
The problem of antifungal resistance

　The development of resistance by microbes 
to drug treatments is a major health issue, and 
particularly so for antifungal therapy where few 
classes of drugs are available. In the 1990s, the 
widespread use of prolonged therapy with the 
fungistatic drug fluconazole （FLC） to prevent 
recurrent candidiasis or cryptococcal meningitis 1） 
led to an increased frequency of oropharyngeal 
candidiasis （OPC） treatment failure due to FLC-
resistant C. albicans strains 2, 3）. This became a major 
problem in the treatment of AIDS patients 4）. 
The incidence of OPC in HIV-infected individuals 
peaked in 1997 5） and has since declined 
following the introduction of HAART （highly 
active anti-retroviral therapy; reviewed by Kaplan 
et al. 6））. Despite the use of HAART, Candida 
infections still cause severe complications during 

the advanced stages of AIDS 7）. There is also 
increasing evidence for significant development 
of drug-resistant HIV in the HAART era 8, 9） 
which may result in the re-emergence of AIDS-
related infections such as candidiasis.

Resistance mechanisms

　A variety of resistance mechanisms contribute 
to FLC resistance 10－13）, but the most clinically 
significant resistance mechanism is considered 
to be energy-dependent drug efflux from C. 
albicans cells 14）. This reduces the intracellular 
concentration of FLC, thus preventing inhibi-
tion of the drug target, Erg11p （cytochrome 
P450 lanosterol demethylase）. C. albicans possesses 
genes with homology to two classes of drug 
efflux pumps: the ATP binding cassette （ABC） 
family, and the major facilitator superfamily 
（MFS） of membrane transporters. Of all potential 
drug pumps in C. albicans, expression of mRNAs 
encoding the ABC transporters CaCdr1p and 
CaCdr2p most often correlates with FLC 
resistance in C. albicans clinical isolates 15－20）. 
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An examination of the database strain （SC5314） 
sequence has identified 28 putative ABC 
transporters 21）. Six （CDR1, CDR2, CDR99, CDR3, 
CDR4, SNQ1） have the hallmark dual nucleo-
tide binding domains （NBD） each followed by 
transmembrane domains （TMD） consisting of 
six transmembrane spans 11） （Fig. 1）. Four of 
these genes （CDR1-4） have been functionally 
analysed, but only CDR1 and CDR2 have been 
demonstrated to be involved in efflux of azole 
drugs. Disruption of CDR1 makes C. albicans hyper-
susceptible to azoles 22） and we have demon-
strated that controlled over-expression of Cdr1p 
in a C. albicans CDR1-null mutant conferred 
resistance to FLC and other xenobiotics 23）. 
Although there is strong evidence for the 
involvement of Cdr1p in FLC resistance, RT-
PCR evidence suggests that Cdr2p may also 
play a significant role 20）. Furthermore, we 
recently found that elevated expression of both 
Cdr1p and Cdr2p polypeptides in cell plasma 
membrane fractions also accompanied decreased 
susceptibility to azoles in sequential Candida 
albicans clinical isolates that developed FLC 
resistance （Holmes et al. unpublished data）. 
Therefore, an understanding of the mechanism 
of action of these two transporters could help 
develop new approaches to reducing antifungal 
treatment failure. Although many studies （reviewed 
by Ernst et al. 24）） have focussed on the mechanisms 
involved in the development and regulation of 
elevated pump expression, primary sequence 
changes within an ORF also affect the 
expression and function of proteins. This brief 
review will describe how changes in single 
residues within ABC transporters can influence 
functions such as substrate recognition and 
inhibitor susceptibilities.

ABC transporters Cdr1p and Cdr2p: functional 
studies

　ABC transporter proteins are located in the 
plasma membrane, or in organelle membranes, 
of organisms as diverse as Escherichia coli and 
humans. They are ATP-dependent translocators 
of a wide variety of small molecules, including 
many xenobiotics, and typically comprise alternat-
ing pairs of cytoplasmic NBDs and membrane-
embedded TMDs that contain six transmembrane 
spans 25）. ABC transporters are important in 
many human genetic disorders 25－27）. In cancer 
patients, multidrug resistance （MDR） of neoplas-
tic tissues can be a major obstacle in cancer 
chemotherapy, and the predominant cause of 
MDR is the over-expression and drug transport 
activity of P-glycoprotein （P-gp） 28）. The orienta-
tion of the four domains in ABC transporters 
varies in different organisms, depending on the 
functions performed by the pump 29, 30）. All 
NBD regions contain conserved motifs: Walker 
A and Walker B （also found in other 
nucleotide-binding proteins） and the family-
defining C-loop or ABC signature motif 
（LSGGQ）. Saccharomyces cerevisiae Pdr5p is the 
archetype of the fungal pleiotropic drug 
resistance （PDR） family of drug transporters; 
the largest grouping （10 members） among the 
～30 ABC transporters in this yeast 31）. C. 
albicans Cdr1p and Cdr2p show approximately 
70% homology with Pdr5p. 
　In order to study the function of individual 
fungal transporters, researchers, including the 
authors, have used heterologous expression in the 
genetically tractable model yeast S. cerevisiae 32－35）. 
The host S. cerevisiae strain AD1-8u- has been 
developed to contain a mutant transcriptional 
regulator Pdr1-3p which leads to constitutive 
expression of genes integrated at the PDR5 locus. 
This gives high-level expression of functional 
heterologous proteins in the plasma membrane 
of S. cerevisiae 33, 36）. Seven of the endogenous 
efflux pump genes have been disrupted in this 
strain, so that the pump function measured is 
dominated by the introduced heterologous 
gene. We have demonstrated that we can use 
this system to clone and functionally express 
the individual alleles of C. albicans CaCdr1p 33） 
and other ABC and MFS transporters 37）. An 
analysis of plasma membrane fractions of S. 
cerevisiae cells hyper-expressing Pdr5p or individual 
alleles of Cdr1p or Cdr2p （from laboratory 
strain ATCC 10261） revealed that these proteins 
were expressed at levels equivalent to 25-29% 
of membrane protein （Fig. 2）.
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Fig. 1. Diagrammatic representation of a member of the 
Pdr5p family of fungal ABC transporters within the 
plasma membrane.
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　Heterologous expression of the efflux pump 
proteins allows direct functional comparison of 
pumps and identification of factors that affect 
function. A number of assays （both whole cell 
and in vitro） have been developed to assess the 
function of individual pump proteins. The 
simplest approach is to determine the inhibitory 
concentrations of antifungals on whole cells, 
using a liquid media-based minimal inhibitory 
concentration （MIC） microdilution assay such as 
that used in clinical laboratories 38） or a solid 
media drug diffusion 33） or drug dilution 39） 
resistance assay. A more direct measure of pump 
function is the quantification of substrate efflux 
using a radiolabelled substrate or a naturally 
fluorescent substrate such as rhodamine 6G 
（R6G） 33）. Fig. 3 shows the glucose-dependent 
R6G efflux from S. cerevisiae strains expressing 
either CaCdr1p or CaCdr2p, that had been 
preloaded with R6G under glucose-deprived 
conditions. Strains expressing either ATCC 
10261 CaCdr1p allele achieved greater efflux 
than strains expressing either CaCdr2p allele, 
but this required higher glucose concentrations. 
Under the same conditions, no R6G efflux by 
the empty transformation cassette control strain 
AD/pABC3 was detected. There are also a 
number of assays to measure the function of 
the pump in purified membrane preparations 

（reviewed by 24）） such as the measurement of 
vandate- and oligomycin-sensitive ATPase activity 40）.

Identifying amino acid residues important for 
efflux pump function

　Many studies have highlighted the importance 
of single residues in substrate recognition and 
inhibitor susceptibilities of pump proteins 24）. 
Human ABC transporters have been subjected 
to directed mutational analysis, and mapping of 
natural mutations, in order to elucidate structure/ 
function relationships （reviewed by Frelet and 
Klein 41））. More than 50 single nucleotide 
polymorphisms （SNPs） have been reported for 
human P-gp, many of which affect the function 
of the protein 27, 42）. In fungal ABC transporters, 
a commonly conserved lysine in the Walker A 
motif is replaced by cysteine and in C. albicans 
Cdr1p NBD1 C193 was shown to be essential 
for ATPase activity 43, 44）. The C. albicans NBD2 
has the conventional lysine residue at a similar 
position, which is also critical for function 45）. 
Site-directed mutation has shown that F774 in 
TM segment 6 of Cdr1p affects the protein’s 
trafficking and localisation 46）. A T1351F muta-
tion in the TM segment 11 of Cdr1p 35） and 
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Fig. 2.  SDS-PAGE analysis of plasma membrane fractions 
showing hyper-expression of efflux pump membrane 
proteins from Saccharomyces cerevisiae （Pdr5p） and C. 
albicans （Cdr1p and Cdr2p） in S. cerevisiae AD1-8u-. 
Gel was stained with Coomassie blue. Filled arrow: 
hyper-expressed pump proteins; open arrow: Pma1p; 
AD/pABC3: empty transformation cassette control.

Fig. 3. Differential response to glucose of R6G efflux 
from S. cerevisiae strains expressing individual alleles 
of CaCdr1p or CaCdr2p from C. albicans ATCC 
10261. Cells were pre-loaded with R6G under 
starvation conditions as described by Nakamura et 
al. （2001） 33）. Efflux of R6G was measured in 
filtered supernatants 10 min after the addition of 
glucose. Results shown are the means of triplicate 
samples in a representative experiment.
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mutations in the TM-10 of S. cerevisiae Pdr5p 47） 
affect substrate specificity. Alanine scanning 
mutagenesis has identified single amino acid 
residues in Cdr1p TM-11 affecting function 34） 
and cysteine-scanning mutagenesis of human P-
gp identified important residues for substrate 
binding in the TM-12 region of this pump 
protein 48）. Comparison of the primary structures 
of different ABC transporters can also provide 
important clues about the function and regula-
tion of the fungal transporters. Although the 
fungal and human NBDs probably evolved by 
gene duplication from half sized transporters, 

fungal ABC transporters contain NBDs that 
appear less homologous and functionally less 
similar than their human counterparts. For 
example the Walker A, Walker B and signature 
motifs of the P-gp ATP binding site are highly 
conserved between its two NBDs. In contrast, 
the fungal signature motifs differ markedly between 
NBDs 43, 49）. Examination of these differences 
has provided further insight into structure/ 
function relationships. Mutational analysis of the 
two NBDs of C. albicans Cdr1p revealed that 
they influence Cdr1p function differently 45）. In 
the C. glabrata Cdr1p NBD1, a Walker A motif 
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Fig. 5. Generation of a mutant allele of C. albicans CDR1 with reduced function. The L1021S mutation was generated by 
recombinant PCR site-directed mutagenesis of the C. albicans ATCC 10261 CDR1 A allele. The mutated allele was 
expressed in S. cervisiae AD1-8u-. A. Diagram showing the NBD and TMD regions of Cdr1p indicating the position of 
the introduced mutation. B. Table showing reduced function of the mutated allele as determined by microdilution 
MIC assays, ATPase activities of purified membrane fractions and glucose-dependent R6G efflux from whole cells 
preloaded with R6G under starvation conditions. C. Coomassie blue stained SDS-PAGE separation of purified 
plasma membranes from S. cerevisiae strains expressing the parental or mutant allele. Arrow indicates heterologous 
Cdr1p. 

Fig. 4.  Diagrammatic representation of the NBD and TMD regions of Cdr1p and the A and B alleles of the C. albicans 
strain ATCC 10261 CDR1 gene. SNPs are indicated by broken lines （S-SNPs） or solid lines （NS-SNPs）. The A allele 
amino acid residue is given first for each NS-SNP identified. The MICs of S. cerevisiae strains expressing the individual 
allele proteins are given. 

 



C189A mutation diminished enzyme activity by 
30-40% without significantly increasing suscepti-
bility to FLC or the fluorescent substrate R6G, 
whereas the comparable mutation in the Walker 
A motif of NBD2 （K899A） eliminated ATPase 
activity and dramatically increased susceptibility 
to xenobiotic pump substrates （Tanabe et al. 
unpublished data）. 
　Mapping of naturally occurring non-synonymous 
（NS）-SNPs that affect function has been applied 
widely to the identification of key amino acid 
residues in human ABC transporters 41）. We 
recently discovered that there is considerable 
heterozygosity in the CDR2 gene of C. albicans 
isolates （up to 20 NS-SNPs） that results in 
functional variation between the two alleles 
（Holmes et al. unpublished data）. The CDR1 
gene of C. albicans laboratory strain ATCC 10261 
showed less extensive heterozygosity, but also 
contains six NS-SNPs that result in functional 
differences between the allele proteins, as 
determined by separately cloning and hyper-
expressing each allele （denoted A or B） in S. 
cerevisiae AD1-8u- （Fig. 4）. In order to investigate 
the effect of introducing additional NS-SNPs, 
CDR1 was amplified under low fidelity conditions. 
Following cloning and transformation of S. 
cerevisiae AD1-8u- with the mutated DNA fragment, 
a strain with reduced fluconazole MIC （30 μg/ 
ml ） was isolated. Sequencing showed that this 
strain contained the A allele with 3 additional 
non-synonymous SNPs. Each individual muta-
tion was inserted into the A allele by site-
directed mutagenesis using recombinant PCR. 
Mutated Cdr1ps were expressed to a similar 
extent as the parental Cdr1pA （Fig. 5）. Only 
mutation L1021S （obtained in strain A’’） 
showed reduced function, as demonstrated by a 
decreased FLC MIC, reduced glucose-dependent 
R6G efflux and lower ATPase activity, relative to 
the wild-type A allele. The L1021S mutation is 
immediately before the Walker B motif （LLFLDE） 
of NBD2 confirming that the NBD2 of C. 
albicans Cdr1p is critical for function, as 
previously reported 45）. 
　In conclusion, recent studies have made 
valuable progress in the determination of 
structure/function relationships for the primary 
sequences of the Cdr pump proteins of C. 
albicans. Such studies are important as reference 
points, linking structural analysis to function. 
Combined use of data from mutational analysis 
and crystallography will provide the best 
opportunities to define the mode of action of 
lead inhibitors and for mapping the essential 
features of substrate and inhibitor binding sites.

Acknowledgements

　This study was supported in part by the 
National Institutes of Health, USA （R21DE15075-
RDC）, and the Japan Health Sciences Founda-
tion and is based on a presentation by ARH to 
the 49th Annual Meeting of the Japanese 
Society for Medical Mycology, Chiba, October 6-
7 2005.

References

 1） Stevens DA, Greene SI, Lang OS: Thrush can 
be prevented in patients with acquired 
immunodeficiency syndrome and the acquired 
immunodeficiency syndrome-related complex. 
Randomized, double-blind, placebo-controlled 
study of 100-mg oral fluconazole daily. Arch 
Intern Med 151: 2458－2464, 1991.

 2） Ruhnke M, Eigler A, Tennagen I, Geiseler B, 
Engelmann E, Trautmann M: Emergence of 
fluconazole-resistant strains of Candida albicans in 
patients with recurrent oropharyngeal candidosis 
and human immunodeficiency virus infection. 
J Clin Microbiol 32: 2092－2098, 1994.

 3） Boschman CR, Bodnar UR, Tornatore MA, 
Obias AA, Noskin GA, Englund K, Postelnick 
MA, Suriano T, Peterson LR: Thirteen-year 
evolution of azole resistance in yeast isolates 
and prevalence of resistant strains carried by 
cancer patients at a large medical center. 
Antimicrob Agents Chemother 42: 734－738, 
1998.

 4） White TC, Marr KA, Bowden RA: Clinical, 
cellular, and molecular factors that contribute 
to antifungal drug resistance. Clin Microbiol 
Rev 11: 382－402, 1998.

 5） Jones JL, Hanson DL, Dworkin MS, Alderton 
DL, Fleming PL, Kaplan JE, Ward J: 
Surveillance for AIDS-defining opportunistic 
illnesses, 1992-1997. MMWR CDC Surveill 
Summ 48: 1－22, 1999.

 6） Kaplan JE, Hanson D, Dworkin MS, Frederick 
T, Bertolli J, Lindegren ML, Holmberg S, 
Jones JL: Epidemiology of human immuno-
deficiency virus-associated opportunistic infections 
in the United States in the era of highly 
active antiretroviral therapy. Clin Infect Dis 30 
Suppl 1: S5－14, 2000.

 7） Bertagnolio S, de Gaetano Donati K, Tacconelli 
E, Scoppettuolo G, Posteraro B, Fadda G, 
Cauda R, Tumbarello M: Hospital-acquired 
candidemia in HIV-infected patients. Incidence, 
risk factors and predictors of outcome. J 
Chemother 16: 172－178, 2004.

 8） Richman DD: HIV chemotherapy. Nature 410: 
995－1001, 2001.

 9） Gallant JE, Gerondelis PZ, Wainberg MA, 
Shulman NS, Haubrich RH, St Clair M, Lanier 
ER, Hellmann NS, Richman DD: Nucleoside 
and nucleotide analogue reverse transcriptase 

Jpn. J. Med. Mycol. Vol. 47 （No. 4）, 2006 279



inhibitors: a clinical review of antiretroviral 
resistance. Antivir Ther 8: 489－506, 2003.

10） Morschhauser J: The genetic basis of fluconazole 
resistance development in Candida albicans. 
Biochim Biophys Acta 1587: 240－248, 2002.

11） Akins RA: An update on antifungal targets 
and mechanisms of resistance in Candida 
albicans. Med Mycol 43: 285－318, 2005.

12） Prasad R, Kapoor K: Multidrug resistance in 
yeast Candida. Int Rev Cytol 242: 215－248, 
2005.

13） Sanglard D, Bille J: Current understanding of the 
modes of action of and resistance mechanisms 
to conventional and emerging antifungal agents 
for treatment of Candida infections. In Candida 
and Candidiasis （R. Calderone, Ed）, p.349－
383, ASM Press, Washington, 2002.

14） White TC, Holleman S, Dy F, Mirels LF, 
Stevens DA: Resistance mechanisms in clinical 
isolates of Candida albicans. Antimicrob Agents 
Chemother 46: 1704－1713, 2002.

15） Maebashi K, Niimi M, Kudoh M, Fischer FJ, 
Makimura K, Niimi K, Piper RJ, Uchida K, 
Arisawa M, Cannon RD, Yamaguchi H: 
Mechanisms of fluconazole resistance in Candida 
albicans isolates from Japanese AIDS patients. J 
Antimicrob Chemother 47: 527－536, 2001.

16） Perea S, Lopez-Ribot JL, Kirkpatrick WR, 
McAtee RK, Santillan RA, Martinez M, Calabrese 
D, Sanglard D, Patterson TF: Prevalence of 
molecular mechanisms of resistance to azole 
antifungal agents in Candida albicans strains 
displaying high-level fluconazole resistance isolated 
from human immunodeficiency virus-infected 
patients. Antimicrob Agents Chemother 45: 
2676－2684, 2001.

17） Sanglard D, Kuchler K, Ischer F, Pagani JL, 
Monod M, Bille J: Mechanisms of resistance to 
azole antifungal agents in Candida albicans 
isolates from AIDS patients involve specific 
multidrug transporters. Antimicrob Agents 
Chemother 39: 2378－2386, 1995.

18） White TC: Increased mRNA levels of ERG16, 
CDR, and MDR1 correlate with increases in azole 
resistance in Candida albicans isolates from a 
patient infected with human immunodeficiency 
virus. Antimicrob Agents Chemother 41: 1482－
1487, 1997.

19） Rogers PD, Barker KS: Genome-wide expression 
profile analysis reveals coordinately regulated 
genes associated with stepwise acquisition of 
azole resistance in Candida albicans clinical 
isolates. Antimicrob Agents Chemother 47: 1220
－1227, 2003.

20） Chau AS, Mendrick CA, Sabatelli FJ, Loebenberg 
D, McNicholas PM: Application of real-time 
quantitative PCR to molecular analysis of 
Candida albicans strains exhibiting reduced 
susceptibility to azoles. Antimicrob Agents 
Chemother 48: 2124－2131, 2004.

21） Gaur M, Choudhury D, Prasad R: Complete 
inventory of ABC proteins in human pathogenic 
yeast, Candida albicans. J Mol Microbiol Biotechnol 
9: 3－15, 2005.

22） Sanglard D, Ischer F, Monod M, Bille J: 
Susceptibilities of Candida albicans multidrug 
transporter mutants to various antifungal agents 
and other metabolic inhibitors. Antimicrob 
Agents Chemother 40: 2300－2305, 1996.

23） Niimi M, Niimi K, Takano Y, Holmes AR, 
Fischer FJ, Uehara Y, Cannon RD: Regulated 
overexpression of CDR1 in Candida albicans 
confers multidrug resistance. J Antimicrob 
Chemother 54: 999－1006, 2004.

24） Ernst R, Klemm R, Schmitt L, Kuchler K: 
Yeast ATP-binding cassette transporters: cellular 
cleaning pumps. Methods Enzymol 400: 460－
484, 2005.

25） Dean M: The genetics of ATP-binding cassette 
transporters. Methods Enzymol 400: 409－429, 
2005.

26） Dean M, Rzhetsky A, Allikmets R: The human ATP-
binding cassette （ABC） transporter superfamily. 
Genome Res 11: 1156－1166, 2001.

27） Ishikawa T, Sakurai A, Kanamori Y, Nagakura M, 
Hirano H, Takarada Y, Yamada K, Fukushima 
K, Kitajima M: High-speed screening of human 
ATP-binding cassette transporter function and 
genetic polymorphisms: new strategies in 
pharmacogenomics. Methods Enzymol 400: 485
－510, 2005.

28） Breier A, Barancik M, Sulova Z, Uhrik B: 
P-glycoprotein--implications of metabolism of 
neoplastic cells and cancer therapy. Curr 
Cancer Drug Targets 5: 457－468, 2005.

29） Jones PM, George AM: The ABC transporter 
structure and mechanism: perspectives on 
recent research. Cell Mol Life Sci 61: 682－699, 
2004.

30） Borges-Walmsley MI, McKeegan KS, Walmsley 
AR: Structure and function of efflux pumps 
that confer resistance to drugs. Biochem J 
376: 313－338, 2003.

31） De Hertogh B, Carvajal E, Talla E, Dujon B, 
Baret P, Goffeau A: Phylogenetic classification 
of transporters and other membrane proteins 
from Saccharomyces cerevisiae. Funct Integr Genomics 
2: 154－170, 2002.

32） Decottignies A, Kolaczkowski M, Balzi E, 
Goffeau A: Solubilization and characterization 
of the overexpressed PDR5 multidrug resistance 
nucleotide triphosphatase of yeast. J Biol 
Chem 269: 12797－12803, 1994.

33） Nakamura K, Niimi M, Niimi K, Holmes AR, 
Yates JE, Decottignies A, Monk BC, Goffeau A, 
Cannon RD: Functional expression of Candida 
albicans drug efflux pump Cdr1p in a 
Saccharomyces cerevisiae strain deficient in membrane 
transporters. Antimicrob Agents Chemother 
45: 3366－3374, 2001.

真菌誌　第47巻　第 4 号　平成18年280



34） Saini P, Prasad T, Gaur NA, Shukla S, Jha S, 
Komath SS, Khan LA, Haq QM, Prasad R: 
Alanine scanning of transmembrane helix 11 
of Cdr1p ABC antifungal efflux pump of 
Candida albicans: identification of amino acid 
residues critical for drug efflux. J Antimicrob 
Chemother 56: 77－86, 2005.

35） Shukla S, Ambudkar SV, Prasad R: Substitution 
of threonine-1351 in the multidrug transporter 
Cdr1p of Candida albicans results in hypersus-
ceptibility to antifungal agents and threonine-
1351 is essential for synergic effects of 
calcineurin inhibitor FK520. J Antimicrob 
Chemother 54: 38－45, 2004.

36） Wada S, Niimi M, Niimi K, Holmes AR, Monk 
BC, Cannon RD, Uehara Y: Candida glabrata 
ATP-binding cassette transporters Cdr1p and 
Pdh1p expressed in a Saccharomyces cerevisiae 
strain deficient in membrane transporters show 
phosphorylation-dependent pumping properties. 
J Biol Chem 277: 46809－46821, 2002.

37） Niimi M, Tanabe K, Wada S, Yamazaki A, 
Uehara Y, Niimi K, Lamping E, Holmes AR, 
Monk BC, Cannon RD: ABC transporters of 
pathogenic fungi: recent advances in functional 
analyses. Jpn J Med Mycol 46: 249－260, 2005.

38） Reference method for broth dilution antifungal 
susceptibility testing of yeast. Approved standard 
M27-A2, 2nd ed. National Committee for 
Clinical Laboratory Standards, Villanova, Pa. 
NCCLS document M27－A2, 2002.

39） Schuetzer-Muehlbauer M, Willinger B, Krapf G, 
Enzinger S, Presterl E, Kuchler K: The Candida 
albicans Cdr2p ATP-binding cassette （ABC） 
transporter confers resistance to caspofungin. 
Mol Microbiol 48: 225－235, 2003.

40） Niimi K, Harding DR, Parshot R, King A, Lun 
DJ, Decottignies A, Niimi M, Lin S, Cannon 
RD, Goffeau A, Monk BC: Chemosensitization 
of fluconazole resistance in Saccharomyces cerevisiae 
and pathogenic fungi by a D-octapeptide 
derivative. Antimicrob Agents Chemother 48: 
1256－1271, 2004.

41） Frelet A, Klein M: Insight in eukaryotic ABC 
transporter function by mutation analysis. 

FEBS Lett, 2006.
42） Ishikawa T, Onishi Y, Hirano H, Oosumi K, 

Nagakura M, Tarui S: Pharmacogenomics of drug 
transporters: a new approach to functional 
analysis of the genetic polymorphisms of 
ABCB1 （P-glycoprotein/MDR1）. Biol Pharm 
Bull 27: 939－948, 2004.

43） Jha S, Karnani N, Dhar SK, Mukhopadhayay 
K, Shukla S, Saini P, Mukhopadhayay G, 
Prasad R: Purification and characterization of 
the N-terminal nucleotide binding domain of 
an ABC drug transporter of Candida albicans: 
uncommon cysteine 193 of Walker A is critical 
for ATP hydrolysis. Biochemistry 42: 10822－
10832, 2003.

44） Jha S, Karnani N, Lynn AM, Prasad R: 
Covalent modification of cysteine 193 impairs 
ATPase function of nucleotide-binding domain 
of a Candida drug efflux pump. Biochem 
Biophys Res Commun 310: 869－875, 2003.

45） Jha S, Dabas N, Karnani N, Saini P, Prasad R: 
ABC multidrug transporter Cdr1p of Candida 
albicans has divergent nucleotide-binding domains 
which display functional asymmetry. FEMS 
Yeast Res 5: 63－72, 2004.

46） Shukla S, Saini P, Smriti, Jha S, Ambudkar SV, 
Prasad R: Functional characterization of Candida 
albicans ABC transporter Cdr1p. Eukaryot Cell 
2: 1361－1375, 2003.

47） Egner R, Bauer BE, Kuchler K: The trans-
membrane domain 10 of the yeast Pdr5p ABC 
antifungal efflux pump determines both 
substrate specificity and inhibitor susceptibility. 
Mol Microbiol 35: 1255-1263, 2000.

48） Loo TW, Clarke DM: Location of the rhodamine-
binding site in the human multidrug resistance 
P-glycoprotein. J Biol Chem 277: 44332－44338, 
2002.

49） Wada S, Tanabe K, Yamazaki A, Niimi M, 
Uehara Y, Niimi K, Lamping E, Cannon RD, 
Monk BC: Phosphorylation of Candida glabrata 
ATP-binding cassette transporter Cdr1p regulates 
drug efflux activity and ATPase stability. J Biol 
Chem 280: 94－103, 2005.

Jpn. J. Med. Mycol. Vol. 47 （No. 4）, 2006 281

この論文は, 第 49 回日本医真菌学会総会の “シンポジウム 2 : 分子医真菌学の

新展開” において発表されたものです. 


