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Summary
Pathogenic fungi present a special problem in the clinic as the range of drugs that can be used to treat
these types of infections is limited. This situation is further complicated by the presence of robust
inducible gene networks encoding different proteins that confer tolerance to many available
antifungal drugs. The transcriptional control of these multidrug resistance systems in several key
fungi will be discussed. Experiments in the non-pathogenic Saccharomyces cerevisiae have provided
much of our current understanding of the molecular framework on which fungal multidrug resistance
is built. More recent studies on the important pathogenic Candida species, Candida albicans and
Candida glabrata, have provided new insights into the organization of the multidrug resistance
systems in these organisms. We will compare the circuitry of multidrug resistance networks in these
three organisms and suggest that, in addition to the well-accepted drug efflux activities, the regulation
of membrane composition by multidrug resistance proteins provides an important contribution to the
resistant phenotypes observed.

Introduction
The range of antifungal drug action is limited to five different classes of mechanisms (46). This
limited spectrum of drugs is further compromised by the inevitable acquisition of resistance
by the pathogenic organisms. Along with selection of organisms that become resistant to a
single class of antifungal drug, multidrug resistant fungi are routinely observed in the clinic
(34). Genetic changes that produce multidrug resistant fungi lead to major complications in
chemotherapy to eliminate these pathogens from a patient. This is a serious issue owing to the
high mortality associated with these persistent fungal infections (82).

Candidemia represents the 4th most common nosocomially acquired infection (65). The
commonly deployed azole drugs have been relatively effective in controlling the major
Candida species (C. albicans) but the extensive use of the drugs has contributed to the rise in
incidence of other species such as C. glabrata (70). Both Candida species can develop
resistance to azole chemotherapy and, along with this phenotype, a particularly problematic
broad range tolerance to antifungal drugs called multidrug resistance or Mdr.

Most of what is currently known concerning the molecular underpinnings of fungal multidrug
resistance comes from studies in the nonpathogenic yeast Saccharomyces cerevisiae. We will
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restrict our discussion of fungal multidrug resistance to S. cerevisiae, C. albicans and C.
glabrata since these organisms offer the best delineated genetic pictures of this resistance
phenotype. We will differentiate genes and proteins from these different yeasts with the
prefixes Sc (S. cerevisiae), Ca (C. albicans) and Cg (C. glabrata). Our goal here is to suggest
that while the direct drug efflux activity of multiple transporter proteins under the aegis of
multidrug resistance is clearly important in development of this phenotype, changes in overall
membrane structure and function are likely to have similarly important contributions. The
consideration of transcriptional control mechanisms in these yeasts will be limited to the major
regulators of this multigene network, the Zn2Cys6 cluster transcription factors (51). A second
class of transcriptional regulatory protein, the basic region-leucine zipper (bZip) family, also
plays a role in regulation of multidrug resistance but their contribution is less pronounced.
Action of bZip proteins in multidrug resistance has been reviewed elsewhere (4,60).

Transcriptional control of multidrug resistance
Saccharomyces cerevisiae

Multidrug resistance in fungi involves two classes of transporter proteins consisting of
members of the ATP-binding cassette (ABC) or major facilitator superfamily (MFS) groups
of transporters. In Saccharomyces cerevisiae the Mdr phenotype is known as pleiotropic drug
resistance (PDR) and has principally been attributed to the overexpression of the ABC
transporters like ScPdr5, ScYor1 and ScSnq2. The genes encoding these important drug pumps
are regulated by transcription factors including ScPdr1, ScPdr3 and ScYrr1 (Figure 1).

ScPdr1 and ScPdr3 are Zn2Cys6 finger transcription factors that regulate the expression of their
target genes by binding to a consensus sequence in the promoter region of their target genes
called Pdr1/Pdr3 Response Elements or PDREs (36). The PDR3 gene promoter itself contains
two PDREs and hence is under autoregulation (16). ScPdr1 and ScPdr3 are 33% identical and
share common domain organization with an N-terminal DNA binding domain, a central
regulatory domain and C-terminal acidic activation domain (2,17,36,42). Additionally,
transcriptional microarray experiments indicate that ScPdr1 and ScPdr3 regulate similar target
genes (18). Co-immunoprecipitation experiments have shown that ScPdr1 and ScPdr3 can form
both homo or heterodimers in vivo (52). Single point mutations have been isolated in the N-
or C-terminal region of the regulatory domain and in the activation domain of both ScPdr1 and
ScPdr3 that makes them hyperactive (5,61,83). Transactivation experiments revealed that these
mutants induced the activation at PDRE-containing promoters.

Sc PDR5 has three PDREs in its promoter and is strongly responsive to the levels of ScPdr1/
Pdr3 activity (37). Hyperactive alleles in either Sc PDR1 or Sc PDR3 lead to massive
overexpression of Pdr5p with an associated increase in drug resistance (19,55). The observation
that substitution mutants in Sc PDR1 or Sc PDR3 produce hyperactive forms of these factors
is consistent with their protein products normally being under some form of negative regulation.
Our understanding of the molecular basis of regulation of ScPdr1 and ScPdr3 is still incomplete
but some details are emerging. Cells that have lost their mitochondrial genome (ρ0 cells)
strongly induce levels of Sc PDR5 in a ScPdr3-dependent manner (30). Signals from
dysfunctional mitochondria were blocked partially by deletion of Sc LGE1 (93). ScLge1 is a
nuclear protein involved ubiquitination of histone H2B (32) although this function does not
appear to play a role in Sc PDR5 regulation (93). Recent work has identified a second
participant in the mitochondrial to nucleus (or retrograde (26)) regulation of Sc PDR5 called
ScPsd1. This protein is the mitochondrial phosphatidylserine decarboxylase (converts
phosphatidylserine to phosphatidylethanoamine) (7) and loss of Sc PSD1 prevents normal
retrograde induction of Sc PDR5 in ρ0 cells. Interestingly, overexpression of ScPsd1 in wild-
type ρ+ cells also leads to induction of Sc PDR5 in a ScPdr3p-dependent manner, indicating
engagement of the same regulatory circuit under different genetic situations.
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Along with the mitochondrial control of ScPdr3 activity, another regulatory input has been
identified for both this protein and ScPdr1. These Zn2Cys6-containing transcription factors
have been found to be responsive to levels of different Hsp70 proteins produced in S.
cerevisiae. S. cerevisiae encodes 14 different Hsp70 proteins that carry out a range of activities
throughout the cell (10). Experiments searching for high-copy-number regulators of the Pdr
system recovered the Hsp70 protein ScPdr13 (now referred to as ScSsz1) as a positive regulator
of Sc PDR5 gene expression (27). Further analyses established that ScSsz1 acted strictly via
ScPdr1 and was unable to further elevate the activity of hyperactive forms of this transcription
factor (29). The dnaJ partner protein of ScSsz1, called ScZuo1, was also found to stimulate
ScPdr1 activity (23). The ScSsz1/Zuo1 complex acts to fold nascent polypeptides on the
ribosome but the ability of these factors to stimulate ScPdr1 activity and drug resistance
involves an extra-ribosomal role for these chaperone proteins.

Biochemical purification of proteins associating with ScPdr3 led to the identification of the
ScSsa1 Hsp70 as a regulator of this transcription factor (81). ScSsa1 (and its close relative
ScSsa2) act to repress the transcriptional activating capacity of ScPdr3 in ρ+ cells. Loss of the
mitochondrial genome leads to a decrease in the level of Hsp70 protein associating with ScPdr3
with a concomitant rise in ScPdr3-dependent transactivation. No influence of these Hsp70
proteins was found on ScPdr1.

Along with these upstream regulators of ScPdr1/Pdr3 action, more recent work has identified
important downstream effectors of these transcription factors. Analysis of proteins capable of
binding to a key domain in the RNA polymerase II mediator component ScMed15 (aka
ScGal11p) led to the identification of ScPdr1 as the major associated factor (86). The mediator
component is a multi-protein complex that allows communication between site-specific
transcriptional activators and RNA polymerase II (reviewed in (48)). In this same work, binding
experiments were used to provide evidence that ScPdr1/Pdr3 act like xenobiotic receptors with
the central region of these factors directly binding to drugs. This binding is predicted to
restructure ScPdr1/Pdr3 and allow enhanced recruitment of ScMed15 to target promoters.

A number of other Zn2Cys6-containing transcription factors have been demonstrated to bind
to and regulate PDR genes in S. cerevisiae. Sc YRR1 encodes an especially interesting member
of this family of less well-studied factors. ScYrr1 was first identified as a determinant of
resistance to the cell cycle inhibitor reveromycin A (13). This positive regulator of transcription
was found to induce expression of the genes encoding the ABC transporter ScYor1 and ScSnq2
and strikingly the Sc YRR1 gene itself (11,92). ScYrr1 shares a number of similarities with
ScPdr3 as mutations within its central regulatory domain cause it to behave as a hyperactive
transcriptional regulator and it is autoregulated (13,92).

Another feature shared between ScYrr1 and ScPdr3 is the presence of a second factor sharing
strong sequence similarity and binding specificity. ScYrm1 likely recognizes the same DNA
element as ScYrr1 (50) in a manner similar to the mutual PDRE-binding of ScPdr1 and ScPdr3
(37). ScYrm1 exhibits a complex regulatory relationship with ScYrr1 as ScYrm1 appears to
become more active when ScYrr1 is removed from the cell (50). This can also be seen when
considering the ScPdr1/Pdr3 pair as some ScPdr1 responses are blunted when ScPdr3 is present
and vice versa (see (92) for an example). Clearly, there is more to learn of the functioning of
these pairs of related transcription factors.

Candida glabrata
Candida glabrata is a relatively newly recognized fungal pathogen in terms of its clinical
importance. The incidence of fungal infections associated with C. glabrata has risen
dramatically in recent years, in part due to the low intrinsic and high acquired resistance to
azole drugs that are commonly used to treat fungal infections (reviewed in (66)). This attribute
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has led to intensive examination of the molecular basis for drug resistance in C. glabrata
isolates. Work from several labs has provided a consistent link between high azole tolerance
and overexpression of ABC transporter-encoding genes in this pathogenic yeast that is closely
related to the resistance program described above for S. cerevisiae. Although C. glabrata and
S. cerevisiae are close on the genomic evolutionary scale (22) their pathogenicity is quite
different. However, examination of loci involved in specifying the multidrug resistance in C.
glabrata indicated that extensive similarity existed between this pathogen and S. cerevisiae.

The first identified participant in C. glabrata multidrug resistance was the ABC transporter-
encoding gene PDH1 (56) which is now referred to as Cg CDR2 (77). A second ABC
transporter protein called CgCdr1 (NCBI Accession: AAF0506) was found (78) and
demonstrated by sequence alignment to be more related to ScPdr5 while CgCdr2 (NCBI
Accession: AAF64315) more closely aligns with ScPdr15. Both of these ABC transporter
proteins are involved in azole tolerance in clinical isolates of C. glabrata.

More recently, information has been obtained illuminating the identity of a key regulator of
the transcription of multidrug resistance gene expression in C. glabrata. Search of the
completed C. glabrata genome (22) and direct functional analysis led to the identification of
a single homologue of ScPdr1 that exhibited striking sequence similarity with this regulatory
protein. This locus was designated Cg PDR1 and has been shown to be a crucial regulator of
multidrug resistance in this yeast. Loss of Cg PDR1 from multidrug resistant clinical isolates
led to a loss of the high level drug resistance and overproduction of Cg CDR1 seen in these
backgrounds (87,90). DNA sequence determination of Cg PDR1 alleles present in multidrug
resistant isolates demonstrated that substitution mutant forms of CgPdr1 were likely to behave
as hyperactive transcriptional regulators in a fashion similar to mutants described in Sc
PDR1 and PDR3. Analysis of the transcriptome under CgPdr1 control by DNA microarray
determined that significant overlap was seen with genes up-regulated by ScPdr1/Pdr3 in S.
cerevisiae (89).

While studies on control of CgPdr1 activity are at an early stage, several important findings
are already in hand (Figure 2). First, CgPdr1 is likely under negative control as evidenced by
the finding of substitution mutations that convert this factor to a hyperactive transcription
regulator. Second, CgPdr1 appears to be autoregulated in a manner consistent with that seen
for ScPdr3 (87,90). Third, ρ0 C. glabrata cells are highly drug resistant, induce Cg CDR1
transcription and require CgPdr1 for this regulatory circuit to be completed (87). These data
support the view that CgPdr1 may actually be regulated more like ScPdr3 than ScPdr1 even
though the sequence similarity is higher between Cg and Sc Pdr1 factors. Most recently,
experiments have been carried out to confirm that CgPdr1, like its S. cerevisiae counterparts
Pdr1 and Pdr3, directly binds to the CgMed15 mediator component (86). Intriguingly, C.
glabrata contains two MED15 homologous genes but only one of these loci is required for
CgPdr1-mediated drug resistance.

Candida albicans
While C. glabrata is increasing in incidence of diagnosed fungal infections, C. albicans still
represents the major species associated with candidemias (recently reviewed in (65)). Over the
same time period that C. glabrata has risen in detection frequency by roughly a factor of 10,
C. albicans association with human disease has remained relatively constant. These changes
have been suggested to be due to the relative differences in azole susceptibility of these two
Candida species although this conclusion is controversial (80).

Irrespective of the differences in azole susceptibility between these two C. albicans and C.
glabrata species, C. albicans isolates that exhibit elevated resistance to this important class of
antifungal drug are frequently isolated (reviewed in (31)). The first drug resistance gene
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isolated from C. albicans encoded the major facilitator superfamily (MFS) protein CaMdr1
(24). Later work discovered the ABC transporter-encoding gene Ca CDR1 which was
demonstrated to produce a striking homologue of ScPdr5 and complement the drug sensitivity
of a pdr5Δ S. cerevisiae strain (69). The same approach of complementation of various S.
cerevisiae mutant strain was used to isolate more ABC transporter- as well as transcription
factor-encoding genes (79,85). Use of S. cerevisiae to provide insight into the function of C.
albicans membrane proteins has been more successful than the use of this heterologous host
to learn about C. albicans gene transcription. Several C. albicans Zn2Cys6 cluster-containing
proteins were found to suppress the drug hypersensitivity of a pdr1Δ pdr3Δ double mutant S.
cerevisiae strain but surprisingly had no effect on drug resistance in C. albicans (85). The
identity of the true C. albicans equivalent of ScPdr1/Pdr3 was unknown until direct
experiments in this pathogenic yeast uncovered the Ca TAC1 gene.

The completion of the genomic sequence of C. albicans provided a key starting point in the
identification of Ca TAC1. A series of Zn2Cys6 cluster-containing factors were discovered in
the region of the mating locus which were then subjected to disruption analysis (8). Although
there are more than 70 proteins in the C. albicans genome containing Zn2Cys6 clusters, these
factors encoded near the mating locus were deemed of special importance since previous
experiments had shown that loss of homozygosity in this region of chromosome V was linked
to changes in drug tolerance (74). Disruption of the Ca TAC1 gene produced a strain that was
hypersensitive to azole drugs and failed to normally express Ca CDR2 (C. albicans ABC
transporter closely related to Ca CDR1). DNA binding experiments using recombinant CaTac1
demonstrated that this protein was able to recognize a previously defined element referred to
as the Drug Response Element (DRE) in the promoters of both Ca CDR1/CDR2 (14). The DRE
is required for drug induced expression and the high constitutive expression of these ABC
transporter-encoding genes that is observed in azole tolerant isolates. Analysis of an epitope-
tagged form of CaTac1 have provided evidence that this regulatory protein also controls
transcription of its own structural gene (49). Like Sc PDR3 and Cg PDR1, Ca TAC1 is
autoregulated.

While strong data indicate that CaTac1 is the functional homologue of ScPdr1/Pdr3, there are
important differences between these factors. The sequence similarity shared between CaTac1
and its S. cerevisiae counterparts is dramatically less than that exhibited by CgPdr1 and either
ScPdr1 or ScPdr3. The S. cerevisiae protein identified as the closest related polypeptide to
CaTac1 is called ScHal9. ScHal9 is thought to be involved in transcriptional control of a salt
responsive transporter designated Sc ENA1 (54). Perhaps ScHal9 and CaTac1 share sequence
similarity due to these factors sharing more common functional determinants than CaTac1
shares with other drug resistance regulators like ScPdr1/Pdr3 and CgPdr1. We speculate that
upstream regulatory signals controlling the function of ScHal9 and CaTac1 may be more
closely related than similar signals controlling the drug resistance regulators ScPdr1/Pdr3 and
CgPdr1. Further study of CaTac1 and ScHal9 will directly test this suggestion. Finally, the
binding site of CaTac1 contains two direct CGG repeats separated by 4 nucleotides (8), an
element that is related but distinct from the PDRE (TCCGCGGA (37)). Although CaTac1
controls expression of a highly related suite of genes to those regulated by ScPdr1/Pdr3 and
CgPdr1, the molecular basis of this regulation is quite different.

In addition to CaTac1, two other Zn2Cys6-containing transcription factors have been linked to
expression of multidrug resistance genes. As mentioned above, the first identified C.
albicans gene involved in multidrug resistance was the MFS protein-encoding determinant Ca
MDR1. CaMdr1 was shown to be overproduced in a variety of clinical isolates owing to a large
elevation in its transcription (35,72). Only recently has the basis of this transcriptional induction
been solved. CaMrr1 was demonstrated to be required for overproduction of Ca MDR1 mRNA
in azole resistant strains (58). The CaMrr1 regulatory circuit appears to be distinct from CaTac1
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which helps explain previous work in which expression of ABC transporters like CaCdr1/Cdr2
were co-regulated while CaMdr1 was not (see for example (35,72).).

The second Zn2Cys6-containing factor recently suggested to play a role in multidrug resistance
is the regulator of sterol biosynthetic gene expression called CaUpc2 (95). Since azole drugs
target sterol biosynthesis, the finding that elevated activity of CaUpc2 increased azole tolerance
was expected (reviewed in (1)). However, genomic characterization of CaUpc2 target genes
provided the unexpected observation that this factor bound to a number of different multidrug
resistance gene promoters including Ca CDR1, CDR2 and MDR1. Transcript levels of Ca
CDR1 and MDR1 were also found to be elevated along with CaUpc2 activity. Further study
of this interesting link between sterol biosynthesis and multidrug resistance will shed light on
the physiological importance of this regulatory connection.

Target genes regulated by multidrug resistance systems
The information described above details a number of important differences in the machinery
acting to modulate transcriptional regulation of the suite of genes involved in specifying
multidrug resistance. While the regulation of these multidrug resistant genes exhibits striking
differences, the genes that compose the target loci share striking similarities. For example, the
first known Pdr target gene in S. cerevisiae was the ABC transporter-encoding PDR5 locus.
Using this observation as a guide, workers in both Candida species have demonstrated that the
Ca and Cg CDR1 genes are major transcriptional targets of the multidrug resistance systems
in each of these yeasts. We will discuss the nature of the collection of genes that are commonly
regulated in each of these three different yeast upon engagement of their multidrug resistance
system.

ABC transporters
As mentioned above, this class of membrane transporters provided the first member of the
target genes involved in fungal multidrug resistance, S. cerevisiae PDR5. Both species of
Candida express a homologue designated CDR1 (Candida Drug Resistance) that is capable of
complementing the strong drug hypersensitivity of a Sc pdr5Δ strain. Coupled with the fact
that all three ABC transporter proteins share extremely high sequence similarity, it seem likely
that these proteins carry out similar actions in their native environments (recently reviewed in
(57).

ScPdr5 is the most extensively analyzed of these related proteins and will be considered as the
prototype for the role of this class of factor involved in fungal multidrug resistance. The most
widely embraced function of ScPdr5 (and arguably many eukaryotic ABC transporters) is that
of a broad specificity, ATP-dependent drug efflux pump. This was convincingly documented
(45) in studies demonstrating the wide range of drug phenotypes influenced upon loss of ScPdr5
as well as in a ScPdr5-dependent transport assay now in common use.

However, along with drug efflux activity, experiments from other labs have implicated ScPdr5
in the control of phospholipid asymmetry across the plasma membrane (40,68). Specifically,
evidence has been provided that ScPdr5 can act to control the movement of PE and PC from
the inner leaflet of the plasma membrane to the outer leaflet (a process called Flop of
phospholipids (reviewed in (67))). Earlier work in mammalian cells demonstrated that mouse
Mdr2 exhibited an influence on phospholipid transport (73), indicating that this function is
likely a conserved role for ABC transporters.

An ABC transporter protein called ScYor1 also participates with ScPdr5 in control of
phospholipid flop (15,68) but exhibits a significantly different protein domain structure than
ScPdr5. ScYor1 is localized to the plasma membrane and was originally identified as a mediator
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of resistance to the mitochondrial inhibitor oligomycin (38). ScYor1 was independently
identified as a high-copy-number mediator of resistance to aureobasidin A which is an inhibitor
of sphingolipid biosynthesis (12). Intriguingly, ScYor1 was also identified as a mediator of
resistance to the ceramide synthase inhibitor fumonisin B1 (53). These data suggest that ScYor1
may play a role in controlling levels of endogenous sphingolipid intermediates since both
aureobasidin A and fumonisin B1 are thought to act as mimics of natural sphingolipid
metabolites.

Sphingolipid and phospholipid homeostasis
Along with ABC transporters, another major category of Pdr target genes are loci encoding
proteins involved in biosynthesis of a major plasma membrane lipid called sphingolipids.
Sphingolipids make up 30% of the total phospholipids in the S. cerevisiae plasma membrane
(64). A number of excellent reviews have detailed the pathways and enzymes involved in the
multistep biosynthesis of these important membrane lipids and the reader is urged to examine
these for details of this pathway (9,20,71). Here we will focus on control of the levels of a key
intermediate in sphingolipid biosynthesis, the well-known lipid signaling molecule ceramide.
Ceramide is produced by condensation of a very long chain fatty acid with a long chain base
(LCB) provided as either dihydrosphingosine or phytosphingosine (PHS) in yeast. Ceramide
is then modified by the addition of inositol-phosphate or mannosyl groups to ultimately produce
mannosyl-diinositolphosphate ceramide (M(IP)2C) which is the most abundant sphingolipid
in S. cerevisiae (21).

Pdr-mediated transcriptional control has been demonstrated to impact sphingolipid
biosynthesis at a minimum of three steps. First, the Sc IPT1 gene encoding inositol
phosphotransferase was demonstrated to be transcriptionally induced by ScPdr1 and ScPdr3
(28). Second, one component of the multisubunit enzyme ceramide synthase was found to be
a Pdr target gene (44). Finally, expression of the putative LCB efflux transporter ScRsb1 is
regulated by both ScPdr1 and ScPdr3 (41,63). Control of intracellular levels of LCBs is critical
as inappropriate elevation of these sphingolipid precursors is toxic to the cell (6,84).

An interesting intersection between function of Pdr target genes and sphingolipid biosynthetic
intermediates was found in a genetic screen searching for genes involved in tolerance to PHS
(41). Strains lacking the ScPdr5 and Yor1 ABC transporter proteins were observed to be highly
resistant to PHS. This PHS resistant phenotype was also shown to be dependent on the presence
of the Sc RSB1 and Sc PDR1 genes which led to the suggestion that a regulatory signal may
be transduced by ScPdr1 to Sc RSB1 upon imbalance of phospholipid asymmetry in the plasma
membrane (41). The induction of Sc RSB1 in a Sc pdr5Δ strain is controversial as this has been
seen by one group (41) but not another (63). However, both groups find ScRsb1 to be an
important contributor to the elevated PHS resistance exhibited by cells lacking ScPdr5.
Irrespective of the exact mechanism underlying the role of ScRsb1 in ScPdr5-regulated PHS
tolerance, this finding provides another link between factors involved in multidrug resistance
and sphingolipid biosynthesis.

Sc RSB1 homologues referred to as RTA genes have been identified as targets in the multidrug
resistance suite of genes in both Candida species. Cg RTA1 and Ca RTA3 are induced under
conditions that lead to activation of other multidrug resistance genes (35,72,89). A close
relative of RTA3 called Ca RTA2 has been directly studied in C. albicans and found to contribute
to azole resistance in this pathogen (33). Chromatin immunoprecipitation analyses indicate
that Ca RTA3 contains a CaTac1 binding site in its promoter (49). Induction of Rsb1-like
proteins is a common theme in regulation of fungal multidrug resistance.

Finally, a common target genes induced during the multidrug resistance response in all these
three fungi is the phosphatidylinositol transfer protein (PITP) homologue designated Pdr16.
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ScPdr16 (or ScSFH3) was first identified as a member of a family of 5 proteins grouped by
their similarity to the ScSec14 PITP (reviewed in (59)). ScSec14 is an essential protein that
acts to regulate the lipid composition of the late secretory pathway (3). Less is known of the
role of ScPdr16 but mutants lacking this protein grow poorly and exhibit sterol handling defects
(88). Loss of the PDR16 gene from S. cerevisiae (88), C. albicans (75), or C. glabrata (39)
caused an increase in azole sensitivity, again supporting a common role for this factor in all
these yeasts.

Transcriptional regulators
ScPdr1 and ScPdr3 are the primary regulators of the Pdr transcriptional response. The effects
of these transcription factors are amplified through the control by ScPdr1 and ScPdr3 of genes
that specify production of other transcriptional regulatory proteins. The elevated level of
expression of these secondarily acting transcription factors is required for the full induction of
the multidrug resistance system. Sc PDR3 itself provides a unique example of a transcriptional
regulator that is involved both in the primary Pdr response but also is a target gene (16). Sc
PDR3 is positively autoregulated and also induced by activation of ScPdr1. This autoregulatory
increase in ScPdr3 levels is required for normal activation of the ScPdr3-mediated induction
of drug resistance seen in ρ0 cells (30,94) (see above). Importantly, in C. glabrata, the Cg
PDR1 gene is both autoregulated and induced in ρ0 cells in a manner very similar to Sc
PDR3 (87,89). Likewise, Ca TAC1 is autoregulated (49) although no mitochondrial link to
control of CaTac1 activity has yet been described.

Another transcription factor that is induced by ScPdr1 and ScPdr3 is the zinc cluster-containing
factor ScYrr1 (13). ScYrr1 was first identified through its ability to confer resistance to the
cell cycle inhibitor reveromycin A. Later experiments demonstrated that the Sc YRR1 promoter
was a target of ScPdr1/Pdr3 regulation as well as positively autoregulated (92). DNA
microarray analyses and promoter binding assays (47) demonstrated that ScYrr1 controlled
the expression of several genes that did not appear to be direct targets of ScPdr1/Pdr3. Together
these data argue that ScYrr1 function is required for cells to express the full spectrum of the
multidrug resistant phenotype via activation of a wider range of genes than are regulated by
ScPdr1 and ScPdr3. Direct experimentation in C. glabrata suggests that the Pdr1:YRR1
regulatory link is conserved in this pathogenic yeast (76).

A more recently characterized factor that has been found to be inducible by ScPdr1 and ScPdr3
is ScRpn4 (62). ScRpn4 controls the expression of a variety of genes involved in specifying
proteasome function (91). While the contribution of proteasome function to multidrug
resistance is still under study, evidence has been recently obtained that Sc RPN4 regulation by
ScPdr1 and ScYrr1 may be conserved in C. glabrata (76) although further experimentation
will be required to confirm this suggestion.

Other target genes
While the genes discussed above represent major classes of genes common to the multidrug
resistance system in these different yeast, clearly this is only a first look into the catalog of all
relevant loci influencing this phenotype. For example, C. albicans appears to have a
pronounced link between expression of multidrug resistance and oxidative stress tolerance
genes (35,72). C. glabrata appears to regulate a much wider range of genes than S.
cerevisiae as assessed by DNA microarray but this may reflect the different technology used
in and more recent execution of the C. glabrata experiments (89).
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Target genes are very similar but their upstream signals vary
While different regulatory systems are employed by these three different yeasts to control
expression of their multidrug resistance systems, there are important commonalities to the
spectrum of genes induced in each organism. ABC transporters, sphingolipid and phospholipid
homeostasis proteins represent conserved targets of the different multidrug resistance systems.
Mammalian multidrug resistant cells are often observed to have changes in their sphingolipid
profiles that appear associated with the resistance phenotype (reviewed in (25)). This linkage
of changes in levels of expression of membrane transporters and the lipid composition of the
plasma membrane in which they function seems to be a conserved feature of the multidrug
resistance phenotype within all eukaryotic organisms to date.

We hypothesize that the physiological function of the multidrug resistance system might be to
regulate both the lipid composition of the plasma membrane as well as to control permeability
of that membrane to various substances. If the ABC transporters can act to both efflux drugs
and regulate the lipid bilayer of the plasma membrane, then their activity could be amplified
through regulation of other proteins embedded in this membrane (Figure 3). For example, loss
of ScPdr5 may have direct phenotypic effects on drug resistance (i.e.-fluconazole sensitivity)
but pdr5Δ strains also exhibit increased resistance to other compounds such as PHS (41) and
oligomycin (36,43). While the preponderance of evidence supports the idea that ScPdr5 (and
its Candida homologues) acts as a drug efflux pump, this ABC transporter also controls the
phospholipid asymmetry of the plasma membrane (40,68). These observations suggest the
possibility that ScPdr5 might actually be a multifunctional protein in terms of its contribution
to multidrug resistance. Its direct action would be to efflux a broad range of drugs but its indirect
contribution would be to control the phospholipid distribution across the plasma membrane
that could regulate the function of other transporter proteins.

The view of these ABC transporter proteins as both regulators of the plasma membrane
environment and drug pumps is attractive in terms of explaining the broad specificity of the
membrane transporters. If the activity of other membrane proteins can be stimulated through
the changes in the lipid bilayer, then the apparent effect of a multidrug transporter may actually
be due to the stimulated action of other proteins.

Finally, the conservation of the linked changes in sphingolipid, phospholipids and ABC
transporter levels in fungal (and possibly mammalian) multidrug resistance suggests that the
regulation of these functions is coordinately controlled in all these organisms. All these fungi
induce a common spectrum of genes but do so in response to different signals. S. cerevisiae
and C. glabrata share the most overlap but even these organisms have striking differences in
their regulation of multidrug resistance genes as described above. C. albicans has the same
basic architecture for regulation (transcriptional regulation by a Zn2Cys6 cluster protein) but
a different DNA binding site is used by CaTac1 and activity of CaTac1 has not yet been
described to share any upstream signals with ScPdr1/Pdr3 or CgPdr1. We speculate that the
normal multidrug response in all these fungi requires changes both in plasma membrane
composition and also the ABC transporters that function in this environment. These mutual
changes could elicit synergistic responses in resistance as changes in ABC transporters could
both pump drugs and influence the membrane bilayer while changes in the membrane bilayer
could also affect transporter function and drug movement across this membrane barrier.
Triggering the induction of multidrug resistance seems to be linked to different signals in
organisms as closely related as yeasts but ultimately results in similar changes in the cell
biology of the target. Understanding the physiology underlying these changes represents a
major challenge to the field.
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Figure 1. Control of multidrug resistance in S. cerevisiae
Pathways regulating the expression of multidrug resistance genes are depicted here. Positive
interactions are denoted by an arrow while negative effect are indicate by a T-bar. Loss of the
mitochondrial DNA gives rise to ρ0 cells that activate ScPdr3 post-translationally. ScYrr1 binds
to its target element which is juxtaposed with the Pdr1/3 response elements (PDREs) in some
promoters. See the text for details.
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Figure 2. Control of multidrug resistance in Candida species
Similar transcriptional control mechanisms in Candida albicans (top) and Candida glabrata
(bottom) are shown. No mitochondrial input has yet been described for regulation of multidrug
resistance in C. albicans.
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Figure 3. Regulation of multidrug resistance at the plasma membrane
S. cerevisiae is used as the prototype for the various mechanisms that may act to control drug
entry into fungal cells. Drugs can enter the cell in many cases by diffusion and are removed
by the direct action of multidrug transporters like Pdr5 but also other membrane transporter
proteins (blue box). ScPdr5 has at least one other activity which is to control phospholipid
distribution across the plasma membrane. Sphingolipid distribution is also asymmetric across
the plasma membrane with the majority of these lipids located in the outer leaflet. Control of
the lipid composition of the plasma membrane is likely to influence the activity of embedded
proteins.
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