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Abstract

Three preparation batches of the recombinant birch pollen allergen Bet v 1a have been analyzed by capillary zone electrophoresis (CZE) using a
separation electrolyte consisting of 100 mmol L~! phosphate at pH 6.50 with 2.0 mmol L~! tetraethylenepentamine (TEPA) added. TEPA improved
the resolution by wall shielding and selective attachment to allergens, but reduced migration repeatability at concentrations >2.0 mmol L.
Heterogeneity of preparations determined by CZE and electrospray ionization-quadrupole-time-of flight-MS were in accordance and revealed
chemically modified (carbamylated) allergens in one of the preparations. The method was validated according to the ICH-guidelines. Repeatability
of effective electrophoretic mobility (i) was <0.55% R.S.D. (n=5). Migration time corrected peak areas were used for quantification. Limit
of quantification (LOQ) was 25 wg mL~" for the major isoform Bet v 1a, based on a signal-to-noise ratio of 10, and detector response was linear
between LOQ and 0.90 mg mL~'. Purity of the different rBet v la preparations was determined to be between 40 and 92% depending on the

manufacturing protocol.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Prevalence of allergic diseases has increased over the last
decades, preferably in industrialized countries, covering a wide
scope of symptoms ranging from mild allergic rhinoconjunc-
tivitis and wheezing to severe asthma and in special cases ana-
phylactic shock [1-4]. At present, up to 15% of the European
population are considered to be concerned [2,3,5] and simi-
lar results are reported for Japan [6]. In general, an increased
occurrence of tree pollen related allergies has been observed [1].
Among the outdoor aeroallergens, atmospheric pollen proteins
and especially the major birch pollen allergen Betula verrucosa
(Bet v 1) are most prominent in Northern and Central Europe
[7] affecting more than 90% of tree pollen allergic patients [8].
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In some cases, the indoor air burden of birch pollen allergens
can even approach outdoor level [9]. The major isoform Bet v 1a
consists of 159 amino acids and possesses a relative molecular
mass (M;) of 17,440 [8].

In general, there is an urgent need for well-characterized aller-
gen formulations to be applied as tools not only for allergy diag-
nosis but also for immunotherapy (i.e., hyposensitization) and
therapeutic vaccines [10,11]. Knowledge of the composition of
vaccines and of quantities of the respective allergens contained
are mandatory for an adjusted dosage in immunotherapy in order
to avoid overshooting allergic reactions, i.e., anaphylaxis [10].
Currently available allergen products lack a well-defined com-
position [5] and may not only contain multiple major and minor
allergens, but also non-allergenic proteins/macromolecules and
proteolytic enzymes, which can degrade allergens and thus affect
immunogenicity of allergen preparations [11]. Since immuno-
genicity is measured on basis of reactivity with immunoglobulin
E (IgE) antibodies [12], allergen mixtures, despite heteroge-
neous in their composition, might result in comparable potencies



20 M. Punzet et al. / J. Chromatogr. B 839 (2006) 19-29

[13]. When purified natural allergen preparations are adminis-
tered in clinical application it has to be considered, that their
repertoire of allergen variants will not only vary geographically
or seasonally [14] but also between individual plants. Further-
more, post-translational allergen modifications are known to
contribute considerably to microheterogeneity and to influence
the IgE reactivity. At the contrary, recombinant allergens should
ideally contain one isoform possessing a defined primary struc-
ture thus also facilitating quantification [5]. Therefore, the Euro-
pean Commission has launched a multi-disciplinary program,
called CREATE [3,7], to promote standardization of (recombi-
nant) allergenic products.

Characterization of recombinant products, including imm-
unochemical and physico-chemical properties as well as deter-
mination of purity and quantification of impurities, is manda-
tory to establish relevant product specifications. Appropri-
ate techniques are outlined elsewhere [15,16] and accord-
ingly allergen characterization has been performed by enzyme-
linked immunosorbent-assay (ELISA) [12,17], radio allergo-
sorbent test (RAST) [5,16] and two-dimensional electrophoresis
immuno blotting [5,12] in terms of immunological properties,
whereas SDS-PAGE [5], size exclusion-LC [18,19], peptide
mapping with reversed phase-LC-plasma desorption-MS [12],
matrix-assisted laser desorption-MS [5,17], electrospray ion-
ization (ESI)-MS(/MS) [20,21] and circular dichroism spec-
troscopy (CD) [17] were applied to determine physico-chemical
properties. Concomitantly with the progress in biotechnology,
the need for highly efficient separation techniques grows. CE
provides a valuable tool in tackling problems related to biotech-
nologically derived products, due to its high efficiency and the
versatility, which is related to the availability of different elec-
trophoretic separation modes, i.e., capillary zone electrophore-
sis (CZE), capillary isotachophoresis (CITP), capillary micellar
electrokinetic chromatography (MEKC) and capillary isoelec-
tric focusing (CIEF). Recent reviews provide a comprehensive
survey of these fields of application [22-25].

In this context, CZE is progressively employed for moni-
toring the product quality in terms of general purity assess-
ment of recombinant proteins [23,25,26], but also to check for
contaminants, such as host proteins, vectors, and degradation
products [24]. Moreover, there is a strong need to differenti-
ate between the target allergen itself, related isoallergens and
chemically modified allergen species whether modifications are
post-translational or introduced during purification process and
storage [23,27]. In most cases, only CE is capable to meet
these challenging requirements. Nevertheless, the number of
reports referring to the separation of pollen allergens with CZE,
CITP and MEKC is rather limited [16,19,28-31]. In order to
suppress protein adsorption onto the capillary surface covalent
wall coatings are considered most efficient and act via modi-
fication of the zeta potential (¢) and an increase of viscosity
adjacent to the capillary wall [32]. These coatings, however, are
known to possess either a limited durability of some hundred
runs [33,34] or, in case of higher persistence, are laborious to
prepare due to an attachment via a Si—C bond [35]. Recently,
noncovalent successive multiple ionic polymer (SMIL) coatings
have been employed successfully, combining easy preparation

NH NH

Tetraethylenepentamine = TEPA

Protonation constants
K,y = 2.7; pK,p = 4.3; pK5 = 7.9; pK,, = 9.1: pK5 = 9.9

Fig. 1. Structure of TEPA with protonation constants of the respective amino
groups according to [41,42].

and stable migration times (#y) [36-38]. As distinguished to
afore mentioned approaches, dynamic wall coating can improve
separation in a multivariate way: related to the applied concen-
tration, dynamic modifiers allow not only for a reduction of
protein adsorption and a “tuning” of the electroosmotic flow
(EOF), but can also increase differences in the effective elec-
trophoretic mobilities (ueff) of protein isoforms by a specific
attachment of the charged modifier to the selected protein species
[32,39,40]. A recent survey of dynamic coating agents revealed
oligoamines, particularly spermine and tetraethylenepentamine
(tetren, TEPA; Fig. 1), to be highly efficient in wall shield-
ing, especially when compared to frequently applied mono-
and diamines [41-44], additionally ensuring a smooth baseline
[42]. However, beside adsorption to the capillary wall TEPA is
known to act in multiple ways when included in the BGE: by
(i) attachment to the protein surface and by (ii) ion-pairing with
the buffer anions. In parallel, buffer cations (i.e., Na™) compete
with TEPA for negatively charged protein regions [45,46]. Alto-
gether, this results in several coexisting and competing equilibria
[45,47-49]. Although TEPA has previously been employed as a
shielding additive for separating proteins [42,50], a systematic
optimization of the TEPA concentration at different pH values is
still missing to our knowledge, especially for resolving allergens
in commercial formulations.

The mid-term objective of the aforementioned CREATE pro-
gram is focused on the development and selection of candidates
for certified reference materials (CRMs) of allergens. Therefore,
the development and validation of methods for characterizing
the composition of possible candidate CRMs and quantifying
the purity of the target allergen is required [3,15]. Within this
context, this work aims to develop and optimize a CZE sep-
aration for the characterization of different preparations of the
recombinant birch pollen allergen Bet v 1a selected within CRE-
ATE and to validate the elaborated method according to the
ICH-guideline [15]. However, in general a set of orthogonal
techniques is recommended for a comprehensive quality assess-
ment of allergen preparations [24]. Finally, developed CRMs
are intended to become public available and distributed for the
calibration of respective in-house references of the allergen man-
ufacturers.

2. Experimental
2.1. Chemicals

Disodium hydrogen phosphate dihydrate (Na, HPO4-2H;0),
ortho-phosphoric acid (w=85%), 0.10 mol L~! HCI, 0.10 mol
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L~! and 1.00molL~! NaOH were purchased from Merck
(Darmstadt, Germany), all in p.A. quality. Tetraethylenepen-
tamine pentahydrochloride (TEPA) and sodium tetraborate
decahydrate were from Sigma (St. Louis, MO, USA). 1,4-
Diaminobutane (1,4-DAB) was obtained from Aldrich (Stein-
heim, Germany) at a purity >99%. Ultrapure water of a
quality higher than 18.2MQcm was prepared by a Milli-Q
Plus 185 system (Millipore S.A., Molsheim, France). Ace-
tonitrile and 0.1% (v/v) formic acid were purchased in LC-
MS grade quality from J.T. Baker (Deventer, The Netherlands).
Horse heart myoglobin (>90%) was obtained from Sigma.

2.2. Allergens

Recombinant major birch pollen allergen from Betula ver-
rucosa (rBet v 1a) was obtained as lyophilized material from
Biomay AG (Vienna, Austria). Three independent preparations
of rBet v 1a, batches 16, 18 and 19, were provided and tested by
CZE. rBet v 1a was expressed in E. coli and for batches 18 and
19 cell disruption and subsequent allergen purification from the
soluble protein fraction was done as described elsewhere [4].
Since batch 16 of rBet v 1a was prepared from the same cells
as batches 18 and 19, but from a combination of the soluble
and insoluble protein fraction, the purification procedure was
slightly modified and required the addition of up to 4 mol L™!
urea during the elution from Sepharose columns. In either case,
the material was reconstituted in 1000 wL ultrapure water to
achieve a protein concentration of nominal 1.0 mgmL~!. The
actual protein concentration was determined independently for
each tested batch by amino acid analysis, as described elsewhere
[51]. Allergen solutions of lower concentration were prepared
by appropriate dilution with ultrapure water. Aliquots of 50 L
were stored at —20 °C until injection to CZE in order to avoid
repeated freezing and thawing. According to the manufacturer,
reconstituted material should be stable for several years under
these conditions.

2.3. Preparation of background electrolyte (BGE)

For the preparation of 100 mmol L~! phosphate BGE, 4.45 g
NayHPO4-2H,0 were dissolved in 250 mL ultrapure water.
A 100mL aliquot was adjusted to pH 6.50 & 0.03 by adding
~400 wL ortho-phosphoric acid. The pH value was measured
by means of a WTW Microprocessor pH 3000 pH meter
(WTW GmbH, Weilheim, Germany) previously calibrated with
Hamilton Duracal buffers pH 4.01 and 7.00, both from Hamil-
ton Bonaduz AG (Bonaduz, Switzerland). A 10 mmolL~!
stock solution of TEPA was prepared by weighing 92.9 mg
TEPA and dissolving in 25 mL 100 mmol L-! NayHPO4-2H,O
buffer, pH 6.50. The final buffer consisting of 100 mmol L~}
NayHPO4-2H,0-2.0 mmol L~! TEPA was prepared by mixing
afore mentioned solutions in an appropriate ratio.

2.4. Capillary electrophoresis

CZE separations were performed on a Beckman P/ACE™
System MDQ Capillary Electrophoresis (Fullerton, CA, USA)

equipped with a photodiode array (PDA) detector. Data treat-
ment and integration were performed using the 32 Karat soft-
ware version 5.0. Bare fused-silica capillaries were purchased
from Polymicro Technologies (Phoenix, AZ, USA) and cap-
illary dimensions were 50 pm L.D. and 375 pm O.D. with an
effective length (Lp) of 40.0cm and a total length (Lt) of
50.0 cm. Capillaries were aligned in cartridges equipped with
a 100 pm x 800 wm aperture and thermostatically controlled by
a fluorocarbon liquid.

Prior to first use, new capillaries were conditioned by a rins-
ing sequence of 1.00mol L~ NaOH (10 min), ultrapure water
(15 min), 0.10mol L~ HCI (10 min), BGE (20 min), applying
1500 mbar in either case, and a final application of +15.0kV
for 10 min with the capillary filled with BGE. Samples were
injected hydrodynamically at 35 mbar for 10 s. Separations were
performed at 35°C and +15.0kV, setting a voltage ramp of
0.50 min at the start of each run. Different buffer vials were
used for the rinsing and separation step to maintain the buffer
level at the anodic side and avoid siphoning. Replenishment of
the buffer was done every 5-6 runs. Detection was performed
at 210 nm. Prewash procedure between individual runs used a
sequence of 0.10 mol L~! NaOH, ultrapure water, 0.10 mol L!
HCI and BGE referring to [33]. Hysteresis effects, as described
previously [52], do not affect the subsequent separation [53].
Employing merely an acidic or alkaline washing step between
individual runs impaired the resolution. Capillaries not in use
were stored in 100 mmol L~! NayHPO,4-2H,O0, pH 6.50, with-
out any TEPA added. When changing the TEPA concentration,
the capillary was conditioned for 30 min with 1000 mbar and
a subsequent application of +15.0kV for 5 min with the novel
BGE. In between, runs with 100 mmol L~! Na,HPO4-2H,0,
pH 6.50, without TEPA, were performed to exclude any mem-
ory effects from TEPA adsorption.

2.5. CE-data treatment

For all proteins raw data were gathered as f,. The water plug
signal assigns the migration time of the EOF (tgoF). Based on Lp,
Lt and the applied voltage (V) the respective pi.fr was calculated
for the allergens investigated according to:

_(Lp Lp Lt
Meff = - twor )\ V

Precision of both, #, and ueff, are given as relative standard
deviation (% R.S.D.) and 95% confidence interval (95% CI).

2.6. ESI-Q-TOF-MS

MS data were recorded with a Micromass Q-TOF Ultima ™
Global (Manchester, UK). Data acquisition and instrument con-
trol was performed with MassLynx V4.0 (Micromass-Waters,
Manchester, UK). External calibration of the instrument was
done with horse heart myoglobin. Preparations of rBet v la
were dissolved at a concentration of 20 wgmL ™! in ultrapure
water containing 20% (v/v) acetonitrile and 0.1% (v/v) formic
acid. Introduction in the Q-TOF-MS was by direct infusion at
a flow rate of 0.3 wL.min~! using a nanoflow spray head from
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Micromass-Waters. Spray head was kept at ambient tempera-
ture. The capillary voltage was set to +3.30kV and the cone
voltage was +35.0 V. Nitrogen was applied as nebulizing gas
at 34.5 kPa. The ion block was held at +80 °C and nitrogen was
used as desolvation gas at SO Lh~!. The TOF and the MCP volt-
age were 9.1 kV and 2200V, respectively. Data were acquired
for 3min with 0.9s scan time and a 0.1 interscan delay. The
RF profile was set for a mass range from 200 to 4000. Scans
were combined and averaged spectra were deconvoluted with
MaxEnt 1 from Micromass.

3. Results and discussion
3.1. ESI-Q-TOF-MS data

For all selected rBet v 1a formulations the peak with an M,
of 17439 £ 1 is most prominent. This corresponds well to the
theoretical mass of the isoform Bet v 1a and its identity has addi-
tionally been confirmed by peptide mapping (in preparation).
In all tested preparations of rBet v la (batches 16, 18 and 19)
three further masses (17,419, 17,459 and 17,538) were present
(Fig. 2A—C). Due to their low abundance they have not been
identified up to now, but most likely they represent modified
Bet v 1a forms or impurities stemming from the host organism.
However, batch 16 contains several additional peaks, absent in
batches 18 and 19. Since all recombinant batches were pro-
duced from the same cells, the differences in the manufacturing
protocols are most likely to be the reason for some induced
modifications of the allergens. Novel peaks in batch 16 (M,
of 17,483, 17,525 and 17,569) show progressive mass incre-
ments of 43.0 0.8 (Fig. 2A) compared with the isoform Bet
v la. Encountered differences in M; coincide well with protein
carbamylation, which can be related to the application of urea
solutions in the course of the preparation of batch 16. Aque-
ous solutions of urea are known to decompose to ammonium
and cyanate [54,55]. Cyanate modifies amino groups via car-
bamylation, whereby a-amino groups show higher reactivity
in comparison to g-amino groups, which is due to their lower
pKa-value [54]. This might be the reason, why the MS signal
for presumed mono-carbamylated rBet v 1a (17,483) is more
prominent than for putative double- and triple carbamylated
species. Lys residues are most prone to e-carbamylation. This
carbamylation of positively charged Lys residues results in neu-
tral homocitrulline and will change the overall isoelectric point
(pI) of Bet v 1a, resulting in chemically modified allergens bear-
ing less positive charges [56]. Due to its complex composition,
batch 16 was selected for the optimization of the CZE separation.

3.2. Acidic background electrolytes and TEPA

Protein adsorption onto the capillary wall is known to occur
due to non-specific interactions, in particular electrostatic attrac-
tion, hydrophobic interactions and van der Waals forces [32]. To
reduce protein adsorption to the surface of bare fused-silica cap-
illaries several approaches have been utilized [57]: among them,
operation at pH values which deviate at least two units from the
p! of the protein [41] is most straightforward. Thus, initially the
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Fig. 2. Analysis of protein composition of different allergen preparations by
ESI-Q-TOF-MS in direct infusion mode with 0.3 pL min~!. Concentration of
applied allergen standard solutions was 20 wg mL~!. MS spectra depict decon-
voluted masses. (A—C) Different batches of recombinant Bet v 1a. %, Bet v 1a,
and +, putative one- to three-fold carbamylated variants of Bet v la. Further
details are given in the text.

theoretical pl of Bet v 1a was calculated based on the known
primary structure [58] using p/ calculators provided by Expasy
[59] and EMBL [60]. However, as both calculators neglect the
three-dimensional protein structure, the calculated pl range of
5.26-5.39 can only be considered as an approximation.
Accordingly, separation optimization was initiated at the
acidic region by increasing the pH of the BGE stepwise from
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Fig. 3. Separation of rBet v 1a batch 16. Protein concentration: 0.16 mgmL~". 15.0kV; 35 °C. Injection: 35 mbar, 10s. 210 nm. Buffer: 100 mmol L~! phosphate
with (A) pH 2.50-3.30 and (B) pH 2.50 with various TEPA concentrations. Due to moderately varying migration times electropherograms in (B) were #y,-normalized
in order to facilitate comparison. Allergens: 3=Bet v 1a, 4=1x carbamylated-, 5=2x carbamylated-, 6 =3x carbamylated Bet v 1a. Other peaks not identified.

2.50 to 3.30 employing a 100 mmol L~! phosphate buffer. In
total, six peaks could be distinguished including two major
fractions (Fig. 3A, peaks 3 and 4). However, at increased pH
an impairment of resolution and a deterioration in peak shapes
occurred, which is related to a pronounced protein adsorption.
When the pH was reduced to values below 2.0, mobility differ-
ences of allergens were diminished (data not shown), and peaks
started to merge, quite contrary to approaches which were suc-
cessful for model proteins [19,61]. Best resolution was achieved
at 35 °C which was therefore chosen for all further experiments.

When the concentration of TEPA was increased from 0 to
2.0mmol L™! in increments of 0.5 mmol L~! maintaining the
pH at 2.50, peak shapes and resolution improved for rBet v
la batch 16 up to 1.0mmol L~ TEPA. At higher TEPA con-
centrations resolution became impaired (Fig. 3B). Since even
at a pH as low as 2.50 a minor population of ionized silanol
groups exists [42,62] encountered improvement in resolution
up to 1.0mmol L~! TEPA is attributed to a better shielding of
the capillary surface. Besides, selective attachment of TEPA to
the various allergen forms might be involved in improved reso-
lution as well. TEPA is known to bind to carboxylate anions [45]
and thus side chains of Asp and Glu in Bet v 1 are considered
preferred candidates for attachment. Based on the pK, values of
TEPA (Fig. 1) as given elsewhere [41,42,63], anet charge of +4.5
exists at pH 2.50. According to the three-dimensional structure
of Bet v 1a, several sites for attachment of TEPA are available
(further details are given in Fig. 4 [64]). However, at increased

TEPA concentrations pentamine-protein interaction is consid-
ered to diminish charge differences between the various allergen
forms thus levelling differences in wg. This might explain the
observed loss in resolution at TEPA concentrations higher than
1.0 mmol L~! (Fig. 3B). Similar effects have been reported else-
where [46]. Improvement in resolution due to moderate TEPA
addition is even more pronounced when pH is approaching the
putative p/ of Bet v la (Fig. 3A). However, a further increase
to pH 3.70 gained no additional improvement in resolution and
merely maintained the separation profile (electropherogram not
shown).

3.3. Phosphate buffers at pH 6.50 with TEPA

Optimization of the pH around the neutral pH domain
(pH 6.00-7.50), applying phosphate buffers with 1.0 mmol L~!
TEPA added, revealed altered selectivity compared to the acidic
pH regime. Again the TEPA addition improved resolution in
all tested buffer systems (electropherograms not shown). For
distinguishing minor allergen fractions a pH optimum of 6.50
was determined. The influence of various TEPA concentrations
(0-3.0mmol L~!) at pH 6.50 on the resolution of allergens is
depicted in Fig. 5. The decrease in the ugop was only 27%
when adding 1.0 mmol L~! TEPA and is less pronounced when
compared to the data reported for Tris buffers [43]. However,
one has to take into account the unique properties of phosphate
in shielding silica surfaces [65,66] as well as the different sepa-
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(B)

Fig. 4. Ribbon model of Bet v 1a [64] assigning possible TEPA binding sites, i.e., Glu and Asp residues, in white. (A) and (B) depict Bet v 1a from different

perspectives, to visualize all possible binding sites on the protein surface.

ration pH. At higher TEPA concentrations the reduction of gor
follows a linear trend. Precision of ugor, expressed as 95% CI,
is comparable at different TEPA levels, only at 4.0 mmol L™!
TEPA an increased variability is observed (Fig. S5E).

The identity of Bet v la (peak 1 in Fig. 5SA) has been con-
firmed by spiking batch 16 with batches 18 and 19, respec-
tively. The minor fraction (peak 1a) resolved at increased TEPA
concentrations most likely represents one of the minor peaks
present in the MS spectra of all recombinant preparations
(Figs. 2 and 5B-D). Corresponding minor protein peaks, similar
in relative height and p.fr were also encountered in batches 18
and 19. Peaks 2 and 3 in Fig. 5 were related to single- and
double carbamylated Bet v la, due to observed mass incre-
ments in MS spectrum (Fig. 2A) and assumptions, stated in
Section 3.1, are supported by in-house artificial carbamylation
of rBet v la (in preparation). Furthermore, their increased neg-
ative uefr agrees with the progressive loss of positive charges
in the course of Lys carbamylation. Identity of minor frac-
tions resolved from single and double carbamylated Bet v la
is not clear to date: probably the afore mentioned minor pro-
tein fractions adjacent to the rBet v la peak are progressivly
carbamylated as well or a stochastic carbamylation of differ-
ent Lys residues of Bet v la creates populations of single and
double carbamylated forms. At 2.0mmol L~! TEPA a further
increase in resolution occurs. Improvement concerns particu-
larly the group of double carbamylated allergens, which are
separated in three distinct peaks (Fig. SC). The p.fr of rBet
v la and its single carbamylated form both become more posi-
tive when increasing the TEPA concentration to 2.0 mmol L ™!
(Fig. 5F). As there is no overlap of their respective 95% CI,
differences in pegr are indeed significant. This is an indica-
tion that attachment of TEPA to allergens indeed takes place,
thus slightly reducing their negative net charge. Addition of
3.0 mmol L~! TEPA generated no substantial amendment in res-
olution but extended the total analysis time to nearly 1 h (Fig. SD)
and impaired repeatability of g considerably. This effect is

accompanied by a decline in mean jiefr at 3.0 mmol L~! TEPA
(Fig. 5F).

3.4. Borate buffer with TEPA and 1,4-DAB

Employing a 100 mmol L~! borate buffer with pH 8.50
reduced the analysis time to less than 6 min, but at the expense
of resolution: beside two major peaks, only three minor peaks
were partly separated (Fig. 6A). When 1.0mmol L~! TEPA
was added, no peaks were detected within 1h due to a pro-
nounced suppression of the EOF. The TEPA concentration had
to be reduced considerably compared to the phosphate system.
With 0.05 mmol L~! TEPA added the separation was improved
(Fig. 6C) and the peak profile resembled that of pH 6.50 with
1.0mmol L~! TEPA. For reasons of comparability, 1,4-DAB
was tested and a concentration of 2.0 mmol L~! gave best res-
olution. Nevertheless, even under these conditions the minor
protein peaks merged into the main peaks and the resolution
became impaired, giving evidence for the superior properties of
TEPA compared to conventional diamines (Fig. 6B).

3.5. Validation experiments

3.5.1. Repeatability and intermediate precision of t,, and
Meff

Repeatability in migration behaviour is highly relevant for
the identification of compounds especially if CE is not coupled
to MS [67] for additional confirmation of analyte identity. The
ICH-guidelines [15,68] define three measures of precision and
in the present case repeatability and intermediate precision of ¢,
have been determined for new capillaries. In CZE-separations
of proteins, capillary surface will naturally be altered continu-
ously by adsorption of BGE ions, proteinaceous material and the
applied dynamic modifier. Moreover, the history of the capillary
is of high concern, in terms of accumulated protein layers on the
surface as well as of the rinsing protocol [69]. Altogether, this
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entails variability not only in the EOF but also for the #, of the
analytes. Therefore, identification of proteins should ideally be
based on their p.ff, since this parameter is a unique property of
the analyte as long as experimental conditions are well defined
[70,71] and will not be affected by EOF fluctuations [71,72].
Although the suitability of this approach has been demonstrated
for small molecules, the situation is less straightforward for pro-
teins.

The effect of different capillaries on the repeatability and
intermediate precision of pf of rBet v 1 allergens was inves-
tigated by conditioning several new capillaries from the same
batch. Subsequent to capillary conditioning five runs were per-
formed on each capillary using 100 mmol L~! phosphate with
1.0 mmol L™! or 2.0 mmol L~ TEPA, respectively. Aliquots of
rBet v 1a batch 16 were injected in order to assign possible pefr
shifts to the influence of different capillaries. Repeatability of
teor was between 1.09 and 3.05% R.S.D., and did not depend on
the TEPA concentration. Variation of #,, for Bet v laand its single
carbamylated form was between 1.93 and 7.29%. One capillary
(Fig. 7A, capillary 3) gave an impaired repeatability of 7, with
up to 12.09%. Within either measurement series, a trend towards
lower fgoF and #, was observed, probably due to changes in the

electric double layer under the influence of an electric field [62].
Acceleration in fy, in successive runs was slightly higher when
raising the TEPA concentration to 2.0 mmol L1,

In comparison to t,, repeatability of weg was improved for
Bet v 1a and its single carbamylated form by a factor of about
10t00.14-0.55% (R.S.D.) for both tested TEPA concentrations,
irrespective whether just conditioned or equilibrated capillaries
were used. Even for capillary 3, which showed highly fluc-
tuating t,, repeatability of u.sr was below 1.20% (Fig. 7B).
Repeatability of e was considerably lower than correspond-
ing intermediate precision of pefr, which was 2.72% (R.S.D.) for
1.0mmol L~! and 3.45% for 2.0 mmol L~! TEPA, when differ-
ent capillaries were compared. Nonetheless, the question arises
whether once determined per can be transferred between dif-
ferent capillaries from the same batch for reasons of analyte
identification. Statistical significance of ji.fr variability between
the different capillaries was evaluated by means of one-factor
variance analysis (oneway ANOVA) [73]. Therefore the vari-
ance of uegr (n =95) within several capillaries was compared to the
variance between mean g of each capillary on the significance
level of 0.05. Differences in peff between the tested capillaries
were significant on the chosen 0.05 and even on the 0.01 sig-
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nificance level. Differences in g were even significant when
different equilibrated capillaries were tested for 1.0 mmol L~!
TEPA (Fig. 7B, capillaries le(1), le(2) and 4e(2)). However,
when g from the same equilibrated capillary but recorded
on different days (capillaries le(1) and le(2)) were compared
by two-sided paired #-test [72], no difference was evident on the
0.05 level. Statistical data give clear evidence that calculated pefr
cannot be transferred between capillaries, whether they have just
been conditioned — even when the same protocol of treatment is
applied — or are in equilibrated state. At the present state, data
suggest that, as long as the same capillary is employed, peak
identity can be confirmed by means of ueff, even when separa-
tions are performed on subsequent days.

3.5.2. Purity of allergen formulations

In order to compare the repeatability of quantitative data, peak
areas were divided by #;;, to compensate for fluctuations in the
velocity of Bet v 1 allergens [74,75]. For batch 16 repeatability
of peak areas normalized by #;, was between 4.3 and 6.8% for
Bet v la and between 3.8 and 11.3% for single carbamylated Bet
v la (n=5-6) (Table 1). For batches 18 and 19, containing Bet
v la in major amount (Section 3.1), repeatability of normalized
peak areas for Bet v 1a was 2.2-6.0% (n=3-4).

According to the ICH-guideline [15] specification criteria
of recombinant proteins have to comprise purity of the target
compound. The purity of different preparations of lyophilized
allergens after dissolving in ultrapure water was determined by
calculating the ratio of #,-normalized peak area of Bet v 1a for
1.0 and 2.0mmol L~! TEPA (Table 1). Determined purity of
rBet v 1a batch 16 calculated from all measurement series (each
with n=5-6) was between 38.6 and 42.3% (see Table 1). Mean
purity calculated from all measurement series was 40.2 + 1.8%
(95% CI) for 1.0 mmol L~! TEPA and 40.3 4 0.4% (95% CI) for

2.0mmol L~! TEPA. Standards prepared only from the soluble
protein fraction of the recombinant preparation (batches 18 and
19; Fig. 8) yielded approximately 90% Bet v la and were of
equivalent quality (Table 1).

3.5.3. Linearity

Linearity of the detector response was confirmed by injec-
tion of six standard solutions of rBet v la batch 19 dis-
solved in ultrapure water at 0.025, 0.060, 0.23, 0.45, 0.68
and 0.90 mg mL~!. Separation was performed in 100 mmol L~!
Na,HPO,4-2H,0-2.0 mmol L~! TEPA at pH 6.50. Normalized

Table 1
Repeatability of #y-normalized peak areas and purity of Bet v 1a in different
preparations (n =3-6)

Batch of rBet v 1a tm-normalized peak Bet v 1a purity?,

areas, % R.S.D. % + % CI¢
Betv la Carb. Bet v 1a°
1 mM TEPA
Batch 16 (1)¢ 5.1 5.8 38.6 £ 0.5
Batch 16 (2) 6.8 4.9 423+ 1.3
Batch 16 (3) 4.3 3.8 39.8 £ 1.0
Batch 18 2.2 n.p.° 924 + 0.8
Batch 19 6.0 n.p. 89.9 £ 35
2 mM TEPA
Batch 16 (1) 4.0 4.1 40.1 £ 0.3
Batch 16 (2) 5.7 5.8 40.0 + 1.9
Batch 16 (3) 6.7 11.3 40.7 £ 1.5
Batch 19 54 n.p. 86.1 + 1.3

2 Single carbamylated Bet v la.
b Purity refers to percent of f;,-normalized peak area of Bet v 1a.
¢ CI confidence interval with 95% significance.
4 Number in brackets refers to independent measurements series for batch 16.

¢ Not present in batches 18 and 19.
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peak areas were plotted against the respective protein con-
centration. Linear regression by least square fitting resulted
in a calibration equation y=125601.3x — 18.9 and a correla-
tion coefficient =0.9994. Linearity between #,-corrected peak
areas and protein concentration was confirmed over the whole
range tested, whereas relation between peak height and con-
centration was linear up to a concentration of 0.68 mgmL~!
(y=217117.0x — 2904.9; r=0.9995) but levelled off above.

3.5.4. Limit of quantification (LOQ)

According to the ICH-guidelines [15,68] the LOQ for the
CZE-UV detection step was determined as 10-times the S/N.
Strictly speaking, the blank should be gained from the content
of non-transfected host organisms, which has to be submitted to
the whole preparation procedure including final reconstitution
in ultrapure water. Such blanks were not available, therefore the

noise was determined by injecting six times ultrapure water and
measuring baseline fluctuations over 2 min centered around the
averaged ty, of Bet v 1a as determined previously with the same
capillary. Based on the peak heights obtained from calibration
solutions the protein concentration corresponding to the LOQ
was estimated and a standard solution of rBet v 1a batch 19, pre-
pared in about this concentration, was injected. The determined
LOQ was 25 pgmL~! (Fig. 8B;) with the concentration con-
firmed by amino acid analysis previously. Based on a calculated
injection volume of 15 nL and the M; of Bet v 1a (17439.6), this
corresponds to an absolute injected amount of 22 fmol for Bet v
la. According to the second approach of the ICH-guidelines for
LOQ calculation [15,68], standard deviation (S.D.) of the base-
line noise determined from six blanks was multiplied by 10 and
divided by the slope of the calibration curve for peak heights.
Unfortunately, the ICH-guidelines do not exemplify how the
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S.D. of the baseline noise is determined. Thus, the amplitude
of baseline noise is taken as S.D. according to the mean square
approach given elsewhere [76]. In this case, the estimated LOQ
was somewhat lower accounting for 10 wgmL~!. When S.D.,
determined from peak heights of 25 pg mL~! rBet v 1a calibra-
tion solution, was divided by the slope of the regression line,
calculated LOQ was 13 pgmL~".

4. Conclusions

Preparations of recombinant allergens have been separated
into different allergen variants and chemically modified forms by
means of CZE employing a 100 mmol L ™! phosphate electrolyte
with 2.0 mmol L™ tetraethylenepentamine (TEPA) added. Ben-
eficial effect of TEPA is due to selective attachment to allergens
and capillary wall shielding, thus improving resolution but also
extending migration times (t) by a reduction of the EOF.
Repeatability of migration behaviour was between 0.14 and
0.55% when identification of allergens was done via piefr, which
is a ~10-fold improvement compared to an approach using #n,
instead. Increased TEPA concentrations improved the resolution
but deteriorated precision of #, and . Divergence of mean
Wesr Tor different capillaries from the same batch was significant
on the 0.05 level. Thus comparison of p.f for peak identification
is only applicable if the same capillary is used. The results of
protein profiling with CZE correlated well with the respective
composition determined by ESI-Q-TOF-MS. If the manufac-
turing protocol included urea solutions, carbamylated allergen
variants were present.

Basic validation indicates suitability of the method to specify
preparations of rBet v 1a, which are intended as candidates for
certified reference materials. The limit of quantification (LOQ)
was 25 g mL~! for the target allergen Bet v 1a and linearity was

confirmed between the LOQ and 0.90 mgmL~!. Purity deter-
mined in repetitive measurement series was of high precision
and revealed a pronounced influence of the manufacturing pro-
tocol on the yield with purities of 40% or up to 92% for the target
allergen Bet v 1la, respectively. Subsequent to an extended val-
idation concerning further rBet v 1a batches, the CZE method
can be utilized as a suitable tool for monitoring the prepara-
tion procedure and for purity determination in combination with
orthogonal methods. In this context, the development of an addi-
tional separation system compatible with hyphenation to MS is a
long-term objective in order to reveal the identity of impurities.

Acknowledgements

This work was supported by the EU-project GRD2-2000-
30032 (CREATE). O. Dissertori from University of Salzburg is
gratefully acknowledged for his assistance in preparing figures
of the protein model.

References

[1] T. Frei, R.M. Leuschner, Aerobiologica 16 (2000) 407.

[2] M. Verini, N. Rossi, A. Verrotti, G. Pelaccia, A. Nicodemo, F. Chiarelli,
Sci. Total Environ. 270 (2001) 63.

[3] J. Bousquet, I.J. Ansotegui, R. van Ree, P.G. Burney, T. Zuberbier, P.
van Cauwenberge, Allergy 59 (2004) 1.

[4] K. Hoffmann-Sommergruber, M. Susani, F. Ferreira, P. Jertschin, H.
Ahorn, R. Steiner, D. Kraft, O. Scheiner, H. Breiteneder, Prot. Express.
Purif. 9 (1997) 33.

[5] A. Petersen, K. Grobe, B. Lindner, M. Schlaake, W.-M. Becker, Elec-
trophoresis 18 (1997) 819.

[6] M. Yamagiwa, R. Hattori, Y. Ito, S. Yamamoto, M. Kanba, T. Tasaki,
K. Ueda, T. Nishizumi, Auris Nasus Larynx 29 (2002) 261.

[7] J. Emberlin, M. Detandt, R. Gehrig, S. Jaeger, N. Nolard, A. Rantio-
Lehtimiki, Int. J. Biometeorol. 46 (2002) 159.



M. Punzet et al. / J. Chromatogr. B 839 (2006) 19-29 29

[8] I. Swoboda, A. Jilek, F. Ferreira, E. Engel, K. Hoffmann-Sommergruber,
O. Scheiner, D. Kraft, H. Breiteneder, E. Pittenauer, E. Schmid, O.
Vicente, E. Heberle-Bors, H. Ahorn, M. Breitenbach, J. Biol. Chem. 6
(1995) 2607.

[9] L. Holmquist, O. Vesterberg, Indoor Air 9 (1999) 85.

[10] J. Bousquet, R. Lockey, H.J. Malling, et al., Ann. Allergy Asthma
Immunol. 81 (1998) 401.

[11] M.D. Chapman, A.M. Smith, L.D. Vailes, L.K. Arruda, V. Dhanaraj, A.
Pomés, J. Allergy Clin. Immunol. 106 (2000) 409.

[12] S. Laffer, M. Duchene, 1. Reimitzer, M. Susani, C. Mannhalter, D. Kraft,
R. Valenta, Mol. Immunol. 33 (1996) 417.

[13] S. Tresch, D. Holmann, S. Baumann, K. Blaser, B. Wiithrich, R.
Crameri, P. Schmid-Grendelmeier, Clin. Exp. Allergy 33 (2003) 1153.

[14] R. Friedl-Hajek, C. Radauer, G. O’Riordain, K. Hoffmann-
Sommergruber, K. Leberl, H. Breiteneder, Mol. Immunol. 36 (1999)
639.

[15] ICH-Topic Q6B: Guidance for Industry—Specifications: Test Proce-
dures and Acceptance Criteria for Biotechnological/Biological Products,
CPMP/ICH/365/96, 1999, pp. 1-16.

[16] V. Pacikovd, K. Stulik, M. Ticha, J. Chromatogr. B 699 (1997) 403.

[17] S. Laffer, S. Hamdi, C. Lupinek, W.R. Sperr, P. Valent, et al., Biochem.
J. 373 (2003) 261.

[18] O. Cromwell, R. Suck, H. Kahlert, A. Nandy, B. Weber, H. Fiebig,
Methods 23 (2004) 300.

[19] V. Pacdkova, J. Pechancova, K. Stulik, J. Chromatogr. B 681 (1996) 47.

[20] Z. Chen, A. Posch, C. Lohaus, M. Raulf-Heimsoth, H.E. Meyer, X.
Bauer, J. Allergy Clin. Immunol. 99 (1997) 402.

[21] N. Wolff, U. Cogan, A. Admon, I. Dalal, Y. Katz, N. Hodos, N. Karin,
S. Yannai, Food Chem. Toxicol. 41 (2003) 1165.

[22] J.S. Patrick, A.L. Lagu, Electrophoresis 22 (2001) 4179.

[23] A.L. Lagu, Electrophoresis 20 (1999) 3145.

[24] M. Taverna, N.T. Tran, T. Merry, E. Horvath, D. Ferrier, Electrophoresis
19 (1998) 2572.

[25] K.A. Denton, S.A. Tate, J. Chromatogr. B 697 (1997) 111.

[26] M. Graf, R.G. Garcia, H. Witzig, Electrophoresis 26 (2005) 2409.

[27] G.H. Zhou, G.-A. Luo, Y. Zhou, K.-Y. Zhou, X.-D. Zhanh, L.-Q. Huang,
Electrophoresis 19 (1998) 2348.

[28] P. Sazelova, V. Kasicka, D. Koval, Z. Prusik, G. Peltre, J. Chromatogr.
B 770 (2002) 303.

[29] P. Sazelova, V. Kasicka, D. Koval, G. Peltre, J. Chromatogr. B 808
(2004) 117.

[30] V. Pacdkova, S. Hubena, M. Ticha, M. Madera, K. Stulik, Electrophore-
sis 22 (2001) 459.

[31] V. Pacakovd, J. Pechancova, K. Stulik, J. High Res. Chromatogr. 18
(1995) 582.

[32] E.A.S. Doherty, R.J. Meagher, M.N. Albarghouti, A.E. Barron, Elec-
trophoresis 24 (2003) 34.

[33] H. Stutz, G. Bordin, A.R. Rodriguez, Anal. Chim. Acta 477 (2003) 1.

[34] P. Cao, M. Moini, J. Am. Soc. Mass Spectrom. 9 (1998) 1081.

[35] F. Leinweber, J. Stein, M. Otto, Fresenius’ J. Anal. Chem. 370 (2001)
781.

[36] C.P. Kapnissi-Christodoulou, M. Lowry, R.A. Agbaria, L. Geng, I.M.
Warner, Electrophoresis 26 (2005) 783.

[37] J.R. Catai, H.A. Tervahauta, G.J. de Jong, G.W. Somsen, J. Chromatogr.
A 1083 (2005) 185.

[38] H. Katayama, Y. Ishihama, N. Asakawa, Anal. Chem. 70 (1998) 5272.

[39] A. Pantazaki, M. Taverna, C. Vidal-Madjar, Anal. Chim. Acta 383 (1999)
137.

[40] M.K. Weldon, C.A. Arrington, PL. Runnels, J.F. Wheeler, J. Chro-
matogr. A 758 (1997) 293.

[41] B. Verzola, C. Gelfi, P.G. Righetti, J. Chromatogr. A 868 (2000) 85.

[42] E. Olivieri, R. Sebastiano, A. Citterio, C. Gelfi, P.G. Righetti, J. Chro-
matogr. A 894 (2000) 273.

[43] Y.-S. Fung, H.S. Tung, Electrophoresis 22 (2001) 2242.

[44] Y.-S. Fung, H.S. Tung, Electrophoresis 24 (2003) 3224.

[45] P.G. Daniele, C. De Stefano, O. Giuffre, E. Prenesti, S. Sammartano, J.
Chem. Soc. Dalton Trans. 3 (2002) 435.

[46] K. Kubo, A. Hattori, Electrophoresis 22 (2001) 3389.

[47] A. De Robertis, C. De Stefano, A. Gianguzza, S. Sammartano, Talanta
46 (1998) 1085.

[48] C. De Stefano, A. Gianguzza, R. Maniaci, D. Piazzese, S. Sammartano,
Talanta 46 (1998) 1079.

[49] A. De Robertis, C. De Stefano, A. Gianguzza, S. Sammartano, Talanta
46 (1999) 119.

[50] B. Verzola, F. Chiti, G. Manao, P.G. Righetti, Anal. Biochem. 282 (2000)
239.

[51] M. Himly, B. Jahn-Schmid, A. Dedic, P. Kelemen, N. Wopfner, F. Alt-
mann, R. van Ree, P. Briza, K. Richter, C. Ebner, F. Ferreira, FASEB
J. 17 (2003) 106.

[52] W.J. Lambert, D.L. Middleton, Anal. Chem. 62 (1990) 1585.

[53] M.E. Bohlin, L.G. Blomberg, N.H.H. Heegaard, Electrophoresis 26
(2005) 4034.

[54] M.-F. Lin, C. Williams, M.V. Murray, G. Conn, P.A. Ropp, J. Chro-
matogr. B 803 (2004) 353.

[55] G.R. Stark, J. Biol. Chem. 239 (1964) 1411.

[56] G.R. Stark, W.H. Stein, S. Moore, J. Biol. Chem. 235 (1960) 3177.

[57] P.G. Righetti, C. Gelfi, B. Verzola, L. Castelletti, Electrophoresis 22
(2001) 603.

[58] http://www.expasy.org/cgi-bin/niceprot.pl?P15494.

[59] http://www.expasy.org/tools/protparam.html.

[60] http://embl-heidelberg.de/cgi/pi-wrapper.pl.

[61] H. Stutz, G. Bordin, A.R. Rodriguez, Electrophoresis 25 (2004) 1071.

[62] M.S. Bello, L. Capelli, P.G. Righetti, J. Chromatogr. A 684 (1994) 311.

[63] A. Bencini, A. Bianchi, E. Garcia-Espana, M. Micheloni, J.A. Ramirez,
Coord. Chem. Rev. 188 (1999) 97.

[64] W.L. DeLano, The PyMOL Molecular Graphics System, 2002,
http://www.pymol.org.

[65] B.M. Mitsyuk, Russ. J. Inorg. Chem. 17 (1972) 471.

[66] R. McCormick, Anal. Chem. 60 (1988) 2322.

[67] H. Stutz, Electrophoresis 26 (2005) 1254.

[68] ICH-Topic Q2B: Validation of Analytical Procedures: Methodology,
CPMP/ICH/281/95, pp. 1-9.

[69] C. Calonder, Y. Tie, P.R. Van Tassel, Proc. Natl. Acad. Sci. 98 (2001)
10664.

[70] P. Schmitt-Kopplin, A.V. Garmash, A.V. Kudryavtsev, F. Menzinger, I.V.
Perminova, N. Hertkorn, D. Freitag, V.S. Petrosyan, A. Kettrup, Elec-
trophoresis 22 (2001) 77.

[71] J.C. Reijenga, J.H.P.A. Martens, A. Giuliani, M. Chiari, J. Chromatogr.
B 770 (2002) 45.

[72] N. Ikuta, Y. Yamada, T. Hirokawa, Electrophoresis 21 (2000) 360.

[73] R.C. Graham, Data Analysis for the Chemical Sciences, VCH New York,
Weinheim, Cambridge, 1993.

[74] V.. Hilser, E. Freire, Anal. Biochem. 224 (1994) 465.

[75] H. Stutz, M. Wallner, H. Malissa Jr., G. Bordin, A.R. Rodriguez, Elec-
trophoresis 26 (2005) 1089.

[76] H.C. Smit, Chemom. Intell. Lab. Syst. 81 (1990) 15.


http://www.pymol.org/

	Profiling preparations of recombinant birch pollen allergen Bet v 1a with capillary zone electrophoresis in pentamine modified fused-silica capillaries
	Introduction
	Experimental
	Chemicals
	Allergens
	Preparation of background electrolyte (BGE)
	Capillary electrophoresis
	CE-data treatment
	ESI-Q-TOF-MS

	Results and discussion
	ESI-Q-TOF-MS data
	Acidic background electrolytes and TEPA
	Phosphate buffers at pH 6.50 with TEPA
	Borate buffer with TEPA and 1,4-DAB
	Validation experiments
	Repeatability and intermediate precision of tm and µeff
	Purity of allergen formulations
	Linearity
	Limit of quantification (LOQ)


	Conclusions
	Acknowledgements
	References


