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Abstract

Electrophoresis of serum proteins is one of the traditional applications of zone electrophoresis. Whereas
electrophoresis in supporting media uses usually 5,5'-diethylbarbiturate at pH 8.6 as the buffer, in capillary zone
clectrophoresis with on-line UV detection, this electrolyte is of little use because of its high UV absorbance. For
that reason, a number of operational electrolytes differing in composition were tested for use in capillary
electrophoresis of serum proteins. The influence of the pK, of co-ions and counter ions and the concentration of
the operational electrolyte was examined. If 0.1 M methylglucamine—0.1 M e-aminocaproic acid or 0.1 M
methylglucamine, ~0.1 M y-aminobutyric acid is used as the operational electrolyte, capillary electrophoresis

separates serum proteins into more than ten zones.

1. Introduction

Electrophoresis of serum proteins has been
among the classical methods in clinical chemistry
for many years. Usually paper, agar or cellulose
acetate served as the separation bed, and serum
proteins were separated into about five fractions:
albumin. « -globulin, a,-globulin. B-globulin
and y-globulin. More than 20 years ago. agarose
brought a significant improvement, enabling
more protein zones to be separated |1.2]. The
method has since been modified [3~9] and the
separated zones were assigned to the individual
proteins: prealbumin. albumin, a,-lipoprotein,
a;-antitrypsin. a,-macroglobulin, haptoglobulin,
B-lipoprotein. transferrin. C,-complement and
y-globulin [2,5.7]. The clinical interpretation of
electropherograms is based on variation in their
content [6,7,10.11]. In all these methods, veronal
(5.5'-diethylbarbiturate) buffer has been used.
Since this is a US Drug Enforcement Adminis-

tration controlled drug, Monthony et al. [12]
replaced veronal with Tricine and proposed the
Tris—Tricine buffer for the electrophoresis of
serum proteins. However, with this newly formu-
lated buffer, «,-fraction co-migrated with al-
bumin in agarose electrophoresis. The better
resolution of «,-fraction and albumin in the
barbital buffer seems to be due to the formation
of a veronal-albumin complex and this complex
exhibits higher mobility than albumin itself
because of the higher charge caused by ioniza-
tion of veronal. An increase in the ionic strength
of the buffer by adding NaCl helps to separate
albumin and «,-fraction; however, addition of
salicylate or hippurate, which also form complex-
es with serum albumin, leads to a more pro-
nounced effect [13].

Several papers have been devoted to the
clectrophoresis of serum proteins in capillary
format with on-line detection [14-19]. Whereas
Gordon et al. [14] and Reif et al. [19] used
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sodium borate as the operational electrolyte,
Chen and co-workers [15-18] did not specify the
composition of their electrolyte and used the
description Beckman protein analysis buffer.

This paper shows the effect of some separation
variables, especially the pK, of both the co-ion
and counter ion, on the separation of serum
proteins by capillary electrophoresis.

2. Experimental

Bis-Tris and Tricine were purchased from
Fluka (Buchs, Switzerland), vinylmagnesium
bromide from Aldrich (Milwaukee, WI, USA)
and y-aminobutyric acid, e-aminocaproic acid
and N-methyl-p-glucamine from Sigma (St.
Louis, MO, USA). All other chemicals were
purchased from Lachema (Brno, Czech Repub-
lic).

Analyses were performed with a Crystal CE
System Model 310 (ATI Unicam, Cambridge.
UK) with UV detection using a Spectra 100
variable-wavelength detector (Thermo Separa-
tion Products, Palo Alto, CA, USA) at 200 nm.
The data were collected by using software 4880
(ATI Unicam).

A fused-silica capillary (J&W Scientific, Ful-
som, CA, USA) of dimensions 75 um 1.D. and
360 um O.D. was used. The total length was
usually 55 cm with 45 c¢cm to the detection
window. The detection cell was made by cutting
off ca. 1 mm of the polyimide layer [20]. In some
experiments, coated capillaries were used where
the coating was made with polyacrylamide after
vinylation of the capillary surface with vinylmag-
nesium bromide [21].

Whole blood was drawn from healthy vol-
unteers (members of this laboratory) and used to
prepare serum. Serum was used immediately
after centrifugation; however. in some cases it
was kept at —26°C before its use.

3. Results and discussion

The aim of this work was the experimental
testing of a series of various operational elec-

trolytes. The particular zones were identified
according to the generally known migration
order of serum proteins in agarose gels. Analysis
of serum proteins from different individuals was
helpful in this respect. Staining of lipoproteins
with Sudan Black with subsequent electropho-
resis and detection at 570 nm showed only
limited possibilities for the identification of
lipoproteins. If the fractions were resolved into
several subfractions, a,-antitrypsin, «,-macro-
globulin and transferrin were considered as the
main components of a;-globulin, «,-globulin and
B-globulin, respectively, and their mobilities
were used to express the mobility of the whole
fraction. (Proteins behave as anions under given
conditions and the negative values of the mobili-
ty correspond to this fact. However, for sake of
simplicity, “higher mobility”” here means a high-
er absolute value of mobility.) Substances differ-
ing in pK, suitable as both counter ion and
co-ion were sought. Finally, the co-ions were
chosen according to their pK, to cover the pH
range which preliminary experiments had shown
to be the most important, i.e., pK, =8-11.
Three counter ions were used in these experi-
ments: Na ", Tris and methylglucamine. The pK,
values of the substances in question, and also the
pH of the operational electrolytes, which were
prepared by simple mixing of weighed substances
without any further pH adjustments, are given in
Table 1.

In the first series of experiments, operational
electrolytes containing 50 mM NaOH and 0.1 M
co-ion were used. As NaOH is a strong base, the
pH of the electrolyte is equal to the pK, value of
the individual co-ions. The dependence of abso-
lute value of mobility of the main serum protein
fractions on the pK, of the co-ions is given in
Fig. 1: all fractions of serum proteins migrate
with a higher velocity with increasing pK, of the
co-ion, i.e., with increasing pH of the oper-
ational electrolyte. The separation of the
albumin—«,-fraction pair is crucial, as pointed
earlier. With increasing pH, the mobility differ-
ence between albumin and «,-fraction increases,
whereas the B-globulin and «,-globulin mobility
window is reduced even when the 8-globulin-c,-
globulin separation is not deteriorated.
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Table 1
pH of operational electrolytes

Component Na’ Tris MGA
(pK,=8.1) (PK,=9.9)
Tricine (pK, = 8.1) 8.12 8.06 9.10
Asparagine (pK, = 8.72) 8.91 8.41 9.47
Boric acid (pK, =9.24) 9.24 8.17 9.20
Glycine (pK, =9.78) 9.86 8.84 9.92
GABA (pK, = 10.46) 10.58 9.27 10.26
EACA (pK, =10.80) 10.93 9.36 10.62

Fig. 2 shows the sample plot when the counter
ion Na™ is replaced with Tris. If an equimolar
mixture of Tris and the appropriate acid is used,
the pH of the operational electrolyte is theoret-
ically equal to the mean of the pK,s of Tris and
the co-ion, as Tris is a weak base. The ionization
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also influences the ionic strength of the solution.
That is why it is more reasonable to plot mo-
bilities vs. pK, instead of the traditional pH. The
real values of pH for the prepared operational
electrolytes are given in Table 1. We can observe
similar effects as with electrolytes containing
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Fig. 1. Effect of pH on the mobility of serum proteins. Experimental conditions: uncoated capillary, 75 um L.D. X 360 um O.D.,
total length 550 mm, effective length 450 mm: operational electrolyte, S0 mM NaOH-100 mM co-ion; voltage, 11 kV. Fourfold

diluted serum sampled with a pressure of 10 mbar for 3 s.
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Fig. 2. Effect of pK, of co-ion on the mobility of serum proteins with Tris as counter ion. Operational electrolyte: 0.1 M Tris-0.1

M co-ion. Other experimental conditions as in Fig. 1.

sodium, i.e., an increase in the co-ion pK, or pH
results in a better resolution between albumin
and «a-fractions and a lower resolution of 8- and
y-globulins. However, in this case, the a;-
globulin peak is obtained with Tris—e-amino-
caproic acid exclusively.

The best results were obtained when
methylglucamine (MGA) was used as the coun-
ter ion in the operational electrolyte formula-
tions. Therefore, the corresponding electro-
pherograms are discussed individually (Fig. 3).
In 0.1 M MGA-Tricine (Fig. 3a), the most
remarkable effect is the low mobility of vy-
globulin, which results in co-migration of this
zone with the system peak indicating zero
mobility. This is surprising. since in Na—Tricine,
y-globulin migrates anodically to the full extent,
although the pH is significantly lower than in 0.1
M MGA-Tricine. This is probably caused by the

interaction of the counter ion with y-globulins
forming ion associates and/or ion pairs, which
results in charge reduction and hence a decrease
in mobility. In the «,-globulin—-gB-globulin area,
there is a good resolution of the appropriate
subfractions. The peak close to albumin (¢, =
22.98 min) does not correspond to «,-globulin,
as a,-globulin provides in our sera a significantly
smaller peak than the «,-fraction.

The use of 0.1 M MGA-asparagine provides
an electropherogram similar to that with 0.1 M
MGA-Tricine (Fig. 3b). A smaller portion of
v-globulins appears on the cationic side of the
electropherogram. The UV absorption of as-
paragine results in a significant decrease in the
signal-to-noise ratio.

Use of the popular boric acid as the co-ion
failed in the separation of serum proteins in
conjunction with MGA (Fig. 3c). This is caused
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Fig. 3. (continued on p. 104).

by the complexation of boric acid with hydroxy equilibrium manifested in a significant deviation
groups of MGA, which results in a shift of the of the real pH of the operational electrolyte from
pK, of boric acid and a complicated acid—base the theoretical value.
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Fig. 3. Electropherogram of serum proteins in operational electrolyte containing 0.1 M methylglucamine as counter ion. Co-ion:
(a) 100 mM Tricine; (b) 100 mM asparagine: (c) 100 mM boric acid: (d) 100 mM glycine; (¢) 100 mM y-aminobutyric acid
(GABA): (f) 100 mM e-aminocaproic acid (EACA). Other experimental conditions, as in Fig. 1. Ordinate: absorption at 200 nm.
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A further increase in pK, or pH by using
glycine as the co-ion leads to an improvement in
resolution, primarily by the independent migra-
tion of «,-fraction (Fig. 3d). All the zones,
which are known from electrophoresis in aga-
rose, can be found in the electropherogram
obtained with 0.1 M MGA-glycine.

Similarly, all fractions were found if y-amino-
butyric acid (GABA) (Fig. 3e) and e-amino-
caproic acid (EACA) (Fig. 3f) were used as the
co-ion. With the highest mobility, i.e., with the
longest migration time, prealbumin appears in
the electropherogram. (At least one UV-absorb-
ing non-protein peak with a mobility higher than
that of prealbumin can be found in the electro-
pherograms if the separation is performed for a
sufficient time. As it was not the aim of this
study to analyse all peaks, such as uric acid, no
significant attention was devoted to these peaks.)
There was a regularly appearing shoulder on the
peak of albumin, the identity of which is un-
known. In a,-fraction, the main peak of a,-
antitrypsin can be observed with at least one
shoulder, which may correspond to «,-lipopro-
tein. Experiments with Sudan Blue-stained
serum were not successful in identifying the «,-
lipoprotein peak. With a mobility smaller than
that of «,-globulin, small peaks of group-specific
proteins migrate. In a,-globulin fraction, hapto-
globulin and a,-macroglobulin peaks can be
seen. It is not easy to distinguish them, as their
migration order varies with the phenotype of the
individuals. There are three peaks (series of
peaks) in B-fraction: B-lipoprotein, transferrin
and C;-complement. Whereas transferrin mi-
grates as an individual sharp peak, the other
subfractions provide several peaks. Both C,-
complement and B-lipoprotein are unstable in
serum and decompose. Hence the heterogeneity
of these subfractions is at least partially caused
by the decomposition.

If we compare the mobilities of the main
protein fractions obtained with methylglucamine
as the counter ion, a fairly similar plot is ob-
tained as for sodium and Tris (Fig. 4). The
mobilities of proteins increase with increasing
pH or pK,; however, the presence of the a,-
fraction makes a significant difference. As

methylglucamine is a weak base, the pH of the
operational electrolytes is not identical with the
pK, of the co-ions again. Because the ionic
strength varies in the given range, it is advan-
tageous to plot mobility vs. pK,. The real values
of pH for the operational electrolytes are given
in Table 1.

When the electroosmotic coefficient from the
measurements mentioned above is plotted vs.
pK, (Fig. 5), an interesting plot is obtained. The
electroosmotic flow is virtually independent of
pH in the given pH range when sodium is used
as the counter ion with constant ionic strength.
When sodium is replaced with Tris or
methylglucamine, a dependence of the electro-
osmotic coefficient is found, which is more
pronounced for methylglucamine. This effect
seems to be caused by the decreasing ionization
of these organic bases with increasing pH, which
results in reduced inter-ionic interaction of these
bases with the capillary wall and thus in a higher
value of the electroosmotic coefficient.

Further, we were interested in knowing the
concentration dependence of the mobilities of
serum proteins, with the aim of increasing the
operational voltage and hence decreasing the
separation time. The dependence of the mo-
bilities of the main serum protein fractions on
the concentration of methylglucamine-EACA is
plotted in Fig. 6. The plot shows that «a,-fraction
disappears from the electropherogram at con-
centrations below 50 mM. The operational elec-
trolyte 10 mM methylglucamine—-EACA enabled
an electric field strength of 545 V/cm to be used
without any overheating, thus shortening the
analysis time significantly. However, it did not
help a,-fraction to appear in the electrophero-
gram and therefore 0.1 M methylglucamine—
EACA is recommended as a suitable operational
electrolyte for the electrophoresis of serum pro-
teins.

Because of the known effect of hydrophobic
acids on the resolution of albumin-e,-fraction,
we decided to investigate this effect in capillary
electrophoresis. Unfortunately, the acids, - the
improving effect of which is known from slab gel
electrophoresis, absorb UV radiation and there-
fore their use in capillary electrophoresis with
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Fig. 4. Effect of pK, of co-ion on the mobility of serum proteins with methylglucamine as counter ion. Operational electrolyte:
0.1 M methylglucamine~0.1 M co-ion. Other experimental conditions as in Fig. 1.

on-line UV detection is impossible. For that
reason, the influence of fatty acids was investi-
gated. Attention was paid primarily to the etfect
of lauric acid when (i) lauric acid was the only
co-ion in the operational electrolyte and (i)
when lauric acid was used in a mixture with
another co-ion.

When the operational electrolyte containing 5
mM methylglucamine and 2.5 mM lauric acid
was used, a,-fraction was not resolved from
albumin and appeared as a shoulder on the
albumin peak. When the concentration of oper-
ational electrolyte was doubled, the a,-globulin—-
albumin resolution was improved, probably by
forming a laurate—albumin complex which ex-
hibits higher mobility than albumin itself. The
low ionic strength of this electrolyte enables a
high operational voltage to be applied. In the
given system, a maximum voltage of 30 kV could
be successfully used to shorten the analysis time

whilst maintaining the separation of the main
fractions of serum proteins in about 3 min (Fig.
7).

If the concentration of the operational elec-
trolyte is increased further to 60 mM methyl-
glucamine—30 mM lauric acid, the electropho-
retic profile of serum proteins is dramatically
changed (Fig. 8). Albumin migrates as two split
peaks and a number of new peaks appear in the
electropherogram. The number of new peaks
suggests a good potential for this electrophoresis
of serum proteins. However, our optimism is
moderate, as a lot of work, primarily in identifi-
cation and clinical interpretation of electrophero-
grams, must be done in order to introduce this
particular analysis into the family of practical
applications of capillary electrophoresis. At the
given concentration, laurate forms micelles,
which should be borne in mind by those who
distinguish zone electrophoresis from micellar
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Fig. 5. Effect of pK, of co-ion on the clectroosmotic coefficient with sodium. Tris and methylglucamine as counter ion.

Experimental conditions as in Figs. 1, 2 and 4.

electrokinetic chromatography. In our approach,
it is sufficient to speak about zone electropho-
resis of the protein complexes with laurate.
Indeed, the dimensions of protein molecules do
not support the simplistic model of spherical
micelles with separands incorporated in.

If the operational electrolyte contains lauric
acid in the presence of other ions. the detrimen-
tal effect of laurate on the integrity of serum
proteins starts at lower concentrations. This
effect is obvious with an operational electrolyte
containing 100 mM methylglucamine-90 mM
EACA-5 mM lauric acid (not shown), i.e.. at a
concentration of lauric acid which, in the ab-
sence of other anions did not attack the integrity
of serum proteins. This effect is easy to explain:
an increase in ionic strength results in increased
hydrophobic interactions, and that is exactly
what happened in this case. If the content of
lauric acid is further increased. the atbumin and

y-globulin peaks are preserved, but a number of
new peaks with mobilities higher than that of
albumin appear in electropherogram (Fig. 9).

4. Conclusions

Good resolution of serum proteins is achieved
by capillary electrophoresis when the operational
electrolyte 0.1 M methylglucamine-0.1 M
EACA or 0.1 M methylglucamine-0.1 M
GABA is used. An operational electrolyte con-
taining 10 mM methylglucamine and 5 mM lauric
acid permits the separation of serum proteins
with high voltage and the main serum protein
fractions can be separated in about 3 min.
Capillary electrophoresis in the presence of 60
mM methylglucamine—-30 mM lauric acid or 100
mM methylglucamine-80 mM EACA-5 mM
lauric acid provides the separation of a large
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number of peaks as a result of the disintegration
of serum proteins by hydrophobic interactions
with laurate. This gives new potential to the
electrophoresis of serum proteins.
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