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Multidrug resistance (MDR) to different cytotoxic compounds in the yeast Saccharomyces cerevisiae can arise
from overexpression of the Pdr5 (Sts1, Ydr1, or Lem1) ATP-binding cassette (ABC) multidrug transporter. We
have raised polyclonal antibodies recognizing the yeast Pdr5 ABC transporter to study its biogenesis and to
analyze the molecular mechanisms underlying MDR development. Subcellular fractionation and indirect
immunofluorescence experiments showed that Pdr5 is localized in the plasma membrane. In addition, pulse-
chase radiolabeling of cells and immunoprecipitation indicated that Pdr5 is a short-lived membrane protein
with a half-life of about 60 to 90 min. A dramatic metabolic stabilization of Pdr5 was observed in Dpep4mutant
cells defective in vacuolar proteinases, and indirect immunofluorescence showed that Pdr5 accumulates in
vacuoles of stationary-phase Dpep4 mutant cells, demonstrating that Pdr5 turnover requires vacuolar prote-
olysis. However, Pdr5 turnover does not require a functional proteasome, since the half-life of Pdr5 was
unaffected in either pre1-1 or pre1-1 pre2-1 mutants defective in the multicatalytic cytoplasmic proteasome that
is essential for cytoplasmic protein degradation. Immunofluorescence analysis revealed that vacuolar delivery
of Pdr5 is blocked in conditional end4 endocytosis mutants at the restrictive temperature, showing that
endocytosis delivers Pdr5 from the plasma membrane to the vacuole.

An important type of multidrug resistance (MDR) in mam-
malian tumor cells and cultured cells (19) is caused by gene
amplification and subsequent overexpression of the P-glyco-
protein (Mdr1) and MDR-associated protein (MRP) (11, 57)
transport proteins, both of which are members of the ubiqui-
tous ATP-binding cassette (ABC) protein superfamily (23, 32).
P-glycoprotein and MRP are integral plasma membrane pro-
teins that function as ATP-dependent efflux pumps for a vari-
ety of structurally unrelated cytotoxic compounds. Elevated
P-glycoprotein levels permit tumor cells to survive cytotoxic
drug regimens and thus represent a major impediment to cur-
ative cancer chemotherapy (9, 19, 57).
The first ABC transporter protein to be identified in the

yeast Saccharomyces cerevisiae was the Ste6 a-factor phero-
mone transporter (31, 35). Although Ste6 and mammalian
P-glycoprotein are structurally closely related, overexpression
of Ste6 is not associated with MDR. However, MDR in S.
cerevisiae is a well-documented phenomenon (33), and there is
compelling evidence that MDR in S. cerevisiae could be subject
to tight transcriptional control by PDR (pleiotropic drug resis-
tance) genes encoding transcriptional regulators. For instance,
transcription factors such as Pdr1 (2), Yap1/Snq3 (22, 37),
Pdr3 (14, 26), and, putatively, Pdr7 and Pdr9 (15) may form a
highly complicated network implicated in MDR development
(3), similar to P-glycoprotein- or MRP-mediated MDR in
mammalian cells. Mutations in PDR genes are often associated
with MDR, since they are thought to control the expression of
individual drug pumps, some of which were shown to be mem-
bers of the ABC family of multidrug transporters. For exam-
ple, two highly homologous yeast ABC transporter genes,
SNQ2 (50) and PDR5/STS1/YDR1/LEM1 (4, 8, 24, 29), here-

after called PDR5, were recently shown to represent functional
and structural homologs of mammalian Mdr1 because their
overexpression in yeast cells is linked to MDR development.
The transcription of PDR5 is under control of the transcrip-

tion-regulatory proteins Pdr1 and Pdr3 (14, 26). Genetic ex-
periments have shown that pdr1-mediated cycloheximide resis-
tance requires the presence of PDR5 and that PDR5 mRNA
levels were elevated in a drug-resistant pdr1-3 mutant (36). By
contrast, in Dpdr1 Dpdr3 double mutants, PDR5 mRNA syn-
thesis is completely abolished (26). The Pdr5 drug pump was
found mainly in membrane preparations enriched for plasma
membrane vesicles (4, 13) isolated from pdr1mutants, whereas
previous studies from crude fractionation experiments of wild-
type yeast cells located epitope-tagged Pdr5 to both the plasma
membrane and intracellular membranes (8).
Overexpression of PDR5 and SNQ2 leads to resistance

against a variety of structurally unrelated cytotoxic compounds,
including mycotoxins, cycloheximide, staurosporine, cerulenin,
4-nitroquinoline-N-oxide, and sulfomethuron methyl (4, 8, 24,
50). However, each transporter mediates resistance to only a
distinct subset of drugs (8), and there is very little overlap in
the substrate specificity of Pdr5 and Snq2 (24).
The discovery of yeast homologs of mammalian P-glycopro-

teins suggests the use of S. cerevisiae as a paradigm for the
study of the molecular mechanisms associated with MDR me-
diated by ABC transporters. Thus, we have begun to analyze
the biogenesis and intracellular trafficking of the yeast Pdr5
drug pump in order to understand the molecular mechanisms
underlying MDR development. Here, we report the subcellu-
lar localization of the yeast Pdr5 ABC transporter in wild-type
cells by refined subcellular fractionation procedures and indi-
rect immunofluorescence. Moreover, by studying the biosyn-
thesis of Pdr5 in mutants lacking cytoplasmic and vacuolar
proteinases, we demonstrate that the Pdr5 MDR pump is a
rather short-lived protein whose biogenesis involves plasma
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membrane localization followed by endocytosis and delivery to
the vacuole for terminal degradation.

MATERIALS AND METHODS

Media, culture conditions, and strain construction. Rich medium (YPD) and
synthetic medium (SD) supplemented with auxotrophic components to maintain
plasmids were prepared essentially as described elsewhere (46). All S. cerevisiae
strains used in this study are listed in Table 1. VHM3, which was kindly provided
by V. Huter, is a segregant obtained from a cross between WKK7 and SF267-1D.
YAL23 and YAL24 were obtained from a cross between CB005 and RH-268-1C.
Preparation of polyclonal anti-Pdr5 antiserum.Antibodies were raised against

a Pdr5-glutathione-S-transferase (GST) fusion protein that contains 183 amino
acids of the N-terminal part of Pdr5 (amino acids 4 to 187) fused in frame to the
C terminus of GST. The gene fusion was constructed by inserting a 555-bp
SmaI-EcoRI fragment of PDR5, which was generated by PCR with the custom
primers PDR5-GST1 (59-CAA AAA TGC CCG GGG CCA AGC-39) and
PDR5-GST2 (59-AAA CGA CTA GGA ATT CAC C-39), into the SmaI and
EcoRI sites (underlined) of pGEX-3X (Pharmacia), resulting in plasmid pYM21.
PCR amplification was performed as described elsewhere (47).
Escherichia coliDH5a carrying pYM21 was grown at 308C to an optical density

at 600 nm (OD600) of 0.7, and expression of the fusion protein was induced by
adding isopropyl-b-D-thiogalactopyranoside (IPTG) to a final concentration of
0.1 mM for 4 h. The cells were harvested by centrifugation and resuspended in
ice-cold phosphate-buffered saline (PBS) (1/50 of original culture volume). Cell
lysis was achieved with a Bandelin Sonopuls HD70 sonicator equipped with an
SH70 probe by three 30-s bursts of sonication of the chilled cell suspension at full
output. After adding Triton X-100 to a final concentration of 1%, the lysate was
centrifuged at 10,000 3 g to remove insoluble material. The supernatant was
incubated with 1 ml of a 50% slurry of glutathione-Sepharose 4B beads (Phar-
macia) for 16 h at 48C on a rotation mixer. The glutathione-Sepharose beads
were washed four times with ice-cold PBS, and the fusion protein was eluted by
incubating the beads for 10 min with 2 ml of solution of 5 mM reduced gluta-
thione at room temperature. Removal of glutathione and concentration of the
Pdr5-GST fusion protein were carried out in a Centricon 10 microconcentrator
(Amicon). The purified Pdr5-GST fusion protein was used for immunization of
rabbits by standard injection regimens. For immunofluorescence microscopy, the
crude rabbit antiserum was affinity purified with the Pdr5-GST fusion protein
bound on a nitrocellulose sheet, essentially as described elsewhere (41).
Yeast cell extracts and immunoblotting. Three OD600 equivalents of cells were

harvested and washed once with H2O. After repelleting the cells, cell extracts
were prepared by lysis with 150 ml of 1.85 M NaOH–7.5% mercaptoethanol for
10 min on ice. Then 150 ml of 50% trichloroacetic acid was added, and the
samples were incubated for an additional 10 min on ice. Precipitates were
collected by centrifugation at 13,000 3 g for 3 min. The pellets were dissolved in
50 ml of sample buffer (40 mM Tris-HCl [pH 6.8], 8 M urea, 5% sodium dodecyl
sulfate [SDS], 0.1 mM EDTA, 1% mercaptoethanol, 0.01% bromphenol blue)
and 10 ml of 1 M Tris base and heated at 428C for 15 min. Then 20 ml of each
sample was electrophoresed through a 7.5% polyacrylamide–SDS gel and trans-
ferred to nitrocellulose membranes (BA85; pore size, 0.45 mm; Schleicher &
Schüll) as previously described (8). Proteins on immunoblots were visualized
with the enhanced chemiluminescence detection system (Amersham) under the
conditions recommended by the manufacturer. Antibodies specific for plasma
membrane H1-ATPase (Pma1) were kindly provided by R. Serrano. Antisera
against dipeptidylaminopeptidase A (DPAP A) and Sec63 were gifts of T. H.
Stevens via R. Kölling and R. Schekman, respectively.
Immunoprecipitation and pulse-chase experiments. Metabolic labeling of

yeast cells was performed as described previously (30) with the following mod-

ifications. Cells were grown overnight in low-sulfate minimal medium (0.17%
yeast nitrogen base without amino acids and without ammonium sulfate [Difco],
2% glucose) supplemented with auxotrophic components and 100 mM ammo-
nium sulfate. Exponentially growing cells (OD600, 0.5 to 1.0) were harvested,
resuspended in fresh warmed minimal medium without ammonium sulfate at an
OD600 of 2, and incubated for 1 h. The cells were metabolically labeled for 30
min by adding 15 mCi of Tran35S-label (ICN Radiochemicals) per OD600 unit of
cells. An aliquot of 2 OD600 units was transferred to a chilled tube, and sodium
azide was added to a final concentration of 10 mM. A stock chase solution (100
mM ammonium sulfate, 0.3% L-cysteine, 0.4% L-methionine) was diluted 1:100
into the remaining culture, and samples were removed at intervals. Cells were
washed with cold 10 mM sodium azide and resuspended in 200 ml of lysis buffer
(50 mM Tris-HCl [pH 7.6], 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 10 mg each of chymostatin, leupeptin, antipain, and pepstatin per ml).
Lysis was achieved by vigorously vortexing the suspension three times for 1 min
each time with glass beads and intermittent cooling for 1 min. After the addition
of SDS to 1%, samples were vortexed again twice for 1 min each time. Protein
extracts were diluted with 5 volumes of IP buffer (15 mM Tris-HCl [pH 7.5], 150
mM sodium chloride, 1% Triton X-100, 2 mM sodium azide), and the insoluble
material was removed by centrifugation. Polyclonal anti-Pdr5 antiserum (10 ml)
and 40 ml of a 20% (vol/vol) suspension of protein A-Sepharose beads (Phar-
macia) were added to the supernatant and incubated overnight at 48C on a rotary
mixer. Immune complexes bound to the beads were washed three times with IP
buffer containing 0.1% SDS and twice with detergent-free wash buffer (10 mM
Tris-HCl [pH 7.5], 50 mM sodium chloride, 2 mM sodium azide), resuspended in
45 ml of sample buffer, and heated for 20 min at 428C. Next, 20 ml of the
immunoprecipitated protein, corresponding to 1 OD600 unit of cells, was loaded
onto a 7.5% polyacrylamide–SDS gel. After electrophoresis, the gel was fixed in
7.5% acetic acid–20% methanol, soaked with En3Hance (NEN DuPont), dried,
and exposed to autoradiography film (Fuji RX) at 2708C.
Subcellular fractionation. The procedure for subcellular fractionation of yeast

cells is based on sedimentation through sucrose density gradients, as described
previously (1). However, to allow clear separation of intracellular organelles,
such as the endoplasmic reticulum and Golgi vesicles, from plasma membrane
vesicles, the following modifications were developed in this study. Cells were
grown in YPD to log phase (OD600 of 1). After being chilled on ice, 500 OD600
units of cells was harvested by centrifugation at 3,700 3 g for 10 min. The pellet
was resuspended in 30 ml of cold 10 mM sodium azide and centrifuged for 10 min
at 5003 g. Cells were resuspended to 50 OD600 units/ml in spheroplasting buffer
(1.4 M sorbitol, 50 mM potassium phosphate [pH 7.5], 10 mM sodium azide, 40
mM mercaptoethanol). Zymolyase 100T (Seikagaku Kogyo Co.) was added to
0.3 mg/ml, and cells were converted to spheroplasts for 30 to 45 min at 308C with
gentle shaking. All further steps were carried out at 0 to 48C. The spheroplast
suspension was chilled on ice and centrifuged at 500 3 g for 10 min. The pellet
was gently resuspended in 10 ml of spheroplasting buffer, recentrifuged once at
5003 g for 10 min, and resuspended in 5 ml of lysis buffer (0.8 M sorbitol, 10 mM
MOPS [morpholinepropanesulfonic acid, pH 7.2], 1 mM EDTA, 1 mM PMSF).
The spheroplasts were lysed with 30 to 60 strokes of a tissue grinder (Kontes
Scientific Glassware; pestle B). The lysate was spun for 10 min at 2,000 3 g to
remove unlysed cells and debris, and 2 ml of the resulting supernatant was
layered onto a step gradient containing 1 ml each of 12, 18, 24, 30, 36, 42, 48, and
54% (wt/vol) sucrose and a 0.5-ml step of 60% (wt/vol) sucrose in lysis buffer.
Gradients were spun for 3 h at 150,000 3 g (34,000 rpm) in an SW40 Ti rotor
(Beckman Instruments) at 48C. Fractions (1 ml) were harvested bottom to top
from the gradients with a low-pressure chromatography pump. The enzyme
activities of organelle marker enzymes were determined with 25- or 50-ml ali-
quots of each fraction. For immunoblot analysis, a 100-ml aliquot of each fraction
was concentrated by trichloroacetic acid precipitation and used for SDS-poly-
acrylamide gel electrophoresis (PAGE) as described above.

TABLE 1. Yeast strains used in this study

Strain Genotype Reference or
Source

YPH500 MATa ura3-52 his3-D200 leu2-D1 trp1-D63 lys2-801amb ade2-101oc 8
YKKB-13 MATa ura3-52 his3-D200 leu2-D1 trp1-D63 lys2-801amb ade2-101oc Dpdr5::TRP1 8
SF267-1D MATa sec6-4 R. Schekman
WKK7 MATa can1-100 ade2-1oc his3-11,15 leu2-3,112 trp1-1 ura3-1 Dste6::HIS3 31
VHM3 MATa Dste6::HIS3 his3-11,15 ura3-52 leu2-3,112 trp1-1 sec6-4 This study
YMTAa MATa ura3 his3-11,15 leu2-3,112 Dpep4::HIS3 D. H. Wolf
WCG4a MATa ura3 his3-11,15 leu2-3,112 D. H. Wolf
WCG4-11a MATa ura3 his3-11,15 leu2-3,112 pre1-1 D. H. Wolf
WCG4-11/21a MATa ura3 his3-11,15 leu2-3,112 pre1-1 pre2-1 D. H. Wolf
RH-268-1C MATa ura3 his4 leu2 bar1-1 end4 H. Riezman
CB005 MATa can1-100 ade2-1oc his3-11,15 leu2-3,112 trp1-1 ura3-1 Dpep4::LEU2 B. Fuller
YAL23 MATa ade2-1oc his4 leu2 trp1-1 ura3 Dpep4::LEU2 This study
YAL24 MATa ade2-1oc his3-11,15 leu2 trp1-1 ura3 Dpep4::LEU2 end4 This study
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For crude subcellular fractionation experiments, cell lysates were prepared as
indicated above and subjected to differential centrifugation at 48C at 10,000 3 g
(13,500 rpm, TLA-100.3 rotor; Beckman Instruments) for 15 min essentially as
described previously (8). The supernatant fraction S1 was removed from pellet
P1 and centrifuged at 200,000 3 g (60,000 rpm, TLA-100.3) for 40 min to yield
pellet P2 and supernatant S2. Aliquots of each fraction were prepared for
SDS-PAGE and immunoblotting as described above. Protein content was deter-
mined by the method of Lowry et al. as described previously (30).
Enzyme assays. The reaction mixture to measure NADPH-cytochrome c re-

ductase consisted of 0.1% cytochrome c, 50 mM potassium phosphate (pH 7.5),
0.4 mM potassium cyanide, 1 mMflavin mononucleotide, 0.1% Triton X-100, and
0.25 mM NADPH. The increase in A550 during the reduction of cytochrome c
was monitored. Vacuolar a-mannosidase was assayed through the generation of
p-nitrophenol from p-nitrophenyl-a-mannoside, which leads to an increase in
A405. The reaction mixture consisted of 100 mM MES (morpholineethanesulfo-
nic acid)-NaOH (pH 6.5), 0.2% Triton X-100, and 4 mM p-nitrophenyl-a-man-
noside. The reaction was stopped by adding 1 volume of 0.5 M sodium carbonate.
Indirect immunofluorescence. Immunofluorescence of yeast cells was carried

out essentially as described elsewhere (30) with the following modifications.
About 10 OD600 units of cells was grown in YPD and fixed by adding formal-
dehyde directly to the culture to a final concentration of 5% (vol/vol). After 2 h
at room temperature or overnight at 308C in 4% formaldehyde–50 mM magne-
sium chloride–100 mM potassium phosphate (pH 6.5), if the cells were to be used
with Nomarski optics to visualize vacuoles, the cells were recovered by centrif-
ugation and washed in 1 ml of 100 mM Tris-HCl (pH 7.6)–10 mM EDTA. Cells
were then incubated for 10 min at room temperature in 600 ml of solution I (0.1
M Tris-H2SO4 [pH 9.4], 2% mercaptoethanol) and washed with spheroplasting
buffer (0.1 M sodium citrate [pH 7.0], 60 mM EDTA, 1 M sorbitol). Cell walls
were removed by incubation of the cells in 1 ml of spheroplasting buffer con-
taining 25 mM mercaptoethanol and 70 mg of Zymolyase 100T per ml for 45 min
at 308C with gentle shaking. Spheroplasts were washed twice with 1 ml of solution
II (50 mM Tris-HCl [pH 7.6], 20 mM EDTA, 1.2 M sorbitol) and twice with 1 ml
of PBS. Finally, the spheroplasts were suspended to 2 OD600 units/ml in PBS.
Multiwell slides (diameter, 7 mm per well) were treated for 30 min with 2%

polyethyleneimine and washed with Millipore-filtered water; 30 ml of the sphero-
plasted cells was applied to each well. After 30 min of incubation, the unbound
spheroplasts were aspirated, and the wells were washed six times with PBS. Slides
were blocked for 10 min with blocking buffer (PBS, 0.025% Nonidet P-40, 5%
bovine serum albumin) prior to antibody decoration for 90 min with affinity-
purified anti-Pdr5 antibodies diluted in blocking buffer. Wells were washed 15
times with PBS before incubation with the secondary antibodies (goat anti-rabbit
immunoglobulin G [IgG], fluorescein 5-isothiocyanate [FITC] conjugated [On-
cogene Science]) diluted in blocking buffer. After 2 h of incubation, the wells
were washed 15 times with PBS, stained for 5 min with DAPI (4,6-diamino-2-
phenylindole hydrochloride; 1 mg/ml in PBS), washed again six times with PBS,
and mounted in Citifluor to minimize photobleaching.

RESULTS

Immunological detection of Pdr5. The PDR5DNA sequence
predicts an open reading frame of 4,533 bp, encoding a protein
of 1,511 amino acids with a calculated molecular mass of 170
kDa (4, 8). To identify the corresponding protein translated
from the PDR5 gene, polyclonal antibodies directed against the
N-terminal hydrophilic part (amino acid residues 4 to 187) of
the Pdr5 protein were raised in rabbits. Total extracts were
prepared from wild-type strain YPH500 and Dpdr5 strain
YKKB-13 and analyzed by immunoblotting (Fig. 1). A poly-
peptide band with an apparent molecular mass of 170 kDa was
recognized by the antiserum in the wild-type extract, whereas
no protein was detectable in the deletion mutant extract. The
apparent mobility of authentic Pdr5 in SDS-PAGE gels is in
good agreement with the size predicted from the open reading
frame contained within the PDR5 gene and with the size of
hemagglutinin epitope-tagged Pdr5 (8).
Pdr5 comigrates with the plasma membrane marker in

sucrose velocity gradients. To determine the subcellular lo-
calization of Pdr5, cell extracts prepared from gently lysed
spheroplasts of strain YPH500 were resolved by velocity sed-
imentation through sucrose gradients by a modification of a
published procedure (1). The modifications of this procedure
that we have developed allow for separation of the plasma
membrane from intracellular membranes, such as the endo-
plasmic reticulum, Golgi vesicles, and vacuoles. The subcellu-
lar compartments were identified by measuring marker enzyme

activities or immunoblotting of proteins typical for a particular
organelle (Fig. 2).
The marker enzymes for vacuoles (a-mannosidase), the

Golgi vesicles (DPAP A), and the endoplasmic reticulum (Sec63
and NADPH-cytochrome c reductase) banded mainly between
sucrose concentrations of 30 and 15% (Fig. 2, fractions 6 to 9)
but were clearly separated from the plasma membrane
marker Pma1, which migrated to a density corresponding to
50 to 40% sucrose (Fig. 2, fractions 3 and 4). The Pdr5 protein

FIG. 1. Immunological detection of Pdr5 protein. Total cell extracts were
prepared as described in Materials and Methods. Proteins were separated by
SDS-PAGE on a 7.5% gel and analyzed by immunoblotting with antiserum
against Pdr5 protein. The lanes contain protein extracts equivalent to 1 OD600
unit of cells of wild-type strain YPH500 (PDR5) and mutant YKKB-13 (Dpdr5).

FIG. 2. Subcellular distribution of Pdr5. Pdr5 comigrates with the plasma
membrane marker Pma1. The supernatant of a 2,000 3 g centrifugation step
(S1), obtained from a spheroplast lysate of strain YPH500, was layered on a 12
to 60% sucrose gradient. Subcellular organelles were separated during a 3-h spin
at 150,000 3 g as described in Materials and Methods. Aliquots of the gradient
fractions were separated on 7.5% polyacrylamide–SDS gels, and the distribution
of Pdr5, plasma membrane marker Pma1 (H1 PM-ATPase), Golgi marker
DPAP A, and endoplasmic reticulum marker Sec63 was analyzed by immunob-
lotting. For enzymatic assays, NADPH-cytochrome c reductase was measured as
an endoplasmic reticulum marker, and a-mannosidase was used as the vacuole
marker. Enzymatic activities are expressed as a percentage of total enzyme
activity summed over the whole gradient. Fractions were harvested from the
bottom (number 1) to the top (number 11) of the gradient.
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fractionated predominantly with the plasma membrane marker
Pma1 and was also clearly separated from the intracellular
membrane compartments such as vacuoles, Golgi vesicles, and
endoplasmic reticulum (Fig. 2).
The distribution of Pdr5 in cellular membranes was also

analyzed by differential centrifugation as described previously
(8, 30) (Fig. 3). A cell lysate of strain YMTAa was subjected to
centrifugation at 10,000 3 g to generate pellet P1 and super-
natant S1. Subsequent centrifugation of S1 at 200,000 3 g
yielded fractions P2 and S2. The fractions were investigated on
immunoblots. The plasma membrane marker Pma1 was found
almost exclusively in the P1 pellet (Fig. 3B), and no protein was
detectable in the S2 fraction. The Pdr5 protein was found both
in P1 and in the high-speed pellet P2 in comparable amounts,
and no protein was detectable in the S2 supernatant (Fig. 3A).
This distribution is in agreement with the results obtained for
epitope-tagged Pdr5 and would also suggest localization in
intracellular membranes (8). However, when the high-speed
P2 pellet was subjected to further fractionation in the sucrose
gradient by velocity sedimentation, the Pdr5 protein was de-
tectable mainly in fractions 2 and 3 (Fig. 3C). This fraction-
ation pattern was very similar to that obtained for Pdr5 and
Pma1 when total cell extracts were analyzed in a separate
experiment by the standard sucrose gradient fractionation pro-
cedure (Fig. 2), suggesting that the immunoreactivity found in
P2 is derived from distinct plasma membrane fractions. In-
deed, when spheroplasts were treated prior to cell lysis with
concanavalin A, a lectin which coats the cell surface, producing
sheets of plasma membrane that are readily removed by low-
speed centrifugations (38), Pdr5 immunoreactivity was quan-
titatively recovered during the low-speed 10,000 3 g centrifu-
gation step, and no Pdr5 protein was detectable in the S1
supernatant, confirming the plasma membrane localization of
Pdr5 (data not shown).

Pdr5 is transported to the plasma membrane via the secre-
tory pathway. In another approach to determining the subcel-
lular localization of Pdr5, we used indirect immunofluores-
cence with affinity-purified polyclonal antibodies against Pdr5
(Fig. 4). Immunofluorescence was carried out with strain
YPH500 bearing a chromosomal copy of the PDR5 gene and
its isogenic Dpdr5 disruption strain YKKB-13 (8). As is obvious
from the bright fluorescence surrounding the cell, the wild-type
strain YPH500 gave a predominant rim-like staining pattern
typical of plasma membrane proteins (Fig. 4A). As expected,
no fluorescence signal could be observed in the Dpdr5 control
strain YKKB-13 (Fig. 4B), confirming specific recognition of
Pdr5 in the plasma membrane of the wild-type strain.
To test whether plasma membrane localization of Pdr5 re-

quires a functional secretory pathway, we performed indirect
immunofluorescence on conditional sec6-4 mutants, defective
in the final step of vesicle delivery to the cell surface (48). The
shift of sec6-4 mutants to the nonpermissive temperature
blocks exocytotic vesicle fusion with the plasma membrane and
leads to massive intracellular accumulation of secretory vesi-
cles (38) containing newly synthesized proteins on the way to
the plasma membrane.
Figure 5 shows the distribution of Pdr5 examined by indirect

immunofluorescence in the sec6-4 mutant strain VHM3 at the
permissive temperature (258C) (Fig. 5A) and after the cells
were shifted for 2 h to the nonpermissive temperature of 378C
(Fig. 5B). At the permissive temperature, a ring-like plasma
membrane staining, identical to the situation found in normal
wild-type cells, was visible, indicating the undisturbed delivery
of Pdr5 to the plasma membrane (Fig. 5A; compare with Fig.
4A). However, blocking the secretory pathway for 2 h at 378C
resulted in slightly diffuse, predominantly intracellular vesicu-

FIG. 3. Distribution of Pdr5 and Pma1 during differential centrifugation of
cellular extracts. A total cell extract of strain YMTAa was spun at 10,000 3 g for
15 min to generate pellet P1. The supernatant S1 was subjected to high-speed
centrifugation at 200,000 3 g for 40 min to yield P2 and S2. Equivalent aliquots
of each fraction were analyzed by SDS–7.5% PAGE. Pdr5 and Pma1 were
detected on immunoblots with polyclonal antiserum against Pdr5 protein (A)
and Pma1 (B). (C) Migration of Pdr5 from the P2 pellet in a sucrose gradient.
The P2 pellet obtained from differential centrifugation was layered on a 12 to
60% sucrose step gradient, centrifuged, and fractionated as described in Mate-
rials and Methods. Aliquots of fractions were analyzed for Pdr5 by immuno-
blotting.

FIG. 4. Pdr5 localizes to the plasma membrane of wild-type cells; indirect
immunofluorescence of Pdr5 in wild-type (PDR5) (A) and Dpdr5 (B) cells.
Log-phase wild-type YPH500 (PDR5) and mutant YKKB-13 (Dpdr5) cells were
fixed and prepared for immunofluorescence as described in Materials and Meth-
ods. Cells were treated with affinity-purified anti-Pdr5 antibodies and stained
with FITC-conjugated secondary goat anti-rabbit IgG. DNA was visualized with
DAPI.
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lar spots and dots like a fluorescence signal, reflecting the
accumulation of secretory vesicles with newly synthesized Pdr5
protein destined for the plasma membrane. The corresponding
wild-type strain WKK7 showed undisturbed plasma membrane
localization of Pdr5 at both 25 and 378C (data not shown).
These findings clearly show that Pdr5 is transported to its
destination via the secretory pathway and also confirm the
plasma membrane localization of Pdr5.
Turnover of Pdr5 requires vacuolar proteolysis but not the

cytoplasmic proteasome. To determine the rate of Pdr5 turn-
over in the plasma membrane and to determine which proteo-
lytic system is required for Pdr5 turnover, we analyzed the
metabolic stability of Pdr5 in yeast cells defective in the two
major cellular protein degradation systems. First, the yeast
vacuole plays an essential role in the proteolytic turnover of
many cellular proteins and is the functional equivalent of the
lysosome in mammalian cells (27). In the vacuole, proteinase A
is at the top of the hierarchy for the activation of vacuolar
hydrolases (55). A lack of proteinase A causes a functional
deficiency in several vacuolar proteinases and leads to the
accumulation of undegraded cellular proteins (27). The second
important cellular protein degradation system, which appar-
ently recognizes ubiquitinated proteins, is represented by the
cytoplasmic proteasome, a multienzyme complex consisting of
a number of different protease subunits (40). In yeast cells,
well-characterized subunits are encoded by the PRE1 and
PRE2 genes; pre1-1 and pre2-2mutants are severely deficient in
cytoplasmic proteolysis and accumulate ubiquitinated proteins
(20).
To determine if the vacuole or the proteasome is required

for Pdr5 turnover, we analyzed the degradation of Pdr5 at the
endpoints of the major cellular degradation pathways. Using
pulse-chase experiments, we analyzed the half-life of Pdr5 in

the wild-type strain WCG4a and in isogenic strains lacking
either proteinase A (Dpep4) or the chymotrypsin-like activity
of the proteasome (pre1-1 and pre1-1 pre2-1) (Fig. 6). Yeast
cells were metabolically labeled for 30 min with Tran35S-label,
and the decrease in radiolabeled Pdr5 was monitored for 5 h.
In the wild-type strain WCG4a, the Pdr5 protein was found to
be unstable (Fig. 6A), with a half-life of about 60 to 90 min.
However, in the Dpep4 strain lacking the vacuolar proteinase
A, Pdr5 was stable over the chase period of 5 h (Fig. 6B). In
contrast, Pdr5 stability was essentially the same in the pre1-1
(Fig. 6C) and pre1-1 pre2-1 double (Fig. 6D) mutants as that in
the wild-type strain WCG4a (Fig. 6A). These results demon-
strate that cellular turnover of Pdr5 mainly depends on vacu-
olar proteolysis, not on the cytoplasmic proteasome, and imply
that Pdr5 is delivered from the plasma membrane to the vac-
uole for terminal degradation.
Pdr5 accumulates in vacuoles of a Dpep4 strain. As demon-

strated in Fig. 6, the proteolytic turnover of cellular Pdr5 re-
quires vacuolar proteinases. To directly visualize the arrival
and accumulation of Pdr5 in the vacuole, the cellular distribu-
tion of Pdr5 was examined by indirect immunofluorescence in
Dpep4 mutant cells (Fig. 7). The protein degradation rate in
the vacuole is low during log phase but increases severalfold
when cells enter the stationary phase and under nutritional
stress conditions (52). Thus, cells reaching the stationary phase
were harvested and prepared for immunofluorescence.
The wild-type strain exhibited the typical rim-staining pat-

tern indicative of plasma membrane localization of Pdr5 (Fig.
4). In contrast, in the Dpep4 mutant cells, an intense intracel-
lular fluorescence signal in addition to some residual rim stain-
ing showed the accumulation of Pdr5 in the vacuole; Pdr5
could not be significantly degraded because of a severely im-
paired proteolytic capacity of the vacuoles in the Dpep4mutant
(Fig. 7). The use of Nomarski optics, which allowed visualiza-
tion of the vacuoles, confirmed the overlap of the fluorescence
signal from Pdr5 with the vacuoles. By contrast, the wild-type
strain showed no vacuolar staining in any growth phase exam-
ined, presumably because the active proteolysis of the wild-
type vacuole kept the steady-state levels of Pdr5 below the
detection limit (data not shown). These results demonstrate
that cellular proteolysis of Pdr5 occurs mainly, if not exclu-

FIG. 5. Indirect immunofluorescence of Pdr5 in late sec6-4 secretory mu-
tants. The sec6-4 mutant strain VHM3 (PDR5) was grown at 258C to log phase.
Cells were incubated at the permissive temperature (258C) (A) and for 2 h at the
restrictive temperature (378C) (B), fixed, and prepared for immunofluorescence
as described in Materials and Methods. Visualization of Pdr5 localization was
performed as described in the legend to Fig. 4.

FIG. 6. Pdr5 is stabilized in a Dpep4 mutant. Wild-type strain WCG4a (A)
and the isogenic proteinase mutants YMTAa (Dpep4) (B), WCG4-11a (pre1-1)
(C), and WCG4-11/21a (pre1-1 pre2-1) (D) were pulse labeled for 30 min and
subsequently chased for the times indicated. Aliquots of cell lysates were sub-
jected to immunoprecipitation with anti-Pdr5 antiserum and analyzed by SDS-
PAGE and fluorography as described in Materials and Methods.
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sively, in the vacuole and suggest that the endocytic pathway is
required for the delivery of Pdr5 from the plasma membrane to
the vacuole.
Endocytosis delivers plasma membrane Pdr5 to the vacuole.

To answer whether or not endocytosis is required for vacuolar
delivery of Pdr5, we analyzed the fate of Pdr5 in end4 mutants,
in which the initial step of the endocytic pathway, endocytic
vesicle formation, is blocked at the restrictive temperature
(42). In exponentially grown Dpep4mutants, Pdr5 was found in
the plasma membrane and to a certain extent in the vacuoles at
both 24 and 378C, as evident from the rim staining and the
amount of immunoreactive material in the vacuole (Fig. 8A).
As expected, Pdr5 gave a similar staining pattern at the per-
missive temperature in the Dpep4 end4 double mutant (Fig.
8B). In contrast, however, immunofluorescence of Dpep4 end4
double mutants shifted to the restrictive temperature revealed
that Pdr5 accumulated on the cell surface and could no longer
be delivered to the vacuole (Fig. 8B). In this strain, the vacuole
appeared to be devoid of detectable Pdr5 immunoreactive
material at 378C, which was also obvious when the vacuoles of
the same cells were visualized by Nomarski optics (Fig. 8B). In
addition, the plasma membrane fluorescence signal was much
more intense in Dpep4 end4 double mutants at the restrictive
temperature, suggesting that Pdr5 actually accumulated at the
cell surface of endocytosis mutants because it could no longer
be delivered to the vacuole (Fig. 8B). Together, these data
demonstrate that a functional endocytic pathway is required
for delivery of cell surface Pdr5 to the vacuoles.

DISCUSSION

The PDR5 gene was recently cloned independently in sev-
eral laboratories by using genetic screens based on the ability
of Pdr5 to confer high-copy-mediated resistance to normally
cytotoxic concentrations of various drugs (4, 8, 24). In the
present study, we used a refined subcellular fractionation pro-
cedure and indirect immunofluorescence to show that Pdr5 is
localized mainly in the plasma membrane (Fig. 2 and 4). Sim-
ilarly, Pdr5 was previously found in plasma membrane-en-
riched membrane vesicle preparations isolated from pdr1-3
mutants, in which Pdr5 is apparently overexpressed (4). In
addition, our results demonstrate that the plasma membrane
targeting of Pdr5 requires a functional secretory pathway, as
Pdr5 accumulates intracellularly at the restrictive temperature
in late secretory mutants, such as sec6-4 mutants (48, 54) (Fig.
5). Moreover, we have recently found that Pdr5 is a glycosy-

lated protein (17), confirming transport of Pdr5 to the cell
surface via the secretory pathway.
The cell surface localization of Pdr5 appears to be only

transient, because our results demonstrate that plasma mem-
brane targeting of Pdr5 is followed by its delivery to the vac-
uole for terminal degradation (Fig. 6 to 8). Similar findings
were recently reported for the Fur4 uracil permease, whose
degradation is induced under nutritional stress conditions (53),
the Ste2/Ste3 mating pheromone receptors (12), and the Ste6
a-factor pheromone transporter (6, 28). Except for Fur4, all of
these proteins, including Pdr5, appear to be rather short-lived
under normal growth conditions, and their delivery to the
vacuole occurs via endocytosis, for which at least two different
mechanisms seem to exist in S. cerevisiae (44). One type of
endocytosis occurs constitutively and, as in the case of the
pheromone receptors, occurs even in the absence of mating
pheromones (12), whereas receptor-mediated endocytosis, the
second mechanism, is induced by binding of pheromone li-
gands to their specific cell surface receptors (12, 45).
While one can predict that most, if not all, cell surface

proteins have to undergo endocytosis at some point within
their life cycle, this cannot explain the vastly different half-lives
of surface proteins. For instance, the half-life of Pma1 exceeds
10 h (5), whereas Ste6 (28) and Pdr5 are rather short-lived,
exhibiting half-lives of about 10 and 90 min, respectively. As-
suming that all plasma membrane proteins are endocytosed at
the same rate, different turnover rates of proteins could then
be brought about if long-lived proteins are efficiently recycled
to the surface via recycling endosomes (51), whereas short-
lived proteins are subject to direct and rapid delivery to the
vacuole. Indeed, such a mechanism of protein recycling has
been demonstrated to exist in mammalian cells as the principal
means for recycling of many different cell surface receptors
that efficiently escape lysosomal degradation after endocytosis
(10).
In any case, it seems obvious that there must be signals for

both recycling and endocytosis of surface proteins. Interest-
ingly, a potential endocytosis signal was recently identified in
the Ste2 pheromone receptor in the C-terminal sequence
DAKSS (45). Deletion of this motif or a DARSS mutation in
an Ste2 variant that is truncated at amino acid 345 leads to a
complete lack of regulated Ste2 endocytosis (45). Notably, we
have found a somewhat similar sequence in both Pdr5 and
Ste6, but it is not known at present if a DAKSS-like motif can
also mediate endocytosis of cell surface proteins like Pdr5.
The vacuole is the primary organelle for nonspecific prote-

olysis in the yeast cell (27). Our results demonstrate that Pdr5
turnover requires a functional endocytic pathway (Fig. 8) and
show that Pdr5 degradation occurs mainly in the vacuole, since
Pdr5 is stabilized in cells lacking vacuolar proteinase A (Fig.
6B) and because Pdr5 stabilization is accompanied by accumu-
lation of the protein in the vacuole of pep4 mutant cells (Fig.
7).
The second important cellular protein degradation system in

yeast cells is represented by the cytoplasmic proteasome, a
multienzyme complex consisting of 14 different subunits (21).
Yeast proteasome mutants are unable to degrade short-lived
soluble proteins such as metabolically regulated enzymes (49),
the MATa2 repressor (43), and proteins required for cell cycle
progression, such as Cln3 (56). Proteasome mutants exhibit a
severe proteolysis-deficient phenotype, leading to the accumu-
lation of ubiquitinated proteins (20), since ubiquitination of
proteins is believed to be the trigger for protein breakdown
through the proteasome (25). Interestingly, there is indirect
evidence for a function of ubiquitin in membrane protein deg-
radation as well. For instance, the Fur4 uracil permease is

FIG. 7. Pdr5 accumulates in the vacuole of a Dpep4 mutant. Cells of the
proteinase A mutant YMTAa (Dpep4) were fixed with formaldehyde in the early
stationary phase and processed for indirect immunofluorescence as described in
Materials and Methods. Cells were stained with anti-Pdr5 antibodies followed by
FITC-conjugated goat anti-rabbit IgG (FITC). Visualization of DNA and vacu-
oles was performed with DAPI and by Nomarski images.
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stabilized against degradation by a point mutation in a cyclin-
like ‘‘destruction box’’ under nutritional stress conditions (18),
and Ste6 is ubiquitinated prior to endocytosis (28). While a
functional role for the proteasome in Fur4 or Ste6 turnover
was not shown (28, 53), our results demonstrate that the cyto-
plasmic proteasome is not involved in Pdr5 turnover, because
Pdr5 stability is not increased in the proteasomal pre1-1 and
pre1-1 pre2-1 mutants (Fig. 6). Thus, turnover of Ste6 and
Pdr5, both of which are ubiquitinated in vivo (16, 28), requires
a functional vacuole but not the cytoplasmic proteasome.
Whether or not ubiquitination of cell surface proteins such as
Ste6 and Pdr5 can function as a signal for endocytosis and/or
delivery to the vacuole remains to be established in future
studies.
It seems reasonable that the Pdr5 MDR transporter actually

has to undergo constitutive endocytosis. For instance, various
transporters for different nutrients and/or carbon sources may
not be required at all times during cellular growth. By the same
token, MDR transporters such as Pdr5 and its close homolog
Snq2 (50) may not always be required for cellular detoxifica-
tion and are therefore constantly removed from the surface.

However, when needed, their expression can be efficiently in-
duced to satisfy an increased requirement for an active trans-
porter. Indeed, expression of both Pdr5 and Snq2 is dramati-
cally increased in pdr1 mutants that exhibit a pleiotropic MDR
phenotype (34). A possible function for the Pdr5 and Snq2
transporters in detoxification is further supported by the fact
that the biogenesis and turnover of Pdr5 involve both the
exocytic and endocytic pathways. Thus, Pdr5 could mediate
extrusion of toxic metabolites at three levels: (i) within the
secretory pathway en route to the cell surface; (ii) from the
cytoplasm across the plasma membrane; and (iii) during en-
docytic transport to the vacuole. Such a system would be very
effective indeed, and given that it could comprise several trans-
porters with different substrate specificities, such as Pdr5 and
Snq2, it could handle a variety of toxic challenges to the cell.
Remarkably, we have identified at least two additional yeast
ABC transporter genes (7) closely related to PDR5 and SNQ2,
one of which is most likely to be PDR10, recently identified on
chromosome XV during the course of the yeast genome se-
quencing (39). Thus, the construction of triple and eventually
quadruple deletion mutants of the small gene family encoding

FIG. 8. Pdr5 accumulates at the cell surface of end4 endocytosis mutants. The isogenic strains YAL23 (Dpep4) (A) and YAL24 (Dpep4 end4) (B) were grown at
258C and shifted to the nonpermissive temperature of 378C for 2 h before being fixed with formaldehyde. Cells were prepared for immunofluorescence analysis as
described in Materials and Methods. Cells were stained with anti-Pdr5 antibodies followed by FITC-conjugated goat anti-rabbit IgG (FITC). Visualization of DNA was
performed with DAPI. Exposure times: (A) YAL23, 1 s each at 24 and 378C; (B) YAL24, 1 and 0.5 s at 24 and 378C, respectively.
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novel multidrug ABC transporters closely related to Pdr5 will
shed light on their putative function in cellular detoxification
or help to uncover the elusive physiological functions of Pdr5
and its homologs.
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PRE2, highly homologous to the human major histocompatibility complex-
linked RING10 gene, codes for a yeast proteasome subunit necessary for

chymotryptic activity and degradation of ubiquitinated proteins. J. Biol.
Chem. 268:5115–5120.
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