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A reaction cycle for the gastric H +/K+-ATPase is proposed. This has been used to simulate the results 
from four types of pre-steady-state and steady-state kinetic experiments: (1) the K + dependence of the 
dephospborylation of the phosphoenzyme; (2) the rate of phosphorylation of the enzyme by ATP at different 
concentrations; (3) the effect of ATP concentration on the steady-state rate of ATP hydrolysis; (4) the 
phosphoenzyme levels in the steady state at various ATP concentrations. A single set of equilibrium and rate 
constants can be used to reproduce the results from all four sets of experiments quite well. It is suggested 
that the steady-state rate equation is nonhyperbolic because ATP can react with the enzyme in both the E 1 
and the E 2 state, but with a lower affinity in E 2. No single step is by itseff limiting the maximum turnover 
rate. 

Introduction 

The gastric H+/K+-ATPase  [1], which is re- 
sponsible for the acid secretion from the parietal 
cells in the mucosa, belongs to the class of EIE 2 
transport ATPases, which also includes, for exam- 
ple, the Na+/K+-ATPase  [2] and the sarcoplasmic 
Ca2+-ATPase [3]. ATP processing in this group of 
enzymes occurs via an acyl phosphate inter- 
mediate, in which the phosphate is covalently lin- 
ked to an aspartyl residue of the protein. Further- 
more, this intermediate exists in two distinct states, 
designated E 1 - P and Ez-P, respectively. 

Catalytic cycles for the H+/K+-ATPase  have 
been proposed [4-6], based on the extensive kinetic 

information available. Essential steps in these 
mechanistic schemes are an H+-dependent kinase 
reaction, leading to formation of E 1 - P ,  and a 
K +-dependent phosphatase reaction, in which E2-P 
is hydrolyzed, as well as interconversions from 
E 1 - P to E2-P and from E 2 back to E a. 

In this communication we show that a catalytic 
cycle of this type can be used to simulate a variety 
of kinetic results. These include the dependence of 
the rate of the phosphatase reaction on the con- 
centration of K +, the concentration of the phos- 
phate intermediate in the steady state and its 
pre-steady-state rate of formation as a function of 
the ATP concentration, and the nonhyperbolic 
dependence of the steady-state rate on the ATP 
concentration. 

Abbreviation: Pipes, 1,4-piperazinediethanesulfonic acid. Materials and Methods 
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The gastric H+/K+-ATPase  was prepared from 
hog stomachs according to previously published 
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methods [7]. In short, the enzyme was prepared 
from homogenized mucosa by differential and 
zonal density gradient centrifugation, followed by 
free-flow electrophoresis. The H+/K+-ATPase  - 
containing vesicles were lyophilized and stored at 
- 80 ° C prior to use. 

[y-32p]ATP was purchased from Amersham/  
Searle, and ATP was obtained from Sigma. All 
other reagents were of the highest purity available. 

The phosphoenzyme levels in the steady state 
were determined as described by Wallmark et al. 
[4]. All other experimental results were adapted 
from Ref. 4. 

Simulations of the pre-steady-state results were 
made on an IBM 3081 computer, which solved the 
kinetic equations by stepwise integration with an 
extended Runge-Kutta method. The steady-state 
data were simulated on the basis of the steady-state 
rate equation of the reaction cycle, which was 
derived on a personal computer (Ericsson PC) by 
the method of King and Altman [8]. 

Results 

The reaction cycle 
The reaction scheme, which has been used in 

the simulations of the kinetic results, is shown in 
Fig. 1. It is essentially identical with earlier 
schemes [4-6], except that ATP binding has been 
allowed not only in the E 1 but also in the E 2 state. 
In addition, some steps have been combined into 
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Fig. 1. A reaction cycle of H+/K+-ATPase .  E 1 and E 2 repre- 
sent the input and output states of the proton pump, i.e. the 
state in which H + is taken up on side 1 and the enzyme 
phosphorylated, and the one in which H ÷ is given off on side 2 

and the enzyme dephosphorylated, respectively. 

TABLE I 

E Q U I L I B R I U M  A N D  RATE CONSTANTS IN THE REAC- 

TION CYCLE OF Fig. 1 USED FOR THE SIMULATIONS 

Step Equil ibrium Forward rate Backward rate 

constant constant  constant 

1 2.0.106 M - 1  1.3.107 M - l . s  1 

1' 1.0.103 M -1 5.0.104 M - l . s  -1 

2 5.0.10 -2 1.7 s 1 

2'  100 500 s -1 

3 2.5.105 4 0 0 0 s  -1 

4 2.0.10 -5 M 50s  -1 

5 2.0-10 -1 42 s -1 

6 59 5.0.107 s 1 

7 1.7 54 s -1 

35 s -1 
5 s - 1  

500 s 1 

200s  1 
3.4.107 s 1 

one. The order of the reaction steps takes into 
account the facts that the kinase reaction is 
activated by the proton and the phosphatase reac- 
tion by the potassium ion. In a sequential mecha- 
nism such as this, the actual order does not, 
however, influence the simulations. Thus, proton 
binding may, for example, precede ATP binding 
in E 1. Mg 2÷ is not explicitly included in the 
scheme, as all experiments have been made at a 
constant concentration of this ion (2 mM). 

The equilibrium and rate constants used in the 
simulations are listed in Table I, and these may 
require some comments. The values for the 
ATP-binding reaction (steps 1 and 1') are similar 
to those used by other investigators [9,10] for the 
simulation of data for the Na+/K+-ATPase.  Both 
the affinity and rate have been assumed to be 
larger in E t than in E 2. This has the consequence 
that K2 must be smaller than K2, as thermody- 
namics requires that K1K 2 = K I K  ~. The value of 
g 3 for the combined reactions of K ÷ dissociation 
and H ÷ binding has been arrived at by assuming a 
pK a for the H+-binding group of 6.4 and a dis- 
sociation constant for K + of 0.1 M, and it is the 
product of these two equilibrium c o n s t a n t s  (106.4 
× 0.1). In this and other combined reactions, there 
may seem to be a discrepancy between the equi- 
librium constant and the rate constants in Table I. 
This is because the rate constants used in both 
directions represent the slowest steps in the two 
combined reactions. In step 4, the phosphory- 
lation reaction and ADP dissociation have been 
combined into one step, and the rate constant has 
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Fig. 2. Dependence of the rate of dephosphorylation of 
H÷/K+-ATPase on the KCI concentration. In this and the 
following figures, the curves are simulated whereas the points 
are experimental. The experimental data are taken from Fig. 3 

in Ref. 4. 

been chosen to be consistent with maximum rate 
of phosphorylation observed experimentally [4]. 
The constants for step 5 have been adjusted to 
give the best fit to the experimental points, within 
the constraints of thermodynamics. The value of 
K 6 corresponds to a higher affinity for K + (590 
M -1) and a much lower pK a (1) compared to step 
3. The values for step 7 have been chosen to be 
consistent with the maximum rate of dephos- 
phorylation [4]. As initial velocities have been 
used in the steady-state (Fig. 4), product (ADP) 
concentrations have been assumed to be zero. It 
should also be noted that the product of all equi- 
librium constants for a complete reaction cycle 
has a numerical value of 107, which corresponds 
to the free energy of hydrolysis of ATP at pH 7.4 
(60 kJ.  mol-1), as required by thermodynamics. 

Experimental and simulated kinetics 
The effect of K ÷ concentration on the dephos- 

phorylation rate is shown in Fig. 2. The deviations 
between the calculated curve and the experimental 
points are within the experimental errors. The 
asymptotic rate at high K ÷ concentration is identi- 
cal with k 7. 

In Fig. 3, the rate of formation of phosphory- 
lated enzyme at different ATP concentrations is 
shown. Again, the agreement between simulated 
curves and experimental points is quite satisfac- 
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Fig. 3. The rate of phosphorylation of H+/K+-ATPase at 
different ATP concentrations. The experimental data are taken 
from Fig. 4 in Ref. 4, ATP concentration: # ,  1 #M; ,7, 5 #M; 

x ,  25 ~M; o, 100 #M. 

tory, considering the complexity of the experiment 
[4]. 

Eadie-Hofstee plots of steady-state kinetic data 
from the literature [4] are shown in Fig. 4. It can 
be seen that the corresponding kinetic equation 
must be nonhyperbolic, consisting of a sum of two 
Michaelis-Menten terms with different values of 
kca t and K m. To simulate these results we have 
derived the steady-state kinetic equation for the 
scheme in Fig. 1 by the King-Altman method [8]. 
In this equation the kinetic parameters (kcat, Km) 
are expressed in terms of the 14 rate constants 
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Fig. 4. Ea~e-Hofst~ plot of the steady-state rates of hydroly- 
sis of ATP catalyzed by H+/K+-ATPase. The experimental 
points have been calculated from the data in Fig. 9 in Ref. 4. 
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Fig. 5. The dependence of the steady-state concentration of 
phosphoenzyme on ATP concentration. The enzyme was in- 
cubated at 22°C in 5 mM Pipes-Tris buffer (pH 7.4) contain- 
ing 2 mM MgC12, 1 mM KCI and varying concentrations of 
[~,_3z P]ATP. Phosphoenzyme levels were determined at 5 and 
20 s according to the procedure described in Ref. 4. The values 
given are the means of the two determinations. The phos- 
phoenzyme level obtained in the absence of KC1 is defined as 

100%. 

(Table I). The kinetic parameters determined from 
the simulation are kcatl = 1.4 s - I ,  Km] -- 2.3 #M, 
kcat2 = 5.85 s -1 and Kin2 = 180/~M. 

The estimated concentration of phosphoen- 
zyme in the steady state at different concentra- 
tions of ATP is shown in Fig. 5. 

D i s c u s s i o n  

The experimental results in Figs. 2-5  are de- 
rived from four quite distinct kinds of experi- 
ments, two pre-steady-state ones and two in the 
steady state. The fact that our reaction cycle can 
be used to simulate all the data satisfactorily with 
the use of a single set of equilibrium and rate 
constants provides strong support  for the cor- 
rectness of the essential features in our scheme. 

The K+-dependent  dephosphorylation is bi- 
phasic [4], but we have only included the rapid 
phase. The reason for this is that the second phase 
is too slow to account for the maximum turnover 
rate at high ATP concentration, and it is thus 
unlikely to be part  of the normal catalytic cycle, 
e.g. step 5 or 6, as earlier suggested [4]. One 
possibility is that it is related to the fact that the 
equilibrium constant for step 7 is not very large, 
as evidenced by the phosphorylation of the en-  

zyme in the E 2 state by inorganic phosphate [1]. 
This has the consequence that the rate of step 7 
becomes zero before the enzyme has been com- 
pletely dephosphorylated. The slow hydrolysis still 
observed could then represent a leak to the less 
stable E I - P state. 

The simulated curve in Fig. 2 is based on the 
binding of K*  to a single site. There is evidence, 
however, that the functional unit is at least a 
dimer of the catalytic subunit [11]. The data in 
Fig. 2 then indicate that the subunits operate 
independently with identical sites, at least in the 
phosphatase reaction. The kinetics of the phos- 
phorylation reaction (Fig. 3) can also be accounted 
for on the basis of a single site. 

It has already been pointed out that the bi- 
phasic steady-state data in Fig. 4 shows that the 
kinetic equation must be nonhyperbolic rather 
than of the simple Michaelis-Menten type. It  has 
been suggested [4] that this is due to the presence 
of two different active sites, but the pre-steady- 
state results do not support  this, as just discussed. 
We would like to propose instead that the bi- 
phasic kinetics is a direct consequence of the 
requirement [12] that any pump protein must exist 
in two conformational  states, here designated E1 
and E 2. For the pump to function properly, the 
affinity for the substrate of the driving reaction 
(ATP) must be highest in the input state for the 
ion to be translocated (H+),  i.e. in El, but it is 
unlikely that it becomes zero in the E 2 state. Our 
simulations (Fig. 4) show that the nonhyperbolic 
kinetics can be nicely accounted for, if E 2 binds 
ATP with an affinity which is 2000 times lower 
compared to E 1. Thus, at low ATP concentration 
the fastest rate is obtained via the pathway in 
which the ATP-binding step has a high second- 
order rate constant (step 1), despite the low rate 
constant for the conformational  change (step 2), 
whereas at high substrate concentration, where the 
bimolecular step is rapid even if the rate constant 
is small (step 1'), it becomes advantageous to 
follow the pathway involving the rapid conforma- 
tional transition (step 2"). The same explanation 
for the biphasic kinetics has been advanced for 
two other ATP-driven pumps by Reynolds et al. 
[9]. 

The parameters  kcatl and kcat2 represent the 
catalytic constants for the two pathways just de- 



scribed. The actually observed max imum turnover  
at high A T P  concentra t ion is (kcatl + kcat2 ). The  
value of  this sum (7.2 s -1)  does not  correspond to 
any of  the rate constants  used in the simulations 
(Table I), which illustrates the fact that  with very 
complicated mechanisms it is seldom possible to 
identify a single rate-limiting step. In  the steady- 
state all steps, of course, occur with the same rate, 
and the concentra t ion of  the intermediates is de- 
termined by  the rate constants  for their decay. If  
one first-order rate constant  is much  smaller than 
all others, then the concentra t ion of  the inter- 
mediate decaying with this constant  will be higher 
than those of  all other  intermediates, and this step 
is said to be rate-limiting. If  several rate constants  
are of the same order of  magnitude,  however, 
more  than one intermediate state will be signifi- 
cant ly occupied, and no single step can be said to 
limit the rate. In  the present case, the rate is thus 
limited by  a number  of  steps, each with a first- 
order  rate constant  of about  50 s-1;  this includes 
some of  the bimolecular  steps, which at the p H  
and K ÷ concentrat ions used get apparent  first- 
order  constants  of  this order  of  magnitude.  

Fur ther  tests of  the validity of  the proposed  
reaction cycle would be obtained,  if more  of  the 
individual equilibrium and rate constants  could be 
measured directly. Thus, to a t tempt  this would be 
a fruitful task for future experimentation.  
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