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Abstract

The current (I,) generated by the wild-type or the glutamate (E) 779 alanine (A) mutant of the rat Na*/K* pump ol-
subunit expressed in HEK 293 cells was studied at 35°C by means of whole-cell recording in Na*-free and Na™-containing
solution. Glutamate 779 is located in the fifth transmembrane domain of the a-subunit of the Na™/K*-ATPase. Compared
with the wild-type, the E779A mutant exhibited an apparent K7 -affinity decreased by a factor of 3-4 both in Na*-free and in
Na*-containing media. The competition of Na} and K for cation binding sites of the pump remained unchanged. Similarly,
in Na*-free solution the shape of the I,—V curves for various external K*-concentrations ([K*],) was essentially the same.
However, in Na*-containing solutions the shape of I,V curves from cells expressing the mutant of the rat ol-subunit clearly
differed from the shape observed in cells expressing the wild-type, but voltage dependence of the pump current persisted. A
prominent Naf-activated, electrogenic Na'-transport mediated by the pump, displaying little voltage dependence in the
potential range tested (—80 to +60 mV), was present in the cells expressing the E779A mutant pump. The data suggest that
exchanging E779 for A in the rat Na*/K* pump ol-subunit causes a modest decrease in the apparent K affinity and a
profound, Na}-dependent alteration in the electrogenicity of the mutant pump expressed in HEK 293 cells.  © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The activation of the Nat/K* pump of animal
cells by extracellular K™ (K{) and its congeners
has been well established for decades [1,2]. The loca-
tion of the K™-binding sites on the al-subunit of the
Na*/K* pump remains, however, uncertain. The
Nat/K*-ATPase is the molecular basis of the
pump. According to Lingrel and co-workers [3.4],
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various amino acids within the transmembrane do-
mains of the subunit affect the K. -affinity of the
enzyme. Among them, serine 775 of the fifth domain
[5] along with aspartate 804 and 808 in the sixth
domain [3] play a key role in the binding of K} to
the enzyme. Interestingly, glutamate 779 which, like
other amino acids, exerts a modest effect on the en-
zyme affinity for K, also affects the voltage depen-
dence of the Na*/K* pump activity. Argiiello et al.
[6] expressed a ouabain-resistant E779A mutant of
the sheep Na*/K*-ATPase al-subunit in HeLa cells
and studied the exogenous pump using biochemical
and electrophysiological methods. The electrophysio-
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logical studies were performed in Na*-containing so-
lutions. The authors reported a decrease of the ap-
parent K -affinity of the Na®/K* pump by a factor
of 4 compared with the wild-type-ATPase. Further-
more, the current produced by the mutant pump
displayed little voltage dependence between —100
and +60 mV. In addition the authors described for
the first time an electrogenic Na//Na; -exchange car-
ried out by the pump, i.e., a pump current activated
by external Na®™ (NaJ) in K*-free solution.

Here, we report on the electrogenicity of the
E779A mutant rat Na*t/K*-ATPase ol-subunit ex-
pressed in HEK 293 cells. The experiments were con-
ducted in Na'-free and Na*-containing media. The
results differ in one important point from those re-
ported by Argiiello et al. [6]: the current generated
by the rat mutant pump clearly exhibits voltage de-
pendence both in Na'-containing and Na™-free me-
dia.

2. Materials and methods
2.1. Mutagenesis

Site-directed mutagenesis was performed by the
unique site elimination technique [7] (U.S.E.-Kit,
Pharmacia Biotech, Uppsala, Sweden). For site-di-
rected mutagenesis the ol-subunit of the Nat/K*
ATPase from rat male brain [8] was cloned in the
pRcCMV plasmid. The target mutagenic primer
was complementary to the gene of interest and car-
ried the intended mutation. Furthermore, an addi-
tional mismatch eliminated a Mspl-restriction site

cDNA-sequence Msp 1 2.600. bp
=

....... CAAGTAACATTCCGGAAAT CA(JCCCCTTCTTG....
glu 779

mutation-primer

CAAGTAACATT C C A G € A A T CACCCCCTTCTTG
ala 779
Fig. 1. The upper sequence represents a section of the cDNA
of the ol-subunit of the rat Na*/K* pump. The triplet printed
in bold letters is coding for the glutamate in position 779. The
lower nucleotide sequence depicted represents the mutation-
primer. The substituted nucleotides are indicated by an asterisk.

in the vicinity of the target mutation (see Fig. 1).
This mismatch served as an additional control for
the successfully performed mutation as a result of
the designed mutation-primer. This mutation did
not alter the amino acid sequence of the enzyme.
The mutation of the ol-subunit of the Nat/K*
pump was checked by Mspl-restriction and ulti-
mately by sequencing of a £300 bp fraction of the
target region of the mutated cDNA on both strands.

2.2. Cell culture

HEK 293 cells were cultured in Minimal Essential
Medium (MEM; Life Technologies, Eggenstein, Ger-
many) supplemented with 10% (v/v) fetal bovine
serum (Bio Whittaker, Verviers, Belgium), 20 mM
L-glutamine, 1% (v/v) MEM non-essential amino
acids, 100000 TU/1 penicillin, and 100 mg/l strepto-
mycin (all from Life Technologies) in 25-cm? culture
flasks at 37°C and 5% CO,. The culture medium was
changed every 4-5 days. Within approximately 7 days
cells had grown to near confluency. Cells were split
by trypsinization and then seeded in new culture
flasks and culture dishes (diameter 35 mm, no.
1008, Falcon, Becton Dickinson, Plymouth, UK),
at a density of 4000 cm™2.

2.3. Transfection and establishment of a stable
transfected cell line

HEK 293 cells were transfected with the eucaryotic
expression plasmid pR al derived from pRc/CMV
(Invitrogen, San Diego, USA). This vector contained
the wild-type and E779A-mutant of the ol-subunit
of the rat Na®/K"-ATPase. Two days prior to trans-
fection HEK 293 cells were seeded to a density of
~1Xx10° in a culture flask (25 cm?). The transfection
was performed by means of Ca?* phosphate copre-
cipitation [9]. The ‘transfection mix’ consisting of
250 ul 2X Hepes-buffered saline (in mM: 280 NaCl,
2.8 Na,HPO,4, 50 N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (Hepes), pH 7.2 (NaOH)), and
250 ul of 250 mM CacCl, solution containing either
14 ug of the wild-type- or E779A-plasmid was added
drop by drop to the cells in the culture flasks con-
taining 2.5 ml medium. Following a 3-h incubation
period at 37°C and 5% COQO,, the cells were washed
twice with phosphate-buffered saline (in mM: 0.9
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CaCl,, 2.7 KCl, 1.5 KH,POy, 0.5 MgCl,, 106 NacCl,
6.5 Na,HPO,4, pH 7.2 (NaOH)). The cells were cul-
tured for 2 days. Due to the fact that the transfected
cells expressed the cardiac steroid-insensitive isoform
of the rat Na™/K*-ATPase, stable transfected HEK
293 cells were obtained by the addition of 5 uM
ouabain to the culture medium. This concentration
of ouabain inhibits ~95% of the pump current (/)
generated by the endogenous expressed Nat/K™
pumps. Non-transfected cells in medium containing
5 UM ouabain died within 2 days. This unique sys-
tem is independent of the existence of an antibiotic
resistance gene. After approximately five passages a
polyclonal stably transfected cell line was estab-
lished.

2.4. Whole-cell recording

A culture dish (diameter 35 mm, Becton Dickson)
containing HEK 293 cells was placed on the stage of
an inverted microscope (IM 35, Zeiss, Oberkochen,
Germany) and perfused with bathing solution pre-
warmed to 37°C by means of a Peltier element. So-
lution flow, driven by gravity, was 2-3 ml/min. An
outlet, which was positioned opposite to the inlet,
kept the solution level constant in the dish. The cell
under study was additionally superfused at 0.4 ml/
min via a multibarreled pipette (inner diameter: 0.5
mm) with one of the solutions from reservoirs fixed
20 cm above the stage and connected to the pipette
via plastic and teflon tubes. Solution changes con-
trolled by electromagnetic valves (The Lee Company,
Westbrook, USA) were completed within 1 s. The
temperature of the solution in the vicinity of the
cell studied was 35°C. The ventricular myocytes
were whole-cell voltage-clamped [10] with pipettes
made from borosilicate glass capillaries (GC150
TF-10, Clark Electromedical Instruments, Reading,
UK) and back-filled with pipette solution. The filled
pipettes had an initial resistance between 2.5 and
6 MQ. Potential differences between the pipette and
the superfusion medium were set to zero just before
patch formation. In order to establish a gigaohm seal
the pipette was positioned at the cell surface by
means of a micromanipulator (FT 103, Narishige
London, UK). Thereafter, gentle suction was applied
to the pipette. Following establishment of the seal a
second suction pulse ruptured the cell membrane be-

neath the pipette’s tip and established the whole-cell
configuration of the patch-clamp technique. The my-
ocytes were voltage clamped by means of an EPC-7
patch-clamp amplifier (List Medical, Darmstadt,
Germany). A PC was connected to the amplifier
via 12-bit AD- and DA-converters, respectively.
Voltage protocols were generated and the resulting
membrane currents were recorded by the program
ISO2 (MFK, Niedernhausen, Germany). The cur-
rents were low-pass filtered at 200 Hz and digitized
at 1 kHz. The cell capacitance (C,,) was estimated by
means of a depolarizing pulse of 60 mV starting from
—70 mV. The capacitance varied widely between 18
and 65 pF. A mean value of 30.6%£7.6 (S.E.M.) pF
was obtained from 25 cells in which the activation of
the pump current [, by external K* at 0 mV was
studied. I, was estimated as current activated by
K or inhibited by ouabain (1072 M).

2.5. Solutions

The composition of the sodium-containing bathing
solution was (in mM): 144 NaCl, 0-10.8 KCI,
1.8 CaCl,, 0.5 MgCl,, 10 Hepes, pH 7.4 (NaOH).
The sodium-free medium contained (mM): 144 cho-
line chloride, 0-10 KCI, 1.8 CaCl,, 0.5 MgCl,,
10 Hepes, 5X 1073 atropin sulfate, pH 7.4 (TEAOH).
The bathing solution also contained 2-4 mM BaCl,
and 5 mM NiCl, in order to block K*- and Ca%*-
conductances [11,12], respectively. The pipette solu-
tion was composed of (in mM): 110 CsCl, 40 NaCl,
10 NaOH, 3 MgCl,, 6 EGTA, 16 Hepes, 10 Mg-
ATP, pH 7.4 (CsOH).

2.6. Drugs

Digitoxigenin (Fluka Chemie, Buchs, Switzerland)
was diluted from a 10> M stock solution containing
10% ethanol to a final concentration of 5X107® M in
the bathing solution. At this concentration the drug
blocked the endogenous Nat/K* pumps of the HEK
293 cells almost completely (Kgs: ~107¢ M). The
ethanol concentration of the bathing solution never
exceeded 0.5%o0 and had itself no effect on the mem-
brane current of the cells. Ouabain (Sigma, Deisen-
hofen, Germany) was dissolved in the external media
to obtain a final concentration of 1072 M. This drug
is a specific Nat/K*™ pump inhibitor.
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2.7. Statistics and curve fitting

Whenever possible, data are presented as £ S.E.M.
n indicates the number of myocytes studied. Error
bars are only shown in the figures if they exceed
the size of the symbols. Differences between the
data points were analyzed by Student’s two-tailed,
unpaired z-test and considered significant if P <0.05.

The curves fitted to the data in Fig. 4 obey the Hill
equation:

Iy = Imax)/[1 + (Kos/[Kg]™)

where I,max) denotes the maximal pump current 7,
Kos is [K*], for half-maximal I, activation, and ny
represents the Hill coefficient.

3. Results

3.1. Endogenous and exogenous pump current I,

Preliminary experiments on three HEK 293 cells in

a medium containing 144 mM Na* and 5.4 mM K*
resulted in an apparent Ky value (Ky') of 9X 1077 M
for I, inhibition by digitoxigenin. Therefore, 5x107°
M digitoxigenin is expected to inhibit almost com-
pletely the pump current (~95%). Fig. 2 shows the
membrane current of a HEK 293 cell transfected
with the wild-type of the cardiac glycoside-insensitive
ol-subunit of the rat Na*/K* pump. The membrane
potential is clamped to 0 mV (V;). The cell is super-
fused with Na'-free, choline™-containing solution.
The horizontal lines above the current trace indicate
changes of the external K* concentration. After es-
timation of I, by switching from K*-containing to
K*-free medium 5x107° M digitoxigenin is added
to the solution (arrow above the lines) in order to
block 7, generated by endogenous Na™/K* pumps.
However, a Kg-activated pump current is still
present under these conditions, and amounts to
about 75% of I, in digitoxigenin-free medium. The
current is further inhibited by 10™* M digitoxigenin.
Judging from the KZ-activated current amplitudes,
the exogenous pump molecules produce about three

Na'-free solution

digitoxigenin  |sx10'Mm

1 mMK’

u 10" MT

llO"‘MT

0mMK’ —

10 pA I

—t
Ss

50 mM Na’,

V.:0mV

Fig. 2. Whole-cell recording from a HEK 293 cell transfected with the rat wild-type ol-subunit of the Nat/K* pump in Na*-free me-
dium. I, persisting in the presence of 5 pM digitoxigenin is almost completely generated by the expressed ouabain-insensitive exoge-
nous Na™/K™ pump. Arrows indicate the presence of digitoxigenin in the external solution and horizontal lines above the current

trace illustrate the respective [K'],.



S. Zillikens et al. | Biochimica et Biophysica Acta 1509 (2000) 155-166 159

times more I, than the endogenous HEK 293 cell
Na™/K*-ATPase molecules.

3.2. Identification and K, dependence of I, produced
by exogenous rat Na*IK* pumps

Fig. 3 demonstrates that the K -activated outward
current of transfected HEK 293 cells superfused with
a Na*t-free medium containing 5X107® M digitoxi-
genin is in fact I, generated by exogenous pumps.
Again, solution changes are indicated by horizontal
lines above the current trace. A high concentration
(10 mM) of the specific Na*/K* pump inhibitor oua-
bain completely blocks the current activated by
1 mM K{ and produced by the glycoside-insensitive
rat Na™/K* pump ol-subunit expressed in the cells.
In addition, Fig. 3 depicts the procedure for measur-
ing I, as a function of [K*],. As can be seen, I,
activated by 10 mM K™ is slightly larger in the cell
than the pump current evoked by 1 mM K. Finally,
it is clear from Fig. 3 that estimations of I, as K-
activated or ouabain-sensitive current yield an iden-
tical amplitude.

Using the procedure depicted in the left-hand part
of Fig. 3, we studied the I, activation by external K*
in HEK 293 cells expressing either the wild-type or
the E779A mutant of the rat Na*/K* pump ol-sub-
unit. The experiments were carried out in Na*-free
or Na't-containing solution including 5X107¢ M

digitoxigenin. Fig. 4 presents the results. The upper
panel (Fig. 4A) shows the activation of I, by K in
Na*-free medium. 7, activated by 10 mM K was
arbitrarily set to 100%. It amounted to 0.74£0.31
pA/pF (n=18) in HEK cells expressing the wild-
type and to 0.50 £ 0.17 pA/pF (n=4) in cells contain-
ing the mutant ol-subunit of the rat Na®/K* pump.
I, at other [K*], is given correspondingly. The Hill
equations fitted to the data suggest a [K™], for half-
maximal [, activation (apparent Kos value) of
0.17 mM for HEK 293 cells expressing the wild-
type and of 0.58 mM for cells expressing the
E779A mutant. The Hill coefficient (ny) equated to
1.03 and 1.55, respectively. Fig. 4A shows that the
apparent affinity of the mutant for external K™ is
lower by a factor of ~3 than the affinity of the
wild-type ol-subunit. A similar result was obtained
from measurements on transfected cells in Na*-con-
taining solution. In Fig. 4B I,-activation was plotted
as a function of [K*], normalized to I, at 10.8 mM
K¢, which was thought to represent the maximal 7,
in HEK-cells expressing the wild-type. At this [K '],
I, density amounted to 0.67£0.16 pA/pF (n=13) in
cells containing the wild-type of the rat al-subunit
and to 0.48+0.21 pA/pF (n=13) in HEK 293 cells
expressing the mutant. It has been known for a long
time that the apparent affinity of the Na®/K* pump
for K is lower in Na'-containing than in Na*-free
solution. Accordingly, the Kg s value for the I, acti-

Na'-free solution

10K"
1K’

ouabain 10 mM

0K" —

20 pA I .

| |

10s

V. 0mV

Fig. 3. Membrane current of a HEK 293 cell expressing the wild-type of the rat Na®/K™ pump in Na®-free solution containing 5 pM
digitoxigenin to suppress endogenous I,. The ouabain (10 mM)-sensitive current is identical to the K] -activated I,. Arrows indicate
the presence of ouabain in the external solution and horizontal lines above the current trace illustrate the respective [K*],.
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Fig. 4. Activation of I, as a function of the extracellular K*-
concentration in Na™-free (A) and Na'-containing (B) solution
(Ve=0 mV). Pump currents generated by 10 mM K in Na*-
free and 10.8 mM K in Na'-containing solutions were arbitra-
rily set to 100%. Mean values of data points were fitted by a
Hill equation. Wild-type (filled symbols): n=3-6; E779A mu-
tant (open symbols): n=_8-9.

vation by K was increased by almost the same fac-
tor in HEK 293 cells expressing one of the two rat
ol-subunits. This increase in Ky s value in Na™-con-
taining solutions probably reflects a competition be-
tween Na! and K. for external cation binding sites
of the Na*™/K* pump. Thus, it appears from the data
shown in Fig. 4 that the competition remains un-
changed in the mutant pump, though the apparent
affinity for external K" is decreased. The reduced K
affinity for the E779A mutant pump is the reason

why maximal I, activation is reached only at a
[K*]o much higher than 10 mM (Fig. 4B). The Hill
coefficient was calculated to be 1.21 for the wild-type
and 1.9 for the mutant pump.

3.3. I, generated by pumps containing the mutant rat
al-subunit is voltage-dependent

According to Argiiello et al. [6] HeLa cells express-
ing the E779A mutant of a ouabain-resistant o.1-sub-
unit of the sheep Na™/K* pump exhibit a voltage-
independent 7, in Na*-containing media at K} con-
centrations between 2 and 50 mM. By way of con-
trast, cells expressing the wild-type sheep o1-subunit
display normal /,—V curves under these conditions.
I, increases with depolarization (positive slope of the
I~V relationship) at [K*], =5 mM and decreases
(negative slope) at 0.5 or 1 mM K. We studied
the voltage dependence of I, generated by the ol-
subunit of the rat Na®/K* pump expressed in
HEK 293 cells. The cells were superfused with
Na'-free or Na'-containing solutions. The media
contained 5X107® M digitoxigenin. Fig. 5 shows
I~V curves measured in Na*-free solutions contain-
ing 0.1-10 mM K. The upper part (Fig. 5A) repre-
sents I~V relationships of HEK 293 cells expressing
the wild-type of the rat a.l-subunit. Mean /I, densities
were plotted versus membrane potential. The I,—V
curves were obtained as differences between mem-
brane current-voltage relationships measured in
K -containing or K{-free media by voltage ramps
(+60 to —80 mV in 1.5 s). The curves clearly indicate
that I, is voltage-dependent. As expected from I,—V
relationships of other cells in Na™-free solution, I,
increases with depolarization at [K*], =Kgs value
(curves observed at 0.5 to 10 mM K), but decreases
at K} =K s value (I,—V relationship at 0.1 mM K{)
[13-15]. HEK 293 cells expressing the E779A mutant
of the rat Na™/K* pump ol-subunit display a quite
similar dependence of I, on [K'], and membrane
potential (Fig. 5B). However, a closer inspection of
the curves reveals that 7, at 0.5 mM K is almost
voltage-independent, in contrast to the pump current
of cells expressing the wild-type of the rat o.l-subunit
(compare Fig. 5A).

Fig. 6A shows I,—V curves of HEK 293 cells ex-
pressing the wild-type of the rat ol-subunit. The
curves were obtained in Na™-containing solution in-
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Fig. 5. I,V relationships of HEK 293 cells expressing the al-
subunit of the rat Na®/K* pump. Measurements in Na'-free
media containing 0.1 mM to 10 mM K{. Pump current den-
sities are plotted versus clamped membrane potential (V). (A)
I~V curves of cells expressing the wild-type of the rat ol-sub-
unit (n=3-6). (B) I,—V curves of HEK 293 cells expressing the
E779A mutant (n=7-11). Note the shallow positive slope of
the curves at [K™],=0.5 mM in A (wild-type) and the voltage-
independent 7, at [K*], =0.5 mM in B (mutant).

cluding 5x107® M digitoxigenin at various [K*],. 7,
densities were plotted versus membrane potential.
Not only the I, amplitude at 0 mV, but also the
shape of the I,—V relationship varies with the exter-
nal K*-concentration. At low [K*], the curves dis-

play a negative slope over the entire voltage range
tested (circles, 1.35 mM K{; diamonds, 2.7 mM
K1). A region of negative slope has been described
carlier for other cells in Na'-containing media, espe-
cially at low [K*], [16]. The I,—V curves of the HEK
293 cells exhibit a positive slope at higher [K*], (tri-
angles, 54 mM K{; squares, 10.8 mM K) where
the external K*-binding sites of the pump molecules
are almost saturated (compare Fig. 4). This is in ac-
cordance with observations in other cell species [13].
The variation of the I,V relationships with [K*], is
more clearly seen in Fig. 6C where the I, amplitudes
at various membrane potentials were normalized to
their respective amplitudes at 0 mV and plotted ver-
sus voltage. The negative slope of the I,—V curves at
low [K*], and the positive slope at higher [K*], are
easily recognized. Interestingly, HEK 293 cells ex-
pressing the E779A mutant of the rat Nat/K*
pump ol-subunit exhibit /,—V relationships, where
the general shape remains qualitatively unchanged
at the various K} concentrations between 2.7 and
10.8 mM K7 (Fig. 6B). Again, I, densities at various
[K*], were plotted versus membrane potential. How-
ever, irrespective of the [K*], at which the I,-V
curves were obtained, the curves display little voltage
dependence between —80 and —20 mV. A distinct
positive slope is observed at 5.4 and 10.8 mM K
at positive potentials. Of course, the I,-density varies
with the [K*], at 0 mV. If compared with Fig. 6C,
the normalized I,—V relationships shown in Fig. 6D
emphasizes the smaller K} effect and the reduced
voltage dependence of I, in cells expressing the
E779A mutant of the ol-subunit. Nevertheless, a
voltage dependence of the pump current amplitude
does exist for 5.4 mM (P=0.0001) and 10.8 mM K
(P=0.03) in contrast to the observations of Argiiello
and co-workers [6] on HeLa cells expressing the
E779A mutant of a ouabain-insensitive sheep Na't/
K" pump al-subunit. The data presented in Fig. 6
reveal remarkable, quantitative differences in the K
dependence of the /,—V curves observed in HEK 293
cells expressing either the wild-type or the mutant rat
Nat/K* pump al-subunit, if measured in Na*-con-
taining media, whereas the differences are small for
cells in Na™-free solutions (Fig. 5). Thus, extracellu-
lar Na*-dependent processes affect the I,—V relation-
ship of the HEK 293 cells expressing the E779A mu-
tant in an unexpected way.
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Fig. 6. I,—V relationships of HEK 293 cells expressing the al-subunit of the rat Na*/K* pump. Measurements in Na*-containing so-
lutions at [K*], between 1.35 and 10.8 mM. Pump current densities are plotted versus membrane potential. (A) I,—V curves of cells
expressing the wild-type of the rat ol-subunit (n=5-6). (B) I,—V curves of HEK 293 cells expressing the E779A mutant (n=7-9). I,
is nearly voltage-independent between —80 and —20 mV, but increases at more positive potentials for [K*], > 2.7 mM. Note different
scaling of the ordinates in A and B. (C) Normalized I,—V relationships. Data from A. I, amplitudes normalized to the respective I,
amplitudes at 0 mV. (D) Normalized I,—V relationships. Data from B. I, amplitudes normalized to the respective I, amplitudes at

0 mV.

3.4. A Naj-activated I, in HEK 293 cells expressing
the E779A4 mutant of the rat ol-subunit

A unique NaJ/Na;-exchange has been discovered
by Argiiello et al. [6] in HeLa cells expressing the
E779A mutant of the sheep Nat/* pump ol-subunit.
We do confirm the existence of this unusual mode of
electrogenic cation transport via the Nat/K*™ pump.
HEK 293 cells expressing the E779A mutant of the
rat pump ol-subunit also exhibit a ouabain-sensitive
Na//Na; -exchange. As can be seen from Fig. 7A the
amplitude of 7, generated by these cells in Na*-free
solution is roughly the same regardless of whether 1,

is estimated as K!-activated or ouabain-sensitive
current. This is also true for HEK 293 cells express-
ing the wild-type of the rat ol-subunit (see Fig. 3).
However, a contrasting result is obtained from 1,
measurements in Na'-containing media. The pump
current of cells expressing the mutant rat pump is
much smaller when estimated as K -activated rather
than as ouabain-sensitive current (Fig. 7B). The lat-
ter estimation yielded an I, which is ~ 3 times larger
than KZ-activated current. By way of contrast, the
amplitude of 7, derived by both procedures in Na*-
containing solution are nearly identical for HEK 293
cells expressing the wild-type (Fig. 7C). Figs. 7A,B
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Fig. 7. Na/-activated pump current in HEK 293 cells expressing the E779A mutant of the rat al-subunit of the Nat/K* pump.
V.=0 mV. (A) In Na'-free solution /, estimated as K_-activated or ouabain (10 mM)-sensitive current is about the same. Note the
drift in baseline current. (B) In Na'-containing medium the ouabain-inhibited current is approximately three times larger than the
K{-activated I,. (C) In Na'-containing solution K] -activated and ouabain-sensitive current of a cell expressing the wild-type are

nearly identical.
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Fig. 8. Voltage dependence of the Nat-activated pump current
in HEK 293 cells expressing the E779A mutant of the rat ol-
subunit. Mean I, densities at —80 mV and +60 mV (asterisks)
are not significantly different (P=0.16; n=16).

reveal a Na_ -activated, ouabain-sensitive current in
HEK 293 cells expressing the E779A mutant of the
rat ol-subunit. This current is most probably due to
electrogenic Na//Na;"-exchange carried out by the
mutant pump. We studied the voltage dependence
of the Na_ -activated pump current by means of volt-
age ramps (from +60 to —80 mV within 1.5 s) in cells
superfused with K*-free, Na'-containing medium
with or without 10 mM ouabain. The difference cur-
rent representing the NaZ -activated pump current is
plotted versus membrane potential in Fig. 8. I, am-
plitudes were normalized to the respective cell ca-
pacitance (n=16). The Na'-activated pump current
exhibits little voltage dependence. There might be a
very small positive slope of the I,V relationship at
positive potentials. However, the I, densities at —80
mV and +60 mV (asterisks) are not significantly dif-
ferent (P =0.16). In addition, we found little depen-
dence of the Na/-activated I, on voltage when the
current was estimated as the difference between oua-
bain (10 mM)-inhibited current at 10.8 mM K/ and
the K -activated pump current. At zero potential the
Na/-activated [, amounted to 0.34+0.028 pA/pF
(n=4) and was about 65% of the total (ouabain-sen-
sitive) I,.

4. Discussion

Site-directed mutagenesis of amino acids located in
the transmembranal domain V and VI of the Na*t/
K™ pump led to the conclusion that residues in these
domains are of varying importance for the cation
binding to the enzyme [3,4]. A combined biochemical
and electrophysiological study on a ouabain-resistant
E779A mutant of the sheep Na™/K* pump ol-sub-
unit expressed in HeLa cells revealed the absence of
the normal voltage dependence of I, and its variation
by K/ in Na*-containing solution. Simultaneously,
the apparent K7-affinity of the mutant pump in
Nat-containing solution was decreased by a factor
of 3-4 if compared with the wild-type [6]. Further-
more, the authors noted the presence of an electro-
genic Na!/Na."-exchange via the sheep mutant pump
expressed in HeLa cells.

4.1. The E779A mutant of the rat Na*IK" pump
al-subunit displays reduced K affinity but
preserved Na, K -competition

As described above, we studied the ouabain-insen-
sitive wild-type and E779A mutant of the rat Na™*/
K" pump ol-subunit expressed in HEK 293 cells
superfused with Na™-free or Na*-containing media.
Compared with the wild-type the apparent K -affin-
ity of the mutant pump was lower by a factor 3-4 in
both Na'-free and Na'-containing solution. As
mentioned before, a similar decrease of the K -affin-
ity was observed in Na'-containing solution by Ar-
gliello et al. [6] on a different E779A mutant pump
expressed in a different cell species. Since Na™-con-
taining solution reduced the apparent K -affinity of
both the wild-type and the E779A mutant of the rat
al-subunit expressed in HEK 293 cells to nearly the
same extent (Fig. 4), the competition between NaZ
and K for external cation binding sites of the pump
seems to be unaffected in the mutant pump. The
reduced K/ affinity and the unchanged Na]/K]-
competition might be interpreted as an indication
of a hindered access for Nal and K to the external
cation binding sites of the E779A mutant pump. This
hindrance might be due to the loss of a carboxyl
group in the mutated o/l-subunit. However, in view
of the very similar voltage dependence of I, at var-
ious [K™], in cells expressing either the wild-type or
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the mutant of the rat a.l-subunit and superfused with
Na*-free media (Fig. 5), a major structural alteration
of an access channel to the external cation binding
sites of the mutant pump seems unlikely.

4.2. The I,~V relationship of the mutant pump is
nearly unchanged in Na™-free media

As can be seen from Fig. 5A and B, the [,-V
curves recorded in Na*-free solutions are quite sim-
ilar in HEK 293 cells expressing the wild-type or the
E779A mutant of the rat pump ol-subunit. The 7,-V
relationship displays an extended region of negative
slope at 0.1 mM K and a positive slope over the
whole voltage range studied at high [K*], (>0.5
mM K[). It is considered that at low extracellular
K* concentration binding of K to the pump is rate
limiting for pump cycling and determines the shape
of the I,~V curve [15]. This is because K*-binding
probably occurs at the bottom of an access channel
connecting the cation binding sites of the pump with
the extracellular space. [K*], at the bottom probably
varies with membrane potential (see [17] for the con-
cept). Positive potentials lower the local K concen-
tration and thereby the activation of I,, whereas neg-
ative membrane potentials increase [K'], at the
bottom of the channel and thereby lead to enhanced
I, activation (Fig. 5A,B).

4.3. Na] profoundly alters the electrogenicity of the
E779A mutant rat pump expressed in HEK 293
cells

Comparison between Fig. 6A,C and B,D reveals
that the voltage dependence of I, in HEK 293 cells
expressing the E779A mutant is reduced but not
abolished in Na*-containing solution. [, seems to
be nearly voltage-independent at negative potentials
between —20 and —80 mV. This finding might sug-
gest that a voltage-independent partial reaction of
the pump cycle is rate limiting for the pump cycling
in the voltage range mentioned. Generally speaking,
the K/ effect on the voltage dependence of I, gen-
erated by the mutant pump in cells superfused with
Na™-containing media is diminished. Thus, extracel-
lular Na ions profoundly alter the characteristics of
electrogenic Nat-pumping in HEK 293 cells express-
ing the E779A mutant of the rat ol-subunit. This

conclusion is supported by the observation that cells
expressing the E779A mutant pump carry out a NaZ -
activated, electrogenic Na'-transport via the exoge-
nous pump, most probably electrogenic Nal/Na:-
exchange. A pump current produced by Na!-acti-
vated Na®™ pumping has been described before by
Argtielllo et al. [6] and Peluffo et al. [18] for HeLa
cells expressing a ouabain-insensitive E779A mutant
of the sheep Nat/K™ pump ol-subunit. Electrogenic
Na//Na; -exchange represents, in addition to Na*/
K*-exchange, a new, second mode of Na™-pumping
which generates a steady-state pump current. At
10.8 mM K! and 0 mV the NaJ-activated exchange
produces about 65% of the ouabain-inhibited pump
current of HEK 293 cells expressing the mutant
pump. The Na]/Na;-exchange is hardly, if at all,
voltage-dependent between —80 and +60 mV (Fig.
8). According to our preliminary data the density
of I, generated by electrogenic Na//Na; -exchange
does not vary with [K*], between 2.7 and 10.8 mM
K. However, the Nal-activated I, was always larg-
er if measured as ouabain-sensitive current in K-
free solution than if calculated as the difference be-
tween ouabain-sensitive current in K'-containing
medium and the respective K!-activated current.
This might suggest that in solutions containing
2.7 mM K to 10.8 mM K a nearly constant frac-
tion of the mutant pump is unable to participate in
electrogenic NaJ/Na;-exchange. An electrogenic
Na//Na-exchange is not mediated by the wild-
type of the rat pump expressed in HEK 293 cells
(Fig. 7C), where Na/ inhibits the I, activation by
K& (Fig. 4). Thus, the Na*-binding sites which are
involved in I, activation by Na/ in the E779A mu-
tant are probably different from the binding sites for
external monovalent cations usually found in wild-
type Na™/K* pumps.

4.4. Concluding note

In conclusion, I, measurements on HEK 293 cells
expressing either the wild-type or the E779A mutant
of the rat Nat/K* pump al-subunit revealed a de-
crease in the apparent K! affinity of the mutant
pump in Na'-free and Na'-containing solutions.
The competition between Na/ and K7 for extracel-
lular cation binding sites of the pump, at which 7, is

activated by K7, remained unaffected by the muta-
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tion. Similarly, the shape of the I,—V relationship at
various [K*], in Na'-free medium was essentially
unchanged ruling out a major structural alteration
of the access channel to the K!-binding sites of the
mutant pump. In Na't-containing solutions the volt-
age- and K{-dependence of I, was reduced in cells
expressing the mutant pump. However, in contrast to
the observations of Argiiello and co-workers [6],
voltage dependence of I, clearly persisted in cells
expressing the mutant. A Na_ -activated electrogenic
Na™ transport via the mutant rat pump exists in
HEK 293 cells, similar to the electrogenic Na//
Na: -exchange first prescribed by the aforementioned
authors for HeLa cells expressing a E779A mutant of
the sheep pump. The Na-activated I, displayed lit-
tle voltage dependence between —80 and +60 mV.
Thus, in comparison with the wild-type, the mutation
E779A in the rat Na®/K™ pump ol-subunit ex-
pressed in HEK 293 cells caused a modest decrease
of the apparent affinity to K! but a far-reaching
Na_-dependent change of the electrogenicity of the

pump.
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