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ABSTRACT 

The separation o f  dipeptides and small peptides by various modes o f  
c a p i l l a r y  electrophoresis was invest igated i n  order t o  i d e n t i f y  the best 
separation condi t ions and t o  compare the d i f f e r e n t  charge-to-size parameters used 
i n  cor re la t ing  peptide migration. For a ser ies o f  equal ly charged polyalanines 
the best l i n e a r  correljJion was obtained when the electrophoret ic mob i l i t y  was 
p lo t ted  against q / ( n W )  . Deviations from l i n e a r i t y  w i th  other peptides are due 
t o  an imprecise charge ca lcu la t ion  procedure. The best separations were achieved 
a t  low pH (=2.5) when a la rge  metal ion  such as Zn" was added t o  the bu f fe r .  
Under these conditions, peptides are pos i t i ve l y  charged and di f ferences i n  charge 
are maximized. The separation of peptides a t  pH 2.5 improved as temperature was 
decreased. A set  o f  f i v e  9-residue peptides w i th  no s ign i f i can t  d i f fe rence i n  
charge-to-size r a t i o  were separated a t  pH 7.0 w i th  a b u f f e r  composed o f  50 mM 
T r i s  t 50 mM DTAB. 

INTRODUCTION 

Peptide mapping o f  proteins by chemical and enzymatic methods provides 

valuable ana ly t i ca l  and sequence information. For example, d ipept idy l  

aninopeptidase (DAP) i s  known t o  have a broad s p e c i f i c i t y  i n  catalyzing the 

removal o f  d ipept ide uni ts,  i n  consecutive order, from the  unsubstituted termini  

Copyright 0 1991 by M w l  DJdrer, Inc 
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1130 ISSAQ ET AL. 

o f  the  pept ide cha in  (1,2). The separat ion o f  d ipept ides  and small pept ides i s ,  

therefore,  important as an a i d  i n  p r o t e i n  sequencing. It a lso  serves as a model 

f o r  i nves t i ga t i ng  t h e  separat ion mechanisms o f  more complex pept ides.  

The separat ion o f  d ipept ides  and small pept ides has t r a d i t i o n a l l y  been 

achieved by using gas chromatography ( 3 ) ,  ion-exchange chromatography ( 4 ) ,  s ize-  

exclusion chromatography ( 5 ) ,  and high-pressure 1 i q u i d  chromatography (6-10). 

Size-exclusion techniques are su i tab le  for group separat ions o f  long- chain 

peptides and p ro te ins  (5). Current ly,  HPLC i s  the  most commonly employed separa- 

t i o n  technique. Issaq and Radlon evaluated the  use o f  be ta-cyc lodex t r in  and 

reversed-phase C-18 columns (6). Grushka and co-workers used a t r ipept ide-bonded 

phase (7,8). Lundanes and Greibrokk evaluated fou r  d i f f e r e n t  reversed-phases (9) 

wh i le  Molnar and Horvath separated d ipept ides  using non-polar s ta t i ona ry  phases 

(10). I n  general, t h e  best reso lu t i on  o f  d ipept ides  was obtained on C-18 columns 

even though some pept ides o f ten  coe lu te  on such columns (6,ll-13). 

I n  recent years the  power o f  c a p i l l a r y  zone e lec t rophores is  (CZE) f o r  the  

analysis o f  pept ides has been c l e a r l y  demonstrated (14-19). The separat ion 

mechanism i n  CZE i s  based on t he  d i f f e r e n t i a l  m igra t ion  o f  so lu tes  i n  an e l e c t r i c  

f i e l d  due t o  d i f f e rences  i n  the  solutes’  charge-to-size r a t i o s .  Subtle 

va r ia t i ons  i n  t h i s  r a t i o  have allowed the  r e s o l u t i o n  o f  molecules w i t h  minute 

differences i n  s t ruc tu re .  The use o f  m i c e l l a r  b u f f e r  mod i f i e rs  has provided 

add i t iona l  separat ion power; t h i s  has proved t o  be b e n e f i c i a l  i n  separating 

substances w i t h  s i m i l a r  charge-to-size r a t i o s  (20). Furthermore, the  use o f  

metal ion-supplemented bu f fe rs  can reso lve  samples t h a t  comigrate i n  the  absence 

o f  metal ions  (21). Thus, CZE provides a valuable method t h a t  i s  orthogonal t o  

HPLC and t h a t  may be used f o r  f u r t h e r  cha rac te r i za t i on  o f  HPLC f r a c t i o n s  i n  

oept ide analysis.  

Th is  study focused on separat ing smal l -chain pept ides and d ipept ides  by 

dsing free so lu t i on  c a p i l l a r y  zone e lec t rophores is  (CZE) w i t h  low and h igh  pH 

auf fe rs ,  m i c e l l a r  b u f f e r  mod i f i e rs  and metal ion-supplemented bu f fe rs .  It was 

found t h a t  pept ide solutes are p a r t i c u l a r l y  su i ted  f o r  CZE analysis;  t h i s  i s  
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SEPARATION OF SMALL PEPTIDES 1131 

based mainly on di f ferences i n  charge-to-size r a t i o s  and, t o  some extent, on 

hydrophobicity. The ob jec t ive  was t o  invest igate the e f f e c t  o f  pH, metal ions, 

mice l les  and temperature on the separation o f  small peptides and dipeptides i n  

order t o  obtain the best separation conditions f o r  the solute set  and t o  compare 

the d i f f e r e n t  charge-to-size parameters tha t  are used f o r  co r re la t i on  o f  peptide 

migrat ion i n  c a p i l l a r y  zone electrophoresis. 

EXPERIMENTAL 

Peptide separations were performed by using a Beckman CZE System (Model 

P/ACE) equipped w i th  a UV detector, an automatic in jec to r ,  a column car t r idge  (50 

cm x 75 pm i .d.  surrounded by coolant), an autosampler and a p r in te r .  A Fisher 

Accumet se lec t ive  i on  analyzer (Model 750) was used t o  measure pH leve ls .  

Peptides YPHFMPT, HFMPTNL, LTFGWCYKL, PHFMPTNLG, TPHFAPTNL, TPHAMPTNL, and 

YPHFMPANL were prepared in-house. A l l  other peptide buffers and bu f fe r  addi t ives 

were purchased from Sigma Chemical Company, S t .  Louis, MO, USA. In jec t ions  were  

performed using a pressure mode f o r  2 seconds. Buffer solut ions were then 

degassed and f i l t e r e d  through 0.2 /MI nylon 66 f i l t e r s .  Solute standards were 

prepared using the separation bu f fe r  i n  the concentration range o f  1-5 mg/mL. 

The UV detector was set a t  200 nm. Pr io r  t o  use, each column was washed w i th  

NaOH and water and conditioned w i th  the separation buffer.  This procedure was 

repeated a f t e r  each run. 

RESULTS AND DISCUSSIONS 

Charae-to-size oarameters and e lec t  roohoret ic mob i l i t y :  

I n  t h i s  section, we discuss the theore t ica l  background and compare the 

empirical approaches t h a t  were used t o  cor re la te  solute electrophoret ic mob i l i t y  

w i th  charge-to-size parameters. When a charged p a r t i c l e  i s  placed i n  an e l e c t r i c  

f i e l d  (E) i t  i s  subjected t o  a force tha t  i s  proport ional  t o  i t s  e f fec t i ve  charge 

(4) and the strength o f  the f i e l d .  The t rans la t iona l  motion o f  applied force i s  
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1132 ISSAQ I 3  AL. 

opposed by a viscous drag that is proportional to the particle’s velocity (Vef) ,  

hydrodynamic radius (r), and medium viscocity ( q ) .  When the two forces are 

counterbalanced, the particle moves with a steady-state velocity (22): 

Vef = P e f  E 

where fief the electrophoretic mobility is given by: 

- 4  
6srqr 

Strictly speaking, this relationship (Stoke‘s Law) is only obeyed by spherical 

particles moving slowly through a nonconducting medium. For such systems, solute 

electrophoretic mobi 1 i ty is directly proportional to the charge-to- si ze parameter 

(cur) or approximately proportional to (q/(MW)”’), where MW is the molar mass 

o f  the particle. However, the actual situation is more complicated when the 

medium is a conducting solvent and the moving particle is surrounded by an ionic 

atmosphere o f  the opposite charge. This atmosphere modifies both the particle’s 

cnarge and the local electric field and gives the ion an effective radius that 

is different from its crystal radius. Moreover, equation 2 has to be modified 

for particles that are not effectively spherical (23). These complications, 

which are difficult if not impossible to treat theoretically, necessitated the 

use of models and empirical relationships. Grossman et al. (16,17) measured the 

mobility of 40 different peptides ranging in size from 3. to 39 amino acid 

residues and ranging in charge from 0.33 to 14, and fitted the results to an 

empirical equation of the form: 
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SEPARATION OF SMALL PEPTIDES 1133 

where D i s  a constant f o r  a constant bu f fe r  system and n i s  the number o f  amino 

acid residues. Rickard e t  a l .  (24) measured the electrophoret ic mob i l i t y  o f  

several protein‘s digests and correlated t h e i r  resu l t s  w i th  d i f f e r e n t  charge-to- 

s ize  parameters, namely: q/(W)”, q / ( M W ) ” *  and q / ( M W ) 2 ’ 3 .  They concluded tha t  

the best f i t  as determined by the cor re la t ion  coe f f i c i en t  o f  the l inear ,  l eas t  

square - f i t t i ng  procedure i s  f o r  fief vs. q/(MW)2’3. This was theo re t i ca l l y  

j u s t i f i e d  by invoking Offord’s assertion t h a t  an ion  moving through a conducting 

medium would experience a retarding force tha t  i s  proport ional  t o  i t s  surface 

area (25). This impl ied tha t  the electrophoret ic mob i l i t y  would be inversely 

proport ional  t o  the square o f  the ion’s radius (o r  inversely proport ional  t o  

MW’”) ra ther  than the f i r s t  power o f  the radius, as impl ied by Stoke‘s Law. I t  

should be noted t h a t  successful cor re la t ions  using any o f  the approaches 

described above requ i re  an accurate determination o f  charge. A peptide’s charge 

i s  h igh l y  dependent on the pH o f  the  working buffer due t o  the presence o f  ac id i c  

and basic end groups as we l l  as charged side-chain residues. The fundamental 

equation t h a t  i s  invar iab ly  used f o r  the ca lcu la t ion  o f  the  net charge on a 

peptide i s  the  Henderson-Hasselbalch equation. The use o f  t h i s  equation requires 

an accurate knowledge o f  the ion iza t ion  constants o f  the amino acid residues. 

Since these values are not accurately known, most researchers use the pK values 

f o r  f ree  amino acids (26), assuming t h a t  the  ion iza t ion  o f  each amino acid i s  not 

af fected by i t s  nearest neighbors i n  the molecule. Others use corrected pK 

values t h a t  are approximate a t  best (as f o r  example, the values given i n  Table 

4 o f  r e f .  24). Obtaining accurate values o f  the net charge o f  a peptide might 

not be c r i t i c a l  f o r  mob i l i t y  cor re la t ion  i f  the  net charge i s  high (i.e., the 

peptide contains many ac id ic  residues a t  h igh pH o r  many basic residues a t  low 

pH). However, an accurate knowledge o f  the i on i za t i on  constants i s  essent ia l  f o r  

peptides with mostly non-ionizable amino acid residues. 

In t h i s  work, we measured the electrophoret ic mob i l i t y  o f  a series o f  

polyalanines w i t h  a phosphate working bu f fe r  a t  pH = 2.5. The Henderson- 

Hasselbalch equation was used t o  ca lcu la te  the net charges. The pK o f  the  C- 
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FIGURE 1. Electrophoretic mobility for dialanine and polyalanine solutes 
versus charge-to-size parameter. Solute: 1 = AA, 2 = AAA, 3 = AAAA, 
4 =AAAAA, 5 - AAAAAA; Instrument: Beckman Model P/ACE System 2000; 
Column: 50 cm x 75 fused silica; Injection: pressure mode for 2 
sec. at 0.5 psi; Buffer: 50 mM phosphate; pH - 2.50; T = 25’Ci 
Voltage: 15 kV; electroosmotic mobility (mesityl oxide): 2.08 x 10- 
cm/Vs; Detection: UV 200 nm. 

terminal residue was chosen as 3.2 and that of the N-terminal was 8.2. These 

values were taken from Table 4 of ref. 24. Even though these values might not 

be strictly accurate, it is safe to assume that net charges for members of such 

a system do not change with increasing chain length. The electrophoretic 

mobility was linearly correlated with the charge-to-size parameters: 

ln(qtl)/no.43; q/(MW)1’3; q/(MW)’” and q/(MW)2’3. The best fit, as determined by 

the largest value of the correlation coefficient, was with the charge-to-size 

parameter q/(MW)2’3. Figure 1 gives a plot of fief vs. q/(MW)2’3 at pH = 2.5. The 

plot is linear with a correlation coeffieient of >0.999. This supports the fact 

that the best size parameter is one that is related to the analyte’s surface area 

rather than the number of amino acid residues or the Stoke’s Law radius. Figure 

2 gives a plot of p,, vs. q/(MW)2’3 at pH = 2.5 for a series of dipeptides with 
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SEPARATION OF SMALL PEPTDES 1135 

100 q/(MW)2/s 

Electrophoret ic mob i l i t y  f o r  dipeptides versus charge-to-size 
parameter. Solutes: 1 = FF; 2 = FD; 3 - FL; 4 = FV; 5 = FA; 6 = FG; 
Experimental conditions: As i n  Figure 1. 

F as the  N-terminal i n  each. The values o f  pK f o r  the C-terminals were also 

taken from Table 4 o f  r e f .  24. Since these values are, a t  best, approximate, the 

co r re la t i on  i s  not as good as tha t  shown i n  Figure 1. 

SeDaration o f  d iDeot idet :  

Figure 3 shows the separation o f  a ser ies o f  d ipept ide sequence isomers. 

This separation can only be a t t r i bu ted  t o  a di f ference i n  charge as there i s  no 

appreciable d i f fe rence i n  s ize  between each p a i r  o f  isomers. The best separation 

was obtained a t  pH = 2.5, which i s  close t o  the  pK o f  the carboxyl group o f  the 

C-terminal. A t  o r  near t h i s  pH, small d i f ferences i n  pK r e s u l t  i n  maximum 

di f ferences i n  charge and hence, maximum separation. Furthermore, the net 

pos i t i ve  charge resu l t s  i n  both a rap id  migrat ion and a short  analysis time. As 

the pH o f  the working bu f fe r  i s  increased ( i n  the pH range o f  3-8). dif ferences 

i n  charge diminish and separation deter iorates.  As the pH i s  increased fu r ther ,  
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I 1 ' 7 . i  

I 14 16 18 

Time (min) 

FIGURE 3 .  Electropherogram o f  d ipept ide  sequence isomers. Solute concentra- 
t i o n :  1-5 mg/mL each; Buffer: 50 mM phosphate; pH12.5; Voltage: 15 
kV; Other experimental parameters: As i n  Figure 1. 

approaching the  pK range o f  the  amino group o f  t he  N-terminal  (8.5-9.5), t h e  

charge on the  d ipept ides  tu rns  negat ive and charge d i f f e rences  increase. Figure 

6 shows an electropherogram a t  pH 8.2 f o r  t he  same se t  o f  so lu tes  used i n  Figure 

3. A t  t h i s  pH, on l y  seven peaks are observed f o r  t h i s  10-component mixture.  

Improved separat ion i s  obtained a t  even h igher  pH values, however, t h i s  i s  no t  

recommended because fused s i l i c a  column mate r ia l  d isso lves  i n  h i g h l y  a l k a l i n e  

aiedi a. 

F igure  5 shows the  e f f e c t  o f  temperature on t h e  separat ion o f  a ser ies  o f  

t l ipept ides w i t h  F as the  N-terminal i n  each. The best separat ion was obtained 

d t  t he  lowest temperature studied. As t he  temperature was increased, the  
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Time (mln) 

* J  

FIGURE 4. Electropherogram o f  dipept ide sequence isomers a t  pH = 8.2. Solute 
set:  As i n  Figure 3; Voltage: 10 kV; Other experimental condi t ions:  
As i n  Figure 3.  

migrat ion times decreased. A t  35'C, solutes FF and FY comigrated and a t  45'C, 

the  separation fac to r  between neighboring peaks was fu r the r  decreased. 

The separation o f  dipeptides was also invest igated using posi t ively-charged 

dodecyl t r imethylamnlum bromide (DTAB) and negatively-charged sodium dodecyl 

su l fa te  (SDS) micel les.  I n  comparison w i th  neat buffers, the micel le-modif ied 

bu f fe rs  resu l ted  i n  broad peaks and poor separation and not a l l  isomers were 

separated. 
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1138 ISSAQ ET AL. 

FIGURE 5 .  Separation o f  d ipept ides  as a func t i on  o f  temperature. Experimental 
parameters: As i n  Figure 3 .  

SeDaration o f  small DeDtides: 

An example o f  short-chain pept ide separat ion i s  g iven  i n  Figure 6 which 

shows the  separat ion o f  f i v e  9-residue pept ides w i t h  no appreciable d i f f e rence  

i n  charge and s ize .  Only two peaks were observed (Figure 6A) w i t h  neat b u f f e r  

and the  separat ion d i d  no t  improve w i t h  inc reas ing  pH. When Znw was added t o  
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6. Separation of 9-residue peptides. Solutes: 1 = LTFGWCYKL; 2 
PHFMPTNLG; 3 = TPHFAPTNL; 4 - TPHAMPTNL; 5 = YPHFMPANL; A: Bu f fe r  i s  
50 mM phosphate a t  pH = 2.5; B: Buf fe r  i s  50 mM phos- 
phate t 50 mM Zn" a t  pH = 2.5;  C: Bu f fe r  i s  25 mM T r i s  t 50 mM DTAB 
a t  pH = 7.0. 

the bu f fe r ,  the separation improved s l i g h t l y  (Figure 6B). A l l  sample components 

were, however, separated a t  pH 7.0 w i th  T r i s  bu f fe r  containing DTAB (Figure 6C). 

Although the use o f  DTAB-modified bu f fe r  d i d  not improve the separation o f  

d ipept ide sequence isomers, the  use o f  DTAB f o r  t h i s  pa r t i cu la r  set  o f  peptides 

resul ted i n  a s ign i f i can t  improvement i n  separation. 

Metal ions such as Zn" are known t o  coordinate w i th  oxygen, ni t rogen and 

su l fu r  atoms. The in te rac t ion  o f  metal ions w i th  peptides and pro te ins  has been 

exploi ted f o r  ana ly t i ca l  purposes i n  chromatography (27). It was also shown tha t  

the addi t ion o f  Zn" t o  the  bu f fe r  af fected the migrat ion behavior o f  peptides 

containing h i s t i d i n e  (21) .  I n  t h i s  work, we observed tha t  the add i t ion  o f  Zn" 
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A 

I 

B 

JL r 
Lnll 

io $2 214 

Time (min) 

FIGURE 7. Separation o f  7-residue peptides a t  pH - 2.5. A: Buffer i s  50 mM 
phosphate; B: Buffer i s  50 mM phosphate t 50 mM Zn"; S o l -  
ute: 1 = YPHFMPT; 2 - HFMPTNL; Other experimental parameters: As i n  
Figure 3. 

t o  the working buf fer  a t  l o w  pH affected the migration time and improved the peak 

shape o f  peptides i n  general, not j u s t  peptides containing h i s t i d ine .  Figure 7 

shows the separation o f  7-residue peptides w i th  and without the addi t ion o f  Zn+*. 

The separation o f  the two peptides (each containing a h i s t i d i n e  residue) shown 

i n  Figure 7A i s  great ly  enhanced when the buf fer  i s  supplemented wi th  Zn*+ 

(Figure 78). Several un ident i f ied impurity peaks not  separated i n  Figure 7A a r e  

observed i n  Figure 

78. 
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CONCLUSION 

The resu l t s  o f  t h i s  study c lea r l y  demonstrate t h a t  the migrat ion ve loc i t y  

o f  peptide solutes i s  d i r e c t l y  proport ional  t o  the charge-to-size parameter 

(q/MU)*’’. For peptides tha t  are d i f f e r e n t  i n  charge, the best separations i n  

the shortest  analysis time are obtained a t  low pH values, especial ly when a large 

metal ion  such as z inc i s  added t o  the buffer.  For peptides w i th  no appreciable 

d i f fe rence i n  charge and size, the best separations are obtained w i t h  m ice l l a r -  

modified bu f fe rs .  The use o f  micel lar-modif ied bu f fe rs  may o r  may no t  r e s u l t  i n  

peptide separation, depending on the  amino acid composition and hydrophobicity 

o f  the pept ide solutes and on the type and concentration o f  the  mice l la r  

addi t ive.  
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