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SEPARATION SCIENCE AND TECHNOLOGY,22(2&3), 831-841,1987 

Liquid-Liquid Extraction of Low Molecular-Weight Proteins by Selective 
Solubilization in Reversed Micelles 

KENT E. GOKLEN and T. ALAN HATTON 

DEPARTMENT OF CHEMICAL ENGINEERING 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
CAMBRIDGE, MASSACHUSETTS 02139 USA 

ABSTRACT 

The e f f e c t s  of pH and  s a l t  c o n c e n t r a t i o n  o n  t h e  
s o l u b i l i z a t i o n  of  r i b o n u c l e a s e - a ,  cytochrome-c and 
lysozyme i n  Aerosol O T / i s o o c t a n e  r e v e r s e d  m i c e l l e  
s o l u t i o n s  have been s t u d i e d  t o  explore  t h e  p o t e n t i a l  
f o r  employing t h i s  s o l v e n t  system i n  t h e  l a r g e - s c a l e  
recovery and c o n c e n t r a t i o n  of p r o t e i n s  using l i q u i d  
e x t r a c t i o n .  For  pH v a l u e s  below t h e  i s o e l e c t r i c  
p o i n t ,  P I ,  of t h e  p r o t e i n ,  s o l u b i l i z a t i o n  was h i g h ,  
probably owing t o  s t r o n g  e l e c t r o s t a t i c  i n t e r a c t i o n s  
between t h e  p o s i t i v e l y  charged p r o t e i n s  and t h e  a n i o n i c  
s u r f a c t a n t  h e a d s  f o r m i n g  t h e  i n n e r  m i c e l l e  w a l l .  
Above t h e  PI, t h e  p r o t e i n s  could  n o t  be  s o l u b i l i z e d ,  
probably because of unfavorable  e l e  c t r  0s t a t i  c r e p u l s i o n s  
be tween t h e  l i k e - c h a r g e d  p r o t e i n s  and s u r f a c t a n t s .  
A t  low i o n i c  s t r e n g t h  a n d  n e u t r a l  pH,  c o m p l e t e  
s o l u b i l i z a t i o n  of  t h e  p r o t e i n s  was observed.  A s  
t h e  i o n i c  s t r e n g t h  was i n c r e a s e d ,  t h e r e  was an a b r u p t  
d e c r e a s e  i n  s o l u b i l i z i n g  power of t h e  r e v e r s e d  m i c e l l e  
s o l u t i o n s ;  t h e  s a l t  c o n c e n t r a t i o n  a t  which t h i s  occur red  
was d i f f e r e n t  f o r  each p r o t e i n .  A mixture  of t h e  
three p r o t e i n s  was c l e a n l y  r e s o l v e d  us ing  a s i n g l e  
e x t r a c t i o n  s t e p  and two s t r i p p i n g  s t e p s .  The c o n d i t i o n s  
i n  each  s t e p  were s e l e c t e d  accord ing  t o  t h e  r e s u l t s  
of t he  s i n g l e  p r o t e i n  e x t r a c t i o n  s t u d i e s .  

I N T R O D U C T I O N  

E f f i c i e n t  methods  f o r  t h e  c o n t i n u o u s ,  l a r g e - s c a l e  recovery  
of p r o t e i n s  from fermenta t ion  and c e l l - c u l t u r e  media a r e  needed  
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832 GOKLEN A N D  HATTON 

i f  the promises a f f o r d e d  by recombinant DNA and g e n e t i c  e n g i n e e r i n g  
techniques  a r e  t o  be r e a l i z e d .  One such method would appear  t o  
be l i q u i d - l i q u i d  e x t r a c t i o n .  I t  is only r e c e n t l y  t h a t  t h i s  u n i t  
o p e r a t i o n  has  been cons idered  s e r i o u s l y  as a v i a b l e  approach f o r  
b i o p r o d u c t  s e p a r a t i o n s  and p u r i f i c a t i o n ,  p r i m a r i l y  as a r e s u l t  
of t h e  e x t e n s i v e  s t u d i e s  of Kula and co-workers i n  b i p h a s i c  aqueous 
polymer systems (1 ,2 ) .  T h e i r  work r e l i e s  on t h e  uneven p a r t i t i o n i n g  
of many biopolymers between t h e  two predominantly aqueous phases  
t h a t  r e s u l t  when two incompat ib le  polymers a r e  d i s s o l v e d  i n  w a t e r .  
I t  has  been demonstrated t h a t  h igh  s e l e c t i v i t i e s  and product r e c o v e r i e s  
can be o b t a i n e d  us ing  such systems.  

The use of o r g a n i c  s o l v e n t s  f o r  p r o t e i n  e x t r a c t i o n s  has  not  
been cons idered ,  however. Except i n  some r a r e  i n s t a n c e s ,  h y d r o p h i l i c  
p r o t e i n s  are i n s o l u b l e  i n  o r g a n i c s  or are i r r e v e r s i b l y  dena tured  
when f o r c e d  i n t o  c o n t a c t  w i t h  these s o l v e n t s .  I t  has  been proposed 
(3-5) t h a t  t h e s e  l i m i t a t i o n s  on the  use of o r g a n i c  s o l v e n t s  can 
be circumvented by e x p l o i t i n g  t h e  unique power of c e r t a i n  s u r f a c t a n t s  
t o  s o l u b i l i z e  water  and h y d r o p h i l i c  s o l u t e s  i n  a p o l a r  media (6-10). 
T h i s  o c c u r s  through t h e  format ion  of r e v e r s e d  m i c e l l e s ,  or s u r f a c t a n t  
a g g r e g a t e s ,  c o n t a i n i n g  smal l  p o l a r  c o r e s  of s o l u b i l i z e d  water of 
macromolecular dimensions. The r e v e r s e d  m i c e l l e s  a r e  a b l e  t o  h o s t  
p r o t e i n s  i n  a n  a q u e o u s  e n v i r o n m e n t ,  e f f e c t i v e l y  s h i e l d i n g  them 
from t h e  h o s t i l e  o r g a n i c  s o l v e n t  i n  which t h e y  a r e  s o l u b i l i z e d ,  
a s  i l l u s t r a t e d  i n  F igure  1 .  I t  has  been shown t h a t  these p r o t e i n s  
can be e x t r a c t e d  from an aqueous phase i n t o  t h e  o r g a n i c  s o l v e n t ,  
and recovered  i n  a second aqueous phase,  by  manipula t ion  of  t h e  
pH and i o n i c  s t r e n g t h  (3-5). 

Van't Riet and Dekker (3 )  used t r i o c t y l m e t h y l  ammonium c h l o r i d e  
as a s u r f a c t a n t  t o  s o l u b i l i z e  a-amylase i n  i s o o c t a n e ,  and recovered  
t h e  enzyme by a d j u s t i n g  t h e  pH of t h e  aqueous s t r i p p i n g  s o l u t i o n .  
They  observed about  a 20% l o s s  i n  enzyme a c t i v i t y .  The e f f e c t  
of manipulat ing i o n i c  s t r e n g t h  t o  s o l u b i l i z e  and recover  cytochrome- 
-c i n  i s o o c t a n e  us ing  the  s u r f a c t a n t  Aerosol  OT ( A O T )  has been  
d i s c u s s e d  by Coklen and Hat ton ( 4 , 5 ) ,  who demonstrated t h a t  i n c r e a s i n g  
s a l t  c o n c e n t r a t i o n  i n h i b i t e d  t h e  s o l u b i l i z i n g  powers  of  t h e  
s u r f a c t a n t - l a d e n  r e v e r s e d  micelle s o l u t i o n s .  I t  was i n f e r r e d  t h a t  
t h i s  was a r e s u l t  of t h e  decrease  i n  s i z e  of t h e  micelles owing 
t o  p a r t i a l  e l e c t r o s t a t i c  s c r e e n i n g  of t h e  s u r f a c t a n t  head group 
r e p u l s i o n s ,  and t h u s  t h a t  t h e  p r o t e i n  was r e j e c t e d  because of a 
s i z e - e x c l u s i o n  e f f e c t .  I t  was a l s o  argued t h a t  d i r e c t  e l e c t r o -  
s t a t i c  i n t e r a c t i o n s  between the  charged p r o t e i n s  and t h e  s u r f a c t a n t  
head groups may provide a degree of s e l e c t i v i t y  f o r  one p r o t e i n  
over a n o t h e r ,  a l though it  had not  been shown a t  t h a t  t i m e  t h a t  
t h i s  would indeed be t h e  c a s e .  

I n  t h i s  p a p e r  we p r e s e n t  new data on t h e  s o l u b i l i z a t i o n  of 
low molecular  weight p r o t e i n s  t o  suppor t  our ear l ier  c o n j e c t u r e s .  
I t  is demonstrated t h a t  these r e v e r s e d  m i c e l l e  processes  e x h i b i t  
a s u r p r i s i n g  degree  of s e l e c t i v i t y  among p r o t e i n s  of similar s i z e ,  
and t h a t  t h e s e  p r o t e i n s  may be s e p a r a t e d  from one another  i f  c a r e  
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LOW MOLECULAR WEIGHT PROTEINS 833 

F i g u r e  1 .  P r o t e i n  s o l u b i l i z a t i o n  i n  o r g a n i c  
s o l v e n t s  by r e v e r s e d  micelles 

is  t a k e n  i n  t h e  s e l e c t i o n  of t h e  a p p r o p r i a t e  pH and i o n i c  s t r e n g t h  
c o n d i t i o n s  f o r  t h e  i n d i v i d u a l  e x t r a c t i o n  and s t r i p p i n g  s t e p s .  

MATERIALS AND METHODS 

I n  a l l  t h e  experiments  r e p o r t e d  h e r e ,  we used t h e  a n i o n i c  s u r f a c -  
t a n t  sodium di-2-ethylhexyl  s u l f o s u c c i n a t e ,  commonly known as Aerosol  
O T ,  o r  AOT. The AOT was o b t a i n e d  from P f a l t z  and Bauer, I n c . ,  
of Stamford,  CT. By t h e  s t a n d a r d  of o t h e r  w o r k e r s ( l l ) ,  t h i s  material 
was found t o  be  r e l a t i v e l y  free of i m p u r i t i e s ,  wi th  a c l e a n  U V  
spectrum, and s o  was used wi thout  f u r t h e r  p u r i f i c a t i o n .  A l l  experiments  
described h e r e  employed AOT i n  a 50mM s o l u t i o n  i n  SpectrAR grade 
i s o o c t a n e ,  o b t a i n e d  from Mal l inckrodt ,  I n c .  of Paris,  K Y .  S a l t s  
were a l l  r e a g e n t  grade  o r  b e t t e r .  P r o t e i n s  were o b t a i n e d  from 
Sigma Chemical Co. of S t .  Louis ,  MO. Cytochrome-c was Sigma t y p e  
111, from h o r s e  hear t ;  lysozyme was Sigma grade I ,  from chicken 
egg w h i t e ;  r ibonuclease-a  was Sigma t y p e  1 1 - A ,  from bovine pancreas .  

P r o t e i n  s o l u b i l i z a t i o n  experiments  were performed by c o n t a c t i n g  
c a r e f u l l y  measured amounts of aqueous and m i c e l l a r  s o l u t i o n s  i n  
a m a g n e t i c a l l y  a g i t a t e d  beaker .  E a r l i e r  r e s u l t s  w i t h  cytochrome-c 
(4 ,5 )  i n d i c a t e d  t ha t  the a g i t a t i o n  r a t e  and mixing t ime employed 
were more t h a n  adequate  t o  ensure  t h a t  t h e  e x t e n t  of p r o t e i n  t r a n s f e r  
would be t h e  maximum p o s s i b l e .  In a t y p i c a l  experiment ,  5ml of 
each phase was mixed i n  a 30ml beaker ,  f o r  5 minutes i f  p r o t e i n  
was t o  be t r a n s f e r r e d  from the  aqueous t o  t h e  m i c e l l a r  phase ,  o r  
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834 GOKLEN AND HATTON 

15  minutes i f  t h e  t r a n s f e r  was t o  be from t h e  micellar t o  t h e  aqueous 
phase. The r e s u l t i n g  mixture  was c e n t r i f u g e d  a t  2000rpm f o r  1 5  
m i n u t e s ,  t o  o b t a i n  a d i s t i n c t  phase boundary. The phases were 
t h e n  s e p a r a t e d  and analyzed.  The UV a b s o r p t i o n  a t  280nm was measured 
on  a Per  kin-Elmer Lambda 38 spectrophotometer  , as an i n d i c a t i o n  
of p r o t e i n  c o n c e n t r a t i o n .  The percent  of p r o t e i n  s o l u b i l i z e d  i n  
t h e  m i c e l l a r  s o l u t i o n  was c a l c u l a t e d  from t h e  r a t i o  of t h e  A280 
i n  t h e  o r g a n i c  phase t o  t h e  A280 of t h e  f e e d  aqueous phase ,  bo th  
va lues  c o r r e c t e d  f o r  t h e i r  b a s e l i n e  r e a d i n g s .  F o r  t h e  1 mg/ml 
f e e d  s o l u t i o n  employed, t h i s  procedure e s s e n t i a l l y  r e s u l t s  i n  a 
c a l c u l a t i o n  of t h e  p r o t e i n  c o n c e n t r a t i o n  i n  t h e  o r g a n i c  p h a s e ,  
a s  i t  h a s  been  de termined  t h a t  t h e  e x t i n c t i o n  c o e f f i c i e n t s  f o r  
t h e  p r o t e i n  i n  t h e  two phases  are equal .  A l l  e x p e r i m e n t s  were 
performed a t  ambient tempera ture ,  24  Ccl. 

A n a l y t i c a l  s e p a r a t i o n  and q u a n t i f i c a t i o n  of p r o t e i n  m i x t u r e s  
i n  aqueous s o l u t i o n s  were made w i t h  a Perkin Elmer S e r i e s  4 HPLC 
system, with UV d e t e c t i o n  a t  280nm. A Varian 3Ocmx4mm P r o t e i n  
C 1 8  column was employed, w i t h  a g r a d i e n t  running from water  wi th  
O.l%TFA t o  60% a c e t o n i t r i l e / 4 0 %  water  with O.l%TFA over 15  minutes ,  
main ta in ing  a f l o w r a t e  of lml/min. 

RESULTS AND DISCUSSION 

E f f e c t  of pH on P r o t e i n  S o l u b i l i z a t i o n  

S o l u t i o n s  c o n t a i n i n g  lmg/ml of p r o t e i n  and 0.1M K C l  were con- 
t a c t e d  w i t h  t h e  m i c e l l a r  s o l u t i o n  a t  v a r i o u s  pH's. Modi f ica t ion  
of pH was obta ined  by d i r e c t  a d d i t i o n  of 0.1M H C 1  o r  NaOH s o l u t i o n  
t o  t h e  p r o t e i n  s o l u t i o n .  The pH va lues  r e p o r t e d  are  t h o s e  of t h e  
aqueous phase measured a f t e r  c o n t a c t  w i t h  t h e  m i c e l l a r  p h a s e .  
F igure  2 shows t h e  percent  of p r o t e i n  t r a n s f e r r e d  from t h e  f e e d  
s o l u t i o n  t o  t h e  m i c e l l a r  s o l u t i o n  w i t h  vary ing  pH, f o r  r ibonuclease-a ,  
cytochrome-c and lysozyme. A t  h igh pH v a l u e s ,  l i t t l e  o r  no p r o t e i n  
i s  s o l u b i l i z e d .  A s  t h e  pH of t h e  system i s  lowered below t h e  i so-  
e l e c t r i c  pH of t h e  p r o t e i n ,  which is given i n  Table  1 ,  t h e r e  i s  
a r a p i d  change i n  s o l u b i l i z a t i o n ,  such  t h a t  a lmost  1 0 0 %  of  t h e  
p r o t e i n  i s  s o l u b i l i z e d  a t  t h e  lower pH va lues .  For t h e  p r o t e i n s  
s t u d i e d ,  t h i s  high l e v e l  of s o l u b i l i z a t i o n  was m a i n t a i n e d  o v e r  
a w i d e  range of pH v a l u e s ,  a l though i n  t h e  c a s e  of lysozyme and 
cytochrome-c, t h e  percent  s o l u b i l i z e d  d e c l i n e d  a g a i n  as  pH was 
reduced below about 5 o r  6 .  

The p r o t e i n  n e t  charge changes from n e g a t i v e  t o  p o s i t i v e  a s  
t h e  pH of t h e  system i s  lowered p a s t  t h e  p r o t e i n ' s  PI. Thus, t h e s e  
d a t a  i n d i c a t e  t h a t  f o r  t h e  c a s e  of AOT m i c e l l a r  s o l u t i o n s ,  i t  i s  
n e c e s s a r y  t h a t  t h e  p r o t e i n s  have a p o s i t i v e  charge  f o r  s i g n i f i c a n t  
s o l u b i l i z a t i o n  t o  occur .  AOT i s  an a n i o n i c  s u r f a c t a n t ,  and t h e  
r e v e r s e d  m i c e l l e  w i l l  t h e r e f o r e  have a s u r f a c e  of n e g a t i v e  charge 
sur rounding  i ts  polar  c o r e .  Thus i t  appears  t h a t  s o l u b i l i z a t i o n  
r e q u i r e s  an a t t r a c t i v e  e l e c t r o s t a t i c  i n t e r a c t i o n  between t h e  m i c e l l e  
and t h e  p r o t e i n  ( 4 , 5 ) .  The decrease  of  s o l u b i l i z a t i o n  f o r  cytochrome-c 
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LOW MOLECULAR WEIGHT PROTEINS 835 

TABLE 1 
P r o t e i n  P r o p e r t i e s  

Ribonuclease-a 13,683 
Cytochrome-c 12,384 10.6 
Lysozyme 14,300 1 1 . 1  

F igure  2. E f f e c t  of pH on p r o t e i n  s o l u b i l i z a t i o n .  
( 0 )  = cytochrome-c, ( 0 )  = lysozyme, 
( A )  = r ibonuclease-a  
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836 GOKLEN AND HATTON 

and lysozyme observed a t  very low pH is not  c o n s i s t e n t  w i t h  t h i s  
h y p o t h e s i s ,  however, and i t  is not ye t  c l e a r  why t h i s  should be 
so.  I t  is p o s s i b l e  t h a t  some pH d e n a t u r a t i o n  of t h e s e  p r o t e i n s  
has  occurred  ( 1 2 ) ,  and t h a t  t h e  unfolded p r o t e i n s  a r e  r e s i s t a n t  
t o  s o l u b i l i z a t i o n  by  t h e  r e v e r s e d  m i c e l l e s .  Future  s t u d i e s  w i l l  
address  t h i s  i ssue.  

E f f e c t  of I o n i c  S t r e n g t h  on S o l u b i l i z a t i o n  

S o l u t i o n s  c o n t a i n i n g  lmg/ml of p r o t e i n  and vary ing  c o n c e n t r a t i o n s  
of K C 1  were contac ted  wi th  t h e  m i c e l l a r  s o l u t i o n ,  without  c o n t r o l  
of t h e  s y s t e m  pH. The r e s u l t i n g  s y s t e m  pH’s f o r  r ibonuclease-a ,  
cytochrome-c and lysozyme i n  0.1M K C 1  s o l u t i o n s  were 6.75, 7 . 1 2 ,  
and 6.74, r e s p e c t i v e l y .  Some pH s h i f t  can occur  with vary ing  salt 
c o n c e n t r a t i o n ,  but  t h i s  e f f e c t  was found t o  be r e l a t i v e l y  s m a l l ;  
given t h e  broad range  of pH which y i e l d s  high s o l u b i l i z a t i o n  ( F i g u r e  
2), t h i s  should not  a f f e c t  our resu l t s .  F igure  3 shows t h e  percent  
of p r o t e i n  t r a n s f e r r e d  w i t h  changing s a l t  c o n c e n t r a t i o n  of  t h e  
f e e d  f o r  t h e  three p r o t e i n s .  

All t h r e e  p r o t e i n s  were completely s o l u b i l i z e d  i n  t h e  m i c e l l a r  
phase a t  low i o n i c  s t rengths(O. lM) ,  w i t h  no s o l u b i l i z a t i o n  a t  high 
i o n i c  s t r e n g t h s ( 1  . O M ) .  All t h r e e  a l s o  e x h i b i t e d  s h a r p  t r a n s i t i o n s ,  
i n  which t h e  decrease  i n  s o l u b i l i z a t i o n  was pronounced over a f a i r l y  
narrow range of [ K C l ] .  These t r a n s i t i o n s  occurred i n  t h e  r e g i o n  
of 0.3M K C 1  f o r  cytochrome-c, 0.45M KC1 f o r  r ibonuclease-a ,  and  
0.6M K C 1  f o r  lysozyme. 

Since t h e  s o l u b i l i z a t i o n  of  t h e s e  p r o t e i n s  appears  t o  be dependent 
on an a t t r a c t i v e  e l e c t r o s t a t i c  i n t e r a c t i o n  be tween t h e  p r o t e i n  
and t h e  micelle inner  charged double  l ayer ,  an e x p l a n a t i o n  of these 
d a t a  could be advanced based on t h e  Debye s c r e e n i n g  a b i l i t y  of  
e l e c t r o l y t e  s o l u t i o n s .  The e x t e n t  t o  which an e l e c t r o s t a t i c  p o t e n t i a l  
s e t  up by a charged s u r f a c e  can ex tend  i n t o  an e l e c t r o l y t e  s o l u t i o n  
v a r i e s  i n v e r s e l y  w i t h  t h e  i o n i c  s t r e n g t h  of t h e  s o l u t i o n .  This  
is c h a r a c t e r i z e d  by t h e  i n v e r s e  Debye l e n g t h ,  given by ( 1 3 )  

IC = ( 8 1 r e ~ N ~ I / 1 0 0 0 ~ k T ] ~ / ~  

where K-’ i s  t h e  Debye l e n g t h  i n  angstroms,  e i s  t h e  u n i t  of e l e c t r o n i c  
c h a r g e ,  Na i s  Avagadro’s number, E is  t h e  d i e l e c t r i c  c o n s t a n t  of 
t h e  medium, k is the  Boltzmann c o n s t a n t ,  T is t h e  a b s o l u t e  tempera ture  
and I is  t h e  i o n i c  s t r e n g t h  of t h e  s o l u t i o n ,  e q u i v a l e n t  t o  i ts  
c o n c e n t r a t i o n  i n  m o l a r i t y  f o r  monovalent s a l t s .  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  d e c r e a s e s  t h e  Debye l e n g t h ,  decreases  t h e  range 
over  which an e l e c t r i c  f i e l d  ex tends  from a charged s u r f a c e ,  and 
t h u s  d e c r e a s e s  t h e  s t r e n g t h  of  i n t e r a c t i o n  between two charged 
o b j e c t s  a t  a f i x e d  s e p a r a t i o n .  I n c r e a s e s  i n  t h e  i o n i c  s t r e n g t h  
of t h e  p r o t e i n  f e e d  s o l u t i o n  can t h e r e f o r e  be expected t o  reduce 
t h e  magnitude of i n t e r a c t i o n  be tween t h e  p r o t e i n  and m i c e l l e .  
The f a c t  t h a t  t h e  d i f f e r e n t  p r o t e i n s  e x h i b i t  s o l u b i l i z a t i o n  t r a n s i t i o n s  
a t  d i f f e r e n t  s a l t  c o n c e n t r a t i o n s  p r o b a b l y  r e f l e c t s  d i f f e r e n c e s  
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Figure  3. E f f e c t  of i o n i c  s t r e n g t h  on p r o t e i n  
s o l u b i l i z a t i o n .  ( 0 )  = cytochrome-c, 
( 0 )  = lysozyme, ( A )  = r ibonuclease-a  

i n  t h e  manner i n  which charge i s  d i s t r i b u t e d  over  t h e i r  surfaces, 
o r  d i f f e r e n c e s  i n  t h e i r  r e l a t i v e  h y d r o p h o b i c i t i e s .  

S e l e c t i v e  S e p a r a t i o n  of  a P r o t e i n  Mixture 

The r e s u l t s  of t he  preceding  s e c t i o n s  have demonstrated t h a t  
p r o t e i n s  of similar molecular  weight have d i f f e r e n t  s o l u b i l i z a t i o n  
c h a r a c t e r i s t i c s  which depend on t h e i r  charge-pH f u n c t i o n a l i t y ( p I ) ,  
and o t h e r ,  l e s s  wel l  understood f a c t o r s .  We have used t h i s  knowledge 
of t he  s o l u b i l i z a t i o n  behavior  of s i n g l e  p r o t e i n s  t o  s e p a r a t e  a 
p r o t e i n  mixture  by s e l e c t i v e  s o l u b i l i z a t i o n  i n  a m i c e l l a r  s o l u t i o n .  
A f e e d  mixture  was prepared c o n t a i n i n g  0.33mg/ml of each of the  
p r o t e i n s  r ibonuclease-a ,  cytochrome-c and lysozyme. The technique  
employed t o  i s o l a t e  these p r o t e i n s  i n  s e p a r a t e  aqueous phases  is 
shown i n  F igure  4. The f e e d  s o l u t i o n  and each r e s u l t i n g  aqueous 
s o l u t i o n  was analyzed by r e v e r s e  phase chromatography; t h e  chroma- 
tograms of t h e  s o l u t i o n s  a r e  g iven  i n  F igure  5. 

As r ibonuclease  does n o t  s o l u b i l i z e  a t  pH=9, whi le  t h e  o ther  
p r o t e i n s  do, t h e  f e e d  was a d j u s t e d  t o  t h i s  pH w i t h  0.1M H C 1  (Fig- 
ure  5 a ) .  On c o n t a c t i n g  t h i s  s o l u t i o n  w i t h  t h e  m i c e l l a r  p h a s e ,  
we o b t a i n e d  a complete s o l u b i l i z a t i o n  of cytochrome-c and lysozyme, 
w i t h  a lmost  a l l  t h e  r i b o n u c l e a s e  remaining i n  the  aqueous r a f f i n a t e  
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Protein Mixture 
pH = 9 

[KCCI = O.IM 

GOKLEN AND HATTON 

CKCII = Q5M 

Solution A 
Ribonucleose-a 

Solution B 
Cylochrome-c 

El- 
pH = 11.5 

[KC41 = 21)M 

Solution C 
Lysozyrne 

F i g u r e  4. E x p e r i m e n t a l  p r o c e d u r e  f o r  t h e  s e p a r a t i o n  of 
a t e r n a r y  p r o t e i n  mixture 

( F i g u r e  5 b ) .  The o r g a n i c  phase,  now loaded w i t h  cytochrome-c and 
lysozyme, was next  c o n t a c t e d  with 0.5M K C 1  t o  recover  cytochrome-c 
i n  t h e  aqueous phase,  a long  w i t h  t r a c e  r i b o n u c l e a s e  (F igure  5 c ) .  
F i n a l l y ,  t h e  organic  phase,  c o n t a i n i n g  o n l y  lysozyme, was s u b j e c t e d  
t o  a 2 . O M  K C 1  s o l u t i o n ,  a d j u s t e d  t o  pH=11.5. T h i s  r e s u l t e d  i n  
t r a n s f e r  of t h e  lysozyme t o  t h e  aqueous phase ( F i g u r e  5 d ) ,  complet ing 
our s e p a r a t i o n .  

These r e s u l t s  demonstrate  t h e  e f f i c a c y  of r e s o l v i n g  t h i s  p r o t e i n  
mixture  us ing  t h e  r e v e r s e d  m i c e l l e  s o l u t i o n s  by manipulat ing t h e  
a q u e o u s  p h a s e  pH and i o n i c  s t r e n g t h  i n  a c c o r d a n c e  w i t h  t h e  
s o l u b i l i z a t i o n  behavior  e x h i b i t e d  by t h e  i n d i v i d u a l  p r o t e i n s  i n  
a s e p a r a t e  s e r i e s  of exper iments .  The resul ts  a r e  encouraging 
and a r e  cause  f o r  optimism t h a t  o t h e r ,  more complex p r o t e i n  mixtures  
may be r e s o l v e d  i n  t h i s  way. 

CONCLUSION 

The c o n t r o l l e d  s o l u b i l i z a t i o n  of  p r o t e i n s  i n  o r g a n i c  s o l v e n t s  
v i a  r e v e r s e d  m i c e l l e s  appears  t o  have a p p l i c a t i o n  i n  t h e  development 
of new l i q u i d  e x t r a c t i o n  processes  f o r  t he  e f f i c i e n t  recovery and 
c o n c e n t r a t i o n  of s e l e c t e d  p r o t e i n s  from fermenta t ion  and c e l l  c u l t u r e  
media, as has  been i n d i c a t e d  by t h e  exper imenta l  r e s u l t s  presented  
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L 

Feed 

F i g u r e  5. 

W 

1 

4 

A 8 C 

i 

HPLC a n a l y s e s  of aqueous s o l u t i o n s  
o b t a i n e d  i n  t h e  s e p a r a t i o n  of a 
t e r n a r y  p r o t e i n  m i x t u r e  

i n  t h i s  paper .  We have demonstrated t h a t  wi th  j u d i c i o u s  c o n t r o l  
of pH a n d  i o n i c  s t r e n g t h ,  we can s o l u b i l i z e  p r o t e i n s  s e l e c t i v e l y  
i n  i s o o c t a n e  s o l u t i o n s  us ing  Aerosol  OT r e v e r s e d  m i c e l l e s  t o  hos t  
t h e  p r o t e i n s .  Indeed,  s u f f i c i e n t  d i f f e r e n c e s  e x i s t  i n  t h e  responses  
of t h e  t h r e e  p r o t e i n s  examined t o  changes i n  t h e s e  parameters  t h a t  
a mixture  of the p r o t e i n s  could be r e s o l v e d  wi th  s u r p r i s i n g  ease. 

Perhaps t h e  most important  c o n s i d e r a t i o n  i n  t h e  des ign  of new 
s e p a r a t i o n s  b a s e d  on  t h i s  technique would be t h e  e l e c t r o s t a t i c  
i n t e r a c t i o n s  between t h e  charged p r o t e i n s  and t h e  i o n i c  s u r f a c t a n t  
head l a y e r  compris ing t h e  micelle wall .  C l e a r l y ,  t h e  p r o t e i n  charge 
should be o p p o s i t e  i n  p o l a r i t y  from t h a t  of t h e  s u r f a c t a n t .  This  
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840 GOKLEN AND HATTON 

can be c o n t r o l l e d  e i t h e r  by a d j u s t i n g  t h e  pH t o  a l t e r  t h e  p r o t e i n  
charge ,  o r  by  us ing  c a t i o n i c  ins tead  of a n i o n i c  s u r f a c t a n t s .  The 
very marked d i f f e r e n c e s  i n  t h e  s o l u b i l i z a t i o n  of l i k e - s i z e d  p r o t e i n s  
as i o n i c  s t r e n g t h  i s  i n c r e a s e d  i n d i c a t e  t h a t  t h e  r e l a t i v e  
h y d r o p h o b i c i t i e s  of t h e  d i f f e r e n t  p r o t e i n s  t o  be s e p a r a t e d  can 
a l s o  be e x p l o i t e d  i n  f o r m u l a t i n g  an a p p r o p r i a t e  s e p a r a t i o n  scheme 
f o r  p r o t e i n  mixtures .  We a r e  c u r r e n t l y  i n v e s t i g a t i n g  t h i s  a s p e c t  
from a more fundamental po in t  of view, and a n t i c i p a t e  t h e  development 
of a s t r o n g  t h e o r e t i c a l  framework on which  t o  b a s e  o u r  f u t u r e  
exper imenta l  e f f o r t s .  
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