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A B S T R A C T

The native dimeric Petroselinum crispum (Mill.) Fuss protein Pet c 1.0201 and a monomeric xyloglucan en-
dotransglycosylase enzyme (Garajova et al., 2008) isolated from the root cells co-purify and share similar mo-
lecular masses and acidic isoelectric points. In this work, we determined the complete primary structure of the
parsley Pet c 1.0201 protein, based on tryptic and chymotryptic peptides followed by the manual micro-gradient
chromatographic separation coupled with offline MALDI-TOF/TOF mass spectrometry. The bioinformatics ap-
proach enabled us to include the parsley protein into the PR-10 family, as it exhibited the highest protein
sequence identity with the Apium graveolens Api g 1.0201 allergen and the major Daucus carota allergen Dau c
1.0201. Hence, we designated the Petroselinum crispum protein as Pet c 1.0201 and deposited it in the UniProt
Knowledgebase under the accession C0HKF5. 3D protein homology modelling and molecular dynamics simu-
lations of the Pet c 1.0201 dimer confirmed the typical structure of the Bet v 1 family allergens, and the potential
of the Pet c 1.0201 protein to dimerize in water. However, the behavioural properties of Pet c 1.0201 and the
celery allergen Api g 1.0101 differed in the presence of salts due to transiently and stably formed dimeric forms
of Pet c 1.0201 and Api g 1.0101, respectively.

1. Introduction

The family Apiaceae includes agriculturally important plants such
as carrot-Daucus carota L., celery-Apium graveolens L. and parsley-
Petroselinum crispum (Mill.) Fuss. All produce proteins classified in the
Structural Database of Allergenic Proteins (SDAP), more specifically in
the Bet v 1 sub-family (Ivanciuc et al., 2003). Most of well-known
pollen allergens cause allergic rhino conjunctivitis and asthma (Gajhede
et al., 1996; Taketomi et al., 2006; Asam et al., 2015; Pablos et al.,
2016), while food allergens underlie oral allergy syndromes (Vanek-
Krebitz et al., 1995; Beyer et al., 2002; Neudecker et al., 2003). Dra-
matic expansion of these allergies has led to studies of their origin
(Ballmer-Weber et al., 2012), mechanisms of action (Smole et al., 2015;
Zulehner et al., 2017) and cross-reactivity (Vieths et al., 2002; Bohle
et al., 2003; Bohle, 2007) that lead to disease treatments and preven-
tion (Ballmer-Weber et al., 2005; Hoflehner et al., 2012).
Proteins of the Bet v 1 family fall into the pathogenesis-related

protein (PR-proteins) group (Hoffmann-Sommergruber, 2000), as they
are synthetized in plants mainly upon pathogen invasions and show
defensive roles in plant system. Some of these proteins are expressed
due to wounding or environmental stresses such as cold, heat, UV light,
drought, flooding, salinity or the exposure to heavy metals (Edreva,
2005; Borad and Sriram, 2008). Compounds implicated in both in plant
protection and regulation of their developmental processes such as
flowering, fruit ripening, seed germination and embryogenesis were
identified (Van Loon and Van Strien, 1999). The precise function of the
pathogenesis-related (PR) proteins is unknown but some of them are
classified as 1,3-β-D-glucanases, chitinases, thaumatin- and osmotin-like
proteins, proteinase inhibitors, endoproteinases, peroxidases, ribonu-
clease-like proteins, defensins, thionins, lipid transfer proteins, oxalate
oxidases and oxalate oxidase-like proteins (Bowles, 1990; Sinha et al.,
2014). PR-proteins are divided into 17 families according to their
properties, immunologic relationships and structural homologies (Van
Loon and Van Strien, 1999; Okushima et al., 2000; Christensen et al.,
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2002; Sinha et al., 2014).
The Bet v 1 members belong to the PR-protein family 10 (PR-10).

The principal representative of this family is a protein from Petroselinum
crispum (Somssich et al., 1986). The key feature of this family is a high
homology in tertiary structures, regardless their low sequence identity
(Fernandes et al., 2013). A ubiquitous distribution of the Bet v 1-related
proteins among all protein groups suggests that the Bet v 1-like protein
was present in the last universal common ancestor. During evolutionary
history, this protein diversified into numerous families with a low se-
quence similarity but with a versatile scaffold for binding of bulky li-
gands (Radauer et al., 2008).
The PR-10 family contains small (around 160-residue proteins of

15–18 kDa) and acidic (isoelectric points of 4–5) multifunctional pro-
teins (Agarwal and Agarwal, 2014). Although they have a low sequence
identity, their secondary structure elements form specific structural
arrangements (Fernandes et al., 2013). The tertiary structures of PR-10
proteins appear similar on the surface but show significant differences
inside protein folds (Fernandes et al., 2013; Chwastyk et al., 2014)
resulting in binding of various types of ligands, e.g. phytohormones that
play a variety of physiological functions (Mogensen et al., 2002; Sliwiak
et al., 2016a, b).
Differences in function of PR-10 proteins are given by variations of

several key amino acid residues. The most variable region is localized at
the C-terminus containing the conserved glycine-rich loop with the
EG(D/N)GG(V/P)G(T/S) sequence (positions 45–52 in parsley
Petroselinum crispum PR-10.1) preserved even in the most distant PR-10
allergens. This sequence represents a signature motif for PR-10 proteins
(Fernandes et al., 2013), in addition to IgE binding residues that are
linked to allergenicity (Neudecker et al., 2003; Spangfort et al., 2003).
Because of the direct influence on the IgE binding capacity and cross-
linking of antigens, leading to a histamine release from mastocytes,
oligomerization patterns of these proteins are their key features (Scholl
et al., 2005; Rouvinen et al., 2010; Kofler et al., 2014). As mentioned,
the sequence identity of PR-10 proteins is low except of certain groups
of allergens (e.g. 1.0101 and 1.0201), but the 3D structures show a high
structural similarity. It is of note that residue variations lead to varying
responses of patients to the presence of allergenic isoforms that have a
relatively high sequence identity (Wangorsch et al., 2007).
The aim of this work was to provide the molecular and structural

characterization of the Pet c 1.0201 protein from Petroselinum crispum
roots that co-purifies with the xyloglucan endotransglycosylase (XET)
enzyme (Garajova et al., 2008) and exhibits the high protein sequence
identity with the Api g 1.0201 (Hoffmann-Sommergruber et al., 2000)
and Dau c 1.0201 (Vieths et al., 2001) allergens. Our studies were made
possible due to previous detailed findings published on the Apiaceae
allergens (Hoffmann-Sommergruber et al., 1999; Neudecker et al.,
2003; Schirmer et al., 2005; Markovic-Housley et al., 2009). Attention
was paid to the dimerization patterns of Pet c 1.0201 observed ex-
perimentally in solutions during protein purification.

2. Results and discussion

2.1. Protein extraction, purification and electrophoretic characterization

Proteins extracted from the root cells of Petroselinum crispum were
purified, following the procedure described in Fig. S1, with the aim to
obtain the homogeneous XET enzyme (Garajova et al., 2008). The
fraction with the XET activity analysed by IEF-PAGE (Fig. 1A) showed
that the purified protein had the isoelectric point of 4.2, while Garajova
et al. (2008) reported a slightly higher value (isoelectric point 4.6). The
molecular mass of the protein visualized in the SDS-PAGE gel corre-
sponding to approximately 17 kDa (Fig. 1B, sample lane – bottom band
1) was unexpectedly low for XET. In addition to this 17-kDa protein, a
second band (Fig. 1B, sample lane – top band 2) with the molecular
mass of approximately 35 kDa was detected. However, sonication and
boiling of the sample before SDS-PAGE led to a removal of the top

35 kDa band from the SDS-PAGE gel, while the bottom 17 kDa band
remained. The latter observation could be explained by a loss of the
quaternary (dimeric) structure of the protein contained in the top band,
while the monomeric protein in the bottom band remained unaffected.

2.2. Mass spectrometry and bioinformatics analyses

In-gel tryptic or chymotryptic digestion of a bottom protein band,
followed by the mass spectrometry (MS) analysis combined with de-
novo sequencing offered the complete primary structure of this protein
(Fig. 2, File S1). The proteins from the bottom and upper bands shown
on the SDS-PAGE (Fig. 1B) and IEF-PAGE (Fig. 1A) gels yielded iden-
tical amino acid sequences. On the other hand, the sequence of the XET
protein (Garajova et al., 2008), could not be identified due to its low
protein content.
The highest sequence identity of the purified protein (Fig. 3) with

sequences in databases was found for the Api g 2 (Api g 1.0201) from
Apium graveolens (Hoffmann-Sommergruber et al., 2000) and Dau c 1
(Dau c 1.0201) from Daucus carota (Vieths et al., 2001) proteins
(Fig. 3A). The sequence identities of the purified protein with those of
Api g 2 and Dau c 1 were 97.4% and 95.4%, respectively. Both Api g 2
and Dau c 1 belonged to type I allergens of the Bet v I family and to the
group of PR-10 proteins. For this reason, we suggested to designate the
newly identified protein from Petroselinum crispum as Pet c 1.0201. The
alignment with other known PR-proteins from Petroselinum crispum
deposited in the UniProt database indicated the sequence identity of
54.6–60.5%, suggesting that until now such protein has not been
identified in Petroselinum (Fig. 3B). Other comparisons showed a sur-
prisingly high identity of 69.1% of Pet c 1.0201 to ribonucleases 1 and 2
(Fig. 3C).The residues that are essential for the RNase activity (Lys54,
Glu96, Glu148 and Tyr150) were present in the key positions. The
connection between the RNase activity and antifungal activities was
studied by Chadha and Das (2006), who showed that mutation of Lys54
to Asn54 led to a complete removal of the RNase activity in peanut
AhPR-10, concomitant with a loss of the antifungal activity. Based on
these analyses we concluded that Pet c 1.0201 belongs to the group of
PR-10 proteins (Moiseyev et al., 1994; Bantignies et al., 2000; Park

Fig. 1. IEF-PAGE (A) and SDS-PAGE (B) of the Coomassie Brilliant blue stained
proteins purified from the Petroselinum crispum roots. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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et al., 2004; Yan et al., 2008; Zubini et al., 2009).

2.3. 3D protein structural modelling

The Api g 1 crystal structure (Schirmer et al., 2005) from the
Apiaceae family was the first 3D structure of any food allergen solved
by X-ray crystallography (PDB accession 2BK0). For this reason, we

used the Api g 1 crystal structure as the template for 3D protein
structural modelling of Pet c 1.0201, although the sequence identity of
Api g 1 and Pet c 1.0201 was only 49% (Fig. 4A). The superposition of
the Pet c 1.0201 model with the Api g 1 crystal structure showed that
the optimized model had an excellent structural similarity to the Api g 1
crystal structure. Secondary and tertiary structures similarities between
PR-10 proteins are generally known to be high (Radauer et al., 2008;

Fig. 2. Peptide sequences of the Pet c 1.021 protein purified from the Petroselinum crispum roots, where identified tryptic (red types) and chymotryptic (blue types)
peptides are highlighted. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Multiple sequence alignment of Pet c 1.021 (C0HKF5) purified from the Petroselinum crispum roots with: A – proteins with the highest sequence identity Api g
2 - P92918 and Dau c 1 - AAL76932. B – PR-proteins previously found in Petroselinum crispum (PR1_PETCR - Q40795, PR2_PETCR - P27538, PR11_PETCR - P19417,
PR13_PETCR - P19418), C – ribonuclease 1 (P80889) and ribonuclease 2 (P80890) from Panax ginseng with key amino acid residues implicated in the RNase activity
(Chadha and Das, 2006) shown in black boxes.
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Fernandes et al., 2013), in accordance with the root-mean-square de-
viation (RMSD) value (Maiorov and Crippen, 1994) of 2.5 Å that we
detected between the monomeric sub-units of Api g 1 and Pet c 1.0201.
We observed slight differences between Api g 1 and Pet c 1.0201 in the
positions of the first short α-helix (Fig. 4A, α1) and in the loops linking
the N-terminal β-sheet with the first short α-helix (Fig. 4A, L1), and in
the positions of the second short α-helix that is linked with the second
β-sheet (Fig. 4A, L3), and how those β-sheets were inter-connected
through loops (Fig. 4A, L4, L5, L8).

2.4. Molecular dynamic simulations of dimers stability

Theoretical studies investigated the tendency of PR-10 allergen
proteins to create dimeric assemblies. The existence of transient or
covalently stabilized dimer structures of allergens of the Bet v I family,
including Api g 1 was described and directly related to the allergenic
effect of these proteins (Scholl et al., 2005; Rouvinen et al., 2010; Kofler
et al., 2014). Our experimental findings, both from SDS-PAGE (Fig. 2B)
and MS analyses confirmed the presence of the Pet c 1.0201 dimers. To
shed more light on these structural features, we conducted molecular
dynamics (MD) simulations to compare the Api g 1.0101 structure with
that of the Pet c 1.0201 3D model.
First, we investigated, if Api g 1.0101 and Pet c 1.0201 could di-

merize in aqueous solutions lacking NaCl. The visual analysis of inter-
monomeric distances in dependence on time during MD simulations
(Fig. 5A and B at respective 0 and 200 ns) showed that the monomeric
units dimerized mainly through the loop L8 situated between the β6
and β7 chains, and through the neighbouring part of the β6 chain
(Fig. 5A). These dimers were further stabilized via the residues on the
loop L1 that connected the N-terminal β-sheet with the first short α-
helix, and through the residues of α1 helix or loop the L6 (Fig. 6). The
loop L8 was shorter in Api g 1.0101 (Fig. 4A) than in Pet c 1.0201

leading to stronger inter-atomic bonds between exposed monomers;
thus, no change of a relative position of the Api g 1.0101 monomers was
observed during 200 ns simulation (Fig. 5A). The Pet c 1.0201 dimers
were stabilized after approximately 50 ns, where mostly hydrophobic
interactions were formed at interfaces, resulting in a change of the
positions of monomers (Figs. 5B and 6B).
Trajectories generated after 200 ns MD simulations were used for

the determination of free interaction energies (Eint) using the MM-GBSA
analysis (Table 1). Averaged Eint for Api g 1.0101 was approximately
two-fold lower than that for Pet c 1.0201, suggesting that the stability
of the Api g 1.0101 dimer was higher. In accordance with this con-
clusion, many more hydrogen bonds and van der Waals contacts were
observed between the Api g 1.0101 monomers (141 interactions in
total) compared to those of the Pet c 1.0201 monomers (90 interac-
tions) (Fig. 6; Tables S1 and S2). It was of note that in the region of the
second β-sheet of one of the monomers in Pet c 1.0201, these interac-
tions repeatedly disintegrated during MD simulations (Fig. 6C). The
theoretical mutation of Ser49 that is unique in Pet c 1.0201 to Gly,
which is a conserved residue in this region of PR-10 proteins (Fernandes
et al., 2013), led to the re-stabilization of this region. It is questionable,
to which extent these interactions disintegrate in the Glu45 region
(Fig. 4C), and how this may affect binding of IgE. As for Api g 1.0101,
these instabilities in the second β-sheet of one of the monomers were
not observed (Fig. 4B).
It was described that some PR-10 allergens could be stabilized by

covalent S–S bridges between monomers to stabilize their quaternary
structures (Rouvinen et al., 2010; Kofler et al., 2014), however, these
S–S bridges were not observed in Api g 1.0101 or Pet c 1.0201. The
rationale for this was that the functional groups of cysteines were dis-
tant and oriented inside of the molecules (Fig. S1).
We were further interested in the nature of dimerization of Pet c

1.0201 under various salt concentrations with 0.05 M, 0.1 M, 0.2 M,

Fig. 4. Superpositions of optimized tertiary struc-
tures of the Pet c 1.0201 3D homology model and the
Api g 1.0101 crystal structure (PDB accession 2BK0).
A: blue – the template structure of Api g 1, red – the
3D model of Pet c 1.0201, both with annotated sec-
ondary structure elements: α – α-helix, β – β-sheet, L
– loop, and N- and C-terminals. B: monomers of Api g
1.0101 and C: monomers of Pet c 1.0201 after 200 ns
MD simulations. Red indicates the position of Glu45
responsible for IgE binding. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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0.5 M NaCl; these conditions may represent a more natural cellular
environment for PR-10 allergens. In general, the addition of the salt
caused destabilization of the Pet c 1.0201 dimers under all studied
concentrations, while the stability of the Api g 1.0101 dimers was not
affected by NaCl (Table S1). Under 0.05, 0.2 and 0.5 M NaCl con-
centrations, we observed re-stabilization of the Pet c 1.0201 dimers or
secondary stabilization of monomer sub-units after a dimer decay
(Fig. 5C, Table 1, File S2). As for Pet c 1.0201 stabilization, the
monomer sub-units may have adopted differences in mutual positions
of monomers, that were like those observed in water, that is lacking
NaCl. All these interactions were more unstable compared to those in
water, causing dimer dissociation. Thus, the changes observed in so-
lutions with salts can be described by the formation of transiently or
partially stable dimers. Trajectories generated through MD simulations
were used to determine Eint using the MM-GBSA analysis (Table 1). The
large differences in the estimated Eint between monomeric sub-units of
Pet c 1.0201 were observed not only under individual NaCl con-
centrations, but also during a variety of simulation runs with the same
salt concentrations. This could be the consequence of the transitional
states of dimerization due to destabilization with the added salt.
In the case of Pet c 1.0201, the MD simulation with 0.2 M NaCl

identified a relatively stable position of monomers (Eint of -5.3 kcal/
mol), however, only with the probability of 1:2 during 200 ns simula-
tion (Fig. 5C, 1. run), which suggested that the dimeric form of Pet c
1.0201 could dissociate to a monomeric form. This structure of Pet c
1.0201 at the end of the MD simulation may correspond to one out of

two possible states that were revealed for Api g 1 or Dau c 1 in crystal
structures (Rouvinen et al., 2010; Markovic-Housley et al., 2009). The
contact surface that allowed for these interactions is seemingly greater
in a dimer, however, we identified only 47 interactions between
monomers (Fig. 6C, Table S3), in accordance with a higher stability of
the Pet c 1.0201 dimer in water (Fig. 6B, Table S2).
The formation of different homo-dimeric structures of Pet c 1.0201

was seen during two MD simulation runs with 0.5 M NaCl concentra-
tion. Here, stable dimers, comparable to those seen during MD simu-
lations of Pet c 1.0201 lacking NaCl, were observed in the first and the
third simulation run. However, the mutual positions of monomers dif-
fered from those observed under the conditions of lacking NaCl (Fig.
S2). During the third simulation run of Pet c 1.0201 the dimeric
structure was similar to that observed for the Pet c 1.0201 MD simu-
lation run under 0.2 M NaCl, while the structure obtained in the first
simulation run represented a new dimeric form not seen in any of the
previous MD simulations (Fig. S2). In conclusion, MD simulations in the
NaCl environment pointed at significant differences between the sta-
bility of dimeric forms for the 1.0101 and 1.0201 allergens, due to the
presence of a more realistic environment with salts during MD simu-
lations. As it was mentioned above, the higher dimer stability of the
Apiaceae isoforms 1.0101 may be one of the factors that lead to their
higher allergenicity.
The link between dimerization and allergenicity of PR-10 proteins

(Scholl et al., 2005; Kofler et al., 2014) is known, and our findings now
explain the differences in higher allergenicity of the 1.0101 forms

Fig. 5. Evolution of the inter-monomeric distances during the MD simulation with relative dispositions of monomeric units at the beginning (0 ns) and the end
(200 ns) of each simulation. A: Api g 1.0101 in water; B: Pet c 1.0201 in water; C: Pet c 1.0201 in 0.2 M NaCl. Relative positions at 0 ns and after 200 ns for respective
black and red trajectories are visualized; the blue trajectory shows a breakdown of a dimeric form into monomer units. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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compared to those of 1.0201. It was shown by Wangorsch et al. (2007)
that the determination of the IgE binding capacity of the 1.0201 forms
poised difficulties because only 48% of the Apium graveolens allergic
patients and 14% of the birch pollen allergic patients reacted to Api g
1.0201; in comparison respective 74% and 41% reacted to the major
allergen 1.0101. Because of a lack of patients with a reliably diagnosed
allergy to the Petroselinum crispum and Apiaceae 1.0201 allergens, our
work is largely theoretical in describing the structural properties of the
previously uncharacterized Petroselinum crispum allergen. The im-
portance of these findings highlights that the differences in structural
properties cannot be explained at the primary structural levels, because
Glu45 that is known to be responsible for IgE binding, is replaced with
lysine in the 1.0101 isoforms while the 1.0201 isoforms, with a lower
allergenicity, retains Glu in the equivalent position. The importance of
Glu45 was proven by Spangfort et al. (2003), who showed that the
mutation of this residue to Ser evaded binding of IgE. It is of note that

Lys45Glu variants of the Apium graveolens and Daucus carota 1.0101
isoforms showed an increase in IgE binding (Neudecker et al., 2003).

3. Concluding remarks

The primary structure of the previously uncharacterized member of
the PR-10 protein family, Pet c 1.0201 from the Petroselinum crispum
roots was defined via the MALDI-TOF/TOF mass spectrometry. The
primary structure was used to construct the Pet c 1.0201 3D protein
model, where the Api g 1.0101 crystal structure, with 49% sequence
identity to Pet c 1.0201 was utilized as a template. As Api g 1.0101
formed a dimeric assembly in a crystal form, the structure of the Pet c
1.0201 protein was also modelled in the dimeric form. This was justi-
fied by the fact, that the Pet c 1.0201 dimer was observed during
protein purification. These dimeric structures were further studied
through MD simulations to test their stability in the solutions with

Fig. 6. Visualization of amino acid residues (yellow) that stabilize dimers and are responsible for IgE binding (red) in A: Api g 1.0101 (template 2BK0); B: Pet c
1.0201 in water; C: Pet c 1.0201 in 0.2 M salt. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

Table 1
Free interaction energies Eint of the Pet c 1.0201 3D model based on MM-GBSA and for the Api g 1 crystal structure under various concentrations of NaCl.

Protein Concentration NaCl [M] 1. runa 2. runa 3. runa Averagea

Eint [kcal/mol] ± σ Eint [kcal/mol] ± σ Eint [kcal/mol] ± σ Eint [kcal/mol]

2BK0 0 −13.50 3.20 −12.60 3.98 −14.65 4.79 −13.58
0.2 −17.00 8.45 −18.56 5.68 −20.30 3.73 −18.62

Pet c 1.0201 0 −8.25 4.77 −6.90 4.24 −6.23 3.70 −7.12
0.05 −0.19 6.26 −7.78 8.61 −0.05 2.74 −2.67
0.1 −2.10 6.20 −1.59 5.55 −0.48 3.47 −1.39
0.2 −5.30 9.55 3.47 6.55 0.69 2.37 −0.38
0.5 −6.56 10.97 0.52 3.72 −13.75 6.47 −6.59

a Average value is based on three individual runs, standard deviations (σ) were calculated from each MM-GBSA calculation.
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various degrees of salinity. The dimer of Api g 1.0101 was stable under
all tested conditions contrary to the Pet c 1.0201 dimer that was only
stable without NaCl, while the increasing concentrations of NaCl had a
destabilizing effect on the Pet c 1.0201 dimer. Nonetheless, certain
stabilization was observed with the highest – 0.5 M – concentration of
NaCl, although, the mutual dispositions of the monomeric sub-units
differed compared to those in the crystal structure of Api g 1.0101. Due
to a high sequence identity between Pet c 1.0201 and other Apiaceae
1.0201 allergens, the Pet c 1.0201 protein may serve as a mild allergen
for sensitive individuals, with a generally lower allergenicity for the
1.02 isoforms, compared to that of the 1.01 isoforms. These observa-
tions could partially be explained by a lower stability of the 1.02 di-
meric forms.

4. Experimental

4.1. Protein extraction and purification

Seeds of Petroselinum crispum (Mill.) Fuss (Apiaceae family) were
purchased from the SEMO a.s. company (Smržice, Czech Republic).
Twenty kg of Petroselinum crispum roots were collected in September
2006 from the field in the Danubian Lowland (Slovakia) situated in the
area of Žitný Ostrov at DMS (Degrees Minutes Seconds)/latitude-long-
itude of 48°01′36.96″ N and 17°19′20.89″ E. At that time, relatively
normal or slightly increased humidity and temperatures prevailed in
this area except for July and September that were dry and warm. Roots
were stored at 5 °C and processed sequentially for two weeks. The first
step of the protein extraction included homogenization in the juice
extractor ES-3551 (Severin, Germany), followed by a deep-freezing of
the pulp to approximately −20 °C. Subsequently, proteins in a frozen
pulp were extracted at an ambient temperature for 12 h in 0.1 M imi-
dazole (pH 6.0 containing 1 M NaCl). After filtration and centrifugation
(23 650×g, 20 min, 4 °C) the liquid extract was precipitated with
ammonium sulphate (Merck, Germany) to 100% saturation for 24 h at
4 °C. After centrifugation, the sediment was dissolved in a small amount
of the 1 M NaCl solution, dialyzed against distilled water and freeze-
dried.
The parsley Pet c 1.0201 protein was co-purified from the liquid

extract of the material as described for the XET enzyme (Garajova et al.,
2008), using size-exclusion chromatography on Biogel P-30 (Bio-Rad
Laboratories, Hercules, CA, USA), followed by affinity separation on
Concanavalin A Sepharose (Pharmacia, Uppsala, Sweden), size-exclu-
sion chromatography on Superdex 75 (GE Healthcare, Chicago, IL,
USA), and ion-exchange chromatography on the Mono Q HR 5/50 GL
column (GE Healthcare) (Fig. S1). The last two purification steps were
conducted on the FPLC instrument (Pharmacia). The Mono Q step was
performed in 0.02 M Bis-Tris/HCl buffer, pH 6.4, whereby the protein
was released from the column by applying a stepwise gradient of NaCl
(0–0.7 M). The sample application flow rate was 0.25 ml/min that was
altered to 0.5 ml/min before the NaCl gradient was applied. The sum-
mary of protein purification steps is shown in Fig. S1. The XET activity
was determined using fluorescently labelled acceptor substrates
(Stratilova et al., 2010).

4.2. Isoelectric point and molecular mass determination

Isoelectric point determination was performed on the ultrathin-
layer isoelectric focusing polyacrylamide gels (IEF-PAGE) in the pH
range of 3–10 (Radola, 1980) using the protein test mixture (Serva,
Heidelberg, Germany) for calibration; protein bands in gels were
stained with Coomassie Brilliant Blue (Fluka Chemie, Buchs, Germany).
Denaturing 10% (w/v) SDS-PAGE (Laemmli, 1970) gels were run on

the Mini-Protean 3 electrophoresis system (Bio-Rad Laboratories) under
the reducing conditions. Protein bands were visualized by Coomassie
Brilliant Blue (Fluka). The standard PageRuler™ pre-stained protein
ladder in the 10–170 kDa range was used (Thermo Fisher Scientific,

Waltham, MA, USA) for calibration.

4.3. Mass spectrometry analysis

Coomassie Brilliant blue-stained protein bands from the gels after
IEF-PAGE and SDS-PAGE were processed according to the protocol of
Shevchenko et al. (2006). Briefly, the excised gel pieces (about
5 × 2 mm) containing separated proteins were dehydrated in 450 μl
acetonitrile (5 min) and the solutions removed. Proteins were in-gel
reduced with 50 μl 10 mM DTT in 100 mM NH4HCO3 at 56 °C for
30 min. The mixture was vortexed after the addition of 450 μl acet-
onitrile and the supernatant removed. Protein alkylation was done with
50 μl 55 mM iodoacetamide in 100 mM NH4HCO3 in the dark at am-
bient temperature for 20 min. The supernatant was removed, gel pieces
washed in 450 μl 100 mM NH4HCO3 for 5 min and dehydrated in 450 μl
acetonitrile for 5 min. The supernatant was removed, and gel pieces
were rehydrated for 30 min at 4 °C with the solution of 10 mM
NH4HCO3 and 10 μg/ml porcine modified sequencing grade trypsin
(Promega, Madison, MA, USA) or 20 μl/ml bovine sequencing grade
chymotrypsin (Roche, Basel, Switzerland). The digestion solution of
10 mM NH4HCO3 (about 30–50 μl) was added to cover gel pieces and
the digestion was carried out overnight at 37 °C. The in-gel digests were
handled using manual micro-gradient chromatographic separation
(Franc et al., 2012) using the capillary column (length: 30 mm, i.d.
250 μm) packed with 5 μm particles from the Poroshell 300 Extended-
C18 column (Agilent Technologies, Santa Clara, CA, USA) or the ca-
pillary column (length: 27 mm, i.d. 250 μm) packed with 2.7 μm par-
ticles from the Ascentis Express Peptide ES-C18 column (Sigma-Aldrich,
St. Louis, MI, USA). After MALDI-TOF/TOF MS analysis, selected pep-
tide fractions were re-dissolved in 60% (v/v) acetonitrile and trans-
ferred to 0.5 ml test tubes, dried in a vacuum centrifuge and esterified
using 50 μl of the mixture of acetylchloride/ethanol (8:50, v/v) for 2 h
at room temperature. The mixture was dried in a vacuum centrifuge,
dissolved in 2 μl 60% (v/v) acetonitrile and analysed using MALDI-
TOF/TOF MS for confirmation of peptide sequences derived from the
MALDI-TOF/TOF MS/MS analysis of underivatized peptides.
MALDI-TOF/TOF MS measurements in the positive reflectron mode

were performed with the Applied Biosystems 4800 Proteomics Analyzer
(Applied Biosystems, Foster City, CA, USA). MS spectra were acquired
using a dual stage reflectron mirror. Accelerating voltage applied for
MS measurements was 20 kV. Raw spectral data were further processed
using Data Explorer 4.8 software (Applied Biosystems). For mass de-
termination of a protein digest, a solution of α-cyano-4-hydro-
xycinnamic acid (5 mg/ml) in acetonitrile/0.1% (v/v) TFA (3:2, v/v)
was used. 0.5 μl of the purified peptide mixture was mixed with 0.5 μl
of the matrix solution and dried at ambient temperature. The peak m/z
values from MS and MS/MS analyses were submitted to the Mascot
protein identification program package (v. 2.3.02) to perform database
searching with the following parameters: database - NCBInr (ver.
27.11.2011); taxonomy - all entries; enzyme – trypsin or chymotrypsin;
allowed missed cleavages - 1; fixed modifications - carbamidomethyl
(C); variable modifications - Oxidation (M), Pyro-cmC (N-term camC),
Pyro-glu (N-term E), Pyro-glu (N-term Q); peptide tolerance - 50 ppm;
MS/MS tolerance - 250 mmu (millimass units); peptide charge - (+1);
monoisotopic masses; instrument - MALDI-TOF-PSD. Alternatively, MS/
MS spectra of tryptic and chymotryptic peptides were evaluated
manually and corresponding peptide fragment ions were identified.
These MS/MS spectra were used as the basis for de-novo sequencing of
the PR10-protein and are presented in Supplementary File S1. The
protein sequence data reported in this paper are deposited in the Uni-
Prot Knowledgebase under the accession C0HKF5. Similarity based
searches were performed using BLAST (Altschul et al., 1997).

4.4. Bioinformatics analysis

The primary structure of the Petroselinum crispum protein Pet c
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1.0201 was analysed using BLAST and alignment tools in the UniProtKB
database (UniProt, 2017). Alignments were generated in Clustal Omega
(Sievers et al., 2011).

4.5. 3D protein structure modelling

The 3D protein homology model of the MS-determined primary
structure of the Petroselinum crispum Pet c 1.0201 protein was con-
structed based on the food allergen from the family Apiaceae (Schirmer
et al., 2005) as the template structure (PDB accession 2BK0), using
Modeller9v6 (Sali and Blundell, 1993). The 2BK0 structure is a dimer,
therefore, the 3D model of the parsley Petroselinum crispum Pet c 1.0201
protein was also prepared in the dimeric form.

4.6. Molecular dynamic simulations of dimer stability

The 3D protein homology model and the template structure 2BK0 of
dimeric forms were protonated using the Protein Preparation Wizard
included in the Schrodinger Suite 2015.2 (Schrödinger-Inc., 2015; USA)
for the neutral pH and the positions of the added protons were opti-
mized according their neighbourhood. Protonated structures were op-
timized using the molecular mechanics force field Amber99sb in
Amber14 (Case et al., 2014). Optimized structures were solvated by the
water molecules (TIP3P) in a cubic box with at least a 17 Å-thick water
layer. Charge of the model systems was neutralized by adding of Na+

counter ions. Additional Na+ and Cl− ions were applied into the box for
simulations in various environmental salinities (0.05 M, 0.1 M, 0.2 M,
0.5 M for the 3D protein homology model and 0.2 M for Api g 1.0101).
Prepared structures were equilibrated under periodic boundary condi-
tions to the temperature of 300 K. The simulation box was heated to
300 K over the course of a 100 ps constant volume simulation (NVE)
applying the 50 kcal/mol restraint to all solute atoms, followed by a
300 ps 1 bar constant pressure simulation. Next, a series of constant
pressure steps 10 ps in length were carried out, in which the strength of
the restraint was reduced gradually to 25 kcal/mol and 10 kcal/mol,
which was followed by a 50 ps simulation with a restraint strength of
5 kcal/mol and 70 ps simulation with a restraint strength of 2.5 kcal/
mol. The last two steps were 300 ps simulations with the protein
backbone held by a 1 kcal/mol restraint and a 300 ps restraint-free
simulation. Based on the equilibrated structure production, we defined
an MD simulation such that the production simulation run under the
periodic boundary conditions using the NPT ensemble lasted 200 ns.
Snapshots from the simulation were taken every 10 ps. MD simulations
were performed in the Amber14 program using the Amber99sb force
filed parameters. Simulations for each salt concentration were run in
triplicates; standard deviations (σ) were calculated from these simula-
tions. The Virtual Molecular Dynamics (VMD) program was used for
visualization of trajectories (Humphrey et al., 1996). The backbone
root-mean-square-deviation (RMSD) values and inter-monomeric dis-
tances were calculated via the cpptraj AmberTools14 utility (Case et al.,
2014).
Trajectories were used to analyse interaction energies (Eint) between

monomer molecules. Interaction energies were calculated using the
MM-GBSA analysis implemented in the Amber14 program using the
MMPBSA.py script from AmberTools14 (Case et al., 2014). Every 10th
snapshot from the production trajectory was taken for the analysis.
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Fig. S3. The evolution of the inter-monomeric distances during the MD simulations together with 

the relative positions of monomeric units at the beginning (0 ns) and the end (200 ns) of each 
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M NaCl. The structures are those from the first run.  



Table S1: Non-covalent interactions of amino acid residues established between the monomers of 

Api g 1.0101.

 

Residue  

in monomer 1 

Residue  

in monomer 2 

Type of interaction 

Val 14 Pro 106 hydrogen bond 

Val 14 Thr 107 hydrogen bond, van der Waals 

Val 14 Ala 108 hydrogen bond, van der Waals 

Ser 15 Pro 106 hydrogen bond, van der Waals 

Ala 16 Pro 106 hydrogen bond, van der Waals 

Ala 16 Thr 107 van der Waals 

Ala 78 Pro 106 van der Waals 
Val 105 Leu 104 hydrogen bond, van der Waals 

Val 105 Val 105 hydrogen bond, van der Waals 

Val 105 Pro 106 van der Waals 

Pro 106 Leu 104 hydrogen bond 

Thr 107 Ser 13 hydrogen bond, van der Waals 

Thr 107 Val 14 hydrogen bond, van der Waals 

Thr 107 Ser 15 hydrogen bond, van der Waals 

Thr 107 Glu 77 van der Waals 

Thr 107 Leu 104 van der Waals 

Ala 108 Ser 13 van der Waals 

Ala 108 Ser 15 van der Waals 
Ala 108 Ala 16 hydrogen bond, van der Waals 

Asp 109 Ser 13 hydrogen bond, van der Waals 

Asp 109 Ala 108 hydrogen bond, van der Waals 

 

  



Table S2. Non-covalent interactions of amino acid residues established between the monomers of 

Pet c 1.0201 in water. 

 

Residue 

 in monomer 1 

Residue 

in monomer 2 

Type of interaction 

Ser 14 Asp 108 hydrogen bond 

Ser 14 Gly 109 van der Waals 

Ser 14 Gly 110 hydrogen bond, van der Waals 

Ala 15 Asp 108 van der Waals 

Glu 16 Asp 108 hydrogen bond, van der Waals 

Leu 79 Asp 108 van der Waals 

Pro 106 Pro 106 van der Waals 
Pro 106 Thr 107 hydrogen bond, van der Waals 

Pro 106 Asp 108 hydrogen bond, van der Waals 

Thr 107 Pro 106 hydrogen bond, van der Waals 

Asp 108 Ser 14 hydrogen bond, van der Waals 

Asp 108 Ala 15 hydrogen bond, van der Waals 

Asp 108 Glu 16 hydrogen bond, van der Waals 

Asp 108 Leu 79 van der Waals 

Asp 108 Pro 106 hydrogen bond, van der Waals 

Gly 109 Ser 14 hydrogen bond, van der Waals 

Gly 110 Ser 14 hydrogen bond, van der Waals 

 

 

  



Table S3. Non-covalent interactions of amino acid residues established between the monomers of 

Pet c 1.0201 in 0.2 M NaCl. 

 

Residue 

in monomer 1 

Residue 

in monomer 2 

Type of interaction 

Gly 1 Asp 108 hydrogen bond, van der Waals 

 Val 2 Asp 108 hydrogen bond, van der Waals 

Lys 4 Glu 8 hydrogen bond, van der Waals 

Asp 75 Lys 4 hydrogen bond, van der Waals 

Ala 77 Lys 4 hydrogen bond, van der Waals 

Gly 78 Lys 4 hydrogen bond, van der Waals 

Val 103 Val 6 van der Waals 
Val 105 Lys 133 van der Waals 

Pro 106 Glu 129 van der Waals 

Pro 106 Val 132 van der Waals 

Pro 106 Lys 133 hydrogen bond, van der Waals 

Thr 107 Glu 129 hydrogen bond, van der Waals 

Thr 107 Lys 133 van der Waals 

Asp 108 Glu 129 hydrogen bond 

Asn 120 Asp 108 hydrogen bond, van der Waals 
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