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LIGAND SPECIFIC CHROMATOGRAPHY 

She ldon  W .  May*+ and Oska r  R.  Zaborsky* 
C o r p o r a t e  Resea rch  L a b o r a t o r i e s  

E s s o  Resea rch  a n d  E n g i n e e r i n g  Company 
Linden,  N e w  J e r s e y  07036 

INTRODUCTION 

It is  w e l l  known t h a t  many m o l e c u l e s  p o s s e s s  t h e  a b i l i t y  

t o  b ind  s p e c i f i c a l l y  and r e v e r s i b l y  t o  o t h e r  molecu le s  i n  s o l u t i o n .  

F o r  example,  enzymes form non-cova len t  Michae l i s - complexes  w i t h  

s u b s t r a t e s  as p a r t  o f  the c l a s s i c a l  Michae l i s -Men ten  scheme o f  

e q u a t i o n  1. S i m i l a r l y ,  a n t i b o d i e s  form complexes w i t h  t h e i r  

E + S  ,- (ES) E + P (1) 
Complex 

r e s p e c t i v e  a n t i g e n s ,  and p r o t e i n s  i n t e r a c t  w i t h  o t h e r  p r o t e i n s ,  

w i t h  n u c l e i c  a c i d s  and w i t h  c a r b o h y d r a t e s .  However, t h i s  

phenomenon i s  n o t  l i m i t e d  t o  macromolecules .  Through t h e  now 

f a m i l i a r  Watson-Crick b a s e  p a i r i n g  mechanism, n u c l  

s p e c i f i c a l l y  w i t h  e a c h  o t h e r ,  and t h e  same is t r u e  

of o t h e r  b i o l o g i c a l  m o l e c u l e s .  

T h i s  s p e c i f i c  b i n d i n g  p r o p e r t y  forms t h e  

power fu l  s e p a r a t i o n  t e c h n i q u e  f o r  which t h e  term I' 

o t i d e s  i n t e r a c t  

f o r  a v a r i e t y  

b a s i s  f o r  a 

igand  s p e c i f i c  

chromatography" (LSC) is  used i n  t h i s  review. I n  t h i s  t e c h n i q u e ,  

* Address  c o r r e s p o n d e n c e  t o  e i t h e r  a u t h o r .  

t P r e s e n t  a d d r e s s :  Schoo l  o f  Chemis t ry ,  Georg ia  I n s t i t u t e  o f  
Technology,  A t l a n t a ,  Georg ia ,  30332. 
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MAY AND ZABORSKY 

a s p e c i f i c  adsorbent i s  prepared by a t t ach ing  one of the i n t e r -  

ac t ing  species t o  a water-insoluble matrix. When a so lu t ion  

containing the o ther  i n t e r a c t i n g  component is  passed through 

the matrix, t h i s  component becomes s p e c i f i c a l l y  bound t o  the 

l igand by v i r t w  of t h e i r  mutual a f f i n i t y  (Figure 1). I n  

addi t ion ,  the physicochemical p rope r t i e s  of some of the o ther  

molecules i n  the o r i g i n a l  so lu t ion  may r e s u l t  i n  these becoming 

non-spec i f ica l ly  adsorbed t o  the matrix o r  t o  the ligand. The 

matrix i s  then washed t o  remove t h i s  non-spec i f ica l ly  adsorbed 

mater ia l ,  and e l u t i o n  of the des i red  substance is  achieved by 

imposing conditions which d i s soc ia t e  i t  from the immobilized 

ligand. Al te rna t ive ly ,  an e luan t  is  applied which s p e c i f i c a l l y  

d i s soc ia t e s  the complex, leaving any non-spec i f ica l ly  adsorbed 

mater ia l  behind on the matrix. I n  e i t h e r  case,  the r e s u l t  is 

the separa t ion  of the des i red  mater ia l  from a mixture of o f t en  

very s imi l a r  compounds. 

Separations based on the same p r inc ip l e  can a l s o  be 

accomplished using o ther  methodology. For example, under 

appropriate conditions the addi t ion  of an antibody, A, t o  a 

so lu t ion  containing an antigen, By can cause p r e c i p i t a t i o n  of 

t h e  AB complex, thereby e f f e c t i n g  a separa t ion  of B from the 

o ther  components of the mixture (equation 2) .  However, i n  t h i s  

A + B A . * - B  ( 2 )  
Water Insoluble 

Complex 

review the term "ligand s p e c i f i c  chromatography" i s  used t o  

denote separa t ions  accomplished using the water-insoluble matrix 

technique. 

A term which i s  o f t en  used i n  the l i t e r a t u r e  fo r  t h i s  

technique is " a f f i n i t y  chromatography". We do not d i s t i ngu i sh  

opera t iona l ly  between ligand s p e c i f i c  chromatography and 

a f f i n i t y  chromatography, b u t  w e  p refer  the former term because 

i t  emphasizes the s p e c i f i c  nature of the in t e rac t ion  which is 
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LIGAND SPECIFIC CHROMATOGRAPHY 

(1) Adsorption of  
Components 

( 2 )  Elution of  
Nonspecifical ly  
Adsorbed Components 

(3)  Elution of 
S peci f ica I I y 
Adsorbed Component 

t 

I Ll 

FIGURE 1 

E s s e n t i a l  s t e p s  of L igand-Spec i f i c  Chromatography (LSC) . 
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MAY AND ZABORSKY 

responsible fo r  the separation. Many charged molecules have 

an a f f i n i t y  fo r  ion-exchange r e s ins ,  but t h i s  a f f i n i t y  i s  not  

due t o  s p e c i f i c  bindinq. 

From the rap id ly  increas ing  frequency with which 

papers on t h i s  sub jec t  a r e  appearing, one gains the impression 

tha t  LSC i s  a very recent  innovation. However, t h i s  i s  not the 

case. As e a r l y  a s  1906, Hedin reported the adsorption of 

t ryps in  t o  charcoal , and i n  1907 he reported the s p e c i f i c  

adsorption of spleen enzymes onto charcoal and kieselguhr.2 

I n  1910, the s t a r c h - s p l i t t i n g  enzyme, amylase, was s p e c i f i c a l l y  

adsorbed onto inso luble  s t a rch .  

the adsorption of ty ros inase  onto a resorc inol -ce l lu lose  con- 

jugate,  and the e l u t i o n  of the enzyme from the column a t  pH 

9.5. F ina l ly ,  the s p e c i f i c  separa t ion  of polynucleotides by 

v i r t u e  of complementary base pa i r ing  was achieved i n  1962 by  

s eve ra l  investigators.5-7 

1 

I n  1953, Lerman4 reported 

Several reviews have appeared recent ly  on the use of 

Many of these have d e a l t  exten- " a f f i n i t y  chromatography". 

s ive ly  with the separa t ion  and pu r i f i ca t ion  of pro te ins ,  and 

accordingly t h i s  review w i l l  cover only the very recent  l i t e r a -  

t u re  i n  t h i s  a rea .  I t  w i l l ,  however, give a more general  view 

of the use of LSC fo r  the separa t ion  and p u r i f i c a t i o n  of o ther  

molecules. In  addi t ion ,  we intend to  emphasize the po ten t i a l  

of LSC as  a powerful t oo l  i n  mechanistic and s t r u c t u r a l  s tud ies .  

We have not  attempted t o  make t h i s  review comprehensive and 

c e r t a i n  a reas ,  such a s  the  use of water-insoluble immunoadsorb- 

e n t s  fo r  the i s o l a t i o n  of antigens and an t ibodies ,  have been 

omitted. Rather, o u r  purpose i s  t o  introduce LSC to  people who 

may be unfamiliar with the biochemical l i t e r a t u r e ,  i n  the hope 

t h a t  i t  w i l l  f ind  more general  appl ica t ion  in  non-biological 

a reas .  
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LIGAND SPECIFIC CHROMATOGRAPHY 

OPERATIONAL CONSIDERATIONS 

Na tu re  o f  t h e  Suppor t  

Gene ra l  C o n s i d e r a t i o n s  

A "good" s u p p o r t  f o r  LSC shou ld  p o s s e s s  c e r t a i n  

p h y s i c a l  and chemical  c h a r a c t e r i s t i c s .  The s u p p o r t  shou ld  be 

i n  t h e  form of  homogeneous, r e l a t i v e l y  r i g i d ,  porous beads ;  

t h e s e  a l l o w  f o r  good f low p r o p e r t i e s  i n  column o p e r a t i o n s .  An 

a p p r o p r i a t e  p o r o s i t y  p e r m i t s  s e l e c t i v e  e n t r y  of  components and 

a l so  prov ides  f o r  a l a r g e  e f f e c t i v e  s u r f a c e  area. A l a r g e  

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

o f  m o d i f i c a t i o n .  The d e s i r e d  p o r o s i t y  of  a s u p p o r t  can  be ob- 

t a i n e d  by  a d j u s t i n g  t h e  amount of c r o s s l i n k i n g  r e a g e n t  p r e s e n t  

d u r i n g  t h e  f o r m a t i o n  of t h e  polymer o r  by a d j u s t i n g  t h e  concen- 

t r a t i o n  of  t h e  polymeric  component d u r i n g  g e l  fo rma t ion .  

I d e a l l y ,  t h e  s u p p o r t  shou ld  have good mechanical  

s t a b i l i t y  and chemical  s t a b i l i t y  toward extremes of  pH and 

t empera tu re ,  toward o r g a n i c  s o l v e n t s ,  and toward d e n a t u r a n t s  

such as u r e a  o r  guan id ine  h y d r o c h l o r i d e .  The s u p p o r t  shou ld  be 

h i g h l y  i n s o l u b l e  i n  t h e  s o l v e n t  medium of  c h o i c e  ( u s u a l l y  a n  

aqueous b u f f e r )  and shou ld  have good mechanical  and chemica l  

s t a b i l i t y  under  t h e  a c t u a l  c o n d i t i o n s  of t h e  s e p a r a t i o n  p roce -  

d u r e .  A good s u p p o r t  shou ld  be r e s i s t a n t  t o  m i c r o b i a l  a t t a c k  

and shou ld  be r e u s a b l e .  

An e q u a l l y  i m p o r t a n t  c o n s i d e r a t i o n  i s  t h e  cha rge  of  

t h e  c a r r i e r ;  i t  should be n e u t r a l  i n  o r d e r  t o  minimize non- 

s p e c i f i c  a d s o r p t i o n  of charged con taminan t s .  I f  t h e  s u p p o r t  is  

charged t o  any s i g n i f i c a n t  e x t e n t ,  t h e  e l u t i o n  of  t h e  d e s i r e d  

component can  become a s e v e r e ,  i f  n o t  imposs ib l e ,  problem. I t  

i s  e q u a l l y  impor t an t  t o  c o n s i d e r  t he  deg ree  of l l h y d r o p h i l i c i t y , "  

o r  c o n v e r s e l y  "hydrophob ic i ty , "  of t h e  s u p p o r t .  A good 

s u p p o r t  should n o t  d e s t r o y  t h e  d e l i c a t e  b i o l o g i c a l  a c t i v i t y  of  
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MAY AND ZABORSKY 

t h e  component t o . b e  i s o l a t e d  by d r a s t i c a l l y  and i r r e v e r s i b l y  

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

which is  h i g h l y  "wet table"  would be t h e  suppor t  of choice  f o r  

the  i s o l a t i o n  of s o l u b l e  p r o t e i n s .  

The suppor t  should have c e r t a i n  favorable  chemical  

c h a r a c t e r i s t i c s .  It should be p o s s i b l e  t o  (1) a c t i v a t e  t h e  

suppor t  wi thout  d e s t r o y i n g  its s t r u c t u r a l  i n t e g r i t y ,  ( 2 )  i n -  

t roduce r e a c t i v e  f u n c t i o n a l i t i e s  under mild c o n d i t i o n s  (meaning 

u s u a l l y  no extremes of pH o r  temperature)  and (3) achieve  a 

p r e s e l e c t e d  degree  of modi f ica t ion .  N a t u r a l l y ,  t h e  e f f i c i e n c y  

of  the  m o d i f i c a t i o n  r e a c t i o n  (both f o r  a c t i v a t i o n  and f o r  l igand  

coupl ing)  should be high.  

Last, bu t  n o t  least ,  a good suppor t  should be r e a d i l y  

a v a i l a b l e  from e i t h e r  supply houses o r  from simple chemical  

syntheses .  For tuna te ly ,  good s u p p o r t s  such as c r o s s l i n k e d  

dext ran ,  agarose  and polyacrylamide a r e  commercially a v a i l a b l e .  

However, the  c o s t  of some of t h e s e  mat r ices  can  become h igh  i f  

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

Commonly Employed Supports  
And The Chemistry of  Their  
A c t i v a t i o n  and Coupling w i t h  Ligands 

During t h e  pas t  15 y e a r s  s e v e r a l  s u p p o r t s  possess ing  

vary ing  degrees  of the  i d e a l  c h a r a c t e r i s t i c s  mentioned i n  t h e  

previous s e c t i o n  have been developed and u t i l i z e d  f o r  LSC. A 

b r i e f  survey  of two commonly employed m a t r i c e s  and of  two t h a t  

show promise fo l lows .  The chemistry d iscussed  i n  t h i s  s e c t i o n  

is  r e p r e s e n t a t i v e  of t h e  chemis t ry  of  s u p p o r t s  n o t  s p e c i f i c a l l y  

mentioned here .  

Cross l inked  Dextran (Sephadex) 

Sephadex is  t h e  r e g i s t e r e d  trademark of Pharmacia 

Fine Chemicals Inc .  f o r  i t s  spher ica l ,  gel-beaded, c r o s s l i n k e d  

dext ran .  This branched polysacchar ide ,  c o n s i s t i n g  of  glucose 

u n i t s  (I) l inked  predominant ly  by c r - D - k 6  l i n k a g e s  and t o  a 

l e s s e r  e x t e n t  by 1+3 and 1+4 l inkages,  i s  c r o s s l i n k e d  w i t h  
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LIGAND SPECIFIC CHROMATOGRAPHY 

80 

e p i c h l o r o h y d r i n  t o  g i v e  a th ree -d imens iona l  network of  polymeric  

c h a i n s .  Various k i n d s  of Sephadex are a v a i l a b l e  which d i f f e r  

i n  t h e i r  s w e l l i n g  c a p a c i t y - - a  p r o p e r t y  dependent  on t h e  deg ree  

of  c r o s s l i n k i n g .  Thus Sephadex G-10, t he  most h i g h l y  c r o s s -  

l i n k e d  d e x t r a n ,  c o n s i s t s  of p a r t i c l e s  whose d i a m e t e r  r a n g e s  from 

40 t o  120 p and has  a wa te r  r e g a i n  v a l u e  of  1.0 2 0.1 ( g  o f  

w a t e r l g  of d r y  Sephadex) and a bed volume o f  2 t o  3 m l / g  of  d r y  

po lysaccha r ide .  Sephadex G-10 can  be used f o r  f r a c t i o n a t i n g  

molecu le s  whose molecu la r  weight  is  s. 700. Sephadex G-200, 

t h e  least  c r o s s l i n k e d  and most porous d e x t r a n ,  c o n s i s t s  o f  p a r -  

t i c l e s  whose d i ame te r  r anges  from 40 t o  120 p and h a s  a w a t e r  

r e g a i n  v a l u e  o f  20.0 2 1.0 and a bed volume of 30 t o  40. 

g e l  can f r a c t i o n a t e  l a r g e  macromolecules whose molecu la r  w e i g h t s  

range from 5 ,000  t o  800,000 f o r  g l o b u l a r  p r o t e i n s  and from 1,000 

t o  200,000 f o r  d e x t r a n s .  O the r  Sephadex g e l s ,  -, G-15, G-25, 

and G-50, have p r o p e r t i e s  i n t e r m e d i a t e  between t h o s e  of t h e  G-10 

and G-200  g e l s .  Sephadex g e l s  e x h i b i t  good f low p r o p e r t i e s  i n  

column o p e r a t i o n s  because of  t h e i r  beaded n a t u r e .  

This 

Although Sephadex c a n  be r ega rded  a s  b e i n g  e s s e n t i a l l y  

n e u t r a l ,  t h e r e  i s  a s m a l l  amount of r e s i d u a l  n e g a t i v e  cha rge  i n  

t h e  p u r i f i e d ,  c r o s s l i n k e d  p o l y s a c c h a r i d e  presumably caused by 

c a r b o x y l i c  a c i d  groups.  Th i s  can  be e l i m i n a t e d  by c o n d e n s a t i o n  

of  t h e s e  ca rboxy l  groups w i t h  glycinamide u s i n g  a w a t e r - s o l u b l e  

ca rbod i imide .  l5 

Sephadex g e l s  a r e  s t a b l e  i n  s a l t  s o l u t i o n s ,  b u f f e r s ,  

numerous o r g a n i c  s o l v e n t s ,  and a l k a l i n e  and weakly a c i d i c  s o l u -  

t i o n s .  I n  s t r o n g  a c i d s ,  t h e  g l y c o s i d i c  bonds a r e  hydro lyzed .  
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MAY AND ZABORSKY 

Good thermal s t a b i l i t y  i s  a l s o  e x h i b i t e d  by t h e s e  g e l s ,  wi th  

degrada t ion  o c c u r r i n g  o n l y  above z. 120°C. Sephadex g e l s  come 

i n  a d r y  form and a r e  swel led i n  water o r  i n  a n  a p p r o p r i a t e  

b u f f e r .  Once swollen,  t h e s e  g e l s  can  be s t o r e d  e i t h e r  i n  t h i s  

s t a t e  ( p r e f e r a b l y  under r e f r i g e r a t i o n  and i n  t h e  presence of a 

b a c t e r i o c i d e )  o r  can  be re turned  t o  a d r y  form by s u c c e s s i v e  

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

F i n a l  d r y i n g  i s  achieved a t  60 t o  8OoC. 

E x c e l l e n t  l i t e r a t u r e  on the p r o p e r t i e s  and uses  of 

Sephadex g e l s  a s  w e l l  a s  of o t h e r  d e x t r a n s  i s  provided by 

Pharmacia Fine Chemicals Inc.  (Piscataway, N . J .  08854). 

Sephadex g e l s  and o t h e r  po lysacchar ide  suppor ts  a r e  

convenient ly  a c t i v a t e d  through t h e  cyanogen bromide procedure 

of Axen, Pora th  and Ernback.16 

a r e  thought t o  be involved i n  t h e  a c t i v a t i o n  of  the  suppor t  and 

the  coupl ing  of l i g a n d s  a r e  g iven  i n  F igure  2 .  S t u d i e s  have 

been undertaken u s i n g  model compounds and polysacchar ides  t o  

tes t  f o r  t h e  e x i s t e n c e  of  the  v a r i o u s  s t r u c t u r e s  shown i n  

Figure 2,  and t h e  r e s u l t s  ob ta ined  so  f a r  a r e  c o n s i s t e n t  wi th  

t h e  proposed r e a c t i o n  sequence. Because d e x t r a n  is  a 

predominantly 1 ,6- l inked  polysacchar ide ,  i t  seems reasonable  t o  

assume t h a t  f o r  t h i s  m a t r i x  the  2 , 3 -  and 3,4- l inked c y c l i c  

imidocarbonates  a r e  t h e  dominant r e a c t i v e  s p e c i e s  (11 and 111). 

However, 4,6-1inked c y c l i c  imidocarbonates  involv ing  the termi-  

n a l  glucose r e s i d u e s  of the polymer and imidocarbonates  of 

i n t e r m o l e c u l a r l y  c r o s s l i n k e d  c h a i n s  may a l s o  be formed20,21 

(Iv and v).  

The chemical r e a c t i o n s  which 

a 
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LIGAND SPECIFIC CHROMATOGRAPHY 

A c t i v a t i o n  of Sephadex i s  ach ieved  by a d d i n g  CNBr 

e i t h e r  as a s o l i d  o r  as a s o l u t i o n  t o  a s t i r r e d  s u s p e n s i o n  o f  

t h e  d e x t r a n  g e l  a t  s. 2 5 O C .  A c o n s t a n t  pH (anywhere from 9.5 

t o  1 2 )  i s  ma in ta ined  by a d d i t i o n  of sodium hydroxide.  

t i o n  is  r a p i d  and u s u a l l y  complete  w i t h i n  h a l f  an hour .  

g e l  i s  t h e n  r a p i d l y  washed w i t h  c o l d  b u f f e r s  and i m e d i a t e l y  used 

f o r  c o v a l e n t  c o u p l i n g  o f  t h e  l i g a n d .  The a c t i v a t e d  p r o d u c t  is  

s t a b l e  f o r  prolonged t i m e  i f  i t  is  washed b r i e f l y  w i t h  water, 

d r i e d  g r a d u a l l y  w i t h  a c e t o n e ,  e v a p o r a t e d  under  vacuum, and 

s t o r e d  i n  t h e  co ld .17  

The r e a c -  

The 

Coupling of  t h e  amino-con ta in ing  l i g a n d s  is ach ieved  

th rough  c o n t a c t  o f  t h e  l i g a n d  under  s l i g h t l y  a l k a l i n e  c o n d i t i o n s  

(pH 8 t o  10)  a t  s. 5OC f o r  12 t o  24 h r .  A f t e r  coup l ing ,  t h e  
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MAY AND ZABORSKY 

0 
II o-c-NH2 

*v K OH 

Activation:  

K:l + CNBr - [ K::) 
Sephadex Cyanate \ o ) C = N H  

Carbarnate 

0 

Irnidocarbonate 

coupling: 

Isourea 

N-Substituted imidocarbonate - 

- N-Substituted carbamate 

FIGURE 2 

Activation o f  Sephadex with cyanogen bromide and its coupling 
with amino-containing ligands . 
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LIGAND SPECIFIC CHROMATOGRAPHY 

l i g a n d - c o n t a i n i n g  g e l s  are washed e x t e n s i v e l y  wi th  b u f f e r s  of 

d i f f e r e n t  pH and i o n i c  s t r e n g t h  i n  o r d e r  t o  comple te ly  remove 

a l l  noncovalen t ly  bound l igand .  

The coupl ing  r e a c t i o n  shown i n  F igure  2 is  s p e c i f i c  

f o r  compounds c o n t a i n i n g  amino groups. The use of a diamine 

under e x c e s s  c o n d i t i o n s  permi ts  t h e  a t tachment  of a "spacer"  

l igand  to which o t h e r  f u n c t i o n a l i t i e s  can  be added (see F i g u r e  

3 ,  and a l s o  the  s e c t i o n  on the  Nature of t h e  Ligand). 

Agarose (Sepharose and Bio-Gel A) 

Agarose is  a l i n e a r  po lysacchar ide  c o n s i s t i n g  of  

a l t e r n a t i n g  p-D-galactose and 3,6-anhydro-~-L-galactose r e s i d u e s  

connected through the  1- and 4 - p o s i t i o n s  (VII ) .  Beaded agarose  

g e l s  are a v a i l a b l e  from Pharmacia Fine Chemicals Inc .  (Sepharose)  

and from Bio-Rad L a b o r a t o r i e s  (Bio-Gel A) i n  a v a r i e t y  of  ex-  

c l u s i o n  l i m i t s  and mesh s i z e s .  u n l i k e  t h e  Sephadex g e l s ,  agarose  

g e l s  a r e  not  chemica l ly  c r o s s l i n k e d .  The e x c l u s i o n  l i m i t  i s  

dependent  on t h e  percentage of agarose  i n  t h e  g e l .  Thus 10% 

agarose  Bio-Gel A has  a f r a c t i o n a t i o n  range from E. 10,000 t o  

500,000 whi le  t h e  cor responding  1% agarose  g e l  has  a 

f r a c t i o n a t i o n  range from z. 1,000,000 t o  150,000,000. Bio-Gel 

A g e l s  a r e  a v a i l a b l e  as 1 ,2 ,4 ,6 ,8  and 10% agarose ;  Sepharose 

g e l s  are a v a i l a b l e  as 2 , 4  and 6% agarose .  The g e l s  are s u p p l i e d  

as aqueous suspensions.  The p a r t i c l e  s i z e  of  the  Sepharose g e l s  

in  the  d r y  s ta te  ranges  from s. 50 t o  250 p i n  d iameter .  

p-D-galactopyranosyl 3,6-anhydro-~-L-galacto- 
r e s i d u e  pyranosyl  r e s i d u e  
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MAY AND ZABORSKY 

Coupling: 

0 
i1 

0-C -NH( CH2) xNH2 

(VI) 

C-NH + H2N(CH2)xNH2 - 
Derivatization: 

I1 
0 

Carbodiimide - 
(VI) + RC02H > 

NH (CH2)xNHCOCH2CH2C02H t 
NH(CHZ)~NHCOR t 

2. Na2S204 

3. NaN02-HC1 

0 

(VI) + BrCH2CO-N NH (CH2 ),NHCOCH2Br t 
II 
0 

NH(CH2),NHCONHCOCH3 t CH2CH2SH 
1 

kCOCH3 

FIGURE 3 

Coupling of activated Sephadex with diamines and further deriv- 
atization of the aminoalkyl supports. 
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LIGAND SPECIFIC CHROMATOGRAPHY 

Sepharose g e l s ,  u n l i k e  Sephadex g e l s ,  c a n n o t  be d r i e d  

w i t h  many o r g a n i c  s o l v e n t s  o r  l y o p h i l i z e d  because t h e s e  t r e a t -  

ments u s u a l l y  l e a d  t o  i r r e v e r s i b l e  s h r i n k a g e .  However, a g a r o s e  

is  compa t ib l e  w i t h  c e r t a i n  mixed s o l v e n t  sys t ems ,  s u c h  as 50% 

DMF o r  50% e t h y l e n e  g l y c o l ,  o r  w i t h  100% dioxane.  Indeed,  

l y o p h i l i z a t i o n  o f  beads a f t e r  thorough washing w i t h  d ioxane  

l e a d s  t o  a d r i e d  powder t h a t  swells immediately when r e i n t r o -  

duced i n t o  aqueous s o l u t i o n s .  

Although i t  is recommended by t h e  manufac tu re r  t h a t  

t h e  pH of  a Sepharose s u s p e n s i o n  should n o t  exceed 9 n o r  f a l l  

below 4 for any ex tended  p e r i o d  of t i m e ,  a g a r o s e  beads can  

t o l e r a t e  0.1 g NaOH o r  1 

room tempera tu re  w i t h o u t  a d v e r s e  a l t e r a t i o n  o f  t h e i r  p h y s i c a l  

p r o p e r t i e s . 2 2  

6 5 guan id ine  h y d r o c h l o r i d e  o r  7 g u r e a  f o r  prolonged p e r i o d s ,  

b u t  a s l i g h t  sh r inkage  o f  t h e  g e l s  is  observed under  t h e s e  con- 

d i t i o n s .  The g e l s  and t h e  l igand-bound d e r i v a t i v e s  a r e  no rma l ly  

s t o r e d  i n  aqueous suspens ion  a t  E. 5OC i n  t h e  p r e s e n c e  of  a n  

a p p r o p r i a t e  b a c t e r i o c i d e .  

avoided.  

HC1 f o r  a t  least  2 t o  3 hours  a t  

Sepharose g e l s  c a n  a l s o  t o l e r a t e  exposure  t o  

Temperatures  above 40°C shou ld  be  

To d a t e ,  Sepharose 4B has been t h e  most w ide ly  used 

s u p p o r t  f o r  LSC. I ts  a p p r o p r i a t e  p o r o s i t y  and good f low behav- 

i o r  make it a n  a lmos t  i d e a l  s u p p o r t .  E x c e l l e n t  l i t e r a t u r e  on  

t h e  p r o p e r t i e s  and u s e s  of Sepharose can  be o b t a i n e d  from 

Pharmacia F i n e  Chemicals  Inc.  (Piscataway,  N.J. 08854) .  Cyano- 

gen bromide a c t i v a t e d  Sepharose 4B, the aminohexyl d e r i v a t i v e ,  

and t h e  ca rboxy l  d e r i v a t i v e  d e r i v e d  from 6-aminohexanoic a c i d  

are commercial ly  a v a i l a b l e .  A b rochure  d e s c r i b i n g  i n  d e t a i l  t h e  

u s e  of  a c t i v a t e d  Sepharose 4B i s  a l s o  p rov ided  by t h i s  company. 

A l a r g e r  number o f  l igand-bound 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 f f i t r o n  Corp. (Cos ta  Mesa, C a l i f .  92626).  

The a c t i v a t i o n  p rocedure  of cho ice  f o r  a g a r o s e  g e l s  

is t h e  cyanogen bromide method of  Axen, P o r a t h  and Ernbackl ' l  
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MAY AND ZABORSKY 

d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  Agarose,  u n l i k e  Sephadex, 

does n o t  have v i c i n a l  hydroxyl  groups and t h e  a c t i v a t e d  p r o d u c t  

must be assumed t o  c o n t a i n  o n l y  c y c l i c  4 ,6 - l inked  and i n t e r -  

m o l e c u l a r l y  c r o s s l i n k e d  imidocarbonate  groups.21 

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

a p p l i c a b l e  t o  t h e  aga rose  g e l s .  The formed imidocarbonate  

r e a c t s  w i t h  pr imary-amino-containing l i g a n d s Z 3  t o  g i v e  t h e  

p roduc t s  i n d i c a t e d  i n  F i g u r e  2 .  A v a r i a t i o n  of t h e  c o u p l i n g  

s t e p  u s i n g  cyanogen b romide -ac t iva t ed  a g a r o s e  g e l s  was i n t r o -  

duced r e c e n t l y  by C u a t r e c a s a s  and Pa r ikh .24  

based on t h e  fo rma t ion  of t h e  N-hydroxysuccinimide esters o f  

s u c c i n y l a t e d  aminoalkyl  a g a r o s e  d e r i v a t i v e s  (F igu re  4 ) .  

Coupling of  t h e  s u c c i n y l a t e d  aminoalkyl  d e r i v a t i v e  w i t h  l- 
hydroxysuccinimide and a ca rbod i imide  i s  accomplished i n  

d ioxane ,  and t h e  r e s u l t i n g  a c t i v e  esters are t h e n  c o n v e n i e n t l y  

s t o r e d  i n  t h e  d r y  s o l v e n t  a t  room t empera tu re  ove r  molecu la r  

s i e v e s  o r  c a n  be l y o p h i l i z e d  t o  a powder form. Some advan tages  

of  t h i s  c o u p l i n g  procedure are t h e  fo l lowing .  (1) A long  

s p a c e r  arm is i n s e r t e d .  ( 2 )  Ligands such as amino a c i d s ,  which 

c o n t a i n  more t h a n  one f u n c t i o n a l  group,can be  coupled w i t h o u t  

u s i n g  compl i ca t ed  b lock ing  and deb lock ing  p rocedures .  (3) The 

s y n t h e s i s  o f  t h e  a c t i v e  e s t e r s  and c o u p l i n g  of  t h e  amino- 

c o n t a i n i n g  l i g a n d s  can  be accomplished under  mild c o n d i t i o n s  

(aqueous s o l v e n t ,  5'C, n e u t r a l  pH). (4) The a c t i v a t e d  d e r i v a -  

t i v e  is  s t a b l e  and can  be s t o r e d  a t  room tempera tu re  f o r  s e v e r a l  

months. 

The c h e m i s t r y  

This  method is  

C u a t r e c a s a s  and P a r i k h  made a n  impor t an t  o b s e r v a t i o n  

abou t  t h e  s t a b i l i t y  of t h e s e  l i g a n d - s u b s t i t u t e d  aga rose  d e r i v a -  

t i v e s  a t  room t empera tu re .  They no ted  t h a t  t h e  d e r i v a t i v e s  had 

r a t h e r  l i m i t e d  s t a b i l i t y  and they  showed t h a t  t h i s  was due t o  

i n s t a b i l i t y  of  t h e  bonds formed i n  t h e  cyanogen bromide l i n k a g e  

s t e p  and n o t  o f  t h o s e  i n  t h e  amide l i nkage .  "Ligand leakage" 

from cyanogen b romide -ac t iva t ed  g e l s ,  as w e l l  as from o t h e r  

s u p p o r t s ,  i s  a n  impor t an t  c o n s i d e r a t i o n  too  o f t e n  n e g l e c t e d .  
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LIGAND SPECIFIC CHROMATOGRAPHY 

I 

d ioxane 

0 

N-OH + carbodiirnide 

II 
0 c 0 

FIGURE 4 

Preparation of E-hydroxysuccinimide ester de r iva t ive  of  agarose 
and i t s  coupling with amino-containing l igands .  

Leakage has a l s o  been observed by Tesser e t  al.25 fo r  a c y c l i c  

adenosine 3':5'-monophosphate, c-AMP, analog (VIII) attached t o  

agarose. The c-AMP-Sepharose 
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MAY AND ZABORSKY 

(VIII) 

c o n j u g a t e  p repa red  a t  pH 10.2 c o n t a i n e d  a b o u t  2 t o  5 p o l e s  of  

vIII per  m l  of  s u s p e n s i o n  and was " reasonab ly  s t a b l e "  below E. 
pH 5. However, a t  a l l  h i g h e r  pH's,  a c-AMP-containing s o l u b l e  

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

r e l e a s e d  compound was n o t  a s c e r t a i n e d  because of  i t s  low 

q u a n t i t y  (pmolar r ange )  b u t  i t  p robab ly  a r o s e  from t h e  

breakdown of  t h e  cyanogen bromide-introduced bond and n o t  any 

bond i n  t h e  c-AMP l i g a n d .  Ligand VIII i s  v e r y  s t a b l e  i n  n e u t r a l  

and a l k a l i n e  s o l u t i o n s ;  n o t  even  t h e  s l i g h t e s t  d e t e r i o r a t i o n  

cou ld  be d e t e c t e d  by chromatography and e l e c t r o p h o r e s i s  a f t e r  

s t a n d i n g  f o r  t h r e e  weeks i n  1 g ammonia a t  20°C. I n  c o n t r a s t  

to  t h e s e  r e p o r t s  of l a b i l i t y ,  no " s i g n i f i c a n t  f r e e "  glucagon 

was observed i n  t h e  column e f f l u e n t  o f  a glucagon-agarose 

column.26 

glucagon d e t e r m i n a t i o n s  were a b o u t  g glucagon. Thus, t h e  

ev idence  t o  d a t e  does n o t  c o n c l u s i v e l y  e s t a b l i s h  whether  o r  n o t  

" l i gand  leakage" i s  a g e n e r a l  phenomenon, and more d e f i n i t i v e  

s t u d i e s  are needed. 

The e x a c t  i d e n t i t y  of  t h e  

The d e t e c t i o n  l i m i t s  of t h e  p rocedures  used f o r  

C r o s s l i n k e d  Po lyac ry lamide  Gels 

Promising s u p p o r t s  f o r  LSC developed r e c e n t l y  by 

Inman and D i n t z i s Z 7  a r e  based on  t h e  chemical  m o d i f i c a t i o n  of 

preformed po lyac ry lamide  beads.  Po lyac ry lamide  (IX) o f f e r s  t h e  

advan tages  of  enhanced chemica l  s t a b i l i t y  by v i r t u e  of i t s  

p o l y e t h y l e n e  backbone s t r u c t u r e ,  and of  a s t a t i s t i c a l l y  uniform 
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LIGAND SPECIFIC CHROMATOGRAPHY 

- a12-cH-CIi2-pi - 
ko $0 
AH2 BH 

"12 

- a12-cH-CIi2-pi - 
ko $0 
AH2 BH 

"12 

p h y s i c a l  s ta te  and p o r o s i t y  which r e s u l t  from i t s  f o r m a t i o n  as 

a c r o s s l i n k e d  s y n t h e t i c  polymer.  The beads are a v a i l a b l e  i n  

s p h e r i c a l  form as Bio-Gel P from Bio-Rad L a b o r a t o r i e s  (Richmond, 

C a l i f .  94804) i n  p reg raded  s i z e s  and p o r o s i t i e s .  The s e p a r a t i o n  

of macromolecules up t o  500,000 i s  p e r m i t t e d  w i t h  t h e  m o s t  

porous beads.  

Although t h e  carboxamide s i d e  groups of  po lyac ry lamide  

a r e  c h e m i c a l l y  s t a b l e  and r e s i s t a n t  t o  h y d r o l y s i s  i n  t h e  pH 

range  between 1 and 10, t h e s e  groups a r e  r e a d i l y  exchanged by 

o t h e r  amino-con ta in ing  compounds. The c o n v e r s i o n  of  t h e s e  amide 

s i d e  groups i n t o  t h e  aminoe thy l  and t h e  hydraz ide  d e r i v a t i v e s  

i s  accomplished under  t h e  c o n d i t i o n s  g i v e n  i n  e q u a t i o n s  3 and 

4 .  The r e s u l t i n g  d e r i v a t i v e s  can  t h e n  be  mod i f i ed  f u r t h e r  t o  

CONH2 + H2NCH2CH2NH2 CONHCH2CH2NH2 + NH3 ( 3 )  t t 
Po 1 yac ry  lamide Aminoe t h y 1  D e r i v a t i v e  

CONH2 + HzNNH2 - CONHNH2 + NH3 

Hydrazide 

t t ( 4 )  

g i v e  a v a r i e t y  of  l i g a n d - c o n t a i n i n g  s u p p o r t s  similar t o  t h o s e  

a t t a i n a b l e  from aminoalkyl  Sephadex and aga rose .  A d i s t i n c t  

advantage o f  t h e  po lyac ry lamide  s u p p o r t s  is t h e  v e r y  l a r g e  
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MAY AND ZABORSKY 

number of carboxamide groups p e r  g of  m a t r i x  which are a v a i  

a b l e  f o r  chemical  m o d i f i c a t i o n .  However, some r e s e r v a t i o n s  

abou t  t h e  u s e  of  po lyac ry lamide  beads f o r  LSC have been  ex- 
p r e s s e d  r e c e n t l y  by  Cau t recasas .  13928 The r a t h e r  l i m i t e d  

p o r o s i t y  r ange  p r e s e n t l y  a v a i l a b l e  i n  t h e s e  s u p p o r t s  p r e c l u d e s  

t h e  e f f e c t i v e  i s o l a t i o n  of l a r g e  macromolecules.  

The aminoethyl  and hydraz ide  d e r i v a t i v e s  of  Bio-Gel 

P are a v a i l a b l e  from Bio-Rad L a b o r a t o r i e s .  

Aminoalkyl Glass 

Aminoalkyl g l a s s ,  a s u p p o r t  i n t r o d u c e d  r e c e n t l y  by 

Corning Glass works and d i s t r i b u t e d  by P i e r c e  Chemical Company 

(Rockford,  Ill .  61105), i s  a g l a s s  d e r i v a t i v e  whose p r e p a r a t i o n  

is g i v e n  i n  e q u a t i o n  5. The g l a s s  u s u a l l y  employed is i n  t h e  

form of porous beads which have t y p i c a l l y  a po re  d i a m e t e r  of  

2000 and a r e  200 mesh i n  s i z e .  Porous g l a s s  beads o f f e r  t h e  

Si-OH + (EtO)3Si-CH2CH2CH2NH2- (5)  t 
I 

Si-O-f.i-CH2CH2CH2NH2 t 
Aminoalkyl g l a s s  

advantages of  b e i n g  v e r y  r i g i d ,  r e s i s t a n t  t o  m i c r o b i a l  a t t a c k  

and impervious t o  most aqueous and o r g a n i c  s o l v e n t  systems.  

One should,  however, obse rve  t h e  recommended g u i d e l i n e s  o f f e r e d  

by t h e  manufac tu re r  as t o  t h e  u s e  of  t h e s e  g l a s s  s u p p o r t s ,  f o r  

t h e y  are " so lub le"  t o  some e x t e n t  a t  ex t r emes  o f  pH where 

s e v e r e  l i g a n d  l eakage  c a n  be encoun te red .  O the r  d i s a d v a n t a g e s  

of g l a s s  a r e  i t s  p r o p e n s i t y  f o r  n o n s p e c i f i c  a d s o r p t i o n  and the 

l i m i t e d  p o r o s i t y  r ange  of  t h e  beads a v a i l a b l e  a t  t h e  moment. 

Cua t r ecasas13  a l s o  c l a i m s  t h a t  t h e  f low r a t e s  of columns packed 

w i t h  such g l a s s  beads  are p r o h i b i t i v e l y  low, and t h a t  t h e  t i g h t  

packing of t h e  beads  r e s u l t s  i n  mechanical  t r a p p i n g  of p a r t i c u -  

la te  materials t h a t  c a u s e s  s i g n i f i c a n t  problems on p a s s i n g  
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LIGAND SPECIFIC CHROMATOGRAPHY 

l a r g e  samples  th rough  a column. Although column p rocedures  are 

d i f f i c u l t ,  ba t chwise  methods c a n  be used s u c c e s s f u l l y  p rov ided  

t h a t  t h e  sys t em d i s p l a y s  a h i g h  d e g r e e  of  a f f i n i t y .  The u s e  of  

g l a s s  s u p p o r t s  f o r  LSC h a s  been r e p o r t e d  r e c e n t l y  by Robinson 

-- e t  a l . 2 9  and by C u a t r e c a s a s  and c o - ~ o r k e r s . ~ ~ , ~ ~  

L i t e r a t u r e  on t h e  p r o p e r t i e s  and u s e s  o f  porous g l a s s  

beads and of t h e  aminoalkyl  d e r i v a t i v e s  i s  a v a i l a b l e  from Corning 

(Corning B i o l o g i c a l  P roduc t s  Dept . ,  Medfield,  Mass. 02052) and 

from t h e  P i e r c e  Chemical Co. 

Nature  o f  t h e  Ligand 

A c o n s i d e r a t i o n  of t h e  p r i n c i p l e  upon which LSC i s  

based l e a d s  one t o  t h e  c o n c l u s i o n  t h a t  any p o t e n t i a l  l i g a n d  

shou ld  p o s s e s s  t h e  a b i l i t y  t o  b ind  s p e c i f i c a l l y ,  s t r o n g l y  and 

r e v e r s i b l y  t o  t h e  s u b s t a n c e  which is  t o  be i s o l a t e d .  The 

r e a s o n s  f o r  t h i s  seem o b v i o u s - - s p e c i f i c  b i n d i n g  minimizes  co- 

a d s o r p t i o n  of i m p u r i t i e s ,  s t r o n g  b i n d i n g  minimizes  spon taneous  

l eakage  o f  adsorbed material from t h e  column, and r e v e r s i b l e  

b i n d i n g  i n s u r e s  t h a t  t h e  d e s i r e d  material  c a n  be r ecove red  from 

t h e  column under  a p p r o p r i a t e  e l u t i o n  c o n d i t i o n s .  

however, l e s s - t h a n - i d e a l  l i g a n d s  c a n  o f t e n  be used q u i t e  

s u c c e s s f u l l y .  

In p r a c t i c e ,  

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

g i v e n  s e p a r a t i o n  is  c l e a r l y  a f u n c t i o n  of  t h e  type o f  i m p u r i t i e s  

p r e s e n t  i n  t h e  o r i g i n a l  mix tu re ,  and w i l l  t h u s  v a r y  from one 

p rocedure  t o  t h e  nex t .  A r e l a t i v e l y  n o n s p e c i f i c  l i g a n d  c a n  

o f t e n  be used s u c c e s s f u l l y  i f  t h e  e l u t i o n  p rocedure  is  c a p a b l e  

of s e l e c t i v e l y  removing on ly  t h e  d e s i r e d  s u b s t a n c e  from among 

t h e  v a r i o u s  compounds which b ind  t o  t h e  column. For  example,  

columns o f  immobilized NADH, a c o f a c t o r  which i s  c a p a b l e  o f  

b i n d i n g  t o  a l a r g e  number of  d i f f e r e n t  enzymes, have been  used  

i n  the  s e p a r a t i o n  of  s e v e r a l  NADH-dependent enzymes. S o p h i s t i -  

c a t e d  t e c h n i q u e s  have been developed t o  accomplish s e l e c t i v e  
30-33 e l u t i o n s  from columns of  t h i s  r a t h e r  n o n s p e c i f i c  l i g a n d  

(see page 75). 
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MAY AND ZABORSKY 

Strength of binding i s  expressed by the value of the 

d i s soc ia t ion  constant,  Kd, f o r  the complex between the ligand 

and the so luble  component (equation 6).  I n  general ,  a low 

ligand + component .3---- [complex] 

1 igandlr componen t l  
[complex] Kd = 

d i s soc ia t ion  cons tan t  i s  des i r ab le  s ince  i t  leads t o  e f f i c i e n t  

adsorption onto the matrix, and conditions can usua l ly  be found 

to  d i s soc ia t e  even the t i g h t e s t  of complexes i n  order t o  accom- 

p l i s h  e lu t ion .  I t  should be kept i n  mind t h a t  i t  i s  the 

opera t iona l  value of Kd, k., the a f f i n i t y  of the immobilized 

ligand fo r  the so luble  spec ies ,  and not  the value of Kd measured 

when both species a re  i n  f r e e  so lu t ion ,  which i s  important i n  

LSC. Since the former value can i n  p r inc ip l e  be s u b s t a n t i a l l y  

grea te r  than the l a t t e r ,  i t  is  genera l ly  advisable t o  choose a 

ligand which exh ib i t s  a high degree of a f f i n i t y  for  the des i red  

component i n  f r ee  so lu t ion .  

I t  is impossible t o  s t a t e  p rec i se ly  what the Kd of an 

"ideal" ligand should be. I n  prac t ice ,  l igands of various a f f i n -  

i t i e s  can be accommodated by appropr ia te ly  ad jus t ing  the adsorp- 

t i on  and/or e l u t i o n  conditions.  

pointed out t ha t  i t  has been very d i f f i c u l t  t o  successfu l ly  use 

inhibitor-based adsorbants fo r  the p u r i f i c a t i o n  of enzymes when 

the d i s soc ia t ion  cons tan ts  of the inh ib i to r s  i n  f r e e  so lu t ion  

a re  g rea t e r  than 5 a, unless the l igands a re  attached to  the  

matrix by long arms (see below). Al te rna t ive ly ,  i t  is theo re t i -  

c a l l y  poss ib le  to  employ adsorbants with such "weak" ligands i f  

very high loading of the l igands onto the supports can be 

achieved . 

However, Cuatrecasas' has 

" I r r eve r s ib l e t t  l igands,  k. , those which form co- 

va l en t  bonds with the substance being i so l a t ed ,  can a l s o  be used 

successfu l ly .  Ashani and Wilson34 i so l a t ed  ace ty lchol ines te rase  
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LIGAND SPECIFIC CHROMATOGRAPHY 

by u s i n g  a conjugate  of  2-aminoethyl-~-nitrophenyl 

methylphosphonate and Sepharose (F igure  5) .  The l a t te r  forms 

a c o v a l e n t  phosphoryl-enzyme d e r i v a t i v e  w i t h  a c e t y l c h o l i n e s -  

terase, and thereby  r e t a i n s  t h e  enzyme on t h e  column. E l u t i o n  

was accomplished by adding v a r i o u s  n u c l e o p h i l e s  which c l e a v e  

the  phosphoryl-enzyme bond. However, s e v e r a l  problems were 

encountered i n  t h i s  procedure.  The column i s  incapable  of  

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

c h o l i n e s t e r a s e ,  s i n c e  a l l  s e r i n e  esterases would be expected 

t o  bind t o  t h e  column i n  an i d e n t i c a l  fash ion .  Furthermore, 

t h e r e  is evidence  t h a t  some spontaneous release of t h e  i n h i b i t e d  

enzyme from t h e  column occurs  d u r i n g  t h e  procedure.  A l s o ,  the  

p u r i t y  of  t h e  enzyme f i n a l l y  obta ined  was n o t  f i r m l y  e s t a b l i s h e d  

by t h e s e  i n v e s t i g a t o r s .  

Using t h e  same approach, Blumberg and S t r ~ m i n g e r ~ ~  

c o v a l e n t l y  bound p e n i c i l l i n  b inding  p r o t e i n s  from B a c i l l u s  

s u b t i l i s  t o  a conjugate  of Sepharose and 6-aminopenci l lan ic  

a c i d ,  and subsequent ly  e l u t e d  the p r o t e i n s  w i t h  hydroxylamine. 

One of t h e  p e n i c i l l i n  b inding  components i s  D-alanine carboxy- 

pept idase,which comprises  o n l y  one p e r c e n t  of  the  t o t a l  membrane 

p r o t e i n .  Yet, t h e s e  i n v e s t i g a t o r s  succeeded i n  o b t a i n i n g  t h i s  

p r o t e i n  i n  pure form and i n  50-75% y i e l d  u s i n g  a s l i g h t  modi f i -  

c a t i o n  of  t h i s  "covalent"  LSC procedure.  

I t  h a s  been noted time and aga in  i n  the  l i t e r a t u r e  

t h a t  i t  is  o f t e n  d e s i r a b l e  t o  i n s e r t  an "arm" o r  "spacer"-- 

u s u a l l y  a hydrocarbon chain--between the  l igand  and the  i n s o l u b l e  

m a t r i x  i n  order  t o  maximize t h e  e f f i c i e n c y  of t h e  LSC column. 

The arm presumably f u n c t i o n s  by ex tending  t h e  l igand  away from 

t h e  r e l a t i v e l y  r e s t r i c t e d  environment of t h e  mat r ix ,  thereby  

i n c r e a s i n g  i t s  freedom of motion. This e f f e c t  would be expected 

t o  be e s p e c i a l l y  important  when the  l igand  is  t o  i n t e r a c t  w i t h  a 

l a r g e  macromolecule, -, a n  enzyme, s i n c e  such i n t e r a c t i o n s  

should be s t e r i c a l l y  hindered when t h e  l i g a n d  is  i n  c l o s e  

proximity t o  a bulky mat r ix .  Unfavorable i n t e r a c t i o n s  of t h i s  
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MAY AND ZABORSKY 

CH3 
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N H ( C H 2 1 2 0 P - ~  
I I  

B- 

HOBNO - p 

-NH(CH2120P-nuc + E 
I 

H3 

FIGURE 5 

I s o l a t i o n  of a c e t y l c h o l i n e s t e r a s e  us ing  c o v a l e n t  LSC p r o c e d u r e  
(from Ashani and Wilson,  r e f .  3 4 )  . 

t ype  i n c r e a s e  t h e  " o p e r a t i o n a l "  v a l u e  of  Q and t h u s  may cause  

l i g a n d s  which i n  f r e e  s o l u t i o n  have r e l a t i v e l y  low a f f i n i t y  f o r  

t h e  macromolecule t o  be t o t a l l y  i n e f f e c t i v e  i n  LSC p rocedures .  

That arm e x t e n s i o n s  a r e  indeed most impor t an t  when t h e  

l i g a n d  h a s  a r e l a t i v e l y  weak a f f i n i t y  f o r  t h e  compound be ing  

p u r i f i e d  is  i l l u s t r a t e d  by expe r imen t s  quoted by C u a t r e c a s a s . 2 2  

I n  s t u d i e s  on t h e  p u r i f i c a t i o n  of  b a c t e r i a l  p - g a l a c t o s i d a s e  u s i n g  

c o n j u g a t e s  of Sepharose and t h e  r e l a t i v e l y  weak ( K I Z  10'3M) 

c o m p e t i t i v e  i n h i b i t o r  p-aminophenyl-B-D-thiogalactopyranoside, 

t h e  enzyme d i d  n o t  bind t o  a column c o n t a i n i n g  t h e  l i g a n d  

d i r e c t l y  a t t a c h e d  t o  t h e  Sepharose.  Only by i n t e r p o s i n g  a n  a r m  

p repa red  by s u c c i n y l a t i n g  t h e  3,3'-diaminodipropylamine d e r i v a -  

t i v e  of  Sepharose between t h e  matrix and t h e  l i g a n d ,  cou ld  s t r o n g  
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LIGAND SPECIFIC CHROMATOGRAPHY 

a d s o r p t i o n  of  t h e  enzyme be ach ieved .  S i m i l a r  r e s u l t s  were 

o b t a i n e d  d u r i n g  t h e  p u r i f i c a t i o n  of muscle g l y c e r o l  3-phosphate  

dehydrogenase and hepatoma t y r o s i n e  a m i n o t r a n s f e r a s e .  I n  

c o n t r a s t ,  deoxythymidine 5'-p-aminophenyl - phosphate  3 ' -phospha te ,  

a r e l a t i v e l y  s t r o n g  ( K I Z  lo-%) c o m p e t i t i v e  i n h i b i t o r  of  

s t a p h y l o c o c c a l  n u c l e a s e ,  e f f e c t i v e l y  a d s o r b s  the  enzyme even  

when a t t a c h e d  d i r e c t l y  t o  Sepharose,  a l t h o u g h  t h e  t o t a l  b i n d i n g  

c a p a c i t y  o f  t h e  g e l  is i n c r e a s e d  when a n  arm i s  p r e s e n t .  

O the r  s p e c i f i c  examples o f  t h e  d r a m a t i c  e f f e c t  which 

arms of  a p p r o p r i a t e  l e n g t h  o f t e n  have i n  LSC p rocedures  abound, 

and many of  t h e s e  are c i t e d  i n  l a te r  s e c t i o n s  of  t h i s  review.  

However, f o r  t h e  pu rpose  of i l l u s t r a t i o n ,  a few examples from 

t h e  r e c e n t  l i t e r a t u r e  d e s e r v e  mention.  Le fkowi tz  e t  al.36 

p u r i f i e d  t h e  c a r d i a c  p - a d r e n e r g i c  r e c e p t o r  p r o t e i n  u s i n g  a 

norepinephrine-Sepharose c o n j u g a t e  w i t h  an u n u s u a l l y  long  arm. 

Sepharose was r e a c t e d  s e q u e n t i a l l y  w i t h  3 ,3 ' -d i aminod i -  

propylamine,  s u c c i n i c  anhydr ide ,  3,3'-diaminodipropylamine, 

and s u c c i n i c  anhydr ide  and f i n a l l y  w i t h  n o r e p i n e p h r i n e  t o  g ive  

a n  a d s o r b e n t  w i t h  a n  arm 30 i n  l e n g t h .  C u a t r e c a ~ a s ~ ~  syn-  

t h e s i z e d  a series of  e i g h t  i n s u l i n - S e p h a r o s e  d e r i v a t i v e s  f o r  

u s e  i n  t h e  p u r i f i c a t i o n  of  t h e  i n s u l i n  r e c e p t o r  p r o t e i n  o f  

l i v e r  c e l l  membranes, and found t h a t  t hose  d e r i v a t i v e s  i n  which 

a n  arm s e p a r a t e s  t h e  l i g a n d  from t h e  matrix were most e f f e c t i v e .  

S i m i l a r l y ,  Whi t e l ey  e t  al .38 t e s t e d  t h e  e f f e c t i v e n e s s  of  a 

s e r i e s  of  amethopter in-Sepharose d e r i v a t i v e s  i n  t h e  p u r i f i c a t i o n  

o f  d i h y d r o f o l a t e  r e d u c t a s e s ,  and o b t a i n e d  b e s t  r e s u l t s  when t h e  

a d s o r b e n t  c o n t a i n e d  a diaminohexane s p a c e r  group. 

Can a n  e x t e n s i o n  arm be so long  t h a t  i t  d e f e a t s  i t s  

purpose? I t  has  o f t e n  been obse rved  t h a t  i n c r e a s i n g  t h e  l e n g t h  

of  a n  a r m  beyond a c e r t a i n  p o i n t  r e s u l t s  i n  no i n c r e m e n t a l  

improvement i n  t h e  performance of  t h e  LSC column. (See, f o r  

example, s t a p h y l o c o c c a l  n u c l e a s e  p u r i f i c a t i o n  d e s c r i b e d  i n  

r e f .  2 2 . )  An example of  a n  a r m  which h a s  a d e t r i m e n t a l  e f f e c t  

on a p u r i f i c a t i o n  p rocedure  i s  p rov ided  by t h e  work of  Cardinaud 

and H 0 1 g u i n . ~ ~  These i n v e s t i g a t o r s  a t t empted  t h e  p u r i f i c a t i o n  
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MAY AND ZABORSKY 

of n u c l e o s i d e  d e o x y r i b o s y l t r a n s f e r a s e  u s i n g  v a r i o u s  immobilized 

p u r i n e  d e r i v a t i v e s  and found t h a t  a n  n-hexylamine a r m  p r e v e n t e d  

t h e  enzyme from b i n d i n g  t o  t h e  LSC column. They a s c r i b e d  t h i s  

t o  t h e  f l e x i b i l i t y  o f  t h e  hydrocarbon c h a i n  which a l l o w s  i t  t o  

f o l d  back on i t s e l f  and b r i n g  t h e  l i g a n d  t o o  c l o s e  t o  t h e  matrix. 

Th i s  e x p l a n a t i o n  i s  suppor t ed  by t h e i r  o b s e r v a t i o n  t h a t  a r i g i d  

arm, - m-phenylenediamine, was h i g h l y  e f f e c t i v e  i n  i n c r e a s i n g  t h e  

b i n d i n g  c a p a c i t y  of  t h e  column. 

F i n a l l y ,  i t  shou ld  be noted t h a t  E r - e l  e t  a l . 4 0  have 

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

a r e  a b l e  t o  b ind  p r o t e i n s ,  even when no " s p e c i f i c "  l i g a n d  i s  

a t t a c h e d  t o  t h e  m a t r i x .  For example,  phosphory la se  b was re- 

t a i n e d  v e r y  t i g h t l y  by a c o n j u g a t e  of  Sepharose and hexylamine,  

and t h e  t i g h t n e s s  of  t h i s  b i n d i n g  dec reased  as t h e  hydrocarbon 

c h a i n  l e n g t h  was dec reased .  On t h e  o t h e r  hand, s e v e r a l  o t h e r  

p r o t e i n s  u, lysozyme, bovine serum albumin)  d i d  n o t  bind t o  

a 4 carbon long a lky l -Sepha rose  d e r i v a t i v e  which r e v e r s i b l y  

bound phosphory la se  b. These f i n d i n g s  must be t aken  i n t o  

accoun t  i n  d e s i g n i n g  LSC columns, s i n c e  they  i n d i c a t e  t h a t  t h e  

v e r y  hydrocarbon c h a i n s  o f t e n  used as arms may c o n t r i b u t e  

s i g n i f i c a n t l y  t o  the  b i n d i n g  of p r o t e i n s  t o  t h e  m a t r i x ,  p re -  

sumably through hydrophobic  i n t e r a c t i o n s .  Although t h i s  may 

enhance t h e  c a p a c i t y  of t h e  LSC column t o  b ind  t h e  d e s i r e d  

material, i t  may j u s t  as e a s i l y  c o n t r i b u t e  t o  t h e  b i n d i n g  of  

undes i r ed  i m p u r i t i e s  v i a  n o n s p e c i f i c  i n t e r a c t i o n s  w i t h  t h e  

hydrocarbon c h a i n .  

Adsorp t ion  and E l u t i o n  

A s  mentioned above, t h e  i n t e r a c t i o n s  which a r e  

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

on a n  LSC column may be e i t h e r  " r e v e r s i b l e "  o r  " i r r e v e r s i b l e "  

i n  n a t u r e .  ( I n  t h i s  c o n t e x t ,  t h e  term r e v e r s i b l e  b i n d i n g  

d e n o t e s  i n t e r a c t i o n s  which do n o t  r e s u l t  i n  t h e  fo rma t ion  o f  

a c o v a l e n t  chemical  bond.) Examples of  r e v e r s i b l e  i n t e r a c t i o n s  
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LIGAND SPECIFIC CHROMATOGRAPHY 

commonly impor tan t  a r e  enzyme-inhibi tor  o r  enzyme s u b s t r a t e ,  

an t ibody-ant igen ,  p r o t e i n - p r o t e i n ,  p ro te in-carbohydra te  and 

p r o t e i n - n u c l e i c  a c i d  i n t e r a c t i o n s .  I n  t h e  p u r i f i c a t i o n  of 

n u c l e i c  a c i d s  and n u c l e o p r o t e i n s ,  advantage is  o f t e n  taken  of  

t h e  s t r o n g  i n t e r a c t i o n  of these  molecules w i t h  each o t h e r  through 

t h e  f a m i l i a r  base-pa i r ing  mechanism ( s e e  Nucleic  Acids S e c t i o n ) .  

The s u c c e s s f u l  u s e  of l i g a n d s  which i n t e r a c t  i r revers ibly--&,  

through formation of a c o v a l e n t  bond--with t h e  molecule be ing  

p u r i f i e d ,  depends on the  a v a i l a b i l i t y  of  a s a t i s f a c t o r y  proce-  

d u r e  f o r  subsequent  e l u t i o n  of the  d e s i r e d  substance from t h e  

column. S p e c i f i c  examples of LSC procedures  u s i n g  i r r e v e r s i b l e  

l i g a n d s  a r e  d e s c r i b e d  i n  r e f e r e n c e s  34 and 35. 

I t  i s  c l e a r  t h a t  t h e  e x t e n t  of  p u r i f i c a t i o n  which i s  

achieved i n  any LSC procedure depends d i r e c t l y  upon t h e  degree 

of s p e c i f i c i t y  i n h e r e n t  i n  the  p a r t i c u l a r  a d s o r p t i o n  and e l u t i o n  

procedures  employed. I n  p r a c t i c e ,  s a t i s f a c t o r y  r e s u l t s  a r e  

o f t e n  obta ined  when only  one of the  two s t e p s  i s  h i g h l y  s p e c i f i c .  

For example, when a crude  mixture  i s  contac ted  with a h i g h l y  

s p e c i f i c  l igand-mat r ix  conjugate ,  the  d e s i r e d  m a t e r i a l  w i l l  be 

adsorbed t o  a f a r  g r e a t e r  e x t e n t  than any of t h e  o t h e r  components 

of  t h e  o r i g i n a l  mixture .  Thus, the  subsequent  e l u t i o n  s t e p  can 

be accomplished u s i n g  a s t r o n g l y  d i s s o c i a t i n g ,  r a t h e r  non- 

s e l e c t i v e  medium. On t h e  o t h e r  hand, l i g a n d s  o f t e n  c o n t a i n  

charged groups which a r e  capable  of n o n s p e c i f i c a l l y  b inding  

i o n i c  subs tances  through ion-exchange-type i n t e r a c t i o n s .  I n  

such c a s e s ,  e l u t i o n  procedures  must be employed which d i s t i n g u i s h  

between material bound i o n i c a l l y  and m a t e r i a l  bound through spe-  

c i f i c  a f f i n i t y  f o r  the  l igand .  Of course ,  an LSC procedure 

which u t i l i z e s  both  s p e c i f i c  a d s o r p t i o n  and s p e c i f i c  e l u t i o n  

steps would be expected t o  give an e x c e p t i o n a l l y  h i g h  degree 

of p u r i f i c a t i o n .  

Some of these  c o n s i d e r a t i o n s  a r e  i l l u s t r a t e d  by 

r e p o r t s  i n  the r e c e n t  l i t e r a t u r e .  

Robert-Gero and Waller41 who p u r i f i e d  me thionyl-tRNA s y n t h e t a s e  

u s i n g  a methionine-Sepharose conjugate  w i t h  a 6-carbon-long 

One example is  the  work o f  
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MAY AND ZABORSKY 

a l k y l  arm. Adsorp t ion  of  t h e  c rude  enzyme p r e p a r a t i o n  was 

accomplished i n  t h e  p re sence  of 0.2 g po tas s ium phosphate  i n  

o r d e r  t o  minimize r e t e n t i o n  of  t h e  d e s i r e d  enzyme by i o n  ex-  

change i n t e r a c t i o n s  w i t h  t h e  charged f r e e  amino groups of  t h e  

l i g a n d .  (Desp i t e  t h i s  p r e c a u t i o n ,  a l a r g e  amount of t h e  bu lk  

p r o t e i n  from t h e  s t a r t i n g  m i x t u r e  was r e t a i n e d  on t h e  

to lumn  under  t h e s e  c o n d i t i o n s ,  presumably because of ion-  

exchange i n t e r a c t i o n s . )  When h i g h l y  s u b s t i t u t e d  Sepharose was 

used (12  p o l e  methionine/ml g e l ) ,  methionyl-tRNA s y n t h e t a s e  

was s t r o n g l y  adsorbed o n t o  t h e  column and was s u b s e q u e n t l y  

e l u t e d  w i t h  b u f f e r  c o n t a i n i n g  20 methionine.  With less- 

h i g h l y  s u b s t i t u t e d  Sepharose,  t h e  enzyme was merely r e t a r d e d  

on t h e  column and t h e r e b y  s e p a r a t e d  from t h e  b u l k  p r o t e i n ,  b u t  

good r e s u l t s  were n o t  o b t a i n e d  u n l e s s  some p r e l i m i n a r y  p u r i f i -  

c a t i o n  p rocedures  were c a r r i e d  o u t  p r i o r  t o  t h e  LSC s t e p .  

As mentioned i n  t h e  p r e c e d i n g  s e c t i o n ,  e x t e n s i o n  arms 

are o f t e n  coupled t o  t h e  matrix p r i o r  t o  t h e  a t t achmen t  o f  t h e  

l i g a n d .  These arms commonly terminate w i t h  f r e e  amino o r  

ca rboxy l  f u n c t i o n a l i t i e s  i n  o r d e r  t o  f a c i l i t a t e  t h e  subsequen t  

chemica l  a t t achmen t  o f  t h e  l i g a n d .  However, t h i s  a t t achmen t  

s t e p  i s  seldom 100% e f f i c i e n t ,  and t h e  f i n a l  m a t r i x  w i l l  con- 

t a i n  a c e r t a i n  number of  charged amino o r  ca rboxy l  groups a t  

t h e  end of  u n r e a c t e d  arms. I n  o r d e r  t o  avo id  c o m p l i c a t i n g  

ion-exchange i n t e r a c t i o n s ,  t h e s e  f u n c t i o n a l i t i e s  c a n  be chemi- 

c a l l y  blocked p r i o r  t o  s t a r t i n g  t h e  LSC procedure.  For example, 

a c e t i c  anhydr ide  c a n  be used t o  a c e t y l a t e  u n r e a c t e d  amino groups.  

An e n t i r e l y  d i f f e r e n t  t ype  of  n o n s p e c i f i c  a d s o r p t i o n  

is  encoun te red  when c o f a c t o r s  are used as l i g a n d s ,  s i n c e  t h e s e  

molecules  are c a p a b l e  of  b i n d i n g  t o  a l a r g e  number of  d i f f e r e n t  

p r o t e i n s .  

f u l l y  used columns o f  immobilized NAD and AMP i n  t h e  p u r i f i c a t i o n  

of a v a r i e t y  of enzymes. The advantage i n  u s i n g  such  l i g a n d s  i s  

t h a t  t h e  same columns can be  used f o r  t h e  p u r i f i c a t i o n  o f  a 

v a r i e t y  of  enzymes, t h u s  a v o i d i n g  t h e  n e c e s s i t y  of  s y n t h e s i z i n g  

a new l i g a n d - m a t r i x  c o n j u g a t e  f o r  e a c h  enzyme. On t h e  o t h e r  

N e v e r t h e l e s s ,  Mosbach and c o - w ~ r k e r s ~ ~ - ~ ~  have s u c c e s s -  

26 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



LIGAND SPECIFIC CKROMATOGRAPHY 

hand, h i g h l y  s p e c i f i c  e l u t i o n  p rocedures  must be used i n  o r d e r  

t o  e n s u r e  t h a t  t h e  d e s i r e d  p r o t e i n  is  s e p a r a t e d  from t h e  l a r g e  

number of  d i f f e r e n t  molecules  which b ind  t o  t h e  column. b o n g  

t h e  e l u t i o n  p rocedures  developed by Mosbach and co-workers are 

t h e  use  o f  p u l s e s  o f  o x i d i z e d  o r  reduced c o f a c t o r s  a t  appro-  

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

I n  bo th  c a s e s ,  s i n c e  t h e  adsorbed enzymes d i f f e r  i n  t h e i r  

a f f i n i t i e s  toward NADH o r  NAJI t h e y  a r e  s e l e c t i v e l y  e l u t e d  a t  

d i f f e r e n t  c o n c e n t r a t i o n s  of t h e s e  c o f a c t o r s .  

A power fu l  t echn ique  i n  t h e  d e s i g n  of  s e l e c t i v e  

a d s o r p t i o n  and e l u t i o n  p rocedures  is  t o  u t i l i z e  t h e  a b i l i t y  of  

c e r t a i n  enzymes t o  form t e r n a r y  complexes w i t h  s u b s t r a t e s  and 

c o f a c t o r s .  DIUS, i f  two such enzymes a r e  b o t h  adsorbed o n t o  

t h e  same column, they  can  be s e p a r a t e l y  e l u t e d  by f i r s t  a p p l y i n g  

a n  e l u a n t  c o n t a i n i n g  c o f a c t o r  p l u s  a s u b s t r a t e  of  one enzyme and 

s u b s e q u e n t l y  a p p l y i n g  a n  e l u a n t  c o n t a i n i n g  t h e  same c o f a c t o r  

p l u s  a s u b s t r a t e  of  t h e  o t h e r  enzyme. Each enzyme w i l l  e l u t e  

o n l y  when bo th  t h e  a p p r o p r i a t e  s u b s t r a t e  and c o f a c t o r  a r e  

p r e s e n t  i n  s o l u t i o n ,  a l l o w i n g  fo rma t ion  of  a t e r n a r y  enzyme- 

s u b s t r a t e - c o f a c t o r  complex. The d e t a i l s  of such  p rocedures  a r e  

c o n s i d e r e d  i n  t h e  Mechan i s t i c  S e c t i o n  of t h i s  review.  

I n  p r i n c i p l e ,  compounds which a r e  r e v e r s i b l y  bound t o  

a n  LSC column c a n  e v e n t u a l l y  be  e l u t e d  by t h e  s t a r t i n g  b u f f e r  i f  

t h e i r  a f f i n i t y  f o r  t h e  l i g a n d  i s  n o t  e x c e p t i o n a l l y  s t r o n g .  How- 

e v e r ,  t h e y  would be o b t a i n e d  i n  d i l u t e  form i f  t h i s  type of  e l u -  

t i o n  were employed, and i t  i s  t h e r e f o r e  n e c e s s a r y  t o  a l t e r  some 

e x p e r i m e n t a l  v a r i a b l e  i n  t h e  e l u t i o n  p rocedure .  Any s u b s t a n c e  

o r  env i ronmen ta l  c o n d i t i o n  which a f f e c t s  t h e  b i n d i n g  of  t h e  

d e s i r e d  molecule  t o  a n  immobilized l i g a n d  c a n  be used f o r  t h i s  

purpose.  For example, i f  a n  enzyme b i n d s  t o  t h e  l i g a n d  o n l y  i n  

t h e  p re sence  of  oxygen, e l u t i o n  can  be e a s i l y  e f f e c t e d  by ex- 

c l u d i n g  oxygen from t h e  b u f f e r .  S i m i l a r l y ,  advan tage  can  be  

t aken  of  changes i n  pH, t empera tu re ,  i o n i c  s t r e n g t h ,  o r  s o l v e n t  

composi t ion,  and s p e c i f i c  examples of  such  p rocedures  a r e  con- 

s i d e r e d  th roughou t  t h i s  review.  I n  p r a c t i c e ,  c a r e  must be t a k e n  
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MAY AND ZABORSKY 

t o  avoid environmental  extremes which permanently d e n a t u r e  o r  

decompose e i t h e r  the  subs tance  which is  be ing  i s o l a t e d  o r  t h e  

i m o  b i 1 i zed  1 igand . 
It  should be kept  i n  mind t h a t  t h e  s p e c i a l i z e d  tech-  

niques and p r a c t i c e s  of convent iona l  chromatography a r e  e q u a l l y  

a p p l i c a b l e  t o  LSC procedures .  For example, c a r e  must be taken  

t o  s w e l l  the m a t r i x  proper ly ,  t o  pack the column c o r r e c t l y ,  and 

t o  apply  the  sample c a r e f u l l y .  A s tandard  chromatographic 

" t r i c k "  o f t e n  u s e f u l  i n  LSC f o r  the e l u t i o n  of v e r y  s t r o n g l y  

adsorbed m a t e r i a l ,  is  t o  p h y s i c a l l y  remove t h e  upper l a y e r  of 

the m a t r i x  and t o  mix t h i s  i n  a c o n t a i n e r  w i t h  a l a r g e  volume 

of an a p p r o p r i a t e  b u f f e r .  

PROTEINS 

Table I g i v e s  a p a r t i a l  l i s t  of p r o t e i n s  i s o l a t e d  by 

LSC d u r i n g  1972. Most of t h e  p r o t e i n s  are enzymes, b u t  t h i s  

technique i s  be ing  used i n c r e a s i n g l y  f o r  t h e  p u r i f i c a t i o n  of 

o t h e r  kinds of p r o t e i n s  a s  w e l l .  The genera l  procedures  used 

i n  most of t h e s e  i n v e s t i g a t i o n s  are descr ibed  i n  t h e  s e c t i o n  

on Opera t iona l  Cons idera t ions  and i n  t h e  reviews mentioned i n  

t h e  I n t r o d u c t i o n ,  and they w i l l  n o t  be cons idered  i n  t h i s  

s e c t i o n .  There were, however, s e v e r a l  s t u d i e s  repor ted  i n  

1972 which deserve  special  mention. The s e l e c t i v i t y  achieved 

i n  some procedures  was of  such magnitude t h a t  i t  was p o s s i b l e  

t o  s e p a r a t e  a c t i v e  from i n a c t i v e  molecules ,  chemica l ly  modif ied 

from n a t i v e  forms, and d i f f e r e n t  molecular  s p e c i e s  of an enzyme 

(isoenzymes) from each  o t h e r .  The few examples chosen f o r  

i l l u s t r a t i o n  exemplify t h e  p o t e n t i a l  of LSC and t h e  c l e v e r n e s s  

of c e r t a i n  i n v e s t i g a t o r s .  

The s e p a r a t i o n  of f u l l y  f u n c t i o n a l  xanth ine  oxidase  

Q95%) from t h e  nonfunct iona l  enzyme was achieved by Edmondson 

-- e t  al .46 on a Sepharose column u s i n g  3-(1-H-pyrazolo(3,4-d)- 
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MAY AND UBORSKY 

pyrimidin-4-ylamino)-l-propyl-6-aminohexanoate, X, as the 
ligand. Both the functional and nonfunctional forms of the 

enzyme possess the full complement of the oxidation-reduction 

components--molybdenum, iron, FAD, and acid-labile sulfur. 
However, nonfunctional xanthine oxidase does not possess the 

cyanolyzable persulfide group, &, the persulfide which is 

removable upon treatment of the enzyme with cyanide. The non- 

functional enzyme can be partially reactivated by incubation 

with sodium sulfide. Resolution of these two species was 

elegantly accomplished in the following manner. The 4 -  

substituted pyra~olo(3~4-d)pyrimidine attached to Sepharose was 

first converted to its 6-hydroxy derivative by incubation at 

room temperature with xanthine oxidase. Then, a column of the 
pyrimidine-Sepharose conjugate was made anaerobic by equili- 

bration under nitrogen with 0.01 E Na2S204 in 0.1 E pyrophos- 
phate, pH 8 . 5 .  Approximately 0.6 @ole of salicylate-free 

xanthine oxidase was then reduced with dithionite and 

applied to the column. The flow was stopped and the charged 

column was equilibrated overnight at room temperature to allow 

sufficient time for complex formation with active enzyme. LOW 

activity, nonfunctional enzyme was subsequently eluted with 

dithionite-containing buffer. 

The column was then washed aerobically with cold 

0.1 g pyrophosphate, pH 8.5, containing 1 % salicylate and 
0.2 EDTA. The function of the salicylate is to interfere 
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LIGAND SPECIFIC CHROMATOGRAPHY 

with  , the complex forming p r o p e r t i e s  of  t h e  d e r i v a t i z e d  

Sepharose column. A g r e a t  enhancement i n  c o l o r  i n t e n s i t y  of 

the  r e d d i s h  brown band of bound xanth ine  oxidase  became 

apparent  as t h e  i r o n  and f l a v i n  chromophores reoxid ized .  Flow 

was stopped and the  column allowed t o  s tand  i n  t h e  co ld  f o r  3 

t o  4 days t o  permit  t h e  slow r e o x i d a t i o n  of reduced enzyme- 

bound molybdenum and t h e  accompanying r e l e a s e  of xanth ine  

oxidase  from t h e  g e l .  F i n a l  e l u t i o n  of t h e  column w i t h  t h e  

same b u f f e r  gave a r e d d i s h  brown enzyme f r a c t i o n  of very h i g h  

a c t i v i t y  (F igure  6) .  This  r e s o l u t i o n  of the  xanth ine  oxidase  

provides  conclus ive  evidence f o r  t h e  e x i s t e n c e  of nonfunct iona l  

enzyme i n  p r e p a r a t i o n s  c o n t a i n i n g  s t o i c h i o m e t r i c  amounts of 

molybdenum, FAD, i ron ,  and a c i d - l a b i l e  s u l f u r .  

h 

4 
v 

0 
In 
d 
U m 
Q) 
0 
S m 
0 
-e 
v) 
A a 

1 .o 

0.5 

0 

s -  o .- 

Fraction Number 

FIGURE 6 

Chromatography of f u n c t i o n a l  and nonfunct iona l  x a n t h i n e  o x i d a s e  
on t h e  pyrazolo(3,4-~)pyrimidine-Sepharose column. 
e l u t e d  a f t e r  a 16 h i n c u b a t i o n  i n  t h e  column i n  0 . 1  pyrophos- 
pha te ,  pH 8.5, c o n t a i n i n g  0 .01  Na2S204. Peak 2 w a s  e l u t e d  24 
h a f t e r  washing t h e  column w i t h  oxygen-saturated 0 . 1  pyrophos- 
pha te ,  pH 8.5, c o n t a i n i n g  1 mM_ s a l i c y l a t e  and 0 . 2  I+ EIYTA. Peak 
3 was e l u t e d  72 h a f t e r  t h e  e l u t i o n  of  peak 2 .  Xanthine-oxygen 
r e d u c t a s e  a c t i v i t y  w a s  m e a s u y d  s p e c t r o p h o t o m e t r i c a l l y  a t  295 nm 
a t  25' and expressed  as AFR25 
weight of  p r o t e i n  determined by f l a v i n  measurement a t  450 nm) 
(from.Edmonson e t  a l . ,  r e f .  4 6 ) .  

Peak 1 w a s  

va lues  (enzymic a c t i v i t y  p e r  
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MAY AND ZABORSKY 

The p u r i f i c a t i o n  of a c e t y l c h o l i n e s t e r a s e  us ing  LSC 

is  be ing  pursued a c t i v e l y  and two such s t u d i e s  i l l u s t r a t e  t h e  

h i g h l y  s e l e c t i v e  i s o l a t i o n s  a t t a i n a b l e .  A c e t y l c h o l i n e s t e r a s e  

from t h e  e l e c t r i c  organ of e l e c t r i c  eel  is  p r e s e n t  i n  s a l t  

e x t r a c t s  of t i s s u e  a s  t h r e e  main components, which can be d i s -  

t inguished  by t h e i r  sed imenta t ion  c o e f f i c i e n t s  (about  18, 14 and 

8s) on sucrose-gradien t  c e n t r i f u g a t i o n  a t  high i o n i c  s t r e n g t h .  

The 18s and 14s  components, which comprise about  90% of t h e  

t o t a l  a c e t y l c h o l i n e s t e r a s e  a c t i v i t y ,  aggrega te  a t  low i o n i c  

s t r e n g t h .  A t  h igh  i o n i c  s t r e n g t h ,  f o r  example i n  1 g NaC1,  the  

145 and 18s forms a r e  not  aggregated.  

Dudai e t  al .54 i s o l a t e d  t h e  14s and 18s forms from a 

crude e x t r a c t  by u s i n g  l-methyl-9-[Ny-(c -aminocaproyl)-y- 

aminopropylamino]acridinium bromide hydrobromide, XI, bound t o  

Sepharose. The key behind t h e  s u c c e s s f u l  s e p a r a t i o n  i s  t h a t  

+ -  B r  NH (CH2) , p C O  ( CH2) 
I 

the  N-methylacridinium i o n  i s  a powerful i n h i b i t o r  of t h e  

enzyme even i n  1 g NaC1. 

and 18s components were obta ined  from the s i n g l e  chromato- 

graphic  e l u t i o n  peak of the  LSC separa t ion ,  by sucrose  g r a d i e n t  

c e n t r i f u g a t i o n  a t  h igh  i o n i c  s t r e n g t h .  Previous a t tempts  t o  

p u r i f y  the  n a t i v e  forms of a c e t y l c h o l i n e s t e r a s e  u s i n g  the 

i n h i b i t o r  [~-(c-aminopropyl)-~-aminophenyl]-trimethylammonium 

bromide hydrobromide, X I I ,  c o v a l e n t l y  l inked  t o  Sepharose 

Separa te  samples of t h e  p u r i f i e d  14s 
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LIGAND SPECIFIC CHROMATOGRAPHY 

[H3N + (CH2) 5CONH 0 ( C € 1 3 ) , ]  2 B r -  

f a i l e d .  With l igand  XI1 a t  low i o n i c  s t r e n g t h  the  forms are 

poorly adsorbed on t h e  r e s i n ,  and appear ,  when adsorbed,  t o  be 

a s s o c i a t e d  w i t h  o t h e r  components. A t  h igh i o n i c  s t r e n g t h ,  

where t h e  forms are n o t  aggregated,  they a r e  a l s o  n o t  adsorbed. 

Two i n t e r e s t i n g  and c l e v e r  s e p a r a t i o n s  of  a c e t y l -  

c h o l i n e s t e r a s e  s p e c i e s  from bovine e r y t h r o c y t e s  were accom- 

p l i s h e d  by Jung and B e l l e a ~ ~ ~  w i t h  A-tubocurar ine,  X I I I ,  bound 

HO 

(XIII) 

t o  Sepharose. The p r i n c i p l e  behind t h e  s u c c e s s f u l  s e p a r a t i o n s  

is t h e  f a c t  t h a t  t h i s  enzyme possesses  a l l o s t e r i c  b i n d i n g  

si tes.  

I n  t h e  f i r s t  procedure,  c rude  a c e t y l c h o l i n e s t e r a s e  

was adsorbed o n t o  t h e  d e r i v a t i z e d  Sepharose column i n  the  

presence of t h e  a l l o s t e r i c  e f f e c t o r  decamethonium bromide ( a t  

a c o n c e n t r a t i o n  of 0.5 I+ i n  0.01 NaC1) .  E l u t i o n  of t h e  
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MAY AND ZABORSKY 

column w i t h  0.01 g NaCl i n  the  presence of 0 .5  g decamethonium 

bromide gave a peak t h a t  corresponded t o  80% of a p p l i e d  ac-  

t i v i t y .  The balance of 20% was then e l u t e d  w i t h  a s t r o n g e r  

NaCl s o l u t i o n  (0.15 g ) .  
r e a p p l i e d  t o  the  column. Washing with 0.01 g NaCl removed some 

i n a c t i v e  p r o t e i n s ,  and subsequent  e l u t i o n  w i t h  0.15 5 N a C l  r e -  

moved a l l  a c t i v i t y  from the  column. 

p u r i f i e d  enzyme (with a c e t y l c h o l i n e  as s u b s t r a t e )  were n o t  

s i g n i f i c a n t l y  d i f f e r e n t  from those  of the  c rude  enzyme. How- 

e v e r ,  the  p u r i f i e d  form was i n h i b i t e d  noncompeti t ively by 

decamethonium bromide whi le  t h e  crude enzyme was i n h i b i t e d  

compet i t ive ly  by t h i s  compound. The i n t e r p r e t a t i o n  of  t h i s  

behavior  given by t h e  i n v e s t i g a t o r s  was t h a t  t h e  bound a l l o s t e r i c  

s i t e  r e a g e n t ,  d - tubocurar ine ,  profoundly a l t e r s  the  molecular  

s t r u c t u r e  of t h e  enzyme ol igomers  o r  i t  removes a c o n s t i t u e n t  

c o n t r o l l i n g  the  b inding  p r o p e r t i e s  and qua ternary  s t r u c t u r e  of 

t h e  enzyme. 

The f i r s t  f r a c t i o n  was d ia lyzed  and 

The K, and Vmax v a l u e s  of the  

In a second s e p a r a t i o n  procedure,  Jung and Bel leau 

f r a c t i o n a t e d  crude a c e t y l c h o l i n e s t e r a s e  i n t o  two subspec ies  on 

t h e  d-tubocurarine-Sepharose column u s i n g  i n c r e a s i n g  concent ra -  

t i o n s  of the  e f f e c t o r ,  p-D-methylsuccinyldicholine iod ide ,  as 

the  e l u a n t .  The e f f e c t o r  was a l s o  p r e s e n t  d u r i n g  t h e  applica- 

t i o n  of t h e  enzyme onto  the  column (Figure  7 ) .  The two 

s p e c i e s ,  i s o l a t e d  i n  a r a t i o  of about  1:l and account ing  f o r  

90% of the  i n i t i a l  a c t i v i t y ,  showed s i n g l e  sharp  bands on d i s c  

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

r e g u l a t o r y  p r o p e r t i e s  (based on t h e i r  k i n e t i c  behavior  toward 

methanesulfonyl  f l u o r i d e ) .  I t  i s  t o  be emphasized t h a t  i n  

c o n t r a s t  t o  t h e s e  resu l t s ,  when a c e t y l c h o l i n e s t e r a s e  was i n i -  

t i a l l y  adsorbed on t h e  tubocurar ine-Sepharose column i n  t h e  

absence of  e i t h e r  e f f e c t o r ,  i t  was "hardly e l u t a b l e "  by the  

same compounds. The presence of  decamethonium bromide o r  B - D -  

methylsucc inyld ichol ine  iod ide  on t h e  enzyme presumably a l t e r s  

t h e  qua ternary  s t r u c t u r e  i n  such a manner t h a t  t h e  a f f i n i t y  of 

t h e  curare-b inding  s i t e  ( o r  s i t e s )  f o r  the  r e g u l a t o r y  c e n t e r  i s  

d r a s t i c a l l y  modified. 
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LIGAND SPECIFIC CHROMATOGRAPHY 
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FIGURE 7 

Chromatography of  a c e t y l c h o l i n e s t e r a s e  on a tubocurar ine-  
Sepharose column w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  of  8-D-methyl- 
s u c c i n y l d i c h o l i n e  i o d i d e .  Each p o i n t  r e p r e s e n t s  t h e  p e r c e n t a g e  
of enzyme r e t a i n e d  on t h e  column at  each i n i t i a l  c o n c e n t r a t i o n  
of  t h e  e f f e c t o r  a f t e r  washing w i t h  t h e  same s o l u t i o n  u n t i l  no 
more a c t i v i t y  w a s  e l u t a b l e  ( f rom Jung and B e l l e a u ,  r e f .  55).  

The LSC s e p a r a t i o n  of carbonic  anhydrase isoenzymes 

and of a s p e c i e s  w i t h  a chemica l ly  modified a c t i v e  s i t e  was 

r e p o r t e d  by F a l k b r i n g  e t  a d 3  Sul fan i lamide  coupled t o  

Sephadex was used t o  s e p a r a t e  human e r y t h r o c y t e  carbonic  

anhydrase B from C, two isoenzymes obta ined  from a hemolysate 

of r e d  blood c e l l s  which d i f f e r  i n  c a t a l y t i c  behavior  and i n  

s e n s i t i v i t y  t o  sulfonamide i n h i b i t o r s .  A good s e p a r a t i o n  of 

n a t i v e  carbonic  anhydrase B and chemica l ly  modified B (obta ined  

by t rea tment  of  t h e  enzyme wi th  bromoacetate)  was a l s o  achieved 

wi th  the same d e r i v a t i z e d  Sephadex. Bromoacetate s e l e c t i v e l y  
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MAY AND ZABORSKY 

a lky la t e s  an ac t ive  s i t e  h i s t i d i n e  residue t o  give the carboxy- 

methyl de r iva t ive  and t h i s  modification a l t e r s  the c a t a l y t i c  

and inh ib i to r  binding proper t ies  of the enzyme. A modified 

enzyme preparation conta in ing  0.51 equiva len ts  of carboxymethyl- 

h i s t i d i n e ,  e lu t ed  f i r s t  with 0 .1  Tr i s - su l f a t e  buf fer ,  pH 8, 

and then with 0 .1  g Tr i s - su l f a t e  buf fer  conta in ing  0.5 g NaI, 

gave two separa te  e l u t i o n  peaks. The p ro te in  of the f i r s t  peak 

(the modified enzyme) contained 0.72 equiva len ts  of carboxy- 

methylh is t id ine  while the pro te in  of the second peak ( the  native 

enzyme) contained only t r ace  amounts (z. 0.03 equiva len ts )  of 

modified h i s t i d i n e  (Figure 8) .  
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FIGURE 8 

Chromatography of bromoacetate-modified and na t ive  human car- 
bonic anhydrase B on the  sulfanilamide-Sephadex column. 
with 0.1 g Tr i s - su l f a t e  bu f fe r ,  pH 8, and then wi th  0 .1  
s u l f a t e ,  pH 8, containing 0.5 g NaI (arrow ind ica t e s  second 
e lu t ion  system) (from Falkbring et a l . ,  r e f .  6 3 ) .  

Elut ion  
T r i s -  
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LIGAND SPECIFIC CHROMATOGRAPHY 

PEPTIDES 

S p e c i f i c  chemical  m o d i f i c a t i o n  is  one o f  t h e  most 

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

c a t a l y t i c  a c t i v i t y  of  p r o t e i n s  ( f o r  r ev iews  see r e f e r e n c e s  74 

and 75).  I n  t h i s  p rocedure ,  t h e  n a t i v e  p r o t e i n  is  f i r s t  t r e a t e d  

w i t h  a chemical  r e a g e n t  s p e c i f i c  f o r  c e r t a i n  amino a c i d  

r e s i d u e s ,  and t h e n  hydrolyzed t o  g ive  a mix tu re  of  p e p t i d e s .  

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

modif ied is  t h e n  i s o l a t e d  and i d e n t i f i e d  ( F i g u r e  9) .  For 

s e v e r a l  r e a s o n s ,  i t  is  t h i s  i s o l a t i o n  p rocedure  which o f t e n  

p r e s e n t s  t h e  major d i f f i c u l t y  i n  such  s t u d i e s .  F i r s t ,  t h e  

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

s e v e r a l  d i f f e r e n t  modif ied r e s i d u e s  a r e  o f t e n  o b t a i n e d  i n  

v a r i o u s  y i e l d s .  Furthermore,  d i g e s t i o n  of  even a s p e c i f i c a l l y  

modif ied p r o t e i n  w i l l  g i v e  a mix tu re  o f  p e p t i d e s  of  v a r y i n g  

l e n g t h ,  a l l  c o n t a i n i n g  t h e  modif ied r e s i d u e .  F i n a l l y ,  conven- 

t i o n a l  methods f o r  t h e  i s o l a t i o n  of  p e p t i d e s  are l a b o r i o u s  and 

i n e f f i c i e n t .  Thus, t h e  r e c e n t  development o f  t h e  use  of LSC 

f o r  t h e  i s o l a t i o n  of s p e c i f i c a l l y  modif ied p e p t i d e s  by s e v e r a l  

i n v e s t i g a t o r s  a t  t h e  Weizmann I n s t i t u t e  of Sc ience  i s  p a r t i c u -  

l a r l y  t i m e l y  and s i g n i f i c a n t .  

The f i r s t  r e p o r t s  of t h i s  a p p l i c a t i o n  of LSC were 

t h o s e  of Givol  e t  a1.76 and of  Wilchek,77 which d e s c r i b e  t h e  

i s o l a t i o n  of  l a b e l e d  p e p t i d e s  d e r i v e d  from a f f i n i t y - l a b e l e d  

enzymes o r  a n t i b o d i e s .  The p r i n c i p l e  behind t h e s e  s t u d i e s  i s  

i l l u s t r a t e d  i n  F i g u r e  10 f o r  t h e  c a s e  of  an enzyme. A s u b s t r a t e  

a n a l o g  which p o s s e s s e s  a chemica l ly  r e a c t i v e  group i s  mixed 

w i t h  t h e  enzyme, and by v i r t u e  of  i t s  s t r u c t u r a l  s i m i l a r i t y  t o  

a s u b s t r a t e ,  is  bound s p e c i f i c a l l y  a t  t h e  a c t i v e  s i te  i n  t h e  

c l a s s i c a l  r e v e r s i b l e  f a s h i o n .  Once bound, t h e  c h e m i c a l l y  

r e a c t i v e  group r e a c t s  c o v a l e n t l y  w i t h  a r e s i d u e  a t  o r  n e a r  t h e  

a c t i v e  s i t e ,  t h e r e b y  e f f e c t i n g  the  " a f f i n i t y  l a b e l . "  Thus, 

when t h e  modif ied enzyme is  s u b s e q u e n t l y  d i g e s t e d ,  one of t h e  

p e p t i d e s  o b t a i n e d  is  c o v a l e n t l y  l a b e l e d  w i t h  t h e  chemica l  
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MAY AND ZABORSKY 

Native 
enzyme 

Modified 
enzyme 

Mixture of 
peptides 

Modifying 
reagent 

n s 

Hydrolysis 

0 

FIGURE 9 

Chemical modif icat ion of a prote in  fol lowed by hydrolys is  t o  
g i v e  a mixture of p e p t i d e s .  
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LIGAND SPECIFIC CHROMATOGRAPHY 

Modified 
Enzyme Digestion 

I \ 
La  be1 ed 
Peptide 

1 Native Aff in i ty Complex 
Enzyme Reagent 

Peptides 

Digest o f  0q I \  T@ 

Chromatography I 

La beled 
Peptide 

FIGURE 10 

I s o l a t i o n  of  an a f f i n i t y  l abe led  pep t ide .  
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MAY AND ZABORSKY 

r e a g e n t ,  which s t i l l  p o s s e s s e s  i t s  s t r o n g  s t r u c t u r a l  s i m i l a r i t y  

t o  a s u b s t r a t e  of  t h e  o r i g i n a l  enzyme. I f  t h e  n a t i v e  enzyme is 

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

modif ied enzyme passed  ove r  i t ,  t h e  l a b e l e d  p e p t i d e  w i l l  be 

s p e c i f i c a l l y  r e t a i n e d  on t h e  column and t h e r e b y  s e p a r a t e d  from 

a l l  o t h e r  p e p t i d e s .  Subsequent  e l u t i o n  of  t h e  column under  

c o n d i t i o n s  which d i s s o c i a t e  t h e  enzyme-subs t r a t e  a n a l o g  complex 

g i v e s  t h e  l a b e l e d  p e p t i d e - - i s o l a t e d  i n  e s s e n t i a l l y  one s t e p .  

Using t h i s  p r i n c i p l e ,  Givol  e t  a l . 7 6  succeeded i n  

i s o l a t i n g  a u r i d i n e  d i p h o s p h a t e  (PUDP)-labeled p e p t i d e  from 

bovine p a n c r e a t i c  r i b o n u c l e a s e  (RNase) and a d i n i t r o p h e n y l  

(DNP)-labeled p e p t i d e  from a n  a n t i b o d y  t o  DNP. I n  b o t h  c a s e s  

t h e  chromatographic  s t e p  was accomplished u s i n g  t h e  n a t i v e  

RNase o r  a n t i b o d y  coupled t o  Sepharose 4B th rough  t h e  CNBr 

a c t i v a t i o n  procedure,  and t h e  l a b e l e d  p e p t i d e s  were e l u t e d  w i t h  

0.8 M_ NH4OH ( f o r  RNase) o r  20% formic a c i d  ( f o r  t h e  a n t i b o d y ) .  

The modif ied p e p t i d e  from RNase was r ecove red  i n  60% y i e l d  and 

f r e e d  from minor i m p u r i t i e s  by paper  e l e c t r o p h e s i s .  A n a l y s i s  

r e v e a l e d  t h a t  t h i s  p e p t i d e  was i d e n t i c a l  t o  t h e  PUDP-peptide of 

RNase p r e v i o u s l y  i s o l a t e d  by s e v e r a l  s t e p s  o f  chromatography 

and e l e c t r o p h o r e s i s .  A f t e r  one c y c l e ,  t h e  c a p a c i t y  of  t he  

RNase column t o  b ind  t h e  PUDP p e p t i d e  had dec reased  by 20%. 

S i m i l a r l y ,  t h e  DNP-labeled p e p t i d e  from t h e  a n t i b o d y  t o  DNP was 

recove red  i n  75% y i e l d ,  and was i d e n t i f i e d  a f t e r  paper  e l e c t r o -  

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

DNP-labeled t y r o s i n e .  The c a p a c i t y  of t h e  a n t i b o d y  column t o  

b ind  DNP dec reased  40% a f t e r  one c y c l e  of  a d s o r p t i o n  and e l u -  

t i o n .  

It is  noteworthy t h a t  i n  b o t h  of t h e  above c a s e s  i t  

was n e c e s s a r y  t o  c a r r y  o u t  a f i n a l  s t e p  o f  e l e c t r o p h o r e s i s  

b e f o r e  t h e  e l u t e d  p e p t i d e  cou ld  be ob ta ined  i n  pure form. 

Apparen t ly ,  some of  t h e  p r o t e i n  a t t a c h e d  t o  t h e  Sepharose had 

been r e l e a s e d  under  t h e  e l u t i o n  c o n d i t i o n s ,  a f a c t  which might  

accoun t  f o r  t h e  l o s s e s  i n  column c a p a c i t y  observed a f t e r  one 
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LIGAND SPECIFIC CHROMATOGRAPHY 

c y c l e .  

compound t o  be p u r i f i e d  is i t s e l f  a p e p t i d e  o r  p r o t e i n  because  

t h e  removal of  i m p u r i t i e s  which are s t r u c t u r a l l y  similar t o  t h e  

d e s i r e d  material i s  o f t e n  n o t  a s imple t a s k .  Another c o n s i d e r a -  

t i o n  i s  t h a t  G ivo l  e t  a1.76 n o t i c e d  a r e l a t i v e l y  r a p i d  d e c r e a s e  

i n  t h e  s p e c i f i c  b i n d i n g  c a p a c i t y  of  t h e  Sepha rose -an t ibody  

column, u n l e s s  t h e  c o u p l i n g  of  t h e  a n t i b o d y  t o  t h e  Sepharose 

was c a r r i e d  o u t  i n  t h e  p re sence  of a "p ro tec to r " - - a  l o w - a f f i n i t y  

a n a l o g  of  t h e  hap ten .  However, d e s p i t e  t h e s e  l i m i t a t i o n s ,  t h e  

advan tages  of  t h e  s imple and r a p i d  LSC procedure  o v e r  t h e  

l a b o r i o u s  s t a n d a r d  p rocedures  f o r  p e p t i d e  i s o l a t i o n  are r e a d i l y  

a p p a r e n t .  

Th i s  problem seems e s p e c i a l l y  s i g n i f i c a n t  when t h e  

W i l ~ h e k ~ ~  r e p o r t e d  t h e  s u c c e s s  o f  a similar approach 

f o r  t h e  i s o l a t i o n  of  a f f i n i t y - l a b e l e d  p a p t i d e s  from s t a p h y l o -  

c o c c a l  n u c l e a s e .  The l a b e l e d  p e p t i d e  from t h e  enzyme mod i f i ed  

w i t h  t h e  bromoacetyl  d e r i v a t i v e  of deoxythymidine-3'-~-amino- 

phenylphosphate-5'-phosphateY X I V ,  was o b t a i n e d  i n  80% y i e l d  

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

s t e p s  of  chromatography, e l e c t r o p h o r e s i s  and r ad ioau tograms .  

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

w i t h  X I V  was s e l e c t i v e l y  bound by t h e  nuc lease -Sepha rose  column, 

t h a t  l a b e l e d  w i t h  bromoacetyl-e-aminophenylphosphate, XV, 

emerged t o g e t h e r  w i t h  t h e  o t h e r  p e p t i d e s  i n  t h e  d i g e s t  ( F i g u r e  

11). This i s  due t o  t h e  f a c t  t h a t  XV,  which l a c k s  the thymidine 

r i n g ,  h a s  a poor a f f i n i t y  f o r  t h e  n u c l e a s e ,  and t h e  r e s u l t  

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

s e p a r a t i o n .  Only t h o s e  l i g a n d s  hav ing  a h i g h  a f f i n i t y  f o r  t h e  

p r o t e i n  w i l l  be s p e c i f i c a l l y  absorbed on t h e  p ro te in -Sepha rose  

column. 

heme p e p t i d e  of  cytochrome c u s i n g  bovine o r  human serum 

albumin-Sepharose columns. 

t h e  p r o p e n s i t y  o f  t h e s e  albumins t o  b ind  t h e  heme p e p t i d e .  

More r e c e n t l y ,  Wilchek78 r e p o r t e d  t h e  i s o l a t i o n  of  t h e  

Th i s  p rocedure  t a k e s  advantage o f  

Although t h e  u s e  of  n a t i v e  p r o t e i n - S e p h a r o s e  columns 

i s  a powerful  t o o l  f o r  t h e  i s o l a t i o n  of  l a b e l e d  p e p t i d e s ,  i t s  
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FIGURE 11 

E l u t i o n  o f  l a b e l e d  p e p t i d e s  from a s t a p h y l o c o c c a l  nuc lease-  
Sepharose column. 
l a b e l e d  w i t h  XV and t h e  bot tom p r o f i l e  f o r  t h a t  l a b e l e d  w i t h  
X I V .  T r y p t i c  d i g e s t s  of the modif ied enzyme were a p p l i e d  in 
0.05 M b o r a t e ,  pH 8.0, c o n t a i n i n g  10 + CaC12. A t  t h e  p o i n t  
i n d i c a t e d  by t h e  arrow, NH40H, pH 11.0, was a p p l i e d  t o  t h e  
column (from Wilchek, r e f .  77) .  

The t o p  p r o f i l e  w a s  o b t a i n e d  f o r  t h e  p e p t i d e  
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LIGAND S P E C I F I C  CHROMATOGRAPHY 

T 

app l i ca t ion  i s  l imited to  cases  of a f f i n i t y  labe l ing .  I n  con- 

t r a s t ,  antibody-Sepharose columns can, i n  pr inc ip le ,  be used  

fo r  the i s o l a t i o n  of a la rge  v a r i e t y  of labeled peptides,  s ince  

s p e c i f i c  an t ibodies  with high a f f i n i t y  can be ra i sed  aga ins t  

almost any small molecule. The only requirement is t h a t  the  

por t ion  of the modifying reagent recognizable t o  the antibody 

must not be s o  s t r u c t u r a l l y  a l t e r ed  i n  the labeled peptide so 

a s  t o  preclude i t s  s p e c i f i c  binding t o  the antibody column. 

As mentioned above, Givol e t  a1.76 f i r s t  reported the 

use of such columns for  the i s o l a t i o n  of a DNP-labeled peptide 

from the antibody i t s e l f ,  and the Weizmann I n s t i t u t e  i nves t i -  

ga tors  have s ince  improved t h i s  technique and extended i t  t o  a 

v a r i e t y  of o ther  p e p t i d e s .  

i s o l a t i o n  of a rsan i lazotyrosyl  peptides from arsanilazo-g- 

succinylcarboxypeptidase A using an an t i - a r san i l azo  antibody- 

Sepharose column, and of the DNP-lysyl  peptide from mono-DNP- 

ribonuclease us ing  an anti-DNP antibody-Sepharose column. The 

arsani lazo-pept ides  were e lu t ed  with 1 g NH40H, a f t e r  which the 

column capac i ty  had decreased 15-20%. However, no f u r t h e r  

Wilchek e t  a l .79  reported the 
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MAY AND ZABORSKY 

d e c r e a s e  i n  c a p a c i t y  was observed a f t e r  t h e  second c y c l e  and 

the  column was used r e p e a t e d l y  s i x  t imes .  The DNP-peptides 

were e l u t e d  w i t h  6 guan id ine  HC1, a f t e r  which t h e  an t ibody-  

Sepharose column had l o s t  most o f  i t s  c a p a c i t y  and cou ld  n o t  be 

r eused .  I n  a d d i t i o n ,  t h e  guanidine-HC1 t r e a t m e n t  r e l e a s e d  a 

small amount of  a n t i b o d y  from t h e  column, c a u s i n g  d i f f i c u l t y  i n  

t h e  p u r i f i c a t i o n  of  t h e  d e s i r e d  p e p t i d e .  These r e s u l t s  a r e  

similar t o  those  of  G ivo l  e t  a l . , 7 6  quoted above, and i l l u s -  

trate some of t h e  d i f f i c u l t i e s  encoun te red  i n  t h e  use  of  

i n s o l u b l e  an t ibody  columns. 

I n  a n  e x t e n s i o n  of  t h i s  work, Helman and GivolgO 

p repa red  a n t i b o d i e s  t o  3 - n i t r o t y r o s i n e Y  and p u r i f i e d  them on a 

nitro-y-globulin-Sepharose column. They t h e n  s u c c e s s f u l l y  used 

t h e  p u r i f i e d  a n t i b o d i e s ,  coupled t o  Sepharose,  f o r  t h e  i s o l a -  

t i o n  of  n i t r o t y r o s i n e - c o n t a i n i n g - p e p t i d e s  from n i t r a t e d  lyso-  

zyme. I n  t h i s  case,  t h e  n i t r o t y r o s i n e  h a p t e n  i s  p a r t  of t h e  

p e p t i d e  c h a i n  i t s e l f  and n o t  a s m a l l  molecule  in t roduced  by 

chemical  m o d i f i c a t i o n  of  a n  amino a c i d  r e s i d u e .  E l u t i o n  was 

accomplished w i t h  1 ammonia and t h e  column cou ld  be used 10 

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

e n t  approach i s  t h a t  o f  B u s t i n  and Givol'l who i s o l a t e d  t h e  

same modif ied p e p t i d e s  from n i t r a t e d  lysozyme by c o n v e r t i n g  t h e  

n i t r o t y r o s i n e  r e s i d u e s  t o  DNP-aminotyrosine. R e a d i l y  a v a i l a b l e  

anti-DNP a n t i b o d i e s  were t h e n  a t t a c h e d  t o  Sepharose and used 

f o r  t h e  i s o l a t i o n  of t h e  modif ied p e p t i d e s .  Thus, a p p r o p r i a t e  

f u r t h e r  m o d i f i c a t i o n  of  a n  a l r e a d y  modif ied r e s i d u e  c a n  a l l o w  

i s o l a t i o n  of t h e  d e s i r e d  p e p t i d e  on a more r e a d i l y  a v a i l a b l e  

a n t i b o d y  column. 

Very r e c e n t l y ,  Wilchek and Miron82 r e p o r t e d  t h e  

s u c c e s s f u l  i s o l a t i o n  of  t r y p t o p h a n - c o n t a i n i n g  p e p t i d e s  by f i r s t  

modifying t h e  t r y p t o p h a n  r e s i d u e  w i t h  2,4-dinitrophenylsulfenyl 
c h l o r i d e ,  and t h e n  u s i n g  the  f a m i l i a r  anti-DNP an t ibody-  

Sepharose column i n  the  chromatographic  s t e p .  Ten p e r c e n t  

formic a c i d  was used f o r  t h e  e l u t i o n ,  and t h e  a u t h o r s  claim 
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LIGAND SPECIFIC CHROMATOGRAPHY 

that  t h i s  t rea tment  does n o t  release a t t a c h e d  a n t i b o d i e s  from 

t h e  column. Thus, no contaminat ing  p r o t e i n  emerges a long  w i t h  

t h e  d e s i r e d  material, and t h e  procedure is  a n  example of a t r u e  

one-step i s o l a t i o n  of a modified p e p t i d e  u s i n g  LSC. 

CARBOHYDRATES AND GLYCOPROTEINS 

A number of po lysacchar ides  and g l y c o p r o t e i n s  have 

been p u r i f i e d  by LSC u s i n g  concanaval in  A (Con A)  a s  the  l i g a n d .  

'Ihis phytohomaglut inin,  i s o l a t e d  from t h e  j a c k  bean Canaval ia  

e n s i f o r m i s ,  has  been p u r i f i e d  t o  homogeneity, and i t s  s t r u c t u r e  

and chemis t ry  have been c h a r a c t e r i z e d  q u i t e  extensively.83'85 

A good i n t r o d u c t o r y  review by Sharon and Lis83 of t h i s  and 

o t h e r  l e c t i n s  h a s  r e c e n t l y  appeared.  

Con A i s  a g l o b u l a r  p r o t e i n  t h a t  e x i s t s  i n  s o l u t i o n  

l a r g e l y  as dimers  below pH 6 and a s  te t ramers  above pH 7, t h e  

molecular  weight  of  t h e  monomeric u n i t  being 25,500. The t e n -  

t a t i v e  sequence of t h e  238 amino a c i d  r e s i d u e s  i n  t h i s  

p r o t e i n  h a s  been determined mainly by chemical  means but  p a r -  

t i a l l y  on t h e  b a s i s  of X-ray c r y s t a l l o g r a p h i c  data .84 

a l s o  a m e t a l l o - p r o t e i n ,  r e q u i r i n g  Mn+2 and Ca+2 f o r  s a c c h a r i d e  

binding.  The calcium i o n  b inds  only a f t e r  t h e  manganese i o n  

s i t e  i s  occupied, and occupancy of bo th  metal  s i t es  i s  essen-  

t i a l  f o r  s a c c h a r i d e  binding.  Both metal b inding  sites are 

approximately 20 from t h e  s a c c h a r i d e  b inding  site, a deep 

pocket  i n  t h e  molecule t h e  i n n e r  p o r t i o n  of which is occupied 

by hydrophobic r e s i d u e s .  Con A e x h i b i t s  a h i g h  degree  of 

s p e c i f i c i t y  toward polysacchar ides  and g l y c o p r o t e i n s  having 

te rmina l  nonreducing a-D-glucopyranosyl, a-D-mannopyranosyl, 

8-D-fruc tofuranosyl ,  o r  u-D-arabinofuranosyl  r e s i d u e s .  86 Low 

molecular  weight  s a c c h a r i d e s  a l s o  i n t e r a c t  w i t h  Con A and are 

used commonly f o r  t h e  e l u t i o n  of po lysacchar ides .  The v a l u e s  

of the  b inding  c o n s t a n t s ,  K a y  of  methyl a-D-mannopyranoside and 

methyl a-D-glycopyranoside, determined by e q u i l i b r i u m  d i a l y s i s  

Con A is 
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MAY AND ZABORSKY 

measurements, a r e  1.4 x l o 4  and 0.3 x l o 4  l i t e r h o l e ,  respec- 

t ively.87 

a glycoprotein.  

Contrary t o  most o ther  l e c t i n s ,  Con A i t s e l f  i s  not 

Most of ten ,  Con A has been immobilized by covalent 

attachment to  Sepharose through the cyanogen bromide proce- 

d ~ r e , ' ~ - ~ '  but i n so lub i l i za t ion  has a l s o  been achieved by 

intermolecular c ross l ink ing  with g l ~ t a r a l d e h y d e ~ ~ , ~ ~  and by 

copolymerization with L- leuc ine-1-carboxyanhydr ide . 88 

The in t e rac t ions  of polysaccharides and glycoproteins 

with various water-insoluble de r iva t ives  of Con A revea l  fu r the r  

aspec ts  of i t s  s p e c i f i c i t y  and i t s  po ten t i a l  fo r  p u r i f i c a t i o n  

purposes. 

yeast  mannan t o  the insoluble conjugates of Con A with poly-L- 

leucine o r  Sepharose. For the poly-L-leucine de r iva t ive ,  the 

degree of dextran binding was dependent on the r a t i o  of reagents 

used i n  the copolymerization. The maximum weight of Dextran 

B1355 absorbed(520 kg/mg of Con A conjugate) occurred a t  a 

weight r a t i o  of 1 (weight of L-leucine-1-carboxyanhydride t o  

weight of Con A); lower o r  higher r a t i o s  showed decreased 

dextran adsorption (395 and 345 pg/mg Con A conjugate a t  r a t i o s  

of  0.5 and 2 . 0 ,  r e spec t ive ly ) .  The e f f i c i ency  of binding r e l a -  

t i v e  t o  tha t  of so luble  Con A (42%) was a l so  h ighes t  a t  a 

reagent r a t i o  of 1. Analogous r e s u l t s  were obtained with the 

yeast  mannan except t h a t  the adsorption capac i ty  of both in- 

soluble Con A preparations was lower by a f a c t o r  of about f ive .  

For example, the maximum binding of mannan t o  the polypeptide 

conjugate obtained a t  a reagent r a t i o  of 2 was 83 pglmg Con A 

conjugate. 

LloydE8 observed s t rong  binding of Dextran B1355 and 

Both Dextran B1355 and mannan are  highly branched 

polysaccharides. On the contrary,  Dextran B512-F, a poly- 

saccharide which has a very low degree of branching and 

p r e c i p i t a t e s  only a t  high concentrations of na t ive  so luble  Con 

A, was not  removed from so lu t ion  by the water-insoluble con- 

jugates t o  any s i g n i f i c a n t  ex ten t .  This s e l e c t i v i t y  of Con A 
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LIGAND SPECIFIC CHROMATOGRAPHY 

i n d i c a t e s  t h a t  s p e c i f i c i t y  is  dependent no t  o n l y  on t h e  presence 

of a p p r o p r i a t e  te rmina l  groups i n  t h e  polysacchar ide  b u t  a l s o  

on the  degree  of  branching.  

Other systems examined by Lloyd included hog blood 

group subs tance  and a galactomannan from the  y e a s t  Cladosporium 

wernecki i .  H i s  s e p a r a t i o n s  of  hog blood group subs tance  by LSC 

and by a p r e c i p i t a t i o n  method are e s p e c i a l l y  i l l u s t r a t i v e  o f  t h e  

advantages and d isadvantages  of each of these  processes .  Pre-  

c i p i t a t i o n  of hog blood group subs tance  wi th  Con A gave two 

f r a c t i o n s .  

Con A and r e t a i n e d  i t s  blood group a c t i v i t y .  The p r e c i p i t a t e d  

f r a c t i o n  was both  blood group and Con A a c t i v e  (comparable t o  

t h e  o r i g i n a l  blood group subs tance  i n  i t s  p r e c i p i t a t i n g  capac i -  

t y ) .  However, a decided d isadvantage  of t h e  p r e c i p i t a t i o n  

method is  the  c o n s i d e r a b l e  d i f f i c u l t y  encountered i n  r e i s o -  

l a t i n g  pure f r a c t i o n s  from t h e  system. 

The s u p e r n a t a n t  f r a c t i o n  d id  n o t  p r e c i p i t a t e  w i t h  

I n  t h e  column o p e r a t i o n  u s i n g  a poly-L-leucyl-Con A 

conjugate ,  two f r a c t i o n s  were a g a i n  obta ined .  One of t h e s e  was 

adsorbed on t h e  column, while  the  o t h e r  was n o t .  When t h e  

i s o l a t e d  f r a c t i o n s  were t e s t e d  wi th  s o l u b l e  Con A, t h e  non- 

adsorbed f r a c t i o n  s t i l l  r e t a i n e d  some a b i l i t y  t o  p r e c i p i t a t e  

w i t h  Con A while  the  adsorbed f r a c t i o n  was o n l y  s l i g h t l y  b e t t e r  

than the  o r i g i n a l  mixture  i n  Con A a c t i v i t y .  Column over loading  

and i n s u f f i c i e n t  e q u i l i b r a t i o n  ( t o  form t h e  ligand-component 

complex) were e l i m i n a t e d  as p o s s i b l e  f a c t o r s  f o r  t h i s  f i n d i n g  

by a p p r o p r i a t e  c o n t r o l s .  Thus, i n  comparison t o  t h e  p r e c i p i t a -  

t i o n  method, the  LSC method gave a f r a c t i o n  e n r i c h e d  i n  Con A 

a c t i v i t y  b u t  f a i l e d  t o  give a f r a c t i o n  which d i d  n o t  p r e c i p i t a t e  

w i t h  t h e  l e c t i n .  

I n  Lloyd ' s  s t u d i e s ,  e l u t i o n  of adsorbed carbohydra tes  

was accomplished w i t h  methyl a-D-mannopyranoside. The Sepharose- 

Con A conjugate  could be reused a f t e r  washing w i t h  about  200 

volumes of  1 g N a C 1 .  

i n s o l u b l e  l e c t i n  r e t a i n e d  about  two- th i rds  of  i t s  a c t i v i t y ;  

a f t e r  use a t  4 " ,  e s s e n t i a l l y  a l l  the  a c t i v i t y  was r e t a i n e d .  

A f t e r  u s e  a t  room temperature ,  the  
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MAY AID ZABORSKY 

Any column o p e r a t i o n  u s i n g  poly-L-leucyl  Con A must a l s o  employ 

a n  i n e r t  suppor t  such as Biogel .  

Other  po lysacchar ides  and g l y c o p r o t e i n s  shown 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  i n s o l u b i l i z e d  Con A inc lude  r a b b i t  

l i v e r  glycogen, 91 immunoglobulin My 
glycopro te ins  from human serum, 89,  92 glucose oxidase ,  92 

peroxidase ,  92 and s e v e r a l  g l y c o p r o t e i n  hormones (human 

c h o r i o n i c  gonadotrophin, l u t e i n i z i n g  hormone, and f o l l i c l e  

s t i m u l a t i n g  hormone). 

92 Dextran B-13554,  91 

90 

The s t u d i e s  of Dufau e t  a l . ”  on t h e  i n t e r a c t i o n  of 

hormones wi th  Con A-Sepharose conjugates  i l l u s t r a t e  the  poten-  

t i a l  v a l u e  of Lsc i n  the p u r i f i c a t i o n  of  g l y c o p r o t e i n  

hormones. 

w a s  recovered i n  good y i e l d  and e x h i b i t e d  enhanced b i n d i n g  

potency a f t e r  p u r i f i c a t i o n .  When p a r t i a l l y  p u r i f i e d  prepara-  

t i o n s  (Pregnyl ,  ob ta ined  from Organon) were s u b j e c t e d  t o  LSC, 

p u r i f i c a t i o n s  of up t o  3-fold were observed.  It w a s  sugges ted  

by t h e s e  workers t h a t  t h e  most u s e f u l  a p p l i c a t i o n s  of  i n s o l -  

u b i l i z e d  Con A may l i e  i n  t h e  a n a l y s i s  of  g l y c o p r o t e i n  hormones 

i n  small samples o f  plasma o r  u r i n e  and i n  t h e  b u l k  f r a c t i o n a -  

t i o n ,  a t  e a r l y  s t a g e s ,  o f  c rude  t i s s u e  o r  u r i n a r y  e x t r a c t s  

p r i o r  t o  f u r t h e r  p u r i f i c a t i o n .  The a b i l i t y  of  antibody-bound 

human c h o r i o n i c  gonadotrophin t o  b e  adsorbed by i n s o l u b i l i z e d  

Con A was a l s o  noted.  This i n t e r a c t i o n  (shown i n  equat ion  7) 

confirms t h e  f a c t  t h a t  

Human c h o r i o n i c  gonadotrophin from blood and u r i n e  

Glycopro te in-  . .Antibody + 

Con A---Glycoprotein...Antibody t 
(7) 

carbohydra te  r e s i d u e s  are n o t  involved i n  the immunological 

a c t i v i t y  of  t h e  hormone. I n  t h i s  a8 w e l l  as i n  o t h e r  s t u d i e s ,  9 1  
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LIGAND SPECIFIC CHROMATOGRAPHY 

t h e  s p e c i f i c i t y  of i n so lub i l i zed  Con A toward carbohydrate- 

conta in ing  substances was t h e  same as exhib i ted  by unmodified, 

so lub le  Con A. It is i n t e r e s t i n g  t o  poin t  ou t  t h a t  Con A it- 

s e l f  may be p u r i f i e d  conveniently from the  j ack  bean by LSC 

using Sephadex ( a  c ross l inked  dext ran) ;  e l u t i o n  i s  accomplished 

wi th  e i t h e r  D-glucose o r  a b u f f e r  of  low pH. 

An example of  t he  i s o l a t i o n  of a g lycopro te in  wi thout  

t h e  use o f  Con A was reported by Warecka e t  a l . 95  Human bra in-  

s p e c i f i c  alpha*-glycoprotein w a s  p a r t i a l l y  p u r i f i e d  by means of 

a series of Sepharose immunoadsorbents prepared from cyanogen 

bromide-activated agarose and b ra in  e x t r a c t ,  a mixture of l i v e r  

e x t r a c t  and human serum, and p u r i f i e d  bra in-spec i f ic  an t ibodies .  

I n  add i t ion ,  a second b ra in - spec i f i c  p ro te in  w a s  found along 

wi th  t h e  glycoprotein.  This component of t he  system had not 

been de tec ted  previously by t e s t i n g  t h e  crude b r a i n  e x t r a c t s  

wi th  an t i -bra in  serum. Its appearance only a f t e r  t h e  pu r i f i ca -  

t i o n  procedure suggests t h a t  t h i s  new component was enriched 

by LSC. 

88,93,94 

NUCLEIC ACIDS AND COMPONENTS 

A considerable amount of work has been repor ted  on 

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  nucleosides , nucleo t ides  , 
and polynucleotides (both n a t u r a l  and syn the t i c )  through t h e  

use o f  LSC. I n  f a c t ,  t h i s  kind o f  chromatography w a s  employed 

success fu l ly  as ea r ly  as 1962.5-7 For the  sepa ra t ion  of  t hese  

compounds , nucleo t ides  , polyribonucleotides , polydeoxyribo- 

nuc leo t ides ,  o r  p ro te ins  have been used as l igands .  The 

a f f i n i t y  of nuc le i c  ac ids  f o r  t hese  l igands  i s  due t o  e i t h e r  

complementary base  p a i r i n g  o r  s p e c i f i c  nuc le i c  acid-protein 

i n t e r a c t i o n s .  

Complementary base  p a i r i n g  is the  i n t e r a c t i o n  of  

pur ine  and pyrimidine bases of  nucleosides , nucleo t ides  , and 

polynucleotides t o  form hydrogen bonded bridged s t r u c t u r e s  
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MAY AND ZABORSKY 

such as t h o s e  given below f o r  adenosine (A) and thymidine (T) 

( s t r u c t u r e  X V I )  and f o r  c y t i d i n e  (C) and guanosine ( G )  ( s t r u c -  

t u r e  (XVII). This  a s s o c i a t i o n  i s  a l s o  r e s p o n s i b l e  f o r  t h e  

double  h e l i c a l  s t r u c t u r e  of  n u c l e i c  a c i d s  f i r s t  proposed 

by Watson and Cr ick .  The e l u t i o n  o f  n u c l e i c  a c i d s  ( o r  

components) from adsorbents  c o n t a i n i n g  complementary 

n u c l e i c  a c i d s  ( o r  component n u c l e o t i d e s )  i s  achieved by 

d i s r u p t i n g  t h i s  f a v o r a b l e  b a s e  p a i r i n g .  D e s t a b i l i z a t i o n  

of  hydrogen bonding i n  n u c l e i c  a c i d s  can b e  achieved by 

(1) lowering t h e  i o n i c  s t r e n g t h ,  (2) i n c r e a s i n g  t h e  concentra-  

t i o n  of  o r g a n i c  s o l v e n t s  such as formamide and dimethylform- 

amide, o r  (3)  i n c r e a s i n g  t h e  tempera ture .  Commonly employed 

Thymidine Adenosine 

H 

s u i a r  

Cyt i d i n e  Guanosine 
H 
N-H. c' / "... p o... 

s u g a r  

...... 

...... 

...... 
(XVII) 

water - inso luble  s u p p o r t s  f o r  t h e  immobil izat ion of polynucleo-  

t i d e s  o r  t h e i r  components a r e  c e l l u l o s e  and t h e  phosphorylated 

d e r i v a t i v e  of t h i s  po lysacchar ide .  

The n u c l e i c  a c i d - p r o t e i n  i n t e r a c t i o n s  may be due t o  

hydrogen bonds, i o n i c  bonds, van  d e r  Waals a t t r a c t i v e  f o r c e s ,  
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LIGAND SPECIFIC CHROMATOGRAPHY 

e t c .  These s p e c i f i c  and s e l e c t i v e  i n t e r a c t i o n s  c a n  be d i s -  

r u p t e d  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  of  t h e  e l u a n t .  

Sepharose h a s  g e n e r a l l y  been used a s  t h e  w a t e r - i n s o l u b l e  

s u p p o r t  f o r  t h e  c o u p l i n g  of n u c l e i c  a c i d - b i n d i n g  p r o t e i n s .  Only 

a few examples a r e  g iven  he re  t o  i l l u s t r a t e  t h e  p o t e n t i a l  o f  LSC 

w i t h  t h e s e  c l a s s e s  of compounds. 

The s e p a r a t i o n  of  n u c l e o s i d e s  and n u c l e o t i d e s  w i t h  an 

oligothymidine-cellulose con juga te ,  p ( T ) n - c e l l u l o s e ,  p repa red  

by t h e  r e a c t i o n  o f  thymidine 5 ' -phospha te  w i t h  c e l l u l o s e  and 

- N,"-dicyclohexylcarbodiimide, was i n v e s t i g a t e d  by Sander 

-- e t  a l .96  

f o r  a mix tu re  of n u c l e o s i d e s  and n u c l e o t i d e s .  The b e t t e r  

r e t e n t i o n  of t h e  n u c l e o s i d e s  compared w i t h  t h a t  of  t h e  nuc leo -  

t i d e s  was sugges t ed  t o  be due t o  e l e c t r o s t a t i c  r e p u l s i o n  between 

t h e  phosphate  groups of t h e  n u c l e o t i d e s  and t h o s e  o f  t h e  bound 

o l i g o t h y m i d y l a t e .  The s l i g h t  r e t a r d a t i o n  of t h e  guanosine and 

guanosine 5 ' -phospha te  was i n t e r p r e t e d  t o  be a r e f l e c t i o n  of t h e  

g r e a t e r  b a s i c i t y  of  t h e s e  compounds. A s  expec ted ,  a d e n o s i n e  and 

adenos ine  5 ' -phospha te  were p r e f e r e n t i a l l y  r e t a i n e d  on  t h e  

column. S i m i l a r l y ,  Saxinger  e t  a1.97 examined t h e  i n t e r a c t i o n  

of n u c l e o t i d e s  w i t h  amino a c i d s  immobilized on polyvinylamine 

g e l  p a r t i c l e s  and F i s h  e t  a1.98,99 r e p o r t e d  t h e  a d s o r p t i o n  o f  

c y c l i c  adenos ine  3' :5 '-monophosphate (c-AMP) w i t h  immobilized 

c y c l i c  AMP-binding p r o t e i n s .  

F i g u r e  1 2  shows t h e  chromatographic  e l u t i o n  p a t t e r n s  

A number of e x c e l l e n t  s t u d i e s  which c l e a r l y  demon- 

s t ra te  t h e  p o t e n t i a l  of  LSC f o r  t he  s e p a r a t i o n  of  o l i g o -  and 

p o l y n u c l e o t i d e s  have been r e p o r t e d .  Gilham, a l e a d i n g  advoca te  

of  t h e  a p p l i c a t i o n  of LSC t o  n u c l e i c  a c i d s ,  showed t h e  complete  

and q u a n t i t a t i v e  s e p a r a t i o n  of t h e  h e x a n u c l e o t i d e s  of  thymidine,  

P ( T ) ~ ,  and deoxyadenosine,  p(dA)6y on a column of o l i g o t h y -  

m i d i n e - c e l l u l o s e .  F i g u r e  13 shows t h e  r e s u l t s  o b t a i n e d  when a 

mix tu re  of p(T)6 and p(dA)6 i n  1 g N a C l  s o l u t i o n  is  adso rbed  

o n t o  a column of p ( T ) n - c e l l u l o s e  c o n j u g a t e  (where n c a n  be as 

h i g h  as 20)  and e l u t e d  by chang ing  t h e  t empera tu re  of  t h e  

column. The thymidine ol igomer was e l u t e d  a t  t h e  s o l v e n t  p o i n t  
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MAY AND ZABORSKY 
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FIGURE 1 2  

Chromatography of 
ce l lu lose  column. 
phate bu f fe r ,  pH 

nucleosides and mononucleotides on a p(T),- 
E lu t ion  with 1 NaCl i n  0.01 g sodium phos- 

7, a t  5°C (from Sander e t  a l . ,  r e f .  9 6 ) .  

a t  4" while the deoxyadenosine oligomer was re ta ined .  The de- 

pendency of the temperature of e l u t i o n  on the number of con- 

secut ive  deoxyadenosine res idues  i n  an oligonucleotide was a l s o  

investigated.'OO A mixture of the deoxyadenosine t r i - ,  t e t r a - ,  

penta-, hexa-, and heptanucleotides applied to  an o l igo-  

thymidine-cellulose column ( a  conjugate having chains up  t o  

1 2  nucleotides long) showed t h e  e lu t ion  p a t t e r n  given i n  Fig- 
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LIGAND S P E C I F I C  CHROMATOGRAPHY 

2 .o 

E 
0 
9 
N 

m 
aJ 
0 

U 

cm 1.0 e =: 
a -c, 

Temperature, "C 

I I 24" I 35" 

Volume, m l .  

FIGURE 1 3  

Chromatography of p(T)6 and p(dA)6 on a p(T) , -cel lulose column 
( c h a i n  l e n g t h  n can b e  as high as 20) .  Thermal e l u t i o n  w i t h  
1 N a C l  i n  0.01 sodium phosphate b u f f e r ,  pH 7 (from Gilham, 
r e f .  6 ) .  

u r e  1 4  when t h e  column w a s  s u b j e c t e d  t o  a s t e p w i s e  change i n  

tempera ture .  The small u n i d e n t i f i e d  peaks are presumed t o  b e  

i m p u r i t i e s  introduced by t h e  r e a c t i o n s  used f o r  syntheses  of 

t h e  o l igonucleo t ides .  The s e p a r a t i o n  of o l i g o u r i d i n e s ,  o l i g o  

(U), (where n is  from 4 t o  15) on a column of o l i g o  p(dA),- 

c e l l u l o s e  (where n is  a number up t o  e i g h t ) l o O  and of o l i g o -  

n u c l e o t i d e s  der ived  from the  r i b o n u c l e i c  ac id  of bromegrass 

mosaic v i r u s  on a column of p(T)n-cel luloselO1 was a l s o  

demonstrated. The la t te r  i n v e s t i g a t i o n  a l s o  revea led  the 
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FIGURE 14 

Chromatography of p(dA), (cha in  l e n g t h  n from 3 t o  7) on a 
p(T)n-ce l lu lose  column ( c h a i n  l e n g t h  n can b e  as h igh  as 1 2 ) .  
Thermal e l u t i o n  w i t h  1 
pH 7 (from Gilham, r e f ,  100) .  

N a C l  i n  0 . 0 1  2 sodium phosphate  b u f f e r ,  

p o t e n t i a l  of  o l i g o n u c l e o t i d e - c e l l u l o s e  conjugates  f o r  

e s t i m a t i n g  t h e  t y p e  and s i z e  of t h e  consecut ive  adenosine 

sequences i n  o l i g o n u c l e o t i d e s .  

Astell  and Smithlo2 extended the  e a r l y  work of 

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

f i n e  s tudy  on t h e  s e p a r a t i o n  of  p(dA), (where n is  from 6 t o  11) 

on p(dT)g-ce l lu lose .  

l e n g t h  of t h e  deoxyadenosine n u c l e o t i d e  i s  e q u a l  to ,  o r  s h o r t e r  

than,  t h a t  of t h e  c e l l u l o s e  bound p(dT)9, ol igomers  d i f f e r i n g  

i n  l e n g t h  by 2 n u c l e o t i d e  r e s i d u e s  a r e  completely reso lved  on 

a 9 mm diam. x 50 nun column, whi le  ol igomers  d i f f e r i n g  i n  

l e n g t h  by only  1 n u c l e o t i d e  are l e s s  completely reso lved .  

e v e r ,  use of a longer  column (150 nun) of p(dT)g-ce l lu lose  w i t h  

a r a t i o  of bound oligomer t o  complementary oligomer of 20:l 

gave complete r e s o l u t i o n .  

midpoint  of  a peak of o l i g o n u c l e o t i d e  e l u t e d  from t h e  o l i g o -  

n u c l e o t i d e - c e l l u l o s e  column) f o r  e a c h  oligomer i s  p l o t t e d  v s .  

Their  r e s u l t s  i n d i c a t e d  t h a t  when t h e  

How- 

I f  t h e  Tmc ( t h e  temperature  of t h e  
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LIGAND SPECIFIC CHROMATOGRAPHY 

t h e  l e n g t h  of  t h e  oligomer (F ig .  15) ,  a l i n e a r  r e l a t i o n s h i p  

e x i s t s  between t h e  two up t o  t h e  p o i n t  where t h e  l e n g t h  of t h e  

p(dA), e q u a l s  t h e  l e n g t h  of  the  cel lulose-bound p(dT),. These 

d a t a  were i n t e r p r e t e d  by Astell  and Smith t o  i n d i c a t e  t h a t  t h e  

e n t i r e  o l i g o n u c l e o t i d e  a t t a c h e d  t o  t h e  c e l l u l o s e  is  capable  of  

hydrogen bonding with a complementary sequence.  The i n c r e a s e  

i n  TmC a f t e r  t h e  l e n g t h  of  t h e  f r e e  o l i g o n u c l e o t i d e  exceeds 

t h a t  of the bound o l i g o n u c l e o t i d e  might b e  due t o  t h e  extended 

s t a c k i n g  o f  t h e  p u r i n e  b a s e s .  The p o s s i b i l i t y  t h a t  t h e  

i n c r e a s e d  s t a b i l i t y  was due t o  t h e  p a r t i c i p a t i o n  of a d j a c e n t  

bound o l i g o n u c l e o t i d e s  i n  t h e  b i n d i n g  of  a s i n g l e  o l igonucleo-  

t i d e  chain was d iscounted  on the b a s i s  of  t h e  r a t h e r  low 

degree of  loading  obta ined  (0.3-1 pmole of  bound o l igomer /g  

38 

h 30 
2 
v 

0 
E 

l- 
22 

14 

/? I I I I I 
6 7 8 9 10 11 

Length, n 

FIGURE, 15 

R e l a t i o n s h i p  of TmC vs. chain  l e n g t h  of p(dA), on a p(dT)g- 
c e l l u l o s e  column. 
sodium phosphate  b u f f e r ,  pH 7 (from Astell and Smith, r e f .  102) .  

Thermal e l u t i o n  w i t h  1 2 N a C l  i n  0.01 g 
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MAY AND ZABORSKY 

o f  c e l l u l o s e ) .  T h i s  deg ree  of  m o d i f i c a t i o n  would mean t h a t  

fewer t h a n  one g l u c o s e  r e s i d u e s  i n  6000 a r e  s u b s t i t u t e d .  

Chromatography of r i b o o l i g o n u c l e o t i d e s  ( t h e  s e r i e s  

r(A), where n=6 t o  9 )  and dephosphory la t ed  d e o x y r i b o n u c l e o t i d e s  

( t h e  series d(A), where n=6 t o  9 )  on t h e  same p ( d T ) g - c e l l u l o s e  

column r e v e a l e d  t h a t  r i b o o l i g o n u c l e o t i d e s  e l u t e  4-9" lower 

t h a n  t h e  co r re spond ing  deoxyribool igomers  and t h a t  t h e  phos- 

p h o r y l a t e d  p(dA), s e r i e s  e l u t e s  approx ima te ly  1-2' lower t h a n  

t h e  dephosphory la t ed  s e r i e s  d(A),. 

t h a t  even a t  a v e r y  h i g h  s a l t  c o n c e n t r a t i o n  (1 N a C l ) ,  t he  

5 ' -phosphate  group on t h e  o l i g o n u c l e o t i d e  i s  c a p a b l e  of  r educ ing  

t h e  s t a b i l i t y  of t h e  h y b r i d  s t r u c t u r e .  According t o  t h e s e  

workers ,  t h e  Tmc of  a p a r t i c u l a r  complementary ol igomer was 

q u i t e  r e p r o d u c i b l e  (5 0.5') w i t h i n  a g iven  b a t c h  of o l i g o -  

n u c l e o t i d e - c e l l u l o s e  con juga te .  However, v a r i a b i l i t y  d i d  e x i s t  

between d i f f e r e n t  p r e p a r a t i o n s .  

The l a t t e r  f i n d i n g  s u g g e s t s  

S y n t h e t i c  p o l y r i b o n u c l e o t i d e s  have  a l s o  been  shown 

t o  s e l e c t i v e l y  i n t e r a c t  w i t h  complementary o l i g o n u c l e o t i d e -  

o r  po lynucleo t ide-ce l lu lose  con juga te s  . 6,96 , l o  3-105 

C e r t a i n l y  one of  t h e  most impor t an t  u ses  o f  LSC i n  

n u c l e i c  a c i d  chemis t ry  is 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  such  macromolecules as messenger RNA, t r a n s f e r  RNA, 

r ibosomal  RNA, and DNA from v a r i o u s  s o u r c e s .  A l a r g e  

v a r i e t y  of  l i g a n d s  r a n g i n g  i n  s i z e  and complex i ty  have been 

employed, and t h e  chemis t ry  of c o u p l i n g  and t h e  expe r imen ta l  

c o n d i t i o n s  used f o r  e l u t i o n  have v a r i e d  e q u a l l y .  Table I1 

g i v e s  a b r i e f  summation of t h e  macromolecules i s o l a t e d  by  LSC. 

I n  conc lud ing  t h i s  s e c t i o n ,  i t  should be mentioned 

t h a t  immobilized o l i g o -  and p o l y n u c l e o t i d e s  c a n  a l s o  be used 

f o r  t h e  i s o l a t i o n  of p r o t e i n s  ( f o r  a l e a d i n g  r ev iew s e e  

r e f .  106) and f o r  m e c h a n i s t i c  s t u d i e s .  For example, a n  ol igomer 

of  deoxyr ibo thymidy la t e  bound t o  c e l l u l o s e  was used as a p r imer  

and a t e m p l a t e  f o r  E .  c o l i  DNA polymerase,  as a t e m p l a t e  f o r  

RNA polymerase,  and as a n  i n i t i a t o r  f o r  t he  c a l f  thymus t e rmi -  

na l  deoxynucleotyltransferase. 
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LIGAND SPECIFIC CHROMATOGRAPHY 

MISCELLANEOUS SUBSTANCES 

The use of  a n  a n t i - i n s u l i n  g lobu l in -Sepha rose  con- 

j u g a t e  f o r  t h e  s p e c i f i c  b i n d i n g  of  t h e  hormone, i n s u l i n ,  has  

been d e s c r i b e d  by Akanuma e t  a l . l I5  

u s i n g  p u r i f i e d ,  l a b e l e d  i n s u l i n ,  i t  was e s t a b l i s h e d  t h a t  t h e  

hormone was s p e c i f i c a l l y  r e t a i n e d  on a column of  t he  c o n j u g a t e  

a t  pH 8.2 t o  8 .4 ,  and t h a t  i t  cou ld  be e l u t e d  s h a r p l y  w i t h  1 g 
a c e t i c  a c i d .  A f t e r  one c y c l e ,  t h e  column was e q u i l i b r a t e d  w i t h  

b u f f e r  and r eused  w i t h o u t  any a p p a r e n t  l o s s  i n  i t s  i n s u l i n -  

b i n d i n g  c a p a c i t y .  This  p rocedure  was t h e n  used s u c c e s s f u l l y  

f o r  t h e  s p e c i f i c  e x t r a c t i o n  of i n s u l i n  from c rude  dog pan- 

c r e a t i c  v e i n  serum. A s  b e f o r e ,  above pH 8 t h e  unadsorbed 

f r a c t i o n  c o n t a i n e d  mainly serum p r o t e i n s ,  w h i l e  i n s u l i n  was 

r e t a i n e d  on t h e  column, and t h e n  e l u t e d  w i t h  1 ; a c e t i c  a c i d .  

I n  p r e l i m i n a r y  s t u d i e s  

Using t h e  same approach,  Gospodarowicz116 employed a n  

ant ibody-Sepharose column f o r  t h e  i s o l a t i o n  of  l u t e i n i z i n g  

hormone from h o r s e  o r  f e t a l  c a l f  serum and from extracts of  

ov ine  p i t u i t a r y  g l ands .  The ov ine  hormone was e l u t e d  w i t h  6 

guanidine-HCl,  pH 1.5, and was shown t o  be homogeneous by 

s e v e r a l  c r i t e r i a .  However, t h e  e l u t i o n  c o n d i t i o n s  caused  d i s -  

s o c i a t i o n  o f  t h e  i s o l a t e d  hormone i n t o  i t s  two s u b u n i t s ,  and 

b i o l o g i c a l  a c t i v i t y  was r ecove red  o n l y  a f t e r  r ecombina t ion  o f  

t he  s u b u n i t s  t h rough  d i a l y s i s .  The f i n a l  p r e p a r a t i o n  posses sed  

50% of  t h e  b i o l o g i c a l  a c t i v i t y  o f  n a t i v e  ov ine  l u t e i n i z i n g  

hormone. S i m i l a r l y ,  glucagon h a s  been p u r i f i e d  from p i g  i l eum 

e x t r a c t s  u s i n g  a n  ant ibody-Sepharose column and 4.25 M, e t h a n o l  

i n  4 HC1 as t h e  e 1 ~ a n t . l ~ ~  

Guyda and Friesen ' l '  used LSC t o  s e p a r a t e  growth 

hormone a c t i v i t y  from p r o l a c t i n  a c t i v i t y  i n  monkey p i t u i t a r y  

f r a c t i o n s .  Th i s  was accomplished by c o u p l i n g  a n t i b o d i e s  f o r  

human p l a c e n t a l  l a c t o g e n  t o  CNBr-activated Sepharose and p a s s i n g  

monkey p i t u i t a r y  i n c u b a t i o n  media o r  t i s s u e  homogenates ove r  a 

small column (1.0 cm) of  t h e  con juga te .  The column removed 

more t h a n  99% of  t h e  growth hormone a c t i v i t y  from t h e  unadsorbed 
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MAY AND ZABORSKY 

f r a c t i o n ,  whi le  t h e  p r o l a c t i n  a c t i v i t y  of t h e s e  f r a c t i o n s  was 

undiminished, and even s l i g h t l y  increased .  This procedure pro-  

v i d e s  t h e  f i r s t  method f o r  o b t a i n i n g  pr imate  p i t u i t a r y  prepara-  

t i o n s  f r e e  of growth hormone, b u t  w i t h  s i g n i f i c a n t  p r o l a c t i n  

a c t i v i t y .  It  a l s o  provides  s t r o n g  evidence a g a i n s t  the  view 

t h a t  i n  pr imates  only one hormone is r e s p o n s i b l e  f o r  both 

growth hormone and p r o l a c t i n  a c t i v i t i e s .  

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  Guyda and F r i e s e n  

a p p a r e n t l y  made no a t tempt  t o  i s o l a t e  t h e  presumably bound 

growth hormone from t h e  Sepharose-ant ibody column. Thus, by 

t h e  s t r ic tes t  c r i te r ia ,  they d i d  n o t  demonstrate  t h e  s u c c e s s  of 

t h e  LSC procedure;  i n a c t i v a t i o n  of t h e  growth hormone on passage 

through the  column could  a l s o  account  f o r  t h e i r  r e s u l t s .  It i s  

e n t i r e l y  p o s s i b l e  t h a t  recovery  of b i o l o g i c a l l y  active hormones 

from antibody-Sepharose columns may p r e s e n t  c o n s i d e r a b l e  d i f f i -  

c u l t y ,  as evidenced by t h e  r e s u l t s  of Gospodarowicz. C l e a r l y ,  

a d d i t i o n a l  i n v e s t i g a t i o n s  are needed t o  c l a r i f y  t h i s  p o i n t .  

An example o f  a hormone i s o l a t i o n  procedure based on 

LSC which does n o t  make u s e  of an immobilized an t ibody column 

is provided by t h e  work of P r a d e l l e s  e t  I n  t h i s  pro-  

cedure, i s o t o p i c a l l y  l a b e l e d  v a s o p r e s s i n ,  a polypept ide  

hormone, was s p e c i f i c a l l y  adsorbed o n t o  a column o f  immobilized 

neurophysins .  The l a t te r  are a fami ly  of small carrier p r o t e i n s  

which are known t o  form noncovalent  complexes w i t h  the hormone, 

and a r e  thus  s u i t a b l e  f o r  use as s p e c i f i c  l i g a n d s .  E l u t i o n  was 

accomplished w i t h  0 .1  1 formic a c i d ,  and t h e  recovered material  

e x h i b i t e d  both  t h e  biochemical  c h a r a c t e r i s t i c s  and b i o l o g i c a l  

a c t i v i t y  of n a t i v e  v a s o p r e s s i n .  The i s o l a t i o n  of  g l y c o p r o t e i n  

hormones u s i n g  LSC is discussed  i n  t h e  Carbohydrates  and Glyco- 

p r o t e i n s  Sec t ion .  

There have been several r e p o r t s  i n  the  l i t e r a t u r e  on 

For example, Ladipo and deZoetenl*O used a n t i b o d i e s  

the  use of immobilized a n t i b o d i e s  f o r  the  s p e c i f i c  i s o l a t i o n  of 

v i r u s e s .  

which had been i n s o l u b i l i z e d  by c r o s s l i n k i n g  w i t h  g lu ta ra ldehyde  

t o  p u r i f y  tobacco r i n g s p o t  v i r u s  from crude sap. A batch  pro- 
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LIGAND SPECIFIC CHROMATOGRAPHY 

cedure was used, and t h e  v i r u s  was d i s s o c i a t e d  from t h e  ant ibody-  

v i r u s  complex w i t h  0.1 M, glycine-HC1 b u f f e r ,  pH 2 .8 .  The 

recovered material e x h i b i t e d  the  u l t r a - v i o l e t  spectrum t y p i c a l  

of nuc leopro te ins ,  and possessed 80 t o  85% of the i n f e c t i v i t y  

of v i r u s  p u r i f i e d  by a p r e v i o u s l y  repor ted  procedure.  When a 

column procedure was used 

but  a l l  attempts t o  e l u t e  i t  from the column were unsuccessfu l .  

S i m i l a r l y ,  Ga1vezl2l used immobilized a n t i b o d i e s  t o  s p e c i f i c a l l y  

adsorb  p l a n t  v i r u s e s ,  which were subsequent ly  e l u t e d  w i t h  

glycine-HC1 b u f f e r ,  pH 3.0. 

the v i r u s  was e f f e c t i v e l y  adsorbed,  

An example of t h e  use of LSC f o r  the  i s o l a t i o n  of 

c e l l s  is  provided by the work of  Henry e t  a1.122 

suspens ions  from s p l e e n s  of unimmunized mice were passed 

through columns o f  polyacrylamide beads t o  which azophenyl-p- 

l a c t o s i d e  groups had been c o v a l e n t l y  a t t a c h e d .  The column was 

washed f r e e  of unbound c e l l s ,  and then e l u t e d  w i t h  b u f f e r  

c o n t a i n i n g  e-aminophenyl-p-lactoside. 

ments, o n l y  1000-4000 c e l l s  were recovered d u r i n g  the  s p e c i f i c  

e l u t i o n  procedure f o r  every  LO8 ce l l s  passed through t h e  column. 

Yet, when 6000 recovered ce l l s  were t e s t e d  f o r  an t i -azophenyl -  

p - l a c t o s i d e  a c t i v i t y ,  they  gave an immune response e q u i v a l e n t  

t o  t h a t  produced by 2x107 u n f r a c t i o n a t e d  s p l e e n  c e l l s .  

r e s u l t  p rovides  s t r o n g  suppor t  f o r  the  c l o n a l  s e l e c t i o n  t h e o r y  

of an t ibody formation,  which holds  t h a t  unimmunized v e r t e b r a t e s  

c o n t a i n  many d i f f e r e n t  popula t ions  of lymphocytes w i t h  v a r i o u s  

an t ibody- l ike  r e c e p t o r s  on t h e i r  s u r f a c e s .  A given a n t i g e n  

t h u s  s t i m u l a t e s  o n l y  those  lymphocytes w i t h  t h e  corresponding 

r e c e p t o r  s p e c i f i c i t y  t o  p r o l i f e r a t e ,  and t h e s e  then g ive  rise 

t o  t h e  format ion  of  numerous a n t i b o d i e s  s p e c i f i c  toward the  

o r i g i n a l  an t igen .  I t  is  i n t e r e s t i n g  t o  note  i n  t h i s  connec t ion  

t h a t  when mice were f i r s t  primed w i t h  the azophenyl -8- lac tos ide  

a n t i g e n ,  a p p l i c a t i o n  of t h e  procedure o f  Henry and co-workers 

gave r ise  t o  the  i s o l a t i o n  of 50,000-200,000 p u r i f i e d  ce l l s  f o r  

every  lo8 ce l l s  passed through t h e  column. 

Crude c e l l  

I n  e i g h t  separate e x p e r i -  

This  
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MAY AND ZABORSKY 

A c l e v e r  approach t o  t h e  i s o l a t i o n  of  r ibosomes u s i n g  

LSC has  been r e p o r t e d  by M i l l e r  e t  al.123 

a t t empted  t o  i s o l a t e  t h e  ribosomes engaged i n  t h e  s y n t h e s i s  of 

t he  enzyme, t y r o s i n e  a m i n o t r a n s t e r a s e  (TAT), from hepatoma t i s s u e -  

c u l t u r e  c e l l s ,  and t o  u t i l i z e  t h e  i s o l a t e d  r ibosomes f o r  t h e  

c e l l - f r e e  s y n t h e s i s  o f  TAT. They f i r s t  e s t a b l i s h e d  t h a t  columns 

o f  a c o n j u g a t e  between Sepharose and t h e  TAT i n h i b i t o r ,  py r idox-  

amine phosphate ,  can  s e l e c t i v e l y  remove TAT from c rude  c e l l  

homogenates. S ince  TAT i s  though t  t o  c o n s i s t  of  f o u r  i d e n t i c a l  

s u b u n i t s  each  c a p a b l e  of b ind ing  one molecule  o f  p y r i d o x a l  

phosphate ,  t hey  reasoned t h a t  an a lmos t  completed TAT s u b u n i t  

s t i l l  a t t a c h e d  t o  a polysome might a l s o  b ind  t o  t h e  Sepharose-  

pyridoxamine phosphate  column, and the reby  a c t  a s  a "hook" t o  

" f i s h  out"  t h e  e n t i r e  p r o t e i n - s y n t h e s i z i n g  system. Accordingly,  

c rude  r ibosomal  p r e p a r a t i o n s  were pas sed  ove r  t h e  column and t h e  

bound m a t e r i a l  was e l u t e d  a t  pH 4.0 and examined. Immunopre- 

c i p i t a t i o n  d a t a  and a s s a y s  f o r  c e l l - f r e e  p r o t e i n  s y n t h e s i z i n g  

a c t i v i t y  i n d i c a t e d  t h a t  r ibosomes c a p a b l e  o f  s y n t h e s i z i n g  TAT 

had indeed been p a r t i a l l y  p u r i f i e d  by t h e  p rocedure .  

These workers  

MECHANISTIC AND STRUCTURAL STUDIES 

The g r e a t  p o t e n t i a l  of LSC 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  o f  a v a r i e t y  o f  compounds is  r e a d i l y  a p p a r e n t  from 

t h e  f o r e g o i n g  s e c t i o n s  of t h i s  review.  During t h e  p a s t  few 

yea r s ,  t h e  method h a s  been g r e a t l y  developed and wide ly  a p p l i e d  

and t h e r e  is  no doubt  t h a t  i t  is  w e l l  on i t s  way t o  becoming a 

s t a n d a r d  l a b o r a t o r y  p rocedure .  What h a s  n o t  been q u i t e  s o  

wide ly  r ecogn ized  is  t h e  p o t e n t i a l  of LSC a s  a powerful  t o o l  i n  
k i n e t i c ,  m e c h a n i s t i c ,  and s t r u c t u r a l  s t u d i e s  of  macromolecules.  

Indeed,  i t  may be i n  t h e s e  l a t t e r  a r e a s ,  which are c e r t a i n l y  no 

less s i g n i f i c a n t  t h a n  t h e  former,  t h a t  t h e  g r e a t e s t  p o t e n t i a l  

f o r  i n n o v a t i v e  and e l e g a n t  work lies. Here the  i n v e s t i g a t o r  

must b r i n g  t o g e t h e r  i n f o r m a t i o n  and i n s i g h t  g l eaned  from s t u d i e s  
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LIGAND S P E C I F I C  CHROMATOGRAPHY 

us ing  a v a r i e t y  of o the r  techniques i n  order t o  u t i l i z e  LSC i n  

a meaningful way. Some examples of these  uses  of LSC a r e  pre- 

sented i n  t h i s  sec t ion .  

The use of LSC a s  an  ad junc t  t o  c l a s s i c a l  k i n e t i c  

s tud ie s  i s  beau t i fu l ly  i l l u s t r a t e d  by the work of Akanuma 

-L e t  
16, which i l l u s t r a t e s  the  k i n e t i c  forms f o r  competit ive,  non- 

competit ive and uncompetitive i n h i b i t i o n  of an enzyme, E. I n  

pure competit ive inh ib i t i on ,  the  binding of the  subs t r a t e ,  S, 
and the binding of the inh ib i to r ,  I, a r e  mutually exc lus ive  

processes,  and an (ESI) complex is  no t  formed. I n  pure non- 

The p r inc ip l e  behind t h i s  work i s  presented i n  Figure 

Compe t i  t i v e  

(ES) E + Products S 

I it- 

Noncompe t i t  ive 

S E (ES) E + Products 

Uncompe t i t ive 

S E ~ (ES) _t E + Products 

I 41 
( E S I )  

FIGURE 16 

Kine t i c  forms of competit ive,  non-competitive and uncompetitive 
i n h i b i t  ion.  
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MAY AND ZABORSKY 

compet i t ive  i n h i b i t i o n ,  S and I i n t e r a c t  w i t h  completely 

independent si tes on E, and the  b inding  of one has  no e f f e c t  on 

t h e  b inding  of t h e  o t h e r .  Thus, (ES), (EI )  and (ESI)  complexes 

can  a l l  be formed. F i n a l l y ,  i n  pure uncompeti t ive i n h i b i t i o n ,  

1 binds o n l y  t o  the  (ES) complex, n o t  t o  the  f r e e  enzyme, and 

thus  a n  (EST), b u t  n o t  a n  ( E I ) ,  complex is  formed. ( I t  should 

be noted t h a t  i n h i b i t i o n  which is of mixed k i n e t i c  form can 

a l s o  occur) .  

I t  fo l lows  from t h e  above t h a t  i f  a s u b s t r a t e  o r  

s u b s t r a t e  ana log  were c o v a l e n t l y  a t t a c h e d  to an i n s o l u b l e  

mat r ix ,  and t h e  conjugate  t h e n  contac ted  w i t h  a s o l u t i o n  of 

enzyme, the  subsequent  a d d i t i o n  of a n  i n h i b i t o r  could have one 

of  t h r e e  p o s s i b l e  e f f e c t s  on the  migra t ion  of t h e  enzyme through 

a column of  the  conjugate .  ( 1 )  I f  t h e  i n h i b i t o r  is  compet i t ive ,  

t h e  a d d i t i o n  of I w i l l  r e s u l t  i n  the  formation of (El )  a t  t h e  

expense of  (ES),  thus  i n c r e a s i n g  the f r a c t i o n  of  enzyme i n  the  

mobile phase and reducing  the e x t e n t  of  r e t a r d a t i o n  of the 

enzyme on the  column. ( 2 )  I f  t h e  i n h i b i t o r  is  noncompeti t ive,  

t h e  a d d i t i o n  of I w i l l  have no e f f e c t  on t h e  a f f i n i t y  of  the  

enzyme f o r  the  i n s o l u b l e  s u b s t r a t e  and t h e  m o b i l i t y  of t h e  

enzyme through t h e  column w i l l  n o t  be a f f e c t e d .  ( 3 )  I f  t h e  

i n h i b i t o r  is  uncompeti t ive,  t h e  a d d i t i o n  of I w i l l  r e s u l t  i n  

t h e  format ion  of  (ESI) complexes i n  a d d i t i o n  t o  (ES) complexes 

and the  r e t a r d a t i o n  of t h e  enzyme on the column w i l l  be i n -  

creased.  

i n  t h e  presence  of  t h e  i n h i b i t o r  provides  a d i a g n o s t i c  test 

f o r  t h e  k i n e t i c  form o f  t h e  i n h i b i t i o n .  

Thus, t h e  form of the e l u t i o n  p r o f i l e  o f  t h e  enzyme 

Akanuma e t  f i r s t  coupled e-aminocaproy1-D- 

a r g i n i n e  t o  t h e  az ide  d e r i v a t i v e  of carboxymethyl Sephadex 

(CM-Sephadex) t o  g ive  a n  a r g i n i n e - c o n t a i n i n g  mat r ix .  Carboxy- 

p e p t i d a s e  B (CPB) was then adsorbed on a column of  the  mat r ix .  

Cont ro l  experiments  i n d i c a t e d  t h a t  t h e  enzyme was s p e c i f i c a l l y  

adsorbed t o  t h e  column by v i r t u e  of i t s  a f f i n i t y  f o r  the  a c y l -  

D-arginine group, which is commonly found i n  s u b s t r a t e s  of  CPB 

such a s  benzoylglycyl-L-arginine. When a b u f f e r  c o n t a i n i n g  
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LIGAND SPECLFIC CHROMATOGRAPHY 

e-aminocaproic ac id ,  a competitive i n h i b i t o r  with respec t  t o  

benzoylglycyl-L-arginine, was added, the enzyme d i s soc ia t ed  from 

the column. I n  con t r a s t ,  CPB was not  s i g n i f i c a n t l y  r e t a ined  on 

a column prepared from the conjugate of CM-Sephadex and e -  
aminocaproyl-D-phenylalanine, unless a small amount (5. 20 e) 
of e-aminocaproic acid was preseni ' in the buf fer .  

condi t ions ,  the enzyme was t i g h t l y  adsorbed onto the  column, 

and it  w a s  necessary t o  decrease the concentration of e-  

aminocaproic ac id  t o  about 0 .1  @ i n  order t o  e l u t e  the enzyme 

from the column. Al te rna t ive ly ,  CPB, cooperatively adsorbed t o  

the phenylalanine-Sephadex column i n  the presence of e-amino- 

caproic acid, could be e lu t ed  if B-phenylpropionic ac id ,  a 

phenylalanine analog, was added t o  the e luan t .  

Under these 

These r e s u l t s  were in t e rp re t ed  a s  follows: CPB 

possesses a t  l e a s t  two separa te  binding s i tes - -one  f o r  bas ic  

and one f o r  aromatic o r  hydrophobic amino acids--which a r e  

capable of mutual i n t e rac t ion .  Thus, e-aminocaproic ac id ,  an  

analog of the bas ic  amino ac id , ly s ine ,  a c t s  a s  a competit ive 

i h h i b i t o r  wi th  respec t  t o  immobilized a rg in ine  s ince  the  two 

molecules compete for  the "basic" binding s i t e  on the enzyme. 

On the o ther  hand, e-aminocaproic ac id ,  CPB and immobilized 

phenylalanine cooperatively form a te rnary  complex which enhances 

the adsorption o f  the enzyme onto the column. This i s  poss ib le  

s ince  the bas ic  lys ine  analog and the aromatic phenylalanine 

ligand cooperatively i n t e r a c t  with d i f f e r e n t  s i t e s  on the 

enzyme g iv ing  rise t o  the  behavior expected f o r  uncompetitive 

inh ib i t i on .  This conclusion is i n  agreement wi th  k i n e t i c  ev i -  

dence t h a t  c-aminocaproic ac id  is  an uncompetitive i n h i b i t o r  of 

the CPB-catalyzed hydrolysis of carbobenzoxyglycyl-l-phenyl- 

alanine.  S imi la r ly ,  adsorbed CPB was e lu t ed  from the phenyl- 

alanine matrix by a so lu t ion  conta in ing  e-aminocaproic ac id  and 

6-phenylpropionic ac id ,  due t o  t h e  formation of a t e rnary  

complex i n  the  mobile phase. 
The use of LSC fo r  the  p u r i f i c a t i o n  of mu l t i subs t r a t e  

enzymes and as  a too l  i n  the s t u d y  of t h e i r  c a t a l y t i c  mecha- 
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MAY AND ZABORSKY 

nisms 

Barry.125 

dehydrogenase (LDH) wi th  the oxamate-Sepharose de r iva t ive  shown 

i n  equation 8, and the p r inc ip l e  behind t h e i r  work is as  follows. 

is nice ly  i l l u s t r a t e d  by the r ecen t  work of O'Carra and 

These authors s tud ied  the in t e rac t ion  of l a c t a t e  

0 0  
II II Carbodiimide 

NH(CH2)6NH2 -t HO-C-C-OH t 
Oxala t e  

Oxamate-Sepharose 
Conjugate 

The c a t a l y t i c  mechanism which is widely accepted fo r  the reac- 

t i o n  catalyzed by LDH is shown i n  Figure 17. 
of the "compulsory-ordered" type, i n  which NADH m u s t  bind before 

the subs t ra te ,  pyruvate, can i n t e r a c t  with the  enzyme. The 

competit ive inh ib i to r ,  oxamate, which is a s t r u c t u r a l  analog of 

pyruvate, a l s o  binds t o  the ac t ive  s i te  of LDH only a f t e r  the 

binding of NADH. It is therefore  expected t h a t  LDH w i l l  be 

s p e c i f i c a l l y  adsorbed by an NADH-Sepharose matrix, bu t  not by 

a pyruvate-Sepharose o r  an oxamate-Sepharose conjugate. 

LDH would be expected t o  bind t o  the lat ter conjugates i n  the 

presence of so luble  NADH, s ince  the LDH'NADH complex formed i n  

so lu t ion  should have a s t rong  a f f i n i t y  fo r  the immobilized 

pyruvate o r  oxamate l igand. 

This mechanism is 

However, 

These pred ic t ions  were borne out by the experimental 

r e s u l t s  obtained by O'Carra and Barry.125 

0.5 NaC1, which prevented non-specific binding of charged 

molecules t o  the anionic matrix, LDH was completely unretarded 

on the oxamate-Sepharose column, However, i n  the presence of 

NADH a t  concentrations a s  low as  10 m, LDH was s t rongly  r e -  

I n  the presence of 
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LIGAND SPECLFIC CHROMATOGWHY 

tained on the column. Subsequent omission of the nucleotide 

caused immediate e l u t i o n  of the enzyme. This "posit ive" 

adsorption and "negative" e l u t i o n  with NADH a f fo rds  a very high 

degree of s p e c i f i c i t y  t o  the procedure, s ince  only those pro- 

t e ins  having dual a f f i n i t y  fo r  both NADH and oxamate i n  a 

compulsory ordered manner would respond t o  the procedure. For 

example, a pro te in  which could bind e i t h e r  ligand i n  a random 

fashion would remain adsorbed on the column when NADH was 

suddenly omitted from the e luan t .  Similarly,  e l u t i o n  by 

omitt ing NADH r a t h e r  than by including a high concent ra t ion  of 

so luble  oxamate i n  the e luan t  leaves behind pro te ins  which have 

a f f i n i t y  only fo r  oxamate. This high degree of s p e c i f i c i t y  is 

i l l u s t r a t e d  by the success of O'Carra and Bar ry  i n  i s o l a t i n g  

pure LDH from crude e x t r a c t s  of human placenta i n  98 t o  100% 
yie ld  using only the one LSC s tep .  

The above r e s u l t s  are c l e a r l y  in accord with the 

c a t a l y t i c  mechanism for  LDH i l l u s t r a t e d  in  Figure 17 ,  and they 

emphasize the u t i l i t y  of LSC a s  an adjunct t o  k i n e t i c  i nves t i -  

gations in  the study of r eac t ion  mechanisms. Two fu r the r  pieces 

of mechanistic information obtained in  the above inves t iga t ion  

a re  the following. (1) It  was found t h a t  LDH binds t o  immobi- 

l i zed  oxamate i n  the presence of N A D B ,  and t h a t  t h i s  binding 

i s  e f f e c t i v e l y  reversed i n  the presence of so luble  pyruvate due 

t o  the d i r e c t  competition between pyruvate and imnobilized 

oxamate. This r e s u l t  confirms the formation o f  a te rnary  

LDH*NAD@.PYR complex which i s  responsible for  subs t r a t e  in- 

h i b i t i o n  a t  high pyruvate concentrations (Figure 1 7 ) .  ( 2 )  There 

is no r e t a rda t ion  of LDH on the oxamate column i n  the presence 

of high concentrations of AMP o r  ADP, even though these 

molecules correspond t o  the "AMP half" of NADH (see XVIII), 
which is  known t o  be responsible f o r  binding the cofac tor  t o  

LDH.126 This implies t h a t  the nicotinamide end of NADH is 

responsible for  generating the binding s i t e  f o r  oxamate o r  

pyruvate, and t h a t  the compulsory binding order t o  LDH is: 
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MAY AND ZABORSKY 

"AMP half" of NADH, followed by "nicotinarnide ha l f ,"  followed 

by pyruvate (or oxamate). 

Nicotinanide half 

AMP half 

OH HO 

(XVIII) 

'' NAD@ NAD@ I 
LDH -NAD@ LDHl LDH 

~ TGizT +LAC 'LAC 

(Substrate Inhibition) 
-P* LDH 1I:ADG 

'PYR 

FIGURE 1 7  

Catalytic mechanism for  the reaction catalyzed by LDH. 
(PYR = pyrvate; LAC - l ac ta te , )  
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LIGAM, SPECIFIC CKROMATOGRAPHY 

Using a s imi l a r  approach, Mawal e t  s tud ied  the 

mobili ty of ga lac tosy l t ransferase  on an a-lactalbumin-Sepharose 

column i n  the presence of various combinations of r eac t an t s ,  i n  

order  t o  determine which of the var ious  enzyme-reactant com- 

plexes a r e  capable of i n t e r a c t i n g  wi th  a-lactalbumin. A s  i n  the 

s tud ie s  described above, the expec ta t ion  was t h a t  the passage of 

the enzyme through the column would be re ta rded  when i n t e r a c t i o n  

wi th  the immobilized l igand occurred. I n  general ,  the r e s u l t s  

obtained were i n  agreement with the conclusions which had been 

reached from e a r l i e r  k i n e t i c  s tud ie s .  However, evidence was 

a l s o  obtained f o r  the ex is tence  of c e r t a i n  dead-end complexes 

which had not been de tec ted  i n  k i n e t i c  inves t iga t ions .  Mawal 

and co-workers reasoned t h a t  these a rose  a s  a consequence of the 

high e f f e c t i v e  concentration of a-lactalbumin on the matrix 

(57.2 mg per m l  of s e t t l e d  Sepharose), which caused a s h i f t  i n  
the appropr ia te  e q u i l i b r i a ,  thereby favoring forna t ion  of t h e  

complexes. Obviously, such considerations must b e  kept i n  mind 

when comparing results obtained from k i n e t i c  s t u d i e s  wi th  those  

obtained using LSC. 

nucleotide-dependent enzymes is t h a t  of Lowe and Dean128 and of 

Mosbach and co-workers. 30-33 
columns of immobilized cofac tors ,  e.g. , N A D @  and AMP, f o r  use 

i n  LSC, and they claim t h a t  such columns have the  advantage of 

being generally usefu l  i n  t h e  p u r i f i c a t i o n  of a l a r g e  number of 

d i f f e r e n t  enzymes. The problem is, o f  course, t h a t  i n  any one 

pu r i f i ca t ion  procedure a number of d i f f e r e n t  pro te ins  in t h e  

crude s t a r t i n g  mixture w i l l  bind t o  t h e  LSC column, and one must 

devise procedures f o r  s e l e c t i v e l y  e l u t i n g  the  des i red  material 

( see  Adsorption and Elu t ion  Sec t ion) .  

A d i f f e ren t  approach t o  t h e  pu r i f i ca t ion  of pyr id ine  

These inves t iga to r s  have developed 

An example of how t h e  phenomenon o f  ternary complex 

formation can be  explo i ted  f o r  t he  e lu t ion  of enzymes from 

columns of  immobilized cofac tors  is provided by t h e  work of 

Ohlsson e t  a1.33 A mixture of yeas t  alcohol dehydrogenase 
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MAY AND ZABORSKY 

(YADH) and LDH w a 8  a p p l i e d  t o  a n  AMP-Sepharose column, and both  

enzymes were r e a d i l y  adsorbed due t o  t h e i r  common a f f i n i t y  f o r  

t h e  “AMP-half” of  NADH (see above) .  Appl ica t ion  of  a mixture  

o f  NAD@ and hydroxylamine caused e l u t i o n  of  on ly  YADH due t o  

formation of  a t e r n a r y  complex between t h e  enzyme, NAD@, and 

t h e  compet i t ive  i n h i b i t o r ,  hydroxylamine. Subsequent a p p l i c a -  

t i o n  of  a mixture  of  N A D @  and pyruvate  caused e l u t i o n  of  LDH, 

due t o  formation of  t h e  t e r n a r y  LDH*NAD@*PYR complex (F igure  

1 7 ) .  I n  a d d i t i o n ,  by observ ing  which combinations of subs tances  

e l u t e d  t h e s e  enzymes from t h e  column, Ohlsson and co-workers 

were a b l e  t o  draw conclusions about  t h e  a b i l i t y  of c e r t a i n  

compounds t o  form complexes w i t h  t h e  enzymes. 

Wilchek et al.12’ have r e p o r t e d  an e l e g a n t  use of  LSC 

These enzymes i n  t h e  s tudy  of  c-AMP-dependent p r o t e i n  k i n a s e s .  

a r e  now recognized a s  ind ispensable  l i n k s  i n  the  mechanism by 

which c-AMP e x e r t s  i t s  e f f e c t  as a “second messenger“ i n  a 

v a r i e t y  of i n t r a c e l l u l a r  processes .  I t  is  g e n e r a l l y  accepted 

t h a t  c-AMP a c t i v a t e s  t h e  p r o t e i n  k inase  by b inding  t o  a regula-  

t o r y  s u b u n i t ,  thus  caus ing  d i s s o c i a t i o n  of t h e  p r o t e i n  and 

r e l e a s e  of  t h e  a c t i v e  c a t a l y t i c  s u b u n i t  (F igure  1 8 ) .  

I n  wi lchek’s  experiments ,  a c - m p  d e r i v a t i v e  was 

a t t a c h e d  t o  Sepharose v i a  the  CNBr procedure,  and crude  prepa-  

r a t i o n s  of  r a t  p a r o t i d  p r o t e i n  k inase  o r  r a b b i t  s k e l e t a l  muscle 

p r o t e i n  k inase  were passed through the  column. The column 

e f f l u e n t  conta ined  a p r o t e i n  which e x h i b i t e d  pro te in-k inase  

a c t i v i t y  even i n  t h e  absence of  c-AMP 

d e t e c t a b l e  a b i l i t y  t o  bind c-AMP. Apparent ly ,  the  n a t i v e  enzyme 

became d i s s o c i a t e d  on passage through the  column-- the r e g u l a t o r y  

s u b u n i t  remaining bound t o  the  immobilized c-AMP and t h e  c a t a -  

l y t i c  s u b u n i t  p a s s i n g  through w i t h  t h e  e l u a n t .  Unfor tuna te ly ,  

a l l  a t tempts  t o  recover  t h e  presumably bound r e g u l a t o r y  s u b u n i t  

from the  column were unsuccessfu l  even though a v a r i e t y  of 

compounds capable  of  b inding  t o  n a t i v e  p r o t e i n  k inase  were 
included i n  t h e  e l u a n t .  

and which had no 
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0 
c-AMP 

Catalytic 
subunit 

Regulartory 
subunit 

Protein 
kinase 

FIGURE 18 

Schematic representa t ion  of t he  d i s soc ia t ion  of a c-AMP-depend- 
en t  p ro t e in  k inase  i n  the  presence of c-AMP. 

These r e s u l t s  of Wilchek e t  a1.129 a r e  of g rea t  

s ign i f icance ,  s ince  they demonstrate the po ten t i a l  of Lsc a s  a 

powerful t o o l  i n  the s t u d y  of p ro te in  s t ruc tu re .  In addi t ion ,  

i t  i s  c l e a r  t h a t  the method may o f t en  have g rea t  p r a c t i c a l  value.  

For  example, the c-AMP-Sepharose column i s  a simple and highly 

e f f e c t i v e  agent for  the i s o l a t i o n  of f r ee  c a t a l y t i c  subuni t s  

from c-AMP-dependent p ro te in  kinase.  Indeed, when one considers 

the s t u d i e s  summarized i n  t h i s  sec t ion ,  i t  seems l i k e l y  t h a t  one 

of the  more important appl ica t ions  of LSC w i l l  be  its use as a 

t o o l  f o r  fu r the r ing  our understanding of the s t r u c t u r e  and 

function of macromolecules. 

ADDENDUM 

The l i t e r a t u r e  search for  t h i s  review was completed l a t e  

i n  1972. Since the an t i c ipa t ed  publ ica t ion  da te  fo r  t h i s  volume 

is mid 1974, a few words are i n  order  about some of the 

developments i n  the f i e l d  of LSC which have occurred over the pas t  

year  o r  so.  
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MAY AND ZABORSKY 

S h a l t i e l  and Er-el  130 have extended the  ear l ie r  work of  

Er-el  e t  a140 on the  b inding  of  p r o t e i n s  t o  hydrocarbon c h a i n s  

a t t a c h e d  t o  Sepharose. A s e r i e s  of  homologous uJ-aminoalkyl d e r i v a -  

t i v e s  of Sepharose w i t h  carbon cha ins  of vary ing  l e n g t h  were pre-  

pared and used f o r  the p u r i f i c a t i o n  o f  glycogen s y n t h e t a s e  and 

glycogen phosphorylase.  This work underscores  the  f a c t  t h a t  t h e  

wide ly  used hydrocarbon e x t e n s  ion "arms" can cause b inding  of  

undes i red  p r o t e i n s  t o  a n  LSC column through hydrophobic i n t e r a c t i o n s .  

The a u t h o r s  t h e r e f o r e  sugges t  t h a t  LSC conjugates  should be 

prepared by f i r s t  l i n k i n g  a s i d e  cha in  t o  t h e  s p e c i f i c  l igand  and 

- t h e n  a t t a c h i n g  the  e longated  l igand  t o  the  agarose  bead, r a t h e r  

t h a n  the  a l t e r n a t i v e  procedure of  c o a t i n g  t h e  beads wi th  hydrocarbon 

arms p r i o r  t o  the  a t tachment  of  the s p e c i f i c  l igand .  This precau- 

t i o n  should minimize the  number of  "dangl ing arms" on the  LSC 

column which c o n t r i b u t e  t o  hydrophobic b inding .  It should be kept  

i n  mind t h a t  i n  c e r t a i n  c a s e s  hydrophobic hydrocarbon-coated 

agarose  beads may be ex t remely  u s e f u l ,  s. i n  the  p u r i f i c a t i o n  of  

l i p o p h i l i c  membrane-bound p r o t e i n s .  

demonstrated t h a t  hydrocarbon-subs t i tu ted  agarose  can be success-  

f u l l y  used f o r  t h e  immobil izat ion of enzymes. 

i s o l a t e d  by LSC a r e  o e s t r a d i o l  r e c e p t o r  proteins132,  wheat germ 

agglut inin133,  serum albumin134, mouse in te r fe ron135 and 

E s c h e r i c h i a  & r i b o n ~ c l e a s e l ~ ~ .  

s e p a r a t i o n  of chemica l ly  modified carbonic  anhydrase B from the  

n a t i v e  enzyme us ing  LSC, and Berg and Prockop13' i s o l a t e d  

pro tocol lagen  p r o l i n e  hydroxylase by b inding  the  enzyme t o  a 

conjugate  of Sepharose and a pept ide  s u b s t r a t e ,  and then s p e c i f i c a l l y  

e l u t i n g  the  enzyme w i t h  a s o l u t i o n  c o n t a i n i n g  a h i g h  c o n c e n t r a t i o n  

of a second p e p t i d e  s u b s t r a t e  of lower a f f i n i t y .  

I n  a d d i t i o n ,  Hofstee13' has  

Among the  subs tances  r e c e n t l y  r e p o r t e d  t o  have been 

W h i t n e ~ ' ~ ~  has  r e p o r t e d  the  

The l i s t  of commerc ia l ly-ava i lab le  m a t e r i a l s  designed 

f o r  use i n  LSC procedures  cont inues  t o  expand. A f f i t r o n  Corpora t ion  

(Costa Mesa, Ca. , 92626) , Bio-Rad L a b o r a t o r i e s  (Richmond, C a . ,  

94804), Miles L a b o r a t o r i e s  (Kankankee, Il., 60901) and Pharmacia 
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F i n e  Chemicals (P i sca t away ,  N .  J. 08854) have a l l  expanded t h e i r  

l i n e s  of " a f f i n i t y  chromatographic"  p r o d u c t s ,  and d e s c r i p t i v e  
l i t e r a t u r e  is a v a i l a b l e  upon r e q u e s t .  The i n c r e a s e d  a v a i l a b i l i t y  

of  such  p roduc t s  i s  a s u r e  s i g n  t h a t  LSC is  w e l l  on i t s  way t o  

becoming a s t a n d a r d  l a b o r a t o r y  t echn ique .  
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