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ABSTRACT: Kinetic models are presented that allow the Na+,K+-ATPase steady-state turnover number to
be estimated at given intra- and extracellular concentrations of Na+, K+, and ATP. Based on experimental
transient kinetic data, the models utilize either three or four steps of the Albers-Post scheme, that is, E2

f E1, E1 f E2P (or E1 f E1P and E1P f E2P), and E2P f E2, which are the major rate-determining
steps of the enzyme cycle. On the time scale of these reactions, the faster binding steps of Na+, K+, and
ATP to the enzyme are considered to be in equilibrium. Each model was tested by comparing calculations
of the steady-state turnover from rate constants and equilibrium constants for the individual partial reac-
tions with published experimental data of the steady-state activity at varying Na+ and K+ concentrations.
To provide reasonable agreement between the calculations and the experimental data, it was found that
Na+/K+ competition for cytoplasmic binding sites was an essential feature required in the model. The
activity was also very dependent on the degree of K+-induced stimulation of the reverse reaction E1 f
E2. Taking into account the physiological substrate concentrations, the models allow the most likely potential
sites of short-term Na+,K+-ATPase regulation to be identified. These were found to be (a) the cytoplasmic
Na+ and K+ binding sites, via changes in Na+ or K+ concentration or their dissociation constants, (b)
ATP phosphorylation (as a substrate), via a change in its rate constant, and (c) the position of the E2 h
E1 equilibrium.

The Na+,K+-ATPase1 was the first ion pump to be
discovered (1), and it is one of the most fundamentally
important enzymes of animal physiology. The electrochemi-
cal potential gradient for Na+ ions, which the enzyme
maintains, is used as the driving force for numerous
secondary transport systems. Examples include the Na+

channels in nerve, which allow the action potential to be
produced, the Na+-glucose cotransporter, which is respon-
sible for glucose uptake in cells, and the Na+/Ca2+ exchanger
in heart, which plays an important role in muscle relaxation.
The Na+,K+-ATPase, furthermore, contributes to the osmotic
regulation of cell volume and is a major determinant of body
temperature. Because of these many important functions, its
activity in the cell must be under tight metabolic control.
Before one can begin to understand the mechanisms of
Na+,K+-ATPase regulation, however, the mechanism and the
kinetics of the enzyme’s complex reaction cycle must be
understood.

The sequence of reaction steps that the Na+,K+-ATPase
undergoes and the stoichiometry of its substrates are now
well established (2). They are generally described by the
Albers-Post scheme, which describes a cyclic sequential
mechanism comprising cytoplasmic Na+ and ATP binding,
phosphorylation, a conformational change of the phospho-

rylated enzyme, extracellular Na+ release and K+ binding,
dephosphorylation, a conformational change of the unphos-
phorylated enzyme, and finally cytoplasmic K+ release. Over
the years, many groups have been involved in the determi-
nation of rate constants and equilibrium constants for the
individual reaction steps of the cycle. The first complete
kinetic model of the whole reaction cycle, which allowed
simulations of steady-state activity and transient experiments,
was published by Heyse et al. (3). The model used an
expanded Albers-Post scheme containing 32 different rate
constants and 2 equilibrium constants, and the simulations
were performed by the numerical integration of 15 separate
differential rate equations. The aim of Heyse et al. (3) and
subsequent work by the same group (4) was to dissect the
Albers-Post cycle to try to identify a reaction acting as a
power stroke, in which the energy of ATP hydrolysis is
released to drive ion transport.

The present paper also involves simulations of Na+,K+-
ATPase steady-state activity, but its aim is very different.
Here we shall describe the identification of possible regula-
tory mechanisms of the enzyme based on a consideration of
the kinetics of its partial reactions. For this purpose we are
of the opinion that it is not necessary to consider the kinetics
of every individual reaction of the Albers-Post cycle but
only the rate-determining steps, since only the rates of these
steps determine the overall turnover number of the enzyme
cycle. Apart from the difference in the aim of the work and
the approach to kinetic modeling, the kinetic models
presented here also contain revised values of some of the
most important rate constants. Of major importance is the
correct identification of the rate-determining steps of the
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enzyme cycle, which are most likely to be involved in
physiological regulation. According to the model of Heyse
et al. (3), both the conformational change of unphosphory-
lated enzyme (E2 f E1) and that of the phosphorylated
enzyme (E1P f E2P) have rate constants of 22 s-1 at
saturating ATP concentrations and 20°C. There is, however,
now convincing evidence that the E2 f E1 transition is the
major rate-determining step of the entire enzyme cycle (5)
and that the E1P f E2P transition is an order of magnitude
or more faster than Heyse et al.’s value of 22 s-1 (6). Because
of this error in the assignment of the rate-determining steps,
no reliable conclusions on the mechanisms of regulation of
the Na+,K+-ATPase can be reached on the basis of the model
of Heyse et al. (3).

To obtain a reliable set of rate constants and thus to
identify its most important rate-determining steps, over
several years we have been investigating the kinetics of the
individual partial reactions of the enzyme. The majority of
the experiments were performed on purified Na+,K+-ATPase
membrane fragments using the stopped-flow technique in
combination with the voltage-sensitive probe RH421, but the
results were also compared with independent measurements
using other techniques, for example, quenched-flow, ATP
concentration jump after photolysis of caged-ATP, and
frequency-dependent capacitance measurements (5-12).
Now that the most important rate-determining steps have
been isolated and their rate constants determined, this allows
us to simplify the Albers-Post scheme by considering
differential rate equations for the rate-determining steps
alone. All other steps can be considered in equilibrium on
the time-scale of the rate-determining steps. In an earlier
paper (5), we published a preliminary model, which did not
include substrate dependence of the observed rate constants
and was hence only applicable at saturating substrate
concentrations. Here we describe more complete models,
which include substrate concentrations and, furthermore,
distinguish between extra- and intracellular concentrations.
One of the models has recently been successfully applied to
the analysis of steady-state whole-cell patch-clamp data, and
the interpretation of the results obtained in terms of the
enzyme’s partial reactions (13). Here we shall describe the
complete models and the assumptions involved and dem-
onstrate their application in simulating steady-state enzyme
activity. Based on comparisons between the simulations and
experimental activity data, likely mechanisms of enzyme
regulation will be identified.

METHODS

Computer simulations of the protein’s steady-state hydro-
lytic activity were performed using the commercially avail-
able program Berkeley Madonna 7.0 via the variable step
size Rosenbrock integration method for stiff systems of
differential equations. The simulations yield the time course
of the concentration of each enzyme intermediate, as well
as the concentration of inorganic phosphate. On normaliza-
tion to unitary enzyme concentration, the rate of phosphate
production is equivalent to the enzyme’s steady-state turnover
number. If required, the turnover number can then easily be
converted into a steady-state activity (in mol of Pi/g of
protein/s) by dividing by the molecular weight of anRâ unit
of the Na+,K+-ATPase of 147 000 g mol-1 (14).

Kinetic Modeling

On the basis of numerous kinetic studies by ourselves and
others, three major rate-determining steps of the Na+,K+-
ATPase have been isolated: (a) the conformational change
of unphosphorylated enzyme, E2 f E1 (k1), (b) the phos-
phorylation reaction, E1 f E1P (k2), and (c) the dephospho-
rylation reaction, E2P f E2 (k4). Let us consider first the
phosphorylation and dephosphorylation reactions. The phos-
phorylation reaction requires the presence of intracellular Na+

ions and ATP and thus plays a particularly important part in
rate determination at low intracellular Na+ or ATP concen-
trations. The dephosphorylation reaction is induced by
extracellular K+ ions and is hence the major rate-determining
step at low extracellular K+ ions and in the Na+/Na+

exchange mode of the enzyme (15, 16). If all substrates are
present at saturating concentrations, the major rate-determin-
ing step of the reaction cycle is the conformational transition
of unphosphorylated enyzme, E2 f E1, which is responsible
for the release of bound K+ ions to the intracellular fluid.
This reaction, although it does not necessarily require any
substrates, has been found to be accelerated by intracellular
ATP (7, 9, 17-19) and extracellular Na+ (or ionic strength
in general) (12, 20-22). The conformational transition of
phosphorylated enzyme, E1P f E2P (k3), has been found to
be very fast and to occur immediately following phospho-
rylation without requiring any additional substrates (6). It
is, thus, not a major rate-determining step of the enzyme
cycle. Nevertheless, at high extracellular Na+ concentrations,
stimulation of the reverse reaction (E2P f E1P) could
contribute to an overall drop in turnover (23). All other
reactions of the enzyme, that is, ion binding and release
reactions as well as ATP binding, ADP release, and inorganic
phosphate release, are assumed to be in equilibrium on the
time scale of the three rate-determining reactions above.

Rather than start modeling with a fully expanded Albers-
Post scheme including all possible reactions the enzyme can
undergo, we have applied the principle of Occam’s razor
and reduced the scheme to its bare minimum by considering
initially the above three rate-determining steps alone with
all substrate binding steps as equilibria. We have then
extended the model where necessary by taking into account
more transient experimental data to obtain better agreement
with the enzyme’s steady-state behavior. Apart from being
logically sound, this approach has the advantage that it
enables one in the process to identify important features in
the enzyme’s mechanism that play a role in determining its
behavior under physiological conditions.

Model 1: Complete IrreVersibility, No Competition.In the
first instance, all reactions are assumed to be irreversible,
and no competition between substrates is considered. The
basic scheme (model 1) is shown in Figure 1. To test the
success of each model, we have chosen to compare values
of the turnover number obtained from the simulations to
published experimental data on the steady-state activity of
the enzyme at a constant ionic strength of 150 mM but at
varying ratios of Na+ to K+ ions. This type of experiment
was first performed by Skou (24) using enzyme isolated from
both rabbit brain and kidney. He subsequently extended these
studies to investigate the effects of varying ATP concentra-
tion and pH, using enzyme isolated from ox brain (25, 26).
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Skou’s data have been reproduced in Figure 2. The major
features of his data, which should be noted when comparing
to the results of the simulations, are significant drops in
activity at high Na+ concentrations and low K+ concentra-
tions and a sigmoidal increase in activity at low Na+

concentrations and high K+ concentrations. Because of the
characteristic shape of the curve, it is often referred to as
Skou’s “Napoleon hat” experiment.

The aim of the modeling presented here is to describe the
overall shape of the activity data using the simplest possible
kinetic model and without changing any of the values of the
rate constants or equilibrium constants determined directly
from studies of the partial reactions. That is, no fitting of
the model to Skou’s data has been carried out, since this
would allow almost any reasonable model to agree with the
data. Exact agreement between the simulated data and Skou’s
experimental data would, however, not be expected for two
reasons. First of all, Skou used enzyme from ox brain, which

is known to contain a mixture ofR1, R2, andR3 isozymes of
the enzyme, whereas the experimental data on the partial
reactions used for the simulations were measured predomi-
nantly on enzyme isolated from rabbit kidney, which is
thought to consist predominantly of theR1 isozyme (27).
Second, the temperatures at which the steady-state and
transient experiments were carried out were different. Skou
performed his experiment at 37°C, whereas the majority of
the measurements on the partial reactions were carried out
at 24°C. This difference in temperature might be expected
to change the relative values of the various rate constants of
the pump cycle, particularly if they have very different
activation energies, and this could affect the shape of the
activity curve. Such considerations could, thus, easily account
for any relatively small deviations between Skou’s data and
the simulated values of steady-state activity.

The differential rate equations describing model 1 are as
follows:

All of the rate constants given in eqs 1-4 are termed
obserVedrate constants, since they are actually pseudo-first-
order rate constants, which only reach their maximum values
when all the appropriate substrate concentrations are saturat-
ing. The observed rate constants are thus functions of the
concentrations of the relevant substrates. The exact form of
each function can be derived by applying the theory of
relaxation kinetics (28-31) as described in earlier publica-
tions (7, 8, 12).

The expressions relating the observed rate constants to the
substrate concentrations are as follows:

FIGURE 1: Simplified reaction scheme of the Na+,K+-ATPase
showing only those reactions considered to be rate-determining.
Model 1 considers all reactions shown with solid arrows only.
Model 2 considers all reactions shown with solid arrows and
includes competition between Na+ and K+ for two cytoplasmic
binding sites on E1. Model 3 is a further extension of model 2
including K+-stimulated conversion of E1 to E2, indicated by the
dashed arrow. Please note that, for simplicity, ATP has not been
explicitly included in the reaction scheme. ATP is, however,
naturally required for the phosphorylation step (E1(Na+)3 f E2P-
(Na+)3), and it can also act on a low-affinity site to accelerate the
E2(K+)2 f E1(Na+)3 transition.

FIGURE 2: Effect of Na+ and K+ (Na+ + K+ ) 150 mM) on the
catalytic activity of the Na+,K+-ATPase. The data (solid line) have
been reproduced from Skou (25) (b, pH 7.4, 37°C, [ATP] ) 3
mM). Also shown are the results of computer simulations using
kinetic models 1-4 (dashed lines). The sums of the squares of
the residuals between the experimental and simulated data points
were 10 168 (model 1), 5519 (model 2), 5280 (model 3), and 4256
(model 4). For each curve the 100% of optimum activity values
correspond to turnover numbers of 37.8 s-1 (model 1-3) and 30.9
s-1 (model 4).
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Equations 5, 6, and 7 have been adapted from Humphrey
et al. (12), Kane et al. (7), and Kane et al. (8), respectively,
by excluding all terms relating to backward reactions and
converting all association constants into dissociation con-
stants. [Na+]o and [K+]o refer to the extracellular concentra-
tions of Na+ and K+, repectively. Similarly, [Na+]i and [K+]i

refer to the intracellular concentrations of Na+ and K+. [ATP]
is the intracellular concentration of ATP. The meanings and
the values of all the rate and equilibrium constants in eqs
5-7 are given in Table 1.

The results of simulations based on model 1 (eqs 1-7)
are shown in Figure 2. The starting condition of the
simulations was chosen such that all of the enzyme was
initially in the E1 state, that is, [E1] ) 1, [E2P] ) 0, [E2] )
0. After a short pre-steady-state induction period (generally
<1 s), the system reaches a steady state and the inorganic
phosphate concentration increases linearly with time. The
enzyme turnover number is then given by the value of d[Pi]/
dt. To compare the results of the simulations with the data
reported by Skou (25), the turnover numbers have been
normalized to a percentage of the maximum activity with
optimum Na+ and K+ concentrations (Figure 2). Comparison
of the simulations with the experimental data shows that,
although the sharp drop in activity at high Na+ and low K+

concentrations is reasonably well reproduced by the simula-
tions of model 1, the increase in activity at low Na+

concentrations displayed by the simulations is virtually
hyperbolic rather than the experimental sigmoidal behavior.
It is thus obvious that this model must still be lacking some
important feature or features of the enzyme’s kinetic
behavior. Skou (15, 25) proposed that the sigmoidal activa-
tion of the enzyme by Na+ may be because more than one
Na+ ion must bind before phosphorylation can occur. Model
1 already incorporates, however, the idea that phosphoryla-
tion requires three bound Na+ ions. It would appear,
therefore, that an additional property of the enzyme may be
responsible for the marked sigmoidicity experimentally
observed.

Model 2: Complete IrreVersibility, Na+/K+ Competition.
Based on numerous experimental studies (21, 22, 32-37),
it now seems clear that two of the cytoplasmic transport sites
are relatively nonspecific and that Na+ and K+ can bind in
competition to one another to the E1 conformation. The third
cytoplasmic site appears to be, however, quite specific for
Na+ ions. On the basis of this, it is reasonable to expect that
the high K+ concentrations present at the beginning of the
activity curve should suppress the kinetics of the phospho-
rylation reaction and that this could enhance the sigmoidicity
of the curve. In our second kinetic model, we therefore
include competition between intracellular Na+ and K+ for
the first two binding sites on E1. In this case, all of the
equations remain the same as those for model 1, except for
eq 6, which requires the addition of further terms to account
for the competitive inhibition of phosphorylation by K+. The
new expression fork2

obs then becomes

Simulations using model 2 are also shown in Figure 2.
The simulated curves are now much more sigmoidal in the
low Na+ concentration range, and the calculated activity has
decreased at low Na+ concentrations in comparison to the
results of model 1. The agreement with the experimental data
of Skou (25) is now much improved (see Figure 2), but the
calculated activities are still much too high in the low Na+

concentration range and the sigmoidicity of the simulated
curve is still too low. There must, therefore, be still another

Table 1: Values of the Rate and Equilibrium Constants Used for
the Simulations

parameter reaction value refa

k1
a E2 f E1, E2K+ f E1 + K+, and

E2(K+)2 f E1 + 2K+b
2.3× 10-2 s-1 60

k1
b E2Na+ f E1Na+,

E2Na+K+ f E1Na+ + K+,
and E2Na+(K+)2 f E1Na+ + 2K+b

0.8 s-1 9

k1
c E2ATP f E1ATP,

E2K+ATP f E1ATP + K+,
and E2(K+)2ATP f E1ATP + 2K+b

11 s-1 12

k1
d E2Na+ATP f E1Na+ATP,

E2Na+K+ATP f E1Na+ATP + K+,
and E2Na+(K+)2ATP f
E1Na+ATP + 2K+b

70 s-1 5

k-1
a E1 f E2, E1Na+ f E2Na+,

E1(Na+)2 f E2(Na+)2,
E1(Na+)3 f E2(Na+)3,
E1Na+K+ f E2Na+K+,
and E1K+ f E2K+c

5.9× 10-2 s-1 60

k-1
b E1(K+)2 f E2(K+)2 550 s-1 45

k2 E1(Na+)3ATP f E2P + 3Na+ + ADP 180 s-1 7
k3 E1P(Na+)3 f E2P(Na+)3 225 s-1 46
k-3 E2P(Na+)3 f E1P(Na+)3 401 s-1 46
k4

a E2P f E2 and E2PK+ f E2K+ 4 s-1 8, 61

k4
b E2P(K+)2 f E2(K+)2 312 s-1 d 8

KA E2ATP h E2 + ATP and
E2Na+ATP h E2Na+ + ATP b

71 µM 9

K′A E1ATP h E1 + ATP and
E1Na+ATP h E1Na+ + ATP b

8.0µM 9

KN
o E2Na+ h E2 + Na+, and

E2Na+ATP h E2ATP + Na+ b
31 mM 12

KN1 microscopic dissociation constant
for the first 2 Na+ ions to E1

8 mM 9

KN2 E1(Na+)3 h E1(Na+)2 + Na+ and
E1(Na+)3ATP h
E1(Na+)2ATP + Na+

1.8 mM 9

KNP
o E2P(Na+)2 h E2P + 2Na+ 400 mM 46

KK1
o E2PK+ h E2P + K+ 8 mM 8

KK2
o E2P(K+)2 h E2PK+ + K+ 0.6 mM 8

KK
i microscopic dissociation constant

for the first 2 K+ ions to E1

10 mM 62

a The temperatures utilized in the each of the studies cited were 24
°C (5, 7, 8, 9, 12), 21 °C (60, 61), 25 °C (45), and 37°C (62). b In
each of these reactions, K+ release is assumed to occur immediately
following the conformational change if K+ ions were initially bound
(9). The bound Na+ ions in the case of these reactions refers to
extracellularly bound Na+ on allosteric sites not transport sites (12).
Mg2+ also appears to have a small accelerating effect on this reaction.
c The measurements of Bugnon et al. (45) indicate that the binding of
two K+ is necessary to observe a dramatic increase in the rate constant
of the E1 f E2 transition. Therefore, although the value of 0.06 s-1

measured by Apell et al. (60) actually refers to conditions in the absence
of both Na+ and K+ ions, we have made the assumption that the same
value applies when up to three Na+ ions are bound, one K+ ion is
bound, or one K+ and one Na+ ion are bound.d Kane et al. (8) measured
experimentally the sum of the rate constants for K+-stimulated
dephosphorylation plus rephosphorylation via ATP to be 366 s-1. The
rate constant for K+-stimulated dephosphorylation has, therefore, been
estimated by subtracting the rate constant for the transition, E2Na+ATP
f E1Na+ATP (the rate-determining step for rephosphorylation), of 54
s-1 from this value.
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effect of either Na+ or K+ ions that is responsible for the
sigmoidal behavior.

Model 3: E2-E1 ReVersibility, Na+/K+ Competition.So
far both models used have assumed complete irreversibility
of all three enzyme reactions. It is well-known, however,
that an equilibrium exists between the E1 and the E2
conformations, which can be shifted by changing the solution
composition (5, 35, 38-42). It is very likely, therefore, that
K+ ions not only compete with Na+ ions for sites on the E1
conformation but when they bind they also drive the enzyme
back into the E2 conformation. Direct kinetic evidence for a
K+-stimulated E1 f E2 transition has indeed been found by
several groups (18, 19, 35-37, 43-45). In our third model
of Na+,K+-ATPase kinetics, we have, thus, included the
backward reaction, E1 f E2, and an additional rate constant,
k-1

obs, for this reaction (see Figure 1). The set of differential
equations describing this model are as follows:

Again, assuming that Na+ and K+ compete for two sites on
E1 and that two K+ are required to bind to stimulate the E1

f E2 transition,k-1
obs is related to the Na+ and K+ concen-

trations by

where

Simulations using model 3 are also shown in Figure 2. It
can be seen that the experimentally observed sigmoidicity
at low Na+ concencentrations is now further enhanced and
the overall agreement of the simulated curve with the data
of Skou (25) is better than that obtained with either model
1 or 2. Differences between the simulated and experimental
curves are, however, still apparent. Model 3 appears to
increase the sigmoidicity too strongly at low Na+ concentra-
tions such that the rise in activity is too rapid. Furthermore,
all three models predict too steep a drop off in activity at
low K+ and high Na+ concentrations. This could be explained
by Na+/K+ competition on the extracellular face of the
enzyme in addition to that on the cytoplasmic face. High
Na+ concentrations may in fact inhibit dephosphorylation
of the enzyme by competing with K+ ions and driving the
enzyme back into the E1P(Na+)3 state (23, 46). To include
this effect, the model must be extended by explicitly taking

into account the E1P f E2P transition rather than including
it in the phosphorylation reaction.

Model 4: E2-E1 ReVersibility, E1P-E2P ReVersibility,
Na+/K+ Competition.In this final model, the reaction scheme
has been extended from a three-step cycle to a four-step cycle
(see Figure 3). Both the forward (E1P f E2P) and the
backward (E2P f E1P) conformational transition of phos-
phorylated enzyme have been included. The forward reaction,
which involves the release of Na+ ions to the extracellular
fluid, is fast and is not a major rate-determining step (6). At
high extracellular Na+ concentrations, however, the backward
reaction, E2P f E1P, is accelerated, leading to an inhibition
of the overall turnover of the enzyme. This effect could at
least in part counteract the accelerating effect of extracellular
Na+ ions on the E2 f E1 transition and intracellular K+

release.
The set of differential rate equations describing model 4

are as follows:

k3
obs is here simply the rate constant for the E1P f E2P

transition, which is assumed only to occur when three Na+

ions are bound. It has a constant value, independent of any
substrate concentrations. At 24°C and pH 7.4, Babes and
Fendler (46) determined its value from stationary electrical
relaxation measurements to be 225 s-1. From an analysis of
measurements at different Na+ concentrations, they suggested
the following expression to explain the dependence of the
observed rate constant for the backward E2Pf E1P transition
on the extracellular Na+ concentration:
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FIGURE 3: Reaction scheme of model 4 showing only those
reactions of the Na+,K+-ATPase considered to be rate-determining.
As for Figure 1, please note that, for simplicity, ATP has not been
explicitly included in the reaction scheme. ATP is, however,
naturally required for the phosphorylation step (E1(Na+)3 f
E2P(Na+)3), and it can also act on a low-affinity site to accelerate
the E2(K+)2 f E1(Na+)3 transition.
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obs[E1] (17)

d[Pi]

dt
) k4

obs[E2P] (18)
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whereKNP
o is the apparent Na+ dissociation constant of the

E2P conformation (i.e., the Na+ concentration at which the
Na+ sites are 50% occupied).

In model 4, both the phosphorylation and the dephospho-
rylation steps are still considered to be irreversible. The
justification for these assumptions needs some consideration.
Under nonphysiological conditions, it is known that ADP is
able to stimulate the reverse of the ATP phosphorylation
reaction, which involves the synthesis of ATP, that is, E1P
+ ADP f E1 + ATP (23). However, under physiological
conditions of high excess of ATP over ADP, it is unlikely
that this reaction plays a significant role and that the
assumption of an irreversible phosphorylation step is justified.
Ghosh et al. (47) showed, for example, in the case of
pancreas cells, that there is a 100-fold excess of ATP over
free cytoplasmic ADP. The assumption of an irreversible
dephosphorylation also requires some consideration. Phos-
phorylation of the enzyme by inorganic phosphate in the
presence of Mg2+ ions has been observed under unphysi-
ological conditions, that is, in the absence of Na+ and K+

ions (48). In contrast to ADP, the physiological cytoplasmic
concentration of inorganic phosphate is considerable. Ghosh
et al. (47) measured concentrations in the range 3-5 mM,
which is in the same range as the ATP concentration.
Cornelius et al. (48) showed, however, that the rate constant
for phosphorylation by inorganic phosphate is at least 100
times slower than that of dephosphorylation in the presence
of saturating concentrations of extracellular K+. Unless one
is considering unphysiological conditions of submillimolar
extracellular K+ concentrations, the assumption of an ir-
reversible dephosphorylation step would, therefore, also seem
justified.

The results of simulations based on model 4 (eqs 5, 7, 6a,
and 12-19) are shown in Figure 2. Although there are still
differences between the simulated data and the experimental
data of Skou (25), the agreement is significantly improved
over model 3, particularly at high Na+ concentrations. The
differences that still exist could easily be accounted for by
variations in the rate or equilibrium constants of individual
reactions due to species differences or to the different
temperatures used for the steady-state and the transient
kinetic measurements. Since model 4 predicts all the essential
features of the activity curve, we shall use it as a basis for
discussion of the pump’s short-term regulation under physi-
ological conditions.

DISCUSSION

Four mathematical models of the Na+,K+-ATPase steady-
state activity have been presented. Within each mathematical
model, the major rate-determining steps (phosphorylation,
dephosphorylation, and the E2 f E1 conformational change)
have been described by differential rate equations, which are
solved numerically, whereas the faster binding steps of Na+,
K+, and ATP have been considered to be in equilibrium on
the time scale of the rate-determining steps and have hence
been described by analytical expressions. By comparison
with published experimental data of the enzyme’s steady-
state activity at varying Na+ and K+ concentrations (25), it

was found that model 4 best explains the enzyme’s behavior.
This model (see Figure 3) involves irreversible phosphory-
lation (E1 f E1P) and dephosphorylation (E2P f E2) steps,
but reversible conformational changes of unphosphorylated
and phosphorylated enzyme (E2 T E1 and E1P T E2P).
Another important feature of the model is competition
between Na+ and K+ for two of the three cytoplasmic ion
binding sites.

Model 4 still does not incorporate many of the reactions
of the enzyme observed in vitro under steady-state and pre-
steady-state conditions, for example, back-door phosphory-
lation by inorganic phosphate, ADP-induced dephosphory-
lation, andp-nitrophenylphosphatase activity. Furthermore,
it does not take into account the enzyme’s pH dependence,
voltage dependence, or temperature dependence. Neverthe-
less, as demonstrated in Figure 2, it does provide estimates
of the enzyme’s activity and its dependence on intracellular
and extracellular concentrations of Na+, K+, and ATP. As
long as one sticks to conditions close to the physiological
case, model 4 then provides a framework for the discussion
of the enzyme’s regulation in vivo.

Now let us consider the physiological conditions of the
enzyme. The normal intracellular Na+ and K+ concentrations
are 10-20 mM and about 120 mM, respectively. The normal
extracellular concentrations are about 4 mM K+ and 140 mM
Na+ (15). The typical intracellular ATP concentration is 1-5
mM, depending on the type of cell (49). With the use of
these typical concentrations ([Na+]i ) 15 mM, [Na+]o ) 140
mM, [K+]i ) 120 mM, [K+]o ) 4 mM, [ATP] ) 3 mM), it
is possible to calculate from the models the expected turnover
number of the enzyme at physiological concentrations. For
models 1, 2, 3, and 4 this yields values of 34, 14, 3.9, and
3.8 s-1. The lower values calculated for models 2, 3, and 4
are due to the inhibitory effect of the high internal K+

concentration, which has been assumed to compete with
intracellular Na+ in model 2 and furthermore to accelerate
the back reaction from E1 to E2 in models 3 and 4. Each of
the values refers to a temperature of around 24°C, since
this was the temperature used in the determination of the
majority of the rate constants used in the models (see Table
1). At 37°C, the turnover numbers would be expected to be
significantly higher.

The 100% values at optimum Na+ and K+ concentrations
for each model correspond to turnover numbers of 38 s-1

(models 1-3) and 31 s-1 (model 4). Again these values all
refer to a temperature of around 24°C. Comparing these
maximum turnovers to those given above for physiological
concentrations, we can calculate the percentages of maximal
activity of the enzyme to be 91%, 38%, 10%, or 12%
according to model 1, 2, 3, or 4, respectively. The final value,
calculated with the most complete model, agrees well with
that of 10-15% reported by Skou (50). It is, thus, clear, as
Skou already pointed out, that the enzyme has under
physiological conditions a large reserve power and is hence
capable of acute regulation at the molecular level, for
example, automatically by changes in substrate concentra-
tions or via changes in its kinetic or equilibrium constants.

With use of the kinetic model 4 presented here, it is now
possible to investigate likely modes of regulation of the
enzyme. To identify the most likely potential mechanisms
of regulation, the tactic we have followed has been to
independently vary the physiological concentrations of Na+,

k-3
obs) k-3

[Na+]

[Na+] + KNP
o

(19)
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K+, and ATP, as well as all of the rate constants and
equilibrium constants included in the model. We then
determined the percentage change in turnover produced by
the change in each parameter. The results of these calcula-
tions are shown in Table 2.

The calculations show that the enzyme turnover is
relatively insensitive to changes in the extracellular Na+ and
K+ concentrations and the intracellular ATP concentration.
This is because the physiological concentrations of these
substrates generally already far exceed their relevant dis-
sociation constants, so the enzyme’s binding sites are very
close to being saturated in each case. In contrast, the turnover
is very sensitive to changes in the intracellular concentrations
of Na+ and K+. Changes in their concentrations by 10% yield
turnover number changes of between 17% and 33%. Changes
in the intracellular Na+ and K+ concentrations are, therefore,
a very likely mechanism of direct self-regulation of the
enzyme. The strong dependence on intracellular Na+ and K+

can be explained by their competition at cytoplasmic sites
of the enzyme and by their inhibition (in the case of Na+)
and stimulation (in the case of K+) of the reverse reaction
of the enzyme, E1 f E2.

If one inspects the dependence of the turnover shown in
Table 2 on the values of the rate constants, it can easily be
seen that the enzyme is most sensitive to the values ofk1

d,
k-1

b , andk2. Ten percent changes in the values of these rate
constants yield changes in the turnover number of between
6.6% and 9.0%. In comparison, the turnover shows negligible
dependence on the values of all other rate constants. The
dependence onk1

d can easily be understood, since it is the
rate constant for the E2 f E1 transition under conditions of
saturating extracellular Na+ and intracellular ATP, which has
been shown to be the major rate-determining step of the

enzyme cycle (5). The dependence onk-1
b (the rate constant

for the reverse reaction E1 f E2 under saturating intracellular
K+ concentrations) can also be easily understood, because
an increase in its value has a direct inhibitory effect on the
overall rate-determining conversion of enzyme from the E2

state into the E1 state. The relatively strong dependence of
the turnover on the value ofk2 (the rate constant for ATP
phosphorylation under saturating intracellular Na+ concentra-
tions) is perhaps somewhat surprising considering that the
phosphorylation reaction is more than twice as fast as the
E2 f E1 conformational change (i.e., the value ofk2 ) 180
s-1 whereas that ofk1

d ) 70 s-1). However, at the physi-
ological intracellular concentrations of Na+ and K+, the
cytoplasmic ion binding sites are far from saturated by Na+

and hence the observed rate constant for ATP phosphoryl-
ation, k2

obs, is far less than its maximum value of 180 s-1.
Using eq 6a, one can calculate that the value ofk2

obs under
physiological conditions should only be approximately 21
s-1. For comparison, at the same substrate concentrations,
the observed rate constant for the E2 f E1 transition,k1

obs,
can be calculated from eq 5 to be 58 s-1. Under physiological
conditions, therefore, both the E2 f E1 transition and the
phosphorylation of the enzyme by ATP are important rate-
determining steps of the cycle and hence any changes in their
maximum rate constants is a likely mechanism for regulation
of the enzyme’s steady-state activity.

Now looking at the effects of changing the enzyme’s
dissociation constants for its various substrates, one can easily
see that the turnover number is most strongly affected by
changes in its dissociation constants for intracellular Na+,
KN1 andKN2, and intracellular K+, KK

i . Ten percent changes
in these parameters cause changes in turnover number of
between 12% and 20% (see Table 2). By comparison,
changes caused by variations in any of the other dissociation
constants are relatively insignificant. The dependence of the
turnover number onKN1, KN2, andKK

i can be explained by
the competition of Na+ and K+ for cytoplasmic binding sites
on the enzyme and their effects on the rate of ATP
phosphorylation and the E1 f E2 conformational transition.
From eq 6a, it can be shown that under physiological
conditions the Na+ sites necessary for phosphorylation are
only approximately 12% saturated. Any decrease in the Na+

dissociation constants,KN1 andKN2, would therefore lead to
an increase in the occupancy of the cytoplasmic Na+ sites
and a consequent increase in the observed rate constant for
phosphorylation,k2

obs, and hence in the overall turnover.
Similarly, an increase in the microscopic dissociation
constant for K+ will lead to decreased competition from K+

for the cytoplasmic sites, resulting in a greater occupancy
by Na+ and hence a higher value ofk2

obs and the turnover
number. The competition between Na+ and K+ also affects
the degree of inhibition of the enzyme’s turnover via the E1

f E2 conformational transition (cf. eqs 12 and 13). Decreases
in the Na+ dissociation constants,KN1 andKN2, will hinder
the occupation of the cytoplasmic sites by K+ and hence
reduce the observed rate constant of the K+-stimulated E1
f E2 transition,k-1

obs, thus enhancing the enzyme’s turnover
in the forward direction. A decrease in the K+ microscopic
dissociation constant,KK

i , would enhance the observed rate
constant of the K+-stimulated E1 f E2 transition, leading to
inhibition of the enzyme’s turnover number. Based on the

Table 2: Effects of(10% Variations in the Substrate
Concentrations and Rate and Equilibrium Constants on the Turnover
Number of the Enzymea

percentage changes
in turnoverparameter

varied +10% -10%

[Na+]i +33.2 -27.9
[Na+]o +0.99 -1.20
[K +]i -17.3 +22.6
[K +]o +0.11 -0.15
[ATP]i +0.17 -0.22
k1

d +7.33 -7.66
k-1

b -6.61 +7.64
k2 +8.81 -9.02
KA -0.18 +0.18
K′A -0.026 +0.022
KN

o -1.13 +1.16
KN1 -15.6 +19.8
KN2 -11.6 +15.0
KK

i +20.3 -18.9

a All calculations have been based on model 4, that is, including
Na+/K+ competition for two of the cytoplasmic ion binding sites and
reversibility of the E2 f E1 and E1P f E2P transitions. The percentage
changes in turnover are relative to a value of 3.83 s-1, which was
calculated using physiological substrate concentrations of [Na+]i ) 15
mM, [Na+]o ) 140 mM, [K+]i ) 120 mM, [K+]o ) 4 mM, and [ATP]i
) 3 mM and the values of the rate and equilibrium constants given in
Table 1. The values of the parametersk1

a, k1
b, k1

c, k-1
a , k3, k-3, k4

a, k4
b,

KNP
o , KK1

o , andKK2
o were also varied by(10%, but their effects on the

turnover were all found to be less than 1%.
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calculations shown in Table 2, therefore, changes in the
affinities of the cytoplasmic binding sites for Na+ and K+

are very likely mechanisms of Na+,K+-ATPase regulation.

Up to now we have been considering the most common
physiological conditions under which the Na+,K+-ATPase
operates. Significant variations in physiological conditions
can, however, occur in different tissues of the body. One
particularly interesting case is in the kidney, where the
Na+,K+-ATPase forms the Na+ concentration gradient
necessary for the reabsorption of nutrients into the blood-
stream. Blood flow to different parts of the kidney is known
to vary significantly (51). Blood flow to the cortex, where
glomerular filtration occurs, is approximately twice that of
the outer medulla. As a consequence, the partial pressure of
oxygen in the outer medulla, where the Na+,K+-ATPase is
found in particularly high concentrations, is up to five times
lower than that found in the cortex, that is,∼10-20 mmHg
in the outer medulla compared to∼50 mmHg in the cortex.
Since the oxygen supply to the outer medulla is so low, the
amount of ATP produced in the cell cytoplasm is also
expected to be much lower than normal. To consider this
particular situation, we have, therefore, carried out a series
of simulations of Napoleon’s hat curves using model 4 at
decreasing ATP concentrations (see Figure 4). It can be seen
that once the ATP concentration decreases into the micro-
molar range, there is a significant decrease in the steepness
of the increase in activity and a shift of the half-maximal
activity to higher Na+ concentrations (or lower K+ concen-
trations). This behavior agrees qualitatively with that found
experimentally by Skou (26), who carried out experiments
at ATP concentrations of 3 mM and 0.1µM. Unfortunately
a direct comparison of the simulations with Skou’s data is
not possible in this case, because at an ATP concentration
of 0.1 µM it can be calculated from published data on the
kinetics of ATP binding (52) that the pseudo-first-order rate
constant for ATP binding would be expected to be only
around 3 s-1. Under these conditions, the ATP binding
reaction would have to be considered as a significant rate-

determining step and the assumption of the model of an ATP
binding equilibrium would break down. At an ATP concen-
tration of 1µM, however, we have carried out simulations
of the steady-state activity to determine whether under these
conditions other possible sites of regulation might become
active. The Na+ and K+ concentrations used for the simula-
tions were as in the previous ones (i.e., [Na+]i ) 15 mM,
[Na+]o ) 140 mM, [K+]i ) 120 mM, [K+]o ) 4 mM). In
this case, it was found that 10% positive and negative
variation in the cytoplasmic ATP concentration caused a
change in activity of+14.6% and-13.8%, respectively.
Similar variations in the high-affinity ATP site’s dissociation
constant (K′A) caused changes of-8.1% and+9.7%. If one
varies the low-affinity ATP site’s dissociation constant (KA),
the changes are-4.9% and+6.0%. Under conditions of low
blood flow and low ATP concentrations (micromolar range),
as could occur in the kidney, it can, thus, be seen that the
enzyme’s activity becomes much more sensitive to variations
in the cytoplasmic ATP concentrations and in its ATP
dissociation constants. These could then become additional
possible sites of regulation under such conditions.

When the in vivo hormonal regulation of the Na+,K+-
ATPase is discussed, three levels of regulation are generally
considered (53). Sustained long-term changes in pump
activity can come about via changes in gene expression,
resulting in an increase or a decrease in the total number of
available pump units in the membrane. A second level of
regulation has been proposed involving the translocation of
pump units from intracellular storage compartments to the
plasma membrane. In this paper, we have concentrated on
acute short-term regulation in pump activity, which occurs
at the level of individual pump units and involves a change
in the steady-state activity of each affected pump molecule.
Summarizing the results given in Table 2 reveals the major
effects that could lead to short-term regulation involve
changes in the cytoplasmic Na+ and K+ ion concentrations,
changes in the cytoplasmic Na+ and K+ ion affinities, and
changes in the rate constants for phosphorylation, the E2 f
E1 conformational change, and the E1 f E2 conformational
change. Although it has been found that these are the most
sensitive sites in the Na+,K+-ATPase pump cycle in deter-
mining the overall turnover number and are thus prime
candidates for regulation, it must be pointed out, however,
that this does not necessarily preclude the participation of
other steps of the pump cycle in regulation. If a dramatic
change in a rate or equilibrium constant, which under normal
conditions has little effect on determining the overall turnover
number, occurs, then the step involved could still conceivably
be involved in regulation.

The sensitivity of the enzyme’s steady-state activity to the
cytoplasmic Na+ and K+ concentrations allows it to com-
pensate automatically for any fluctuations in cytoplasmic ion
concentrations. It could, however, also be involved in
hormonal regulation. One proposed mechanism of insulin
action on the Na+,K+-ATPase (54, 55) suggests that the
hormone induces an increase in the cytoplasmic Na+

concentration, thus leading to an increase in pump activity.
Another proposed mechanism of insulin activity is via an
increase in cytoplasmic Na+ affinity of the enzyme (56). Both
of these proposed mechanisms of insulin action can be
considered feasible on the basis of the calculations presented
here. Another mechanism of regulation, which has recently

FIGURE 4: Simulations of the effect of Na+ and K+ (Na+ + K+ )
150 mM) on the catalytic activity of the Na+,K+-ATPase at
cytoplasmic ATP concentrations of 3 mM (curve a), 10µM (curve
b), and 1µM (curve c). For each curve, the 100% of optimum
activity values correspond to turnover numbers of 30.9 s-1 (3 mM
ATP), 6.56 s-1 (10 µM ATP), and 1.34 s-1 (1 µM ATP).
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been attracting a great deal of attention, is regulation of the
enyzme via phosphorylation by protein kinase A or C. The
molecular basis of Na+,K+-ATPase regulation by protein
kinase phosphorylation is still under discussion. On the basis
of the calculations presented here, however, it would seem
most likely that the protein kinase phosphorylated enzyme
has altered cytoplasmic Na+ or K+ affinities or an altered
maximum activity (Vmax) or both, due to changes in its rate
constants for ATP phosphorylation or the conformational
change of unphosphorylated enzyme (either E2 f E1 or E1

f E2).
Another likely mechanism of Na+,K+-ATPase regulation

appears to be via protein-protein interactions within the cell
membrane, that is, between the catalyticRâ complex of the
enzyme and theγ subunit in the kidney or other members
of the FXYD family of small hydrophobic proteins in other
tissues (57). There now seems to be general agreement that
one of the major effects of theγ subunit is to regulate the
enzyme by modulating its affinity for Na+ or K+ or both
(58, 59). This is certainly consistent with the results of the
simulations presented here, since the steady-state turnover
has been found to be particularly sensitive to changes in the
intrinsic dissociation constants of the enzyme for cytoplasmic
Na+ and K+. There is still disagreement in the literature,
however, concerning the details of the mechanisms ofγ
subunit modulation of Na+,K+-ATPase activity. Therien et
al. (58) suggest that the enzyme’s apparent affinity for Na+

ions on the cytoplasmic surface is reduced by an increase in
its intrinsic K+ affinity, thus resulting in an increase in K+/
Na+ antagonism. Arystarkhova et al. (59) have argued that
the enzyme’s intrinsic affinity for Na+ may also be reduced
by theγ subunit. As pointed out by Arystarkhova et al. (59),
one reason that may have contributed to the different
interpretations drawn by the two groups could have been
the kinetic model used in explaining the results. Therien et
al. (58) used a model in which K+ competes noncoopera-
tively for all three Na+ sites, whereas Arystarkova et al. (59)
allowed more realistically for the possibility of cooperativity.
The model presented here incorporates cooperativity and
considers competition between Na+ and K+ for two non-
specific sites.

Therien et al. (58) also found that theγ subunit increased
the enzyme’s apparent affinity for ATP. This could be due
to a change in the enzyme’s intrinsic ATP dissociation
constants,KA andK′A (to E2 and E1, respectively), since at
low ATP concentrations in the kidney outer medulla these
have been shown here to be possible regulatory sites. This
is, however, only likely to be the case if the low oxygen
supply to the kidney medulla results in a cytoplasmic ATP
concentration in the micromolar range. The change in
apparent affinity for ATP could also be a byproduct of a
regulatory change in the rate constants for the conformational
change of unphosphorylated enzyme, that is, an increase in
the rate constant of E2Na+ATP f E1Na+ATP or a decrease
in the rate constant of E1(K+)2 f E2(K+)2 or both, which
would lead to a shift in the conformational equilibrium
toward E1. In contrast, however, Arystarkhova et al. (59)
have reported that the elimination of theγ subunit in γ
knock-out animals produces no significant change in ATP
affinity. The possibility of a regulatory shift in the E1/E2

equilibrium or a change in intrinsic ATP affinity by theγ
subunit are thus still open to question.
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