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A B S T R A C T The  passive K influx in low K (LK) red blood cells of  sheep saturates 
with increasing external  K concentrat ion,  indicating that this mode of  t ranspor t  is 
mediated by membrane-associated sites. The  passive K influx, tML, is inhibited by 
external  Na. I so immune anti-L serum, known to stimulate active K t ransport  in LK 
sheep red cells, inhibits IML about twofold, iML is affected by changes in intracellu- 
lar K concentration,  [K]~, in a complex fashion: increasing [K]~ from near  zero 
stimulates ~Mk, while fur ther  increases in [K]l, above 3 mmol/l i ter  ceils, inhibit 
~Mk. The  passive K influx is not mediated by K-K exchange diffusion. The  effects 
of  anti-L antibody and [K]~ on passive cation t ransport  are  specific for K: nei ther  
factor affects passive Na t ransport .  The  common characteristics of  passive and ac- 
tive K influx suggest that ~M k is mediated by inactive Na-K pump sites, and that the 
inability to translocate Na characterizes the inactive pumps.  Anti-L antibody stimu- 
lates the K pump in reticulocytes of  LK sheep. However,  anti-L has no effect on 
~M L in these cells, apparent ly  because reticulocytes do not have the inactive pump 
sites which, in mature  LK cells, are a consequence of  the process of  maturat ion of  
circulating LK cells. The  results also indicate that anti-L alters the maximum 
velocity of  both active and passive K fluxes by convert ing pumps sites from a form 
mediat ing passive K influx to an actively t ransport ing form. 

I N T R O D U C T I O N  

T h i s  r e p o r t  is c o n c e r n e d  with  t he  e f fec t s  o f  i s o i m m u n e  a n t i - L  s e r u m  a n d  
i n t r a c e l l u l a r  p o t a s s i u m  on  pass ive  p o t a s s i u m  t r a n s p o r t  in low K (LK)  s h e e p  r e d  
b l o o d  cells.  T h e  r e su l t s  a r e  c o n s i d e r e d  in t e r m s  o f  t he  r e l a t i o n s h i p  b e t w e e n  the  
m e c h a n i s m s  fo r  ac t ive  a n d  pass ive  t r a n s p o r t  o f  K in t hese  cel ls .  

S h e e p  a r e  d i m o r p h i c  wi th  r e s p e c t  to the  abi l i ty  o f  t h e i r  r e d  cells to p u m p  N a  
a n d  K. R e d  cells f r o m  H K  s h e e p ,  wi th  h i g h  K a n d  low N a  c o n c e n t r a t i o n s ,  have  
h i g h e r  p u m p  f luxes  t h a n  L K  cells (h igh  N a  a n d  low K c o n c e n t r a t i o n s )  ( K e r r ,  
1937; Evans ,  1954; T o s t e s o n  a n d  H o f f m a n ,  1960). T h i s  gene t i ca l ly  d e t e r m i n e d  
d i m o r p h i s m  (Evans  a n d  K i n g ,  1955; Evans  e t  a l . ,  1956) is d u e  in p a r t  to  a 
d i f f e r e n c e  in n u m b e r  o f  ac t ive  t r a n s p o r t  s i tes  p e r  cell  ( D u n h a m  a n d  H o f f m a n ,  
1971a).  T h e  two cell  t ypes  also d i f f e r  in k ine t ic  p r o p e r t i e s  o f  the  p u m p  sites 
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(Hof fman  and Tosteson,  1971); in particular,  intracellular K is a much more  
effective inhibitor o f  the pump  in LK cells than in HK cells (Glynn and Ellory, 
1972). T h e  inhibition is apparent ly  by competi t ion with Na for  translocation loci 
of  the intracellular aspect of  the p u m p  sites (Ellory et al., 1972; see also Hoff-  
man,  1966; H o f f m a n  and Tosteson,  1971; kn igh t  and Welt, 1974). 

At very low concentrat ions of  intracellular K, [K],, raising [K]t stimulates the 
p u m p  in HK cells (and also in LK cells p re t rea ted  with anti-L antibody; D u n h am  
and Blostein, 1976). Only inhibition o f  the p u m p  with increasing [K]t is observed 
in un t rea ted  LK cells. Stimulation o f  the p u m p  by Kt had previously been 
repor ted  in red cells o f  goats (Ellory et al., 1972; Sachs et al., 1974b) and humans  
(Garay and Gar rahan ,  1973). T h e r e  are o ther  types of  interactions of  K, with the 
Na-K p u m p  in red cells: one for  one  exchange of  K (Glynn et al., 1970; Sachs et 
al., 1974 b) and complete  reversal of  the p u m p  (Lew et al., 1970), but  these modes  
of  operat ion of  the p u m p  have not been repor ted  for sheep red ceils. 

In addit ion to lower p u m p  fluxes, LK cells also have h igher  passive fluxes o f  K 
and Na than do HK cells (Tosteson and Hof fman ,  1960). Passive K influx in LK 
sheep cells approaches  saturat ion as the external  K concentra t ion,  [K]o, is 
increased (Dunham and Hof fm an ,  1971a), indicating that passive K t ranspor t  in 
these cells is not  entirely by simple passive diffusion.  T h e  much lower passive 
influx in HK cells showed no sign of  saturation as a funct ion of  [K]o. (Passive 
t ranspor t  is used here  to mean the flux measured  in cells t reated with ouabain.)  

T h e  M-L blood g roup  antigen system in sheep is associated with the HK-LK 
dimorphism in that HK cells have only M antigen and the L antigen is found  
only on LK cells (Rasmusen and Hall, 1966). Anti-L ant iserum,  raised in HK 
sheep immunized with LK cells, stimulates active K t ranspor t  in LK cells four-  
fold or  more  (Ellory and Tucker ,  1969). Passive K t ranspor t  is reduced  by some 
preparat ions  of  anti-L serum (Ellory et al., 1972; Dunham,  1975, 1976) but  not  by 
others  (Lauf  et al., 1971; Lauf,  1974). Recently it was shown that anti-L serum 
can contain two populat ions of  antibodies with d i f ferent  effects on K t ranspor t  
in LK sheep cells (Dunham,  1976). One antibody,  anti-Lp, stimulates the pump.  
T h e  pr imary  action of  the o ther  ant ibody,  anti-Ll, is reduct ion o f  passive K 
t ransport ,  though  it also stimulates the pump.  Th e  immunology  o f  the M-L 
d imorphism has recently been reviewed (Lauf,  1975). 

In the present  work, this reduct ion of  passive K t ranspor t  by anti-L was 
characterized.  In the course of  these exper iments  it was shown that intracellular 
K affects passive K t ranspor t  in LK cells in much the same manne r  that  it affects 
active t ranspor t  in HK cells: stimulation by low concentrat ions and modera te  
inhibition at h igher  concentrat ions of  K~. These  and o ther  results suggest that 
passive K t ranspor t  in LK sheep cells is mediated by inactive p u m p  sites, and that 
one o f  the actions o f  anti-L serum is a conversion o f  inactive pumps  to an active 
form.  A preliminary" repor t  o f  some o f  these results has been presented  (Dun- 
ham, 1975). 

M A T E R I A L S  A N D  M E T H O D S  

Blood was drawn into heparin by venipuncture from adult male Dorset sheep, and was 
used on the day it was drawn. The red ceils were washed by centrifugation in an isotonic 
solution containing NaCI (150 mM), glucose (5 mM), Tris-Cl (10 mM) at pH 7.5. 
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Unidirectional fluxes of Na or K were measured with 42K or ~4Na obtained as chlorides 
from International  Chemical Corporation. Influxes and effluxes were measured and 
calculated as described by Sachs et al. (1974b) and Dunham and Hoffman (1971a), 
respectively. The passive influx of K and the passive efflux of Na were taken as the fluxes 
measured in cells pre-exposed to 10 -3 M ouabain for 5 min at 37°C in K-free medium. 
During measurement  of the fluxes, ouabain concentration was 10 -4 M. Active, or pump 
fluxes were the ouabain-inhibited fluxes. Intracellular concentrations of Na and K and 
relative cell volumes were measured as described previously (Sachs and Welt, 1967; Sachs 
et al., 1974b). To measure fluxes in Na-free medium, choline C1 was used as a substitute 
for NaCl. Purified choline chloride was obtained from Hoffman-Taff ,  Inc.,  Springfield, 
Mo. 

Intraceilular concentrations of Na and K were altered by reversibly increasing cation 
permeability with nystatin after the method of Cass and Dalmark (1973) as modified by 
Dunham and Blostein (1976). 

Reticulocyte-rich preparations were obtained as described previously (Dunham and 
Blostein, 1976). Briefly, erythropoiesis was stimulated by phlebotomy and reticulocytes 
were concentrated by gradient centrifugation. 

Anti-L antiserum was raised in HK sheep by intramuscular injection of LK cells 
(Tucker and Ellory, 1970; Dunham,  1976). Packed LK ceils were mixed 1:1 with Freund's  
complete adjuvant,  and injections of 5 ml each were made into the four upper  limbs of 
the animal. After 1 too, booster injections were made of cells mixed with incomplete 
adjuvant.  Before use the serum was heated to 56°C for 20 rain to inactivate complement,  
and then was dialyzed at 4°C for 18 h against 50 vol 150 mM NaC1 or choline CI with 10 
mM Tris-C1, pH 7.5. Before a flux was measured, cells were incubated with antiserum at 
5-10% hematocrit at 32°C for 30 rain. Control aliquots of cells were incubated at the same 
time either in an isotonic NaCI solution or in heated, dialyzed serum from a non immu-  
nized HK sheep. 

Affinity of pump sites for ouabain was investigated from the time course of the onset of 
inhibition of the pump  dur ing  exposure to ouabain (Sachs et al., 1974a). Aliquots of cells 
were incubated for various times in an isotonic solution containing 10 -n M ouabain and 5 
mM K, with Na the principal cation. Typically 8 ml of a 5% hematocrit suspension was 
used. Ouabain binding was stopped by rapid chilling of the suspensions in an ice bath. 
After washing, fluxes were measured in: (a) these cells; (b) cells not exposed to ouabain 
(giving the uninhibi ted flux); and (c) cells pre-exposed to 10 -3 M ouabain (giving the 
maximally inhibited flux). The logarithm of pump flux remaining was plotted against 
time of exposure to ouabain. This curve was taken as the time course of ouabain binding.  
A straight line would indicate a single rate constant of binding and therefore homogene- 
ous affinity of the pumps for ouabain, whereas a line of decreasing slope would indicate a 
heterogeneity of the affinity of the pumps for ouabain. 

R E S U L T S  

T a b l e  I shows p u m p  a n d  passive i n f l uxes  of  K in LK sheep  cells, bo th  u n t r e a t e d  
a n d  p r e - e x p o s e d  to an t i -L  s e r u m .  Resul ts  are shown  for  cells f r o m  t h r e e  LK 
sheep .  An t i -L  s t i m u l a t e d  the  p u m p  as r e p o r t e d  prev ious ly  (Ellory a n d  T u c k e r ,  
1969; L a u f  et al . ,  1970) a n d  also caused  sizable r e d u c t i o n s  in  the  passive K 
in f luxes .  T h i s  was a cons i s t en t  f i n d i n g  in  this s tudy  with p r e p a r a t i o n s  o f  an t i -L  
s e r u m  f r o m  two i m m u n i z e d  H K  sheep .  

Kinetics o f  Passive K In f lux  

As m e n t i o n e d  above ,  passive K i n f l u x  in LK sheep  ceils sa tu ra tes  as [K]o is 
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i n c r e a s e d  ( D u n h a m  a n d  H o f f m a n ,  1971a).  Fig.  1 shows  the  k inet ics  o f  pass ive  K 
in f luxes ,  p r e s e n t e d  as d o u b l e  r e c i p r o c a l  p lo ts ,  m e a s u r e d  at  va r i ous  [K]o'S in an t i -  
L t r e a t e d  cells a n d  in c o n t r o l  cells.  T h e  resu l t s  fi t  s t r a i g h t  l ines  fo r  b o t h  t ypes  o f  
cells,  cons i s t en t  wi th  s a t u r a t i o n  k ine t ics  fo r  pass ive  K i n f l u x  in a n t i - L  t r e a t e d  as 
well  as c o n t r o l  cells.  T h e  e x t r a p o l a t i o n s  fo r  the  two types  o f  cells to  the  abcissa  
were  n e a r l y  t he  s a m e ,  g iv ing  a KaI2, t he  [K]0 at  h a l f - m a x i m a l  pass ive  i n f l ux ,  o f  
a b o u t  7 m M .  Th i s  Kt/z o f  pass ive  i n f l u x  can  be  c o m p a r e d  with  Ktn's fo r  act ive K 
in f lux  o f  3 m M  in N a - c o n t a i n i n g  m e d i u m  a n d  0.2 m M  in N a - f r e e  m e d i u m  
( H o f f m a n  a n d  T o s t e s o n ,  1971). T h u s ,  the  m e c h a n i s m  m e d i a t i n g  pass ive  K 
in f lux  has  a l o w e r  a p p a r e n t  a f f in i ty  fo r  K t h a n  d o e s  t he  ac t ive  p u m p  m e c h a n i s m .  

T A B L E  I 

THE EFFECT OF A N T I - L  SERUM ON ACTIVE,iM~ , AND 
PASSIVE, tMk, K INFLUXES IN RED CELLS FROM THREE LK 

SHEEP 

Sheep no. JM[ ~Mk 

1 
control 0.15 0.67 
anti-L 0.75 0.18 

control 0.16 0.61 
anti-L 0.24 0.22 

control 0.10 0.45 
anti-L 0.18 0.26 

Cells were pretreated with anti-L serum as described in the text. The same 
preparation of antiserum was used with all three aliquots of cells. Control cells 
were pretreated with isotonic saline. Fluxes (given as retool/liter cells × h), are 
means of two determinations, measured in a medium with 10 mM K and with Na 
as the principal cation. Similar results were obtained in at least three other 
experiments on cells from each sheep. On cells from sheep no. 1, similar results 
were also obtained with antiserum from a different immunized HK sheep. 

T h e  a b o v e  resu l t s  show tha t  a n t i - L  r e d u c e s  t he  m a x i m a l  pass ive  i n f l u x  b u t  n o t  
the  a p p a r e n t  a f f in i ty  fo r  K o f  the  sys tem m e d i a t i n g  pass ive  i n f lux .  T h i s  e f f ec t  o f  
an t i -L  on  pass ive  K i n f l u x  was r e p r o d u c i b l e  qua l i t a t i ve ly ,  b u t  the  Kv2's fo r  b o t h  
c o n t r o l  a n d  a n t i - L  t r e a t e d  cells we re  s o m e t i m e s  two-  to t h r e e f o l d  h i g h e r .  T h e  
r e a s o n  fo r  this  va r iab i l i ty  is no t  k n o w n .  

Inhibition by External Na 

E x t e r n a l  N a  is an  i n h i b i t o r  o f  act ive K i n f l u x  in s h e e p  r e d  cells ( H o f f m a n  a n d  
T o s t e s o n ,  1971). N a  m a y  act  as a c o m p e t i t i v e  i n h i b i t o r  (Sachs et  a l . ,  1975) a n d  in 
a m o r e  c o m p l e x  m a n n e r  as well (Cav ie res  a n d  E l lo ry ,  1975; H o b b s  a n d  D u n h a m ,  
1976). Fig .  2 shows  the  e f f ec t  o f  N a - f r e e  m e d i u m  c o m p a r e d  to N a - m e d i u m  o n  
pass ive  K i n f l u x  in L K  s h e e p  cells .  T h e  f lux  was m e a s u r e d  in u n t r e a t e d  L K  cells 
a t  va r i ous  [K]o's in m e d i a  with e i t h e r  N a  o r  c ho l i ne  as t he  p r i n c i p a l  ca t ion .  I n  t he  
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FIGURE 1. Effect o f  anti-L serum on passive K influx in LK sheep red cells with 
varying external K concentration, [K]o. Results are presented as double reciprocal 
plots. Pre-exposure to anti-L and measurement  of  fluxes were as described in the 
text. Fluxes are in millimoles/(liter cells × hour) plotted as reciprocals. Points rep- 
resent means of  two determinations. The  lines were fitted by eye. Pump influxes 
measured at the same time at 10 mM [K]o were (mmol/liter × h): 0.09, control cells; 
0.24, anti-L cells. In four  other similar experiments the results were comparable in 
that the extrapolations to the abscissa were the same for control and anti-L cells. 
However in two of the experiments the extrapolation differed by a factor of  2-3. 

~JE a=~ O.lO i ~  
E = chol 

"" 0.05 

, I , I 
0 2 4 

[K ] . .  ,,,M 

F [ c u ~  2. Passive K influx in LK sheep red cells with and without external Na. 
[K]~ = 28 retool/liter cells after nystatin treatment.  Ouabain-insensitive K influxes, 
*M L, were measured in media with 1,2, or 4 mM K and with either Na or choline as 
the principal cation (146-149 mM). The  points represent  means of  two determina- 
tions; the curves were fitted by eye. T h e  same results were obtained in four  other  
experiments,  both with cells pretreated with nystatin ([K], = 0.5-30 mmol/li ter cells) 
and with fresh cells ([K], = 6-8 mmol/l i ter  cells). 
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Na-f ree  m e d i u m ,  the  in f luxes  were  a b o u t  25% h i g h e r  t h a n  in  Na m e d i u m .  
T h e r e f o r e ,  ex t e rna l  Na appea r s  to be an  i nh i b i t o r  o f  passive K in f lux .  

K:K Exchange 

E x p e r i m e n t s  were u n d e r t a k e n  to d e t e r m i n e  if  an t i -L  r e duc e s  passive K i n f l u x  by 
r e d u c i n g  a ouaba in - i n sens i t i ve  K:K e x c h a n g e  o f  the sort  obse rved  in goat  r e d  
cells ( D u n h a m  a n d  Bleier ,  1973; cf. Sachs et al. ,  1974b). T h e  cells were first 
l oaded  with 42K. W a s h e d  a l iquots  o f  the  cells were  e xpose d  to an t i -L  a n d  t h e n  
washed  aga in .  K ef f lux  was m e a s u r e d  in con t ro l  a n d  an t i -L  t r ea ted  cells in fou r  
k inds  of  med ia ,  with 20 m M  K or  K-f ree ,  a n d  these  two me d i a  each with 10 -3 M 
o u a b a i n .  Na was the  p r inc ipa l  ca t ion .  T h e  resul ts  o f  such an  e x p e r i m e n t ,  
p r e s e n t e d  in T a b l e  I I ,  show first tha t  K ef f lux  was r e d u c e d  nea r ly  twofold  by 

T A B L E  I I 

EFFECT OF ANTI-L ON K EFFLUX IN LK SHEEP RED CELLS WITH AND 
W I T H O U T  EXTERNAL POTASSIUM AND OUABAIN 

K efflux (mmol/liter cells x h) 

Control anti-L 

K-free 20 mM K K-free 20 mM K 

C o n t r o l  1 .38  1 .23 0 . 7 0  0 . 7 8  

O u a b a i n  1.41 1 .28  0 . 7 2  0 . 7 3  

Cells were loaded with 42K and treated with anti-L as described in the text. Fluxes were measured in 
either K-free medium or medium with 20 mM K, and in each of these media with or without ouabain 
(control). For measuring the efflux in ouabain-treated cells, the cells had been pre-exposed to 10 -4 M 
ouabain at 37°C for 10 min in K-free medium. The principal cation in the media was Na (NaCI + KCI 
= 150 raM). The fluxes are means of determinations on two flasks of cell suspensions. The flux for 
each flask was in turn the mean calculated from samples taken at three consecutive 30-rain intervals. 
Intvacellular K concentration was 5.5 retool/liter cells. Similar results were obtained in two other 
experiments. Pump and leak influxes of K were measured simultaneously on aliquots of the same 
cells. Anti-L treatment caused a 1.85-fold increase in the pump and a 1.74-fold decrease in the 
passive influx. 

an t i -L,  as expec t ed  f r o m  the  resul ts  on  passive K in f lux .  S e c ond ,  o u a b a i n  has n o  
effect  on  K e f f lux  in  e i the r  cell type in  the  p re sence  or  absence  of  Ko. F ina l ly ,  
r emova l  o f  K0 had  no  effect  on  K e f f lux  in an t i -L  t r ea t ed  cells. T h e r e  is a 
sugges t ion  of  a smal l  increase  in K ef f lux  u p o n  r emova l  o f  K0 in con t ro l  cells, bu t  
K:K e x c h a n g e  wou ld  be m a n i f e s t e d  by a r e d u c e d  K ef f lux  in K-f ree  m e d i u m ,  
no t  an  increase .  T h e r e f o r e ,  t he re  is no  K:K e x c h a n g e ,  e i the r  ouaba in - sens i t i ve  
or  ouaba in - in sens i t i ve ,  in  LK sheep  cells, a n d  the effect  o f  an t i -L  c a n n o t  be 
c o n s i d e r e d  in the  con tex t  o f  such a m e c h a n i s m .  

Anti-L on Na Efflux 

T o  d e t e r m i n e  the  specificity o f  the act ion of  an t i -L  o n  ca t ion  t r a n s p o r t ,  the  
effects o f  an t i -L  o n  Na ef f luxes  were  m e a s u r e d .  T a b l e  I I I  shows ef f luxes  of  Na  
in to  c h o l i n e - m e d i u m  for  con t ro l  a n d  an t i -L  t rea ted  cells. An t i -L  s t imu la t ed  
active Na  e f f lux  fou r fo ld ,  b u t  t he re  was no  effect  o f  the a n t i s e r u m  o n  passive Na  
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eff lux.  T h e r e f o r e  the effect  of  anti-L on passive cation eff lux is specific for  K, 
though  active t ranspor t  o f  both K and Na are st imulated. 

Passive K Influx and [K]~ 

T h e  foregoing  results are consistent with mediat ion of  passive K t ranspor t  by a 
mechanism which has some proper t ies  in c o m m o n  with the Na-K p u m p .  Since 
Kt interacts with the pump ,  the effects o f  varying [K]~ on passive influx in LK 
cells were de te rmined ;  the results are shown in Fig. 3. Fig. 3a shows the results 
of  one representa t ive  expe r imen t  on unt rea ted  and anti-L-treated cells. It 
appea red  that,  at low concentrat ions ,  increasing [K], st imulated passive K influx,  
while with a fu r the r  increase in [K],, the influx was inhibited.  To  substantiate 
that these effects are real, summaries  o f  a n u m b e r  of  exper iments  are p resen ted  
in Fig. 3b and c. Fig. 3b shows the results o f  10 exper iments  with the fluxes 

T A B L E  I I I 

E F F E C T  O F  A N T 1 - L  S E R U M  O N  N A  E F F L U X E S  I N  LK S H E E P  

RED CELLS 

Na efflux (mmol/liter cells x h) 

Total OM~. °M~. 

Control 1.14-+0.022 0.96-0.019 0.19 

Anti-L treated 1.72---0.031 0.96+0.008 0.76 

The cells were loaded with 24Na and treated with anti-L as described in the text. 
Effluxes were measured in media containing (mM): choline Cl, 130; KCI, 20; 
NaCI, 1.0; glucose, 5; Tris-Cl, 10; pH 7.5. The  passive efflux, °M~a, was that 
measured f rom cells exposed,  before the flux was measured,  to 10 -4 M ouabain 
for 10 min at 37°C in the choline medium without K. The p u m p  efflux, °M~ a , is 
the difference between total efflux and °M~a. The  intracellular concentrations 
were (retool/liter cells): [K]l = 11.6 and [Na], = 82.4. Each value is the mean of  
fluxes determined on four  flasks of  cell suspensions.  The  flux for each flask was 
in turn  a mean calculated f rom samples taken at three consecutive 45-min 
intervals. The  er rors  are SEM for n = 4. 

normalized to 1.0 at the highest [K]~ in each exper imen t  (about 30 mmol/ l i ter  
cells). T h e  results are presented  in this fashion to emphasize the inhibitory effect  
obtained upon  raising [Kit f rom about  3 mmol/l i ter .  T o  emphasize the stimula- 
tion at low [K]~, the results of  four  additional exper iments  are shown in Fig. 3 c 
with the fluxes normal ized to the lowest [Kit in each exper iment .  These  effects 
of  [K]t on passive K influx are comparable  to the effects o f  varying [K]i on the 
pump  flux in HK sheep cells (Dunham and Blostein, 1976) and in goat cells 
(Ellory et al., 1972; Sachs et al., 1974b). 

As with the specificity o f  the action o f  anti-L on passive cation t ranspor t ,  the 
specificity o f  action o f  [K], on passive cation influx was investigated. Na influx 
was measured  at two external  Na concentrat ions in cells with various [K],'s. As 
shown in Table  IV, Na influx did not  vary with [K],, and the effect  o f  [K]i on 
passive cation t ranspor t ,  like the effect  of  anti-L, is specific for  K t ransport .  
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Effec t  o f  v a r y i n g  in t r ace l lu l a r  K c o n c e n t r a t i o n .  [ K ] ,  o n  passive K 
in f lux ,  ~M~, in LK s h e e p  red  cells. [K]~ was va r i ed  with nys ta t in .  I n f l u x e s  were  
m e a s u r e d  in m e d i a  wi th  a p p r o x i m a t e l y  4 m M  K a n d  wi th  Na  as the  p r inc ipa l  ca t ion ,  
(a) Resul ts  o f  o n e  r e p r e s e n t a t i v e  e x p e r i m e n t  on  c o n t r o l  cells, i.e. w i t hou t  p re t r ea t -  
meri t ,  a n d  on  cells p r e t r e a t e d  with an t i -L .  T h e  po in t s  r e p r e s e n t  m e a n s  o f  two 
d e t e r m i n a t i o n s .  (b) Resul ts  o f  10 e x p e r i m e n t s  wi th  the  f luxes  n o r m a l i z e d  to 1.0 at 
t he  h i g h e s t  [K]t in  each  e x p e r i m e n t  (28-31 m m o l / l i t e r  cells). Resul ts  a re  s h o w n  for  
b o t h  con t ro l  a n d  an t i -L  t r e a t e d  cells. N u m b e r s  n e x t  to symbols  a re  n u m b e r s  o f  
d e t e r m i n a t i o n s  fo r  each  m e a n .  E r r o r s  a re  SEM. (c) Resul ts  o f  f o u r  e x p e r i m e n t s  
wi th  the  f luxes  n o r m a l i z e d  to 1.0 at  the  lowest  [K]~ in each  e x p e r i m e n t  (0.2-0.4 
m m o l / l i t e r  cells). (b) a n d  (c) con t a in  n o  values  in c o m m o n .  

T A B L E  IV 

E F F E C T  O F  V A R Y I N G  I N T R A C E L L U L A R  K O N  I N F L U X  OF 
N A  (~Mr~a) IN LK S H E E P  RED CELLS 

[K]~ 
IM~a(mmol/liter cells × h) 

[Na],, 

150 m M  15 ram 

12 3.8 1.03 
6 3.7 1.04 
3 3.9 1.10 
0.4 3.9 1.06 

Methods for varying intracellular K concentration, [K], and for measuring Na 
influx are described in the text. The  media contained no K. External Na 
concentration, [Na]o, was either 150 mM or 15 mM (+ 135 mM choline C1). The  
fluxes are means of 2 determinations. The  same results were obtained in 2 other 
experiments. 
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K In f lux  in Reticulocytes 

Ret icu locy tes  f r o m  L K  s h e e p  d i f f e r  f r o m  m a t u r e  L K  cells in h a v i n g  a c a t i o n  
c o m p o s i t i o n  l ike t h a t  o f  H K  cells ,  a p u m p  f lux  m u c h  h i g h e r  t h a n  in m a t u r e  cells ,  
a n d  a m u c h  h i g h e r  pass ive  f lux  (Lee  e t  a l . ,  1966; T u c k e r  a n d  E l lo ry ,  1971; 
D u n h a m  a n d  B los t e in ,  1976), a n d  the  m a t u r a t i o n  o f  L K  cells is c h a r a c t e r i z e d  by  
l a r g e  r e d u c t i o n s  in  b o t h  ac t ive  a n d  pass ive  t r a n s p o r t  o f  K. T h o u g h  t h e  p u m p s  
on  L K  re t i cu locy te s  d i f f e r  k ine t i ca l ly  f r o m  p u m p s  o n  m a t u r e  cells ,  an t i -L  s t imu-  
la tes  act ive K i n f l u x  in r e t i cu locy t e s  ( D u n h a m  a n d  B los t e in ,  1976). A c c o r d i n g l y  it 
was o f  i n t e r e s t  to d e t e r m i n e  i f  pass ive  t r a n s p o r t  in L K  ceils is i n h i b i t e d  by  a n t i - L  
b e f o r e  t he  i nac t i va t i on  o f  t he  b u l k  o f  t he  p u m p  sites wh ich  occur s  d u r i n g  
m a t u r a t i o n .  T a b l e  V shows b o t h  ac t ive  a n d  pass ive  K i n f l u x e s  in i m m a t u r e  a n d  

T A B L E  V 

THE EFFECT OF A N T I - L  SERUM ON K INFLUXES IN 
RETICULOCYTES FROM AN LK SHEEP 

'M[ ~Mk [K]~ 

retool~liter cells h ramol/liter cells 

Reticulocytes 
control 3.04 2.82 4.46 
anti-L 4.04 2.97 3.10 

Mature cells 
control 0.14 0.27 3.44 
anti-L 0.47 0.20 4.06 

Active, tMt~, and passive, ~M k, fluxes were measured. Reticulocyte-rich prepara- 
tions (55% reticulocytes) were obtained from the top fraction after density 
gradient centrifugation as described in the text. Results are also presented for 
mature cells (bottom fraction) obtained at the same time from the same sheep. 
Intracellular K concentrations, [K]{s, were made the same in the young and 
mature cells by using nystatin. Cells were pretreated either with isotonic saline 
(control cells) or with antiserum as described in the text. Fluxes were measured 
in a medium with 4 mM K and with Na as the principal cation. The same results 
were obtained in one other experiment. 

m a t u r e  L K  cel ls ,  b o t h  c o n t r o l  a n d  a n t i - L  t r e a t e d .  T h e  [K]{s in  t h e  r e t i c u loc y t e s  
a n d  m a t u r e  cells we re  m a d e  the  s a m e  with  nys t a t in .  B o t h  act ive a n d  pass ive  K 
f luxes  were  m u c h  h i g h e r  in r e t i cu locy t e s .  I n  t he  m a t u r e  cel ls ,  a n t i - L  s t i m u l a t e d  
the  p u m p  m o r e  t h a n  t h r e e f o l d  a n d  r e d u c e d  the  l eak  s o m e w h a t .  I n  r e t i cu locy t e s  
t he  p u m p  was s t i m u l a t e d  to a l esser  r e l a t ive  e x t e n t  t h a n  in m a t u r e  cells ,  b u t  t h e  
a b s o l u t e  s t i m u l a t i o n  was n e a r l y  10-fold g r e a t e r .  F ina l ly ,  t he  pass ive  K i n f l u x  in 
r e t i cu locy tes  was u n a f f e c t e d  by  a n t i -L .  I n  this  r e s p e c t  t he  m e c h a n i s m s  fo r  
pass ive  K t r a n s p o r t  d i f f e r  in m a t u r e  a n d  i m m a t u r e  LK cells ,  a n d  i n h i b i t i o n  o f  
pass ive  t r a n s p o r t  by  a n t i - L  is poss ib le  on ly  a f t e r  i na c t i va t i on  o f  the  p u m p s .  

Anti-L on Active K In f lux  

T o  a id  in i n t e r p r e t i n g  the  m e c h a n i s m  o f  ac t ion  on  a n t i - L  on  pass ive  K t r a n s p o r t ,  
two k inds  o f  e x p e r i m e n t s  w e r e  p e r f o r m e d  on  t h e  e f fec t  o f  a n t i - L  o n  act ive  
t r a n s p o r t .  I n  t he  f i rs t  t ype  o f  e x p e r i m e n t ,  t he  e f f ec t  o f  a n t i - L  was d e t e r m i n e d  as 
a f u n c t i o n  o f  [K]i. I n  L K  goa t  cel ls ,  t he  s t i m u l a t i o n  o f  t he  K p u m p  by a n t i - L  is 
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nearly abolished as [K]t is r educed  below 1.0 mmol/ l i ter  o f  cells, indicating that  
the p r imary  effect  o f  anti-L in LK goat cells is not  on the m a x i m u m  velocity of  
the p u m p s ,  but  is p robab ly  an al terat ion of  the affinity of  the p u m p s  for  K~ 
(Sachs et al., 1974b). Fig. 4 shows active K influx in LK sheep cells with varying 
[K]~. T h e  relative magn i tude  of  the effect  o f  anti-L was greatest  at h igher  [K]~, 
up  to 15-fold st imulat ion at [K]~ of  20 mmol/ l i ter .  Nevertheless  the st imulation in 
cells nearly K-free  ([K]t = 0.4 mmol/ l i ter  cells) was more  than  twofold.  T h e r e -  
fore,  anti-L st imulates the maximal  t u rnove r  rate o f  the p u m p  in LK sheep  cells, 
and the mechan i sm o f  action is not only t h rough  changes  in affinity of  the p u m p  
for  intracellular  K. Al though st imulat ion o f  the p u m p  with increasing [K], was 
not seen in these expe r imen t s  (cf. D u n h a m  and Blostein, 1976), the slope o f  the 

E x 0.2 

N ~  control • 

0 I0  20 30 

[K ] ; '  m mol l .e cells 
Fmum~ 4. Effect of anti-L serum on active K influx, iMp, in LK sheep red cell~ 
with intracellutar K concentration, [K]t, varied by use of  nystatin. [Na]t was between 
75 and 90 mmol/liter cells. Fluxes are given for control cells, i.e. without pretreat- 
ment, and for anti-L treated cells. Points represent means of two determinations. 
The same results were obtained in three other experiments. 

curve is lowest at low [K]i, a f inding consistent with the st imulation seen in o the r  
studies. 

Anti-L on Rate of Ouabain Binding 

In LK goat cells the affinity of  the p u m p s  for  ouabain  is he te rogeneous ,  as 
indicated by a nonl inear  t ime course  of  a logar i thmic plot o f  ouabain  b ind ing  
(Sachs et al., 1974a). T h e  rate o f  ouabain  b inding was increased by anti-L 
t r ea tmen t  in the goat  cells and  is also increased in LK sheep  cells (Joiner  and  
Lauf,  1975). In  nei ther  study was there  an indication of  whether  or  not anti-L 
also reduced  the he terogenei ty  of  the affinity of  the p u m p s  for  ouabain.  T h e  
second type of  e x p e r i m e n t  on st imulation of  the p u m p  showed that  this is the 
case in LK sheep cells (Fig. 5). Aliquots o f  cells were first t rea ted  with anti-L, and  
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then the rate o f  ouabain binding was measured  in control  and anti-L treated cells 
as described above. T h e  time course for  ouabain binding to control cells indi- 
cates a heterogenei ty  o f  the affinity o f  the pumps  for ouabain.  Anti-L t rea tment  
increased the rate o f  ouabain binding,  and also reduced the heterogenei ty,  in 
such a way that only about  3% of  active t ranspor t  remained  when the line fitting 
the time course o f  binding depar ted  f rom linearity. These  results suggest that 
anti-L increases the rate o f  ouabain binding by increasing the ouabain affinity o f  
the low affinity sites. The  results do not relate to possible effects o f  anti-L on 

1.0 ,  

c 
o 
E 
z 0.5 

. 0 . 2  

o 
"2 

o 

0.05 

c 

anti-L o 

o 

i i J 
io zo 30  

minutes, exposure toouabain 

FIGURE 5. The effect of anti-L on rate of ouabain binding in LK sheep red cells. 
Rate of ouabain binding was determined, as described in the text, from the fraction 
of  active K influx remaining (plotted on a logarithmic scale) after incubation for 
various times in media containing ouabain. The ouabain-incubation media con- 
tained 145 mM NaC1, 5 mM KCI, 5 mM glucose, 10 mM Tris-Cl (pH 7.5) and 10 -6 M 
ouabain. The intracellular K concentration had been reduced with nystatin to 
(mmol/liter cells): 2.7, control cells; 3.3, anti-L ceils. After the cells had been 
incubated with ouabain and washed by centrifugation, K influxes were measured in 
media with 4 mM K and with Na as the principal cation. The points represent 
means of two determinations. The results are representative of four other experi- 
ments. 

max imum velocity o f  the pumps  since they are expresed in terms of  relative, not  
absolute fluxes. 

D I S C U S S I O N  

The  results of  this study have bearing on the relationship between the mecha- 
nisms for  passive and active K t ransport ,  on the action o f  anti-L ant iserum on K 
transport ,  and on the processes o f  maturat ion o f  LK and HK red cells. 

Passive K influx in LK sheep red cells is not  by simple passive diffusion, but 
obeys saturation kinetics as a function o f  [K]o as shown in Fig. 1. T h e r e  are two 
impor tant  similarities between active K influx in HK cells and passive K influx in 
LK cells. (a) The  kinetics of  the active and passive K influxes vary in the same 
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manne r  as a function o f  intracellular K concentrat ion:  both types of  influx are 
stimulated and then inhibited as [K]t is increased f rom near  zero. (b) Passive and 
active K influxes are both inhibited by external  Na. 

T h e r e  is in addit ion an impor tan t  d i f ference  between the active and passive 
modes,  indicated by the effects of  anti-L and Ki on K influx. Active K influx is 
coupled to Na efflux,  but  passive K influx is i ndependen t  of  Na t ransport .  T h e  
evidence for  this latter point  is that both altering [K]f and t rea tment  with anti-L 
affect passive t ranspor t  o f  K but  not the passive flux of  Na (both o f  these 
p rocedures  affect active t ranspor t  o f  Na as well as o f  K). On the basis o f  these 
points o f  evidence, it is p roposed  that passive K influx is media ted  by inactive 
pump sites, sites which have become inactivated dur ing  matura t ion  of  the 
immature  LK cells. 

T h e  specificity o f  the passive t ranspor t  sites for  K is a provocative finding,  but  
no molecular  basis for  this characteristic suggests itself. 

T h e  pumps opera t ing in the passive mode  are less sensitive to inhibition of  Ki 
than are the active pumps  (compare curves for  control  cells in Figs. 3a and 4). I f  
this is so, then increased effectiveness o f  Ki as an inhibitor is not  associated with 
the process of  inactivation. T h e  most striking dif ference between active and 
inactive pumps  lies in their  interaction with Nai: Na is translocated by active 
pumps  but  not by inactive ones. Thus ,  uncoupl ing  of  Na and K fluxes may be a 
pr imary  event associated with inactivation. (It should be emphasized that,  al- 
though passive Na fluxes are not media ted  by inactive p u m p  sites, a large 
fraction of  passive Na t ranspor t  is by a ouabain-insensitive Na-Na exchange 
[Tosteson and Hof fman ,  1960].) 

T h e  stimulation o f  passive K influx by Kt resembles the stimulation of  the 
active flux by K~ in HK cells and anti-L t reated LK cells o f  both sheep and goats 
(Sachs et al., 1974b; Dunham and Blostein, 1976; the present  report) ;  K-K 
exchange cannot  account  for  the stimulation (Table II). T h e  concomitant  stimu- 
lation and inhibition o f  K influxes by K~ suggest interaction o f  K with two classes 
o f  sites at the intracellular aspect of  the pumps .  These  two classes of  sites may be 
the "unloading"  sites for  K influx and the "loading" sites for  Na eff lux (with 
occupat ion by Na not resulting in translocation by inactive pumps).  However ,  
the data available do not allow the deve lopment  of  a model  which takes into 
account all o f  the interactions o f  K~ with the pumps  (cf. Garay and Gar rahan ,  
1973; Sachs et al., 1974b). 

T h e  results of  the present  study are consistent with an earlier proposal  that 
active and passive cation t ranspor t  sites are interconvert ible (Dunham and 
Hof fman ,  1971a): pumps  are inactivated dur ing  maturat ion o f  LK cells (Dun- 
ham and Hof fman ,  1971b) and are activated by t rea tment  with anti-L (Lauf  et 
al., 1970). It was shown in Table  V that there  is insignificant inhibition by anti-L 
of  passive K influx in immature  LK cells (and substantial inhibition in mature  
cells). This  result indicates the absence in the immature  cells of  sites (inactive 
pumps)  which in mature  LK cells mediate  passive K influx and which are 
sensitive to anti-L. These  inactive pumps  arise dur ing  maturat ion by conversion 
of  pumps  f rom an active to an inactive mode.  Total  passive K flux also declines 
dur ing  maturat ion o f  LK cells, but  this change is probably associated with K 
permeabili ty unre la ted  to the Na-K pumps.  
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T h e  results in Fig. 1 p rov ide  an indication o f  the na ture  o f  anti-L action on 
passive t ranspor t .  T h e  m a x i m u m  velocity of  passive K influx is r educed ,  but  not  
the a p p a r e n t  affinity for  K o f  the sites media t ing  the influx. This  observat ion is 
consistent with anti-L s imply reduc ing  the n u m b e r  o f  sites media t ing  the passive 
influx.  

I t  was recently shown that  anti-L], o n e  o f  the two popula t ions  of  antibodies in 
anti-L se rum,  is responsible  for  the reduct ion  in passive K t r anspor t  (Dunham,  
1976). At the same t ime anti-L1 also increases the p u m p  flux in LK sheep  cells, as 
does anti-Lp, the o the r  type o f  ant ibody.  In  one possible scheme o f  action o f  anti- 
L se rum,  anti-Lt activates the inactive p u m p  sites, sites which media te  only 
passive K t ranspor t  be fo re  t r ea tmen t .  T h e  sites' affinity for  ouabain  may in- 
crease as a consequence  o f  the t r ea tmen t  with anti-L, pe rhaps  f r o m  nea r  zero 
(cf. Sachs et al., 1974a). Anti-Lp would have no effect  on inactive p u m p  sites, but  
would increase the p u m p  flux at sites active before  t r ea tmen t  by decreas ing  the 
inhibit ion of  the p u m p  by K~. T h e  results in Fig. 4 suppor t  these suggestions: the 
s t imulat ion o f  the p u m p  in cells essentially K-free  represen ts  s t imulat ion o f  the 
m a x i m u m  velocity o f  the p u m p .  This  would be an effect  o f  the anti-L~, an 
consequence o f  the convers ion o f  sites f rom a passive to an active mode .  (In a 
re la ted f inding,  Blostein et al. [1971] d e m o n s t r a t e d  st imulation by anti-L of  Na- 
ATPase  activity in the absence o f  K in m e m b r a n e s  o f  LK sheep  cells.) 

T h e  change  in the shape  o f  the curve  in Fig. 4 by anti-L t r ea tmen t ,  p resum-  
ably the effect  o f  anti-Lp, co r re sponds  to the effect  seen previously with anti-L 
t r ea tmen t  o f  LK goat  cells (Sachs et al., 1974b) and in t e rp re t ed  to indicate a 
r educed  affinity for  Kl at Na translocat ion sites. 

Related observat ions on the affect  o f  anti-L on LK goat cells are consistent  
with this scheme:  (a) anti-Ll has no effect  on the p u m p  in LK goat cells 
(Dunham ,  1976); and  (b) the p r ima ry  effect  o f  anti-L on the goat cells is on the 
relative affinities o f  the p u m p s  for  Na~ and  Ki since the an t i se rum had little 
effect  on cells with very low (K)~ (Sachs et al., 1974 b). 

T h e  results on affinity for  ouaba in  (Fig. 5) are also consistent with the above 
scheme.  Unt rea ted  LK cells have p u m p s  with he te rogeneous  affinities for  
ouabain .  T h e  p u m p s  with lower affinity may be partially inactivated sites with a 
h igher  relative affinity for  Ki than  for  Na~. T h e  increased rate  of  ouabain  
b ind ing  at these sites in anti-L t rea ted  cells would be associated with their  a l tered 
affinity for  intracel lular  cations. T h e  homogene i ty  o f  the p u m p s  on anti-L 
t rea ted  cells in their  affinity for  ouabain  is then  a consequence o f  two effects o f  
c o m p o n e n t s  o f  anti-L se rum:  activation o f  passively t r anspor t ing  sites, and  
al terat ion o f  p u m p i n g  sites sensitive to [K]~ and  the re fo re  partially inactivated 
be fo re  interact ion with an t i se rum.  T h e  actions o f  anti-Ll and  anti-Lp di f fer  in 
fo rms  o f  the p u m p  p r e f e r r e d ,  but  may  have in c o m m o n  an effect  on the 
association o f  Na with the intracel lular  aspect  o f  the p u m p  mechan i sm.  
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