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Abstract

The present state of the use of separation techniques in the identification and characterization of allergens and in the
monitoring of the quality of allergenic preparations is critically surveyed. After a brief summary of the range of problems
encountered in obtaining and in the application of allergenic preparations and of the principal physico-chemical properties of
allergens, chromatographic and electromigration methods of separation of components of these systems and their
combinations with immunochemical procedures are discussed, with selected examples of application to real materials.
Emphasis is placed on evaluation of the most important analytical parameters, such as reliability of the results, separation
efficiency and resolution, and on the most recent results in the field. © 1997 Elsevier Science BV.
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1. Introduction

Allergies are among the most common diseases all
over the world and their occurrence is constantly
growing, causing increased concern and necessitating
intense research into their origin, mechanism and
approaches to their diagnosis, treatment and preven-
tion. Allergology is a part of immunology and thus
deals with very complex biological interactions, with
many gaps in our knowledge.

The most important allergies (type I) are caused
by antigens that lead, in sensitive individuals, to an
increased production of antibodies from the immuno-
globulin E (IgE) class. These antigens are called
allergens and are contained in various natural
sources, primarily in the pollen of some grasses and
trees, the faeces of mites, animal epithelia, fungi,
insect venoms, bacteria, as well as in many man-
made products, e.g. foodstuffs or drugs. Allergens
enter the organism through the mucous membranes
of the respiratory and gastrointestinal tracts or
through the skin and some of them, for example, the
bee venom, can directly endanger human life [1].
The study of allergies and consequent diagnostic and
therapeutic procedures must thus be based on close
cooperation of physicians with biologists and chem-
ists and must involve identification and physico-
chemical characterization of individual allergens,
their preparation in a sufficiently pure form and a
medical study of their effects on suitably selected
sets of patients [2-6].

Crude allergen preparations are most often ob-
tained by extraction of natural materials with water
or aqueous buffers. As all the water-soluble sub-
stances are extracted, complex and ill-defined mix-
tures result containing proteins, glycoproteins, glyco-
sides, peptides and various compounds of low mo-
lecular masses, such as amino acids, saccharides,
biogenic amines and some inorganic substances.

The allergens proper are mostly proteins or
glycoproteins with molecular masses in a range of
ca. 5000 to 50 000 rel. mol. mass units, but some
molecules outside this range have also been iden-
tified as allergenically active. The lower molecular
mass limit is dictated by the requirement of a
sufficient molecular complexity in order to elicit an
immune reaction and the upper limit is given by the
size of the molecule that still permits its penetration

through a mucous membrane [2]. The allergens are
readily soluble in physiological buffers as are all the
globular proteins and their isoelectric points are
between 3 and 11. Surface carbohydrates on proteins
are responsible for many biological functions that are
connected with molecular recognition and thus the
determination of glycoprotein heterogeneity is very
important. The contents of saccharide moieties vary
from zero to pure polysaccharides; the latter occur,
e.g., in the fungi C. herbarum and A. fumigatus (7).
Any chemical change in the allergen molecule results
in a change in its allergenic activity; in this respect,
the amino acid sequence of the proteins is of
importance. The thermal stability of allergens, which
varies for various compounds, must also be consid-
ered.

The optimal solution to the problem of the study
and use of allergenic preparations is to obtain a pure
specific allergen, to establish its chemical structure,
to measure its concentration and to follow its bio-
logical activity. The pure allergen content can then
be directly correlated with the allergenic activity and
can replace the conventional biological units that are
commonly used with more complex allergenic prepa-
rations [8]. However, this task is very difficult. First
of all, crude allergen extracts contain not only major
allergens, but also minor ones; moreover, some small
molecules cause non-specific allergies, typically
histamine, and some molecules present may be toxic
(e.g., melittin in the bee venom).

Therefore, procedures for obtaining, purifying and
characterizing allergenic preparations that are suit-
able for biological testing are quite complex and
involve combinations of preparative and analytical
separation steps with immunochemical and biologi-
cal tests and with measurements permitting the
establishment of the chemical structure and con-
formation. Typically, such a procedure involves the
extraction of a natural material with water, aqueous
buffers (e.g., hydrogencarbonate or phosphate) or
aqueous salt solutions (e.g., sodium chloride), fol-
lowed by dialysis to remove low-molecular com-
ponents and then by lyophilization. A precipitation
step with ammonium sulfate is often included. The
extraction should be rapid, to avoid enzymatic
degradation. Preparative chromatographic steps (e.g.,
SEC, IEC) then produce a sufficient amount of
material for finer, analytical separations (combina-
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tions of SEC, RPC, HPAC, CE, etc.) into fractions
whose biological activity is tested and whose chemi-
cal characteristics are studied. SEC is very useful for
determining the molecular masses of the compo-
nents. All these steps use a great variety of immuno-
chemical techniques to improve the resolution and
identification power [9].

Of course, these preparative techniques are sensi-
tive to changes in the natural materials caused by
environmental effects (pollen), degree of maturity
(molds), etc. Furthermore, important allergens may
be lost during the extraction due to the activity of
proteases that are coextracted. Therefore, the pro-
duction of pure allergens by recombinant DNA/
RNA technologies has recently become an important
alternative to the preparation from natural sources; it
is a powerful tool in the characterization of allergens
and will definitely be very important clinically in the
near future [10,11].

In the following section, selected immunochemical
methods are very briefly surveyed; their applications
in combination with chromatographic and electro-
migration techniques are dealt with in some more
detail in the appropriate sections on the separation
procedures. Throughout the text, emphasis is placed
on the most recent literature; many more references
can be found in the works cited.
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Fig. 1. RPC analysis of a fraction of methanolic extract of
Parietaria judaica pre-separated by SEC and followed by RAST
inhibition [19]. Column: LiChrosorb RP-C18; moabile phase: a
gradient of ACN in 0.1% TFA.

2. Summary of immunochemical methods of
analysis of allergenic preparations

There are two principal classes of methods for the
study of biological activity of allergenic prepara-
tions, namely, in vivo and in vitro methods [3-6].
The former group is primarily based on skin tests on
sets of patients which lead to expression of the
allergic activity in terms of conventional units, e.g.,
BU (biological units), AU (allergy units) or HEP
(histamine equivalent potency) [3.6,12,13]; this
group is outside the scope of this review.

The latter class comprises a number of immuno-
chemical methods that are based on the reactions of
allergens (antigens, Ag) with specific IgE antibodies
(Ab) contained in the sera of patients, with the
formation of AgAb complexes that are then de-
termined in various ways, often with the use of
chromatographic or electrophoretic separations.
Labelling with radioactive isotopes is used very often
(radioimmunoassay, RIA) and the antibodies are
frequently fixed at the surface of a solid support
(solid-phase (radio)immunoassay, SPIA, SPRIA).
The application of these methods then depends on
the nature of the antibody used.

(A) A serum pool containing IgE prepared from
the sera of a certain number of patients who exhibit a
high sensitivity toward the allergen studied is used in
one of the most common SPIA techniques, namely,
the radio-allergosorbent test (RAST) (e.g. [14,15]).
As usually performed, RAST is a diagnostic test for
the presence of allergen-specific IgE antibodies and
can also be used to quantitate single allergens or the
total allergenic activity of a preparation. There are
two principal modifications of the technique, direct
RAST and the RAST inhibition (e.g. [15,16]). In
direct RAST, the allergen preparation is immobil-
ized, usually on CNBr-activated paper disks, and its
interaction with the serum pool labelled with " is
then evaluated. In the inhibition test, the studied
allergen solution is first incubated with the labelled
serum pool and then with paper disks containing a
standard allergen; the studied allergenic preparation
then acts as the inhibitor of the interaction of the
IgE-containing serum with the standard allergen.
RAST is often combined with chromatographic
separation, by measuring the biological activity of
fractions obtained by HPLC (e.g., [17-19], Fig. 1);
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however, a limited sensitivity of RAST after IEC has
been reported [17].

(B) When an allergen has been successfully iso-
lated, it is then possible to obtain the appropriate
antibody and determine the allergen amount, using,
for example, a polyclonal antibody-based radial
immunodiffusion assay in an agarose gel. In the
double-diffusion experiment, the antibody is placed
in a central well and a serial dilution of the antigen
forms a circle around the well producing precipi-
tation lines. This method has, for example, been used
to standardize ragweed extracts [20] and the al-
lergens from domestic dust mites {21].

The immunoblotting technique is used for the
specific identification of allergens. Components sepa-
rated by gel electrophoresis are transferred to a
nitrocellulose membrane (blotting) and the mem-
brane with the blots is incubated in the presence of
specific antibodies, e.g., Bermuda grass pollen [22—
241, or an allergic serum pool, e.g., Cocos nucifera
pollen [25]. The allergen—antibody complex is then
detected using the corresponding antilgE or antilgG
that is either labelled with '251, or conjugated with
horseradish peroxidase or alkaline phosphatase. The
blotting technique can not only detect the allergen—
antibody complex, but other allergen properties can
also be used for its detection, characterization and
separation; e.g., the saccharide moiety in Bermuda
grass pollen allergens and the role of saccharides in
antigenicity have been studied using this technique
and biotinylated lectins [22].

A very similar approach is used in the enzyme-
linked immunosorbent assay (ELISA), where the
allergen is immobilized in polystyrene wells; quan-
titative results can be obtained [22,25].

Immunoelectrophoretic techniques and affinity
chromatography and electrophoresis are dealt with
below, in the separation sections.

3. Physico-chemical properties of typical
allergens from the point of view of their
separation

Most allergens are proteins or glycoproteins and
thus the separation conditions can generally be
obtained from the extensive literature on protein
separations. There are two principal properties which
should always be borne in mind. First, the large

protein molecules have many active sites of several
kinds available for interactions in separation systems,
which makes the separation mechanism complicated
and causes pronounced dependences of the retention
on even small changes in the experimental con-
ditions. Second, proteins are easily denatured during
separations, which places high demands on the
separation system and on the speed of separation.

Some of the properties of proteins depends on the
properties of their constituent amino acid residues,
i.e. on the strength of the acid/base groups present
and on the degree of hydrophobicity/hydrophilicity
of the amino acid side chains. Therefore. proteins
exhibit isoelectric points and their retention is strong-
ly dependent on the pH. Other important contribu-
tions come from the primary, secondary, tertiary and
quaternary structures, the importance of the higher
structures increasing with increasing size of the
molecule.

The chromatographic behaviour of proteins is
generally much more complicated than their electro-
phoretic behaviour. RPC is the most versatile mode
of chromatography for protein separations, as it
utilizes both the acid/base and hydrophobic/hydro-
philic properties of the solutes. Problems sometimes
arise with the denaturing of proteins, caused by low
pH values and high organic modifier contents in
mobile phases used with the most common C,
stationary phases that are highly hydrophobic and are
densely covered with the ligand; this difficulty is
alleviated by using C, to C, stationary phases.
Owing to the presence of many active sites in the
solutes, the retention dependence on the mobile
phase composition (primarily the pH, the content of
the organic modifier and the ionic strength) is very
steep and thus gradient elution must usually be
employed.

The classical IEC procedures are applicable, but
the separation efficiencies are usually somewhat
poorer than in RPC and the solutes may be sorbed
too strongly, again because of the presence of many
active sites in the solute molecules. SEC is very
useful in preseparations and permits quite reliable
determination of molecular masses of proteins, pro-
vided that the system is carefully calibrated with
standard mixtures and the experimental conditions
are properly selected to suppress ion-exchange ef-
fects.

Problems of the solute denaturation are often
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avoided when using hydrophobic-interaction chroma-
tography (HIC) which employs milder conditions
than RPC (moderate hydrophobicity and jow ligand
density of the stationary phase and aqueous mobile
phases with high ionic strength values). Very high
selectivities are exhibited in affinity separations, both
chromatographic and electrophoretic.

A good summary of protein chromatography can
be found in Ref. [26]; a very recent discussion of
stationary phases for the purpose is in Ref. [27].
Electrophoresis offers very high separation efficien-
cies and fast analyses; however, it is unsuitable for
the initial separation steps as its sample capacity is
very low. For further references on chromatography
and electrophoresis of proteins see below.

4. High-performance separations in allergen
isolation and analysis

As pointed out above, high-performance sepa-
rations are preceded by preseparation and preconcen-
tration steps in the complex procedure of the obtain-
ing of allergenic preparations. Traditionally, low-
pressure chromatography on soft gels has been used
for the purpose. However, gel filtration is disadvan-
tageous as it greatly dilutes the allergen extract and
thus must be combined with IEC for preconcen-
tration. As the classical column chromatographic
techniques are tedious (the procedure takes one or
two days) and their efficiency is poor, they are now
generally being replaced by high-performance meth-
ods.

4.1. Chromatography

HPLC has recently become one of the most
popular methods in the analysis of allergens, primari-
ly because continuous progress in the stationary
phase technology is bringing improvements in the
separation efficiency and speed of analysis. Both
porous and nonporous materials with a particle size
from 2 to 15 um are used and larger pore sizes are
usually preferred, typically 300 A, in order to
facilitate the penetration of the large solute mole-
cules into the pores. Peilicular packings consisting of
fused-silica beads coated with a thin porous layer
enable rapid mass transfer and thus also fast analy-
ses; an alternative is the use of nonporous (molded)

phases which, however, have a very low specific
surface area and thus suffer from a low loadability.
Very small, regular and uniform particles of the
stationary phases used bring the separation efficien-
cies for large molecules to several thousand theoret-
ical plates per column, while the time of analysis is
maintained low (typically, 15 to 30 min). For a
survey see Ref. [27].

4.1.1. Size-exclusion chromatography

SEC is applied to raw extracts, to identify and
guantify the active components. The elution profiles
are characteristic and can be used for fingerprinting
of allergen extracts. The separation conditions are
mild and thus the allergen proteins are maintained in
their native form. Provided that the effects other than
size exclusion are minimized, the elution volume or
time is a linear function of the logarithm of the
molecular mass of the solutes. Therefore, after a
careful calibration with a series of standard proteins,
the relative molecular masses of allergens can be
found from their retention volumes. An example of a
calibration dependence, for a TSK G2000 SW col-
umn, is given in Fig. 2 (in this case, the parameters
of the equation, 1, =bXlog M,+a, are b=151, 5, =

00 Y T v T v T T

—

Retention time (sec)

30 35 40 45 50 55
log Mr

Fig. 2. Calibration dependence for a TSK G2000 SW SEC
column; from [61] with permission. The dotted lines indicate the
confidence interval at a significance level a=0.05; mobile phase:
0.2 M phosphate+1 M KCl, pH 7.4.
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Fig. 3. SEC analysis of various pollen allergens; from Ref. [61]
with permission. (For conditions see Fig. 2; the component labels
correspond to those in Table 1)

4.5; a=1133, 5,=21; the coefficient of correlation is
r=-—0.997) [28].

The reproducibility of the SEC retention time
measurement has been studied [28-30], indicating a
highly significant correlation between the molecular
mass and the retention time (p<<0.05) [29]; for
allergens, the R.S.D. was lower than 0.5% [30].
Examples of separation of dialyzed and lyophilized
pollens are given in Fig. 3 and the molecular masses
of the main components are listed in Table 1 [28].

Linear retention vs. log of molecular mass depen-
dences are obtained over a wide molecular mass
range for synthetic polymer stationary phases; how-
ever, deviations from linearity may occur with

Table 1
Estimated relative molecular masses M, of pollen allergens 10°?
rel. mol. mass units [61].

Comp.No  Arrhen. Dactyl.  Secale  Festuca  Phleum
ru. gl. ce. sp. pr.

1 310 330 320 - -

2 33 35 24 35 34

3 15 17 16 17 17

4 5 5.3 9 3.7 3

5 2 25 4 1.8 2.5

proteins and glycoproteins owing to the varying
shape of the solute molecules and their aggregation.
A further cause of deviations from the linearity, i.e.,
the weakly basic and slightly hydrophobic properties
of the stationary phase, can be largely compensated
by judiciously selecting the mobile phase composi-
tion, primarily by working at the isoelectric point of
the solutes; nevertheless, strongly basic solutes can
still be irreversibly adsorbed. In order to evaluate
non-ideal behaviour in SEC, a series of standard
polymeric peptides [31] and standard proteins in
guanidium hydrochloride media [32] have been
devised.

The effect of the column material on the allergenic
activity and on the allergen patterns has further been
studied [29], finding out by using RAST inhibition
that the Bio-Sil TSK 250 is inert and exhibits no
irreversible retention of allergens; the antigen/al-
lergen patterns have also been unchanged.

Soft dextrane- or agarose-based cross-linked gels,
employed in the classical gel chromatography, are
useless in high-performance SEC because of their
compressibility. Therefore, inorganic supports or
those of organic polymers are employed., together
with aqueous mobile phases. The standard silica
supports are rigid, exhibit a well-defined pore dis-
tribution and tolerate a variety of mobile phases,
except those with a pH greater than ca. 8. However,
ionic and hydrophobic interactions of proteins with
the stationary phase may occur depending on the
ligand bonded and the number and distribution of the
unreacted silanol groups, leading to errors in the
molecular mass determined, Jowered recoveries and
poorer biological activity.

Polymeric hydrophilic stationary phases, such as
TSK G2000 or 3000 SW or HEMA Bio materials, in
combination with phosphate or acetate buffer mobile
phases containing sodium chloride, are commonly
used to purify and characterize allergens (see, e.g.,
[18,19,28,30,34,35]. Doubly distilled water contain-
ing 0.005 M sodium azide, combined with two
columns, TSK 2000 SW and TSK 3000 SW, has
been used to purify and fingerprint Parietaria al-
lergenic extracts [35]. On the other hand, the mobile
phase of distilled water combined with the silica-
based stationary phase Protein Pak 125 has yielded a
poor resolution of a Lolium perenne crude extract
[36]. An ionic strength similar to the physiological
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conditions (0.15 M phosphate-buffered saline) has
been recommended to avoid aggregation of allergen
molecules and to minimize ionic interactions be-
tween glycoproteins and a silica-based stationary
phase. The method has been applied to the purifica-
tion of Parietaria judaica [37] and fungal [7] al-
lergens. Polymerization of a glycoprotein allergen
from P. judaica has been observed on storage of the
dialyzed and lyophilized material in solution; the
polymer dissociated on addition of urea [38].

A distilled water mobile phase and a Protein Pak
125 column have been employed to separate a
contaminant component from the olive pollen al-
lergen [39]; the contaminant exhibited a longer
retention due to non-specific hydrophobic interac-
tions. A hydrophilic polyester packing, Shodex
OHpak B-804/S, with 0.02 M ammonium acetate,
pH 4.75, has been used for the characterization of
insect venoms [40]; the components of the bee, wasp
and hornet venoms have been satisfactorily resolved,
but basic peptides have been strongly adsorbed. A
SigmaChrom GFC-1300 polysaccharide-based gel
filtration column and a 100 mM phosphate mobile
phase, pH 6.8, permitted a better separation of the
Oxyuranus scutellatus canni venom than a hydro-
philic bonded silica [41].

The SEC method is fast and reproducible and thus
can be used for process control [42]. The improve-

A
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0 300 9 20
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Fig. 4. Comparison of chromatograms of pollen extract from
Dactylis gl. on (A) a TSK G2000 SW and (B) a Sephadex G-100
column [43]. Mobile phase: 0.1 M phosphate buffer +0.02% w/v
sodium azide, pH 7.0; amounts injected: (A) 300 ug, (B) 25.7 mg.

ment in the resolution, the speed of analysis and the
acceptable sample size is demonstrated in Fig. 4
where SEC of Dactylic gl. on a TSK G2000 SW
column is compared with the classical gel filtration
on Sephadex G-100 [43]. The high speed analysis
minimizes decomposition of labile allergens and the
high recovery, 80 to 98%, makes it suitable for
industrial-scale processes. A disadvantage of SEC is
a somewhat lower separation efficiency compared
with RPC.

4.1.2. lon-exchange chromatography

IEC is well suited for allergen analysis provided
that the mobile phase pH permits dissociation of the
acid/base groups on the allergen molecule, i.e., it is
at least one pH unit below p/ (—log isoelectric point)
for cation-exchange or one pH unit above pl/ for
anion-exchange [44]. The separation is influenced by
the pH, the nature of displacing salt and the ionic
strength. The buffer concentrations usually vary
between 10 and 100 mM. Volatile buffers, such as
triethylammonium bicarbonate or ammonium ace-
tate, are employed to facilitate lyophilization. In
view of the steep retention dependence on the
experimental conditions (see Section 3), gradient
elution is commonly used (a gradient of pH or of
tonic strength — to | M monovalent salt or 0.5 M
bivalent salt). The mobile phases usuallv contain
further components, e.g., stabilizers, denaturing
agents, surfactants, etc. Additives are used to alter
the selectivity, decrease the retention or increase the
recovery by stabilizing the proteins. Chelating agents
prevent contamination of isolated allergens by met-
als; reducing agents, such as dithiothreitol or B-
mercapto-ethanol, are added to retard oxidation of
labile proteins; surfactants improve the solubility of
proteins. A subambient temperature is necessary for
work with very labile proteins.

The molecular mass and shape of allergen mole-
cules determine the pore diameter of porous ion-
exchangers which must be sufficiently large to admit
the allergen molecules (i.e. 300 A for allergens of
mass of 50 to 100 kDa).

High-speed IEC of proteins is enabled by the use
of monodisperse nonporous stationary phase par-
ticles, due to enhanced mass transport [45]. A weak
anion exchanger consisting of a polymeric core with
a polyethyleneimine surface enables a separation of
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four proteins within 24 s, with a high recovery for
small samples (82% with a 5 ug sample).

Both cation (Mono S HR 5/5) and anion (Mono Q
HR 5/5) exchangers have been tested for Timothy
pollen [34], the best results being obtained with
gradient elution using 0.5 M NaCl in 10 mM
HEPES-NaOH buffer, pH 8.0; broad solute peaks
have been caused by the presence of glycoisoforms
of the principal allergen. Other examples are the use
of the Mono Q HR 10/10 anion exchanger and
Mono S cation exchanger with a step elution with the
TRIS buffer and NaCl for the Der pl and Der fI
allergens from Dermatophagoides pteronyssinus [46]
and Dermatophagoides farinae [47], respectively. A
DEAE-5PW anion-exchange column with a linear
ionic strength gradient (sodium acetate in the TRIS
buffer) and RAST inhibition has been used for
allergen preparation from P. judaica 48] (Fig. 5). A
homopolymerization of the protein has been ob-
served; an increase in the ionic strength during the
chromatographic run has led to dissociation of the
oligomers [48]. A combination of SEC and IEC has
been useful in the purification and identification of P.
Jjudaica pollen extracts [49].

054
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Fig. 5. IEC separation of Parietaria judaica pollen extract
followed by RAST inhibition of the fractions before dialysis (solid
line) and after it (dashed line) [48]. Column: DEAE-5PW; mobile
phase: a gradient of sodium acetate (500 mM) in 10 mM Tris—
acetic acid buffer (pH 7.0)

Anion-exchange HPLC is a suitable method for
the determination of the carbohydrate composition of
glycoproteins. A glycoprotein is first hydrolyzed by
an acid (TFA or HCl), evaporated to dryness to
remove the acid and then analyzed [50].

Ion-exchange is also employed in chromatofocus-
ing; a pH gradient is generated in the column, the
proteins are desorbed at pH values lower or equal to
their isoelectric points and readsorbed at higher pH
values, the proteins with identical isoelectric points
focusing together.

4.1.3. Reversed-phase chromatography

As pointed out above, RPC is one of the most
common methods used in the separation of peptides
and proteins which are not very large; silica-based
stationary phases are primarily used [27]. To prevent
denaturing of allergens, short-chain chemically
bonded phases, C1 to C4, are preferable, with mobile
phases containing low percentages of organic modi-
fiers. The separation is then primarily governed by
the (glyco)protein structure and hydrophobicity.

The RPC separations of allergens are generally
faster and more efficient than SEC ones owing to
more rapid mass transport; furthermore, the isolated
allergens have a higher purity. Very rapid separations
have been attained when using stationary phases with
a pore diameter of 300 A [51].

The elution with a gradient of acetonitrile in
aqueous TFA is very common. An example is the
separation of the allergens from the bee venom [33].
In this case, silica-based stationary phases are unsuit-
able because of irreversible adsorption of the strong-
ly basic polypeptide melittin that accounts for 50%
of the bee venom. Therefore, the polymeric HEMA
Bio C,, phase has been used for both analytical and
preparative purposes (Fig. 6). The procedure permit-
ted an isolation of 3.2 mg of the pure main allergen,
phospholipase A,, from an injected amount of 2 ml
of a solution containing 20 mg of bee venom; the
phospholipase A, retained its full biological activity.

The fractions separated by RPC are often analyzed
by means of RAST inhibition for their allergenic
activity (see the RPC-RAST of P. Judaica [17], Fig.
| above); immunoblotting can also be used for this
purpose [52]. RPC is also very useful for quantitative
estimation of the allergen contents in the extracts; the
various allergens are primarily differentiated in terms
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Fig. 6. RPC analysis of bee venom [33]. Column: HEMA-Bio
1000 C18; mobile phase: a gradient of ACN in 0.2% TFA;
P-phospholipase A,, M-melittin.

of their hydrophobicity /hydrophilicity. For example,
hydrophilic glycoproteins with molecular masses of
33 to 34 kDa and more hydrophobic proteins with
molecular masses of 26 to 33 kDa, which are
components of allergen preparations from the pollen
of Dactylis glomerata, Festuca pratensis, Holcus
lanatus, Poa pratensis, Lolium perenne and Phleum
pratense, can be separated on a Vydac C4 column
with an acetonitrile gradient in aqueous TFA. The
Phleum pratense allergen Phl p 5 can be separated
into 5a and 5b subgroups [52] (Fig. 7). Under the
same conditions, a broad peak of the mite allergen
Der pl was observed; the width of the peak can be
caused either by C-terminal variations in the protein
(differences in the chain length or in the amino acid
content), or by glycosylation [46].

RPC is the most suitable method for the separation
of glycoproteins [53]. Most glycoproteins are mul-
tiglycosylated, i.e., contain oligosaccharides at two
or more positions in the amino acid sequence. The

002
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Fig. 7. RPC separation of Phleum pratense, Phl p 5 (A) and
Lolium perenne, Lol p 5 (B), into two isoforms, Phl p 5a and 5b
and Lol p 5a and 5b, respectively; from Ref. [52] with permission.
Column: Vydac C4 214 TP 52; mobile phase: a gradient of ACN
in 0.1% TFA.

most difficult task is the separation of proteins which
have an identical amino acid sequence but differ in
the number of bound oligosaccharides and/or their
structure. Using a gradient of isopropanol from 0 to
30% in 0.1% aqueous TFA in the separation of a
tryptic digest, these compounds can be differentiated
531

A simple and cheap alternative to HPLC in
separations of low-molecular mass components of
allergenic preparations, e.g., pentoses and hexoses, is
high-performance thin-layer chromatography
(HPTLC) [54].

4.1.4. Affinity chromatography

Affinity chromatography separates components of
mixtures on the basis of biospecific interactions
between the components and a ligand (affinant)
immobilized on a support. The specifically sorbed
substances are eluted from the column by an agent
that dissociates the solute-ligand complex. The
classical, low-pressure affinity chromatography is at
present largely replaced by high-performance tech-
niques employing rigid supports with chemically-
bonded affinants which permit faster, more efficient
separations and more sensitive quantitation. Success
in a separation depends on the choice of the affinant,
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the inert support, the method of affinant immobiliza-
tion and the chromatographic conditions.

Two affinant types are employed, those specific
for a particular molecule and group-specific ones.
They must satisfy a number of conditions, namely,
the solute binding must be reversible, the affinants
must be chemically stable and they must have
suitable properties for binding to the support. The
conditions of desorption of specifically bound solutes
are important for the recovery of the solutes and their
biological activity. Specific desorption agents com-
pete with the immobilized affinant for the solute
binding sites and usually permit the obtaining of
non-denatured solute molecules. Non-specific de-
sorption agents are used when a specific one is not
available or when the affinant—solution interaction is
very strong; they involve aqueous solutions of a high
or a Jow pH or of a high ionic strength and
chaotropic agents. In the latter case, the solutes
recovered are often denatured. For a survey of these
techniques see Refs. [55-57].

Affinity HPLC using immobilized monoclonal
antibodies as affinants has been used to isolate and
purify certain allergens. A Parietaria judaica pollen
extract has been separated into several fractions by
elution with a 2 M NaCl solution and almost all the
fractions have been RAST positive [17.58]. The
major peanut allergen has been purified in this way
[59]. Classical chromatography has also been em-
ployed for the purification of the antigen BG-60 of
Bermuda grass pollen using a Blue-Gel column and a
stepwise elution with an NaCl solution [22], or for
isolation of grass pollen allergens on a Concanavalin
A-Sepharose [60].

4.2. Electromigration

Electrophoretic methods have become extremely
popular lately, mainly because of the availability of
reliable instrumentation for capillary techniques.
Nevertheless, slab gel electrophoresis has long been
a very important tool in the isolation, purification
and analysis of allergens. The principal attractive
features of capillary electrophoresis are its simplicity
and rapidity of operation, the very high separation
efficiencies attained, the simple optimization of the
separation conditions and a relatively low cost of
analysis.

Capillary electrophoresis now offers a variety of
specific techniques, such as zone electrophoresis,
isotachophoresis, isoelectric focusing, hybrids be-
tween electrophoresis and HPLC (e.g., micellar
electrokinetic chromatography and electrochromatog-
raphy) and gel capillary electrophoresis. Moreover, it
is very often combined with immunochemical and
affinity principles. In view of very low sample
capacities, electrophoretic techniques are generally
unsuitable for preparative purposes.

4.2.1. Capillary electrophoresis

The main problem in the application of capillary
electrophoresis to separations of allergens, i.e., most-
ly proteins and glycoproteins, is the solute adsorption
on the capillary walls leading to peak tailing and thus
to deterioration in the separation efficiency and in the
reliability of both the qualitative and quantitative
data. There are several ways to deal with this
difficulty:

(a) The pH of the running buffer is kept very low,
less than 2. The capillary walls then become posi-
tively charged as the surface silanols are protonated
and the positively charged proteins are repulsed from
the walls. An example of such a separation is given
in Fig. 8 (33] where bee venom components are
resolved in 150 mM phosphoric acid, pH 1.8. The
two main components, phospholipase A2 and melit-
tin, have been identified on the basis of the peak
matching with those of the standard solutes. A very
high efficiency of this separation is demonstrated by
the fact that the phospholipase A, standard com-
pound (Sigma), which appeared to be homogeneous
in a RPC separation, has been split to at least three
components, the content of the main component
being only ca. 85%. The procedure is reproducible
(Table 2) and is now routinely used for checking the
quality and stability of bee venom allergen prepara-
tions. The same running buffer has also been used to
analyze wasp, pollen, mite, canine and feline al-
lergens [28,30,61].

(b) Inorganic salts or surfactants are added to the
running buffer, e.g., a,w-bis-quaternary ammonium
alkanes [62,63]. An optimal separation of glycopro-
teins then occurred at a pH of 7 to 9, the glycoforms
migrated in order of increasing number of sialic
acids in the molecule [62].

(c) The capillary walls are physico-chemically
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Fig. 8. CE analysis of bee venom components [33]. |-Phospholip-
ase A, (Sigma), 2-melittin (Sigma), 3-bee venom. Electrolyte:
0.15 M phosphoric acid, pH 1.8; capillary: 1.D. 75 pm, L,=75
cm, L,=60 cm; voltage, 20 kV.

modified. For example, the separation of the
glycoprotein allergens from Phleum pratense is
improved when the capillary walls are coated with a
film of the hydroxyethylmethacrylate (HEMA) poly-
mer (Fig. 9) [61]. Not only that the peak shape is
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Fig. 9. Effect of the capillary wall coating on the separation of raw
extract of Phleum pratense (a,b) and its low molecular mass
fraction (¢) [61]. (a) Uncoated capillary, (b,c) HEMA coated
capillary. Experimental conditions as in Fig. 8, except for L.=62
cm, L,=47 cm.

improved, but also the elution times are substantially
decreased. Chemical modification of capillaries with
vinylpyrrolidone and vinylimidazole and the effect of

Table 2
Comparison of the RPC and CE analytical parameters for the analysis of bee venom components [33]
Analytical RPC CE
parameter Phospholipase A, Melittin Phospholipase A, Melittin
R.S.D.
Peak area 5.2 2.8 2.1 1.5
Retention time 1.4 1.0 6.5 5.6
Detection limit
ng 56 30 04 0.15
pug/ml 5.6 3 4.5 1.6
Linear dynamic range 3 2
{orders of concentration)
Analysis time 45 6

Experimental conditions: RPC-Column, HEMA-Bio 1000 C-18, 10 gm, (150X3.3 mm 1D.); mobile phase: a linear gradient from 0 to 50%
of ACN in 0.2% TFA in 20 min, followed by a rise to 100% in 20 min; temp. 37°C; flow-rate 0.5 ml/min; UV detection at 215 nm;
CE-electrolyte, 150 mM phosphoric acid, pH 1.8; capillary L. =75 cm, L,=60 cm, LD.=75 wm; potential, 20 kV; UV detection at 190 nm.
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the modification on separations of basic proteins
were also recently studied [64].

Capillary electrophoresis has also been found
useful in determining the number and distribution of
oligosaccharide linkage positions in O-linked
glycoproteins [65].

Neutral species can readily be separated by micel-
lar electrokinetic chromatography (MEKC) where
surfactants are added to the running buffer at con-
centrations exceeding the critical micelle concen-
tration (CMC). The micelles form a pseudostationary
phase with which the solutes interact through hydro-
phobic and electrostatic interactions and migrate
either with or against the electroosmotic flow, de-
pending on the micelle charge polarity; the sepa-
ration of neutral solutes then depends on the selec-
tivity of their partitioning between the buffer and the
micelle.

A system of a borate running buffer containing
sodium dodecylsulfate (SDS, whose CMC is 8 to 9
mmol/1) has been successfully applied to separations
of lyophilized allergens [28,30,61]. An example of a
MEKC separation is the analysis of Phleum pratense
WHO international standard [30] (Fig. 10). The
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Fig. 10. Comparison of MEKC analyses of Phleum pratense
WHO international standard and SEVAC standard 1/96 [30].
Electrolyte: 20 mdM SDS+50 mM borate, pH 9.3; capillary:
L,=75 cm, L,=60 cm; voltage: 20 kV.

oligosaccharides cleaved from glycoproteins by the
endoglycosidase digestion have been analyzed after
derivatization with 2-aminoantipyrine, using a sys-
tem of 0.1 M phosphate buffer containing 50 mM
tetrabutylammonium bromide at pH 5.0 [66].

Isotachophoresis has somewhat lost its importance
recently, in favour of capillary zone electrophoresis.
Nevertheless, it has been recommended for charac-
terization (fingerprinting) of allergen extracts during
their manufacture and quality control [67]. The time
of analysis is 15 to 20 min with a leading electrolyte
of 0.01 M chloride buffered with Tris (pH 8.2) plus
0.2% w/v hydroxyethylcellulose and a terminating
electrolyte of @-alanine buffered to pH 10 with
barium hydroxide.

4.2.2. Gel and capillary gel electrophoresis

Sodium dodecylsulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) was introduced some time
ago [68] as a very useful slab gel technique and is
still often used to characterize allergen extracts in
terms of their molecular masses. On heating proteins
with SDS in the presence of the mercaptoethanol
reducing agent, the disulfide bridges are broken and
SDS is bound to dissociated protein chains, the
SDS—polypeptide complexes having a random coil
configuration. One gram of any protein binds 1.4 g
of SDS and thus similar mass-to-charge ratios (simi-
lar electrophoretic mobilities) are obtained. Proteins
are separated by sieving through the gel matrix
according to their size (molecular mass); this holds
for proteins that exhibit no post-translational modi-
fication and whose molecular masses are in a range
of 10 to 200 thousand rel. mol. mass units. With
smaller proteins, the intrinsic charge on the amino
acid chains may affect the overall charge of the
SDS-polypeptide  complexes.  Post-translational
modifications cause changes in both the mass and the
charge; for example, glycosylation leads to an in-
crease in the molecular mass whereas phosphoryla-
tion and sulfonation increase the charge.

The application of gel electrophoresis, i.e., the
native PAGE, SDS-PAGE, IEF and two-dimensional
electrophoresis, to the identification of plant varieties
has recently been reviewed [69]. Identification of
electrophoretically separated proteins and interfaces
between two-dimensional PAGE (lIst dimension,
IEF, 2nd dimension, SDS—-PAGE) and a specialized
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technique of amino acid sequencing and mass spec-
trometry have also been generally discussed [70].
Proteins can be identified through antibody recogni-
tion (immunoblotting), or by peptide mapping or
direct amino acid sequencing. Gel separated proteins
can further be analyzed using MALDI-TOF-MS.
The advantages of the latter procedure are a high
accuracy, sensitivity and sometimes also tolerance
toward buffers.

Capillary gel electrophoresis (CGE), introduced in
the eighties [71,72] and recently reviewed by Gutt-
man [73], brings a number of advantages over slab
gel technique. The separation is about three times
faster and more than five times more efficient (more
than 10 million plates), the resolution is substantially
improved, quantitation is accurate and the procedure
is readily automated. Standard CZE capillaries are
employed and filled with either chemical or physical
gels. Chemical gels are cross-linked and their pore
structure, size and thus also the solute electrophoretic
mobilities are determined by the concentrations of
the monomer (5 to 15%) and the cross-linking agent
(0.1 to 0.3%); polyacrylamide gels are most com-
mon. The drawbacks of chemical gels involve sen-
sitivity to heat, a danger of bubble formation and
easy damage to the gel on injection of impure
samples. Physical gels are non cross-linked, linear or
slightly branched polymer networks that are flexible
and can be readily replaced.

The solute electrophoretic mobilities depend on
the sizes and shapes of the molecules and the gel
pores; however, the migration rate may be affected
by adsorption and ion-exchange phenomena. CGE
exhibits a great potential for allergen characteriza-
tion, especially the capillary SDS—PAGE mode for
determination of molecular masses. The SDS-protein
complexes are detected at the anode, as they are
negatively charged; the electroosmotic flow is elimi-
nated because the gel is bound to the capillary wall.

The separation mechanism can be checked by
using the Ferguson plots in which the log mobilities
are plotted against %T for individual proteins. The
straight lines are extrapolated to 0%T; the intercept
then yields the mobility in free solution (in the
absence of the gel) and coincidence of the intercepts
indicates that there is no separation without the gel
and thus the separation mechanism is solely based on
the differences in the molecular mass. The Ferguson

plot slopes are proportional to the molecular mass
[74].

4.2.3. Affinity electrophoresis and
immunoelectrophoresis

To our knowledge, affinity capillary electropho-
resis has not yet been applied to allergen separations.
Nevertheless, there is a potential in this technique,
using either specific antibodies as the affinants, or
employing other properties of allergens, e.g., separat-
ing glycoprotein allergens with lectins as affinants.
To develop such techniques, experience obtained in
the separation of other large molecules can be used
(for a review of various types of affinity electro-
phoresis separations see Refs. [74-791.

In affinity electrophoresis, the affinant is either
bound to a gel and the procedure is analogous to
normal capillary gel electrophoresis, or free affinity
capillary electrophoresis is carried out, with the
affinant present in the running buffer as well as in
the sample.

Immunoelectrophoretic techniques combine the
high resolving power of electrophoretic separations
and the selectivity of immunochemical methods. Of
all the immunochemical approaches available, the
following have been successfully applied to charac-
terization and analysis of allergens:

(a) Rocket immunoelectrophoresis is suitable for
the estimation of allergen concentration. Different
amounts of the antigen migrate electrophoretically
into an agarose gel containing a specific antibody. A
rocket shaped precipitate is formed and the height of
the spot depends on the antigen amount. (b) Classical
immunoelectrophoresis separates proteins in anti-
body-free agarose gel. The protein bands then diffuse
into agarose gel containing antibodies &nd precipi-
tation lines are formed. (¢) Crossed immuno-
electrophoresis is often used to study antigenic
heterogeneity of allergenic extracts. The components
are first separated in agarose gel in one direction,
then the separated bands electrophoretically migrate
into gel containing an antibody in the other direction.
In this way, antigenicity of birch pollen isoallergens
[80] and of those from Cocos nucifera pollen [81]
have been studied. (d) Fused rocket immuno-
electrophoresis is useful when employed in combina-
tion with another separation method. The separated
fractions diffuse into antibody-free agarose gel and
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then electromigrate into an antibody-containing gel.
The precipitation lines formed reveal the hetero-
geneity of the separated fractions. This method has
been used, for example, to characterize birch pollen
isoallergens [80].

5. Conclusion

The field of isolation, characterization and analysis
of allergens is highly complex and judicious combi-
nations of approaches and experimental techniques
are imperative. Useful information can be found in
the Proceedings of Paul-Ehrlich Seminars [82]. Criti-
cal comparison of various methods is very useful as
a guide in the selection of most suitable methods for
particular purposes. As an example, a comparison of
the analytical parameters of RPC and CE is given in
Table 2 above for the analysis of the bee venom
components [33]. It can be seen that the CE method
is faster and its mass detection limits are lower than
in RPC, whereas the concentration detection limits
are similar for the two techniques. The RPC de-
tection limit, calculated here for a 10 ul injection,
can further be decreased when injecting a greater
volume. The lower precision of the RPC peak area is
partly caused by manual injection, the use of an
autosampler would improve it. The poorer precision
of the retention time measurement in CE is primarily
due to instability of the electroosmotic flow. When
very small amounts of the test material are available,
then CE is advantageous because it requires extreme-
ly small sample amounts (units to tens of nl).

6. List of abbreviations

ACN Acetonitrile

CE Capillary electrophoresis

CGE Capillary gel electrophoresis

CIE Crossed immunoelectrophoresis
CMC Critical micelle concentration
CZE Capillary zone electrophoresis
HEPES N-2-Hydroxyethylpiperazine-N’-2-

ethanesulfonic acid
ELISA Enzyme-linked immunosorbent assay
FRIE Fused rocket immunoelectrophoresis
HPAC High-performance affinity chromatog-
raphy

HPTLC High-performance thin-layer chroma-
tography

IE Immunoelectrophoresis

IEC Ion-exchange chromatography

IEF Isoelectric focusing

ITP Isotachophoresis

MEKC Micellar electrokinetic  chromatog-
raphy

PAGE Polyacrylamide gel electrophoresis

RAST Radio-allergosorbent test

RIA Radio-immunoassay

RIE Rocket immunoelectrophoresis

RPC Reversed-phase chromatography

SDS Sodium dodecylsulfate

SDS-PAGE Sodium dodecylsulfate polyacrylamide
gel electrophoresis

SEC Size-exclusion chromatography
SPIA Solid-phase immunoassay
TFA Trifluoroacetic acid
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