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Abstract. The current voltage characteristic of the
Na, K pump is described on the basis of a modified
Post-Albers cycle. The voltage dependence of the
rate constants is derived from the elementary charge-
translocations associated with the single reaction
steps. Charge displacements result from movements
of the sodium- or potassium-loaded binding sites, as
well as from motions of polar groups in the pump
molecule. If part of the transmembrane voltage
drops between the alkali-ion binding sites and the
aqueous solution, the binding constants become
voltage-dependent. Depending on the values of the
microscopic parameters, the current-voltage charac-
teristic may assume a variety of different shapes.
Saturating behaviour results when one or more
voltage-independent reaction steps become rate
limiting. Non-monotonic current-voltage curves ex-
hibiting regions of negative pump conductance are
predicted when, at least in one of the transitions,
charge is moved against the direction of overall
charge-translocation. The theoretical predictions are
compared with recent experimental studies of volt-
age-dependent pump currents.
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genic transport, current-voltage behaviour, Post-
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Introduction

The sodium-potassium pump in the plasma mem-
brane of mammalian cells carries out uphill trans-
port of sodium and potassium ions at the expense of
free energy of ATP hydrolysis (Skou 1975; Robinson
and Flashner 1979; Cantley 1981; Schuurmans et al.
1981; Jorgensen 1982). Since (under normal condi-
tions) in a single turnover three Na* ions are moved
outward and two K* ions inward the pump generates
a transmembrane electric current. As a consequence
of the electrogenic nature of the Na,K pump the

transport rate becomes a function of membrane volt-
age. By investigating the voltage dependence of the
pump current, information on the transport mecha-
nism may be obtained (Hansen etal. 1981; Grad-
mann etal. 1982; Chapman etal. 1983; De Weer
1984; Glynn 1984; Liuger 1984). Experimental
studies of voltage effects on the activity of the Na,K
pump could be performed in the past only in a
narrow voltage interval (Hodgkin and Keynes 1955;
Nakajima and Takahashi 1966; Meunier and Tauc
1970; Isenberg and Trautwein 1974; Zade-Oppen
etal. 1979; Eisner and Lederer 1980; Glitsch et al.
1982; Gadsby 1984; Lederer and Nelson 1984). More
recently. by using the whole-cell recording technique
with patch pipettes it has become possible to mea-
sure the current-voltage characteristic in a more
extended voltage range (Gadsby et al. 1985).

A pump cycle involves a series of conformational
changes which are induced by phosphorylation-
dephosphorylation reactions and which are coupled
to binding of ions from one side of the membrane
and release to the other. In principle, any step in the
cycle can be affected by the electrical field. The volt-
age dependence of a given rate constant is a function
of the charge translocated in the corresponding
transition. Charge translocation may result from
binding of an ion from the aqueous medium to a
binding site buried in the membrane dielectric, from
a movement of the ion together with the binding site,
or from a rotation of dipolar groups of the protein in
the course of a conformational transition.

In the following, the influence of an electric field
on the reaction steps of the pump cycle are treated
using a microscopic model. Such an analysis enables
one to predict the shape of the current-voltage char-
acteristic of the transport system from the voltage
dependence of the individual reaction rate constants.
Conversely, from the experimentally observed cur-
rent-voltage curve inferences can be made on the
mechanism of charge translocation by the pump.
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The pumping cycle: basic assumptions

The analysis which is given below is based on the
Post-Albers scheme of the pumping cycle (Cantley
1981; Cantley et al. 1984). According to the Post-
Albers model (Fig. 1), which is supported by many
experimental findings, the enzyme can assume two
conformations, E; and E,. Form E, which has the
ion-binding sites exposed to the cytoplasmic side of
the membrane can be phosphorylated after binding
of three Na* ions (forward direction of the pumping
cycle in Fig. 1). In the phosphoryldted state, E;—P,
the Na* ions are “occluded”, i.e., they are unable to
exchange with one or the other aqueous phase
(Glynn et al. 1984). The occluded form, (Nas)E;—P,
undergoes a conformation transition to a state
P—E,-Na; in which the ion binding sites are aces-
sible from the external medium; in addition, the ion
specificity is changed in such a way that Na™ is re-
leased and K* is preferentially bound. The potassium
form, P—E,-K,, then becomes dephosphorylated,
possibly via an intermediate with non-covalently
bound inorganic phosphate (P,). The cycle is com-
pleted by the transition from state ATP- E,(K,) with
occluded potassium to state ATP:E,-K,, followed
by release of K* to the cytoplasm and rebinding of
Na*,

As indicated in Fig. 1, the reaction rates are de-
scribed by rate constants py, Iy, gy, sycr, ks for transi-
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Fig. 1. Post-Albers scheme for the pumping cycle of Na,K-
ATPase (adapted from Cantley et al. 1984). E; and E, are con-
formations of the enzyme with ion binding sites exposed to
the cytoplasm and the extracellular medium, respectively. In
the “occluded” states (Na3)E; and E,(K,) the bound ions are
unable to exchange with the aqueous phase. Dashes indicate
covalent bonds and dots indicate noncovalent bonds. py, /;,
45 Secr, ke and pyep, ky, Sy, g cp, Iy are rate constants for
transitions in forward and backward direction, respectively.
cr, ¢p and ¢p are the cytoplasmic concentrations of ATP, ADP
and P, (inorganic phosphate). It is assumed that cr is high
(X 0.1mM) so that transitions E,(K;) & K, E, without
bound ATP are of minor importance (Cantley et al. 1984)

tions in the forward direction and by rate constants
Py, ks, Sp, qsCp, I, for transitions in the backward
direction; cr, ¢p and cp are the cytoplasmic concen-
trations of ATP, ADP and P,, respectively. In the
notation adopted here the bimolecular reaction
(Na3)E,-P+ADP — Na; - E,-ATP is described by
a pseudo-monomolecular rate constant p,cp; the
rate constants g, cp and sycr are defined in an analo-
gous way.

We assume that the enzyme in both conforma-
tions (E, and E,) can bind up to three Na* ions or up
to two K* ions. This means that E; (j=1,2) can
occur in the following forms: NasE;, Na,E;, NaE;,
E,, KE,; and K,E;. Mixed species such as NaEK are
excluded, and the three Na* sites (and also the two
K sites) are considered to be equivalent. We further
assume that the rate constants for binding and
release of Nat and K* are large, so that the six dif-
ferent forms are always in equilibrium with each
other. This assumption is amply justified when bind-
ing from the aqueous phase is diffusion-controlled
(rate constants, ko, of ion binding ~10°M™1s™).
In this case the binding rate c- ko, is at least 1085~
for ion concentrations ¢ > 1 mM and the dissociation
rate ko is at least 10°s7!, assuming a lower limit for
the equilibrium dissociation constant, k.g/kon, Of
0.1 mM. While binding rates of alkali ions to oxygen
ligands are usually very large and close to the limit
of diffusion-controlled reactions (Eigen and Maass
1966), direct experimental information on binding
rate constants in the case of the Na,K-ATPase is
lacking. The assumption of fast binding/dissociation
is introduced here mainly for simplicity; it can be
replaced by a more refined treatment as soon as
more detailed experimental data become available.
If ¢y is the Na* concentration on the cytoplasmic
side and x [4] the fraction of Na,K-ATPase present
in form 4, Na* binding at the cytoplasmic side is
then described by

x[E"ATP] _ Kj,

x[Na-E;-ATP] ¢} )
x[Na-E;-ATP] _ Kj, )
x[Nay-E;-ATP] Cx

x[Na,- E;-ATP] _ Kis 3)

x[Na;-E,-ATP] ¢k

K¥1, K&, and Kj; are the equilibrium dissociation
constants of Nat at the cytoplasmic site. Analogous
equations hold for the other binding equilibria.
According to the principle of microscopic revers-
ibility (or detailed balance) the rate constants and
equilibrium constants of the cycle are not indepen-
dent of each other but are connected by the following



relation (Appendix A):
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AG is the free energy of ATP hydrolysis:

AG=RTInLE/T
CpcCp/Cr

)

where R is the gas constant, T the absolute tempera-
ture and Cr, Tp and &p are equilibrium concentra-
tions of ATP, ADP and P;, respectively. The mem-
brane voltage, u, is defined as the difference of the
electrical potential ¥’ in the cytoplasm and the elec-
trical potential " in the extracellular medium and is
expressed in dimensionless units of kT/¢y ~ 25 mV
(k is the Boltzmann constant and e, the elementary
charge):

V _ W’ — W" (6)
kT/eO kT/eo '

i

u

Voltage dependence of kinetic parameters

In order to describe the voltage dependence of the
kinetic parameters we introduce the energy profile
of the ion along the transport pathway (Parlin and
Eyring 1954). The energy profile consists of a series
of barriers and wells (Fig. 2); it reflects the inter-
action of the ion with the protein in a particular con-
formation (Warshel and Russel 1984). According
to the assumption of a fast association-dissocia-
tion equilibrium, the ion-binding site in state
Naj;- E; -ATP is connected with the cytoplasmic side
by a series of low barriers (Fig. 2); the site is
separated from the extracellular medium by a high
barrier.

If an electrical potential difference, u, exists be-
tween the cytoplasm and the extracellular solution
(Eq. (6)), a fraction «’u drops between the cyto-
plasm and the binding site (Fig. 2). The (dimension-
less) quantity o’ (0 < o’ < 1) depends on the loca-
tion of the binding site within the protein as well as
on the dielectric properties of the protein and the
surrounding medium. (Since the protein may pro-
trude from the membrane into the aqueous phase,
the dielectric distance across with the voltage u
drops is not necessarily identical with the membrane
thickness.) As the potential energy of an ion in the
binding site is modified by the presence of a voltage
u, the equilibrium dissociation constants K4, Kiz,
and Kjy3 (Egs. (1)—(3)) become voltage-dependent:

Ky = Kz'\u exp (— o' u) (7a)
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Fig. 2. Energy profile of a sodium ion along the transport
pathway. According to the assumptions discussed in the text,
the ion binding sites in state Nay - 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 (Nas3)E;—P the energy barriers on either
side are high. In state P—E, - Na; the binding sites are easily
accessible from the extracellular phase. y’ and w” are the elec-
trical potentials in the cytoplasm and in the extracellular
medium, respectively, cjy, ¢y are the concentrations of sodium
and ck, c¥ the concentrations of potassium. o’ ¥is the fraction
of total voltage V= y’— y” which drops between cytoplasm
and ion binding site; a”, ' and p” are defined in an
analogous way. The (dimensionless) quantities o/, o”, f’ and
f” depend on the location of the binding site in the protein as
well as on the dielectric properties of the protein and the
surrounding medium. The direction of the ion pathway in the
protein may be different from the direction of the external
field; the potential profile then refers to the projection of the
transport pathway onto the field direction

where Kj; is the value of K}, at zero voltage. If the
potential of the cytoplasm is positive with respect to
the external medium (u > 0), the equilibrium con-
stant 1/Kjy; of sodium binding is increased by the
Boltzmann factor exp (' #). The binding site acts as
an “ion well” (Mitchell and 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. Assuming that the three sodium sites
are equivalent and that potassium binds to the same
sites on E; as sodium, analogous expressions (with
the same electrostatic coefficient ') are obtained for
Kz, Kis, Kk and Kk,. If «”u is the potential at
the binding site in state E; with respect to the extra-
cellular medium (Fig. 2), the voltage dependence of
K%, is given by

K¥1 = K& exp (o u) . (7b)
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Analogous expressions hold for K¥,, K¥;, K¥, and
K¥s.

In the process Naz-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 dielectric
distance over which the binding sites are translocat-
ed is described by a phenomenological parameter,
B (Fig. 2). The electrostatic contribution of ions
plus binding sites to the energy difference between
states Na; - E; - ATP and (Na3)E;—P may be written
as (3+z.) f u where z, e is the charge of the empty
ligand system; the energy is expressed in units of
kT. If in the transition intrinsic charges of the
protein (other than charged ligands) are translocat-
ed, an additional energy contribution of magnitude
»’ u results. #” is given by the relation (Lauger 1984):

n=13 gidx/end, (8)

where 4x; is the displacement of charge ¢; in the
direction of the external field and 4 is the length
over which the external voltage drops in the pump
molecule. We assume, as an approximation, that the
process Naj- E;-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 etal. 1941) the forward
and backward rate constants are then given by

py=pexp{[B+zL) '+ n'lu/2}, ©
Po=Ppexp {—[(3+z.) f'+ 71 u/2}. (10)

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

b= hexp {({3+z) B+ us2}, an
gy = Grexp {[(2+z.) y"+0"1u/2}, (12)
kr=lkrexp {{2+zL) v +60'1u/2}, (13)

where g7, n”, v, y’, 8’ and 0” are “dielectric coeffi-
cients” defined in an analogous way to £’ and #’.
The corresponding backward rate constants are ob-
tained from Egs. (11)—(13) 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 E; (K,) are voltage-indepen-

dent.
In the (hypothetical) process Nag,+E; - ATP —

Na-E;-ATP - (Na)E,—P - P—E,-Na —» P-E,
+Na}, a sodium ion is translocated from the cyto-
plasm to the extracellular medium. The change of
electrostatic energy associated with this process is
the sum of the contributions of all single steps and is
equal to (in units of kT): —a’u~f'u—p"u—-o"u

(Fig. 2). This sum must be equal to —u, the electro-
static energy required for the translocation of a
univalent cation across the membrane. This means
that the following relation holds:

2o+ 4+ =1. (14)

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

Yy - —a=—1. (15)

Furthermore, when the enzyme goes through the
complete cycle of conformational transitions (Fig. 1)
the sum of all intrinsic charge displacements must
be zero. This means that ‘

W+n'+0'4+0"=0. (16)

According to Eqs. (14)—(16) only 7 of a total of 10
dielectric coefficients a’, ”, ... are independent.

Implicit in the derivation of Eqs. (14)—(16) is
the assumption that charge displacements by trans-
location of Na™ and K* can be completely separated
from charge displacements associated with motions
of polar groups of the protein itself. This assump-
tion does not hold when, for instance, the binding of a
sodium ion leads to a major rearrangement of dipolar
groups in the protein. In the most general case only a
single relation exists between the dielectric coeffi-
cients which follows directly from Eq.(14) and
which has the form e, +e+e+egt+ta’+a”=1
where ¢,=(3+z.) '+, e=@3+z) " +y", etc
In principle, as seen from Egs. (7)—(13), the coeffi-
cients &,, &, &, &, o and o’ are sufficient to de-
scribe the voltage dependence of pumping rate;
however, for a better insight into the origin of the
field effects it seems preferable to separate contribu-
tions from alkali-ion movements and contributions
from movements of polar groups of the protein.

Numerical values of kinetic parameters

For some of the rate constants of the pumping cycle
(Fig. 1) numerical values can be estimated on the
basis of experimental data from the literature.
A difficulty, however, results from the diversity of
preparations used in the experiments with the Na,K
pump. For electrophysiological measurements of ion
fluxes and pump currents, squid axons, mammalian
heart cells or barnacle muscle fibres have been used,
whereas kinetic studies of ATPase activity have
been done mainly with erythrocytes or with enzyme
preparations from various sources such as kidney or
brain. So far it is now known to what extent the
kinetic properties of Na,K-ATPases of different
origin are comparable and therefore the assignment
of rate constants for the calculation of pump cur-
rents is tentative. In Table 1 we give a list of values



Table 1. Numerical values of kinetic parameters (Fig. 1) used
in the calculation of current-voltage curves

Parameter Value Notes
Dy 270s7! 2

Py 257! cp=0.1mM>
5 12057 e

A 10571 d

g 500 s ¢

quP 5,000 S_1 Cp=5mMe
Ser 5,000 5! cr=5mM’
5 1105~ f

k; 805! 8

Igb 10s7! g

K 4 mM see text

K% 100 mM see text

K% 8 mM see text

Ky 2mM see text

chy 10 mM Mutlins (1981)
cN 140 mM Mullins (1981)
ck 150 mM Mullins (1981)
c¥ SmM Mullins (1981)
A6 —58 kJ/mol Veech et al. (1979)

All values refer to zero voltage and a temperature of 25 °C.
cr. ¢p, Cp: cytoplasmic concentrations of ATP, ADP and P,
respectively; ¢y, ck: cytoplasmic concentrations of Na' and
K* c¥, c¥: extracellular concentrations of Na* and K*.
Ky, Kk: equilibrium dissociation constants of Na* and K*
in state E; of the enzyme; Kj, K¥: dissociation constants in
state E;.

2 Mardh and Zetterquist (1974) obtained, at 21 °C, a value of
180s™! for the pseudo-first-order rate constant of phos-
phorylation of bovine brain microsomal Na,K-ATPase
when neither Na* nor ATP were rate-limiting

Mardh (1975) studied the dephosphorylation rate of E,~P
with bovine brain enzyme in the presence of 120 mM Na*
after rapid mixing with a high concentration (¢p =5 mM)
of ADP. From Fig. 6 of Mardh’s paper a value of 20 s~! for
the pseudo first-order dephosphorylation rate constant may
be estimated (at 21°C and c¢p =5 mM), corresponding to
prcp~30s! at 25 °C. Under physiological conditions the

o
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ADP concentration is much lower than S mM, of the order
of 0.1mM (Veech etal. 1979). If the dephosphorylation
rates were linearly related to c¢p, the value of p,cp at
¢p=0.1mM would be 0.6s~'. However, since the dephos-
phorylation of (Na3)E;—P by ADP is likely to be a two-step
process consisting of a bimolecular binding step followed by
a monomolecular dephosphorylation reaction, the rate of
dephosphorylation may already be saturated with respect to
¢p at cp < SmM. For this reason a somewhat higher value,
Ppep~ 257!, is used as an estimate for the dephosphoryla-
tion rate constant

In the presence of 10 mM K*, when the transition (Na;)E,;~P
— P—E, - Naj; is thought to be rate limiting, Mardh (1975)
obtained a rate constant of 77s7! at 21 °C for the dephos-
phorylation of the K*-sensitive form of the phosphoenzyme.
With Qg = 2.6 this gives [, ~ 120 57!

9 From the experiments of Mardh (1975), Glynn et al. (1984)
calculated a rate of 3.8s7! for the transition P—E,- Na;
— (Na3;)E;—P at a (non-saturating) Na‘* concentration of
120 mM (21 °C), Using Garay and Garrahan’s (1973) data
on Na—Na exchange in erythrocytes, Glynn etal. (1984)
estimated that the rate at high sodium concentration may be
about twice as large. With Q9 ~ 2.6, a value of /, of about
10 57! is obtained

These values have been arbitrarily introduced assuming
that the reaction P E,- K, «» E;(K;) is not rate limiting.
A ratio g, cp/gy of 10 has been chosen in order to obtain a
reasonable value for § from Eq. (4)

The value of 5 c7 was arbitrarily set at 5,000 s™' assuming
that ATP binding to E;(K,) is not rate limiting at physio-
logical ATP levels (¢;~ 5 mAM). The rate constant §, was
calculated from Eq.(4) for u=0 and 4G =— 58 kJ/mol
(Veech etal. 1979; Tanford 1981) using the values of the
other kinetic parameters as given in Table 1. The ratio
5/5 ~0.11mM is consistent with estimated values of
0.1—1mM for the equilibrium dissociation constant of
ATP in state E, of the enzyme (Robinson and Flashner
1979; Moczydlowski and Fortes 1981; Reynolds et al. 1985)
The value of lgj is taken from Karlish and Yates (1978) who
estimated for the transition E,(K,) = K,-E; a rate of
about 50s~! from stopped-flow experiments at 20 °C and
saturating ATP concentrations. For the rate of the reverse
transition Karlish (1980) observed a value of 290 57! in the
absence of Mg*" and nucleotides. Glynn and Richards
(1982), however, pointed out that k, may be much smaller
in the presence of Mg** and ATP and estimated a value of
the order of 10 s~ under physiological conditions

o

@
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of kinetic parameters which have been used in the
numerical evaluation of current-voltage curves de-
scribed in the next sections. All values refer to zero
voltage and a temperature of 25 °C; if necessary,
rate constants measured at other temperatures have
been corrected using (as a crude approximation) the
activation energy of the overall Na,K-ATPase activ-
ity (E,~71kJ/mol, corresponding to Qo= 2.6)
(Post et al. 1965).

In addition to the rate constants listed in Table 1
the equilibrium dissociation constants for sodium
and potassium are required for the calculation of
transport rates. Experimental information on bind-
ing of Na* and K* to the enzyme is scanty so far.
Values of dissociation constants have been deter-
mined from binding studies (Kaniike etal. 1976;

Matsui et al. 1977; Hastings and Skou 1980; Yama-
guchi etal. 1983), but the functional role of the
binding sites revealed in these experiments remains
unclear. For the numerical evaluation of current-
voltage curves we have chosen a set of binding
constants which approximately describe the ob-
served dependence of ATPase activity on the con-
centrations of Na* and K* (Chapman et al. 1983).
Assuming that the three sodium sites, and also the
two potassium sites, of the reaction cycle (Fig. 1) are
identical and independent (Robinson 1983), the fol-
lowing relations are obtained for the equilibrium
dissociation constants Kjy, Kja, ...:

Kvi=3Ky; Kya=Kh; Ki3=3Ky (17)
Kii =5 Kk; Kik2=2Kk (18)
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where Ky and K% are the intrinsic dissociation con-
stants of the binding sites in state E,. The factors
1/3, 3, 1/2 and 2 are the usual statistical coefficients
describing binding equilibria in a system with mul-
tiple binding sites (Tanford 1961). Analogous rela-
tions hold for the dissociation constants in state E;.
Equations (17) and (18) represent a gross simplifica-
tion; for a more elaborate treatment of alkali-ion
binding to the Na,K-pump, see Karlish and Stein
(1985). The predicted hydrolysis rate, v, of ATP as a
function of molar fraction of Na* is shown in Fig. 3
for an experiment in which the total alkali-ion con-
centration (sodium plus potassium) has been held
constant (Skou 1975). For the calculation the nu-
merical values of the rate constants and equilibrium
constants given in Table 1 have been used. As seen
from Fig. 3, the theoretical values of v reproduce the
shape of the experimental curve only qualitatively.
A much better fit can be obtained using a larger
value of the dissociation constant of Na* at the cyto-
plasmic side (Ky ~4 mM), but then the transport
rate at physiological concentrations of Na* and K*
becomes unreasonably small. This discrepancy may
result from the (probably unrealistic) assumption of
identical and independent binding sides and/or
from the fact that the enzymatic activity (Fig. 3) and
the rate constants of Table 1 have been measured
under different experimental conditions. In any case,
as long as electrophysiological as well as biochemi-
cal data are not available for one and the same cell
system, a strictly quantitative analysis of pump cur-
rents seems difficult. It will be shown below, how-
ever, that even with limited information on the

predicted
30 B . - ’\
v e \!
20 F //00 =‘=
] S observed !
-/
0 < 1 1 — 1 1
0 50 100 150 mMK*
150 100 50 0 mMNa'

Fig. 3. Rate of ATP hydrolysis of Na,K-ATPase as a function
of the molar fraction of Na* at a constant (Na*+ K¥) concen-
tration of 150 mM. The theoretical curve has been calculated
using the kinetic constants given in Table 1. The experimental
curve comes from an experiment with ox brain enzyme at
t=37°C, pH =74 and an ATP concentration of 3 mM (Skou
1975, Fig. 1). The experimental curve has been normalized to
give the same maximum value as the theoretical curve

kinetic parameters, valuable insight into the nature
of the charge-translocating steps can be obtained
from current-voltage curves.

Calculation of pump currents

For the numerical evaluation of steady-state pump
currents we introduce the fraction x[A4;] of total
enzyme present in state A;. The quantities x[A4]]
can be obtained using the steady-state conditions
d(x[4])/dt=0. For instance, for species E;(K;)
(Fig. 1) one has the equation:

gy x[P—E;- Kol + 55 x[ATP - E; (Ky)]
—A(qpcp+s,cr) x[E2(K)]=0. (19)

Additional relations of the form of Egs. (1)—(3)
hold for the fast ion-binding reactions. From these
equations, together with the condition that the sum
of all x[4)] is unity, the steady-state values of the
x[A;] are determined numerically using the matrix
inversion method (Johnson 1980). The stationary
rate, v, of ATP hydrolysis is then obtained as the
difference of the forward and backward rates at any
one of the steps of the reaction cycle, e.g.

v=g;x[P—Ey Ko] — gy cp x [E2(Kp)] . (20)

Since the reaction scheme represented in Fig. 1 cor-
responds to a completely coupled operation mode of
the pump, one net charge it translocated per
hydrolyzed ATP so that the average current, I, per
pump molecule is simply given by:

I=egv

21
(ep = 1.6 - 1071 C is the elementary charge).

Current-voltage curves

For a given set of rate comstants the shape of the
current-voltage curve may be expected to vary in a
wide range, depending on the values of the dielec-
tric coefficients o', a”, #’, £’, ... which describe the
voltage dependence of the kinetic parameters (Egs.
(7)—(13)). In the following we consider the current-
voltage behavior in a number of special situations
differing in the voltage dependence of the individual
reaction steps. In order to simplify the discussion,
we assume that the position of the alkali-ion binding
sites in the two “occluded” states (Naj)E,;—P and
ATP: E,(K,) is the same. This means that the bind-
ing sites move by the same distance in the transi-
tions Naz-E,-ATP — (Na3)E,~P and K;-E,-ATP
— ATP-E;(K;), so that /=— 9" and, correspond-
ingly, = — y”. We further assume, if not otherwise
stated, that intrinsic charge displacements other



than movements of charged ligand groups at the
alkali-ion binding sites are negligibly small, so that
W=yn'=0"=0"=0 (this restriction will be relaxed
later).

A) Low-field access channels; ion-binding constants
voltage-independent

An ion passing through the pump molecule in the
membrane has to travel a distance of at least
4-5nm. It is unlikely that the ion binding sites
move that far when the protein undergoes the tran-
sition from E; to E,. For this reason it is usually
assumed that the binding sites are connected with
the aqueous phase by some sort of access channel
(Tanford 1983). The access channel may be a
narrow and relatively specific pathway in the protein
allowing the passage of the transported ions but
excluding other ion species. In this case (which will
be discussed later) part of the transmembrane volt-
age drops across the length of the access channel, as
it has been assumed in Fig. 2.

Another limiting case, which is considered in
this section, is given when the access channel is a
wide, water-filled pore with a low electrical resis-
tance (Fig. 4). Under this condition the field strength
in the access channel is always small so that almost
all the voltage drops across the gating part of the
pump molecule. Specifically, we assume in the
following that the ion binding sites are located at the
inner terminus of the access channel, so that
o'=o"=0 (Fig.2). This means, according to
Egs. (7) and (8), that the equilibrium constants of
ion binding become voltage-independent.

Alkali-ion binding sites negatively charged. When the
ligand system bears three negative charges (z; = — 3),
the net charge of the alkali-ion binding sites is zero
in state Naz-E;-ATP and —1 in state P—E,-E,.
In Fig. 5 current-voltage curves under the condition
o=a"=y=y"=8=6"=0,z,=—3 are given for
three different values of parameter f'=—19 re-
presenting the dielectric distance over which so-
dium ions move in the transition Na;-E,-ATP
— (Na3)E;—P. (It should be noted that according to
Egs. (14) and (15) £ is equal to 1— 4’ and y” equal
to —y—1.) The current monotonically increases
with voltage V and reaches asymptotic values at
V= oo and ¥V — — oo. For = 0.5 the limiting cur-
rents (referred to a single pump molecule) are
I(00)=13.5-10""Aand I (—o0) =—3.1- 1079A.

The reversal potential V; at which the net pump
current vanishes is given by the thermodynamic
relation

AG RT cx ck
V = — —_— e 2 —1.
= + 7 (3 In % +2In c}é) (22)
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Fig. 4. Limiting case of a pump molecule with wide, water-
filled access channels having a low electrical resistance. The
transmembrane voltage, V, drops across the gating part of the
molecule

= 200 100 100
=2

k-

Fig. 5. Current-voltage curve of a pump molecule with low-
resistance access channels and negatively charged ion-binding
sites (z;=—3). The net charge of the binding site is zerc in
state Na; - E;-ATP and — 1 in state P—E,* K,. I is the pump
current (referred to a single pump molecule), ¥ the transmem-
brane voltage and ¥V, the reversal potential (Eq. (22)). The
coefficient f” represents the dielectric distance over which
sodium ions move in the transition Naz-E,-ATP — (Na3)E;—P
(Fig. 2). For the calculation of I(¥) the values of the kinetic
parameters given in Table 1 have been used, together with
11=a”=’7!=’7/l= 9/2 0/’=0 and y/=__ﬂl’ yll=_ﬂll=ﬂl_l

Implicit in the derivation of Eq. (22) is the validity
of the reaction scheme of Fig. 1 which implies a
fixed stoichiometry of 1ATP:3Na*:2K". For
the chosen set of parameters (4G = — 58 kJ/mol,
T'=25°C, cy=10mM, cf = 140 mM, ckx = 150 mM,
¢k =5mM), V4 is equal to — 223 mV.

The saturating behaviour of the current-voltage
curve may be qualitatively understood in the follow-
mmg way. Under the conditions considered here
(=o"=p'=pn"=0"=0"=0, z;=—3) the only
voltage-dependent steps are the transitions P—E,- K,
hd E2 (Kz) and ATP- E2 (Kz) - Kz ' E1 -ATP which
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involve a movement of the K*-loaded binding sites
(total charge —ep) within the membrane dielectric.
Thus, for increasing positive voltages (V> 0) the
voltage-dependent transition rates in forward direc-
tion increase, until eventually the voltage-insensitive
steps of the cycle become rate limiting. This means
that for V' — oo (and also, by the same argument, for
V' — — o) the current approaches an asymptotic
value.

Qualitatively similar (saturating) current-voltage
curves as those shown in Fig. 5 are obtained in the
case of a ligand system with two negative charges.
This has to be expected since for z; =— 2 the total
charge of the binding site in the E; - E, transition
is +1 and O in the E, — E; transition. A reaction
model of the Na,K-pump with z; = — 2 has recently
been proposed by Karlish et al. (1985).

Neutral alkali-ion binding sites. Current-voltage curves
for the case where the ligand groups at the ion-bind-
ing sites are neutral are shown in Fig. 6. The pump
current is large at membrane voltages, V, between
—50 and 50 mV but decreases steeply towards more
positive and more negative values of V, approaching
zero for both ¥V — o0 and V— — oo (a marginal
minimum occurs at voltages below V). The shape of
the I (V) curves shown in Fig. 6 differs strongly from
the saturating /(V) characteristic in the previous
case (Fig. 5). At positive voltages (and also at nega-
tive voltages below V) the 7(V) curve exhibits a
region with negative pump conductance. The non-
monotonic behaviour of the current results from the
fact that the potassium-loaded sites have a positive
net charge when the ligands are neutral. Thus, when
the binding sites move toward the cytoplasm in the

neutral
binding
sites

(2 =0)

Fig. 6. Voltage dependence of pump current, 7, under the same
conditions as in Fig. 5, but with uncharged alkali-ion binding
sites (z; = 0). The net charge of the binding site is + 3 in state
Na; - E,-ATP and +2 in state P—E, - K,. All three curves go
through a (marginal) minimum for ¥ < ¥} and approach zero
for V— — o0

transition ATP-E,(K;) = K, E;*ATP, net charge
is moved against the direction of overall charge-
translocation. For increasing positive voltages (V> 0)
the forward rate constant k, of the transition
ATP-E;(K;) = Ky E;-ATP decreases to zero so
that the pump current vanishes. Conversely, at nega-
tive voltages at which the pump is driven in the
backward direction, the rate constant k, becomes
very small and the pump current again goes to zero.
In the vicinity of the reversal potential, ¥}, the slope
of the I(V) curve is rather small, meaning that
pump reversal by hyperpolarisation would be diffi-
cult to detect under these conditions.

B) High-field access channels (“ion wells”);
voltage-dependent ion-binding constants

In this section we consider the case that the ion-
binding sites are located at the end of narrow access
channels allowing the entry of Na* or K*, but not of
other ions. Under this condition part of the applied
voltage drops across the length of the access channels
so that the equilibrium constants Ky, K%, Kk and
K% of ion binding become voltage-dependent (“ion-
well” behaviour). We specifically assume that trans-
locations of the binding sites in the transitions to the
occluded states are negligibly small, meaning that
B=p"=y=y"=0and o'+ o”=1. In this limiting
case the voltage dependence of pump current is
determined exclusively by the voltage dependence of
the equilibrium constants Kj, K%, Kk and K¥%. In
Fig. 7 current-voltage curves are represented for
three different values of the coefficient o describing
the depth of the ion well at the cytoplasmic side
(Fig. 2). For o’ =0 and a’ = 0.5 the shape of I(V) is
similar to that in Fig. 6, i.e., the current goes through
a maximum and vanishes at large positive voltages.
This results from the presence of a “potassium well”
at the extracellular side of the pump leading to a
depopulation of state P—E,-K, for V— <. For
o’ =1, however, binding of K* in state E, becomes
voltage-independent so that 7(}) monotonically in-
creases for V>V, towards a limiting current
(I (00) >~ 3.0-10718A).

In the presence of ion wells a voltage change has
an analogous effect on the occupancy of the ion-
binding sites as a change of external concentration.
This leads to a pronounced voltage effect on the ion
concentration dependence of pump activity. An
example is shown in Fig. 8 in which the pump
current is plotted as a function of extracellular K*
concentration, c¥, for different membrane potentials,
V=yw' —w”. It is seen that the apparent K,, values,
i.e., the K* concentrations for half-maximum pump
activation, strongly decrease with increasingly nega-
tive potentials, V. However, such a monotonic effect
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Fig. 7. Pump current, I, as a function of membrane potential
under the assumption that the only voltage-dependent param-
eters are the equilibrium constants of ion binding (pure “ion-
well” behaviour). The parameter o describes the depth of the
ion well at the cytoplasmic site. For the calculation of I (V) the
values of the kinetic parameters given in Table | have been
used together with /= "=y =y"=y'=9y"=0"=6"=0and
a”=1—0o'. For a’=1 the pump current approaches a limiting
value /(o0) ~ 3.0 - 1078 A at large positive voltages
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Fig. 8. Pump current as a function of extracellular potassium
concentration, cyg, for different membrane potentials. The
kinetic parameters are the same as in Fig. 7, except for a’=0
and ¢y = 0. Under the condition o’ = 0 the entire voltage drops
between the potassium binding sites (state E,) and the extra-

cellular solution

of voltage on K, is observed only in the absence of
extracellular sodium (¢ = 0); for ¢ > 0 the voltage
dependence of I(c¥) becomes more complicated
since in this case the membrane voltage affects the
competition between Na* and K* for the extracel-
lular binding sites.
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Fig. 9. Effect of intrinsic charge displacements in the protein
on the 7(¥) characteristic. Except for the values of #’, #”, 8’
and 6”, the same parameters were used as for the calculation of
the curve labelled “f’= 0.5" in Fig. 5. Curvea: ' =#"=—§'
=—0”=10.25 (superlinear behaviour); curveb: ' =#"=—-6¢"
=—0"=1 (inactivation); curvec: #’'=#"=6"=0"=0 (satu-
rating behaviour). Curve ¢ has been reproduced from Fig. 5
for comparison

C) Intrinsic charge-displacements

In the course of a conformational transition intrinsic
charges of the protein other than ligand charges or
charges of the transported ions may be displaced, for
mstance by rotation of dipolar amino-acid residues
or by rearrangement of salt bridges (Karlish etal.
1985). In this case some (or all) of the coefficients 7/,
7, 8" and 8” may assume non-zero values. This in-
creases the range of possible shapes of current-volt-
age curves considerably. In the following we consider
two special situations in which the I(V) curve is
strongly affected by intrinsic charge movements:

Superlinear current-voltage behaviour. For given values
of z;, ', 8”7, v and y” the coefficients #, #”’, ¢’ and
#” may be chosen in such a way that all forward rate
constants (py, Iy, grand k;) increase and all backward
rate constants (p,, /», ¢» and k,) decrease with in-
creasing voltage, V (compare Eqs. (9)—(13)). In this
case the 7 (V) curve exhibits a superlinear behaviour,
i.e., the current increases more steeply than voltage.
Under conditions as in Fig. 5 (z;=-3, f/'=p4"
=—y=—9"= 0.5) this occurs, e.g., for y'=pn"
=—0'=—0"=0.25. The I(V) curve calculated for
these parameter values is shown in Fig. 9 (curve a).

Inactivation. When the reactions Nas-E;-ATP —
(Na3)E;—P — P—E,-Na; are associated with large
intrinsic charge-displacements (' + #” 2 1), the tran-
sition E; — E, will be strongly favoured over the
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back transition E, — E; in the presence of a positive
membrane potential (7> 0). Under this condition
the pumping cycle becomes blocked since most
pump molecules will stay in state E,. This is illus-
trated by curve b of Fig, 9 which has been calculated
with #'=#5"=—0"=—08"=1. At voltages above
50 mV the pump current steeply decreases towards
zero. Thus, the interaction of intrinsic charges with a
transmembrane electric field represents a mecha-
nism by which the activity of a pump may be re-
gulated. Whether such a mechanism is operative in
the case of the Na, K-pump is not known so far.

Comparison with experimental results

In a recent paper, Gadsby etal. (1985) described
whole-cell patch-clamp experiments with isolated
heart cells in which the pump current was deter-
mined as the difference of total membrane current in
the absence and in the presence of ouabain. In the
experimental voltage range (—140 mV to +60 mYV)
the current increased monotonically from very small
positive values at — 140 mV, exhibiting a saturating
behaviour above — 50 mV (Fig. 10). Under the con-
ditions of the experiment (cy=34mM, cx=110mM,
cy =144 mM, cf=64mM) and assuming a AG
value of — 58 kJ/mol as before, the reversal potential
V4 is estimated from Eq. (22) to be about —340 mV.
(Since the Na, K pump discriminates poorly between
K* and Cs* (Sachs 1977), ¢k and c¥ have been taken
as the sum of the K* and Cs* concentrations used in
the experiment). This value of V4 is much larger (in

1
-pTA. -l
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-100

50

1 L . vlmv 1
-150 =100 =50 0 50
Fig. 10. Current-voltage characteristic of the Na,K-pump of
isolated heart cells (Gadsby et al. 1985). The cell interior was
perfused with 34 mM Na*, 10 mM K*, 100 mM Cs* and
10 mM ATP; the extracellular medium contained 144 mM Na*,
54mM K" and 1mM Cs*. [ is the ouabain-sensitive com-

ponent of the membrane current of a single cell. Redrawn from
Fig. 2 of Gadsby et al. (1985)

absolute magnitude) than the reversal potential
estimated by extrapolation of the experimental 7 (V)
curve to /=0 (Vy~-—160mV). This discrepancy
may result from a Na*: K* coupling ratio which is
different from 3:2 (Anner and Moosmayer 1982;
Glynn 1984; Blostein 1985) and/or from incomplete
coupling between ATP hydrolysis and transport
(Navarro and Essig 1984).

Another possible origin of the discrepancy is the
shape of the I(V) curve itself. As seen in Figs. 3,
6, 7 and 9, for certain parameter values the pump
current may approach the reversal potential with a
very small slope. This means that linear extrapola-
tion to /=0 may lead to a large error in V;. The
experimental I (V) curve has a similar shape as the
curve with #'=0.9 in Fig. 5. No attempt has been
made, however, to fit a theoretical curve to the ex-
perimental results, since with the limited experi-
mental information available at present the choice of
possible parameter values is not unique. A more
reliable estimate of kinetic parameters should be
possible as soon as I (V) data at different alkali-ion
concentrations and in a more extended voltage range
will become available.

In earlier studies with nerve axons (Marmor
1971; Thomas 1972; Brinley and Mullins 1974; Aber-
crombie and De Weer 1978), cardiac preparations
(Isenberg and Trautwein 1974; Eisner and Lederer
1980; Gadsby 1984) and other muscle cells (Lederer
and Nelson 1984) a voltage dependence of pump
current has never been observed. As discussed by
Gadsby et al. (1985), reasons for this failure may be
the limited experimental voltage range and/or the
difficulty in separating pump currents from other
current components. It is feasible, however, that in a
certain voltage range (say, —90 to —20 mV) the
Na,K pump acts as a constant-current source. As
discussed above, such a saturating behaviour is
always observed when a voltage-independent reac-
tion step becomes rate limiting. Under the condi-
tions of Fig. 5 saturation occurs at V> 0, but for
other values of the rate constants the saturating part
of I (V) may extend toward negative voltages.

Voltage effects on the Na, K-pump reconstituted
in artificial lipid vesicles have recently been de-
scribed by Karlish et al. (1985). They observed that
the rate of ATP-driven sodium flux was increased
when the potential of the “cytoplasmic” side was
made positive. The voltage effect disappeared at low
ATP concentrations at which the E;(K;) = E; - K,
transition becomes rate limiting. As an explanation
of this finding the authors proposed that the ligand
system bears two negative charges (zp= —2). This
would mean (if intrinsic charge-translocations are
excluded) that the E; (K;) — E; - K, transition is volt-
age-independent.



Pump reversal

In the absence of intracelluiar ATP and in the
presence of large concentration gradients for Na*
and K* the Na, K-pump runs backward, synthesizing
ATP from ADP and P, (Garrahan and Glynn 1967).
De Weer and Rakowski (1984) have recently studied
pump currents in squid axons under conditions of
pump reversal. At nominal zero intracellular ATP
concentration and finite concentrations of ADP and
P, they observed a pump-specific current which was
directed inward, opposite to the direction of pump
current under physiological conditions. Contrary to
simple expectation, the absolute magnitude of the
inward current decreased when the axon interior was
made more negative. On the basis of the foregoing
discussion this observation of a negative pump con-
ductance can be explained by assuming that in at
least one of the reaction steps net charge is moved
against the direction of overall charge-translocation.
This is the case, for instance, when the ligand groups
of the alkali-ion binding sites are neutral (Fig. 6) so
that the K*-loaded sites are positively charged.
Under this condition hyperpolarization has an inhibi-
tory effect when in the transition K,:E,-ATP —
ATP-E;(K,) the binding sites move outward.
Current-voltage curves for this case under conditions
of pump reversal are shown in Fig. 11. It is seen that
the pump exhibits a negative differential conduc-
tance at sufficiently negative membrane potentials.
Thus, the voltage dependence of reverse pump-
current observed by De Weer and Rakowski (1984)
can be understood on the basis of charge displace-
ments associated with individual reaction steps of
the cycle. As discussed above, this model also
implies that in the forward-running mode of the

- 1 1

:2200 -100 0 vimv
Fig. 11. Current-voltage characteristic of the pump running
backward. The pump current, I, has been calculated using the
same kinetic parameters as in Fig. 6, but for the conditions of
the experiment of De Weer and Rakowski (1984) (cjy =~ 0,
ey =435mM, cx=300mM, cf =0, AGx0, §c;r~0). The
pump exhibits a negative differential conductance at strongly
hyperpolarizing voltages
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pump a region of negative conductance occurs at
more positive potentials (Fig. 6). However, the nega-
tive-conductance region in the forward mode may lie
outside the experimentally accessible voltage range.
While the explanation for the negative conductance
discussed here is attractive for its simplicity, other
possibilities cannot be excluded at present, for
instance the existence of a voltage-sensitive gate
operating in series with the pump (De Weer 1984;
De Weer and Rakowski 1984).

Discussion

The treatment of current-voltage behaviour of the
Na,K-pump given above has been based on the
assumption that the reaction pathway of the pump
can be described as a sequence of transitions be-
tween discrete molecular states. The voltage depen-
dence of the transition rate constant is determined
by the corresponding charge displacements. Charge
movement may result from migration of alkali ions
in the access channels, from translocations of the ion-
binding site, as well as from rotations of dipolar
groups in the protein.

In the Post-Albers reaction scheme which has
been used for the evaluation of transport rates, the
Na: K ratio has a fixed value of 3: 2. In reality, the
Na: K coupling ratio (and also the Na:ATP ratio)
may vary, depending on voltage and on the alkali-
ion concentrations. It is feasible, for instance, that
in addition to the sequence Naj-E,-ATP —
(Na;3)E;~P — P—E, - Na; a parallel pathway exists
in which the E,/E, transition takes place with only
two sodium ions bound to the binding site. Since the
charge translocated in the two parallel pathways is
different, the Na:K coupling ratio will become
voltage dependent. The treatment of I (¥) behaviour
may be easily extended to account for additional
pathways in the reaction scheme.

The main information which is obtained from
the experimental (V) curves is contained in the
dielectric coefficients o', a”, £, ... describing the
charge translocations associated with the transitions
in the reaction cycle (Egs. (7)—(13)). An inherent
complication in the analysis of experimental I(})
curves results from the fact that several transitions
in the reaction cycle may be voltage-dependent. If
only limited experimental data are available, the
evaluation of kinetic parameters from 7(V) curves
may become ambiguous. It is therefore important to
measure the I (V) characteristic at different concen-
trations of ATP, ADP, P; and of Na* and K* (Glynn
1984). The model may be further tested by studying
the voltage dependence of the partial reactions of
the pumping cycle, such as Na,Na- or K K-ex-
change (Cantley 1981).
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Appendix A

Derivation of Eq. (4)

We consider an equilibrium situation in which the
chemical driving force is exactly balanced by the
electric and osmotic gradients (Tanford 1981):

eV ek \?
exp (—A4G/RT) =( ) (C?) exp (— up) (A1)

N
¢y and ¢k are the Nat and K* concentrations on the
cytoplasmic side and cf and c¥ are the concentra-
tions at the extracellular side. The equilibrium volt-
age uy is defined according to Eq. (6). We further
introduce the fraction x[A] of enzyme present in
state 4. Under equilibrium conditions the ratio
x[A)/x[B] for each step of the cycle is equal to the
ratio of the corresponding rate constants; for in-
stance:

xE(K)] g
x[P-E;-Ks]  gscp

(Fig. 1). Multiplication of the left-hand sides of all

(A.2)

equations of type A.2 yields, together with
Eq. (A.]):
|= P Lrgrsyerky K Ko Kis Ky Kko
pscpkysygscrly KinKyaKivs Kk Ki»
- exp (—up+A4G/RT) (A.3)

(Lauger 1984). Since any voltage, u, can be obtained
by a suitable choice of ¢y, c¥, ck, ¢k, and since the
rate constants do not explicitly depend on the ion
concentrations, Eq. (A.3) holds for any voltage, u.
This proves Eq. (4).
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