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ABSTRACT Whole-cell patch-clamp measurements of the current, Ip, produced by the Naþ,Kþ-ATPase across the plasma
membrane of rabbit cardiac myocytes show an increase in Ip over the extracellular Naþ concentration range 0–50 mM. This
is not predicted by the classical Albers-Post scheme of the Naþ,Kþ-ATPase mechanism, where extracellular Naþ should act
as a competitive inhibitor of extracellular Kþ binding, which is necessary for the stimulation of enzyme dephosphorylation
and the pumping of Kþ ions into the cytoplasm. The increase in Ip is consistent with Naþ binding to an extracellular allosteric
site, independent of the ion transport sites, and an increase in turnover via an acceleration of the rate-determining release of
Kþ to the cytoplasm, E2(Kþ)2 / E1 þ 2Kþ. At normal physiological concentrations of extracellular Naþ of 140 mM, it is to
be expected that binding of Naþ to the allosteric site would be nearly saturated. Its purpose would seem to be simply to optimize
the enzyme’s ion pumping rate under its normal physiological conditions. Based on published crystal structures, a possible loca-
tion of the allosteric site is within a cleft between the a- and b-subunits of the enzyme.
INTRODUCTION
The Naþ,Kþ-ATPase is a crucial enzyme of animal physi-
ology. It is responsible for maintaining Naþ and Kþ electro-
chemical potential gradients across the plasma membrane of
the cells of all multicellular animal species. These gradients
are essential for the maintenance of cell volume and for a
variety of physiological processes, e.g., nerve, muscle, and
kidney function.

The mechanism of the enzyme’s complete enzymatic
cycle is generally described by the Albers-Post formalism.
A simplified version of this cycle is shown in Fig. 1. Within
the Albers-Post formalism, Naþ ions bind from the cyto-
plasm to the E1 conformation of the enzyme and, after phos-
phorylation by ATP and conformational relaxation of the
E1P(Naþ)3 state, are released to the extracellular medium
from the E2P conformation. Kþ ions then bind from the
extracellular medium to the E2P conformation, stimulate
dephosphorylation, and are transported to the cytoplasm.
In the E1P(Naþ)3 state, the Naþ ions are enclosed within
the protein and have no direct access to either the cytoplasm
or the extracellular fluid, whereas in the E2P state the trans-
port sites are open to the extracellular fluid.

In the simple scheme outlined in Fig. 1, one would expect
cytoplasmic Naþ ions, by promoting phosphorylation, to
stimulate pump activity. Extracellular Naþ, on the other
hand, would be expected to inhibit the release of Naþ to
the extracellular medium, drive the enzyme from the E2P
conformation back toward the E1P(Naþ)3 conformation,
and compete with Kþ for binding to the E2P state. Because
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Kþ promotes dephosphorylation of the enzyme much more
effectively than Naþ, any decrease in the occupation of the
sites on E2P by Kþ would slow down the dephosphorylation
step of the cycle. Thus, based on the simple version of the
Albers-Post cycle shown in Fig. 1, one would predict that
extracellular Naþ ions should inhibit turnover. However,
in earlier work on purified Naþ,Kþ-ATPase in native mem-
brane fragments, we discovered (1) a stimulation of the
enzyme’s rate-determining E2 / E1 transition by Naþ,
which could not be explained by this scheme.

The Naþ-induced stimulation of the E2 / E1 transition
could only be explained by Naþ binding to the E2 state
before the enzyme undergoes the transition to the E1 state.
Based on steady-state activity studies of the effect of
the Naþ concentration on vanadate inhibition, Sachs (2)
concluded that cytoplasmic Naþ does not bind to the trans-
port sites of the protein before the release of Kþ. In the
E2(Kþ)2 state, the K

þ ions are occluded within the protein,
with no access of the transport sites to the cytoplasm. There-
fore, the Naþ ions, which stimulate the E2/ E1 transition,
cannot be the same ones that bind in exchange for Kþ on the
cytoplasmic face of the protein once the enzyme has already
undergone its transition to the E1 state.

Although it appeared likely that the acceleration of the
E2 / E1 transition was due to Naþ acting from the extra-
cellular face of the protein, no definite conclusion could be
reached regarding the side of action, because the experi-
ments were conducted using open membrane fragments
with simultaneous access of Naþ to both faces of the
protein. Nevertheless, based on kinetic measurements on
Naþ,Kþ-ATPase reconstituted into lipid vesicles, a number
of authors have supported the presence of a Naþ allosteric
site with access from the extracellular medium (3–5). The
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FIGURE 1 Simplified representation of the Albers-Post scheme

describing the Naþ,Kþ-ATPase catalytic cycle. Step 1: Binding of three

Naþ ions from the cytoplasm, phosphorylation by ATP, and occlusion of

Naþ within the protein. Step 2: Conformational change of the phosphory-

lated protein releasing the Naþ ions to the extracellular medium. Step 3:

Binding of two Kþ ions from the extracellular medium, occlusion of Kþ

within the protein, and dephosphorylation. Step 4: Conformational change

of the unphosphorylated protein releasing Kþ ions to the cytoplasm.
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site appears, however, to not be very specific for Naþ, with
many buffer cations also exhibiting a Naþ-like action in
stabilizing the E1 conformation relative to the E2 conforma-
tion (5–14).

The purpose of this study was to investigate the effect of
the Naþ allosteric site on Naþ,Kþ-ATPase activity in car-
diac myocytes. In particular, we aimed to determine from
which side of the protein the ions are acting in this cellular
system. Furthermore, now that three-dimensional crystal
structural information on the Naþ,Kþ-ATPase is available
(15–20), it is possible to consider where the Naþ allosteric
site within the protein might be.
MATERIALS AND METHODS

Cells

Ventricular myocytes were isolated from male White New Zealand rabbits.

Details of the anesthesia, excision of the heart, and cell isolation techniques

have been described previously in Hool et al. (21). Myocytes were used on

the day of isolation only and were stored at room temperature in Krebs-

Henseleit buffer solution.
Measurement of electrogenic NaD-KD pump
current (Ip)

Wemeasured currents (arising from the 3:2Naþ:Kþ exchange ratio) in single

myocytes using the whole-cell patch-clamp technique. The composition of

the patch-pipette solutions perfusing the intracellular compartment were de-

signed to take into account features of Naþ-Kþ pump kinetics. The solution

included 20mMNaþ, a concentration higher than physiological intracellular
levels, to obtain a substantialKþ activated current at 24�C.Wide-tipped patch

pipettes (4–5 mm) were filled with solutions containing HEPES 5 mM;

MgATP 2; EGTA (ethylene glycol-bis(b-aminoethyl ether)-n,n,n0,n0-tetra-
acetic acid 5 mM; and TMA-Cl (potassium glutamate 70 mM, sodium gluta-

mate 20 mM, and tetramethylammonium chloride) 70 mM. They were

titrated to a pH of 7.2 at 24�C with KOH. In some experiments Naþ and

Kþ concentrations were varied in the pipette solution, and the concentration

of TMA-Cl was adjusted accordingly to maintain a constant osmolarity.
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While we were establishing the whole-cell configuration, myocytes were

superfused with solution containing NaCl 140 mM; KCl 5.6 mM; CaCl2
2.16 mM; MgCl2 1 mM; glucose 10 mM; NaH2PO4 0.44 mM; and HEPES

10 mM. It was titrated to a pH of 7.4 at 24�C with NaOH. Two-to-three

minutes after the whole-cell configuration was established, we switched

to a superfusate that was designed to minimize non-pump membrane cur-

rents by blocking current arising from transmembrane Kþ and Ca2þ gradi-

ents. It was nominally Ca2þ, Kþ-free and contained 0.2 mM CdCl2 and

2 mM BaCl2. Unless otherwise indicated, the solution contained 7 mM

KCl. The Kþ-dependent shift in holding current was used to identify Ip.

Control experiments using Naþ free patch-pipette solutions to eliminate

pump currents indicated that there were no residual Kþ-induced membrane

currents at the holding potential of �40 mV used.

Wemeasured Ip usingNa
þ concentrations in the superfusate ranging from

0 to 140 mM. We included n-methyl-D-glucamine to compensate for

changes in the Naþ concentration and hence maintain the osmolarity of

the extracellular solution. In experiments performed to measure the cur-

rent-voltage (I/V) relationship, Ip was identified as the shift in holding-cur-

rent induced by Naþ-Kþ pump blockade with 200 mM ouabain. Holding

currents were recorded during voltage steps of 5 s duration in 20-mV incre-

ments to test potentials from �100 to þ40 mV. Recordings were averaged

from three applications of thevoltage-clampprotocol and the holding current

was taken as the mean value of currents sampled with an electronic cursor.

All experiments were performed at a temperature of 24�C, maintained

with automatic temperature controllers and in-line heaters (Warner Instru-

ments, Hamden, CT). TMA-Cl and n-methyl-D-glucamine were purum

grade, obtained from Fluka Chemicals (Buchs, Switzerland). All other

chemicals used in solutions were analytical grade and obtained from

BDH Chemicals (VWR International, Murarrie, Australia).

We used Axoclamp 2A and 2B voltage-clamp amplifiers, supported by

pCLAMP Ver. 7 and AxOTAPE Ver. 2 (Axon Instruments, Grand Terrace,

CA) to record currents. Currents were identified as the difference between

holding currents with and without 7 mM extracellular Kþ, sampled at 20 Hz

before and after Naþ-Kþ pump activation.
Statistical analysis

The experimental results are expressed as the means5 SD Student’s t-tests

for unpaired data, which were used for the comparison of the mean levels

of Ip. The Wilcoxon ranked-sum test was used to compare the means of

the I/V curves.
Pump current simulations

Computer simulations of the experimental steady-state pump current

were performed using the commercially available program Berkeley

MADONNAVer. 8.0 (http://www.berkeleymadonna.com/) and the variable

step-size Rosenbrock integration method for stiff systems of differential

equations. The simulations yielded the time course of the concentration

of each enzyme intermediate involved, the outward current, and the amount

of charge transported. For the purposes of the simulations, each enzyme in-

termediate was normalized to a unitary concentration and the enzyme was

assumed arbitrarily to be initially in the E1 state. Each simulation was then

carried out until the distribution between the different enzyme states no

longer changed and the outward current reached a constant value.
RESULTS

Steady-state pump current measured via the
whole-cell patch-clamp technique

Typical whole-cell current recordings are shown in Fig. 2.
The steady-state Ip produced by the Naþ,Kþ-ATPase in

http://www.berkeleymadonna.com/


FIGURE 2 Whole-cell current recordings. Kþ-sensitive membrane cur-

rents recorded in extracellular solutions that were Naþ-free or contained

50 or 140 mM Naþ. Pipette solutions included 20 mM Naþ and 80 mM

Kþ. The membrane capacitance (Cm) is included for each recording for

comparison. (Arrow in each recording) Point at which the cardiomyocyte

was exposed to Kþ-free superfusate; before this point the superfusate

included 7 mM Kþ.
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FIGURE 3 Dependence of the Naþ,Kþ-pump current of cardiac myo-

cytes (Ip) normalized to the membrane capacitance, on the extracellular

Naþ concentration. Pipette solutions included 20 mM Naþ and 80 mM

Kþ. Extracellular solutions included 7 (solid symbols) or 15 mM Kþ (the

latter at 50 and 140 mM extracellular Naþ only). Other experimental con-

ditions were [ATP] ¼ 2 mM, V ¼ �40 mV, and T ¼ 24�C, pH 7.2.
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voltage-clamped myocytes as a function of the extracellular
Naþ concentration is shown in Fig. 3. There is an increase in
Ip with increasing extracellular Naþ concentration over the
range 0–50 mM. With an increase in the Naþ concentration
of the pipette solution above 80 mM there was no significant
difference in Ip at 0 vs. 50 mM extracellular Naþ (Ip ¼
0.87 5 0.1 pA/pF, n ¼ 6, vs. Ip ¼ 0.92 5 0.12 pA/pF,
n ¼ 6, P ¼ 0.76). We also performed experiments in which
we maintained the Naþ concentration in pipette solutions at
20 mM but eliminated Kþ, which was replaced with TMA-
Cl. With elimination of Kþ in the pipette solution there was
no significant difference in Ip at 0 vs. 50 mM extracellular
Naþ (Ip ¼ 1.12 5 0.12 pA/pF, n ¼ 5, vs. Ip ¼ 1.28 5
0.09 pA/pF, n ¼ 5, P ¼ 0.31).

Because the Kþ-sensitive current that identifies Ip in this
work can be affected by competition between Kþ and Naþ

to pump-binding sites, we performed additional experiments
using a high extracellular Kþ concentration of 15 mM.
Experiments using this Kþ concentration were performed
using Naþ concentrations of 50 or 140 mM. Because the
extracellular transport sites are expected to be completely
saturated by Kþ at an extracellular Kþ concentration of
7 mM (see later in text) in the absence of extracellular
Naþ, additional experiments at 15 mM extracellular Kþ

were not performed in the Naþ-free superfusates. Mean Ip
for experiments using 15 mM Kþ have been included in
Fig. 3. The Kþ-dependent increase between currents re-
corded at 0 and 50 mM extracellular Naþ was also signifi-
cant when 15 mM Kþ was used at the higher Naþ

concentration. The decrease in Ip that occurred when the
extracellular Naþ concentration was increased further to
140 mM appeared qualitatively similar to the decrease
that occurred when 7 mM Kþ was used in the superfusate.

We examined whether the difference in Ip recorded in
Naþ-free extracellular solutions and solutions containing
50 mM Naþ arose from a voltage-dependent step in the
pump cycle. Myocytes were voltage-clamped using Naþ

and Kþ concentrations of 20 and 80 mM, respectively, in
the patch-pipette solutions. The extracellular Kþ concentra-
tion was 7 mM. To eliminate any contamination of the small
Naþ-Kþ-pump currents that might arise from voltage-
dependent, inwardly rectifying Kþ-activated Kþ channels
despite use of 2 mM Ba2þ in the superfusate, we used
200 mM ouabain to inhibit the Naþ-Kþ pump. Ouabain in
this concentration causes near-complete pump blockade in
rabbit cardiac myocytes (21). Holding currents were re-
corded before and after exposure to ouabain (22). An
example of holding currents used to derive the voltage
dependence of pump currents is shown in Fig. 4 A. Results
of all experiments in Naþ-free solutions and solutions con-
taining 50 mM Naþ are summarized in Fig. 4 B. The cur-
rents recorded in solutions containing 50 mM Naþ were
significantly larger than currents in Naþ-free solutions
(P < 0.01). To examine whether there was a difference in
Biophysical Journal 105(12) 2695–2705
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FIGURE 4 Voltage dependence of the Naþ,Kþ-pump current at 0 and

50 mM extracellular Naþ. (A) Examples of holding currents before (solid

trace) or after (shaded trace) exposure of a myocyte to 200 mM ouabain.

Pipette solutions included 20 mM Naþ and 80 mM Kþ. The holding poten-
tial was stepped from �40 to �100 mV at the beginning of the traces and

then in 20-mV increments toþ40 mVat the end of the traces before return-

ing to �40 mV. Ip at each potential was identified as the difference in cur-

rent recorded before and after exposure to ouabain. (B) Voltage dependence

of mean Ip at either 50 mM (-) or 0 mM extracellular Naþ (A). Currents

recorded at 0 mM extracellular Naþ were significantly larger than currents

at 0 mMNaþ (Wilcoxon’s replicate rank-sum test). (C) Mean Ip normalized

to Ip recorded at 0 mV. Voltage dependence of the normalized currents was

not statistically significant (P ¼ 0.21, Wilcoxon’s replicate rank-sum test).
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voltage dependence at 0 and 50 mM extracellular Naþ, we
normalized currents at the different holding potentials to
the current recorded at 0 mV (Fig. 4 C). The normalized
data did not support the hypothesis that the difference in
Ip between 0 and 50 mM extracellular Naþ is voltage-depen-
dent (P ¼ 0.21).

The increase in the enzyme’s pump activity with 20 mM
Naþ in the patch-pipette solution with an increase in the
extracellular Naþ concentration is not predicted by the
simple Albers-Post scheme shown in Fig. 1, in which only
Biophysical Journal 105(12) 2695–2705
transport sites for Naþ and Kþ are considered. Based on
this scheme, the only effect one would expect is an inhibi-
tion by extracellular Naþ. Extracellular Naþ is expected to
compete with extracellular Kþ ions at the transport sites
on the E2P conformation.

The coupled equilibria describing the competition be-
tween extracellular Naþ and Kþ ions for the transport sites
on the E2P state of the enzyme can be found in Fig. 2 of
Garcia et al. (23). This scheme incorporates the generally
accepted hypothesis of two transport sites, which can be
occupied with different affinities by Naþ and Kþ, plus a
single site that is specific for Naþ. To demonstrate the ex-
pected dependence of Ip on the extracellular Na

þ concentra-
tion based on this scheme, we have performed calculations
described in the following section, with the mathematical
details given in the Appendix.
Modeling of heart NaD,KD-ATPase transported
charge-voltage behavior

Under experimental conditions which are not too far
removed from physiological conditions, the complex
Albers-Post cycle describing the Naþ,Kþ-ATPase’s partial
reactions can be reduced to the simpler four-state model
shown in Fig. 1. We have used this simple model to describe
current-voltage behavior of the Naþ,Kþ-ATPase, as found
previously in Hansen et al. (22). The mathematical detail
of the model and the assumptions on which it is based are
described in detail there. In this work, we describe only
the essential points of the model. E1P(Naþ)3 and E2(Kþ)2
here represent occluded states of the protein. In contrast,
E1 and E2P represent states in which the ion binding sites
have access to the cytoplasm and the extracellular fluid,
respectively. In the case of the nonoccluded states, we
assume that rapid exchange of Naþ and Kþ between the
binding sites and either the cytoplasm or the extracellular
fluid can occur.

Thus, in the case of the E2P state we assume that there is a
rapid exchange of Naþ ions and Kþ ions between the extra-
cellular fluid and two of the ion transport binding sites. The
stoichiometry of the Naþ,Kþ-ATPase is 3Naþ/2Kþ/ATP.
One of the ion binding sites is considered to be specific
for Naþ, whereas Naþ or Kþ can both bind with differing
affinities to the other two. Thus, we treat ion binding to
E2P as a series of coupled equilibria, as shown in Fig. 2
of Garcia et al. (23). An analogous scheme can be drawn
for the E1 state. Only the kinetics of the four major rate-
determining reactions shown in Fig. 1 is explicitly consid-
ered. We consider that each of the four rate-determining
reactions only reaches its maximum observable rate when
the reactant state is fully saturated by the appropriate
substrates.

Because the enzyme pumps three Naþ ions in exchange
for two Kþ ions, there is a net transport of one positive
charge out of cells. Thus, the overall steady-state turnover



FIGURE 5 Dependence of the Naþ,Kþ-ATPase transported charge-

voltage relationship (DQ-V curve) on the extracellular Naþ concentration

after voltage jumps from the membrane voltage Vm to �40 mV. Each sym-

bol corresponds to the following Naþ concentrations: 36.3 mM (;),

72.5 mM (B), and 145 mM (C). (Solid lines between the points have

been drawn to aid the eye.) (Upper curve) Experimental results for rat heart

myocytes, obtained via the voltage-clamp technique, reproduced from

Fig. 3C of Peluffo (24). The transported charge, DQ, has been divided by

the capacitance of each cell to correct for variations in cell size. The ex-

perimental conditions were cytoplasmic [Naþ] ¼ 120 mM, cytoplasmic

[Kþ] ¼ extracellular [Kþ] ¼ 0 mM, and cytoplasmic [ATP] ¼ 15 mM,

T ¼ 23�C. (Lower curve) Computer simulations of the DQ-V curve for

mammalian heart Naþ,Kþ-pump current based on the Albers-Post scheme

described by Figs. 1 and 3 and the kinetic and equilibrium parameters given

in Table 1 of Garcia et al. (23); however, a microscopic dissociation con-

stant of Naþ for the nonspecific transport sites on E2P state of 180 mM

and a dissociation constant of Naþ to the specific site on E2P of 40 mM

have been used. The ion concentrations, ATP concentration, and tempera-

ture used for the simulations were the same as for the upper curve.
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of the enzyme equals the outward flux of ions, and can be
easily converted to an outward current. The voltage depen-
dence of the charge-translocating reaction steps is taken into
account by Boltzmann terms, as previously described in
Garcia et al. (23). The numerical simulation procedure of
Garcia et al. (23) allows the time dependence of any changes
in pump current to be calculated after rapid perturbations,
e.g., due to a voltage jump, as well as the steady state.

If one wishes only to calculate the steady-state pump cur-
rents, the differential rate equations describing the rate of
change of each enzyme intermediate (shown in the Appen-
dix) are all equal to 0. Therefore, in principle, if one makes
use of the mass conservation law that the total concentration
of the enzyme intermediates is constant, the coupled series
of differential equations reduces to a series of simultaneous
equations that can be solved analytically to obtain a single
equation that allows the pump current to be calculated under
varying experimental conditions. However, because of the
complex reaction mechanism, the resultant equation for
the pump current is unwieldy, and we only present the
mathematics for the numerical solution here. Whether one
uses a numerical procedure or the analytical solution to
the simultaneous equations, the results of the calculations
are identical. An advantage of the numerical procedure is
that by integration of the time-dependent pump current,
the amount of charge transported by the Naþ,Kþ-ATPase
can be calculated. We will use this feature of the numerical
model to compare with experimental voltage-jump data.

The kinetic and equilibrium parameters used for model-
ing of the outward sodium pump current, Ip, by Garcia
et al. (23) were derived from measurements on purified
mammalian kidney enzyme. Significant differences existed
between the experimentally observed current-voltage
behavior of heart muscle Naþ,Kþ-ATPase in intact cardiac
myocytes and the predicted behavior of kidney Naþ,Kþ-
ATPase. In particular, the kidney enzyme displayed signifi-
cantly lower voltage dependence of the pump current at a
physiologically relevant extracellular Naþ concentration of
150 mM.

The comparison between the heart and kidney enzymes
demonstrates that, if one wishes to simulate the behavior
of heart Naþ,Kþ-ATPase, modifications to the rate or equi-
librium parameters used in the model must be made. The
steep positive slope in the Ip-V curve of the heart enzyme
over the membrane-voltage range �120 to 0 mV has its
origin in Naþ competition for transport sites on the E2P
state. To determine more-reliable values for the equilibrium
dissociation constants describing the interaction of Naþ

with the E2P state, we have compared the results of simula-
tions of the total charge transported by the Naþ,Kþ-ATPase
after a voltage jump with experimental results obtained by
Peluffo (24) using rat cardiac myocytes. Because the exper-
iments were performed in the absence of extracellular Kþ,
the comparison allows us to estimate the Naþ dissociation
constants without any competition from Kþ.
Peluffo’s experimental data are reproduced in Fig. 5
together with the simulations based on our kinetic model.
Good agreement between the experimental data and the
simulations was achieved. To obtain this agreement it was
necessary to significantly reduce the Naþ dissociation con-
stants of the E2P state relative to the values previously deter-
mined for the kidney enzyme. The microscopic dissociation
constant for interaction of Naþ with the two nonspecific
sites at a membrane potential of 0 mV, KNo, was reduced
from 400 mM (kidney) to 180 mM (heart). Similarly, the
dissociation constant for interaction of Naþwith the specific
Naþ site, KN1o, was reduced from 100 mM (kidney) to
40 mM (heart).

A direct quantitative comparison of the actual amounts of
charge transported experimentally and that calculated from
Biophysical Journal 105(12) 2695–2705
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the model is not possible, because the total charge trans-
ported depends on the number of Naþ,Kþ-ATPase mole-
cules expressed per cell, which depends on the size of the
cell. To account for varying cell sizes, Peluffo (24) divided
the measured current by the capacitance of each cell, which
should be proportional to the cell surface area. Thus,
Peluffo’s measured current in units of femto-Coulombs
per pico-Farad should be proportional to the current per
pump molecule, which is the quantity we calculate in our
simulations.

To judge the agreement between the experimental data
and the simulated results, it is important to look at the pla-
teaus in charge transported after voltage jumps to very high
positive or very low negative potentials. If the magnitudes of
these plateaus are equal, at the extracellular Naþ concentra-
tion corresponding to this situation the enzyme is half-satu-
rated by Naþ (i.e., the number of bound Naþ ions capable
of being released on shifting to inside-positive potentials
equals the number of available binding sites, and, hence,
the number of free Naþ ions capable of binding on shifting
to inside-negative potentials). Although only three different
extracellular Naþ concentrations were measured by Peluffo
(24), the results indicate that the half-saturating Naþ con-
centration is in the range 72.5–145 mM, probably closer
to 72.5 mM than 145 mM.
ship (I/V curve) on the extracellular Na concentration. Symbols corre-

spond to the Naþ concentrations of 1.5 mM (B), 50 mM (C), 100 mM

(,), and 150 mM (-). (Solid lines between the points have been drawn

to aid the eye.) (Upper curve) Experimental results for guinea pig heart ven-

tricular myocytes, obtained via the whole-cell patch-clamp technique, re-

produced from Fig. 3 of Nakao and Gadsby (25). The pump current, Ip,

of each curve has been normalized to the value at a holding potential

of þ40 mV. The experimental conditions were cytoplasmic [Naþ] ¼
50 mM, cytoplasmic [Kþ]¼ 0 mM, extracellular [Kþ]¼ 5.4 mM, and cyto-

plasmic [ATP] ¼ 10 mM, T ¼ 36�C. (Lower curve) Simulations of the I/V

curve for mammalian heart Naþ,Kþ-ATPase pump current based on the

Albers-Post scheme described by Figs. 1 and 3 and the kinetic and equilib-

rium parameters given in Table 1 of Garcia et al. (23); however, a micro-

scopic dissociation constant of Kþ for the E2P state of 6.2 mM has been

used and the dielectric coefficients of binding of both Naþ and Kþ to this

state have been reduced to 0.1. The ion concentrations, ATP concentration,

and temperature used for the simulations were the same as for the upper

curve.
Modeling of heart NaD,KD-ATPase
current-voltage behavior

We extended the modeling to competition between Naþ and
Kþ for the transport sites, and thus estimated the E2P micro-
scopic dissociation constant for Kþ of the heart enzyme. For
this purpose we compare with the experimental steady-state
pump current data for heart Naþ,Kþ-ATPase reported by
Nakao and Gadsby (25). We showed previously in Garcia
et al. (23) that it was not possible to adequately reproduce
the current-voltage (I/V) behavior reported by Nakao and
Gadsby (25) if we used equilibrium dissociation constants
for the E2P state derived from measurements on kidney
enzyme. We changed the values of KNo and KN1o from
400 and 100 mM derived from the kidney enzyme to 180
and 40 mM, the values derived from the comparison with
Peluffo’s data in the previous section, and have then varied
the value of KKo (the microscopic dissociation constant of
Kþ with the E2P state at a membrane potential of 0 mV)
until we obtained the best reproduction of experimental
behavior.

The experimental data of Nakao and Gadsby, together
with the results of the simulations showing the closest agree-
ment with their data, are shown in Fig. 6. To achieve this
agreement, we increased the value of KKo slightly from
1.33 mM (kidney value) to 1.8 mM. The higher value of
KKo together with the lower values of KNo and KN1o relative
to the values obtained using enzyme derived from mamma-
lian kidney, indicates that Naþ competes with Kþ much
Biophysical Journal 105(12) 2695–2705
more strongly for binding to the E2P state in the heart
enzyme than the kidney enzyme. Because binding/release
of Naþ to the specific site on E2P is the major charge-
transporting step of the Naþ,Kþ-ATPase pump cycle, the
stronger competition from Naþ ions explains the much
greater voltage dependence of the heart enzyme’s steady-
state turnover than that predicted for the kidney enzyme.
Modeling of the extracellular NaD concentration
dependence of Ip

Now that we have a kinetic model based on the Albers-Post
scheme capable of reproducing data from the literature on
the transported charge- and current-voltage behavior of



Allosteric Naþ binding to Naþ,Kþ-ATPase 2701
heart Naþ,Kþ-ATPase, we can test whether this model ex-
plains the experimentally observed dependence of Ip on
the extracellular Naþ concentration shown in Fig. 3. Calcu-
lations of the expected dependence of the pump current, Ip,
per pump molecule on the extracellular Naþ concentration
based on the Albers-Post model are shown in Fig. 7 (dotted
line).

Based on the values of the dissociation constants for
extracellular Kþ and Naþ interaction with the transport sites
derived from the data of Peluffo (24) and Nakao and Gadsby
(25) in the previous two sections, it is apparent that the
Albers-Post model only predicts a monotonic decrease in
steady-state activity of ~2–3% between 0 and 150 mM
Naþ if one only considers interaction of extracellular Naþ

with the enzyme’s transport sites. This is not in agreement
with the experimental results (Fig. 2), which show an in-
crease in activity between 0 and 50 mM. For these calcula-
tions, we have used a value of the rate constant, k4, of the
E2(Kþ)2 / E1 transition of 18 s�1. This value is based
on the finding of Humphrey et al. (1) on purified enzyme
that Naþ ions cause a roughly fivefold increase in the rate
constant of this reaction and the finding of Lüpfert et al.
(14) that at physiological levels of Naþ, Mg2þ, and ATP,
the reaction occurs with a rate constant of ~90 s�1.

To account for the increase in pump current experimen-
tally observed, we have expanded the Albers-Post model
to incorporate extracellular Naþ binding to an allosteric
site and an associated acceleration of the E2 / E1 confor-
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FIGURE 7 Simulations of expected dependence of Naþ,Kþ-pump cur-

rent, Ip, per pump molecule on the extracellular Naþ concentration based

on the Albers-Post model (dotted line, KKo ¼ 1.8 mM, KNo ¼ 180 mM,

and KN1o ¼ 40 mM) and an expanded Albers-Post model incorporating

extracellular allosteric Naþ binding (dashed line, KKo ¼ 1.8, KNo ¼
180 mM, and KN1o ¼ 40 mM). (Solid line) Simulation based on the same

model incorporating allosteric Naþ binding, but with reduced dissociation

constants for extracellular Naþ interaction with the transport sites (KKo ¼
1.8 mM, KNo ¼ 68 mM, and KN1o ¼ 15 mM). The experimental conditions

used for the simulations were identical to those of the actual experiments

(see legend for Fig. 3).
mational transition, as indicated by kinetic experiments on
purified enzyme (1). The extensions and changes to the
mathematics necessary for these calculations are described
in the Appendix. Based on the kinetic results on purified
enzyme (1) we have used a dissociation constant for the
interaction of Naþ with the allosteric site, Kallo, of
31 mM. The results of the simulations, utilizing the values
of KKo ¼ 1.8 mM, KNo ¼ 180 mM, and KN1o ¼ 40 mM,
derived from simulations of the data from Peluffo (24)
and Nakao and Gadsby (25), are shown in Fig. 7 (dashed
line).

The model predicts a roughly hyperbolic increase in the
pump current over the 0–50 mM extracellular Naþ concen-
tration range. At Naþ concentrations above 100 mM, there
is a very gradual drop in pump current (i.e., qualitatively in
agreement with the experimental observations (see Fig. 3)).
Therefore, the experimental results are consistent with the
existence of an allosteric activating Naþ site with access
from the extracellular medium. The drop in Ip at high extra-
cellular Naþ concentrations is, however, much more pro-
nounced than that predicted by the model (see Fig. 7). But
if the values of KNo and KN1o are decreased to 68 and
15 mM, respectively, a significant drop in Ip is observed
over the Naþ concentration range 50–150 mM (i.e., in
much closer agreement with the experimentally observed
behavior (see Fig. 3)). Therefore, it appears likely that
competition from Naþ for binding to the extracellular trans-
port sites on the E2P state of the enzyme is much stronger in
the rabbit cardiac myocytes used in our study, in comparison
to the guinea pig myocytes used by Nakao and Gadsby (25).
DISCUSSION

Much information regarding the molecular mechanism of
Naþ,Kþ-ATPase has been gained by studies of the purified
protein, either in the form of enzyme-containing membrane
fragments or protein reconstituted into synthetic lipid vesi-
cles. However, the goal of any mechanistic work on the
Naþ,Kþ-ATPase must be to understand how the enzyme
works in a living cell, and it is crucial that any discoveries
made on purified Naþ,Kþ-ATPase be reconciled with
studies on the enzyme in situ in intact cells. Apart from
this fundamental point, experiments on cells have the addi-
tional advantage over studies of Naþ,Kþ-ATPase-contain-
ing membrane fragments in that the cytoplasm and the
extracellular medium are separated by the plasma mem-
brane, allowing the side of action of the enzyme’s substrates
to be identified. Synthetic vesicles are sided preparations,
but, in the case of small unilamellar vesicles generally
used for reconstitution, their internal volume is much less
than that of cells and it is impossible with vesicles to
reproduce the natural membrane composition of a living
cell. Therefore, the relevance of results obtained on the
Naþ,Kþ-ATPase using lipid vesicles for the enzyme in a
cell must always be examined.
Biophysical Journal 105(12) 2695–2705
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Because the Naþ,Kþ-ATPase pumps Naþ ions from the
cytoplasm into the extracellular fluid, increased concentra-
tions of extracellular Naþ must inhibit its pumping activity,
a simple example of product inhibition. However, studies on
purified enzyme have suggested that extracellular Naþ can
also stimulate ion pumping by acting at an allosteric site
(1,3–14). Our results on whole cells confirm that prediction.
This increase cannot be explained by Naþ acting on trans-
port sites alone, and implicates the existence of a separate
allosteric Naþ site.

A logical question to ask, however, would be why no
evidence for an extracellular allosteric Naþ site was
apparent in the results reported by Nakao and Gadsby
(25), reproduced in Fig. 6. A likely explanation is that
they used a higher Naþ concentration of 50 mM in their
patch pipette in comparison to 20 mM in the experiments
shown in Fig. 3. In our study on increasing the cytoplasmic
Naþ concentration or eliminating the cytoplasmic Kþ con-
centration, there was no longer a statistically significant
increase in Ip with increasing extracellular Naþ concentra-
tions from 0 to 50 mM, which we attribute to extracellular
allosteric Naþ binding.

If the increase in Ip due to extracellular Naþ is caused by
an increase in the flux through the E2(Kþ)2/ E1 transition,
as measurements on purified enzyme suggest (1), then
the disappearance of the effect of extracellular allosteric
Naþ site at high cytoplasmic Naþ concentrations or low
cytoplasmic Kþ concentrations implies a decrease in the
contribution of the E2(Kþ)2 / E1 transition to rate-deter-
mination of the entire pump cycle. Thus, the E2(Kþ)2 /
E1 transition must already be so fast that any increase in
its rate has negligible effect on the enzyme’s turnover. To
understand how this might come about, one needs to
consider what effects an increase in the cytoplasmic Naþ

concentration or a decrease in the cytoplasmic Kþ concen-
tration could have on the individual partial reactions of
the enzyme.

An increase in the cytoplasmic Naþ concentration would
accelerate the phosphorylation reaction, E1/ E1P, but this
would tend to increase the contribution of the E2(Kþ)2 /
E1 transition toward an overall rate determination of the
pump cycle; hence, one would expect an enhanced effect
of extracellular Naþ on Ip rather than the decreased effect
experimentally observed. However, an increase in the cyto-
plasmic Naþ concentration would also increase the degree
of competition of Naþ over Kþ for binding to the transport
sites on E1. This would decrease the rate of the backward
reaction E1Kþ

2 / E2(Kþ)2 and, thus, increase the net
flux in the forward direction E2(Kþ)2 / E1.

A decrease in the cytoplasmic Kþ concentration would be
expected to have the same effect as an increase in the cyto-
plasmic Naþ concentration. The result of this would be a
decrease in the contribution of the E2-to-E1 transition to
overall rate determination and a reduction in the allosteric
effect of extracellular Naþ. The experimental results that
Biophysical Journal 105(12) 2695–2705
the allosteric effect of extracellular Naþ diminishes either
upon increasing the cytoplasmic Naþ level or decreasing
the cytoplasmic Kþ level indicates that for the heart
enzyme, the decrease in the rate of the backward reaction
E1Kþ

2 / E2(Kþ)2 must dominate over the increase in
rate of the E1 / E1P reaction by cytoplasmic Naþ.

It is in fact likely that in the experiments performed by
Nakao and Gadsby (25) there would have been very little
competition to Naþ binding to the E1 state, because they
replaced Kþ with Csþ ions that compete with Naþ with
an ~10-fold higher K1/2 than Kþ (26). Although not quanti-
tatively the same, it is also worth mentioning that the theo-
retical model predicts the decrease in the allosteric effect of
extracellular Naþ at increasing intracellular Naþ concentra-
tions or decreasing intracellular Kþ concentrations. At an
intracellular Naþ concentration of 20 mM, the model pre-
dicts an increase in the relative value of Ip between 0 and
50 mM extracellular Naþ of 172%. If the intracellular
Naþ concentration is increased to 80 mM, the model pre-
dicts that the increase in Ip over the same extracellular
Naþ concentration range should drop to 126%. If the intra-
cellular Kþ concentration is decreased to 0, the model pre-
dicts that the increase in Ip over the same extracellular Naþ

concentration should drop to 93%.
From a consideration of recently published crystal struc-

tures of the Naþ,Kþ-ATPase (15–20), we have identified a
possible site of allosteric Naþ binding. Based on the
sequence numbering of the shark enzyme (PDB:2ZXE), it
seems that the Naþ ion could possibly bind to the sequence
of acidic amino-acid residues Glu122, Asp123, Glu124, and
Asp128. These residues are located in a cleft between the
a- and b-subunits of the protein that has access from the
extracellular medium. That this cleft has functional impor-
tance for the protein is evidenced by the fact that it is also
occupied by the specific Naþ,Kþ-ATPase inhibitor ouabain
(17,18). It is worth pointing out that, based on x-ray crystal-
lographic data, Ekberg et al. (27) recently identified Asp92

and Asp95 as being involved in cation binding on the extra-
cellular face of the plasma membrane Hþ-ATPase, another
P-type ATPase closely related to the Naþ,Kþ-ATPase.
These amino-acid residues are in positions homologous to
those which we suggest may be involved in extracellular
allosteric Naþ binding in the Naþ,Kþ-ATPase. Based on
the effects of mutations on the kinetics of partial reactions,
amino-acid residues in homologous positions have also been
implicated (28) in extracellular ion binding in the sarco-
plasmic reticulum Ca2þ-ATPase.

Ip over the 0–50 mM extracellular Naþ concentration
range was only weakly voltage-dependent and not signifi-
cantly different between 0 and 50 mM Naþ (Fig. 4). This
is consistent with the expectation that the major voltage-
dependent step of extracellular Naþ rebinding to E2P is
not rate-limiting under the conditions of these experiments,
nor is Kþ occlusion by E2P, whose observed rate is depen-
dent on the degree of occupation of the transport sites on
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E2P by Kþ. At intracellular Naþ and Kþ concentrations of
20 and 80 mM, the forward E2(Kþ)2 / E1Kþ

2 and back-
ward E1Kþ

2 / E2(Kþ)2 are major reactions determining
the overall forward reaction rate and hence Ip. The absence
of significant voltage dependence also indicates that binding
of Naþ to the extracellular allosteric site we invoke is not
voltage-dependent (i.e., the allosteric site is not buried
within the transmembrane domains of the protein).

Finally, it is interesting to speculate whether allosteric
Naþ binding has a role in regulation of cell Naþ. At a
normal physiological extracellular Naþ concentration of
~140 mM, the Naþ allosteric site should be nearly fully
occupied, and hence unlikely to have a regulatory role. It
might simply be an evolutionary adaptation of the enzyme
to optimize its activity under normal physiological condi-
tions in the presence of a relatively high concentration of
extracellular Naþ and to compensate for any inhibition
that would arise from extracellular binding to the ion
transport sites. However, the allosteric site might also
have a role under pathophysiological conditions of low
extracellular Naþ. Extracellular concentrations as low as
~100 mM can be encountered in severe hyponatremia in
humans. Due to an associated decrease in inward passive
Naþ leak, this decreases the intracellular Naþ concentra-
tion (29).

The decrease in intracellular concentration arising from
the decreased leak would be amplified if the low extra-
cellular Naþ increases the occupation of the transport sites
on E2P by Kþ and hence increases the forward Naþ-Kþ

pump rate. At an extracellular Naþ concentration of
100 mM and above, the contribution of Kþ occlusion by
E2P to overall rate determination is expected to be
enhanced in cardiac myocytes (21). The allosteric site is
expected to reduce such an acceleration of pump rate in
hyponatremic states (see Fig. 7), and may therefore serve
as a tight control of intracellular Naþ to optimize cell
function.
APPENDIX: CALCULATION OF THE
STEADY-STATE PUMP CURRENT

Simple Albers-Post model

Extracellular Naþ can have two possible effects on the ion pumping activity

of the Naþ,Kþ-ATPase:

1. By (re-)binding to the transport sites on the E2P state, Naþ can inhibit

pump activity; and

2. By binding to an allosteric site, Naþ can stimulate the E2 / E1 transi-

tion and increase pump activity.

Because these two effects involve widely separated reactions of the Albers-

Post cycle, the only quantitative way to consider the influences they would

both have on the overall steady-state pump current is to carry out calcula-

tions of the entire pump cycle.

Based on the four-state Albers-Post model of the Naþ,Kþ-ATPase enzy-
matic cycle shown in Fig. 1, the differential rate equations describing the

changes in concentrations of all the enzyme intermediates are
d½E1�
dt

¼ � k1f ð3NaiÞf ðATPE1Þ½E1� þ k4f ðATPE2Þ½E2�
� k�4f ð2KiÞf ðATPE1Þ½E1�;

(1)

d½E1P�

dt

¼ � k2½E1P� þ k1f ð3NaiÞðfATPE1Þ½E1�
þ k�2f ð3NaoÞ½E2P�;

(2)

d½E2P�

dt

¼ �k3f ð2KoÞ½E2P� � k�2f ð3NaoÞ½E2P� þ k2½E1P�;
(3)

d½E2�

dt

¼ � k4ðfATPE2Þ½E2� þ k3f ð2KoÞ½E2P�
þ k�4f ð2KiÞf ðATPE1Þ½E1�:

(4)

In these equations, the term f(3Nai) represents the fraction of enzyme in
þ
the E1 state occupied by three Na ions, which is determined by the

current cytoplasmic Naþ and Kþ concentrations and the binding affinities

of the ion sites. Similarly f(ATPE1) represents the fraction of enzyme in

the E1 state occupied by ATP. The significance of these f-terms can be

easily understood if we take the phosphorylation reaction as an example.

The maximum rate constant for phosphorylation, k1, is only achieved

when the E1 state of the enzyme is completely saturated by three Naþ

ions and one ATP molecule. Thus the observed rate constant, k1
obs, for

the reaction is given by k1 multiplied by the probability that E1 has

three bound Naþ ions (¼ f(3Nai)) and by the probability that E1 has a

bound ATP molecule (¼ f(ATPE1)). This simple mathematical formula-

tion of the rates will break down at very low cytoplasmic Naþ and ATP

concentrations, when second-order binding of the substrates to the

enzyme becomes slower than the following first-order phosphorylation

and occlusion of Naþ. However, under normal physiological conditions

the assumption of rapid binding equilibria, on which Eqs. 1–4 and the

four-state scheme shown in Fig. 1 are based, can be considered a good

approximation.

Also appearing in Eqs. 1–4 are:

Fraction of enzyme in the E2 state with ATP bound, f(ATPE2);

Fraction of enzyme in the E2P state with three Naþ ions bound, f(3Nao);

Fraction of enzyme in the E2P state with two Kþ ions bound, f(2Ko);

and

Fraction of enzyme in the E1 state with two Kþ ions bound, f(2Ki).

In a similar way to that described for the phosphorylation reaction, these

fractions or probabilities modify the observed rate constant for each rele-

vant reaction step, as shown in Eqs. 1–4. Because in our model we consider

all of the substrate binding reactions to be equilibria, the f-terms are deter-

mined solely by the substrate concentrations and the relevant equilibrium

(or dissociation) constants of each substrate. Equations for all of the f-terms

are given in Garcia et al. (23).

Based on the model, the transient outward current due to the Naþ,Kþ-
ATPase at any moment in time, Ip(t), is given by

IpðtÞ ¼ k2½E1P� � k�2f ð3NaoÞ½E2P�: (5)

Thus, Eqs. 1–4 and 5 represent a coupled series of equations that can be
solved numerically to derive the value of Ip(t) at any combination of ion

and ATP concentrations.

Once a steady state has been reached, Ip(t) represents the flux through the

reaction E1P / E2P, in which Naþ ions are released to the external

medium, and is hence equal to the turnover of the enzyme. The amount
Biophysical Journal 105(12) 2695–2705



2704 Garcia et al.
of charge transported by the Naþ,Kþ-ATPase across the membrane can also

be calculated by integrating Ip(t) with respect to time.
Expanded Albers-Post model including
extracellular allosteric NaD binding

To take into account the effect of extracellular allosteric Naþ binding on the

steady-state pump current requires some relatively small modifications to

the basic model. Because experimental evidence on purified enzyme indi-

cates (1) that extracellular Naþ accelerates the E2(Kþ)2 / E1 conforma-

tional transition, the differential rate equations describing the change in

concentrations of the E1 and E2 states, i.e., Eqs. 1 and 4, need to be

changed. The modified equations are

d½E1�
dt

¼ � k1f ð3NaiÞf ðATPE1Þ½E1� þ
�
kmin
4 f ðATPE2Þ

�

þ �
kmax
4 � kmin

4

�
f ðATPE2Þf

�
Naalloo

�½E2�
� k�4f ð2KiÞf ðATPE1Þ½E1�;

(6)

d½E2� �
min
dt
¼ � k4 f ðATPE2Þ

þ �
kmax
4 � kmin

4

�
f ðATPE2Þf

�
Naalloo

��½E2�
þ k3f ð2KoÞ½E2P� þ k�4f ð2KiÞf ðATPE1Þ½E1�:

(7)

In these two equations, k4
max represents the maximum value of the rate con-

stant for the E2(Kþ)2/ E1 transition when the extracellular Naþ allosteric

site is fully occupied by Naþ and simultaneously the low-affinity ATP site

on E2 is fully occupied by ATP. Similarly, k4
min represents the minimum

value of the rate constant for the same transition when the extracellular

Naþ allosteric site is completely free of Naþ but the low-affinity ATP

site on E2 is still fully occupied by ATP. The term f(Nao
allo) in Eqs. 6

and 7 represents the fraction of Naþ allosteric sites occupied by Naþ. It
is given by

f
�
Naalloo

� ¼ ��
Naþ

�
o
=Kallo

���
1þ �

Naþ
�
o
=Kallo

�
: (8)

Kallo is here the dissociation constant of the extracellular allosteric Na
þ site.
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14. Lüpfert, C., E. Grell, ., R. J. Clarke. 2001. Rate limitation of the
Naþ,Kþ-ATPase pump cycle. Biophys. J. 81:2069–2081.

15. Morth, J. P., B. P. Pedersen,., P. Nissen. 2007. Crystal structure of the
sodium-potassium pump. Nature. 450:1043–1049.

16. Shinoda, T., H. Ogawa, ., C. Toyoshima. 2009. Crystal structure
of the sodium-potassium pump at 2.4 Å resolution. Nature. 459:
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