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We will demonstrate that compound 4 8 / 8 0  and ruthenium red inhibit the smooth-muscle plasma-membrane Ca 2+ pump 
by counteracting the stimulant effect of negatively charged phospholipids. Both substances did not affect the purified 
enzyme re-activated by pure phosphatidylcholine or phosphatidylinositol and measured in the absence of calmodulin, 
indicating that under these conditions they did not have a direct effect on the ATPase protein. Ruthenium red and 
compound 4 8 / 8 0  however inhibited the (CaZ++ Mg 2+)-ATPase in the presence of phosphatidylinositol 4-phosphate 
and especially phosphatidylinositol 4,5-bisphosphate. The K0. s for inhibition was 25/ tM ruthenium red and 9 /~g /ml  of 
compound 48 /80 .  The inhibition by ruthenium red developed slowly with half maximal inhibition occurring after about 
75 s while that by compound 4 8 / 8 0  developed immediately within the time required for mixing. The efficacy of 
ruthenium red increased as the concentration of the acidic phospholipid increased, while no such cooperativity was 
observed for compound 48 /80 .  Ruthenium red reduced the Vmx for Ca 2+ without affecting the affinity for Ca 2+, while 
compound 4 8 / 8 0  decreased both parameters. In conclusion, although ruthenium red and compound 4 8 / 8 0  affect the 
ATPase differently, both substances most likely inhibit the plasma-membrane Ca 2+ pump by counteracting the 
stimulation by negatively charged phospholipids. 

Introduction 

Ruthenium red is a hexavalent polycationic dye which 
is known to inhibit the plasma-membrane Ca 2÷ pump 
[1-9]. This inhibition of the Ca2+-transporting ATPase 
presents some specificity, since neither the basal Mg 2÷- 
ATPase, nor the Na+,K+-ATPase are affected by 
ruthenium red [1]. Although the exact mechanism of 
inhibition by ruthenium red has not been described, it is 
assumed that it interacts at the cytoplasmic site of the 
Ca 2÷ pump [7] and that it does not interact at a site 
related to calmodulin [7]. It has been suggested that 
ruthenium red combines with the Ca 2÷ binding side 

Abbreviations: (Ca 2+ + Mg 2+ )-ATPase, (Ca 2+ + Mg 2+ )-activated 
ATPase; Ptdlns, phosphatidylinositol; Ptdlns4P, phosphatidylinositol 
4-phosphate; Ptdlns(4,5)P2, phosphatidylinositol 4,5-bisphosphate; 
PC, phosphatidylcholine. 
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because of its polycationic nature, although no experi- 
mental evidence for this has been presented [8]. 

Compound 48 /80  is the product of the reaction of 
equimolar concentrations of formaldehyde and p- 
methoxy-N-methylphenylethylamine [10], and is a mix- 
ture of compounds which are both hydrophobic and 
polycationic. This substance is a potent inhibitor of the 
calmodulin-activated form of the plasma-membrane 
Ca 2÷ pump [11]. It recently became apparent that the 
binding of 48 /80  constituents to calmodulin can not 
fully account for the inhibition of the enzyme and that 
also a direct interaction of 48/80  constituent(s) with the 
enzyme a n d / o r  the lipid portion of the membrane must 
occur [12,13]. 

Negatively charged phospholipids stimulate the 
purified plasma-membrane Ca 2÷ pump by increasing 
the Vma x for Ca 2÷ and its affinity for Ca 2+ and by 
slightly increasing the cooperativity for Ca 2÷. This 
stimulant effect is related to the number of negative 
charges on the phospholipids [14]. In this report, argu- 
ments will be brought forward indicating that the poly- 
cations ruthenium red and compound 48/80  inhibit the 
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purified and re-activated plasma-membrane Ca 2+ pump 
from smooth muscle by interacting with negatively 
charged phospholipids or with inositide-dependent sites 
on the ATPase-protein. 

Experimental 

The delipidated plasma-membrane Ca2+-transport 
ATPase was purified from the antral part of pig stomach 
smooth muscle using calmodulin-affinity chromatog- 
raphy and, unless otherwise indicated, re-activated by 
phospholipid mixtures at a ratio of 1 mg phospholipid 
per mg of protein, as described previously [14]. The 
lipid mixtures either consisted of PC only or 20% (w/w) 
of one of the negatively charged lipids (Ptdlns, Ptdlns4P 
or Ptdlns(4,5)P2) and 80% PC. 

The assay medium fbr measuring the (Ca2++ 
Mg 2 +)-ATPase activity had the following composition: 
phosphoenolpyruvate, 1.5 mM; pyruvate kinase, 40 
units/ml; lactate dehydrogenase, 40 units/ml; im- 
idazole-HC1 (pH 6.9), 30 mM; MgC12, 5.40 mM (free 
[Mg2+], 1 mM); KC1, 100 mM; EGTA, 0.5 mM; ATP, 
5 mM; NaN 3, 5 mM and NADH, 0.26 raM. The pH of 
the medium was adjusted to 6.9 at 37°C. 10 /~1 of 
ATPase (corresponding to 2 #g of protein) was trans- 
ferred to 990/~1 assay medium and the decrease of the 
light absorbance at 340 nm was measured spectrophoto- 
metrically at 37°C. The decrease in absorbance was 
found to vary linearly both with respect to time and 
protein concentration. In most experiments the free 
Ca 2+ concentration was 10/~M. For the experiments in 
Fig. 4, Ca 2+ was added in a cumulative way to obtain 
subsequently free Ca 2+ concentrations of 0.10/~M, 0.18 
/~M, 0.30/~M, 0.56/~M, 1.0/zM and 3.0/~M. Calmodu- 
lin was not added in these experiments. The total amount 
of Ca 2+ added to the cuvette was calculated with a 
computer program using the following decimal loga- 
rithms of the association constants: H-ATP, 6.49; H- 
HATP, 4.11; Ca-ATP, 3.78; Ca-HATP, 1.98; Mg-ATP, 
4.00 and Mg-HATP, 2.06. The association constants for 
EGTA were: H-EGTA, 9.47; H-HEGTA, 8.85; Ca- 
EGTA, 10.97; Ca-HEGTA, 5.33; Mg-EGTA, 5.21 and 
Mg-HEGTA, 3.37 [15]. From the Ca 2+ activation 
curves, the Vmax for Ca 2+ and the K0. 5 for Ca 2+ were 
calculated by computerized nonlinear curve fitting using 
the Michaelis-Menten equation. The Hill-coefficient of 
these Ca 2 +-activation curves indeed ranged around unity 
[14]. 

Protein concentrations were measured with the 
method of Lowry et al. [16], using serum albumin as a 
standard. 

Phosphoenolpyruvate, pyruvate kinase, lactate dehy- 
drogenase and ATP were obtained from Boehringer 
(Mannheim, F.R.G.). NADH, Ptdlns4P (from bovine 
brain, 98% pure, product No P-9638), Ptdlns(4,5)P 2 
(from bovine brain, 98% pure, product No P-9763), PC 

(from frozen egg yolk, 99% pure, product No P-4279), 
and compound 48/80 were all from Sigma Chemical 
Co. (St. Louis, MO, U.S.A.). Ptdlns was from Lipid 
Products (Redhill, U.K.). Ruthenium red was from 
Fluka AG (Buchs SG, Switzerland). 

Results 

The purification of the plasma-membrane Ca 2+ 
pump from stomach smooth muscle in the absence of 
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Fig. 1. Effect of ru thenium red and compound 48 /80  on the (Ca 2+ + 
Mg 2+ )-ATPase activity of the purified p lasma-membrane Ca 2 +-pump. 
The effects of 100 /~M ruthenium red (panel a) and 100 /Lg/ml of 
compound 48 /80  (panel b) on the (Ca 2+ + Mg 2+ )-ATPase at 10/~M 
[Ca 2+ ] ( /xmol /min  per mg of protein) are illustrated. The ATPase 
was activated by different phospholipid-mixtures (either pure PC, or a 
mixture of 80% PC and 20% of the acidic phospholipid indicated 
below each pair of  bars). The values in the presence of ruthenium red 
(RR) were obtained 5 min after adding the dye, those in the presence 
of compound 48 /80  (48/80)  were obtained immediately after adding 
this substance. The experiments in panel b were performed on another 
batch of enzyme as compared to those in panel a. The results are 

expressed as means  + S.E. (n = 5). 



lipids yields an inactive ATPase that can be re-activated 
by adding phospholipids [14,17], as illustrated in Fig. 1. 
As reported previously, PC was the least potent lipid. 
The activity of the enzyme could be increased by sub- 
stituting 20% of PC by Ptdlns. The stimulant effect 
became more pronounced when Ptdlns4P and 
Ptdlns(4,5)P 2 were used to replace PC [14,18,19]. Also 
the effect of 100/xM ruthenium red and 100/~g/ml of 
compound 48/80 on the specific activity of the Ca 2÷- 
transporting ATPase is represented in Fig. 1. Ruthenium 
red inhibited the ATPase in the presence of Ptdlns4P 
(Fig. la). This inhibition was more pronounced in the 
presence of Ptdlns(4,5)P 2. In the absence of negatively 
charged phospholipids, i.e., in the presence of pure PC, 
and also in the presence of 20% Ptdlns, ruthenium red 
did not affect the enzyme activity. This finding allowed 
us to exclude any nonspecific effect of this compound 
on the coupled-enzyme ATPase assay. Compound 48/80 
at a concentration of 100 ttg/ml was without effect on 
the enzyme re-activated by PC or Ptdlns (Fig. lb), 
which again excluded an aspecific effect on the 
coupled-enzyme ATPase assay. The enzyme activities in 
the presence of Ptdlns4P and especially of Ptdlns4,5P 2 
were significantly decreased. It should be stressed at 
this point that the ATPase assay medium was not 
supplemented with calmodulin. In separate experi- 
ments, 0.6 #M-calmodulin was found to increase the 
(Ca2++ Mg 2÷)-ATPase re-activated by PC, from 672 + 
26 (n = 3) to 1168 + 44 (n = 3) nmol/min per mg of 
protein. In the presence of 100 #g/ml  of compound 
48/80, calmodulin only increased the ATPase activity 
from 630 + 38 (n = 3) to 652 + 4 (n = 3) nmol/min per 
mg of protein. This finding confirms the already known 
calmodulin-antagonistic properties of this substance 
[111. 

The time course of the inhibitory action of 100 #M 
ruthenium red on the enzyme reactivated by a mixture 
of 20% Ptdlns(4,5)P 2 and 80% PC is illustrated in Fig. 
2. Half-maximal inhibition occurred after about 75 s, 

Z-" c 

z o 

2- 

O. 
0 1 2 3 t, 5 6 

Time (min) 

Fig. 2. Time course of the inhibition of the ATPase by ruthenium red. 
The (Ca2÷+Mg2+)-ATPase, measured at 10 ttM [Ca 2÷] and ex- 
pressed in #mol/min per mg of protein, is given on the ordinate. The 
abscissa represents the time, in min, after addition of 100 #M 
ruthenium red. The ATPase was re-activated by 20% Ptdlns(4,5)P 2, 
balanced by PC. The results are expressed as means+S.E. (n = 5). 
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Fig. 3. Effect of ruthenium red and compound 48/80 on the stimula- 
tion of the plasma-membrane (Ca 2+ +Mg 2÷ )-ATPase by PtdIns4P. 
The ATPase was activated by adding 1 mg of lipid per mg of ATPase. 
When the amount of PtdIns4P increased, the amount of PC was 
proportionally reduced. The abscissa represents the percent PtdIns4P 
(w/w) relative to the total amount of lipid. The ordinate represents 
the (Ca 2+ + Mg 2+ )-ATPase activity at 10 #M [Ca 2+ ] (#mol/min per 
mg of protein) in the absence (©) and in the presence (e) of 100 FM 
ruthenium red (panel a) or 100 #g/ml of compound 48/80 (panel b). 

The results are given as means + S.E. (n = 4). 

and a steady-state inhibition was only reached after 5 
min. The effects of ruthenium red on the specific activi- 
ties of the (Ca2++ Mg2+)-ATPase (Fig. 1) were there- 
fore measured 5 min after adding this dye. In contrast, 
the inhibition induced by compound 48/80 occurred 
within the time required for mixing. 

Fig. 3a illustrates the inhibitory effect of ruthenium 
red on the ATPase activity in the presence of different 
concentrations of Ptdlns4P. In the absence of the dye, 
the gradual substitution of PC by Ptdlns4P increased 
the ATPase activity dose-dependently, as shown previ- 
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ously [14]. In the presence of ruthenium red, Ptdlns4P 
only increased the ATPase activity up to a concentra- 
tion of 10%, while higher concentrations of the lipid did 
not further stimulate the enzyme. The inhibition of the 
ATPase by 100 /~M ruthenium red is therefore charac- 
terized by a peculiar dependency on the Ptdlns4P con- 
centration whereby the inhibitory effect was absent at 
concentrations below 10% of this lipid. The inhibition at 
20% was relatively small and became more pronounced 
at 50% Ptdlns4P. Fig. 3b illustrates the effect of com- 
pound 48/80 at a concentration of 100 t~g/ml on the 
(Ca2++Mg2+)-ATPase activity as a function of the 
concentration of Ptdlns4P. In contrast with the effect 
of ruthenium red, compound 48/80 inhibited the en- 
zyme equally well at 10% as at 50% Ptdlns4P. From the 
data in Fig. 3b, it was calculated that the increase of the 
ATPase activity induced by 10% Ptdlns4P over the 
value obtained in the absence of this lipid, was inhibited 
by 62%. The stimulation of the ATPase by 50% Ptdlns4P 
was inhibited by 65%. Therefore no cooperative be- 
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Fig. 4. Effect of ruthenium red and compound 48/80 on the Ca 2+- 
activation curves of the Ca 2+ pump. The (Ca 2+ + M g  2+ )-ATPase 
activity (in #mol/min per mg of protein) is expressed on the ordinate 
as a function of the concentration of free Ca 2+ (/zM) given on the 
abscissa, either in the absence (O) and in the presence (o) of 100/~M 
ruthenium red (panel a) or 100/.tg/ml of compound 48/80 (panel b). 
The ATPase was re-activated by 20% PtdIns4P (in panel a) and by 
50% PtdIns4P (in panel b). The results are expressed as means+ S.E. 

(n = 4). 
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Fig. 5. Dose-response relationship representing the interaction of 
ruthenium red and compound 48/80 with Ptdlns4P. The delipidated 
ATPase was re-activated by addition of a lipid mixture containing 
50% Ptdlns4P and 50% PC. The effect of different concentrations of 
ruthenium red (panel a) and of different concentrations of compound 
48/80 (panel b) (given on the abscissa) on the (Ca 2+ + Mg 2÷ )-ATPase 
at 10 /~M -[Ca 2÷ ] (given in the ordinate in ~tmol/min per mg of 
protein) is represented. The results are expressed as means+S.E. 

(n = 6). 

haviour of the inhibition of the enzyme by compound 
48/80 towards the concentation of Ptdlns4P could be 
observed. 

In order to further specify to which extent ruthenium 
red and compound 48/80 affect the kinetic parameters 
of the plasma-membrane Ca 2÷ pump, the (Ca2++ 
Mg 2÷)-ATPase activity of the enzyme at different con- 
centrations of free Ca 2 ÷ was determined (Fig. 4). In the 
absence of ruthenium red, Ca :÷ increased the ATPase 
activity in the presence of 20% Ptdlns4P dose-depen- 
dently with a Vma x of 1.86 + 0.08 (n = 5) /~mol/min per 
mg of protein, and a K0. 5 of 0.28 _+ 0.04 (n = 5) /~M 
Ca 2+. 100 /xM ruthenium red decreased the Vma x to 
1.13 _+ 0.04 (n = 5) # m o l / m i n  per mg of protein without 
however affecting the affinity for Ca 2+ (0.26 _+ 0.06 
(n = 5) #M Ca2+). Because the inhibitory effect at 50% 
PtdIns4P was much more pronounced than at 20%, it 
was of interest to investigate the effect of the dye on the 
kinetic parameters at 50% PtdIns4P. Ruthenium red 
decreased the Vma x from 2.62 +_ 0.15 (n = 3) to 1.11 _+ 



0.06 (n = 3) g m o l / m i n  per mg of protein. Half-maxi- 
mal activation of the enzyme occurred at 0.21 + 0.05 
(n = 3) gM Ca 2+ in the absence and at 0.29 + 0.06 
(n = 3) gM Ca 2+ in the presence of 100/~M ruthenium 
red. This difference in Ca 2+ affinity was not statisti- 
cally significant. Fig. 4b represents the effect of 100 
g g / m l  of compound 48/80  on the Ca 2 +-activation curve 
of the smooth-muscle membrane Ca2+-ATPase, re- 
activated by 50% Ptdlns4P. In the absence of this 
compound, Ca 2÷ increased the ATPaSe activity dose- 
dependently with a Vma x of 3.03 + 0.10 (n = 4) 
gmo l /min  per mg of protein, and a K0. 5 of 0.34 + 0.07 
(n = 4) gM Ca 2+. Compound 48/80  (100 gg /ml )  de- 
creased the Vma x to 1.39 + 0.08 (n = 4) # m o l / m i n  per 
mg of protein. In contrast to the effect of ruthenium 
red, the affinity for Ca 2+ was appreciably decreased by 
compound 48/80 (from 0.34 + 0.07 (n = 4) to 0.86 + 
0.05 (n = 4) gM Ca2+). 

Because ruthenium red exerted its greatest inhibitory 
effect on the ATPase in the presence of 50% 
Ptdlns4P/50% PC, we have determined a dose-response 
relationship for the inhibition of the ATPase in the 
presence of this lipid mixture. Fig. 5a illustrates that the 
threshold for inhibition was 1 gM, and that the inhibi- 
tory effect progressively increased with a K0. 5 of 25 gM, 
to a maximal inhibitory effect at 300 gM of the dye. 
The dose-inhibition relationship for compound 48/80 is 
illustrated in Fig. 5b. Half maximal inhibition of the 
enzyme re-activated by 50% Ptdlns4P occurred at 9 
gg /ml .  

Discussion 

Ruthenium red is often considered as an inhibitor of 
the plasma-membrane Ca 2+ pump [1-9]. Ruthenium 
red did not affect the (Ca2++Mg2+)-ATPase re- 
activated by PC or by Ptdlns, in contrast to its inhibi- 
tion of enzyme stimulated by Ptdlns4P and especially 
Ptdlns(4,5)P 2. This suggests that this dye affects the 
activity of the purified plasma-membrane Ca 2+ pump 
by interfering with the interaction between polyphos- 
phoinositides and the Ca2+-transporting ATPase. 
Ptdlns(4,5)P 2 presents, depending on the pH, four to 
five and Ptdlns4P three negative charges [20], and 
therefore an electrostatic interaction between positive 
charges of ruthenium red and the polyposphoinositides 
seems very likely. Since the polyphosphoinositides are 
located at the inner leaflet of the plasma membrane, our 
hypothesis would imply that ruthenium red must inter- 
act with the ATPase at the cytoplasmic face of the 
membrane, as has been suggested previously [8]. This 
action of ruthenium red resembles that of neomycin 
[19]. Evidence has been presented indicating that also 
this inhibition was due to the interaction of these 
strongly positively charged substances with associated 
polyphosphoinositides and not to a direct effect on the 
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ATPase protein. A similar peculiar dependency of the 
inhibition of the ATPase by ruthenium red on the 
PtdIns4P concentration has also been observed for 
neomycin [19]. This finding strengthens our hypothesis 
that the binding of more than one polyphosphoinositide 
molecule is needed to stimulate the ATPase. We fur- 
thermore suggest that high concentrations of the lipid 
would create on the ATPase protein a high charge 
density and that this combination of negative charges 
would promote in a cooperative way the binding of the 
ruthenium-red molecule with its six positive charges. 

Compound 48 /80  is a mixture of compounds which 
are both hydrophobic and polycationic and which has 
been suggested to be a more selective anti-calmodulin 
agent than other anti-calmodulin drugs [11]. Recent 
evidence indicated that in addition to its anti-calmodu- 
lin action it also directly interacts with the Ca 2+ pump 
[12,13]. However, both groups did not discriminate be- 
tween a direct interaction of this substance with the 
enzyme or with surrounding phosphohpids. The present 
experiments however provide convincing evidence that 
compound 48 /80  prevents the stimulation of the Ca 2 +- 
pump protein by negatively charged phospholipids. 

The stimulant effect of negatively charged lipids on 
the plasma-membrane Ca 2+ pump can be formally de- 
scribed as the result of an increased Vma x, an increased 
affinity for Ca 2+ and an increase of the cooperativity 
for Ca 2÷ [14,21-23]. The order of potency of the differ- 
ent phosphoinositide lipids to increase the Vma x and the 
affinity for Ca 2+ was as follows: Ptdlns(4,5)P2> 
Ptdlns4P > Ptdlns, and this order is proportional to the 
number of negative charges on the lipid [14]. An inter- 
esting finding was that ruthenium red decreased the 
Vma x Ca 2+ without affecting the affinity, while com- 
pound 48/80  decreased both the Vma x and the affinity. 
This finding indicates that both compounds affect the 
interaction between the polyphosphoinositides and the 
Ca 2+ pump differently. Because ruthenium red selec- 
tively reduces the Vma x of the ATPase, it could become a 
valuable tool for further exploring the regulation of the 
catalytic turnover of the enzyme. 

In conclusion, the inhibitory effect of ruthenium red 
and compound 48 /80  differs in the way of interaction 
with the phospholipids: the inhibitory effect exerted by 
compound 48 /80  was due to a reduction of the Vm~ x 
and a decrease of the Ca 2+ affinity, while ruthenium 
red did not affect the latter parameter. The inhibition of 
the enzyme by ruthenium red was cooperative towards 
PtdIns4P, while this was not the case for compound 
48/80.  
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