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SEPARATION AND PURIFICATION METHODS, 17(2), 185-205 (1988) 

Separa t ion  of biopolymers by p a r t i t i o n  

i n  aqueous two-phase systems 

Gote Johansson 

Department of Biochemistryr Chemical Centerr  Un ive r s i ty  
of  Lundr P.O.Box 124, S-221 00 Lund, Sweden 

ABSTRACT 

Aqueous two-phase s y s t e m s  a r e  u s e f u l  t o o l s  f o r  

f r a c t i o n a t i o n  and s t u d i e s  of c e l l  components i nc lud ing  

p r o t e i n s  and n u c l e i c  a c i d s .  T h e  s y s t e m s  c o n s i s t  of two 

non-miscible l i q u i d  l a y e r s  which both have high con ten t  

of wa te r .  T h e  p u r i f i c a t i o n  a c h i e v e d  by p a r t i t i o n  of 

biosubstances between t h e  two l i q u i d  phases depends on 

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

way. T h e  p a r t i t i o n  can be a f f e c t e d  by hydrophob ic  and 

a f f i n i t y  l i g a n d s ,  a s  w e l l  a s  c h a r g e d  g r o u p s l  bound t o  

s o l u b l e  po lymers .  

I. INTRODUCTION 

Aqueous two-F..ase s y s t e m s  have _een u s e  f o r  more 

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

T h e  unique p rope r ty  of t h i s  l i q u i d - l i q u i d  two- 
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186 JOHANSSON 

p h a s e  s y s t e m s  i s  t h e  h i g h  w a t e r  c o n t e n t ( 8 0 - 9 9 %  w / w ) i n  

- b o t h  phases .  T h u s ,  t h e y  a r e  e x c e l l e n t  e n v i r o n m e n t s  f o r  

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

membranes, n u c l e i c  a c i d s  and p r o t e i n s .  Dif f e r e n c e s  i n  

t h e  p a r t i t i o n  of t h e  b i o m a t e r i a l s  between t h e  phases can 

be u t i l i z e d  f o r  s e p a r a t i o n  purposes. Aqueous two-phase 

systems have a g r e a t  p o t e n t i a l  f o r  b i o t e c h n i c a l  p u r i f  i- 

c a t i o n  because of t h e  e a s e  of s c a l i n g  up l i q u i d - l i q u i d  

e x t r a c t i o n  p r o c e s s e s .  F u r t h e r m o r e ,  t h e  s y s t e m s  have 

found u s e  i n  s t u d i e e  of i n t e r a c t i o n  between c e l l  c o n s t i -  

t u e n t s ,  e.g. between p ro te ins .  

11. SYSTEM COMPOSITION 

Two kinds of aqueous s y s t e m s  a r e  f r e q u e n t l y  used. 

They a r e  e i t h e r  based on two polymers o r  on one polymer 

and a s a l t .  T h i s  p r e s e n t a t i o n  w i l l  o n l y  d e a l  w i t h  t h e  

former type. The  mutual exc lus ions  of two polymers ( i n  a 

s o l v e n t ) ,  r e s u l t i n g  i n  two l i q u i d  p h a s e s ,  i s  a g e n e r a l  

phenomenon. A l a r g e  number of polymer p a i r s ,  y i e l d i n g  

two p h a s e s  i n  w a t e r ,  have been d e s c r i b e d ’  i n c l u d i n g  

de xtran-pol y ( e t  hylene g l y c o l  1 I de x t  ran- 

hydr  oxypr opy l  dex t r an , F i  c o l l - p o l y ( e t  h y l  ene g l y c o l )  and 

polyvinylalcohol-poly(ethy1ene g l y c o l ) .  T h e  c o n c e n t r a -  
t i o n s  of p o l y m e r s  n e c e s s a r y  t o  o b t a i n  t h e  two p h a s e s  

a r e  shown, i n  F i g u r e  1, f o r  t h e  p a i r  d e x t r a n  and po ly -  

( e t h y l e n e  g l y c o l ) .  T h e  p h a s e  d i ag ram a l s o  shows t h e  

c o m p o s i t i o n  of t h e  p h a s e s  and how t h e  volume r a t i o  can 

b e  a d j u s t e d .  By i n c r e a s i n g  t h e  t e m p e r a t u r e  t h e  b o r d e r -  

de x t  ran-Fi c a l l  , 
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SEPARATION OF BIPOLYMERS l a 7  
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F I G U R E  1 
Phase d i ag ram f o r  w a t e r  - d e x t r a n  ( M  =500,000) - PEG 
(M,=8000) a t  0 OC. 1, one-phase regio:: 11, two-phase 
r e g i o n .  T h e  c o m p o s i t i o n s  of t h e  t o p  p h a s e s  ( 0 )  and t h e  
bo t tom p h a s e s  ( O ) ,  b e l o n g i n g  t o  t h e  same two-phase 
s y s t e m ,  a r e  c o n n e c t e d  w i t h  a s t r a i g h t  l i n e  ( t i e - l i n e ) .  
The p o i n t s  on t h e  t i e - l i n e s  r e p r e s e n t  t o t a l  composition 
of two-phase systems having t h e  volume r a t i o s  ( top/bot-  
tom) 5 ( n ) ,  2 ( A ) ,  1 ( H ) ,  and 0.5 (V). The d i a g r a m  
is  based on d a t a  from r e f e r e n c e  (1). 

l i n e  between t h e  one- and two-phase r eg ions  ( t h e  bino- 

d i a l  curve)  moves towards higher  polymer concen t r a t ions .  

111. ELECTROSTATIC EFFECTS 

T h e  p a r t i t i o n  of biopolymers,  a s  w e l l  a s  c e l l  par- 

t i c l e s ,  w i t h i n  an aqueous  two-phase s y s t e m ,  can be  i n -  

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

e s p e c i a l l y  i n  systems based on dex t r an  and poly(ethy1ene 

g l y c o l ) ,  PEG. I n  such systems PEG i s  found mainly i n  t h e  

l i g h t e r  ( u p p e r )  p h a s e  w h i l e  d e x t r a n  i s  c o n c e n t r a t e d  t o  
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188 JOHANSSON 

Salt 

FIGURE 2 
P a r t i t i o n  of ( p o s i t i v e l y  c h a r g e d )  lysozyme ( 0 )  and 
(nega t ive ly  charged) ovalbumin ( 0 ) i n  two-phase systems 
con ta in ing  d i f f e r e n t  sodium hal ides .  System composition: 
8 % d e x t r a n  (Mw=500r000) r  8 % PEG ( M  =3400)1 0.5 m M  
sodium p h o s p h a t e  b u f f e r r  and 2 5  m M  s d t .  pH = 6.9 and 
temperature  23 OC. 

t h e  l o w e r  phase.  T h e  p a r t i t i o n  of a b i o p o l y m e r r  e.g. a 

p r o t e i n r  can be desc r ibed  by a p a r t i t i o n  c o e f f i c i e n t r  K I  

de f ined  a s  t h e  r a t i o  between t h e  p r o t e i n  concen t r a t ion  

i n  uppe r  and l o w e r  phase.  T h e  e f f e c t  of a number of 

s a l t s  on t h e  p a r t i t i o n  of two p r o t e i n s  a r e  shown i n  

Figure 2. P r o t e i n s  and pH value have been chosen i n  s u c h  

way t h a t  one p r o t e i n  (ovalbumin) is nega t ive ly  charged 

w h i l e  t h e  o t h e r  one ( l y s o z y m e )  h a s  a p o s i t i v e  n e t  
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SEPARATION OF BIPOLYMERS 189 
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F I G U R E  3 
P a r t i t i o n  of bovine serum albumin a s  func t ion  of i t s  n e t  
charge,  Z. System composition: 5 % dex t ran  (Mw=500r000)r 
4 % P E G  (Mr=8000), 2 g albumin per  l i t e r  and s a l t :  50 m M  
K2SO4 ( 0  ) ,  L i C l  ( @ ) ,  p o t a s s i u m  a c e t a t e  ( 0 1 ,  o r  K C 1  
(E). The pH values  were ad jus t ed  by a d d i t i o n  of ac id  o r  
base and Z was obtained from t h e  t i t r a t i o n  curve of t h e  
p ro te in .  Temperature 2 OC. 

cha rge .  The p r e s e n c e  of  d i f f e r e n t  s a l t s  a f f e c t s  t h e  

p a r t i t i o n  of t h e  two p r o t e i n s  i n  o p p o s i t e  d i r e c t i o n s  

(towards lower or  upper phase) depending on t h e  s i g n  of 

ne t  charge,  Z I  of t h e  p ro t e in .  I n  s e v e r a l  ca ses  a l i n e a r  

dependence be tween  l o g a r i t h m i c  p a r t i t i o n  c o e f f i c i e n t ,  

l o g  K I  and n e t  c h a r g e ,  Z ,  of  p r o t e i n s  h a s  been obse rv -  

e d I 4 l 5  F i g u r e  3. T h i s  is  e x p r e s s e d  i n  E q .  (1). 
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190 JOHANSSON 

T h e  c o n s t a n t  Kg i s  t h e  p a r t i t i o n  c o e f f i c i e n t  of  t h e  

p r o t e i n  a t  t h e  i s o e l e c t r i c  p o i n t ,  w h i l e  y i s  a f a c t o r  

which depend8 on t h e  s a l t  used ( i n  excess).  From theore-  

t i c a l  c o n a i d e r a t i o n a l ,  t h i s  b e h a v i o u r  c a n  be  deduced 

from t h e  assumption of d i f f e r e n c e  i n  t h e  a f f i n i t y  of t h e  

i ons  of t h e  s a l t  f o r  t h e  two phases. Hypothet ical  p a r t i -  

t i o n  C o e f f i c i e n t s ,  K+ and K-, can be p o s t u l a t e d  f o r  t h e  

c a t i o n  and anion, r e spec t ive ly .  They desc r ibe  t h e  par- 

t i t i o n  t h e  i o n s  s h o u l d  have if t h e y  c o u l d  p a r t i t i o n  

i n d e p e n d e n t l y  of each  o t h e r .  Because of t h e  c l a i m  of 

e l e c t r o n e u t r a l i t y ,  c a t i o n s  and anions m u s t  have t h e  same 

p a r t i t i o n  c o e f f i c i e n t ,  Ksal t I  w h i c h  is t h e  weighed geo- 

metrical mean of t h e  K+ and K- values ,  Eq. ( 2 ) :  

when t h e  s a l t  c o n s i s t 8  of t h e  i o n s  A+m and B-". T h e  

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

i o n s ,  c l o s e  t o  t h e  i n t e r f a c e  (be tween  t h e  p h a s e s ) ,  t o  

o r i e n t  and form a n  e l e c t r i c a l  d o u b l e  l a y e r  ( S t e r n  l a -  

y e r ) .  T h i s  g i v e s  r i se  t o  a p o t e n t i a l  d i f f e r e n c e ?  t h e  so 

c a l l e d  i n t e r f a c i a l  p o t e n t i a l ,  A Y  I which is r e l a t e d  t o  

hypo the t i ca l  i o n i c  p a r t i t i o n  c o e f f i c i e n t s  v i a  Eq. (3): 

R T  K- 
AY = I n  - 

(m+n) F K+ 

w h e r e  R is t h e  gas  cons t an t ,  T is t h e  a b s o l u t e  tempera- 

t u r e  and  F is  t h e  Fa raday  c o n s t a n t .  T h e  e f f e c t  of t h e  

p a r t i t i o n  of a p r o t e i n ,  w i t h  t h e  n e t  c h a r g e  2, is g i v e n  

by Eq. ( 4 ) :  
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T h e  p a r t i t i o n  c o e f f i c i e n t  can t h e r e f o r e  be r e so lved  i n t o  

two f a c t o r s :  oner K O ,  which d e s c r i b e s  t h e  g e n e r a l  solva-  

t i o n  of t h e  p r o t e i n  m o l e c u l e  i n  t h e  two p h a s e s ,  and 

a n o t h e r r  K Z r  which depends  on t h e  n e t  c h a r g e  of t h e  

p a r t i t i o n e d  biopolymer and t h e  e l e c t r o l y t e  cond i t ion  of 

t h e  s y s t e m ,  Eq. ( 6 ) :  

T h e  s e p a r a t o r y  c a p a c i t y  of  a two-phase s y s t e m  f o r  two 

biopolymers,  1 and 2 r  can be measured a s  t h e  d i f f e r e n c e  

i n  t h e i r  l o g  K v a l u e s ,  e.g. t h e  l o g a r i t h m i c  s e p a r a t i o n  

f a c t o r ,  l o g  B I d e f i n e d  by Eq. ( 7 ) :  

log B = l og  K 1  - l og  K 2  

T h e  l o g  f3 can  be  e x p r e s s e d 6  i n  t h e  t w  K O  v a l u  

( 7 )  

( K O ,  1 
and K O r 2 )  and t h e  n e t  c h a r g e s  ( Z 1  and Z 2 )  of t h e  two  

b iopo lymers ,  v i a  Eq. (l) ,  y i e l d i n g  Eq. (8 ) :  

T h i s  r e l a t i o n  shows t h a t  t h e  s e p a r a t i o n  due t o  a d i f f e -  

rence i n  t h e  l o g  K O  v a l u e s  can work a d d i t i v e l y  o r  
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192 JQHANSSON 

s u b t r a c t i v e l y  w i t h  t h e  charge d i f f e r e n c e  term depending 

on t h e  s i g n  of t h e  Y f a c t o r .  T h e  most favourable  separa-  

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

and t h e  Y v a l u e  a re  a s  l a r g e  as possible .  

E s p e c i a l l y  s t rong  e f f e c t s  on t h e  p a r t i t i o n  of pro- 

t e i n s  and n u c l e i c  a c i d s  have been o b t a i n e d  by b i n d i n g  

( c o v a l e n t l y )  i o n i c  g r o u p s  t o  ( a  f r a c t i o n  o f )  one of  t h e  

phase-forming polymers.7t8 If  p o s i t i v e l y  charged groups 

a r e  bound t o  P E G  a h igh  K, v a l u e  can b e  f o r e s e e n .  T h e  

e f f e c t  of p o s i t i v e  and negat ive PEG-bound groups on t h e  

p a r t i t i o n  of two enzyme a c t i v i t i e s  p r e s e n t  i n  y e a s t  

e x t r a c t  i s  shown i n  Figure 4. The p a r t i t i o n  of p r o t e i n s  

is, i n  t h i s  k i n d  of s y s t e m s ,  s t r o n g l y  depending on pH. 

Because of t h e  r e l a t i v e l y  low concen t r a t ion  of polymer- 

bound c h a r g e d  g r o u p s ,  t h e  c o n c e n t r a t i o n  of o t h e r  

e l e c t r o l y t e s ,  l i k e  s a l t s  and b u f f e r ,  m u s t  be  k e p t  v e r y  

low. However, a c e r t a i n  amount o f  s a l t  i s  n o r m a l l y  

necessary t o  inc lude  i n  o rde r  t o  avoid r epu l s ion  between 

t h e  charged P E G  molecules which o the rwise  would counter-  

a c t  phase sepa ra t ion .  

I V .  HYDROPHOBIC EFFECTS 

Hydrophobic groups,  e.g. higher  f a t t y  ac ids ,  can be 

c o n s t r a i n e d  ma in ly  t o  one of t h e  p h a s e s  by b e i n g  a t -  

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

c r eas ing  concen t r a t ions  of t h e  polymer-bound hydrophobic 

groups,  p r o t e i n s  con ta in ing  hydrophobic pockets  can be 

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

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION OF BIPOLYMERS 193 

5 6 7 8 9 10 
PH 

F I G U R E  4 
P a r t i t i o n  o f  t h e  e n z y m e s  f u m a r a s e  ( o p e n  s y m b o l s )  a n d  
e n o l a s e  ( f i l l e d  s y m b o l s ) ,  p r e s e n t  i n  a n  e x t r a c t  o f  p i g  
h e a r t ,  i n  s y s t e m s  c o n t a i n i n g  e i t h e r  t h e  p o s i t i v e l y  
c h a r g e d  t r i m e t h y l a m i n o - P E G  ( 0  , 0 ) o r  t h e  n e g a t i v e l y  
c h a r g e d  c a r b o x y m e t h y l - P E G  ( 0, 1. S y s t e m  c o m p o s i t i o n :  
6.4 8 d e x t r a n  ( M w = 5 0 0 , 0 0 0 ) ,  6.6 % d e r i v a t i z e d  PEG 
(Mr=8000) a n d  s o l u b l e  e x t r a c t  f r o m  p i g  h e a r t  ( 6 0  g 
t i s s u e  u s e d  p e r  l i t e r  s y s t e m ) .  T i t r a t i o n  w i t h  a c i d  o r  
base was u s e d  t o  a d j u s t  t h e  pH v a l u e s .  T e m p e r a t u r e  2 OC. 

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

v a l u e .  T h i s  K v a l u e  d e p e n d s  o n  t h e  n u m b e r  o f  b i n d i n g  

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

d u e  t o  l i g a n d - l i g a n d  i n t e r a c t i o n  w h i c h  g i v e s  r i se  t o  

micelle f o r m a t i o n .  Good c o r r e l a t i o n s  w i t h  o t h e r  m e t h o d s  
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194 JOHANSSON 

have been found when hydrophobicity of p r o t e i n s  is mea- 

s u r e d  a s  t h e  maximal i n c r e a s e  i n  l o g  K v a l u e  caused  by  

t h e  1 igand. l1 

V.  USE OF AFFINITY LIGANDS 

I n  t h e  same way a s  f o r  hydrophobic p a r t i t i o n  more 

s p e c i f i c  l i g a n d s  c a n  b e  a t t a c h e d  t o  one of  t h e  phase-  

f o r m i n g  polymers .  T h i s  way of s e l e c t i v e l y  i n f l u e n c i n g  

t h e  p a r t i t i o n  of c e r t a i n  macromolecules or p a r t i c l e s  has 

been  c a l l e d  a f f i n i t y  p a r t i t i o n . 1 2 t 1 3  Because of  t h e  

absence of a matr ix ,  problemsoccuring i n  a f f i n i t y  chro- 

matography (e.g. m u l t i p l e  a t tachment)  can be avoided. A 

number of a p p l i c a t i o n s  of a f f i n i t y  p a r t i t i o n  have been 

c o l l e c t e d  i n  Table I. 

T h e  e f f e c t i v i t y  of t h e  a f f i n i t y  e x t r a c t i o n  depends 

on t h e  p a r t i t i o n  of t h e  (polymer-bound) l i g a n d ,  t h e  

s t r e n g t h s  of t h e  l i g a n d - p r o t e i n  b i n d i n g  i n  t h e  two 

p h a s e s  and t h e  a v e r a g e  number of l i g a n d - p o l y m e r  mole- 

c u l e s  bound per  p r o t e i n  molecule. A theory f o r  a f f i n i t y  

p a r t i t i o n  was presented by Flanagan and Barondea.” They 

used a thermodynamic approach which is c l o s e l y  r e l a t e d  

t o  u s i n g  a se t  of e q u i l i b r i u m  c o n d i t i o n s  and mass ba- 

l ance  e q u a t i o n s ,  eq. ( 9  ) - ( 1 4 ) .  I f  t h e  u p p e r  p h a s e  i s  

indexed  ’1’ and t h e  l o w e r  p h a s e  i s  indexed  ’2’ t h e n  t h e  

r a t i o  between t h e  concen t r a t ions  of f r e e  ligand-polymer, 

L, i n  t h e  p h a s e s  is g i v e n  by t h e  p a r t i t i o n  c o e f f i c i e n t  

KL, Eq. ( 9 ) .  I n  t h e  same way, t h e  p a r t i t i o n  of f r e e  p r o -  
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TABLE I 

C o l l e c t e d  w o r k s  o n  a f f i n i t y  p a r t i t i o n  o f  p r o t e i n s  a n d  
n u c l e i c  a c i d s .  

........................................................ 
E x t r a c t e d  b i o p o l y m e r  L i g a n d  R e f e r e n c e  ........................................................ 
A l b u m i n r  s e r u m  
A l c o h o l  d e h y d r o g e n a s e  
C o l  i p a s e  
W- Fe  t opr o t e i n 
F o r m a l d e h y d e  d e h y d r  ogen  ase 
F o r m a t e  d e h y d r o g e n a s e  
G l u c o s e  6 - p h o s p h a t e  

d e h y d r o g e n a s e  
G l u t a m a t e  d e h  d r o g e n a s e  
G l u t a m a t e  oxaroacetate  

d e h y d r o g e n a s e  
G l u t a m a t e  p y r u v a t e  

t r a n s a m i n a s e  
G 1  y c e r a l d e h y d e  p h o s p h a t e  

d e h y d r o q e n a s e  
G 1  y c e r o l  k i n a s e  
Lactate  d e h y d r o g e n a s e  
Malat e d e h y d r  o g e n a s e  
S-23 Myeloma p r o t e i n  
N i t r a t e  r e d u c t a s e  
A 3 6  3-0x0s t er o i d  is omeras e 
P r e a l b u m i  n 

P h o s p  ho f  r u c t  o k i n a s e  
3 - P h o s p h o g l y c e r a t e  k i n a s e  
P h o s p h o g l y c e r a t e  m u t a s e  
P v r u v a t e  k i n a s e  

f a t t y  a c i d s ,  dyes 14-16 
t r i a z i n e  d y e s  17  
l e c i t h i n  18 
t r i a z i n e  d y e s  19 -21  
N A D H ,  d y e s  2 2 8  
N A D H I  d v e s  2 2 , 2 3  
t r i a z i n e  d y e s  1 7  I 

24-27 
t r i  a z i  n e  d y e s  2 8  

t r i a z i n e  d y e s  2 8  

t r i a z i n e  d y e s  2 8  

t r i a z i n e  d y e s  29  
t r i a z i n e  d y e s  28  
t r i a z i n e  d y e s  30-32 
t r i a z i n e  d y e s  2 8 1 3 1  
d i n i t r op  hen  o l  1 2  
t r i a z i n e  d y e s  33 
es t r a d i o l  34 
Remazol y e l l o w  GGL 2 0 / 2 1 /  

35 
C i b a c r o n  b l u e  F3G-A 3 6 , 3 7  
t r i a z i n e  dves 1 7 , 2 9  
t r i a z i n e  d i e s  1 7 ; 2 9  

TGyps in  p- ami n o b e n z  ami d i n e  3 8 
DNA ( r i c h  i n  GC base p a i r s )  a p h e n a z i n i u m  d y e  3 9 / 4 0  
D N A  ( r i c h  i n  AT base p a i r s )  m a l a c h i t e  g r e e n  4 1  

t r i a z i n e  d y e s  2 8 / 3 1  

........................................................ 

t e i n r  PI is described b y  a p a r t i t i o n  c o e f f i c i e n t  K p r  Eq. 

(10)  

I f  a one-one  c o m p l e x  e x i s t s  b e t w e e n  t h e  p r o t e i n  a n d  t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



196 JOHANSSON 

ligand-polymer t h e  d i s s o c i a t i o n  cons t an t s  D1 and D2 i n  

t h e  two p h a s e s  a r e  d e f i n e d  by Eq. (11) and ( 1 2 ) .  

The mass b a l a n c e s  f o r  l i g a n d - p o l y m e r  and p r o t e i n ,  re- 

s p e c t i v e l y ,  i n  a s y s t e m  w i t h  t h e  volumes V1 and V 2 '  a r e  

g i v e n  by Eq. (13)  and (14 ) .  CL and C p  a r e  t h e  t o t a l  

( o v e r a l l )  concen t r a t ions  of ligand-polymer and p r o t e i n ,  

r e spec t  i v e l y '  added t o  t h e  system. 

V1[LI1  + V 2 f L 1 2  + V l r P L 3 1  + v 2 r P L I 2  = ( V 1 + V 2 ) C L  (13 )  

V l 1 P l l  + V 2 I P I 2  + V l r P L I 1  + v 2 r P L I 2  = ( V 1 + V 2 ) C p  (14)  

From t h e  above e q u a t i o n s  i t  i s  p o s s i b l e  t o  e x p r e s s  t h e  

expe r imen ta l ly  observed ( o v e r a l l )  p a r t i t i o n  c o e f f i c i e n t ,  

Kobe' f o r  t h e  p r o t e i n ,  Eq. (151, a s  a f u n c t i o n  of t o t a l  

concen t r a t ion  of ligand-polymer, CL. 

A f e w  e x t r a c t i o n s  c u r v e s  c a l c u l a t e d  a c c o r d i n g  t o  t h e  

model a r e  shown i n  Fig.  5. T h e  l i m i t i n g  Koba v a l u e  ( i n  

p r e s e n c e  of e x c e s s  of l i g a n d - p o l y m e r )  i s  g i v e n  by Eq. 

(16 )  
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2 

1 

VI 

0 
n 

Y 

0 
0 
-I 

0 

-1 
0 5 10 

C L  ( m M )  

F I G U R E  5 
C a l c u l a t e d  l o g  K o b s  v a l u e s  o f  a p r o t e i n  (0 .1  m M )  a s  
f u n c t i o n  of t o t a l  c o n c e n t r a t i o n  of po lymer -bound  l i g a n d ,  
C i n  a t w o - p h a s e  s y s t e m  w i t h  e q u a l  v o l u m e s  of t h e  
p k a s e s .  K L = l O O l  K p = O . l  a n d  t h e  d i s s o c i a t i o n  c o n s t a n t s  
f o r  t h e  c o m p l e x  i n  u p p e r  p h a s e ,  D l I  a n d  i n  l o w e r  p h a s e ,  
D Z l  h a v e  b e e n  g i v e n  v a r i o u s  v a l u e s .  

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

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

c i e n t  r e a c h e s  more e x t r e m e  v a l u e s .  W i t h  n l i g a n d - P E G  

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

c i e n t  i s  g i v e n  by Eq. ( 1 7 ) .  
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198 JOHANSSON 

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

p a r t i t i o n  c o e f f i c i e n t s ,  ( K o b s ) m a x / K p l  of enzymes,  c a u s e d  

b y  i n t r o d u c i n g  PEG-bound r e a c t i v e  d y e s  as a f f i n i t y  li- 

g a n d s ,  have i n  some cases (e.g. f o r  g l u c o s e - 6 - p h o s p h a t e  

d e h y d ~ o g e n a s e ~ ~ )  been  lo4. The measured KL was close t o  

l o2  w h i c h  s h o u l d  i n d i c a t e  n = 2 i f  t h e  d i s s o c i a t i o n  con-  

s t a n t s  D1 and  D2 a re  assumed t o  b e  of  e q u a l  magni tude.  

F o r  t h e  p r a c t i c a l  e x t r a c t i o n  t h e  m o s t  i m p o r t a n t  

f a c t o r s  a re  t h e  d e g r e e  of  p u r i f i c a t i o n ,  t h e  c a p a c i t y  of 

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

R1, o f  t a r g e t  p r o t e i n  i n  t h e  u p p e r  p h a s e  is r e l a t e d  t o  
t h e  Kobs v a l u e  v i a  Eq. ( l a ) ,  

The  p h y s i c a l  c a p a c i t y  o f  t h e  a q u e o u s  t w o - p h a s e  

s y s t e m s  f o r  p r o t e i n s  i s  h i g h .  Up t o  1 5 0  g of b u l k  p r o -  

t e i n  have  been  i n c l u d e d  w i t h o u t  any  n o t i c a b l e  n e g a t i v e  

e f f e c t s  on t h e  a f f i n i t y  e x t r a c t i o n  of  enzymes. The a f f i -  

n i t y  e x t r a c t i o n  c a p a c i t y  is  l i m i t e d  b y  t h e  c o n c e n t r a t i o n  

o f  p o l y m e r - b o u n d  l i g a n d .  When PEG ( w i t h  M r  = 8 0 0 0 )  is 

u s e d  as  m o n o s u b s t i t u t e d  l i g a n d  carrier,  t h e  v a l u e  of CL 

c a n  b e  a s  h i g h  a s  1 2  m M  when V1=V2. W i t h  PEG, M, = 3400,  

CL c a n  r e a c h 2 5  m M  u n d e r  t h e s a m e  c o n d i t i o n s . T h e  c a l c u -  

l a t e d  e x t r a c t i o n  c u r v e s ,  F i g u r e  61 show t h a t  C p  o f  t h e  

t a r g e t  p ro te in  can  be a t  l e a s t  1 2  g / 1  ( i f  i t s  m o l e c u l a r  

w e i g h t  i s  1 2 0 , 0 0 0 )  w i t h  a r e c o v e r y  of m o r e  t h a n  90 p e r  

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

medium " a f f i n i t y "  r e g i o n  lom4 - M a n d  t h e  KL is  
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0 1 1 1 1 l 1 1 1 1 1 1  

0 5 10 
C, ( m M )  

FIGURE 6 
C a l c u l a t e d  r e c o v e r y ,  R1 o f  a p r o t e i n  i n  t h e  t o p  p h a s e  a s  
f u n c t i o n  o f  t h e  t o t a l  c o n c e n t r a t i o n  o f  l i g a n d - P E G ,  CL. 
The  c o n c e n t r a t i o n  of p r o t e i n  is 0.1 m M  a n d  i t s  p a r t i t i o n  
c o e f f i c i e n t  K p  = 0.1. L igand-PEG w i t h  K L  = 200 f o r m s  a 
1-1 c o m p l e x  w i t h  t h e  p r o t e i n .  The  d i s s o c i a t i o n  c o n s t a n t  
o f  t h e  c o m p l e x  i s  0.01, 0 . 1 ,  1, o r  10 m M .  T h e  v o l u m e s  o f  
t o p  and  bottom p h a s e  a r e  e q u a l .  

extreme e n o u g h  ( K L  = 200). T h i s  s a t i s f a c t o r y  e x t r a c t i o n  

can be a c h i e v e d  d e s p i t e  t h e  v a l u e  of n h a s  b e e n  c h o s e n  

t o  be o n l y  o n e  i n  t h e  ca lcu la t ions .  

T h e  c a l c u l a t e d  y i e l d s  a n d  p u r i t i e s  of a n  e n z y m e  

( w i t h  K p = O . O l )  e x t r a c t e d  f r o m  a p r o t e i n  m i x t u r e  (K = 

0.01 f o r  a l l  t h e  b u l k  p r o t e i n s ) ,  of w h i c h  t h e  t a r g e t  

e n z y m e  c o n s t i t u t e s  0.1 p e r  c e n t ,  a r e  s h o w n  i n  T a b l e  11. 

T h e  l i g a n d - P E G  h a s  b e e n  a s s u m e d  t o  h a v e  K L  = 100 a n d  

excess of l i g a n d  is u s e d .  E i t h e r  one or t w o  mole l i g a n d -  

PEG c a n  b i n d  p e r  mole  e n z y m e .  T h e  l i g a n d  i s  f u r t h e r  
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200 JOHANSSON 

TABLE I1 

E x t r a c t i o n  of an  enzyme i n t o  t h e  u p p e r  p h a s e  u s i n g  
s a t u r a t i n g  amount of ligand-PEG. K = 0.01 f o r  b u l k p r o -  
t e i n  and K =1 ( i f  n-1)  o r  100  ( i f  n -2 )  f o r  t h e  t a r g e t  
eqzyme w h i ' c v c o n s t i t u t e s  0.1 % of  t h e  o r i g i n a l  p r o t e i n  
m i x t u r e  ( F = 0 . 1 ) .  V i s  volume r a t i o  b e t w e e n  u p p e r  and 
l o w e r  phase .  R is  t h e  t o t a l  p e r c e n t u a l  r e c o v e r y  of 
enzyme i n  t h e  u b p e r  p h a s e  and F i s  t h e  p u r i t y  of t a r g e t  
enzyme i n  t h i s  phase ( i n  p e r  cen t  of e x t r a c t e d  p r o t e i n ) .  

........................................................ 
Number of wash- 

n ing s t e p s  w i t h  V = 1 v = 2  v = 5  
lower phase of ----------- ----------- ----------- 
equal volume R 1  R 1  R 1  ........................................................ - 50.0 4.8 66.7 8.3 83.3 1.7 

1 1 25.0 99.2 44.4 97.5 69.4 84.2 
2 12.5 100.0 29.6 100.0 57.9 100.0 

- 99.0 9.1 99.5 4.8 99.8 2 . 1  
2 1 98.0 99.9 99.0 99.2 99.6 90.2 

2 97.1 100.0 98.5 100.0 99.4 100.0 

........................................................ 

........................................................ 

assumed t o  have  u n i q u e  s p e c i f i c i t y  f o r  t h e  enzyme. The 

e f f e c t i v i t y  of  t h e  e x t r a c t i o n  c a n  be  modu la t ed  by ad- 

j u s t i n g  t h e  r e l a t i v e  volumes  of  u p p e r  and  l o w e r  p h a s e  

and by using r epea ted  "washings" w i t h  pure  lower  phases. 

V I .  MULTISTAGE PROCEDURES 

E x t r a c t i o n s  i n  s e v e r a l  s t e p s  may a l s o  inc lude  change of 

ligand-polymer i n  t h e  e x t r a c t i n g  phase i n  o r d e r  t o  reco- 

v e r  s e v e r a l  enzymes i n  s e p a r a t e  phases ,31  Table 111. 

Two l i g a n d s r  i n  o p p o s i t e  p h a s e s r  can  a l s o  be  used  t o  

improve  t h e  ~ e l e c t i v i t y ~ ~ ,  T a b l e  I V .  So f a r ,  not much 

work h a s  been done w i t h  h igh ly  s p e c i f i c  a f f i n i t y  li- 

gands. T h e s e ,  however, should  both  g i v e  very  good y i e l d  

and product of high p u r i t y  a s  shown above. 
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TABLE I11 

S e q u e n t i a l  e x t r a c t i o n  of enzymes from muscle  p r o t e i n s  by 
u s i n  a s y s t e m  c o n t a i n i n g  6 % ( w / w )  d e x t r a n  5 0 0 ,  7.1 % ( w / w j  P E G  8000, a n d  47 m M  sod ium p h o s p h a t e  b u f f e r ,  pH 
7.9. T e m p e r a t u r e  0 OC. C l e a r i f i e d  e x t r a c t  f rom s w i n e  
muscle was i n c l u d e d  i n  t h e  f i r s t  system. Dye-ligand-PEG 
was  u s e d  i n  t h e  u p p e r  p h a s e s  (0.2,  0.3 and  1 % o f  t o t a l  
PEG f o r  Proc ion  b l u e ,  y e l l o w  and navy, r e s p e c t i v e l y ) .  M K  
= m y o k i n a s e ,  L D H  = l a c t a t e  d e h y d r o g e n a s e ,  MDH = m a l a t e  
dehydrogenase,  PK = pyruva te  k inase .  

TABLE I V  

E x t r a c t  i o n  o f  g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  f rom 
y e a s t  p r o t e i n s  b y  a f f i n i t y  p a r t i t i o n  i n  f i v e  s t e p s .  
Sys t em c o m p o s i t i o n :  9 % ( w / w )  d e x t r a n  7 0 ,  5.5 % PEG 
40,000 and 45 mM sodium phosphate  b u f f e r ,  pH 7.0. Tempe- 
r a t u r e ,  0 OC. P roc ion  O l i v e  MX-3G PEG and P roc ion  Yellow 
HE-3G d e x t r a n  were used  a s  l igand-polymers .  Adapted from 
r e f e r e n c e  24. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



202 JOHANSSQN 

A p o p u l a r  way t o  p e r f o r m  m u l t i s t e p  e x t r a c t i o n  i s  

counter-current d i s t r i b u t i o n  according t o  Craig.42 Also 

w i t h  t h i s  t e c h n i q u e  t h e  u s e  of  two l i g a n d s  i n  o p p o s i t e  

p h a s e s  can  s t r o n g l y  improve  t h e  f r a c t i o n a t i o n .  O n e  o r  

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

d i e n t s .  Such g r a d i e n t s  have been u s e d  t o  o b t a i n  zone 

~ h a r p e n i n g . ~ ~  T h e  aqueous two-phase system can a l s o  be 

used f o r  column chromatography by adsorbing t h e  dextran 

phase t o  e s p e c i a l l y  prepared chromatographic beads.44 

V I I .  TECHNICAL USE 

P a r t i t i o n  w i t h i n  aqueous  two-phase s y s t e m  i s  a method 

w e l l  s u i t e d  f o r  t e c h n i c a l  use.  Large s c a l e  e x t r a c t i o n  of 

enzymes from ce l l  homogenate using PEG-salt systems is 

w e l l  e ~ t a b l i s h e d ~ ~ - ~ ’ .  Also a few examples of a f f i n i t y  

e x t r a c t i o n  i n  l a r g e  s c a l e  have p u b l i s h e d . 2 3 t 3 0  T h e  e x -  

t r a c t i o n  process  can be used w i t h  good economy s i n c e  t h e  

ligand-PEG can be recovered i n  good y i e l d  (96 %).30 

V I I I .  CONCLUSIONS 

The aqueous two-phase aystems o f f e r  a s imple and e f f ec -  

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

components.  By c r e a t i n g  s e l e c t i v e  p a r t i t i o n  s y s t e m s ,  

e.g. by u s i n g  a f f i n i t y  l i g a n d s ,  e f f e c t i v e  and r a p i d  

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

p u r i t y  of t h e  t a r g e t  m a t e r i a l .  T h e  s i m p l i c i t y  of u s i n g  

t h e  s y s t e m  makes t h i s  p u r i f i c a t i o n  method w e l l  s u i t a b l e  

f o r  p r e p a r a t i o n s  i n  l a r g e  sca l e .  
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