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Abstract-A number of inhibitors thought to act on the drug efJIuux mechanism of multidrug- 
resistant cells have been testedfor their ability to inhibit the induction of respiration-defiient (petite) 
colonies of theyeast Saccharomyces cerevisiae by mitochondrial mutagens. The mutagens tested 
were 3,6-diamino-g-(4-[ (methylsulphonyl)aminophenyl]amino}acridine (an antitumour compound 
related to both amsacrine andproflavine), ethidium bromide, quinolinium dibromide (NSC 176319, 
a non-intercalative DNA binding antileukaemia agent) and rhodamine 123. The inhibitors tested 
included verapamil, perhexiline, chlorpromazine, trifuoperazine, reserpine, chloroquine, quinacrine, 
tamoxtfen, clomiphene, cyclosporin A, valinomycin, amphotericin B and Tween 80. Several of these 
agents protected against mitochondrial mutagenesis, the most active being verapamil, reserpine, 
chloroquine, cyclosporin A and Tween 80. The correspondence between activity against multidrug 
resistance and activity in the yeast system strongly implies some degree of similarity in mechanisms 

for drug efjuxfrom multidrug-resistant cells and drug uptake into the mitochondria ofyeast. Agents 
protecting against the uptake of drugs into mitochondria of mammalian cells may have use in 
minimizing the long-term toxicity of anticancer drugs mediated by mitochondrial drug retention. 

INTRODUCTION 
TRANSMEMBRANE DRUG TRANSPORT is an important 
principle governing antitumour selectivity. It is 
particularly relevant to the action of antitumour 
agents such as the Vinca alkaloids, anthracyclines, 
actinomycins and epipodophyllotoxins, since an 
active cellular efIlux mechanism may control intra- 
cellular drug concentrations [ 11. The acquisition of 
transport-mediated multidrug resistance (MDR) in 
cancer cells is accompanied by an increase in the 
rate of drug efIlux of all of the above drug categories 
and can lead to clinical drug resistance [2]. MDR 
can be inhibited by a wide variety of agents includ- 
ing verapamil, calmodulin inhibitors, cyclosporin, 
Tween 80, reserpine and many other agents [3-61. 
These compounds partially or completely restore 
drug sensitivity in culture, and verapamil has been 
used clinically to combat MDR [7]. The pharmaco- 
logical inhibition of MDR is an important concept 
in the optimization of cancer chemotherapy. 
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One of the features of cells exhibiting MDR is the 
overexpression of one or more of a family of genes, 
termed mdr genes, which specify membrane proteins 
known as P-glycoproteins [8]. The DNA sequence 
of the mammalian mdrl gene contains homologies 
with bacterial haemolysin transport gene [9], with 
a yeast STE6 protein transporter gene [lo], and 
with a drug resistance gene from Plasmodium falsipa- 
rum [l 11, suggesting that it is one of a large family 
of transporter molecules. It is noteworthy that the 
bacterium Salmonella typhimurium TA1.537 exhibits 
features of MDR in its response to certain acridine 
derivatives since frameshift mutagenicity is greatly 
increased in the presence ofverapamil [ 121. Further- 
more, chloroquine-resistant variants of the malarial 
parasite P. falsiparum appear to have developed a 
type of MDR since sensitivity is enhanced in the 
presence of the calmodulin inhibitor desipraminc 
[131. 

Previous studies on mitochondrial mutagenesis 
of the yeast Saccharomyces cerevisiae by acridine deriva- 
tives have shown verapamil to have a paradoxical 
effect [ 121. Rather than increasing the mutagenic 
effect ofan antitumour acridine derivative, as might 
be expected if the yeast cell displayed the MDR 
phenotype, verapamil strongly suppresses muta- 
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genicity. Possible explanations are that verapamil 
inhibits the uptake of the acridine derivatives across 
the plasma membrane, that it stimulates drug 
metabolism or drug efflux, or that it inhibits uptake 
into mitochondria. 

before use. For all experiments, a l-ml sample was 
thawed, addded to fresh medium ( 10 ml) and grown 
for exactly 2 h before use. 

Microtitre assay for ‘petite’ induction 
We have examined the hypothesis that yeast 

mitochondria have a verapamil-sensitive drug con- 
centration mechanism with similarities to the drug 
concentration mechanism proposed for cytoplasmic 
vesicles of MDR cells. If this hypothesis is correct, 
then drugs known to reverse MDR in turnout- cells 
might be expected to.affect the action of antimito- 
chondrial drugs. We have tested this hypothesis by 
examining the effects ofa number of MDR-reversing 
agents on the induction of respiratory deficient 
(‘petite’) colonies of S. cerevisiae [ 121 by the following 
three mutagens. 3,6-Diamino-AMSA is a DNA 
intercalating drug related to amsacrine but with the 
acridine substitution pattern of proflavine [ 121. 
Ethidium bromide is an example of a DNA inter- 
calating compound which localizes strongly in the 
mitochondria oftumour cells [ 141 and has been used 
extensively in studies with yeast [ 151. Quinolinium 
dibromide is a representative [ 163 of a class of bis- 
charged non-intercalative DNA-binding anti- 
tumour agents which also affect yeast [ 171. A fluor- 
escent member of this series has been shown to 
localize in tumour cell mitochondria [ 141. Rhoda- 
mine 123 is a fluorescent laser dye which localizes 
in tumour cell mitochondria [ 181, affects yeast mito- 
chondria [ 151, does not bind to DNA, and has 
selective cytotoxic effects against carcinoma cells 

[191. 

This assay has previously been described [22]. 
Briefly, a logarithmic phase culture was diluted into 
fresh YC medium, loo-p1 aliquots were inoculated 
into a 96-well microtitre tray (A/S Nunc, Denmark) 
and drugs were added at various dilutions to the 
wells. Drugs were dissolved in growth medium 
(Tween 80, verapamil, trifluoperazine, cyclosporin 
A: chlorpromazine, chloroquine), acetone (valino- 
mycin), ethanol (perhexilene, clomiphene, quina- 
crinc) or dimethylsulphoxide (rcserpine, amphoter- 
icin B, tamoxifen) and dilutions made so that there 
was no more than 1% organic solvent per well. 
Trays were incubated for 20 h at 3O”C, an appro- 
priate dilution made from each well into saline, 
and 100 pl plated on to each of 10 YC plates. 
Appropriate solvent controls were also carried out. 
Cell numbers were calculated so that the dilutions at 
this point were at least 10”-fold, thereby effectively 
washing drugs from cells by dilution. Plates were 
incubated at 30°C for 3 days before scoring for total 
colony counts, then overlaid with tetrazolium in 
order to score ‘petite’ colonies [22]. 

For most experiments, ‘petite’ colony induction 
by the drug alone was compared with that in the 
presence of 3,6-diamino-AMSA (4.7 pM). Vari- 
ations in protocol are described within the text. All 
experiments were performed at least twice and each 
concentration was tested in triplicate. 

MATERIALS AND METHODS RESULTS 

Compounds Inhibition of mitockondrial mutagenesis by verapamil 
3,6-Diamino-9- { 4-[ (methylsulphonyl) amino- 

phenyl]amino}acridine (3,6-diamino-AMSA) was 
prepared in this laboratory as previously described 
[20]. Other materials were purchased from commer- 
cial sources as follows. Verapamil: Knoll AG; tri- 
fluoperazine dihydrochloride: Smith, Kline and 
French; clomiphene citrate and perhexilinc male- 
ate: Merrell; reserpine: Ciba-Geigy; chlorproma- 
zine hydrochloride: Rhone-Poulenc; tamoxifen: 
Imperial Chemical Industries; cyclosporin A: San- 
doz; chloroquine, valinomycin, nigericin, ampho- 
tericin, and quinacrine: Sigma. 

In initial experiments concerned with inhibiting 
‘petite’ mutagenesis by the calcium channel blocking 
agent verapamil, yeast cells were incubated with 
different concentrations of verapamil added 0, 0.5, 
1 or 2 h prior to the addition of the ‘petite’ mutagen 
3,6-diamino-AMSA. The concentration of mutagen 
was chosen either to induce ‘petite’ colonies 
(4.7 FM) or to kill cells (120 PM). Verapamil 
reduced both the ‘petite’ forming ability and toxicity 
of 3,6-diamino-AMSA and its efficiency was great- 
est with no preincubation step (Fig. 1). In all sub- 
sequent experiments test agents were added at the 
same time as the mutagen. 

Organisms 
Sacckaromyces cerevisiae diploid strain D5 [ 171 was 

kindly provided by Dr B.S. Cox (Botany School, 
University of Oxford). A single colony isolate was 
inoculated into liquid yeast complete medium (YC) 
[21] and grown to stationary phase for 24 h. Ten per 
cent dimethylsulphoxide was added, l-ml aliquots 
were frozen to - 70°C and stored at this temperature 

Inhibition of mitockondrial mutagenesis by other MDR- 
reversing agents 

The efficiency of a range of test agents, selected 
to span a range of known activities in reversing 
MDR [3-61, was tested using the ‘petite’ mutagen 
3,6-diamino-AMSA (4.7 FM). The known ion- 
ophore, valinomycin, was also tested because of its 
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Fig. 1. Effects ofadding oerapamif at two different times on the reductum 
of ‘petite’ mutagenesis by 3,6-diamino-AMSA (4.7 FM). Yeast cells 
were incubated with &J&rent concentrations of uerapamil, added either 
before or at the Same time os 3,6-diamino-AMSA. After addition of3,6- 
diamino-AMSA cultures were grown for a further 20 h before plating for 
suwioal and ‘petite colonv counting. (0) Percentage sunrival; (A) 
percentage ‘petites’ formed 4~ 3,6-diamino-AMSA added 2 h after 
preincubation in the presence of wrious concentrations of ueropami[; (A) 
percentage petites formed kv 3,6-diamino-AMSA added immediate!v ajier 

~atl0u.r roncentrations qfrerapamil. 

effects on the mitochondrial uptake of rhodamine 
123 [23]. Examples in Fig. 2 show valinomycin 
together with a highly active agent (cyclosporin A), 
and a weakly active agent (trifluoperazine). All 
curves were analysed to find the concentrations 
necessary to reduce survival and to reduce ‘petite’ 
mutagenesis to 50% of its original level. The 
maximum reduction of ‘petite’ formation in these 
experiments was also calculated. The data, summa- 
rized in Table 1, suggest that five compounds 
(reserpine, chloroquine, quinacrine, cyclosporin A 
and Tween 80) are all more active than vcrapamil 
in reversing ‘petite’ mutagenesis. 

In order to rank the above five compounds, an 
alternative test procedure was utilized where each 
drug was tested at an optimal dose (as determined 
above) for its ability to reduce ‘petite’ formation 
by different concentrations of 3.6-diamino-AMSA 
(Fig. 3). Chloroquine and Tween 80 were found to 
reduce this activity over a wider dose range than 
any of the other drugs. 

To determine whether ‘petite’ induction by other 
mutagens was susceptible to these agents, the muta- 

Table 1. Ability of various compounds to protect against ‘petite’ mutagenesis in Saccharomyces cerevisiae strain 

D, by 3,6-diamino-AMSA 

4, 
Compound (mM) 

Calcium channel blockers 
Verapamil 2.8 
Perhexiline 0.06 

Calmodulin inhibitors 
Chlorpromazine 0.030 
Trifluoperazine 0.016 

Inhibitors of vesicular catecholamine uptake 
Reserpine >4 

Antimalarials 
Chloroquine >3 
Quinacrine 2.3 

Antioestrogens 
Tamoxifen 0.12 
Clomiphene 0.86 

Immunosuppressive agents 
Cyclosporin A >20 

Ionophores 
Valinomycin 0.015 

Detergents 
Tween 80 >380 

Anlifungal agents 
Amphotericin B 0.0004 

(I$ 

0.10 
NA 

0.008 
NA 

0.026 

0.006 
0.019 

x.4 
NA 

0.024 

0.0016 

23 

0.0010 

~Lxx change 
(%) 

95 
N A 

66 
18 

100 

95 
100 

NA 
NA 

100 

92 

100 

82 

(L& f),JP-,,, 

NA 28 
NA 

x.4 1.1 
x.4 

0.059 >I50 

N.4 >500 
NA I XI 

x.4 
NA 

NA >800 

0.00” 0. & 

x.4 >I70 

NA O.-l2 

D,,: drug concentration required (pM) to reduce yeast colony numbers to 37% that of the untreated control. Now 
that with some drugs it was not possible to reach toxicity. 
P,,: dose to reduce petite formation to 50% of the value for 3,6-diamino-AMSA alone. 
Max change: 100 X (a-b)/a where a = percentage petites induced by 3,6-diamino-AMSA alone and b = prrcrnt- 
age petites induced by 3,6-diamino-AMSA plus test compound. 



58 B. C, Bag@, P.M. Turner and LX. Ferguson 
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Fig. 2. Effect of ualinomycin (A), cyclosporin (B) and tr$uoperazine 
(C) on the suruioal and ‘petite’ mutagenesis of_veast in the presence fJilled 
tvmbols) or absence (open vmbols) of 3,6-diamino-AMSA (4.7 PM). 
Both the mutagen and the protecting compound were added simultaneously 
and cultures growz for a further 20 h before plating for sumioal and 
*petite’ coloon)~ counting. (0) Percentage suwiual; (A) percentage ‘petite’ 

colonies. 

genicity of the DNA intercalator ethidium, the non- 
intercalative DNA binder quinolinium dibromide 
and the protein binder rhodamine 123 was tested 
in the presence of chloroquine, Tween 80 and 
verapamil. Optimal concentrations ofthe protecting 
compounds, determined from experiments above, 
were tested for their ability to reduce ‘petite’ muta- 
genesis (Table 2). Tween 80 was found to be the 
most effective agent, affecting the dose-response 

CONCENTRATION (mM) 

Fig. 3. &‘&cts of various drugs on the abiliy of different concentrations 
of 3,6-diamino-AMSA to induce ‘petite’ colonies. Both drugs were added 
simultaneous&v and culturesgromnfor 20 h before beingplatedforsurviual 
and petite colony counting. (0) 3,6-Diamino-AMSA alone; (Cl) 3,6- 
diamino-AMSA + 16 @I ualinomycin; (A) 3,6-diamino-AMSA + 
350 pM reserpine; (m) 2,6-diamino-AMSA + 400 FM chloroquine; 
(A) 3,6-diamino-.4MSA + 400 @I cyclosporin A; (0) 3,6-diamino- 

AMSA + 47 mM (6.25%) Twen80. 

curve ofall three agents. Chloroquine was ineffective 
against rhodamine 123 mutagenesis, while verapa- 
mil was ineffective against both ethidium bromide 
and rhodamine 123. 

DISCUSSION 
The surprising result in this study has been that 

many of the compounds known to reverse MDR in 
resistant cancer cells are able to protect yeast cells 
against the effects of the ‘petite’-inducing mutagen 
3,6-diamino-AMSA. This result extends to seven of 
the eight classes of agents studied, namely calcium 
channel blocking agents, calmodulin inhibitors, 
inhibitors of vesicular uptake of catecholamines, 
antimalarials, immunosuppressive agents, antifun- 
gals and non-ionic detergents (Table I), and covers 
structures as diverse as cyclosporin A and reserpine. 
Verapamil is not the best of the agents studied, and 
ineffective against ethidium bromide and rhoda- 
mine 123. The activity of cyclosporin A and reser- 
pine are notable. 

Yeast cells [24], like mammalian cells [ 14, 181, 
are capable of concentrating cationic fluorescent 
dyes in their mitochondria. Although 3,6-diamino- 
9-anilinoacridine derivatives such as 3,6-diamino- 
AMSA are non-fluorescent, their concentration by 
mitochondria is implicated by the finding that, 
like ethidium [25], they strongly inhibit oxygen 
utilization by S. cerevisiae (Ferguson LR, Hill CL, 
unpublished). Although other mechanisms are poss- 
ible, the simplest explanation for the results reported 
here is that compounds reversing MDR are capable 
of inhibiting the active concentration of ‘petite’- 
inducing mutagens by yeast mitochondria. 

The effect of valinomycin is interesting in that 
it can both suppress ‘petite’ mutagenesis by 3,6- 
diamino-AMSA at lower concentrations and induce 
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Table 2. Ability of Txteen 80, chloroquine and verapamil to protect against ‘Petite’ mutagenesis b_~ ethidium bromide. 
quinolinium dibromide and rhodamine 123 

‘Petite’ inducer Concentration 

(CLM) 

Inhibitor % ‘Pctitcs’ 

(-1 (+i 

Ethidium bromide 

Quinolinium dihromidr 

Rhodamine 123 

1.9 Tween 80 0 .FJ 2.1 

1.9 Chloroquinc 77 211 

1.9 Verapamil 98 ‘Ifi 

5.3 ‘Tween 80 1 O(! I .i 
5.3 Chloroquinc 88 lit I 
5.3 Verapamil 88 !Fl 

60 Tween 80 100 H 
60 Chloroquinr 98 81 
60 Verapamil 99 !)!I 

it in the absence of a second agent at higher concen- known to accumulate in mitochondria of mam- 
trations (Fig. 2 and Table 1). Valinomycin would malian cells are also susceptible to MDR [ 141. 
be expected to abolish the mitochondrial membrane MDR appears to involve, as well as direct export 
potential and thus disrupt mitochondrial energy of drug from the cell, the energy-dependent and 
production [23]. Complete disruption of mito- verapamil-inhibitable accumulation ofdrug in cyto- 
chondrial function might be expected to lead plasmic vesicles [27]. The active uptake ofcatcchol- 
directly to the formation of daughter cell buds amines into vesicles of cardiac atria may occur by 
lacking functional mitochondia, whereas partial an analogous mechanism since vesicular retention 
inhibition may disrupt energy-dependent drug con- is inhibited by verapamil and rescrpinc [ 281. The 
centration by mitocondria. Reserpine may have active uptake of drugs into mitochondria might bc 
analogous effects. considered to be analogous to these processes. 

P-glycoproteins, which catalyse the export of In conclusion, it will be interesting to determine 
cationic, hydrophobic drugs [I], appear to consti- whether inhibitors of MDR protect against mito- 
tute a sub-population of a superfamily of trans- chondrial effects of drugs in tumour ~11s. The 
locator proteins which are required for the export question of whether mitochondria have an inhibit- 
of proteins from cells [lo]. Since mitochondria able drug uptake mechanism is important because 
contain specific translocator proteins for the import the antitumour effects 119, 291, as well as the long 
of mitochondrial proteins [26] it is reasonable to term toxic side-effects [29, 301, of some antitumour 
draw the analogy that one or more of these mito- drugs may be due to mitochondrial localization. If 
chondrial translocator proteins may catalyst the mitochondrial drug accumulation can hc controlled 
import of cationic, hydrophobic drugs. This mech- by a second agent, the selecti\*ity of agents acting 
anism is consistent with the finding that a variety through mitochondria might be extcndcd, and the 
of fluorcsccnt, positively charged compounds delayed toxicity of other drugs minimized. 
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