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THE LINKAGE OF SODIUM, POTASSIUM, AND AMMONIUM ACTIVE 

TRANSPORT ACROSS THE HUMAN ERYTHROCYTE MEMBRANE* 

ROBERT L. POST AND PHILIP CI JOLLY 

Department o~ Physiology, Vanderbilt Medical School, Nashville, Tenn. (U.S.A .) 

I t  is well established that human erythrocytes actively transport potassium inward 
and sodium outward across their membranes against electrochemical potential 
gradients with energy from glycolysis. There is good evidence that these ions also 
diffuse through the membrane passively by a path which is independent of and in 
parallel with that of active transport. Almost all intracellular sodium and potassium 
appear to be free in solution. TOSTESOH 1 has reviewed the subject recently. I t  has 
also been demonstrated that there is an interdependence between the active transports 
of potassium and sodium. In I949 FLYNN AND MAIZELS 2 reported a slowing of potas- 
sium transport inward with lowered internal sodium concentrations and a slowing 
of sodium transport outward with lowered external potassium concentrations. HARRIS 
AND MAIZELS 3 confirmed the latter observation using radioactive sodium and pre- 
sented evidence 4 that any linkage between the two systems cannot be electrostatic. 
They suggested that "inward transport of K is "geared" to outward Na transport 
by the use of a common carrier". Both authors have presented detailed theories of 
linkageS, e. HARRIS proposed that the transports are numerically related with one 
potassium atom being transported inward for every two sodium atoms transported 
outward. GLYNN 7 observed parallel changes in the active fluxes of both cations as 
the external potassium concentration was varied. 

This paper will present evidence that the active transports of potassium and 
sodium are rigidly linked in a ratio of two atoms of potassium to three atoms of 
sodium. The evidence is as follows. I. Reciprocal dependence of transport is complete; 
that is, either the absence of external potassium or the absence of internal sodium 
stops the active transport of both ions. 2. Two atoms of potassium are transported 
inward for every three atoms of sodium transported outward over a wide range of 
conditions. 3. Such a linkage makes it possible to interpret semiquantitatively the 
effects of ammonium as due to the direct substitution of ammonium for potassium. 
Part of this material has been presented in preliminary formS, 9. 

METHODS 
Outline 
Human erythrocytes were prepared by allowing them to fill with sodium and empty of potassium 
during storage at 2 ° in a sodium medium for various periods up to 5 ½ weeks. Transport was ob- 
served during incubation at 37 ° by determining the cation contents of the cells at different times 

" This project was supported by a research grant, H-I974(C), from the National Heart Institute, 
National Institutes of Health, U.S. Public Health Service. 
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i~)r u 1) t(~ S hours.  Act ive t r a n s p o r t  was d i s t ingu ished  from pass ive  t r anspo r t  by ad jus t ing  t i le  
ex te rna l  sodium and po t a s s ium concen t ra t ions  to min imize  ne t  pass ive  t r a n s p o r t  and  by observing 
control  ceils tre.ated wi th  s t r o p h a n t h i n  1". 

3ledia 

The coml)(,sition of a r ep resen ta t ive  cold s torage  med ium is given below. 

mnloles/ l  mmoles / l  

NaC 1 l 1 o Adenosine 3-7 
Na2HPO 4 2 5 Glucose lo  
HCI 2 Bovine a lbumin  t g/l  - - 
.MRCI 2 _, 

The  compos i t ion  of incuba t ion  media  was s imi la r  excep t  t h a t  some or all  of the sodium was replaced 
by po tass ium.  Adenosine was added  to p reven t  the  usual  de te r io ra t ion  of ac t ive  t r a n s p o r t  which 
cu:curs dur ing  cold s torage  n .  Adenosine was replaced with inosine in expe r i men t s  wi th  low ex t ra -  
ce l lu lar  po tass ium,  because ti le a m m o n i a  l iberate(l  from adenosine  by nucleoside deaminase  was  
found to affect the  results .  Magnes ium was added  because m a n y  red cell enzymes  require  it, bu t  
good t r anspo r t  has be.en ob ta ined  even in a m e d i u m  con ta in ing  5 ° m . l l  e t i l y l e n e d i a m i n e t e t r a -  
ace ta te ,  a ca t ion -che la t ing  agent .  "the presence or absence of 2 mmoles / l  of ca lc ium did not  affect 
the  results.  Bovine  serum a lbum in  reduced the  smal l  a m o u n t  of hemolys is  which was usua l ly  
present  and  did not  affect t r anspor t .  Chlor ide has  been replaced by n i t ra te ,  and  phospha t e  buffer 
has  been replaced by g lycy l -g lyc ine  buffer w i t h o u t  affect ing t r anspor t .  

Preparation o[ the cells 

The du ra t i on  of the  cold s torage  period var ied  accord ing  to the  in i t ia l  ca t ion con ten t s  desired for 
incuba t ion .  The  cohl s to rage  med ium was renewed every  two to four days  to p rov ide  fresh subs t r a t e  
and  to keep tile pH a t  7.4 -- o.4. Before incuba t ion  t i le  cells were filtered and packed  and the  top  
laver  was discarded.  The remain ing  cells were s t i r red  tho rough ly  and o. 4 to  o.8 ml a l iquo t s  were 
washed twice a t  room t e m p e r a t u r e  with 3 ° ml of incuba t ion  medium,  The h e m a t o c r i t  of the  in- 
cuba t ed  suspension was  usual ly  2 to 5 %. 

.4 ~talysis o/ the cells 

The  cells were washed free of incuba t ion  med ium and a hemolysa t e  was ana lysed  for sodium, 
po ta s s ium and hemoglobin .  The ca t ion  con ten t s  of the cells were de te rmined  bv the  ra t io  of the  
cat i tm concen t ra t i tms  to  the hemoglob in  concen t ra t ion .  In  par t icu la r ,  the  a l iquo t s  of i ncuba ted  cell 
suspens ion  were cooled i m m e d i a t e l y  and washed twice  wi th  5 ° to l oo t imes  the i r  vo lume  of isotonic  
choline chlor ide a t  .," l)y cen t r i fuga t ion  and resuspension.  The cells lost less than  i % of the i r  
in te rna l  ca t ions  in th is  process. The rest  of t i le procedure  was carr ied out  a t  room t empera tu re .  The  
().l ml samples  of washed  cells were d i lu ted  wi th  abou t  Io ml of d is t i l led  water  con ta in ing  0.2 % of 
c( ,ncent ra ted  a m m o n i a  solut ion and o.o_,°/:o of Sterox S E ' ,  a non-ionic de te rgen t .  The clear  hemo- 
lvsate  thus  produced  was mixed  tho rough ly  and one a l iquot  was t aken  for the d e t e r m i n a t i o n  of 
hemoglol) in by the  me thod  ()I CROSBV el al. la. The opt ica l  dens i ty  of a so lu t ion  con ta in ing  io  
/~m()les/1 of cyann le themogk)b in  was t aken  as o.46o a t  54 ° mlt  la. Another  a l iquo t  was ana lysed  
d i rec t ly  for sodium and po tas s ium wi th  the  hydrogen  flame a t t a c h m e n t  to the  Beckman  Model 
DU spect ro t )hotometer .  The flame of the pho tome te r  was ad jus t ed  each day  so t h a t  the  mete r  
reading  a t  o. 5 and  i .o  mequiv. [ I  f i t ted a p rev ious ly  de te rmined  ca l ib ra t ion  curve.  There was  no 
de t ec t ab l e  r ad ia t ion  interference be tween sodium and potass ium.  Hemogh)bin  at  the  concen t ra t ion  
present  in the samples ,  abou t  o. 3 %, probab ly  did not  produce  s igni f icant  rad ia t ion  interference,  
since add ing  o.2 to  o. 3 (,', b of a lbumin  to  s t a n d a r d  so lu t ions  produced  no effect on emis,sion. Sterox 
SE  (o.oz %) increased tile a sp i ra t ion  ra te  and  was added  to  the  s t a n d a r d  solut ions.  The resul ts  of 
the  ana lyses  are expressed as mequiv ,  of ca t ion  per  5 mmoles  of hemoglobin  (abbrev ia ted  " H g b " )  
since one l i ter  ()f normal  cells con ta ins  abou t  5 mmolcs  of hemoglobin .  The precision of the  a n a l y ~ s  
ranged  from a s t a n d a r d  dev ia t ion  of a b o u t  a mequiv. [5  mmoles  t l g b  in the ear l ier  e x p e r i m e n t s  t() 
o.,'t mequiv . /5  mmoles  Hgb in the la te r  ones. This  fa i r ly  s imple  me thod  of red cell ana lys i s  has  some 
advan t ages .  I t  measures  the  cat ion con ten t s  d i rec t ly  and does not require  correct ion for in te r s t i t i a l  
l luid ()r for cell vo lume changes  which m a y  occur ( luring an exper iment .  

t-rr~n's due to passive transport 
Because sodimn and po tas s ium nlove across the m e m b r a n e  by pass ive  di t tusion as well as l)v ac t ive  
t r anspor t ,  it is necessary to t ake  accoun t  of pass ive  t r anspo r t  when using ne t  t r a n s p o r t  to measure  
ac t ive  t r anspor t .  I n these e xpe r im e n t s  three  procedures  were used to min imize  the  effects of pass ive  
lransp~)rt. First ,  adenosine,  a metabo l ic  a d j n v a n t  u ,  was added  to accelera te  the  ac t ive  rate.  Second, 

" Kind ly  suppl ied  l)y the Monsanto  Chemical  Com pa ny  Boston 49, Mass. 
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the  ex te rna l  concen t ra t ions  were ad jus t ed  to be less t h a n  6o mequiv . / l  a w a y  from concen t ra t ions  in 
equi l ib r ium wi th  the  in te rna l  con ten ts ,  so t h a t  pass ive  influx and  ou t f lux  were a t  least  pa r t ly  
equalized.  Thi rd ,  in some  e x p e r i m e n t s  pass ive  t r an spo r t  was de te rmined  separa te ly  in a control  
flask to which s t r o p h a n t h i n  was added.  SCHATZMANN 10 has  shown t h a t  s t r o p h a n t h i n  s tops  ac t ive  
t r a n s p o r t  w i t h o u t  affect ing pass ive  t r anspo r t  or  metabo l i sm.  In  those  expe r imen t s  in which only  
the  first two m e t h o d s  were used it  is likely t h a t  there  was a s ignif icant  a m o u n t  of pass ive  t r anspo r t  
in some  cases. We  have  e s t ima ted  the  m a x i m u m  pass ive  t r anspo r t  for a g rad ien t  of 60 mequiv . / l  
a w a y  f rom equi l ibr ium* a t  I.O mequiv . /5  mmoles  H g b / h  from observa t ions  on cold-stored cells 
t rea ted  wi th  s t r o p h a n t h i n .  W i t h  ac t ive  t r anspo r t  a t  5 mequiv- /5  mmole s  Hgb /h  th is  leak cor- 
responds  to an  e s t ima ted  m a x i m u m  error of 20 %. However ,  even  in these  cases  the  error in the  
rat io of  the  t r an spo r t  ra tes  was  less t h a n  t h a t  of the  indiv idual  rates.  Th i s  is because  ex te rna l  
concen t r a t ions  of sod ium and  po t a s s i um which increased the  pass ive  t r an spo r t  of one ion in one 
direct ion also increased the  pass ive  t r anspo r t  of the  o ther  ion in the  o ther  direction. The  pass ive  
t r a n s p o r t  errors were therefore  of t h e  same  sign and  t ended  to cancel each o ther  in the  ratio. 

RESULTS 

I. Reciprocal dependence 

A c t i v e  s o d i u m  t r a n s p o r t  d i d  n o t  t a k e  p l a c e  i n  t h e  a b s e n c e  o f  e x t e r n a l  p o t a s s i u m .  

L o w  p o t a s s i u m  h i g h  s o d i u m  ce l l s  i n c u b a t e d  w i t h o u t  e x t e r n a l  p o t a s s i u m  s h o w e d  n o  

m e a s u r a b l e  a c t i v e  t r a n s p o r t  o f  e i t h e r  ion .  W h e n  e x t e r n a l  p o t a s s i u m  w a s  a d d e d ,  a c t i v e  
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Fig. I. The  absence  of act ive  cat ion t rans ix)r t  in 
h u m a n  e ry th rocy te s  lacking ex te rna l  po tas -  
s ium.  The  cells were prepared  by  s torage  a t  2 ° 
for 9 days  in a sod ium med i um.  T h e y  were then  
incuba ted  a t  37 ° . At  first t he  incuba t ion  
m e d i u m  conta ined  only  I5o mequiv . / l  of sod ium 
and  no po ta s s ium.  After  2 hours ,  as shown by 
an  arrow, t he  suspens ion  was  divided into two 
par t s  and  enough  isotonic KCI (solid symbols)  
or NaC1 fopen symbols)  was added  to each pa r t  
to have  it  con t r ibu te  21 mequiv . / l  to the  me-  
d ium.  Inos ine  was  used in place of adenosine  as 
a metabol ic  a d j u v a n t ,  p H  7.4 z~ o.t  ('56.6.x5). 
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Fig.2. The  depression of act ive  p o t a s s i u m  t rans -  
por t  in h u m a n  e ry th rocy te s  wi th  low in terna l  
sodium.  Two lots of cells were prepared  by 
s torage  a t  2 ° for two days .  The  control  cells 
were s tored in I4o mequiv . / l  of sod ium and  20 
mequiv . / l  of po tass ium.  Tbey  conta ined  initially 
Na = 32 and  K = 83 mequiv . /5  mmoles  Hgb.  
The  tes t  ceils were s tored  s imilar ly  excep t  t h a t  
sod ium was replaced by choline. They  conta ined  
ini t ial ly Na = 6.6 and  K = 83 mequiv . /5  
mmol e s  Hgb.  Both  lots of cells were incuba ted  
a t  37 ° in the  s ame  med ium,  which conta ined  
50 mequiv . / l  of p o t a s s i u m  and  x io mequiv . / l  of  
choline, in order  to min imize  ne t  pass ive  po tas -  

s lum t r anspo r t  and  to p reven t  a n y  sod i um influx. The  changes  in the  ca t ion  con t en t s  of t h e  
sodium-r ich  cells are  shown by  open symbo l s  and  those  of the  sod ium-poor  cells by solid 

symbols ,  p H  7.3 -~ 0.2 ('56.o.2o) 

* For  a m o n o v a l e n t  ca t ion  a t  equi l ibr ium across the  m e m b r a n e  of a no rma l  e ry th rocy te  it was  
a s s u m e d  t h a t  the  ex t e rna l  concen t ra t ion  in mequiv . / l  equals  t he  in ternal  con t en t  in mequiv . /5  
mmoles  Hgb.  This  was  on t he  basis  t h a t  the  ac t ion  of the  m e m b r a n e  potent ia l  a n d  the  d i sp lacemen t  
of in t racel lular  wa te r  by  hemoglob in  j u s t  cancel each other.  

Re/erences p. z28. 
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t r a n s p o r t  of p<mtssiurn i n w a r d  a n d  s o d i u m  o u t w a r d  s t a r t e d  i m m e d i a t e l y .  T h e  r e s u l t s  

a rc  s h o w n  in Fig. I, S imi l a r ly ,  a c t i v e  p o t a s s i u m  t r a n s p o r t  d id  n o t  t a k e  p lace  w h e n  

t h e  i n t e r n a l  ~o(lium c o n t e n t  was  low. Ceils were  p r e p a r e d  c o n t a i n i n g  d i f f e ren t  a m o u n t s  

of s o d i n m  a n d  t he  s a m e  a m o u n t  of p o t a s s i u m .  T h e y  were  i n c u b a t e d  in a m e d i u m  

c o n t a i n i n g  p o t a s s i u m  a n d  cho l ine  b u t  no  s o d i u m .  T h e  h igh  s o d i u m  cells s h o w e d  good  

a c t i v e  t r a n s p o r t  of b o t h  c a t i o n s  b u t  t he  low s o d i u m  cells t o o k  u t) c o r r e s p o n d i n g l y  

l i t t l e  p o t a s s i u m .  Tilt! r e s u l t s  a re  s h o w n  in Vig. 2. T h i s  effect  was  also o b s e r v e d  in 

cells w h i c h  were  no t  e x p o s e d  to  cho l ine  (see Fig. 0). T h e  p o t a s s i u m  u p t a k e  of t he  

h igh  s o d i u m  cells s h o w s  t h a t  the  i n t e r n a l  p o t a s s i u m  c o n c e n t r a t i o n  was  n o t  l i m i t i n g  

t r a n s p o r t .  T h e s e  r e su l t s  e x t e n d  t h e  o r ig ina l  o b s e r v a t i o n s  of FI+YNN AND MAIZFI+S". 

X. S to i ch iome t rv  

T h e r e  was  a close c o r r e l a t i o n  b e t w e e n  t h e  a m o u n t  of s o d i u m  a c t i v e l y  t r a n s p o r t e d  

o u t w a r d  a n d  t h e  a m o u n t  of p o t a s s i u m  a c t i v e l y  t r a n s p o r t e d  i n w a r d .  T h e  cells i n i t i aUy  

c o n t a i n e d  m o s t l y  s o d i u m  a n d  d i f f e r en t  r a t e s  of t r a n s p o r t  were  o b t a i n e d  by  v a r y i n g  

t h e  e x t e r n a l  p o t a s s i u m  c o n c e n t r a t i o n .  T h e  r a t i o  of t r a n s p o r t  r a t e s  was  two  a t o m s  

of p o t a s s i u m  to t h r e e  of s o d i u m  a n d  s e e m e d  to  pe r s i s t  e v e n  a t  low r a t e s  w h e r e  

m e a s u r e m e n t  was  no t  so precise .  T h e  r e s u l t s  a re  s h o w n  in Fig.  3. T h e  r e l a t i o n s h i p  

b e t w e e n  t h e  r a t e  of t r a n s p o r t  a n d  t h e  e x t e r n a l  p o t a s s i u m  c o n c e n t r a t i o n  is s h o w n  in 

Fig. 4 - T r a n s p o r t  was  h a l f - m a x i m a l  a t  a b o u t  2.2 mequiv . /1 .  T h e  s a m e  a m o u n t  of 

i n t e r n a l  s o d i u m  was  a v a i l a b l e  in all eases.  
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Fig. 3. Simultaneous changes in the cation 
c,mtent of human erythrocytes during itctiv¢: 
t r a n s p o r t  at  low external  p o t a s s i u m  e ( ) n c e n t r ; t -  

tl(ms. The ('ells were prepared by storag(, in a 
s(~dium medium at 2 for t 5 days and c(mtained 
initially Na =- t i tS ,  N ~ 9 mequiv.]5 mmoles 
Hgb. 15uring incubation at 37 the (Na -' K) 
c . n t e n t  of the medium was 17</ mequiv./l in all 
cases. The initial external potassium concentra- 
tions are shown on the graph. Samples were 
taken at  o, 2, 4, and 6 hours after the onset of 
incubation, lnosine was used in the place of 
;tdenosim," as a metabolic adjuvant ,  pH 7.5 ' 

o.t ('5o.6. t 2). 
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Fig. 4. The inlluence of the external potassmnt 
concentration on the rate of active cation trans- 
port in human erythrocytes. The data  are the 
same as those of Fig. 3. Although the rate is 
expressed in terms of sodium, it was calculated 
from the data on both cations bv means of a 
2:3 weighte(t average. The four points in Fig. 3 
with the greatest deviation from the 2 to 3 ratio 
were not /lsed. Tile small leak at  zero external 
potassium was added to all the t ransport  rates 
as a partial passive transport  correction. "rite 
smooth curve is drawn from the best-fitting 
Michaelis-Menten equation where the maximal 
rate, Vmax, is 7.i mequiv.]5 mmoles  Hgb]h anti 
the concentration of potassium at  half-maximal 

transport.  A'm, is "2.- me(luiv./I. The equation is V = . . . . . . . . . .  I/m~x [K] where I," is the rate and [K] is 
[K] ~- K, ,  

the potassium concentration. 

l~rjvrcnces p. 128. 
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The two to three ratio of t ransport  rates was tested again in seven experiments  

in which different rates of t ransport  were obtained in association with different cell 

sodium contents.  The external  potassium concentrat ion was greater than 30 mequiv./1 
in all cases and  was therefore not significantly rate-limiting. Fig. 5 shows that  the 
same ratio was found as before. The rates of t ransport  and corresponding cell sodium 
contents  are shown in Fig. 6. In  these experiments the t ransport  rate was not so 
consistently related to the cell sodium content  as it was to the external  potassium 
concentrat ion in the previous experiments.  One reason is that  the different sodium 

contents  were obtained by  storing different lots of cells for different periods of time. 
The metabolic rates of the different lots of ceils undoubted ly  varied. The cell sodium 
contents  also varied during the experiments and  t ransport  rates had to be calculated 
from fewer observations over shorter periods of time, so tha t  observational  errors 
were greater. The failure of active potassium transport  in the absence of in ternal  
sodium shown in Fig. 2 is confirmed here with cells which were not exposed to choline, 
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Fig .  5. S i m u l t a n e o u s  c h a n g e s  in t h e  c a t i o n  
contents of human erythrocytes during active 
transport at high external potassium concentra- 
tions. The cells were prepared by storage at 2 ° 
in a potassium and/or sodium medium for 4 to 
25 days in seven experiments. They contained 
initially Na ~ 5 to i22 and K = Io 4 to I~ 
mequiv./5 mmoles Hgb. During incubation at 
37 ° the external medium contained Na = o to 
r23 and K = x45 to 3 ° mequiv./l and the 
cation concentrations were always within :~ 
6o mequiv./1 of the corresponding cell contents. 
Samples were taken at i ~ or 2 hour intervals 
for up to 6!/2 hours. The different symbols 
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Fig. 6. The influence of cell sodium content on 
the rate of active cation transport at high 
external potassium concentrations in human 
erythrocytes. The data are from the same seven 
experiments shown in Fig. 5. The different 
symbols represent the different experiment£ 
and correspond to those of Fig. 5. Although the 
rate is expressed in terms of sodium, it was 
calculated from the data on both cations by 
means of a 2:3 weighted average. The values 
shown by open symbols have been corrected for 
passive transport by comparison with paired 

controls treated with strophanthin. 

indicate the different experiments. The corresponding transport rates and cell sodium contents 
are shown in Fig. 6. The values shown by open symbols have been corrected for passive transport 
by comparison with paired controls treated with strophanthin, pH 7.t to 7.8 ('55.o.3x to '56.N.o2). 

In order to check the previous observations and in order to test the effect of 
varying the external  cation concentrat ions more widely, the experiments shown in 
Table I were performed. In these experiments passive t ransport  was measured in 
one flask to which s t rophanthin  was added and from these results the passive t ransport  
present in the other flasks was calculated. The mean value of o.66 for the ratio of 
the potassium to sodium active transport  rates confirms the value of 2/3 f o u n d  in 
the first experiments.  Statistical analysis showed that  the variat ion of the ratio from 
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THF; RATIO OF POTASSIUM TO SODIUM ACTIVE TRANSI'ORT Cf)RRI:.CTED FOR PASSIVE TRANSt ' I )RT 

~VITn STROPHANTHIN 

(:ells were stored at  2: f o r 0 t o  12 davs and contained Na ~ 77t ' )  1o 7 and K - .tl t¢, 17 mequiv./  
5 mmoles Hgb, respectively. They were incubated at 37  in four flasks for 4 or 5 hours. The 
composit ion of the medium in tlasks, .\, B, and (' is given in the table. Flask 1) was the sanle 
as C but in addition contained s t rophanthin-k  N.I g. {5 rag/l). Chloride and water  contents  of the 
cells and passive ion movements  were measured in flask I). [groin these meamlrements the passive 
ion movements  in the other flasks were calculated as folMws. The chh)ride and water  contents  were 
used to calculate at membrane  factor by which a Riven cell cati,m content  should 1)e multiplied to 
obtain the external cation concentraticm which would l)e in thermodynamic  equilibrium with it. 
The passive pe.rmeability, of the cell membrane  was then taken as pr()i~ortional to the ratio of the 
rate of ion movement  in flask D divided by the difference t)etween the actual external ion concen- 
t rat ion and the mean external conc(.ntration which would have l>een in equilil)rium with th(, cell 
ion content.  The membrane  factor and passive permeabil i ty were then used to calctllate the passiw, 
ion movements  in the c)ther flasks. The procedure is equivalent to that  of HARRIS  0. ('50.,R.ON IO .2o.1 

l'ra)tsl>ort, m e q u w .  5 mmoh's  lh,,b 4 h A c t i v e  
Ex te rna l  mcquir .  I . . . . .  Ir,ol~p,~rl 

L rpet i -  Osmolar i ty"  F lask  . . . . . . . .  N a  Ios~ K ga in  ~.~tao 
m c n t  

, \ 'a  I f  . . . . . . . . .  
.Vel Pasgii 'e  A c//vt" .Vcl Pass i ve  A c t i v e  Ix .\'~l 

l 323 .k 1-t3 2o 18.~ 1,8 2o.o 23. 5 -. o. 4 13. 9 o.7o 
B 73 9o 20. 4 -; r,S iS.() I~.o 3,o i5.o o.~l 
([ 3 100 29.o .a_ .5.3 23.7 2 I .: '; .--O. t 15. 4 o.65 
D 3 t 60 7.8 8.6 

~- 335 A I47 2o 21. 5 3,2 24.q* 14. 3 ~ 2, 7 17.o o.08 
B 77 90 26. 4 -;- o.0 25.8 18. 7 1. 3 z 7-4 o.68 
(: 7 16o 33.4 " 4.5 2S.9 23.7 -- 5 .2 ~8.5 o334 
I) 7 1('>o 5.() 6.9 

3 230 :k IOO 20 29.1 2. 7 31.8 10.2 ~ - o . 0  2o . I  o . 0  3 

[3 ,5 ° 7 ° 3n,2 i o.S 29.4 24.'2 ---2.1 22.1 0.75 
C o 12n 38.1 + 4.I 34.'7 25.c~ - - 5 . 4  2o.5 ,).6o 
I1 o 12o 5.2 5.7 

4 436 :\ 2(7o at) 24. 5 . 4.2 28. 7 15.I "]- 0. 7 15 .8  0.55 
13 IOO 12o 30.1 .- 1.6 28. 5 21.O .... 3.3 17.7 °.02 
C o 22o 36.7 -1 7.4 29.3 ".5.4 7-3 18.1 o.()2 
] )  O 2 2 0  ~ ' 5  7 .8 

* Osmolar i ty  is molari ty multiplied by the 
particles which a molecule forms in solution. 

number  of osmotically active Mean o.6b 
S.F.. _t_ o.o2 

o n e  e x p e r i m e n t  to  a n o t h e r  o r  f r o m  o n e  f lask  to  a n o t h e r  w a s  of  b o r d e r l i n e  s i g n i f i c a n c e  

( P  = o.o8) a n d  w a s  n o t  c o n s i s t e n t l y  r e l a t e d  to  t h e  e x p e r i m e n t a l  v a r i a b l e s .  

T h e  s t a b i l i t y  of  t h e  r a t i o  to  c h a n g e s  in t h e  p u m p i n g  r a t e  w a s  t e s t e d  b y  a b r u p t l y  

s t o p p i n g  t r a n s p o r t  w i t h  s t r o p h a n t h i n  (5 mg/1) o r  a r s e n a t e  (23 m m o l e s / l )  a n d  b y  

a c c e l e r a t i n g  t r a n s p o r t  b y  t h e  a d d i t i o n  of  a d e n o s i n e  (4 mmoles /1 )  to  cells p r e v i o u s l y  

d e p r i v e d  of  s u b s t r a t e .  N o  s i g n i f i c a n t  a l t e r a t i o n  of  t h e  r a t i o  f r o m  t h e  n o r m a l  v a l u e  

a p p e a r e d .  The. r a t i o  w a s  a l so  p r e s e r v e d  a t  p H  6.5 a n d  a t  p H  7.9- 

N o  s i g n i f i c a n t  e v i d e n c e  of  l i n k a g e  a t  2 ° w a s  o b s e r v e d .  F r e s h  cells  w e r e  s t o r e d  

a t  2 ° in a c h o l i n e  c h l o r i d e  m e d i u m  c o n t a i n i n g  e n o u g h  s o d i u m  to  be  in e q u i l i b r i u m  

w i t h  t h e  s o d i u m  in s ide  t h e  cell. P o t a s s i u m  lef t  t h e  cells  r a p i d l y  a n d  t h e y  s h r a n k  b u t  

t h e  s o d i u m  c o n t e n t  w a s  u n a f f e c t e d .  O n  r e p l a c i n g  t h e  e x t e r n a l  c h o l i n e  w i t h  p o t a s s i u m ,  

p o t a s s i u m  e n t e r e d  t h e  cells  r a p i d l y ,  t h e  v o l u m e  i n c r e a s e d ,  a n d  t h e  s o d i u m  c o n t e n t  

r e m a i n e d  u n c h a n g e d .  W h e n  t h e  p a r t s  p l a y e d  b y  s o d i u m  a n d  p o t a s s i u m  w e r e  ex -  

c h a n g e d ,  t h e  r e s u l t s  w e r e  s i m i l a r .  
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3. Ammonium 

T h e  a d d i t i o n  of  a m m o n i u m  to  sod ium-f i l l ed  cells i n d u c e d  m a x i m a l  a c t i v e  s o d i u m  

t r a n s p o r t  in  t h e  a b s e n c e  of e x t e r n a l  p o t a s s i u m .  T h e  effect  was  h a l f - m a x i m a l  a t  a b o u t  

16 mequ iv . /1  of a m m o n i u m .  T h i s  is s e v e n  t i m e s  g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  

c o n c e n t r a t i o n  of  p o t a s s i u m  (2.2 mequiv . /1) .  T h e  r e s u l t s  a re  s h o w n  in Fig.  7. 

To  t e s t  for  c o m p e t i t i o n  b e t w e e n  a m m o n i u m  a n d  p o t a s s i u m ,  e x t e r n a l  p o t a s s i u m  

was  a d j u s t e d  to  IO m e q u i v . / l  in  o r d e r  to  a l m o s t  s a t u r a t e  t h e  t r a n s p o r t  s y s t e m .  T h e  

a d d i t i o n  of i n c r e a s i n g  a m o u n t s  of a m m o n i u m  n o w  p r o d u c e d  o n l y  a s m a l l  i nc r ea se  

in s o d i u m  t r a n s p o r t .  I t  a lso p r o d u c e d  a n  o b v i o u s  d e p r e s s i o n  of p o t a s s i u m  t r a n s p o r t .  

T h e  r e s u l t s  a re  s h o w n  in  Fig. 8. T h e s e  r e s u l t s  a re  c o n s i s t e n t  w i t h  t h e  v i ew  t h a t  

a m m o n i u m  a n d  p o t a s s i u m  c o m p e t e  b o t h  in t h e  a c t i v a t i o n  of o u t w a r d  s o d i u m  

t r a n s p o r t  a n d  for  i n w a r d  t r a n s p o r t .  

i ~140- 
P 

Z 6O ~ - 

t 

8 -  
• EXP. I 

x £XR 2 x..........-----x-- 

AMMONIUM CONCF'NTRATI(3N MEQ/L 

Fig. 7. The effect of ammonium on active sodium 
transport  in the absence of external potassium. 
The cells were stored a t  2 ° for x 3 and ]o days in 
experiments z and 2 respectively. In both ex- 
periments they contained initially Na = xo 5 
and K = 17 mequiv./5 mmoles Hgb. The in- 
cubation medium contained i6o mequiv./l of 
sodium and no potassium. Ammonium chloride 
was added as the solid. To compare the two 
experiments the rates are related to those in 
control flasks to which 20 mequiv./1 of solid 
potassium chloride and no ammonium chloride 
was added. The control rates were 6.4 and 4.6 
mequiv./5 mmnles Hgb/h in experiments i and 

/O.,,~ O I O "  

5(X31UM OUTWARD 

,.= 

io io io 8'0 ,~o 
AMMONIUM CONCENTRATION MEQ/L 

Fig. 8. The competition of ammonium with 
potassium in the active t ransport  of sodium and 
potassium. The cells were stored in a sodium 
medium at  2 ° for r 7 days. At the beginning of 
incubation at  37 ° the sodium and potassium 
contents of the cells were i z8 and 13 mequiv./5 
mmoles Hgb respectively. The medium contain- 
ed I5o mequiv./1 of sodium and io mequiv./l of 
potassium. Ammonium chloride was added as 
the solid. There was a little hemolysis of the 
ceils which had large amount  of ammonium 
during the wash in cold choline chloride, pH 7-3 

to 7.o ('56.8.o6). 

2 respectively. The average of the small leaks at  o and z mequiv./l of ammonium has been added 
to all the values as a partial correction for passive transport.  The smooth curve is drawn from the 
best-fitting Michaelis-Menten equation where the maximal rate is 16o % and the concentration 
of ammonium at  half-maximal t ransport  is I6 mequiv.]l. There was a little hemolysis of the cells 
which had large amounts  of ammonium during the wash in cold choline chloride, pH 7.6 to 7.1 

('56.8.o3 and .07). 

T h e  p r o p o s i t i o n  t h a t  a m m o n i u m  s u b s t i t u t e s  d i r e c t l y  for  p o t a s s i u m  in a n  i n w a r d  

t r a n s p o r t  s y s t e m  w h i c h  is s t o i c h i o m e t r i c a U y  l i n k e d  to  a n  o u t w a r d  s o d i u m  t r a n s p o r t  

s y s t e m  c a n  be  t e s t e d  q u a n t i t a t i v e l y  for  i t s  c o n s i s t e n c y  w i t h  t h e  r e s u l t s  of p r e v i o u s  

e x p e r i m e n t s .  T h e  a c t i v e  t r a n s p o r t  of a m m o n i u m  (NH4+) i t se l f  c a n n o t  be  m e a s u r e d ,  

s ince  a m m o n i a  (NH3) pas ses  t h r o u g h  t h e  m e m b r a n e  r a p i d l y ,  as  JACOBS AND PARPART la 

a n d  JACOBS AND STEWART 15 h a v e  s h o w n .  H o w e v e r ,  one  c a n  s t a r t  w i t h  t he  a s s u m p t i o n  

t h a t  t h e  s u m  of a m m o n i u m  t r a n s p o r t  p lus  p o t a s s i u m  t r a n s p o r t  is e q u a l  to  2/3 of 
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sodium transport. On this basis ammonium transport can be calculated by difference. 
In a one-for-one competition for an inward transport binding site, the ratio of the 
transport rates would be equal to the ratio of the concentrations multiplied by the 
reciprocal of the ratio of the dissociation constants. The dissociation constant is the 
concentration of an ion at which it produces half-maximal transport when acting 
alone. The ratio of the ammonium dissociation constant to the potassium dissociation 
constant was calculated on this basis for the four concentrations of ammonium shown 
and a mean value of 3 was obtained. ] 'he corresponding ratio of the dissociation 
constants previously determined from the independent sodium activation experiments 
was 7. This degree of correspondence hetween the ratios is not very impressive at 
first sight, but the values are of the same order of magnitude. In view of the fact 
that  precise passive transport corrections were not made in any of these experime.nts, 
this degree of correspondence is perhaps as close as couM be expected. 

Ammonium (3o mequiv./l) did not activate potassium transport in low sodium 
cells and therefore presumably cannot substitute for sodium. 

DISCUSSION 

The results o/others 

The data in this paper support the linkage hypothesis of HARRIS 6, except with respect 
to the ratio of potassium to sodium transport. Using tracer fluxes taken from the 
literature, HARRIS estimated the ratio as r to 2 in normal cells in plasma. Tosrv:soN 1 
ill a more recent review of tile data has estimated the active potassium influx at 
1. 9 mmoles/1 cells/h and the active sodium outflux at 2.8 mmoles/l cells/h. The ratio 
of these is 2 to 3, in good agreement with the data in this paper. 

M.\IZELS 5 agreed with HARRIS that there is a linkage between tile transport 
systems but thought that it is not stoichiometric. In one experiment in particular, 
he observed a greater influx of potassium in a high potassium medium than he 
calculated should occur if the transports were tightly linked. He argued that the 
potassium-sodium ratio must be higher under these circumstances. In his calculations 
he assumed that the exchange rate of tracer potassium between normal cells and 
plasma is 1.6 mequiv./l of cells/h. If this is replaced by 2.o mequiv./l of cells:h taken 
from TosrEsoN ~, much of the discrepancy between the results predicted by the 
theory of stoichiometric linkage and his experiment disappears. Furthermore, in 
short-term experiments on horse red cells SH.~W 16 has shown that potassium influx 
can be expressed as the sum of two terms. If the linear term is interpreted as passive 
influx and the nonlinear term as active influx, the results indicate that there is no 
change of actiw', potassium transport produced directly bv high {> 2o mequiv./1) 
external potassium concentrations. The results of GLYNN ~ indicate that human and 
horse cells are similar in this respect. 

SOI.OMON x~ has argued in Iaw)r of the complete independence of the sodium and 
potassium transport  systems. He observed influxes of labelled potassium anti sodium 
in fresh ceils in an approximately steady state in plasma in vitro. He observed that 
rubidium but not sodium or lithium competed with potassium for influx, and that 
lithium but not potassium or rubidium depressed sodium influx. He tentatively 
assumed that  the influx anti out flux of each ion are linked by the chemical conversion 
of influx carrier molecules into outflux carrier molecules. Oil this basis he felt that 
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potassium influx and sodium outflux should be independent. Recently he has dropped 
the hypothesis that  potassium efflux is active TM. In the light of the evidence available 
now it appears more likely that influx of sodium and outflux of potassium in the 
normal cell are passive and independent processes, whereas influx of potassium and 
outflux of sodium are mostly active and numerically related processes. 

The kinetics o/active transport 

The discrepancy in the pumping rates for sodium and potassium would have a con- 
siderable effect on the membrane potential due to the net movement of positive 
charge if it were not for the fact that the erythrocyte membrane is freely permeable 
to small anions such as chloride and bicarbonate. HARRIS AND MAIZELS 4 have shown 
that the membrane potential, as measured by the chloride concentration ratio, is 
unaffected by the presence or absence of active transport, at least over a period of 
hours. 

The observation that the rate-limiting effect of low external potassium concen- 
trations is half-maximal at 2.2 mequiv./1 is in good agreement with the figure of 
2.1 mequiv./1 of STREETEN AND SOLOMON ~9, of 1.8 to 2.5 obtained by GLY.','N 7, and 
of 2.o to 3.2 mequiv./1 obtained by SHAw x~ with horse erythrocytes. I t  does not 
support the earlier assumption of HARRIS n that  external potassium concentrations 
above 2 mequiv./l saturate the active transport system. 

The data presented in Fig. 6 showing the influence of internal sodium concen- 
tration on the transport rate are consistent with those of HARRIS e, who presented 
evidence that  sodium transport is proportional to internal sodium concentration 
below 4 ° mequiv./l of cells. The constancy of the transport rate at high internal 
sodium concentrations indicates that under these conditions internal sodium concen- 
tration is no longer rate-limiting. 

Biochemical implications 

Since stoichiometric relationships between reactants and products are a characteristic 
of simple chemical reactions, the demonstration that the active transports of sodium 
and potassium across the human erythrocyte membrane are numerically related gives 
support to the view, already held by many, that active transport proceeds by way 
of a chemical combination of the cations with specific binding sites. This demon- 
stration further suggests that a chemical group must pass from the carrier of one 
cation to the carrier of the other at some stage in the transport processes in order 
to keep the two systems in exact step with each other. Such a transfer could take 
place at either or both surfaces of the membrane and could be a transfer from either 
the potassium carrier to the sodium carrier or vice versa. 

Physiological implications 

HARRIS AND MAIZELS 4 have pointed out that a human erythrocyte lacking an active 
potassium transport system would shrink and become so acid inside that the ability 
of hemoglobin to transport respiratory gases would be impaired. These difficulties 
could be avoided if the passive permeability of the cell membrane to sodium became 
greater at the same time that the potassium active transport system disappeared. 
Under these circumstances the cell would resemble a dog erythrocyte, which actively 
transports little or no potassium and has a relatively high sodium permeability2°, 2~. 

Re/erences p. x28. 
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Since a two-way linked active transport system is more complicated than a one-way 
system and since both types apparently exist in nature, it might be asked whether 
the more complicated two-way system has any conceivable advantage. With an ideal 
model it can be calculated that for the same cell volume and impermeable particle 
content a cell with a two-way linked active transport system is better able to stabilize 
its volume against variations in passive membrane permeability than is a cell with 
a one-way system. The detailed argument is given in an appendix. 

;\C K N OVCLF.I)GI~M E NTS 

T h e  a u t h o r s  a r c  d e e p l y  i n d e b t e d  to  D r .  C. R .  PARK for  h i s  a d v i c e  a n d  e n c o u r a g e m e n t  

t h r o u g h o u t  t h i s  p r o j e c t .  T h e y  a r e  i n d e b t e d  to  Mr. ED ]~RIDGFORTH for  a s t a t i s t i c a l  

a n a l y s i s  of  T a b l e  I. 

SUMMARY 

i. The net t r anspor t s  of potass ium and sodium across the human  erythrocyte  membrane  were 
observed at 37 ° in cells prepared by cold storage and fortified with nucleoside. Passive t ranspor t  
was minimized by ad jus tmen t  of sodium and potass ium concentrat ions in the medium. Active 
t r anspor t  was distinguished from passive t ranspor t  by the use of s t rophanthin ,  which stops active 
t r anspor t  specifically. 

z. The active t r anspor t  of potass ium inward and sodium outward  occurred only at  a ratio 
which was constant  over a wide range of rates and independent of extracellular and intracellular 
sodium and potass ium concentrat ions.  Two a toms  of potass ium were t ranspor ted  inward for every 
three a toms  of sodium tha t  were t ranspor ted  outward.  

3. Ammonium appeared to subs t i tu te  directly for potass ium and required a concentrat ion 
3 to 7 t imes greater than  potass ium to produce a comparable  effect. 

4 -These  findings indicate tha t  active potass ium and sodium t ranspor t  across the human  
ery throcyte  membrane  are par t s  of a single tightly-linked system. 

A P P E N D I X  

A theoretical demonstration o[ the physiological advantage o[ linkage in active transport. In  theory 
a linked active t r anspor t  system can stabilize the volume of a cell more effectively than  can a system 
t ranspor t ing  actively in only one direction. This point  can be explained most  clearly with a model. 

Consider a cell as an aqueous phase, x, containing two solutes, H and C. The cell is sur- 
rounded by a freely extensible water-permeable membrane.  Of the solutes only C passes th rough  
the membrane ;  H does not. I,:xternal to the membrane  is a second aqueous  phase, O, containing 
only C at  a cons tan t  concentrat ion [Co]. The square  brackets  indicate concentrat ion and the sub- 
script denotes the phase. A bar, -, indicates the am oun t  of a variable associated with the cell so 

t ha t  the volume of the cell is V. V = H/[H] .  At osmotic equilibrium [HI + [C1] = [Co] so tha t  
V ~ H[([Co] - -  [Cl] ). Now the net rate at  which C passes through the membrane  is the difference 
between the rate at  which it leaks in, L, and the rate at  which it is pumped  out, P. L = h([C0] --- 
[Cl] ) where k is a leaking coefficient. P = p[Ct] where p is a pumping  coefficient. In a s teady state  
I. ~ R and 

= -[Z'0-]- (* + h /p)  (0 

Tha t  is, the more permeable the membrane  and the less sensitive the pumping  rate to rcl] ,  the 
larger will be the cell volume. 

The stabili ty of the volume of this cell to changes in the permeabil i ty of the membrane  can be 
expressed as the derivative dk[dV or bet ter  as S = (dk/h) / (dV/V) .  The result of the calculation is: 

s - :  ~ F Plk (2) 

That  is, the greater  the ratio of pumping  to leaking coefficients, the more stable the cell volume is to 
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changes in the permeabil i ty of its membrane.  I t  is also t rue tha t  the more stable cell is smaller and 
has a higher impermeable particle concentration. 

Compare this cell with one in which C is divided into two subspecies A and B. Let the leaks 
now be L A = k([AO] - -  [Ax] ) and LB = k([BO] - -  [BI] ). Let the active t ranspor t  (outward) of A 
be PA = plat].  Let the active t ranspor t  (inward) of B be linked to tha t  of A by a fixed ratio, 
r = PB/PA. Note tha t  changes in ~BI] are regarded as having no effect on p. [A0] and EBO] do not 
change in any case. Then PB = --rP[A1]. At a s teady state LA = PA and LB = PB. The result is 

V Ii + k/p) (3) 
(AO] (1 - -  r) 

The value of the stability, S, derived from this equation is the same as (2) above. 
In comparing the stability of these two systems it is appropriate to make V and H the same 

in both. [AO] can also be made equal to [Co]. Denote hip by n and the systems by the subscripts 
u and w for the single and linked systems respectively. In this case from equations (i) and (3) 

(1 + n~) 
(I + n~) 

I - - r  

Solving for nu 
rite -~- r 

hid ~ - - .  
I - - r  

By inspection, as long as o < r <  1, nu must be greater than nw. Since Su = r + I / n , ,  and S w  = 
i + 1 / n  w, it fol lows that  under these condit ions S~ ~> S . .  This  result shows  that  in theory under 
equivalent circumstances a cell whose volume is stabilized by an active transport system can be 
more stable to variat ions in the leakage of the membrane  if the t ranspor t  system is a linked one 
than if it is a simple one. 
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