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SUMMARY 

The stimulation of  ouabain-sensitive Na + ettlux by external Na  +, K + and Li + 
was studied in control  and ATP-depleted human red cells. In the presence of  5 mM 
Na +, with control  and depleted cells, Li + stimulated with a lower apparent  affinity 
than K +, and gave a smaller maximal activation than K +. The ability of  Na +, K + 
and Li + to activate Na + efflux was a function o f  the ATP content  of  the cells. Relative 
to K + both  Na  + and Li + became more effective activators when the ATP was reduced 
to about  one tenth of  the control  values. At  this low ATP concentrat ion Na  + was 
absolutely more effective than K +. 

INTRODUCTION 

When human  red blood cells with normal  ATP content  are incubated in full 
sodium media the ouabain-sensitive Na + efflux in the presence o f  external potassium 
is larger than in K+-free solutions. However, if the cells have been depleted o f  their 
internal energy by incubation with 2-deoxyglucose the ouabain-sensitive efflux o f  Na  + 
is larger in the absence than in the presence of  external potassium [1, 2]. This was 
interpreted to mean that in the energy-depleted cells the dephosphorylat ion step o f  the 
ATPase reaction associated with K + entry decreases the availability, at the inner 
surface o f  the membrane,  o f  carriers involved in the shuttling of  Na  +. A similar 
relationship between Na  ÷ efflux and A T P  levels was observed in squid giant axons 
[3] but was related to a hypothetical  second ATPase which was apparently inhibited 
by K ÷ [4]. Some properties o f  the ATPase f rom broken-membrane preparations are 
relevant to this behaviour o f  Na  + fluxes. In the cases where there is no K ÷ in the 
solution but just  Mg 2+ and Na +, there is a low level o f  a Na+-dependent  ATPase  
activity which is ouabain-sensitive [5, 6]. I f  the ATP  concentrat ion in the mixture is 
high. (about  3 mM),  K + added to the media increases the overall ATPase activity; 
but if A T P  is in the micromolar  range, the addit ion of  K + results in an inhibition 
[4,7]. On the other hand ATP binds tightly to the enzyme in the absence o f  K + [8, 9]. 
Potassium reduces the affinity o f  the enzyme for ATP and conversely A T P  reduces 
the affinity o f  the enzyme for K + [10]. The partial inhibition by K + at low ATP  could 
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be explained if K + not only dephosphorylated the enzyme but also remained attached 
to it, thus reducing the affinity for ATP. At concentrations at which K + and Li- 
produced equal acceleration of dephosphorylation at low ATP, the levels of phospho- 
enzyme were higher in Li + than in K + solutions. To account for this Post et al. [11] 
proposed that the E- K + complex was more stable than the E.  ki + one, with the 
consequence that rephosphorylation would be more diftlcult if K + was the dephos- 
phorylating cation. 

l f the  biochemical basis for the relative inhibition of Na + efltux by external K + 
at low ATP is that postulated for the ATPase reaction it is conceivable that some 
evidence could be obtained by comparing the abilities of K + and Li + to activate Na + 
efltux. In this regard one would expect that as E • ki + is more unstable than E - K + 
(easier to rephosphorylate) the relative ability of Li + over K + in stimulating a 
ouabain-sensitive Na + etttux would increase as the ATP content of the cells was 
reduced. 

METHODS 

Fresh blood samples from healthy donors collected in 10 o; (V/V) sodium 
citrate were used in all cases. 

Solutions. All solutions were prepared with deionized water and reagent grade 
chemicals. The composition of the incubation solutions for efflux measurements was 
as follows: (a) K+-free sodium: NaC1, 150mM; MgCI2, l mM; Tris/phosphate, 
(pH at 37 ~C 7.4) 2.5 mM; (b) K+-free choline/choline chlolide, 150 mM, MgCI2, 
I mM; Tris/phosphate, 2.5 mM. Different sodium concentrations in K+-free condi- 
tions were obtained by mixing appropriate volumes of solutions a and b. (c) Potas- 
sium-containing solutions: NaCI, 5 mM; KCI, 0.2 10 mM; choline chloride, 145 mM 
[K]; MgCI 2 1 mM; Tris/phosphate, 2.5 raM; (d) lithium containing solutions: NaCI, 
5 m M :  LiCI, 10-145mM: choline chloride, 145mM [Li]; MgCI2, l mM: Tris  
phosphate, 2.5 mM. All solutions were calcium-free. Ouabain was obtained from 
Sigma Co., U.S.A. 

ATP depletion. After five washes in K+-free sodium the cells were incubated 
for 12 h at room temperature and about 10 °,{i hematocrit in solutions of the following 
composition: (a) control: NaCI, 148 raM; KCI, 2 mM; MgC12, 1 mM: Tris/phosphate. 
2.5 mM: glucose, 11 mM; (b) depleted: NaCI, 140 mM: KCI, 10 mM: MgCI2, 1 mM: 
Tris-phosphate, 2.5 mM; 2-deoxyglucose, 3 raM. Both solutions were calcium-free 
and contained in addition I llCi/ml of 22Na+, 10000 units/100 ml penicillin and 
0.1 g/100 ml streptomycin. As internal ATP was depleted the ability of the cells to 
pump out sodium diminished. In preliminary experiments where the electrolyte 
composition of the solutions was the same in control and depleted cells, the latter ones 
had higher internal [Na + ] at the end of the incubation. As this had to be avoided 
in order not to bias the results, the lower pumping capacity of  depleted cells was 
compensated by reducing K + and increasing Na + in the bathing solutions of the 
control cells. In this way both groups ended the depletion period with the same Na + 
content (see Results). 

Sodium and ATP contents. At the end of the depletion period the cells were 
washed five times in ice cold K+-free choline. For sodium analysis about 0.1 ml of 
cells were lysed in 10 ml of deionized water and then flamed. The cell volume was 
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obtained from the absorbance of the lysate at 541 nm considering that packed cells 
give an absorbance of 284. ATP was assayed by the enzymatic method of Sigma, Co. 
In all cases duplicate samples were taken. All values given in the text are the mean~: 
S.E.M. 

Sodium ~fflux. The technique for Na + efflux is described in detail elsewhere. 
[I 2] The rate of Na + efl]ux was determined from the 22Na+ lost after 0.5 h incubation 
at 37 C .  Duplicate or quadruplicate samples, as specified in the legends, were taken. 
Glucose was present during efflux in control and 2-deoxyglucose, in depleted cells. 
When present, ouabain was at 10 4 M concentration. 

RESULTS 

E#'ect o f  A T P  depletion on the ouabain sensiti~'~e Na + efflux as a f imct ion o f  external 
Na +, K + and Li + concentrations 

In a first group of experiments the activation curves of the ouabain-sensitive 
Na+-efflux as a function of external Na +, K + and Li + concentration was determined. 
in the experiments which follow the ATP was reduced by an average of 10- to 12-fold 
in the depleted cells, whereas the sodium content was similar in both groups and 
within the normal range. The figures are a plot of the ouabain sensitive rate constants 
of Na + efflux, obtained as described in Methods, as a function of the external acti- 
vating cation concentration. The activation by external Na + is shown in Fig. 1. In 
both controls (950q:80 micromol ATP and 7.8~ 1.0 millimol Na+/1 cells) and de- 
pleted cells (82 !-10 micromol ATP and 8.7~ 1.2 millimol Na+/l cells) there was a 
large reduction in Na + efflux when [Na +] was increased from 0 to 5 mM: this ob- 
servation has already been reported [13, 14] and is currently taken as an inhibition by 
external Na + of the uncoupled Na + efflux through the Na + pump. From 5 mM Na + 
up the ouabain-sensitive Na + eMux increased but without reaching saturation even at 
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Fig. I. Activation curve of the ouabain-sensitive Na + elflu~ as a Function of the external Na + con- 

centration in control  and  ATP-depleted human  red cells. Different symbols  correspond to different 
experiments  carr ied out  in duplicate.  Control  cells (filled symbols)  had an init ial  9 5 0 ± 8 0  (mean 

: S.E.M.) #mol / l  cells ATP and 7.8_ ~ 1.0 mmol / l  cells N a  +. In  depleted cells ([open symbols)  the 
ATP was 82 ~ 1 0  #mol / I  cells and  Na  + was 8.7~:1.2 mmol/I  cells. Ouaba in  was used at  10 -4 M 
concentra t ion.  For  details see Methods.  
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Fig. 2. Activation of  a ouabain-sensitive N'a + efflux by external K + in control (filled symbols) and 
ATP depleted (open symbols) human red cells. The general procedure was as described in Methods. 
All solutions contained 5 mM Na + and the total osmolarity was maintained with choline chloride. 
Different symbols correspond to different experiments done in duplicate. The initial ATP content 
was 980±50 pmol/ l  cells in control and 78 -8 / tmo l / l  cells in depleted cells. The Na  + content was 
9 .34  1.6 mmol/l cells in control and 9.0 ! 1.3 mmol/l cells in the depleted cells. 

150 mM. The Na + efflux was always lower in the depleted cells: percentage-wise this 
reduction seemed more conspicuous at low external Na +. As the aim of this work was 
to study the cation-activated Na + effluxes through the Na + pump, it was desirable 
to reduce the uncoupled Na + efflux through the same pathway to a minimum. In 
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Fig. 3. Activation of  a ouabain-sensitive Na  + efflux by external Li + in control (filled symbols) and 
ATP depleted (open symbols) human red cells. The procedure was as described in Methods. All 
solutions contained 5 mM N a  + and the total osmolarity was maintained with choline chloride. 
Control cells had an ATP content of  950± 120/~mol/l cells and an N a  + content of  9.1 :k0.9 mmol/I 
cells. In the depleted cells the initial ATP was 106 ~- 14/tmol/1 cells and the N a  + content was 9.8 - 1.1 
mmol/1 cells. Different symbols correspond to different experiments carried out in duplicate. 
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order to accomplish this, and in accordance with the results from above, in the experi- 
ments on K + and Li + activation 5 mM Na + was also present in the external media. 
In this way only the Na + efflux coupled to the influx of an external cation would 
remain. Fig. 2 summarizes the experiments on the K+-activated Na + efflux. The 
reduction in the Na + efflux in the depleted group was dramatic at all K + concen- 
trations investigated, with both curves showing an hyperbolic shape. From the 
reciprocal plot the V values were 0.330 h-  z (rate constant) in control and 0.063 h-  1 
in depleted cells. The apparent K m had the same value in both groups of about 0.25 
raM. In other words, a 12-fold reduction in the ATP content largely reduced the K +- 
activated ouabain-sensitive Na + efflux without appreciable effect on the apparent 
affinity of the system for external potassium. The ATP content was 980~50 l~mol/l 
cells in the control and 78±8/~mol/l cells in the depleted cells; the Na + content, 
showing no difference, was 9.39 1.6 mmol/I cells and 9.0± 1.3 mmol/l cells respective- 
ly. The Li + activation curves are shown in Fig. 3. In this case the scatter of the data 
was larger than with potassium: however, the general picture was the same. From 
the reciprocal plot, which also gave scatter, the V was 0.157 h-  1 in control and 0.053 
h-  ~ in depleted cells. Within the resolution of the method the apparent K m values were 
similar with a value of about 13 mM in both instances. At 145 raM, lithium was well 
above the saturating concentration. The depletion procedure reduced the ATP content 
from 950i 120pmol/1 cells to 106~14/~mol/I cells, whereas the Na + content re- 
mained at 9.1 !:0.9 mmol/l cells and 9.8±1.1 mmol/I cells respectively. 

E{l'ect o f  ATP  depletion on the maximal ouabairr-sensitit~e Na + efftux activated b v 
externaI Na +, K + and Li + 

So far the data are insufficient to show unambiguously any preferential effect 
of the ATP depletion on any of the three cation-activated ouabain-sensitive Na + 
efftuxes, although they strongly suggest the Na+-activated is the less affected. One 
reason for the dispersion of the results is that for each activation curve different 
samples of blood were used. To avoid this source of uncertainty a further group of 
experiments were performed using the same blood sample to determine the ouabain- 
sensitive Na + efflux in control and in depleted cells when incubated in full Na +, 
10 mM K + and 145 mM Li + all at the same time. Quadruplicate samples were taken 
for each experiment, the results of which are given in Table 1. For the control cells 
the magnitude of the maximal ouabain-sensitive Na + efflux followed the sequence 
K + > Li + > Na +, with all the differences statistically significant. As K + and Li + 
were at saturating concentration the experiments also indicate that Li +, besides 
having less affinity for the system, does not give the same Vas K +. This agrees with 
similar results in skeletal muscle [15]. In the depleted cells the maximal activation of 
Na + efftux followed a different sequence, Na + > K + > Li, + again with all differ- 
ences statistically significant. This means that although all fluxes were reduced by the 
ATP depletion they were affected in different proportion. Thus, the percentage of the 
remaining fluxes was 20.35:2.1 in K +, 29.4+2.5 in Li ÷ and 73.1 ~ 5.0 in Na +. Another 
way of analyzing these data is to normalize them by taking the ratios of the rate 
constants in Na + and Li + divided by those obtained in K +. If there were no effect of 
ATP depletion these ratios should be the same in control and depleted cells. In fact, 
the Na+/K + activation ratio was 0.416±0.018 (mean±S.E.M.) in control cells and 
1.505 ~0.089 in depleted cells. The Li+/K + activating ratio had the value of 0.531 .:_ 
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TAB LE I 

THE ABILITY OF EXTERNAL SODIUM, POTASSIUM AND L1THIUM 1N PROMOTING 
A OUABAIN-SENSIT1VE SODIUM EFFLUX IN CONTROL AND ATP-DEPLETED 
H U M A N  RED CELLS 

Freshly-drawn human red cells were treated as described in Methods. The rate of Na + efllu-< ~as 
followed at saturating concentrations of K + and Li + and at the highest isotonic NaCI Ringer. 
The K + and Li + solutions had in addition 5 mM Na. The average irtitial internal Na + was 10.4: I.I 
tmeart -S.E.M.) mmol/I cells in control and 10.4 1.9 mmol/I cells in depleted cells. The initial 
ATP content was 890 : 75 Mmol/l cells in control and 97 ~ 15//mol/l cells in depleted cells. Values in 
the same row correspond to simultaneous determinations in the same blood sample. Each experiment 
was carried out in quadruplicate. Values are rate constant for ouabain-sensitive 22Na + efflux, in h ~. 

10mM K +, 5 mM Na +, 145 mM Li +. 5 mM Na ~ 150 mM Na + 
135 mM choline 

Control Depleted D/C.100 Control Depleted D/C,100 Control Depleted D/C. 100 

0.274 0.042 15.2 0.148 0.037 25.0 0.115 0,076 66.5 
0,299 0,077 25.7 0.179 0.054 30.3 0,127 0.108 85.1 
0.376 0.095 25,2 0,178 0.065 36.7 0,139 0.121 86.7 

0.181 0.038 21.0 0.132 0.098 73.9 
0.322 0.055 17.1 0.174 0.049 28.1 0.153 0.082 53.5 
0,278 0.051 18.4 0.140 0.049 35.2 0.129 0,079 72.8 

Mean 0.310 0.064 20.3* 0,167 0.049 29.4* 0.129 0.094 73.1 
S.E.M. 0.019 0.010 2.1 0.007 0.004 2.5 0.007 0.007 5.0 

* P - ~ 0 . 0 2 5 ; I n  all other cases P -  0.001. 

0.021 in c o n t r o l  a n d  0 . 8 4 2 ~ 0 . 0 5 5  in d e p l e t e d  cells. In all cases  the  d i f f e rences  were  

s ign i f i can t  a t  t he  P < 0.001 level.  T h e  va lues  fo r  A T P  a n d  N a *  c o n t e n t s  we re  s i m i l a r  

t o  t h o s e  o b t a i n e d  in t h e  e x p e r i m e n t s  o f  the  p r e v i o u s  s ec t ion  t h u s ,  t he  c o n t r o l  g r o u p  

h a d  9 8 0 ~ 7 5  i tmol/1 cells  A T P  a n d  1 0 . 4 ~ 1 . 1  m m o l / l  cel ls  N a  +, w h e r e a s  in  t he  de -  

p l e t e d  g r o u p  t h e  A T P  was  9 7 ~ = 1 5 / ~ m o l / l  cel ls  a n d  N a  + was  10.4~_ 1.9 m m o l / l  cells.  

I n  a d d i t i o n  i t  is w o r t h  e m p h a s i s i n g  t h a t  the  d e p l e t i o n  p r o c e d u r e  h a d  n o  d e t e c t a b l e  

effect  o n  t he  o u a b a i n - i n s e n s i t i v e  N a  + efl luxes.  In  eve ry  case  the  d i f f e rence  b e t w e e n  

t he  o u a b a i n - t r e a t e d  a n d  t he  n o n - o u a b a i n - t r e a t e d  cells  was  s t a t i s t i ca l ly  s ign i f i can t .  

DISCUSSION 

T h e  p r e s e n t  e x p e r i m e n t s  i n d i c a t e  t h a t  t he  r e l a t i ve  ab i l i ty  o f  e x t e r n a l  c a t i o n s  to  p r o -  

m o t e  a o u a b a i n - s e n s i t i v e  N a  + efflux in h u m a n  r e d  cells  is m o d i f i e d  in A T P  d e p l e t e d  

b e t t e r  as  c o m p a r e d  w i t h  n o r m a l  cells.  R e l a t i v e  to  K ÷ b o t h  N a  + a n d  Li ÷ b e c a m e  
a c t i v a t o r s  w h e n  A T P  was  r e d u c e d  by  a f a c t o r  o f  a b o u t  10. H o w  m u c h  o f  th i s  is d u e  

so le ly  t o  t he  A T P  r e d u c t i o n  a n d  h o w  m u c h  to  a s s o c i a t e d  c h a n g e s  as A D P  a n d  p e r h a p s  
Pi c o n t e n t s  c a n n o t  be  k n o w n  w i t h  c e r t a i n t y .  T h e  a c t i v a t i o n  by  N a  + a t  low A T P  c o u l d  

be  c o n s i d e r e d  e n t i r e l y  d u e  to  t he  c lass ica l  N a  : N a  e x c h a n g e  [13] as th i s  e x c h a n g e  ha s  

b e e n  s h o w n  t o  be  i n d e p e n d e n t  o f  A T P  b u t  to  v a r y  fa i r ly  l i nea r ly  w i t h  i n t e r n a l  A D P  

[16]. H o w e v e r ,  t he  r e s u l t s  in  T a b l e  I w o u l d  r e q u i r e  t h a t  a 90 ~ r e d u c t i o n  in A T P  

was  a c c o m p a n i e d  by  a r e d u c t i o n  in A D P  o f  o n l y  27 o//o. T h i s  m i g h t  sugges t  t h a t  in  
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addition some other mechanism is involved. One possibility as suggested by Glynn 
and Karlish [17], is a release from inhibition of  the uncoupled Na + effiux at external 
Na + higher than 5 raM. Another  possibility of  a K+-like action of  Na + 
through the entire cycle o f  the pump. In the experiments with K + and Li + 
solutions, 5 mM Na + was always present; this Na + concentrat ion was shown to 
inhibit to a large extent the uncoupled Na + efflux (Fig. 1 ). The K + and Li + activation 
can then be considered a genuine stimulation o f  the Na + pump [5, 15]. The increased 
effectiveness o f  Li + relative to K + as ATP was reduced is compatible with the 
hypothesis that the dephosphorylat ing cations on the ATPase reaction remain attached 
to the enzyme after dephosphorylat ion,  thus reducing its affinity for ATP, and where 
the E • K + complex is more stable than the E .  Li + one [11]. Interestingly enough a 
K+-Iike action of  Na + would also fit in this scheme as it is easy to imagine E • Na + 
the most favourable for rephosphorylat ion.  An effect of  ATP from the inside, shifting 
the E • Na + :~ E • K equilibrium [18] does not seem useful as an explanation because 
the cation composi t ion and cell ATP were the same in all incubation solutions. An 
effect of  K + coming from the outside, would also agree with observations in resealed 
ghosts which suggest that  the inhibitory effect of  K + on the ATPase at low ATP  is 
from the outside [17]. External K + has been shown to reduce the enzyme ATP  affinity 
[19] and this could be thought  o f  as responsible for the K + and Li + differences. 
However against this explanation is the lack o f  the counterpar t  effect, that is the 
reduction in ATP did not seem to modify the apparent  affinities of  the external 
site for K + or Li +. Finally, it might be that not all Li + goes through the pump by 
a K+-like action, but some can replace Na + through the Na + : Na + exchange as 
well, which as such would be less sensitive to ATP  depletion. To exclude this alterna- 
tive ATP consumpt ion  and N a + / A T P  ratios under  K + and Li + stimulation would 
need to be measured. 

NOTE ADDED IN PROOF (Received March 9th, 1976) 

It has recently been suggested [20] that the external sites at which K + activates 
t ranslocation and dephosphoryia t ion (beta sites) are different f rom those at which it 
reduces the enzyme-ATP affinity (alpha sites). The interaction of  Li + with the beta 
sites also produces dephosphorylat ion,  but in contrast  with K +, the binding of  Li + 
to the alpha sites does not change the enzyme-ATP affinity [2l]. I f  this is the case, 
the K + and Li + differences reported in this paper could still be a consequence o f  a 
process taking place at the external side of  the membrane  without showing any 
ATP effect on the apparent  affinities for K + and Li ~ translocation. 
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