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The �-subunits of Na,K-ATPase and H,K-ATPase have
important functions in maturation and plasma membrane tar-
geting of the catalytic�-subunit but alsomodulate the transport
activity of the holoenzymes. In this study, we show that trypto-
phan replacement of two highly conserved tyrosines in the
transmembrane domain of both Na,K- and gastric H,K-ATPase
�-subunits resulted in considerable shifts of the voltage-
dependent E1P/E2P distributions toward the E1P state as
inferred frompresteady-state current and voltage clamp fluoro-
metric measurements of tetramethylrhodamine-6-maleimide-
labeled ATPases. The shifts in conformational equilibria were
accompanied by significant decreases in the apparent affinities
for extracellular K� that were moderate for the Na,K-ATPase
�-(Y39W,Y43W) mutation but much more pronounced for the
corresponding H,K-ATPase �-(Y44W,Y48W) variant. More-
over in the Na,K-ATPase �-(Y39W,Y43W) mutant, the appar-
ent rate constant for reverse binding of extracellular Na� and
the subsequent E2P-E1P conversion, as determined from tran-
sient current kinetics, was significantly accelerated, resulting in
enhanced Na� competition for extracellular K� binding espe-
cially at extremely negative potentials. Analogously the reverse
binding of extracellular protons and subsequent E2P-E1P con-
version was accelerated by the H,K-ATPase �-(Y44W,Y48W)
mutation, and H� secretion was strongly impaired. Remarkably
tryptophan replacements of residues in the M7 segment of
Na,K- andH,K-ATPase�-subunits, which are at interacting dis-
tance to the �-tyrosines, resulted in similar E1 shifts, indicating
their participation in stabilization of E2. Thus, interactions
between selected residues within the transmembrane regions of
�- and �-subunits of P2C-type ATPases exert an E2-stabilizing
effect, which is of particular importance for efficient H� pump-
ing by H,K-ATPase under in vivo conditions.

The ubiquitous sodium pump and the closely related gastric
proton pump are members of the P-type ATPase family that
comprisesmore than 200 identifiedmembers (1, 2). Apart from
the highly homologous Na,K-ATPase �-isoforms, the catalytic
subunits of Na,K-ATPase and H,K-ATPase share the highest
sequence identity in the whole family (of about 62% between
Na,K-ATPase �1-subunit and gastric H,K-ATPase �-subunit
(3)). Besides the bacterial Kdp-ATPase, which is composed of
four essential subunits (4), Na,K- andH,K-ATPases are the only
P-type ATPase family members that require an additional
�-subunit for folding, membrane insertion, and plasma mem-
brane delivery of the catalytically active �-subunits (5–7).With
only 20–30% overall sequence identity the three Na,K-ATPase
�-subunit isoforms and the H,K-ATPase �-subunits from dif-
ference species are much less conserved than the �-subunits.
However, all known �-subunits share the same basic overall
structure: a short intracellular N-terminal domain followed by
a single transmembrane span and a large C-terminal ectodo-
main, which contains highly conserved glycosylation sites and
disulfide bridge-forming cysteine residues.
Because a unique feature of the oligomeric members of the

P-type ATPase family is the ability to transport K� ions, it was
speculated (8) that some structural particularities in the �-sub-
unit that are required for potassium transport may be detri-
mental for proper folding and membrane integration and that
the negative influence on these critical processes is overcome
by the association with accessory subunits. In addition to this
chaperone-like function, the �-subunit is essential for enzyme
activity (9) and influences the transport properties of mature
sodium and proton pumps. The existence of various tissue-
specific Na,K-ATPase �-subunit isoforms, which result in
holoenzymes with different cation affinities (10, 11), and the
fact that Na,K-ATPase �-subunits co-expressed with H,K-
ATPase �-subunits form active pumps (12), albeit with altered
ion affinities (10, 13), strongly suggest amodulatory function of
the �-subunit for ion translocation.
Results from several studies indicate that it is mainly the

C-terminal extracellular domain of the �-subunit that modu-
lates cation transport. For example, reduction of the disulfide
bonds in the ectodomain of the �-subunit impairs the function
of purified Na,K- or H,K-ATPase. Because this was prevented
in the presence of cations (14–16), a potential role of the�-sub-
unit in K� occlusion has been suggested. Functional analysis of
chimeras between Na,K- and H,K-ATPase �-subunits con-
firmed that mostly �-� ectodomain interactions are responsi-
ble for the observed effects of the �-subunit on cation affinity
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and occlusion of the sodium pump (17–19). This is also in line
with the electron density of the first 10–15 residues of the
ectodomain, which was tentatively traced in the recent x-ray
structure of the pig Na,K-ATPase holoenzyme (20) and clearly
indicates that the extracellularM5/M6 andM7/M8 loops of the
�-subunit are covered by a “lid” formed by the ectodomain of
the �-subunit as suggested previously (15).
Yet not only ectodomain modifications have been shown to

alter the transport properties. N-terminal truncation of the
cytoplasmic domain of the �-subunit of the Na,K-ATPase
resulted in changes of the apparent K� (19, 21) and Na� affin-
ities (19) and affected the conformational equilibrium (22).
Likewise an inhibitory antibody, which recognizes an epitope
within the first 36 N-terminal amino acids of the �-subunit of
H,K-ATPase (23), altered the K� affinity. However, cytoplas-
mic interactions are probably not directly responsible for the
functional effects of�-subunits on cation binding of the sodium
pump because, in contrast to a complete truncation, deletions
or multiple mutational alterations of the N terminus did not
affect the K� activation of Na,K-ATPase expressed in Xenopus
oocytes (19). Furthermore results froma glycosylationmapping
assay indicated a repositioning of the transmembrane segment
as a consequence of the N-terminal truncation (24). This in
turn may also impair the conformation of the ectodomain,
whose significance for cation occlusion has already been out-
lined above. Even the observed repositioning of the transmem-
brane domain (TMD)2 itself could be responsible for the
reported K� effects in the N-terminally truncated �-variant
becausemutations in the TMDhave also been shown tomodify
cation transport: tryptophan scanningmutagenesis in theTMD
of theNa,K-ATPase�-subunit revealed that the replacement of
two tyrosines by tryptophan has distinct and additive conse-
quences for the cation affinities of the holoenzyme (25). Inter-
estingly these tyrosines are highly conserved; they are actually
present in all known �-subunits (represented by red capital
letters in the �-TMD alignment shown in Fig. 1C). The appar-
ent K1⁄2 for extracellular K� activation of pump currents in
Xenopus oocytes was significantly increased for a simultaneous
tryptophan replacement of the two tyrosines in various �-sub-
unit isoforms. Of note, this was accompanied by an increase of
the apparent affinity for intracellular sodium and a reduced
sensitivity toward the E2-specific inhibitor vanadate. Therefore,
it was concluded that the affinity changes might occur second-
arily to a conformational, i.e. E2-destabilizing, effect of the
�-subunit mutations (25). However, direct evidence for a shift
in the E1P/E2P distribution of the enzyme has not been pro-
vided yet. Given the high propensity of native gastric H,K-
ATPase to occur in the E2 state (26), which has been speculated
to be of primary importance for efficient H� delivery to the
luminal fluid against a 106-fold H� gradient in vivo, it is of high
interest to identify possible interaction sites on the �- and ulti-
mately also on the transmembrane domains of the �-subunit

that are crucial for this unique E2-specific structural
stabilization.
In the current study we set out to identify molecular deter-

minants of E2-specific intersubunit interactions and utilized
the technique of voltage clamp fluorometry (VCF) to directly
determine the distribution between E1 and E2 states of wild type
andmutatedNa,K- andH,K-ATPase enzymes (27, 28). Because
this method can be applied to the electrogenic Na,K-ATPase as
well as to the electroneutrally operating gastric H,K-ATPase
(29, 30), whether mutation of the conserved tyrosines causes
similar conformational shifts in both enzymes can be investi-
gated. Evidence is provided that the observed conformational
effects are of a more general significance for ion translocation
by oligomeric P-type ATPases. Furthermore we compared for
both enzymes the effects of these �-subunit mutations on
apparent cation affinities, which occur in conjunction with
shifts in the distribution of E1P/E2P conformational states.
Moreover we studied the effect of mutations of selected resi-
dues in theTMD7of theNa,K- andH,K-ATPase�-subunit that
are at interacting distance to the two �-subunit tyrosines (Fig.
1B). This strategy provided novel insights about the molecular
details of interactions between �- and �-subunit transmem-
brane domains of oligomeric P2C-type ATPases that are
responsible for stabilization of the E2 conformational state.

EXPERIMENTAL PROCEDURES

Molecular Biology—The cDNAs of the sheep Na,K-ATPase
�1-subunit, rat H,K-ATPase�-subunit, rat gastric H,K-ATPase
�-subunit, and a modified form of the sheep Na,K-ATPase �1-
subunit without extracellularly exposed cysteine residues (con-
taining mutations C911S and C964A (31)) and with reduced
ouabain sensitivity in the millimolar range (achieved by the
mutations Q111R and N122D (32)) were subcloned into vector
pTLN (33) as described previously (27, 28). The reduced oua-
bain sensitivity of the latter construct allows selective inhibition
of the endogenous Xenopus Na,K-ATPase and was therefore
used for all co-expression studies with mutated �1-constructs
or as template for site-directed mutagenesis of the Na,K-
ATPase �-subunit. Furthermore to exclude any background
signals in voltage clamp fluorometric studies that could possi-
bly arise from Na,K-ATPase enzymes assembled from heter-
ologously expressed�-subunits and endogenous�-subunits we
utilized the �1-subunit sequence variant S62C formutagenesis.
The introduced cysteine is close to the transmembrane/extra-
cellular interface and has been shown to give rise to voltage-de-
pendent fluorescence changes upon site-directed fluorescence
labeling with tetramethylrhodamine-6-maleimide (TMRM)
without impairing enzyme function (28). To enable voltage
clamp fluorometry on gastric H,K-ATPase, we co-expressed
thewild type (ormutated)H,K-ATPase�-subunits with amod-
ified H,K-ATPase �-subunit with a single cysteine replacement
of a serine in the M5/M6 extracellular loop (S806C) that is
homologous to the N790C mutation in the M5/M6 loop of the
Na,K-ATPase �-subunit (28) and thus also suited for environ-
mentally sensitive TMRM labeling (29). Rubidium uptake
measurements confirmed that the S806C mutation did not
affect the transport properties of H,K-ATPase (30). This con-
struct was therefore used as a template for site-directed

2 The abbreviations used are: TMD, transmembrane domain; TMRM, tetra-
methylrhodamine-6-maleimide; VCF, voltage clamp fluorometry; wt, wild
type; MES, 2-(N-morpholino)ethanesulfonic acid; TMACl, tetramethylam-
monium chloride; MOPS, 3-(N-morpholino)propanesulfonic acid.
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mutagenesis to introduce mutations in TMD7 of the H,K-
ATPase �-subunit. All mutations were done using the
QuikChange multi site-directed mutagenesis kit (Stratagene)
and verified by DNA sequencing.
Oocyte Preparation and cRNA Injection—Xenopus oocytes

were obtained by collagenase treatment after partial ovariec-
tomy fromXenopus laevis females. cRNAswere prepared using
the SP6 mMessage mMachine kit (Ambion, Austin, Texas). A
50-nl aliquot containing 20–25 ng ofNa,K-ATPase and 1.5–2.5
ng of Na,K-ATPase �1-subunit cRNA (or 20–25 ng of H,K-
ATPase �-subunit cRNA and 5 ng of H,K-ATPase �-subunit)
were injected into each cell. After injection, oocytes were kept
in ORI buffer (110 mM NaCl, 5 mM KCl, 2 mM CaCl2, 5 mM
HEPES, pH 7.4) containing 50 mg/liter gentamycin at 18 °C for
3–5 and 2 days for the Na,K-ATPase and H,K-ATPase,
respectively.
Isolation of Plasma Membranes from X. laevis Oocytes—The

isolation of plasmamembranes was carried out using positively
charged silica beads as described by Kamsteeg and Deen (35),
who reported a 25- or 450-fold higher yield with this technique

compared with standard isolation
or biotinylation procedures. More-
over because binding of these beads
is carried out on intact oocytes, a
high purity of the plasmamembrane
fraction is achieved with only minor
contaminations by internal mem-
branes (36).
After removal of their follicular

cell layer, 8–12 oocytes were
rotated in 1% colloidal silica (Ludox
Cl, Sigma-Aldrich) inMES-buffered
saline for silica (MBSS; 20 mMMES,
80 mM NaCl, pH 6.0) for 30 min at
4 °C. After washing two times in
MBSS, the oocytes were rotated at
4 °C in 0.1% polyacrylic acid (Sigma-
Aldrich) in MBSS for 30 min. This
blocking agent is added to coat
unbound beads and solvent-ex-
posed surfaces of beads that were
already bound to oocytes. After-
ward the oocytes were washed two
times in modified Barth’s solution
(MBS; 0.33 mM Ca(NO3)2, 0.41 mM
CaCl2, 88 mM NaCl, 1 mM KCl, 2.4
mM NaHCO3, 0.82 mM MgSO4, 10
mM HEPES, pH 7.5).

Subsequently oocytes were
homogenized in 1.5 ml of buffer
HbA (20 mM Tris, 5 mM MgCl2, 5
mM NaH2PO4, 1 mM EDTA, 80 mM
sucrose, pH 7.4) containing prote-
ase inhibitor (Complete; Roche
Applied Science) and centrifuged
for 30 s at 10 � g at 4 °C after which
1.3 ml of the sample supernatant
was removed (to be saved for subse-

quent preparation of total membranes; see below), and 1 ml of
HbA was added to the silica beads. This centrifugation and
exchange of HbA was repeated three times, but centrifugation
changed from twice at 10 � g to once at 20 � g to once at 40 �
g. After the last centrifugation step, HbA was removed, and
plasmamembranes were spun down for 30min at 16,000� g at
4 °C and resuspended in Laemmli buffer (37) (4 �l/oocyte).
Preparation of Total Membranes from X. laevis Oocytes—To

remove yolk platelets, the supernatant from homogenized
oocytes in HbA containing protease inhibitor (see above) was
centrifuged once for 3 min at 2,000 � g at 4 °C, and the pellet
was discarded. Total membranes in the supernatant were spun
down for 30 min at 16,000 � g at 4 °C and resuspended in 4
�l/oocyte Laemmli buffer (37).
Immunoblotting—Protein samples equivalent to two oocytes

were separated on 10% SDS-polyacrylamide gels and blotted on
nitrocellulosemembranes (Roth). The �- and �-subunits of the
rat gastric H,K-ATPase were detected with the polyclonal anti-
H,K�-antibody HK12.18 (5) (Merck) and the monoclonal anti-
H,K�-antibody 2G11 (23) (Acris Antibodies), respectively.

FIGURE 1. Structural representation of the transmembrane �/� interface of pig renal Na,K-ATPase and
alignments of �-TMD7 and �-TMD of several Na,K- and H,K-ATPases. A and B, illustration of possible
interaction sites between �-TMD (pink) and �-TMD7 (orange) of Na,K-ATPase according to the crystal structure
(Protein Data Bank code 3B8E (20)). Putative hydrogen bonds are shown to a cutoff value of 3.8 Å. B, a close-up
view of the �-TMD/�-TMD7 interface showing the two conserved tyrosines Tyr39 and Tyr43 of the �-subunit and
some selected �-subunit residues located at interacting distance. C and D, alignments of the �-subunit TMD (C)
and �-subunit TMD7 (D) of Na,K- and H,K-ATPases from different species or of different human isoforms. Highly
conserved amino acids (in at least 75% of the investigated sequences according to manually refined align-
ments performed by Axelsen and Palmgren (2)) are represented by capital letters; residues altered by mutagen-
esis in the current study are shown in bold letters. The sheep �1/�1 Na,K-ATPase and the rat gastric H,K-ATPase
used here are highlighted in gray. NaK, Na,K-ATPase; gHK, gastric H,K-ATPase; ngHK, non-gastric H,K-ATPase.
Homo sapiens, Sus scrofa, Ovis aries, Rattus norvegicus, Torpedo californica, Caenorhabditis elegans, and Drosoph-
ila melanogaster are shown.
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Subsequently blots were incubated with appropriate horserad-
ish peroxidase-conjugated secondary antibodies (Dako), and
proteins were visualized by using an enhanced chemilumines-
cence kit (Roche Applied Science).
Rb� Uptake Assay Using Atomic Absorption Spectrometry—

Two days after injection, noninjected control oocytes and H,K-
ATPase-expressing oocytes were preincubated for 15 min in a
Rb�- and K�-free solution (90 mM TMACl or NaCl, 20 mM
tetraethylammonium chloride, 5mMBaCl2, 5mMNiCl2, 10mM
HEPES, pH7.4) containing 100�Mouabain to ensure inhibition
of the endogenousNa,K-ATPase and then incubated for 15min
under temperature control in Rb� flux buffer at 21 °C (5 mM
RbCl, 85 mM TMACl or NaCl, 20 mM tetraethylammonium
chloride, 5 mM BaCl2, 5 mMNiCl2, 10 mMMES, pH 5.5, 100 �M
ouabain). After three washing steps in Rb�-free washing buffer
(90mMTMACl orNaCl, 20mM tetraethylammonium chloride,
5 mM BaCl2, 5 mM NiCl2, 10 mMMES, pH 5.5) and one wash in
water, each individual oocyte was homogenized in 1 ml of
Milli-Q� water (Millipore, Billerica, MA).
To determine the apparent constant K1⁄2 for half-maximal

activation of theH,K-ATPase by rubidium, the sum of [TMACl
orNaCl] plus [RbCl] in the Rb� flux buffer was kept constant at
90 mM, e.g. 1 mM RbCl � 89 mM TMACl (or NaCl). After sub-
traction of the mean of Rb� uptake into control oocytes of the
same batch at a given RbCl concentration, the data were fitted
to a Michaelis-Menten type function.

v � vmax �
�S�

K0.5 � �S�
(Eq. 1)

Oocyte homogenates were analyzed by atomic absorption
spectroscopy using an AAnalyst800TM spectrometer (Perkin
Elmer Life Sciences). Fromoocyte homogenates (typically 1ml)
samples of 20 �l were automatically transferred into a trans-
versely heated graphite furnace and subjected to a temperature
protocol according to the manufacturer’s procedures (condi-
tions are available on request), and absorption wasmeasured at
780 nm using a rubidium hollow cathode lamp (Photron, Mel-
bourne, Australia). After Zeeman background correction, Rb�

contents were calculated by comparison with standard calibra-
tion curves (measured between 0 and 50 �g/liter Rb�). The
detection limit (characteristic mass) of Rb� is �10 pg.
Oocyte Pretreatment, Fluorescence Labeling, and Experimen-

tal Solutions—Prior to functional studies on Na,K-ATPase-ex-
pressing oocytes, cells were first incubated for 45 min in Na�

loading buffer (110 mM NaCl, 2.5 mM sodium citrate, 5 mM
MOPS, 5 mM Tris, pH 7.4), and then for 15 min in postloading
buffer (100 mM NaCl, 1 mM CaCl2, 5 mM BaCl2, 5 mM NiCl2, 5
mM MOPS/Tris, pH 7.4 (38)) to elevate the intracellular Na�

concentration. For voltage clamp fluorometry, site-specific
labeling was achieved by incubating oocytes in postloading
buffer containing 5 �M TMRM (Molecular Probes; stock solu-
tion, 5mM inDMSO) for 5min at room temperature in the dark
followed by extensive washes in dye-free postloading buffer.
Measurements under high extracellular Na�/K�-free condi-
tions were carried out inNa� test solution (100mMNaCl, 5mM
BaCl2, 5 mM NiCl2, 5 mM MOPS/Tris, pH 7.4, 10 �M ouabain).
The following solution was used for VCF measurements on

H,K-ATPase: 90 mM TMACl or NaCl, 20 mM tetraethylammo-
nium chloride, 5 mM BaCl2, 5 mM NiCl2, 10 mM MES, pH 5.5.
Stationary currents of the Na,K-ATPase weremeasured upon a
solution exchange from 0 to 10 mM K� (10 mM KCl, 90 mM
NaCl, 5 mM BaCl2, 5 mM NiCl2, 5 mM MOPS/Tris, pH 7.4, 10
�M ouabain). To determine the apparent constant K1⁄2 for half-
maximal activation of the Na,K-ATPase by K�, the sum of
[NaCl] plus [KCl] in the Na� test solution was kept constant at
100 mM, e.g. 1 mM KCl � 99 mM NaCl. After rundown correc-
tion of stationary currents (if necessary) at a given K� concen-
tration, the data were fitted to a Michaelis-Menten type func-
tion (Equation 1). The sheep Na,K-ATPase could be inhibited
by 10 mM ouabain, and the rat gastric H,K-ATPase could be
inhibited by 10 �M SCH28080 (Sigma-Aldrich) or 30 �M ome-
prazole (Biotrend, Zürich, Switzerland).
Voltage Clamp Fluorometry—An oocyte perfusion chamber

was mounted in an Axioskop 2FS epifluorescence microscope
(Carl Zeiss, Göttingen, Germany) equipped with a 40� water
immersion objective (numerical aperture� 0.8). Currents were
measured using a two-electrode voltage clamp amplifier (Tur-
botec 05, npi electronic GmbH, Tamm, Germany). Fluores-
cence was excited with a 100-watt tungsten lamp using filters
535DF50 (excitation), 565EFLP (emission), and 570DRLP
(dichroic; all from Omega Optical, Brattleboro, VT). Fluores-
cence was measured with a PIN-022A photodiode (United
Detector Technologies, Hawthorne, CA) mounted to the
microscope camera port. Photocurrents were amplified by a
low noise current amplifier (DLPCA-200, FEMTO, Berlin, Ger-
many). Fluorescence and currents were recorded simultaneously
using a Digidata 1322A interface and subsequently analyzed with
Clampex 9.2 and Clampfit 9.2 software (Molecular Devices,
Sunnyvale, CA). Apparent K1⁄2 values for extracellular K� were
obtained by titration experiments as described previously (28).
Analysis of Transient Currents of the Na,K-ATPase—Pre-

steady-state currents under high extracellular Na�/K�-free
conditions were obtained by subtracting the current responses
to voltage steps from�40mV to values between�60 and�180
mV (20-mV increments) in the presence of 10 mM ouabain
(inhibiting the endogenously as well as the heterologously
expressed pump) from currents measured in the presence of 10
�M ouabain (inhibiting only the endogenous Na,K-ATPase).
The resulting difference currents were fitted monoexponen-
tially, disregarding the first 3–5 ms after the voltage step to
exclude capacitive artifacts. The translocated chargeQwas cal-
culated from the integral of the fitted transient currents, and
the resulting Q-V curves were approximated by a Boltzmann-
type function,

Q�V	 � Qmax �
Qmax � Qmin

�1 � exp�zq � F

R � T
�V � V0.5	�� (Eq. 2)

where Qmin and Qmax are the saturating values of translocated
charge,V0.5 is themidpoint potential, zq is the fraction of charge
displaced through the entire transmembrane field, F is the Far-
aday constant, R is themolar gas constant,T is the temperature
(in K), and V is the transmembrane potential. All experiments
were performed at 22–24 °C.
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Extracellular pH Measurements—A qualitative assay for the
acidification of the extracellular medium mediated by H�

secretion of Xenopus oocytes expressing gastric H,K-ATPase
was carried out according to Jaisser et al. (39). Two days after
injection, oocytes were incubated for 5min in aweakly buffered
solution (70mMTMACl, 20mMRbCl, 5mMBaCl2, 5mMNiCl2,
500 �MMOPS, adjusted to pH 7.4 with tetramethylammonium
hydroxide) containing the pH indicator phenol red (200
�g/ml). In some experiments, SCH28080 (100 �M) was added
to the solution.Oocyteswere placed individually in a small drop
(0.5–1 �l) of the same solution under mineral oil. Every 2min a
color picture was taken at room temperature.

RESULTS AND DISCUSSION

E1P/E2P Conformational Distribution and Kinetics of the
E1P/E2P Transition for Na,K-ATPase Wild Type and
�-(Y39W,Y43W)Mutant Enzymes—To determine whether the
doublemutation Y39W/Y43W in theNa,K-ATPase�1-subunit
causes the proposed shift of the conformational equilibrium of
the enzyme toward E1 (25), the two tryptophans were intro-
duced into the reporter construct �1-S62C and co-expressed
with the�1-subunit inXenopus oocytes. Upon labeling with the
environmentally sensitive dye TMRM, we applied voltage
jumps under extracellularly high Na�, K�-free conditions.
Under these conditions, the sodium pump carries out Na�/
Na� exchange where the enzyme shuttles exclusively between
E1P/E2P states of the catalytic cycle. The ratio E1P/E2P is
increased by extracellular Na�, but the effect is opposed if
extracellular K� is also present (40, 41). Fig. 2 shows fluores-
cence signals and transient currents in response to three repre-
sentative voltage steps (�160,�60, and�60mV) for an oocyte
expressing the Na,K-ATPase �1-subunit together with either
the reference construct �1-S62 (A and C, respectively) or

the mutated �1-subunit variant
�1-S62C(Y39W,Y43W) (B and D,
respectively).
Of note, voltage jumps to

extremely hyperpolarizing poten-
tials (�160 mV), which force the
sodium pump into the E1P state,
result in a relative fluorescence
increase (as described in Refs. 28
and 29), which is more pronounced
for the wild type (Fig. 2A) than for
the mutant enzyme (Fig. 2B). In
contrast, E2-promoting positive
membrane potentials lead to a rela-
tive fluorescence decrease, which is
substantially larger for the double
Trp mutant than for the non-mu-
tated construct. This indicates that
e.g. at �40 mV the dynamic equilib-
rium between the two principal
conformations is shifted toward E1
for the �-variant enzyme. This shift
of the voltage-dependent distribu-
tion is also reflected by the concom-
itantly recorded transient currents

of the mutant that exhibit larger amplitudes for voltage jumps
to positive potentials (e.g. �60mV; Fig. 2D) compared with the
corresponding wild type signals (Fig. 2C).
Both the resulting voltage-dependent distribution of trans-

ported charge (Q-V curve; Fig. 3A) and the (1� 
F/F)-V distri-
bution (Fig. 3B) can be fitted to a Boltzmann function, yielding
midpoint potentials that are significantly more positive for the
�1-S62C (Y39W,Y43W)mutant than for the�1-S62C reference
enzyme (see Table 1). Moreover the voltage-dependent recip-
rocal time constants (��1) of transient currents (Fig. 3C) and of
fluorescence changes (Fig. 3D) are also shifted by almost �50
mV toward depolarizing potentials for the variant sodium
pumps. Notably the reciprocal time constants are significantly
larger for the mutant enzyme at negative potentials but not at
positive potentials. This indicates that only the apparent rate
constant for reverse binding of extracellular Na� and the sub-
sequent conformational change fromE2P to E1P is increased for
the mutant. This is in agreement with the increased apparent
affinity for extracellular Na� as reported by Hasler et al. (25)
that was most pronounced at hyperpolarizing potentials (as
inferred from the sodium-dependent inhibition of pump cur-
rents especially at hyperpolarizing membrane potentials). The
increased apparent rate constant for the backward reaction
sequence (extracellular Na� reverse binding/E2P/E1P transi-
tion) observed for the mutant in the current study can also
account for the increased apparent K1⁄2 of the mutant for extra-
cellular K� that was shown to be more pronounced at high
extracellular Na� concentrations (25). With increasing extra-
cellular K� concentrations a relative decrease of the fluores-
cence amplitudes 
F/F of TMRM-labeled Na,K-ATPase is
observed (Fig. 4, A–E). Thus, the apparent K1⁄2 for extracellular
K� can be determined from theK� dependence of this decrease
as demonstrated previously (28). Using this independent
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FIGURE 2. Voltage pulse-induced fluorescence changes and transient currents of site-specifically labeled
Na,K-ATPase wild type and �1-(Y39W,Y43W) mutant enzymes. Fluorescence amplitudes (A and B) and
transient currents (C and D) in response to voltage pulses from �40 mV to three representative voltages (�60,
�60, and �160 mV; see inset) under extracellularly high Na�, K�-free conditions are shown. Data originated
from individual oocytes co-expressing the wild type Na,K-ATPase �1-subunit with either the unmodified
reporter construct �1-S62C (A and C) or the reporter construct �1-S62C(Y39W,Y43W) carrying tryptophan
replacements of the two conserved tyrosines (B and D).
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approach,we confirmhere the reduced extracellularK� affinity
for the mutant in presence of Na� (Fig. 4F).
Molecular Determinants for the E2-stabilizing Effect Medi-

ated by the Two Conserved Tyrosines—To further clarify which
particular property of the �-TMD tyrosines is necessary to
maintain the observed E2 preference in the E1P/E2P distribu-
tion within the reference construct �1-S62C, we determined
the E1P/E2P conformational distribution of additional �1-S62C
variants: �1-S62C(Y39S,Y43S) was chosen to conserve the
hydroxyl group, and �1-S62C(Y39F,Y43F) was chosen tomain-
tain the phenyl moiety of the side chains. According to the

Boltzmann parameters obtained for the (1 � 
F/F)-V curves of
these twomutants (Table 1), a significant shift of the conforma-
tional equilibrium toward the E1 state is observed for both, but
the effect ismore pronounced for the serine replacements. This
indicates that both the hydroxyl group and the aromatic phenyl
moiety may be involved in the interaction, but surprisingly the
aromatic ring appears to be more important. Apparently not
only “classical” H-bonds (illustrated in Fig. 1, A and B) are
responsible for the E2-stabilizing effect of the two tyrosines but
possibly also amino-aromatic interactions (or amino-aromatic
H-bonds) with side chain or even backbone amides in the

�-TMD7 (see below). Notably
according to Hasler et al. (25), a sig-
nificantly reduced apparent K�

affinity was only observed for
�-(Y39S,Y43S) but not for
�-(Y39F,Y43F), corroborating this
interpretation. Our results also
demonstrate that the fluorometric
technique applied here is a substan-
tially more sensitive method. It is
able to detect even subtle changes in
the E1P/E2P poise, which may have
no direct consequences on the
apparent ion affinities but still are
relevant to identify the molecular
determinants for the interaction
patterns of the tyrosine side chains.
E1P/E2P Conformational Distri-

bution, Apparent Rb� Affinities,
and SCH28080 Sensitivity of the
H,K-ATPase Wild Type and �-
(Y44W,Y48W) Variant Enzymes—
The study by Hasler et al. (25) also
included a chimeric �-subunit con-
sisting of the cytoplasmic and trans-
membrane domains of the Na,K
�1-subunit and the ectodomain of
the gastric H,K-ATPase �-subunit
that was co-expressed with the
Na,K-ATPase �-subunit. Because
the tryptophan mutations were
accordingly introduced into a TMD
derived from the Na,K-ATPase
�1-subunit and its effects were

FIGURE 3. Voltage dependence of the E1P/E2P distribution and kinetics of the E1P/E2P transition for
Na,K-ATPase wild type and �1-(Y39W,Y43W) variant enzymes. A and B, voltage-dependent distributions of
transported charge Q (A) and of fluorescence amplitudes 1 � 
F/F (B) for Na,K-ATPase consisting of the wild
type �1-subunit and either unmodified reporter construct �1-S62C (f) or mutated �1-S62C(Y39W,Y43W) (E).
Data are means � S.E. of 20 –25 oocytes from three to four different oocyte batches normalized to saturating
values at �180 mV after subtracting the values for �60 mV. A curve corresponding to the fit of a Boltzmann
function is superimposed (dashed lines; see Table 1 for fit parameters). C and D, reciprocal time constants of
voltage jump-induced transient currents (C) and fluorescence changes (D) for oocytes expressing the Na,K-
ATPase wild type �1-subunit together with either �1-S62C (f) or �1-S62C(Y39W,Y43W) (E). Data are means �
S.E. of 10 –15 (C) or 20 –25 (D) oocytes from three to four different oocyte batches.

TABLE 1
Parameters from fits of a Boltzmann function to Q-V distributions of Na,K-ATPase and (1 � �F/F)-V distributions of Na,K-ATPase
or H,K-ATPase �-variants

Boltzmann parameter (1 � �F/F)-V
curves Boltzmann parameter Q-V curves

V0.5 zq V0.5 zq
mV mV

NaK�1wt/�1-S62C �94.8 � 4.8 0.74 � 0.01 �76.6 � 4.8 0.77 � 0.03
NaK�1wt/�1-S62C(Y39W,Y43W) �44.8 � 1.5 0.73 � 0.03 �29.3 � 0.9 0.79 � 0.03
NaK�1wt/�1-S62C(Y39F,Y43F) �79.1 � 3.6 0.72 � 0.02 NDa ND
NaK�1wt/�1-S62C(Y39S,Y43S) �56.1 � 8.0 0.74 � 0.03 ND ND
HK�-S806C/�wtb �125.1 � 11.4 0.49 � 0.07
HK�-S806C/�-(Y44W,Y48W)b �90.0 � 3.4 0.68 � 0.06

a ND, not determined.
b Determined in 90 mM TMACl, pH 5.5.
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monitored by Na,K-ATPase transport activity, this chimeric
ATPase does not represent an optimal system to clarify the
functional relevance of the conserved tyrosines for H,K-
ATPase ion transport activity. We therefore extended the cur-
rent study to the true oligomeric form of the gastric H,K-
ATPase by co-expressing the H,K-ATPase �-subunit with an
�-subunit variant carrying a single cysteine replacement
(S806C) in the M5/M6 loop that is necessary to enable voltage
clamp fluorometry but does not impair enzyme activity (29, 30).
Fig. 5A shows the voltage dependence of fluorescence changes
obtained for oocytes co-expressing the H,K-ATPase �-S806C
variant together with either the wild type H,K �-subunit or a
H,K-ATPase �-subunit carrying the Y44W,Y48Wmutation.
In analogy to Na,K-ATPase, the voltage dependence of fluo-
rescence amplitudes observed for the H,K-ATPase
�-(Y44W,Y48W) is shifted toward depolarizing potentials
compared with proteins comprising wild type �-subunits. The
resultant Boltzmann distribution is characterized by a substan-
tially smaller slope, zq, than the corresponding Na,K-ATPase
curves (see Tables 1 and 2), thus indicating a reduced voltage
sensitivity as described previously (30). This can be interpreted
as a reduced dielectric depth of a so-called “ion access channel”
that intracellular protons (or hydronium ions) pass upon volt-
age pulses to reach or exit from the cation binding sites. Because
a smaller fraction of the transmembrane potential is accord-
ingly sensed by the transported charge, the process is less elec-
trogenic than the extracellular Na� binding/release, indicating
a deeper ion well in the case of the sodium pump (42).
Because saturation of fluorescence amplitudes cannot be

reached in the experimentally accessible voltage range, the sat-
urating values of the Boltzmann curves had to be determined by
extrapolation of the fit function. Of note, only small fluores-
cence changes (
F/F � 0.5–2%) were consistently observed for

the �-(Y44W,Y48W) variant, corre-
sponding to about 10% of the wild
type fluorescence signals (
F/F �
5–20%). To account for this, the sat-
uration level used for normalization
of the mutant has been arbitrarily
set to 0.1 (instead of 1 for the wild
type), which is illustrated by the dif-
ferent scaling of the y axis on the
right in Fig. 5A.
To determine whether the con-

formational shift toward E1
observed here for the H,K-ATPase
�-(Y44W,Y48W) mutant also
causes changes in cation affinities,
we determined the apparent Rb�

affinity in Rb� uptake experiments.
As illustrated in Fig. 5B, the appar-
ent affinity of the variant enzyme for
extracellular Rb� in the absence of
extracellular Na� is drastically
reduced by a factor of more than 20.
If the apparent K1⁄2 is determined in
the presence of extracellular Na�

(Fig. 5C), the apparentK1⁄2 values are
substantially larger for both the wild type and the
�-(Y44W,Y48W) variant enzyme, but the affinity decrease
caused by the double Trp mutation is still observed, albeit it is
less pronounced. Interestingly the apparent K1⁄2 of the wild type
H,K-ATPase is more strongly influenced by the presence of
Na� because it is almost 7-fold higher than in absence of Na�,
whereas the apparent K1⁄2 of the mutant is increased by a factor
of less than 1.5. Considering the E1 shift observed for the
mutant enzyme in the current study, the observation has a rea-
sonable explanation: the effects of sodium ions on the H,K-
ATPase have been described in various studies (43–46), and it
was shown that they compete with K� binding to the extracel-
lular binding sites (46). Therefore the wild type enzyme, which
is predominantly in the E2 state, is more susceptible to this
competition of Na� ions, which in effect reduces the apparent
Rb� affinity in the presence of Na�. In contrast, the
�-(Y44W,Y48W) variant enzyme is preferably present in the E1
state and thus cannot efficiently bind extracellular Rb�.
Accordingly thismutant exhibits a substantially reduced appar-
ent Rb� affinity irrespective of the presence of Na� ions, which
exert their competitive effect only in the E2 state. Fig. 5E illus-
trates another interesting property of the H,K-ATPase
�-(Y44W,Y48W) mutant: it exhibits a strongly reduced sensi-
tivity toward the inhibitor SCH28080. Whereas for the wild
type enzyme Rb� uptake is readily inhibited by the compound
already at concentrations as low as 10 �M (to about 10–15%
residual activity at saturating 5 mM RbCl; see Fig. 5D), the var-
iant is only partially inhibited to residual activities of 30–80%
depending on the extracellular Rb� concentration even at
higher SCH28080 concentrations up to 150 �M (Fig. 5E).
Because SCH28080 is known to be an E2-specific inhibitor (47),
the observed insensitivity of the variant enzyme again reflects
its preference for the E1 state, which is in close analogy to the

FIGURE 4. Determination of the apparent K1⁄2 for extracellular K� of Na,K-ATPase �1wt/�1-S62C and
�1wt/�1-S62C(Y39W,Y43W) variant enzymes by fluorescence titration experiments. Shown is a repre-
sentative fluorescence titration experiment of a single oocyte expressing �1wt/�1-S62C. Voltage jumps were
applied from a holding potential of �40 mV to potentials between �60 and �180 mV at different external K�

concentrations (0, 0.1, 0.5, 1, and 5 mM KCl; A–E) in presence of Na�. F, K� activation curves resulting from
titration experiments (see Ref. 28 for details) on �1wt/�1-S62C (f) and �1wt/�1-S62C(Y39W,Y43W) (E) Na,K-
ATPase-expressing oocytes. Data are means � S.E. of three to five independent experiments. The shown
apparent K1⁄2 values (1.08 � 0.24 mM for �1wt/�1-S62C and 2.07 � 0.49 mM for �1wt/�1-S62C(Y39W,Y43W))
were obtained from a fit (dashed lines) of a Michaelis-Menten-type function to the data.
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reduced vanadate sensitivity of the homologous Na,K-ATPase
mutation�-(Y39W,Y43W) described byHasler et al. (25). Con-
trol experiments showed, however, that Rb� uptake by the var-
iant H,K-ATPase is inhibited to an extent similar to that of

uptake of the wild type enzyme by omeprazole (data not
shown). Because this inhibitor binds covalently to the H,K-
pump (48), steady-state inhibition caused by the compound is
not conformation-specific.

FIGURE 5. Functional properties of the gastric H,K-ATPase �-(Y44W,Y48W) mutant enzyme. A, voltage-dependent E1P/E2P distribution of fluorescently
labeled �S806C/�wt (f) and �S806C/�-(Y44W,Y48W) (E) H,K-ATPase enzymes resulting from fluorescence responses upon voltage jumps from a holding
potential of �40 mV to values between �60 and �180 mV (20-mV increments) at pH 5.5. Data are means � S.E. of 10 –15 oocytes from two to three different
oocyte batches. A curve resulting from a fit of a Boltzmann function is superimposed (see Table 1 for parameters). Fluorescence amplitudes 1 � 
F/F were
normalized to saturation values from the fits. To account for the substantial differences in the fluorescence amplitudes, the saturation values were set to 1 for
the wild type and to 0.1 for the �-(Y44W,Y48W) mutant. B and C, Michaelis-Menten plots for concentration-dependent Rb� uptake by H,K-ATPase in the
absence (B) or presence (C) of extracellular Na� at pH 5.5. Oocytes were injected with �S806C mutant and the wild type (f) or the (Y44W,Y48W) variant (E)
�-construct cRNA, respectively. Data were normalized to Rb� uptake at saturating RbCl concentrations corresponding to values between 20 and 30 pmol
min�1/oocyte for different oocyte batches (�S806C/�wt: 29.3, 27.4, and 30.8 in the absence of Na�; 21.1 and 23.4 in the presence of Na�; �S806C/�-
(Y44W,Y48W): 28.4 and 33.9 in the absence of Na�; 32.6 and 30.1 in the presence of Na�). Data are means � S.E., n � 8 –12 oocytes from two or three
independent experiments. Apparent half-maximal activation constants, K1⁄2 (in mM), were obtained from a fit of a Michaelis-Menten type function to the data
(dashed lines). D and E, SCH28080 sensitivity of Rb� uptake by oocytes expressing HK�-S806C/�wt (D) or HK�S806C/�-(Y44W,Y48W) (E) H,K-ATPase complexes.
Rb� uptake was determined at pH 5.5 in extracellular Na�-free solutions containing different Rb� concentrations in the absence (white bars) or presence of
SCH28080 (hatched bars, 10 �M; crossed bars, 150 �M). Data were normalized to Rb� uptake at saturating RbCl concentrations. Data are means � S.E., n � 10 –15
oocytes from at least two independent sets of experiment. uninj., uninjected.

TABLE 2
Parameters from fits of a Boltzmann function to (1 � �F/F)-V or Q-V distributions of Na,K-ATPase or H,K-ATPase �-variants

Boltzmann parameter
(1 � � F/F)-V curves

Boltzmann parameter
Q-V curves

V0.5 zq V0.5 zq
mV mV

NaK� 1wt/� 1-S62C �94.8 � 4.8 0.74 � 0.01 �76.6 � 4.8 0.77 � 0.03
NaK� 1-Y847W/� 1-S62C �102.4 � 5.7 0.56 � 0.04 �82.8 � 3.2 0.56 � 0.03
NaK� 1-G848W/� 1-S62C �66.0 � 2.1 0.70 � 0.02 �44.8 � 1.2 0.76 � 0.01
NaK� 1-G848F/� 1-S62C �67.9 � 4.7 0.74 � 0.01 �45.9 � 4.1 0.76 � 0.02
NaK� 1-Q849W/� 1-S62C �71.6 � 2.6 0.75 � 0.05 �50.6 � 2.8 0.76 � 0.03
NaK� 1-Q849G/� 1-S62C �99.7 � 4.7 0.72 � 0.02 �86.3 � 3.6 0.66 � 0.02
NaK� 1-Q849H/� 1-S62C �93.8 � 3.2 0.72 � 0.01 �77.4 � 2.5 0.75 � 0.01
HK� -S806C/� wt �110.8 � 8.6 0.34 � 0.01
HK� -S806C(Y863W)/� wt �74.3 � 12.7 0.32 � 0.02
HK� -S806C(F864W)/� wt �58.0 � 7.0 0.28 � 0.02
HK� -S806C(Q865W)/� wt �67.9 � 3.6 0.36 � 0.01
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H� Secretion of H,K-ATPaseWild Type and�-(Y44W,Y48W)
Variant Enzymes—The data presented here suggest a common
E2-stabilizing effect of the two conserved�-subunit tyrosines in
bothNa,K- andH,K-ATPase that is apparently disrupted by the
tryptophan replacement in the�-variants. Therefore, as argued
for the accelerated apparent rate constant for reverse binding of
extracellular Na� and the subsequent E2P/E1P conformational
shift for the �1-(Y39W,Y43W) Na,K-ATPase variant, in the
case of the H,K-ATPase containing a double Trp-mutated
�-subunit the observed E1 shift should have a similar effect on
extracellular H� reverse binding/E2P/E1P conversion. This in
fact would kinetically interfere with luminal H� release from
the external binding sites. To test this hypothesis, we per-
formed a simple assay to evaluate extracellular acidification of
wild type or mutant H,K-ATPase-expressing oocytes. Whereas
in wild type H,K-ATPase-expressing oocytes the extracellular
medium is substantially acidified (to at least pH 4) within 40
min as indicated by the distinct change in phenol red color (Fig.
6, A and B, upper two oocytes), no pH change is observed for
oocytes expressing the �-(Y44W,Y48W) mutation (Fig. 6, A
andB, lower two oocytes) even whenmonitored for longer time
periods. Please note that the concentration of RbCl in the extra-
cellular medium was as high as 20 mM, thus representing satu-
rating conditions even for the Y44W/Y48Wmutant, which has
a substantially higher apparent K1⁄2, however, without concom-
itant changes in vmax (see Fig. 5 legend). To demonstrate the
specificity of the acidification, the assay was also carried out
with uninjected oocytes and onwild typeH,K-ATPase-express-
ing oocytes in the presence of 100 �M SCH28080 (Fig. 6D).
Fig. 7 summarizes the observed effects of the double trypto-

phan replacements on the conformational E1P/E2P distribution
and cation affinities of Na,K-ATPase (Fig. 7, A and B) or H,K-
ATPase (Fig. 7,C andD). In both enzymes, themutations result
in a shift of the conformational equilibrium toward E1P as
inferred from the voltage-dependent distribution of charge
translocation and of fluorescence amplitudes (Fig. 3, A and B,
for the sodium pump; Fig. 5A for the proton pump). Consider-
ing the voltage-dependent kinetics of charge translocation and
fluorescence changes of the Na,K-ATPase �1-(Y39W,Y43W)
mutant compared with the wild type (Fig. 3, C and D), this can
be assigned to an augmented apparent rate constant of Na�

reverse binding (often designated as “backward” rate constant;
k�1 in Fig. 7) because the differences in the reciprocal time
constants are most pronounced at extremely negative poten-
tials. At positive potentials, however, no significant changes are
observed, which suggests that the “forward” rate constant (k1 in
Fig. 7) is unaltered by the mutation. Unfortunately because the
voltage dependence of the apparent rate constants is shallow
for the proton pump (30) and the fluorescence amplitudes for
the H,K-ATPase �-(Y44W,Y48W) variant were quite small, it
was not possible to demonstrate a similar phenomenon for the
kinetics of the H,K-ATPase variant. Yet because the Na,K- and
H,K-ATPase variants are mechanistically very similar (as sum-
marized in Fig. 7), it is reasonable to assume that comparable
k1/k�1 alterations underlie the E1 shift of the H,K-ATPase
mutant. Moreover as the apparent vmax of Rb� uptake is unaf-
fected forH,K-ATPase�-(Y44W,Y48W) (see Fig. 5 legend), it is
likely that only the backward rate constant k�1 is changed

because a decreased forward rate constant k1 (which could as
well explain an E1 shift) would most likely also reduce the cat-
alytic turnover number vmax. The shifted E1P/E2P distribution
was shown to be accompanied by a decrease in the apparent
affinity for extracellular K� of both enzymes, and enhanced
rebinding of extracellular Na� for the sodium pump (or extra-
cellular H� for the proton pump) was demonstrated for the
variant pumps (Fig. 7, B and D). For the Na,K-ATPase, also an
increased affinity for intracellular sodiumwas found (25). How-
ever, whether an increased proton affinity at the intracellular
binding sites of H,K-ATPase is caused by the �-(Y44W,Y48W)
mutation could not be determined by VCF experiments.
It should be emphasized that it is difficult to distinguish

between cause and effect regarding the relation between shifts
in conformational equilibria and changes in apparent cation
affinities. If ion binding per se is disturbed, e.g. as a consequence
of amutation or reorientation of coordinating amino acids, this
likely causes secondary shifts of the E1P/E2P distribution
because of relative changes in k1 or k�1. However, regarding the

FIGURE 6. Acidification assay for gastric H,K-ATPase-expressing oocytes.
A, oocytes co-expressing H,K-ATPase �S806C subunit with either �wt or
�-(Y44W,Y48W) were placed under mineral oil in a droplet of weakly buffered
solution at pH 7.4 containing pH indicator phenol red. B, after 40 min, a sub-
stantial acidification to at least pH 4 is observed for oocytes expressing
�S806C/�wt H,K-ATPases (B, upper two oocytes) but not for those expressing
the �S806C/�-(Y44W,Y48W) variant (B, lower two oocytes). One representa-
tive of several similar experiments is shown. C, extracellular solutions
adjusted to different pH containing phenol red to provide a colorimetric
scale. D, control experiments on uninjected (uninj.) or HK�-S806C/�wt-ex-
pressing oocytes in the presence of 100 �M SCH28080 after 40-min
incubation.
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�-TMD mutants investigated here, we consider it more likely
that the mutations introduced far from the site of cation coor-
dination in the �-subunit have a destabilizing effect on the E2
conformers of the holoenzyme. This in turn would result in a
more effective ion binding to sites accessible in the E1 state
(intracellular Na�) and a simultaneous decrease of ion binding
to E2-exposed sites (extracellular K� or Rb� but also their com-
petitors Na� or H�).
TMD7 Residues of Na,K- and H,K-ATPase �-Subunits Rele-

vant for the E2-stabilizing Interaction with the Two Conserved
�-Tyrosines—According to the recently published crystal
structure of the pig renal Na,K-ATPase in the Rb�-occluded E2
state (20), the two conserved�-tyrosines are at hydrogen bond-
ing distance to TMD7 of the �-subunit (Fig. 1B). Interestingly
TMD7 is partially unwound at this putative interaction site
around Gly848, resulting in a slight kink of the helix that in turn
may permit the formation of a backbone hydrogen bond to the
tyrosines of the �-subunit. Whereas in the H,K-ATPase
sequence a phenylalanine (H,K�-Phe864) is located in homolo-
gous position to this glycine, the two adjacent residues Tyr847
and Gln849 on the Na,K-ATPase �-subunit are conserved (Fig.
1D); these residues correspond to residues H,K�-Tyr863 and
H,K�-Gln865, respectively. Apart from the backbone amide
oxygen of Gly848, the side chain of the conserved Gln849 is a
likely candidate to form hydrogen bonds with the hydroxyl
groups (or amino-aromatic interactions with the phenyl moi-

ety) of the two tyrosines (Fig. 1B). Of
note, these hydrogen bonds are
unique for the whole �-� trans-
membrane interaction interface
(Fig. 1A), thus underlining their
potential contribution to the overall
stabilization of the conformational
state. If the distances and geometry
of the interacting residues were
slightly altered in the E1 state, a con-
formational change toward E1
would involve an energetically dis-
favorable breakage of some of these
H-bonds. Accordingly a replace-
ment of the two tyrosines by bulky
tryptophans may disrupt this
E2-specific hydrogen bonding pat-
tern and thus also the resulting E2
stabilization, actually explaining the
conformational shift toward the E1
state observed for such mutant
ATPases. If this is actually the case,
tryptophan replacements of the
potential interacting residues of the
�-subunit should also impair this
putative E2 stabilization.
To test this hypothesis, we

mutated the aforementioned three
residues in the Na,K- and H,K-
ATPase TMD7 and determined the
voltage-dependent E1P/E2P distri-
butions for these�-subunitmutants

when co-expressed with Na,K-ATPase �1-S62C or wild type
H,K-ATPase�-subunits. Themidpoint potentials of the result-
ingQ-V and (1� 
F/F)-V curves for theNa,K-ATPase variants
are shown in Fig. 8, A and B, respectively. Notably tryptophan
replacements of Gly848 and Gln849 shifted the midpoint poten-
tials of both (1 � 
F/F)-V and Q-V distributions substantially
toward more positive potentials. Although the observed shifts
were less pronounced than for the �1-(Y39W,Y43W) mutant,
still the idea is supported that Gly848 is involved in an E2-stabi-
lizing interaction with the �-subunit. To analyze the functional
relevance ofH,K�-Phe864 found instead of Gly848 in the homol-
ogous position, we also investigated the Na,K-ATPase variant
G848F. For this mutant, the voltage-dependent E1P/E2P distri-
bution was similarly shifted toward E1, thus indicating that the
bulky phenylalanine side chain is as disruptive for the Na,K-
ATPase �-� interaction as tryptophan. Both findings hint at an
important role of the Gly848 backbone amide group for the
interaction with the �-tyrosines that is apparently disrupted
when larger side chains are introduced. Considering the
Q849W mutant, a possible interpretation is that the observed
E1-shifted phenotype is directly caused by the removal of the
glutamine side chain with its high propensity to participate in
hydrogen bonding with �-Tyr39. On the other hand, the prop-
erties of Q849W could merely be a consequence of the bulki-
ness of the introduced tryptophan side chain that interferes
with the interaction mediated by the adjacent backbone amide

FIGURE 7. Schematic illustration of the putative changes in the E1P/E2P conformational and external ion
binding equilibria caused by the tryptophan replacements in the Na,K-ATPase (A and B) and H,K-ATPase
(C and D) �-TMD. According to this scheme the rate constants for the forward (k1) and reverse (k�1) E1P/E2P
transitions are represented by arrows; k2 and k�2 represent rate constants for extracellular release and reverse
binding of Na� (A and B) or H� (C and D), respectively. Putative variations in these rate constants for the
Na,K-ATPase �1-S62C(Y39W,Y43W) mutant (B) or the H,K-ATPase �-(Y44W,Y48W) variant (D) from the “wild
type” rate constants (A and C) are indicated by a changed arrow length. The hypothetical stabilization of the E2
state by the two tyrosines is symbolized by parentheses (A and C), which are dashed for the mutant ATPases (B
and D). For the Na,K-ATPase, representative fluorescence changes resulting from voltage-induced shifts of the
E1P/E2P equilibrium are shown for the wild type (A) and the �1-S62C(Y39W,Y43W) mutant (B) to demonstrate
experimental support for the shifted E1P/E2P conformational distributions assumed here.

E2-specific �/� Subunit Interactions of Na,K- and H,K-ATPase

FEBRUARY 6, 2009 • VOLUME 284 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3851



of Gly848. To further clarify this issue, we also investigated the
Q849Gmutant, which has no bulky side chain but cannot form
side chainH-bonds, and themutantQ849H,whose side chain is
well suited to form hydrogen bonds. Of note, althoughGln849 is
rather conserved among most �-subunits, a histidine is found
in the corresponding position of the non-gastric H,K-ATPase
(Fig. 1D), thus possibly indicating a necessity for a hydrogen-
bonding side chain in this position. Keeping in mind that
mainly the aromatic part and not the hydroxyl group of the
�-tyrosines was crucial for the E2-stabilizing effect (see above),
an amino-aromatic interaction to the positively charged or ��

amino groups of glutamine or histidine is actually even more
likely than classical hydrogen bonding: the side chain of Gln849
(or His849) is within 6 Å of the ring centroid of �-Tyr39 (Fig. 1B)
and thus optimally positioned tomake van derWaals contact
with the �� of the 	-electrons of tyrosine according to Bur-
ley and Petsko (49). This would also allow the formation of
an amino-aromatic H-bond as described between the side
chain NH2 of Asn44 and Tyr35 in bovine pancreatic trypsin
inhibitor (50).
Yet the midpoint potentials of Q849H and Q849G were not

significantly different from the wild type for bothQ-V and (1 �

F/F)-V curves, favoring the idea that Gln849 is not directly
involved in the interaction to the �-subunit tyrosines because

its ability to form hydrogen bonds (or provide �� amino groups
for amino-aromatic interactions) apparently does not play a
role for the E1/E2 steady-state distribution. Therefore, rather
the Gly848 backbone N-H is the prime candidate for donating
an amino-aromatic hydrogen-bond to the phenyl rings of
�-Tyr39 or �-Tyr43 because the centroids of both are within the
aforementioned critical distance of 6 Å.
Of note, tryptophan replacement ofTyr847 results inQ-V and

(1� 
F/F)-V curves with unalteredV0.5 values but significantly
reduced slope factors, zq (0.56 instead of �0.75 for the wild
type; see Table 2). Apparently this residue is not relevant for the
supposed E2-specific �-interaction; this seems reasonable
because its side chain is not directed toward the �-subunit but
rather points toward the cation binding pocket (Fig. 1B). This
might possibly explain why a parameter is altered (lowered zq)
that reflects electrogenic, hence voltage-dependent properties
of the enzyme. The reduced zq value can be interpreted in terms
of a reduced apparent depth of the proposed ion access channel
for extracellular Na� reverse binding or release (42) as a conse-
quence of the tryptophan replacement. Moreover we deter-
mined the apparent affinity for extracellular K� by measuring
the K� dependence of pump current amplitudes and found a
significantly higher apparent K1⁄2 for this mutant (2.6 mM
instead of 1.1mM for thewild type at�40mV; see supplemental

FIGURE 8. Voltage-dependent E1P/E2P distribution of Na,K- and H,K-ATPase �-TMD7 variants. A and B, midpoint potentials derived from fits of a
Boltzmann function to the voltage-dependent distributions of transported charge Q (A) or of fluorescence amplitudes 1 � 
F/F (B) for Na,K-ATPase complexes
consisting of either the wild type �1-subunit or various �1-TMD7 mutants co-expressed with construct �1-S62C. Data are means � S.E. of 15–25 oocytes from
two to three different oocyte batches normalized to saturating values at �180 mV after subtracting the values for �60 mV. C, voltage-dependent E1P/E2P
distribution of fluorescently labeled H,K-ATPase �-S806C/�wt (f) and three �-TMD7 variants, HK�-S806C(Y863W)/�wt (E), HK�-S806C(F864W)/�wt (‚), and
HK�-S806C(Q865W)/�wt (ƒ). Data are means � S.E. of 15–20 oocytes at pH 5.5 applied to voltage jumps from a holding potential of �40 mV to values between
�60 and �180 mV (20-mV increments). A curve resulting from a fit of a Boltzmann function is superimposed (see Table 2 for parameters). Fluorescence
amplitudes 1 � 
F/F were normalized to saturation values from the fits. D, reciprocal time constants of voltage jump-induced fluorescence changes for oocytes
expressing the H,K-ATPase wild type �-subunit together with either H,K-ATPase HK�-S806C (f) or HK�-S806C(Y863W) (E). Data are means � S.E. of 14 –17
oocytes from two to three different oocyte batches. E, Rb� uptake of uninjected (uninj.) oocytes and oocytes expressing either HK�-S806C/�wt or HK�-
S806C(Y863W)/�wt. Rb� uptake was determined at pH 5.5 in extracellular Na�-free solution containing 5 mM RbCl in the absence (white bars) or presence of
SCH28080 (hatched bars, 10 �M; crossed bars, 100 �M). Data are means � S.E., n � 50 – 60 oocytes from four independent experiments normalized to wild type
Rb� uptake at 5 mM RbCl corresponding to 27.1, 37.9, 29.7, and 48.9 pmol min�1/oocyte. Inset, Western blot analysis of isolated plasma membranes from
uninjected oocytes (lane 1) or oocytes expressing either HK�-S806C/�wt (lane 2) or HK�-S806C(Y863W)/�wt (lane 3) using anti-H,K� antibody HK12.18. The
equivalent of two oocytes was loaded per lane.
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Fig. 1), indicating that the inserted tryptophan in position 847
also interferes with K� binding to the extracellular binding site.
Regarding the H,K-ATPase �-subunit variants, a pro-

nounced positive shift of the (1� 
F/F)-V curves was observed
for all three investigated variants H,K�-Y863W, -F864W, and
-Q865W(Fig. 8C). Surprisingly themost pronounced effectwas
observed for the Y863W mutant, which shifted the midpoint
potential of the E1/E2 distribution by about �180 mV toward
extremely positive potentials. As shown in Fig. 8D, the recipro-
cal time constants obtained from monoexponential fitting to
the fluorescence changes were almost increased 2-fold for the
H,K�-Y863Wmutant compared with the wild type at very neg-
ative potentials, whereas there was no significant difference at
positive potentials. This can be interpreted as an acceleration of
the backward rate constant k�1 (Fig. 7) without concomitant
changes in k1, thus resulting in an E1 shift of the E1P/E2P con-
formational distribution. Notably, these kinetic alterations are
very similar to those observed for the Na,K-ATPase
�1-S62C(Y39W,Y43W) variant (Fig. 3, C and D). Again the E1
shift is also reflected by a reduced SCH28080 sensitivity of the
Y863W mutant compared with the HK�S806C reference con-
struct in the presence of 5 mM RbCl and 10 or 100 �M
SCH28080, respectively (Fig. 8E). Moreover the Rb� uptake of
the H,K�-Y863W variant was reduced to about 50% of the wild
type uptake at 5 mM RbCl (Fig. 8E), but this could not be attrib-
uted to changes in the apparent Rb� affinity (supplemental
Table 1) or a reduced cell surface delivery (Fig. 8E, inset). There-
fore, the turnover number of the mutant enzyme is apparently
affected too.
The finding that the most pronounced effects of tryptophan

replacements in the H,K-ATPase TMD7 occurred in position
Tyr863 (andnot Phe864, corresponding toNaK-Gly848) indicates
that the location of the interaction interface on the �-subunit
might be different forH,K- andNa,K-ATPase enzymes because
the corresponding residue Tyr847 of the sodium pump did not
seem important for the E1/E2 distribution. Furthermore even
the mechanism of the interaction may be different for the two
ATPases: the side chains of Tyr863 and Phe864 in the H,K-
ATPase TMD7 probably exert their E2-stabilizing effect rather
by aromatic-aromatic interactions (	-stacking; see Ref. 51)
withTyr44 andTyr48 in the�-TMD.Yet despite the huge effects
on the E1P/E2P conformational equilibrium, none of theseH,K-
ATPase mutations exhibited altered apparent affinities for
extracellular Rb� (see supplemental Table 1).

This apparently contradicts findings obtained for the
�-(Y44W,Y48W) mutant, which showed a less pronounced E1
shift of the (1 � 
F/F)-V curve but exhibited a substantially
reduced apparent affinity for extracellular Rb�. However, the
VCF data for this �-subunit mutant should be considered with
caution because the observed fluorescence changes were only
about 10% compared with those obtained for wild type or
mutant �-subunit H,K-ATPases. The unaffected maximal Rb�

uptake per cell at saturating Rb� concentrations (see legend to
Fig. 5,B andC) indicates that the lower fluorescence amplitudes
are not due to a reduced cell surface delivery of the
�-(Y44W,Y48W) mutant. This interpretation was also con-
firmed by Western blots of isolated plasma membrane protein
fractions (see supplemental Fig. 2) that show that the amounts

of protein at the cell surface are very similar. Therefore, we
suggest instead that the �-(Y44W,Y48W) mutant has an
extremely high preference for the E1P state (as inferred from
the dramatic Rb� affinity changes and the reduced SCH28080
sensitivity), which prevents the enzymes frombeing completely
shifted toward E2P by stepping to positive potentials. Because
only relative changes in the conformational distribution are
reported by the VCF technique the weak fluorescence signals
observed for the �-(Y44W,Y48W) variant enzyme indicate that
most likely an incomplete E1P/E2P conformational transition is
monitored; thus the absolute E1 shift for the mutant enzyme
might be underestimated.
Physiological Relevance of the E2-stabilizing Effect of the

�-Subunits for Na,K- and Gastric H,K-ATPase Activity in Situ—
In this study, we demonstrated a common E2-stabilizing effect
of conserved Tyr residues in the�-subunit TMD for oligomeric
Na,K- and H,K-ATPase and also provided insights into the
structural determinants of the E2-specific interaction underly-
ing this stabilization. The functional significance is less pro-
nounced for the Na,K-ATPase where an E1-shifted equilibrium
caused by the TMDmutations only involved minor changes in
the apparent ion affinities such that no substantial effect on the
transport rate of the sodium pump is exerted under physiolog-
ical conditions.
In contrast, the E1 preference caused by the homologous

�-(Y44W,Y48W) mutation in gastric H,K-ATPase has serious
effects on cation affinities: because the apparent K1⁄2 for extra-
cellular K� (Rb�) was shown to be more than 4-fold increased
(in the presence of extracellular Na�), the mutated H,K-
ATPase is not able to operate at maximal turnover in situ. Usu-
ally luminal K� concentrations are low at least before K�-se-
creting KCNQ1/KCNE2 potassium channels in the luminal
parietal cell membrane are activated by acidification to about
pH 3.5 (52, 53), a process that itself requires H,K-ATPase activ-
ity. Moreover even an increase of the potassium concentration
in the stomach lumen to saturating levels of about 15 mM (34),
e.g. by a K�-rich diet or as a result of sustainedKCNQ1/KCNE2
activity, would not help much because the enhanced H�

rebinding of the mutant would still be fatal for efficient H�

secretion (as demonstrated at 20mMRbCl; Fig. 6). For the H,K-
ATPase it is of pivotal importance that protons can be effec-
tively released from the extracellular binding sites even at pH
values as low as 2. Because this requires pKa changes of 5–6
orders of magnitude during the E1P to E2P transition, the rela-
tive destabilization of the E2 state in favor of E1, which is char-
acteristic for the mutant, most likely results in a substantially
lowered efficiency of luminal proton release. In the stomach,
the combination of both decreased apparent K� affinity and
reduced proton release is expected to suppress H,K-ATPase
activity dramatically, thus rendering themutant enzymeunable
to sustain sufficiently low pH levels required for digestion and
antibacterial purposes. Despite the observed unaffected Rb�

affinity, the phenotype resulting from the H,K�-Y863Wmuta-
tion would also result in a significant reduction of H� secretion
in the stomach because the turnover number (vmax) of this
mutant is about 2-fold lowered. Therefore, the E2 stabilization
mediated by E2-specific intersubunit interactions between two
conserved tyrosines in the Na,K- or H,K-ATPase �-TMD and
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TMD7 of the respective catalytic �-subunit, which is the main
finding of this study, is of high functional significance for the
gastric H,K-ATPase in situ.
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