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SEPARATION AND PURIFICATION METHODS, 1 0 ( 2 ) ,  239-286 (1981) 

AFFINITY CHROMATOGRAPHY 

D a r r y l  R .  Absolom 

Research I n s t i t u t e ,  The H o s p i t a l  f o r  S i c k  Chi ldren ,  
Toronto,  O n t a r i o ,  Canada M5G 1x8; 

Department o f  Mechanical Engineer ing ,  U n i v e r s i t y  o f  Toronto,  
Toronto,  O n t a r i o ,  Canada M5S 1A4 

and 

a t  B u f f a l o ,  B u f f a l o ,  N e w  York, U.S.A. 14214 
Department of Microbiology,  S t a t e  U n i v e r s i t y  o f  New York 

1 INTRODUCTION 

Convent ional  procedures  o f  p r o t e i n  p u r i f i c a t i o n  g e n e r a l l y  r e l y  

on small d i f f e r e n c e s  i n  t h e  physicochernical p r o p e r t i e s  o f  p r o t e i n s  

i n  t h e  mixture ,  e.g. s o l u b i l i t y ,  c h a r g e ,  molecular  s i z e  and 

shape. I s o l a t i o n  on t h e  b a s i s  o f  these d i f f e r e n c e s ,  e.g. by means 

o f  ion-exchange chromatography, g e l  f i l t r a t i o n  o r  e l e c t r o p h o r e s i s  
are o f t e n  l a b o r i o u s  w i t h  low y i e l d s .  T h i s  is n o t  s u r p r i s i n g  
c o n s i d e r i n g  t h a t  t h e  p a r t i c u l a r  p r o t e i n  o f  i n t e r e s t  may c o n s t i t u t e  

l ess  t h a n  0.1% o f  t h e  d r y  weight  o f  t he  s t a r t i n g  material. 
Cons iderable  r e d u c t i o n  i n  t h e  a c t i v i t y  o f  t h e  macromolecules 

o c c u r s  d u r i n g  t h e  i s o l a t i o n  procedure owing t o  d e n a t u r a t i o n ,  

chemical  c leavage ,  enzymatic h y d r o l y s i s ,  e tc .  However, one o f  t h e  

most c h a r a c t e r i s t i c  p r o p e r t i e s  o f  these b i o l o g i c a l  macromolecules 

i s  t h e i r  a b i l i t y  t o  bind t o  o t h e r  molecules  i n  a r e v e r s i b l e  and 

h i g h l y  s p e c i f i c  manner. The format ion  of t h e s e  s table ,  s p e c i f i c  

d i s s o c i a b l e  complexes forms t h e  basis  o f  a powerful s e p a r a t i o n  

technique  g e n e r a l l y  cal led a f f i n i t y  chromatography. S e v e r a l  
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24 0 ABSOLOM 

a t t e m p t s  have been made t o  r e p l a c e  t h i s  name w i t h  more precise 
terms which p l a c e  a s p e c i a l  emphasis on t h e  technique  be ing  a 
consequence o f  t h e  s p e c i f i c  a f f i n i t y  r e s u l t i n g  from b i o l o g i c a l  

i n t e r a c t i o n s  and d i f f e r e n t i a t i n g  i t  from a f f i n i t y  caused through 
non-spec i f ic  ion-exchange o r  hydrophobic i n t e r a c t i o n s .  
Nomenclature such  a s  b i o s p e c i f i c  a d s o r p t i o n  chromatography , 
b i o s e l e c t i v e  a d s o r p t i o n  chromatography*, l i g a n d  s p e c i f i c  
chromatography3, and b i o s p e c i f i c  a f f i n i t y  chromatography4 h a s  

t h u s  been in t roduced .  Indeed Landman and P r i t c h a r d  have 
sugges ted  t h a t  u n l e s s  genuine  b i o a f f i n i t y  c a n  be s p e c i f i c a l l y  

demonstrated terms such  a s  " a c t i v a t e d  g e l  columnff a r e  preferable. 

It should be  noted  however t h a t  t h e  phenomenon of  b i o s p e c i f i c  

a f f i n i t y  may be the  o v e r a l l  r e s u l t  o f  a combination o f  i o n i c ,  
hydrogen-bond, c h a r g e - t r a n s f e r  and van d e r  Waals i n t e r a c t i o n s  
dominated by s t e r e o s p e c i f i c  f a c t o r s .  
t e r m s  which have been used t o  describe t h e  technique ,  t h e  

i n d i v i d u a l  components have a l s o  been s u b j e c t  t o  v a r i o u s  terms. 
The polymer t o  which one of t h e  i n t e r a c t i n g  s p e c i e s  is c o v a l e n t l y  
attached has been termed % o l i d  carrier , 
m a t r i x  

The i n t e r a c t i n g  s p e c i e s  which is l i n k e d  t o  t h e  polymer is ca l l ed  

'Ithe l igand6 '7 ,  e f f e c t o r  o r  a f f inantg ' lO. f l  

u s u a l l y  bound t o  t h e  m a t r i x  through a t h i r d  component. 
coworkers have suggested t h e  name "connector  substance" and f o r  

convenience t h e  r e a c t i v e  chemical  group involved i n  t he  a t tachment  
be cal led t h e  "connector ,  a c t i v e ,  o r  r e a c t i v e  group of t h e  

m a t r i x  . I t  The p r o c e s s  o f  i n t r o d u c i n g  these groups is g e n e r a l l y  
r e f e r r e d  t o  as " a c t i v a t i o n  o f  t h e  matr ix ."  Ster ic  h indrance  
c o n s i d e r a t i o n s  o f t e n  make i t  d e s i r a b l e  p h y s i c a l l y  t o  s e p a r a t e  t h e  

l i g a n d  from t h e  mat r ix .  

a h y d r o p h i l i c  c h a i n  between t h e  m a t r i x  and l igand .  
r e f e r r e d  t o  as "the s p a c e r ,  t h e  s p a c e r  arm, o r  e x t e n s i o n  arm." 

The a c t u a l  p r o c e s s  of c o v a l e n t l y  b inding  t o  t h e  m a t r i x  through t h e  

s p a c e r  h a s  been v a r i o u s l y  termed %oupl ing ,  i n s o l u b i l i z a t i o n  o r  
immobil izat ion. t*  

1 

5 

Apart from t h e  v a r i e t y  of  

697 
3 o r  i n s o l u b l e  s u p p o r t  '. I' 

8 The l i g a n d  is 
Pora th  and  

11 

T h i s  is g e n e r a l l y  achieved by i n t r o d u c i n g  

This c h a i n  is 

Genera l ly  t h e  subs tance  t o  be  p u r i f i e d  by 
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AFFINITY CHROMATOGRAPHY 241 

a f f i n i t y  chromatography h a s  n o  p a r t i c u l a r  t e rmino logy  a l t h o u g h  t h e  

terms “ a f f i n i t y  p a r t n e r ”  12, T1ligatetll 3, coun te r - l i gand’  

f t subs t r a t eTT1o  have  been used.  

t o  be  used  i n  t h i s  a r t i c l e  are i l l u s t r a t e d  i n  F i g u r e  1. 

2 HISTORICAL DEVELOPMENT 

o r  

F o r  t h e  s a k e  o f  c l a r i t y  t h e  terms 

The c o n c e p t  of s e p a r a t i n g  s u b s t a n c e s  on t h e  b a s i s  o f  t h e i r  

s p e c i f i c  i n t e r a c t i o n s  i s  n o t  new. A s  e a r l y  a s  1907 Hedin had 
a l r e a d y  d e s c r i b e d  t h e  p u r i f i c a t i o n  and s p e c i f i c  d e s o r p t i o n  o f  

t r y p s i n  from c h a r c o a l  14-16. The s p e c i f i c i t y  of b i o l o g i c a l  
i n t e r a c t i o n s  was first employed a s  a n  i s o l a t i o n  and p u r i f i c a t i o n  
method by S t a r k e n s t e i n  in 191017 i n  which t h e  i s o l a t i o n  o f  

a -ama lyase  was d e s c r i b e d .  In  t h i s  work a n  i n s o l u b l e  s u b s t r a t e  

( s t a r c h )  was used .  The first  r e p o r t  i n  which the  l i g a n d  i tself  

was c o v a l e n t l y  a t t a c h e d  t o  a n  i n s o l u b l e  c e l l u l o s e  m a t r i x  was by 

Campbell e t  a l .  i n  1951  . Bovine serum albumin was l i n k e d  t o  

d i a z o t i z e d  p a m i n o  b e n z y l  c e l l u l o s e  p e r m i t t i n g  t h e  s u b s e q u e n t  

18 

MATRIX I 
REACTIVE GROUP ON MATRIX 

(CONNECTOR) 

ACTIVATION OF MATRIX 

COUPLING OF 
LIGAND TO MATRIX 

-o:DIRECT 
-b: THROUGH A 

CONNECTOR CONNECTOR CONNECTOR 

Figure 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



242 ABSOLOM 

s e l e c t i v e  p u r i f i c a t i o n  o f  r abb i t  an t i - a lbumin  a n t i b o d i e s .  

n e x t  decade v e r y  l i t t l e  real  p r o g r e s s  was made i n  t h e  development 
o f  a f f i n i t y  chromatography. 
of t h e  t h e n  a v a i l a b l e  i n s o l u b l e  m a t r i c e s  which d i d  n o t  a l l o w  
complex f o r m a t i o n  between the  l i g a n d  and material t o  be isolated.  

Non-specif ic  a d s o r p t i o n  o f  c o n t a m i n a n t s  was g e n e r a l l y  obse rved  
when polymers  w i t h  hydrophobic  o r  i o n o g e n i c  g roups  were used .  
However i n  1967 t h e  r e p o r t s  by P o r a t h  and coworkers  i n  which t h e  

l i g a n d  was d i r e c t l y  attached t o  a g a r o s e  which had been 
p r e a c t i v a t e d  w i t h  cyanogen bromide 19-21 l e d  t o  a r a p i d  a n d  
e x t e n s i v e  development of t h e  t e c h n i q u e .  

ach ieved  t h r o u g h  t h e  i n s e r t i o n  of h y d r o p h i l i c  s p a c e r  arms between 
t h e  l i g a n d  and t h e  m a t r i x  22-25 which s e r v e  t o  r educe  g rea t ly  t h e  

non- spec i f i c  a d s o r p t i o n  o f  o t h e r  p r o t e i n s  p r e s e n t  i n  c r u d e  
p r e p a r a t i o n s .  

Fo r  t h e  

T h i s  was p robab ly  due t o  t he  n a t u r e  

Another ma jo r  advance was 

A f f i n i t y  chromatography i s  t h u s  a t y p e  o f  a d s o r p t i o n  
chromatography i n  which t h e  molecu le  which i s  t o  be p u r i f i e d  i s  

s e l e c t i v e l y ,  s p e c i f i c a l l y  and r e v e r s i b l y  bound o n t o  a s p e c i f i c  
s t r u c t u r a l l y  complementary l i g a n d  which is i t s e l f  i r r e v e r s i b l y ,  
a n d  u s u a l l y  c o v a l e n t l y ,  at tached t o  a n  i n s o l u b l e ,  immobile 
ma t r ix .  I n s t e a d  o f  b e i n g  coup led  t o  a n  i n s o l u b l e  m a t r i x  t h e  

l i g a n d  i tself  may be  r ende red  i n s o l u b l e  and immobile t h r o u g h  

c r o s s l i n k i n g  w i t h  a g e n t s  such  a s  e t h y l c h l o r o f o r m a t e  o r  
g l u t a r a l d e h y d e .  
p r o d u c t i o n  of water i n s o l u b l e  and s t a b l e  p r o t e i n  polymers .  
A f f i n i t y  chromatography r e a d i l y  l e n d s  i t s e l f  t o  a p p l i c a t i o n  i n  t h e  

f o l l o w i n g  g e n e r a l  areas: (1) P u r i f i c a t i o n  of a p a r t i c u l a r  
s u b s t a n c e  from complex s t a r t i n g  m i x t u r e s .  (2) Rapid and comple t e  
s e p a r a t i o n  o f  n a t i v e  and d e n a t u r e d  forms of t h e  same m o l e c u l a r  

S p e c i e s .  (3) Removal and c o n c e n t r a t i o n  o f  small amounts of t h e  

s p e c i f i c  b i o l o g i c a l  e n t i t y  o f  i n t e r e s t  from large volumes of  

c o n t a m i n a t i n g  material. (4) S e l e c t i v e  f r a c t i o n a t i o n  of v a r i o u s  

blood ce l l s  o r  c e l l u l a r  components. 

This t e c h n i q u e  is  p a r t i c u l a r l y  u s e f u l  i n  t h e  

The p o p u l a r i t y  o f  a f f i n i t y  chromatography i s  l a r g e l y  d u e  t o  
i t s  s u c c e s s  i n  a c h i e v i n g  r a p i d  and comple t e  s e p a r a t i o n s  which are 
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AFFINITY CHROMATOGRAPHY 243 

d i f f i c u l t  or  i m p o s s i b l e  and time consuming when more c o n v e n t i o n a l  

p rocedures  a re  employed. 

i n c l u d e :  (1) S e p a r a t i o n  and i s o l a t i o n  i s  o f t e n  ach ieved  i n  a 

s i n g l e  p u r i f i c a t i o n  s t e p .  ( 2 )  Enrichment o r  c o n c e n t r a t i o n  o f  t h e  

selected material is c o n s i d e r a b l e .  (3) Recovery y i e l d  o f  
non-denatured,  f u l l y  a c t i v e  m a t e r i a l  is h igh .  (4) A s  a 

consequence o f  its r a p i d  and s p e c i f i c  c o n c e n t r a t i n g  c a p a c i t y ,  t h e  
method allows t h e  p r o c e s s i n g  o f  l a r g e  volumes of c r u d e  material. 

However, u n l i k e  t h e  more c o n v e n t i o n a l  s e p a r a t i o n  p r o c e d u r e s ,  owing 

t o  t h e  s e l e c t i v i t y  of  t h e  s p e c i f i c  i n t e r a c t i o n s  invo lved  on  which 

i t  i s  b a s e d ,  a f f i n i t y  chromatography d o e s  r e q u i r e  c o n s i d e r a b l e  

p r i o r  knowledge o f  t h e  n a t u r e  o f  t h e  i n t e r a c t i n g  components b e f o r e  

i t  c a n  be  s u c c e s s f u l l y  a p p l i e d  t o  a p a r t i c u l a r  p u r i f i c a t i o n  

p rocedure .  

3 PRINCIPLE OF AFFINITY CHROMATOGRAPHY 

O t h e r  a d v a n t a g e s  o f  t h e  t e c h n i q u e  

A s u c c e s s f u l  s e p a r a t i o n  and p u r i f i c a t i o n  of a s u b s t a n c e  b y  
means o f  a f f i n i t y  chromatography r e q u i r e s  t h e  f o l l o w i n g :  ( 1 )  Tha t  

a s p e c i f i c  and complementary l i g a n d  is a v a i l a b l e  and t h a t  i t  c a n  

b e  a t t a c h e d  c o v a l e n t l y  t o  a s t a b l e ,  p r e f e r a b l y  h y d r o p h i l i c ,  m a t r i x  

t o  form t h e  chromatographic  bed. ( 2 )  Tha t  t h e  immobil ized l i g a n d  

o n c e  a t t a c h e d  r e t a i n s  i t s  s p e c i f i c  b i n d i n g  a f f i n i t y  for t h e  

material o f  i n t e r e s t ,  i .e. t h e  c o u n t e r - l i g a n d .  (3) Tha t  a 

s e l e c t i v e ,  non-denatur ing method f o r  d e s o r b i n g  t h e  bound 

c o u n t e r - l i g a n d ,  a f t e r  removal o f  t h e  unbound, n o n - s p e c i f i c  
material s h o u l d  e x i s t .  

A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  p r i n c i p l e  o f  a f f i n i t y  

chromatography is g i v e n  i n  F i g u r e  2. 

4 ESSENTIALS OF AFFINITY CHROMATOGRAPHY 

The m a t r i x ,  s p a c e r  and l i g a n d  c o n s t i t u t e  t h e  three main 

components o f  a n  a f f i n i t y  column. 

4.1 I n s o l u b l e  Mat r ix  S u p p o r t s  

The s e l e c t i o n  o f  a s u i t a b l e  m a t r i x  and t h e  most a p p r o p r i a t e  

method o f  l i g a n d  a t t a c h m e n t  w i l l  depend on which system best 

r e sponds  a t  a c e r t a i n  time t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  
b r i e f l y  d i s c u s s i n g  t h e  c h a r a c t e r i s t i c s  of t h e  f v i d e a l t f  s u p p o r t ,  t h e  

After 
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244 ABSOLOM 

most common s o l i d  s u p p o r t s  and t h e  methods f o r  t h e i r  a c t i v a t i o n  
and subsequent  l i g a n d  a t tachment  w i l l  be described. 

p r e s e n t  time a g a r o s e  i s  undoubtedly t h e  most commonly employed 

m a t r i x  material. 
and t h e  o t h e r  commonly employed m a t r i x  materials a re  described i n  
much less d e t a i l .  The u s e  o f  spacers, b locking  of u n r e a c t e d  
chemical groups ,  c o u p l i n g  procedures  and t h e  s p l i t t i n g  o f  attached 

l i g a n d s  w i l l  be d i s c u s s e d  separately. 

A t  t h e  

Accordingly a large s e c t i o n  is  allocated t o  i t  

Characteristics of t h e  Ideal Matr ix .  
Po ra th l t4  has sugges ted  t h a t  t h e  r e q u i r e d  p r o p e r t i e s  a re  a s  

f o l l o w s  : 
(1) It should  e x h i b i t  chemical and mechanical  s t a b i l i t y  

and be i n s o l u b l e  o v e r  a range  o f  exper imenta l  c o n d i t i o n s  such  a s  
h igh  and low pH, d e t e r g e n t s ,  v a r y i n g  i o n i c  s t r e n g t h  c o n d i t i o n s ,  
exposure  t o  v a r i o u s  o r g a n i c  s o l v e n t s ,  v a r i o u s  p r e s s u r e  c o n d i t i o n s .  

(2) It should  permit r a p i d  s e p a r a t i o n  of large volumes o f  
s t a r t i n g  materials which implies t h e  h i g h  r i g i d i t y  and s u i t a b l e  

MATRIX SPACER LIGAND 

CRUDE SAMPLE 

ADSORPTION 

DESORPTION 

REGENERATION 

3 ELUTION OF NON-BINDING 

Figure 2 
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form of t h e  ch romatograph ic  p a r t i c l e s  t o  e n s u r e  h i g h  f l o w  rates. 

P a r t i c l e s  s h o u l d  be l a r g e r  t h a n  5 u r n  and smaller t h a n  200 p m  

i n  d i ame te r .  

(3) It s h o u l d  c o n t a i n  f u n c t i o n a l ,  c h e m i c a l l y  a c t i v e  
g roups  which c a n  b e  e a s i l y  d e r i v a t i z e d  f o r  t he  c o v a l e n t  a t t a c h m e n t  

o f  l i g a n d s .  

c o n d i t i o n s  which d o  n o t  a l t e r  t h e  characterist ics o f  t h e  s u p p o r t .  

In  o r d e r  t o  a s s u r e  e a s y  a c c e s s i b i l i t y  o f  t h e  coup led  l i g a n d s  and a 

large e f f e c t i v e  s u r f a c e  area, a h i g h  degree of p e r m e a b i l i t y  i s  

d e s i r a b l e .  

A c t i v a t i o n  a n d  c o u p l i n g  shou ld  be  ach ieved  u n d e r  

(4) It s h o u l d  b e  h y d r o p h i l i c  and free o f  i o n i c  o r  

hydrophobic  g r o u p s  t o  a v o i d  n o n s p e c i f i c  a d s o r p t i o n  and p o s s i b l e  

d e n a t u r a t i o n .  

(5) It s h o u l d  b e  r e s i s t a n t  t o  m i c r o b i a l  o r  enzymat i c  
d e g r a d a t i o n .  T h i s  is n e c e s s a r y  i n  view of t h e  r e p e a t e d  u s e  and  
s t o r a g e  o f  t h e  ch romatograph ic  material and t h e  u s u a l  a p p l i c a t i o n  

o f  c r u d e  b i o l o g i c a l  samples .  

(6) An a d d i t i o n a l  d e s i r a b l e  p r o p e r t y  i s  t h a t  i t  s h o u l d  b e  

p o s s i b l e  e a s i l y  and  r e p r o d u c i b l y  t o  s y n t h e s i z e  t h e  t h e  m a t r i x  
m a t e r i a l .  

a l t e r n a t e .  
Commercial a v a i l a b i l i t y  of t h e  m a t r i x  is a n  a t t r a c t i v e  

U n f o r t u n a t e l y  a m a t r i x  p o s s e s s i n g  a l l  o f  t h e s e  c h a r a c t e r i s t i c s  

d o e s  n o t  a s  y e t  e x i s t .  
c e l l u l o s e ,  po lyac ry lamide ,  p o l y - p a m i n o s t y r e n e  and EMA ( a  1:l 

copolymer of e t h y l e n e  and maleic a n h y d r i d e )  were used. 

I n  t h e  p i o n e e r i n g  days  o f  t h i s  t e c h n i q u e  

C e l l u l o s e  (formed from l i n e a r  f3 -1,4 l i n k e d  D-glucose u n i t s )  

i s  commercial ly  a v a i l a b l e ,  c r o s s l i n k e d  w i t h  b i f u n c t i o n a l  r e a g e n t s  
such  as l-chloro-2,3-epoxypropane. 

f r e q u e n t l y  e x h i b i t  c o n s i d e r a b l e  n o n - s p e c i f i c  a d s o r p t i o n .  

problem i s  enhanced when c e l l u l o s e  is used  t o g e t h e r  w i t h  o x i d a t i v e  

a g e n t s  s u c h  a s  po ta s s ium o r  sodium p e r i o d a t e ,  s i n c e  a ldehyde  and 

c a r b o x y l  g r o u p s  a r e  g e n e r a t e d  t h e r e b y  i n c r e a s i n g  t h e  e x t e n t  of  

n o n - s p e c i f i c  a d s o r p t i o n .  A l so ,  t h e  g l y c o s i d i c  bonds are  s e n s i t i v e  
t o  a c i d  h y d r o l y s i s .  

geometry o f  c e l l u l o s e  r e d u c e s  f l o w  rates and p e n e t r a t i o n  o f  l a r g e  

However, c e l l u l o s e  matrices 

This 

I n  a d d i t i o n  t h e  f i b r o u s  and non-uniform 
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macromolecules.  Coupl ing p r o c e d u r e s  of b i n d i n g  l i g a n d s  o f  a 

p r o t e i n a c e o u s  n a t u r e  t o  c e l l u l o s e  have  been d e s c r i b e d  i n  s e v e r a l  
r e v i e w s  26-28. 

d e r i v a t i v e s  a s  a n  a f f i n i t y  m a t r i x  i s  n o t  widespread.  
o f  amino l i g a n d s  t o  EMA s i m u l t a n e o u s l y  i n t r o d u c e s  r e a c t i v e  

c a r b o x y l  groups.  The m a t r i x  t h e r e f o r e  ac t s  as a weak ion-exchange 
r e s i n  which r e s u l t s  i n  v e r y  c o n s i d e r a b l e  n o n - s p e c i f i c  a d s o r p t i o n .  

The p r o p e r t i e s  of enzymes bound t o  t h i s  m a t r i x  have been 
e x t e n s i v e l y  e v a l u a t e d  

A t  t h e  p r e s e n t  time t h e  u s e  o f  c e l l u l o s e  and i t s  

The c o u p l i n n  

28,29 

O f  t h e  o r i g i n a l  m a t r i x  s u p p o r t s  po lyac ry lamide  still is  t h e  

most wide ly  employed and w h i l s t  it p o s s e s s e s  many good q u a l i t i e s  

i t  h a s  o n e  major d i sadvan tage .  The v a r i o u s  d e r i v a t i z a t i o n  
p rocedures ,  wh ich  i n t r o d u c e  r e a c t i v e  c a r b o x y l  g roups  i n t o  t h e  

m a t r i x ,  c a u s e  c o n s i d e r a b l e  s h r i n k a g e  o f  t h e  beads  

Advantages o f  t h i s  m a t r i x  however i n c l u d e  t h e  s t a b i l i t y  o f  
po lyac ry lamide  i n  a wide pH r a n g e  (pH 1-10] and t h e i r  s t a b i l i t y  i n  

a l l  commonly used  o r g a n i c  e l u e n t s .  I n  a d d i t i o n  t h i s  m a t r i x  does 

n o t  c o n t a i n  i o n i z e d  g r o u p s  and is  b i o l o g i c a l l y  i n e r t ,  S i n c e  t h e  

m a t r i x  is a s y n t h e t i c  polymer i t  i s  ex t r eme ly  r e s i s t a n t  t o  
m i c r o b i a l  and enzymatic  a t t a c k .  P rocedures  f o r  t h e  c o u p l i n g  o f  

l i g a n d s  t o  t h e  commercial ly  a v a i l a b l e  forms o f  t h i s  m a t r i x  have 
been d e s c r i b e d  i n  d e t a i l  e l sewhere  . 

24,25 

30 

The major  d i s a d v a n t a g e  o f  p o l y s t y r e n e  s u p p o r t s  is t h e i r  

hydrophobic  character,  which r e s u l t s  i n  c o n s i d e r a b l e  n o n - s p e c i f i c  
a d s o r p t i o n ,  coup led  w i t h  v e r y  low p o r o s i t y  which r e s u l t s  i n  low 
f l o w  rates. 

More r e c e n t l y  a c o n s i d e r a b l y  improved m a t r i x  was found i n  t h e  

form o f  d e x t r a n  g e l s .  Dex t ran  ge l s  are formed by c r o s s l i n k i n g  
long-cha in  p o l y s a c c h a r i d e s  c o n s i s t i n g  l a r g e l y  o f  R lucose  s u b u n i t s  
l i n k e d  ma in ly  th rough  u - 1 , 6  R l u c o s i d i c  l i n k a g e s .  
d e x t r a n  c a n  be r ende red  i n s o l u b l e  f o r  u s e  a s  a s u i t a b l e  m a t r i x  by 

c r o s s l i n k i n g  w i t h  l-chloro-2,3-epoxypropane under  a l k a l i n e  

c o n d i t i o n s .  The r e s u l t i n g  three d imens iona l  qel  h a s  a r e l a t i v e l y  
h y d r o p h i l i c  n a t u r e  and c o n s e q u e n t l y  a f a i r l y  low n o n - s p e c i f i c  
a d s o r p t i o n .  Dex t ran  g e l s  are t h e r m a l l y  r e l a t i v e l y  s t a b l e ;  t h e y  

S o l u b l e  
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AFFINITY CHROMATOGRAPHY 24 7 

c a n  w i t h s t a n d  h e a t i n g  up t o  l l O ° C .  U n f o r t u n a t e l y ,  however,  

d e x t r a n  g e l s  w i t h  t h e  r e q u i r e d  p e r m e a b i l i t y  c h a r a c t e r i s t i c s  become 

t o o  s o f t  and  c o l l a p s e  unde r  t h e  o p e r a t i n g  p r e s s u r e s  o f  most 

ch romatograph ic  p rocedures .  I n  a d d i t i o n ,  i n  t h e  p r e s e n c e  o f  

o x i d i z i n g  a g e n t s  (used  t o  a c t i v a t e  t he  g e l )  b o t h  a ldehyde  a n d  

c a r b o x y l  g r o u p s  a re  formed. 
sys t em i n c l u d e  its s u s c e p t i b i l i t y  t o  m i c r o b i a l  d e g r a d a t i o n  and  t h e  

t endency  t o  swell markedly i n  o r g a n i c  s o l v e n t s .  N e v e r t h e l e s s ,  
s t a b i l i z e d  d e x t r a n  g e l s  have been employed w i t h o u t  a n y  f u r t h e r  

m o d i f i c a t i o n  a s  t h e  s p e c i f i c  a f f i n i t y  a d s o r b e n t  f o r  t h e  i s o l a t i o n  
and p u r i f i c a t i o n  of a ser ies  o f  l e c t i n s .  Coupl ing p r o c e d u r e s  f o r  

d e x t r a n  a re  similar t o  t h e  methods which w i l l  be  d e s c r i b e d  for 

a g a r o s e  and  i t s  d e r i v a t i v e s .  

Other d i s a d v a n t a g e s  o f  t h i s  m a t r i x  

A major  b reak th rough  i n  t h e  development o f  a f f i n i t y  

chromatography was ach ieved  w i t h  t h e  i n t r o d u c t i o n  o f  beaded 
a g a r o s e  a s  t h e  i n s o l u b l e  m a t r i x ;  t h i s  p r e s e n t l y  i s  t h e  most w i d e l y  

used  carrier. I n  i t s  n a t u r a l  s t a t e  a g a r o s e  o c c u r s  a s  p a r t  o f  a 
complex m i x t u r e  o f  cha rged  and uncharged p o l y s a c c h a r i d e s  r e f e r r e d  

t o  a s  a g a r  which i s  isolated from r e d  seaweed (Rhodophyceae).  
number o f  cha rged  s u l p h a t e  g roups  c a n  be  reduced unde r  a l k a l i n e  

c o n d i t i o n s  by t r e a t m e n t  w i t h  sodium borohydr ide .  Agarose c o n s i s t s  

o f  r e p e a t i n g  s u b u n i t s  o f  D-galactose and 3-6 anhydro L - g a l a c t o s e  
l i n k e d  a l t e r n a t i v e l y  th rough  t h e  1-3 and 1-4 p o s i t i o n s  ( F i g u r e  

3 ) .  H j e r t 6 ~ 1 ’ ~  developed methods f o r  t h e  t r a n s f o r m a t i o n  o f  

molten a g a r o s e  i n t o  a g a r o s e  s p h e r e s  f o r  chromatographic  p u r p o s e s .  
One way o f  a c h i e v i n g  t h i s  i s  t o  i n j e c t  h o t ,  mo l t en  a g a r o s e  t h r o u g h  

a f i n e  n o z z e l  i n t o  i ce -co ld  e t h a n o l  or d i s t i l l e d  water. Agarose 
a p p e a r s  t o  be  t h e  c a n d i d a t e  which b e s t  f i t s  t h e  r e q u i r e m e n t s  o f  a n  

i d e a l  m a t r i x  f o r  a f f i n i t y  chromatography. 

p r o p e r t i e s  which beaded a g a r o s e  p o s s e s s e s  i n c l u d e :  

The 

The desirable  

(1) The hydroxy l  g roups  on  t h e  s u g a r  r e s i d u e s  can  be  e a s i l y  
d e r i v a t i z e d  by a v a r i e t y  o f  methods f o r  t h e  c o v a l e n t  a t t a c h m e n t  o f  

l i g a n d s .  
( 2 )  The macroporos i ty  o f  t h e  g e l  m a t r i x 3 2  a l s o  makes t h e  

i n t e r i o r  o f  t h e  m a t r i x  a v a i l a b l e ,  t h e r e b y  i n c r e a s i n g  t h e  e f f e c t i v e  
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s u r f a c e  area f o r  l i g a n d  a t tachment ,  r e s u l t i n g  i n  enhanced b i n d i n g  
c a p a c i t i e s  . 

( 3 )  Beaded agarose  i s  mechanical ly  and chemica l ly  s t a b l e  under  
most exper imenta l  c o n d i t i o n s .  
range  4-9 and a t  tempera tures  above O ° C  and below 4OOC. 

mat r ix  i s  n o t  damaged by h i g h  s a l t ,  u r e a  o r  guanid ine  
hydrochlor ide  c o n c e n t r a t i o n s ,  o r  by 50% s o l u t i o n s  of o r g a n i c  

s o l v e n t s  such as e t h y l e n e  g l y c o l  o r  dimethylformamide. 

The suppor t  i s  stable i n  t h e  pH 
The 

( 4 )  The presence  of t h e  unusual  s u g a r  u n i t ,  

3,6-anhydro-L-galactose, makes a g a r o s e  e x c e p t i o n a l l y  r e s i s t a n t  t o  
microbial degrada t ion .  

(5 )  The porous m a t r i x  s t r u c t u r e  of beaded agarose  e x t e n d s  t h e  

f r a c t i o n a t i o n  range  o f  s e p a r a t i o n s  p o s s i b l e  t o  i n c l u d e  s u b s t a n c e s  
w i t h  molecular  masses as l a r g e  a s  40 m i l l i o n  d a l t o n s .  The m a t r i x  

c a n  b e  formed from v a r i o u s  c o n c e n t r a t i o n s  o f  a g a r o s e  which Rives 

rise t o  d i f f e r e n t  bead s i z e s  s u i t a b l e  f o r  d i f f e r e n t  molecular  
weight  s e p a r a t i o n s ,  c f .  Table  1. 

Thus s e p a r a t i o n  is achieved on t h e  basis o f  s e l e c t i v e  b i o a f f i n i t y  
a s  well  as  on t h e  bas i s  o f  molecular  s i e v i n g .  

(6) As a consequence of  the chemical  t rea tment  o f  t h e  mol ten  
agarose  before  g e l l i n g ,  t h e  m a t r i x  c o n t a i n s  very few s u l p h a t e ,  
su lpha te-ha l f  ester and carboxyl  groups  and t h u s  non-spec i f ic  

STRUCTURE OF AGAROSE 

D-gala ct ose 3-6 anhydro 
1- ga I act 01 e 

Figure 3 
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a d s o r p t i o n  i s  low. (However, these groups may cause  c o n s i d e r a b l e  

non-spec i f ic  a d s o r p t i o n  o f  basic p r o t e i n s  d i s s o l v e d  i n  low i o n i c  
s t r e n g t h  b u f f e r s ,  u < 0.02). 

( 7 )  The s p h e r i c a l  geometry o f  a g a r o s e  e n s u r e s  good flow 
p r o p e r t i e s  w i t h  a minimum of bed channel ing ,  t h u s  p r o v i d i n g  r a p i d  
s e p a r a t i o n .  

(8) Beaded a g a r o s e  i s  r e a d i l y  a v a i l a b l e  from s e v e r a l  commercial 
s o u r c e s ,  e.g. Pharmacia, Bio-Rad, S e r v a ,  P-L Biochemicals) .  

I n  a d d i t i o n  f o r  those a p p l i c a t i o n s  which r e q u i r e  t he  m a t r i x  t o  

be s u b j e c t e d  t o  l o n g  p e r i o d s  i n  d i s s o c i a t i n g  media such  a s  

guanid ine  hydrochlor ide ,  c h a o t r o p i c  s a l t s ,  u r e a ,  o r g a n i c  s o l v e n t s ,  
o r  h i g h  tempera tures ,  a g a r o s e  is a lso  a v a i l a b l e  i n  a t i g h t l y  
c r o s s l i n k e d  form w i t h  c o n s i d e r a b l y  i n c r e a s e d  thermal, chemical and  
mechanical  p r o p e r t i e s  and which n e v e r t h e l e s s  has t h e  same p o r o s i t y  
a s  t h e  p a r e n t  g e l .  C r o s s l i n k i n g  of a g a r o s e  33*34 has been 

achieved u s i n g  e p i c h l o r o h y d r i n  or  2,3-dibromopropan-l-01. 
t rea tment  reduces  t he  number of hydroxyl  groups ( t h e o r e t i c a l l y  by 
- 50%) a v a i l a b l e  f o r  t h e  c o v a l e n t  coupl ing  o f  l i g a n d s .  S e v e r a l  

workers  35-37 however have r e p o r t e d  t h a t  t h i s  loss o f  e f f e c t i v e  

b inding  s i t e s  can  be compensated for  through t h e  a d d i t i o n  o f  
s o r b i t o l  o r  p h l o r o g l u c i n o l  d u r i n g  t h e  c r o s s l i n k i n g  r e a c t i o n .  

This 

TABLE I 

P r o p e r t i e s  o f  Beaded Agarose 

Approx . Wet Bead F r a c t i o n a t i o n  range  (Molecular  Mass) 
Agarose Diameter pm p r o t e i n s  polysaccharides 
Concentr .% 

2 60 - 200 7 x l d  - Qxla 1 x 1 6  - 2xld 

6 60 - 1 6 5  1 x 1 8  - 4 x 1 6  l x l d  - 1 x 1 8  

4 60 - 140 6 x l d  - 2x1a 3 x 1 8  - 5 x 1 6  
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The combina t ion  o f  po lyac ry lamide  and a g a r o s e  a s  a m a t r i x  h a s  
been i n t r o d u c e d  by Uriel e t  al.38. 

po lyac ry lamide  network and a n  i n t e r s t i t i a l  a g a r o s e  g e l .  

and u n i f o r m i t y  o f  bead s ize  as well t h e  p re sence  of d i f f e r e n t  
t y p e s  o f  f u n c t i o n a l  g roups  a re  t h e  r e p o r t e d  advan tages  o f  t h i s  

sys t em 39940. Limi ted  t h e r m a l  and a c i d  s t a b i l i t y  a r e  i t s  ma jo r  

drawbacks.  

T h i s  s u p p o r t  h a s  a 

R i g i d i t y  

I n o r g a n i c  c a r r i e r s  such a s  porous  g l a s s  beads  have  a l s o  been 

used. 
ex t r eme ly  r e s i s t a n t  t o  m i c r o b i a l  d e g r a d a t i o n .  

chromatographic  beds  have  t h e  advan tage  t h a t  t h e  column bed  
volumes d o  n o t  change when t h e  aqueous environment  i s  a l t e r e d .  

The acid s t a b i l i t y  o f  g l a s s  i s  good b u t  d e g r a d a t i o n  i n  a n  a l k a l i n e  
environment  o c c u r s .  Non-specif ic  a d s o r p t i o n  t o  g l a s s  is  r a t h e r  

h i g h  b u t  may b e  g r e a t l y  reduced by c o v a l e n t l y  c o a t i n g  t h e  b e a d s  

w i t h  a monomolecular l a y e r  o f  d e x t r a n ,  g l y c e r o l  o r  

y-aminopropyltriethyoxy-silane 41'42. 
d e r i v a t i v e s  have  been used e x t e n s i v e l y  f o r  t h e  immobi l i za t ion  of 

enzymes. 
s u p p l i e r s  i n  c o n t r o l l e d  bead s i z e s  t o  a l l o w  e f f e c t i v e  m o l e c u l a r  
s i e v i n g  (e .g .  Bio-Rad, Corning,  S e r v a ,  Waters A s s o c i a t e s ) .  

s y n t h e t i c  polymers  which have f a i r l y  r e c e n t l y  been i n t r o d u c e d  
i n c l u d e :  

d i m e t h a c r y l a t e  43' 44,  s p h e r i c a l  ny lon  beads  c o v a l e n t l y  c o a t e d  

w i t h  g l y c e r o l 4 5  and copolymers  o f  amino a c i d s  
4.2 Ligands 

Glass d e r i v a t i v e s  have a n  o u t s t a n d i n g  r i g i d i t y  and a re  

Glass 

Porous g l a s s  beads  a n d  

T h i s  m a t r i x  i s  commercial ly  a v a i l a b l e  from s e v e r a l  

Other  

a copolymer o f  hydroxye thy l  m e t h a c r y l a t e  and e t h y l e n e  

46 . 
The c h o i c e  of t h e  l i g a n d  for  c o u p l i n g  t o  t h e  i n s o l u b l e ,  i n e r t  

carr ier  m a t r i x  i s  ma in ly  i n f l u e n c e d  by two f a c t o r s :  

(1) The l i g a n d  e x h i b i t s  a s p e c i f i c  and r e v e r s i b l e  b i n d i n g  
a f f i n i t y  f o r  t he  s u b s t a n c e  t o  be  p u r i f i e d .  

v a r y  depend ing  on t h e  s t r e n g t h  o f  t h e  i n t e r a c t i o n  between t h e  
immobilized l i g a n d  and t h e  s u b s t a n c e  t o  be  p u r i f i e d .  

s t r e n g t h  i s  g e n e r a l l y  c h a r a c t e r i z e d  by the  a s s o c i a t i o n  c o n s t a n t  
(Kass,  l / m o l e )  o r  t h e  d i s s o c i a t i o n  c o n s t a n t  (Kdiss, m o l e / l )  o f  

t h e  i n t e r a c t i o n :  

E l u t i o n  p r o f i l e s  w i l l  

T h i s  b i n d i n g  
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%s .s 
Ligand + S u b s t r a t e  % ?  Ligand - S u b s t r a t e  + X Calories [l] 

hiss  

It is u s u a l l y  recommended t h a t  t h e  l i g a n d  s h o u l d  h a v e  a b i n d i n g  
a f f i n i t y  f o r  i t s  s u b s t r a t e  i n  free s o l u t i o n  i n  t h e  r a n g e  o f :  

moles/ l i t re  > K ~ ~ ~ ~ ;  mo les / l i t r e  (lo4 

litres/mole < Kass  < 10 l i t res /mole)  

F o r  i n t e r a c t i o n s  h a v i n g  h i g h  v a l u e s  o f  t h e  a f f i n i t y  c o n s t a n t  
(Kdi s s  < 1 0 - 5 m o l e s / l i t r e ,  Kass > 1 0  5 l i tres/mole) t h e  

s u b s t r a t e  i s  l i k e l y  t o  b e  v e r y  t i g h t l y  bound t o  t h e  l i g a n d  and  
d e s o r p t i o n  w i l l  t e n d  t o  be d i f f i c u l t  g e n e r a l l y  r e q u i r i n g  h a r s h  o r  
d e n a t u r i n g  e l u t i o n  c o n d i t i o n s .  Conver se ly ,  i f  t h e  b i n d i n g  

c o n s t a n t  f o r  t h e  i n t e r a c t i o n  i s  low ( K  > 
moles/ l i t re)  t h e n  it is  p r o b a b l e  t h a t  t h e r e  w i l l  be o n l y  p a r t i a l  

o r  i n c o m p l e t e  s e p a r a t i o n  of t h e  s u b s t r a t e  from t h e  o the r  

c o n t a m i n a t i n g  macromolecules .  Such i n t e r a c t i o n s  are too  weak t o  
p e r m i t  s u c c e s s f u l  a f f i n i t y  chromatography.  It s h o u l d  be n o t e d  

t h a t  t h e  a f f i n i t y  c o n s t a n t  for  a l i g a n d  i n  s o l u t i o n  i s  g e n e r a l l y  
h i g h e r  t h a n  t h a t  f o r  a n  immobilized l i g a n d .  

d i s s  

( 2 )  I n  a d d i t i o n  t o  a r e a s o n a b l e  a f f i n i t y ,  t h e  l i g a n d  s h o u l d  

a l s o  p o s s e s s  o t h e r  f u n c t i o n a l  g r o u p s  which can b e  c h e m i c a l l y  
mod i f i ed  i n  o r d e r  t o  p e r m i t  c o v a l e n t  a t t a c h m e n t  t o  t h e  m a t r i x .  

i s  i m p o r t a n t  t o  c o n s i d e r  t h e  r e g i o n  of t h e  l i g a n d  t h a t  i s  t o  b e  

a t t a c h e d  t o  t h e  m a t r i x .  If more t h a n  o n e  f u n c t i o n a l  g r o u p  i s  

a v a i l a b l e  t h e  l i g a n d  s h o u l d  b e  c o u p l e d  v i a  t h e  g roup  least l i k e l y  
t o  b e  i n v o l v e d  i n  t h e  s p e c i f i c  i n t e r a c t i o n  w i t h  t h e  m o l e c u l e  t o  b e  

i s o l a t e d .  
d i s c u s s e d  l a te r . )  The main p r i n c i p l e  of s p e c i f i c  i n t e r a c t i o n s  
between b i o l o g i c a l  macromolecu le s  i s  t h e  complemen ta r i ty  of t h e  

b i n d i n g  sites. 
c lose i n t e r a c t i o n  of c o n f o r m a t i o n a l l y  a n d  c o n f i g u r a t i o n a l l y  

o r i e n t e d  g r o u p s  of  t h e  m o l e c u l e  w i t h  complemen ta r i ly  p o s i t i o n e d  

g r o u p s  o r  sites w i t h i n  t h e  s p e c i f i c  enzyme. 

of t he  l i g a n d  s h o u l d  n o t  i n d u c e  c o n f o r m a t i o n a l  c h a n g e s  o r  a l t e r  

t h e  n a t u r e  o f  t h e  b i n d i n g  si tes.  

I t  

( S p e c i f i c  c h e m i c a l  m o d i f i c a t i o n  p r o c e d u r e s  w i l l  b e  

The h i g h  r e a c t i v i t y  of s u b s t r a t e s  fo l lows  from t h e  

Thus i m m o b i l i z a t i o n  

The e f f e c t i v e n e s s  of t h e  
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252 ABSOLOM 

chromatographic  procedure w i l l  depend l a r g e l y  on t h i s  aspect o f  
t h e  technique.  

As t h e  technique  relies on  t h e  s p e c i f i c i t y  o f  t h e  i n t e r a c t i o n  

between t h e  l i g a n d  and t h e  subs tance  t o  be i s o l a t e d ,  t he  p u r i t y  of 
t h e  i s o l a t e  depends on t h e  i n i t i a l  q u a l i t y  o f  t h e  coupled l i g a n d .  
It is g e n e r a l l y  n o t  necessary  t o  a t t a c h  large c o n c e n t r a t i o n s  of 
t h e  l i g a n d  i n  order t o  p r e p a r e  a n  e f f i c i e n t  adsorbent .  

a v a i l a b l e  ev idence  s u g g e s t s  t h a t  a h i g h  c o n c e n t r a t i o n  o f  coupled 
l i g a n d  i s  l i k e l y  t o  i n c r e a s e  t h e  b inding  a f f i n i t y  (making 
subsequent  e l u t i o n  more d i f f i c u l t ) ,  s te r ic  h indrance  and 
non-spec i f ic  a d s o r p t i o n .  

s u f f i c i e n t  t o  couple  1-20pmoles  l i g a n d  per  m l  o f  SWOllen 
mat r ix .  However, i n  t he  case of v e r y  low a f f i n i t y  systems 

( Kdiss > 
c o n c e n t r a t i o n  should  be employed as t h i s  w i l l  t e n d  t o  i n c r e a s e  t h e  

b inding  a f f i n i t y  t h u s  p e r m i t t i n g  e f f e c t i v e  s e p a r a t i o n  from t h e  

other components. High molecular  weight  l i g a n d s  u s u a l l y  o f f e r  
more p o s s i b i l i t i e s  f o r  t h e  p r e p a r a t i o n  o f  a n  adsorbent  t h a n  low 
molecular  weight species owing t o  t h e  i n c r e a s e d  a v a i l a b i l i t y  o f  
f u n c t i o n a l  groups.  

Indeed t h e  

For most sys tems i t  is g e n e r a l l y  

m o l e s / l i t r e )  t h e  maximum p o s s i b l e  l i g a n d  

The e x t e n t  of l i g a n d  c o u p l i n g  t o  a n  a c t i v a t e d  m a t r i x  is 

i n f l u e n c e d  by s e v e r a l  factors: 
a c t i v a t e d  m a t r i x ,  t h e  r a t i o  o f  t h e  q u a n t i t y  of l i g a n d  p r e s e n t ,  
q u a n t i t y  o f  a c t i v a t e d  m a t r i x  p r e s e n t ,  c o n c e n t r a t i o n  o f  t h e  l i g a n d ,  
a c c e s s i b i l i t y  o f  t h e  r e a c t i v e  groups,  i o n i c  s t r e n g t h ,  pH and 
tempera ture  of t h e  coupl ing  s o l u t i o n  and r e a c t i o n  time. 

number o f  r e a c t i v e  groups on  t h e  

As mentioned p r e v i o u s l y  a l i g a n d  is s u i t a b l e  for t he  i s o l a t i o n  
o f  b i o l o g i c a l l y  a c t i v e  macromolecules i f  i t  b i n d s  t o  these 
p r o d u c t s  i n  a s p e c i f i c  and r e v e r s i b l e  manner. 
p u r i f i c a t i o n  problem i n  q u e s t i o n  w i l l  t h e r e f o r e  dec ide  t h e  n a t u r e  

o f  l i g a n d  which i s  t o  be employed. 
g i v e n  i n  Table 11. 

The p a r t i c u l a r  

Some possible combinat ions are 

C l a s s i f i c a t i o n  o f  l i g a n d s  is t h e r e f o r e  on  t h e  basis  of t h e i r  

biochemical  f u n c t i o n  rather t h a n  on t h e i r  s t r u c t u r a l  or chemical  
properties. Genera l ly  l i g a n d s  have a very  narrow s p e c i f i c i t y  
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which i s  s e l e c t i v e  f o r  o n l y  o n e  t y p e  of coun te r - l i gand .  This 

r e q u i r e s  t h e  p r o d u c t i o n  o f  s e p a r a t e  and s p e c i f i c  a d s o r b e n t s  f o r  

e a c h  p u r i f i c a t i o n  p rocedure .  

t h e  s o - c a l l e d  " g e n e r a l  l i g a n d "  which as i ts  name i m p l i e s  is  a 
l i g a n d  which d i s p l a y s  a n  a f f i n i t y  f o r  a l a r g e r  group o f  b i o l o g i c a l  
macromolecules.  Fo r  example,  s e v e r a l  d i f f e r e n t  dehydrogenases  c a n  

b e  i s o l a t e d  by employing o x i d i z e d  n i co t inamide -aden ine  

d i n u c l e o t i d e  (NAD+) a s  t h e  l i g a n d  and which i s  r e q u i r e d  as a 
c o f a c t o r  by t h i s  g roup  of enzymes. 
adso rbed  macromolecules  there i s  e i t h e r  s t r u c t u r a l  o r  f u n c t i o n a l  

s i m i l a r i t y .  P a r t i a l  p u r i f i c a t i o n  and s p e c i f i c i t y  i n  g e n e r a l  o r  
g r o u p  a d s o r b e n t s  i s  de te rmined  by b o t h  t h e  s e l e c t i v i t y  o f  t h e  

g e n e r a l  l i g a n d  a s  well  as  t h e  u s e  o f  s e l e c t i v e  e l u t i o n  

c o n d i t i o n s .  

Tab le  3. 
4 . 3  S p a c e r  A r m s  

A u s e f u l  m o d i f i c a t i o n  is t o  employ 

Within each g roup  o r  c lass  o f  

Examples of t y p i c a l  q e n e r a l  l i g a n d s  are  g i v e n  i n  

The a c t i v e  o r  b i n d i n g  s i te  o f  a b i o l o g i c a l  s u b s t a n c e  o f t e n  i s  

l o c a t e d  d e e p  w i t h i n  t h e  molecu le  and direct c o u p l i n g  o f  a l i g a n d  

TABLE I1 

a .  

b. 

C. 

d. 

e. 

LIGAND 

enzyme : 

r e c e p t o r  : 

a n t i b o d y  : 

l e c t i n  : 

COUNTER-LICAND (and  v i c e - v e r s a  

s u b s t r a t e  
i n h i b i t o r  
c o f a c t o r  (co-enzyme 1 

l e c t i n  
hormone 
v i t a m i n  
Fc p a r t  o f  immunoglobulin 

a n t i g e n  
h a p t e n  

g l y c o p r o t e i n  
p o l y s a c c h a r i d e  

D N A / R N A :  complementary n u c l e o t i d e s  
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TABLE I11 
Some Typical General Ligands 

- 
General Ligand Spec i f i c i ty  Applications - E l u e n t s  
Pro te in  A- F, region of IgC IgG (many spec ie s ) ,  1 M HAC pH 3.0.1 - 

IgG subclasses  and M g l y c l t r y r o h n  
fragments immune pH 7 
complexes antigens- - 

Concanavalin-A a-D-glucosyl, Glycoproteins, f r e e  sugar  
a -D-mannosyl membrane pro te ins  (methyl- -D- 

Len t i l  Lectin- 

Wheat germ 
Lectin 

Helix pomatia 
Lectin 

Po ly(U) - 

POly ( A - 

- 
Ly s ine  

C i  bacron 
B l u e  

5' AMP 
o r  

residues g lycol ip ids ,  glucoside) :pu lse  

0.5 M).Decreased 
pH (no t  below 3 )  
Borate bu f fe r  

polysaccharides o r  Rradiant (0- 

- 0.1 M ,  pH 6.5) 
S imi la r  t o  Con Membrane pro te ins ,  Free sugar 
A (weaker glycoproteins ( methy l-a -D - 
a f f i n i t y )  g1ucoside):pulse 

- - 0.1 M) 
N-acety1-e -D- Glycoproteins, Free sugar (N-ac 
glucosaminyl polysaccharides etyl-0-D-gluco 
res idues  c e l l s  (esp. T- samine) pulse o r  

N-acetyla -D- c e l l s  (esp.  T- Free sugar (N- 
galactos-aminyl lymphocytes) a c e t y l d  -D- 
r es idues  glycoproteins galactosamine) 
Poly(A), o l i g o  m R N A  p lan t  nuc le ic  Formamide (90%) 
( A )  sequences ac ids  in te r fe ron  Increased 

temperature 
Poly(U), oligo- hnRNA, v i r a l  R N A ,  Formamide (90% 
(U) sequences mRNA-binding pro- f o r  R N A )  Incr- 

o r  grad ien t  (0- 

1 ymphocy t es )  Rradient 

t e ins ,  R N A  poly- eased i o n i c  
merase, an t inuce l ic  s t r eng th  ( f o r  

- acid an t ibodies  p ro te ins )  
Acid ic  Plasminogen Spec i f ic  agent 
pro te ins  plasminogen (0.2 M amino- 

a c t i v a t o r  capro ic  a c i d )  
ribosomal R N A  Increased ion ic  

s t r eng th  (0.05- 
0.3 M N a C 1 )  

see sec t ion  Wide range (> 50) Free cofac tor  eg 
9.1 of nucleotide- NAD+; pu lse  o r  

requi r ing  enzymes, gradient(0-0.2M) 
albumin, a 2- Increased i o n i c  
macroglobulin, s t r eng th  (up t o  
in t e r f e ron  1 M NaC1) 

Decreased o r  
- increased pH 

h D +  analogue NAD+ deoendent Free co fac to r  - 
NADP+ dehydrogenases e.g. N A D + ,  

2'5'  ADP analogue NADP+ dependent NADP+ g rad ien t  
dehydrogenases (0-0.2 M )  incre- 

ased ion ic  s t r e -  
ngth (up t o  1 M )  
NaC1). Decreased 
o r  increased pH 
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t o  a m a t r i x  may r e s u l t  i n  a low p u r i f i c a t i o n  c a p a c i t y  o f  t h e  

a d s o r b e n t  d u e  t o  s ter ic  h i n d r a n c e  between the  m a t r i x  and  t h e  

coun te r -1  igand .  To overcome t h i s  problem ttspacer-armstt  a re  o f t e n  
i n s e r t e d  i n  between t h e  m a t r i x  and t h e  l i g a n d  t o  f a c i l i t a t e  more 

e f f e c t i v e  exposure  of t h e  l i g a n d  and t o  i n c r e a s e  t h e  c a p a c i t y  o f  
t h e  p repa red  a d s o r b e n t .  The l e n g t h  o f  a s p a c e r  arm i s  c r i t i c a l .  
If it is  t o o  s h o r t ,  t h e  arm w i l l  n o t  b e  e f f e c t i v e  and there w i l l  

b e  no improvement i n  c o u n t e r - l i g a n d  b ind ing .  
l o n g  there  i s  a marked d a n g e r  o f  n o n - s p e c i f i c  a d s o r p t i o n  r e d u c i n g  
t h e  s p e c i f i c i t y  o f  t h e  s e p a r a t i o n  p rocedure .  

I f  t h e  arm is t o o  

Two a p p r o a c h e s  a r e  a v a i l a b l e  f o r  t h e  i n c l u s i o n  o f  s p a c e r  arms 

i n  t h e  f o r m a t i o n  of a n  a d s o r b e n t :  
(1) Cova len t  a t t a c h m e n t  o f  t h e  spacer t o  t h e  m a t r i x  fo l lowed  

by c o u p l i n g  o f  t h e  l i g a n d  t o  t h e  s p a c e r  arm. 

( 2 )  P r i o r  f o r m a t i o n  of the  l i g a n d - s p a c e r  arm complex fo l lowed  

by  a t t achmen t  o f  t h i s  p r o d u c t  t o  t h e  m a t r i x .  
Both t e c h n i q u e s  are  c u r r e n t l y  i n  u s e  a l t h o u g h  t h e  fo rmer  i s  

more common a s  i t  i s  t e c h n i c a l l y  l ess  demanding and s e v e r a l  
ma t r ix - space r  arm c o n j u g a t e s  a r e  commercial ly  a v a i l a b l e .  

- al. have compared b o t h  methods and have  concluded t h a t  t h e  former 
h a s  t h e  most a d v a n t a g e s  . 

S e v e r a l  d i f f e r e n t  t y p e s  o f  s p a c e r  arms have  been i n t r o d u c e d .  

Barry 

47 

Hydrocarbon c h a i n s  (a ,w-diaminoalkanes,  a,w-amino c a r b o x y l i c  
a c i d s ) ,  polyamino a c i d s  (poly-DL-alanine,  poly-DL-lysine,  

poly-L-lysysl-DL-alanine, p o l y - g l y c i n e ) ,  and even n a t u r a l  p r o t e i n s  
( e g .  a lbumin)  have  been employed a s  s p a c e r  arms. The p r o p e r t i e s  
o f  a s p a c e r  arm s h o u l d  i n c l u d e  t h e  f o l l o w i n g :  

(1) They shou ld  form s t a b l e  c o v a l e n t  l i n k a g e s  w i t h  b o t h  t h e  

m a t r i x  and t h e  l i g a n d .  These bonds s h o u l d  be  s t a b l e  unde r  a 

v a r i e t y  o f  e x p e r i m e n t a l  c o n d i t i o n s .  

( 2 )  The spacer shou ld  be uncharged and h y d r o p h i l i c  i n  n a t u r e  
i n  order t o  minimize n o n - s p e c i f i c  a d s o r p t i o n .  Coupl ing o f  t h e  

s p a c e r  arm t o  t h e  m a t r i x  shou ld  n o t  r e s u l t  i n  t h e  f o r m a t i o n  of  

cha rged  g roups  as these w i l l  t hemse lves  r e s u l t  i n  n o n - s p e c i f i c  
s o r p t i o n .  
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(3) The s p a c e r  arm s h o u l d  be r e s i s t a n t  t o  chemical and 
m i c r o b i a l  d e g r a d a t i o n .  

A v a r i e t y  of commercial ,  p re - syn thes i zed  space r -ma t r ix  

d e r i v a t i v e s  are a v a i l a b l e .  Some o f  t h e s e  are  l i s t e d  i n  Table  4 .  
5 COUPLING PROCEDURES 

The u s e  of c e r t a i n  c o u p l i n g  p rocedures  depends o n  t h e  n a t u r e  
o f  t h e  f u n c t i o n a l  g r o u p ( s )  p r e s e n t  i n  the  m a t r i x  and  t h e  l i g a n d ,  
t h e  mechanical  and  chemica l  s t a b i l i t y  o f  both the  m a t r i x  and  
l i g a n d .  
l i g a n d  and  t h e  s u b s t a n c e  t o  be p u r i f i e d ,  w i l l  i n d i c a t e  which 

g roups  o n  t h e  l i g a n d  a re  least  c r i t i ca l  f o r  t h e  r e a c t i o n  w i t h  t h e  

b i n d i n g  s u b s t a n c e  and may t h u s  be used  f o r  c o u p l i n g  t o  t h e  

m a t r i x .  
arm or  l i g a n d ,  t h e  m a t r i x  has t o  be a c t i v a t e d .  The s p e c i f i c  

p rocedure  i n v o l v e d  w i l l  depend on t h e  t y p e  o f  m a t r i x  and l i u a n d  t o  

be used.  It is  beyond t h e  scope o f  t h i s  c h a p t e r  t o  d i s c u s s  t h e  

l a r g e  number o f  i n d i v i d u a l  methods a v a i l a b l e  for t h e  v a r i o u s  
m a t r i c e s .  
(e.g.  see ref. 10 ) .  A t  t h e  p r e s e n t  time, however, a g a r o s e  is 

undoubtedly t h e  most commonly used m a t e r i a l .  A r e v i e w  o f  t h e  

c h e m i c a l l y  r e a c t i v e  d e r i v a t i v e s  o f  p o l y s a c c h a r i d e s  has been 
p u b l i s h e d  by Kennedy . A r a n g e  o f  a c t i v a t e d  a g a r o s e  
d e r i v a t i v e s  are a v a i l a b l e  from a number of commercial  s u p p l i e r s .  

T h e  c h e m i c a l l y  r e a c t i v e  g roups  which are g e n e r a l l y  used  f o r  

The s p e c i f i c i t y  of t h e  b i n d i n g  i n t e r a c t i o n  between t h e  

I n  v i r t u a l l y  a l l  cases p r i o r  t o  t he  c o u p l i n g  o f  a spacer 

These t e c h n i q u e s  have  been reviewed i n  d e p t h  elsewhere 

48 

a t t achmen t  are amino, hydroxy l ,  o r  c a r b o x y l  f u n c t i o n s ,  o r  t h e  

a r o m a t i c  r e s i d u e s  o f  h i s t i d i n e  and t y r o s i n e .  A p a r t i a l  l i s t i n g  o f  
t h e  f u n c t i o n a l  g r o u p s  o f t e n  employed f o r  c o u p l i n g  l i g a n d s  t o  

commercial  a g a r o s e  d e r i v a t i v e s  is  g i v e n  i n  T a b l e  5. This lists 
m a t r i x  material from a s i n g l e  s u p p l i e r  and i t  s h o u l d  be emphasized 
t h a t  e q u i v a l e n t  and d i f f e r e n t  m a t r i c e s  are  a v a i l a b l e  from other  

commercial s o u r c e s .  
A more g e n e r a l  r ev iew o f  b i n d i n g  p rocedures  is  g i v e n  i n  Tab le  6. 

Some o f  t h e  more commonly employed r e a c t i o n  mechanisms used t o  
Couple  l i g a n d s  t o  a g a r o s e  are schematically d i s p l a y e d  i n  F ig .  4.  
(Modified from Fig .  3 . 6 ,  A f f i n i t y  Chromatography, Pharmacia  F i n e  
Chemicals, w i t h  p e r m i s s i o n ) .  
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TABLE V 
Some Commercial Agarose D e r i v a t i v e s  

- 
Type o f  l i g a n d  F u n c t i o n a l  D e r i v a t i v e  of 

P r o t e i n s ,  pep- -NH2 CNBr-activated Method o f  c h o i c e  f o r  prc- 
t i d e s ,  amino Sepha rose  4B t e i n s  and n u c l e i c .  S a f e ,  
a c i d s .  e a s y  c o u p l i n g  i n  mi ld  

c o n d i t i o n s .  Very well 
documented. Use CNBr 
a c t i v a t e d  Sepha rose  6MB 
(ttMacrobeads") f o r  c e l l  
s e p a r a t i o n s .  

CH-Sepharose 48 Coupling v i a  6-carbon 
s p a c e r  arm. Organ ic  so l -  
v e n t s  c a n  b e  used  f o r  
w a t e r - i n s o l u b l e  l i g a n d s .  
Carbodimide c o u p l i n g  
method used .  

Comments 
group Sepharose 

A c t i v a t e d  CH- A c t i v a t e d  g e l  for s p o n t a n  
Sepha rose  48 e o u s  c o u p l i n g  v i a  s p a c e r  

arm. Mild c o n d i t i o n s .  
E s p e c i a l l y  u s e f u l  f o r  
small, s e n s i t i v e  l i g a n d s  . 
c o u p l i n g  amino a c i d s  and  
p e p t i d e s .  Hydroph i l i c  
s p a c e r  arm. Organ ic  
s o l v e n t  c a n  be  u s e d .  

Epoxy-act ivated A c t i v a t e d  g e l  f o r  
Sepha rose  6B 

Amino a c i d s ,  -COOH AH-Sepharose 40 Coupling v i a  6-carbon s p a  
k e t o  a c i d s ,  ce r  arm. Organic  s o l v e n t s  
c a r b o x y l i c  c a n  be  used  f o r  wa te r - in -  
a c i d s  s o l u b l e  l i g a n d s .  C a r b o d i i  

mide c o u p l i n g  method u s e d  
S u g a r s ,  o t h e r  -OH Epoxy-act ivated A c t i v a t e d  g e l  fo r  coupl-  
hydroxy l  Sepha rose  6B i n g  v i a  ex t r eme ly  s t a b l e  
compounds e t h e r  bond. Hydrophobic 

s p a c e r  arm. Organic  s o l -  

- 

v e n t s  c a n  be  u s e d  - 
P r o t e i n s  -SH Thiopropyl-Sep- For  c o v a l e n t  chromotogra- 

h a r o s e  6B Acti- phy of -SH c o n t a i n i n g  
v a t e d  Th io l -  s u b s t a n c e s .  Coup l ing  rea- 
Sepha rose  4B c t i o n s  a re  r e v e r s i b l e  
Epoxy-act ivated F o r  a s tab le  i r r e v e r s i b l y  Amino a c i d s ,  

compounds - 
LOW MW t h i o l  -SH Thiopropyl-  e.g.  Coenzyme A ;  l i u a n d -  

Heavy metal heavy R e v e r s i b l e ,  immobil iza-  

, o t h e r  low MW Sepha rose  68 coupled p roduc t .  

Sepha rose  6B matrix bond c l e a v a b l e  - 
d e r i v a t i v e s  metal 

o t h e r  

t i o n  o f  mercu ra t ed  poly- 
n u c l e o t i d e s  (RNA,DNA) e t c  
u s e  reduced form o f  g e l .  
A lky l  and a r y l  h a l i d e s  
c a n  b e  coup led ;  a l so  
s u b s t n a c e s  c o n t a i n i n g  
C = O ,  N = N ,  C = C  bonds i n  
c e r t a i n  c o n d i t i o n s .  
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TABLE V I  
General  Binding Procedures  

Spacer  arm Optimum pH of Act ive  group on t h e  A c t i v a t i o n  
( c o n n e c t o r )  t h e  c o u p l i n g  s p a c e r  arm f o r  Reagent 
group used r e a c t i o n  l i g a n d  a t tachment  
a. AMINO GROUPS - NH2 7.5-8 -CO-NH-NHz NaN%+HCI - N% 4.5-6.0 -COOH Ca r b o d i i m i d e  - NH; 

-NH2 - NH2 

-NH2 - NH2 

-NH2 
-N% 
- N %  

-N% 
- NH2 

- NH2 

b. CARBOXYYL - COOH 
-COOH 

c. HYDROXYL 
-OH 

-OH 

d. SULPHYDRYL - SH 
-SH 

-SH 

8.7 

8.5 
8 

d-lO(down t o  6 )  
8.5-1 3 

5-10 
8-1 0 
7-5 
8-5 
7.7 
9-12 

-OH 

-OH 
-OH 

-OH 
c -c HZ 
\ /  
0 

0 ,CO-CH 
-c-o-N, I It 

-OH CO-CHL 

- NH2 
-co- 0-Q- 

4.5-6 - NH2 
4.5-6 0 -SH 

2-Amino-4,6- 
d ich loro-s -  
t r i a z i n e  
Bromoacetyl  
Oxida t ion  
w i t h  N A I O 4  
BrCN 
Yie lds  
s t a b l e  
amide-l inked 
d e r i v a t i v e  
i n  aqueous  
s o l u t i o n  

Benzoquinone - 
c 1 2 c = s  
Glu tara ldehyde  - 

Carbodi imide 
Carbodi imide 

A 1  k a l i n e  - NH2 Oxida t ion  

9-1 3 
7.5-8.5 0 NaNO;! + HCL 

w i t h  NaIO4 
- C H - C H 2  - 

\ /  

9-1 3 
wide range  of - $ , - s o  
of  c o n d i t i o n s  - 
4.5-6 -0 -COOH Carbodiimid e 

s o l u t i o n  

- 
- 

A 1  k a l i n e  - NH2 - 
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6 ADSORPTION 
The c o n d i t i o n s  which f a v o r  optimum complex f o r m a t i o n  between 

t h e  coup led  l i g a n d  and t h e  compound t o  be p u r i f i e d  w i l l  d e t e r m i n e  
t h e  c o n d i t i o n s  used  i n  t h e  a d s o r p t i o n  of t h e  c r u d e  sample t o  t h e  
a f f i n i t y  m a t r i x .  F a c t o r s  s u c h  a s  i o n i c  s t r e n g t h ,  pH, t e m p e r a t u r e ,  
t h e  P r e s e n c e  of c e r t a i n  metal i o n s ,  c o n c e n t r a t i o n  of t h e  s u b s t a n c e  
t o  be p u r i f i e d ,  f l o w  ra te  and s ter ic  a c c e s s i b i l i t y  of t h e  b i n d i n g  

s i tes  on t h e  bound l i g a n d  a l l  p l a y  a n  i m p o r t a n t  role. The 

i m p u r i t i e s  are washed away by means o f  t h e  c o u p l i n g  b u f f e r ,  o r  by 

NHlCH2)sCOOH 1 CARBODllMlDE * I-NH(CH2)sCONHR 5 AGAROSE RNH2 
t 

RNH2 I - N H R  
CNBr-ACTIVATED 2 

AGAROSE 
I 

\ ~ s o m o c y t t o i n e  thioloctono) 
~-NH(CH~),NHCOCH2Br 

1 

2 

4 N  oSN, 

(p- nitrobo nzoyloz id.) 

I 

B r C H $ i a  

0 
>-bromoocotyCN. hydroxytuccinimido) 

o r n o  
(tuccinic onhydrida) 

F i g u r e  4 
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u s i n g  more d r a s t i c  e l u t i n g  c o n d i t i o n s  (e .g .  i n c r e a s e d  s a l t  

c o n c e n t r a t i o n ,  change in pH) provided the  s p e c i f i c  biocomplex 
remains i n t a c t .  The effect  o f  t h e  geometry of t h e  column, t h e  

c o n c e n t r a t i o n  o f  t he  a f f i n i t y  l i g a n d  and t h e  t o t a l  o f  l i g a n d  i n  

t h e  column are  the  three b a s i c  parameters  t h a t  de te rmine  b o t h  t h e  

c a p a c i t y  and e x t e n t  o f  i n t e r a c t i o n .  I n  h i g h  a f f i n i t y  systems and 
when u s i n g  h i g h  c o n c e n t r a t i o n s  o f  t h e  bound l i g a n d ,  column l e n g t h  

i s  o f  l i t t l e  importance. 
columns t h a t  c o n t a i n  a h i g h  c o n c e n t r a t i o n  o f  l i g a n d  c a n  be used  
f o r  t h e  c o n c e n t r a t i o n  o f  very d i l u t e  s o l u t i o n s  o f  t h e  macromole of 
i n t e r e s t .  However, f o r  i n t e r a c t i o n s  w i t h  low a f f i n i t y ,  column 
geometry i s  a n  impor tan t  f a c t o r  f o r  t h e  o v e r a l l  s u c c e s s  o f  t h e  

system. 
7 ELUTION 

I n  p r a c t i c a l  terms t h i s  means t h a t  

The e l u t i o n  of adsorbed materials from a f f i n i t y  m a t r i c e s  c a n  
be the  most c r i t i c a l  s t e p  i n  t h e  chromatographic  process .  The 

s u c c e s s  of t h e  p u r i f i c a t i o n  may depend on t h e  choice  o f  method 

used t o  r e c o v e r  t h e  macromolecules. There are s e v e r a l  g e n e r a l  

methods o f  e l u t i o n  t h a t  are commonly and s u c c e s s f u l l y  used f o r  a 
wide v a r i e t y  o f  a f f i n i t y  matrices (see Table  7). 
7.1  E l u t i o n  by Temperature Changes 

The a d s o r p t i o n  o f  a d i s s o l v e d  subs tance  from a l i q u i d  phase 

o n t o  a i n e r t ,  s t a t i o n a r y  m a t r i x  i s  g e n e r a l l y  exothermic ,  cf. Eq .  

[ l],  and t h u s  a c c o r d i n g  t o  L e  Chatel ier ' s  p r i n c i p l e ,  e l e v a t e d  

tempera tures  w i l l  move t h e  e q u i l i b r i u m  i n  t h e  d i r e c t i o n  of heat  

a b s o r p t i o n .  Under a f f i n i t y  chromatography c o n d i t i o n s ,  a n  i n c r e a s e  

i n  tempera ture  t h u s  w i l l  s h i f t  t h e  e q u i l i b r i u m  t o  a h i g h e r  

r e l a t i v e  c o n c e n t r a t i o n  i n  t h e  mobile  phase,  i .e. d i s s o c i a t i o n  of  
t h e  complex is  favored .  I n  g e n e r a l ,  t h e  more exothermic t h e  

a d s o r p t i o n  p r o c e s s ,  t h e  more s u s c e p t i b l e  i t  w i l l  b e  t o  e l u t i o n  by 

a tempera ture  g r a d i e n t 4 9 .  
e n t h a l p i e s  o f  a d s o r p t i o n  ( A H o )  are  adsorbed t o  t h e  same m a t r i x ,  
t h e  dependence on  tempera ture  c a n  be u t i l i z e d  f o r  s e p a r a t i o n .  
Linear  tempera ture  e l u t i o n  g r a d i e n t s  have been p a r t i c u l a r l y  u s e f u l  
i n  t h e  s e p a r a t i o n  of  groups  of  k i n a s e  o r  dehydrogenase enzymes 

When macromolecules w i t h  d i f f e r e n t  
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262 ABSOLOM 

adsorbed t o  a g e n e r a l  l i g a n d  such  a s  AMP-Sepharose. The advantage  
of  t h e  thermal  e l u t i o n  sys t em i s  t h a t  t h e  recovered enzymes are  

n o t  mixed w i t h  e l u t i o n  r e a g e n t s  such a s  s a l t s ,  n u c l e a t i d e s  o r  
c h a o t r o p i c  a g e n t s .  

7.2 E l u t i o n  by D i s s o c i a t i o n  o f  Coulombic and van d e r  Waals 

Bonds - 
E l e c t r o s t a t i c  ( o r  Coulombic) bonds o r i g i n a t e  i n  t h e  a t t r a c t i o n  

between p o s i t i v e l y  and n e g a t i v e l y  charged groups on t h e  

i n t e r a c t i n g  molecules .  A c l o s e  geometr ic  complementar i ty  between 

t h e  p o s i t i v e  and n e g a t i v e  a l t e r n a t i n g  series o f  a c e r t a i n  p a t t e r n  
on  t h e  l i g a n d  and a n  o p p o s i t e l y  charged series on t h e  

counter - l igand  w i l l  obvious ly  permi t  a n  enhanced a t t r a c t i o n  
between molecules .  T h i s  a t t r a c t i o n  c a n  be reduced t o  c l o s e  t o  

z e r o  by i o n  s h i e l d i n g  (by i n c r e a s i n g  t h e  i o n i c  s t r e n g t h )  o r  even 
r e v e r s e d  i n t o  a r e p u l s i o n  (by a l t e r i n g  t h e  pH o f  t h e  l i q u i d  

medium), thereby  f a v o r i n g  d e s o r p t i o n .  I n  a d d i t i o n ,  i n  t h o s e  

s i t u a t i o n s  where p l u r i v a l e n t  c a t i o n s  are  involved  i n  media t ing  t h e  

TABLE VII 

E l u t i o n  Techniques i n  A f f i n i t y  Chromatography 

Temperature e l u t i o n  
I o n i c  s t r e n g t h  a l t e r a t i o n s  
B u f f e r  a n d / o r  pH changes 
Solvent  changes 
Chaot ropic  r e a g e n t s  
E l e c t r o p h o r e t i c  d e s o r p t i o n  

b. S p e c i f i c  

Ha pten  compet i t ion  
I n h i b i t o r  compet i t ion  
Co-substrate  e l u t i o n  
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AFFINITY CHROMATOGRAPHY 263 

s o r p t i o n  p r o c e s s ,  c h e l a t i n g  a g e n t s  may be  i n c o r p o r a t e d  i n t o  t h e  

e l u t i o n  b u f f e r  i n  o r d e r  t o  effect  d e s o r p t i o n .  

G e n e r a l l y  i n  a d d i t i o n  t o  t h e s e  e l e c t r o s t a t i c  ( i o n i c )  f o r c e s ,  

van  der  Waals ( o r  hydrophobic)  f o r c e s  a l s o  p l a y  a n  i m p o r t a n t  r o l e  

i n  m e d i a t i n g  t h e  s p e c i f i c  i n t e r a c t i o n  between t h e  bound l i g a n d  and  

t h e  coun te r - l i gand .  However, i t  i s  n o t  g e n e r a l l y  r e a l i z e d  t h a t  

Van d e r  Waals i n t e r a c t i o n s  between t h e  d i f f e r e n t  components,  

immersed i n  a l i q u i d ,  a l s o  e a s i l y  c a n  be made r e p u l s i v e ,  by 
modifying t h e  van  d e r  Waals c o n s t a n t  ( o r  Hamaker c o e f f i c i e n t )  o f  
t h e  l i q u i d .  

l i q u i d  medium . Thus i n  most cases, f o r  e l u t i o n b o t h  t h e  

Coulombic and t h e  van d e r  Waals i n t e r a c t i o n s  g e n e r a l l y  need t o  b e  

r e v e r s e d ,  which i n  e a c h  case r e q u i r e s  c a r e f u l  s t u d y  of t h e  
a p p r o p r i a t e  changes  t o  b e  made i n  t h e  phys icochemica l  p r o p e r t i e s  

o f  t h e  l i q u i d  medium. 
i s  e a s i l y  a c h i e v e d ,  a s  d i s c u s s e d  above ,  by a p p r o p r i a t e  pH o r  i o n i c  

s t r e n g t h  changes.  

d i f f e r e n t  materials immersed i n  a l i q u i d  is r e p u l s i v e ,  when t h e  

s u r f a c e  t e n s i o n  of t h e  l i q u i d  medium h a s  a v a l u e  i n t e r m e d i a t e  

between t he  v a l u e s  of t h e  s u r f a c e  t e n s i o n s  of t h e  two d i f f e r e n t  

i n t e r a c t i n g  m a t e r i a l s .  I n  p r a c t i c a l  terms, e f f e c t i n g  a van d e r  

Waals r e p u l s i o n  i n v o l v e s  lower ing  t h e  s u r f a c e  t e n s i o n  of  t h e  

aqueous medium t h r o u g h  t h e  a d d i t i o n  o f  v a r y i n g  amounts o f  water 

m i s c i b l e  o r g a n i c  s o l v e n t s  s u c h  a s  e t h y l e n e  g l y c o l ,  d i m e t h y l  
s u l f o x i d e ,  d i m e t h y l  ace t amide ,  p r o p a n o l  o r  e t h a n o l .  
Expe r imen ta l ly  t h e  p o s s i b i l i t y  of r e p u l s i v e  van d e r  Waals forces 
between two i n t e r a c t i n g  macromolecules  h a s  been employed t o  

a c h i e v e  t h e  comple t e  d i s s o c i a t i o n  o f  a n t i g e n - a n t i b o d y  

complexes 51'52, t o  e x p l a i n  t h e  mechanism o f  e l u t i o n  i n  

hydrophobic  chromatography 53'54 and i n  a f f i n i t y  
5s chromatography . 

7.3 

T h i s  is done by modu la t ing  t h e  s u r f a c e  t e n s i o n  o f  t h e  
50 

I n  t h e  case o f  Coulombic i n t e r a c t i o n s  t h i s  

The n e t  van d e r  Waals i n t e r a c t i o n  between two 

E l u t i o n  by S u b s t i t u t i o n  w i t h  Low Molecular  Weight 

Compounds 
D i s s o c i a t i o n  of t h e  l i g a n d - c o u n t e r  l i g a n d  complex may a l so  be 

ach ieved  th rough  t h e  a d d i t i o n  o f  a n  e x c e s s  o f  a low m o l e c u l a r  
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weight  s u b s t a n c e  which cor responds  t o  t h e  b inding  s i t e  o f  t h e  

l igand .  This  w i l l  s h i f t  t h e  e q u i l i b r i u m  t o  t h e  r i g h t  (cf. Eq. 

[l]) t h e r e b y  f a v o r i n g  d i s s o c i a t i o n  o f  t h e  complex. This p r i n c i p l e  

h a s  been most s u c c e s s f u l l y  used i n  t h e  f i e l d  o f  immunochemistry 

where h a p t e n s  have been employed t o  d i s s o c i a t e  ant igen-ant ibody 

complexes, e.g. low molecular  weight  s u g a r s ,  e.g. D-galactose,  

cor responding  t o  a n t i g e n i c  d e t e r m i n a n t s  i n  c e r t a i n  blood group 
a n t i g e n s ,  have been used t o  d i s s o c i a t e  s p e c i f i c  blood group 

an t igen-ant ibody complexes. 
e x t e n s i v e l y  i n  enzymology where c o f a c t o r s ,  coenzymes o r  

n u c l e o t i d e s  are  employed t o  a c h i e v e  s e p a r a t i o n  ( e l u t i o n )  o f  t h e  

l i g a n d  bound complex. 

7.4 E l u t i o n  by ( R e v e r s i b l e )  Denatura t ion  

T h i s  technique  h a s  a l so  been used  

The s p e c i f i c  biocomplex of t h e  bound subs tance  c a n  be  

d i s r u p t e d  a f t e r  t h e i r  ( r e v e r s i b l e )  s teric m o d i f i c a t i o n ,  f o r  
example w i t h  urea, guanid ine  s a l t s  o r  c h a o t r o p i c  ions. However, 

when t h e s e  r e a g e n t s  a r e  employed t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  

components of t h e  complex might be  i r r e v e r s i b l y  d e n a t u r a t e d  d u r i n g  

t h e  d i s s o c i a t i o n  process .  

e l u t i o n  from a f f i n i t y  columns h a s  been i n v e s t i g a t e d  by s e v e r a l  

workers  56-58. 
d i r e c t l y  t o  t h e  o r d e r  o f  t h e  Hofmeister  o r  l l lyo t ropic"  series a s  

l i s t e d  below i n  o r d e r  o f  i n c r e a s i n g  e l u t i o n  e f f e c t i v e n e s s  

( c h a o t r o p i c i t y ) .  

The use  o f  s o l u t i o n s  o f  s a l t s  f o r  

The e l u t i o n  s t r e n g t h  of a n i o n s  corresponded 

The Hofmeister series, i n  o r d e r  of i n c r e a s i n g  e l u t i o n  

e f f e c t i v e n e s s  ( c h a o t r o p i c i t y ) ,  f o r  c a t i o n s  is l i s t e d  below: 

It h a s  a lso been shown t h a t  i o n s  o f  e l e c t r o l y t e s  such  a s  L i C l  

o r  MgC12, having  a h i g h  c h a r g e  d e n s i t y ,  a re  less e f f e c t i v e  t h a n  
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monovalent i o n s  such  as  Cs+, K +  o r  B r - ,  i n  promoting t h e  

d i s s o c i a t i o n  (or e l u t i o n )  o f  s p e c i f i c  complexes. 
mentioned however t h a t  t h i s  order o f  c h a o t r o p i c i t y  is n o t  always 

t h e  same f o r  a l l  p r o t e i n s .  Such procedures  c a u s e  changes i n  t h e  

t e r t i a r y  c o n f i g u r a t i o n  o f  t h e  macromolecules which decreases t h e  

"geometr ic  f i t "  between t h e  i n t e r a c t i n g  s p e c i e s .  D i s s o c i a t i o n  may 

a l s o  be  achieved  by i n c o r p o r a t i n g  u r e a  (6-8 M) or d e t e r g e n t s  i n t o  
t h e  e l u t i n g  b u f f e r .  

7.5 E l u t i o n  by E l e c t r o p h o r e s i s  

It  should  be 

I n  1975 Dean and Harvey59 sugges ted  t h a t  a n  e l e c t r o p h o r e t i c  
procedure  could  be used a s  a d i rec t  e l u t i o n  technique  i n  a f f i n i t y  
chromatography. Subsequent ly  s e v e r a l  r e p o r t s  have appeared i n  t h e  
l i t e r a t u r e  o f  t h e  a p p l i c a t i o n  o f  e l e c t r o p h o r e t i c  d e s o r p t i o n  t o  

v a r i o u s  systems.  

of ten t o  immobilized an t igen-ant ibody systems. 
a s p e c t s  o f  t h e  technique  have been descr ibed  by Morgan 
- a1.60. 

a f f i n i t y  m a t r i x  a t  a pH such  t h a t  t h e  adsorbed material is 
charged ,  t h e n  t h e  s p e c i f i c a l l y  adsorbed macromolecules w i l l  

migra te  towards t h e  a p p r o p r i a t e  e l e c t r o d e .  
l igand-counter  l i g a n d  w i l l  be  induced by t h e  p o t e n t i a l  d i f f e r e n c e  
a c r o s s  the  m a t r i x  and t h e  c h a r g e  on the  macromolecules. 

l i g a n d  is c o v a l e n t l y  bound i t  w i l l  n o t  be ab le  t o  m i g r a t e  and t h u s  
d i s s o c i a t i o n  w i l l  occur .  R e a s s o c i a t i o n  may o c c u r  e n  r o u t e  b u t  t h e  

e l e c t r o p h o r e t i c  migra t ion  w i l l  c o n t i n u e  af ter  a f u r t h e r  
d i s s o c i a t i o n  e v e n t .  
( a )  e l e c t r o p h o r e t i c  d e s o r p t i o n  is a p p l i c a b l e  i n  a l l  s i t u a t i o n s  
where t h e  bound macromolecule t o  be e l u t e d  has  a n  o v e r a l l  n e t  
c h a r g e ,  ( b )  t h e  y i e l d s  c a n  be expected t o  be v e r y  h i g h  provided 
adequate  time f o r  d e s o r p t i o n  is a v a i l a b l e .  

r e l a t i v e l y  low c u r r e n t  necessary  t o  a c h i e v e  d e s o r p t i o n  i n  t y p i c a l  
a f f i n i t y  s i t u a t i o n s  t h e  procedure is very mi ld  and does  n o t  

i n v o l v e  expos ing  t h e  macromolecules t o  any harsh  c o n d i t i o n s .  
a l l  m a t r i x  materials a re  s u i t a b l e  when u s i n g  t h i s  t e c h n i q u e  f o r  
d e s o r p t i o n .  Nylon mesh, f o r  example, g i v e s  r ise t o  c o n s i d e r a b l e  

The t e c h n i q u e  however has  been a p p l i e d  most 
The t h e o r e t i c a l  

When a n  e lec t r ica l  c u r r e n t  is passed a c r o s s  a loaded  

D i s s o c i a t i o n  of t h e  

As t h e  

The consequences o f  t h i s  mechanism are t h a t  

I n  view o f  t h e  

Not 
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e lec t roendosmos i s .  T a b l e  8 lists some o f  t h e  sys t ems  i n  which 

t h i s  t e c h n i q u e  h a s  been a p p l i e d .  The t e c h n i q u e ,  i n  a mod i f i ed  

form known as “ a f f i n i t y  e l e c t r o p h o r e s i s f t ,  h a s  i n  a d d i t i o n ,  been  

used  t o  d e t e r m i n e  t h e  d i s s o c i a t i o n  c o n s t a n t s  of p r o t e i n - l i g a n d  

complexes (8 . l . c . ) .  

7.6 E l u t i o n  by D e s t r u c t i o n  o f  t h e  S p a c e r  A r m  o r  M a t r i x  

An i n t e r e s t i n g  e l u t i o n  t e c h n i q u e  i s  t h a t  based o n  t h e  

enzymatic  d e g r a d a t i o n  o f  e i t h e r  t h e  m a t r i x  o r  o f  t h e  s p a c e r  arm. 
One example o f  t h i s  method i s  t h e  p u r i f i c a t i o n  o f  a lbumin o n  a 

g e l a t i n  matrix which was s u b s e q u e n t l y  d i g e s t e d  by t r y p s i n  

t h e r e b y  r e l e a s i n g  t h e  albumin.  
t h e  s e p a r a t i o n  o f  mouse chymotrypsin on  Sepha rose  4B. 

r e p o r t  t h e  l i g a n d s  were v a r i o u s  p r e p a r a t i o n s  o f  soybean t r y p s i n  
i n h i b i t o r  which v a r i e d  i n  t h e i r  r e a c t i v i t y  w i t h  chymotrypsin . 
8 

8.1 E q u i l i b r i u m  and  D i s s o c i a t i o n  Cons tan t s  

have  been developed by Dunn and Chaiken 63-65, Nishikawa e t  

a l .  , P o r a t h  and  K r i s t i a n s e n 4 ,  and Graves and  Wub7. O f  

t h e s e  models p e r h a p s  t h e  most i n s t r u c t i v e  i s  t h a t  o f  Graves and  Wu 

which i s  based o n  t h e  t h e o r y  o f  g e l  chromatography combined w i t h  
s i m p l e  k i n e t i c s .  A s  a first approx ima t ion  o n l y  e q u i l i b r i u m  

r e l a t i o n s h i p s  were assumed. 

chromatography i s  t h e  f o r m a t i o n  of a s p e c i f i c  complex (CL) between 

t h e  i s o l a t e d  c o u n t e r - l i g a n d  (C) and t h e  immobilized l i g a n d  ( L ) .  

6 1  

The same p r i n c i p l e  was employed i n  
I n  t h i s  

6 2  

THEORETICAL AND QUANTITATIVE ASPECTS OF AFFINITY CHROMATOGRAPHY 

T h e o r e t i c a l  models of t h e  p r o c e s s  o f  a f f i n i t y  chromatography 

The main p r e r e q u i s i t e  f o r  a f f i n i t y  

F o r  t h i s  p r o c e s s  t h e  f o l l o w i n g  e q u a t i o n s  a p p l y :  

Kass  

Kd iss 

c + L , i  CL 

and 

[ C I  [ L l  
[ C L I  

K =  

[ 21 

[ 31 

where K is t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  l i g a n d - c o u n t e r  l i g a n d  

( a s s o c i a t i o n )  i n t e r a c t i o n  d u r i n g  t h e  a d s o r p t i o n  s t e p .  

S c h e m a t i c a l l y  t h i s  may be  r e p r e s e n t e d  a s  follows: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



AFFINITY CHROMATOGRAPHY 267 

c + &--I 7 
C d C  + L J - C - L M  

C :  f r e e  c o u n t e r  l i g a n d  
LM: 

5:  
- C-LM: 

l i g a n d  coupled t o  t h e  m a t r i x  

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

r e v e r s i b l y  bound c o u n t e r  l i g a n d  

When t h e  m a t r i x  material used h a s  a h igh  e x c l u s i o n  l i m i t  
6 7  ( 1 0  -10 d a l t o n s )  and t h e  i n t e r a c t i n g  s p e c i e s  a molecular  mass 

cons iderably  lower t h a n  t h i s  v a l u e ,  t h e n  t h e  amount o f  c o u n t e r  
l i g a n d  which i s  a t t a c h e d  t o  t h e  o u t e r  s u r f a c e  o f  t h e  m a t r i x  w i l l  

be  n e g l i g i b l e  i n  comparison t o  t h e  c o n c e n t r a t i o n  o f  c o u n t e r  l i g a n d  

bound t o  t h e  i n t e r i o r  o f  t h e  g e l .  Thus e q u i l i b r i u m  c o n d i t i o n s  f o r  
Eq.[5] o n l y  need t o  be cons idered .  ( I n  a d d i t i o n  s t e r i c  h indrance  

o f  t h e  incoming, free i n  s o l u t i o n ,  c o u n t e r  l i g a n d  molecules  by t h e  

p r e v i o u s l y  bound c o u n t e r  l i g a n d  molecules  is  n o t  cons idered . )  The 

d i s s o c i a t i o n  c o n s t a n t  (K ) for  t h e  complex i s  g i v e n  by: 
d i s s  

[ 4 1  
[ 51 

TABLE VIII 
A s e l e c t i o n  o f  t h e  materials t h a t  have been s u c c e s s f u l l y  

e l e c t r o p h o r e t i c a l l y  desorbed from a v a r i e t y  o f  d i f f e r e n t  matrices 

SPECIES DESORBED ADSORBENT 

F e r r i t i n  Antibody 
S t e r o i d  (E3-Gluc Anti body 
S t e r o i d  an t ibody E3-Gluc-BSA 

P r o t e i n  A 
Con A 

IgG 

Anti IgG IgG 
HSA Cibacron Blue-Sepharose 
LD H Cibacron Blue-Sepharose 
LDH 5-AMP-Sepharose 
LDH Hexyl-Sepharose 
L DH SEAE-Sepharose 
Cytochromes Cy tochrome- C 
E3-Gluc Amberl i te  XAD-2 
Amino Acids Amberl i te  I R  120 
Amino Acids Charcoal  
ATP Charcoal 
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[ 7 1  

I n  1968 Determan68 c o n s i d e r i n g  normal g e l  permeat ion 
chromatography i n d i c a t e d  t h a t :  

Ve = Vo + Kd . vi 181 
where V : e l u t i o n  volume o f  t h e  enzyme e 

Vo: 
Vi: 

K d :  

v o i d  volume o f  t h e  column 
i n t e r n a l  (bed)  volume o f  t h e  column 
d i s t r i b u t i o n  c o e f f i c i e n t  ( K d  = [s] / [ C l )  

I n  a f f i n i t y  chromatography however t he re  is a n  a d d i t i o n a l  
i n t e r a c t i o n  between t h e  c o u n t e r  l i g a n d  and t h e  g e l  beads, due t o  
t h e  c o v a l e n t l y  attached l i g a n d s  which s p e c i f i c a l l y  b ind  t h e  

c o u n t e r  l i g a n d .  Thus 
[ 9 1  vi Vet  = Vo + K d t  

and 
[ C  - LMI + [SI Kd = [3 C [ 101 

Rearranging and s u b s t i t u t i n g  for [ C ]  

[C - LMI + 

d K d  = Kd 
[;I 

S u b s t i t u t i n g  for [C - LMI u s i n g  [61  

K d  Kd . (?-)+ Kd 
d iss 

S u b s t i t u t i n g  for K d  u s i n g  171 

S u b s t i t u t i n g  for K,' u s i n g  [81 

Rearranging and m u l t i p l y i n g  by Vi 
'Ve - V0' ILJI v; = ve + 

K d i s s  

[ill 

[121 

[15 1 
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AFFINITY CHROMATOGRAPHY 269 

Thus i t  c a n  b e  s e e n  t h a t  t h e  i n c r e a s e  i n  e l u t i o n  volume ( V  I )  i n  

a f f i n i t y  chromatography is p r o p o r t i o n a l  t o  t h e  degree o f  

s u b s t i t u t i o n  o f  t h e  l i g a n d  on t h e  m a t r i x  ( [ L M ] ) ,  i f  t h e  

c o n c e n t r a t i o n  o f  t h e  s o l u b l e  l i g a n d  is c o n s t a n t  and i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  d i s s o c i a t i o n  c o n s t a n t  (Kdiss) of t h e  

i n t e r a c t i o n  between t h e  bound l i g a n d  and t h e  c o u n t e r  l i g a n d .  
Equat ion 1143 a l so  p r o v i d e s  a q u a n t i t a t i v e  basis fo r  a s t a t e m e n t  
made earlier i n  t h i s  t e x t  ( S e c t i o n  4.2) t h a t  when t h e  a f f i n i t y  of  
t h e  l i g a n d  for  i t s  s u b s t r a t e  is low t h e n  t h e  amount of l i g a n d  
coupled t o  t h e  m a t r i x  should  b e  i n c r e a s e d ,  i n  order t o  a c h i e v e  
s u c c e s s f u l  s e p a r a t i o n .  

e 

8.1.1 E l u t i o n  Analys is  
The most commonly employed method i n  g u a n t i t a t i v e  a f f i n i t y  

chromatography is based on t h e  e l u t i o n  o f  a macromolecule from t h e  

mat r ix- l igand  complex w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f  t h e  l i g a n d  i n  
free (unbound) s o l u t i o n .  Schematically t h i s  may be r e p r e s e n t e d  a s  
fo l lows  ( c f .  63, 64) .  

C , h C  + E e C  - LM 

+ + 

where S, 2, CS and E r e p r e s e n t  t h e  s o l u b l e  l i g a n d  (or c o m p e t i t i v e  
i n h i b i t o r )  and t h e  l i g a n d  complex i n  and o u t s i d e  the m a t r i x  as 

described f o r  Eq. [5] .  A s  mentioned p r e v i o u l s y  ( E q .  [151) t h e  

e l u t i o n  volume, Ve ,  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

c o n c e n t r a t i o n  o f  t h e  bound l i g a n d  [ L M ]  and i s  i n d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  the s o l u b l e  l i g a n d  if t h e  

c o n c e n t r a t i o n  of t h e  bound l i g a n d  i s  c o n s t a n t .  An ana logous  
express ion  t o  Eq.  [14]  c a n  be  d e r i v e d  t o  r e p r e s e n t  t h i s  procedure  
as  fo l lows:  

'Ve - V0' [ E l  V ' = V  + e e  " [161 
" d i s s  - 

(1 + 2) 
KS 
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270 ABSOLOM 

where K s  is t h e  d i s s o c i a t i o n  c o n s t a n t  f o r  t h e  l igand-counter  
l i g a n d  (S + C $S - C) b i n a r y  complex i n  s o l u t i o n .  

(KS) is u s u a l l y  determined by direct a n a l y s i s  u s i n g  t e c h n i q u e s  
s u c h  a s  e q u i l i b r i u m  d i a l y s i s ,  u l t r a f i l t r a t i o n ,  s p e c t r o s c o p i c  
methods o r  s t e a d y  s t a t e  k i n e t i c s .  

was exper imenta l ly  v e r i f i e d  by Dunn and C h a i k e t ~ ~ ~  u s i n g  
s t a p h y l o c o c c a l  n u c l e a s e  chromatographed on  a thymidine 
3'-(p-Sepharose-amino-phenylphosphosphate) 5'- phosphate mat r ix  w i t h  

e l u t i o n  be ing  achieved w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  nuc lease .  

The advantage of t h i s  rather s imple  model is t h a t  the  d e r i v e d  
t h e o r e t i c a l  e x p r e s s i o n s  c a n  r e a d i l y  be  tested exper imenta l ly  i n  
c o n t r a s t  t o  t h e  more r i g o r o u s  and complex models developed by 
o t h e r  workers  67'69'70 and which  take  i n t o  account  factors s u c h  
a s  f low ra te ,  s ter ic  h indrance ,  r e a c t i o n  ra te  and d i f f u s i o n  rate. 

On the  basis  of Eq- C163, if a n  exper imenta l  p l o t  o f  t h e  
e l u t i o n  volume, Ve,  v e r s u s  t h e  c o n c e n t r a t i o n  o f  t h e  bound l i u a n d  

( [ E l )  is drawn, t h e n  t h e  r e s u l t i n g  s l o p e  c a n  be d e s c r i b e d  by t h e  

f o l l o w i n g  express ion:  

This v a l u e  

The v a l i d i t y  o f  t h i s  e q u a t i o n  

S l o p e  = ('e - V o ) / K d i s s  

(1 + " )  
KS 

1171 

Hence when one o f  t h e  d i s s o c i a t i o n  c o n s t a r  s and t h e  s l o p e  a re  
known, t h e n  t h e  other d i s s o c i a t i o n  c o n s t a n t  may be c a l c u l a t e d .  

I n  a d d i t i o n  Eq. [16]  may be t ransformed i n t o  t h e  f o l l o w i n g  
form : 

CSI + 1 - -  1 
v; - ve - we - V0' [LJI KS(Ve - Vo)[LJI - - 

K d i s s  K d i s s  

Thus a graph  o f  l / ( V e '  - Ve)  v e r s u s  [S] should provide  a 

l i n e a r  p l o t  of t h e  form: y = mx + c w i t h  an  i n t e r c e p t  e q u a l  t o  
Kdiss/(Ve - V o ) ( [ E I )  and t h e  s l o p e  e q u a l  t o  

KdisS / K s ( V  - V o ) [ g I .  ([S] may be o b t a i n e d  from e l u t i o n  
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AFFINITY CHROMATOGRAPHY 271 

vo lumes ) .  It follows f r a n  t h e  above  t h a t  t h e  r a t i o  of t h e  

i n t e r c e p t : s l o p e  i s :  

(Ve - V o )  [GI Ks 
i n t e r c e p t  - - K d i s s  - 

'Ve - v o ) [ g l  K d i s s  
s l o p e  - 

E Ks 

S i n c e  t h e  e x p r e s s i o n  f o r  t h e  i n t e r c e p t  c o n t a i n s  t h e  

d i s s o c i a t i o n  c o n s t a n t  f o r  t h e  immobi l i zed  l i g a n d - s u b s t r a t e  

complex , Kdissl  may b e  c a l c u l a t e d  from t h a t  e x p r e s s i o n .  

8.1.2 F r o n t a l  A n a l y s i s  

E q u i l i b r i u m  a n d  d i s s o c i a t i o n  c o n s t a n t s  ( i n  a f f i n i t y  

chromatography s y s t e m s )  may a l so  b e  o b t a i n e d  by f r o n t a l  a n a l y s i s  

a c c o r d i n g  t o  t h e  method of  Kasai and I s h i i  . T h i s  t e c h n i q u e  

h a s  s e v e r a l  t heo re t i ca l  a d v a n t a g e s  o v e r  t h e  method of  Dunn a n d  

Chaiken d e s c r i b e d  above.  F r o n t a l  a n a l y s i s  is  e x t r e m e l y  s e n s i t i v e  
a n d  e l u t i o n  volumes c a n  b e  a c c u r a t e l y  d e t e r m i n e d  b e c a u s e  t h e i r  

dependence o n  c o n c e n t r a t i o n  i s  n e g l i g i b l e .  

71 

8.1.3 A f f i n i t y  E l e c t r o p h o r e s i s  

A f f i n i t y  e l e c t r o p h o r e s i s  i s  a t e c h n i q u e  t h a t  makes u s e  o f  t h e  

a d v a n t a g e s  of b o t h  a f f i n i t y  chromatography ( s e p a r a t i o n  a c c o r d i n g  
t o  b i o s p e c i f i c  i n t e r a c t i o n s  between macromolecu le s )  a n d  

p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  (where macromolecules  are  
s e p a r a t e d  a c c o r d i n g  t o  t h e i r  e l e c t r o p h o r e t i c  m o b i l i t y ) .  The 

method was first d e s c r i b e d  by Takeo a n d  Nakamura who u s e d  i t  t o  
d e t e r m i n e  t h e  d i s s o c i a t i o n  c o n s t a n t s  o f  g l u c a n  

p h o s p h o r y l a s e s  . The term " a f f i n i t y  e l e c t r o p h o r e s i s "  was 

i n t r o d u c e d  by Horejsi a n d  Kocourek who used  t h e  t e c h n i q u e  f o r  t h e  

s t u d y  of p h y t o h e m a g g l u t i n s  . The p r i n c i p l e  of t h e  method 

c o n s i s t s  o f  t h e  e l e c t r o p h o r e s i s  of macromolecule  on a m a t r i x  
( u s u a l l y  p o l y a c r y l a m i d e )  which c o n t a i n s  c o v a l e n t l y  bound immobile  

l i g a n d s  f o r  which t h e  macromolecu le s  e x h i b i t  a s p e c i f i c  a f f i n i t y .  

The macromolecules  which have  combin ing  s i t e s  complementary t o  t h e  

l i g a n d s  w i l l  b i n d  t o  them and d o  n o t  miRrate whereas other  

p r o t e i n s  (wh ich  d o  n o t  e x h i b i t  t h e  r e q u i r e d  s p e c i f i c i t y )  unde rgo  a 

normal  s e p a r a t i o n  based on t h e i r  i n d i v i d u a l  e l e c t r o p h o r e t i c  

72 

73 
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272 ABSOLOM 

mobil i t ies .  

polyacrylamide gel  c o n s i s t i n g  o f  t h r e e  reg ions :  
T e c h n i c a l l y  t h e  procedure  r e q u i r e s  t h e  format ion  o f  a 

(1) Top. This is a " s t a c k i n g  gelvf o f  l a r g e  pore  s i z e  which is 
approximately 5 mm i n  l e n g t h  and is used t o  c o n c e n t r a t e  t h e  

appl ied  mixture  t o  y i e l d  a narrow, wel l  d e f i n e d  s t a r t i n g  r e g i o n  o r  
o r i g i n .  

( 2 )  Middle.  This is t h e  " a f f i n i t y  ge l"  t o  which t h e  l i g a n d  
h a s  been c o v a l e n t l y  bound t o  t h e  m a t r i x  and is a l s o  about  5 mm i n  
l e n g t h .  This is a large pore  g e l .  

( 3 )  Bottom. T h i s  is t he  * ' separa t ing  g e l "  o f  small pore  s i z e  
a n d  is g e n e r a l l y  about  5-6 cm i n  l e n g t h .  
t h a t  s e p a r a t i o n  o f  t h e  non-binding macromolecules occurs .  

It is i n  t h i s  r e g i o n  

In  practice when d i s s o c i a t i o n  c o n s t a n t s  are t o  be determined 
by t h i s  method d i s c  g e l s  are prepared which c o n t a i n  vary ing  
amounts of  t h e  c o v a l e n t l y  attached l i g a n d .  
of t h e  sample t h e  whole ge l  is s t a i n e d  and t h e  p o s i t i o n  o f  t h e  

macromolecule e x h i b i t i n g  s p e c i f i c i t y  fo r  t h e  bound l i g a n d  is 
determined.  The d i s t a n c e  migrated is t h e n  expressed r e l a t i v e  t o  
t h e  d i s t a n c e  migrated by t h e  macromolecule i n  a c o n t r o l  R e 1  wh ich  

does n o t  c o n t a i n  any l i g a n d .  

A f t e r  e l e c t r o p h o r e s i s  

Nakamura and Wakeyama have publ i shed  a mathematical  
r e l a t i o n s h i p  which describes t h e  e:ectrophoret ic  m o b i l i t y  o f  

74 macromolecules on a medium c o n t a i n i n g  a r e a c t i n g  s u b s t a n c e  
which c a n  be used f o r  de te rmining  t h e  d i s s o c i a t i o n  c o n s t a n t .  
is assumed t h a t  a n  e q u i l i b r i u m  is es tab l i shed  i n  t h e  r e a c t i o n  
between t h e  l i g a n d  (L) and t h e  c o u n t e r  l i g a n d  o r  spec i f ic  

macromolecule ( C : 

It 

CL,C + L [ I 9 1  
The d i s s o c i a t i o n  c o n s t a n t  is t h e n  d e f i n e d  as :  

[CI[LI 
K d i s s  [CL] [ 201 

It is a lso  assumed t h a t  t h e  c o n c e n t r a t i o n  of t h e  l i g a n d ,  [L], is 
much g r e a t e r  t h a n  t h e  c o n c e n t r a t i o n  o f  t h e  s p e c i f i c  c o u n t e r  l i g a n d  
[C] and is t a k e n  t o  be  e q u a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  l i g a n d  
bound t o  t h e  m a t r i x  [L]. From (ref .  74) it can be shown t h a t :  
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AFFINITY CHROMATOGRAPHY 273 

- x - Y  - - [ L I K d i s s  
2 

Y ( K d i s s  + 

r211 

where x i s  t h e  d i s t a n c e  mig ra t ed  by C i n  t h e  p r e s e n c e  o f  a c e r t a i n  
c o n c e n t r a t i o n  of bound l i g a n d  and  y is t h e  d i s t a n c e  m i g r a t e d  by C 

i n  t h e  a b s e n c e  o f  any  bound l i g a n d .  The c o n c e n t r a t i o n  of free 

c o u n t e r - l i g a n d  [ C ]  i s  assumed t o  be  v e r y  much smaller t h a n  t h e  
c o n c e n t r a t i o n  o f  bound [ C ]  and t h u s  Eq. [21 ]  may be w r i t t e n  as: 

The m o b i l i t y  of t h e  c o u n t e r - l i g a n d ,  i n  t h e  p r e s e n c e  of v a r y i n g  

c o n c e n t r a t i o n s  of  bound l i g a n d ,  may b e  expres sed  r e l a t i v e  t o  t h e  

m o b i l i t y  of a t r a c k i n g  d y e  i n  t h e  same g e l  a s  f o l l o w s :  

where t h e  s u b s c r i p t  ttalf i n d i c a t e s  t h e  p o s i t i o n  o f  t h e  band a f t e r  
e l e c t r o p h o r e s i s ;  0 ,  t h e  p o s i t i o n  of t h e  o r i g i n ;  C ,  t h e  p o s i t i o n  of  

t h e  c o u n t e r  l i g a n d ;  and D ,  t h e  p o s i t i o n  o f  t h e  t r a c k i n g  dye. 
R e l a t i v e  m o b i l i t i e s  are used s i n c e  t h e  a b s o l u t e  m o b i l i t i e s  

e x p r e s s e d  i n  Eq. [22 ]  canno t  b e  de t e rmined  i n  t h e s e  expe r imen t s .  

The v a l u e  o f  t h e  d i s s o c i a t i o n  c o n s t a n t  c a n  be  determined from 
r e l a t i v e  m o b i l i t i e s .  FQ. [22 ]  may b e  r e w r i t t e n  as:  

ELI Y 
K d i s s  = - 

x - Y  
[241 

where Rm and R m  are  the  r e l a t i v e  mob i l i t i e s  measured i n  t h e  

a b s e n c e  and p r e s e n c e  o f  t h e  l i g a n d ,  r e s p e c t i v e l y .  Equa t ion  [251 

c a n  be  t r a n s f o r m e d  i n t o  

Y X 

[LI 1 + -  

R m  
1 K d i s s  - -  - 

R m X  Y 

C261 
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Thus from a p l o t  o f  l / R m x  v s  [L] a s t r a i g h t  l i n e  may be o b t a i n e d  
w i t h  t h e  

s l o p e  I 

Rmx * K d i s s  

The i n t e r c e p t  on t h e  l i g a n d  c o n c e n t r a t i o n  a x i s  ( 1 / R m  

y i e l d  ( -  Kdiss) and t h e  i n t e r c e p t  on t h e  l / R m x  a x i s  ( [ L ]  = 0) 
w i l l  y i e l d  t h e  r e c i p r o c a l  o f  t h e  t h e o r e t i c a l  m o b i l i t y  o f  t h e  

counter - l igand  ( 1 / R m  ) on t h e  m a t r i x  i n  t h e  absence of any bound 
l i g a n d .  The d i s s o c i a t i o n  c o n s t a n t  may a l s o  be o b t a i n e d  from t h e  

product  of 

= 0) w i l l  
X 

0 

intercept = ( l /Rmx)(Kdiss  . Rmx) 
slope 

281 

Experimental ly  it has been found t h a t  t h e  d i s s o c i a t i o n  

c o n s t a n t s  found by t h i s  method are  u s u a l l y  lower t h a n  t h e  Kdiss 

v a l u e s  found f o r  t h e  same system when t h e  l i g a n d  i s  not  bound and  
u s i n g ,  e.g. e q u i l i b r i u m  d i a l y s i s .  The technique  h a s  t h e  advantage  
t h a t  systems having  r e l a t i v e l y  h i g h  v a l u e s  of d i s s o c i a t i o n  

c o n s t a n t s  (weak i n t e r a c t i o n s )  c a n  be determined.  
amounts of  sample (which may be inhomogenous) can  be used. 

Also,  v e r y  small 

T h i s  t echnique  has been used t o  de te rmine  t h e  d i s s o c i a t i o n  
c o n s t a n t s  o f  s e v e r a l  d i f f e r e n t  systems:  
polysaccharide-pho~phorylase~~, concanaval in  A-glycoprotein 75 , 

73 mannose-phytohemagglutins . The method a l so  p e r m i t s  t h e  

d e t e c t i o n  o f  i n a c t i v e / d e n a t u r e d  macromolecules. 
8.2 Determinat ion o f  Rate Cons tan ts  

Denizot  and Delaage6' have proposed t h a t  a f f i n i t y  

chromatography can  be used t o  de termine  t h e  a s s o c i a t i o n  ( f o r w a r d )  
and d i s s o c i a t i o n  ( r e v e r s e )  rate c o n s t a n t s  o f  t h e  b inding  o f  
macromolecules t o  immobilized l i g a n d s .  Evidence reported t o  d a t e  
s u g g e s t s  t h a t  t h i s  c o n t e n t i o n  cannot  be exper imenta l ly  v e r i f i e d .  
The r e s u l t s  o b t a i n e d  a p p e a r  t o  ref lect  more a measure o f  t h e  mass 

t r a n s f e r  p r o c e s s e s  involved ,  t h a n  t h e  pr imary b inding  e v e n t s  of 
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t h e  macromolecule t o  t h e  l i g a n d .  I f  t h i s  technique  i s  t o  b e  

employed fo r  t h e  de te rmina t ion  of  ra te  c o n s t a n t s  t h e n  i t  probably 

w i l l  be n e c e s s a r y  t o  employ m a t r i x  systems w i t h  a very  low 

p o r o s i t y .  

8.3 Uses i n  Funct iona l  C h a r a c t e r i z a t i o n  

A f f i n i t y  chromatography a p p e a r s  t o  o f f e r  a r e l a t i v e l y  s imple  
and widely a p p l i c a b l e  method for  de te rmining  and c h a r a c t e r i z i n g  

S e v e r a l  f e a t u r e s  o f  t h e  macromolecule b inding  s i t e .  The method 
c a n  be r e a d i l y  used t o  de te rmine  t h e  q u a n t i t a t i v e  r e c o g n i t i o n  by a 

s p e c i f i c  macromolecule, o r  se t  o f  related macromolecules, o f  a 
range  o f  compounds. I n  a d d i t i o n ,  t h e  technique  p r o v i d e s  i n c r e a s e d  

v e r s a t i l i t y  f o r  t h e  d e t e r m i n a t i o n  o f  a w i d e  range  o f  b i n d i n g  

s t r e n g t h s  and t h e s e  a f f i n i t y  c o n s t a n t s  may be ga thered  from a 

l a r g e  r a n g e  i n  the s ize  of t h e  macromolecules. 
convent iona l  t e c h n i q u e s ,  such a s  e q u i l i b r i u m  d i a l y s i s ,  a re  
g e n e r a l l y  r e s t r i c t e d  by t h e  s i z e  of  p o r e s  o f  t h e  s e p a r a t i n g  

membrane. I n  a d d i t i o n  t o  t h e  s p e c i f i c i t y  o f  t h e  i n t e r a c t i o n ,  
a f f i n i t y  chromatography i s  a s e n s i t i v e  a n a l y t i c a l  t o o l  which c a n  

be used t o  de termine  t h e  p r e c i s e  l o c a t i o n  o f  t h e  b inding  o r  a c t i v e  

S i te  o f  t h e  macromolecule. This can  be  done by de termining  t h e  

ligand-macromolecule b inding  a f f i n i t y  b e f o r e  and a f t e r  selected 

chemical m o d i f i c a t i o n  o f  t h e  a c t i v e  groups  on t h e  macromolecule o r  
l i g a n d .  

9 RELATED TECHNIQUES 

9 .1  

The more 

Chromatography w i t h  Organic  Dyes a s  Ligands 

Of ten  t h e  i n t e r a c t i o n  o f  a s p e c i f i c  l i g a n d  w i t h  i t s  
cor responding  counter - l igand  is  s o  s t r o n g  t h a t  it is  d i f f i c u l t  t o  
d i s s o c i a t e  t h e  complex under  c o n d i t i o n s  which r e t a i n  t h e  n a t i v e  

a c t i v i t y  o r  s t r u c t u r a l  i n t e g r i t y  o f  t h e  macromolecule. I n  s u c h  

cases, i t  i s  o f t e n  d e s i r a b l e  t o  p r e p a r e  a l i g a n d  which h a s  a lower 

b u t  s u f f i c i e n t  a f f i n i t y  t o  s e r v e  a s  a n  adsorbent .  One way of 

a c h i e v i n g  t h i s  i s  t o  p r e p a r e  f ragments  o f  t h e  n a t i v e  l igand .  
example, adenos ine  5l-phosphate may be  cons idered  a fragment  of  

n ico t inamide  adenos ine  diphosphate  ( N A D )  and c a n  i n  some cases 

s e r v e  a s  a g e n e r a l  l i g a n d  f o r  NAD-binding enzymes. Another 

For  
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approach i s  t o  p r e p a r e  a f f i n i t y  matrices by c o v a l e n t l y  c o u p l i n g  
o r g a n i c  d y e s  t o  t h e  i n s o l u b l e  carrier. These dyes  g e n e r a l l y  have 

a broad s p e c i f i c i t y  and i n t e r m e d i a t e  b inding  a f f i n i t y  f o r  a group 

o f  p r o t e i n s .  
Cibacron Blue FC3A which i s  a polyaromat ic ,  su lphonated  b l u e  
dye. 

consequent ly  its p o t e n t i a l  range  i s  ext remely  wide. 
about  50 p r o t e i n s  w i t h  a f f i n i t y  f o r  n u c l e o t i d e s  had been p u r i f i e d  
by Cibacron Blue a f f i n i t y  chromatography . The m a t r i x  most 
Commonly employed i n  c o n j u n c t i o n  w i t h  t h i s  dye  i s  c r o s s l i n k e d  
agarose .  

w i l l  react w i t h  t h e  free hydroxyl  groups  i n  agarose .  

remembered t h a t  d e x t r a n s  have more hydroxyl  groups  t h a n  a g a r o s e  
and  consequent ly  h i g h e r  c o u p l i n g  e f f i c i e n c i e s  are t o  be expec ted  

w i t h  d e x t r a n .  Using t h e  a c t i v a t e d  dye  has t h e  advantage t h a t  i t  
d o e s  n o t  i n t r o d u c e  any f u r t h e r  r e a c t i v e  groups  i n t o  t h e  m a t r i x .  
T h i s  i s  o f t e n  a problem when t h e  g e l  i s  a c t i v a t e d  i m p a r t i n g  a n  

i o n i c  o r  hydrophobic n a t u r e  t o  t h e  m a t r i x  and r e s u l t s  i n  i n c r e a s e d  
non-spec i f ic  a d s o r p t i o n .  

The bes t  known o f  t h i s  t y p e  o f  a f f i n i t y  m a t r i x  is 
R 

The dye a p p e a r s  t o  be able t o  mimic NAD, NADP o r  ATP and 

A s  o f  1980, 

7 6  

Cibacron Blue i s  a t r i a z i n e - a c t i v a t e d  compound which 

It should  be  

The a v a i l a b l e  exper imenta l  ev idence  seems t o  i n d i c a t e  t h a t  t h e  

s p e c i f i c i t y  o f  t h e  pro te in-dye  i n t e r a c t i o n  i s  due t o  a s t r u c t u r e ,  
common t o  many enzymes, known a s  t h e  d i n u c l e o t i d e  fo ld .  This f o l d  
c o n s i s t s  o f  a b o u t  120 amino acids  i n  a B-sheet c o n f i g u r a t i o n  o f  
5-6 P a r a l l e l  s t r a n d s  s t a b i l i z e d  by a-hel ical  loops .  
- a d 7  and Wilson78 have found t h a t  a l l  p r o t e i n s  known t o  
p o s s e s s  t h e  d i n u c l e o t i d e  f o l d ,  from X-ray c r y s t a l l o g r a p h i c  
s t u d i e s ,  b ind  t o  Cibacron Blue and c o u l d  b e  e l u t e d  i n  a s p e c i f i c  

manner w i t h  a low c o n c e n t r a t i o n  of t he  a p p r o p r i a t e  n u c l e o t i d e .  
each c a s e ,  t h e  most e f f e c t i v e  n u c l e o t i d e  fo r  e l u t i o n  was t h e  

s o l u b l e  n u c l e o t i d e  which had t h e  h i g h e s t  a f f i n i t y  f o r  t he  enzyme. 
Binding o f  t h e  dye  t o  t h e  d i n u c l e o t i d e  f o l d  probably i n v o l v e s  b o t h  
e l e c t r o s t a t i c  and hydrophobic i n t e r a c t i o n s .  Albumin is  a l o  known 
t o  b ind  s t r o n g l y  t o  Cibracron  Blue.  
a t tachment  h a s  n o t  y e t  been c l a r i f i e d .  Recent ly  a d i f f e r e n t  b l u e  
a g a r o s e  has been in t roduced:  

Thompson t 

I n  

The mechanism o f  t h i s  

RemazolTM Blue Agarose which d o e s  
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AFFINITY CHROMATOGRAPHY 277 

n o t  bind t o  albumin and e x h i b i t s  i n c r e a s e d  s e l e c t i v i t y  f o r  t h o s e  

p r o t e i n s  which p o s s e s s  t h e  d i n u c l e o t i d e  f o l d .  

Recent ly  two o t h e r  dye l i g a n d s  have been in t roduced  v i z .  Congo 
Red ( f o r  t h e  i s o l a t i o n  o f  p r o t e i n s  p o s s e s s i n g  t h e  d i n u c l e o t i d e  

f o l d )  and t h e  proc ion  dyes (which a p p e a r  s e l e c t i v e l y  t o  b ind  many 

r e s t r i c t i o n  endonucleases) .  

9.2 Covalent  Chromatography 

T h i s  t e c h n i q u e  d i f f e r s  from normal t t a f f i n i t y l t  chromatography 
i n  t h a t  c o v a l e n t  bonds are  formed between a s o l u t e  and t h e  

immobilized l i g a n d  and t h u s  s e p a r a t i o n  i s  n o t  dependent on t h e  

non-covalent b i o s p e c i f i c  i n t e r a c t i o n s  between t h e  two i n t e r a c t i n g  

macromolecules. T h i s  n e v e r t h e l e s s  i s  a form of a f f i n i t y  

chromatography i n  t h e  s e n s e  t h a t  t h e  macromolecules show a 
d i s p o s i t i o n  t o  i n t e r a c t  s p e c i f i c a l l y  w i t h  c e r t a i n  i n o r g a n i c  

molecules. Covalent  chromatography is most f r e q u e n t l y  a p p l i e d  t o  
t h e  p u r i f i c a t i o n  o f  s u l f h y d r y l  p r o t e i n s .  I n  t h i s  technique  t h e  

subs tance  c o n t a i n i n g  t h e  t h i o l  groups i s  a t t a c h e d  c o v a l e n t l y  t o  
t h e  chromatographic  suppor t .  

purpose a re  i n d i c a t e d  i n  F ig .  5. The macromolecule ( i .e .  

counter - l igand)  i s  t h e n  bound t o  t h e  a c t i v a t e d  t h i o l a t e d  mat r ix  
through t h e  s e l e c t i v e  at tachment  o f  t h i o l  groups. This i n v o l v e s  a 

t h i o l - d i s u l p h i d e  exchange w i t h  t h e  format ion  o f  a mixed 
d i s u l p h i d e .  

t h i o l - c o n t a i n i n g  macromolecule c a n  be  e l u t e d  through t h e  r e d u c t i o n  
o f  t h e  d i s u l p h i d e  bond u s i n g  d i t h i o t h r e i t o l  o r  2-mercapoethanol .  

S e v e r a l  r e a c t i o n  mechanisms f o r  t h i s  

S i n c e  t h i s  c o u p l i n g  r e a c t i o n  i s  r e v e r s i b l e  t h e  

These t h i o l a t e d  matrices have been s u c c e s s f u l l y  employed i n  

t h e  f o l l o w i n g  areas: 
* S p e c i f i c  i s o l a t i o n  o f  t h i o l  c o n t a i n i n g  p r o t e i n s  o r  p e p t i d e s .  

* S e p a r a t i o n  o f  t h i o l a t e d  from non- th io la ted  p r o t e i n s  o r  
p e p t i d e s .  

* Immobil izat ion and i s o l a t i o n  o f  mercurated polynucleo t ides .  
* I s o l a t i o n  o f  enzymes c o n t a i n i n g  t h i o l  groups. 

T h i o l a t e d  a f f i n i t y  matrices should  n o t  be s t o r e d  f o r  prolonged 

p e r i o d s  i n  t h e  free t h i o l  form as t h e  t h i o l  group is  s u s c e p t i b l e  

t o  o x i d a t i o n .  In  a d d i t i o n  m e r t h i o l a t e  and phenylmercuric  s a l t s  
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s h o u l d  n o t  be used  a s  b a c t e r i o s t a t i c  a g e n t s  as t h e y  w i l l  b ind  wi th  

t h e  t h i o l  group.  
9.3 Metal Chelate Chromatography 

I n  1975  P o r a t h  e t  al.79 i n t r o d u c e d  t h e  term "chelate 
chromatography" t o  describe a s e p a r a t i o n  p rocedure  based on  t h e  

a f f i n i t y  o f  p r o t e i n s  fo r  heavy metal i o n s .  
mainly used  f o r  t h e  i s o l a t i o n  o f  h i s t i d i n e -  and 
c y s t e i n e - c o n t a i n i n g  macromolecules.  
g roups  form s tab le  c o - o r d i n a t i o n  complexes w i t h  t h e  i o n s  of heavy 

metals s u c h  a s  z i n c ,  coppe r ,  cadmium, mercury,  c o b a l t  and n i c k e l .  
O f  t h e  metal chelates  tes ted t h e  a d s o r p t i o n  c a p a c i t y  for  serum 

The t e c h n i q u e  i s  

The imidazo le  and t h i o l  

p r o t e i n s  decreased i n  t h e  o r d e r  Cu2+ > Zn2+ > N i 2 +  > 
Mn2+. 

A s  these metals are t r a n s i t i o n  e l e m e n t s ,  t h e  b i n d i n g  a f f i n i t y  

i s  pH dependent .  A t  n e u t r a l  pH (pH 6-8) a d s o r p t i o n  w i l l  o c c u r  

H (immobilized thiol group). 

ALKYL OR ARYL 
HALIDES 

REACTION WITH HEAVY 
METALS AND DERIVATIVES MERCAPTIDE 

FORMATION 

S - H e O O H  - 
t$N-C-H,C-S- 0 .  

Figure 5 
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th rough  h i s t i d i n e  and c y s t e i n e  whereas  a t  a l k a l i n e  pH (pH 8-91 

c o - o r d i n a t i o n  w i t h  o t h e r  amino a c i d s  may occur .  

a t  h i g h  pH v a l u e s  a d s o r p t i o n  w i l l  be  more e f f e c t i v e  b u t  less 

s p e c i f i c .  

9.4 Charge T r a n s f e r  Chromatography 

t h e  p o s s i b i l i t y  of s p e c i f i c a l l y  i s o l a t i n g  macromolecules on  t h e  

b a s i s  of t h e  i n t e r a c t i o n  between t h e  n - e l e c t r o n s  o f  t h e  

macromolecule and  t h e  h y b r i d  o r b i t a l s  on  t h e  l i g a n d .  
-- e t  a1.81 have  d e s c r i b e d  t h e  u s e  o f  t h e  t e c h n i q u e  f o r  t h e  

i s o l a t i o n  o f  s t e r o i d s  f rom b i o l o g i c a l  f l u i d s ,  Porath” h a s  

d e s c r i b e d  t h e  use o f  c h a r g e - t r a n s f e r  a f f i n i t y  chromatography f o r  

t h e  s e p a r a t i o n  o f  t r y p t o p h a n  and N-acetyl t r y p t o p h a n  on  a column 

c a r r y i n g  1 , 3 - d i n i t r o p h e n y l  g roups  a s  t h e  l i g a n d .  

9.5 A f f i n i t y  P a r t i t i o n  Chromatography 

T h i s  means t h a t  

F a i r l y  r e c e n t  r e p o r t s  in t h e  l i t e r a t u r e e 0  have documented 

P e l l i z z a r i  

T h i s  t e c h n i q u e  i s  based on  t h e  same p r i n c i p l e  a s  phase  
8 3  p a r t i t i o n  chromatography . Two ( o r  more) p h a s e s  o f  s o l u b l e  

polymers  are formed by mixing aqueous s o l u t i o n s  o f  t h e  polymers.  

C l a s s i c a l l y  d e x t r a n  (500,000 d a l t o n s )  and p o l y e t h y l e n e  g l y c o l  

(6,000 d a l t o n s )  have been used. 

s e p a r a t e :  

l ower  phase  is d e x t r a n - r i c h .  

d i f f e r  i n  t h e i r  d i s t r i b u t i o n  i n  t h e  two p h a s e s ,  t h e y  may be  

s e p a r a t e d  by s e v e r a l  e x t r a c t i o n s  o r  a l t e r n a t i v e l y  by c o u n t e r  

c u r r e n t  d i s t r i b u t i o n .  

t h e  polymers  i s  modi f i ed  th rough  t h e  c o v a l e n t  a t t achmen t  of  a 
l i g a n d .  

i n  one phase.  

c h a r a c t e r i s t i c s  f o r  a p a r t i c u l a r  macromolecule,  t h e n  on s e p a r a t i o n  

t h e  macromolecule w i l l  b e  d i s t r i b u t e d  i n  t h a t  phase which c o n t a i n s  

t h e  mod i f i ed  l i g a n d .  T h i s  method was first i n t r o d u c e d  by F lanagan  

-- e t  al.84 who i s o l a t e d  a c e t y l c h o l i n e  r e c e p t o r s  i n  t h i s  manner by 

c o u p l i n g  c h o l i n e r g i c  l i g a n d s  t o  p o l y e t h y l e n e  g l y c o l .  

Johanssone5 i s o l a t e d  human serum albumin by t h i s  method t h r o u g h  

t h e  a t t a c h m e n t  o f  p a l m i t o i c  a c i d  t o  p o l y e t h y l e n e  g l y c o l .  

After mixing t h e  two p h a s e s  

t h e  uppe r  phase  i s  r i c h  i n  p o l y e t h y l e n e  g l y c o l  and  t h e  

If t h e  components t o  b e  p u r i f i e d  

I n  t h e  a f f i n i t y  p a r t i t i o n i n g  method o n e  o f  

On p h a s e  s e p a r a t i o n  n e a r l y  a l l  t h e  bound l i g a n d s  w i l l  b e  

If t h e  l i g a n d  e x h i b i t s  s p e c i f i c  b i n d i n g  

Shanbhag a n d  

T h i s  
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t echnique  h a s  a l s o  been used f o r  t h e  s u c c e s s f u l  s e p a r a t i o n  of  
blood cells  . See  a lso Hofs tee  who f r a c t i o n a t e d  p r o t e i n  

mixtures  through d i f f e r e n t i a l  a d s o r p t i o n  on a g r a d i e n t  o f  
s u b s t i t u t e d  a g a r o s e s  o f  i n c r e a s i n g  hydrophobici ty .  

9.6 Hydrophobic Chromatography 

8 3  

Hydrophobic chromatography is a method w i t h  a l a r g e l y  

e m p i r i c a l  basis and which developed as a n  outgrowth from a f f i n i t y  
chromatography. 
t R N A  on a benzoylated DEAE-cellulose column86. 
systematic i n v e s t i g a t i o n s  o f  t h e  n a t u r e  o f  t h e  i n t e r a c t i o n  between 

biopolymers and a hydrophobic mat r ix  were r e p o r t e d  by 
Hofs tee  87j*e who c a l l e d  the  p r o c e s s  "Hydrophobic A f f i n i t y  

Chromatography o f  Pro te ins" .  
d e f i n e d  t h e  hydrophobic effect  as  Ifan i n t e r a c t i o n  o f  s e p a r a t e  
molecules  w i t h  water, and which cannot  be accounted f o r  by 
c o v a l e n t ,  e l e c t r o s t a t i c ,  hydrogen-bond o r  c h a r g e - t r a n s f e r  
forces.11 A t  f irst "sal t  e f f e c t s f 1  were thought  t o  be o f  t h e  u tmost  
importance b u t  i t  soon became e v i d e n t  t h a t  t h e  e l u t i o n  o f  

biopolymers, e s p e c i a l l y  p r o t e i n s ,  from t h e  hydrophobic m a t r i x  was 
g r e a t l y  fac i l i t a ted  through t h e  i n c o r p o r a t i o n  o f  %on-po1arVf 
l i q u i d s  such a s  e t h y l e n e  g l y c o l .  

It was f i r s t  used i n  1967 f o r  t h e  s e p a r a t i o n  o f  
The f i r s t  

I n  t h e  same r e p o r t a 7  Hofs tee  

The a f f i n i t y  m a t r i x  u s u a l l y  c o n s i s t s  o f  po lysacchar ide  c h a i n  
t o  which v a r i o u s  hydrocarbon l i g a n d s  o f  vary ing  c h a i n  l e n g t h s  have 
been attached. Reten t ion  of  t h e  biopolymers on t h e  l i g a n d s  is n o t  
b i o s p e c i f i c  and i s  a f u n c t i o n  o f  physicochemical  v a r i a b l e s  such  a s  

pH, i o n i c  s t r e n g t h  and t h e  c o n t e n t  o f  o r g a n i c  s o l v e n t s  i n  t h e  

mobile  phase . Extens ive  exper imenta l  data  are a v a i l a b l e  i n  
t h e  l i t e r a t u r e  and y e t  t he  u n d e r l y i n g  p r i n c i p l e  of t h i s  t y p e  of  

chromatography has o n l y  r e c e n t l y  been e l ~ c i d a t e d ~ ~ .  

- 
s t a n d p o i n t  have sugges ted  t h a t  hydrophobic chromatography is a 

c a t e g o r y  o f  l i q u i d  ohromatography i n  which c o u p l i n g  between 
SolUtes (and/or  p a r t i c l e s )  and t h e  l i g a n d  o c c u r s  by van d e r  Waals 

a t t r a c t i o n  under  c o n d i t i o n s  where the i n t e r f a c i a l  free energy o f  
t h e  l i q u i d  medium is h i g h e r  t h a n  t h e  i n t e r f a c i a l  f ree  e n e r g i e s  of 

89 

Van Oss 

approaching t h e  problem from a s u r f a c e  thermodynamic 
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both  s o l u t e s  ( a n d / o r  p a r t i c l e s )  and t h e  l i g a n d .  According t o  t h i s  

t h e o r y  e l u t i o n  i s  e f f e c t e d  by changing t h e  van d e r  Waals 
a t t r a c t i o n  i n t o  a r e p u l s i o n  by lower ing  t h e  i n t e r f a c i a l  f r e e  

energy  o f  t h e  l i q u i d  t o  a v a l u e  i n t e r m e d i a t e  between t h a t  o f  t h e  

s o l u t e ( s )  ( a n d / o r  p a r t i c l e s )  and the  l i g a n d  s u r f a c e .  I n  p o l a r  
l i q u i d s  such  a s  water, e l e c t r o k i n e t i c  i n t e r a c t i o n s  (which a re  
i n f l u e n c e d  by pH and sal t  e f f e c t s )  w i l l  a l s o  p l a y  a r o l e .  

thermodynamic i n t r e p r e t a t i o n  by van Oss e t  a l .  o f  t h e  mechanism o f  
hydrophobic  ~ h r o m a t o g r a p h y ~ ~  i s  suppor ted  by t h e  r e c e n t  

e x t e n s i v e  rev iew a r t i c l e  by S r i n i v a s a n  and Ruckenstein’ 

examines i n  d e t a i l  t h e  r o l e  o f  p h y s i c a l  f o r c e s  i n  t h i s  p r o c e s s .  

The 

which 

It i s  f a r  beyond t h e  i n t e n t  o f  t h i s  a r t i c l e  t o  d i s c u s s  t h e  

s p e c i f i c s  o f  hydrophobic  chromatography. 

t h e  technique  i s  now w e l l  e s t a b l i s h e d  as a n  a n a l y t i c a l  and 
P r e p a r a t i v e  t o o l  f o r  macromolecular c h a r a c t e r i z a t i o n  o r  

p u r i f i c a t i o n .  
a v a i l a b l e  from d i f f e r e n t  commercial  s u p p l i e r s .  

review a r t i c l e s  have been publ i shed  which d e s c r i b e  t h e  
e x p e r i m e n t a l  r e s e a r c h  and c u r r e n t  s t a t u s  o f  t h i s  t e c h n i q u e  i n  

S u f f i c e  i t  t o  s a y  t h a t  

S e v e r a l  hydrophobic  m a t r i x  materials are  now 

S e v e r a l  e x c e l l e n t  
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