CELLULAR & MOLECULAR BIOLOGY LETTERS
http://www.cmbl.org.pl
Received: 14 August 2013
Final form accepted: 27 November 2013
Published online: December 2013

Volume 19 (2014) pp 1-22
DOI: 10.2478/s11658-013-0111-2
© 2013 by the University of Wrocław, Poland

Review
YEAST ABC PROTEINS INVOLVED IN MULTIDRUG RESISTANCE
AGATA PIECUCH and EWA OBŁĄK*
Institute of Genetics and Microbiology, University of Wrocław,
Przybyszewskiego 63/77, 51-148 Wrocław, Poland
Abstract: Pleiotropic drug resistance is a complex phenomenon that involves
many proteins that together create a network. One of the common mechanisms
of multidrug resistance in eukaryotic cells is the active efflux of a broad range of
xenobiotics through ATP-binding cassette (ABC) transporters. Saccharomyces
cerevisiae is often used as a model to study such activity because of the
functional and structural similarities of its ABC transporters to mammalian ones.
Numerous ABC transporters are found in humans and some are associated with
the resistance of tumors to chemotherapeutics. Efflux pump modulators that
change the activity of ABC proteins are the most promising candidate drugs to
overcome such resistance. These modulators can be chemically synthesized or
isolated from natural sources (e.g., plant alkaloids) and might also be used in the
treatment of fungal infections. There are several generations of synthetic
modulators that differ in specificity, toxicity and effectiveness, and are often
used for other clinical effects.
Key words: ABC proteins, PDR subfamily, Saccharomyces cerevisiae,
Multidrug resistance, Regulation of ABC proteins, Transcription factors,
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YEAST ABC PROTEINS
ATP-binding cassette (ABC) transporters are widespread among prokaryotes
and eukaryotes. They are localized mainly in the mitochondrial, vacuolar and
peroxisomal membranes and the plasma membrane (Fig. 1) [1].
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Abbreviations used: ABC – ATP-binding cassette; AR – activation region; BRCP – breast
cancer resistance protein; MDR – multidrug resistance; MRP – multidrug resistance
protein; NBD – nucleotide-binding domain; PDR – pleiotropic drug resistance; Pgp –
P-glycoprotein; TET – tetrandrine; TMD – transmembrane domain; YRE – Yap responsive
element
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Fig. 1. Localization of the ABC transporters in the Saccharomyces cerevisiae cell.
N – nucleus; V – vacuole; M – mitochondrium; P – peroxisome; PM – plasma membrane.

The structure of ABC transporters is conserved across organisms. The major unit
is composed of two homological moieties containing a transmembrane domain
(TMD) with several (usually six) α-helices spanning the membrane, and
a nucleotide-binding domain (NBD). The NBD couples ATP hydrolysis with
substrate transport and can be localized C- or N-terminally relative to the TMD
[2]. Each NBD is about 200 amino acids long and contains conserved regions,
which are Walker A and Walker B motifs (separated by 90-120 aa) and
a signature site with the consensus sequence LSGGQ (ABC signature, motif C)
before Walker B. The crystal structure of the bacterial ABC transporters shows
that the two domains interact with each other: Walker A and B of one domain
interact with motif C of the other domain. Some ABC proteins contain no
transmembrane domain and do not participate in substrate transport, but couple
ATP hydrolysis with other crucial cellular processes, such as DNA repair or
translation [3, 4]. ATP hydrolysis is the key activity of ABC proteins.
The ABC transporters are common determinants of resistance to antibiotics,
fungicides and herbicides, so understanding their functioning is very important [5].
Mutations in genes encoding ABC proteins in humans cause numerous severe
diseases, including cystic fibrosis and hyperbilirubinemia [6, 7]. Another
important issue is the resistance of cancer cells to chemotherapy, due to
overexpression of the MDR1 gene, which encodes P-glycoprotein. Full
understanding of the mechanisms of action and regulation of the ABC
transporters is fundamental in overcoming the phenomenon of multidrug
resistance. Saccharomyces cerevisiae is an excellent model organism to study
these proteins, mainly thanks to the structural and functional similarities of its
ABC transporters to those of mammals and pathogenic fungi [1].
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The first yeast ABC transporter identified was Ste6p. The NBD domain
sequence of this protein was used as a template to identify 30 genes encoding
putative ABC transporters (22 proteins with NBD and TMD domains and eight
proteins with NBD only) in the yeast genome [3, 5, 8].
One of the roles of ABC transporters is efflux of a wide variety of xenobiotics:
anticancer drugs, cytotoxic compounds, fungicides, antibiotics, and other growth
inhibitors. This transport is normally non-specific and the substrate spectrum of
a given pump is very wide, which can contribute to the development of
multidrug resistance (MDR).
The classification of ABC proteins includes six subfamilies: MDR, MRP/CFTR,
ALDP, RLI, YEF3 and PDR, or, according to Human Genome Organization
(HUGO) classification, ABCB to ABCG [3]. The functions of the main yeast
ABC transporters are summarized in Table 1.
Table. 1. ABC proteins in Saccharomyces cerevisiae.
Gene/protein

Subfamily

Function

Localization

Reference

STE6/Ste6p

MDR (ABCB)

Pheromone a export

Plasma membrane

8

MDL1/Mdl1p

MDR (ABCB)

MDL2/Mdl2p

MDR (ABCB)

Transport of protein
degradation products
Unknown

ATM1/Atm1p

MDR (ABCB)

YOR1/Yor1p

PXA1/Pxa1p

MRP/CFTR
(ABCC)
MRP/CFTR
(ABCC)
MRP/CFTR
(ABCC)
MRP/CFTR
(ABCC)
MRP/CFTR
(ABCC)
MRP/CFTR
(ABCC)
ALDP (ABCD)

PXA2/Pxa2p

Inner mitochondrial
membrane
Inner mitochondrial
membrane
Transport of iron-sulfur clusters Inner mitochondrial
membrane
Multidrug efflux pump
Plasma membrane

15

Heavy metal transport

Vacuolar membrane

16

Bile salt transport

Vacuolar membrane

18

Bilirubine, glutathione and
glucuronic acid transport
Multidrug efflux pump

Vacuolar membrane

19, 20

Vacuolar membrane

21

Unknown

Vacuolar membrane

22

Fatty acid transport

Peroxisomal membrane

23, 24

ALDP (ABCD)

Fatty acid transport

Peroxisomal membrane

23, 24

PDR5/Pdr5p

PDR (ABCG)

Plasma membrane

35-38

SNQ2/Snq2p

PDR (ABCG)

Multidrug efflux pump, lipid
translocation, quorum sensing
Multidrug efflux pump

Plasma membrane

42

PDR15/Pdr15p

PDR (ABCG)

48

PDR12/Pdr12p
PDR11/Pdr11p

PDR
(ABCG)
PDR (ABCG)

Cell detoxification during
Plasma membrane
general stress response
Transport of weak organic acids Plasma membrane
Sterol transport

Plasma membrane

53

AUS1/Aus1p

PDR (ABCG)

Sterol transport

Plasma membrane

53

PDR18/Pdr18p

PDR (ABCG)

Plasma membrane sterol
incorporation

Plasma membrane

54, 55

YCF1/Ycf1p
YBT1/Ybt1p
BPT1/Bpt1p
VMR1/Vmr1p
NFT1/Nft1p

9, 10
9, 10
9, 13

50
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The MDR (ABCB) subfamily includes Ste6p, which is localized in the plasma
membrane, and Atm1p, Mdl1p and Mdl2p, which are localized in the inner
mitochondrial membrane. Ste6p is responsible for pheromone a transport (for
mating type a cells), which is necessary for conjugation [8]. Mdl1p transports
peptides (products of misfolded protein degradation, e.g., Yta12p) from the
mitochondrial matrix to the periplasmic space. MDL1 deletion causes sensitivity
to oxidative stress [9, 10]. In spite of its large homology to Mdl1p, Mdl2p is not
connected with peptide transport. The role of this protein is unknown, but MDL2
deletion causes aerobic respiration arrest at high temperature, resistance to
osmotic stress, and sensitivity to oleic acid [10-12]. Atm1p, similarly to Mdl1p
and Mdl2p, is localized to the inner mitochondrial membrane. It is thought that
this protein contributes to the maintenance and maturation of cytosolic ironsulfur clusters by transporting them from the mitochondrial matrix to the
cytoplasm [13]. Atm1p is thus believed to support mitochondrial genome
stability. Its dysfunction causes iron ion accumulation, a signal of oxidative
stress in the cell [9].
Another subfamily of ABC proteins is MRP/CFTR (ABCC), which consists of
Yor1p, Ycf1p, Ybt1p, Bpt1p, Vmr1p and Nft1p. These proteins transport their
substrates in the form of glutathione conjugates (e.g., cadmium ions), sulfates or
glucuronates [3]. Yor1p is localized to the plasma membrane. YOR1 was first
identified as a gene conferring resistance to oligomycin, but later data indicate
that Yor1p reduces the toxic effects of many unrelated compounds that contain
carboxyl groups [14, 15]. Ycf1p is found in the vacuolar membrane and is
responsible for detoxification of cadmium, arsenic, lead, mercury and antimony
by their transport from the cytoplasm to the vacuole [16, 17]. Ybt1p is
a vacuolar transporter of bile salts [18]. Bpt1p, also a vacuolar protein, is
responsible for vacuolar import of bilirubin (unconjugated or in the form of
glutathione or glucuronate conjugates). BPT1 also confers resistance to cadmium
[1, 19, 20]. Vmr1p, which is localized to the vacuolar membrane, participates in
the export of various growth inhibitors from the cell (cycloheximide,
2,4-dinitrophenole, cadmium, mercury) [21]. The role of Nft1p is unknown, but
it has been proposed to negatively regulate Ycf1p; this possibility requires
further study [22].
The ALDP (ABCD) subfamily is represented by two transporters: Pxa1p and
Pxa2p (peroxisomal ABC transporter). Both proteins are found in the
peroxisome membrane and form a heterodimer that translocates long-chain acylCoA esters. The expression of these proteins increases in the presence of oleic
acid. Disruption of PXA1 and PXA2 arrests beta-oxidation of long-chain fatty
acids. Pxa1p shows strong homology with the human peroxisomal proteins
ALDp and Pmp70p, which are necessary for the correct biogenesis and
functioning of peroxisomes [23, 24].
The RLI and YEF (ABCE and ABCF, respectively) subfamilies comprise
proteins (Yef3p, Hef3p, Arb1p, Gcn20p, Rli1p and New1p) that do not function
as transporters. Yef3p is present in the cytoplasm and ribosomes and is required

CELLULAR & MOLECULAR BIOLOGY LETTERS

5

for cell functioning, because it plays a role in translation. Overexpression of
YEF3 increases cell sensitivity to inhibitors of translation, such as paromomycin
and higromycin B [25, 26]. Hef3p is a paralog of Yef3p, which arose from
whole genome duplication [27]. Gcn20p, which regulates Gcn2p kinase, is one of
the factors necessary for the proper cell response to amino acid starvation [28-30].
Arb1p and New1p are thought to play a role in the biogenesis of ribosomal
subunits, and ARB1 deletion is lethal [31, 32]. Rli1p is an essential iron-sulfur
protein that plays a crucial role in the initiation and termination of translation [33].
PDR (ABCG) subfamily of yeast ABC proteins
The transporters belonging to the PDR (ABCG) subfamily of yeast ABC
proteins are often associated with the extrusion of various growth inhibitors, but
not all of them are multidrug efflux pumps. The best characterized are Pdr5p and
Snq2p, which are localized to the plasma membrane and efflux a broad spectrum
of drugs, including antibiotics, fungicides, detergents, ionophores, steroid
hormones and anticancer drugs [34, 35]. Overexpression of PDR5 confers
resistance to many distinct growth inhibitors, such as antibiotics, azoles,
chemotherapeutics and steroid hormones. Pdr5p functions as a homodimer and
participates in cation export and lipid translocation as well as having a role in
multidrug resistance. It is also suggested that Pdr5p has a role in quorum sensing
as a pump exporting signal molecules, since ∆pdr5∆snq2 cells arrest at a very
high cell density [5, 36-39]. The absence of Pdr5p is not lethal but causes
hypersusceptibility to drugs. PDR5 expression is positively controlled by the
transcription factors Pdr1p and Pdr3p, and negatively regulated by Rdr1p
[5, 40]. Additionally, it is induced by the Yap1p and Yap2p transcription factors
during heat shock [41].
Snq2p is a close homolog of Pdr5p and was identified as a protein conferring
resistance to 4NQO (4-nitroquinoline 1-oxide). Later research showed that its
overexpression caused resistance to many other compounds [1, 42]. Similarly to
Pdr5p, Snq2p is involved in cation transport and quorum sensing. The
expression of SNQ2 is controlled by the transcription factors Pdr1p, Pdr3p and
Stb5p [37, 38, 43]. Stb5p functions as a heterodimer with Pdr1p and is also
involved in regulating the response to oxidative stress [44]. SNQ2 expression is
also induced by drugs (by means of the Yrr1p factor) and by heat shock (by
means of the Yap1p factor) [41, 45]. Other homologs of Pdr5p are Pdr10p and
Pdr15p [46]. Expression of both proteins is controlled by Pdr1p, Pdr3p and
probably by Pdr8p [46, 47]. PDR15 expression is also connected with the
general stress response because the PDR15 promoter comprises the STRE
sequence recognized by the transcription factor Msn2p. The activity of Pdr15p is
strongly induced by distinct stress signals: osmotic shock, heat shock, starvation
and weak acids. Pdr15p contributes to cell detoxification during metabolic stress
[48]. Pdr10p is responsible for the correct distribution and functioning of several
proteins (e.g., chitin synthase Chs3p). It has also been shown that Pdr10p is
involved in the distribution of another PDR transporter, Pdr12p. Strains that lack
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PDR10 were strongly resistant to sorbate due to the increased amount of Pdr12p
[49]. Pdr12p mediates resistance to weak organic acids. The substrate spectrum
of this transporter includes common conservatives (benzoate, sorbate, propionic
acid) and organic acids produced in the cell [50]. The expression of PDR12 is
negatively regulated by Pdr1p and Pdr3p and positively by War1p. War1p is
constitutively bound to the WARE sequence in PDR12 promoter. The
appearance of weak organic acids induces War1p phosphorylation, which
activates PDR12 transcription. Pdr12p actively exports weak organic acids (C3-C7)
from the cell [51, 52].
The remaining PDR proteins are only poorly characterized. Aus1p and Pdr11p
have been suggested to participate in sterol transport, but the exact mechanism is
not known. One hypothesis assumes sterol translocation directly from the plasma
membrane to cytosolic sterol-binding proteins or to the endoplasmic reticulum
membrane. These proteins may also indirectly facilitate sterol transport by
catalyzing the transmembrane translocation of other lipids. Another model
assumes the uptake of extracellular lipids and their incorporation into the plasma
membrane [53]. Pdr18p is associated with resistance to some herbicides (2,4-D,
MCPA), but its physiological role is in lipid homeostasis (probably direct
incorporation of ergosterol into the plasma membrane). Its role in multidrug
resistance might derive from the physiological functions of this protein [54].
Recently, it was shown that the expression of PDR18 enhanced yeast tolerance
to inhibitory concentrations of ethanol, possibly through decreasing plasma
membrane permeabilization and lowering intracellular ethanol concentration
[55].
Functional analogs of PDR transporters are also found in pathogenic fungi. The
Candida albicans genome possesses 28 ABC proteins, but only Cdr1p and
Cdr2p play a role in multidrug extrusion [56]. Cdr1p has a topology highly
similar to that of Pdr5p in Saccharomyces cerevisiae. However, they differ in
some functional features. Cdr1p confers resistance to cycloheximide,
chloramphenicol, and oligomycin, and while Pdr5p shares the specificity of
Cdr1p to cycloheximide and chloramphenicol, neither amplification nor
disruption of Pdr5p affects susceptibility to oligomycin. The substrate spectrum
of Cdr1p includes many unrelated compounds such as azoles, lipids or steroids
[57, 58]. Cdr2p exhibits about 84% identity with Cdr1p, but differs in its drug
resistance profile. This protein mainly mediates resistance to azole compounds
and terbinafine [59, 60].
ABC transporters that contribute to drug resistance are also found in other fungal
pathogens. Posteraro et al. identified and characterized the antifungal resistance
1 gene (AFR1) in Cryptococcus neoformans. It encodes ABC protein involved in
fluconazole resistance [61]. Several genes encoding ABC transporters have been
found and partially characterized in Aspergillus fumigatus. Overexpression of
MDR1 conferred resistance to cilofungin (a lipopeptide related to
echinocandins). Expression of another transporter atrF was induced by
itraconazole, but only in itraconazole-resistant isolate [62, 63].
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ABC transporters are common in human cells. Their expression, e.g., in the
digestive system, is connected with the export of cAMP, lipids and hormones
outside the cell [64]. Their overexpression in cancer cells is a major problem in
chemotherapy, because they can effectively export most conventional drugs,
thereby decreasing their intracellular concentrations, often to below the
therapeutic threshold. The best characterized human ABC transporter is
P-glycoprotein (Pgp). It is found in the plasma membrane of the cells of the
liver, intestines, blood-brain barrier, placenta and other organs [65].
A characteristic feature of Pgp is a broad substrate spectrum, which includes
anthracyclines, colchicines, methotrexate and mitoxantrone. Pgp is encoded by
the MDR1 gene, mutations of which not only increase the production of Pgp
(causing tumor resistance), but also increase the risk of Parkinson’s disease and
ulcerative colitis [64]. Other ABC transporters involved in tumor resistance to
anticancer drugs are BCRP (breast cancer resistance protein) and MRP1-3 and 5
(multidrug resistance proteins). BCRP is mainly present in the breast, placenta,
bowel and liver, whereas the MRP proteins are found in almost every tissue.
Both types of transporter have broad substrate spectra, and their overexpression
in tumor tissues disrupts anticancer treatment [66].
REGULATION OF YEAST PDR (ABCG) PROTEINS
The expression of ABC transporters belonging to the PDR (ABCG) subfamily is
controlled by several transcription factors, of which the best characterized are
Pdr1p and Pdr3p. They belong to the GAL4 family of transcription factors
containing the DNA-binding Zn2Cys6 zinc finger [67]. Both Pdr1p and Pdr3p
bind the same sequence of PDRE (the Pdr1p/Pdr3p response element), which is
present in different numbers of copies and orientation in the target gene
promoters. The two transcription factors bind their cognate promoters via the
zinc fingers recognizing CGG triplets in the PDRE motif. A single PDRE site is
sufficient for Pdr1p or Pdr3p to bind, but full activation of the promoter requires
at least three PDRE [68]. The PDRE consensus sequence is a perfect
palindrome: 5’-TCCGCGGA-3’. However, Pdr1p and Pdr3p tolerate some
single-base changes. It is believed that the binding of the transcription factors to
PDRE is also dependent on other interactions, because the PDRE site in the
HXT11 promoter is not recognized by Pdr1/3p, whereas exactly the same
sequence in the PDR5, YOR1 and PDR10 promoters is bound by those
transcription factors. The participation of other transcription factors in the
binding has also been suggested [67].
The Pdr1p and Pdr3p structure comprises eight hydrophobic motifs (MI-MVIII)
in the central part of the protein. They form a functional domain that regulates
the activity of Pdr1/3p [69]. Pdr3p contains two activating regions (AR). ARI is
localized near the N-terminus and has low binding efficiency, whereas ARII
(C-terminal 180 residues) is more important in the activation of transcription.
Pdr1p contains only one AR site near the C-terminus, and many spontaneous
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mutations in this region increase the activity of Pdr1p (pdr1-8, pdr1-10, pdr112) [67]. An important role in the regulation of transcription activation is played
by the co-activator/repressor protein Ngg1p. The C-terminal region of Pdr1p
(aa 815-1063) and Pdr3p (aa 815-976) interacts directly or indirectly with
Ngg1p, and adaptor proteins (Ada2p, Gcn5p) are involved in this process [70].
Some spontaneous mutations in PDR1 and PDR3 increase transcription
activation of the target genes, conferring multidrug resistance phenotype. Single
point mutations in PDR1 (pdr1-2, pdr1-3, pdr1-6, pdr1-7, pdr1-8) increase the
mRNA level of target genes (PDR5, SNQ2, YOR1, PDR10, PDR15) and
mutations in PDR3 (pdr3-2 to pdr3-10) cause overexpression of PDR5, SNQ2,
PDR15, PDR10 and PDR3 [46, 71, 72]. The pdr1 and pdr3 mutations result in
multidrug resistance. Furthermore, the pdr1-2 mutant is unable to grow under
osmotic stress, heat shock or at increased pH, pdr3-11 is not viable on lactate or
glycerol/ethanol medium, and pdr1-11 is temperature-sensitive [73, 74].
Numerous genes are regulated by the Pdr1/3p transcription factors. This group
of genes includes the ABC transporters Pdr5p, Pdr10p, Pdr15p, Snq2p, and
Yor1p, and the MFS transporters. Pdr1p also controls the expression of PDR3,
IPT1 (whose product is involved in sphingolipid biosynthesis) and PDR16,
controlling sterol and phospholipid composition in the plasma membrane [72, 75].
Overexpression of PDR5, SNQ2 or YOR1 confers resistance to anticancer drugs,
antibiotics, fungicides, detergents, ionophores and many others. Pdr5p and Yor1p
are also involved in phosphatidylethanolamine and steroid transport. pdr1-11 and
pdr3-11 mutants exhibit decreased accumulation of phosphatidylethanolamine,
which indicates the activation of proteins that promote its efflux or reduce influx
[74, 76, 77]. Pdr1/3p also stimulates transcription of genes encoding MFS
transporters, e.g., TPO1 or HXT11, and genes, whose products are involved in
lipid and cell wall metabolism (PDR16) [75, 78, 79].
The target genes have different affinities for the transcription factors. PDR5
expression strongly depends on the activity of Pdr1p and Pdr3p. The double
mutants Δpdr1Δpdr3 are hypersensitive to cycloheximide, which is a Pdr5p
substrate [80].
SNQ2 is under the control of another transcription factor, Yrr1p, which also
belongs to a zinc finger family. SNQ2 transcription is activated in the yrr1-1
gain-of-function mutant and similar changes are observed for YOR1.
Overexpression of SNQ2 and YOR1 in the yrr1-1 strain respectively results in
resistance to 4-NQO and reveromycin A. The Pdr1p and Pdr3p factors are
responsible for SNQ2 expression at the basal level, but the overexpression is
achieved by Yrr1p [45, 80, 81].
Another efflux pump, Pdr15p, is induced by Pdr1/Pdr3p, owing to the presence
of the PDRE site in the PDR15 promoter. It has been shown that PDR15 is also
under the control of Msn2p, which is a transcription factor that regulates the
expression of about 200 genes in response to different stresses, including heat
shock, osmotic and oxidative stress, and glucose starvation. Msn2p contains
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a zinc finger domain that recognizes the STRE element in target gene promoters,
and this element is also present in PDR15 promoter [48, 82].
Pdr3p, besides regulating the expression of genes for the efflux pumps, can also
positively autoregulate its own transcription due to the presence of two PDRE
sites in its promoter. Those sites are also recognized and regulated by Pdr1p [83].
The regulation of proteins of the PDR (ABCG) subfamily also involves other
factors. Pdr1p is post-translationally modified by Pdr13p, from the Hsp70
family, which affects its activity. No such effect of Pdr13p has been reported for
Pdr3p [84].
War1p regulates PDR12 transcription in response to weak organic acids.
A model of War1p activity includes uncharged organic acids entering the
cytoplasm, their dissociation, and lowering of the intracellular pH. The protons
are then exported by Pma1p and the anionic acid residues by Pdr12p. War1p is
directly or indirectly activated by anions. It is constitutively bound to the PDR12
promoter at the WARE sequence. After induction by acids, it undergoes
phosphorylation and activates the expression of PDR12 [52].
Some data indicate a correlation between the genes encoding ABC efflux pumps
and the YAP network, which is regulated mainly by Yap1p. Yap1p is a zincfinger transcription factor and a major determinant of the oxidative stress
response system. Yap1p directly activates the transcription of genes under stress
conditions by binding to the YRE (Yap responsive element) site in their
promoters. YRE elements are present in the PDR5 and SNQ2 promoters and
Yap1p can induce those transporters in response to external stress (e.g., heat
shock). TheYap1p-mediated diazaborine resistance is dependent on Pdr1p and
Pdr3p, which suggests interactions among these transcription factors [41, 85, 86].
MODULATION OF MULTIDRUG ABC TRANSPORTERS
Active efflux of drugs is one of the main mechanisms of resistance among
microorganisms and cancer cells. Inhibition of efflux pumps by chemosensitizers
is a promising approach to overcoming drug resistance. These modulators can
inhibit the ABC transporters by specific interactions; by lowering the
intracellular ATP level, crucial for the functioning of the pump; or by affecting
the plasma membrane composition [87].
The research on efflux pump inhibitors mainly concerns human ABC
transporters, such as glycoprotein P (PgP), the overexpression of which in cancer
cells disturbs chemotherapy. To date, many modulators of multidrug resistance
have been identified: calcium channel blockers (verapamil), calmodulin
antagonists, steroids, protein kinase C inhibitors, immunosupresants
(cyclosporine A), phenotiazines, indole alkaloids (reserpine), steroid hormones,
antisteroids (tamoxifen), detergents, and surfactants [88].
The first generation of the pump modulators includes compounds that are
already pharmacologically used for other purposes. These compounds have
a low affinity to the ABC transporters and usually compete with the drugs being
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transported for the binding site, which requires the use of highly toxic doses of
the modulators. This group of efflux inhibitors includes verapamil, quinine and
cyclosporine A [89-91].
Second generation modulators (e.g., cyclosporine D and valspodar) were
designed to decrease the side effects of the first generation ones. However, it
emerged that those modulators disrupted the clearance of anticancer drugs,
thereby increasing their plasma level and leading to toxic effects. Moreover,
many chemotherapeutics, similarly to the second generation inhibitors, are
substrates of the cytochrome P450 3A4 isoenzyme. The competition of the
modulators and the drugs for this enzyme can cause unpredictable
pharmacokinetic interactions that limit their use in overcoming drug resistance.
Finally, the affinity of the second generation modulators to ABC transporters is
still too low [88].
The synthesis of third generation inhibitors was undertaken to eliminate their
interactions with cytochrome P450. These compounds do not change the
pharmacokinetics of anticancer drugs and they are specific for Pgp (rarely other
transporters). The most promising inhibitor is the anthranilamide derivative
tariquidar (XR9576), which inhibits the ATPase activity of Pgp and is not
a substrate for the pump. It is more effective and its inhibitory effects last longer
in comparison to the second generation modulators [92-94]. Another third
generation compound, VX-710 (biricodar), exhibits high affinity to Pgp and
MRP and does not interact with doxorubicin [88, 95].
Numerous MDR pump modulators have been isolated from natural sources. It
was shown that the carotenoids capsanthin, capsorubin and lysophyl (isolated
from Capsicum spp.) are particularly active against Pgp in murine lymphoma
cells [96]. Other carotenoids like (5R, 8R)-capsochrome, monoepoxy-β-caroten,
luteoxantin or violaxantin have a high fluorescence activity ratio (FAR), which
points to Pgp inhibition. Carotenoids interact with the lipid bilayer and in this
manner affect the biophysical properties of the plasma membrane [97].
Another group of plant-derived compounds that inhibit efflux pumps are
flavonoids. The most active flavonoids are amorphigenine, pharmononetine,
rotenone, chrysin and epigallokatechin, which caused increased accumulation of
rhodamine 123 in murine lymphoma cells overexpressing Pgp. Rotenone was
active also against human colon cancer cells. The mechanism of action of these
compounds is probably inhibition of the ATPase activity of the transporters [98].
The reversal of multidrug resistance in cancer cells by flavonoids could be also
achieved by lowering the expression of drug transporters. It was shown that
wogonin and oroxylin A, isolated from Scutellaria baicalensis Georgi, did
downregulate the expression of Pgp [99, 100].
Chalcones are bioprecursors of flavonoids and are also associated with the
inhibition of Pgp. Their lipophilicity is an important feature for Pgp inhibitory
activity. These compounds are generally specific for Pgp modulation, because
the activity of functionally related protein BCRP was unaffected by the studied
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chalcones. This might suggest different structural requirements for BCRP and
Pgp inhibitory activities [101, 102].
Another important application of efflux pump modulators is overcoming the
mycosis caused by drug-resistant fungi. This aspect of research on multidrug
transporter inhibitors often concerns Candida albicans, a common opportunistic
pathogen. The mechanisms of its resistance to fungicides include overexpression
of Cdr1p and Cdr2p pumps that, similarly to the S. cerevisiae PDR proteins,
belong to the ABC family and actively export drugs [60]. The resistance of
C. albicans to azoles can be reversed by immunosuppressive drugs, e.g.,
tacrolimus (FK506) and cyclosporine, but the high cardio- and nephrotoxicity of
these compounds severely limits their clinical use [103-106]. Another
compound, this time of low toxicity, is tetrandrine (TET), which is isolated from
Stephania tetrandra S. Moore roots. It acts synergistically with azoles and
increases the sensitivity of C. albicans to those drugs. The likely mechanism of
TET action is the inhibition of CDR1 and CDR2 expression [107]. The azole
resistance of C. albicans can also be reduced by ibuprofen [108]. Other
compounds that inhibit efflux pumps in C. albicans are terbinafine and
propafenones [109]. Also disulfiram, clinically used in treating alcoholism, has
been shown to modulate ABC transporters (human Pgp and MRP and Cdr1p in
C. albicans) by inhibiting ATP hydrolysis. When used with antifungal drugs,
disulfiram increases their effectiveness [110].
Due to the homology of human Pgp and Pdr5p, the research on efflux pump
modulators often exploits S. cerevisiae. It was shown that Pdr5p was inhibited
by steroids such as progesterone, estradiol and deoxycorticosterone and some of
their synthetic derivatives [111-113]. Inhibition of Pdr5p was also observed for
some flavonoids like 6-(3,3-dimethylallyl)galangin, but the strongest effect was
exhibited by phenothiazines [114, 115]. Phenothiazine-derived drugs are mainly
antipsychotics, which block dopamine receptors and interact with many ion
channels. Phenothiazines influence the biophysical properties of lipid bilayers,
e.g., the asymmetry of aminophospholipids of the erythrocyte plasma membrane
[116, 117]. These compounds most likely inhibit ABC transporters by direct
binding to the protein’s drug-binding site, but the inhibition profile might be
different for various transporters, e.g., phenothiazine, which modulated the
activity of Snq2p did not inhibit Pdr5p or Cdr1p [118].
The direct interactions of phenothiazines with efflux pumps were also indicated
by research on bacterial transporters. In S. aureus, NorA-mediated efflux was
inhibited by phenothiazine differently for various substrates, which suggests that
phenothiazines may interact with the drug-recognition site of the transporter [119].
In the Pgp binding pocket, drug-binding sites are most likely formed by various
regions, so the efflux inhibition by phenothiazine would depend on the substrate
bound by the transporter, e.g., phenothiazines interacted with Pgp at the same
site as verapamil or cyclosporine A, but not prazosin [116, 120]. Some
phenothiazines (e.g., fluphenazine) increased the sensitivity of C. albicans to
fluconazole. A strong inhibition of efflux pumps was observed for an aminoacyl

12

Vol. 19. No. 1. 2014

CELL. MOL. BIOL. LETT.

derivative of phenothiazine, M961, which inhibited the drug efflux from yeast
cells in micromolar concentrations and decreased their resistance to
ketoconazole [118].
Another group of effective and specific Pdr5p inhibitors are enniatins B, B1 and
D, isolated from Fusarium 4-53. They are neutral ionophores that increase
plasma membrane permeability [121]. A similar mechanism was observed for
KN20 (a D-octapeptide derivative), which increased the plasma membrane
permeability and inhibited the ATPase activity of Pma1p and ABC transporters,
which reversed the resistance of S. cerevisiae to azoles [122]. Also, CTBT
(7-chlorotetrazole-[5,1-c]-benzo-[1,2,4]-triazine) could be a potential pump
inhibitor. This compound has antifungal activity and enhances the efficacy of
other antifungals, such as cycloheximide, fluconazole or 5-fluorocytosine. Its
exact mode of action is not well understood, but it was shown that it causes
oxidative stress in the cell with the damage of mitochondria and DNA [123].
Some oligopeptides also reverse multidrug resistance, for example
FKCRRWQWRM (Pep2), which enhances itraconazole efficacy by increasing
ATP leakage from the cell [124].
Numerous new efflux pump modulators are still in the trial phase. Developing
effective compounds that would inhibit pathogenic yeast resistance and their
usage in combined therapy should enhance the efficacy of antifungal drugs and
greatly improve the odds of overcoming fungal infections.
REFERENCES
1. Bauer, B.E., Wolfger, H. and Kuchler, K. Inventory and function of yeast
ABC proteins: about sex, stress, pleiotropic drug and heavy metal resistance.
Biochim. Biophys. Acta 1461 (1999) 217-236.
2. Jungwirth, H. and Kuchler, K. Yeast ABC transporters – a tale of sex, drugs
and aging. FEBS Lett. 580 (2006) 1131-1138.
3. Paumi, C.M., Chuck, M., Snider, J., Stagljar, I. and Michaelis, S. ABC
transporters in Saccharomyces cerevisiae and their interactors: new
technology advances in the biology of the ABCC (MRP) subfamily.
Microbiol. Mol. Biol. Rev. 73 (2009) 577-593.
4. Rutledge, R.M., Esser, L., Ma, J. and Xia, D. Toward understanding the
mechanism of action of the yeast multidrug resistance transporter Pdr5p:
a molecular modeling study. J. Struct. Biol. 173 (2011) 333-344.
5. Rogers, B., Decottignies, A., Kolaczkowski, M., Carvajal, E., Balzi, E. and
Goffeau, A. The pleiotropic drug ABC transporters from Saccharomyces
cerevisiae. J. Mol. Microbiol. Biotechnol. 3 (2001) 207-214.
6. Falcao, A.S., Bellarosa, C., Fernandes, A., Brito, M.A., Silva, R.F.M.,
Tiribelli, C. and Brites, D. Role of multidrug resistance-associated protein 1
expression in the in vitro susceptibility of rat nerve cell to unconjugated
bilirubin. Neuroscience 144 (2007) 878-888.

CELLULAR & MOLECULAR BIOLOGY LETTERS

13

7. Hwang, T.-C. and Sheppard, D.N. Gating of the CFTR Cl- channel by ATPdriven nucleotide-binding domain dimerisation. J. Physiol. 587 (2009)
2151-2161.
8. Kuchler, K., Sterne, R.E. and Thorner, J. Saccharomyces cerevisiae STE6
gene product: a novel pathway fro protein export in eukaryotic cells. EMBO J.
8 (1989) 3973-1984.
9. Chloupkova, M., LeBard, L.S. and Koeller, D.M. MDL1 is a high copy
suppressor of ATM1: evidence for a role in resistance to oxidative stress.
J. Mol. Biol. 331 (2003) 155-165.
10. Young, L., Leonhard, K., Tatsuta, T., Trowsdale, J. and Langer, T. Role of
the ABC transporter Mdl1 in peptide export from mitochondria. Science 291
(2001) 2135-2138.
11. Lockshon, D., Surface, L.E., Kerr, E.O., Kaeberlein, M. and Kennedy, B.K.
The sensitivity of yeast mutants to oleic acid implicates the peroxisome and
other processes in membrane function. Genetics 175 (2007) 77-91.
12. Yoshikawa, K., Tanaka, T., Furusawa, C., Nagahisa, K., Hirasawa, T. and
Shimisu, H. Comprehensive phenotypic analysis for identification of genes
affecting growth under etanol stress in Saccharomyces cerevisiae. FEMS
Yeast Res. 9 (2009) 32-44.
13. Chen, C.-A. and Cowan, J.A. Characterization of Saccharomyces cerevisiae
Atm1p: functional studies of an ABC7 type transporter. Biochim. Biophys.
Acta 1760 (2006) 1857-1865.
14. Katzmann, D.J., Hallstrom, T.C., Voet, M., Wysock, W., Golin, J., Volcaert, G.
and Moye-Rowley, W.S. Expression of an ATP-binding cassette transporterencoding gene (YOR1) is required for oligomycin resistance in
Saccharomyces cerevisiae. Mol. Cell. Biol. 15 (1995) 6875-6883.
15. Cui, Z., Hirata, D., Tsuchiya, E., Osada, H. and Miyakawa, T. The multidrug
resistance-associated protein (MRP) subfamily (Yrs1/Yor1) of
Saccharomyces cerevisiae is important for the tolerance to a broad range of
organic anions. J. Biol. Chem. 271 (1996) 14712-14716.
16. Gueldry, O., Lazard, M., Delort, F., Dauplais, M., Grigoras, I., Blanquet, S.
and Plateau, P. Ycf1-dependent Hg (II) detoxification in Saccharomyces
cerevisiae. Eur. J. Biochem. 270 (2003) 2486-2496.
17. Lazard, M., Ha-Duong, N.T., Mounie, S., Perrin, R., Plateau, P. and
Blanquet, S. Selenodiglutathione uptake by the Saccharomyces cerevisiae
vacuolar ATP-binding cassette transporter Ycf1p. FEBS J. 278 (2011)
4112-4121.
18. Ortiz, D.F., St. Pierre, M.V., Abdulmessih, A. and Arias, I.M. A yeast ATPbinding cassette-type protein mediating ATP-dependent bile acid transport.
J. Biol. Chem. 272 (1997) 15358-15365.
19. Klein, M., Mamnun, Y.M., Eggmann, T., Schuller, C., Wolfger, H.,
Martinoia, E. and Kuchler, K. The ATP-binding cassette (ABC) transporter
Bpt1p mediates vacuolar sequestration of glutathione conjugates in yeast.
FEBS Lett. 520 (2002) 63-67.

14

Vol. 19. No. 1. 2014

CELL. MOL. BIOL. LETT.

20. Petrovic S., Pascolo, L., Gallo, R., Cupelli, F., Ostrow, J.D., Goffeau, A.,
Tiribelli, C. and Bruschi, C.V. The products of YCF1 and YLL015w (BPT1)
cooperate for the ATP-dependent vacuolar transport of unconjugated
bilirubin in Saccharomyces cerevisiae. Yeast 16 (2000) 561-571.
21. Wawrzycka, D., Sobczak, I., Bartosz, G., Bocer, T., Ułaszewski, S. and
Goffeau, A. Vmr1p is a novel vacuolar multidrug resistance ABC transporter
in Saccharomyces cerevisiae. FEMS Yeast Res. 10 (2010) 828-838.
22. Mason, D.L., Mallampalli, M.P., Huyer, G. and Michealis, S. A region
within a lumenal loop of Saccharomyces cerevisiae Ycf1p directs proteolytic
processing and substrate specifity. Eukaryot. Cell 2 (2003) 588-598.
23. Hettema, E.H., van Roermund, C.W.T., Distel, B., van den Berg, M., Vilela, C.,
Rodrigues-Pousada, C., Wanders, R.J.A. and Tabak, H.F. The ABC
transporter proteins Pat1 and Pat2 are required for import of long-chain fatty
acids into peroxisomes of Saccharomyces cerevisiae. EMBO J. 15 (1996)
3813-3822.
24. Swartzman, E.E., Viswanathan, M.N. and Thorner, J. The PAL1 gene
product is a peroxisomal ATP-binding cassette transporter in the yeast
Saccharomyces cerevisiae. J. Cell Biol. 132 (1996) 549-563.
25. Sarthy, A.V., McGonigal, T., Capobianco, J.O., Schmidt, M., Green, S.R.,
Moehle, C.M. and Glodman, R.C. Identification and kinetic analysis of
a functional homolog of elongation factor 3, YEF3 in Saccharomyces
cerevisiae. Yeast 14 (1998) 239-253.
26. Sandbaken, M.G., Lupisella, J.A., DiDomenico, B. and Chakraburtty, K.
Protein synthesis in yeast. Structural and functional analysis of the gene
encoding elongation factor 3. J. Biol. Chem. 265 (1990) 15838-15844.
27. Maurice, T.C., Mazzucco, C.E., Ramanathan, C.S., Ryan, B.M., Warr, G.A.
and Puziss, J.W. A highly conserved intraspecies homolog of the
Saccharomyces cerevisiae elongation factor-3 encoded by the HEF3 gene.
Yeast 14 (1998) 1105-1113.
28. Garcia-Barrio, M., Dong, J., Ufano, S. and Hinnebusch, A.G. Association of
GCN1-GCN20 regulatory complex with the N-terminus of elF2α kinase
GCN2 is required for GCN2 activation. EMBO J. 19 (2000) 1887-1899.
29. Sattlegger, E. and Hinnebusch, A.G. Polyribosome binding by GCN1 is
required for full activation of eukaryotic translation initiation factor2{alpha}
kinase GCN2 during amino acid starvation. J. Biol. Chem. 280 (2005)
16514-16521.
30. Shenton, D., Smirnova, J.B., Selley, J.N., Carroll, K., Hubbard, S.J., Pavitt,
G.D., Ashe, M.P. and Grant, C.M. Global translational responses to
oxidative stress impact upon multiple levels of protein synthesis. J. Biol.
Chem. 281 (2006) 29011-29021.
31. Dong, J., Lai, R., Jennings, J.L., Link, A.J. and Hinnebusch, A.G. The novel
ATP-binding cassette protein ARB1 is a shuttling factor that stimulates 40S
and 60S ribosome biogenesis. Mol. Cell. Biol. 25 (2005) 9859-9873.

CELLULAR & MOLECULAR BIOLOGY LETTERS

15

32. Li, Z., Lee, I., Moradi, E., Hung, N.J., Johnson, A.W. and Marcotte, E.M.
Rational extension of the ribosome biogenesis pathway using networkguided genetics. PLoS Biol. 7 (2009) e1000213.
33. Khoshnevis, S., Gross, T., Rotte, C., Baierlein, C., Ficner, R. and Krebber, H.
The iron-sulphur protein RNase L inhibitor functions in translation
termination. EMBO Rep. 11 (2010) 214-219.
34. Banerjee, D., Lelandais, G., Shukla, S., Mukhopadhyay, G., Jacq, D.,
Devaux, F. and Prasad, R. Responses of pathogenic and nonpathogenic yeast
species to steroids reveal the functioning and evolution of multidrug
resistance transcriptional networks. Eucaryot. Cell. 7 (2008) 68-77.
35. Mahe, Y., Lemoine, Y. and Kuchler, K. The ATP-binding cassette
transporters Pdr5 and Snq2 of Saccharomyces cerevisiae can mediate
transport of steroids in vivo. J. Biol. Chem. 271 (1996) 25167-25172.
36. Kihara, A. and Igarashi, Y. Cross talk between sphingolipids and
glycerophospholipids in the establishment of plasma membrane asymmetry.
Mol. Biol. Cell. 15 (2004) 4949-4959.
37. Hlavacek, O., Kucerova, H., Harant, K., Palkova, Z. and Vachova, L.
Putative role for ABC multidrug exporters in yeast quorum sensing. FEBS
Lett. 583 (2009) 1107-1113.
38. Miyahara, K., Mizunuma, M., Hirata, D., Tsuchiya, E. and Miyakawa, T.
The involvement of the Saccharomyces cerevisiae multidrug resistance
transporters Pdr5 and Snq2 in cation resistance. FEBS Lett. 399 (1996) 317-320.
39. Prunuske, A.J., Waltner, J.K., Kuhn, P., Gu, B. and Craig, E.A. Role of the
molecular chaperones Zuo1 and Ssz1 in quorum sensing via activation of the
transcription factor Pdr1. Proc. Natl. Acad. Sci. USA 109 (2012) 472-477.
40. Hellauer, K., Akache, B., MacPherson, S., Sirard, E. and Turcotte, B. Zinc
cluster protein Rdr1p is a transcriptional repressor of the PDR5 gene
encoding a multidrug transporter. J. Biol. Chem. 277 (2002) 17671-17676.
41. Miyahara, K., Hirata, D. and Miyakawa, T. yAP-1 and yAP-2-mediated,
heat shock-induced transcriptional activation of the multidrug resistance
ABC transporter genes in Saccharomyces cerevisiae. Curr. Genet. 29
(1996) 103-105.
42. Servos, J., Haase, E. and Brendel, M. Gene SNQ2 of Saccharomyces
cerevisiae, which confers resistance to 4-nitroquinoline-N-oxide and other
chemicals, encodes a 169 kDa protein homologous to ATP-dependent
permeases. Mol. Gen. Genet. 236 (1993) 214-218.
43. Akache, B. and Turcotte, B. New regulators of drug sensitivity in the family
of yeast zinc cluster proteins. J. Biol. Chem. 277 (2002) 21254-21260.
44. Larochelle, M., Drouin, S., Robert, F. and Turcotte, B. Oxidative stressactivated zinc cluster protein Stb5 has dual activator/repressor functions
required for pentose phosphate pathway regulation and NADPH production.
Mol. Cell. Biol. 26 (2006) 6690-6701.
45. Le Crom, S., Devaux, F., Marc, P., Zhang, X., Moye-Rowley, W.S. and
Jacq, C. New insights into the pleiotropic drug resistance network from

16

46.

47.
48.
49.
50.

51.
52.

53.

54.

55.

56.
57.
58.

Vol. 19. No. 1. 2014

CELL. MOL. BIOL. LETT.

genome-wide characterization of the Yrr1 transcription factor regulation
system. Mol. Cell. Biol. 22 (2002) 2642-2649.
Wolfger, H., Mahe, Y., Parle-McDermott, A., Delahodde, A. and Kuchler, K.
The yeast ATP-binding cassette (ABC) protein genes PDR10 and PDR15
are novel targets for the Pdr1 and Pdr3 transcriptional regulators. FEBS
Lett. 418 (1997) 269-274.
Hikkel, I., Lucau-Danila, A., Delaveau, T., Marc, P., Devaux, F. and Jacq, C.
A general strategy to uncover transcription factor properties identifies a new
regulator of drug resistance in yeast. J. Biol. Chem. 278 (2003) 11427-11432.
Wolfger, H., Mamnun, Y.M. and Kuchler, K. The yeast Pdr15p ATPbinding cassette (ABC) protein is a general stress response factor implicated
in cellular detoxification. J. Biol. Chem. 279 (2004) 11593-11599.
Rockwell, N.C., Wolfger, H., Kuchler, K. and Thorner, J. ABC transporter
Pdr10 regulates the membrane microenvironment of Pdr12 in
Saccharomyces cerevisiae. J. Membr. Biol. 229 (2009) 27-52.
Hatzixanthis, K., Mollapour, M., Seymour, I., Bauer, B.E., Krapf, G.,
Schuller, C., Kuchler, K. and Piper, P.W. Moderately lipophilic carboxylate
compounds are the selective inducers of the Saccharomyces cerevisiae
Pdr12p ATP-binding cassette transporter. Yeast 20 (2003) 575-585.
Gregori, C., Schuller, C., Frohner, I.E., Ammerer, G. and Kuchler, K. Weak
organic acids trigger conformational changes of the yeast transcription factor
War1 in vivo to elicit stress adaptation. J. Biol. Chem. 283 (2008) 25752-25764.
Kren, A., Mamnun, Y.M., Bauer, B.E., Schuller, C., Wolfger, H.,
Hatzixanthis, K., Mollapour, M., Gregori, C., Piper, P., and Kuchler, K.
War1p, a novel transcription factor controlling weak acid stress response in
yeast. Mol. Cell. Biol. 23 (2003) 1775-1785.
Marek, M., Milles, S., Schreiber, G., Daleke, D.L., Dittmar, G., Herrmann, A.,
Muller, P. and Pomorski, T.G. The yeast plasma membrane ATP-binding
cassette (ABC) transporter Aus1: purification, characterization and the effect
of lipids on its activity. J. Biol. Chem. 286 (2011) 21835-21843.
Cabrito, T.R., Teixeira, M.C., Singht, A., Prasad, R. and Sa-Correia, I. The
yeast ABC transporter Pdr18 (ORF YNR070w) controls plasma membrane
sterol composition, playing a role in multidrug resistance. Biochem. J. 440
(2011) 195-202.
Teixeira, M.C., Godinho, C.P., Cabrito, T.R., Mira, N.P. and Sa-Correia, I.
Increased expression of the yeast multidrug resistance transporter Pdr18
leads to increased ethanol tolerance and ethanol production in high gravity
alcoholic fermentation. Microb. Cell Fact. 11 (2012) 98.
Prasad, R. and Goffeau, A. Yeast ATP-binding cassette transporters
conferring multidrug resistance. Annu. Rev. Microbiol. 66 (2012) 39-63.
Prasad, R., Murthy, S.K., Gupta, V. and Prasad, R. Multiple drug resistance
in Candida albicans. Acta Biochim. Pol. 42 (1995) 497-594.
Nakamura, K., Niimi, M., Niimi, K., Holmes, A.R., Yates, J.E.,
Decottignies, A., Monk, B.C., Goffeau, A. and Cannon, R.D. Functional

CELLULAR & MOLECULAR BIOLOGY LETTERS

59.
60.

61.

62.
63.

64.
65.
66.
67.
68.

69.
70.
71.

17

expression of Candida albicans drug efflux pump Cdr1p in
a Saccharomyces cerevisiae strain deficient in membrane transporters.
Antimicrob. Agents Chemother. 45 (2001) 3366-3374.
Cannon, R.D., Lamping, E., Holmes, A.R., Niimi, K., Baret, P.V., Keniya, M.V.,
Tanabe, K., Niimi, M., Goffeau, A. and Monk, B.C. Efflux-mediated
antifungal drug resistance. Clin. Microbiol. Rev. 22 (2009) 291-321.
Sanglard, D., Ischer, F., Monod, M. and Bille, J. Cloning of Candida
albicans genes conferring resistance to azole antifungal agents:
characterization of CDR2, a new multidrug ABC transporter gene.
Microbiology 143 (1997) 405-416.
Posteraro, B., Sanguinetti, M., Sanglard, D., La Sorda, M., Boccia, S.,
Romano, L., Morace, G. and Fadda, G. Identidification and characterization
of a Cryptococcus neoformans ATP binding cassette (ABC) transporterencoding gene, CnAFR1, involved in the resistance to fluconazole. Mol.
Microbiol. 47 (2003) 357-371.
Tobin, M.B., Peery, R.B. and Skatrud, P.L. Genes encoding multiple drug
resistance-like proteins in Aspergillus fumigatus and Aspergillus flavus.
Gene 200 (1997) 11-23.
Slaven, J.W., Anderson, M.J., Sanglard, D., Dixon, G.K., Bille, J., Roberts, I.S.
and Denning, D.W. Increased expression of a novel Aspergillus fumigatus
ABC transporter gene, atrF, in the presence of itraconazole in an
itraconazole resistant clinical isolate. Fungal Genet. Biol. 36 (2002) 199-206.
Choi, C.H. ABC transporters as multidrug resistance mechanisms and the
development of chemosensitizers for their reversal. Cancer Cell Int. 5 (2005)
30.
Al-Shawi, M.K. and Omote, H. The remarkable transport mechanism of
P-glycoprotein; a multidrug transporter. J. Bioenerg. Biomembr. 6 (2005)
489-496.
Ni, Z. and Mao, Q. ATP-binding cassette efflux transporters in human
placenta. Curr. Pharm. Biotechnol. 12 (2011) 674-685.
Kolaczkowska, A. and Goffeau, A. Regulation of pleiotropic drug resistance
in yeast. Drug Resist. Updat. 2 (1999) 403-414.
Katzmann, D.J., Hallstrom, T.C., Mahe, Y. and Moye-Rowley, W.S.
Multiple Pdr1p/Pdr3p binding sites are essential for normal expression of the
ATP binding cassette transporter protein-encoding gene PDR5. J. Biol.
Chem. 271 (1996) 23049-23054.
Poch, O. Conservation of a putative inhibitory domain in the GAL4 family
members. Gene 184 (1997) 229-235.
Martens, J.A., Genereaux, J., Saleh, A. and Brandle, C.J. Transcriptional
activation by yeast PDR1p is inhibited by its association with
NGG1p/ADA3p. J. Biol. Chem. 271 (1996) 15884-15890.
Carvajal, E., van den Hazel, H.B., Cybularz-Kołaczkowska, A., Balzi, E.
and Goffeau, A. Molecular and phenotypic characterization of yeast PDR1

18

72.
73.
74.

75.

76.

77.
78.

79.

80.
81.

82.
83.

Vol. 19. No. 1. 2014

CELL. MOL. BIOL. LETT.

mutants that show hyperactive transcription of various ABC multidrug
transporter genes. Mol. Gen. Genet. 256 (1997) 406-415.
DeRisi, J., van den Hazel, H.B., Marc, P., Balzi, E., Brown, P., Jacq, C. and
Goffeau, A. Genome microarray analysis of transcriptional activation in
multidrug resistance yeast mutants. FEBS Lett. 470 (2000) 156-160.
Rank, G.H., Gerlach, J.H. and Robertson, A.J. Some physiological alteration
associated with pleiotropic cross resistance and collateral sensitivity in
Saccharomyces cerevisiae. Mol. Gen. Genet. 144 (1976) 281-288.
Kean, L.S., Grant, A.M., Angeletti, C., Mahe, Y., Kuchler, K., Fuller, R.S.
and Nichols, J.W. Plasma membrane translocation of fluorescent-labeled
phosphatidylethanolamine is controlled by transcription regulators, PDR1
and PDR3. J. Cell Biol. 138 (1997) 255-270.
Hallstrom, T.C., Lambert, L., Schorling, S., Balzi, E., Goffeau, A. and
Moye-Rowley, W.S. Coordinate control of sphingolipid biosynthesis and
multidrug resistance in Saccharomyces cerevisiae. J. Biol. Chem. 276
(2001) 23674-23680.
Decottignies, A., Grants, A.M., Nichols, J.W., de Wet, H., McIntosh, D.B.
and Goffeau, A. ATPase and multidrug transport activities of the
overexpressed yeast ABC protein Yor1p. J. Biol. Chem. 273 (1998) 1261212622.
Kralli, A., Bohen, S.P. and Yamamoto, K.R. LEM1, an ATP-bindingcassette transporter, selectively modulates the biological potency of steroid
hormones. Proc. Natl. Acad. Sci. USA 92 (1995) 4701-4705.
Nourani, A., Wesolowski-Louvel, M., Delaveau, T., Jacq, C. and Delahodde,
A. Multiple-drug-resistance phenomenon in the yeast Saccharomyces
cerevisiae: involvement of two hexose transporters. Mol. Cell. Biol. 17
(1997) 5453-5460.
do Valle Mata, M.A., Jonniaux, J.-L., Balzi, E., Goffeau, A. and van den
Hazel, B. Novel target genes of the yeast regulator Pdr1p: a contribution of
the TPO1 gene in resistance to quinidine and other drugs. Gene 272 (2001)
111-119.
Delaveau, T., Delahodde, A., Carvajal, E., Subik, J. and Jacq, C. PDR3,
a new yeast regulatory gene, is homologous to PDR1 and controls multidrug
resistance phenomenon. Mol. Gen. Genet. 244 (1994) 501-511.
Cui, Z., Shiraki, T., Hirata, D. and Miyakawa, T. Yeast gene YRR1, which is
required for resistance to 4-nitroquinoline N-oxide, mediates transcriptional
activation of the multidrug resistance transporter gene SNQ2. Mol.
Microbiol. 29 (1998) 1307-1315.
Schmitt, A.P. and McEntee, K. Msn2p, a zinc finger DNA-binding protein,
is the transcriptional activator of the multistress response in Saccharomyces
cerevisiae. Proc. Natl. Acad. Sci. USA 93 (1996) 5777-5782.
Delahodde, A., Delaveau, T. and Jacq, C. Positive autoregulation of the
yeast transcription factor Pdr3p, which is involved in control of drug
resistance. Mol. Cell Biol. 15 (1995) 4043-4051.

CELLULAR & MOLECULAR BIOLOGY LETTERS

19

84. Hallstrom, T.C., Katzmann, D. J., Torres, R.J., Sharp, W.J. and MoyeRowley, W.S. Regulation of transcription factor Pdr1 function by Hsp70
protein in Saccharomyces cereviasiae. Mol. Cell. Biol. 18 (1998) 1147-1155.
85. Hahn, J.-S., Neef, D.W. and Thiele, D.J. A stress regulatory network for coordinated activation
of proteasome expression mediated by yeast heat
shock transcription factor. Mol. Microbiol. 60 (2006) 240-251.
86. Wendler, F., Bergler, H., Prutej, K., Jungwirth, H., Zisser, G., Kuchler, K.
and Hogenauer, G. Diazaborine resistance in the yeast Saccharomyces
cerevisiae reveals a link between YAP1 and the pleiotropic drug resistance
genes PDR1 and PDR3. J. Biol. Chem. 272 (1997) 27091-27098.
87. Bartosiewicz, D. and Krasowska, A. Inhibitors of ABC transporters and
biophysical methods to study their activity. Z. Naturforsch. 64 (2009) 454-458.
88. Ozben, T. Mechanisms and strategies to overcome multiple drug resistance.
FEBS Lett. 580 (2006) 2903-2909.
89. Chen, T. Overcoming drug resistance by regulating nuclear receptors. Adv.
Drug Deliv. Rev. 62 (2010) 1257-1264.
90. Miller, T.P., Grogan, T.M., Dalton, W.S., Spier, C.M., Scheper, R.J. and
Salmon, S.E. P-glycoprotein expression in malignant lymphoma and
reversal of clinical drug resistance with chemotherapy plus high dose
verapamil. J. Clin. Oncol. 9 (1991) 17-24.
91. de Souza, P.S., Vasconcelos, F.C., Silva, L.F.R. and Maia R.C. Cyclosporin
A enables vincristine-induced apoptosis during reversal of multidrug
resistance phenotype in chronic myeloid leukemia cells. Tumor Biol. 33
(2012) 943-956.
92. Bankstahl, J.P., Kuntner, C., Abrahim, A., Karch, R., Stanek, J., Wanek, T.,
Wadsak, W., Kletter, K., Muller, M., Loscher, W. and Langer, O.
Tariquidar-induced P-glycoprotein inhibition at the rat blood-brain barrier
studied with (R)-11C-verapamil and PET. J. Nucl. Med. 49 (2008) 1328-1335.
93. Gadhe, C.G., Madhavan, T., Kothandan, G. and Cho, S.J. In silico
quantitative structure-activity relationship studies on P-gp modulators of
tetrahydroisoquinoline-ethyl-phenylamine series. BMC Struc. Biol. 11
(2011) 5.
94. Martin, C., Berridge, G., Mistry, P., Higgins, C., Charlton, P. and Callaghan, R.
The molecular interaction of the high affinity reversal agent XR9576 with
P-glycoprotein. Br. J. Pharmacol. 128 (1999) 403-411.
95. Gandhi, L., Harding, M.W., Neubauer, M., Langer, C.J., Moore, M., Ross, H.J.,
Johnson, B.E. and Lynch, T.J. A phase II study of the safety and efficacy of
the multidrug resistance inhibitor VX-710 combined with doxorubicin and
vincristine in patients with recurrent small cell lung cancer. Cancer 109
(2007) 924-932.
96. Molnar, J., Gyemant, N., Mucsi, I., Molnar, A., Szabo, M., Kortvelyesi, T.,
Varga, A., Molnar, P. and Toth, G. Modulation of multidrug resistance and
apoptosis of cancer cells by selected carotenoids. In Vivo 18 (2004) 237-244.

20

Vol. 19. No. 1. 2014

CELL. MOL. BIOL. LETT.

97. Gyemant, N., Tanaka, M., Molnar, P., Deli, J., Mandoky, L. and Molnar, J.
Reversal of multidrug resistance of cancer cells in vitro: modification of
drug resistance by selected carotenoids. Anticancer Res. 26 (2006) 367-374.
98. Gyemant, N., Tanaka, M., Antus, S., Hohmann, J., Csuka, O., Mandoky, L.
and Molnar, J. In vitro search for synergy between flavonoids and epirubicin
on multidrug-resistant cancer cells. In Vivo 19 (2005) 367-374.
99. Zhu, L., Zhao, L., Wang, H., Wang, Y., Pan, D., Yao, J., Li, Z., Wu, G. and
Guo, Q. Oroxylin A reverses P-glycoprotein-mediated multidrug resistance
of MCF7/ADR cells by G2/M arrest. Toxicol. Lett. 219 (2013) 107-115.
100. Cheng, J., Cheng, L., Chen, B., Xia, G., Gao, C., Song, H., Bao, W., Guo, Q.,
Zhang, H. and Wang, X. Effect of magnetic nanoparticles of Fe3O4 and
wogonin on the reversal of multidrug resistance in K562/A02 cell line. Int.
J. Nanomedicine 7 (2012) 2843-2852.
101. Bois, F., Boumendjel, A., Mariotte, A.M., Conseil, G. and Di Petro, A.
Synthesis and biological activity of 4-alkyloxy chalcones: potential
hydrophobic modulators of P- glycoprotein-mediated multidrug resistance.
Bioorg. Med. Chem. 7 (1999) 2691-2695.
102. Liu, X.L., Tee, H.W and Go, M.L. Functionalized chalcones as selective
inhibitors of P-glycoprotein and breast cancer resistance protein. Bioorg.
Med. Chem. 16 (2008) 171-180.
103. Bulatova, N.R. and Darwish, R.M. Effect of chemosensitizers on minimum
inhibitory concentrations of fluconazole in Candida albicans. Med. Princ.
Pract. 17 (2008) 117-121.
104. Maesaki, S., Marichal, P., Hossain, M.A., Sanglard, D., Vanden Bossche, H.
and Kohno, S. Synergic effects of tacrolimus and azole antifungal agents
against azole-resistant Candida albicans strains. J. Antimicrob.
Chemother. 42 (1998) 747-753.
105. Lamoureux, F., Mestre, E., Essig, M., Sauvage, F.L., Marquet, P. and
Gastinel, L.N. Quantitative proteomic analysis of cyclosporine-induced
toxicity in human kidney cell line andcomparison with tacrolimus.
J. Proteomics 75 (2011) 677-694.
106. Roberts, C.A., Stern, D.L. and Radio, S.J. Asymmetric cardiac hypertrophy
at autopsy in patients who received FK506 (tacrolimus) or cyclosporine A
after liver transplant. Transplantation 74 (2002) 817-821.
107. Zhang, H., Gao, A., Li, F., Zhang, G., Ho, H.I. and Liao, W. Mechanism of
action of tetrandrine, a natural inhibitor of Candida albicans drug efflux
pumps. Yakugaku Zasshi 129 (2009) 623-630.
108. Ricardo, E., Costa-de-Oliveira, S., Dias, A.S., Guerra, J., Rodrigues, A.G.
and Pina-Vaz, C. Ibuprofen reverts antifungal resistance on Candida
albicans showing overexpression of CDR genes. FEMS Yeast Res. 9
(2009) 618-625.
109. Schuetzer-Muehlbauer, M., Willinger, B., Egner, R., Ecker, G. and Kuchler, K.
Reversal of antifungal resistance mediated by ABC efflux pumps from

CELLULAR & MOLECULAR BIOLOGY LETTERS

110.
111.

112.

113.

114.
115.

116.
117.

118.

119.
120.
121.

21

Candida albicans functionally expressed in yeast. Int. J. Antimicrob.
Agents 22 (2003) 291-300.
Shukla, S., Sauna, Z.E., Prasad, R. and Ambudkar, S.V. Disulfiram is
a potent modulator of multidrug transporter Cdr1p of Candida albicans.
Biochem. Biophys. Res. Commun. 322 (2004) 520-525.
Conseil, G., Perez-Victoria, J.M., Renoir, J.M., Goffeau, A. and Di Pietro, A.
Potent competitive inhibition of drug binding to the Saccharomyces
cerevisiae ABC exporter Pdr5p by the hydrophobic estradiol-derivative
RU49953. Biochim. Biophys. Acta 1614 (2003) 131-134.
Banerjee, D., Lelandais, G, Shukla, S., Mukhopadhyay, G., Jacq, C.,
Devaux, F. and Prasad, R. Responses of pathogenic and nonpathogenic yeast
species to steroids reveal the functioning and evolution of multidrug
resistance transcriptional networks. Eucaryot. Cell 7 (2008) 68-77.
Kołaczkowski, M., van der Rest, M., Cybularz-Kołaczkowska, A.,
Soumillion, J.P., Konings, W.N. and Goffeau, A. Anticancer drugs,
ionophoric peptides, and steroids as substrates of the yeast multidrug
transporter Pdr5p. J. Biol. Chem. 271 (1996) 31543-31548.
Kołaczkowski, M., Michalak, K., and Motohashi, N. Phenotiazines as potent
modulators of yeast multidrug resistance. Int. J. Antimicrob. Agents 22
(2003) 279-283.
Conseil, G., Decottignies, A., Jault, J.M., Comte, G., Barron, D., Goffeau, A.
and Di Pietro, A. Prenyl-flavonoids as potent inhibitors of the Pdr5p
multidrug ABC transporter from Saccharomyces cerevisiae. Biochemistry
39 (2000) 6910-6917.
Wesołowska, O. Interaction of phenotiazines, stilbenes and flavonoids with
multidrug resistance-associated transporters, P-glycoprotein and MRP1.
Acta Biochim. Pol. 58 (2011) 433-448.
Rosso, J., Zachowski, A. and Devaux, P.F. Influence of chlorpromazine on
the transverse mobility of phospholipids in the human erythrocyte
membrane: relation to shape changes. Biochim. Biophys. Acta 942 (1988)
271-279.
Kolaczkowski, M., Kolaczkowska, A., Motohashi, N. and Michalak, K. New
high-throughput screening assay to reveal similarities and differences in
inhibitory sensitivities of multidrug ATP-binding cassette transporters.
Antimicrob. Agents Chemother. 53 (2009) 1516-1527.
Kaatz, G.W., Moudgal, V.V., Seo, S.M. and Kristiansen, J.E. Phenothiazines
and thioxanthenes inhibit multidrug efflux pump activity in Staphylococcus
aureus. Antimicrob. Agents. Chemother. 47 (2003) 719-726.
Safa, A.R. Photoaffinity labels for characterizing drug interaction sites of
P-glycoprotein. Methods Enzymol. 292 (1998) 289-307.
Hiraga, K., Yamamoto, S., Fukuda, H., Hamanaka, N. and Oda, K. Enniatin
has a new function as an inhibitor of Pdr5p, one of the ABC transporters in
Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 328 (2005)
1119-1125.

22

Vol. 19. No. 1. 2014

CELL. MOL. BIOL. LETT.

122. Niimi, K., Harding, D.R.K., Parshot, R., King, A., Lun, D.J., Decottignies,
A., Niimi, M., Lin, S., Cannon, R.D., Goffeau, A. and Monk, B.C.
Chemosensitization of fluconazol resistance in Saccharomyces cerevisiae
and pathogenic fungi by a D-octapeptide derivative. Antimicrob. Agents
Chemother. 48 (2004) 1256-1271.
123. Cernicka, J., Kozovska, Z., Hnatova, M., Valachovic, M., Hapala, I., Riedl, Z.,
Hajos, G. and Subik, J. Chemosensitization of drug-resistant and drugsensitive yeast cells to antifungals. Int. J. Antimicrob. Agents 29 (2007)
170-178.
124. Tanida, T., Okamoto, T., Ueta, E., Yamamoto, T. and Osaki, T. Antimicrobial
peptides enhance the candidacidal activity of antifungal drugs by promoting
the efflux of ATP from Candida cells. J. Antimicrob. Chemother. 57
(2006) 94-103.

