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Summary 

K ÷ interactions with a rat brain (Na ÷ + K÷)-dependent ATPase and the 
associated K÷-dependent ni trophenyl phosphatase activity were examined. 
Classes of  sites for K ÷ were distinguished, initially, on the basis of  affinity 
estimated by kinetic analysis in terms of  K0. s (the concentration for half-maxi- 
mal activation), and by K÷-accelerated enzyme inactivation by F-, which 
permits evaluation of a dissociation constant  for K ÷, K D . Moderate-affinity 
sites ("a sites"), with a K D near 1 mM, were demonstrable for the phosphatase 
activity and for the " f ree"  enzyme. High-affinity sites ("fi sites"), with a KD 
near 0.1 mM, were seen for the overall ATPase activity and under conditions in 
which enzyme phosphorylat ion by substrate also occurs. Further differentia- 
tion between a and fi sites was made in terms of (i) the characteristic changes in 
affinity with pH, and (ii) the efficacy of  Li ÷ relative to K ÷, Rb ÷, Cs ÷, and T1 ÷ at 
these two classes of sites. Low-affinity sites ("7 sites") through which K ÷ 
inhibits enzymatic activity were also detectable, with a K v around 140 mM. 
These data are incorporated into a model for the reaction sequence to accom- 
modate  both transport  processes and certain K÷/ATP antagonisms. 

I n t r o d u c t i o n  

Although the identification of  the (Na ÷ + K÷)-dependent ATPase (ATP 
phosphohydrolase,  EC 3.6.1.3) with the membrane sodium/potassium pump is 
convincing [1,2],  major difficulties in relating the reaction sequence of the 
enzyme to the actual transport  of the cations remain. This report is concerned 
with one aspect of  this problem, the properties of  the K ÷ sites of  the enzyme 
and how they may reflect successive stages of  the overall reaction sequence. In 
correspondence with the pump that  accepts K ÷ at sites on the external mem- 
brane surface and releases the transported K ÷ into the cytoplasm, the enzyme 
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in situ is activated by  K ÷ at sites on the external membrane surface [1 ,2] .  
These K ÷ sites, which govern the K÷-dependent actions of  the enzyme (e.g. 
enzyme dephosphorylat ion;  phosphatase activity), thus are distinguishable 
from Na ÷ sites found at the inner membrane surface, in correspondence with 
those of  the pump which transport  Na ÷ out  of  the cytoplasm, and that  govern 
Na÷-specific actions of  the  enzyme (e.g. enzyme phosphorylat ion by  substrate). 

Previous studies on K ÷ interactions with this enzyme, in terms both  of  
activation kinetics [3--5] and of  K÷-modified inactivation [6 ,7] ,  are ex tended 
here to document  three distinguishable classes of  sites for K÷: (i) ~ sites of  
moderate  affinity through which the phosphatase reaction and enzyme inac- 
tivation by Be 2. and F-a re  stimulated; (ii) fi sites of  high affinity demonstrable 
after enzyme phosphorylat ion as in the overall (Na*+ K÷)-dependent ATPase 
reaction; and (iii) inhibitory, low-affinity 7 sites. Data on these three classes of  
sites are interpreted in terms of  an enzyme that  undergoes conformational  
changes to facilitate acceptance of  K ÷ in a high-Na ÷ environment (conversion of  

to fi sites), with transport  accomplished through a K÷-specific gateway or 
channel and ult imate discharge from low-affinity sites (7 sites). This model  
emphasizes distinct coexisting sites for Na ÷ and K ÷ [1,4--10] employing mod- 
est conformational  changes to  effect  transport.  I t  differs from proposals with 
cyclical interconversions of  sites (Na ÷ sites t ransformed into K ÷ sites, and vice 
versa) that  frequently propose major conformational  events such as subunit  
rotat ion to achieve transport.  This model  also differs f rom those requiring ATP 
binding to promote  the release of  t ransported K ÷ [11] ;  nucleotide effects on 
K ÷ binding are interpreted here in terms of  enzyme phosphorylat ion or of  
alternative pathways.  

Methods and Materials 

The (Na ÷ + K÷)-dependent ATPase was ob ta ined  from a rat brain micro- 
somal preparation by  t rea tment  with deoxychola te  and then NaI, as previously 
described [3] .  

(Na + + K÷)-dependent ATPase activity was measured in terms of  the 
product ion of  Pi, as previously described [3] .  The standard medium contained 
30 mM histidine • HCI • Tris (pH 7.8), 3 mM MgCl2, 3 mM ATP (as the Tris 
salt), 90 mM NaCl, 10 mM KCI, and the enzyme preparation (0.1 mg protein 
per ml). Incubation was for 4--8 rain at 37°C; activity was linear with t ime 
during these periods. Activity in the absence of  Na + and K ÷ ("Mg2÷-ATPase '') 
was measured concurrently;  such activity averaged only a few percent  of  the 
(Na* + K÷)-dependent ATPase activity [3 ] ,  and was subtracted from the total 
activity in the presence of  Na + and K ÷ to  give the (Na + + K+)-dependent 
activity. Because of  variations in the absolute activity of  different enzyme 
preparations, enzyme velocities are expressed relative to the  (Na ÷ + K÷)-depen - 
dent  ATPase activity of  a concurrent  control  incubation in the standard 
medium, defined as 1.0. 

K÷-dependent phosphatase activity was measured in terms of  the  produc- 
tion of  p-ni trophenol  after incubation with p-ni trophenyl  phosphate,  as previ- 
ously described [4] .  The standard medium contained 30 mM histidine • HCI • 
Tris (pH 7.8), 3 mM MgCl2, 3 mM nitrophenyl  phospha te  (as the Tris salt), 10 
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mM KCI, and the enzyme preparation (0.1 mg protein per ml). Incubation was 
for 8--15 min at 37°C, activity in the absence of  added KC1 was measured 
concurrently;  s u c h  activity averaged only a few percent of  the K÷-dependent 
phosphatase activity under optimal conditions [4] ,  and was subtracted from 
the total activity in the presence of  KC1 to give the K*-dependent activity. As 
with the ATPase, velocities are expressed relative to the K÷-dependent phos- 
phatase activity of  a concurrent  control incubation in the standard medium, 
defined as 1.0. 

The affinity for K ÷ was also approached in terms of  K+-accelerated 
inactivation of  the enzyme by F-. In these experiments the pseudo first-order 
rate constants for enzyme inactivation were determined as a function of  K ÷ 
concentration,  by means of  initial incubations at 37°C of enzyme (0.5 mg 
protein per ml), 30 mM histidine • HC1 • Tris (pH 7.8), 0.5 mM MgC12, 1.5 mM 
LiF, and a range of  KC1 concentrations (plus other  additions as specified). 
These inactivating incubations were terminated by adding 4 vol. of  an ATPase 
incubation medium so that  the final concentrations of  reactants were those of  
the standard medium (above), and the residual activity was then measured 
during brief incubations (changes in activity during this assay incubation were 
negligible since the inactivation is essentially irreversible and the dilution of  F- 
and the added NaC1 prevent further inactivation). The kinetic model  is identical 
to that  for the inactivation of  this enzyme by  Be 2* [6] : the pseudo first-order 
rate constants for inactivation, k i n  , c a n  be treated analogously to initial veloci- 
ties in enzyme kinetics, and thus plots of  kin against KC1 concentration in 
double reciprocal form will permit estimation of  the dissociation constant  K D.  

ATP, CTP, acetyl phosphate,  and ni trophenyl  phosphate were purchased 
from Sigma Chemical Co., and the/~, 7-methylene analog of  ATP from Miles 
Laboratories; these were then converted to Tris salts [12] .  All solutions were 
made in water redistilled from an all-glass still. Protein was measured by the 
biuret method,  using bovine serum albumin as a standard. 

The data presented are averages of  five or more experiments performed in 
duplicate; enzymatic activity is expressed relative to that  of  concurrent  con- 
trols incubated in the standard medium. Values of  V and of  K0 . s ,  the concen- 
tration for half-maximal velocity, were obtained by fitting the kinetic data to 
the Hill equation using the procedure described by Atkins [13] .  

Results 

K+-stimulated inactivation by F- 
As previously described [14--17] ,  the (Na ÷ + K*)-dependent ATPase is 

inactivated by F - i n  the presence of  Mg 2÷, and this inactivation is markedly 
stimulated by K*. Although incubation of  the enzyme with 0.5 mM Mg 2÷ and 
1.5 mM F-  resulted in only a slight decrease in activity after 8 min (less than 
10%), as measured by subsequent  incubation in the standard medium, the 
presence of  K ÷ with Mg 2÷ and F-  sharply increased the rate of  inactivation 
(Fig. 1). Inactivation followed a first-order time course, and as in analogous 
experiments with K÷-stimulated inactivation by Be 2÷ [6] plots of  the pseudo 
first-order rate constants for  inactivation against KC1 concentration,  in double- 
reciprocal form, permit estimation of  the dissociation constant  for K ÷ from the 
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Fig. 1. E f f ec t  of  KC1 on  inac t iva t ion  of  the  (Na  + + K ~ - d e p e n d e n t  ATPase  b y  F- .  Th e  e n z y m e  prepara -  
t ion  was  first  i n c u b a t e d  wi th  30  m M  his t id ine  • HC1 • Tris (pH 7.8) ,  1 .5 m M  LiF,  an d  0.5 m M  MgCl 2 in 
the  absence  or  p resence  of  KCI: 0 .75  m M  (e ) ,  1 .0  m M  (o) ,  2 .0  m M  (m), or  3 raM (6). This  inac t iva t ing  
i n c u b a t i o n  was  t e r m i n a t e d  at  the  t ime s  i nd i ca t ed  by  add ing  4 vol.  of  m e d i a  to  b r ing  the  final co n cen -  
t r a t i on  o f  r e ac t an t s  to  the i r  s t a n d a r d  c onc e n t r a t i ons :  30  m M  his t id ine  • HC1 • Tris  (pH 7.8) ,  3 m M  ATP,  
3 raM MgCI 2, 90  m M  NaC1, and  10 m M  KC1. The  r e m a i n i n g  ac t iv i ty  was  m e a s u r e d ,  in t e r m s  of  
p r o d u c t i o n  of  Pi, a f t e r  f u r t h e r  i n c u b a t i o n  fo r  6 - -8  rain in this  m e d i u m .  C o n c u r r e n t  assay i n cu b a t i o n s  
w i t h o u t  a d d e d  NaCl and  KC1 w e r e  also p e r f o r m e d  to  m o n i t o r  a n y  changes  in Na +- and  K+- independen t  
ATPase  ac t iv i ty .  T he  d a t a  are  p r e s e n t e d  in t e r m s  of  the  (Na  + + K+) -dependen t  ATPase  ac t iv i ty  r ema in -  
ing a f t e r  inac t iva t ing  i n c uba t i ons  of  3 - -10  ra in ,  re la t ive  to  c o r r e s p o n d i n g  i n cu b a t i o n s  in t h e  absence  of  
KCI. 

Fig. 2. E f f ec t  of  MgCl 2 on  the  a p p a r e n t  K D for  K +. E x p e r i m e n t s  were  p e r f o r m e d  as in Fig. 1. Inac-  
t iva t ing  i ncuba t i ons  in the  absence  or  p resence  of  the  KC1 c o n c e n ~ a t i o n s  i nd i ca t ed  were  p e r f o r m e d  
wi th  0.5 m M  (e ) ,  2 .0  m M  (o) ,  a nd  3.0 (m) MgCI2, a nd  t h e  r e m a i n i n g  ( N a ÷ +  K + ) - d e p e n d e n t  ATPase  
ac t iv i ty  m e a s u r e d  b y  assay i nc uba t i ons  in the  s t a n d a r d  m e d i u m .  Pseudo  f i ~ t - o r d a r  ra te  co n s t an t s  for  
inac t iva t ion ,  kin,  we re  o b t a i n e d  (as Fig. 1),  a nd  these  are  he re  p l o t t e d  agains t  the  KCI c o n c e n t r a t i o n  in 
doub le  recipr(~cal f o r m .  The  ra te  cons t an t s  for  i nac t iva t ion  are n o r m a l i z e d  b y  dividing b y  Kin ,  the  
m a x i m a l  ra te  c o n s t a n t  a t  inf ini te  K C I .  

sites controlling inactivation, K D (Fig. 2). In this manner an apparent K D for 
K ÷ of  1.1 mM is obtained (Table I), in accord (Table II) with that from studies 
on K*-stimulated inactivation by Be 2÷ and near the K0 .s for K ÷ activation of  
the K÷-dependent phosphatase activity of  this enzyme [4 - -7 ] .  Further corre- 
spondence of  the K ÷ sites governing inactivation with those of  the phosphatase 
activity is indicated by similar values for the K ÷ analogs T1 ÷ and NH4 ÷ (Table 
II). 

In addition, both phlorizin and dimethylsulfoxide significantly decreased 
the K D for K ÷ in terms of  inactivation by F-  (Table I), just as with inactivation 
by Be 2~ ( K  D for K ÷ halved by both agents [6] ) and with the phosphatase 
reaction (40% reduction in K0 .s by phlorizin [18]  ; 20% reduction in K0 .s by 
dimethylsulfoxide [19]  ). 

The apparent K D is a function of  the MgC12 concentration (Fig. 2) and 
Mg 2+ apparently competes  with K + for the K ÷ sites (as in all kinetic demonstra- 
tions of  competit ive inhibition actual compet i t ion may not  exist in reality since 
the inhibitor could influence affinity through an allosteric site). The Ki for 
Mg 2÷ is calculated to be 5.1 mM, and thus the true g D for K ÷, in the absence of  
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TABLE I 

APPARENT DISSOCIATION CONSTANTS FOR K + 

The apparent dissociation constent for K +, KD, was estimated in terms of K+-accelerated inactivation by 

F-, as indicated in Figs 1 and 2, from plots of the pseudo first-order rate constant for inactivation against 

KCI concentration. Experiments were performed in the absence of other ligands (Fig. 1), or in the presence 

of the agents listed. Data are presented + S.D. 

Addi t ions  K D (mM)  

None  I . i  + 0.2 
Phlorizin,  0 .03  m M  0.7 -+ 0.2* 
D i m e t h y l s u l f o x i d e ,  10% (v/v)  0.6 -+ 0.2* 
NaCI, 10 m M  3.7 + 0.3* 
NaCl, 20 m M  5.2 + 0.4* 
Ol igomyc in ,  2 p g / m l  1.0 -+ 0.2 

* Signif icant ly  d i f f e r en t  f r o m  no add i t ion  (P < 0 .05) .  

Mg 2÷, would then be 1.0 mM. (With the phosphatase activity Mg 2* also acts as a 
competitor toward K ÷ [4] .) In addition, Na ÷ competes  for the K ÷ sites (Table I) 
with an estimated K i of  5 mM, similar (Table II) to Na ÷ inhibition both of  
inactivation by Be 2÷ [6] and of  the phosphatase activity [4 ,5 ] .  

These moderate affinity sites for K ÷ seen in the phosphatase reaction or in 
the inactivation experiments are here termed a sites. 

Effects of nucleotides 
Adding nucleotides to the inactivating incubation (with K ÷, Mg 2÷, and F-) 

increased the K D for K ÷ (Table III); the change was, however, only several-fold. 
By contrast, adding nucleotides together with NaC1 markedly decreased 

the g D for K ÷ (Table III). This occurred not  only with ATP and CTP but also 
with acetyl phosphate,  all o f  which are capable of  phosphorylating the enzyme 
in the presence of  Mg 2÷ and Na ÷ [2 ,20 ,21 ] .  On the other hand, the ATP analog 

T A B L E  II 

C O M P A R I S O N  OF K I N E T I C  P A R A M E T E R S  

Kinet ic  p a r a m e t e r s  f r o m  the  c u r r e n t  e x p e r i m e n t s  are  c o m p a r e d  with values f r o m  prev ious  analogous 
e x p e r i m e n t s .  E x p e r i m e n t s  wi th  F - i n a c t i v a t i o n  were p e r f o r m e d  in the  p resence  of  0 .5  m M  MgCl2; o t h e r  
e x p e r i m e n t s  were  in the  p resence  of  3 m M  MgCI 2. 

Kinet ic  p a x a m e t e r  (raM) 

For  F o r  For  
inac t iva t ion  inac t iva t ion  phosphatase 
by  F- by  Be 2+ r eac t ion  

K D or  K0.  5 for  K + 1.1 1 .4"  1.9 
K D or  K0. 5 for  Tl + 0 .16  0 . 1 5 "  0 .29  
K D or  K0. 5 for  NH4 + 8.6 9 . 1 "  12 .6"*  
K i for  Na  + 5 6* 6***  

* Ref .  6. 
** Ref.  5. 

*** Ref .  4. 
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E F F E C T S  O F  N U C L E O T I D E S  O N  T H E  K D F O R  K + 

The  e x p e r i m e n t s  w e r e  p e r f o r m e d  a n d  t h e  d a t a  a re  p r e s e n t e d  as in T a b l e  I. 

2 5 5  

A d d i t i o n s  K D ( raM) 

W i t h o u t  With  10  m M  
NaC1 NaC1 

N o n e  
M g A T P ,  0 .1  m M  
MgCTP,  0 . 1 5  m M  

p l u s  o l i g o m y c i n ,  2 / ~ g / m l  
p l u s  d i m e t h y l s u l f o x i d e ,  10% (v/v)  

Mg2+/ace ty l  p h o s p h a t e  
Mg2+/~ ,9 , -methylene  a n a l o g  o f  ATP ,  0 .1  m M  
Mg2+/~ ,~ ' -methylene  a n a l o g  o f  ATP ,  0 .5  m M  
M g E D T A ,  0 .1  m M  

1 . 1 ± 0 . 2  3 .7  ± 0 . 3  
2 . 2 ± 0 . 4  0 . 1 0 ± 0 . 0 3  
2 . 3 ± 0 . 3  0 . 0 8 ± 0 . 0 2  
- -  0 . 0 7 ± 0 . 0 2  

- -  0 . 1 0 ± 0 . 0 3  
1 . 4 ± 0 . 3  0 . 2 0 ± 0 . 0 6  
1 . 4 ± 0 . 3  4 .0  ± 0 . 5  
- -  4 . 1  ± 0 . 5  

1 . 0 ± 0 . 2  3 .5  ± 0 . 4  

with a methylene bridge between the r- and 7-phosphorus atoms did not de- 
crease the K D for K ÷ (Table III). This failure is not  attributable merely to poor 
occupancy of  the active site: the affinity for the analog was estimated in terms 
of  competition toward ATP (Fig. 3: Ki = 3.8 mM). Thus with 0.5 mM analog 
occupancy was achieved comparable to that with the ATP and CTP concentra- 
tions used (Km for ATP, 0.62 mM (Fig. 3); K m for CTP, 2.8 mM (Fig. 4)). 

Dimethylsulfoxide, although it decreases the K0.s for K ÷ of  the phos- 
phatase activity, does not  decrease the K0.s for K ÷ of  the ATPase activity 
[19] .  In accord with this, dimethylsulfoxide did not  decrease the K D for K ÷ in 
the presence of  a phosphorylating nucleotide (Table III). Oligomycin, which 
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Fig.  3. I n h i b i t i o n  o f  t h e  ( N a + +  K + ) - d e p e n d e n t  A T P a s e  b y  t h e  ~, 7 - m e t h y l e n e  a n a l o g  o f  ATP.  T h e  
e n z y m e  p r e p a r a t i o n  w a s  i n c u b a t e d  in  3 0  m M  h i s t i d i n e .  H C I -  Tr is  ( p H  7 .8 ) ,  6 m M  MgCI2 ,  9 0  m M  
NaCI,  1 0  m M  KCI,  a n d  t h e  c o n c e n t r a t i o n  o f  A T P  i n d i c a t e d ,  in  t h e  a b s e n c e  (o)  o r  p r e s e n c e  o f  t h e  ~, 
T - m e t h y l e n e  a n a l o g  o f  A T P ,  a t  a c o n c e n t r a t i o n  o f  2 (o)  o r  3 (w) raM.  

Fig.  4.  ( N a  + + K + ) - d e p e n d e n t  C T P a s e  a c t i v i t y .  T h e  e n z y m e  p r e p a r a t i o n  was  i n c u b a t e d  in  t h e  s t a n d a r d  
m e d i u m ,  e x c e p t  t h a t  C T P  w a s  s u b s t i t u t e d  f o r  A T P  a t  t h e  c o n c e n t r a t i o n s  i n d i c a t e d .  Ve loc i t i e s  sxe 
e x p r e s s e d  re la t ive  t o  t h a t  w i t h  3 m M  C T P  d e f i n e d  as 1 .0 .  
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favors the E 1 form of the enzyme [2,22,23],  had no measurable effect on the 
K D for K ÷. 

The high-affinity K ÷ sites demonstrable under conditions producing en- 
zyme phosphorylation,  e.g. the overall ATPase reaction, or the phosphatase 
reaction in the presence of Na ÷ and a nucleotide, or in these inactivation 
experiments, are termed fl sites. 

Cation efficacy 
Occupancy of the ~ and fl sites can also be distinguished in terms of the 

relative efficacy of Li ÷ as an analog of  K ÷ (Table IV). In comparison with other 
monovalent  cations the efficacy of Li ÷ at the ~ sites (V for the phosphatase 
activity) is far less than at the fl sites (V for the ATPase activity). For the other 
cations no such disparity in efficacy, relative to K ÷, was apparent although the 
range in affinity (K0. s for activation) for all the ions was quite broad at both 
classes of sites (Table IV). The failure of Li ÷ as a substitute for K ÷ in the 
phosphatase reaction has been noted previously [24] although the distinction 
between affinity and efficacy has not  been drawn. 

Unfortunately,  the efficacy of Li ÷ in promoting inactivation by F- is so 
low ~hat it could not  be quanti tated accurately. Such a poor effect, however, is 
consistent with the low efficacy of Li ÷ at ~ sites. 

In the absence of K ÷, Na ÷ can stimulate the phosphatase activity [4] ; The 
K0.s is about 5 mM, but  the relative V is only 0.04 (Table IV). Thus Na ÷ 
differs from Li ÷ in having an even lower efficacy at the ~ sites, although 
occupying the sites with a higher affinity. 

Effects of pH 
A further distinction between the ~ and fl sites was demonstrable in terms 

of the effects of pH on affinity at each class of  sites (Fig. 5). For the ~ sites, 
measured in terms of the phosphatase activity or K÷-stimulated inactivation by 
F-, the affinity declined at higher pH values, with a calculated pKa of about  

T A B L E  IV 

R E L A T I V E  E F F I C A C I E S  A N D  A F F I N I T I E S  O F  M O N O V A L E N T  C A T I O N S  

V a n d  K0.  s w e r e  d e t e r m i n e d  k i n e t i c a l l y  f r o m  i n c u b a t i o n s  i n  t he  s t a n d a r d  m e d i a ,  v a r y i n g  t h e  c o n c e n t r a t i o n  
o f  KC1 o r  t h e  o t h e r  ca t ion s  subs t i tu ted  for it. In the  case o f  T1 +, the  N O ~  a n i o n  was  s u b s t i t u t e d  f o r  C1- 

t h r o u g h o u t .  D a t a  axe p r e s e n t e d  + S .DA V is  l i s t e d  in  u n i t s  r e l a t i v e  to  t h e  a c t i v i t y  o f  KC1 in the  s t a n d a r d  
m e d i a .  

C a t i o n  P h o s p h a t a s e  a c t i v i t y  A T P a s e  a c t i v i t y  

V KO. 5 ( m M )  V K0. 5 ( raM) 

T1 + 1 . 1 4  + 0 . 0 9  0 . 2 9  -+ 0 . 0 5  1 .01  +- 0 . 0 4  0 . 1 5  -+ 0 . 0 5  

R b  + 1 . 2 0  -+ 0 . 0 8  1.7 -+ 0 .4  1 .01  + 0 . 0 4  0 . 7 4  + 0 . 1 5  

K ÷ 1 . 1 0  -+ 0 . 0 5  1.9 -+ 0 .3  1 .03  -+ 0 . 0 3  0 . 8 0  + 0 . 1 2  

Cs + 1 .02-+ 0 . 1 1  11 -+ 2 1 .04-+ 0 . 0 6  6 .2  -+ 1 .9  
L i  + 0 . 1 5  + 0 . 0 3  3 6  -+ 8 0 . 5 2  -+ 0 . 1 0  11 -+ 3 
N a  + 0 . 0 4  -+ 0 . 0 2  6 -+ 2 - -  - -  

N H 4  +* 1 .13-+  0 . 0 8  13 +- 3 1 .32-+ 0 . 1 2  6.1 -+ 1 .8  

* D a t a  axe f r o m  ref .  5, r e p r o d u c e d  for c o m p a r i s o n .  
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Fig.  5. E f f e c t s  o f  p H  o n  t h e  K0.  5 a n d  K D f o r  KCI. T h e  K 0 .  5 f o r  KC1 w a s  d e t e r m i n e d  f r o m  Hill  p l o t s  
o f  e n z y m a t i c  ac t i v i t y .  K % d e p e n d e n t  p h o s p h a t a s e  a c t i v i t y  w a s  m e a s u r e d  in  t he  s t a n d a r d  m e d i u m  a n d  in  
t he  s t a n d a r d  m e d i u m  c o n t a i n i n g  in  a d d i t i o n  0 .3  m M  C T P  a n d  1 0  m M  NaCI.  w i t h  v a r y i n g  KCI c o n c e n -  

t r a t i o n s  a n d  a t  t h e  p H  va lues  s h o w n .  T h e  K 0 .  5 f o r  KC1 f o r  t h e  ( N a + +  K + ) - d e p e n d e n t  A T P a s e  w a s  
m e a s u r e d  s imi l a r ly ,  a l t e r i n g  on ly  t h e  KCI a n d  the  p H  o f  t h e  s t a n d a r d  m e d i u m .  The  K D fo r  KCl  w a s  
e s t i m a t e d  as i n d i c a t e d  in  Fig .  2 a n d  T a b l e s  I a n d  III. In  al l  cases  t h e  p H  s h o w n  is t h e  m e a s u r e d  p H  o f  
t h e  c o m p l e t e  m e d i u m . .  

Fig. 6. Inhibition of the K+-dependent phosphatase by KCI. Phosphatase activity was measured either 
in the standard medium ($), or in media containing 10 mM MgCl 2 (o), with the KCI concentrations 
indicated. Data are presented in the form of a Dixon plot. The lines in the figure were generated by 

substituting the parameters of Table V in Eqn 2. 

8.1. By contrast, no such decrease in affinity at high pH was seen for the 
sites, measured in terms of the ATPase activity or the phosphatase activity in 
the presence of nucleotide and Na ÷, or the inactivation by F- in the presence of 
nucleotide and Na ÷. 

At pH 8.6 the relative affinities of  the other  monovalent  cations in the 
phosphatase reaction changed in concert  with that  of  K÷:T1 ÷, 1.1 mM; K ÷, 7.9 
mM; Rb ÷, 7.5 mM; and Cs ÷, approx. 50 mM. The Ki for Na ÷ toward K ÷ also 
increased proportionately,  to 21 mM. 

Inhibitory sites for K ÷ 
Inhibition at high K ÷ concentrat ions has been often noted with both the 

ATPase and phosphatase activities (e.g. see refs 5 and 25), and this has been 
at tr ibuted at least in part  to competit ions with other  cations at their activating 
sites. However, since the enzyme when functioning as the  sodium/potassium 
pump must discharge the transported ions with each reaction cycle it seems 
possible that  release of the monovalent  cations may exert  a kinetic effect: 
retention of the cation at the discharge site would inhibit the enzyme. To 
investigate whether  inhibition by high K ÷ concentrations might result from 
occupancy of discharge sites as well as from competi t ion at other  cation sites, 
the phosphatase reaction was chosen for study to eliminate one such set of 
competi t ion (with Na*). 

At concentrations of KC1 greater than 30 mM inhibition becomes notice- 
able (Fig. 6). This is due in part  to apparent competi t ion with Mg 2÷, since in 
the presence of  10 mM MgC12 such inhibition only becomes obvious at higher 
KC1 concentrations.  Nevertheless, the sharply increasing inhibition at still 
higher KC1 concentrations cannot  be fi t ted to a simple model  with mutual  
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competi t ion between K ÷ and Mg 2+ (in terms of the Hill equation with competi- 
tive interactions): 

p - -  V 

11 (1-,- (-, .,- (., L[K +1 K2 ]J ) [Mg 2+] K4 /) 

(1) 

This inhibition may be accomodated, however, by adding a third factor to the 
denominator,  representing occupancy by K ÷ of non-competitive inhibitory 
site(s) of low affinity, Ks, which may interact (when n: ¢ 1): 

V 
v = (2) 

LIK÷] \ - - K ~ -  M / [Mg2+---~ K] Ks / / 

The superiority of Eqn 2 was demonstrated, following an empirical curve- 
fitting approach, using the generalized likelihood-ratio theorem [26].  Plausible 
values for KI,  K~, K3 and n l were selected (Table V) for Eqn 1 from the 
experimental data at low (<20 mM) KC1 concentrations (Fig. 7). A range of 
values for K4 was then examined to minimize the sum of the squared residuals 
between the logarithm of the observed velocities and the logarithm of the 
calculated velocities; "best"  fit was with K4 = 15 mM. Next, with the same 
values of KI, K2, K3, and nl (since the two equations diverge markedly only at 
higher KC1 concentrations) values for K4 and Ks were examined, again using 
the criterion of minimizing the sum of the squared residuals. The "best" fit was 
with K4 = 70 mM and K5 = 140 mM (Table V). With the generalized likeli- 
hood-ratio theorem, which tests the difference between a "full" and a "re- 
duced"  equation, the "full" equation (Eqn 2) was markedly superior (p  < 
0.001). 

As can be seen, the kinetic parameters satisfy the data for the two MgC12 
concentrations examined, both at low KC1 concentrations (Fig. 7) where 
K÷/Mg 2÷ competit ions dominate,  and at high concentrations (Fig. 6) where the 
inhibitory sites are preeminent. 

T A B L E  V 

K I N E T I C  P A R A M E T E R S  F O R  A C T I V A T I O N  A N D  I N H I B I T I O N  

Kinetic parameters  for Eqn 2 w e r e  obtained by a n  e m p i r i c a l  c u r v e - f i t t i n g  technique.  These v a l u e s  we re  

u s e d  t o  g e n e r a t e  t h e  l i n e s  i n  F i g s  6 - - 9 .  U n i t s  o f  K I - - K  S are  r aM;  n 1 a n d  n 2 are d i m e n s i o n l e s s .  

P a r a m e t e r  W i t h  K + W i t h  T1 + 

Case  I Case II 

n 1 1 . 4 5  1 .6  1 .6  

n 2 1 .0  1 .0  1 .4  

K 1 1 . 3 5  0 . 2 0  0 . 2 0  

K 2 5 .0  5 .0  5 .0  
K 3 0 . 7 5  0 . 7 5  0 . 7 5  

K 4 7 0  4 0  4 0  

K 5 140 12 18 
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Fig.  7. K + - d e p e n d e n t  p h o s p h a t a s e  act iv i ty  at  t w o  MgC12 c o n c e n t r a t i o n s .  T h e s e  d a t a  r e p r e s e n t  ident ica l  
e x p e r i m e n t s  t o  t h o s e  in  Fig .  6 e x c e p t  t h a t  t h e y  c o v e r  a l o w e r  r a n g e  o f  KCI c o n c e n t r a t i o n s ;  he r e  data  
are  p r e s e n t e d  in  d o u b l e  r e c i p r o c a l  f o r m .  Aga in ,  t h e  l ines  r e p r e s e n t  t he  p a r a m e t e r s  o f  T a b l e  V subst i -  
t u t e d  in  E q n  2. 

Fig .  8. I n h i b i t i o n  o f  T l + - d e p e n d e n t  p h o s p h a t a s e  a c t i v i t y  b y  T1NO 3. These  e x p e r i m e n t s  c o r r e s p o n d  t o  
t h o s e  o f  F i $  6 e x c e p t  t h a t  T I N O 3  w a s  s u b s t i t u t e d  f o r  KC1 a n d  t h e  NO'~ a n i o n  t h r o u g h o u t  f o r  C1- 
( b e c a u s e  o f  t h e  f a r  g r e a t e r  s o l u b i l i t y  o f  T INO3 c o m p a r e d  t o  T1CI). T h e  so l id  l ines  we re  g e n e r a t e d  b y  
s u b s t i t u t i n g  t h e  p a r a m e t e r s  f o r  T1NO 3 o f  T a b l e  V,  w i t h  n 2 = 1 .0 ,  in  E q n  2 ,  a n d  t h e  d a s h e d  l ines  the  
p a r a m e t e r s  w i t h  n 2 = 1 .4 .  

A different explanation for the inhibition at high KC1 concentrations 
might lie in considerations of  ionic strength effects. Addit ion of  100 mM LiC1 
or choline chloride (in the presence of  20 mM KC1 and 3 mM MgC12) also 
inhibited: 44 and 27%, respectively. Such inhibition might represent: (i) an 
effect  of  ionic strength or the anion concentrat ion;  (ii) compet i t ion with K ÷ by  
a cation of  lesser efficacy (from the relative affinities and efficacies of  Li ÷ and 
K ÷ such inhibition can be calculated to be less than 15%); (iii) low specificity of  
the inhibitory site; or a combinat ion of  these. 

An alternative approach to these issues is to  examine inhibition by  T1NO 3, 
which not  only activates the phosphatase at lower concentrations than K ÷, bu t  
also inhibits in the concentrat ion range where K ÷ activates: it is thus difficult  to 
at tr ibute the inhibition by  T1 ÷ to effects of  ionic strength. (KNO 3 was no more 
inhibitory than KC1 so the greater po tency  cannot  be ascribed to NO~.) As 
with inhibition by  KC1 the inhibition by  T1NO 3 rose sharply at higher concen- 
trations (Fig. 8), and clearly cannot  be f i t ted to a model  with only TI÷/Mg 2÷ 
competi t ions.  By the curve-fitting approach a reasonable correspondence with 
the data is obtained with plausible kinetic parameters (Table V) at two  MgC12 
concentrations .(Figs 8 and 9). However,  the T1 ÷ inhibition seems to increase 
even more rapidly than this model  predicts; a bet ter  fit can be obtained for the 
higher T1NO 3 concentrat ions if cooperative interactions are postulated be tween 
the inhibitory sites (n 2 > 1.0), just as is proposed between the activating cation 
sites (n i > 1.0). Such cooperative interactions may be incorporated into the 
equation for inhibition by  KC1 as well (with concomitant  changes in K4 and 
K s ), bu t  in the range of  KC1 concentrat ions examined the data do not  require 
it. 
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Fig. 9. Tl+-dependent phosphatase activity at two Mg(NO3) 2 concentrat ions .  These expez iments  corre- 
spond to those of Fig. 7 except  that TINO3 was substituted for KCI and NO~ for C1-. The solid and 
dashed l ines correspond to those of Fig. 8. 

Since the inhibition seen with KC1 and T1NO 3 might be due to a contami- 
nating impurity,  the inhibition was also examined in the presence of  0.1 mM 
ethyleneglycol-bis-(/3-aminoethyl ether)-N,N%tetraacetate, which is an effective 
chelator of  trace-metal inhibitors of  this enzyme [27] ; no difference was ob- 
served. 

No decrease in Ks was seen in the presence of  phlorizin or dimethylsulf- 
oxide, although both decreased K1. 

Discussion 

K ÷ sites of  the (Na ÷ + K*)-dependent ATPase are here categorized into 
three classes, initially in terms of  affinity, although further examination yields 
other  distinguishing criteria as well. Affinities for K ÷ have been estimated by 
two approaches: (i) in terms of  the activation kinetics of  the enzymatic reac- 
tions, and (ii) through K÷-accelerated inactivation of  the enzyme by F-. This 
latter approach permits estimation of  a dissociation constant  KD, rather than 
an apparent affinity in terms of  K0. s ; moreover,  it also allows estimation of  
affinity with ligand states of  the enzyme in which the standard kinetic ap- 
proach is inapplicable (e.g. absence of  substrate). The procedure is entirely 
comparable to that  using K÷-dependent inactivation by  Be 2÷ [6] ,  but  has a 
major advantage for the present studies of  not  suffering from chelation of  
inactivator by the nucleotides studied. The sites controlling inactivation are 
clearly on the enzyme, and the identification with the kinetically determined 
K ÷ sites can be supported both  in terms of  comparable affinities and of  analo- 
gous sensitivity to modifiers (e.g. phlorizin, dimethylsulfoxide).  

The ~ sites, characterized by  these techniques as having a moderate  affini- 
ty for  K ÷ (K D is approx. 1 raM), are thus found on the " f ree"  enzyme (absence 
of  ligands other  than Mg 2÷, which is required for inactivation). Sites of  similar 
affinity also function in the K÷-dependent phosphatase activity, which reflects 
the terminal hydrolyt ic  steps of  the overall ATPase reaction, apparently bypass- 
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ing the initial Na÷-dependent steps [4 ,24] .  The identification as a sites of  both  
the sites controlling enzyme inactivation and those activating the phosphatase 
reaction is strengthened by  further correspondence between their properties: a 
similar K i for Na ÷, a decreased affinity for K ÷ at high pH with a PKa of about  
8.1, and the lesser efficacy of  Li ÷ when occupying these sites. Thus for the 
phosphatase activity a plausible reaction scheme would be: 

~E MgXP 
K + ; "-> K a E X P  ~ -+ ~ E  + X + P i  

K ÷ ~ 
z~E 

where XP represents the phosphatase substrate and the subscript to E repre- 
sents the pert inent  class of  sites available to K ÷. No firm data on the order of  
addition of  K* and XP are available. Although it is apparent that  K ÷ must  bind 
before XP hydrolysis, release of  K ÷ might occur at any step thereafter; unfortu- 
nately, there is no information on the properties of  the a-sites until the termi- 
nal reappearance of  the free enzyme. Release of  hydrolysis products  seems to 
follow an ordered mechanism [28] ,  bu t  these considerations cannot  ye t  be 
linked to K ÷ binding. 

Rega et al. [29] have demonstrated that  the K ÷ sites activating the phos- 
phatase reaction in erythrocytes  are accessible from the external medium, just  
as are the K ÷ sites activating the ATPase reaction (here termed ~ sites). These 
sites are no t  the external Na ÷ sites of  the enzyme from which Na ÷ is discharged 
after transport  since their affinity for Na ÷ is t oo  high (Ki approx. 5 mM) to 
function effectively as the external sites for releasing Na ÷ into the extracellular 
fluid (the K0.s for Na ÷ on the exterior, from Na÷/Na ÷ exchange studies [30] ,  
seems to be > 1 0 0  mM). Moreover, the affinity of  these sites for both  Na ÷ and 
K ÷ is incompatible with the internal Na ÷ sites governing enzyme phosphoryla- 
tion (where K D for Na ÷ is approx. 2 mM [10] ; K0 .s for Na ÷ with the ATPase is 
approx. 2 mM when the K ÷ concentrat ion is extrapolated to zero [5,7] ; Ki for 
K ÷ as compet i tor  is approx. 12 mM in terms of  the K0. s for Na ÷ as a funct ion 
of  K ÷ concentrat ion [5,7] ). 

In the presence of  nucleotides the apparent affinity for K ÷ is decreased in 
terms of  both  the phosphatase reaction (Robinson,  J.D., unpublished) and 
inactivation (Table III), so long as enzyme phosphorylat ion does not  occur; 
however,  the change in affinity i-s only several-fold. 

By contrast,  under condit ions when enzyme phosphorylat ion does occur 
the affinity for K ÷ markedly increases: high affinity ~ sites become apparent. 
These are the sites seen for the overall ATPase reaction (K0. s is approx. 0.1 
mM as the competing Na ÷ concentrat ion is extrapolated to zero [5,7] ), for the 
phosphatase reaction in the presence of  nucleotides and Na ÷ (K0. s is approx. 
0.1 mM [4,7] ), and in the inactivation experiments with phosphorylat ing agent 
and Na ÷ ( K  D is approx. 0.1 mM; Table III). These values are also in accord with 
the activation of  the sodium/potassium pump in erythrocytes  by  external K ÷ in 
the absence of  competing Na ÷ [31] .  Again, the calculated inhibition by  Na ÷ is 
comparable:  Ki of  about  40 mM for the pump [31] ,  and 35 mM for the 
ATPase [5] ,  estimated in terms of  the increase in K0 .s as Na÷ concentrat ion 
increases. 
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The appearance of  the ~ sites would seem to require actual phosphoryla- 
tion, beyond  any allosteric effects of  nucleotide binding, not  only because of  
the additional requirement  for Na ÷ (essential for phosphorylat ion) but  also 
because the non-phosphorylat ing analogs (Table III and ref. 32) are unable to 
produce the effect  whereas structurally dissimilar agents such as acetyl phos- 
phate (Table III) and ni trophenyl  phosphate [32] ,  under conditions where 
they phosphorylate  the enzyme, can. It would seem likely that  ~ sites appear 
through a conformational  change in pre-existing a sites [6,7] ,  although the 
continuous existence of  a sites cannot  be ruled out. 

Unlike the a sites, the fi sites do no t  decrease their affinity for K ÷ at higher 
pH values (Fig. 5). Moreover, at these sites the efficacy of  Li ÷, relative to K ÷, is 
far higher than at the a sites (Table IV). This latter observation is consistent 
with the marked increase in Li*-stimulated phosphatase activity when Na ÷ and a 
phosphorylat ing nucleotide are added [24] .  

These considerations may be incorporated into a plausible scheme for the 
appearance and participation of  the fi sites in the overall ATPase reaction: 

Mg ATP +K + --K+ 
~E ~ -* ~E -- P -* K~E - -  P -~ -~ ~E + ADP + Pi 

Na 

Although the high affinity fl sites can be assigned to the E-P intermediate, the 
specific order of  release of  ADP, Pi ,  Na*, and K ÷ from the enzyme (and pump) 
remains unspecified. 

Low affinity inhibitory sites, 7 sites, are demonstrable in kinetic studies 
(Figs 6--9). There is no direct evidence linking them to the internal sites from 
which K ÷ is discharged into the cytoplasm, although their affinity is consistent 
with such a role. It may be noted  that in vivo there is no physiological necessity 
for cation specificity at such sites. 

In an important  paper Post et al. [11] proposed that in the course of  K ÷ 
transport  by the ATPase a rate-limiting step can be the release of  this cation, 
that  there is an intermediate conformat ion in which the K ÷ sites are occluded, 
and that ATP is physiologically important  to effect  the release of  this tightly 
bound K +. This formulat ion is based in part on considerations of ATP/K + 
antagonisms in terms of  bindings to the enzyme, and also on comparisons of  
the relative efficacies of  Rb ÷ and Li + in (i) promoting enzyme dephosphoryla- 
tion, and (ii) hindering phosphorylat ion.  They argued that  Rb ÷ inhibits re- 
phosphorylat ion (relative to Li ÷) because of  its retention at the discharge sites. 

Garrahan and Garay [33] have recently argued, on the basis of  the 
sodium/potassit tm pump kinetics, against an "occluded conformat ion"  occupy- 
ing a significant temporal  fraction of  the reaction cycle. Beyond this, consider- 
ation of  the data of  Post et al. [11] suggests that  the inhibitory effects of  Rb ÷ 
are more likely exerted at a sites rather than at discharge sites. 

That increasing ATP concentrations decreased the apparent affinity for 
K ÷, and increasing K + that  for  ATP, was first indicated in kinetic studies [3] .  
More direct demonstrations,  by Norby  and Jensen [34] and Hegyvary and Post 
[35] ,  showed an effect  of  K + on the K D for ATP binding to the enzyme. In 
these experiments Mg :+ and Na ÷ were absent so that  enzyme phosphorylat ion 
could not  occur, and thus the effect  of  K ÷ was not  mediated through fl sites. 
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Furthermore,  the K ~ concentrat ions producing half-maximal changes in K D 

were in the range of  the a sites and far lower than would be expected of  
discharge sites. 

The disparity between Li ÷ and Rb ÷ can also be accounted for in terms of  a 
and /3 sites: concentrat ions of  Li ÷ and Rb ÷ equipotent  for dephosphorylat ion,  
an action at fl sites, would no t  be equipotent  at a sites (Table IV): Rb + would 
be expected to exert  a greater effect.  Prior phosphorylat ion of  the enzyme is 
no t  necessary for cations to act at the a sites, in terms of  the phosphatase 
activity, F-  inactivation, or decreased K D for ATP. Finally the available data do 
not  suggest that  physiological levels of  ATP can decrease the affinity of  a sites 
enough to make them appropriate for discharge, where a KD > 100 mM would 
be expected [7] .  

A model  to explain the inhibition of  phosphorylat ion [11] by  K ÷ (or Rb ÷) 
through occupancy of  the a sites would be: 

MgATP Na + K + Pi 

aEvw----* aE v. MgATP -~ ~Ev--P -~ K ~ E T - - P  ~-~ aETK -~ ~E~+ K* 

z+lT K÷ T 
MgATP 

K ~ E 7  < -~ K ~ E T "  MgATP 

where the subscripts to E indicates the  class of  site available for K+; Na ÷ and K ÷ 
may bind at the same time at their own sites [1 ,4--9] .  The lower loop is 
extraneous to the overall reaction scheme, bu t  insofar as binding to a-sites 
favors such steps K ÷ will be inhibitory*. K ÷ discharge is proposed to occur, 
following transport  through a "ga te"  or "oscillating pore" ,  from low affinity 
discharge sites [6 ,7] ,  perhaps the ~ sites demonstra ted here. 

Recently,  Grisham and Mildvan [36] proposed an intriguing model  for the 
pump function of  this ATPase in which a change in the ionization state of  a 
phosphate at the active site determines the binding of  first Na ÷ and then K ÷. 
The data presented here on pH and affinity for K ÷ of  the overall ATPase 
reaction (Fig. 5) would  not  appear to be consistent with such a mechanism. 
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