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SEPARATION OF PROTEINS AND OTHER COMPOUNDS
BY CAPILLARY ISOTACHOPHORESIS

P. Delmotte
National Center for Multiple Sclerosis
B-1910 Melsbroek, Belgium

Electrophoresis, as the name implies, consists es-
sentially in moving charged particles under the influ-
ence of an electric field. Since the first practical
experiments by Tiseliusl. most of the variations in
electrophoretic techniques have been based on the prin-
ciple of zone electrophoresis. Only in the last decade
did electrophoretic separation techniques,based on other
principles, become available: isoelectric focusing and
isotachophoresis., It is becoming more and more clear
that neither of these techniques can provide the ideal
solution to every protein separation problem but that
each of them has its special field of application where
it can give the researcher a maximum of information.

In zone electrophoresis (1,2), the sample ions are
brought into a buffered solution bridging from the an-

ode to the cathode. Each ion moves with its own charac-
teristic speed, resulting under ideal conditions, in
complete resolvement of the different species. The net
electrophoretic mobility of a charged molecule depends
principally on:
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- the net electric charge on the molecule itself,
This charge depends essentially on the difference
between the pH of the buffer and the isocelectric
point of the protein molecule.

~ the strenth of the electric field

- the ease with wich the molecule can move through
the supporting medium

~ the magnitude of the water counterflow caused by
electroendosmosis.

Zone electrophoresis has some drawbacks:

- a real equilibrium stage is never reached. To ar-
rive at reproducible separation patterns, all ex-
perimental conditions must be strictly control-
led,

- there is no concentrating effect: during the
whole separation experiment, ordinary diffusion
tends to spread out the zones.

Isocelectric focusing (3) makes use of a pH gradient.

The principle of formation of natural pH gradients was
already discussed at the beginning of this century. But,
only a decade ago, the chemicals suited to construct,
under the influence of an electric field, stable pH gra-
dients became available (SvenssonB). Protein molecules,
brought into the same system, will under the influence
of the same electric field, migrate until they reach a
place in the gradient where the pH corresponds to their
own isoelectric point. All the proteins with the same
isoelectric point are focused in the same place of the
gradient.

The main advantages of this technique are:

- very reproducible separation patterns are ob=-
tained

= the powerful concentrating effect permits detec-
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tion of very small amounts of protein
- the isoelectric point of a given protein can ser-
ve as an aide in its identification.

Allthough the principle of isotachophoreti¢c separa-
tion of charged molecules was already discussed a long
time ago (Whethamu), the practical application of this
electrophoretic principle became only possible during
the last few years. As is often the case, it is because
of progres made in other fields, like electronics and
synthesis of new materials, that make possible the final
step from theory to practice (10,11,12),

Contrary to zone electrophoresis and isoelectric focu-
sing, in isotachophoresis use is made of two electrode
solutions with different composition. In both of these
solutions, the principal ion must have the same charge
gign as the sample ions to be separated. But, in the
first solution, called the "leading electrolyte solu-
tion", this ion must have, under the experimental condi-
tions chosen, a net electrophoretic mobility higher than
that of the fastest of the sample ions to be separated.
The second solution, called the "terminating electrolyte
solution”, must have an ion with a net electrophoretic
mobility below that of the slowest of the sample ions

of interest. To complete these electrolyte solutions,

a counter-ion, having a good buffering capacity at the
chosen working pH, is selected,

At the start of the experiment, most of the separation
chamber and one of the electrode vessels is filled with
the leading electrolyte solution. The rest of the sepa-
ration chamber and the other electrode vessel is filled
with the other electrolyte solution. The sample solution
is brought in the separation chamber, exactly at the
interface of the two electrolyte solutions (see fig.1A).



17:17 30 January 2011

Downl oaded At:

32 DELMOTTE
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FIGURE 1

Principal stages of an isotachophoretic separation experiment. A=
start - B = partial separation of sample ions - C = complete sep~
aration of sample ions just prior to detection.

On applying the electric potential, all charged
particles start to move, Their displacement speed is li-
mited by the net electrophoretic mobility of the fastest
ion , namely that of the ion of the leading electrolyte
solution. Under constant current conditions, all ions
move with the same speed. At any stage, the sample ions
of interest remain sandwiched between the two electroly-
te ions, but, they order themselves according to their
electrophoretic mobility (see fig.1B).

The conditions at true dynamic equilibrium (fig.1C) ecan
be predicted from the Kohlrausch5 formula. These condi-
tions confer to isotachophoresis several interesting
properties:

- inherently, the system has a pronounced zone
boundary sharpening effect: if an ion lags behind
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its own zone, then it comes automatically into a
zone made up of ions with lower electrophoretic
mobility, with a higher electric resistance and
under the constant current condition, a higher
electric field strength. The wandering ion is thus
speeded up until it again reaches its own zone.
Exactly the reverse happens when an ion accident-
ly wanders into a preceding zone where a lower e-
lectric field strength reignes. This phenomenon
results in very sharp zone boundaries.

- A second very important property of isotachopho=-
resis resides in the fact that the concentration
of all the subsequent ions in their respective
zones adjusts itself to the concentration of the
ion in the leading electrolyte solution. This has
two interesting consequesces: firstly, isotacho-
phoresis has a very strong concentrating effect.
Sample ions present in very low concentrationg are
at equilibrium pushed together into very narrow
zones. Secondly, as the concentration of ions in
all the following zones is a function of the con-
contration of the leading ion and all zones move
with the same constant speed, the length of the
zones can serve as a direct measure of the amounts
present in each zone.

Two other conditions can present themselves in an iso-
tachophoretic experiment:

- If the sample contains ions with a net electro-
phoretic mobility higher than that of the leading
electrolyte, than these ions will move "zone e=-
lectrophoretically” through the leading electroly-
te. If their concentration is not too high, this
generally will not influence seriously the out-
come of the separation experiment.
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- If the sample contains ions with a net electro-
phoretic mobility lower than that of the ion in
the terminating electrolyte solution, then these
ions are continuously overtaken by the termina-
ting ions and never reach the detector. In some
instances this can be an advantage: the choice of
the experimental conditions can be such that only
those sample ions that are of interest remain
sandwiched between the two electrolytes, thus
simplifying the separation pattern.

In Fig.2 a blockdiagram of the different components of a
complete isotachophoretic set-up are presented. The se-
paration chamber, a teflon tube of 0,2 to 0,5 mm inter-
nal diameter is kept at a constant temperature by immer-
sion in a thermostated fluid. On each side the capilla-
ry is connected to an electrode vessel with platinum e-
lectrodes.

On the leading electrode side, the fluids in the elec-
trode vessel and capillary are separated by a semi-per-
meable membrane, so as to prevent hydrodynamic flow of
fiuid. On the terminating side of the capillary, provi-
sion is made for introducing the sample solution, either
through a septum or with a special stopcock. On either
side stopcocks and seringues are arranged to facilitate
rinsing and filling of the electrode vessels and capil-
lary.

The detection of the separated zones must be made
during the dynamic equilibrium stage: the zones pass by
the detectors at a constant speed. In most cases a com-
bination of two or more detectors are installed in the
same instrument and they can be used concurrently.

The thermometric detector is based on the fact that
different amounts of heat are produced in each zone
(constant current but different resistances). This heat
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FIGURE 2

Bloc diagram of an isotachophoretic set-up. 1 = power supply -

2 = thermostat for capillary - 3 = thermostating fluid - 4 =
capillary - 5 = electrode vessels - 6 = U.V, detector - 7 = in-
jection port - 8 = amplifier for thermocouple signal - 9 = ampli-
fier for U.V. signal - 10 = recorder - 11 = integrator.

is detected by a thermocouple glued to the outside of
the capillary. Allthough of general use, this detector
has a slow response and short zones can pass undetected.
This detector does not lend itself well for zone length
measurements.

In the U.V. detector, a very narrow beam of U,V,
light passes directly through the capillary and its in-
tensity is monitored by a phototube and amplifier. Due
to its very rapid response, this detection system can
even be used for compounds without U.V. absorbance: tra-
ce amounts of U.V. absorbing compounds are allways pre-
sent in the electrode solutions and sample and these
show up as very narrow spikes between the non-U.V. ab=
sorbing zones.
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For potentiometric detection, very narrow platinume-
iridium electrodes are passed through the walls of the

capillary so as to make direct contact with the fluid
inside. AC or DC potentiometric measurements can be made
while the zones pass through the capillary at constant
speed. The potentiometric detector has a sensitivity and
and speed of response comparable to the U.V, detector.

Zone electrophoresis and isoelectric focusing are
techniques that lend themselves nearly exclusively to
the study of proteins. Isotachophoresis on the contrary
was only applied to protein separation studies after it
had already proved its worth for the analysis of smaller
molecules.

Since most proteins have isoelectric points below
pH 8,5 , best results are often obtained with a leading
electrolyte pH of 9. A relatively slow moving leading
ion like morpholinoethanesulfonic acid (MES), at a con-
centration of 0,005 M is of general use. With a 23 cm
long capillary and a constant current of 40 microamperes
during the detection stage, a complete separation expe=-
riment takes about 15 to 20 minutes. During this stage
an electric field strength of more than 500 volts per cm
can be reached.

Fig.3A shows a typical example of a separation ex-
veriment obtained after the injection of only 0,6 micro-
liter of normal human serum, a very complex mixture of
proteins. Only the albumin fraction, of which enough is
present in the sample so that the concentration can ad-
just itself to the concentration of the leading ion, can
readily be identified at the plateau formation, both in
the U.V. and the thermometric tracings. The non-concor-
dance in time of these two tracings is due to the physi-
cal distance between the two detectors along the capil-
lary. All other proteins, although arranged according
to their electrophoretic mobility, are only separated by
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the traces of non-U.V. compounds present in the sample.
It is evident that to render isotachophoresis suitable
for protein analysis, this interspacing effect by non-
U.V. absorbing compounds must be accentuated. This can
conveniently be done by the use, in combination or alone

'
of discrete spacers, like amino-acids, and more complex
mixtures (6,8). For this latter purpose, the amphoteric
synthetic polypeptides, namely the ampholines used in
isoelectric focusing, are suitable. It must however be
remarked that the earlier preparations of ampholines,
which contained fewer individual compounds, are more
suitable for this purpose (the contrary is true for iso=~
electric focusing).

Figure 3B shows the separation pattern obtained
when the same serum sample was injected together with a
small amount of the amino-acid glycine. The complex mix-
ture of proteins is now split up into two subgroups.

The separation pattern shown in figure 4, was ob-
tained after the simultaneous injection of the serum
sample, the amino-acid glycine and an ampholine prepara-
tion with isoelectric points between 9 and 11. The pac-
kage of proteins with electrophoretic mobilities lower
than that of the amino-acid glycine are now split up in-
to a number of well defined subfractions. Depending on
the problem one is interested in, a well defined portion
of the protein mixture can be spaced between two discre-
te spacers and also be further split up by the use of a
suitable preparation of ampholines.

This approach is illustrated by the separation patterns
presented in figure 5: human serum and the three amino-
acids, glycine, valine and beta-alanine were injected
together with four different, 0,25 pH units ranges, of
ampholines with mean isoelectrie points of 10, 9,35 ,
9,06 , and 8, 66.



17:17 30 January 2011

Downl oaded At:

UV ABSORBANCE

38 DELMOTTE

0,6 microliter SERUM

-

FIGURE 3
a) Isotachophoretic separation pattern of normal human serum. b)

Same sample with amino-acid glycine added to sample before injection.

It is essential to draw attention to the differen-
ces in split-up obtained in isotachophoresis and isoelec=-
tric focusing. In isoelectric focusing, the protein frac-
tions arrange themselves in the pH gradient according to
their igoelectri i 1+ the separation is a comple-
tely natural one. In isotachophoresis on the contrary,
the split-up depends on two parameters: the composition
of the sample itself and the composition of the spacer
mixture used. Two different proteins, with closely spa-
ced isoelectric points, when sandwiched bhetween two mo=-
lecular species of the spacer mixture used, can give
rise to a single mixed zone. It is up to the experimen-
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06 microliter SERUM
0.5 microgram GLYCIN
12 microgram AMPHOL.9-11 .~

L

Isotachophoretic separation pattern of normal human serum when in-
jected together with discrete spacer glycine and an ampholine prep-
aration with a pH range from 9 to 11.

FIGURE 4

ter to make out if this is the case or not. One way to

do this is to make use, for the same sample, of two am-

pholine preparations of different manufacturers, and to

examine the changes in separation patterns that do occur.
The use of spacer mixtures without well defined com-

position, like the ampholines, although permitting very

interesting separations, has also some drawbacks:

- It is not always possible to find the right mix-
ture of ampholines, containing enough of the two
non-U.V. compounds, one just faster and one just
slower than the protein one wishes to isolate
from the rest of the protein mixture.

- In most cases, the spacer mixture is so complex
that it contains many molecules that have elec-
trophoretic mobilities very close to one or more
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FIGURE 5

Separation patterns of normal human serum with discrete spacers
glycine (G), valine (V), beta-alanine (A) and injected together
with four different narrow-range ampholine mixtures.

of the proteins of the sample: stable mixed zones
result, broadening and lowering some of the pro-
tein peaks.

- Care must always be taken when comparing separa-
tion patterns obtained with spacer mixtures of
different composition. However, this can also be
of an advantage to make out wether a protein peak
is due to one or more molecular species or not.
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An important problem in capillary isotachophoresis
is the identification of the different fractions obtai-
ned. Most other electrophoretic techniques make use of
some sort of supporting medium which permits, after the
actual separation experiment, to apply immunological or
other identification techniques to the separated frace
tions. This is not possible in capillary isotachophore-
sis: the separation takes place in free solution and the
separation patterns remain only intact as long as the
electric field remains applied. Other approaches are
possible:

- Separation patterns obtained after injection of
samples wtih or without a well defined protein
fraction can be compared

- Separation patterns of two samples, one of which
is enriched or depleted in a well defined frac~
tion,can be compared.

- The situation of a fraction in the separation
pattern with respect to the thermometric tracing
can be compared to its situation, under the same
conditions, when only the pure fraction and the
spacer mixture are injected.

- Use can be made of a special fraction collector.
This device permits the continuous collection of
the separated fractions on a strip of cellulose
acetate after they have pasgsed the detectors.
Immunological or other identification techniques
can then be applied to the cellulose acetate
strips. This technique is also very suitable in
case of radioactively tagged proteins.

Figure 6 presents the separation patterns of the
serum and cerebrospinal fluids of the same person. The
three discrete spacers, glycine, valine and beta-alani-
ne, together with a wide-range ampholine preparation
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were used as spacer mixture. The peaks, numbered 1 to 16,
are mobility subfractions of immunoglobulin G. The sharp
peak, half-way between the albumin fractions and the
amino-acid glycine is due to the protein transferrin.

One of the most interesting properties of capillary
igotachophoresis for the analysis of proteins lies in
the direct quantitative information it can provide (7,9).
As already explained earlier, small ions ¢an be quanti=-
fied in isotachophoresis by zone length measurement.

This is nearly impossible for proteins:

~ Only rarely is enough of one protein species pre-
sent so that its concentration can adjust itself
to the concentration of the leading ion. So,
there is no plateau formation and no measuring of
zone length.

« The complex nature of the spacer mixtures that
are normally used has a deleterious «ffect on
zone boundary sharpness.

- The sagging of the boundaries of the protein zo-
nes, due to their high density, also negatively
influences zone boundary sharpness.

However, the integration of the areas under the
protein peaks provides very valuable quantitative infor-
mation. Provided that a given peak is composed essenti-
ally of one protein species, than there is a linear re-
lationship between the gquantity of protein and the area
under the peak of that protein (Delmotte7). Under sulita-
ble conditions, amounts of protein down to about 10 na=-
nograms can readily be quantified by this technique.

To illustrate the usefulness of this new electropho=-
retic technique for the analysis of protein mixtures, a
few practical examples are presented. Figure 7 shows the
separation patterns of two cerebrospinal fluid specimens,
one of a normal individual and one from a Multiple Scle=-
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rosis patient. In each case the same spacer mixture

(3 amino-acids plus ampholines) and the same operating
conditions were used.

The sample volume was 3 microliters of ten times con-
centrated cerebrospinal fluid. Striking differences in
the two patterns are evident:

- In the pathological sample (n°2), the relative
amounts of albumin and the immunoglobulin G sub-
fractions (moving behind the amino-acid valine),
are very different, when compared to the normal
sample.

-~ Among the immunoglobulin G mobility subfractions,
those with the lowest electrophoretic mobility
show the greatest increase.

By using this technique, the daily intrathecally produ=-
ced immunoglobulin G can be estimated (Delmotteg).

When only minute amounts of sample are available,
capillary isotachophoresis is a powerful tool for obtaia-
ning quantitative information. This is illustrated in
figure 8. The first separation pattern (a), comes from
the water-soluble proteins from the eye lens of a young
mouse. The second pattern corresponds to a similar sam-
ple, but from a very old mouse, With this technique, the
quantitative changes in soluble protein composition of
the mouse lens with respect to age could be quantified
(13).

Finally, figure 9 shows the separation patterns of
water soluble proteins from human brain white matter
(14,15). The first sample was obtained after normal cell
disruption, the second after ultrasonic treatment of the
insoluble residue from the first extraction. For the
mouse lens proteins and the brain proteins, the same
spacer mixture was used as that for the serum and cere=
brospinal fluid experiments.
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FIGURE 8

a) Isotachophoretic separation pattern of water soluble proteins
from the eye lens of a young mouse. b) pattern obtained under ex-
actly the same conditions with sample coming from a very old mouse.
(Spacer mixture the same as for human serum).

The least that can be said of capillary isotacho-
phoresis for the analysis of proteins, is that it is a
valid addition to the battery of electrophoretic tech-
niques allready available for this purpose. In addition,
capillary isotachophoresis can, with proper care, pro-
vide very valuable quantitative information. Although
only one sample can be analysed at a time, one complete
experiment takes only 10 to 20 minutes. The technique is
especially useful when quantitative information is nee=-
ded on one or more proteins in a series of samples with
roughly the same qualitative composition. One very in-



17:17 30 January 2011

Downl oaded At:

CAPILLARY ISOTACHOPHORESIS 47
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FIGURE 9

Separation patterns of two samples of water soluble proteins ob-
taines during extraction of human brain white matter. (Spacer
mixture same as for human serum).

teresting application of quantitative isotachophoresis
lies in the field of enzymology: it provides a fast and
easy way to follow the transformation and/or consumption
of substrates that are difficult to quantify by other
means.

If practically all of the other electrophoretic
techniques are for the most part only of use for the
analysis of macromolecules, then capillary isotachopho-
resis is eminently suitable for analysis of all com-
pounds that acquire an electric charge in the pH range
from 2,5 to 9,5. Through the choice of appropriate lea-
ding and terminating electrolytes and by playing around
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with the operating parameters like temperature, working
pH, length of capillary, additives to the electrode so-
lutions and strength of electric field, the interested
experimenter can tackle many a separation problem.

The wide range of application of capillary isotacho-
phoresis will be very briefly illustrated by the follow-
ing examples. Figure 10 presents the separation patterns
of a biologically active polypeptide during its prepa-
tion and purification (16). The first pattern corres-
ponds to the crude mixture after the last step in synthe-
sis. Although in the second pattern there are some
hints of plateau formation, there is no dramatic diffe-
rence with the first sample. The efficacy of the next
purification step, an ion exchange experiment, is clear=-

4 A-CRUDE FRACTION B- AFTER GEL FILTR.
)
v "]
| [-:]
< L ¢
> >
o J ]
» -
TIME TIME
C-AFTER ION EXCH. D-AFTER C.C. DISTRIB,
p 4
[+ 4] - 4
<
>
> D
o]
T IME o TIME "
FIGURE 10

Isotachophoretic separation patterns obtaines after injection of
samples at four stages during preparative purification of a bio-
logically active polypeptide.
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ly illustrated by the third separation pattern. Never-
theless, it is clear that the sample still contains an
appreciable amount of impurities. That the last step in
purification, a counter current distribution experiment,
drastically reduces the amount of impurities is eviden-
ced in the fourth isotachophoretic separation experi-
ment. For compounds like polypeptides, for which very
few easy and specific chemical identification reactions
exist, isotachophoresis presents a suitable alternative.

The powerful separation possibilities of capillary
isotachophoresis are once more illustrated by the sepa-
ration pattern in figure 11. They were obtained after
injection of a crude solution of a pharmaceutical pre-
varation containing 4 chemical varieties of penicillin,
carbenicillin, ampiecillin, flucloxacillin and amoxicil-
1lin (17). Their chemical likeness presents a great chal-
lenge to the analytical chemist by any other method.

The last example, presented in figure 12, once
again illustrates the excellent separations obtainable
with this technique which provides at the same time
precious quantitative information. Samples of a soft
drink, without any pretreatment, were injected (18).

The samples were taken before and after the fluid had
been in contact with atmospheric air for several hours,

To conclude, a very incomplete survey of possible
applicationss

- amino-acids (19)

- polypeptides (16)

- proteines (20, 21, 26)

- amines (22)

- short chain fatty acids (23)

- nucleic acids and derivates (24, 25)
~ antibioties (17)

- hippurie acid metabolites (26)

- inorganic ions (27, 28)
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FIGURE 11

Separation pattern from a pharmaceutical preparation containing
four different types of penicilliins.

*SOF v DRI’
DEGASSED UNDER VACUUM

283mg/L ASCORBIC ACID

UV ASSORBANCE

yk\:-.___c'_'!"_ Acw_ .

1DEM AFTER 1 DAY CONTACT WITH AIR

197mgA ASCORBIC ACID

CITRIC ACID

FIGURE 12

Isotachophoretic experiment designed to measure the citric acid
and ascorbic acid contents of a soft drink before and after expos-

ure to atmospheric ailr.
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