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The sodium potassium pump (Na+,K+-ATPase) shows a high selectivity for

K+ over Na+ binding from the extracellular medium. To understand the K+

selectivity in the presence of a high concentration of competing Na+ ions

requires consideration of more than just ion binding affinities. Here, equilib-

rium-based calculations of the extracellular occupation of the Na+,K+-

ATPase transport sites by Na+ and K+ are compared to fluxes through Na+

and K+ transport pathways. The results show that, under physiological condi-

tions, there is a 332-fold selectivity for pumping of K+ from the extracellular

medium into the cytoplasm relative to Na+, whereas equilibrium calculations

alone predict only a 7.5-fold selectivity for K+. Thus, kinetic effects make a

major contribution to the determination of extracellular K+ selectivity.

Selectivity for Na+ and K+ ions is crucial to animal

physiology [1]. Selective Na+ and K+ channels enable

ion diffusion between the inside and outside of cells and

are responsible for action potentials allowing nerve sig-

nal transmission and muscle contraction [1,2]. In Na+

channels, Na+ selectively binds from the extracellular

medium where the concentration of Na+ is already high

and the concentration of competing K+ ions is low.

Similarly, K+ binds to K+ channels from the cytoplasm

where the K+ concentration is already high and the

concentration of competing Na+ ions is low.

In contrast, in the mechanism of the Na+,K+-

ATPase, K+ ions must bind from the extracellular

medium, where the concentration of competing Na+

ions is much higher than that of K+. Therefore, the

ion selectivity of the Na+,K+-ATPase needs to be

much more stringent than that of ion channels. In

principle, there are two contributions to ion-transport-

ing selectivity: firstly, the equilibrium binding affinities

of the enzyme for either Na+ or K+, and secondly,

the kinetics of Na+- and K+- transporting pathways.

Information on the affinity of the Na+,K+-ATPase

for Na+ and K+ can be gained from the structure of

the enzyme and theoretical free energy calculations.

Recent crystal structures showed the Na+,K+-ATPase

in a transition state preceding the E1P.2Na+ conforma-

tion and a sodium occluded (Na3). E1P-ADP state [3,4].

It was suggested that ionic radii play a role in selective

binding of Na+ to the E1 state, especially to the third

ion binding site, site III [4]. Based on recent theoretical

calculations, it has been suggested that ion hydration is

a further important factor which determines the selectiv-

ity of Na+ channels for Na+ over K+ ions within the

channel’s selectivity filter [5]. Previous crystal structures

of the Na+,K+-ATPase have shown the E2 conforma-

tion of the enzyme preferentially binds two Rb+ ions

(as a K+ analogue) or two K+ ions [6–8]. Based on a

combination of structure-based molecular dynamics

simulations and electrophysiological experiments, Yu

et al. [9]. proposed that the protonation of key acidic

amino acid residues of the Na+,K+-ATPase is essential

for K+ selectivity on the extracellular face of the pro-

tein. Structure-based energy simulations can in principle

explain differences in equilibrium ion binding affinities.

However, as Yu et al. [9]. pointed out, conductive selec-

tivity of an ion pump could also be a result of kinetic

factors. Furthermore, it is important to bear in mind

that the Na+,K+-ATPase is not in equilibrium and its
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ion pumping activity occurs on the millisecond–second
timescale, a timeframe not currently accessible to molec-

ular dynamics simulations, and that equilibrium-based

calculations of binding affinities to particular enzyme

conformations are based on assumptions of slow subse-

quent reactions, that is, slow occlusion or dephosphory-

lation. Therefore, to fully understand the basis for the

selective inward pumping of K+ by the Na+,K+-

ATPase, it is necessary to consider both the thermody-

namics and the kinetics of the enzyme.

In the conventional Albers–Post scheme of Na+,

K+-ATPase activity, the E2P conformation of the

enzyme releases 3Na+ ions to the extracellular med-

ium per ATP hydrolysed and then takes up 2K+ ions,

pumping them into the cell [10]. Recently, a detailed

kinetic model of ion pumping by the Na+,K+-ATPase

under physiological conditions based on the Albers–
Post model was published [11] which included the

exchange of 3Na+ ions for 2Na+ ions, that is, net one

Na+ ion leaving the cell, in addition to the more well-

known 3Na+/2K+ exchange. Based on this model,

kinetic calculations can be performed to predict the

relative frequencies of 3Na+/2K+ versus 3Na+/2Na+

pumping, that is, to determine the overall extracellular

ion selectivity of the Na+,K+-ATPase. Here, the aim

is to dissect the relative contributions of pure ion bind-

ing affinities (i.e., equilibrium effects) and kinetically

induced perturbations of ion binding affinities due to

subsequent reactions to the overall extracellular ion

selectivity of the protein.

Materials and methods

Computer simulations of the steady-state Na+,K+-ATPase

turnover were performed using the commercially available

program BERKELEY-MADONNA 8.0 (University of California

at Berkeley, Berkeley, CA, USA) and the variable step-size

Rosenbrock integration method for stiff systems of differ-

ential equations. The simulations yielded the time course of

the concentration of each enzyme intermediate involved

and the steady-state flux through each of the enzyme’s par-

allel pathways. For the purposes of simulations, each

enzyme intermediate was normalized to a unitary concen-

tration and the enzyme was assumed arbitrarily to be ini-

tially totally in the E1 state. To determine the steady-state

flux through each pathway, each simulation was carried

out until the distribution between the different enzyme

states no longer changed and the fluxes reached constant

values. The entire kinetic model is shown in Fig. 1.

Results and Discussion

Kinetic simulations based on the model shown in Fig. 1,

which has been described in detail previously [11],

predict that under physiological conditions, 3Na+/2K+

pumping accounts for 99.7% of all ion exchanges

carried out by the Na+,K+-ATPase, whereas 3Na+/

2Na+ pumping only accounts for 0.3%. The kinetic

simulations do not take into account dephosphorylation

by the back transfer of phosphate to ADP, which has

only been demonstrated [12] to occur appreciably under

nonphysiological conditions of high external Na+ and

no external K+. Taking the ratio of the two percentages

given above amounts to a K+ inward transport prefer-

ence over Na+ of 332 : 1. In the absence of any prefer-

ence for either ion, that is, simply based on the

extracellular ion concentrations [13], the ratio would be

0.0286 : 1 (4 mM K+; 140 mM Na+). Thus, equilibrium

and kinetic factors together in fact produce an enhance-

ment of the relative frequencies of K+ inward transport

over Na+ by a factor of 11 620. The kinetic simulations

show that the 3Na+/2K+ pathway is almost exclusively

favoured under physiological conditions. The question

is whether binding affinities alone can account for the

high preference for the 3Na+/2K+ pathway or whether

kinetic factors play an important role.

To determine the contribution of ion binding affini-

ties to extracellular ion selectivity of the Na+,K+-

ATPase, the degrees of occupancy of all of the E2P

forms of the enzyme need to be determined, because

this state of the enzyme has the ion binding sites fac-

ing the extracellular medium (Fig. 1). Na+ and K+

bindings to the E2P state are described by the follow-

ing series of seven equilibria:

E2PNaþ3 �
Ko

N1

E2PNaþ2 þNaþ

E2PNaþ2 �
Ko

N

E2PNaþ þNaþ

E2PNaþ �
Ko

N

E2PþNaþ

E2PKþ �
Ko

K

E2PþKþ

E2PKþ
2 �

Ko
K

E2PKþ þKþ

E2PNaþKþ �
Ko

K

E2PNaþ þKþ

E2PNaþKþ �
Ko

N

E2PKþ þNaþ
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The terms Ko
N1, K

o
N, etc., represent here the equilib-

rium dissociation constants for each equilibrium.

The fraction of the total enzyme in the E2PKþ
2 ,

E2PK+, E2PNaþ3 , E2PNaþ2 , E2PNa+ and E2P states

relative to all possible E2P states are given by

Eqns (1)–(7), respectively, where the denominator, D,

in each equation is given by Eqn (8).

fðE2PKþ
2 Þ ¼ ð½Kþ�2o=Ko2

K Þ=D ð1Þ

fðE2PKþÞ ¼ ð2½Kþ�o=Ko
KÞ=D ð2Þ

fðE2PNaþ3 Þ ¼ ð½Naþ�3o=Ko
N1K

o2
N Þ=D ð3Þ

fðE2PNaþ2 Þ ¼ ð½Naþ�2o=Ko2
N Þ=D ð4Þ

fðE2PNaþÞ ¼ ð2½Naþ�o=Ko
NÞ=D ð5Þ

fðE2PÞ ¼ 1=D ð6Þ

Fig. 1. Albers–Post scheme describing the Na+,K+-ATPase catalytic mechanism. Reactions 1 and 2 (i.e., ATP phosphorylation and the E1P-

E2P conformational change of phosphorylated protein) are coupled to reactions 3 and 4 (i.e., dephosphorylation and the E2-E1

conformational change of dephosphorylated protein) by a series of vertically drawn ion binding and dissociation reactions on the cytoplasmic

face of the protein (superscript i, on the left) and on the extracellular face (superscript o, on the right). Two possible enzymatic pathways

are considered, with 3Na+ ions being pumped from the cytoplasm to the extracellular medium in exchange for either 2Na+ ions (Na+/Na+

exchange mode) or 2K+ ions (Na+/K+ exchange mode).
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fðE2PKþNaþÞ ¼ ð4½Kþ�o½Naþ�o=Ko
KK

o
NÞ=D ð7Þ

D¼1þ2½Kþ�o=Ko
Kþ½Kþ�2o=Ko2

K þ2½Naþ�o=Ko
N

þ½Naþ�2o=Ko2
N þ½Naþ�3o=Ko

N1K
o2
N þ4½Kþ�o½Naþ�o=Ko

KK
o
N

ð8Þ
Based on Eqns (1)–(8), the fraction of enzyme in each

E2P state (Table 1) was calculated using experimentally

determined dissociation constants, some of which are

voltage dependent[14–17] and typical extracellular ion

concentrations of [Na+]o = 140 mM and [K+]o = 4 mM

[13]. The voltage across the cell membrane, Vm, at 24 °C
was taken to be �0.079 V, previously calculated from

the Goldman–Hodgkin–Katz (GHK) equation [11]. The

values of the dissociation constants used in the calcula-

tions were determined using Na+,K+-ATPase derived

from kidney tissue, which occurs as the a1b1 isoform of

the enzyme. The values of the dissociation constants

used were Ko
N1 = 13.4 mM, Ko

N = 128 mM and

Ko
K = 0.424 mM. These values were calculated from the

corresponding values at Vm = 0 mV[13] using the Boltz-

mann expression K = KV=0exp(aFVm/RT). The dielec-

tric coefficients, a, for Ko
N1, K

o
N and Ko

K were taken to

be 0.65, 0.37 and 0.37, respectively [14].

From the results shown in Table 1, it can be seen

that the percentage of the enzyme in the E2PKþ
2 con-

formation, that is, the state immediately prior to

occlusion of 2K+ and dephosphorylation of the

enzyme (Fig. 1), relative to all possible E2P states, is

20.04%. The 20.04% K+ transport accounted for by

selective binding can be compared with the results

obtained with the kinetic model, which predicted that

under physiological conditions, 99.7% of the pumping

cycles should be of the 3Na+/2K+ type, with only

0.3% due to 3Na+/2Na+ exchange. Analysing the

data in a slightly different way, equilibrium binding

predicts that 2.66% (Table 1) of the total E2P pool of

enzyme would be present in the E2PNaþ2 state, capable

of transporting Na+ back across the membrane,

whereas 20.04% would be present as E2PKþ
2 , that is, a

7.5-fold greater occupancy by 2K+ than 2Na+. In

comparison, the kinetic simulations (see earlier) predict

a 332-fold preference for K+ transport over Na+.

Thus, kinetic factors are crucial to enhancing extra-

cellular K+ selectivity to the level of virtual exclusive

inward K+ pumping. These kinetic factors include the

following: (a) occlusion of Na+ or K+ from the

E2PNaþ2 or E2PKþ
2 states, respectively, (b) much more

rapid extracellular K+ occlusion than Na+, and (c)

subsequent dephosphorylation, which continually per-

turb the extracellular ion binding equilibria and effec-

tively siphon virtually all of the enzyme through the

3Na+/2K+ pathway.

The effect of the extracellular Na+ and K+ occlu-

sion pathways on the perturbation of the E2P binding

equilibria can be assessed by simulating the enzyme

turnover using the kinetic model [11], but with the

occlusion rate constants for each ion set to equal val-

ues. This alone predicts that 80.7% of the cycles would

involve 3Na+/2K+ exchange and only 19.3% 3Na+/

2Na+ exchange. The preference for 3Na+/2K+

exchange can be explained in part due to the fact that

only the E2PNaþ2 and E2PKþ
2 states are considered to

undergo ion occlusion. Both of these reactions cause a

shift away from the E2PNaþ3 state, hence facilitating

K+ binding. Assuming the mixed state E2PK+Na+ is

incapable of ion occlusion, its occupation would also

be depleted by both the Na+ and K+ occlusion path-

ways. The further increase in the preference for 3Na+/

2K+ exchange from 80.7% to 99.7% is achieved by a

much more rapid ion occlusion by E2PKþ
2 than

E2PNaþ2 . Thus, the ion binding equilibria are shifted

even further in the direction of E2PKþ
2 .

In summary, although the E2P conformation of the

Na+,K+-ATPase does bind K+ ions extracellularly

much more strongly than Na+ ions, because of the

high degree of competition from the much higher con-

centration of Na+ ions in the extracellular medium

relative to K+, the stronger K+ binding affinity alone

is insufficient to explain the virtual exclusive pumping

of K+ ions from the extracellular medium into the

cytoplasm under physiological conditions. As recently

pointed out by Rui et al. [18], the Na+,K+-ATPase

overcomes this problem by having a much higher acti-

vation energy barrier for the occlusion of Na+ than

K+. Rui et al. [18]. referred to this as a ‘self-correcting

occlusion’ mechanism. Thus, kinetics also makes a

major contribution towards the enzyme’s extracellular

selectivity for K+. After K+ ions bind to the E2P

conformation, a conformational change of the protein

occurs, occluding the ions within the protein matrix

so that they have no access to either the extra-

cellular medium or the cytoplasm. Although this

Table 1. Percentages of the total Na+,K+-ATPase in each of the

possible E2P states at 24 °C based on equilibrium calculations.

Enzyme state Percentage of total enzyme

E2PKþ
2 20.04

E2PK+ 13.33

E2PNaþ3 27.68

E2PNaþ2 2.66

E2PNa+ 4.86

E2P 2.21

E2PK+Na+ 29.21
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conformational change can also occur when Na+

binds, presumably because of the larger size of the K+

ion and its ability to coordinate with surrounding

amino acid side chains, the reaction is much faster

with K+ ions present in the binding sites. The rate

constant for K+ occlusion by the E2P conformation

has been experimentally determined to be 342 s�1 [19],

whereas Na+ occlusion occurs with a rate constant of

only around 4 s�1 [16,20]. Under physiological condi-

tions, the faster occlusion of K+ ions draws virtually

all of the enzyme cycles through the K+ pumping

pathway in spite of an expected equilibrium occupa-

tion of the E2P conformation by K+ of only 20%.

It is worth mentioning that the finding here that

kinetics plays a major role in determining the extracel-

lular selectivity of the Na+,K+-ATPase for K+ is also

consistent with experimental measurements in which

the enzyme was treated with palytoxin (PTX) [21].

PTX is a marine toxin which binds to the Na+,K+-

ATPase and turns it from a pump into a channel by

stabilizing an open ion transport pathway across the

entire membrane [22,23]. Because the Na+,K+-

ATPase with PTX bound still hydrolyses ATP, Harmel

and Apell [21] were able to measure the Km of the pro-

tein for external Na+ and K+ in the PTX bound and

free states. If one uses 1/Km as an approximation of

binding affinity, their results indicated that treatment

with PTX causes a 22-fold reduction in the selectivity

of the E2P state for K+ over Na+. This could be

explained by the inability of the PTX-treated enzyme

to preferentially occlude K+ ions, thus in qualitative

agreement with the results reported here, stressing the

importance of occlusion in determining ion selectivity.
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