Mrp KVEGHVAIKG SVAYVPQQAW IQNDSLRENI LEFGCQLEEPY YRSVIQACAL
Ycflp RVKGFATVHG SVAYVSQVPW IMNGTVKENI LFGHRYDAEF YEKTIKACAL
Yorlp KTDGKVEVNG DL.LMCGYPW IQNASVRDNI IFGSPFNKEK YDEVVRVCSL
Cftrp PSEGKIKHSG RISFCSQFSW IMPGTIKENI IFGVSYDEYR YRSVIKACQL
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Mrp ... ELAHL KDFVSALP.D K......... .LDHECAEGG ENLSVGQRQL
Ycflp ..... ELSHL KEHVLSMSND G......... .LDAQLTEGG GNLSVGQRQL
Yorlp RGGAIAKDDL PEVKLQKPDE NGTHGKMHKF HLDQAVEEEG SNFSLGERQL
Cftrp ....ADEVGL RSVIEQFPGK .......... .LDFVLVDGG CVLSHGHKQL
Linker

Mrp VCLARALLRK TKILVLDEAT AAVDLETDDL IQSTIRTQFE DCTVLTIAHR

Ycflp LCLARAMLVP SKILVLDEAT AAVDVETDKV VQETIRTAFK DRTILTIAHR

Yorlp LALTRALVRQ SKILILDEAT SSVDYETDGK IQTRIVEEFG DCTILCIAHR

Cftrp MCLARSVLSK AKILLLDEPS AHLDPVTYQI IRRTLKQAFA DCTVILCEHR
Walker B

Mrp LNTIMDYTRV IVLDKGEIQE YGAPSDLL.Q QRGLFYSMAK DAGLV.....
Ycflp LNTIMDSDRI IVLDNGKVAE FDSPGQLLSD NKSLFYSLCM EAGLVNENZ.
Yorlp LKTIVNYDRI LVLEKGEVAE FDTPWTLFSQ EDSIFRSMCS RSGIVENDFE
Cftrp IEAMLECQQF LVIEENKVRQ YDSIQKLL.N ERSLFRQAIS PSDRVKLFPH

Ycflp
Yorlp NRS....... toiiiiinnn viiaeann
Cftrp RNSSKCKSKP QIAALKEETE EEVQDTRL

FIG. 2. Homology between Mrp, Ycflp, Yorlp, and CFTR. A computer-
generated alignment between the protein sequences of Mrp, Ycflp, Yorlp, and
CFTR (Cftrp) is shown. This alignment was produced by using the Genetics
Computer Group package and the subroutine Pileup (14). Amino acids are listed
in the one-letter code, and dots indicate positions where gaps were introduced to
maintain the alignment. The predicted transmembrane domains in the CFTR are
underlined, while the functional motifs in each NBD are indicated (Walker A,
LSGGQ [Linker], and Walker B).

Previously, we demonstrated that production of a PDR3-
VP16 fusion protein led to acquisition of high-level oligomycin
resistance (27). This high-level oligomycin resistance was not
dependent on the presence of the PDR5 gene. Others have
found that dominant alleles of PDRI also elicit a strong oligo-
mycin resistance phenotype (3). We used strains containing the
yorl-1::hisG mutation to determine if oligomycin resistance
produced by PDRI and/or PDR3 required the presence of
YORI.

Introduction of a CEN plasmid carrying the semidominant
drug resistance PDRI-6 allele into a YORI strain (SEY6210)
produced a strain capable of growing more rapidly than an
isogenic wild-type strain with 0.3 pg of oligomycin per ml (Fig.
3). However, when the same plasmid was transformed into a
strain (DKY?7) lacking the YORI gene, the resulting strain was
only able to tolerate 0.1 wg/ml. Note that the yor! strain was
able to grow on medium containing 0.1 pg of oligomycin per
ml only if the PDRI-6 allele or the plasmid expressing the
PDR3-VP16 fusion protein was present. This result indicates
that even in a yor! background, Pdrlp and Pdr3p have an
additional target gene that can be activated to elevate oligo-
mycin resistance. Similarly, the presence of the yorl-1::hisG
allele blocked the ability of the PDR3-VP16 fusion protein to
elevate oligomycin resistance. However, loss of YORI from the
cell had no effect on the ability of either the PDRI-6 allele or
the PDR3-VP16 fusion protein to confer cycloheximide resis-
tance. These data are consistent with the belief that YORI is a
major determinant of oligomycin resistance in S. cerevisiae.

A more quantitative comparison of the relative levels of
oligomycin resistance in several different strains was carried
out with a zone-of-inhibition assay. Wild-type (SEY6210) cells
exhibited a zone of inhibition of 1.3 = 0.1 cm around a filter
disk containing 50 pg of oligomycin. The size of the zone of
inhibited growth increased to 2.3 * 0.14 cm when the isogenic
yorl-1::hisG-containing strain was tested. A strain lacking both
the PDR1 and PDR3 genes had a zone of inhibition of 1.7 =
0.14 cm. Thus, loss of the YORI gene had a dramatic effect on
oligomycin tolerance, nearly doubling the size of the zone of
inhibition, while removal of PDRI and PDR3 caused a less
severe degree of inhibition by oligomycin.

Analysis of YORI mRNA. Dominant mutations in the PDRI
gene confer elevated resistance to oligomycin and cyclohexi-
mide (3). The elevated resistance to cycloheximide comes
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about through overproduction of the PDR5 gene product (34).
To determine if YORI mRNA levels correlated with the oligo-
mycin hyperresistance phenotype of a semidominant PDRI-6
mutant, we performed Northern blot analysis. RNA was iso-
lated from a wild-type strain carrying a CEN plasmid contain-
ing the PDRI-6 gene or the vector plasmid alone. These RNA
samples were electrophoresed in a denaturing agarose gel,
transferred to a nylon membrane, and probed with an anti-
sense YORI riboprobe. The resulting autoradiogram (Fig. 4)
indicated that there was a large elevation in YORI steady-state
mRNA levels in response to the presence of the PDRI-6 allele
relative to the wild-type PDRI gene. The estimated size of the
YORI transcript was consistent with size of the coding se-
quence required to encode this relatively large protein.

The start site of YORI gene transcription was identified by
RNase protection. An antisense YORI RNA probe was pre-
pared by in vitro transcription, annealed to aliquots of RNA
prepared from wild-type cells or cells containing the PDRI-6
allele, and digested with RNase. The resulting duplex RNA
was electrophoresed next to size markers, and the protected
RNA species was detected by autoradiography (Fig. 4). An
antisense probe was also prepared for the RPC40 gene, a locus
not known to be under the control of Pdrlp or Pdr3p (33).

The YORI antisense probe gave rise to a protected RNA of
400 nucleotides. This protected fragment was more abundant
in the RNA prepared from the strain containing the PDRI-6
allele than in RNA isolated from the wild-type strain. The size
of the protected fragment indicated that the 5’ end of the
YORI mRNA is located approximately 200 nucleotides up-
stream of the deduced YORI ATG. There are no other ATG
elements in this 200-nucleotide stretch of YORI sequence. The
levels of the control RNA from the RPC40 gene did not
change. These data indicate that the steady-state levels of
YORI mRNA responded to the type of PDRI allele present in
the cell. Additionally, this finding of the location of the YORI
mRNA start point supports the suggestion that the PDRE
could serve as an upstream activation element for this gene.

Control of YORI by PDRI. To facilitate measurement of
YORI gene expression, a YORI-lacZ fusion gene was con-
structed. The fusion gene that was constructed contained 1,250
bp of 5’ noncoding sequence and 213 bp from the YORI open
reading frame fused to E. coli lacZ. The resulting chimera was
transformed into several yeast strains with different genetic
backgrounds in order to assess the response of the YORI-lacZ
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PDR1-6

PDR3-VP16

YPGE YPGE YPGE YPD
0.1 pg/ml 0.3 pg/ml 0.25 pg/ml
Oligomcyin Oligomcyin Cycloheximide

FIG. 3. YORI required for normal oligomycin tolerance. Yeast strains con-
taining (YORI) or lacking (yorI-1::hisG) a normal copy of the YORI gene were
transformed with the plasmids indicated on the left-hand side of the figure.
Vector refers to the presence of the low-copy plasmid pRS315, while PDRI-6
denotes transformants carrying the PDRI-6 allele cloned in pRS315. PDR3-
VP16 corresponds to a high-copy plasmid expressing a PDR3-VP16 fusion pro-
tein that elevates oligomycin resistance in wild-type and Apdr5 cells (27). The
relative resistance of each transformant was analyzed by a spot test assay (50).
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FIG. 4. Identification of YORI mRNA species. (A) Northern blot. Total
RNA was prepared from a wild-type yeast strain (SEY6210) transformed with a
low-copy plasmid carrying the PDRI-6 allele (PDR1-6) or the low-copy vector
alone (pRS315). Equal amounts of RNA were electrophoresed through a form-
aldehyde-agarose gel and transferred to a nylon membrane. YORI mRNA was
detected by probing the membrane with an antisense riboprobe. The estimated
size of the YORI transcript is shown on the left-hand side of the figure. (B)
RNase mapping of the YORI transcription start site. Antisense RNA probes
were prepared against YORI or RPC40 by in vitro transcription in the presence
of [a-*?P]UTP. The presence of each of these probes is indicated at the top of the
figure. Probe denotes the untreated probe, while tRNA indicates that the probe
was annealed to tRNA and then treated with RNase. RNAs from wild-type cells
carrying a low-copy vector (pRS315) or cells carrying pRS315 expressing the
PDRI-6 allele were also annealed to the probe and digested with RNase. After
digestion, the samples were electrophoresed through a 5% urea—polyacrylamide
gel in parallel with an aliquot of the 1-kb ladder (Bethesda Research Laborato-
ries) that was 32P labeled. The sizes of the DNA fragments are shown on the left
(in nucleotides).

fusion gene to changes in the type of PDRI or PDR3 allele
present.

Introduction of the YORI-lacZ fusion gene into cells with a
wild-type set of PDR loci led to the production of 16 U of
B-galactosidase activity per optical density unit (Table 1). The
presence of this reporter plasmid in an isogenic pdrl strain

TABLE 1. Expression of a YORI-lacZ fusion gene exhibits a
major PDRI/PDR3-independent component®

B-Galactosidase activity” (U/OD unit)

Strain
YORI-lacZ PDRS5-lacZ
Wild type 16 30
Apdrl 7 13
Apdr3 9 15
Apdrl,3 5 0.5
PDRI-6¢ 66 344

“ An isogenic set of strains with the indicated PDR genotypes were trans-
formed with plasmids containing either a YORI-lacZ (pSM109) or a PDR5-lacZ
(pKV2) fusion gene.

b B-Galactosidase activities are the average of at least two determinations and
have an error of <20%. Enzyme activities were determined as described before
(27). OD, optical density.

¢ This genetic background consists of a wild-type strain (SEY6210) trans-
formed with a low-copy plasmid carrying the PDRI-6 allele.

MoL. CELL. BIOL.

:hisG

yorl-1:
2um YORL

FIG. 5. Identification of Yorlp by Western blot analysis. Protein extracts
were prepared from yeast strains containing multiple copies (2um YORI), a
single copy (YORI), or no functional copies (yorl-1:hisG) of the YORI gene.
Total protein (100 ng) was electrophoresed for each sample and transferred to
nitrocellulose. The location of immunoreactive Yorlp was determined by prob-
ing the filter with an anti-Yorlp antiserum. The positions of molecular mass
standards are indicated on the left (in kilodaltons). The position of full-length
Yorlp is noted on the right-hand side of the figure.

dropped the YORI-dependent enzyme activity to 7 U per op-
tical density unit. Loss of only the PDR3 gene elicited a de-
crease to 9 U per optical density unit. Transformation of a cell
lacking both PDRI and PDR3 decreased the expression of the
YORI-lacZ gene to 5 U per optical density unit. Introduction
of the PDRI-6 allele into a cell containing the YORI-lacZ
fusion plasmid led to a nearly fivefold increase in B-galactosi-
dase activity. This increase in YORI-dependent B-galactosi-
dase activity is consistent with the increase in YORI mRNA
seen in a PDRI-6 background (Fig. 4). The decrease in YORI-
dependent B-galactosidase activity upon loss of PDRI and/or
PDR3 from the cell provides further support for the notion that
normal expression of YOR! is dependent on the presence of
PDRI and PDR3 in the cell.

For comparison, a PDR5-lacZ fusion was assayed as a con-
trol for the effect of the various PDR mutations on gene ex-
pression. As seen previously (27), the expression of PDR5-
dependent B-galactosidase was only modestly affected by the
loss of either PDRI or PDR3 individually. However, when both
of these loci were removed from the cell, the expression of the
PDRS5-lacZ fusion gene was reduced to 2% of the level seen in
wild-type cells. Thus, while both YORI and PDRS5 are regu-
lated by PDRI and PDR3, YORI expression is much less de-
pendent on the function of these two transcription factors than
is PDRS.

Immunological detection of Yorlp. Both the Northern blot
and lacZ fusion data are consistent with the belief that over-
production of Yorlp leads to increased oligomycin resistance.
To confirm this suggestion, we generated an antiserum di-
rected against Yorlp. This antiserum was used in Western blot
analysis of protein extracts from yeast strains with various gene
dosages of YORI. Detergent-soluble protein extracts were pre-
pared from strains containing the yorI-1::hisG allele, the wild-
type YORI gene, or a high-copy plasmid containing YORI.
These extracts were then electrophoresed through SDS-PAGE,
transferred to a nitrocellulose membrane, and probed with the
anti-Yorlp antiserum (Fig. 5).

A 163-kDa species was detected in a strain containing either
the high-copy YORI plasmid or the normal chromosomal
YORI gene by the anti-Yorlp antiserum. This polypeptide was
not found in an extract from cells lacking a functional copy of
the YORI gene. The observed molecular mass of 163 kDa
agrees well with the expected size predicted from the YORI
DNA sequence (166 kDa). We conclude that this 163-kDa
protein is the product of the YORI gene. The relative oligo-
mycin resistances exhibited by these three strains correlate well
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with the relative expression levels of Yorlp in each genetic
background. We believe that the other protein species ap-
pearing on this blot correspond to aggregation or breakdown
products of full-length Yorlp. These data suggest that Yorlp
directly functions to detoxify oligomycin, although other possibil-
ities, such as Yorlp’s regulating the function of the direct medi-
ator of oligomycin resistance, cannot be excluded at this time.

DISCUSSION

The identification of YORI as a target gene important for
PDRI1/PDR3-mediated oligomycin resistance provides a key
piece of information in understanding the network of pleiotro-
pic drug resistance genes in S. cerevisiae. This analysis of YOR!
confirms the previous suggestion that the effects of PDRI and
PDR3 on cycloheximide and oligomycin resistance come about
through control of expression of different loci. It is interesting
that all known PDRI/PDR3 target genes encode either ABC
transporter proteins or the PDR3 protein itself. In addition to
YORI, genes that have been demonstrated to fall under PDR1
and PDR3 control include PDR5 (27), SNQ2 (11), and the
PDR3 gene (12).

The degree of PDRI/PDR3 dependence is quite different for
the coregulated PDR5 and YORI genes. Loss of the PDRI and
PDR3 genes severely reduces PDRS expression, while in this
same genetic background, YORI-dependent expression re-
mains relatively high. It was anticipated that YORI expression
would show a strong PDR1/PDR3 dependence, as does PDR5,
since Apdrl and Apdrl,3 mutants are extremely oligomycin
sensitive (13, 27). Thus, it was surprising to find that, unlike
PDRS5, YORI has a major PDRI/PDR3-independent compo-
nent for its expression (Table 1). How can the oligomycin
sensitivity of a Apdrl,3 strain be rationalized in light of the
relatively minor effect of this genetic background on YORI
expression? This apparent paradox can be explained by the
ability of PDR1/PDR3 to activate the expression of at least one
other gene involved in oligomycin resistance. The requirement
for this other gene can be suppressed by overproduction of
Yorlp from a 2pum plasmid. This finding is supported by the
observation that a 2pum plasmid carrying YORI still confers
strong oligomycin resistance even in a Apdrl,3 background
(Fig. 1). It is possible that the other two genes identified in this
screen represent other targets important for PDRI/PDR3-me-
diated oligomycin resistance.

PDR5 and YORI are coregulated drug resistance genes,
through the common presence of PDRE:s in their promoter
regions, but exhibit clear differences in their transcriptional con-
trol. This suggests that other PDRI/PDR3-regulated genes will
also show distinct patterns of regulation and rely on these tran-
scription factors to various degrees. Identification of the pro-
tein(s) and site(s) mediating the PDRI/PDR3-independent ex-
pression of YORI will provide important new information con-
cerning the network of factors that regulate drug resistance genes.

ABC transporters constitute a large and constantly growing
class of membrane proteins. However, the ABC transporter
proteins with which Yorlp has the greatest sequence identity
represent only a small subgroup of this family of proteins.
These molecules are grouped based on the strong conservation
of both sequence and spacing in their NBD1 regions. The
finding of the one-amino-acid gap in the Yorlp NBD1 is strik-
ing in light of mutational data available concerning single
NBD1 amino acid deletions in CFTR (reviewed in reference
49) and Ycflp (45, 49a). Loss of the phenylalanine codon at
position 508 in CFTR or 713 in Ycflp causes these proteins to
lose their ability to function normally. A second CFTR muta-
tion, AI507, also elicits a loss-of-function phenotype (9). These
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YOR1 YORX PDR5
Oligomycin Cycloheximide
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FIG. 6. Model for PDR gene interactions. A scheme describing the func-
tional interactions of the known PDR genes involved in cycloheximide and
oligomycin resistance is shown. Arrows indicate positive interactions. The large
arrow drawn from PDRI indicates the greater contribution of this gene to the
pool of PDRE-binding proteins than that of PDR3. The three PDREs present in
PDRS5 (8a) and the one identified PDRE in YORI are indicated by the arrows.
The ? refers to the other protein(s) involved in transcriptional control of YORI.

results indicate that the number of amino acids present in
NBD1 is not totally flexible, at least in the region close to the
important phenylalanine. Other than this alteration in spacing,
the rest of NBD1 in Yorlp is very similar to the analogous
regions of CFTR, Mrp, and Ycflp. It will be interesting to
investigate the consequence of a AF670 mutation in Yorlp as
well as to vary the spacing elsewhere in NBD1 of this ABC
transporter protein.

While the homology of Yorlp with other ABC transporter
proteins suggests a possible mode of action of this protein, no
details are yet available concerning the biochemical activity of
Yorlp. The two proteins that show the highest degree of se-
quence similarity with Yorlp are Mrplp and Ycflp. These two
proteins have recently been demonstrated to act as glutathione
conjugate transporters (29, 35a). Since transport of glutathione
conjugates is a key step in Mrp-mediated detoxification (29),
perhaps Yorlp pumps an oligomycin-glutathione conjugate as
a step in the neutralization of this agent in S. cerevisiae. The
availability of mutant strains lacking or overproducing Yorlp
will allow this hypothesis to be tested.

Along with the biochemical activity of Yorlp, a key issue to
be resolved is the location of this protein. Subcellular localiza-
tion will be a defining property in proposing models for how
Yorlp might function in oligomycin resistance. Pdr5p is a
plasma membrane protein that mediates the efflux of target
drugs out of the cell (30). Hmtlp, a vacuolar ABC transporter
from Schizosaccharomyces pombe, has recently been shown to
confer cadmium resistance through pumping of phytochelatin-
cadmium complexes into the vacuole (36). Since the target of
oligomycin is the mitochondrially located F, ATPase protein
(35), Yorlp may function by removing oligomycin from the cell
or possibly by sequestering the drug so that it cannot reach the
mitochondria. The anti-Yorlp antiserum that we have developed
will allow the determination of where Yorlp acts in the cell.

We have examined a large number of other drugs and found
no major effect of Yorlp on resistance to these other inhibitors
(50a). The possibility that yeast cells possess a dedicated oli-
gomycin detoxification system seems unlikely, since oligomycin
is only toxic when cells are utilizing nonfermentable carbon
sources like glycerol or ethanol. It is expected that other drugs
to which Yorlp also mediates resistance will be found.
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A model to explain the various interactions of genes in-
volved in oligomycin and cycloheximide resistance is shown in
Fig. 6. The contribution of the PDRI gene to the pool of
PDRE-binding proteins has a greater functional consequence
that of PDR3. Strains lacking the PDRI locus exhibit a pro-
found reduction in cycloheximide and oligomycin resistance,
while loss of PDR3 has a negligible effect on these resistance
phenotypes (27). Pdrlp and Pdr3p then act on several sites in
the PDR5 promoter and at least one in the 5’ noncoding
sequence of YORI. Dominant mutations in either PDRI or
PDR3 confer cycloheximide tolerance through transactivation
of PDR5 gene expression, while the oligomycin resistance of
these lesions is produced through stimulation of YORI tran-
scription. Expression of PDRS5 is strongly dependent on the
presence of either PDRI or PDR3, while YORI transcription
does not exhibit such a strong requirement for these regulatory
proteins.

Our finding that the PDRI-6 allele can partially suppress the
strong oligomycin-hypersensitive phenotype of the yorl-1::hisG
mutation indicates the presence of at least one additional gene
that can contribute to oligomycin resistance (Fig. 3). This locus
provides a minor component of cellular resistance to oligomy-
cin but is still responsive to the PDRI-6 allele. This suggests
that an additional target gene that is under control of Pdrlp
(and likely Pdr3p) that can provide oligomycin resistance in a
Yorlp-independent fashion exists. Possible candidates for this
unknown locus or loci are the genes carried in the other two
plasmids recovered in our high-copy plasmid library screen.
This suggestion is currently under investigation.
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