
419 

Biochimica et Biophysica Acta, 509 (1978) 419--428 
© Elsevier/North-Holland Biomedical Press 

BBA 78026 

INHIBITION OF THE (Na ÷ + K ÷ ) - D E P E N D E N T  ATPase 
BY INORGANIC PHOSPHATE 

JOSEPH D. ROBINSON *, MARCIA S. FLASHNER and GRACE K. MARIN 

Department of Pharmacology, State University of New York, Upstate Medical Center, 
Syracuse, N.Y. 13210 (U.S.A.) 

(Received October 7th, 1977) 
(Revised manuscript received January 13th, 1978) 

Summary 

Inhibition of the (Na* + K÷)-dependent ATPase by inorganic phosphate, Pi, 
was examined in terms of product  inhibition of the various activities catalyzed 
by an enzyme preparation from rat brain, and considered in terms of the 
specific transport processes of  the membrane Na*,K*-pump that  these activities 
reflect. The K*-dependent phosphatase activity of the enzyme was most 
sensitive to Pi, and inhibition was competitive toward the substrate, nitro- 
phenyl phosphate, as would be expected if Pi were released from the same 
enzyme form that  bound substrate. However, this enzymatic activity does not  
seem to represent a transport process, and thus a cyclical discharge of K* may 
not  be involved. The Na÷-dependent exchange activity was unaffected by Pi, in 
accord with the absence of Pi release in the reaction sequence. For the corre- 
sponding Na*/Na ÷ exchange function of the pump, which reportedly does not  
involve ATP hydrolysis either, prior release of Pi obviously cannot be required 
for Na* discharge. With the Na*-dependent ATPase activity, measured using 
micromolar concentrations of ATP, Pi inhibited, but far less than with the phos- 
phatase activity, and inhibition was not competitive toward ATP. Moreover, 
inhibition decreased as the Na ÷ concentration was raised from 10 to 100 mM. 
This elevated concentration of Na ÷ also led to substrate inhibition. For this 
ATPase activity, and the corresponding transport process, uncoupled Na ÷ 
efflux, the findings suggest that  Na ÷ discharge follows Pi release, in contrast to 
Na÷/Na ÷ exchange. The (Na ÷ + K*)-dependent ATPase activity, measured with 
millimolar concentrations of ATP and reflecting the coupled Na÷,K÷-transport 
function,  was similarly sensitive to Pi, and again inhibition was not  competitive 
toward ATP. However, in this case inhibition did not  increase as the Na ÷ con- 
centration was lowered. For this activity, and the associated transport process, 
the site of Na ÷ discharge in the overall reaction sequence remains unresolved. 

* To whom correspondence should be addressed .  
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Introduct ion 

The (Na ÷ + K÷)-dependent ATPase (ATP phosphohydrolase, EC 3.6.1.3) has 
been linked convincingly to the Na÷,K÷-pump that  in vivo effects the coupled 
transport of these ions across the plasma membrane [1--3]. In addition to this 
ATPase activity the enzyme also catalyzes several other reactions, and these 
may relate to alternative transport functions of the pump. In the absence of K ÷ 
the enzyme can display Na÷-dependent ATPase activity, which seems to corre- 
spond to the uncoupled transport of Na ÷ from the cell [3]. In the absence of 
K ÷ the enzyme also can catalyze Na÷-dependent ADP/ATP exchange, and this 
activity reflects, in part, Na÷/Na ÷ exchange across the membrane (further steps 
must, however, be involved in the transport process since it is sensitive to 
oligomycin whereas ADP/ATP exchange is not  [3]). On the other hand, the 
relationship of a fourth reaction catalyzed by the enzyme, K÷-dependent phos- 
phatase activity, to a transport role is doubtful  [4], although the reaction does 
appear to correspond to the terminal hydrolyt ic  steps of the overall (Na ÷ + K+) - 
dependent  ATPase reaction [2,3]. 

For these reactions, and the transport functions, basic descriptions of the 
reaction processes are uncertain and the sequence of cation binding and 
discharge remains controversial [5,6]. Since the kinetic characteristics of 
product  inhibition can afford information about reaction sequences [7], we 
have approached these issues by examining the effects on the separate 
enzymatic reactions of inorganic phosphate, Pi, since it would be expected to 
act as a product  inhibitor toward the hydrolyt ic  activities of the enzyme. The 
experiments described here indicate that  Pi affects each of these reactions 
differently. These differences appear to correspond to variations in the reaction 
sequence which, in turn, may relate to the specific modes of cation transport 
that  the enzymatic reactions reflect. 

Methods and Materials 

The enzyme preparation was obtained from rat brain microsomes by treat- 
ment  with deoxycholate and then NaI, as previously described [8]. 

(Na ÷ + K÷)-dependent ATPase activity was measured in terms of the libera- 
tion of 32P i from incubations at 37°C with [7-3:p]ATP. The standard incuba- 
tion medium contained 30 mM hist idine.  HC1/Tris (pH 7.8), 90 mM NaC1, 
10 mM KC1, 3.5 mM MgC12, and 3 mM ATP with tracer quantities of [7-32P] - 
ATP, plus the enzyme preparation. The reaction was stopped by the addition 
of trichloroacetic acid, to a final concentration of 5% (w/v), and the mixture 
was centrifuged. A portion of the supernatant material was diluted 7-fold with 
water, mixed with 50 mg of  acid-washed charcoal, and centrifuged for 7 min at 
10 000 ×g. Radioactivity in the supernatant phase, 32pi, was measured by 
liquid scintillation counting. Enzymatic activity in the absence of NaC1 and 
KC1, which averaged only a few per cent of the (Na ÷ + K÷)-dependent activity 
under these conditions, was measured concurrently,  and was subtracted from 
the total activity in the presence of NaC1 and KC1 to give the (Na÷+ K÷) - 
dependent  activity [8]. Because of variations in absolute activity between 
different enzyme preparations, velocities are expressed relative to the 
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(Na ÷ + K÷)-dependent ATPase activity of  a control incubation in the standard 
medium, defined as 1.0; the specific activity of  the enzyme preparations 
averaged 2.6 ~mol Pi liberated/min per mg protein. 

Na÷-dependent ATPase activity was measured, and expressed, similarly. The 
standard medium contained 30 mM histidine • HC1 • Tris (pH 7.8), 1 mM NaC1, 
50 t~M MgC12, and 9 ~M ATP with tracer quantities of  [3,-32P]ATP, plus the 
enzyme preparation. 

Na*-dependent ADP/ATP exchange activity was measured, as previously 
described [9], in terms of  the incorporation of  14C into ATP from incubations 
at 37°C with unlabeled ATP and [U-14C]ADP. The standard medium contained 
30 mM histidine • HC1 • Tris (pH 7.8), 20 mM NaC1, 1 mM MgC12, 1 mM ATP, 
and 1 mM ADP with tracer quantities of [U-14C]ADP, plus the enzyme prepara- 
tion. Exchange activity in the absence of NaC1 was measured concurrently,  and 
subtracted from the total activity in the presence of  NaC1 to give the Na ÷- 
dependent  ADP/ATP exchange activity [9]. 

K÷-dependent phosphatase activity was measured in terms of  the production 
of  p-nitrophenol from incubations at 37°C with p-nitrophenyl phosphate, as 
described previously [10]. The standard medium contained 30 mM histidine • 
HC1 • Tris (pH 7.8), 10 mM KC1, 3 mM MgC12, and 3 mM p-nitrophenyl phos- 
phate, plus the enzyme preparation. Activity in the absence of  KC1, which 
averaged only a few per cent of the K÷-dependent phosphatase activity under 
these conditions, was measured concurrently,  and was subtracted from the 
total activity in the presence of  KC1 to give the K÷-dependent activity [10].  As 
with measurements of  the ATPase activities, velocities are expressed relative to 
the K÷-dependent phosphatase activity of  a control incubation in the standard 
medium defined as 1.0. 

ATP, ADP, and p-nitrophenyl phosphate were obtained from Sigma 
Chemical Co., and converted to the Tris salts [8]. [7-32P]ATP was obtained 
from ICN, and [U-14C]ADP from Amersham-Searle. Inorganic phosphate was 
added as the Tris salt, obtained by neutralization of  orthophosphoric acid. 

The data presented are averages of  four or more experiments, each 
performed in duplicate or triplicate. The lines of  the kinetic plots were fitted 
by eye. Values for the intercepts on the ordinates, summarized in Table I, were 
obtained by least-squares regression analysis. 

Results 

Inorganic phosphate inhibited the (Na÷+ K÷)-dependent ATPase activity 
when measured in the presence of near-saturating concentrations of  ATP, 
Mg ~÷, Na*, and K ÷, although the effect  was slight: only 30% inhibition with 
15 mM Pi (Fig. 1). Inhibition was somewhat  greater at lower ATP concentra- 
tions, bu t  Pi appeared to affect both V and K m (Fig. 1). Since a true 
competitive inhibitor does not  affect the intercept on the ordinate in double- 
reciprocal plots [7], the intercepts were evaluated by a least-squares linear 
regression analysis (Table I). Both 10 and 15 mM Pi increased the intercept 
(although the difference was statistically significant only at the higher con- 
centration). Thus, in the terminology of  Cleland [7], Pi is a noncompeti t ive 
inhibitor. 
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F i g .  1.  I n h i b i t i o n  o f  ( N a  + + K + ) - d e p e n d e n t  A T P a s e  a c t i v i t y  b y  Pi .  T h e  in i t i a l  v e l o c i t i e s  o f  A T P a s e  a c t i v i t y  

w e r e  e s t i m a t e d  f r o m  i n c u b a t i o n s  i n  m e d i a  c o n t a i n i n g  3 0  m M  h i s t i d i n e  • H C l  - T r i s  ( p H  7 . 8 ) ,  9 0  m M  NaC1,  
1 0  m M  K C l ,  t h e  c o n c e n t r a t i o n s  o f  A T P  i n d i c a t e d ,  a n d  M g C l  2 a t  c o n c e n t r a t i o n s  0 . 5  m M  g r e a t e r  t h a n  t h a t  
o f  A T P ;  e x p e r i m e n t s  w e r e  p e r f o r m e d  in  t h e  a b s e n c e  o f  a d d e d  Pi  ( o ) ,  a n d  w i t h  10  m M  (o )  a n d  15  m M  ( i )  

Pi as  t h e  T r i s - s a l t .  D a t a  a re  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 .  

F i g .  2.  L a c k  o f  e f f e c t  o f  N a C l  o n  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  a c t i v i t y  b y  Pi .  I n h i b i t i o n  
o f  A T P a s e  a c t i v i t y  w a s  m e a s u r e d  in  t h e  p r e s e n c e  o f  t h e  c o n c e n t r a t i o n  o f  Pi i n d i c a t e d ,  f r o m  i n c u b a t i o n s  in  
t h e  s t a n d a r d  m e d i u m  a d j u s t e d  t o  c o n t a i n  t h e  c o n c e n t r a t i o n  o f  NaC1 s h o w n .  In  t h e s e  e x p e r i m e n t s  t h e r e  

w e r e  n o  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  in  t h e  e x t e n t  o f  i n h i b i t i o n  b y  Pi  b e t w e e n  a n y  o f  t h e  N a C l  c o n -  

c e n t r a t i o n s .  F o r  t h e  d i f f e r e n t  o b s e r v a t i o n s  t h e  S . E . M .  r a n g e d  f r o m  1 t o  3% i n h i b i t i o n .  

Reduc ing  the c o n c e n t r a t i o n  o f  NaC1 in the incuba t ion  m e d i u m  had no  e f f ec t  
on inhib i t ion  by  Pi (Fig. 2). Converse ly ,  Pi did n o t  a f fec t  the K0.5 for  e i ther  
Na ÷ or  K ÷ (da ta  n o t  presented) .  

When (Na ÷ + K÷)-dependent  ATPase act ivi ty was measured  with 9 ~M ATP,  
a c o n c e n t r a t i o n  such tha t  the  high-aff ini ty  substrates  sites are near ly  sa tura ted  
(Kin a b o u t  1 gM [11] )  bu t  the  low-aff in i ty  substra te  sites are n o t  (Kin a b o u t  
0.5 mM [11] ) ,  t hen  inhib i t ion  by  Pi was even less, and no  e f f ec t  o f  Na ÷ or  K ÷ 

T A B L E  I 

E F F E C T  O F  I N O R G A N I C  P H O S P H A T E  O N  T H E  I N T E R C E P T  V A L U E S  

T h e  i n t e r c e p t s  o n  t h e  o r d i n a t e  o f  d o u b l e - r e c i p r o c a l  p l o t s  w e r e  c a l c u l a t e d  b y  l e a s t - s q u a r e s  l i n e a r  r e g r e s s i o n  
a n a l y s i s ,  f r o m  t h e  i n d i v i d u a l  e x p e r i m e n t s  a v e r a g e d  i n  F i g s .  1, 3 a n d  7;  t h e s e  v a l u e s  a re  p r e s e n t e d ,  ±S .D .  

E n z y m a t i c  a c t i v i t y  C o n c e n t r a t i o n  I n t e r c e p t  o n  
o f  a d d e d  P i  t h e  o r d i n a t e  

( r a M )  

( N a  + + K + ) - d e p e n d e n t  A T P a s e  

N a ÷ - d e p e n d e n t  A T P a s e  

K + - d e p e n d e n t  p h o s p h a t a s e  

0 0 . 8 5  ± 0 . 0 3  

10  0 . 9 3  -+ 0 . 0 4  
15  1 . 0 4  ± 0 . 0 5  * 

0 0 . 7 5  ± 0 . 0 2  
5 0 . 9 2  ± 0 . 0 6  * 

10  1 . t 0  ± 0 . 0 6  * 

15  1 . 3 0  ± 0 . 1 0  * 

0 0 . 4 3  -+ 0 . 0 4  
1 0 . 3 9  ± 0 . 0 6  
2 0 . 4 5  -+ 0 . 0 8  
3 0 . 6 4  ± 0 . 1 1  

* S i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l  v a l u e  (P  < 0 . 0 5 ) ,  as  e v a l u a t e d  b y  S t u d e n t ' s  t - t e s t .  
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Fig. 3. Inh ib i t ion  of  Na+-dependent  ATPase  act ivi ty  by Pi- The  initial veloci t ies  of  ATPase  act ivi ty  w e r e  
e s t i m a t e d  f r o m  incuba t ions  in m e d i a  con ta in ing  30 mM hist idine • HC1 • Tris (pH 7.S),  1 mM NaC1, 50 #M 
MgCl 2, and  the c o n c e n t r a t i o n s  of  ATP ind ica ted ;  e x p e r i m e n t s  were  p e r f o r m e d  in t h e  a b s e n c e  of a d d e d  Pi 
(e) ,  and  wi th  5 m M  (o),  10 m M  (m), a nd  15 mM (u) Pi- Da ta  are p re sen t ed  as in Fig. 1. 

Fig. 4. E f fec t  of  NaC1 on inhib i t ion  of  Na+-dependent  ATPase  act ivi ty  by  Pi. 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  and  the  da ta  are p r e s e n t e d  in Fig. 2, e x c e p t  t ha t  i ncuba t ions  were  in the s t anda rd  m e d i u m  for  
Na+-dependent  ATPase  ac t iv i ty ,  wi th  mod i f i c a t i ons  as ind ica ted .  The  S.E.M. is ind ica ted  wh e re  it  is larger  
than  the  da t a  sym bo l ;  at  all c o n c e n t r a t i o n s  of  Pi, inhib i t ion  was  signif icantly less in m e d i a  con ta in ing  
100 m M  NaC1. In the  a b s e n c e  of  Pi con t ro l  values of  t h e  v e l o c i t y  w e r e :  with  1 m M  NaC1 (o) ,  1.0; w i th  
10 m M  NaCl (o),  1 .03;  and  wi th  100 m M  NaC1 ( , ) ,  0 .34 .  

concentration on the minimal inhibition could be discerned. 
Na÷-dependent ATPase activity, measured in the absence of  K ÷ and also 

representing catalytic activity at the high-affinity substrate sites [11] ,  was, 
however, more sensitive to Pi: 15 mM Pi inhibited 40% in the presence of  9 pM 
ATP. As in the case of  (Na ÷ + K÷)-dependent ATPase activity measured with 
ATP concentrations sufficient to fill both classes of  substrates sites (Fig. 1), Pi 
appeared to affect both Km and V {Fig. 3). Again, a regression analysis o f  the 
values for intercepts on the ordinate (Table I) indicates that Pi is a non- 
competitive inhibitor: values were increased by Pi, significantly in all cases (in 
these experiments the scatter of  the data was somewhat  greater, as reflected in 
the standard deviations, and this scatter is assumed to account for seeming 
deviations from linearity in the plots). 

A notable difference between inhibition of  the Na÷-dependent ATPase and 
(Na ÷ + K÷)-dependent ATPase activities is the effect of  NaCI: with the Na ÷- 
dependent ATPase inhibition by Pi was almost completely abolished by 
100 mM NaC1 (Fig. 4). Under the experimental conditions used here to 
measure the Na÷-dependent ATPase activity, maximal velocity (in the absence 
of  Pi) was achieved with 10 mM NaC1, and velocity declined when the NaC1 
was increased further. * Thus, not  only did the percentage inhibition due to Pi 

* Al though  several ear l ier  s tudies  [ 1 2 - - 1 4 ]  have  descr ibed  an increase  in Na+-dependen t  ATPase  act ivi ty  as 
t h e  Na + c o n c e n t r a t i o n  was  raised f r o m  10 to 100  raM, t h o s e  m e a s u r e m e n t s  w e r e  m a d e  in the presence  
of  mi l l imola r  MgCI 2 c o n c e n t r a t i o n s .  R e c e n t  e x p e r i m e n t s  (F lashnar ,  M.S. and  Ro b in so n ,  J .D. ,  u n p u b -  
l ished observa t ions )  show t h a t  as the  MgCi 2 c o n c e n t r a t i o n  is raised f r o m  50 to  2 0 0 0  ~M the a p p a r e n t  
a f f in i ty  for  Na + in the  low c o n c e n t r a t i o n  range (0 .5 - -5  raM) is dec reased ,  and  Na + in the  high concen t r a -  
t ions  range  ( 5 0 - - 1 5 0  raM) t h e n  s t imula tes ;  this  m a y  b e  d u e  to  an e f f ec t  of  Mg 2+ a t  the low-af f in i ty  
s u b s t r a t e  s i t e s  [ 1 5 ] .  T h e s e  obse rva t ions  are all f r o m  e x p e r i m e n t s  in the  a b s e n c e  of  ad d ed  Pi- 
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F i g .  5 .  L a c k  o f  e f f e c t  o f  Pi o n  N a + - a c t i v a t i o n  o f  t h e  N a ÷ - d e p e n d e n t  A T P a s e  a c t i v i t y .  T h e  in i t i a l  v e l o c i t i e s  

w e r e  e s t i m a t e d  f r o m  i n c u b a t i o n s  in  t h e  s t a n d a r d  m e d i u m  a d j u s t e d  to  c o n t a i n  t h e  c o n c e n t r a t i o n s  o f  N a C l  
i n d i c a t e d ,  in  t h e  a b s e n c e  o f  a d d e d  Pi ( o )  o r  w i t h  1 5 r a m  Pi (o ) .  D a t a  a re  p r e s e n t e d  as  in F ig .  1. In  b o t h  

c a s e s  t h e  K 0 .  5 f o r  N a  + is 0 . 4  m M .  

F i g .  6 .  E f f e c t  o f  NaC1 o n  s u b s t r a t e  i n h i b i t i o n  o f  t h e  N a + - d e p e n d e n t  A T P a s e  a c t i v i t y .  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 [Zig. 3 ,  e x c e p t  t h a t  t he  m e d i a  c o n t a i n e d  e i t h e r  1 m M  (0 )  o r  

1 0 0  m M  (~)  NaC1.  ( N o  Pi w a s  a d d e d  in t h e s e  e x p e r i m e n t s . )  

decline as the NaC1 concentration was raised (Fig. 4), but the percentage inhibi- 
tion due to NaC1 correspondingly declined as the Pi concentration was raised. 
On the other hand, when activation of  the enzymatic  activity by Na ÷ was 
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F i g .  7 .  I n h i b i t i o n  o f  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  b y  Pi" T h e  in i t i a l  v e l o c i t i e s  o f  p h o s p h a t a s e  a c t i v i t y  
w e r e  e s t i m a t e d  f r o m  i n c u b a t i o n s  in  m e d i a  c o n t a i n i n g  3 0 1 n M  h i s t i d i n e  . H C l .  T r i s  ( p H  7 .8 ) ,  10  m M  KC1, 
3 m M  M g C I 2 ,  a n d  t h e  c o n c e n t r a t i o n s  o f  n i t r o p h e n y l  p h o s p h a t e  ( N P P )  i n d i c a t e d ;  e x p e r i m e n t s  w e r e  

p e r f o r m e d  in t h e  a b s e n c e  o f  a d d e d  Pi (o ) ,  o r  w i t h  1 m M  (o ) ,  2 m M  ( i ) .  o r  3 m M  C ) Pi.  D a t a  are  p r e s e n t e d  

as  in  F i g .  1. 

F ig .  8 .  L a c k  o f  e f f e c t  o f  N a C I  on  i n h i b i t i o n  o f  t h e  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  by  Pi- T h e  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  F ig .  2 ,  e x c e p t  t h a t  i n c u b a t i o n s  w e r e  in  t h e  
s t a n d a r d  m e d i u m  f o r  t h e  K + d ~ 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 i t h  m o d i f i c a t i o n s  as  i n d i c a t e d .  In  t h e s e  
e x p e r i m e n t s  t h e r e  w e r e  n o  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  in  t h e  e x t e n t  o f  i n h i b i t i o n  by  Pi b e t w e e n  
e x p e r i m e n t s  in  t h e  a b s e n c e  o f  N a C l  a n d  i t s  p r e s e n c e .  F o r  t h e  d i f f e r e n t  o b s e r v a t i o n s  t h e  S . E . M .  r a n g e d  

f r o m  1 to  5% i n h i b i t i o n .  
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examined at NaC1 concentrations below 10 mM, Pi had no detectable effect  on 
the K0.5 for Na ÷ (Fig. 5). 

In the absence of Pi, inhibition of  the Na*-dependent ATPase by high con- 
centrations of NaC1 was accentuated at higher ATP concentrations, so that  in 
the presence of  100 mM NaC1 a double-reciprocal plot of  velocity against ATP 
concentration showed marked substrate inhibition (Fig. 6). 

Na*-dependent ADP/ATP exchange activity catalyzed by this enzyme was 
not  inhibited by 15 mM Pi, in the presence of  NaC1 concentrations from 2 to 
20 mM {data not  presented). 

The remaining activity of  the enzyme that was tested, K+-dependent phos- 
phatase activity, was, as shown previously [16],  quite sensitive to inhibition by 
Pi: 3 mM Pi inhibited more than 50 per cent. Moreover, in this case Pi appeared 
to be a true competitive inhibitor (Fig. 7). A regression analysis of  the values of  
the intercepts on the ordinate (Table I) showed no statistically significant 
difference between control values and those from experiments with three con- 
centrations of Pi. 

The phosphatase activity is measured in the absence of  Na ÷, and, indeed, Na ÷ 
inhibits in the presence of  optimal levels of  K ÷ [10]. Pi did not  influence this 
inhibition by Na ÷, nor did Na ÷ affect inhibition by P~ (Fig. 8). 

Discussion 

Inorganic phosphate affected differently the four enzymatic reactions 
catalyzed by the (Na÷+ K÷)-dependent ATPase examined here. These results 
are considered in terms of  product  inhibition, by which the response of  the 
initial velocity of a reaction to an added product  reflects the reaction sequence 
[7]. For example, at the simplest level with an ordered release of products,  the 
product  that is released from the same enzyme state as that to which the (first) 
substrate binds (i.e., the product  released last) will act as a true competit ive 
inhibitor towards that  substrate. Conversely, if other enzyme states intervene 
between release of  a product  and addition of  substrate (e.g., release of  a second 
product) ,  then the first product  will act as a noncompeti t ive inhibitor to the 
substrate. Thus, the different responses to Pi described here can suggest specific 
enzymatic and transport characteristics. These interpretations rest, however, on 
the assumption that Pi is inhibiting solely as a product  of  the reaction, which, 
though plausible, is not  established exclusively. 

(i) With the K÷-dependent phosphatase activity, Pi was a competit ive 
inhibitor toward the substrate (Fig. 7), as previously shown [16].  This kinetic 
pattern is consistent with Pi being released from the same form of  the enzyme 
as that to which the substrate binds [7].  Consequently,  if K ÷ is discharged with 
each reaction cycle, as would be expected with a transport process, K ÷ must be 
discharged before Pi is released. It is, however, doubtful  that  this reaction can 
effect  cation transport  [4]. Nevertheless, the phosphatase reaction not  only 
exhibits activating sites for K ÷, with a K0.5 near 2 mM, but  also inhibitory low- 
affinity sites with a dissociation constant  on the order of  100 mM [17],  an 
affinity similar to that  of  the intracellular discharge sites for K ÷ of the 
membrane Na*,K÷-pump [18]. Thus the step(s) deficient for transport  may 
involve the translocation of  K ÷ from acceptance to discharge sites. 
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F i g .  9 .  P r o p o s e d  r e a c t i o n  s e q u e n c e  f o r  t h e  N a + - d e p e n d e n t  A T P a s e  a c t i v i t y .  N a  + a n d  A T P  b i n d  to t h e  f r ee  
e n z y m e  ( E )  ( 1 ) ,  p e r h a p s  in r a n d o m  o r d e r ,  to  f o r m  12) t h e  e n z y m e  • p h o s p h a t e  c o m p l e x  [ 2 , 3 ] ,  f r o m  w h i c h  

A D P  s u b s e q u e n t l y  d i s s o c i a t e s  (3 ) .  N e x t ,  p h o s p h a t e  is r e l e a s e d  f r o m  t h e  e n z y m e  . p h o s p h a t e  c o m p l e x  ( 4 ) ,  
f o l l o w e d  s e q u e n t i a l l y  b y  d i s c h a r g e  o f  N a  + ( w h i c h  in  v i v o  w o u l d  be  f r o m  t h e  o p p o s i t e  f ace  o f  t h e  

m e m b r a n e  f r o m  t h a t  to  w h i c h  i t  b o u n d ) .  T h e  c y c l e  is r e p e a t e d  by  s u b s e q u e n t  a d d i t i o n  o f  N a  + a n d  A T P  
to  t h e  f r e e  e n z y m e .  S u b s t r a t e  i n h i b i t i o n  o c c u r r i n g  t h r o u g h  A T P  b i n d i n g  to  an  i n a c t i v e  f o r m  o f  t h e  e n z y m e  
d u e  to  N a  + a t  t h e  d i s c h a r g e  s i t e s ,  d e a d - e n d  i n h i b i t i o n ,  is  n o t  i l l u s t r a t e d .  

(ii) With the Na÷-dependent  ADP/ATP  exchange  act ivi ty,  in which no  Pi is 
l ibera ted,  the addi t ion  of  Pi, as would  be expec t ed ,  p ro d u ced  no inhibi t ion.  
Here the e nz yma t i c  reac t ion  resembles  in part ,  Na+/Na + exchange  e f fec ted  by 
the Na+,K+-pump, which appears  also to  involve a reversible t ransphosphory la -  
t ion  [3] .  Garay  and Garrahan [19]  f ound  no  inhibi t ion of  Na÷/Na + exchange  
by Pi, and it is obvious tha t  with this exchange  the discharge of  Na ÷ can n o t  
require  a pr ior  release of  Pi. 

(iii) The  Na+-dependent  ATPase should  represen t  the simplest  case of  active 
t r anspor t  by the ATPase,  the uncoup l ed  Na ÷ e f f lux  [3 ,14] ,  since only the high- 
aff in i ty  substrate  sites are requi red  [11 ,14]  and Na ÷ is the only  m o n o v a l e n t  
ca t ion  involved in act ivat ion ( enzyme)  and t r anspor t  (pump) .  With this ATPase 
act ivi ty ,  however ,  P~ was no t  a compe t i t ive  inhib i tor  toward  the substrate.  
Thus ,  if there  is an o rdered  release of  p roduc t s  f rom the en zy m e ,  intel ,  eening 
step(s) are indicated  be tween  Pi release and ATP binding. This could  occur  if 
Na* were discharged af ter  Pi is released,  as shown in Fig. 9. 

In this fo rmula t ion ,  Na ÷ released at its discharge sites is also a p roduc t .  
Under  the s tandard assay condi t ions ,  with 1 mM NaC1, p r o d u c t  inhibi t ion by 
Na + would  no t  be expec ted :  a l though the Ko.s for  Na* at its act ivat ing sites is 
abou t  0.4 mM (Fig. 5), the dissociat ion cons tan t  at its discharge sites is on the 
order  of  100 mM [20 ,21] .  But  if Na ÷ were the last p r o d u c t  released (Fig. 9), it 
should,  at concen t ra t ions  suff ic ient  to occupy  the discharge sites, act  as a 
c o m p e t i t o r  toward  ATP. This p red ic t ion ,  however ,  could  n o t  be verified 
because of  the marked  substrate  inhib i t ion  occurr ing in the presence o f  high 
NaC1 concen t r a t i ons  (Fig. 6). Nevertheless ,  this substrate  inhibi t ion can be 
a c c o m m o d a t e d  by the fo rmu la t i on  in Fig. 9 with the fu r the r  s t ipulat ion tha t  
occup a nc y  of  the Na ÷ discharge sites (occurr ing  at high NaC1 concen t ra t ions )  
stabilizes a dead-end fo rm of  the e n z y m e  to which ATP also binds. As with all 
ad hoe  s t ipulat ions,  this exp lana t ion  is n o t  un ique  and requires fu r the r  suppor t .  

An addi t ional  observat ion  to  be a c c o m m o d a t e d  in a reac t ion  scheme is the 
an tagonism by high concen t r a t i ons  of  NaC1 toward  the inhibi t ion due to Pi 
(Fig. 4). It  seems unl ikely tha t  this an tagons im results f rom Na*, as a p roduc t ,  
driving the react ion backward .  If  Na+ normal ly  were released af ter  Pi (Fig. 9), 
then  Na ÷ should favor,  by mass ac t ion ,  the preceding step(s) to  which Pi binds, 
t he r eby  increasing inhibi t ion due to  Pi; this is con t r a ry  to  the observat ions  
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(Fig. 4). On the other hand, if Pi were released after Na*, then adding Pi should 
favor, by mass action, the preceding steps to which Na ÷ binds, thereby 
increasing inhibition due to Na÷; this too is contrary to the observations. It also 
seems unlikely that  Na ÷ exerts its antagonism toward Pi through occupancy of 
the activating sites for Na ÷ (thereby pulling the reaction to the right by mass 
action} for the effect was most pronounced with 100 mM NaC1, a concentration 
at which the low-affinity discharge sites are being filled, not  at 10 mM NaC1 
when the activating sites (K0.5 near 0.4 mM) are nearly saturated. A fourth 
alternative to account for the observations is that  in the presence of  high con- 
centrations of Na ÷ a dead-end complex is formed, a complex to which Pi does 
not  bind. This would represent, therefore, a step after Pi release (Fig. 9) and 
correspond to the dead-end complex involved above. 

Post et al. [22] reported that  phosphorylation of  the enzyme with 20 gM 
ATP was inhibited by Pi, and that  this inhibition was antagonized by 168 mM 
NaC1; similarly Cavieres and Glynn (quoted in ref. 14) found that 150 mM Na ÷ 
prevented inhibition of Na÷-dependent ATPase activity (measured with 1 gM 
ATP) due to 2 mM Pi. These observations are in accord with the data and 
formulation presented here. 

(iv) In studies on the (Na÷+ K÷)-dependent ATPase, Wade [23] recently 
reported that  inhibition by Pi increased as the ATP concentration was lowered. 
On the other hand, Hexum et al. [24] previously found no effect of Pi on the 
Km for ATP, and Garay and Garrahan [19], in studies on the Na*,K÷-pump of 
erythrocytes,  showed that  the ATP concentration had no effect on inhibition 
by Pi. The data presented here (Fig. 1) support the interpretation of Pi acting 
as a noncompetitive inhibitor toward ATP, with little effect on the apparent 
Kin, unlike the inhibition of the K÷-dependent phosphatase and similar to that  
of  the Na÷-dependent ATPase activity. But with the (Na*+ K÷)-dependent 
ATPase activity the inhibition by Pi was not  diminished as the NaC1 concentra- 
tion was raised (Fig. 2). This difference may reflect a more complex reaction 
process, which here involves binding and discharge of K ÷ as well. Post et al. 
[22] have proposed that  K ÷ is discharged after the release of Pi, but whether 
in the functioning of coupled Na ÷ and K ÷ transport Na ÷ is discharged before Pi 
release (in accord with the model for Na*/Na ÷ exchange) or after Pi release (in 
accord with the model for uncoupled Na ÷ efflux pictured here) remains un- 
resolved. 
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