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EFFECTS OF FLOW RATE AND ELUANT COMPOSITION ON THE 
HIGII PERFORMANCE LIQUID CHROMATOGRAPHY OF PROTEINS 

Barry N. Jones, Randolph V. Lewis, Svante PBXbo, 

Roche I n s t i t u t e  of Molecular Biology 
Nutley, N e w  Je rsey  07110 

Kohichi Kojima, Sadao Kimura and Stan ley  S t e i n  

ABSTRACT 

The inf luence  of eluant flow rate on e f f i c i e n c y  i n  reverse- 
phase and ion-exchange high performance l i q u i d  chromatography of 
p ro te ins  w a s  s tud ied .  Both i s o c r a t i c  and g rad ien t  e l u t i o n  l e d  
t o  the  same conclusions.  The use  of flow rates much lower than 
those  genera l ly  employed was found t o  be important for t he  e f f i -  
c i e n t  s epa ra t ion  of l a r g e  and small p ro te ins .  Several e luan t  
systems were a l s o  examined t o  determine the  e f f e c t s  t hese  had 
on t h e  e f f i c i e n c y  of t he  reverse-phase sepa ra t ion  of p r o t e i n s .  

INTXODUCTXON 

Over t h e  last few years  several techniques have been developed 

f o r  i s o l a t i n g  l a r g e  pept ides  and p ro te ins  by h igh  performance l i q u i d  

chromatography (HPLC) i n  t h e  g e l  permeation (1-4). a f f i n i t y  (S), icn- 

exchange (2 ,6,7) ,  normal phase (8) and reverse phase (9-13) modes. 

For t he  bes t  u t i l i z a t i o n  of t hese  techniques,  t he  proper combinatior. 

of chromatography condi t ions  must be  chosen. This s e l e c t i o n  in- 

cludes such v a r i a b l e s  as the  suppor t ,  the  e l u t i n g  s o l v e n t s ,  and the  

flow r a t e .  S tudies  us ing  g e l  permeation f o r  p r o t e i n  chromato- 

graphy have shown t h a t  t he  flow r a t e  and e l u t i n g  so lven t s  have a 

l a r g e  a f f e c t  on column e f f i c i ency  (4,7). This r epor t  extends these  

parameters to reverse-phase chromatography by documenting the  i m -  

portance of low flow rate and proper e l u t i n g  so lven t s  i n  achieving 
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1374 JONES ET AL. 

t h e  h i g h e s t  e f f i c i e n c y  from columns used f o r  p r o t e i n  s e p a r a t i o n s .  

For t h i s  s t u d y  a reverse phase C8-column w a s  chosen  since i t  

has  been shown t o  b e  p a r t i c u l a r l y  u s e f u l  f o r  t h e  HPLC of  p r o t e i n s  

(8,141. I n  a d d i t i o n ,  t h e  i n f l u e n c e  of  f low rate on column e f f i -  

c iency  us ing  t h e  ion-exchange mode f o r  p r o t e i n  chromatography was 
examined. 

MATERIALS AND METHODS 

P y r i d i n e ,  acetic a c i d ,  formic  a c i d ,  and n-propanol used f o r  

column e l u t i o n  were d i s t i l l e d  over  n i n h y d r i n .  

w a s  used wi thout  f u r t h e r  p u r i f i c a t i o n .  High p u r i t y  water w a s  

o b t a i n e d  w i t h  a sys tem from Hydro S e r v i c e  and S u p p l i e s  (Durham,NC). 

Phenyla lan ine .  a s p a r t i c  a c i d ,  cytochrome C and r i b o n u c l e a s e  were 

from S i g m a  ( S t .  Louis ,  MO) . Bovine serum albumin was o b t a i n e d  

from Miles L a b o r a t o r i e s ,  Inc.  ( E l k h a r t ,  I N )  and chymotrypsinogen 

from Pharmacia Fine Chemicals (P isca taway,  NJ). Collagen .r c h a i n  

( r a t )  w a s  a g i f t  of D r .  Anthony F a l l o n .  

Phosphor ic  a c i d  

1 

The chromatography system c o n s i s t e d  of a h igh-pressure  Mi l ton  

Roy minipump (Lab Data C o n t r o l ,  R i v l e r a  Beach, FL) and a sample 

i n j e c t i o n  v a l v e  w i t h  a 20 ul o r  1 m l  loop  (Rheodyne, Berke ley ,  CX). 

The fo l lowing  25 x 0.46 c m  columns were used:  Lichrosorb  Rp-8 

(10 pm p a r t i c l e  s ize ,  10 nm pore  d i a m e t e r ,  A c e  S c i e n t i f i c .  

Edison. NJ), Ult rasphere-Octy l  ( 5  pm par t ic le  s i z e ,  10 nm pore 

d iamater ,  Altex S c i e n t i f i c ,  Berkeley,  CX), Lichrosphere  C8 (10 um 
p a r t i c l e  s i z e ,  50 nm pore  d iameter )  (lS), and Carboxymethyl (CN)- 

Clycophase (10 um p a r t i c l e  s i z e ,  10 run pore  d i a m e t e r )  ( 1 6 ) .  Gra- 

d i e n t s  were genera ted  w i t h  e i t h e r  a n  U l t r o g r a d  (LKB, H l c k s v i l l e ,  W )  

o r  a C h r o n t r o l  u n i t  (17). 
The column e f f l u e n t  w a s  monitored a u t o m a t i c a l l y  fo r  amino a c i d s ,  

p e p t i d e s  and p r o t e i n s  w i t h  f luorescarnine (Hoffmann-La Roche, Nutley,  

NJ) u s i n g  a stream-sampling technique  as p r e v i o u s l y  d e s c r i b e d  (18). 

The fo l lowing  c o n s i d e r a t i o n s  are r e l a t e d  to  t h e  s u i t a b i l i t y  o f  t h i s  

system f o r  c a l c u l a t i n g  column e f f i c i e n c y  a t  d i f f e r e n t  f low rates. 

The column o u t l e t  w a s  connected t o  t h e  stream-sampling v a l v e  w i t h  

a s h o r t  ( 1  cm) l e n g t h  of 0.3 nun ( i n n e r  d i a m e t e r )  t u b i n g .  With t h i s  
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HPLC OF PROTEINS 1375 

t y p e  of stream sampling,  t h e r e  w a s  no c o n t r i b u t i o n  from t h e  

column t o  t h e  t o t a l  f low rate o f  t h e  moni tor ing  system. The 

d e l a y  t i m e  (40 s e c )  f o r  t h e  f l u o r o g e n i c  r e a c t i o n  w a s  t a k e n  i n t o  

account  f o r  d e t e r m i n i n g  t h e  e l u t i o n  t i m e  f rom the colunm. The 

h i g h  f low rate (60 m l / h r )  of the moni tor ing  system. i n  conjunction 

w i t h  the small flow ce l l  volume (45 pl), r e s u l t e d  i n  minimal peak 

broadening .  F u r t h e r  exper imenta l  d e t a i l s  are g iven  i n  t h e  text  and 

i n  t h e  f i g u r e  legends .  

RESULTS AND DISCUSSION -- 
The e f f i c i e n c y  or  gross r e s o l v i n g  power of  a chromatographic  

column c a n  b e  expressed  i n  terms o f  t h e o r e t i c a l  p l a t e s  (N) which 

is r e l a t e d  t o  t h e  r a t i o  of t h e  r e t e n t i o n  t i m e  of a s o l u t e  under  

i s o c r a t i c  c o n d i t i o n s  t o  i t s  peak wid th .  Thus, t h e  g r e a t e r  t h e  

p l a t e  c o u n t ,  t h e  b e t t e r  t h e  column w i l l  perform.  

v a l e n t  t o  a t h e o r e t i c a l  p l a t e  (HETP) can  a l s o  b e  used t o  e x p r e s s  

column e f f i c i e n c y  and i s  o b t a i n e d  by d i v i d i n g  t h e  l e n g t h  of  t h e  

column by  t h e  t h e o r e t i c a l  p l a t e  c o u n t .  I n  t h e  p r e s e n t  work, theo-  

r e t i ca l  p l a t e  counts  were determined by i n j e c t i n g  t h e  sample o n t o  

t h e  column i n  a small volume (20 ul) and t h e n  e l u t i n g  i s o c r a t i c a l l y .  

The r e s u l t i n g  p l a t e  c o u n t s  were t h e n  conver ted  t o  HETP v a l u e s .  

P l a t e  c o u n t s  from g r a d i e n t  e l u t i o n  were a l s o  c a l c u l a t e d  u s i n g  t h e  

above methodology. These numbers are  c l e a r l y  n o t  t r u e  p l a t e  c o u n t s ,  

b u t  can be u s e f u l  f o r  comparing d i f f e r e n t  g r a d i e n t s  and s o l v e n t s .  

The h e i g h t  equi -  

F i g u r e  1 d e p i c t s  t h e  g e n e r a l  phenomenon of  decreased  column 

e f f i c i e n c y  w i t h  i n c r e a s i n g  e l u a n t  f low rate. A t  a l l  f low rates 

examined on t h i s  10 nm pore  C8 reverse-phase  s u p p o r t ,  t h e  l a r g e  

p r o t e i n ,  bovine serum albumin (BSA: 68,000 d a l t o n s ) ,  d i d  n o t  chro- 

matograph as e f f i c i e n t l y  as t h e  small p r o t e i n ,  r i b o n u c l e a s e  (13,700 

d a l t o n s ) ,  and n e i t h e r  p r o t e i n  chromatographed as e f f i c i e n t l y  as t h e  

amino a c i d s ,  a s p a r t i c  a c i d  (133 d a l t o n s )  and p h e n y l a l a n i n e  (165 

d a l t o n s ) .  This decreased  e f f i c i e n c y  f o r  p r o t e i n s  i s  due i n  p a r t  

t o  t h e  f a c t  t h a t  l a r g e  molecules  have  much lower d i f f u s i o n  rates 

t h a n  do low molecular  compounds and e q u i l i b r a t e  much more s l o w l y  
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1376 JONES ET A L s  

VELOCITY (rnrn/sec) 

F i g u r e  1. E f f e c t  of mobile  phase  v e l o c i t y  on column e f f i c i e n c y  
under  isocratic c o n d i t i o n s .  A s p a r t i c  a c i d  and p h e n y l a l a n i n e  were 
e l u t e d  from a 10 nm pore  C -column (10 um p a r t i c l e  s i z e )  w i t h  1Sl 
pyridine-0.5M acet ic  a c i d  fpH 5.5). Ribonuclease  w a s  e l u t e d  w i t h  
t h e  same b u f f e r  b u t  c o n t a i n i n g  2% n-propanol w h i l e  bovine  serum 
albumin w a s  e l u t e d  w i t h  th i s  b u f f e r  c o n t a i n i n g  20% n-propanol .  
Each p o i n t  r e p r e s e n t s  t h e  a v e r a g e  of t h r e e  d e t e r m i n a t i o n s .  With 
t h i s  system a l inear  v e l o c i t y  of 0.5 mmlsec cor responds  t o  a f l o w  
rate of approximate ly  20 m l f h r .  

w i t h t h e  s t a t i o n a r y  phase. Consequent ly ,  t h e  p l a t e  h e i g h t  of  

t h e  column a p p e a r s  t o  approach a l i m i t i n g  v a l u e  f o r  a l l  sub- 

s t a n c e s  as t h e  f low rate is d e c r e a s e d .  

The v e r y  poor column e f f i c i e n c y  o b t a i n e d  on chromatography 

of BSA ( F i g u r e  1) is a l s o  t h e  r e s u l t  of  i t s  poor  p e n e t r a t i o n  

i n t o  t h e  10 nm p o r e s  of  t h e  column s u p p o r t .  However, by u s i n g  

a 50 nm pore  C8-support (10 urn p a r t i c l e  s i z e ) ,  I n c r e a s e d  e f f i -  

c i e n c y  can be o b t a i n e d  f o r  l a r g e  p r o t e i n s  (15). As seen i n  Fig- 

u r e  2 ,  p r o t e i n s  from 12,500 t o  95,000 MW behave v e r y  s i m i l a r l y  
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WLC OF PROTEINS 1377 

on t h e  50 nm pore reverse-phase support  and as in Figure 1, a 
l i m i t i n g  va lue  is  approached a t  t h e  lower flow rates. 

The e f f e c t  of flow rate on columu e f f i c i e n c y  w a s  a l s o  ex- 

amined €o r  a 10 nm pore C8-support wi th  a 5 pm p a r t i c l e  s i z e .  

t i d e s  and small pro te ins  were found t o  chromatograph very e f f i -  

c i e n t l y  on t h i s  column. This increased  e f f i c i e n c y  i s  due mainly 

t o  the  small p a r t i c l e  s i z e  of t h e  support  wi th  some con t r ibu t ion  

from t h e  h igher  carbon content due t o  monomer coa t ing  of t h i s  

p a r t i c u l a r  column. The r e s u l t s  ob ta ined  f o r  t h e  chromatography 

of cytochrome C at var ious  flow rates wi th  t h i s  support  are shown 

i n  Figure 2.  

Pep- 

S tudies  wi th  ion-exchange WLC wi th  p r o t e i n s  have ind ica t ed  

t h a t  flow rate can a f f e c t  column e f f i c i e n c y  (2) .  However, t h e  

flow r a t e s  used i n  these  s t u d i e s  (3  ml/min) w e r e  h igher  than  

those  found t o  be optimal f o r  t h e  reverse-phase columns. There- 

f o r e ,  t h e  e f f e c t  of f l w  rate on the  e f f i c i e n c y  of an ion-change 

support was inves t iga ted .  Using a CM-glycophase suppor t ,  a l a r g e  

inc rease  i n  column e f f i c i e n c y  was obtained f o r  var ious  p r o t e i n s ' b y  

lowering the  flow r a t e .  This is i l l u s t r a t e d  i n  Figure 2 which 

shows t h e  r e s u l t s  obtained f o r  t h e  chromatography of cytochrome 

C on t h i s  column. 

For p ro te in  and pept ide  p u r i f i c a t i o n ,  samples are usua l ly  in- 

j ec t ed  i n t o  the  column i n  r e l a t i v e l y  l a r g e  volumes ( 1  d) i n  a 

weak e luan t  and the  HPLC column is a c t u a l l y  used t o  concen t r a t e  

t h e  sample. Furthermore. g rad ien t  e l u t i o n  is then  used so t h a t  

substances with widely d i f f e r i n g  a f f i n i t i e s  f o r  support  can be 

resolved i n  a s i n g l e  e l u t i o n .  The inf luence  of e luan t  flow 

r a t e  on column e f f i c i e n c y  under these  condi t ions  w a s  i n v e s t i -  

gated f o r  the reverse-phase mode. A mixture of r ibonuclease  

and chymotrypsinogen was chromatographed a t  a flow rate of 
15 mllhr using a 60 min l i n e a r  g rad ien t .  This w a s  repea ted  

with the combinations of 30 ml/hr with a 30 min gradien t  and 

60 d l h r  with a 15 min gradien t .  I n  t h i s  way, t he  flow rate 
was va r i ed  whi le  the  grad ien t  w a s  e s s e n t i a l l y  unchanged. The 
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I’ 
b , 0.5 1.0 1.: 

VELOCITY (mm/sec) 

F i g u r e  2.  
under i s o c r a t i c  c o n d i t i o n s .  P r o t e i n s  were e l u t e d  f r o m  two r e v e r s e -  
phase C8-columns t h a t  d i f f e r e d  i n  both p a r t i c l e  s i z e  (dp)  and pore  
d iameter .  
(pH 4.0) u s i n g  n-propanol c o n c e n t r a t i o n s  of  20% ( c o l l a g e n  a ) ,  24% 
(cytochrome C) ,  and 26% ( B S A ) .  
c r a t i c a l l y  a t  v a r i o u s  flow rates from a carboxymethyl (C>l)-Gly- 
cophase ion-exchange column u s i n g  0.36M acet ic  acid-0.09M p y r i d i n e  
(pH 4.0). For t h e  above sys tems,  a flow ra te  of  20 ml /hr  r e s u l t e d  
i n  a l i n e a r  v e l o c i t y  of approximate ly  0.5 mm/sec. 

E f f e c t  o f  mobile  phase v e l o c i t y  on column e f f i c i e n c y  

The b u f f e r  system was 0.5M formic acid-0.4M p y r i d i n e  

Cytochrome C w a s  a l s o  e lu t e4  iso- 

r e s u l t i n g  chromatograms are p r e s e n t e d  i n  F i g u r e  3 and i n d i c a t e  

t h a t  t h e  p r o t e i n s  e l u t e d  a t  t h e  same p o s i t i o n s  under a l l  t h r e e  

c o n d i t i o n s .  However, they e l u t e d  in s m a l l e r  volumes as t h e  f l o w  

ra te  decreased  and were t h e r e b y  b e s t  r e s o l v e d  w i t h  t h e  lowes t  

flow rate. In f a c t ,  reducing  t h e  flow rate four - fo ld  (from 60 

t o  15 ml/hr )  r e s u l t e d  i n  approximate ly  a 50% r e d u c t i o n  i n  t h e  

peak wid th  a t  t h e  h a l f  h e i g h t .  
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HPLC OF PROTEINS 1379 

ELUTION VOLUME (ml) 
E f f e c t  o f  e l u a n t  f low ra te  on g r a d i e n t  e l u t i o n .  A Figure  3. 

m i x t u r e  of  r i b o n u c l e a s e  and chymotrypsinogen was chromatographed 
on a 10 mu, 10 Urn d p  C -column under  t h e  f o l l o w i n g  c o n d i t i o n s :  
Flow rates and r u n  times were 60 d / h r  - 15 rnin, 30 m l / h r  - 30 
min, and 15  ml /hr  - 60 min f o r  t h e  l e f t ,  c e n t e r  and r i g h t  p a n e l s ,  
r e s p e c t i v e l y .  The column was e l u t e d  w i t h  0.5M formic  acid-O.14M 
p y r i d i n e  (pH 3.0) u s i n g  a l inear g r a d i e n t  from 0 t o  40% n-propanol .  
Ribonuclease e l u t e s  b e f o r e  chymotrypsinogen. 

8 

To f u r t h e r  I n v e s t i g a t e  column e f f i c i e n c y ,  t h r e e  d i f f e r e n t  

s o l v e n t  sys tems,  0.1% phosphoric  a c i d ,  0.1% formic  a c i d ,  3nd 

0.5M formic  acid-O.4M p y r l d i n e ,  were compared u s i n g  n-propanol 

g r a d i e n t  e l u t i o n .  There were d i f f e r e n c e s  i n  t h e  e l u t i o n  times 

of  v a r i o u s  p r o t e i n s  w i t h  t h e  d i f f e r e n t  s o l v e n t  sys tems a l t h o u g h  

they were g e n e r a l l y  less than  10%. TO f u r t h e r  c h a r a c t e r i z e  t h e s e  

solvent sys tems t h e  number of t h e o r e t i c a l  p la tes /co lumn w a s  cal- 

c u l a t e d  a t  v a r i o u s  f low rates u s i n g  cytochrome C. The g r a d i e n t  

and flow ra te  were v a r i e d  as i n  F i g u r e  3 t o  g i v e  e q u a l  volume 

g r a d i e n t s  a t  a l l  f low rates. The r e s u l t i n g  p l a t e  numbers a r e  

d e r i v e d  u s i n g  g r a d i e n t  no t  i s o c r a t i c  e l u t i o n  and t h e r e f o r e  are 

n o t  t r u e  p l a t e  c o u n t s ,  b u t  s e r v e  a n  i l l u s t r a t i v e  purpose .  The 

t h r e e  systems show l a r g e  d i f f e r e n c e s  i n  t h e  p l a t e  count  ( F i g u r e  

4 ) .  which are  a c c e n t u a t e d  as t h e  f low rate is decreased .  The 

phosphor ic  a c i d  sys tem produces :he lowes t  p l a t e  count  v a l u e s  

and t h e s e  v a l u e s  are a f f e c t e d  v e r y  l i t t l e  by d i f f e r e n c e s  i n  flow 

rate. Formic a c i d  g i v e s  h i g h e r  p l a t e  count  c o u n t s  than  phos- 
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Figure  4.  
e f f i c i e n c y .  
(10 vm dp) u s i n g  a linear n-propanol g r a d i e n t  a t  t h e  f low rates 
i n d i c a t e d .  The g r a d i e n t  was a d j u s t e d  t o  t h e  flow r a t e  i n  o r d e r  
t o  provide  e q u a l  volume g r a d i e n t s  In a l l  c a s e s .  0.5M formic  a c i d -  
0.4M p y r i d i n e  (pH 4.0), 0.1% formic acidm and 0.lX phosphor ic  a c i d  
were t h e  s o l v e n t  s y s t e m  used. 
u s i n g  t h e  peak wid th  a t  t h e  h a l f  h e i g h t .  All p o i n t s  a r e  t h e  averasc 
of t h r e e  runs .  

E f f e c t s  of flow rate  and s o l v e n t  sys tem on column 
Cytochrome C w a s  e l u t e d  on a 50 nm pore  C -column 

Apparent p l a t e  counts  were o b t a i n e d  

p h o r i c  a c i d  a t  a l l  f low rates and shows a c lear  d e c r e a s e  as  t h e  

flow ra te  I n c r e a s e s .  Although n o t  shown, ace t ic  a c i d  gave re- 

s u l t s  similar t o  formic  a c i d .  The formic  a c i d - p y r i d i n e  b u f f e r  
y i e l d e d  t h e  h i g h e s t  p l a t e  c o u n t s  b u t  a lso showed t h e  g r e a t e s t  

e f f e c t s  of  i n c r e a s i n g  flow rates. With BSA as t h e  e l u t i n g  pro- 

te in ,  t h e  same q u a l i t a t i v e  r e s u l t s  were o b t a i n e d  w i t h  t h e s e  t h r e e  

s o l v e n t  s y s t e m  a l t h o u g h  lower p l a t e  counts  were found a t  t h e s e  

low pH v a l u e s  probably  due t o  t h e  a g g r e g a t i o n  of BSA ( L 9 ) .  
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It is clear t h a t  increased  r e s o l u t i o n  can  be  a t t a i n e d  by 

decreas ing  t h e  e l u a n t  flow rate in  HPLC. What is s a c r i f i c e d  is 

t h e  time requ i r ed  f o r  t h e  chromatographic run .  I n  prev ious  re- 
p o r t s  u s ing  t h e  reverse phase and ion-exchange modes of HPLC wi th  

p r o t e i n s ,  flow rates of 60 t o  180 ml/hr were gene ra l ly  employed 

(2,11,13,20). 

wi th  a flow rate of 20 ml/hr t o  be  a good compromise f o r  p r o t e i n  

and pept ide  chromatography. Other combinations have a l s o  been 

used e f f e c t i v e l y  depending on t h e  r e s o l u t i o n  needed. 

I n  c o n t r a s t ,  we have found t h a t  a g rad ien t  of 2 h r  

The d a t a  obtained f o r  t h e  va r ious  so lven t  systems c l e a r l y  

can be app l i ed  only t o  reverse-phase suppor ts .  They i n d i c a t e  

t h a t  i n  t h e  reverse-phase chromatography of p r o t e i n s  t h e  so lven t  

system used can g r e a t l y  a f f e c t  column e f f i c i e n c y .  It seems advis- 

a b l e  t o  t e s t  va r ious  so lven t  systems when s e t t i n g  up t o  chromato- 

graph a new p ro te in ,  wi th  t h e  formic ac id-pyr id ine  system as a 

good f i r s t  choice.  Other p o s i t i v e  counter ions  such a s  N-methyl 

morpholine can be used i f  UV d e t e c t i o n  is  employed. 

I n  summary, i t  is poss ib l e  t o  o b t a i n . e x c e l l e n t  r e s o l u t i o n  of 

p r o t e i n s  by reverse-phase and ion-exchange HPLC. To o b t a i n  t h e  

maximum reso lu t ion ,  flow r a t e s  cons iderably  lower than  those  gen- 

e r a l l y  used i n  HPLC a r e  necessary .  The so lven t  system can a l s o  

g r e a t l y  a f f e c t  r e s o l u t i o n  i n  the  reverse-phase mode and should be 

va r i ed  t o  ob ta in  maximum r e s o l u t i o n .  With these  f a c t o r s  optimized, 

i t  has  been demonstrated i n  s e v e r a l  i n s t ances  (10,14,15,21) t h a t  

p rev ious ly  d i f f i c u l t  o r  impossible p ro te in  p u r i f i c a t i o n s  can be 

achieved r e a d i l y  wi th  HPLC. 
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