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ABSTRACT: Several allergens have been identified and characterized in the genus Citrus, which belongs to the germin-like
proteins (GPLs), profilins, and non-specific lipid transfer proteins (nsLTPs). In this work, in silico sequence analysis, protein
purification, mass spectrometry identification, and the spectral counting method were integrated to identify new putative
allergens of Citrus clementina and their expression level in the fruit peel. The in silico analysis revealed fifteen new sequences
belonging to GLPs (Cit cl 1), and two more belonging to nsLTPs (Cit cl 3). No other new sequences were found as regards
profilins (Cit cl 2). Each putative allergen from fruit peel was obtained using different protein extraction methods, and the
protein sequences of the putative allergens were identified by means of LTQ-Orbitrap XL mass spectrometer. The spectral
counting strategy revealed that Cit cl 1 had a higher expression level than Cit cl 2 and Cit cl 3. To predict the quaternary
structure and deduced function of Cit cl 1, its primary sequence was used as a template to search a homologous protein structure
in the RCSB PDB Database, getting high correspondence with the oxalate oxidase protein in barley.
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B INTRODUCTION all organisms examined so far, and are therefore considered
panallergens, which are responsible for many cross-reactions
between pollens and food.”**" Finally, non-specific lipid
transfer proteins (nsLTPs) are closely related to basic proteins,
specific of flowering plants."® These proteins are involved in
plant defense mechanisms against bacteria and fungi and,
possibly, in the assembly of hydrophobic protective layers of
surface polymers, such as cutin.>**> The extensive clinical
evidence collected in this regard has allowed defining nsLTP an
important panallergen family of both plant food and
pollens.'®*!

Citrus fruits (genus Citrus in family Rutaceae) are commonly
included in the population’s diet in many countries, either as
fresh fruits or derived beverages and foods. Citrus oils
(extracted from the peel) are used as fragrance enhancers for
food, perfumes, soap, household detergents, and dried citrus
peels are included in tea blends and marmalades. The peel is
also the major source of various bioactive compounds
(phenolics, carotenoids, flavonoids, ascorbic acid), which can
be used as natural antioxidants."” The consumption of citrus

fruits and/or the use of byproducts containing citrus extract, h ) b ] it i
however, may induce allergic reactions, with heterogeneous In the genus Citrus the orange GLP Cit s 1 and the profilin

clinical manifestation of allergies, varying from a mild oral Cit s 2 have been well characterized and are reported to act as
allergy syndrome (OAS) to sévere anaphylaxis cases. 32 allergens.ll’u‘14 Among the nsLTP, Cit s 3, Cit1 3, and Citr 3

Allef???s belonging to the germin-like proteins,lo_:z profi- ilave b.een recogn;zec} a:ﬁall;ilgens 11}1511)/\{eet. ofrangeéllemon, atrllld
lins' """ and non-specific lipid transfer proteins”® were angerne, respectively. € avarable Inlormation on the

identified and characterized in several citrus species allergens of Citrus clementina, which is extensively cultivated in
Germin-like proteins (GLPs) are part of the cupin Mediterranean countries and North America, is very scarce so

superfamily, having different enzyme functions that include far. Recent molecular analysis demonstrated the expression of
the two hydrogen peroxide generating enzymes oxalate oxidase homologues to Cit s 1, Cit s 2, and Cit s 3 in the clementine
and superoxide dismutase.>™'7 It is well-known that many pollen. The clinical data showed that clementine allergy is not a
plant-derived members of the cupin superfamily have allergenic rare condition in pollen sensitized patients.” Furthermore, the
properties, and globulins are the most important subgroup in current availability of the complete genome sequences of
this context. However, germin and other GLPs are now being orange and clementine has allowed the in silico identification of

. . . o 1
increasingly recognized as significant allergens.'®
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several putative allergens in clementine, belonging to profilins
and nsLTPs.** The main aims of this work consisted in (i)
identifying new putative allergens of C. clementina, through in
silico analysis; (ii) testing different procedures to purify each
class of putative allergens from fruit peel; (iii) obtaining the
primary sequences of each putative allergen by means of mass
spectrometry analysis; (iv) assessing the expression of each
putative allergen, by applying the spectral counting strategy;”’
and (v) predicting the structure and function of the more
expressed putative allergen, searching in the RCSB Protein
Data Bank.

B MATERIALS AND METHODS

In Silico Sequence Analysis. The citrus genome database
(http://www.citrusgenomedb.org/species/clementina) includes
whole genome sequencing of C. clementina. Information about citrus
allergens is completely lacking in this database. The official Web site of
the WHO/IUIS (International Union of Immunological Society)
Subcommittee on allergen nomenclature (http://www.allergen.org/)
contains approved and officially recognized allergens of orange, lemon,
and tangerine. Moreover, the Allergome platform for allergen
knowledge (http:/ /www.allergome.org/index.php) collected a list of
allergenic sources and molecules of several citrus species, including C.
clementina, making use of the widest selection criteria and sources.
Finally, some peptides of Citrus allergens were described only in the
literature.'>

In this work, the amino acid sequences collected from the last two
databases, combined with sequences drawn from literature, were used
to identify unknown putative allergens of clementine by means of the
Citrus Genome Database Basic Local Alignment Search Tool
(BLAST) against C. clementina data sets. To detect putative signal
peptide cleavage site in the sequence of putative allergens identified,
we used SignalP 4.0 server program26 available at http://www.cbs.dtu.
dk/services/SignalP/.

Protein Extraction and Separation. The high quality fruits for
the tests (PGI CE No. 2325/97), grown in organic cultivations, were
selected in the Italian countryside (namely, in Calabria, Southern
Italy). Organic growing does not make use of chemical pesticides and
insecticides, which could alter protein extraction from the peel.
Clementine ripe fruits, with the full orange pigmented peel, were
harvested from three trees in December 2012 (180 Days After
Flowering). Five fruits from each tree were collected and the peel
samples of different trees and fruits were grouped. Peel portions of
about 1 g each were frozen in liquid N, and stored at —80 °C. These
samples were used as independent biological replicates for protein
extraction.

We tested a different protein extraction procedure on fruit peel
(both flavedo and albedo) to obtain highly purified protein extracts.
The procedures include extensive organic solvent washes of powder
tissue to remove water-soluble contaminants, following Pignataro et
al'® with some modifications, and phenol extraction of proteins in
presence of sodium dodecyl sulfate, according to Wang et al*’ In
short, the peel tissue was ground in liquid N, to obtain a fine powder
that was separately processed, according to the following four
procedures: (a) Procedure 1. The tissue powder was suspended
in100% cold acetone; the tissue suspension was vortexed for 30 s and
centrifuged at 13000 rpm for 4 min at 4 °C; the obtained pellet was
extensively washed with 10% TCA in cold acetone until the
supernatant became colorless, and twice with cold aqueous 10%
TCA; the pellet was rinsed twice with cold 80% acetone, using both
vortex and centrifugation in every step. The final tissue powder was
dried at room temperature and used for protein extraction, or stored at
—80 °C for further use. (b) Procedure 2. Cold 10% TCA in acetone
was added to the tissue powder; the tissue suspension was vortexed for
30 s and centrifuged at 13000 rpm for 4 min at 4 °C; the pellet was
extensively washed in cold aqueous 10% TCA, using both vortex and
centrifugation in each step; the TCA was removed by washing it with
cold 80% acetone until the supernatant was colorless and was dried at
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room temperature. (c) Procedure 3. Cold aqueous 20% TCA was
added to the tissue powder; the tissue suspension was vortexed for 30
s and centrifuged at 13000 rpm for 4 min at 4 °C; the pellet was rinsed
with cold 80% acetone, vortexed, and centrifuged until the supernatant
was colorless. The final pellet was dried at room temperature. (d)
Procedure 4. Cold aqueous 20% TCA was added to the tissue powder;
the tissue suspension was vortexed for 30 s and centrifuged at 13000
rpm for 4 min at 4 °C; the pellet was washed twice with 20% TCA in
acetone, using both vortex and centrifugation in every step; the pellet
was twice rinsed with cold 80% acetone, vortexed, and centrifuged
until the supernatant was colorless. The final pellet was dried at room
temperature. Further, the proteins obtained from all procedures were
purified by phenol extraction methods,'**” dissolved in a Laemmli
sample buffer, and quantified by the Bradford assay.

Protein samples obtained from all procedures were processed on 1D
SDS—PAGE. The Laemmli buffer system was used to cast a 6%
stacking gel and 12.5% resolving gel. After denaturation at 100 °C for
3 min, proteins (20 pg for each sample) were resolved at constant 200
V in a Bio-Rad mini Protean II apparatus until bromophenol blue
reached the bottom of the gel. Electrophoresis of polypeptide patterns
from each procedure are shown in Figure 1. Gel slides were excised in
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Figure 1. CBB-stained 1DE gels of proteins extracted from Citrus
clementina peel by means of four different procedures (see the text for
details). Arrows indicate gel slices that have been digested for the mass
spectrometry analysis. Each lane was loaded with 20 pug of purified
protein extract. Gel slices: a (27—23 kDa); b (18—12 kDa); c (12—8
kDa); d (130—110 kDa); e (55—40 kDa).

the ranges of molecular weights corresponding to those of the putative
allergens (see Table 1) as follows: (a) range 27—23 kDa for the
putative Cit cl 1 GLPs; (b) range 18—12 kDa for putative Cit cl 2
(profilins); (c) range 12—8 kDa for putative Cit cl 3 (nsLTPs) (see
boxes in Figure 1); additional slices were excised at the range 130—110
kDa (d) and at the range 55—40 kDa (e) corresponding respectively to
the homoexamers and to the dimers of the germin-like proteins
detected in the lemon peel."® After protein reduction and alkylation,
slices were digested overnight with trypsin at 37 °C.*® The tryptic
fragments were immediately processed for mass spectrometry analysis
though a LTQ-Orbitrap XL mass spectrometer (Thermo Scientific)
for protein identification.

Mass Spectrometry Analysis. Tryptic peptides were analyzed by
liquid chromatography—tandem mass spectrometry (LC—MS/MS)
using a high resolution LTQ-Orbitrap XL mass spectrometer.

dx.doi.org/10.1021/jf4023367 | J. Agric. Food Chem. 2013, 61, 8949—-8958
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Table 1. Putative Allergens of Citrus clementina, Obtained
through in Silico Analysis

b

length pI/MW
allergen transcript name® (aa) (kDa)
GLPs clementine0.9_021092m 224 5.8/24.2
(putative Cit cl 1) Jermentine0.9_021067m 24 59/24.1
clementine0.9_021078m 224 5.7/24.2
clementine0.9 _031237m 224 5.7/24.1
clementine0.9_021090m 224 6.3/24.0
clementine0.9 021094m 224 5.4/24.1
clementine0.9_021076m 224 5.5/24.1
cementine0.9_021233m 221 7.8/23.7
clementine0.9_021308m 220 7.8/23.6
clementine0.9_032110m 220 7.7/23.5
clementine0.9_032828m 220 7.8/23.5
clementine0.9_035688m 220 7.8/23.5
clementine0.9 _032180m 220 7.6/23.6
clementine0.9_032269m 220 7.8/23.5
clementine0.9_033886m 225 8.6/244
profilin (putative clementine0.9_025303m 131 5.0/14.1
Cit cl 2) clementine0.9_025205m 133 5.4/142
clementine0.9_025288m 131 4.6/14.1
nsLTP (putative clementine0.9_023997m 164 8.7/17.5
Citcl 3) clementine0.9_025859m 115 93/117
clementine0.9_025486m 126 9.7/13.2
clementine0.9_025843m 115 9.8/12.0
clementine0.9_025808m 117 89/11.9
clementine0.9_025527m 125 9.0/13.2
clementine0.9_032770m 117 8.8/11.9

“The underlined transcripts are those identified in this work through
in silico analysis. The transcripts in boltd are those confirmed by
means of mass spectrometry analysis (see also Table 2 and Figure 2).
pr/Mw: Theoretical molecular mass and isoelectric point of the
protein sequence calculated by Expasy Compute pI/Mw tool.

Chromatography separations were conducted on a Waters XBridge
C18 column (300 ym ID X 100 mm length and 3.5 um particle size);
using a linear gradient from 5 to 90% ACN, containing 0.1% formic
acid with a flow of 4 yL/min, including the regeneration step, one run
lasted 70 min. Acquisitions were performed in the data-dependent
MS/MS scanning mode (full MS scan range of 250—1800 m/z
followed by full MS/MS scan for the most intense ion from the MS
scan). Peptide sequences generated by mass spectrometry were
searched using GPM software (Global Proteome Machine) against
plant databases, including some sequences of C. sinensis (http://plant.
thegpm.org/tandem/thegpm_tandem.html/). Peptide sequences that
were not identified with the above method were further searched on
the GPM Web site using X!Tandem algorithm against a local database
built with all putative allergen sequences of C. clementina identified by
the in silico analysis (see the paragraphs referring to In Silico Sequence
Analysis). Quantization was carried out by dividing the number of
tandem mass spectra of all peptides assigned to each allergen by the
total number of spectra identified and assigned to proteins in each
sample.”®

Protein Structure. The amino acid sequence of GLP identified in
clementine by mass spectrometry (Cit cl 1) was used to refine a model
for a monomer structure using the 1FI2 PDB structure deposited in
the RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/
home.do) as a template by homology modeling. At first, the monomer
model was used to create a possible dimer structure of the putative
allergen by ZDOCK server 3.0.2 (http: //zdock.umassmed.edu/) freely
available.””*° The dimeric structures given by ZDOCK software, using
a fast Fourier transform algorithm and a large supercomputing cluster,
were finally used in the ClusPro software for protein—protein
docking.*"** The model with highest confidence score was selected
to predict the 3D structure assembly. The Cit cl 1 protein sequence of
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homoexameric structure was calculated by the pI/Mw tool in Expasy
Web site http://web.expasy.org/compute_pi/.

B RESULTS AND DISCUSSION

In Silico Sequence Analysis. To date, the official allergen
list of IUIS Allergen Nomenclature Subcommittee comprises
only a single germin-like protein (GLPs), a single profilin, and
four lipid transfer proteins (nsLTPs) from different species of
Citrus, excluding clementine. A larger number of allergens were
listed in the Allergome database, which includes one profilin
and five nsLTP sequences of C. clementina. The latter were
derived from an in silico analysis of the genome information™*
but not validated by mass spectrometry. In this work the in
silico analysis has been improved, identifying ten new putative
allergens belonging to GLPs and two new nsLTPs, whereas
three putative profilin allergens were confirmed (Table 1).
According to the allergen nomenclature adopted in the
Allergome platform, we named the C. clementina GLPs as Cit
cl 1, the profilin as Cit cl 2, and the nsLTP as Cit cl 3. GLPs are
encoded by a family of genes found in all plants. They are part
of the cupin superfamily, which comprises proteins with
conserved tertiary structure, but has limited similarity in the
primary sequences and in the different enzymatic and
nonenzymatic activities.'> Newly identified putative genes of
Cit cl 1 have an open reading frame (ORF) length ranging from
663 to 678 bp, encoding a polypeptide of 220—225 amino acid
residues. Full-length Cit ¢l 1 amino acid sequences have a
calculated mass ranging from 23.5 to 24.1 kDa and a theoretical
p! from 5.4 to 8.6 (Table 1), consistent with usual citrus GLPs
features."”'"'* Profilins are a family of small (12 to 15 kDa)
and highly conserved molecules with sequence identity
exceeding 75%, even between members of distantly related
organisms.”" The Cit cl 2 proteins identified have a calculated
molecular mass about of 14 kDa, corresponding to a
polypeptide of 131—133 amino acid residues, and a theoretical
pI from 4.6 to 5.4 as expected from profilin allergens (Table 1).

Non-specific LTPs are small basic (pI 8—10) proteins and
have been classified into two families according to the observed
molecular masses: LTP1 (approximately 10 kDa) and LTP2
(approximately 7 kDa).**** Although individual members of
this protein family show little sequence similarity, they share
nonetheless common structural features based on a conserved
scaffold of eight cysteine residues.”* Moreover, both families
present a signal peptide at the amino terminal region. This
peptide is then excised, targeting the LTPs to cell secretory
pathway, where they are exported to the apoplast.”® The
nsLTPs of C. clementina (putative Cit cl 3 proteins) have a
calculated molecular mass ranging from 11.7 to 17.5 and
theoretical pI from 8.7 to 9.8 (Table 1). These calculated
molecular masses were larger than those reported for this kind
of protein, suggesting that they correspond to the pro-protein,
still containing the signal peptide. Using SignalP 4.0 Server, we
predicted the signal peptide cleavage site of the seven identified
nsLTPs, thus obtaining putative signal peptide ranging from 22
to 31 amino acids. In this way, the calculated mass of mature
proteins resulted as ranging from 9.3 to 10.8 kDa. As an
exception, the mature protein translated from clementine
0.9_023997m nucleotide sequence showed a larger molecular
size (15.1 kDa) than the typical nsLTP1 allergens. On the other
hand, no significant similarity was found through BLASTp
searches at the NCBI BLAST Web site for the last 49 amino
acid residues at C-termini of this sequence, suggesting that this
peptide could contain sequence errors. Regarding the protein

dx.doi.org/10.1021/jf4023367 | J. Agric. Food Chem. 2013, 61, 8949—8958
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sequence homology, the presence of two consensus pentapep-
tides (T/SXXDR/K and PYXIS) in six putative Cit cl 3
identified sequences strongly suggested that these proteins
belong to the nsLTP1 family.

In conclusion, we identified several new putative allergens in
C. clementina fruits. First, this result allowed us to restrict the
1DE gel-based proteomics to the range of molecular weights
assigned to putative allergens. Moreover, the identified
sequences were used to create a local database, thereby
optimizing the protein identification by mass spectrometry
analysis and bioinformatics (see Mass Spectrometry and
Bioinformatics).

Protein Extraction and Separation. Protein extracts
obtained from peel and analyzed by 1DE PAGE apparently
showed a good contaminant removal and protein yield,
independently of the procedures used for extraction. However,
the results from mass spectrometry analyses showed that
peptides belonging to the Cit ¢l 1 protein were found in protein
samples obtained from all extraction procedures, whereas those
belonging to the Cit cl 2 protein were identified exclusively in
the sample of the extraction procedure 3. Finally, the higher
number of peptides assigned to Cit cl 3 protein were obtained
using the extraction procedure 4 (Table 2).

The detection of peptides belonging to Cit ¢l 1
(clementine0.9 021092m) in all procedures used, and the
very high percentage of spectra found for this protein (Tables 2
and 3, see also Mass Spectrometry and Bioinformatics), validate
the hypothesis that Cit cl 1 has high expression level in the peel
tissue of clementine fruits, in compliance with high amount of
GLPs found in the proteomic analysis of C. limon'> and in gene
expression study of C. sinensis.>®

Two peptides, with quite a low percentage of spectra,
belonging to the putative Cit cl 2 clementine0.9_025303m
were obtained following only the procedure 3 (Tables 2 and 3).
This finding strongly suggests that the Cit cl 2 profilin has low
expression in peel tissue, according to a previous study on
sweet orange allergens that showed the accumulation of profilin
Cit s 2 mainly in the fruit pulp.'* Finally, the largest number of
peptides for the nsLTP (putative Cit cl 3 clementi-
ne0.9 025486m) was obtained following procedure 4 (Tables
2 and 3).

Hence, procedures 3 and 4 seem more appropriate for the
extraction of proteins of low molecular weight (profilins and
nsLTPs), less abundant than GLPs in the peel tissue of
clementine fruits. Both extraction methods involve, as a first step,
the addition of cold aqueous 20% TCA to the tissue powder,
instead of 100% acetone (procedure 1) or 10% TCA in acetone
(procedure 2). TCA, by interacting with peptides, induces an
increase in the hydrophobicity of proteins, which may lead to
aggregation through hydrophobic interactions, and the
efficiency of aggregation can depend on TCA concentration.*®
Moreover, in an aqueous solution, the TCA is almost
completely dissociated and modifies the ionic strength of the
solvent.

Mass Spectrometry and Bioinformatics. The expression
of putative allergens identified through in silico analysis was
verified by mass spectrometry using Orbitrap-LC-MS/MS.
Spectra were used to identify peptide sequences, by searching
both in public online plant databases and in a local database
containing all previously identified putative allergen sequences.
This procedure was used to optimize the protein identification,
because available searching engines analyzing mass spectra are
not capable of interrogating the citrus genome database.

8952

Spectral counting analyses for each putative allergen in every
extraction procedure are shown in Table 3. Mass spectrometry
statistical parameters for each protein identified are reported in
Tables S1—35, as Supporting Information.

Six peptide fragments detected from mass spectrometry gave
high score matching with the clementine0.9 021092m protein
sequence (Table 2). It is the only Cit cl 1 isoform confirmed
among those found through in silico analysis (Table 1). Four of
these peptides were also found in Citrus limon by Pignataro et
al."® and annotated on Allergome as partial sequence of Cit 1 1.
Moreover, alignment between putative full-length Cit cl 1
protein and the translated open-reading frame sequence for
homologous orange Cit s 1 showed that these two sequences
have very high amino acid identities (99%, Figure 2a). N-
terminal sequence of Cit cl 1 (22 residues) is probably a
cleavable s'§nal sequence, such as assumed for identical peptide
of Cit s 1."* As a matter of fact, by using SignalP 4.0 Server, we
succeeded in predicting a signal peptide cleavage site positioned
between Ala22 and Thr23 of both Cit s 1 and putative Cit cl 1
sequences (Figure 2a). The sequence of mature protein was
then validated by the mass spectrometry analysis with a
coverage of 67.3% (Table 2).

A high number of Cit cl 1 spectra waere found in all used
extraction procedures (Table 3), with a higher number assigned
to peptides in the molecular range of 27—23 kDa (Table 3, gel
slices a), corresponding approximately to the molecular weight
of the GLP monomer, as pointed out by the in silico analysis in
this work and well reported in the literature.'*"**”** Some
peptides of Cit cl 1 were found at lower molecular weights
(Table 3, b and c slices), suggesting that the degradation of this
protein occurred during extraction. Two peptides were detected
at 50 kDa and 120 kDa (Table 3, d and e slices), probably due
to the rearrangement of the monomer in oligomer intermediate
forms, in spite of denaturing electrophoresis conditions. It is
well-known that the typical quaternary structure of GLP is
characterized by a homoexameric assembly of six monomers,
and that these proteins can assume an anomalous migration on
SDS—PAGE, due to the rearrangement of monomers
producing an apparently high molecular mass."*'”?%3*

Concerning profilin, two peptide fragments gave high score
matching with the Cit cl 2 clementine0.9_025303m sequence
(Table 2). The peptides were identified in the samples obtained
by following procedure 3 (Table 3, slice b), with a 24% protein
coverage. A generic BLAST search in NCBI of the two peptides
resulted in the identification of several profilin proteins. In
particular, it was pointed out that these peptides match with a
large number of plant allergens, such as Hev b 8 (Hevea
brasiliensis), Ole e 2 (Olea europaea), Lit ¢ 1 (Litchi chinensis),
Pru du 4 (Prunus dulcis x Prunus domestica), Amb a 8 (Ambrosia
artemisiifolia), Pyr ¢ 3 (Pirus communis), Fra a 4 (Fragaria x
ananassa), and Mal d 4 (Malus x domestica), with a high level of
amino acid identity, ranging from 97% to 91%. This result was
expected, considering that profilins are panallergens showing
great similarity in the primary sequences.”’ Moreover, align-
ment between identified protein Cit cl 2 and Cit s 2 allergen of
sweet orange (UniProt Accession No. P84177) showed 82%
amino acid identity (Figure 2b).

Concerning nsLTPs, the peptide fragments detected by mass
spectrometry gave high score matching with the Cit cl 3
clementine0.9 025486m protein sequence (Table 2). Bio-
informatic analysis with SignalP server program pointed out
that the N-terminal of this sequence contains a eukaryotic
signal sequence with a cleavage site positioned between Ala23

dx.doi.org/10.1021/jf4023367 | J. Agric. Food Chem. 2013, 61, 8949—8958
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Table 3. Quantitative Analysis of the Putative Allergens Cit

;i) §° cl 1, Cit cl 2, and Cit cl 3 by Means of Spectral Counting
A Approach, According to the Protein Extraction Procedures
]
% tandem mass spectra”
2 procedure gel slice® Citc 1 Cit c2 Citc3
LT
éo*é* | 1 a 95.5 0 0
A b 544 0 0
c 0 0 5.8
SN d 53 0 0
e 31.1 0 0
Yo M 2 a 100 0 0
hEL : P :
* [
d 0 0 0
e 23 0 0
3 a 96 0 0
b 43.8 0 0
c 5.7 8.6 7.7
8 d 163 0 0
5. e 13 0 0
g 4 a 93 0 0
k] b 2.5 0 0
g & c 0 0 38
Tg g d 143 0 0
% 2 e 30 0 0
© ] “% tandem mass spectra = the total number of tandem mass spectra
p that match peptides to the particular allergen divided by the total
E number of spectra assigned to all proteins found in each slice. Values
& in bold are the best found for each allergen with every extraction
3] procedure. bGel slice: a (27—23 kDa); b (18—12 kDa); ¢ (12—8 kDa);

d (130—110 kDa); e (55—40 kDa).

and Thr24. The identified protein coverage, excluding the
signal peptide, totaled 44.7%, whereas the theoretical isoelectric
point and the molecular weight of mature protein were 9.85
and 10.84 kDa, respectively. Initial peptide of mature protein
identified by mass spectrometry showed high amino acid
sequence identity (77.8%) with N-terminal of both Mal d 3
(Malus x domestica) and Pru p 3 (Prunus dulcis x Prunus persica)
allergens. Also the other two identified matched with the same
allergens, showing sequence identity by 68.7% and 62.5%,
respectively. Finally, sequence alignments of putative Cit cl 3
protein with available full or partial sequences of the nsL'TPs in
the genus Citrus showed identity scores ranging from 72 to 90%
(Figure 2c). Three peptides with a high percentage of mass
spectra were identified in the samples obtained following
procedure 4. Only two peptides with low percentages of mass
spectra were instead identified under extraction procedures 1
and 3 (Table 3, slices c).

All together, these data pointed out that the Cit cl 1, Cit cl 2,
and Cit cl 3 proteins, belonging to the GLPs, profilins, and
nsLTPs respectively, are expressed in clementine fruit peel.
These proteins showed considerable sequence similarity with
allergens from taxonomically distant (e.g., peach and apple) and
close (e.g, orange and lemon) species. Quantitative analyses
performed through the spectral counting strategy revealed that
Cit cl 1 had a higher expression level than Cit ¢l 2 and Cit ¢l 3.
A deeper proteomic approach of clementine fruit pulp will define
whether these proteins are also expressed in this tissue.

Though further functional analysis of the identified proteins
would be required, our study provides the molecular basis for

attribution/residue alignment

log(e)
b
protein

procedure
Charge of precursor ion.

d

allergen
“Attribution of tryptic fragments, aa residue alignment, and protein coverage are shown. “log(e): the base-10 log of the expectation that any particular protein assignment was made at random (E-value).

Table 2. continued

“Mass/charge.
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a)
cit el 1 1 MEVIQFLIGFALLALASSLASATDPGHLODVCVAINDPKDGVFVNGKFCKDPKLARAEDF 60
cit s 1 1 F 60
Cit el 1 61 FFSGLGKPGNTANRLGVDETDANVEQIPGLNTLGISAFRIDYAPYGQRPPHIHPRASEIF 120
cit s 1 61 120
Cit el 1 121 LVLEGTLYVGFVTSDQLNNTLIAKVLNKGDVFVFPQGLIHFQFNIGKTNAAAY SALNSQF 180
cit s 1 121 A 180
Identity (%)
Cit el 1 181 PGEVTIADTVFGANPSINPDFLGKAFQLDPKIVKDLONKFINGN 224 B
cit s 1 181 224 99
b)
cit cl 2 1 MSWQTYVDDHLMCDIDGHHLTSAAIVGHDGSVWAQSSNFPQFKPEEIAAIMKDFEEPGSL 60
cit s 2 1 A NR A LQ S AT A RL L DQ T 60
Ccit cl 2 61  APTGLHLGGTKYMVIQGEPGAVIRGKKGSGGVTVKKTGQALIFGIYDEPLTPGQCNMIVE 120
cit s 2 61 F A II N I 120
Identity (%)
Ccit cl 2 121 RLGDYLIDQGL 131 -
cit s 2 121 E 131 82
c)
cit el 3 24 ITCGQVTASLAPCIPFLRTGGRFPPPPCCSGVRSLNGAARTTPDROAACNCLKRAYGTIR 83
cit s 3 1 G V¥ 8§ PIV - N A T QASP 59
Identity (%)
cit el 3 84  GIKPNVAAGLPSQCGVRIPYKISPSTDCSR 113 -
cit s 3 60 NLN NV RA S I K 89 72
Identity (%)
Cit cl 3 24 ITCGQVTASLAPCIPFLRTG 43 -
cit 1 3 1 G X 20 90
Identity (%)
Cit cl 3 24 ITCGQVTASLAPCIPFLRTG 43 -
cit r 3 1 G X A 20 80

Figure 2. Alignments of amino acid sequences for Cit cl 1, Cit cl 2, and Cit cl 3 with homologous proteins for known allergens of citrus fruits. Only
differential residues were shown. The experimentally determined amino acid sequences in this study are marked in gray. (a) Alignment of Cit cl 1
(clementine0.9_021092m) and sweet orange GLP Cit s 1."*> The signal peptide cleavage site positioned between Ala22 and Thr23 was underlined.
(b) Alignment of Cit cl 2 (clementine0.9_025303m) and sweet orange profilin Cit s 2 (Accession No. P84177). (c) Alignment of Cit cl 3
(clementine0.9_025486m) with sweet orange nsLTP Cit s 3 (Accession No. Q6EV47), lemon nsLTP Cit 13 (Accession No. P84160), and tangerine

nsLTP Cit r 3 (www.allergen.org).

the in vitro and in vivo assays to confirm the clinical relevance
of C. clementina allergens.

Protein Structure. Since the primary structure of Cit cl 1
was almost completely characterized by mass spectrometry, it
was used as a template to search a homologous protein
structure in the RCSB Protein Data Bank. A correspondence
was found with a primary sequence of barley germin with
oxalate oxidase activity.*~** A raw model of Cit cl 1 was used
for preliminary docking modeling to build a possible putative
tridimensional structure of this GLP putative allergen. The
secondary structure of the monomer resulted in an a@-helix
folding and two f-sheets (Figure 3A). The quaternary structure
was established by assembling the monomers in a dimer
(Figure 3B) and by arranging them into a homohexameric form

8955

(Figure 3C). As the structural similarity between proteins is a
very good predictor of functional similarity,” this model
confirmed the structural relationship with the oxalate oxidase of
barley and assigned this putative function to Cit cl 1. The
computed pI and monoisotopic mass of predicted native
structure (5.5 and 131.3 kDa respectively) are in compliance
with the experimental results on SDS—PAGE.

The conserved N-glycosylation site of GLPs'? is expected at
the Asn138 (Figure 3D), as reported in the homologue protein
Cit s 1 of C. sinensis, in which the complex N-linked glycans
play a prominent role in the IgE-binding.'”'* The N-
glycosylation site in the tridimensional model of Cit I 1 is
located in a-helix proximity (Figure 3C, see legend). In the
predicted 3D Cit ¢l 1 homoexamer, the human IgE-binding

dx.doi.org/10.1021/jf4023367 | J. Agric. Food Chem. 2013, 61, 8949—8958
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Citiel @ 229
cit s 1 127
D

khkdkhkdkhhddhrbddrdddrdd *hdd

150
150

Figure 3. Structures of the Cit cl 1 revealed a typical alpha/beta fold. Secondary structure elements displayed a-helices (red), f-sheets (yellow), and
loops and turns (green) in the monomer (A), dimer (B), and quaternary homohexamer structures (C). The blue spheres represent putative N-
glycosylation site at Asn138. (D) Amino acid alignment between sequences of Cit cl 1 and Cit s 1 corresponding to the putative IgE epitope (purple)
containing the N-glycosylation site (blue). The distribution of the Cit cl 1 epitopes over the homohexamer quaternary structure is reported in C. (E)
Prediction of human IgE-fc (cyan) bound to the epitopes of the 3D Cit cl 1 allergen.

simulation occurs at this epitope (Figure 3E). As to future
perspectives, it would be interesting to find experimentally the
IgE epitope of Cit cl 1, and document the association of the
structure with clinical phenomena.
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