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ABSTRACT: Reported values of the dissociation constant, Kd, of ATP with the E1 conformation of the
Na+,K+-ATPase fall in two distinct ranges depending on how it is measured. Equilibrium binding
studies yield values of 0.1-0.6 µM, whereas presteady-state kinetic studies yield values of 3-14
µM. It is unacceptable that Kd varies with the experimental method of its determination. Using
simulations of the expected equilibrium behavior for different binding models based on thermodynamic
data obtained from isothermal titration calorimetry we show that this apparent discrepancy can be
explained in part by the presence in presteady-state kinetic studies of excess Mg2+ ions, which compete
with the enzyme for the available ATP. Another important contributing factor is an inaccurate
assumption in the majority of presteady-state kinetic studies of a rapid relaxation of the ATP binding
reaction on the time scale of the subsequent phosphorylation. However, these two factors alone are
insufficient to explain the previously observed presteady-state kinetic behavior. In addition one must
assume that there are two E1-ATP binding equilibria. Because crystal structures of P-type ATPases
indicate only a single bound ATP per R-subunit, the only explanation consistent with both crystal
structural and kinetic data is that the enzyme exists as an (R�)2 diprotomer, with protein-protein
interactions between adjacent R-subunits producing two ATP affinities. We propose that in equilibrium
measurements the measured Kd is due to binding of ATP to one R-subunit, whereas in presteady-
state kinetic studies, the measured apparent Kd is due to the binding of ATP to both R-subunits
within the diprotomer.

Throughout the animal kingdom, the Na+,K+-ATPase
is responsible for pumping Na+ and K+ ions across the
plasma membrane and thus maintaining electrochemical
potential gradients for both ions across the membrane. A
major function of the Na+ electrochemical potential
gradient is to act as a driving force for the uptake of
essential metabolites such as glucose and amino acids.
Probably the most enduring controversy in the Na+,K+-

ATPase1 field is whether the enzyme functions as a
monomer, dimer, or higher oligomer (1, 2). The idea that
the functional unit of the Na+,K+-ATPase might consist
of an association of two protein monomers was first
proposed in the 1970s (3, 4). Since then, the idea has had
many supporters (5-16) but also some vocal critics (17-22)
so that the hypothesis of a functional Na+,K+-ATPase
dimer or higher oligomer has never been universally
accepted.

One of the puzzling observations in the Na+,K+-ATPase
field is that the affinity of the E1 conformation appears to
differ depending on whether it is measured by an equilibrium
method or a presteady-state kinetic method. From ATP
binding studies, a single ATP binding equilibrium with a Kd

in the range 0.12-0.63 µM has been detected (23-27). In
contrast, from presteady-state kinetic studies based on
enzyme phosphorylation, much higher dissociation constants
have been found (Kd in the range 3.5-14 µM) (28-33).
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Apparent Kd values can also be determined from steady-
state kinetic measurements, but these depend on all of the
rate constants and equilibrium constants of the enzymatic
cycle and, therefore, cannot be compared with the results of
equilibrium binding measurements. The question is whether
the two different ranges of the Kd value can be explained by
the classical monomeric Albers-Post mechanism of Na+,K+-
ATPase function. One simple explanation for the difference
in behavior could be that it is due to Mg2+ ions. In
equilibrium ATP binding studies, Mg2+ must be omitted to
avoid phosphorylation, whereas in presteady-state kinetic
studies, it must be included to allow phosphorylation. In
principle, Mg2+ ions could complex ATP in aqueous solution
and compete with the enzyme for ATP. A major aim of this
article is, therefore, to determine whether or not this is a
feasible explanation. To do this requires careful measure-
ments of the equilibrium binding of ATP by both the enzyme
and by Mg2+ under the same ionic strength and pH
conditions. For this, we have used the technique of isothermal
titration calorimetry (ITC).

ITC has so far only been applied twice previously to the
Na+,K+-ATPase; once to measure ouabain interaction with
the enzyme (34) and once to detect nucleotide binding (26).
Using this technique, the heat released to or absorbed from
the surroundings on ATP binding can be directly measured.
In their studies, Grell et al. (26) included glycerol in the
buffer medium. However, glycerol has not been used in any
of the presteady-state kinetic studies, and it could possibly
influence the thermodynamics of ATP binding. To allow the
analysis described in the previous paragraph, we have carried
out here the first ITC measurements of ATP binding to the
Na+,K+-ATPase in the complete absence of glycerol.

On the basis of these studies, we show that the presence
of Mg2+ ions would indeed cause a higher apparent Kd of
the enzyme for ATP in presteady-state kinetic studies but
that this alone is insufficient to explain the large difference
in Kd values reported in equilibrium and presteady-state
kinetic studies. Another important contributing factor is the
inaccurate assumption made either explicitly or implicitly
in the majority of presteady-state kinetic studies that the ATP
binding reaction is in a rapid equilibrium on the time scale
of the subsequent phosphorylation. However, even if such
an assumption is not made in the data analysis, we show
that presteady-state kinetic data are not consistent with a
single ATP binding step. We conclude that in presteady-
state kinetic studies two ATP binding steps are occurring,
with protein-protein interactions within an (R�)2 diprotomer
producing two different ATP binding affinities.

MATERIALS AND METHODS

Enzyme. Na+,K+-ATPase-containing membrane fragments
from shark rectal glands were purified essentially as described
by Skou and Esmann (35). The specific ATPase activity at
37 °C and pH 7.4 was measured according to Ottolenghi
(36). The activity of the preparation used was 1679 µmol
ATP hydrolyzed h-1 (mg of protein)-1, and the protein
concentration was 4.82 mg/mL. The protein concentrations
were determined according to the Peterson modification (37)
of the Lowry method (38) using bovine serum albumin as a
standard. For the calculation of the molar protein concentra-

tion, a molecular mass for an R� unit of the Na+,K+-ATPase
of 147,000 g mol-1 (39) was assumed.

Isothermal Titration Calorimetry. Protein samples were
dialysed overnight at 4 °C against several liters of the buffer
solution to be used for each titration. ATP was dissolved in the
same dialysis buffer, and when necessary, the pH was adjusted
to match that of the buffer solution by the addition of small
volumes of either 1 M NaOH or 1 M HCl. The buffer always
contained 130 mM NaCl and 30 mM imidazole, and its pH
was always 7.4. For particular experiments, ouabain and EDTA
were added, as specified in the Results section. Following
dialysis and prior to each titration, the protein samples were
degassed and equilibrated at 24 °C. All measurements on the
protein were performed at 24 °C using a VP-ITC microcalo-
rimeter (MicroCal Inc., Boston, MA). In all cases, ATP was
titrated into the enzyme preparation. The volumes of the
injections and the time delay between injections varied accord-
ing to the experiment. Baseline data were measured by titration
of the ATP solution into the appropriate buffer without enzyme,
and these were subtracted from the experimental data. Data were
analyzed using Origin 7.0 ITC data analysis software (MicroCal
Inc.) to determine estimates of the binding constant and the
change in enthalpy.

All titrations of ATP, EDTA, and CDTA with MgCl2 were
performed at 24 °C using an iTC200 microcalorimeter
(MicroCal Inc.). In the case of these experiments, MgCl2

was titrated into the ATP, EDTA, or CDTA solutions. Both
the solution in the injection syringe and the one in the ITC
cell were prepared in the same buffer containing 130 mM
NaCl and 30 mM imidazole at pH 7.4 (i.e., exactly the same
buffer as that in the enzyme experiments). It was found that
for these experiments no degassing of the solutions prior to
the titration was necessary. The stirring speed used was 1300
rpm, and the reference power was set at 0.5 µcal/s for the
titrations of MgCl2 with CDTA and at 1.0 µcal/s for the
titration of MgCl2 with ATP and EDTA. The volume of
the ITC200 cell was 0.2058 mL. The small constant heat
signals remaining after saturation of either ATP, CDTA, or
EDTA with Mg2+ (due to dilution) were subtracted from the
experimental data before calculating binding constants and
enthalpy changes.

Simulations. Computer simulations of equilibrium titrations
and the concentration dependence of presteady-state kinetic
data were performed using the commercially available
program Berkeley-Madonna 8.0 (University of California,
Berkeley) via a globally convergent variation of the
Newton-Raphson method to find the roots of eqs A2, A3,
and A8. Computer simulations of the time course of
fluorescence changes experimentally observed via stopped-
flow were also performed using Berkeley-Madonna 8.0 via
the variable step-size Rosenbrock integration method for stiff
systems of differential equations. These simulations yield
the time course of the concentration of each enzyme
intermediate involved as well as the total fluorescence. For
the purposes of the simulations, each enzyme intermediate
was normalized to a unitary enzyme concentration.

RESULTS

Binding of Mg2+ to ATP. If one wishes to compare the ATP
binding affinities of the enzyme obtained from equilibrium
binding experiments and from presteady-state kinetic studies,
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as we shall do, it is first necessary to establish the dissociation
constant for the interaction of ATP with Mg2+ ions. The reason
for this is that in equilibrium studies Mg2+ ions are omitted,
but in presteady-state kinetic studies, they are included. Interac-
tion between Mg2+ and ATP in the bulk solution could influence
the enzyme’s apparent affinity for ATP.

The results of a titration of Na2ATP with MgCl2 are shown
in Figure 1. The data can be explained by a simple 1:1
binding equilibrium:

Mg2++ATP 798
KMg

MgATP

The charge on the ATP has been omitted in this equilibrium
because ATP is meant to signify all ATP species present in
solution at the pH of the experiment, i.e., HATP3-, H2ATP2-,
and H3ATP- as well as ATP4-. The measured binding
constant is, thus, an apparent value including the effects of
protonation of ATP as well as Na+ competition under the
experimental buffer conditions. Fitting of the data to this
binding model yielded the following values: KMg ) 1.41
((0.06) × 104 M-1 and ∆H ) 75 ((2) kJ mol-1. From these

fit parameters one can also calculate that ∆G )-23.6 ((0.1)
kJ mol-1 and ∆S ) 331 ((5) J K-1 mol-1. Binding of Mg2+

by ATP is thus an endothermic reaction under these con-
ditions.

Taking both the pH and NaCl concentration into account
as described by O’Sullivan and Smithers (40) yields a
theoretical apparent value of KMg of 2.1 × 104 M-1 at pH
7.4 and 130 mM NaCl. This value agrees quite well with
the experimental value determined here.

Heat Signals Due to ATP Binding to the Na+,K+-ATPase.
The determination of the dissociation constant for ATP to
the Na+,K+-ATPase relies on the measurement of the heat
of binding of ATP to the enzyme. Any subsequent reactions
which might also produce or consume heat and which could,
furthermore, perturb the ATP binding equilibrium must be
excluded. It is therefore important that enzyme phosphory-
lation and ATP hydrolysis be prevented. In principle, this
can be done by removing all traces of Mg2+ and Ca2+ from
the buffer solution because both ions are capable of acting
as ATP cofactors enabling phosphoryl transfer from ATP to
the enzyme. In the first instance, therefore, an ATP titration
was carried out using a buffer containing 5 mM of the
divalent metal ion chelator EDTA. However, the heat signals
associated with ATP injection showed a slow return to
baseline following the initial exothermic heat pulse, which
is not typical of a simple binding reaction. ATP binding alone
would be expected to be very rapid, with equilibration oc-
curring on a subsecond time scale (25, 41, 42).

In a second ATP titration, we included 1 mM of the
specific Na+,K+-ATPase inhibitor ouabain in addition to 5
mM EDTA in the buffer solution. Ouabain is known to
inhibit the Na+,K+-ATPase by binding to a phosphorylated
intermediate of the enzyme (E2P) and blocking the enzyme
cycle by preventing dephosphorylation (1, 43, 44). It,
therefore, does not prevent ATP binding or enzyme phos-
phorylation, but it does prevent enzyme cycling. Under these
conditions, it was found that the slow return to baseline was
completely eliminated. Much sharper heat pulses were
observed. This indicates that the slow return to baseline
observed in the previous titration must have been due to
Na+,K+-ATPase activity and more precisely continuing ATP
hydrolysis due to enzyme cycling. Furthermore, if it is true
that ATP hydrolysis can only occur in the presence of Mg2+

or Ca2+ ions, the results of these two titrations indicate that
in the first titration 5 mM EDTA must not have been
sufficient to completely remove all divalent metal ions from
the buffer solution. Some trace amounts must still have been
present to allow some enzyme cycling to continue, although
at a low rate.

To improve the situation further, we considered replacing
EDTA with CDTA. CDTA is also a divalent metal ion
chelator, but it has a higher intrinsic binding constant for
Mg2+ and Ca2+ than EDTA (45, 46). To test whether this is
also the case for the apparent binding constant for Mg2+

under our buffer conditions of 130 mM NaCl and pH 7.4,
we carried out ITC titrations of both EDTA and CDTA with
MgCl2. In fact, we found that EDTA appears to bind Mg2+

more strongly than CDTA under our experimental conditions.
For EDTA, a [Mg2+]/[EDTA] ratio of approximately 3 is
sufficient to completely saturate all of the EDTA with Mg2+

ions. In the case of CDTA, one must continue the titration

FIGURE 1: Titration of Na2ATP with MgCl2. The initial concentration
of ATP in the ITC cell was 0.25 mM. The buffer of both the ATP
and the MgCl2 solutions contained 130 mM NaCl and 30 mM
imidazole at pH 7.4. The experiment was conducted at 24 °C. The
top panel shows the power, P, in µJ s-1 that needs to be applied to the
sample cell to maintain isothermal conditions with respect to the re-
ference cell. The bottom panel shows the heat evolved from each
MgCl2 injection per mole of Mg2+ (obtained from integrating the
individual heat pulses of the upper panel) versus the molar ratio of
Mg2+ to ATP, i.e., [Mg2+]/[ATP]. The solid line in the lower panel
represents a fit of a 1:1 binding model to the data. The fit yields a
Mg2+-ATP binding constant, KMg, of 1.41 ((0.06) × 104 M-1. The
other thermodynamic parameters derived from the fit are ∆H ) 75
((2) kJ mol-1, ∆G ) -23.6 ((0.1) kJ mol-1, and ∆S ) 331 ((5) J
K-1 mol-1.
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to a [Mg2+]/[CDTA] ratio of greater than 8 to achieve the
same level of saturation.

A further experimental finding from the titration of enzyme
with ATP in the presence of EDTA (but in the absence of
ouabain) was that the slow return to baseline became more
pronounced as the titration proceeded and the ATP concen-
tration increased. This can easily be explained by competition
between EDTA and ATP for the trace amounts of Mg2+

available. By including 1 mM ouabain in the buffer medium,
however, any small amount of phosphorylated enzyme that
is produced is blocked in the phosphorylated state and does
not continue cycling.

Binding of ATP to the Na+,K+-ATPase. The results of a
titration of shark Na+,K+-ATPase with ATP in a pH 7.4 30
mM imidazole buffer containing 5 mM EDTA and 1 mM
ouabain are shown in Figure 2. A simple binding model with
one class of sites was fitted to the data, leading to an apparent
ATP dissociation constant of 0.27 ((0.09) µM. This value
agrees well with previously reported values using other
techniques, i.e., 0.12-0.24 µM (23-25). Unfortunately, a

reliable value of the enthalpy of binding could not be
determined because of insufficient data points at low ATP/
enzyme molar ratios. However, from the initial data point
of the titration, one would expect ∆H to be of the order of
- 75 kJ mol-1.

Model Simulations of the Degree of Saturation of the ATP
Sites. To test whether competition between free Mg2+ and
enzyme for ATP could account for the different Kd values
reported in the literature from equilibrium and presteady-
state measurements, we have carried out simulations of the
expected variation of the total saturation of the ATP sites,
S, for a monomeric model in the presence and absence of
Mg2+ ions. The results of the simulations are shown in Figure
3. The equations used for the simulations are described in
the Appendix.

The results of these simulations (see Figure 3) show that
a monomeric model in the absence of Mg2+ ions predicts a
hyperbolic saturation curve of the ATP sites, with half-
saturation occurring in the submicromolar range, in agree-
ment with experimental observations (23-25, 27). One needs
to be aware here that the actual half-saturating concentration
depends on how the theoretical or experimental data are
plotted. Strictly speaking, one should plot the percentage
saturation of the ATP sites versus the free ATP concentration.
If this is done, the half-saturating free ATP concentration
exactly equals the Kd for ATP binding (in the case of the
simulations, 0.25 µM was the value used). More commonly,
however, the percentage saturation is plotted against the total
concentration of ATP because this is a more directly
accessible quantity. Therefore, this is the way the simulations
in Figure 3 have been plotted. The half-saturating total ATP
concentration, however, does not equal Kd. In our monomer
simulation, the half-saturating total ATP concentration occurs
at 0.59 µM, more than twice the actual Kd. Therefore, one
needs to be wary of this fact when reporting Kd values or
interpreting literature data.

FIGURE 2: Titration of shark Na+,K+-ATPase-containing membrane
fragments from shark rectal gland with ATP. The initial concentra-
tion of Na+,K+-ATPase in the ITC cell was 13.7 µM. The buffer
of both the Na+,K+-ATPase suspension and the ATP solution
contained 130 mM NaCl, 5 mM EDTA, 1 mM ouabain, and 30
mM imidazole at pH 7.4. The experiment was conducted at 24 °C.
The upper and lower panels have the same meaning as for Figure
1 except that qn here is the heat evolved per mole of ATP injected.
The negative value of P indicates heat evolution, i.e., an exothermic
reaction. The increase in the power of the heat pulses at 125 min
is due to an increase in the injection volume at this point in order
to saturate the available ATP sites. The solid line in the lower panel
represents a fit of a binding model with one class of sites to the
data. This model is similar to the monomer model described in the
appendix, except that the possibility of a variable number of ATP
binding sites per enzyme molecule was included to take into account
the possibility of inaccessible sites. The fit yields an ATP
dissociation constant, Kd, of 0.27 ((0.09) µM.

FIGURE 3: Simulated dependence of the percentages of saturation
of the ATP sites of the Na+,K+-ATPase for a monomer model with
and without the presence of Mg2+ ions and a cooperative dimer
model. The percentage saturations are given by S (see Appendix)
multiplied by 100. The values of all of the parameters used were
K1 ) 4 × 106 M-1, K2 ) 1.43 × 105 M-1, KMg ) 1.41 × 104 M-1,
and KMA ) 2.56 × 106 M-1. The total protein concentration (i.e.,
the concentration of R� protomers) used was 0.68 µM, which was
chosen to agree with the conditions of the equilibrium titrations
published in ref 41. For the monomer simulation with Mg2+ ions,
a Mg2+ concentration of 5 mM was used.
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A significant difference between the conditions of equi-
librium binding studies and presteady-state kinetic studies
is that Mg2+ ions are excluded in equilibrium studies but
included in presteady-state kinetic studies. Therefore, the
possibility must be considered that the presence of Mg2+ ions
could be modifying the enzyme’s apparent ATP binding
affinity and that this could account for the higher value of
Kd generally observed in presteady-state kinetic studies.
Certainly, Mg2+ ions in the bathing solution could bind ATP
and compete with the enzyme. This would be expected to
increase the enzyme’s apparent Kd for ATP. However, one
must also consider that the enzyme could bind the MgATP
complex. Simulations taking into account both of these
effects have also been carried out, and the results are shown
in Figure 3. The equations used are described in the App-
endix.

There is some disagreement in the literature concerning
the relative dissociation constants of free nucleotide and Mg-
nucleotide complex for the enzyme. Campos and Beaugé (47)
report Kd values of 1.52 µM and 0.36 µM for free ATP and
MgATP, respectively, i.e., they consider that the complex
binds to the enzyme approximately a factor of 4 more
strongly than free ATP. According to the data of Fedosova
et al. (41), however, the Mg2+ complex of ADP should bind
to the enzyme a factor of 1.6 more weakly than free ADP.
Grell et al. (26) found that the affinity of ADP for the enzyme
is reduced by a factor of 4 in the presence of 3 mM MgCl2.
Since there is no possible way that a Mg2+-induced increase
in ATP affinity could explain the lower affinity observed
for ATP in presteady-state kinetic studies where Mg2+ is
present, for the purposes of our simulations we have only
considered the case that the MgATP complex binds to the
enzyme more weakly than free ATP. We have chosen a value
of K1 of 4 × 106 M-1, on the basis of previous measure-
ments (16, 25, 41, 42) for the binding of free ATP. For the
binding of the MgATP complex, we have used a value of
KMA of 2.56 × 106 M-1. This value is based on the 1.56-
fold lower Kd found by Fedosova et al. (41) for the MgADP
complex relative to free ADP.

The results of these calculations indicate that the presence
of 5 mM Mg2+ would indeed be expected to increase the
enzyme’s apparent Kd for ATP. On the basis of the sim-
ulations shown in Figure 3, one would expect a half-
saturating total ATP concentration of 0.73 µM, in comparison
to 0.59 mM in the absence of Mg2+. For these simulations,
the enzyme concentration used was 0.68 µM. This value was
chosen to reproduce the conditions of the radioactivity-based
equilibrium binding assay of Fedosova et al. (41). If the
enzyme concentration is reduced by a factor of 10 to
reproduce the conditions of the fluorescence-based stopped-
flow kinetic measurements of Kane et al. (32), corresponding
simulations show that for the monomeric enzyme in the
presence of 5 mM MgCl2 the expected half-saturating total
ATP concentration would be 0.42 µM. This value is still
more than an order of magnitude lower than the average
value of the apparent Kd determined from presteady-state
kinetic studies, i.e., approximately 8 µM. Therefore, a direct
competition between Mg2+ and enzyme for ATP cannot alone
explain the different ATP binding affinities observed in
presteady-state kinetic and equilibrium studies.

DISCUSSION

The isothermal titration calorimetric data we have pre-
sented here indicate that ATP can bind exothermically to
the E1 conformation of the Na+,K+-ATPase with a dissocia-
tion constant of 0.27 ((0.09) µM. This value is consistent
with previous studies using other methods (23-25, 27).
Under the same pH and ionic strength conditions, Mg2+ was
found to bind to ATP in free solution with a dissociation
constant of 71 ((3) µM. Together, the data obtained has
enabled us to analyze the question of the effect that Mg2+

would be expected to have on ATP binding in presteady-
state kinetic measurements if the enzyme existed prior to
mixing with ATP in a monomeric form, i.e., R� protomer.

Simulations of the degree of saturation of the ATP sites
for a monomeric enzyme model (see Figure 3) showed that
direct competition between Mg2+ and the enzyme cannot
alone explain the differences observed between equilibrium
and presteady-state kinetic results. Another possibility to
explain the difference is that the mechanism used to describe
the sequence of ATP binding when analyzing the equilibrium
and presteady-state kinetic data is incorrect. A possible
mechanism, which could in principle explain a lower Kd from
equilibrium versus presteady-state kinetic measurements, is
shown below:

E1+ATPTE1 ·ATPTE1′ ·ATPfE2P

A mechanism similar to this has been proposed by Jencks
and co-workers (48, 49) based on quenched-flow measure-
ments performed on sheep kidney Na+,K+-ATPase. The most
important difference between this mechanism and the clas-
sical Albers-Post mechanism is that it includes a rate-
limiting conformational change of the enzyme-ATP com-
plex, E1 ·ATP T E′ ·ATP, prior to a rapid phosphoryl
transfer reaction to produce the phosphoenzyme. Because
the reaction E1 ·ATPT E1′ ·ATP is assumed to be the rate-
determining step, the maximum observed rate constant of
phosphorylation when starting in the E1 state must be given
by the rate constant of this reaction. Furthermore, the
concentration of free ATP required to achieve the half-
saturating observed rate constant (i.e., Kd) must be given by
the ATP concentration required to achieve half-saturation
of the species immediately before the rate-determining step,
i.e., E1 ·ATP. In contrast, in equilibrium ATP titrations one
would measure the total degree of saturation of the enzyme
with ATP, i.e., the sum of the degrees of saturation of
E1 ·ATP and E1′ ·ATP. As long as the equilibrium constant
of the reaction E1 ·ATP T E1′ ·ATP is greater than 1, on
the basis of such a mechanism the apparent Kd determined
by equilibrium titrations would be lower than that determined
by presteady-state kinetic measurements, i.e., in qualitative
agreement with experimental observations.

However, if this mechanism were correct, then the
maximum observed rate constant achievable for phospho-
rylation of the enzyme should depend on whether or not
the enzyme is preincubated with ATP. If the E1 ·ATP T
E1′ ·ATP reaction is rate-determining when starting in the
E1 state, then pre-equilibration with ATP such that the
enzyme starts in E1′ ·ATP should lead to a significantly
higher observed rate constant of phosphorylation. How-
ever, stopped-flow kinetic investigations of the formation
of E2P using enzyme from both pig and rabbit kidney
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labeled with the fluorescent probe RH421 have shown that
the maximum observed rate constant is always in the range
180-200 s-1, whether the enzyme is preincubated with
Na+, ATP, or Na+ and ATP together (50). Comparison
of RH421 stopped-flow kinetic measurements with
quenched-flow measurements of the formation of E1P at
the same temperature (24 °C) showed complete agreement
(32), indicating that the E1P f E2P transition is very fast
under these conditions and does not contribute signifi-
cantly to the observed rate constants measured via stopped-
flow with the probe RH421.

A further possibility worth considering would be that a
conformational change of the enzyme-ATP complex exists
prior to phosphorylation, but that the conformational change
requires the presence of all relevant substrates and cofactors,
i.e., Na+, Mg2+, and ATP. If this were the case, then kinetic
measurements in which the enzyme was preincubated with
only two or less of the substrates or cofactors could never
reveal the existence of such a conformational change.
However, in such a situation the conformational change
would not occur in equilibrium measurements in which Mg2+

ions are excluded. Therefore, if the conformational change
was rate-limiting, equilibrium and kinetic measurements
should yield the same Kd value for ATP. Alternatively, if
the conformational change was not rate-limiting for phos-
phorylation, then, regardless of the equilibrium constant of
the conformational change, it would always shift the initial
ATP binding equilibrium to the right, i.e., in the direction
of the enzyme-ATP complex. This should then lead to the
observation of a lower Kd in presteady-state kinetic experi-
ments relative to equilibrium experiments. This is the exact
opposite of the experimentally observed behavior. Therefore,
a conformational change requiring all substrates and cofactors
prior to phosphorylation can be excluded as explanation of
the results.

A further argument against any mechanism involving
a conformational change (rate-determining or not) of the
enzyme-ATP complex is that they all predict only a single
ATP binding step. However, the careful analysis of the
observed rate constants and the amplitudes of presteady-
state kinetic data by a number of researchers have shown
in fact that evidence for two ATP binding steps can be
detected (12, 16, 51). This will be discussed further later.
For these reasons, a conformational change of an
enzyme-ATP complex must be rejected as an explanation
of the difference in ATP binding behavior observed in
equilibrium and presteady-state kinetic measurements.

Another possibility for explaining the difference in the Kd

values determined by equilibrium and presteady-state kinetic
methods is an inaccurate assumption in the data analysis. In
many presteady-state kinetic studies (28-33), the Kd value
has been determined by the fitting of an equation of the
following form to the experimentally determined observed
rate constants, kobs, (or reciprocal relaxation times) for
enzyme phosphorylation or formation of the E2P state:

kobs ) kp ·
[ATP]

Kd + [ATP]
(1)

where kp is the rate constant for phosphorylation. The
derivation of this equation requires the assumption that ATP
binding can continually adjust to a new equilibrium as it is
perturbed by the phosphorylation reaction. If this assumption

is not justified, this could perhaps explain the apparent
discrepancy between equilibrium and presteady-state kinetic
measurements. To test the validity of this assumption, one
needs to calculate the expected reciprocal relaxation time,
1/τ, for the establishment of the ATP binding equilibrium.
Under conditions of excess ATP over enzyme, this is given
by the following equation (52):

1/τ) k+[ATP]+ k- (2)

where k+ is the rate constant for ATP binding to the enzyme,
and k- is the rate constant for ATP dissociation. The value
of k- in the absence of Mg2+ has been directly measured by
rapid filtration studies to be 13 s-1 (41). The estimation of
a value for k+ is more difficult. However, on the basis of
the value of k- and assuming a Kd value of 0.42 µM (the
theoretical value determined here in the presence of Mg2+

based on the equilibrium ITC results), one can estimate a
value for k+ of 3.1 × 107 M-1 s-1. According to eq 2, on
the basis of these values of k+ and k- the expected values
of 1/τ at different ATP concentrations would be 3,108 s-1

(100 µM), 323 s-1 (10 µM), 44 s-1 (1 µM), and 16 s-1 (0.1
µM). If one compares these values with the value of the
phosphorylation rate constant, kp, which has been determined
to be in the range 180-200 s-1 (16, 30-33) when the
enzyme is fully saturated by ATP, one would expect the
assumption of a rapid adjustment of the ATP binding
equilibrium to become increasingly bad as the ATP concen-
tration decreases, with the assumption starting to break down
at an ATP concentration of less than 10 µM.

To test the effect of this inaccurate assumption on the
analysis of presteady-state kinetic data, we have simulated
the time course of presteady-state kinetic transients based
on a single ATP binding step with an apparent Kd of 0.42
µM (taking into account the presence of Mg2+) and fitted
the theoretical transients to a single exponential time function
to derive the expected values of kobs. All of the equations
necessary for carrying out simulations based on a one-site
monomer model of the Na+,K+-ATPase have been described
elsewhere (16). The expected dependence of kobs on the total
ATP concentration derived from these simulations is shown
in Figure 4. The half-saturating total concentration of ATP
(i.e., which is generally reported as the apparent Kd) is found
to be in the range 3-4 µM. It is clear that this value is
significantly larger than the apparent value of Kd in the
presence of 5 mM Mg2+ of 0.42 µM used to generate the
theoretical data, and the difference is even larger when one
compares with the Kd value directly measured from equi-
librium titrations of 0.27 µM. Therefore, this type of data
analysis, which is the one most commonly used for prest-
eady-state investigations of Na+,K+-ATPase phosphorylation,
results in a severe overestimation of the value of Kd. The
inappropriate assumption of rapid ATP binding pre-equilib-
rium is, therefore, an important factor which would also
contribute to the much higher values of Kd reported from
presteady-state kinetic studies in comparison to equilibrium
binding studies. Nevertheless, the apparent Kd values reported
from presteady-state studies are often even larger than the
3-4 µM range predicted here from theoretical calculations
based on equilibrium binding data. Values reported in the
literature cover the range 3.5-14 µM (28-33). This suggests
that there may be a further reason for the high Kd values
found in presteady-state kinetic studies.
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In fact, the analysis of presteady-state kinetic data does
not necessarily require the assumption of a rapid ATP binding
equilibrium. An alternative approach, avoiding this assump-
tion, is to numerically simulate the experimental curves using
the complete set of differential rate equations (i.e., including
differential rate equations for ATP binding and release)
appropriate to the kinetic model being tested. This approach
was recently used by us (16) to show that a single site binding
model with a Kd of 7.0 µM could not explain the ATP
concentration dependence of the amplitudes of the experi-
mentally observed stopped-flow traces, even though it could
reproduce relatively well the time course of the observed
fluorescence change and its acceleration with increasing ATP
concentration. The question here is whether a single site
model can explain the amplitudes and the kinetics of the
stopped-flow results if one assumes a Kd value consistent
with that obtained from equilibrium measurements, i.e., 0.42
µM (taking into account the effect of Mg2+ competition).
All of the equations necessary for carrying out simulations
based on a one-site monomer model of the Na+,K+-ATPase
have been described elsewhere (16). A comparison between
simulations based on this model and experimentally observed
stopped-flow traces (reproduced from ref 16) is shown in
Figure 5. This comparison indicates that there are huge
differences between the experimental traces and those
predicted by a one-site monomer model based on the
equilibrium data, particularly at low ATP concentrations, i.e.,
1 µM and below. Good agreement is only obtained at very
high ATP concentrations, e.g., 500 µM, when the enzyme
would be saturated by ATP for any value of Kd of 10 µM
and below. This comparison indicates that even if no
assumption of an ATP equilibrium is used in the data

analysis, a large discrepancy still exists between observed
presteady-state kinetic data and the behavior that would be
predicted by a single site model based on the Kd for ATP of
0.42 µM expected based on the equilibrium data.

If the presteady-state kinetic data cannot be explained
within the framework of a single ATP binding equilibrium,
then one is forced to conclude that there are actually two
separate ATP binding equilibria. Crystal structural data on
the related P-type ATPase, the sarcoplasmic reticulum Ca2+-
ATPase, only provide evidence for a single ATP binding
site per enzyme molecule (53). The only consistent explana-
tion for two ATP binding equilibria but still with a 1:1
stoichiometry between ATP and the enzyme is a cooperative
binding of ATP to the two R-subunits of an (R�)2 diprotomer,
as described by Figure 6.

In Figure 7, the result of a simulation of the degree of
saturation of an enzyme dimer, Sdim, (i.e., the fraction of
enzyme in the E1ATP:E1ATP state) as a function of the total
ATP concentration is shown. The model used for this
simulation is shown diagrammatically in Figure 6. The
equations used for the simulation are described in the
Appendix. The graph shows that Sdim rises much more slowly
with increasing ATP concentration than the total saturation
of the ATP sites, S, for the same dimer model (cf. the Dimer
curve in Figure 3). The simulations in Figures 3 and 7 are
shown over the same ATP concentration range for ease of
comparison. However, if one extends the simulations over a
larger concentration range it is found that 50% of the enzyme
is present as E1ATP:E1ATP at a total ATP concentration
of 15 µM, whereas 50% of the ATP sites are occupied
already at 1.7 µM. These numbers are based on a protein
concentration of 0.68 µM, as used by Fedosova et al. (41).
If the enzyme concentration is reduced by a factor of 10 to
reproduce the conditions of the presteady-state kinetic
experiments of Kane et al. (32), the corresponding half-
saturating total ATP concentrations are 14 µM for E1ATP:
E1ATP and 1.4 µM for the ATP sites. The difference in the
concentration range over which dimers are saturated by ATP
as opposed to the concentration over which the ATP sites
within a dimer are saturated can easily be explained if one
considers the hypothetical case where half of all of the sites
are occupied. Because in the dimer model the first ATP that
binds to a dimer is assumed to bind with high affinity and
the second with low affinity, dimers with only one ATP
binding site occupied would form preferentially to dimers
with both sites occupied. If one imagines a situation where
every dimer has one ATP molecule bound, the total saturation
of the sites would be 50%, but the percentage of completely
saturated dimer would still be 0%. Thus, Sdim must rise more
slowly than S for the dimer model.

The observed rate constant (or reciprocal relaxation time)
found in presteady-state kinetic studies of enzyme phos-
phorylation (28-33) shows an ATP concentration depen-
dence, which agrees approximately with the ATP concentra-
tion dependence of Sdim shown here (see Figure 7). These
studies have yielded higher apparent ATP dissociation
constants than equilibrium binding studies, i.e., 3.5-14 µM
from presteady-state kinetic studies in comparison to
0.12-0.63 µM from binding studies. The higher ATP
concentration required for saturation in presteady-state kinetic
studies suggests, therefore, that the formation of a fully
saturated enzyme dimer, E1ATP:E1ATP, is required for the

FIGURE 4: Simulated dependence of the observed rate constant, kobs,
(or reciprocal relaxation time) of RH421 stopped-flow fluorescence
transients on the total concentration of ATP after mixing. The
simulations were based on a single-site monomer model. The values
of the rate constants used were 13 s-1 (E1ATPf E1 + ATP; (41)),
31 µM-1 s-1 (E1 + ATP f E1ATP), 173 s-1 (E1ATP f E2P;
(16)), 5 s-1 (E2P f E1ATP, i.e., dephosphorylation followed by
rebinding of ATP; (16)) and 75 s-1 (E2PATP f E1ATP; (16)).
The ATP binding rate constant was chosen to be consistent with
the Kd value calculated here based on equilibrium titrations of 0.42
µM. The dissociation constant of ATP to the E2P state was taken
as 143 µM (16). The fluorescence level of the E1 and E1ATP states
were defined as 1.0. On the basis of the experimentally observed
increase in fluorescence, the fluorescence level of the E2P state
was defined as 2.14 (16). All of the equations used in carrying out
the simulations are described in the Appendix of ref 16.
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FIGURE 5: (A) Stopped-flow fluorescence transients (reproduced from ref 16) of Na+,K+-ATPase from pig kidney noncovalently labeled
with RH421 (75 nM, after mixing). Na+,K+-ATPase (10 µg/mL or 68 nM, after mixing) was rapidly mixed with an equal volume of a
solution containing varying concentrations of Na2ATP. Both the enzyme suspension and the Na2ATP solutions were prepared in a buffer
containing 130 mM NaCl, 30 mM imidazole, 5 mM MgCl2, and 1 mM EDTA (pH 7.4, 24 °C). All further experimental procedures can be
found in ref 16. (B) Kinetic simulations of the experimental fluorescence transients based on a single-site monomer model (dashed line) and
a dimer model (solid line, reproduced from ref 16). The values of the rate constants used for the simulations based on the monomer model
are given in the caption to Figure 4. All of the equations used in carrying out the simulations are described in the Appendix of ref 16.
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maximum rate of phosphorylation, as previously suggested
(16). In Figure 5B (solid curve), simulated stopped-flow
fluorescence transients reflecting the kinetics of the reaction
E1(Na+)3 + ATP f E2P based on the dimer model are
shown. These have been reproduced from ref 16. Comparison
of these simulated curves with the experimentally obtained
transients (Figure 5A) and with the simulations carried out
here based on the equilibrium data and a one-site monomer
model (dashed curve in Figure 5B) shows that, in contrast
to the monomer model, the dimer model reproduces the
experimental behavior very well.

One point worthy of further consideration, however, is the
effect that ATP has on the dephosphorylation reaction. In
the simulations for both the monomer and dimer models
presented here and in our earlier work (16), an ATP-induced
acceleration of the dephosphorylation reaction by binding
to E2P was assumed in order account for the drop in
fluorescence amplitude of the observed RH421 stopped-flow
transients at high ATP concentrations (hundreds of micro-
molar range). However, this could alternatively be explained
by an ATP-induced decrease in the sensitivity of RH421 to
the release of Na+ from E2P. To decide which of these two
explanations is correct requires further experimentation.

On the basis of the analysis presented here, it seems most
likely that the different ATP concentration required for half-
saturation in equilibrium and presteady-state kinetic studies
is due not only to different Mg2+ concentrations but also to
a different concentration dependence of the experimental
observable, i.e., concentration of bound ATP or observed
rate constant, respectively. In binding studies, one is measur-
ing the degree of total occupation of the enzyme’s ATP
binding sites, whereas in presteady-state kinetic studies, the
observed rate constant depends on the degree of occupation
of an enzyme dimer. Both of these have different ATP
concentration dependences (cf. Figures 3 and 7).

Recent crystal structure data (54) has shown that the
structure of the Na+,K+-ATPase is very similar to that of its
related enzyme, the Ca2+-ATPase of sarcoplasmic reticulum.
This provides strong support for the validity of comparisons
between the two enzymes. Therefore, it is important at this
stage to mention the work of Møller et al. (55) on the
sarcoplasmic reticulum Ca2+-ATPase. This enzyme occurs
in the sarcoplasmic reticulum membrane with a high density
and forms an aggregated state, similar to the Na+,K+-ATPase
in the plasma membrane. Møller et al. (55) investigated the
effect of protein-protein interactions on the enzyme’s
kinetics by comparing the kinetic behavior of aggregated
vesicular Ca2+-ATPase and monomeric enzyme solubilized
using the detergent C12E8. What they found was that detergent
solubilization decreased the enzyme’s ATP affinity. For the
aggregated enzyme, they measured an ATP Kd of 2 µM,
whereas for the monomeric enzyme, they determined a Kd

of 7 µM. This result suggests that, for the Ca2+-ATPase,
protein-protein interactions in the native membrane enhance
the enzyme’s affinity for ATP. The same could be true of
the Na+,K+-ATPase. This would imply that the low Kd of
around 0.2 µM obtained from equilibrium titrations in the
absence of Mg2+ actually corresponds to ATP binding to an
(R�)2 protein dimer, whereas the high Kd of around 10 µM
obtained from presteady-state kinetic studies is due to ATP
binding to disaggregated protein monomers, i.e., individual
R� protomers. The conformational change of the enzyme,
which brings about the change in the enzyme’s ATP affinity
could then be attributed to protein disaggregation within the
membrane. If this is true, then the species E1ATP:E1ATP,
so far described here as a dimeric species, would actually
represent a disaggregated dimer, i.e., in fact simply two
neighboring protein monomers, both of which have ATP
bound but with no interaction between them.

There are both kinetic and structural data that would
support such a conclusion. First of all, in the two gear
pumping model, which we recently demonstrated could
explain stopped-flow kinetic data over an ATP concentration
range of approximately 5 orders of magnitude (16), the higher
gear of pumping following the binding of ATP to both R�
protomers of the (R�)2 diprotomer involved a synchronous
pumping by each R� protomer. The simplest way that each
R� protomer could pump with the same rate constant would
be if they were completely independent of one another, i.e.,
disaggregated with no interactions between them. Protein
disaggregation following ATP binding is also supported by
X-ray crystal structural data obtained on the Ca2+-ATPase.
Olesen et al. (53) have shown that an important role of ATP
in the function of P-type ATPases, apart from phosphory-
lating the enzyme, is to maintain the cytoplasmic domains

FIGURE 6: Cooperative dimer model of ATP binding. K1 and K2
represent the binding constants of the first and second ATP binding
steps. The species E1ATP:E1 and E1:E1ATP are chemically
equivalent, but they are included for statistical reasons (i.e., because
E1:E1 has two available ATP binding sites). For anticooperative
ATP binding, K1 > K2.

FIGURE 7: Simulated dependence of the percentage of enzyme in
the E1ATP:E1ATP state for a cooperative dimer model. The
percentage saturations are given by Sdim (see Appendix) multiplied
by 100. The values of all of the parameters used were K1 ) 4 ×
106 M-1 and K2 ) 1.43 × 105 M-1. The total protein concentration
(i.e., the concentration of R� protomers) used was 0.68 µM, which
was chosen to agree with the conditions of the equilibrium titrations
published in ref 41.
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in a compact closed conformation. In the absence of ATP,
the cytoplasmic domains of the E1 conformation are much
more widely spread, and because of the high density of these
enzymes in specialized membranes such as in the kidney
and the shark rectal gland used here, this could easily lead
to protein-protein interactions within the membrane and
consequent changes in nucleotide binding affinity. Whether
the dimeric species that we propose occur at low ATP
concentrations are due to specific protein-protein interac-
tions or whether they are simply due to the close proximity
of pump molecules to each other because of their high density
in some tissues remains unclear. If the interaction were
nonspecific, the more fashionable term of macromolecular
crowding may be a more appropriate description of the
interaction rather than using the term dimer. Therefore,
although we have used the term dimer throughout this article,
we do not necessarily mean to imply a specific interaction
between defined pairs of protein molecules. Nevertheless, a
recent paper by Mimura et al. (56), in which they report the
isolation of stable (R�), (R�)2, and (R�)4 forms of the enzyme
from dog kidney, would seem to lend support to the argument
that the interaction may be specific.

Finally, it must be pointed out that in other models of the
Na+,K+-ATPase mechanism incorporating a dimer or higher
oligomer as the functional unit Taniguchi, Froehlich, and
their co-workers (11, 14, 57) have considered that individual
protein monomers within the oligomeric unit undergo
asynchronous reaction such that each oligomer contains a
combination of different enzyme states. This would appear
to be inconsistent with the existence of the species E1ATP:
E1ATP. However, as stated earlier, we consider that this is
not a true dimeric species, but rather two neighboring protein
monomers with ATP bound to both. In contrast, the species
E1:E1, E1:E1ATP, and E1ATP:E1 are considered here to
be true dimeric species with interactions between the two
monomers. Thus, when a true dimeric state exists, such as
E1:E1ATP, the individual protein monomers are indeed
asynchronous, as Taniguchi and Froehlich have suggested.
The major novelty in the enzyme mechanism that we are
proposing is that we consider the enzyme to be neither strictly
monomeric nor strictly oligomeric, but rather that it can
undergo a transition from an oligomeric to a monomeric form
and that this transition is mediated by an interaction with
ATP.

APPENDIX

Single Site Model without Mg2+. Binding of ATP to the
E1(Na+)3 conformation of the enzyme can be described by
the equilibrium

E1+ATP 798
K1

E1ATP

where K1 is the apparent binding constant of ATP to the
enzyme. Taking into account mass balance of the enzyme,
the concentration of E1ATP is

[E1ATP])
K1[E]tot[ATP]

1+K1[ATP]
(A1)

where [E]tot is the total concentration of enzyme. Taking into
account mass balance for ATP, the free ATP concentration,

[ATP], is related to the total enzyme concentration and the
total ATP concentration, [ATP]tot by

[ATP]+
K1[E]tot[ATP]

1+K1[ATP]
- [ATP]tot ) 0 (A2)

Solving for the roots of eq A2 allows [ATP] to be calculated
and then, by substitution into eq A1, [E1ATP] as well.

For the analysis of equilibrium titrations and presteady-
state kinetic data, the degree of saturation, S, of the ATP
binding sites as a function of [ATP] needs to be calculated.
S is given by [E1ATP]/[E]tot. [E1ATP] can be determined
from eq A1 after solving for [ATP] from eq A2.

Single Site Model Including Mg2+. Equilibrium binding
assays can never yield the apparent Kd of the enzyme for
ATP in the presence of Mg2+ because under these conditions,
the enzyme would immediately undergo phosphorylation and
continue cycling until all the ATP was consumed. Therefore,
the equilibrium condition can never be fulfilled. However,
if sufficient equilibrium binding information is available for
the individual equilibria involved from separate binding
studies, a theoretical Kd can be calculated for comparison
with that obtained in presteady-state kinetic studies.

Under these conditions it is necessary to consider three
separate equilibria:

E1+ATP 798
K1

E1ATP

Mg2++ATP 798
KMg

MgATP

E1+MgATP 798
KMA

E1MgATP

In theory, there is a fourth equilibrium, i.e., the binding of
Mg2+ ions to the enzyme. However, experimentally the Mg2+

concentration of the bulk solution is far in excess of the
enzyme so that the small amount of Mg2+ lost from the bulk
by binding to the enzyme is negligible. We also assume that
Mg2+ is far in excess of the ATP concentration so that the
free Mg2+ concentration can be approximated by the total
concentration, [Mg2+]tot. Taking into account mass balance
for ATP under these conditions, [ATP] is related to [E]tot,
[Mg2+]tot, and [ATP]tot by the following eqation:

[ATP]+
K1[E]tot[ATP]

1+K1[ATP]+KMAKMg[Mg2+]tot[ATP]
+

KMg[Mg2+]tot[ATP]+

KMAKMg[E]tot[Mg2+]tot[ATP]

1+K1[ATP]+KMAKMg[Mg2+]tot[ATP]
-

[ATP]tot ) 0 (A3)

Solving for the roots of eq A3 allows [ATP] to be calculated.
The concentrations of E1ATP and E1MgATP can then be
determined from

[E1ATP])
K1[E]tot[ATP]

1+K1[ATP]+KMAKMg[Mg2+]tot[ATP]
(A4)
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[E1MgATP])
KMAKMg[E]tot[Mg2+][ATP]

1+K1[ATP]+KMAKMg[Mg2+]tot[ATP]
(A5)

The total degree of saturation of the ATP sites under these
conditions is given by S ) ([E1ATP] + [E1MgATP])/[E]tot.

CooperatiVe Dimer Model. From stopped-flow kinetic
experiments (16), it was found that ATP binding was better
described by a cooperative binding of two ATP molecules
to an enzyme dimer (see Figure 4). Taking into account mass
balance for the enzyme, the equilibrium concentrations of
enzyme dimer with one and two molecules of ATP bound
are given by the following:

[E1ATP:E1])
K1[E]tot[ATP]

1+ 2K1[ATP]+K1K2[ATP]2
(A6)

[E1ATP:E1ATP])
K1K2[E]tot[ATP]2

2+ 4K1[ATP]+ 2K1K2[ATP]2

(A7)

In eq A6, [E1ATP:E1] represents the sum of the concentra-
tions of the two species E1ATP:E1 and E1:E1ATP. These
two species are chemically indistinguishable, but for statisti-
cal reasons, it is important to consider both because this takes
into account the fact that there are two sites available on a
protein dimer for the first ATP molecule to bind whereas
there is only one site available for the second ATP molecule.
Taking into account mass balance for ATP, [ATP] is related
to [E]tot and [ATP]tot by the following equation:

[ATP]+
K1[E]tot[ATP]+K1K2[E]tot[ATP]2

1+ 2K1[ATP]+K1K2[ATP]2
- [ATP]tot ) 0

(A8)

Solving for the roots of eq A8 allows [ATP] to be calculated
and then, by its substitution into eqs A6 and A7, [E1ATP:
E1] and [E1ATP:E1ATP] as well.

If one wishes to fit or simulate equilibrium titrations and
presteady-state kinetic data, the total degree of saturation,
S, of the ATP sites for the cooperative dimer model is given
by ([E1ATP:E1] + 2[E1ATP:E1ATP])/[E]tot. Note that in
this expression, as in the case of eq A6, [E1ATP:E1] actually
represents the sum of the concentrations of the two species
E1ATP:E1 and E1:E1ATP. The fraction of enzyme dimer,
Sdim, totally saturated with ATP, i.e., in the form E1ATP:
E1ATP, is given by [E1ATP:E1ATP]/([E]tot/2).
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