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Ca’*-Induced Inhibition of Sodium Pump: Noncompetitive
Inhibition in Respect of Magnesium and Sodium Cations
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Abstract. Calcium inhibits the activity of the (Nat /K*)-ATPase from dog kidney
in a dose-dependent manner. Other 2A group cations of the periodic table such as
S1?* and Ba®* were able to inhibit the ATPase activity but to a lesser degree.
Any considerable competition between Ca’* (BaT, Sr®T) ions and magnesium
ot sodium ions could not be detected using enzyme kinetic analysis. Thus, the
above threc inhibitory acting ions depress the ATPase activity of sodium pump
by interaction with loci distant from the sodium and potassium binding sites. This
suggests that the (Na™ /KT )-ATPase molecule contains an inhibitory acting binding
site for calcium. This putative binding site could recognize magnesium ions as
well as calcium, strontium and barium ions. The specificity of the binding site
may describe herein be secured by a structure complementary to the coordination
stincture of Ca®t. Ba®* and Sr** ions characterized by coordination number 8.
Mg?* jons can form coordination structure with a maximum coordination numnber
6, and do not interact specifically with this binding site.

Key words: (Nat /KT)-ATPase — Ca’*, Ba?*, Sr?* induced inhibition — Co-
ordination bounds

Introduction

Calcium ions are involved in the regulation of many processes in the animal cells
(Racav and Lehotsky 1996; Racay et al. 1996; Maco ct al. 1997; Sobol and Nesterov
1997: Stroffekova and Heiny 1997). In respect of sodiuin pump it has been found

Correspondence to: A Breier, PhD, Institute of Molecular Physiology and Genetics,
Slovak Academy of Sciences, Vlarska 5, 833 34 Bratwslava, Slovakia. E-mail
usrdtylo@savba.savba.sk
*Present addiess: Institute of Microbiology. Slovak Academy of Sciences, Stefanikova 3.
814 34 Biatislava


mailto:E-mailusrdtylo@savba.savba.sk
mailto:E-mailusrdtylo@savba.savba.sk

180 Breler et al

that Ca?™ m millnnolar concentrations considerably mhibits the ATPase activity
(Lmdenmaver and Schwarts 1975 Huang and Askarn 1982 Yingst 1983 Yingst
and Marcovits 1983 Ymgst and Polasek 1985 Ymgst et al 1986 1992 Vibjar ot
al 1986} as well as the transport (and/or electrogenic) activities of ths transport
systemn (Hagane et al 1989 StanhoviCova et al 1995) One possibility to explamn
this whibition 15 the assumption that there 15 a competition between Ca?™ with
cation cofactors of (Na® /K¥)-ATPase 11 the respective cation binding site (Tobin
ot al 1973 Huang and \skarr 1982) In a previous papet we could demonstiate that
calaum mduced mhibition of the dcetiogenic activity of the sodmim pump 1s based
on mtracculan mtaaction of calanm with (Na™/K¥)-ATPase lipoprotemn comple
(Stankovicova et al 1993) Thus if 1t 15 actually the case that this imhibition 15 of
competetive nature only sodim- and magnesium- but not potassuum-binding site
of the cnzvme may be mvolved On the other hand  the existence of an inhibitory
actig calaum binding sitc on the ensvme molecule (Ziegelhoffer et al 1986) 1s
another possibility to explan the mhibitory action of Ca?* on (Na®/k*)-ATPase
activity The latter possibility 15 suppotted by the fact that the concentration at
wlich calaum was observed to mhibat (Nat /K7)-ATPase activity fixes the sec-
ondary stiucture of heart sarcolemmal membrane protems to a state that was
fonnd to be unfavorable for (Nat /K*)-ATPase activity manifestation This bind-
myp stte may mteract with calaoun either directly or thiough mtracellular calcum
muding protems The Iatter possibility was verified by Yigst 1983 1988, Yingst
wd Marcovits 1983 Ygst and Polaseh 1985 Ymngst ot al 1986 1992 who showed
that application of calmodulin and ‘*calnactin”™ shifted the effective calcnun con-
centration necessary for (Nat /KT)-ATPase activity mhibation from submillimola
to submicromolar level Calnactin 1s a putative calaum binding protem that has
b proposcd to modulate the effect of calaum on sodium pump activity The
present work was amned to answernng the question whether there 1s competition
between calaum and sodmun o1 magnesium 1ons for the respective cation binding,
SItes

Materials and Methods

(Nat /IT)-ATPase from dog kdncy outer medulla was 1s0lated according to Joi-
pensen {1988) using centnfugation m a fived angle rotor (Nat /K™ )-ATPase actrs -
1ty was dctermned as the difference m the amounts of phosphate liberated during
sphitting of ATP (2 mmol/1) m the presence of each 1 100 mmol/1 NaCl, 10 mmol/1
KACland 01 20 mmol/l MgCl,, o1 m the presence of 01 2 mmol/l MgCl, only
Ensvme reaction was run m 0 3 ml of mcubation medium contaning 50 mmol/]
mmdazole-HCY butter (pH 7 0) and 2 5 mg of pute enszyvine protemn at 37°C usually
for 10 nun The 1eaction was started by adding the substrate and 1t was stopped
by 1ce-cold trchloroacetic acid (0 73 mol/1) All details about the estimation of
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the (nzyvme activity were described previously (Dsuiba et al 1996) Ca’*, Srit
and Ba?T 1ons were left to interact with the ensvme durmng 10 mun premncuba-
tion pr1o1 to starting the enzyme by ATP Sodium dodecyIsulphate polvactylamide
elcctiophoresis (SDS-PAGE) used on 12 5% gel with Phast system (Phaimacia
Uppsala Sweden) The protems separated were visualized with Coomasie Blue R
by a standard procedure according to the mstrument progiram All chemicals were
obtawed from Sigma (St Louis USA) and Lachema (Brno, Czech Republic) and
were of analytical purity Experimental data of (Nat /K¥)-ATPase activity stimu-
lation by sodnun and magnesium cations in the presence of calcium were fitted as
a function of two mdependent varables (concentrations of calaium and sodium o1
magnesiun} according to equation (1) which 1s based on Michaelis-Menten 1elation
ship cqupped with Hill cooperativity constant (n) and mlibitory constants I
and A Y for both noncompetitive and competitive mode of mhibition 1espectivels
(Eq 1 Bieier et al 1996)

‘llll‘( qn (1)
=
L+ (/BJ) (" + AL+ (/K]

where ¢ represents (Nat /K*)-ATPase activity when concentrations of cation co-
factor of the ensvme (Na* and Mg?t) are equal to s, and concentration of Ca*t
15 cqual to 1 1 4 and Ly, 1epresent the Michaelis constant and maximal velocaity
of ensvinc 1eaction respectivcly Experimental data on (Nat /K+)-ATPase mhibi-
tion by calcium m the presence or absence of magnesium were fitted according to
equation (2) which represents the Divon equations for mhibition consisting of two
parts

1

= 2
I+ (/IC )L + (] ICE)] (2)

where ¢ 15 the (Nat /RT)-ATPasc activity when calerum concentration 1s equal to
11 s (Nat /Rt )-ATPasc activaty w the absence of caleium ICY, and 1CY, ae
median mhibitory concentrations for both parts of biphasic whibitions

The eftcct of Ca?t St2! and Ba?* on stimulation by magnesium was ¢ompute
using Lineweaver Burk transformation of Michaelis-Menten equation All compu-
tations were done using SigmaPlot 50 All other details about the 1solation of
(Na¥ /B H)-ATPase measurements of ensvime hinetics as well as data processing
ware descuibed previously (Bieier et al 1996)

Results

Isolation of (Nat/K*)-ATPase from dog hidney according to Jorgensen (1988)
vielded ensyme preparations with activity atound 10 mmol/mg mmn The ptoten
profile of this preparation in SDS-PAGE contained two bands with molecular weight
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Figure 1. Calaum mduced mhibition of (Na™/K*)-ATPase activity m the presence (O)
and absence (@) of magnesinm (4 mmol/l) Left panel

nght panel

direct plot of experimental data

experimental data i Dixon plot The experimental data represent means

fiom three mdependent experiments and 1espective S E M values never exceeded 5% of
the mean The data were fitted by nonlincar regression using Eq 2 For kinetic variables
obtammed see Results

characteristic for v and g subunits of (Nat/K+)-ATPase (not shown) Calcium 1ons
m the concentration 1ange 0 1 10 mmol/l considerably mhibited the (Nat /K™)-
ATPase activity (Fig 1) When maguesium (2 mmol/l) was present in the reac-
tion medium this inhibition could be desciibed by sunple monophasic dependency
(JC%, = 0205 =+ 0 026 mmol/l) When magnesium was not present m the reaction
medium a decrease of ATPase activity more than one order of magntude was
observed Calcunmi-induced mhihition of this “Mg?T-independent” ATPase ac tivity
had to be fitted bv biphasic dependency (Fig 1) Values of (%, = 0209 £ 0 024
mumol /L and IC) = 0 03440 005 mmol/l were obtamed by nonhimear fitting accord-
mg to Eq 2 While effect of Ca®T on (Nat /K+)-ATPase gase a straight hne m the
Divon plot when magnesim 1ons were present a concave curvature i Dinon plot
was observed m the absence of the 1ons (Fig 1) The effect of Ca?t Si?* and Ba®™
1ons on stunulation of (Na® /IF)-ATPase activity by magnesium ons 15 shown in
g 2 All thiee bivalent cations mhibited the ATPase activity of the Na-pump
with potencious decieating m the order of Ca?t > 81 2t ~ Ba?t The Lineweaver
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Figure 2. Noncompetitive mode of Ca’t (@), St’t (0) and Ba’t (1) mduced mhibition
ot (Na™ /R )-ATPase activiiv with respect to stunulation with magnesium 10ns (#) doc

umented m Lineweaver Burke plots The experimental data 1epresent means from three
mdependent experiments and the respective S E M values never eaceeded 5% of the mean

Buike plots of this inhibition (Fig 2) revealed noncompetitive type of mhibition
characterized by decrease of V.« only The noncompetitive way of calcium -
duced depression of stimulation of (Nat /K*) ATPase activity by magnesium was
additionally proved by experimental data shown i Fig 3 Fitting of these data
according to Equation (1) gave the following values 1 ,,,=14 25 panol/min mng
”p = 0464 mmol/l, A = 0214 mmol/l, A¢ = 12 70 mmol/l and n = 1 Thus,
calam mduced significant changes of 1 . value because AP was found to be
m the 1ange of the calaium concentiation applied The value of A¢ was found to
exceed the highest calctuin concentiation used bv about one order of magmtude,
thus it could not induce significant changes i Ay, value In contrast to simple
In perhohe noncooperative mode of magnesium stunulation of (Nat/K™)-ATPase
activity (n =1, Fig 3), sodium stunulated the enzyme activity m a sigmoidal co-
operative mode (n = 2 05, Fig 4) Sodium stimulation of (Nat/K*)-ATPase was
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Figure 3. Caliium induced mhibition of stimulation of (Na®t/k¥1)-ATPase bv Mgt
ionts Panel 4 Thiee dnnensional plot of (Na ¥/k™)-ATPase activity versus calcnun and
magnesiuim ons concentrations as two independent variables Panel B Two dimensional
plot ot (Na™/K™)-ATPase activity m the absence (@) o1 1 the presence (0 0125 0O

0250 & 0500 A 1000 mmol/l) of calaium 10ns as function of magnestum 1ons The
«xpaimental data represent means from three independcnt experiments and the tespective

S E N values never exceeded 5% of the mean The data were fitted by nonlinear regression
using Eq 1 For kinetic vanables obtamed see Results

mhibited by calcium noncompetitively as 1t could be deduced from the following
kinetics variables obtamed from nonlinear regression of the data i Fig 4 using
Eq 1 1 2.x=1047 gmol Pi/mmmg, i, = 321 mmol/l AS = 046 mmol/l

L; = 10512 mmol/l and n = 205 Thus only the parameter 1,,,.x was mtluenced
by caleium 1 this case
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Figure 4. Calemim  induced mhibition of Na¥ stunulation of (Na* /K" )-ATPase Panel
41 Tliee-dimensional plot of (Nat/K*)-ATPase activity versus calcium and sodium
1ous concentrations as two independent vanables Panel B Two-dimensional plot of
(Nat /K1)-ATPase activity 1 the absence () o1 n the presence (0 01, O 035,
A 10 mmol/l) of calaum 1ons as function of sodium 1ons The experimental data
1epresent means fiom thiee independent eaxperiments and the respective SE M values

uever exceeded 5% of mean The data were fitted by nonlinear regression using Eq 1 For
Lhinetic vanables obtamned, see Results

Discussion

It has been well documented that caleium mhibits the ATPase activity of Na-pump
(Imdenmayver and Schwarts 1975 Huang and Askann 1982, Yingst 1983 1988
Ymgst and Marcovits 1983 Yngst and Polasek 1985, Yingst et al 1986 1992
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Vibjar ot al 1986) Morcover an maiease of calcum i the extracellular medium
has heen reported to canse a significant depression of the transport and/or electio-
gene activity of this enzyvme (Hagane et al 1989 Stankovidova et al 1993) Uang
several caleium entiy blochers we demonstiated m a previous work that calaum
mhibits electrogentc activity of the sodium pump fromn the mtracellular side of the
plasma membiane (Stankovicova et al 1993) In the present work, mhibition of
(Nat /KT )-ATPase actinity was obsetved m the concentration 1ange of Ca** of
003 10 mmol/l (Fig 1) which corresponds to the data published elsewhere (Lin-
denmaver and Schwarty 1975, Huang and Askarr 1982 Yingstr 1983 1988 Yingst
and Marcovitz 1983 Yigst and Polasek 1985 Yingst et al 198G, 1992 Vibjar et
al 1986) In the presence of magnesium, the concentiation dependence of Ca?t -
duced miubition of (Nat/K¥)-ATPase activity may be desciibed by simple Divon
equation with one value of 1D%; = 0 205 mmol/l W hen magnesnun was not present
o was present onlv as an unpunity m bidistilled deronized water and/or nsed chemn-
cals the actinvaty of the enzyme could be considered as Mgt -andependent * T such
case the Nat and KT stimulated ATPase activity was by two orders of magnitude
below that found 1 the presence of Ng?*t (Fig 1) The effect of mcicasing con-
centrations of calcum on this “NMg2t-mdependent  ATPase activity was desciibed
by equation consisting of two parts corresponding to the hiphasic comse of this
dependence This mdicated that calaum may mteract with (Nat/K1)-ATPase at
two binding locr having different athnities to calaum 1ons Inhibition of the ensyme
by calonun binding to the high athmty binding site (charactenized by IDL, = 0034
minol/l) was observed only m the absence of magnesium 1ons This binding site
may be considered the bindmg site for magnesnun However, calaui mas substi-
tute magnesmm m this binding <ite but onlv 1 the absence of magnesium or if
HlAgLOSIUI 1 prosent 1 a very low concentration I contiast to Mg+ jons the
binding of calcnun 1ons to this binding site, mlibits Mgt mdependent”™ ATPase
actnvaty Inhubition of the ensvme mediated by the binding ot Ca®t to the second
binding site was characterized by ID%; = 0 209 mmol/l The latter value 15 sumilar
to the corresponding 1D, = 0 205 mmol/1 value obtamed for calaum-mduced m-
ihition of (Na¥ /KT)-\TPase activity i the presence of magnestum Thus when
calcium mteracts with this sitel 1t subsequently inhibits the ensyme imdependently
of the presence ot absence of magnestum Moreover, calaum mhibited magnesiumn
stunulated (Na 't /KH)-ATPase activity m a noncompetitive manner (Figs 2 and 3)
The noncompetitive type of this imhibition indicated that mhibition of the enzyvme
15 mediated by the binding of calaum to a locus different fiom magnesium bind-
g sites Nevertheless the mteraction of the magnesium binding site with calcium
observed 1 the absence of magnesmm may take place at lower magnesium ¢on-
centiations (below 005 mol/l) Thas 1s how the observation may bee explamed
{Tobin et al 1973 Huang and Askar: 1982) that there 1s some competition between
Ca®T and Mgt at the same bmding locus Nevertheless under normal condi-
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tions 1 ¢ magnesium concenuttation m mmol/l 1ange, no consuderable competition
between calaum and magnesium ions could be observed Moreover calaum was
found to mhibit the sodium stimulated (Nat/K*)-ATPase activity (Fig 4) agan
m a noncompetitne manner Therefore 1t should be stiessed that no considerable
competition between cation cofactors of (Nat /K™ )- ATPase and calcium 1ons could
be expected According to Vibjar et al (1986) the interaction of calennn with the
sarcolemmal membrane causes a deciease of the content of membrane protems m
a-helical structure This decicase was associated with a propottional deciease of
(Nat /hT)-ATPasc activity Thus nteraction of caletum with (Nat /KT )-ATPas
at a binding <ite different fiom the binding site for magnesium mduced changes of
membrane protems the resulting conformations of which are unsuitable for ATPase
1caction From this pomt of view the mhubition of (Na®™/K1)-ATPase by calcium
under these conditions may be considered as allosterical and mav be modulated
by calmodulin and calnactin Because calcium mteracts with this binding site with
similar afimity i the presence o1 absence of magnesium, ans considerable com
petition between both wns for this calaum binding site 1s unprobable Thus, the
putative calcium-binding site on the (Nat/KkF)-ATPase molecule may bind stion-
tium o1 barium tons but not magnesium 1ons The speaficity of this site could be
explained by the natwe of the cations considered The mam difference between
Vet 1ons and Ca®t (S12t, Ba?t) 1ons 15 the mability of the former 10ns to form
coordimation bounds with coordmation number 8, the coordimation configuration
tvpical of Ca?®™ St2* and Ba?t (Hughes 1981) Thus when the putative bmding
site for calaum on the (Nat /KT)-ATPase molecule 15 complementais to the co-
ordmation structure of caleium with coordination number 8 magnesium ons will
not be able to mteract with this locus A siumlar prciple hias been suggessted for
the selective 1ecognition of monovalent cations at potassium-binding site on the
(Nat /K*)-ATPase molecule (Breier et al 1988)
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