J. Membrane Biol. 110, 103—114 (1989)

Topical Review

Electrogenic Properties of the Na,K Pump

H.-J. Apell

The Journal of

Membrane Biology

© Springer-Verlag New York Inc. 1989

Department of Biology, University of Konstanz, D-7750 Konstanz, Federal Republic of Germany

Introduction

The sodium-potassium pump in the plasma mem-
brane of animal cells carries out uphill transport of
sodium and potassium ions at the expense of free
energy of ATP hydrolysis (Skou, 1975; Robinson
& Flashner, 1979; Cantley, 1981; Schuurmans
Stekhoven & Bonting, 1981; Jgrgensen, 1982;
Glynn, 1985; Kaplan, 1985; Stein, 1986). In its nor-
mal mode of operation, the pump performs a cycle
of conformational transitions and ion-binding and
ion-release steps. Spectroscopic studies as well as
proteolysis experiments indicate that the enzyme
can assume two principal conformations designated
E; and E,. Form E| has the ion-binding sites facing
the cytoplasm and is stabilized by Na*; form E; has
the ion-binding sites facing the extracellular me-
dium and is stabilized by K*. From enzymatic and
transport studies the reaction cycle has been pro-
posed as represented in Fig. 1 (Albers, 1967; Post,
Hegyvary & Kume, 1972; Cantley et al., 1984;
Jorgensen & Andersen, 1988). When the protein is
phosphorylated in state E; by ATP, Na™ becomes
“‘occluded,” i.e., trapped inside the protein (Nas -
E, - ATP— (Naj)E, — P). After transition to confor-
mation E,, Na™ is released and K* is bound. This
leads to dephosphorylation of the protein and occlu-
sion of K*. The original state is restored by transi-
tion to conformation E; and release of K to the
cytoplasmic side. Each of these partial reactions
was identified with its appertaining ‘‘states’’ of the
pump molecule. In the Table an overview of pub-
lished rate constants is given which are able to fit at
least the pumping activities of Na,K-ATPase of a
purified microsomal membrane preparation of rab-
bit kidney (Stiirmer et al., 1989).
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Since (under physiological conditions) in a sin-
gle turnover three Na* ions are moved outward and
two K* inward, the transport process is associated
with the translocation of net charge. The electro-
genic nature of the Na,K pump has interesting con-
sequences. On the one hand, the pump acts as cur-
rent generator and contributes to the membrane
potential of the cell. On the other hand, the trans-
port rate becomes a function of the membrane po-
tential. Experimental findings confirm this proposal
(Slayman, 1982; Blaustein & Lieberman, 1984;
Gadsby, 1984; DeWeer et al., 1988b; Liuger &
Apell, 1989). Before the recent investigation of the
influence of voltage on different partial reactions,
the overall effect of electrogenicity was observed in
terms of voltage-current dependence of the Na,K
pump. The influence of membrane voltage on the
pumping current has been determined in nerve
membranes (Hodgin & Keynes, 1955; Thomas,
1972; DeWeer, Gadsby & Rakowski, 1986; Gadsby,
Rakowski & DeWeer, 1986; Rakowski, Gadsby &
DeWeer, 1989), heart (Eisner & Lederer, 1980;
Glitsch, 1982), muscle (Beaugé & Sjodin, 1976; Le-
derer & Nelson, 1984), red blood cells (Milanick &
Hoffman, 1986) and in vesicles containing reconsti-
tuted Na,K pump (Goldschleger et al., 1987; Apell
& Bersch, 1988). Of particular interest is the ques-
tion: in which step (or steps) of the transport cycle
is charge translocated?

The Voltage Dependence can be Described
Theoretically

In principle, any step in the pumping cycle may
involve charge translocation and therefore induce
effects onto the transmembrane electrical field and
conversely may be affected by the electrical field. A
microscopic model has been discussed (Lauger &
Apell, 1986) to reveal interactions between reaction
steps of the pumping cycle and the electric field.
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Table. Estimated values of kinetic parameters of the reaction scheme of Fig. 1, adapted from Stiirmer

et al. (1989)2

Transition Parameter Value
3Na + E; - ATP = Na; - E, - ATP Ky 4 mM
JNa+ E,—P=2Na;-E, — P K 100 mm
2K + E; - ATP =K, - E{ - ATP Ky 8 mM
K+E -P=2K,-E,—P K 2 mM
Naz - E; - ATP— (Nas)E; — P Pr 180 sec™!
(Nay)E, — P— Na; - E; - ATP Dy 2 x 10* M~! sec™!
(Nag)E;, — P—> Na; - E, — P Iy 20 sec™!
Na; - E;, — P— (Na)E, — P 1, 2 sec™!
K, E — P— (KpE, ar 1000 sec™’
KyYE,—» K, - E, — P qs 2 X 10° Mm~! sec™!
(K,)E, + ATP — (K,)E, - ATP ¢ 106 M~! sec™!
(Ky)E, - ATP — (K,)E; + ATP Sp 100 sec™!
(Ky)E, - ATP— K, - E, - ATP ky 50 sec™!
K, E, - ATP — (K,)E, - ATP kg, 50 sec™!
(Ky)E, — 2K + E, hy 0.3 sec™!
2K + E; — (KyE, hy, 300 sec™!
aT = 20°C.
forward mental information on binding rate constants is ac-
Pt 't cessible, this assumption was chosen for simplicit
(Na3)E1‘P—ﬁ ? P p y
PoD b and can be replaced by a more refined treatment
NaE, - ATP P_E,Na when more details become available. The other par-
ey L3 tial reactions of the pumping cycle can be treated as
3Na’cyt 3Nabext monomolecular or pseudo-monomolecular reac-
E,-ATP P-E, tions with rate constants as shown in Fig. 1 (e.g.,
Pr»> PoCD).
ZK'eyt backward /_ZKéxt In order to describe the voltage dependence of
KyE;-ATP P-ExK; the kinetic parameters an energy profile of the{ ion
ke | ke apeplo aloqg the transport pathway is mtroducc;d (Parlin &
ATP-EZ(KZ)—S—D—EZ(KZ) Eyring, 1954). The energy profile consists of a se-
s¢cr ries of barriers and wells (Fig. 2); it reflects the

Fig. 1. Albers-Post scheme for the pumping cycle of Na,K-
ATPase (adapted from Cantley et al., 1984). E; and E, are confor-
mations of the enzyme with ion-binding sites exposed to the
cytoplasm and the extracellular medium, respectively. In the
“‘occluded’’ states (Na)E; — P and E,(K,) the bound ions are
unable to exchange with the aqueous phase. Dashed indicate
covalent bonds and dots indicate noncovalent bonds. py, I, g,
sgcr, kpand pyep, ky, 53, g, I, are rate constants for transitions
in forward and backward direction, respectively. c¢r, ¢, and ¢p
are cytoplasmic concentrations of ATP, ADP and P; (inorganic
phosphate)

As shown in Fig. 1, the pumping cycle can be
divided in a series of reaction steps which describe
ion binding and dissociation and transitions into dif-
ferent states of the pump. The binding and associa-
tion of the Na™ and K* ions are assumed to be fast
compared to the other steps of the cycle. Therefore,
the interaction of the Na,K pump with the aqueous
ion compartments is described by equilibrium disso-
ciation constants. Since up to now no direct experi-

interaction of the ion with the protein in a particular
conformation (Warshel & Russel, 1984). According
to the assumption of a fast association-dissociation
equilibrium, the ion-binding site in state Na; - E, -
ATP is connected with the cytoplasmic solution (or
the cytoplasmic access channel) by a series of low
barriers (Fig. 2); the site is separated from the extra-
cellular medium by a high barrier.

If an electrical potential difference, u, exists be-
tween the cytoplasm and the extracellular solution,
a fraction a'u drops between the cytoplasm and the
binding site (Fig. 2). The dielectric coefficient o
(0 = o = 1) is a (dimensionless) quantity and de-
pends on the location of the binding site within the
protein as well as on the dielectric properties of the
protein and the surrounding medium. As the poten-
tial energy of an ion in the binding site is modified
by the presence of a voltage u, the equilibrium dis-
sociation constants Kp;, Ky» and Kp; become
voltage dependent

Kni = Kni exp(—a’u) (1)



H.-J. Apell: Electrogenic Properties of the Na,K Pump

where K} is the value of K}; at zero voltage. The
membrane voltage u is defined as the difference of
the electrical potential ¢’ in the cytoplasm and the
electrical potential " in the extracellular medium
and is expressed in units of kT/e, = 25 mV (k is the
Boltzmann constant, T the absolute temperature
and e, the elementary charge). The dielectric coeffi-
cient «’ is assumed to be the same for the three
sodium-binding sites. If the potential of the cyto-
plasm is positive with respect to the external me-
dium (u# > 0), the equilibrium constant 1/K »; of so-
dium binding is increased by the Boltzmann factor
exp(a'u). The binding site acts as an “‘ion well”’
(Mitchell & Moyle, 1974), i.e., a change of electrical
potential has a similar effect on the occupancy of
the site as a change of external concentration. As-
suming that the three sodium sites are equivalent
and that potassium binds to the same sites on E; as
sodium, analogous expressions (with the same di-
electric coefficient ') are obtained for Ky, Ky,
Kk and Kk,. If o"u is the potential at the binding
site in state E, with respect to the extracellular me-
dium (Fig. 2), the voltage dependence of Kk, is
given by

Kk = kKl exp(ou). (2)

Analogous expressions hold for K'x;, K, K, and
Ks.

In the process Na; - E; - ATP— (Na3)E; — P the
protein is phosphorylated and the bound sodium
ions become occluded. This transition is, in general,
associated with a conformational change whereby
the bound ions together with the ligand groups
move over a certain distance. The effective dielec-
tric distance over which the binding sites are trans-
located is described by a phenomenological parame-
ter, B (Fig. 2). The electrostatic contribution of
ions plus binding sites to the energy difference be-
tween states Na; £y - ATP and (Na3)E; — P may be
written as (3 + z7)B'u where z,¢, is the charge of
the empty ligand system; the energy is expressed in
units of k7. The translocation of intrinsic charges of
the protein (other than charged ligands) would pro-
duce an additional energy contribution as shown
previously (Lauger, 1984) and can be included into
the model (Lauger & Apell, 1986). However, exper-
imental findings show that these effects are negligi-
ble.

It is assumed, as an approximation, that the
process Na; - £y - ATP— (Na3)E; — P takes place in
a single step, which may be described as a transition
over a symmetrical, narrow activation barrier
(Lauger, 1984). According to the theory of absolute
reaction rates (Glasstone, Laidler & Eyring, 1941),
the forward and backward rate constants are then
given by
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Fig. 2. Hypothetical energy profile of a Na* ion along the trans-
port pathway. The ion-binding sites in state Na; - E, - ATP are
connected with the cytoplasmic side by a series of low barriers,
but separated from the extracellular medium by a high barrier. In
the “‘occluded’ state (Naz)E, — P the energy barriers on both
sides are high. In state P — E, - Nas the binding sites are accessi-
ble from the extracellular phase. o', a”, 8’ and 8" are fractional
dielectric distances

pr=prexp{(3 + z.)B8'ul2} (3)
Py = Pr expl—=G + z,)B'ul2}. 4)

In a completely analogous way one obtains for the
other forward rate constants

lr=Irexp{3 + z,)B"ul2} (5)
gr = Grexp{2 + z,)y'u/2} (6)
kp = kpexp{2 + z,)y'u/2} (7)

where 87, y' and y" are dielectric coefficients de-
fined in an analogous way to 8'. The corresponding
backward rate constants are obtained from Egs.
(5)-(7) by changing the sign of the exponent. For
simplicity we have assumed that the rate constants
sy and s, describing binding and release of ATP in
state F,(K,) are voltage independent.

In the (hypothetical) process Nag, + E;
ATP— Na-E, - ATP— (Na)E, — P—P - E, - Na
— P — E, + NagZ, a sodium ion is translocated from
the cytoplasm to the extracellular medium. The
change of electrostatic energy associated with this
process is the sum of the contributions of all single
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steps and is equal to (in units of kT): — (' + B’ + B”
+ a")u (Fig. 2). This sum must be equal to —u, the
electrogenic energy required for the translocation of
a univalent cation across the membrane. Therefore,
the following relation must hold:

a o+ B+ B =L (8)

A similar argument applies to the translocation of a
potassium ion in the sequence K&+ P — E,— - - -
— E; - ATP + K, yielding

vy —a —a" =1 9)

According to Egs. (8) and (9) only four of a total of
six dielectric coefficients &', &”, . . . are indepen-
dent. As shown below, the dielectric coefficients
will be used to identify and characterize the electro-
genicity of the partial reactions of the pumping
cycle.

Theoretical Methods for the Analysis of
Time-Dependent Pump Currents

The operation of an ion pump may be generally de-
scribed by the reaction scheme in which it is as-
sumed that the pump goes through a cycle of con-
formational transitions and ion-binding and
ion-release steps

ki 2 :
PléPZ—T}P3...Pn<——?PI. (10)

ka

This reaction cycle represents a minimal model,
since branched pathways are not considered. The
transition rate constants k; and &/ are, in general,
pseudomonomolecular rate constants, which may
contain concentrations such as ion or nucleotide
concentrations. It is considered an ensemble of N
pump molecules, and the fraction of pumps that are
in state P; at time 7 are denoted by x;(¢)

}n: x;(1) = 1. (11)

i=1

In a relaxation experiment, the system at time zero
is present in a steady state, which is described by
rate constants k;, k! and by initial conditions x; =
x:(0). By an external perturbation, some of the rate
constants are instantaneously shifted to new values
k!, ki . Thereafter, the system evolves toward a new
stationary state with x; = x;(«). The net forward
rate of transitions between states P; and P;,,, re-
ferred to a single pump molecule, is given by
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D; = kix; — kiviXivi- (12)

The rate of change of x; may then be written as

-d———-xi:

7 O, — D, (13)
Equations (11)-(13) have the formal solution
(Lauger et al., 1981)

n—1
Xi(l) = E aij CXp('—[/’Tj) + xi(w). (14)

j=1

The r» — 1 time constants 7; and the “‘amplitudes’ g;;
are functions of the rate constants &; and k;.

In the following an experiment is considered in
which a membrane with embedded ion pumps is
interposed between two aqueous electrolyte solu-
tions. Pump activation by a sudden perturbation
such as a voltage or concentration jump leads, in
general, to a time-dependent current /,(¢) in the ex-
ternal measuring circuit. /, is an average current
which results from the summation of individual
charge translocations in the pump molecules associ-
ated with transitions between states of the reaction
cycle. The contribution of transition P; — P;.; is
given by «o;e,, where e, is the elementary charge
and «; the previously introduced dielectric coeffi-
cient of the transition. The meaning of «; is simple in
the limiting case of a membrane consisting of a ho-
mogeneous dielectric layer of thickness d. When in
a given transition » elementary charges are translo-
cated over a distance a;, the dielectric coefficient «;
is equal to va;/d. In general, however, the coeffi-
cients a; depend on the geometry and the dielectric
properties of the transport protein in states P; and
Py

Since ®; is the net transition rate, the contribu-
tion of the reaction P; 2 P;,; to the total current is
equal to a;e,®;. For an ensemble of N pump mole-
cules, the total current is given by (Léduger et al.,
1981)

L) = eoN S ady(h). (15)
i=1

This equation represents the basis for the micro-
scopic interpretation of transient currents; it is valid
not only for the cyclic process shown above, but for
any (arbitrarily branched) reaction scheme, pro-
vided that the summation is carried out over all indi-
vidual transitions.

In the steady state, all rates ®; are identical and
equal to the stationary turnover rate ®,, so that the
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stationary current assumes the form
I, = e,mN®D;. (16)

m is the number of elementary charges translocated
across the membrane in a single turnover of the
pump. This means that the following relation must
hold:

an o = m. (17)

On the basis of Eqgs. (12), (14) and (15) numeri-
cal simulations can be performed to determine
steady-state currents (Lauger & Apell, 1986) and
voltage or concentration jump experiments (Apell,
Borlinghaus & Liuger, 1987; Borlinghaus & Apell,
1988; Liauger & Apell, 1988a,b).

To Gain Information about the Voltage
Dependence of the Na,K-ATPase, Different
Experimental Approaches are Used

The influence of membrane potential is investigated
by a series of different methods whose applications,
advantages and disadvantages shall be illustrated
briefly.

WHOLE-CELL CLAMP METHOD

The method of clamping cells to learn about the
Na,K pump has been used with squid giant axons
for more than 30 years (for review see DeWeer et
al., 1988a). The development of the ‘‘whole cell
patch clamp’’ technique (Hamill et al., 1981) with
wide-tipped pipettes, which allow the control of the
membrane voltage and the exchange of intracellular
solutions (Soejima & Noma, 1984; Jauch, Petersen
& Liauger, 1986) expanded the range of cells acces-
sible to investigation.

A typical experiment is shown in Fig. 3A. When
the pipette contacts the cell a gigaohm seal can be
formed by slight suction, and after a stronger suc-
tion the membrane under the pipette is ruptured
(Hamili et al., 1981). Then external and internal so-
lutions are exchanged for media containing com-
pounds that minimize the currents flowing through
K*, Nat and Ca?>" channels (Gadsby, Kimura &
Noma, 1985). Now the transmembrane current lio
can be measured at different membrane potentials
U. Then the cells will be incubated with cardiotonic
steroids like ouabain, and the experiment is re-
peated to measure current I,,. The difference of
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Fig. 3. Schematic presentation of the whole-cell clamp method.
(A) The transmembrane current can be measured as function of
externally applied membrane potential. (B) Membrane current
plotted against membrane potential in absence (I,,;) and in pres-
ence (I,,) of oubain, an inhibitor of the Na,K pump. (C) Ouabain-
sensitive current component Al = [, — I, generated by the
Na,K pump as a function of membrane potential. (Data adapted
from Rakowski & Paxson, 1988)

both currents with and without ouabain (Fig. 3B) is
defined as the Na,K-pump current (Fig. 3C).

The advantage of this method is the opportunity
to investigate the ion pump in its native environ-
ment and in an extended voltage range. No deter-
gent treatment has to be performed and both aque-
ous compartments can be controlled. The
disadvantage is the necessity of discriminating be-
tween unspecific currents I,, and the (compara-
tively small) pump current Al = Iy — Loy

This method was successfully applied to iso-
lated heart cells (Gadsby et al., 1985; Nakao &
Gadsby, 1986; Bashinsky, Gadsby & Nakao, 1988),
Xenopus oocytes (Lafaire & Schwarz, 1986; Ra-
kowski, 1987; Rakowski & Paxson, 1988; Schwei-
gert, Lafaire & Schwarz, 1988) and Na,K pump
from Torpedo expressed in Xenopus oocytes
(Schwarz & Gu, 1988).

An unresolved discrepancy exists between the
findings of Schwarz and coworkers (Lafaire &
Schwarz, 1986; Schweigert et al., 1988; Schwarz &
Gu, 1988) and Rakowski and coworker (Rakowski,
1987; Rakowski & Paxson, 1988). Schwarz and
coworkers observe a negative slope of the current-
voltage function in the voltage range from +20 to
+60 mV (and they find significant seasonal varia-
tions). Rakowski and Paxson find a monotonous
current-voltage function with a slightly positive
slope in the range between 0 and 60 mV.
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Fig. 4. Current relaxation experiment from

60+ U Q
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cardiac cells under K+-free conditions
(adapted from Nakao & Gadsby, 1986).

(A) Externally applied voltage jump.

./ ) (B) Ouabain-sensitive, transient current. The

/ hatched area corresponds to the displaced

charge while the pump relaxes into a new
steady state. (C) Voltage-dependent charge

Q= [Iitet 0 v

ol l[

displacements. The jumps were performed
relative to a holding potential of ~40 mV. The
line is a calculation according to Liuger and
Apell (1988a) with the dielectric coefficients

. a"=0and 8" =1

100 -100 -50

t/ms

With the same setup, Nakao and Gadsby (1986)
performed voltage-jump current-relaxation experi-
ments. They determined the oubain-sensitive tran-
sient pump current elicited by a sudden displace-
ment of transmembrane voltage in the presence of
intracellular ATP and Na™ but absence of K* at
both membrane interfaces. An experiment is shown
schematically in Fig. 4. When the current transient
I, upon a step-like voltage change is integrated
(hatched region in Fig. 4B) the charge displacement
Q by the pumps perpendicular to the membrane
plane is obtained and Q can be plotted against the
size of the voltage U.. Additional information can
be determined from the relaxation time of the cur-
rent transient.

Na,K PumMmp RECONSTITUTED IN LIPID VESICLES

Since Jgrgensen in 1974 published methods to iso-
late functional preparations of the Na,K pump, sev-
eral prescriptions of reconstitution of the protein
into vesicles were published (Anner et al., 1977;
Anner & Moosmayer, 1981; Karlish & Pick, 1981;
Karlish & Stein, 1982a; Anner, Marcus & Moos-
mayer, 1984; Apell et al., 1985; Alpes et al., 1988).
Different approaches were used to investigate the
influence of membrane potential on the pump.

Fluorescein-labeled Na,K pump, which shows
a fluorescence quenching upon the transition
EP(Na;) — E,P, can be examined by stopped-flow
techniques (Rephaeli, Richards & Karlish,
1986a,b). Membrane potentials are maintained by
potassium concentration gradients and the potas-
sium ionophore valinomycin (Hoffman & Laris,
1974) or lithium concentration gradients and the
lithium ionophore AS701 (Shanzer, Samuel &
Korenstein, 1983).

A second method is the detection of ?Na up-
take in proteoliposomes at different membrane po-

o

Ug/mV

tentials (Goldschleger et al., 1987; Karlish et al.,
1988). Again membrane potentials were maintained
by ion gradients and ionophores. The membrane
voltage is traced by a potential-sensitive fluores-
cence dye DiS-C;-(5) (Goldschleger et al., 1987).

A third method is the direct use of potential-
sensitive fluorescence dyes (Apell et al., 1985; Cor-
nelius & Skou, 1985; Apell & Bersch, 1987, 1988).
A typical experiment is described in Fig. 5A. Inside-
out oriented Na,K pump is activated by addition of
ATP and moves Na* into and K* out of the vesicle,
causing an intravesicular positive potential (corre-
sponding to a cytoplasmic negative potential).
Right-side-out oriented pumps are not active since
ATP does not permeate through the membrane. The
fluorescence dye, e.g. oxonol VI, indicates the in-
crease of membrane potential by increase of fluores-
cence, as shown in Fig. 5B. With the known fluores-
cence-voltage calibration curve (Apell & Bersch,
1987) the current-voltage curve of the Na,K pump
can be determined from magnitude and slope of the
fluorescence signal (Apell & Bersch, 1988).

The advantage of experiments with vesicles
consists in the fact that only the protein of interest,
the Na,K pump, is investigated and that experi-
ments are highly reproducible. The change of the
intravesicular solution is possible only by dialysis or
by freeze-thaw method. The small internal volume
provides only a restricted amount of ‘‘extracellu-
lar”’ compounds. A disadvantage is the necessary
treatment with detergents, which may alter with
protein properties.

PURIFIED MICROSOMAL MEMBRANE SHEETS
BounD 1O LIPID BILAYERS

Nonstationary pump currents after an ATP-concen-
tration jump can be recorded in a compound mem-
brane system (Fig. 64) consisting of flat Na,K-
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Fig. 5. Na,K pumps generate a
transmembrane potential upon addition of
ATP to reconstituted vesicles. (4) Vesicle

+80pM ATP

|

25" structure and enzyme reaction. Ion
concentration (120 mM Na* and 30 mMm K+)
given in the beginning of the experiment is
shown. (B) Change of fluorescence amplitude
upon addition of ATP. An increase of
fluorescence refers to an inside more positive
potential (Apell & Bersch, 1987). Inset:
Current-voltage curve determined from

fluorescence signal according to Apell and

Upn/mV Bersch (1988)
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Fig. 6. (A) Compound membrane
system consisting of a ‘‘black’ lipid
film with adsorbed Na,K-ATPase
membrane fragments. Photochemical
release of ATP leads to a transient
pump current I,(¢). In the external
measuring circuit a time-dependent
current I(¢) is recorded. G, and C,
are the specific conductance and the

specific capacitance of the membrane
fragments (referred to unit area); Cyis
the specific capacitance of the
covered part of the black film.

(B) Experimental current transient
triggered by release of ATP from
*‘caged’’ ATP in buffers containing 1
mm K,SO, (Ix) and 10 mMm Na,SO,
(Ina)- (C) Intrinsic pump current 7,
calculated from Iy, by a procedure
according to Borlinghaus et al. (1987)

1 1

ATPase membrane fragments bound to a planar
lipid bilayer (Fendler et al., 1985; Borlinghaus,
Apell & Lauger, 1987; Apell et al., 1987; Fendler,
Grell & Bamberg, 1987; Borlinghaus & Apell, 1988;
Nagel et al., 1988; Stiirmer et al., 1989). The mem-
brane fragments that can be isolated from kidney
medulla contain Na,K-ATPase at a high density
(several thousand oriented pump molecules per
wm?). When added to the aqueous solution adjacent
to the lipid bilayer they bind to the bilayer. By an
intense light-flash ATP is released in the solution
within a few milliseconds from an ATP derivative
with a photolabile blocking group (‘‘caged” ATP).
The released ATP activates those membrane frag-
ments attached to the planar bilayer with the ATP
binding site facing the solution (Fig. 6A).

In the presence of sodium and in the absence of
potassium a transient current signal is observed af-

600 800 t/ms

ter the ATP concentration jump, corresponding to a
translocation of positive charge in the protein layer
towards the lipid film (Fig. 6B). When sodium is
replaced by potassium or when inhibitors of the
Na,K-ATPase, such as ouabain or vanadate, are
added to the solution, the current signal is abolished
(Fig. 6B). From the observed current signal I(z) the
intrinsic pump current ,(¢) can be evaluated using
estimated values of the circuit parameters G,, C,
and Cy (Borlinghaus et al., 1987) as shown in Fig.
6C.

The advantage of this method is the direct ac-
cess to current or voltage signals of electrogenic
actions of the Na,K pump. The composition of the
‘‘cytoplasmic’ solution can be controlled easily.
The disadvantage of this method is the almost unde-
fined state of the ‘‘extracellular’’ interface of the
membrane sheets, which is the narrow cleft be-
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Fig. 7. Reaction sequence of the Na,K pump under conditions of
K-K exchange. hy, g7, wecp and by, g,cp, W, are rate constants
for transitions in ‘‘forward”’ and ‘‘backward’’ direction, respec-
tively. ¢p is the cytoplasmic concentration of inorganic phos-
phate

tween membrane fragments and supporting lipid bi-
layer (Fig. 64). Although it has been shown that a
limited amount of potassium is present when the
bulk solution contains potassium, but the (nondeter-
minable) concentration in the cleft reaches a steady
state only within minutes (Borlinghaus et al., 1987;
Borlinghaus, 1988). To overcome this difficulty, ex-
periments were performed with ionophore and un-
coupler doped supporting lipid bilayers (Fendler et
al., 1985; Nagel et al., 1988).

The Interpretation of Various Experiments Allows
the Analysis of Partial Reactions

As shown in the introduction, the description of
electrogenic actions of the Na,K pump needs not
only the rate constants of the partial reactions but
also dielectric coefficients and the charge of the ion
binding sites. In the following, results are compiled
from different approaches to determine (at least
qualitatively) values for the relevant parameters.

K*-K* EXCHANGE

Under sodium-free conditions, and in the presence
of inorganic phosphate and ATP on the cytoplasmic
side, the Na,K pump carries out K*-K* exchange
(Gilynn, Lew & Liithi, 1970; Glynn, Hoffman &
Lew, 1971). A simplified reaction scheme (Karlish
& Yates, 1978; Sachs, 1981; Karlish & Stein,
1982a,b) that accounts for many experimental ob-
servations related to K™-K* exchange is shown in
Fig. 7. The scheme is based on the finding that the
enzyme in state E, can be phosphorylated by inor-
ganic phosphate (Post, Toda & Rogers, 1975;
Schuurmans Stekhoven et al., 1980) and that bind-
ing of K* to P — E, results in dephosphorylation
and formation of the occluded state E,(K,) (Blostein
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& Chu, 1977; Glynn & Richards, 1982). ATP is
known to bind to the occluded state and to increase
the rate of the transition E,(K,) — K, - E| (Glynn,
1985). The same effect is observed with nonphos-
phorylating analogs of ATP (Simons, 1975), indicat-
ing that in the transition K, - E; < E,(K;), ATP
merely acts as a cofactor which modulates the mag-
nitude of the rate constants /rand 4,. Accordingly,
ATP is omitted in the reaction sequence of Fig. 7. A
theoretical treatment of the K*-K* exchange is
given by Lauger and Apell (1988b). The rate con-
stants can be expressed in analogy to krand &, (Eq.

M)

hy = hyexpl2 + z.)y'ul2}. (18)

The rate constant 4, of the backward transition is
obtained by changing the sign of the exponent.
Using reconstituted lipid vesicles Goldschleger
et al. (1987) have studied the (ATP + P;)-activated
exchange of Rb™ (a K* congener) and found that the
exchange rate was insensitive to a variation of
membrane potential between 0 and —155 mV (vesi-
cle-interior negative). Further evidence for the elec-
troneutrality of the K*-K* exchange is given by
Bashinski et al. (1988), who investigated guinea pig
ventricular myocytes. They found no electrogenic
phenomena in sodium-free potassium solutions. Re-
cently published experiments on Xenopus oocytes
exhibit also a membrane-potential independent
pump-mediated current in sodium-free medium
(Rakowski & Paxson, 1988; Rakowski et al., 1989).
Data of experiments performed by Stirmer et al.
(1989) with purified microsomal membranes bound
to lipid bilayers proved that electrogenic effects in
sodium-free potassium solutions (1-10 mm) are less
than 1% of that obtained after the addition of 10 mm
Na*. All these experimental findings are consistent
with the assumption that the transitions K, - E; 2
E,(K,) and E>(K,) 2 E, - K, are electroneutral.
First conclusions to be drawn from these results
are that q,, g,, hy and h, are voltage independent,
which means that z; must be —2 and/ory’' = y" = 0.
On the other hand, it does not exclude the possibil-
ity that binding and dissociation of K* at the extra-
cellular site are electrogenic (corresponding to the
presence of a *‘potassium well”’), since the experi-
ments of Bashinski et al. (1988) have been carried
out at saturating extracellular potassium concentra-
tion (ck = 5.4 mMm). At high ck, the extracellular
sites are predominantly in the potassium-loaded
form (E, - K3), so that a voltage change is unable to
shift the equilibrium between E, and E, - K, appre-
ciably, even if the equilibrium constant is voltage
dependent. However, a transient current should be
observed at intermediate potassium concentrations
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(ck = K¥%), if an extracellular ion well exists. The
same arguments are valid for the data of Gold-
schleger et al. (1987) because these experiments
have been done at saturating extracellular (intrave-
sicular) Rb* concentrations (140-285 mm). But
when the cytoplasmic (extravesicular) Rb™ concen-
trations (1-25 mm) were below saturation, the ab-
sence of a voltage effect on the exchange rate indi-
cates that the dielectric distance between
cytoplasmic binding sites and aqueous medium is
small (¢’ = 0). Stirmer et al. (1989) draw the same
conclusions from their data.

Sop1iuM-ONLY MODE

The Na,K pump can perform different modes of
sodium transport in the absence of potassium, de-
pending on intra- and extracellular sodium concen-
trations and on the presence of intracellular ATP
and ADP (for review, see Glynn, 1985). In the fol-
lowing, ‘‘sodium-only mode’’ refers to all reactions
in the absence of potassium.

Under potassium-free conditions and in ab-
sence of ADP a transport cycle of the pump can be
derived from the Albers-Post scheme as shown in
Fig. 8A (Lauger & Apell, 1988a,b). The transition
from P — E, to E; involving dephosphorylation of
the enzyme is extremely slow (Post et al., 1972;
Karlish & Yates, 1978; Schuurmanns Stekhoven et
al., 1986). Besides the physiological mode of pump-
ing, the sodium-only mode was also found to be
electrogenic and to exhibit a stoichiometry of 3 Na*
transferred per ATP hydrolysed (Glynn & Karlish,
1976; Cornelius & Skou, 1985; Fendler et al., 1985;
Borlinghaus et al., 1987; Karlish et al., 1988). Since
the access of ions from the cytoplasmic phase is
electrically silent (o' = 0, see above), the electro-
genic effect has to occur with the transitions from
Na3E1ATP to E2 - P.

Borlinghaus et al. (1987) observed that treat-
ment of microsomal membrane fragments with a-
chymotrypsin abolishes the transient current,
which is normally seen after the ATP-concentration

(Na JE[P }—fb P-E,-Na;

11

Fig. 8. (A) Transport reactions of the Na,K
pump in the absence of potassium based on
the Albers-Post scheme of the pumping cycle.
Nomenclature as in Fig. 1. arand g, are the
rate constants of ATP binding and
dissociation in the absence of potassium. (B)
Remaining transport reactions of the Na,K
pump in the absence of potassium and ADP

3 NG;X!

B and in the presence of ATP

jump. Treatment of Na,K pump with a-chymotryp-
sin in the presence of sodium leads to a cleavage of
a single peptide bond in the a-subunit between Leu-
266 and Ala-267 (Jgrgensen & Collins, 1986). En-
zyme modified in this way can be phosphorylated
by ATP, can occlude 3 Na*, and ATP/ADP ex-
change is possible while Na* pumping or transmem-
brane Nat-Na™ exchange is disabled (Glynn, Hara
& Richards, 1984; Jgrgensen & Petersen, 19853).
These findings indicate that phosphorylation by
ATP and occlusion of sodium are electrically silent
steps (i.e., 8" = 0). Apell et al. (1987) have shown
that the evidence of experiments done by
Borlinghaus et al. (1987) is not sufficient to discrimi-
nate as the source of electrogenic effects between
deocclusion of sodium ions (8”) and the release of
sodium ions («”).

Nakao and Gadsby (1986) recently described
experiments with cardiac cells in which transient
pump currents were elicited by a sudden displace-
ment of transmembrane voltage. The ouabain-sensi-
tive component of the current was identified with
the current I, generated by the Na,K pump. The
transient pump current was observed in the absence
of extracellular potassium, but required the pres-
ence of intracellular ATP and both the presence of
intra- and extracellular Na*. A voltage jump from a
holding potential of —40 to +60 mV resulted in an
outward-directed transient current which decayed
nearly exponentially to zero with a time constant of
about 5 msec. Voltage jumps to more negative po-
tentials gave rise to transient inward currents.

Under the conditions of the experiments of Na-
kao and Gadsby, i.e., in the (nominal) absence of
ADP, the reaction Na; - E; - ATP 2 (Nay)E, — P
(Fig. 8A) is shifted far to the right. Furthermore,
since the pump current after the voltage jump de-
cayed to virtually zero, one may infer that the rate
of the transition P — E, — E; was negligibly small.
Under these circumstances the reaction scheme of
Fig. 84 reduces to the deocclusion of sodium ions
and of the release of sodium ions (see Fig. 8B). This
means that under the given experimental conditions
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(absence of extracellular K* and of intracellular
ADP), a quasi-equilibrium exists between states
(Na3)E1 - P,P _‘Ez . Na3,P - E2 ' Naz, P _E2 - Na
and P — FE, of the pump.

A voltage jump leads to a shift of this quasi-
equilibrium and to a concomitant transient current
I,(t), depending on the magnitude of the dielectric
coefficients a” and B” (Liuger & Apell, 1988a). The
voltage dependence of the transferred charge,
which is the time integral of the transient /,(¢), can
be described completely only by adjusting «” = 0
and 8" = 1. The analysis of the voltage dependence
of the relaxation time of the transient current at
different voltage jumps leads to a different set of
dielectric parameters («” = 0.5 and 8" = 0.3). The
discrepancy between both results cannot be re-
solved so far. It is noteworthy that the analysis of
relaxation time also implies a electrogenic contribu-
tion of a’ and/or B’, which can be excluded as
shown above. Although the magnitude of 8" is not
determined uniquely so far, it can be stated that it is
significantly greater than zero. Consequently, from
Eq. (5) it can be seen that z; must be greater than
—3 to account for the observed electrogenic effect.

NeT CHARGE OF THE ION-BINDING SITES

Nakao and Gadsby (1986) determined from the
quantity of charge moved in their relaxation experi-
ments that one positive charge is translocated
across the membrane. This corresponds to a charge
of the binding sites z; = —2.

In the light of the finding that 8’ + B” # 0 the
condition vy’ + y” # 0 has to be fulfilled, and there-
fore the electroneutrality of K*-K* exchange can be
understood only under the assumption that z; = —
(see above). Goldschleger et al. (1987) also pro-

posed from the voltage independence of Rb*-Rb™ -

exchange that the ligand system bears a charge of
L = -2.

Lauger and Apell (1986) showed that this con-
clusion is consistent with the observed monotonic
shape of the current-voltage characteristic of the
Na,K pump in cardiac cells (Gadsby et al., 1985),
squid giant axon (Rakowski & Paxson, 1988) and
reconstituted vesicles (Apell & Bersch, 1988).

In addition, the condition z; = —2 supports the
molecular interpretation of a first-order Michaelis-
Menten type dependence of the Na,K pump on the
cytoplasmic sodium concentration (Karlish &
Stein, 1985; Apell & Marcus, 1986; Borlinghaus &
Apell, 1988). They suggested two negatively
.charged and one neutral sodium-binding sites. In
this case, the binding sites are not equivalent, and
for electrostatic reasons the affinity of sodium at the
neutral site could be considerably reduced. Due to
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the characteristics of the third sodium ion-binding
site the concentration of the state Na; - E; - ATP
should become limiting at low cytoplasmic sodium.

Conclusion

An analysis of the Na,K pump can be performed on
the base of the Albers-Post reaction scheme in
which the overall transport process is described as a
sequence of conformational transitions and ion-
binding and ion-release steps. It reveals that the
electrogenicity of the transport processes can be
determined by a set of dielectric coefficients reflect-
ing the magnitude of charge translocations associ-
ated with individual reaction steps and by the net
charge of the ion-binding sites.

By putting together the available experimental
evidence, a consistent description of the Na,K
pump can be obtained as follows:

a) the binding sites bear two negative charges
(z; = —2), and therefore the transitions K, + E; &
E,(K,) and E»(K,) € E, - K, are electroneutral;

b) the dielectric distance between cytoplasm
and cytoplasmic binding sites is negligible (¢’ =~ 0),
which could be explained by a wide waterfilled ac-
cess channel;

¢) the phosphorylation by ATP and occlusion
of sodium are electrically silent steps (8’ = 0);

d) the deocclusion of sodium ions and the re-
lease of sodium ions on the extracellular interface
are the only candidates for charge-translocating
steps (B + " = 1);

¢) although it has been shown that the deocclu-
sion contributes significantly to the electrogenic ef-
fect (8" > 0), up to now the evidence is sufficient to
claim that it is the sole charge-translocating step

Ge., g =~ 1).
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