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The transmembranal potential, in Saccharomyces cerevisiae, has been calculated from the distribution ratio of 
the lipophilic cation tetraphenylphosphonium (TPP +) between the intracellular and extracellular water. 
Trifluoperazine at concentrations of 10 to 50 tiM, caused a substantial increase in the membrane potential 
(negative inside). This increase was observed only in the presence of a metabolic substrate and was 
eliminated by the addition of the protonophores 2,4-dinitrophenol and sodium azide, removal of glucose, 
replacement of glucose by the nonmetabolizable analog 3-O-methyl glucose, or by the addition of 100 mM 
KCI. An increase in 45CaCl 2 accumulation from solutions of low concentrations (1 it M) was observed under 
all conditions where membrane potential was increased. Proton ejection activity was monitored by measure- 
ments of the rates of the decrease in the pH of unbuffered cell suspensions in the presence of glucose. 
Trifluoperazine inhibited the changes in medium pH; this inhibition was not the result of an increase in the 
permeability of cell membranes to protons since in the absence of glucose, trifluoperazine did not cause a 
change in the rate of pH change generated by proton influx. The activity of plasma membrane ATPase was 
measured in crude membrane preparations in the presence of sodium azide to inhibit mitochondrial ATPase. 
Trifluoperazine strongly inhibited the activity of the plasma membrane ATPase. The effect of phenothiazines 
on transport and on membrane potential reported in this study and in the previous one (Eilam, Y. (1983) 
Biochim. Biophys. Acta 733, 242-248) were observed only in the presence of a metabolic substrate. The 
possibility that energy is required for the uptake of phenothiazines into the cells was eliminated by results 
showing energy-independent uptake of [3Hlchiorpromazine. The results strongly suggest that phenothiazines 
activate energy-dependent K+-extrusion pumps, which lead to increased membrane potential. Increased 
influx of calcium seems to be energized by membrane potential, and therefore stimulated under all conditions 
where membrane potential is increased. The analog which does not bind to calmodulin, trifluoperazine 
sulfoxide, had no effect on the cells, but the involvement of calmodulin in the processes altered by 
trifluoperazine cannot as yet, be determined. 

Introduction 

Phenothiazines, the tranquilizers and antipsy- 
chotic drugs, have recently gained renewed interest 

Abbreviations: a~b, the membrane potential; TPP +, tetraphen- 
ylphosphonium ion; Mes, 4-morpholineethanesulfonic acid; 
DDA +, dibenzyldimethylammonium; TPMP +, triphenylmeth- 
ylphosphonium. 

due to the finding that these drugs bind to 
calmodulin in the presence of C a  2+ and inhibit its 
regulatory functions [1-3]. In our previous work 
on Saccharomyces cereoisiae, we have found that 
low concentrations of trifluoperazine and related 
compounds induced stimulation of the initial rate 
of Ca 2+ influx by 10-20-fold, and a substantial 
efflux of cellular K + [4]. Using low concentrations 
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of trifluoperazine, the effects were observed only 
in the presence of a metabolic substrate. These 
results indicated that the stimulation of Ca 2÷ and 
K ÷ fluxes were the result of enhanced active, 
carrier-mediated transport, and not to increased 
passive ion leak. 

In the present work, we continue to investigate 
the mechanism of the effect of trifluoperazine on 
yeast cells. It has been found that trifluoperazine 
inhibits plasma membrane ATPase and activates 
electrogenic energy-dependent extrusion of K ÷, 
which leads to increased transmembranal potential 
(interior negative). It is postulated that the 
activated mechanism consists of electrogenic K ÷ 
pumps. Stimulation of Ca 2 ÷ influx seems to be the 
result of the increase in membrane potential. 

Recently, calmodulin has been demonstrated in 
the yeast S. cerevisiae [5], but its function in yeasts 
has not yet been discovered. It is, as yet, impossi- 
ble to determine whether the reported effects are 
mediated via inhibition of some calmodulin-de- 
pendent regulatory function or alternatively, to 
calmodulin-independent direct effect of pheno- 
thiazines on cellular or membranal component(s). 

Methods 

Organism and culture conditions. Saccharomyces 
cereoisiae, strain 123 (genotype MAT a/a  his 1) 
was maintained at 4°C on 1.5% w / v /  agar con- 
taining 1% yeast extract, 2% glucose and 2% pep- 
tone. Prior to the experiments, cells were incubated 
in medium containing Bacto yeast extract, (10 g/ l )  
Bacto peptone (20 g/ l )  and glucose (20 g/l).  The 
cells were grown overnight in shaking flasks at 
30°C. Cells were collected from the overnight cul- 
ture by centrifugation, washed three times by 
resuspension in distilled water, and finally resus- 
pended in the indicated medium, at cell density of 
5 • 107 cells/ml. 

Measurements of TPP + uptake. Cell suspen- 
sions, 1-108 cells in 2 ml medium containing 
glucose (100 raM), Mes-Tris buffer, pH 6.0 (20 
mM) and [3H]TPP+ (1 ~tM, 0.05 /~Ci/ml) were 
incubated at 30°C with continuous shaking. At 
indicated times, 2 ml of ice-cold MgC12 (20 mM) 
were added to the cell suspensions, the suspen- 
sions were immediately filtered through glass fiber 
filters (Sartorious) and the filters were washed four 

times with 2 ml portions of ice-cold MgC12 solu- 
tions (20 mM). The washing required no more 
than 1 min. The Mg2+-wash prevented the adsorp- 
tion of TPP ÷ to cell walls as shown by Barts et al. 
[6] for DDA uptake. The filtered cells were dried, 
toluene-based scintillation fluid was added and the 
radioactivity in the filters was determined using a 
liquid scintillation counter. 

Determination of K ÷ content. Cell suspensions 
(5.107 cells/ml) were incubated at 30°C with 
continuous shaking. At the indicated times, 1 ml 
samples were removed and filtered onto Sartorious 
membrane filters (0.45 /~m pore size; prewashed 
with distilled water) and the cells on the filters 
were washed four times with 3 ml distilled water in 
less than 2 min. After filtration, each filter was 
immersed in 3 ml distilled water, boiled to release 
the ions from the cells and centrifuged to precipi- 
tate the debris. K ÷ was determined in the super- 
natant after appropriate dilution, using a Perkin- 
Elmer atomic absorption spectrometer. 

Measurements of Ca e+ influx. Cells were sus- 
pended at a density of 5 . 1 0  7 cells/ml in the 
indicated medium which also contained CaC12 (1 
/xM) labeled with 45CAC12 (0.5 #Ci/ml) .  The sus- 
pensions were incubated at 30°C with continuous 
shaking for the indicated times. 1 ml samples were 
removed and filtered through Sartorious mem- 
brane filters (0.45/~m pore size, prewashed with 20 
mM MgC12). The cells on the filters were quickly 
washed three times with 20 mM MgC12. It was 
previously reported [5,7] that such Mg2+-wash pre- 
vents the adsorption of Ca 2÷ to cell walls. The 
filters were dried out and the radioactivity on the 
filters was determined in toluene-based scintilla- 
tion fluid. Blank filters, through which 1 ml 
medium without cells were filtered, were similarly 
washed and the counts remaining on the filters 
were subtracted from the results. 

Measurements of proton fluxes. Solutions of glu- 
cose (10 mM) and the indicated concentration of 
trifluoperazine were brought to pH 6 by addition 
of small aliquots of dilute solutions of NaOH or 
HC1, as required. Portions of yeast suspensions 
(1.108 cells/ml) were similarly adjusted to the 
required pH value immediately before the initia- 
tion of the measurement. An expanded scale was 
selected on the pH-meter (Radiometer, Copenha- 
gen, Denmark, with error limited + 0.005 pH units) 



and the electrode was immersed in a vial contain- 
ing 1 ml of the indicated medium adjusted to the 
required pH value. One ml of cell suspension was 
added forcefully to the medium (to obtain an 
adequate mixing) and the pH values of the cell 
suspension were immediately recorded upon the 
addition of the cells and every 15 s up to 2 min. 

All media and suspensions were maintained at 
25°C throughout the experiment.Every experiment 
was repeated at least four times. 

Determination of intracellular water volume. 
Intracellular water volume was determined as 
described by De la Pefia et al. [8] with slight 
modifications. Cells were suspended at 1-109 
cells/ml in medium containing Mes-Tris buffer, 
pH 6.0 (10 mM), glucose (100 mM), 3H20 (1 
/ tCi /ml)  and 14[C]methoxyinsulin (50 ~tg/ml, 0.5 
/xCi/ml). The suspensions were incubated at 30°C 
for 30 min and then centrifuged. Radioactivity was 
determined (using toluene-Triton scintillation 
fluid) in the supernatant and in the pellet after 
overnight incubation in 1% sodium dodecyl sulfate. 
The intracellular water volume was calculated from 
the H 3 and 14C counts according to De la Pefia et 
al. [8]. 109 cells yielded 24/~1 intraceUular water 
volume. 

Assay of the plasma membrane A TPase. Washed 
yeast cells were suspended at a density of 5-109 
cells/ml in medium containing 25 mM Mes-Tris, 
pH 7.0, 0.4 M sucrose, 0.2 mM EDTA and 2 mM 
mercaptoethanol. After the addition of 10 g glass 
beads (0.5 mm) to 10 ml of yeast suspension, the 
yeast cells were homogenized in Braun cell homo- 
genizer. The homogenate was separated from the 
glass beads and the ATPase activity of the homo- 
genate was determined as follows: The reaction 
was started by the addition of 100 /~1 of the 
homogenate to 1 ml of the reaction-medium con- 
taining 5 mM MgC12, 5 mM ATP, 10 mM NAN3, 
0.5 mM EDTA, 12.5 mM Mes-Tris pH 6.0 and 
trifluoperazine, as indicated. The reaction was 
stopped by the addition of 0.2 ml of trichloro- 
acetic acid 100% (w/v). Inorganic phosphate was 
measured as described by Pullman and Penefsky 
[11]. The reaction rates were linear with time up to 
15 min. 

Materials. Trifluoperazine and chlorpromazine 
were purchased from Sigma, tetraphenylphos- 
phoniumbromide was purchased from Merck, 
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[ 3 H]tetraphenylphosphoniumbromide and [ 3H]_ 
chlorpromazine were purchased from Nuclear Re- 
search Centre, Negev, Israel. 45Ca was purchased 
from Amersham International, U.K., and trifluo- 
perazine sulfoxide was a gift from Smith-Kline 
and French Laboratories. 

Results 

Determination of the membrane potential 
It has recently been established that the lipo- 

philic cation tetraphenylphosphonium ÷ (TPP ÷) 
may be used, at low concentrations, as a probe for 
determination of the membrane potential in Sac- 
charomyces [8-10]. In our strain of S. cerevisiae, at 
30°C, pH 6.0, TPP ÷ was taken up into metaboliz- 
ing yeast at an initial rate of 0 .4 .10 -18 mol/cel l  
per min and the steady state was obtained after 
approx. 25 rain. Addition of 2,4-dinitrophenol (1 
mM) caused a rapid release of 85% of the radioac- 
tivity (Fig. 1). Substantial reduction in TPP ÷ up- 
take was also observed under the following condi- 
tions: removal of glucose (with or without the 
addition of antimycin A), replacement of glucose 
by non-metabolized analogue 3-O-methyl glucose, 
and the addition of NaN 3. Addition of 100 mM 
KC1 or 1 mM CaC1 z caused a reduction in TPP + 
accumulation by 60% and 55%, respectively (Table 
I). Thus, conditions known to depolarize mem- 
branes caused a decrease in the accumulation of 
Tpp  ÷. 

It has previously been reported that the uptake 
of the lipophilic cations DDA ÷ and TPMP ÷ is 
mediated via the thiamine carrier and therefore, 
these cations are unsuitable for quantitative de- 
termination of membrane potential [6]. On the 
other hand, it was shown that TPP ÷ is not trans- 
ported by the thiamine carrier [8-10]. These re- 
suits were also confirmed in our strain of S. cere- 
visiae. It is shown in Table I that the presence of 
1000-fold access of thiamine in the medium did 
not interfere with the uptake of TPP ÷. Therefore, 
the results shown in Fig. 1 and Table I justify the 
use of TPP ÷ as a quantitative probe for measure- 
ments of the membrane potential (A~k) in our 
cells. The values of the membrane potential (Aq,) 
at 30°C, pH 6.0, were calculated according to Eqn. 
1, after corrections for the bound TPP ÷ which 
were determined in the presence of 2,4-di- 
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Fig. 1. The effect of trifluoperazine (TFP) and 2,4-di- 
nitrophenol (2,4-DNP) on the time-course of TPP + uptake. 
Cells were incubated in Mes-Tris buffer, pH 6.0 (20 mM), 
glucose (100 mM) and [3HITPP+ (1 #M, 0.05 #Ci/ml), Tri- 
fluoperazine and 2,4-dinitrophenol were added when indicated. 
Concentration of trifluoperazine was 50 #M (I), 20 #M (v) or 
none (O). 2,4-Dinitrophenol (1 mM) (empty symbols) was 
added to the control (O) after 30 min of incubation and to the 
trifluoperazine-treated cells (O, v) after 60 rain of incubation. 

ni t rophenol .  

D~ = -58.8 log 
[TPP] + in 

[TPP] + out 
(1) 

A value of - 100 mV was determined for metabo-  
lizing cells; in the absence of glucose, the mem- 
b rane  potential  decreased to - 6 0  mV and in the 
presence of 100 m M  KCI, the membrane  potent ial  
was - 56 mV. 

The effect of trifluoperazine on membrane potential 
Addi t ion  of tr if luoperazine to the metabolizing 

cells caused a rapid uptake of TPP  ÷ into the cells. 
The initial rate of the uptake was 3 . 8 . 1 0  -18 

mo l / ce l l  per min  and the steady-state level of 
TPP  ÷ accumulat ion was up to 8-fold and 20-fold 
that of the control,  using 20 /~M and 50 /~M 
trlfluoperazine, respectively. Addi t ion  of 2,4-di- 
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Fig. 2. The effect of different concentrations of trifluoperazine 
on TPP + and 4 5 C a 2 +  uptake. Cells were incubated in Mes-Tris 
buffer, pH 6.0 (20 mM) with 3[H]TPP + (1 #M, 0.05 #Ci/ml) 
(O, O) or 45Ca2+ (1 #M, 0.5 #Ci/ml) (v, v); 100 mM glucose 
(e, v) or antimycin A (O, ~7). Incubation was terminated after 
30 min. 

n i t rophenol  to the tr if luoperazine-treated cells at 
the steady-state level of TPP  + accumulat ion caused 
a rapid efflux of the accumulated TPP + (Fig. 1) 

Membrane  potent ial  values were calculated from 
Eqn. 1. 20 /xM trifluoperazine caused an increase 
in the membrane  potent ial  up to - 161 mV and 50 
/~M trif luoperazine up to - 178 mV. 

The effects of tr if luoperazine on membrane  

potent ia l  was dependent  on the presence of a 
metabolic substrate. Reduct ion in the concentra-  
t ion of glucose in the medium from 80 mM to 10 
m M  caused a reduct ion in the accumulat ion of 
TPP  + by 3870. Removal  of glucose and the addi- 
t ion of an t imycin  A abolished the effect of tri- 
fluoperazine. The effect was also abolished in the 
presence of N a N  a, 2,4-dinitrophenol,  100 m M  KC1 
and  substant ial ly reduced in the presence of 1 m M  
CaC12. 

The dose response for the effect of trifluopera- 
zine on the accumula t ion  of TPP + was bell-shaped 
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TABLE I 

THE EFFECT OF TRIFLUOPERAZINE ON TPP ÷ AND Ca 2÷ UPTAKE AT DIFFERENT MEDIUM COMPOSITIONS 

Cells were incubated for 30 min at 30°C in media containing Mes-Tris buffer, pH 6.0 (20 mM), [3H]TPP (1 /aM, 0.05 /~Ci/ml) or 
45CaC12 (1 /~M, 0.5 /~Ci/ml) and the indicated substances. Values represent mean+S.E. (n = 4). TFP, trifluoperazine; 2,4-DNP, 
2,4-dinitrophenol. 

Medium [ 3 H]TPP + uptake (cpm) 42 Ca 2 + uptake (cpm) 

Control TFP (50 ttM) Control TFP (50 #M) 

- 455 + 21 1372 + 74 521 + 24 695 + 31 
Glucose (10 mM) 1089 + 64 14444 + 105 2 473 + 68 33104 + 607 
Glucose (80 mM) 1137 + 48 23 045 + 431 3 746 + 72 48 288 + 724 
Glucose (80 mM)+ 

antimycin A (20/~ M) 1014 + 38 13 604 + 408 1669 + 25 21499 + 76 
Antimycin A (20/aM) 405 + 12 691 + 22 288 + 7 516 + 17 
3-O-Methyl glucose (10 mM) 546 + 21 1499 + 94 652 + 15 806 + 27 
Glucose (80 mM)+ 

NaN3(5mM ) 273+13 242+ 12 245+10 314+ 13 
Glucose (80 mM)+ 

2,4-DNP(lmM) 291+ 9 357+ 12 536+15 618+ 25 
Glucose (80 mM)+ 

thiamine (1 mM) 1152 + 34 24 793 + 528 3 525 + 88 44 478 + 849 
Glucose (80 mM)+ 

KCI (100 mM) 442+ 15 605 __. 18 932+ 35 1381 + 51 
Glucose (80 mM)+ 

CaCI 2 (1 mM) 506+17 1249+ 29 - - 

in a p p e a r a n c e ,  the  m a x i m u m  be ing  o b s e r v e d  at  50 

/~M t r i f l uope raz ine  (Fig.  2). 

T h e  a n a l o g u e  o f  t r i f luoperaz ine ,  c h l o r p r o m a -  

zine,  exe r t ed  s imi la r  effects ,  bu t  at h ighe r  con-  

cen t r a t i ons ,  t r i f luope raz ine - su l fox ide ,  h a d  no  ef- 

fect  on  T P P  ÷ u p t a k e  ( T a b l e  II). 

TABLE II 

EFFECT OF TRIFLUOPERAZINE SULFOXIDE (TFPS) 
AND CHLORPROMAZINE (CPZ) ON [3H]TPP + AND 
45 CaCI 2 UPTAKE 

Cells were incubated for 30 min (at 30°C) in media containing 
Mes-Tris buffer, pH 6.0 (20 mM), [3H]TPP (1 laM, 0.05 
/aCi/ml) or 45CAC12 (1 /aM, 0.5 ~Ci/ml) glucose (80 mM) 
when indicated. Values represent mean + S.E. (n = 4). 

Medium Glucose [3HTPP + uptake 45CAC12 uptake 
(80 mM) (cpm) (cpm) 

- + 1094+ 34 2560+ 54 
TFPS (50 /aM) + 940+ 21 2568+ 62 
TFPS(100/~M) + 886+ 18 1879+ 49 
CPZ (50 mM) + 16842+542 31892+877 
CPZ (100/aM) + 21477+678 39725+796 
CPZ (100 /aM) - 982+ 31 625+ 22 

The relationships between membrane hyperpolariza- 
tion, K + efflux and 45Ca 2+ uptake 

I t  was  r e p o r t e d  the  t r i f l uope raz ine  s t imu la t ed  

the  u p t a k e  o f  45Ca2+ in to  the  cells [4]. T h e  rela-  

t i onsh ip  b e t w e e n  T P P  ÷ u p t a k e  and  45Ca2+ u p t a k e  

a re  shown  in Fig.  2 and  ~l'able I. 
T h e  d o s e - r e s p o n s e  cu rve  for  45 Ca  2 ÷ u p t a k e  was  

pa ra l l e l  w i t h  the  cu rve  o f  T P P  ÷ u p t a k e  (Fig.  2). 

A l l  c o n d i t i o n s  wh ich  r e d u c e d  or  abo l i shed  the  

inc rease  in T P P  ÷ u p t a k e  in r e sponse  to t r i f luo-  

p e r a z i n e  a lso  r e d u c e d  C a  2÷ u p t a k e  ( T a b l e  I). 

F ina l ly ,  we  e x a m i n e d  the  in t e r - r e l a t ions  be-  

tween  all o b s e r v e d  effects  o f  t r i f luope raz ine ;  K ÷ 
eff lux,  45Ca 2+ in f lux  ( r e p o r t e d  in o u r  p r e v i o u s  

w o r k  [4]) a n d  T P P  ÷ up take ,  as a m e a s u r e  o f  m e m -  

b r a n e  po ten t ia l .  Cel ls  were  p r e i n c u b a t e d  wi th  tri- 

f l u o p e r a z i n e  and  glucose;  a f te r  30 m i n  of  such 

p r e i n c u b a t i o n ,  the  ce l lu la r  K ÷ c o n t e n t  was  re- 

d u c e d  by  74%, as c o m p a r e d  wi th  tha t  in cells  

i n c u b a t e d  w i t h o u t  t r i f luoperaz ine ,  and  the  m e m -  

b r a n e  p o t e n t i a l  i nc rea sed  to  - 1 8 0  mV.  Cel ls  were  

t h e n  c e n t r i f u g e d  a n d  s u s p e n d e d  in m e d i a  w i t h o u t  

t r i f l uope raz ine  b u t  w i th  1 /~M C a  2+ ( labe l led  wi th  

45Ca2+) or  w i th  [3H]TPP  ÷. A f t e r  an  a d d i t i o n a l  30 
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TABLE III 

THE EFFECT OF T R I F L U O P E R A Z I N E - I N D U C E D  HIGH M E M B R A N E  POTENTIAL ON 45CaC12 U P T A K E  AFTER 
REMOVAL OF THE T R I F L U O P E R A Z I N E  

Preincubation media contained Mes-Tris buffer, pH 6.0 (20 mM), glucose (80 mM), [3H]TPP + (1 #M, 0.05 # C i / m l )  and 
trifluoperazine (TFP) when indicated. After 20 min of preincubation, cells were separated by centrifugation and suspended in the 
incubation media containing Mes-Tris buffer, pH 6.0 (20 mM), [3H]TPP + (1 #M, 0 .05/~Ci/ml)  or 45CAC12 (1 #M,  0.05 # C i / m l )  or 
none. Glucose (80 raM), KCI (100 M) and valinomycin (20 # g / m l )  were added when indicated. Incubation was terminated after 20 
min. Values represent mean_+ S.E. (n = 4). 

Preincubation TPP ÷ K ÷ in cells Incubation TPP ÷ uptake K ÷ in cells 45Ca 
media uptake (g/cell) media (cpm) (g/cell) uptake 

(cpm) ( x 1013) ( x 1013) (cpm) 

Glucose 1155_+ 54 2.21+0.10 - 1001+ 28 2.19_+0.08 1293_+ 31 
Glucose 1 116_+ 34 2.21_+0.09 3347_+ 38 
KC L +g lucose  420_+ 12 3.29_+0.06 647_+ 18 

Glucose + 
TFP (50 #M) 30618_+798 0.55_+0.04 - 11 110 + 294 0.54 + 0.1 14 239 + 524 

Glucose 14 251 ___ 312 0.57 + 0.1 17 674___ 612 
KC1 + glucose 700 + 28 2.08 + 0.08 1554_+ 27 
KCI - valino- 

mycin 365+ 11 2.14_+0.09 441_+ 18 

min of incubation, the amounts of cellular K ÷, 
45Ca2+ and [3H]TPP + were determined. Slow dis- 
sipation of the membrane potential was observed 
in cells incubated with glucose, and somewhat 
faster in cells incubated without glucose. Cells 
which were preincubated with trifluoperazine ac- 
cumulated, in the presence of glucose, 5.2-folds 
more 45 Ca 2 + than the control, and somewhat lower 
accumulations were observed in the absence of 
glucose. Addition of 100 mM KC1, in the presence 
of glucose, caused rapid K ÷ uptake and a decrease 
in the membrane potential. A more rapid decrease 
vVas observed when K + was added together with 
valinomycin. 

Effect of trifluoperazine on proton ejection 
Increased membrane potential by trifluopera- 

zine may have been mediated by stimulation of the 
activity of H +-ATPase leading to an increased rate ~ 
of proton ejection, therefore, the effect of trifluo- 
perazine on proton ejection was investigated. Pro- 
ton movement was followed in the suspension of 
yeast cells in unbuffered medium in the presence 
of glucose by measurements of the medium pH 
every 15 s. Under our experimental conditions, a 
linear decrease in medium pH by 0.35 pH 
uni t s /min  was measured during the first 2 min 

after the addition of the yeast cells to the medium 
(Fig. 3a). Addition of 100 mM K ÷ to the medium 
led to an increased rate of proton extrusion, tri- 
fluoperazine decreased the rate of pH changes, 
both in the presence and absence of KC1 (Fig. 3). 

A decreased rate of pH change may result from 
two different processes: (1) decreased activity of 
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Fig. 3. The effect of trifluoperazine on the rates of proton 
translocation. Medium containing glucose (10 mM) was ad- 
justed to pH 6.0 by addition of 1-2 #1 of 2 # M  NaOH, or HCI 
as required. Measurement was initiated by the addition of 1 ml 
yeast suspensions (1.10 s cel ls/ml)  brought to pH 6.0 as above, 
to 1 ml medium; pH was recorded immediately after the 
addition of the cells and every 15 s up to 2 min. (a) The 
time-course of pH change: control (e); trifluoperazine 50 #M 
(O)  or 100 # M  (v). (b) Rates of pH change. Rates were 
calculated from pH-change measurements  between 0.5 to 1.5 
rain at different concentrations of trifluoperazine, in absence 
(e), or presence, of KC1 (100 mM) (O).  



TABLE IV 

EFFECT OF TRIFLUOPERAZINE (TFP) ON PLASMA 
MEMBRANE ATPase ACTIVITY 

The activity of plasma membrane ATPase was measured in 
aliquots of cell homogenate equal to 0.97 mg yeasts, in the 
presence of 10 mM NaN 3 (to inhibit mitochondrial ATPase) at 
pH 6.0. Hydrolysis of ATP was measured between 0 and 10 
min of incubation at 30°C. The reaction rate was linear with 
time up to 15 min of incubation. 

TFP ATPase activity 
(/x M) (nmol/min per mg yeasts) 

0 7.1 _+0.3 
20 4.75:0.2 
50 2.65:0.11 

100 0.5 5:0.03 

the H +-ATPase in ejecting protons or (2) increased 
permeability of cell membranes to protons leading 
to increased passive leak of protons into the cells. 
To decide between these two possible mechanisms, 
we measured the rates of pH change in the ab- 
sence of glucose. Under these conditions, a slow 
influx of protons was manifested by a slow in- 
crease in medium pH. Addition of 50 / tM trifluo- 
perazine did not change the rate of this influx (not 
shown). These results exclude the possibility that 
trifluoperazine increased the passive permeability 
of cell membranes to protons. 

Effect of trifluoperazine on the activity of plasma 
membrane A TPase 

The results showing inhibition of proton ejec- 
tion by trifluoperazine led to the suggestion that 
trifluoperazine inhibits the activity of the plasma 
membrane ATPase. This hypothesis was examined 
directly in crude membrane preparation at pH 6.0, 
in the presence of 10 mM NaN 3 to inhibit 
mitochondrial ATPase. It  is shown in Table IV 
that trifluoperazine strongly inhibited the activity 
of the plasma membrane ATPase at concentra- 
tions above 20/~M. 

Effects of glucose on the uptake of chloropromazine 
The results reported in Tables I and II indicate 

that the effect of trifluoperazine and chlorproma- 
zine on membrane potential is observed only in 
the presence of glucose. This result may indicate 
that the process(es) stimulated by trifluoperazine 
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or chlorpromazine is energy-dependent. Alterna- 
tively, one may consider the possibility that the 
uptake of trifluoperazine or chlorpromazine into 
yeast cells is an energy-dependent process. To 
examine this possibility, we measured the uptake 
of [3Hlchlorpromazine in presence or absence of 
glucose. [3H]Chlorpromazine was selected, since 
radioactive trifluoperazine is not available com- 
mercially, and chlorpromazine exerts effects simi- 
lar to trifluoperazine (Table II and Ref. 4). The 
amounts of [3H]chlorpromazine in the cells after 
15 min of incubation with 50 /~M (0.5 ~tCi/ml) 
[3H]chlorpromazine were similar in the presence 
or absence of glucose (42837 ___ 727 cpm and 
42 147 + 652 cpm, respectively). In the presence of 
2,4-dinitrophenol uptake was reduced to 33 588 ___ 
548 cpm, but the decrease was not large enough to 
explain the abolishment of trifluoperazine effect 
on TPP ÷ accumulation. It  is concluded, therefore, 
that the uptake of chlorpromazine (and probably 
also its analog trifluoperazine) is energy-indepen- 
dent. Thus, the glucose requirement for the expres- 
sion of the effects of chlorpromazine or trifluo- 
perazine may indicate stimulation of energy-re- 
quiting processes. 

Discussion 

It was found in the present work that trifluo- 
perazine exerts the following effects in S. cerevisiae: 
(1) An increase in the membrane potential. (2) An 
inhibition of proton ejection. (3) An inhibition of 
the activity of the plasma membrane ATPase. 

Increased membrane potential 
The use of TPP + as a quantitative probe for 

measurements of membrane potential in our strain 
of S. cerevisiae is justified by the following proce- 
dure and results: (1) Corrections for TPP ÷ binding 
was done by subtracting the cellular accumulation 
of TPP ÷ in the presence of 2,4-dinitrophenol, from 
results obtained in the absence of 2,4-di- 
nitrophenol. Since 2,4-dinitrophenol causes com- 
plete dissipation of membrane potential, the intra- 
and extra-cellular concentrations of TPP ÷ in pres- 
ence of 2,4-dinitrophenol should be equal. Cellular 
accumulation above this level was used as a mea- 
sure for TPP ÷ binding. Under our experimental 
conditions, the binding did not account for more 
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than 25% of the TPP + accumulation at the control. 
(2) Agents leading to dissipation of membrane 
potential, such as antimycin A and sodium azide 
[8] almost completely abolished the accumulation 
of TPP ÷, not only in the control, but also in the 
trifluoperazine-treated cells. (3) The accumulated 
TPP ÷ is immediately released upon addition of 
2,4-dinitrophenol to the trifluoperazine-treated and 
untreated cells. (4) Removal of glucose from the 
medium or addition of 100 mM KC1 or 1 mM 
CaC12 decreases TPP ÷ accumulation in the con- 
trol. (5) TPP + is not transported via the thiamine 
carrier. These results confirm the observation of 
De la Pefia et al. [8] and justify the use of TPP s as 
a probe to measure membrane potential. Addition 
of trifluoperazine or chlorpromazine to the cells 
caused a quick accumulation of TPP ÷. Membrane 
potential calculated from the ratio TPP+( in) /  
TPP÷(out) show an increase from - 100 mV in the 
control up to - 1 7 8  mV in trifluoperazine-treated 
cells. This increase is absolutely dependent on the 
presence of glucose. 

In our previous work, it was found that tri- 
fluoperazine generate a glucose-dependent efflux 
of K + from the cells [4]. In the literature, efflux of 
K ÷ is shown to occur following ATP-depletion or 
addit ion of pro tonophores  such as 2,4-di- 
nitrophenol [12,13]. These conditions lead to a 
decrease in membrane potential due to shortage of 
ATP for H S-ATPase function, or dissipation of 
za~p by an influx of protons. Efflux of K ÷ under 
these conditions is a passive process which appears 
to be caused by the decrease in membrane poten- 
tial and does not lead to a substantial increase in 
membrane potential. 

The simplest explanation to the increase in 
membrane potential in the presence of trifluo- 
perazine would postulate the formation of 'pas-  
sive' K ÷ diffusion potential by K ÷ leakage. How- 
ever, this interpretation is incompatible with the 
results showing the requirement of glucose for K ÷ 
efflux. Since the uptake of phenothiazine drugs 
into the cells is not affected by the presence or 
absence of glucose, it is suggested that the efflux 
of K ÷ in the presence of TFP is an active process. 

Under normal conditions, membrane potential 
in yeasts is maintained mainly by H+-ATPase, 
which ejects protons from the cells, against their 
electrochemical gradient [14,15]. Our results show 

inhibition of both proton ejection and the activity 
of plasma membrane ATPase by trifluoperazine, 
therefore, the increase in the membrane potential 
by trifluoperazine cannot be mediated via this 
process. I suggest that the increase in membrane 
potential by trifluoperazine is mediated by activa- 
tion of an electrogenic, energy-dependent K s 
extrusion pump. The presence of an electrogenic 
K ÷ transport system has been suggested previously 
in yeasts [16]. Recently, K ÷ influx system coupled 
to ATP hydrolysis was reconstituted in proteolipo- 
somes [17]. The electrogenic K ÷ extrusion system 
activated by phenothiazines may operate via the 
reversal of the K ÷ influx system or via a separate 
system. 

The trifluoperazine-induced increase in za~p is 
inhibited by the presence of high concentrations of 
cations in the medium. The finding that KC1 (100 
mM) abolishes the effect of trifluoperazine on za~k 
might have been interpreted as being due to 
increased influx of K ÷ into the cells, which neu- 
tralizes the increase in A~ k. However, 1 mM CaCI 2 
also diminishes trifluoperazine -effect on Zhp, and 
almost completely abolishes the effect of trifluo- 
perazine on K ÷ efflux. If the decrease in trifluo- 
perazine effect on membrane potential was the 
result of cation-influx, one should have seen the 
persistence of K ÷ efflux and enhanced Ca 2 ÷ influx 
in the presence of 1 mM CaC1, but this situation 
was not observed. On the contrary, it is shown in 
the previous work [4] that 1 mM CaC1 z abolishes 
the effect of trifluoperazine both on K ÷ efflux and 
on Ca 2÷ influx. It should be concluded, therefore, 
that high concentrations of K s or Ca 2s (and also 
Na  + or Mg 2+ [4]) in the medium prevent the 
activation of K s efflux system by trifluoperazine. 

Tri f luoperazine ef fect  on Ca e + inf lux 
Trifluoperazine stimulates Ca 2+ influx from 

media with low Ca 2÷ concentrations (1 ~M) [4]. 
Ca 2s uptake may be stimulated via K S / C a  2+ anti- 
porter found to function during Ca 2s efflux in S. 
cerevisiae [18]. A different interpretation may pos- 
tulate that Ca 2+ uptake is stimulated as a,result of 
the increase in A~p, which drives the influx of 
Ca 2 +. To decide between these two possible mech- 
anisms, we disassociated between the K ÷ efflux 
and Ca 2 ÷ influx in time. Cells were first allowed to 
generate Zlff in the absence of Ca 2÷, then trifluo- 



perazine was removed, K ÷ efflux ceased, and 
45Ca2+ was added (Table III). Cells preincubated 
with trifluoperazine, which maintained higher A~p, 
accumulated higher amounts of Ca 2÷ than cells 
preincubated without trifluoperazine. These results 
indicate that the increase influx of Ca 2 ÷ is media- 
ted by the increased Atp, and not by K + / C a  2+ 
antiport. Our results show direct correlation be- 
tween changes in A~p and Ca 2+ influx (Fig. 2, 
Table I) and support the assumption that Ca 2+ 
influx is energized by A~p [7,19,20]. It should be 
mentioned, however, that in addition to A~p other 
factors, such as cell pH and surface potential, have 
been shown to affect Ca 2+ uptake in yeasts [20]. 

Inhibition of proton ejection and the activity of the 
plasma membrane A TPase 

The inhibition of proton extrusion by trifluo- 
perazine seems to be mediated by different mecha- 
nisms than the increase in A~p, since the effect on 
pH-change persists in the presence of 100 mM 
KCI in the medium. The possibility of increase 
permeability to protons in the presence of trifluo- 
perazine is excluded by the experiment showing no 
increase in the permeability to protons by trifluo- 
perazine in the absence of glucose. It may still be 
argued that the increased A+ in the presence of 
glucose drives an increased influx of protons into 
the cells, thus, the decreased rate of pH change in 
the presence of trifluoperazine (and glucose) may 
be the result of increased ~tp. Another interpreta- 
tion, may assume that K ÷ efflux activates K + / H  ÷ 
exchange, leading to proton influx. The results in 
the presence of 100 mM KCI eliminate these possi- 
ble interpretations, since under these conditions, 
A~p is not increased by trifluoperazine and K ÷ 
efflux does not occur, yet rates of pH-change are 
inhibited. It is concluded, therefore, that trifluo- 
perazine cause inhibition of proton ejection. Direct 
measurements of the activity of plasma membrane 
ATPase in crude membrane preparation had shown 
that trifluoperazine strongly inhibits the activity of 
this enzyme. It appears, that similarly to diethyl- 
stilbesterol and dicyclohexylcarbodiimide [23], tri- 
fluoperazine displays inhibition of both proton 
ejection and ATPase activity. 

In mammalian cells, it was reported that tfi- 
f luoperazine inhibits various ATPase,  both  
calmodulin-dependent, such as Ca2+-ATPase [1,21] 
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and calmodulin-independent, such as Mg 2+- 
ATPase and ( N a + +  K+)-ATPase [22]. Thus, the 
inhibition of ATPase activities and functions by 
phenothiazines seems to be a general phenomenon. 

Finally, it should be mentioned that the analog 
of trifluoperazine, trifluoperazine sulfoxide, which 
does not bind to calmodulin and therefore, does 
not inhibit calmodulin-dependent functions, has 
no effect on our cells. However, the involvement 
of calmodulin in the mechanisms altered by tri- 
fluoperazine in S. cerevisiae cannot, as yet, be 
determined. 
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