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Abstract

In this review various aspects concerning the application of capillary (zone) electrophoresis for peptide analysis will be
critically examined. First, the basic instrumental requirements of CE apparatus and the strategies employed to enhance
sensitivity in the analysis of underivatized sample are described. Multidimensional separative techniques of complex peptide
mixtures that use CE as final step and the coupling of CE with mass spectrometry are subsequently discussed. A theoretical
section describes the relationships existing between peptide mobility and the pH of the separation buffer. These relationships
evidence that proton dissociation constants and Stokes radius at different protonation stages can be calculated by measuring
the electrophoretic mobility at different pH values. Investigation of peptide mobility dependence on pH allows us to establish
the optimum conditions, in terms of resolution, for peptide separation. Subsequently, a critical discussion about
semiempirical models predicting peptide mobility as a function of chemico-physical peptide properties is presented. A
section is devoted to the description of principles of peptide affinity capillary electrophoresis, underlining the similarity with
peptide—proton interaction. CE separations performed in aquo—organic solvents are also critically discussed, showing the
good performance obtained by using water-2,2,2-trifluoroethanol solutions. Finally, selected CE applications for the
determination of peptide chemico-physical properties and conventional analysis, like peptide mapping, are reported.
© 1997 Elsevier Science BV.
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1. Introduction

The chemical analyst continuously has to contend
with the low sensitivity of his instrumentation and
the magnitude of Avogadros number. For example,
even when the analyst’s apparatus reaches a satisfac-
tory absolute sensitivity at the femtomole (10"
moles) level, he must collect at least around 1 billion
molecules (>6-10%) of any substance present in his
specimen, in order to obtain a signal which can
overcome the instrumental noise. Following collec-
tion, the analyst must be able to utilize some
structural, physical or chemical distinction between
the various substances in the sample, either to isolate
identical molecules from all the others, or to obtain a
specific signal for any kind of molecule present in
the sample. In this respect. the analysis of biological
specimens is certainly a most difficult task since the
number of different similar substances present often
can be counted in the thousands. Frequently, inability
of the analytical technique to differentiate or isolate
molecules with small structural differences leads to
the false assumption of substance homogeneity. On
the contrary, different macromolecular conforma-
tions or weak, but stable, interactions between the
molecules of the sample, can induce structural
distinctions, providing misleading multiple signals.

Nonetheless, the demand for more accurate quali-
tative and quantitative information on biological
systems and the requirements of commercial biotech-
nological products which would fulfil criterion of
quite absolute purity are continuously increasing. In
this respect, capillary electrophoresis (CE) allows
new and interesting analytical possibilities to develop

and is generating a small revolution in chemical and
biochemical analysis, similar to the advent of HPLC
techniques. The very high absolute sensitivity of this
technique induced some authors [1,2] to feel it would
be easier to express the sensitivity in terms of
number of molecules, rather then in terms of moles.
In fact, through laser induced fluorescence they
reached a sensitivity at the level of zeptomoles
(107%" moles), corresponding to several hundred
molecules. CE selectivity, in the so called zonal
conditions, (CZE, because the analytes migrate as
separated, independent, non-contiguous zones), is
also high and can be explained through well known
theoretical equations, principally related to the
charge-to-size ratio of the analyte. (Recently Knox
[3] recommended the use of the term capillary
electrophoresis (CE), since the word ‘“zone” is now
obsolete, therefore this term will be used whenever
possible).

Furthermore, the very large number of CE options
allows one to operate under completely different
experimental conditions, for example, either using
micellar conditions (capillary micellar electrochro-
matography, CMCE) or gel filled capillaries (capil-
lary gel electrophoresis, CGE), or polymeric solu-
tions (polymer-solution capillary electrophoresis,
PSCE), otherwise employing either capillary iso-
tacophoretic (CITP) or isoelectrofocusing (CIEF)
conditions.

CE is quite useful in the field of peptide analysis,
especially for small polar peptide separaticn, which
is difficult to perform using other techniques. In
addition, high sensitivity and selectivity might oblige
the use of CE as the elective technique in quality
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control of peptides produced by biotechnological
procedures, in the near future. This review will focus
upon several aspects of CE peptide separations, in
the attempt to offer an extensive view of the present
state-of-the-art and of the most important analytical
information that can be obtained by this technique.
In addition, several perspectives of peptide CE
applications will be outlined. A limited number of
references, selected among the very large number of
significant papers published on this field, will be
cited. We apologize for any oversight, but a com-
prehensive list of all the relevant articles published in
the field of the CE application to peptide analysis is
nowadays impossible.

2. Instrumentation
2.1. Basic apparatus and detectors

The basic apparatus for peptide CE separations
does not require supplementary options. All common
commercial instruments are suitable for typical sepa-
rations. Appropriate instrumental arrangements will
be described in cases of particular experimental
strategies. Options such as multiple sampling and
efficient temperature control are advisable. Elective
detection is by spectrophotometric absorbance,
which, of course, must operate in the low ultraviolet
range (200-220 nm). Commercial fluorescence de-
tectors are not usually useful for direct peptide
detection. In fact, the intrinsic peptide fluorescence is
principally due to tryptophan, with a minor contribu-
tion of tyrosine. Tryptophan excitation wavelength is
in the 200-300 nm range, which is not covered by
common commercial laser. This problem can be
overcome by the use of appropriate fluorotags, as
will be described in Section 2.5. Sensitivity is
increased by two to three orders of magnitude
compared to absorbance detection. On the other
hand, the use of fluorescent reactants can generate
problems deriving from unreacted reagents and
difficulties could arise in reproducing quantitative
analysis even with the use of internal standards [4].
Indirect detection [S] can be also used, by adding
either fluorescent or high absorbing substances to
separation buffers. In this case, analytes are detected
as negative peaks. This option is very attractive,
although a different detector design could be signifi-

cant for instrumental improvement [6,7]. A sensible
increase in sensitivity is also obtainable in this case,
even though it is not easy to achieve an accurate
quantitative analysis. Even though there is great deal
of interest in the use of electrochemical detection [8]
for CE analysis, commercial instruments do not
usually offer it. Coupling with a mass spectrometer
could be very useful [9] for a fast peptide identifica-
tion (if money is not a problem). These options will
be more extensively described in the sections de-
voted to the enhancement of peptide CE sensitivity
and to CE hyphenation (Section 2.5 Section 2.7).

2.2, Capillary

While there are not any particular requirements for
CE peptide separation essential apparatus, attention
should be payed to capillary choice. In fact, it was
well established that physico-chemical structure of
the capillary wall plays a relevant role in the
separation [10,11]. Electric field generates a net
buffer flow (electroosmotic flow) by acting on diffu-
sion part of electric double layer at the inner surface
of the capillary. Electroosmotic flow is usually
directed towards the cathode [12,13]. This charac-
teristic is not negative ‘‘per se”’, since electroosmotic
flow can be measured and modulated as a function of
various parameters and hence can be used to modify
analysis times (these topics were extensively re-
viewed [14-16]). Problems arise from the electro-
static interactions between peptides and inner capil-
lary wall, that may generate sensible decrease of
efficiency and reproducibility [17]. For these reasons
many researchers recommended the use of coated
capillary, as reported in excellent reviews [18-20].
Although some covalent coatings are stable even at
moderately basic pH values, to date a universal
coating has not been described due to instability at
high basic pH values [21]. For these reasons, best
separation performance in peptide separations were
usually obtained at acidic pH [22,23].

2.3. Fraction collectors

CE requires very low analysis volumes and, even
under electroosmosis, very low solution flow, thus,
the building of apparatus for automated fraction
collection is not easy. The problem can be solved by
immediate peptide detection through coupling with
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appropriate instruments; a mass spectrometer is the
elective choice (Section 2.7). However, since peptide
collection is essential for unambiguous identification,
many efforts have been made [24] to solve this
problem. Some of them were based on discontinuous
collections. Electrophoresis is halted immediately
before the peptide exit from the capillary and the
peak is collected either into appropriate tanks under
low pressure mobilization [25,26], or into a low-
volume collection buffer under field-programmed
voltage [27,28]. Otherwise collection may be con-
tinuous onto a wetted and moving membrane [29].
The various laboratory-made equipment demonstra-
ted that multiple collection provided enough sample
either to perform Edman sequencing or to investigate
post-translational modification throughout mass spec-
trometry [30]. These collection methods required the
presence of a strong electroosmotic flow in the
capillary.

Among described choices, attention was addressed
to an automated apparatus for continuous collection.
A recent laboratory-made apparatus is based on a
rotating moist membrane maintained at ground po-
tential in electric contact with the capillary terminal
[31]. Tracht et al. [32] used a silver-coated capillary
in order to establish electric contact with the electro-
phoretic buffer, while the peptide is captured onto a
binding membrane. Recently, Chiu et al. [33] have
described another laboratory-made collector, based
on electrical connection established either by using a
coaxial capillary flow cell or through the treatment of
the outer capillary surface with a gold-filled epoxy
resin. The former option is most useful with low or
absent electroosmosis, whereas the latter is preferred
when dilution of the sample must be minimized. The
authors described a more than 80% sample recovery
and the fractions were successfully analyzed by
electrospray mass spectrometry. These studies dem-
onstrated that automated CE fraction collectors are in
great progress and suggested a prompt development
of commercially available equipment.

2.4. Separation buffers

Buffers for peptide CE must supply a conductive
medium through which the charged peptide migrate
freely in the electric field. They must also have low
UV absorbance. For these reasons traditional buffers

used in slab gel electrophoresis are normally not
suitable for CE. The following factors should be
considered in the buffer choice: influence of cations
and anions on solute migration, dissipation of Joule
heating, buffering capability, solubility and stability,
interaction with capillary wall and hence effects on
electroosmosis [34-37]. Examples of most common
used buffers for peptide CE are reported in Table 1.

In our experience a suitable option is represented
by phosphate buffers 50-100 mM at acidic pH and
by phosphate—borate buffers 10-40 mM at alkaline
pH, the latter implemented by strong basic additive
(i.e., 5 mM lysine) in order to reduce peptide—wall
interactions. At neutral pH peptides usually have a
small charge, consequently the analysis time in
separations performed using coated capillary could
be lengthy. Thus, to profit from electroosmotic flow,
neutral and alkaline pH separations are usually
performed with uncoated capillary. In this case, to
reduce peptide—wall interactions, buffers based on
zwitterionic substances, such as MES (2-[N-mor-
pholinolethanesulphonic acid) or HEPES (N-[2-hy-
droxyethyl]piperazine-N'-{2-ethanesulphonic  acid])
are acceptable options.

2.5. Sensitivity enhancement

By direct absorbance detection CE absolute sen-
sitivity is about two to three orders of magnitude
higher than that of HPLC techniques. Nonetheless, in
terms of concentration, CE sensitivity is slightly
lower than HPLC (detection limit about 1-107°-1-

Table 1

Some selected buffers suitable for CE peptide separations
Buffer composition mM pH
Phosphate (Na™, K7) 40-100 2-4
Malonate (Na™, K7) 40-80 2.5-4
Citrate (Na") 20-80 2.5-4.5
Malate (Na*) 40~-80 3-45
Succinate (Na™) 40-80 4-6
MES*® (Na") 40-80 5.5-6.5
HEPES® (Na*) 40-80 6-7.5
Tris—glycine (acetate) 25:50-50:200 6.5-8.5
Phosphate—borate (Na*, K ) 20:5-50:20 8.5-10.5

CAPS® (Na") 40-80 9.5-11

*MES (2-[N-Morpholino]ethanesulphonic acid); HEPES (N-[2-
hydroxy-ethyl]piperazine-N’-[2-ethanesulphonic acid]); CAPS (3-
[cyclohexyl-amino]-1-propanesulfonic acid).
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107° M), since the CE injection volume is about
three orders of magnitude smaller. Thus, the de-
velopment of tools which may increase instrumental
sensitivity is one of the major goals of CE peptide
separations.

The most simple strategy consists of the pre-
concentration of the sample by employing discon-
tinuous buffer systems. Using staking conditions
with different buffer composition, Schwer and co-
workers were initially able to increase the detection
limit of about 30 times [38] and subsequently 50
times [39].

Alternatively, as mentioned in Section 2.1, the use
of fluorescence detectors can greatly improve de-
tection limits. Direct fluorescence detection of pep-
tides is limited to their tryptophan and tyrosine
content. In addition, these two amino acids are poor
fluorophores and their excitation occurs in the 210-
290 nm wavelength range. Commercial equipment is
not fitted with lasers covering this range. However,
several authors reported that the use of home-made
detectors [40—42], equipped with Kr or Ar lasers,
reached detection limits in the order of 1-107° M.
Recently, Timperman et al. [43] used a laboratory-
made wavelength-resolved detection system to reach
a detection limit of about 2-107'° M for tryptophan
containing peptides. The absolute sensitivity in an
injection volume of about 5-107" 1 (5 nl) corres-
ponded to about 1-107"* mole (equal to 1 amole;
60 000 molecules). Moreover, acquisition of emis-
sion spectrum allowed them to distinguish between
tryptophan and tyrosine containing peptides.

Nonetheless, since many peptides lack either
tryptophan or tyrosine, different strategies should be
used in order to improve detection limits in their
absence. Pre-column peptide derivatizations with
fluoro-tags were described [44] including the use of
fluorescamine, fluorescein isothiocyanate (FITC), 9-
fluorenylmethyl chloroformate (FMOC) and o-
phthaldialdehyde (OPA) [44]. A particular fluoro-tag,
3-(4-carboxybenzoyl)-2-quinoline  carboxaldehyde
(CBQCA), was recently specifically designed for
ultrasensitive detection of primary amines [45]. The
excitation wavelength of these reactants was coher-
ent with the wavelength of He—Cd laser (442 nm)
and was successfully employed to reveal small
peptides [46]. Orwar et al. [47], employing 2,3-
naphtalenedicarboxy-aldehyde as fluoro-tag for

glutathione, were able to perform single cell-analy-
sis. Fluorescence detection appears to be the elective
method for a great improvement of peptide CE
separation. Lee et al. investigated these possibilities
and discussed the laser-induced fluorescence detec-
tion of a single molecule in a capillary [48]. Using a
near-infrared laser beam in a flowing stream confined
in a capillary, they were able to detect a single
molecule. A practical application in peptide CE of
these insuperable detection limits must still surmount
enormous experimental difficulties. Moreover, these
sensitivity limits lead to speculation about the gener-
al significance of monomolecular analysis, while the
usual analytical signals derive from means of molec-
ular behaviour.

2.6. Hyphenation: multidimensional separations

Great interest was devoted to the coupling of CE
with other separative techniques, HPLC in particular.
RP-HPLC peptide separations are based on peptide
polarity, whereas CE separations are based on
charge-to-size ratio. Nonetheless, peptide with high
charge should be also characterized by high polarity.
Thus, when a comparison between RP-HPLC elution
times and CE migration time was performed, slight
correlations were observed [23,49]. Although the two
methods cannot be considered strictly orthogonal,
their different selectivity can offer a powerful tool
for 2-dimensional (2-D) mapping of complex peptide
mixtures.

Various authors performed automated coupling
between HPLC and CE separations [S0-53]. Due to
its small injection volume, CE is always at the end of
the coupling. An acceptable compromise between
chromatographic flow-rate and electrophoretic analy-
sis time must be made. In fact, the critical parameter
is represented by the electrophoretic time. Its reduc-
tion, obtained by working on capillary length and on
applied voltage, must be as low as possible in order
to avoid undersampling of the chromatographic
fractions and to shorten the total analysis times. Loss
in CE resolution can be rewarded by the good
performance of the coupling [53]. Recent improve-
ments of Moore and Jorgenson {54] allowed them to
couple fast RP-HPLC (characterized by relatively
low performance) and fast optical-gated CE sepa-
rations in order to obtain 2-D peptide mapping in
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less than 10 min. Resolution lost in the fast HPLC
gradient was regained in the second CE dimension.
The total peak capacity of the whole system was
found to be around 650. Since total peak capacity is
the product of the peak capacity of each separative
dimension, an extension to higher dimensions gener-
ates a very great improvement of total peak capacity
even with low performance. Moore and Jorgenson
continued in this vein [55] and coupled size-exclu-
sion chromatography (SEC) to RP-HPL.C and sub-
sequently to optical-gated CE obtaining a 3-dimen-
sional (3-D) analysis of peptides. The total analysis
time was about 8 h and depended upon the slow
flow-rate of the SEC separation, since the other two
dimensions accounted for a total analysis time of
about 7 min. Although the peak capacity of the SEC
step was low, the total peak capacity was found to be
around 3000. The broad use of 3-D separations
cannot be considered routine, due to the difficulties
in the representation.

2.7. Hyphenation: CE-MS coupling

One of the most relevant CE problem concerns the
identification of unknown peptides, due to the very
low sample loading and recovery difficulties. Mass
spectrometry (MS) seems to be the detector most
suitable to solve this problem. The CE-MS coupling
is particularly attractive in consideration of the very
low flow-rate of electroosmosis and the consequent
reduction of mass flow buffer components at the
interface. In this respect CE-MS has the advantage
over HPLC-MS coupling and reflects about a 30-
fold increase in peptide detection sensitivity [56] and
simplification of the electrospray ionization interface
[57]. Hyphenation between CE and MS has been
extensively reviewed [9)]. Coupling with electrospray
ionization (ESI) [58-61] and fast atom bombard-
ment (FAB) [62,63] has been largely described. In
addition matrix assisted laser desorption ionization
interface (MALDI) [64] and selected ion monitoring
(SIM) [65,66] have been developed. The detection
limits of these couplings have been evaluated in the
order of the low femtomole and large applications
for the analysis of peptide modification has been
demonstrated [{67,68].

CE-MS coupling can be considered the most
powerful improvement to peptide CE analysis and

various types of commercial equipment are presently
available. Nonetheless, in order to completely exploit
the potentiality of the coupling, further improvement
of the interface [69,70] or strategies centered on the
preconcentration step [71] are still necessary.

3. Theory of peptide CE

This section is devoted only to theoretical equa-
tions involving peptide separation. Thus we will not
cover equations concerning electroosmosis, equa-
tions describing the connection of electrophoretic
performance with instrumental parameters or equa-
tions treating general electrophoretic behaviours,
unless they direct involve peptide separation.

Many factors can influence peptide electrophoretic
mobility and proton activity is the most relevant,
thus the next section covers this topic.

3.1. Peptide mobility as a function of pH

In CE conditions and in the presence of electro-
osmotic flow the peptide observed mobility results
from vectorial addition of electroosmotic and electro-
phoretic mobilities:

Fobs = :u‘ep + u’eo (1)

Using coated capillaries electroosmosis can be
reduced to zero and under these conditions Eq. (1)
can be simplified to:

Iu’obs = u’ep (2)

where the electrophoretic mobility is controlled by
the basic equation:

qZ

- 6mnr, )

#’ep
where ¢ is the electron charge (1.60-107"°
coulomb), n the solution viscosity (water: 8.95- 107*
N s/m? at 25°C), r, the Stokes radius (i.e., the radius
of the sphere equivalent to hydrated peptide) and Z
corresponds to the number of elementary charges
(dimensionless). Thus, electrophoretic mobility is
simply related to the ratio Z/r.. For weak elec-
trolytes, such as peptides, the charge and the Stokes
radius are affected by running buffer properties,
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particularly by proton activity. In a solution at high
proton activity, i.e., low pH values, the peptide is
fully saturated and has a positive charge equal to the
total number of the basic groups. As the pH value
increases C-terminal carboxy groups and side chains
of aspartic and glutamic acid, which have low
affinity for the proton, will dissociate. These dis-
sociations generate negative charges on the peptide,
that could partly compensate the positive charges
still present. Therefore, dissociation will involve
groups having middle proton affinity, as N-terminal
amino group and side chain of histidine, when pH
values are almost neutral. This dissociation provides
loss of some positive charges. Finally, further in-
crease of pH values will induce the dissociation of
high proton affinity groups like side chains of
arginine and lysine and side chains of cysteine and
tyrosine will dissociate causing the disappearance of
positive charges and the generation of negative
charges.

Therefore, if a generic peptide (X“"***“') having j
basic groups and i acidic groups is considered, its
dissociation can be described as follows:

X' X/ s X 4)

K, Ky, K

The above equation presupposes the equivalence
of all species having the same charge.

Since proton exchange is much faster than the
amount of time required for analysis, electrophoretic
mobility observed at a given pH may be regarded as
a means of the mobility of any & different charged
form, each form participating with its percentage x,.

Hops = M5 T X, F T x

k

2 X (5)
k=j
and, hence
k=—i
__4 3 Kk,
Iu'ohs - 61.”7 k2=_1 rsk xk (6)

The molecular percentage of any form, namely the
molar fraction, can be expressed as a function of
proton activity and of dissociation constants, as
follows:

o [X'™"]
I T XA A+ XTI X T L X
/H+n
B o2t @

where P is the binding polynomial
P=g,+B/H 1+ B,/H "+ ...+ B _/IHT™

(8)
and

Bo=1,8=K;B,=KK,;...;B.,
=K, K)K;....K 9)

M & )

Eqgs. (6)—(9) account for difference of the Stokes
radius of the various charged forms. This equation
has too many variables in order to be of practical use
if a peptide has many dissociable groups. In addition,
as aforementioned, it does not consider that the total
charge of any form could derive from different
charge distributions. As an example, mobility, in a
peptide with C-terminal and N-terminal free groups
and lysine and aspartic acid as charged side chains,
at low pH values, results from a high percentage of
fully saturated peptides with two positive charges,
one localized on lysine and the other one on the
N-terminus. A pH increase provides the dissociation
either of the C-terminal or of the side chain of
aspartic acid, leading to large percentages of two
distinct forms with one net positive charge (deriving
from the sum of two positive and one negative
charges), which are considered equivalent in Egs.
(4)—(9). Equations considering microscopic dissocia-
tion constants could account for their percentages
[72,73]. Since CE separation is usually not able to
differentiate the various forms, these equations have
no practical use.

If the peptide is small and the pH modifications
are restricted to a limited range in order to provide
the dissociation of single groups, such as the carboxy
C-terminus in acidic pH range, the theoretical treat-
ment described in Egs. (6)-(9) can provide a
measure of C-terminal dissociation constants and of
Stokes radius at different protonation stages [74].

For example, Egs. (6)-(9) may be simplified as
follows, for peptides having more than one basic
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group and C-terminus as the only acidic group, at
acidic pH range:

_ g [j R S
Hovs “6mmn | W) T+ KIHTT 7o)
KT} ] (10)
1+ K/[H']

where K is the dissociation constant of C-terminus
carboxylic group.

Eq. (10), upon simple algebraic modification,
changes into:

q [j H] j-1 K ]
N T + ' +
r(j) H']+K ry-n [H]+K
(11)

and, in order to transform it into a function of pH:

" 6

I‘Lobs

g | 107" Ll
Hovs 6mn | r(j) 107"+ 1077 Tii-1
1077¢
G010 (2
Eq. (12) for pH < pK reduces to:
-9 .J
:u’obs - 677-1’ r(j) (13)
and for pH>>pK to:
4 Jo1
Hobs = 677-17 r(j—]) (14)

which allow us to measure the Stokes radius of the
different protonated forms.

The following three possibilities may occur, each
with different consequences on mobility, as shown in
Fig. 1. When r,, is equal to r,_,, Eq. (12) can be
transformed into:

__ 4 j-107™
Hovs = 6arr, [ 1077 + 1077%

i —1)-107PF
N (J_H) _K]
107"+ 107"
(15)

It obviously does not account for Stokes radius
changes. In this case, i.e., at a constant radius, curve
shape is invariant. This is evidenced by the deriva-
tive of this equation as a function of pH:

24

20

1.6

MU x 108 m%(V'sec)

1.2

pH

Fig. 1. pH dependence of mobility values of a generic peptide
with a Stokes radius of 8.0 A and a C-terminus pK value of 3.00,
according to Eq. (12). Continuous line corresponds to a peptide
Z= +2 charged that does not change its Stokes radius by proton
loss, whereas dashed lines correspond to a 2.0 A decrease (top
line) and a 2.0 A increase (bottom line) of the Stokes radius,
respectively.

(pH-FpK)

(apH), = " 6mm 7. 00 (10°" + 10°%)
(16)

This function assumes the maximum absolute
value at pH=pK (when saturation reaches 50%):

A _ g In(0)
l(r?pH ,|<P“=PK’ T 6mn A,

0.576

=948-107'%. (17)

In contrast, when r; is different from r ;_,, the
curve is stretched or compressed (Fig. 1), since the
mobility of X/~ form is either lower or higher than
expected, respectively. In these cases, partial deriva-
tive of Eq. (12) as a function of pH is:

6#) q (j j—1>
) =7~ In (10
<8pH . omn \r, r,_y, A10)

1O(pﬂ-%—pl()

—————— 18
(10" + 10°%)* 18

The absolute value of the above equation at pH
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4.0

1 x 10 m¥/(V*sec)

1.0 a1 1 | L L A

1.0 20 3.0

Fig. 2. Mobility values of GGRA and RPPGF (bradykinin fr. 1-5)
peptides as a function of pH. Continuous line was obtained by
fitting experimental data according to Eq. (12). By this procedure
the values of C-terminus pK and Stokes radius at different
protonation stages reported in Table 2 were determined. Dashed
lines represent theoretical mobility values obtained without con-
sidering Stokes radius modifications. CE conditions: Na—phos-
phate buffers 80 mM, 25°C, 25 kV, coated capillary. Data obtained
from Ref. [74].

equal to pK is dependent upon Stokes radius modi-
fications:

(a_“ __g WA /j j-1
| 6pH),|(PH:PK)—67T77 4 rorGon

J

=9.48-10"‘*-0.576-(i
7
i—1
- r(j-l)) (19)

Paradoxically, if proton loss provides a very
strong Stokes radius decrease, mobility modification
as a function of pH cannot be observed at all.

3.2. Examples of measure of peptide dissociation
constants and Stokes radius at various protonation
stages

Fig. 2 shows the curves obtained by best-fit
procedures according to Eq. (12) of the mobilities of
some model peptides, such as GGRA and bradykinin
fragment 1-5 (RPPGF). Dashed lines in the figure
represent curves calculated according to Eq. (15),
which assumes that proton loss does not modify
Stokes radius. The disagreement between these
curves and experimental data clearly indicates that
Eqg. (15) is unable to describe the peptide behaviour.
Table 2 shows the radii and the values of the C-
terminus dissociation constant, obtained by best-fit-
ting procedures performed according to Eq. (12)
[74]. Peptide behaviour shown in Fig. 2 derives from
a Stokes radius decrease, probably linked to the
formation of intra-molecular ion pairs, although this
is not a general rule [74].

Interesting results are also obtained for peptides
which have only dissociable C- and N-termini. In
this case, since the second term is zero, the Eq. (12)
reduces to:

q 1 107"
67 Fivny 107°PH 4+ 107P¥

:u‘obs = (20)

The above equation at a pH << pK becomes:

q 1
6mn 1,

Hops = (21)

Fig. 3 shows the results obtained applying this
equation to Met-enkephalin (YGGFM; ME), Leu-
enkephalin (YGGFL; LE) and their common 1-4
tetrapeptide YGGEF. Whereas at pH values lower than
2.7 YGGF displays higher mobility, in agreement
with its smaller dimension, at higher pH values the

E;bfnj Stokes radius values at different protonation stages® obtained by best-fitting of experimental data of Fig. 2 according to Eq. (12)
Peptide sequence pK Stokes radius (A)

(C-terminus) Z=+2 Z=+1
GGRA 2.75%£0.04 6.0+0.2 52*0.2
RPPGF (bradykinin fragment 1-5) 2.64%0.03 8.2x0.2 7.0+0.2

* Data from Ref. [74].
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Fig. 3. Mobility values of Met-, Leu-enkephalin and YGGF
peptide as a function of pH. Lines were obtained by fitting
experimental data according to Eq. (20). This procedure provided
the C-terminus pK and Stokes radius values reported in Table 3.
CE conditions as in Fig. 2. Data obtained from Ref. [74].
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Fig. 4. Electropherogram of Met-, Leu-enkephalin and YGGF
peptides at two different pH values showing the inversion of
migration order. CE conditions as in Fig. 2. Data obtained from
Ref. [74].

Table 3

larger ME and LE move faster (Fig. 4). This
apparently singular event may be explained taking
into account pK values of ME, LE and YGGEF,
obtained by the best fit of Eq. (20), that evidences
the higher acidity of the YGGF C-terminus (Table
3). pK values measured throughout CE are in perfect
agreement with those obtained by microtitration [75].

The general Egs. (6)—(9) can also offer infor-
mation when side chain dissociable groups (i.e.,
glutamic acid) are present in the peptide [74]. On the
basis of the results reported here and in literature
[75=77], it can be affirmed that CE has transformed
electrophoresis into a relevant tool for the determi-
nation of chemico-physical analyte properties, giving
quantitative information concerning the peptide dis-
sociation constants and conformational transitions
related to proton loss.

3.3. Resolution

On the basis of the data presented in Section 3.2,
two distinct peptide mobility possibilities may be
observed: the first, when proton saturated forms are
predominant, characterized by a mobility control
exerted by Stokes radius, and the second, in a pH
range corresponding to half peptide saturation, where
mobility is mainly under dissociation constant con-
trol.

Thus, if two peptides have similar charge prop-
erties but different Stokes radius, separation should
be achieved at pH values low enough to ensure high
saturation, in order to exploit Stokes radius differ-
ences. Whereas, if different C-terminus dissociation
constants are expected, the best resolution would be
observed at a pH value near pK. This can be better
quantified according to Jorgenson and Lukacs [78]
and our previous studies [79]. In fact, the CE

pK and Stokes radius values obtained by best-fitting of the mobility values of Figs. 3 and 6 according to Eq. (20)

Peptide sequence

pK (C-terminus)

Stokes radius ( 10\)

by CE by microtitration [75] Z=+1
YGGF 3.30+0.03 - 74202
YGGFM (Met-enkephalin) 3.52+£0.02 3.45+0.01 8.2%0.1
YGGFL (Leu-enkephalin) 3.69+0.02 3.69+0.01 8.0%0.1
GGNA 3.60+0.02 3.65+0.01 6.32:0.1
GGQA 3.59x0.02 3.61+0.01 6.47:0.1

* Data from Ref. [74].
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resolution can be calculated by the following equa-
tion [79]:

1 1 raZ, —raZ, 29V
R, =~ . N (22)
4 Vgt Vraz, 4,7, kT

where k is the Boltzmanns constant (1.358-10723

J/K), V the applied voltage (volt) and T the absolute
temperature (K). Eq. (22), in the case of two
peptides having equal charge and different radius,
may be reduced to:

R =~ —7—\" (23)

and, in the case of two peptides with equal radius
and different charge may be reduced to:

R =7 ———=\= (24)

Egs. (23) and (24), under ideal separation con-
ditions, provide the results reported in Fig. 5. Either
a difference in the Stokes radius of 0.3 A or a
difference in pK values of 0.04 would be necessary
in order to obtain a resolution value of 10. Thus,
high resolution values are observed as a function of
small differences either of charge or of radius.
Unfortunately, it is impossible to employ both on a
contemporary basis. It is in fact worthwhile to note
that: (a) when the choice leans towards radius driven

ar, 038 AZ
- oy 1 002
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i AZ 4 008
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o L cIE R T PR PR R < 0.04
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Fig. 5. Simulation of resolution values obtainable in CE sepa-
rations of two peptides (10.0 A and Z= +1 as starting values) as a
function of Stokes radius difference (Ar,) and charge difference
(AZ). The simulation was performed according to Egs. (23) and
24).

separation, pH value should be as low as possible in
order to work at high saturation (a good pH value is
around 2.2); (b) when the choice leans towards
charge driven separation, pH value should be slightly
higher than mean pK values of the two peptides (a
good pH value should be around 3.0-3.5); (¢) a pH
value around 2.5-3.0 should be avoided, since in this
range the inversion in the control can provide a
strong reduction of the resolution, as observed in the
separation of enkephalin related peptides (Fig. 3).

When peptides are very similar, differences in
Stokes radius could be too small to ensure a good
separation. Nonetheless, since resolution increases as
the Stokes radius decreases (Eq. (23)), minimal
structural differences for very small peptides could
be enough to obtain a good separation [74]. This is
the case for GGNA and GGQA peptides (Fig. 6),
which differ only in a CH, group. Their pK differ-
ence (Table 3) is too small to obtain an acceptable
separation at a pH value near the pK. However, the
peptides are well resolved at low pH, where the
separation is under Stokes radius control.

Egs. (22)—(24) show that temperature and voltage
also play a role in the resolution: low temperature
and high voltage increase resolution. On the other
hand, since an increase of voltage is linked to a
temperature increase, the best experimental condi-
tions should be established for each analytical prob-

1.6
T 12
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Z
E 08
&
»
2 04
00 1 ] 1 L 1 { —1
1.0 20 3.0 4.0 5.0
pH

Fig. 6. Mobility values of GGNA and GGQA peptides as a
function of pH. Lines were obtained by fitting experimental data
according to Eq. (20). This procedure provided the values of
C-terminus pK and Stokes radius reported in Table 3. CE
conditions as in Fig. 2. Data obtained from Ref. [74].
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lem and ionic strength and capillary dimension
should also be considered [80].

3.4. lonic strength

Changes in ionic strength may account for differ-
ences in observed peptide mobilities [35,81.82].
Ionic strength has influence on the buffer conduc-
tibility, and hence on different Joule effects. It can
modify the electric double layer of the capillary wall
and hence may alter electroosmosis and interactions
between peptide and capillary. Finally, even with
coated capillaries, it can account for modification of
peptide effective charge and activity. Small changes
in buffer composition generate only small ionic
strength variations, that have negligible effects on
peptide mobilities [45]. Otherwise, if the buffer
composition is sensibly changed, ionic strength
effects must be considered [35,81,82]. Chae and
Lenhoft [83] established relationships which ac-
counted for the effect of ionic strength in computa-
tion of protein electrophoretic mobility in free solu-
tion. The computation, based on tensorial extension
of Debye—Hiickle-Henry theory, use mathematical
formulations too complex to be routinely applied.

3.5. Semiempirical models predicting peptide
mobility

Some authors proposed the use of semiempirical
theoretical models in order to make an acceptable
prediction of peptide mobility. This type of predic-
tion could be useful, both for the identification of
particular peptides in a large library and for predict-
ing the running order in the separation of complex
peptide mixtures, such as in endoprotease mapping.
Recently, Basak and Ladisch have reviewed the
different models reported in literature [82]. The first
model was presented by Grossmann et al. (GCL
model) [84]. They correlated peptide mobility to the
charge and to the number of peptide amino acids
(nn,) throughout the following semiempirical equa-
tion:

Inz -; [§)] N
nn

a

Thereafter, Rickard et al. (RSN model) [85]

p=A c (25)

proposed that the mobility was directly proportional
to the charge and inversely proportional to the
peptide molecular mass (M,), as follows:

4
,ufx—M—A +B (26)

r

Subsequently, several models derived from these
two were proposed [82,86-88]. Some authors
[89,90] tested the two models and found that both
are satisfactory in order to obtain a reliable predic-
tion of peptide electrophoretic mobility. Nonetheless,
the peptide mobility behaviour described in the
previous sections leads us to a further discussion on
the matter. In fact, proposed models are centered on
theoretical predictions of peptide charge and Stokes
radius, according to equations somewhat related to
Eq. (3). Model performance depends upon choices
made in order to reach a good relationship between
the knowledge of the primary sequence and the two
above mentioned peptide properties.

Computation of peptide charge is usually per-
formed considering any dissociable group separately
[91). Thus, for a generical i acidic group:

[AT]-[H]

e
AHA” +H™ K, ="—7qn

The fraction of negative charge is given by:

N = [A] __K/HT]
* [AH]+[AT 1+K/[H']
10(pH~pK,-)
R @9

and assuming that the dissociation of each group is
independent of the others, total negative charge (N,)
of a peptide can be expressed:

N=2>

71+ 10" TRED

10(PH*PK5)

(29)

Instead, for a j basic group, we have:

. . . [Bl'[H"]
BH'&B+H' K = BH)

The fraction of positive charge is then:
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___[BH] 1

7 [BI+[BH'] 1+K/[H"]
_ 1

IR TR

(30)

and total positive charge of a peptide with j basic
groups is given by:

>

5 1+ 10™PE

1
JoS) Y S— 3D
Thus Z, at any pH value, can be obtained by the
sum:

Z=PpP =N, (32)

This expression of Z corresponds to a proton
saturation function for a peptide with i+ indepen-
dent binding sites, and leads to an equation which
corresponds exactly to Eq. (15) describing a multi-
sites peptide, without considering changes in Stokes
radius.

Since proton activity has a great deal of influence
on peptide mobility, some considerations on pH
separation must be made. When the separation is

Table 4
Acidic dissociation constants of amino acid ionizable groups

161

performed at pH values ranging between 3.0 and 3.5,
where the mobility is pK driven, Egs. (28)-(32)

reduce to:

where y is the number of acidic groups, with the
exception of cysteines and tyrosines. In fact, mobility
change depends only upon dissociation of the C-
terminus and of the side chains of aspartic and
glutamic acid. In these conditions, a good knowledge
of the dissociation constants of these groups is
necessary to carry out an acceptable mobility predic-
tion. The pK values utilized by the GCL model were
those of free amino acids, while the CSN model
utilized a pK set related to mean values reported for
peptides (Table 4). Even though the CSN model use
better set of values in comparison to the GCL model,
the mobilities observed in terms of enkephalin
related peptides (Fig. 3), indicated that these pK
values provide only approximate predictions, since
the C-terminus dissociation constant depends upon
peptide length and sequence.

When the separation is performed at pH values

H~pK )
10(13 pK,)

Y 1+ 10PHTPEY (33

Amino acid Free amino acid

Mean values in peptides (Ref. [85])

C-terminus N-terminus Side chain C-terminus N-terminus Side chain
Ala (A) 2.34 9.87 - 3.20 8.20 -
Arg (R) 1.91 9.02 12.48 3.20 8.20 12.50
Asn (N) 2.06 8.82 - 2.75 7.30 -
Asp (D) 2.02 9.85 3.82 2.75 8.60 3.50
Cys (C) 1.93 10.40 8.26 2.75 7.30 10.30
Gin (Q) 2.17 9.13 - 3.20 7.70 -
Glu (E) 2.15 9.57 4.18 3.20 8.20 4.50
Gly (G) 2.35 9.78 - 3.20 8.20 -
His (H) 1.79 9.18 6.08 3.20 8.20 6.20
Ile (I) 2.34 9.72 - 3.20 8.20 -
Leu (L) 2.35 9.67 - 3.20 8.20 -
Lys (K) 2.17 9.06 10.66 3.20 7.70 10.30
Met (M) 2.28 9.24 - 3.20 9.20 -
Phe (F) 237 9.21 - 3.20 7.70 -
Pro (P) 1.98 10.62 - 3.20 9.00 -
Ser (S) 2.20 9.18 - 3.20 7.30 -
Thr (T) 2.09 9.10 - 320 8.20 -
Trp (W) 2.40 9.42 - 3.20 8.20 ~
Tyr (Y) 2.20 9.11 - 3.20 7.70 -~
Val (V) 2.30 9.68 - 3.20 8.20 -~
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low enough to ensure high proton saturation, the
mobility is approximately related to the number of
basic groups according to the equation

A
"

s

=G (34)

Thus it would only be necessary to make a good
prediction of the Stokes radius, since j is known
from the sequence. Therefore, the best of the two
choices described in the RSN and GCL models, is
the one regarding the peptide molecular mass, which
provides more accurate results than the number of
peptide amino acids, because it accounts for differ-
ences deriving from the side chains.

We have performed a correlation on various
peptides based upon the RSN model (Table 5, Fig.
7) at two different pH values, the first one allowing
C-terminus high saturation (pH 2.25) and the second
one corresponding approximately to C-terminus half
saturation (pH 3.00). The best fit procedures gave
different values of the power of molecular mass
(0.62 at pH 2.25 and 0.54 at pH 3.00, respectively)
at the two pH values. This difference between the
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Fig. 7. Correlation between measured mobilities at two different
pH values (pH 2.25: closed symbols; pH 3.00: open symbols) and
the Z/M? ratio, according to RSN model [85), for the peptide set
reported in Table 5. The best power of M, (A) obtained by
non-linear best-fitting procedures is different at the two pH values
(0.62 and 0.54, respectively). This behaviour corresponds to
general Stokes radius decrease due to the proton loss.

exponents is in agreement with a prevalent Stokes
radius decrease as a function of peptide proton loss
(see also Fig. 2). The correlation performed at pH

Table 5
Values of molecular mass, charge and observed mobility” at different pH values of various peptides
Peptide M, z° w-10° z" n-10°
(pH 2.25) (pH 2.25) (pH 3.00) (pH 3.00)
GGRA 359 1.90 292 1.61 2.24
AAAY 395 0.90 1.13 0.61 0.76
YGGF 443 0.90 1.20 0.61 0.80
YGGFL (Leu-enkephalin) 556 0.90 1.09 0.61 091
RPPGF (bradykinin fr. 1-5) 573 1.90 2.09 1.61 1.53
YGGFM (Met-enkephalin) 574 0.90 1.17 0.61 0.86
ETYSK 627 1.89 1.88 1.58 1.33
HFRW (a-MSH® fr. 6-9) 645 2.90 2.90 261 2.31
KETYSK 755 2.89 2.64 2.58 1.94
EHFRWG (ACTH" fr. 5-10) 831 2.89 2.49 2.58 1.87
SAVTALWGK (Hb T-8,) 932 1.90 1.73 1.61 0.98
MEHFRWG (ACTH® fr. 4-10) 962 2.89 2.39 2.58 1.81
LLVVYPWTQR (Hb T-8,) 1112 1.90 1.42 1.61 1.36
VVAGVANALAHK (Hb T-B,) 1149 2.90 2.01 261 1.92
EFTPPVQAAYQK (Hb T-B8,;) 1379 1.89 1.29 1.58 1.21
VLGAFSDGLAHLDNLK (Hb T-B,) 1670 2.79 1.63 2.13 1.50
TYFPHFDLSHGSAQVK (Hb T-a) 1834 3.85 2.13 3.37 2.01

These values were fitted according to a function uxZ/M? (Fig. 7).

*m’/V/s; coated capillary; Na—phosphate buffer 80 mM; 25°C; 25 kV.

® Values calculated by Eqs. (28)—(32) using the mean pK values [85] of Table 4.
“ a-MSH: a-melanocyte stimulating hormone; ACTH: adrenocorticotropic hormone.
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2.25 is noticeably better in terms of the correlation
coefficient (0.991 as opposed to 0.945) and intercept.

In summary, it must be recognized that the
prediction performance is greatly dependent upon the
pH of the electrophoretic buffer. Above and beyond
the error introduced by the estimation of the Stokes
radius, the prediction would be even worse when a
poor estimation of the dissociation constants is
added. Since the dissociation constant of histidine
displays great variability, the worst prediction should
be achieved at neutral or slightly acidic pH values.

Since these semiempirical models usually can be
utilized with buffers having similar compositions,
considerations about ionic strength effects are not
strictly necessary [79]. Obviously, if the objective is
the comparison between results obtained in sensibly
different conditions, ionic strength effects must be
considered [76,79].

4. Peptide affinity capillary electrophoresis
(ACE)

One of the most interesting options of peptide CE,
usually defined as “affinity electrophoresis™, is its
ability to quantify specific interaction with whatever
ligand [92]. Specific interaction must simply result in
modification of the charge-to-size ratio and therefore
of the electrophoretic mobility [93]. The mobility
modifications of the specific peptide(s) at a saturating
ligand concentration allow it (them) to be detected in
a vast library [94,95]. In addition, mobility depen-
dence from ligand concentration allows the measure-
ment of the association constants and the study of the
kinetics of association—dissociation process [96]. In
this respect, affinity CE (ACE), due to its sensitivity,
to the absence of spurious interaction with an
electrophoretic support as well as its ability to alter
experimental parameters, offers several advantages
in comparison to conventional affinity gel electro-
phoresis. Since any ligand may be considered,
separations based on pH related mobility modifica-
tions could be defined by the term ‘“‘proton affinity
electrophoresis”, even though this term has been
debated [74]. In fact, the basic treatment of the
proton binding process must be considered equiva-
lent and must abide by rules common to any other
ligand [97,98], even though the following properties

are distinguishing: (i) proton binding sites are usual-
ly known; (il) proton binding is usually defined
throughout dissociation constants, while other ligand
bindings are generally expressed by association
constants; (iii) the measure and buffering of proton
activity is a basic job of any analytical laboratory.

4.1. Some considerations on ACE theory

The binding process of a ligand x to a peptide P
having a single binding site can be described by the
association equilibrium:

P+ x<Px

and the association constant, K, ., of this reaction
should be expressed in terms of the species activities.
Assuming that the ratio between P and Px activity is
equivalent to the corresponding concentration ratio,
K... is expressed by:

ass

_[Px]
ass [P)x

where x represents the activity of the free ligand at
equilibrium. The use of saturation function (Y) is one
of the best ways to quantify the binding process.
This function corresponds to:

[Px] Kx

Y=Tm+Px] 1+ Kx (33)

and its value at established x activity can be obtained
from an electrophoretic run assuming that the ob-
served mobility u . is given by:

l’l’obs=Y'#’b+(l_Y)'/'Lf (36)

where u, and u, are the mobilities of the completely
bound and of the free peptide measured at saturating
and zero ligand activity, respectively. If the binding
process is simplified by assuming that the peptide
conformation is not modified by ligand interaction,
Egs. (35) and (36) may be transformed into:

IO(logK+l0gx)

_ /‘l’obs _ /"Lf . Kx —
- #’b _,U-f - 1 +Kx 1 + 1O(log1(+logxh

Y 37

This basic equation can be utilized in various
forms [72,73,99]. Models of ligand-binding descrip-
tion were recently revised by Rundlett and Arm-
strong [100] and by Winzor [101]. These studies
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implicitly suggest the use of uniform symbols.
Several transformations are called double-reciprocal
plot, x-reciprocal or Scatchard plot. It is well known
that these transformations are useful in order to
linearize experimental data and obtain association
constant values characterized by as few errors as
possible. In this way data is fitted through the best
line obtained by least square procedures. The present
availability of non-linear multi-parametric best-fitting
procedures offers the chance to perform a measure of
chemico-physical properties according to any reason-
able non-linear equation. Thus, several other plots
are profitable and allow a better understanding of
ligand interaction. One of them is the famous Hill
plot [102], largely used for studying the cooperativi-
ty of hemoglobins. However, the best option is the
so-called binding titration curve, since the error on
saturation function is uniform over the complete
range of variables [99] (Fig. 8). Titration curve is
obtained piotting Y as a function of the logarithm of
ligand activity according to Eq. (37), and the
logarithm of ligand activity is proportional to the
chemical potential of the ligand. The value of
—log(x) at 50% saturation corresponds to log(K,,).
In fact:

lO(logK+ fogxsqg)

= (38)

1+ IO(IOgK-rlogxso)

ra | —

hence 10°#%7'°8%50) = | and log(K)= —log(x)s,

8 IV/Xlog(x)
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Fig. 8. Simulation of the saturation function (¥) of a generic
peptide with a pK,__ value of 6.5 as a function of log of ligand
activity, obtained according to Eq. (37). The bars correspond to
the error in Y determination [99]. Dashed line is the derivative of
Y function (according to Eq. (39)) and corresponds to peptide

buffering capacity.

The first derivative of Eq. (37), [@Y/d(logx)],
which expresses the buffering capacity of the peptide
compared to the ligand potential [103], is character-
ized by an invariant shape for peptides having a
single binding site and is only shifted along abscissa
axis as a function of the logK values:

(logK +logx)

Y
5(_10%_") =In,(10)- (1 + 10(IogK+logx))2 (39)

The maximum value is always 0.576 (corre-
sponding to In,(10)/4 and its position on the abscis-
sa axis allows for a second measure of logk.

This approach on monosite ligand binding 1s once
again strictly equivalent to Eq. (15) used for one-site
proton dissociation and does not take into account a
possible change of Stokes radius due to ligand
binding. In view of this fact and similarly to what
was established for the proton, Eq. (36) can be
transformed into:

-4 (g Ly (40)
Hobs 6my\ ry re
and by substitution:

q (Z, Kx Z, 1 )

'u"’bszéw*r]\rb'l-f—l(x+ re 1+Kx

(41)

Thus, titration curve can be expressed by the
following equation:

q (ZE 1O( logk +logx) Zf

Hops = ro 1+ 1008k +log0 + re

=%

1
’ 1+ 10(IogK+logx)> (42)

Deviations of experimental data from the curve
shape described by Eq. (37) can be explained taking
into account Stokes radius modification due to ligand
interaction and may be interpreted according to Eq.
(42). However, since the sites of ligand interactions
are not known a priori, deviations from Eq. (37) for
charged ligands could also be indicative of multiple
site interactions and/or of cooperative binding. On
the other hand, if the ligand is not charged, mobility
modification related to its concentration should be
obviously attributed principally to conformational
transitions.

Conclusively, Egs. (40)-(42) introduce new pa-
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rameters in the interpretation of experimental data
relating to binding. While this fact represents an
experimental enrichment it also provides further
uncertainty in the interpretation of the molecular
events linked to mobility modification. As an exam-
ple, in the interpretation of the data of Heegard and
Robey, it is difficult to establish if the observed
mobility changes upon binding of Ca’” and phos-
phorylcholine to human C-reactive protein derived
either from conformational transitions or from the
presence of multiple interaction sites [104].

During ACE experiments devoted to the determi-
nation of peptide chemico-physical properties par-
ticular attention must be paid to the following
conditions:

(a) The use of coated capillary and suitable
buffers, in order to avoid undesired peptide interac-
tions with the inner capillary wall. However, ligand
interactions should be studied close to physiological
conditions, where many peptides, near the isoelectric
point, show low mobilities and strong interactions
with the wall. These problems are partially resolved
by the use of appropriate zwitterionic buffers, that do
not interfere with ligand association (Section 2.4).
The measure of electroosmotic flow is mandatory in
order to obtain effective peptide mobilities, when
uncoated capillaries are used. In this respect, peptide
electrophoretic mobilities can be corrected by the
mobility of reference substance added to the sample
[105].

(b) Binding curves must be obtained in isotherm
conditions [106]. Hence, an appropriate control of
temperature during the electrophoretic run must be
fulfilled.

(c) Activity of the free ligand at equilibrium must
be known, except that the fraction of ligand bound to
peptide is negligible compared to the total ligand
concentration. Free ligand activity is not always
known in terms of the binding process characterized
by high K, . where runs are performed at very low
ligand concentration. Dynamic properties of electro-
phoresis have the advantage over simple measure-
ments at equilibrium because peptide solution is
continuously refreshed during separation. In some
cases, similarly to what happened for pH control,
buffered ligand solutions can be used.

(d) The modification of the ligand concentration
causes a contemporaneous ionic strength modifica-

tion. Thus, mobility variations due to this modi-
fication may be observed.

(e) The width of the electrophoretic peak depends
upon the ligand exchange rate. If the exchange rate is
fast compared to the run time, the electrophoretic
(spatial [23,79]) peak width will be similar at any
saturation degree. A progressive lowering of the
exchange rate will provide gradually larger Gaus-
sians for those peaks obtained at a partial saturation
degree. If the exchange rate is sensibly lower than
the run time, two different bound and free peptide
peaks should be observed providing information
concerning kinetic and stoichiometry of the binding,
as observed in the interaction of several drugs to
proteins [107,108].

4.2. ACE applications

Interest in ACE application in the field of peptide
and protein analysis is growing. Apart from the
possibility of detecting particular components in vast
peptide libraries [94,95], several studies were de-
voted to the use of ACE for the investigation of
drug—peptide interactions [109,110]. ACE was also
used for the determination of binding constant in
antibody—antigen interaction [111]. This strategy
could be the basis for future CE alternative methods
to the widespread immuno-blotting analysis. Further-
more, ACE was used in the study of the interaction
of sugars and lectins [112], as well as of a ligand to
its specific receptors [113]. This interaction may be
at the basis of a biosensor separation system [113].
The ligand was also covalently bound to a replace-
able soluble polymer matrix [114].

Since ACE includes all the separations based on
specific interactions of any ligand with peptides,
many applications of CE may be included into the
“affinity” classification. Specific interactions can
improve the performance in peptide mixture sepa-
ration. Mosher [115] studied the effect of metal
ion-supplemented buffers on the resolution of pep-
tide CE separations. In this regard, the study of
Kormnfelt et al. [116] on the improvement of CE
peptide mapping observed using phytic acid is
meaningful. Authors argued that the interaction of
phytic acid was related to the peptide charge-to-size
ratio and that only the mobility of the peptides
positively charged at the pH of separation was
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influenced. Thus, phytic acid interaction seems not to
be highly specific, but can be used to deeply modify
mapping selectivity. Also the chiral separation of
peptides by optically active crown-ether can be
included under the ‘“‘affinity’” definition. In fact, the
peptide originates inclusion complexes with the
crown ether which are characterized by different
stability constants of diastereomeric complexes,
thereby changing electrophoretic mobilities of en-
antiomers [117]. For these reasons, chiral separations
must be optimized as a function of crown ether
concentration according to rules common to any
other ligand. Following similar criterion, the CE
frontal analysis of enantioselective binding of drugs
to protein described by Ohara et al. [118] can be
included in the ACE class.

5. Separation in aquo—organic solvents

Due to great CE flexibility in the composition of
electrophoretic solutions, Walbroehl and Jorgenson
proposed the use of organic solvents on CZE analy-
sis [119,120]. This option was not greatly studied on
slab gel electrophoresis, since organic solvent can
provide gel shrinkage. The addition of an organic
solvent to CE separation buffers can offer various
advantages. Sahota and Khaledi [121] established
that formamide exhibits the best characteristics with
respect to other solvents, including methanol and
acetonitrile. The deep alteration of solution chemico-
physical properties causes many effects on electro-
phoretic separation [122,123]. For example, elec-
troosmosis was greatly reduced in uncoated capil-
laries [124]. Furthermore, the general increase in
viscosity reduces and stabilizes running current,
facilitates heat exchanges consequently improving
the number of theoretical plates. Moreover, organic
solvents deeply modify both charge and Stokes
radius of peptides, adding a chance in manipulation
of separation selectivity.

Among various organic solvents, we have focused
our attention on 2,2,2-trifluoroethanol (TFE) [125]
due to its characteristic of increasing solubility of
apolar peptides and inducing stable secondary con-
formations in peptides which are otherwise unstruc-
tured in aqueous solution [126,127]. Thus, TFE
contributes to transitions from random to defined and

limited structures, with a consequent decrease in
peak dispersion and improvement of CE separation.
Finally, TFE reduces the hydrolysis processes pro-
viding coating stabilization [125].

The use of aquo-—organic mixtures is highly
advisable when peptide CE separations are character-
ized by insufficient performance. The separation of
GGNA and GGDA peptides in TFE—water and in
water is reported in Fig. 9 (data from Ref. [125]).
The increase of resolution is impressive and is
connected to enhancements in Stokes radius and
dissociation constant differences.

The determination of chemico-physical properties
of small peptides in aquo-organic solvents is pos-
sible by fitting experimental mobilities according to
Eq. (12). In order to compare the results with those
obtained in aqueous solutions and to avoid differ-
ences deriving from distinct viscosity values, the
utilization of the product of mobility for viscosity
(intrinsic mobility) is useful. The results obtainable
in TFE-water on HFRW peptide (a-MSH: o-
melanocyte stimulating hormone fr. 6-9) at 30% v/v
(corresponding to a 0.0531 molar fraction) are re-
ported in Fig. 10. The apparent pK decrease of about
0.5 units in TFE (Table 6) is in agreement with the
decrease of TFE dielectric constant [125]. Moreover,
while in water the proton loss provides a slight
Stokes radius decrease, in TFE—water the proton loss
provides a strong Stokes radius increase (from 8.9 to

A,, 0.008
0.004 GGDA
0.000
TFE 37.5%
L | L 1 1
0 10 20 30
time (min)

Fig. 9. Electropherogram of GGNA and GGDA peptides in water
and TFE-water 37.5% (v/v) mixture at the apparent pH value of
2.8. Other CE conditions as in Fig. 2. Data obtained from Ref.
[125].
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Fig. 10. Product of mobility values and viscosity (intrinsic
mobility) of HFRW peptide (a-melanocyte stimulating hormone
fr. 6-9) as a function of pH in water and TFE—water 30% (v/v)
mixture. Lines were obtained by best-fitting experimental data
according to Eq. (12). This procedure provided the values of
apparent C-terminus pX and Stokes radius at different protonation
stages reported in Table 6. Other CE conditions as in Fig. 2.

10.5 A). This fact might be interpreted by increased
TFE-peptide interaction when the peptide generates
an intramolecular ion pair due to C-terminus dis-
sociation. Since TFE is considered a solvent that
forces peptide towards conformations similar to
those assumed in the membrane environment [128],
this information could be relevant to estimate struc-
tural variations linked to membrane—peptide interac-
tions.

6. Selected applications

Two main fields of application are discussed: (i)
use of CE as a powerful instrument for the de-

Table 6

Values® of apparent dissociation constant and Stokes radius at
different protonation stages of HFRW peptide (a-melanocyte
stimulating hormone fr. 6—9) in water and in water—-TFE mixture
(30%, v/v)

Conditions PKop Stokes radius (A)
Z=+3  Z=+2

Water 277003 94202  9.0x02

Water-TFE (30%, v/v) 2252003  89x02  105%0.1

*The values were obtained by best-fitting of the mobility data of
Fig. 10 according to Eq. (12).

termination of chemico-physical peptide properties;
(i) use of CE for conventional analytical aims.

6.1. Determination of chemico-physical peptide
properties

Several studies were devoted to the determination
of the effective peptide (protein) charge. In such an
example Gao et al. [129] described the generation of
either covalent or non-covalent ‘“‘charge ladders™
that permitted a measure of the effective protein
charge without the knowledge of its composition,
structure or sequence. The method implies that the
charge ladder does not greatly modify the hydro-
dynamic protein properties. Otherwise, CE can be
utilized to determine conformational peptide
changes. In this respect CE seems to be particularly
attractive in terms of the separation and the charac-
terization of cis and trans peptide conformers at
room [130] and subzero {131] temperatures. Differ-
ent cis—trans conformational isomers are often pres-
ent in proline containing peptides. CE analysis
established the kinetic of the conformational transi-
tion [130]. On the basis of similar considerations CE
is also attractive in terms of the monitoring of
peptide folding—unfolding processes, induced either
by temperature changes [132] or by denaturant {133].

6.2. Conventional analvtical separations

Studies in the field of conventional use of CE for
peptide analysis are continuously increasing. Select-
ed examples concern the detection of particular
amino acids within a peptide. Cobb and Novotny
[134] have indicated that a derivatization reaction
with benzoin can provide a sensitive detection of
arginine, whereas peptides containing tyrosine can be
selectively detected after formylation and subsequent
derivatization with 4-methoxy-1,2-phenylenediam-
ine. Thiols and therefore cystein containing peptides
can be detected by electrochemical detection using a
palladium field-decoupler and chemically modified
electrodes [135].

Great interest is also devoted to the detection of
post-translational modification of peptides. Obvious-
ly, compared to HPLC, CE is particularly suitable
when the modification sensibly changes the peptide
charge. Therefore, although until now few applica-
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tions were described, CE should be very attractive
for modifications of peptide N-terminus, lysine and
arginine (ADP-rybosylation, acetylation). Gao et al.
[136] showed that CE is particularly suitable for the
determination of the acetylation of amino groups in
insulin. Furthermore, by electrophoretic runs at
different pH values, the determination of the acidity
constants of the three basic groups is possible.
Phosphorylation, for the intrinsic phosphate charge,
deeply affects the total peptide charge; thus, phos-
phorylated peptides can be detected in complex
mixtures [137]. Dawson et al. [138] have shown that
CE can be used for a fast and sensible assay for
protein kinases and phosphatases. In this respect,
Fadden and Haystead [139] have developed a meth-
od for selective labeling of phosphoserine by 6-
iodoacetamidofluorescein and characterization of
phosphorylated peptides at the attomole level by CE
and laser-induced fluorescence.

Chiesa et al. [140] have recently reviewed the
different CE based strategies for the analysis of
glycopeptides. Borate-based buffers have been wide-
ly utilized in order to increase the resolution through-
out the formation of a complex with vicinal hydroxyl
groups at moderately alkaline pH solutions. The
complex generates an additional negative charge and
permits a net separation between glyco- and apo-
peptides in mapping strategies [141-143]. In addi-
tion, CE can be largely utilized for the identification
of oligosaccharides released from glycopeptide. The
release can be induced by chemical [144-146] or
enzymatic [147,148] hydrolysis. In this respect,
following different strategies of derivatization [140],
CE seems to be the up-and-coming elective method
for carbohydrate analysis.

CE has been largely utilized for peptide mapping
schemes [134]. Obviously, it is particularly attractive
for a fast identification of protein variants. Ferranti et
al. [149] showed that the CE-MS coupling permits a
fast identification of several hemoglobin (Hb) var-
iants. In our laboratories the determination of Hb J
Oxford (@15 [A13] Gly— Asp) was possible, only on
the basis of the CE mobility modification of Ta;
peptide [150]. The peculiar geometry of CE ap-
paratus permits to develop methods devoted to on-
line mapping. The initial part of the capillary is
enzyme-modified and it is used as a micro-reactor
[151]. The final part is used for CE separation.

Trypsin, pepsin as well as carboxypeptidase Y has
been immobilized and tested for their hydrolytic
properties on some proteins. Guzman [152] showed
that, in addition to on-line digestion, a contemporary
on-line derivatization with fluorescein-isothiocyanate
(FITC) is possible. On this line, CE can be used for
fast and sensitive analysis of protease and trans-
peptidase activity [153-155].

7. Perspectives and conclusions

Several future prospects regarding CE applications
for peptide analysis may be hypothesized. Short term
projects could include the study of conformational
modifications as a function of various substances, the
help in the search of appropriate peptides in com-
binatorial peptide libraries generated by robotic
synthesis [156], the detection of known and un-
known post-translational peptide modifications, the
characterization of peptide microheterogeneity [157]
and ACE studies. Long term prospects can obviously
be only partially postulated and include the detection
of a few molecules in a singe cell and the arrange-
ment of miniaturized completely automated CE
apparatus on a planar silicon chip. Some efforts in
order to produce these instruments have already been
made [158]. Great challenges in sample handling and
derivatization, as well as sample detection, must be
met [159]. However, the development of automated
manufacturing procedures on planar silicon chip
characterized by an analysis time of milliseconds
promises real-time analytical applications in clinical
diagnosis, biotechnology and environmental control.

CE can be thus considered a relatively new
instrument in the hand of the peptide analysts and
will allow them to fight against the magnitude of
Avogadros number with a good chance of success.
The CE sensitivity, indeed, can generate some
analytical trouble. In fact, a common problem in the
introduction of innovative separation techniques
involves the fact that few substances satisfy criteria
of absolute purity, when different chemical or bio-
chemical preparations are submitted to CE analysis.
Therefore, above and beyond providing important
biochemical information, CE peptide separation will
act as a stimulant for greater improvement in com-
plementary techniques, will aid in the characteriza-
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tion of minimal impurity quantities, help to further
discriminate between sample microheterogeneity and
conformational isomers and aid in the development
of new separative and preparative techniques for the
production of as homogeneous as possible peptide
samples.
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