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Cation Xenopus oocyte)

Currents generated by the endogenous Na*/K™* pump ‘n the oocytes of Xenopus laevis were determined under

mltage-clamr as currents activated by different K * congeners. The vollage dependence of the pump current reflects
ge- dent steps in !Ile cycle. The of X *.activaied pump curvent at positive pritentials has

been d to voit lation by the K* (Rak i, Vasilets, LaTona 2nd Schvarz

(1991) J. Membr. Bml. IZI, 177-187). In Nz *-free solution, activation of the pump by external cations seems to be

the dominati and rat step in the cycle. Under these cnndmols, the
voltage dependence nf apparent K_ values for pump can be The d« saggests
g6 dent binding of fut cations ing that an effe charge of about 0.4 of an clementary

charge is moved in the electrical field during a step associated with the cation binding. The apparent X, values at 3
mV differ for various cations that stimulate pump activity. The valves are in mM: 0.10 for T1*, 9.53 for K *, 0.71 for
Rb*, 9.3 for NH_, and 12.9 for Cs*. The corresponding apparent affinities follow the same sequence as the cation
permeability of the K *-selective delayed rectifier chanucl of nerve cells. The results are compatible with the
interpretation that the cations have to pass an ion-selective access channel to reach their binding sites in the pump

molecule.

Intreduction

Under physiological conditions, the Na*/K*-
ATPase transports 3 Na* ions out of the cell and 2 K'
ions into the cell for each ATP molecul

has been observed also in other types of cells as well as
in reconstituted systems (sec e.g. Ref. 6). it has been
suggested that a step involved in external liberation 6f
Na* is associated with movements of charges [7-9].

The cnsulng net current is a measure of pump activity
ined flux and

d the stoi y is fixed. C
current measurement~ have showa this at
giant axon {1] and Xenopus oocytes [2].
even under conditions wicre the ~xteinal soluuon ls
free of [Na*] and ins [K*] at
low concentrations [3,4). The voltage dependence of
the pump current (/ -V relationship) of the endoge-
nous pump {5] and of the pump of Torpedo electroplax
expressed in the oocytes [2] exhibit in media of physio-
logical composition a positive slope at negative poten-
tials and a negative slope at posmve potenuals Sumu-
lation of pump current by

The gati slope seen in lhe Xenopus oocytes can be

d to a voltage-d K, value
for oump activation by external [K” {3, l"]. Pump
curie s in cardiac Purkinge cells can also be reduced by
Seaty-e potentials. The magnitude of the effect de-
pends on the aature and concentration of the activat-
ing cation species [11]. Different degrees of effective-
ness of different K* congeners with the sequcnce
TI*>K*= Rb*.» NH} > Cs* have also been demsn-
strated for protection of the pump against inhibition by
removal of K* in cardiac cells [12] as well as for
activation of the enzyme activity [13,14]. In the present
study, we investigated the voltage dependence of the
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K., values for stimulation of the endogenous
pump current by external K* in
Xenopus oocytes. To avoid interference with the volt-
age- and Na*-dependent step, all experiments were
performed in Na*-free media [10].
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Materials and Methods

‘The hods of oocyte and voltage
clamp were i to those described iously (see
Vasilets et al. (1990), Ref. 15) and are briefly summa-
rized.

QOocytes
Females of the clawcd toad Xenopus laevis were
d with b ic acid ethyl esther
methane sulfonate (MS222, Sandoz, Basel (Switzer-
lard)). Parts of the ovary were removed and treated
with coll. to remove ing tissue. Experi-
ments were performed with the full-grown prophase-!
arrested oocytes (stage V and VI, after Dumont, [16])
at room temperature (21°C).

Ele hysiological

G t-voltage (I-V) were deter-
mined by two-microelectrode techniques. From a con-
stant holding potential of —60 mV, rectangular voltage
pulses of 500 ms duration and varying amplitude from
negative to positive potentials were applied every 4 s,
and steady-state currents were averaged during the last
100 ms. To reduce non-pump related K™ -sensitive cur-
rents, all solutions contained 5 mM BaCl, and 20 mM
tetraethylammonium chloride (TZ%A-Cl). Under these
conditions, the current generated by the electrogenic
Na*/K* pump can be determined as !he dlffererce
b total ik cursent in sol S coni

Results

In solutions without [Na*], pump stimulation by
external [K*] seems to be a dominating step in the
reaction cycle that is voltage-dependent and rate-de-
termining. To investigate the voltage dependence of
the apparent X, value for pump stimulation by K*
congeners, experiments were performed in Na*-free
solutions containiug different activating cation species
at a range of different i In the
of BaCi, and TEA-CI, effectively all current activated
by application of the cations can be attributed to pump
current; as has been shown for K*-activated currents
previously [10], also current activated by the K* con-
geners Ti*, Rb*, Cs* and NH] under these condi-
tions can be attributed to pump current. In the pres-
ence of ouabain, cation-sensitive currents amount to no
more than a few percent of pump current over the
potential range from —140 to 0 mV, and only at
positive putential this comporent may reach values of
up to 10%. Tke voltage-dependence of pump current
determined as ¢ »ain-sensitive current is not affected
by the presence of 5 mM BaCl, (sce Ref. 18).

A typical voltage-clamp experiment using Cs* at a
range of different concentrations as activating cation is
illustrated in Fig. 1. After the holding current has
stabilized, an /-V curve (a) was recorded (see chart
record in Fig. 1A). The cell was then exposed to
solutions with diffcrent Cs* concentrations and for

ing a given concentration of K* and that in K*-free
solution (see Ref. 10). Pump activity was expressed as
density of pump. d current ing a surface
area of 0.18 cm? which was c:lculated from the mem-
branc capacitance averaged from differcnt batches of

oocytes [4].

Solutions
The composition of the test solutions was (in mM):
90 tetramethylammonium chloride (TMA-CI), 2 CaCl,,
5 BaCl,, 20 tetracthylammonium chloride (TEA-C1), 5
morpholinopropane sulfonic acid (Mops, adjusted to
pH 7.4). The solutions with varying concentraiions of
either TICl, RbCI, CsCl, or Nfi,Cl had the same
larity which was achi bstituting TMA-Cl.
In the nominally K*-free solutions the actual concen-
tration of K* was determined by flame photometry;
the contaminating level was below 5 uM. To. increase
pump activity, cocytes were usually ded with

cach ion an J-V curve was measured
(b, d, f, k). After each change to a new Cs* corcentra-
tion, the chamber with the oczyte was perfused again
with Cs*-free solution to obtain reference /-V curves
(¢, e, g, i) that were also used for corrections of linear
drifts with time. A sclection of I-V curves from this
expcrxmem is shown in Fig. 1B. In Fig. lC the voltage

ies of pump it d by the differ-
ent Cs* concentrations are shown; activity of the pump
is expressed as density of pump current. While pump
current at 50 mM [Cs*] shows little voltage depen-
dence over a wide range of potentials, at Cs* concen-
trations of 10 mM or less, a pronounced negative slope
is obtained for the entire¢ potential range. Fig. 2A
s averaged I-V curves 1rom a series of such exper-
iments using Cs* as pump-activating cation. To aver-
age data from different occytes, punp currents weic
normalized with respect to the pump current obtained
in each experiment at — 120 mV and the highest cation

Na* by incubating the cells for at least one hour in
solution that had the following composition (in mM):
110 NaCl, 2.5 sodium citrate, 5 Mops (adjusted to pH
7.6) [10]. In the loaded oocytes, imracellular activity of
Na* was about 80 mM after 2har bation as

used. Under these conditions pump ac-
tivity is nearly maximum. The average values of pump
current densities are given in the figure legends.
For further analysis of pump stimulation by differ-
ent cations, we followed the same pr(‘locol we used
i I

Na*-selectis lectrodes (Schmalz-
ing et al. (1991), Ref. 17).

ly to describe the potenti d ti
lmn by [K*1[10]. The dependence of pump current on
cation concentration was plotted for different mem-
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Fig. 1. {A) Chart record of holding current of a typical voltage-clamp
experiment in Na*-free solution; the holding pniential was set to
—60 mV. During the experiment the test chamber was continuously
perfused with different solutions. The experiment was started in
solution without any pump-activating cation. After the holding cur-
tent had stabilized, /-V curves were measured at the times as
indicated by brief black bars and by the letters (a-i). During upward
deflections of holding current (lasting a few minutes and represent-
ing pump-generated current), the chamber was perfused with solu-
tions containing pump-activating cations {here Cs* ) at concentra-
tions in mM as given by the numbers, {B) /-V curves of total
membrane current at different Us* concentrations: open circles (50
mM), filled circles (10 mM), open triangles (2.5 mM), filled triangles
(0.5 mM). The two lines represent J-V curves measured in Cs*-free
solution at the beginning (a) and the end (i) of the experiment. (C)
Potential dependence of pump currents at different Cs* concentra-
tions (symbols as in (B)).

brane ials; a selection of taken from
the data in Fig. 2A is shown in Fig. 2B. Assuming
saturation kinetics for the dependence on cation con-

[X] the following ion was fitted to the

data:
Io=IXI" /(K& +iX)") T
K, an Itage-d dent half-
i for pump by the exter-

nal cation. The data show that K, increases with

membrane depolarization. For the Hill coefficient n an

average value of 1.14 + 0.11 was ohlamed for lhe dlf—
we
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values for pump stimulation by {Cs*] is shown by the
open circles in Fig. 7.

As another K* congener NHJ was tested. NHJ is
taken up by the oocytes by an electrogenic mechanism
{19] distinct from the pump; if the oocytes are preincu-
bated for 20 min in solution containing 25 mM NH i,
this transport does no longer contribute to membrane
current. On the other hand, this treatment wili result
in a reduction of the intracellular pH [19,20]. To test
whether the change in pH effects pump current, exper-
iments with ¢ and NH,Cl d oocytes
were performed using Cs* as an activator. The re-
duced pH leads to a reduction of maximum pump
current by a factor of 1.6 +0.2 {n=3)}, but similar
results are obtained wnh respcu iu (e voitage depen-
dence of pump sti Fig. 3 for the
entire potential range nearly ldenm:al K., values inde-
pendent of whether or not the oocytes were preincu-
bated in NH,Cl-containing solution. Tiw reduced
intracellular pH is obviously without significant rele-
vance for the present investigation. Fig. 4 shows the
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Fig. 2. (A) Potential dependence of pump cusrents at different Cs*
concentrations: open circles (90 mM). filled circles | (50 mM), open

‘mM), filled triangles down (2.5 mM), open triangles up (0.5 mM).
Data represent average values + S.E. of 3-10 experiments depending
of the concentration. For each cxperiment, pump cusrents were

ferent pump cations. Pra

from delailed analysis of pump activation by [K '} a
value of # = 1.3 [10]. Though slight variability of n with
membrane potential and cation species cannot be ex-
cluded, a constant value of # = 1.3 was used for further
analysis. The voitage dependence of the calculated K,

10 the valuc at —120 mV in 50 mM [Cs* |: the averaged
current density under those cunditions is 2.18£0.01 pA/cm?. (B)
Dependence of pump current on C»* concentration for different
membrane poicntials (same data as in (A)%; open circles (- 100 mV),
filled circles (60 mV), open squares ( - 20 mV), filled squares { +20
mV). Solid lines represent fits of Eqn. 1 to the data. The fitted
apparent K, values are shown in Fig. 7.
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Fig. 3. Voltage-dependence of apparent K, values for pump stimu-

lation by [Cs*). Open circles represent data from five untreated

oacyes. filled circles data from the same oocytes after incubation for

20 min in solution with 25 mM NH,Cl. The solid line represents a fit
of an cxponential to the data.

results of the same type of experiments as described in
Fig. 2 usiug NH] as activating caticn with NH ] -pre-
treated oocytes illustrating the increase of the K,
value with increasing membrane potential (see also
open triangles in Fig. 7).
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Fig. 4. (A} Potential dependence of pump currents at different NHJ
concentrations® open circles (25 mM). filled circles (5 mM), open
squares {1 mM). filled squares (0.5 mM), open xmnglcs 0.1 mM).
Data represent average values +S.E. of four For each
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Fig. 5. (A) Potentizl dependence of pump currents at different Rb*
concentrations: open circles (5 mM), filled circles (2.5 mM), open
squares (0.5 mM), filled squares (0.25 mM), open triangles (0.1 mM),
filled triangles (0.05 mM). Data represent average values+S.E. of
ninc experiments; the averaged curremt density under these condi-
tions is 0.11£0.01 gA/em?. For each experiment, pump <urrents
were normalized to the value at —120 mV in 5 mM [Rb* ). (B)
Dependence of pamp current on Rb* concentration for different
selected membrane potentials (same data as in (A)). Symbols repre-
sent the same potentials as in Fig. 2B. Solid lines represent fits of
Egn. 1 to the data. The fitted apparent K, values are shown in
Fig. 7.

Analogous results were obtained for pump stimula-
uon by TI* and Rb* (sec Flgs 5 and 6, respectively).
of the ion d ies in Figs.

2B and 4B-¢L veveals, in addition to the voltage
a cation-d dent variability of the ap-

parent K, values over more than one order of magni-
tude. While Cs* and NH; give half maximum activa-
tion in the millimolar range, Rb* activates in the
100-micromolar range, and TI* even at concentrations
below 100 xM. The voltage dependencics of the re-
spective K, values are summarized in Fig. 7. For
comparison, the data for K* as stimulating cation [10]
are inciuded. Since the K, values for TI*, K*, and
Rb* are at least 2n order of magnitude smaller than
those for Cs* and NHj, their dependencies were
lotted at higher ion in the inset. 1t has been

experiment. pump currents were normalized o the value at —120

mV in 25 mM [NH; ) the -W"ruu,d cursent density under these

conditions is 0,15+ 002 uA /cm’. (B) Dependence of pump current

on NH; fon tor difierent poter s (same

duta a> in (A)). Symbols represent the same potentials as in Fig. 2B.

Solid lines represent fits of Eqn. 1 1o the data. The fitled apparent
K, values are shown in Fir,, 7.

shown iously that the di d on b
potential (V) of the K, value for stimulation of the
endogenous Na*/K* pump by external [K*] can be
described by a single exponential

KoV) = K (V= 0mV)-exp(z*VF/RT) )
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Fig. 6. (A) Potential dependence of pump cursents at different T!*
concentrations: open circles (¢ mM), filled circles (0.5 mM), open
squares (0.25 mM), filled squares (0.1 mM), open triangles (0.05
mM). Data rcpresent average values +S.E. of six experiments. For
each experiment, pump currents were normalized to ihe value at
=120 mV in | mM [T1* k the averaged current density under these
conditions is 0.23+0.02 A /em?, (B) Dependence of pump current
on TI* concentration for different selected membrane potentials
(same data as in (A)). Symbols represent the same potentials as in
Fig. 7B. Solid lines represent fits of Eqn. 1 to the cata. The fitted
apparent K, valucs are shown in Fig. 7.

The basis for such a description is the assumpuon that
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Fig. 7. Volage depeadence of the apparent K, values of pump
activation by Giff it external cations in Na'-frec solution. The
values were obtained from the data shown in Figs. 2, 4-6 by fitting
Eqn. 1 to the data, and for K* from Rakow:¥i et al. [10k the eijor
bars indicate deviations of the fitted parameters. Filled squares are
for T1*, open squares for K*, filled circles for Rb*, open circles for
Cs'. and open triangles for NH;. The voltage dependence is de-
scribed by a single exponential (Eqn. 2) Solid fines represent fits of
this equation to the data. The fitted pasameters are nsted in Table I.
The insci shows the same data for K*, Rb*, and TI* but at a higher
resoiution {units are the same as in the main figure).

the movement of an effemve charge z* is
with a ion step i d in pump sti ion by
external [K*] [10); an explanation for this voltage de-
pendence would be that local concentrations at the
binding sites vary according to a Boltzmann distribu-
tion [K*]1=[K"*],-exp(z*VF /RT). Also for the o*her
pump-activating cations used in this investigaiion, a
single exponential fits the voltage dependencies (sce
Fig. 7). The fitted values for z* and X, at 6 mV are
summarized in Table 1. The calculated effective chzrges
vary between 0.20 and 0.47 of an elementary charge
with an average of 0.39 +0.05. The differences be-
tween z* values for the different cation species possi-
bly reflect variabilities among different batches of
oocytes (see Ref. 4), but effects on the effective charges
that depend on the properties of the individual cation
species can of course not be excluded. In contrast to
the effective charges, the K, values at 0 mV clearly
show cation-specific differences which cover a range of
more than two orders of magnitude between 0.1 mM
for TI* and about 13 mM for Cs*.

For the interp ion that the itud: of the
pump-generated current reflects lranspon activity,
fixed h y for the d ions is a pre-

i To estif the ratio the number of
TABLE |

Fitted parameters of the effective charge z* and apparem K, value at
O mV (see Egn. 2) for the data shown in Fig. 7

Data for K* are averwges from the values reported previously (4,10}
Relative apparer:t affinitics A are expressed as the reciprocal of K,
Py are relative permeabilities of the delayed rectifier cnannel of the
frog node (see Ref. 33). A* are relative apparent affinities deter-
mined from data reported for cardiac Purkinjc cells at —20 mV and
in presence of 150 mM [Na* ] (11}

Parameter TI* K° Rb" NH] Gs*
z* (elementary

charge) 22 047 029 041 046
Ky (V=0mV)

{mM) 010 065 071 9.3 129
AW =0mV)

(normalized) 63 10 089 007 005
Py 23 10 09 013 0.08
A* (V=-20mV)

{(normulized) 48 Lo - 0.35 -
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Na* ions transported out of the cell and of pump-
activating cations inio the cell, efflux of 2Na* and
pump-genierated currents were determined on the same
cocyte as has been described previously for K* as
activating cation {2,4]. In the present investigation we
used as ax extreme Cs* for pump activation which has
the highest K,, value. From the rate of Na* efflux
and intraceiiular No* activity the number of Na* ions
and from the pump current the number of charges
translocated by the pwinp per sccond and oocyte were
calculated to about 140-10™ and 50-10", respec-
tively, with a ratio of 2.63 : 0.32 (n = 5). This value 1s
practicaily identical 10 the value of 2.7 we obtainedt
previously for K* [4] and is compatible with a
3Na* :2Cs " stoichiometry.

Discussion

During physiological operation of the Na*/K*
pump, 3 Na* ions arc transported out of the cell and 2
K* ijons into the cedl for | ATP molecule that is
hydrolysed during a pump cycie. Hence, the presence
of extracellular [K*) is cssential for normal pump
operation. The pump-generited current can be calcu-
lated from total membrane current by subtracting the
current remaining in 2bsence of [K*) from current
determined in presence of (K*1. The validity of the
difference formation requires that non-pump related

*-sensitive currents can completely be blocked. In the
Xenvpus cocytes, this has been demonstraied for the
endogenous pump {121 as well as for the pump of
Torpedo cleciroplax cxpressed in the oocytes (3] if K*
is used as activating cation. The same results we ob-
tained when Cs* was used as K* congencr. Also in
cardiac Purkinje fibres, it has been shown that pump
current can be determined as K*-activated current
[21]. Tae application of exrernal {K*] stimulates the
Na*/K* pump in ihe ococytes not caly in a concentra-
tion-dependent but also in & voltage-d dent man-

d current is d to t t
activity; this is only allowed if thc 3Na :2X* stoi-
chiometry is maintained also for the K* congeners X*.
tndications for fixed coupling ratio have been reported
for Rb*, Cs*, Li*, Na* and possibly also NH at
cation i for the d
renal Na*/K*-ATPase [24] and for TI*, Rb*, NH},
and Cs* at a range of concentration for the pump in
cardiac Purkinje cells {11,25). In previous experiments,
we have shown that the ratio between Na* efflux
and pump currem does not significantly vary with
p | or K* ion, and that this
ratio is compatible with a 3Na* :2K* stoichiometry
(2.4]. Even if Cs* is used as activating cation, which
has a K, value more than an order of magnitude
higher than that for K*, a value of 2.6 + 0.3 is obtained
for the ratio betwzen the sumber of Na* ions and
charges translocated by the pump which is compatibie
with a 3Na* :2Cs* stoichiometry.

The pump stimulation by the different cations can
be dzscribed by ial d d of K,
values (Fig. 7). In terms of the assumption of an access
channel, the effective charge z* is a measure for the
depth of the binding site in the membrane dielectric.
For the cations tested, the cffective charges are similar
and of the order of about 0.4 of an elementary charge.
This is what one would expect if the presence of the
cations would not influence the tertiary structure of the
binding sites. An alternative to a fixed access channel
will briefly be discussed below.

The apparent affinitics for pump stimulation of the
different activating cations clearly show a high degree
of variability with a sequence of effectiveness of TI*>
K*2Rb*> NH] > Cs*. This sequence is similar to
that reported for stimulation of ATPase activity [13,14],
block of release of occluded Rb* [26.27] and for pro-
tection of pump inhibition by removal of extracellular
[K*1{12). These olservaiions suggest that the selcctiv-

ner that can be described by a potential-dependent
apparent K, value [3,10]. As a prssible interpretation,
it has been suggested that the K* 1ons have to pass an
access channel under the influence of the eiectrical
field to reach their binding sites. The mendrane po-
tential should, thercforc, affect tihe degree of occu-
pancy of the binding sites. In the absence of exiraceliu-
lar Na™, this will lead to a monctonic increase in the
apparent K value with membranc depolarization {22},
mption of an access channel within the clectri-
is aiso compatible with cbservations obtained
on cardiac Purkinje cells {11} and open membrane
fragments of rabbit kidacy coupled to planar lipid
bilavers [23),

In the results, we have demonstrated thai, similar to
K, Tt Rb*, Cs*, and NH] stimulate pump activity.
For the analysis of the data, the magniiude of cation-

ity seq reflect cation specific binding or access of
the ions to their uctivation sites. In particular one
could speculate thit the access channel has similar
characteristics to cation-selective pores where K* ions
have to pass in single file a series of energy barriers
aad wells (sec Ref. 28). This vicw is supported by the
facts that K* ions are bound sequentially {27,29). that
the pump stimulation can be described by the move-
ment of two different effective charges for the Na*/K*
punp of Torpedo electroplax [4], and that the apparent
affinities for the different cation species follow the
sanie sequence as the cation parmeabilities Py for the
delayed rectifier K* channels in nerve cells (sce Table
1). For comparison, relative upparent affinities are ex-
pressed as the recinrocal of che apparent K, values at
0mv lized to ihie cor: ing vaiue for K*. In
cardiac Purkinje cells, a variety of inonovalent cations
has been demonstrated to praduce eancentration- and




potential-dependent activation of the pump [11] and
apparent K, values for pump stimulation by external
[K*], [T1*], and [NH]] were calculated. The corre-
sponding relative apparcnt affinities at --20 mV we
also included in Table I. The values again fall in the
same sequence and are of similar size as the relative
permeabilities for the K* channel.

As an altersiative to the assumption of an ion-selec-
tive access channel, voltage-dependent and cation-
sclective affinities could result from voltage-dependent
conformations that affect ion interaction with the bind-
ing site. Sel ity and voltage d conuld then
be described in terms of encrgy profiles by modulations
of energy barriers and ion wells [22,30,31]. From the
differences of the z* values for the differcnt cation
species in Table 1, we of course can also noi exclude
the possibility of cation-specific effective charges which
couid refle:t differences in the location or polarizabil-
ity of ihe binding sites and the transported ions. In
addition to voltags ent accass, ion of
the apparent affinity has becn suggested on the basis of
observations in Xenopus oocytes that the effective
charge and the K, (0 mV) value can be modified frem
the intracellular side, that the effective charges may
even exceed the value of twe clementary charges which
wouid be i ible with the of two
monovalent cations in an access channel, and that after
stimulation of protein kinase A or C [4] the voltage
dependence of pump snmulauon by [K*] becomes
more or less p Also of

with jons at the N. of the
pump of Torpedo electroplax expressed in the Xenopus
oocytes exhibit modified K, values and increased ef-
fective charges [32). Thest. data have been interpreted
in terms of ion of the
access channel.
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