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Abstract

To investigate effects of pH on the Na�,K�-ATPase, we used the Xenopus oocytes to measure transient charge movements
in the absence of extracellular K�, and steady-state currents mediated by the pump as well as ATPase activity. The activity of
purified Na�,K�-ATPase strongly depends on pH, which has been attributed to protonation of intracellular sites. The
steady-state current reflects pump activity, the transient charge movement voltage-dependent interaction of external Na�

ions with the pump molecule and/or conformational changes during Na�/Na� exchange. The steady-state current exhibits a
characteristic voltage dependence with maximum at about 0 mV at low external K� (9 2 mM) and with 50 Na�. This
dependency is not significantly affected by changes in external pH in the range from pH 9 to pH 6. Only below pH 6, the
voltage dependence of pump current becomes less steep, and may be attributed to a pH-dependent inhibition of the forward
pump cycle by external Na�. External stimulation of the pump by K� in the absence of Na� can be described by a voltage-
dependent Km value with an apparent valency zK. At higher external pH the zK value is reduced. The transient current signal
in the absence of external K� can be described by the sum of three exponentials with voltage-dependent time constants of
about 50 ms, 700 Ws and less than 100 Ws during pulses to 0 mV. The charge distribution was calculated by integration of the
transient current signals. The slowest component and the associated charge distributions do not significantly depend on
external pH changes. The intermediate component of the transients is represented by a voltage-dependent rate constant
which shows a minimum at about 3120 mV and increases with decreasing pH. Nevertheless, the contribution to the charge
movement is not altered by pH changes due to a simultaneous increase of the amplitude of this component. We conclude that
reduction of external pH counteracts external K� and Na� binding. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Na�,K�-ATPase or Na�,K� pump maintains
the electrochemical gradients for Na� and K� across

the cell membrane of animal cells by transporting
three Na� ions out of the cell and two K� ions
into the cell per ATP molecule hydrolysed. During
transport the enzyme cycles between E1 conforma-
tion, with inwardly oriented cation binding sites, and
E2 conformation, with outwardly oriented cation
binding sites, driven by phosphorylation and dephos-
phorylation steps. As a result of the 3Na�^2K� stoi-
chiometry the pump is electrogenic, and the gener-
ated current can serve as a measure for transport

0005-2736 / 00 / $ ^ see front matter ß 2000 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 3 6 ( 0 0 ) 0 0 3 5 6 - 4

* Corresponding author. Fax: +49-69-6303-340;
E-mail : wolfgang.schwarz@mpibp-frankfurt.mpg.de

1 Present address: J. Bernstein Institut fu«r Physiologie, Mar-
tin-Luther University Halle-Wittenberg, Magdeburgerstrasse 6,
06112 Halle/Saale, Germany.

BBAMEM 78016 6-12-00

Biochimica et Biophysica Acta 1509 (2000) 496^504
www.elsevier.com/locate/bba



activity [1]. In the absence of extracellular K�, the
transport cycle is disrupted, but the ATPase can per-
form a half cycle mediating 3Na�/3Na� exchange. In
this exchange mode partial reactions with associated
charge movements can be studied by electrophysio-
logical techniques [2].

To investigate structure^function relationships of
the Na�,K�-ATPase, the function of the pump can
be analysed after modifying the protein. It had been
shown that the ATPase activity strongly depends on
pH with a maximum in activity at about pH 7.5,
suggesting the existence of two protonation sites
[3]. The dependency on pH had been attributed to
an e¡ect on the equilibrium between the two confor-
mations of the enzyme. As one of the possible can-
didates for protonation the glutamic acid residue
Glu329 has been suggested since mutation of the
Glu to Gln removes part of the pH dependence [4].
In £ux measurements with dialysed squid axon [5] it
could be demonstrated that sites of protonation are
accessible form the cytoplasm, changes in the exter-
nal pH were without any signi¢cant e¡ect on trans-
port activity. With our electrical measurements we
obtained evidence that the external pH can e¡ect
partial reactions of the Na�,K�-pump cycle under
non-saturating conditions. Part of the results has
been presented recently [6,7].

2. Materials and methods

The methods of oocyte handling and voltage
clamp are similar to those described previously [8].
All experiments were performed at room temperature
(about 22³C).

2.1. Oocytes

Females of the clawed toad Xenopus laevis were
anaesthetised with tricaine (MS222, Sandoz, Basel
(Switzerland) 1 g/l). Parts of the ovary were removed
and treated with collagenase. Full-grown prophase-
arrested oocytes were selected for experiments. The
cells were stored at 19³C in oocyte Ringer's solution
(ORi, see Section 2.4) containing antibiotics (in mg/l:
70 gentamicin or 25 streptomycin plus 20 penicillin).
Experiments were performed after 1^5 days of incu-
bation. Before two-electrode voltage clamp (TEVC)

experiments oocytes were loaded with Na� by incu-
bation in `Na-loading' solution (see Section 2.4) for
about 40 min, and thereafter stored for at least 30
min in `post-loading' solution. This procedure leads
to an increase in cytoplasmic [Na�] to more than 80
mM [9], and hence, the pump is maximally activated
from the cytoplasmic side.

The ATPase-activity measurements and some
TEVC experiments were done with the endogenous
Na�,K� pump of Xenopus oocytes, the other TEVC
experiments and all giant-patch-clamp experiments
with the pump of electroplax of Torpedo californica
expressed in the oocytes after injection of cRNA for
the K and L subunit (20 ng per oocyte each) [10].
Higher accuracy in the analysis of transient currents
was achieved if an ouabain-insensitive mutant was
expressed, with Gln118CArg and Asn129CAsp.
In these experiments, the endogenous Xenopus
pump could be blocked by 5 WM ouabain, which
does not a¡ect the mutant. In control experiments
we found that the mutation was without signi¢cant
qualitative e¡ect on the pH dependencies investi-
gated in this work.

2.2. Measurement of ATPase activity

Maximum hydrolytic activity of the Na�,K�-ATP-
ase (ATPase activity) in yolk-free oocyte homoge-
nates was determined spectroscopically as described
in [11] using the pyruvate kinase/lactate dehydroge-
nase method in which the generation of ADP is
coupled to oxidation of NADH. Oocytes were dis-
rupted by passing through 200 Wl Eppendorf pipette
tips in ice-cold homogenisation bu¡er (HBO) con-
taining (in mM): 20 Tris^HCl (pH 7.4), 5 MgCl2,
5 NaH2PO4, 1 EDTA, 100 NaCl, 10 KCl, 1 DTT,
PMSF 1, 5 Wg/ml of each of leupeptin, pepstatin and
antipain and with or without 1 mM ouabain. After
homogenisation (10 oocytes/100 Wl) yolk granules
were removed by centrifugation of the samples twice
at 150Ug at 4³C for 5 min. Thirty Wl of yolk-free
oocyte homogenates were added to 0.8 ml of a test
bu¡er A (in mM): 100 NaCl, 10 KCl, 5 MgCl2,
25 imidazole (pH 7.2), 3 Na2-ATP, 2 phosphoenol
pyruvate, 0.31 or 0.06 NADH, and 6 Wl pyruvate
kinase (660 U/ml) (Sigma). ATPase activity of the
sample was calculated from the di¡erence between
the slopes in the time course of adsorption change
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at 340 nm in the absence and in the presence of
1 mM ouabain.

2.3. Voltage-clamp experiments

The electrophysiological experiments were per-
formed either on intact oocytes with the conventional
TEVC (see, e.g., [1,8]) or on excised outside-out
membrane patches with the giant-patch technique
[12,13].

For TEVC microelectrodes were ¢lled with 3 M
KCl and had resistances of less than 0.5 M6. To
avoid leakage of KCl into the cytoplasm, the pipette
tips were ¢lled with agar, which was achieved by
brie£y dipping the tip into heated agar and applying
negative pressure to the pipette lumen. For giant-
patch-clamp pipettes with tip diameters of 25^
35 Wm were prepared using the technique of ¢lling
the pipette tip with melted soldering glass as de-
scribed previously [13]. Giga-seals with the ¢re-pol-
ished pipettes were established without additional
coating.

The protocol for the characterisation of steady-
state pump current by TEVC was the same as de-
scribed previously [1,14]. In brief, steady-state mem-
brane currents were recorded during the last 20% of
40 or 200 ms, rectangular voltage-clamp pulses (from
3150 up to +30 mV in 10 mV increments) that were
applied from a holding potential of 360 mV. The
current signal was low-pass ¢ltered at 300 Hz and
sampled at 1 kHz.

The current generated by the Na�,K�-ATPase was
determined as current activated by extracellular K�,
or inhibited by 5 WM ouabain for the endogenous or
wild-type Torpedo pump or by 10 mM ouabain for
the ouabain-insensitive mutant.

For analysis of the dependence of the endogenous
pump current on external K�, current^voltage de-
pendencies were measured under TEVC determined
at di¡erent external K� concentrations of 0.05, 0.1,
0.25, 0.5, 1 and 5 mM in Na�-free solution. The
concentration dependence of pump current at the
di¡erent membrane potentials E was ¢tted by:

I�E� � Imax
�K��n

Kn
m�E� � �K��n

�1�

using a Hill coe¤cient of n = 1.3 (see [1,15]). The
voltage dependence of the apparent Km value was

analysed by ¢tting an exponential to the data:

Km�E� � Km�0�ezKEF=RT �2�
Km(0) is the apparent Km value for pump stimulation
by external K� at 0 mV, zK represents an e¡ective
valence. An interpretation of this voltage dependency
is that the two K� ions transported into the cell have
to pass an access channel within the pump molecule
and sensing a fraction zK of the electrical ¢eld, which
may be considered as a measure for the dielectric
length of the access channel [14,16].

In the absence of external K�, the pump cannot
complete the cycle but mediates 3Na�/3Na� ex-
change. In this mode no steady-state current is gen-
erated, but a transient current can be detected in
response to a voltage jump; the associated charge
movements have been attributed to movements of
the transported Na� ions in part of the electrical ¢eld
in the membrane and/or to charge movements during
conformational changes (see, e.g., [17]). To analyse
kinetics of the charge movements we had to in-
creased the number of pump molecules in order to
obtain su¤ciently large current signals. This we
achieved by expressing the ouabain-insensitive Tor-
pedo pumps in the oocytes. Signals in response to
voltage-clamp pulses of 40 ms duration were re-
corded in giant outside-out membrane patches. Con-
tributions from endogenous pumps were blocked by
the presence of 5 WM ouabain. The current signal
was low-pass ¢ltered at 10 kHz and sampled at
20 kHz.

2.4. Solutions

The solutions for oocyte incubation had the fol-
lowing composition if not stated otherwise (in mM).
ORi: 90 NaCl, 2 KCl, 2 CaCl2, 5 MOPS/Tris (ad-
justed to pH 7.4); Na�-loading solution: 110 NaCl,
2.5 sodium citrate, 5 MOPS/Tris (adjusted to pH
7.6); Post-loading solution: 100 NaCl, 1 CaCl2,
20 TEACl, 5 BaCl2, 5 MOPS/NaOH (adjusted to
pH 7.6).

For TEVC measurements the following solutions
were used. Na�-free test solutions: 90 tetramethy-
lammonium (TMA�) chloride, 0^5 KCl, 20 TEACl,
5 BaCl2, 5 NiCl2, 5 bu¡er adjusted to the respective
pH value. In the Na�-containing test solution (for
determination of steady-state pump current), 40 mM
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TMACl was replaced by 50 mM NaCl, and either
0 or 2 mM KCl were present (for measurement of
transient currents): TMACl was replaced by 100 mM
NaCl, and the pump-mediated signal was determined
by subtraction of current measured in the presence of
100 WM ouabain.

The giant-patch-clamp experiments were per-
formed in the outside-out con¢guration. The pipette
solution was composed to mimic the ionic conditions
for intact, Na�-loaded cells at the internal membrane
surface: 70 NaCl, 10 KCl, 5 MgCl2, 5 Na2ATP,
5 EGTA, 5 MOPS (adjusted by about 25 mM
NaOH to pH 7.4). The bath solution contained
100 NaCl, 20 TEACl, 5 BaCl2, 5 bu¡er adjusted to
the respective pH value. All test solutions in the ex-
periments with expressed ouabain-insensitive Torpe-
do pumps contained 5 WM ouabain to block the en-
dogenous Xenopus pump. The pump-mediated signal
was determined by subtraction of current measured
in the presence of 10 mM ouabain.

For adjustment of pH to 8 and 9 tricine was used,
and to pH 5 and 6 MES was used, instead of MOPS.
All external test solutions contained the BaCl2 and
TEACl to reduce current through K�-selective chan-
nels (see [18]); to reduce background currents medi-
ated by Ca2�-activated channels (Cl3 channels), no
Ca2� was added to the external test solutions (see
[19,20]). The Ni2� was added to block Na�/Ca2�

exchange. In the nominally Na�- and K�-free solu-
tions, the actual concentrations were below 5 WM as
determined by £ame photometry.

3. Results

The hydrolytic activity of Na�,K�-ATPase in oo-
cyte homogenates strongly depends on pH. The en-
dogenous Xenopus ATPase in oocyte homogenates
shows a pronounced maximum in its activity at
about pH 7 (Fig. 1) under conditions of optimised
concentrations of Na�, K�, and ATP (cf. Section 2).
Inhibition of ATPase activity at high pH can be at-
tributed to deprotonation, inhibition at low pH to
protonation of intracellular sites (compare [3,5,21]).
In the intact cells, extracellular pH only slightly af-
fects transport activity; maximum pump current de-
termined in Na�-free solution with 5 mM K� is

much less a¡ected by the changes in external pH
(Fig. 1).

3.1. Two-electrode voltage-clamp experiments

E¡ects of extracellular pH on the endogenous
pump were investigated in more detail under non-
saturating conditions. In externally 50 mM Na�

and 2 mM K�, the pump current shows a maximum
at about 0 mV (see Fig. 2A). The decline of pump
current with negative as well as with positive poten-
tials has been attributed to voltage-dependent inter-
action of the external cations with the pump mole-
cule; negative potentials counteracting the release of
Na�, and positive potentials counteracting the bind-
ing of K� [22]. For the range of pH 6^9 the pump
current is hardly a¡ected over a wide range of po-
tentials. In Fig. 2B the data of Fig. 2A are redrawn
for a number of selected potentials; in the range of
pH 6^9 only at depolarised (0 mV) and positive (+30
mV) potentials does a slight pH dependency become
apparent. This suggests that the potential-dependent
interaction of external K� is a¡ected since voltage
dependence of pump activity is governed at these
potentials by external K�. In the absence of external
Na�, this can be described by a voltage-dependent
apparent Km value for pump stimulation by the ex-
ternal K� with an apparent valency zK (see Eq. 2 in
Section 2). The Km values at pH 7 and pH 8 clearly

Fig. 1. Dependence of maximum ATPase activity in oocyte ho-
mogenates (¢lled symbols) on pH of solution and of maximum
pump current (open circles) on external pH. Data represent
averages of 7^11 measurements (mean þ S.E.M.). The lines are
drawn to ¢t the data. Currents were normalised to pH 7, 360
mV (I = 26 þ 3 nA).
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di¡er (Fig. 3), showing less pronounced voltage de-
pendence at pH 8 (zK = 0.42) compared to pH 7
(zK = 0.76).

Further acidi¢cation down to pH 5 leads to a pro-
nounced stimulation of pump activity at negative
potentials (Fig. 2). Since external Na� dominates
the potential dependency of pump current at nega-
tive potentials, lowering pH seems to counteract the
potential-dependent inhibition of the pump cycle by
external Na�. Na� dependency of the ATPase can be
investigated most e¡ectively by analysing in the ab-
sence of external K� the transient charge movements
mediated by the pump in the 3Na�/3Na� exchange
mode. For su¤cient accuracy of the measurements,
pump-mediated signals from the endogenous pumps
are not large enough. A su¤ciently high signal can
be obtained by expression of additional pumps by
injection of cRNA. Fig. 4A shows the transient

`on' and `o¡' signals in response to a voltage pulse
from a holding potential of 360 mV to +10 mV at
pH 6 and pH 9 in TEVC experiments for oocytes
with Torpedo pumps. The transient at pH 9 appears
to be not as fast as that at pH 6, but kinetics can be
analysed with su¤cient accuracy in the oocytes only
with the giant patch (see below).

Nevertheless, we measured ¢rst under TEVC for
di¡erent external pH values the amount of charges Q
that are moved in the electrical ¢eld in response to a
voltage pulse by integrating the transient signal. The
voltage dependence Q(E) of the charges moved dur-
ing on responses is shown for three pH values in Fig.
4B, and follows a Fermi equation:

Q�E� � Q3r � Q�r3Q3r

1� e3zf �E3E1=2�F=RT
�3�

with maximally moved charge Qmax = Q�r-Q3r. zf is
the e¡ective valency and represents the dielectric
length times the valence of the moved charge; E1=2

is the midpoint potential. The voltage dependence
can be ¢tted by the same set of parameters independ-
ent of the pH value (see legend to Fig. 4B).

3.2. Giant-patch-clamp experiments

Though the amount of charges moved and the
voltage dependence of their distribution are not sig-
ni¢cantly a¡ected by changes in pH, the measure-

Fig. 3. Dependence of apparent Km value for stimulation of the
endogenous pump by external K� in the absence of Na� at pH
7 (a) and pH 8 (O). Data represent averages from four experi-
ments (mean þ S.E.M.), and were ¢tted by Eq. 2. The ¢tted pa-
rameters are Km(0) = 0.98 and 0.54 mM, zK = 0.76 and 0.42 for
pH 7 and pH 8, respectively.

Fig. 2. Dependence of endogenous pump current on membrane
potential at di¡erent external pH (A). Pump-mediated current
was determined as the current activated by external application
of 2 mM K� in the presence of 50 mM Na�. Data represent
averages of 7^11 experiments (mean þ S.E.M.). Currents were
normalised to pH 7, 0 mV (I = 31 þ 4 nA) (B) Same data as in
A, but plotted for a series of selected potentials versus pH. The
lines are drawn to ¢t the data.
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ments of the transient currents of whole oocytes
(compare Fig. 4A) suggested di¡erences. Therefore,
we analysed the e¡ect of pH on the time courses.
Because of the large size of the oocytes, and hence
its large capacitance, the time resolution of the tran-

sients does not allow accurate analysis [23]. We,
therefore, performed experiments on giant membrane
patches. We used the ouabain-resistant mutant of the
pump of Torpedo electroplax which allows easy sub-
traction of contributions of the endogenous pumps
by blocking with 5 WM ouabain, which does not
e¡ect the mutated Torpedo pump.

Fig. 5A shows a selected transient `on response' at
pH 7.5 for a voltage pulse from 330 mV to 0 mV.

Fig. 5. (A) Transient signal in response to a potential jump
from 330 mV to 0 mV (on response) at pH 7.5 in giant patch
with ouabain-insensitive Torpedo pumps. The transient was ¢t-
ted by the sum of three exponentials with time constants of
0.09 ms, 0.9 ms and 11 ms for the fast, intermediate and slow
component, respectively. (B) Voltage dependence of the inter-
mediate rate constant at di¡erent external pH values. The lines
represent ¢ts of:

k � 103W�ez1�E3E�1�F=RT � e3z31�E3E�31�F=RT �
which corresponds to Eq. 4. Fit parameters are listed in Table 1.

Fig. 4. (A) Transient current mediated by the wild-type Torpedo
pump in the absence of extracellular K� and induced by a volt-
age pulse (inset) at pH 6 and pH 9, respectively. The pump-
mediated current was determined as the di¡erence of current in
the presence and absence of 100 mM Na�, which is identical to
the di¡erence obtained by measurements without and with oua-
bain. (B) Voltage-dependent distribution of charges moved tran-
siently in response to voltage pulses applied under TEVC from
the holding potential (VH =360 mV) to oocytes with Torpedo
pumps at di¡erent pH values. The pump-mediated transients
were determined as the di¡erence of current in the presence and
absence of 100 mM Na�. The charges were determined by inte-
gration of the transients. Data represent averages of 3^9 experi-
ments (mean þ S.E.M.), and were ¢tted simultaneously by Eq. 3
(continuous line) with Qmax = 3.9 (corresponding to 3.2 þ 0.2
nC), E1=2 =354 mV, and zf = 0.74.
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The time course can be described by the sum of three
exponentials: a fast component that can hardly be
resolved with a time constant of less than 100 Ws, an
intermediate component with a time constant of
about 1 ms, and a slow one with a time constant
of more than 10 ms. At pH 7.5 the slow time con-
stant appears to be voltage-insensitive (not illus-
trated). At low and high pH this component exhibits
high degree of variability, and therefore, was not
analysed in detail. The intermediate time constant
d, on the other hand, shows clear voltage dependence
at all pH values. The voltage dependence of the rate
constant k = 1/d can be described by the sum of two
voltage-dependent rate constants (Fig. 5B and Table
1) and shows a minimum at EminW3120 mV. This
suggests a transition with voltage-dependent forward
(k1) and backward (k31) rates leading to the transient
charge movement:

k � k0
1ez1EF=RT � k0

31e3z31EF=RT �4�
The voltage dependence of the distribution of the
charges for the intermediate component has been de-
termined by integration of this component. Similarly
to the results of TEVC, the voltage dependence is not
signi¢cantly a¡ected by pH, and this despite of the
pH dependence of the rate constant of the intermedi-
ate component. But this can be attributed to a com-
pensatory change in the amplitude of the intermedi-
ate component. A ¢t of the voltage dependence of
the intermediate component by Fermi Eq. 3 yields
for all pH values the same E1=2 and zf values. While
zf with 0.73 is similar to the value obtained under
TEVC (Fig. 4B) for the total signal of wild-type
Torpedo pump, the E1=2 value is shifted by 50 mV
to negative potentials.

4. Discussion

It has been shown long time ago that the activity
of the Na�,K�-ATPase strongly depends on pH with
optimum activity at about pH 7.5 [3^5]. Inhibition of
ATPase activity at lower as well as at higher pH has
been taken as evidence that two sites of protonation
are involved [3] that are most likely accessible form
the cytoplasm [5]. Breitwieser et al. [5] have demon-
strated by measurements of Na� and K� isotope
£uxes in squid giant axon that transport depends
on internal pH but is nearly insensitive to changes
in external pH. Also the ATPase activity in the oo-
cyte homogenates shows the strong dependency on
pH with a maximum at about pH 7, while pump
current is much less e¡ected by the external pH
(Fig. 1). The decrease of ATPase activity at high
pH is removed if the putative intramembranous res-
idue Glu329 is mutated to Gln [4], and it has been
suggested that this amino acid is important for pro-
tonation.

All these measurements were performed under
conditions of optimised ATPase or transport activity,
or close to physiological conditions. From the extra-
cellular side, the ATPase is regulated by the voltage-
dependent interaction of Na� and K�. Our results
give evidence that these interactions can be modi¢ed
by changes in pH. Inspection of the pH dependency
at di¡erent voltages (Fig. 2B) yields a slight depen-
dence at positive potentials, also with a maximum
around pH 7. One might speculate that these changes
in transport result from slight alterations of intracel-
lular pH following extracellular pH changes, but
measurements of intracellular pH with pH-sensitive
microelectrodes have shown that even long-lasting

Table 1
Parameter for description of the voltage-dependent rate constants for transient charge movements in Torpedo pumps at di¡erent exter-
nal pH according to Eq. 4 for the intermediate component and Eq. 5 if ¢tted by a single exponential (data from [23])

Intermediate component Single exponential

pH 6 pH 7.5 pH 9 pH 7.4

z1 0.27 0.27 0.27
k0

1 (s31) 1562 1378 1209 140
E1* (mV) 341 330 318
z31 0.88 1.20 2.1 0.45
k0
31 (s31) 4.2 0.30 0.0018 48

E31* (mV) 3156 3169 3155 360
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exposure to pH 6.1 or 8.3 has practically no e¡ect on
the intracellular pH [24] though changes in close vi-
cinity to the internal membrane surface can of course
not be excluded. At the positive potentials and at
external K�92 mM, pump activity is governed by
the potential-dependent interaction with K�, suggest-
ing that protons interact with K� binding. E¡ects of
external pH on K� interaction is also supported by
the ¢nding that the apparent valency for K� binding
in the absence of extracellular Na� becomes reduced
with increasing pH (see Fig. 3).

E¡ects of pH on the Na�-translocating limb of the
pump cycle can most e¤ciently be studied in the
absence of extracellular K�. Under these conditions
the pump performs Na�/Na� exchange with transi-
ent charge movements. Since the transients are too
fast to be analysed kinetically by TEVC, we applied
the giant-patch-clamp technique. This on the other
hand made it necessary to overexpress pumps by in-
jection of cRNA for the K and L subunit of the
Torpedo pump. For the K subunit we used the oua-
bain-insensitive mutant which exhibits qualitatively
similar pH dependence as the wild-type pumps.
This excludes the possibility that the Asp129 is a
site of protonation/deprotonation that could account
for the observed e¡ects.

In giant patches of Xenopus oocytes, the transient
current exhibits three exponential components that
may be attributed to reaction steps that are associ-
ated with translocation of Na� by the transport pro-
tein [25^31]. With su¤cient accuracy we could ana-
lyse only the intermediate component which, on the
other hand, shows clear pH dependency. Rate con-
stants in the same range of 100^2000 s31 have been
detected also in other preparations and have been
attributed to a conformational change associated
with release and rebinding of extracellular Na�

[2,25,26,30^34]. In contrast to our ¢ndings for the
intermediate component, the voltage dependence of
the rate constants could be described by the sum of a
voltage-independent forward rate (associated with
extracellular Na� release) and a voltage- and Na�o -
dependent backward rate [2,25,26,30,32]:

k � k0
1c�1� e3z31�E3E�31�� �5�

This kind of voltage dependence we also obtain if
the transient were ¢tted by a single exponential (not

shown, but see values in Table 1 and [23]). The in-
termediate component of the Torpedo pump is dom-
inated by a voltage-dependent forward rate k1, but at
extremely negative potentials a voltage-dependent
backward rate k31 becomes also apparent.

Although the amount of movable charges of the
intermediate component and their voltage-dependent
distribution are not a¡ected by pH changes, the tran-
sient becomes faster at lower external pH. At present
we do not know the reason for this modulation.
Since the three exponential components re£ect three
distinct kinetic steps in Na� translocation, modula-
tion by pH may re£ect di¡erent accessibility of the
Na�-binding sites by protonation^deprotonation
steps from the extracellular side. Exchange of pro-
tons becomes more pronounced at negative poten-
tials where the transients are governed by the for-
ward rate k1.

We conclude that reduction of pH down from pH
8 to pH 7 counteracts external K� binding. Since
both external K� as well as Na� interact with the
E2P conformation of the ATPase also external Na�

interaction can be expected to be modulated by the
external pH. Indeed, further lowering to pH 5 clearly
counteracts Na� interaction. The next step in this
investigation will be identi¢cation of the sites by
site-directed mutagenesis. The experiments were par-
ticularly designed to gain new information on struc-
ture^function relationships. Since the steady-state
transport activity of the Na�,K� pump is hardly
a¡ected by changes in external pH, this characteristic
may be of physiological importance in stabilisation
of Na� and K� transport at variations of pH in
blood serum during, e.g., respiratory acidosis or al-
kalosis.
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