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Summary 

1. High concentrations of  ATP inhibit completely the activity of  (Na ÷, K÷) - 
ATPase (ATP phosphohydrolase,  EC 3.6.1.3) prepared from sheep brain. 

2. The inhibition depends on the concentrat ion of  total ATP, i.e. complexed 
ATP + free ATP. 

3. The inhibition by high ATP concentrations persists in the absence of  K ~, 
and is then independent  of the Na ÷ concentrat ion between 2 and 140 mM Na ÷. 

4. Raising the K ÷ concentrat ion at 20 mM Na ÷ increases the ATP concentra- 
tion required for the maximal hydrolysis rate. 

5. The Hill number  for the inhibition process is about  three. 
6. The inhibition by ATP is temperature~lependent ,  in that  as the tempera- 

ture is increased, higher ATP concentrations are required for inhibition. 

Introduct ion 

Since Skou in 1957 [1] suggested that  the ATPase activity of  crab nerves 
correlated with the Na ÷ and K ÷ active transport system, an enormous amount  
of  data has been accumulated (see last reviews [2--6]) on the (Na ÷, K÷)-ATPase 
enzyme. But the detailed molecular mechanism of the sodium-potassium pump 
is still not  well understood,  partly because the large number  of  variables that  
participate or are present in the enzyme cycle (Na, K, Mg, ATP, Mg • ADP, Mg • 
ATP) cause difficulties in analysing the role of  every variable through the 
enzyme cycle. 

For  reasons which are not  relevant to the purpose of  the present paper, it 
became necessary to measure the apparent affinity of  the enzyme for ATP at 
various temperatures.  Preliminary experiments performed at optimal pH and 
cation concentrations (140 mM Na ~, 14 mM K ÷, 5 mM Mg 2÷, pH 7.4) revealed, 
however,  that below 17°C the (Na ÷, K*)-ATPase activity was inhibited com- 
pletely at 5 mM ATP, while the optimal activity at this temperature was at 
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0.75 mM ATP. At higher temperatures above 25°C, the optimal (Na ÷, K*) - 
ATPase activity was around 3 mM ATP and much higher ATP concentrations 
were needed in order to get inhibition. The purpose of the present paper is to 
test whether this phenomenon of inhibition by ATP at excess of Mg 2÷, which 
was clearly revealed at low temperatures and does not  seem to have been 
studied previously, could be explained by competi t ion between free ATP 
and Mg. ATP at the same catalytic site. It is suggested that  the inhibition 
indeed occurs by ATP occupying low affinity sites that  at physiological tem- 
perature and ATP concentrations are empty.  The effect of Na ÷ and K ÷ on the 
shape of the inhibition curve is explored and discussed in relation to the sug- 
gested mechanism for inhibition. 

It is important  to differentiate the present study from that  of Hexum et al. 
[7], in which the concentration of Mg 2÷ was limiting as the ATP concentra- 
t ion was itself varied and, on the other hand, that  of Skou [8] in which the 
concentration of Mg 2÷ was itself varied at the Mg. ATP concentration was 
changed. The results of these earlier studies will be considered together with 
the present results in the Discussion. 

Methods and Materials 

Enzyme preparation 
Microsomes were prepared from sheep brain by the method of Jorgensen et 

al. [9]. The microsomes were terated with NaI, according to the method of 
Nakao et al. [10]. 

Protein was measured according to the method of Lowry [11]. The specific 
activity at 37°C in the presence of Tris • HCI was measured at pH 7.4, 3 mM 
ATP, 5 mM MgC12, 14 mM KC1,140 mM NaC1 and under these conditions, 98% 
of the total activity was inhibited by 1.25 mM ouabain, The specific activity of 
the preparations were 40--60 pmol of  Pi liberated per h/mg of protein. At 
15°C, under the same conditions of pH, cation concentrations and optimal 
ATP concentration, about 85--90% of the total activity was inhibited by 
ouabain. 

Measurement of activity 
The activity at various concentrations of cations and ATP was tested by 

measuring the amount  of 32p released from ATP labelled with 32p in the 7 posi- 
t ion. The hydrolysis reaction was started by addition of 0.1 ml of enzyme sus- 
pension of about  1 mg/ml protein to a stirred volume of  0.9 ml containing 50 
mM Tris buffer adjusted with HC1 to pH 7.4 as measured at the reaction tem- 
perature, NaC1, KC1, MgC12 and ATP (the latter possessing a specific activity of 
106--107 counts per min/pmol) as mentioned in the legends to the figures. 

About  5--7 samples of 0.1 ml were taken during the course of the reaction. 
The samples were delivered into 0.3 ml of 0.2% sodium dodecyl sulfate (SDS) 
solution to stop the hydrolysis. The ATP was separated from the released 32p 
by absorption to activated charcoal [12] as follows: 5 ml of 100 mM KH2PO4 
solution at 0 ° C, pH 1, containing 50 mg per ml activated charcoal was added to 
the 0.4 ml containing SDS and sample suspension. The resulting mixture was 
stirred on a vortex mixer and then centrifuged at 2000 × g for 15 min. 3 ml of 
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the clear supernatant  were taken directly for  counting, using the Cerenkov 
effect.  The counting of  radioactivity was performed using a Packard Tri Carb 
Liquid scintillation counter .  

The sampling times were chosen so that  no more than 10--15% of the total 
ATP was hydrolysed.  Under these conditions,  the hydrolysis was a linear func- 
tion of  time. The reaction temperature  was kept  constant  within +0.1°C using 
a Hetofrig thermostat ical ly temperature-control led bath. 

All the hydrolysis rates were obtained by subtraction of  the activity in the 
presence of  1.25 mM ouabain at the various ATP concentrat ions,  from the total 
activity under the same conditions. 

The hydrolysis rates in all the figures are presented as percentages of  the 
optimal hydrolysis rate at 37 ° C, for  the particular preparation studied, (relative 
activity). The relative activities are presented as funct ion of  the total ATP con- 
centrat ion.  Every point  in every figure is the result of  an individual experiment.  

Materials 
All the salts used were of analytical grade. Na2" ATP, Tr is .  ATP, sodium 

dodecyl  sulfate, activated charcoal No. C-5510, were obtained from Sigma. 
[732P]ATP was prepared according to the method  of  Glynn and Chappell [13].  
32p was obtained from the Radiochemistry Depar tment ,  Beersheba, Nuclear Re- 
search Centre-Negev. 

Calculation o f  A TPfree/Mg " A TP 
It was necessary to calculate the ratio of  ATPfree to Mg • ATP for a realistic 

assessment of  the present data. The concentrat ions of  Mg • ATP and ATP~ree 
were calculated according to the solution of  the following equations: 

[Mg" ATP] 
KI = ([ATPtotal ] _ ([Mg" ATP] + [Na2 • ATP] + [K 2 "ATP]))([Mgtotal]-- [Mg" ATP]) 

K 2 = 
[Na2" ATP]  + [K2" ATP] 

(1) 

(2) 
([Na] + [K])2[ATPtotal] -- ([Mg • ATP] + [Na 2 • ATP] + [Z 2 • ATP]) 

The repor ted value of  K1, the format ion constant  for  Mg.  ATP, ranges 
between 10 000 and 20 000 M -1 [14--16] .  The reported value for K2, the for- 
mation constant  for  Na2 • ATP and K2 • ATP is 15 M -I [14].  For  the present 
calculations the lower value for the Mg • ATP formation constant  was chosen in 
order  to avoid conclusions based on over-estimate of  the format ion constant.  
As will be shown later in this paper a very accurate value of  the format ion con- 
stant is no t  essential to the conclusions to be derived. The format ion constant  
at 15°C was estimated as 7000 M -1 by extrapolat ion of  Burton's  data mea- 
sured at 25°C and 65°C [16].  

Calculations show that  at the experimental  range of  temperature ,  Mg 2+, K ÷ 
and Na ÷ concentra t ion,  the concentrat ions of  Na2 • ATP and K2 • ATP can be 
neglected with respect to  the Mg • ATP concentrat ion.  In addition, the concen- 
trations of  H • ATP 2- and H2 • ATP- have been shown to be negligibly small 
under  the condit ions used in the present  s tudy [17].  
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Results 

The phenomena of  excess substrate inhibition and its dependence on the ratio 
ATPfree/Mg" ATP and the free Mg 2÷ concentration 

The aim of this section was to investigate how the (Na ~, K +)-ATPase activity 
varied as a function of the ATP concentrations at various concentrations of free 
and total Mg 2÷ at 15°C (Fig. 1). The procedure used was as follows: 

1. The total Mg 2÷ concentration was held constant at 5 mM. At this Mg 2÷ 
concentration, the ratio ATPfrce/Mg " ATP rises from 0.039 to 0.24, on raising 
the ATP concentration from 0.25 mM to 5 mM. 

2. The concentration of free Mg 2+ was held constant at 5 mM. This was done 
simply by adding equimolar concentrations of ATP and Mg 2+ and then adding 
a further concentration of 5 mM Mg ~+. Calculation of the ratio ATPfree/Mg 
ATP, shows that  the ratio remains 0.0365 through all ATP concentrations. 

3. The concentration of free Mg 2÷ was held constant at 10 mM using the 
same strategy as in 2 above. At this concentration of free Mg 2+, the ratio 
ATPfree/Mg " ATP remains 0.0184 at all ATP levels. 

As is demonstrated in Table 1, the ratio ATPfree/Mg " ATP depends on the 
value of the formation constant chosen. But all the chosen values of the forma- 
tion constant the ratio ATPfree/Mg • ATP remains constant in procedures 2 and 
3 at the ATP concentration range studied. Since the following conclusions are 
based only on the constancy of the ratio ATPf~ee/Mg " ATP, through all ATP 
concentrations, the exact value of the formation constant is not  important  for 
derivation of these conclusions. 

The results (Fig. 1) show that  inhibition of the (Na ÷, K+)-ATPase activity by 
excess ATP is complete by 5 mM ATP. The inhibition pattern in all three 
experimental procedures is the same. This means that  the degree of inhibition is 
not  affected by the free Mg 2+ concentration, nor by the ratio ATPfrec/Mg" 
ATP. The fact that  the inhibition occurs at high ATP concentrations, even 
though the ratio ATPf~ee/Mg" ATP is held constant,  excludes the possibility 
that  the inhibition is due to simple competi t ion between free ATP and MgATP 
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Fig. 1. Substrate inhibition of the (Na +, K+)-ATPase hydrolytic activity at 15°C at varied MgCI 2 concen- 

tration. The incubation media contained 140 mM NaCI 15 mM KCI and 50 mM Tris buffer (pH 7.4). The 

total hydrolytic activity was measured as follows: • • constant concentration of 5 mM Mg 2+ total; 
• •, constant concentration of 5 mM Mg 2+ free; • •, constant concentration of 10 mM Mg 2+ 
free;  o - .  o ,  h y d r o l y t i c  act iv i ty  i n  t h e  p r e s e n c e  o f  1 . 2 5  m M  o u a b a i n  a t  I 0  m M  M g  2+ free .  T h e  h y d r o -  

l y t i c  act iv i ty  in the  presence  o f  ouabain  is i n d e p e n d e n t  o f  the  Mg 2+ c o n c e n t r a t i o n ,  at  the  s tudied  r a n g e  o f  

Mg 2+ concentration. 
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TABLE 1 

CALCULATION OF THE RATIO ATPfrec/Mg • ATP USING VARIOUS FORMATION CONSTANTS OF 
Mg-ATP, MAINTAINING A TOTAL Mg 2+ CONCENTRATION IN CONSTANT EXCESS OF THE 

TOTAL ATP CONCENTRATION 

M g  A T P  f o r m a t i o n  A T P f r e e / M g  A T P  A T P f r e e / M g  A T P  
c o n s t a n t  at  c o n s t a n t  e x c e s s  at  c o n s t a n t  e x c e s s  
(M - I  ) o f  5 m M  M g  2+ o f  1 0  m M  M g  2+ 

3 0 0 0  0 . 0 8 6  - - 0 . 0 8 1  0 . 0 4 3  - - 0 . 0 4 2 4  

7 0 0 0  0 . 0 3 9 8  - - 0 . 0 3 6  0 . 0 1 8 5 - - 0 . 0 1 8 3 5  

1 0 0 0 0  0 . 0 2 5 8  - - 0 . 0 2 5 4  0 . 0 1 3  - - 0 . 0 1 2 9 7  
15  0 0 0  0 . 0 1 7 3  - - 0 . 0 1 7 2  0 . 0 0 9 3 - - 0 . 0 0 8 7  

The  l e f t - h a n d  values  in the  s e c o n d  and third c o l u m n s  are the  values  o f  A T P f r e e / M g  - A T P  a t  0 . 2 5  m M  

to ta l  A T P  c o n c e n t r a t i o n ,  and the  r ight -hand values  in the  s e c o n d  and third c o l u m n s  are the  ratio o f  
A T P f r e e / M g  - A T P  a t  5 m M  t o t a l  A T P  c o n c e n t r a t i o n .  

for the same catalytic site. The relation between the hydrolytic  velocity o f  the 
(Na ÷, K÷)-ATPase with Mg • ATP as a substrate, in a case o f  simple compet i t ion  
by ATPfree can be written as: 

( [K] [ATPfree ] ~_~.) 
v = V /  1 + [Mg" ATP] + [Mg- ATP] " (3) 

V is the maximal  hydrolyt ic  velocity at infinite substrate concentration,  K is 
the Michaelis constant for Mg • ATP and Ki is the dissociation constant for free 
ATP. 

When ATP~ee/Mg" ATP is held constant,  it is seen immediately  that no 
inhibition should occur at all, as the concentrat ion o f  total ATP is varied. So,  
it can be concluded that the inhibit ion by ATP at excess Mg 2÷ concentration is 
not  a consequence  o f  compet i t ion  be tween  free ATP and Mg • ATP at the same 
catalytic site. A remaining possibil ity is that Mg • ATP or ATP inhibits at high 
substrate concentrations by occupying low affinity sites for ATP. In order to 
see if the phenomenon  of  excess substrate inhibition was a more general one,  
the inhibition of  the (Na ÷, K÷)-ATPase activity was measured at 35°C as func- 
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F i g .  2 .  S u b s t r a t e  i n h i b i t i o n  o f  the  ( N a  +, K+) -ATPase  h y d r o l y t i c  ac t iv i ty  at 3 5 ° C  at v a r i e d  M g C l  2 c o n c e n -  
trat ions .  T h e  i n c u b a t i o n  m e d i a  c o n t a i n e d  1 4 0  m M  NaC1,  14  m M  KCI and 5 0  m M  Tris b u f f e r  ( p H  7 .4 ) .  
The  o u a b a i n  i n h i b i t a b l e  h y d r o l y t i c  ac t iv i ty  (at  3 5 ° C  9 8 %  o f  t h e  to ta l  ac t iv i ty  is o u a b a i n  inh ib i tab le  (see  
the  t e x t ) )  was  m e a s u r e d  at three  d i f f e r e n t  MgC12 c o n c e n t r a t i o n s  as f o l l o w s :  • • ,  5 m M  Mg 2+ to ta l ;  
• -', 1 0  m M  M g  2+ t o t a l ;  ~ . . . . . . .  n 15  m M  M g  2+ t o t a l .  NaC1 is 1 4 0  m M  and  KC1 15  r a M .  
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tion of  ATP concentration at three constant total Mg 2+ concentrations: 5, 10, 
15 mM (Fig. 2). At 35°C, the inhibition appeared above 5 mM ATP, and at a 
concentration of  10 mM ATP, 8 5 - 9 5 %  of  the optimal activity was inhibited. 
The shape of  the inhibition, at all three Mg 2+ concentrations, was the same 
although the ratio ATPfree/Mg " ATP, at 10 mM ATP and 5 mM total Mg 2+ is 
about 1, while at 15 mM total Mg 2÷, the ratio is about 0.014,  about 70 times 
less. This shows that, at high ATP concentrations, the inhibition depends on 
the total ATP concentration. The dependence of the inhibition on the total 
ATP concentration indicates that the inhibitory sites for ATP have the same 
affinity for free ATP as for complexed ATP. 

The inhibition of  the enzyme activity by excess of  ATP concentrations at 
35°C seems to contradict the results of Hexum et al. [7] who did not find any 
hint of  substrate inhibition at a total ATP concentration of 10 mM at 37 °C. 
But since Hexum et al. did not measure the enzyme activity at ATP concentra- 
tions intermediate between 1 and 10 mM ATP, it seems possible that they 
missed the rise of  the enzyme activity and the following inhibition of  this 
activity which occurs between 1 ATP and 10 mM ATP. 

Effec t  o f  Na ÷ on excess substrate  inhibit ion 
The phenomenon of excess substrate inhibition occurs also in the absence of  

external K ÷ (Fig. 3). One can therefore study the effect of Na t concentration 
on the inhibition of  ATP (Fig. 4). Decreasing the Na ÷ concentration in the 
absence of  K ÷, from 140 mM Na ÷ to 2 mM, does not change the optimal con- 
centration of  ATP that is required for maximal activity. At 1 mM Na ÷, there 
was almost no ATPase activity, and it was thus not possible to test whether 
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Fig. 3. Substrate inhibition of  the (Na +, K+)-ATPase hydrolytic activity at 15°C in the presence and 

absence of K +. The incubation media contained 140 mM NaCI 15 mM KCI, 50 mM Tris buffer (pH 7.4) 

and 10 mM MgCl 2. The total hydrolytic activity was measured as follows: In the absence of external KCI, 

4--------4; with 15 mM KC1, m -=; with 125 mM K +, u ~; with 15 mM KCI and 1.25 mM 

ouabain, • • ; with 125 mM KCI and 1.25 mM ouabain, © ~. 

Fig. 4 .  Substrate  inh ib i t ion  o f  the  ( N a  +, K+)-ATPase act iv i ty  at  1 5 ° C  at various NaC1 c o n c e n t r a t i o n s  in 
the  ab s ence  o f  KC1. T he  i n c u b a t i o n  m e d i a  c o n t a i n e d  1 0  m M  MgC12, 5 0  m M  Tris b u f f e r  (pH 7 .4 ) .  Every 
po in t  w as  o b t a i n e d  by  subtrac t ion  o f  the  act iv i ty  in the  p r e s e n c e  o f  1 . 2 5  m M  ouabain ,  f r o m  the  total  
act iv i ty  under  the  s a m e  c o n d i t i o n .  The  ouabain  inhibi table  h y d r o l y t i c  ac t iv i ty  was  m e a s u r e d  as f o l l o w s :  
• e, 1 mM NaCI; • •, 1.9 mM NaCI; o--- o, 7 mM NaCI; • 4, 140 mM NaCI. 



440 

high ATP concentrations inhibit the enzyme when the sodium concentration is 
low. 

The concentration of ATP which produces the optimal activity is likely to be 
a function both of the affinity of the catalytic sites and the postulated inhibi- 
tory sites for ATP [18]. The lack of dependence of the optimal ATP concen- 
tration on the Na ÷ concentration suggests that  Na ÷ has no effect on the affinity 
of  either class of  sites. 

Effect  o f  K ÷ on the phenomenon  o f  excess substrate inhibition at a constant 
Na ÷ concentration 

Raising the K ÷ concentration, at a constant Na ÷ concentration of 20 mM, 
from 0 up to 15 mM, appears to increase the optimal concentration of ATP 
required for maximal activity (Fig. 5), from 3 to 6 mM ATP. This effect may 
be explained by a decrease in the affinity for ATP at the catalytic site, or at 
the inhibitory site, or both. Raising the K ÷ concentration from 2 up to 30 mM, 
at constant concentration of 140 mM Na ÷, falls to change the optimal ATP 
concentration of 3 mM. High concentrations of Na ÷ thus seems to abolish the 
effect of  K ÷ on the optimal concentration that  is required for maximal activity. 

The effect  o f  temperature on the A T P  concentration required for maximal 
activity 

The concentration of ATP found to yield a maximal activity is highly tem- 
perature dependent,  in that  increasing the temperature increases the concen- 
tration of ATP required for maximal activity (Table II). 

Different preparations show some differences in the optimal ATP concentra- 
tions required for maximal activity at any given temperature, but the effect of 
temperature for any given preparation is a systematic one (Table II). 

The fact that  the inhibition by ATP is dependent  on the total ATP concen- 
tration indicates that  the temperature dependence of the optimal ATP concen- 
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Fig, 5. Subst ra te i n h i b i t i o n  o f  the (Na  +, K+)-ATPase h y d r o l y t i c  ac t i v i t y  at 35°C  w h e n  KCI  c o n c e n t r a t i o n  
is changed at l o w  and at  h igh  NaCI concentration. The incubation media contained 10 m M  MgCl  2 50 m M  
T r i s  b u f f e r  ( p H  7 . 4 )  a n d  t h e  i n d i c a t e d  KC1 a n d  N a C l  c o n c e n t r a t i o n s .  T h e  o u a b a i n  i n h i b i t a b l e  h y d r o l y t i c  
a c t i v i t y  w a s  m e a s u r e d  as  f o l l o w s :  o o,  2 0  r n M  N a C I  i n  t h e  a b s e n c e  o f  K C I ;  ~ A 2 0  m M  NaC1 
a n d  7 . 5 r a M  KC1; • ~ ,  2 0 r a M  NaC1 a n d  1 5 r a M  KC1;  • -', 1 4 0 m M  N a C I  a n d  2 m M  K C l :  

~0 1 4 0  m M  NaC1 a n d  3 0  m M  K +. 



4 4 1  

T A B L E  lI 

T H E  A T P  C O N C E N T R A T I O N S  R E Q U I R E D  F OR O P T I M A L  A C T I V I T Y  AT V A R I O U S  T E M P E R A -  
T U R E S  FO R  T H R E E  D I F F E R E N T  P R E P A R A T I O N S  

All the  e x p e r i m e n t s  w e r e  carried o u t  at c o n c e n t r a t i o n s  of  14 mM KC1 and  140 mM NaCI, 50 m M  Tris b u f -  

fer,  pH 7.4,  at t h e  i n d i c a t e d  MgC12 c o n c e n t r a t i o n s .  Al l  va lues  are raM. 

Prepaxat ion  T e m p e r a t u r e  M g2+ 
No. c o n c e n t r a t i o n  

15°C 25°C 35°C 

1 1 - -2  3 .5 - -4 .5  5--8 10 
2 0 .5- -1  - -  2- -4  10 
3 1 - -2  3 . 5 - 5  5--7 15 

trations required for maximal activity reflects temperature dependent changes 
in the enzyme,  rather than an effect o f  temperature on the formation constant 
for Mg • ATP. 

Estimate of the stoichiometry for the effect of ATP molecules on the inhibi- 
tion process 

In order to estimate the number of  ATP molecules required for the inhibi- 
t ion process, the Hill numbers [19] for the descending part of  eleven separate 
experimental curves (including the curves in Figs. I and 3) were calculated. All 
these curves were derived from experiments that were performed at 15°C at 
140 mM NaC1, at various KC1 concentrations (Table III). All such experimental 
curves consist o f  a steep rise in the activity fol lowed by a steep fall in activity 
as the ATP concentration is raised without  any intermediate plateau between 
the activation and the inhibition process. The lack of  intermediate plateau indi- 
cates that the inhibitory process begins before all the catalytic sites are 

T A B L E  I I I  

T H E  C A L C U L A T E D  H I L L  N U M B E R  F OR T H E  D E S C E N D I N G  P A R T  OF E L E V E N  E X P E R I M E N T A L  
CURV E S.  A L L  T H E  E X P E R I M E N T S  W E R E  D O N E  AT 15°C,  AT 140  m M  NaCI,  10 m M  MgCI2, KC1 AS 
I N D I C A T E D ,  50 mM T R I S  B U F F E R ,  pH 7.4.  

KC1 c o n c e n t r a t i o n  Hill  n u m b e r  +_ S.E. 
( raM) 

14 2.2 + 0 .9  
14 3 .67  +_ 0 .05  
14 4 .07  + 0 .75  
14 2 .76  -+ 0.2 
14 1 .24  + 0 .46  
14 4.01 _+ 0 .55  
30 1.5 +- 0 .64  
60  2.9 _+ 0 .5  
90  3 .26  -+ 1.5 

0 4.2 +- 0 .85  
0 4.3 +-1 

T h e  m e a n  Hill  n u m b e r  is 
3.1 -+ 0 .67  
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occupied. Therefore, the maximal determined rate of hydrolysis is lower than 
the true maximal hypothetical  hydrolysis rate, which would be the activity at 
infinite substrate concentration, when the inhibition does not occur. This 
hypothetical  maximal hydrolysis rate was estimated by simulation of theoreti- 
cal curves, with the same shape and apparent maximal activity as the experi- 
mental curves. The change in the calculated Hill number when different values 
of maximal velocity was used was negligible with respect to the experimental 
error. The standard error for every experiment was calculated according to the 
deviation of the experimental points from the linear regression of ln(s) against 
ln(V/v -- 1), where s is the substrate concentration, V is the hypothetical  maxi- 
mal activity and v is the activity at s. The calculated mean Hill number is about 
3 (Table III). This suggests that  at least three molecules of ATP bind to one 
enzyme unit to induce inhibition in addition to the ATP molecule that is 
bound at the catalytic site. 

Discussion 

Inhibition of the (Na t, K+)-ATPase activity at high ATP concentrations, at 
constant low Mg 2+ concentration, has been explained by Hexum et al. [7] as 
due to competi t ion between Mg • ATP and free ATP on the catalytic site. 

Such an inhibition mechanism predicts that  the degree of inhibition would 
be a function of ATP~ree/Mg " ATP ratio. The ratio ATPfreJMg • ATP can be 
controlled easily by changing the Mg 2÷ concentration. One would expect that  
reducing the level of free ATP by increasing the concentration of Mg 2+ at high 
ATP concentration would reduce the degree of  inhibition. The present results 
show that  the degree of inhibition at high ATP concentrations and high Mg 2÷ 
concentrations is not  dependent  on the ATPfr~JMg • ATP ratio. 

The finding that  3 ATP molecules are needed for the inhibition process, at 
excess Mg 2+ concentration, is also not  readily compatible with an inhibition 
mechanism of  competit ion between free ATP and Mg. ATP at the catalytic 
site. 

The present results suggest, in contrast to the above view, that  the inhibition 
at high ATP concentrations, at excess Mg 2÷ concentration, occurs by the occu- 
pation of  low affinity sites for ATP. 

Skou [8] found that,  for any given total ATP concentration, there is an 
optimal Mg • ATP concentration above which the hydrolysis rate is inhibited to 
a certain degree. Skou suggested that  the presence of free ATP is associated 
with activation of  the hydrolyt ic  activity. Raising the Mg 2÷ concentration at a 
fixed total ATP concentration brings about a certain degree of inhibition 
because the activating free ATP becomes complexed. According to Skou's 
results, raising the M g - A T P  concentration increased the hydrolyt ic  activity 
when free ATP was present or not. 

The present experiments, carried out at low concentration of ATP free but 
at higher Mg • ATP concentration than those studied by Skou, show that  raising 
the Mg • ATP concentration causes a decrease in the hydrolyt ic  activity. The 
present results, covering thus a different substrate concentration range, do not  
contradict the results of  Skou. 

There are a number of  studies in the literature that  deal with other subjects 
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but, incidentally, demonstrate substrate inhibition at excess or equimolar Mg 2÷ 
concentrations. The inhibition in these cases cannot be explained by the inhib- 
itory effect of free Mg 2÷, which has a low Ki, about 20--40 mM [20--22]. 
Inhibition of the activity by ATP has been found in (Na ÷, K*)-ATPase extracted 
from human erythrocytes [23], rabbit kidney outer medulla [24], beef brain 
[24], ox brain [25], and electroplax microsomes [26]. In the last case the sub,- 
strate was UTP and the reduction of the activity appeared above 5 mM UTP at 
26°C. In all the other cases the reduction in activity appeared clearly above 
3--5 mM ATP at 37°C. The same phenomenon was found when ITP and GTP 
were used as substrates [25]. It was found that  high Mg. ATP concentrations 
and probably also high M g-ADP inhibit the Na÷-dependent ADP/ATP 
exchange [27 ]. 

It is worthwhile to note that  high concentrations of Mg • ATP inhibit the up- 
take rate of Ca 2÷ by the Ca 2÷ pump [28], the catalytic unit of which is similar 
to the catalytic unit  of the {Na ÷, K~)-ATPase [29]. The fact that  the substrate 
inhibition appears in preparations which were extracted from a variety of spe- 
cies and tissues suggests that  the substrate inhibition is an intrinsic property of 
the (Na ÷, K÷)-ATPase enzyme. 

The reason that  the substrate inhibition appears in so few kinetic studies is 
that ,  at the usual range of temperatures used for kinetic studies (25--37°C), the 
inhibition appears only at an ATP concentration above 3--5 mM. These concen- 
trations are at the upper limit of those generally used in kinetic studies. The 
fact that  complete inhibition by ATP at 35°C requires a concentration of more 
than 10 mM indicates that  only a small fraction of  inhibitory sites that  bind 
ATP are occupied at physiological temperature, ATP and cation concentra- 
tions. 

The properties of the inhibitory sites, such as are revealed by studying the 
dependence of the substrate inhibition on the Na ~, K ÷ and Mg 2÷ concentrations 
are as follows: 

1. The affinity of the inhibitory sites for ATP is independent of the Na ~ con- 
centration in the absence of K ÷. 

2. The affinity for ATP of the catalytic sites, or of  both the catalytic and the 
inhibitory sites, is decreased by raising the K ÷ concentration at low Na ÷ concen- 
tration, but  this effect is abolished at high Na ÷ concentrations. 

3. The affinity of the inhibitory sites for free ATP is the same as that  for 
ATP complexed to Mg 2÷. 

The first two properties have been shown already for the catalytic sites in 
many kinetic [30,31] and binding studies [32,33]. The third property resem- 
bles Skou's finding that  the optimal Na*/K ÷ ratio for half maximal activation of 
the hydrolyt ic  activity is controlled by an ATP site which has the same affinity 
for complexed ATP as for free ATP [8]. The resemblance between the inhibi- 
tory class of sites and the catalytic class of sites might suggest that  those sites 
which inhibit while they are occupied are related to the hydrolyt ic  mechanism. 
These sites might perhaps be empty ADP sites, which coexist with the ATP 
binding sites. Coexistence of occupied ATP sites and empty ADP sites was 
postulated originally by Stein et al. [34] and Repke and Schon [35] in their 
flip-flop models. It is possible that  at abnormal conditions of temperature and 
ATP concentrations, ATP mimics the action of ADP as a product  inhibitor, by 
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binding to such empty ADP sites. The justification for the assumption that  an 
ATP molecule might mimic the action of an ADP molecule at the ADP site is 
based upon the various analogous interactions of the ATP and ADP molecules 
with the enzyme. Binding [36] and kinetic [31] experiments show that  ATP 
and ADP compete at the same sites and their affinity is equally affected by 
,various conditions of Na ÷ and K ÷. Both molecules activate ouabain binding 
[26] and PNPase activity at the appropriate Na ÷ and K ÷ concentration [37]. 
Experiments with N-ethylmaleimide show that  the protection of either ADP or 
ATP against inactivation of the hydrolysis activity by N-ethylmaleimide is 
affected equally by various concentrations of Na ÷ and K ~ [38]. 

The Hill number of 3 which was found above for the inhibition process is 
not  compatible with the Hill number that  has been found for protection of the 
hydrolyt ic  activity by ATP against inactivation by Chlorpromazine (h = 1.3) 
[39], or with the Hill number for the variation of the rate with ATP concen- 
tration (h = 0.3--1) at the low substrate range [31] of ATP concentrations. But 
it is not to be expected that  the number of molecules participating in these 
latter processes will be necessarily equal to the number of molecules participat- 
ing in the inhibition process at higher substrate concentrations. A Hill number 
of about three for the inhibition process suggests that  the minimal number of 
inhibitory sites and catalytic sites taken together per enzyme unit is four. 

There is also a possibility that  the inhibition process occurs bot by binding 
of  three ATP molecules at three separate binding sites, but by the binding of 
more than one ATP molecule per binding site. It seems unlikely that  the inhibi- 
tion occurs through binding of  an additional three molecules of ATP to a single 
catalytic site which binds already one ATP molecule. It is possible, however, 
that  two binding sites exist per unit enzyme, as was suggested by Skou [8], 
Robinson [40] and Lazdunski et al. [31], and inhibition may occur when two 
ATP molecules bind at each binding site. 
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