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SUMMARY 

1. The K+-nitrophenylphosphatase activity associated with mammalian brain 
(Na ÷ +K+)-ATPase  displays K + activation curves that have intermediary plateaus 
and maxima in the presence of less than saturating concentrations of Na +. Zero Na + 
and saturating Na + produce sigmoid K+-activation curves with low and high K + 
affinities respectively. 

2. ATP inhibits K+-activated nitrophenylphosphatase through both competi- 
tive and non-competitive mechanisms. ATP is synergistic with Na ÷ in the mechanism 
which converts the enzyme from low to high K + affinity. 

3. The Na ÷ and K + interactions can be accounted for by aquations which 
describe a model with separate regulatory sites for Na + and K + and with a K ÷- 
requiring catalytic site which is only accessible in one of the two principal confor- 
mational states of the enzyme. 

4. The effects of ATP can be accounted for by the same model through inter- 
actions at a single nucleotide binding site. Inhibition which is competitive with K ÷ 
and non-competitive with substrate arises from stabilization of the inactive enzyme 
conformation. Inhibition which is non-competitive with K + and competitive with 
substrate results from interactions with the active enzyme conformation. The syner- 
gism between Na + and ATP appears to arise as a consequence of the formation of 
phosphoryl enzyme. 

5. A model for (Na+ +K+)-ATPase is discussed which involves in-phase 
coupling of subunit interactions as suggested by these studies. 

INTRODUCTION 

Many properties of  (Na++K+) -ATPase  can be related to the properties of  
ATP-dependent Na + and K + transport in a manner which produces some insight 
into the molecular mechanism [1, 2]. The ATPase is considered to be integral to the 
active transport unit, which spans the plasmalemma. The specificities of  transport 

Abbreviations: Me2SO, dimethylsulfoxide; RMS, root mean square error. 
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and of the ATPase for univalent cations arise from the properties of binding sites on 
the enzyme which function as ionophores and as ATPase regulators. Vectorial 
forces for cation transport are generated by a sequence of conformational transitions 
which are induced by ATP binding to the enzyme, Na+-dependent enzyme phos- 
phorylation and K+-dependent enzyme dephosphorylation. 

More explicit formulations of this concept have included some assumptions 
about the number and nature of  univalent cation sites. Univalent cation activation 
kinetics are sigmoid indicating multiple binding sites for both Na + and K ÷. Na + 
inhibits K + activation and the converse also occurs [3]. These observations have been 
attributed to interactions with a single type of ionophoric sites, which modulate their 
cation selectivities and affinities as they change their orientation, inward or outward, 
in the sequential conformational transitions which constitute active transport [1]. 

Some theoretical advantages arise from a more complex mechanism which 
couples the outward Na +-transport phase of one pump unit with inward K + transport 
or return of free carriers in another unit. Increased efficiency of energy transduction 
by coupling "spontaneous" conformational changes in some units to ~'energy-re- 
quiring" transitions in others have been discussed [4-7]. 

Coupling of two or more units which are in the same conformation (in phase) 
would also have advantages since A l  P interacting at one such unit could drive other 
coupled units to provide the Na : K : ATP stoichiometry of 3 : 2 : 1 reported for 
erythrocytes [8, 9] or the variable ratios of Na + and K + transport fluxes observed 
in squid giant axons [10]. 

Our previous studies have shown that in the presence of less than saturating 
concentrations of sodium, K + activation of  Electrophorus eleetroplax nitrophenyl- 
phosphatase yields complex curves with intermediary plateaus [11]. A heterotropic 
relaxation model consistent with the theoretical analysis of Tiepel and Koshland [12] 
has yielded equations which produce good computer simulation of these experimental 
results [11, 13]. This model postulates an oligomeric enzyme with distinct sets of  
sodium regulatory sites, potassium regulatory sites, and potassium-activated catalytic 
sites [11, 13]. Each cation is a competitive inhibitor for the other. Inactive enzyme, 
in the absence of ligands, is in the tight ( "T" )  form, with the catalytic sites inaccessible; 
binding of sodium or potassium in appropriate concentrations results in a conforma- 
tional change to the relaxed ( "R")  form, which catalytic sites accessible (see Dis- 
cussion, Fig. 12). This is one of  several possible models which describe a system of  
two interconvertible forms, with differing K values and similar V values. 

Electrophorus and mammalian nitrophenylphosphatase kinetics differ in their 
interactions with nucleotides. ATP acts synergistically with Na + in the stimulation 
of mammalian nitrophenylphosphatase [15]. This effect, while specific for sodium, 
was reportedly less specific for nucleotide, though the concentration of ATP required 
was less than that for other effective nucleotides. Electrophorus enzyme displays little 
Na+-ATP synergism [16]. Thus, it was important to determine whether one model 
could, in fact, encompass the wide variations in kinetic behaviour which we observed. 

These experiments were designed to test the generality of this model for Na + 
and K + effects on the nitrophenylphosphatase reaction catalysed by ( N a + + K + )  - 
ATPase, and to examine the modulation of nitrophenylphosphatase activity by ATP. 
We attempt to account for all of  these effects in terms of the ability of AT P to stabilize 
the "T"  conformations which is inactive as a nitrophenylphosphatase, but which, in 
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the presence of ATP and Na ÷, can phosphorylate itself. Phosphorylation is postulated 
to make the "T  enzyme" unstable with respect to the "R  enzyme", which is an active 
phosphatase. However, it will be argued that only the "dephospho-R-enzyme" can 
hydrolyse nitrophenylphosphatase. These data suggest that both ATP binding and 
ATP-dependent phosphorylation determine conformational transitions of active 
transport units and that the transitions of two or more units are coupled in phase. 

MATERIALS AND METHODS 

Preparation of enzyme 
Guinea pigs were obtained from N.I.H. stock and killed by decapitation. 

Fresh beef brains were obtained from Frederick County Products. Nal-lreated deoxy- 
cholate microsomes were prepared as described by Nakao et al. [17], except that 
treatment with 2 M NaI took place in 0.05 M in imidazole buffer, pH 7.1. 

Materials 
fl,~-Methylene ATP and ~,fl-methylene ADP were obtained from PL Bio- 

chemicals. Tris2ATP and pyruvate kinase were obtained from Sigma Chemical Co. 

Assays of nitrophenylphosphatase [16 ] 
Approximately 7/~g of microsomal protein was incubated with 50 mM Tris • 

HC1, pH 9, 10 mM MgC1 z, 5 mM dithiothreitol, 10 mM Tris2 nitrophenylphosphate, 
and varying concentrations of K +, Na ÷, and Tris2ATP in a total volume of 50/tl. 
After 15 min incubation the reactions were stopped with 400/~1 of 1 M NaOH and 
p-nitrophenol determined at 420 nm. In all cases, activity without K + was determined 
and subtracted from total enzyme activity to yield K+-dependent nitrophenylphos- 
phatase. Activity is expressed in arbitrary units. For guinea pig brain, l unit is 0.077 
/~mol • nag- 1 . min-  1 ; for beef brain, 1 unit is 0.089/~mol • mg-  ~ • min- 1. In guinea 
pig, this represents activity in 10 mM K ÷ without Na+; in beef, 1 unit is the calcu- 
lated V for K ÷ activation without Na +. 

Thus, activity of 1 unit represents hydrolysis of about 10 -s  tool ofnitrophenyl- 
phosphate in 15 rain, a consumption of 2 ° o of the 5 • 10-7 mol present in the original 
reaction mixture. This results in a final inorganic phosphate concentration of 0.2 mM, 
which is insufficient for any significant effect on nitrophenylphosphatase activity 
(K i ~ 10 mM). The course of the nitrophenylphosphatase reaction remains linear 
for 20 min. For experiments involving Na + and ATP, an ATP-regenerating system 
was used, consisting of 4 mM phosphoenolpyruvate and 1/d/sample pyruvate kinase 
(rabbit muscle, suspended in 2.2 M (NH4)2SO4, specific activity 320 pmol/mg per 
min). Pyruvate kinase was dialysed against 0.05 M Tris • HCI, pH 9, at 4 °C for 48 h 
prior to use, to remove ammonium salts. 

Computer simulations 
We used an iterative least-squares routine for curve fittings. This routine is 

designated MLAB and has been described previously [11, 18]. Root  means squared 
error values (RMS), which represent the variance of the theoretical curve from the 
data, are provided by this routine and are given on the graphs where appropriate. 
Each parameter that is fit also has a "dependency" value, which is an indication of 
the dependence of the parameter value on the values of other parameters. Ideally, 
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parameters would be independent of  one another, yielding dependency of one; if 
parameters are almost totally dependent, dependency will be as high as 1 000 000, 
implying that an essentially infinite assortment of  parameter values would provide an 
equally good fit. Thus, a good simulation requires both low root means squared error 
and low dependency values. These criteria were met by all simulations reported. 

R E S U L T S  

Na + activation of  nitrophenylphosphatase 
Na + activation of guinea pig brain nitrophenylphosphatase in l mM KCI 

is shown in Fig. la. The addition of  ATP leads to a striking increase in Na + activation. 
Fig. lb shows that, in the presence of dimethylsulfoxide (MeaSO), Na + activation is 
much greater, as has previously been reported for other species [16, 19, 20]. However, 
the activating effect of ATP is greatly diminished in the presence of Me2SO. 

hltermediary plateaus in K + activation o f  nitrophenylphosphatase 
Fig. 2b shows K + activation of nitrophenylphosphatase in the presence of ATP 

and 3 concentrations of Na +. A curve which exhibits an intermediary plafeau is 
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Fig. 1. Na  + ac t ivat ion o f  guinea  pig brain K+-n i t ropheny lphospha tase .  (A) Aqueous ;  • -- 0 ,  no 
ATP;  O - - - O ,  0.1 m M  ATP.  (B) 20 % Me2SO: O - - • ,  no  ATP;  O- - -C- ) ,  0.1 m M  ATP.  
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Fig. 2. K + act ivat ion o f  guinea pig brain n i t rophenylphospha tase ,  at designated Na  + concentra t ion.  
X axis: K + concent ra t ion  in m M ;  Y axis: relative n i t ropheny lphospha tase  activity. (A) Aqueous ,  
no ATP.  (B) Aqueous ,  0.1 m M  AT P ;  (C) 2 0 %  Me2SO, no ATP.  
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presen t  at  5 m M  N a  +, but  20 m M  N a  + t r ans fo rms  this to  a s igmoid  curve with h igher  
K + affinity. In  the  absence o f  ATP ,  as in Fig.  2a, the enzyme is less sensitive to  N a  +. 
Fig. 2c shows that ,  in Me2SO, the t rans i t ion  occurs  at  relat ively low N a  + concent ra-  
t ion  even in the absence o f  A ' rP .  

Effects o f  Na +, ATP and MezSO on K + activation 
K + ac t iva t ion  o f  n i t ropheny lphospha ta se  in the presence o f  several  different 

cons tan t  N a  + concen t ra t ions  was measured  in the presence and  absence o f  0.1 m M  
A T P  and 20 % MezSO.  The results  are shown in Figs 3a -d  for  beef  brain.  The results  
ob ta ined  using guinea pig  b ra in  enzyme were essential ly ident ical  and  are no t  shown. 
In  the absence o f  A T P  and  MezSO,  only a slight decrease in act ivi ty  with increas ing 
N a  + is seen unti l  a relat ively high N a  + concen t ra t ion  is present ,  and  then ac t iva t ion  
is small ,  i n  e i ther  0.1 m M  A T P  or  MezSO in te rmedia ry  p la teaus  and  ac t iva t ion  appea r  
a t  a much  lower  N a  + concent ra t ion ,  bu t  K + affinity wi thout  N a  + is decreased by  
A T P  and  increased by Me2SO. In  the presence o f  bo th  A T P  and Me2SO, ac t iva t ion  
occurs  at a still lower N a  + concent ra t ion .  
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Fig. 3. K + activation of beef brain nitrophenylphosphatase, at designated Na + concentration. X 
axis: K + concentration in mM; Y axis: nitrophenylphosphatase activity. Relative rates, determined 
at [K + ] = 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and 50 raM, are connected by straight lines. The computed V 
for each set of conditions is shown in Fig. 7. (A) Aqueous, no ATP; (B) Aqueous, 0.1 mM ATP; 
(C) 20 ~ Me2SO, no ATP; (D) 20 ~ MezSO, 0.1 mM ATP. 
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Effect of  K + on nitrophenylphosphatase substrate activation parameters 
Nitrophenylphosphatase activity was measured as a function of nitrophenyl- 

phosphate concentration at a series of fixed K + levels. When the data were fitted to 
the Hill equation, Hill coefficients for substrate activation ranged from 1.1 to 1.35 
and did not vary systematically with increasing K +. Hoewver, the Kvalues were found 
to decrease (Fig. 4a) and the Vvalues were found to increase (Fig. 4b) with increasing 
K + ' 

The dashed lines (Figs 4a and 4b) show the K and V values obtained from 
computer fitting of nitrophenylphosphate activation of nitrophenylphosphatase 
in the presence of  100 #M ATP. K is increased by ATP at all concentrations of K +. 
V is decreased by ATP at any K + concentrations but the extrapolated V at infinite 
K + is not affected by ATP. 
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Fig. 4. Effect of  KCI on the activation of  p-ni trophenylphosphatase by p-ni t rophenylphosphate 
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Fig. 5. Inhibition ofni t rophenylphosphatase  by ATP at various concentrations of  K +. (a) [K + ] = 
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443 

-0 25 50 -0 50 100 

[KCI], mM 

Fig. 6. Activation of nitrophenylphosphatase by K+ at various ATP concentrations: (a) [ATP] = 
O~M,-;~O~M,.---.;~O/IM,~---~;~O/~M, A---A;lOo,~uM,o---o;(b)[ATP]=200/~M, 
.-.;500~M:~---O;1000,uM,~---~;2000~M, A---A. 

ATP inhibition of nitrophenyiphosphatase 

Nitrophenylphosphatase activity was measured as a function of ATP concen- 
tration at a series of different K+ concentrations (Fig. 5). Activity decreases mono- 
tonically with increasing ATP. Increasing Kf increases the concentration of ATP 
required for 50 % inhibition. 

Conversely, when K+ activation is measured in the presence of different ATP 
concentrations, increasing ATP increases the concentration cf K+ necessary for 50 % 
of maximal activation and decreases the apparent maximum velocity (Fig. 6). 

ATP + Na+ actiration of nitrophenylphosphatase 
Nitrophenylphosphatase activity was measured as a function of ATP concen- 

tration in the presence of 25 mM NaCl at a series of different K+ concentrations 
(Fig. 7). Since preliminary experiments had indicated that the concomitant hydrolysis 
of ATP under these conditions was sufficient to influence the nitrophenylphosphatase 
assay, an ATP-regenerating system was employed in these experiments as described 
under Methods. 
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Fig. 7. Activation of nitrophenylphosphatase by ATP in the presence of 25 mM NaCl and various 
concentrations of K+: (a) [K+] = 0.5 mM. 0 -0; 1 mM, O- - -0, 2 mM, A- - -A; 5 mM, 
D---z; (b) [K+] = 7.5mM, 0-O; lOmM.O---0; 15mM, A---A;20mM, O---O. 
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At each level of K +, a biphasic curve is generated: if [K + ] < 20 mM, in- 
creasing ATP produces activation above the level obtained with K + + N a  + followed 
by a phase of inhibition which declines monotonically toward zero activity; if [K + ] > 
30 raM, the initial stimulatory phase is replaced by a high-affinity inhibition (Fig. 8). 
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Fig. 8. Inhibi t ion o f  n i t ropheny lphospha tase  by ATP,  in the presence o f  25 m M  NaCI  and  50 m M  
KCI. 

Fig. 9. Act iva t ion  o f  n i t ropheny lphospha te  by N a + :  [KC1] = 1 raM; O - -  5 .  no nucleotide;  
[ ] - - - ~ ,  100/ tM, fl ,7-methylene AT P ;  A - -  - A ,  20/~M ATP.  
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Fig. 10. Act iva t ion  o f  n i t ropheny lphospha tase  by var ious  nucleotides:  [KCI] --  5 m M ;  [NaCI] = 
25 raM;  • - - 0 ,  ATP;  O -  - - O ,  A D P ;  [~- - -[] ,  fl, 7-methylene ATP;  A-  - - ~ ,  ~,fl-methylene A D P .  

Fig. 11. Inhibi t ion  o f  n i t ropheny lphospha tase  by var ious  nucleotides:  [KCI] = 5 m M ;  nucleotide 
concent ra t ions  as in Fig. 7. Z ~ - -A ,  ATP;  O - - - O ,  A D P ;  ~ - - ~ ,  /3,7-methylene ATP;  A - - - A ,  
:t ,fl-methylene ADP.  
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Effect of analogues of ATP and ADP 
Experiments using fl,7-methylene ATP, which does not phosphorylate ATPase 

[15], and ~,fl-methylene ADP, which is not a substrate for myokinase as it cannot 
donate its terminal phosphate, were performed in an attempt- to differentiate the 
effects of phosphorylation from the effects of binding per se. 

Fig. 9 shows the effects of fl,y-methylene ATP and ATP on Na ÷ activation of 
nitrophenylphosphatase. Na + activation is markedly enhanced by ATP, but fl,y- 
methylene ATP not only fails to duplicate this effect, but seems to partially inhibit 
Na + activation. In the presence of 25 mM Na ÷, as shown in Fig. 10, neither ~,fl- 
methylene ADP nor fl,?-methylene ATP has any effect on nitrophenylphosphatase 
activity. Stimulation by ADP is less than 1/2 that by ATP and requires ten times more 
nucleotide; this could arise from ATP produced by myokinase. 

Both ~,fl-methylene ADP and fl,7-methylene ATP cause slight inhibition of 
nitrophenylphosphatase at relatively low concentrations (Fig. 11). Further inhibition 
occurs at greater concentrations of fl,y-methylene ATP but not with ~,fl-methylene 
ADP. 

D I S C U S S I O N  

The kinetic data indicate complex interactions among binding sites for each 
of the ligands considered here. Since even in the simplest cases it is not possible to 
determine the number of binding sites unambiguously, in this respect the curves 
must be treated empirically [21 ]. The simplest function which will generate the appro- 
priate curves is the Hill equation [22] with an additional term to account for competi- 
tive effects of the second ligand [11 ]: 
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Fig. 12. Dimer  re laxat ion mode l  o f  ATPase .  The  " C " ,  or  catalytic sites are " 'exposed" by binding 
o f  appropr ia te  ca t ions  to the  A (sodium) or  B (po tass ium)  regula tory  sites. A T P  is a s sumed  to b ind  
t o  an  adenosine  site on one  subun i t  and  a phosphory l  acceptor  site on  the  other,  stabil izing " T " .  
This  is consis tent  with "half-of-s i tes"  act ivat ion;  only  one molecule  o f  A T P  is necessary to drive 
the  T -~ R change in a dimer.  The  dimeric fo rm is shown for s implici ty only;  any n u m b e r  o f  sub- 
uni ts  is consis tent  with the model .  
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y = ( M , / K , ) "  (1) 

\ K I /  \ K  2 ] 

This approximation is applied to each of the three sites, Ya (Na regulatory), Yb 
(K  regulatory) and Yc (catalytic). A conservation equation can be written fcr the 
regulatory sites: 

1 = ( r a  + Y~)(Yb q-- Yb) (2 )  

where Y' = 1--  Y or the fraction with empty sites. Assuming that catalytic sites are 

T A B L E  I 

C O N S T A N T S  O B T A I N E D  BY F I T T I N G  T H E  D A T A  OF  Figs 4 A N D  5 TO Eqn 3 

" A "  refers to s o d i u m  regulatory,  " B "  to po t a s s ium regulatory and  catalytic, and  " C "  to catalytic 
sites. Cons tan t s  labeled " 1 "  are act ivat ion constants ;  those labeled "2"  describe competi t ive inhibi-  
t ion by the  oppos ing  cation. " N "  denotes  Hill coefficients. Plus and  minus  signs refer to the presence 
or absence o f  A T P  or Me2SO. 
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accessible in forms which have one or both regulatory sites occupied by the appro- 
priate cation, the fraction of enzyme with accessible catalytic sites is 1--Y'aY' b and 
the relative velocity is thus 

v/V = Y~(1-Y~}~)= Y~(Ya+ Y b - Y .  Yb) (3) 

Curves generated by this equation can closely simulate the experimental 
observations for the Electrophorus enzyme [11 ]. For purpose of curve fitting a reduc- 
tion in the number of parameters can be made by the further approximation that 
YbYc = Y~. Under conditions of zero Na +, the parameters V, Kpl and N/~ can be 
obtained by fitting to a simple Hill equation. The remaining seven parameters can be 
obtained by least squares fitting of experimental data to the equation 

v = V [ Y y c + ( I  - Y~)Yp] (4) 

Attempts to simulate these data by equations with fewer parameters were 
unsuccessful [11]. Recently, Skou [23] presented data demonstrating the inter- 
mediary plateau phenomenon in beef brain nitrophenylphosphatase. We were not 
able to simulate this phenomenon in terms of the two-site model which he proposed 
[11]. 

Fitting of the data obtained from guinea pig and beef brain under the condi- 
tions studied yielded satisfactory approximations with low root means squared error 
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Fig. 13. Fit of  data in Fig. 5 to Eqn  4, simulating K + activation of  beef brain ni t rophenylphospha-  
tase at various Na  + concentrations. In cases of  low Na  + concentrations where curves were not signifi- 
cantly different from that o f  no Na  +, the curves are not shown. (A) Aqueous;  no ATP. (B) Aqueous,  
0.1 m M  ATP. (C) 20 ~ Me2SO, no ATP. (D) 20 % Me2SO, 0.1 m M  ATP. 
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and dependency values. The parameters of activation are given in Table I. The experi- 
mental data were fitted to Eqn 4 with the MLAB procedure, showing good qualitative 
agreement in both guinea pig and beef brains; the curves generated by the fit to beef 
brain are shown in Fig. 13a-d, and can be compared to the actual data in Fig. 3a-d. 
The simulations of guinea pig data were quite similar. 

Several trends involving MezSO and ATP effects are evident. The major 
parallel effects of Me/SO and ATP occur at sites involving Na +. Most obvious are 
the decreases in KA1, leading to conversion of enzyme to the active form at lower Na + 
concentration. These effects, furthermore, are additive. While increasing Na + affinity 
for activation at the "A"  site, however, Me2SO and ATP decrease Na + affinity for 
inhibition at the "C"  or catalytic site: in the absence of MezS0 or ATP, inhibition 
of this site is marked even at low Na + concentration; in their presence, there is essen- 
tially no sodium inhibition. Thus, ATP and MezSO exhibit synergism with Na + both 
by enhancing activation and by decreasing inhibition by sodium on different sites. 

ATP and MezSO also act in parallel on potassium inhibition of the "A" ,  
or Na +, site. Their action here is opposite to that on the "C"  site, but numerically 
less important. 

While acting similarly on Na* sites, the major effects of ATP and Me/SO 
oppose each other at K + sites. MezSO raises the affinity for K + at the "B" site, 
while ATP diminishes K + affinity; the effect of ATPq-20 ~ MezSO is intermediate 
between the effects of ATP or MezSO alone. Me/SO, in general, increased the affinity 
of  both Na + and K + regulatory sites for either ion, decreasing KAy, K~ ,  KAZ, and 
K~2 in both guinea pig and in beef. However, it decreased both cation affinities of the 
"C"  or catalytic site though this effect is not consistently impressive. The relation of 
these effects to the action of Me2SO on hydrophobic interactions in this lipid-depen- 
dent membrane enzyme remains to be determined. The MezSO effects on mammalian 
enzyme are less than on the eel enzyme, whereas ATP effects are very small in the 
case of  eel enzyme. ATP and Me2SO evidently exert their effects through quite differ- 
ent mechanisms which nonetheless converge at several points. 

ATP increased N A, from 1.6 to 4.2 in beef without MezSO, and from 1.1 to 
2.6 in the presence of  20 '~ Me2SO. While N A is > 5 in guinea pig brain without 
ATP, this value could be varied widely without effecting other parameter values (this 
was not the case for constants elsewhere). ATP also increases n for nitrophenyl- 
phosphate activation of nitrophenylphosphatase. A Hill coefficient of 4 could signify 
the presence of 4 interacting subunits, though the involvement of Na + and K + sites 
in coupled transport and the complexity of the binding site interactions prevent inter- 
pretation [11 ]. It should be emphasized that sigmoidicity in the activation curves is 
not a necessary component of the heterotropic relaxation model; if all of  the Hill 
coefficients are set equal to unity, this model would still qualitatively describe the 
data, including the intermediary plateaus, but the ability to quantitatively fit the data 
would be considerably impaired. 

Intermediary plateaus and maxima such as those which Na + induces into 
the K+-activation curves of nitrophenylphosphatase have been described for a 
number of substrate vs activation curves [ 12]. This phenomenon can be incorporated 
into model equations by introducing heterogeneity into some of  the subunit parameters 
of  oligomeric models or by postulating a mixture of isozymes with differing ligand 
affinities [12]. In the nitrophenylphosphatase, the existence of intermediary plateaus 
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or maxima is dependent upon the presence of Na + and sigmoid activation occurs 
again at higher levels of Na +. At the present stage of uncertainty about the subunit 
composition of  (Na++K+)-ATPase ,  a model which attributes intrinsic binding 
constants to specific subunits has little factual basis. 

The present heterotropic relaxation model is formally similar to the "two 
parallel pathways" proposal of Robinson [14, 24], since one might regard access of 
the substrate to the catalytic site via occupation of sites B and C by K + as a pathway 
distinct from that permitted by N a + + K  + occupation of sites A and C. Robinson's 
equation permits the two pathways to have different V values. His data, as well as 
our own, can be adequately fit by a single V, in which case the two equations become 
identical. 

The properties of Na +- and K+-binding sites have been investigated by measur- 
ing their effects on the rate of  ouabain binding [14]. Lindenmayer et al. [25] have 
described a site which binds K + (KD -- 0.2 mM) and Na + here. Effects at this site 
could be described by simple competitive binding o f N a  + and K + only if the measure- 
ments were made in the presence of > 10 mM Na +. As ATP is present in these experi- 
ments, this would correspond to near saturation of  the A site in our model. Effects of 
the B site would become evident in these experiments only through effects of K + 
measured in the absence of Na +. 

Interactions o f  ATP  with nitrophenylphosphatase and K + 
In the presence of  less than 2 mM K +, ATP inhibition is essentially non-com- 

petitive with respect to nitrophenylphosphate. As K + is increased, the competitive 
component of ATP inhibition increases, and predominates with K + in excess of  4 mM 
(Fig. 14). 

The apparent affinity of ATP as an inhibitor of  nitrophenylphosphatase 
(Fig. 5) is a sigmoid function of  K + concentration (Fig. 15). ATP is a better inhibitor 
at low K + than at high. In terms of the relaxation model, we propose that ATP 
binds to the T enzyme with high affinity and inhibits nitrophenylphosphate hydrolysis 

4351 / i f  
t ' " I  ' / "  

o 

0 
0 I0 20 

M, mM 

Fig. 14. Kl for n i t ropheny lphospha tase  inhibi t ion by ATP.  The  data  o f  Fig. 3 were fitted to the  Hill 
equat ion ,  and  values  for Kl ob ta ined  f rom:  Compet i t ive  Kl = [ATP]/(Kobs/Ko--1); non-compet i t ive  
Kl = [ATP]/ (  1Io/Vobs-- I ) where Ko and  Vo represent  K and  V in the absence o f  ATP.  © --  © ,  non-  
compet i t ive  Kl; IS]- - -F1, competi t ive K~. 
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allosterically. If  this were the only mode of ATP inhibition, it should be entirely 
competitive with K + binding at its "B" or regulatory site. However, the ATP inhibi- 
tion which is non-competitive with K + is proposed to reflect the competitive compo- 
nent of ATP interaction with nitrophenylphosphate. This would be a steric competi- 
tion at the catalytic site of the R enzyme as discussed above. These concepts can be 
expressed by equations which permit one to estimate the apparent dissociation con- 
stants for ATP binding to the T and R enzymes respectively. 

The values of [ATP]o. 5 v (Fig. 15) were obtained by fitting the data of Fig. 5 
to the equation. 

i [ A I P ] "  )-' - + l (s) 
V X,[ATP]~'. 5v 

It is evident that [ATP]0.5 v will have lower and upper boundary values, K T 
and K'R, as K + varies from zero to infinity. Accordingly, [ATP]0.5 v is a function of 
K + occupation of the "B" regulatory site: 

. r  

K ~ ' K T + [ K + ] " ' K R  
[ATP]o.sv = (6) 

K~+ [K+ ] "  

The results of fitting the data of Fig. 15 to this equation give the following 
values: KB -- 32raM K+; n = 1.96; KT = 15#M ATP; K'R ~ 2 4 6 p M  ATP. Since 
K'R represents ATP dissociation from a nitrophenylphosphate binding site measured 
in the presence of  10 mM nitrophenylphosphate, estimation of the "true" KR requires 
correction for this competitive displacement using the expression 

KR = [nitrophenylphosphate]o.5 v • K~ (7) 

[-nitrophenylphosphate ]o.sv + [-nitrophenylphosphate] 
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Fig. 15. Concentration of ATP required for half-inhibition of nitrophenylphosphatase, fitted to 
Eqn 5 (see text). 
Fig. 16. K + required for half-maximal activation of nitrophenylphosphatase (K#I) as a function 
of ATP; fitted to the Hill equation, maximum K#1 -- 18.5 mM KC1; [ATPlo.5 = 67.8g~M ATP. 
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Fig. 17. Maximum K + activation of nitrophenylphosphatase as a function of [ATP]; extrapolated 
V at infinite ATP is 0; apparent [ATP]o.5 = 247/tM, corrected [ATP]o.5 -- 71 #M (see text). 

which yields a KR value of 70/~M ATP. 
The data describing K + activation of nitrophenylphosphatase at different 

constant levels of  ATP (Fig. 6) were fitted to the Hill equation. As ATP concentration 
increases, [K + ]0.5 v increases and VK. decreases. Competitive and non-competitive 
components of  the ATP-K + interaction are concurrent. These data are essentially 
similar to those summarized in Fig. 15. However, these are derived from separate 
experiments, extend to higher levels of  ATP and to more closely spaced levels of  low 
K +. The activation curves derived in this way permit a more conventional separation 
of  competitive (Fig. 16) and non-competitive (Fig. 17) components of  ATP inhibition. 
By the assumptions discussed above, KR can be derived f rom Fig. 17 and is identical 
with that  derived from Fig. 15. However, the competitive [NIP]o. 5 v (68 ltM) which 
can be extracted from Fig. 16 represents ATP inhibition when the B site is half satu- 
rated with K +, and thus is a mixed constant resulting from binding to both T and 
R enzymes. 

Effect o f  Na + on A T P - K  + interactions 
The synergism of  ATP with (Na + + K  +) activation of  nitrophenylphosphatase 

has been mentioned above and is reflected in the lowering of KA1 by ATP. Low con- 
centrations of  ATP produce this synergism primarily by (1) increasing the apparent 
affinity of  Na  + for the Na+-regulatory site and (2) by increasing the selectivity of  the 
catalytic site for K + relative to Na +. The data of  Figs 9 and 10 are consistent with the 
hypothesis that phosphorylation is involved in ATP-Na + synergism. We have exami- 
ned K + activation as a function of  ATP concentration in the presence of  saturating 
levels of  Na + (Fig. 7). A family of  biphasic curves is obtained by varying the level 
of  ATP at different fixed concentrations of  K +. These curves can be simulated by an 
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Fig. 18. Activation of nitrophenylphosphatase by ATP, 25 mM NaCI and 1 mM KCI. The data, 
taken from Fig. 4, are fitted to Eqn 4 (solid line). The dashed lines represent the activation (a) and 
inhibition (I) phases of  Eqn 4. 
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Fig. 19. Components of ATP activation of nitrophenylphosphatase at various concentrations of 
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equation which includes an activating constant for the combination of ATP with 
T enzyme and a term for non-competitive inhibition of the R enzyme (Fig. 18) 

- -  (v0+ VaEATP1,,, 
K7 + [ATP]W \ K  7 + [ATP]"] (8) 

v 

The constant 11o is established from K + activation in the absence of ATP; 
Va, Ka, Ki, m and n have been obtained by computer fitting. Systematic changes occur- 
red in V~ (Fig. 19), but not in the other ocnstants. The apparent inhibition constant 
for ATP in the presence of Na +, Ki, is 257/aM. This should also be corrected accord- 
ing to Eqn 3 and is essentially identical with the values obtained for inhibition of the 
R enzyme in the absence of Na +. Thus ATP inhibition of K+-activated phosphatase 
may be attributed to the same site which produces ATP inhibition of the (Na + + K  +)- 
activated phosphatase. 

In the presence of Na + the apparent binding constant for ATP activation, 
K~, is only 2.6/aM. This apparently high affinity may have a different explanation. 
The ATPase mechanism can be written in the following abbreviated form as a series 
of  essentially irreversible steps: 

kl, (Na + ) 
ATP +ET > E R - P + A D P  

k2, (K÷) 
E R - P  ~" E ~ + P  

k3 
ER -'- E T (9) 

If  we assume that ER is the only form which hydrolyses nitrophenylphosphate, then 

v ER = ( k 3  h_k3 ) - 1  
V - E(total ) k l [ A T P ]  k22 -4-1 (10) 

and increasing concentrations of ATP will produce the observed activation of nitro- 
phenylphosphate hydrolysis in the presence of Na + and K +. If  k2 >> k3, the 
[ATP]o.5 v for activation would approximate k3/k 1. 

Thus the apparent affinity of ATP in the presence of Na + may actually be the 
ratio of two forward rate constants. By this hypothesis, the phosphorylated enzyme 
is not itself able to hydrolyse nitrophenylphosphate, but hydrolysis of E-P brings the 
enzyme into the active state. Since Na + and K + each can activate nitrophenylphos- 
phatase in the absence of ATP, this is only one of at least 3 parallel pathways which 
influence the distribution of enzyme conformers. 

Model for the ATP interactions 
These and previous studies delineate three types of nucleotide interaction 

with p-nitrophenylphosphatase: (i) inhibition which is competitive with K + and non- 
competitive with p-nitrophenylphosphate; (ii) inhibition which is non-competitive 
with K + and competitive with p-nitrophenylphosphate; (iii) activation by ATP in the 
presence of Na ÷. All three interactions can be reconciled with a single nucleotide- 
binding site through an extension of the relaxation model previously proposed [11, 13]. 
1he discussion arbitrarily assumes a dimer of identical subunits. The nucleotide 
effects can be explained through this model as follows: (i) the T conformation is 
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Fig. 20. Illustration of coupling of low and high affinity forms of Na + and K + ionophoric sites. 
The Na + site has a high-affinity intracellular form (A) and a low-affinity extracellular form (D). The 
K + site has a low-affinity intracellular form (B) and a high-affinity extracellular form (C) (see text). 

inactive as a p-nitrophenylphosphatase and is stabilized with respect to the R confor- 
mation by nucleotide binding; the R conformation is active as a p-nitrophenylphos- 
phatase and is stabilized with respect to the T conformation by K + binding at B sites; 
thus K + and nucleotide binding are competitive; (ii) at saturating concentrations of  
both ligands, the K + effect prevails; however, under these conditions ATP can com- 
pete with p-nitrophenylphosphate at the phosphate catalytic site; (iii) the T conforma- 
tion, in the presence of  Na  +, is a protein phosphokinase; ATP bound to the T confor- 
mation in the presence of  Na  + phosphorylates the enzyme; the phosphorylenzyme 
is most stable in the R conformation; the phosphorylenzyme is not an active p- 
nitrophenylphosphatase, but in the presence of K + it is rapidly hydrolysed to the 
active form. 

In Fig. 12 a single nucleotide-binding site is depicted as an area encompassing 
portions of  two opposed subunits. Nucleotides could stabilize the T conformation by 
crosslinking the subunits at this site. The mechanism need not be so direct as this. 
However, the crosslinking concept is convenient in that it also provides a possible 
explanation of  the Na  ÷ + A T P  activation: if the adenyl-binding locus and the phospho- 
ryl-acceptor locus are on different subunits, the electrostatic repulsion between enzyme 
acylphosphate and enzyme-bound ADP could promote the transition from T to R 
conformation. 

Coupling of  ATP hydrolysis to cation transport 
The first evidence which led to proposals for conformational transitions linked 

to ATP hydrolysis were derived from studies of  the phosphoryl enzyme and of the 
Na+-dependent  ATP/ADP transphosphorylation [2, 26]. These experiments did not 
provide information about different classes of  cation-binding sites. Since Na  ÷ and 
K + act principally at separate stages of  the reaction sequence, it has commonly been 
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assumed that they could be transported alternately by a single type of ionophoric site 
which has conformationally dependent orientation and selectivity [1 ]. 

The more recent evidence indicates a greater complexity. In particular, separate 
sites for Na ÷ and K + exist. Although these sites have not been shown to be ionophores, 
a reasonable hypothesis can be advanced on the assumption that they are. Fig. 20 
indicates how all of the ligand sites which have been defined by these studies can be 
assigned functional roles in active transport. The A and B sites of  the relaxation 
model are equated with the cytoplasmically oriented ionophores for Na ÷ and K ÷ 
respectively. The extracellular configurations of these same ionophores are denoted D 
and C respectively. The D site is a previously unidentified low-affinity Na + site which, 
although not apparent in the nitrophenylphosphatase kinetics, is required for the 
symmetry of this scheme. Taniguchi and Post [27] have obtained evidence for the 
required low-affinity Na + site in their studies of ATP synthesis by reversal of the 
conformational cycle. 

An essential feature of this concept is that the Na + and the K + ionophores 
are coupled together with regard to their orientation in the membrane. Cation selecti- 
vity is linked to orientation so that A and C are the relatively high-affinity forms of the 
Na + and K ÷ ionophores. For  active transport to occur, the low-affinity forms must 
generally traverse the membrane in "free" form. The affinity of  the A site for Na ÷ 
may be increased by ATP binding as concluded by Skou [23] and the affinity of  the 
B site for K ÷ may be reduced by ATP binding as indicated by several studies [28-30]. 
However, these effects of ATP may be mediated entirely through alterations in the 
equilibria between conformers. 

hnplications of the model for the stoichiometry of active transport 
The steady-state kinetic description of the p-nitrophenylphosphatase has led to 

three major conclusions: (a) three distinct classes of univalent cation-binding sites are 
required to account for the kinetic effects of  Na + and K+; (b) a single nucleotide- 
binding site is sufficient to account for the kinetic effects of nucleotides; (c) both the 
univalent cation kinetics and the nucleotide kinetics are consistent with an enzyme 
which can exist in two states with respect to the activity of the catalytic site. 

In principle these conclusions do not require an oligomeric enzyme, much less 
an oligomeric enzyme of identical subunits. Interactions between identical subunits 
remains attractive because it can explain the physiological data which indicate that 
several cations are transported for each molecule of ATP hydrolysed. In the case of 
erythrocytes [8, 9], the data indicate a rather fixed stoichiometry o f A T P  : Na + : K +. 
In squid giant axons, the cation gradients and the metabolic state seem to determine 
the stoichiometries [10]. 

Efficient operation of  active transport over a range of micro-environments 
would seem to require a variable stoichiometry. The model discussed here provides 
a mechanism which would produce variable ratios between moles of ATP hydrolysed 
and equivalents of cations transported. This can be outlined as follows: vectorial 
transport forces arise from the conformational transitions which in turn are driven 
by the phosphorylation cycle. There is conformational coupling among identical 
subunits which is postulated to be in phase. Phosphorylation of  a single subunit might 
be sufficient to induce conformational transitions, and hence vectorial transport, in 
two or more coupled subunits. Each subunit need have only a single ionophoric site 
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for each cation. Conditions which are energetically less favorable for the conforma- 
tional transition (e.g. high opposing cation gradients) would increase the probability 
of multiple phosphorylations of an oligomeric enzyme within the kinase phase of the 
cycle. This mechanism would imply the type of negative cooperativity with respect 
to ATP that has been observed [31] and could lead to half-of-sites reactivity with 
respect to enzyme phosphorylation as has also been reported [32]. 

The implications of negative cooperativity among clusters of membrane-bound 
subunits are discussed by Levitski with respect to the "spare receptor" theory of drug- 
receptor interaction [33]. Many of his conclusions are applicable to the problem of 
variable stoichiometry in active transport. 
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