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Functional Complementation of Yeast ste6 by a 
Mammalian Multidrug Resistance mdr Gene 
Martine Raymond,* Philippe Gros, Malcolm Whiteway, 

David Y. Thomas 

Multidrug resistance in mammalian tumor cells is associated with the overexpression of 
mdr genes encoding P-glycoproteins, which function as drug efflux pumps. A yeast ho- 
molog of mdr, STE6, mediates export of a-factor mating peptide. Yeast MATa cells carrying 
a ste6 deletion produce no extracellular a-factor and therefore are defective in mating. 
Expression of a complementary DNA for the mouse mdr3 gene in a yeast ste6 deletion 
strain restored ability to export a-factor and to mate. A mutation (a serine to phenylalanine 
substitution at amino acid 939) known to affect the activity of the mdr3 gene product 
abolished its ability to complement the yeast ste6 deletion. Thus, functions of P-glyco- 
proteins in normal mammalian cells may include the transmembrane export of endogenous 
peptides. 

Mukidrug resistance (MDR) in cultured 
cells in vitro and in tumor cells in vivo is 
associated with the overexoression of mem- 
bers of a small gene family, designated mdr 
or p a ,  that codes for membrane P-glyco- 
proteins (Pgps) (1). Pgps are composed of 
two homoloeous halves: each half consists - 
of six predicted transmembrane domains 
and an intracellular loop with a consensus 
adenosine triphosphate (ATP) binding mo- 
tif (1). Pgps apparently function as energy- 
dependent drug efflux pumps that reduce 
the intracellular accumulation of a wide 
variety of chemotherapeutic drugs in resist- 
ant cells (2). In addition, Pgps display a 
specific pattern of expression in normal 
tissues, implicating Pgps in normal trans- 
port of endogenous cellular substrates (3). If 
so, these normal substrates have yet to be 
identified. 

Pgps are members of a superfamily of 
evolutionarily conserved transport proteins 
(4). This superfamily includes the pfmdrl 
gene product of Plasmodium falciparum asso- 
ciated with chloroquine resistance ( 3 ,  the 
cystic fibrosis (CF) transmembrane conduc- 

tance regulator (CFTR) protein, mutations 
in which lead to CF in humans (6), and the 
yeast Saccharmyces cerevisiae STE6 gene 
product (7, 8), which mediates the export 
of the a-factor pheromone, a farnesylated 
dodecapeptide required for mating (9, 10). 
The yeast STE6 gene product and mamma- 
lian Pgps are up to 57% homologous, in- 
cluding conservative amino acid substitu- 
tions and have similar predicted secondary 
structure and proposed membrane topology 
(7. 8). To determine if the structural simi- 
\ ,  , 

larity between the yeast and the mammali- 
an transoorters translates into a functional 
homology, we asked if the mouse mdr3 gene 
(1 1, 12) could comolement the function of ~, 

the S T E ~  gene in a ;east ste6 mutant strain. 
A genomic DNA fragment containing 

the yeast STE6 gene and a cDNA for the 
mouse wild-type mdr3 gene were placed 
under the control of the oromoter for the 
yeast alcohol dehydrogenase gene on the 
high copy vector pVT, yielding plasmids 
pVT-STE6 and pVT-MDMS, respectively 
(1 3). In addition, a mutant mdr3 derivative 
with a serine to phenylalanine substitution 
at amino acid position 939 was subcloned 
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(12). These three constructs, along with 
plasmid pVT as negative control, were 
transformed into yeast JPY2Ol MATa 
Aste6::HIS3 cells, in which 70% of the 
STE6 gene was deleted and replaced with 
the yeast HIS3 gene (7). Thus, JPY2Ol cells 
do not export a-factor and are sterile (7). 

The activity of the STE6 or mdr3 gene 
products was measured by the ability of 
transformed JPY201 cells to arrest growth of 
MATa cells and to mate, functions depen- 
dent on extracellular a-factor pheromone 
production (14). In a growth arrest assay 
(Fig. I), production of pheromone by a 
patch of cells inhibits growth of a lawn of 
cells of the opposite mating type, resulting 
in a clear zone or halo surrounding the 
patch (15). Control JPY2Ol cells trans- 
formed with pVT [JPY20l(pVT)] were de- 
fective in the production of extracellular 
a-factor (7), but JPY201 cells transformed 
with pVT-STE6 [JPY20l (pVT-STE6)] or 
pVT-MDR3S [ JPY2Ol (pVT-MDMS)] pro- 
duced a zone of growth inhibition of signif- 
icant size, indicating their ability to export 
substantial amount of a-factor pheromone 
(1 6). In contrast, cells transformed with 
pVT-MDR3F [JPYZOl (pVT-MDMF)] pro- 
duced no discernible halo. 

The ability of JPY201 transformants to 
mate was also assayed (Fig. 2 and Table 1). 
Pheromone production triggers mating be- 
tween haploid cells of opposite mating 
types, which leads ultimately to the forma- 
tion of diploid cells (14). Thus, diploid 
formation provides a sensitive measure for 
the extracellular production of biologically 
active a-pheromone (1 0). The mating de- 
fect of JPY20l (pVT) cells was corrected by 
expression of either the STE6 or the wild- 
type mdr3 gene but not by the mutant mdr3 
gene. The difference in mating efficiencies 
between JPY20l (pVT-STE6) and JPY201- 
(pVT-MDR3S) cells may reflect their dif- 
ferential ability to transport extracellular 
a-factor, a likely consequence of the evolu- 
tionary distance between the yeast and the 
mammalian transporters expressed in these 
transformants. The construction and func- 
tional testing of chimeric molecules be- 
tween STE6 and mdr3 should help to iden- 
tify the protein domains responsible for 
optimal a-factor transport by STE6. 

To verify that the M D R ~ ( P ~ ~ ~ ~ ~ )  pro- 
tein was appropriately expressed and target- 
ed, we prepared cell membranes from 
JPY2Ol transformants and analyzed them by 
immunoblotting for the presence of the 
wild-type and mutant mdr3 gene products 
(Fig. 3). JPY20l (pVT-MDR3S) and 
JPY20l (pVT-MDR3F) cells produce similar 
amounts of immunoreactive MDR3 (Ser939) 
and M D R ~ ( P ~ ~ ~ ~ ~ )  proteins, which are not 
detected in control cells transformed with 
plasmid pVT. The mouse mdr3 gene prod- 
ucts expressed in yeast cells display a faster 
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Fig. 1. Determination of a-factor produc- A B c D 
tlon by growth arrest assay JPY201 cells 
transformed w~th plasm~d pVT-MDR3S 
(A), pVT-MDR3F (B), pVT (C), or pVT- 
STE6 (D) were grown to statlonary phase 
In SD-URA Cells (lo6) were spotted dl- 
rectly onto a lawn of yeast strain M323-2A (MATa ssll-7 sst2:URA3 leu2-3, 112 trpl ura3-52), 
which carries the ssll sst2 mutations rendering it hypersensitive to growth inhibition by a-factor 
(22). Plates were photographed after incubation at 30°C for 24 hours. 

Table 1. Mating efficiency of JPY201 trans- 
formants. Fresh cultures of JPYPOl transform- 
ants (in SD-URA medium) and of yeast strain 
DC17 (in YPD medium) were mixed in mi- 
crofuge tubes, briefly pelleted, incubated at 
30°C for 3 hours, and serial dilutions were 
plated onto minimal synthetic dextose medium 
for the selection of diploids. The frequency of 
mating was calculated as the ratio of the num- 
ber of diploids formed on selective medium to 
the number of input JPY201 cells used in the 
assay. The reported values are the mean of 
three independent experiments performed in 
duplicate. The standard deviations for the mea- 
surements were 3.0 x lo-' for pVT-STE6 and 
4.2 x for pVT-MDR3S. The frequency 
~ 5 . 0  x represents the lowest mating 
efficiency detectable in this assay (23. 

JPY201 transformants Mating frequency 

electrophoretic mobility than predicted 
from their calculated molecular mass of 140 
kD (I I), the reason for this discrepancy 
being unknown. The failure of a properly 
expressed M D R ~ ( P ~ ~ ~ ~ ~ )  mutant protein to 
complement the ste6 mutation provides ad- 
ditional and direct genetic evidence that 
the extracellular production of a-factor by 
JPYZOl (pVT-MDIUS) transformants is due 
to the expression of a functionally active 
MDR3 (Ser939) protein. 

This suggests that Pgp encoded by the 
mouse mdr3 gene transports a-factor in 
yeast cells by mechanisms similar to those 
involved in drug transport in mammalian 
cells. Drugs transported by Pgps share a 
common hydrophobic nature, which has 

been proposed to allow them to partition 
within the plasma membrane, from which 
they are eventually expelled (1 7). Similar- 
ly, a-factor is a hydrophobic lipopeptide, 
which contains a number of aromatic resi- 
dues and which is modified by the attach- 
ment of a methyl group and a famesyl 
moiety to the COOH-terminal cysteine 
residue (9). Because iso~renvlation of a-fac- . , . 
tor appears to be necessary for export of this 
peptide by yeast cells (1 8), it is possible that 
this modification is also required for trans- 
port of a-factor by Pgp. 

In P. fakiprum, mutations in TM-11 of 
the pfmd~1 gene product have been found 
associated with chloroauine resistance. in- 
cluding a serine to cysteine substitution at 
amino acid position 1034 (1 9). Although 
no significant sequence homology can be 
detected between the TM-11 domains of 
the m d ~  and the pfmdr gene products, both 
segments have the potential to form am- 
phipathic helices, with Ser939 of mdr3 and 
Ser'034 of pfindrl mapping near the bound- 
ary of the hydrophobic side of the predicted 
helices (12). A serine residue maps at the 
equivalent position in TM-11 of the STE6 
gene product (Ser950) and TM-11 of the 
yeast transporter also displays the potential 
to form such an amphipathic helix (20). 
These observations, together with the find- 
ing that the Ser939 to  he^^^ substitution in 
MDR3 affects not only drug transport in 
mammalian cells (12) but also peptide 
transport in yeast cells, strongly support the 
proposition that TM-11 may be involved in 
substrate recognition and transport by the 
Pgp superfamily of transporters. 

The export of a-factor pheromone by the 
STE6 gene product has identified a pathway 
for protein export in yeast cells, different 
from the classical secretory pathway (7, 8). 
The recent isolation of peptide pumps ho- 
mologous to Pgp and apparently implicated 

Fig. 2. Determination of a-factor production by 
mating assay. Patches of JPY201 cells trans- 
formed with plasmid pVT-MDR3S (A), pVT- 
MDR3F (B), pVT (C), or pVT-STE6 (D) were 
grown on SD-URA plates and replicated to rich 
YPD plates (yeast extract, peptone, and dex- 
trose) on a lawn of yeast strain DC17 (MATa 
hisl). Mating was allowed to proceed for 12 
hours at 30°C before transfer onto synthetic 
dextrose minimal plates to assess diploid for- 
mation. 
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Fig. 3. Expression of the mouse mdr3 gene 
products in yeast JPY201 transformants. Mem- 
brane proteins (10 kg) (24) from JPY201 cells 
transformed with plasmid pVT-MDR3S (lane I ) ,  
pVT-MDR3F (lane 2), or pVT (lane 3) were 
separated by SDS-polyacrylamide gel electro- 
phoresis and analyzed by Western (RNA) blot- 
ting with the monoclonal antibody to Pgp C219 
(Centocor Corp., Philadelphia, Pennsylvania). 
Immune complexes were revealed by incuba- 
tion with antibodies to mouse immunoglobulin 
G coupled to alkaline phosphatase (Bio-Rad 
Laboratories, Ltd., Mississauga, Ontario). 

in transporting fragments of antigenic pro- 
teins from the cytosol into the endoplasmic 
reticulum (21) suggests that such transport 
pathways are also used in mammalian cells. 
Our finding that a mammalian Pgp can 
functionally substitute for the yeast STE6 
gene product supports the proposition that 
the as yet unidentified physiological func- 
tions of Pgps in normal cells may include 
the transmembrane transport of endoge- 
nous peptides or proteins. It remains to be 
determined whether mammalian Pgp pro- 
tein directs secretion of a-factor or other 
peptides by a mechanism that requires or is 
independent of the classical yeast secretory 
pathway. 
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Specific Binding of Chromosomal Protein HMG 1 
to DNA Damaged by the Anticancer Drug Cisplatin 

Pieter M. Pil and Stephen J. Lippard* 
The mechanism of action of the anticancer compound cis-diamminedichloroplatinum(ll) 
(cisplatin) involves covalent binding to DNA. In an effort to understand the tumor-specific 
cytotoxicity of such DNA damage, the interactions of these lesions with cellular proteins 
have been studied. One such protein has been identified as the high-mobility group protein 
HMGl. Recombinant rat HMGl binds specifically (dissociation constant 3.7 & 2.0 x lop7 
molar) to DNA containing cisplatin d(GpG) or d(ApG) intrastrand cross-links, which unwind 
and bend DNA in a specific manner, but not to DNA modified by therapeutically inactive 
platinum analogs. These results suggest how HMGl might bind to altered DNA structures 
and may be helpful in designing new antitumor drugs. 

Recent cancer statistics reveal the annual 
ratio of deaths to incidence of new solid 
tumors of the testes to be nearly zero (1). 
This result is thought to be largely the 
consequence of chemotherapy afforded by 
the anticancer drug cisplatin. The antitu- 
mor activity of cisplatin is generally accept- 
ed to involve binding to DNA, a process 
about which there is substantial chemical 
and structural information (2). The biolog- 
ical activity of the drug cannot be explained 
solely on the basis of its ability to damage 
DNA, however, because the geometric iso- 
mer trans-diamminedichloroplatinum(II) 
(trans-DDP) binds DNA and can block 
replication (3-5) but is ineffective as a 
chemotherapeutic agent (6). Stereochemi- 
cal differences in the adducts formed by the 
two isomers imply that the antitumor activ- 
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ity of cisplatin arises from the formation of 
a specific structural motif on DNA which, 
in turn, triggers a cellular response leading 
to cell death. To investigate this possibility, 
attention has turned .to identifying cellular 
proteins that recognize cisplatin-DNA le- 
sions with the ultimate aim of understand- 
ing how such interactions might lead to the 
selective toxicity of the drug to tumor cells. 

The existence of proteins in mammalian 
cellular extracts capable of binding to cis- 
platin adducts with high affinity and speci- 
ficity has been established by gel mobility 
shift and Southwestern blot assays (7-1 1). 
Until recently, however, none of these 
proteins has been identified. The South- 
western blot analyses revealed the existence 
of two classes of proteins that recognize 
cisplatin-damaged DNA having molecular 
masses of -28 kD and 80 to 100 kD (8, 11, 
12). A gene that encodes an 8 1-kD cispla- 
tin-DNA structure-specific recognition pro- 
tein (SSRPI) has been cloned (8) and 
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