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SEPARATION OF PROTEINS ON POLAR 
BONDED PHASES BY HYDROPHOBIC 
INTERACTION CHROMATOGRAPHY 

Heinz Engelhardt and Uwe Schon 
Ange wandte Physikalisch e Chem ie 

Universitat des Saarkndes 
Saarbrucken, Federal Republic of Germany 

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  ( ' I I C )  w i t h  a p o l a r  
bonded p h a s e  ("Acetamide")  deve lnpped  f o r  s i z e  c x c l u s i q n  chroi ia-  
t o q r a p h y  (SRC) i s  Aescr ibed .  R e t e n t i o n  of Frote j .ns  depeil(_ls on t h e  
s u r f a c e  a r e a  o f  t h e  s t a t i o n a r y  p h a s e ,  t h e  p:l a n 3  i o n i c  s t r e n q t h  
of t h e  e l u e n t .  For  e f f i c i e n t  s e p a r a t i o n  t h e  p s r e  d i a m e t e r  should  
b e  2 5  nm o r  more. The  s u r f a c e  a r e a  s h o u l , 9  b e  l a r g e  t.n a c h i e v e  
r e t e n t i o n  even a t  l o w  i o n i c  s t r e n g t h .  S e p a r a t i o n  i s  o n l v  p o s s i b l e  
w i t h  a g r a d i e n t  from h i g h  t o  low i o n i c  s t r e n g t h .  G r a d i e n t  volumes 
of 1 0  e m p t y  c o l u m n  v o l u m e s  w i t h  col i lmn l e n g t h s  a b o v e  1 5  crn a r e  
recommended. S e l e c t i v i t y  can  b e  o p t i m i z e d  v i a  pTl a d j u s t m e n t .  The 
a d v a n t a g e  of t h i s  c o l u m n  p a c k i n g  i s  i t s  a p p l i c a b i l i t y  f o r  t w o  
d i f f e r e n t  s e p a r a t i o n  modes: SFC and W I Z .  

The a p p l i c a t i o n  of modern l i q u i d  c h r o n a t o g r a p h i c  t e c h n i q u e s  

( h i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y ,  I I P L C )  h a s  l e d  t o  a n  

improvement  o f  s e p a r a t i o n ,  c h a r a c t e r i z a t i o n ,  and p u r i f i c a t i o n  of 

p r o t e i n s .  "he s e p a r a t i o n s  a r e  b a s e d  on n a t i v e  p r o p e r t i e s  of t h e  
p r o t e i n s  l i k e  size ( o r  m o l e c u l a r  w e i g h t ) ,  c h a r g e  a t  a g i v e n  prl 

and h y d r o p h o b i c i t y  ( o r i g i n a t i n g  from amino a c i d  c o m p o s i t i o n  and 

t e r t i a r y  s t r u c t u r e ) .  These 4 i f f e r e n c e s  have  been used i n  c l a s s i -  
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3226 ENGELHARDT AND SCHON 

cal protein separation procedures as well as with chromatographic 
techniques. The differences in charge are used in electrophoresis 

and in ion exchange chromatography. Size differences are Utilized 
in ultra centrifuge separation and in size exclusion chromato- 

graphy ( S E C ) .  The differences in hydrophobicity of the individual 
proteins have been widely applied in fractionated precipitation 

by the addition of neutral salts. The chromatographic separation 
with hydrophobic stationary (reversed) phases has proven to be a 
highly efficient and versatile tool for protein separation and 
characterization (1-4). However, the hydrophobic interaction and 
hence retention with these stationary phases with alkyl groups 
ranqing from butyl to octadecyl and phenyl are usually too 

strong. To achieve elution, a high organic modulator concentra- 
tion is required. To suppress ionic interactions, a low p H  value 

has to be employed additionally. Therefore, the highly efficient 
separation of proteins with reversed phases has primarily its 

range of application for the separation and characterization of 
protein fragments after degradation. Because of the harsh elution 
conditions required, only few proteins retain their biological 
activity. 

On the other hand, S E C  with chemically modified silicas 
differing in pore size distribution and pore volume has proven to 
be a chromatographic system where proteins can he separated 
according to size under almost physiological conditions with 
retention of their biological activity (5-9). Separations based 
on exclusion effects are always finished with the elution of the 

smallest molecules, i.e. eluent molecules, the point where sepa- 

ration by adsorption starts. The separation capacity of exclusion 
chromatography is, therefore, very limited. It has been shown, 

that it is possible to increase separation capacity by working at 
optimal (low) linear velocities with spherical stationary phases 

with a large pore volume (10): but still S E C  cannot compete in 
separation capacity with sorptive chromatographic techniques. 

It has been demonstrated (9) that some proteins even in the 
S E C  mode may show ionic and hydrophobic interactions with the 

stationary phase. The ionic interaction can be eliminated by 
increasing the ionic strength of the aqueous buffer eluent to 0.3 

to 0.5 m o l / L .  By doing so with hydrophobic peptides and proteins 
an increase in retention may be observed. In this case the so-  
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HIC WITH POLAR BONDED PHASE 3227 

l u t e s  w e r e  s a l t e d  o u t  i n t o  the p o l a r  s t a t i o n a r y  phase.  The  hydro-  
p h o b i c  i n t e r a c t i o n  of  t h e  s o l u t e s  w i t h  t h e  s t a t i o n a r y  p h a s e  

i n c r e a s e ? ,  caused  by a n  a p p a r e n t  i n c r e a s e  o f  t h e  " h y d r o p h i l i c i t y "  
o f  t h e  aqueous e l u e n t .  

Consequent ly ,  a c h r o m a t o g r a p h i c  s e p a r a t i o n  can  b e  a c h i e v e d  by 

i n j e c t i n g  t h e  s o l u t e s  on t o  a column a t  h i g h  e l u e n t  s a l t  concen-  

t r a t i o n :  t h e  s o l u t e s  a r e  r e t a r d e d .  E l u t i o n  a n d  s e p a r a t i o n  c a n  
t h e n  b e  a c c o m p l i s h e d  by  d e c r e a s i n g  t h e  s a l t  c o n c e n t r a t i o n  i n  a 

g r a d i e n t  mode. T h i s  s e p a r a t i o n  s y s t e m ,  based  on p r o t e i n  s o l u b i l i -  
t y  a n d  t h e i r  f r a c t i o n a t e  p r e c i p i t a t i o n  h a s  b e e n  u s e ?  w i t h  s o f t  

q e l s  (11-16) .  and under  HPLC c o n d i t i o n s  w i t h  s i l i c a  b a s e d  s t a t i o -  

n a r y  p h a s e s  (9.17-19). 

The s o l u b i l i t y  of p r o t e i n s  depends on t e m p e r a t u r e ,  pU v a l u e ,  

and i o n i c  s t r e n g t h  of the  aqueous sys tem.  T h e  i n f l u e n c e  o f  tempe- 

r a t u r e  i s  l i m i t e d .  Ry c h o o s i n g  t h e  pFl o f  t h e  b u f f e r  a t  a g i v e n  

i o n i c  s t r e n g t h  more o r  l e s s  c lose  t o  t h e  i s o e l e c t r i c  p o i n t  ( P I  

v a l u e )  o f  t h e  p r o t e i n  i t 4  s o l u b i l i - t y  c a n  b e  r e d u c e d .  The d a n g e r  

o f  d e n a t u r a t i o n  i n c r e a s e s  t h e  f u r t h e r  o f f  t h e  pH i s  f r o m  t h e  pT 

v a l u e  o f  t h e  p r o t e i n .  Vence, it i s  recommendable t o  a d j u s t  t h e  pM 

c l o s e  t o  t h a t  o f  t h e  p r o t e i n ' s  i n  v i v o  s u r r o u n d i n g s .  

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

w i t h  p o l a r  f u n c t i o n a l  q r o u p s  - o r i g i n a l l y  d e v e l o p e d  f o r  S E C  o f  

p r o t e i n s  - f o r  H I C  o f  p r o t e i n s  w i l l  h e  d e s c r i b e d .  P a t h w a y s  f o r  

o p t i m i z a t i o n  of s t a t i o n a r y  phase  p r o p e r t i e s  ( s u r f a c e  a r e a ,  p o r e  

d i a m e t e r ,  e t c . ) ,  o f  e l u e n t  c o m p o s i t i o n  a n d  g r a d i e n t  c o n d i t i o n s  

w i l l  b e  d i s c u s s e d  i n  t h i s  paper .  

EXPERTPtFMTAL CONDITICVTS 

The c h r o m a t o g r a p h i c  m e a s u r e m e n t s  were d o n e  w i t h  a W a t e r s  

( M i l f o r d ,  Mass . ,  U S A )  g r a d i e n t  s y s t e m  ( t w o  M 6 0 0 0  A pumps a n d  a 

660 p r o g r a m m e r ) .  I n  t h e  R I C  mode t h e  pump p l u n g e r  h a d  t o  b e  

r i n s e d  p e r i o d i c a l l y  w i t h  w a t e r  t o  p r e v e n t  damage  b y  s a l t  r e s i -  
d u e s .  A c y c l o n  t y p e  m i x e r  ( 2 5 )  w a s  u s e d  i n  c o n n e c t i o n  w i t h  a 

10  cm column packed w i t h  10 p m  g l a s s  p a r t i c l e s  t o  smooth g r a d i e n t  

f l u c t u a t i o n s  and p u l s a t i o n s .  

The columns ( s t a i n l e s s  s t e e l )  w e r e  packed w i t h  i s o p r o p a n o l  - 
c a r b o n  t e t r a c h l o r i d e  a s  s l u r r y  l i q u i d .  T h e  s t a t i o n a r y  p h a s e s  
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3228 ENGELHARDT AND SCHON 

( " A c e t a m i d e " )  w e r e  p r e p a r e d  a s  d e s c r i b e d  ( 5 , 6 , 9 )  b y  r e a c t i n g  

acetylaminopropyl-triethoxy s i l a n e  w i t h  s i l i c a .  The o n l y  d i f f e -  

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

wa te r  b e f o r e  a d d i n g  the  s i l a n e  t o  t h e  s i l i c a  ( 2 6 ) .  

S i l i c a  t y p e s  of Grace ( W o r m s ,  F R G )  w e r e  used f o r  t h e  p r e p a r a -  
t i o n  o f  bonded  p h a s e s  ( t y p e  APL,C. 2 5 0  A w i t h  7 p m  o r  5 1.1m p a r t i c l e  
d i a m e t e r ,  and t y p e  YWP 500 A ) .  N u c l e o s i l  100 (Macherey und Nagel ,  

ni i ren,  FRG) w a s  used  as  s t a n d a r d  s i l i c a  t y p e .  
The  a rn ide  p h a s e  w a s  s t a b l e  i n  t h e  a q u e o u s  b u f f e r s  u s e d ,  a s  

proven by c o n s t a n t  n i t r o q e n  c o n t e n t  and i d e n t i c a l  C/N r e l a t i o n -  

s h i p ,  b e f o r e  and a f t e r  u s e .  
S t a n d a r d  p r o t e i n  s a m p l e s  w e r e  o b t a i n e d  from Sigma ( Munchen) 

a n d  S e r v a  ( H e i d e l b e r g ) .  B u f f e r  s u b s t a n c e s  w e r e  p u r c h a s e d  f r o m  

Fluka  (Meu U l m )  o r  Merck ( D a r m s t a d t ) .  

RESULTS AND DISCUSSIONS 

P r o p e r t i e s  o f  t h e  S t a t i o n a r y  Phase 

Polar  bonded p h a s e s  w i t h  A i o l  o r  ainide f u n c t i o n a l i t i e s  h a v e  

b e e n  u s e ?  f o r  s i z e  e x c l u s i o n  c h r o m a t o g r a p h y  o f  p r o t e i n s .  Mere, 
t h e  a i m  h a s  b e e n  t o  r e d u c e  t h e  i n t e r a c t i o n  o f  t h e  p r o t e i n s  w i t h  

t h e  s u r f a c e  t o  a minimum so t h a t  a s i n g l e  mechanism - s e p a r a t i o n  
a c c o r d i n g  t o  molecular  s i z e s  - i s  r e s p o n s i b l e  f o r  s e p a r a t i o n .  

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

s i l a n o p h i l i c  i n t e r a c t i o n  a l w a y s  t a k e s  p l a c e .  I t  has  b e e n  shown 

( 9 )  t h a t  these i o n i c  i n t e r a c t i o n s  (Donnan e x c l u s i o n  a n d / o r  i o n i c  
s o r p t i o n )  c a n  b e  m i n i m i z e d  b y  c h a n g i n g  t h e  pU o f  t he  e l u e n t  

( a l t e r i n g  d i s s o c i a t i o n  and c h a r g e  o f  the  p r o t e i n s ) ,  o r  by  i n c r e a -  

s i n g  t h e  i o n i c  s t r e n g t h  o f  t h e  e l u e n t  ( r e d u c t i o n  of Donnan e x c l u -  

s i o n  and i o n  exchange) .  A d d i t i o n a l l y ,  hydrophobic  s o r p t i o n  on t h e  
bonded g r o u p s  r e s u l t e d  i n  l a r g e r  r e t e n t i o n  volumes t h a n  e x p e c t e d  

f r o m  m o l e c u l a r  s i z e .  I n  F i g u r e  1 t h e  s e p a r a t i o n  o f  a s t a n d a r d  
p r o t e i n  m i x t u r e  i n  t h e  SEC mode w i t h  a d i o l  a n d  a n  a m i d e  p h a s e  i s  

compared. The m o s t  s t r i k i n g  d i f f e r e n c e  here i s  t h e  s t r o n g  r e t e n -  
t i o n  of lysozyme w i t h  the  d i o l  phase .  Two e f f e c t s  may b e  respon-  

s i b l e ,  h y d r o p h o b i c  i n t e r a c t i o n  w i t h  t h e  c a r b o n  c h a i n  a n d  i o n i c  
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F I G I J R E  1. C o m p a r i s o n  of D I O L  and s m i d e  phase. 
IJpper c h r o m a t o g r a m :  A c e t a m i d e  o n  G r a c e  s i l i c a  100 A ,  
a d j u s t e d  t o  pF1 9 ,  d p  = 5 p m .  C o l u m n  = 2 5 0  x 4.1 m m ;  
E l u e n t  = 0.1 M I r i s - b u f f e r ;  p H  = 7 . 5 ;  0.4 M N a C 1 :  u = 
0.7 m m / s e c .  
L o w e r  c h r o m a t o g r a m :  L i C h r o s p h e r  S i  100 D I O L .  C o l u m n  = 
250 x 4.6 m m :  E l u e n t  = S o e r e n s e n - b u f f e r  pFI 7 . 4 .  I = 
0.4. 
S o l u t e  1 = f e r r i t i n ;  2 = a l r l o l a s e :  3 = BSA: 4 = h e m o -  
g l o b i n :  5 = c y t o c h r o m  C ;  6 = l y s o z y m e ;  7 = o v a l b u m i n :  
8 = Elyoglobin. 
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3230 ENGELHARDT AND SCHON 

I 2 3 4 M  
F I G U R E  2 .  I n f l u e n c e  o f  i o n i c  s t r e n g t h  on e l u t i o n  volume of l y s o -  

zyme . 
Column: A c e t a m i d e  ( a s  i n  F i g u r e  1); V l u e n t :  A c e t a t e  
b u f f e r  pH 5 ;  i o n i c  s t r e n g t h  a d j u s t e d  by N a C 1 .  

i n t e r a c t i o n  w i t h  s u r f a c e  s i l a n o l s .  w i t h  t h e  "Acetamide" p h a s e  t h e  

s o r p t i v e  i n t e r a c t i o n s  a re  less pronounced.  

By a d d i t i o n a l l y  a d j u s t i n g  t h e  s u r f a c e  pH o f  t h e  s i l i c a  t o  9 

( 2 0 )  b e f o r e  bonding  o f  t h e  "Acetamide",  lysozyme w i t h  a PI v a l u e  

a r o u n d  11 c o u l d  b e  h r o u g h t  i n t o  t h e  SFC s e p a r a t i o n  r a n g e ,  w h e r e  

it i s  e l u t e d  b e f o r e  Vm. However, even w i t h  t h i s  s y s t e m  lysozyme 

i s  a l w a y s  e l u t e d  l a t e r  t h a n  t h e  other  p r o t e i n s  of comparable  s i z e  
a n d  b a s i c i t y  l i k e  c y t o c h r o m e  C ,  r i h o n u c l e a s e  A a n d  h i s t o n e .  

C o n s e q u e n t l y ,  hydrophobic  i n t e r a c t i o n s  of t h i s  " s o l u b l e  o i l  drop"  

a r e  also p l a y i n g  a ro le  even on t h i s  short c h a i n  amide  phase .  The 

hydrophobic  i n t e r a c t i o n  c a n  h e  i n c r e a s e d  by i n c r e a s i n g  the  "hy- 

d r o p h i l i c i t y "  of t h e  e l u e n t  b y  a d d i n g  n e u t r a l  s a l t s .  F i g u r e  2 

d e m o n s t r a t e s  t h e  d i f f e r e n t  mechanisms o f  r e t e n t i o n  of lysozyme on 

t h i s  c h e m i c a l l y  m o d i f i e d  s i l i c a .  A t  low i o n i c  s t r e n g t h  t h e  

s t r o n g l y  basic lysozyme i s  r e t a r d e d  by  a n  i o n  exchange mechanism. 

By i n c r e a s i n g  the i o n i c  s t r e n g t h  t h i s  r e t e n t i o n  d e c r e a s e s  due  t o  
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HIC WITH POLAR BONDED PHASE 323 1 

t h e  law of mass a c t i o n .  I n  t h e  r a n g e  o f  i o n i c  s t r e n g t h  be tween  

0.5 and 1 . 5  no i n t e r a c t i o n  wi th  t h e  s t a t i o n a r y  phase t akes  p l ace  
and e l u t i o n  depends  on t h e  m o l e c u l a r  s i z e ,  whereas  a t  an  i o n i c  

s t r e n g t h  above 1 .5  mol / l  t h e  r e t e n t i o n  of lysozyme inc reases  wi th  
i n c r e a s i n g  i o n i c  s t r e n g t h .  I n  t h i s  r e g i o n  r e t e n t i o n  o r  e l u t i o n  

can be achieved by modifying t h e  i o n i c  s t r e n g t h  of  t h e  b u f f e r .  A 

s i m i l a r  behaviour can be observed wi th  o t h e r  p r o t e i n s  a s  we l l .  

Tn F i g u r e  3 t h e  dependance  of k '  v a l u e s  on e l u e n t  i o n i c  
s t renrJ th  wi th  two d i f f e r e n t  s t a t i o n a r y  phases i s  shown f o r  seve- 

r a l  p r o t e i n s .  I n  b o t h  c a s e s ,  amide  g roups  have  been  bonded on 
s i l i c a  d i f f e r i n g  i n  s p e c i f i c  s u r f a c e  a rea  ( 2 5 0  m2/g and 80 m2/g) 

and a v e r a g e  p o r e  d i a m e t e r  ( 2 5  nm and 5 0  nm r e s p e c t i v e l y ) .  As 

e l u e n t  a 0.1 m p h o s p h a t e  b u f f e r  o f  pIl 7 was used .  The i o n i c  

s t r e n g t h  was ad jus t ed  by ammonium s u l f a t e .  I t  i s  su rp r i s in r j  t h a t  
t h e  s lopes  of t h e s e  curves a r e  very  s i m i l a r  and seem t o  be inde- 

pendent of p r o t e i n  n a t u r e  and type  of s t a t i o n a r y  phase. With t h e  
5 0  nm s i l i c a  t h e  c u r v e s  a r e  o n l y  s h i f t e d  t o  h i g h e r  i o n i c  

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

This may cause t e c h n i c a l  problems. S i m i l a r  i n f luence  of s u r f a c e  
a r e a  on s o l u t e  r e t e n t i o n  h a s  been  d i s c u s s e d  f o r  low m o l e c u l a r  

ch romatography .  S n  a n a l o g y  t o  r e v e r s e d  phase  ch romatography  of  

p r o t e i n s  ( 4 )  t h e  s lopes  of t h e s e  k '  vs i o n i c  s t r e n q t h  curves a r e  

s t e e p .  The ( m o l a r )  s l o p e s  S a r e  a round two  and a r e  s l i g h t l y  

l a r g e r  t h a n  r e p o r t e d  f o r  s e p h a r o s e  s y s t e m s  ( 1 4 ) .  Because i n  R P  

chromatography t h e  s l o p e s  a r e  u s u a l l y  r e l a t e d  t o  t h e  volume 
p c r c e n t a q e  o f  o r g a n i c  m o d u l a t o r ,  it seems n o t  p e r m i s s i b l e  t o  

d i r e c t l y  compare t h e  s lopes  f o r  p r o t e i n s  i n  both types  of hydro- 
phobic i n t e r a c t i o n  chromatography. 

I n  i s o c r a t i c  a n a l y s i s  peak b r o a d e n i n g  i s  v e r y  l a r g e  and 

Comparable t o  t h a t  i n  RP chromatography of  p r o t e i n s .  ?he TI Values 

can approach  t h e  m m  r a n g e  d e s p i t e  o p t i m a l  and e x p e c t e d  column 

pe r€ormance  f o r  s m a l l  m o l e c u l e s .  T h i s  peak b r o a d e n i n g  can be 

a t t r i b u t e d  t o  s l o w  s o r p t i o n / d e s o r p t i o n  k i n e t i c s .  When t h e  same 

column i s  used i n  t h e  S R C  mode, where t h e  p r o t e i n s  a r e  e l u t e d  
unre ta ined ,  t h e  T3 va lues  a r e  about two o rde r s  of magnitude smal- 
l e r .  

Consequently, e f f i c i e n t  s e p a r a t i o n  of  p r o t e i n s  i s  only  pos- 
s i b l e  i n  t h e  g r a d i e n t  e l u t i o n  mode, s t a r t i n g  w i t h  a h i g h l y  con- 

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



3232 

10 1 

5- 

1: 

0.5. 

0.1- 

ENGELHARDT AND SCHON 

Stat. Phase : Grace HPLC 250 a .Acetamide " 

k t  

0 Chymotrypsinogen a 

n a-Chymotrypstn 

V Ovalbumin 

z+ Lysozyme 

A ~ ~ L a r t o g l o b u l i n  

8 Myoglobm 

Cytorhrom C 

05 10 1 5  2 0  mol I L (NHqI2SO4 

Stat Phase Grace XWP SOOa ,,Acetamide" 
k 
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1 ~- 

0.5 10 1 5  2 0  m o l l l  INH&SOL 

FIGURE 3 .  I n f l u e n c e  of i o n i c  s t r e n g t h  a n d  s i l i c a  s u r f a c e  area o n  
p r o t e i n  r e t e n t i o n .  
E l u e n t :  0.1 M p h o s p h a t e  b u f f e r  p H  7: i o n i c  s t r e n g t h  
a d j u s t e d  by ammonium s u l f a t e .  
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HIC WITH POLAR BONDED PHASE 3233 

FIGURE 4 .  

c e n t r a t e d  

I n f l u e n c e  of  s i l i c a  p o r e  d i a m e t e r  o n  p r o t e i n  s e p a r a -  
t i o n .  
L e f t  chromatogram: 4 c e t a m i d e  on  R u c l e o s i l  S i l o 0  
Right  chromatogram: Acetamide on  Grace XWP 250  A 
G r a d i e n t  A: 2 .5  m o l / L  ammonium s u l f a t e  i n  A 

R:  0.1 M phosphate  b u f f e r  pq 7 
G r a d i e n t :  1 0 %  A t o  4 0 %  n: G r a d i e n t  v o l u m e  30 nl: 
S o l u t e s :  1 = myoglobin: 2 = 8 - l a c t o q l o h u l i n :  3 = lyso- 
zyme: 4 = o v a l b u m i n ;  5 = a - c h y m o t r y p s i n :  6 = chymo- 
t r y p s i n o q e n  A. 

s o l u t i o n  o f  ammonium s u l f a t e  i n  t h e  a p p r o p r i a t e  b u f f e r .  

? h e  s o l u t e s  a r e  i n j e c t e d  i n t o  t h i s  e l u e n t .  E l u t i o n  i s  t h e n  

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

b u f f e r .  Pure  d i l u t e  b u f f e r  s o l u t i o n  i s  p r e f e r e n t i a l l y  used a s  t h e  
" s t r o n g e r "  e l u e n t  R .  P e a k  b r o a d e n i n g  i n  g r a d i e n t  e l u t i o n  i s  

reduced ,  and e f f i c i e n t  s e p a r a t i o n s  a re  p o s s i b l e  a s  can  be s e e n  i n  

F i q u r e  4.  A m i x t u r e  o f  p r o t e i n  s t a n d a r d s  i s  s e p a r a t e d  on a column 

packed w i t h  2 5  nm p o r e  d i a m e t e r  "Acetamide" phase  ( s u r f a c e  a r e a  
250  m z / g )  a n d  c o m p a r e d  t o  t h a t  on  a c o l u m n  p a c k e d  w i t h  10 nm 

s i l i c a  ( s u r f a c e  a r e a  300 m2/g). The  a v e r a g e  p a r t i c l e  d i a m e t e r  O f  

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

k e p t  c o n s t a n t .  A s  c a n  be s e e n ,  peak b r o a d e n i n g  i s  w o r s e  w i t h  the 

nar row p o r e  s i l i c a .  T h i s  a d d i t i o n a l  p r e a k  broadening  i s  caused  by 

h i n d e r e d  d i f f u s i o n  o f  t h e  p r o t e i n s  t o  t h e  s u r f a c e  w i t h i n  t h e  
p o r e s  ( 4 ) .  From t h i s  d i s c u s s i o n  it c a n  be d e d u c e d ,  t h a t  a n  o p t i -  
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3234 ENGELHARDT AND scnoN 

mum s t a t i o n a r y  p h a s e  f o r  H I C  o f  p r o t e i n s  s h o u l d  h a v e  a p o r e  

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

( 2 5  nm and  l a r g e r ) ,  a n d  on  t h e  o t h e r  h a n d  a s t i l l  l a r g e  e n o u g h  

s u r f a c e  a r e a  t o  a c h i e v e  r e t e n t i o n  a t  r e l a t i v e l y  l o w  i o n i c  

s t r e n g t h .  High s a l t  c o n c e n t r a t i o n s  n e g a t i v e l y  a f f e c t  both s o l u t e  
d i f f u s i o n  and equipment  per formance .  

O p t i m i z a t i o n  o f  G r a d i e n t  C o n d i t i o n s  

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

p l e x  f u n c t i o n  o f  column l e n g t h ,  p a r t i c l e  d i a m e t e r ,  program t i m e ,  
and e l u e n t  f l o w  r a t e .  Peak c a p a c i t y  increases a l w a y s  w i t h  program 

t i m e  a n d  d e c r e a s i n g  f l o w  r a t e .  F o r  p r a c t i c a l  r e a s o n s  m i n i m u m  
p o s s i h l e  f l o w  r a t e  w i t h  c o n v e n t i o n a l  e q u i p m e n t  i s  a r o u n d  

1 ml/rnin. T h i s  f l o w  r a t e  was used t h r o u g h o u t  t h e  f o l l o w i n g  m e a -  
s u r e m e n t s .  F o r  o p t i m i z a t i o n  t h e  p r o g r a m  t i m e ,  i.e. t h e  g r a d i e n t  

v o l u m e  ( 2 1 ) .  w a s  v a r i e d .  I n  F i g u r e  5 t h e  p r o t e i n  s t a n d a r d s  a r e  
s e p a r a t e d  w i t h  a s m a l l  g r a d i e n t  volume of 1 0  n l  and w i t h  a l a r g e r  

o n e  ( 4 0  m l ) .  A s  c a n  e a s i l y  b e  s e e n ,  r e s o l u t i o n  i s  much b e t t e r  
w i t h  t h e  l a r g e r  g r a d i e n t  v o l u m e ,  i n  p a r t  d u e  t o  r e d u c e d  p e a k  

b r o a d e n i n q  b e c a u s e  o f  t h e  s l o w e r  e f f e c t i v e  p r o t e i n  movement  

t h r o u q h  t h e  c o l u m n .  G r a d i e n t  v o l u n i n a  o f  30 m l  or  more were 

a l w a y s  used i n  the  f o l l o w i n g  chromatograms.  
For low m o l e c u l a r  w e i g h t  s o l u t e s ,  it h a s  been found ( 2 2 )  t h a t  

w i t h  g r a d i e n t  vo lumina  around 10 empty column volumes the  peaks  

a r e  e l u t e d  w i t h  a n  e l u e n t  c o m p o s i t i o n  i n  which t h e i r  i s o c r a t i c  k '  

v a l u e  i s  a r o u n d  1. W i t h  s t a n d a r d  c o l u m n s  o f  2 5 0  x 4 .1  m m  t h i s  
c o r r e s p o n d s  t o  g r a d i e n t  v o l u m e s  o f  3 0  t o  35  m l  o r  t o  p r o q r a m  

t i m e s  of  30 t o  3 5  m i n u t e s  a t  f l o w  r a t e s  of  1 m l / m i n .  I n c r e a s i n g  

g r a d i e n t  v o l u m e  r e s u l t s  i n  h i q h e r  i s o c r a t i c  k' v a l u e s .  F o r  g r a -  

d i e n t  e l u t i o n  o f  m a c r o m o l e c u l e s  it h a s  b e e n  f o u n d  ( 2 3 ) ,  t h a t  a t  
c o l u m n  end  t h e y  move w i t h  t h e  v e l o c i t y  of a n  u n r e t a i n e d  s o l u t e .  

S o l u t e  a c c e l e r a t i o n  occurs  w i t h i n  a v e r y  s h o r t  d i s t a n c e  of t h e  

column packing .  I n  other  words,  t he i r  v e l o c i t y  i s  e i ther  z e r o  o r  

e q u a l  t o  t h a t  o f  t h e  e l u e n t .  Consequent ly ,  one  might  e x t r a p o l a t e  
t h a t  t h e  " i d e a l "  c o l u m n  l e n g t h  f o r  p o l y m e r  g r a d i e n t  e l u t i o n  

approaches  z e r o .  T h i s  has been  found v a l i d  f o r  s y n t h e t i c  po lymers  
as  w e l l  as fo r  p r o t e i n s  i n  r e v e r s e d  p h a s e  chromatography ( 2 3 ) .  
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HIC WITH POLAR BONDED PHASE 3235 

5 

tlminl 10 20 30 40 - - 2 0 3 0 4 0  

FIGrJRE 5 .  I n f l u e n c e  o f  program t i m e  on r e s o l u t i o n .  
Column: Acetamide  on G r a c e  X l J P  250 A 
G r a d i e n t  c o n d i t i o n s  a s  i n  F i rJure  4 
L e f t  chromatogram: program t i m e  1 0  min ( q r a d i e n t  volume 
1.9 m l )  
R ight  chromatogram: program t i n e  49 min ( g r a d i e n t  vo- 
l u m e  4 0  m l )  

W i t h  H I C  o n  p o l a r  s t a t i o n a r y  p h a s e s  t h i s  i s  n o t  t h e  c a s e  a s  

c a n  be e a s i l y  s e e n  i n  F i g u r e  6 ,  w h e r e  t h e  c o l u m n  l e n g t h  w a s  

v a r i e d  be tween 5 and 20 c m .  T h e  g r a d i e n t  volume was k e p t  c o n s t a n t  
a t  30 m 1 , t h u s  v a r y i n q  f r o m  50 e m p t y  c o l u m n  v o l u m e s  w i t h  t h e  5 cm 

column t o  11 w i t h  t h e  20 c m  column. R e s o l u t i o n  i s  worse with t h e  

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

t h e  h i g h e r  peak  c a p a c i t y  d u e  t o  t h e  b i g q e r  g r a d i e n t  volume. T h i s  

d e m o n s t r a t e s ,  t h a t  the  s o l u t e s  a l r e a d y  have  a d e f i n i t e  v e l o c i t y  

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

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

m o l e c u l a r  q r a d i e n t  e l u t i o n .  C o n s e q u e n t l y ,  f o r  H I C  o f  p r o t e i n s  

column l e n g t h  s h o u l d  be 1 5  c m  or l o n g e r  for  optimum r e s o l u t i o n .  
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3236 ENGELHARDT AND SCHON 

FIGURT.:  6 .  

4 
3 1  

1 1  1 1  I 6 
L = l S c m  i 

I , c ' 10 M 30 t ~ m i n ]  

Influence of column length on resolution. 
Conditions as in Figure 5 ,  except pH = 5.5 and gradient 
volume 30 ml. 

Influence of p H  on Protein Retention 

The solubility of proteins depends among others on the net 
charqe of the macromolecule. The charqe and hence the solubility 
can he altered by changing the ionic strength and the pY value. 
Generally, protein solubility is lowest at a p€l close to its p1 
value, where the net charge equals zero. Two problems may arise 
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HIC WITH POLAR BONDED PHASE 3237 

i n  d i s c u s s i n g  pH i n f l u e n c e  on p r o t e i n  r e t e n t i o n .  The PI v a l u e s  

a r e  d e f i n e d  o n l y  f o r  a c e r t a i n  m i l i e u  ( u s u a l l y  low i o n i c  

s t r e n g t h )  and a r e  m a i n l y  d e t e r m i n e d  v i a  e l e c t r o p h o r e s i s .  The 

b u f f e r  capac i ty  of  0.1 molar phosphate b u f f e r  i s  i n s u f f i c i e n t  t o  

k e e p  t h e  pH v a l u e  c o n s t a n t  o v e r  t h e  whole  r a n g e  o f  ammonium 

s u l f a t e  c o n c e n t r a t i o n s  a p p l i e d  i n  H I C .  D u e  t o  d i l u t i o n  e f f e c t s  

and changes  o f  a c t i v i t y  c o e f f i c i e n t s  t h e  pA a d j u s t e d  t o  7 f o r  

e l u e n t  A and R d e c r e a s e s  t o  6 . 7  d u r i n g  t h e  g r a d i e n t  r u n .  The 

d e 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 s  supe r imposed  f i r s t  w i t h  a de -  

c reas ing  and then  w i t h  an inc reas ing  pF1 g rad ien t .  Consequently, 

it i s  not  s u r p r i s i n g  when t h e  chromatographic behaviour o f  pro- 

t e i n s  by changing t h e  pH cannot always be c o r r e l a t e d  t o  t h e i r  PI 

v a l u e s .  F i g u r e  7 shows t h e  c o r r e l a t i o n  of e l u t i o n  b e h a v i o u r  

(under s tandard  g r a d i e n t  cond i t ions )  w i th  e l u e n t  pH f o r  s e v e r a l  

p r o t e i n s .  L i p a s e  w i t h  a PI v a l u e  o f  5.5 i s  n o t  e l u t e d  from t h e  

column a t  t h i s  pY. On t h e  o t h e r  hand ,  t h e  r e t e n t i o n  o f  t h e  b a s i c  

p r o t e i n s  l i k e  lysozyme, cytochrome C, myoglobin i s  s m a l l e s t  a t  pR 
= 7 and inc reases  w i t h  decreas ing  p ~ .  

The d i f f e r e n t  i n f luence  of  pH on r e t e n t i o n  of  t h e  i n d i v i d u a l  

p r o t e i n s  p e r m i t s  t o  change  t h e  e l u t i o n  o r d e r  by v a r y i n g  t h e  p H .  

F i g u r e  13 compares  t h e  s e p a r a t i o n  o f  s t a n d a r d  p r o t e i n s  a t  pH 4.4 

and 7 .  This  opens an a d d i t i o n a l  way f o r  op t imiza t ion  of a separa-  

t i o n .  I t  s h o u l d  b e  men t ioned ,  t h a t  w i t h  RP ch romatographv  o f  

p r o t e i n s  t h e  pH h a s  t o  b e  r educed  t o  v a l u e s  be low 3 t o  a c h i e v e  

e f f i c i e n t  s e p a r a t i o n s  ( 4 ) .  H I C  h a s ,  t h e r e f o r e ,  t h e  a d v a n t a g e  t o  

work a t  pTI va lues  c l o s e  t o  phys io log ica l  requirements.  

P r o t e i n  S t a b i l i t y  

The b i o l o g i c a l  a c t i v i t y  can  b e  a f f e c t e d  due  t o  s o r p t i o n  

processes  o r  i n c o m p a t i b i l i t y  w i t h  e l u t i o n  cond i t i cns .  I n  SEC mode 

w i t h  "Acetamide"  p h a s e s  i t  h a s  been  shown t h a t  t h e  b i o l o g i c a l  

a c t i v i t y  i s  r e t a i n e d  ( 9 ) .  I n  R P  ch romatography  p r o t e i n s  a r e  
a f f e c t e d  by t h e  low pH a n d / o r  by t h e  h i g h  o r g a n i c  modu la to r  

concen t r a t ions  requi red  f o r  e l u t i o n .  
I t  h a s  a l s o  been  shown, t h a t  t h e  c o n t a c t  t i m e  o f t h e  p r o t e i n s  

w i t h  t h e  hydrophob ic  s u r f a c e  can  c a u s e  d e n a t u r a t i o n  ( 2 4 ) .  A 
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HIC WITH POLAR BONDED PHASE 3239 

pH 4 .4  

\ 
4 

' I  10 20 30 t l m i n l  

J 
PH 7 

6 

I c 
10 20 30 t [ m i n ]  

FIGIJRE 9.  I n f l u e n c e  of e l u e n t  pH on s e l e c t i v i t y .  
C o n d i t i o n s  as  i n  F i g u r e  6 :  e l u e n t  pH as  noted .  

method h a s  been proposed t h e r e  t o  d e t e r m i n e  c h r o m a t o g r a p h i c a l l y  

t h e  s t a b i l i t y  o f  p r o t e i n s  i n t o  t h e  c h r o m a t o g r a p h i c  s y s t e m .  Four 
d i f f e r e n t  enzymes w e r e  i n j e c t e d  i n  t h e  c h r o m a t o g r a p h i c  s y s t e m  and 

e l u t e d  by  i d e n t i c a l  g r a d i e n t  e i ther  i m m e d i a t e l y  a f t e r  i n j e c t i o n  

o r  a f t e r  30 min  r e s i d e n c e  t i m e  on  t h e  s t a t i o n a r y  p h a s e  ( f l o w  

s t o p p e d ) .  A s  c a n  be  s e e n  i n  F i g u r e  9 ,  p e a k  h e i g h t ,  p e a k  s h a p e ,  

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

t h a t  n e i t h e r  t h e  c o n t a c t  w i t h  t h e  " A c e t a m i d e "  p h a s e  n o r  t h e  
e l u t i o n  c o n d i t i o n s  a f f e c t  enzyme s t a b i l i t y .  Of course, w i t h  pro-  

t e o l y t i c  enzymes l i k e  t r y p s i n  which  i s  s e l f - d i g e s t i n g  a t  pH 7 a 
c o m p l e x  c h r o m a t o g r a m  i s  o b t a i n e d  a s  shown i n  F i g u r e  10 .  T h i s  

d e c o m p o s i t i o n ,  of c o u r s e ,  i s  n o t  r e l a t e d  t o  t h e  c h r o m a t o g r a p h i c  
p r o c e s s .  Reducing t h e  pY v a l u e  r e d u c e s  i t s  p r o t e o l y t i c  a c t i v i t y .  

Consequent ly ,  t r y p s i n  s t a b i l i t y  i s  improved and t h e  chromatogram 
o b t a i n e d  i s  less  c o m p l e x  a s  shown a l s o  i n  t h i s  F i g u r e  f o r  a 

f r e s h l y  p r e p a r e d  sample .  

The s t a b i l i t y  of p r o t e i n s  i n  t h i s  c h r o m a t o g r a p h i c  sys tem c a n  

e a s i l y  b e  c o r r e l a t e d  t o  p r o t e i n  s t a b i l i t y  i n  t h e  c lass ica l  pro- 
t e i n  p u r i f i c a t i o n  p r o c e s s  o f  ammonium s u l f a t e  p r e c i p i t a t i o n .  When 
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5 10 15 

- 
5 10 15 

A 5 10 15 

-c------ 
5 10 15 

A ' 35 40 45 

b t 35 60 45 

C 

t [minl 

F I G U R E  9 .  Chromatographic  t es t  f o r  p r o t e i n  s t a b i l i t y .  
C o n d i t i o n s  a s  i n  F i g u r e  5 ,  e x c e p t  c o l u m n  1 5 0  x 4.1 m m ,  
g r a d i e n t  v o l u m e  10  ml, a n d  f o r  s o l u t e  b: a c e t a m i d e  on  
Grace s i l i c a  XWP 500 A. 
The l e f t  c h r o m a t o g r a m s  were o b t a i n e d  d i r e c t l y  a f t e r  
i n j e c t i o n ,  the  r i g h t  o n e s  w i t h  a 30 min  s t o p p e d  f l o w  
a f t e r  i n j e c t i o n ,  
S o l u t e s :  a = a - c h r y m o t r y p s i n o g e n ;  b = D - g l u c o x i d a s e ;  
c = w a l d o l a s e  (Ro); d = l y s o z y m e :  e = w i t h o u t  a n y  
sample. 
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HIC WITH POLAR BONDED PHASE 3241 

c 

FIGURE 10. Elu t ion  of  t ryps in .  
Conditions a s  i n  F igure  6 
l e f t :  20  h a t  pA 7 ,  room tempera ture  
r i g h t :  f r e s h l y  prepared s o l u t i o n  pFI 4.4, T = 2 7 8  I< 

t h e  chromatographic cond i t ions  fo l low those  descr ibed  t h e r e  t o  

prevent  dena tu ra t ion ,  b i o l o g i c a l  a c t i v i t y  w i l l  a l s o  be r e t a ined  

i n  t h e  chromatographic sepa ra t ion .  

SEC and H I C  

A Sing le  Phase B id izens iona l  Separa t ion  System. 

The p o l a r  bonded p h a s e s  w i t h  "Acetamide" g r o u p s  have  been 
used  f o r  b o t h  S E C  ( 9 )  and s o r p t i o n  ch romatography  as d e s c r i b e d  

he re .  With a s i n g l e  column t h e  s e p a r a t i o n  mechanism can e a s i l y  be 
changed from a s e p a r a t i o n  according t o  molecular s i z e  t o  a mecha- 

n i s m  based  on hydrophob ic  i n t e r a c t i o n  o f  t h e  p r o t e i n s  w i t h  t h e  

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



3242 ENGELHARDT AND SCHON 

3 

SEC 

10 

i- 

20 30 tlminl 
c 

HIC 

0 10 20 30 w1 tlmin] 
_.__) 

F I G U R E  11. One column - two separation mechanisms. 
Lower chromatogram: Conditions as  i n  Figure 6 
Upper chromatogram: e l u e n t  p H  7 . 5 :  0.1 M T R I S / H C l  
b u f f e r ,  0.4 M NaC1. 

s u r f a c e  of  t h e  s t a t i o n a r y  phase,  j u s t  b y  a mod i f i ca t ion  of  t h e  

eluent composition. With a buffer  of pH 7.5 and an ion ic  s t rength 
of  0.5 t h e  s e p a r a t i o n  of s tandard  p r o t e i n s  on t h e  'Acetamide" 

column is according t o  s i ze ,  a s  can be seen i n  t h e  upper chroma- 
togram of Figure 11. Chymotrypsin and chymotrypsinogen which a r e  

s i m i l a r  i n  s i z e  (molecular  weight )  cannot be separa ted  i n  t h i s  

system. However, with the  same column t h i s  separation causes no 
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HIC WITH POLAR BONDED PHASE 3243 

problems i n  t h e  H I C  mode. Here, t h e  s o l u t e s  a r e  i n j e c t e d  a t  h igh  
i o n i c  s t r e n g t h  and 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  i n  a g r a d i e n t  

( l ower  chromatogram i n  F igure  11). 

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

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

mechanisms: SEC and H I C .  Because of t e c h n i c a l  problems (low i o n i c  

s t r e n q t h )  t h e  S E C  mode i s  recommended a s  a f i r s t  s t e p ,  t h e  H I C  

s e p a r a t i o n  as t h e  second o n e ,  and if d e s a l t i n g  or a b u f f e r  change 

is r equ i r ed ,  a t h i r d  s t e p  i n  SEC node can be added. For a l l  t h e s e  
t h r e e  s e p a r a t i o n  s t e p s  one type  o f  column packing is s u f f i c i e n t .  
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