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HYDROPHOBIC INTERACTION CHROMATO- 
GRAPHY OF t-RNA'S AND PROTEINS 

Ziad El Rassi and Csaba Horvith 
Department of Chemical Engineering 

Yale University 
New Haven, Connecticut 06520 

ABSTRACT 

Various mic ropa r t i cu la t e  s i l i c e o u s  bonded s t a t iona ry  phases 
h a v i n g  weak ly  hydrophobic  l i g a t e s  were d e v e l o p e d  f o r  HPLC of 
p r o t e i n s  and t-RNA's by hydrophobic  i n t e r a c t i o n  chromatography 
( H I C ) .  It was conf i rmed t h a t  o p t i m a l  s e p a r a t i o n  of d i f f e r e n t  
types of biopolymers can be obtained by using a s e t  of s t a t iona ry  
phases  h a v i n g  a p p r o p r i a t e  hydrophobic  p r o p e r t i e s .  Thus, t h e  
s e p a r a t i o n  of t-RNA's i s  b e s t  c a r r i e d  o u t  on s t a t i o n a r y  phases  
which a re  more hydrophobic than those optimal f o r  H I C  of pro te ins ,  
P l o t s  of l o g  k' of b o t h  p r o t e i n s  and t-RNA's a g a i n s t  t h e  s a l t  
m o l a l i t y  i n  the  e l u e n t  y i e l d e d  s t r a i g h t  l i n e s  a t  s u f f i c i e n t l y  high 
s a l t  concent ra t ions  i n  the  e luent .  The l i m i t i n g  s lopes  represent  
t h e  hydrophobic  i n t e r a c t i o n  p a r a m e t e r  f o r  t h e  p a r t i c u l a r  
c h r o m a t o g r a p h i c  s y s t e m  a n d  c a n  s e r v e  a s  measures  of t h e  
hydrophobic charac te r  of e i t h e r  the biopolymer o r  the  s t a t i o n a r y  
phase. S ta t ionary  phases with c o v a l e n t l y  bound polye ther  chains 
a t  the  sur face  were found t o  be most s u i t a b l e  f o r  H I C  of p ro te ins  
and t-RNA's. 

INTRODUCTION 

Rever sed  phase  chromatography w i t h  a l k y l - s i l i c a  bonded 

s t a t i o n a r y  p h a s e s  and hydro -o rgan ic  e l u e n t s  h a s  been  t h e  most 

widely used technique i n  HPLC of smal l  molecules (1). It has  a l s o  
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3246 EL RASSI AND HORVATH 

found employment i n  t h e  s e p a r a t i o n  of biopolymers  on t h e  b a s i s  of 

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

prominence i n  a n a l y t i c a l  work where t h e  h igh  speed and r e s o l v i n g  

power of  t h e  t e c h n i q u e  i s  a g r e a t  a d v a n t a g e  (2 ,  3) .  In f a c t ,  

r e v e r s e d  phase chromatography o f f e r s  a powerful a n a l y t i c a l  t o o l  

c o m p l e m e n t a r y  t o  c l a s s i c a l  g e l  e l e c t r o p h o r e s i s .  However ,  

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

p h a s e  c h r o m a t o g r a p h y  l i m i t s  t h e  s c o p e  of a p p l i c a t i o n s  when t h e  

n a t i v e  p r o t e i n  has  t o  be recovered.  

Another approach t o  biopolymer chromatography on t h e  b a s i s  of 

hydrophobic d i s c r i m i n a t i o n  h a s  o r i g i n a t e d  f r o m  T i s e l  i n s ‘  c o n c e p t  

of s a l t i n g - o u t  chromatography. He wrote  (4) t h a t  “some d y e s t u f f s  

which  a r e  n o r m a l l y  n o t  a d s o r b e d  on f i l t e r  p a p e r  w i l l  do s o  on  

a d d i t i o n  of s a l t i n g - o u t  agents ,  f o r  example ammonium s u l f a t e ,  and 

good chromatograms c a n  b e  o b t a i n e d  by e l u t i o n  w i t h  w a t e r .  Some 

p r o t e i n s  show t h i s  phenomenon t o o  ... and it h a s  been used f o r  t h e  

chromatographic s e p a r a t i o n  of some v i r u s e s . ”  T h i s  prompted  h i s  

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

chromatography of p r o t e i n s  (5). More than  a score  of y e a r s  l a t e r ,  

s t a t  i o n a  r y  ph a s e s c o n  t a i n i n g  m i  1 d l  y h y d r o p h o b i c  f u n c t i o n s  

c o v a l e n t l y  bound t o  a s u i t a b l e  i n e r t  m a t r i x  such a s  agarose  have  

b e e n  i n t r o d u c e d  f o r  t h e  s e p a r a t i o n  of p r o t e i n s  ( 6 ,  7 )  a n d  

subsequent ly  f o r  n u c l e i c  a c i d s  (8)  by a decreas ing  s a l t  gradient ;  

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

chromatography (HIC). A t  h i g h  s a l t  c o n c e n t r a t i o n s ,  b i o p o l y m e r s  

b i n d  t o  t h e  s t a t i o n a r y  phase by hydrophobic i n t e r a c t i o n s  which a r e  

a t t e n u a t e d  upon reducing t h e  s a l t  c o n c e n t r a t i o n  i n  t h e  e l u e n t  so 

t h a t  they  e l u t e  i n  t h e  o r d e r  of decreas ing  hydrophobic charac te r .  

It has  been shown t h a t  t h e  u n d e r l y i n g  physico-chemical phenomena 

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

c h r o m a t o g r a p h y  of p r o t e i n s  ( 9 )  and c a n  b e  d e s c r i b e d  w i t h i n  t h e  

hermeneut ics  of t h e  so lvophobic  theory  which have been used f o r  

t h e  t r e a t m e n t  of  t h e  thermodynamic a s p e c t s  of r e v e r s e d  p h a s e  

chromatography (10). 

A 1  though b o t h  h y d r o p h o b i c  i n t e r a c t i o n  and r e v e r s e d  p h a s e  

chromatography h a v e  t h e  same i n t r i n s i c  p h y s i c o - c h e m i c a l  b a s i s .  
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they have  e v o l v e d  d i f f e r e n t l y  and do not  e x h i b i t  a g r e a t  d e a l  of 

s i m i l a r i t i e s  a s  f a r  a s  t h e  s t a t i o n a r y  and mobile  phases  employed, 

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

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

s t a t i o n a r y  p h a s e s  h a s  b e e n  u s e d  i n  t h e  H P L C  of s m a l l  m o l e c u l e s  

o v e r  t h e  l a s t  f i f t e e n  y e a r s  and a l a r g e  body of experimental  d a t a  

of high accuracy a r e  a v a i l a b l e  which f a c i l i t a t e  t h e  unders tanding  

of t h e  r e t e n t i o n  process  and the  des ign  of the  separat ion.  On t h e  

o t h e r  hand,  h y d r o p h o b i c  i n t e r a c t i o n  chromatography was p r a c t i c e d  

m a i n l y  wi th  s t a t i o n a r y  phases  made of s o f t  po lpsacchar ide  gels t o  

s e p a r a t e  m a c r o m o l e c u l a r  s u b s t a n c e s  by c o n v e n t i o n a l  column 

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

p r e c i s i o n  a r e  a v a i l a b l e  t o  e l u c i d a t e  t h e  physico-chemical a s p e c t s  

of  t h e  r e t e n t i o n  p r o c e s s .  The s i z e  and  c o m p l e x i t y  of t h e  

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

r e g a r d .  T h e r e f o r e ,  o n l y  a few s t u d i e s  a t t e m p t e d  t o  examine t h e  

n a t u r e  of t h e  hydrophobic i n t e r a c t i o n s  which a r e  i n v o l v e d  i n  t h e  

s e p a r a t i o n  of b i o p o l y m e r s  by  t h i s  t e c h n i q u e  (11) .  One of  t h e  

d i s t i n g u i s h i n g  f e a t u r e s  of HPLC i s  t h e  use of columns packed w i t h  

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

a f f o r d  b o t h  h i g h  column e f f i c i e n c y  and r a p i d  s e p a r a t i o n s .  The 

s u r f a c e  of t h e  r i g i d  porous s u p p o r t s  employed i n  HPLC, however. i s  

u s u a l  l y  t o o  "hard" f o r  t h e  c h r o m a t o g r a p h y  of many b i o p o l y m e r s  

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

d e n a t u r a t i o n  and sometimes by i r r e v e r s i b l e  adsorpt ion.  

O v e r  t h e  l a s t  t e n y e a r s ,  g r e a t  a d v a n c e s  h a v e  b e e n  made i n  

c h e m i c a l  m o d i f i c a t i o n  of s u r f a c e s  (12,  13) and a s  a r e s u l t  

s i l i c e o u s  and macroporous r i g i d  polymer ic  s t a t i o n a r y  phases  having  

"sof t"  s u r f a c e  a r e  i n c r e a s i n g l y  employed i n  HPLC of p r o t e i n s  and 

o t h e r  b i o p o l y m e r s  w i t h o u t  u n t o w a r d  e f f e c t s .  I n  e s s e n c e ,  t h i s  

d e v e i  opment h a s  engendered a f a m i l y  of composite s t a t i o n a r y  phases  

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

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

s a c c h a r i f e r o n s  g e l s  used i n  t r a d i t i o n a l  column chrauatography of 

biopolymers. 
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Along t h e s e  l i n e s  h igh  performance columns f o r  s i z e  e x c l u s i o n  

(14)  a n d  f o r  i o n  exchange  c h r o m a t o g r a p h y  (15. 16) w e r e  f i r s t  

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

c h r o m a t o g r a p h y  by HPLC a n d  r e l a t e d  t e c h n i q u e s .  R e c e n t l y  

s t a t i o n a r y  phases  comprising macroporous s i l i c e o u s  m i c r o p a r t i c l e s  

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

hydrophobic b inding  s i t e s  have  a l s o  been in t roduced  (17-21). A s  a 

r e s u l t ,  HIC i s  j u s t  a b o u t  t o  emerge a s  a m a j o r  i n t e r a c t i v e  

chromatographic technique f o r  biopolymer s e p a r a t i o n s  by HPLC. 
In t h i s  s t u d y  c e r t a i n  a s p e c t s  of h y d r o p h o b i c  i n t e r a c t i o n  

chromatography of nuc l  e i c  a c i d s  and p r o t e i n s  a r e  i n v e s t i g a t e d  by 

us ing  s i l i c e o u s  bonded phases  having  d i f f e r e n t  hydrophobic s u r f a c e  

p r o p e r t i e s .  I t  i s  n o t e d  t h a t  h y d r o p h o b i c  i n t e r a c t i o n s  a r e  

u b i q u i t o u s  and s i n c e  a l l  s t a t i o n a r y  phases  employed i n  biopolymer 

c h r o m a  t o g r a p h y  c o n t a i n  mo i e t i  e s t h a t  e xh i b i  t h y d r o p h o b i c  

p r o p e r t i e s  u n d e r  c e r t a i n  c i r c u m s t a n c e s ,  HIC c a n  be  c a r r i e d  o u t  

wi th  a wide v a r i e t y  of s t a t i o n a r y  phases  which a r e  o therwise  used 

t o  s e p a r a t e  biopolymers  by a n o t h e r  r e t e n t i o n  mechanism (22). 

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

w i t h  t h e  s a l t  c o n c e n t r a t i o n  i n  t h e  e l u e n t .  The r e t e n t i o n  

enhancing e f f e c t  of n e u t r a l  s a l t s  roughly  f o l l o w s  t h e  Hofmeister 

s e r i e s ,  which  i n  t u r n  h a s  b e e n  shown t o  r e p r e s e n t  t h e  e f f e c t  o f  

s a l t  in i n c r e a s i n g  t h e  s u r f a c e  t e n s i o n  of  aqueous  s o l u t i o n  (9 ) .  

A s  t h e  i n c r e a s e  i s  u s u a l l y  l i n e a r  w i t h  the  s a l t  concent ra t ion ,  t h e  

s a l t  p r o p e r t y  of i n t e r e s t  h e r e  can be c o n v e n i e n t l y  q u a n t i f i e d  by 

t h e  m o l a l  s u r f a c e  t e n s i o n  increment g i v e n  by t h e  s l o p e  of t h e  p l o t  

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

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

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

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

b inding  of t h e  e l u i t e  t o  t h e  f u n c t i o n a l  groups a t  t h e  s t a t i o n a r y  

phase sur face .  'Ihe hydrophobic e f f e c t  p roper  i s  a s c r i b e d  t o  t h e  

f r e e  energy change a s s o c i a t e d  w i t h  t h e  c o n t a c t  of t h e  hydrophobic 

m o i e t i e s  which i s  g i v e n  by t h e  product  of t h e  hydrophobic c o n t a c t  

a r e a  a n d  t h e  micro thermodynamic  s u r f a c e  t e n s i o n  of t h e  medium 

(23). The s u b j e c t  h a s  b e e n  t r e a t e d  e l s e w h e r e  i n  d e t a i l  (9 .  24) .  
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For our  p r e s e n t  purpose i t  s u f f i c e s  t o  r e c a l l  t h e  r e l a t i o n s h i p  f o r  

t h e  dependence  of t h e  l o g a r i t h m i c  r e t e n t i o n  f a c t o r  on t h e  s a l t  

concent ra t ion  g i v e n  by: 

where kl0 i s  t h e  r e t e n t i o n  f a c t o r  wi thout  added s a l t  i n  t h e  e l u e n t  

and  m i s  t h e  s a l t  m o l a l i t y .  The c o n s t a n t s  a and i n  t h e  Debye 

t e r m  a n d  A a r e  d e s c r i b e d  i n  t h e  t e x t  by  E d s a l l  and  Wyman (25), D 
is t h e  nonpolar  c o n t a c t  a r e a  between t h e  biopolymer molecule  and 

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

increment of t h e  s a l t  ( 9 ) .  

A c c o r d i n g  t o  Eqn. 1, t h e  r e t e n t i o n  f a c t o r  f i r s t  d e c r e a s e s  

w i t h  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  because of  t h e  e f f e c t  of s a l t  

on 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  e x p r e s s e d  by t h e  second and t h i r d  

t e r m s  w h i c h  a r e  n e g a t i v e .  A t  f u r t h e r  i n c r e a s e  i n  t h e  s a l t  

concent ra t ion ,  t h e  r e t e n t i o n  f a c t o r  i n c r e a s e s  and the  dependence 

o f  l o g  k' on m b e c o m e s  l i n e a r  a t  s u f f i c i e n t l y  h i g h  s a l t  

concent ra t ions .  Under such condi t ions ,  t h e  l i m i t i n g  s l o p e  of t h e  

l o g  k' vs. m p l o t s  i s  g i v e n  by Du - A  , which we term hydrophobic 

i n t e r a c t i o n  parameter. Indeed, such p l o t s  a r e  f r e q u e n t l y  1 i n e a r  

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

hydrophobic c o n t a c t  a rea ,  t h e  m o l a l  s u r f a c e  tens ion  increment of 

t h e  s a l t  and a n  e l e c t r o s t a t i c  p a r a m e t e r  r e l a t e d  t o  t h e  d i p o l e  

moment of t h e  biopolymer molecule. A shortcoming of t h i s  t h e o r y  

i s  t h a t  s p e c i f i c  s a l t  binding by t h e  biomacromolecule (26) i s  not  

e x p l i c i t l y  t r e a t e d  by Eqn. 1. N e v e r t h e l e s s ,  it has  been found t o  

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

phases  without  f i x e d  charges  and when s p e c i f i c  e f f e c t s  a r e  absent  

(22)  * 

EXPERIMENTAL 

Mat e r  i a  1 s 

Cytochrome c (CPT) from h o r s e  h e a r t ,  a - c h y m o t r y p s i n o g e n  A 

(CBY) and  r i b o n u c l e a s e  A (RNase) b o t h  from b o v i n e  p a n c r e a s ,  
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3250 EL RASSI AND HORVATH 

lysozyme (LYSO) from c h i c k e n  egg w h i t e ,  o v a l b u m i n ,  b o v i n e  serum 

a l b u m i n ,  y - g l o b u l i n  and m y o g l o b i n  (MYO) f rom e q u i n e  s k e l e t a l  

m u s c l e  and  f e r r i t i n  (FER) f rom e q u i n e  s p l e e n  and  t-RNA’s f rom E. 

c o l i :  t-RNAVal (VAL), t-RNAIYS (LYS), t-RNABlU (GLU) and t-RNAPhe 

(PHE) were  s u p p l i e d  b y  Sigma ( S t .  L o u i s .  MO. USA). 3’-5’ 

o l i g o r i b o a d e n y l i c  ac ids ,  (Ap), A having  n = 1,2,3,4,5, and 7, were 

from Pharmacia (Piscatanay,  N J ,  USA). Reagent-grade p o l y e t h y l e n e  

g l y c o l  (Carbowax), sodium dihydrogen phosphate, disodinm hydrogen 

p h o s p h a t e ,  sodium h y d r o x i d e ,  p h o s p h o r i c  a c i d ,  and  ammonium 

s u l f a t e ,  a s  w e l l  a s  HPLC grade methanol were obta ined  from A l l i e d -  

F i s h e r  ( P i t t s b u r g h ,  PA, USA). P o l y v i n y l  a l c o h o l  (PVA) of  M.W. 

3000 was obta ined  from P o l y s c i e n c e s  (Warrington, PA, USA). Vydac 

s i l i c a  g e l  s u p p o r t  h a v i n g  300 8 mean p o r e  d i a m e t e r  and  5-pm 

p a r t i c l e  d i a m e t e r  was p u r c h a s e d  from t h e  S e p a r a t i o n  Group 

(Hesperia, CA, USA). 3-glycidoxypropyl  t r i m e t h o x y s i l a n e  was f rom 

A l d r i c h  (Milwaukee, W I ,  USA). D i s t i l l e d  water  was prepared w i t h  a 

Barnstead u n i t .  

Instrument  

The l i q u i d  chromatograph was assembled from a Micromer i t ics  

( N o r c r o s s .  GA, USA) Model 1 5 0  pump w i t h  a Model 153  t e r n a r y  

s o l v e n t  m i x e r  and a Model 740  c o n t r o l  module.  S a m p l e s  were  

i n j e c t e d  by u s i n g  a Rheodyne ( B e r k e l e y ,  CA, USA) Model 7010 

sampling v a l v e  w i t h  20 p 1  sample loop, and a Model 770R v a r i a b l e -  

w a v e l e n g t h  UV d e t e c t o r  ( K r a t o s  A n a l y t i c a l ,  Ramsey, N J ,  USA) was 

used t o  monitor  t h e  column e f f l u e n t  e i t h e r  a t  280 nm f o r  p r o t e i n s  

o r  260 nm for  n u c l e i c  acids .  Chromatograms were recorded w i t h  a 

Model C - B A  i n t e g r a t o r  (Shimadzu, Columbia, MD. USA). 

Columns 

Two s e r i e s  of s t a t i o n a r y  phases  have been prepared by using 

two d i f f e r e n t  supports .  For  H I C  of n u c l e i c  a c i d s  t h e  suppor t  was 

obta ined  by r e a c t i n g  Vydac 300 s i l i c a  g e l  t o  form a t  t h e  s u r f a c e  

a c o v a l e n t l y  bound m o l e c u l a r  f u r  of n - p r o p y l s i l y l  groups having  
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TABLE 1. Stationary Phases h p l o y e d  in this Study. 

325 1 

~- ~- 

Column 
Code 

~ 

POE 4C 

POE 1M 

WE 1.5M 

WE 4M 

POE 1M-P 

PVA3M 

OAA 

~~ 

L i g a t e  

Chemical s t r u c t u r e  WID1 

Polyoxye thy 1 ene 400 

Polyoxyethy l e n e  1000 

Polyoxye t h y l e n e  1500 

Polyoxyethylene  4000 

P o l  yoxye thy  1 ene 1000 

P o l y v i n y l  a l c o h o l  3000 

01 igoaminoal coho1 2 90 

Support 
Tgpe 

I 

L 

I 

L 

I1 

I1 

I1 

*I = n-propyl s i l i c a  
I1 = 1,2-dihydroxy-n-propoxy-n-propy1-si1ica 

r e a c t i v e  f u n c t i o n s  on t h e  t e r m i n a l  c a r b o n  atom of t h e  p r o p y l  

chain. In a subsequent  r e a c t i o n  p o l y e t h y l e n e  g l y c o l  was r e a c t e d  

wi th  t h e  suppor t  t o  o b t a i n  a p o l y e t h e r  s t a t i o n a r y  phase i n  a way 

s i m i l a r  t o  t h a t  d e s c r i b e d  p r e v i o u s l y  (27). Four  p r o d u c t s  were  

o b t a i n e d  by using p o l y e t h y e l e n e  g l y c o l s  of d i f f e r e n t  m o l e c u l a r  

weights. For  H I C  of p r o t e i n s  t h e  suppor t  was prepared by r e a c t i n g  

t h e  Vydac 300 R s i l i c a  g e l  w i t h  3-glycidoxypropyltrimethoxysilane. 

T h e r e a f t e r  t h e  p o l y e t h y l e n e  g l y c o l ,  p o l y v i n y l a l c o h o l  and  

o l i g o a m i n o a l c o h o l  w e r e  r e a c t e d  w i t h  t h e  s u p p o r t  (21). The 

s t a t i o n a r y  p h a s e s  p r e p a r e d  i n  t h i s  s t u d y  a r e  l i s t e d  i n  T a b l e  1. 

Columns were  s l u r r y  p a c k e d  i n t o  1 0 0  x 4.6 mm No. 316 s t a i n l e s s  

s t e e l  tubes  (Handy and Harman, Norristown, PA, USA) us ing  methanol 

a t  8000  p s i  ( 2 8 ) .  

Procedures  

F o r  n o n - l i n e a r  dependence  of t h e  l o g  k' v a l u e s  on s a l t  

m o l a l i t y ,  t h e  d a t a  w e r e  f i t t e d  t o  Eqn. 1 by u s i n g  SAS-NLIN 
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3252 EL RASSI AND HORVATH 

software. I n  t h e  case  of l i n e a r  dependence under t h e  c o n d i t i o n s  

employed, SAS-GLM sof tware  was used f o r  d a t a  f i t t i n g .  

-- RESULTS AND DISCUSSION 

P a u c i t y  of d a t a  c h a r a c t e r i z i n g  t h e  s u r f a c e  and morphology of 

t h e  s t a t i o n a r y  p h a s e s  a s  w e l l  a s  t h e  complex  s t r u c t u r e  of 

biopolymer m o l e c u l e s  h a s  impeded t h e  e l u c i d a t i o n  of t h e  physico- 

chemical phenomena u n d e r l y i n g  t h e  r e t e n t i o n  process  i n  H I C  beyond 

t h e  f u n d a m e n t a l  t r e a t m e n t  m e n t i o n e d  a b o v e .  U n d o u b t e d l y  

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

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

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

and t h e r e f o r e  r e q u i r e  p a r t i c u l a r  cons idera t ions ,  

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

p r o t e i n  s e p a r a t i o n s  by  H I C  on v a r i o u s  s t a t i o n a r y  p h a s e s  a r e  

examined. The r e s u l t s  a r e  e x p e c t e d  t o  f a c i l i t a t e  t h e  d e s i g n  of 

s t a t i o n a r y  p h a s e s .  E a r l y  works  i n  c l a s s i c a l  H I C  h a v e  a l r e a d y  

concluded t h a t  optimum s e p a r a t i o n  of v a r i o u s  c l a s s e s  of biopolymer 

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

h y d r o p h o b i c  c h a r a c t e r  ( 6 ,  7) .  I t  s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  

s t r a t i f i e d  s t r u c t u r e  of s i l i c e o u s  bonded phases  f o r  H I C  g i v e s  r i s e  

t o  r e t e n t i o n  of s m a l l  m o l e c u l e s  by a mechanism d i f f e r e n t  from t h a t  

i n v o l v e d  i n  biopolymer r e t e n t i o n  (27). 

H I C  of Nucle ic  Acids ---- 
The chromatograms i l l u s t r a t e d  i n  Fig. 1 show t h e  s e p a r a t i o n  

of t -RNA's  by  u s i n g  l i n e a r  g r a d i e n t  e l u t i o n  a t  d e c r e a s i n g  

c o n c e n t r a t i o n  of p h o s p h a t e  b u f f e r ,  pH 6.3. on POE 4C and POE 4M 

columns, r e s p e c t i v e l y .  It i s  seen t h a t  the  e l u t i o n  order  of t h e  

t -RNA's  i s  t h e  same on b o t h  s t a t i o n a r y  p h a s e s  a s  e x p e c t e d  s i n c e  

t h e y  h a v e  t h e  same t y p e  of  l i g a t e s .  On t h e  o t h e r  hand,  upon 

c h a n g i n g  t h e  c h a i n  l e n g t h  of t h e  w e a k l y  h y d r o p h o b i c  p o l y e t h e r  

l i g a t e s ,  T a b l e  1, t h e  s e l e c t i v i t y  of  t h e  s e p a r a t i o n  a l s o  

c h a n g e s  s l i g h t l y .  The POE 4C s t a t i o n a r y  p h a s e  w i t h  s h o r t e r  
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B 

0.2 

0.1 

GLU 

z 
jO.8 ,Q ._ 

I 
73 
0 

P 
1 

0 I.0 - z 
0 10 20 30 0 10 20 30 

Minutes 

FIGURE 1. Column, 100 x 4.6 mm, 
(A) POE 4C and (B) POE 4M; f l o w  r a t e ,  1 ml lmin;  temp., 25OC. 
Linear  g r a d i e n t  i n  25 min from 1 . O M  t o  025M phosphate b u f f e r ,  pH 
6.3. Column c o d e s  a n d  s y m b o l s  f o r  t h e  e l u i t e s  a r e  g i v e n  i n  t h e  
exper imenta l  sec t ion .  

S e p a r a t i o n  of t-RNA's by  HIC. 

p o l y e t h e r  1 i g a t e s  e x h i b i t s  s t r o n g e r  r e t e n t i v i t y  and g i v e s  h i g h e r  

r e s o l u t i o n  t h a n  t h e  W E  4M s t a t i o n a r y  phase w i t h  t e n  t imes  l o n g e r  

p o l y e t h e r  cha ins  bound t o  the  sur face .  

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

r e t e n t i o n  of some t -RNA's  was s t u d i e d  i s o c r a t i c a l l y  by u s i n g  

p h o s p h a t e  b u f f e r ,  pH 6.3, 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  a s  t h e  

e l u e n t s .  P l o t s  of  l o g  k' v e r s u s  t h e  s a l t  c o n c e n t r a t i o n  y i e l d e d  

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

i n t e r a c t i o n  p a r a m e t e r s  w h i c h  a r e  l i s t e d  i n  T a b l e  2 .  A s  s e e n  i n  
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3254 EL RASSI AND HORVATH 

Table  2 t h e  s l o p e  f o r  t-RNAVal i n c r e a s e s  whereas t h e  s l o p e  f o r  t- 

RNAIYS decreases  upon i n c r e a s i n g  t h e  l e n g t h  of t h e  bound p o l y e t h e r  

c h a i n s .  T h i s  s u g g e s t s ,  i n  v i e w  of Eqn. 1, t h a t  t h e  h y d r o p h o b i c  

c o n t a c t  a r e a  of t-RNA1yS i s  s m a l l e r  w i t h  POE 4M than  w i t h  POE 4C 

o r  t h a t  some e l e c t r o s t a t i c  e f f e c t  accounts  f o r  t h e  s m a l l e r  s lope.  

The r e t e n t i o n  of  s m a l l  o l i g o r i b o a d e n y l i c  a c i d  homologues ,  

(Ap),A, h a v i n g  n r a n g i n g  from 1 t o  7 was a l s o  s t u d i e d  on POE 4 C  

and POE 1 M  s t a t i o n a r y  p h a s e s  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  

p h o s p h a t e  b u f f e r ,  pH 6.3, i n  t h e  e l u e n t .  I n  a g r e e m e n t  w i t h  t h e  

so lvophobic  theory,  p l o t s  of l o g  k’ v e r s u s  t h e  number of a d e n y l y l  

phosphate  res idues ,  n, were 1 i n e a r  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  e l u t i n g  s a l t .  The s l o p e  of t h e  l i n e s  thus  obta ined  r e p r e s e n t  

t h e  r e t e n t i o n  increments  of an a d e n y l y l  phosphate u n i t ,  T ~ ~ ,  which 

by d e f i n i t i o n  ( 2 7 ,  2 9 )  e q u a l s  t h e  l o g a r i t h m  of t h e  r e l a t i v e  

r e t e n t i o n  of a g i v e n  o l i g o a d e n y l i c  a c i d  (A ) A with r e s p e c t  t o  t h e  

an tecedent  member of t h e  homologous s e r i e s  (%)n-lk A s  shown i n  

F i g .  2 ,  t h e  T A ~  v a l u e s  depend on t h e  s a l t  c o n c e n t r a t i o n  i n  a 

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

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

e s s e n t i a l l y  t h e  same on b o t h  s t a t i o n a r y  p h a s e s ,  i.e.. t h e y  a r e  

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

range of s a l t  concent ra t ion .  P l o t s  of l o g  k’ measured on both  POE 
4C and POE 1 M  columns a g a i n s t  t h e  s a l t  c o n c e n t r a t i o n  a l s o  y i e l d e d  

s t r a i g h t  l i n e s ,  and  a s  shown i n  F i g .  3 ,  t h e  s l o p e s  r e p r e s e n t i n g  

t h e  hydrophobic i n t e r a c t i o n s  parameter  were l i n e a r l y  dependent on 
the  number of a d e n y l y l  phosphate r e s i d u e s  i n  t h e  o l i g o n u c l e o t i d e s  

under i n v e s t i g a t i o n .  According t o  t h e  theory,  t h e  s l o p e s  of t h e  

l i n e s  i n  Fig. 3 a r e  p r o p o r t i o n a l  t o  t h e  hydrophobic c o n t a c t  a r e a  

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

r e s p e c t i v e  s l o p e s  f o r  POE 4 C  and POE 1 M  a r e  0.18 and 0.16 

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

p r a c t i c a l l y  independent of t h e  l e n g t h  of t h e  p o l y e t h e r  l i g a t e s  on 

t h e  two s t a t i o n a r y  p h a s e s .  It  i s  p o s s i b l e ,  however ,  t h a t  t h e  

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

p o l y e t h e r  1 i g a t e s  b u t  by t h e  hydrocarbonaceous s u b l a y e r  of t h i s  
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1.5 

1.0 
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FIGURE 3 .  

0 2 4 6 8 

Number of Adenylyl Phosphate Residues 

P l o t  of the  hydrophobic i n t e r a c t i o n  parameter aga ins t  . -  

the number of adenplyl phosphate residues.  The data  were obtained 
on columns POE 4C and W E  1M with phosphate buf fer ,  pH 6.3, having 
d i f f e r e n t  c o n c e n t r a t i o n s  and t h e  s o l i d  l i n e s  were o b t a i n e d  by 
l i n e a r  r e g r e s s i o n .  Column codes  a r e  g i v e n  i n  t h e  e x p e r i m e n t a l  
sec t ion .  

type  of s t r a t i f i e d  s t a t i o n a r y  phase a s  d i s c u s s e d  i n  a n  e a r l i e r  

r e p o r t  (27) .  I f  t h i s  i s  t h e  c a s e ,  no s i g n i f i c a n t  d i f f e r e n c e s  i n  

the  r e t e n t i o n  increments a r e  expected. 

-- H I C  of p r o t e i n s  

The above  d i s c u s s e d  s t a t i o n a r y  p h a s e s  t h a t  were p r e p a r e d  

p r imar i ly  f o r  the separa t ion  of t-RNA's were a l s o  employed i n  HIC 

of proteins.  As shown i n  Table 1 these s t a t iona ry  phases conta in  

polye ther  moie t ies  a t tached  d i r e c t l y  t o  n -p ropy l - s i l  i ca .  These 

s t a t iona ry  phases have a r a t h e r  s t rong  hydrophobic charac te r  and 

by using 0.1M phosphate buf fer ,  pH 6.3 no pro te in  was e l u t e d  from 
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POE 4C and o n l y  r i b o n u c l e a s e  A and cytochrome c were e l u t e d  from 

POE 1M. The s t a t i o n a r y  p h a s e  POE 4M which  c o n t a i n s  t h e  l o n g e s t  

p o l y e t h e r  c h a i n s  (MW 4000) was u s e d  f o r  t h e  c h r o m a t o g r a p h y  of 

s m a l l  p r o t e i n s  w i t h  decreas ing  s a l t  g r a d i e n t  but  a t  a much lower 

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

r e l a t i v e l y  weaker  h y d r o p h o b i c  p h a s e  d e s i g n e d  f o r  H I C  of  l a r g e r  

p r o t e i n s  (21). S e p a r a t i o n  of  p r o t e i n s  on t h e  POE 4M column by 

us ing  a decreas ing  phosphate g r a d i e n t  wi th  o r  wi thout  p o l y e t h y l e n e  

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

4. By a d d i t i o n  of Carbowax 4000 t o  t h e  g r a d i e n t  f o r m e r ,  l a r g e r  

and more hydrophobic p r o t e i n s ,  such a s  BSA, were a l s o  e l u t e d  w i t h  

decreas ing  s a l t  g rad ien t .  This  o b s e r v a t i o n  and t h e  examination of 

t h e  chromatograms i n  Fig. 4 show t h a t  t h e  hydrophobic r e t e n t i v i t y  

of t h e  s t a t i o n a r y  p h a s e  f o r  p r o t e i n s  c a n  be r e d u c e d  by t h e  

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

shown a l s o  i n  F i g .  5 .  T h u s ,  p o l y e t h y l e n e  g l y c o l  a t  l o w  

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

p r o t e i n s  of w i d e l y  d i f f e r e n t  h y d r o p h o b i c  c h a r a c t e r  on a g i v e n  

s t a t i o n a r y  phase by HIC. 

The s t a t i o n a r y  p h a s e s  w e r e  compared f o r  t h e i r  r e t e n t i o n  of  

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

c o n c e n t r a t i o n s  i n  t h e  mobile  phase a t  pH 6.3 and y i e l d e d  s t r a i g h t  

l i n e  p l o t s  of l o g  k’ a g a i n s t  t h e  s a l t  concent ra t ion .  The s l o p e s  

o f  t h e  1 i n e s  r e p r e s e n t i n g  t h e  p e r t i n e n t  hydrophobic i n t e r a c t i o n  

parameter  a r e  l i s t e d  i n  T a b l e  2. For ovalbumin and lysozyme t h e s e  

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

s t a t i o n a r y  phase l i g a t e s  i n d i c a t i n g  au  i n c r e a s e  i n  t h e  hydrophobic 

c o n t a c t  a r e a  upon i n c r e a s i n g  t h e  l e n g t h  of t h e  bound p o l y e t h e r  

chains. On the  o t h e r  hand, t h e  hydrophobic i n t e r a c t i o n  parameter  

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

p o l y e t h e r  l i g a t e .  

These s t a t i o n a r y  phases  were a l s o  employed f o r  t h e  s e p a r a t i o n  

of ol  igo-phenyla lan ines  c o n t a i n i n g  up t o  4 r e s i d u e s  by i s o c r a t i c  

e l u t i o n  w i t h  0.5 M p h o s p h a t e  b u f f e r ,  pH 6.3. As w i t h  t h e  

o l i g o r i b o a d e n y l i c  a c i d s ,  t h e  r e t e n t i o n  i n c r e m e n t s  o f  t h e  
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8 
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6 
b 
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Lysozyme 

A Ovalbumin 

0 0. I 0.2 
Percent of Carbowax 4000 in the Eluent 

FIGURE 5 .  P l o t  of t h e  r e t e n t i o n  f a c t o r  k' of p r o t e i n s  a g a i n s t  t h e  
c o n c e n t r a t i o n  of Carbowax 4000 i n  t h e  e l u e n t .  Column, 100  x 4.6 
mm I.D., POE 4M. I s o c r a t i c  e l u t i o n  w i t h  1 . O M  p h o s p h a t e  b u f f e r ,  pH 
6.3. 

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

t h e  p o l y e t h e r  l i g a t e s  and  t h e y  a r e  f o u n d  t o  be  0.82 and 0.89 on 

POE 1.5M and POE 4 M  columns ,  r e s p e c t i v e l y .  I t  i s  l i k e l y  t h a t  

s m a l l  m o l e c u l e s  such a s  t h e  s h o r t  o l i g o p e p t i d e s  have almost  equal  

a c c e s s  t o  t h e  h y d r o c a r b o n a c e o u s  s u b l a y e r  a t  t h e  s u r f a c e  of t h e  

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

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



3260 EL RASSI AND HORVATH 

r 

E l u i t e  

t-RNAV a 

t-RNA l Y S  

Ribonuclease A 

Ly s o z  yme 

Ov a 1 bumi n 
- 

TALSLE 2. Hydrophobic  I n t e r a c t i o n  P a r a m e t e r s  a s  Y e a s n r e d  by t h e  
L i m i t i n g  S l o p e s  of l o g  k' A g a i n s t  Na2HP04 Y o l a l i t y  a t  
High S a l t  Concent ra t ion  i n  the Eluent ,  pH 63. f o r  
t-BNA's and P r o t e i n s  on D i f f e r e n t  S t a t i o n a r y  Phases. 

POE 1.5M 

NM 

NM 

2.52 

1.66 

4.77 

POE 411 

N M  

NM 

2.54 

3.20 

6.67 

S t a t i o n a r y  Phase 

POE 1 M  

1.38 

1.72 

2.12 

NE 

NE 

NM = not measured. 
NE = not  e l u t e d .  

a f f e c t e d  s i g n i f i c a n t l y  by t h e  s i z e  of t h e  h y d r o p h i l i c  p o l y e t h e r  

m o i e t i e s .  On t h e  o t h e r  hand,  t h e  p r o t e i n s  a r e  b e l i e v e d  t o  

i n t e r a c t  o n l y  with t h e  bound p o l y e t h e r  moiety which e f f e c t i v e l y  

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

p r o t e i n  molecules .  

F u r t h e r  s t u d i e s  w e r e  c a r r i e d  o u t  w i t h  a n o t h e r  s e t  of 

s t a t i o n a r y  p h a s e s ,  149s T a b l e  1, w h i c h  c o n t a i n e d  w e a k l y  

h y d r o p h o b i c  f u n c t i o n s  bound t o  dihydroxypropoxypropyl-sil i c a  

phase.  These  s t a t i o n a r y  p h a s e s  e x h i b i t e d  r e l a t i v e l y  weak 

h y d r o p h o b i c  c h a r a c t e r  i n  c o m p a r i s o n  t o  t h e  column m a t e r i a l s  

d i s c u s s e d  above .  Chromatograms of p r o t e i n s  o b t a i n e d  w i t h  s u c h  

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

po lyoxyethylene  m o i e t i e s  a r e  shown i n  Fig. 6. I n  both cases, t h e  

e l u t i o n  order  was t h e  same b u t  s e l e c t i v i t i e s  were d i f f e r e n t  and 

s h a r p e r  p e a k s  were  o b t a i n e d  on t h e  p o l y e t h e r  s t a t i o n a r y  phase .  

T h i s  f i n d i n g  s u p p o r t s  t h e  o b s e r v a t i o n s  ( 2 0 ,  2 1 ,  30) t h a t  

s t a t i o n a r y  p h a s e s  w i t h  p o l y e t h e r  l i g a t e s  r e s u l t  i n  e f f i c i e n t  
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FIGURE 7. S e p a r a t i o n  of p r o t e i n s  by i s o c r a t i c  e l u t i o n .  Column, 
100 x 4.6 mm. OAA; f low r a t e  1 ml/min; temp., 25OC. Mobile phase, 
0.1 M phosphate b u f f e r ,  pH 7.0. Column codes and symbols f o r  t h e  
e l u i t e s  a r e  g i v e n  i n  t h e  experimental  sec t ion .  

co lumns  f o r  s e p a r a t i o n s  by H I C .  I s o c r a t i c  e l u t i o n  w i t h  O . 1 M  

phosphate b u f f e r  was a l s o  used f o r  the  s e p a r a t i o n  of some p r o t e i n s  

on such weakly hydrophobic s t a t i o n a r y  phases  a s  seen i n  Fig. 7 and 

the  order  of e l u t i o n  i s  r e v e r s e d  w i t h  r e s p e c t  t o  t h a t  ob ta ined  i n  

d e c r e a s i n g  (NH4)2S04 g r a d i e n t  i n  t h e  same b u f f e r  a t  pH 7.0. 

F e r r i t i n  i s  excluded a t  t h e  in te rmedia te  s a l t  concent ra t ion  used 

i n  t h e  e l u e n t  w h e r e a s  lysozyme and a-chymotryps inogen  A a r e  

r e t a i n e d  by hydrophobic i n t e r a c t i o n s .  

The e f f e c t  of s a l t  c o n c e n t r a t i o n  on p r o t e i n  r e t e n t i o n  on 

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

c o n d i t i o n s  by u s i n g  0.1M p h o s p h a t e  b u f f e r ,  pH 7.0,  c o n t a i n i n g  

d i f f e r e n t  c o n c e n t r a t i o n s  of ammonium s u l f a t e .  The r e s u l t s  a r e  
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d e p i c t e d  i n  F i g .  8 which  shows p l o t s  of l o g  k’ o b t a i n e d  w i t h  

v a r i o u s  p r o t e i n s  on t h r e e  s t a t i o n a r y  phases  a g a i n s t  t h e  m o l a l i t y  

of (NH4)2S04 i n  t h e  e l u e n t .  In a l l  c a s e s  a good f i t  of t h e  d a t a  

p o i n t s  i s  o b t a i n e d  t o  Eqn. 1. On P V A  3M s t a t i o n a r y  p h a s e  t h e  

r e t e n t i o n  of p r o t e i n s  having  h igh  PI v a l u e s  such a s  lysozyme, a- 

c h y m o t r y p s i n o g e n  A, cytochrome c and  r i b o n u c l e a s e  A f i r s t  

decreased t h e n  i n c r e a s e d  w i t h  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  and a t  

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

l i n e  a s  s u g g e s t e d  by Eqn 1. However on OAA and POE 1M-P 

s t a t i o n a r y  phases  o n l y  lysozyme e x h i b i t e d  t h i s  behavior  and f o r  

a l l  o t h e r  p r o t e i n s  l o g  k’ i s  l i n e a r l y  d e p e n d e n t  on t h e  s a l t  

c o n c e n t r a t i o n  u n d e r  t h e  c o n d i t i o n s  of  t h e  e x p e r i m e n t .  The 

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

l i n e s  o r  t h e  l i m i t i n g  s l o p e s  obta ined  wi th  t h e  n o n l i n e a r  systems 

a t  high s a l t  c o n c e n t r a t i o n  a r e  l i s t e d  i n  Table  3. Comparison of 

t h e  r e s u l t s  p r e s e n t e d  i n  F i g .  8 a n d  i n  T a b l e  3 shows t h a t  non- 

l i n e a r  s a l t  dependence of t h e  l o g a r i t h m i c  r e t e n t i o n  i s  found under 

t h e  c o n d i t i o n s  of t h e  p r e s e n t  e x p e r i m e n t s  when t h e  s t r e n g t h  of 

h y d r o p h o b i c  i n t e r a c t i o n s  a s  measured  by t h e  m a g n i t u d e  of  t h e  

1 i m i t i n g  s l o p e s  i s  r e l a t i v e l y  smal l .  

A s  seen i n  Table  3, t h e  s l o p e s  c o r r e l a t e  w i t h  t h e  m o l e c u l a r  

weight  of t h e  p r o t e i n s  and f o r  a l l  s t a t i o n a r y  phases  i n v e s t i g a t e d  

h e r e ,  t h e  h y d r o p h o b i c  i n t e r a c t i o n  p a r a m e t e r  i n c r e a s e s  w i t h  t h e  

s i z e  of  t h e  p r o t e i n a c e o u s  e l u i t e .  T h i s  o b s e r v a t i o n  i s  i n  good 

a g r e e m e n t  w i t h  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  o t h e r  s e t  of 

s t a t i o n a r y  p h a s e s  l i s t e d  i n  T a b l e  2. In v i e w  o f  Eqn. 1. t h e y  

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

s t a t i o n a r y  phase l i g a t e s  i n c r e a s e s  w i t h  t h e  m o l e c u l a r  weight  of 

t h e  p r o t e i n .  T h i s  i s  n o t  u n e x p e c t e d  and i n n d e e d ,  t h e  r e t e n t i o n  

order  of p r o t e i n s  i n  H I C  i s  roughly  t h a t  of i n c r e a s i n g  m o l e c u l a r  

weight. This  i s  s i m i l a r  t o  t h e  r e t e n t i o n  behavior  of homologous 

e l u i t e s  i n  r e v e r s e d  phase chromatography. 

E x a m i n a t i o n  of t h e  d a t a  i n  T a b l e  3 a l s o  shows t h a t  t h e  

hydrophobic i n t e r a c t i o n  parameters  a r e  g e n e r a l l y  t h e  g r e a t e s t  and 

s m a l l e s t  f o r  POE 1M-P and P V A  3M s t a t i o n a r y  phases, r e s p e c t i v e l y  
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OAA _------- 
NR 

1.09 

0.59 

NM 

1.90 

2.08 

1.96 

2.41 

TABLE 3.  Hydrophobic  I n t e r a c t i o n  Parameters a s  Y e a a u r e d  b y  the  
L i m i t i n g  S l o p e s  of t h e  P l o t s  of l o g  k' vs. Ammonium 
S u l f a t e  Y o l a l i t y  a t  High  S a l t  C o n c e n t r a t i o n  i n  t h e  
E l u e n t ,  pH 7.0, f o r  V a r i o u s  P r o t e i n s  and  S t a t i o n a r y  
Phases. The M o l e c u l a r  W e i g h t s  and  t h e  I s o e l e c t r i c  
P o i n t s  of  the P r o t e i n s  a r e  a l s o  Lis ted.  

POE 1M-P ---_----_ 
0.96 

1.09 

1.29 

1.22 

1.91 

2.38 

NM 

NM ----------_-____- 

I PROTEIN 

NAME 

Cytochrome C 

Ribonuclease A 

Lysozyme 

Myoglobin 

a-Chymotrypsinogen A 

Ovalbumin 

Bovine serum albumin 

y-Globulin 
L-----_-----_----_--__. 

NR = not  r e t a i n e d .  
NM = not  measured. 

Mw 

12,200 

13,700 

14,000 

17,500 

25,500 

44,000 

65,000 

.60,000 

P I  

10.6 

9.4 

11 .o 

7.1 

9.5 

4.7 

4.4 

----__ 

--- 
---___ 

STATIONARY PEASE 

PVA 3Ei 

0.77 

1.02 

1.22 

NM 

1.86 

1.93 

NM 

NM 

------ 

------ 

and a r e  i n k e r m e d i a t e  f o r  OAA. The low v a l u e  of t h e  h y d r o p h o b i c  

i n t e r a c t i o n  p a r a m e t e r  o b t a i n e d  f rom r e t e n t i o n  d a t a  f o r  t h e  

p o s i t i v e l y  charged lysozyme on t h e  OAA s t a t i o n a r y  phase which h a s  

l i g a t e s  c o n t a i n i n g  amino f u n c t i o n s  i s  l i k e l y  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  which  p e r s i s t s  e v e n  a t  t h e  h i g h  s a l t  

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

o b s e r v a t i o n  t h a t  cytochrome c, another  s t r o n g l y  b a s i c  p r o t e i n ,  was 

n o t  r e t a i n e d  on t h e  O M  s t a t i o n a r y  phase us ing  s a l t  c o n c e n t r a t i o n s  

as high  a s  2.2M ammonium s u l f a t e  i n  t h e  e l u e n t .  

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

i n t e r a c t i o n  chromatography resembles  t h e  s a l  ting-out of p r o t e i n s  

and  i t  may be  t e m p t i n g  t o  c o n s i d e r  t h e  mechanism u n d e r l y i n g  t h e  

r e t e n t i o n  a s  sa l t ing-out .  Although t h e r e  i s  a c e r t a i n  s i m i l a r i t y  
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b e t w e e n  t h e  s a l t i n g - o u t  c o n s t a n t  (9) a n d  t h e  h y d r o p h o b i c  

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

p h y s i c o - c h e m i c a l  p a r a m e t e r s .  The s a l  t i n g - o u t  c o n s t a n t  is a n  

i n t r i n s i c  p r o p e r t y  of the  p r o t e i n  and the  s a l t  only.  On t h e  o t h e r  

hand, t h e  r e s u l t s  p r e s e n t e d  i n  T a b l e s  2 and 3 o f f e r  ample ev idence  

t h a t  t h e  magnitude of t h e  hydrophobic i n t e r a c t i o n  parameter f o r  a 

g i v e n  p r o t e i n  i s  g r e a t l y  i n f l u e n c e  by t h e  c h e m i c a l  n a t u r e  and  

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

a g r e e m e n t  w i t h  o u r  v i e w  t h a t  r e t e n t i o n  i n  BIC i s  due t o  t h e  s a l t  

m e d i a t e d  i n t e r a c t i o n  be  tween t h e  b i o p o l y m e r  m o l e c u l e  and  t h e  

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

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

p r o t e i n - p  r o t e i n The  t e r m  “ s a  1 t i  ng-ou t 

c h r o m a t o g r a p h y ”  s u g g e s t e d  by T i s e l i u s ’  work ( 4 ,  5). t h e r e f o r e ,  

c o u l d  be a c c e p t a b l e  o n l y  i n  t h e  broades t  sense of t h e  word. Since 

t h e  s t a t i o n a r y  phase p l a y s  a n  e s s e n t i a l  r o l e  i n  determining t h e  

m a g n i t u d e  of  r e t e n t i o n  a n d  s e l e c t i v i t y  i n  BIC, e f f i c i e n t  

s e p a r a t i o n  of  v a r i o u s  t y p e s  of b i o p o l y m e r s  by t h i s  t e c h n i q u e  i s  

l i k e l y  t o  r e q u i r e  a f a m i l y  of columns having  d i f f e r e n t  shades of 

hydrophobic proper  t i e  s. 

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