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Summary

The inhibition of guinea-pig heart (Na' + K*)-ATPase (ATP phosphohydro-
lase EC 3.6.1.3) by calcium has been studied at pH 7.4, 6.8 and 6 .4.

1. A decrease in pH reduced the threshold inhibitory concentration of cal-
cium and the calcium concentration producing an inhibition of 50% of the
enzyme activity.

2. Calcium reduced the apparent affinity of the enzyme for Na®, this effect
occurred only at pH 7.4.

3. Calcium increased the apparent affinity of the enzyme for K", this effect
was enhanced at acidic pH.

4. Activation of the enzyme by Na' for a constant Na* : K* ratio has been
studied at pH 7.4 and at pH 6.8 in the absence and in the presence of 3 - 10™*
M Ca®*; the results of this experiment indicate that Ca®* effect at pH 7.4 was
not influenced by Na* — K* competition and was probably due to a Na* — Ca**
interaction.

5. At pH 7.4, the calcium inhibitory threshold concentration and the con-
centration producing 50% inhibition were reduced when Na' was low; at pH
6.8, the calcium inhibition was not markedly modified by the change of Na'
concentration.

6. The Ca’**-activated ATPase of myosin B which is related to the contractile
behaviour of muscle and the Ca**-ATPase of the sarcoplasmic reticulum which
is related to the ability of this structure to accumulate calcium were activated
in a range of calcium concentration producing an inhibition of (Na’ + K*)-
ATPase.

The present results indicate that the increase by acidity of the (Na' + K*)-
ATPase sensitivity to calcium might be due to a suppression of a Na'-Ca®*

A preliminary report [13] of part of this work has been presented at the Belgian Society of Physi-
ology and Pharmacology (meeting of May 1975).
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interaction. On the basis of these observations, it is proposed that calcium
might inhibit the Na'-pump during the repolarization phase of the action
potential and that, by this effect, it might control cell excitability.

Infroduction

Calcium inhibits (Na* + K*)-ATPase (ATP phosphohydrolase EC 3.6.1.3) in
low concentrations, as shown since the first description of the properties of the
enzyme [1]. Calcium does not inhibit the sodium pump from outside the cell
[2], but it has been reported that the sodium pump in red blood cells was
inhibited when calcium concentration was increased inside [3—5]. It has been
proposed that calcium inhibition was due to a competition with magnesium
[6—8]. The possibility that calcium might compete with sodium is a controver-
sial matter as some reports favour this view [3,4,7,9] and other do not{6]. Re-
cently it has been observed that calcium induces phosphorylation of ATPase in
the same way as sodium ([8,10].

In recent years, the interaction between calcium and the sodium pump has
aroused interest since it was postulated that the positive inotropic effect of
cardiac glycosides might be related in some way to this interaction [7,11].
Most of the previous experiments were done with calcium concentrations
higher than those achieved in the cell during the contractile cycle. Further-
more, it has been shown that intracellular pH is lower than the extracellular
one and is reduced during muscle contraction [12].

The present experiments were designed in order to study the action of cal-
cium on (Na" + K*)-ATPase and its sensitivity to changes in sodium concentra-
tion; the experiments were performed at pH 7.4, 6.8 and 6.4. The results show
that calcium concentrations which are likely achieved in heart cell during the
contractile cycle inhibit partly (Na® + K*)-ATPase and that this inhibition is
enhanced by the acidity of the incubation medium. This enhancement is likely
due to the suppression of a Na* — Ca?* interaction.

Methods

Preparation and assay of the (Na* + K*)-ATPase

A fraction enriched in (Na' + K*)-ATPase has been prepared from homog-
enates of albino guinea-pig heart treated by Nal according to Nakao et al.
[14]. The pellet obtained after 30 min of centrifugation at 100 000 X g was
resuspended in 0.25 M sucrose containing 5 mM Tris/maleate (pH 7.4) and was
washed twice. The resultant pellet was resuspended in 0.25 M sucrose contain-
ing 0.1% deoxycholate, 5 mM Tris/maleate (pH 7.4) and was stored overnight
at —30°C. After thawing, the supernate of a 30-min spin at 100 000 X g was
centrifuged for 5 h at 100 000 X g. The final pellet was resuspended in 0.25 M
sucrose (pH 7.4) and stored at —30°C. The protein concentration was measured
by the method of Lowry et al. [15] using bovine serum albumin as a standard.

The ATPase activity was determined by measuring the release of inorganic
phosphate from ATP at 37°C in 1 ml assay medium containing, unless other-
wise stated: 100 mM Na*, 20 mM K*, 3 mM Mg?*, 2.5 mM Tris/ATP, 1 mM
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EGTA (Ethylene glycol bis (8-aminoethylether)-N,N'-tetraacetic acid), 20 mM
maleic acid (adjusted with Tris at indicated pH values). When the concentration
of NaCl or KCI was lowered, the ionic force was maintained constant with cho-
line chloride. The reaction was started by the addition of the enzyme (usually
5—10 ug protein) and was stopped after 60 min with 0.1 ml of 50% trichloro-
acetid acid. The tubes were placed at once in crushed ice before determination
of inorganic phosphate. When the amount of protein was higher than 10 ug, the
mixture was centrifuged and inorganic phosphate measured in the supernate.
When incubating medium was supplemented with choline chloride, the reaction
was stopped with 1 ml of 8% silicotungstic acid in 1.2 M HClIO,. The mixture
was centrifuged and inorganic phosphate was measured in the supernate in
order to avoid interference of choline chloride [16]. Inorganic phosphate was
measured by the method of Fiske and SubbaRow [17] slightly modified. To
0.6 ml or 1 ml of sample we added 1.6 ml of 1.25% (NH)s M0O,, - 4 H,O in
0.88 M H,SO, and 0.4 ml of Fiske and SubbaRow reductor reagent. Absor-
bance was measured at 660 nm, exactly 15 min later, in a Kip-Scalar (Holland)
digital photometer. Controls for acid ATP hydrolysis were run in the absence
of enzyme. The amount of enzyme added to the reaction medium was adjusted
in order to hydrolyse less than one tenth of ATP. Total activity of the prepara-
tion was equal to 30 umol P, -mg™! -h™!; 95% of the ATPase activity was
ouabain-sensitive and corresponded to (Na' + K*)-ATPase. The preparation did
not contain Ca**-activated ATPase and it was not contaminated by cytochrome
oxidase.

Preparation and assay of Ca**-ATPases from myosin B and sarcoplasmic reti-
culum

Myosin B of guinea-pig heart was prepared according to the method
described for rabbit skeletal muscle {18].

Microsomes containing sarcoplasmic reticulum Ca?*-ATPase were prepared
from guinea-pig heart. The hearts were homogenised in 9 volumes of 0.25 M
sucrose containing 5 mM Tris/maleate (pH 7.4). The homogenates were centri-
fuged successively at 1 000 X g for 10 min and at 10 000 X g for 15 min. The
pellets were discarded and the supernate was submitted to a 60-min spin at
100 000 X g. The pellet was resuspended in buffered sucrose solution (2 mg
protein per ml) and immediately assayed for ATPase activities.

The assay of Ca?*-ATPase was carried out as following: 800 ug of either
myosin B protein or 120 ug of microsomal protein were incubated respectively
for 2 min of 30 min, at 37°C, in a medium containing 80 mM K*, 20 mM Na*,
3 mM Mg?**, 2.5 mM ATP, 1 mM EGTA, 1 mM ouabain, 20 mM Tris/maleate
(pH 6.8) and various concentrations of Ca’*. Ca?*-ATPase activity was esti-
mated by subtracting the activity obtained in the absence of added Ca?* from
the one measured when the medium was supplemented with Ca®*.

Ca-EGTA buffers

The inhibition of (Na" + K*)-ATPase by calcium was studied in the presence
of Ca?*-EGTA buffers. Free Ca’* concentrations have been calculated as
reported previously [19], using association constants of 10°72 M~! at pH 7.4,
105-2*M™! at pH 6.8 and 10°-°* M~! at pH 6.4. The Ca?*-EGTA association con-
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stants were determined according to the method of Murphy and Hasselbach
[18] in solutions used for enzyme studies. The values were consistent with
those reported by Ogawa [20,21]. Since total magnesium concentration in
incubating solutions was in excess with respect to total ATP concentration, no
significant pCa changes occurred during ATP hydrolysis, which was maintained
within the previously stated limits.

The calculated free Ca’* concentrations reported in this paper were nearly
10 times higher than those calculated taking into account the Schwarzenbach’s
association constants which are, in a non biological medium: 107-'° M, 10%-°°
M~ and 10%-4 M~! [22,23] respectively at pH 7.4, 6.8 and 6.4.

Reagents

All solutions were prepared using distilled, deionized water. EGTA and
bovine serum albumin were puchased from Sigma Chemical Co, St. Louis. All
other chemicals were analytical grade and purchased from E. Merck, Darm-
stadt.

Tris/ATP was prepared by passage of disodium ATP (Boehringer GmbH,
Mannheim) through Dowex 50 in the H* form, followed by neutralisation with
Tris.

K*, Na* and Mg?* were used as chloride salts. Ca** solutions were prepared
using CaCO, titrated by HCl.

Statistical methods

The concentrations of cation producing 50% of maximal (Na* + K*)-ATPase
activity (K,.5) were calculated from Hill plots by linear regression analysis. The
curves showed a good linearity for values of log(v/V — v) between +0.5 and
—0.5. At least 6 concentrations of cation stood within these limits. The error
was given by the estimated residual standard deviation of the straight lines. Sig-
nificance of the difference between two K, s values was analysed using the
limits of error of the relative potency, a method developped by Emmens for
the relative potency of various drugs with unbalanced dosage groups [{24].

Results

Influence of pH on the inhibition of (Na* + K )-ATPase by calcium

The inhibition of (Na* + K*)-ATPase by calcium has been studied for calcium
concentrations varying from 107° M up to 0.80 - 1072 M. The pH of the incuba-
tion medium was also varied from 7.4 down to 6.4. As Fig. 1 illustrates, the
inhibition was dependent not only upon calcium concentration but also upon
pH. At pH 7.4, the threshold inhibitory concentration of calcium was com-
prised between 107° and 3 - 10~° M; the concentration producing 50% inhibi-
tion was 5-10™* M. A decrease in pH reduced the concentration of calcium
needed for inhibition. This reduction occurred both for threshold concentra-
tion and for the calcium concentration producing an inhibition of 50% of the
enzyme activity. As shown in Table II and Fig. 2, pH change from 7.4 to 6.8
did not affect in the absence of calcium the parameters of enzyme activation
by magnesium, sodium and potassium.
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Fig. 1. Effect of pH on the inhibition of (Na*+ K*)-ATPase by Ca2*. The enzyme (10 ug) was incubated
for 60 min in the presence of 100 mM Na*, 3 mM K*, 3 mM Mg?*, 2,6 mM ATP, 1 mM EGTA and 20 mM
maleic acid. pH was adjusted with Tris at 37°C (pH 7.4: 0;6.8: 4; 0or 6.4: 0), Calcium was added in order
to obtain the indicated free Ca2* concentrations. Each point is the mean value from 6 determinations.
S.E. of means were contained within the circumference of the symbols,

Influence of pH on Na* — Ca** and K* — Ca** interactions

The influence of calcium on the activation of (Na* + K*)-ATPase by mono-
valent cations has been studied at pH 7.4 and 6.8. The maximum activity of the
enzyme was similar in both conditions. Activation curves were established
without Ca’* and in the presence of 3 - 10™* M Ca’* which achieved an inhibi-
tion comprised between 20% and 80% depending on pH and the concentrations
of monovalent cations. Fig. 3 illustrates such an experiment at pH 6.8 with Na’
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Fig. 2. Activation of (Na+ + KY)-ATPase by Mg2*, The enzyme was incubated in the presence of 100 mM
Na*, 3 mM K*’, 2.6 mM ATP, 1 mM EGTA, 20 mM Tris/maleate (DH 7.4: O, or 6.8: &) and various concen-
trations of Mg2*. Each point is the mean value from 4 experiments.
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TABLE I

HALF-MAXIMAL ACTIVATION CONCENTRATIONS (Kg.5) OF Na*, K*, AND Mg2* FOR (Na*+
K*")-ATPase )

The enzyme was incubated in the presence of 100 mM Na’, 20 mM K*, 3 mM Mg2+*, 2.5 mM ATP, 1 mM
EGTA, 20 mM Tris/maleate (pPH 7.4 or 6.8). Na*, K* and Mg2* concentrations were varied keeping the
other cations constant. Na* and K* concentrations were also varied simultanously with a constant ratio
([Na‘] /[K*‘J = 10). In some experiments, the medium was supplémented with calcium in order to obtain
3-10™ M free Ca?* Kg.s values were estimated from Hill plots. Standard deviations are indicated in
brackets (n = 6).

Activation pH Ko, 5 (mM) Kop.5 (mM)
by without Ca2+ with 3 - 104 Ca?*
K* 7.4 1.0 (0.05) 0.8 (0.05)

6.8 1.0 (0.06) 0.6 (0.06)
Na* 7.4 15 (1) 22 ()

6.8 13 (0.7 14 (1)
Na* 7.4 12 () 15 Q)
(INa'1 /(K% = 10) 6.8 10 ) 9 (0.8)
Mgt 7.4 0.50 (0.07)

6.8 0.44 (0.05)

as an activator. Concentrations of monovalent cations producing a 50% activa-
tion of the enzyme (K,.5;) were estimated from Hill plots and are reported in
Table 1. Hill coefficients for Na* and K* were comprised between 1.5 and 1.8,
an observation in agreement with data reported by others [25,26]. It was equal
to 1.0 for Mg?* as might be expected with a relatively purified (Na* + K*)-ATP-
ase [26]. For a K’ concentration of 20 mM, K,.; for Na" in the absence of Ca®*
was equal to 15 mM at pH 7.4 and to 13 mM at 6.8. In the presence of 3 - 10™*
M Ca?*, K,.s for Na* was equal to 22 mM at pH 7.4 and to 14 mM at pH 6.8.
This indicates that Ca?* reduced (P < 0.01) the apparent affinity of the enzyme
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Fig. 8. Effect of Ca2t on the activation of (Na™ + K¥)-ATPase by N a’. The enzyme was incubated in pre-
sence of 20 mM K*, 3 mM Mg?*, 2.5 mM ATP, 1 mM EGTA, 20 mM Tris/maleate (pH 6.8) and various
concentrations of Na* with (8) or without (0) 3-10™% M Ca2*. Each point is the mean value from 6
experiments.
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Fig. 4. Effect of Na' on the inhibition of (Na*+ K*)-ATPase by Ca2* at pH 7.4. The enzyme was incu-
bated in presence of 3 mM Mg2*, 2.6 mM ATP, 3 mM K*, 1 mM EGTA, 20 mM Tris/maleate, and various
concentrations of Na* (0, 5 mM and ©, 100 mM) at pH 7.4 (left panel) or 6.8 (right panel). Calcium was
added in order to obtain the indicated free Ca?* concentrations. Each point is the mean value from 6
experiments.

for Na® and that this effect occurred only at pH 7.4. The Hill coefficient for
Na* was not affected by pH change nor by the presence of Ca**. For a Na* con-
centration equal to 100 mM, K,.; for K* in the absence of Ca** was equal to
1.0 mM at pH 7.4 and was the same at pH 6.8. In the presence of 3 - 10™ M
Ca**, K,.s for K* was equal to 0.8 mM at pH 7.4 and to 0.6 at pH 6.8. These
results indicate that Ca?* increased (P < 0.01) the apparent affinity of the
enzyme for K* and that this effect was enhanced at acidic pH (P < 0.01).

It has been reported that Na* does compete with K* for K* activator sites
and that reciprocally K* does alter the activation by Na* at Na' sites [27,28].
In order to examine whether the action of Ca’* might be considered as a
monovalent-divalent interaction and was not related to Na* — K" interaction,
the activation by Na® has been studied for a Na" : K* ratio equal to 10. As
shown in Table II, K, ; of Na* when {Na']/[K'] = 10 and in the presence of
3:107*M Ca’* was lower at pH 6.8 than at pH 7.4 (P< 0.01). At pH 6.8, it
was close to the value found in the absence of Ca?*. In this experiment, Ca’*
effect at pH 7.4 was not influenced by Na* — K* competition and it was likely
due to a Na' — Ca?* interaction.

The inhibition of (Na" + K*)-ATPase by Ca?* concentrations ranging from
10 to 8-10*M was studied in the presence of high or low concentration of
sodium at pH 7.4 and 6.8. Fig. 4 illustrates experiments at pH 7.4. The inhibi-
tory threshold concentration and the concentration producing 50% inhibition
were reduced when Na' was low. When the pH was equal to 6.8, the Ca?* inhi-
bition of (Na* + K*)-ATPase was.not markedly modified by the change of Na*
concentration (Fig. 4b).

Activation of Ca**-ATPases from myosin B and sarcoplasmic reticulum
The activation of Ca?**-ATPases from myosin B and from sarcoplasmic reti-
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Fig. 6. Activation of Ca2*-dependent ATPases from myosin B and sarcoplasmic reticulum. Myosin B (&)
and sarcoplasmic reticulum (©) preparations were incubated in the presence of 80 mM K", 20 mM Na*.
3 mM Mg?*; 2.6 mM ATP, 1 mM EGTA, 1 mM ouabain, 20 mM Tris/maleate (pH 6.8). Calcium_ was added in
order to obtain the indicated Ca2*-free concentrations. Activities were expressed as per cent of maximal
calcium activation. Each point is the mean value (+S.E.) from 8 determinations with 2 different prepara-
tions.

culum has been examined for calcium concentrations varying from 1076 up to
107* M. The incubations were carried out at pH 6.8 for 2 min with myosin B
and for 30 min with sarcoplasmic reticulum. Ca’*-ATPase was estimated by
subtracting the activity obtained in the absence of added Ca®* from the one
measured when the medium was supplemented with Ca®*. The basal ATPase
activities in the absence of added Ca®* were equal to 20 + 1mol P, - mg™ - h™*
(n = 8) for myosin B and to 32+ 1 mol ¥; - mg™ - h™! (n = 8) for sarcoplasmic
reticulum. In the presence of 5 - 107° M Ca?* which achieved the maximal acti-
vation, the activities were equal to 30 + 2 for myosin B and to 37 £ 2 for
sarcoplasmic reticulum. Fig. 5 illustrates activities expressed as per cent of max-
imal calcium activation. For both ATPases, the Ca’* threshold concentrations
were near 107® M. The Ca?* concentration producing 50% of maximal activa-
tion of Ca?*-ATPases was equal to 5 - 107° M for myosin B and to 1075 M for
sarcoplasmic reticulum.

Discussion

The present results show, conforming other reports [1,29], that calcium
does inhibit (Na' + K*)-ATPase and that at pH 7.4, sodium reduces this inhibi-
tion [3,4,7,9]. In the present experiments, the action of calcium has been stud-
ied at acidic pH. It has been observed that the acidity of the incubation me-
dium increases the sensitivity of (Na* + K*)-ATPase to the inhibitory effect of
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calcium. At pH 6.8, this increase in sensitivity is not associated with a change in
the specific activity of the enzyme and in the parameters of activation by mag-
nesium, sodium and potassium.

The calcium inhibitory effect is much more sensitive to sodium at pH 7.4
than at pH 6.8. Furthermore, the activation of (Na* + K*)-ATPase by sodium is
altered by calcium at pH 7.4 but not at 6.8, this effect being related to a Na* —
Ca** and not to a Na' — K" interaction. These observations indicate that the
increase by acidity of the (Na’ + K*)-ATPase sensitivity to calcium might be
due to the suppression of a Na* — Ca®* interaction.

The data reported here lead to reconsider the interaction between calcium
and (Na' + K*)-ATPase and consequently the Na Pump in the cell in vivo. Dun-
ham and Glynn [29] have discarded such a possibility. Their experiments were
carried out at pH 7.4. Intracellular pH is lower than extracellular and is still
lower during excitation, being not far from pH 6.8 [12]. (Na" + K*)-ATPase
seems to be oriented in the membrane, the K* site facing extracellular fluid and
the Na' site facing intracellular fluid [28]. As most of the experimental data
[3—5] suggest that calcium inhibits from inside the cell, it is likely that, in vivo,
the Ca?* inhibitory sites are facing intracellular fluid.

In order to estimate if the free calcium concentrations here studied were
within the range of the concentrations which might be achieved in the cell dur-
ing the contractile cycle, we have examined their effect on other ATPases.
These enzymes were the Ca?*-activated ATPase of myosin B which is related to
the contractile behaviour of muscle [30] and the Ca**-ATPase of the sarco-
plasmic reticulum which is related to the ability of this structure to accumulate
calcium [31,32]. The enzymes are activated in a range of calcium concentra-
tions comprised between 107® and 3 - 107> M. The latter evoked a 20% inhibi-
tion of (Na" + K*)-ATPase at pH 6.4 in the presence of 100 mM Na® and 3 mM
K*. The Ca?' concentrations activating Ca**-ATPases were higher than those
reported by previous authors [18,21,33]. These discrepancies might be
accounted for by a difference in the value of the apparent Ca**-EGTA associa-
tion constant used for the calculation of the free Ca®* concentrations [18,33].
Tissue and species variations as well as differences in medium composition and
in experimental methodology might also be considered [21].

The present observations indicate that, in vivo, when Na* and Ca®* concen-
trations increase in the cell during excitation process, some inhibition of (Na* +
K*)-ATPase might be achieved. This allows the proposition of a role for calcium
in the regulation of membrane potential during excitation. It is generally
admitted that sodium entry during the phase I of the action potential does trig-
ger a release of intracellular calcium and that the plateau is supported by a slow
inward calcium current [34]. The increase in free cytoplasmic calcium might be
responsible for an inhibition of (Na' + K')-ATPase associated with the action
potential. This inhibition could be enhanced by an acidification of the intracel-
lular medium which occurs during the excitation-contraction cycle [35]. As a
result, the reduction of the active transport of monovalent cations, namely
potassium, might favour the increase of potassium conductance which has been
attributed to intracellular calcium [36,37]. This might increase the rate of
repolarisation of the cell membrane. Such a mechanism might be intensified by
the factors such as catecholamines, anoxia or digitalis which increase intracel-
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lular calcium [11,38—40]. It could be responsible for the reduction of the
refractory period and for the induction of cardiac arrythmia. The activation of
the sodium pump which follows the repolarization might be, at least in part,
accounted for by the fading of calcium inhibition as a result of the cation trans-
location to calcium sequestering sites or to extracellular fluid.

In conclusion, the present results indicate that, beside its function as a sec-
ond messenger in excitation-contraction coupling, calcium might play a role in
the control of action potential and cell excitability.
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