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Abstrac t .  A dual-wavelength fluorimeter was con- 
structed, which used two light emitting diodes (LEDs) to 
excite the fluorescence dye RH 421 alternately with two 
different wavelengths. The ratio of the emissions at the 
two excitation wavelengths provided a drift-insensitive 
signal, which allowed detection of very small changes of 
the fluorescence intensity. Those small changes were in- 
duced by ion binding and release in conformation E 1 of 
the Na,K-ATPase. Titration experiments were performed 
to determine equilibrium dissociation constants (+ stan- 
dard deviation) for each step in the complete binding 
and release sequence: 0.12 _+ 0.01 mM (Ez(K2) ~ KEI) ,  
0.08 _+0.01 mM (KE 1 +--~ El), 3.0_+0.2 mM (NaE t ¢-~ Et), 
5.2 _+ 0.4 mM (NazE 1 ~ NaE1) and 6.5 + 0.4 mM 
(Na3E 1 ~ NazEt) at pH 7.2 and T= 16 °C. These numbers 
show that the affinities of the binding sites exposed to the 
cytoplasm, are higher for K + than for Na + ions, similar to 
what was found on the extracellular side. The physiolog- 
ical requirement for extrusion of Na + from the cytoplasm, 
and for import of K + from the extracellular medium seems 
to be facilitated not by favorable binding affinities in state 
E t but by the two ATP-driven reaction steps of the cycle, 
Ez(K2) + ATP ---) KzE t . ATP and Na3E t - ATP ~ (Na3) 
Et-R which border the ion exchange reactions at the bind- 
ing sites in conformation E l . 

K e y  words :  Na ,K-ATPase  - Ion binding - Equilibrium 
dissociation constants - Electric field sensitive fluores- 
cence dyes - Dual wavelength fluorescence 

I n t r o d u c t i o n  

Ion transport by the Na,K-ATPase involves a sequence of 
conformational transitions and ion binding and release re- 
actions (Glynn 1985; J0rgensen and Andersen 1988; 
Lfiuger 1991). In the course of the transport cycle the en- 
zyme can assume two principal conformations E 1 and E 2 

Correspondence to: H.-J. Apell 

with inward-facing (E 1) and outward-facing (E2) ion-bind- 
ing sites. Under physiological conditions the transport pro- 
cess is believed to be promoted by the different relative 
ion affinities of the binding sites in the two conformations: 
in E t binding of sodium is preferred over potassium, and 
vice versa in E 2 (Simons 1974; L~uger 1991). 

The transport stoichiometry of the Na,K-ATPase is well 
known: under physiological conditions three sodium ions 
are moved out of the cell and two potassium ions into the 
cytoplasm per cycle. Since one positive net charge per 
turnover is moved out of the cell, producing a contribu- 
tion to the transmembrane electric current, in at least one 
reaction step charge is moved through the membrane (pro- 
tein) dielectric, and is said to be electrogenic (L~iuger 
1991). Various experimental evidence has been presented 
that ion binding and release reactions are involved in the 
electrogenicity of the transport. Several of  these investi- 
gations were performed by an optical method. It was 
shown that styryl dyes, especially RH 421, can be used to 
detect charge-translocating partial reactions of the Na,K- 
ATPase (Klodos and Forbush 1988; Sttirmer et al. 1991; 
Forbush and Klodos 1991; Pratap et al. 1991). Although 
the mechanism has not yet been clarified completely, it has 
been demonstrated that in the flat membrane fragments 
containing Na,K-ATPase in high density, RH 421 acts as 
an indicator of the local electric fields generated by un- 
compensated charges inside the Na,K-ATPase (Btthler et 
al. 1991). 

The structure of the binding sites, and the mechanisms 
that generate the binding affinities, are not known so far 
(JCrgensen 1992). Indirect evidence on their structure was 
collected by biochemical and biophysical investigations. 
Negatively charged amino acids were identified as con- 
tributing to the ion-binding moiety (Goldshleger et al. 
1992; Argtiello and Kaplan 1994). Electrophysiological 
and optical studies have provided evidence that the bind- 
ing sites are buried within the protein in its E 2 conforma- 
tion (Sttirmer et al. 1991; Gadsby et al. 1993; Sagar and 
Rakowski 1994, Wuddel et al. 1994), and the the sodium- 
specific site in the E 1 conformation is also situated within 
the protein dielectric (Heyse et al. 1994). Ion binding stud- 
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ies with trypsin-digested protein, so called 19-kDA frag- 
ments, demonstrated that almost 50% of the protein mass 
that protrudes from the cytoplasmic surface of the mem- 
brane can be removed without altering the cytoplasmic 
ion-binding properties (Karlish et al. 1990; Capasso et al. 
1992; Schwappach et al. 1994). 

Many attempts were made to determine binding affin- 
ities for Na ÷ and K ÷ by studies with radioactive ions. How- 
ever, owing to experimental constraints only apparent af- 
finities could be given (Jensen et al. 1984; Homerada et 
al. 1987; Esmann 1994); apparent affinities are defined as 
the reciprocal of the half-saturating concentration for the 
observed ion binding. 

The aim of this paper is the introduction of a new flu- 
orescence detection assay, which increased the sensitivity 
to RH 421 signal, and its application to determine binding 
affinities of the Na,K-ATPase for Na ÷ and K + ions on the 
sites presented to the cytoplasm in the E 1 conformation. 
Because the properties of RH 421 allow direct discrimi- 
nation between states with different numbers of ions 
bound, the experiments could be restricted on the reaction 
sequence, which covers only the binding and release reac- 
tions, 

Na3E1 < K3 >Na2E1 < K2 >NaE 1 < K~ >E~ < K4 > 

KEl< K5 >E2(K2 ) (1) 

by choosing buffer compositions without ATP and inor- 
ganic phosphate, Pi. Although the Na,K-ATPase is inves- 
tigated in open membrane fragments, the sites can be as- 
sumed to be cytoplasmic. This is shown both by the high 
affinity for Na + and the fact that, in the presence of Mg a+ 
in the medium, the enzyme is in an E 1 form (Skou and Es- 
mann 1980), a state in which Na + sites are oriented towards 
the cytoplasmic surface (Karlish and Pick 1981). 

Materials  and methods  

Materials 

Sodium dodecylsulfate (SDS) was obtained from Pierce 
Chemical (Rockford, IL, USA). Phosphoenolpyruvate, py- 
ruvate kinase, lactate dehydrogenase, NADH and ATP 
(disodium salt, Sonderqualit~it) were from Boehringer 
(Mannheim, Germany). RH 421 was purchased from 
Molecular Probes (Eugene, OR, USA). The purity of 
the dye was checked by thin-layer chromatography. 
Ethylenediamine tetraacetic acid (EDTA) and all other re- 
agents (at least analytical grade) were from Merck (Darm- 
stadt, Germany). 

Protein preparation 

Na,K-ATPase was prepared from the outer medulla of rab- 
bit kidneys using procedure C of JOrgensen (1974). This 
method yields purified enzyme in the form of membrane 
fragments containing about 0.8 mg phospholipid and 
0.2 mg cholesterol per mg protein (Btihler et al. 1991). The 
specifi.c ATPase activity was determined by the pyruvate 

kinase/lactate dehydrogenase assay (Schwartz et al. 1971). 
The protein concentration was determined by the Lowry 
method (Lowry et al. 1951), using bovine serum albumin 
as a standard. For most preparations the specific activity 
was in the range 2000 to 2300 gmol Pi per hr and mg pro- 
tein at 37 °C. The suspension of Na,K-ATPase-rich-mem- 
brane fragments (about 3 mg protein per ml) in buffer 
(25 mM imidazole sulfate, pH 7.5, 1 mM EDTA, 10 mg/ml 
sucrose) was frozen in samples of 100 ~1; in this form the 
preparation could be stored for several months at -70  °C 
without significant loss of activity. 

Fluorescence measurements 

Fluorescence spectra were determined with a Perkin- 
Elmer Luminometer LS 50B. The thermostated cell holder 
was equipped with a magnetic stirrer. In addition to spec- 
trometric analyses, this equipment was also used to study 
ion binding to Na,K-ATPase-containing membrane frag- 
ments. For these 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). If not 
otherwise indicated, the experiments were carried out at 
16 °C. 

Dual wavelength experiments with RH 421-labeled 
membrane fragments were performed in a specially de- 
signed fluorimeter. When RH 421 experiments are carried 
out in a standard setup, a non specific drift of the fluores- 
cence intensity can be observed in the range 0 .2 -2% per 
rain. To correct for these effects the fluorescence was de- 
tected at two wavelengths. One wavelength produced a 
signal which was characteristic for the protein function, 
the other wavelength monitored information on the dye 
concentration in the illuminated volume. In contrast to 
the calcium indicator FURA 2, it is not possible to find an 
isosbestic wavelength. Changes of the electric field, which 
are induced by the protein function, cause (small) shifts 
of the whole absorption spectrum of RH 421. Therefore 
we selected a function-specific excitation at )~=585 nm, 
which is the wavelength normally monitored with the stan- 
dard equipment, and a broad band excitation (420 nm < )~ 
< 610 nm) as reference, which covers most of the absorp- 
tion spectrum and so electric-field induced shifts do not 
significantly change the absorbance. 

A cross section of the instrument is shown schemati- 
cally in Fig. 1 A. The body is made from aluminium, is 
equipped with an electromagnetic stirring device under- 
neath the buffer-containing cell, and can be thermostated. 
Two light emitting diodes (LEDs) are used as light sources, 
which are mounted at parabolic reflectors at a distance of 
8 mm from the cell. To produce the reference signal a 
"blue" LED with an emission maximum of 475 nm was 
chosen. The data signal is excited by a combination of a 
"yellow" LED (~.max=585 nm) and a narrow-band inter- 
ference filter with a maximum transmission at 585 nm and 
a half width of 26 rim. In Fig. 1 B the absorption spectrum 
of RH 421-labeled membrane fragments and the emission 
spectra of the LEDs are superimposed. In front of the en- 
trance window of the photomultiplier (PM) a cut-off filter 
(~"tr . . . .  ission > 590 rim) and a narrow-band interference fil- 
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Fig.  1 A - C .  Principle of the dual wavelength fluorimeter. A Cross 
section through the setup. A standard 12 x 12 mm 2 glass cuvette is 
placed in the center of the aluminium block. Two bores, placed op- 
posite to each other, each holds an LED which is mounted in a par- 
abolic reflector. One LED has a narrow-band interference filter in 
front of the reflector (filter 1). At 90 degrees to the LEDs a photo 
multiplier (PM) with a filter combination of cut-off filter and nar- 
row-band interference filter (filter 2) in front of the PM entrance 
window collects the fluorescence emission of the solution in the cell. 
The whole setup is placed within a PVC housing to shield the appa- 
ratus from stray light. The cuvette is accessible by a shutter from 
above. A Teflon-covered stirring magnet in the cell is underneath 
the light path of the LEDs and impelled by an electromagnetic de- 
vice. B Absorption spectrum of RH 421-labeled membrane frag- 
ments superimposed with the emission spectra of the two LEDs, 
which emit the electric-field sensitive excitation light, LEDsignal, and 
the reference light, LEDger. C Electronic circuit of the instrument, 
which allows alternate activation of the two LEDs with light pulses 
of comparable intensities 

ter with a maximum at 660 nm and a half width of 30 nm 
are mounted. 

A pulse generator produced a rectangular pulse with 
voltages between +5 and -5  V to activate alternately the 
two LEDs, as indicated in Fig. 1 C. With a trim resistor, 
the voltages to the two LEDs were adjusted in such a way 

that the fluorescence detected in the PM was in the same 
range of intensity for both wavelengths. The pulse gener- 
ator was set to a frequency, which still produced rectan- 
gular voltage signals at the output of the operational am- 
plifier that transformed the PM current into a voltage sig- 
nal (gain: 10 6 VA-1). 
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Fig.  2 A - C .  Signal analysis of the dual-wavelength fluorimeter. 
A Comparison of photomultiplier output and pulse-generator signal. 
A positive voltage activated the LEDsig~al, a negative voltage acti- 
vated the broad band LED,~f. The averaged signal of each illumina- 
tion period is calculated for both LEDs and stored as a data and ref- 
erence point together with the time, when the voltage changes from 
positive to negative sign. B Representation of an experiment, in 
which the Na,K-ATPase by successive addition of Na +, ATP and K + 
is driven through the reaction sequence E 1 --+ (Na3)E 1 --> P-E2 ---> 
E 2 (K2). The fluorescence intensity is shown as a function of tame 
for both LEDs, signal (bold line) and reference (thin line). Upon ATP 
addition a small visible response in the reference signal can be ob- 
served. C Effect of the drift correction by calculation of the ratio of 
the signals, F (LEDsigna~)/F (LEDr~f). The dashed lines parallel to the 
time axis are drawn to guide the eye. They make the point that drift 
effects are completely canceled out in the corrected signal 
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The PM output and the voltage signal of the pulse gen- 
erator were collected in parallel in different channels of a 
data acquisition board of a PC with sampling frequencies 
between 100 Hz and 10 kHz, depending on the pulse 
length of the pulse generator (Fig. 2A). The fluorescence 
intensities were determined by averaging all data points 
within each illumination period. The resulting values were 
collected correspondingly in a data or reference array, ac- 
cording to the sign of pulse signal. In Fig. 2B an experi- 
ment is shown in which the Na,K-ATPase molecules 
are subsequently driven through the reaction sequence 
E 1 --+ (Na 3) E 1 --+ P-E 2 --> E2(K 2) by successive addition 
of 20 mM Na ÷, 5 mM ATP and 10 mM K ÷, respectively, to 
a solution of RH 421-labeled membrane fragments. The 
lines show the time course of data points, each the aver- 
age value of one illumination period. The fluorescence ex- 
cited at L=585 nm is marked "LEDsignal" (bold line). The 
thin line represents the time course of the reference fluo- 
rescence, marked LEDre f. The ratio of the two signals, 
F(LEDsignai)/F (LEDref), is a drift corrected signal, which 
is presented or analyzed in all following figures. In Fig. 2 C 
the drift correction effect is demonstrated by an experi- 
ment in which 3 ~1 of membrane-fragment solution was 
added to a buffer containing 20 mM NaC1, 5 mM MgCI 2 
and 200 n g  RH 421 (at t=30 s). 5 mM ATP was added at 
t=300 s. Since the dephosphorylation of the enzyme is 
slow in the absence of K +, the pumps remained in the (sta- 
tionary) state P-E 2 for a long period of time owing to the 
low ATP consumption. The frequency of the pulse gener- 
ator was set to 1 Hz in this experiment. The corrected sig- 
nal is shown as bold line in comparison to the fluorescence 
signals excited by both LEDs. While the fluorescence in- 
tensities of both wavelengths increased slowly during the 
period 30 s < t < 300 s, the corrected signal was stable 
within 5 s. The fluorescence drift after addition of ATP 
(t > 300 s) was ~0.3% per minute in the case of each LED 
signal but disappeared completely after calculation of the 
quotient (Fig. 2C). 

Results 

Cytoplasmic binding of sodium ions 

Previous publications discussed the fact that the apparent 
affinity of the binding of Na ÷ ions to the sites of the pro- 
tein facing the cytoplasm depends on the absence or pres- 
ence of Mg 2÷ ions: typical half binding constants are 
0.7 mM in the absence of Mg 2÷ and 7 mM in the presence 
of 5 mM Mg 2+ (Glynn 1985; Schwappach et al. 1994). An 
interdependence of the three bound ions is reflected by the 
fact that the binding kinetics of Na ÷ ions has a Hill coef- 
ficient greater than one (Karlish and Stein 1985). In a re- 
cent publication a Hill coefficient of 1.8 was determined 
in the presence of Mg 2+ by the standard RH 421 method 
with the rabbit kidney enzyme (Schwappach et al. 1994). 
This number can be taken as a parameter that indicates 
cooperative effects in the ion binding. Heyse et al. (1994) 
suggested that the change of the RH 421 fluorescence in- 
tensity is caused mainly by binding of the 'third' Na + ion 
to an uncharged binding site within the protein dielectric. 
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Fig. 3. Na + ion binding in the E 1 conformation of the Na,K-ATPase 
to sites exposed to the cytoplasm, as detected by RH 421 fluores- 
cence changes. Relative fluorescence changes were calculated with 
respect to the intensity, F0, in the absence of Na +. The data points 
represent the data. Titration series in the concentration range up to 
5 mM, 15 mM and 50 mM are superimposed in this figure. The solid 
line is a fit to the data according to the model presented in the ap- 
pendix, with the boundary condition [K ÷] = 0 and with the equilibri- 
um dissociation constants, Ki, (i= 1, 2, 3), as is given in Table 1 

The Na + binding was reinvestigated with the described 
dual-wavelength fluorimeter. In a fluorescence cell 9 gg 
Na,K-ATPase were equilibrated in 1 ml buffer containing 
25 mM histidine, 0.5 mM EDTA, 10raM MgCI 2 and 
200 nM RH 421, pH 7.2. After determination of the initial 
fluorescence level, F o, Na ÷ ions were added in aliquots 
from solutions containing 100 mM or 1 M NaC1. For each 
concentration step the corresponding fluorescence level 
was determined and the relative change in fluorescence in- 
tensity calculated by AF/Fo=(F[Na]Fo)/F0. This experi- 
ment was repeated independently over 40 times with sev- 
eral different protein preparations and in concentration 
ranges between 0 and 5 mM, 15 mM or 50 mM NaC1. The 
result is presented in Fig. 3. Typical error bars are given 
for a few data points. The striking difference from previ- 
ously published findings with a standard single-wave- 
length setup was a positive fluorescence change between 
0 and 4 mM. This behavior contains additional informa- 
tion which was analyzed according to the model discussed 
in the appendix. The data could be simulated with the func- 
tion defined in Eq. A10 and equilibrium dissociation 
constants of K 1=3 _+ 0.2 mM (E 1 ~ NaE1), K2=5.23 -+ 
0.4 mM (NaE 1 <---> Na2E1), K3=6 + 0.4 mM (Na2E 1 
NasEt) .  This set of numbers was unique in the sense that 
any change larger than 10% did not allow fits to the data 
points. 

Cytoplasmic binding of potassium ions 

Binding of K ÷ ions to the E 1 conformation of the Na,K- 
ATPase did not produce significant changes in the RH 421 
fluorescence signal, either in the single-wavelength 
(Sttirmer et al. 1991) or in the dual-wavelength method. 
To obtain reliable information we made use of the compe- 
tition between Na + and K + for the same binding sites, and 
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Fig. 4. K + ion binding to the sites exposed to the cytoplasmic side 
of the membrane in the E 1 conformation detected RH 421 fluores- 
cence changes. The membrane fragments were equilibrated in buf- 
fers containing the indicated concentrations of NaC1. Aliquots of 
KCI were added until no further increase of fluorescence could be 
observed. The lines drawn through the data are fits according to Eq. 
(AlO) 

titrated the binding sites with K + ions in the presence of 
different concentrations of Na +. 

In a fluorescence cell 9 pg Na,K-ATPase were equili- 
brated in 1 ml buffer containing 25 mM histidine, 0.5 mM 
EDTA, 10 mM MgC12 and 200 nM RH 421, pH 7.2, at 
16 °C. After determination of the initial fluorescence level, 
F o, NaC1 was added to obtain the indicated concentration 
of Na ÷ (Fig. 4). Subsequently, aliquots of KC1 were added 
until further additions no longer produced significant 
changes in fluorescence. In Fig. 4, results from experi- 
ments are shown, which were performed with four differ- 
ent concentrations of Na +. To decrease the scatter of the 
data, two to four identical experiments were averaged and 
at each concentration of Na + three series of experiments 
were performed with different batches of protein. The plot- 
ted curves in Fig. 4 are fits to the data according to Eq. 
A10 with fixed K i (i = 1, 2, 3), which were determined from 
the Na ÷ titration experiments (Fig. 3). To determine the 
missing kinetic quantities, K 4 and K 5, the K + titration 
curves of all Na + concentrations were fitted simultane- 
ously. A single set of values was found which described 
all experiments: K4=0.08 + 0.01 mM and K5=0.12_+ 
0.01 mM. To present an overview, we have plotted the ex- 
perimentally determined half saturating concentration, 
K1/2, as function of the Na ÷ concentration in Fig. 5 A. Fig- 
ure 5B shows the Na ÷ concentration dependence of the 
fluorescence level after addition of Na +, AF (Na+)/F0 (cf. 
Fig. 3), and also at saturating K ÷ concentrations, AFmax/F o. 
KI/2 and AF (Na÷)/F0 were fitted by simulation of the ex- 
periments (Eq. A10) without further corrections. 

The maximum change of the fluorescence, AFmJFo,  
upon addition of saturating K +, was overestimated for Na + 
concentrations above 20 mM by the model applied in this 
paper. In the absence of Na ÷ and at high concentrations of 
K ÷, when virtually all pumps can be assumed to be in state 
Ea(K2) the fluorescence level was determined to be 
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Fig. 5A, B. Analysis of the competition between Na + and K + ions 
on the binding sites in conformation E 1 of the Na,K-ATPase. From 
experiments as shown in Fig. 4 three characteristic numbers have 
been taken: A the half-saturating concentration, K1/2, of K ÷ binding, 
B the fluorescence level in the presence of the indicated Na + con- 
centration and in the absence of K ÷, AF(Na+)/F0, and in the presence 
of saturating K ÷, AFmax/F o. The dependence of these experimental 
quantities on Na + concentration (data points) is compared with the 
discussed equilibrium binding model in the appendix (lines). Cir- 
cles represent experiments in low ionic strength, squares represent 
experiments in buffer with an ionic strength of 200 mM (maintained 
by choline chloride) 

f6 =-0.03. In the presence of Na + ions in the buffer and 
sufficiently high concentrations of K ÷ ions all proteins 
should again be in states K2E 1 or E 2 (K2) with a specific 
fluorescence level o f -0 .03 .  In Fig. 5B the open symbols 
represent the corresponding saturating fluorescence levels 
from the experiments. To describe AFmax/F 0 correctly, a 
phenomenological correction factor was introduced. The 
origin of  this fluorescence reduction is not understood so 
far. Control experiments exclude an artifact of ionic 
strength. 

Discussion 

The Post-Albers scheme represents a consecutive (or 
"ping-pong") mechanism, in which Na + and K + ions are 
transported in different parts of the pump cycle. This prop- 
erty of the transport mechanism was demonstrated by dif- 
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ferent flux modes of the protein (for review see Glynn 
1985). Implicit in this scheme is the fact that the ion bind- 
ing sites have to release one species of ion before binding 
another one when the sites are exposed to the aqueous 
phase. In principle, it is not necessary for the binding af- 
finities to change when the conformation of the protein 
changes, although such a feature produces a kinetic advan- 
tage (L~iuger 1991). Experiments performed to determine 
apparent affinities have revealed that, in the case of the 
Na,K-ATPase, there is high affinity Na + binding in the E 1 
conformation and high affinity K + binding in the E a con- 
formation (for review, see Stein 1986). 

Previous studies of ion-binding affinities were per- 
formed mainly in an indirect manner, since only altera- 
tions of the pump protein consequent to ion binding or 
release could be detected. Approaches have included an- 
alyzing the complete transport cycle, by uptake or efflux 
of tracer ions in red blood cells or vesicles (Garray and 
Garrahan 1977; Sachs 1977; Blostein 1983; Karlish and 
Stein 1985), by potential-sensitive dyes (Apell and Mar- 
cus 1986), or by measuring enzymatic activity (Cornelius 
and Skou 1988; Cornelius 1992). In experiments in which 
the pump did not run through the whole cycle, ion occlu- 
sion was measured (Glynn and Richards 1982; Glynn 
1984; Shani et al. 1987), the intrinsic fluorescence (Karl- 
ish and Yates 1987) or conformation-sensitive fluores- 
cence labels, fluorescein 5'-isothiocyanate (Karlish 1980; 
Rephaeli et al. 1986) or eosin (Esmann 1994) were used. 
Smirnova and Faller (1993) applied fluorescein 5'-iso- 
thiocyanate in stopped-flow experiments and found kinetic 
evidence for two potassium dissociation constants, which 
differed by a factor of 4. To describe the time dependence 
and amplitude of the relaxation processes with a two site 
model, they used ratios of K4/K 5 in the range between 3.7 _ 
1.8 and 5.0 _+ 2.1. From these findings they concluded the 
existence of two independent and identical sites. The fact 
that their absolute values of K 4 and K 5 were 2.8 _+ 0.9 mM 
and 14.0 _+ 1.4 mM, respectively, indicates that an addi- 
tional, kinetic process contributed, which is insignificant 
in equilibrium titrations as in our experiments, in which 
the values of K 4 and K 5 were both in the range of 0.1 mM. 

We did not introduce a separate reaction step for the 
transition K2E 1 6-~ E 2 (K2), since it is a substrate indepen- 
dent (monomolecular) reaction, which is strongly shifted 
to the right by a ratio of 1/1000 in the absence of ATP 
(Heyse et al. 1994). If the state K2E ~ is implemented,__ the 
value of K 4 remains unchanged. The constant K 5 in the 
discussed model has to be replaced by K'5 - K'6,_where 
the reaction KE  1 ~-~KzE1 is controlled by K'5, and 
K2E 1 6-~ Ez(K2) by K'6. If K'6 = 1/1000, the equilibrium 
constant K' 5 is calculated to be 80 mM. This result, 
K'5 >> K'4, is in agreement with the explanation given for 
the hyperbolic activation of the K÷-K ÷ exchange by cyto- 
plasmic K + (Karlish and Stein 1985). 

Direct access to single ion binding steps is possible only 
when observable quantities can be found that allow dis- 
crimination between states with different numbers of ions 
bound. The dual-wavelength detection of RI-1421 fluores- 
cence intensities provides such a possibility. Although 
there is a general agreement that dyes of this class respond 
to changes of the (local) electric field in their environment, 

the mechanism is not yet understood completely (Grin- 
wald et al. 1982; Ephardt and Fromherz 1989; Btihler et 
al. 1991; Clarke et al. 1992). However, an influence ofcon- 
formational changes of the Na,K-ATPase on the RH 421 
signal was excluded by control experiments with the mem- 
brane preparations used in the present work (Sttirmer et al. 
1991; Heyse et al. 1994). 

A direct determination of a specific fluorescence level, 
f[X], was possible for three out of the six states in the se- 
quence (Na3)E1,..., E2(K2) (Eq. (1)). In the absence of 
Na + and K ÷ ions, the fluorescence level f [Eli was defined 
as the reference and set to be 0. Saturating concentrations 
of Na ÷ in the absence of K ÷ ions maintained the enzyme 
quantitatively in state Na3E l, with f [Na3E1]=-0 .26  
_+ 0.02. The fluorescence level f [E 2 (K2)] =-0.03 _+ 0.002 
was obtained by forcing the pump into state E 2 (K 2) by sat- 
urating K ÷ concentrations and in the absence of Na +. The 
remaining two levels in the Na+-binding branch were ob- 
tained by fitting the Na + titration curves (Fig. 3). Since 
they have positive levels, f [NaE1]=0.018 +_ 0.001 and 
f [Na2E1]=0.11 + 0.003, in contrast to f [Na3E1], it was 
possible to determine them unequivocally. The final miss- 
ing level, f [K Eli = -0.015 _+ 0.01, could be varied by a fac- 
tor of ~2, since it contributed only marginally to fluores- 
cence intensity (< 1% of the total signal). 

The surprising result that the fluorescence levels of 
states NaE 1 and Na2E 1 have to be set positive to explain 
the Na ÷ concentration dependence (Fig. 3) does not have 
its origin in an electrogenic effect. Control experiments 
with a single wavelength fluorescence spectrophotometer 
revealed a monotonic shift of the absorption spectrum of 
RH 421 towards shorter wavelengths when the Na + con- 
centration was increased (not shown), as expected (Btthler 
et al. 1991). The finding that the ratio F(LEDsignal)/ 
F(LEDref) was biphasic as function of the Na + concentra- 
tion was a consequence of the incomplete overlap of the 
LEDre f emission spectrum and the RH 421 absorption 
spectrum (Fig. 1 B). For very small (blue) shifts of the ab- 
sorption spectrum of RH 421 as induced by the binding of 
the first two Na + ions, the LEDre f excited fluorescence 
dropped faster than that of the LEDsigna I- 

The phenomenological correction factor, which was in- 
troduced to account for the reduction of the fluorescence, 
AFmax/F 0, in high Na ÷ concentrations, is different from 1 
at Na ÷ concentrations above 20 mM (Fig. 5 B). This obser- 
vation could be caused by a Na+-specific or by a general 
ionic strength effect. To rule out the latter, we repeated the 
experiments in the presence of 200 mM choline chloride 
and found no significant influence on the fluorescecence 
changes (squares in Fig. 5B). Shani et al. (1987) found an 
influence of Na ÷ concentrations above 30 mM on Rb + oc- 
clusion, which they described as a 'non-competitive an- 
tagonistic effect'. This observation could be caused by the 
same mechanism, whose origin has to be revealed by fur- 
ther investigations. 

The equilibrium dissociation constants for all five steps 
of Eq. (1) are shown in Table 1. They were obtained by fit- 
ting simultaneously all data presented. The variations of 
the values in Table 1 represent a confidence interval, in 
which all experiments (Figs. 3 -5 )  could be fitted with an 
acceptable performance. No alternative set of constants 
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Table 1. The experimentally determined set of equilibrium disso- 
ciation constants (_+ standard deviation) for cytoplasmic binding of 
Na ÷ and K ÷ ions. The buffer contained 25 mM histidine, 0.5 mM 
EDTA, 10 mM MgC12, pH 7.2, besides various concentrations of Na ÷ 
and K ÷. The temperature was 16 °C. All data presented could be sim- 
ulated with these kinetic constants and no additional adjustments 
were necessary 

Reaction step Constant Value/mM 
m 

Na3E 1 <---> Na2E 1 K 3 6.5 +_ 0.4 
Na2E1 ~ NaE 1 K 2 5.2 _+ 0.4 

NaE 1 ~-~ E 1 K 1 3.0 _+ 0.2 

E 1 ~-~ KE 1 K 4 0.08 --+ 0.01 
KE1 ~ E2 (K2) K5 0.12 + 0.01 

m 

could be found. The observation that K 1 and K 2 differed 
by less than a factor of 2 may be discussed in the light of 
the fact that random binding or release of ions from two 
identical and independent binding sites would produce, 
owing to statistical reasons, a difference of a factor of 4 
between K I and K 2. The same argument is valid for the 
K+-binding steps, K4 and ~ ,  which are different also by 
less than a factor of 2. For Rb + ions (as congener of K +) 
ordered binding and release was found (Forbush 1987), 
which excludes the idea of independent binding sites. As- 
suming the same kind of cooperativity for Na ÷ ions would 
not be in conflict with the results of previous investiga- 
tions on cytoplasmic Na ÷ binding. 

Studies of the sodium-rubidium antagonism in the E 1 
form the Na,K-ATPase by analysis of the kinetics of  con- 
centration-jump experiments led to results which were an- 
alyzed by a model that implemented states with 'mixed '  
populations, such as E 1Rb2Na or E 1Rb Na2, to account for 
the complex behavior found in these experiments (Esmann 
1994). All 'steady state' experiments presented in this 
paper could be fitted satisfactorily by the linear reaction 
chain of Eq. (1) without 'mixed '  populations of the sites. 
Owing to the small differences of the specific fluorescence 
of states with one or two ions bound and owing to the low 
proposed probability of the 'mixed '  populations on the 
other hand, the existence of those states cannot be ex- 
cluded. 

The small size of the specific fluorescence changes that 
are produced by binding of (the first) two Na ÷ or K ÷ ions 
are in agreement with the proposal that these binding sites 
have two negative charges at the dielectric protein/water 
interface (Sttirmer et al. 1991" Heyse et al. 1994). Bind- 
ing of the third Na ÷ ion is assumed to occur to a neutral 
site inside the protein with a dielectric depth of 0.25 
(Heyse et al. 1994). Taking into account this number as 
well as the model discussed in the Appendix and the con- 
stants of Table 1, predictions can be made on the influence 
of the membrane potential on a shift of  the apparent half- 
saturating ion concentration for the Na ÷ binding, K1/2. 
When a trans-membrane potential of 25 mV is applied, a 
shift of K m in the order of 10% is predicted. 

The affinity of the ion binding sites in s t a t e  E 1 is gen- 
erally assumed to be higher for Na ÷ ions (Simons 1974). 
The results of Figs. 4 and 5 on the other hand show that 

the equilibrium dissociation constants for K ÷ ions are sig- 
nificantly lower than for Na +. Indeed the affinity of the 
' empty '  pump in state E1 for K + is 38 times higher than 
for Na ÷. The high K + affinity is in agreement with previ- 
ous studies (Karlish 1980; Shani et al. 1987), which found 
half saturating concentrations, K1/2, in state E I for K+/Rb ÷ 
ions in the range of 0 .1 -0 .2  mM. Esmann (1994) reported 
a K1/2 of 0.016 mM for Rb + occlusion. Assuming physio- 
logical ion concentrations (150 mM K ÷ and 5 mM Na +) the 
model presented in the appendix predicts an almost com- 
plete population of state E 2 (K2) in the absence of ATR 
This result seems to be in opposition to the requirements 
of a living cell. However, these experiments were per- 
formed in the absence of ATP to confine the pump to the 
states of Eq. (1) (Glynn and Richards 1982; Forbush 
1987). The influence of ATP was investigated by Shani et 
al. (1987), who found that ATP shifts K1/2 of K + binding 
by almost a factor of 10 to higher concentrations. On the 
other hand the phosphorylation of the enzyme by ATP in 
state Na3E 1 drains this state continuously and thus pro- 
duces under turnover conditions an apparent Na ÷ affinity 
in the range of 10-20  mM (Sachs 1977; Karlish and Stein 
1985; Apell and Marcus 1986). This is also in agreement 
with early measurements of Skou (1957), who showed 
that high K + and low Na + (cytoplasmic) concentrations 
have a rate-limiting effect on the turnover of the Na,K-AT- 
Pase. 

The conclusions to be drawn from these results are that 
the intrinsic ion binding affinity is higher for K + than for 
Na ÷ ions in both principal conformations, E I and E 2. The 
binding affinities of the extracellularly presented sites for 
K ÷ ions are in the range 0 .1-0 .3  mM (Stein 1986; Forbush 
1987; Btihler and Apell 1994) and indicate that they are 
hardly changed by the EI-E 2 conformation transition. A 
difference in binding affinities could be observed for Na + 
binding, which is higher in conformation Et, 3 - 7  mM 
(Table 1), than in E 2, where apparent affinities of 5 0 -  
2500 mM have been found (Heyse et al. 1994). The 'high'  
apparent affinity for Na ÷ ions, which promotes the Na,K- 
ATPase through its pump cycle to perform its physiolog- 
ical function in the presence of K ÷ ions, is a consequence 
of the kinetics of the two partial reactions, E 2 (K2) ~ ATP • 
E 2 (K2) and Na 3 E 1 - ATP ~ (Na3)E1- R both of which are 
strongly shifted in the forward direction (to the right) in 
the presence of ATP (Karlish et al. 1982). These two re- 
actions precede and follow the ion release and binding 
steps, K2E 1 • ATP ~-~ ... <-~ Na3E I • ATP, and thus give 
rise to the functional Na,K exchange despite the unfavor- 
able intrinsic binding affinities of the E 1 conformation. 
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Appendix 

In the generally accepted Post-Albers cycle of the Na,K- 
ATPase one set of binding sites binds alternately Na ÷ and 
K + ions ("ping-pong mechanism"). In the absence of ATP 
and inorganic phosphate, Pi, the enzyme is confined to the 
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states 

Na3E1 < K3 >Na2E1 < K2 >NaEt < K1 >El < K4 

KE1 < K5 > E 2 ( K  2) ,  

where  the values  of  K i depend  on the concentrat10ns of  
Na  + ( i=  1, 2, 3) or K + 0 = 4 ,  5). Ana lyz ing  this reac t ion  
scheme under  s teady state condi t ions ,  each reac t ion  step 
can be descr ibed  by a l inear  equat ion as a funct ion of  the 
f ract ional  occupancy  of  the par t ic ipa t ing  two states,  the 
ion concentra t ion  and the cor responding  equi l ib r ium dis-  
socia t ion  constant ,  K i . For  example  

[NaE1] = [N--a+ ] . [E 1 ] (A1) 
K1 

Taking into account  the boundary  condi t ion  

[Na3E 1] + [NazE 1] + [NaE L] + [El] + [KE 1] 

+ [Ez(K2)] = 1 (A2) 

The popula t ion  of  all 6 states can be ca lcula ted  as func- 
t ion of  the ion concentra t ions  and the cor responding  equi-  
l ib r ium dissocia t ion  constants .  Wi th  the def ini t ion 

D = K  1 K 2 K 3 - (K 5 • [K +] + [K+] 2) + K 4 K5 

• (K 1 K 2 K 3 + K 2 K 3 • [Na +] + K~. [Na+] 2 + [Na+] 3) (A3) 

the solut ions of  the sys tem of  equat ions are 

[Na3Et] = K4 K5 ' [Na+] 3 D (A4) 

[Na2E1 ] = K3 K4 K5 [Na+] 2 
D (A5) 

[NaEt] = K 2 K3 K4 K5 • [Na + ] (A6) 
D 

[E 1 ] = K1 K2 K3 K4 K5 (A7) 
D 

[KEt]  = K1 K2 K3 K5 • [K + ] 
D (A8) 

[E2 (K2)] = K1 K2 K3 " [K + ]2 
D (A9) 

To calcula te  the f luorescence  signals,  the specif ic  f luores-  
cence levels  of  the different  states, f [x], have to be de- 
fined. For  three states, the cor responding  values  can be de- 
t e rmined  exper imenta l ly  by  appropr ia te  se lect ion of  the 
ionic compos i t ion  of  the buffer. These  values  showed vari-  
at ions in the range of  15%, dependent  on the concentra-  
t ion of  act ive prote in  in the membrane  preparat ion.  Aver-  
age values  over  14 dif ferent  prepara t ions  were: 

f [El] = f l = 0 ,  0 Na  + and 0 K + in buffer, 

f [Na 3 E l i  - f 4 = - 0 . 2 6  saturat ing N a  +, 0 K + in  buffer,  

f [E 1(K2)] - f 6 = - 0 . 0 3 ,  0 Na  +, saturat ing K + in buffer. 

The remain ing  levels  have been obta ined  by  f i t t ing all ex- 
per imental  data s imul taneously  with the same set of  values:  

f [NaE  1] = f2=0 .018 ,  

f [NazE 1] - f 3 = 0 . 1 1  

f [KEt]  - f 5 = - 0 . 0 1 5 .  

On the basis  of  these def ini t ions,  the exper iments  pre-  
sented in this paper  can be s imula ted  with the fo l lowing  
function:  

AF 
= ~ [ E 1 ] + A ' [ N a E t ] + k ' [ N a 2 E 1 ]  

+ f 4 '  [Na3EI]  + f s  [KEI]  + f 6  [E2 (K2)] .  (AIO) 
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