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Summary 

Evidence from the kinetics of  transport  supports the hypothesis  that  cellular 
Li, Lie, interacts with the internal aspect of  the (Na,K)-pump as a congener of  
Na. Lic and Nac compete  for the same sites on the internal aspect of  the pump. 
Lic promotes  Na-activated K influx and Nac promotes  Li-activated K influx. 
Cellular K inhibits Li-activated K influx, indicating that the interaction of  Kc 
with the internal aspect of  the pump is qualitatively different from the inter- 
action with either Nac or Lic. The Hill coefficients f o r  Na-promoted and Li- 
p romoted  K influx are similar and are both  greater than unity,  indicating the 
same number  of  multiple intracellular sites per pump for the two cations. The 
stoichiometry of  coupling between efflux and K influx is also similar for Na 
and Li, and is close to 3 Na or 3 Li to 2 K. The Li-activated K influx appears to 
be independent  of  the residual Na which remains in cells prepared in Na-free 
solutions. 

Lithium interacts with the external aspect of  the (Na,K)-pump of human red 
cells as a congener of  K. The evidence is that  Li is t ransported into red cells by 
the ouabain-sensitive pump [1],  and that  Li promotes  active Na efflux [2--4] .  
Furthermore,  with low external concentrations of both  K and Li, external Li 
'coactivates'  active K influx [5].  

There is recent evidence that,  in contrast,  intracellular Li can interact with 
the pump as a congener of  Na. In cells with an Na concentrat ion of  the order of  
1 mmol/1 cells, there is an ouabain-sensitive efflux of  Li through the (Na,K)- 
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pump which is dependent  on external K and is coupled to  K influx [6].  The Li- 
activated K influx is unaffected by  lowering the or thophosphate  concentrat ion 
in the cells, indicating that  the K influx is mediated by the pump in its normal 
Na-K exchange mode and not  in the K-K exchange mode [6].  (K-K exchange is 
inhibited by  incubation with inosine, which reduces or thophosphate  concentra- 
tion [7],  whereas K influx by Na-K exchange is not  inhibited [6].) Therefore,  
intracellular Li promotes  K influx and seems itself to be transported outward as 
though it were Na, not  K. 

Further evidence for the Na-like interaction of  Li with the intracellular 
aspect of  the (Na,K)-pump comes from studies on (Na ÷ + K*)-ATPase from por- 
cine kidney and red cell membranes [8].  In both  preparations, ouabain-inhibit- 
able hydrolysis of  ATP was observed in 130 mM LiC1 wi thout  added Na or K. 
In a more critical experiment,  Li p romoted  phosphorylat ion of  the ATPase from 
porcine kidney in the presence of  ATP and Mg, an action generally at tr ibuted 
to intracellular Na. But these enzyme preparations do have the disadvantage 
that  concentrat ions of  ligands at the two surfaces cannot be controlled sepa- 
rately. More recently, qualitative evidence for an Na-like action of  Li was ob- 
tained with inside-out vesicles made from red cell membranes,  a preparation 
which allows conclusions to be drawn about  sidedness of  action of  ligands [9].  

We offer here kinetic evidence from intact cells for an Na-like action of  Li at 
the internal aspect of  the (Na,K)-pump. The evidence is that  intracellular Li 
and Na interact competi t ively in activating K influx, and that K inhibits this 
activation by  Li. We also have considered the role of  bound Na in intact cells in 
the action of intracellular Li [8] and the s toichiometry of  the pump when 
exchanging Li for K [6].  

Materials and Methods 

Blood was drawn from healthy adult  donors by  venipuncture using heparin 
as anticoagulant. The erythrocytes  were washed by  centrifugation at 4°C in iso- 
tonic buffered choline chloride (160 mM choline chloride, 10 mM Tris-HC1, pH 
7.4). 

Alteration of cellular cation concentrations. This was carried ou t  in all 
experiments by reversibly increasing the cation permeabili ty using the method  
of  Sachs [13].  Cells were incubated for 20 h or more at 4°C in solutions con- 
taining 0.1 mM p-chloromercuribenzenesulfonate (PCMBS) and the desired 
concentrat ions of  NaCI, KC1, LiC1, and choline chloride. Normal permeabili ty 
was restored by  incubating the cells for 1 h at 37°C in the presence of 2 mM 
dithiothreitol. 

[X]c and [X]o indicate the intracellular and external concentrations of X, 
respectively; X¢ and Xo are used to indicate intraceUular and external X with- 
out  reference to concentration. 

Unidirectional K influxes. These were determined as previously described 
[6,14] using 86Rb as a tracer for K [15,16] .  Use of  S6Rb as a tracer for mea- 
suring K influxes has become common  in red cells and other  cell types  as well. 
Nevertheless, it seemed worthwhile to confirm the validity of  this practice, at 
least for our purposes. We compared K influxes measured simultaneously by 
three methods:  (i) using 86Rb; (ii) from chemical analysis of the increase in 
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[K]e; and (iii) from chemical analysis of  the decrease in [K]o (see method 
below for net  fluxes). The cells had been made to contain [K]c at 1.0 mmol/1; 
they were placed in a medium containing 5 mM K, resulting in a measurable net 
K influx. In six experiments the mean ouabain-inhibitable K influxes were (in 
mmol/1 cells per h): 3.98 ± 0.49 (86Rb); 3.96 + 0.33 (increase in [K]c); 3.80 -+ 
0.41 (decrease in [K]o) (means + S.E., n = 6). Therefore, under the conditions 
of  these experiments,  S6Rb can be used as a tracer for K. These results do not  
show that 86Rb can be used for detailed kinetic analysis of  K influx, for 
example with Varying [K]o, but  such studies were not  a t tempted  in the present 
work. Active K influx was operationally defined as that  port ion of  the flux 
inhibited by ouabain (0.1 mM). 

In all aliquots of  cells, [K]¢ was made less than 1.0 mmol/1 cell at the begin- 
ning of  the measurement  of  the flux (except  when high [K]¢ was desired). This 
was done to minimize both K-K exchange and inhibition by  K of  Na or Li 
efflux. Likewise, unless otherwise specified, [Na]~ was less than 1.0 mmol/1 
cells in all aliquots of  cells. 

Net fluxes. These were determined for Na, K and Li by chemical analysis of 
cellular and supernatant concentrat ions before and after experimental incuba- 
tions. The procedures prior to and during the incubation were the same as 
those used for unidirectional influxes, except  that  the hematocri t  during the 
incubation was between 20 and 25% to facilitate the measurement  of  increases 
in the concentrat ions of  Na and Li in the supernatant  solution. The incubation 
was s topped by centrifuging the cells for 10 min at 4 ° C. The packed cells were 
washed three times by centrifugation and resuspension in cold isotonic MgC12, 
and then they were lysed in distilled water. Li concentrations were measured by 
atomic absorption spec t rophotomet ry  (Perkin-Elmer, model  303); Na and K 
were measured by emission flame pho tomet ry  (Instrumentat ion Laboratories, 
Model 143). Concentrations were expressed as mmol/1 cells. The volumes of  
cells in the incubation mixtures were obtained, as for the unidirectional fluxes, 
from the hematocri ts  and hemoglobin concentrations of  the hemolysates. To 
obtain net  efflux from the cells using the concentrations of  Na and Li in the 
supernatant solutions, the latter were multiplied by the ratio of  the volume of  
the supernatant to the volume of  the cells, (1 - - H ) / H ,  where H is the hematocri t  
of  a suspension of  cells, expressed as a fraction. Per cent hemolysis during the 
incubations was always less than 2% and the net  fluxes were corrected for the 
contr ibution by hemolysis. (Lysis would, of  course, appear as an ouabain-insen- 
sitive flux and the objects of  these experiments were the active fluxes.) In some 
experiments, unidirectional K influx was measured simultaneously with net 
fluxes. 

Net K influxes were o b t ~ n e d  from increases in cellular K; net  Na and Li 
effluxes were obtained from increases in the concentrat ions in the incubation 
medium, initially free of  both  Na and Li. (The reduction in external K concen- 
tration provided a less accurate measure of  K influx, as did the reduction in 
cellular Li or Na concentrations for effluxes.) 

Interpretation of sigmoid kinetics. When a sigmoid curve relates flux to the 
concentrat ion of  a t ransported ion, the data can be f i t ted using one of  several 
similar equations based upon related but  distinct assumptions. We have used 
two approaches. The first is the Hill equation [17],  the logarithmic form of  
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which is: 

M 
In = h • In[S] --  In K H (1) 

Mmax -- M 

where M and Mmax are active flux and maximal active flux, respectively, [S] is 
the concentrat ion of  the t ransported ion, Kn is a constant  comprising the inter- 
action factors between binding sites and also the intrinsic association constants, 
and h is the Hill coefficient.  A plot of  the left-hand side of  Eqn. 1 against in[S] 
gives a straight line with a slope of  h. 

The Hill coefficient has a complex physical significance, related not  only to 
the number  of  interacting ligand binding sites per pump moiety,  bu t  also to the 
nature of  the interaction between the sites [17,18] ,  and the number  of  sites 
generally must be determined by a method  independent  of  kinetics. However,  
when h is greater than unity,  it does show that  there are multiple ligand binding 
sites per pump. If h is the same for two different substrates reacting with the 
same enzyme (e.g., Na, Li, and the (Na,K)-pump), it is tempting to conclude 
that  there are the same number  of  binding sites for the two substrates. There 
could conceivably be different numbers  of  sites and different cooperativities 
between them giving fortui tously identical h values, though this possibility 
seems remote.  One assumption implicit in the Hill equation is the simultaneous 
addition of the transported ions to all of  their  binding sites on each pump. 

Another  approach to treating sigmoid kinetics for the (Na,K)-pump has been 
suggested by Garay and Garrahan [191. They assumed that  the multiple Na- 
loading sites on each pump have identical affinities for Na. They also assumed 
no interaction or cooperat ivi ty between the sites except  that  transmemhrane 
translocation and release of  Na would occur only when all Na sites on each 
pump were filled. This t reatment  does not  require simultaneous binding of Na 
to all of  its sites. An expression relating transport  to [Na]c and number  of  sites 
was obtained from consideration of  probabilities of  occupancy of  the sites by 
Na: 

Mmax 
M = (2) 

(1 + Ks/[S])" 

where K s is an affinity constant  and n is the number  of  Na-loading sites per 
pump (thus n has a different significance from h in Eqn. 1). 

The same expression can be derived more rigorously using rapid equilibrium 
kinetics derived for enzymes, assuming a random multireactant  system and 
assuming no release of  product  ( transmembrane translocation) unless all sub- 
strate sites are filled (therefore a sequential enzyme).  For a terreactant system 
(three substrate sites; the conclusion of  Garay and Garrahan [19] about  Na 
sites on the pumps) with all of  the substrates identical to one another, the 
velocity equation is [17]:  

Mmax" [S]3/a{J"/KAKBKc 
M - ( 3 )  

+ [ s ]  3 

KA Ks Kc "[KAK B flKAK c aKBKc a[J'~KAKBK c 

where a,/3 and 3, are coefficients for the interactions be tween the sites and K , ,  
Ks  and Kc are equivalent affinity constants. In the special case of  Garay and 
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Garrahan, the interaction coefficients are all unity, the affinity constants, Ks, 
are all the same, and Eqn. 3 reduces to Eqn. 2 with n = 3. Multiplying the nth 
roo t  of the reciprocal of Eqn. 2 by  S gives: 

[S] K s ~ [S] (4) 
Mlln Ml/n Ml/n 

- ' - m a x  " ' - m a x  

If the number  of  sites for substrates per pump is 3, a plot of  [S]/M 1/3 against 
[S] will yield a straight line with slope v.n~-'-maxaZl/3 and intercept on the abscissa of  
Ks [19].  

Effect  o f  residual bound Nac on Li-activated K influx. Cells were prepared 
with different amounts  of  residual Nae (apparently bound)  by exposing them 
to two successive PCMBS solutions as follows: in the first incubation, half the 
cells were suspended in 150 mM choline chloride, half in 140 mM choline 
chloride + 10 mM KC1. The presence of  KC1 in the PCMBS solution led to a 
slight increase in the amount  of  Nac retained by the cells. * For the second 
PCMBS incubation,  each aliquot of  cells was divided in half, one incubated in 
150 mM choline chloride, the other  in 50 mM LiC1 + 100 mM choline chloride. 
Each incubation was for 24 h with three changes of  the solutions. Cation per- 
meabili ty was restored as usual in solutions containing dithiothreitol;  the K 
influx and cellular cation concentrat ions were measured as described above. 

Chemicals. Choline chloride was obtained from Nutrit ion and Chemical Divi- 
sion of  Syntex Agri-Business, Inc. (Springfield, MO, U.S.A.), and was used 
wi thout  further purification; fresh stock solutions were made the day before 
use. p-Chloromercuribenzenesulfonate (PCMBS) and dithiothreitol were ob- 
tained from Sigma Chemical Co. (St, Louis, MO, U.S.A.). 86Rb and 22Na were 
obtained as chlorides in aqueous solution from New England Nuclear Corp. 
{Boston, MA, U.S.A.). 

Results 

Interaction between Nac, and Lic, and K c in activating the (Na,K)-pump 
To test the hypothesis  that  Lic acts as a congener of  Nac, we determined the 

kinetics of  the interactions between Li and Na and between Li and K in activat- 
ing K influx. If  Li is acting as a congener of  Na, there should be a competit ive 
interaction between Li and l~a, and mutual  stimulation of  K influx (if there are 
multiple Na-loading sites per pump).  When K-K exchange is suppressed, Ke 
should inhibit activation of  K influx by  Li (the interaction may or may not  be 
simple competi t ion).  

Accordingly, K influx was measured in three kinds of  experiments: (i) [Li]c 
varied with fixed [Na]¢; (ii) [Na]c varied with fixed [Li]c; (iii) [Li]c varied 
with fixed [K]c. The concentrations of  the fixed or invariant species were set 
near the K~/2 (concentrat ion at half-saturation): approx. 5 mmol/1 for Na; 
approx. 50 mmol/1 for Li [6].  

Activation o f  K influx by Lic: effect o f  Nat 
Fig. 1 shows a double-reciprocal plot  of  active K influx as a function of  

* We c a n n o t  a c c o u n t  f o r  t h i s  e f f e c t  o f  K.  I n  a n y  case ,  t h e  e f f e c t  w a s  n e v e r  l a r g e  ( s e e  T a b l e  I I ) .  
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[Li]c in the presence and absence of  a fixed [Na]c. In cells that  were nominally 
Na-free (less than 1.0 mmol/1), the curvilinear relationship between the reci- 
procals of  K influx and Lic (sigmoid in a direct plot) shows that  Li interacts 
with more than one site on each pump to activate K influx. With [Na]c fixed at 
4.5 mmol/1, Li-promoted K influx is further stimulated, though now the data 
fit a straight line. Extrapolations to Mma x of  the two curves are nearly the 
same, indicating that  Na and Li interact competi t ively when promoting K 
influx. The linear relationship between K influx and [Li]c in the reciprocal plot  
with fixed [Na]c suggests that  Li interacts with only one site per pump when 
Na occupies one (or more) sites per pump.  

Activation of K influx by Nac: effect of Lic 
Fig. 2 shows a double-reciprocal plot  of  the active K influx from an experi- 

ment  complementary  to the one in Fig. 1: the cells containing varying concen- 
trations of  Na wi thout  Li and with [Li]c fixed at 40 mmol/1. The results are 
similar to those obtained with varying Li. With Na alone the relationship 
between K influx and [Na]c is curvilinear, consistent with other  reports that  
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Fig. 1. Doub le - ree ip roca l  p lo ts  of  act ive  K inf lux  agains t  [ L i l t  in cells n o m i n a l l y  Na-free  o r  w i th  c o n s t a n t  
[Na]  c. Cellular  ca t ion  c o n c e n t r a t i o n s  were  var ied  to  give the  des i red  [IA] c an d  [ N a ] c ,  w i th  t h e  ba l ance  
m a d e  u p  b y  chol ine .  ( e )  Na-free  cells ( [ N a ]  c = 1 .0  m m o l / l  cells); (o)  [ N a ] c  f ixed  a t  4 .5 m m o l / l  cells 
( m e a n ,  n = 10) .  F luxes  were  m e a s u r e d  in an  Na-f ree  m e d i u m  con ta in ing  chol ine  ch lor ide  (157  raM),  KCI 
(3 m M ) ,  glucose (5 m M ) ,  a n d  Tris-HC1 ( i 0  raM) a t  pH 7.4. i m p ,  ac t ive  K inf lux.  Po in ts  r ep r e sen t  m e a n s  of  
t w o  d e t e r m i n a t i o n s  f r o m  one  e x p e r i m e n t .  T h e  lines were  f i t t ed  b y  eye .  T h e  m a x i m a l  ve loc i ty  of  inf lux  
( M m a x )  for  L i -ac t iva ted  K inf lux  was  a b o u t  1.5 retool/1 pe r  h ,  b o t h  in t h e  p resence  an d  absence  of  Na  c. 
S imi lar  resul t s  we re  o b t a i n e d  in fou r  o t h e r  e x p e r i m e n t s .  

Fig. 2, Doub le - r ec ip roca l  p lo ts  of  ac t ive  K inf lux  wi th  va ry in g  [ N a ] c  in t h e  p resence  or  absence  of  a f ixed 
[Li ]  c. T he  e x p e r i m e n t a l  p r o c e d u r e  was the  s a m e  as for  Fig. 1. ( e )  Li-free cells; (o)  f ixed  [ L i ] c  a t  40  
retool/1 cells ( m e a n ,  n = 10).  Poin ts  r e p r e s e n t  single d e t e r m i n a t i o n s  f r o m  o n e  e x p e r i m e n t .  M m a  x for  Na- 
p r o m o t e d  K inf lux  was  a b o u t  5.7 m m o l / l  per  h ,  b o t h  in t h e  p resence  an d  absence  of  Li c. Similar  resul ts  
we re  o b t a i n e d  in th ree  o the r  e x p e r i m e n t s .  
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Na interacts with more than one site on the pump to promote K influx [13, 
19,20]. With fixed [Li]¢, K influx was further activated at each [Na]e, 
although Mmax was unchanged, and the relationship became linear. This is 
further evidence for the competitive nature of the interaction between Li and 
Na at multiple sites on each pump in activating K influx. At low concentrations 
of either Na or Li, the addition of the other ion stimulates the pump by occu- 
pying one (or more) of  the multiple sites required for activation of  the pump. 

Hill coefficients for Na e and Lie 
The results above show that  Li, like Na, activates K influx at multiple bind- 

ing sites on each pump and that  Li and Na are competing at the same sites. It 
seemed worthwhile to compare the Hill coefficients for activation of  the pump 
by Na in Li-free cells and by Li in (nominally) Na-free cells. Fig. 3 shows such 
K influxes plotted according to Eqn. 1. The slopes, h, are about the same for 
Lie and Nae (1.6 and 1.5, respectively). Though these numbers do not  give the 
number of  sites per pump, their similarity suggests that  the number of sites is 
the same for Li and Na. Furthermore,  if bound Na were participating in the 
activation of the pump by Li, h for Li would be unlikely to be as large as h for 
N& 

The lines in Fig. 3 were from two separate experiments. Mma~ in the experi- 
ment  on Li cells was uncharacteristically low, but not  uniquely so. Comparison 
of the intercepts on the ordinates in Figs. 1 and 2 shows that  the values for 
Mmax varied several-fold between experiments. The explanation lies with the 
long incubations in the cold in solutions of PCMBS. It is not  surprising that  this 
t reatment  led to differences in Mma x ; the differences are not  critical to the con- 
clusions drawn. 

Li e as an activator o f  a sequential terreactant system 
Fig. 4 shows the activation of  K influx by Lie plotted according to Eqn. 4, 

but setting the exponent  at 1/1, 1/2. and 1/3, i.e., assuming 1, 2 or 3 sites for 
Li on each pump. The lowest value of  n which yields a straight line when [S] is 
plotted against [S]/M 1/n gives the number of  sites if the assumptions of Garay 
and Garrahan [19] hold. Fig. 4 is consistent with two or three sites for Lic. 
Though the line for n = 3 appears slightly better than for n = 2, this was not  a 
consistent finding. The same results were found for Nac, that  is a slightly better 
fit for n = 3 than n = 2 (results not  shown), consistent with the earlier results 
of Garay and Garrahan, though these authors reported a clearer difference 
between the curves for n = 2 and 3. 

The values obtained for the exponents, h (Fig. 3) and n (Fig. 4), were not  
the same, nor should they be since they have different physical significances. 

Activation o f  the pump by Lic: effect o f  Ke 
The nature of the relationship between Lie and Kc when interacting with the 

internal aspect of the pump was determined by observing the effect of a fixed 
[K]e on the Li activation of  K influx. Fig. 5 shows a double-reciprocal plot of  
active K influx as a funct ion of  [Li]e in either the presence or absence of  fixed 
[K]c (27 mmol/ l  cells). All aliquots of  cells had been preincubated in isotonic 
choline chloride containing 10 mM inosine for 1 h at 37°C before the flux mea- 
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[,i],  
Fig. 3. Hill p lots  of  Na-ac t iva ted  a nd  Li -ac t iva ted  K inf lux .  T h e  e x p e r i m e n t a l  p r o c e d u r e  was  the  s ame  as 
for  Fig. 1. (o)  cells w i th  va ry ing  [Na]  c (Li - f ree) ;  ($)  va ry in g  [Li ]  c ( n o m i n a l l y  Na-f ree) .  Points  r e p r e s e n t  
single d e t e r m i n a t i o n s  f r o m  one  e x p e r i m e n t .  Values  of  M m a  x used  to  ca lcula te  

M 
in 

M m a  x - -  M 

(see Eqn .  1) we re  On m m o l / l  per  h)  3.6 fo r  Na a nd  1 .4  for  Li. K H was  (in m m o l / l  cells) 4 .8 for  Na c and  
27 .6  for  Li  c. The  n u m b e r  of  s imilar  e x p e r i m e n t s  was  th ree  fo r  Li cells and  t w o  for  Na cells. 

Fig. 4. Act ive  K inf lux  in cells w i th  va ry ing  [L i ]  c p l o t t e d  acco rd ing  to  Eqn .  4, wh e re  [Li]c/M1/n vs. 
[L i ]  c should  give a s t ra ight  l ine w h e n  n is the  n u m b e r  of  in t race l lu la r  sites pe r  p u m p  a c t i v a t e d  b y  Li. M, 
act ive  K inf lux .  T he  resul ts  were  p l o t t e d  w i th  n set  a t  1, 2, or  3. Similar  resul ts  were  o b t a i n e d  in two  
o t h e r  e x p e r i m e n t s .  
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Fig. 5. Doub le - r ec ip roca l  plots  of  act ive  K inf lux  wi th  va ry in g  [L i ]  c in the  p resence  or  absence  of  f ixed  
[ K ] c .  (e )  K-f ree  cells; (o)  [ K ] c  = 27 m m o l / l .  The  e x p e r i m e n t a l  p r o c e d u r e  was  t h e  s a m e  as for  Fig. 1. Th e  
cells had  b e e n  p r e i n c u b a t e d  for  1 h at  37°C in m e d i u m  con ta in ing  inos ine  (10  m M )  in o r d e r  to  dep le t e  
cellulax o r t h o p h o s p h a t e  and  t h e r e b y  r e d u c e  K-K e x c h a n g e .  M m a  x o f  L i -ac t iva ted  K inf lux  was  a b o u t  2.7 
m m o l / l  pe r  h in Li  cells a n d  2.0 in (Li  + K)  cells. T h e  po in t s  a re  single d e t e r m i n a t i o n s  f r o m  one  exper i -  
m e n t ,  Similar  resul ts  were  o b t a i n e d  in t w o  o t h e r  e x p e r i m e n t s .  
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surement. This procedure minimized K-K exchange by depleting the cellular 
concentration of or thophosphate ,  which is required for K-K exchange [7].  For 
the cells with varied [Lil t  and neither Kc nor Nac, there was a curvilinear rela- 
tionship as in Fig. 1. With fixed [K]e the Li-promoted K influx was inhibited, 
and the relationship between the reciprocals of  the flux and [Li]c became 
linear. The interaction between Kc and Nac was reported to be competit ive 
[19,20].  Fig. 5 seemed to indicate a competit ive interaction between Lic and 
Ke, but  the results are not  sufficiently extensive to be conclusive. Nevertheless, 
the results are clear in showing that  K inhibits the activation by Li of  K influx, 
in contrast  to Na, which promotes  it (Fig. 1). 

Stoichiometry o f  coupling: Li : K and Na : K 
In our previous work, we suggested that  the coupling ratio of  the pump 

when exchanging Li for K was 1 : 1 [6],  in contrast  to the ratio of  3 Na : 2 K 
in the normal mode of  the pump's  operation in human red cells. However,  the 
similarity of the Hill coefficients for Na and Li (Fig. 3) is inconsistent with dif- 
ferent coupling ratios for Li and K as compared to Na and K. Therefore, we 
re-examined the Li : K coupling ratio by making simultaneous measurements of  
net fluxes of  K and either Na or Li. To improve the accuracy, the experiments 
were run at high hematocri ts  (20% or more) and net  effluxes of  Na and Li were 
obtained from the increases in extracellular [Na] and [Li] rather than from the 
changes in intracellular concentrations,  a less accurate measure of  net  efflux. 

Table I shows the results of  seven experiments. The coupling ratio of  1.46 
observed for Na-K exchange is tolerably close to the published value of  1.5 
[10--12].  With the [Na]c of the Li cells at 1 mmol/1, a small but  measurable Na 
efflux was observed (equal to 9% of  the Li efflux). This must  be added to the 

T A B L E  I 

S T O I C H I O M E T R Y  OF C O U P L I N G  F OR N a : K  A N D  Li :K D E T E R M I N E D  BY N E T  F L U X E S  OF K, Na  
A N D  Li 

C o n c e n t r a t i o n s  were  m e a s u r e d  be fo re  and  a f t e r  i n c u b a t i o n  for  1 h in a m e d i u m  given for  Fig. 1, b u t  wi th  
5 m M  [K ]  o, N e t  K inf lux  ( iMK) was  o b t a i n e d  f r o m  increases  in [ K ] c .  Ne t  e f f luxes  o f  Na  ( ° M N a )  and  Li 
( ° M L i )  were  o b t a i n e d  f r o m  increases  in the  [ N a ] o  a nd  [Li]  o of  the  i n c u b a t i o n  m e d i u m ,  init ially free of  
b o t h  N a  and Li. M P r ep resen t s  act ive  fluxes.  The  f luxes  were  d e t e r m i n e d  in qu in tup l i ca t e  in seven sepa- 
ra te  e x p e r i m e n t s ;  va lues  ave m e a n s  ± S.E. (n = 7). The  h e m a t o c r l t s  we re  ap p ro x .  20%. Due to  the  presence  
of  a smal l  b u t  m e a s u r a b l e  ne t  N a  e f f lux  in the  Li  cells, the  Na  an d  Li e f f luxes  were  c o m b i n e d  in calcula-  
t ing the  coup l ing  rat io  in these cells. The  coupl ing  ra t ios  are  given as the  m e a n s  of  the  ra t ios  f rom:seven  
e x p e r i m e n t s ,  n o t  the  ra t io  o f  the  m e a n s  o f  the  f luxes.  Both  ra t ios  (Na cells an d  Li  cells) are s ignif icant ly  
d i f f e ren t  f r o m  1.0 (P <: 0 .05) .  

In i t ia l  cel lular  c o n c e n t r a t i o n s  ( m m o l / l  cells) 

[K]  [Na]  [Li]  [ cho l ine ]  

Na  cells 4 .4 19 .9  - -  ~ 8 5  
Li  cells 4 .0 1.0 25 .3  ~ 8 5  

N e t  ac t ive  f luxes  ( m m o l / l  cells pe r  h)  

iM P OMPa P OML i Coupl ing  ra t ios  

N a  cells 3 .96  ± 0 .26  5 .55  ± 0 .56  - -  N a : K  1 .46  ± 0 .12  
Li cells 0 .73  ± 0 .12  0 .08  ± 0 .02  0 .89  ± 0 .18  ( L i + N a ) : K  1 .50  ± 0 .22  
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T A B L E  II  

E F F E C T  OF R E S I D U A L  B O U N D  N a  ON K I N F L U X  A C T I V A T E D  BY Li c 

Resul t s  axe m e a n s  f r o m  six ident ica l  e x p e r i m e n t s ,  each  p e r f o r m e d  in dupl ica te .  T w o  a l iquots  of  cells, A 
and  B, w e r e  prepared w i t h  t w o  levels  o f  res idua l  [Na]  c, t h a t  in A h ighe r  t h a n  in B, as desc r ibed  in Mate-  
rials and  Methods .  E a c h  a l iquo t  was  t h e n  d iv ided  in to  t w o ,  one  of  wh ich  was  m a d e  to  c o n t a i n  a high 
[L i ] c ,  a p p r o x .  55 retool/1. S h o w n  be low  are the  m e a n s  of  [Na]  c for  a l iquots  A an d  B and the  m e a n  of  the  
ra t ios  (±S.E. ,  n = 6). ( B / A  is the  m e a n  of  the  rat ios  and n o t  the  rat io  o f  the  means ) .  Also s h o w n  axe act ive  
K inf luxes,  i M p ,  fo r  A a nd  B and  the  m e a n  of  the i r  ra t ios  (±S.E. ,  n = 6). 

Cells [Na]  c ( m m o l / l  cells) iMP (mmol /1  cells pe r  h)  

A B B / A  A B B / A  

Li 0 .79  0 .45  0 .74  + 0 .11  0 .84  0 .93  1 .03  • 0 .12  
Li-free 0 .56  0 ,41  0 .73  ± 0 .03  0 .08  0 .05  1.31 ± 0 .70  

net Li efflux in determining the coupling ratio. A mean ratio of  1.50 is ob- 
tained, which is indistinguishable from 1.46 found for Na : K. Both ratios were 
significantly greater than unity. 

Effect of  residual bound Nac on Li-activated K influx 
When cells are prepared in PCMBS solutions with no added NaC1, Na¢ is 

routinely 0.5--1.0 mmol/1 cells. This residual Na, apparently bound,  does not  
activate K influx [6].  Nevertheless, it was suggested that  it might be required 
for activation of  K influx by  Lic [8].  In an a t tempt  to test this suggestion, cells 
were prepared with two different levels of  residual Na. The cells were also made 
to contain Li, and the active K influx was measured. Li-free cells were prepared 
at the same time with two levels of  residual Nac. Table II shows the results of  
six such experiments.  The two levels of  Nac in the Li-cells were 0.79 mmol/1 
cells (aliquot A) and 0.45 mmol/1 (aliquot B). The mean of  the ratios (not  the 
ratio of  the means) of  Nac, B/A, was 0.74. The rates of  active K influx were 
about  the same in aliquots A and B (mean of  ratios, B/A,  = 1.03). In the Li-free 
cells with about  the same levels of  Nac there was negligible active K influx. 
From the results in Table II, it appears that  the residual bound Na has no effect  
on the activation of  K influx by  Lie, though the range of  concentrat ions of  
bound Na we were able to achieve was no t  great. 

Discussion 

This s tudy was undertaken to test  the hypothesis  that  Li interacts with the 
internal aspect of  the (Na,K)-pump as congener of  Na. The results support  the 
hypothesis  in the following ways: 

(i) Na and Li compete  for the same sites on the intracellular aspect of  the 
pump,  and each species of  ion stimulates K influx p romoted  by low concentra- 
tions of  the other  cation. 

(ii) The Hill coefficients for Na-promoted and Li-promoted K influx are both  
greater than unity,  and are about  the same (approx. 1.5), indicating multiple 
sites and the same number  of  sites per pump for Na and Li. Plotting the kinetic 
data according to Eqn. 4 led to the  same conclusion, that  Li interacts with the 
Na-loading sites, and with all o f  them. 
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(iii) The stoichiometry of  coupling between K influx and both  Na efflux and 
Li (+Na) efflux is similar, and close to the established ratio of  3 Na : 2 K. 

(iv) Cellular K inhibits the Li-activated K influx while cellular Na promotes  
it, indicating that  the interactions of  Nae and Ke with the Li-activation sites are 
qualitatively different. 

(v) Finally, although measurable residual Na remains in the cells, it appears 
to play no role in the activation of  the pump by cellular Li. 

Lithium is an effective therapeutic agent in the t reatment  of  some patients 
with affective disorders (see Refs. 21 and 22 for references), and there have 
been a t tempts  to implicate differences in cation transport  in red cells between 
responders to Li therapy and non-responders [23--26].  The transport  system 
involved is an ouabain-insensitive Na-Li exchange, apparently independent  of  
the (Na,K)-pump [27,28] ,  though a slightly lower activity of  the (Na, K)-pump 
has been reported for patients with affective disorders than for controls [29].  
Interestingly, Li therapy seems to result in stimulation (18%) of  both the 
(Na,K)-pump and (Na ÷ + K÷)-ATPase of  red cells [30] ,  but  this result is diffi- 
cult to interpret. 

Given the therapeutic serum concentrat ion of  Li (less than 1.2 mM; 1.5 mM 
is often toxic), the concentrat ions of  Li in red cells of  patients (generally less 
than 1.0 mmol/1}, and the low affinity of  the pump for Li either inside or out- 
side the cells compared to the affinities of  the normal substrates, it is unlikely 
that  the (Na,K)-pump plays more than a minor role in the distribution of  Li 
between plasma and red cells in vivo. 

In contrast, active efflux of  Li has been claimed from human red cells with 
both  internal and external cation concentrat ions approximating those in vivo 
[31].  However,  these authors were no t  able to exclude the ouabain-insensitive 
Na-Li exchange as the mechanism responsible for their Li efflux. An activation 
energy of  3 kJ /mol  and differing rate constants for influx and efflux of  Li were 
invoked as the evidence for active transport.  But the exchange reaction can be 
expected to have a high activation energy [ 32] and the Na-Li exchange mech- 
anism has t ransmembrane asymmetries in its affinities for Na and Li [33].  
Moreover, in resealed red cell ghosts, containing no ATP, counter transport  of  
Li against its concentrat ion gradient was demonstrated,  driven by an Na concen- 
tration gradient [28].  Finally, an Li gradient can be developed with either orien- 
tation across the ghost membrane by appropriate manipulation of  the Na 
gradient. 

An efflux of  Li against its electrochemical potential  gradient has been ob- 
served in several other  cell types, including frog muscle [ 34],  cat spinal neurons 
[ 35],  frog skin [ 36],  and snail neurons [ 37],  all with nearly physiological intra- 
cellular concentrat ions of  Na and K. These fluxes of  Li are probably not  
mediated by the (Na,K)-pump, but  rather by  an exchange or counter transport  
system as in red cells [38].  

Sigmoid kinetics generally signify positive interaction be tween ligand binding 
sites. In deriving Eqn. 2 from Eqn. 3, it was assumed that  there is no interac- 
tion between Na-loading sites, i.e., that  the interaction coefficients, a,  ~ and % 
are all unity.  With this assumption, sigmoid kinetics would no t  be obtained un- 
less it is also assumed that  the enzyme ((Na,K)-pump) does not  function (no Na 
transported) unless all substrate sites (Na-loading sites) are filled. Such an 
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assumption is not  generally warranted for enzymes, bu t  is justifiable for the 
(Na, K)-pumD of red cells. The evidence is that  the s toichiometry of  the pump is 
fixed at 3 Na : 2 K, even under widely varying conditions, particularly with 
either low [K]o or [Na]c (Refs. 10--12; and Dunham, P.B., unpublished 
results). 

The interaction of  Li with the (Na,K)-pump as a congener of  both  Na and K 
has important  implications for the mechanism, as yet  unknown,  of selective 
binding of  alkali metal ions to the two surfaces of  the pump. At the outer  sur- 
face of  the pump of human red cells the sequence of  affinities is Rb > K 
Cs > Li as determined from the activation of  Na efflux [2] or the coactivation 
of  K influx [5].  This sequence corresponds to series III of  Eisenman (with Na 
omit ted)  (Refs. 39, 40; see also Ref. 41). 

The data available for the sequence of  affinities at the intracellular aspect of  
the pump are less explicit; Cavieres [42] ,  using the results of  Maizels [3] ,  ob- 
tained the following affinity sequences for Na-loading sites of  human red cells: 
Na > K, Rb > Cs > Li, which is compatible  with series VII of  Eisenman if K :> 
Rb [40].  

These considerations suggest a difference in the nature of  the cation binding 
sites at the two surfaces of  the pump. But there is another important  consider- 
ation, and that is the consequence of  the binding of  the ions. As determined by 
the relative effectiveness in inhibiting Na efflux, Kc has a much higher affinity 
than Lic for the Na-loading sites. However,  the inhibition by  K is 'dead end';  
efflux of K through the (Na,K)-pump apparently can take place only by K-K 
exchange (with a K1/2 approx. 9 mM; Ref. 43} which is a reversal of  the K 
entry step, and does not  represent K substituting for Na in the normal forward 
exchange process. The pump can also mediate K efflux by  a reversal of  the 
entire process [7],  bu t  the apparent affinity for K in activating reversal is very 
low (Kin approx. 300 mM; Ref. 44). So K inhibits Na efflux with relatively 
high affinity and acts competit ively,  i.e., interacts directly with the Na-loading 
sites, bu t  inhibition of  Na efflux is the only consequence of  the binding of K to 
those sites; K is not  itself then translocated outward.  Li, on the other  hand, 
binds with relatively low affinity to  the Na-loading sites, as judged by  inhibi- 
tion of  Na efflux [3] and activation of  K influx (Ref. 6 and present work}. 
Nevertheless, consequent  to the  (low affinity} binding of  Li to the Na-loading 
sites (where Li interacts competi t ively with Na), Li is itself t ransported out- 
ward by  the pump working in its normal forward exchange mode.  There is no 
clear explanation for these phenomena indicated by comparing the binding of  
K and Li to intracellular loading sites: K binds with high affinity but  is not  
translocated; Li binds with low affinity but  is translocated. But perhaps caution 
should be used in at tempting to draw conclusions about  mechanisms of selec- 
tivity from affinity sequences for just one proper ty  of  a port ion of  a mecha- 
nism as complex as the (Na,K)-pump. 
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