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SUMMARY 

[14C]ADP binding to EDTA-washed ox brain cell membranes was increased 
by Na +, but decreased by K +, Mg 2+ and Ca 2+. Na + abolished the effect of K + on 
ADP binding by a competitive mechanism, but could not reverse the inhibitory 
action of Mg 2+ and Ca 2+. It is concluded that the cation-induced changes in ADP 
binding reflect properties of (Na++ K+)-activated ATPase. 

INTRODUCTION 

(Na + + K+)-activated ATPase (EC 3.6.1.3) is assumed to undergo conformatio- 
nal changes during active Na + transport t'2. A conformational state E~ is assumed to 
be formed at low Mg 2+ concentrations. It is characterized by high affinity for ATP 
and Na ÷, but low affinity for the specific inhibitor ouabain. The conformational 
state E2, which is formed at high Mg 2+ concentrations, is characterized by a high 
affinity for ouabain but no or low affinity for ATP 3. This hypothesis is supported 
by many different kinds of experiments *-a. The concept of cation-induced con- 
formational changes is also supported by studies on the binding of [7,-32p]ATP to 
(Na + +K+)-activated ATPase 9'1°. In the presence of Mg 2+, ATP is hydrolysed 
so that it is difficult to assay the effect of Mg 2'+ on nucleotide binding. This obstacle 
may be overcome by the use of radioactive [t*C]ADP. ADP is a competitive in- 
hibitor of (Na++ K÷)-activated ATPase 11 and a cosubstrate of the Na+-dependent 
ATP-ADP transphosphorylation reaction 4, the latter reaction being a partial 
reaction of the overall reactionS. In this paper we report the effects of mono- and 
divalent cations on ADP binding to ox brain cell membranes. 

METHODS AND MATERIALS 

(Na + + K+)-activated ATPase from ox brain 12 was converted to the E1 form a 
by washing twice with 10 mM Tris-EDTA and subsequently with distilled water. 

[I*C]ADP binding to (Na + +K+)-aetivated ATPase from ox brain was mea- 
sured by a rapid mixing centrifugation method t°. After incubation of 0.8-2.0 mg 
enzyme protein for 0.5 to 3 min at 0 °C with 50 mM Tris (pH 7.4), 93 nM [*4C]ADP 
and the additions mentioned in the figures in a total volume of 1 ml, the membranes 
were spun down at 70000 x g. After careful removal of any remaining incubation 
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mixture from the walls of the polypropylene centrifuge tubes, the sediment was 
dissolved in 1 ml 1 M NaOH at 50 °C. The solubilized protein was neutralized with 
conc. HC1, dissolved in a scintillation solution containing Triton X-1009 and counted 
in a TriCarb 3375. Each experimental point was done in duplicate or triplicate. All 
results were corrected for unspecific ADP binding by subtractings the value obtained 
in the presence of 10 mM unlabelled ADP. 

[14C]ADP was from Schwarz-Mann, Orangeburg, N.Y., U.S.A. (lithium salt, 
spec. act. 288-359 Ci/mole) or from Amersham-Buchler, Braunschweig, Germany 
(ammonium salt, spec. act. 535 Ci/mole). 

RESULTS AND DISCUSSION 

Differential action of  Na ÷ and K + on ADP binding 
Incubation of ox brain cell membranes with increasing concentrations of Na ÷ 

results in an increase of [14C]ADP binding (Fig. 1A). High concentrations of Na ÷ 
inhibited ADP binding. This finding agrees with the demonstration of an inhibitory 
action of high Na + concentrations in the Na+-activated but K+-inhibited hydrolysis of  
UTP by (Na ÷ + K+)-activated ATPase from electric eel microsomes t3. The inhibitory 
effect was most pronounced at 80 mM (not shown). ADP binding to ox brain cell 
membranes was reduced by increasing K ÷ concentrations in the absence of Na + 
(Fig. 1B). This effect is caused by a decreased affinity of the enzyme to ADP as it is 
evident by the increase of the apparent dissociation constant of the enzyme-ADP 
complex in the presence of K ÷ (Fig. 2). A similar pattern has been reported for the 
effect of K + on the enzyme-ATP complex 9' 10 

The apparent dissociation constant of the enzyme-ADP complex in the absence 
of  K ÷ but presence of 5 mM Na + calculated from the slope of the Scatchard plot 
(Fig. 2) was 0.34/zM. This value is close to that calculated by Jensen and N~rby ~4 
from competition studies with ADP on the binding of [y-a2p]ATP on the enzyme. 
Increasing concentrations of K + raised the dissociation constants of the enzyme- 
ADP complex to 0.54/~M (0.5 mM K ÷) and 6.6/~M (5 mM K+), respectively. In 
agreement with studies on ATP binding to (Na++K+)-act ivated ATPase 1°, in- 
creasing concentrations of Na + abolished the effect of K + on ADP binding by a 
competitive mechanism (Fig. 1A). 

The above-reported similarities between the binding of ADP and ATP 9' lo, 14 
indicate that the capability of ox brain membranes to bind ADP reflects a property 
of  (Na ÷ + K +)-activated ATPase. 

Inhibition of  ADP binding by Mg 2+ and Ca 2+ 
In agreement with the hypothesis that Mg 2+ induces a conformational state 

of the enzyme with a low affinity for the substrate 3, Mg 2+ reduced ADP binding to 
ox brain cell membranes (Fig. 3A). Just as with K +, reduction of  ADP binding in the 
presence of Mg 2÷ was caused by an increase in the dissociation constant of the en- 
zyme-ADP complex (not shown). The effect of Mg 2÷ in decreasing ADP binding to 
ox brain cell membranes could be enhanced further by K ÷, when the action of  K ÷ 
was studied at suboptimal Mg 2+ concentrations (0.1 mM). However, in contrast 
to the counteraction of Na ÷ on the decreased nucleotide binding in the presence of 
K + (Fig. 1A), Na + could only partially overcome the inhibitory effect of Mg 2+ 
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Fig. t~ Activation of [14C].~DP binding to ox brain cell membranes by Na +. (A) Competitive 
action of K + on the Na+-induced enhancement of ADP binding. The incubation medium contain- 
ed in addition: no K + ( o - - o ) ;  1 mM K + (A--A);  5 mM K + ( × - - x ) .  (B) Decrease of ADP 
binding by increasing K + concentrations. Binding in the presence of 10 mM Na +, (A--A);  no 
additions ( o - - o ) .  

Fig. 2. Scatchard plot of the binding of ADP to ox brain cell membranes with 5 mM Na + in the 
absence and presence of K +. Specific activity of the enzyme preparation: 3.75/amoles.mg-1. 
min -L Binding in the presence of 5 mM K + ( x - -  x) ;  0.5 mM K + (A--A);  no additions ( o - - o ) .  
From the slope of the line in the absence of K + the dissociation constant KD of the enzyme-ADP 
complex was calculated to be 0.34/aM. Ko in the presence of 0.5 mM K + is 0.54/aM, in the pres- 
ence of 5 mM K + 6.6/aM. 

on  A D P  b inding  (Fig.  3B). This effect o f  N a  + however,  could  only be demons t ra ted  
at  low M g  2+ concent ra t ions  (0.2 mM).  

In the l ight  o f  the results ob ta ined  with M g  2+, it  seemed to be worthwile  to  
s tudy the effect o f  Ca  2 + on the capabi l i ty  o f  ox b ra in  cell membranes  to  b ind  A D P .  
Ca z + inhibi ts  (Na  t + K+)-ac t iva ted  ATPase  at  relat ively low concentra t ions  15,16. As  
shown in Fig.  4, Ca  2 + decreases the abi l i ty  o f  the  enzyme to b ind  A D P .  Because A D P  
is b o u n d  in the absence o f  any  divalent  cat ions,  i t  could  be a rgued  tha t  the decrease in 
A D P  b inding  is caused by  the fo rma t ion  o f  a Ca  2 + - A D P  complex.  This assumpt ion ,  
however ,  is no t  just i f ied because at  a concent ra t ion  o f  50 ffM Ca  2 +, no effect o f  Ca  2 + 
on A D P  b inding  is seen (Fig.  4A). A t  this Ca  2 + concent ra t ions  all  free A D P  should  be 
t r ans fo rmed  into  the Ca 2 + - A D P  complex  (Ca 2 ÷ : A D P  ra t io  = 573). Fu r the rmore ,  in 
the presence o f  5 m M  N a  + 100ffM Ca 2÷ even slightly s t imula ted  A D P  b ind ing  
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Fig. 3. Effect of Mg2+ on ADP binding to ox brain cell membranes. (A) Demonstration of the 
inhibitory action of increasing Mg 2+ concentrations. Assay in the presence of 5 mM Na + (A--A);  
no additions (O--0).  (B) Effect of Mg 2+ on the Na+-induced enhancement of ADP binding. 
The incubation medium contained in addition: no Mg2+ ( 0 - - 0 ) ;  0.2 mM Mg 2+ (A--A);  1 mM 
Mg2+ ( x - - x ) .  

Fig. 4. Effect of Ca  2+ on  ADP binding to ox brain cell membranes. (A) Demonstration of the 
inhibitory action of increasing Ca 2+ concentrations. Assay in the presence of 5 mM Na + (©--0) ;  
no additions ( × - -  ×). (B) Absence of a counteracting effect of Na + on Ca 2+ inhibition. The 
incubation medium contained in addition: no Ca 2+ (0--©);  0.2 mM Ca 2+ (A--A);  1 mM 
Ca2+ ( x - - x ) .  

(Fig.  4A) ;  this effect was no t  shown by M g  2+ in the presence o f  5 m M  N a  + (Fig. 3A). 
The  results o f  the s tudy on A D P  b inding  to ox b ra in  cell membranes  at  low C a  2 + 

concen t ra t ion  suppor t  the conclusions o f  Epstein  and W h i t t a m  16, d rawn f rom thei r  
kinet ic  studies on the C a  2+ inhibi t ion  o f  ( N a + + K + ) - a c t i v a t e d  A T Pa se :  The 
Ca2+-nuc leo t ide  complex  as well as the  Mg2+-nuc l e o t i de  complex  b ind  to  the 
active site o f  the  enzyme. Higher  concent ra t ions  o f  Ca  2+ (above 0.2 m M )  affect 
A D P  b inding  to  the enzyme p r o b a b l y  in a way  similar  to  Mg2+:  The  decrease o f  
A D P  b inding  in the presence o f  Ca  2 + was caused by  an increase in the dissociat ion 
cons tan t  o f  the e n z y m e - A D P  complex.  Add i t i ona l  similari t ies between the ac t ion 
o f  Ca  2+ and M g  2+ are  evident  f rom a s tudy on the effect o f  N a  + on A D P  b ind ing  in 
the  presence o f  Ca  2 + (Fig. 4B): N a  + could  not  abol ish  the inh ib i to ry  ac t ion o f  Ca  2 +, 
a f inding which  is in cont ras t  to  the repor t  o f  Por t ius  and  Repke  17 who found  a reversal 
o f  Ca  2 + inhibi t ion  o f  (Na  + + K+) -ac t iva ted  ATPase  by  N a  +. F r o m  the similari t ies 
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in the action of Mg 2+ and Ca 2 + it appears that the inhibitory action of Ca 2 + on 
( N a + +  K+)-activated ATPase could at least be partially caused by an alteration of 
the enzyme structure. This latter conclusion would be in agreement with the finding 
that Ca 2+ promotes ouabain binding to enzyme preparations from pig and dog 
heart 18,19. 

The data presented in this report show that ADP binding to (Na + +K+) -  
activated ATPase is strongly influenced by mono- and divalent cations. It is to be 
expected that more intensive studies on ADP binding will give further insight into 
the properties of the enzyme. 
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