












DISCUSSION

Energy-dependent drug efflux is a major mechanism of re-
sistance in clinical C. albicans isolates refractory to fluconazole
treatment. A successful clinical outcome may be obtained by
using a higher dosage of fluconazole or by applying one of the
recently developed triazoles such as voriconazole, which are
more potent. Another potential therapeutic strategy is to ob-
tain and utilise antifungal adjuvants that inhibit the efflux
pumps, thereby counteracting the pumps’ ability to lower in-
tracellular antifungal concentrations to subinhibitory levels. C.
albicans, like S. cerevisiae, contains many ORFs with homology
to either ABC or MFS drug pumps. This does not mean,
however, that they are all involved in antifungal drug export;
they may either be insufficiently expressed or have other phys-
iological functions. An analysis of gene expression in flucon-
azole-resistant isolates has indicated that resistance most often
correlates with overexpression of ABC-like gene products
Cdr1p and Cdr2p (38, 44). To determine whether pump an-
tagonists can sensitize cells that overexpress these pumps to
conventional drugs, it is necessary to either determine pump
specificity or screen for inhibitory compounds by using yeasts
that overexpress functional pumps. The application of both of
these strategies in vivo is complicated by the presence of mul-
tiple endogenous pumps with various pumping specificities.
We have addressed these problems by the stable overexpres-

sion of Cdr1p in a yeast depleted of the major drug efflux
pumps: Pdr5p, Yor1p, Snq2p, Ycf1p, Pdr10p, Pdr11p, and
Pdr15p. Although none of these pumps is essential, they confer
on cells overlapping capacities to tolerate xenobiotics (11, 22).

Integration of the CDR1 ORF into genomic DNA resulted
in stable inheritance of a single copy of the gene at the locus
for the S. cerevisiae homologue PDR5. Fusion of the CDR1
ORF to the PDR5 promoter in a strain that contains the tran-
scriptional regulator mutation pdr1-3 ensured overexpression
of Cdr1p. This overexpression was demonstrated in terms of
increased levels of CDR1 mRNA and in the appearance of a
new 170-kDa protein band that accounted for 10 to 20% of the
plasma membrane protein which reacted with anti-C. albicans
Cdr1p antibodies. This protein was functional. Its expression
conferred on S. cerevisiae drug resistance, increased levels of
plasma membrane NTPase activity, an energy-dependent re-
duction in the intracellular levels of fluconazole accumulation,
and energy-dependent rhodamine 6G efflux. The drug resis-
tance phenotype was due to the overexpression of Cdr1p and
not simply the pdr1-3 mutation, as this mutation was also
present in the hypersensitive parental strain, AD1-8u�.

Plasma membranes from the Cdr1p-overexpressing strain
displayed oligomycin-sensitive NTPase activity with biochemi-
cal properties, including pH activity profiles, similar to those of
Pdr5p, the S. cerevisiae multidrug efflux pump homologous to
C. albicans Cdr1p (12). The pH optimum for UTPase activity
(pH 7.0 to 8.0) was significantly higher than that (pH 6.5)
reported by Krishnamurthy et al. with a plasmid-based expres-
sion system (25). Interestingly, the specific activity of Cdr1p
ATPase was four to five times lower than the Pdr5p ATPase
activity of Pdr5p-overexpressing strain AD124567U� mea-
sured under the same conditions (unpublished data). Although
we cannot exclude possible effects due to mutational changes
that occurred during cloning, the reduced activity of Cdr1p
may explain why clinical fluconazole resistance can be over-
come by increased dosage. The reduced ATPase activity also
validates the search for pump antagonists, such as the immu-
nosuppressive agent cyclosporine, which may interact directly
with multidrug efflux transporters, and potentiates the effect of
fluconazole in vitro and in vivo (27, 28).

Expression of Cdr1p in AD1002 conferred the ability to
efflux rhodamine 6G. Rhodamine 6G efflux is associated with
S. cerevisiae Pdr5p and Yor1p (11, 22), but both genes that
encode these proteins are deleted from AD1002. Rhodamine
efflux has also been associated with azole resistance in Candida
(8) and, in particular, with Cdr1p expression (26). Our results
confirm, therefore, that the Cdr1p in AD1002 functions nor-
mally and that rhodamine 6G and fluconazole are Cdr1p sub-
strates.

Expression of Cdr1p reduced the sensitivity of AD1-8u� to
a variety of structurally unrelated compounds which could be
pump substrates. The spectrum of compounds to which Cdr1p
conferred resistance was similar to that to which Pdr5p confers
resistance (22). Recent experimental evidence suggests that
Cdr1p may be involved in the distribution of phosphatidyleth-
anolamine across the plasma membrane lipid bilayer (13),
analogous to the “flippase” activity ascribed to human Cdr1p
homologues Mdr2p and Mdr3p (17, 33, 43). Other studies
suggest that Pdr5p and Cdr1p might also transport membrane
sterols (22, 23, 25). These observations seem to indicate a

FIG. 6. Sensitivity of S. cerevisiae AD1002 expressing Cdr1p to
various drugs and chemicals. S. cerevisiae AD1-8u� (CDR1-negative
[CDR1 �]) or AD1002 (CDR1-positive [CDR1 �]) cells (5 � 105)
seeded in top agar on CSM agar plates (containing uracil for AD1-
8u�) were exposed to drugs or chemicals applied to filter disks and
were incubated at 30°C for 48 h. The sensitivity of AD1002 to drugs or
chemicals was unaffected by supplementation of the medium with
uridine (0.02%, wt/vol). The amounts of the individual drugs applied to
the disks are given in the Materials and Methods section.
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broad Cdr1p substrate specificity that includes amphipathic
molecules that contain both hydrophobic and hydrophilic do-
mains. An alternative interpretation is that Cdr1p solely affects
membrane lipid and/or sterol composition and that this has a
secondary effect on other mechanisms by which membranes
transport a variety of compounds. Our results demonstrate an
effect of Cdr1p expression on drug sensitivity in the absence of
seven other major S. cerevisiae transporters. If the resistance
phenotype is mediated by secondary effects on other transport-
ers, it cannot involve these seven ABC pumps.

Heterologous hyperexpression of functional membrane pro-
teins in S. cerevisiae is hard to achieve, possibly due to protein
trafficking control within the cell. Our success may be due to
the use of the pdr1-3 and PDR5 promoter system, which in-
volves a pleiotropic activator of a membrane protein expres-
sion pathway. The ability to express high levels of specific
membrane transporters in an S. cerevisiae strain depleted of
endogenous pumps opens the possibility of studying pumping
mechanisms in vivo and in vitro. This heterologous expression
system will prove useful in screening for pump substrates and
antagonists by both in vitro membrane pump NTPase activity
assays and whole-cell sensitization assays with substrates such
as fluconazole and rhodamine 6G. It may also allow the hy-
perexpression of a wide range of biologically, pharmaceuti-
cally, and agrochemically relevant plasma membrane proteins.
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