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Na+,K+-ATPase and H+,K+-ATPase are electrogenic and nonelec-
trogenic ion pumps, respectively. The underlying structural basis
for this difference has not been established, and it has not been
revealed how the H+,K+-ATPase avoids binding of Na+ at the site
corresponding to the Na+-specific site of the Na+,K+-ATPase (site
III). In this study, we addressed these questions by using site-
directed mutagenesis in combination with enzymatic, transport, and
electrophysiological functional measurements. Replacement of the
cysteine C932 in transmembrane helix M8 of Na+,K+-ATPase with
arginine, present in the H+,K+-ATPase at the corresponding posi-
tion, converted the normal 3Na+:2K+:1ATP stoichiometry of the
Na+,K+-ATPase to electroneutral 2Na+:2K+:1ATP stoichiometry
similar to the electroneutral transport mode of the H+,K+-ATPase.
The electroneutral C932R mutant of the Na+,K+-ATPase retained a
wild-type–like enzyme turnover rate for ATP hydrolysis and rate of
cellular K+ uptake. Only a relatively minor reduction of apparent
Na+ affinity for activation of phosphorylation from ATP was ob-
served for C932R, whereas replacement of C932 with leucine or
phenylalanine, the latter of a size comparable to arginine, led to
spectacular reductions of apparent Na+ affinity without changing
the electrogenicity. From these results, in combination with struc-
tural considerations, it appears that the guanidine+ group of the
M8 arginine replaces Na+ at the third site, thus preventing Na+

binding there, although allowing Na+ to bind at the two other
sites and become transported. Hence, in the H+,K+-ATPase, the
ability of the M8 arginine to donate an internal cation binding at
the third site is decisive for the electroneutral transport mode of
this pump.

H+,K+-pump | Na+,K+-pump | electrogenicity | internal cation | alternating
hemiplegia of childhood

The Na+,K+-ATPase and H+,K+-ATPase are closely related
members of the P-type ATPase family of membrane trans-

porters (1, 2). The Na+,K+-ATPase is an essential ion pump
present in the cell membrane of all mammalian cells, where it
carries out electrogenic exchange of three internal Na+ ions for
two external K+ ions per ATP molecule split. It is widely ac-
cepted that the transport of Na+ and K+ occurs by a consecutive
mechanism in which Na+ is occluded in the phosphorylated
enzyme and released on the external side before K+ binds and is
transported into the cell, also involving an occluded interme-
diate (3) (the reaction cycle is shown in Fig. S1). Crystal struc-
tures of the Na+,K+-ATPase show that two Na+ ions bind at
sites that overlap substantially with the K+ sites (so-called
sites I and II), whereas the third Na+ ion is bound at a distinct
Na+-specific site (site III) (1, 4, 5). Two isoforms of H+,K+-
ATPase, with different expression profiles, perform electro-
neutral H+,K+-exchange by a mechanism basically similar to the
Na+,K+-ATPase mechanism (6, 7). The nongastric H+,K+-
ATPase participates in K+ reabsorption in the kidney and colon,
whereas the better characterized gastric H+,K+-ATPase is
responsible for acid secretion into the lumen of the stomach
and has been proposed to have two different stoichiometries:

1H+:1K+:1ATP at low luminal pH and 2H+:2K+:1ATP at neu-
tral pH (6–8). A low-resolution crystal structure of the H+,K+-
ATPase obtained at acidic pH in the presence of the K+ congener
Rb+ shows that one bound Rb+ ion occupies a site equivalent to
site II of the Na+,K+-ATPase, whereas the occupancy of site I is
very low (8).
The structural basis for the difference between Na+,K+-

ATPase and H+,K+-ATPase with respect to stoichiometry,
electrogenicity, and specific cation selectivity (H+ vs. Na+) is not
well understood. Most of the residues involved in Na+ and K+

binding in the Na+,K+-ATPase are fully conserved in the H+,K+-
ATPase (E329, Y773, T774, T776, E781, D810, Q925, and D928;
rat α1 Na+,K+-ATPase numbering). One of the cation binding
aspartates of transmembrane helix M6 of Na+,K+-ATPase (D806
in the rat α1 enzyme) is conserved in the nongastric H+,K+-
ATPase and substituted by glutamate in gastric H+,K+-ATPase.
A serine involved in Na+ and K+ binding in the Na+,K+-ATPase
(S777 in rat α1 Na+,K+-ATPase), located in transmembrane helix
M5, is nonconservatively replaced by a lysine in the H+,K+-
ATPases (alignment is shown in Fig. 1). The occupation of site I
by this lysine with its potential positive charge might account, in
part, for the difference in transport stoichiometry between
H+,K+-ATPase and Na+,K+-ATPase (7, 9), but consistent
results for gain of electrogenicity upon mutation of this lysine
in the gastric and nongastric H+,K+-ATPases have not been
obtained (7, 10). It remains to be explained how the H+,K+-
ATPases avoid binding Na+ (or H+) at the site corresponding to
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site III of Na+,K+-ATPase (4), given the conservation of most
coordinating residues of site III (Y773, T776, D810, Q925,
and D928).
Sequence alignment shows that a cysteine conserved in the

α-subunit transmembrane helix M8 of all Na+,K+-ATPases is
replaced by arginine in H+,K+-ATPases (Fig. 1). Insertion of ar-
ginine in place of the cysteine in the model of the Na+,K+-ATPase
structure indicates that the positively charged guanidine+ group of
the arginine side chain reaches into site III, where it might substitute
for the bound Na+ (Fig. 2). Thus, it may be hypothesized that this
arginine functions as an internal cation conferring electroneutrality of
transport. In the present study, we have used biochemical assays and
electrophysiology to examine this hypothesis by studying the func-
tional consequences of replacing the M8 cysteine of Na+,K+-ATPase
with arginine and several other substituents, including phenylalanine,
which is present in a patient with alternating hemiplegia of childhood
(11). Our results demonstrate that the arginine substitution makes
the Na+,K+-ATPase electroneutral like the H+,K+-ATPase, while
maintaining high Na+,K+-ATPase activity and K+ transport
rate. This finding, in turn, suggests that the ability of the argi-
nine of M8 to work as an internal cation substituent for Na+ and
prevent Na+ binding at the third Na+-specific site is decisive for
the electroneutral transport mode of H+,K+-ATPase.

Results
Mutants Studied. The cysteine in transmembrane helix M8 of rat
α1 Na+,K+-ATPase was replaced with the positively charged ar-
ginine, the residue present at the equivalent position in H+,K+-
ATPase, as well as with the neutral residues alanine, leucine, and
phenylalanine. Wild type and mutants were expressed in COS-1 cells
for enzymatic measurements on isolated leaky membrane prep-
arations and K+ uptake measurements in intact cells. The cor-
responding Xenopus α1 wild type and mutants were expressed
together with β3 in Xenopus oocytes for electrophysiological
measurements.

Functional Studies on Isolated Membranes. The Na+,K+-ATPase
activity per molecule (turnover rate) was determined under
conditions optimal for the wild type. For C932R, the turnover

rate was 83% of the wild type, and for the other C932 mutants, it
was likewise only slightly reduced (Fig. 3A and Table S1).
The interaction with Na+ at the cytoplasmic-facing transport

sites was studied by determining the Na+ dependence of phos-
phorylation from [γ-32P]ATP (compare the reaction cycle in Fig.
S1). C932F and C932L were very disruptive, reducing the ap-
parent Na+ affinity (increasing K0.5 for Na+) as much as 73- and
30-fold, respectively, whereas the effect of the C932R sub-
stitution was much less pronounced (fivefold), and C932A was
wild type-like (Fig. 3B and Table S1).
K+ activates dephosphorylation of the Na+,K+-ATPase by

binding at sites I and II in their extracellular-facing configuration
in E2P, thereby stimulating the ATPase activity. In the absence of
K+, Na+ can substitute for K+ (also known as “Na+-ATPase
activity”), although with much less efficiency (12) (∼40-fold
lower turnover rate for wild type; compare Fig. 3 A and C).
Under these conditions, Na+ binding at site III in its extracel-
lular-facing “leaving” configuration leads to slowing of the pump
cycle, which is manifested as inhibition of Na+-ATPase at high
Na+ concentrations. At 1 M Na+, 100% inhibition was observed
for C932A and wild-type pumps, whereas inhibition was abol-
ished in C932F and C932L. For C932R, the activity was only
reduced by 25% at 1 M Na+, indicating a considerable decrease
of the affinity for inhibitory Na+ or of its efficacy (Fig. 3C and
Table S1). It is also noteworthy that Na+-ATPase activity of
C932F was markedly enhanced relative to wild type in the whole
range of Na+ concentrations, suggesting that the structural per-
turbation by the phenylalanine increases the efficacy of activa-
tion of dephosphorylation by Na+ bound at site I and/or II, thus
revealing interference with the normal K+ selectivity of these
sites [compare previous observations of similar effects for certain
other mutations perturbing the Na+ binding sites (13, 14)].
The K+ dependence of the Na+,K+-ATPase activity is shown

in Fig. 3D. C932F and C932R displayed mild reduction of apparent
K+ affinity for activation relative to wild type (only 1.6- and 2.1-
fold, respectively; Table S1). In addition to the K+ activation phase,
a distinct inhibition phase was observed at high K+ concentrations
for C932L and C932F, most pronounced for C932L. Such an in-
hibition is believed to reflect K+ competition at one or more of the

Fig. 1. Alignment of transmembrane segments M5-M6 and M8 of Na+,K+-ATPases and H+,K+-ATPases. Arrows pinpoint important residues differing be-
tween Na+,K+-ATPases and H+,K+-ATPases. Residue numbering corresponds to the rat α1 Na+,K+-ATPase.

Fig. 2. Structural features relevant to the present
study. Side view of the transmembrane domain of
the Na+,K+-ATPase structure with bound Na+ ions
(blue spheres numbered I, II, and III), cytoplasmic side
upward [Protein Data Bank (PDB) ID code 3WGV,
protomer B (4)]. (A) Wild type with C932 and se-
lected ion binding residues in stick representation.
(B) Same structure as in A, but with C932, S777, and
D806 replaced with the residues found in the gastric
H+,K+-ATPase (alignment shown in Fig. 1).
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cytoplasmic-facing Na+ sites and indicates overall loss of the ef-
fective Na+ selectivity (14), which is in accordance with the reduced
Na+ affinity of these mutants. C932A was wild type-like, and only a
diminutive K+ inhibition was observed for C932R in accordance
with the relatively minor reduction of Na+ affinity in C932R. The
mutational effects on the E1-E2 distribution (the main conforma-
tional states of the enzyme that are Na+-selective and K+-selective,
respectively) were determined in assays for ATP and vanadate
binding (Fig. S2 and Table S1), which demonstrated that the low
affinity for Na+ detected for some of the mutants is not an indirect
effect of an E2 shift of the E1-E2 conformational equilibrium.

Electrophysiological Studies of C932 Mutants in Intact Cells. The
pump currents were studied in Xenopus oocytes under voltage
clamp. Fig. 4 A, B, and D shows that the mutants C932A (for
simplicity, we maintain rat α1 numbering throughout the article),
C932L, and C932F all displayed K+-induced outward pump cur-
rent due to electrogenic transport, as is well known for wild-type
Na+,K+-ATPase (15). In contrast, C932R lacked such current
(Fig. 4 C and D). Taken together, the normal Na+,K+-ATPase
activity (Fig. 3A) and the absence of outward current indicate that
C932R performs electroneutral transport.
Fig. 4D illustrates the maximal pump current in the absence

of external Na+. C932R showed lack of current for the whole
voltage range studied. C932A and C932L showed current, but
with little voltage dependence, as previously described for the wild
type in the absence of external Na+ (15–17). However, the maxi-
mal pump current of C932F increased throughout the voltage
range studied, possibly reflecting the extremely reduced affinity for
cytoplasmic Na+, which allows a positive voltage to enhance the
pump rate by supporting Na+ entry into the site.

Fig. 4E shows the voltage dependence of the apparent affinity
for K+ determined by fitting the Hill equation to dose–response
curves obtained for each voltage in the absence (C932A, C932L,
C932F, and wild type) and presence (C932A, C932F, and wild
type) of external Na+. With external Na+ present, the wild-type
Na+,K+-pump shows a distinct U-shaped voltage dependence of
the K0.5 for K+, which can be understood in terms of high-field
access channels that the Na+ and K+ ions must transit to reach
their binding sites from the extracellular side (15, 18, 19). The
voltage dependence of C932A was wild type-like, but for C932F,
the effect of negative voltage was much less pronounced, resulting
in a shift of the position of the minimum toward more negative
potentials in good accordance with the markedly reduced affinity
of C932F for Na+ deduced from the biochemical data. Also in
good agreement with the enzymatic assays, C932F exhibited a
reduced K+ affinity relative to wild type.

Fig. 3. Functional properties of C932 mutants in isolated, permeabilized
membranes. (A) Na+,K+-ATPase activity was determined at 37 °C in the
presence of 30 mM histidine buffer (pH 7.4), 130 mM NaCl, 20 mM KCl, 3 mM
ATP, 3 mM MgCl2, 1 mM EGTA, and 10 μM ouabain. The turnover rate was
calculated as the ratio between the Na+,K+-ATPase activity and the active
site concentration. (B) Phosphorylation was carried out for 10 s at 0 °C in
20 mM Tris (pH 7.5), 3 mM MgCl2, 1 mM EGTA, 2 μM [γ-32P]ATP, 10 μM
ouabain, 20 μg of oligomycin/mL, and the indicated concentration of Na+

with various concentrations of N-methyl-D-glucamine to maintain the ionic
strength. (C) Na+-ATPase activity was measured as described for A except for
the absence of K+ and the presence of Na+, as indicated on the abscissa. The
turnover rate was calculated as described for A. (D) Na+,K+-ATPase activity
was measured as described for A except that the Na+ concentration was
40 mM and the K+ concentration was varied. Error bars indicate SE. Non-
linear regression was used to fit data (lines) in B and D (equations are pro-
vided in SI Methods). Wild-type data reproduced from the study by Holm
et al. (14) are shown as dotted lines. Statistics are shown in Table S1.

Fig. 4. K+-induced pump currents in Na+,K+-ATPase C932 mutants. (A–C)
Representative slow time-base recordings obtained at −50 mV in oocytes
expressing C932 mutants. Application of K+ (3 or 10 mM) in the absence
[presence of 125 mM N-methyl-D-glucamine (NMG+)] or presence of 125 mM
external Na+ induced robust outward currents in C932A (A) and C932F (B),
but failed to induce current in C932R (C). Larger values in A are due to larger
protein expression, which is variable from oocyte to oocyte. The vertical
deflections in the traces correspond to application of 100-ms-long square
voltage pulses to obtain current/voltage relationships. ouab, ouabain.
(D) Average maximal K+-induced (IK) current in NMG+ as a function of voltage.
(E) Voltage dependence of the K0.5 for activation of current induced by
external K+ in the presence of Na+ (solid symbols) or in the absence of Na+

(open symbols). For D and E, the symbols represent C932A (squares), C932F
(triangles), C932L (circles), and C932R (diamonds). Data for wild type (stars)
were previously reported [average of two independent datasets (16, 17)]. To
obtain the maximal current and K0.5 values in D and E, the K+ concentration
dependence of the K+-induced current was obtained at each voltage and
fitted with a Hill equation (17). Error bars indicate SE (n = 5–12).
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External Na+ binding by the mutants was further evaluated
by measuring the transient charge movement in the presence of
125 mM Na+ (Fig. 5). In wild-type pumps, such current tran-
sients represent the voltage-dependent redistribution between
[Na3]E1P and E2P intermediates (20) (see reaction intermediates
in Fig. S1). Fig. 5A shows representative ouabain-sensitive cur-
rents elicited by pulses to different voltages from the holding
potential (−50 mV). The integral of the transient currents ob-
served when the voltage was returned to holding was plotted as a
function of the voltage pulse to obtain the so-called charge-voltage
(Q-V) curves shown in Fig. 5B and in the normalized form for the
wild type, C932A, and C932R in Fig. 6A. The Q-V curve of C932A
exhibited a wild-type–like slope with 29 mV more positive V0.5
than the wild type, corresponding to an approximately twofold
increase of Na+ affinity (20, 21), which matches the biochemical
data for the affinity for external Na+ (Fig. 3C). C932F lacked
significant transients in the voltage range studied (down to −200 mV)
in agreement with its very low Na+ affinity. The Q-V curve
obtained for C932L was composite, with a shallower component
and a second, low-affinity component that appears below −140 mV
(impossible to study in greater detail because oocytes do not
withstand voltages below −200 mV). This low-affinity component
may reflect Na+ interaction with the Na+ exclusive site III exhib-
iting very low affinity for external Na+, although higher than the
affinity of C932F, in accordance with the enzymatic studies. Sur-
prisingly, C932R presented robust current transients, although
corresponding to a Q-V curve with a shallower slope and with
V0.5 shifted to a more positive voltage compared with the wild
type and C932A (Figs. 5 and 6A). Hence, a partial reaction of
C932R appears to be electrogenic, even though the overall pump
cycle of this mutant is electroneutral. However, in contrast to the
wild-type Na+,K+-ATPase and the C932A mutant, C932R showed
only a slight difference (at very negative voltages) between the
Q-V relations obtained in the presence and absence of external
Na+ (Fig. 6B). Altogether, the large current transients observed
with C932R provide clear evidence that this mutant is well
expressed in the oocytes, thus corroborating that the lack of steady-
state outward currents is due to electroneutral transport mode.

K+ Transport and ATP Hydrolysis in Intact Cells.To determine whether
the mutations affect the K+ transport steps of the Na+,K+-pump

cycle, we measured active accumulation of K+ in COS-1 cells
expressing C932R, C932A, or wild-type Na+,K+-ATPase, using
86Rb+ as a K+ congener (14, 22). The results obtained following
correction for variance in protein expression show little or no
difference in K+ uptake rates between the mutants and wild-
type pumps (Fig. 7), further supporting electroneutral transport
by the C932R mutant.
The Na+,K+-ATPase activity under the conditions used for

measurements of K+ uptake in the intact cell system was esti-
mated using the leaky plasma membrane Na+,K+-ATPase prepa-
ration in the presence of 130 mMK+ and 15 mMNa+. Under these
cytoplasmic-like conditions, the cytoplasmic-facing Na+ sites are
not saturated, whereas the extracellular-facing sites are saturated
by K+. The turnover rates determined under these near-physio-
logical conditions were only ∼20% of the maximal turnover rate in
Table S1, but very similar among wild type and the two mutants:
1,559 ± 79 min−1 (n = 2) for wild type, 1,774 ± 81 min−1 (n = 3) for
C932A, and 1,273 ± 166 min−1 (n = 3) for C932R. Hence, we
conclude that C932R does not affect the ratio between K+ uptake
and ATP hydrolysis.

Discussion
This study addresses the structural basis for the difference in
electrogenicity between Na+,K+-ATPase and H+,K+-ATPase.
Our results pinpoint the importance of an arginine in H+,K+-
ATPase at the position corresponding to C932 (rat α1 num-
bering) in transmembrane helix M8 of Na+,K+-ATPase. We
demonstrate unequivocally that the C932R mutation makes the
Na+,K+-ATPase electroneutral, without affecting the ATPase
turnover rate or the stoichiometry of K+ transport in intact cells.
Hence, the C932R Na+,K+-ATPase mutant exports two Na+ ions
and imports two K+ ions per ATP hydrolyzed instead of the
normal three Na+ ions and two K+ ions. The presence of argi-
nine at this position in both H+,K+-ATPase isoforms thereby
explains the electroneutrality of these pumps.
According to the crystal structure of the Na+,K+-ATPase with

three Na+ ions bound (4), Na+ site III is formed by side-chain
oxygen ligands of T776, S777, Q925, and D928, as well as the
π-electrons of the aromatic side chain and the backbone oxygen
of Y773. C932 is located one α-helical turn closer to the in-
tracellular side than D928 in M8 (Fig. 2A), but the side-chain
sulfhydryl group of C932 is not important for Na+ or K+ binding,
because replacement of C932 with alanine did not lower the
apparent affinities for the ions (Table S1). On the other hand,
replacement of C932 with the bulky hydrophobic residues phe-
nylalanine and leucine resulted in a dramatic reduction of the
apparent Na+ affinity from both sides of the membrane, and the
phenylalanine, but not the leucine, disturbed K+ binding slightly.
Hence, in C932L, Na+ sites I and II, which alternately accom-
modate Na+ and K+, are largely undisturbed, whereas Na+ site
III is disturbed, which can be explained by collision of the leucine
side chain with Y773 and D928 (Fig. S3A). The phenylalanine
side chain is more bulky with its aromatic ring (Fig. S3B),
explaining why its impact reaches to site I, thus affecting K+

binding. Recently, the homologous replacement of C927 of the
α3-isoform of Na+,K+-ATPase with phenylalanine, tyrosine, or
tryptophan was identified in patients with the neurological dis-
ease alternating hemiplegia of childhood (11). The very low Na+

affinity likely results in a rise of the intracellular Na+ concen-
tration that contributes to the pathophysiology (22).
In contrast to the conspicuous effects of phenylalanine and

leucine, we found only a relatively modest, fivefold reduction of
Na+ affinity for C932R, relative to the wild type, despite the fact
that the side chain of the arginine has a larger volume, and thus
would be expected to be at least as perturbing as the side chain of
the phenylalanine. It should be noted that the K0.5 determined for
Na+ is an apparent affinity for Na+ activation of phosphorylation,
which requires binding of Na+ at all three sites in the wild type.
Thus, the K0.5 for Na+ depends on the properties of all three
Na+ sites and their cooperative interaction. Because the ar-
ginine side chain reaches into site III in the C932R mutant

Fig. 5. Transient currents in C932 mutants. (A) Ouabain-sensitive currents
were determined in the presence of 125 mM external Na+. The current eli-
cited by 100-ms-long voltage pulses in the presence of 10 mM ouabain was
subtracted from the currents elicited by the same pulse protocol in the ab-
sence of inhibitor. (B) Q-V curves for WT (n = 10), C932A (n = 10), C932L (n =
6), C932F (n = 5), and C932R (n = 6). The charge plotted in B was obtained by
integration of the current at the end of pulses for varying voltages as ex-
emplified in A. Error bars indicate SE.
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(Figs. 2B and 6D), the most reasonable explanation of the rel-
atively small perturbation of the apparent Na+ affinity seen for
C932R is that the positively charged arginine guanidine+ group,
similar in size and chemistry to partially hydrated Na+ (23), can
act like Na+ at site III. If Na+ were absent from site III, the
partially charged nitrogen atoms of the arginine side chain in
C932R would interact in place of Na+ with the site III liganding
residues D928, T776, and Y773. Guanidinium derivatives have,
in fact, been shown to be high-affinity antagonists of Na+ ions in
the occlusion sites of Na+,K+-ATPase (24), and on the basis of
electrophysiological studies, guanidinium+ ions were proposed to
interact specifically at Na+ site III (16, 17), which is consistent
with biochemical trypsinolysis studies (25). Thus, in accordance
with the illustrations in Figs. 2B and 6D, the arginine guanidine+

group seems structurally capable of replacing Na+ at site III as
an internal cation without preventing occupation of the other
two sites by Na+.
The sequence of cytoplasmic Na+ binding at the three sites of

the Na+,K+-ATPase is unsettled (4, 26). The present data are
consistent with the crystal structure-based proposal that the Na+

ion at site III is the first ion to bind, followed by occupation of
sites I and II, respectively, in a sequential and cooperative
binding mechanism (4). According to this hypothesis, the
guanidine+ group of the arginine at site III in the C932R mutant
would replace the binding of the first Na+ ion in the sequence,
preparing the Na+,K+-ATPase for the consecutive binding of
Na+ at sites I and II, thereby accomplishing the reaction cycle
with only two Na+ ions being translocated for each ATP hy-
drolyzed. The relatively minor reduction of the apparent affinity
of sites I/II for Na+ in C932R could be due to interference with
the cooperative interaction between these sites and site III and/or
to the tethered cation forcing an order of binding of cytoplasmic
Na+ different from the normally preferred order. In any case,
our data are fully consistent with phosphorylation being con-
trolled by binding of the last Na+ to a site different from site III,
in agreement with the evolutionary attractive hypothesis proposing
that site II, the only transport site conserved in all P-type ATPases,
is the last to be occupied from the cytoplasm, triggering the
phosphorylation reaction in all P-type ATPases (4, 14).
Although the overall pump cycle of C932R was electroneutral,

the voltage-dependent transient current exhibited by C932R in-
dicated that at least one partial reaction is electrogenic. Because
the Q-V relationship of C932R was only mildly sensitive to the
presence of external Na+ (at very negative voltages corresponding
to strongly reduced affinity; Fig. 6B), the major voltage-dependent
reaction step of this mutant is a conformational change rather

than a Na+ binding/dissociation step, probably the E1P-to-E2P
transition (10, 27, 28). The low affinity of C932R for external Na+

is consistent with the slight inhibition seen in the Na+-ATPase
assay at very high Na+ concentrations (Fig. 3C), thus reflecting the
binding of Na+ to site III of the C932R mutant from the extra-
cellular side, albeit with much reduced affinity. The exact struc-
tural basis for this Na+ binding cannot be established in the
absence of crystal structure(s) of the Na+-bound intermediate(s)
following [Na3]E1P in the enzyme cycle, but it is worth noting that
the position of the Na+ ion at site III deviates slightly between the
two protomers in the available crystal structure (4), as seen by
comparing Fig. 6 C and D with Fig. 6 E and F. In protomer A, the
Na+ ion at site III is 1.7 Å closer to the Na+ ion in site I (and thus
to transmembrane segment M5) compared with protomer B, and
the inserted arginine approaches D928 more closely in protomer
A than in protomer B. It seems likely that the two protomers
represent different stages of the dynamic translocation process,

Fig. 7. K+ transport into intact cells. Uptake of the K+ congener 86Rb+ at 37° C
in COS-1 cells stably expressing either wild type (α1-wt) or mutants (C932R
and C932A) was determined following incubation for the indicated time
intervals. K+ uptake was calculated by multiplying the relative 86Rb+ uptake
per milligram of protein by the K+ concentration in the uptake medium and
is expressed per milligram of total protein normalized to represent identical
expression levels of wild type and mutants. The nonspecific uptake obtained
at 10 mM ouabain was subtracted from the data obtained at 5 μM ouabain
(inhibiting the endogenous Na+,K+-ATPase). The indicated background
corresponds to nontransfected COS-1 cells. Error bars indicate SE (n ≥ 3).

Fig. 6. Binding of extracellular Na+ by C932R and
structural interpretation. (A) Normalized Q-V re-
lation for WT, C932A, and C932R (data in Fig. 5B).
Data were fitted with the Boltzmann distribution
(lines), giving parameters V0.5 (center of distribution)
and k (slope factor) (17). Parameters from the best fit
(in millivolts) were V0.5 = −46.4 ± 0.7, k = 33.8 ± 0.8
for WT; V0.5 = −17.0 ± 6.2, k = 36.6 ± 3.8 for C932A;
and V0.5 = 4.3 ± 9.8, k = 48.2 ± 4.2 for C932R. QOFF,
holding voltage. (B) Normalized Q-V for C932R
measured in the presence and absence (NMG) of
125 mM external Na+. (C–F) Structures based on PDB
ID code 3WGV, protomers A and B (chains C and A,
respectively, in the PDB file), with C932 being
replaced by arginine in D and F. Wild-type protomer
B (C), C932R protomer B (D), wild-type protomer A
(E), and C932R protomer A (F) are shown. Side views
with the cytoplasmic side up are shown. The bound
Na+ ions are shown as blue spheres. Broken lines
with numbers indicate distances in angstroms.
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and the presence of the arginine excludes Na+ binding at site III
less efficiently in the state represented by protomer A than in the
state represented by protomer B. The overlap between the argi-
nine side chain and Na+ might be reduced even more in the in-
termediates following [Na3]E1P in the process toward extracellular
release of Na+. Thus, it is reasonable to expect that these inter-
mediates are able to bind Na+ at site III from the extracellular
side, albeit with reduced affinity.
A mechanism where arginine works as an internal cation

replacing Na+ has previously been revealed for a carnitine
transporter (CaiT), which is closely related to Na+-coupled
substrate symporters, but is Na+ independent, because an argi-
nine undergoing conformational changes mimics Na+ binding
and unbinding (29). An equivalent observation is the ability of
negatively charged amino acid residues to substitute for Cl− in
neurotransmitter, Na+,Cl−-cotransporters to make these trans-
porters independent of Cl− (30). Hence, the present finding adds
an example of the general use of charged amino acid side chains
to substitute for transported ions, when a change in transport
stoichiometry is advantageous.
The lysine of transmembrane helix M5 replacing S777 of Na+,

K+-ATPase in the H+,K+-ATPases has previously been attrib-
uted a role as an internal cation similar to the present proposal
for the arginine of M8 (7, 9). In favor of this function of the M5
lysine is the finding that alanine substitution confers electrogenicity
to the nongastric H+,K+-ATPase, thus raising the number of cat-
ions transported toward the extracellular side per cycle (7). Al-
though a similar gain of electrogenicity was not observed for the
corresponding mutant of gastric H+,K+-ATPase (10), the confor-
mational change from E1P to E2P was proposed to result in the
formation of a salt bridge between the M5 lysine and the M6
glutamate in the gastric H+,K+-ATPase, thereby expelling the
bound H+ toward the extracellular side (9, 10). In combination

with the present results, the previous findings with the M5 lysine
suggest that both the lysine and the M8 arginine contribute internal
cations that, together, ensure the electroneutrality and ability of H+,
K+-ATPases to work against a steep concentration gradient.

Methods
For biochemical analysis, mutations were introduced into cDNA encoding the
ouabain-resistant rat α1-isoform Na+,K+-ATPase. Mutants and wild type were
expressed in COS-1 cells under ouabain selection pressure (13, 22). Studies of
enzyme function were performed on isolated plasma membranes made
leaky to allow access of incubation media from both sides of the membrane.
Ouabain was present to inhibit the endogenous Na+,K+-ATPase. ATPase
activity was determined at 37 °C by following the liberation of Pi (14). The
Na+ dependence of phosphorylation from [γ-32P]ATP was determined at 0 °C
in the presence of oligomycin to stabilize the phosphoenzyme and was
quantified by phosphor imaging of bands separated by SDS/PAGE (14). The
active site concentration was determined as the maximum phosphorylation
from [γ-32P]ATP measured in the presence of 150 mM NaCl and oligomycin.
Cellular K+ transport at 37 °C was determined using the K+ congener 86Rb+

(22), and the uptake data were normalized to represent identical expression
levels as calculated from the active site concentration.

For electrophysiological studies,mutationswere introduced into anouabain-
resistant version (Q120R/N131D mutant) of Xenopus α1 Na+,K+-ATPase. Oo-
cytes were injected with the cRNA and loaded with Na+ 1–2 h before two
electrode voltage-clamp recordings in external solution with and without
125 mM Na+ (31). Further details are provided in SI Methods.
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