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ANALYSIS OF GROUP RETENTION CONTRIBUTIONS 
FOR PEPTIDES SEPARATED BY REVERSED PHASE 

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY* 

Suew-Jane Su, Bo r i s  Grego, B r ian  Niven 
and M i l t o n  T.W. Hearnt 

Immunopathology Research U n i t  and 
Biometr ics  U n i t ,  

U n i v e r s i t y  o f  Otago Medical School, 
P.O. Box 913, Dunedin, 

New Zealand. 

ABSTRACT 

Wi th in  t h e  framework provided by solvophobic theory,  
s e l e c t i v i t i e s  f o r  unprotected pept ides separated on f u l l y  
porous, m ic ropar t i cu la te ,  chemical ly  bonded a l k y l s i l i c a s  can 
be ascr ibed t o  d i f f e rences  between the  e f f e c t i v e  hydrophobic 
con tac t  areas of t.he so l  Utes. Furthermore , t h i s  t h e o r e t i c a l  
t reatment p r e d i c t s  t h a t  r e t e n t i o n  behaviour d i f f e rences  can 
be evaluated from topo log i ca l  parameters which accomodate the 
i n f l uence  o f  amino a c i d  s ide  chain and end group c o n t r i b u t i o n s  
i n  the  r e t e n t i o n  process. With data obtained f o r  57 pept ides,  
i n c l u d i n g  a v a r i e t y  o f  pept ide hormones, e lu ted  under the  same 
condi t ions from a LiBondapak c18 column, these p red ic t i cvs  have 
been r i g o r o u s l y  tes ted  us ing two methods of numerical analys is .  
The r e s u l t s  prov ide f u r t h e r  evidence t h a t  t he  hydrophobic 
group r e t e n t i o n  con t r i bu t i ons  o f  the amino a c i d  res idues i n  
small pept ides have an e s s e n t i a l l y  a d d i t i v e  e f f e c t  on pept ide 
r e t e n t i o n  w i t h  a l k y l s i l i c a s .  Divergences i n  r e t e n t i o n  

* High Performance L i q u i d  Chromatography o f  Amino Acids, Peptides 
an3 Proteins,  X X X V I I .  
see r e f .  ~ 1 1 .  
Author t o  whom r e p r i n t  requests should be sent a t  S t  V incent 's  
School o f  Medical Research, V i c t o r i a  Parade, Me1 bourne, 
V i c t o r i a ,  3065, A u s t r a l i a .  

For the  previous paper i n  the  se r ies  
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1746 SU ET AL. 

behaviour a re  i n t e r p r e t e d  i n  terms o f  s p e c i f i c  s i l a n o p h i l i c  
and s o l v a t i o n  i n t e r a c t i o n s .  

INTRODUCTION 

Reversed phase h i g h  performance l i q u i d  chromatography 
(RP-HPLC) has become f i rmly  e s t a b l i s h e d  as a power fu l  techn ique 

f o r  t h e  a n a l y s i s  and i s o l a t i o n  o f  u n d e r i v a t i s e d  pep t ides  [2,31. 

T h i s  technique predominant ly  depends upon t h e  hydrophobic 
expu ls ion  o f  i o n i s e d  p e p t i d i c  s o l u t e s  f rom p o l a r  mob i l e  phases 

w i t h  t h e  concommitant adso rp t i on  on to  t h e  su r face  o f  a non- 

p o l a r  s t a t i o n a r y  phase. 
pept ides  a re  re ta rded  t o  d i f f e r e n t  e x t e n t s  depending on t h e i r  

i n t r i n s i c  hyd rophob ic i t i es ,  t h e  e l u t r o p i c i t y  o f  t h e  mob i l e  

phase and t h e  na tu re  o f  t h e  hydrucarbonaceous s t a t i o n a r y  phase. 

Because o f  t h e i r  f avou rab le  mechanical and chemical cha rac te r -  

i s t i c s ,  t h e  f u l l y  porous, m i c r o p a r t i c u l a t e  chemica l l y  bonded 
a l k y l s i l i c a  supports have a t t r a c t e d  most a t t e n t i o n  as chromato- 
g raph ic  packings i n  RP-HPLC separa t ions  o f  pep t ides .  
t o  accomodate t h e  g r e a t  s t r u c t u r a l  d i v e r s i t y  which pep t ides  can 
e x h i b i t ,  a l a r g e  v a r i e t y  o f  mob i l e  phase combinat ions have been 

developed. 
cond i t i ons ,  p r e c i s e  c o n t r o l  over t h e  chromatographic d i s t r i b u -  
t i o n  processes can be achieved. The e f f e c t  o f  o rgan ic  s o l v e n t  
m o d i f i e r s  and t h e  p a r t i c i p a t i o n  o f  secondary chemical e q u i l i b r i a  

i n c l u d i n g  i o n i s a t i o n ,  p a i r i n g  i o n  and s o l v a t i o n  e f f e c t s ,  on 
pep t ide  r e t e n t i o n  t o  a1 k y l s i l  i c a  suppor ts  have rece ived  much 
d e t a i l e d  a t t e n t i o n  12,31. It has become apparent from these 

s tud ies  t h a t  t h e  na tu re  and r e l a t i o n s h i p  o f  t h e  amino a c i d  s i d e  
chains t o  i o n i s e d  cent res  have dominant i n f l u e n c e s  on t h e  
r e t e n t i o n  behaviour o f  pep t ides  w i t h  a l k y l s i l i c a s  under e l u t i o n  

c o n d i t i o n s  which i n v o l v e  aquo-organic s o l v e n t  mob i l e  phases of 

h i g h  t o  i n te rmed ia te  water  con ten t  cove r ing  t h e  range pH 2.0- 
7.0. 

Under these chromatcgraphic c o n d i t i o n s ,  

I n  o rde r  

By s u i t a b l e  man ipu la t i on  o f  t h e  mob i l e  phase D
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ANALYSIS OF GROUP RETENTION CONTRIBUTIONS 1747 

Considerable success has been achieved w i t h  t h e  p r e d i c t i o n  
o f  r e t e n t i o n  behaviour o f  n e u t r a l  and p o l a r  so lu tes ,  such as 

benzene d e r i v a t i v e s  and weak o rgan ic  ac ids  and bases, on 
reversed phases from q u a n t i t a t i v e  es t imates  o f  s o l u t e  hydrophob- 

i c i t i e s .  I n  many cases, these es t imates  have been based on such 
t o p o l o g i c a l  i n d i c e s  as t h e  HansLh IT cons tan ts  d e r i v e d  from 
c l a s s i c a l  n -oc tano l /water  p a r t i  t i o n  c o e f f i c i e n t s  and r e l a t e d  para- 

meters. Witii homologous pep t ides  i t  has been no ted  [2 ,4-6]  t h a t  

t h e  r e t e n t i o n  behaviour appears t o  f o l l o w  t h a t  p r e d i c t e d  on t h e  

b a s i s  o f  t h e  summated hydrophobic c o n t r i b u t i o n  f rom each amino 
a c i d  s i d e  chain.  

s t r a t e d  [41 a l i nea i -  dependency e x i s t s  between Rn k’ and t h e  
number o f  res idues  f o r  a l a n i n e  ol igomers.  

pept ides ,  such approaches have met w i t h  more l i m i t e d  successes 
presumably due t o  t h e  p a r t i c i p a t i o n  o f  secondary c o n d i t i o n a l  

e f f e c t s  i n  t h e  r e t e n t i o n  process. It i s  apparent f rom data  
presented  [2,4-111 from severa l  l a b o r a t o r i e s  t h a t  w i t h  some 
s t r u c t u r a l l y  u n r e l a t e d  pep t ides  t h e  r e t e n t i o n  o rde r  can pre-  
dominant ly  be equated w i th  the  amino a c i d  compos i t ion .  

w i t h  pep t ide  p o s i t i o n a l  isomers and analogues, s u b t l e  s e l e c t i v i t y  

d e v i a t i o n s  have been descr ibed which cannot s imp ly  be accomodated 
i n  terms o f  t h e  summated hydrophobic c o n t r i b u t i o n  o f  each amino 

a c i d  res idue.  Anomalies o f  t h i s  t ype  have been a t t r i b u t e d  t o  
p o l a r  i n t e r a c t i o n s  between t h e  pep t ide  and t h e  s t a t i o n a r y  phase, 

competing p r o t i c  o r  p a i r i n g  i o n  d i s s o c i a t i o n  e q u i l i b r i a ,  

hydrogen bonding i n t e r a c t i o n s  and conformat ion  e f f e c t s .  Desp i te  
t h e i r  obvious l i m i t a t i o n s ,  t a b l e s  o f  r e t e n t i o n  c o e f f i c i e n t s  
and group c o n t r i b u t i o n s  have r e c e n t l y  been used [5,7,91 t o  

p r e d i c t  p e p t i d e  r e t e n t i o n ,  i n  some cases w i t h  s u r p r i s i n g l y  h i g h  
c o r r e l a t i o n  betwecn t h e  a c t u a l  and t h e  p r e d i c t e d  r e t e n t i o n  

o rde rs  f o r  pep t ides  up t o  ca 20 res idues .  I n  most e a r l i e r  
s tud ies ,  t h e  procedures used t o  d e r i v e  i n d i v i d u a l  amino a c i d  

group r e t e n t i o n  c o n t r i b u t i o n  va lues  have been based t 6 , 1 2 , 1 3 1  

For example, Molnar and Horvath have demon- 

Wi th  most o t h e r  

However 
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1748 SU ET AL. 

on r e p e t i t i v e  reg ress ion  a n a l y s i s  assoc ia ted  w i t h  f o r c i n g  

r o u t i n e s .  
r e t e n t i o n  can be descr ibed s o l e l y  i n  terms o f  i d e a l  reversed 

phase behaviour.  
c l o s e l y  some o? t h e  assumptions used i n  t h e  c o m p i l a t i o n  of amino 

a c i d  r e t e n t i o n  c o e f f i c i e n t s  f rom RP-HPLC data  f o r  pept ides .  

t h i s  end, we have a p p l i e d  two methods o f  numerical  a n a l y s i s ,  us ing  

chromatographic da ta  accumulated f o r  va r ious  pep t ides ,  t o  assess 
t h e  r e l i a b i l i t y  o f  such approaches i n  t h e  p r e d i c t i o n  o f  re ten -  

t i o n  behaviour o f  pept ides  on s i l  ica-bonded non-po la r  s t a t i o n a r y  

phases. 

The bas i s  o f  these c a l c u l a t i o n s  assumes t h a t  p e p t i d e  

The purpose o f  t h i s  paper was t o  examine more 

To 

MATERIALS AND METHODS 

The HPLC system was assembled from modular components and 

cons is ted  o f  two Model 600A s o l v e n t  del iverypumps, a M660 

s o l v e n t  programmer, a U6K u n i v e r s a l  chromatographic i n j e c t o r  
and a Model 450 v a r i a b l e  wavelength UV d e t e c t o r ,  a l l  f rom 

Waters Assoc. , (Milford,Mass, U.S.A.) and a Rikadenki  dual  

channel recorder .  Sample i n j e c t i o n s  were made w i t h  M i c r o l i t e r  

# N O  Syr inges f rom Hamil t o n  Co. , (Reno, Nev. , U.S.A). The 

sources and c h a r a c t e r i s a t i o n  o f  t h e  pep t ides  used i n  t h i s  s tudy  

have been g iven p r e v i o u s l y  [51 .  A l l  amino ac ids  except g l y c i n e  

were of t h e  L -con f igu ra t i on .  A l l  so l ven ts  and chemicals were 

AnalaR grade, water was de- ion ised by reve rse  ozmosis ( M i l l i - Q )  
and double d i s t i l l e d .  A l l  chromatograms were c a r r i e d  o u t  a t  
ambient temperature (g 18'). 

w i t h  l i n e a r  g rad ine ts  o f  a c e t o n i t r i l e  (0.83% per  min.) cornmen- 

c i n g  w i t h  50mM sodium dihydrogen phosphate-15mM or thophosphor ic  

a c i d  (pH 2.65) a t  Omin. a f t e r  i n j e c t i o n .  The f i n a l  e l u t i o n  

c o n d i t i o n  was 50% aceton i  t r i  le-50% water-50mM sodium d i  hydrogen 
phosphate-15mM cr thophosphor ic  ac id .  
was e q u i l i b r a t e d  t o  i n i t i a l  c o n d i t i o n s  f o r  a t  l e a s t  30min. 

f o l l o w i n g  a g r a d i e n t  e l u t i o n  exper iment.  

The pep t ides  were chromatographed 

The VBondapak CI8 column 

The f l o w  r a t e  was 
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ANALYSIS OF GROUP RETENTION CONTRIBUTIONS 1749 

l.Oml/min. 

m a t e r i a l  i n j e c t e d  i n  volumes o f  5 - 1 0 ~ 1 .  The r e l a t i v e  c a p a c i t y  

f a c t o r s  f o r  g r a d i e n t  e l u t i o n  exper iments were c a l c u l a t e d  i n  t h e  
usual  way us ing  NaN03 t o  c a l i b r a t e  t h e  column v o i d  t ime.  

A Burroughs 6700 computer was used t o  analyse r e t e n t i o n  

c o e f f i c i e n t s  o f  amino ac ids .  Programme 1, w r i t t e n  i n  Pascal 

language, was used t o  pe r fo rm r e p e t i t i v e  reg ress ion  a n a l y s i s  v i a  

a f o r c i n g  r o u t i n e .  Programme 3, w r i t t e n  i n  A lgo l  language, was 
used tr, perfoi-m a mathematical a n a l y s i s  by s o l v i n g  l i n e a r  

equat ions .  A sub rou t ine  (VLINEANIMPRV, Burroughs 6700 numerical  

a n a l y s i s  programne l i b r a r y )  w r i t t e n  i n  F o r t r a n  was inc luded  i n  

Programme 3 t o  so l ve  l i n e a r  equat ions by Gaussian e l i m i n a t i o n  

w i t h  p a r t i a l  p i v o t i n g .  Programme 2, w r i t t e n  i n  Pascal was 
used t o  conver t  t h e  i n p u t  f i l e  b f  programme 1 t o  t h e  i n p u t  

f i l e  f o r  programme 3. 

f o r  these two d i f f e r e n t  methods o f  a n a l y s i s .  

Sample s i z e s  v a r i e d  between 5 and 1Opg p e p t i d e  

There fore  o n l y  one i n p u t  f i l e  i s  needed 

RESULTS AND DISCUSSION 

T h e o r e t i c a l  Cons i d e r a t i  ons . 
I n  most p rev ious  RP-HPLC s tud ies ,  t h e  chromatographic 

process has been viewed as a s e r i e s  o f  r e v e r s i b l e  a s s o c i a t i o n s  

between t h e  s o l u t e  molecules,  S1, S2 .. . S and t h e  hydrocarbon- 
aceous l igand,  L. I n  t h e  absence o f  e l e c t r o s t a t i c  o r  hydrogen 

bonding e f f e c t s ,  t h e  s o l u t e - s t a t i o n a r y  phase i n t e r a c t i o n s  w i l l  
thus  be c h a r a c t e r i s t e d  by a s e t  o f  e q u i l i b r i u m  a s s o c i a t i o n  
cons tan ts ,  K1, K2, ... Kn w i t h  s o l u t e  r e t e n t i o n  determined 

s o l e l y  be t h e  n a t u r e  o f  t he  solvophobic s o l u t e - l i g a n d  associa- 
t i o n s .  So lu te  r e t e n t i o n  i n  RP-HPLC i s  u s u a l l y  expressed i n  

terms o f  t h e  c a p a c i t y  f a c t o r ,  k’, which i s  p r o p o r t i o n a l  t o  t h e  

e q u i l i b r i u m  a s s o c i a t i o n  cons tan t ,  such t h a t  i n  t h e  general  case 

t h e  c a p a c i t y  f a c t o r  f o r  t he  so lu te ,  Si, i s  g i ven  by 

n 

....( 1) 

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



1750 

[SiL1 
[Si1 t L 1  where Ki = 

SU ET AL. 

* .  . . (2 )  

and $ is the phase ratio, (volume stationary phase)/(volume 
mobile phase). 

graphy, column selectivity between two peptides, Si and S 
be expressed as 

Under conditions of ideal linear liquid-liquid chromato- 
can 

j y  

Rn c1 = Rn ki/kj . . . . ( 3 )  i ,j 
Since the separation of peptides by classical liquid- 

liquid partition chromatography and RP-HPLC has a similar 
physico-chemical basis, it is thus possible to relate selec- 
tivities to both the partition and the association coefficients, 
i . e .  

En aiYj = Rn ‘i/Pj = Rn K .  ’/Kj . . . (4) 

j 
where Pi and P. are the partition coefficients and Ki and K 

the association coefficients of the peptides, Si and S 
respectively for a particular mobile phase-stationary phase 
combination. The liquid-liquid partition model presupposes 
that the bonded hydrocarbonaceous ligand acts as a bulk liquid. 
As has been pointed out in several studies [14-161, bonded 
monolayers of octyl- or octadecyl-phases differ from ideal 
liquids due to the relatively ordered nature of the alkyl 
chains. However, determination of the Langmuir adsorption 
isotherms for a number of organic solvent-water systems in 
contact with hydrocarbonaceous phases has shown [17-191 ‘that 
the organic solvent is distributed between the mobile and 
stationary phases. The non-polar phase thus takes on the 
characteristics of a dynamically coated support which bears a 
close surface similarity to nonbonded, physically coated 
classical liquid-liquid partition chromatographic systems. 

J 
jy 
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ANALYSIS OF GROUP RETENTION CONTRIBUTIONS 1751 

I f  we consider two pept ides o f  s i m i l a r  sequence d i f f e r i n g  

o n l y  by one amino ac id  residue, then the  group r e t e n t i o n  
c o n t r i b u t i o n  T due t o  the d i f f e r e n t  amino a c i d  can be def ined 

as 
. . . . (5) i , j  

. r = ~ n a  

where a i s  t he  s e l e c t i v i t y  c o e f f i c i e n t  o f  t he  two pept ides,  

Si and S 
d i f f e rences  i n  the  o v e r a l l  standard u n i t a r y  f r e e  energy 

changes associated w i t h  the t r a n s f e r  o f  t he  pept ide so lutes 

from the  mobi le t o  the  s t a t i o n a r y  phase. 
as elaborated by Sinanoglu and coworkers ~ 2 0 1 ,  has been 

successfu l ly  adapted by Horvath e t  a1 . [211 t o  permi t  an 

eva lua t i on  o f  these f r e e  energy terms. According t o  t h i s  
approach, the surface area, AAs, o f  t he  s o l u t e  molecule i n  

contact  w i t h  the  non-polar s t a t i o n a r y  phase p lays a s i g n i f i c a n t  
r o l e  i n  determining the  magnitude o f  t he  hydrophobic i n t e r a c -  

t i ons .  Since l i n e a r  f r e e  energy r e l a t i o n s h i p s  are a lso  a n t i c i -  
pated between bu lk  phase p a r t i  t i o n  parameters and f u n c t i o n a l  
group con t r i bu t i ons ,  l i n e a r  r e l a t i o n s h i p s  should e x i s t  between 

r e t e n t i o n  behaviour, as expressed by Rn k' values, and t h e  
hydrocarbonaceous surface areas o f  the so l  Utes. 

s e t  o f  chromatographic cond i t i ons  s e l e c t i v i t y  can be evaluated 
from an analys is  o f  the d i f f e rences  i n  e f f e c t i v e  hydrophobic 

con tac t  areas, i . e .  from an ana lys i s  o f  t h e  A ( A A ~ )  terms. 
Experimental s tud ies w i t h  non-polar so lu tes  , weak ac ids and 

weak bases have genera l l y  been i n  good agreement w i t h  these 
t h e o r e t i c a l  considerat ions.  For example, RP-HPLC studies w i t h  
benzoic ac ids have revealed [22 ]  a l i n e a r  dependence o f  selec- 

t i v i t y  parameters on topo log i ca l  ind ices,  t he  general form o f  
t h i s  r e l a t i o n s h i p  being 

The T c o n t r i b u t i o n  i s  thus a f u n c t i o n  o f  t he  j' 

Solvophobic theory,  

Under a def ined 

En ai , j  = api , j  + b  . . . . (6) 

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



1752 SU ET AL. 

where p .  i s  an approp r ia te  f u n c t i o n a l  group c o n t r i b u t i o n  

such as t h e  Hansch IT terms, t h e  Rekker h y d r o p h o b i c i t y  fragmental 
cons tan ts  o r  analogous terms. 

and small  pep t ides  appears [ Z ~ I  t o  f o l l  ow s i m i l a r  dependencies 
when e l u t e d  i s o c r a t i c a l l y  f rom a l k y l s i l i c a s  w i t h  l ow  pH mob i l e  

phases. 
I n  many cases, t h e  separa t i on  o f  complex m ix tu res  o f  

pept ides  by RP-HPLC r e q u i r e s  g r a d i e n t  e l u t i o n  c o n d i t i o n s .  Over 
t h e  range 0-100% organ ic  s o l v e n t  m o d i f i e r ,  b inoda l  dependencies 
o f  Rn k’ values f o r  pept ides  and po lypep t ides  on t h e  volume 
percentage o f  t h e  o rgan ic  s o l v e n t  have been observed t24-261. 

Over t h e  opera t i ona l  l i m i t s  commonly employed i n  g r a d i e n t  

e l u t i o n  o f  pep t ides  f rom a l k y l s i l i c a s  w i t h  such s o l v e n t  m o d i f i e r s  
as a c e t o n i t r i l e  o r  2-propanol, i . e .  up t o  ca 50% organ ic  s o l v e n t  
con ten t ,  t h e  dependence o f  Rn k’ on t h e  volume f r a c t i o n ,  I), can 
however be approximated t o  a l i n e a r  r e l a t i o n s h i p  [ 2 , 5 , 9 1 .  As 
a consequence, under l i n e a r  s o l v e n t  s t r e n g t h  g r a d i e n t  e l u t i o n  
c o n d i t i o n s  encompassing t h i s  r e s t r i c t e d  range o f  mob i l e  phase 

composi t ions,  t h e  so lvophob ic  model a n t i c i p a t e s  l i n e a r  inc reases  
i n  k’ (apparent)  as amino a c i d  res idues  a r e  added i n  an ordered 
manner t o  a homologous p e p t i d e  se r ies ,  i . e .  t h e  k’ (apparent)  
va lue  o f  a pep t ide  can be expressed i n  terms o f  summated group 

c o n t r i b u t i o n s  such t h a t  

1 ,j 

The r e t e n t i o n  o f  amino ac ids  

k T  ,app = cncnxn f d . . . ( 7 )  

where cn i s  a numerical  f a c t o r  i n d i c a t i n g  t h e  i nc idence  o f  a 
g i ven  fragment i n  t h e  s t r u c t u r e  and xn represents  t h e  group 

r e t e n t i o n  c o n t r i b u t i o n  due t o  amino ac id ,  n. 
c i rcumstance when o n l y  so lvophob ic  i n t e r a c t i o n s  med ia te  t h e  

r e t e n t i o n  process t h e  i n t e r c e p t  term, d, should have t h e  va lue  
zero .  

non p o l a r  e q u i l i b r i u m  i n t e r a c t i o n s ,  t h e  i n t e r c e p t  term, d ,  may 

I n  t h e  i d e a l  

When t h e  s o r p t i o n  process i n v o l v e s  competing p o l a r  and 
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ANALYSIS OF GROUP RETENTION CONTRIBUTIONS 1753 

diverge from zero.  Curvilinear re la t ionships  between k’ 
( ac tua l )  and k’ 
circumstances. Using data obtained with 72 d i f f e ren t  so lu tes  
(Table 1 ) ,chromatographed on the same iJBondapak C18 column 
under ident ical  e lut ion condi t ions,  the assumptions e x p l i c i t  
t o  the solvophobic model have been examined using two methods 
of numerical ana lys i s ,  namely mult iple  regression via an 
i t e r a t i v e  forcing procedure and by a mathematical rout ine f o r  
solving l t nea r  equations. 
analysis  tan be expanded t o  include memory parameters which 
accomodate amino acid residue t r i p l e t  orders  and hence 
recognise sequence fea tures .  
would require  f o r  the common protein amino ac ids  a t  l e a s t  
9261 data  points ,  we have l imited the  present  ana lys i s  t o  
non-isomeric peptides.  
Forcing Approach. 

?he s t a t i s t i c a l  framework of mu1 t i p l e  regression ana lys i s  
with forcing,  i . e .  the  introduction of a few a r b i t a r i l y  chosen 
data points such t h a t  the in te rcept  term, d ,  has a negl ig ib le  
value and the  predicted and actual values a re  equal , has 
previously been applied [12,13,22] f o r  the evaluat ion of s e t s  
of equations of the type of eqn. 7 t o  obtain the desired set  
o f  hydrophobic group contr ibut ion coef f ic ien ts  f o r  polar  so lu t e s .  
Meek has used [61 t h i s  approach t o  der ive re ten t ion  coe f f i c i en t  
values f o r  peptides chromatographed on a BioRad ODS support. 
In the  present study, the s t a r t i n g  values f o r  the group reten- 
t i on  cont r ibu t ion ,  xn ,  for  the 26 amino ac ids  and end groups 
were obtained by p lo t t ing  the k’ (apparent) values of oligo- 
meric peptides vs-rsus the number of res idues ,  n .  The s lope 
of these p lo t s  equals the amino acid group re ten t ion  cont r i -  
bution per res idue,  the in te rcepi  a t  n=O represents  the  end 
group contr ibut ion.  In other  cases ,  s t a r t i n g  values of the 
group re ten t ion  contr ibut ion were computed from data  reported 

aPP 
(predicted)  will  a l s o  r e s u l t  i n  these 

a PP 

Both these methods of numerical 

Since these expanded subroutines 
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TABLE I .  

L i n e a r  Sequences o f  Pep t ides  used i n  t h e  P resen t  Study* 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 

LW 
LWMRF 
LWMR 
LWM 
RF 
RFA 
MRF 
MRFA 
AY 
PY 
LY 
V Y  
Y Y Y  
AK 
YTPYA 
KG 

43. TGQIFK 
44. QTYSK 
45. ETYSK 
46. FDTNSHNDDALLK 
47. DMDKVETFLR 
48. IVQCRSVEGSCGF 
49. LHQLAFDTYEEFDPETSLCFSESIPTPSNRNYGLLYCFR 
50. DRVYIHP 
51. FF 
52. FFF 
53. FFFF 
54. FFFFF 
55. YGGFLTSEKSQTPLVTLFKNAI IKNAHKKGQ 
56. YGGFMTSEKSQTPLVTLFKNAI IKNAHKKGQ 
57. YGGFMTSEKSQTPLVTL 

AG 
GV 
GF 
VL 
FA 
GLY 
vv 
DRVY IHPFHL 
DRVY IHPF 
GIVEQCCASVCSLYQLENY CN 
FVNQHLCGSHLVEALY LVCGERGFFYTPKA 
FVQWLMNT 
GLA 
HSQGTFTSDY SKY LDSRRAQDFVQY LMNT 
FPTIPLSR 
LFDNAMLR 
AHR 
LHQLAFDTYEEFEEAYIPK 
EQK 
YSFLQDPETSLCFSESIPTPSNRNYGLLYCFR 
EETQK 
SNLQLLR 
ISLLLIQSWLEPVEFLR 
SVFANSLVYGASNSDVYDLLK 
CLEEGI ETLMGR 
LEDGSPR 

* The one l e t t e r  code f o r  t h e  amino a c i d s  i s  as g i v e n  by Dayhof f  i n  
A t l a s  o f  P r o t e i n  Sequence and S t r u c t u r e  ( N a t i o n a l  B iomedica l  Research 
Foundation, S i l v e r  Spr ing,  Md., U.S.A., 19721, see a l s o  Table 11. 
A lso  i n c l u d e d  i n  t h e  c o m p i l a t i o n  o f  Xn va lues  were a d d i t i o n a l  
chromatographic d a t a  f o r  15 amino a c i d s  and homologues. 
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ANALYSIS OF GROUP RETENTION CONTRIBUTIONS 1755 

by Meek [ 6 , 7 1 .  

the p red ic ted  k’ (apparent) values were then ca l cu la ted  by 

summing the group r e t e n t i o n  c o n t r i b u t i o n  f o r  each amino a c i d  
and end groups. 
between the  p red ic ted  and observed k’ (apparent) Val ues , 0.2 
( o r  any other  value which can be s p e c i f i e d  i n  the  imput o f  

programme 1) was added t o  t h e  X-value o f  an amino a c i d  o r  end 
group. The p red ic ted  k’ (apparent)  values o f  a l l  pept ides were 

then reca lcu la ted  and new c o r r e l a t i o n  c o e f f i c i e n t s  between 

these and observed k’ (apparent) values were again ca lcu lated.  
I f  t h e  new c o r r e l a t i o n  c o e f f i c i e n t s  improved, i .e. g rea te r  
than the  c o r r e l a t i o n  c o e f f i c i e n t  before mod i f i ca t i on ,  then 

0.2 ( o r  another appropr ia te value) was added t o  the X-value o f  
t h a t  amino a c i d  or end group> otherwise the  o r g i n a l  X-value was 

kept. 

see whether mod i f i ca t i on  o f  the o r i g i n a l  X-value was needed, 

0.2 ( o r  another appropr ia te value) was sequen t ia l l y  subt racted 
from each amino a c i d  X-value i n  t u r n  and c o r r e l a t i o n s  were again 
ca l cu la ted  a f t e r  each subs t rac t i on  t o  decide whether t h e  change 
was needed. 

s p e c i f i e d  i n  the i n p u t  o f  programme 1, which i n  general ,  i nvo l ved  

a t  l e a s t  20 repeat  e n t r i e s .  A t  t h e  end o f  t he  c y c l i n g  procedure 
the  slopes o f  t h e  p l o t s  o f  k’ (observed) versus k’ (pre- 

d i c t e d )  were ca lcu lated,  t h e  X-values normal ised 161 and t h e  

above cycles repeated u n t i l  opt imal c o r r e l a t i o n  was obtained. 
Fig.  1, shows the  p l o t  o f  k’ (observed) versus k’ (pre- 
d i c t e d )  f o r  t he  pept ide data analysed i n  t h i s  way. 
Mu1 t i p l e  L inear  Equation Approach. 

amino a c i d  i s  t r e a t e d  as an unknown xi. 
observed r e t e n t i o n  times and known amino a c i d  compositions 
are l i s t e d  as a ser ies o f  equations by t h e  computing 
programme 2 i n  the  form 

With the  s e t  o f  pept ides l i s t e d  i n  Table I ,  

A f t e r  c a l c u l a t i n g  the c o r r e l a t i o n  c o e f f i c i e n t  

A f t e r  a l l  26 amino ac ids and end groups were tes ted  t o  

These two cyc les were repeated f o r  t he  times 

aPP aPP 

aPP aPP 

I n  t h i s  approach the group r e t e n t i o n  c o n t r i b u t i o n  o f  each 
Peptides w i t h  
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a 
8 
a 

a 

% 
* a  

a 

a 

a 

10 20 30 
k’ (observed) 

OPP 

Figure 1. Correlation of observed k’ (apparent) versus k’ 
(apparent) predicted from the  summation of the group re ten t ion  
contr ibut ions f o r  amino acids  and end groups. 
group retent ion contr ibut ions were computed via a forcin:! 
approach using chromatographic data f o r  peptides l i s t e d  in 
Table 1. 

Values f o r  the 

allxl t a12x2 + ... + a x In n = bl 

aZ1x1 + a 2 2 ~ 2  + ... + a2nxn = b2 

amlxl + am2x2 + ... + amnXn = bn 

Computing programme 3 rewri tes  these equations in  a more 
usual mathematical form: AX=b where 
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ANALYSIS OF GROUP RETENTION CONTRIBUTIONS 1757 

A =  
11 a 

[am- 

a12 ... 

am2 ... 

= iJ 
Here we have more equat ions than t h e  number o f  unknowns, t h e r e f o r e  

a unique s o l u t i o n  w i l l  n o t  u s u a l l y  e x i s t .  Because t h e  observed 
r e t e n t i o n  t imes are  s u b j e c t  t o  exper imenta l  e r r o r s ,  i n s t e a d  

o f  choosing a p a r t i c u l a r  number, n, f rom t h i s  s e t  o f  equat ions ,  

t h e  method o f  l e a s t  squares was a p p l i e d  t o  f i n d  a s o l u t i o n .  

T h i s  method u s e s a l l  t he  i n f o r m a t i o n  i n  t h e  complete s e t  o f  

equat ions .  
which i s  a s e t  o f  l i n e a r  equa t ion  

unknowns [ X I .  These equat ions  can then be so l ved  by s tandard  

procedures, e.g. by t h e  Gaussian e l i m i n a t i o n  procedure.  

F i g .  2 shows t h e  p l o t  o f  k’ 
u s i n g  t h e  c a l c u l a t e d  xn values f o r  t h e  amino a c i d s  and end 

groups ob ta ined  by t h i s  procedure. 

Comparison o f red ic ted  Versus Observed Reten t ion  Behaviour 

o f  Pept ides.  

cha in  p roper  makes o n l y  a ve ry  smal l  c o n t r i b u t i o n  t o  t h e  

r e t e n t i o n  process f o r  pep t ides  on reversed phases e l u t e d  under 

T T The s o l u t i o n  i s  ob ta ined  by s o l v i n g  (A A)x = (A b ) ,  
w i t h  n equat ions  and n 

(observed) versus k’ ( p r e d i c t e d )  
aPP aPP 

Several  s t u d i e s  have concluded [ 2 , 4 , 5 1  t h a t  t h e  pep t ide  
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I 

a 

a 

a 

0 

lo I 20 30 
kOpp (observed 1 

Fi ure 2. Correlation of observed k’ (apparent) versus k’ P-- apparent) predicted from the summation of the group retention 
contributions for amino acids and end groups. 
group retention contributions were computed via the multiple 
linear equation approach using chromatographic data for 
peptides listed in Table 1. 

Values for the 

I 

10 20 30 40 
Residue Number 

Figure 3. 
amino acid residues. 

Plot of observed k’ (apparent) versus number o f  
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l ow pH c o n d i t i o n s  w i t h  aquo-organic s o l v e n t  e luen ts .  

more, i t  has been concluded [2,5,281 t h a t  p e p t i d e  s i z e ,  per  se, 
has l i t t l e  e f f e c t  on r e t e n t i o n  which depends r a t h e r  on t h e  

e f f e c t i v e  hydrophobic c o n t a c t  area. 

t h e  da ta  shown i n  F igs .  1-3 p rov ide  f u r t h e r  suppor t  f o r  these 

conc lus ions  and the  c o r o l l a r y  t h a t  r e t e n t i o n  behav iour  o f  a 

p a r t i c u l a r  p e p t i d e  f o l l o w s  t h e  e x t e n t  o f  i t s  i o n i s a t i o n .  For 
example, as t h e  pH o f  t he  mob i l e  phase was increased over t h e  

range pH 2 . 5 - 7 . 0  t h e  r e t e n t i o n  o f  p e p t i d e s r i c h  i n  a c i d i c  amino 

a c i d  res idues ,  e.g. pep t ides  37, 41, tended t o  decrease w h i l s t  

pep t ides  r i c h  i n  bas i c  amino a c i d  res idues ,  e.g. pep t ides  6, 30, 

tended t o  have increased k’  (apparent )  values. Because pep t ides  

c o n t a i n i n g  bas i c  amino a c i d  res idue  exper ience d im in i shed  

r e t e n t i o n  w i t h  phosphate mob i l e  phases o f  low pH, i t  i s  l i k e l y  

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

augmented by t h e  usual  dependency o f  c a p a c i t y  f a c t o r  on i o n i c  
s t reng th .  

As i s  e v i d e n t  f rom F i g .  1 and 2, a h i g h  degree o f  co r re -  

l a t i o n  i s  ob ta ined  between k’ (observed) and k’ ( p r e d i c t e d )  
u s i n g  t h e  va lues  of xn (Tab le  11) d e r i v e d  by bo th  methods o f  

numerical  a n a l y s i s .  It i s  apparent from these and assoc ia ted  

s t u d i e s  r e p o r t e d  by Meek and coworkers r6,71 t h a t  amino a c i d  

s i d e  cha in  h y d r o p h o b i c i t i e s  a r e  t h e  major  s o l u t e  f a c t o r  i n  

de te rm in ing  pep t ide  r e t e n t i o n  t o  a l k y l s i l i c a s  w i th  low pH 

e l u e n t s  c o n t a i n i n g  h y d r o p h i l i c  b u f f e r  i ons .  
be seen from F igs .  1 and 2, and as man i fes ted  by t h e  co r re -  

l a t i o n  c o e f f i c i e n t s  o f  0.973 and 0 .972  ob ta ined  by  t h e  f o r c i n g  
and t h e  m u l t i p l e  l i n e a r  equa t ion  approaches, t h e  f i t  o f  t h e  
da ta  p o i n t s  t o  a s t r a i g h t  l i n e  f a l l s  s h o r t  o f  t h e  expec ta t i ons  

based s o l e l y  on t h e  so lvophob ic  model. Several  o f  t h e  

assumptions made i n  these c a l c u l a t i o n s  may be respons ib le  f o r  
t h e  observed divergence f rom t h e  p r e d i c t e d  l i n e a r  r e l a t i o n s h i p s .  

For ins tance,  no c o r r e l a t i o n  terms have been inc luded  i n  t h e  

F u r t h e r -  

The t rends  e v i d e n t  f rom 

aPP aPP 

However, as can 
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E n t r y  Code 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 

A 
6 

C 

D 
E 

F 
G 

H 
I 
J 
K 
L 
M 
N 
0 

P 
4 
R 
S 

T 
U 

V 
W 
X 
Y 

Z 

Name 

A1 a 
no r  Val 

CYS 

As P 
G1 n 
Phe 

G I Y  
H is  

I l e  
nor  Leu 

LYS 
Leu 

Met 

As n 
hydroxy Pro 

Pro 

G1 u 

Ser 
Thr 

pG1 u 
Va 1 

T r P  
homo Ser 

TYr 
hydroxy Lys 

Arg 

1760 SU ET AL. 

TABLE 11. 

Group Re ten t ion  C o n t r i b u t i o n s  f o r  Amino Acids Residues 

- - - _ _  - 

@ [ NH2, COOH end group 

Frequ- 
ency 

23 
- 

11 

20 
28 
47 
27 
13 
17 
- 

24 
53 

9 
19 
- 
19 
22 
21 
36 
28 
- 

25 
2 
- 

34 
- 

57 

x, ( f o r c i  ng) 

-0.296 
- 

-1.500 
2.171 
0.454 
2.782 

-0.770 
-3.276 
6.196 

- 
-0.405 

3.424 
3.562 

-1.687 
- 

-0.306 
-0.651 
-1.184 

0.405 
-0.987 

- 
1.253 

-0.099 
- 

1.145 
- 

0.829 

xJsolv ing) 

-0.121 
- 

-1.252 
1.918 
0.442 
2.522 

-0.816 
-2.673 

5.800 
- 

-0.532 
3.160 
3.566 

-1.757 
- 

-0.396 
-0.764 
-1.370 

0.664 
-0.790 

- 
1.079 

-0.278 
- 

0.896 
- 

1.537 
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ca lcu la t i ons  t o  accomodate d i f f e rences  i n  s p e c i f i c  e l e c t r o s t a t i c  

and hydrogen bonding i n t e r a c t i o n s  which a re  known t o  a r i s e  

du r ing  the  d i s t r i b u t i o n  o f  i on i sed  pept ides between p o l a r  

mobi le phases and hydrocarbonaceous s i l i c a s .  

o f  the s t a t i o n a r y  phase surface o f  a1 kyl-bonded s i  1 i cas  has been 

examined ~ 2 4 , 2 5 1  i n  several  d e t a i l e d  i n v e s t i g a t i o n s  on pept ide 

s e l e c t i v i t y .  Even w i t h  w e l l  ’capped’ a l k y l s i l i c a s  o f  h igh 

carbon coverage, unprotected pept ides show dual r e t e n t i o n  

behaviour t y p i f i e d  by the concave b inodal  dependence o f  Ln k’ 

on the  volume f r a c t i o n  o f  water i n  t h e  mobi le phase. 

r e t e n t i o n  behaviour has been a t t r i b u t e d  t o  composite solvophobic- 
s i l o p h i l i c  inheract ions.  I n  add i t i on ,  s p e c i f i c  s o l v a t i o n  e f f e c t s  

dependent on t h e  nature and concentrat ion o f  t he  organic  so l ven t  
m o d i f i e r  can lead [5 ,91  t o  i nd i v idua l  s e l e c t i v i t y  d ivergencies 

f o r  some pept ides.  

i s  u n l i k e l y  t h a t  these e l e c t r o s t a t i c ,  hydrogen bonding o r  

s o l v a t i o n  components i n  the  so rp t i on  process remain 

f o r  d i f f e r e n t  pept ides.  A f u r t h e r  assumption, as y e t  l i t t l e  
discussed i n  t h e  l i t e r a t u r e  on pept ide separat ion by g rad ien t  

e l u t i o n  RP-HPLC, r e l a t e s  t o  the nature o f  the g rad ien t  shape. 

For l i n e a r  so lvent  s t reng th  g rad ien t  e l u t i o n ,  i t  i s  assumed 
t h a t  t he  p l o t s  o f  Rn k’ f o r  each s o l u t e  Si, S j  ... versus 

separat ion t ime, t, a f t e r  t h e  s t a r t  o f  t he  g rad ien t  w i l l  be 

l i n e a r  and w i l l  have the  same slope. As i s  ev ident  from 

g rad ien t  e l u t i o n  s tud ies o f  t r y p t i c  d iges ts  o f  p r o t e i n s  

[2 ,29 ,301  l i n e a r i t y  o f  En k’ versus t over a wide range o f  t 
cannot always be a n t i c i p a t e d  w i t h  pept ides.  

The r e s u l t s  repor ted here, nevertheless , g ive  ample 

evidence t h a t  t h e  hydrophobic group r e t e n t i o n  c o n t r i b u t i o n  o f  

t he  amino a c i d  residues i n  small pept ides have an e s s e n t i a l l y  

a d d i t i v e  e f f e c t  on pept ide r e t e n t i o n  t o  o c t a d e c y l s i l i c a s .  

With l a r g e r  pept ides,  where secondary and t e r t i a r y  s t r u c t u r a l  

features are l i k e l y  t o  be important,  greater  dev ia t i ons  f rom 

The heterogenei ty  

This dual 

From the  s c a t t e r i n g  o f  the data po in ts ,  i t  

constant 
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an a d d i t i v e  e f f e c t  can be a n t i c i p a t e d .  

t h e  cho ice  o f  mob i l e  phase compos i t ion  w i l l  have a p ro found 

e f f e c t  on r e s o l u t i o n  and sample recovery .  FOi- example, i t  i s  
a common exper ience w i t h  l a r g e r  o r  more hydrophobic pep t ides  

and po lypept ides  t h a t  e f f i c i e n t  chromatography can o n l y  be 

achieved on reversed phase s i l i c a s  over a ve ry  narrow range 

o f  o rgan ic  s o l v e n t  percentages. 

o f  competing r e t e n t i o n  processes, deso rp t i on  o f  t h e  i n t e r c a l a t e d  
domains o f  po l ypep t ides  and p r o t e i n s  f rom t h e  s o l v a t e d  su r face  

o f  t h e  s t a t i o n a r y  phase w i l l  o n l y  be p o s s i b l e  w i t h  mob i l e  

phases o f  s u f f i c i e n t  e l u t r o p i c  s t r e n g t h  t o  overcome t h e  sum 
o f  t h e  hydrophobic i n t e r a c t i o n s  w i t h o u t  augmenting p o l a r  s o l u t e -  

s t a t i o n a r y  phase i n t e r a c t i o n s .  Grad ien t  e l u t i o n  c o n d i t i o n s  

can g e n e r a l l y  be chosen t o  s a t i s f y  t h i s  requ i rement  even w i t h  

macrog lobu l ins  which show extreme dependencies o f  En k’ on $. 

I n  an assoc ia ted  study, we have a p p l i e d  these RP-HPLC proced- 

u res ,  and a t tendan t  methods o f  s e l e c t i v i t y  a n a l y s i s ,  t o  t h e  

separa t i on  o f  p r o t e i n s ,  i n c l u d i n g  t h y r o g l o b u l i n s  and p r o t e i n  

hormones. 

Wi th  such so lu tes ,  

Because o f  t h e  p a r t i c i p a t i o n  
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