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Abstract

Two different approaches are here reported for obtaining ultra-narrow p/ cuts from 2-pH unit wide carrier ampholyte ranges, as commercially
available, for use as quasi-isoelectric buffers in capillary electrophoresis separations of proteins. One of them uses multicompartment electrolyzers
endowed with isoelectric membranes (Immobiline technology); the other employs the Rotofor equipment. Although the first approach results in
more precise p/ cuts, the latter technique is much faster, easier to handle and permits the immediate collection of 20 fractions in a single run.
This results in ultra-narrow, ca. 0.1-pH unit intervals, uniformly spaced apart along the original wider gradient utilized for the fractionation. It is
here shown that such quasi-isoelectric buffers, especially those in the pH 8-9 interval, have the unique property of coating the silica wall, thus
preventing interaction of the proteins with the silica surface, that would otherwise totally disrupt the separation. On the contrary, such a shielding
is not obtained in control, non isoelectric buffers (such as phosphate), that give very poor separations in uncoated capillaries. It is hypothesized
that such a unique shielding effect is due to the oligo-amino backbone of the carrier ampholytes, typically composed (in the Vesterberg’s synthetic
approach) of 4-6 nitrogens spaced apart by ethylene moieties. Although such oligoprotic buffers should bear, in the isoelectric state, just one
positive and one negative charge, they might be transiently ionized upon contact with the silanols, thus inducing a cooperative binding to the silica

wall.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Zone electrophoresis in isoelectric buffers (IEB) has had a
long gestation period, since the seminal papers by Mandecki and
Hayden in 1988 (dealing with gel slab electrophoresis of DNA in
histidine buffers) [1], by Bier et al. [2,3] (proposing preparative
free-flow electrophoresis in a cycloserine buffer) and by Hjerten
et al. [4] (the latter dealing with capillary zone electrophore-
sis, CZE, of proteins in isoelectric Lys and other amphoteric
buffers). There is an obvious advantage on the use of isoelectric
buffers (IEB) in electrophoretic separations: due to their very

* This paper was presented at the 2nd IPSo Congress on Proteomics and
Genomics, Viterbo, Italy, 29 May to 1 June 2005.
* Corresponding author.
E-mail address: piergiorgio.righetti@polimi.it (P.G. Righetti).

1570-0232/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2005.10.017

low conductivity, they permit high voltage gradients along the
separation axis, thus greatly shortening the analysis time, much
as isoelectric focusing buffers [5] and immobilized pH gradi-
ents [6] do. However, CZE in alkaline buffers, such as Lys, as
originally proposed by Hjerten et al. [4], is also fraught with dif-
ficulties, due to the fact that proteins and peptides are strongly
adsorbed by the silica wall, whose silanol groups are highly
ionised at this operative pH (pI of Lys: 9.79). If peptide/protein
separations are sought in uncoated capillaries, a possible solu-
tion is to work at a pH close to the neutralization point of the
silica wall, determined as pH 2.3. Given an average pK value
of the silanols of 6.3, at pH 2.3, essentially all silanols should
be undissociated, thus should be unable to adsorb proteinaceous
samples by an ion-exchange mechanism [7]. Over the years, we
have tested and evaluated four such acidic, amphoteric buffers:
cysteic acid (p/ 1.85) [8], imino diacetic acid (IDA) p/ 2.23 [9];
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aspartic acid (pI 2.77) [10] and glutamic acid (p/ 3.22) [11].
Additional IEBs have been reported recently, based on diamino
sulphate [12], quaternary ammonium dicarboxylic acid [13] and
a bismorpholino derivative of a carboxylic acid [14]. Two theo-
retical papers have also dealt extensively with the fundamental
properties of such IEBs and given guidelines for their selection
[15,16]. Although some authors have expressed scepticism on
the use of such IEBs [17,18], their concern seems to be limited
mostly to IEBs close to neutrality, such as His, definitely not to
IEBs with p/ values well removed from neutrality, such as in the
case of our acidic IEBs. In fact, the advantage of using IEBs van-
ishes at pH extremes, where the bulk water dissociation swamps
the conductivity minima of IEBs. From this point of view, the
best IEB appears to be Asp, since its p/ value is located close
enough to the silanol neutralization point, while being removed
enough from too acidic pH values. For very low p/ IEBs, such as
cysteic acid and IDA, conductivity quenchers had in fact to be
adopted. These acidic IEBs have performed very well not only
for separation of peptides, but for complex protein mixtures as
well (for a review, see [19]).

If, on the one hand, acidic IEBs allow to work with uncoated
capillaries, alkaline IEBs do not solve the problem of protein
adsorption onto the capillary wall. For this reason, the possi-
ble employment of ultra-narrow-pH-range carrier ampholyte
fractions as alkaline IEBs is now under study. In fact, such
fractions might represent good background electrolytes in CZE,
since their particular chemical structure might interact with the
capillary wall differently than “normal” IEBs. The chemical
synthesis of such a battery of IEBs would be a cumbersome
and costly project; a much more reasonable proposal would
be to try to sub-fractionate available carrier ampholytes into
extremely narrow pl intervals, thus providing an easy source of
a large number of quasi-isoelectric buffers covering any desired
pl value. This fractionation process is here reported by exploit-
ing two different methods: preparative IEF in multicompartment
electrolyzers with Immobiline membranes [20] or in the Roto-
for unit [21]. Some unique (and unexpected) properties of such
quasi-isoelectric buffers are also described.

2. Materials and methods
2.1. Reagents

Ampholine™ pH 7-9 (0.4 g/mL), Immobiline™ with var-
ious pK values (3.6, 6.2, 8.5 and 9.3) and protein p/ markers
(High range pI kit, pH 3-10) were purchased from Amersham
Pharmacia Biotech (Uppsala, Sweden). Fluka (Buchs, Switzer-
land) provided phosphoric acid, sodium hydroxide and Tris.
Acrylamide and bis-acrylamide powders were from Bio-Rad
(Hercules, CA).

2.2. Ampholine fractionation with
multicompartment-electrolyzer (MCE)

Ampholine pH 7-9 were diluted with milli-Q water to a final
concentration of 2% (w/v) and then fractionated in an IsoelectrIQ
MCE device (Proteome Systems, NSW, Australia). The 2-pH

unit Ampholine mixture was first fractionated into four 0.5-pH
unit intervals by using a four-chamber MCE device, after that
each fraction was fractionated again into two or three 0.2-pH
unit narrow ranges.

2.2.1. Buffering membranes

The MCE fractionation chambers were separated by means of
I-mm thick polyacrylamide buffering membranes, which were
prepared onto glass microfibre filters (Whatman GF/D). Each
membrane was prepared by titrating a buffering Immobiline,
with its pK value as close to the desired final pH as possible, with
the acidic Immobiline pK 3.6. The concentration of the buffering
Immobiline was calculated with the software Doctor pH, so as to
obtain an approximate buffering power (8) of 10 for each mem-
brane. The titrating Immobiline (pK 3.6) was gradually added
until obtaining the desired pH value. Acrylamide/bis-acrylamide
stock solution (3.3% C) was added to the polymerizing mix-
tures so as to obtain a final concentration of 10% T. Every
membrane solution was finally titrated to pH 7.0 with acetic
acid so as to allow the polymerization, which took place at
40 °C for about 1h. Afterwards, the membranes were washed
with water twice for 20 min and finally assembled in the MCE
device.

2.2.2. Ampholine two-step fractionation

The first fractionation was carried out in a four separation
chamber device, assembled with the following buffering mem-
branes: pH 7.0, 7.5, 8.1, 8.5 and 9.1. The anode and cathode
chambers were filled with 50 mM acetic acid and 200 mM Tris
free base, respectively, while the four separation chambers were
loaded with 24 mL of the 2% Ampholine pH 7-9 solution (6 mL
in each chamber). Fractionation was carried out by applying 300
constant volts for 2—4 h, until current stopped decreasing and
the pH value in each chamber was as close to the expected one
(the average value of the interval) as possible. This fractionation
step was performed twice, in order to collect eight fractions to
be combined into four ones with a final volume of about 12 mL,
sufficient for the loading of the two or three chambers used in the
second run. With the second fractionation, the first four pH inter-
vals were fractionated again by means of two- or three-chamber
devices, cast as described in Table 1. Anolyte and catholyte and
the applied voltage were as in the first fractionation, and the pro-
cess was stopped when the expected pH value in each chamber
was reached.

Table 1
Second Ampholine fractionation

First fractionation No. of chambers in the Buffering

intervals second fractionation membranes used
7.0-7.5 2 7.1,7.3,7.5
7.5-8.1 3 7.5,7.7,79,8.1
8.1-8.5 2 8.1,8.3,8.5
8.5-9.1 3 8.5,8.7,89,9.1

For each of the first four fractions (first column), the number of the chambers
used in the second fractionation (second column) and the buffering membranes
employed (third column) are listed.
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2.3. Ampholine fractionation with the Rotofor

Ampholine pH 7-9 were diluted with milli-Q water to a final
concentration of 5% (w/v) and then fractionated in a Rotofor
device (Bio-Rad, Hercules, CA), equipped with a mini focusing
chamber (18 mL total volume) with 20 fractionation compart-
ments. Anolyte and catholyte were, respectively, 0.1 M phos-
phoric acid and 0.1 M sodium hydroxide. These solutions were
also used to activate and store the anion and cation exchange
membranes employed at the anodic and cathodic sides of the
focusing chamber. Ampholytes were allowed to focus for 2 h by
applying a constant voltage of 700 V and setting the following
limiting parameters: 15 mA maximum current and 12 W maxi-
mum power. During the focusing process, the system was cooled
with an external refrigerated water bath set at 10 °C. After 2-h
focusing, all of the 20 fractions were collected at once as soon
as the focusing was stopped, so as to minimize the spontaneous
diffusion among the fractions.

2.4. Capillary electrophoresis experiments

Capillary electrophoresis measurements were performed
with a HP3PCE capillary electrophoresis system (Agilent Tech-
nologies, Waldbronn, Germany), provided with a diode array
spectrophotometric detector. Data were handled with the HP
Chemstation software and Microsoft Excel. The separation cap-
illary was made of fused-silica (Composite Metal Services, Hal-
low, WR, UK), 33.5 cm long (25 cm effective length) and with
an internal diameter (I.D.) of 50 wm. As background electrolyte
(BGE) various Ampholine narrow-pH fractions were used, with
pH values ranging from pH 7.8 to 8.3 and concentrations span-
ning from 1 to 2% (w/v) (Table 2). The running voltage was
25kV, and the capillary cartridge temperature was set at 25 °C,
while the sample tray was maintained at 20 °C by means of an
external bath. The protein sample (High range p/ kit, pH 3-10,
Amersham), which was a mixture of 10 proteins with p/ values
in the pH range 5.20-10.25 (Table 3), was reconstituted in milli-
Q water to a final protein concentration of 0.2 mg/mL. Sample
injection into the capillary was hydrodynamic, by applying a
pressure of 30 mbar for 3s. The detection wavelength was set
at 214 nm, while the reference was at 450 nm. New capillaries
were always activated by means of successive 10-min flushes
with 1 and 0.1 M NaOH, followed by a 10-min wash with water.
Before every use, the capillary was equilibrated (1 min) with the
BGE, which was also used to wash (30 s) the capillary between
successive runs. Before changing the Ampholine fraction used
as BGE, the system was always washed with 0.1 M H3POy4 for

Table 2
Ampholine fractions with different pH values and concentrations tested as back-
ground electrolytes in capillary electrophoresis experiments

Ampholine fraction (pH value) Concentration (%, w/v)

7.87 12,14,1.6,2.0
8.02 1.6,2.0
8.24 1.6,2.0
8.29 12,14

Table 3

High range p/ marker kit (Amersham) protein composition

Id. No. High range p/ markers pl
1 B-Lactoglobulin A 5.20
2 Bovine carbonic anhydrase B 5.85
3 Human carbonic anhydrase B 6.55
4 Horse myoglobin-acidic band 6.85
5 Horse myoglobin-basic band 7.35
6 Lentil lectin-acidic band 8.15
7 Lentil lectin-middle band 8.45
8 Lentil lectin-basic band 8.65
9 Trypsinogen 9.30

10 Cytochrome C 10.25

pl marker proteins are listed (second column) along with their p/ values (third
column) and the identity numbers (first column) used to label peaks in Fig. 7.

1 min, followed by 1 min water and 1 min with the new BGE.
Washes were performed at a pressure of 4.5 bar.

3. Results

Fig. 1 outlines the MCE-based approach used for obtaining
narrow p/ cuts from a 2-pH unit, basic carrier ampholyte mixture.
Since only five chambers were available for fractionation (the
two extreme ones being used as electrode reservoirs), we tried
three approaches for obtaining 0.2 pH fractions (in the example
pl 7.9-8.1, 8.1-8.3 and 8.3-8.5 intervals in the first approach,
and pl 8.5-8.7, 8.7-8.9 and 8.9-9.1 in the second approach).
The first two approaches were dubbed “non-homogeneous” in
that much wider pH cuts would be obtained in one or two of
the terminal chambers. In turn, such wider pl cuts were sub-
fractionated in a cascade fashion, so as to generate additional
narrower p/ cuts, again spanning a 0.2 pH interval (such inter-
val being deemed to be the narrower one obtainable under our
experimental conditions). In the third approach, the 2-pH unit
commercial Ampholine range was sub-fractionated first in four
pI cuts encompassing about 0.5-pH units (thus called homoge-
neous intervals), each being further sub-fractionated, again in
a cascade fashion, into 0.2 p/ cuts. An example of the results
of the first approach is given in Fig. 2 . It is seen that, in such
an experimental set-up, the pH profiles of the various fractions
tend to diverge from the expected ones (left panel), approach-
ing a linear distribution instead of the non-homogeneous one
predicted by the separation-chamber set-up. However, when the
pH 8.5-9.1 interval collected in the extreme basic chamber is
sub-fractionated into three narrower homogeneous p/ cuts (each
0.2-pH unit wide), the expected and effective pH profiles tend
to coincide (right panel) and to present, this time, a quasi-linear
profile. Moreover, when the third approach is tried (Fig. 3), both
the first fractionation and the cascade sub-fractionation into 0.2
pl cuts, performed in a way so as to have all of the intervals
in each fractionation of the same width, appear to follow much
more closely the theoretically expected p/ values. What these
results suggest is that, notwithstanding the particular buffering
membranes adopted in each fractionation, Ampholine species
might focus along the separation device creating a quite lin-
ear pH gradient, which seems to be only slightly disturbed by
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Fig. 1. Scheme of the experimental protocols for Ampholine fractionation with a multicompartment electrolyzer.

the membranes. In fact, in all of our experiments, the actual
pH profile was always quite linear, coinciding with the theoret-
ical one only when homogeneous fractionation intervals were
adopted, so as to support the natural distribution of the focused
Ampholines. Nevertheless, it should be remembered that the
Vesterberg-type carrier ampholytes do not have a homogeneous
buffering power along the pH interval, the acidic components
(especially those focusing in the pH 4—6 interval) having sub-
stantially higher buffering capacity as compared to their basic
counterparts [22,23].

We have next tried the fractionation approach with the Roto-
for apparatus, as devised by Bier’s group. Fig. 4 shows the
experimental set-up and the various steps involved in this pro-

tocol. Due to the fact that this instrument is sub-divided into
20 chambers, 20 fractions can be obtained directly within a
single electrophoretic run. When utilizing the same pH 7-9
Ampholine interval, it is clear that, in principle, one can obtain
directly 20, 0.1-pH unit intervals, the narrowest possible span
under these experimental conditions. Such fractions would then
automatically offer a quasi-isoelectric buffer system, compris-
ing fractions evenly spaced along the pH 7-9 interval. That this
hypothetical situation can be verified in practice is demonstrated
in Fig. SA, which shows that, indeed, except for the two extremes
(possibly contaminated by some products diffusing from the
electrodic reservoirs, or by some by-products of the synthetic
approach), the experimental pH profile closely follows the the-
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Fig. 2. pH profiles obtained in the case of the “first approach” of Fig. 1 (non-homogeneous intervals). Left panel: pH intervals as obtained with the top set of
membranes (first row); right panel: pH intervals obtained by the cascade sub-fractionation of the pH 8.5-9.1 interval.
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Fig. 3. pH profiles obtained in the case of the “third approach” of Fig. 1 (homoge-
neous intervals). Table at the top: the upper row represents the fractions obtained
in the wider pH interval (lower pH profile in the graph to the bottom); the
four columns below represent the 0.2-pH unit wide ranges obtained by sub-
fractionating the wider intervals in a cascade fashion, as plotted in the upper pH
profile of the graph.

oretical one (the fact that the experimental pH profile is always
somewhat lower than the theoretical one could be due to adsorp-
tion of atmospheric CO», as typical for alkaline fractions). By
examining the graph, one can appreciate that quite a few of the
fractions are spaced apart by the Ap/ increment of 0.1-pH unit.
Fig. 5B gives the pH and conductivity profiles of 21 fractions
obtained by mixing the 80 fractions from four different runs. It
can be seen that the conductivity is really minimal (as expected
from focused Ampholine fractions) and quite even, except for
a few fractions at both extremes of the pH interval, a fact rein-
forcing the notion that these fractions must be contaminated by
highly conducting species.

The various fractions obtained via Rotofor fractionation were
tested in CZE for separating a mixture of 10p/ markers, in
comparison with controls run in non-isoelectric buffers, notably
phosphate [although the choice of this last buffer might not have
been optimal, since it induces electromigration dispersion; on
the other hand, Tris did not improve dramatically the separation
(not shown)] [24,25]. A summary of these results is shown in
Figs. 6 and 7. It should be noted, first of all, that the phosphate
buffer performs poorly: out of the 10 peaks expected, only a few
are resolved and quite poorly. The shape of the peaks suggests
strong adsorption of several protein species onto the silica wall.
This hypothesis is confirmed by the fact that, at progressively

Ampholine 7-9
(5% in water)

Cooling @

] HRENEN
EEECETERES AT RN TRE
Anolyte: 20 fraction separation Ce;tolyte
: hamb ]
L 0.1 M Na OH

0.1 M HgPO, \l
I

i

Fig. 4. Experimental set-up for Ampholine fractionation in the Rotofor. (A) The
separation device is loaded with 18 mL 5% Ampholine water solution; (B) start
of the focusing, with the entire device slowly rotating around the separation axis;
(C) simultaneous collection of the 20 focused Ampholine fractions.

higher buffer molarities (from 20 up to 100 mM) some of the
peaks sharpen, suggesting inhibition of binding to the wall, as
customary under higher ionic strength conditions [26]. On the
contrary, good separations are obtained in the quasi-isoelectric p/
cuts, especially the one with anominal p/ value of 8.29 (Fig. 7): at
the higher Ampholine concentration run (1.4%), one can appre-
ciate the elution of all 10 p/ markers, most of them exhibiting
sharp and symmetric zones, suggesting absence of interaction
with the wall. This is quite unique, considering that, in both
cases, the CZE runs have been performed in uncoated capillar-
ies. The significance of these data will be discussed below.

4. Discussion

Fractionation of carrier ampholytes into narrower pl cuts
has been tried, in the past, by a number of approaches (for a
review, see ref. [5], pp. 56-57). More recently, novel approaches
have been described by Bossi and Righetti [27] and by Peltre’s
group [28,29], the former via the multicompartment electrolyzer
(MCE) approach, the latter via a preparative IEF in a thick granu-
lated gel (Sephadex G 75 superfine), as described by Radola [30].
The present report offers some fresh insight into this process.
First of all, it shows clearly that, notwithstanding the high preci-
sion in p/ cuts obtainable via the MCE instrument, this approach
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Fig. 5. Panel A: pH profiles obtained by fractionating a pH 7-9 interval into 20
fractions. Experimental conditions:

. 18 mL Ampholine 5% in water (pH 7.95);

. 0.1 M H3POy4 (anode), 0.1 M NaOH (cathode);

. 700V, 12W MAX, 15 mA MAX;

. Coolant at 10°C;

. Focusing time: 2 h.

Panel B: pH and conductivity profiles of 80 fractions (20 x 4 runs) combined
into 21 new fractions according to their pH values.
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Fig. 6. CZE runs in control, non-amphoteric buffers of 10 p/ marker proteins.
The figure shows various runs in phosphate buffer pH 7.9 at increasing molarities
from 20 up to 100 mM.
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Fig. 7. Representative CZE runs of the same 10 p/ marker proteins in a ultra-
narrow Ampholine cut having a nominal p/ of 8.29. Notice, in this last case,
the proper separation of the 10 protein zones (labelled with numbers from 1 to
10, corresponding to the proteins listed in Table 3), with high resolution at an
Ampholine concentration of 1.4%.

is too cumbersome, lengthy and difficult, since in order to obtain
narrower and narrower p/ cuts, one has to resort to a cascade set-
up. Also, the preparation of the isoelectric membranes requires
skills and the process is intrinsically lengthy due to the fact
that such membranes slow down migration, since some sieving
effects are operating also on Ampholine buffers, as their molecu-
lar mass is substantially higher than that of conventional buffers
(in the range of 600-900 Uma) [31]. The Rotofor approach has
some distinct advantages, notably the much reduced focusing
times (barely 2 h) and the fact of enabling direct collection of
20 fractions, each with a nominal p/ span of 0.1-pH units. For
all practical purposes, these very narrow p/ cuts are as narrow
as could possibly be experimentally obtained and represent very
valuable, quasi-isoelectric buffers.

Some unique properties of such IEBs are also here high-
lighted for the first time. It was stated in the introduction that the
approach by Hjertén et al. [4] (consisting on the use of alkaline
isoelectric buffers, mostly Lys and Arg) was unpractical, since
at this high operative pH values strong adsorption of proteins
to the silica wall would ensue. Thus, for a proper use, coat-
ing of the inner wall of the tube had to be performed, typically
requiring covalent affixing of neutral, hydrophilic polymers that
would shield the wall from contact with the proteins. In fact, in
uncoated walls strong adsorption is indeed visible, even at mod-
erately pH values (see Fig. 6). It is extraordinary that the narrow
p/ Ampholine cuts substantially reduce such an adsorption to
the silica wall (see Fig. 7). This was unexpected. A possible
mechanism: Ampholines are synthesized from an oligo-protic
backbone, consisting of oligo-ethylene imines some 4—6 nitro-
gens long [22]. In general, at the p/ value, any Ampholine species
should have possibly only one positive and one negative charges,
balancing each other and rendering null the net surface charge.
We hypothesize, though, that, upon approaching the silica wall,
where up to 50% of the silanols are ionized, even the uncharged
nitrogens could be induced to carry a positive charge, thus neu-
tralizing the negative charge of the wall. The binding to adjacent
silanols on the wall by adjacent nitrogens on the oligomeric
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buffer would produce a cooperative effect, thus ensuring tena-
cious adhesion to the wall. The final result would be a shielding
of the negative charges of the silica wall, effectively imped-
ing binding of the protein analytes. This mechanism does not
exclude another concomitant effect: the possibility that these
oligo-protic buffers would also interact with the protein analytes,
thus modulating their mobility and further preventing their bind-
ing to the silica. If this is the case, it might turn out that indeed
oligo-protic buffers would be much preferable to monoprotic
ones, as currently adopted in most electrophoretic separations in
vogue in present times. It would additionally appear that the frac-
tionation of 2-pH unit Ampholine ranges into quasi-isoelectric,
0.1-pH unit spans to be adopted as [EB background electrolytes
in CZE separations, could be a much better approach than trying
to synthesize ad hoc amphoteric buffers containing solely one
positive and one negative group. This synthetic approach might
be quite demanding and might not confer to such buffers the
unique properties that these oligo-protic buffers seem to pos-
sess. Moreover, the sub-fractionation of commercially available
2-pH unit carrier ampholytes offers the possibility of testing
many fractions, eventually discarding those containing individ-
ual “bad” ampholytes (e.g., interacting with some proteins in the
sample) and retaining the “good” ones. Additionally, the fact that
these ultra-narrow p/ cuts are not represented by a single chem-
ical species, but surely by a mixture of them, could be beneficial
as well. In fact, it might be such a limited diversity that ensures
these unique silica shielding effects. One might try to guess how
many species could be present in such 0.1-pH unit spans. The
Vesterberg synthetic approach should ensure, over a 2-pH unit
interval, from a minimum of 100 up to 200 different chemical
entities [22]; thus, over a 0.1-pH unit span, one should expect
some 5-10 different buffering compounds, possible only one or
two representing the majority. It could be this micro-diversity
that ensures, additionally, these unexpected shielding effects on
the silica wall.
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