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Summary 

(Na ÷ + K÷)-ATPase can be phosphorylated by its substrate ATP as well as by 
its product inorganic phosphate. The maximal capacity for phosphorylation by 
either of these two substances is one mol phosphate per mol enzyme. In 
order to investigate whether the enzyme molecule possesses only one phos- 
phorylation site common to ATP and Pi, or two phosphorylation sites, one for 
ATP and one for Pi, dual phosphorylation of the enzyme has been carried out. 
Under conditions, which are maximally favourable for each type of phos- 
phorylation, successive phosphorylation by Pi and ATP leads to a maximal 
incorporation of only one mol phosphate per mol enzyme. The phosphoryla- 
tion capacity for ATP decreases by the same amount  as the Pi-phosphorylation 
level increases, without  an effect on the apparent affinity for ATP. 

The results can be explained by assuming either a single common phos- 
phorylation site for Pi and ATP, or a conformational change of the enzyme 
following phosphorylation by Pi, which excludes phosphorylation by ATP. 

Introduction 

The (Na ÷ + K÷)-stimulated ATPase system, which is responsible for active 
transport of Na ÷ and K ÷ across the plasma membrane, is phosphorylated by 
ATP in the presence of Na ÷ and Mg 2÷ [1,2]. The resulting phosphoenzyme 
is sensitive to K÷-stimulated hydrolysis, and the rate of the dephosphorylation 
reaction exceeds that  of the overall (Na÷+ K÷)-ATPase reaction [3,4]. The 
ATP-phosphorylation capacity is also proportional to the activity of the (Na ÷ + 
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K*)-ATPase preparation [1,5,6].  Hence, this phosphoenzyme can be con- 
sidered to be an intermediate in the forward reaction sequence. 

As early as 1966, it was recognized that the ATP-phosphorylated enzyme 
would undergo a conformational  change for transport of  Na ÷ [7],  later 
designated as the E1 ~ P ~ E2-P transition [8]. It is now fairly well docu- 
mented,  e.g. via inhibition by oligomycin, that  this transition is involved in the 
transport  of  sodium ions via uncoupled Na ÷ extrusion [9] and via exchange of  
intracellular versus extracellular Na ÷ by erythrocytes  [ 10]. 

The enzyme can also be phosphorylated by inorganic phosphate (Pi) in the 
presence of  Mg 2+, but  this phosphorylat ion is inhibited by  Na ÷, in contrast to 
that  by ATP [11].  The reaction appears to be involved in the outward trans- 
por t  of  K* as it occurs in the exchange of  intracellular against extracellular K ÷ 
[12].  The inward K ÷ transport would involve a subsequent  E2" K ~  El"  K 
conformational  transition, caused by ATP binding without  phosphorylat ion 
[13,14].  

In previous studies it has been found that the ATP- and Pi-phosphorylated 
intermediates are chemically indistinguishable [15--17] ,  that both are located 
in a 100 000<lalton subunit  of  the enzyme and that the maximal capacities for 
phosphorylat ion by  either ATP or Pi are equal [18] and do not  exceed one mol 
per mol of  enzyme [19,20].  However,  in addition to a high-affinity ATP bind- 
ing and phosphorylat ion site (Kin = 0.2--0.5 pM, Refs. 1,21) involved in out- 
ward Na + transport  [22],  the enzyme also contains a low-affinity ATP binding 
site (Km = 0 . 1 - 0 . 5  mM, Refs. 22,23) involved in inward K ÷ transport [12].  The 
high-affinity ATP site would be involved in hydrolysis of  nucleotides, whereas 
the low-affinity ATP site would be involved in hydrolysis of  phosphatase sub- 
strates like p-nitrophenyl phosphate [23].  Inorganic phosphate competit ively 
inhibits p-nitrophenyl phosphatase activity [24] and exchanges with enzyme- 
bound phosphate derived from p-nitrophenyl phosphate [25].  

These data could suggest that  while ATP would phosphorylate  the enzyme 
via its high-affinity binding site, Pi might phosphorylate the site with low 
affinity for ATP. Under appropriate conditions it might then be possible to 
obtain a double phosphorylated enzyme via consecutive phosphorylat ion by Pi 
and ATP. This possibility has been investigated in the present study. 

Materials and Methods 

Preparation o f  (Na ÷ ÷ K÷ )-A TPase 
(Na ÷ + K ÷)-ATPase has been prepared and purified from rabbit  kidney outer  

medulla microsomes according to J~brgensen [26] with slight modification: 
340 mg microsomes were incubated for 1 h at 20°C in a medium containing 
0.58 mg/ml sodium dodecyl  sulfate (SDS) in 25 mM imidazole-HC1 (pH 7.5), 
3 mM ATP and 2 mM EDTA (1.4 mg protein/ml).  The suspension was then 
centrifuged at 2 0 0 0 0 0  × g  for 30 min at 5°C. The pellet was homogenized in 
50 ml of  the same medium lacking SDS. This homogenate  was centrifuged on a 
linear gradient between 20 and 45% sucrose. Removal of  ATP, subsequent  
washing and storage of  this purified preparation have been described elsewhere 
[27].  The specific (Na ÷ + K+)-ATPase activity of  these preparations, determined 
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by the non-radioactive assay method [27],  ranged from 1.1 to 2.3 mmol 
hydrolyzed ATP/mg protein per h. 

Phosphorylation with ATP 
Phosphorylation was carried out  with 20 /2M [7-32P]ATP (The Radio- 

chemical Centre, Amersham, U.K.; specific radioactivity was adjusted with 
non-radioactive ATP to 20--50 Ci/mol) in a buffer medium (0.1 ml) containing 
50 mM NaC1, 5 mM MgC12, 50 mM imidazole-HC1 (pH 7.0) and 0.25 mg/ml 
(Na ÷ + K÷)-ATPase protein. The reaction was started b y  rapid mixing of  equal 
volumes of medium containing the enzyme with medium containing the 
ATP at 0°C and was s topped after 3 s by  addition of  2 ml 5% (w/v) trichloro- 
acetic acid, containing 100 mM phosphoric acid. The denatured phospho- 
protein was filtered on a 1.2 pm pore width Selectron-filter (Sleicher and 
Schfill, Dassel, F.R.G.), which was then washed three times with stopping solu- 
tion. Incorporated 32p was determined by liquid scintillation counting. For 
blank values, the stopping solution was mixed with the [7-32p]ATP prior to 
addition of  the enzyme. 

Phosphorylation with inorganic phosphate 
Phosphorylation with 32P i or 33P i (1 mM) was carried ou t  at 0°C for various 

periods in a medium containing 5 mM MgC12 and 50 mM imidazole-HC1 (pH 
7.0) at 0 . 2 5 - 0 . 5  mg protein/ml. Carrier free 32P i or 33P i (NEN Chemicals 
GmbH, Dreieichenhain, F.R.G.) was freed for this purpose from radioactive 
contamination as previously described [27] and mixed with non-radioactive 
imidazole phosphate (pH 7.0) to give a specific radioactivity of  20--50 Ci/mol. 
The reaction was started and stopped as described for phosphorylat ion by 
[7-32P]ATP. The denatured phosphoprotein was collected, washed and the 
incorporated Pi determined. 

Dual phosphorylation with P~ and ATP 
Initial phosphorylat ion with 33P i was carried ou t  as described in the preced- 

ing paragraph in a volume of 0.1 ml. For subsequent  phosphorylat ion by ATP 
50 pl was added of  a solution, containing 60 pM [V-32p]ATP, 150 mM NaC1, 
5 mM MgC12, 50 mM imidazole-HC1 (pH 7.0) and 1 mM 33P i of  the same 
specific radioactivity as used for the initial phosphorylat ion by Pi. The presence 
of  33P i during phosphorylat ion by ATP, which keeps concentration and specific 
radioactivity of 33P i constant  throughout  the experiment,  is needed to prevent 
dissociation of  the 33P-phosphorylated product.  It did not  further increase the 
32P-phosphorylation level of  the enzyme. 

The reaction was stopped 3--15 s after addition of  ATP by adding 2 ml 
5% trichloroacetic acid containing 100 mM phosphoric acid. After filtration 
and washing of the phosphoprotein,  incorporated 32p and 33p was determined 
by  means of  a liquid scintillation counter,  which was properly programmed 
for double label analysis. The radioactivity of  each isotope was calculated by 
means of  the external standard ratio method.  

Results 

Optimal conditions for phosphorylation by Pi, ATP, and Pi ÷ ATP 
Effect of pH. Fig. 1 shows that the optimal pH for phosphorylat ion by Pi 
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Fig.  1.  P h o s p h o r y ' l a t i o n  b y  Pi a n d  A T P  in dependence o n  p H .  P h o s p h o r y l a t i o n  o f  ( N a + +  K+)-ATPase  
( 0 . 2 5  rng p r o t e i n / m l )  b y  A T P  (22 .7  /~M) in the  p re sence  o f  1 0 0  rnM NaC1 a n d  4 rnM MgCl 2 was  a l l o w e d  
t o  p r o c e e d  f o r  3 s, p h o s p h o r y l a t i o n  b y  Pi in t he  p r e s e n c e  o f  5 m M  MgCI 2 fo r  4 rn in .  

(pH 7.0) is one unit below that for phosphorylat ion by ATP (pH 8.0). This 
difference suggests the existence of  different optimal conformations for each 
phosphorylat ion.  The best compromise for dual phosphorylat ion would lie 
between pH 7.0 and 7.25. At pH 7.0 phosphorylations by  Pi and ATP are 100% 
and 88% of the maximum, respectively, while at pH 7.25 they are 90% and 
95%, respectively. Below pH 7.0 both phosphorylations decline, whereas above 
pH 7.25 the phosphorylat ion level for Pi declines more than the phosphoryla- 
tion level for ATP rises. Hence a pH of 7.0 has been chosen for dual phos- 
phorylation. 

Reaction time. Phosphorylation by  ATP is a rapid process, which under our 
experimental conditions is complete  within 1 s, even at 0°C, whereas the ATP 
phosphorylat ion level remains stable at that  temperature for at least 15 s (Ref. 
28, pp. 23,24). Therefore, routinely an ATP phosphorylat ion time of  3 s has 
been chosen. Phosphorylation by Pi in the absence of  ouabain at 0°C, on the 
other  hand, is a slow process, which at this temperature takes 15--30 min for 
complet ion (Fig. 2). Consequently,  when it was necessary to reach maximal 
phosphorylat ion levels by this substrate, 30 min was allowed for equilibration. 

Influence of  Na +. Phosphorylat ion by  ATP requires Na ÷ [1],  whereas phos- 
phorylat ion by Pi is inhibited by  this cation [11].  Fig. 3 shows the effect  of  
Na ÷ on the two types of  phosphorylation.  While phosphorylat ion by ATP 
(3 s at 0°C) becomes maximal in the presence of  50 mM Na ÷ (K0.s = 5 mM), 
phosph0rylat ion by Pi (4 min at 0°C) is 90%-inhibited at this Na + concentra- 
tion (/so = 5 mM). As will be shown below, inhibition by Na ÷ of  phosphoryla- 
tion by Pi at 0°C is a relatively slow process, and its onset  at 50 mM Na ÷ 
becomes apparent only after 30--40 s. This delay is long as compared to the 
3-s period, sufficient for complet ion of  phosphorylat ion by ATP, but  short 
as compared to the 30 min required for maximal phosphorylat ion by Pi. 
Hence, in dual phosphorylat ion experiments we have chosen to phosphorylate  
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Fig. 2. Time course of phosphorylation by Pi" (Na+ + K+)'ATPase (0.31 mg protein/ml) was phosphoryl- 

ated by Pi at 0°C for 3 s--60 min. 

first with 33P i and to allow sufficient time (30 min) for maximal phosphoryla- 
tion (in the absence of  Na ÷) before subjecting the preparation to a 3--15 s 
period of  phosphorylation by ATP in the presence of  50 mM Na ÷. This Na ÷ 
concentration should not  inhibit Pi phosphorylation within this short time 
interval. 
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Fig. 3. Na + dependence of phosphorylation by Pi (a) and ATP (b). (a): (Na + + K+)-ATPase, preequilibrated 

with MgCl 2 was mixed with NaCI + Pi" Final concentrations in the mixture were 0.52 mg protein/ml, 

5 mM Mg 2+, 1 mM Pi and Na ÷ in the indicated concentrations. The reaction at 0°C was stopped after 

4 rain. (b): (Na + + K+)-ATPase, preequilibrated with NaCl plus MgCI 2 was mixed with ATP. Final concen- 
trations were 0.25 mg protein/ml, 4 mM Mg 2+, 19 /~M ATP and Na + in the indicated concentrations. The 
reaction at 0°C was stopped after 3 s. 
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Influence of Mg 2+. The K m for Mg 2+ for phosphorylation by Pi is 0.8 mM 
at 0°C. Phosphorylation by ATP is maximal at or below 0.2 mM Mg 2+. We 
have, therefore, chosen a concentrat ion of 5 mM for our assays, which gives 
nearly (90%) maximal phosphorylat ion by Pi and maximal phosphorylation by 
ATP. 

Substrate concentrations. For phosphorylation by Pi at 0 ° C, 1 mM is saturat- 
ing (Kin = 70 pM) and for phosphorylation by ATP, 10 pM (Kin = 0.05--0.25 
#M). For dual phosphorylation, we have routinely used 1 mM Pi and 20 #M 
ATP sequentially. 

Effect of temperature. The maximal phosphorylation level at 0°C for Pi 
usually amounts to 50--70% of  the level obtained with ATP in the absence of  
Pi (Fig. 6 and Table I). After  t rea tment  with ouabain prior to phosphorylation 
by Pi, equal phosphorylation capacities for Pi and ATP (without ouabain) are 
found at 0°C [18], which is prob_ably due to stabilization of the phos- 
phorylated intermediate by ouabain. However, ouabain cannot  be applied in 
dual phosphorylation experiments, since it inhibits binding of  ATP [29] and 
hence phosphorylation by this substrate [ 1 ]. 

The difference in phosphorylation capacities for ATP and Pi, apparent at 
0 ° C, can be abolished by raising the temperature to 35 ° C, which increases both 
the rate and the final level of  Pi phosphorylation (Fig. 4). The ATP phos- 
phorylation levels in the absence of Pi are the same at both temperatures 
[28]. Unfortunately,  at higher temperature the rate of inhibition by Na + on 
phosphorylation by Pi is alSO increased. The delay in inhibition by Na ÷ is 
reduced from 30--40 s at 0°C, to 10 s at 5°C, and to 3 s at 10°C (Fig. 5), and 
even to less at higher temperatures. The relatively long delay of inhibition by 
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Fig. 5. T i m e  course  o f  the  e f f e c t  o f  Na + on  p h o s p h o r y l a t i o n  by  Pi" S h o w n  is p h b s p h o r y l a t i o n  at 0, 5 and 
10°C of (Na + + K+)-ATPase (0.27 mg p r o t e i n / m l  in top  f igure,  0.25 mg]ml  in m i d d l e  and b o t t o m  f igure) ,  
preequi l ibrated  wi th  Mg 2+ and added at zero  t i m e  to  Pi p lus  Na + ( e )  or to  Pi w i t h o u t  Na + (o ) .  The  Na + 
c o n c e n t r a t i o n  was  50 mM for the e x p e r i m e n t  at 0 °C  and 25 mM for  the  e x p e r i m e n t s  at 5 and 10°C. 

Na ÷ on phosphorylation by Pi at 0°C is favourable for achieving phosphoryla- 
tion levels unaffected by inhibition by the Na ÷ present during ATP phos- 
phorylation. For this reason we have chosen 0°C as the temperature for sequen- 
tial phosphorylation by Pi and ATP. 

Dual phosphorylation by Pi and ATP 
In the experiment, depicted in Fig. 6, phosphorylation by Pi is allowed to 

proceed for 30 min. Then Na ÷ or Na*÷ ATP is added and the Pi and ATP- 
phosphorylation levels are traced for a subsequent 15 s and compared with the 
ATP-phosphorylation level in the absence of  Pi. Fig. 6 shows that Na ÷ or 
Na ÷ + ATP do not significantly affect the Pi-phosphorylation level within the 
time course shown. This is predictable for Na ÷ from Fig. 5 (top), where inhibi- 
tion became apparent only after 30--40 s. On the other hand, the ATP- 
phosphorylation level is 50% lower than that obtained with ATP without 
prior phosphorylation with Pi. The sum of  the phosphorylation levels for Pi 
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Fig. 6. Dual phosphorylation assay with 33p i and [~/-32p]ATP. Following phosphorylation of (Na++ 
K+)-ATPase (0.25 mg/ml) with Pi for 30 rain, the assay medium was mixed at zero time with Na++ 
33p i + [T-32p]ATP or Na++ 33P i without ATP. The phosphorylation level for Pi in the presence (o) or 
absence (e) of ATP, as well as the ATP-phosphorylation level in the presence of Pi (z~) was traced for 
another 15 s. The dashed line indicates the ATP-phosphorylation level in the absence of Pi; (~) indicates 
the sum of (o) + (~), i.e. the sum of the Pi" and ATP-phosphorylation levels. All points axe averages for 
triplicate determinations with standard errors of the mean. The standard errors for Pi phosphorylation 
(e) in the absence of ATP have been omitted, but are commensurate to those for Pi phosphorylation 
following addition of ATP (o). 

and ATP in each other's presence amounts to 4 nmol/mg protein, or 1 mol 
phosphate/250000 dalton (Na÷+ K÷)-ATPase. This sum is not significantly 
different from the ATP-phosphorylation level in the absence of Pi (Fig. 6). 

This point has been further checked by decreasing the Pi-phosphorylation 
level through shortening the time of reaction with Pi (Table I). The sum of 
phosphorylation by Pi and ATP remains constant and equal to the phos- 
phorylation level for ATP without Pi (time, 0 min in Table I). In other words, 
the ATP-phosphorylation level is reduced to the same extent as to which Pi 

T A B L E  I 

D U A L  P H O S P H O R Y L A T I O N  OF (Na + + K+)-ATPase BY 33p i A N D  [ 7 - 3 2 p ] A T P  

( N a  + + K+)-ATPase,  at  a c o n c e n t r a t i o n  va ry ing  f r o m  0 . 0 2 5 - - 0 . 2 5  m g / m l  in d i f fe ren t  e x p e r i m e n t s ,  was  first 
p h o s p h o r y l a t e d  fo r  the ind ica ted  t imes  w i th  1 mM 33p i and  subsequen t ly  for  3 s w i th  0 . 2 5 - - 1 0 0  #M 
[ 7 - 3 2 p ] A T P .  The  A T P - p h o s p h o r y l a t i o n  levels are  m a x i m a ,  d e t e r m i n e d  f r o m  L ineweave r -Burk  plots;  the  
m a x i m u m  at  zero  t i m e  was  d e t e r m i n e d  in the  absence  of  Pi. The  e x p e r i m e n t a l  da ta  r ep re sen t  averages  of  
2--3 d e t e r m i n a t i o n s  wi th  S.E. 

T ime  (1)  Pi p h o s p h o r y l a t i o n  (2) Max. ATP (1 + 2) To ta l  
(rain)  ( nm o l  P/ rag  p ro t e in )  p h o s p h o r y l a t i o n  p h o s p h o r y l a t i o n  

(nmo l  P / m g  p ro t e in )  ( n mo l  P/rag p ro t e in )  

0 - -  3 . 0 8  ± 0 .09  3 .08  ± 0 .09  3 

0.5  0 .75  ± 0 .10  2 .34  ± 0 .14  3.09 ± 0 .17  2 
2 0 .99  ± 0 .04  2 .28  ± 0 .18  3.27 + 0 .18  3 
5 1 .16  ± 0 .02  1 .97  ± 0 .06  3.13 ± 0 .06  3 

30 1 .59  + 0 .17  1 .35  ± 0 .05  2 .94  ± 0 .18  3 
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has phosphorylated the enzyme. The maximal phosphorylation capacity is in 
several experiments less than 4 nmol/mg protein, i.e., 1 mol phosphate per mol 
enzyme of 250 000 dalton. This does not  necessarily reflect a higher molecular 
weight than 250 000, nor a low protein purity of the enzyme preparation as 
judged by SDS gel electrophoresis, but  rather a variable, partial inactivation 
during purification. This is also shown by the variability of the specific (Na ÷ + 
K÷)-ATPase activity (see Materials and Methods). 

We have also checked whether  the reduction in the ATP phosphorylation 
level, due to Pi phosphorylation, is caused by a decreased affinity for ATP or is 
due to exclusion of the phosphorylation site without  change in Kin. To this end, 
the enzyme has been phosphorylated with 1 mM Pi for 0.5--30 min and sub- 
sequently for 3 s with ATP in variable concentration.  The dependence of the 
ATP-phosphorylation levels on the ATP concentration is presented in a 
Scatchard plot (Fig. 7). It shows a series of almost parallel lines with slopes 
representing the reciprocal of  the Km and with intercepts on the abscissa 
giving the maximal ATP-phosphorylation levels. The maximal ATP-phos- 
phorylation levels decrease, whereas the K m values remain virtually constant,  
suggesting total exclusion of the enzyme molecules that have already been 
phosphorylated by Pi from subsequent phosphorylation by ATP. A non- 
competitive inhibition of the Na*-dependent ATPase reaction by Pi ,  which is 
antagonized by increasing Na ÷ concentration,  has been observed by Robinson 
[24]. This inhibition is probably also due to phosphorylation by Pi with 
proportional decrease of the ATP phosphorylation, since we find that Na ÷ 
counteracts the phosphorylation by Pi (Fig. 3). 
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Fig.  7. E f f e c t  of  p r io r  p h o s p h o r y l a t i o n  by Pi on  capac i ty  and af f in i ty  of  p h o s p h o r y l a t i o n  by  ATP.  The  
e n z y m e  (25  ~g  p r o t e i n / m l )  was  f i rs t  p h o s p h o t y l a t e d  w i t h  1 m M  Pi for  0 .5  ra in  (A), 2 ra in  (A), 5 ra in  (B) 
and 30 ra in  (e) .  The  f i f th  l ine (o) r ep r e sen t s  a p r e p a r a t i o n  n o t  t r e a t e d  wi th  Pi- The  p r e p a r a t i o n s  were  t h e n  
p h o s p h o r y l a t e d  w i t h  [9"-32p]ATP ( 0 . 2 5 - - 5 ~ M )  fo r  3 s. A T P - p h o s p h o r y l a t e d  e n z y m e  levels (EP)  are  
s h o w n  as a Scateh&rd plot .  The  ATP c o n c e n t r a t i o n s  have been  co rrec t ed  for ut i l i zat ion  ( 0 . 6 - -30% )  
through p h o s p h o r y l a t i o n .  The  l ines through the  e x p e r i m e n t a l  po ints  are ca lculated  according  to  the  least  
squares  m e t h o d .  The  value above  each  l ine ind icates  the K m value (~M) for  A T P  p h o s P h o r y l a t i o n ,  de te r -  
m i n e d  f r o m  the  s lope .  
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Discussion 

The sum of sequential phosphorylat ion by Pi and ATP does not  exceed the 
maximal phosphorylat ion level by ATP alone, and does no t  exceed the capacity 
of  one mol phosphate incorporated per mol of  the enzyme. The 1 : 1 replace- 
ment  of  ATP-phosphorylated intermediate by Pi-phosphorylated intermediate 
is no t  due to a diminished affinity for ATP, since the Km value for ATP remains 
unchanged during phosphorylat ion by Pi. This strongly suggests that  there 
exists only one identical phosphorylat ion site for ATP and Pi per two 100 000 
dalton subunits present in the enzyme molecule [19,20].  This conclusion is 
supported by the evidence for physicochemical identity of the phosphoryla- 
tion centres [15--17] and by the noncompet i t ive  product  inhibition by Pi 
on ATP in the Na÷-dependent ATPase reaction [24]. Thus the possibility, 
mentioned in the Introduction,  that  Pi would phosphorylate a low-affinity 
ATP binding site, distinct from a high-affinity binding and phosphorylat ion 
site for ATP, is at first glance not  supported by our findings. One would then 
expect  up to two tool phosphate incorporated during dual phosphorylation.  

There is, however,  another possible explanation for our finding of a maximal 
phosphate incorporation of  one mol per mol enzyme during dual, sequential 
phosphorylat ion by Pi and ATP. Recent  experiments on the binding of  the 
non-phosphorylating ATP analogue AMP-adenylyl imidodiphosphate have 
shown that  Pi-phosphorylation also causes an equimolar decrease of the binding 
of  this nucleotide (Schuurmans Stekhoven et al., to be published). This leads us 
to the conclusion that phosphorylat ion by Pi changes the enzyme from a con- 
formation with high affinity for ATP to one with low affinity for ATP. In the 
latter conformat ion phosphate must probably first dissociate from the enzyme 
before ATP can bind. 

Evidence that  a conformational change is involved in the process, derives 
from the finding that  Pi-phosphorylation is driven by a change in ent ropy [18].  
There are some additional arguments for assuming different conformations of  
the enzyme, which are optimal for phosphorylat ion by ATP or Pi. The two 
phosphorylat ions have different pH optima (Fig. 1), they are conversely 
affected by Na ÷ (K0.s for Na ÷ in the ATP-dependent process is 5 mM, equal to 
the / so  for Na ÷ in the Pi<lependent process, Fig. 3), and the optimal Mg 2+ con- 
centrations differ. Hence, the conformation required for phosphorylat ion by 
ATP and that obtained upon phosphorylat ion by Pi are to all probabili ty 
mutually exclusive. This also limits the sum of their phosphorylations to one 
mol per mol of  enzyme, even in the presence of  two different, but  chemically 
identical phosphorylat ion sites. The location of these two sites might, for 
instance, be spatially separated on the two 100 000 dalton subunits present 
in the enzyme molecule, one on each subunit.  

Post et al. [11] have also described a decreased ATP phosphorylat ion upon 
prior or subsequent  phosphorylat ion with Pi. This would be due to transforma- 
tion of  the ATP-phosphorylated enzyme into the Pi-phosphorylated enzyme 
via the dephosphoenzyme.  We have found no evidence for this process during 
the 15 s allowed in Fig. 6 for ATP phosphorylation,  i.e., the 33P4evel does no t  
increase, presumably because Pi phosphorylat ion already has reached its 
maximum. Since Post et al. used a crude membrane preparation as enzyme 
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source, the phosphorylat ion capacities per molecule of  enzyme cannot be 
calculated from their results. Moreover, the relative contribution by either 
ATP or Pi was not  assessed by double label experiments. Nevertheless, they 
found that Na ÷ as well as ATP decreases inhibition by Pi when added in this 
sequence, the more so, the higher the concentration of  Na ÷ or ATP. In addi- 
tion, when ATP and Pi are added simultaneously [30] not  only the ATP 
phosphorylat ion level is reduced as compared to that  in the absence of  Pi, but  
also the Pi-phosphorylation level as compared to that  in the absence of  ATP. 
The sum of the two reduced phosphorylat ion levels reaches a slightly higher 
value than the steady-state ATP-phosphorylation level in the absence of Pi. 
We also observe this in the experiment shown in Fig. 6, where the Pi-phos- 
phorylat ion level is not  reduced by ATP. So the reverse of  our s tatement may 
also be true, i.e., that  conformations for Pi phosphorylat ion and following 
phosphorylat ion by ATP (with Na ÷ and/or ATP bound to it) are also mutually 
exclusive. 

In summary, two explanations may apply to the finding that the sum of 
phosphorylat ion by Pi and ATP is equal to the level of  phosphorylat ion by 
ATP alone, i.e. maximally 1 mol per mol of  the enzyme: 

(1) There is only one phosphorylat ion site per enzyme molecule, which is 
the same for Pi and ATP; 

(2) There is one phosphorylat ion site for Pi and another one for ATP, which 
are spatially separated, but  following phosphorylat ion by Pi a conformation 
of  the enzyme is obtained, which cannot  be phosphorylated by ATP and vice 
versa. 
The second explanation does not  exclude the first one, i.e. there may be only 
one phosphorylat ion site, but  the conformations following phosphorylat ion 
by Pi or ATP could still oppose the conformations normally required for phos- 
phorylation by ATP or Pi, respectively. 
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