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ABSTRACT Experiments were designed to characterize several partial reactions of
the Na,K-ATPase and to demonstrate that a model can be defined that reproduces
most of the transport features of the pump with a single set of kinetic parameters.
We used the fluorescence label 5-iodoacetamidofluorescein, which is thought to be
sensitive to conformational changes, and the styryl dye RH 421, which can be
applied to detect ion-binding and -release reactions. In addition transient electric
currents were measured, which are associated mainly with the E; — E; conforma-
tional transition. Numerical simulations were performed on the basis of a reaction
model, that has been developed from the Post-Albers cycle. Analysis of the
experimental data allows the determination of several rate constants of the pump
cycle. Our conclusions may be summarized as follows: (a) binding of one Na* ion at
the cytoplasmic face is electrogenic. This Na* ion is specifically bound to a neutral
binding site with an affinity of 8 mM in the presence of 10 mM Mg?2*. In the absence
of divalent cations, the intrinsic binding affinity was found to be 0.7 mM. (b) The
analysis of fluorescence experiments with the cardiotonic steroid strophanthidin
indicates that the 5-iodoacetamidofluorescein label monitors the conformational
transition (Nas)E,-P — P-E5(Nag), which is accompanied by the release of one Na*
ion. 5-IAF does not respond to the release of the subsequent two Na* ions, which
can be monitored by the RH 421 dye. These experiments indicate further that the
conformational transition E\P — P-E; is the rate limiting process of the Na*
translocation. The corresponding rate constant was determined to be 22 s~1 at 20°C.
From competition experiments with cardiotonic steroids, we estimated that the
remaining 2 Na* ions are released subsequently with a rate constant of at least
5,000 s~! from their negatively charged binding sites. (¢) Comparing the fluores-
cence experiments with electric current transients, which were performed at various
Na concentrations in the absence and presence of strophanthidin, we found that the
transition (Naz)'E,-P — P-Ey(Nay) is the major charge translocating step in the
reaction sequence NaygE; — (Nag)E;-P — P-Ey(Nag) — P-E;. The subsequent
release of 2 Na* ions contributed less than 25% to the total electric current
transient. (d) The well known antagonism between cardiotonic steroids and K*
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binding can be explained by a kinetic model. A quantitative description has been
obtained under the assumption that these inhibitors bind only to the states
P-E9(Nay) and P-Eo(Ky). (¢) Most of our experiments can be described by a modified
Post-Albers scheme. A set of the kinetic parameters in this scheme has been
determined by the experiments presented or by data from literature. Numerical
simulations using this set are consistent with the presented data.

INTRODUCTION

The operation of the Na,K-pump involves a sequence of conformational transitions
and ion binding and release reactions (Glynn, 1985; Jgrgensen and Andersen, 1988).
Biochemical characterization and proteolysis experiments indicate that the enzyme
can assume two principal conformations designated as E; and Ey. In the E,
conformation, the enzyme presents ion-binding sites to the cytoplasm and is
stabilized by Na* ions. In E, the ion-binding sites face the extracellular side and the

— (Na,)E,-P FIGURE 1. Post-Albers scheme of the
|; Ndyy pump cycle of the NaK-ATPase,

Naj-E,-ATP P.E ﬁ;z adapted from Lauger (1991). E; and
"2 E, are conformations of the enzyme

Ni'gyy — N’ P .
INteyt fext  yith binding sites facing the cyto-
E,-ATP P-E, plasm and the extracellular medium,
2K oyt — F—ZK’;,t respectively. In the occluded states
K, -E,-ATP P-E. XK. (Nay) Ei-P, Eo(K3) and ATP(Ey(K,)
12 the bound ions are unable to ex-

ATP.E,(K;) —Ez(Kz)_J change with the aqueous phase.

P-Ey(K,) and P-Ey(Na,) indicate states,

which may occlude ions upon binding of cardiotonic steroids. Dashes indicate covalent bonds
and dots indicate noncovalent bonds. When the enzyme is phosphorylated by ATP in state E,,
three Na* ions become occluded (Nas'E,"ATP — (Nas) E,-P). The spontaneous transition to
conformation E, leads to the release of the Na* ions to the extracellular side. The subsequent
binding of potassium initiates enzyme dephosphorylation and occlusion of K* ions. Low-affinity
binding of ATP shifts the conformation to state E, from which K* is released to the cytoplasm.

enzyme is stabilized by K* ions. The physiological function of the Na,K-pump can be
described by the Post-Albers reaction cycle (Fig. 1).

The kinetics of several partial reactions have been studied by various techniques
such as time-resolved phosphorylation and dephosphorylation studies (Mardh and
Zetterquist, 1974; Froehlich, Albers, Koval, Goebel, and Berman, 1976; Mirdh and
Post, 1977; Hobbs, Albers, and Froehlich, 1988), time-resolved flux measurements
on ion transport and (de)occlusion (Forbush, 1984; 1987a,b), studies on transient
currents (Fendler, Grell, Haubs, and Bamberg, 1985, Nakao and Gadsby, 1986;
Borlinghaus, Apell, and Liuger, 1987) or time-resolved fluorescence measurements
(Karlish and Yates, 1978; Kapakos and Steinberg, 1982; Taniguchi, Suzuki, and lida,
1983; Skou and Esmann, 1983; Rephaeli, Richards, and Karlish, 1986; Stiirmer,
Apell, Wuddel, and Liuger, 1989; Stirmer, Biihler, Apell, and Liuger, 1991b).
Despite the large number of kinetic experiments, basic questions concerning the
kinetics of partial reactions still remain open. However, there are at least two reasons
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to determine the rate constants of partial reactions of the reaction cycle and their
temperature dependence. (a) Experiments have been performed with enzyme pre-
pared from various species, different tissues and at different temperatures. Recent
experiments indicated that large divergence may occur between the rate constants of
enzyme prepared from different species and of different enzyme isoforms (Forbush
and Klodos, 1991; Sweadner, 1991). Because comprehensive information is scarce,
both about species differences in rate constants and about their temperature
dependence, a consistent set of parameters would permit a crucial analysis of
proposed pump schemes.

(o) The knowledge of the forward and backward rate constants of all partial
reactions allows the determination of basic free-energy levels. The determination of
the temperature dependence of these rate constants allows the calculation of
enthalpy and entropy terms of single reaction steps.

Such an analysis has been performed in part for the Na,K-pump (Liuger and
Apell, 1986; Stiirmer et al., 1989; Stein, 1990; Liuger, 1991). The analysis in these
studies was based on the Post-Albers cycle. Since there was not enough detailed
experimental information available, it had to be assumed: (a) the enzyme can bind up
to three Na* ions or up to two K* ions. Mixed species such as Na)oKE ; are
excluded, (b) the three Na* sites were considered to be equivalent in their binding
properties (the same assumption was made for the two K* sites), and (c) the rate
constants for binding and release of Na* and K* ions were assumed to be large
compared to other reaction steps so that the six different forms, NasE,;, NagEy, . . .,
KyE,, are always in equilibrium with each other.

There is now considerable experimental evidence to replace the second assump-
tion. One line of evidence comes from electrophysiological experiments on whole
cells, which suggest that Na* release (Gadsby, Rakowski, and De Weer, 1993) and K*
binding (Lafaire and Schwarz, 1986; Rakowski, Vasilets, La Tona, and Schwarz, 1991)
at the extracellular side is electrogenic and becomes rate limiting under conditions of
low K* concentrations ([K*] <0.1 M) and of positive membrane potential.

These experiments are supplemented by fluorescence experiments with Na,K-
ATPase membrane fragments. In these studies, styryl dyes such as RH 160 or RH 421
have been used to detect local changes of electric field-strength in open membrane
fragments (Klodos and Forbush, 1988; Biihler, Stiirmer, Apell, and Liuger, 1991;
Stiirmer et al., 1991a,b; Stiirmer and Apell, 1992). These experiments suggest that
cytoplasmic binding of an Na* jon, extracellular Na* release, and extracellular K*
binding are electrogenic and, under appropriate conditions, rate limiting.

We will propose a more detailed reaction model, which takes these results into
account. In the following optical and electric experiments are described, which were
designed to characterize several of the partial reactions of the pump cycle. An
ATP-concentration jump technique has been applied, which allowed us to study the
time dependence of partial reactions of the Na,K-pump. To distinguish different
states of the NaK-pump, we used two methods based on the properties of two
different fluorescence labels. (@) 5-Iodoacetamidofluorescein (5-IAF): this dye binds
covalently to cys 457 on the cytoplasmic face of the protein (Tyson, Steinberg,
Wallick, and Kirley, 1989). The characteristic fluorescence changes of this dye, which
may be observed upon changes of the composition of the medium, are thought to
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reflect conformational changes of the protein (Glynn, Hara, Richards, and Steinberg,
1987; Steinberg and Karlish, 1989; Stiirmer et al., 1989). With our preparation of
enzyme from rabbit kidney it is possible to discriminate between three different
groups of enzyme states: (1) all E, states, including (Nas)E-P, (2) all P-E, states and
(3) Eo(Ks) and ATP-Ey(Ky) (Stiirmer et al., 1989).

(b) RH 421: this amphiphilic electrochromic styryl dye is thought to insert in lipid
domains of Na,K-ATPase membrane fragments. It does not respond to conforma-
tional transitions but detects changes of electric field strength inside the membrane
dielectric. Such changes in electric field strength are caused by binding or release of
ions and/or by movement of charge inside the membrane and allow this way a
discrimination between differently charged states of the enzyme (Biihler et al., 1991).
The mechanism is not completely elucidated so far (see below).

MATERIALS AND METHODS

Materials

Sodium dodecylsulfate (SDS) was obtained from Pierce Chemical Co. (Rockford, IL), sodium
cholate from Merck (Darmstadt, Germany) and diphytanoyllecithin from Avanti Polar Lipids,
Inc. (Birmingham, AL). Phosphoenolpyruvate, pyruvate kinase, lactate dehydrogenase, lu-
ciferin, luciferase, NADH and ATP (disodium salt, Sonderqualitit) were from Boehringer
GmbH (Mannheim, Germany). a-chymotrypsin (type IV), apyrase VI and strophanthidin were
purchased from Sigma (Miinchen, Germany). 5-Iodoacetamidofluorescein (5-IAF), RH 421 and
P3-1-(2-nitro) phenylethyladenosine-5'-triphosphate (“caged” ATP) were obtained from Mo-
lecular Probes Inc. (Eugene, OR). The purity of these products was checked by thin-layer
chromatography. Ethylenediamine tetraacetic acid (EDTA) and NaCl were from Merck. In
experiments with a nominal absence of K*, NaCl was used in Suprapur quality. All other
reagents were of analytical grade. Sephadex G25 was obtained from Serva (Heidelberg,
Germany).

Enzyme preparation and fluorescence labeling. Na,K-ATPase was prepared from the outer
medulla of rabbit kidneys using procedure C of jgrgensen (1974). This method yields purified
enzyme in the form of membrane fragments containing ~0.8 mg phospholipid and 0.2 mg
cholesterol per mg protein (Bihler et al., 1991). The specific ATPase activity was determined
by the pyruvate kinase/lactate dehydrogenase assay (Schwartz, Nagano, Nakao, Lindenmayer,
and Allen, 1971). Pyruvate kinase and lactate dehydrogenase were added in a 100-fold excess
over ATPase activity. The protein concentration was determined by the Lowry method (Lowry,
Rosebrough, Farr, and Randall, 1951), using bovine serum albumin as a standard. For most
preparations the specific activity was in the range between 1,500 and 2,500 pmol P; per h and
mg protein at 37°C, corresponding to a turnover rate of 60-85 s~! (based on a molar mass of
140,000 g/mol). The suspension of Na,K-ATPase-rich membrane fragments (~ 3 mg protein/
ml) in buffer (25 mM imidazole sulfate, pH 7.5, 1 mM EDTA, 10 mg/ml sucrose) was frozen in
samples of 100 pl; in this form the preparation could be stored for several months at —70°C
without significant loss of activity.

Labeling of the enzyme with 5-IAF was performed by incubating 200300 ng of the enzyme
for 48 h at 4°C with a solution containing 100 uM 5-IAF, 10 mM K;SO, and 50 mM imidazole
sulfate, pH 7.5 (Kapakos and Steinberg, 1982). The labeled enzyme was separated from
unbound dye by passing the reaction mixture through a Sephadex G-25 column of 5 cm
length. The specific activity was not significantly changed by the labeling procedure.

In the experiments with RH 421, the dye was added from an ethanolic stock solution to the
aqueous suspension of membrane fragments to obtain a final concentration of 200 nM. In
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contrast to 5-IAF the styryl dye RH 421 is not linked to the protein but dissolved in the
membrane dielectric and aligned with the negatively charged sulfonate end towards the
aqueous phase. Due to the high partition coefhicient of the styryl dye, ~90% was bound to the
membrane fragments (Biihler et al., 1991). Although there is general agreement that RH styryl
dyes respond to changes of the electric field in the membrane, the mechanism is not explained
completely so far (Grinwald, Hildesheimer, Farber, and Anglister, 1982; Biihler et al., 1991;
Clarke, Schrimpf, and Schoneich, 1992). While Biihler et al. (1991) attributed the main effect to
an electrochromic mechanism, Clarke et al. (1992) presented evidence for additional voltage-
sensitive aggregation of dye molecules. According to Clarke et al. (1992) the differences and
their explanations may be due to higher dye concentrations they used compared to Biihler et
al. (1991). Conformational rearrangements of the enzyme which are not associated with charge
movements in the protein do not contribute to fluorescence intensity changes (Biihler et al.,
1991; Stiirmer et al., 19915).

Steady state fluorescence and absorption measurements. Most steady state fluorescence mea-
surements were carried out with a fluorescence spectrophotometer (model 650-40, Perkin-
Elmer Cetus Corp., Norwalk, CT). The thermostated cell holder was equipped with a magnetic
stirrer. For experiments with RH 421, the excitation wavelength was set to 580 nm (slit width
15 nm) and the emission wavelength to 660 nm (slit width 15 nm). For some experiments with
the dye RH 421, we used a home-built fluorescence spectrometer. The excitation and emission
wavelengths were selected with interference filters (A, = 580, Ao, = 660 nm, bandwidth 9 nm).
5-IAF fluorescence was excited at 480 nm (slit width 10 nm), emission was monitored at 520 nm
(slit width 10 nm). Binding of anthroylouabain was studied at \., = 365 nm (slit width 10 nm)
and A, = 510 nm (slit width 10 nm). Absorption measurements were performed with a
Perkin-Elmer Lambda 5 spectrophotometer. If not otherwise indicated, the experiments were
carried out at 20°C.

Measurement of transient fluorescence signals after photochemical release of ATP. Transient
fluorescence signals produced by photochemical release of ATP were measured as described
previously (Stiirmer et al., 1989). The optical cell was filled with 200-300 .l of a suspension of
membrane fragments (usually 5-30 pg protein/ml) in a medium containing 30 mM imidazole,
pH 7.2, 1 mM EDTA, fluorescence dye and various amounts of NaCl and KCl. The
fluorescence was excited by light from a 250 W tungsten-halogen lamp. Fluorescence light
emitted from the sample cell was collected by an ellipsoidal mirror and focused onto the
cathode of the photo multiplier. Excitation and emission wavelength were selected by
mterference filters (band-width is ~ 13 nm).

The current signal of the photo multiplier was converted to voltage and amplified in three
stages. The input stages of the amplifiers were protected by diodes against overload. This was
necessary since the 308 nm laser flash excited fluorescence and phosphorescence in some of
the optical elements (lenses and cuvette), which decayed with a time constant of ~1 ms. For
compensation of the stationary fluorescence signal before the flash, a differential amplifier was
used. The output signal was amplified 10-fold. The signal was digitized by a 16-bit analogue-
to-digital converter (DSP 32C Loughborough Sound Images Ltd., Loughborough, Leics
LE11 OQE, UK) and stored on the hard disk of a personal computer.

ATP was released from “caged” ATP (cg-ATP) in the cuvette by a light flash (wavelength 308
nm, total energy 150 m], duration 10 ns) generated by an EMG 100 excimer laser (Lambda
Physics, Gottingen). At pH 7.0 ATP is set free from cg-ATP with a time constant of 4.6 ms
(McCray, Herbette, Kihara, and Trentham, 1980). The concentration of released ATP was
determined by the luciferin/luciferase test which was calibrated using solutions of known ATP
concentration (DeLuca and McElroy, 1978). If not stated otherwise, the initial concentration of
cg-ATP was 100 uM from which ~ 15-25 pM ATP were released by a single flash. To remove
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traces of free ATP from the sample of cg-ATP, a small amount of apyrase (10-3 U/ml) and 2
mM Mg?* were added to the stock solution of cg-ATP.

Recording of electric signals. The method for measurement of transient electric currents,
which result from charge translocation within the membrane dielectric, has been described
previously (Borlinghaus et al., 1987; Stiirmer et al., 1989). Optically black films were formed
from a solution of 10 mg/ml diphytanoylphosphatidylcholine in n-decane (Liuger, Lesslauer,
Marti, and Richter, 1967). The membrane cell was made of Teflon and consisted of two
compartments separated by a thin Teflon septum with a circular hole of 1.0-mm diam. When a
suspension of membrane fragments was added to one of the compartments, fragments became
bound to the bilayer and covered up to 50% of the bilayer surface (Fringeli, Apell, Fringeli, and
Liuger, 1989). The solutions on either side of the lipid membrane were connected to the
external measuring circuit via agar bridges and silver/silver-chloride electrodes. For current
measurements under short-circuit conditions, the signal was amplified with a current amplifier
(Keithley model 427). For measuring voltage signals, a model 3528 Burr-Brown amplifier with
an input impedance of 10'2 { was used. The signals were recorded with a digital oscilloscope
(Nicolet model 4094 A) and stored on diskettes. If not indicated otherwise, the aqueous
solutions contained 30 mM imidazole, pH 7.2, 10 mM MgCl,, | mM EDTA and the indicated
concentration of NaCl. Cg-ATP (usually 250 uM) and membrane fragments (about 50 ug
protein/ml) were added together to one of the compartments.

forward
K K FIGURE 2. Transitions between states Py,
R ; P.‘_,—:P2 -------- P, Py, ... P,_,, P, of a pump molecule. kf, kb,
ki k2 . and k%, K, ... are rate constants for
backward transitions in forward and backward direc-

tion, respectively.

Light flashes of 40 ps duration and a total energy of 5 J were generated with a Xenon
flash-tube (model 5M-3) from EG&G Electro-Optics (Salem, MA). The emitted light passed
through a bandpass filter with a transparency of >50% between 260 and 380 nm (model
UG11, Schott, Mainz, Germany). From the recorded current transients, I{t), the pump current,
I,(¢), has been determined by a previously published method (Borlinghaus et al., 1987). The
amount of charge, Q(¢) was calculated by integration of I,(t) between ¢ = 0 and the required
time £,

Numerical simulation of the fluorescence changes and current transients. The method used to
evaluate the time course of the relative fluorescence change (AF/F,) can be described on the
basis of a general scheme (Fig. 2), in which it is assumed that operation of the pump involves a
sequence of transitions between states P; (i = 1, 2, . . . n). The rate constants kf and kP in forward
and backward direction are in general pseudo-monomolecular rate constants and may contain
substrate concentrations. x; (1) is defined as the fraction of enzyme in state P, at time ¢. The time
derivative of x; is given by:

% == b, HRD)x R e F R (= 1,2, ,n). (1)
The functions x; (¢) can be obtained by numerical integration of the n coupled Eq. 1.
Defining ¢; as the fluorescence induced by one enzyme molecule in state P; and N as the



HEYSE ET AL.  Rate Constants of Partial Reactions of the Na,K-ATPase 203
number of fluorescence molecules, the measured fluorescence F may be noted as:
F= N-X @ixi 2
With F, = F(t = 0) and x;, = x;{t = 0), the relative fluorescence change AF/F; can be defined as:
E @i (xi(t) — xio)

AF(t) 1
£ 2 Pi Xio
i

(3)

In order to describe the time dependence of the transient pump current, I,(t), we introduce the
net rate ®(¢) of transition between states P, — P;,, (Fig. 2):

() = kEx; — By xia. 4)

The charge movement Q(t) inside the protein dielectric may be written as:
t
QW) = [ Ty dt = eeN'3 (ai- f e dt) = 240 (5)

I,(t) is the pump current, ¢, the elementary charge, and N is the number of pump molecules
which contribute to the signal. o; are dielectric coefhicients which account for the dielectric
length of the charge movement (Liuger and Apell, 1986). The g;(¢) are the contributions of the
individual reaction steps to the entire charge transient.

The pump cycle: basic assumptions. The model applied in all numerical descriptions of the
pump cycle is illustrated in Fig. 3. It is based on the Post-Albers scheme (Fig. 1) and has been
expanded in order to account for (z) noncanonical flux modes; (b) recent findings, which
indicate that Na* release and K* binding at the extracellular face are electrogenic and possibly
involve migration of 2 Na* or 2 K* ions along a narrow access channel (Stiirmer et al., 19915;
Rakowski et al., 1991; “ion well,” Liuger, 1991); and (c) the finding that on the cytoplasmic
side binding of a Na* is electrogenic in contrast to K* binding. We still assume that binding or
release of 2 Na* and 2 K* ions is fast on the cytoplasmic face. This is formalized by the
assumption that these states are in equilibrium with each other at all times (Liuger and Apell,
1988):

x[Na;Eq] x[Na;-EATP) CNa

sNayEi]  xNai vErATP] Kngy o €= 132 ©

x[K;E]  x[KEvATP] ¢k

- =Sk (j=1,9)
MK En] K ECATR] Kgg oo U= @

x[P;] denotes the fraction of molecules in state P;, c'y, is the cytoplasmic concentration of Na*,
ck the cytoplasmic concentration of K*. Ky,; and K; are equilibrium dissociation constants.

This assumption is supported by experiments in which evidence is presented that the
negatively charged (unselective) binding sites for these ions are located presumably at the
protein-water interface (Grell et al., 1991; Stiirmer et al., 1991a,5). The term “binding sites are
located at the protein-water interface,” which is used in this study, does not necessarily imply a
location at the topological protein-water interface. They can be located also in a water-filled
vestibule, as long as the electric field strength resulting from a transmembrane voltage is low
within che vestibule.
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Naig, a,.c_r: Na,E,-ATP _p_'p';D (Nay)E,-P «g::c;, \
o b
NarCha | ¥ NytChal ¥ doe FIGURE 3. Expanded form of
ey Sh NafcATP o EalNa) —a— PEMa)  the Post-Albers cycle (Fig. 1) for
pury ch;l ‘:" the evaluation of the time de-
Nak, 2151 NaE, ATP P-E4(Na) pendence of AF/F, and Q(¢). ag
=8 4| 9u po - - . G, Py, - - . are rate con-
ayor~ Suhal ¢ stants in forward and backward
e, E-ATP 'TEr’n o direction, respectively. c¢r, ¢p,
1K .
my| § and ¢p are concentrations of
8y Cp—= -
KE—L5— KE;ATP F”L;n‘ﬁ ATP, ADP and P,. cly,, ¢k, s 6
|¢ " are the concentrations of Na*
- Ky sy Cp— .
KoEq—Li K,E ATP—E ATP-E,(K»,;'OTE,(K:>°L;, PExK) |  and K* at the cytoplasmic and
s 1 . .
\ hf'h’ ) extracellular side, respectively.
!
-—Tp
RESULTS

In this section a series of experiments are described that allowed us to determine
independently sets of rate constants by appropriate experimental conditions and
techniques. The sequence of paragraphs follows the Post-Albers cycle of Fig. 3.

Cytoplasmic Sodium Binding in the Absence of K* and ATP

Sodium binding to the unphosphorylated enzyme was investigated at high and low
ionic strength with the 5-IAF and RH 421 method. Data from the literature indicate
that in the absence of alkali ions the protein is forced by high ionic strength into an
E; conformation, in low ionic strength the protein is expected to be stabilized mainly
in an Es conformation (Grell et al., 1991; David and Karlish, 1990).

In high ionic strength (0.4 M choline chloride), addition of Na* does not change
the fluorescence of the 5-IAF-labeled enzyme. At low ionic strength, addition of Na*
to the IAF-labeled enzyme leads to a fluorescence increase of ~8% (Fig. 4). This
change of 5-IAF fluorescence is not sodium specific and can be obtained also with
cations like choline, guanidinium or imidazole. The time constant of the fluorescence

S-IAF 0 mM ChCl
10s [3%
—
{ 400 mM ChCl
10 mM NaCl
RH 421
e I5%
10s
—
’ 400 mM ChCl
10 mM NaCl o M ChCl

FIGURE 4. High affinity Na* binding at
low and high ionic strength. RH 421 or
5-1AF-labeled membrane fragments were in-
cubated in a solution containing 5 mM histi-
dine, 0.1 mM EDTA, 10 mM MgCl; and 0
or 400 mM choline chloride. 10 mM NaCl
was added from a 1 M stock solution.
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increase was determined to be ~0.2 s~! (Fig. 4 top). This value is similar to the values
given in the literature for the conformational change from E; to E, and the rates of
spontaneous deocclusion of Rb* (Karlish, 1980; Glynn and Richards, 1982; Forbush,
1987b). These data support the notion that in the absence of ATP and P;, the enzyme
is mainly in an E; conformation in buffer of low ionic strength, whereas high ionic
strength stabilizes an E, conformation.

Addition of NaCl to RH 421-labeled fragments led to a fluorescence decrease in
media of high and low ionic strength (Fig. 4, bottom). In contrast to experiments with
the 5-IAF-labeled enzyme a fluorescence decrease with RH 421 could not be obtained
with other cations (Li*, K*, Rb*, Cs*, NHj, choline*, guanidinium derivatives). The
amplitude of the Na*-induced fluorescence decrease was less affected by ionic
strength (additional 2-5%) whereas the time course of these signals strongly de-
pended on ionic strength. At low ionic strength, the time course was comparable to
the time course measured with the 5-IAF-labeled enzyme and seems to be controlled

v T FiGURE 5. Relative fluorescence
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change AF/F, of RH 42l-labeled
membrane fragments after addition
of NaCl in the absence and presence
of 10 mM MgCl; as a function of
Na* concentration. A suspension of
membrane fragments (30 wg/ml) was
added to a solution containing 200
nM RH 421, 300 mM choline chlo-
ride, 25 mM histidine, 0.5 mM EDTA,
pH 7.2 and the indicated concentra-
tion of MgCly. NaCl was added from a

stock solution containing 300 mM
NacCl, 25 mM histidine and 0.5 mM EDTA. The data are corrected for dilution effects. F, is the
fluorescence intensity before the addition of NaCl.

by the transition E3 — E,. In high ionic strength media (> 400 mM), addition of Na*
led to a fast fluorescence decrease which could not be resolved even at low
temperatures.

In the experiments shown in Fig. 5, RH 421-labeled fragments were titrated with
NaCl in a buffer containing 25 mM histidine, 0.5 mM EDTA, 300 mM choline
chloride, and 0 or 10 mM Mg?*. The intrinsic binding affinity for sodium depended
on the presence of divalent cations. In the presence of 10 mM Mg?* the intrinsic
equilibrium dissociation constant is 8 mM, without Mg?* it is 0.7 mM. These values
were not affected appreciably by low ionic strength. Experiments with other divalent
cations like Ba?* and Ca%* gave similar results (data not shown).

From literature values (Froehlich and Fendler, 1991) and our own unpublished
stopped flow experiments we estimated the rate constant ns; to be 1-10° s~1 M~! (as a
lower limit). With the experimentally determined dissociation constant of 8 mM the
backward rate constant ng, can be calculated to be 800 s~!.
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ATP-concentration Dependence of the E; — E; Conformational Transition

With regard to the conformational transition E; — Eo, the apparent affinity for ATP
may be determined with both 5-IAF and RH 421-labeled membrane fragments. In
these experiments, labeled membrane fragments were incubated in the presence of
100 mM NaCl, 25 mM histidine, 0.5 mM EDTA, 10 mM MgCl; and various
concentrations of cg-ATP. ATP was released from cg-ATP at time ¢ = 0. This reaction
triggered enzyme phosphorylation and the conformational transition to P—Ej states.
In Fig. 6 the ATP-concentration dependence of the amplitudes and the time course

AF;E -t -AFQ FIGURE 6. (4) Amplitudesa; =
Fo F, AF/F, and (B) half times ¢,
0.6 of ATP-induced fluorescence

changes under K* free condi-
10.02 tions as a function of ATP con-
centration. t,,; is the time at
which AF(t)/F, reaches its half-
1001 maximal value. F, is the fluo-
rescence intensity before the
light flash. Experimental data
are represented by circles. ATP

041

0.2

0 B + t + +—+ 0 was released from cg-ATP by a
M P — _ } 308 nm light flash with a yield
ms RSSO of ~20%. (Open circles O) Sus-

{ P"i"gﬂ pension of 5-IAF-labeled mem-
400 "\‘o ”ifz@ 7 brane fragments (6 pg/ml) in
\» 5-IAF PE, | 100 mM NaCl, 25 mM histi-

dine, 0.5 mM EDTA, 10 mM
1 MgCl; and the indicated con-
centration of ATP. (Filled circles
ol @®) 200 nM RH 42] was added
] to a solution containing 30

200 ¢

0 1 2 3 410 pg/ml membrane fragments in

[ATP]/],LM 100 mM NaCl, 25 mM histi-

dine, 0.5 mM EDTA, 10 mM

MgC); and the indicated con-

centration of ATP. The temperature was 20°C. The lines have been obtained by numerical
simulations of the reaction cycle of Fig. 3 using the values given in Table V.

of the 5-IAF and RH 421 fluorescence signals are shown. In the absence of Mg?* no
fluorescence changes have been observed. At high concentrations ATP binding will
be fast compared to the conformational transition E; — Es, and the half time for
transition, ¢, reflects mainly either the rate of the conformational transition (5-1AF)
or the rate of charge movement within the dielectric (RH 421). ATP binding became
rate limiting in low ATP concentrations and determined the rate constant of the
fluorescence change. At low ATP concentrations the fluorescence amplitude also
decreased. This can be explained by the assumption that the rate of enzyme
phosphorylation is reduced at low ATP concentrations whereas the rate of dephos-
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phorylation presumably is unaffected by a change in ATP concentration. As a
consequence only part of the enzyme is phosphorylated in the presence of low
concentrations of ATP. The data in Fig. 6 show that the fluorescence change was half
maximal at 50-100 nM and the conformational transition rate was half maximal at
~1 pM ATP. To make sure that ATP consumption does not reduce the actual
concentration in a way that kinetic parameters determined in the presence of low
ATP concentrations are changed, the experiments have been repeated with reduced
enzyme concentration. A larger excess of ATP compared to the amount of protein
led to the same results.

AF AF  FIGURE 7. Amplitudes AF/F,
Fo Fo of ATP-induced fluorescence
08 changes under K* free con-
RH4I SIAF  ditions as a function of Na*
0.6 d-002 concentration. (Open circles O)
Suspension of 5-IAF-labeled

o4 membrane fragments (6 pg/ml)

’ in 25 mM histidine, 0.5 mM
1-001 EDTA, 10 mM MgCl,, 100 uM

0.2 cg-ATP and the indicated con-
centration of NaCl. (Filled circles

0 . . @®): 200 nM RH 421 were

0 200 400 600 800 1000 added to a solution containing
30 pg/ml membrane fragments
+
[Na']/mM in 25 mM histidine, 0.5 mM
EDTA, 10 mM MgCl,, 100 uM cg-ATP and the indicated Na* concentration. 20 pM ATP was
released from cg-ATP. The temperature was 20°C. The lines have been obtained by numerical
simulations of the reaction cycle of Fig. 3.

Sodium-Concentration Dependence of the ATP-induced Fluorescence Change

The amplitude of the fluorescence signal, which was observed upon phosphorylation
by saturating concentration of ATP (~20 pM), is plotted in Fig. 7 as a function of
Na* concentration for the 5-IAF and RH 421 fluorescence signal. The relative
fluorescence change AF/F, reached a maximum at ~40 mM Na* and declined at
higher Na* concentrations (Stiirmer et al., 19915).

The biphasic shape of the Na* concentration dependence of the fluorescence
signal in Fig. 7 is presumably caused by two processes: the increasing fluorescence,
AF/Fy, up to 40 mM Na* can be attributed to the cytoplasmic activation of enzyme
phosphorylation by Na*, which is known to require only millimolar Na* concentra-
tions. The region where the fluorescence change declines with increasing Na* (>40
mM Na*) is thought to result from the successive equilibrium occupation of the
binding sites in states P-Eo'(Na), P-E9'(Nay), and (Nas)-E;-P. The binding affinity of
Na* on the extracellular side is known to be much lower than on the cytoplasmic side
(Kaplan and Hollis, 1980; Kaplan, 1982).

The rate constant which controls enzyme phosphorylation, p¢, cannot be measured
directly, because the step NasEATP — (Nas)E|-P does not produce a change of the
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RH 421 fluorescence. However, in the presence of ATP and of low Na* concentra-
tions the state NasE|ATP is populated only poorly and the transition to (Nas)E;-P
becomes the rate limiting step in the whole reaction sequence after the experiment is
started by an ATP concentration jump (~20 uM from 100 pM cg-ATP). The
subsequent reaction steps, which are monitored by RH 421, are fast under these
conditions ([Na*] < 5 mM). A variation of the Na* concentration modulates the
reaction flux through transition NasEjATP — (Nag)E|-P and, therefore, the analysis
of the time course of these experiments can be used to get information on the rate
constant pyr. In Fig. 8 the relative fluorescence amplitudes and the time course of the
ATP-induced 5-IAF and RH 421 fluorescence signals are plotted as a function of Na*
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concentration (0-20 mM Na). With respect to the fluorescence amplitudes a half
saturating concentration of 1-2 mM Na* was obtained (Fig. 8 4). A plot of reciprocal
values of £, of the fluorescence time courses against [Na*] yielded a Ky of 4 mM
(Fig. 8 B).

Fluorescence Signals Associated with Na* Release to the Extracellular Side

The decrease of the stationary fluorescence signals at high Na* concentrations can be
analyzed in terms of bound Na* (RH 421) and of the ratio of the population of
(Na3)E;-P and phosphorylated states of E; (5-IAF). Changes of the fluorescence
amplitudes were not significantly affected, when the ionic strength had been kept
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constant at 1 M by addition of choline chloride. However, apparent affinities of the
individual Na* release steps cannot be determined in an unambiguous way from
these experiments. Therefore, different approaches were used to determine the
kinetic and electrogenic properties of the Na* release steps.

Time dependence of extracellular sodium release. The time course of the 5-IAF and
RH 421 fluorescence signals, which are associated with the conformational change
E, — E,; and with the release of Na* ions to the extracellular side, can be measured
easily with the ATP concentration jump technique. In Fig. 9 such experiments are
shown using the 5-IAF and RH 421 method. Both experiments were carried out in
the presence of 100 mM NaCl, 25 mM histidine, 0.5 mM EDTA, 10 mM MgCl,, 100
M cg-ATP and in the absence of K*. The rise of the RH 421 fluorescence signal was
significantly faster (¢,2 = 40 ms) than of the 5-IAF signal (t;;2 = 55 ms). Similar
results were obtained using stopped-flow technique (Biihler, 1992). The same

FIGURE 9. Time course of the
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observation has been reported by Pratap, Robinson, and Steinberg (1991). They have
interpreted it as the release of the first Na* ion (RH 421 signal) before the
conformational change occurs (5-IAF signal). However, it should be noted that both
fluorescence signals can be fitted much better by two exponentials than by one. The
faster process is the major component in both experiments and has almost the same
time constant, T, of ~60 ms (¢;;2 = 42 ms). The slower component is significantly
different in sign and amplitude. It might depend on unspecific effects which have to
be attributed to the dyes (unpublished data).

Experiments with cardiotonic steroids. Another method to determine the rate
constants of Na* release is based on experiments with cardiotonic steroids (CS). CS
are known to be specific inhibitors of the Na,K-pump. Inhibition occurs when one
molecule is bound per af protomer. The binding may be described by a single
reversible equilibrium (Baker and Willis, 1970; Erdmann and Schoner, 1973; Askari,
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Kakar, and Huang, 1988). Recently published data show that the use of CS allows
discrimination between two distinct electrogenic steps in the reaction sequence
(Na3)'E\-P « P-Ey"(Nag) and P-Ey'(Nag) <> P-Ey (Stiirmer and Apell, 1992). This
observation stimulated the following experiments.

In a first series of experiments, RH 421-labeled membrane fragments were
phosphorylated by ATP in a buffer containing 100 mM Na* in the absence of K* and
in the presence of various concentrations of strophanthidin. Some of the experiments
are shown in Fig. 10. The kinetics have been accelerated by use of the aglycone
strophanthidin instead of the glycoside ouabain. The rate constants for association
and dissociation of the cardiac aglycones are higher than the rates of the correspond-

08 F' ' ¥ -
AF _0uM stroph. (CS) RH 421
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06 |
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NasE;—NagEfATP— (NagE, P 5
02F P-E,Na, — P-E,Na;-CS
P-]i:,ﬁ‘!
0 |- P-E, i
0 1 2 3 4
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FIGURE 10. Time course of the relative fluorescence change AF(t)/F, of RH 421-labeled
membrane fragments after phosphorylation by ATP in the presence of 100 mM NaCl, 25 mM
histidine, 0.5 mM EDTA, 10 mM MgCly, 20 pM cg-ATP and the indicated concentration of
strophanthidin. About 4 pM ATP were released photochemically at time ¢t = 0. The
temperature was 20°C. The curves have been obtained in the nominal absence of K*.

ing glycosides. However, the binding affinity is reduced compared to their corre-
sponding glycosides (Yoda and Yoda, 1976). These experiments were based on the
finding that up to 1 mM strophanthidin does not bind significantly to the enzyme in
the presence of 100 mM NaCl before it is phosphorylated by ATP (data not shown).
Upon phosphorylation the enzyme undergoes a conformational transition to the
phosphorylated states of E; and binds almost quantitatively one strophanthidin
molecule per a-subunit (Erdmann and Schoner, 1973; Askari et al., 1988). In the
presence of 100 mM Na* and in the absence of strophanthidin the steady state
fluorescence amplitude is produced mainly by states P-Ey-(Na) and P-E; (Table I). In
the presence of strophanthidin the final state will be a P-Ey(Nay)-strophanthidin
complex. Since in this state 2 Na* ions are trapped inside the protein dielectric
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(Jergensen and Andersen, 1988; Stiirmer and Apell, 1992), the final fluorescence
amplitude is lower than in the absence of strophanthidin (Fig. 10).

Both, in the absence and in the presence of a high concentration of strophanthi-
din, an approximately monophasic fluorescence increase with a similar time course
was observed (Fig. 10). At intermediate strophanthidin concentrations, the fluores-
cence signal reached a maximum and thereafter decreased towards a level corre-
sponding to the state P-Eg(Nay). At low concentrations of strophanthidin (1-40 pM)
the rate of enzyme inhibition was approximately proportional to the strophanthidin
concentration (data not shown). At high strophanthidin concentrations an almost
monoexponential fluorescence increase (~45%) has been observed. The time con-
stant of the RH 421 signal was similar in the absence and in the presence of a high
concentration of strophanthidin (¢;/2 = 40 ms).

The effect of strophanthidin on the fluorescence of the 5-IAF-labeled membrane
fragments was investigated using two approaches: (a) Addition of strophanthidin to
the phosphorylated enzyme: in a first series of experiments, 5-IAF-labeled membrane

TABLE 1

Distribution (in Percent) Between Different States of the Phosphoenzyme in Various
Na* Concentrations

Na/mM (Nag)'E,-P P-Ey'Na, P-Eg'Na P-E,
20 3.0 0.18 15.9 79.7

40 3.0 0.6 27.5 68.8
100 4.9 2.5 46.9 46.9
200 18.1 5.8 54.2 27.1
300 23.4 7.8 48.7 16.2
500 44.6 9.7 36.2 7.2
700 57.8 9.3 24.9 3.6
1000 71.7 8.3 15.5 1.5

The values were calculated according to the Post-Albers-scheme of Fig. 3 using the
parameters given in Table V.

fragments were phosphorylated by ATP in a buffer which contained 40 mM Na* and
0 K*. This caused a fluorescence decrease of 3% (Stiirmer et al., 1989). In 40 mM
Na* more than 90% of the phosphorylated enzyme is expected to be in states
P-Eo'(Na) and P-E; (see Table I). When various concentrations of strophanthidin
were then added to the phosphorylated enzyme to induce the transition P-E; —

. = P-E3:(Nay)-CS, only a small further decrease (0.2%) of the 5-IAF fluorescence
was observed. This minor decrease is presumably produced, when that part of the
enzyme, which is still in the state (Nas)E;-P (less than 5%, Table I), advances into the
inhibited state P-E9(Nag)CS. These findings support the idea that the transition
(Nas)-E,-P — P-Ey'(Na); is detected by the 5-IAF label.

To prove this, the experiments were repeated in 2 M NaCl. In this case the
phosphorylated enzyme may be expected to remain mainly in the state (Nas)-E|-P,
and indeed, upon addition of ATP the 5-IAF fluorescence stayed constant besides a
small unspecific effect (Fig. 11). When under this condition CS was added to the
phosphorylated enzyme, it underwent a conformational transition and proceeded
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into the state P-Ey'(Nap)-CS (Fig. 11). In the presence of strophanthidin the pump is
completely inhibited and the observed maximum fluorescence decrease of ~7.5% is
equal to the decrease, which is observed for the reaction sequence (Nag)E; — ... —
P-Ey. This observation supports the hypothesis that 5-IAF indeed monitors the
conformational transition (Nas)'E,-P — P-Eo"(Nay). It should be noted that the
relative fluorescence changes of the 5-IAF-labeled membrane fragments are depen-
dent on ionic strength and are generally 2-3 times larger in buffers of high ionic
strength compared to an ionic strength of 200 mM (pH 7.2).

(b) Enzyme phosphorylation in the presence of strophanthidin: 5-IAF-labeled
membrane fragments were incubated with NaCl (40-200 mM), 25 mM histidine, 0.5
mM EDTA, 10 mM MgCly, 50 pM cg-ATP and with various concentrations of
strophanthidin. At time ¢ = 0, ~ 10 pM ATP were released by a light flash (data not
shown). The final level of the 5-IAF fluorescence after phosphorylation was the same
in the absence and in the presence of strophanthidin. In the absence of CS the

FIGURE 11. Strophanthidin in-
duced fluorescence change
5-JAF AF(t)/F, of 5-1AF-labeled mem-
brane fragments in the pres-
ence of 2 M NaCl, 25 mM histi-
dine, 0.5 mM EDTA, 10 mM
MgCl; and 10 pM ATP. Stro-

;g KM phanthidin was added after
phosphorylation by ATP to ob-
40 tain the indicated final concen-
tration. The small ATP-induced
100 effect is an artifact, since it can
Zgg be observed also in the absence

of Mg?*, when no phosphoryla-
tion occurs. The temperature
was 20°C.

enzyme is distributed between the different phosphorylated states of E;, in the
presence of CS it is locked in state P-Eo'(Nap)-CS. The missing sensitivity against
different phosphorylated states of E; supports the idea that the 5-IAF-fluorescence
label monitors only the conformational transition (Naz)-E;-P < (Nag) Es-P. Enzyme
phosphorylation in buffer containing 2 M NaCl and strophanthidin produced a
fluorescence decrease comparable to the effect presented in Fig. 11 (data not shown).

Comparison of Electric and Optical Signals

Changes of transient electric currents, which result from charge movement within the
membrane dielectric, contain information on the dielectric contributions of indi-
vidual steps in the reaction sequence (Nas) E,-P <> P-Ey(Nag) « P-E;. Membrane
fragments were adsorbed to the lipid bilayer in the presence of 250 uM cg-ATP,
Mg?* ions and various concentrations of Na* in the aqueous phase. A transient
electric current was initiated when ~30 pM ATP were liberated from cg-ATP by a
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light flash. The intrinsic pump current, Iy(t), can be evaluated from the current
signal, I(t), picked up in the external measuring circuit (Borlinghaus et al., 1987). To
analyze quantitatively the current transients in terms of our model, it is necessary to
assign dielectric coefficients to the electrogenic reaction steps (Liuger and Apell,
1986): B for the transition (Nas)-E-P < P-Eg'(Nay), d; for P-Ey(Nag) <> P-Ey:(Na),
and 3y for P-Ey(Na) «> P-E;. Assuming that at time ¢ = 0, all enzyme is in state
Nas- E| the charge movement Q(¢), which is associated with this reaction sequence
can be written as:

Q) = qp®) + g51(®) + g52(0)- 8)

gg accounts for the charge, which is moved with the conformational transition
(Nag)-E;-P <> P-Eo'(Nag). g1 and g5 account for the charge movement during the
release of the two ions from state P-Ey'(Nag). Enzyme phosphorylation and binding of
strophanthidin to state P-E2'(Nay) have been shown to be electroneutral (Borlinghaus
et al., 1987).

The relative contribution of each individual term in Eq. 8 depends on the Na*
concentration. At low Na* concentrations (<100 mM) and in the absence of
strophanthidin, most of the enzyme proceeds to state P-E, after phosphorylation and
all terms of Eq. 8 will contribute to the signal observed in the electric experiment:
Q-cs)t = ©) = gglt = ) + ga1(t = ©) + gsolt — ).

In the presence of 1 mM strophanthidin, the phosphorylated enzyme ends up
completely in state P-Eo{(Nag)-CS. Then the equation Qyics){t — ©) = g¢g will hold.
The ratio, S, of charge transferred in the absence and in the presence of 1 mM
strophanthidin in a low concentration of Na* may be used as a measure for the
relative contributions of the two electrogenic steps which are associated with Na*
release at the extracellular face of the pump.

Q-cs t = ®) _ %8 * gn tgw
Q+cs) (t > ®) qp ’

The second part of the equation holds only for low Na* concentrations, when the
steady state after phosphorylation is P-E; in the absence of CS and P-E2(Nag)CS$ in
the presence of CS. Then the ratio § can be used to determine the ratio of the
dielectric coefficients (3; + 32) and B by extrapolation to low Na* concentrations
where the population of state (Na3)-E,-P approaches zero.

S

(9)

B+
B

With increasing Na* concentration (> 500 mM) Q,_c¢s) becomes smaller because less
enzyme proceeds further than state (Nas)-E,-P. Under this condition the relation
Q—cs) < Qq+cs) holds, because Qs remains constant for all Na* concentrations.

The amount of pumped charge, Q, has been obtained by integration of the
transient pump current, Ip(t), which was measured in the absence and in the presence
of 1 mM strophanthidin. In an Na* concentration of 150 mM, the amplitudes and
the time courses of the transient currents obtained in the absence and in the presence
of 1 mM strophanthidin did not differ significantly (Fig. 12).

Control experiments have been performed to make sure that the applied concen-

S—-1 (10)



214 THE JOURNAL OF GENERAL PHYSIOLOGY * VOLUME 104 - 1994

tration of strophanthidin was sufficient to block all ion pumps. () In the absence of
strophanthidin a small quasi-stationary current, I, has been observed (Fendler et al,,
1985; Borlinghaus et al., 1987; Apell, Borlinghaus, and Liuger, 1987). In the
presence of strophanthidin no I7 has been observed. (b) It is known from the
literature (Borlinghaus et al., 1987) that a second light flash applied a short period
(0.5-2.5 s ) after the first flash elicits a second but smaller current transient due to the
amount of pumps which returned into state NagE;. After addition of strophanthidin
we found that for times ¢ > 1 s the second transient had vanished completely (data
not shown). (¢) The density of active pumps in the membrane fragments has been
reduced by UV inactivation with increasing doses of light (A = 308 nm) from an
excimer laser until the remaining enzymatic activity was 10%. Compared to experi-
ments with fully active protein only the current amplitude was strongly reduced.
Because the kinetics of the transient and of the inhibition was unaffected, it can be
concluded that binding of strophanthidin to the pump was not limited by a reduced
local concentrations in the gap between membrane fragments and bilayer.

LO[ ) )
';T 0 stroph. A

1 150 mM NaCl FIGURE 12. Current transients in the ab-
sence of K+ after enzyme phosphorylation at

05 time ¢t = 0. The aqueous solutions contained
1 M stroph. 150 mM NaCl (4) and 2 M NaCl (B), 30

0 mM imidazole, 1 mM EDTA, 10 mM MgCl,,
L, * ' * * pH 7.2, 250 pM cg-ATP and 0 or 1 mM
PA B strophanthidin (Stroph.). About 30 pM ATP

2MNaCl were released from cg-ATP. The NaK-

ATPase membrane fragments were added to
the cis compartment 40 min, and the stro-
phanthidin 10 min before the correspond-
ing experiment.

time /s

Experiments with 5-IAF and RH 421-labeled membrane fragments indicated that
at a Na* concentration of 2 M addition of strophanthidin to the phosphorylated
enzyme induces the conformational transition (Nag)-E;-P — P-Eg-(Nag) (see above).
To compare these optical experiments with bilayer experiments, we determined
transient electric currents in 2 M NaCl in the absence and presence of strophanthi-
din. Data are shown in Fig. 12 B. The sign of the current transients corresponds to a
translocation of positive charge towards the extracellular face of the membrane
fragments. In the absence of strophanthidin the amount of translocated charge, as
calculated from the current transient, was reduced by more than 10-fold in 2 M NaCl
compared with the charge obtained in 150 mM NaCl. In optical experiments, which
were performed under virtually identical conditions the steady state fluorescence
amplitude changed only negligibly upon phosphorylation (Stiirmer and Apell, 1992).
Both experiments indicate that the phosphorylated enzyme, obtained in 2 M NaCl,
will be almost quantitatively in state (Nag)E;-P. The time course of the current
transient in 2 M NaCl was significantly slower than in 150 mM NaCl. This is in
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accordance with findings from optical experiments in high ionic strength (see
previous section).

Comparing the electric current transients obtained at a Na concentration of 2 M in
the absence and in the presence of 1 mM strophanthidin (Fig. 12 B), averaged over
all experiments a sevenfold increase of the amplitude of the current transient can be
observed after addition of 1 mM strophanthidin. The additional charge, which has
moved in the presence of strophanthidin, is most likely due to the transition
(Nas): E}-P — P-Ey(Nag) and the transition into the inhibited state P-Eo-(Nay)-CS.
The finding that in 2 M NaCl the strophanthidin-induced current transient has
vanished within 8 s and has transferred approximately the same amount of charge as
determined in buffer containing 150 mM Na* and no strophanthidin, is another
argument against objections that strophanthidin binding may be incomplete.

In contrast to the well reproduced time courses of the currents, the amplitudes are
known to vary up to twofold between experiments with different bilayers (Borling-
haus et al., 1987). To circumvent the effect of amplitude variation the following series
of experiments have been performed. A first current transient has been measured in
the absence of strophanthidin and used to calculate the transferred charge Q_cs).
Thereafter, 1 mM strophanthidin has been added and equilibrated for 10 min before
the measurement of a second current transient. The corresponding charge trans-
ferred in the pump was Q(.cs). In this way the ratio of charges § = Q_¢s)/Q(+cs) has
been obtained with the identical enzyme lipid bilayer system. This procedure allowed
a precise estimate of the dielectric contributions of the different electrogenic steps at
Na* concentrations between 50 mM and 2.2 M. The experimentally determined ratio
S is plotted in Fig. 13. The inactivation of the pump by strophanthidin in absence of
ATP is prevented in Na* concentrations above 50 mM, as has been checked by
measurements of the enzymatic activity.

Fluorescence Signals Associated with Release of Na* and Binding of K* at the
Extracellular Side

When ATP is released from cg-ATP in the presence of Na* and K* ions, the reaction
sequence Nasg'E; — NagE;"ATP — (Nag)-E,-P — P-Ey(Nag) = P-Ey — P-Ey(Kp) —
Ey (Ky) is triggered. The enzyme remains essentially in state Eo:(Ky), if the concentra-
tion of ATP is much smaller than the apparent dissociation constant of the
low-affinity ATP binding site, which has been determined to be between 8 pM (see
below) and 13 uM (Apell, Hiring, and Roudna, 1990) in rabbit kidney enzyme.

In Fig. 14 A, the time course of the RH 421 fluorescence is shown in the presence
of 150 mM Na* and various concentrations of K*. After phosphorylation of the
enzyme by ATP and in the absence of K* an approximately monoexponential
fluorescence increase of ~70% has been observed. This fluorescence change reflects
the transition Nas'E}, — (Nag)-E|-P — P-Ey'(Nag) — P-Es. In the presence of 5 mM
K*, the additional subsequent reaction sequence P-Ey — Ey'(K3) has been initiated.
Since state Fo'(Kp) has a lower fluorescence than state P-E, (Stiirmer et al., 19915), a
fluorescence increase of only 20% was found. In 5 mM K* the transition P-Ey —
Ey(Ky) is fast compared to the conformational change (Nas)'E,-P — P-Ey'(Nag).
Thus, a monophasic fluorescence increase resulted. In the absence of K*, the time
t1,2 for half-maximal signal amplitudes was ~ 40 ms, in the presence of 5 mM K*, the
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half maximal signal amplitude was reached at ¢, = 30 ms. In Fig. 14 B, the same
experiments have been performed in the presence of the 5-IAF fluorescence label. In
the absence of K', enzyme phosphorylation induces a fluorescence decrease of
~2.5%. In the presence of 5 K* mM the fluorescence amplitude dropped ~ 10%.
The larger fluorescence decrease in the presence of K* is due to the fact that state
Ey(Kg) has a lower fluorescence than state P-E; (Kapakos and Steinberg, 1986;
Stiirmer et al., 1989). At 0 mM K* and at 5 mM K%, the time constant for both
signals is almost the same (~60 ms). At intermediate K*' concentrations, the
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FIGURE 13. Dependence of § = Q¢s/Qrscs) = (gs1 + gs2 + gp)/gs on Na* concentration.
Q+cs) 1s defined as the charge transferred in the presence of cardiotonic steroids; Q,_cs, is the
charge, which is transferred in the absence of CS. After adsorption of the membrane fragments
to the black lipid bilayer two or three current transients were recorded. Then 1 mM
strophanthidin was added to the solution containing the membrane fragments. After an
equilibration time of 10 min, a further current transient was recorded. The aqueous solution
contained 30 mM imidazole, 1 mM EDTA, 10 mM MgCly, 250 pM cg-ATP, 0.02 U of apyrase
to remove traces of ATP and the indicated concentrations of NaCl and strophanthidin. At¢ = 0,
ATP was released from cg-ATP. All signals were recorded at T = 20°C. The current transients
were integrated for the first second after ATP release and the total translocated charge was
determined. The line represents the numerical simulation using the parameters given in Table
V and the dielectric coefficients given in the text.

half-time ¢;,9 increases, because the kinetics of K* binding will in part become rate
limiting (Stiirmer et al., 1989).

The half-saturating concentration of extracellular K* binding, Ky, can be deter-
mined from similar experiments as shown in Fig. 14 4, in which the time course of
the RH fluorescence has been recorded over a period of 6 s to determine the
stationary fluorescence amplitude. Increasing amounts of K* in the buffer reduced
the steady state level of the RH 421 signal as in Fig. 14 A. When the differences of the
steady state fluorescence between no K* and a given concentration are plotted
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against K* concentration, a titration curve of Michaelis-Menten type is obtained. The
determined values of K, depended on Na* and ATP concentration as shown in
Table II.

To be able to compare more carefully the ability of the numerical model of the
pump cycle, the interdependence of Na* and K* concentration on the time course
and amplitude of the RH 421 signals has been determined for a series of different
ionic conditions. The fluorescence signals can be characterized by two parameters, by
the steady state level of fluorescence, AF/F,, and by the half-time for fluorescence
change, t),9, of the fluorescence signal. The experimental results as well as the results
of the numerical simulation, which is discussed later, are collected in Table III.

T T T T T

AF A RH421 mMK*

FIGURE 14. Time course of fluores-
cence changes of (4) RH 421 or (B)
5-IAF-labeled membrane fragments.
Membrane fragments were equili-
brated in the presence of 150 mM
NaCl, 25 mM histidine, 0.5 mM
EDTA, 10 mM MgCl, and 20 pM
cg-ATP. At time ¢t = 0, ATP was re-
leased from cg-ATP. This induces en-
zyme phosphorylation and a confor-
mational transition to state P-E,. In
the presence of K*, the reaction pro-
ceeds by K* binding, occlusion of K+
and enzyme dephosphorylation. Be-
cause the ATP concentration is below
the affinity of the low-affinity ATP-
binding side, the enzyme will end up
essentially in state Ey(Kp). The tem-
perature was 20°C.

2 n A i 1 A

L

0 200 400 600 800
time / ms

Fluorescence experiments with cardiotonic steroids. According to the proposed
mechanism, the kinetics of inhibition by CS depends on the population of state
P-Ey(Nay). Therefore, experiments were carried out, in which the population of that
state was varied by various concentrations of K* in the buffer. The time course of the
signal can be used to obtain information on Na* and K* binding rates. In Fig. 15
ATP-concentration jump experiments are presented which were performed in buffer
containing 200 mM NacCl, 4 or 20 mM KCl, 25 mM histidine, 0.5 mM EDTA, 10 mM
MgCly, 20 pM cg-ATP and various concentrations of strophanthidin. The high
concentration of Na* prevented an inhibition of unphosphorylated enzyme. In the
presence of 4 mM K* the fluorescence signals diverge immediately after the release
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TABLE 11

Dependence of the Half-saturating Concentration of K* Binding, Ky, on Na* and
ATP Concentration

Na/mM
ATP/uM
40 100 200
uM
4 80 (75) uM 140 (130) 210 (175) pM

10 180 (200)

50 245 (345)
500 630 (600)

The experimental determined Ky values were determined by linear regression from
Eadie-Hoffstee plots with correlation coefficients better than 0.99. The numbers in
parentheses were obtained by numerical simulation of the reaction cycle.

of ATP (Fig. 15 A4). When repeated in the presence of 20 mM K* (Fig. 15 B), the
fluorescence traces diverge only after times longer than 1 s.

As a control RH 42l-labeled membrane fragments were added to a buffer
containing 200 mM Na*, 4 or 20 mM K*, 25 mM histidine 0.5 mM EDTA, 10 mM
MgCl; and 4 uM ATP. The fluorescence stabilized at a level which corresponds to
state E9(Ky). Subsequent addition of 700 uM strophanthidin led to an increase of the
fluorescence by 15% (data not shown). This is consistent with the results presented in
Fig. 15.

Inhibition of enzymatic activity by strophanthidin at various potassium concentrations.
Information concerning the rates of ion release and binding on the extracellular side
can be obtained from experiments in which the inhibition of enzymatic activity by
strophanthidin in state P-E,'(Nag) was studied at various K* concentrations. These
experiments are based on the idea that under turnover conditions the amount of
enzyme in state P-Ey -(Nag) depends on the rate constant of the rate limiting step of
the reaction sequence P-Eo'(Nag) — P-Ey — P-Ego'(Kg) — Ey(Kj). If the transition
P-E9'(Nag) — P-E, is assumed to be slow compared to the subsequent K* binding
steps P-E3 = Eg'(Ky), the apparent strophanthidin affinity may be expected to be not

TABLE 111

Time Dependence of RH 421 Fluorescence upon Photolysis of cg-ATP in the
Presence of Na* and K*

[Na*] = 40 mM [Nat] = 100 mM [Na*] = 200 mM
c[K*]
ti2 —AF/F, tie —AF/F, tie —AF/F,
pnM ms % ms % ms %

50 350 (272) 12.1 (15.3) 320 (322) 59(1L1) 317 (380) 4.2 (6.0)
100 223 (186) 18.9 (21.0) 270 (238) 14 (16.3) 275 (299) 12.8 (9.6)
200 122 (113) 26.2 (25.2) 180 (147) 20 (21.0) 272 (208) 16.1 (13.6)
300 89 (82) 28.5 (27.6) 127 (113) 24.8 (23.3) 198 (159) 21.5 (15.8)
500 63 (53) 30.6 (29.5) 79 (72.5) 28.2 (25.6) 124 (109) 24.3 (18.2)

The decay of the fluorescence transient could be described by a single exponential. ¢/, has been calculated
by linear regression to the logarithm of the data with correlation coefficients better than 0.99. The numbers
in the parentheses were obtained by numerical simulation of the reaction cycle.
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significantly affected by the K* concentration. If, on the other hand, the step
P-Ey(Nag) < P-E, is fast and reversible, the apparent strophanthidin affinity should
be affected by K*. Therefore, the enzymatic activity has been measured in buffer
which contained 100 mM NaCl, 10 mM MgCl;, 1 mM ATP and various K*
concentrations between 0 and 90 mM. Aliquots of strophanthidin have been added
successively and for each concentration the corresponding activity has been deter-
mined. The resulting strophanthidin titration curves have been used to calculate the
concentration of half maximal inhibition, Ky. In Fig. 16, Ky is plotted against the K*
concentration. Correspondingly the reaction flux into the inhibited state
P-Ey(Nag)CS could be modulated by K* concentration and produced a K*-
dependent binding kinetics (Fig. 16, insef). A method independent of the RH 421

FIGURE 15. Effect of strophanthidin
on the time course of RH 421-labeled
membrane fragments. The membrane
fragments were incubated in a buffer
containing 200 mM NaCl, 25 mM
histidine 0.5 mM EDTA, 10 mM
MgCl,, 20 uM cg-ATP and the indi-
cated concentration of strophanthidin
and 4 mM KCl (4) or 20 mM KCl (B).
After ATP release, a fluorescence in-
crease can be observed. In the ab-

o4 B 100 sence of strophanthidin, the enzyme
AF will end up in state Ey(K;). In the
Fo presence of 700 pM strophanthidin,

NaaEq= (N"")E‘-P_P_l - 100 a major part of the enzyme will be

02} P_ll;l_;_.'.' 50 found in states P-E,(Na,)'CS and/or
et 0 P-Ey(K,)-CS. Because states P-Eo(Nag):

P “Mh CS and/or P-Ey(K;)-CS have a higher

P'E’i stroph- fluorescence than state EoK,), the

(K)EP—PE; Ky fluorescence at 700 uM strophanthi-

0 0 2 ; 6 ; din is higher. All experiments were
time / s performed at a temperature of 20°C.

experiments, which led to similar results, was the detection of anthroylouabain (AO)
binding. This compound is a fluorescent member of the family of cardiac steroids,
which increases its fluorescence, when it binds to the Na,K-ATPase (Fortes, 1986). AO
binding was initiated by addition of 0.5 mM ATP to a solution containing 10 pg/ml
membrane fragments, 20 uM AO, 25 mM histidine, 0.5 mM EDTA, 100 mM NaCl,
10 mM MgCls, and a given concentration of K*. The fluorescence increase could be
fitted by a single exponential from which rate constants can be calculated. Increasing
the K* concentration from 0 to 1 mM reduced the apparent binding constant by a
factor of 4 (Table IV).
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3f ' T T ' "] FIGURE 16. Dependence of
the apparent strophanthidin af-
finity on K+ concentration. The
enzymatic activity has been
measured by the pyruvate-ki-
nase/lactate-dehydrogenase as-
say in buffers of 100 mM NaCl,
10 mM MgCl,, 1 mM ATP, the
indicated K+ concentration and

0 n

1 10 (g /my 190 various concentrations of stro-
0 X 1 1 L 1 phanthidin. From these data
0 20 40 60 80 100 the strophanthidin concentra-

[K']/mM tion that produced half-maxi-

mal enzyme inhibition has been

determined (circles). The line represents the result of the numerical simulation. (Inset)

Dependence of the rate of strophanthidin binding (and enzyme inhibition) on the K*

concentration. Experimental conditions and procedure were similar to the experiment de-

scribed above. The time course of strophanthidin binding could be described by a single
exponential. The line was obtained by numerical simulation.

Fluorescence Changes Associated with the Conformational Transition Ex(K;) — E;

The conformational transition Eg(Ks) — E;"ATP cannot be examined with electric
methods or with the RH 421 fluorescence dye, because this transition is not
electrogenic (Bahinski, Nakao, and Gadsby, 1988; Stiirmer et al., 1989; Biihler et al.,
1991). Therefore, the K* and ATP dependence of this transition was examined using
5-1AF-labeled enzyme. The following experiments made it possible to determine the
rate constants of the reactions Eo(Kp) <> ATP-Ey(Ky) and ATP-Ey(Ky) <> KoFE-ATP.
ATP-concentration dependence: when the medium contained millimolar concen-
trations of K*, but no Na*, addition of ATP led to an increase of the fluorescence of
5-1AF-labeled membrane fragments (Stiirmer et al., 1989). This increase reflects the
conformational transition Eo(Ks) — E;. ATP concentration jump experiments were
performed in buffer containing 1.5 mM KCl, 30 mM imidazole, 1 mM EDTA, 5 mM
MgCly, ~6 pg/ml membrane fragments and the various concentration of ATP after
the light flash. The signals were analyzed with respect of the maximal fluorescence
amplitude and the half saturation time. The ATP-concentration dependence is shown

TABLE 1V

Dependence of the Anthroylouabain Binding Rate on K* Concentration: Comparison of
Data and Simulations

[K*] AO binding rate Simulation
M mM-! 5! mM~1 51
0 1.2 1.3
100 0.85 0.89
200 0.64 0.71
300 0.6 0.6
500 0.46 0.39

1000 0.28 0.25
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in Fig. 17. ATP binding to state Eo*(K)) is rate limiting in low concentrations, whereas
in high ATP the conformational transition from E; to E, becomes rate limiting. From
the data shown in Fig. 17, an apparent ATP affinity of 2 pM has been determined
with respect to the fluorescence amplitudes. The lower panel of Fig. 17 contains the
time ¢1,2, which indicates the time of half maximum fluorescence change. When the
reciprocal value of ¢, is plotted against the ATP concentration, Michaelis-Menten
type kinetics can be observed. ¢, was 125 ms in the presence of saturating ATP. The
apparent affinity of ATP was determined to be 8 pM.

K*-concentration dependence: the K* dependence of the ATP-induced reaction
sequence E9(Kp) <> ATP-Ey(K;) «> KoE1'ATP has been determined by the same type of
experiments as described for the ATP-concentration dependence. The cg-ATP
concentration was kept at 100 pM to obtain 20 wM free ATP upon the light flash.
The K* concentration has been varied between 0.25 mM and 10 mM. The results are

FIGURE 17. Dependence of ampli-
tude AF./F, and half time ¢, of
the ATP-induced 5-IAF fluorescence
change on ATP concentration. £, is
the time at which AF(¢)/F, reaches its
half-maximal value. The labeled en-
zyme was incubated in buffer contain-
ing 1.5 mM KCl, 30 mM imidazole, 1

+

tin ErATE | mM EDTA, 5 mM MgCl,, about 6
ms KEATP pg/ml membrane fragments and the
500 K,EATP — ATP-E,(K)) "::f:T EjKp) - indicated concentration of ATP, after
it was released from cg-ATP. The
i temperature was 20°C. Data are rep-
resented by circles. The line has been
0 N ; . . . obtained by numerical simulation of

0 10 20 30 the fluorescence experiments.

[ATP]/uM

shown in Fig. 18. The signal amplitude increased with increasing K* concentration
up to a maximum at 1.5 mM K* and decreased towards higher concentrations (Fig.
18 4). The half-time #,,2 of the fluorescence increase is shown in Fig. 18 B. t;,9
decreased from 240 ms to 60 ms when the K* concentration is increased from 0.25
mM to 10 mM.

Enzymatic Activity of Na,K-ATPase as a Function of Na* and K* Concentration

To get further evidence for the determined rate constants and affinities of the
reaction scheme, experiments from Skou (1975) have been repeated with rabbit
enzyme. In these experiments the rate of ATP hydrolysis has been measured as a
function of Na* and K* concentration (Fig. 19) using the pyruvate kinase/lactate
dehydrogenase assay. Two features of the results should be mentioned. (z) The shape
of the curve in our experiment is different from the curve published by Skou (1975).
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ARg ———
ol 5-IAF A
0.06 1
°
0.04 i FIGURE 18. Dependence of (4} amplitude
° AF./F, and (B) half time ¢,,9 of the ATP-
002k o ] induced 5-IAF fluorescence on K* concen-
tration. {5 is the time at which AF({)/F,
reaches its half-maximal value. At time ¢ = 0
0 about 20 pM ATP were released from cg-
tin ATP in a solution containing 30 mM imidaz-
ms ole, 1 mM EDTA, pH 7.2, 5 mM Mg?* and
200 the indicated concentration of KCl. Data are
represented by circles. The line has been
100 obtained by numerical simulation of the
reaction cycle.
00 2 4 6 8 10
[K*]/mM

However, it should be noted that our experiments were obtained under different
conditions (T = 20°C, 0 mM P;) and the source of enzyme was different, rabbit kidney
instead of ox brain. () The experimental curve obtained with our enzyme can be
reproduced satisfactorily by numerical simulations. The poor agreement with the
curve obtained from ox brain indicates that the rate constants of the rate limiting
steps in the pump cycle have to be different for both enzyme preparations.

Numerical Simulations

The experiments described in the previous paragraphs of the Results section were
performed to complete the set of kinetic parameters of Table V, which are necessary

. ) i FIGURE 19. Rate of ATP hy-
drolysis by the Na,K-ATPase, as
a function of Na* and K* con-
centration. The experiments
were performed in a buffer
containing 1 mM Tris/EDTA,
25 mM imidazole, 10 mM
MgCl; and 1.5 mM ATP using
the pyruvate kinase/lactate de-

50 500 2000 hydrogenase assay. Experimen-
[Nd] /mM tal data are represented by
i - .
0mMK 5'0 100 150 mM K circles. The line has been ob-

150 mM Na* 100 50 0 mM Na* tained by numerical simulation

of the reaction cycle. (Inmset)

Simulation of the dependence of Na-ATPase activity on Na* concentration. The simulation is

based on the scheme shown in Fig. 3 using the parameter set of Table V. An ATP concentration
of 1 mM was assumed.
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to execute the numerical simulations of the reaction model in Fig. 3. Simulations
were carried out for all experiments described above without adjustment of any
involved parameter of Table V. The coupled differential equations describing the
extended Post-Albers cycle (Fig. 3) are presented in the Appendix. Since under some
conditions, the concentrations of ATP, ADP, P, or free cardiotonic steroids vary
considerably during an experiment, these concentrations were adjusted to their
actual value during the numerical simulation of the experiments. Using the set of
parameters given in Table V, the measured optical and electric signals could be
reproduced at least qualitatively. We did not try to obtain an optimum fit of the
experimental data by adjusting the kinetic parameters, but checked instead the range
of confidence of a rate constant by variation of its value to determine limits of an
acceptable simulation. We carried out the analysis with a minimal number of
assumptions and listed a consistent set of kinetic values describing our experiments.

Besides the kinetic parameters of the reaction cycle in Table V, an assignment of
the fluorescence levels and dielectric coefficients must be made. These parameters
were determined by the presented experiments or completed by values from the
literature, if they have not been appointed in this paper.

Describing experiments performed with the 5-IAF method three classes of states of
the pump cycle must be made with respect to the intrinsic fluorescence of the 5-IAF
dye (Stirmer et al., 1989):

¢ =f(E) =1: all states of E;
¢9 = f(P-E3) = 0.97: all phosphorylated states of E,
P3 Ef(EQ(K)g) = (0.86: states EQ'(KQ) and ATP-EQ'(Kg).

The RH 421 method discriminates between states with different amount of charge
bound to the enzyme:

¥, = f(NayE)) = f(Nas'E;"ATP) = f((Na3)E,-P) = 0.8
(all E, states with 3 Na™* ions bound to the enzyme),
¥, =f(Nag, o°Ey(ATP)) = f(Ky ' Ey(ATP)) = f(Ex(Nay)) = f(Ey Kp) = f(Eo(Ko)-ATP) = 1
(the remaining E,-states and the unphosphorylated E,-states),
¥, = f(P-Ey(Nayp)) = f(P-Ey(Ky)) = 1.1
(states P-Ey-(Nay) and P-Eo'(Ky)),
Y, = f(P-Ex(Na)) = f(P-Eo(K)) = 1.4
(P-E, states with 1 Na* or 1 K* ions bound),
¥, = f(P-Ey;) = 1.7
(state P-E,).

The interpretation of the electric measurements made it necessary to assign dielectric
coefficients to different transitions in the reaction cycle. The analysis of the presented
experiments led to the following assignments of the electrogenic steps:



TABLE V

Values of Kinetic Parameters of the Reaction Scheme of Fig. 3, Used for the Numerical
Simulation of the Presented Experiments: T = 20°C

Parameter Value Range of confidence Notes

'
KNa

Kk

Nsf

Nsb

ag

ap

P

8af

&3b

1453

82b

81t

&b

mg

Mah

3 mM

12 mM

21> M1 57!

8102 57!

1.5:107 M~! 57!

1.64 57!

200 s~!

3.7-10° M~ 57!

22 57!

180 M-! s-!

25103 s7!

2.68-103 M~ 57!

>1-10% 57!

1-106 M~-1s-!

3.4-10* M~ 57!

1-10! s7!

5106 M1 57!

2:10% 57!

2-5 mM

5-20 mM

>1-10° M~ 57!

nsp/nsy = 4 mM

1-107 M~ s —
11108 M1 57!
ap/as = 50-200 nM

150-300 s~!

103-105 M~1 s-!

18-30 57!

60-600 m~! 57!
garlgm = 0.12 M

3103 s~ - ?

gnlgp = 1-25 M

5103 s ~?

glr/gn, = 0.05-0.2M

2.0:10* M~ 571 —

5-10* M-t 5!

57120 s7!

>1-10 M1 57!

Tngb/mgf = 100 uM -
1 mM

Estimate from titrations on cation binding to
Na,K-ATPase (Grell et al., 1991)

Estimate from numerical simulations of the
K*-dependence of the transition Ey(Kp) —
E,

Estimate from the stopped flow experiments,
in which we failed to resolve Na* binding.
Phosphorylation studied indicate a value
higher than 12,000 M~! s=! (Froehlich and
Fendler, 1991).

nsp/ns; was determined from the Na*
dependence of RH 421 fluorescence upon
cytoplasmic Na* binding.

From the ATP dependence of the
conformational change E, — E,

ay, was obtained from the principle of
microscopic reversibility

Estimate from numerical simulations of the
Na* dependence of the transition E; — E,.
Mérdh and Zetterquist (1974) obtained a
value of 180 s~! for the pseudo-first order
rate of enzyme phosphorylation.

pb was obtained from the principle of
microscopic reversibility.

Obtained from the time course of
phosphorylation-induced 5-IAF and RH
421 fluorescence and from the time course
of transient electric currents.

Obtained from numerical simulations of the
Na* dependence of 5-IAF and RH 421
fluorescence (see text).

Estimated from experiments with cardiotonic
steroids (see text).

Obtained from numerical simulations of the
Na* dependence of 5-IAF and RH 421
fluorescence (see text).

Estimated from experiments with cardiotonic
steroids (see text).

Obtained from numerical simulations of the
Na* dependence of 5-IAF and RH 421
fluorescence (see text).

Obtained from 5-IAF and RH 421
fluorescence experiments on K+ binding to
the phosphorylated enzyme.

Estimate from experiments on 8Rb release
of the phosphorylated enzyme (Forbush,
1987b).

Estimated from the finding that the time
course of RH 421 and 5-IAF fluorescence
change, which was inducted by K* binding
to the phosphoenzyme, can be fitted with a
single exponential.




HEYSE ET AL. Rate Constants of Partial Reactions of the Na,K-ATPase

225

TABLE V (continued)

Values of Kinetic Parameters of the Reaction Scheme of Fig. 3, Used for the Numerical
Simulation of the Presented Experiments: T = 20°C

Parameter

Value

Range of confidence

Notes

g5

qb

¢

Sb
ke

ky,
ke

hy,

Tt
b
d
dy,
43

4

43

Ob

1105 571

5106 M~! 5!

5105 M~7 57!

457!
22 57!

4102 5!
0.1 s7!

1102 5!

81071 s7!

3.3-10° M~ 57!

1.0-10" s~}

2.52:10* M~ 57!

0.5:102 57!

1-10-1 57!

2-106 M- 5!

1-10-2 57!

> 1,000 s7!

21-10° M-} 57!

2.5-10° M~ st —
1-106 M1 s~!

sp/sp = 4-10 pM
15 57180 s~}

100 s—'—1,000 s~!
0.5-10-2 57! —
055!

50 571-500 s~!

0.3 s71-1s!
1.-102 M~ s! —

510t M1 57!
3571-30 57!

>10 st

<ls!

1-106 M~1s-) —
410 M- 57!

0.5-107271-2-10"%"!

Estimated from RH 421 fluorescence
experiments with cardiotonic steroids (see
text). Forbush (1988) concluded that ¢ is
much larger than 100 s~

Estimate from numerical simulations of
experiments on *6Rb release (Forbush,
1987h)

Determined by numerical simulations of the
ATP dependence of the 5-IAF fluorescence
change which reflects the conformational
transition Ey(K,y) — E,

See above.

Determined by numerical simulations of
5-IAF fluorescence experiments performed
in the presence of K* and in the absence
of Na*

See above.

Estimated from simulations of experiments of
ATP-hydrolysis of Na,K-ATPase performed
at very low ATP concentration. From
experiments on spontaneous 3Rb
deocclusion, rates of 0.1-0.3 s=' have been
estimated (Glynn and Richards, 1982;
Forbush, 1987b).

From optical determinations of rates of
conformational transition, Karlish (1980)
obtained a value of 300 s~!.

Estimated from simulations of Na-ATPase
activity at very low Na* concentrations.

7, was obtained from the principle of
microscopic reversibility

Estimated from simulations of Na-ATPase
acttvity at higher Na concentrations.

dy, was obtained from the principle of
microscopic reversibility

¢r 1s assumed to be faster than d; to ensure
that occlusion of 2 Na* ions is negligible,

er/ey, is assumed to be larger than 10 s~ to
ensure that occlusion of 2 Na* ions is
negligible.

Value describing the binding of
strophanthidin to the phosphoenzyme. The
value for anthroylouabin is ~ 50 times
smaller.

0p/0f was determined to be ~5 nM. At the
100 mM Na* and in the absence of K+, an
apparent strophanthidin affinity of 100 nM
results.
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o = 0.25: transitions Nay E| — NagE; and Nay E,"ATP — Nag-E-ATP
(electrogenic binding/release of 1 Na* ion at the cytoplasmic face)

B = 0.75: transition (Nag)-E;-P — P-E4(Nay)
(electrogenic release/binding of the first Na* ion from the neutral binding site)

8, = 8, = 0.1: transitions P-Ey'Nag — P-Ey'Na and P-Ey"Na — P-E,
(electrogenic release of the two remaining Na* ions from the charged binding sites)

€, = € = 0.1: transitions P-E; — P-Ey'K and P-Ey'K — P-Ey’K,
(electrogenic binding/release of two K* ions at the extracellular site)

vy = 1.8: transition P-E; — E,
(spontaneous dephosphorylation without ion transport P-E, — E)).

The dielectric coefficients of the transitions between all other states were assumed to
be zero. According to the net charge transferred across the entire membrane in each
pump cycle, the equations o + B+ 8 + 3o+ y=3anda + B + 8, + 8y + ¢ +
€2 = 1 hold.

DISCUSSION

In this study we have tried to determine the rate constants of several partial reactions
of the Na,K-ATPase. Concentration jump relaxation experiments have been used as
a technique by which it is possible to yield information on kinetic and energetic
properties of the ion pump which cannot be obtained easily by other methods. For
this purpose, we used open membrane fragments with a high density of active
proteins obtained from rabbit kidney with two fluorescent labels: 5-IAF to detect
conformational changes of the enzyme and RH 421 to analyze electrogenic partial
reactions. We also measured transient electric currents, which can be observed after
adsorption of membrane fragments to a planar lipid bilayer. The experimental
findings have been compared with numerical simulations of a mathematical model of
the Na,K-ATPase. All simulations were performed with a single set of parameters
without any adjustments.

Cytoplasmic Sodium Binding

As demonstrated clearly in Fig. 5, Na* ions bind to the E; form of the Na,K-ATPase
with an electrogenic component. The detected electrogenic effect is specific for Na*
ions. No other ions produced a fluorescence decrease. The Na*-induced fluorescence
decrease was independent of the initial protein conformation. Divalent cations like
Mg?* did not modify the amplitude of the Na*-induced fluorescence change, but
shifted the affinity of Na* binding from 0.8 (0 Mg?*) to 8 mM (10 mM Mg?2*). Hill
plots of the concentration dependence revealed a Mg?* dependent cooperativity of
Na* binding. This observation was not Mg?* specific but was also produced by Ca?*
or Ba* ions. The time course of the Na* dependent fluorescence decrease could not
be resolved. Indirect evidence that Na* binding kinetics are not diffusion limited, has
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been obtained by phosphorylation experiments. These studies showed that enzyme
phosphorylation is faster upon preincubation of the unphosphorylated enzyme with
Na* ions (Mirdh and Post, 1977; Hobbs et al., 1988; Froehlich and Fendler, 1991).

These findings do not permit a description of the structure and the process of Na*
binding, however, they contain some constraints which are observed by the following
hypothesis: two of the cytoplasmic ion binding sites may be temporarily occupied by
different cations present in the electrolyte. They are identified with the two nega-
tively-charged sites, which are located on the protein surface in the E; conformation
(Karlish, 1979; Skou and Esmann, 1981; Karlish and Stein, 1985; Mezele, Lewitzki,
Ruf, and Grell, 1988; Grell et al., 1991; Arguello and Kaplan, 1991). The effect of
divalent cations could be an unspecific competition between Na* and these ions at
these sites. The third Na* ion is assumed to bind to a highly selective Na* site within
the protein dielectric. Occupying this binding site produces an electrogenic contribu-
tion to the ion transport.

Phospharylation by ATP

The ATP dependence of fluorescence changes associated with the conformational
transition E; — Es could be studied with 5-IAF and RH 421. From the dependence of
the relative fluorescence changes on ATP concentration and their time course (Fig.
6), apparent affinities of 60 nM (5-IAF) and 80 nM (RH 421) ATP were obtained with
respect to the amplitudes and 1.2 pM (IAF) and 1.8 pM (RH 421) ATP with respect
to the time dependence. These values agree fairly well with equilibrium dissociation
values reported in the literature (Ngrby and Jensen, 1971; Hegyvary and Post, 1971).
Values of as = 1.5:107 M~! s=! and a;, = 1.6 s~! produced reasonable agreement with
all sets of data and correspond to an equilibrium dissociation constant of 0.1 WM.

Enzyme phosphorylation cannot be measured by the fluorescence methods. How-
ever, from Na* activation of the fluorescence changes associated with the conforma-
tional transition E; — E,, the rate of enzyme phosphorylation could be estimated
(Fig. 8). The value p¢ = 200 s™! reproduced the data and is in accordance with data
reported in the literature (Mirdh and Zetterquist, 1974; Hobbs et al., 1988;
Froehlich and Fendler, 1991). Because all experiments were performed in the
nominal absence of ADP, the backward directed rate constant, py, = 3.7-105 M~! 571,
could not be obtained experimentally. It had to be derived from the principle of
microscopic reversibility (see Appendix). This value should be taken only as a rough
estimate.

Extracellular Sodium Binding and Release

In K*-free media the amplitude of fluorescence change, generated by enzyme
phosphorylation, is reduced at high Na* concentration (Fig. 7). As mentioned above
this decrease of AF/F, is likely to result from a Na*-induced shift between states
(Na3)-E}-P < P-Ey-(Nag) <> P-Ej to the left at high Na* concentrations (Yoda and
Yoda, 1987; Klodos and Ngrby, 1988). It is also known from the literature that the
distribution between these states depends on membrane potential (Nakao and
Gadsby, 1986) and may be affected by adsorption of hydrophobic ions (Stiirmer et
al., 1991b).

To determine equilibrium binding constants of the extracellular Na* binding sites,
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the following considerations have been taken into account. Upon phosphorylation
with ATP in the absence of K* ions the enzyme is distributed between states
(Nag)Ej-P <> P-Ey(Nag) <> P-Ey(Na) < P-Ey when it is in a steady state. The
population of each state is a function of its affinity for Na* and of the Nat
concentration (which is controlled experimentally). Thus, it is not possible to trigger
reactions in which the enzyme performs only a transition between two single states.
Therefore, different series of experiments (and controls) had to be performed to
assign specific affinities to the three transitions and to determine the rate limiting
step. Three different experimental techniques have been used.

Firstly the fluorescent dye RH 421 with its sensitivity to the local electric field has
been applied to distinguish differently charged states of the enzyme. In 2 M Na* no
fluorescence change can be observed upon phosphorylation. Under this condition
(Nag)-E1-P is the highest populated state, and the measured fluorescence level has
been assigned to this state. In low Na* (~20 mM) steady state is shifted to P-E3 upon
phosphorylation. It is the state with the lowest positive charge density in the protein
dielectric and it was used to define the fluorescence level of state P-E;. A third well
defined level is obtained upon inhibition by cardiac steroids. In this state, two Na*
ions are occluded (Jgrgensen and Andersen, 1988; Jgrgensen, 1991). This fluores-
cence level was independent of the (extracellular) Na* concentration (Stiirmer and
Apell, 1992). The second method applied made use of the ability of the 5-IAF label to
discriminate between state (Nas)-E|-P and all P-E, states (Stiirmer et al., 1989). This
property has been used to detect the kinetics of the conformational transition E,-P —
P-E; in the absence of K* and to estimate the relative population of states (Nas)-E;-P
and P-E,. By the third technique charge transport has been observed by measure-
ments of transient electric currents in membrane fragments coupled capacitively to
planar lipid bilayers. The transferred charge has been determined in the presence
and absence of CS. The comparison of the transported charge allowed the assign-
ment of dielectric coefhicients (Figs. 14, 15).

In one series of experiments the Na* concentration has been varied between 10
mM and 1 M and the RH 421 and 5-IAF fluorescence changes have been recorded
(Fig. 7). The decrease of the fluorescence changes with increasing Na* concentration
is the consequence of a successively higher amount of enzyme with three Na* ions
bound (RH 421) and of a higher population of the state (Nas)-E;-P (5-IAF). All three
binding afhnities contribute in these experiments.

Since these experiments can be performed with time-resolved detection of the
fluorescence, the relaxation time contains additional information (Fig. 9). At Na*
concentrations above 10 mM the time course was not significantly concentration
dependent and had a rate constant of 20-25 s~! (20°C). This indicated that the rate
limiting step was not dependent on the Na* concentration and it has been assigned
to gsr (see below).

In 2 M NaCl addition of CS to the phosphorylated enzyme induced the reaction
{Nas)-E;-P — P-Ey(Nay)-CS. The conformational transition can be detected by
5-1AF-labeled protein (Fig. 11). In the presence of a high CS concentration (> 100
pM), after complete enzyme inhibition a fluorescence level has been obtained which
corresponded quantitatively to that of the P-E states. When, on the other hand, the
reaction sequence was started by addition of ATP (z) in the presence of CS and 2 M
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Na* or (b) in the presence of 20 mM Na* (and high ionic strength) and in the
absence of CS, the time course of the 5-IAF signal was not significantly different (data
not shown). Independent of the steady states reached after phosphorylation,
P-E3(Nag)-CS or P-Es, respectively, the level of the 5-IAF fluorescence was the same.
This observation is a strong indication that 5-IAF detects the E, — Ej transition,
which is correlated with the release of the first Na* (RH 421). Additional evidence
has been found in experiments with various concentrations of Na* and high
concentrations of strophanthidin (>200 pwM). While in the absence of CS the 5-IAF
fluorescence dropped with increasing Na* concentrations, the fluorescence level after
phosphorylation remained constant in the presence of CS, independent of the actual
Nat concentration. It was equal to the level at Jow Na*. This is a confirmation of the
explanation that 5-IAF detects the conformational transition (Nas)E,-P <
P-Ey(Nag), but is not affected by the release of the subsequent two Na* ions,
P-Ey(Nag) — P-Eo-(Na) — P-E;.

When the phosphorylation reaction is started in buffers containing 100 mM Na*
and different concentrations of strophanthidin, biphasic RH 421 fluorescence signals
can be observed in the presence of intermediate inhibitor concentrations (Fig. 10).
The concentration dependence of these fluorescence signals can be explained in the
following way. The release of Na‘* to the extracellular side involves two distinct
electrogenic steps, (Nas)'E;-P < P-Eo(Nay) and P-Ey(Nag) <> P-E,. The first
electrogenic step consists in the release of 1 Na* ion from the neutral binding site to
the extracellular face and is correlated with the conformational transition E, < E,.
The second electrogenic step accounts for the release of the remaining 2 Na* ions
from their negatively charged binding sites through a narrow access channel
(Stiirmer and Apell, 1992). In the absence of CS the pump proceeds through the
whole reaction sequence to state P-E; when started by enzyme phosphorylation.
However, in the presence of high CS the pump is almost immediately trapped in
state P-E9'(Nag)'CS, which has a lower fluorescence intensity than P-Es. In a
concentration range of 10 and 40 pM strophanthidin the reaction is branched
significantly in state P-Eg(Nay), because the reaction rates of both pathways become
comparable. As a consequence the fluorescence is transiently increased as shown in
Fig. 10. The kinetic analysis allowed an estimation of gor and g¢ as given in Table V.
A lower limit of these rate constants can be estimated from competition experiments
with K* ions (see next section of the discussion).

The dielectric coefhcients of this electrogenic reaction sequence could be deter-
mined by measurements of transient electrical pump currents. At low Na* concentra-
tions (50-200 mM) the charge transferred upon phosphorylation is not significantly
different in the presence and absence of strophanthidin (Fig. 12 A). Since it has been
proven that the enzyme can be inhibited completely by strophanthidin, it must be
concluded that the charge, which is transferred in the reaction (Nag)E-P <
P-E5'(Nay), is not significantly smaller than the charge transferred in the absence of
the inhibitor, when the enzyme runs through the whole sequence of steps (Nas)-
E\-P — ...—> P-E5. The preceding phosphorylation step Nas'E,"ATP — (Nas)-E;-P
can be neglected, because it has been shown to be electroneutral (Borlinghaus et al.,
1987). At Na* concentrations above 500 mM the ratio S of transferred charge in the
absence and presence of CS was decreased (Fig. 13). While the transferred charge in
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the presence of the inhibitor remained essentially unchanged in the whole concentra-
tion range, the charge before addition of CS became smaller with increasing Na*.
This discrepancy is also reflected in the current signals of Fig. 12. In 2.2 M Na(Cl,
where 93% of the enzyme is in state (Nas)-E;-P after phosphorylation in the absence
of CS, the ratio § became smaller than 0.19, which indicates a significant CS-induced
charge movement.

These findings produce a strong constraint for the involved rate constants (gss, g2
£16 Z3b S2b, &1b) and their dielectric coefficients. Analysis of the experiments by
numerical simulations, which reproduced the experiments concerning the conforma-
tional change and the release and binding of extracellular Na* ions, are compiled in
Table V. It is noteworthy that we could not find a different set of rate constants
outside the range of confidence which would describe all the presented experiments.
The equilibrium dissociation constants found by simulation are 120 mM (gs¢/gsp), 1.8
M {(ga/g2) and 100 mM (gii/g1p). The fractions of phosphorylated enzyme in the
different states are listed as function of the Na* concentration in Table I.

In the literature the determination of the extracellular affinity for Na* is scanty due
to the difficulties of appropriate experimental techniques. Apparent affinities of the
overall Na* binding on the extracellular side have been published to be 0.5 mM for
inhibition of the Na* efflux (Glynn and Karlish, 1976), <5 mM for ATP:ADP
exchange (Kaplan and Hollis, 1980; Kaplan, 1982), 31 mM for stimulation of
Na*-Na* exchange (Garay and Garrahan, 1973) and 600 mM for ATP synthesis
(Taniguchi and Post, 1975). A theoretical approach to get information on extracellu-
lar binding affinities has been undertaken by Pedemonte (1988). He proposed
dissociation constants of 1 M, 50 and 0.5 mM from computer simulations of a
modified Post-Albers scheme to account qualitatively for the high-affinity Na*
inhibition of the Na-ATPase and the ATP/ADP exchange activities. However, the
effect of high-affinity Na* inhibition of red blood cells, which was described by
Pedemonte’s set of numbers, could be reproduced also in the framework of our
model with our set of parameters in Table V, as shown in the inset of Fig. 19,

The rate limiting step has been identified to be (Nas)-E-P — P-Ey-(Nay). Confor-
mational transition and release of the first Na* ion could not be discriminated with
the experimental techniques applied in this paper. Therefore both reactions are
treated as one step. The corresponding rate has been determined to be gsr = 22 57!
(T = 20°C). From voltage-jump current-relaxation studies performed in the presence
of Na* ions and ATP and in the absence of K* ions, rate constants of 200 s~! (36°C)
have been obtained for Na* binding and release in cardiac myocytes (Nakao and
Gadsby, 1986). With an activation energy of 90—-110 kJ/mol a rate constant of 20-25
s~ ! is calculated at 20°C. The similarity between this rate limiting constant in electric
relaxation studies and in the conformational transition E,-P — P-Eq can be taken as
further support of the presented model, in which the step (Nas)-E,-P <> P-Eo(Nay) is
the rate limiting and essential voltage-dependent partial reaction of the Na*
translocation.

This is also reflected in the dielectric coefficients which can be determined in detail
by the experimental constraint of the data in Fig. 13. The fit to the data in Fig. 13 led
to § = 1.27 for Na* concentrations close to zero, where state (Nas)-E;-P is no longer
populated (not shown). According to Eq. 10 the ratio of (8; + 82)/p is 0.27. Together
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with the rest of the presented data a consistent description is given by B = 0.75 (i.e.,
reaction (Nag)E;-P < P-Ey:(Nayp) carries one elementary charge across 75% of the
membrane dielectric) and 8; + 8; = 0.2 (in the subsequent reaction P-E3-(Nag) «»
P-Ey(Na(Na) « P-E; one elementary charge is moved across 20% of the membrane
dielectric). Since two ions are released/bound we have assigned 8, = 83 = 0.1 due to
lack of more detailed experimental information. The dielectric coefficient of the
electrogenic binding of Na* on the cytoplasmic side is set to a = 0.25, which fulfills
the constraint that one ion transverses the membrane electronically: « + g = 1.

External Potassium Binding

Potassium binding was studied in fluorescence experiments, in which ATP was
released in a buffer containing high concentrations of Na* and millimolar concentra-
tions of K*. In these experiments 5-IAF and RH 421-labeled enzyme showed biphasic
fluorescence traces in the presence of K* (Fig. 14, 4 and B). Amplitudes and time
course of these fluorescence curves have been used to estimate rate constants of K+
binding and apparent K* affinities. The apparent K* affinity and the kinetics of K*
binding depended on Na* and ATP concentration (Tables II and III). The depen-
dence on Na* can be explained by the assumption that Na* and K* compete for the
same binding sites. Similar results have been obtained also by other methods.
Labeling studies with DCCD and DEAC gave evidence for the involvement of two
carboxyl groups in ion binding (Shani-Sekler, Goldshleger, Tal, and Karlish, 1988;
Karlish, Goldshleger, and Stein, 1990; Karlish, Goldshleger, Tal, and Stein, 1991;
Arguello and Kaplan, 1991). It was suggested, that two K* or two Na* ions combine
with these carboxyls. Rapid dephosphorylation studies showed also that K*-induced
dephosphorylation is less effective in high Na* concentrations (Klodos and Forbush,
1991). The dependence of the apparent K* affinity on ATP concentration can be
explained in the following way. At very low ATP concentrations, the conformational
transition occurs via E3(K») <> Ko-E| with a rate, hg, of less than 0.5 s~!. This is slower
than the rate of K* binding even at low K* concentrations. Therefore the apparent
K* affinity will approach the intrinsic binding affinity at very low ATP concentrations.
It has been estimated to be ~35 pM from experiments with enzyme phosphorylated
by phosphate or acetyl phosphate (unpublished results). At high ATP concentrations,
the transition Eo(Kp) — Eo(K)-ATP — KoF, is activated and the turnover rate is much
higher. Thus, the apparent K* affinity is lower.

A lower limit of the rate of Na* release from state P-E3(Nag) can be estimated from
competition experiments presented in Figs. 16 and 17. In these experiments, RH
42]-labeled membrane fragments were incubated in 200 mM Nat and various
concentrations of K* and strophanthidin. Because strophanthidin binds only to state
P-E9(Nay) and slightly to P-Ey(Kj), the strophanthidin binding kinetics and its
apparent affinity depend on the portion of enzyme present in these states. Assuming
a fast release of sodium from state P-E9(Nag) and a fast enzyme dephosphorylation,
the portion of the enzyme in state P-Eg(Nag) must be expected to depend on K*
concentration, which promotes the forward reaction. We found that strophanthidin is
bound much faster in the presence of 4 mM KCIl than 20 mM KCl (Fig. 15).
Numerical simulations, which reproduced the experimental findings, require that the
rates of Na* release, gor and gi, must be higher than 2,000 s~!. Independent
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experiments, in which the apparent binding affinity of anthroylouabain is investi-
gated as function of K* concentration, and their numerical simulation (Table IV)
support the conclusion that the population of state P-Eo(Nao) is dependent on K*.

Further information on the rate of Na* release from state P-E;(Nag) comes from
experiments in which inhibition of the enzymatic activity by strophanthidin has been
studied in the presence of various K* concentrations. In these experiments the
inhibition kinetics and the apparent strophanthidin affinity depended strongly on the
K* concentration (Fig. 16). This effect of K* saturated for high concentrations. It can
be explained assuming that Na* release becomes rate limiting in the reaction
sequence P-Eo'(Nag) < P-Ey'(Na) < P-E; < P-Ey9(K) < P-Ey(Kg) <> Eo(K2) when
[K*] > 40 mM. An alternative reason could be that the rate of K* binding saturates
in concentrations above 40 mM. A third explanation would be the assumption of a
rate-limiting enzyme dephosphorylation. A discrimination is not possible so far.
However, from numerical simulations of the reaction cycle, a lower limit of 5,000 s~!
can be estimated for extracellular Na* release. The proposed model of CS binding
does not only give a quantitative description of the well known potassium-ouabain
antagonism, but also explains the apparent paradox that K* may prevent ouabain
binding although the enzyme is able to occlude K* ions by CS binding (Forbush,
1983; Jgrgensen, 1991). The observation, that pretreatment of the enzyme with
ouabain prevents K* occlusion (Glynn and Richards, 1982) can be explained by the
assumption, that the access to the ion binding sites from the extracellular side is
blocked by ouabain.

Conformational Transitions E; to E,

The conformational transition E; — E; was studied using 5-IAF-labeled membrane
fragments. From the ATP dependence of the time course and of the amplitudes of
the 5-IAF fluorescence change, apparent ATP affinities were obtained with respect to
the time course (8 pM) and to the amplitudes (2 pM) as derived from Fig. 17. These
values are smaller than the values reported in the literature but indicate clearly that
ATP promotes the conformational change E; — E; by acting on the low affinity ATP
binding site. From optical experiments using intrinsic tryptophan fluorescence, a
value of 450 uM has been estimated (Karlish and Yates, 1978). From studies of
ATP-induced ¥Rb deocclusion, Forbush (1987a) obtained a value of 290 uM.
Measurements of K~K exchange resulted in an apparent affinity of 110 uM (Sachs,
1981). Under turnover conditions in reconstituted vesicles with the same enzyme 13
pM have been obtained (Apell et al., 1990). The K* dependence of the ATP-induced
fluorescence change can be explained in the following way: in the presence of
millimolar concentrations of K* and in the absence of Na* and nucleotides, a
substantial fraction of the enzyme is initially present in state Ey(Kj). Low-affinity
binding of ATP shifts the equilibrium back to state E,, which increases the 5-IAF
fluorescence. However, in the presence of higher K* concentrations a reasonable
amount of K* remains bound to state ATP-Ey(K5). This effect produced the observed
smaller 5-IAF fluorescence increase at higher K* concentrations.

The enzymatic activity of Na,K-ATPase prepared from rabbit kidney was measured
as a function of Na* and K* concentrations (Fig. 19). Performing a numerical
simulation of these experiments, we found that the set of kinetic parameters, which
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was obtained from the simulation of the presented optical and electric experiments,
described consistently the Na* and K* dependence of enzymatic activity (Fig. 19).
This verification of the model and the applied set of parameters by a completely
different set of experiments is a strong support for the presented approach. The
difference of our experimental data, obtained with enzyme from rabbit kidney
compared to previously published data of enzyme prepared from ox brain (Skou,
1975), reflects a distinction of kinetic rather than mechanistic properties. These
obviously species-specific differences of binding affinities or rate constants point out
that kinetic parameters obtained from different tissues may be compared only with
restrictions. The values given for the kinetic parameters (Table V) of the pump cycle
(Fig. 3) should be taken only as an estimate for enzyme from other sources.

The Electrostatic Model of the Na,K-ATPase

Numerical simulations have been performed on the basis of the modified Post-Albers
scheme (Fig. 3) with the set of parameters presented in Table V. It has been stated

Na;E;ATP (Na,)E,-P P-E;Na,

FIGURE 20. An electrostatic
E % EE p-E, model of the Na,K-pump. For
details see text.
& 3+ -
K.E,

E,(K,) P-EK,

already that all lines drawn in the figures, which are indicated as simulation, are not
fits but straight-forward calculations with the same set of parameters. The good
agreement between data and simulation justifies the presentation of an electrostatic
model of ion transport under physiological conditions as shown in Fig. 20, which
includes all features implemented in the mathematical model.

In the nonoccluded E; states of the enzyme two negatively charged binding sites
are accessible in the (electrostatic) surface of the pump. K* ions and (with higher
affinity) two Na* ions compete for the same sites, which probably contain negatively
charged carboxyl residues. The third binding site is neutral and highly specific for
Na*. Ion binding to this site is electrogenic. This property is a strong indication of a
location inside of the protein dielectric.

Na* occlusion by enzyme phosphorylation with ATP occurs when all three binding
sites are occupied and is not accompanied by an electrogenic effect. Therefore, the
Na* ion bound at the neutral binding site is not moved within the protein dielectric
during the transition Nag'E|"ATP — (Na3)-E,-P. The occlusion thus consists probably
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only in the closure of a gate. The conformational transition into state E, is correlated
with an access of the binding sites to the extracellular phase and the release of the
first Na* ion from the neutral binding site. This step represents the major electro-
genic contribution of the whole cycle.

Since the release of the successive two Na* ions has been shown to be electrogenic
and consequently also the binding of the two K* jons to the same (negatively
charged) binding sites, it can be concluded that these sites are located within the
protein dielectric of the protein in the states of P-E;. Therefore the connection
between sites and aqueous phase is thought to be formed by a narrow access channel
(“ion well”). Cardiac steroids inhibit the enzyme by blocking P-E, states in which two
cations, Na* or K*, are bound.

Binding of K* ions in the Ey conformation occurs also by an electrogenic process
through the proposed access channel. Occlusion of two K* ions, dephosphorylation,
conformational change E; — E; and release of K* into the cytoplasmic phase are
electroneutral processes, because the cations are paired by negatively charged
binding sites which have direct access to the aqueous phase in conformation Ej.

APPENDIX

Numerical Simulation of the Reaction Scheme Shown in Fig. 3

We denote the fraction of pump molecules in state A by x[4] and introduce the
following variables:

x, = x[Nag E;] + x[Na‘E,] + x[E;] + x[K-E,] + x[Ky E,]
xy = x[Nag'E,]

x3 = x[Nag E"ATP] + x[Na-E;-ATP] + x[E\-ATP] + x[K-E|"ATP] + x[Ky E,"ATP]
x4 = x[Nag £ ATP]

x5 = x{(Nas)E,-P]

xg = x[P-Ey(Nay)]

x7 = x[P-Ey(Na)]

xg = x[ P-Eq)

xg = x[ P-Eo'(K)]

xy9 = X[ P-Ey(K5)]

x) = x[Eg(Ky))

x19 = x[ATP-Ey(Ky)]

x13 = x[Eg'(Nay)]

x14 = x[ P-Ey'(Nag)-CS]

x15 = x[ P-Eg (K9)-CS}.
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According to the scheme in Fig. 3, the time derivatives of x; are given by
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In the equations given above, the following relations have been used:
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x[KoEr] = x5
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1.1
x[Ky E-ATP] = xg-f

\_ fNai _ *[NayEj]  x[NayE ATP]
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Four rate (or equilibrium) constants of the reaction scheme in Fig. 3 are
determined by the principle of detailed balance:

Kgi'Kxe  Cr nackegsegorgiemie Mor qesebs

bo = Kna1 Knag Ep'Cp M36°ky g 3b'E2b'g 16 M1bMab Gb'Sh
aghy sy hy
= Thesihy
1 (Cnl( ) o ky Sy qy Map M1 T
= o
KnarKxi \¢2 | avkesegemopmis
dy = Cr ogprgsgernards

Cp'Cp GyPrgavennay
The coupled differential equations have been integrated numerically using a Runge-
Kutta algorithm. To simulate specific ionic conditions, substrate concentrations and
the assignments for rate and equilibrium constants (Table V), for the fluorescence
signals, AF/F,, and for the pump currents I,(¢), have been applied. The simulated
time courses of fluorescence signals and electric currents are presented as lines in the
corresponding figures.
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