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Abstract-The effect of calcium on ATP-phosphohydrolase activity of rat brain homogenates has been 
investigated. In both the presence and absence of the chelating aeent EDTA. free calcium within the 
concentration range 1.2 X IO-’ to 5.0 x lO~‘moles/l consistently affected onlv the activitv of Na-,K’- 
ATPase; the activities of MS’--ATPase and Na--ATPasc !vere essentially unchanged hi Ca’-: Ca’-- 
ATPase could not be demonstrated. In either the presence or absence of EDTA. concentrations of 
free-Ca’* above 3 X 10 “moles/l caused an inhibition of Na-.K--ATPase activity. In the presence of 
EDTA. concentrations of free-Ca’* below 3 X lVh moles/l were ineffective at altering Na-.K--ATPasc 
activity but. in the absence of EDTA. free-Ca’- in this concentration range caused a marked stimulation 
of the enzyme. Evidence is presented to shou that the stimulation of Na-.K--ATPase by calcium is 
modulated by the regulatory protein calmodulin. Since the stimulation occurs over the range ot 
concentrations at which calcium would be expected to be encountered within the cell. it is suggested 
that this is the major physiological effect of calcium on Na-.K--ATPase. 

During the last 25 years, calcium has been shown 
repeatedly and consistently to exert a powerful 
inhibitory effect on the sodium-potassium stimulated 
ATP-phosphohydrolase (Na’,K--ATPase) of cell 
membranes [l-7]. 

Skou [l] was one of the first investigators to dem- 
onstrate an inhibition of the activity of the enzyme. 
but the lowest concentration of Ca’+ used in his 
experiments was 1 mmole/l. a concentration far in 
excess of that which would be encountered intra- 
cellularly. under normal operating conditions. Sub- 
sequent investigators [2-71 have used a range of 
concentrations of Ca’- encompassing those that 
would be encountered in the cell, but most have 
used also the chelating agents EDTA or ethylene- 
glycol bis (amino-ethylether) tetra-acetate (EGTA) 
in their experimental protocols. These agents were 
presumably used both to produce a Ca’* buffer sys- 
tem and also to remove traces of inhibitory heavy, 
metal contaminants from the membrane prep- 
arations and thereby promote a higher basal level 
of Na’,K’-ATPase activity suitable for subsequent 
experimentation. Although the enhanced level of 
Na+,K’-ATPase activity in the presence of a che- 
lating agent allows better differentiation between 
control and test levels of ATP-phosphohydrolase 
activity when evaluating a presumed enzyme inhib- 
itor, the presence of such chelators is 
nonphysiological. 

The purpose of these experiments was to inves- 
tigate in the absence of such cation chelators the 
effects of Ca’. in physiological concentrations on 
Na’,K’-ATPase of cell membranes derived from 
nervous tissue. 

Preliminary accounts of part of this work have 
appeared elesewhere 18, Y]. 

x Address all correspondence to Dr D. A. Powis. 

~IATERIAIS AND hIETHODS 

Wistar rats. of either sex. were decapitated and 
the whole brain (cu. 2 g) was removed rapidly into 
ice-cold 0.32 mole/l sucrose solution t disodium 
EDTA (0.01, 0.2, 1.0 and 5.0 x lO~‘moles/l). The 
tissue was minced coarsely with scissors and rinsed 
with the appropriate solution above to remove blood. 
The minced brain was homogenized in 15 ml of the 
same solution using a glass homogenizer fitted with 
a teflon pestle. of clearance 0.2 mm. rotating at 
601X00 rpm which was passed vertically twelve 
times. For ATPase assays, the homogenate was 
diluted x 20 with 0.32 mole/l sucrose t EDTA to 
give a protein concentration (estimated by the 
method of Lowry et al. [lo]) of 0.25 to 0.5 mg/ml. 
Aliquots (0.4ml) of the diluted homogenate were 
added to buffered media and pre-incubated for 
10 min at 37” before starting the reaction by addition 
of vanadium-free Tris-ATP (Sigma AOS20; 
4 x lo-” moles/l final concentration). The media 
(final volume 2 ml after all additions) contained Mg’+ 
alone (5 mmoles/l MgCb). Mg” plus Na* 
(1.50 mmoles/l NaCl). or ME’-. Na’ plus K’ 
(lOmmoles/l KCl) in 50mmoles/l imidazole: HCl, 
pH 7.4. The reaction was stopped 10 min after ATP 
addition by adding 1 ml of 6% trichloroacetic acid 
(TCA). mixing. and standing the tube on ice. 
Enzyme activity was estimated by spectrophoto- 
metric determination of inorganic phosphate in the 
supernatant fraction remaining after centrifugation 
at 665Og for 10 min [ 11. 121. Relevant blanks were 
run in which TCA was added to reaction tubes prior 
to ATP addition. 

ATP-phosphohydrolase activity is expressed in all 
cases as pmoles of Inorganic phosphate (P,) liberated 
per mg protein per hr. Na .K ’ -ATPase activity was 
calculated as the difference between total ATPase 
activity measured in the presence of Na’. K’ and 
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Mg2 and that activity determined in the pi-escnce 
of Na and Mg” only. Mg’ -ATPase activitv is gi\,en 
by the value measured in the presence of Mi’ alone: 
Na -ATPaw activit) is given b! the difference 
between this activity and that measured in the pres- 
ence of Na and Mg‘. 

In most erpcriments. various additional com- 
pounds \vere added to the buffered media. These 
were added prior to (calcium. caimoduiin. lluphcn- 
arinr) or after (ouabain) the addition of brain hon- 
ogenate. Ail such compounds were contained in 
0. I ml imidazole:HCi buffer. An equivalent ~~olume 

of this buffer was omitted from each medium to 
maintain constant volume. Calcium was added as 
CaCI: 2H:O. Calmodulin (calcium-dependent mod- 

ulator protein) \vas prepared by the method of Wat- 
tcrson (‘1 ~1. [ 131. characterized by its electrophoretic 
mobility on polyncrviamide gels and the ability to 
stimulate phosphodiksterasc activity, and stored in 
solid form. Prior to use. the solid \vas dissoi\,ed in 
imidazole:HCi buffer. Each (I. 1 ml addition to the 
buffered experimental media contained 150 erg of the 
solid preparation. Expressed in terms of its phospho- 
diesterase activating potential. this quantit!, of cai- 
moduiin was detei-mined to br approxiniatei~ equi\ 
alrnt to 40 units of the commercial calmodulin 
preparation (Sigma PO170). Fiuphenazine hydro- 
chloride (Squibb) was added \\,here appropriate to 
giw a final concentration in the expcrimentai 
medium of 20 !rmoles!l. In those instances where 
calcium was present also. the fluphcnazine u as added 
first. Ouabain octahydratr RX added during pre- 
incubation of the homogenate 30 set before ATP 
addition. 

Escept \vhrre stated otherlvise. all data are 
expressed as mean values = S.E.M. Statistical sig- 
nificance of the difference bet\\eeen control and test 
\,aiues LX as calculated bv Student‘s f-test. 

To describe quantitativeIT the effects of Ca’ per 
tr on ATPase activity. it IS necessary to estimate 
what proportion of the ion added is free to exert a 
modifying effect on the enzyme. In the presence of 
ATP and EDTA. ligands both of which bind divalent 
cation5. the estimation of free-Ca’. concentration 
must be based on a calculation taking account of the 
association constant\ of the relevant metal-ligand 
complexes under- the prevailing experimental con- 
ditions. In this regard. the capacity of ATP to bind 
MgJ’ and Ca’ ~\;is derived from the data of 
O‘Sullivan and Smithers [ 131 and that of EDTA was 
obtained from O’Sullivan [15]. The relevant associ- 

ATP-phosphohvdrolase 
specific actlvit! 

[umolec P (mg protein) ’ hr ‘1 
-___ 

Total ATPaw 21.4 i 4 4X’ 
Mg’--ATPase Il1.X z 2.6h 

Ka-.K--ATPaw 6.X A 2 77 
Ka--ATPaw 3.8 r I.71 

’ Llcan i S.11.: N = I6 cxperimcnt\ 

0 

+ 

ation constants [IogK’ apparent] were caicuiatrd for 
pH 7.3 at a reaction temperature of 37” with [K’ ] 
10 mM. [Nat] 150 mM. and with ;I prevailing ionic 

strength of 230 mmoles/l. These were for Mg’ ATP. 
3.20. Ca”ATP. 3.X9. Mg”EDTA. 5.82; and 
Ca’ EDTA. 7.71. In those calculations in which 
these values were used to estimate the concentrations 
of metals, iigands and metal-iigand complcses in the 
reaction mixture. no account was taken of the rela- 
tive!y, small amounts of endogenow Ca’ and Mg” 
derivmg from the homogenate. 

Values for ATP-phosphohl;droiase acti\ it! of rat 
brain homogenates were ohtamed in media cont;nw 
ing Mg” atone. Mg” plus Nn ’ or Mg’ . Na plus 

K' These values are given in Table I. 

Eflircts o.f ED 7‘A on /t TP-pllo.splloh~tlro[~~,~~, cic’tllrlt\‘ 

In some experiments disodium EDTA was ddrd 

to the sucrose media to give final concentrations in 
the range 2 x II) ” motes/i to I x II) ’ moie~~l. Atter 

making allowance (see Materials and Mrthods) for 
the EDTA which is effectively rcmo\ed by \irtuc of 
chelating the Mg” in the experimental media. the 

concentration range 

tlctivity ~\‘a\ increased h! k_IITA in 

a concentration-dependrnt ni;miielr I‘he Incur-t‘iiw 

was due predominantly to raised Na .K -ATPaw 
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in the usual concentration of 5 mmoles/l or Mg” at 
4 mmoles/l. 

In the media containing Mg’+ at 5 mmolesjl, 
free-Mg2+ and Mg’+ATP concentrations were cal- 
culated to be 1.20 x 10m3 and 3.80 x 10-j moles/l 
respectively; in those containing Mg” at 
4 mmoles/l and free Mg” and Mg’+ATP concentra- 
tions were 0.47 x 10-j and 3.53 x 10 ~‘moles/‘l 
respectively. 

Despite these differences in Mg’+ and Mg”ATP 
availability, Mg”-, Na’,K’- and Na ‘-ATPase activi- 
ties in the two situations were very similar. 

Effects of ouabain on A TP-phosphohydrolase 
activity 

ouabain concentration (mol/ I ) 
Fig. 2. Effect of ouabain on ATP-phosphohydrolase activity 
of rat brain homogenates. Key: (0) Mg”-ATPase, (0) 
Na-,K+-ATPase, and (a) Na--ATPase. Each point is the 
mean of five determinations. The vertical bars indicate the 
S.E. of the mean. In each determination, the buffered 
media contained Na+ (150 mmoles/l), K’ (10 mmoles/l) and 

Mg*+ (5 mmoles/l). No Ca2+ or EDTA was present. 

Addition of ouabain (lo-‘-lO~‘moles/l) to the 
sucrose media caused a dose-dependent inhibition 
of Na+,K’-ATPase activity but no significant change 
in either Mg “-ATPase or Na+-ATPase activity (Fig. 
2). With EDTA (2 x lO~‘moles/l) in the sucrose 
media (pEDTAr,,, 6.53), Na-,K’-ATPase activity 
was higher than in its absence. Despite the higher 
initial activity of the enzyme, however, ouabain in 
the presence of EDTA was equieffective at all con- 
centrations in inhibiting Na-,K’-ATPase (Fig. 3). 

Effects of Ca2+ on A TP-phosphohydrolase activit) 

activity (Fig. 1). Mg’+-ATPase activity was also 
raised; Na’-ATPase activity was reduced. 

It is unlikely that these changes were due to vari- 
ation in the availability of Mg2+ or Mg’+ATP pro- 
duced by the EDTA; our calculations show that the 
concentrations of these species were not markedly 
affected. For example, in the absence of EDTA. 
free-Mg2+ and Mg’+-ATP concentrations would have 
been 1.20 x lo-? and 3.80 X 10-3moles/l respec- 
tively; in the presence of EDTA (2 x lo-“ moles/l) 
the free-Mg2+ and Mg2+-ATP concentrations would 
have been 1.03 x 10m3 and 3.77 X 10-3moles/l 
respectively. 

Effects of altered IV&‘+ concentration on A TP-phos- 
phohydrolase activity 

In the presence of EDTA. ATP-phosphohydrolase 
activity was measured in sucrose media containing 
EDTA at total concentrations of 4 X lo-‘. 
2 x 1O-d and 1 x 10-l moles/l. At each cencentration 
of EDTA, calcium was added to give a range of total 
concentrations between 3 x 10mh and 1 x 10-j 
moles/l. However, after taking into account the fact 
that added calcium along with the magnesium pres- 
ent associates with both EDTA and with ATP in the 
reaction mixture to an extent predicted by the associ- 
ation constants given in Materials and Methods, the 
concentration range of ionic calcium in these experi- 
ments was 1.66 X lo-‘to 4.75 X 10mJ moles/l (pCatrcc 
6.780-3.323). 

In four experiments, aliquots of brain homogenate 
were added to sucrose media containing either Mg’+ 

Over this range calcium exerted no consistent 
effect on either Mg2+-ATPase or Na’-ATPase, and 
at all concentrations it exerted only an inhibitory 
effect on Na+,K’-ATPase (Fig. 4). 

12 1bP 1bP k-4 ,‘o-T 

ouabain concentration (mol/l ) 

Fig. 3. Effect of ouabain on Na-,K’-ATPase activity in the absence of EDTA (u) and in its 
presence (2 x lo-’ moles/l, LJ ---- A). The ordinate shows Na’,K’-ATPase activity as a percentage 
of basal activity; in the absence of EDTA this was 8.3 2 0.52 pmoles P, per mg protein per hr. N = 5: 
in the presence of EDTA this was 23.8 2 2.68 ymoles/l P, per mg protein per hr, N = 5. K, for ouabajn 

in the absence of EDTA is 2.1 X lo-“; in the presence of EDTA K, for ouabain is 1.5 x 10 h. 
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In 
0 /J 6 5 4 3 

p Ca free 

Fig. 4. Effect of Ca” on Na*,K’-ATPase activity in the presence of different concentrations of EDTA. 
Key: (0) EDTA, 4 X lO~‘moles/l; (A) EDTA, 2 x 10 ’ moles/l; and (3) EDTA. 1 x 10 ’ molcsil. 
The basal Na+,K+-ATPase activity which prevailed at each concentration of EDTA and in the absence 
of Ca2- is shown at point 0 on the abscissa. Each point is the mean of seven determinations except 

where stated. Vertical bars indicate S.E. of the mean. 

In the absence of EDTA. As noted above, the 

basal activity of Mg’+-ATPase and particularly of 
Na+,K’-ATPase was lower in the absence of EDTA 
than in its presence. Addition of calcium, 3 x 
10-7-1 x lo-’ moles/l ([Cal,,,, 1.18 x lo--3.97 x 

lo-’ moles/l), had no effect on Mg’*-ATPase activity 
and exerted an inhibitory effect on Na‘-ATPase 
activity only a high concentration (pCar,,, < 3.30). 
On Na’,K+-ATPase, calcium had a biphasic effect: 
at low concentration (< 3 X lo-’ moles/l. 

pCairee > 5.5 approx.) calcium caused stimulation. 
whereas at higher concentrations an inhibition was 
measured (Fig. 5). 

m t6 

: 1 
n=lO 7 7 7 

P +4 * * * NS 

k 
k +2 

+ 
F? + * 

The maximum stimulation of Na .K’-ATPase 
activity was obtained at pCatrcc 6.41 which rep- 
resented a free calcium concentration of 3.Y x 

lO~‘moles/l. 

Effect of f?uphenazine 011 calciunl stimulation of 
ATP-phosphohvdrolase activio, 

In five experiments conducted on rat brain hom- 
ogenates in the absence of EDTA, the mean basal 
Na-.K’-ATPase activity was 5.X I 1.7 ctmoles P, per 
mg protein per hr. In these experiments. addition of 
Ca’* (3 x lO~‘moles/l: pCatrcc 6.93) caused a small 
(-26%) but significant (P<O.Ol) increase in 

7 7 7 7 777 

NS NS * *XX* 

I 1 I I 1 

7 6 5 4 3 

Fig. 5. Effect of Ca” on Na+,K’-ATPase activity in the absence of EDTA. Each point is the mean 
(T+- S.E.M.) of N determinations and is shown as the change (+ or -) from NY.K--ATPasc activit] 
measured in the absence of Ca’+. An asterisk (*) indicates a difference statistically signilicant at the 
level P < 0.0025. Basal Na-,K--ATPase specific activity in different experiments fell within the range 
6.5 to 8.7 pmoles P, per mg protein per hr. Basal Mg’--ATPase activity and Na--ATPase activity were 
within the range 9.3 to 12.2 pmoles P, per mg protein per hr and 7.2 to 5.0 lcmoles P, per mg protein 

per hr respectively. 
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Na+,K’-ATPase activity of 1.5 * 0.33 prnoles P, per 
mg protein per hr. Fluphenazine (20 pmoles/l) itself 
caused no significant alteration in basal Na+,K’- 
ATPase activity (+0.3 * 0.76 pmole P, per mg pro- 
tein per hr) but the compound attenuated signifi- 
cantly the stimulation of the enzyme by calcium. 
After fluphenazine, calcium evoked an increase in 
Na+,K’-ATPase activity of 0.4 ? 0.87 pmole P, per 
mg protein per hr (+7%; NS). 

Neither Mg’+-ATPase nor Na+-ATPase activity 
was altered consistently by fluphenazine or by cal- 
cium in the presence or absence of fluphenazine. 

Effect of calmodulin on calcium stimulation of 
A TP-phosphohydrolase activity 

In six experiments with rat brain homogenates in 
the absence of EDTA. calcium (3 x lo-’ moles/l; 
pCairee 6.93) caused a stimulation of Na*, K+-ATPase 
activity from 5.4 ? 0.58 to 6.7 + 0.56 pmoles P, per 
mg protein per hr (+ 24%; P < 0.005). In these 
experiments, Mg’* -ATPase activity was unchanged 
by Ca” (8.9 2 1.02 to 9.5 * 1.17 ,umoles P, per mg 
protein per hr) but there was a reduction in Na’- 
ATPase activity (3.2 +- 0.64 to 1.9 + 0.76 ,umoles P, 
per mg protein per hr; P < 0.005). When calmodulin 
(ca. 40 units) was added to the homogenates together 
with Cal’ (3 x lo-‘moles/l), Na+,K+-ATPase 
activity was increased to 9.1 i: 0.71 pmoles P, per mg 
protein per hr or to 169% of control activity (P < 
0.001). Neither Mgr’-ATPase activity nor Na+- 
ATPase activity was further altered by the addition 
of calmodulin. 

Effects of ouabain on calcium-stimulated ATP- 
phosphohydrolase 

In four experiments, ouabain (10-j moles/l) 
inhibited the activity of Na’,K’-ATPase from 
5.0 + 0.78 to 1.7 ? 0.42~moles P, per mg protein 
per hr. Neither ME’+-ATPase nor Na*-ATPase 
activity was altered by the ouabain (Fig. 6). When 
calcium (3 x lOmY moles/l: pCarree 6.93) was present. 

although resultant Na-,K*-ATPase activity was 
higher than in its absence (6.6 * 0.87 pmoles P, per 
mg protein per hr). ouabain caused a reduction to 
a level similar to that recorded in the absence of 
calcium (1.1 2 0.40 pmoles P, per mg protein per 
hr). The same result was obtained in the simulta- 
neous presence of calcium and calmodulin. Under 
these conditions ouabain (10-j moles/l) reduced 
Na’,K+-ATPase activity from 9.1 + 1.10 to 0.53 
+ 0.48 pmoles P, per mg protein per hr and had no 
consistent effect on either Mg’+-ATPase or Na-- 
ATPase activity (Fig. 6). 

Effect of calcium on A TP-phosphohydrolase activity 
revealed in the presence of Mg’+ and K’ 

In twelve determinations in three experiments Na’ 
was omitted from the experimental media. The 
cation was replaced with sucrose to maintain tonicity. 
In these determinations, ATPase activity measured 
in the presence of Mg” and K+ together was slightly, 
but not statistically significantly, greater than that 
measured in the presence of Mg’+ alone (10.7 2 0.98 
compared with 9.4 ? 0.81 pmoles P, per mg protein 
per hr). 

Addition of Ca” (1 x 10~hmoles/l; pCairec 6.41) 
to the media containing Mg’+ and K+ together 
revealed no further ATPase activity: in twelveheter- 
minations. ATPase activity revealed in the presence 
of Mg’-. K’ and Ca” was 10.5 i- 0.84,umoles P, 
per mg protein per hr. 

DISCL’SSION 

The observations recorded above show that in the 
presence of EDTA calcium at all effective concen- 
trations inhibited Na’ .K+-ATPase activity. In the 
absence of EDTA, calcium at concentrations below 
3 pmoles/l apparently stimulated Na+.K+-ATPase, 
but at higher concentrations it inhibited the activity 
of the enzyme. If this stimulation of Na + ,K+-ATPase 
is real, the finding would be of profound physio- 

-+ -+ -+ -+ -+ -+ 
ouabaln ouabain ouabaln ouabaln ouabaln ouabatn 

Fig. 6. (a) Effect of ouabain (1 x 10 ’ moles/l) on basal activity of Na-,K--ATPasc and on that activity 
modified either by the presence of calcium (pCa,,,, 6.93) or by the simultaneous presence of 
Ca’- + calmodulin (approximately 40 units). (b) Effect of ouabain on activity of Mg”-ATPase (C) and 
Na+-ATPase (LB) under the same conditions as in (a). The data in both parts (a) and (b) were derived 
from the same experiments. No EDTA was present in the experimental media. Mean values ? S.E.M. 

are shown: N = 4. 
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logical slgniticance in view of the importance of the 
enzyme in cellular sodium and potassium homeosta- 
sis and the fact that the effect was observed over the 
range of Ca” likely to be encountered in the ceU 
thr~~Llghout the course of its normal function 
[5,Ih, 17j. 

Two facts need to be established. The first is that 
the ATP-phosphohydrolase activity stimulated by 
Ca-“ was Na + .K-ATPase and not another ATPase 
erroneously identified as Na’ ,K+-ATPase. The sec- 
ond is that the sti~lulation of the enzyme is a physio- 
logical phenomenon that could be expected it2 oitlo 
and not merely in artifact observed as a result of the 
in uitro study methods. 

Is the stimulation by CL?. of A TP-pho,~pphohvdrolase 
rrctirjit_v due to its action of Na ’ , K. -4 TPrtse? 

On the basis of their particular cation requirements 
for expression of activity, four distinct ATP-phos- 
phohydrolase enzymes associated with biological 
membranes have been described. While all four 
ATPases apparently require the presence of Mg’+, 
one needs no other cation (Mg”-ATPnse) [l]. a 
second is stimulated by the additional presence of 
Na- (Na--ATPase) [IS]. a third by Ca” (Ca”- 
AT&se) [S, 191 and the fourth by the combined 
presence of Na- and K- (Na+,K’-ATPase) 11. 161. 
Hence, Na ’ .K ‘-ATPase activity is here defined as 
that which is revealed in the presence of Mg”. Na* 
and K‘ over and above that revealed in the presence 
of Mg’” and Na.. Likewise Na+-ATPase activity 
would be that measured with Mg” and Na‘ together 
less that activity (ME’--ATPase) measured in the 
presence of Mg” alone. 

Addition of Ca” to each of the incubation media 
would be expected to have at least two independent 
effects: (i) it could influence the activity of any or 
all of the three ATPases discriminated as above: and 
(ii) it should stimulate Ca’l-ATPase. If Ca’ ‘-ATPase 
is present in rat brain homogenates, then additional 
phosphohydrolase activity due to stimulation of this 
enzyme by Ca” would be detected in each of the 
me&a used to discriminate the other three ATPases 
since all of these contain Mg allegedly essential for 
cxpressinn of Ca-‘.-ATPase activity (e.g. Ref. 20). 
Any Ca”-ATPase activity would appear as a numer- 
ically equal enhancement of those activities attri- 
buted to Mg”-ATPase. Na’-ATPase or Na’.K’- 
ATYasc. 

In no experiment did calcium consistently produce 
an increase in that ATP-phosphohydrolase activity 
revealed in the presence of either M&” alone or 
MgZ! and Na’ together; ATPase activity revealed 
by these cations remained at or near basal ievels 
over the entire range of Ca” concentrations tested. 
This finding indicated not only that Ca’.’ has no 
effect on either Mg”-ATPase or Nat-ATPase 
activity but also that under the conditions of these 
experiments Ca’+-ATPase activity is minimal. The 
possibility that any stimulator effect of Ca’. on a 
Ca”-ATPase was offset exactly by a concomitant 
inhibitory effect on both Mg”-ATPase and Nat- 
ATPase would be a remarkable coincidence and can 
be discounted. 

Whereas Ca” had no effect on Mg”-ATPase or 
Na ’ -ATPase. it did have a pronounced stimulator? 

effect on that ATPase activity discriminated in the 
presence of Na’. Mg” and K’ over and above that 
measured with Na” and MB’+ only. This finding can 
be explained in two ways. either that C’a’ stim~il~ltc~~ 
Na’.K’-ATPase, or that Ca- stimulated another 
ATPase which requires K _ [71-2-t]. The second pot 
sibility is excluded by the experimental re\utt\ 
obtained with Ma” and K’ in the presence or 
absence of Ca”. ?a” did not stimulate further the 
ATPase activity revealed by Mg” and K’ together. 

The effectsofthe glycoside ouabain on the ATP;Iw 
activity measured in the presence of Na . K . 
Mg” i Ca’+ are crucial to the hypotheslx that the 
ATPase stimulated bv Ca”’ is Na .K -ATPase. 

The present experiments show clearly. and prc‘- 
vious reports 13,. lh, 21. 751 leave little doubt. th,it 
the only ATPase affected by cardiac glycositlc\ i\ 
Na’,K*-ATPase; in these experimcnta ;I ‘ii’; inhi- 
bition of Na*.K’-ATPasr activity but little change 
in Mg’- or Na’-ATPase activity was produced ill 
ouabain (lo-’ moles/l). If the ATPase that is stimu- 
lated by Cal+ is Na’ ,K’-ATPasc, then the additional 
activity that is revealed by this cation should hc’ 
inhibited by ouabain, whereas if the <‘a” in rcalit!, 
stimulated an AT&z that is itidel~~nLi~Ilt ot 
Na + ,K * -ATPase but revealed in the preyencc of Na 
K+ and Mg” then the ouabain would not inhtblt the 
additional activity. The present experiments (Fig. h) 
demonstrate that the additional ATP-phohpho- 
hydrolase activitv revealed by Ca” was inhibited I>> 
ouabain, and this signifies that Na’,K -ATPasc i\ 
the enzyme which is stiInulate~i 1~~ (‘a’ 

To determine if the stimulation by Ca’ is ;I ph! \io- 
logical phenomenon rather than an artifact occa- 
sioned by the in rlirro study methods. it is neccsbar\ 
to describe further the mechanism of the s~i*l~ui~~t,~,~~. 
Answers to the following questions arc pcrtincnt. 

Could the stimulation of ,\‘a I K’ -A 7‘Pn.w 111 drw 
experiments he the cff@ct not of’ C‘rr‘ 011 t/1(, ~IIZ\‘I)I~ 
but, rather, 011 the uwilubilitv r!f’ .suhsrwtt~ it, rhc, 
reaction mixture? Although Mg’ -ATP ix the phvslcl- 
logical substrate for Na’ .I(.-ATPasc. the ;.;ttic> 
between M$- and ATP is of some ilil~~(~rt~~Ilcc in 
determining Na- %K’-ATPasc activity: an cscess of 
either Mg’+ or ATP in the reaction medium has bun 
reported to inhibit the enzyme (Xl. It is possihlc to 
argue that in our experiments the Mg’ :ATP IratIo 
was suboptimal. with the con~quencc that 

Na r ,K’-ATPase activity. was. to an cstcnt. 
inhibited. Added Ca’ ’ , by c~~nlp~ti~lg with Mg’ ii~ 
ATP. would. then, have increased the ratio bctv.~n 
Mg’- and ATP and. as a consequence. reduced 
Na+,K’-ATPase inhibition. The reduction of inhi- 
bition would be interpreted as a stimulation b!, C‘a’ 
This explanation may be discounted. Calculation 
shows that the free-Me’ ’ :free-ATP ratio of h: I -A hich 
prevailed in the ~xperlmental media uould not f1ax.c 
been changed significantly by an>’ addition of Ca” 
within the concentration range in which stimulation 
of Na+,K’-ATPase was observed. Furthermore. 
under the conditions of the present experiment\. the 
relative insensitivity of Na’ ,K -AT’Pahe to altera- 
tions in Mg’-:ATP ratio is indicated 1~): the data 
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obtained when Mg”- 4moles/l was substituted for 
Mg2- 5 mmoles/l in the experimental media. Under 
these conditions, the Mg”:ATP ratio would have 
been reduced to I:1 but even a change in ratio of 
this magnitude had no effect on Na’,K’-ATPase 
activity. 

W7)J does Cu”. not .~t~mu~ut~ Ntr”,K+-ATPaw in 
the presence of EDTA? The fallowing suggestions 
can be made: (a) Since EDTA itself stimulates 
Na*,K--ATPase activity (Fig. 1). the subsequent 
addition of Ca-’ ̂  can cause no further enhancement. 
This suggestion is unlikely. Even at an EDTA con- 

centration of 2 x IO-” moles/l (i.e. pEDTArroc 6.53), 
calcium in all effective concentrations did not stimu- 
late Na+,K. -ATPase activity (Fig. 4) even though 
the potential activity that could have been revealed 
(Fig. 1) was much greater than that which pertained 
at EDTA 2 x 10 .A moles/l. 

An alternative suggestion can be stated as follows: 
(b) EDTA chelates added Ca?” and, as a conse- 
quence. the free EDTA in the experimental medium 
falls. Na’ .K--ATPase activity falls due to reduction 
of EDTA-induced stimulation. Any direct stimula- 
tory effect that Ca’- might have had on Na’.K’- 
ATPase is thus obscured. 

measured in the presence of Ca” from that in its 
absence at constant pEDTA. Figure 8 shows the 
independent effects of Ca’” on Na’.K’-ATPase 
activity derived in this way. It is noteworthy that all 
data points obtained in experiments where EDTA 
had been present in total concentrations of 
4 x 10-s moles/l and 2 x lW’moles/l lie on a single 
curve. Moreover, at pCa < 5 this curve is superim- 
posed on that obtained from those experiments that 
had been conducted in the absence of EDTA (data 
from Fig. 5). This is taken to indicate that the inhibi- 
tory effects on Na’,K’-ATPase activity of higher 
concentrations of free Ca’+ are independent of 
EDTA. At pCa free > 5, however, the curve 
obtained in those experiments in which EDTA MUS 
neuer present is different from that from the experi- 
ments where EDTA had been present. This analysis. 
by eliminating those effects on Na-.K’-ATPase 
caused by EDTA alone, indicates clearly that the 
failure of Ca’< to cause a stimulaton of Na-,K’- 
ATPase was a consequence of the presence of 
EDTA. It was not, however, due simply to the 
stimulatory effect of Ca’+ being obscured by the 
simultaneous reduction of the EDTA-induced 
stimulation. 

Figure 7 is offered to allow the quantitative evalu- Hence the suggestion may be made that: (c) 
ation of this contention. The effects of free EDTA 
on Na*,K--ATPase activity in the absence of Ca’+ 

EDTA affects the disposition of the calcium binding 
protein; calmodulin, and inhibits formation of the 

(data from Fig. 1) and in its presence (data from Fig. calcium:calmodulin complex, a normal effect of 
4) are shown. Together the data enable ca~cuIation which is to stimulate Na+,K’-ATPase. It is being 
of those effects of Ca” on Na ‘,K*-ATPase activity suggested with increasing frequency that many of 
rim are irt~~epFn~e~zt of EDTA. Such effects are the effects of Ca”‘. on the function of excitable tissues 
derived by subtracting the Na * ,K’-ATPase activity are brought about not by free Cal- alone but through 

3 6 7 6 6 

pEDT& ire* 
Fig. 7. Effect of EDTA alone, and of Ca ‘* in the presence of EDTA. on Na-,K--ATPase activity. The 
line e-e’ is taken from Fig. 1 and depicts the effects of EDTA 2 x 10 6 (x), 4 x IV’ (a). Z x IO ’ 
(A) and 1 x lo-’ moles/l (9). The lines a-a’, b-b’ and c-c’ (data from Fig. 4) depict N~-.K--ATP~s~ 
activity as a function of the EDTA that remains at increasing concentrations of Ca?“. The approximate 
effect of Ca’- on Na*.K--ATPase that is independent of EUTA is given by the vertical difference 

between lines e-e’ and a-a’, b-b’ and c-c’ respectively. (Also see text.) 
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s 

zo- 
, 
7 6 5 4 3 

pCa fro. 

Fig. 8. Effect of Ca’- alone on Na- .K--ATPase activity. The direct effects of EDTA /her \c’ on 
Na-.K‘-ATPaae activity have been allovved for as explained in the text and in Fig. 7. Key: (0) effect 
of Ca“ on Na-.K*-ATPase in those experiments where EDTA was never present (data from Fig. 5): 
(0. C and C) effect of Ca2- on Na-.K--ATPase in those experiments where EDTA had been present 
at concentrations of J X 10 ’ . 2 x IO-” and 1 x IF” moles/l respectively. Each point is the mean of at 

least seven determinations except where so marked. 

the mediation of the heat stable regulator protein, 
calmodulin [ 17.27-291. It has been noted elsewhere 
that the effects of Ca” in biological tissues can be 
modified by the chelating agents EDTA or EGTA. 
de Lorenzo et cd. [30] reported that Ca”-dependent 
protein phosphorylation and noradrenaline release 

from synaptic vesicles were lost following treatment 

of the vesicles with EDTA: Sulakhe and St. Louis 

[19] have reported analogous findings with EGTA. 
Accordingly, the following hypothesis is offered 

to explain the experimental findmgs. Ca”, added to 
rat brain homogenates. binds to calmodulin, and the 
active moiety produced has the capacity to stimulate 
Na- .K ‘-ATPase activity. EDTA interferes with this 
association [19.X), 311 and thereby prevents 
Na+,K ‘-ATPase stimulation. 

The data presented are entirely consistent with 
the suggestion above. For example. while low con- 
centrations of added Ca” cause stimulation of 
Na’,K--ATPase. the addition of exogenous cal- 
modulin along with Ca’- leads to a greater stimu- 
lation of the enzyme. The stimulation seen in the 
absence of added calmodulin is presumably due to 
association between Ca” and endogenous calmo- 
dulin in view of the attenuation of the stimulation 
by the Ca/calmodulin binding inhibitor fluphenazine. 

Based on the findings presented above, it is sug- 
gested that the stimulation by Ca” of Na..K-- 
ATPase is a physiological phenomenon consequent 
upon the combination of Ca“ with the calcium regu- 

lating protein calmodulin 
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