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Summary 

1. Purified pig kidney ATPase was incubated in 30--160 mM Tris-HC1 with 
various monovalent cations. 130 mM LiC1 stimulated a ouabain-sensitive ATP 
hydrolysis {about 5% of the maximal (Na÷+ K ÷) activity), whereas 160 mM 
Tris-HC1 did not  stimulate hydrolysis. Similar results were obtained with 
human red blood cell broken membranes. 

2. In the absence of Na ÷ and with 130 mM LiCI, the ATPase activity as a 
function of KC1 concentration showed an initial slight inhibition 150 ~YI KC1) 
followed by an activation {maximal at 0.2 mM KC1) and a further inhibition, 
which was total at 25 mM KC1. In the absence of LiC1, the rate of hydrolysis 
was not  affected by any of  the KC1 concentrations investigated. 

3. The lithium-activation curve for ATPase activity in the absence of both 
Na ÷ and K ÷ had sigmoid characteristics. It also showed a marked dependence on 
the total LiC1 + Tris-HC1 concentration, being inhibited at high concentrations. 
This inhibition was more noticeable at low LiC1 concentrations. 

4. In the absence of Na ÷, 130 mM Li ÷ showed promoted phosphorylation of 
ATPase from 1 to 3 mM ATP in the presence of Mg 2÷. In enzyme treated with 
N-ethylmaleimide, the levels of phosphorylation in Li÷-containing solutions, 
amounted to 40% of those in Na ÷- and up to 7 times of those in K÷-containing 
solutions. 

5. The total (Na÷+ K÷)-ATPase activity was markedly inhibited at high 
buffer concentrations (Tris-HC1, Imidazole-HC1 and tetramethylammonium- 
HEPES gave similar results) in cases when either the concentration of Na ÷ or K ÷ 
(or both) was below saturation. On the other hand, the maximal (Na ÷ + K÷) - 
ATPase activity was not  affected (or very slightly) by the buffer concentra- 
tion. 

6. Under standard conditions (Tris-HC1 + NaC1 = 160 mM) the Na÷-activation 
curve of Na÷-ATPase had a steep rise between 0 and 2.5 mM, a fall between 2.5 
and 20 mM and a further increase between 20 and 130 mM. With 30 mM Tris- 
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HC1, the curve rose more steeply, inhibition was noticeable at 2.5 mM Na ÷ 
and was completed at 5 mM Na ÷. With Tris-HC1 + NaC1 = 280 mM, the amount  
of  activation decreased and inhibition at intermediate Na ÷ concentrations was 
not  detected. 

Introduction 

It is generally accepted that  the interaction of  the intracellular Na ÷ with the 
(Na ÷ + K÷)-ATPase pump is related to the phosphorylation of  the enzyme by 
ATP, in the presence of  Mg 2÷ and Na ÷, whereas K ÷ uptake, in exchange for the 
release of Na ÷ into the external medium, is associated with dephosphorylation 
of the enzyme. In an incomplete pumping cycle, it is believed that  external Na ÷ 
exchanges with internal Na ÷ by means of another incomplete biochemical 
cycle, the phosphoryl group exchange between ATP and ADP [1,2]. In order 
to accept the notion that  a given cation can be inwardly translocated by the 
Na ÷ pump, in a K÷-like action, it must activate Na ÷ efflux and it must also 
stimulate the dephosphorylation of the phosphoenzyme. Following the same 
criteria, any cation which can act as internal Na ÷ in the pump cycle must be 
able to promote an active K ÷ influx and also stimulate the phosphorylation of 
the enzyme from ATP in the presence of Mg 2÷. 

Several monovalent  cations (Rb ÷, Cs ÷, NH~, Li ÷) axe able, to a greater or 
lesser degree, to replace external K ÷ in the activation of the Na pump [1--3]. 
However, the maximal velocities obtained with Li ÷ (a cation which shows many 
chemical and physiological similarities with Na*), both for Na ÷ transport and 
ATP hydrolysis, never reached the velocity obtained with the other monovalent  
cations [3--5]. These similarities between Na ÷ and Li ÷ have prompted several 
investigators to study the possible Na÷-like effect from the inside of  the cell. 
Until a short time ago, all efforts were either negative [6--8] or, where positive, 
accompanied by the fact that  the complete absence of Na ÷ could not  be 
asserted [5,9]. Recently, however, Dunham and Senyk [10] have provided con- 
vincing evidence that  Li ÷, acting from the inside of  human red cells, can 
promote a ouabain-sensitive K ÷ influx and can be transported outwards by a 
process which is stimulated by external K ÷ and inhibited by ouabain. These 
results very strongly suggest that  Li ÷ can replace Na ÷ for the activation of the 
internal sites of  the Na ÷ pump. One difficulty with the Dunham and Senyk 
experiments is that  the internal Na ÷ concentration could not  be reduced below 
1 mM. Although no K0-stimulated Na ÷ efflux was seen under this condition 
[10], there is still the possibility of some Na÷-Li ÷ interaction. On the other 
hand, no proof  of simultaneous ATP hydrolysis was provided. 

As discussed above, if Li ÷ indeed can replace internal Na ÷, then it would have 
two simultaneous and contrasting properties: (1) K÷-like actions (promoting 
dephosphorylation and competing with Na*), and (2) Na÷-like actions. This 
means that  it should be possible to observe, in the presence of Li ÷ only, a 
ouabain-§ensitive hydrolysis of  ATP and a phosphorylation of  the enzyme from 
ATP in the presence of  Mg 2÷. The purpose of this work was to investigate these 
possibilities. These results have been briefly reported elsewhere [11]. 
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Materials and Methods 

Purified ATPase and red cell membrane fragments. The purification of  pig 
kidney ATPase was performed according to the method of  Jorgensen [12] and 
stored at 0*C. The human red cell membrane fragments were prepared as 
described by Dunham and Glynn [13] with modifications. The cell.s were lysed 
in 1 mM Tris-EDTA (pH 7.4) and washed in 0.1 mM Tris-EDTA. After freezing 
and thawing twice, they were stored at --80"C in the same washing solutions. 
Before being used they were thawed and suspended in 50 mM Tris-HC1 
(pH 7.4) at 37"C. 

ATPase activity. The ATPase activity was estimated by a modification of  the 
method of  Fiske and SubbaRow [14] using the Amidol reagent. For  4 ml total 
volume, 1 ml 5% ammonium molybdate  in 1 M H2SO4 plus 1 ml 0.15 g/100 ml 
Amidol/1.5 g/100 ml Na2SO3 were used. Protein was determined by the 
method of  Lowry et al. [15].  Unless otherwise stated, the concentration of  the 
different ligands was: ATP (Na+-free); 3 mM MgC12; 0.1 mM EGTA-Tris; Tris- 
HC1 (pH 7.4, 37"C) 160 mM (or was matched to the monovalent  cation con- 
centration). Under all conditions studied the total hydrolysis of  ATP was 10% 
or less. All assays were carried on in triplicate, at 37"C. 

Phosphorylation by ATP. Phosphorylation levels were obtained after incuba- 
tion for 10 s at 37"C. The reaction was started by adding 0.1 or 0.2 mg enzyme 
into 0.5 ml reaction mixture. The reaction was s topped by transferring 0.4 ml 
into 0.6 ml ice-cold solution containing: 50 mM ATP; 10 mM Pi; 20% HC104 
and 10% polyphosphoric acid (Sigma) (w/v). After 15 min, the mixtures were 
centrifuged at 12 000 × g  for 3 min and the pellet washed 5 times with the 
same solution containing 5% HC104. The final pellet was dissolved in 0.5 ml 
1 M NaOH and incubated at 55°C for 30 min. After mixing, 0.4-ml aliquots 
were taken and dried on planchettes and the remaining 0.1 ml was used for pro- 
tein determination by the method of  Lowry et al. [15].  The 32p activity was 
assayed in a gas-flow Beckman counter  (background 1 cpm). When possible, the 
counting time was long enough to permit standard errors of  1% on Triplicate 
samples. In the N-ethylmaleimide treatment,  the enzyme was incubated at 37°C 
in 25 mM imidazole (pH 7.5) at 20°C and 5 mM N-ethylmaleimide until the 
maximal (Na*+ K+)-ATPase activity was reduced by 95% (usually 45 rain). 
Enough 2-mercaptoethanol was then added to obtain a final molar ratio of  2- 
mercaptoethanol  : N-ethylmaleimide = 6 : 1. 

Solutions. The sodium and potassium salts used were Ultrex grade from 
Baker. All other  reagents were analytical grade. ATP was obtained from 
Boehringer and made Na*-free by passing it through a Amberlite IR-120 
column; after the pH was adjusted to 7.0 with Tris base, the solution was 
stored at 0°C. The sodium contamination of  the solutions was checked by 
atomic absorption spect rophotometry  and, in the ATP, was usually less than 
0.01%. In Na*-free Li ÷ solutions, the Na ÷ concentration in the complete reac- 
tion mixture,  including the enzyme, was 30p2d or less. The [7-32p]ATP was 
obtained from New England Nuclear as a tetra(tr iethylammonium) salt with a 
specific activity of  about  3000 Ci/mmol. 
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Results 

ATPase activities in the presence of  different monovalent cations. If Li ÷ can 
occupy and activate the external K ÷ sites and the internal Na ÷ sites of  the Na ÷- 
pump,  then it should be possible to  detect  a ouabain-sensitive hydrolysis of  
ATP in solutions where Li ÷ is the only monovalent  cation. This was done using 
Tris-HC1 as a buffer,  which has shown no Na÷-like effect  in studies on ATP-ADP 
exchange reaction [16].  ~As a comparison, the hydrolyt ic  activities using Na ÷- 
containing solutions and in optimal (Na ÷ + K ÷) concentrat ions were investi- 
gated (Table I). In both human red cell broken membranes and purified pig 
kidney enzyme,  ouabain-sensitive ATPase activity was detected in Na ÷ alone 
(this was not  investigated in red cells), (Na ÷ + K ÷) and Li ÷ alone in the media. 
On the other  hand, with the concentrat ions used (Table I), no ouabain-sensitive 
activity was observed when Tris-HC1 was the only monovalent  cation. The Li ÷- 
stimulated hydrolysis was higher in broken red cell membranes than in purified 
pig kidney enzyme.  However,  the larger fraction of  a ouabain-resistant 
hydrolysis in the former makes the purified enzyme a much bet ter  system t o  
study its properties in detail. It must  be emphasized that  when the Na ÷ con- 
centrat ion was checked by atomic absorption pho tome t ry  the values found 
were 30 p_M or less with both  preparations. 

Effects of  IC on the Li÷-activated ATPase activity in the absence of  Na +. The 
experiments of  the previous section suggest that  Li ÷ can simultaneously occupy 
both the Na ÷ and K ÷ activating sites of  the ATPase. K ÷ will compete  with Li ÷ 
for both sites. The compet i t ion would be expected to result in a mixture  of  
inhibition of  the ATPase activity (displacement of  Li ÷ from the internal Na ÷ 
sites) or fur ther  activation (displacement of  Li ÷ from the external K ÷ sites), 
the final result depending on the K ÷ and Li* concentrat ions,  as well as on the 

T A B L E  I 

M O N O V A L E N T  C A T I O N  A C T I V A T E D  A T P a s e  A C T I V I T I E S  I N  D I F F E R E N T  P R E P A R A T I O N S  

H u m a n  r e d  b l o o d  cel l  ( H R B C )  b r o k e n  m e m b r a n e s  and purif ied pig k idney  e n z y m e  w e r e  p r e p a r e d .  The 
c o m p o s i t i o n  o f  the i n c u b a t i o n  ( a t  3 7 ° C )  s o l u t i o n s  w a s  as  f o l l o w s :  N a  + K ,  1 3 0  m M  N a C l  a n d  2 0  m M  KC1;  

N a ,  1 3 0  m M  N a C I ;  IA, 1 3 0  m M  L i C I .  I n  al l  c a s e s  u s i n g  3 m M  MgC12 ;  3 m M  A T P  ( N a + - f r e e ) ;  0 . 1  m M  

E G T A - T r i s  a n d  T r i s -HC1  ( p H  7 .4  a t  3 7 ° C ) .  The rates o f  A T P  h y d r o l y s i s  w e r e  d e t e r m i n e d  f r o m  phosphate  
p r o d u c t i o n .  T h e  Na*  concentrat ion  in so lut ions  n o m i n a l l y  Na+- f r ee  w a s  3 0  ~ M  o r  less. The  r e s u l t s  a r e  
expressed as the m e a n  ± S . E . M .  o f  t r i p l i c a t e  determinat ions .  

P r e p a r a t i o n  N a  + + K + N a  + L i  + T r i s  + 

1 B r o k e n  H R B C  T o t a l  3 . 6 7  ,+ 0 . 0 4  - -  1 . 5 9  ± 0 . 0 1  1 . 4 5  ± 0 . 0 1  
( m m o l  P i  " h - I  p e r  1 ce l l s )  O u a b a i n  1 . 6 1  -+ 0 . 0 5  - -  1 . 3 4  ± 0.0,1 1 . 4 2  ± 0 . 0 2  

O u a b a l n -  1 . 8 6  ,+ 0 . 0 6  - -  0 . 2 5  + 0 . 0 2  0 . 0 3  ± 0 . 0 3  
sensitive 

2 B r o k e n  H R B C  T o t a l  - -  - -  1 . 4 2  + 0 . 0 1  1 . 1 6  + 0 . 0 2  
( m m o l  P i  " h - 1  p e r  I ce l l s )  O u a b a i n  - -  - -  1 . 1 9  ,+ 0 . 0 2  1 . 1 9  ± 0 . 0 1  

Ouabaln- -- -- 0.23 ,+ 0.02 --0.03 -+ 0.02 

sensitive 
3 P i g  k i d n e y  T o t a l  1 3 . 7 3  ± 0 . 0 2  0 . 5 3  + 0 . 0 2  0 . 8 1  ,+ 0 . 0 2  0 . 1 3  ± 0 . 0 1  

( / ~ m o l  P i  " m g - 1  " m i n - 1 )  O u a b a i n  0 . 1 2  ,+ 0 . 0 1  0 . 1 3  ,+ 0 . 0 1  0 . 1 2  ,+ 0 . 0 1  0 . 1 3  -+ 0 . 0 1  

O u a b a l n -  1 3 . 6 1  + 0 . 0 2  0 . 4 0  ,+ 0 . 0 2  0 . 6 9  ,+ 0 . 0 2  0 . 0 1  ,+ 0 . 0 1  
sensitive 



476 

0.8 

MgCI 3ram \ 
ATP 3 mM \ 
Tris- HCL 150-( ELi], [K] )ram \ 
pH 7.4 \ 
Temp 37 = C 

\ 
No Li  CI x o 

A ~= 0.6 

E 
T ~  

E 

o 

:~ 0.4 

.f 

o 
I.-- 0 .2  

O - - - ~ - - -  • • • O" 

l I I I 
'~ O.t 1.0 I0 20 

KCI Concentrotion (mM) 
Fig. I .  E f f e c t  o f  varying  KCI c o n c e n t r a t i o n  on  the  rate o f  ATP hydro lys i s  b y  puri f ied  pig k idney  e n z y m e  
in Na+-free so lu t ions  in the  presence  and absence  o f  1 1 0  m M  LiCI. Purif ied k i d n e y  e n z y m e  wa s  incuba ted  
in the  presence  o f  the  l igands spec i f i ed  and the  rate o f  A T P  hydro lys i s  d e t e r m i n e d  f r o m  p h o s p h a t e  
p r o d u c t i o n .  All  po in t s  represent  the  m e a n  o f  three  d e te r m ina t io ns .  The  N a  + c o n t a m i n a t i o n  in the  w h o l e  
incubat i ons  m i x t u r e  was  a l w a y s  3 0  # M  or  less.  

aff inity o f  the  sites for both  cat ions.  Fig. 1 shows  the  rate o f  ATP hydrolys i s  
as a func t ion  o f  K ÷ concentrat ion ,  determined in the  presence and absence o f  
1 1 0  mM Li ÷. In the  presence o f  Li ÷ and, after a slight inhib i t ion  o f  50 p_M K ÷ 
(which  was statistically significant) ,  the  addi t ion  o f  K ÷ produced  an increase 
in the  rate o f  hydrolys i s  above the  Li ÷ levels (which  was maximal  at 0 .2  mM).  
At  more  than 0 .2  mM, a further increase in K ÷ concentra t ion  brought  about  an 
inhib i t ion  o f  the  rate o f  hydrolys i s ,  which  was 50% at 5 mM K ÷. At  25 mM 
K ÷ the  activity was similar to that  observed in Tris-HC1. In the  absence o f  Li ÷, 
there was no  detectable  ef fect  o f  K ÷ on the  ATPase activity.  

Effect  of  Na ÷ on the ATPase activity in the presence of  Li ÷. Atomic  absorp- 
t ion  p h o t o m e t r y  revealed that  the  maximal  concentra t ion  o f  Na ÷ in the  Li ÷- 
conta in ing  incubat ion  mixtures  ( inc luding the  e n z y m e )  was about  3 0 p M .  
A l though  this is a very l o w  concentrat ion ,  it cou ld  be enough  to sustain some 
degree of  p h o s p h o r y l a t i o n  in the  absence of  K ÷. The activating ef fect  o f  Li ÷, 
which  is a poor  replacement  for K ÷, cou ld  be then  purely  a c o n s e q u e n c e  o f  its 
we l l -known ef fect  on  the  external  e n z y m e  sites. If this were the  case, an 
increase in the  Na ÷ concentra t ion  to  1 0 0  or 1 5 0  wM should  produce  a further 
increase in the  rate o f  ATP hydrolys is .  However ,  in the  presence o f  1 3 0  mM 
l i thium,  an increase in Na ÷ concentrat ion  up to  1 mM failed to  produce  a signifi- 
cant  increment  in the  rate o f  ATP hydrolys is .  On the  other  hand  (Fig. 2) ,  this 
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Fig .  2.  T he  e f f e c t  o f  NaCI c o n c e n t r a t i o n s  o n  ATPase  act iv i ty  o f  puri f ied  pig k i d n e y  e n z y m e  in t h e  
presence  o f  1 3 0  m M  LiCI .  Al l  p o i n t s  are the  m e a n  o f  three  d e termina t io ns .  

system still responds in the usual way to Na ÷ concentrations in the millimolar 
range. Obviously in Fig. 2, at saturating Na* concentrations, the Li ÷ effect must  
be almost all exerted through the external K ÷ sites. In agreement with previous 
reports on ATPase activity and Na ÷ transport [3--5], the maximal velocity in 
Na ÷ plus Li ÷ is lower than with Na ÷ and other monovalent  cations. 

Activation curves for Na÷-ATPase and Li÷-ATPase as a function o f  Na ÷ and 
Li ÷ concentration. In Fig. 3 the activation curves for Na ÷- and Li÷-activated 
ATP hydrolysis are plotted together. In both cases the total concentration of  
Tris-HC1 plus that  of NaCI (or LiC1) was maintained at 160 mM. The Na*- 
activation of  Na÷-ATPase showed a steep rise between 0 and 2.5 mM, an actual 
statistically significant decrease between 2.5 and 20 mM and a further increase 
between 20 and 130 mM. A complex Na÷-activation curve of Na÷-ATPase, with 
a plateau at intermediate Na ÷ concentrations has already been described 
[16,17] and it has also been reported for ATP-ADP exchange in native enzyme 
[16,18], where a similar fall between 2.5 and 10 mM Na ÷ was observed. The 
Li÷-activation curve in the absence of Na ÷ showed a continuous sigmoid rise in 
the rate of  hydrolysis, At low concentrations the activity in Li÷-containing solu- 
tions was lower than in those containing Na ÷, but it became higher at con- 
centrations above 50 raM. With both cations, the addition of  10 .4 M ouabain 
reduced the rate of hydrolysis to the Tris levels. 

The ability o f  Li  ÷ to promote  enzyme phosphorylation by ATP. If Li ÷ can 
indeed stimulate the inner Na ÷ sites of  ATPase, it must  be able to promote its 
phosphorylation from ATP in the presence of  Mg 2÷. In some experiments the 
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Fig.  3.  A c o m p a r i s o n  b e t w e e n  the  rates  o f  ATP hydro lys i s  by  puri f ied pig k i d n e y  e n z y m e  at d i f f eren t  c o n -  
centra t ions  o f  NaCI ( o )  and LiCI (e )  in  the  absence  o f  K +. All  p o i n t s  are  the m e a n  Of 3 de terminat ions .  
The  squares  on  the  l o w e r  r i g h t  s ide  a re  t he  rates observed  w i t h  1 0  --4 M o u a b a i n .  

K*-like effect of Li ÷ was minimized by the use of N-ethylmaleimide, which is 
thought  to prevent formation of K*-sensitive phosphoenzyme [19,20]. The 
levels of enzyme phosphorylation after 10 s in media containing Tris-HC1, NaC1, 
LiC1 or KC1 were determined. Several attempts where these experiments were 
done with 4/~M ATP, either at 0°C of  37°C, failed to show any difference 
between the Li ÷, Tris and K ÷ levels, although a large Na÷-dependent phospho- 
rylation was observed. This was true both in native and N-ethylmaleimide 
treated enzymes. 

Because the experiments of ATP hydrolysis were all performed at 37°C and 
with 3 mM ATP, it was decided to reexamine this problem but  with ATP at 1 
and 3 mM (Table II). Both in native, but  more conspicuously in N-ethyl- 
maleimide-treated, enzyme, LiC1 was able to promote phosphorylation by ATP 
above the levels found in Tris-HC1 or KC1. In all cases however, the levels of 
phosphorylation in LiC1 were lower than in NaC1; this Na*-Li ÷ difference was 
more marked in the native enzyme. Another interesting observation regarding 
the possible mechanism of action of  N-ethylmaleimide was that  both the Na ÷- 
and Li*~lependent phosphorylations in N-ethylmaleimide-treated enzyme were 
reduced by the addition of 10 mM K*. The amount  of  that  inhibition was 25% 
for Na ÷ and 70% for Li ÷. 

Effect of ionic strength on the rate of  ATP hydrolysis. A common observa- 
tion was that  when concentrations of LiC1 higher than 130 mM were used, the 
rate of ATP hydrolysis either did not  increase any further or was even reduced. 
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T A B L E  n 

E F F E C T  O F  D I F F E R E N T  M O N O V A L E N T  C A T I O N S  O N  P H O S P H O R Y L A T I O N  B Y  A T P  O F  P U R I -  

F I E D  P I G  K I D N E Y  E N Z Y M E  

Puri f ied  p ig  k i d n e y  e n z y m e  (0 .1  m g  f o r  1 m M  A T F  a n d  0 . 2  m g  f o r  3 m M  A T P )  w a s  m i x e d  w i t h  0 . 5  m l  

r e a c t i o n  m i x t u r e  c o n t a i n i n g  the  l igands  as s p e c i f i e d  for  1 0  s a t  3 7 ° C .  T h e  T r i s - H C l  c o n c e n t r a t i o ~  was  as i n  

Table  I and  t h e  MgCl  2 c o n c e n t r a t i o n  w a s  m a t c h e d  to  t h a t  o f  A T P .  I n  al l  c a s e s  0 .1  m M  E G T A  w a s  used .  
D e n a t u r e d  e n z y m e  refers  to  the  s a m e  p r o c e d u r e  b u t  w h e r e  the  e n z y m e  w a s  first a d d e d  to  t h e  HC104  s t o p -  
p i n g  s o l u t i o n  and  t h e n  m i x e d  w i t h  t h e  i n c u b a t i o n  m i x t u r e .  T h e  results  are e x p r e s s e d  as t h e  m e a n  -+ S . E . M .  

o f  tr ipl icate  d e t e r m i n a t i o n s .  

A T P  E n z y m e  t r e a t m e n t  

( r a M )  
Nat ive  N - e t h y l m a l e h n i d e  

( n m o l  P i / m g  ( n m o l  P i / m g  
p r o t e i n )  p r o t e i n )  

D e n a t u r e d  e n z y m e  0 . 0 1 1  -+ 0 . 0 0 1  0 . 0 0 7  + 0 . 0 0 1  

1 6 0  m M  T r i s - H C l  0 . 0 4 1  -+ 0 . 0 0 1  0 . 0 3 7  + 0 . 0 0 2  

1 5 0  m M  T r i s - H C l / 1 0  m M  KC1 0 . 0 2 3  + 0 . 0 0 1  0 . 0 2 9  -+ 0 . 0 0 2  

1 3 0  m M  NaC1 0 . 7 7 0  + 0 . 0 1 5  0 . 3 6 7  -+ 0 . 0 0 6  

1 3 0  m M  LiC1 0 . 0 7 4  -+ 0 , 0 0 3  0 . 1 4 0  + 0 . 0 0 5  

D e n a t u r e d  e n z y m e  - -  0 . 0 4 5  -+ 0 , 0 0 5  

1 6 0  m M  T r i s - H C L  - -  0 . 0 9 2  -+ 0 . 0 0 9  

1 5 0  m M  T r i s - H C l / 1 0  m M  KC1 - -  0 . 0 8 1  +- 0 . 0 0 2  
1 3 0  m M  NaC1 - -  0 . 4 9 3  -+ 0 . 0 0 7  

1 3 0  m M  N a C 1 / 1 0  m M  K C I  - -  0 . 3 7 3  + 0 . 0 1 5  

1 3 0  m M  L i C I  - -  0 . 2 2 2  -+ 0 . 0 0 3  
1 3 0  m M  L i C I / 1 0  m M  K C l  - -  0 . 0 9 9  -+ 0 . 0 0 3  
1 3 0  m M  K C I  - -  0 . 0 6 7  -+ 0 . 0 0 2  

This could be an inhibitory effect of  Li ÷ per se or a consequence of  changes in 
the ionic strength. In order to investigate this, activation curves for ATP 
hydrolysis as a function of  LiC1 concentration were determined at different 
concentrations of  the Tris-HC1 buffer. These results (Fig. 4) indicate that there 
was an inhibitory effect of  Tris-HCl. The inhibition was more noticeable at low 
Li ÷ concentrations, suggesting that part of  it was a consequence of  reduction 
in the apparent affinity of  the enzyme towards Li ÷. 

The fact that (1) with 30 mM Tris-HC1, inhibition also developed at high Li ÷ 
and (2) all curves seem to approach the same value at high LiC1 + Tris-HC1 con- 
centrations, could suggest that these results are more related to an unspecific 
ionic strength effect rather than to inhibition by Tris-HC1. On the other hand, 
if part of  this inhibition is due to reduction in the apparent affinity of  the 
enzyme for Li ÷, this could have happened on the internal sites, external sites or 
both. The next group of  experiments (Table III) was designed to test these 
possibilities. The results ~vith (Na ÷ + K÷)-ATPase activity showed a marked 
inhibition at high buffer concentrations when the internal Na ÷ sites, external 
K ÷ sites, or both, were unsaturated. On the other hand, little inhibition was 
detected when both sites were at or near saturation. Also the rates of  
hydrolysis in NaC1, LiC1 and Tris-HC1 alone were largely reduced at high buffer 
concentrations. The changes in the rates of  hydrolysis were rather similar when 
Tris-HC1 or imizadole-HCl were used. In another experiment for the (Na ÷ + K÷)- 
ATPase activity at low Na ÷ and K ÷, similar results were obtained using tetra- 
methylammonium-HEPES buffer combination. This suggests that the inhibi- 
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Fig. 4. T he  e f fec t  of  increas ing  Tris-HC1 c o n c e n t r a t i o n  on  the  ra te  of  ATP  hydro lys i s  by  pur i f ied  Pil 
k idney  e n z y m e  as a f u n c t i o n  of  the  LiC1 c o n c e n t r a t i o n  in so lu t ions  free of  b o t h  Na + and  K +. o, 30  ml~ 
Tris-HCl;  X, Tris-HCl + LiC1 = 160  raM; a ,  Tris-HC1 + LiC1 = 280  raM. All po in t s  r ep re sen t  the  m e a n  o: 
t h ree  d e t e r m i n a t i o n s ,  The  e x p e r i m e n t s  at  30  m M  Tris-HCl an d  280  m M  Tris-HCl + LiCI were  p e r f o r m e (  
s imu l t aneous ly .  As a c o m p a r i s o n ,  a p rev ious  e x p e r i m e n t  wi th  Tris-HC1 + LiC1 = 160  m M  wa~ als( 
inc luded .  

T A B L E  I I I  

E F F E C T S  OF B U F F E R  C O N C E N T R A T I O N  ON T H E  ATPase  A C T I V I T Y  OF PIG K I D N E Y  ENZYM~ 
I N C U B A T E D  W I T H  D I F F E R E N T  M O N O V A L E N T  C A T I O N S  

Puri f ied pig k idney  e n z y m e  was  p r e p a r e d  and  ATPase activi t ies were  d e t e r m i n e d  f r o m  p h o s p h a t e  p r o d u c  
t i on  a t  37°C.  T he  resul ts  are expressed  as the  m e a n  + S.E.M. of  th ree  d e t e r m i n a t i o n s ,  in # too l  Pi " m g  -1 
m i n - I .  

Buf fe r  Monova l en t  ca t ions  

None  80 m M  Na* 80 m M  Li + 

30 m M  Tris-HC1 0 .21  ± 0 .01  0 .44  + 0 .01  0 .80  + 0 .02  
200  m M  Tris-HC1 0 .15  ± 0.01 0 .31  -+ 0.01 0 .30  + 0 .01  
30  m M  Imidazole-HC1 0 .24  + 0.01 0 .39  -+ 0.01 0 .90  + 0 .03  
200  m M  Imidazo le -HCl  0 .17  + 0.01 0 .27  ± 0 .01  0 .40  ± 0 .01  

Buf fe r  M o n o v a l e n t  ca t ions  

72  m M  K + 0 .15  m M  K + 10 m M  K + 
8 m M  Na  + 80 m M  Na  + 70 m M  Na  + 

30 m M  Tris-HC1 1.16 ± 0 .05  1 .22  ± 0 .03  9 .00  + 0 .03  
200  m M  Tris-HCl 0 .~3 + 0 .03  0 .55  + 0 .03  8 .70  ± 0 .05  
30 m M  Imidazo le -HCl  1 .29  + 0 .07  1 .10  ± 0 .03  8 .98  ± 0 .03  
200  m M  Imidazo le -HCl  0 .70  ± 0 .04  0 .43  ± 0 .02  8.90 ± 0 ,06  
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tion seen at high buffer concentration is likely to be an ionic strength effect. 
The results in this section indicate that ionic strength strongly influences the 

interactions between monovalent cations and their activating sites in the (Na ÷ + 
K÷)-ATPase. It would be interesting to know if similar effects can also be found 
for other sites where these cations are believed to have a regulatory function. 
One site easily accessible to study is the external site at which Na ÷ inhibits with 
high affinity [21] .  This is manifested by a reduction in the rate of  ATP-ADP 
exchange or ATP hydrolysis when Na ÷ concentration is increased from 2.5 to 
10--20 mM [16,18,21]  (Fig. 3). Na*-activation curves for Na÷-ATPase activity 
were then determined at 30 mM Tris-HC1 and at a total Tris-HC1 + NaC1 con- 
centration of  280 mM (Fig. 5). At 30 mM Tris-HC1, there was a very steep rise 
reaching its maximum at 1 mM Na ÷ followed by a marked inhibition already 
noticeable at 2.5 mM Na ÷ and maximal at 5 mM Na ÷. At higher concentrations, 
the rate of  hydrolysis increased with tendency towards saturation. The steep- 
ness of  the early activation and both the steepness and magnitude of  the inhibi- 
tion are much more marked than those seen in Fig. 3, where the total Tris- 
HC1 + NaC1 was 160 mM. In contrast with the above, when the total Tris-HC1 + 

0 .5  

0 .4  

i "  
.~_ 
E 
"T~O. 3 
Q.- 
"B 

>- 

~ 0 , 2  
I-- 
u 

F- 

0.1 

. = 

~J 280  mM Tris Cl "1 . . . . . . . . . . .  
~ ~ ~  ct. ~ ~ OUaBAIN 

MgCI z 3 mM 
ATP 3 mM 
EGTA 0.1 mM 
pH 7 .4  
Temp 3 7  = 

Ir o ~ 5o ,~o J~o 
NaCl cOncn. (raM) 

Fig. 5. T he  e f f e c t  o f  increas ing Tris-HCl c o n c e n t r a t i o n  o n  the  rate o f  ATP hydro lys i s  by  puri f ied  pig 
k idney  e n z y m e  as a f u n c t i o n  o f  NaCI c o n c e n t r a t i o n  in so lu t io ns  free o f  K + and Li +. o 3 0  m M  Tris-HCl; 
e ,  Tris-HCl + NaCI = 2 8 0  m M .  o.  3 0  m M  Tris-HCl; • 2 8 0  m M  Tris-HCl in the  presence  o f  1 0  - 4  M ouabain .  
All  s y m b o l s  are the  m e a n  o f  three  d e te r m in at ion s .  
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NaC1 was 280 mM, the activation curve showed a much slower rise (slower than 
in Fig. 3) and no actual decrease in the rate of  hydrolysis at intermediate con- 
centrat ion of  Na ÷. Perhaps the only sign of  possible inhibition is a downward 
bend in the curve at about  40 mM Na ÷. At all Na ÷ concentrat ions,  the rates of  
hydrolysis were inhibited by increasing the Tris-HC1 concentra t ion and, above 
5 raM, both  curves rose in a similar way. In agreement with the results of 
Table III, in the absence of  Na ÷, the rates of  ATP hydrolysis were also sensitive 
to the Tris-HC1 concentrat ion.  All the increase observed when Tris-HC1 was 
reduced from 280 mM to 30 mM was abolished by 10-4M ouabain. With 
280 mM Tris-HCl (as was seen for 160 mM Tris-HC1, Fig. 3), there was no 
ouabain-sensitive ATPase activity. 

Discussion 

All the data presented in this paper are consistent with Li ÷ stimulating the 
inside Na ÷ sites of  the ATPase enzyme.  This Na*-like effect  of  Li ÷ is super- 
imposed on its widely-accepted K÷-like effect  on the external membrane side. 

The existence of  ATP hydrolysis in the presence of  Li ÷ and MgC12 has been 
repor ted [5,9].  However, in one of these cases [5],  the experimental  procedure 
was not  explained in detail and one cannot  be sure if some Na ÷ was present as a 
contaminant ;  in addition, no data on the effect  of  ouabain were provided. In 
the other  work [9] ,  the red cell ghosts contained 4 mM disodium-ATP, which 
would give enough Na ÷ to activate the Na ÷ pump.  In the present experiments,  
careful Na ÷ analysis by atomic absorption spec t rophotomet ry  revealed an Na ÷ 
contaminat ion of no more than 30 wM. The additional observation that,  in Li ÷ 
solutions, increasing the Na ÷ concentra t ion up to 1 mM failed to p romote  any 
fur ther  stimulation of  hydrolysis seems to rule out  any effect  due to 
contaminat ion of  Na ÷ in the micromolar  range. ATP hydrolysis stimulated by 
Li ÷ acting on the Na ÷ sites has also been observed recently in inside-out mem- 
brane vesicles of  red cells (Blostein, R., personal communicat ion) .  

The K ÷ effects on the ATP hydrolysis in the presence of Li ÷ are also in agree- 
ment  with a Na+-like effect  of  the latter. The inhibition between 0.2 mM and 
25 mM KC1 could be accounted for by K÷-Li ÷ compet i t ion at the inside Na ÷ 
sites of  the enzyme,  and the small activation between 0.05 mM and 0.2 mM 
KC1 would agree with a binding of  potassium to the external K ÷ sites. However, 
a quantitative analysis, based on the estimated apparent  affinity constants for  
these cations, would be rather difficult  due to the overlapping of  activation and 
inhibition. In addition the picture is further  complicated by the small inhibi- 
t ion at 0.05 mM KC1 for which we have no explanation. Fur thermore ,  it would 
seem that  the way Li activates the ATPase is not  exactly the same way Na and 
K do. This view is supported by the fact that  the maximal rates of  (Na ÷ + Li ÷) 
ATPase activity are always lower than those of  the (Na ÷ + K ÷) activity (ref. 5 
and this paper). Similar results were also obtained for the rates of  Na ÷ efflux 
activated by external Li ÷ and K ÷ [3,4].  

The most  convincing evidence indicating a Na*-like effect  of Li ÷ on the 
ATPase enzyme comes from its ability to phosphorylate  the enzyme at 37°C 
in the presence of  millimolar concentrat ions of  ATP and MgC12. Although this 
was more striking in enzyme treated with N-ethylmaleimide, it was also 
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statistically significant in the native enzyme. It is interesting that  we con- 
sistently failed to see any Li÷-promoted phosphorylation when the ATP was 
kept in the micromolar range. This happened  in native as well as in enzyme 
treated with N~thylmaleimide,  both at 0 and 37°C. Earlier attempts by other 
laboratories to phosphorylate ATPase from ATP in the presence of Li ÷ and 
Mg 2÷ have failed [19,20,22]. Perhaps the reason for the failure is that,  in those 
cases, either the temperature was subnormal for the species or the ATP was in 
the micromolar range. 

As shown in Table II, N-ethylmaleimide reduced the Na÷-dependent phos- 
phorylation by about 50% under conditions, where the (Na÷+ K÷)-ATPase 
activity was inhibi~;ed by more than 95%. This agrees with experiments with the 
eel enzyme [23], where the ATPase activity was always more sensitive to N- 
ethylmaleimide than phosphorylation by ATP. On the other hand, using 
enzyme from ox brain, this t reatment  reduced in the same proportion both 
ATPase activity and ATP binding [24]. It is believed that  N-ethylmaleimide 
blocks the conversion of the enzyme into a form which can be dephos- 
phorylated by K ÷ [19,20]. However, the addition of 10 mM K ÷ partially 
inhibited both the Na ÷- and Li÷-dependent phosphorylations (Table II). This 
inhibition by K ÷ could have been accomplished by a reduction in the rate of  
incorporation, an increase in the rate of  dephosphorylation, or both. In the Na* 
experiments, the ratio of  the K ÷ to Na ÷ was 1/13. This ratio seems too small to 
shift the enzyme from the Na÷-form into the K÷-form, both in the absence and 
presence of N~thylmaleimide [25]. This makes it unlikely that  inhibition of 
phosphorylation was due to K ÷ acting on the inside Na ÷ sites of  the enzyme. So 
if inhibition has occurred on the inside it must  have been on different sites. The 
alternative is that  K ÷ was actually acting on the outside, either increasing the 
dephosphorylation rate or, on other types of  sites, reducing the rate of  
incorporation. The existence of external sites other than the catalytic ones has 
already been proposed [26]. These results concur with a similar K ÷ inhibition 
reported for the Na-dependent ATP-ADP exchange reaction in the presence of  
4 mM ATP in N-ethylmaleimide-treated guinea pig enzyme [27]. 

The experiments with different buffers and buffer concentrations indicate 
that  the ionic strength markedly influences the interactions between mono- 
valent cations and the (Na ÷ + K÷)-ATPase. The fact that  the inhibition of  the 
(Na ÷ + K ÷) activity was readily seen when the sites were unsaturated suggests 
that  a decrease in the apparent affinities for Na ÷ and K ÷ was involved. This 
agrees with a decrease in the apparent affinity for K ÷ in the activation of  the 
p-nitrophenylphosphatase activity reported in ox brain ATPase when the ionic 
strength was increased [28]. An increase in Tris-HC1 concentration was also 
reported to reduce the affinity of the ox enzyme for ATP [24] and for 
strophanthidin [29]. Interestingly enough, the hydrolysis rates in 80 mM Na ÷ 
and, especially, in 80 mM Li ÷ were very sensitive to the buffer concentration. 
With 80 mM Na ÷ the internal Na ÷ sites must have been completely saturated; 
that  means the ionic strength affects either a spontaneous dephosphorylation in 
the absence of K ÷ or a Na÷<lependent dephosphorylation due to a K÷-like effect 
of  Na ÷. With 80 mM Li ÷, in the absence of both Na and K, we would expect the 
external and internal sites to be almost completely saturated. However, the 
ATPase activity under these conditions was as much sensitive to buffer con- 
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centration as was the (Na ÷ + K ÷) activity with unsaturated sites; this may be 
related to the inhibition of  the Li÷-ATPase at high Li ÷ concentration, which is 
very unlikely to involve reduction of  the affinity towards Li ÷. Perhaps this is 
also a consequence of  an imperfect (or incomplete) interaction between Li ÷ and 
the enzyme. The ouabain-sensitive ATPase activity seen in the'presence of  
30 mM Tris-HC1 (plus ATP and MgC12) could be a consequence of  some Na ÷ 
contamination, but it could also be a spontaneous rate of  hydrolysis which in 
the absence of  any Na ÷ and K ÷ is triggered by a low ionic strength. 

Finally, at normal and low ionic strengths, a high affinity inhibitory site for 
Na ÷ could be readily demonstrated. The fact that in some cases it appears just 
as a plateau in the Na ÷ activation curve of  the Na÷-ATPase [16,17] ,  whereas in 
others an actual fall in the activity was observed, could be a consequence of  
different ionic strengths and different sensitivity to ionic strength of  the 
preparations used. 
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