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1. Introduction

On the basis of their different cationic require-

ments for maximal activity. 4 distinet ATP.nhosnho-
....... § 10T maxima acivity, 4 distinet AL r-pnospno

hydrolase enzymes associated with the cell membrane
have been proposed. While all 4 ATPases apparently
require the presence of Mg?*, one needs no other
cation (Mg-ATPase) [1], a second is stimulated by the
additional presence of Na* (Na-ATPase) {2], a third
by Ca?" (Ca-ATPase) [3 4] and the fourth by the

combined nresence of Nat and K¥ (Na K_ATPage)

combined presence of Na™ and K™ (Na,K-ATPase)
[1,5]. Only Na,K-ATPase is sensitive to inhibition by
cardiac glycosides [1,5].

It is widely accepted that the Na K-ATPase is an
enzyme of major importance for the normal function-
ing of cells and plays the central role in pumping Na"*
and K* across the cell membrane [5—7]. This pump-

ino artivity ic mact imnaoarfant in aveitahla ticonae
iig dlulvity 15 MUSL HLpOTanit il CACId0IC tSSuUls

where rapid Na* and K* fluxes are the hallmark

of the action potential and where recovery of the
status quo by restoring appropriate Na* and K™ levels
across the membrane is necessary to regain excitability.
Consequently much attention has been focused on
the Na,K-ATPase, particularly with regard to those

factors which influence its qr\hmfv The effects of

Ca?* are of considerable interest because of the cen-
tral role of Ca** in the function of excitable cells and
its supposed increased mobility and intracellular avail-
ability consequent upon increased Na’- and K*-flux.

Calcium has been shown to exert a powerful inhib-
itory effect on Na,K-ATPase of cell membranes [1,3,
Q_ 121 Althauch the intracellular [Ca?2 1 in mogt

8—12]. Although the intracellular [Ca®] in most
tissues under most circumstances is thought to be
present at <uM levels [3,5,13], most investigators
have used much higher levels of Ca** in their studies.
These experiments had been done in the presence of
the chelating agents EDTA or EDTA. The present
experiments confirm that in the presence of EDTA,

Elsevier/North-Holland Biomedical Press

Ca®* (107°—3 X 1073 mol/l) always exerts an inhib-
itory effect on Na,K-ATPase. Similarly even in the
absence of EDTA, Ca®* at >107* mol/l is clearly an

inhihitaor of the an7vme Howevar in the ahgance of
HUMOITCT OF Tt enzZyme, nOWever, 11 tnc aocsence o1

EDTA, lower [Ca?*] values have a pronounced stim-
ulatory effect on Na,K-ATPase.

On this basis, it is contended that the normal effect
of Ca®" on the Na,K-ATPase in the cell is one of stim-

ulation and that the inhibition reported by others is

an artefact occasioned either by the use of chelating
agents in the exnerimental medium or hv the use of

.................................................

C " at levels much higher than those Wthh would
usually be encountered physiclogically.

2. Materials and methods

Wistar rats. of either sex. were r‘nf\nhﬁqh:r‘ and the
Tviotdal 1“‘—0’ WL WIvLIVL OvAy, YViIwv uw yluuv uuuuuuuuu

whole brain (~2 g) was removed rapidly into ice-cold
0.32 M sucrose solution % disodium EDTA (200 uM
or 5 mM). The tissue was minced coarsely with scissors
and rinsed with the above solution to remove blood.
The minced brain was homogenised in 15 ml of the
same solution using a glass homogeniser fitted with a

eflon pestle of elearance 0.2 mm rotatine at 600800
l.UllUll PVDLIU Vil vivdalalive V.4 111 1ULuL1115 aL uvy AV A

rev./min which was passed vertically 12 times. For
ATPase assays, the homogenate was diluted X 20
with 0.32 M sucrose * EDTA to give 0.25—0.5 mg
protein/ml, estimated as in [14]. Aliquots (0.4 ml) of
the diluted homogenate were added to buffered media
and preincubated for 10 min at 37°C before starting

tha raaction hy addition of vanadium-free Tris—ATP
thc reaction Oy aGaiiion Of vanadmum-iree 1Is—Axr

(Sigma A0520; 4 mM final conc.). The media (final
vol. 2 ml) contained Mg?* alone (5 mM MgCl,), Mg** +
Na* (150 mM NaCl) or Mg?*, Na* + K* (10 mM KCI)
in 50 mM imidazole—~HCI (pH 7.4). The reaction was
stopped 10 min after ATP addition by adding 1 ml
6% trichloracetic acid and standing the tube on ice.
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Enzyme activity was estimated by spectrophotometric

e S T IR S S

UﬁlUlIIllIldllU]l Ul rl lIl Lie bUpCIIldellL ICiIldlIllllg dl ter
centrifugation at 6650 X g for 10 min {15,16]. Rele-
vant blanks were run in which trichloroacetic acid
was added to reaction tubes prior to ATP addition.
When appropriate, calcium (as CaCl,) was added to
the pre-incubation media. In some experiments

(n = 5), ouabain (10771073 mol/l final conc.) was
added to the pre-incubaiion media 30 s before ATP
addition. ATPase activity is expressed as umol P,
liberated . mg protein~' . h~'. Na,K-ATPase activity
was calculated as the difference between total
ATPase activity measured in the presence of Na",K"
and Mg?" and that activity determined in the presence
of Na* and Mg?* only. Mg-ATPase activity is given

by the value measured in the presence of Mg** aione;
Na-ATPase activity is given by the difference between

this activity and that measured in the presence of

Na* and Mg2+. All data are expressed as mean values
SEM. Statistical significance of the difference between
control and test values was calculated by Student’s
t-test.

To describe quantitatively the effect of Ca®* per
se on ATPase activity it is necessary to estimate what
proportion of added Ca?*
effect on the enzyme. In the presence of ATP and
EDTA, ligands both of which bind divalent cations,
the estimation of free [Ca®*] must be based on a cal-
culation taking account of the stability constants of
the relevant metal—ligand complexes under the exper-
imental conditions. The capacity of ATP to bind
Mg?* and Ca?* was derived from the data in [17] and
that of EDTA from [18]. The relevant stability con-
stants (log K*,,) were calculated for pH 7.4 at 37°C
with 1I0mM K", 150 mM Na" and an ionic strength
of 228 mM. These were for: MgATP, 4.20; CaATP,
3.89; MgEDTA, 5.82;and CaEDTA, 7.72. These values
were used in all calculations in which it was necessary
to estimate the concentrations of metals, ligands and

metal—ligand complexes in the reaction mixture.

is free to exert a modifying

3. Results and discussion

CTTNT A AT, T

In the absence of EDTA, basal Na,K-ATPase activ-
ity of rat brain homogenate was low and constituted
only a small proportion of total ATPase activity. In
the presence of EDTA (4 X 107° mol/l in reaction
mixture), the activity of Na, K-ATPase was increased
by 150% (table 1), that of Mg-ATPase was increased
by 65%, whereas that of Na-ATPase was unaffected.
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Table 1
Effect of EDTA on ATPase activity of rat brain homogenates
(mean + SEM )
ATP-phosphohydrolase activity
(umol P; . mg protein~! . h~')
Mg-ATPase Na-ATPase Na,K-ATPase
—EDTA
n=5) 24.1x1.81 4.3:0.29 5.9+ 0.55
+EDTA
(4 X 1075 M)
n=3) 398+2.76 42+040 148+:1.86
ISRV A SRS |-PUpIgRiN RPN P A IR My PR AR P
ALlU.ll.lUll 01 ¢araiac glybUblUC LU LT HIcuudtiul

media in the presence of EDTA caused a dose-depen-
dent inhibition of Na,K-ATPase activity from 6% at
1077 mol ouabain/] to 99% at 10~> mol ouabain/l.
By contrast ATP-phosphohydrolase activity of both
Mg-ATPase and of Na-ATPase was unaffected at any
ouabain level.
The results obtained with EDTA alone and with
ouabain confirm the presence of 3 discrete and inde-
pendent ATP-phosphohydrolases and enable accurate
measurement of them. The activity of the Na K-
ATPase is modified both by EDTA and by ouabain,
the Mg-ATPase is modified to an extent by EDTA but
is unaffected by ouabain while the Na-ATPase is unaf-
fected by either.
Addition of Ca** to the incubation media might
be expected to have at leagt two independent effects:
(i) It could influence the activity of any or all of
the above 3 ATPases;

(ii) It should stimulate a Ca-ATPase: If Ca-ATPase
is present in rat brain homogenates, then the
additional phosphohydrolase activity due to
stimulation of this enzyme by added Ca®* would
appear as an apparent enhancement of MG-A.TPasp
Na,K-ATPase and Na-ATPase activities since the
media needed for the determination of the activ-
ity of each of these 3 enzymes all contain Mg?*,
allegedly required for the expression of Ca-ATPase
activity.

In the presence of EDTA (1 X 1073 mol/l), Ca®*
added to the media at 3 X 10~*—1073 mol/l would
result in free Ca** levels of 1.9 X 1077-6.8 X 107°
mol/l (pCa=6.73 and 4.17, respectively). The balance
of the added Ca*" isbound either to ATP or to EDTA:
that bound to EDTA would not be expected to par-
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o 30I Table 2
E H + Effects of calcium on Mg-ATPase, Na-ATPase and
3 - Na,K-ATPase activity in the absence of EDTA
— 1
2 &
S .9 = I Available ATP-phosphohydrolase activity
2+ ) st -1
o e 20 \ Ca®* (mol/ty (umol P; . mg protein*. h~*)
v O ~ _ -
& Mg-ATPase® Na-ATPase®  Na,K-ATPase?
§ 2 15¢
8 £
= = Zeto 24.1:1.81 43029 59:055
1 & 10 \! 1x10-¢ 248:213 32:039  8.3:090
z_ S 3% 10 245+1.66 3.8:047 7.7 +0.77P
<_73 £ 1% 1078 24.3+1.81 43:054 6.0=0.59
3\ 5 3x 10°° 243177 4.0:0.32 6.2 + 0.61
~— 1X10* 240+1.76 4.5+0.17 4.5+ 047
Ix 10 23.7+155 34:035 3.6+0.53°
6 g 4 1% 103 23.8+1.77 24+£0.30° 2.3:0.31¢
nCa ) 3x10°® 224+148 1.8+0.14° 1.1+0.13°
P9 available

Fig.1. Effects of Ca** on Na, K-ATPase activity in the presence
of EDTA (107 mol/l). PCa,yailable 18 the negative logarithm
of the [Ca®*] (free Ca** + Ca-ATP) calculated as in the text,
Basal Na ,K-ATPase activity measured in the absence of Ca®**
ismarked on the ordinate. The points show the mean values +
SEM obtained in 5 expt.

ticipate in enzyme-catalysed reactions; that bound to
ATP might. The lowest [Ca?*] had no effect on Na,K-
ATPase activity, but as the level was increased a dose-
dependent inhibition of activity was observed (fig.1).
No effect was noted on Mg-ATPase or on Na-ATPase

ot anee T tha antivitice QA pnZvIMA rAamaing

at aily Lba2 }, LI10 ALLIYILICD Uf LhUbe CIL Y IO LCJlla.ul\/d
at or near basal levels over the entire [Ca®’] range.
This finding implies that under the conditions of these
experiments Ca-ATPase activity is minimal; if not, an
enhancement of phosphohydrolase activity in the
media used to estimate Mg-ATPase and Na-ATPase
should have been noted. The alternative explanation,
that any buulLuatOr_y effect of Ca®" on Ca-ATPase is
offset by a concomitant inhibitory effect on both
Mg-ATPase and on Na-ATPase at all [Ca®*], would be
a remarkable coincidence and can be discounted.
Therefore, the inhibitory effects noted must be the
direct effects of Ca** on Na K-ATPase.

In the absence of EDTA, the basal activities of
both Na,K-ATPase and Mg -ATPase were lower than
in its presence (table 1). Addition of Ca** to the media
in the absence of EDTA caused no change in the
activity of Mg-ATPase and a slight, but significant
reduction in activity of Na-ATPase at >10~> mol
Ca?/1 (table 2). However, at low [Ca**] there was now
a marked stimulation of Na,K-ATPase activity, maxi-

A Mean (n = 5) + SEM

b Value significantly greater (P < 0.01) than that measured
in absence of Ca®*

¢ Value significantly less (P < 0.01) than that measured in
absence of Ca**

mal at 107 mol a2 1 nnd 4
iiidd a1 11183 oa FESRCS EA A RS

increased. At>10 mol Ca**/1a
ATPase activity occurred,

The contrast between the effects of low [Ca**] on
Na,K-ATPase activity in the presence and absence of
EDTA are highlighted in fig.2.
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Fig.2. Effects of Ca?* on Na,K-ATPase activity in the absence
(®) 7 = 5) and presence of EDTA (10-2 mol/l (&) n = 5). In
each case basal Na,K-ATPase activity measured in the absence
of added Ca?* is given as 100%.

287



Volume 126, number 2

Any result obtained in the absence of EDTA or
other chelating agents might be considered as a result
which reflects more closely the physiological situa-

tion, One could also more r\nnf\dpnﬂv propose a

physiological role for an effect that can be evoked
with in vivo Ca®* levels. Those effects seen at mM
Ca® levels may not be seen in the cell except, per-
haps, transiently.

Some of the effects of Ca®* on the function of

excitable tissues may be brought about not by free
(‘rx2+ ')'I'\ﬂe hit H«rnnnh tha adintian af the haat.

but through the mediation of the hea
stable regulator protein, calmodulin {13,19,20]. It
may be the Ca®*—calmodulin complex that is biolog-
ically active. Removal of an endogenous heat-stable
protein fraction from synaptic vesicle preparations
[21] abolished the facilitation of neurotransmitter
release and protein phosphorylation by Ca**, but the
effects of Ca** on the vesicle system could be restored
when protein vesicle extract or highly purified cal-
modulin isolated from rat brain were re-admitted to
the treated vesicles.

In [21] the synaptic vesicles could be washed
repeatedly in the standard EDTA-free experimental
medium without significant change in protein pattern

or logs of Fq2+.dpnpnﬂnnf noradrenaline release or
gentn enaine relie

protein phosphoryla‘uon. However, after treatment of
the vesicles with EDTA, the ability of calcium to elicit
these effects was lost. Analogous findings have been
reported with EGTA-pretreated preparations in {4].

From the above stimulation of Na,K-ATPase by
low levels of Ca®*, it can be hypothesed that:

Tindar nnrrﬂﬂl :~1rnnmofonnao Ca?t in camhinatinn
UnGer I reumsiances La” i comomanon

with the regulator protein calmodulin constitutes
an active complex which is able to stimulate Na K-
ATPase. This may be the physiological effect of
calcium on the enzyme. When [Ca®*] is high, the
cellular availability of calmodulin may be exceeded,
and the inhibition of Na K-ATPase reflect the

Aivonf offarnte Af f“n ES Y Wi ETYTA
LITCCT St O on the ENZYINE, Wit L/ 1A

has been added, calmodulin is prohibited from
forming an effective combination with added Ca?*,
Consequently, there is no stimulation of Na K-
ATPase by Ca**—calmodulin and only inhibition
of the enzyme by free Ca®" is observed.
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Summary: A stimulation of Na,K-ATPase by Ca**
is reported and it is suggested that this effect is the
major physiological action of the cation on the enzyme.
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