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In Saccharomyces cerevisiae, the pmal mutations controlling the vanadate resistance
of the H'-ATPase activity from the plasma membrane, map on chromosome VII in the
vicinity of pdr1 mutations controlling multiple drug resistance. However, the pma1-1
mutants exhibit a genotype and a multidrug resistant phenotype quite different from
those obtained for pdr1l mutants. Quantitative modifications of cycloheximide and
N,N’-(p-xylylidene)-bis-aminoguanidine-2HCI resistance are observed in diploids
containing the pmal and pdr1 genes in trans configuration. Each of the pdr1 mutations
interacts with pmal as shown by a decrease in the ATPase activity in pdrl/pmal
diploids. The in vitro resistance of ATPase activity to vanadate is totally or partially
suppressed in pdr1 mutants in haploid double mutants. These results suggest that the
expression of PMA1 might be controlled by the PDR1 gene product.

Two genetic loci commanding multiple drug
resistance of Saccharomyces cerevisiae are located
near leul on chromosome VII, within a span of
2.3 recombination units [1]. One is PMA1 en-
coding the H'-ATPase from plasma membrane
[2] and the other is PDR1 encoding a regulatory
protein [3] controlling the pleiotropic drug re-
sistance phenotype originally reported by
Rank & Bech-Hansen [4]. The plasma mem-
brane H*-ATPase provides energy for the ac-
tive transport of nutrients and regulates intra-
cellular pH (for the review see Goffeau & Slay-
man [5] and Serrano [6})).

The first pmal mutations affecting the plasma
membrane ATPase of S. cerevisiae [2] were ob-
tained by selecting mutants resistant to the AT-
Pase inhibitor Dio-9. These mutations modified
several catalytic properties of the ATPase activ-

ity measured in vitro, including vanadate resist-
ance. Sequence analysis and molecular map-
ping of pmal mutant alleles [7] have fully dem-
onstrated that the pmal mutations are located
in the structural ATPase gene sequenced by
Serrano et al. [8] and later by Van Dyck et al. [9].
There is experimental evidence that the trans-
port of nutrients into the yeasts Schizosaccha-
romyces pombe and S. cerevisige is associated
with the function of the plasma membrane AT-
Pase [10 - 13]. There are also indications that, in
pmal mutants, the transport of inhibitors such
as Dio-9, miconazole, ethidium bromide, gua-
nidine derivatives [2,7, 11, 12] and hygromycin
B [14, 15] is modified. The resistance to these
compounds did not affect the ATPase activity
measured in vitro and it results likely from a
modification of the membrane potential, as
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shown recently for pmal mutants resistant to
hygromycin B [15].

Modification of permeability has been pro-
posed to be the reason of multiple resistances
to drugs of different structure and targets in
mammalian cancer [16 - 19] and yeast cells [11,
20 - 23]. In S. cerevisige the pleiotropic drug
resistance mutants pdr1 have been known for a
long time [4, 20, 22, 24 - 35]. According to
Saunders & Rank [33] and Balzi et al. [3]. The
inheritance of multiple drug resistance in a
series of BOR2, cyh3, till, AMY1, pdrl-1, pdr1-2
and pdr1-3 mutants can be explained by assum-
ing independent mutations in the same nuclear
gene PDRI. This gene is centromere linked and
maps closely to leu1 on chromosome VII 1, 33,
36]. The deduced amino-acid sequence of the
PDRI1 polypeptide resembles that of several
nucleic acid-binding proteins involved in the
control of gene expression [3]. Therefore, tran-
scriptional control by the regulatory protein
PDRI of the several permeability functions re-
sponsible for multiple drug resistance in yeast
has been suggested. It has been more recently
proposed that the PDR5 gene is a target for
regulation by the PDR1 gene product [37). In
this work, we have investigated the interac-
tions between pmal and pdrl mutations to as-
sess whether there are functional relations be-
tween these two loci commanding two mul-
tiple drug resistance phenotypes.

MATERIALS AND METHODS

Strains and genetic methods. The strains used
are listed in Table 1. Conventional genetic pro-
cedures for yeast crossing, sporulation and te-
trad analysis were used. Diploids were isolated
with the aid of a micromanipulator De Fon-
brune.

Media and growth conditions. The complete
medium contained: 1% yeast extract Difco, 2%
bactopeptone Difco and 2% glucose (YEPD) or
4% glycerol (YEPG). Minimal medium (SD)
contained yeast nitrogen base Difco without

amino acids and 2% glucose. In supplemented
SD medium, the final concentration of amino
acids and adenine sulfate was 20 ug/ml, except
for L-tryptophan (10 pg/ml) and L-lysine (40
ug/ml). For plating, the media were solidified
with 2% of bacto-agar (Difco).

Drug resistance was evaluated on solid media
according to Saunders & Rank [33]. The strains
were tested against a wide range of inhibitor
concentrations using either YEPG or YEPD
media: 0.1, 0.25, 0.5, or 1.0 pg oligomycin/ml;
0.1,0.5,1,25, 5 or 10 ug venturicidin/ml; 1 or
4mg chloramphenicol/ml; 0.1, 0.25, 0.50r1pg
cycloheximide/ml; 50 or 100 pg decamethyl-
ene-diguanidine; 500, 600, 650 or 750 pg N,N'-
(p-xylylidene)-bis-aminoguanidine-2HCl/m};
25, 50 or 75 pg ethidium bromide /ml; 50, 100,
150, 200 or 300 pg hygromycin B/ml. In the case
of YEPG, the medium was buffered with 0.1 M
K2HPO4 and adjusted to pH 6.8 prior to auto-
claving. All drugs were dissolved in ethanol,
except XBAG!, VAN, EBR, HYG and SYN
which were dissolved in water.

Isolation of crude membrane fraction and AT-
Pase assays. The strains were grown in liquid
YEPD medium. After 12 h at 30°C the cultures
were harvested and yielded 1.1 X 10® cells /ml.
The cells were suspended in 2.5 vol. of 250 mM
sucrose and 50 mM imidiazole, pH 7.5, and
homogenized for 3 min with glass beads in &
refrigerated Braun homogenizer. The crude
membrane fraction was obtained by differen-
tial centrifugation of the subcellular homoge-
nate at 3000 X g twice for 10 min, at 4000 x g for
10 min and at 15000 x g for 40 min. The pellet
was suspended in 10 mM Tris/acetate, pH 7.5,
1mM ATPand 1 mM EDTA. Plasma membrane
ATPase activities in the presence or absence of
50 uM vanadate were determined at 35°C, in 1
ml reaction mixtures containing 5 mM ATF, 9
mM MgCly, 50 mM MES, pH 6.0, 10 mM NaN3
and 0.5 - 1.5 mg protein membrane fraction.
After 8 or 16 min the reaction was stopped by
addition of 3 volumes of 1% (w/v) SDS. Inor-
ganic phosphate was measured as described by
Pullman & Penefsky [38]. Protein was deter-

1 Abbreviations: MES, 2-[N-morpholino]ethanesulfonic acid; SDS, sodium dodecy] sulfate; OLI, oligomycin
was purchased from Sigma; VEN, venturicidin was from Upjohn and Glaxo; EBR, ethidium bromide and
CYH, cycloheximide were from Boehringer; CHL, chloramphenicol was from Serva; DMG, decamethyle-
nediguanidine was from Schering; VAN, sodium orthovanadate was from Aldrich; HYB, hygromycin B
was from Sigma; XBAG, N,N’-(p-xylylidene)-bis-aminoguanidine-2HCl was kindly donated by the Depart-
ment of Drug Synthesis from the Institute of Inmunology and Experimental Therapy, Polish Academy of

Sciences, Wroclaw, Poland.
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Table 1
Strains used
Strain Ploidy Genotype \ Isogenicity* Reference
¥128b n__ |oa PMA1 isogenic [2]
MG2130 n__|opmal-1 isogenic [2] ‘
MG2132 n_ |opmal-1 isogenic (2]
20-584 A n  |apmal isogenic 2]
20-584B n_ |apmal isogenic [2]
20-584C n_|oPMAI-1 isogenic [2]
20-584D n_{aPMA1 isogenic [2]
22-295C n_la PMAT ura3 isogenic (7
X2928-3D n |0 gall adel leul his2 ura3 trpl  |not isogenic Donner Laboratory Berkeley
a gal2 ade6 leul his6 ural trp5
X901-35C n  |lysl metl arg4-1 thrl hom2 not isogenic Donner Laboratory Berkeley
arolC
US7-15D n__|aleul ade6 trp5 half isogenic Cross MG2130 x X201-35C
IL1252b | n |ohist fome CSESOS) Y ' B3]
DR19/T8 n |0 pdrl-3 hisl [cir*ome™ rho*] }i(;gzeslj;%only to [27}
GR359 n ;‘eﬁ‘jﬁlc'ilr JoS A8 Lt Sogeniconly o 128,29, 33] ATCC42879
2-20 n ?n';fsr _11'25‘1’_1‘11‘;’2:; ’;C’f rlff,iglff} | |notisogenic [28, 29, 33] ATCC42880
GR350 0 |2 :;ii’i':?fhf’f]’pl Dogeniconly 0 128,29, 33] :
US27-74A apmal pdr1-2 lys1 met8-1 half isogenic US27 (this paper)
US51-10B n |oura3 half isogenic Cross 22-295C x DR19/T7
US62-24B n__|apmal pdrl-1 ura3 leul half isogenic Cross US13-25-6B x US53-19A
USe 2n half isogenic diploid |Cross 20-584 A x X2928-3D
uUs7 2n half isogenic diploid |Cross MG2130 x X901-35C
Us9 2n half isogenic diploid |Cross 20-584B x DRI9/T8
US11 2n half isogenic diploid |Cross 20-584C x DRI9/T8
US12 2n isogenic Cross 20-584B x 20-584D
US13 2n near isogenic Cross MG2130 x US7-15D
US26 2n half isogenic Cross 20-584A x GR359
USs27 2n half isogenic Cross 20-584A x 2-20
US36 2n half isogenic Cross US26-70D x £1278b
US53 2n half isogenic Cross US51-10B x GR359
US82 2n half isogenic Cross £1278b x GR350
US83 2n half isogenic Cross 22-295C x 1L.125-2b

*[sogenicity related to £1278b wild type parental strain.
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mined by the method of Lowry et al. [39] using
bovine serum albumin as a standard.

RESULTS

Drug resistance in pmal and pdr1 strains

Four spontaneous pmal mutants were pre-
viously selected from the wild-type strain
¥1278b on the basis of their ability to grow on
glucose-proline minimal medium containing
10 pg Dio-9/ml or on glucose-ammonia mini-
mal medium containing 100 pg Dio-9/ml [1].
Since Dio-9 is no longer commercially avail-
able, the biological activity of the new ATPase
inhibitor N,N’-(p-xylylidene)-bis-aminoguani-
dine-2HCl (XBAG) was studied [7, 40].

The growth of the parental strain X1 278b was
completely inhibited at XBAG concentrations
above 500 pg/mi, whereas all pmal strains
grew well at 650 pg/ml. This increased resist-
ance in vivo to XBAG did not affect ATPase
activity in the isolated plasma membranes (not
shown). The drug resistance of the haploid
strains pmal and pdr1 listed in Table 2 was
evaluated at different concentrations of XBAG
and 6 other inhibitors. As previously reported
by Rank [26], the pleiotropic drug resistant
strains GR359 (pdrl-1) and 2-20 (pdrl-2)
showed resistance to OLI, VEN, CHLand CYH,
whereas the strain GR350 (PDR1) a complete
revertant of GR359 was sensitive. However, all
these strains were sensitive to 500 pg XBAG/

/ml. Some differences were observed among
the three pdrl strains. The pdrl-2 mutant was
Jess resistant to CHL than pdr1-1. The resistance
of the pdr1-3 strain DRI9/T8 isolated by Gueri-
neau et al. [27] was generally similar to that of
2-20 (pdr1-2), except that its resistance to CYH
was higher and that to OLIand CHL was lower.
In addition, slightly higher sensitivity to XBAG
and also to DMG and EBR was observed in
DRI9/T8.

Compared to their parental strain 1 278b, the
pmal strains MG2130, MG2132 and 20-584A
showed similar sensitivity to VEN, CHL and
CYH and increased sensitivity to OLI and
CYH. However, they were resistant to XBAG,
EBR, DMG and HYG.

The CYHR trait is thus a representative mar-
ker for the pdrI mutants, whereas XBAGR isa
convenient marker for the pmal mutants.

Interactions between pmal and pdr1 mutated
genes

Table 3 shows that the cYHR phenotype ex-
pressed in pdrl haploids is observed at a re-
duced level in heterozygous PDR/pdr diploids.
The CYH® phenotype is thus semi-dominant.
Therefore, complementation can not be used
for allelism tests between different pdrl muta-
tions. The presence of the pmal-1 gene, when
associated to the pdrl-1, pdr1-2 or to pdrl-3 in
diploids, further lowers the CYH resistance.
The XBAGX phenotype of the pmal haploid
strain is also expressed in PMA1/pmal hete-

Table 2

Drug resistance of haploid strains
Growth of different strains was tested on YEPD or YEPG* agar plates containing the inhibitors indicated as described

in Materials and Methods
Highest non-inhibitory drug concentration
Strain | Genotype | OLI* VEN* CHL* CYH EBR DMG XBAG
ne/ml ug/ml mg/ml ug/ml yug/ml ng/ml ne/ml
GR350 PDR1 <01 0.1 <10 >0.1 >75 > 100 500
GR359 pdrl-1 >10 >10 4.0 1.0 >75 > 100 < 500
2-20 pdrl-2 >10 >10 <4.0 1.0 >75 > 100 <500
1L125-2b_ |PDRI1 <0.05 <0.1 1.0 0.1 > 100 > 50 500
DRI9/T8 |pdrl-3 0.25 >10 4.0 >1.0 > 50 <50 <500
Z1278b PMA1 <01 0.1 >1.0 <01 25 > 50 500
MG2130  |pmal 0.1 0.1 >1.0 <0.1 >75 <100 700
MG2132 _ |pmal 0.1 0.1 >1.0 <0.1 >75 > 100 700
20-584A |pmal 0.1 0.1 >1.0 <0.1 >75 > 100 700
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Table 3

Drug resistance of different pmal and pdr1 diploid strains
Three not isogenic wild type PDRI strains were used. PDRI® was from GR350, PDR1® from £1278" and PDRI¢ from

IL125-2b.
Highest non-inhibitory drug concentration

Strain Genotype CYH XBAG

pg/ml pg/ml
US12 7)11(4”/1111) 1?11511;; <0.10 600
US26 f,’:ﬁf 3}5}; > 050 600
Uss PMAL PDR <050 <500
Us27 pral P ;1:11; 025 600
oo o
ust1 PMAL PDRL > 050 <500
Us82 gﬁﬁ igﬁi 0.10 500
Us83 PMAT PRI 010 500

rozygous diploids (Table 3). In this case also,
the level of resistance is intermediate between
those of the PMA1 and pmal haploids. The
XBAGR seems thus semldommant as pre-
viously reported [2] for the DIOR phenotype of
pmal.

As reported in Table 4, the diploids US26 and
US27 derived from the cross 20-584A (pmal-1)
with GR359 (pdrl-1), or 2-20 (pdrl-2) gave an
overall monogemc 22s Rgregatlon for CYHR
OLI® VENR and XBAGK with few 3R:1S or
1R:3S tetrads. From the 242 tetrads screened,
only 11 gave a 1R:3S segregation ratio for
XBAGR. Four of them, two from each diploid,
were further analysed for in vitro vanadate re-
sistance of ATPase activity. They showed a
1R:3S cosegregation in vivo with XBAG and
1R:35 cosegregation in vitro with VANK, sug-
gesting interaction in vivo between pmal and
pdrl double mutants In all cases the cyH¥,
OLI® and VEN® spores were XBAG®. It was
concluded that in these tetrads, the recombina-
tion occurred between pmal and pdrl, yielding
double pmal pdrl mutants. In these haploid
double mutants, the XBAGR phenotype of
pmal was totally suppressed in vivo and pmal

VANR in vitro was also totally or partially sup-
pressed by the presence of pdrl-1 or pdrl-2
mutations (Fig. 1). The diploid US9 from the
cross 20-584B (pmal) x DRI9/ T8 (pdr1-3) also
gave a 2:2 segregation for CYH® and XBAGR
but irregular segregations were slightly more
frequent than for US26 and US27. The presence
of a tetratype was ev1denced by the observed
1R:3S segregation of XBAGR , by analogy to the
above mentioned crosses US26, US27 between
pmal and pdr1-1. The same pmal allele control-
ling XBAG resistance exhibited standard Men-
delian inheritance in a control cross of US12
and US13.

Plasma membrane H*-ATPase activity in pmal
and pdr1 mutants

In contrast to the wild type and to the pdrl
mutants, the ATPase activity of the pmal mu-
tants was resistant to vanadate (Fig. 1). The
progenies of heterozygous cross of pmal mu-
tant with wild type (diploid US13 listed in
Table 4) exhibited in 52 tetrads a clear 2:2 Men-
delian segregation of XBAG The in vivo
XBAGR and in vitro VANR traits cosegregated
in the 16 tetrads tested [7].
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Table 4
Meiotic segregation of XBAG drug resistance
The strains were tested on 650 pg/ml XBAG. All tetrads segregated 2:2 for auxotrophic markers, except in some tetrads
issued from the diploid US27 where the amber suppressor SUP4-3 influenced this segregation. Three not isogenic wild
type PDRI strains were used. PDR1” was from GR350, PDR1” from £1278b and PDRI® was from IL25-2b. The number
of tetrads for the given segreq?tions areindicated in brackets. The resistance (R) and sensitivity (S) to OLI, CYH and VEN
usually segregated 2 25 as excepted for a true heterozygote, without statistically significant deviation.

Diploids Crosses Nl:::?: (;s of Segregation for resistance to XBAG (R:S)
2:2(75)
US9 pmal PDRI® x PMAI pdr1-3 80 3:103)
1:3(2)
US12 pmal PDRI® x PMAI PDRI® 44 2:2(44)
US13 pmal PDRI® x PMAI PDRI® 52 ;23 f % g)l)
US26 pmal PDRI® x PMAI pdrl-1 140 % f g 8‘;’6)
2:2(94)
Us27 pmal PDRI® x PMAI pdrl-2 102 3:1(1)
1:3(7)
US83 PMAI PDRI® x PMAI PDRI’ 60 0: 4 (60)
100
o~
&<
-
z
I
® 50
Q
2
®
Q
o <
*O
—
oLL 1 1 ] 1
510 25 50 100

Vanadate (pM)

Fig. 1. Effect of vanadate on the ATPase activity in crude membrane fractions of pmal, and pmal pdrl
mutants.

The strains 20-584A, US62-24B, US27-74A, 2-20, GR359, DRI9 /T8 and X1278b (Table 1) were used for pmal-1(®), pmal-1
pdr1-1(V), pmal-1pdri-2 (O), pdrl-2 (W), pdr1-1 (A), pdr1-3 (&) and PMAI PDR1 (Q), respectively. The activity is presented
as percentage of the ATPase activity in the absence of vanadate. Specific plasma membrane ATPase activities in the
presence or absence of 50 uM vanadate are listed in Table 5. For details see Materials and Methods.
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Table 5
Plasma membrane H*-ATPase activity and vanadate effect in pmal, pdr1 and pmal pdr1 haploid strains
ATPase specific activity*
_ (umol Pi x min~ xmg™)
Strain Genotype .
Vanadate-sensitive Total
exp. 1 exp. 2 exp. 1 exp. 2
z1278b PMA1 PDR1 0.57 0.70 0.63 0.77
20-584A pmal 0.07 0.08 0.34 0.36
GR350 PMA1 PDR1 0.62 0.65 0.70 0.73
GR359 pdri-1 0.61 0.75 0.70 0.85
2-20 pdrl-2 0.46 0.58 0.61 0.80
1L125-2b PMA1 PDR1 0.36 047 0.56 0.64
DRI9/T8 pdrl-3 0.24 0.25 0.28 0.32
US27-74A pmal pdrl-2 0.25 0.40 0.32 048
US62-24B pmal pdrl-1 0.09 0.20 0.18 0.38

*ATPase assays (see Materials and Methods) were carried out in the absence (Total) and presence of 50 pM vanadate in crude
membrane fractions from two separate cultures (experiment 1 and 2). Vanadate-sensitive is the total ATPase activity minus that

observed in the presence of vanadate.

Table 5 shows that in the strains pdrl-1 and
pdrl-2 the vanadate sensitive ATPase activity
was in the same range as that of their isogenic
strain GR350.

The vanadate sensitive ATPase activity of
pdrl-3 was shghtly lower (0.24 - 0.25 umol Pi x
min~! x mg~ 1) than that of the parental stram
IL125-2b (0.36 - 0.47 umol Pi x min™! x mg™).
However, the low ATPase activity associated
with pdr1-3 is probably due to a mutation in a
gene other than pdr1-3 (not shown).

Table 6 shows that the diploids US26, US9 and
US27 containing pmal and either pdr1-1, pdr1-2
or pdr1-3 alleles exhibited lower ATPase activ-
ity (0.07 to 0.19 pmol Pi x min™! x mg 1) than
the diploids pmal/PMA1, pdrl- 1/PDR1 and
pdr1-3/PDR1 (033 to 0.69 pmol Pi x min 1 x
mg~ 1. It thus appears that, when present in
trans configuration, pdrl-1, pdrl-2 or pdrl-3
tends to lower the level of vanadate-sensitive
ATPase activity of a pmal heterozygote, while
neither the pdr1 mutations nor the pmal muta-
tion alone markedly affect the ATPase activity
in heterozygous diploids.

DISCUSSION

The mutations oli’ X1 -1, oli*®1-2 and DRI9/T8
obtained originally as resistant to oligomycin
were redesignated by Saunders & Rank [33] as

pleiotropic drug resistances pdr1-1, pdrl-2 and
pdr1-3, respectively. More recently, the hypo-
thesis that the pdr1-1, pdr1-2 and pdr1-3 muta-
tions occur in the same PDR1 locus was vali-
dated by Balzi et al. [3] who cloned and se-
quenced the PDRI gene and proposed that its
product acts as a transcription regulator.

The data reported elsewhere by Ulaszewski et
al. [7] and in the present paper show that the
ATPase mutants pmal also exhibit multiple
drug resistance but have a phenotype quite
different from that of pdrl. The pmal mutants
which were originally shown to be resistant to
Dio-9, D-lysine (tested in the presence of
proline as a nitrogen source) and miconazole
are now found to be also resistant to N,N’-(p-
xylylidene)-bis-aminoguanidine-2HC1, ethi-
dium bromide and synthalin. In contrast, the
pdrlmutants are resistant to oligomycin, ventu-
ricidin, chloramphenicol and cycloheximide,
and show a slightly enhanced sensitivity to the
drugs to which pmal is resistant. Furthermore,
the pmal ATPase is resistant to vanadate in vitro
while the pdr1 ATPase is vanadate sensitive.

The presented results suggest that pdrl muta-
tions might also exert some control on ATPase
activity since all pdrl mutations reduce the
enzyme activity when combined with pmal in
diploids in trans configuration. Moreover, in-
teractions between pmal and pdrl mutations
are also indicated by interferences in drug re-
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Table 6
Plasma membrane H -ATPase activity in pmal and pdrl diploid strains
ATPase specific activity*
Strai Genot (umol Pi X min~! x mg_l)
amn enotype Vanadate-sensitive Total
, exp. 1 exp. 2 exp. 1 exp. 2
PMA1 PDR1?
US53 PMAT pdrl-1 0.56 0.69 0.63 0.79
b
Usé f,’;ﬁf 1’3’1;11{ 031 035 0.58 0.558
b
US26 ;1))"1\:1“}111) 51511_1 0.10 0.16 0.18 0.30
b
st AL DRI 033 033 037 0.44
b
Us9 ﬁ’,’;‘ﬁf 3;:11_3 0.11 0.19 021 0.23
b
US27 pral s ;’:11_2 0.07 0.09 0.19 0.20
b
Uss2 iﬁﬁ ?gﬁa 0.53 0.61 0.59 0.66
b
US8s3 zﬁﬁ ?gﬁc 041 0.44 046 0.49

*Three not isogenic wild type PDRI strains were used. PDRI? was from GR350, PDR1 ® from £1278b and PDRI° from IL125-2b.
ATPase assays (see Materials and Methods) were carried out in the absence (Total) and presence of 50 UM vanadate in crude
membrane fractions from two separate cultures (experiment 1 and 2). Vanadate-sensitive is the total ATPase activity minus that

observed in the presence of vanadate.

sistance. In diploids, the combination of pmal
and pdr1 alleles decreases the resistance to CYH
as compared to the diploid containing only
pdrl. Furthermore, in the haploid double mu-
tant pmal pdrl, the in vivo XBAGR and in vitro
VANR phenotype of pmal are totally or par-
tially suppressed by pdrl mutation.

Balzi et al. [3] reported that the deduced
amino-acid sequence of the PDR1 polypeptide
resembles that of several nucleic acid-binding
proteins involved in the control of gene ex-
pression in Eucaryotes. The mRNA transcript
of the PDR5 gene is overexpressed in pdrl-3
mutant [37]. This points to a control by a regu-
latory protein of several permeability functions
responsible for multiple drug resistance in
yeast. It has been previously proposed that
PDR1 could be either a positive regulator of
drug efflux or a negative regulator of drug
influx [35].

The predicted PDR1 polypeptide may modify
the expression of various target genes PDR4,
PDR5, STE6, ATR1 and ADP1, mediating
multiple drug resistance in yeast [35] including

the plasma membrane ATPase gene PMAI (this
paper). Resistance in yeast ATRI and a de-
creased expression of PMAI could in turn
modify the cellular uptake of drugs and there-
fore induce drug resistance in vivo. Strong sup-
port for this model has been brought pre-
viously by Perlin et al. [15] who have shown
thatpmal mutants exhibita reduced membrane
potential, and by Capieaux ef al. [41] who have
shown that deletions in the promotor region of
PMAI produce strains with decreased ATPase
activity and concomitant increased resistance
to hygromycin B. Finally, we can not exlude the
possibility that pdr] mutations might also in-
duce either a new plasma membrane [42] or
vacuolar ATPase activity [43] interfering for
example with the PMAI gene product activity
in the haploid double mutant pmal pdrl. The
nature of the interactions among different
determinants of multiple drug resistance in
yeast should now be studied at the molecular
level. :
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