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PREPARATIVE HPLC OF SOYBEAN TRYPSIN 
INHIBITOR USING LARGE PARTICLE 

DIAMETER SUPPORTS 

P. Andrew Tice, Glenn W. Robinson, 
and Fred E. Regnier 

Depatment of Biochem istry 
Purdue University 

West Lafayette, Indiana 47907 

ABSTRACT 

Two systems were developed to purify Soybean Trypsin Inhibitor 
( S T I )  using anion exchange chromatography. 
that large diameter particles (30  and 55 um) could be used 
effectively for protein purification. Preparative samples o f  455 mg 
and 7 . 2  g were processed to yield highly purified products. 
Preparative purifications were achieved either on an analytical 
instrument with an analytical (0 .46 x 30 cm) column o r  on a large 
scale system with a preparative ( 4 . 8  x 50 cm) column. Sample 
introduction by frontal loading appeared to lead t o  some protein- 
protein displacement, thus allowing for some pre-gradient fractiona- 
tion and enrichment of the more strongly retained STI on the column. 
This is referred to as an "overfed" system. Throughput is discussed 
and used to evaluate the different systems. An apparent lack of 
resolution in preparative scale chromatograms did not necessarily 
indicate an absence of fractionation. It was possible to isolate 
protein products of high purity with high throughput values using 
larger diameter supports. 

Both systems demonstrated 

This is Journal Paper No. 10,795 from the Purdue University 
Agricultural Experiment Station. 
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INTRODUCTION 

TICE, ROBINSON, AND REGNIER 

I n  r e c e n t  y e a r s ,  h igh  performance i o n  exchange chromatography 

( I E C )  h a s  been s u c c e s s f u l l y  employed i n  t h e  s e p a r a t i o n  of i o n i c  

s o l u t e s  r a n g i n g  from i n o r g a n i c  and s m a l l  o r g a n i c  i o n s  t o  b i o l o g i c a l  

macromolecules  such as p o l y n u c l e o t i d e s  and p r o t e i n s .  High 

pe r fo rmance  I E C  sys t ems  a r e  s u b s t a n t i a l l y  faster than  t h e  

c o n v e n t i o n a l  g e l - t y p e  columns and have much h i g h e r  r e s o l v i n g  power. 

For example,  10 t o  100 f o l d  p u r i f i c a t i o n  of  p r o t e i n s  and po lynuc leo -  

t i d e s  i n  30 m i n u t e s  i n  a s i n g l e  pass th rough  a h i g h  performance 

column i s  common. 

T h i s  s u c c e s s  i n  r a p i d ,  small s c a l e  a n a l y t i c a l  s e p a r a t i o n s  has 

l e d  t o  i n c r e a s i n g  i n t e r e s t  i n  h i g h  perEormance i o n  exchange 

chromatography as a p r e p a r a t i v e  t e c h n i q u e ;  t h e  l o g i c  b e i n g  t h a t  by 

i n c r e a s i n g  t h e  s i z e  of  h igh  performance a n a l y t i c a l  columns, i t  w i l l  

b e  p o s s i b l e  t o  s c a l e - u p  s e p a r a t i o n s .  T h i s  i s  advan tageous  b e c a u s e  it 

would b e  p o s s i b l e  t o  work ou t  s e p a r a t i o n  c o n d i t i o n s  on small  

a n a l y t i c a l  columns and t h e n  a p p l y  them t o  p r e p a r a t i v e  columns t h a t  

have  i d e n t i c a l  p r o p e r t i e s .  The g o a l  i n  p r e p a r a t i v e  ch romatography ,  

however,  is d i f f e r e n t  t h a n  i n  a n a l y t i c a l  s e p a r a t i o n s ,  Whereas i t  is 

oEten i m p o r t a n t  i n  a n a l y t i c a l  s e p a r a t i o n s  t o  r e s o l v e  t h e  components 

of  a m i x t u r e  as c o m p l e t e l y  as p o s s i b l e ,  t h e  g o a l  i n  p r e p a r a t i v e  

s e p a r a t i o n s  is g e n e r a l l y  t h e  p u r i E i c a t i o n  of a s i n g l e  component of  a 

m i x t u r e .  If t h e  o b j e c t i v e  i s  t o  a c h i e v e  t h e  s e p a r a t i o n  w i t h  minimum 

sys t em r e q u i r e m e n t s ,  it is e a s y  t o  see t h a t  a column which o n l y  has 

t o  r e s o l v e  one of  t h e  components of a m i x t u r e  might be d i f f e r e n t  t han  

one  that  has t o  r e s o l v e  a l l  t h e  components of a m i x t u r e .  The same 
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HPLC OF SOYBEAN TRYPSIN INHIBITOR 1441 

l o g i c  would a p p l y  t o  column o p e r a t i o n .  C o n d i t i o n s  and p r o t o c o l  

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

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

number of components.  These examples  i l l u s t r a t e  t h a t  a n a l y t i c a l  and 

p r e p a r a t i v e  s e p a r a t i o n s  may be q u i t e  d i f f e r e n t .  

The o b j e c t i v e  of most p r e p a r a t i v e  s e p a r a t i o n s  i s  t o  p u r i f y  t h e  

l a r g e s t  amount of material  i n  t h e  s h o r t e s t  amount of t i m e  a t  a 

minimum c o s t ,  i . e .  t o  maximize th roughpu t  w h i l e  h o l d i n g  c o s t  a t  a 

minimum ( 1 ) .  The c o s t  of s o l v e n t s ,  i n s t r u m e n t a t i o n  and columns a l l  

i n f l u e n c e  s e p a r a t i o n  economics.  Numerous t e c h n i q u e s  have been  

examined which a l l o w  m i n i m i z a t i o n  o f  s e p a r a t i o n  c o s t s ,  For  example,  

s o r b e n t  p a r t i c l e  s i z e  is  an i m p o r t a n t  v a r i a b l e  i n  s e p a r a t i o n  

economics.  It is a p p a r e n t  t h a t  t h e  u s e  of m i c r o p a r t i c u l a t e  

a n a l y t i c a l  media w i l l  make a l a r g e  c o n t r i b u t i o n  t o  s e p a r a t i o n  c o s t s  

and i s  t o  be avo ided  f o r  economic r e a s o n s .  V a r i a b l e s  t h a t  i n f l u e n c e  

th roughpu t  and t h e i r  impact  on sys t em economics have a l s o  been 

examined ( 1 ) .  Throughput  can  be i n c r e a s e d  by d e c r e a s i n g  e i t h e r  t h e  

c y c l e  time OK t h e  p u r i t y  of  t h e  p r o d u c t .  A s  t h e  p u r i t y  i s  a l lowed  t o  

d e c r e a s e ,  t h e  t h r o u g h p u t  w i l l  i n c r e a s e .  Although t h i s  may seem 

c o u n t e r p r o d u c t i v e ,  t h roughpu t  may b e  more i m p o r t a n t  t h a n  h i g h e r  

p u r i t y  i n  t h e  ea r ly  s t a g e s  of a m u l t i - s t e p  p u r i f i c a t i o n .  Vary ing  

g r a d i e n t  s l o p e  o r  f low r a t e  a r e  a l s o  a c c e p t a b l e  ways t o  i n c r e a s e  

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

S t i l l  a n o t h e r  t e c h n i q u e  f o r  i n c r e a s i n g  t h r o u g h p u t  is to  o v e r l o a d  

t h e  column. I f  t h e  mass loaded  o n t o  t h e  column i s  i n c r e a s e d  and t h e  

c y c l e  t i m e  and p u r i t y  are m a i n t a i n e d ,  t h e  th roughpu t  w i l l  i n c r e a s e .  
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1442 TICE, ROBINSON, AND REGNIER 

The mass of sample needed t o  o v e r l o a d  a column is  a f u n c t i o n  of  t h e  

m i x t u r e  b e i n g  s e p a r a t e d  and does  no t  have  a d i r e c t  r e l a t i o n s h i p  t o  

t h e  amount of p r o t e i n  needed t o  s a tu ra t e  t h e  column. In cases of 

ex t r eme  o v e r l o a d i n g ,  t h e  e n t i r e  l e n g t h  of t h e  column may be  s a t u r a t e d  

w i t h  p r o t e i n .  Complete s a t u r a t i o n  of a column w i l l  be r e f e r r e d  t o  

h e r e  as "ove r feed ing" .  

i s  accompanied by a l o s s  of r e s o l u t i o n ,  t h e  q u e s t i o n  i n  a g i v e n  

s e p a r a t i o n  i s  whe the r  t h e  i n c r e a s e  i n  th roughpu t  outweighs t h e  loss 

i n  r e s o l u t i o n .  T h i s  pape r  w i l l  f o c u s  on o v e r f e e d  Loading and how i t  

e f fec ts  t h e  th roughpu t  and r e s o l u t i o n  on l a r g e  d i a m e t e r  s o r b e n t s .  

Although o v e r l o a d i n g  o r  o v e r f e e d i n g  a column 

S e v e r a l  r e c e n t  p u b l i c a t i o n s  have examined t h e  i s s u e  of o p t i m a l  

p a r t i c l e  s i z e  s o r b e n t s  f o r  p r e p a r a t i v e  HPLC ( 2 - 5 ) .  Although small  

p a r t i c l e  s o r b e n t s  a r e  wide ly  used i n  a n a l y t i c a l  s e p a r a t i o n s ,  t h e y  

have some n e g a t i v e  f e a t u r e s  i n  p r e p a r a t i v e  chromatography.  S i n c e  

cost  is  i n v e r s e l y  r e l a t e d  t o  p a r t i c l e  s i z e ,  it is more e x p e n s i v e  t o  

u s e  smaller p a r t i c l e  s i z e  s o r b e n t s .  Small  p a r t i c l e  s o r b e n t s  a l s o  

r e q u i r e  h i g h e r  o p e r a t i n g  p r e s s u r e s  which is u n d e s i r a b l e  i n  a l a r g e  

s y s t e m .  On t h e  p o s i t i v e  s i d e ,  smaller p a r t i c l e s  g i v e  less  band 

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

i s s u e  i s  t h e  c o s t - b e n e E i t  r a t i o .  The p a r t i c l e  s i z e  s e l e c t e d  m u s t  

u l t i m a t e l y  be based  on a b a l a n c e  of s o r b e n t  c o s t  a g a i n s t  r e s o l v i n g  

power.  E x p e r i e n c e  h a s  i n d i c a t e d  t h a t  p a r t i c l e s  of a p p r o x i m a t e l y  

20-30 vm s i z e  g e n e r a l l y  have t h e  b e s t  compromise between c o s t  and 

performance.  I n  some cases, p a r t i c l e s  of  g r e a t e r  t han  30 um s i z e s  

have  shown good r e s o l u t i o n  i n  p r e p a r a t i v e  HPLC ( 6 , 7 ) .  A secondary  

o b j e c t i v e  of t h i s  s t u d y  was t o  f u r t h e r  examine t h e  u t i l i t y  o f  30 and 

55 y m  p a r t i c l e  d i a m e t e r  s o r b e n t s .  
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Proteins 

Two forms of Soybean Trypsin Inhibitor (STI) were used €or this 

study (Sigma Chemical Co., St. Louis, MO, U S A ) .  Purifications were 

performed on STI Type 11-S (crude soluble powder, T9128) .  STI Type 

I-S (chromatographically prepared, T9003) was used €or comparison. 

Electrophoresis standards were obtained from Pharmacia Fine 

Biochemicals (Piscataway, NJ, U S A ) .  SDS-Polyacrylamide gel electro- 

phoresis was performed on the crude sample and a selected fraction 

according to the method of  Laemmli (8 ) .  

Buffers 

Buffers were prepared from ultrapure T r i s  (hydroxymethy1)-amino- 

methane (Boehringer-Mannheim Biochemicals, Indianapolis, IN, USA) and 

AR grade NaCl (Nallinckrodt, Inc. Paris, KY, U S A ) .  

Column and Supports 

The overfed system used a 0.46 x 30 cm analytical column packed 

with Synchrom AX-200, 5 5  urn anion exchange material (Synchrom, Inc. 

Lafayette, IN, U S A ) .  The column was dry packed using the method of 

Snyder and Kirkland ( 9 ) .  

A 4.8 x 50 cm Magnum 40 column, dry packed ( 9 )  with 

approximately 350 g of 30 pm anion exchange support, was used as the 

preparative column (a gift from Whatman, Inc. Clifton, NJ, U S A ) .  
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1444 TICE, ROBINSON, AND REGNIER 

S y n t h e s i s  of  t h e  30 um Anion Exchange S o r b e n t  

A 750 g q u a n t i t y  of t h e  30 S e r v a  Si-200 ( S e r v a  F i n e  

B i o c h e m i c a l s ,  I n c .  Garden C i t y  P a r k ,  NY, USA) s u p p o r t  material  was 

c o a t e d  wi th  a 5% rne thano l i c  s o l u t i o n  of  polyethyleneirnine-6 ( P E I ,  

P o l y s c i e n c e ,  I n c .  War r ing ton ,  PA, USA) and c r o s s l i n k e d  w i t h  a 10% 

rne thano l i c  s o l u t i o n  of  1 , 4 - b u t a n e d i o l  d i g l y c i d y l  e t h e r  ( A l d r i c h  

Chemical Co., Milwaukee, W I ,  USA) a c c o r d i n g  t o  Kopaciewicz et  a l .  

(10).  A l l  s t e p s  and r e a g e n t s  were d i r e c t l y  s c a l e d  up from t h e  

r e f e r e n c e d  p r o c e d u r e s .  

I n s t r u m e n t a t i o n  

The o v e r f e d  sys t em used a Pha rmac ia  FPLCQ (Pharmacia  F i n e  

B iochemica l s ,  P i s c a t a w a y ,  N J ,  USA) t o  g e n e r a t e  t h e  g r a d i e n t .  Samples 

were i n t r o d u c e d  v i a  a n  E ldex  Model B-100-S s i n g l e  p i s t o n  pump 

( d o n a t e d  by E ldex  L a b o r a t o r i e s ,  I n c .  San C a r l o s ,  CA, USA). 

Absorbance a t  254 nm was mon i to red  w i t h  an  A l t e x  model 153 d e t e c t o r  

equ ipped  w i t h  a p r e p a r a t i v e  f low ce l l  (Anspec,  I n c .  Ann Arbor ,  M I ,  

USA). 

P r e p a r a t i v e  chromatography u s i n g  t h e  4.8 x 50 c m  column was 

performed w i t h  a M i l t o n  Roy M i l r o y a l  D pump (W. J .  Wadsworth arid 

A s s o c i a t e s ,  I n c .  A r l i n g t o n  H e i g h t s ,  I L ,  USA). A l o w  p r e s s u r e  

g r a d i e n t  mixer  (LP-50) and a Chrom-a-trol  g r a d i e n t  programmer were 

g i f t s  from E ldex  L a b o r a t o r i e s ,  I n c .  Absorbance was mon i to red  a t  

254 nrn by s p l i t t i n g  1% of t h e  column e f f l u e n t  t o  an  A l t e x  model 

153 UV d e t e c t o r  equ ipped  w i t h  a p r e p a r a t i v e  f low c e l l .  C o n d u c t i v i t y  

was mon i to red  v i a  an AN400 I o n  Chromatograph (Anspec) .  
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HPLC OF SOYBEAN TRYPSIN INHIBITOR 1445 

A n a l y t i c a l  chromatography wab performed u s i n g  an LDC 

C o n s t a m e t r i c  I and I I G  sys t em w i t h  a G r a d i e n t  Mas te r  ( L a b o r a t o r y  Data 

C o n t r o l ,  R i v i e r a  Beach, FL, USA). P r o t e i n s  were d e t e c t e d  a t  254 nm 

wi th  t h e  A l t e x  model 153 UV d e t e c t o r .  

RESlJLTS 

A n a l y s i s  of  Crude STI Sample 

E l e c t r o p h o r e s i s  (SDS-PAGE) and h i g h  performance l i q u i d  

chromatography on a s t r o n g  a n i o n  exchange ( S A X )  column were t h e  

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

p u r i t y  d u r i n g  t h e s e  s t u d i e s .  Both a n a l y t i c a l  t e c h n i q u e s  i n d i c a t e d  

t h a t  t h i s  sample c o n t a i n e d  a p p r o x i m a t e l y  29% S T I .  R e c o v e r i e s  and 

r e l a t i v e  p u r i f i c a t i o n  v a l u e s  r e p o r t e d  t h r o u g h o u t  t h i s  pape r  a r e  based 

on t h i s  v a l u e .  An a n a l y t i c a l  chromatogram of  t h e  c r u d e  STI  sample on 

t h e  SAX column is  shown i n  F i g u r e  1. 

Over feed  Load ing  

I t  i s  common p r a c t i c e  i n  t h e  d e t e r m i n a t i o n  of a d s o r p t i o n  

i s o t h e r m s  t o  pump s o l u t e  i n t o  a column u n t i l  t h e  e n t i r e  l e n g t h  of t h e  

column is s a t u r a t e d .  T h i s  f r o n t a l  l o a d i n g  t e c h n i q u e  (11) was used t o  

load t h e  0.46 x 30 c m  column packed w i t h  55 wn p a r t i c l e  s i z e  AX-200 

weak a n i o n  exchange s o r b e n t .  The sample f eed  stream was d i r e c t e d  

o n t o  t h e  head of t h e  column t h r o u g h  t h e  u s e  of an a u x i l l a r y  pump and 

t h e  Pha rmac ia  V-7 v a l v e  l o c a t e d  between t h e  mob i l e  phase  mixer and 

the head of  t h e  column. Sample f e e d  was c o n t i n u e d  u n t i l  t h e  column 
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1446 TICE, ROBINSON, AND REGNIER 

peak 
1.0 M NaCl 

pH 8.0 / 
/ 

/ 
/ 

/ 

TIME (min) 

F i g u r e  1. A n a l y t i c a l  chromatogram o f  c r u d e  STI sample.  One hundred 
ug of c r u d e  STI (T9128) were a p p l i e d  o n t o  a 0 .41  x 5 c m ,  10 m, weak 
a n i o n  exchange (WAX) column for a n a l y s i s .  A 20 min g r a d i e n t  from 0 
t o  1.0 M N a C l  i n  0.02 M T r i s  (pH 8.0) was u s e d ,  
0.5 mlfmin and d e t e c t i o n  was a t  254 nm. 
i n d i c a t e d  . 

The f low r a t e  was 
The peak f o r  STI  i s  

was s a t u r a t e d  and sample components t h a t  would no rma l ly  a d s o r b  began 

t o  b r e a k  th rough .  T h i s  sample l o a d i n g  t e c h n i q u e  w i l l  be  r e f e r r e d  t o  

h e n c e f o r t h  as "ove r feed ing" .  

I n  t h e  f i r s t  p r e p a r a t i v e  run, 455 mg of c r u d e  STI a t  a 

c o n c e n t r a t i o n  of 10 mg/ml were pumped i n t o  the column i n  36 minu tes  

a t  1.25 ml/min. S a t u r a t i o n  w a s  i n d i c a t e d  by a s t e p  i n  t h e  b a s e l i n e  

due t o  p r o t e i n  b r e a k t h r o u g h  (11) d u r i n g  t h e  l o a d i n g  p r o c e s s  ( F i g .  2 ) .  

The s i z e  of t h i s  s t e p  is dependent  on 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  
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F i g u r e  2 .  P r e p a r a t i v e  chromatogram of c rude  STI sample u s i n g  t h e  
ove r fed  system. Four hundred and f i f t y  f i v e  mg of c r u d e  STI (T9128) 
were loaded d i r e c t l y  o n t o  t h e  55 pm AX-200, 0.46 x 30 c m  column. The 
s t a r t i n g  p o i n t s  of p r o t e i n  l o a d i n g  and t h e  g r a d i e n t  a r e  i n d i c a t e d  as 
is t h e  void t i m e  f o r  t h e  column ( t o ) .  
was 1 . 2 5  ml/min and 0 . 5  ml/min f o r  t h e  g r a d i e n t .  The g r a d i e n t  r a n  
f o r  80 min from 0 t o  1.0 M N a C l  i n  0.02 M T r i s  (pH 8.0).  F r a c t i o n s  A 
t h rough  G were c o l l e c t e d  i n  approx ima te ly  e q u a l  volumes. 

The flow r a t e  f o r  l oad ing  

t h e  sample feed s t r eam.  Fol lowing l o a d i n g ,  t h e  column was e l u t e d  a t  

0 .5  ml/min wi th  a g r a d i e n t  r a n g i n g  from 0 t o  1 M NaCl i n  80 minu tes .  

The t o t a l  c y c l e  t i m e ,  i n c l u d i n g  4 minu tes  f o r  r e c y c l i n g  t h e  column, 

was 120 minu tes .  The s t a t i c  l o a d i n g  c a p a c i t y  of t h i s  coI.umn €or 

c r u d e  STI was 320 mg.' T h e r e f o r e ,  t h e  455 mg of p r o t e i n  used in 

t h e  p r e p a r a t i v e  run were s u f f i c i e n t  t o  s a t u r a t e  t h e  s u r f a c e .  I n  

o v e r f e e d  l o a d i n g ,  a p re -g rad ien t  s e p a r a t i o n  r e s u l t s  from t h e  e l u t i o n  

of weakly r e t a i n e d  m a t e r i a l  from t h e  column. Thus,  STI composed a 

h i g h e r  pe rcen tage  of t h e  m a t e r i a l  on t h e  column a f t e r  l oad ing  than  it 

d i d  i n  t h e  c r u d e  sample feed (13). 

It  appeared i n  t h e  e l u t i o n  p r o f i l e  ( F i g .  2) t h a t  l i t t l e  

r e s o l u t i o n  of t h e  sample components was ach ieved  when t h e  o v e r f e d  

' S t a t i c  l o a d i n g  c a p a c i t y  of a column is a computed v a l u e  
based on t h e  maximum amount of c r u d e  STI t h a t  a u n i t  mass of s o r b e n t  
w i l l  a d s o r b  i n  a b a t c h  a s s a y  ( 1 2 ) .  
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1448 TICE, ROBINSON, AND REGNIER 

column was e l u t e d .  However, HPLC a n a l y s i s  of t h e  c o l l e c t e d  f r a c t i o n s  

(A-G) i n d i c a t e d  s i g n i f i c a n t  p u r i f i c a t i o n  of  STI ( F i g .  3 ) .  The f a c t  

t h a t  no STI was found i n  f r a c t i o n  G may have been  due t o  d i s p l a c e m e n t  

o f  S T I  by l a te r  e l u t i n g  peaks which reduced t h e  t a i l i n g  of  t h e  STI 

peak. F r a c t i o n  D c o n t a i n e d  t h e  h i g h e s t  p e r c e n t a g e  of STI  and was 

d i a l y z e d  and l y o p h i l i z e d  €or  f u r t h e r  u s e  as a c h r o m a t o g r a p h i c  

s t a n d a r d .  S i n c e  F r a c t i o n  C had a h i g h e r  p e r c e n t a g e  of STI t h a n  t h e  

c r u d e  sample,  i t  would be  e c o n o m i c a l l y  b e n e f i c i a l  t o  r e c y c l e  t h i s  

f r a& i o n .  

A compar i son  of F r a c t i o n  D w i t h  t h e  t y p e  I-S STI  from Sigma 

( F i g .  4 )  i n d i c a t e d  t h a t  t h e  i s o l a t e d  STI was a t  least  as p u r e  as t h e  

h i g h  g r a d e  commercial  S T I .  F u r t h e r  a n a l y s i s  of F r a c t i o n  D w i t h  

SDS-PAGE ( F i g .  5 )  u s i n g  a 15% a c r y l a m i d e  g e l  and t h r e e  d i E f e r e n t  

p r o t e i n  c o n c e n t r a t i o n s  showed a s u b s t a n t i a l  r e d u c t i o n  i n  lower 

m o l e c u l a r  we igh t  s p e c i e s  r e l a t i v e  t o  t h e  c r u d e  sample.  When t h e  SDS 

p e l  was scanned u s i n g  a d e n s i t m e t e r ,  t h e  i s o l a t e d  STI a p p e a r e d  t o  be 

a t  least  95% pure .  T a b l e  1 summarizes t h e  r e s u l t s  o f  t h e  o v e r f e d  

column s e p a r a t i o n  i n  terms of  r e c o v e r i e s  and y i e l d s .  S i n c e  t h e  

h i g h e s t  p u r i t y  m a t e r i a l  was needed and c r u d e  STI i s  i n e x p e n s i v e ,  o n l y  

f r a c t i o n  D was used i n  c a l c u l a t i n g  th roughpu t  and f r a c t i o n s  A, 8 ,  C ,  

E and F were d i s c a r d e d .  Recyc l ing  f r a c t i o n s  A ,  B,  C ,  E and F would 

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

Non-overloaded System 

A second mode of p r e p a r a t i v e  chromatography examined i n v o l v e d  

t h e  u s e  of a l a r g e  column unde r  non-overloaded c o n d i t i o n s .  I n  t h i s  
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HPLC OF SOYBEAN TRYPSIN INHIBITOR 1449 

FRACTIONS 

F i g u r e  3. P e r c e n t a g e  of  STI i n  each  f r a c t i o n .  The p e r c e n t  of STI i n  
t h e  c r u d e  sample and i n  each  f r a c t i o n  was p l o t t e d  as a b a r  g raph .  
F r a c t i o n  G c o n t a i n e d  no m e a s u r a b l e  amount o f  STI and was no t  p l o t t e d ,  
The p e r c e n t a g e s  were de te rmined  by t h e  r a t i o  of t h e  mass of  t h e  STI 
peak compared t o  t h e  mass of t h e  e n t i r e  f r a c t i o n .  
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F i g u r e  4 .  Comparison of p u r i f i e d  STI from F r a c t i o n  D t o  t h e  h i g h  
g r a d e  STI.  Type I-S (T9003) STI from Sigma was chromatographed u n d e r  
i d e n t i c a l  c o n d i t i o n s  as F r a c t i o n  D t o  compare t h e  p u r i t y .  ( A )  240 pg 
o f  Type I-S STI were i n j e c t e d  o n t o  a 0.41 x 5 cm W A X  column. 
g r a d i e n t  r a n  from 0 t o  0.5 M N a C l  i n  0.02 M T r i s  (pH 8.0) i n  20 
m i n u t e s .  The f low ra te  was 1 ml/min. (B) 240 ug of  p u r i f i e d  
F r a c t i o n  D STI were i n j e c t e d  o n t o  t h e  WAX column under  t h e  same 
c o n d i t i o n s  as i n  ( A ) .  T h i s  weak a n i o n  exchange column was s l i g h t l y  
d i f f e r e n t  from t h a t  used i n  F i g u r e  1, hence ,  t h e  d i f f e r e n t  g r a d i e n t .  

The 

case,  t h e  e l u t i o n  p r o f i l e  more c l o s e l y  p a r a l l e l s  t h e  a n a l y t i c a l  

s e p a r a t i o n .  T h e r e f o r e ,  it becomes easier t o  e x t r a p o l a t e  t o  

p r e p a r a t i v e  s e p a r a t i o n  c o n d i t i o n s  from t h e  a n a l y t i c a l  v a l u e s .  A 

4 . 8  x 50 cm column was packed w i t h  PEI-coated 30 u m  Se rva  Si-200 

S i l i c a  (250 A p o r e  d i a m e t e r ) .  The t o t a l  l o a d i n g  c a p a c i t y  of t h i s  

column w a s  59.6 g o f  c r u d e  STI  as de te rmined  by s t a t i c  a s s a y  ( 1 2 ) .  
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TABLE 1 

P u r i f i c a t i o n  C h a r a c t e r i s t i c s  of t h e  "Overfed" System1 

S T I  i n  
Sample Sample STI i n  STI i n  Mass of P u r i t y 2  o f  
Load - Load F r a c t i o n s  A-F F r a c t i o n  D F r a c t i o n  D F r a c t i o n  D 

455mg 134mg 1 lOmg 43mg 45mg 9 5% 

- 

Recovery3 Y i e l d 4  Throughput 
of  STI o f  STI mg D / t i m e  

82% 39% 0.38mglmin 

lThe  column used i n  t h i s  s t u d y  was 0.46 x 30 c m  packed w i t h  55 wn, 

2 P u r i t y  = Mass of STI i n  F r a c t i o n  D/Mass of F r a c t i o n  D .  
3Recovery = STI i n  F r a c t i o n s  A-FIST1 i n  l o a d .  
4 Y i e l d  = STI i n  F r a c t i o n  D/STI Recovered. 
5Throughput  = Mass of STI i n  F r a c t i o n  D/Cycle  Time. 

Ax-200. 

T h e r e f o r e ,  t h e  7.2 g sample load used i n  F i g u r e  6 A  w a s  o n l y  12% of  

t h i s  s a t u r a t i o n  v a l u e .  D e t e c t i o n  w a s  performed by s p l i t t i n g  t h e  

stream j u s t  beyond t h e  column and p a s s i n g  1% o f  t h e  e f f l u e n t  t h rough  

t h e  d e t e c t o r  f low ce l l .  F i g u r e s  6 B  and 6C show t h e  a n a l y t i c a l  SAX 

chromatograms of t h e  c r u d e  and p u r i f i e d  STI o b t a i n e d  from t h i s  

4 . 8  x 50  c m  column. The c o l l e c t e d  STI f r a c t i o n  i s  s e e n  t o  s t i l l  

c o n t a i n  some i m p u r i t i e s  ( F i g .  6C).  A f t e r  l y o p h i l i z a t i o n  of t h i s  

f r a c t i o n ,  2 . 6  g of  material  were r e c o v e r e d .  The t o t a l  t i m e  f o r  

sample l o a d i n g  and g r a d i e n t  e l u t i o n  was 55 m i n u t e s .  Although p roduc t  

p u r i t y  was lower i n  t h i s  case, t h e  th roughpu t  was 47 mglmin. A t  a 

f low ra te  of 100 ml/min i n  t h i s  sys t em v e r s u s  0.5 mlfrnin f o r  t h e  

o v e r f e d  sys t em,  t h e  amount of mob i l e  phase  consumed was a lmos t  60 
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A.  Prep. Run 

TIME (min) 

B. 

4 8 12 16 20 
TIME (min) 

0 4 8 12 16 20 
TIME (min) 

F i g u r e  6 .  The p r e p a r a t i v e  i s o l a t i o n  of soybean t r y p s i n  i n h i b i t o r .  A 
mult igram sample of c r u d e  STI (Sigma) was f r a c t i o n a t e d  on t h e  
p r e p a r a t i v e  system ( A ) .  
p r o t e i n  s o l u t i o n  were loaded o n t o  t h e  column. 
e l u t e d  w i t h  a 30 min l i n e a r  g r a d i e n t  from 0.01 M T r i S  (pH 8.0) t o  
0.5 M NaCl i n  0.01 M T r i S  (pH 8.0) a t  a f low rate  of  100 ml/min. The 
f r a c t i o n  c o l l e c t e d  is  i n d i c a t e d  by t h e  ha t ched  r e g i o n .  Chromatograms 
"B" and "C" are a n a l y t i c a l  s e p a r a t i o n s  (0.41 x 5 cm column packed 
w i t h  q u a t e r n i z e d ,  PEI-coated s i l i ca )  b e f o r e  and a f t e r  t h e  p r e p a r a t i v e  
f r a c t i o n a t i o n .  E l u t i o n  c o n d i t i o n s  were t h e  same as i n  F i g u r e  4 .  

Seven hundred and twenty m l  of 1% (w/v) 
Absorbed p r o t e i n  was 
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HPLC OF SOYBEAN TRYPSlN INHIBITOR 1455 

times g r e a t e r  f o r  t h e  p r e p a r a t i v e  column. A t  a l a r g e r  sample l o a d ,  

t h roughpu t  f o r  t h e  p r e p a r a t i v e  sys t em would s t i l l  i n c r e a s e  w i t h o u t  a 

s u b s t a n t i a l  i n c r e a s e  i n  s o l v e n t  consumption.  

Throughput  E v a l u a t i o n  

Throughput  is dependent  on s e v e r a l  p a r a m e t e r s  (1).  The one 

e v a l u a t e d  i n  t h i s  s t u d y  was t h e  mass of sample loaded  r e l a t i v e  t o  t h e  

t o t a l  volume O E  t h e  column. T h i s  was a c h i e v e d  u s i n g  non-overloaded 

and o v e r f e d  columns and by s p e c i f y i n g  th roughpu t  i n  terms of t h e  mass 

of sample p u r i E i e d / u n i t  time i n  a rnl o f  column volume, i . e . ,  

mg/min/ml. 

I t  has  been no ted  t h a t  a 10 mg p r o t e i n  load  on a 0.41 x 25 c m  

column packed w i t h  10 vm i o n  exchange s o r b e n t  w i l l  c a u s e  a 10% 

d e c r e a s e  i n  r e s o l u t i o n  ( 1 1 ) , 2  

were loaded  o n t o  t h i s  col.umn, 29% OK 2 .9  rng of t h e  sample would b e  

p u r e  S T I .  Assuming a cycle t i m e  of 30 min,  100% r e c o v e r y  of STL i n  a 

s i n g l e  f r a c t i o n  and greater t h a n  95% p u r i t y  of t h e  c o l l e c t e d  STI,  

t h i s  0.41 x 25 c m  column would have  a th roughpu t  of 0.029 mg/min/ml. 

Even t h i s  o p t i m i s t i c  v a l u e  is  w e l l  below t h e  th roughpu t  o f  

0 .075 mg/min/ml o b t a i n e d  w i t h  t h e  o v e r f e d  column ( T a b l e  2 ) .  

If a 10 mg sample of c r u d e  STI 

I n  

c o n t r a s t ,  t h e  l a r g e  p r e p a r a t i v e  column (4.8 x 50 cm) had a th roughpu t  

o f  0 .052 mg/min/ml w i t h  much less p u r i t y .  

S p e c i f i c  S o l v e n t  Consumption 

S o l v e n t  consumption was e v a l u a t e d  i n  terms of t h e  s p e c i f i c  

volume of s o l v e n t  needed t o . p u r i f y  a u n i t  mass of s o l u t e  (ml 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1456 

TABLE 2 

TICE, ROBINSON, AND REGNIER 

C o m p a r i s o n  of  T h r o u g h p u t  V a l u e s  f o r  T h r e e  D i f f e r e n t  S y s t e m s  

S y s t e m  T h r o u g h p u t / m l  co lumn 
mg/min/ml 

A n a l y t i c a l  3 30 0.10 3 . 3  0 . 0 2 9  
0 . 4 1  x 25 c m  

O v e r f e d  4 5  1 2 0  0.38 5 .O 0.075 
0 . 4 6  x 3 0  c m  

P r e p a r a t i v e  2 6 0 0  55 47 905 0.052 
4.8  x 5 0  c m  

‘A 10% d e c r e a s e  i n  r e s o l u t i o n  c a u s e d  by  s a m p l e  l o a d i n g  i s  
u s u a l l y  c o n s i d e r e d  t o  b e  t h e  o n s e t  3f o v e r l o a d i n g .  

s o l v e n t / m g  p r o t e i n ) .  I n  t h e  h y p o t h e t i c a l  a n a l y t i c a l  s y s t e m  d e s c r i b e d  

a b o v e  ( 0 . 4 1  x 2 5  cm) , 30 ml of  s o l v e n t  would b e  consumed i n  a 3 0  min 

c y c l e  w i t h  2 . 9  mg o f  p r o t e i n  r e c o v e r e d .  T h i s  would r e s u l t  i n  a 

s p e c i f i c  s o l v e n t  c o n s u m p t i o n  o f  1 0 . 3  ml/mg of p r o t e i n .  The  o v e r f e d  

s y s t e m  r e q u i r e d  9 5  ml f o r  a f u l l  c y c l e  and  p r o d u c e d  4 5  mg of  p r o t e i n  

g i v i n g  a s p e c i f i c  s o l v e n t  c o n s u m p t i o n  o f  2 . 1  ml/mg. F i n a l l y  t h e  

p r e p a r a t i v e  

p r o t e i n  f o r  a s p e c i f i c  s o l v e n t  c o n s u m p t i o n  v a l u e  o f  2 .1  ml/mg. A s  

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

s y s t e m  was n o t  as p u r e  as t h e  o v e r f e d  s y s t e m .  If the p u r i t y  was 

e q u a l ,  t h e  mass of p r o t e i n  (mg) r e c o v e r e d  from t h e  p r e p a r a t i v e  s y s t e m  

would b e  less and  t h e  s p e c i f i c  s o l v e n t  c o n s u m p t i o n  would i n c r e a s e .  

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

s y s t e m  would be a p p r o x i m a t e l y  f i v e  times less t h a n  i n  t h e  a n a l y t i c a l  

s y s t e m  and  s l i g h t l y  less t h a n  t h e  p r e p a r a t i v e  s y s t e m .  

s y s t e m  u s e d  5 5 0 0  ml p e r  c y c l e  and  y i e l d e d  2 6 0 0  mg of 
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DISCUSSION 

In t h i s  s t u d y ,  two sys t ems  were d e s c r i b e d  t o  p u r i f y  S T I  from a 

c r u d e  s o l u b l e  e x t r a c t .  The p r e p a r a t i v e  sys t em c o n s i s t e d  of  a 

4.8 x 50 c m  column packed w i t h  30 vm weak a n i o n  exchange s o r b e n t .  

The h i g h  f low ra te  of  t h e  sys t em made t h e  l o a d i n g  s t e p  s h o r t  r e l a t i v e  

t o  t h e  e n t i r e  c y c l e  t i m e .  Hence, i n  t h e  p r e p a r a t i v e  sys t em t h i s  

p o r t i o n  of t h e  c y c l e  t i m e  cou ld  no t  be s i g n i f i c a n t l y  reduced i n  a n  

e f f o r t  t o  i n c r e a s e  t h r o u g h p u t .  S i n c e  t h e  column was loaded  t o  12% o f  

i t s  f u l l  c a p a c i t y ,  t h roughpu t  i n  mg/min/ml was h i g h e r  t han  t h e  

h y p o t h e t i c a l  a n a l y t i c a l  sys t em,  b u t  lower t h a n  t h a t  O E  t h e  o v e r f e d  

sys t em.  The d i s a d v a n t a g e  of t h i s  p r e p a r a t i v e  sys t em was t h a t  t h e  

p r o t e i n  p roduc t  w a s  of lower p u r i t y  than  t h e  STI  from t h e  o v e r f e d  

s y s t em.  

I n  t h e  o v e r f e d  s y s t e m ,  t h e  amount of sample p rocessed  was 

g r e a t e r  t h a n  t h e  c a p a c i t y  of t h e  column. T h i s  is  p o s s i b l e  b e c a u s e  

some sample components do not  a d s o r b  t o  t h e  column. R e l a t i v e  t o  t h e  

p r e p a r a t i v e  s y s t e m ,  t h e  l o a d i n g  t i m e  f o r  t h e  o v e r f e d  s y s t e m  occup ied  

a l a r g e  f r a c t i o n  of  t h e  c y c l e  t i m e  (30%). I t  seems l i k e l y  t h a t  t h i s  

p o r t i o n  of t h e  cycle t i m e  cou ld  b e  r educed  w i t h o u t  e f f e c t i n g  t h e  

s e p a r a t i o n ,  t h u s  i n c r e a s i n g  t h r o u g h p u t .  

Both sys t ems  used l a r g e  p a r t i c l e  d i a m e t e r  s u p p o r t s  (30 and 

5 5  Nm) f o r  t h e  s e p a r a t i o n  o f  STI. Large d i a m e t e r  s u p p o r t s  provided 

less r e s o l u t i o n  t h a n  t h e  6 . 5  vm a n a l y t i c a l  s u p p o r t s  b u t  had t h e  

a d v a n t a g e  of v e r y  l i t t l e  back p r e s s u r e  and t h e r e f o r e ,  t h e  o p t i o n  of a 

wide r  r a n g e  of f l o w  ra tes .  T h i s  would a l l o w  f o r  f low programming 

d u r i n g  e l u t i o n  and f a s t e r  f low rates  d u r i n g  t h e  l o a d i n g  and recycle 
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1458 TICE, ROBINSON, AND REGNIER 

s t e p s .  F a s t  r e c y c l e  and  l o a d i n g  s t e p s  are d e s i r a b l e  f o r  h i g h e r  

t h r o u g h p u t .  L a r g e  p a r t i c l e  d i a m e t e r  s u p p o r t s  are a l s o  c o n s i d e r a b l y  

less e x p e n s i v e .  The  30 a n d  55  vm p a r t i c l e s  are  e i g h t  t o  s i x t e e n  

times less e x p e n s i v e  t h a n  6 . 5  u m  p a r t i c l e s  w i t h  t h e  same s u p p o r t  

c h e m i s t r y .  

The  o v e r f e d  s y s t e m  h a d  t h e  h i g h e s t  t h r o u g h p u t  of  t h e  s y s t e m s  

examined  w i t h  a p r o d u c t  t h r o u g h p u t  2.5 times greater t h a n  t h e  

a n a l y t i c a l  s y s t e m .  I n  a s i n g l e  two h o u r  r u n ,  1 5  t i m e s  more p r o t e i n  

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

f r s m  t h e  a n a l y t i c a l  s y s t e m  ( T a b l e  2). In o r d e r  t o  p r o d u c e  a n  

e q u i v a l e n t  amount of  p r o t e i n ,  t h e  a n a l y t i c a l  s y s t e m  would h a v e  

r e q u i r e d  15 c y c l e s  and  f i v e  h o u r s .  R e d u c i n g  t h e  c y c l e  t i m e  of t h e  

o v e r f e d  s y s t e m  would h a v e  made t h e  d i f f e r e n c e  i n  t h r o u g h p u t  e v e n  

g r e a t e r .  

T h e  r e s u l t s  f rom o v e r f e e d  l o a d i n g  showed t h a t  t h e  e n t i r e  l e n g t h  

of  a column c o u l d  b e  l o a d e d  w i t h  s a m p l e  and  s t i l l  h a v e  s e p a r a t i o n  o f  

t h e  c o m p o n e n t s .  A s  a r e s u l t  of h e a r t - c u t  c o l l e c t i o n ,  h i g h  p u r i t y  

mater ia l  was o b t a i n e d  e v e n  i n  t h i s  o v e r € e d  s y s t e m  ( F i g .  3 ) .  

R e c y c l i n g  e n r i c h e d  f r a c t i o n s  f rom t h e  l e a d i n g  and  t a i l i n g  e d g e s  of  

t h e  STT p e a k  would h a v e  i n c r e a s e d  t h e  p e r c e n t a g e  of S T I  i n  t h e  f e e d  

s t r e a m  and t h e r e f o r e  i n c r e a s e d  t h r o u g h p u t  and r e c o v e r y .  I f  a l a rger  

( 1 . 5  x 30 cm) column was u s e d ,  4 . 5 5  g o f  c r u d e  s a m p l e  c o u l d  b e  

p r o c e s s e d  and  430 mg of  S T I  c o u l d  be  c o l l e c t e d  i n  p u r e  form p e r  90 

min c y c l e  on an  a n a l y t i c a l  i n s t r u m e n t .  I n  o n l y  10 r u n s ,  a n  

a n a l y t i c a l  i n s t r u m e n t  w i t h  a pumping c a p a c i t y  o €  10 ml /min  c o u l d  

p r o c e s s  45 g of s a m p l e  p e r  d a y .  
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I n  a d d i t i o n  t o  t h e  t h r o u g h p u t  term, s p e c i f i c  s o l v e n t  consumption 

(ml/mg) shou ld  a l s o  be  c o n s i d e r e d  when e v a l u a t i n g  performance i n  

p r e p a r a t i v e  sys t ems .  Both terms w i l l  i n f l u e n c e  t h e  cost of p r o d u c t s  

and a l s o  t h e  p r o c e d u r e s  used f o r  p r o d u c t i o n .  I n  many i n s t a n c e s ,  

s p e c i f i c  s o l v e n t  consumption w i l l  be  i n v e r s e l y  r e l a t e d  t o  t h r o u g h p u t .  

For  example,  when t h e  th roughpu t  is i n c r e a s e d  by s h o r t e n i n g  the c y c l e  

time w i t h  the same f l o w  ra te ,  s p e c i f i c  s o l v e n t  consumption w i l l  

d e c r e a s e .  A l so ,  as t h e  p u r i t y  r e q u i r e m e n t s  i n c r e a s e  t h r o u g h p u t  

d e c r e a s e s  and s p e c i f i c  s o l v e n t  consumption i n c r e a s e s .  

I t  i s  i m p o r t a n t  t o  n o t e  f o r  t h e  o p t i m i z a t i o n  of s o l v e n t  

consumpt ion  t h a t  s p e c i f i c  s o l v e n t  consumption i s  i n  u n i t s  of 

volume/mass.  Although f low rate and c y c l e  t i m e s  may b e  a l t e r e d  t o  

i n c r e a s e  t h r o u g h p u t ,  s p e c i f i c  s o l v e n t  consumption w i l l  o n l y  change 

when one of  t h e  v a r i a b l e s  a l t e r e d  changes  t h e  t o t a l  c y c l e  volume, As 

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

h i g h e r  t h r o u g h p u t ,  s p e c i f i c  s o l v e n t  consumption w i l l  n o t  change i f  

s o l v e n t  volume remains t h e  same f o r  r e c y c l i n g .  I n  c o n t r a s t  t o  

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

s o l v e n t  consumption.  S i n c e  it i s  r e a s o n a b l e  t o  assume t h a t  the 

volume of s o l v e n t  r e q u i r e d  t o  r e c y c l e  a column is a c o n s t a n t  and t h a t  

i t  i s  p o s s i b l e  i n  some cases t o  r e d u c e  t h e  f low ra te  d u r i n g  g r a d i e n t  

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

w i t h  which s p e c i f i c  s o l v e n t  consumption can be  m a n i p u l a t e d .  

r e d u c t i o n  of s o l v e n t  consumption h a s  l i m i t s .  For  o v e r f e d  s y s t e m s ,  

p r o t e i n  s o l u b i l i t y  may become a l i m i t i n g  f a c t o r  when t r y i n g  t o  r educe  

t h e  f l o w  r a t e  and o p t i m i z e  s p e c i f i c  s o l v e n t  consumption.  In  g e n e r a l ,  

However, 
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1460 TICE, ROBINSON, AND REGNIER 

throughput and specific solvent consumption will be optimized by 

using Shorter gradients at reduced flow rates and rapid recycling. 

This study has shown that non-overloaded systems may have as 

much as five times greater specific solvent consumption than overfed 

systems. By using an overfed system and by progressively reducing 

column size throughout a purification scheme, specific solvent 

consumption and throughput can be optimized. A s  was the case with 

the small analytical column, preparative systems will. have a higher 

throughput and a lower specific solvent consumption when operated in 

an overloaded or overfed mode. 

CONCLUSION 

It may be concluded that substantial resolution of components in 

a protein mixture can be achieved in columns where the entire length 

oE the column is saturated with sample. The advantage of overfeeding 

columns during the loading process is that greater throughput may be 

obtained. When data for throughput and specific solvent consumption 

are taken together it is seen that an overfed column is capable of 

purifying 2.5 times as much protein with 1 / 5  the specific solvent 

consumption as a column of comparable size that is not overloaded. 

Assuming solvent costs to be directly proportional to solvent volume, 

overfeeding columns is of clear economic superiority in the case 

examined here. 
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