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Ca 2 + -Induced Inhibition of Sodium P u m p : Noncompetit ive 
Inhibition in Respect of Magnesium and Sodium Cations 
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Abstract . Calcium inhibits the activity of the ( N a + / K + ) - A T P a s e from dog kidney 
in a dose-dependent manner. Other 2A group cations of the periodic table such as 
S i 2 + and B a 2 + were able to inhibit the ATPase activity but to a lesser degree. 
Any considerable competition between C a 2 + ( B a 2 + , S r 2 + ) ions and magnesium 
oi sodium ions could not be detected using enzyme kinetic analysis. Thus, the 
above three inhibitory acting ions depress the ATPase activity of sodium p u m p 
by interaction with loci distant from the sodium and potassium binding sites. This 
suggests that the ( N a + / K + ) - A T P a s e molecule contains an inhibitory acting binding 
site foi 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 
structure of C a 2 + . Ba' 2 + and S r 2 + ions characterized by coordination number 8. 
M g 2 + ions can form coordination structure with a maximum coordination number 
G, and do not interact specifically with this binding site. 

Key words: (Na+/K+)-ATPase — C a 2 + , B a 2 + , S r 2 + induced inhibition - - Co­
ordination bounds 

Introduct ion 

Calcium ions are involved in the regulation of many processes in the animal cells 
(Račav and Lehotský 1996; Račay et al. 199C; Maco ct al. 1997; Sobol and Nesterov 
1997; Stroffekova and Heiny 1997). In respect of sodium pump it has been found 
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that Ca2"1" m millnnolai (one entiations eonsideiabh inhibits the \TPase d(truť\ 
(Lmdoninauu and Schwait/ 1975 Huang and \ s k a n 1982 \ m g s t 1983 Aingst 
and Maiccnit/ 1983 A mgst and Polasek 1985 A mgst et al 1986 1992 \ i b ] d i et 
al 1986) as well as flu t ianspoi t (and/oi electiogenu ) a c t m t i e s of this t ranspoi t 
sWein (Hagane et <d 1989 Stanko\ičo\a et al 1995) One possibiht\ to explain 
I his inhibition is the assumption that t hoi e is a competition between C a 2 + with 
cation cofaetois of ( \ a 4 / K + ) - ATPase m the iospeeti\e (ation binding site (Tobm 
(t al 1973 Huang and \skaii 1982) In a pie\ious papei we could demonstiate that 
c ale mm indue eel inhibition of the c lc ctiogomc ac ti\ it\ of the sodium pump is based 
on mtiaccllulai mt< i<u t ion of c ah mm with ( \ a + / k + ) - A T P a s e lipopiotem c omplc \ 
(StankoMccna et al 1995) Thus if it is actualh the case that this inhibition is of 
compcte tne natmc onh sodium- and magnesium- but not potassium-bmding site 
ot the ( l i n m o u u n be i m o h e d On the othei hand the1 existence of an i n h i b i t o r 
acting rale mm binding site on the enzyme molecule1 (Ziegelhoffei et al 1986) is 
anothei ]>ossibihť\ to explain the mhibi ton action of C a 2 + on ( N a + / K + ) - ATPase1 

aetniťs The lattei possibility is suppoitod b> the fact that the concentration at 
which e ale mm was obsei\od to inhibit ( \ a + / K + ) - A T P a s e a r t m t v fixes the see-
onelan s t i u c t m e of heait saieolemmal membrane piotcms to a state that was 
found to be unfavoiablo foi ( N a + / K + ) - A T P a s e cicti\itA manifestation This bind­
ing site ma\ mteiact with calcium eithei duectlv oi thiough mtiaeellulai ealeium 
)indmg piotems The lattei possibiht\ was \enfied In A mgst 1983 1988, Ymgst 
melMaiccnit/1983 A mgst and Polasek 1985 A mgst et al 1986 1992 who showed 

that application of calmodulin and 'calnac t in" shifted the1 effective calcium con-
centiation nceessan foi (Na ^ / K + ) - ATPase1 aeti\it\ inhibition fioni subnnlhmolai 
to subline lomolai lo\el Calnac tm is a p u t a t n o calcium binding piotem that has 
hecn pioposed to modulate1 (he effect of calcium on sodium pump acti\it\ The 
picsent woik was aimed to answeimg the question whethoi thene is competition 
between calcium and sodium oi magnesium ions foi the lespoetru cation binding 
site s 

M a t e r i a l s and M e t h o d s 

( \ a + / k + ) - ATPase fiom dog kielin x outei medulla was isolated ace ending to Joi-
genson (1988) using e entnfugation m a fixed angle1 rotoi ( N a + / K + ) - A T P a s e acti\-
iť\ was ele teinimed as the1 chffeionce in the amounts of phosphate hbeiated cluiing 
splitting of ATP (2 mmol/1) in the presence of each 1 100 nimol/1 NaCl, 10 mmol/1 
KC1 and 0 1 2 0 mmol/1 M g C h , oi m the piesenee of 0 1 2 mmol/1 MgCl 2 o n h 
En/Miro íeaetion was n m m 0 j ml of incubation medium containing 50 mmol/1 
imidazole - H O buffei (pH 7 0) and 2 5 mg of p m e enz\me protein at 37°C usually 
foi 10 mm The íeaetion was staited bx adding the subst iate and it was stopped 
In ice-cold tiiehloioacetie acid (0 73 mol/1) All details about the estimation of 
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the enzyme actnity weie desciibed pievioush (D/uiba et al 1996) C a 2 + , S r 2 + 

and B a 2 + ions weie left to mteiaet with the en/\me eluimg 10 mm pieincuba-
tion pnoi to starting the1 enzyme by ATP Sodium elodee\lsulphate polvaciylamidc 
electíophoresis (SDS-PAGE) used on 12 5% gel with Phast system (Phaimacia 
Lppsala Sweden) T h e piotems sepaiated were -visualized with Coomasie Blue R 
bv a s tandaid procedure accoidmg to the instrument progiam All chemicals weie 
obtained from Sigma (St Louis USA) and Laehema (Brno, Czech Republic) and 
weie of analytical punty Experimental data of ( N a + / k + ) - ATPase activity stimu­
lation by sodium and magnesium cations m the presence of calcium yyeie fitted as 
a function of ty\o independent vanables (eoncentiations of calcium and sodium oi 
magnc smm) ac coidmg to ecniation (1) which is based on Michaehs-Menten íelation 
sluj) c emipped y\ith Hill coopeiatiy lty constant (n) and nihibitoiy constants A"(

n< 

and Ľ; foi both noneompetitiye and competiti\e mode of inhibition íespeetiyeh 
(Ecj 1 Bieiei et al 1996) 

' ~ l + (7/A» f) ( s " + A » ) [ l + (,/At)] 

wheic1 Í íepiesents ( N a + / k + ) - A T P a s o activity yyhen eoncentiations of cation co-
fartoi of the enzyme ( N a + and M g 2 + ) aie equal to s, and concentration of C a 2 + 

is e qual to i \ m a x and A,„ íepiesent the Mirhaehs constant and maximal yeloeity 
of enzyme íeaetion lospertivcly Expeinnental d a t a on ( I \ a + / K + ) - A T P a s e inhibi­
tion by calcium m the pie sence or absence of magnesium yyere fitted accoidmg to 
equation (2) \ylueh lepiosonts the Dixon eemations foi inhibition consisting of tyyo 
])aits 

' = [i + ( '/^ l 0 )][i + (,//c;/0)]
 ( 2 ) 

where Í IS the ( \ a + / k + ) - A T P a s e aetiyity \yhen calcium coiicentiation is equal to 
/ 1 is ^ a + / k + )-ATPase activity m the absence of calcium IC'M and / C " 0 a ie 
median nihibitoiy e oneentrations foi both parts of biphasic inhibitions 

The effr ct of C a 2 + S i 2 ' and B a 2 + on stimulation by magnesium y\as e ompute 
using Lmeweayei Buik tiansfoimation of Michaehs-Menten equation All compu­
tations weie done using SigmaPlot 5 0 All other details about the isolation of 
( N a + / k + ) - ATPase measuiements of en/\me kinetics as well as data processing 
\yc ic desciibed pieyiously (Bieiei et al 1996) 

R e s u l t s 

Isolation of ( N a + / K + ) - A T P a s e from dog kidney- accoidmg to loigensen (1988) 
yielded enzyme1 p iepaiat ions yyith actrutv a iound 10 mmol/mg mm The pioteiri 
piofile of this p iepaiat ion m SDS-PAGE contained two bands with moleculai weight 
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Figure 1. Calcium induced inhibition of (Na+ /K+)-ATPase activity m the presence (o) 
and absence (•) of magnesium (4 mmol/1) Left panel direct plot of experimental data 
light panel experimental data m Dixon plot The expenmental data represent means 
horn three independent experiments and lespeetne S E M \allies ne\er exceeded 5'X of 
the mean The data weie fitted by noiilineai regression using Eq 2 For kinetic -variables 
obtained see Results 

chaiactenstic foi a and fj subumts of ( N a + / K + ) - A T P a s e (not shoyyn) Calcium ions 
m the concentiation lange 0 1 1 0 mmol/1 consideiably inhibited the ( N a + / k + ) -
ATPase activity (Fig 1) When magnesium (2 mmol/1) was piesent in the íeae­
tion medium this inhibition could be desciibed by simple1 monophasie dependency 
(/C^(1 = 0 205 ± 0 026 mmol/1) When magnesium was not piesent in the reaction 
medium a deciease of ATPase activity moie than one oidei of magnitude was 
obsened Calcium-induced inhibition of this "Mg 2 +- independent" ATPase activity 
had to be fitted bv biphasic dependency (Fig 1) Values of IC'V) = 0 209 ± 0 024 
mmol/1 and IC"0 = 0 034 + 0 005 nmiol/1 weie obtained bv nonlmeai fitting ac coid-
mg to Eei 2 While effect of Ca 2 + on (Na+/K+)-ATPase gay e a stiaight hne m the 
Dixon plot when magnesium ions yyeie piesent a concave cuivatuie m Dixon plot 
was obseneel in the absence or the ions (Fig 1) The effbe t of C a 2 + S i 2 + a n d B a 2 + 

ions on stimulation of ( N a + / k + ) - A T P a s e ae tmty by liiagnesmm ions is shown m 
Fig 2 All thioe bivalent cations inhibited the ATPase activity of the Na-puinp 
with potencious decieating in the oidei of C a 2 + > Si 2 + ~ B a 2 + The Lmcnveayei 
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Figure 2. Noncompetitive mode of Ca ' + (•), Sr '+ (o) and Ba2 + (D) induced inhibition 
of ( \ a + / k + ) - A T P a s e activitv with respect to stimulation with magnesium ions (•) doe 
umented m Lmewea\er Burke plots The expenmental data íepresent means from three 
independent expeiiments and the respectiye S E M values newer exceeded 59c of the mean 

Buike plots of this inhibition (Fig 2) íevealeel noncompetitiye type of inhibition 

chaiactenzed by decioase of 1 m a x only The noncompetitive way of calcium in­

duced depression of stimulation of ( N a + / K + ) ATPase1 a e t m t v by magnesium yyas 

additionally proved by experimental data shown m Fig 3 Fit t ing of these da ta 

accoidmg to Equation (1) gave the following yalues I ma,x=:14 25 /miol/mm mg 

A m = 0 464 mmol/1, A',"c = 0 214 mmol/1, A J = 1 2 70 mmol/1 and n = 1 Thus, 

calcium induced significant changes of \ m a x yalue because A""' yyas found to be 

m the range of the calcium concentiation applied The yalue of A J was found to 

exceed the highest calcium concentiation used bv about one order of magnitude, 

thus it could not induce significant changes in A m yalue In contrast to simple 

hyperbolic noncoopeiative mode of magnesium stimulation of ( N a + / k + ) - A T P a s e 

activity (?) = 1, Fig 3), sodium stimulated the enzyme activity m a sigmoidal co­

operative mode (?? = 2 05, Fig 4) Sodium stimulation of ( N a + / k + ) - A T P a s e yyas 
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F i g u r e 3. Calcium induced inhibition of s t imulat ion of ( N a + / k + ) - A T P a s e bv Mg~ + 

ions Panel 4 T h i e e dimensional plot of ( N a + / k + )-ATPase activity yeisus calcium a n d 
magnes ium ions concentrat ions as two independent vanables Panel B Two dimensional 
plot of ( N a + / k + )-ATPase activity m the absence (•) oi m the presence (o 0 125 D 
0 250 • 0 500 A 1 000 mmol/1) of calcium ions as function of magnesium ions The 
c xpci imenta l d a t a represent means from three mdepende nt exper iments and the íespec tive 
S E M v alues never exe eeded 59Í of the mean T h e d a t a weie fitted by nonlinear regiession 
using Eq 1 Foi kinetic variables obtained see Results 

inhibited by calcium noncompe'titivelv as it could be dedue eel fiom the following 
kinetics variables obtained fiom nonlmeai legiession of the1 data in Fig 4 using 
Eq 1 1 m 

A,' = 105 12 mmol/1 and n 
bv c alcium m this case 

10 47 /cmol Pi/mm mg, A,„ = 3 21 mmol/1 ATn = 0 46 mmol/1 
2 05 Thus only the paiametei 1 „1AX was influenced 
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Figure 4. Calcium induced inhibition of N a + stimulation of (Na + /K + )- ATPase Panel 
4 Thiee-dimensioiial plot of (Na+/K+)-ATPase activity versus tale mm and sodium 

ions eoncentiations as two independent vaiiables Panel B Two-dimensional plot of 
(Na 4 /K + )-ATPase actnitv in the absence (•) oi in the piesence (o 0 1, D 0 5, 
A 10 mmol/1) erf calcium ions as function of sodium ions The expenmental data 
íeprtsent means fiom thiee independent experiments and the respective S E M values 
novei exceeded 5% of mean The data weie fitted bv nonlmeai regression using Eq 1 For 
kinetic variables obtained, see Results 

D i s c u s s i o n 

It has been well documented that calcium inhibits the ATPase activity of Na-pump 
(Imdenmavei and Schwartz 1975 Huang and Askan 1982, Yingst 1983 1988 
A mgst and Alaicovitz 1983 A mgst and Polasek 1985, Yingst et al 1986 1992 
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\ i b p u et al 1986) Moieovei an meiease of calcium m the extiac ellulai medium 
has been íepoited to cause a significant clepiession of the t ianspoi t anel/oi electio-
gc-mc activity of this en/y me (Hagane c>t al 1989 Stankov KOV a et al 1995) Using 
seveial calcium ontiv blockeis we1 demonstiatexl m a previous woik that calcium 
inhibits elecliogemc ae tivity of the sodium pump fiom the1 intiaccrlulai side of the 
plasma membiane (Stankov iroy a ot al 1995) In the1 piesent woik, inhibition of 
(N a ^ / k + ) - A T P a s e activity was obsoived in the concentiation lango of C a 2 + of 
0 05 1 0 mmol/1 (Fig 1) which e onesponcls to the data published olsowhoie (Lin-
denmayei and Sehwaitz 1975, Huang and Vskan 1982 A mgst 1983 1988 A mgst 
and Maicovitz 1983 A mgst and Polasek 1985 A mgst ot al 1986, 1992 Ailqai et 
al 1986) In the1 piesence of magnesium, the concentiation dependence1 of C a2 4 in­
duced inhibition of ( I \ a + / K + ) - A T P a s e activity may be desciibed by simple Dixon 
equation with one value1 of I D\0 — 0 205 mmol/1 \A hen magnesium was not piesent 
oi was piesent only as an mipuiity m biehstilleel deioni/eel watei anel/oi used c hc^nii-
c .ds the1 activity of the en/y me could be considered as Mg2+-inclependent " In sue h 
case the N a"* and K + stimulated ATPase ae tivity was by two oidei s of magnitude 
below that found in the piesence of M g 2 + (Fig 1) The effee t of me leasing eon­
centiations of calcium on this ' 'AIg2+-independent ATPase1 activity was desciibed 
bv equation consisting of two pai ts c oi responding to the biphasie comse of this 
dependence This indicated that e ale mm may mteiact with ( N a + / k + ) - A T P a s e at 
two binding loci having cliff eient affinities to calcium ions Inhibition of the enzyme 
by calcium binding to the high affinity binding site (ehaiac tenzeel bv ID'-M = 0 031 
mmol/1) was obseived only m the1 absence1 of magnesium ions This binding site 
may be considered the binding site foi magnesium However, calcium may substi­
tute magnesium m this binding site but only m the absence1 of magnesium oi if 
magnesium is piesent in a veiy low concentiation In contrast to AIg2+ ions the 
binding of e ale mm ions to this binding site1, inhibits AIg2+ independent'" ATPase 
activity Inhibition of the1 enzyme mediated by the binding of C a 2 + to the second 
binding site1 was cliaiae ten/eel by I£>->0 = 0 209 mmol/1 The lattei value is similai 
to the1 coiiespondmg ID'l() = 0 205 mmol/ l value obtained foi cilemm-mdueed in­
hibition of ( N a + / K + ) - VTPase activity in the piesence of magnesium Thus when 
calcium mteiacts with this site, it subsequently inhibits the enzyme independently 
of the piesence oi absence of magnesium Moieovei, calcium inhibited magnesium 
stimulated (Na f / k + ) - A T P a s e ae tivity m a noncompetitive maimei (Figs 2 and 3) 
The1 noncompetitive type of this inhibition indicated that inhibition of the enzyme 
is mediated by the binding of calcium to a locus different fiom magnesium bind­
ing sites Nevertheless the interaction of the1 magnesium binding site1 with c ah mm 
observed m the absence1 of magnesium may take place at lowei magnesium e on-
eentiations (below 0 05 mmol/1) This is how the observation may bee1 explained 
(Tobm et al 1973 Huang and Askan 1982) that theie is some competition between 
C a 2 + and M g 2 + at the same binding locus Nevertheless undei noimal conch-
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tions i e magnesium concentration in mmol/1 lange, no consideiable competition 
between calcium and magnesium ions could be obseived Moieovei calcium was 
found to inhibit the sodium stimulated ( N a + / K + ) - A T P a s e activity (Fig 4) again 
m a noncompetitive manner Theiefoie it should be stiessed that no consideiable1 

competition between cation cofactois of ( N a + / k + ) - A T P a s e and calcium ions c ould 
be expected According t o \ i b ] a i et al (1986) the mteiaction of calcium with the 
saicolemmal membiane causes a deeiease of the content of membrane piotems m 
n-liehcal s t iuc tme This deeiease was associated with a piopoit ional deeiease of 
( N a + / k + ) - ATPase activity Thus mteiaction of ralcmm with (Na+/k+)-ATPase 
at a binding site chffeient fiom the1 binding site foi magnesium induced changes of 
menibiane piotems the lesulting confirmations of which are unsuitable foi ATPase 
íeaetion Fiom this point of v lew the inhibition of ( N a + / k + ) - A T P a s e bv calcium 
under these conditions may be considered as allostencal and mav be modulated 
bv calmodulin and calnactm Because calcium interacts with this binding site1 with 
snmlai affinity m the piesence oi absence of magnesium, any considerable com 
petition between both ions foi this c ah mm binding site1 is impiobable Thus, the 
putative calcium-bmdmg site on the1 ( N a + / k + ) - A T P a s e molecule may bind stion-
tmm oi barium ions but not magnesium ions The specificity of this site could be 
explained by the na tu ie of the cations consideied The mam difference1 between 
AIg 2 + ions and C a 2 + ( S i 2 + , B a 2 + ) ions is the1 inability of the foimer ions to foi m 
c ooi di lut ion bounds with cooidmation number 8, the eooiclmation c onfigui ation 
typical of C a 2 + S i 2 + and B a 2 + (Hughes 1981) Thus when the putative binding 
site foi c ale mm on the ( N a + / k + ) - A T P a s e molecule1 is complementaiv to the co­
oidmation s t i u c t m e of calcium with cooidmation number 8 magnesium ions will 
not be able to interact with this locus A snmlai piinciple has been suggessted foi 
the selective lecogmtion of monovalent cations at potassmm-bmdmg site1 on the 
( N a + / k + ) - A T P a s e molecule (Bierer et al 1988) 

Acknowledgements . This woik was supported by Slovak grant agone v for scienc e (giant 
No 95/5305/515YT) 
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