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Abstract In contrast to other P-type ATPases, the Na,K-
ATPase binding and release of ions on the cytoplasmic side,
to the state called E1, is not electrogenic with the exception
of the third Na+. Since the high-resolution structure of the
closely related SR Ca-ATPase in state E1 revealed the ion-bind-
ing sites deep inside the transmembrane part of the protein, the
missing electrogenicity in state E1 can be explained by an ob-
scuring counter-movement of H+ ions. Evidence for such a
mechanism is presented by analysis of pH e¡ects on Na+ and
K+ binding and by electrogenic H+ movements in the E1 con-
formation of the Na,K-ATPase.
( 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

The Na,K-ATPase is an ion-transport protein of the plasma
membrane in animal cells. It maintains the electrochemical
potential gradients of Naþ and Kþ ions across the cytoplas-
mic membrane [1,2]. Ion transport is facilitated by coupling
energy-providing ATP hydrolysis with the ping-pong mecha-
nism of ion translocation [3]. This mechanism was ¢rst intro-
duced for the Na,K-ATPase [4,5], and was later extended as
the basic principle for all P-type ATPases. In Fig. 1A it is
exempli¢ed for the Na,K-ATPase. To analyze the transport
at a molecular level the so-called electrogenicity of the reac-
tion steps was investigated, i.e. the charge movements within
the interior of the protein in association with the pump-cycle
steps. In Fig. 1B hypothetical energy pro¢les for Naþ ions in
di¡erent states are visualized (adapted from [6]). When Naþ

ions are moved across the membrane, in principle all reaction
steps involved (Fig. 1) could produce electric charge move-
ments in the transmembrane domain: (1) ion binding,
E1WATPCNa3E1WATP, (2) ion occlusion, Na3E1WATPC
(Na3)E1-P, (3) conformational transition, (Na3)E1-PC
P-E2Na3, and (4) ion release, P-E2Na3CP-E2. To quantify
the corresponding charge movements, dielectric distances
were introduced, KP, KQ, LP, LQ, which express the fraction of
the membrane potential that has to be traversed by ions be-

tween two neighboring pump states. Consequently, the sum of
the coe⁄cients is KP+KQ+LP+LQ=1 [6].
In numerous publications it has been shown that on the

extracellular side of the Na,K-ATPase all ion-binding and
release steps are electrogenic and that the occlusion and con-
formation transitions are electroneutral or of minor electro-
genicity ((Na3)E1-PCP-E2Na3) [7,8]. On the cytoplasmic side,
only binding of the third Naþ ion exhibited a detectable elec-
trogenic contribution [7,9]. This was explained by the assump-
tion that two negatively charged ion-binding sites in E1 are
located in a wide, water-¢lled vestibule close to the cytoplas-
mic surface to account for the electroneutrality of the reaction
sequence K2E1WATPCE1WATPCNa2E1WATP [9].
When the 3D structure of the SR Ca-ATPase in its Ca2E1

conformation was published with a resolution of 2.6 AD it
became obvious that both Ca2þ ions were bound to well-co-
ordinating sites deep inside the membrane dielectric with a
narrow access structure [10]. This explained well the ¢ndings
that in the SR Ca-ATPase binding and release of Ca2þ and
Hþ ions at both sides of the membrane are electrogenic and
competitive [11,12]. In addition, very recently it was shown
that Hþ and Kþ binding to the gastric H,K-ATPase is also
electrogenic (A. Diller and H.-J. Apell, unpublished data).
The demonstration of the position of Ca2þ ions in the E1

conformation of the SR Ca-ATPase inside the membrane-
spanning parts of the protein [10,13] and the generally agreed
structural similarity of Na,K-ATPase and SR Ca-ATPase
[13,14] argues that ion binding to the Na,K-ATPase ought
to be electrogenic, not only in the P-E2 form as it was proven
[15,16], but also in E1. However, Kþ binding in E1 was found
to be electroneutral [17^20], and only the binding of the third
Naþ ion appeared to be electrogenic [17,21]. This discrepancy
may have two possible explanations: (1) the position of the
ion-binding sites in the Na,K-ATPase is signi¢cantly di¡erent
from that in the SR Ca-ATPase and H,K-ATPase, or (2) the
electrogenicity of the binding and release steps in E1 is ob-
scured by simultaneous counter-movement of Hþ ions.
In the following we present evidence that the latter proposal

satisfactorily explains the apparent ‘irregular’ electrogenicity
of the Na,K-ATPase on basis of its assumed structural char-
acteristics.

2. Materials and methods

ATP (disodium salt, special quality) was from Boehringer, Mann-
heim, Germany. RH421 was from Molecular Probes, Eugene, OR,
USA. All other reagents were the highest grade commercially avail-
able.
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Membrane preparations with a high concentration of Na,K-ATPase
(about 5000 pumps per Wm2) were prepared from rabbit kidneys using
procedure C of JUrgensen [22]. Their speci¢c ATPase activity was
V2200 Wmol Pi per hour and mg protein at 37‡C.
Fluorescence measurements were carried out in a Perkin-Elmer LS

50B £uorescence spectrophotometer as described before [9]. The ex-
citation wavelength was set to 580 nm and the emission wavelength to
650 nm. Experiments were performed in standard bu¡er containing 25
mM histidine, 0.5 mM EDTA. pH was adjusted by the addition of
HCl. 200 nM RH421 and 9^10 Wg/ml Na,K-ATPase in membrane
fragments were added to the thermostated cuvette. After equilibra-
tion, a stable £uorescence signal, F0, was obtained. Titrations were
carried out by adding aliquots of the indicated solutions. To allow
comparisons between di¡erent experiments relative £uorescence
changes, vF/F0 = (F3F0)/F0, were calculated. According to the mech-
anism of the styryl dyes £uorescence changes report electrogenic pro-
cesses in the Na,K-ATPase, £uorescence decreases report an increas-
ing positive charge within the membrane domain of the protein [23].
All experiments were performed at 18X0.5‡C.

3. Results

3.1. pH e¡ects on cytoplasmic Na+ binding
Membrane fragments were equilibrated in standard bu¡er

with 36 mM Tris at various pH values between 8.0 and 5.5
(adjusted with HCl) before aliquots of NaCl were added in the
absence of other cations. In Fig. 2A £uorescence changes of
three Naþ-titration experiments are shown. The £uorescence
change was ¢tted by the Hill function, vF([Naþ]) =vFmax/
(1+([Naþ]/K1=2)3nH), with a (pH-independent) Hill coe⁄cient,
nH, of 1.4 X 0.1 (S.E.M., n=4) and a pH-dependent half-sat-
urating Naþ concentration, K1=2, (Fig. 2B). The K1=2 values
revealed that Naþ binding was competitively a¡ected by the
Hþ concentration with a pK of 7.38. The maximal £uores-
cence change, vFmax = 0.175X 0.003 (S.E.M., n=6), at saturat-
ing Naþ concentration was almost pH independent (Fig. 2C).

3.2. pH e¡ects on cytoplasmic K+ binding
Kþ-binding experiments were performed in the absence of

other cations in a pH range between pH 5.4 and 7.0 (Fig. 3).
Since the £uorescence changes were small (vFmax6 8%), the
experiments were repeated up to ¢ve times and averaged to
obtain reliable data. At the lowest pH of 5.4 no signi¢cant
Kþ-dependent £uorescence changes were observed. To obtain

a bu¡er pH higher than 7 we tried addition of Tris base to
avoid possible cation interactions with the binding sites. How-
ever, the presence of Tris produced a 50% reduction of the
Kþ-induced £uorescence changes when compared to experi-
ments without Tris. Therefore, these data are not included.
(The Naþ-titration experiments were not signi¢cantly a¡ected
by Tris.) The origin of this e¡ect could not be identi¢ed so far.
The lines drawn in Fig. 3 are ¢ts with the Hill function with a
pH-independent half-saturating concentration, K1=2, of 22.9X
0.1 WM. From this constancy it can be concluded that there
was no detectable competitive binding between Kþ and Hþ at
the binding sites. Kþ binding is electroneutral at low pH,
while at higher pH an electrogenic component of Kþ binding
could be detected.

3.3. H+ binding to the Na,K-ATPase
In the absence of other cations the Hþ concentration de-

pendence of £uorescence intensity in E1 was studied by pH-
titration experiments. Experiments were started in standard
bu¡er with 10 mM MgCl2, pH 7.2. Fluorescence emission
was monitored while HCl was added to the cuvette in the
£uorescence spectrophotometer, and in parallel, to an identi-
cal cuvette with a pH electrode inserted to record pH changes.
At the end the pH di¡erence in the two cuvettes was less than
0.1 pH units. The result of three averaged experiments with
Na,K-ATPase in E1 conformation is shown in Fig. 4 (F).
Lowering pH to 5.5 produced a 10% £uorescence decrease.
In control experiments with ouabain-inhibited Na,K-ATPase
no signi¢cant RH421 £uorescence response was found upon
pH decrease to 5.5. In another experiment 10 mM NaCl and
100 WM ATP were added to the bu¡er at pH 7.2 so that the
enzyme proceeded preferentially to state P-E2 [24]. This tran-
sition led to a £uorescence increase of about 45% (Fig. 4).
When a pH titration was then performed the £uorescence
decrease re£ected Hþ binding to the extracellular sites. The
averaged result of three experiments is also shown in Fig. 4
(b). As control, backdoor phosphorylation was performed in
the absence of Naþ and Kþ ions by addition of inorganic
phosphate [25]. The results of experiments at pH 7.0 and
6.5 are also included (a). The lines in Fig. 4 are two cal-
culated binding isotherms, F(pH)=Fr3vFmax/(1+10pH3pK ),

Fig. 1. A: Post^Albers scheme of the physiological pumping cycle of the Na,K-ATPase. E1 and E2 are conformations of the enzyme with bind-
ing sites facing the cytoplasmic and extracellular medium, respectively. (Na3)E1-P, ATPWE2(K2) and E2(K2) refer to occluded states in which
ions are unable to exchange with either aqueous phases. B: Hypothetical energy pro¢les for Naþ ions along their transport pathway through
the transmembrane domain in states Na3E1, (Na3)E1-P, P-E2Na3. KP, KQ, LP and LQ indicate the fractional dielectric coe⁄cients of the Naþ-
translocating pathway.
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with the same £uorescence intensity at low pH (Fr3vFmax =
30.1) and high pH (Fr =0.44) but with di¡erent pK, 7.9 (E1)
and 5.8 (P-E2).

4. Discussion

On the basis of these results a mechanism is proposed which
overcomes the discrepancy of structural [13] and functional
[21] constraints for cytoplasmic ion binding and release reac-
tions of the Na,K-ATPase. The required but missing electro-
genicity of Kþ and Naþ binding (or release) has to be dis-
cussed in the light of the presented pH e¡ects.
Previous indications that Hþ ions bind to state E1 came

from investigations of backdoor phosphorylation [25]. It was
found that in the absence of other monovalent cations the
kinetics of the phosphorylation reaction with inorganic phos-
phate, Pi, were controlled by the concentration of the state
E2(H2). The transport-reaction sequence for backdoor phos-
phorylation was found to be E1+2Hþ

cytCH2E1CE2(H2)C
P-E2(H2)CP-E2+2Hþ

ext.
When Hþ ions are able to bind to the sites of the Na,K-

ATPase in the absence of Kþ and Naþ it has to be expected
that they compete with these ions. This was demonstrated in
the experiments shown in Figs. 2 and 3. In the case of com-
petition with Naþ the half-saturating Naþ concentration,
K1=2, showed a distinct pH dependence. It was shown [21]
that K1=2 represents mainly the equilibrium dissociation con-
stant of the second Naþ bound, NaE1+Naþ3Na2E1. There-
fore, we can conclude that binding of at least the second Naþ

is a¡ected by Hþ in such a way that both ions compete for
(part of) the same site. From Fig. 2B an apparent pK for this
Hþ-binding process can be estimated to be in the order of 7.4.
The reason that the £uorescence change, vFmax, is pH inde-
pendent (Fig. 2C) is that RH421 monitors the electrogenic
binding of the third Naþ, which was found to bind to an
exclusively Naþ-speci¢c site [21], without competition with
Hþ.
Replacement of Kþ and Hþ, or vice versa, is demonstrated

by the results in Fig. 3. It is obvious that Kþ binding is
completely electroneutral at low pH, i.e. binding of Kþ is
completely compensated by a displacement of one Hþ per

Fig. 2. pH e¡ects on cytoplasmic Naþ binding. A: The £uorescence
decrease re£ects the increasing occupancy of the third site by elec-
trogenic Naþ binding [21]. The concentration dependence could be
¢tted by the Hill function (see text). B: pH dependence of the half-
saturating Naþ concentration, K1=2, from experiments as shown in
A, ¢tted by a Hill function with a pK of 7.38 (nH =2). C: The max-
imum £uorescence decrease, vFmax, of 50 mM cytoplasmic Naþ

binding was pH independent.

Fig. 3. pH-dependent cytoplasmic Kþ binding. Kþ was detected by
RH421 £uorescence changes at the indicated bu¡er pH. Electrogenic
contributions of Kþ binding were found at pHs 5.4. Data were ¢t-
ted by a Hill function with K1=2 = 22.9 WM (nH =2).

Fig. 4. Hþ binding in both principal enzyme conformations, E1 (F)
and P-E2 (b). The ATP-induced transition into state P-E2 was ac-
companied by a £uorescence increase of V40% (arrow). When
phosphorylated by ‘backdoor phosphorylation’ with Pi (a), a simi-
lar £uorescence increase was obtained.
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Kþ. In bu¡er with a higher pH the binding sites are less
completely occupied by Hþ so that a titration of the sites
with Kþ exhibits an electrogenic contribution, as is visible
in Fig. 3. The observation that the Kþ-binding a⁄nity in
E1, K1=2, is not a¡ected by pH indicates that the multiply
coordinated Kþ cations ¢t perfectly into their sites [21], and
bound Kþ ions together with ‘free’ H3Oþ ions are energeti-
cally much more favorable than a free cation and a proton-
ated carboxylate in the (proximity of the) binding site.
Direct Hþ binding could be studied only in a limited pH

range, between 5 and 7.2, since substances such as Tris, gly-
cylglycine or MgOH2, which elevate the bu¡er pH, a¡ected
the small RH421 £uorescence response of Kþ as well as of Hþ

binding by a so far unknown mechanism. pH-dependent £uo-
rescence changes in E1 and P-E2 (Fig. 4) were checked to be
speci¢c to Hþ binding. As shown by the calculated binding
isotherms the £uorescence decrease can be interpreted by
binding of Hþ as congener of Kþ. Under the assumption
that the £uorescence intensity of empty and occupied ion-
binding sites in both principal protein conformations are sim-
ilar, i.e. Fr(E1)WFr(P-E2) and vFmax(E1 )WvFmax(P-E2), the
di¡erence of Hþ-binding properties in both conformations is
reduced to a shift of the apparent pK of the Hþ-binding
structures by about two units.
From this evidence we propose an ion-binding and ex-

change mechanism for the E1 conformation of the Na,K-
ATPase as shown in Fig. 5, in which the cytoplasmic part
of the Post^Albers cycle (Fig. 1A) is extended. At high pH
(s 9.5) the standard pump cycle is valid. At low pH (6 5.5)
the binding sites are completely occupied by Hþ in the ab-
sence of other monovalent cations. Charge movements in Naþ

or Kþ binding or release are compensated by an opposite Hþ

movement. With a pK 7.9 for Hþ binding to E1, at a physio-
logical pH of 7.2 more than 83% of the sites would have
bound an Hþ ion, a mixture of both pathways in Fig. 5 will
occur, the majority being electroneutral, and binding or re-

lease of two Naþ and Kþ ions will contribute only with minor
electrogenicity, in agreement with published ¢ndings.
Binding of Hþ ions to the Na,K-ATPase was reported also

by Polvani and Blostein [26]. They found in experiments with
inside-out vesicles from red blood cells that in the absence of
cytoplasmic Naþ and/or extracellular Kþ ions enzymatic ac-
tivity of the Na,K-ATPase was nevertheless observed. This
activity could be assigned to a replacement of the ion species
transported in both directions by protons.
Hþ binding to the cytoplasmic sites allows also an alterna-

tive explanation of intriguing experiments with chimera of
Na,K-ATPase and H,K-ATPase [27]. Mense and collabora-
tors found that an exchange of three amino acids in the fourth
transmembrane segment and of the loop between the third
and fourth transmembrane segment from the Na,K-ATPase
to the H,K-ATPase sequence produced a phenotype that had
at pH 6 and in the absence of Naþ already 50% of its max-
imum enzymatic activity with saturating Naþ [27]. In the light
of our data the underlying mechanism could be that the ami-
no acid exchange either switched the Naþ-speci¢c third bind-
ing site into an Hþ site, or introduced a condition that sig-
naled to the enzymatic machinery a permanent occupancy of
that third site. With such a modi¢cation the Na,K-ATPase
mimics on principle features of the H,K-ATPase.
In summary, the obvious ability of the two non-Naþ-spe-

ci¢c binding sites to bind two Hþ ions in E1 with an apparent
pK that is higher than the cytoplasmic pH can explain the
apparently electroneutral Naþ and Kþ binding. This process
conserves besides the strict structural relationship also a
mechanistic agreement between Na,K-ATPase, gastric H,K-
ATPase and SR Ca-ATPase.
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