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S u m m a r y  

K ÷ appears  to decrease the  af f in i ty  of  the  (Na ÷ + K+)-dependent  ATPase 
(ATP phosphohydro lase ,  EC 3.6.1.3)  fo r  its substrate ,  Mg 2÷ • ATP, and Mg 2÷ • 
ATP, in turn ,  appears  to  decrease the  aff in i ty  of  the e n z y m e  for  K ÷. These 
antagonisms have been  investigated in te rms o f  a quant i ta t ive  model  def ining 
the  magni tude  of  the effects  as well as ident i fy ing  the  class o f  K ÷ sites on  the  
e n z y m e  involved. K * increased the  apparen t  K m for  Mg 2+ • ATP, an e f fec t  tha t  
was an tagonized  compet i t ive ly  by  Na ÷. The  data  can be f i t ted  to  a mode l  in 
which Mg 2÷ • ATP binding is p reven ted  by  o c c u p a n c y  of  a-sites on the  e n z y m e  
by K ÷ (i.e, sites of  mode ra t e  a f f in i ty  fo r  K ÷ accessible on the  " f r e e "  non-phos-  
pho ry l a t e d  enzyme ,  in situ on  the  externa l  m e m b r a n e  surface).  By cont ras t ,  
o c c u p a n c y  o f  these s-sites by  Na ÷ has no e f fec t  on Mg 2÷ • ATP binding to  the  
enzyme.  On the  o the r  hand,  Mg 2÷ • ATP decreased the apparen t  a f f in i ty  o f  the  
e n z y m e  for  K + at the  a-sites, in t e rms  of  (i) the K D for  K ÷ measured by  
K÷-accelerated inact ivat ion o f  the  e n z y m e  by F-, and (ii) t he  concen t r a t i on  o f  
K* for  half -maximal  act ivat ion o f  the  K÷-dependent  phosphatase  reac t ion  
(which reflects  the  terminal  hyd ro ly t i c  steps of  the  overall ATPase react ion) .  
These da ta  fi t  the  same quant i ta t ive  model .  Al though this fo rmula t ion  does n o t  
suppor t  schemes in which ATP binding effects  the  release o f  t r anspor t ed  K* 
f rom discharge sites, it is cons is tent  with observat ions  tha t  K ÷ can inhibi t  the  
e n z y m e  at low substrate  concent ra t ions ,  and tha t  Li ÷, which has p o o r  ef f icacy 
when occupy ing  these a-sites, can s t imulate  enzyma t i c  act ivi ty  at high K ÷ con- 
cen t ra t ions  by displacing the  inh ib i to ry  K ÷. 

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

Because the  (Na ÷ + K÷)-dependent  ATPase (EC 3 . 6 . 1 . 3 ) a p p a r e n t l y  repre- 
sents the  enzymat i c  basis for  the  m e m b r a n e  sod ium/po tass ium p u m p  [1 ,2 ] ,  
considerable  a t t en t ion  has cen te red  on the  act ivat ion of  t h i s e n z y m e  by the  
cat ions tha t  the p u m p  t ranspor ts  [ 3 ] .  Progress in defining the cat ion interac- 
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tions, however, has been slowed by the complexities of  the reaction sequence 
and the multi tude of  cation effects. Recent studies [3,4] on enzyme activation 
have led to a formulation in terms of two distinct classes of sites for K ÷. (i) 
s-sites of moderate affinity for K ~ are demonstrable on the " f ree"  (non-phos- 
phorylated) enzyme both in terms of  K÷-dependent enzyme inactivation [5] 
and in terms of the K÷<lependent phosphatase activity associated with the 
enzyme which reflects the terminal hydrolytic steps of the overall ATPase 
activity [6]. (ii) fl-sites of high affinity are demonstrable on the enzyme under 
conditions in which the enzyme is phosphorylated by nucleotides [3--6], in- 
cluding the overall ATPase reaction in which an acyl phosphate intermediate 
occurs [2]. 

This report is concerned with another facet of  the interactions between K ÷ 
and the enzyme, the relationship between nucleotide and K ÷ binding sites. 
Early kinetic studies [7] showed that  the apparent K~, for Mg 2÷ • ATP in- 
creased with the K ÷ concentration. Subsequently, direct measurements of ATP 
binding to the enzyme [8,9] demonstrated that  K ÷ indeed increased the dissocia- 
tion constant for ATP, an effect that, in one study [9],  was antagonized 
competitively by Na t . The experiments described here were undertaken to 
explore these interactions in terms of  the distinguishable classes of sites avail- 
able to K ÷, and, in addition, to incorporate these observations into a quantita- 
tive model. 

Methods and Materials 

The (Na ÷ + K* )-dependent ATPase was obtained from a rat brain micro- 
somal preparation by treatment with deoxycholate and then NaI, as previously 
described [ 7]. 

(Na ÷ + K÷)-dependent ATPase activity was measured in terms of the pro- 
duction of Pi, as previously described [7].  The standard medium contained 30 
mM histidine • HC1/Tris (pH 7.8), 3.5 mM MgC12,3 mM ATP (as the Tris salt), 
90 mM NaC1, 10 mM KC1, and the enzyme preparation (0.1 mg protein/ml). 
Incubation was for 4--8 min at 37 ° C; activity was linear with time during these 
Periods. Activity in the absence of  Na ÷ and K ÷ ("Mg 2÷ • ATPase") was measured 
concurrently; such activity averaged only a few percent of the (Na ÷ + K÷)-de - 
pendent ATPase activity [7] ,  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÷)-dependent 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-nitrophenol after incubation with p-nitrophenyl phosphate, as pre- 
viously described [6].  The standard medium contained 30 mM histidine • 
HC1/Tris (pH 7.8), 3 mM MgCl~, 3 mM nitrophenyl phosphate (as the Tris salt), 
10 mM KC1, and the enzyme preparation (0.1 mg protein/ml). Incubation was 
for 8--15 min at 37°C; activity in the absence of added KC1 was measured 
concurrently; such activity averaged only a few percent of the K÷-dependent 
phosphatase activity under optimal conditions [6],  and was subtracted from 
the total activity in the presence of KC1 to give the K÷-dependent activity. As 
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with  the  ATPase,  velocit ies  are expressed  relat ive to the  K*-dependen t  phos-  
pha tase  act ivi ty  of  a c o n c u r r e n t  con t ro l  i ncuba t ion  in the  s tandard  m e d i u m ,  
def ined  as 1.0. 

The  af f in i ty  for  K ÷ was also a p p r o a c h e d  in t e rms  of  K÷-accelerated inactiva- 
t ion of  the  e n z y m e  by  F- [3 ,4 ] .  In these  e x p e r i m e n t s  the  pseudo  f i rs t -order  
ra te  cons tan t s  for  e n z y m e  inac t iva t ion  were  d e t e r m i n e d  as a f unc t i on  of  K ÷ 
concen t r a t i on ,  by  means  of  initial i ncuba t ions  at  37°C of  e n z y m e  (0.5 mg 
p ro t e in /ml ) ,  30 mM hist idine • HC1/Tris (pH 7.8),  0.5 mM MgC12,1 .5  mM LiF, 
and a range of  KC1 concen t r a t i ons  (plus o the r  addi t ions  as specified).  These 
inact ivat ing incuba t ions  were  t e r m i n a t e d  by  adding  four  vo lumes  of  an ATPase  
incuba t ion  m e d i u m  so t ha t  the  final concen t r a t i ons  o f  r eac tan t s  were  those  of  
the  s tandard  m e d i u m  (above) ,  and  the  residual ac t iv i ty  was then  measured  
dur ing br ief  incuba t ions  (changes in act ivi ty  dur ing  this assay incuba t ion  were  
negligible since the  inac t iva t ion  is essential ly irreversible and  the  d i lu t ion  of  F- 
and  the  added  NaC1 p reven t  fu r the r  inact iva t ion) .  The  kinet ic  mode l  is ident ical  
to  t ha t  for  the  inac t iva t ion  o f  this e n z y m e  by  Be 2. [5] : the  pseudo  f i rs t -order  
rate  cons tan t s  for  inact iva t ion ,  k ln ,  can be t r ea t ed  ana logous ly  to  initial veloc- 
ities in e n z y m e  kinetics,  and thus  p lo ts  o f  k~n against  KC1 c o n c e n t r a t i o n  in 
doub l e  rec iproca l  f o r m  pe rm i t  e s t ima t ion  o f  the  d issocia t ion cons t an t  K D . 

The  da ta  p resen ted  are averages o f  four  or  m o r e  e x p e r i m e n t s  p e r f o r m e d  in 
dupl icate .  

ATP and n i t r o p h e n y l  p h o s p h a t e  were  purchased  f r o m  Sigma Chemical  Co. 
as the  sod ium salts and conve r t ed  to  the  Tris salts. All so lu t ions  were  m a d e  in 
wa te r  redist i l led f r o m  an all-glass still. Pro te in  was measu red  by  the  b iure t  
m e t h o d ,  using bovine  se rum a lbumin  as a s tandard .  

Resul ts  and  Discussion 

E f f e c t s  o f  K ÷ on  the  K m fo r  Mg  2÷ • A T P  

In these  d e t e r m i n a t i o n s  o f  the  K m for  subs t ra te ,  MgC12 and ATP were  
var ied toge the r ,  wi th  a cons t an t  mo la r  excess  o f  MgC12 (0.5 mM),  since Mg 2÷ • 
ATP has been  shown  [10 ,11]  to  be  the  t rue  subs t ra te  o f  the  (Na ÷ + K÷)-depen - 
den t  ATPase.  Essent ial ly  all the  ATP is ca lcula ted  to  be in the  f o r m  o f  the  Mg 2÷ 
c o m p l e x  unde r  these  cond i t ions  [ 1 2 ] .  

As previous ly  shown  [7 ] ,  the  appa ren t  Km ( K ' m )  for  Mg 2÷ • ATP in- 
creased wi th  the  K + c o n c e n t r a t i o n  (Fig. 1). Moreover ,  the  magn i tude  of  the  K ÷ 
e f fec t  d e p e n d e d  on  the  c o n c e n t r a t i o n  o f  Na ÷ (Fig. 1), a l though  in all cases the  
" t r u e "  K m ,  the  e x t r a p o l a t e d  value in the  absence  o f  K ÷, appea red  to  be a b o u t  
0.3 mM. 

To  relate  this a p p a r e n t  " c o m p e t i t i o n "  b e t w e e n  K ÷ and Mg2÷--ATP a 
mode l  in which  binding of  K ÷ and o f  Mg 2÷ • ATP to  the  e n z y m e  are mu tua l l y  
exclusive seems plausible;  in addi t ion ,  since Na ÷ decreased  the  e f fec t  o f  K ÷ on  
K ~  (Fig. 1), c o m p e t i t i o n  b e t w e e n  Na ÷ and K ÷ fo r  the  e f f e c t o r  sites is also 
requi red:  

K + M g  2+" A T P  
E • K ~ E .  E • Mg 2÷ • ATP 

E • N a .  _2" E • Na • Mg 2÷ • ATP 
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Fig. 1. E f fec t  of  K + on the  a p p a r e n t  K m for  Mg 2+" ATP.  In the le f t -hand  panel  e x p e r i m e n t s  are s h o w n  in 
wh ich  the  e n z y m e  was i n c u b a t e d  at  p H  7.8 wi th  the  c o n c e n t r a t i o n s  of  ATP shown~ MgC12 at  a m o l a r  
excess over  ATP of 0.5 raM, 90  m M  NaC1, and th ree  c o n c e n t r a t i o n s  of  KCI: 10 m M  ( . ) ,  2 raM (o),  or 
1 mM ( I ) .  Da ta  are  p r e sen t e d  in double - rec iproca l  fo rm.  In the r ight -hand panel  the  a p p a r e n t  K m for  
Mg 2+ • ATP f r o m  such e x p e r i m e n t s  is p l o t t e d  against  the  KC1 concen t r a t ions :  wi th  90 m M  NaCI (e) ,  wi th  
10 m M  NaC1 (~), and  f r o m  e x p e r i m e n t s  wi th  a NaC1 to KCl ra t io  of  9 : 1 (X). 

The  relative aff in i ty  o f  E and E . Na for  Mg 2+ • ATP would  appear  to  be 
equivalent  since the ex t rapo la ted  value o f  Km is the  same at various Na ÷ con- 
cen t ra t ions  (Fig. 1). Thus  these in terac t ions  (see Appendix)  are expressed b.v: 

K'm=KIII+[K+] }[ Na÷ ] (1) 

g~ ( 1 + - ~ -  2 ) 

where  K~ is the  observed Km for  Mg 2. • ATP, K1 the  dissociat ion cons tan t  for  
K + f ro m the  sites antagoniz ing Mg 2+ • ATP binding, and K:  the dissociat ion 
cons tan t  fo r  Na + at these same sites. 

Before  evaluating KI and K2 in terms o f  this relat ionship,  the na tu re  of  
the cat ion sites inf luencing Mg 2÷ • ATP binding may  be considered.  It would  
seem unl ikely  tha t  occupancy  o f  the  fi-sites by  K ÷ could inf luence  Mg 2+ • ATP 
binding, since Mg 2÷ • ATP binding occurs  before  the  appearance  in the  reac t ion  
sequence of/]-si tes:  the  ~-sites appear  a f te r  phosp h o ry l a t i o n  o f  the  e n z y m e  by 
ATP [3 - - 5 ] .  Moreover ,  d i rect  studies of  ATP binding to  the  e n z y m e  [8,9]  
unde r  condi t ions  in which e n z y m e  phospho ry l a t i o n  by  ATP would  no t  occur  
(and hence  ~-sites could  no t  be available) also d em o n s t r a t ed  an antagonism 
be tween  K ÷ and ATP binding. Consequen t ly ,  it would  seem likely tha t  the 
e f fec t  o f  K ÷ is media ted  th rough  a-sites, available on the " f r e e "  enzyme.  Thus  
values for  K~ and K2 compat ib le  with the affinit ies of  K + and Na ÷ for  the 
a-sites (Table I) were tes ted in this fo rmula t ion .  As can be seen in Fig. 2, good 
agreement  be tween  observed and calculated values for  the apparen t  K m was 
obta ined .  

Al though this re la t ionship expresses a " c o m p e t i t i v e "  in te rac t ion  be tween  
Mg 2÷ ATP at the  substra te  sites and K ÷ at the  a-sites, Fig. 1 (and Fig. 3) do 
no t  show simple c o m p e t i t i o n  be tween  K ÷ and Mg 2÷ • ATP: increasing K ÷ con- 
cen t ra t ions  increase the  apparen t  V as well as K~  . However ,  this e f fec t  on V is 
to  be e xpe c t e d  since K ÷ also activates ATP hydrolys is  th rough  the/3-sites [4 ] .  
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T A B L E  I 

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

V a l u e s  o f  t h e  k i n e t i c  p a r a m e t e r s  u s e d  in  E q n s  1 - - 3  a re  l i s t ed ,  t o g e t h e r  w i t h  p r e v i o u s l y  d e t e r m i n e d  v a l u e s  

fo r  c o m p a r a b l e  p a r a m e t e r s :  f o r  K 1 ,  p r e v i o u s  v a l u e s  f o r  t h e  K D f r o m  K + - a c c e l e r a t e d  i n a c t i v a t i o n  e x p e r i -  

m e n t s  u s i n g  F -  [ 4 ]  o r  Be  2+ [ 5 ] ,  as  w e l l  as  v a l u e s  f o r  K 0 .  5 f o r  K + a c t i v a t i o n  o f  t h e  p h o s p h a t a s e  r e a c t i o n  
[ 4 , 6 ] ;  f o r  K 2 ,  t h e  c o r r e s p o n d i n g  i n h i b i t o r y  c o n s t a n t s  f o r  N a  + a t  t h e  s - s i t e s .  R e f e r e n c e s  a re  c i t e d  b y  t h e  

n u m b e r s  in  b r a c k e t s .  

P a r a m e t e r  V a l u e  P r e v i o u s  v a l u e s  ( m M )  

u s e d  

( m M )  F r o m  i n a c t i v a t i o n  F r o m  p h o s p h a t a s e  

e x p e r i m e n t s  r e a c t i o n  

p H  8 .6  

K 1 (K  +) 3 . 5  

K 2 ( N a  +) 21 

p H  7 ,8  

K1 (K +) 1 .1  

K 2 (Na +) 6 . 0  
K m ( M g  2+ • A T P )  0 . 3 2  

K i ( M g  2+ • A T P )  0 . 1 3  

K m ( n i t r o p h e n y l  p h o s p h a t e )  3 .3  

7 .9  [ 4 ]  

21 [4]  

1 . 1 - - 1 . 4  [4 ,  5]  1.9 [ 6 ]  

5 - -7  [4 ,  5 ]  6 [ 6 ]  

This activating effect  o f  K ÷ at the  fi-sites, the  usual ly  considered act ion of  K ÷, 
increases with successively higher concentrat ions  of  KC1 so that  at infinite  Mg 2÷ 
• ATP concentrat ion  (at the  ordinate  o f  the  plots)  the  apparent V varies direct- 
ly with the  KC1 concentrat ions .  These diverse act ions  of  K + necessitate the  use 
of  the mode l  presented above to  describe the  act ions  at the  a-sites on  Km 
independent ly  o f  act ions  at the  fi-sites on  apparent V. 

As a further test  o f  this mode l  the  e f f e ~  o f  pH on the  Km for Mg 2+ • ATP 
and the  K÷-Mg 2÷ • ATP antagonism was examined.  A l though  the  apparent af- 
f inity for K ÷ at the  ~-sites did not  change over the  pH range 6- -9 ,  the  apparent 
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Fig .  2. C o r r e s p o n d e n c e  b e t w e e n  t h e  o b s e r v e d  a n d  c a l c u l a t e d  v a l u e s  o f  K~n f o r  Mg2 +" A T P .  T h e  o b s e r v e d  
K m v a l u e s  f r o m  Fig.  1 a re  p l o t t e d  a g a i n s t  v a l u e s  c a l c u l a t e d  f r o m  E q n  1 a n d  t h e  p a r a m e t e r s  o f  T a b l e  I. I n  
a d d i t i o n ,  v a l u e s  o f  K m f r o m  e x p e r i m e n t s  a t  p H  8 .6  (F ig .  3 )  a r e  i n c l u d e d .  T h e  d a s h e d  l ine  i n d i c a t e s  

p e r f e c t  c o r r e s p o n d e n c e .  
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Fig. 3. E f f e c t  o f  p H  on  t h e  ATPase  reac t ion .  In  the  r i gh t -hand  pane l  the  l o g a r i t h m  o f  the  a p p a r e n t  K m for  
Mg 2+ • A T P  and  o f  the  V are p lo t t ed  aga ins t  t he  m e a s u r e d  pH of  the  i n c u b a t i o n  m e d i u m .  For  p H  values  

f r o m  7.8 d o w n w a r d ,  30  m M  his t id ine  • HC1 was  ad ju s t ed  to  the  des i red  p H  wi th  Tris ;  fo r  va lues  above  7.8, 

30 m M  Tris  was ad ju s t ed  w i t h  h i s t id ine  • HC1. K~n fo r  Mg 2+ • ATP and  V (in t e r m s  of  Mg 2+'  ATP)  were  

o b t a i n e d  b y  v a r y i n g  A T P  and  MgCl2,  as in Fig.  1, in  the  p resence  o f  90  m M  NaCl and  10 m M  KCI. In the  

r i gh t -hand  pane l  the  e f f e c t  o f  KC1 on  Krn fo r  Mg 2+ • ATP is shown .  E x p e r i m e n t s  were  p e r f o r m e d  and  the  

da ta  are p r e s e n t e d  as in Fig.  1, e x c e p t  t h a t  t he  m e a s u r e d  pH of  the  i n c u b a t i o n  m e d i a  was 8.6. 

aff in i ty  for  K ÷ at the  a-sites decreased at basic pH, with an es t imated  pK a of  
8.1 fo r  the  mod i fy ing  e lement  [4 ] .  Thus examina t ion  of  the  effects  o f  K ÷ at 
pH 8.6 should discr iminate  fu r the r  be tween  a- and fl-sites. 

The  appa ren t  K m for  ATP With 10 mM KC1 did n o t  vary with pH over  the  
range 6 .7--8 .7 ,  a l though V did (Fig. 3). Nevertheless,  the  apparen t  Km did vary 
with K ÷ concen t r a t i on  at  pH 8.6 (Fig. 3) and when values for  the  dissociat ion 
cons tants  for  K ÷ and Na ÷ at pH 8.6 (Table  I) were subs t i tu ted  in Eqn 1, in a 
range cons is tent  with thei r  previous de t e rmina t ion  [4 ] ,  there  was again good  
agreement  be tween  the  calculated and observed values o f  the  appa ren t  K m for  
Mg 2÷ • ATP (Fig. 2). 

An al ternat ive fo rmu la t i on  might  be cons idered  in te rms of  K ÷ and Na ÷ 
occupy ing  the  Na ÷ sites (i.e. those  normal ly  occupied  by Na ÷ to  act ivate en- 
z y m e  phospho ry l a t i on )  and the reby  inf luencing ATP binding. However ,  the 
values o f  K~ and K2 (Table  I) tha t  satisfy the  mode l  are incompat ib le  with the  
respect ive affinit ies o f  Na ÷ and K ÷ for  the  Na ÷ sites: at the  Na ÷ sites governing 
ATPase act ivi ty the  K D is abou t  2 mM [3 ,4 ] ,  while the Ki for  K + as a com- 
pe t i to r  at these sites is rough ly  12 mM [3 ,4 ] .  

Post  e t  al. [13]  p roposed  tha t  the  effects  o f  K ÷ on  ATP binding might  be 
media ted  th rough  K ÷ binding to  the  discharge sites o f  the p u m p  mechanism (or  
to  some occ luded  c o n f o r m a t i o n  in the  t rans loca t ion  process).  The  abil i ty of  K ÷ 
to  decrease ATP binding in the  " f r e e "  e n z y m e  [8,9] argues against the  neces- 
sary par t ic ipa t ion  of  K ÷ at an in te rmedia te  occ luded  co n fo rm a t io n ,  and the  
calculated affinit ies o f  K ÷ and Na ÷ (Table  I) seem inappropr ia te  for  K+-dis - 
charge sites were K ÷ mus t  be released into the  high K÷/low Na ÷ cy top lasm.  

E f f e c t  o f  Mg 2÷ • A T P  on the K D for  IC at the a-sites 
The  preceding  fo rmu la t i on  o f  the  in te rac t ion  be tween  K ÷ at the  a-sites 

and Mg 2÷ • ATP binding implies tha t  Mg 2÷ • ATP at  the  subst ra te  sites should 
inf luence  K ÷ binding. Tha t  is, increasing concen t ra t ions  of  Mg 2÷ • ATP should 
increase the  dissocia t ion cons tan t  fo r  K ÷, KD, at  the  a-sites. This g D may be 



200 

evaluated in terms of  the  K+-accelerated inact ivat ion of  the e n z y m e  by F-, as 
previously descr ibed [3,4]  : 

+ 

E~ E" K F Ein 

where E is the  free enzyme ,  E • K the  complex  sensitive to  inact ivat ion by F-, 
and Ein the  inact ivated enzyme .  

In these exper iments  the  e n z y m e  is first incuba ted  for  various t imes with 
F- and Mg 2÷, in the  absence and presence of  K +, and the  residual (Na ÷ + 
K*)-dependent  ATPase act ivi ty then  measured in assay incubat ions  [3 ,4 ] .  The  
calculated pseudo f i rs t -order  ra te  constants  for  inact ivat ion,  kln, are func t ions  
o f  the  K ÷ concen t ra t ion ,  and double- rec iproca l  plots  pe rmi t  es t imat ion  of  the  
K D for  K ÷ f r om the  sites o f  the  enzyme-con t ro l l ing  inact ivat ion (Fig. 4). These 
K ÷ sites are classified as a-sites [ 4 ] ,  cor responding  to the  K ÷ sites activating the  
K+-dependent  phosphatase  reac t ion  in terms o f  specific cri teria distinguishing 
t hem f rom the/3-sites, such as af f in i ty  for  K ÷ and Na +, relative ef f icacy o f  Li ÷, 
and response  to  pH [4] .  

In these exper iments  the addi t ion  o f  ATP increased the apparen t  K D for  
K ÷, K D (Fig. 4). In accord  with the  effects  o f  K ÷ on the  K~ for  Mg 2÷ • ATP, 
these data  should then  be in quant i ta t ive  agreement  with the converse o f  the  
model  descr ibed above:  

M g  2 + '  A T P  K + F -  
E • Mg 2÷ • ATP . E  ~ E • K-+ Ein 

There fo re  
' ( [Mg2* " A T P ] )  

K D = K D 1 + Ks (2) 

where  K s is the  dissociat ion cons tan t  for  Mg 2÷ • ATP f rom the  enzyme.  

7 [ A T P ] m M  

0.6 05 i o  3 

o 

K' 5[  • Ol 

I 9 i 2 

[ K C I ]  ' mM 

Fig. 4. E f f e c t  o f  ATP on the  K+-aecelerated i nac t i va t i on  o f  the  e n z y m e  by  F-. In these  e x p e r i m e n t s  the  
p s e u d o  f i r s t -o rder  ra te  c o n s t a n t  fo r  i n a c t i v a t i o n  by  F-  was  m e a s u r e d ,  as desc r ibed  u n d e r  M e t h o d s  and 
Materials ,  f r o m  i n c u b a ; i o n s  c o n t a i n i n g  the  c o n c e n t r a t i o n s  o f  KC1 s h o w n ,  in the  absence  and p resence  of  
A T P :  o, none ;  o, 0.1;  i 0.3;  u 0.5; and  A 0.6 raM. An  e q u i m o l a r  a m o u n t  of  MgC12 was added  wi th  the  

ATP.  D a t a  are p r e s e n t e d  in doub le - rec ip roca l  f o r m ,  wi th  the  k~n n o r m a l i z e d  by  d i v ~ i o n  in to  K i n ,  t he  
m a x i m a l  p s e u d o  f i r s t -o rder  ra te  c o n s t a n t  at i n f in i t e  KCl,  fo r  each  A T P  c o n c e n t r a t i o n .  



201 

Before  f i t t ing the  da ta  to  this mode l  it is necessary to  consider  a possible 
d i f fe rence  be tween  (i) the  Km for  Mg 2÷ • ATP, the  Michaelis cons tan t  unde r  
s teady-s ta te  condi t ions  (as measured  above:  Fig. 1), and (ii) the  t rue  dissocia- 
t ion  cons tan t  fo r  the  substrate ,  K s. In single-substrate enzyma t i c  react ions  Km 
is f r equen t ly  greater  than  Ks because the  rate  cons t an t  for  p r o d u c t  f o rm a t io n  
f rom the  enzyme-subs t ra te  complex ,  k+2, may  be o f  comparab le  magni tude  to  
tha t  for  the  b r e a kdown  of  the  complex ,  k_,. Since K m = (k+2) + (k_~) /k+~,  

whereas K s = k _ l / k + ~ ,  a considerable  dispar i ty  can occur  ( for  mult i -substra te  
react ions  the  re la t ionship be tween  the observed K m and K s can be even more  
remote) .  

One approach  to  evaluat ing K s for  Mg 2+ • ATP is t h rough  its ac t ion as a 
compet i t ive  inhib i tor  t oward  n i t r opheny l  phospha te ,  the substrate  for  the  K ÷- 
d e p e n d e n t  phosphatase  react ion:  the  Ki fo r  a compet i t ive  inh ib i tor  can be 
equa ted  to  the dissociat ion cons tan t  at  the  inh ib i to ry  site [ 1 4 ] .  F r o m  such 
studies a K i of  0.13 mM was ob ta ined  for  Mg 2÷ • ATP (Fig. 5), ab o u t  half  o f  the  
value for  K m (Fig. 1). 

Using this K i value as the  K s for  Mg 2+ • ATP in Eqn 2, the co r re spondence  
be tween  the  observed and calculated values o f  KD may  be examined ,  using the 
K D for  K ÷ in the  absence o f  Mg2+-ATP, 1.1 mM, as the " t r u e "  K D (Fig. 6, 
Table  I): ag reement  is excel lent .  

Because higher  concen t ra t ions  o f  Mg 2÷ • ATP slow inact ivat ion,  the KD 
for  K ÷ could  no t  be measured  at  ATP concen t ra t ions  fo u n d  in vivo, approx ,  
2 mM [ 15 ] .  Nevertheless,  f rom Eqn 2 and the  values of  Table  I it can be 
calculated tha t  the  effect ive  KD for  K ÷ would  be increased only  to 16 mM by 
2 mM Mg 2÷ • ATP. This provides  fu r the r  evidence (cf. ref. 4) t ha t  these K ÷ sites 
sensitive to  Mg 2+ • ATP binding do  no t  co r respond  to  K+-discharge sites of  the  
cat ion pump.  

]ATP] mM 

oi;., 
.; i//°. / 

[Nitrophenyl Phosphate]-' mM 

LNitrophenyl Phosphate] 
mM 

2 

I 
o'.~ o o12 oi~ 

[ATP] mM 

Fig. 5. C o m p e t i t i o n  b e t w e e n  ATP and n i t r o p h e n y l  phosphate  in the  phosphatase  react ion.  K+-dependent  
phosphatase  act iv i ty  was m e a s u r e d  in the  presence  o f  10 m M  KC1, wi th  the  varied a m o u n t s  o f  n i t r o p h e n y l  
p h o s p h a t e  and ATP s h o w n .  The  MgCl 2 c o n c e n t r a t i o n  equaled  the  sum of  these  t w o  substances .  In the  
l e f t -hand panel  e x p e r i m e n t s  are s h o w n  in wh ich  the n i t r o p h e n y l  phosphate  c o n c e n t r a t i o n  was var ied at 
f ixed  levels  o f  ATP;  data  are presented  in double -rec iproca l  form.  In the  r ight -hand panel  e x p e r i m e n t s  are 
s h o w n  in wh ich  ATP is var ied at f ixed  levels  o f  n i t r o p h e n y l  phosphate ;  data  are presented  in the  f o r m  of  a 
Dixon  plot.  
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Fig. 6. Ef fec t  of  ATP on the  a p p a r e n t  K D for  K +. In the le f t -hand panel  the  values of  K D  f r o m  Fig. 4 are 
p lo t t ed  against  the  c o n c e n t r a t i o n  of  ATP added .  In the  r igh t -hand  panel  these  observed  values  of  KD are 
c o m p a r e d  wi th  values o f  K[)  ca lcu la ted  f rom Eqn  2, using the p a r a m e t e r s  of  Table I. The dashed line 
indicates  pe r f ec t  c o r r e s p o n d e n c e .  

Effec t  o f  Mg 2+ • A T P  on the Ko. 5 for  K + o f  the phospha tase  react ion 
An alternative approach to evaluating the  effects  of  Mg 2÷ • ATP on  the 

apparent aff inity for K ÷ at the  a-sites, in terms of  the  K+-dependent phospha-  
tase reaction,  gave similar results (Fig. 7). The concentrat ion  o f  K + for half- 
maximal activation,  K0.5 ,  increased as the  Mg 2+ • ATP concentra t ion  was in- 
creased. However,  to  evaluate these results quanti tat ively  the  preceding for- 
mulat ion  must  be modi f ied  since n i t ropheny l  phosphate ,  present in these ex- 
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0.5 

L ~ og Vma× - ~, 
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-0.5 

[_ATP] mM o0.1 

: ; 

-I .0 
0 0 .5  I 0  

[ATP] mM 
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Log [KCI ]  mM 

Fig, 7. Effec t  of  ATP on the  K0.  5 for  K* of the  phospha ta se  react ion.  K+-dependent  phospha ta se  act iv i ty  
was m e a s u r e d  in the presence  o f  3 m M  n i t r o p h e n y l  phospha t e ,  the  c o n c e n t r a t i o n s  of KC1 shown,  in the 
absence  of  ATP (e)  or  wi th  0.1 (o),  0 .3 (u),  0 .5 (o),  0.6 (A), or  0.9 (•) mM ATP. The c o n c e n t r a t i o n  of  
MgC12 equal led  the  s u m  of  the  n i t r o p h e n y l  p h o s p h a t e  plus ATP concen t r a t ions .  Data  are p resen ted  in the 
f o r m  of  a Hill p lo t  of  the  k ine t ic  equa t ion :  V / v  = 1 + ( K / S )  n,  so t ha t  K is equal  to the c o n c e n t r a t i o n  for  
ha l f -max ima l  ac t iva t ion ,  K0.  5. In  the  inset,  the a p p a r e n t  values of  K are p lo t t ed  against  the ATP concen-  
t ra t ion.  
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periments as the substrate for the phosphate reaction, competes with Mg 2+ • 
ATP (Fig. 5). Thus the interactions would be: 

M g  2+" A T P  K +, N P P  
E'Mg 2+-ATP" . E:- " E-K'NPP 

where NPP represents nitrophenyl phosphate. The quantitative relationship is 
thus expressed: 

[Mg '+" ATP] 1 

where K s is here the dissociation constant for nitrophenyl phosphate at its 
substrata sites. Using the value of  K0.5 for K+ in the absence of  ATP, 1.95 mM, 
as the "true" K0.5, the K i for Mg 2÷ • ATP as before, and the K m for nitrophe- 
nyl phosphate (Fig. 5) as K s (Table I) fair agreement is found between ob- 
served and calculated values (Fig. 8). Better agreement can be obtained if a 
lower value for K s,  2 mM, is substituted into Eqn 3 (Fig. 8), and this may be 
justified on the basis of  considerations discussed above; i.e. K s is often smaller 
than K m . Another potential source of  error lies in the possibility that nitrophe- 
nyl phosphate at the substrate sites might itself alter the affinity for K + at the 
a-sites [6] .  

Good general agreement with the model is achieved in accord with results 
from the inactivation experiments, but although the Ko.5 for K + in the phos- 
phatase reaction and the K D for K ÷ from the inactivation experiments both 
represent a-sites on the enzyme, the observed values differ somewhat {Table I). 
This seeming discrepancy may be due (i) to competitive effects of Mg 2+ toward 
K ÷ [4 ,6] ,  Mg 2+ being present at different concentrations in the two types of 
experiments; (ii) to specific effects of  nitrophenyl phosphate on the a-sites, as 
suggested above; and (iii) to the possibility that the kinetically determined 
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Fig. 8. C o r r e s p o n d e n c e  b e t w e e n  the  observed  and ca lculated  values o f  K'. Observed values o f  K', f r o m  
Fig. 7, are p l o t t e d  against  the  ca lcu la ted  values using Eqn 3 and the  parameters  o f  Table I, w i t h  the  "true" 
K taken  as 1 . 9 5  m M  and the  K m for n i t r o p h e n y l  phosphate ,  3 .3  mM,  as the  K S (©). A smaller  value 
as sumed  for KS,  2 raM, gives a b e t t e r  c o r r e s p o n d e n c e  (o ) .  
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Ko. 5 may reflect other  aspects of  the overall catalytic process beyond enzyme- 
K* binding, just as K m can differ from K s. 

Conclusions 

Occupancy of  the a-sites on the (Na ~ + K+ )-dependent ATPase by K ÷ is 
antagonized by Mg 2÷ • ATP, and Mg 2÷ • ATP occupancy of the substrate sites is 
antagonized by K ÷ at the a-sites, in a mutually competit ive fashion. Evaluations 
of  these interactions in terms of  K ÷ effects on the observed Km for Mg 2÷ • ATP 
and Mg 2÷ • ATP effects on the observed K D for K + (measured through inactiva- 
t ion by F-) and Ko. 5 for K ÷ (in terms of  the phosphatase reaction) are in good 
quantitative agreement with this model. These data indicate that  it is through 
occupancy of  the a-sites on the enzyme that K* is able to decrease the binding 
of ATP to the enzyme, as observed by NCrby and Jensen [8] and Hegyvary and 
Post [9] ,  and to inhibit the ATPase at low substrate concentrat ions,  as ob- 
served by Neufeld and Levy [16] and Post et al. [13] .  

Post et al. [13] proposed that  the antagonism seen between K ÷ and ATP 
binding would reflect a similar antagonism between ATP and K ÷ binding, and 
that  such a relationship might represent a mechanism for effecting the dis- 
charge of  transported K ÷ by the membrane pump. Although the data presented 
here do show such an antagonism between ATP and K ÷, the quantitative rela- 
tionship is inconsistent with such a formulation: the level of Mg 2+- ATP found in 
vivo seems inadequate to alter the K D sufficiently. Beyond this, the K ÷ sites in 
question are identified here as a-sites, corresponding to those activating the 
K*-dependent phosphatase reaction, and Rega et al. [17] have shown that  the 
sites activating the reaction in situ in e ry throcy te  membranes are accessible 
from the external medium. By contrast,  the K÷-discharge sites of the pump 
must face the cellular interior. 

These experiments also suggest an explanation for the puzzling stimula- 
t ion of  the (Na* + K+)-dependent ATPase activity by Li* reported in the 
presence of "saturat ing" concentrat ions of  K ÷ [18,19] .  The efficacy of Li* at 
the a-sites (inhibitory to the ATPase) is quite low compared to K*, whereas the 
efficacy at the activating H-sites is much more nearly equivalent to that  of K ÷ 
[4] .  Since at high KC1 concentrat ions significant occupancy of  the a-sites will 
occur in vitro, inhibition can result f rom a decreased binding of Mg 2÷ • ATP to 
the substrate sites. Under such circumstances the addition of Li + as a competi- 
tor  to K + can relieve this inhibition by virtue of  its low efficacy at the a-sites. 
At the activating H-sites, where the efficacy of Li ÷ more nearly approaches that 
of K* [4] ,  the displacement of  K ÷ by Li ÷ would have little effect  on activation. 
The sum of  the decreased inhibition at the a-sites and the nearly equivalent 
activation at the H-sites could then produce the stimulation reported with Li t. 

Appendix 

The interactions between K ÷, Na ÷, and Mg 2÷ • ATP on the apparent Km 
for Mg 2÷ • ATP, and between K*, ATP, and ni t rophenyl  phosphate on the 
apparent K0.5 for K *, may be interpreted in terms of an enzyme model with 
two substrates, A and B, and a competit ive inhibitor C: 
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EC 
K, 1L 

C 
+ 
E + A  K.~--~ E • A 
+ + 
B B 

E ' B + A ~ E  A ' B ~ p r o d u c t s  

such that  the velocity v = k [E • A • B] and V = k[E] .  The relationship may be 
simplified by assuming that  KI = K3 and K2 = K 4  (as seems to be the case at 
least with Na ÷ and Mg 2÷ • ATP binding to the enzyme (Fig. 1)). Then in the 
absence of the competitor C: 

K, K 2 K, K2 ( K I ) (  K2)  
V 1+  + + - 1+  1+  
7= [-Ai [-B] [~ I-B] [A] [B] 

whereas in the presence of C: 

V K, K2 K1 K2 K,K2[C] 
--=1+--+-- + --+ 
v [AI [B] [A] [BI Ks [A] [B] 

To evaluate the response to changes in one substrate, A, at fixed levels of B and 
C this relationship can be rearranged: 

V -- [B] ÷ K2 ÷ __ 1 + KI ( K2 (Ks + [C]l 1 
v [B] [A] ~ [BI ]J 

Dividing by [B] + K2/[B] converts this expression to the form 

1 + 1 + ---  )J 
[A] Ks (I + -- 

K2 

in which the competit ion with C is intuitively apparent: K 1 is increased by a 
factor (1 + [C] ~Ks ), as in simple competitive inhibition, while K~ is also in- 
creased by the other species competing with C for the free enzyme, B, by the 
factor (1 + [B]/K2). Consequently, the observed K'I in the presence of the 
competitor C is related to the true K1 by 

K'I -- KI 1 + [B])  

Ks ( 1 + - ~ 2  
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