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The membrane potential modulates the ATP-dependent C a  2 + pump 
of cardiac sarcolemma 
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The effect of membrane potential on the activity of the ATP-dependent Ca 2+ pump of isolated canine 
ventricular sarcolemmal vesicles was investigated. The membrane potential was controlled by the intravesicu- 
lar and extravesicular concentration of K +, and the initial rates of Ca 2+ uptake both in the presence and the 
absence of valinomycin were determined. The rate of Ca 2+ uptake was stimulated by a inside-negative 
potential induced in the presence of valinomycin. The valinomycin-dependent stimulation was enhanced by 
the addition of K + channel blocker, tetraethylammonium ion or Ba 2+. The electrogenicity of cardiac 
sarcolemmal ATP-dependent Ca 2+ pump is suggested from the increase of Ca 2+ uptake by negative potential 
induced by valinomycin. 

Caroni and Carafoli [1,2] demonstrated the ex- 
istence of a ATP-driven, calmodulin-activated 
Ca 2+ pump in sarcolemmal vesicles prepared from 
canine ventricles, and other investigators reported 
on the ATP-dependent Ca 2+ uptake into highly 
purified cardiac sarcolemmal vesicles [3-5]. Caroni 
and Carafoli [6] showed recently that protein 
kinase-dependent phosphorylation of a sarco- 
lemmal protein stimulates the activity of Ca 2+ 
uptake into vesicles. The ATP-driven Ca 2÷ pump 
in sarcolemma is assumed to regulate the intracell- 
ular Ca 2÷ through the stimulation of calmodulin 
and protein kinase. In cardiac cells, the membrane 
potential may change the rate of Ca 2÷ transport of 
the sarcolemmal Ca 2+ pump if the transport of 
Ca 2÷ is electrogenic [7]. At present, however, the 
electrogenicity of the Ca 2+ pump of the plasma 
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membrane is not established [8-10]. In the present 
study, the sensitivity of the ATP-dependent Ca 2+ 
pump to the membrane potential of sarcolemmal 
vesicles is examined. We found that an inside- 
negative potential accelerates the rate of Ca 2+ 
uptake, and that K ÷ channel blockers [11-13], 
such as tetraethylammonium (TEA) ion or Ba 2÷, 
could amplify the K ÷ diffusion-potential depen- 
dence of the valinomycin stimulation of Ca 2÷ 
pump. 

Valinomycin was purchased from Sigma Chem- 
ical Co., and 45CAC12 was from New England 
Nuclear. Calmodulin was prepared from rabbit 
skeletal muscle according to the method of Yazawa 
et al. [19]. Sarcolemmal vesicles from canine 
ventricles were isolated by a procedure described 
previously [5]. The fresh vesicles (SL-4 and SL-5) 
in Ref. 5) were diluted with 3 vols. of the vesicle: 
loading solution containing 300 mM (potassium + 
lithium) chloride and 20 mM imidazole-HCl (pH 
7.4). In some cases, 1 mM BaC12 or 10 mM TEA 
chloride was added to the vesicle-loading solution. 
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Fig. 1. The effect of valinomycin on Ca 2+ uptake of sarcolemmal vesicles in the presence of a K + gradient across the membrane. The 
reaction was started by the addition of 8 #1 of vesicles into 592 #1 of the reaction mixture and the Ca 2+ uptake was measured by the 
filter-assay method. (A) Vesicles loaded with 4 mM KC1, 296 mM LiC1 and 20 mM imidazole-HC1 (pH 6.8) were assayed under the 
following conditions: 50.9/~g/ml protein, 298 mM KCI, 4 mM LiCI, 50 #M 45CaC12, 3 mM MgC12, 1 #g/ml  calmodulin and 20 
mM imidazole-HCl (pH 6.8). (B) Vesicles loaded with 300 mM KC1 and 20 mM imidazole-HC1 (pH 6.8) were assayed under the 
following conditions: 46.5 #g/ml  protein, 4 mM KC1, and 296 mM LiC1. Other conditions were the same as in (A). O, A, 0.3 #M 

valinomycin; o,  zx, without valinornycin; O, o,  2 mM ATP; A, zx, without ATP. 

The vesicles were collected by centrifugation at 
69 400 x g for 25 rain and the resultant precipitate 
was washed twice with the vesicle-loading solu- 
tion. The washed precipitate was suspended in the 
vesicle-loading solution at a protein concentration 
of 2-4 mg/rnl and used immediately. The protein 
was determined by the method of Bensadoun and 

Weinstein [20] with bovine serum albumin as the 
standard. Ca 2+ uptake reaction was carded out at 
37°C in a medium containing 30-60 /tg/ml 
vesicles, 300 mM (potassium + lithium) chloride, 3 
mM MgC12, 2 mM Tris-ATP, 50/~M 45CAC12, 1 
#g/ml  calmodulin and 29 mM imidazole-HC1 (pH 
6.8) in the presence or absence of 0.3 /~M 
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Fig. 2. The effect of TEA + on the valinomycin dependence of Ca 2+ uptake in the presence of a K + gradient. The experimental 
conditions were the same as described for Fig. 1 except that 10 mM TEA-CI was added to the vesicle-loading solution and to the 

reaction mixture. (A) 61.3 #g /ml  protein, 4 mM [K + ]i, 296 mM [K + ]o- (B) 59.1/~g/ml protein, 300 mM [K + ]i, 4 mM [K + ]o. 



valinomycin. In some cases, 1 m M  BaC12 or 10 
m M  TEA chloride was added to the medium. The 
reaction was started by the addition of 8 #1 of 
vesicle suspension. At different times, 100 #1 of 
the sample was pipetted on to a type H A  0.45-#m 
Millipore filter, and immediately washed 5 ml of 
chilled solution containing 300 m M  KC1 and 20 
m M  Imidazole-HC1 (pH 7.4 at 4 ° C). The radioac- 
tivity retained on the filter was measured as de- 
scribed previously [5]. 

The gradient of K ÷ across the vesicular mem- 
brane was produced by dilution of the vesicle 
suspension. The ATP-dependent  Ca 2÷ uptake of 
the vesicle preparation was measured in the pres- 
ence and the absence of valinomycin. The ionic 
strength was maintained constant with a com- 
pensating amount  of Li ÷, which does not drive the 
N a ÷ / C a  2÷ exchange system [14]. Under  this ex- 
perimental conditions the measurements of Ca 2+ 
uptake into the vesicles give the activity of the 
ATP-driven Ca 2+ pump. We assumed that the 
membrane potential is dominantly determined by 
the diffusion potential of K + in the presence of 
valinomycin, because the preliminary measure- 
ments indicated the much greater permeability of 
K ÷ compared to that of Li ÷ or C1- (data not 
shown). Figs. 1, 2 and 3 show the time course of 
ATP-dependent  Ca 2÷ uptake. When the intrave- 
sicular K ÷ concentration ([K+]i) was 4 m M  and 
the extravesicular K ÷ concentration ([K÷]o) was 
296 mM, valinomycin did not affect the initial 
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rate of Ca 2+ uptake in the absence of TEA + and 
Ba 2+ (Fig. 1), whereas  the inhibit ion by  
vahnomycin became clear in the presence of 10 
m M  TEA + or 1 m M  Ba 2÷ (Figs. 2A and 3A). On 
the other hand, when [K+]i was 300 m M  and 
[K÷]o was 4 raM, valinomycin activated the initial 
rate of Ca 2+ uptake. The activating effect of 
valinomycin increased in the presence of 10 mM 
TEA ÷ or 1 m M  Ba 2÷ (Figs. 2B and 3B). 

Two possible explanations for the effect of 
TEA ÷ and Ba 2÷ were considered. First, TEA ÷ or 
Ba 2+ could change the membrane  potential of 
vesicles in the absence of valinomycin. The mem- 
brane potential was dominated by the opening of 
intrinsic K + channels under Ca 2÷ uptake condi- 
tions even without valinomycin; the existence of 
Ca2÷-dependent K + channels has been reported in 
sarcolemmal vesicles [15-18]. When K ÷ channels 
of the sarcolemmal vesicles are blocked by TEA ÷ 
or Ba 2÷, the K + channel-dependent membrane  
potential should be diminished. Therefore, the ef- 
fect of valinomycin to K + diffusion potential in 
the presence of TEA ÷ or Ba 2+ will be larger than 
that in the absence of TEA ÷ or Ba 2÷. 

It  is also possible to assume that the modifica- 
tion of the activity of the Ca 2÷ pumps  by TEA ÷ 
or Ba 2÷ might depend on the membrane  potential. 
T E A + a n d  Ba 2÷ inhibited, respectively weakly and 
strongly, the Ca 2+ uptake. The inhibitory effects 
of these reagents increased with increasing con- 
centration, but  the activation by valinomycin did 
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Fig. 3. The effect of Ba 2+ on the valinomycin dependence of Ca 2+ uptake in the presence of a K + gradient. The experimental 
conditions were the same as described for Fig. 1 except that 1 mM BaC12 was added to the vesicle-loading solution and to the 

reaction mixture. (A) 25.7/~g/ml protein, 4 mM [K + ]i, 296 mM [K + ]o- (B) 38.4/~ g/ml protein, 300 mM [K + ]i, 4 mM [K + ] o- 
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Fig. 4. The effect of the membrane potential on the stimulation of the Ca 2+ pump in the presence or absence of a K+-channel 
blocker. Stimulation was expressed by the ratio of the initial rate of Ca 2 + uptake in the presence of valinomycin to the initial rate of 
Ca 2+ uptake in the absence of valinomycin. The membrane potential (EK) was calculated from the K + gradient, using Nernst's 
equation; E K = 61.5 log ([K + Io/[K + ]i)- The K + carried over to the assay with the vesicles and the dilution of the reaction mixture 
were taken into account for the calculation of [K + ]o. Values of [K + ]i were 300 mM, 150 raM, 20 mM and 4 mM, respectively, for 
E K values from -115 mM to 0 mV~ from -54  to 18 mV, 72 mV, and from 97 to 115 mY, respectively, zx, without K+-channel 

blocker; [], 10 mM TEA-C1; ©, 1 mM BaC12. 

no t  change  be tween  5 and  50 m M  T E A  + or  be-  
tween 0.1 and  2 m M  Ba 2+ when measured  at  300 

m M  [K+]i  and  4 m M  [K+]o (da t a  not  shown).  As  
shown in Fig.  4, the  increase  of  the up take  ra te  
i nduc ed  b y  a negat ive  po ten t i a l  and  the decrease  
of  the  up take  ra te  induced  by  a posi t ive  po ten t ia l  
were a lmos t  in ba lance  in the presence  of  T E A  + . 
On  the o ther  hand,  the effect on the  up take  ra te  of  
a negat ive  po ten t i a l  was c lear ly  larger  than  that  of  
a pos i t ive  po ten t i a l  in the presence of  Ba 2+. The  
effects of  T E A  + and  Ba + showed some difference.  
The  Ca 2+ p u m p  was ac t iva ted  by  a negat ive  
po ten t i a l  change  b y  va l inomyc in  even in the ab-  
sence of  T E A  + of  Ba 2+ (Fig.  1B). I t  is not  p rob -  
ab le  that  va l inomycin  modu la t e s  only  the inhibi -  
t ion  of  Ca  2+ up take  b y  T E A  + or  Ba 2+. 

Fig. 4 shows the effect of  a K + di f fus ion po ten -  
t ial  on the s t imula t ion  of  Ca  2+ up take  in the 
presence of  va l inomycin .  The d i f fus ion  po ten t i a l  
was ca lcula ted  accord ing  to Ne rns t ' s  equat ion .  
The  vol tage dependence  of  the s t imula t ion  was 
c lear ly  enhanced  b y  T E A  + or  Ba 2+. The  increase  
of  the va l inomyc in - s t imula ted  Ca 2+ up t ake  ob-  
served at  a negat ive  po ten t i a l  suggests that  the 

sa rco lemmal  Ca 2+ p u m p  is electrogenic.  I f  the 
Ca  2+ p u m p  were e lec t rogenic  and  no charged  ion 
except  Ca  2+ moved ,  then Ca 2+ up take  should 

induce  an ins ide-pos i t ive  m e m b r a n e  potent ia l ,  and  
this m e m b r a n e  po ten t i a l  should  inhib i t  the Ca 2+ 
uptake .  In  Fig.  4, the ra te  of  Ca  2+ up take  was not  
ac t iva ted  when the vol tage  was c l a mpe d  at  0 mV 
by  K+-va l inomyc in .  This  resul t  shows that  a posi-  
t ive po ten t i a l  was no t  i nduc e d  b y  A T P - d e p e n d e n t  
Ca  2+ up t ake  u n d e r  the  exper imenta l  condi t ions .  
However ,  it  does  no t  necessar i ly  show elect roneu-  
t ra l i ty  of  Ca  2+ t r anspo r t  process  by  the Ca 2+ 

pump.  The  r ap id  passage  of  K + and  C1- across 
the m e m b r a n e  of  vesicles could  shor t -c i rcui t  any  
po ten t i a l  o r ig ina t ing  f rom the Ca 2+ p u m p  [16,18]. 

A n  a l te rna t ive  exp lana t ion  for  Fig. 4 is also 
possible.  The  ins ide  negat ive  po ten t i a l  m a y  change  
the c on fo rma t ion  of  Ca  2+ p u m p  which causes 
ac t iva t ion  of  Ca  2+ uptake .  
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