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Summary 

A non-linear least squares computer  analysis of steady-state kinetic data of 
ATP hydrolysis catalyzed by sheep kidney (Na ÷, K÷)-ATPase (ATP phospho- 
hydrolase, EC 3.6.1.3) gives kinetic parameters of various enzyme intermedi- 
ates. 

Chemical models that fit the whole group of experimental data allow an 
overview of the effects of varying concentrations of Mg 2÷ and ATP on the 
ligand affinity and catalytic activity of the enzyme, and also make possible the 
following rationale in relation to the active transport of sodium and potassium 
across a cell membrane: In the presence of 60 mM of sodium and the absence 
of ATP, potassium binds favorably to the enzyme. This effective binding of 
potassium is consistent with extracellular binding of potassium prior to trans- 
port into a cell', because the extracellular medium consists of high sodium, low 
potassium and no ATP. Binding of potassium is decreased by free ATP and 
Mg • ATP complex. This "weakening" of potassium binding may be related to 
the low affinity sites of  the enzyme for potassium inside a cell where ATP and 
Mg 2÷ are present. In the presence of 10 mM potassium, binding of sodium is 
insignificant, but is stimulated by Mg 2÷, ATP, and Mg • ATP. This is consistent 
with the intracellular event of sodium binding prior to transport out of the cell. 
The breakdown of the Mg. ATP-containing enzyme complexes may cause 
release of potassium into cell and put the enzyme in a form that  does not  bind 
sodium favorably in the absence of ATP; hence, sodium is released to extracell- 
ular medium which contains no ATP. 
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Col lege  o f  Medic ine .  231  Bethesda  Avenue .  Cincinnati .  Ohio  45267,  U.S.A. Address  correspon-  
dence  to  T.W. at this address. 
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It was shown that  a chemical model including Mg" ATP as a substrate is 
mathematically indistinguishable from one in which Mg. ATP is treated as a 
non-binding species. 

Introduct ion 

The membrane-bound (Na +, K+)-ATPase (ATP phosphohydrolase, EC 3.6.1.3) 
is responsible for the active transport of Na + and K ÷ across biological mem- 
branes [1--5]. It has been found in erythrocytes that  the hydrolysis of  one 
molecule of ATP is usually associated with the efflux of about three Na ÷ and 
the influx of about two K ÷ [6--9]. Correlation of the properties of the (Na ÷, 
K÷)-ATPase and the physiological transport phenomena has been supported 
mostly by the kinetic evidence obtained by fragmented membrane preparations 
and intact cells in vitro. In this context ,  at tention has been focused on the 
effects of various ligands on the enzymatic hydrolysis of ATP. Previous kinetic 
data, using a crude preparation of beef brain (Na +, K÷)-ATPase obtained in this 
laboratory, reflect the presumed in vivo stoichiometric relationship between 
ATP, sodium, and potassium; namely the hydrolysis of one ATP molecule most 
probably requires three sodiums and two potassiums at constant concentration 
of  ATP (2.5 mM) and magnesium (2.5 mM) [10]. 

The present study was designed to approach the derivation of chemical 
kinetic models for the enzyme. (A portion of this study was presented at the 
1975 Meeting of  the Biophysical Society in Philadelphia, Biophys. J. (1975), 
15, 244 Abstract). A purified sheep kidney (Na ÷, K÷)-ATPase was used in order 
to minimize non-specific effects. From these studies, we obtained kinetic rate 
and dissociation constants associated with kinetically significant enzyme inter- 
mediates. The kinetic constants describe the effects of  magnesium (another 
metal ion required for the hydrolytic activity) and ATP on the affinity of the 
enzyme for sodium and potassium, and on the initial rates of ATP hydrolysis 
under various ligand conditions. Also, best-fit steady-state kinetic models show 
that  active enzyme complexes contain multiple numbers of Na + and K +. The 
enzyme need not  bind three sodiums and two potassiums simultaneously for 
ATP hydrolysis; active Mg • ATP-containing enzyme complexes that  contain 
sodiums and potassiums in a ratio other than 3 to 2 may also decompose to 
yield products. 

Two chemical models that  are mathematically indistinguishable, but  are in 
sharp contrast with respect to the involvement of the Mg • ATP complex as a 
substrate, are discussed. A rationale of  the active transport of  sodium and 
potassium across the intact cell membrane is also given in terms of the effects 
of magnesium and ATP on the kinetic dissociation constants of  sodium- and 
potassium-enzyme complexes. 

Methods 

Equipment and materials. A flow diagram of the AutoAnalyzer manifold 
used for collecting kinetic data is shown in Fig. 1. The equipment consisted of  
a Proportioning Pump I, a colorimeter with a 15-mm tubular flow cell and a 
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voltage stabilizer, and a single pen standard recorder. All modules, tubings, and 
fittings were products of  Technicon Corp. The temperature of  the water- 
jacketed preincubation coil 1 and reaction coil 2 was controlled with a Lauda 
Super K-2/R constant temperature circulator (Brinkmann Instruments). The 
temperature of the flowing solution in the coils was checked with a Tele- 
thermometer (Yellow Spring Instrument Company, Inc.) equipped with a micro- 
probe: 

All chemicals used in this work were Baker Analyzed reagents unless other- 
wise stated. The water used was glass-distilled deionized water. The concentra- 
tion of  ATP disodium salt (Sigma) stock solution in water was determined spec- 
trophotometrically at 259 nm, using the extinction coefficient of  1.54 X 104 
[11] .  The solution was stored in a freezer before use. The concentration of  
MgC12 solution was determined by atomic absorption spectrophotometry (Beck- 
mann DB-G), using a magnesium standard obtained from Fisher. Acid molyb- 
date solution was prepared by dissolving, with stirring, 10 g of  ammonium mo- 
lybdate, 6 g of  MgC12.6 H20 [12],  and 50 ml of  concentrated H2SO4 in 800 ml 
of  water. The solution was then diluted to 1 1. Similarly, 1 1 of  stannous chlor- 
ide/hydrazine sulfate solution consisting of  0.2 g of  SnC12-2H20, 2 g of 
H2NNH2"H2SO4 and 28 ml of  concentrated H2SO4 was prepared [13].  Both 
solutions were stored at room temperature. 

The (Na +, K+)-ATPase prepared from outer medulla of  frozen sheep kidney 
was prepared by a previously described procedure [14] with some modifica- 
tions and was kindly supplied to us by Dr. Lois K. Lane of  this laboratory. 
The purified enzyme fraction consisted of  only two polypeptides and asso- 
ciated phospholipids. The enzyme in reaction coil 2 (Fig. 1) was 1-104--3-104- 
fold dilution of  an ammonium sulfate-precipitated fraction (dialyzed for 3 day; 
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to remove NH~) suspended in a medium consisting of  25 mM imidazole and 
1 mM Tris/EDTA. The protein concentrations was 10 mg/ml, determined by 
the method  of  Lowry et al. [15].  The specific activity of  this enzyme, deter- 
mined by the automated method,  was 1.8 pmol  Pi.mg -1. min- '  at pH 7.1, 
22.4°C and in 100 mM imidazole buffer consisting of  0.9 mM ATP, 2.0 mM 
magnesium, 60 mM sodium and 2.0 mM potassium. The enzymatic activity of  
0.01 mg/ml solution of  this enzyme in the imidazole buffer  was preserved for a 
few days when stored at 4 ° C. The specific activity of  the ammonium sulfate- 
precipitated enzyme was 3.1 pmol Pi-mg-l-min -1, as determined by the Fiske- 
SubbaRow method [16] at pH 7.1, 22°C and in 30 mM histidine buffer con- 
sisting of  5 mM ATP, 5 mM magnesium, 100 mM Sodium and 10 mM potas- 
sium (Lane, L.K., personal communication).  

Measurement o f  ATP hydrolysis. The automated method used for the phos- 
phate assay is a modified Martin and Doty  procedure [12,13].  All concentra- 
tions of  reagents refer to the adjusted concentrations in reaction coil 2 (Fig. 1) 
unless otherwise stated. The enzyme was preincubated with necessary reagents 
for about  1 min (i.e. the time required for the solution to flow through coil 1) 
before the addition of  ATP to initiate the reaction. The enzymatic hydrolysis 
of  ATP was allowed to proceed for 2.43 min in reaction coil 2, and was then 
s topped immediately by  acid from the ammonium molybdate  line after the 
solution had flowed through the reaction coil. The phosphate ion formed was 
complexed with the acid ammonium molybdate  solution in the color develop- 
ment  coil 3, and was assayed at 660 nm as a blue complex formed after the 
addition of  SnC12/H2NNH2 solution. An opt imum quanti ty  of  magnesium (6 g 
in 1 1 of  ammonium molybdate  solution) [12] and adequate length of  the color 
development  coil 3 were used to minimize the effect  of  ATP on the phos- 
phate assay. 

Kinetic experiments. The standard phosphate (Fisher) assay and the effect  
of  ATP on the phosphate assay are shown in Fig. 2, which shows that the 
linear relationship of  absorbance of  the blue complex to the phosphate con- 
centration holds at different levels of  A T E  

0.05 S 

' 2' ' 4' ' ,.o .o 3.0 .o ~,o 

[Pi], uM 
Fig .  2.  E f f e c t  o f  A T P  o n  s tandard  p h o s p h a t e  assay .  A T P  c o n c e n t r a t i o n s  a re :  x ,  0 - - -0 .198  m M ;  o, 0 . 3 0 7  
raM;  e ,  0 . 5 2 7  raM;  A, 0 . 8 7 8  r aM.  O t h e r  c o n d i t i o n s  are :  2 2 . 4 ° C ,  1 0 0  m M  i m i d a z o l e  b u f f e r ,  p H  7 .1 ,  6 0  m M  
s o d i u m ,  1 0  m M  p o t a s s i u m  and  2 .0  m M  m a g n e s i u m .  Inse t ,  d e m o n s t r a t i o n  o f  l inear  s u p p r e s s i o n  o f  absorb-  
a n c e  o f  4 . 8 7 / ~ M  Pi b y  ATP .  S imi l a r  e f f e c t s  o f  A T P  o n  Pi assay w e r e  o b s e r v e d  u n d e r  var ious  c o n d i t i o n s .  
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The responses of  ATP hydrolysis to increasing enzyme concentration was 
determined after correction for small absorbance changes observed at each 
enzyme concentration in the absence of  ATP. The required linear relationship 
was observed over the range of  enzyme concentrations (1--3 mg/1). 

The time course of ATP hydrolysis was followed by separate measurement 
of  the extent  of  the reaction in 1.25 and 2.43 min using two coils of  different 
lengths. These experiments were carried out  at temperatures ranging from 15 to 
37°C (Fig. 3). Adequate initial velocity at 2.43 min could be obtained below 
24°C. An Arrhenius plot of  these data shows no break point  in the temperature 
range from 15 to 24 ° C. 

All kinetic experiments were carried out  at pH 7.1, 22.4°C, and in 100 mM 
imidazole buffer. Concentration ranges employed for various ligands are: ATP, 
0.066--0.878 mM; Mg 2÷, 0.02--7.4 mM; Na ÷, 2.5--60 mM; K ÷, 0.125--10 mM. 
At constant  sodium (60 mM) the effects of  seven concentrations of  magnesium 
(0.02, 0.05, 0.08, 0.12, 0.56, 1.9, and 4.5 m M ) a n d  six concentrations of  ATP 
(0.066, 0.132, 0.197, 0.307, 0.527, and 0.878 mM) on the initial rates of  ATP 
hydrolysis were studied at eight concentrations of  potassium (0.125, 0.25, 

_ 1 . -  
10 E O 3.0 

TIME,  rain. 

F i g .  3.  Effect  o f  t e m p e r a t u r e  o n  i n i t i a l  p r o d u c t i o n  o f  p h o s p h a t e  (P i )  i n  ( N a  + + K + ) - A T P a s e - c a t a l y z e d  hy-  
drolys is  o f  A T P .  L i n e s  w e r e  d r a w n  f r o m  t h e  o r i g i n  t h r o u g h  t h e  v a l u e s  o b t a i n e d  a t  1 . 2 5  r a i n .  D e v i a t i o n  o f  
the v a l u e s  o b t a i n e d  a t  2 . 4 3  m i n  w e r e  a p p a r e n t  a t  t e m p e r a t u r e s  a b o v e  24°C.  The b r o k e n  l ine  (- ° - o - - -) is 
a r e p r e s e n t a t i v e  r u n  u s i n g a b o u t  2 - f o l d  d i l u t e d  e n z y m e  so lut ion ,  showing  t h a t  d e v i a t i o n  f r o m  i n i t i a l  v e l o c -  
i t y  is i n d e p e n d e n t  o f  e n z y m e  c o n c e n t r a t i o n .  R . e a c t i o n  c o n d i t i o n s  a r e :  1 0 0  m M  i m i d a z o l e  b u f f e r ,  p H  
a p p r o x .  7 ,  6 0  m M  s o d i u m ,  1 0  m M  p o t a s s i u m ,  2 m M  m a g n e s i u m ,  0 . 8 7 8  m M  A T P  a n d  ( N a  +, K + ) - A T P a s e  
a p p r o x .  2 rag/1.  S i m i l a r  results were o b s e r v e d  u s i n g  0 . 0 6 6  m M  A T P .  
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0.50, 1.0, 2.0, 3.5, 6.0, and 10 mM). At constant potassium (10 mM) the 
effects of eight concentrations of magnesium (0.02, 0.05, 0.08, 0.19, 0.56, 1.9, 
4.5, and 7.4 mM) and six concentrations of ATP (0.066, 0.132, 0.197, 0.307, 
0.527, and 0.878 mM) were studied at seven concentrations of sodium (2.5, 
5.5, 10.5, 20.5, 30.5, 46.0 and 60.0 mM). In the procedure, a series of six ATP 
solutions of various concentrations was used for each level of  Mg 2÷, Na ÷ and K ÷ 
which were infused from separate lines. Data that  were treated as the true 
effect on ATP hydrolysis of various levels of  each ligand, Mg 2÷, for example, 
were obtained in the following manner: background (no added Mg 2÷) ATP hy- 
drolysis in the presence of enzyme at desired levels of Na ÷ and K ÷ was first 
recorded which was then subtracted from the amount  of ATP hydrolysis at 
various levels of Mg 2÷ under the same condition. Typical experimental runs are 
shown in Fig. 4. Initial velocities obtained from different enzyme solutions 
were normalized to 3 mg/1 enzyme activity by comparing data obtained under 
identical ligand concentration. Data were also corrected for the additional 
sodium from Na2ATP and for the effect of ATP on phosphate assay. The maxi- 
mum hydrolysis of ATP in any experiment was 4%. 

The total ionic strength of the reaction medium was 120--140 mM when the 
sodium concentration was held at 60 mM. At 10 mM potassium, when less than 
60 mM sodium was used, choline chloride was added to maintain the total con- 
centration of  sodium and choline chloride at 60 mM. Choline chloride up to 
100 mM did not  interfere with the automated assay of phosphate ion. 

A n a l y s i s  o f  k i n e t i c  data.  Because of the high reproducibility of  the auto- 
mated method in mixing reagents of  various concentrations and in the recorder 
reading of absorbance, no a t tempt  was made to duplicate each of a large num- 
ber of  observed initial velocities. Ligand concentrations were considered accu- 
rately known. 

A non-linear least squares computer  program (BMD07R) [17], which is 
applicable to the estimation of  up to 100 parameters, was used for the data 
analysis. This program minimizes the error mean square (s 2) for the defined 
function v by means of  stepwise Gauss-Newton iteration on 01 . . . .  ,0p. 

v = f(C1 . . . .  , Ct; 01, ..., 0p) 

s 2 - ~ ([vi - -  f(C~l, ..., Cit;  01, ..., Op)] 2" wl)  
n - - p  i=1 

In these equations, n is the total number of observations; vi, observed initial 
velocities (i.e. dependent  variables); Ci l ,  ..., Cit, concentration or product  of 
concentrations of various ligands (i.e. independent variables); and 01, ..., Op, 
parameters (i.e. coefficients of  Cil, ..., Cit) to be estimated. Equal weights of 
uni ty were used in this work. 

The algebraic equation used for data analysis is in the form of Eqs. 1 and 2. 
These equations are derived, respectively, from Schemes l(a) and 2(a) in which 
rapid equilibrium is assumed among all enzyme complexes and the products 
are formed in rate-determining steps. 
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0.1- 

<[ 0.05 

[ATP(mM) ] 

~ 0 8 7 8  

NO ADDED Mg 2+ 

[ATP(mM)] 
- -  0.878 

Mg 2+= 2mM 

F i g .  4 .  R e c o r d e r  t r a c e s  of  t y p i c a l  k ine t i c  r u n s  in  t h e  p r e s e n c e  a n d  a b s e n c e  o f  m a g n e s i u m .  R e a c t i o n  condi -  
t i o n s  axe: 2 4 . 4 ° C ,  1 0 0  m M  i m i d a z o l e  b u f f e r ,  p H  7 .1 ,  6 0  m M  s o d i u m ,  10  m M  p o t a s s i u m  a n d  a p p r o x .  
1 rag/1 (Na  +, K+)-ATPase .  A T P  a n d  m a g n e s i u m  c o n c e n t r a t i o n s  are  s h o w n  in the  f igure .  

A fixed dissociation constant for the Mg-ATP complex, KMg.ATP, was used in 
each computation.  Five values of this constant were examined: 0.005, 0.01, 
0.05, 0.1, 0.5 mM. Inclusion of this constant as an adjustable parameter neces- 
sitates the use of a set of partial differential equations (of the dependent vari- 
able with respect to each of the parameters to be estimated) in a complicated 
form; computat ion using these equations would increase tremendously the 
amount  of computer  time required. 

Initial estimates of  parameters required by the computer  program were ob- 
tained from primary (graphical} plots of  pertinent data. For example, rough 
estimates of dissociation constants associated with enzyme species containing 
two potassiums in Scheme l(a)  were obtained from a family of sigmoidal 
curves of initial velocity vs. potassium concentration. At 1.9 mM magnesium 
and 0.878 mM ATP, the curve gave a value for Ks'K6. At the above magnesium 
level various constants were obtained at various ATP concentrations and extra- 
polation of these constants to zero ATP concentration gave a value for K9.K,o. 
Based on these two values, reasonable initial estimates of Ks, K6, K9 and K,0 
could be obtained. The initial estimate for the maximal velocity was usually a 
value 1.5--2 times as high as the observed maximum velocity in the appropriate 
region of ligand concentrations. The upper and lower constraints of the param- 
eter values required for computat ion differ two orders of magnitude from the 
initial estimates for the parameters. 

The error mean square and asymptotic standard deviation of  parameters are 
two criteria used for judging the best fit of  data. The uniqueness of the resul- 
tant  minima and parameter values was determined by using different initial 
estimates of  parameters and parameter constraints in the computation.  

Protonated species of ATP at pH 7.1, association of sodium and potassium 
with ATP, which is usually weak [18] and association of magnesium with 
imidazole buffer and with a very small amount  of EDTA (from enzyme prepar- 
ation) were ignored in the data analysis for simplicity. 

Results 

In the assay of phosphate ion by the automated procedure (Fig. 1), the 
effect of ATP on the phosphate color development (Fig. 2) was, unlike pre- 
viously reported [12], significant and was proportional to the ATP concentra- 
tion if greater than 0.2 mM. A 10% reduction in absorbance was observed in 
the presence of 0.9 mM ATP, the highest concentration of ATP used in this 
work. Fig. 3 shows that  the adequate initial velocity could not  be maintained 
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for 2.43 min at a temperature higher than 24°C in the imidazole buffer (100 
mM, pH 7.1). For this reason, kinetic experiments of this study were carried 
out at 22.4 ° C. 

All parameters in Eqs. 1 and 2 converged to a minimum when fixed values 
for the Mg-ATP complex dissociation constant  (KMg.AT p = 0.005, 0.01, 0.05, 
0.1, and 0.5 mM) were used in the i teration. The dependence of parameter 
values on  KMg.AT P is worth noting. The results show that  a change in KMg. AT P 

from 0.05 to 0.1 mM results only in a small change in all parameters. However, 
an increase in KMg.AT P from 0.1 to 0.5 mM or a decrease from 0.05 to 0.01 mM 
(and 0.005 mM) causes a significant increase in the values of  a subset of  the 
parameters. Thus, the minimal or close to minimal values of  the whole set of  
parameters were obtained when KMg.AT P is in the range from 0.05 to 0.1 mM. 
The associated error mean squares are smaller with KMg.AT P = 0.05 mM than 
0.1 mM: 1.18.10 -3 vs. 1.22.10 -3 for Eq. 1 and 1.27.10 -3 vs. 1.51-10 -3 for 
Eq. 2 (the size of quantities measured is less than 2.0 as shown in Figs. 5 and 
6). 

The resultant best fit parameters of  Eqs. 1 and 2 using 0.05 mM for KMg.AT e 
are tabulated in Table I with their asymptotic standard deviations. In the case 
of Eq. 2, the same best-fit values of  the parameters were obtained when the ini- 
tial estimates of the first eleven (arbitrarily chosen) parameters are increased 
and the remaining parameters decreased by two orders of magnitudes, and also 
when the upper and lower constraints of parameters were changed to +1020 and 
--102°. The best-fit parameters of Eq. 1 were based solely on error mean square 
and asymptotic standard deviation. Various sets of  parameters with unreason- 
ably high standard deviations (which render a parameter value negative) were 
obtained when different initial estimates of  parameters, varied as stated above, 
were used for Eq. 1. 

The kinetic rate and dissociation constants reported below are defined by 
the chemical Schems l(a) ,  l (b) ,  2(a), and 2(b) and their numerical values are 
derived from the mean values of the parameters in Table I. 

At 60 mM sodium, the shapes of  the sigmoidal curves of initial velocities vs. 
[K ÷] (at various Mg 2÷ and ATP concentrations, not  shown) do not  justify the 
need to fit the experimental data to a model that  includes enzyme species con- 
taining more than two potassiums. Neither do the shapes of  initial velocities vs. 
[Na ÷ ] curves justify a model with enzyme species containing more than three 
sodiums. 

Effects o f  Mg 2÷ and A T P  on (Na ÷, K*)-ATPase at constant sodium (60 mM) 
Fig. 5 shows plots of the observed rate constants (kobs = VobJ[E]0) versus 

magnesium concentrations. The solid lines in this figure are calculated with 
best-fit values of parameters of  Eq. 1. The initial velocity of  ATP hydrolysis at 
60 mM sodium can be extrapolated to zero at zero potassium concentration 
(plots not  shown), therefore ATP hydrolysis due to Na-ATPase is considered 
insignificant. 

Schemes l(a)  and l (b)  show the chemical models that  best fit the whole set 
of  data. In these schemes missing enzyme (E) complexes such as E-K and 
E'Mg'ATP'Mg2"K2 were first included in computat ion,  but they were rejected 
because the coefficients of the corresponding ligand concentrations [K ÷] and 
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Fig.  5. P lo t s  o f  o b s e r v e d  r a t e  c o n s t a n t s  ( kobs )  versus  m a g n e s i u m  c o n c e n t r a t i o n s  d e m o n s t r a t i n g  the  f i t  o f  
c a l c u l a t e d  cu rves  to  all  e x p e r i m e n t a l  p o i n t s  a t  e i g h t  levels o f  p o t a s s i u m  (as s h o w n )  a n d  six levels o f  ATP:  
o ,  0 . 0 6 6  raM;  o ,  0 . 1 3 2  m M ;  4 0 . 1 9 8  raM;  z~ 0 . 3 0 7  raM;  n,  0.52_7 raM;  a n d  u 0 . 8 7 8  raM.  S o d i u m  c o n c e n -  
t r a t i o n  w a s  f ixed  a t  60 .1 - - -61 .8  m M  ( range  d u e  to  a d d i t i o n a l  N a  + f r o m  N a 2 A T P ) .  Curves  we re  c a l c u l a t e d  
w i t h  the  bes t - f i t  p a r a m e t e r s  (Eq .  1) in  T a b l e  I. O t h e r  c o n d i t i o n s  axe: 2 2 . 4 ° C ,  1 0 0  m M  i m i d a z o l e  b u f f e r ,  
p H  7 .1 ,  a n d  3 m g f l  (Na  +, K+)-ATPase .  

[Mg-ATP][Mg]2[K*] 2, when included in Eq. 1, drift to very small values in the 
process of interation; these small values indicate very large dissociation con- 
stants associated with these complexes, hence their presence can be considered 
insignificant. 
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Fig.  6.  P lo t s  o f  o b s e r v e d  r a t e  c o n s t a n t s  ( k o b s )  ve r sus  m a g n e s i u m  c o n c e n t r a t i o n s  d e m o n s t r a t i n g  t h e  f i t  o f  
c a l c u l a t e d  cu rves  t o  all  e x p e r i m e n t a l  p o i n t s  a t  seven  levels  o f  s o d i u m  (as shown+ r a n g e  d u e  t o  a d d i t i o n a l  
N a  + f r o m  N a 2 A T P  ) a n d  six levels o f  A T P :  $,  0 , 0 6 6  m M ;  o ,  0 . 1 3 2  raM;  A 0 , 1 9 8  r aM;  A+ 0 . 3 0 7  m M ;  
m, 0 . 5 2 7  m M ;  a n d  o,  0 . 8 7 8  m M .  P o t a s s i u m  c o n c e n t r a t i o n  w a s  f i x e d  a t  1 0  m M ,  Curves  w e r e  c a l c u l a t e d  
w i t h  t h e  bes t - f i t  p a r a m e t e r s  (Eq .  2)  in  T a b l e  I. O t h e r  c o n d i t i o n s  a re :  2 2 . 4 ° C ,  1 0 0  m M  i m i d a z o l e  b u f f e r ,  
p H  7.1  a n d  3 m g f l  ( N a  +, K÷)-ATPase .  

Scheme l(a)  shows that  at 60 mM sodium the affinity of the enzyme for 
Mg.ATP complex is higher than for free ATP by nearly 60-fold (K~ = 3.6-10 -4 
and K12 = 2.0"10 -2 mM) in the absence of  potassium and by 20-fold (K17 = 
1.3.10 -2 mM for E-K2 ~ E'Mg'ATP.K2 and K22 = 2.7"10 -1 mM for E'K2 
E-K2.ATP) in the presence of  high potassium. Magnesium present at the mag- 
nesium site (E.Mg) decreases the affinity of  the enzyme for Mg.ATP complex, 



1 5 2  

T A B L E  I 

N U M E R I C A L  V A L U E S  OF  P A R A M E T E R S  OF E Q U A T I O N S  1 AND 2 

All  parameters  in each  e q u a t i o n  w e r e  o b t a i n e d  s i m u l t a n e o u s l y  us ing  the  s a m e  set  o f  data .  A f i x e d  value  o f  
M g . A T P  d i s soc ia t i on  c o n s t a n t ,  0 . 0 5  raM, w a s  u s e d  in c o m p u t a t i o n .  Un i t s  o f  k ine t i c  rate c o n s t a n t s  (k 1--k4 
and  k'  l - -k~)  are in # m o l . m g  -1 .min  -1 ; uni t s  o f  k i ne t i c  d i s s oc ia t i on  c o n s t a n t s  are in m M  e x c e p t  K 7 (raM 2), 
K~ (raM2),  K~ (raM 3) and  g ]  1 ( raM3) - 

E q u a t i o n  1 E q u a t i o n  2 

k I /K1K2 (5 .52 -+ 2 .03)  X 106 k'I/K'IK' 2 (7 .39 + 0 .57)  X 102 
k2/K1K2K3 (1 .59 -+ 0 .32)  X 108 k'2/K'IK'2K' 3 (2 .43 + 1 .14)  X 10 
k3 /KIK4K5 ' (3 .24  -+ 0 .36)  X 107 k'4/K'IK'2K'3K' 5 (2.31 -+ 0 .65)  X 103 
h 4 / K I K 4 K s K  6 (5 .97 + 0.0 ) × 108 1/K' 1 2.64-+ 0 .98  
I / K  1 (2 .74  + 0 .74)  X 103 I/K'IK'2 (4 .94  -+ 0 .50)  X 10 -1 
1/K1K 2 (5 .76 + 0 .98)  X 103 1/K'IK'2K' 3 (1 .13 -+ 0 .57)  X 10 -2 
I lK1K2K3 (1 .17 + 0 .14)  X 104 1/K'IK'2K' 4 2.09 + 0 .69  
1 / K I K  4 (7 .74  -+ 1 .03)  X 104 I/K'IK'2K'3K' 5 (6 .58 + 1.85)  X 10 - l  
1 / K I K 4 K  5 (5 .30  + 0 .88)  X 104 11K'6 (1 .97 -+ 0 .53)  X 10 
I l K 1 K 4 K s K  6 (1 .96 + 0 .03)  X 10 s I/K'6K' 7 (7 .17 + 1 .98)  X 10 -2 
1/K 7 (1 .54  -+ 0 .27)  X 102 I/K'IK'2K'4K' 8 1.63 -+ 0 .45  
l i E  8 (8 .67 -+ 5 .63)  X 102 I/K'IK'2K'4K'sK' 9 (3 .54 -+ 1.08)  X 10 -2 
l /K8K9 (3 .67  -+ 1 .61)  X 103 I/K'6K'TK'Io (2 .15  + 0 .63)  X 10 -2 
1/K8K9KIo (1.85-+ 0 .07)  X 104 1]K'I1 (3 .08  + 0 .51)  X 10 -2 
1 /K8K9KIoKI I  (6 .53 -+ 0 .25)  X 103 1/K'I1K'12 (3 .82 -+ 2 .62)  X 10 -4 
l / K 1 2  (4 .97 -+ 3 .14)  X 10 
1/KI2K13 (9 .07 -+ 8 .95)  X 10 
1/K12K13KI4 (5 .69 -+ 0 .57)  X 102 

both in the presence and absence of potassium by about 30--7-fold (K~ and 
K18 = 1.1"10 -2 mM for E.Mg ~ E.Mg-ATP.Mg; K :  and K20 = 9.4"10 -1 mM for 
E'Mg'K2 ~ E.Mg.ATP.Mg-K2). Despite this decrease in affinity for the Mg.ATP 
complex that is required for activity, the overall hydrolytic  activity of  the 
enzyme was compensated for by higher decomposit ion rates of  the resultant 
Mg.ATP.Mg-containing complexes,  especially at low potassium concentra- 
tions: E.Mg-ATP'Mg.K2 decomposes at nearly the same rate as E.Mg-ATP.K2 
(k4 = 2.1 and k2 = 1.9 pmol /mg per min), whereas E.Mg.ATP.Mg.K decomposes 
about three times as fast as E-Mg-ATP-K (k3 = 2.1 and kl = 6.7"10 -1 pmol /mg 
per min). It is noteworthy  that enzyme complexes containing one and two 
potassiums can decompose to yield products. 

In the presence of  60 mM sodium, the effects of  magnesium and ATP on 
the affinity of  the enzyme for potassium are significant. The results show that 
when the medium is free of  magnesium and ATP, a condit ion obtained by 
extrapolation to zero magnesium and ATP concentrations,  the binding of  the 
first potassium increases the affinity for the second potassium to such an 
extent  that the presence of  E.K becomes insignificant. This cooperative binding 
of  potassium is not  so effective when the enzyme is bound with magnesium, 
Mg-ATP, or free ATP. In these cases enzyme complexes containing only  one 
potassium are also present. The first and the second dissociation constants with 
respect to potassium are nearly equal when the enzyme contains Mg 2÷ or 
Mg.ATP (K9 = 2.4"10 -1 and Kl0 = 2.0-10 -1 mM; K2 = 4.8-10 -1 and K3 = 
4 .9 .10 -1 mM); the second dissociation constant is smaller than the first one 
when the enzyme contains Mg.ATP-Mg or ATP (Ks = 1.46 and K6 = 2.7"10 -1 
mM; K13 = 5.5"10 -1 and Kl4 = 1.6"10 -1 mM). 
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In the absence of ATP, two potassiums bind strongly to the enzyme both 
with and without  the magnesium site occupied (K7 = 6.5"10 -3 mM 2 and K9"K,o 
= 4.8.10 .2 mM~); but the affinity of the enzyme for two potassiums was 
reduced by free ATP (K13.KI4 = 4.8-10 -2 mM 2) and by Mg-ATP complex 
(K2"K3 = 2.4"10 -1 and Ks'K6 = 3.9.10- '  mM 2) by 8--40-fold. On the other 
hand, potassium reduces the affinity of  the enzyme for Mg-ATP by 36-fold (K, 
and K,7); the reduction in affinity for Mg.ATP is 9-fold when the magnesium 
site is occupied (K,8 and K20). Potassium also reduces the affinity of  the 
enzyme for free ATP by 14-fold (K,2 and K22) and reduces the affinity of  the 
enzyme for free magnesium by 7-fold in the absence of Mg-ATP (Ks = 1.2"10 -3 
and K2, = 8.3"10 -3 mM for E'K2 ~ E'Mg-K2) by about 3-fold in the presence of 
Mg-ATP (K4 = 3.5"I0 -2 and K,6 -- 1.2"10-' mM for E.Mg.ATP.K: g E.Mg.ATP. 
Mg'K2). 

While magnesium is required for the enzymatic activity, it inhibits the 
activity when present in large excess over ATP at high sodium and potassium 
concentration by forming an inhibitory complex E.Mg.ATP-Mg2.K2 (K,, = 
2.8 mM). Free ATP, when present in excess over magnesium, inhibits the 
enzymatic activity through its competition with Mg'ATP for the enzyme (K,2 
and K22). 

Mathematically, substitution of [Mg][ATP]/KMg.ATP for [Mg.ATP] in Eq. 1 
results in an equation in which the coefficients of all the terms containing [Mg]- 
[ATP] are the original parameters multiplied by 1/KMg.AT P. For example, (1/ 
K,K2) [Mg.ATP] [K] becomes (1/KIK2KMg.ATP)[Mg] [ATP] [K]. Thus, this new 
mathematical  equation is numerically identical with the original one and can be 
derived from the alternative Scheme l(b).  Scheme l (b)  is in sharp contrast to 
Scheme l(a)  with respect to the involvement of Mg-ATP as a substrate: the 
Mg.ATP complex is a substrate in Scheme l(a) ,  but is a non-binding species in 
Scheme l(b).  This alternative model offers information about the affinities of 
the magnesium-containing enzyme for ATP (K, = 1.6-10 -2 mM; K,7 = 3.2"10 -5 
mM for E.Mg-K ~ E.Mg.ATP-K; K~8 = 7.8-10 .2 mM for E.Mg.K2 ~ E.Mg.ATP 
• K2) and also of  the ATP-contalning enzyme for magnesium (K,9 = 9"10 -4 mM 
for E-ATP ~ E.Mg.ATP; K20 = 8"10 .4 mM for E-ATP.K ~ E.Mg.ATP.K; and 
K2~ = 2.4"10 -a mM for E.ATP.K2 ~ E.Mg-ATP-K2). All other numerical values 
o f  the kinetic rate and dissociation constants and their associated enzyme spe- 
cies remain the same as in Scheme l(a).  

Effects o f  Mg 2÷ and A T P  on (Na ÷, IC)-ATPase at constant potassium (10 mM) 
Fig. 6 shows plots of the observed rate constants (kobs = Vobd[E]0) versus 

magnesium concentrations. The solid lines in this figure are calculated with best- 
fit values of  parameters of Eq. 2. The initial velocity of  ATP hydrolysis at 
10 mM potassium can be extrapolated to zero at zero concentration of sodium 
(plots not  shown), therefore ATP hydrolysis due to potassium phosphatase is 
considered insignificant. 

Schemes 2(a) and 2(b) show the chemical models that  best fit the data. In 
these schemes, missing enzyme complexes, E'.Nax (x = 1--3) and many others 
were first included, but  they were rejected as a result of  computations as 
described above. 

Scheme 2(a) shows that  at 10 mM potassium the enzyme binds the Mg.ATP 
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complex with a low affinity (K'I = 3.8"10 -1 mM} in the absence of sodium, but 
the complex of  the enzyme with free ATP may not  exist under the same con- 
dition. Direct comparison of the affinities of the enzyme for Mg.ATP complex 
and for free ATP is not  possible throughout  the entire range of sodium concen- 
trations studied. 

Unlike potassium which inhibits the ATP and Mg.ATP binding, sodium 
increases the binding of these two ligands, and vice versa. While the presence of 
E'-ATP is not  significant in the absence of sodium, the enzyme binds free ATP 
in the presence of sodium as indicated by the presence of E'.ATP.Na2 and 
E"ATP.Na3 in the scheme. In the presence of  equimolar excess of  magnesium 
over ATP, sodium increases the affinity of the enzyme for Mg.ATP complex by 
4-fold (K'I and K'13 = 1.1"10 -1 mM). 

In the absence of  both magnesium and ATP, the model implies that  the 
enzyme does not  bind sodium; no enzyme-sodium complexes (E'-Nax, x = 1--3) 
are present. However, when the magnesium site is occupied (E'.Mg), the bind- 
ing of  three sodiums occurs. The binding of  the first sodium greatly enhances 
the binding of the second and the third sodiums (K~ = 2.7.10 -2 mM3). The 
enhancement of the binding of  the third sodium is modulated by Mg.ATP com- 
plex (K3 = 4.4.10, K~ = 4.6.10 mM) throughout  the entire range of magnesium 
concentrations employed and by free ATP (K '12  = 7.5.10 mM) in the absence 
of magnesium. 

Different effects of magnesium on the decomposition rates of Mg.ATP-con- 
raining enzyme complexes are noted at different concentrations of sodium. 
At high concentrations of sodium where the enzyme complexes may contain 
three sodiums, magnesium activates the decomposition of Mg.ATP-containing 
enzyme complexes (k~ = 1.50 and k:~ = 2.45 pmol/mg per min). However, at the 
midrange of sodium concentrations, where most enzyme complexes may con- 
tain only two sodiums, magnesium drastically stabilizes these Mg.ATP-contain- 
ing enzyme complexes: ( k ' l  = 1.05 and k'3 = 0 pmol/mg per min). 

At 10 mM potassium and various concentrations of sodium, the inhibitory 
properties of magnesium and ATP are the same as those noted in the presence 
of 60 mM sodium and various concentrations of potassium (Scheme l(a)).  

Substitution of [Mg][ATP]/KMg.ATp for [Mg-ATP] in Eq. 2, as described 
above in the case of Eq. 1, gives an alternative chemical model as shown in 
Scheme 2(b). Information about the affinities of the magnesium-containing 
enzyme species for ATP (K'I = 3.8"10 -1 mM and K'13 = 3.2"10 -1 mM for E.Mg. 
Na3 ~ E.Mg.ATP.Na3) and the ATP-containing enzyme species for magnesium 
(K '14  = 3.2"10 -3 mM for E'.ATP.Na2 ~ E.Mg.ATP.Na2 and K'15  = 1.8"10 -3 mM 
for E'.ATP.Na3 ~ E'.Mg-ATP.Na3) are available. Again, all other numerical val- 
ues of  kinetic rate and dissociation constants and their associated enzyme spe- 
cies remain the same as in Scheme 2(a). 

In Schemes l(a),  l (b) ,  2(a) and 2(b), it is not  clear to what extent  sodium Cat 
60 mM) or potassium (at 10 mM) is bound to each significant enzyme complex 
at various concentrations of  other ligands. However, it is obvious in both 
schemes that  many of these complexes, such as those containing Mg.ATP or 
Mg.ATP-Mg, may contain both sodium and potassium, although they are not  
shown as such in the schemes. 
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Discussion 

Since the work of  Michaelis and Menten [19] it has been known that  the 
affinity of an enzyme for its substrate can be studied by measuring the initial 
velocities of the enzymatic reaction at varying substrate concentrations. Such 
study may provide additional information about the maximal rate of  the enzy- 
matic reaction. One can extend this method to involve enzymes which need 
more than one substrate or ligand for their activity and expect to gain insights 
into the affinities of  the enzyme for each ligand by measuring initial velocities 
over a wide range of  concentration of these ligands. As a result, catalytic acti- 
vity and ligand affinity of  the enzyme at various concentrations of ligands can 
be recognized. The chemical Schemes 1 and 2 that  fit the whole set of  experi- 
mental data presented in Figs. 5 and 6 are based on this premise. 

The hydrolysis of ATP by (Na ÷, K ÷)-ATPase requires magnesium, sodium and 
potassium. Since each observation of the initial velocity is the result of  the 
overall equilibrium, it is necessary to include, as we have done, all ligand concen- 
trations and the corresponding initial velocities in the same mathematical equa- 
tion for estimation of parameters. The non-linear least-squares method was 
used to calculate the best-fit parameters directly from the observed values, not  
only for its rapidity in generating numerical values of  parameters, but also for 
its known advantages over conventional graphical or linear least-squares meth- 
ods involving transformation of the observed values [20,21]. Understandably, 
the standard deviations of  some parameters in Table I are high. The reason for 
this may be that  an insufficient amount  of  data associated with these param- 
eters was used in the computat ion,  as such effect is known in non-linear regres- 
sion method [21,22]. The results of  the effect of  KMg.AT P values on parameters 
obtained indicated that  the appropriate KMg.AT P values fall in the region of 
0.05--0.1 mM, which coincide with the literature values [18,23]. Since the 
associated error mean squares are smaller with KMg.ATP = 0.05 mM than 0.1 
mM, we will use kinetic constants associated with 0.05 mM KMg.AT P for discus- 
sion. Numerical values of  kinetic dissociation constants associated with the 
antagonism between potassium and ATP [24--27], mutual  enhancement  of 
binding between sodium and ATP [27--29], and inhibitory properties of free 
magnesium and free ATP in large excess [30--34] that  have been well recog- 
nized in the literature are reported in Results. 

Under the experimental conditions, magnesium or ATP in low quantities 
exist as Mg.ATP complex when the other ligand is in excess, and in Schemes 

l ( a )  and 2(a) enzyme complexes E".Mg-ATP (E" denotes any enzyme com- 
plexes capable of binding ATP, Mg 2÷ and Mg.ATP) are formed from the com- 
bination of  various enzyme complexes with Mg.ATP. The low value of  the dis- 
sociation constant  for E ~ E.Mg-ATP (KI = 0.36 #M in Scheme l(a)) ,  is similar 
to the dissociation constants for E"-ATP at 0--2°C in the presence of  EDTA 
and without  any added metal cations, which usually range from 0.06 to 0.22 
#M [35]. In both schemes, the presence of  E".ATP or E"-Mg is possible 
because insufficient amounts of free magnesium or ATP are available for con- 
verting either complex to the active E"-Mg.ATP form. 

It is possible that  the enzyme may acquire both magnesium and ATP sepa- 
rately to form E"-Mg.ATP for its hydrolyt ic  activity. The alternative chemical 
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models, Schemes l (b )  and 2(b), aptly demonstrate this possibility. Here, active 
Mg-ATP-containing enzyme complexes are formed from separate addition of 
magnesium and ATP to the enzyme. Since the conversion of  Schemes l (a)  and 
2(a) to l (b)  and 2(b) is a result of  the simple mathematical substitution of 
[Mg][ATP]/KMg.ATP for [Mg.ATP] in Eqs. 1 and 2, Schemes l (a)  and l (b )  
and also 2(a) and 2(b) are numerically identical. These alternative models offer 
information about  the affinities of  the magnesium-containing enzyme com- 
plexes for free ATP (E".Mg + ATP ~ E".Mg.ATP) and also those of  the ATP- 
containing enzyme species for magnesium (E".ATP + Mg ~ E".ATP.Mg). All 
other rate and dissociation constants and the associated enzyme complexes 
remain identical with those in Schemes l(a)  and 2(a). 

When magnesium (or ATP) is present in excess over ATP (or magnesium), 
Schemes l (a)  and 2(a) show that the inhibition by the ligand in excess involves 
the inhibitory binding of  magnesium (or ATP) to the pertinent enzyme com- 
plexes, whereas Schemes l (b )  and 2(b) show that such inhibition by excess 
magnesium (or ATP) is, in addition to the inhibitory binding (Scheme 2(b)), 
due to the reduction in the amount  of  the active ligand through the formation 
of  the non-binding Mg.ATP complex. Thus, the long-standing question of 
whether or not  the Mg.ATP complex is a true substrate cannot  be resolved 
based on the steady-state kinetic data. 

The chief attraction of  the resultant chemical models, Schemes l(a}, l (b) ,  
2(a), and 2(b), is in their usefulness in demonstrating the relationship of 
responses of  the enzyme to various ligands. Notably,  information can be 
gained from extrapolation to zero concentration of  certain ligands. For exam- 
ple, Schemes l (a)  and l (b )  show that one can expect  to increase binding of 
two potassiums to the enzyme in the presence of  sodium by decreasing ATP 
concentration because K7 and K9"K,o are smaller than K2"K3 and Ks.K6. Also, 
Schemes 2(a) and 2(b) show that more sodium can be expected to be released 
from the enzyme in the presence of  potassium if both magnesium and ATP are 
lowered, presumably because dissociation constants associated with E.Nax 
(x = 1,2,3) are so high that concentrations of  the sodium-containing enzyme 
complexes are insignificant. 

It is important  to try to correlate the present kinetic results with the results 
obtained from experiments designed to study transport of  sodium and potas- 
sium in intact cells. The chemical models proposed in this work make possible 
the following rationale: Schemes l (a)  and l (b )  show that in the presence of 
sodium and the absence of  ATP, potassium binds favorably to the enzyme 
(E ~ E'K2}. The enzyme exposed to this medium may mimic the external 
port ion of  the (Na ~, K÷)-ATPase bound to the intact cell membrane because 
the extracellular medium consists of high sodium and low potassium and no 
ATP. Thus, the effective binding of  K ÷ under the steady-state kinetic condi- 
tions may describe the extracellular event of  potassium binding to the mem- 
brane prior to transport into the cell. The binding of  potassium is modulated 
by free ATP and Mg.ATP (E.ATP ~ E.ATP.K2 and E-Mg-ATP ~ E.Mg.ATP.K2). 
The "weakening" of  binding may be related to the internal sites of  weak affin- 
ity of  the enzyme for potassium inside the cell where ATP and magnesium are 
present. The breakdown of Mg.ATP-containing enzyme complexes may effect  
the release of  potassium into the cell. 
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On the other hand, Schemes 2(a) and 2(b) show that  in the presence of  po- 
tassium, binding of  sodium is insignificant in the absence of  both  ATP and mag- 
nesium, and is stimulated by magnesium, ATP and Mg-ATP (E'-Mg ~ E'.Mg. 
Na3; E'-ATP ~ E'.ATP.Na2; E'-Mg-ATP ~ E'.Mg-ATP-Na2). This is presumably 
the intracellular event occurring on the internal side of  the membrane where 
both  magnesium and ATP are present. The breakdown of  the Mg.ATP-contain- 
ing complexes may produce an enzyme conformation in a form that does not  
bind sodium in the absence of  ATP; hence, sodium is released to the extra- 
cellular medium which contains no ATP. The enzyme in this state is presum- 
ably the same enzyme conformation which binds two potassiums favorably in 
the absence of  ATP as noted in Schemes l (a)  and l (b) .  

The discussion thus far has been based on rapid equilibrium models, which 
describe simultaneous presence of  sodium and potassium in the hydrolytically 
active enzyme complexes. Such models describe how ligands at various concen- 
trations may affect initial rates of  ATP hydrolysis catalyzed by (Na ÷, K*) - 
ATPase in solution, but  do not  account  for all properties of  the enzyme under 
different conditions. An alternative reaction pathway of ATP hydrolysis 
includes phosphorylat ion of  the enzyme by ATP in the presence o f  sodium and 
magnesium, subsequent  change of  conformation of  the phosphorylated enzyme 
and its decomposit ion by potassium to give phosphate ion (Pi). Reaction mech- 
anisms based on this simple scheme are supported mainly by isolation and 
characterization of  phosphoenzyme intermediates [36,37] and also by tran- 
sient kinetic data obtained by rapid-mixing technique [38--40].  

However,  it is relevant to emphasize that  phosphorylat ion experiments 
including rapid-mixing technique usually require large amounts of  enzyme in 
contrast  to the much smaller ratio of  enzyme to ligands concentrations (less 
than 1/1000} required for steady-state kinetic conditions [41].  We have not  
been able to fit our large group of  steady-state data to a reaction model  that  
includes the phosphorylated enzyme intermediates wherein interactions of 
sodium and potassium with the enzyme occur in a consecutive manner. Phos- 
phoenzyme intermediates are not  necessary for the present steady-state kinetic 
schemes, because inclusion of  any number  of  these intermediates on the reac- 
tion path, such as the following sequence suggested by Skou [42],  does not  
affect  the kinetic constants. When the phosphoenzyme intermediates are 
included, only the meaning of  the rate constants (kl--k4 and k'l--k'4) will 
change; they will consist of  individual rate constants that  are associated with 
these intermediates and are experimentally undeterminable under the steady- 
state condition [43].  

m K  rnK 

E • M g 2  " ATP ~ E ~ P-* E + Pi + nNa+ + mK ÷ 
n N a  n N a  

On the other  hand, the present steady-state kinetic s tudy certainly does not  
vitiate the requirement of  a phosphoenzyme intermediate state. 

Thus, in terms of  Schemes l (a) ,  l (b ) ,  2(a), and 2(b), our data appear to be 
consistent with the transport  model  of  simultaneous interactions of  inner and 
outer  ligands with the membrane-bound (Na ÷, K+)-ATPase [1,8,9,44--47] and 
no t  with the consecutive model  which consists of  different conformers of  the 
enzyme for consecutive binding of  sodium and potassium [1,48--51].  The 
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reaction sequence involving phosphorylated enzyme intermediates E~-P and 
E2-P as mentioned above is often linked to the latter transport model. 

It is not  known as to what extent  sodium is bound to each of the significant 
enzyme complexes in Schemes l (a)  and l (b)  and to what extent  potassium is 
bound to each complex in Schemes 2(a) and 2(b), because sodium and potas- 
sium concentrations were not  used simultaneously in the data analysis in devel- 
oping Scheme l (a)  and Scheme 2(a). However,  the present results are consis- 
tent  with the interesting possibility that  there may be various enzyme com- 
plexes that  decompose to yield products.  These complexes may contain one 
and two potassiums and two and three sodiums, depending upon the concen- 
trations of  potassium and sodium, similar to the dependence of  the coupling 
ratio between potassium influx and sodium efflux on the internal concentra- 
tion in squid axons [52].  Because of  the procedures of  data analysis, previous 
results derived from intact red cells [8] and a fragmented beef brain enzyme 
[10] suggest that  there is only one hydrolytically active enzyme complex most  
probably containing three sodiums and two potassiums regardless of  sodium 
and potassium concentrations, and the sodium binding sites may be equiv- 
alent and independent of  the two nonequiva lent  potassium binding sites [10].  
Although the present results provide no information regarding interdependence 
of  sodium and potass ium binding sites, the cooperative nature of  the binding 
of  sodium and potassium suggests that  all binding sites are probably non-equiv- 
alent. 

Finally, inviewing steady-state kinetic studies, it is important  to place certain 
limitations on the meaning of  the data. One feature of  the present s tudy is 
the avoidance of  classification of internal and external sites of  the fragmented 
membrane-bound (Na ÷, K÷)-ATPase. This is because the whole set of  kinetic 
constants is derived from the same kinetic equation, which states only the 
dependence of  the change in initial velocities of  ATP hydrolysis on different 
concentrations of  various ligands. Appropriate interpretation of  the results 
from this study is in terms of  kinetic rate and dissociation constants defined by 
the chemical models. Each of  the enzyme complexes in these models represents 
all possible complexes with the same stoichiometry;  it gives no information 
about  its structure. Furthermore,  as mentioned earlier, the steady-state initial 
velocity data in this paper neither prove nor disprove the involvement of  
Mg.ATP complex as a true substrate and that "phosphorylated enzyme"  is a 
necessary reaction intermediate in the course of  ATP hydrolysis. Although the 
results are in accord with the simultaneous model  rather than with the con- 
secutive model,  the data cannot  be used to disprove the consecutive model  
under non-steady-state conditions. Notwithstanding these limitations, however, 
the present kinetic results based on the simultaneous models, Scheme 1 and 
Scheme 2, do provide some insights of  the role that  magnesium and ATP may 
play inside the cell in association with the transport  of  Na ÷ and K ÷. Quantita- 
tive analysis of  the kinetic data in terms of  the subunits, which the (Na ÷, K÷)- 
ATPase may be composed of  [ 53], awaits further study. 
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