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THE INFLUENCE OF REVERSED-PHASE n-ALKYL CHAIN LENGTH ON PROTEIN 
RETENTION, RESOLUTION,AND RECOVERY: IMPLICATIONS FOR PREPARATIVE 

HPLC . 
J .  D. Pearson* and F. E .  Regnier  

Department of  B iochemis t ry  
Purdue U n i v e r s i t y  

West L a f a y e t t e ,  I n d i a n a  47907 

ABSTRACT 
High-performance l i q u i d  chromatography (HPLC) of p r o t e i n s  on 

r eve r sed -phase  columns of v a r y i n g  n-aikyi  c h a i n  l e n g t h -  (C2 t o  
C22) was s t u d i e d  u s i n g  a t r i f l u o r o a c e t i c  acid/2-propanol  mobile  
phase system. P r o t e i n  r e s o l u t i o n  was  i n f l u e n c e d  by cha in  l e n g t h  b u t  
r e t e n t i o n  t i m e s  f o r  p r o t e i n s ,  u n l i k e  t h o s e  of  sma l l  mo lecu le s ,  w e r e  
r e l a t i v e l y  c o n s t a n t ,  independent  o f  c h a i n  l e n g t h  or  carbon load ing .  
Loading c a p a c i t i e s  were found to be  a f f e c t e d  by cha in  l e n g t h ,  and 
a s p e c t s  of  p r o t e i n  i n t e r a c t i o n  w i t h  s t a t i o n a r y  phase a r e  d i s c u s s e d .  

INTRODUCTION 

High-performance r eve r sed -phase  l i q u i d  chromatography (RPLC)l 

has  r e c e n t l y  been widely adap ted  to  p e p t i d e  and p r o t e i n  s e p a r a t i o n s .  

S i n c e  t h e  f i r s t  a p p l i c a t i o n s  f o r  p r o t e i n s  ( 1 , 2 )  two s i g n i f i c a n t  

p r a c t i c e s  have enhanced RPLC u t i l i t y  t r emendous ly ;  t h e  use  o f  

t r i f l u o r o a c e t i c  a c i d  (TFA) i n  mob i l e  phases  and t h e  u s e  of  

macroporous s i l i c a  s u p p o r t s .  

p e r f l u o r o c a r b o x y l i c  a c i d s  ( 6 )  were found t o  be  e x c e l l e n t  i on -pa i r ing  

TFA (3-5) and some o t h e r  

*Presen t  Address:  The Upjohn Company 
Pha rmaceu t i ca l  Research and Development 
Cel l  Biology Program 
Kalamazoo, Michigan 49001 

497 

Copyright 0 1983 by Marcel Dekker, Inc. 0 148-39 19/83/0603-O497$3.50/0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



498 PEARSON AND REGNIER 

a g e n t s .  Addi t iona l  advantages of  TFA over many o t h e r  ion-pa i r ing  

agents  inc lude  UV t ransparency  a t  220nm ( 4 1 ,  g r e a t e r  p r o t e i n  

recovery (71,  and easy removal of t h e  e l u a n t  by l y o p h i l i z a t i o n  

(b.p.72.4'C). Macroporous s i l i c a  has  been known f o r  years  t o  have 

high b inding  c a p a c i t y  ( 8 )  and e x c e l l e n t  r e s o l u t i o n  ( 9 )  i n  

high-performance anion-exchange chromatography of p r o t e i n s ,  b u t  it 

was not  u n t i l  t h e  a p p l i c a t i o n  t o  reversed-phase s u p p o r t s  (10)  t h a t  

t h e  u t i l i t y  of macroporosi ty  was widely recognized.  

It  was r e c e n t l y  r e p o r t e d  t h a t  s h o r t  n-alkyl  cha ins  (<cg) 

f u r t h e r  enhance p r o t e i n  recovery and r e s o l u t i o n  whi le  s h a r p l y  

deminishing t h e  "ghost peaking" e f f e c t  common t o  c8 and c18 

chains  ( 1 1 ) .  This  communication extends those  s t u d i e s .  Normally 

luad c a p a c i t y  i n c r e a s e s  with n-alkyl  cha in  length  and s t a t i o n a r y  

phase carbon c o n t e n t  (121, render ing  s h o r t  n-alkyl c h a i n s  

u n d e s i r a b l e  f o r  t h e  p r e p a r a t i v e  m d e .  S i n c e  previous loading  

s t u d i e s  were done w i t h  small s o l u t e s  (<lo00 d a l t o n s )  and s i n c e  

p r o t e i n s  a r e  known t o  i n t e r a c t  with n-alkyl  cha ins  d i f f e r e n t l y  ( 1 3 )  

than smaller molecules ,  the  r e l a t i o n s h i p  of n-alkyl  cha in  length  o r  

s t a t i o n a r y  phase carbon c o n t e n t  t o  column load c a p a c i t y  was 

re-addressed.  Shor t  columns (5 cm) wi th  n-alkyl cha ins  ranging i n  

length  from C 2  t o  C22 were prepared and p r o t e i n  c a p a c i t y ,  

r e t e n t i o n ,  and r e s o l u t i o n  i n  t h e  a n a l y t i c a l  mode determined.  It was 

found t h a t  p r o t e i n  load versus  n-alkyl  c h a i n  length d i f f e r e d  

s u b s t a n t i a l l y  from v a l u e s  one would expec t  f o r  small molecules .  In 

a d d i t i o n ,  p r o t e i n  r e t e n t i o n  t i m e s  w e r e  not found t o  i n c r e a s e  with 

i n c r e a s i n g  a l k y l  cha in  l e n g t h .  
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PROTEIN RETENTION, RESOLUTION, AND RECOVERY 499 

MATERIALS AND METHODS 

Chemicals  

n - A l k y l c h l o r o s i l a n e s  were purchased from P e t r a r c h  Systems 

(Lev i t town ,  PA). 

Group ( H e s p e r i a ,  C A I .  T r i f l u o r o a c e t i c  a c i d  (TFA) was purchased from 

P i e r c e  (Rockfo rd ,  I L ) .  2-Propanol was purchased from F i s h e r  

S c i e n t i f i c  Company ( F a i r  Lawn, NJ). A c e t o n i t r i l e  was o b t a i n e d  from 

J. T. Baker  Chemical Company ( P h i l l i p s b u r g ,  NJ). 

HPLC g r a d e .  

Vydac s i l i c a  was o b t a i n e d  from The S e p a r a t i o n s  

Both s o l v e n t s  were 

T e s t  P robes  

Bovine p a n c r e a t i c  r i b o n u c l e a s e  Type I-A No. R-4875, i n s u l i n  No. 

1-5500, s e r u m  albumin (BSA) No. A-7511, h o r s e  h e a r t  cytochrome c 
Type 111 No. 2506, ch icken  egg albumin Grade V No. A-5503, and 

L-tryptophan were pu rchased  from Sigma Chemical Company ( S t .  L o u i s ,  

MO). T e s t  s o l u t i o n s  were p repa red  i n  0.1% TFA (v/v). 

P r e p a r a t i o n  o f  S t a t i o n a r y  Phases  

n -Alky la t ion  o f  s i l i c a  v i a  s i l y l a t i o n  was ach ieved  by methods 

analogous t o  t h o s e  p r e v i o u s l y  r e p o r t e d  (13,141.  

Element  a 1  Ana l y s  is 

Carbon and hydrogen a n a l y s e s  were performed by C .  S .  Yeh, 

Chemistry Department ,  Pu rdue  U n i v e r s i t y .  Accuracy was 0 .2%.  

Column Pack ing  

S u p p o r t s  were s l u r r y  packed (2% w/v)  i n t o  columns wi th  

2-propanol a t  8000 p s i  by means of a Haske l  model 29891 pneumatic  
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500 PEARSON AND REGNIER 

pump, (Haskel Engineer ing  and Supply Co., Burbank CAI.  A l l  columns 

were 0.41 x 5.0  cm LiChroma s t a i n l e s s - s t e e l  p r e c i s i o n  tubing (Anspec 

Co., I n c . ,  W a r r e n v i l l e ,  IL) w i t h  2 . 0  pm f r i t s .  A precolumn (0.41 x 

4.5 cm) w a s  f i t t e d  t o  the  s l u r r y  v e s s e l  and connected t o  the  

a n a l y t i c a l  column t o  channel  s i l i c a  i n t o  t h e  column dur ing  t h e  

packing p r o c e s s .  Packing time was c a .  10 min. 

High-Performance Liquid  Chromatography 

Analyses by HPLC employed a Var ian  401 Vista System (Varian 

Assoc ia tes ,  Walnut Creek, CA). The program allowed t h e  

microprocessor-  c o n t r o l l e d  d a t a  system t o  t a b u l a t e  r e s o l u t i o n  and 

i n t e r n a l  s tandard  recovery measurements d i r e c t l y .  The system w a s  

f i t t e d  with a Valco model 9080 sample i n j e c t o r  (Anspec Co., Inc . ,  

Warrenvi l le ,  IL) with a 100 u l  i n j e c t i o n  loop.  P r o t e i n  e l u t i o n  was 

accomplished by a p p l i c a t i o n  of a b i n a r y  g r a d i e n t  i n  which t h e  

primary mobile phase was 0.1% ( v / v >  TFA i n  water  and t h e  secondary 

phase was e i t h e r  0.1% (v /v)  TFA i n  2-propanol o r  a c e t o n i t r i l e .  A l l  

e l u t i o n s  were a t  a flow rate o f  0.7ml/min a t  ambient temperature .  

T h e o r e t i c a l  p l a t e  va lues  were determined by t h e  NaN03 method (15) 

employing water a t  0.5ml/min as t h e  mobile  phase and a sample load 

of 0.1 pg  NaN03 i n  10 L I ~  wa ter .  An A l t e x  model l l O A  pump and 

model 150 254nm f i x e d  wavelength d e t e c t o r  (Al tex  S c i e n t i f i c  Inc . ,  

Berkeley,  CAI w i t h  t h e  Valco v a l u e  p r e v i o u s l y  descr ibed  w e r e  used 

f o r  e f f i c i e n c y  de termina t ions .  

Loading Study P r o t o c o l  

Ovalbumin was used f o r  a l l  column c a p a c i t y  d e t e r m i n a t i o n s .  The 

method c o n s i s t e d  o f  800 ug i n j e c t i o n s  every two minutes u n t i l  t h e  
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P R O T E I N  RETENTION,  RESOLUTION,  AND RECOVERY 501 

breakthrough peaks a t t a i n e d  a c o n s t a n t  i n t e g r a t e d  a r e a .  The mobile  

phase was 0.1% ( v / v )  TFA a t  0.7 mllmin and ambient temperature .  A 

s tandard  curve  of peak a r e a  vs .  amount of ovalbumin i n j e c t e d  w a s  

used t o  determine column p r o t e i n  c a p a c i t y .  P r e c i s i o n  w a s  2%. 

Columns were regenera ted  by a t  l e a s t  n ine  blank g r a d i e n t  washes. 

RESULTS AND DISCUSSION 

A series of n - a l k y l t r i c h l o r o s i l a n e s  (C2, C4, c8, C12, 

c18, C22) were bonded t o  macroporous s i l i c a  under i d e n t i c a l  

r e a c t i o n  c o n d i t i o n s  and packed i n t o  columns. The f r e s h l y  packed 

columns were washed wi th  t h r e e  blank g r a d i e n t s  p r i o r  t o  t h e  

ovalbumin (OVA) loading  experiment .  The i n i t i a l  column c a p a c i t y  f o r  

ovalbumin ranged from 14.45 mg f o r  C2 t o  19.35 mg f o r  c8 columns 

(Table  1). 

C12, c18, and C22 sugges ted  t h a t  longer  cha ins  folded 

The f a c t  t h a t  t h e  c8 c h a i n  had a h igher  c a p a c i t y  than 

TABLE 1 

n-Alkyl Chain Length vs. Loading Capaci ty  

1 igand 
c2 

c4 

c8 

c12 

C18 

c22 

i n i t i a l  OVA second OVA 

load (mg) load  (mg) 
14.45 14.42 

18.47 19.29 

19.35 19.19 

17.25 8 .84  

15.33 11.99 

16.98 13.16 

X change 

i n  c a p a c i t y  
0 

4 

-1 

-49 

-22 

-23 
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5 02 PEARSON AND REGNIER 

over  and s e l f - a s s o c i a t e d  as p o s t u l a t e d  i n  thermodyamic s t u d i e s  

(16-18). S i n c e  new columns have a tendency to  i r r e v e r s i b l y  bind 

some p r o t e i n  upon i n i t i a l  i n j e c t i o n s  (191, a loading c o r r e c t i o n  was 

made. The ovalbumin was e l u t e d  with n i n e  s u c c e s s i v e  TFA/propanol 

g r a d i e n t s  and the  loading  was repea ted .  The second set  

of va lues  should r e f l e c t  normal column c o n d i t i o n i n g .  I t  w a s  

i n t e r e s t i n g  to n o t e  t h a t  cha in  l e n g t h s  longer  than c8 had a 

s i g n i f i c a n t l y  reduced loading  c a p a c i t y .  This  suggested t h a t  longer  

cha ins  tended t o  i r r e v e r s i b l y  bind more p r o t e i n  dur ing  i n i t i a l  

"condi t ioning" i n j e c t i o n s .  The d e c r e a s e  i n  C12 p r o t e i n  c a p a c i t y  

was very pronounced and could be due t o  t h e  f a c t  t h a t  i t  had t h e  

lowest  carbon load of a l l  columns t e s t e d  (Table  2 ) .  Low carbon 

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

s i l a n o l  c o n t e n t ,  which could be r e s p o n s i b l e  f o r  n o n s p e c i f i c  

s i l  ica-pro t e i n  a d s o r p t i v e  i n t e r a c t  ions d u r i n g  the i n i t i a l  loading .  

I n t e r e s t i n g l y ,  t h e  low carbon conten t  d i d  not a f f e c t  p r o t e i n  

r e t e n t i o n  (Table  21, but  may be r e s p o n s i b l e  f o r  observed r e s o l u t i o n  

e f f e c t s  (Table  3 ) .  

about  19mg on i n i t i a l  and second l o a d i n g s .  

t h e  C2 column was reproducib le  but  l e s s  than C4 o r  c8 columns. 

A f t e r  c o n d i t i o n i n g ,  t h e  long n-a lkyl  cha ins  (LC12) had t h e  l e a s t  

c a p a c i t y ,  even lower than t h e  C2 column. This  f i n d i n g  is d i r e c t l y  

c o n t r a d i c t o r y  t o  what one would expect  €or  small molecules ,  where 

i n c r e a s i n g  the cha in  l e n g t h  from C4 t o  c18 roughly  doubles  

column loading  c a p a c i t y  (12). 

less i r r e v e r s i b l e  o r  tenac ious  r e t e n t i o n  of ovalbumin. This  more 

Both C4 and C8 c h a i n s  had c a p a c i t i e s  of 

The loading  c a p a c i t y  of 

Apparent ly  s h o r t e r  cha ins  have much 
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PROTEIN RETENTION, RESOLUTION, AND RECOVERY 505 

complete d e s o r p t i o n  has  been noted by Nice e t  a1 (11) where "ghost 

peaking" was notab ly  diminished when s h o r t e r  chains  were employed. 

The cause of i r r e v e r s i b e  p r o t e i n  b inding  is  not known. One might 

s u s p e c t  p a r t i a l  unfo ld ing  of t h e  p r o t e i n s  and t i g h t  a s s o c i a t i o n  of 

t h e  hydrophobic c o r e  wi th  t h e  c18 network but  not  wi th  s h o r t  

a l k y l  cha ins .  

An i n t e r e s t i n g  o b s e r v a t i o n  was t h a t  cha in  length  d i d  not a f f e c t  

p r o t e i n  r e t e n t i o n  t i m e  dur ing  a n a l y t i c a l  g r a d i e n t  e l u t i o n s  employing 

a TFA/2-propanol mobile phase system. I n d i v i d u a l  r e t e n t  ion t i m e s  

f o r  r i b o n u c l e a s e ,  i n s u l i n ,  cytochrome c ,  BSA, and ovalbumin were 

r e l a t i v e l y  c o n s t a n t  f o r  columns ranging  from C2 t o  C22 and i n  

carbon loadings  from 2.99 t o  9.54%C (Table  2 ,  F ig .  1).  The 

r e t e n t i o n  t i m e s  f o r  t ryp tophan ,  on t h e  o t h e r  hand, were c o n s i s t e n t  

with e a r l i e r  o b s e r v a t i o n s  f o r  small molecules;  r e t e n t i o n  t i m e  

increased  with XC loading  ( 1 2 ) .  This  f i n d i n g  coupled with prev ious  

column l e n g t h  s t u d i e s  (13,141 i n d i c a t e d  a m u l t i s i t e  i n t e r a c t i o n  

between p r o t e i n  and a l k y l  c h a i n s ,  independent of a l k y l  cha in  l e n g t h .  

The d a t a  s t r o n g l y  sugges t  t h a t  p r o t e i n s  only i n t e r a c t  wi th  t h e  

extreme top p o r t i o n  of a l k y l  cha ins  under t h e s e  mobile phase 

condi t ions .  

R e s o l u t i o n  v a l u e s  of a d j a c e n t  peaks f o r  t h e  f i v e  p r o t e i n  t es t  

probes showed t h a t  no p a r t i c u l a r  column was opt imal  f o r  each p a i r  of 

p r o t e i n s ,  a l though a sum t o t a l  of r e s o l u t i o n  va lues  i n d i c a t e d  t h a t  

t h e  C 4  column was t h e  most v e r s a t i l e  (Table  3).  

e x i s t e d  between r e s o l u t i o n  and column e f f i c i e n c y  f o r  the v a r i o u s  

a l k y l  c h a i n s .  

No c o r r e l a t i o n  

A s i m i l a r  conclus ion  was reached when s i l i c a  type was 
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Figure  1 E f f e c t s  of n-alkyl  cha in  length  and mobile phase type on 
p r o t e i n  r e t e n t i o n  t i m e s .  0.41 x 5cm columns; 0.7 ml/min 
f low; ambient tempera ture ;  100 u1 i n j e c t i o n  volume; sample 
s i z e s  i n  o r d e r  of e l u t i o n ,  10 vg, 160 ug, 95 ug, 80 ug, 
145 ug, and 140 vg. A l l  chromatograms have t h e  same 
e l u t i o n  o r d e r  as def ined  i n  B .  A: C1g column, 
s o l v e n t  system was 0.1% ( v / v )  TFA i n  H20 i n t o  0.1% ( v / v )  
TFA i n  2-propanol. 
min. 8: C2 column, same e l u t i o n  c o n d i t i o n  as i n  A. C: 
C2 column, s a m e  e l u t i o n  c o n d i t i o n s  as in A except  
a c e t o n i t r i l e  rep laced  2-propanol. 

Gradient  w a s  0-80% s o l v e n t  B i n  40 
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t h e  v a r i a b l e  and cha in  length  was he ld  c o n s t a n t  a t  c8 (13). 

A c e t o n i t r i l e  o f f e r e d  b e t t e r  s e l e c t i v i t y  than  2-propanol i n  some 

c a s e s  (compare F ig .  1B with 1C). 

A r e c e n t  review (20)  noted t h a t  less than  2% of a l l  

reversed-phase s e p a r a t i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e  were done with 

s h o r t  a l k y l  cha in  s u p p o r t s .  This  is probably due t o  early cha in  

l e n g t h  s t u d i e s  which showed b e t t e r  s e l e c t i v i t i e s  of cha ins  LC8 f o r  

a v a r i e t y  of s m a l l  molecules (21-24) inc luding  s m a l l  p e p t i d e s  ( 2 5 ) .  

Issaq (26)  has  s t a t e d  t h a t  e a r l y  s t u d i e s  made no a t tempt  t o  opt imize  

s e p a r a t i o n  by normalizing the  r a t i o  of b i n a r y  mobile phase 

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

chain l e n g t h s .  When these  ad jus tments  were made, I ssaq  found t h a t  

s h o r t  cha ins  could have comparable s e l e c t i v i t y  (26) .  Such 

normal iza t ion  ad jus tments  were not requi red  i n  t h i s  s tudy because 

p r o t e i n  r e t e n t i o n  was found t o  be independent of cha in  l e n g t h .  

Never the less ,  t h e  u t i l i t y  of s h o r t  n-alkyl cha ins  i n  RPLC has thus  

f a r  not been f u l l y  e x p l o i t e d .  

In conclus ion ,  p r o t e i n  b inding  c a p a c i t y  was found t o  be 

g r e a t e s t  on C4 and c8. 

s e p a r a t i o n s  w a s  independent of cha in  l e n g t h  and s t a t i o n a r y  phase 

carbon c o n t e n t ,  whi le  r e s o l u t i o n  was opt imal  on t h e  C4 column. It  

is ev ident  t h a t  s h o r t  n-alkyl cha ins  can have advantages over  

c18 f o r  p r o t e i n  f r a c t i o n a t i o n .  

P r o t e i n  r e t e n t i o n  t i m e  f o r  a n a l y t i c a l  

Note added i n  proof  

The u t i l i t y  of s h o r t  a l k y l  cha in  columns has r e c e n t l y  been 

demonstrated f o r  HPU: of t r a n s f e r  r i b o n u c l e i c  a c i d  molecules (21)  
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508 PEARSON AND REGNIER 

where isoacceptor species have been fractionated in less than an 

hour. 
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