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Electrospray MS and MALDI imaging show that
non-specific lipid-transfer proteins (LTPs) in
tomato are present as several isoforms and are
concentrated in seeds

Mariangela Bencivenni,® Andrea Faccini,® Riccardo Zecchi,*
Francesca Boscaro,© Gloriano Moneti, Arnaldo Dossena®
and Stefano Sforza®*

Non-specific lipid-transfer proteins (nsLTPs) are major human allergens in many plant species, albeit their role in plant biochem-
istry is still undefined. They are found in many plant species, either as one or several isoforms according to the species, and usually
they are found to concentrate in the outer part of the fruits. In this work, the characterization of tomato nsLTP isoforms was
performed on the three main fractions of Piccadilly tomato fruit (peel, pulp and seeds) by using ultracentrifuge devices with mo-
lecular cut-off able to retain proteins with molecular weight typical of plant LTPs. The isolated proteins were further analysed by
LC-MS, in order to investigate the occurrence and the localization of tomato LTP isoforms. The chromatographic retention times,
the molecular masses, the presence of eight cysteine residues in their tertiary structures and the sequence information obtained
by MS, although not complete yet, allowed us to identify four different LTP isoforms, not yet reported in the literature, which were
found to be concentrated in the seed fractions. None of the molecular masses of these potential LTPs was already present in the
UniProtKB/SwissProt database. MALDI imaging experiments confirmed their presence and main localization in seeds, although
the actual data hinted at their presence around seeds, rather than exactly in them. These data hint to a complicated scenario

concerning LTP proteins in tomato. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Non-specific lipid-transfer proteins (nsLTPs) in plants were first
described by Kader in 1975™ as molecules able to enhance the
in vitro transfer of phospholipids between membranes and to bind
acyl chains.”” When they were also found to be synthesized as pre-
proteins, containing signal peptides that direct their secretion into
the extracellular matrix,””’ the idea of their possible involvement
in intracellular lipid trafficking was subsequently abandoned. On
the basis of their observed in vitro capacities and of their localiza-
tion in vivo, other roles were suggested, such as in the transport
of monomer of cutin, in the deposition of lipophilic cuticular
material™®! and in the plant defence mechanisms.®! However,
40years after their discovery, LTPs have yet to be assigned an
in vivo well-defined biological role. Nonetheless, LTPs have
attracted considerable interest because of their importance both
in industrial applications (e.g. as foam-stabilizing agent in beer
production”) and mostly in human health, where they have been
identified as major human allergens in many plant species, also
enhanced by their accentuate enzymatic and heat resistances.
Particularly in fruits of the Rosaceae family, their strong allergenic
properties have been clearly observed.® So far, these proteins have
been found in many plants and share in common structural and
functional properties. They are all soluble, relative small polypep-
tides (9 kDa for proteins belonging to LTP1 family, 7 kDa for those
ones belonging to LTP2 family), containing from 70 to 95 amino

acid residues and with high isoelectric points (9-10), because their
primary structure is abundant in charged lysine residues.” When
the primary sequences are compared, usually an identity of
40-50% and a similarity of approximately 70% between nsLTPs of
various origins are observed.”! These high-conserved sequences
also possess eight cysteine residues also conserved in similar posi-
tions along the primary structure. These eight cysteines, bound to
each other, form four disulphide bridges that help the stabilization
of the protein tertiary structure.'” This background is complicated
by the genetic issues related to LTPs, indicating the presence of
several genes coding for LTP proteins in single genomes.!">"" This
multigenic nature yields in many plants many protein isoforms,
which show differential tissue developmental expression patterns
and possibly different functions. For this reason, in a given plant,
one or several isoforms of nsLTPs expressed in different tissues
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and in different moments of the cell development can be found, as
in carrot,"? maize,"® wheat'" and many others.">""® Hence, the
analysis of where, when and how the LTPs are mostly present
may help to elucidate the functions these proteins fulfil in vivo. In
tomato, several LTP isoforms have been detected so far,!'*%
mainly in epidermal cells of leaves and in flowers, and very rarely
in roots. Moreover, the same proteins also showed IgE binding
properties'???* and caused adverse reactions in sensitized subjects,
after the ingestion of both raw and cooked tomato fruits.**?*! Nev-
ertheless, a full description of these proteins is still lacking and far to
be complete. To the best of our knowledge, not many studies have
been carried out in order to further investigate the potential exis-
tence of other LTP isoforms and their localization and distribution
within tomato fruits.””® This is of the utmost importance, consider-
ing their impact on food safety and the growing importance at
clinical level as tomato allergen, and also the widespread use of
tomato in the world as food commodity. In this work, tomatoes of
Piccadilly variety, which is commonly spread in Italian markets,
were used for the characterization of tomato LTP isoforms. The
analyses were carried out on the three main fractions of tomato
fruit (peel, pulp and seeds) by using ultracentrifuge devices with
molecular cut-off able to retain proteins with molecular weight
typical of plant LTPs, followed by the characterization of retained
proteins by LC-MS, to investigate the occurrence and the localization
of tomato LTP isoforms. Four different isoforms, not yet reported in
the literature, were found to be concentrated in the seed fractions.
MALDI imaging experiments confirmed their presence and main
localization in seeds.

Methods

Protein extraction from tomato tissues

Vine tomatoes (Piccadilly variety) were purchased at a local market
and were immediately frozen at —20 °C up to the analyses. Protein
extraction from tomato pulp was performed in 10 mM phosphate
buffer solution, following the protocol already described,®! while
it was slightly modified for the other tissues, as follows: for the
peels, tissues were removed from the frozen berries (with a house-
hold knife), after a quick rinse with Milli Q water, and the residual
pulp was scraped out by a spatula. A total of 10 g of peels was used
for the homogenization in 100 ml of cold acetone, in order to allow
the full homogenization of the cellulose tissues; for the seeds, after
being removed from the locular cavities of the tomato berries, they
were placed into a colander and rinsed with Milli Q water to eliminate
any residue of pulp tissue. About 7 g of seeds was reduced to a fine
powder by milling in a mortar with manual grinding in liquid nitro-
gen before being homogenized in cold acetone. Protein concentra-
tions were determined using the Qubit® fluorimeter (Technologies
Ltd, UK) according to the instructions by the manufacturer.

Protein fractionation in the range 3-30kDa

Protein fractionation was achieved by Amicon filter devices with
nominal molecular weight limit of both 30 and 3kDa (Millipore,
Billerica, MA, USA). Briefly, 3.5ml of each tissue protein extract
was loaded onto a 30kDa device and centrifuged at 6500 RCF,
4°C for 30 min. The analyses were performed in duplicate for each
tomato tissue, in order to allow the characterization of proteins
both in the native and in the denatured conformation. After two
washes of the membranes with Milli Q water, the filtered solutions
were recovered, loaded onto 3 kDa devices and centrifuged at 6500

RCF, 4°C for 45 min, until the depletion of the whole recovered
solutions. Two washes with Milli Q water of the retentates (the upper
part of the devices) were performed using the same centrifugation
settings. Finally, the recovered retentates (about 250 uL) were
concentrated under N, stream or used for the following analyses.

Reduction and alkylation of native proteins

The volume of the recovered retentates to be treated was mea-
sured, the same amount of 8 M urea in 25 mM ammonium bicar-
bonate solution was added and the mixtures were briefly mixed.
A volume of 50 mM dithiothreitol (DTT) in 25 mM ammonium bicar-
bonate solution was added so that the final concentration of DTT in
the samples was 5 M. The mixtures were stirred and were incubated
at 60°C for 30 min. After cooling down at room temperature, a
volume of 50 mM 2-iodoacetamide in 25 mM ammonium bicar-
bonate solution was added so that the final concentration of
iodoacetamide in the samples was 15mM. The mixtures were
stirred again and allowed to incubate at room temperature for
45 min in the dark. In the end, a volume of the DTT solution was
added so that the final DTT concentration was about 3.3 mM, in
order to neutralize any remaining 2-iodoacetamide. After a brief
shake, samples were concentrated under N, stream.

UPLC-ESI-MS analysis of fractionated proteins

Dried samples were resuspended in 200 pl of 0.1% formic acid solu-
tion in Milli Q water, briefly mixed by autovortex and centrifuged at
10000 rpm for 15 min at room temperature. The supernatants were
transferred to clean vials and used for the analysis. The chromato-
graphic separation of fractionated protein extracts, both treated
and not treated, was performed on an RP column (Acquity UPLC
BEH, C8, 1.7 um, 2.1 x 150 mm; Waters Corp., Milford, MA, USA) in
a UPLC-ESI-MS system (Acquity Ultraperformance UPLC coupled
to a single quadrupole mass SQD Waters), using a gradient elution.
Eluent A was water with 0.1% formic acid and 0.2% acetonitrile, and
eluent B was acetonitrile with 0.1% formic acid; 5 pl of each sample
was injected each time, at a 0.15 mL/min flow rate; column temper-
ature 35°C; sample temperature 18°C; gradient: 7 min isocratic
elution with 100% A, 43 min linear gradient from 0% to 50% of B,
2.60 min isocratic elution with 50% A and 50% B, 0.4 min linear
gradient to reach 100% B, 5.20 min isocratic elution with 100% B,
0.8 min linear gradient from 100% to 0% of B and 13 min of
reconditioning with 100% of eluent A. ESI-MS conditions were the
following: positive ion mode, capillary voltage 3kV, cone voltage
30V, source temperature 100 °C, desolvation temperature 200 °C,
spraying gas (N,) 100 L/h, desolvation gas (N,) 650 L/h, acquisition
time 7-58.2 min, full scan acquisition from 100 to 2000 m/z in con-
tinuum mode and 1s of scan time. Chromatograms and spectra
were recorded and analysed by Masslynx software v. 4.1 (Waters).
As reference molecule, a purified LTP from peach (Diagnostic Prick
Test, Alk Abelld, Copenhagen, DK) was analysed under native con-
ditions, as described earlier.

Size exclusion chromatography analysis of the seed fraction

After being filtered onto a membrane filter (0.45 pm), 10 repetitions of
40 pl of the protein fractionated extract from tomato seeds were ap-
plied to a column (300 x 7.80 mm) of BioSep-SEC-s2000 (Phenomenex,
Torrance, CA, USA) attached to a Waters 2695 Separations Module
(Waters), equilibrated and eluted with 25 mM sodium phosphate
buffer pH 7.0, containing 150 mM Nadl at a flow rate of 1 mL/min.
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The eluent was monitored for protein by absorbance at 280 and
214nm by Waters 2487 Dual A Absorbance Detector (Waters).
The column was calibrated with a set of gel filtration molecular
weight standards (Bio-Rad, Hercules, CA, USA). SDS-PAGE of the
fractions was performed on 12% gel under reducing conditions
by means of Criterion XT precast gel in a Criterion Cell, according
to the instructions by the manufacturer (Bio-Rad). Reference
markers with known molecular weights (SDS-PAGE Molecular
Weight Standards, Broad range, Bio-Rad) were run on the same
gel. Gel was stained using CBB R-250 (Bio-Rad) and scanned using
a GS800 calibrated densitometer and Quantity One software (Bio-
Rad). Fraction containing proteins of interest, further checked by
UPLC-MS analysis as described earlier, was dried down on a rotary
evaporator (Buchi Rotavapor, Switzerland), resuspended in 250 pl
of Milli Q water and desalted by Amicon filter devices with nomi-
nal molecular weight limit of 3 kDa, as described in the text, previ-
ously. The desalted retentate was concentrated under N, flux.

In-solution trypsin digestion for mass spectrometry
characterization

Dried sample to be digested was resuspended in 52 pul of 25 mM
ammonium bicarbonate; 2 ul was used for determining protein
concentration using the Qubit® Fluorometer (Life Technologies Ltd,
UK) according to the instructions by the manufacturer. Afterwards,
the sample underwent denaturation, reduction and alkylation steps,
as previously described. After the urea concentration was lowered to
2 M by adding 25 mM ammonium bicarbonate, trypsin was added in
1:25 ratio (1 mg of trypsin for every 25 mg of protein) to the sample,
and it was incubated at 37°C overnight. The sample was then
acidified with 3% formic acid to stop the digestion, and 50 pul of
the digested sample was dried under N, stream.

LTQ-Orbitrap analysis of digested proteins

Tryptic peptide analysis was performed with a Dionex Ultimate
3000 micro HPLC coupled with the LTQ-Orbitrap Thermo Scien-
tific’ mass spectrometer (Thermo Fisher Scientific Inc.,, Waltham,
MA, USA) equipped with a conventional ESI source. The source pa-
rameters were configured as follows: spray voltage 3.5 kV, capillary
voltage 49V and tube lens 75V. For the chromatography separa-
tion, an Acclaim® PepMap300 C18 (5 um, 300 A, 300 umx 15 cm,
Thermo Fisher Scientific Inc.) column was used, and the column oven
temperature was set to 25 °C; the separation was run for 82 min using
a gradient of 99.8/0.2 H,O/HCOOH (eluent A) and 99.8/0.2
ACN/HCOOH (eluent B) and a flow rate of 5 pL/min. The gradient
was run as follows: 0-4 min 95% A and 5% B, then to 50% A at 60
min, and 10% A and 90% B at 62, 62-72 min 10% A, followed by
the re-equilibration of the column. For MS1 scans, the Orbitrap reso-
lution was 60.000 and the ion population 5 x 10°, with an m/z range
from 200 to 1800. For MS/MS in the LTQ, the population ion was
3x10% (isolation width of 3 m/z unit). A maximum of four precursor
ions (most intense) were selected for activation and subsequent
MS/MS  analysis. Collisionally induced dissociation (CID) was
performed at 35% of the normalized collision energy in all cases
(measures by CIM Parma, Italy) and collected by Xcalibur® software
(Thermo Fisher Scientific Inc.).

Sample preparation for MALDI-IMS analysis

One fresh Piccadilly variety tomato was included into an aqueous
gel of 5% 2-carboxymethylcellulose (CMC) and then left at —80°C

overnight. Sample inclusion in CMC is helpful to maintain almost
intact the internal substructures of the vegetable, allowing freezing
it without water swelling and breaks. The following day, the sample
was released from CMC embedding, and it was cryo-sectioned at
50 um slice thickness using a cryo-microtome (Leica 1850, Leica
Microsystems, Nussloch, Germany); the sections were mounted
on indium tin oxide conductive glasses (Bruker Daltonics GmbH,
Bremen, Germany) and then dried for 3h to remove the large
amount of water present inside the vegetable. A uniform matrix
coating was subsequently applied to the dried sample sections
using an automatic spraying device (ImagePrep®, software version
2.0, Bruker Daltonics). In order to increase analyte extraction from
tissues and uniformity of coating, we decided to use an ionic liquid
matrix mixture,”” -2 composed of 10 g/l a-hydroxy-cinnamic acid
and aniline in equimolar quantities of 50:50:0.1 ACN : H,O: TFA. All
the solvents and matrix powders used were MS grade and pur-
chased by Sigma Aldrich (Basel, Germany). ImagePrep matrix appli-
cation method was in-house edited and tested in order to ensure a
uniform coating and reduce analyte delocalization on the tissue.

MALDI-IMS analysis and data processing

MS experiments were performed on an Ultraflex II™ MALDI-TOF/
TOF mass spectrometer (Bruker Daltonics) equipped with a
Smartbeam™ Nd : YAG laser operating at 200 Hz. For all the imaging
experiments, the MALDI source worked with ultra large laser diameter
and used a laser attenuator at 65% + 15% in raster mode (spatial
resolution 250 pm), accumulating 400 laser shots for every position
of the tissue. Full-MS spectra were acquired in linear TOF mode,
positive ions, in a 3000-10 000 m/z range. Data analysis and pro-
cessing was performed using the FlexAnalysis' and Fleximaging™
software (Bruker Daltonics). All the spectra were firstly smoothed
and baseline subtracted using the default FlexAnalysis™ algorithms,
and then visualized with Fleximaging™ using normalization against
TIC to better visualize the selected analytes.

Results and discussion
LTP isolation from tomato peel, pulp and seeds

Vine tomatoes of Piccadilly variety were used in order to detect the
tomato LTP isoforms mainly present and to investigate their distri-
bution across the three main fractions of tomato fruit (peel, pulp
and seeds). Protein extraction was performed by means of precipi-
tation with cold acetone, while pellet extraction was carried outin a
phosphate buffered saline solution. The seeds were previously
reduced to a fine powder by milling in liquid nitrogen. The quanti-
fication of protein extracts was performed by a bench fluorimeter,
and the values obtained for each tissue were related to the amount
of the dry material, as reported in Table 1.

Because LTPs are proteins with molecular weights ranging be-
tween 7 and 10 kDa, a simple and fast analytical method was devel-
oped, in order to concentrate the protein fraction containing them.
A double ultracentrifugation step was carried out with each protein
extract: the first one was performed by using centrifugal filter de-
vices containing membranes with a nominal molecular weight limit
(NMWL) of 30 kDa; the filtrated solutions, containing all the mole-
cules with molecular weights lower than 30 kDa, were then applied
to centrifugal filter devices containing membranes with an NMWL
of 3kDa. In this case, the retentates were recovered, as they
contained proteins with molecular weight higher than 3 kDa. In this
way, theoretically, all the molecules with masses included in the
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Table 1. Quantification of protein extracts from tomato peel, pulp and
seed performed by Qubit® fluorometer

Tomato tissue As (9) Adm Q) P (mg) Prot (%)
Pulp 50 0.9 29.48 3.27
Peel 10 2.04 78.82 3.86
Seed 6.37 3.07 94.67 3.08

As, amount of sample; Ay, amount of dry sample; P, amount of
extracted proteins, obtained by Qubit® fluorimeter; Prot %,
percentage of proteins related to Agp,.

range 3-30 kDa were isolated from the total protein extract of each
tomato tissue, concentrating the proteins of interest and at the
same time excluding high molecular mass proteins and low molecu-
lar mass interferents, such as polyphenols. Although the membranes
are characterized by an NMWL, because these limits were very far
from the supposed molecular mass of LTP proteins (7-10 kDa), the
possibilities that LTPs could be lost were very low.

Investigation of tomato extracts for tomato LTP discovery by
UPLC-ESI-MS analysis

The content of protein fractionated extracts from tomato peel, pulp
and seed was further investigated by UPLC coupled to an
electrospray single quadrupole mass spectrometer (ESI-MS). The
search of proteins of interest was carried out for every tomato
protein fraction by investigating mass spectra relating to each
chromatographic peak and identifying the molecular mass
through the multicharged clusters of ions. In this way, four
proteins with very close retention times and molecular
weights similar to the ones of plant LTPs, that is, 7039 (+£1) Da,
9354 (+1) Da, 9441 (1) Da and 9724 (+1) Da, were detected only
in the seed fraction (the isoform having Mw 9441 is reported as
example in Fig. 1).

The retention times and the characteristic ions are summarized
in Table 2.

As shown, all the four proteins had a molecular weight close to
the one already found for other plant LTPs, such as Pru P 3 from
peach (9135 Da),*” LTPa and LTPb from pear (9252 and 9250 Da),>"
LTPa and LTPb from pomegranate (9342 and 9467 Da),*? LTP from
maize (9046 Da),** and Mal d 3 from apple (9076 Da).** Quite inter-
estingly, all the four potential tomato LTP isoforms co-eluted in two

Table 2. Retention times and characteristic ions of potential identified

lipid-transfer protein in tomato seeds

Retention Average mass MS spectra characteristic

time (min) (1 Da) ions (m/z)

255 7039 1760.5 (MH; ")

264 1408.9 (MHz")
1174.1 (MHE")

26.8 9354 1560.1 (MHE")

29.7 1337.1 (MH3")
1170.2 (MHg")

26.6 9441 1889.2 (MH2")

29.9 1574.4 (MHS")
1349.6 (MH5")
1181.1 (MHZ"

256 9724 1945.9 (MH2")

27.7 1621.5 (MHZ")
1390.1 (MH3")
1216.5 (MHg")

chromatographic peaks (as shown in Fig. 1 for the 9441 kDa isoform),
which had the same mass spectrum. It can be hypothesized that
each isoform could undergo a partition between a folded confor-
mation (or native), which is the first to elute, and a partially un-
folded conformation (partially denatured), which interacts more
with the stationary phase. Alternatively, it cannot be excluded
that these proteins, having been isolated in their native state, par-
tially carry a lipophilic molecule that alters the chromatographic
retention time, albeit MS analysis did not show any evidence for
this possible ligand. Further studies will be necessary in order to
clarify this behaviour. Besides the molecular masses, the retention
times of the extracted peaks were very similar to the one obtained
for the pure peach LTP (data not shown), suggesting a similar
protein. Quite interestingly, none of the molecular masses of
these proteins fit with the masses of the tomato LTPs already
known in literature (Table 3).

Structural characterization of potential tomato LTP isoforms

As no weight match was observed in the UniProtKB/SwissProt
database for the potential detected tomato LTP isoforms, in order
to obtain more information about the nature of these proteins and
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Figure 1. Example of extracted ion chromatograms for the protein having Mw 9441 Da obtained in tomato Piccadilly (A) peel, (B) pulp and (C) seed fractions
by extracting from the full scan chromatogram the characteristic ions as reported in Table 2. The signals were normalized considering the highest intensity,

that is, the one from seed fraction (e%).
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Accession number

Table 3. List of all the tomato lipid-transfer protein (LTP) isoforms annotated in UniProtKB/SwissProt database and their corresponding molecular
weights, as calculated by Proteomics ToolKit software® without the predicted signal peptides and considering no amino acid modification

Mono isotopic mass (Da)

Q3YMR2—Non-specific LTP 2
024037—Non-specific LTP 1
024038—Non-specific LTP 2
E2GLP6—Non-specific LTP
P27056—Non-specific LTP 1
P93224—Non-specific LTP 2
Q4A1NO0—Non-specific LTP
Q4A1N1—Non-specific LTP

Organism Average mass (Da)
Solanum chilense 9210.6
Solanum pennellii 9039.6
Solanum pennellii 9185.6
Solanum lycopersicum var. cerasiforme 9381.1
Solanum lycopersicum 9096.7
Solanum lycopersicum 8943.3
Solanum lycopersicum 89433
Solanum lycopersicum 9379.9

9204.5
9033.6
9179.5
9374.8
9090.7
89374
89374
9373.7

http://db.systemsbiology.net:8080/proteomicsToolkit/index.html.

to confirm their actual nature as LTP proteins, another investigation
was carried out by exploiting the tertiary structure feature that is pre-
served among all the plant LTPs, that is, the four disulphide bridges
holding together eight cysteine residues. The reduction and alkyl-
ation of these proteins with DTT and 2-iodoacetamide, in fact, would
imply a shift in their molecular weight of 464 (+1) Da, because of the
link of a 58 Da carboxymethyl group to each cysteine residues. Thus,
fractionated protein extracts from tomato peel, pulp and seeds, pre-
pared as described earlier, were denatured by urea and then reduced
by DTT, to break the disulphide bridges, and alkylated by 2-
iodoacetamide. Afterwards, for each protein of interest, characteristic
ions were inferred, considering the shift of mass due to reduction
and alkylation; they were extracted from the TICs, and the
multicharged pattern was investigated for each extract ion chro-
matogram (XIC). In this way, and once again only in seed fraction
(the isoform having Mw 9906, corresponding to reduction and alkyl-
ation of the one having Mw 9441, is reported as an example in Fig. 2),
four proteins with molecular masses corresponding to the previous
ones with an increase of 464 (+1) Da were found, and their retention
times and characteristic ions are summarized in Table 4.

Assessment of protein identity by proteomic bottom-up
approach

In order to obtain even more sequence information and definitively
assess the nature of these potential tomato LTP isoforms, the frac-
tionated extract from seeds was applied to a BioSep-Sec-S column

Table 4. Retention times and characteristic ions of reduced and
alkylated potential lipid-transfer proteins in tomato seeds

Retention Average mass MS spectra characteristic
time (min) (+1Da) ions (m/2)
28.1 7502 1501.1 (MH?)
1251.5 (M )
1072.9 (MH7 )
323 9818 1403.7 (MH7 )
12282 (MHS*)
1091.8 (MHZ*)
29.9 9906 1415.8 (MH7 )
32.1 1239.1 (MHg )
325 10189 1699.4 (MHE, )
1456.5 (MH7 )
1274.7 (MHS*)

for a gel filtration analysis, to have a better separation of the re-
maining proteins from those of interest (Fig. 3). SDS-PAGE identified
the fractions containing proteins with the expected molecular
weight (Fig. 3, panel B).

These were further analysed by UPLC-MS analysis, in order to
detect the fractions really containing the potential isoforms already
found before. Among these, fraction 12 showed the more intense
signals related to the characteristic ions of the three 9 kDa proteins
previously detected. On the contrary, no diagnostic ion for the
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Figure 2. Example of extracted ion chromatograms for the protein having Mw 9906 Da, derived from the reduction and alkylation of the protein having Mw
9441 Da, obtained in tomato Piccadilly (A) peel, (B) pulp and (C) seed fractions by extracting from the full scan chromatogram the characteristic ions as
reported in Table 4. The signals were normalized considering the highest intensity, that is, the one from seed fraction (e”).
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Figure 3. (A) Chromatogram related to the size exclusion chromatography
of the lipid-transfer protein (LTP)-enriched extract from tomato seed. Molec-
ular weight standards were as follows: ¢, bovine thyroglobulin (Mr 670 kDa);
e, bovine gamma globulin (Mr 158 kDa); ¢, chicken ovalbumin (Mr 44 kDa);
A, horse myoglobin (Mr 17 kDa); A, vitamin By, (Mr 1.35 kDa). (B) Identification
of LTP-containing fractions by SDS-PAGE analysis. Lane marked ‘M’ corre-
sponds to molecular weight markers, and their relative molecular masses
(M,) are reported on the left side.

7kDa potential LTP was detected, either in fraction 12 or in the
following fractions, where the molecules with a lower molecular
weight or a different folding were meant to be. For these reasons,

after a desalting step by ultracentrifugation, fraction 12 underwent
an in-solution trypsin digestion. Analysis of the tryptic digested,
performed by LTQ-Orbitrap, revealed the presence of two diagnos-
tic peptides (Table 5) that, after a search of the UniProtKB/SwissProt
databases against Viridiplante subset, were found to belong to
nsLTPs from other species.

In particular, the former (CGVQLSVPISR, named here as peptide 1)
was found to fully belong to kiwi's LTP isoforms (Uniprot accession
nos. P86137 and P85206); the latter (CNCLK, here referred to as
peptide 2) was found to be a common motif, included in larger
tryptic peptides, in many plant LTPs, such as black mulberry
(Uniprot accession no. P85894), plum (Uniprot accession no.
P82534), peach (Uniprot accession no. P81402), apricot (Uniprot
accession no. P81651), wheat (Uniprot accession no. P24296),
apple (Uniprot accession no. Q9M5X7), pear (Uniprot accession
no. QIM5X6), kiwi (Uniprot accession nos. P86137 and P85206),
chickpea (Uniprot accession no. 023758), rice (Uniprot accession
no. Q2QYL2), cherry (Uniprot accession no. Q9M5X8), almond
(Uniprot accession no. Q43019), barley (Uniprot accession no.
P07597), lentil (Uniprot accession no. AOAT28), sorghum (Uniprot
accession no. Q43193) and maize (Uniprot accession no. P19656).
This finding definitely confirmed the identity of the identified
proteins as LTP. On the other hand, a search of the already
annotated tomato LTPs for these two motives did not find any
perfect match, confirming that the LTP proteins here isolated
did not match the tomato LTPs already present in the
UniProtKB/SwissProt database.

fraction and identified by LTQ-Orbitrap

Table 5. Diagnostic peptides, named peptide 1 and peptide 2, originated from the tryptic digestion of novel tomato lipid-transfer proteins (LTPs) in seed

Name Sequence Calculated Mw (Da)? Observed Mw (Da) MS spectra characteristic ions (m/z)
Peptide 1 C*GVQLSVPISR® 1214.62 1214.65 899.39 (yg), 472.26 (ya), 262.19 (y»)
Peptide 2 RTAC*NC*LK® 1021.44 1021.48 876.29 (by), 763.23 (bg), 603.29 (bs), 489.22 (b,)

“Monoisotopic Mw.
PC* indicates a carboxamidomethylcysteine.

For peptide 2, the whole sequence containing the motif shared with several plant LTPs (CNCLK) has been reported (see the text for details).

Figure 4. (A) Scanned image of Piccadilly tomato slice coated with MALDI matrix. (B) Extracted lipid-transfer protein signal at m/z 7039 + 5 Da are localized
around seeds only (red mark), even comparing to a well-represented signal of the pulp (white mark in panel C) at m/z 4366. Seeds are easily distinguished
from pulp and peel in corresponding zoomed images D-F. In panel F, we can notice strong signal suppression in the seed area (black holes).
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Figure 5.

LTP localization through MALDI imaging

lons at m/z 7039, 9441 and 9724, corresponding to three of the four
identified LTPs, were also identified by MALDI analysis, extracted in a
window of 10 mass units and visualized with normalization against
TIC. As shown in Fig. 4, the signal of one LTP at m/z 7039 exhibits a con-
sistent increase in peak abundance in the regions close to the seeds,
while in other zones of the slice, these mass peaks were not detected.

In Fig. 5, the average mass spectrum obtained by 400 laser shots
on one seed (as evidenced also by the corresponding optical im-
age) showed the three signals of interest compared with another
mass spectrum taken in the pulp region, where these peaks are
totally absent (also see Fig. 4C-F).

The small differences in mass values comparing ESI and MALDI
mass spectra are probably due to the not null and not homogenous
thickness of tomato slice in MALDI. From the zoomed MS image in
Fig. 4, we also notice that the three molecules are mainly localized
around seeds and not exactly in it; we were not able to explain if
this different distribution between the zone near the surface of
the seeds and the internal region of seeds is due to ion suppression
or different extraction/crystallization between the two zones or it
reflects a real different localization of these molecules between
the outer and inner regions of the seeds.

Conclusions

All the presented data add further knowledge to the very complex
scenario, as yet not fully understood, depicting the family of nsLTPs.
The occurrence of so many LTP isoforms as found in tomato is not
unusual across the plant kingdom: it is known, in fact, that in the
three species for which the full genome sequence is available (rice,
Arabidopsis, and poplar), approximately a dozen of the family LTP1
genes are present in each genome,> but the reason for such a
plethora of LTP isoforms is still unclear and probably related to their
yet unknown biological role. Considering their hypothesized lipid
binding capacity and their antimicrobial activity, for example, the
primary structure of LTPs may need some arrangements, set by
the evolutionary pressure, in order to adapt to the different envi-
ronmental conditions. Also, the LTP distribution across different

T T
9000 10000 miz

(A) Full-MS spectra taken directly on tissue (cross in panels D and E) showing lipid-transfer protein masses, compared with full-MS spectra (B) taken in
the pulp area (cross in panels D and E). Scanned image (D) and merged MS image (E) of the three analytes clearly outlining their localization near the seeds.

plant tissues has been shown to be very variable. LTPs are concen-
trated in the peel of many plant species, especially in the Rosaceae
family,***” but they have been detected also in the seeds'****' and
in the pulp™® of other plants, suggesting a possible correlation of
their distribution with the genus and the species. Unlike what has
been previously observed by Pravettoni and coworkers, > in this
study, tomato LTP isoforms have been found in the seeds, and no
LTP isoform was revealed in peel and pulp tissues. Although this
discrepancy might be due to low concentration of LTP, poor ioniza-
tion yield or matrix effects, preventing us to detect the LTP in the
other parts, there is no doubt that an effect of concentration close
to seeds has been observed. This variability in LTP distribution may
be related to the genotype or to the stage of ripening of the fruit,
even if all the tomatoes analysed were bought in the market as ma-
ture for consumption. Also, LTP spatial and temporal expression, in
turn, may depend on the functional and biological roles fulfilled by
these proteins, which could be different according to the tissue,
the developmental stages and the physiological conditions. Consid-
ering the enormous importance of tomato as food commaodity in the
world and the allergenic properties of LTPs, more studies investigat-
ing the presence of isoforms and their temporal and spatial distribu-
tion within the plant also during the ripening will be needed in the
future, but it is undoubtedly clear that the elimination of the seed
fraction will remove almost all the LTP content of a tomato product.
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