
Structural Characterization of the Allergenic 2S Albumin Cor a 14:
Comparing Proteoform Patterns across Hazelnut Cultivars
Robin Korte,† Jana Happe,† Ina Brümmer,‡ and Jens Brockmeyer*,†,‡
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ABSTRACT: The hazelnut allergen Cor a 14 belongs to the 2S
albumins, a family of heterodimeric seed storage proteins exhibiting a
high degree of structural diversity. Given its relevance as an allergen and
the potential to elicit severe reactions, elucidation of the sequence
heterogeneity of naturally occurring Cor a 14 is essential for the
development of reliable diagnostics and risk evaluation. We therefore
performed a comprehensive survey on the proteoforms of Cor a 14 and
determined their quantitative distribution in three different hazelnut
cultivars by a combinatory HPLC−HRMS approach including bottom-
up and intact mass analysis. Compared with the Cor a 14 prototype
sequence, we identified three sequence polymorphisms, two of the small
and one of the large subunit, and elucidated their specific pairing on the
protein level. Furthermore, we located a pronounced microheteroge-
neity on the protein termini and, for the first time, provide data on varying proteoform patterns between different cultivars of an
allergenic seed. Together, these data present the basis for a more detailed investigation on the allergenicity of Cor a 14 in
different cultivars and constitute, to be best of our knowledge, the largest set of proteoforms so far reported for a 2S albumin.
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1. INTRODUCTION

Allergy to hazelnut seeds ranks among the most prevalent food
allergies in Europe and, like other tree nut allergies, has been
associated with severe clinical symptoms.1,2 Eight proteins have
so far been identified as elicitors for hazelnut allergy: Cor a 1
and Cor a 2 belong to the Bet v 1 and profilin families,
respectively.3,4 Both are responsible for the majority of
sensitizations5 but mainly cause rather mild reactions and are
easily inactivated by thermal processes or proteolytic activity in
the gastrointestinal tract.6 More severe symptoms have been
associated with the lipid transfer protein Cor a 8,7 the 11S and
7S globulins Cor a 9 and Cor a 11,8,9 the oleosins Cor a 12 and
Cor a 13,10,11 and, most recently identified, the 2S albumin Cor
a 14.12

The 2S albumins comprise a family of seed storage proteins
that are widely distributed in the plant kingdom. They consist
of two subunits (MW approximately 8−10 and 3 to 4 kDa)
connected via four conserved disulfide bridges and exhibit a
high degree of α-helix elements.13,14 As a result of their
compact 3D structure, the 2S albumins are extraordinarily
resistant against heat and protease treatment, and this feature is
considered to contribute to their high potential as allergenic
sensitizers.15−18 2S albumins are initially synthesized on the
rough endoplasmic reticulum (rER) as a single precursor
protein,19 which is cotranslationally transported into the ER-
lumen. Following protein maturation, the ER signal sequence
and a linker peptide are removed, the four disulfide bonds are

formed, and the folded protein is proteolytically processed,
yielding the disulfide-associated heterodimer.14,20

Because they are encoded by a multigene family and
subjected to multiple stages of post-translational processing,
2S albumins exhibit a high degree of structural heterogeneity.
Several studies have identified and described isoforms of 2S
albumins from various seeds, which either differ through minor
variations, for example, single amino acid polymorphisms or
differential processing sites, or even show considerable variation
over large parts of the sequence due to frameshift
mutations.21−23 Recently, Pfeifer and coauthors reported on
the mass spectrometric analysis of naturally occurring Cor a 14
as part of a larger study. In this context, they identified an
isoform with a different amino acid sequence than reported in
the initial characterization of the Cor a 14 gene and,
furthermore, described clipping at the small subunit’s C-
terminus.24

Although the high relevance of Cor a 14 as a sensitizer for
hazelnut allergy has recently been confirmed as part of the
EuroPrevall study,5 a comprehensive investigation of the
structural heterogeneity, including relative quantitation of
proteoforms, is still lacking. The focus of our study was
therefore to systematically identify and describe the proteo-
forms of Cor a 14. In this context, the term proteoform
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describes all molecular forms of a protein, including sequence
polymorphisms, due to genetic variation, as well as post-
translational modifications.25 For this extensive character-
ization, our study combined three proteomics strategies
(bottom-up analysis and intact mass analysis of subunits and
of the unreduced proteins, respectively), an approach that has
recently been applied for the characterization of Sin a 1
isoforms.21 Through the analysis of three different hazelnut
cultivars, we aimed to identify and characterize a comprehen-
sive consensus set of Cor a 14 proteoforms. In addition, we
intended to investigate if available cultivars show differences in
their Cor a 14 proteoform patterns, which may arise, for
example, from differential expression or post-translational
modification of the allergenic protein.

2. MATERIALS AND METHODS

Sample Material

Raw hazelnuts of different European cultivars, “Butler”
(Slovenia), “Webb’s Prize Nut” (Leiselheim, Germany), and
“Katalonski” (Gumulka, Poland), were kindly provided and
certified by the Middle Bavarian Gardening Center (Amt für
Ernaḧrung, Landwirtschaft und Forsten, Fürth, Germany). All
hazelnuts were harvested in 2011 and stored since at −20 °C in
unprocessed form.

Extraction and Purification of Natural Cor a 14

After the removal of the shell, hazelnuts were ground to a fine
flour and homogenized with a cutting mill (Grindomix GM200,
Retsch). The flour was defatted with n-pentane (1 g: 13 mL)
for 2 h under continuous shaking, siphoned off by a suction
strainer, and air-dried overnight. Proteins were extracted by 2 h
shaking in Tris buffer (200 mM, pH 8.0, 1 g: 10 mL) at room
temperature, then centrifuged at 3850g for 15 min, and filtered
through a 0.22 μm poly(ether sulfone) Steritop-GP filter
(Merck Millipore, Darmstadt, Germany).
Gel filtration was applied for isolation of the 2S albumin

fraction, using an ÄKTA purifier FPLC system (GE Healthcare,
Munich, Germany). A total of 100 μL of filtrated hazelnut
extract was injected on a Superdex 200 10/300 GL column (GE
Healthcare), the extraction buffer (200 mM Tris, pH 8.0) was
run at a flow rate of 400 μL/min, and proteins were detected by
their absorbance at 215, 254, and 280 nm. The identity of
protein containing fractions was analyzed by Tricine SDS-
PAGE (16%) under reducing conditions, according to the
protocol from Schag̈ger with slight modifications.26 Gels were
run for 30 min at 90 V, followed by 100 min at 150 V and
stained with Coomassie Blue. Protein concentration in the Cor
a 14 fraction was determined via Bradford assay.

Bottom-Up Analysis

Cor a 14 fractions from gel filtration (containing ∼500 μg
protein) were precipitated in a 4-fold volume of cold acetone
(−20 °C), resuspended in 50 μL of urea buffer (6 M, 100 mM
Tris), and subjected to enzymatic digestion by either trypsin or
endoproteinase Glu-C. A total of 2.5 μL of reduction reagent
(200 mM dithiothreitol, 100 mM Tris) was added, and the
sample was incubated for 1 h in the dark. After the addition of
10 μL of alkylation reagent (200 mM iodoacetamide, 100 mM
Tris), the sample was incubated for 1 h, and another 10 μL of
reduction reagent was added to inhibit further alkylation. The
solution was diluted with 387.5 μL of H2O, followed by the
addition of 50 μL of enzyme solution, containing 10 μg of
sequencing-grade trypsin (Serva, Heidelberg, Germany) or

endoproteinase Glu-C (MS approved, Serva) in 100 mM Tris.
Digestion was carried out overnight under slow shaking at 37
°C. For desalting and purification, the enzymatic digests were
acidified to pH <6 with acetic acid and applied to solid-phase
extraction using Strata-X 33u RP 30 mg/1 mL columns
(Phenomenex, Aschaffenburg, Germany). Cartridges were
activated with methanol (MeOH) and equilibrated with 1%
formic acid (FA). Samples were loaded, washed with 1 mL of
1% FA, and eluted with 1 mL of MeOH/H2O + 1% FA (7:3).
The solvent was removed at 40 °C under a gentle nitrogen
flow, and peptides were redissolved in 100 μL of acetonitrile
(ACN)/H2O (3:97), according to the HPLC starting
conditions.
Data were acquired on an LTQ Orbitrap XL hybrid ion

trap−orbitrap mass spectrometer coupled to an Accela HPLC
system (both Thermo Scientific, Dreieich, Germany). The
injection volume was 25 μL (corresponding to ∼125 μg of
digested protein), and LC separation of enzymatic digests was
carried out on a 2.1 × 150 mm, 2.6 μm Accucore C18 column
(Thermo Scientific) at a flow rate of 250 μL/min, employing
the following gradient of ACN/H2O + 1% FA: 3% ACN for 6
min, 3 to 25% in 64 min, 25 to 60% in 10 min, 60 to 90% in 1
min, 90% for 4 min, 90 to 3% in 1 min, and reequilibration at
3% ACN for 5 min. The mass spectrometer was run in positive
full-scan and data-dependent mode. Survey full-scan mass
spectra (m/z 300−1500) were acquired in the Orbitrap (r =
30 000), and the five most intense peptide ions were
sequentially isolated and fragmented in the linear ion trap,
using collision-induced dissociation (CID, normalized collision
energy of 30% and activation time of 30 ms). Resulting
fragments were detected at r = 7500, and dynamic exclusion
was set to 30 s. Ions with unrecognized charge states were
rejected. Electrospray ionization (ESI) conditions were:
Vaporizer temperature 350 °C; capillary temperature 225 °C;
sheath gas flow 40 (arbitrary units); auxiliary gas flow 20
(arbitrary units); sweep gas flow 10 (arbitrary units); source
voltage 3.5 kV; and tube lens 135 V.
A database search was performed with PEAKS 7 (Bioinfor,

Waterloo, Canada) against a hazelnut protein database
(Uniprot, Corylus avellana, created 2015-01-29, 389 entries)
using the PEAKS de novo algorithm and the enhanced target-
decoy method (“decoy fusion”) for false discovery rate (FDR)
estimation and result validation.27,28 Search parameters were:
parent mass tolerance 5 ppm; fragment mass tolerance 0.02
ppm; monoisotopic precursor; max missed cleavages 1; max
nonspecific cleavages 1; carbamidomethylation of Cys as fixed
modification; oxidation of Met as variable modification; and
max variable PTMs per peptide 5. Following database search,
the PEAKS PTM and PEAKS Spider algorithms were applied
to identify peptides bearing polymorphisms or PTMs compared
with the published Cor a 14 sequence.12 Peptide matches were
limited to an FDR of 0.1%, and all spectra were inspected
manually to ensure reliable identification of potential
modifications.

Intact Mass Analysis of Protein Subunits

Fractions from gel filtration containing Cor a 14 (1.25 mL each,
containing ∼62.5−99 μg of protein) were precipitated as
previously described and resuspended in 25 μL of Tris buffer
(200 mM, pH 8.0). For the analysis of subunits, the native Cor
a 14 was reduced by adding 35 μL of 50 mM ammonium
bicarbonate buffer containing 14.3 mM dithiothreitol and
incubating for 30 min at 56 °C, followed by alkylation through
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the addition of 10 μL of 150 mM iodoacetamide in 50 mM
ammonium bicarbonate buffer for 30 min in the dark. Reduced
and alkylated samples were diluted with 130 μL of ACN/0.1%
FA (5:95), followed by HPLC−HRMS analysis.
Data acquisition was performed on the same system as

described above for bottom-up analysis, applying an injection
volume of 10 μL on a 3.0 × 1 mm, 2.6 μm Accucore C4
column (Thermo Scientific). LC separation was carried out at a
flow rate of 400 μL/min, employing the following gradient of
ACN/H2O + 0.1% FA: 5% ACN for 1 min, 5 to 40% ACN in
16 min, 40 to 95% in 3 min, 95% for 2 min, 95 to 5% in 1 min,
and reequilibration at 5% ACN for 5 min. Full-scan mass
spectra (m/z 500−2000) were acquired with a resolution of r =
30 000. ESI conditions were set as described above for bottom-
up analysis.

Intact Mass Analysis of Unreduced Proteins

Gel filtration fractions containing Cor a 14 (1 mL each,
containing ∼50−79 μg of protein) were precipitated as
previously described and resuspended in 20 μL of Tris buffer
(200 mM, pH 8.0). The native proteins were then diluted with
80 μL of ACN/0.1% FA (5:95) and directly applied to HPLC−
HRMS.
For the acquisition of MS data, the same system and column

as described for the intact mass analysis of protein subunits was
applied. LC separation was carried out at a flow rate of 400 μL/
min, employing the following gradient of ACN/H2O + 0.1%
FA: 5% ACN for 1 min, 5 to 35% ACN in 19 min, 35 to 95% in
2 min, 95% for 5 min, 95 to 5% in 1 min, and reequilibration at
5% ACN for 3 min. Full-scan mass spectra (m/z 500−2000)
were acquired with a resolution of r = 60 000. ESI conditions
were set as described above for bottom-up analysis.

Evaluation of Data from Intact Mass Analyses

Data evaluation was carried out manually for all intact mass
measurements, using Xcalibur, version 2.0.7 SP1 (Thermo
Scientific), and Microsoft Excel. To ensure the highest mass
accuracy, we employed the following strategy for determination
of the monoisotopic mass of each proteoform.
Using the isotope simulation tool included in Xcalibur, we

calculated the theoretical isotopic distribution of each subunit
and the unreduced protein according to the published Cor a 14
prototype sequence.12 We then manually inspected the isotopic
pattern of every experimentally observed proteoform and
determined from it the monoisotopic mass (small subunit), the
+5 isotopic mass (large subunit), or the +7 isotopic mass
(unreduced proteins). Interpretation of the isotopic patterns
was based on homology to the theoretical isotopic distribution.
Monoisotopic masses were deduced by subtraction of m/z
5.0097 from the +5 isotopic mass (large subunit) and 7.01423
from the +7 isotopic mass (unreduced proteins), respectively,
and charge deconvolution was performed to yield the
monoisotopic protein mass as prior to ionization.
Because changes in the amino acid sequence, as observed for

proteoforms, can influence the isotopic distribution, we did not
strictly limit the data analysis to the theoretical isotopic
distribution of the Cor a 14 prototype in case of every
proteoform. In particular, proteoforms that show a high degree
of clipping (truncation) at the termini may slightly deviate from
the prototype isotopic distribution as a result of a lower
molecular mass. Therefore, we also considered the theoretical
isotopic pattern of a slightly truncated Cor a 14 sequence (C-
terminal truncation by six and three amino acids at the small
and large subunit, respectively) for the evaluation of peak

patterns at lower m/z. Altogether, this approach proved to be
robust, and correct mass identification was furthermore assured
through the quality criteria mentioned in the Results section,
including the evaluation of multiple charge states.

3. RESULTS
To reduce sample complexity for mass spectrometry, the native
Cor a 14 protein was purified from hazelnut extracts by gel
filtration (Figure 1A). Fractions containing the 2S albumin

were identified by reducing SDS-PAGE (Figure 1B), exhibiting
the characteristic bands of the large (8 to 9 kDa) and small
subunit (4 kDa) of Cor a 14. Protein concentrations were
determined as 79 μg/mL (Butler), 59 μg/mL (Webb’s Prize
Nut), and 50 μg/mL (Katalonski) via Bradford assay. Tryptic
digestion and bottom-up HPLC−HRMS/MS analysis con-
firmed the identity and enrichment of Cor a 14, with an average
sequence coverage of 78 ± 8% and an average −10lgP score of
464 ± 34 (n = 6, Cor a 14 prototype (UniProt D0PWG2), not
including signal and linker peptides for calculation of coverage)
but also indicated the presence of other remaining hazelnut
allergens (Cor a 1, Cor a 8, Cor a 9, Cor a 11), however, at
overall lower −10lgP scores.
The purified Cor a 14 fractions were then applied to mass

spectrometric analysis, combining three complementary
proteomics approaches, as displayed in Figure 2. Bottom-up
analysis was used for the qualitative study of Cor a 14
heterogeneity on the peptide level. Applying the PEAKS de
novo and Spider algorithms to HPLC−MS/MS data sets of
enzymatic digests allowed us to identify potential sequence
polymorphisms and PTMs and to assign them to the Cor a 14
sequence. However, bottom-up results yield no information
about the combination of modifications. Consequently, the
quantitative information on the bottom-up data is limited. We
thus analyzed both subunits after reduction and alkylation of
Cor a 14 by intact mass analysis via HPLC−HRMS to
characterize the diversity of Cor a 14 proteoforms on the
subunit level. Combining bottom-up data with the intact mass
analysis of subunits allowed us to map polymorphisms and

Figure 1. (A) Gel filtration profile of hazelnut extract, showing
absorbance at 280 nm. The asterisk (*) indicates the Cor a 14 fraction.
(B) Tricine SDS-PAGE (16%) analysis of crude hazelnut extract (c)
and the purified SEC fraction (*).
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PTMs and to identify the majority of the observed subunit
proteoforms. Using intact mass analysis of the unreduced 2S
albumins, we verified these results and identified the specific
pairing of subunits to mature Cor a 14 proteoforms. Data from
the intact mass analyses were also used for the relative
quantification of these proteoforms across three different
hazelnut cultivars.
Identification and Characterization of Cor a 14 Small and
Large Subunit Proteoforms

To provide for a comprehensive characterization of the Cor a
14 proteoform pattern, we particularly focused on the intact
mass analysis of the 2S albumin subunits as the initial point of
our systematic study. Given the direct measurement of protein
subunits and the manual evaluation of the data, this approach
features less abstraction from proteoform constitution, the
object under investigation, than bottom-up. Furthermore, we
achieved a distinct peak separation for most major proteoforms
of both the small and large subunit by HPLC−HRMS on a C4
column, as shown in Figure 3A, allowing us to significantly
reduce mass spectrometric complexity. Chromatograms were
thus arbitrarily divided by retention time into sections of ∼0.1
min; HRMS spectra were averaged for each section and
inspected independently. Both small and large subunits were
observed in multiple charge states exhibiting similar proteoform
patterns, as demonstrated in Figure 3B, together with the
isotopic patterns of two major large subunit proteoforms. To
ensure the correct determination of subunit molecular mass, we
manually inspected each signal in every observed charge state
and extracted its monoisotopic mass. After subtraction of
carbamidomethyl modifications resulting from the sample

preparation procedure, molecular masses with mass differences
≤0.05 Da from neighboring charge states were grouped and
averaged. Only masses that were identified independently in ≥2
different charge states were considered for the following
interpretation and characterization. The process was repeated
with three different hazelnut cultivars (Butler, Webb’s Prize
Nut, and Katalonski), as interestingly we observed cultivar-
specific differences in the proteoform pattern (Figure 3C).
For the structural characterization of these subunit proteo-

forms, the bottom-up analysis was employed. Either trypsin or
endoproteinase Glu-C was used as a protease for enzymatic
digestion to allow for an overall coverage of the whole Cor a 14
protein sequence. Altogether, 12 bottom-up experiments (two
per protease per cultivar) were performed, and all fragment
spectra suggested by the Spider algorithm for the identification
of polymorphisms and PTMs were inspected manually. For
both subunits, we observed single amino acid sequence
polymorphisms as well as terminally truncated peptides
originating from the N- and C-termini, presenting an
explanatory basis for the heterogeneity of the Cor a 14
subunits observed in the intact mass analyses. Only such
modifications that were found in both replicate experiments of
a hazelnut cultivar were considered for interpretation of the
intact mass results. Following this combination of the two
approaches, we were able to assign 18 (Butler), 21 (Webb’s
Prize Nut), and 39 (Katalonski) proteoforms of the small and
17, 10, and 11 proteoforms of the large subunit with mass
deviations <3 ppm, taking into account the modifications
presented in Figure 4. These included three sequence
polymorphisms, two within the small subunit (R48S, N56S)
and one within the large subunit (Q79H), subsequently
referred to as isoforms sSU2, sSU3, and lSU2 (sSU1 and
lSU1 are consecutively used to describe the original,
unmodified subunits). sSU2 has been described as an isoform
before by MALDI top-down sequencing mass spectrometry,24

while lSU2 has been found as a mutation during the initial
cloning of the Cor a 14 gene.12 Both isoforms have, however,
only been identified in one of the two cited studies and are
therefore for the first time confirmed by our comprehensive
approach. Furthermore, sSU3 represents a new, so far
undescribed isoform of Cor a 14. In addition to sequence
polymorphisms, we detected minor clipping at the N- and C-
termini of both subunits (subsequently referred to as Nx/Cx,
with x indicating the number of clipped amino acids), a
modification that has already been observed for other 2S
albumins.15,22,29−32 In the case of Cor a 14, only the C3, C5,
C6, and C8 forms of the small and the C3 form of the large
subunit have been described so far.24 Similar to other mass
spectrometric studies on 2S albumins,21,29 we also observed an
ubiquitous transformation of N-terminal glutamine into
pyroglutamic acid, which consistently occurred in bottom-up
as well as in the intact mass analyses and has been described
before as an ESI ionization artifact.33 Most of the modifications
given in Figure 4, except those only lowly abundant, were also
found in combined forms (results discussed below), thus
confirming their identity.
To verify the identified subunit proteoforms and to compare

their distribution over the cultivars, we determined the peak
areas of the monoisotopic (small subunit) and the +5 isotopic
(large subunit) extracted ion traces (mass tolerance: 5 ppm) in
three biological replicates of each cultivar. Because some
proteoforms showed a different intensity over charge pattern, in
particular, due to mutation or clipping of basic residues, we

Figure 2. Complementary approach for the characterization of Cor a
14 proteoforms combining bottom-up and intact mass analysis.
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summed up the peak areas of all observable charge states (sSU:
4−7, lSU: 5−12) and calculated their relative values. The
results given in Figure 5 demonstrate quantitative differences
between the examined hazelnut cultivars, concerning all three
types of modifications (polymorphisms, N-/C-terminal clip-
ping) and both subunits (for the tabular data, the reader is
referred to Tables S-1 and S-2 in the Supporting Information):
Isoform sSU2 was found in all three cultivars, with the highest
relative fraction in Katalonski, while sSU3 was detected
exclusively in this cultivar. lSU2 occurred to be the dominating
large subunit isoform, detectable in every cultivar but showing
the highest degree in Webb’s Prize Nut. N-terminal clipping
was observed in all cultivars, with a moderately higher intensity
in Butler for both subunits. A greater quantitative difference
between cultivars was found in case of C-terminal clipping,
where Butler exhibited the lowest and Katalonski the highest

degree of strongly clipped proteoforms. While the degree of N-
terminal clipping to the small subunit appeared to be
independent of sequence polymorphisms (see Figure S-1 and
Table S-1 in the Supporting Information for quantitation of
clipping in isoforms sSU2 and sSU3), a different relationship
was observed for the large subunit: lSU2 exhibited a
significantly lower relative share (21−31%) of the N1 form
than lSU1 (63−84%), an effect that could be caused by the
position of the polymorphism adjacent to the N-terminus,
possibly influencing the activity of aminopeptidases. No such
distinct isoform effect was observed for C-terminal clipping.

Confirmation and Pairing of Cor a 14 Subunit Proteoforms
on Protein Level

Intact mass analysis of the unreduced 2S albumins was
performed to verify the previously characterized subunit
proteoforms and elucidate their pairing on the protein level.

Figure 3. Intact mass analysis of Cor a 14 subunits in Katalonski hazelnuts. (A) Separation of small (left) and large (right) subunit proteoforms by
HPLC. Extracted ion chromatograms of proteoforms carrying sequence polymorphisms are given in combination with C-terminal clipping. (B)
HRMS spectra of the large subunit exhibiting similar proteoform patterns over multiple charge states. A detailed view of the overlapping isotopic
patterns of two proteoforms is given to the right. (C) HRMS spectra of the small subunit from Butler and Katalonski hazelnut cultivars in direct
contrast. (For assignment of abbreviations to protein sequence, see Figure 4.)
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As for the intact mass analysis of subunits, we manually
inspected each signal in every observed charge state and
extracted the monoisotopic mass, then grouped and averaged
signals from neighboring charge states with mass differences
≤0.05 Da. All molecular masses identified independently in ≥2
charge states were compared with possible subunit pairings.
This way, we identified 42 (Butler), 41 (Webb’s Prize Nut),
and 48 (Katalonski) proteoforms of Cor a 14 by exact mass, of
which we were able to assign 37, 39, and 42 (88−95%) to
combinations of the previously identified small and large
subunits with a maximum error of 3 ppm. The results are
shown in Figure 6, together with the relative quantitative
distribution of the individual proteoforms, determined in
triplicate analysis from the +7 isotopic extracted ion traces
and summing up the peak areas of all observable charge states
(7−11, mass tolerance: 5 ppm). Different from the analysis of
subunits, we, however, did not achieve a chromatographic peak
separation of the unreduced Cor a 14 proteoforms. Because
several pairings of subunits, particularly those with different
degrees of N-terminal clipping, show identical exact masses, we
were not able to distinguish their peaks by HPLC−MS and
therefore assigned these signals to both proteoforms equally. It
must, however, be assumed that in most of these cases the
relative abundance given in Figure 6 will be overrated and that
possibly in some cases only one of the two isobaric proteoforms
will actually be present in the hazelnut seeds.
In conclusion, all three sequence polymorphisms observed

on the subunit level were confirmed by intact mass analysis of
the unreduced proteins. The same applied to most variants of
N- and C-terminal clipping. Two lowly abundant forms of the
large subunit (N3 and C2) could, however, not be confirmed,
possibly due to low signal intensities. Furthermore, the relative
distribution of modifications over the investigated cultivars also
matched the previously discussed results from subunit analysis:
Butler hazelnuts exhibited the highest N-terminal and the
lowest C-terminal clipping degree for both subunits. While
sSU1 was the most abundant small subunit isoform in Butler
and Webb’s Prize Nut, sSU2 was again found to be the most
abundant in Katalonski hazelnuts. Likewise, Katalonski featured
the highest degree of C-terminal clipping at the small subunit

and proved to be the only cultivar that carried the sSU3
isoform.
Interestingly, analysis of the unreduced proteins also

demonstrated that some subunit proteoforms were specifically
paired with others based on their polymorphisms: While the
small subunit proteoform sSU1 paired with both large subunit
proteoforms (lSU1 and lSU2), sSU2 paired with lSU1 and
sSU3 with lSU2 only, in each case exhibiting the characteristic
pattern of N- and C-terminal clipping. We expect this specific
pairing, as illustrated in Figure 7, to be identical to the genomic
arrangement of nucleotide polymorphisms in the Cor a 14
multigene family.

4. DISCUSSION

The structural heterogeneity of 2S albumin seed storage
proteins has been characterized before in several allergenic
foods as a result of the high rates of polymorphisms and post-
translational modifications in this protein family. So far, only
one study focusing on molecular proteoform characterization of
the hazelnut 2S albumin Cor a 14 has been published, which
reported a single Arg/Ser exchange at position 48 of the
precursor sequence and clipping of 3−8 residues at the small
subunit’s C-terminus.24 In addition, the deletion of a Gln
coding base triplet at position 79 and its mutation to His have
been found as alternative variants during initial sequencing of
the Cor a 14 genomic sequence.12 On the basis of our
comprehensive investigation on proteoform diversity, we were
able to confirm the results from both previous studies and add
further information to the pool of Cor a 14 heterogeneity. This
includes an Asn/Ser exchange at position 56, C-terminal
clipping of 1−3 residues at the large subunit, and minor N-
terminal clipping of 1 to 2 residues at both subunits. Using a
combination of three proteomics strategies, we hereby present a
thoroughly validated consensus set of Cor a 14 proteoforms, by
which we are able to characterize the clear majority (88−95% in
each cultivar) of signals observed in the high-resolution intact
mass analysis of the unreduced proteins, a technique that yields
direct information on the native primary structure of each
proteoform.25 A minority of the observed proteoforms yet
remains uncharacterized, and the detection of additional forms
is likely to be expected using a more sensitive instrumentation.

Figure 4. Mapping of modifications to Cor a 14 primary sequence, as described by Garino and coauthors. Sequences of the small and large subunit
are highlighted in green and blue, respectively. Boxed letters indicate sequence polymorphisms, while Nx and Cx values indicate N- and C-terminal
clipping. Amino acids crossed red were not confirmed in any hazelnut cultivar. All depicted modifications were reproducibly observed in bottom-up
and verified by intact mass analysis. Modifications and clipping variants marked by asterisk (*) have been described before. The hypervariable region
was assigned based on an alignment to the peanut 2S albumin Ara h 6.14,48
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Although the primary protein sequence predicted by Garino
and coauthors12 from the cloned Cor a 14 gene (GenBank ID
FJ358504) could be confirmed, we found conflicting evidence
of the position of the cleavage site between the linker peptide
and the small subunit, indicating that the mature Cor a 14
sequence is in fact four amino acids longer at the N-terminus
than previously reported (not considering terminal clipping).
This is also in agreement with information available on the
cleavage sites of the 2S albumins from mustard,21 brazil nut,34

walnut,35,36 sesame,37 and sunflower,23 which are all located
after an asparagine residue. Furthermore, we demonstrated that
clipping at the N- and C-termini may lead to a significant
truncation, particularly of the small subunit. Together with the
observed polymorphisms, our findings suggest that the original
putative protein sequence, which was recently used in the large
European multicenter study on food allergies, EuroPrevall, for
in vitro component-resolved diagnosis,5 does not properly fit
the structure of naturally occurring Cor a 14. We therefore
recommend that this novel information be considered for
future applications and production of recombinant allergens.
Compared with the information available on other 2S

albumins, Cor a 14 follows the common structural features of
the protein family. Like most 2S albumins, it is post-
translationally cleaved into two disulfide-bridged subunits. It
does, however, not carry a linker peptide of significant length
between the small and large subunits, which in several other 2S
albumins is excised from the proprotein during post-transla-
tional processing.15,21,30,37 Three single amino acid mutations,
two of the small and one of the large subunit, were identified.
Such sequence polymorphisms have been described for 2S
albumins from other plants before21,38,39 and have been traced
back to a multigene family.14 Notably, all amino acid exchanges
observed in our study can be interpreted through single
nucleotide polymorphisms in the genomic sequence of Cor a
14, as demonstrated in Figure 8. There is no evidence of
genomic mutations (like insertions or deletions) that may cause
a reading-frame shift and therefore lead to extreme differences
in the protein’s primary sequence, as it was described for the
isoforms of the peanut 2S albumin Ara h 7.40 Interestingly,
subunits carrying polymorphisms are paired specifically on the
native protein level, as we were able to show through the
combination of our results from the intact mass analyses of the
protein subunits and of the unreduced proteins, respectively.
Thus, at least four copies of the Cor a 14 gene must be assumed
in the hazelnut genome to explain the observed proteoform
diversity.
Many previous studies on 2S albumins have reported

clipping at either the N- or the C-terminus in varying degrees
from one up to seven amino acids.15,22,29−32 Recently, our
group has shown that this modification does not apply to all
members of the protein family, as no such clipping could be
observed for the mustard 2S albumin Sin a 1.21 The clipping
observed for Cor a 14 in our study, leading to highly abundant
proteoforms counting up to eight missing residues, must
therefore be rated as considerably pronounced in comparison
to other 2S albumins. Basically, three different origins have
been discussed for the formation of terminal microheteroge-
neity: different genetically derived precursors, a shift in the
position of the cleavage site during protein maturation, or the
presence of exopeptidases in the protein bodies of the
seeds.14,29 Recently, C-terminal microheterogeneity was
observed for the albumin SESA2-1 from sunflower seeds and
attributed to differential endopeptidase-processing, as SESA2-1

Figure 5. Relative quantification of the modifications described in
Figure 4 (polymorphisms, N-/C-terminal clipping). Peak areas were
determined from extracted ion traces of the small (part A) and large
subunit (part B) and summed up over all observable charge states. The
maximum value of each chart was defined as 100%. Error bars
symbolize standard deviation from the analysis of three biological
replicates. For an analogous representation of the N-/C-terminal
clipping data of isoforms sSU2, sSU3, and lSU2 and for the tabular
data the reader is referred to Figure S-1 and Tables S-1 and S-2 in the
Supporting Information.
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exhibits only two such proteoforms differing in the cleavage site
of a Thr-Thr-Thr motif.23 Considering the high diversity of
differently clipped proteoforms in the case of Cor a 14, the
variable residues at the cleavage sites, and the rather statistical
pairing of N- and C-terminal clipping and polymorphisms,
there is evidence of an unspecific post-translational modifica-
tion through the activity of amino- and carboxypeptidases, yet
single C- or N-clipped proteoforms could also be of genetic
origin, taking into account that Garino and coauthors reported
a copy of the Cor a 14 gene carrying a gap at amino acid
position 79, which, in our study, would have been identified as
clipping.12 It must be, furthermore, noted that the degree of
processing caused by exopeptidases may depend on the
duration and conditions of storage of the nuts prior to analysis.
However, no substantial enzymatic activity is assumed under
the applied conditions (storage at −20 °C for 3 to 4 years
before nuts were processed and measured).Taking a closer look
at the polymorphisms presented in Figure 4, notably none is
located within the assumed “hypervariable region”, a shared
structural element of 2S albumins, commonly described to

Figure 6. Proteoforms of Cor a 14, identified by intact mass analysis of the unreduced proteins and characterized through pairing of the small and
large subunit. Bubble size and percentage values indicate the relative fraction of proteoforms, determined from peak areas of extracted ion traces
summed up over all observable charge states (7−11). The maximum value of each cultivar was defined as 100%. Superscript numbers indicate
isobaric proteoforms. For the tabular data the reader is referred to Table S-3 in the Supporting Information.

Figure 7. Pairing of small and large subunit proteoforms differing in
sequence polymorphisms, as observed in intact mass analysis.
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feature a high variability and to represent the most important
immunogenic region.14,41 Also, the putative IgE-epitope
RGEExxE at positions 115−121, which was identified in the
mutational epitope analysis of the homologous walnut 2S
albumin Jug r 1,36 is not affected by either type of the observed
modifications. We can therefore not conclude a difference in
allergenicity of the identified proteoforms on the basis of the
available data. However, no systematic epitope mapping survey
has been reported for Cor a 14 so far, and such a study would
probably reveal additional epitopes along the sequences of both
subunits, comparable to the 2S albumins from peanut,42,43

cashew,44 and brazil nut.45,46 We also expect that the
application of our approach on additional hazelnut cultivars
would probably result in the identification of more poly-
morphisms.
To date, only little information is available on the difference

in allergen profiles between hazelnut cultivars. Recently, Garino
and coauthors reported differences in the overall expression of
Cor a 8 and Cor a 11 between four hazelnut cultivars on the
level of mRNA transcripts using real-time PCR.47 The study
did, however, not analyze Cor a 14 and did also not include the
cultivars from our study, for which we found distinct differences
in the proteoform patterns. Both overall expression (analyzed
as protein concentration) and sequence modifications may
influence the allergenicity of hazelnut or hazelnut-processed
foods, and further investigations should therefore be made on
the allergen and proteoform profiles of different cultivars.
Because only one batch of each cultivar was available for our
study, we suggest that the relative quantification of proteoforms
be repeated with samples from different areas and harvest years
to clarify if the observed differences, in particular, the
differential activity of amino- and carboxypeptidases, are
reproducible.

5. CONCLUSIONS
We present here a comprehensive survey on the proteoforms of
the hazelnut allergen Cor a 14. Our study demonstrates a
significantly higher heterogeneity than previously expected.
This data set constitutes, to the best of our knowledge, the
largest set of proteoforms so far reported for a 2S albumin.
Moreover, evidence is provided that the naturally occurring Cor

a 14 deviates from the originally proposed protein sequence,
which is commonly used for component resolved diagnosis. For
the first time, we report varying proteoform patterns between
cultivars of an allergenic seed and provide data on the relative
abundance of proteoforms in each cultivar. Together, these data
present a basis for future studies on the allergenicity of Cor a 14
in hazelnuts, which should involve epitope mapping, proteo-
form investigations in different cultivars, and immunological
studies on IgE-affinity and thus allergenicity of individual
proteoforms.
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determined from extracted ion traces of the small (part A) and large subunit (part B) and summed up over all 

observable charge states. The maximum value of each chart was defined as 100%. Error bars symbolize standard 

deviation from the analysis of three biological replicates.   
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Figure S-2: Fragment spectrum of the tryptic peptide G44-R53, indicating the R48S polymorphism.  
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Figure S-3: Fragment spectrum of the tryptic peptide Q54-R62, indicating the N56S polymorphism. 
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Figure S-4: Fragment spectrum of the tryptic peptide H79-R92, indicating the Q79H polymorphism. 
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