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A comprehensive study of the interaction between Na+ and K+ with the Na+/K+-ATPase requires dissecting
the incidence of alternative cycling modes on activity measurements in which one or both of these cations are
absent. With this aim, we used membrane fragments containing pig-kidney Na+/K+-ATPase to performmea-
surements, at 25 °C and pH=7.4, of ATPase activity and steady-state levels of (i) intermediates containing
occluded Rb+ at different [Rb+] in media lacking Na+, and (ii) phosphorylated intermediates at different
[Na+] in media lacking Rb+. Most relevant results are: (1) Rb+ can be occluded through an ATPasic cycling
mode that takes place in the absence of Na+ ions, (2) the kinetic behavior of the phosphoenzyme formed by
ATP in the absence of Na+ is different from the one that is formed with Na+, and (3) binding of Na+ to trans-
port sites during catalysis is not at random unless rapid equilibrium holds.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Na+/K+-ATPase (or sodium pump) is a transmembrane protein
[1,2] present in the plasma membrane of eukaryotic cells [3–5].
Under physiological conditions, this enzyme couples the hydrolysis
of one intracellular ATP molecule (into ADP and orthophosphate) to
the exchange of three intracellular Na+ (Na+i) for two extracellular
K+ (K+

e), being intracellular Mg2+ an essential activator for the reac-
tion. During the catalytic cycle the enzyme undergoes phosphoryla-
tion and dephosphorylation and the transported cations become
transitorily occluded (trapped within the enzyme). K+-occluded in-
termediates can be obtained either through the direct route, without
formation of phosphoenzyme, or through the physiological route,
after K+-stimulated dephosphorylation of the phosphoenzyme. A
scheme for the catalytic cycle under physiological conditions, based
on the currently accepted Albers–Post model [4,5], is given in Fig. 1.

Under non-physiological conditions, alternative cyclingmodes have
also been reported [6–15]. These studies showed that ATP hydrolysis
can be coupled to the exchange of Na+i for Na+e, Na+i for H+

e and
H+

i for K+
e.

The global functioning of the enzyme canbe evaluated by steady-state
determinations of the rate of reactants consumption/generation and this
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evaluation is better supported by including parallel determinations of the
concentration of enzyme reaction intermediates. Steady-state kinetics
does not always follow the classicMichaelis–Menten behavior (rectangu-
lar hyperbola) as a certain reactant (substrate or product) concentration
is varied. In fact, non-michaelian kinetics is obtainedwhen: 1) such reac-
tant binds to more than one reaction intermediate within the catalytic
cycle and/or 2) alternative catalytic pathways coexist under the
conditions tested. Both statements apply to Na+/K+-ATPase giving
non-hyperbolic curves when varying the concentration of the
transported cations. Due to the poor development of theoretical tools
for the analysis of these complex curves, most of the details about the
catalytic mechanism of the pump have been obtained from the analysis
of transient-state kinetics. Although transient-state kinetics provides
very valuable information, it evaluates only partial reactions, not the
global functioning of the enzyme.

This work is part of a more extensive study of the global function-
ing of the pump, which is aimed at validating the ping-pong nature of
the transport of Na+ and K+. We have here characterized and
modeled alternative cycling modes from the analysis of steady-state
determinations of ATPase activity and intermediates phosphorylated
or occluded with Rb+ (a K+ analogue), performed in the absence of
one or both of the transported cations. Although this analysis was
intended to evaluate the incidence of alternative cycling modes on
the kinetics of the interaction between Na+ and Rb+, it is worth men-
tioning that alternative cycling modes have an interest per se.

We have been able to extract information about the catalytic
mechanism from the analysis of the empirical equations that best de-
scribe the results. This analysis is based on algorithms traditionally
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mailto:litomonti@gmail.com
http://dx.doi.org/10.1016/j.bbamem.2013.01.010
http://www.sciencedirect.com/science/journal/00052736


P P

Na+

Na+

Na+

ATPATP

K+

K+

ATP

2K+
e

Pi

2K+
i

ADP 3Na+
i

3Na+
e

in

out

Pi ADP
ATP

3Na+
i

2K+
e

E1P(Na+
3)E2P

E1ATPE2(K+
2)ATP

2K+
i

3Na+
e

Fig. 1. A simplified version of the Albers–Post model for the physiological functioning of the sodium pump. The reaction scheme (left) has been cartooned (right) for better com-
prehension. Subscripts i and e are for intracellular and extracellular respectively. For the left diagram, occluded cations are written within parentheses. For the right diagram, each
intermediate is represented with its cytoplasmic side (“in”) facing up.
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used for solving reaction models [16,17] and on methods that can be
employed for simplifying models [18,19]. The most outstanding find-
ings are: 1) Rb+ can be occluded through an ATPasic cycling mode
that takes place in the absence of Na+ ions; 2) the kinetic behavior of
the phosphoenzyme formed by ATP in the absence of Na+ is different
from the one that is formed with Na+; 3) binding of Na+ to transport
sites during catalysis is not at random unless rapid-equilibrium holds.

2. Materials and methods

2.1. Enzyme

A purified preparation of Na+/K+-ATPase obtained from pig kid-
ney red-outer medulla by treatment of the microsomal fraction with
sodium dodecyl sulfate and extensive washing [20], was kindly pro-
vided by the Department of Biophysics, University of Århus, Denmark.

Enzyme (hereafter abbreviated as Ez when present in the units)
was quantified by measuring occluded Rb+ under thermodynamic
equilibrium in media containing 250 μM [86Rb]RbCl, 0.25 mM EDTA
and 25 mM imidazole-HCl (pH=7.4 at 25 °C). Under this condition,
nearly all enzyme molecules are occluding two Rb+. Determinations
made in four independent experiments gave an average value of
2.51±0.09 nmol of Ez/mg protein.

2.2. Reagents and reaction conditions

[86Rb]RbCl and [γ-32P]ATP were from PerkinElmer Life Sciences.
All other reagents were of analytical grade.

Experiments were performed at 25 °C in media containing 2.5 mM
ATP (except for phosphoenzyme determinations where 20 μM ATP
was used), 0.25 mM EDTA, enough MgCl2 to give 0.5 mM free Mg2+

(when present), 25 mM imidazole-HCl (pH=7.4 at 25 °C), and differ-
ent concentrations of RbCl (instead of KCl), NaCl, and CholineCl so
that the total concentration of the last three salts was always 170 mM.

2.3. ATPase activity

ATPase activity was obtained from the time course of the release
of [32P]Pi from [γ-32P]ATP, as described in Schwarzbaum et al. [21].
Briefly, after the incubation time, the reaction is quenched, the [32P]
Pi is extracted, and radiation due to Čerenkov effect is measured in
a scintillation counter. Blank values were lowered by sodium citrate
treatment.

The experimental procedure was as follows. In order to stop the
enzyme-catalyzed ATP hydrolysis, 200 μl of the reaction media were
diluted under continuous vortex mixing with 2 ml of a solution
containing 0.5% P/V ammonium heptamolybdate in 0.83 M HClO4.
Immediately after, 2 ml of isobutanol was added in order to extract
the phosphomolybdic complex completely (leaving ATP in the aqueous
phase). 30 s after the reaction was stopped, and under continuous
vortex stirring, 1 ml sodium citrate 2 % P/V was added and the tube
was vortexed for 10 more seconds. Citrate prevents the extraction of
the Pi that can be formed by chemical hydrolysis of ATP after the
enzyme-catalyzed reaction is stopped. The turbidity that appeared in
the organic phase after 3–5 min due to a slow phase separation was
eliminated by centrifugation (2000 g for 10 s) and 1 ml of the organic
phase was transferred to a vial and mixed with 2 ml of 0.5 M NaOH
with the aim of dissociating the phosphomolybdic complex and extract
the Pi into the aqueous phase.

Although hydrolysis of more than 10% of the ATP was avoided, lin-
earity of released Pi with time was always checked in order to ensure
initial rate conditions. Steady-state determinations were made in
media containing a protein concentration of 20 μg/ml and incubation
times ranging from zero to 30 min.

ATP hydrolysis by ATPases other than Na+/K+-ATPase was evalu-
ated (and subtracted to all activity determinations) by following time
courses of released Pi in media containing 170 mM K+, giving values
not significantly different from the ones obtained at 170 mMNa+ and
1 mM ouabain.

2.4. Occluded Rb+

The methodology employed is described in Rossi et al. [22]. Briefly,
reactions were started and incubated using a rapid-mixing apparatus
(SFM4 from Bio-Logic, France) and the reaction medium was squirted
(at 2.5 ml/s) into a quenching-and-washing chamber. There, the reac-
tions were stopped by sudden dilution and cooling with an ice-cold so-
lution of 30 mMKCl in 5 mM imidazole-HCl (pH=7.4 at 0 °C) that was
flowing (at 40 ml/s) through a Millipore-type filter, where the enzyme
was retained and washed.

Unspecific [86Rb]Rb+ binding to the filter was evaluated by omit-
ting the enzyme from the reaction medium. Their values were similar
to those obtained in the presence of enzyme inactivated either by
heat (30 min at 65 °C) or by dilution (1/44 in 25 mM imidazole-HCl
with 0.25 mM EDTA, pH=7.4 at 25 °C) and exposure to a freeze
(−18 °C, overnight) and thaw cycle.

Steady-state determinations were made in media containing a
protein concentration of 30-40 μg/ml, after an incubation time of 7 s.

2.5. Phosphoenzyme levels

The phosphorylated intermediates (EP), were measured as the
amount of acid-stable 32P-labeled enzyme formed during [γ-32P]ATP
hydrolysis. The procedurewas similar to the one employed for occluded
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Rb+determinations but the reactionwas stoppedwith an ice-cold solu-
tion containing 7% trichloroacetic acid flowing at 17 ml/s.

Unspecific [32P]Pi and [γ-32P]ATP binding was evaluated by omit-
ting Mg2+ in the reaction medium.

2.6. Data analysis

Empirical equations of the form:

f xð Þ ¼
φ0 þ φ1

x
K1

þ…þ φi
xi

K1K2…Ki
þ…þ φn

xn

K1K2…Ki…Kn

1þ x
K1

þ…þ xi

K1K2…Ki
þ…þ xd

K1K2…Ki…Kd

ð1Þ

were fitted to the data of ATPase activity (v) and steady state concentra-
tions of occluded Rb+ (Occ) and of phosphorylated enzyme (EP), by
weighted nonlinear regression based on the Gauss-Newton algorithm
using commercial programs (Excel, Sigma-Plot, and Mathematica for
Windows). In Eq. (1), x is the concentration of the tested ligand, φi's
are coefficients with units corresponding to f(x), and Ki's are apparent
dissociation constants expressed in concentration units.

A systematic search of the equation that best fits each set of results
was carried out, first by determining the degree of the polynomials in
the numerator and the denominator of Eq. (1) and then by evaluating
the contribution of terms of intermediate degree. The evaluation
included fixing some coefficients' values to zero or establishing math-
ematical restrictions between two or more coefficients.

The goodness of fit of a given equation to the experimental results
was evaluated by the corrected asymptotic information criterion [23]
defined as:

AICc ¼ nd � ln
SSr
nd

� �
þ 2 � npþ 1ð Þ � nd

nd−np−2ð Þ ð2Þ

where nd is the number of data points, np is the number of parame-
ters to be fitted, and SSr is the sum of weighted square residual errors.
Weighting factors were calculated as the reciprocal of the variance of
experimental data.

The AICc criterion is based on the information theory (a branch of
applied mathematics that provides the basis for quantifying the infor-
mation), and selects among various possible equations that which
gives the minimum value of AICc, on the basis of its capacity to ex-
plain the results using a minimal number of parameters.
A

Fig. 2. Dependence of ATPase activity (△) and steady-state levels of occluded Rb+ (◯) on [
EDTA, 25 mM imidazole-HCl and different concentrations of RbCl and CholineCl, being the
results obtained up to 0.035 mM Rb+. The continuous lines are plots of the empirical Eqs. (
dominant cycling mode is indicated at the top of each chart: X/X-ATPasic ( ) and X/Rb+
3. Results and discussion

We studied both, the effect of Na+ in the absence of Rb+ and the ef-
fect of Rb+ in the absence of Na+, on the steady-state catalytic proper-
ties of Na+/K+-ATPase at saturating ATP concentrations. The empirical
equations that best describe the resultswere analyzed in order to unveil
critical aspects of the kinetic mechanism of the enzyme.

3.1. Parallel measurements of ATPase activity and steady-state levels of
occluded Rb+ as a function of [Rb+] in Na+-free media

Fig. 2 shows the dependence of ATPase activity and steady-state
levels of occluded Rb+ on [Rb+], in media lacking Na+. The continu-
ous lines are the plots of equations for ATPase activity, v, and for oc-
cluded Rb+, Occ, using the best fitting parameters values given in
Table 1. Equations are:

v Rbþ
h i� �

¼
aRb0 þ aRb1 �

Rbþ
� �
KRb1

þ aRb2 �
Rbþ
� �2

KRb1 � KRb2

1þ Rbþ
� �
KRb1

þ Rbþ
� �2

KRb1 � KRb2
þ Rbþ

� �3
KRb1 � KRb2 � KRb3

ð3Þ

Occ Rbþ
h i� �

¼
oRb1 �

Rbþ
� �
KRb1

þ oRb2 �
Rbþ
� �2

KRb1 � KRb2
þ oRb3 �

Rbþ
� �3

KRb1 � KRb2 � KRb3

1þ Rbþ
� �
KRb1

þ Rbþ
� �2

KRb1 � KRb2
þ Rbþ

� �3
KRb1 � KRb2 � KRb3

ð4Þ

where the aRbi's and oRbi's are coefficients with units of activity and
occluded Rb+ concentration, respectively, and KRbi's are apparent dis-
sociation constants expressed in mM. It is important to note that the
measurements of ATPase activity and steady-state levels of occluded
Rb+ are adequately described by rational equations having the
same denominator, as expected if both determinations express the
steady-state behavior of the same enzyme mechanism (see for in-
stance [24]).

ATPase activity increases (K1/2≅0.004 mM) and then decreases
(K1/2≅3 mM) with [Rb+] (Fig. 2A). It can be seen in Fig. 2B, that
there is a significant amount of ouabain-sensitive ATPase activity in
the absence of Rb+, represented by the parameter aRb0 in Eq. (2), in-
dicating that neither Na+ nor Rb+ are necessary for ATP hydrolysis as
found in previous studies [7,9,10]. In media lacking both Na+ and
Rb+, enzyme's operating mode will be called the X/X-ATPasic cycling
mode as it is not clear whether the enzyme does not transport cations
or if it transports other cations present in the medium, being H+ a
B

Rb+] when Na+ is absent. Media contained 2.5 mM ATP, 0.5 mM free Mg2+, 0.25 mM
total concentration of the last two salts equal to 170 mM. Panel B shows a detail of the
3) and (4) for the best global fitting values of their parameters (see Table 1). The pre-
-ATPasic ( ) modes.



Table 1
Best global fitting values of the parameters present in Eqs. (3) and (4) to the results
shown in Fig. 2.

Parameter Value±SE Units

oRb1 0.04262±0.00081 mol Rb+/mol Ez
oRb2 0.51±0.17 mol Rb+/mol Ez
oRb3 1.90±0.13 mol Rb+/mol Ez
KRb1 0.00352±0.00014 mM
KRb2 2.63±0.83 mM
KRb3 2.54±0.52 mM
aRb0 0.120±0.017 mol Pi/(mol Ez·s)
aRb1 0.275±0.014 mol Pi/(mol Ez·s)
aRb2 0.168±0.039 mol Pi/(mol Ez·s)

Table 2
Best fitting values of the parameters present in Eq. (5). Parameters oRb1, Mg=0 and
oRb2, Mg=0 were fixed to 1 and 2 respectively because studies on occlusion of Rb+

through the direct route [29] show that all enzyme species with occluded Rb+ (one
or two cations) are detected and all the species with bound (and not occluded) Rb+

are negligible.

Parameter Value±SE Units

oRb1, Mg=0 1 mol Rb+/mol Ez
oRb2, Mg=0 2 mol Rb+/mol Ez
KRb1, Mg=0 1.474±0.095 mM
KRb2, Mg=0 0.452±0.079 mM
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possible candidate [11,13–15]. Structural basis for the binding of H+

to the transport sites, both from the cytoplasmic side [25] and from
the extracellular side [26] were recently found through the analysis
of the crystal structure of the Na+/K+-ATPase.

The steady-state level of occluded Rb+ increases with the concen-
tration of the cation along a curve that can be described as the sum of
two components, one hyperbolic and the other sigmoid. The hyper-
bolic component (better seen on panel B of Fig. 2) has high affinity
(K1/2≅0.004 mM) and small amplitude (about 2% of the value of
occluded Rb+ when [Rb+] tends to infinity), and is correlated with
the increase in ATPase activity. On the other hand, the sigmoid com-
ponent has low affinity (K1/2≅3 mM) and large amplitude (around
2 mol Rb+/mol Ez, i.e. the maximum value for occluded Rb+), and
is correlated with the decrease in ATPase activity. The sigmoid com-
ponent is likely due to the occlusion of Rb+ through the direct route
since, if Rb+ competes by binding to the enzyme available for phos-
phorylation, ATPase activity should decrease.

Nevertheless, as occluded-Rb+ speciesmediate the transport of Rb+

[27,28], the correlation between the hyperbolic component of occluded
Rb+ and the increase in ATPase activity seen at low Rb+ concentrations
(Fig. 2B), suggests that the enzyme is transporting Rb+ even in the ab-
sence of Na+. This would be related to a cycling mode similar to the
physiological one, which can be called the X/Rb+-ATPasic cycling mode,
where Na+ ions are replaced by some other cations, including Rb+ as
a possible candidate. This interpretation is reinforced by the fact that
when Mg2+ (an essential cofactor for the enzymatic hydrolysis of
ATP) is omitted from the reactionmedia this hyperbolic component dis-
appears (Fig. 3), and Rb+ occlusion takes place only through the direct
route.

It is worth to mention that the sigmoidal component of occluded
Rb+ observed after the completion of the hyperbolic one starts with a
slope that is significantly lower than that obtained in the absence of
A B

Fig. 3. Effect of omitting Mg2+ on occluded Rb+ levels. Media composition is the same
as the one described in Fig. 2 except for the omission of Mg2+ (●). The results shown
here for Mg2+-containing media (◯) are the same as those in Fig. 2. The dashed line is
the plot of Eq. (5) for the parameter values that gave the best fit (see Table 2).
Mg2+ (Fig. 3A). This agrees with results obtained in equilibrium
indicating that despite one Mg2+ and one Rb+ ions can be simulta-
neously bound to the enzyme, this Rb+ cannot become occluded [29].
In contrast, in the absence of Mg2+ a nonzero slope is observed at low
[Rb+] (filled circles in Fig. 3B) which is explained by the occlusion of
one cation. Besides, as the curve of Rbocc vs. [Rb+] obtained in the pres-
ence of Mg2+ can reach the maximum possible level of 2 Rb+ per
enzyme unit (see Table 1), and that for [Rb+] above 0.1 mM the values
of results obtained in the absence of Mg2+ are greater than in its pres-
ence (Fig. 3A) it can be concluded that the apparent affinity for Rb+ is
higher in the absence of the divalent cation. This also agrees with previ-
ous studies of the direct route of occlusion showing that Mg2+ is
displaced from the enzyme in a competitive manner by the binding
(and the subsequent occlusion) of a second Rb+ ion [29].

The following empirical equation adequately describes the results
obtained whenMg2+ is omitted from the reactionmedia (parameters
values are given in Table 2):

OccMg¼0 Rbþ
h i� �

¼
oRb1;Mg¼0 �

Rbþ
� �

KRb1;Mg¼0
þ oRb2;Mg¼0 �

Rbþ
� �2

KRb1;Mg¼0 � KRb2;Mg¼0

1þ Rbþ
� �

KRb1;Mg¼0
þ Rbþ

� �2
KRb1;Mg¼0 � KRb2;Mg¼0

ð5Þ

Unlike Eq. (4), Eq. (5) is a second-order rational function of [Rb+],
which is consistent with the binding and occlusion of one or two Rb+

ions that, due to the absence of Mg2+, has to occur in equilibrium
conditions.

The results described above demonstrate that there is occlusion of
Rb+ due to a cycling mode that takes place in the absence of Na+.

3.2. Parallel measurements of ATPase activity and steady-state levels of
phosphoenzyme as a function of [Na+] in Rb+-free media

Fig. 4 shows the dependence of ATPase activity and steady-state
levels of phosphoenzyme (EP) on [Na+], in media lacking congeners
of K+.

ATPase activity decreases (K1/2≅0.2 mM) and then increases con-
tinuously with [Na+], without showing signs of saturation at the
maximum [Na+] tested. EP steady-state levels start from a nonzero
value and exhibit a high affinity (K1/2≅0.3 mM) sigmoid increase
with [Na+], which is followed by a low affinity decrease. It is worth
mentioning that despite EP determinations were performed at
0.02 mM ATP while 2.5 mM were employed in ATPase activity mea-
surements, results should be comparable since in the absence of K+

the KM for the hyperbolic increase in EP levels with [ATP] equals
0.16 μM [21,30,31].

It should be stressed that in media lacking both Na+ and Rb+, en-
zyme phosphorylation depends strongly on the buffer composition. It
has been previously shown by Schuurmans Stekhoven et al. [32] that
increasing concentrations of imidazole-H+ lead to higher EP levels.



A B

Fig. 4. Dependence of ATPase activity (△) and phosphoenzyme (EP) (□) steady-state levels on [Na+] when Rb+ is absent. Measurements were performed in media containing 2.5 or
0.02 mM ATP for ATPase activity or EP steady-state levels, respectively, enough MgCl2 to obtain 0.5 mM free Mg2+, 0.25 mM EDTA, 25 mM imidazole-HCl and different concentrations
of NaCl and CholineCl (being the total concentration of the last two salts equal to 170 mM). The continuous lines are plots of the empirical Eqs. (6) and (7), for the best globalfitting values
of their parameters (see Table 3). The predominant cycling mode is indicated at the top of each chart: X/X-ATPasic mode ( ) and Na+/Na+-ATPasic mode ( ).
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The continuous lines shown in Fig. 4 are the plot of the following
empirical equations describing ATPase activity (v) and EP levels for
the parameters values given in Table 3:

v Naþ
h i� �

¼

aNa0 þ aNa3 �
Naþ
� �3

KNa1 � KNa2 � KNa3
þ

þaNa4 �
Naþ
� �4

KNa1 � KNa2 � KNa3 � KNa4
þ aNa5 �

Naþ
� �5

KNa1 � KNa2 � KNa3 � KNa4 � KNa5

1þ Naþ
� �
KNa1

þ Naþ
� �2

KNa1 � KNa2
þ Naþ

� �3
KNa1 � KNa2 � KNa3

þ

þ Naþ
� �4

KNa1 � KNa2 � KNa3 � KNa4
þ Naþ

� �5
KNa1 � KNa2 � KNa3 � KNa4 � KNa5

ð6Þ

EP Naþ
h i� �

¼
eNa0 þ eNa1 �

Naþ
� �
KNa1

þ eNa2 �
Naþ
� �2

KNa1 � KNa2
þ eNa3 �

Naþ
� �3

KNa1 � KNa2 � KNa3

1þ Naþ
� �
KNa1

þ Naþ
� �2

KNa1 � KNa2
þ Naþ

� �3
KNa1 � KNa2 � KNa3

þ

þ Naþ
� �4

KNa1 � KNa2 � KNa3 � KNa4
þ Naþ

� �5
KNa1 � KNa2 � KNa3 � KNa4 � KNa5

ð7Þ

where the aNai's and eNai's are coefficients with units of activity and
phosphoenzyme level, respectively, and KNai's are apparent dissociation
constants expressed in mM. As before, note that ATPase activity and EP
steady-state levels share the same denominator.

The small but significant amount of EP observed at null [Na+]
(Fig. 4B), indicates that the X/X-ATPasic cycling mode also involves
the formation of phosphorylated intermediates, and agrees with pre-
vious studies [15,32].

The decrease in ATPase activity observed when [Na+] increases
from 0 to 0.2 mM is not accompanied by significant variations on EP
Table 3
Best globalfitting values of the parameters present in Eqs. (6) and (7) to the results shown
in Fig. 4. The precise values for the parameters aNa4, KNa4 and KNa5 cannot be determined
because of the relatively high value of KNa4when compared to themaximum [Na+] tested.

Parameter Value±SE Units

eNa0=eNa1=eNa2 0.1230±0.0067 mol EP/mol Ez
eNa3 0.9730±0.0075 mol EP/mol Ez
KNa1=KNa2 0.78±0.12 mM
KNa3 0.072±0.017 mM
KNa5·KNa4 59,244±17,539 mM2

aNa0 0.111±0.019 mol Pi/(mol Ez·s)
aNa3 0.0432±0.0096 mol Pi/(mol Ez·s)
aNa4/KNa4 0.00197±0.00086 mol Pi/(mol Ez·s·mM)
aNa5 2.05±0.47 mol Pi/(mol Ez·s)
steady-state levels (see Fig. 4B). A possible explanation for this is
that Na+ decreases the rates of both phosphorylation and dephos-
phorylation of the X/X-ATPasic cycling mode to a similar extent.

As shown in Fig. 4B, the increase in EP levels over the Na+ concen-
tration range of 0–2 mM is sigmoid and takes place at lower Na+ con-
centrations than those necessary to stimulate the ATPase activity. The
sigmoid increase in EP levels is consistent with the assumption that
the rate of enzyme phosphorylation significantly increases only
when the high-affinity transport sites for Na+ are fully occupied.
The high EP levels achieved (almost all the enzyme is phosphorylated
when [Na+] ranges 2-15 mM) indicates that, under these conditions,
ATPase activity is significantly limited by the effective rate of dephos-
phorylation. This does not necessarily mean that the dephosphoryla-
tion reaction is itself slow but that the low affinity for sodium of the
sites in E2P does not allow the formation of significant amounts of
the reactive complex.

The continuous increase in ATPase activity observed at high [Na+]
shows a good correlation with the mild decrease of EP levels. This
agrees with previous works showing that dephosphorylation can be
promoted by Na+ but with a much lower affinity than that for en-
zyme phosphorylation [33,34]. The results are also consistent with
studies on Na+ fluxes mediated by the pump [12,35], where it is
shown that net hydrolysis of ATP is coupled to the exchange of Na+i

for Na+e, the latter behaving like K+
e but with much lower affinity.

This operating mode of the enzyme is known as the Na+/Na+-ATPasic
cycling mode.

It is of particular relevance to observe that the increase in EP levels
with [Na+] over the concentration range of 0.2–2 mM lies on the
term containing eNa3 in Eq. (7). The Albers–Post model poses that en-
zyme phosphorylation is greatly promoted by the simultaneous bind-
ing of three Na+ with high affinity to intracellular transport sites in
E1ATP. Under the assumption that the rapid equilibrium condition
is not fulfilled, binding of Na+ cannot occur at random, since in this
case the numerator of Eq. (7) for EP would require terms with [Na+]
raised to powers higher than three (see for instance [36]). The simulta-
neous low-affinity binding of two Na+e (mimicking K+) promotes
enzyme dephosphorylation, which is the rate limiting step when Rb+

is absent [33]. The low-affinity decrease in EP levels and increase in
ATPase activity with [Na+] is described by the terms containing [Na+]
to the fourth and fifth powers (Eqs. (6) and (7)), i.e. not more than
two powers higher than the three used in the description of enzyme
phosphorylation. Therefore, the binding of Na+ to their two extracellu-
lar transport sites cannot take place at random unless rapid equilibrium
conditions are met.

In addition, our results suggest that the rate of spontaneous de-
phosphorylation of the phosphoenzyme formed in the absence of



Table 5
Best global fitting values for the parameters of the model presented in Fig. 5. SE values
were omitted as they were higher than the values of their corresponding parameters.
High values of SE are expected to occur due to a high correlation between the param-
eters of the model.

Parameter Value Units

kocc 500a s−1

kdeocc 10.53b s−1

k2na3 200a s−1

k2 0.310 s−1

k2rb 0.251 s−1

k4X 1.09 s−1

k4Xrb 9.72 s−1

k5X 0.259 s−1

k5Xrb 5.30 s−1

k4N 0.0459 s−1

k4Nna 1.78 s−1

k4Nna2 4.45 s−1

k5Nna2 3.79 s−1

KT10 0.255 mM
KT20 0.469 mM
KT30 482 mM
KT01 0.746 mM
KT02 138 mM
KX10 0.522 mM
KX01 0.0194 mM
KN10 979 mM
KN20 99 mM

a Fixed according to values proposed by Heyse et al. [37].
b Measured in our laboratory (SE=0.43 s−1).

Fig. 5. A minimal model that reproduces the results. Each box represents a rapid equi-
librium segment, that is, a set of reaction intermediates (shown in Fig. 6) under rapid
equilibrium conditions. k's are rate constants and f's are fractional concentrations for
the reaction intermediate involved in a given step (see Table 4). Intermediates corre-
sponding exclusively to the X/X-ATPase cycle (upper part of the scheme) are the
phosphoenzyme EXP and the dephosphoforms EX, while the normal phosphoenzyme
formed in Na+-containing media (lower part of the scheme) is denoted ENP. Occluded
cations are shown between parentheses, and equilibrium segments E1ATP, ENP and EXP
(displayed in detail in Fig. 6) are included in “boxes”. The dashed arrow represents a reac-
tion step that belongs to the Na+/Rb+-ATPasic cycling mode and was not considered be-
cause sodium and rubidium were never simultaneously present under the conditions
tested.

1379J.L.E. Monti et al. / Biochimica et Biophysica Acta 1828 (2013) 1374–1383
Na+ is higher than that for the phosphoenzyme formed with Na+.
This can be inferred from the fact that dephosphorylation is an irre-
versible reaction (due to the absence of Pi) and therefore the ATPase
activity should equal the product between EP and the apparent rate
constant of dephosphorylation, i.e. v=EP×kdephos. When Na+ is ab-
sent, v is 0.10 mol Pi/(mol Ez·s) and EP is 0.13 mol EP/mol Ez, and
therefore kdephos;½Naþ�¼0 is 0.77 s−1. On the other hand, when [Na+]
is 2 mM, we can assume that almost all EP present is formed upon
the simultaneous binding of three Na+ to E1ATP and that ATPase ac-
tivity is mainly limited by the rate of spontaneous dephosphorylation.
Under this condition, v is 0.05 mol Pi/(mol Ez·s) and EP is 0.91 mol
EP/mol Ez, which gives kdephos;½Naþ�¼2mM =0.055 s−1, i.e. a value 10
times smaller than that of kdephos;½Naþ�¼0. Therefore, it can be concluded
Table 4
Meaning of the coefficients present in the model shown in Fig. 5.

Coefficient Meaning

fT [E1ATP]/denomT

fTrb [E1ATPRb+]/denomT

fTrb2 [E1ATPRb+2]/denomT

fTna3 [E1ATPNa+3]/denomT

denomT E1ATP½ � þ E1ATPRbþ� �þ E1ATPRbþ
2

� �þ
þ E1ATPNaþ
� �þ E1ATPNaþ2

� �þ E1ATPNaþ3
� �

fX [EXP]/denomX

fXrb [EXPRb+]/denomX

denomX [EXP]+[EXPNa+]+[EXPRb+]
fN [ENP]/denomN

fNna [ENPNa+]/denomN

fNna2 [ENPNa+2]/denomN

denomN [ENP]+[ENPNa+]+[ENPNa2+]
that the phosphoenzyme formed in the absence of Na+ is different
from the one formed after the binding of three Na+.

3.3. A minimal model

Fig. 5 shows a minimal model that adequately describes the
results (see continuous lines in Fig. 7; best fitting values for the pa-
rameters are listed in Table 5). Reaction intermediates within a
rapid equilibrium segment are grouped (see [19]) and included into
a box. Intermediates within each box are explicitly shown in Fig. 6,
and their fractional concentrations, fi, are defined in Table 4. The
steady-state levels of states E1 and E2(Rb+

2) with no ATP bound
were considered to be negligible because of the saturating ATP
concentrations employed in the determinations. Enzyme phosphory-
lation and dephosphorylation were considered irreversible due to the
absence of ADP and Pi, respectively, in the reaction media. As the
distinction between E1P and E2P is not required for reproducing the
results, these species were lumped together into a single entity,
ENP, i.e. E1P+E2P. ENP represents the phosphoenzyme formed
upon the binding of three Na+ ions to E1ATP.

According to the model:

• When Na+ and Rb+ are absent, the X/X-ATPasic cycling mode in-
volves the formation of a phosphorylated intermediate different
from ENP that we designate as EXP.

• Small increments in [Rb+] give rise to the X/Rb+-ATPasic cycling
mode, which involves the formation of the occluded-Rb+ interme-
diate EX(Rb+).

• Higher [Rb+] inhibits ATPase activity with occlusion of Rb+ through
the direct route, leading to an increasing accumulation of E2(Rb+

2)
ATP.

• On the other hand, small increments in [Na+] inhibit the X/
X-ATPase activity by lowering the rate of EXP formation. This effect
is mainly exerted by the high affinity binding of one or two Na+ to
E1ATP (lowering fT, see Table 4 and Fig. 6).

• Na+ also inhibits EXP dephosphorylation with high affinity (by
lowering fX, see Table 4 and Fig. 6), in such a way that EXP levels



Fig. 6. Intermediates considered in the rapid equilibrium segments. Ki's are apparent equilibrium constants. Intermediates with sodium and rubidium simultaneously bound were
not considered because they cannot be formed under the experimental conditions tested.

Table 6
Values of the coefficients in model Eqs. (8) and (9) calculated according to Table A
(supplementary material) from the best global fitting values in Table 5.

Parameter Value±SE Units

ΩRb1 0.0533±0.0015 mol Rb+/mol Ez
ΩRb2 0.045±0.020 mol Rb+/mol Ez
ΩRb3 1.961±0.096 mol Rb+/mol Ez
κRb1 0.00492±0.00026 mM
κRb2 0.76±0.18 mM
κRb3 2.91±0.38 mM
αRb0 0.125±0.021 mol Pi/(mol Ez·s)
αRb1 0.283±0.022 mol Pi/(mol Ez·s)
αRb2 0.233±0.034 mol Pi/(mol Ez·s)
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do not change significantly with [Na+] below 0.15 mM.
• Higher [Na+] lead to the fast formation of ENP upon the simulta-
neous binding of the three transported Na+ to E1ATP. Although
the enzyme rate of phosphorylation is significantly increased, ENP
spontaneous rate of dephosphorylation is very low, as well as the
ATPase activity.

• The low affinity binding of two Na+ to ENP (mimicking K+), in-
creases its rate of dephosphorylation leading to an increase in
ATPase activity and a mild decrease in EP levels.

The model shown in Fig. 5 gives the following rational functions of
[Na+] and [Rb+]:

vMODEL Rbþ
h i� �

¼
αRb0 þ αRb1 �

Rbþ
� �
κRb1

þαRb2 �
Rbþ
� �2

κRb1 � κRb2
1þ Rbþ

� �
κRb1

þ Rbþ
� �2

κRb1 � κRb2
þ Rbþ

� �3
κRb1 � κRb2 � κRb3

ð8Þ

OccMODEL Rbþ
h i� �

¼
ΩRb1 �

Rbþ
� �
κRb1

þΩRb2 �
Rbþ
� �2

κRb1 � κRb2
þΩRb3 �

Rbþ
� �3

κRb1 � κRb2 � κRb3
1þ Rbþ

� �
κRb1

þ Rbþ
� �2

κRb1 � κRb2
þ Rbþ

� �3
κRb1 � κRb2 � κRb3

ð9Þ

vMODEL Naþ
h i� �

¼

αNa0 þαNa1 �
Naþ
� �
κNa1

þαNa2 �
Naþ
� �2

κNa1 � κNa2
þαNa3 �

Naþ
� �3

κNa1 � κNa2 � κNa3
þ

þαNa4 �
Naþ
� �4

κNa1 � κNa2 � κNa3 � κNa4
þαNa5 �

Naþ
� �5

κNa1 � κNa2 � κNa3 � κNa4 � κNa5
1þ Naþ

� �
κNa1

þ Naþ
� �2

κNa1 � κNa2
þ Naþ

� �3
κNa1 � κNa2 � κNa3

þ

þ Naþ
� �4

κNa1 � κNa2 � κNa3 � κNa4
þ Naþ

� �5
κNa1 � κNa2 � κNa3 � κNa4 � κNa5

ð10Þ
EPMODEL Naþ
h i� �

¼

εNa0 þ εNa1 �
Naþ
� �
κNa1

þ εNa2 �
Naþ
� �2

κNa1 � κNa2
þ εNa3 �

Naþ
� �3

κNa1 � κNa2 � κNa3
þ

þεNa4 �
Naþ
� �4

κNa1 � κNa2 � κNa3 � κNa4
þ εNa5 �

Naþ
� �5

κNa1 � κNa2 � κNa3 � κNa4 � κNa5
1þ Naþ

� �
κNa1

þ Naþ
� �2

κNa1 � κNa2
þ Naþ

� �3
κNa1 � κNa2 � κNa3

þ

þ Naþ
� �4

κNa1 � κNa2 � κNa3 � κNa4
þ Naþ

� �5
κNa1 � κNa2 � κNa3 � κNa4 � κNa5

ð11Þ
The meaning of the coefficients present in model equations is

given in the supplementary material (Tables A and B) and their values
are listed in Tables 6 and 7.

According to the model, the coefficients αNa0 (which is identical
toαRb0) and εNa0 are exclusively given by the X/X-ATPasic cyclingmode.

Empirical equations that describe the results obtained as a func-
tion of [Rb+] in the absence of Na+ (Eqs. (3) and (4)) contain the
same polynomial terms as those present in the model equations
(Eqs. (8) and (9)). The coefficients αRb1 and ΩRb1 account for the high-
affinity increase observed in both ATPase activity and occluded-Rb+

levels, respectively. They mainly express the cycling mode where the
intermediate E1ATP is converted into EXP, which regenerates E1ATP
after the binding and occlusion of Rb+. In addition, the model poses
that the binding of one Rb+ to E1ATP, with low apparent affinity, does



Table 7
Values of the coefficients in model Eqs. (10) and (11) calculated according to Table B
(supplementary material) from the best global fitting values in Table 5. When omitted,
SE was higher than its parameter value. High values of SE are expected to occur due to a
high correlation between parameters.

Parameter Value±SE Units

εNa0 0.115±0.019 mol EP/mol Ez
εNa1 0.12 mol EP/mol Ez
εNa2 0.0026 mol EP/mol Ez
εNa3 0.995±0.050 mol EP/mol Ez
εNa4 0.90 mol EP/mol Ez
εNa5 0.45 mol EP/mol Ez
κNa1 0.54 mM
κNa2 0.53 mM
κNa3 0.11 mM
κNa4 880 mM
κNa5 50 mM
αNa0 0.125±0.038 mol Pi/(mol Ez·s)
αNa1 0.0027 mol Pi/(mol Ez·s)
αNa2 0.000036 mol Pi/(mol Ez·s)
αNa3 0.046 mol Pi/(mol Ez·s)
αNa4 1.6 mol Pi/(mol Ez·s)
αNa5 2.0 mol Pi/(mol Ez·s)
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not prevent the formation of EXP. Otherwise, a significant lack of fit of
the model would be observed, as can be seen with dashed lines in
Fig. 7, panels A and B. It is worth noting that the term containing
[Rb+]2 in numerator of vMODEL([Rb+]) in Eq. (8) is given by these effects
of Rb+ upon its binding to EXP and E1ATP.

For reproducing the results obtained as a function of [Na+] in the
absence of Rb+, the model poses that the binding of one or two Na+
A

C

Fig. 7. Fit of models to the results. The continuous lines are the plot of the equations corresp
dashed lines are the plot of the best fit when the parameter k2rb is made equal to zero. The
high-affinity binding of one Na+.
to E1ATP and one Na+ to EXP prevents both, enzyme phosphoryla-
tion and dephosphorylation. This makes negligible the coefficients
αNa1, αNa2, and αNa3 in Eq. (10) (see Table 7), and explains the de-
crease in ATPase activity observed at low [Na+]. In particular, coeffi-
cients αNa1 and αNa2 are so close to zero, that fitting of the empirical
equation describing ATPase activity as a function of [Na+] (Eq. (6))
is better achieved by setting aNa1=aNa2=0. This effect of Na+ on
EXP and E1ATP also requires the values of coefficients εNa0 and εNa1
in Eq. (11) to be very similar to each other (Table 7), in such a way
that the predicted levels of EP show just a slight increase with
[Na+] ranging from 0 to 0.2 mM. This is in agreement with the best
empirical fit (Eq. (7)), where eNa0, eNa1, and eNa2 in Table 3 have iden-
tical values.

Full occupation of the three intracellular Na+ binding sites (interme-
diate E1ATPNa+3) greatly promotes enzyme phosphorylation (giving
rise to ENP) but is not enough for increasing ATPase activity because the
rate of spontaneous dephosphorylation of ENP is very low, leading to a
near maximum value of εNa3 (see Table 7, and Fig. 7 panels C and D)
and a value of αNa3 lower than that corresponding to αNa0.

It was shown by Beaugé [34] that the rate of enzyme dephosphor-
ylation exhibits a high-affinity decrease and a low-affinity increase
with [Na+]. He suggested that the rate of dephosphorylation of E2P
(see Fig. 1) is inhibited by the binding of a single Na+e with high
affinity and stimulated by the binding of a second Na+e with low
affinity. In his view, the binding of Na+ takes place at external sites
in ENP. An interesting simulation analysis of this possibility and of
its consequences on some partial reactions of the pump was carried
out by Pedemonte [38]. However, although this assumption roughly
reproduces the results (dotted lines in Fig. 7), a considerably better
fit is obtained by posing that these effects of Na+e take place at
B

D

onding to the model in Fig. 5 for the best fitting values of the parameters in Table 5. The
dotted lines are the plot of the best fit when ENP dephosphorylation is inhibited by the
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different phosphoenzyme forms. At [Na+] lower than 0.25 mM, most
of the phosphoenzyme formed is EXP, and the decrease in the dephos-
phorylation rate is attributable to the inhibition of its spontaneous de-
phosphorylation by the high-affinity binding of one Na+ to this
intermediate. At [Na+] higher than 1 mM, most of the phosphoenzyme
formed is ENP, which has two cation binding sites both with very low
affinity for Na+e. The increase in ATPase activity observed at [Na+]
higher than 10 mM is mainly attributable to the stimulation of enzyme
dephosphorylation by the simultaneous binding of two Na+e to ENP.

3.4. Final remarks

We have studied the global functioning of Na+/K+-ATPase by mea-
suring ATPase activity and the steady-state levels of occluded-Rb+ and
EP intermediates. We tested extreme non-physiological conditions to
see the extent at which the Albers–Post model applies, and to quantita-
tively describe the incidence of alternative cycling modes in order to
pose a comprehensive kinetic model.

Despite that alternative models have been proposed, the Albers–
Post model remains as the reference framework for describing the
Na+/K+-ATPase reaction cycle. The most distinct alternative model,
the “bicyclic” model, was developed by Plesner and Plesner [9,10] as
an attempt to explain quantitative inconsistencies found, together
with Nørby and Klodos, between the ATPase activity and the rate of
breakdown of the phosphorylated intermediates of the enzyme [39].
In their model, Plesner and Plesner had to include an additional
“0-ATPase” cycle to explain the ouabain-sensitive ATPase activity ob-
served in the absence of Na+ [10]. They reported [40] that the
0-ATPase activity has a high affinity for ATP (apparent Km=0.4 μM)
and that it was competitively inhibited by ADP (Ki=2.4μM) and by
K+ (Ki=0.9 mM). They show no activation by K+, in contrast with
the activation effects by low Rb+ concentrations obtained in our exper-
iments. It should be pointed out that in their experiments Plesner and
Plesner used an enzyme preparation purified from ox brain, and histi-
dine (30 mM, pH 7.4 at 37 °C) instead of imidazole, and that they
made no attempt to keep the ionic strength constant.

To the best of our knowledge, we show here for the first time di-
rect evidence of Rb+-occlusion due to a cycling mode that takes
place in the absence of Na+. Although it was known that the enzyme
becomes phosphorylated in media lacking Na+ and that buffer imid-
azole (particularly imidazole-H+) increases the steady-state levels
of phosphoenzyme [32] no information was available of whether
this phosphoenzyme could lead to the formation of occluded-Rb+

intermediates. Fedosova and Esmann [41] found evidence against
the possibility that the effects of imidazole-H+ and other buffer
cations are exerted by binding to transport sites and proposed
instead the existence of “nucleotide-domain-related” sites, which
may be multiple.

From the analysis of our results we can also conclude that
the phosphoenzyme formed in the absence of Na+ and the
phosphoenzyme formed with Na+ dephosphorylate with different
rates, strongly suggesting that they are different species.

Finally, our analysis of the best-fitting empirical equations shows
that binding of Na+ to its transport sites during catalysis is either or-
dered or, if it is at random, it must occur in rapid equilibrium. Although
binding of cations to theNa+/K+-ATPase is usually considered as taking
place in rapid equilibrium, thismust be proved since, if thiswere not the
case, the same results could lead to wrong interpretations of the trans-
port mechanism.
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