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The membrane potential of the cellular slime mold Dictyostelium 
discoideum is mainly generated by an electrogenic proton pump 
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Trans membrane potential or ionic ¢mrent changes may play a role in signal transduction and differentiation in the 
cellular slime mold Dictyosrelium discoideum. Therefore, the cont~hedon of alectrogenic ion pumps to the membrane 
potential of D. dKscoldeum cells was investigated. The (negative) peak-value of the rapid polenfial transient, seen upon 
micrnelectrode impalemenL was used to detect membrane potential changes upon changes in the external pH in the 
range of 5.5 to 8.0. The membrane potential was close to the Nernstian potential for protons over the pH range 5.5 to 
7.5. The acid-induced changes in membrane potential were consistent with outward.prmon pmnpin~ The maximal 
membrane potential was at pH 7.5. Furtherlnore~ the proton pump inhlbltovs diethylstilbestrol, miconazole and 
zearalenone directly depolarize the membrane. Cyanide and temperature decrease cause membrane depolarization as 
well. During recovery from cyanide poisoning a H + efflux is present. From these measurements we conclude that the 
membrane potential of D. dlseoideum cells is mainly generated by an alectroganle proton pmnp. Measurements in cells 
with different extracegalar potassium and H + concentrations suggest a role for potassium In the function of the 
electrogenlc proton pump. These results provide a framework for future research towards a possible role fox the proton 
pump in signal transduction and dilferentiation. 

Introduction 

The cellular slime mold Dictyostelium discoideum lives 
in the soil as amoebae, feeding on bacteria. Exhaustion 
of the food supply induces periodic secretion of cyclic 
AMP (cAMP). cAMP acts as a ehemoattractant for 
neighboring cells which relay the signal. This process 
leads to aggregation and developmem to a mull[cellular 
organism [1,2]. D. discoideum is regarded as a good 
model to study hormone signal transduction, morpho- 
genesis and differentiation processes [3-5]. Ions and ion 
fluxes may play a role in signal transduetion and differ- 
entiation in Dictyostelium [6-14]. However. little is 
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known about the electrophysiological properties of Die- 
tyostelium and the role of these properties in signal 
transduction and differentiation. 

Amoeboid cells of IX discoideum live under various 
environmental ionic conditions. To prevent large 
fluctuations in membrane potential and int racalhilar ion 
concentrations due to changes in the exttacellular ionic 
conditions, eteclrogenic ion pumps may play an im- 
portant role in the origin of the membrane potential. 
The inlraeellular potassium concentration in D. dis- 
coideum is about 50 m M  [6,9,1i]. A previous study 
showed that at  an extracelhilar potassium concentration 
of 50 m M  still a large negative membrane potential is 
present [15]. Hence, despite a dependency of the mem- 
brane potential on extrneelhilar potassium was found, 
these measurements suggest that a large part of the 
membrane potential might he generated by an electro- 
genie ion pump [15]. In the non-cellular slime mold 
Physarum polyeephalum the membrane potential is 
mainly determined by an electrogenic proton pump [16], 
as is the ease in plant cells (see, for example, Refs. 17 
and 18), other fungi [19-21] and yeast cells (see, for 
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example, Ref. 22), Biochemical investigations indicate 
the presence of an eleetrogenie proton pump in D. 
dtscoldeum [23,241 which probably plays a role in stalk 
cell differentiation [12,13] and cAMP signal transduc- 
tion [25], Other ion dependent plasma membrane 
ATPases have alto been demonstrated in Dietyostelium 
[26-28 I. 

Knowledge of the origin of the membrane potential 
of Dictyostelium may help to resolve the role of ions 
and ion fluxes in signal transduetion and differentia- 
tion. The method used in the present study to measure 
membrane potentials [15] has revealed part of the origin 
of the membrane potential in Dictyostebum and pro- 
vides possibilities for future investigations of the role of 
membrane electrophysiologieal properties in signal 
transduction and differentiation. In this paper we report 
that the electrogenie ion pump, suggested by previously 
reported experiments [1> t, contributes largely ( >  60%} 
to the membrane potential and is a DES-sensitive elec- 
trogenie proton pump. The experiments suggest a role 
for potassium in the membrane potential of Dic- 
fyostelium. 

Materials and Mel l to~  

Cell culture 
Cells of D. discoideum NC-4 (H) were grown in 

association with Eseheriehia coil 281 as deseribed [15]. 
Cells were harvested before clearing of the bacterial 
lawn occurred and washed free of bacteria three times 
by eemrifugation at 1 5 0 × g  during 2 rain in cold l0  
raM sodium/potassium phosphate buffer (pH 6.5). Cells 
in suspension were deposited on glass eoverslips [with a 
thickuess of 0.17 mm) at a density of about 5 • 10 ~ 
cells/era z, and used within three hours. 

Membrane potential measurements 
For membrane potential measurements the glass 

eover slips, with adhered cells on it, were attached to a 
teflon culture dish which permitted measurements un- 
der 100×  objective magnification [29]. Membrane 
potentials were measured with fine-tipped open-ended 
glass mieroelectrodes filled with 3 M potassium chlo- 
ride. Microelectrodes had resistances ranging from 14 
Mohm to 71 Mohm and were capacitively compensated. 
Rise time (i.e., the time to reach two-thirds of the 
potential response upon a current pulse) of com- 
pensated microelectrodes was 37/~s [S.E. = 3.6/~s, n = 
43). For mleroelectrode impalement of cells a piezo- 
stepper device was used [15]. Furthermore, potentials 
were recorded as described [15], except for the storage 
of signals, which was directly on a digital storage 
oscilloscope [Nicolet 3091), and thereafter displayed on 
paper with a X-Y recorder (Hewlett-Paekard 7035B). 

D. discoideum cells are relatively small (diameter < l0  
/Lm). Due to this small size, impalement of cells causes a 
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rapid depolarization of the membrane potemiai. This 
depolarization is caused by the introduction of a micro- 
electrode-induced shunt resistance [15,301. Therefore. no 
reliable stationary membrane potential measurements 
can he made in D. di~coideum cells [15]. However. 
analysis of the negative-going potential transient seen in 
the first millisecond after mieroeleetrode impalement 
has shown that the peak value. Ep, of this transient 
(Fig. 1) can be used as a reliable indicator of the true 
resting membrane potential before impalement [15,30 I. 
Consequently. the value of E ,  was used as an indicator 
of the membrane potential of D. dtscoideum, rather than 
the semi-stationary depolarized potential E .  IFig. 1). 

Measurements were carried out at room temperature 
unless specified otherwise. For measurements at 3 - 4 ° C  
the bath was continuously perfused with cold saline 
solution. Potential values are expressed as means _+ S.E. 
with n number of cells. Differences between mea- 
sured values were tesze3 with the Student's /-test (95% 
level). 

H + efflux meaxurements 
For measurements of H + efflux during recovery from 

cyanide poisoning cells were incubated for 10 rain in 10 
mM sodium/potassium phosphate buffer (pH 6.5) sup- 
plemented with 1 m M  KCN. Thereafter, cyanide was 
removed by centrifugation for I min at I S 0 × g  and 
resuspension of the cell pellet in non-buffered 
N a + / K  + saline solution (27 • 107cells/ml). Directly after 
resuspension the extracelhilar pH in the continuously 
stirred suspension was measured. H + effiux per cell was 
calculated from ApH. Correction for passive H* efllux 
was made by measurement of the extracdlular pH after 
resuspension of the cell pellet in non-buffered 
Na+/K+-sal ine solution with ! mM KCN. and subtrac- 
tion of this H + efflux from the H* effiux measured 
without CN in the suspension. 

Composition of sohvions 
All chemicals were obtained from Sigma Chemical 

Co.. St. Louis. M e ,  U.S.A., unless specified otherwise. 
For control experiments cells were bathed in a 
Na+/K+-sal ine solution composed of 40 mM NaCI. 5 
mM KCI. 1 m M  CaCI_, and 5 mM Hepes (pH 7.0). 
Experiments at different extracellular pH values were 
performed in Na~/K+-sal ine  solution with various 
organic buffers (ADA, Hepes and Mesl dependent on 
the pH value desired, as well as with Na/K-phosphate 
buffered Na*/K+-sal ine  solution. 

The K+-free saline solution was the Na+/K+-sal ine 
solution without addition of KCI. Solutions containing 
DES [Merck, Darmstadt, F.R.G.), zearalenone and 
miconazole were prepared just before use from 40 mM 
DES, 50 mM zearalenone and 10 mM mieonazole 
stock-solutions in ethanol respectively. Ep and E n val- 
ues measured in cells bathed in Na + / K  +-saline solution 
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with O.lqo (v/v)  ethanol (DES solvent) were not differ- 
ent from control measuremems (data not shown). 
Potassium cyanide containing solutions were made just 
before use. N a * / K  '-saline solutions with 1 mM sodium 
orthovanadate or with l mM thimerosal (Serva Fein- 
biochemica, Heidelberg/New York. F.R.G. /U.S .A. )  
were freshly made before use. Na ' / K  +-saline solutions 
with ouahain, also, were freshly made before use, 

R~ults 

The membrane potential of D. discoideum cells prob- 
ably is largely generated by electrogenic ion pumps [15]. 
e.g.. proton pumps, calcium pumps ar.d sodium/ 
potassium pumps. The experiments to he reported here 
have been directed towards establishing of a possible 
role for proton pumps in generating the membrane 
potential of D. discoideum. 

Measurement of the resting me.lbrane potential 
Upon impalement of a D. discoide~tm cell a rapid 

negative going potential transient is seen (Fig. 1 ) [15]. In 
Na+/K+-saline solution the mean of the peak value. 
El,, was - 27.2 mV. while the mean value of the semi- 
stationary potential E n was 5.4 mV (Tables I and It). 
Using the analysis reported previously [15] it can be 
concluded that Ep is about 30% of the true resting 
membrane potential, E.~, of D. discoideum. Although 
E~ is an tmderestimation of the true membrane poten- 
tial, it can be used as the best estimation for the 
detection of membrane potential changes. Mathematical 
analysis of the peak-potential transient 115,30] has shown 
that the ratio between the measured Ep and the true E~ 
does not depend on the value of E~ (i.e., Ep is a 
proportional underestimation of E~), Therefore, Ep 

O m "  

Fig. I. Xwo potential transient~ m=suted upon mieroeleetrode im- 
palement of D dL~eotdeum cells bathed in Na ' /K '-saline mlutiun 
with pH 7.0 and 6,0 fbuffered with Hopes and ADA, resp~cti'2~ly; 
transient at pH 6.G indicated by * ), The peak-value of the potential 
transient, E~, is regarded as a more reliable measure for the resting 
membrane polential, Ea,, prior to impalemenl than the seml-sta- 

tionary potential E n. 

TABLE I 

Ep and E. values for 1L dm'oideum cells bathed in No +/K +-saline 
solutions with offrio~ buffers at r~m lemperatu~, unless s~ufed other- 
~se 

Buff.~r !yp¢ Ep S.E. E n S.E. n 
(mV) (mY) (mY) (mY) 

Hopes. pH 3.0 a -25.3 1.5 - S.g "0-3 124 
Phosphale+ pH 7.0 a --3],4 3.8 S,d 0.9 17 
ADA. pH 6.0 b - 10.6 0.7 ~.4 0.6 61 
Phosphate. pH C.0 b 9.7 0.9 -- S.4 0.5 g2 
Hopes, pH %0 at 3-4 ° C - 16,9 1.3 7.8 0,6 34 

a Differences in Ep and E, between Heges and phospha~buffered 
solution (pH %0) 0re not ~ignificanl, 

h Diff¢l¢ncts in Ep and E n bet~en ADA and phosphate-bullied 
solulion (pH 6.0) are not slgalficanL 

was used to study the effect of extraeellular factors on 
the membrane potential of D. discoideum. It should be 
noted that E n, the semi-stationary potential, is not 
always a good estimate of Em. For example. Fig. 1 
demonstrates that membrane potential changes are visi- 
ble in Ep but  not in E n- 

Effect of extracellular p H  
TO establish a role for a possible proton pump in D. 

digeoideum, measurements have been performed in cells 
bathed in Na÷/K+-sal ine solution with different pH 
and different buffer types (Fig. 2). Measurements of the 
rapid potential transient upon impalement (Fig. 1) un- 
der various external pH revealed a dependency of the 
membrane potential on the extraeeUular pH. Fig. 2 
shows, with Ep as an indicator of E~. that the mem- 

pMo 
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/,+ 
Fig. 2. The dependency of the m~hrane pot~dal on the extra~llu- 
lar pH (pHiL The biological buffers Hopes (pH 7.0, %5 and 8,0). 
ADA (pH 6,0 and 6.5), Mes (pH 5.5) as well as Na/K phosphate 
buffer (pH 7.0 and 6.0) in Na*/K÷-~alinc ~lution wcrc used. The 
peak-value Ep (see Fig, t} serves as a good indicator of the t~e 
membrane polenliaL E~ is the senli-~taBonary potential of the im- 
paled cell. The points repres~t the average of 33, ltO. 29,14l, 60 and 
36 measurements for pH= 5.5 to 8.0. resp~livcly. Bars represenl S.E. 
of these values. The dashed line is the equilibrium potential ( Ell * J+ for 
p~tons (based on an intraeegular pH of %5 125h as would be 

measured as E~ values t30% of the actual values). 
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Fig. 3. Elep~denee of the restlng membrane pot en fial on the chain phospho~-lalion inlfibaiug a~e nt cy unide (C N ). Points repr~mt the average 
value of 220. 32. 97.22 and 10 nteasuremenls at 0 to 10 ~/~M CN concentrations in ~4a -/K "-~dine ~nlution, respecfi~ely Bars represent SE. of 
these values. (A) The peak value (gp) or the rapid impalement transient as a function of the CN concentration. IB) q'he semi-stationao" potcmial 

{ E. ) of tfie impaled ~11~ ~ a funcgon of the UN concentration 

brahe  potential  depolarizes with decreasing pH below 
7.5. Acid-induced changes in Ep yielded a response 
between 13 and  19 mV/{pH+]~  decade. External p H  
larger than  7.5 does not induce a further hyperpolariza- 
t ion but  a depolarization. Fig. 2 shows the external p H  
effect on  E .  as well. which is hardly detectable. This 
weak dependency of E n, as compared with Ep, on  the 
external p H  is consistent wi th  the earlier f inding that  
the  potential  E .  is mainly determined by the microelec- 
trode-induced shunt  resistance [15]. 

To exclude buffer-type effects, biological as well as 
N a / K  phosphate  buffers have been used. Measure- 
merits wi th  ADA-buffered solution (pH  6.0) did not  
give different potential  values as compared with N a / K  
phosphate-buffered solution (pH  6.0) (Table I). This is 
also true for [-lepes-buffered solution (pFt 7.0) as com- 
pared with phosphate-buffered solution (pH 7.0) (Table 
I). 

The  effect of  different external p H  on  the membrane  
potential  was measured wi thin  1 rain after replacement 
of the extracellular solution. Measurements directly after 
changing  extraeellular solution showed no different E~, 
values as compared with measurements 15 min  after 
solution change. The effect of changing membrane  
potentials with  changing  external pH ,  as shown in Fig. 
2. is present for changes f rom high  to low p H  as well as 
for ehatages f rom low to high p H  (data not shown).  

Effect of metabolic inhibition and temperature 
The effect of  the respiratory chain blocking agent  

cyalfide ( C N - )  on  the membrane  potential  was studied. 
Exposure of cells to C N -  rapidly decreases the intra- 
cellular ATP le' ,ds [161. Therefore. C N -  can be used to 
illustrate the energy dependency of cellular processes. 
Fig. 3A shows the effect of various extracellular C N -  
concentrat ions on  Ep, reflecting the  effect on  the mem-  
brane  potential. C N -  concentrat ions larger than  0.1 
m M  induce a depolarization of the membrane.  This 

depolarization can be measured directly after perfusion 
with cyanide-contmning N a * / K ' - s a l i n e  solution (i.e., 
within 1 n'tin). Recovery from KCN-induced depolariza- 
tion was present within 15 rain after washing the cells 
with  normal N a ÷ / K ' - s a l i n e  solution. Additionally. the 
effect of CN on the membrane potential was also 
clearly visible in the semi-stationary potential E. .  as 
shown in Fig. 3B. Perfusion of the bath with tO mM 
C N -  conta ining N a ' / K + - s a l ! r ' e  solution caused a 
swelling of cells within 5 rain. 

To show a correlation between membrane  hyper- 
polarization and  H ÷ efflux we measured external pH 
dur ing  recover~ from CN poisoning in cells bathed in 
non-buffered Na * / K  *-saline solution [31 ]. Fig. 4 shows 
that  dur ing  recovery from cyanide lxfisoning protnns  
are pumped ot,~ of the cells, which indicates the pres- 
ence of  • n ATP-dependent  pro ton  pump in the plasma 
membrane  of Dic(vostelilun. 

, p ip  :o 

E 2 

, a 6 
T,me {rain) 

Fig. 4. H ~ efflux (reel/cell per s) during r ~ ' e r y  from CN poison- 
mg corrected fur pas.~ive H* efflux (s~e Materials and filethodsL 
After I~almenl ~ilh CN cells were r~uspended at f ~ 0 in non- 
buffe~d Na~/K+-saline solution and the extraeedular pH was 
measured. The experiment was performed in three different tell 
eulture~ with equal r~ufi~. 1 fie figure ~how~ one repr~,enlafive ex- 

periment. 
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Fig 5 Tile peak value (Ep) of the rapid impal~ent tramient as a 
function of the DES ~n~ntratlon in Na +/K %~alin¢ solution. Each 
poinl represent the average value of 144, 35, 45. 23 and 18 measure- 
ments for DES concentrations of o to 40 ~M, respecfi~ly. Bars 

r e p r ~ r  S.E. of these valueL 

Temperature decrease reduces the activity of most  
enzymatic reactions. Therefore, the ion fluxes generated 
by many io.q pumps are temperature dependent .  De-  
crease of the ba th  saline solution temperature froa,  
about 21 to about  3 ° C  did  result in a significant bu t  
not  complete depolarization of the membrane  potential ,  
as indicated by the mean  Ep value measured (T~ble 1). 

Effect of  ion pump blocking agents 
The effect of various ion p u m p  blocking agents on  

the membrane  potential  was studied. 
Fig. 5 shows the  depolarizing effect of the  proton 

p u m p  blocker DES [21]. DES concentrat ions larger 
than 15 g M  in Na+/K+-sa l ine  solution induce a de- 
polarization of  the membrane  potential, Directly after 
addition of DES to the ba th  solution (t,e., within 1 m i n t  
the depolarizing effect was present. O n  a larger t ime 
scale (10-20 mint  DES induces a¢~o swelling of cells. 

Proton pumps which can be blocked by DES  also are 
sensitive to vanadate [21,23.27], zearalenone [13] and  

TABLE It 

Ep and E~ calues for 19. discoideum cells bathed in Hepe~-c.ffered 
1~21-/K + .saline solution (pit LO," Control) at r~m tonperuture with 
d, ffcrent addlfmns as indt, uted ~ 

Addilions Ep S.E. E n S.E. n 
{mV) {mY) (mY) (mY) 

Control - 29.9 1.7 - S.2 0.4 89 
30 ~M mieonazole - 8.3 1.2 - 3.9 0.6 27 
O5 mM zearalenone 8.0 1.3 3.6 0.4 25 
1 mM, unadale -- 314 2.2 - 6.2 0.6 4"/ 
1 mM thimerosal -34.9 3.3 -7.2 0.8 35 
2 mM ouabain -283  2.8 -6.6 1.3 10 

Differences in Ep and E. between contrcl solutions and solutions 
with inhibitor are not significant, except [or the Kp and K n valu~ 
of n31conazole- and zearalcnone-neated cells, and tile E a value of 
thimer~ai-lreated cells. 

TABLE Ill 
Kp and E, ~ltues for D. dlscoideum mils bathed in Hepes (pH 7.0)- and 
Mes (pH &5)-baffled K +-free saline sobltion. 

pH and additions Ep S.E. E. $.E. n 
(mVl (mY) (mVt (mY) 

pH 7.0 20.9 l .fi - 6.5 0.4 g7 
pH 5.5 - 17.9 0.9 - 6.5 0.5 63 
pH 7.(J+40 #M DES 4.2 l.O -2.1 0,7 II  

miconazole [13,23]. Miconazole and  ~ a m l e n o n e  both 
depolarized the membrane  potential  (Table 11). Ep val- 
ues measured in cells bathed in 1 m M  vanadate  in 
N a + / K + . s a l i n e  solution, however, were not  different as 
c o m p a r e d  to  con t ro l  measu remen t s  (Table  II) .  
ThJmerosal inhibits  some plasma membrane  ATPases in 
Dietyosteltum [24,26,27]. Ep values measured in cells 
ba thed  in N a + / K + - s a l l n e  solut ion wi th  1 m M  
thimerosal,  which is effective in biochemical studies. 
were no t  different f rom control  measoremenls  (Table 
II). 

Ouabaln,  a well known  blocker of the electrogenic 
N a + / K  + p u m p  in animal  cells, also had no  effect on  
the membrane  potential  of 1). discoideum (Table I1) in 
concentrat ions which are effective in animal  cells. 

Rote of external potassium 
The  exper iments  show that  lhe membrane  of D. 

discoideum can  be almost  completely depolarized by 
p ro ton  p u m p  inhibition. Other  experiments,  however, 
indicate a role for potassium ions or iginat ing the mem-  
brane  potential  [15]. In  Neurospora cells [31,321, and  
probably also in  other  non-an imal  eukaryotic celts, a 
H + p u m p  and  a hlgh-affinity t ranspor t  system, tha t  
carries K + inward  in cotransport  wi th  H ÷, work to- 
gether  to main ta in  the intracelhilar p H  near  neutrality. 
Some experiments  in K+-free saline solution have been 
done  to investigate a possible role for potassium in the 
funct ion of p ro ton  pumping  in Dictyostelium. 

Results of the experiments  wi th  cells bathed in K +- 
free saline solution deviated from the results obtained 
from cells ba thed  in normal  N a + / K + - s a l i n e  solution 
wi th  respect to the acid-induced membrane  depolariza- 
tion. Cells ba thed  in K+-free saline solution did  no t  
show a large membrane  depolarization when the e×- 
tracelhilar p H  was changed t rom 7.0 to 5.5 (Table III) .  

Apparently,  extracelhilar potassium is required for 
the acid-induced depolarization. However,  ceils ba thed  
in K+-free saline solution (pH  7.0) still showed a mem-  
brane  depolarizing response upon addit ion of 40 /~M 
DES (Table 111). This indicates tha t  the membrane  
potential  in K+-free saline solution still is generated by 
an  ehictrogeuic p ro ton  pump.  



Discussion 

In the present study rapid impalement potential tran- 
sient measurements were used to establish that an elcc- 
trogenie proton pump largely contributes to the mem- 
brane potential of D. discoideum cells. The mean peak 
value of the impalement transient, Ep, measured in cells 
bathed in Na÷/K+-sallne solution (pH 7.0) is more 
negative than the previously reported value (about - 19 
mV) [15]. The use of electrodes with a smaller rise time 
(rise time in previous reoort about 4fi #s [13]) which 
cause a smaller microelectrode-induced shunt as well (as 
indicated by a more negative E .  value) win be the main 
reason for the more negative Ep values in the present 
report. 

Analysis of membrane potential measurements [15] 
indicates that in the present experiments Eo is about 
30% of the true membrane potential. Em (i.e., E m is 
about - 9 0  mV in Na+/K+-sal ine solution). 

The membrane potential measurements in cells with 
different extracelhilar pH values reveal that the mem- 
brane potential is strongly pH dependent (Fig. 2). Be- 
cause Ep is about 30% of E m, a dashed line has been 
drawn in Fig. 2 showing the 30% value of the equi- 
librium potential for H ÷ ions, based on an intraeegular 
p H  of 7.5 [25]. The membrane potential over the pH 
range of 5 to 7,5 is close to the Nemstian behavior. The 
acid-induced changes in membrane potential are con- 
sistent with outward.proton pumping. The decreased 
potential at  alkaline external pH may he due to a drop 
in pump activity [18J. The overall behavior (including 
the pH value at which the potential is most negative) is 
consistent with characteristics of Chara [17]. Neueo- 
spora [20], yeast cells [22] and Vicia faba and Com- 
melina communls stomatal guard cells [18] proton pumps, 

Further evidence for a role of an eleetrogenic proton 
pump is provided by the m~,mbrane potential response 
to the metabolic inhibitor C N -  (Fig. 3). the presence of 
H "-efflux during recovery from C N -  poisoning (i.e.. 
during hyperpoladzadoo) (Fig. 4), and by the response 
to the addition of the proton pump inhibitors DES (Fi?~ 
5). zearalenone and miconazole (Table if). These re- 
sponses closely resemble the results reported for Neuro- 
spora [19,21,31], Churn [17] and P. polycephalum [16]. 
In addition, the proton pump demonstrated biochemi- 
cony in Dictyostelium is inhibited by DES, zearalenonc 
and miconazole [13,23,24]. C N - -  and DES-induced de- 
polarization due to K + gradient dissipation is very 
unlikely because cells bathed in high extracelhilar potas- 
sium concentrations (making the potassium equilibrium 
potential zero) ~till have a large negative membrane 
potential [15]. Furthermore, the swelling of cells, which 
could be associated with dissipated ion gradients, occur 
much later than depolarization (larger DES concentra- 
tions) or only at reD' high concentrations (CN-) .  Un- 
coupling of oxidative phosphorylatioo by DES is an- 
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likely since much higher concentrations are required for 
this DES effect [21]. 

Drastic lowering of the temperature (from 22 to 
abo~tt 4 °C)  causes only a ~llght depolarization of the 
membrane potential (Table l), A similar response is 
reported for P, poll'cephalum [16]. From our measure- 
ments it is clear that the membrane potential of Dt~ 
tyostelinm is not strongly temperature dependent. 

DES-sensitlve plasma membrane bound ion-depart- 
dent ATPases identified in Dlctyosteltum arc vanadate 
sensitive [2324,27]. Proion pumps in Neurospora and 
yeast cells are vanadate sensitive as well [21]. Although 
in the present study a larger vanadat¢ concentratiol~ 
was used th,~n reported in the biochemical studies 
[21,23+24] no effect of vanadate on the membrane 
potential was found. This can be due to the fact that 
vanadate might not emer the cells, as reported in other 
studies [21]. 

Assuming that thimerosal enters the cells we con- 
elude Ihat Ihe Ca : ' /Mg2+-dependen t  membrane 
ATPases, which have been reported to exist [24,26.27], 
are not strong eleclrogenic ion punlps or are not active 
in non-stimulated cells. 

Ouaba~n. which blocks the electrogenic N a ' / K  ~ 
pump in animal ceils had no effect on the membrane 
potential of D discoldeum cells (Table IlL Ouabain did 
not affect isolated plasma membrane bound ATPases as 
reported by others [23.24,26,28]. Some effects of ouabain 
on differentiation, however, are known [14]. From our 
measurements we conclude that no animal-like electro- 
genlc N a + / K  ~-pump contributes largely to the mem- 
brane potential in vegetative DicO'ostelium cells. 

All results together of the pH. pump blocking, 
metabolic inhibition and H+-efflux experiments allow 
us to conclude that the membrane potential of D. 
discoideum cells is mainly generated by an electrogenic 
proton pump. The experiments with different extracel!u- 
lar pH, CN and DES indicate that the contribution ol 
this pump to the membrane potential is at least 60% 
(Figs. 2, 3 and 5). Since inhibition of the electrogenic 
proton pump almost completely depolarizes the mem- 
brane and various other membrane ATPose inhibitors 
showed no effect on the membrane potential we con- 
clude that no other electrogenic ion pumps, diffcrcnl 
from the electrogenic proton pump. have a large contri- 
bution to the membrane potential 

Experiments rep~lrt~xi previously indicate a role for 
potassium in the origin of the membrane potential [15|. 
The present measurements in  K+-free saline solution, 
indeed, support a role for potassium in the generation 
of the membrane polenlial (Table liD. The acid-induced 
depolarization rgxgrires the presence of external potas- 
sium. In the ab~nce  of external g + the diffusion poten- 
tial of potassium it,creases and can. probably, dominate 
E.,. and the pI-I, effects on E m are not so apparent, as 
is described for Charu with the linear equivalent-circuit 
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model for the plasmamembrane [32]. However, the less 
negative E~, value (as compared with .6p in N a + / K  "- 
saline solulion) and tile presence o[" membrane depolari- 
zation upon addition of DES in cells bathed in ](+-free 
saline solution argue against this hypothesis for Dic- 
O,ostelium (Table Ill). An other possible explanation for 
the effcm of potassium can be found in that the (hyper- 
polarizing) pump cu~ent  is dependent on the external 
and internal pH difference [17], i.e. more acid outside 
reduces the current. The pH difference between the 
intra- and extracellular fluid might net be maintained in 
cells bathed in K+-free saline solution. Due to this, 
pump activity (current) will not decline with decreasing 
extracellular pH. and no acid-induced depolarization 
will be present. In Neurospora cells it has been shown 
that H*-pumping alone is not very effective in main- 
taining the intracellular pH near neutrality, which is 
probably also true for other non-animal cell types [33]. 
The presence of an Outward directed proton pump in 
combination with an inward directed K + / H  + co(tans- 
porter provides a net H + export, which efficacy is 
restricted without external potassium ions [33,34]. The 
absence of acid-induced depolarization in cells bathed 
in K*-free saline solution suggests that such a system 
might also Be present in D, discoideum cells. Future 
experiments in which the intracelhilar pH is measured 
for different exfracellular potassium concentrations are 
necessary to achieve more information of the intra- 
cellular pH regulating system. 

Knowledge about the p~esence of such systems, in- 
cluding cotransporters, might result in a better under- 
standing of the as yet rather confusing data on the 
effects of monovalent ions, extracellular and intra- 
cellular pH on differentiation of D. discoideum 
I'l,11-14,35]. 

Our experiments seem to indicate that Dictyostelium 
has electrophysiologieal properties similar to plants and 
other fungi. Future experiments should be directed to- 
wards a further electrophysiological characterization of 
the ion transporting mechanisms in Dictyostelium and 
the role of these systems in signal transduction and 
dif fercndatiom 
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