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Currents generated by the endogenous N a ~ / K  + pump ;n the oocytes of Xenopus laevis were determined under 
-4oltage-clamp as currents act|va!ed by different K ~ couge|,ers. The voltage dependence of the pump current rt41ects 
voltage-dependent steps |n the reaction cycle. The decrease of I~ ÷-uctivated pump current at  positive p**tentiols bus 
been attributed to voltage-dependent stimulation by the external K + (Rolmwski, Vasilets, LaTona e ~ l  Schv~-'~ 
(1991) J. Memhr. Biol. 121,177-i87).  In Na +-free solution, activation of the pump by external cations seems to l',e 
the dominating voltage-dependent and rate-determining step in the reaction cycle. Under these couditious, the 
voltage dependence of apparent K m values for pump activation can he analyzed. The dependence snggests 
voltage-dependent binding of extraeollulnr cations assuming tltat an effective charge of about 0.4 of an elemeutory 
charge is moved in the electrical field during a step associated with the cation binding. The apparent K., values a t  O 
mV differ for various cations that stimulate pump activity. The vahu~s are in raM: 0.10 for TI +, 0.6,,~ for K +, 0.71 for 
Rb +, 9.3 for NH~', and 12.9 for Cs +. The corresponding apparent affinities follow the same sequence as the catiom 
permeability of the K +.selective delayed rectifier channel of nerve cells. The results are compatible with the 
interpretation that the cations have to pass an ion.selective access channel to reach their binding sites in the pump 
molecule. 

lntrad~etion 

Under physiological conditions, the N a + / K  +- 
ATPase transports 3 Na ÷ ions out of the cell and 2 K ÷ 
ions into the cell for each ATP molecule hydrolysed. 
The ensuing net current is a measure of pump activity 
provided the stoichiometry is fixed. Combined flux and 
current measurement ~, have showd this at Ie.-.st in squid 
giant axon [1] and Xenopus oocytes [2]. This is true 
even under conditions where the ~'~te, na! solution is 
free of [Na ÷] and contains [K +] at unphysiologically 
low concentrations [3,4]. The voltage dependence of 
the pump current (Ip-V relationship) of the endoge- 
nous pump [5] and of the pump of Torpedo electroplax 
expressed in the oocytes [2] exhibit in media of physio- 
logical composition a positive slope at negat6'c poten- 
tials and a negative slope at positive potentials. Stimu- 
lation of pump current by membrane depolarization 
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has been observed also in other types of cells as well as 
in reconstituted systems (see e.g. Ref. 6). it hes been 
suggested that a step involved in external liberation ef  
Na + is associated with movements of charges [7-9]. 
The negative slope seen in the Xenopus oocytes can be 
attributed to a voltage-dependent app.rent K• value 
for ?u,.'ap activation by external [ K ~  [3,1o]. Pump 
~',-,r~, ." t~ cardiac Pi.Ikinje cells can also be reduced by 
p~.~ltl'..c l---~tentials. The magnitude of the effect de- 
pends on the .lature and concentration of the activat- 
ing cation species [ 1 !]. Different degrees of effective- 
ness of different K + congeners with the sequence 
TI+> K ÷= Rb+:- • NH,;- > Cs + have also been den-,.~n- 
strated for protection of the pump against inhibition by 
removal of K + in cardiac cells [12] as well as for 
activation of the enzyme activity [13,14]. In the present 
study, we investigated the voltage dependence of the 
apparent K m values for stimulation of the endogenous 
pump current by different external K + congeners in 
Xenopus oocytes. To avoid interference with the volt- 
age- and Na÷-dependem step, all experiments were 
performed in Na÷-free media [10]. 
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Materials and Methods 

The methods of oocyte preparation and voltage 
clamp were identical to those described previously (see 
Vasilets et al. (1990), Ref. 15) and are briefly summa- 
rized. 

Oocytes 
Females of the clawed toad Xenopus laevis were 

anaesthetized with m-aminobenzoic acid ethyl esther 
methane sulfonate (MS222, Sandoz, Basel (Switzer- 
land)). Parts of the ovary were removed and treated 
with collagcnase to remove enveloping tissue. Experi- 
ments were perfo,'med with the full-grown prophase-I 
arrested oocytes (stage V and Vl, after Dumont, [16]) 
at room temperature (21°C). 

Electrophysiological measurements 
Current-voltage ( l -V)  dependencies were deter- 

mined by two-microelectrode techniques. From a con- 
stant holding potential of - 6 0  mV, rectangular voltage 
pulses of 500 ms duration and varying amplitude from 
negative to positive potentials were applied every 4 s, 
and steady-state current~ were averaged during the last 
100 ms. To reduce non-pump related K*-sensitive car- 
rents, all solutions contained 5 mM BaCI 2 and 20 mM 
tetraethylammonium chloride (TEA-CI). Under these 
conditions, the current generated by the eleettogenic 
Na+ /K  + pump can be determined as the difference 
between total nlg:n'ibfal-le ~urr¢.lll[ in solutions cuuiain- 
ing a given concentration 3f K + and that in K+-free 
solution (see Ref. 10g Pump activity was expressed as 
density of pump-generated cBrrent assuming a surface 
area of 0.18 em-" which was eLleulated from the mem- 
brane capacitance averaged fi'om different batches of 
oocytes [4]. 

Solution.~" 
The composition of the test solutions was (in raM): 

90 tetramethylammonium chloride (TMA-CI), 2 CaCI,, 
5 BaCI 2, 20 tetraethylammonium chloride (TFA-CI), 5 
morpholinopropane sulfonic acid (Mops, adji~sted to 
pH 7.4). The solutions with varying eonceBtra~ions of 
either TICI, RbCI, CsCI, or NI-14CI had the same 
osmolarity which was achieved by substituting TMA-CI. 
In the nominally K~-free solutions the actual eoncen. 
tration of K + was determined by flame photometry; 
the contaminating level was below 5 p.M. To  increase 
pump activity, ~ocyte~ were usually preloaded with 
Na + by incuba0ng the cells for at least one hour in 
solution that had the following composition (in raM): 
110 NaCI, 2.5 sodium citrate, 5 Mops (adjusted to oH 
7.6) [10]. In the loaded oocytes, intracellular activity of 
Na + was about 80 mM after 2 h of incubation as 
measured by Na+-seleetive microelectrodes (Schmalz- 
ing et al. (1991), Ref. 17). 

Res~flts 

In solutions wi:hont [Na+], pump stimulation by 
external [K +] seems to be a dominating step in the 
reaction cycle that is voltage-dependent and rate-de- 
termining. To investigate the voltage dependence of 
the apparent K m value for pump stimulation by K + 
congeners, experiments were performed in Na+-free 
solutions containing different activating cation species 
at a range of different concentrations. In the presence 
of BaCI 2 and TEA-CI, effectively all current activated 
by application of the cations can be attributed to pump 
current; as has been shown for K+-activated currents 
previously [10], also current activated by the K + con- 
geners TI +, Rb +, Cs + and NH~ under these condi- 
tions can be attributed to pump current. In the pres- 
ence of ouabain, cation-sensitive currents amount to no 
more than a few percent of pump current over the 
potential range from - 1 4 0  to 0 mV, and only at 
positive potential this compor~ent may reach values of 
up to 10%. The voltage-dependence of pump ctwrent 
determined as o ,ain-sensitive current is not affected 
by the presence t,f 5 mM BaCI 2 (see Ref. 18). 

A typical voltage-clamp experiment using Cs + at a 

range of different concentrations as activating cation is 
illustrated in Fig. I. After Ihe holding current has 
stabilized, an I-V curve (a) was recorded (see chart 
record in Fig. IA). The cell was then exposed to 
solutions with different Cs + concentrations and for 
each concentration an I-V curve was measured 
(b, d, f, h). After each change to a new Cs + coreentra- 
tion, the chamber with the o¢...'.~te was perfused again 
with Cs+-free solution to obtain reference I -V curves 
(c, e, g, i) that were also used for corrections of linear 
drifts with time. A selection of I-V curves from this 
experiment is shown in Fig. lB. In Fig. IC the voltage 
dependencies of pump currents activated by the differ- 
cnt Cs + concentrations are shown; activity of the pump 
is expressed as density of pump current. While pump 
current at 50 mM [Cs +] shows little voltage depen- 
dence over a wide range of potentials, at Cs + concen- 
:latioa~ of tO mM or less, a pronounced negative slope 
is obtained for the entire potential range. Fig. 2A 
~hows averaged I-V curves ~,rom a series of such exper- 
iments using Cs + as pump-.activating cation. To aver- 
age data from different occyte:,, ?,up~p currents ~i',~ 
normalized with respect to the pump current obtained 
in each experiment at - 120 mV and the highest cation 
concentration used. Under these conditions pump ac- 
tivity is nearly maximum. The average v~lues of pump 
current densities are given in the figure legends. 

For further analysis of pump stimulation by differ- 
ent cations, we followed the same pretocol we used 
previously to describe the potential-dependent stimula- 
tion by [K +] [10]. The dependence of pump current on 
cation concentration was plotted for different mere- 
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Fig. I. (A) Chart record of holding current of a typical vohage.clamp 
experiment in Na+-free ,solution; the holding p~:ential was set to 
-60  mV. During the experiment the test chamber was continuously 
perfused with different .solutions. The experiment was started in 
solution without any pump-activating cation. After the holding cur- 
rent had stabilized, I-V curves were measured at the times as 
indicated by brief black bars and by the letters (a-i). During upward 
deflections of holding current (lasting a few minutes and represent- 
ing pump-generated current), the chamher was perfused with solu- 
tions containing pump-activating cations {here Cs ~ ) at concentra- 
tions in mM as given by the numbers. IB) I-V cuv/es of total 
membrane current at different Us* concentrations: open circles (50 
raM). filled circles (10 raM). open triangles (2.5 raM). filled triangles 
(0.5 raM). The two lines represent I.V curves measured in Cs+-free 
solution at the beginning (a) and the end (i) of the experiment. (C) 
Potential dependence of pump currents at different Cs + concentra- 

tions (symbols as in (B)). 

b rane  potentials;  a selection o f  potent ia ls  t aken  f rom 
the  da ta  in Fig.  2A is shown in Fig. 2B. A s s u m i n g  
~aturat ion kinetics for  the  dependence  on cat ion con- 
centra t ion [X] the  following equat ion  was  f i t ted to the  
data:  

Ip= iX]" / (  Kg + {X}") ( I )  

K m represents an apparent ,  vo l tage-dependent  hal f -  
saturat ion constant fo r  p u m p  st imulat ion by the exter-  
nal cat ion. The  data show that K , .  increases w i th  
membrane depolar izat ion.  For  the H i l l  coef f ic ient  n an 
ave rage  value  of  1.14 + 0.1! was  obta ined for  the  dif- 
ferent  pump-ac t iva t ing  cations.  Previously, we  obta ined  
f rom deta i led analysis o f  p u m p  act ivat ion by [ K ' ]  a 
value  of  n = 1.3 [10]. T h o u g h  slight var iabi iky  o f  n with 
m e m b r a n e  potent ia l  and  cat ion species cannot  be  ex- 
cluded,  a cons tant  value  of  n - 1.3 was  used  for  fur ther  
analysis, T h e  vol tage  depe . ,dence  o f  the  calculated K s 
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values  for p u m p  st imulat ion by [Cs + ] is shown i~  the  
open  circles in Fig. 7. 

As  ano ther  K + congener  NH~" was tested. N H ~  is 
taken up by the  oocytes by an electrogenic .ncch~nism 
[19] distinct f rom the  pump;  if  the oocytes are prcincu-  
ba ted  for  20 min in solution conta ining 25 m M  NH4C],  
this t rans0or t  does  no longer contr ibute  to m e m b r a n e  
current .  O n  the  o the r  hand,  this t r ea tmen t  will result 
in a reduct ion of  the  in t r ace lh la r  pH  [19,20]. T o  test  
whe the r  the  change  in 13H effects  p u m p  current ,  exper-  
iments  with un t rea ted  and  NH4CI-pre t rea ted  ooeytes 
were  p e r f o r m e d  us ing Cs + as  an activator.  T h e  re-  
duced  pH leads  to a reduct ion of  m a x i m u m  p u m p  
cur ren t  by a factor  o f  1 . 6 _  0.2 (n  = 5), but  s imilar  
results  are  ob ta ined  with r e s ide r  to rite vol tage depen-  
dence  o f  p u m p  st imulat ion;  Fig. 3 demons t ra t e s  for the  
ent i re  potent ial  r ange  n e a t h  identical K m va lues  inde-  
penden t  o f  whe the r  o r  not  the  cKmytes were  preincu-  
ba ted  in NH4CI-conta in ing  solution. Ti~c reduced 
intracellular  p H  is obviously without  significant re~e- 
vance  for the  p resen t  investigation. Fig. 4 shows the  
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Fig. 2. (A) Potential dependence of pump currents at different Cs + 
concentrations: open circles (90 raM). fi!led circles (50 raM), open 
squares (25 raM), filled squares (10 raM). open er;~r,g[es down (5 
mM). filled triangles down (2,5 mM). onen triangles up (0.5 raM). 
Data represent average vaioes+S.E, of 3-10 experiments depending 
of the concentration. For each experiment, pump currents wnre 
~ormalized to the value at - 120 mV in 50 mM [Cs* J: the averaged 
current density under these oJad't.;ons i ¢- 'd.lg±0.01 pA/cm 2. (B) 
Dependence of pump current on C,~* ~ n t r a t i o n  for different 
membrane potentials (same data as in (A)k open circles ( -  1OO mV), 
filled circles ( - 60 mV), open squares ( - _'20 mV). filled squares ( + 20 
mV). Solid lines represent fits of Eqn. I to the data. The filled 

apparent K m values are shown in Fig. 7. 
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Fig. 3. Voltage-dependence of appercnt K m values for pump stimu- 
lation by [Cs + ]. Open circles represent data from five untreated 
oocyte.~ filled circles data from the same oocytes after incubation for 
20 min in ~luti,m wi~h ~ mM NII4CI. The ~lid line represents a tit 

of an exponential to the data. 

results o f  the  same  type of  exper iments  as descr ibed in 
Fig. 2 us ing NH~- as act ivat ing cat ion with N H ~ - p r e -  
t rea ted  oocytes i l lustrating the  increa,~e of  the K m 
value with increasing m e m b r a n e  potential  (see also 
open t r iangles  in Fig. 7). 
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Fig. 4. (A) Potential dependence of pump currents at different NH.~ 
¢onccmrations' open circles (25 raM). filled circles (5 raM), open 
squales (i ,riM). filled .~luarc.~ (0.5 mM). apen triangles (0.1 raM). 
Data represent average values+S.E, of four experiments. For each 
experlmcnt, pump currents were normalized to the value at - 120 
mV in ~ mM [Nit.; ]; the averaged current density under these 
conditions is e l5  ±0a2 uA,/¢m:. (B) Dependcpee of pump current 
on NH; concentration tar diff,:rent membrane potentials (same 
data a:, in tat). Symbo[~ represent the ~me potentials as in Fig. 2B. 
Solid lines represent tits of Eqn. I to the data. The titled apparent 

K m values are sh:~vn in Fig. 7. 

n o r m a l i z e d  
A [ p u m p  

~ .  1.o r . . . . . .  t 

• "V'v'v-v-v aS'he" 1 
• .: ........ :;::~.~:~;:~;; 

-150 -100 -50 -'-~1- 50 
vCmV) 

[3 
norm~dized 

, .o I 7::t.~.t 
0.5 ~ 

0.0 ,M 
) 

O.O1 O.1 1 ' 10 
Fig. 5. (At Patential dependence of pump currents at different Rb + 
concentrations: open circles (5 raM). filled circles (2.5 raM), open 
squares (0.5 mMh filled ~uares (0.25 mM). open triangles (O.I raM). 
filled triangles t0.05 ~'.M). Data represent average values+S.E, of 
nim: experiments; the averaged current density under the~ eondi- 
lions is 0.11 +0.01 /tA/em 2. For each experiment, pump ;arrents 
were normalized to the value at -120 mV in 5 mM [Rb*I. (B) 
Dependence of pqmp current on Rb* coneenlralion for different 
selected membrane potentials (same data as in (At). Symbols repre- 
sent the same polenfials as in Fig. 2B. Solid lines represent ills of 
Eqn. I to the data. The titled apparent K m values are shown in 

Fig. 7. 

Ana logous  resul ts  were  obta ined for p u m p  st imula-  
tion by TI  + and Rb + (see Figs• 5 and 6, respectively).  
Inspect ion of  the  concentra t ion dependenc ies  in Figs. 
2B and  4B-~,E~ reveals,  in addi t ion to the  vol tage 
dependence ,  a ca t ion-dependent  variabil i ty o f  the  ap-  
paren t  K m values  over  more  than  one  o rde r  o f  magn i -  
tude.  While  Cs + and N H ~  give half  m a x i m u m  activa- 
tion in the mil l imolar  range,  Rb + act ivates  in .~he 
100-micromolar range,  and  TI + even at concent ra t ions  
below 100 p,M. T h e  voltage dependenc ies  of  the  re-  
spective K m values  are  summar i zed  in Fig. 7. For  
compar ison,  the  da ta  for K + as s t imula t ing cat ion [10] 
are included. Since the  K m values  for TI  +, K +, and  
Rb + are  at least ~n o rde r  of  magn i tude  smal ler  than  
those for Cs  ~ and NH~' ,  the i r  dependenc ies  were  
replot ted at h igher  resolution in the  inset. It  has  been  
shown previously that the  dependence  oil m e m b r a n e  
potential  ( V )  of  the  K m value for s t imulat ion of  the  
endogenous  N a + / K  + p u m p  by external  [K +] can be 
descr ibed by a single exponential  

Kin( V ) - Kin( V - 0 mV ).cgp( z * V F / R T  ) (2)  
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Fig. 6. (A) Potential dependence of pump currents at different T! * 
concentrations: open circles (I raM), filled circles (0.5 raM), open 
squares (0.25 raM), filled squares (O.I raM), open triangles (0.05 
raM). Dat,~ rcptesenl average values+S.E, of six experiments. For 
each experiment, pump currents were normalized to the value at 
- 120 mV in I mM [1"1 + ]~ the averaged current density under these 
conditions is 0.23 +0.02 pA/em 2. (B) Dependence of pump current 
on TI + concentration for different selected membrane potentials 
(same data as in (A)). Symbols represent the same potentials as in 
Fig. 2B. Solid lines represent fits of Eqn. I to the data. The filled 

apparent K m value~ are shown in Fig. 7. 

T h e  basis  for  such a descr ipt ion is the  assumpt ion  that  
the m o v e m e n t  o f  an  effect ive cha rge  z *  is associated 
with a react ion s tep involved in p u m p  s t imulat ion by 
external  [K +] [10]; an  explanat ion for  this  vol tage de-  
pendence  would  be  that  local concent ra t ions  at the  
b ind ing  si tes vary according to a Bol tzmann distr ibu- 
t ion [K ÷ ] ffi IK+]a • e x p ( z *  V F / R T ) .  A l s o  for  the  o . h e r  
pump-activating cations used in this im, estig.,tio,~, a 
single exponential fits the voltage dependencies (see 
Fit;. 7) The fitted values for z *  and K m at 0 nt~, are 
summarized in Table I. The calculated effective ch=,rges 
vary between 0.20 and 0.47 of  an elementary charge 
with an average o f  0.39 + 0.05. The differences be- 
tween z *  values for the different cation species possi- 
bly reflect variabilities among different batches of  
oocytes (see Ref .  4), but  effects  on the  effect ive cha rges  
that  d e p e n d  on  the  proper t ies  of  the  individual cat ion 
species can  of  course  not be  excluded.  In contras t  to 
the  effect ive charges ,  the  Km values  at 0 m V  clearly 
show cation-specif ic  d i f fe rences  which cover  a r ange  of  
more  than two o rde r s  o f  magn i tude  be tween  0.1 m M  
for TI ~ and  about  13 m M  for  C,s +. 
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Fit~. 7. Vt,!,age depJndenc¢ of Ibe apparent K m values of p~mp 
activation by dlff.+u~;t external cations in Na*-free solulion. The 
values w,=re obtained from the 'Jata shown in Figs. 2. 4-6 by filling 
Eqn. I to the data. and for K+ from Rakow:3+i el aL [10]: the e.ior 
bats indicate deviations of the fitted parameters. Filled sqeares are 
for TI *. open squares for K +, filled circles for Rb' .  open circles for 
Cs '. and open triangles for NH~. The voltage dependence is de- 
scribed by a single extSonential (Eqn. 2) Solid lines represent fits of 
this equation to :he data. The fined parameters are listed in Table I. 
rhe inset shows the same data for K +, Rb *, and TI + but at a higher 

resoielion (units are the +sam+ ;is in die main figure). 

For  the  in terpreta t ion that the  magn i tude  o f  the  
p u m p - g e n e r a t e d  cur ren t  reflects t ransport  activity, 
fLxed stoichiometl3' for  the transported ions is a pre- 
requisite. To  estimate the ratio between the number o f  

TABLE I 
Fitted parameters of the effectice cfmrge z * and appareut K,. ralue at 
0 mY (see ECPI. 2) for the data shown in Fig. 7 

Data for K + are aver,,~es from Ihe values reported previously [4,10}. 
Relative apparent affinities A are expressed as the reciprocal of K m. 
Px are relative permeabililies of the delayed rectifier channel of tbe 
frog node (see Ref. 33). A* are relative apparent affinities deter- 
mined from data reported for cardiac Purkinjc cells at - 20 mV and 
in presence of 150 mM [Na* l II I]. 

Parameler TI + K" Rb ~ Ntl.~ Cs * 
z * (elementary 

charge) 0.2 0.47 0.29 ().4J 0.46 
Km (V=0mV) 

(raM) 0.10 0.63 0.71 9.3 12+9 
A (V=0mV) 

(normalized) 6.3 1.0 0.89 0.07 0.O5 
Px 2.3 I.O 0.91 0.13 0.08 
A* (V -  -20 mV) 

(normalized) 4.8 1.0 - {L35 
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Na + ions transported out of the cell and ~[" pumo- 
activating cations into the cell, cfflux of 22Na+ a~d 
pump-generated currents were determined on thc same 
,,~Wte as has been described previously lor K + ,as 
activating" cation [2,41. In the present investigation we 
used as al: extreme Cs + for pump activation which has 
the highest K~ value. From the ratc of 22Na+ efflux 
and intraccltular N~ + activity the number of Na + ions 
and from the puml~ current  the Pumber of charges 
transloc~,!¢d by the pomp per second and oocyte were 
calculated to about 140 .10  HD and 5 0 - 1 0  "~, respec- 
tively, with a ra:io of 2.63 ~: 0.32 (n = 5). This value is 
practically identical to thc valuc of 2.7 we obtainc4S 
previously for K ~ [4] and is compatible with a 
3Na + : 2 0 ;  ' stoichiometry. 

Discussion 

During physiological operation of the N a + / K  + 
pump, 3 Na ~ ions are transported oat  of the cell and 2 
K + ions into the cc:l for I ATP molecule that is 
hydrolysed during a I:,ump cycle. Hence, the presence 
of extracellular [K+~ is essential for normal pump 
operation. The pump-gener=,ted current can be calcu- 
lated fro~. total mcmrwane current by subtracting the 
current  remaining in absence of [K ÷] from current  
determined in presence of [K÷}. The validity of the 
difference formation requires that non-pump related 
K+-sensitive currents can completely be blocked. In the 
Xe,:opus oocytes, t.his has been demonstrated for the 
endogenous pump [l~.q as well as for the pump of  
Torpedo clectroplax expressed in the oocy,'cs [3] if K + 
is used as activating cation. The same results we ob- 
tained when Cs ÷ was used as K "~ congener.  Also in 
cardiac Purkinje fibres, it has been shown that pump 
current can be determined as K+-activatcd ::urrent 
[21]. "F, le application of external [K +] stimulates the 
N a + / K  + pu~lp in LJte oocytcs not only in a conccntra-  
~;~m-dependeat but also in a voltage-dependent man- 
ner that  can be described by a potential-dependent 
apparent  K m value [3,10]. As a pc,ssible interpretation, 
it has been suggested that the K ~ Ions have to pass an 
access channel under  the influence of the electrical 
field to reach .*heir binding sites. The men,brane po- 
tential should, therefore, affect ti~e degree of occu- 
pancy of !be binding sites. !.,1 the absence of extracellu- 
lar Na +. this will lead to a monotonic increa~,¢ in the 
apparent  K m value with membrane depolarization [22]. 
The assumption of an access channel within the electri- 
cal fic|d is a i ~  compa.*iblc with observations obtained 
on cardiac Purkinjc cells [11] and op-"n membrane 
fragments of rabbit kidJ:ey coupled to planar lipid 
bilayers [23]. 

In the results, we h.~vc demow, t rated that, similar to 
K ~, TI +, Rb +, Cs +. and NH~ stimulate pump activity. 
For the analysis of the data,  the magnitude of cation- 

activated current  is assumed to repres~.nt t ransport  
activity; this is only allowed if the 3Na + :2X + stoi- 
,:hiometry is maintained also for the K + congeners X +. 
Indications for fixed coupling ratio have been reported 
for Rb +, Cs +, Li +, Na + and possibly also NH~" at 
saturating cation concentrations for the reconstituted 
renal Na÷/K+-ATPa~e [24] and for T[ ÷, Rb +, NH~ ,  
and Cs + at a range of concentration for the pump in 
cardiac Purkinje cells [11,25]. In previous experiments, 
we,have shown that the ratio between -'2Na+ effiux 
and pump current  does not significantly vary with 
membrane potential or  K ~ concentration, and that this 
ratio is compatible with a 3Na + :2K ÷ stoichiometry 
12,4]. Ev~.n if Cs + is used as activating cation, which 
has a K,~ value more than an order  of magnitude 
higher than that for K +, a value of 2.6 + 0.3 is obtained 
for the ratio between the .~mmber of  Ha + inns and 
charges translocated by the pump which is compatible 
with a 3Na + :2Cs + .~t.oichiometry. 

The pump stimulation by the different cations can 
be described by potential dependence of apparent  K m 
values (Fig. 7). In terms of the assumption of an access 
channel,  the effective charge z* is a measure for the 
depth of the binding site in the membrane dielectric. 
For the cations tested, the effective charges are similar 
and of the order  of  about 0.4 of  an  elementary charge.  
This is what  one would expect if the presence of the 
cations would not influence the tertiary structure of the 
binding sites. An alternative to a fixed access channel 
will briefly be discussed below. 

The apparent  affinities for pump stimulation of  the 
different activating cations clearly show a high degree 
of variability with a sequence of effectiveness of T l+>  
K * >  R b + >  NH~ > Cs +. This sequence is similar to 
that reported for stimulation of ATPase activity [13,14], 
block of release of occluded Rb + [26.27] and for pro- 
tection of  pump inhibition by removal of extracellular 
[K+] [12]. These ol,serva,ions suggest that  the selt:etiv- 
ity sequences reflec~ cation specific binding or  access of 
the ions to their activation sites. In particular one 
could speculate th~ t the access channel has similar 
characteristics to cation-selective pores where K + ions 
have to pass in single file a series of energy barriers 
aJld wells (see. Ref. 28). This view is suppor',ed by the 
facts that K + ions are bound sequentially [27,29], that  
the pump stiwt~lation can be described by the move- 
ment of two different effective charges for the Na + / K  ÷ 
pm,ap of Torpedo elcctroplax [4], and that the apparent  
affi¢;ities for the different cation species follow the 
same sequence as the cation permeabilities Px for the 
delayed rectifier K + channels in nerve cells (see Table 
I). For comparison, relative ~pparent affinities are ex- 
pressed as the r¢cinrocal of ehc apparent  K m values at 
0 mV normalized to the corresponding vahie for K +. in 
cardiac Parkinj¢ cells, a variet~ of monova~ent cations 
has been demonstratc~ to produce concentration- and 



potent ia l -dependent  activation of  2be p u m p  [11] and 
appa ren t  K m values  for p u m p  st imulat ion by external 
[K÷], [Tl*],  and [ N H ~ ]  were  c~.lcalated. T h e  corre-  
sponding  relative apparen t  aff ini t ies  at - -20 mV we 
also included in Table  I. T h e  values  again  fall in the 
s a m e  sequence  and  a re  of  s imilar  size as the relative 
permcabi l i t ies  for  the  K + c h a n n e l  

As  an alters;afire to the  assumpt ion  of  an ion-selec- 
tive access  channel ,  vo l t age-dependen t  and  cation- 
selective aff ini t ies  could result f rom vol tage-dependent  
conformat ions  that  affect  ion interac,~ion with the  bind- 
ing site. Selectivity and  vol tage  dependence  could then 
be descr ibed in te rms  o f  energy  profi les  by modula t ions  
o f  ene rgy  bar r ie rs  and  ion wells  [22,30,31]. F r o m  the  
d i f fe rences  of  the  z *  values  for the  differ~:nt cat ion 
species  in TabIe  I, wc o f  course  can also not exclude 
the  possibility o f  cat ion-specif ic  effect ive charges  ~vhich 
could refle::t  d i f fe rences  in the  location or  polarizabil-  
ity of  the b inding s i tes  and  the  t r anspor ted  ions. In 
addi t ion to vo l t age -dependen t  access,  modula t ion  o f  
the  appa ren t  affinity has  been  sugges ted  on the  basis  o f  
observa t ions  in :~'enopgy oocytes that  the  effect ive 
cha rge  and  the  K m (0 m V )  value  can be modi f ied  frc, m 
the  intracellular  side, that  the  effect ive cha rges  may  
even  exceed  the  value  of  twt~ e lementa ry  cha rges  which 
would  be  incompat ib le  with the  m o v e m e n t  of  two 
monova len t  ca t ions  in an access  channel ,  and  that  a f te r  
s t imulat ion of  pro te in  k inase  A o r  C [4] the  vol tage  
d e p e n d e n c e  of  p u m p  s t imulat ion by [K ÷] b e c o m e s  
more  o r  less pronounced ,  respectively. Also  mutan t s  o f  
a - subun i t s  with t runcat ions  at the  N- te rminus  o f  the  
p u m p  o f  Torpedo eleetruplax expressed  in the  Xe,~opus 
oocytes exhibit  modi f i ed  K m va lues  and  increased  ef-  
fective cha rges  [32]. These  d a t a  have been  in te rpre ted  
in  t e rms  o f  po ten t ia l -dependent  modula t ion  o f  the  
access  channel .  
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