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S U M M A R Y  

I. The effect of heparin on the relative activities of sodium and potassium ions 
has been calculated from the distribution of small ions between a solution of heparin 
and its ultrafiltrate. 

2. It was found that  the activities of sodium and potassium ions are markedly 
decreased by heparin, and that  the potassium ion is bound by heparin in preference 
to the sodium ion. 

3- It is suggested that  the excess of sulfate groups over carboxyl groups in 
the heparin is responsible for this selectivity of heparin for alkali-metal ions. 

4. It is proposed that  heparin-like cation exchangers participate in the selective 
distribution of sodium and potassium ions in the living cell in connection ~dth certain 
metabolic non-equilibrium processes. 

INTRODUCTION 

Alkali metal ions do not readily form stable compounds with other ions or molecules. 
Iq~wever, intensive studies with polyelectrolytes, such as polyacrylate, have shown 
that  the thermodynamic activities of alkali metal ions can be lowered by binding 
these cations electrostatically, owing to the high density of charge of the closely 
spaced anionic groups along the chain of the polyion 1-a. 

Heparin is a natural  polymer of D-glucuron,_'c acid and D-glucosamine, apparent ly 
containing five sulphate groups and two carboxyl groups per tetrasaccharide unit a. 
In accordance with the high density of negative charge of this structure of heparin, 
it was found in our laboratory "~ that  heparin lowers the activi ty coefficients of alkali 
metal ions, and some experiments suggested a greater afiqnity of heparin for K + 
than for Na +. Independently,  ASCOLI et al .  e found that  heparin binds Na +. Some 
other anionic polysaccharides, such as arabic aci& and chondroitin sulphate s, have 
also been found to bind alkali metal ions. No marked differences in behaviour were 
observed between Na + and K + in these experiments. 

In relation to the different behaviour of Na + and K+ in biological systems, the 
selective interactions of these cations with natural  macromolecules are of interest. 
With the aid of the ultrafiltration technique, we have studied the states of Na + and 
K + in a heparin solution, and special a t ten6on has been paid to the selective affinities 
of heparin for Na + and K +. 
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METHODS 
E.~p~'~t~ ~e~hods 

~uq~eotm solutions of hepar in  were p repared  f rom a concen t ra ted  solution 
of  a ~ ~ . ~  og hepar in  ( " H e p a r i n " ,  supplied b y  Orion OY, Helsinki).  The original 
hep~rm ~ ~ r ~  conta ined  no K +, and  therefore a sui table  a m o u n t  of KC1 was added 
t.o ~ ~ _ : ~ - ~ -  _The p H  was ~dj~,~ted wi th  HC! or N a O H  and K O H .  

~ l l i ~ r a t e  was  ob ta ined  by  passing the hepar in  solution th rough  zt di- 
~e~nbra~e  under  hydros ta t i c  pressure as descr ibed previously  ~. The experi-  

~ t s  were  per formed in dupl ica te  or t r ipl icate.  The m e m b r a n e  used was a cellulose 
dial~,-~ng m e m b r a n e  (No. 4465-Az, A r t h u r  H. Thomas ,  Phi ladelphia) .  By fi l trat ion 
oI a~IQe~:- ~ . t i o n s  of NaCI and  KC1 it was shown t h a t  this m e m b r a n e  was permeable  
t o  t h e  ~ n s  ~f these  salts.  As t e s t ed  wit h toluidine blue the  u l t raf i l t ra te  conta ined  no 
~ .  imflieating t h a t  the  m e m b r a n e  was impermeab le  to hepar in .  

• " ~ t ~ a t i o n s  of N a  + and  K + in the  hepar in  solutions and  their  u l t raf i l t ra tes  
~ l t ~  wi th  a flame p h o t o m e t e r  ; t ha t  of C1- was de t e rmined  t i t r imet r ica l ly  

w~_h A g l O w .  
.-$~emplts were  made  to mea_~ure the D o n n a n  m e m b r a n e  potent ia l  be tween the 

h e ~  _~]l~fie~ and its ultraf.ltrgAe. The poten t ia l  difference be tween  two calomel 
e l e~ t l~ l e s  ~ measu red  t h rough  s a t u r a t e d  KCI bridges in the  hepar in  solution and 
~ t r a f i k r a l t e  ~rith a compensa t ion  po ten t iomete r .  This po ten t ia l  difference was found 
to  be  30--40 mV,  the  hepar in  solut ion being nega t ive ly -charged  in relat ion to its 
~l~t~fillrmte. ~ e  values are of the same order as the  l iquid- junct ion  poten t ia l s  

a ~ solut ion and  its diffusate fluid wi thou t  the  in te rven t ion  of a semi- 
m~mbrane  ~. In  fact, the semipermeable  m e m b r a n e  is not  essential  for 

d l e ¢ ~ i m i m ~  these physicochemical  proper t ies  of a po lye lec t ro ly te  solution ~°. 
p]Hl of  the  solut ions was measured  wi th  a glass electrode,  a calomel electrode 

~ ~ reference. The  difference in p H  between the  hepar in  solution and  its 
• f l t r ' , ~ r a t e  w~.~ t~.3-o. 5 of a p H  uni t ,  the  u l t ra f i l t ra te  h a v i n g  a higher  p H  value than  
t h e  ~ so~C~ion. Howeve i ,  it should be noted  t h a t  these m e a s u r e m e n t s  of the  
pH as  ~oel] ~ those of the  D o n n a n  m e m b r a n e  potent ia l  suffer from the u n c e r t a i n t y  
of  t h e  ~ - ~ m c f i o n  po ten t ia l  of the salt bridge. 

C ~ ' o ~ s  a f  the ability of h~parin to bind sodium and potassium ions 

T h e  ~ - ~ v  coefficients of Na  + and  K + in the  hepar in  solution in relat ion to  
of  _~a ÷ a n d  K + in the corresponding ul t raf i l t ra tes  were ca lcula ted  by  means  

of D o ~ m n ~  theory .  We h~ve assumed  in these calculat ions,  in accordance wi th  
t m e ~  m~'est igators  n-xz, t ha t  the ac t iv i ty  coefficient of the smal l  ion hav ing  the 
s ame  ~ of ¢ ~ r g e  as the polyion is not no t iceably  affected b y  the la t ter .  Thus  the  
ra t io  of  g l~  a c i d i t i e s  of C1- in ~t,~- hepar in  solution and  : -  : ~ -'~" ~ ' - -  • ,, ,t~ u, ~ra,,, ~, ~te is considered 
t o  ~e  ~ ]  to  t he  rat io of the concent ra t ions  of CI- in these fluids. 

~Na}a is the  sodium ion conccnt ra t ion  on the  hepar in  side, and  ~,:~a ;'~ ""+; 'a  

~" ~ n t _  ~Na), t  is the  sodium ion concent ra t ion  on the  u l t raf i l t ra te  side, and  
y s ~  ~ ~ - t ~ t y  coefficient. Analogous  expressions are used for K ~- and  C1-. Then,  

t o  D o a n a n ' s  theory"  

~,Nagf • (Na)u/ 7Kuf • (K/u/ (CI)/~ 

;,-~aa • (Na)n 7[~n- (K)n (Ci)uf 
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The  rat ios  of the  ac t iv i ty  coefficients in the  hepar in  solution and the  u l~a f i J l~ r~  
are then  for Na + and K +, respect ively:  

7Nan (C1),, t • (Na)uf  

7 N . u f  (C1)~. (Na)a 

rK~,  (Cl),,t" (K).~ 

v~ .y  (Cl)h.  (K)h 

The  concent ra t ionz  of' Na  + and  K+ bound  by hepar in  are calculated as f6Ilom~s:: 

~ N a  u f  

~ l ~ h  
bound  K+ = (K)n . . . . .  (K)n 

7 K u I  

K 
The select ivi ty  coefficient of hepar in  for Na  + and  K +, K~a ,  is calculated as ffo~0m~:: 

K ( K ) n "  (Na) uf 
K = 

Na (K)ut"" (Na)t, 

Thus  all pa rame te r s  for tile calculat ion of the select ivi ty  coefficient can be  d ~  
exper imenta l ly .  

RESULTS 

e 4- .~ The results  in Table  I show t h a t  hepa r in  has  a m a r k e d  effec~ on the  ac t iv i ty  , d  ~ 
meta l  ions. In  Exp t .  5, in which the  concen t ra t ion  of alkali  meta l  chloride ~ 
to t h a t  of hepar in  is low, the  ac t iv i ty  coefficients of Na  + and  K+ in the  hepazSm sollmtiem 
a r e  o .54  a n d  0.38,  r e s p e c t i v e l y ,  of  t h o s e  in  t h e  u l t r a f i l t r a t e .  W h e n  t h e  c o n o e a a ~ m  
of NaCt  ( E x p t .  6) o r  of  KCI  ( E x p t .  4) o r  of  HCI  ( E x p t .  3) in  t h e  h e p a x i ~  s ~  i s  
i n c r e a s e d ,  t h e  a c t i v i t y  coe f f i c i en t s  o f  N a  + a n d  K +  i n c r e a s e ,  s u g g e s t i n g  ,c0~petti t t i~e 

b i n d i n g  of  N a  +, K +, a n d  H + w i t h  h e p a r i n .  D i l u t i o n  of  t h e  h e p a x i n  sotmiiom wiflh 

w a t e r  h a s  l i t t l e  ef fect  on  t h e  r e l a t i v e  b i n d i n g  of  N a  + a n d  K +  w i t h  h e p a x i n  ~ i ~ ~  x.. 

a n d  4). 
A t  p H  I z . o  t h e  b i n d i n g  of  N a  + a n d  K + i n c r e a s e s ,  b u t  t h e  se lec t ix f i ty  , c o e ~ r ~ t t  

of  h e p a r i n  fo r  K + in  p r e f e r e n c e  t o  N a  + does  n o t  i n c r e a s e  w h e n  c o m p a r e d  ~ ffJhe 

"FABLE I 

B I N D I N G  O F  Na + A N D  I {  + B Y  H E P A R I N  

Bou~,d • (COn (COul (Na)n (Na)u I Na ~Nah (K)n (K)u f Bound E.~pt. Hepa~,.n pH h K ~'-K~h -tK 
No. dg/I) 7Nauf  7'i[~ ~ - ~  

ra moles ~ l m molcs ] l 

2.5 7.I 
2 2. 5 12.O 
3 Z-5 Z.2 
4 25-0 7 "1 
5 Z5-o 7-3 
() 25.0 7.3 

I2,5 t3.4 13.2 8.9 3.6 0.72 9,6 4.5 4 .8 o..50 a.,~ 
8,o 9.0 I3,9 8.0 4.9 0.65 8-4 3-5 4.5 '047 a. .~ 

zo.o 22.o 13. 3 x2.o o.I 0.99 IO,5 8.1 1,6 "O~_~ II..11,¢~9 
X ~7.O 128.O I]Z.O 88.0 36.0 0.73 85.0 40.0 41.O ,O.~9~ 
30.0 45.O 124.0 44.0 56.0 O.54 3.9 I.O 2.4 O-3g n- l~  

165.O I78.O 250.0 I75.O 60.0 0-74 5-7 2.8 2.7 O . ~  a. .~ 

B i o c h i m .  B i o p h y s .  A cta, 69 (z963)_~L~---33;7, 



5.36 s .  S A L M I S E N ,  K. L t r O M A ~ M X K I  

values  o b t a i n e d  a t  n e u t r a l  p H  (Exp t s .  i a n d  2). A t  p H  2.2 the re  is ba re ly  a n y  b i n d i n g  
of Na.- w i t h  hepa r in ,  the  b i n d i n g  of K + is also low a n d  the  ~;clectivity coefficient 
is a l m o s t  u n i t y  (Exp t .  3)- 

DWC~Tr~!r¢~ N 

The  ca t i on -b ind ing  p rope r t i e s  of h e p a r i n  found  in the  p re sen t  w o r k  are s imi lar  to  
those  pre~,-iously found  wi th  o t h e r  n e g a t i v e l y - c h a r g e d  po lye lec t ro ly tes ,  in t h a t  the  
a c t i v i t y  coefficients of smal l  ca t ions  increase  wi th  inc reas ing  c o n c e n t r a t i o n s  of s imple  
e lec t ro ly tes ,  such as NaC1, KCI, or HC1, in the  po lye lec t ro !y te  solu t ion ,  while d i lu t ion  
of the  po lye lec t ro ly te  so lu t ion  wi th  w a t e r  has  l i t t le  effect on the  a c t i v i t y  coefficients 
of the  smal l  cat ions .  In  these  respec ts  the  po lye lec t ro ly te  so lu t ions  differ f rom s imple  
e lec t ro ly le  so lu t ions  l, 13. 

Q u a n t i t a t i v e l y ,  the  N a + - b i n d i n g  ab i l i ty  of h e p a r i n  found  here  is in a g r e e m e n t  
wi th  t h a t  found  b y  ASCOLI et al. us ing  qu i te  a d i f ferent  m e t h o d ,  i.e., a cha rged  
col lodion m e m b r a n e  e lec t rode  G. 

I t  was  found  in the  p re sen t  w o r k  t h a t  h e p a r i n  b inds  K + in p re fe rence  to  N a  +. 
T h e  s tud ies  of TEUSISSEN AND BUNGENBHRG DE JONG 14 are  of in te res t  in r ega rd  
to  the  m e c h a n i s m  of se lec t iv i ty  of mac rom~lecu le s  for smal l  cat ions .  These  worke r s  
d e t e r m i n e d  t h e  c o n c e n t r a t i o n  of a sal t ,  such as NaCI or KC1, a t  wh ich  the  cha rge  
of t he  po lye lec t ro ly t e  is reversed .  T h e y  found  t h a t  the  ab i l i ty  of a ca t ion  to  change  
the  cha rge  of a po lye lec t ro ly t e  d e p e n d s  on bo th  the  naked ,  a n d  the  h y d r a t e d ,  size 
of t he  ca t ion  a n d  the  po la r i zab i l i ty  of the  n e g a t i v e l y - c h a r g e d  g roups  of po lye lec t ro ly t e  
in re la t ion  to  wate r .  A c c o r d i n g  to t h e m ,  when  the  anionic  g roups  of a polyion,  such  
as P O ,  3- or  COO- ,  are  more  po la r izab le  t h a n  water ,  the  e lec t ros ta t i c  immob i l i z a t i on  
of a ca t ion  is d e t e r m i n e d  by  its n a k e d  size, a n d  hence  smal l  (naked) N a  + is b o u n d  
in p re fe rence  to  K+. On the  o the r  h a n d ,  when  the  po la r i zab i l i ty  of the  an ionic  g r o u p  
of a poly ion,  such  as  SO4 2-, is less t h a n  wate r ,  t h e  K +, h a v i n g  a sma l l e r  h y d r a t e d  
d i a m e t e r  t h a n  N a  +, is b o u n d  p re fe ren t i a l ly .  These  h y p o t h e s e s  are  s u p p o r t e d  b~- 
BREGMAN'S s tud ies  wi th  c a t i o n - e x c h a n g e  resinsta The  l a t t e r  w o r k e r  found ,  for example ,  
t h a t  a t  p H  2.6 the p h o s p h o n i c  acid  resin b inds  K+ in p re fe rence  to  N a  +, the  se l ec t iv i ty  
coefficient be ing  1.2. On the  o t h e r  h a n d ,  a t  p H  IO, a t  which  the  second  d issoc ia t ion  
of t h e  p h o s p h o n i c  ac id  increases ,  t he  se l ec t iv i ty  was  changed  a n d  the  N a  + was  b o u n d  
in p re fe rence  to  K +. 

I t  is in a c c o r d a n c e  ~d th  the  above  concep t  t h a t  hepar in ,  c o n t a i n i n g  s u l p h a t e  
g roups  in  excess  of c a r b o x y l  groups ,  b inds  K + in p re fe rence  to  Na*.  T h e  g r e a t e s t  
se lec t iv i ty  coefficient was  a b o u t  ~.4. 

I t  is of in te res t  t h a t  c h o n d r o i t i n  su lpha te ,  c o n t a i n i n g  equal  n u m b e r s  of bo th  
s u l p h a t e  a n d  ca rboxy l  groups ,  has  a bar~,ly de t ec t ab l e  prefe rence  for K + over  Na  + 
(see ref. 8). 

U n f o r t u n a t e l y ,  the  se lec t iv i ty  coefficients of t h e  n a t u r a l  c a t i on -exchange r s ,  in- 
c lud ing  hepa r in ,  found  so far  in equ i l i b r i um e x p e r i m e n t s  a re  not  q u a n t i t a t i v e l y  g r ea t  
e n o u g h  t o  exp la in  the  h igh  se lec t iv i ty  of d i s t r i b u t i o n  of N a  + a n d  K + b e t w e e n  the  
ex t r ace l l u l a r  fluid a n d  the  p r o t o p l a s m  of the  l iving cell. However ,  n a t u r a l  ca t ion-  
e x c h a n g e r s  m a y  p a r t i c i p a t e  in t h e  se lect ive  d i s t r i b u t i o n  of N a  + a n d  K + in connec t ion  
wi th  ce r t a in  me tabo l i c  n o n - e q u i l i b r i u m  processes,  such a_n the  flow of w a t e r  ~6 a n d  of 
h y d r o g e n  ion ~, which  h a v e  bccn  found  to  prc, duce  a se lect ive  d i s t r i bu t i on  of Na  ~- 
a n d  K + in mode l  e x p e r i m e n t s .  
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