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1 Introduction

Pollen are the predominant source of inhalant allergens
(Ags) causing IgE-mediated allergies, so-called type I
immunopathologies [1]. To date, preferably crude or purified
natural pollen extracts are utilized in diagnosis and specific
immunotherapy [2-5]. Although these multi-compound
mixtures realistically duplicate the exposure situation of
allergic patients, they imply inherent pitfalls in diagnosis
[5-8], including not only false-positive results due to cross-
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Confirmation of immuno-reactivity of the
recombinant major birch pollen allergen
Bet v 1a by affinity-CIEF

Affinity-CIEF has been applied to characterize a recombinant product of the major birch
pollen allergen Betula verrucosa isoform la (Bet v la) immuno-chemically. For this
purpose mAbs of the IgG-type have been produced in-lab from two murine hybridoma
lines, specified as clones 2 and 5.1. Both IgG clones were characterized by SDS-PAGE,
MALDI-TOF-MS and CIEF. The purified IgG solutions had to be dialysed against
10 mmol/L phosphate (pH 7.4) to prevent IgG precipitation and to ensure appropriate
CIEF separation. Both tested monoclonal IgGs (mlIgGs) comprised four constituents
covering pI ranges of 6.98-7.09 and 6.78-7.03 for clones 2 and 5.1 with major peaks at pI
7.09 and 7.03, respectively. When increasing amounts of Bet v 1a (pI 4.95) were incu-
bated with 2.0 pmol/L mIgG, novel peaks were progressively induced in a pI range
slightly more acidic than the focusing region of mIgGs. These peaks grew on the expense
of original mIgG peaks. All pI values were calculated using two pI marker compounds
with a repeatability of better than 0.03 units. New peaks represent complexes between
Bet v 1a and mIgG either of 1:1 or of 2:1 binding stoichiometry. At a molar ratio of 2:1,
saturation of both IgG paratopes with allergen (Ag) molecules was achieved as indicated
by unbound Bet v 1a. The current CIEF approach addresses the proof of single epitope
integrity in the course of immuno-chemical characterization of Bet v 1a. Contrary to
traditional immunoassays, affinity CIEF allows for a distinction and relative quantifica-
tion of mAbs, Ag—antibody complexes and Ag variants coexisting in one sample.
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reactivities with Ag contaminations [5, 9, 10], but also false-
negative results caused by a lack of standardization [11].
Moreover, pollen extracts can induce side effects [12], or
adverse novel sensitizations [9, 13, 14], in specific immu-
notherapy. Recombinant Ag products can overcome these
drawbacks, since they allow for a high-yield production of
the desired product in improved purity and consistent
quality. Nevertheless, these biotechnologically derived
products have to be compared with their respective wild-
type pendants [2, 5, 9, 15], and characterized in terms of
physico-chemical and immuno-chemical properties [16, 17].
This strategy ascertains the properties conformable to their
natural counterparts in order to assure appropriate applica-
tion of recombinant products in diagnosis and curative
therapy [2, 8].

Prevailing sensitizations of allergic individuals are
diagnosed by screening their blood for Ag-specific IgEs.
Diagnostic in vitro tests mainly encompass immunoblotting
[18-20], and immunoassays, e.g. radioallergosorbent test [21,
22], enzyme allergosorbent test [23], ELISA [7, 20], or
microarrays [14, 24]. These tests immobilize either the
polyclonal antibodies (Ab) yielded from blood samples or the
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target Ags on a solid support and capture related Ags or
specific antibodies, respectively [25-28]. Visualization is
done with labeled secondary antibodies [20, 28]. Immuno-
chemical characterization of Ag products utilizes the same
techniques, but employs Ab mixtures with high specificity
for the recombinant target Ag. Thereto comprehensive pools
of sera from atopic patients are employed to prove integrity
of conformational IgE epitopes [29]. However, once
exhausted they have to be replaced by novel serum blends.
The variability in the composition of applied sera combi-
nations aggravates immuno-chemical characterization and
standardization of Ags [6, 30-32], as this can assign different
potencies even for the same product [32]. In addition,
immunoassays merely express the global potency of Ag
products without distinguishing between different consti-
tuents. Potency is given either as a dimensionless ratio
relative to a reference or in terms of an arbitrary scoring
system based on measured counts [6, 24]. Thus, the infor-
mational content concerning contained minor Ags might be
missed [32, 33].

The application of recombinant Ags and their immuno-
chemical standardization by (preferably) monoclonal (mAb)
or at least oligoclonal Abs of known specificity will overcome
this dilemma [6, 29]. Both, recombinant Ags and mAbs are
theoretically available in inexhaustible supply [6, 14, 34].
Furthermore, mAbs are capable to distinguish between Ag
products of different composition, which can result in
similar overall potency when applying serum-derived IgE
pools instead [32]. Recently, microarrays have implemented
this strategy by immobilizing recombinant Ags each on an
individual spot that allows for component-resolved diagnosis
and provides IgE (and IgG) reactivity profiles of patients to
individual disease-eliciting Ags [9, 14, 24, 35]. However,
microarrays are prone to variability in performance that has
been ascribed to the selection of the solid support, its
surface modification and the Ag attachment. Especially the
immobilization step is liable to affect the tertiary structure of
Ags and consequently also their conformational epitopes
and the binding affinity [14, 24].

CE has the capability to cover major physico-chemical
aspects of Ag products as demonstrated recently [36-38].
Moreover, CE has been employed in the quality control and
characterization of mAbs [39-43]. Interaction of Abs with
their corresponding antigens has been determined by ACE
[44, 45], preferably in the CZE mode [46-54], but less
frequently by CIEF [41, 55, 56]. Remarkably, only a single
CE approach addressing Ag—Ab interaction is disposable
[57]. Contrary to traditional immune methods, benefits of
CE comprise fast analysis time, simultaneous distinction
between multiple constituents (i.e. antigen-Ab complexes,
free Abs and unbound antigens) within a single run as well
as minute analyte and ligand consumption. In general, CE
provides a useful tool in characterizing mAb-binding prop-
erties of Ags and thus in testing for intact epitopes. In non-
competitive homogeneous CE-immunoassays, both antigen
and mAD are dissolved [58]. Thus, CE abolishes the need for
immobilization and for the application of a tagged second-
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ary Ab, resulting in a better simulation of in-solution
conditions and thus of the in vivo situation. In CIEF,
separation of Ags and mAbs can be performed at approx-
imate physiological pH in case appropriate carrier ampho-
lyte (CA) compositions are selected. However, in CZE this
approach would cause a masking of the mAb peaks by their
co-migration with EOF if mAbs possess pI values around
7.0, and the selection of pH extremes may entail confor-
mational changes.

The present approach focuses on the general applic-
ability of an optimized CIEF method as an innovative tool in
the immuno-chemical characterization of Ag products. This
strategy is based on the investigation of the interaction
between a recombinant birch pollen allergen Betula verru-
cosa isoform la (Bet v 1a) and related Abs. In order to
operate with a moderate number of signals mAbs were
selected, which facilitated peak assignment and a distinction
between unbound Bet v 1a, mAbs and Ag-Ab complexes.
Ideally, monoclonal IgE (mIgE) should be used to meet the
in vivo situation. However, technical difficulties limit mIgE
production and murine monoclonal 1gGs (mIgGs) are
generally accepted as suitable alternative models in immu-
nology [59, 60], despite their lower binding affinity [61]. This
is justified by results gained by epitope mapping, which
proved that murine IgGs and human IgEs recognize similar
epitopes [62]. In vivo at least two epitopes of a single Ag
have to be recognized simultaneously in order to cross-
link membrane-bound IgEs and evoke allergic symptoms
[17, 60]. Consequently, the current approach with one mAb
addresses the proof of single epitope integrity but not the
allergenicity and biological activity of the tested product [29].
The concurrent application of several mAbs is a mid-term
scope to allow for a simultaneous integrity testing of
multiple epitopes.

2 Materials and methods
2.1 Chemicals

Glycine, sodium chloride, disodium hydrogen phosphate
dihydrate, ortho-phosphoric acid (w=285%) and sodium
hydroxide solution (NaOH, w=32%) were purchased in
analytical grade quality from Merck (Darmstadt, Germany).
Sodium azide (in synthesis quality) was from Merck. CHES
was purchased in a quality of 99%, and TFA in the highest
available purity grade, both from Sigma-Aldrich (St. Louis,
MO, USA). Sinapinic acid (SA) was from Fluka (Buchs,
Switzerland) and ACN was obtained from Baker (Deventer,
NL, USA), both in highest available purity. PBS was
obtained from PAA Laboratories GmbH (Pasching, Austria).
Skim milk in blotting grade, Tween 20 and DTT were from
ROTH/Lactan (Graz, Austria). Ultrapure water was supplied
in a quality higher than 18.2 MQcm by a Milli-Q Plus 185
system (Millipore S.A., Molsheim, France). Wide pH range
CAs with pH 3-10 were purchased from Beckman (Full-
erton, CA, USA) at 40% m/v. Narrow pH range CAs, all of
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36-40% m/v, comprised pH 5-6 and 6.7-7.7 in pharmalyte
(PL) and pH 5-7 in ampholine and were all obtained from
Amersham Biosciences AB (Uppsala, Sweden). The CIEF
gel was from Beckman and represented an entangled
polymer, which does not offer sieving properties for high
M, compounds. N-hydroxysuccinimide-activated Sepharose
4 Fast Flow (from GE Healthcare, Waukesha, WI, USA) was
employed for preparing affinity columns to purify mAbs.
Microtiter plates (PS Microcolon, med. binding) and
immunoplates (FIA plates, black, high binding) were both
purchased from Greiner (Kremsmdiinster, Austria) in 96-well
formate with flat bottom. The dialysis membrane Zellu-
Trans (with M, exclusion of 8000-10 000) was obtained from
ROTH/Lactan and applied for the final desalting of mAb
solutions.

2.2 Ags, proteins and peptides

Recombinant Bet v 1a was obtained as lyophilized material
from Biomay AG (Vienna, Austria) and specified as batch
21. The preparation procedure for Bet v la, which was
expressed in Escherichia coli, is outlined elsewhere [63]. The
lyophilized material was reconstituted in ultrapure water to
give a stock solution of 2.0 mg/mL. Aliquots of 50 pL of
these stocks were kept at —20°C until their injection into
CE. When stored at +4°C, solutions were stable for at least
2 wk. The following compounds were used as pI markers in
CIEF: myoglobin (Mb from horse heart, pI 7.28) purchased
as lyophilized powder in a purity >90%, carbonic anhydrase
isoenzymes II (Ca II from bovine erythrocytes, pI 5.85 and
5.4) (all Sigma-Aldrich) and the synthetic peptide Trp-Glu-
Glu-His (pI 4.28) [64], synthesized at a quality >95% by
Metabion AG (Martinsried, Germany). Purified polyclonal
rat IgG (Sigma-Aldrich) and PageRuler Prestained Protein
Ladder (Fermentas, St. Leon-Rot, Germany) were applied as
references in SDS-PAGE.

2.3 Preparation of anti-Bet v 1 migGs

The mAbs of IgG type were expressed in-house in two
different mouse hybridoma cell lines specified as anti-Bet
v 1 clones 2 and 5.1. Hybridoma cells were cultured in Opti-
MEM I supplemented with GlutaMAX-I (both from Invitro-
gen, Lofer, Austria) in order to maximize the cell
performance. The culture medium also contained 5% m/v
fetal calf serum and 1% m/v penicillin/streptomycin, both
from PAA Laboratories GmbH. After 4-6 cell passages the
aliquots of the culture medium were pooled and gave in
total 1L for either clone.

2.4 mlgG purification

Subsequent to centrifugation with 4000 rpms for 30 min the
culture supernatant was passed through a 0.22 um sterile
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filter from Millipore (Billerica, MA, USA). Prior to the
sample loading onto the affinity column, 0.05% m/v sodium
azide was added to the IgG filtrate. Anti-Bet v 1 IgGs were
purified by an immunoaffinity column with Bet v 1la
covalently coupled to Sepharose according to the instruc-
tions of the manufacturer. Affinity columns were equili-
brated with a 10 mmol/L sodium phosphate-0.5 mol/L
sodium chloride buffer, adjusted to pH 7.2. After the IgG
filtrate was applied, the column was washed with 20 mL of
the equilibrium buffer before eluting the mIgGs with 5 mL
of 100 mmol/L glycine-150 mmol/L NaCl adjusted to pH
2.4. Two droplets of the eluate (approximately 100 pL) were
sequentially collected in a well of a microtiter plate,
respectively. Each well was prefilled with 20pL of
500 mmol/L phosphate buffer, pH 8.0, to neutralize the
eluate. Collected fractions were screened for protein content
by mixing 5pL eluate with 100 pL Rotiquant Bradford
reagent (ROTH, Karlsruhe, Germany). Fractions containing
proteins were pooled and dialysed against 2 L of 10 mmol/L
phosphate, pH 7.4, at +4°C overnight.

2.5 ELISA and SDS-PAGE

The titers of the mIgG solutions were determined by ELISA
as described previously [65]. Briefly, immunoplates were
coated overnight with recombinant Bet v la at +4°C,
afterward washed three times with 0.1%v/v Tween in PBS
and blocked with blocking buffer (0.1%v/v Tween 20 and
2% m/v skim milk in PBS, pH 7.5) for 1h at room
temperature (RT). The plates were washed three times with
0.1%v/v Tween in PBS and then incubated with serial
dilutions of mAbs in blocking buffer for 1h at RT. After
another five washing steps, the plates were incubated with
horse radish peroxidase-conjugated goat anti-mouse IgG
(Biorad, Vienna, Austria) for 1h at RT, washed five times
and developed with a luminescence-based assay (BM
Chemiluminescence ELISA Substrate) from Roche Diag-
nostics (Vienna, Austria). Purity of mAbs was assessed on
12.5% SDS-PAGE using Laemmli’s discontinuous buffer
system [66], with subsequent CBB staining after partial
reduction with DTT.

2.6 MALDI-TOF

In order to characterize intact mIgGs in MALDI-TOF-MS,
clones 2 and 5.1 were diluted at ratios of 1:4 and 1:8 with
0.1%v/v TFA in ultrapure water, respectively. SA was
applied as MALDI matrix in a solution of 15mg/mL in
50%v/v ACN/0.1%v/v TFA/49.9%v/v ultrapure water.
Spotting onto a steel target was performed by the so-called
sandwich method. Thereby, sequentially 2 uL SA, 2 unL. mAb
solution and another 1 puL SA were applied on either spot.
Each layer was allowed to dry prior to the stratification with
the next layer. MALDI-MS measurements were carried out
on a linear TOF instrument, “AXIMA-LNR” (Shimadzu
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Biotech—Kratos Analytical, Manchester, UK). The instru-
ment was equipped with a pulsed nitrogen laser working at
a wavelength of 337 nm and a pulse width (FWHM) of 4 ns,
an integrated 1 GHz recorder and a monochrome CCD
camera system for monitoring the sample spots in the
vacuum chamber. An accelerating voltage of 20kV and
molecular ion-optimized delayed extraction were applied.
Calibration was performed by applying the standard
proteins BSA (singly and doubly charged ion and dimer)
and apo-Mb. Kratos software version 2.4.1 was utilized for
data acquisition and processing.

2.7 CIEF

CIEF was performed on a Beckman P/ACE™ System MDQ
CE equipped with an UV detector, selecting a detection
wavelength of 280 nm. Data treatment and integration were
performed by using 32 Karat software version 7.0. For CIEF
neutral-coated capillaries from Beckman were employed.
Capillary dimensions were 50 um id, 375 pm od with an
effective length to the detector of 20.0 cm and a total length
of 30.2cm. The CAs were mixed with the CIEF gel and
appropriate amounts of Ag, pI markers and/or mIgG stock
solutions to achieve a final CA composition of 0.2% m/v pH
3-10 (Beckman)/0.5% m/v pH 5-7 ampholine/0.5% m/v
pH 5-6 PL as outlined previously [37]. An improved CA
mixture contained another 0.4% m/v pH 6.7-7.7 PL to refine
resolution of mIgG clone 5.1. The protein/CA/gel mixture
was centrifuged at 14000rpm for 5min. The anolyte
consisted of 91 mmol/L glycine in CIEF gel and was
adjusted to pH 2.12 with ortho-phosphoric acid. An aliquot
of 20 mmol/L CHES adjusted to pH 10.00 with 32% NaOH
was applied as catholyte. The whole capillary was filled with
the protein/CA/gel mixture by an injection for 90s at
2068 mbar. Focusing was performed by application of
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+15.0kV for 6.0 min, with anolyte and catholyte both
pressurized at 48 mbar. Subsequent protein mobilization
was performed at +21.0kV with application of 48 mbar at
the anolyte only. The temperature was maintained at 20.0°C.
Between CIEF runs capillaries were rinsed with anolyte
(1 min) and ultrapure water (2 min) both with 2068 mbar.
When not in use capillaries were filled with CIEF gel and
stored at +4°C, subsequent to a rinse with ultrapure water
(2 min) and CIEF gel (5 min).

3 Results and discussion

3.1 Characterization of migGs with SDS-PAGE and
MALDI

Both mAb clones were characterized by SDS-PAGE after
partial reduction. CBB-stained gels proved the presence of
isolated heavy chains (HCs) and light chains (LCs) of IgG as
well as various combinations of both subunits (2 x HC, HC
+LC). Polyclonal IgG from rat serum was employed as a
reference. Comparison with a kilodalton reference ladder
allowed for a mass assignment of the protein bands
(Fig. 1A).

MALDI-TOE-MS spectra of the intact mAbs gave evidence
for an M, difference of 3760 between both clones. Remarkably,
either clone contained a minor constituent with an M,
6060-6100 lower than its respective major IgG species (Fig. 1B).
The reason for the occurrence of this minor constituent is
currently under investigation. However, sources for the hetero-
geneity of mADbs have been discussed elsewhere and comprise
variability in PTMs introduced over the lifespan of molecules
[67], the various stages in the progress of cell cultures [68],
variable cultivation conditions [69], or modifications of mAbs
induced by manufacturing and purification [68]. Furthermore,
insufficient sub-cloning cannot be ruled out a priori. Addition-
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ally, denatured and reduced mlIgGs were also submitted to
MALDI-MS analysis. The variability between both clones is also
reflected on the level of LCs and HCs (data not shown).

3.2 Salt concentration in IgG solution

Within the preparation procedure of mIgGs the dialysis of the
mlgG eluate against the phosphate buffer marked the crucial
step. Initially applied phosphate concentrations of 2 mmol/L in
the final mIgG solution promoted precipitation in some
preparations. Increased electrolyte concentrations in the mIgG
solution prevented precipitation during the storage by improve-
ment of solubility and thus augmented the yield, but on the
other hand are known to cause a shrinkage of the pH gradient
in CIEF and thereby impair resolution [70, 71]. However,
moderate salt concentrations can even exert a beneficial effect
on the CIEF resolution [72]. According to the capillary
manufacturer, peak currents should not exceed 30 pA during
the focusing step since this affects the durability of the capillary

CE and CEC 2341

coating. Phosphate concentrations up to 30 mmol/L were tested
in the final CA/gel/protein combination to reveal upper
concentration limits applicable in CIEF. Concentrations up to
20 mmol/L kept the current below the stated boundary, but
lower concentrations were beneficial for the resolution and thus
for heterogeneity evaluation of mIgGs and related Ag-Ab
complexes (Figs. 2A and B). Dialysis of mIgG eluates against
10 mmol/L phosphate ensured solubility. When this mIgG
dialysate was diluted with CIEF gel and CAs to prepare the
injection solution for CIEF, a final phosphate concentration of
1 mmol/L resulted.

3.3 Characterization of mAb with CIEF

The CIEF separation profiles confirmed the heterogeneity of
mlgG dones, both with a prominent major peak and several
partially resolved minor variants. For clone 5.1 a refinement in
the resolution was achieved by adding narrow range pH 6.7-7.7
PL to the CA mixture of pH 3-10/5-7/5-6. This novel CA

2 4 6 8

mobilization time [min] Figure 2. Influence of the
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between Bet v 1a and
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ing 4.0umol/L Bet v 1a
with  2.0umol/L  mlgG
clone 2 prior to injection.
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selectively widened the focusing domain of IgGs within the pH
gradient. In total, four peaks could be distinguished in mAb 2
and 5.1 covering pI values between 6.98-7.09 and 6.78-7.03,
respectively (Fig. 3). The mIgG clones were flanked by Mb (pI
7.28) and Ca II (pI 5.85), both applied as internal pI markers.
The pI values of the mIgGs were calculated by interpolating the
pH gradient between both markers as described elsewhere
[37, 73]. Slight deviations in terms of absolute pI values might
occur due to possible deviations from pH linearity between both
markers [64, 74]. Nevertheless, this strategy is capable to reveal
differences in the composition of tested mlIgG clones and
equally record pI shifts induced by the formation of Ag-Ab
complexes. Repeatability of peak pattern was tested by six
replicate CIEF runs for either mIgG clone. The 95% confidence
intervals for the calculated pI values of either IgG variant
covered <0.03 units and proved an excellent repeatability. This
is a pre-requisite in order to relate Ag-Ab complex formation to
alterations in peak pattern and thus to shifts in pl.

0.010 1
Mb
(=)

0.008 1 35
=T < g
=R =S

0.006 1 TLa AR

i oen -

0.004 -

0.002 1

0.000 -

AU

-0.002

-0.004

-0.006 -

-0.008

-0.010 4

3 4 5 6 7 8
mobilization time [min]

Figure 3. Comparison of mlgG clones 2 (trace a) and 5.1 (traces
b, c). Applied CA compositions: (a, b) 0.2% m/v pH 3-10/0.5% m/v
pH 5-7/0.5% m/v pH 5-6; (c) 0.2% m/v pH 3-10/0.5% m/v pH 5-7/
0.5% m/v pH 5-6/0.4% m/v pH 6.7-7.7. Resolution was improved
by the addition of the narrow pH range CA 6.7-7.7. Annotation of
peaks is in the order of their occurrence within the electropher-
ogram and does not necessarily imply corresponding identity
between traces (a-c). The migG peaks were aligned between
traces (a—c) by means of p/ marker Mb and Ca Il (data not shown
in the electropherogram). The higher absorbance of the
improved CA composition at 280 nm causes a reduction in Mb
height in trace (c).
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3.4 Formation of Ag-mAb complexes

To test for intact epitopes and to induce Ag—Ab complexes, Bet v
1la was incubated with mIgGs. Between four and five replicate
injections were performed for each pre-incubated sample in
order to scrutinize possible changes in separation pattern, which
could be evoked by alterations in the association—dissociation
equilibrium over time. Not any of the concentration ratios tested
for mIgG and Bet v la revealed variations over repetitive
injections, neither in the peak pattern nor in the pI values of
induced Ag-Ab complexes. Apparently, a stable complex is
formed within the time interval spent for sample preparation,
capillary rinsing, sample injection and focusing (in total
~15min). Due to the extended incubation interval, the
reduction in the diffusion rates caused by the high viscosity of
the CIEF sample is apparently negligible for the complex
formation. The dissociation constant Kp, of the Ag-Ab complex
was recently determined with 2-3 x 10~°mol/L by surface
plasmon resonance for the tested mIgG clones, respectively.
Additionally, the complex dissociation rate constant was
exceptionally low in sensorgrams (data not shown). This
corroborates our assumption that formed Ag—Ab complexes
persist during focusing and mobilization.

The Ag-Ab complexes emerge as novel peaks at slightly
lower pI values than free mIgGs. A pI comparison of unbound
Bet v 1a (pI 4.95) [37], and migGs (pI 6.98-7.09 and 6.787.03
for clones 2 and 5.1, respectively) rationalizes the pI shifts to
lower values and reductions of less than 0.7 units to a minimum
pIof6.33 (clone 2) or 6.18 (clone 5.1) were observed even in case
near to saturation of both IgG paratopes with Bet v la (see
Sections 3.5.1 and 3.5.2). The encountered pI heterogeneity
within induced Ag-Ab complexes (Figs. 4 and 5) is related to
the aforementioned heterogeneity of mIgGs, which presumably
comprises only the constant domains. Theoretically, the
heterogeneity in Ag-Ab complexes could also be related to
differences in the variable regions (paratopes) of the Abs.
However, resulting oligoclonal IgGs would recognize different
epitopes and consequently produce a variety of cross-linked
immune complexes. As the number of consecutively induced
novel peaks is adequate to the initial number of IgG signals
each showing discrete pI reductions of either ~0.3 or ~0.6 units
(Figs. 4 and 5), the coexistence of mono-epitopic mIgG variants
is postulated. Remarkably, IgG variants with higher pI seem to
possess slightly higher affinity, since these peaks were prefer-
ably decreased at low Bet v 1a concentrations (Figs. 4 and 5).

3.5 Concentration-dependent formation of Ag-Ab
complexes

3.5.1 migG clone 2

The total concentration of mIgGs was maintained at 2.0 pmol/L
in all preincubated samples in order to achieve signals of
sufficient intensity for a detection of major and minor mlIgGs,
whereas Bet v 1a was stepwise increased up to 7.45 pmol/L. The
lowest Ag concentration tested — which corresponded to
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Figure 4. Antibody clone 2 binding of Bet v 1a. Samples with a constant concentration (2.0 umol/L in either case) of mIgG clone 2 were
spiked with increasing amounts of Bet v 1a. CA mixture: pH 3-10/56-7/5-6. Peaks: 1, Mb (p/7.28) and 2, Ca Il (p/5.85). Bet, unbound Bet v
1a. C, comprises 1:1 and 2:1 complexes between Bet v 1a and mlgG clone 2. Panel (B) depicts a detail of panel (A). Numbers in (B) give p/
values for mlgGs and complexes calculated by interpolation. The peaks were aligned by means of p/ markers (1, 2). See text for further

details.

1.15 pmol/L Bet v 1a — generated novel peaks between pI 6.71
and 6.78. These peaks represent Ag—Ab complexes mainly of a
1:1 stoichiometry. Free IgG could still be detected between pI
6.96 and 7.06. A further increase of Bet v 1a to 2.29 pmol/L
induced additional Ag-Ab complexes of an assumed 2:1
binding ratio with pI values between 6.32 and 6.58. In this
case both available paratopes of mIgG were saturated. At this
concentration ratio minor amounts of free IgGs (pI 6.90-6.94)
were still present. Additionally, complexes of a 1:1 ratio (with pI
6.68-6.74) coexisted. If the Bet v 1a concentration was raised to
3.44 pmol/L no further signals were induced, but peak heights
of the putative 2:1 complexes (pI 6.33-6.65) grew on the expense
of 1:1 complexes (pI 6.68-6.78) until an apparent saturation was
achieved. Free mIgGs were absent from this concentration ratio
on (Fig. 4). Stepwise further increases in the Bet v 1la
concentration up to finally 7.45 pmol/L resulted in minute
amounts of 1:1 complexes (pI 6.74) — probably due to partial
dissociation of Ag from saturated IgGs — whereas the 2:1
complexes remained unchanged in pattern and height (data not
shown) supporting the conjecture of an achieved saturation. The
IgG/Bet v 1a ratio deduced from the apparent saturation level
corroborates the postulated binding stoichiometry (Fig. 4) and
confirms the high affinity of the prepared mIgG clone, since the
equilibrium is apparently not affected while the focusing and
mobilization step in CIEF. Concurrently, Ag concentrations
exceeding 3.44 umol/L entailed the occurrence of unbound Bet
v 1a (Fig. 4).

3.5.2 migG clone 5.1

CIEF results for mIgG clone 5.1 resembled those of clone 2.
When Bet v 1a concentrations were stepwise increased in
samples incubated with 2.0 pmol/L mlIgG 5.1 the pI of
encountered peaks was reduced from 6.78-7.03 for free
mlgGs to 6.51-6.75 for putative 1:1 Ag—Ab complexes and
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finally to 6.18-6.35 for complexes with complete Ag
saturation. However, pI values of the mIgGs as well as of
the induced Ag—Ab complexes were slightly lower than for
clone 2 (Figs. 4 and 5), which additionally reflects clone
differences previously revealed by MALDI-TOF-MS data (see
Section 3.1). Contrary to clone 2, minute amounts of
unbound Bet v 1a were already detected at a total Bet v 1a
concentration of 3.44 umol/L. Consistently this clone either
has a slightly different affinity compared with clone 2 or the
encountered minute variation is related to uncertainties in
the determination of the mIgG concentration in the purified
stock solution. Once the saturation level was exceeded, the
normalized peak area of unbound Bet v 1a showed a linear
increase with the concentration of total added Bet v 1a up to
the tested maximum concentration of 14.9 pmol/L. Peak
areas of free Bet v 1a were normalized against the synthetic
tetrapeptide Trp-Glu-Glu-His [64], in order to correct
variations between different runs (data not shown). The
corresponding least square regression equation was calcu-
lated with y = 0.089x-0.280, where y represents the normal-
ized peak area of unbound Bet v la and x is the total
concentration of added Bet v 1a in millimol per liter. The
related coefficient of determination r* was 0.989.
Apparently, only minute differences exist between the
IgG variants of one clone. Even in case of an improved CA
composition these variants were only partially resolved.
Nevertheless, distinct novel peaks with well-defined pI
values were induced and underpin the postulated formation
of univalent and bivalent Ag-Ab complexes. The generation
of cross-linked immune complexes with highly variable
composition would represent an alternative explanation
model. However, as a prerequisite for cross-linking Bet v 1a
should possess several identical IgG epitopes on its surface.
This is rarely observed in Ags and has not been described for
Bet v 1a. The formation of di- or oligomers of Bet v 1a can be
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Figure 5. Antibody clone 5.1 binding of Bet v 1a. Samples with a constant concentration (2.0 umol/L in either case) of migG clone 5.1
were spiked with increasing amounts of Bet v 1a. CA mixture: pH 3-10/5-7/5-6/6.7-7.7. Peaks: 1, Mb (p/7.28); 2, Ca ll (p/5.85) and 3, Ca ll
(p/5.4); Bet, unbound Bet v 1a; C, comprises 1:1 and 2:1 complexes between Bet v 1a and migG clone 5.1. Panel (B) depicts a detail of
panel (A). Numbers in (B) give p/ values for mlgGs and complexes calculated by interpolation. The peaks were aligned by means of p/
markers (1, 2). The control trace refers to 5.73 umol/L Bet v 1a without any mlgG added. See text for further details.

excluded as well [29], since no novel peaks were induced in
CIEF when Bet v 1a was injected alone with its concentra-
tion varied over a range of 0.9-14.9 pmol/L [38].

4 Concluding remarks

For the first time CIEF has been applied in the immuno-
chemical characterization of a recombinant Ag product, i.e.
the major birch pollen allergen Bet v la. Two different
mlgGs directed against Bet v 1la were produced in-house
from murine hybridoma cell lines and specified as clones 2
and 5.1. Both mIgGs were characterized by SDS-PAGE.
Beside a major species with M, of 149 320 and 153 080 for
clones 2 and 5.1, respectively, a minor variant with reduced
M, was identified in either clone with MALDI-TOF-MS.
CIEF data provided refined information and distinguished
four IgG variants for either clone. The pIs values of mIgG
clones 2 and 5.1 covered a range of 6.98-7.09 and 6.78-7.03,
respectively. When Bet v 1la solutions of increasing
concentration were incubated with 2.0 pmol/L mIgG prior
to injection, Ag—antibody complexes were formed. The pls
of these complexes were reduced to 6.68-6.78 (clone 2) and
to 6.51-6.75 (clone 5.1) for univalent and to 6.33—6.65 (clone
2) or 6.18-6.35 (clone 5.1) for bivalent complexes, respec-
tively. Saturation of IgG paratopes with Bet v la was
indicated by stable peak pattern irrespective of the Ag
amount additionally added as well as by the occurrence of
free Bet v 1a, which showed a linear increase when Bet v 1a
concentrations were raised above the saturation point. The
tested approach has proven its feasibility for the integrity
confirmation of single IgG epitopes, with both available IgG
clones showing similar affinity. Affinity-CIEF provides an
improved in vivo simulation due to its renunciation of

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compound immobilization and the applicability of a nearly
physiological pH during the separation. Consequently, CIEF
has the potential to prove epitope integrity of biotechnolo-
gically derived Bet v la by interaction with monoclonal
antibodies. This would improve immuno-chemical standar-
dization and batch-to-batch consistency of recombinant Ag
products compared with immunoassays, employing serum
blends and can introduce a complementary analytical tool.

The authors gratefully acknowledge Martin Weinbauer for
the performance of surface plasmon resonance measurements
and Professor Gernot Achatz and Dr. Stefan Feichtner (all from
the University of Salzburg) for their assistance in these
measurements and in the calculation of the dissociation
constants of mIgG—Bet v 1a complexes.

The authors have declared no conflict of interest.

5 References

[1] Spangfort, M. D., Ipsen, H., Sparholt, S. H., Aasmul-
Olson, S., Larsen, M. R., Mgrtz, E., Roepstorff, P.,
Larsen, J. N., Prot. Expr. Purif. 1996, 8, 365-373.

[2] Batard, T., Didierlaurent, A., Chabre, H., Mothes, N.,
Bussiéres, L., Bohle, B., Couret, M.-N., et al., Int. Arch.
Allergy Immunol. 2005, 136, 239-249.

[3] Moingeon, P., Allergy 2006, 61, 15-19.
[4] Kowalski, M. L., Allergy 2006, 61, 791-795.

[5] Chapman, M. D., Smith, A. M., Vailes, L. D., Arruda,
L. K., Dhanaraj, V., Pomés, A., J. Allergy Clin. Inmunol.
2000, 706, 409-418.

[6] Aalberse, R. C., van Ree, R., J. Allergy Clin. Immunol.
2000, 706, 625-626.

www.electrophoresis-journal.com



Electrophoresis 2009, 30, 2337-2346

[71

(8

9

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Jeong, K. Y., Hong, C.-S., Yong, T.-S., Curr. Protein Pept.
Sci. 2006, 7, 57-71.

Cromwell, O., Suck, R., Kahlert, H., Nandy, A., Weber, B.,
Fiebig, H., Methods 2004, 32, 300-312.

Harwanegg, C., Hiller, R., Expert Rev. Mol. Diagn. 2004,
4, 89-98.

Fremy, J. M., Usleber, E., J. AOAC Int. 2003, 86, 868-872.

Ballmer-Weber, B. K., Scheurer, S., Fritsche, P., Enrique,
E., J. Allergy Clin. Inmunol. 2002, 110, 167-173.

Winter, L., Maling, H.-J., Mosbech, H., Allergy 2000, 55,
827-835.

Movérare, R., Elfman, L., Vesterinen, E., Metso, T.,
Haathela, T., Allergy 2002, 57, 423-430.

Jahn-Schmid, B., Harwanegg, C., Hiller, R., Bohle, B.,
Ebner, C., Scheiner, O., Mueller, M. W., Clin. Exp.
Allergy, 2003, 33, 1443-1449.

Tresch, S., Holzmann, D., Baumann, S., Blaser, K.,
Waithrich, B., Crameri, R., Schmid-Grendelmeier, P.,
Clin. Exp. Allergy 2003, 33, 1153-1158.

ICH Guideline Q6B: Specifications: test procedures and
acceptance criteria for biotechnological/biological
products, ICH Steering Committee, 1999, pp.1-16.

Velickovic, T. C., Gavrovic-Jankulovic, M., Jankov, R. M.,
J. Serb. Chem. Soc. 2005, 70, 347-360.

Ferreira, F., Ebner, C., Kramer, B., Casari, G., Briza, P.,
Kungl, A. J., Grimm, R., The FASEB 1998, 12, 231-242.

Friedl-Hajek, R., Radauer, C., O'Riordain, G., Hoffmann-
Sommergruber, K., Leberl, K., Scheiner, O., Breiteneder,
H., Mol. Imnmunol. 1999, 36, 639-645.

Bollen, M. A., Garcia, A., Cordewener, J. H. G., Wichers,
H. J., Helsper, J. P. F. G., Savelkoul, H. F. J., van Boekel, M.
A. J. S., Mol. Nutr. Food Res. 2007, 51, 1527-1536.

Wensing, M., Akkerdaas, J. H., van Leeuwen, W. A,
Stapel, S. O., Bruijnzeel-Koomen, C. A. F. M., Aalberse,
R. C., Bast, B. J. E. G, et al., J. Allergy Clin. Immunol.
2002, 110, 435-442.

Radioallergosorbent Test (RAST) Methods for allergen-
specific immunoglobulin E (IgE) 510(k)s; final guidance
for industry and FDA. Food and Drug Administration,
2001, pp. 1-16.

Neudecker, P., Lehmann, K., Nerkamp, J., Haase, T.,
Wangorsch, A., Fotisch, K., Hoffmann, S., et al,
Biochem. J. 2003, 376, 97-107.

Fall, B. I., Eberlein-K&nig, B., Behrendt, H., Niessner, R.,
Ring, J., Welle, M. G., Anal. Chem. 2003, 75, 556-562.
Guzman, N. A, Blanc, T., Phillips, T. M., Electrophoresis
2008, 29, 3259-3278.

Lebeque, S., Dolecek, C., Laffer, S., Visco, V., Dené-
pouxa, S., Pina, J.-J, Gureta, C., et al., J. Allergy Clin.
Immunol. 1997, 99, 374-384.

Aden, E., Weber, B., Bossert, J., Teppke, M., Frank, E.,
Wahl, R., Fiebig, H., Cromwell, O., J. Allergy Clin.
Immunol. 1999, 104, 128-135.

Asero, R., Ballmer-Weber, B. K., Beyer, K., Conti, A,
Dubakiene, R., Fernandez-Rivas, M., Hoffmann-Sommer-
gruber, K., et al., Mol. Nutr. Food Res. 2007, 51, 135-147.

Kaul, S., Scheurer, S., Danz, N., Schicktanz, S., Vieths, S.,
Hoffmann, A., J. Allergy Clin. Immunol. 2003, 117, 1261-1268.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[62]

[63]
[54]

[55]
[56]

CE and CEC 2345

Stenman, U.-H., Clin. Chem. 2001, 47, 815-820.

Arntzen, F. C., Wilhelmsen, T. W., Lowenstein, H., Gjesing,
B., Maasch, H. J., Strémberg, R., Einarsson, R., et al.,
J. Allergy Clin. Immunol. 1989, 83, 66-82.

van Ree, R., Allergy 1997, 52, 795-805.
Rodriguez, R., Villalba, M., Batanero, E., Palomares, O.,

Quiralte, J., Salamanca, G., Sirvent, S., et al., J. Investig.
Allergol. Clin. Inmunol. 2007, 17, 56-62.

Krska, R., Welzig, E., Baumgartner, S., Anal. Bioanal.
Chem. 2004, 378, 63-65.

Harwanegg, C., Laffer, S., Hiller, R., Mueller, M. W.,
Kraft, D., Spitzauer, S., Valenta, R., Clin. Exp. Allergy
2003, 33, 7-13.

Punzet, M., Ferreira, F., Briza, P., van Ree, R., Malissa,
H., Jr., Stutz, H., J. Chromatogr. B 2006, 839, 19-29.

Kronsteiner, B., Malissa, H., Stutz, H., Electrophoresis
2007, 28, 2241-2251.

Kronsteiner, B., Dullnig, V., Stutz, H., Electrophoresis
2008, 29, 2539-2549.

Krull, I.S., Liu, X., Dai, J., Gendreau C ., Li, G., J. Pharm.
Biomed. Anal. 1997, 16, 377-393.

Janini, G., Saptahrisi, N., Waselus, M., Soman, G.,
Electrophoresis 2002, 23, 1605-1611.

Li, G., Zhou, X., Wang, Y., El-Shafey, A., Chiu, N. H. L.,
Krull, 1. S., J. Chromatogr. A 2004, 1053, 253-262.
Tang, S., Nesta, D., Maneri, L. R., Anumula, K. R.,
J. Pharm. Biomed. Anal. 1999, 19, 569-583.

Guo, A., Han, M., Martinez, T., Ketchem, R. R., Novick,
S., Jochheim, C., Balland, A., Electrophoresis 2008, 29,
2550-2556.

Heegaard, N. H. H., Kennedy, R. T., J. Chromatogr. B
2002, 768, 93-103.

Heegard, N. H. H., Nilsson, S., Guzman, N. A., J. Chro-
matogr. B 1998, 715, 29-54.

Amundsen, L. K., Sirén, H., Electrophoresis 2007, 28,
99-113.

Hafner, F. T., Kautz, R. A., lverson, B. L., Tim, R. C.,
Karger, B. L., Anal. Chem. 2000, 72, 5779-5786.
Schmalzing, D., Nashabeh, W., Fuchs, M., Clin. Chem.
1995, 41, 1403-1406.
Tao, L., Kennedy,
3899-3906.
Schmalzing, D., Nashabeh, W., Yao, X.-W., Mhatre, R.,
Regnier, F. E., Afeyan, N. B., Fuchs, M., Anal. Chem.
1995, 67, 606-612.

Bornemann, C., Burggraef, T., Heimbiichel, G., Hanisch,
F.-G., Winkels, S., Anal. Bioanal. Chem. 2003, 376,
1074-1080.

Lin, S., Hsiao, I.-Y., Hsu, S.-M., Anal. Bioanal. Chem.
1997, 254, 9-17.

Shihabi, Z. K., Electrophoresis 2008, 29, 2565-2569.
Lassen, K. S., Bradbury, A. R. M., Rehfeld, J. F., Heegard,
N. H. H., Electrophoresis 2008, 29, 2557-2564.

Liu, Z., Pawliszyn, J., Electrophoresis 2005, 26, 556-562.
Shimura, K., Hoshino, M., Kamiya, K., Katoh, K., Hisada,
S., Matsumoto, H., Kasai, K., Electrophoresis 2002, 23,
909-917.

R. T., Anal. Chem. 1996, 68,

www.electrophoresis-journal.com



2346

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

V. Dulinig et al.

Wu, X.-Z., Huang, T., Mullet, W. M., Yeung, J. M.,
Pawliszyn, J., J. Microcol. Sep. 2001, 13, 322-326.

Moser, A. C., Hage, D. S., Electrophoresis 2008, 29,
3279-3295.

Spangfort, M. D., Mirza, O., Ipsen, H., van Neerven,
R. J. J., Gajhede, M., Larsen, J. N., J. Immunol. 2003,
171, 3084-3090.

Mirza, O., Henriksen, A., Ipsen, H., Larsen, J. N.,
Wissenbach, M., Spangfort, M. D, Gajhede, M.,
J. Immunol. 2000, 165, 331-338.

Hantusch, B., Schéll, ., Harwanegg, C., Krieger, S.,
Becker, W.-M., Spitzauer, S., Boltz-Nitulescu, G.,
Jensen-Jarolim, E., Immunol. Lett. 2005, 97, 81-89.

Vrtala, S., Ball, S., Spitzauer, S., Pandjaitan, B.,
Suphioglu, C., Knox, B., Sperr, W. R., et al., J. Imum-
mol. 1998, 160, 6137-6144.

Hoffmann-Sommergruber, K., Susani, M., Ferreira, F.,

Jertschin, P., Ahorn, H., Steiner, R., Kraft, D., et al., Prot.
Express. Purif. 1997, 9, 33-39.

Shimura, K., Zhi, W., Matsumoto, H., Kasai, K., Anal.
Chem. 2000, 72, 4747-4757.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[65]

[66]
[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Electrophoresis 2009, 30, 2337-2346

Hartl, A., Weiss, R., Hochreiter, R., Scheiblhofer, S.,
Thalhamer, J., Methods 2004, 32, 328-339.

Laemmli, U. K., Nature 1970, 227, 680-685.

Liu, H., Gaza-Bulseco, G., Faldu, D., Chumsae, C., Sun,
J., J. Pharm. Sci. 2008, 97, 2426-2447.

Schenerman, M. A., Hope, J. N., Kletke, C., Singh, J. K.,
Kimura, R., Tsao, E. l.,, Folena-Wasserman, G., Biolo-
gicals 1999, 27, 203-215.

Patel, T. P., Parekh, R. B., Moellering, B. J., Prior, C. P.,
Biochem. J. 1992, 285, 839-845.

Liao, J. L., Zhang, R., J. Chromatogr. A 1994, 684,
143-148.

Clarke, N. J., Tomlinson, A. J., Schomburg, G., Naylor,
S., Anal. Chem. 1997, 69, 2786-2792.
Lopez-Soto-Yarritu P., Diez-Masa, J. C., Cifuentes, A.,
de Frutos, M., J. Chromatogr. A 2002, 968, 221-228.

Wu, J,, 2006, 27,
3584-3590.

Lin, Y., Luo, G., Oka, T., Manabe, T., Electrophoresis
2002, 23, 3385-3391.

Huang, T., Electrophoresis

www.electrophoresis-journal.com



