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Abstract

In this study, the thrombin receptor antagonistic peptide TRAP-1 and its alanine-scan analogues, TRAP 2—-6, have been employed as prob
to characterise the performance gSCX mixed-mode capillary electrochromatographic (CEC) columns. It was found that the resolution
of this group of peptides could only be achieved in a narrow pH range with phosphate-based running electrolytes. The influence of the
running electrolyte composition, e.g. the buffer choice, the ionic strength, the pH and the organic solvent content, on the electroosmotic flow
(EOF) of these mixed-mode CEC columns was investigated. In addition, the retention mechanism for this group of peptide probes in the
electrochromatographic process was studied by examining the effect of varying the running electrolyte composition. As a result, it can be
concluded that the electrochromatographic separation of this set of peptides was mediated by a combination of electrophoretic migratiol
and chromatographic retention involving both hydrophobic as well as ion exchange interactions. By modulating the running electrolyte
composition, the hydrophobic or ion exchange components of the interaction process could be made to dominate the chromatographi
retention of the peptides. Based on this strategy, a high-resolution separation of six closely related synthetic peptides was demonstrated wi
this mixed-mode CEC system.
© 2005 Published by Elsevier B.V.
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1. Introduction has expanded in recent years to the separation of relatively
complex polar biomolecules, such as nucleosides, synthetic
Capillary electrochromatography (CEC) was introduced peptide mixtures and protein dige§fs-10].
about two decades ago as an analytical technique that com- To date, the majority of CEC applications described
binesthe features of high performance capillary electrophore-in the literature have utilized reversed-phase silica-based
sis (e.g. high efficiency) and high performance liquid chro- chromatographic sorbents as stationary phd$ég The
matography (e.g. high selectivity and sample loading capac-use of such non-polar phases with polar analytes, e.g.
ity) [1-4]. Initially, CEC was mainly used for the separation peptides, in CEC is associated with two constraints. Firstly,
of neutral and non-polar compounds under conditions simi- the surface charge of these sorbent materials varies with the
lar to those employed in reversed-phase HRLEG]. With pH of the running electrolyte. As the electroosmotic flow
the development of CEC column technologies and concomi- (EOF) is surface-charge dependent, capillaries packed with
tant improvement in instrumentation, the application of CEC silica-based sorbents have an EOF dependence on pH. Sec-
ondly, silanophilic interactions between positively charged
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E-mail addressmilton.hearn@sci.monash.edu.au (M.T.W. Hearn). of the sorbent lead to severe peak tailing and can result in

0021-9673/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.chroma.2005.04.003



Y. Yang et al. / J. Chromatogr. A 1079 (2005) 328-334 329

irreproducible separation$2]. End-capping the free silanol 100 mM disodium hydrogenphosphate with 100 mM sodium
groups at the surface of the sorbents, in order to suppressdihydrogenphosphate. The stock solution of 200 MM ammo-
these interactions, is not an acceptable solution in CEC duenia acetate buffers, pH 4.0 and pH 5.0, were made by titrat-
to the significantly decreased EOF. An alternative optionis to ing 100 mM ammonia acetate with acetic acid; the 25 mM
suppress adverse silanophilic interactions through the use ofTris-HCI buffer, pH 8.0, was made by titrating 25 mM Tris
low pH conditions. However, under these conditions the EOF solution with hydrochloric acid. All of the CEC running elec-
progressively becomes reduced as well, as the silanol groupgrolytes were prepared by mixing appropriate proportions
become increasingly protonated. The ideal sorbents for CECof the stock solution, Milli-Q water and the organic sol-
applications, therefore, should be able to generate sufficientlyvent, and were degassed by ultra-sonication for 10 min before
high and stable electroosmotic flow over a wide pH range, use.

whilst at the same time having an appropriate ligand density

and composition that permit reproducible chromatographic 2.2. Samples

retention.

Mixed-mode stationary phases containing hydrophobic  Allthe peptides used inthis study were synthesised and pu-
and strong cation exchange ligands have been proposed byified using procedures reported previoydl9]. All peptides
several research groups for the separation of simple pep-were dissolved in 10% (v/v) acetonitrile—water (1 mg/mL)
tides by chemically co-bonding the strong propylsulfonic since some were too hydrophobic to be dissolved in pure wa-
acid and octadecyl groups onto the silica surfic®-15] ter. 5% of DMF in water was used as EOF marker. Allsamples
These sorbents exhibited a significant EOF over a wide rangeand the EOF marker were injected electrokinetically at 5 kV
of pH values. So far, few investigations have been performedfor 4 s unless otherwise stated.
to systematically characterise these mixed-mode sorbents
with sets of closely related peptides or other biomolecules 2.3. Instruments
[16—-18] In this paper, the separation of synthetic thrombin
receptor antagonistic peptides (TRAPs) by HP-CEC with  Both the CEC and CE experiments were performed with
hydrophobic/strong cation exchange mixed-mode sorbentsa HP*PCE capillary electrophoresis system from Agilent
is presented. In particular, the influence of the pH value of Technologies (Waldbronn, Germany) at ambient tempera-
the running electrolyte, the ionic strength of the background tures (the instrument was set up in an air-conditioned labo-
buffer and the organic solvent content on the retention be- ratory with room temperature maintained at22 °C). The
haviour of this peptide set has been studied. These investigatemperature of the cassette containing the capillary was con-
tions thus provide the basis to further understand the mech-trolled by a circulating air fan, and registered by a tem-
anism of differential migration and the retention processes perature monitor (U-lab, Melbourne, Australia) and read
underlying the separation of peptides by mixed-mode CEC 21-23C during the period over which the experiments were
sorbents. carried out. The inlet and outlet capillary ends were pres-

surised with 10 mbar during CEC analysis. The detection
of peptides was performed using a diode-array detector at
2. Experimental 214 nm.

2.1. Chemicals and buffers 2.4. CEC capillary columns

Acetonitrile (HPLC grade) was obtained from Biolab Sci- The CEC columns, 265 (350) mm100um, packed with
entific (Sydney, Australia). Water was distilled and deionised 3um C1g/SCX sorbents were donated by Agilent Tech-
in a Milli-Q system (Millipore, Bedford, MA, USA). Tris  nologies. The total length of the columns was 350 mm and
(hydroxymethylaminomethane) was purchased from Sigmathe packed length was 265 mm. All new CEC capillary
(St. Louis, USA). Sodium dihydrogenphosphate, disodium columns were first conditioned before use for several hours
hydrogenphosphate and ammonia acetate were purchaseih (25 mM Tris-HCI) pH 8.0-acetonitrile (1:4, v/v), accord-
from BDH Chemicals Australia (Kilsyth, Australia); NaOH, ing to the standard operating procedure recommended by the
hydrochloric acid 36% (v/v), orthophosphoric acid 85% manufacturer.

(v/v) and acetic acid were obtained from Ajax Chemicals

(Sydney, Australia). DMF N,N-dimethylformamide) was  2.5. Computational methods

purchased from Auspep (Melbourne, Australia). Unless

otherwise stated, all the above reagents were of analytical The retention factor, kcec was calculated as
grade. kcec=(tv —teoP)/teor, Where tyy is the apparent mi-

The stock solutions of 100 mM phosphate buffers, pH gration time of the peptide angor is the elution time of
2.0-3.0, were prepared by titrating 100 mM sodium dihy- an un-retained neutral molecule (EOF marker). Organic
drogenphosphate with phosphoric acid; whilst the 100 mM volume fractions were expressed #s whereby 100% of
phosphate buffers, pH 6.0-7.5, were prepared by titrating organic modifier equalg = 1.
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3. Results and discussion was neither manifested in the available hydrophobicity co-
efficients nor in any charge calculations that may be used to
3.1. Characteristics of the thrombin receptor determine their charge—size ratios.

antagonistic peptides
3.2. Characteristics of mixed-mode CEC sorbents

The thrombin receptor (PAR-1) is a transmembrane G-
protein that is activated by serine protease cleavage of its CEC capillary columns employed in this investiga-
extracellular N-terminus to expose an agonist peptide ligand tion were packed with mixed-mode sorbents functionalised
that is tethered to the receptor itsgl0]. Synthetic peptides  with immobilized octadecy! groups and propylsulfonic acid
that contain the agonist motif of human PAR-1, such as H- groups. The strong sulfonic acid groups can be readily ionised
Ser-Phe-Leu-Leu-Arg-Asn-Pro-OH (TRAP-1), are capable and therefore possess negative charges over a broad range of
of receptor activation in the absence of throm[dt]. Re- pH values. Apart from providing high electroosmotic flows,
placement of Ptrewith Ala in TRAP-1, with elimination of  the sulfonic acid groups also induce strong cation exchange
the R-phenyl side chain group, results in complete receptorcharacteristics to the sorbent.
inactivation[22]. Structure—function investigations with var- In order to assess the performance of the capillary columns
ious bioactive thrombin receptor-activating peptide (TRAP) packed with Gg/SCX sorbents at low pH, phosphate buffers
analogues have been reportd®,23], leading to the con-  from pH 2.0 to 3.0 were used. Under these conditions, the
clusion that an extended structure of the agonist peptide iSTRAP peptides could not be eluted from these capillary
responsible for receptor recognition, with a hydrophobic con- columns because of the strong electrostatic interaction be-
tact occurring between the side chains of Pied Led. tween the negatively charged sorbents and highly positively

The amino acid sequences, molecular weight, charge andcharged peptides. When the pH of the running electrolyte
relative hydrophobicity of six TRAP peptides synthesized in was increased to pH 4.0 or 5.0 using an ammonium acetate
this laboratory are shown ifable 1 The peptides were de-  buffer, only some of the peptides could be eluted, but with
rived by successively replacing the amino acids of the original pronounced peak tailing. This outcome can be attributed to
sequence with alanine, except for the N- and C-terminal ends.the positive charges on the peptides with buffers of this pH
These changes in the amino acid sequence are expected to rgange. In contrast, when high pH buffers, for example, Tris-
sultin differences in dipole characteristics and surface chargeHCI buffers above pH 8.0, were employed, these peptides
densities between the different members of this peptide. Thus,have a negative charge, and migrate towards the anode, which
when a neutral amino acid within the sequence was replacedis opposite to the direction of the electroosmotic flow. If the
by alanine, no variation in molecular charge will be intro- migration times of the peptides are too long and their peaks
duced, although other properties, for example, the intrinsic too broad, they cannot be observed via UV detection, al-
hydrophobicity will change. However, when a charged amino though their retention to the sorbents could be completely
acid, such as arginine, as in the case of TRAP-5, was substi-diminished because of electrostatic repulsion. It was found
tuted by alanine, significant modification in the charge status that the successful elution of all the TRAP peptides from

of this peptide occurred. As shownTable 1, TRAP-1, 2, 3, these mixed-mode CEC columns could only be achieved in a
4, 6 have the same positive charge at pH 6.5, while TRAP-5 neutral pH range with phosphate buffers. Under those condi-
is negatively charged. tions the peptides are weakly charged and their retention to

As documented in our preliminary studies, the separation the mixed-mode sorbent moderate.
of TRAP-5 from other TRAP peptides can be easily achieved
by a charge based separation technology, such as high per3.3. The influence of the electrolyte composition on the
formance capillary electrophoresis (HP-CZE). However, the EOF
separation of TRAP-1, 2, 3, 4, 6 from each other proved to
be extremely difficult because of their close charge-massra- To optimise the CEC separation of the TRAP peptides,
tios, with TRAP-3, 4, 6 not resolved by HP-CZE even under besides the effects of the pH and type of background buffer
optimal conditions. These small peptides are not anticipatedused in the running electrolyte and buffer type, the influence
to adopt any secondary structure and are assumed to exhibibf the ionic strength and the organic solvent content on the
a random coil structure. In their solvated states they are ex-EOF must also be determined for the selected sorbent sys-
pected to adopt globular shapes. By examining the peptides’tem. In these experiments, the electroosmotic velocity was
structure as determined by molecular modelling experiments, measured with DMF as the unretained marker. The influence
the potential impact of changes in their amino acid sequenceof the pH value of the running electrolyte on the electroos-
on their shape can thus be easily followed. The migrational motic flow of these mixed-mode CEC columns is illustrated
similarity of TRAP-3 and TRAP-4 represents the major chal- in Fig. 1A. The running electrolyte was derived from 5 mM
lenge in achieving a successful separation, as these peptideghosphate buffer containing 40% (v/v) acetonitrile. As can
display identical amino acid composition but different se- be seen from the plot, only a small change in the EOF oc-
guences with respect to positions 3 and 4 (compositional curred when the pH of the running electrolyte was increased
isomers). Therefore, their difference at the molecular level from pH 6.0 to 7.5. This outcome can be mainly attributed to
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Table 1

331

Amino acid sequences, molecular weights, calculated chagyest pH 6.5, charge to molecular mass ratigdtW?3) for globular peptides and relative

hydrophobicities of TRAP peptides

Peptide Sequence q MW q/MW23 Relative hydrophobicity
TRAP-1 SFLLRNP 086 84600 00097 2086
TRAP-2 SALLRNP 086 76990 00103 1424
TRAP-3 SFALRNP 086 80392 00100 1691
TRAP-4 SFLARNP 086 80392 00100 1691
TRAP-5 SFLLANP -0.14 76089 —0.0016 2222
TRAP-6 SFLLRAP Q86 80297 00100 2475

The [Kj values for the side chains and the C- and N-termini from referef2829] were utilized to calculate peptide charges, and relative hydrophobicity

was calculated with data from referer{@@)].
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Fig. 1. (A) Plot demonstrating the relationship between the BQRb,

and the pH values of the running electrolyte. The running electrolytes were
composed of 4 mL acetonitrile, 0.5 mL 100 mM phosphate buffer, pH X, and
5.5 mL water, Gg/SCX CEC capillaries with a total length =35.0 cm, ef-
fective lengthLe =26.5cm, 10Qum |.D. were used, and the applied voltage
was 24.5kV. Injections were made electrokinetically at 5kV for 4s. De-
tection was at 214 nm. (B) Plot demonstrating the relationship between the
EOF, veor, and the volume fractiony, of acetonitrile on a g/SCX CEC
capillary. The running electrolytes were prepared fddmL of acetonitrile,

0.5 mL of 100 mM phosphate buffer, pH 6.5 with (30< — 0.5) mL of water
added to achieve a final volume of 10 mL. The applied voltage was 24.5kV.

the enhanced ionisation of the residual silanol groups on the
sorbent surface and the capillary wall.

The effect of the acetonitrile content in the running elec-
trolyte was investigated by increasing the volume percent-
age from 30% (v/v) to 60% (v/v) whilst keeping the phos-
phate concentration of 5mM and pH 6.5 (as measured with
an Ag/AgCl combination pH electrode with the fully aque-
ous buffer electrolyte). As shown irig. 1B, the electroos-
motic velocity slightly increased with increasing acetonitrile
content. A decrease in the viscosity,of the running elec-
trolyte, coupled with the effect of the organic solvent on the
protic ionisation equilibrium as the acetonitrile content is in-
creased, would account for the EOF increase, since firstly the
EOF is inversely proportional tg and secondly the EOF is
proportional to the zeta potentigl, of the sorbent. Since the
zeta potential varies with the ionisation status of the sorbent
surface, which in turn depends on the effective pH of the
buffer electrolyte, with aqueous—organic solvent buffer elec-
trolyte systems the effective pH can be as much as 0.5 pH
units above the level measured with an Ag/AgCl combina-
tion pH electrode for the corresponding fully aqueous buffer
electrolyte. These effects will result in a greater level of ion-
isation of the residual silanol groups present in the sorbent.
The corresponding dependence of electroosmotic velocity on
the ionic strength of the running electrolyte at a constant pH
(pH 6.5), expressed in terms of the plotaghr versud —1/2
results in a linear relationship with a correlation coefficient of
r2=0.9906. The increased buffer concentration gives rise to
double-layer compression, decreased zeta potential, and re-
duced EOF. As evident from these results, a small increase in
the phosphate buffer concentration caused a pronounced de-
crease inveor. This outcome is consistent with the predicted
linear dependence afzor, onl~Y2 [4] with the correlation
coefficients for the experimental data beirfg: 0.9906.

3.4. The retention behaviour of TRAP peptides on
mixed-mode sorbents

3.4.1. Influence of the acetonitrile content

In order to assess the influence of the acetonitrile con-
tent on the retention of the TRAP peptides on mixed-mode
C18/SCX CEC columns, its content in the running electrolyte
was varied over the volume fraction rangeypf 0.2-0.5,
while the phosphate concentration was kept at 10 mM and
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Fig. 3. The relationship between the retention coefficieptc, of TRAP
Fig. 2. Retention coefficientscec, of TRAP peptides vs. the volume frac- peptides and the concentration of the background buffer in the running elec-

tion, v, of acetonitrile. The running electrolytes were prepared fxamii_ of trolyte on a Gg//SCX CEC capillary. The running electrolytes were prepared
acetonitrile, 1 mL of 100 mM phosphate buffer, pH 6.5 with @& — 1) mL from 5mL of acetonitrile XmL of 100 m.M phos.phate buffer, pH 6.5 with
of water added to achieve a final volume of 10 mkg/SCX CEC capillaries (10— X—5)mL of water added to achieve a final volume of 10mL. The
with a total length_; = 35.0 cm, effective lengthe =26.5cm, 10Gwm 1.D. applied voltage was 20.0kV.

were used, and the applied voltage was 20.0 kV.
bination of both interactions. As apparent from the results,

the pH at pH 6.5. When low volume fractions of acetoni- change; in the buffer concentration and/or organic solvent
trile were employed, e.gr < 0.3, only the less hydrophobic content in the running electrolyte can be used to m_odulate
peptides, for example, TRAP-2, 3, 4 were eluted. However, the re.latlve contrlbutlgn of these processes. At relative low
when higher elution strength running electrolytes were used, °rganic solvent conditions, increasing the buffer concentra-
e.g. when the acetonitrile content was 0.5, some peptides tion in the running electrolyte reduces the contribution from
co-eluted and were unresolved. It was found that the most €l€ctrostatic interactions. The relationship between the loga-
effective separation of the six TRAP peptides could only be "thmic values of the retention coefficient, logec, of TRAP
achieved in a narrow acetonitrile content range 0/3<0.4.  Peptides and the volume fractiof, of acetonitrile in the run-
Fig. 2 shows the effect of acetonitrile content on the reten- Ning electrolyte is linear for all investigated peptides (data
tion of TRAP peptides with the mixed-moda4SCX CEC not shown). Under the regime of low organic solvent condi-
column. It can be seen that TRAP-6 has the highest relativetions, the elelctrostafcic interaction will be great!y suppressed
hydrophobicity Table 3 and shows the strongest retention. When a relatively high buffer concentration, i.e. >10mM,
Moreover, the retention coefficienisgec, of these peptides ~ Was selectgd. The_refore, ur)der these condltlpns the chro-
decrease with an increase in the acetonitrile content. ThemMatographic retention behaviour becomes doming@éfby
more hydrophobic peptides, e.g. TRAP-5, 6, show more pro- hyplroph_oblc interaction effects, as manlfe_ste_d py alinear re-
nounced effects with very small changes in the acetonitrile lationship between the logzecandy over this limited range
content causing significant modifications to their retention ©f 0.30<v <0.38 values.
with this mixed-mode CEC sorbent. The very hydrophobic
peptide TRAP-5 is negatively charged at pH 6.5, and was 3.4.2. Influence of the buffer concentration
repelled from the negatively charged surface of the sorbent.  The retention mechanism of TRAP peptides on this mixed-
Although hydrophobic interactions may still play arole under mode sorbentwas also studied by changing the buffer concen-
these conditions, the influence of acetonitrile on the retention tration in the running electrolyte whilst keeping the pH and
of TRAP-5, like the less hydrophobic peptides TRAP-2, 3, organic solvent content of the running electrolyte constant.
4, was small. Therefore, due to differences in their mass to Fig. 3illustrates the effect of buffer concentration, from 3 to
charge status, the relative changes in selectivity for TRAP-5, 10 mM, on the retention of the TRAP peptides. The volume
with respect to TRAP-1 and TRAP-6, were significant when fraction,r of acetonitrile in the running electrolyte was fixed
even minor changes in the acetonitrile content in the running at 4+ = 0.5, and was selected at this value to ensure that hy-
electrolyte was employed even though the hydrophobicity drophobic interaction of peptides with chromatographic sor-
values of these three peptides were very similar. bent was significantly suppressed. One direct consequence
Since both hydrophobic and the ion exchange groups areof a high organic solvent content in the running electrolyte
presented on the surface of the mixed-mode sorbent useds that the less hydrophobic peptides, TRAP-2 and TRAP-3,
in these investigations, the electrochromatographic retentionco-eluted and remained unresolved under this condition. As
behaviour of this set of TRAP peptides will reflect a com- shown inFig. 3, the retention coefficientgcgc, of the pos-



Y. Yang et al. / J. Chromatogr. A 1079 (2005) 328-334 333

0.75 Q 5

@® TRAP-I
A TRAP-2&3
Q TRAP-4
<&
0

cec

TRAP-3
IRAP-6

0.00 |- - ;-~_;;‘2_; B /"U

6.0 6.5 7.0 7.5 5 10 15 20

Intensity (mAU)

w
|
=}
=
oo

pH (A) Time /min

Fig. 4. The relationship between the retention coefficiepgc, of TRAP
peptides and the pH of the running electrolyte omg8CX CEC capillary. TRAP-1,2,3,4,6
The running electrolytes were prepared from 5 mL of acetonitrile, 0.5 mL of 18 |-
100 mM phosphate buffer, pH X, with 4.5 mL of water added to achieve a
final volume of 10 mL. The applied voltage was 24.5kV. B

itively charged peptides decreased with the increase in the
buffer concentration in the running electrolyte, as the elec-
trostatic interaction between the positively charged peptides
and negatively charged surface of the sorbent is reduced. In
contrast, the negatively charged peptide TRAP-5 increasingly
underwent electrostatic repulsion from the surface of the sor- 0F
bent, causing this peptide to move in the opposite direction
of EOF. ' ' : ' :
As noted above, the running electrolyte contained 50%
(v/v) acetonitrile to diminish the hydrophobic interaction of
the peptides with the sorbent, and when low buffer con- Fig. 5. (A) Separation of TRAP peptides on ggSCX CEC capillary.
centrations were employed, electrostatic interactions becamerunning electrolyte: 32/10/58 acetonitrile/100 mM phosphate buffer, pH
favourable for retention of these peptidg5,26] Under 6.5/water (v/v). Other conditionsv=20.0kV, detection at 214 nm. (B)
these conditions, the dependency of the logarithmic reten- Separation of TRAP peptide; with a bare-fused silica capillary with a
ton coeficient, logecec, for the strongly retained pep- 8 108 o S0 Siecs el orese e 0 Ber
tides TRAP-1 and TRAP-6, versus the logarithmic buffer voltage: 20.0 kV: detection at 214 nm.
concentration in the running electrolyte followed linear re-
lationships (with correlation coefficients?=0.9877 and
r2=0.9922, respectively), indicating that electrostatic in- matographic sorbents. Changing the pH value of the running
teractions dominated the chromatographic retention of the electrolyte can easily modulate this effect. As demonstrated
peptides under these conditions, with the migration be- in Fig. 4, over the range from pH 6.0 to 7.5, the retention co-
haviour reminiscent of that typical for the separation of efficientsxcec, of the positively charged peptides decreased,
similarly charged peptides in ion-exchange chromatography consistent with steadily weakened electrostatic interactions
[27]. with the sorbent surface. On the other hand, since the neg-
atively charged peptide TRAP-5 was repulsed from the sur-
face of the sorbent, its retention coefficient stayed nearly un-

TRAP-5

Intensity (mAU)

B) Time /min

3.4.3. Influence of the pH of the running electrolyte i
For sorbents containing strong ion exchange groups, suchchanged over this pH range.

as the mixed mode sorbent used in the current studies, chang-

ing the pH value of the running electrolyte does not have a 3.4.4. Isocratic separation of TRAP peptides

significant effect on the magnitude of EOF, as demonstrated Although differences in hydrophobicity, as shown in

above. However, it can have a profound effect on the retention Table 1, is a favourable feature for their separation of this

of peptides, since the charge status of peptides is an impor-set of peptides by reversed-phased HPLC, their resolution

tant determinant of their electrostatic interaction with chro- by CEC proved to be difficult, because of their very simi-
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