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By functional complementation of a PDR 5 (pleiotropic drug resistance) null mutant
of S. cerevisiae, we have recently cloned and sequenced a multidrug resistance gene
CDR 1 (Candida Drug Resistance). Transformation by CDR 1 of a PDR 5 disrupted host
hypersensitive to cycloheximide and chloramphenicol resulted in resistance to these
as well as other unrelated drugs. The nucleotide sequence of CDR 1 revealed that, like
PDR 5, it encodes a putative membrane pump belonging to the ABC superfamily. CDR
I encodes a protein of 169.9 kDa whose predicted structural organisation is characte-
rised by two homologous halves, each comprising a hydrophobic region, with a set of
six transmembrane stretches, preceded by a hydrophilic binding fold. We now have
evidence to suggest that there are several PDR homologues present in C. albicans
which display multidrug resistance and a collateral sensitivity pattern different from
PDR 5 and CDR 1. The functions of such genes and their products in the overall

physiology of C. albicans is not yet established.

Candida albicans is an opportunistic human
pathogen which most frequently infects the
mucous of epithelial tissucs of the oral and
urogenital tracts, particularly in the immuno-
compromised host. C. albicans can cause deep
seated as well as systemic infections [1]. Anum-
ber of factors are thought to influence the pa-
thogenicity of this fungus [1, 2], one of which is
its ability to undergo a dimorphic switching
from a budding yeast to a hyphal form which
probably helps the pathogen to evade the host
immune system [3~5]. Although both yeast and
hyphal forms exist at infected sites [1, 6], the
hyphal form appears better adapted to pene-
trate the epithelia [7], suggesting that dimorph-
ism plays a crucial role in its pathogenicity.

Genes which play an important role in regula-
tion of dimorphism are being identified. Sac-
charomyces cerevisine, which also displays di-
morphic transition [8] is being exploited as a
model to identify morphogenetically regulated
genes, since it is easy to manipulate this model
system for higher eukaryotes. The homologues
of S. cerevisige CHS 1 and CHS 2, which code for
chitin synthase, have been cloned and se-
quenced in C. albicans [9, 10]. Both CHS 1 and
CHS 2 show different levels of transcription
between yeast and the hyphal forms of C. albi-
cans [10]. Recently, the regulation of the gene
encoding the translation elongation factor 3
(TEF 3) during growth and morphogenesis in
C. albicans has been studied [11]. The observed
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changes in TEF 3 expression during dimorphic
transition reflected the underlying physiologi-
cal rather than morphogenesis-dependent
changes. However, TEF 3 represents an attrac-
tive antifungal target, since it is essential for
translation in fungi and has no role in mamma-
lian systems.

Nearly 40% of all deaths from hospital-ac-
quired infections are due to fungal infections,
and in most cases the culprit is Candida [12].
Recently this organism has been documented
as one of the main agents in the morbidity and
mortality of patients suffering from acquired
immunodeficiency syndrome, AIDS [13, 14].
The situation is further aggravated due to ac-
quired antifungal resistance and the emergence
of resistant isolates in response to widespread
and prolonged drug treatment, particularly
with azoles. The major challenge in antifungal
therapy at present is in dealing with the in-
crease in the resistance of Candida to presently
available antifungal agents. Therefore, an un-
derstanding of the basis of drug resistancein C.
albicans could assist in the development of new
therapeutic approaches.

DRUG RESISTANCE IN CANDIDA ALBI-
CANS

Candida albicans has generally been found to
be more resistant to metabolic inhibitors than
S. cerevisige and there are instances of acquired
additional drug resistance {15, 16]. Dimorph-
ism of C. albicans enables it to produce a large
number of genotypic and phenotypic variants
with physiological characteristics such as re-
duced susceptibilities to azole antifungals,
even without previous exposure to these agents
[17]. A variety of clinical regimens exist for
systemic candidiasis [18]. Primary amongst
them are treatment with amphotericin B, 5-flu-
orocytosine and imidazole. Other antifungal
agents less toxic than amphotericin B are azo-
les, incdluding ketoconazole, fluconazole and
itraconazole.

The incidence of azole resistance in C. albicans
with cross-resistance to other antifungals is on
the increase. There are several mechanism by
which C. albicans could acquire resistance to an
azole. For example the cells could take up less
drug or could efflux more of it, the target site(s)
could be altered or the drug could be inacti-

vated after entry by subsequent metabolism
[16, 19]. Given the heterogenity of the mechan-
ism of action shown by some azoles, the exact
mechanism of resistance is not yet known
which may depend on the type of azole used,
the fungal strain and the nature of medium on
which it is grown [16]. Recent studies with
ketoconazole, itraconazole, fluconazole and
some other azole derivatives have shown that
the mechanism of resistance could be divided
broadly into changes in cytochrome P-450-de-
pendent 14a-sterol demethylase, changes in
sterol A™® desaturase, or permeability resist-
ance [16, 18-20]. Interestingly, all of the resis-
tant organisms are also cross-resistant to all of
the other azoles (for details see Chapter by P.
Marichal & Vanden Bossche in this volume).

Acquired fluorocytosine resistance has also
been observed in C. albicans, resulting from a
defect in uracil phosphoribosyl transferase, the
enzyme involved in the synthesis of both 5-
FAUMP and 5-FUTP, and of uridylate in the
pyrimidine salvage pathway [18]. Whether the
multidrug resistance phenomenon observed in
a variety of organisms also exists in pathogenic
fungi, including C. albicans, was not known tll
recently (discussed below).

MULTIDRUG RESISTANCE IS NOT
RESTRICTED TO MAMMALS

Multidrug resistance (MDR) is a well-known
phenomenon in mammalian cancer cells. The
molecular mechanism underlying the multi-
drug resistance of cancer cells exposed to che-
motherapy is due to overexpression of an
ATP-dependent extrusion pump (P-glycopro-
tein) which enhances the efflux of cytotoxic
compounds [21]. The phenomena of MDR is
not restricted to mammalians cells. Homo-
logues of mammalian MDR genes have now
been identified in several genera of bacteria
such as emr and mdl of E, coli {22, 23], Qac C of
Staphylococcus [24] and Pseudomonas [25], in
protozoan parasites including Pfmdr of Plasmo-
dium falciparum [26, 27], Leishmania donovani
ldmdr [28-30] and Entamoeba histolytica [31], in
the fungi S. cerevisiae [32, 33] and also the MDR
50 multidrug resistance gene homologue of
Drosophila [34].

Multidrug resistance in yeast S. cerevisige was
earlier described as a generalised resistance of
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a number of functionally and structurally un-
related drugs and was termed as PDR (Pleio-
tropic Drug Resistance) [35]. Recent molecular
analysis of PDR mutations in yeast have con-
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firmed the existence of at least 20 different
genes [36]. Some of the PDR-encoded gene pro-
ducts identified in yeast are listed in Table 1.
These molecules belong to three different

Table 1
Drug resistance genes in yeast
Species Gene Drugs Features
" cyh, chl, ery, amy, sts, flu, smm, com, ABC membrane protein.
S. cerevisine |PDR 5/STSI/YDR1 o8, Y. Duplicated. (NBD-TM)2
- ; ABC membrane protein.
S. cerevisine |SNQ 2 4-NQO, NMNG, flu, sts, tri, phen Duplicated. (NBD-TM)2
- ABC membrane protein.
S. cerevisine |STE 6 Val Duplicated. (TM-NBD)2
oy ABC membrane protein.
S. cerevisine |YCF 1 Cd Duplicated. (TM-NBD)2
" ABC membrane protein.
S. cerevisine |PDR 10 - Duplicated. (NBD-TM)2
ABC membrane protein.
AP (PG lep, cyh, val Duplicated. (TM-NBD)2
; ; ABC membrane protein.
C.albicans |[CDR1 cyh, chl, mic, amy Duplicated. (NBD-TM)2
.. ABC membrane protein.
5, ity ADPY 5 Half sized. (NBD-TM)
w ABC membrane protein.
S. cerevisine | YKL 741 - Half sized. (TM-NBD)
. ABC membrane protein.
S. cerevisiae |MDL 1 - Half sized. (TM-NBD)
.. ABC membrane protein.
il i - Half sized. (TM-NBD)
o ABC membrane protein.
il s - Half sized. (TM-NBD)
i ABC membrane protein.
il e - Half sized. (TM-NBD)
S. pombe HMT 1 heavy metals (cd) yamipl Halbsed- (L
NBD)
Mitochondrial ABC
S. cerevisine |ATM 1 - membrane protein. Half
sized. (TM-NBD)
S. cerevisize |ATR1/SNQ 1 atr, 4 NQO Membrane facilitator
S. cerevisiae |YCL 069w - Membrane facilitator
S. cerevisine |YCL 023c¢ - Membrane facilitator
S. cerevisine |YCL 070¢ - Membrane facilitator
S. cerevisine |YKR 105¢ - Membrane facilitator
S. cerevisiae |YKR 106w - Membrane facilitator
C.albicans |ORF1 ben, met -
C.maltosa  |[CYHR cvh —
S. pombe car 1 aml -
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Table 1 {continued)

Species Gene Drugs Features
cyh, chl, oli, nys, ner, muc, ebr,
S. cerevisine |PDR1 bor, tet, smm, car, dqg, acf, amy, |Transcription regulators
Cer, gen, par, Neo

S. cerevisiae PDR3 mug, chl, cyh, olj, tet, ner Tanscription regulators
S. cerevisine 1;1:]1(3213/;;2111{{41 ggéfzﬁf\gﬁé’tﬁ’nsmm’ B, Tanscription regulator
S, cerevisine |CAD1/YAP2 |Cd,Zn, phe Transcription regulator
S. pombe pap 1 sts Transcription regulator
5. cerevisiae  |PDR7 cyh, smm -
S. cerevisine |PDR 9 cyh, smm Transcription regulator
S. cerevisiae  |RPD 1 cyh Transcription regulator
S. cerevisine  [RPD 3 cvh Transcription regulator
S. cerevisine | YGL 022 eyh, smm | s
S. cerevisiae  |PDR 6 cvh, bor, hye B -
S. cerevisiae  |PDR § oli, smm —
S. pombe sts 1 cyh, sts, caf, chi, divalent cation -
S. cerevisine  icpr van Soluble
S. cerevisine {HOM 3 bor Soluble
S. cerevisine |AMY 1 amy -
S. pomibe RIM-C ¢vh Soluble, ribosomal binding protein
S. cerevisine (| ZRC1 Zn, Cd Transporter

Drugs are abbreviated as follows: acf, acriflavin; atr, aminotriazole; amy, antimycin; aml, amiloride; ben, benomyl; bor, borretidin;
caf, caffeine; car, carbomycin; cer, cerulenin; chl, chloramphenicol; cyh, cycloheximide; com, compactin; dae,
dibenzyldimethylammonium chloride; dqe, dequalinium chloride; ery, erythromycin; ebr, ethidium bromide; flu, fluphenazine; gen,
gentamycin; hyg B, hygromycin B; lep, leptomycin; lym, lyncomycin; mic, miconazole; muc, mucidin; nin, 1-nitroso-2-naphtol;
neo, neomycin; NMNG, N-methyl-N'-nitroseguanidine; 4-NQQ, 4-nitroquinoline N-oxide; ner, Neutral red; met, methotrexate; oli,
oligomycin, par, parcmomycin; phe, 1,10-phienanthroline; smm, sulfomethuron methyl; sts, staurosporine; tet, tetracycline; val,
valinomycin; van, vanadate; tri, triaziquone; tre, trenimon; cd, cadmium; Zn, zinc. Other abbreviations are, NBD, nucleotide binding
domain; TM, transmembrane region; ABC, ATP binding cassette; (NBD-TM)2, NBD precedes TM and vice versa and has 2 halves.

(The table is compiled from [36, 37, 40-43]).

classES of proteins: membrane proteins of the
ATP-binding cassette (ABC) superfamily, such
as SNQ 2, STE 6, PDR 5 and YCF 1, the major
facilitator’s superfamily (MFS) such as ATR 1
and SGE 1 and the transcription regulators,
suchas PDRI1,PDR3,PDR 7, PDR 9, YAP 1 and
YAP 2. The network of genes involved in the
multidrug resistance of the yeast Saccharontyces
cerevisiae has been recently reviewed [37]. The
transcription regulators PDR 1, PDR 3, PDR 7
and PDR 9 control expression of PDR 5, which
encodes a protein of the ATP-binding cassette
and functions as a drug extrusion pump. Sev-
eral other target genes, encoding membrane
proteins of the ABC type suchas SNQ 2, STE 6,

PDR 10, PDR 11, YOR 1, are also found to be
controlled by PDR 1.

MULTIDRUG RESISTANCE IN
C. ALBICANS

The existence of MDR/PDR homologue(s) in
C.albicans has been recently reported. The CDR
1 (Candida Drug Resistance) gene has been
cloned by functional complementation of a null
mutant of PDR 5 of S. cerevisiae [38] (Fig.1). The
expression of CDR 1in S. cerevisiae (as single or
low copies) conferred multidrug resistance and
collateral sensitivity to various drugs, while
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multiple copies of the homologous Saccharo-
myces PDR 5 gene [39] were required to yield
drug resistance. The level of resistance to drugs
like cycloheximide was much stronger as com-
pared to that conferred by PDR 5, which sug-
gested that CDR 1 could be intrinsically much
more effective in C. albicans. That C. albicans is
more resistant to metabolic inhibitors and
drugs as compared to other yeasts could be the
reason for CDR 1 efficiency. The exact pheno-
type of CDR 1 expression will, however, be
known only when the gene is expressed /over-
expressed in C. albicans.

The nucleotide sequence of CDR 1 (6202 bp)
and the subsequent deduced protein sequence
revealed great similarity to other homologues
of S. cerevisige, e.g. PDR 5 (56% identity, 73%
similarity), and SNQ 2 (42% identity, 60% simi-

CDRI (Candida)

o

ouTt

Fig. 1. Construct of subcloned 6.2 kb fragment in
pYEURAS3 showing the CDR 1 gene and restriction
sites: (—) denotes the ORF and (T) denotes the
termination site.

larity), etc. The similarity to these genes was not
restricted to nucleotide binding domains but
was conserved on the entire length of the pro-
tein. The CDR 1 protein displays the structure
of a typical protein of the ABC superfamily. It
belongs to the four-domain type of ABC-trans-
porters, consisting of two homologous halves,
each comprising one hydrophobic region, with
a set of six predicted transmembrane spans,
preceded by one hydrophilic nucleotide-bind-
ing fold (Fig. 2). The structural arrangement is
identical to that of S. cerevisise ABC proteins
PDR 5 and SNQ 2. [t mirrors the architecture of
the yeast a-mating pheromone transporter STE
6, as well as the mammalian drug resistance
P-glycoprotein (MDR1) and cystic fibrosis fac-
tor CFIR [38]. The significance of such domain
inversion in some ABC proteins is notclear. The

Fig. 2. Predicted struc-
(M) ture of the CDR 1 pro-
tein, considered to be
composed of two re-

Membrane

peated halves, each com-

IN iﬂ%

NH2

prising one hydro- philic
domain, followed by a
hydrophobic domain.
Two hydrophilic do-
mains are cytoplasmic
(IN) and each contains
one ATP-binding site.
The two hydrophobic do-
mains are considered to
be spanning the mem-
brane.

COOH
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PDR 5 (yeast) -
out : ¢ % ’{.N‘C‘i §
membrane : =
in b A ATE P o
: e
5 o~ COOH
P
J o % :
§ S, E f
L
STE 6 (yeast) 7 )
out ? 0 T 3 3
membrare 3
in ; :
ng 2 ATP 3. 3§ s {:E:;\
AR Y icoon
MDR 1 (human)
™ » - Fig. 3. Predicted struc-
i s ture of the PDR 5, STE 6
in % and MDR 1 proteins.
: E The sequence of domain in-
version between CDR 1
5y {Fig. 2) and STE 6 can be
seen from the figure.
Table 2
Resistance of different transformants with respect to drugs and antifungals
Clone CYH NYS FIL MIC PHE ERY CHL OLI AMY
No. 5ug 1uge 100 pg 100 ug 20 pg 50 ug 500 pg 0.2 ug 0.01 ug
NC 34 HR R N R HS 5 N N R
NC 36 HR R N R HR 5 HR R N
NC 55 R N R R R 5 N R S
NE2 HR N N N HHR R R N R
NE 4 HR N N R HHR R R N N
NE 18 HHR R N 5 HS R S HS N

Quantitative measurement of drug resistance was done by the filter disc assay as described [44]. Cycloheximide (cyh), nystatin (nys),
filipin (fil), miconazole (mic) and phenanthroline (phe) were tested on YNB medium supplemented with methionine and leucine.
The mitochondrial inhibitors viz., chloramphenicol (chl), oligomycin (oli), erythromycin {ery) and antimycin (amy} were tested on
YPG medium, The refative degree of drug resistance was determined by comparing the diameter of zone of inhikition to that of aull
mutant JG436 after two days for YNB medium and four days for YPG medium. Other abbreviations used are HHR, hyper-hyper
resistant; HR, hyper resistant; R, resistant; N, no change; S, sensitive; HS, hypersensitive.
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predicted structures of PDR5, STE6 and MDR1
proteins are shown in Fig. 3 for comparison.

OTHER MDR GENES IN CANDIDA

While screening for drug resistance of trans-
formants which complemented the PDR 5 null
mutants, we obtained several clones which dis-
played multiple drug resistance. Subsequent
plasmid escape tests revealed that there are
several transformants which harbour more of
these pleiotropic drug resistance genes. The
multiple drug resistance of at least six interes-
ting transformants is shown in Table 2. Each
transformant elicited different multidrug re-
sistance and collateral sensitivity to various mi-
tochondrial inhibitors and antifungals. Fur-
thermore, initial restriction and Southern ana-
lysis suggested that each transformant has a
different gene (other than CDR 1) responsible
for selective and specific drug resistance/sen-
sitivity.

Considering the fact that C. albicans which is
capable of infecting most human body loca-
tions and that only a limited number of anti-
Candida drugs are available, the demonstration
of multidrug resistance genes in C. albicans isan
important development for the elucidation of
permeability constraints of the pathogenic
yeast which are still poorly understood. Fur-
thermore, such genes responsible for multi-
drug resistance in C. albicans could also become
potential targets for new antifungals.

REFERENCES

1. Odds, FC. (1988) Candida and Candidosis: A
review and bibliography (2nd ed.} London, Bail-
liere Tindall.

2. Cuatler, J.E. (1991) Putative virulence factors of
Candida albicans. Annu. Rev. Microbiol. 45,
187-218.

3. Soll, D.R. (1986) The regulation of cellular diffe-
rentiation in dimorphic yeast, Candida albicans.
BioEssays 5, 5-11.

4. Gow, N.A.R. & Gooday, G.W. (1987) Cytological
aspects of dimorphism in C. albicans. Crit. Rev.
Microbiol. 15, 73-78.

5. Soll, D.R. (1990) In The genetics of Candida
(Kirsch, D.R., Kelly, R. & Kurtz, M.B,, eds.) pp.
147-176, CRC Press, Boca Raton, Florida.

6. Prasad, R. (1991} In Candida albicans, Cellular and
Molecular biology. (Prasad, R., ed.) Springer Ver-
lag, Heidelberg.

7. Sherwood, J., Gow, N.AR., Gooday, GW. &
Marshall, D. (1992) Contact sensing in Candida
albicans, a possible aid to epithelial penetration.
J. Med. Vet. Mycol. 30, 461-469.

8. Gimeno, CJ., Ljungdahl, P.O., Styles, CA. &
Fink, G.R. (1993) In Dimorphic fungi in biology and
medicine {Bossche, H.V, Odds, F.C. & Kerridge,
D., eds.) pp. 83-103, Plenum Press, NewYork.

9. Young, ].A. & Robbins, P.W. (1990) Isolation ofa
chitin synthase gene (CHS 1) from Candida albi-
cans by expression in Saccharomyces cerevisige.
Mol. Microbiol. 4, 197-207.

10. Chen-Wu, J.L., Zwicker, J., Bowen, A.R. & Rob-
bins, P.W. (1992} Expression of chitin synthase
gene during yeast and hyphal growth phase of
‘Candida albicans. Mol. Microbiol. 6, 497-502.

11, Swoboda, RK., Bertram, G., Colthrust, D.R., Tu-
ite, M.E., Gow, N.A.R., Gooday, G.W. & Brown,
A.].P. (1994) Regulation of gene encoding trans-
lation elongation factor-3 during growth and
morphogenesis in Candida albicans. Microbiol.
140, 2611-2616.

12, Sternberg, S. (1994) The emerging fungal threat.
Science 266,1632-1634.

13. Kitchen, V.S., Savage, M. & Harris, ] R.W. (1991)
Candida albicans resistance in AIDS. J. Infection
22, 204-205.

14. Troillet, N., Durussel, C., Bille, J., Glauser, M.P,
& Chave, ].P. (1993) Correlation between in vitro
susceptibility of Candida albicans and flucona-
zole-resistant oropharyngeal Candidiasis in
HIV-infected patients. Eur. J. Clin. Microbiol.
Infect. Dis. 12, 911-915.

15. Heinic, G.S., Stevens, D.A., Greenspan, D.,
MacPhail, L.A., Dodd, C.L., Stringari, S., Strull,
W.M. & Hollander, H. (1993) Fluconazole-
-resistance in Candida in AIDS patients. Oral
Surg. Oral Med. Oral Pathol. 76, 7111-7115.

16. Hitchcock, C.A. (1993) Resistance of Candida
albicans to azole antifungal agents. Biochem. Soc.
Trans. 21, 1039-1048.

17. Medoff, G., Brajitburg, J. & Kobayashi, G.S.
(1983) Antifungal agents useful in therapy of
systemic fungal infection. Annu. Rev, Pharmacol.
Toxicol. 23, 303-330.

18. Vanden Bossche, H., Varnock, D.W., Dupont, B.,
Kerridge, D., Sengupta, 5., Improvisi, L., Mari-
chae, P, Odds, F.C., Provost, F. & Ronin, O.
{1994) Mechanism and clinical impact of anti-
fungal drug resistance. J. Med. Vet. Mycol. 32,
(Suppl. 1) 189-202.



504

R. Prasad and others

1995

19.

20.

21.

22,

23,

24,

25,

26.

27.

28.

29.

30.

31.

32,

Hitchcock, C.A., Pye, G.W., Troke, P, Johnson,
E.M. & Varnock, D.W. (1993) Fluconazole resis-
tance in Candida glabrata. Antimicrob. Agenis
Chemother, 37, 1962-1965.

Scholer, H.J. & Polak, A. (1984) In Antimicrobial
Drug Resistance (Bryan, L., ed.) pp. 393-460,
Academic Press, Orlando.

Gottesman, M.M. & Pastan, 1. (1993) Bioche-
mistry of multidrug resistance mediated by the
multidrug transporter. Annu. Rev. Biochem. 52,
385-427.

Lomovskaya, O. & Lewis, K. (1992) emr, An
Escherichia coli locus for multidrug resistance.
Proc. Natl. Acad. Sci. U.5.A. 89, 8938-8942.

Allikmets, R., Gerrard, B., Court, D. & Dean, M.
(1993) Cloning and organisation of the g2bc and
mdl genes of Escherichia coli, relationship to
eukaryotic multidrug resistance. Gene 136,
231-236.

Paulsen, L.T., Brown, M.H., Dunstan, 5.J. &
Skurray, R.A. (1995) Molecular characterization
of the staphylococcal multidrug resistance
export protein Qac C. ]. Bacteriol. 177, 2827-2833.

Poole, K., Krebes, K., McNally, C. & Neshat, S.
(1993) Multiple antibiotic resistance in Pseudo-
monas aeruginosa: Evidence for involvement of
an efflux operon. |. Bacteriol. 175, 7363-7372.

Foote, 5]., Thompson, LK, Cowman, AF &
Kemp, DJ]. (1989) Amplification of the multi-
drug resistance gene in some chloroquine resis-
tant isolates of B, falciparum. Cell 57, 921-930.

Wilson, C.M., Serrano, A E., Wasley, A., Bogen-
schutz, M P, Shankar, A.H. & Wirth, D.E. (1989)
Anmplification of gene related to mammalian
mer genes in drug resistant Plasmodium falci-
parum. Science 244, 1184-1186.

Quellette, M., Fase-Fowler, ER. & Borst, P. (1990)
The amplified H circle of methotrexate resistant
Leishmania tarentolae contains a novel P-glyco-
protein gene. EMBO ]. 9, 1027-1033.

Callahan, H.L. & Beverly, S.M. (1991) Heavy
melal resistance, a new role for P-glycoproleins
in Leishmania. |, Biol, Chem. 266, 18427-18430.

Hendrickson, N., Sifri, C.D., Henderson, D.M.,,
Allen, T,, Wirth, D.F. & Ullman, B. (1993) Mole-
cular characterisation of the ldmdr 1 multidrug
resistance gene from Leishmania donovani. Mol
Biochem. Parasitol, 60, 53—64.

Descoteaux, S., Ayala, P, Orozco, E. & Samu-
elson, ]. (1992) Primary sequences of two P-gly-
coprotein genes of Lntamoeba histolytica. Mol.
Biochem. Parasitol. 54, 201-212.

Kuchler, K., Sterne, R.E. & Thorner, ]J. (1989)
Saccharomyces cerevisiae STE 6 gene product: a

33.

34,

35.

36.

37.

38.

39,

40.

41,

42,

43,

44.

novel pathway for protein export in eukaryotic
cells. EMBO ]. 8, 3973-3984.

McGrath, ].P. & Vershavsky, A. (1989) The yeast
STE6 gene encodes a homologue of the mam-
malian multidrug resistance P-glycoprotein.
Nuture (London) 340, 400-404.

Gerrard, B., Stewart, C. & Dean, M. (1993) Ana-
lysis of Mdr 50: A Drosophila P-glycoprotein/
/multidrug resistance gene homolog. Genomics
17, 83-88.

Balzi, E. & Goffeau, A. (1991) Multiple or pleio-
tropic drug resistance in yeast. Biochim. Biophys.
Acta 1073, 241-252,

Balzi, E. & Goffeau, A. (1994) Genetics and bio-
chemistry of yeast multidrug resistance.
Biochim. Biophys. Acta 1187, 152-162.

Balzi, E. & Goffeau, A. (1995) Yeast multidrug
resistance: The PDR network. |. Bioenerget.
Biomemb. 27, 71-77.

Prasad, R., Worgifosse, P.D., Goffeau, A. & Balzi,
E. (1995) Molecular cloning and characterisation
of a novel gene of C, albicans, CODR 1, conferring
multiple resistance to drugs and antifungals.
Curr, Genel. 27, 320-329,

Balzi, E., Wang, M., Leterme, S., Van Dyck, L. &
Goffeau, A. (1994) PDR 5, a novel yeast multi-
drug resistance conferring transporter con-
trolled by the transcription regulator PDR 1. J.
Biol. Chem. 269, 2206-2214.

Nass, G. & Poralla, K. (1976) Genetics of borre-
lidin resistant mutants of Saccharomyces cerevi-
sizge and properties of their threonyl-t-RNA-
-synthetase. Mol. Gen. Genet. 147, 39-43.

Lucchini, G., Carbone, M.L., Cocucci, M. & Sen-
si, M.L. (1979) Nuclear inheritance of resistance
to antimyecin A in Saccharomyces cerevisiae. Mol.
Gern. Genet. 177, 139-143.

Takagi, M., Kawai, 5., Shibuya, 1., Miyazaki, M.
& Yano, K. (1986) Cloning in Saccharomyces cere-
visize of a cycloheximide resistance gene from
the Candida maltosa genome which modifies
ribosomes. [, Biol. Chem. 168, 417-419.

Kamizono, A., Nishizawa, M., Teranishi, Y.,
Murata, K. & Kimura, A. (1989) Identification of
a gene conferring resistance to zinc and cad-
mium ions in the yeasl Saccharomyces cerevisiae.
Mol. Gen. Genet, 219, 161--167.

Leppert, G., McDevitt, R, Falco, 5.C., Van Dyk,
T.K., Ficke, M.B. & Golin, J. (1990) Cloning by
gene amplification of two loci conferring multi-
ple drug resistance in Saccharoniyces. Genetics
125,13-20.



