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P A I R I N G  I O N  EFFECTS IN THE REVERSED PHASE HIGH 

THE PRESENCE OF ALKYLSULPHONATES" 
PERFORMANCE LIQUID CHROMATOGRAPHY OF PEPTIDES I N  

M i l t o n  T.W. Hearn, Suew Jane Su and B o r i s  Grego, 
Immunopathology Research U n i t ,  

Medical  Research Counci l  o f  New Zealand, 
U n i v e r s i t y  o f  Otago Medical  School, 

P.O. Box 913, Dunedin, 
New Zealand. 

ABSTRACT 

The i n f l u e n c e  o f  pH and t h e  concen t ra t i on  o f  t h e  two 
l i p o p h i l i c  p a i r i n g  i ons ,  hexy lsu lphonate  and camphor-10- 
sulphonate,  on t h e  r e t e n t i o n  o f  a group o f  smal l  pep t ides  t o  
chemica l l y  bonded hydrocarbonaceous, m i c r o p a r t i c u l a t e  s i l i c a s  
has been f u r t h e r  i nves t i ga ted .  Wi th  low pH aqueous methanol 
mob i l e  phases c o n t a i n i n g  va r ious  concen t ra t i ons  o f  these 
s u r f a c e  a c t i v e  anions, t h e  c a p a c i t y  f a c t o r s  o f  unpro tec ted  
and C-protected pept ides  show s i m i l a r  dependencies on t h e  
concen t ra t i on  o f  t h e  p a i r i n g  i on .  
e s s e n t i a l l y  independent o f  p a i r i n g  i o n  concen t ra t i on  above 
- ca 25mM. 
i n t e r a c t i o n s  on pep t ide  r e t e n t i o n  appear t o  d i m i n i s h  due t o  
competing p r o t i c  e q u i l i b r i a .  

Column s e l e c t i v i t y  becomes 

A t  h ighe r  pH values, t h e  i n f l u e n c e s  o f  p a i r i n g  i o n  

INTRODUCTION 

Reversed phase h i g h  performance l i q u i d  chromatography 

(RP-HPLC) has gained wide p o p u l a r i t y  ove r  t h e  p a s t  decade. 

* High Performance L i q u i d  Chromatography of Amino Acids,  
Pept ides and Pro te ins ,  P a r t  X X X I I I .  For  P a r t  X X X I I  see r e f  [I]. 
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1548 HEARN, SU, AND GREG0 

I n  p a r t ,  t h e  v e r s a t i l i t y  o f  t h e  techn ique res ides  i n  i t s  

a b i l i t y  t o  r e s o l v e  i o n i c  o r  i o n i s a b l e  s o l u t e s  us ing  aqueous 

mob i le  phases, based i n  many cases on hydro-organ ic  s o l v e n t  

m ix tu res  and combinat ions o f  compat ib le  b u f f e r  reagents.  

Secondary chemical e q u i l i b r i a  e s t a b l i s h e d  between t h e  p o l a r  

s o l u t e  molecules and these components p resen t  i n  t h e  mob i l e  
phase can d r a m a t i c a l l y  i n f l u e n c e  t h e i r  r e t e n t i o n  behaviour 

on hydrocarbonaceous s i l i c a s .  Man ipu la t i on  o f  p r o t o n i c  

e q u i l i b r i a  i s  one way by which t h e  r e t e n t i o n  o f  i o n i s e d  

compounds can be v a r i e d  on these non-po la r  supports.  

over  s e l e c t i v i t y  can a l s o  be achieved by means o f  s u i t a b l e  
i n t e r a c t i v e  l i p o p h i l i c  o r  h y d r o p h i l i c  i o n s  added a t  an 

approp r ia te  concen t ra t i on  t o  t h e  aqueous mob i l e  phase. I n  

t h i s  circumstance, which i s  commonly r e f e r r e d  t o  as ' i o n - p a i r '  

reversed phase chromatography, t h e  r e t e n t i o n  o f  i o n i s e d  s o l u t e s  
can be augmented o r  a t tenua ted  depending on t h e  p o l a r i t y  o f  

t h e  added b u f f e r  i o n .  Wi th  l i p o p h i l i c  ions ,  adso rp t i on  o f  t h e  

i o n  on to  t h e  hydrophobic su r face  o f  t h e  column pack ing  m a t e r i a l  

can occur and t h i s  w i l l  r e s u l t  i n  t h e  s t a t i o n a r y  phase e f f e c -  

t i v e l y  behaving as a dynamic so lvent -genera ted  ion-exchanger. 

With h y d r o p h i l i c  ions,  adso rp t i on  t o  t h e  hydrophobic su r face  

o f  t h e  column packing m a t e r i a l  i s  much l e s s  favoured and ion -  
p a i r  fo rmat ion  may take  p lace  i n  t h e  aqueous mob i l e  phase 

fo l l owed  by s o r p t i o n  o f  t h e  s o l v a t e d  complex t o  t h e  non-polar 
s t a t i o n a r y  phase sur face .  A v a r i e t y  of r e t e n t i o n  mechanisms 

have been proposed [2-61 t o  account f o r  t h e  i n f l u e n c e  o f  these 
competing secondary e q u i l i b r i a  on t h e  chromatographic 

behaviour o f  i o n i s e d  s o l u t e s  such as catecholamines and p o l a r  

pharmaceut ic i l s .  
S i m i l a r  concepts have been r e c e n t l y  a p p l i e d  t o  t h e  a n a l y s i s  

and p u r i f i c a t i o n  o f  pept ides  f rom s y n t h e t i c  and n a t u r a l  sources. 

Because o f  t he  f l e x i b i l i t y  which can be achieved over  r e t e n t i o n  

Cont ro l  
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PAIRING ION EFFECTS OF HPLC OF PEPTIDES 1549 

and s e l e c t i v i t y  with in t e rac t ive  e l e c t r o l y t e  systems, the use of 
RP-HPLC has consequently become very popular in peptide and 
protein chemistry. 
been reviewed r7-91.  

t o  fu r the r  e luc ida te  the  influence of protonic and pairing-ion 
in te rac t ions  on the retent ion of ionised peptides t o  chemically 

bonded hydrocarbonaceous s ta t ionary  phases. We r e s t r i c t e d  t h i s  
study t o  mobile phases containing low concentrations of a lkyl-  
sulphonates in  aquo-methanol mixtures over the  range pH 2.5- 

7 .0  and r e l a t ive ly  simple peptides,  some with t h e i r  C-terminus 
protected.  

These areas  of appl ica t ion  have recent ly  
The main object ive of the  present study was 

EXPERIMENTAL 
Apparatus: 

conditions using a Waters Associates (Milford,  Mass., U.S.A.) 
HPLC system which included a M6000 A solvent  delivery system, 
an U6K universal l iqu id  chromatograph in j ec to r  and a M450 
var iab le  wavelength UV monitor coupled t o  a Rikadenki dual 
channel recorder.  
I .D.) were purchased from Anac (NZ) Ltd. 
were made with Pressure-Lok l iqu id  syr inges,  s e r i e s  6110, 
from Precision Sampling (Baton Rouge, La., U.S.A.) .  
Chemicals and Reagents: 

as  described previously [ l o ] .  The amino acids  and peptides 
used in this study were obtained from Sigma Chem. Co. (S t  Louis, 
Mo. , U.S.A.) and Vega Biochemicals (Tucson, Ariz. , U.S .A. ) .  
All amino acids  except glycine were of the  L-configuration. 
The alkylsulphonic acids  were obtained from B . D . H .  (Poole, 
Great Br i ta in)  or prepared from the corresponding a1 kyl bromide 
and anhydrous sodium su lphi te  [ill. Orthophosphoric ac id ,  

All the data  were co l lec ted  under i s o c r a t i c  e lu t ion  

The UBondapak CI8 columns (lOpm, 30cm x 4mm 
Sample in jec t ions  

All solvents  were Analar grade and pur i f ied  p r io r  t o  use 
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1550 HEARN, SU, 

LINEAR SEQUENCES OF PEPTIDES USED IN 

THE PRESENT STUDY* 

AND GREG0 

No. 

1. 

2 .  

3. 

4. 

Peptide 

G .  

G . G .  

A . G .  

G . F .  

No. 

7 .  

8. 

9. 

10. 

11. 

12 .  

Pepti de 

V . L .  

F . L .  amide 

A . K .  

G . L . Y .  

G . G . Y .  amide 

R . F . A .  

* The one l e t t e r  code f o r  the  amino acids  i s  as given by 
M.O.  Dayhoff in  Atlas of  Protein Sequence and St ruc ture  
(National Biomedical Research Foundation, S i lve r  Spring, 
Md., U . S . A . ,  1972), G = gly,  A = a l a ,  F = phe, R = arg ,  
V = Val, L = l eu ,  K = l y s ,  and Y = t y r .  

sodium hydroxide and sodium dihydrogen phosphate were obtained 
from May and Baker (Dagenham, Great Br i t a in ) .  
Methods : 

All chromatograms were car r ied  out  a t  ambient temperature 
(z 18'). All peptides were made up  in  the  eluent  under study. 
Bulk solvents were degassed by sonicat ion and the  appropriate 
mobile phases prepared and equi l ibra ted  t o  operating conditions 
as reported previously ~ 1 2 1 .  All columns were equi l ibra ted  t o  
new eluent  conditions f o r  a t  l e a s t  100 column volumes. Sample 
s i zes  were generally 1Opg peptide material  injected in 5- or  

10-vl volumes. The capacity f ac to r s  were calculated as 
reported previously [ l o 1  and the data analysed using a non- 
l i nea r  l e a s t  squares f i t  programme developed f o r  the  ligand 
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PAIRING ION EFFECTS OF HPLC OF PEPTIDES 1551 

adsorp t i on  model. Two m o d i f i e d  subrout ines  "M in i z "  and "Fun" 
were bound t o  a BMD 07R programme (Biomedical  Computer Programs, 
U n i v e r s i t y  o f  C a l i f o r n i a )  t o  determine t h e  curves o f  b e s t  f i t  

f rom t h e  n o n - l i n e a r  l e a s t  squares a n a l y s i s  on a Burroughs 6700 
Computer. Copies o f  t h e  m o d i f i e d  subrout ines  o f  * t h e  programme 

appear i n  t h e  appendix. 

RESULTS AND DISCUSSION 

A t  low pH, an unpro tec ted  pep t ide  w i t h  o n l y  a s i n g l e  N- 
t e rm ina l  amino group w i l l  e x i s t  i n  s o l u t i o n  e f f e c t i v e l y  as t h e  
z w i t t e r i o n i c  species,  HPi, and as t h e  p o s i t i v e  i o n ,  H2Pi . 
The corresponding C-protected pep t ide  w i l l  be p resen t  o n l y  i n  

t h e  pro tonated  form, H2Pi , under these c o n d i t i o n s .  
f a c t o r  f o r  a C-protected pep t ide  on a hydrocarbonaceous 

s t a t i o n a r y  phase w i t h  a mob i l e  phase c o n t a i n i n g  a su r face  a c t i v e  
a1 k y l  s u l  phonate, e. g . sod i  um hexanesul phonate (Na Hex-), can be 

g i ven  by 

t 

t 
The c a p a c i t y  

t 

[Na'Hex- J 

[Na I,,, k' = $ * K e  t . . . . (  1) 

t t 
where $ i s  t h e  phase r a t i o ,  1Na Hex- ls and [Na t h e  concen- 

t r a t i o n s  o f  t h e  bound sodi  um hexanesul phonate and sodium ions  

i n  t h e  mob i le  phase r e s p e c t i v e l y  and Ke i s  t h e  e q u i l i b r i u m  

b i n d i n g  cons tan t  f o r  an ion-exchange event,  i . e .  
t t 

[H2Pi Hex-l,[Na I,,, 
[Na Hex Is[H2Pi I,,, 

. . . . (2 )  K e =  + - t 

S i m i l a r l y ,  t h e  c a p a c i t y  f a c t o r  f o r  a d i p r o t i c  unpro tec ted  
pep t ide  can be expressed i n  t h e  fo rm 
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1552 HEARN, SU, AND GREG0 

where Ke , K 

charged and z w i t t e r i o n  species r e s p e c t i v e l y  and K 

i a t i o n  cons tan t  f o r  t h e  i o n i s a t i o n  event  concerned. A l te rna -  

t i v e  forms o f  equat ions 1 and 3 can be d e r i v e d  from t h e  e x p l i c i t  

h e t a e r i c  model o f  Horvath and coworkers [3,131, e.g. i n  t h e  
c i rcumstance where t h e  chromatographic process i s  represented  

by t h e  l i m i t i n g  case o f  dynamic i o n  exchange, t h e  capac i t y  

f a c t o r  i s  g iven  by 

a r e  t h e  e q u i l i b r i u m  b i n d i n g  cons tan ts  f o r  t h e  
1 e2 

t h e  d issoc-  
al 

Ko[Hex-iS + K1K4[Hex-1m[Hex-]s 

(1 + K1[Hex-lm)(l  t K2[Hex-lm) 
k’ = $ . . . . ( 4 )  

where [Hex-] 

o f  bound hexanesulphonate and t h e  c o n c e n t r a t i o n  o f  hexane- 

sulphonate i n  t h e  e luen t ,  KO and K1 a re  t h e  e q u i l i b r i u m  cons tan ts  

f o r  t h e  b ind ing  o f  t h e  pep t ide  and hexanesulphonate t o  t h e  
s t a t i o n a r y  phase sur face ,  K2 and K4 are  t h e  e q u i l i b r i u m  cons tan ts  

f o r  i o n - p a i r  f o rma t ion  i n  t h e  mob i le  phase and dynamic i on -  

exchange complex fo rma t ion  a t  t h e  su r face  o f  t h e  s t a t i o n a r y  

phase r e s p e c t i v e l y .  

p r o t e c t e d  monoprot ic pep t ide  under these c o n d i t i o n s  can be 

expressed as 

and [Hex-],,, a r e  the  maximum su r face  concen t ra t i ons  

The e f f e c t  o f  i o n i s a t i o n  on t h e  c a p a c i t y  f a c t o r  f o r  a C- 

. . .(  5 )  

where ko and k l  a r e  t h e  l i m i t e d  c a p a c i t y  fac to rs  o f  t h e  
un ion ised and p o s i t i v e l y  charged species and Ka 

d i s s o c i a t i o n  cons tan t .  I n  a s i m i l a r  fash ion ,  t h e  c a p a c i t y  

f a c t o r  o f  a d i p r o t i c  pep t ide  i s  g i ven  by 

i s  t h e  p r o t o n i c  
1 
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. . . . (6) 

where ko , k-l and kl are  t h e  l i m i t i n g  c a p a c i t y  f a c t o r s  o f  t h e  

z w i t t e r i o n i c ,  a n i o n i c  and c a t i o n i c  forms o f  t h e  unpro tec ted  

d i p r o t i c  p e p t i d e  and K 

d i s s o c i a t i o n  cons tan ts  r e s p e c t i v e l y .  

t h a t  t h e  c a p a c i t y  f a c t o r  f o r  bo th  unpro tec ted  and C-pro tec ted  

pep t ides  w i l l  i n i t i a l l y  inc rease and then s l o w l y  decrease w i t h  

i n c r e a s i n g  p a i r i n g  i o n  concen t ra t i ons ,  p rov ided K1 1 H e x - 1 ~  and 

Kp[Hex-lm a re  bo th  o f  t h e  o r d e r  o f  u n i t y  a t  t h e  h i g h e s t  

p a i r i n g  i o n  concen t ra t i on .  
c a p a c i t y  f a c t o r  on p a i r i n g  i o n  concen t ra t i on  i s  a n t i c i p a t e d  

p rov ided  complex exchange processes [31  do n o t  occur .  An 

approx imate ly  p a r a b o l i c  dependence w i l l  a l s o  occur i f  t h e  
p a i r i n g  i o n  f o r m s a t  a s u f f i c i e n t l y  h i g h  concen t ra t i on ,m ice l l es  

i n t o  which t h e  s o l u t e s  can p a r t i t i o n .  I n  t h e  case where one 

o f  t h e  terms i n  t h e  demoninator o f  eqn 4 vanishes, e.g. when 

b i n d i n g  o f  t h e  p a i r i n g  i o n  t o  t h e  non-po la r  s t a t i o n a r y  phase 

i s  unfavoured and K1[X-], i s  smal l ,  t h e  p l o t  o f  k' versus 

[X-l,is expected t o  take  t h e  form o f  a r e c t a n g u l a r  hyperbola.  
Furthermore, as t h e  pH i s  inc reased a t  cons tan t  p a i r i n g  i o n  

concen t ra t i on ,  t h e  c a p a c i t y  f a c t o r s  o f  unpro tec ted  pep t ides  a r e  

a n t i c i p a t e d  t o  i n i t i a l l y  f a l l ,  reach minima values prox ima l  

t o  t h e  PI values and then s l o w l y  i nc rease  a t  h i g h e r  pH values. 
The capac i t y  f a c t o r s  o f  C-protected pep t ides  on t h e  o t h e r  

hand shou ld  i nc rease  more r a p i d l y  a t  h i g h e r  pH values. 

l i s t e d  i n  t h e  Table as a f u n c t i o n  o f  t h e  s i l p h o n a t e  concentra- 

and Ka2 a re  t h e  f i r s t  and second a c i d  a1  

Under cons tan t  low pH e l u t i o n  c o n d i t i o n s ,  eqns 1-4 p r e d i c t  

Thus a p a r a b o l i c  dependence o f  t h e  

F igu re  1 shows the  r e t e n t i o n  behaviour o f  t h e  pep t ides  
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8 

10 

7 
4 
5 3 
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6 
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4 

3 
2 

1 

'0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 

k' 

In-hexanesulphmatel md.dm-3- 10' [O-mmphar sulphonatel mol. dm-).103 

Figure 1. 
peptides on the concentration of pairing ion in the mobile 
phase. 
rate, 2ml/min; temperature, 18O; mobile phases, ( A )  and (B) 
25% methanol-water-50mM NaH2P04-15mM H3PO4 with lot! NaOH to 
pH 3.0, and (C) and (D) 5% methanol-water-50mM NaH2P04-15mM 
H3P04 with lOOmM NaOH to pH 3.0 containing various concentrations 
o f  the pairing ion reagents. Peptide key given in the Table. 

Dependence of the capacity factors of protonated 

Chromatographic conditions: column VBondapak C18; flow 
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t i o n  f o r  two a l ky l su lphona tes  i n  aqueous methanol e l u e n t s  

c o n t a i n i n g  50mM NaH2P04, pH 3.0. 

hexanesulphonate and camphor-10-sulphonate a r e  c o n s i s t e n t  w i t h  

e a r l i e r  obse rva t i ons  [2,6-8,11,12,141 on t h e  e f f e c t  o f  a n i o n i c  
and c a t i o n i c  l i p o p h i l i c  reagents on p e p t i d e  and amino a c i d  

r e t e n t i o n  t o  a l k y l s i l i c a s .  

demonstrated t h e  d i f f i c u l t y  i n  making unambiguous i n t e r p r e t a -  

t i o n s  o f  such chromatographic da ta  i n  terms of e i t h e r  an 
e x c l u s i v e l y  i o n - p a i r  o r  a dynamic l i q u i d - l i q u i d  ion-exchange 

mechanism because t h e  fo rmal  dependence o f  r e t e n t i o n  on t h e  

l i p o p h i l i c  i o n  concen t ra t i on  i n  t h e  mob i l e  phase i s  t h e  same 

i n  bo th  cases. As no ted  above, t h e  r e t e n t i o n  mechanism i s  

dependent on a v a r i e t y  o f  exper imenta l  parameters and may 

change upon va ry ing  t h e  mob i l e  phase wa te r  c o n t e n t  o r ,  f o r  

t h a t  mat te r ,  d i f f e r  s l i g h t l y  f rom one l i p o p h i l i c  coun te r ion  

t o  another o r  f rom one pep t ide  t o  another .  
a l ky l su lphona tes  used i n  t h e  present  s tudy  are,  however, known 

t o  a c t  as su r face  a c t i v e  anions as revea led  by t h e i r  adso rp t i on  

isotherms wh ich  a re  o f  t h e  L- o r  H-type and obey t h e  r e l a t i o n -  

s h i p  e x p l i c i t  t o  t h e  F reund l i ch  equat ion ,  i . e .  

These r e s u l t s  ob ta ined  w i t h  

These p rev ious  s t u d i e s  have 

Both o f  t h e  

. . . . ( 7 )  b K i S  = a Kim 

According t o  t h e  l i g a n d  adso rp t i on  model [ 2 , 3 1 ,  t h e  
general  form o f  t h e  c a p a c i t y  f a c t o r  dependence on [ X - I  can be 

expressed by t h e  r e l a t i o n s h i p  

k’ = (ko + B [ X - l ) * ( l  + K 1 [ X - l ) - l * ( l  + K2[X-1)-’ ....( 8) 

where ko i s  t h e  c a p a c i t y  f a c t o r  o f  t h e  s o l u t e  i n  t h e  absence 
o f  a p a i r i n g  i o n  and t h e  meaning o f  B depends on t h e  u n d e r l y i n g  

physicochemical  e q u i l i b r i a  c o n t r o l l i n g  r e t e n t i o n ,  i . e .  f o r  
dynamic l i q u i d - l i q u i d  i o n  exchange f3 = K1K4 and f o r  i o n  p a i r  

f o rma t ion  f o l l o w e d  by d i s t r i b u t i o n  t o  t h e  s t a t i o n a r y  phase 

B = K2K3 where K3 i s  t h e  i o n  p a i r  e q u i l i b r i u m  d i s t r i b u t i o n  
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1556 HEARN, SU, AND GREG0 

cons tan t .  Under chromatographic d i s t r i b u t i o n  c o n d i t i o n s  

which i n v o l v e  o n l y  i o n  p a i r s ,  t he  dependence o f  t h e  c a p a c i t y  

f a c t o r  f o r  i o n i s e d  s o l u t e s  on p a i r i n g  i o n  concen t ra t i on  can be 
expressed i n  terms o f  a m o d i f i e d  fo rm o f  equa t ion  8, namely, 

Based on da ta  ob ta ined w i t h  3 -n i t robenzo ic  a c i d  and sodium 

cromoglycinate as model s o l u t e s  and alkylbenzyldimethylammon- 
ium c h l o r i d e s  as p a i r i n g  i ons ,  R i l e y  e t  a l .  1151 concluded 

t h a t  i o n - p a i r i n g  i n  t h e  mob i l e  phase f o l l o w e d  by d i s t r i b u t i o n  

t o  t h e  s t a t i o n a r y  phase was t h e  dominant r e t e n t i o n  mechanism. 

Furthermore, t h i s  group demonstrated t h a t  t h e  b u l k  phase l i q u i d -  
l i q u i d  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  i o n - p a i r  assoc ia t i on ,  KD, 

a r e  l i n e a r l y  r e l a t e d  t o  t h e  chromatographic i o n - p a i r  d i s t r i -  

b u t i o n  constants,  K3, v i z .  

K3,i = aiKDYi + bi . . . . (10)  

where ai and bi a r e  t h e  s lope  and i n t e r c e p t  c o e f f i c i e n t s  f o r  

s o l u t e  i . 

as a f u n c t i o n  o f  p a i r i n g  i o n  concen t ra t i on  i n  terms o f  equat ions  

7 and 8 was c a r r i e d  o u t  on a Burroughs 6700 computer us ing  a 
BMD computer programme m o d i f i e d  t o  determine curves o f  bes t  
f i t  f rom t h e  non- l i nea r  l e a s t  squares ana lys i s .  
b e t t e r  f i t  o f  t h e  exper imental  da ta  t o  t h e  r e l a t i o n s h i p  
i n h e r e n t  i n  t h e  t h r e e  parameter equat ions ,  i . e .  eqn 8, was 

ob ta ined.  Al though t h i s  c i r c u m s t a n t i a l  evidence may favour  
t h e  involvement o f  dynamic i o n  exchange processes a t  t h e  su r face  

o f  t h e  s t a t i o n a r y  phase as has been proposed i n  severa l  s t u d i e s  
15,6,12-141, p r e c i s e  da ta  on t h e  magnitude o f  t h e  a s s o c i a t i o n  
cons tan ts  f o r  p ro tonated  pep t ides  and a1 k y l  s u l  phonates a re  
r e q u i r e d  from s u i t a b l e  extrachvomatographic exper iments be fo re  

such a pos tu la ted  mechanism cou ld  be unequ ivoca l l y  subs tan t i a ted .  

Ana lys is  o f  t h e  r e t e n t i o n  da ta  f o r  compounds ( 1 )  - (12 )  

I n  a l l  cases 
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PAIRING ION EFFECTS OF HPLC OF PEPTIDES 1557 

With  t h e  pep t ides  s t u d i e d  t h e  t r e n d  was apparent w i t h  k’ 

(hexanesulphonate)>k’(camphor-10-sulphonate) a1 though s e l e c t i v i t y  
f a c t o r s  were s i m i l a r .  
versus p a i r i n g  i o n  concen t ra t i on .  Above about 25mmol/l, t h e  

I n  F igu re  2 areshown p l o t s  o f  Aa/a 

C 
I 

11 
9 

I At 
0 9  

C t 0 

I 

In-hexone-rulphonatel mol dni3.lO1 L D-camphor sulphonotel mol dm””1O1 

F i g u r e  2. P l o t s  o f  t h e  dependence of  s e l e c t i v i t y  parameters 
o f  p ro tona ted  pep t ides  on t h e  concen t ra t i on  o f  p a i r i n g  i o n  i n  
t h e  mob i le  phase. Chromatographic c o n d i t i o n s :  column, LI- 
Bondapak C 8; f l o w  r a t e ,  2mllmin; temperature,  180; mob i l e  
phases , ( A j  and (B) 5% methanol-water-50mM NaH2P04-15mM H3P04 
w i t h  10M NaOH t o  pH 3.0 and ( C )  and ( D )  25% methanol-water- 
50mM NaH2P04-15mM H3P04 w i t h  lOOmM NaOH t o  pH 3.0 c o n t a i n i n g  
va r ious  concen t ra t i ons  o f  t h e  p a i r i n g  i o n  reagent.  
o f  pep t ides  (1) and ( 5 )  were taken as u n i t y  i n  t h e  c a l c u l a t i o n  
of  t h e  A d a  values. Pept ide  key g iven i n  t h e  Table.  

The c1 va lue  
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1558 HEARN, SU, AND GREG0 

s e l e c t i v i t y  c o e f f i c i e n t s  become e f f e c t i v e l y  independent o f  bo th  
t h e  hexy lsu lphonatc  and t h e  camphor-10-sulphonate c o n c e n t r a t i o n  

f o r  these pept ides ,  i . e .  above t h i s  l i m i t i n g  va lue  t h e  c a p a c i t y  
f a c t o r s  b u t  n o t  s e l e c t i v i t i e s  can be i nc reased  by  a p p r o p r i a t e  

increases i n  t h e  p a i r i n g  i o n  concen t ra t i on .  S i m i l a r  observa- 

t i o n s  have been made [121 f o r  t h e  r e t e n t i o n  behav iour  o f  l a r g e r  
pept ides  on reversed phase s i l i c a s  i n  t h e  presence o f  l i p o p h i l i c  
ions .  The observed i s o c r a t i c  e l u t i o n  o r d e r  f o r  t h e  pep t ides  

under t h e  low pH, p a i r i n g  i o n  c o n d i t i o n s  was c o n s i s t e n t  w i t h  t h e  

c u r r e n t  concept t h a t  pep t ide  s e l e c t i v i t y  i n  RP-HPLC t o  a l a r g e  

e x t e n t  r e f 1  e c t s  d i f f e r e n c e s  i n  t h e i r  i n t e r f a c i a l  hydrophobic 

con tac t  areas. These c o n t a c t  area parameters can be r e l a t e d  

[ 2 l  t o  the  r e l a t i v e  h y d r o p h o b i c i t i e s  o f  t h e  i n d i v i d u a l  pept ides .  
The s i d e  cha in  f u n c t i o n a l i t y ,  p o s i t i o n a l  a r r a y  and e x t e n t  o f  
i o n i s a t i o n  a l l  make s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  o v e r a l l  

hyd rophob ic i t y  of a pep t ide  under these low pH and p a i r i n g  i o n  
c o n d i t i o n s .  

f a c t o r s  o f  t h e  g l y c i n y l  pep t ides  do n o t  show a pronounced 
dependency on p a i r i n g  i o n  concen t ra t i on  o r  on pH under t h e  
c o n d i t i o n s  examined, a r e s u l t  which suggests t h a t  t h e  pep t ide  

cha in  may make o n l y  a smal l  c o n t r i b u t i o n  t o  t h e  s o r p t i o n  

phenomena o f  pep t ides  chromatographed under these c o n d i t i o n s .  

Shown i n  F igu re  3 a re  t y p i c a l  p l o t s  o f  k’ versus pH f o r  
severa l  pept ides  chromatographed on a VBondapak CI8 column 

w i t h  a phosphate based e luen t .  
behaviour a re  e v i d e n t  f rom these p l o t s .  
by t h e  C-protected pept ides ,  i s  c h a r a c t e r i s t i c  o f  weak bases. 

As t h e  pH increases ,  t h e  charged ammonium mo ie t i es  o f  t h e  C- 
p ro tec ted  pep t ide  deprotonate.  

o f  i o n i s a t i o n ,  t h e  k’ values o f  these pep t ides  inc rease.  The 

observed dependency o f  k ”  on pH shown, f o r  example, by pep t ide  
(8) i s  i n  good agreement w i t h  eqn 5, which p r e d i c t s  t h a t  p l o t s  

As can be seen f rom F igures  1, 3 and 4 t h e  c a p a c i t y  

Two types  o f  r e t e n t i o n  

The f i r s t  type, shown 

Wi th  a r e d u c t i o n  i n  t h e  e x t e n t  
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PAIRING I O N  EFFECTS OF HPLC OF PEPTIDES 1559 

2.5 3.0 3.5 C.0 45 5.0 5.5 6.0 6.5 7.0 
PH 

F igu re  3. Capaci ty f a c t o r s  f o r  severa l  pep t ides  on a p- 
Bondapak C1 column as a f u n c t i o n  o f  pH. The e l u e n t  was 5% 
methanol-wa!er-50mM NaH2P04-15mM H3P04 t i  t r a t e d  w i t h  10M NaOH 
over  t h e  range pH 2.5-7.0; f l o w  r a t e  2ml/min; sample s i ze ,  
5 l~g/5p1 i n j e c t i o n s .  Pept ide  key g i ven  i n  t h e  Table.  
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1560 HEARN, SU, AND GREG0 

o f  k’ versus pH f o r  such weak monoprot ic bases should be 
sigmoidal  w i t h  t h e  i n f l e x i o n  pH va lue  cor respond ing  t o  t h e  

PKal value. 

bonded s i l i c a s  above ca pH 7.5 i t  was n o t  p o s s i b l e  t o  complete 

t h e  pH t i t r a t i o n  a l though t h e  t r e n d  i s  ev iden t .  

arguments can be a p p l i e d  t o  t h e  t rea tmen t  o f  k’ versus pH p l o t s  
o f  N-protected pept ides  and o t h e r  weak ac ids  where t h e  reverse  

s i t u a t i o n  e x i s t s ,  e.g. k’ i nc reases  w i t h  decreasing pH. Wi th  

t h e  smal l  unpro tec ted  pept ides ,  such as g l y - l e u - t y r  and arg- 
phe-ala competing r e t e n t i o n  c o n t r i b u t i o n s  due t o  t h e  p r o t o n i c  

e q u i l i b r i a  o f  t h e  amino and carboxy l  groups w i l l  t end  t o  be 

counterbalanced i n  t h e  pH r e g i o n  prox ima l  t o  t h e  i s o e l e c t r i c  

p o i n t  o f  t he  pep t ide  and t h i s  w i l l  l e a d  t o  maximal i o n i s a t i o n  

and minimum r e t e n t i o n .  A t  pH values h ighe r  than t h e  PI, t h e  

r e t e n t i o n  behaviour o f  unpro tec ted  pep t ides  w i l l  i n c r e a s i n g l y  

r e f l e c t  t h e  c o n t r i b u t i o n  made by t h e  f r e e  amino group t o  t h e  

r e t e n t i o n  process. With p o l y p r o t i c  pept ides ,  t h e  e f f e c t  o f  

a d d i t i o n a l  ionogen ic  cent res  on t h e  dependence o f  k’ on pH 

can be accomodated i n  expanded expressions s i m i l a r  t o  eqn 6 
w i t h  a d d i t i o n  k i ,  Kan terms inc luded  f o r  each a d d i t i o n a l  

ionogen ic  cent re .  I n  general  k’ values w i l l  r e f l e c t  t h e  e x t e n t  

of i o n i s a t i o n  o f  t he  so lu te ,  i . e .  as t h e  e x t e n t  o f  i o n i s a t i o n  

increases, k’ w i l l  decrease. 
Shown i n  F igu re  4 a r e r e p r e s e n t a t i v e  da ta  on t h e  i n f l u e n c e  

o f  pH on t h e  k’ values o f  unpro tec ted  and C-pro tec ted  pept ides  

a t  cons tan t  hexanesulphonate m o l a r i t y  o f  10mM. 

cons tan t  mob i le  phase composi t ion,  t h e  pH s t r o n g l y  i n f l u e n c e s  
t h e  r e t e n t i o n  o f  bo th  c lasses  o f  pept ides  under these cond i t i ons .  

As a n t i c i p a t e d  on t h e  bas i s  o f  eqns 2 and 3, t h e  k’ values of  

a l l  t h e  pept ides  i n i t i a l l y  decreased when t h e  pH was increased 
from pH 3.0. 

pH has a l s o  been observed w i t h  amino a c i d s  under s i m i l a r  

Because o f  t h e  i n s t a b i l i t y  o f  hydrocarbonaceous 

S i m i l a r  

A t  o the rw ise  

Comparable decreases i n  k’ values w i t h  i n c r e a s i n g  
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PAIRING ION EFFECTS OF HPLC OF PEPTIDES 1561 

‘“c 
k‘ 

3 5 6 
PH 

F igu re  4. Capac i ty  f a c t o r s  f o r  severa l  pept ides  on a 1 ~ - -  
Bondapak c18 column as a f u n c t i o n  o f  pH i n  t h e  presence of  a low 
concen t ra t i on  o f  p a i r i n g  i o n  reagent .  The e l u e n t  was 20% 
methanol -water-50mM NaH2P04-15mM H3P04-10mM sod i  urn hexane- 
sulphonate, t i t r a t e d  w i t h  10M NaOH over  t h e  range pH 2.5-7.0; 
f l o w  r a t e ,  lml /min;  sample s i z e  51~-g/5~1 i n j e c t i o n s .  Pept ide  
key g iven i n  t h e  Table. 

c o n d i t i o n s  w i t h  dodecylsulphonate system t u ] .  Above ca pH 5.0, 

p a i r i n g  i o n  i n t e r a c t i o n s  appear t o  p l a y  l e s s  s i g n i f i c a n t  

r o l e s  w i t h  t h e  k’ values o f  t h e  va r ious  pept ides  g e n e r a l l y  
i n c r e a s i n g  w i t h  an e l u t i o n  o rde r  comparable t o  t h a t  observed 

w i th  t h e  corresponding phosphate based mob i l e  phase w i t h  t h e  
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1562 HEARN, SU, AND GREG0 

pairing ion deleted.  As has been discussed elsewhere ~8,121, 
the k’ versus pH p lo t s  determined in  the  presence of low 

concentrations o f  l i poph i l i c  pairing ions,  can be used t o  
assess  the homogeneity of a pa r t i cu la r  peptide over a very wide 
range of ionisat ion condi t ions.  Major s e l e c t i v i t y  changes can 
be eas i ly  achieved and re la ted  t o  the physicochemical basis  of 
the retent ion mechanism under these conditions.  Since several  
competing secondary chemical equi 1 i br ia  a re  simultaneously 
modulated in a control led manner, exce l len t  resolut ion can be 
achieved f o r  very closely re la ted  peptides by the judicious 
choice of both the  pH and pair ing ion condition. 
can be proposed f o r  the  assessment of polypeptide and protein 
homogeneity and have been employed for the  reversed phase HPLC 
analysis  of the  t r y p t i c  maps of  p ro te ins ,  including p i tu i t a ry  
protein hormones [10,16,171. 
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