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Summary. In the first part of the paper, evidence has been pre- 
sented that electrochromic styryl dyes, such as RH 421, incorpo- 
rate into Na,K-ATPase membranes isolated from mammalian 
kidney and respond to changes of local electric field strength. In 
this second part of the paper, fluorescence studies with RH-421- 
labeled membranes are described, which were carried out to 
obtain information on the nature of charge-translocating reaction 
steps in the pumping cycle. Experiments with normal and chymo- 
trypsin-modified membranes show that phosphorylation by ATP 
and occlusion of Na + are electroneutral steps, and that release of 
Na + from the occluded state to the extracellular side is associated 
with translocation of charge. Fluorescence signals observed in 
the presence of K ~ indicate that binding and occlusion of K- at 
the extracellular face of the pump is another major electrogenic 
reaction step. The finding that the fluorescence signals are insensi- 
tive to changes of ionic strength leads to the conclusion that 
the binding pocket accommodating Na + or K + is buried in the 
membrane dielectric. This corresponds to the notion that the 
binding sites are connected with the extraceltular medium by 
a narrow access channel ("ion well"). This notion is further 
supported by experiments with lipophilic ions, such as tetraphe- 
nylphosphonium (TPP +) or tetraphenylborate (TPB -), which are 
known to bind to lipid bilayers and to change the electrostatic 
potential inside the membrane. Addition of TPP + leads to a de- 
crease of binding affinity for Na + and K +, which is thought to 
result from the TPP--induced change of electric field strength in 
the access channel. 

Key Words Na,K-ATPase �9 ion pumps �9 electrogenic trans- 
por t .  potentiometric dyes 

Introduction 

Operation of the Na,K-pump involves a sequence 
of conformational transitions and ion binding and 
release reactions (Glynn, 1985; JCrgensen & Ander- 
sen, 1988). According to the Post-Albers reaction 
scheme (Fig. 1), the enzyme can assume two princi- 
pal conformations E I and E 2 with inward-facing (El) 

* Deceased (September 13, 1990). 

and outward-facing ion-binding sites (E2). When the 
protein is phosphorylated in state E~ by ATP, Na + 
becomes "occluded," i.e., trapped inside the pro- 
tein (Na3 �9 Ej �9 ATP ---> (Na3)E1-P). Transition to 
conformation E 2 leads to release of Na + and binding 
of K + . This results in dephosphorylation of the pro- 
tein and occlusion of K + . The cycle is completed by 
transition to conformation E1 and release of K + to 
the cytoplasmic side. 

In the course of the pumping cycle, net charge 
is translocated across the membrane. An important 
problem in the mechanistic understanding of the 
pump is the question in which steps of the cycle 
charge is actually moved inside the pump molecule 
(De Weer, Gadsby & Rakowski, 1988; Apell, 1989). 
Studies of transient currents in heart cells (Nakao 
& Gadsby, 1986) and in reconstituted membrane 
systems (Fendler et al., 1985; Borlinghaus, Apell 
& Lfiuger, 1987) have shown that reactions in the 
sodium limb of the cycle are associated with translo- 
cation of electric charge. The same conclusion has 
been drawn from studies of reconstituted vesicles 
(Goldshlegger et al., 1987; Goldshlegger, Shahak & 
Karlish, 1990; Apell, Hfiring & Roudna, 1990). Ex- 
periments with chymotrypsin-modified Na,K- 
ATPase have given evidence that the first steps in 
the Na part of the cycle, viz., phosphorylation by 
ATP and occlusion of Na +, are electrically silent 
and that deocclusion and release of Na + to the extra- 
cellular medium are major electrogenic events 
(Apell, Borlinghaus, & L/iuger, 1987, Borlinghaus et 
al., 1987). 

The interpretation of these findings raises the 
question how charge translocation in the membrane- 
embedded pump protein can be understood at the 
microscopic level. Since it seems unlikely that 
charge moves in a single step over the entire hy- 
drophobic thickness of the membrane, it has been 
proposed that ion pumps have access channels that 
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Fig. 1. Post-Albers scheme for the pumping cycle of Na,K- 
ATPase, adapted from Glynn (1985), Forbush (1988) and 
JCrgensen and Andersen (1988). E I and E2 are conformations of 
the enzyme with ion binding sites facing the cytoplasm and the 
extracellular medium, respectively. In the "occluded" states 
(Na3)EI-P, P-E2(Na2), P-E2(K2) and E2(K2), the bound ions are 
unable to exchange with the aqueous phase. Dashes indicate 
covalent bonds and clots indicate noncovalent bonds 

connect the ion-binding sites to the aqueous medium 
(Tanford, 1983; Lfiuger & Apell, 1986). Within the 
access channel ions may migrate by a diffusion-type 
mechanism. For the structure of an access channel 
two limiting cases may be distinguished: (i) The ac- 
cess channel may consist of a wide opening (or vesti- 
bule) into which water and all kinds of ions are al- 
lowed to enter freely. Under this condition the 
electrical conductance of the access channel is large, 
meaning that the field strength resulting from a trans- 
membrane voltage is low within the channel. (ii) In 
the other extreme case, the channel is narrow and 
specific for the transported ions, so that part of the 
transmembrane voltage drops across the length of 
the channel. This corresponds to the "ion well" 
model introduced by Mitchell (Mitchell & Moyle, 
1974). In the presence of an ion well, an ion moving 
from the aqueous medium to the binding site has to 
traverse part of the transmembrane electric field, so 
that the effective ion affinity of the site becomes 
voltage dependent. 

The existence of ion wells in the Na,K-ATPase 
has been discussed previously as a possibility to 
explain effects of transmembrane voltage on station- 
ary and nonstationary pump currents (Lauger & 
Apell, 1986, 1988; Nakao & Gadsby, 1986; Rakow- 
ski, Vasilets & Schwarz, 1990; Rakowski et al., 
1991). Goldshlegger et al. (1987) have considered the 
possibility that the experimentally observed voltage 
effect on the affinity for cytoplasmic Na + is caused 
by a shallow ion well at the cytoplasmic face of the 
pump. Direct evidence for the presence of ion wells 
in the Na,K-pump is lacking so far, however. 

In the first part of this paper (Bfihler et al., 1991) 
we have described the use of electrochromic styryl 
dyes for the detection of changes of electric field 
strength in Na,K-ATPase membranes. In this sec- 

ond part of the paper, we describe the application 
of styryl dyes for investigating charge translocation 
associated with binding and release of K + and Na + 
at the extracellular face of the pump. The experi- 
ments were carried out with open membrane frag- 
ments containing a high density (103-104 per/.tm 2) of 
oriented Na,K-ATPase molecules (Deguchi, 
Jcirgensen & Maunsbach, 1977). I ra  binding site for 
Na § or K + in the Na,K-ATPase is connected by 
an ion well to the aqueous medium, ion binding or 
release should give rise to a change of electric field 
strength in the membrane, which may be sensed by 
the electrochromic dye. The results of these experi- 
ments are consistent with the notion that an ion well 
exists at the extracellular face of the pump. This 
notion is further supported by experiments in which 
lipophilic cations or anions were added to the aque- 
ous medium. Partitioning of fipophilic ions into the 
membrane leads to a change of binding affinity for 
Na + and K + . This affinity change is thought to result 
from the electrostatic potential created by the lipo- 
philic ion inside the lipid bilayer. 

Materials and Methods 

MATERIALS 

c~-Chymotrypsin, apyrase VI and ouabain were purchased from 
Sigma. 5-lodoacetamidofluorescein (IAF) and RH 421 were ob- 
tained from Molecular Probes (Eugene, OR). The purity of the 
dyes was checked by thin-layer chromatography. Sodium tetra- 
phenylborate (TPB-) and tetraphenylphosphonium chloride 
(TPP-) were from Merck (Darmstadt). For the experiments in 
the nominal absence of K ~, NaCI was used in Suprapur quality 
(Merck). All other reagents were analytical grade. Choline chlo- 
ride was obtained form Aldrich ("Goldmarke")  or from Sigma 
(3 • recrystallized). P3-1-(2-nitro) phenylethyladenosine-5'-tri- 
phosphate ("caged" ATP) was synthesized by K. Janko using a 
modified version of the method of Kaplan, Forbush and Hoffmann 
(1978). The purity of the product was checked by HPLC. The 
compound was stored as tetramethylammonium salt in the dark 
at -40~ Acetylphosphate (AcP) was obtained from Boehringer, 
Mannheim, as a Li,K salt. The compound was converted to the 
Tris salt by ionic-exchanger chromatography with Dowex 50W- 
X8, as described by Rephaeli, Richards and Karlish (1986). 

PREPARATION OF Na,K-ATPase MEMBRANES AND 

FLUORESCENCE LABELING 

Na,K-ATPase was prepared from the outer medulla of rabbit 
kidneys using procedure C of l~rgensen (1974), as described in 
part I of this paper (Bi]hler et al., 1991). This method yields 
purified enzyme in the form of open membrane fragments con- 
taining about 0.8 mg phospholipid and 0.2 mg cholesterol per mg 
protein. For most preparations the specific activity was in the 
range between 1500 and 2200/*mol Pi per hr and mg protein at 
37~ corresponding to a turnover rate of 120-170 sec-~ (based 
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on a molar mass  of  280,000 g /mob.  Labeling of the enzyme with 
IAF was carried out  as described previously (Bfihler et al.. 199 l). 
In the exper iments  with RH 42l,  the dye was added from an 
ethanolic stock solution (concentrat ion 0.2 mM) to the aqueous  
suspens ion  of membrane  f ragments .  

R E C O R D I N G  OF S T E A D Y - S T A T E  A N D  T R A N S I E N T  

F L U O R E S C E N C E  S I G N A L S  

Steady-state  f luorescence measuremen t s  were carried out with a 
Perkin-Elmer  650-40 fluorescence spect rophotometer .  The ther- 
mosta ted cell holder was equipped with a magnetic stirrer. For 
exper iments  with RH 421, the excitation wavelength was set to 
580 nm (slit width 15 nm) and the emission wavelength to 650 nm 
(slit width 15 nm). i f  not otherwise indicated, the exper iments  
were carried out at 20~ 

Transient  f luorescence signals after photochemical  release 
of ATP were performed as described previously (St0rmer et al., 
1989; Bfihler et al., 1991). ATP was released from "caged"  ATP 
in the sample cell by light flashes (wavelength 308 rim, total energy 
150 m J, duration 10 nsec) generated by an EMG 100 excimer  laser 
(Lambda  Physics ,  G6ttingen).  At pH 7.0, ATP is released with a 
t ime cons tant  of  4.6 msec.  K n o t  otherwise stated, the concentra-  
tion of caged ATP was 100 ,aM. About  20 "aM ATP were released 
in a single flash, corresponding to a photochemical  yield of  20%. 
In order to remove  traces of  free ATP contained in the sample of 
caged ATP,  a small amoun t  of  apyrase  VI (10 3 units/ml) and 2 
mM Mg 2+ were added to the membrane  suspens ion  prior to the 
flash exper iment .  

Results 

F L U O R E S C E N C E  S I G N A L S  A S S O C I A T E D  W I T H  ( N a  § 

+ A T P ) - I N D U C E D  P H O S P H O R Y L A T I O N  AND K +- 

I N D U C E D  D E S P H O S P H O R Y L A T I O N  

In the experiment represented in Fig. 2A, Na,K- 
ATPase membrane fragments (9 gg protein/ml) were 
equilibrated with styryl dye RH 421 in the presence 
of 20 mM Na + and 5 mM Mg 2+. Under the given 
experimental conditions, about 80% of the dye binds 
to the membranes (Bfihler et al., 1991). Upon addi- 
tion of 10/XM ATP, the fluorescence of the dye in- 
creases by about 100%. This fluorescence increase 
is not observed when ATP is added to the membrane 
fragments in the absence of Mg 2+, or when the 
Na,K-ATPase is inhibited by ouabain or vanadate. 
When thereafter 20 mM K + are added to the medium, 
the fluorescence decreases again to a value about 
15% above the level prior to the addition of ATP. 

The sign of the fluorescence change upon addi- 
tion ofATP (AF > 0) corresponds to the creation of a 
negative electrostatic potential inside the membrane 
dielectric. This follows from the comparison with 
fluorescence signals induced by adsorption of lipo- 
philic cations and anions to Na,K-ATPase mem- 
branes (B0hler et al., 1991). 
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Fig. 2, Fluorescence changes of styryl dye RH 421 bound to 
Na ,K-ATPase  membranes .  (A) Open membrane  f ragments  (9 "ag 
protein/ml) were equilibrated with 0.23 ,aM RH 421 (total concen- 
tration) in the presence of  20 mM NaCI, 5 mM MgSO 4, 1 mM 
EDTA, and 30 mM imidazole sulfate, pH 7.2. The lemperalure  
was 20 + 0.2~ The fhiorescence was excited at 580 nm and 
recorded at 650 n m. 10/ZM ATP and 20 mm K" were successively 
added to the medium. AF/F,, is the relative fluorescence change 
referred to the fluorescence intensity F ,  prior to the addition of 
ATP. (B) As in A, but without Na + initially present in the medium. 
Either 10 ,aM ATP or 20 mm K + or 20 mm Na + were added to a 
suspens ion  of membrane  fragments  

Experiments in which ATP, Na +, or K + were 
added separately to the enzyme are shown in Fig. 
2B. Upon addition of ATP or ofK § , the fluorescence 
remained virtually unchanged, whereas addition of 
Na § led to a distinct fluorescence decrease. The 
possible meaning of these results will be discussed 
later. 

The observed fluorescence changes (Fig. 2A) 
may be compared with the predictions of the Post- 
Albers reaction scheme of the Na,K-ATPase (Fig. 
1). In the presence o fNa  ~, the enzyme is in confor- 
mation E 1 with inward-facing ion-binding sites. Ad- 
dition of ATP leads to phosphorylation and occlu- 
sion of Na § 

E + 3 N a ~  + ATP--~ Na~. E I �9 ATP- -~ (Na0E/ -P  + ADP. ( l )  

The occluded state undergoes a transition to confor- 
mation E 2 with outward-facing binding sites, fol- 
lowed by release of Na- 

(Na3)Ej-P--+ P-E 2 + 3Na+t . (2) 
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This reaction is likely to proceed through an interme- 
diate state P-E2(Na2) with two occluded Na § ions 
(Yoda & Yoda, 1987; JCrgensen & Andersen, 1988; 
NCrby & Klodos, 1988). In the absence of K +, de- 
phosphorylation of the phosphoenzyme in state P- 
E2 is extremely slow, but is greatly accelerated upon 
addition of K + 

P-E2 + 2Ke+xt ~ P-E2(K2)---> E2(K2) + Pi. (3) 

Evidence for the existence of the phosphoenzyme 
form P-E2(K2) with occluded K § has been obtained 
by Forbush (1988). Thus, according to the reaction 
scheme in Fig. 1, it may be assumed that the fluores- 
cence increase observed upon addition of ATP (Fig. 
2A) reflects the transition from state Na 3 �9 Ej to state 
P-E2, whereas the fluorescence decrease observed 
upon addition of K + reflects the transition from state 
P-E2 to state E2(K2). 

Phosphorylation by Acetylphosphate 

The assumption that the fluorescence increase ob- 
served upon addition of ATP (Fig. 2A) results from 
phosphorylation of the enzyme and transition to 
state P-E 2 was further tested in an experiment in 
which ATP was replaced by acetylphosphate (AcP). 
AcP is known to phosphorylate Na,K-ATPase in the 
presence of Na + , yielding a phosphoenzyme which 
is indistinguishable from the phosphoenzyme 
formed by ATP (Beaug6 et al., 1985; Rephaeli et al., 
1986). Addition of AcP in saturating concentration 
(1 mM) in the presence of 20 mM Na + gave rise to a 
fluorescence signal which was only 10% smaller than 
the signal observed upon addition of ATP (data not 
shown). The reduction in signal amplitude is likely 
to result from the low rate of phosphorylation by 
AcP which leads to a reduction in the steady-state 
level of the phosphoenzyme. (From stopped-flow 
experiments, the maximal phosphorylation rate by 
AcP was estimated to be about 2 sec ~ at 20~ 
When 1 mM K + was added after phosphorylation by 
AcP, the fluorescence signal decreased again to a 
low level, as in the experiment shown in Fig. 2A. 

Reversibility of the ATP-Induced 
Fluorescence Change 

The reversibility of the phosphorylation-induced 
fluorescence change was tested in the experiment 
shown in Fig. 3. Membrane fragments were initially 
equilibrated with 10 mM Na + and 0.25 ~M RH 421. 
When a small amount of ATP (1/xM) was added, the 
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Fig. 3. Reversibility of  the phosphoryla t ion- induced f luorescence 
change. The exper iment  was carried out under  similar condit ions 
as in Fig. 2A, but with a ten t imes  smaller  amoun t  of  ATP added 
to the cuvette.  The membrane  f ragments  (9/*g protein/ml) were 
equilibrated with 10 mM NaCI, 5 m g  MgCI> 1 m EDTA and 0.25 
/zM RH 421 prior to the addition of ATP.  After  the f luorescence 
has returned to nearly the original level, addition of a fur ther  
amount  of  ATP elicits a new fluorescence signal of  virtually identi- 
cal amplitude. The f luorescence changes  are referred to the fluo- 
rescence F,, prior to the addition of  ATP 

fluorescence immediately increased (as in Fig. 2A), 
but decreased again steeply after about 100 sec to 
nearly the original level. This fluorescence decrease 
is thought to result from the consumption of ATP in 
the solution in the course of the Na-ATPase reac- 
tion. (Under the given experimental conditions (ab- 
sence of K+), the enzyme operates when at about 
10-20% of its normal activity.) When the addition 
of 1 /XM ATP was repeated, essentially the same 
fluorescence signal was observed again (Fig. 3). 

Influence of Ionic Strength 

A possible origin of the fluorescence signals repre- 
sented in Fig. 2A is the change of local field strength 
resulting from release of Na + or binding of K + at 
the extracellular binding sites. If the binding sites are 
located at the surface of the protein, the amplitude of 
the signals should decrease with increasing ionic 
strength of the medium. To test this possibility, the 
experiment of Fig. 2A was repeated, varying the 
ionic strength by addition of choline chloride to the 
solution. The relative fluorescence amplitudes a x =-- 
kx/Fo, which are referred to the fluorescence Fo of 
the dye-labeled membranes in the presence of 20 mM 
Na +, are plotted in Fig. 4 as a function of choline 
chloride concentration. It is seen that the fluores- 
cence amplitudes change only insignificantly (by less 
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Fig. 4. Influence of ionic strength on the ampli tudes of fluores- 
cence signals observed under  the conditions of the exper iment  of  
Fig, 2A. The concentra t ion of  choline chloride was varied be- 
tween 0 and I M, corresponding to a variation of the total ionic 
strength between 40 mM and 1.04 M. Membrane  f ragments  (9/xg 
protein/ml) were equilibrated with 5 mM M g S Q ,  1 mM EDTA, 
30 mM imidazole sulfate, pH 7,2, and 0.25 /xM RH 421. 20 mM 
Na +, 10 ~tM ATP and 20 mM K"  were success ively  added. The 
temperature  was 20 -+ 0.2~C The fluorescence changes are re- 
ferred to the f luorescence F,, recorded in the presence o f  20 m,'~ 
Na + prior to the addition of ATP 

than 20%) when the choline chloride concentration 
is increased from 0 to 1 M, corresponding to a varia- 
tion of ~otal ionic strength from aboul 40 mM to 1.04 
m. This finding argues against the possibility that 
the observed fluorescence signals reflect changes of 
surface-charge density. The results represented in 
Fig. 4 are thus consistent with the view that the 
styryl dye responds to charge movements in the 
interior of :he membrane dielectric. 

Chymotrypsin-Modified Na,K-ATPase 

Further information on the origin of the fluorescence 
increase observed upon phosphorylafion of the en- 
zyme (Fig. 2A) can be obtained from experiments in 
which the Na,K-ATPase is modified by a-chymo- 
trypsin. Treatment of Na,K-ATPase with a-chymo- 
trypsin in the presence of Na + at low ionic strength 
leads to cleavage of a single peptide bond in the a- 
sub~ni~; the split is located in the cytoplasmic por- 
tion of the protein between Leu-266 and Ala-267 
(JCrgensen & Collins, 1986). Under suitable reaction 
conditions, secondary cleavage is negligible. In the 
chymotrypsin-treated enzyme, phosphorylation by 
ATP and occlusion of Na + are preserved, while 
Na,K-pumping is abolished (Glynn, Hara & Rich- 
ards, 1984; JCrgensen & Petersen, 1985), These find- 
ings indicate that modification by chymotrypsin sta- 
bilizes the Na,K-ATPase in state (Na3)EFP by 
preventing the transition to state P-E 2 (Fig. 1). 
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Fig, 5. Change of f luorescence of RH 421 upon ATP-induced 
phosphorylatian t Fig. 2A), as a funclion of  N a -  cor?centrafion cs 
in the presence and in the absence  of  t e t raphenylphosphonium 
(TPP ' )  or te traphenylborate  (TPB-) .  The f luorescence change 
AF is referred to the f luorescence F, prior to addition of  A T E  
AF was evaluated from t ime-resolved f luorescence exper iments  
(AF is the stat ionary amplitude which is reached at long times). 
The ionic strength was held constant  by addition of choline chlo- 
ride. A ~uspension of  membrane  f ragments  (30 mg  protein/ml) 
was added to a solution of  0.7/xM RH 42t,  20 ffM " c a g e d "  ATP, 
l0 mM MgCI> 1 M (NaCI + choline chloride), 1 mM EDTA,  0 or 
300 /xm TPP + or 3.3 /xm TPB and 30 mM imidazole chloride, 
pH 7.2. About  5/,tM ATP were released by a 308-nm flash of  10 
nsec duration. The temperature  was 20~ 

Membrane fragments were pretreated with chy- 
motrypsin for 60 min at 37~ in a medium containing 
5/xg/ml a-chymotrypsin, 100/*g/ml Na,K-ATPase, 
10 mM NaC1, 1 mM EDTA and 30 mg imidazole, pH 
7,2, Under this condition the proteolytic reaction 
may be expected to be selective, consisting of the 
cleavage of a single peptide bond, as discussed 
above. When the experiment in Fig. 2A was repeated 
with chymotrypsin-modified Na,K-ATPase, fluo- 
rescence changes were no longer observed upon ad- 
dition of ATP or K +. This means that the ATP- 
induced fluorescence increase shown in Fig. 2A oc- 
curs during deocclusion and release of Na + to the 
medium ((Na3)EI-P---> P-E~ + 3Na). 

Na +-Concentration Dependence of  the A TP- 
Induced Fluorescence Signals 

Fluorescence of  RH 421. In Fig. 5, the amplitude of 
the fluorescence signal of RH 421, which is observed 
upon phosphorylation by ATP (Fig. 2A) is plotted 
as a function of Na + concentration cy (curve labeled 
0 TPP+/TBP-). The ionic s~reugth was held con- 
stant at 1 M by addition of choline chloride. It is seen 
that the relative fluorescence change AF/Fo reaches 
a maximum at c N ~ 40 mM and declines at higher 
Na + concentrations. This decrease ofkF/Fo is likely 
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Fig. 6. Change of fluorescence of RH 421 upon addition ofK + to 
the phosphoer~zyme (Fig. 2A), as a function of K- concentration 
CK. The fluor~escence change AF is referred to the fluorescence 
Fo prior to release of ATP. AF was evaluated from time-resolved 
fluorescence experiments and taken as the difference of the sta- 
tionary signal amplitudes at long times after addition of ATP with 
and without addition of K-. A suspension of membrane fragments 
(30/,g protein/ml) was added to a solution of 0.7/~M RH 421,20 
/xM "'caged" ATP, l0 mM MgC]> 50 mM NaC1, 1 M choline 
chloride, 1 mm EDTA, 30 mm imidazole chloride, pH 7.2, and 
various concentrations of KCI and tetraphenylphosphonium 
(TPP-). In the absence of choline chloride, the results were virtu- 
ally identical. About 5 ,o,M ATP were released by a 308 nm flash 
of 10 nsec duration. The temperature was 20~ 
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to result f r o m a  Na+-induced shift of  the distribution 
between states P-E 2, P-E2(Na 2) and (Na3)EFP 

(Na3)EFP ~ P-E2(Na2) ~ P-E 2. (4) 

At high Na  + concentrat ion,  the reaction sequence 
is shifted to the left, so that the enzyme mainly 
remains in the states (Na3)EFP and P-E2(Na2). 

Fluorescence of  IAF. In parallel experiments,  
the f luorescence of membrane  fragments labeled 
with 5-iodoacetamidoftuorescein (IAF) was re- 
corded after photochemical  release of ATP from 
" c a g e d "  ATP (Stiirmer et al., 1989). From previous 
studies it is known that the fluorescence of IAF- 
labeled Na ,K-ATPase  decreases during the transi- 
tion from (Na3)EFP to P-E 2 (Kapakos & Steinberg, 
1986; St0rmer  et al., 1989). In the present  experi- 
ments,  the ampl i tude of this fluorescence change 
was studied as a function of Na  + concentrat ion CN 
up to CN = 1 M. The amplitude of fluorescence 
change was found to decrease with increasing Na  +- 
concentrat ion c N above 40 mM (not shown), in a 
similar way as the fluorescence change of RH 421- 
labeled membranes  decreased with increasing cN 
(Fig. 5). The exper iments  with IAF-labeled enzyme 
thus provide further support  for the notion that the 
reaction sequence (4) is shifted to the left at high 
Na + concentrat ions.  
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Fluorescence Change upon Addition of  K" 

The fluorescence change observed upon addition of 
K + to the phosphoenzyme (Fig. 2A) is plotted as a 
function of K + concentrat ion c K in Fig. 6 (curve 
labeled 0 LPP+). AF/F,, is found to saturate at high 
K+-concentrat ions,  with a half-saturation concen- 
tration (CK)~/2 of about 0.25 mM. This value is similar 
to the apparent  dissociation constant  of  K ~ at the 
extracellular side (0. l -0 .2  mM) which is obtained 
from the dependence of  ATP-hydrolysis  rate on K + 
concentration (Robinson & Flashner,  1979). 

This agreement  between (CK)l/2 from Fig. 6 and 
the apparent  affinity for extracellular K + indicates 
that the signal observed upon addition of K + in Fig. 
2A results from binding of K + to form P-E~ of the 
enzyme,  followed by occlusion of K + and release of  
Pi. (In the experiment  shown in Fig. 2A, the ATP 
concentration (1 /,M) was so small that binding of 
ATP to E,(K 2) is negligible.) The assumption that 
RH 421 responds to local field changes in the mem- 
brane (Bi]hler et al., 1991), thus leads to the conclu- 
sion that one of  the following two reactions,  or both, 
are associated with translocation of charge in the 
protein 

P-E~ + ?K + --> P-E2(K 2) (5) _ - ext 

P-E2(K2)--+ E2(K2) + Pi' (6) 

In experiments  with reconstituted vesicles, Go[d- 
shleger et al. (1987, 1990) observed that K,K-ex-  
change in the presence of ATP and Pi and at saturat- 
ing extracellular K + concentrat ion is voltage 
independent.  This indicates that the dephosphoryla-  
tion step (reaction 6) is electrically silent. On the 
other hand, since reaction (5) is strongly poised to 
the right at high (CK)~xp the experiments  of Gold- 
shleger et al. do not exclude the possibility that reac- 
tion (5) is electrogenic. The fluorescence change ob- 
served upon addition of K + to the phosphorylated 
enzyme (Fig. 2A) thus indicates that binding of K + 
to P-E, followed by occlusion (reaction 5) is a major 
electrogenic reaction step. A likely explanation for 
the electrogenic nature of  reaction (5) consists in the 
assumption that K + ions have to t raverse part of  
the membrane  dielectric to reach the occlusion sites 
from the extracellular medium in state P-E, of  the 
enzyme.  This corresponds to the " ion well" model 
introduced by Mitchell and Moyle (1974). 

Transient Fluorescence Changes Associated with 
Release of  Na + and Binding of  K + 
after Phosphorylation 

When ATP is photochemical ly  released f rom caged 
ATP in the presence of both Na  + and K + , the reac- 
tion sequence Na  3 - E 1 ~ Na3 �9 E1 �9 ATP--+ (Na3)Ej- 
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Fig. 7. Time course  of the relative f luorescence change AF/F,, of 
RH 421-labeled membrane  f ragments  after phosphorylat ion by 
ATP in the presence of Na* and K*.  About  2 pen ATP were 
photochemical ly  released at time t = 0. F,, is the fluorescence 
intensity prior to the light flash. A suspens ion  of membrane  frag- 
ments  (30/xg protein/ml) was equilibrated with 0.7 ,u.M RH 421, 
l0 /~M " 'caged"  ATP,  10 mM MgC12, 150 mM NaCI. I mM EDTA, 
30 mM imidadzole chloride, pH 7.2, and various concentrat ions 
of  KCI. The  temper2ture  was 20~ 

P ---> P-E2 --> P-E2(K2) ~ E2(K2) is initiated. If the 
concentrat ion of released ATP is much smaller than 
the apparent dissociation constant of ATP at the 
low-affinity binding site (Km -~ 20 p,M), the enzyme 
remains essentially in state E2(K2). Assuming that 
the reaction steps Na 3 - Ej --* Na 3 �9 Ej �9 ATP--+ 
( N a 0 E r P  and P-E2(K 2) --~ E2(K2) are not rate lim- 
iting (Glynn, 1985; St0rmer et al., 1989), the overall 
reaction can be approximately described by the fol- 
lowing transitions: 

(Na3)El_ P kA ~ P-E~ ~e > E2(K2). (7) 

Implicit in this reaction scheme is the assumption 
that the concentrat ions o f N a  + and Pi are low enough 
so that both steps are virtually irreversible. The rate 
constant k B depends on the potassium concentration 
in the medium. In the absence of  K + (k s = 0), a 
monotonous fluorescence increase should be ob- 
served, corresponding to the transition (Na3)Ej-P---> 
P-E 2. In the presence of a high concentration of K +, 
the second step is fast, so that, again, a monotonous 
fluorescence change is expected. At intermediate 
K + concentrat ions at which kA and k s are of compa- 
rable magnitude, the fluorescence signal should be 
nonmonotonous,  reflecting the transition from the 
weekly fluorescent state (Na3)E~-P to the strongly 
fluorescent state P-E2, followed by the transition to 
state E2(K2) which has again a low fluorescence. 
These predictions are borne out by the experiment 
shown in Fig. 7. Both in the absence of K + and in 
the presence of  5 mM K +, a nearly monoexponential  

fluorescence increase is observed,  whereas at inter- 
mediate K+ concentrations,  the fluorescence signal 
reaches a maximum and thereafter decreases to- 
wards a quasistationary level. The large fluores- 
cence amplitude in the absence of K -  and the much 
smaller fluorescence amplitude at 5 mM K + approxi- 
mately correspond to the fluorescence levels ob- 
served in the experiment of Fig. 2A in which ATP 
and K + have been added successively to the me- 
dium. The biphasic behavior shown in Fig. 7 agrees 
with similar results obtained with IAF-labeled en- 
zyme (St0rmer et al., 1989). 

The observation that the quasistationary fluo- 
rescence levels a,  =- A F ( t  --~ ~)/Fo depend on K + 
concentration cK (Fig. 7) is not accounted for by the 
simple reaction sequence (7). A likely explanation 
of the dependence ofa~. on c K consists in the assump- 
tion that state E2(K 2) can undergo a transition to 
state Ej from which a new phosphorylat ion/dephos-  
phorylation cycle can start 

E2(K 2) ~ K 2 �9 Ej ~ E I .... ---> (Na3)ErP.  (8) 

To test this expectation, a numerical simulation of 
the whole reaction cycle (Fig. I) including reaction 
sequence (8) was carried out, using the values of 
kinetic parameters taken from the literature 
(Sttirmer et al., 1989). The fluorescence levels of the 
individual states of the cycle were assigned as will 
be described in the next section. By the numerical 
simulation, the fluorescence signals represented in 
Fig. 7 could be qualitatively reproduced (data not 
shown). 

E F F E C T S  OF L I P O P H I L I C  IONS 

Lipophilic cations and anions, such as tetraphenyl- 
borate ( T P B )  or tetraphenylphosphonium (TPP +) 
adsorb to lipid bilayers; the adsorption plane is lo- 
cated a few tenths of a nanometer  away from the 
membrane-solution interface (McLaughlin, 1977; 
Andersen et al., 1978). Accordingly, binding of  lipo- 
philic ions creates a local electric field which is re- 
stricted to a narrow zone on the lipid side of the 
interface (Btihler et al., 1991). In the following we 
describe experiments in which TPP + or T P B -  are 
used to study effects of electric fields on single reac- 
tion steps of the pumping cycle. 

Effect  o f  TPP + and TPB-  on Na + Release  after 
PhosphoryIation by A T P  

When the enzyme is phosphorylated by ATP in the 
absence o f K  + at high Na + concentrat ion (CN ~ I M), 
the phosphoenzyme may be expected to be present  
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Fig. 8. F luorescence  change of RH 421 upon phosphorylat ion by 
ATP in the presence of 1 M Na + and various concentrat ions of 
t e t raphenylphosphonium (TPP+). At time t = 0, about 4/*M ATP 
were liberated from caged ATP by a 308-nm flash of 10 nsec 
duration. The f luorescence change AF is referred to the fluores- 
cence F,, prior to ATP release. A suspens ion  of membrane  frag- 
ments  (30/ ,g  protein/ml) was added to a solution of 0.7 tim RH 
421, 20/~M " c a g e d "  ATP,  10 mM MgCt 2, I M NaC1, 1 mM EDTA,  
30 mM imidazole chloride, pH 7.2, and various concentrat ions of 
TPP ~. The temperature  was 20~ 

mainly in states (Na3)EI-P and P-E2(Na 2) in which 
three or two Na + ions are still bound. This expecta- 
tion is consistent with the finding that the electro- 
chromic fluorescence signal which is thought to re- 
sult from deocclusion and release of Na +, declines 
at large Na + concentrations (Fig. 5). When lipophilic 
cations bind to the lipid bilayer, a positive electro- 
static potential is created in the membrane dielectric. 
Accordingly, release of Na + ions should be en- 
hanced in the presence of a positive potential. This 
means that the electrochromic fluorescence signal, 
which is reduced at high Na + concentration, should 
increase again upon addition of TPP + . 

This expectat ion is borne out by the time-re- 
solved fluorescence measurements shown in Fig. 8. 
At time t = 0, ATP is released from "caged"  ATP 
by a light flash in the presence of 1 M Na + and in 
the absence of K +. The fluorescence signal (curve 
labeled 0 TPP +) has a low amplitude ( A F / F  o ,~ 0.08), 
as already shown in Fig. 4. When increasing amounts 
of te traphenylphosphonium (TPP +) are added to the 
suspension, the amplitude strongly increases, ap- 
proaching saturation at TPP + concentrations near 1 
mM. 

As seen from Fig. 8, addition of TPP + not only 
increases the amplitude of the fluorescence change, 
but also slows down the rise of the fluorescence 
signal. A possible explanation of this finding consists 
in the assumption that the adsorption plane o f T P P  + 
is located between the membrane-solution interface 
and the Na+-binding sites. This would mean that rate 

of release of Na + from the binding sites is reduced 
by the presence of the electrostatic energy barrier 
created by adsorption o f T P P  + . On the other hand, 
the apparent binding affinity of Na + is always de- 
creased by the presence of TPP +, irrespective of the 
location of the adsorption plane. 

The signal amplitude AF/F,,  in the presence of 
300/XM TPP + is represented in Fig. 5 as a function 
of Na + concentration CN. It is seen that in the pres- 
ence of the lipophilic cation, the decline of A F / F  o at 
high Na + concentrations is much reduced,  as may 
be expected from the results presented in Fig. 8. In 
the TPP + experiments shown in Fig. 5, the ionic 
strength was held constant by addition of corre- 
sponding amounts of choline chloride. However ,  the 
results did not appreciably change when choline 
chloride was omitted. 

Figure 5 further shows that addition of TPP + 
lowers the maximum value of AF/F, ,  by about 20%. 
This reduction of AF/F,,  at low sodium concentra- 
tions is likely to result from a field-induced change 
in the distribution of TPP + between membrane and 
water. As discussed in part I of the paper (B0hler et 
al., 1991), lipophilic ions may redistribute between 
the lipid bilayer and the aqueous medium in response 
to pump-mediated charge movements  in the mem- 
brane. This leads to a reduction of the electric field 
strength in the membrane and to a concomitant  de- 
crease of the fluorescence signal of the dye. 

Addition of the lipophilic anion tetraphenylbor-  
ate (TPB-)  creates a negative electrostatic potential 
inside the lipid bilayer, which should lead to an in- 
crease of apparent affinity for Na + at the extracellu- 
lar binding sites. This is indeed the case, as Fig. 5 
shows. In the presence of T P B - ,  the decline of the 
fluorescence signal with increasing cN, which is 
thought to reflect a shift of the (Na3)EI-P/P-E 2 equi- 
librium back to (Na3)E~-P, is steeper than under con- 
trol conditions. In the absence of T P B - ,  the half- 
maximal fluorescence amplitude is reached at 
(CN)u2 ~ 500 mM, whereas in the presence of T P B - ,  
(CN)u2 is about 250 mM. (Compared to the control 
signal in the absence of lipophilic ions, the fluores- 
cence observed in the presence of T P B -  is reduced 
at all Na + concentrations. As discussed above,  this 
decrease of AF/F,,  is likely to result from a redistri- 
bution of lipophilic ions within the lipid bilayer.) 

Ef fec t s  o f  TPP + on K + Binding  to 
the P h o s p h o e n z y r n e  

TPP + strongly affects the fluorescence signal ob- 
served upon addition of K + to the phosphoenzyme 
(Fig. 2A). This is shown in Fig. 6 in which the signal 
amplitude - A F / F  o is plotted as a function of  K + 
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concentrat ion c K. In the presence of lipophilic cat- 
ions, the signal amplitude is decreased.  This de- 
crease of  - A F / F , ,  is associated with a shift of  the 
half-saturation concentrat ion (CK)~/2, as shown in the 
inset of  Fig. 6; (CK)v2 is the K + concentrat ion at 
which - 2xF/F,, in Fig. 6 becomes  half-maximal. The 
exper iments  represented in Fig. 6 were carried out 
at high ionic strength by addition of 1 M choline 
chloride. Omission of choline chloride did not appre- 
ciably change the results. 

As seen from Fig. 6 (inset), the apparent  affinity 
I / (CK)I /2  for K -  decreases  with increasing concentra-  
tion of TPP +. This observat ion is consistent with 
the assumption that a positive electrostatic potential 
created by adsorption of TPP + to the membrane  
renders binding of K + to the extracellular sites ener- 
getically less favorable.  This decrease of  K + affinity 
thus parallels the decrease of  Na + affinity observed 
in the presence  of TPP = (Fig. 5). 

An opposi te  effect on the affinity of  K + may be 
expected  when the lipophilic ion T P B -  is adsorbed 
to the membrane .  Exper iments  in the presence of 
T P B -  and K + could not be carried out, however ,  
since the solubility of  TPB in potassium solutions 
is ext remely low. 

Control  Exper ime n t s  

A possible objection against the interpretation of the 
exper iments  shown in Fig. 6 is that the effect of 
TPP + on K + binding is only apparent  and reflects in 
reality an interaction between TPP + and the poten- 
t iometric dye. To test for this possibility, two sets 
of  control exper iments  were carried out. In one set 
of  exper iments ,  the transition from P-E2 to E2(K:) 
was studied using IAF-labeled Na ,K-ATPase .  ATP 
was photochemical ly  released from " c a g e d "  ATP 
in the presence  of 50 mM Na § and various concentra-  
tions of  K - .  In Fig. 9 the asymptot ic  value (t ---> 
~) of  the relative fluorescence amplitude A F / F  o is 
plotted as a function of K + concentrat ion c K. At 
CK = 0, the f luorescence amplitude - 2xF/F,, is small, 
corresponding to the small difference in the IAF 
fluorescence of states Na  3 �9 Et �9 ATP and P-E2 (Ka- 
pakos  & Steinberg, 1986; St0rmer  et al., 1989). With 
increasing K + concentrat ion,  the fluorescence am- 
plitude - A F / F o  increases,  reflecting the transition 
to state E2(K 2) which has a much lower IAF fluores- 
cence than state P-E 2. In the absence of TPP + , the 
half-maximal effect of  K + is reached at c [  2 ~- 0.2 
mM (curve labeled 0 TPP § in Fig. 9) which approxi- 
mately agrees with the c [  2 value evaluated from the 
RH 421 exper iments  ( c [  2 -~ 0.3 mu) .  Addition of 100 
/AM TPP + leads to a three- to fourfold increase of  the 
half-saturation concentrat ion o f K  + , as Fig. 9 shows. 
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Fig. 9. Fluorescence change of iAF-labeled Na,K-ATPase after 
photochemical release of ATP from "'caged" ATP, as a function 
of K- concentration OK. ,.XF/F,, is the asymptotic value (t--* :~) of 
the relative fluorescence change: F o is the fluorescence prior to 
the liberation of ATP. IAF-labeled membrane fragments (6 /zg 
protein/ml) were equilibrated with 50 mM NaCI, various concen- 
trations of K +, 0 or 100 /iM tetraphenylphosphonium chloride 
(TPP~), 10 mM MgCl 2, l mM EDTA, 20/J~M caged ATP and 30 
mM imidazole chloride, pH 7.2. About 4 >M ATP were released 
by the laser flash. The temperature was 20~ 

This finding represents  independent evidence for the 
notion that the electrostatic potential  created by ad- 
sorption of TPP § inhibits binding of  K § at the extra- 
cellular face of the pump. 

In a second set of  control exper iments ,  the enzy-  
matic activity of  the N a , K - A T P a s e  was measured  
as a function of K + concentrat ion at a fixed Na  + 
concentrat ion of 50 mM with and without TPP § 
Addition of 100/AM TPP "- was found to shift the half- 
saturation concentrat ion of K + f rom ~ 0.5 to ~ 2 
mM (data not shown) .  

ASSIGNMENT OF FLUORESCENCE LEVELS TO 

INDIVIDUAL PUMP STATES 

The results of  the f luorescence exper iments  may be 
conveniently expressed by assigning relative fluo- 
rescence levels to the individual states of  the pump.  
For this purpose we consider the case that all pump 
molecules are in the same state E~ and denote  the 
fluorescence of the membrane  suspension observed  
under this condition by Fi. I f  N D is the total number  
of membrane- incorpora ted  dye molecules,  and g'i the 
average contribution of the single dye molecule to 
F i, the relation 

Fi = ND@i (9) 

holds. The quantities @i which reflect the electro- 
static interaction between protein charges and dye 
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Table. Relative fluorescence ampt i tudesJ i [E q. (10)] in different 
states of  the Na ,K-pump  (Fig. 1), referred to state Na~ �9 E~.* 

States Na3 �9 El (Na3)EI-P P-E2 E2(K2) EI E t . ATP 

f 0 a ~0  b 1.06 c 0.2 c 0.26 d 0.31 d 

*The values off,. were evaluated from an enzyme preparation 
exhibiting a specific activity of 2500/~mol Pi per hour  and mg 
protein at 37~ The concentrat ion of membrane  fragments in the 
suspens ion  was 9/.tg protein/ml,  the total dye concentrat ion was 
225 riM. The solution contained 5 mM MgCI 2, 1 mM EDTA and 30 
mM imidazole chloride, pH 7.2. Excitation wavelength: 580 nm 
(slit width, 15 nm), emission wavelength: 650 nm (slit width, 15 
nm). The temperature  was 20~ 

The f luorescence amplitude of  state Na3 �9 E1 is zero by 
definition. 

b Based on the finding that the ATP-induced fluorescence 
change is abolished in the chymotrypsin-modif ied enzyme.  

c C o m p a r e  Fig. 2A. 
d C o m p a r e  Fig. 2B. In the absence of Na + , nucleotides and 

Pi, the enzyme is thought  to be predominantly in state EI. 

molecules may be expected to depend on the average 
distance between protein molecules and dye mole- 
cules and thus on the density of pumps in the mem- 
brane fragment. In the following, all fluorescence 
levels are referred to state 1 which is chosen to be 
state Na3 �9 El. The relative fluorescence amplitude 
f. of state i with respect to state 1 is then given by 

f i  --  ~ i  - -  ~1 _ F i  -F1 
~1 F l  

(i0) 

The amplitudesfi were found to vary somewhat from 
enzyme preparation to enzyme preparation, exhib- 
iting a positive correlation with the specific activity 
of the Na,K-ATPase. Furthermore, at a fixed con- 
centration of membrane fragments, t h e f  were found 
to decrease with increasing dye concentration. This 
could mean that the dye binds to saturable sites on 
the protein, or that the membrane-bound dye, at 
high concentration, forms aggregates that no longer 
respond to changes of electric field strength. To min- 
imize errors resulting from variations in enzyme 
properties, dye concentration and spectral parame- 
ters of the fluorescence measurement, the f values 
given below were evaluated from the same enzyme 
preparation at fixed total concentrations of dye and 
membrane fragments and with fixed excitation and 
emission wavelengths. 

By definition, the relative fluorescence ampli- 
tude of state Na3 �9 El is zero. The fluorescence ampli- 
tudes of states (Na3)E1-P, P - E 2 ,  �9 �9 ", which were 
evaluated from experiments of the kind shown in 
Fig. 2 at saturating ion and ligand concentrations, 
are given in the Table. The fluorescence amplitudes 

of states (Na3)EI-P and Na 3 �9 E~ are nearly identical, 
as indicated by the experiments with chymotrypsin- 
modified enzyme. The largest fluorescence change 
(about 106%) occurs in the transition from Na3 �9 E~ 
to P-E 2 which is associated with release of three Na + 
ions from the protein. 

Since the enzyme may be assumed to be pre- 
dominantly in state E~ in the absence of alkali ions 
and Pi, the fluorescence change observed upon addi- 
tion of Na + in the experiment of Fig. 2B reflects the 
transition from Ej to Na 3 �9 Ej; this yields a value of 
f ~ 0.26 for the relative fluorescence amplitude of 
state Ej (Table). A tentative explanation for the dif- 
ference in the fluorescence levels of states E1 and 
Na 3 �9 Ej consists in the assumption that binding of 
Na + at the cytoplasmic face of the pump changes 
the electric field strength in the membrane by a minor 
ion-well effect. The existence of a shallow ion-well 
at the cytoplasmic side has already been discussed 
by Goldshlegger et al. (1987) as a possible explana- 
tion for the influence of transmembrane voltage on 
apparent Na + affinity observed in experiments with 
reconstituted Na,K-ATPase. 

Discussion 

In this study, we have investigated the fluorescence 
of RH-421-1abeled membranes to obtain information 
on electrogenic events associated with binding and 
release of Na + and K + at the extracellular face of 
the Na,K-pump. The main results may be summa- 
rized in the following way. 

i) Phosphorylation-induced transition from state 
Na 3 �9 E 1 to state P-E 2 leads to a large increase of dye 
fluorescence (Fig. 2). A similar observation has been 
reported before by Klodos and Forbush (1988) from 
experiments with another styryl dye, RH 160. The 
sign of the fluorescence change corresponds to the 
creation of a negative electrostatic potential inside 
the membrane dielectric. After chymotrypsin-modi- 
fication of the Na,K-ATPase, the fluorescence signal 
is abolished, indicating that the charge-translocating 
step occurs after the formation of the occluded state 
(Na3)E1-P. 

ii) At high Na + concentration (Cy > 100 mM), 
the ATP-induced fluorescence change is diminished, 
consistent with the assumption that the reaction 
(Na3)EI-P ~--- P - E  2 + 3Na+t is shifted to the left at 
large cy (Fig. 5). This effect of Na + is strongly re- 
duced in the presence of lipophilic cations (TPP +) 
which are known to create a positive electrostatic 
potential inside a lipid bilayer (Figs. 5 and 8). 

iii) The transition from P-E2 to E2(K2), which is 
induced by addition of K + to the phosphorylated 
enzyme (Fig. 2A), is associated with a decrease of 
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fluorescence, corresponding to the build-up of a pos- 
itive potential inside the membrane. The half-satura- 
tion concentration of K + in this experiment, c'~ 2 
0.25 mm, approximately agrees with the apparent 
affinity for extracellular K + known from transport 
studies, c~ '2 is shifted towards larger values in the 
presence of TPP + (Fig. 6). 

iv) The fluorescence changes associated with 
release of Na + or binding of K + are largely indepen- 
dent of ionic strength (Fig. 4). 

DISTINCTION BETWEEN SURFACE CHARGES AND 

BURIED CHARGES 

An obvious possibility to explain these experimental 
findings consists in the notion that the potentiomet- 
tic dye responds to variations of electric field 
strength resulting from changes in the charge state 
of the protein. When, after phosphorylation, Na + is 
released at the extracellular face of the pump, the 
net charge of the protein nominally decreases by 3e,, 
(eo is the elementary charge). When in a subsequent 
step K + is bound to the phosphoenzyme form P-E 2, 
the net charge increases by 2 e o. Important for the 
understanding of the mechanism of ion binding and 
release is the question where these changes of elec- 
tric charge occur. The ion-binding sites may be lo- 
cated at the surface of the protein, i.e., at the inter- 
face between the highly conducting aqueous medium 
and the poorly conducting protein matrix. Or, the 
binding sites may be buried in the interior of the 
protein. 

These possibilities may be distinguished by 
studying the effects of ionic strength on the fluores- 
cence response of the dye. At high ionic strength, 
surface charges are electrostatically shielded by 
counter ions in the aqueous medium. On the other 
hand, buried charges cannot be completely shielded 
by counter ions, even at high ionic strength. The 
finding that the fluorescence signals associated with 
release of Na + from (Na3)EI-P and with binding of 
K + to P-E 2 remain virtually unchanged by addition 
of 1 M choline chloride to the medium (Fig. 4), leads 
to the conclusion that the ion-binding sites are buried 
inside the protein. 

A highly idealized electrostatic model for the 
interaction between protein charges, counter ions 
and potentiometric dye is shown in Fig. 10. The 
model is based on the following assumptions: (i) The 
protein forms a two-dimensional lattice, with the dye 
molecules located in the interstices at a distance h 
from the center of the nearest protein. Since in real- 
ity the number of dye molecules is variable (with 
respect to the number of protein molecules), the 
length h should be considered as an effective dye- 
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Fig. 10. Electrostatic model for the interaction between potentio- 
metric dye and charges on the protein. Pump molecules are as- 
sumed to be arranged in a two-dimensional lattice with dye mole- 
cules located in the interstices. Protein charges resulting from 
binding or release of ions are located at a distance r from the 
membrane-water interface. The charges on the protein are 
screened by counter ions in the aqueous solution located at a 
distance l D from the interface. ID is the Debye length 

protein distance. (ii) Electric charges which are 
bound to or released from the protein are located at 
a distance r from the membrane-water interface. (iii) 
The counter ions neutralizing the protein charges 
are located at a distance l D from the interface on the 
aqueous side. The Debye length l D is proportional to 
( j ) - v 2 ,  where J is the ionic strength of the solution. 
(iv) The dielectric properties of the protein-lipid- 
water system are described by an effective dielectric 
constant e (v) The potentiometric dye is located in 
the membrane-solution interface (x = 0) and senses 
the component E~ of the electric field strength in the 
direction normal to the interface. 

As may be shown by elementary electrostatic 
considerations, the change of the field strength E~ 
upon binding or release of ions is, under the simpli- 
fying assumptions introduced above, given by 

F HAz r / h  
zXE,. = P Li " e 1 + r2/h2) 3/2 

P e , ,  ~3.0  • 10 vV/m 
4rreoh 2 

9.6nm 
I D  - -  _ _  

~ / J / m  

.] 
+ (1 + I]>/h2)3/2J (11) 

(h = 7 nm) (12) 

(13) 

n is the effective number of pump molecules inter- 
acting with the dye, 2xz the change in the number of 
bound charges per pump molecule, e o ~ 1.6 • 10-19 
C the elementary charge, and e o ~ 8.85 • 10 J2 C 
V- lm-  ~ the permittivity of the vacuum. The parame- 
ter P has been calculated assuming a lattice constant 
h = 7 nm, corresponding to a protein density of 
a b o u t  10 4 ~ m  -2. With h ~> 7 nm, the relations r < h 
and l D < h hold. (Since the ionic strength J in our 
experiments was always larger than 30 raM, an upper 
limit of the Debye length is given by l D < 1.8 nm.) 
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Under this condition, Eq. (11) can be replaced by 
the approximation 

nkz 
AE, ~- P ~ ( r  + ll)). (14) 

This equation predicts that AE~ is linearly related to 
the Debye length lb. In the experiments represented 
in Fig. 4, the fluorescence signal was found to be 
insensitive to changes of ionic strength J above J 
200 mM, corresponding to l D ~ 0.7 nm(  J is the total 
ionic strength including buffer ions). According to 
Eq. (14) this means that r must be substantially larger 
than ID, indicating that Na + and K + are bound at a 
depth r > 0.7 nm from the extracellular face of the 
protein. 

W i t h n  = 10, Az = 3, e = 5, h = 7 n m a n d ( r  
+ lo) = 3 rim, the change of field strength is esti- 
mated from Eq. (14) to be AE~ ~ 8 • 10 7 V/m,  
corresponding (with a membrane thickness of 5 nm) 
to a t ransmembrane voltage of about 400 inV. In 
view of the uncertainties in the values of r, h and e, 
this value of AE,. should be considered as an estimate 
to the order of magnitude. The calculation shows, 
however,  that ion binding and release may lead to 
large changes of  electric field strength in the mem- 
brane. 

EFFECTS OF LIPOPHILIC IONS 

The observed effects of lipophilic ions on Na + re- 
lease and K + binding at the extracellular side agree 
with the electrostatic model discussed above. Lipo- 
philic ions such as tetraphenylborate (TPB-)  or tet- 
raphenylphosphonium (TPP +) are known to adsorb 
to lipid bilayers on the apolar side close to the mem- 
brane-solution interface and to create a potential 
difference between the adsorption plane and the 
aqueous medium (Andersen et al., 1978; Bfihler et 
al., 1991). In the experiments with Na,K-ATPase 
membranes,  TPP + was found to strongly reduce the 
affinity for Na + and K + (Figs. 5, 6 and 8). A trivial 
explanation of this observation would be that TPP + 
acts by a Gouy-Chapman effect, i.e., by a change 
of the interfacial potential. This possibility can be 
excluded, however,  since the effects of TPP + were 
observed at high ionic strength ( J  > 1 M) at which 
interracial potentials are negligible. The most likely 
interpretation of the effects of TPP + therefore con- 
sists in the notion that the change of electric potential 
in the membrane resulting from adsorption of hy- 
drophobic ions affects the electrostatic energy of 
Na + and K + at binding sites buried in the protein. 

ION BINDING AND RELEASE AT THE 

EXTRACELLULAR FACE OF THE PUMP 

The results of this study indicate that binding and 
release o f N a  + and K + at the extracellular face of the 
pump are associated with translocation of electric 
charge. A straightforward interpretation of these 
findings consists in the notion that the binding sites 
for Na + and K + at the extracellular side are con- 
nected with the aqueous medium by narrow access 
channels, or " ion wells." 

Binding and occlusion of K + at the extracellular 
side is sometimes assumed to proceed through an 
intermediate state P-E~ �9 K> followed by transition 
to the occluded state P-E2(K 2) (Glynn, 1985). In state 
P-E2 �9 K2 the bound K + is assumed to exchange 
freely with the extracellular solution (P-E 2 - K2 ~ P- 
E2 + 2K+xt). Since direct evidence for the existence 
of a state P-E2 �9 K2 is lacking, it seems preferable to 
treat binding of extracellular K + as a simple two- 
step process in which entry of K + into the binding 
site is immediately followed by occlusion (Forbush, 
1988) 

P-E 2 ~ P-E2(K ) --~ P-Ez(K2). (15) 

From kinetic studies, Forbush (1987) obtained evi- 
dence that deocclusion of the two K + ions is an 
ordered process, which could mean that the two 
sites in the binding pocket  are arranged in series. 
Forbush proposed that the rates of occlusion and 
deocclusion are determined by the rates of opening 
and closing of a '~flickering" gate. This model is 
compatible with our results if it is assumed that open- 
ing and closing of the gate is electrically silent and 
that exchange of ions between the binding pocket  
and the aqueous medium is associated with translo- 
cation of  charge. 

Release o f N a  + from the occluded state (Na3)E ~- 
P is likely to proceed through a (long-lived) interme- 
diate state P-E2(Na 2) with two occluded Na + ions 
(NCrby, 1987; Yoda & Yoda, 1987; JCrgensen & 
Andersen ,  1988). It is feasible that state P-E2(Na 2) 
(or P-E*(Na 2) in the notation of Yoda & Yoda) is 
structurally similar to the K+-occluded state P-E 2 �9 
K 2. On the other hand, a major conformational 
change may occur  in the transition from (Na3)E1-P 
to P-E2(Na2). In analogy to the binding of K +, re- 
lease of Na + from the phosphoenzyme form P- 
E2(Na2) may be considered as a simple two-step 
process, since evidence for an intermediate state P- 
E 2 - N a  2 does not exist 

P-E2(Na2) ~ P-E2(Na ) ~ P-E 2. (16) 
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Experimentally, it cannot be distinguished so far 
whether the transition from (Na3)Er-P to P-E2(Na:), 
or reaction (16), or both contribute to charge translo- 
cation. 

COMPARISON WITH ELECTROPHYSIOLOGICAL 
STUDIES AND VESICLE EXPERIMENTS 

Nakao and Gadsby (1989) studied the current-volt- 
age characteristic of the Na,K-pump in cardiac myo- 
cytes as a function of extracellular K + concentra- 
tion. The shape of the I(V) curve was found to be 
independent of [K-]ex t (apart from a scaling factor), 
meaning that the apparent affinity for Ke+x, is voltage 
independent. On the other hand, in studies of Na,K- 
pump currents ofXenopus oocytes, Rakowski et al. 
(1990, 1991) observed a distinct dependence of the 
I(V) characteristic on extracellular K + concentra- 
tion. At [K'Jext = 5 mM, the pump current was a 
monotonous function of voltage, whereas at [K+]ext 
< 2 mM the I(V) curve exhibited a maximum and a 
negative slope at (cytoplasmic-side) positive volt- 
ages. This result can be explained by the assumption 
that part of the transmembrane voltage drops be- 
tween the K + binding sites and the extracellular 
medium, so that K + binding is inhibited at positive 
potentials. This interpretation (Rakowski et al., 
1990, 1991) agrees with the results of our fluores- 
cence experiments with Na,K-ATPase membranes 
from kidney medulla. A possible explanation of the 
difference between the results of Bahinski, Nakao 
and Gadsby (1988) and Nakao and Gadsby (1989) 
and of Rakowski et al. (1990, 1991) consists in the 
assumption that the Na,K-ATPases of cardiac myo- 
cytes and ofXenopus oocytes are intrinsically differ- 
ent in their kinetic behavior. The affinity evaluated 
from the current-voltage characteristic is an appar- 
ent affinity which depends not only on the equilib- 
rium constant of ion binding, but also on the rate 
constants of the transport cycle. Another possibility 
is that the Na,K-ATPases in cardiac cells and in 
Xenopus oocytes differ in the dielectric properties 
of the extracellular access channel. 

Goldshleger et al. (1987, 1990) studied (ATP + 
Pi)-activated exchange ofRb + (acting as a K + conge- 
ner) in reconstituted vesicles and found that the ex- 
change was potential insensitive and unable to create 
a transmembrane voltage. These observations agree 
with the results of voltage-jump studies of cardiac 
cells in which no transient pump-current was ob- 
served in the presence of K + and absence of Na + 
(Rakowski & Paxson, 1988). Since all these experi- 
ments were done at saturating extracellular 
K+(Rb +) concentration, they do not exclude the 
possibility of voltage-dependent binding of K+xt. 

Charge translocation in the Na + limb of the 
pumping cycle has been demonstrated by several 
techniques and in different systems. Transient pump 
currents in the presence of Na + and absence of K ~ 
have been observed in experiments with cardiac 
cells (Nakao & Gadsby, 1986) and with Na,K-ATP- 
ase membranes bound to planar lipid bilayers (Fend- 
ler et al., 1985; Borlinghaus et al., 1987). Further 
evidence for the electrogenic nature of Na + trans- 
port was obtained in experiments with Na,K-AT- 
Pase in reconstituted vesicles (Rephaeli et al., 1986; 
Golds hleger et al., 1987, 1990; Cornelius, 1989; Apell 
et al., 1990). Studies with chymotrypsin-modified 
Na,K-ATPase membranes (Borlinghaus et al., 1987; 
Apell, Borlinghaus & Lfiuger, 1987) have shown that 
phosphorylation and occlusion of Na + (Na3 �9 El 
ATP -+ (Na3)ErP) is electroneutral and that the 
major electrogenic event in the Na+-transport route 
is release of Na + from the occluded state. This con- 
clusion agrees with the results reported here. 

The authors want to thank Rolf Borlinghaus, David Gadsby and 
Wilfred Stein for valuable discussions and Milena Roudna for 
excellent technical assistance. This work has been financially 
supported by Deutsche Forschungsgemeinschaft (Sonder- 
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