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pH and Heat Resistance of the Major Celery Allergen Api g 1

Carina Rib-Schmidt, Philipp Ried|, Veronika Meisinger, Luisa Schwaben,
Thomas Schulenborg, Andreas Reuter, Dirk Schiller, Christian Seutter von Loetzen,*

and Paul Résch

Scope: The major celery allergen Api g 1 is a member of the
pathogenesis-related 10 class protein family. This study aims to investigate
the impact of heat and pH on the native protein conformation required for
Immunoglobulin E (IgE) recognition.

Methods and results: Spectroscopic methods, MS and IgE-binding analyses
are used to study the effects of pH and thermal treatment on Api g 1.0101.
Heat processing results in a loss of the native protein fold via denaturation,
oligomerization, and precipitation along with a subsequent reduction of IgE
recognition. The induced effects and timescales are strongly pH dependent.
While Api g 1 refolds partially into an IgE-binding conformation at
physiological pH, acidic pH treatment leads to the formation of structurally
heat-resistant, IgE-reactive oligomers. Thermal processing in the presence of
a celery matrix or at pH conditions close to the isoelectric point (pl = 4.63) of
Api g 1.0101 results in almost instant precipitation.

Conclusion: This study demonstrates that Api g 1.0101 is not intrinsically
susceptible to heat treatment in vitro. However, the pH and the celery matrix
strongly influence the stability of Api g 1.0101 and might be the main reasons

allergy,>* but its effectiveness has so
far not been clearly established, and fur-
ther studies on side effects and long-
term safety are still required.’! In addi-
tion, several partly successful attempts
have been made to deallergize certain
foods by applying oxidative stress®®l
or combinations of temperature and
high-pressure treatment?'! (reviewed
by Houska et al.l'?).

The elicitors of immunoglobulin
E (IgE) mediated food allergies can
be grouped into two classes based on
their pathophysiological mechanism.!!*!
Food allergens that act as a primary
sensitization agent and subsequently
cause symptoms upon secondary contact
are termed class I or classical food
allergens.31¥ The majority of these
allergens are members of only a few
protein families such as prolamins,

for the observed temperature lability of this important food allergen.

1. Introduction

The prevalence of food allergies has significantly increased
worldwide in the most-recent three to four decades.!l In addi-
tion to a notable rise in patient numbers, this development is also
reflected in the steadily increasing numbers of publications on
food allergy (>1500 in 2017, based on PubMed). Although there
has been tremendous progress in the understanding and the di-
agnosis of the disease, the current management system largely
relies on the avoidance of the offending food and on rescue med-
ication to counter severe reactions.”) Oral immunotherapy has
recently been explored as a new therapeutic approach for food
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cupins, non-specific lipid transfer pro-
teins, lipocalins, or tropomyosins which
generally show high stability against heat
processing or digestive enzymes.['*7]

Food allergy classified as class II requires sensitization against
an inhalant class I allergen and subsequent IgE cross reactiv-
ity against an allergen which is homologous to the primary
sensitizer.'¥l Typical class 11 food allergens are members of the
profilin family and the pathogenesis-related 10 (PR-10) class pro-
tein family. Class II food allergens elicit mild oral to systemic
reactions and are important in terms of clinical relevance and
frequency.? For instance, millions of patients are affected by
the major birch pollen allergen Bet v 1,139 and up to 90% fur-
ther exhibit IgE-mediated cross reactions to homologous PR-
10 class allergens from fruits, vegetables, and nuts.?! Several
studies have reported on the low stability of PR-10 class aller-
gens against proteolytic digestion or heat treatment and the con-
comitant reduction or loss of IgE recognition,*'~*’! the key event
in immediate-type allergic reactions. The abolishment of cross-
reactive IgE binding to PR-10 class epitopes is usually explained
Dby a loss of the native protein fold. This has been experimentally
demonstrated by the exchange of critical residues to proline yield-
ing completely unstructured, non-IgE-reactive variants of the PR-
10 class allergens from birch,?! apple,? cherry,**3! celery,?
and carrot.?® However, studies on the effects of heat process-
ing or pH treatment on the structural properties of PR-10 food
allergens are scarce and rely mostly on circular dichroism (CD)
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spectroscopy.?*Y Here we were asking if the loss of IgE-binding,
if any, induced by heat treatment is simply a result of irreversible
denaturation or if there are other mechanisms of epitope modi-
fication like amino acid modification, structural reorganization,
or aggregation. The answer to this question will improve our cur-
rent understanding of PR-10 class allergens and might help to
develop new strategies for deallergization trials or the treatment
and diagnosis of food allergies.

To analyze the influence of heat processing on PR-10 class
food allergens, we chose the major celery allergen Api g 1.0101
(for simplicity referred to as Api g 1) as a model since both the
recombinant®! and the natural form?>?3*¢ have been experi-
mentally found to be susceptible to thermal treatment.

We uncovered that the loss of conformational IgE epitopes
of Api g 1 is not just a result of denaturation but also of ir-
reversible precipitation and oligomerization. The timescales of
the induced effects can range from minutes up to hours and
depend strongly on the pH and the presence of celery matrix
components.

2. Experimental Section

2.1. Protein Preparation

The gene coding for Api g 1.0101 (Uniprot: P49372) was cloned
into the bacterial expression vector pET-11a (Novagen) as de-
scribed elsewhere.132l Gene expression and protein purification
were performed as previously described for Bet v 1.010157 with
minor modifications.

After anion exchange chromatography, Api g 1.0101 was fur-
ther purified via size exclusion chromatography (SEC) using a
Hiload 16/600 Superdex 75 pg column (GE Healthcare) at room
temperature in 50 mM sodium phosphate buffer, 50 mM NaCl
at pH 7.0, and a flow rate of 0.5 mL min~!. Fractions contain-
ing pure Api g 1 were pooled, concentrated, and finally stored
at —80 °C after shock freezing. Quantification was performed
using the BCA Protein Assay Kit (Pierce, Rockford, USA) or ul-
traviolet/visible (UV/VIS) spectroscopy using the molar extinc-
tion coefficient €8 ym = 5960 M~! cm! derived from the ExPASy
Server.l*8!

2.2. Mass Spectrometry

Confirmation of the amino acid sequence of the recombinant
Api g 1 and presence of Api g 1 in celery extracts after tryp-
tic digestion were carried out by nano ultra-performance lig-
uid chromatography nano electrospray ionization mass spec-
trometry (nanoUPLC nanoESI-MS) as described elsewherel®”
with slight modifications: Peptides were separated using an AC-
QUITY UPLC M-Class Symmetry C18 Trap Column, 100 A,
5 um, 180 um x 20 mm, 2G, V/M; and ACQUITY UPLC Pep-
tide BEH C18 nanoACQUITY Column 10 Kpsi, 130 A, 1.7 um,
100 um x 100 mm. Data analysis was performed with Protein-
Lynx Global Server version 2.4 (Waters), searching the Uniprot
database (as of January 2016, restricted to reviewed entries). Pro-
tein hits were accepted at a false positive rate of less than 4%.
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The sequence identity of recombinant Api g 1.0101 (P49372) was
confirmed by MSE. Twelve tryptic peptides were detected with a
mean precursor error of 5.1 ppm, covering 95% of the amino acid
sequence resulting in a protein score of 12 043.

2.3. Preparation of Root Celery

Untreated root celery was purchased from a local supermarket
and stored at 4 °C until usage. For long-term storage, the plant
material was diced, immediately shock-frozen in liquid nitrogen
and subsequently freeze-dried (Alpha 2-4 LDplus freeze dryer,
Christ). Further processing was performed by using a mixer mill
(MM400, Retsch) to homogenize the dry plant material which
was finally stored at —20 °C.

2.4. pH and Heat Treatment of Api g 1.0101 and Celery Extracts

Aliquots of recombinant Api g 1 were unfrozen before analysis
and dialyzed (Spectra/Por7 MWCO 3500 Da, SPECTRUM labs)
against the desired buffer (pH 2: 5 mM citric acid; pH 3: 10 mM
sodium citrate; pH 4 and 5: 10 mM sodium acetate; pH 6 and 7:
10 mM sodium phosphate) over night at room temperature. To
analyze if the formation of oligomers at acidic pH is reversible,
500 uL Api g 1 (1.1 mg mL™~! from stock at pH 7) were dia-
lyzed against 3 L of 10 mM buffers at pH 2, 3, 4, and 7 (control)
overnight and transferred back to 5-L 10 mM sodium phosphate
buffer at pH 7 for 5 h using a molecular weight cut off of 3500
Da (Spectra/Por7, SPECTRUM labs).

For analysis of heat-treated recombinant Api g 1, samples were
incubated at 95 °C in an elite dry bath incubator (major sci-
ence) for the required time and centrifuged immediately at 25 °C,
16 100 g for 5 min before further analysis.

Heat treatment of celery extracts was performed by resuspend-
ing 10 mg celery powder in each 100 uL of 10 mM sodium phos-
phate at pH 3, 10 mM sodium phosphate at pH 7, or in water. For
SDS/PAGE analysis, 30 uL supernatant before and after 15 min
of heat treatment was mixed with 10 uL of 4x SDS sample buffer
(Roti-Load1, Roth), incubated at 95 °C for 5 min and centrifuged.
For analysis 10 uL of each supernatant was applied to SDS/PAGE
(19% gels).

2.5. CD Spectroscopy

All CD measurements were recorded on a Jasco J-1100 spectrom-
eter (Japan Spectroscopic) equipped with a 0.1 cm quartz cuvette
(Hellma Analytics) using protein concentrations of 5-10 uM at
25 °C, a 0.1 nm step width, and 1.0 nm bandwidth. We used 15
scans in the range between 260 and 190 nm with 50 nm min~!
scanning speed that were averaged for each measurement, and
the resulting spectrum was baseline corrected, smoothed, and
normalized using the following formula to calculate the mean
residue molar ellipticity [0]vrw:

[Olmrw = (100015) / (cd N)
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where MRW is the mean residue weight, 6, is the measured
ellipticity in degrees, ¢ is the protein concentration in mol L1,
d is the path length in cm and N is the number of amino acids.
Secondary structure content was analyzed by the Jasco spectra
manager software using the CONTIN method™” and the refer-
ence set SMP56.

2.6. NMR Spectroscopy

Standard 1D 'H spectra with WATERGATE solvent
suppressionl of 20-100 uM Api g 1 after pH and/or heat
treatment containing 0.04% sodium azide and 10% D,0 in
10 mM buffers were recorded on a Bruker Avance 600 MHz
spectrometer at 25 °C. All data were processed and visualized
with the Bruker spectrometer software TOP SPIN.

For 2D experiments 'H-"N-HSQC (heteronuclear single
quantum coherence) spectra were recorded at 25 °C on a Bruker
Avance 700 MHz spectrometer with cryogenically cooled triple
resonance probes equipped with pulsed field-gradient capabili-
ties. 110 uM N-labeled Api g 1 in buffer or in 10 mg resus-
pended celery powder in buffer (550 uL, 50 mM sodium phos-
phate at pH 7, 50 mM NacCl, and 10 % D,0) were incubated for
0 min or 15 min at 95 °C. All NMR data were processed using
in-house software and were visualized with NMR view.*?

2.7. Size Exclusion Chromatography

SEC was performed on a Superdex 75 10/300 GL column
(24 mL column volume, GE Healthcare) equilibrated with 10 mM
sodium phosphate, pH 7, and 300 mM NaCl at RT using a flow
rate of 0.5 mL min~! and a sample loop of 100 L. The column
was calibrated with thyroglobulin (670 kDa to determine the void
fraction), conalbumin (75 kDa), ovalbumin (43 kDa), carbonic
anhydrase (29 kDa), and ribonuclease A (13.7 kDa).

For analysis 30-100 ug of Api g 1 were loaded and the elu-
tion subsequently monitored at 214 nm. Peak integration and
quantification of Api g 1 was performed by the Unicorn software
version 5.31 (GE Healthcare).

2.8. Dynamic Light Scattering

Dynamic light scattering (DLS) analysis was used to determine
hydrodynamic radii (Ry) using a Zetasizer Nano ZS (Malvern,
Herrenberg, Germany). 10 uM of Api g 1 in the buffers as above
were analyzed at 25 °C. Three individual measurements with at
least 10 runs per measurement were carried out.

2.9. Sera Used in this Study

Sera of subjects allergic to birch pollen were purchased from
DLab Diagnose GmbH, Hamburg, Germany (Sera 1-3) and from
Plasmalab International, Everett, WA, USA (Sera 4-5). Serum
from a non-allergic subject was used as negative control for the
specific IgE assays (serum control). Sensitization to Bet v 1.0101,
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the major allergen of birch pollen was documented by quantita-
tive determination of Bet v 1.0101-specific IgE using Immuno-
CAP (Thermo Fisher Scientific, Uppsala, Sweden). Specific IgE
against Bet v 1.0101 were >100, >100, 62.0, >100, 28.2, and
<0.35 kU, L7! for sera 1-5 and control serum, respectively. Spe-
cific sensitization against Bet v 1-homologous celery allergen
Api g 1 was determined in an IgE immunoblot as described below
(Figure S4, Supporting Information).

2.10. IgE Immunoblot Analysis

For immunoblot analysis, 1 ug of rApi g 1 was transferred
onto 0.2 pum nitrocellulose membranes by semi-dry blotting
at 0.8 mA cm™? for 1 h.®¥ After blocking with Tris-buffered
saline (TBS) containing 0.3% Tween 20, blots were incubated
overnight at room temperature with 10 uL of human serum
in 1 mL TBS containing 0.05% Tween 20 and 0.1% BSA. Af-
ter extensive washing, blotting membranes were incubated for
1 h with horseradish peroxidase-labeled mouse antihuman IgE
antibody (Clone B3102E8, Southern biotech via Biozol, Eching,
Germany), diluted to 1:100 000. IgE-binding proteins were visual-
ized by chemiluminescence (LumiGLO Reserve diluted 1:3, KPL
via Medac, Wedel, Germany).

2.11. pH-Dependent Competitive IgE-Binding of Api g 1.0101

To test the IgE-binding capacity of Api g 1 compared to non-
treated Api g 1 under different pH conditions, Nunc Max-
isorp plates (Fisher Scientific, Schwerte, Germany) were coated
overnight at room temperature with 75 ng of purified recombi-
nant Api g 1in 100 uL of 10 mM potassium phosphate-buffered
saline (PBS), pH 7.4. After blocking with PBS containing 2%
BSA, plates were incubated with pooled human sera (dilution
1:10) and increasing concentrations (0-1000 ng) of Api g 1 in
different buffers containing pH values 2-7 over night at room
temperature in PBS containing 0.05% Tween 20 and 0.1% BSA.
Allergen-specific human IgE was detected with a horseradish
peroxidase—conjugated mouse antihuman IgE antibody (Clone
B3102ES8, Southern biotech via Biozol, Eching, Germany) diluted
1:1000. As substrate, 3,3’,5,5 -tetramethylbenzidine (Roth, Karl-
sruhe) was used for the horseradish peroxidase. The reaction
was stopped with 25% H,SO, and the absorbances at 450 nm
and 630 nm were measured. For all data points, absorbances at
630 nm were subtracted from absorbances at 450 nm. Data were
fitted with a four parameter sigmoidal curve to determine the
concentrations of Api g 1 for half-maximal inhibition (ECs) of
IgE binding to immobilized rApi g 1.

2.12. Dot Blot Analysis of IgE-Binding

To compare the IgE-binding capacity of Api g 1 at pH 3 and 7
following heat treatment, we incubated Api g 1 at pH 3 and pH 7
at 95 °C. After 0, 15, 30, 45, and 60 min of heat treatment, 1 ug
of the protein was transferred to nitrocellulose and binding of
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Figure 1. Effect of pH treatment on IgE-binding and structural properties of Api g 1. A) Overlay of the CD spectra of 10 uM Api g 1at pH 7, 6, 5
(black continuous, dashed, dotted, respectively), 4, 3, and 2 (gray continuous, dashed, dotted, respectively) at 25 °C and pH 7 at 95 °C (red). B) Api g 1
was incubated at pH 3 (red), 4 (blue), and 7 (black) and transferred back to pH 7 and analyzed by 1D "H-NMR spectroscopy and C) analytical size
exclusion chromatography. The buffer control is shown in gray. D) Dose-dependent inhibition of IgE-binding to immobilized Api g 1 at pH 2-7. Api g 1

concentrations for half-maximal inhibitions of IgE-binding are indicated.

serum pool IgE was determined as described for the immunoblot
analysis before.

3. Results and Discussion

3.1. The Isoelectric Point is a Partly Reversible Structural Switch
for Apig 1

Since Api g 1 is exposed to a broad pH range during food process-
ing and in the human digestive system, we initially asked whether
the allergen’s structure and thus potentially its IgE-binding prop-
erties are pH-dependent. In particular, we were interested in the
pH 2-7 range to address conditions in the stomach, the duode-
num, and the typical celery-containing food matrices like soups,
sandwiches, or salad dressings./*+*’]

AtpH 5, 6, and 7, Api g 1 elicits virtually identical NMR spec-
tra with a high degree of signal dispersion and virtually iden-
tical CD spectra with an intense positive maximum at 194 nm
and a minimum at 216 nm (Figure 1A, Figure S1, Supporting
Information) characteristic for proteins with the a-helix and g-
sheet secondary structure content typical for proteins with the
PR-10 class fold.**~*8] Hydrodynamic diameters of 3.9 £ 0.2 nm
(pH7)and 4.5 £+ 0.1 nm (pH 6) suggest that Api g 1 is monomeric
under these pH conditions (Table 1), in agreement with homolo-
gous allergens at physiological pH.1?#*-% However, in particular
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after freezing and thawing at pH 5 the allergen tends to oligomer-
ize (0.8-1.2 um).

The CD spectra obtained at pH 2, 3, and 4 differ in shape, zero
transition, and especially in a reduced positive amplitude com-
pared to the spectra at pH 5-7 (Figure 1A), although the overall
shape is conserved. Secondary structure analysis using the CON-
TIN method*” indicates an increase in B-sheet content and a
concomitant loss of a-helical content (Table 1), in line with ear-
lier results with natural Api g 1 and Dau c 1 at acidic pH.**
In our hands, the structural rearrangement is accompanied by
oligomerization processes as revealed by DLS and corroborated
Dy intense line broadening of resonances in the ' H-NMR spectra
(Table 1 and Figure S1, Supporting Information).

To analyze if the oligomerization process is reversible, Api g 1
was incubated at pH 2, 3, and 4, transferred back to pH 7 and
subsequently analyzed by analytical SEC, CD, and NMR spec-
troscopy. Although soluble at pH 2, Api g 1 completely precipi-
tated after the transfer back to pH 7 and could thus not be ana-
lyzed. The 1D '"H-NMR spectra of all samples are virtually iden-
tical concerning the resonance pattern but differ in intensity be-
tween the pH 7 control and the samples transferred from pH
3 and 4 (Figure 1B and Table 2) while the CD spectra appear
as superposition of the initial spectra, indicating that the sec-
ondary structure of monomeric Api g 1 was only partly recovered
under the experimental conditions. These data suggest that the
oligomers formed at low pH are too large to be observable by
NMR spectroscopy and that we only detected the fraction of the
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Table 1. Hydrodynamic diameter and secondary structure content of Api g 1.0101 at pH 2-7.

Dynamic light scattering

Circular dichroism

pH Dy [nm] Intensity [%] Mass [%] a-helical [%] B-sheet [%] B-turn [%] Unstructured [%]
2 85+ 2.0 69.3 100 20.0 28.5 21.4 30.2
>8.5 30.7 0
3 135 £ 5.2 80.2 100 20.1 309 21.8 27.7
216 + 168.8 18.2 0
5744 £ 967.6 1.6 0
4 54.0 £ 22.9 22.9 100 18.5 30.9 21.8 28.7
129.9 £+ 479 77.1 0
5 8249 + 43 333 333 36.8 18.7 18.0 26.4
1194 + 26.9 66.7 66.7
6 4.5 £ 0.1 7.0 99.8 34.0 20.1 18.3 27.7
393.8 £ 125 30.7 0
>393.8 62.3 0
7 39 £02 9.5 99.9 31.7 21.6 19.8 27.0
519.7 + 48.7 90.5 0.1
Table 2. Analysis of Api g 1 at pH 7 after incubation at pH 3 and 4 by SEC and NMR spectroscopy.
Size exclusion chromatography NMR spectroscopy
Sample Elution volume [mL] Size [kDa] Peak area [%)] Intensity [%]
Control [pH 7] 12.2 18.7 100 100
Transferred from pH 4 7.83 >75 26 —
10.3 41.7 6 —
12.2 18.7 64 ~50
Transferred from pH 3 7.8 >75 48 —
10.2 43.6 2 —
12.3 17.0 49 ~50

recovered monomeric form. To verify those findings, we analyzed
the NMR-samples with SEC (Figure 1C). The control elutes at
12.2 mL, which is representative for monomeric Apig 1 (18.7 kDa
derived from a standard curve) and in agreement with the hydro-
dynamic diameter of 3.9 & 0.2 nm obtained from DLS. The sam-
ples transferred from pH 3 and 4 show different elution peaks
suggesting molecules with molecular masses >75 kDa, approx.
40 kDa and approx. 18 kDa judged from the standard proteins
used for column equilibration (Table 2). The relative fractions of
monomeric Api g 1 obtained from SEC and NMR experiments
are in good agreement and demonstrate that the oligomerization
process at pH 3 and 4 is only partly reversible at physiological pH.
It seems that pH conditions around the isoelectric point (pI) of
Api g 1 function as a structural switch between the monomeric
PR-10 class fold and structured oligomers.

Consequently, we asked if the pH-induced oligomerization of
Api g 1 had an effect on IgE recognition of the soluble aller-
gen. We tested competitive IgE-binding between immobilized
Api g 1 and soluble Api g 1, which had been incubated in buffers
ranging from pH 2 to 7 and transferred back to pH 7 (Figure-
1D). Interestingly, pH-treated Api g 1 competed with non-treated
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Api g 1 for serum IgE, with only slight differences in the ECs,
and up to 98% inhibition of IgE-binding. Thus the pH-treatment
per se had no major impact on the IgE-binding capacity of
Apigl.

Only a few studies so far focused on the oligomerization behav-
ior of PR-10 class proteins (reviewed in ref.51). Bet v 1 was pro-
posed to exist as mixture of monomers, dimers, or even higher-
order oligomers depending on the buffer composition? and
to form concentration dependent, transient dimers.’% Further-
more, a dimer-band at approximately 34 kDa was recognized by
different groups in IgE-immunoblots for Bet v 1, Api g 1, and
Mal d 1.3 In contrast, several other studies described Bet v 1
as purely monomeric at physiological pH,2$4°657] in agreement
with our findings on Api g 1. However, at pH conditions below
the pl, the allergen shows a strong tendency to oligomerize ac-
companied by changes in the secondary structure composition.
Despite the putative loss of @-helices and increase in B-sheets of
the oligomer forming Api g 1 units we did not observe a signif-
icant reduction in IgE recognition. Oligomerization could even
enhance the antibody binding and mediator-release capacities as
suggested for variants of Dau ¢ 13% and other allergens.>%%?
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Figure 2. Effect of heat treatment on IgE-binding and secondary structure composition of Api g 1 at different pH values. A) CD spectra of Api g 1 after
0-8 h of cooking recorded at 25 °C at pH 7, at B) pH 5 (0-100s), and at C) pH 3 (0-5 h). D) IgE binding to immobilized Api g 1 after heat denaturation at
pH 3 and 7. Recombinant preparations of Api g 1 were incubated at 95 °C at the times indicated, transferred to nitrocellulose, and analyzed for binding

of pooled serum IgE.

Oligomerization capability at acidic pH might be a physiolog-
ically important feature of Api g 1. The precise role of PR-10
class proteins is still unknown, but there is evidence that they
act as lipid transporters.”1%8% Allergens Fra a 1, 2, and 3 seem
to control the flavonoid biosynthesis pathway in strawberry by
binding to metabolic intermediates with different affinity and
selectivity.®) We recently identified the flavonoid quercetin-3-O-
sophoroside (Q30S) as the natural ligand of Bet v 1.010157) in
birch pollen. The complexes of Bet v 1.0101:Q30S and other
isoforms with yet unknown ligands®! may be involved in UV-
protection of the pollen DNA, and Q30S might stimulate pollen
tube formation upon rehydration of the pollen. Binding of celery-
containing flavonoids®®¥ to Api g 1 has so far not been inves-
tigated, but it is tempting to speculate that the putative ligand
and the corresponding function of the complex is different from
those found in pollen or fruits. The structural changes induced
by acidic pH are partly reversible and could thus represent an
important regulatory mechanism for ligand uptake and release.

3.2. The Stability of Api g 1 During Heat Processing is
pH-Dependent

The effect of heat processing on structural properties of Api g 1
was investigated by different groups using mainly thermal de-
naturation analysis by CD spectroscopy.?!3234 This approach
reveals information about the thermal stability of the proteins’
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secondary and tertiary structures. The temperature at the mid-
point of denaturation determined for Api g 1 at physiological pH
was found to be between 70 °C and 73 °C.[21323464 Compared
to heat-resistant food allergens from other protein families,!>-!7!
Api g 1 seems like a heat sensitive protein concerning structural
stability. Since heat-processed food is usually consumed or stored
at much lower temperature after cooking, we were interested in
the refolding properties of Api g 1, in particular, as at least four
studies reported the ability of PR-10 class food allergens to re-
fold partially or completely after heating.?1:536>66 Therefore, we
incubated the allergen at 95 °C (referred to as heat treatment in
the following portions) and performed DLS, CD, NMR measure-
ments and dot blot analysis for IgE-binding after cooling to 25 °C.

Heat treatment at pH 7 and 6 over a period of 8 h and subse-
quent cooling to 25 °C for 5 min, leads to a continuous reduc-
tion of signal intensity in the CD spectra and a shift of maximum
and minimum to lower wavelengths (Figure 2A and Figure S2A,
Supporting Information), loss of signal dispersion in the NMR-
spectra, and oligomerization as indicated by DLS (Figure S3, Sup-
porting Information and Table 3). The CD spectra after 8 h of
heat treatment and subsequent cooling to 25 °C are similar to
the spectra obtained directly at 95 °C, and the NMR spectra under
these conditions are typical for unstructured proteins. Thus, heat
processing at physiological pH eventually results in irreversible
denaturation of Api g 1.

At pH 4 and 5, the dominant effect of heat treatment on
Api g 1 is precipitation due to the low solubility of the protein
close to the theoretical pl (Figure 2B, Figure S2B, Supporting
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Table 3. Timescales and effects of heat processing on Api g 1.0101 at
different pH values in vitro.

Dynamic light scattering CD, NMR, SEC,
DLS BCA
pH  Timescale Dy [nm] Intensity ~ Mass Effect of heating
(%] [%]
2 4h n.a. n.a. n.a. Denaturation
3 5h 34.0 £+ 23.56 97.6 12.4 Oligomerization
359.1 £ 247.1 2.4 87.5 Precipitation
Partial denaturation
4 ~60 min 47.0 £ 3.7 1.5 13.1 Oligomerization
206.2 + 196 97.5 17.6 Precipitation
5744 £ 795.7 1 20.5
5 ~100 s n.a. n.a. n.a. Precipitation
6 6-8h 5.9 + 0.6 1.9 26.6 Oligomerization
93 £ 14 7.2 72.5 Precipitation
118.5 £ 34.1 23.1 0.1 Denaturation
>118.5 67.8 0.8
7 6-8 h 54+ 09 222 34.1 Oligomerization
9.8 £ 2.1 9.9 65.6 Denaturation
21.4 £ 31 32 0.2
>21.4 64.7 0

Information, and Table 3). After 2 min of incubation at 95 °C and
subsequent cooling to 25 °C at pH 5 and approximately 60 min at
pH 4, the CD spectra are undistinguishable from the buffer con-
trol and protein concentrations were below the detection limit of
the BCA assay. The observable precipitate could not be signifi-
cantly resolubilized, thus heating at pH values close to the pI of
Api g 1 results in almost complete irreversible precipitation.

Heat resistance of Api g 1 at pH values below 4.4 in HCI,
glycine, and sodium acetate buffers has been reported earlier.*l
We also found that prolonged heat-processing at pH 3 resulted
only in slight changes of the CD spectra using sodium citrate
buffer (Figure 2C). The CD spectrum after 5 h of heat treatment
and subsequent cooling to 25 °C is still clearly different from
denatured Api g 1 recorded directly at 95 °C and pH 7 while
the hydrodynamic diameter obtained from DLS measurements
revealed the formation of larger oligomers (Table 3). The NMR
spectrum after 5 h heating and subsequent cooling to 25 °C is
typical for a completely unstructured protein suggesting that at
least partial denaturation occurred under these conditions (Fig-
ure S3, Supporting Information). In contrast, using sodium cit-
rate buffer at pH 2, we observed complete denaturation within
4 h in the CD- and NMR-spectra (Figure S2C, Supporting Infor-
mation), suggesting that the heat resistance at pH 3 is not a for-
mulation effect of sodium citrate but actually typical for the pH
value.

We wondered whether the allergen stability and the structural
changes observed by CD spectroscopy at pH 3 would correlate
with its capacity to bind serum IgE. Since we observed the high-
est stability of Api g 1 against heat processing around pH 3, we
incubated Api g 1 at 95 °C at either pH 3 or 7 and compared IgE-
binding in dot blot analysis after cooling to 25 °C (Figure 2D).
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Whereas IgE-binding was abolished in a time-dependent man-
ner after heat treatment at pH 7, no reduction in IgE recognition
was observed with heat-treated Api g 1 at pH 3. Thus the remark-
able physicochemical heat stability at pH 3 correlated well with
the capacity of the allergen to interact with serum IgE. However
prolonged heating at pH 3 finally abolished IgE recognition by
Api g 1, a phenomenon we also observed for the other pH condi-
tions analyzed herein (data not shown).

Our data demonstrate that Api g 1's structural stability is
strongly pH-dependent. Similar characteristics have been previ-
ously described for the kiwi allergens Act d 1 and Act d 2.7 At
physiological pH, Api g 1 unfolds during incubation at 95 °C,
but we observed that the allergen partially refolds into the IgE-
reactive PR-10 class fold after cooling. Indeed, Ballmer-Weber
and coworkers reported on one patient (out of 12 patients) exclu-
sively sensitized to Api g 1 who reacted to a high dose of boiled
celery.”?l The authors suggested that low amounts of Api g 1
were not deactivated by boiling, which would be in line with our
present findings.

In contrast to physiological pH conditions, Api g 1 precipi-
tates irreversibly upon heating at a pH range close to the plon a
timescale of minutes. Although we have not addressed the IgE-
binding properties of the emerging precipitate, one may assume
that the number of accessible epitopes is certainly reduced in the
precipitate. Likewise, Urisu et al.[%®] have reported that heated and
insoluble aggregated egg white allergens did not elicit allergic
symptoms in patients who otherwise had shown reactions to raw
egg white. Irreversible precipitation upon heating might be the
reason why many of the Bet v 1 homologous food allergens are
characterized as heat labile since the pH of many fruits, vegeta-
bles, or allergen-containing foods is acidic**% and the theoret-
ical isoelectric points of PR-10 class allergens cluster in a small
pH range from approximately 4.6-6.2, potentially leading to fast
precipitation upon heat processing.

An outstanding phenomenon is the heat resistance and IgE
reactivity of Api g 1 oligomers formed at pH values below the pI.
It seems those oligomers show typical properties of class I food
allergens. For instance, oligomers of the major almond allergen
amandin are not affected by temperatures below 90 °C while the
monomeric units showed lower thermal stability.”" Oligomer-
ization might also contribute to the thermal stability and aller-
genicity of certain parvalbumins.”!! To our knowledge, the influ-
ence of heatin combination with acidic pH treatment on the aller-
genicity and mediator-release capacity of Api g 1 has never been
tested. It would be interesting to analyze how acidic pH-treated,
natural Api g 1 would perform in double-blind placebo-controlled
food challenge experiments and cell mediator release assays after
heat processing of celery.

3.3. The Solubility of Api g 1 is Drastically Reduced during Heat
Treatment in Celery Extracts

After the in vitro experiments, we were also interested in the sta-
bility of Api g 1 in celery extracts. Previous studies suggest that
the allergenicity and in vitro IgE recognition of natural Api g 1
is strongly reduced after several minutes of heat treatment.?>?!
To monitor the fate of recombinant Api g 1 in celery extracts we
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Figure 3. Analysis of heat induced effects on '>N-labeled rApi g 1.0101 or natural Api g 1in celery extract. A) Overlay of the " N-HSQC spectra of 100
1M Api g 1.0101 in 50 mM sodium phosphate, pH 7, and 50 mM NaCl before (black) and after 15 min of heat treatment at 95 °C (red). B) Analysis of
the NMR samples (each 100 ug) before (black) and after heating (red) by analytical SEC. C) Overlay of the "> N-HSQC spectra of 100 uM Api g 1.0101
in 50 mM sodium phosphate, pH 7, and 50 mM NaCl before (black) and after 15 min of heat treatment at 95 °C (red) in approx. 18.2 mg mL~" celery
extract. D) Supernatants of celery extracts at pH 3, pH 7, and in water before (0') and after 15 min of heat treatment (15") analyzed by SDS/PAGE marker
(M). The prominent band at approximately 17 kDa at 0 min represents a mixture of natural Api g 1 (Api g 1.0101 and Api g 1.0201), calmodulin, keratin,

and superoxide dismutase as identified by mass spectrometry.

recorded 'H-’N-HSQC spectra before and after 15 min of heat
treatment in sodium phosphate buffer at pH 7 (control) or in
buffered celery extracts at pH 7. The spectra of > N-labeled Api g 1
in this buffer are virtually identical before and after heating (Fig-
ure 3A) which demonstrates that Api g 1 refolds successfully into
the PR-10 fold after a rather short incubation of 15 min at 95 °C
and subsequent cooling. The slight difference in intensity is a
result of heat-induced oligomerization as demonstrated by SEC
(Figure 3B). The overall spectrum of Api g 1 in celery extract is
similar to the control spectrum, but several resonances show re-
duced intensities or chemical shift perturbations, probably result-
ing either from modification or interaction with other celery com-
ponents. Surprisingly, after 15 min of heat treatment in the ex-
tract almost all signals were lost (Figure 3C). We thus further an-
alyzed supernatants of untreated and heat-treated (15 min) celery
extracts at pH 3, pH 7, or in water (=pH 6) using SDS-PAGE and
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mass spectrometry. We found that all soluble proteins strongly
precipitate upon heating in every condition (Figure 3D), however
natural Api g 1.0101 could still be identified in all supernatants
after heat processing by mass spectrometry (Table 4). These re-
sults demonstrate that the presence of other celery components
during heat processing has a strong influence on the solubility
of Api g 1 and, although we have not tested all pH conditions
from 2 to 7, it seems that this effect is independent of the pH
value.

The impact of a food matrix on allergens has been recognized
before (reviewed by [14]). The effects are versatile and have been
shown to either enhancel’>”* or reduce’*”! the stability or IgE-
binding capacity of different food allergens. Api g 1 might bind
to other celery proteins or small molecules and coprecipitate dur-
ing heating. A similar effect has been observed for the egg white
allergen ovomucoid when heated together with wheat gluten.”*
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Table 4. Identification of Api g 1.0101 in supernatants of extracted celery
powder (10% w/v) with or without 15 min of heat treatment in 10 mM
sodium citrate pH 3, 10 mM sodium phosphate pH 7, or in water.

Condition S N SQ E
pH 3; 95 °C 4306.4 9 53.9 5.0
pH 3; RT 5390.3 10 88.3 6.0
pH 7;95°C 3230.9 7 48.7 4.8
pH 7; RT 9468.9 11 81.2 6.7
H,0; 95 °C 2163.1 7 48.7 7.1
H,O; RT 10019.0 10 81.2 6.0

S, protein score; N, number of tryptic peptides detected; SQ, sequence coverage in
percentage; E, mean precursor mass error in ppm.

4. Concluding Remarks

Heat and pH treatment are probably the most common steps in
processing of celery or celery-containing food. Any processing
step that influences the structural integrity of an allergen might
potentially change its IgE recognition and response by the im-
mune system. Here we indeed observed a strong pH dependence
regarding the conformation, solubility, and IgE recognition of the
major celery allergen Api g 1.0101 during heat treatment in vitro.
Our data are in line with other studies on the impact of heat or
pH treatment on food allergens(®’7% and suggest that the sensiti-
zation and IgE-binding profile of an untreated recombinant aller-
gen is not adequate to fully predict its allergenic potency in pro-
cessed food. Here we further observed that heating in the pres-
ence of other celery components leads to immediate precipitation
regardless of the pH. While the presence of a celery matrix dur-
ing heat treatment appears to have a destabilizing effect, which
probably explains the previously observed heat lability of Api g 1,
recent studies have reported enhancing effects of food matrices
regarding sensitization,”® degranulation capacity,’””® or T-cell
immunogenicity”” on other allergens.

We conclude that the impact of a food matrix and of any pro-
cessing step (pH, heating, freezing, or freeze-drying) should be
considered when analyzing the potency of an allergenic protein
to further improve the current diagnosis and treatment system
of food allergies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1: Api g1at pH 2to 7 analysed by 'H-1D-NMR spectr oscopy.

Api g 1 was dialysed against 5 liters of 10 mM buffers (pH 7 and 6: sodium phosphate; pH 5 and 4
sodium acetate; pH 3 and 2: sodium citrate/citric acid) over night. NMR spectra were recorded of 20 to
100 uM Api gl containing 0.04% sodium azide and 10% D,O on a Bruker Avance 600 MHz
spectrometer at 25°C
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Figure S2: Effect of heat processing on Apig1.0101 at pH 6, 4 and 2 analysed by CD
spectroscopy. (A) CD-spectraof Api g 1 after O to 8 hours of cooking recorded at 25°C at pH 6 (B) at
pH 4 (0to 2 hours) and (C) at pH 2 (0 to 4 hours).
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Figure S3: Api g 1 after heat treatment at pH 7 (8 hours), 6 (8 hours), 3 (5 hours) and 2 (4 hours)
analysed by 'H-1D-NMR spectr oscopy.

Api g 1 was dialysed against 5 litters of 10 mM buffers (pH 7 and 6: sodium phosphate; pH 3 and 2:
sodium citrate/citric acid) over night. After heat treatment NMR spectra were recorded of 20 to
100 uM Api gl containing 0.04% sodium azide and 10% D,O on a Bruker Avance 600 MHz
spectrometer at 25°C
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Fig. $4: IgE immunoblot of rApi g 1.0101.

1 pg of recombinant Api g 1.0101 was transferred onto nitrocellulose. Individua binding of serum IgE
of 5 subjects alergic to birch pollen was determined by chemiluminescence (lanes 1-5). C: serum of a
non-allergic subject was tested as control.



	20180525-RibSchmidtC.pdf
	mnfr3247-sup-0001-figures1.pdf
	mnfr3247-sup-0002-figures2.pdf
	mnfr3247-sup-0003-figures3.pdf
	mnfr3247-sup-0004-figures4.pdf

