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ARTICLE INFO ABSTRACT

Keywords: Here, we present the proteome profiling of low-molecular weight (< 50 kDa) proteins of seven different lentil
Allergens cultivars developed by Bangladesh Agricultural Research Institute. A total of 2873 peptides corresponding to 180
Lentil unique proteins were identified wherein > 24% of them were described lentil allergens. Comparative relative

Lipid transfer proteins
MRM
Proteome

quantitation showed differences in protein abundance of major allergen proteins such as Len c¢ 1.0101, Len ¢
1.0102, and lipid transfer proteins (LTPs), indicating qualitative and quantitative variations in allergen proteins

in lentil cultivars. In this report, for the first-time, the amino acid sequence of LTPs in lentil has been confirmed
by high resolution mass spectrometry. In addition, ideal peptides of Len ¢ 1.0101, Len ¢ 1.0102, and LTPs
allergens were further determined with multiple reaction monitoring (MRM) analysis. Therefore, this data could
provide a great resource for further development of targeted, proteomics-based assays for quantification of lentil

allergens.

1. Introduction

Lentil (Lens culinaris) is one of the most consumed pulses in Asian
countries, and is becoming increasingly popular in developed countries
due to its high nutritional composition and protein content (Mudryj,
Yu, & Aukema, 2014). Lentils are listed among the healthiest foods and
considered as the fourth most important pulse crop in the world
(Longobardi et al., 2017). As an alternative source to animal protein,
lentils are a pivotal component of the predominantly rice-based diet in
Bangladesh. It has been estimated that approximately 3.1% of children
in Bangladesh suffer from severe, acute malnutrition wherein a ready-
to-use therapeutic food made with rice and lentil is well-accepted by the
children, thus potentially saving children's lives through the supple-
mentation of essential amino acids (Choudhury et al., 2018). In addi-
tion, recent studies have shown that a lentil-based diet is comparable to
an animal protein-based diet in terms of absorption of many essential
nutrients in malnourished children (Hossain, Islam, Wahed, Khatun, &
Kabir, 2009; Podder et al., 2018). In our earlier study, we demonstrate
that lentils, if combined with rice or wheat flour can help meet the

indispensable amino acids requirements of the Bangladeshi population
(Shaheen, Islam, Munmun, Mohiduzzaman, & Longvah, 2016). Con-
versely, lentils are among the main plant foods causing allergic reac-
tions in pediatric patients in many Asian and European countries
(Akkerdaas et al., 2012; Asero, 2011; Cuadrado et al., 2009; Lépez-
Torrejon et al., 2003; Sanchez-Monge et al., 2000; Yavuz et al., 2013).

Although IgE-mediated hypersensitivity reactions of lentils have
been reported in many studies (Cuadrado et al., 2009; Ibanez Sandin
et al., 1999; Manso et al., 2010; Martinez San Ireneo, Ibanez Sandin, &
Fernandez-Caldas, 2000; Pascual et al., 1999), deep sequencing of lentil
allergens or putative allergen proteins at their amino acid level is very
limited and poorly annotated compared to other legumes such as
peanut and soybean. To date, only partial peptide sequencing of a
handful of allergen proteins such as Len ¢ 1.0101, a 47-kDa vicilin from
the cupin superfamily, Len c¢ 2.0101, a seed-specific biotinylated pro-
tein, and Len c 3.0101, which is a lipid transfer protein (LTP) from the
prolamin superfamily, along with several isoforms have been identified
and verified as lentil allergens (Akkerdaas et al., 2012; Asero, 2011;
Bogdanov et al., 2015; Finkina et al., 2007, 2012).
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Lentil crop area and production have been simultaneously de-
creasing in Bangladesh over the last two decades, which significantly
affects the per capita pulse consumption. In an effort to become self-
sufficient in lentil production, Bangladesh Agricultural Research
Institute (BARI) has been making a continuous effort to develop high-
yielding, environmentally sustainable lentil varieties through in-
troduction of new germplasm, particularly from the International
Center for Agricultural Research in the Dry Areas (ICARDA). However,
it is important to note that cultivar-specific and other agricultural
practices mediate the heterogeneity of allergen proteins' distribution
and quantification, which has been reported in many seeds (Chen,
Yang, & Downs, 2019; Geng et al., 2017; McClain et al., 2018;
Stevenson et al., 2012; Stevenson, McClain, & Thelen, 2015). Although,
there is no comparative quantitative analysis that has been carried out
on lentil allergens, cultivar-specific, differential proteome expression
has been demonstrated by two-dimensional gel electrophoresis (2DE)-
based proteomic approaches (lalicicco et al., 2012; Scippa et al., 2010).
Furthermore, a recent metabolomic analysis of different lentil cultivars
showed significant alteration in many nutritional components (Farag
et al., 2018), indicating lentil allergens could also show genotype-spe-
cific heterogeneity. Interestingly, cultivar-specific skin reactivity and in
vitro IgE binding potencies has have been demonstrated in legumes
(Codina, Ardusso, Lockey, Crisci, & Medina, 2003), suggesting that
plant allergenic potential varies with genotype.

The aim of this work is to deep sequence and quantifies allergens
and putative allergen proteins in lentil cultivars using a label-free
proteomic approach. Specifically, we focused on low molecular weight
proteins (< 50kDa), as most of the lentil allergens are verified in im-
munoblot analysis. To the best of our knowledge, the dataset generated
here is the largest proteome sequencing of lentils. Furthermore, we
listed the ideal tryptic peptides for all lentil allergens that could be very
useful in further quantitative analysis by using single/multiple reaction
monitoring (SRM/MRM) based targeted proteomic approaches.

2. Materials and methods
2.1. Lentil cultivars and seed collection

Seeds of lentil cultivars were collected from BARI, which were
grown in its on-farm, research-based plot. Each of these cultivars have
very different genetic backgrounds with distinct characteristics such as
origin, protein content, seed weight, etc. Detailed information re-
garding these cultivars is listed in Supplemental Table 1.

2.2. Protein extraction from lentil seeds and SDS-PAGE analysis

De-husked dried seeds were obtained from BARI. For each cultivar,
a mixture of seeds (100 mg) obtained from field-grown plants were
ground using liquid nitrogen. Total seed protein was extracted from
each sample under denaturing conditions using a modified phenol
partitioning protocol (Stevenson et al., 2015) and precipitated with
three different precipitation buffers: (1) 0.1 M ammonium acetate in
methanol, (2) ice cold 75% acetone, and (3) ice cold 10% tri-
chloroacetic acid (TCA), 20 mM dithiothreitol (DTT) in acetone. Pre-
cipitated protein from three different precipitation buffers was re-
suspended in dissolution lysis buffer (8 M urea, 50 mM Tris-HCl, pH
8.0) and quantified using the BCA Protein Kit (Thermo Fisher Scientific,
Houston, TX) using bovine serum albumin (BSA) as a standard. Protein
lysate was diluted 4-fold with 20 mM HEPES buffer, pH 8.0 prior to
protein concentration measurement and trypsin digestion. Gel electro-
phoresis was performed under denaturing conditions in 13% poly-
acrylamide gels using 20 mA per gel. Equal amounts of protein (25 pg)
were loaded in each lane. Gels were stained with colloidal Coomassie
blue stain under standard conditions.
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2.3. In-gel protein digestion and mass spectrometry analysis

Prior to protein digestion, gel lanes for each sample were cut from
50 kDa to the bottom of the stain, diced into approximately 1 mm cubes
with a scalpel, and transferred into an Eppendorf tube. Tryptic diges-
tion was carried out according to a previously-established procedure
(Stevenson et al., 2015). Tryptic peptides were desalted using C18 Sep-
Pak plus cartridges (Waters, Milford, MA) and were lyophilized for 48 h
to dryness. The dried, eluted peptides were reconstituted in 20 ul of
buffer A (0.1 M acetic acid), and 5 pl was injected for each analysis.

The LC-MS/MS was performed on a fully automated proteomic
technology platform that includes an Agilent 1200 Series Quaternary
HPLC system (Agilent Technologies, Santa Clara, CA) connected to a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific, Waltham,
MA). The LC-MS/MS set up was used as described earlier (Ahsan,
Belmont, Chen, Clifton, & Salomon, 2017). Briefly, the peptides were
separated through a linear reversed-phase 90 min gradient from 0% to
40% buffer B (0.1 M acetic acid in acetonitrile) at a flow rate of 3 ul/
min through a 3 pm x 20 cm C18 column. The electrospray voltage of
2.0kV was applied in a split flow configuration, and spectra were col-
lected using a top-9 data-dependent method. Survey full scan MS
spectra (m/z 400-1800) were acquired at a resolution of 70,000 with an
automatic gain control target value of 3 X 10° ions or a maximum ion
injection time of 200 ms. The peptide fragmentation was performed via
higher-energy collision dissociation (HCD) with the collision energy set
at 28. The MS/MS spectra were acquired at a resolution of 17,500, with
a targeted value of 2 X 10 ions or a maximum integration time of
200 ms. The ion selection abundance threshold was set at 8.0 x 102
with charge state exclusion of unassigned and z = 1, or 6-8 ions and
dynamic exclusion time of 30s.

2.4. Database search and relative quantitation

Due to lack of complete genome sequence of the lentil, MS RAW
files were searched against the Fabaceae databases (TaxID163743,
NCBI; downloaded 13/02/2018) annotated over 4888 proteins using
the Sequest (XCorr Only) algorithm within Proteome Discoverer v
2.1.1.21. The Sequest (Thermo Fisher Scientific, San Jose, CA) database
search was performed with the following parameters: trypsin enzyme
cleavage specificity, 2 possible missed cleavages, 10 ppm mass toler-
ance for precursor ions, 0.020 Da mass tolerance for fragment ions.
Search parameters permitted variable modification of methionine oxi-
dation (+15.9949 Da) and static modification of carbamidomethyla-
tion (+57.0215Da) on cysteine. The resulting peptide spectrum mat-
ches (PSMs) were imported into Scaffold software v. 4.8.9 (Proteome
Software Inc., Portland, OR) for further filtering. Peptide and protein
identifications were accepted at a threshold of 95% and 99% prob-
ability, respectively, which was determined by the Peptide
Prophet algorithm. The minimum number of identified peptides/pro-
tein was set to 1. Furthermore, a BLAST search was performed to an-
notate peptides identified in hypothetical or unknown proteins.

2.5. Functional annotation and classification

Identified proteins were annotated and functionally classified based
on gene ontology (GO) terms using Blast2GO v 5.2.5. Alignments were
obtained using the BLASTP program against the NCBI nr database using
default parameters and 1 x 102 for expected value with no taxonomy
filter and Blast Description Annotator enabled. The word size was
limited to 3 and the HSP Length Cutoff was set to 33. Mapping and
annotation steps were also performed using BLAST2GO default values.
Mapping was performed using the latest database version and Goa
Version 2018.12. The Annotation CutOff and GO Weight was set to 55
and 5, respectively. The E-Value-Hit-Filter was set at 1 X 10~ ° and the
Hit Filter was set at 500. GO combined charts related to biological
process and molecular function were represented at the tertiary level.
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2.6. Multiple reaction monitoring (MRM) based LC-MS/MS analysis

Targeted peptides coupled with an internal standard peptide LVN-
ELTEFAK corresponding to BSA with their doubly-charged states re-
sulted a total of 146 product ions. These product ions were subjected to
MRM analysis by a triple quadruple mass spectrometer (TSQ Quantiva,
Thermo Fisher Scientific, Germany) equipped with a nano UHPLC
(EASY-nLC™ 1200, Thermo Fisher Scientific, Germany). For the ma-
jority of the peptides, the y-ions were selected for analysis. The selected
peptides corresponded to three known allergen proteins namely Len c
1.0101, Len c 1.0102 and LTPs. The MRM method was developed with
Skyline software version 4.1, which is an open source tool for mass
spectrometry analysis. See Supplemental Table 2 for peptide details,
including the precursor and product ions used for MRM method de-
velopment. The parameters used for the quadruple mass spectrometer
instrument are as follows: positive ion spray voltage, 2200kV; ion
transfer tube temperature, 350 °C; cycle time, 0.5s; chromatographic
peak width, 3.0s; collision pressure, 1.5m Torr; and Q1 and Q3 re-
solutions, 0.2 and 0.7 (FWHM), respectively.

Trypsin-digested samples (5pul) containing the desalted peptides
were chromatographically separated using reverse-phase chromato-
graphy with acidified ACN (0.1 M acetic acid in acetonitrile) and water
(0.1 M acetic acid in LC-MS grade water) mobile phases. Separation of
peptides was achieved with a 30 min linear gradient from 5 to 95% over
22min of ACN using a flow rate of 300 nL/min through a 3 um
(75um X 15cm) C18 analytical column. MS RAW files were further
processed and analyzed by Skyline software (Ver. 4.1).

3. Results
3.1. Low molecular weight proteome of lentil

Among the three precipitation buffers tested for evaluating the ef-
ficiency of the protein extraction method, buffer 1 and 3 both yielded
relatively higher amounts of protein comparative to buffer 2 (ice cold
75% acetone) (data not shown). Furthermore, the low molecular bands
displayed higher intensity and visibility in buffer 1 compared to the
other two precipitation buffers (Supplementary Fig. 1). Therefore, in
this study, phenol extraction followed by precipitation with 0.1 M
ammonium acetate in methanol (buffer 1) was used for downstream
LC-MS/MS analysis for all seven samples.

A total of 2873 peptides were identified [possibly due to charge and
post translational modification (PTM) variants] corresponding to 782
unique peptide sequences from 180 proteins. A detailed list of the
identified peptides and proteins is provided in the Supplementary da-
taset (Supplementary Tables 3 and 4). The expression pattern and
overall protein abundance (peptide spectrum match, PSM) of proteins
in seven lentil samples are shown in Fig. 1A and B, respectively. It is
important to note that most of the high-abundant proteins identified in
this study are known allergens (such as Len ¢ 1.0101 and Len ¢ 1.0102)
and/or putative allergen proteins. Overall, the allergens or putative
allergen proteins vary widely in their abundance. A total of 44 allergens
or putative allergen proteins (including various isoforms) were identi-
fied, which constitutes 24.4% of the total identified proteins (Fig. 1C).
In addition, allergens comprised of more than 86% of total protein
abundance (Fig. 1D) indicating that a major portion of the low mole-
cular weight proteins are allergens or putative allergen proteins.

3.2. Peptide sequencing and relative quantitation of allergens and putative
allergen proteins in lentil cultivars

A heat map and clustering of 44 identified allergens and/or putative
allergen proteins is displayed in Fig. 2A. Len ¢ 1.0101 and Len ¢ 1.0102
are two of the most abundant allergens, whereas LTP 2, and LTP 6 are
some of the least abundant allergens. Expression profiles of selected
allergens across seven lentil cultivars are shown in Fig. 2B. As indicated,
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some known allergens such as allergen Len ¢ 1.0101, Len ¢ 1.0102, and
vicilin are highly expressed and present in nearly equal amounts in all
seven lentil cultivars, whereas other allergens such as provicilin, le-
gumin A2, and LTPs are more variable across samples. In general, low
abundant allergens are more variable across samples, and the coeffi-
cient of variation (CV) ranges from 4.8 to 264.6%.

3.3. Functional analysis of the lentil low molecular proteins

In order to investigate the overall role of the lentil low molecular
weight proteome, the identified proteins were assigned GO annotations
using Blast2GO analysis. As expected, > 80% of the proteins are asso-
ciated with different metabolic processes including cellular metabolic
(20%), nitrogen compound metabolic (18%), and primary metabolic
(16%) processes, whereas only 17% of proteins are involved with bio-
synthetic processes (Supplementary Fig. 2A). Similarly, > 55% of the
identified proteins were cytoplasmic, followed by intercellular non-
membrane bound organelle (20%), membrane bound organelle (13%)
and ribosome (10%) (Supplementary Fig. 2B). In terms of molecular
functions, over 40% of the proteins are involved in ion binding,
whereas proteins involved in oxidoreductase, transferase, hydrolase,
and lyase activities are equally abundant (Supplementary Fig. 2C).

3.4. Comparative analysis of the lentil proteome with other studies

A comparison of the proteome profile between the current study and
two previously published reports showed a higher number of proteins
were identified in the current study compared to the earlier published
reports. More importantly, approximately 50% of the proteins identi-
fied in previous studies overlapped with the current study (Fig. 3),
suggesting a reasonable consistency of the lentil seed proteome. It is
important to note that earlier studies conducted with a 2DE proteomics
approach characterized both low and high molecular weight proteins
(208-7.5kDa) of the lentil seed proteome whereas only low molecular
weight proteins (< 50kDa) were examined in the current study. As
expected, a large number of unique proteins were identified, including
known allergens such as LTPs. The presence of LTPs in lentils was
confirmed previously by immunoblot analysis (Akkerdaas et al., 2012;
Asero, 2011; Bogdanov et al., 2015; Finkina et al., 2007, 2012), how-
ever two peptides corresponding to LTP2 and LTP6 were identified by
mass spectrometry for the first time, to the best of our knowledge. In
this study, we have found that LTPs are less abundant than other al-
lergen proteins (Fig. 2). Therefore, it is not surprising why the earlier
studies were unable to sequence LTPs, as both used the 2DE gel-based
approach. Among the overlapped proteins, most are known allergens
such as Len ¢ 1.0101, Len c¢ 1.0102, vicilin, lectin, convicilin, etc.
(Fig. 3).

3.5. Lentil LTP homology and amino acid sequence assessments

In order to develop a multiple monitoring reaction (MRM) based
assay for quantitation of lentil LTP isoforms, amino acid sequences of
all six known lentil LTP isoforms were grouped by their phylogenetic
relationship (Fig. 4A). A close relationship was observed among the
four isoforms LTP2, 4, 5, and 6, suggesting these isoforms originate
from the same clade. A pair-wise sequence alignment with LTP1 in-
dicated that the sequence identity ranged from 65 to 74% among the
LTPs (Fig. 4B). Based on the amino acid sequence and alignment, LTP4
is likely a splice variant of LTP6, as there was no N-terminal start codon
for LTP4. As shown, the peptide sequence (LLAAANTTPD), identified
by discovery proteomics, corresponded to all 4 of these LTPs (Fig. 4C),
suggesting these isoforms or one of these LTP could be the most
abundant. Furthermore, feasibility of using an MRM assay for vali-
dating the presence of all LTP isoforms was assessed using sequence
alignment followed by critiquing the possible tryptic peptides. As ex-
pected, the number of unique tryptic peptides corresponding to



N. Shaheen, et al.

A
~
o

g
i
= <

=
O | m
N
-

B

Food Chemistry 297 (2019) 124936

|

378

c »24.4 % (44/180) p 86% Allergens
Allergens (PSMs)

Fig. 1. (A) Heat map of < 50kDa protein abundances from seven lentil samples (1-7). Of the 180 proteins (including different isoforms) identified, at least 44 are
known/probable allergens (indicated by blue rectangles at the top of the heat map). Scale bar indicates normalized PSM to the most abundant protein. (B) Graph
shows the maximum PSM per protein (among seven samples), arranged in descending order. (C) Allergens formed 24.4% of the identified proteins (44/180), but (D)
it may be noted that most of the high abundant < 50 kDa proteins identified in this study are known/probable allergens which make up more than 86% of abundance

by PSMs.

individual LTP is very low, and the unique peptides ranged from 1 to 6.
The highest numbers of unique peptides were demonstrated in LTP1
whereas LTP2 and LTP6 have only a single unique peptide. Interest-
ingly, no unique tryptic peptide was identified corresponding to LTP4
(Fig. 4B). These peptides along with other identified peptides corre-
sponding to Len ¢ 1.0101and Len ¢ 1.0102 allergen protein isoforms
were selected for further MRM analysis (Fig. 4D).

3.6. Peptide sequence validation of lentil allergen proteins by MRM analysis

A total of 17 peptides were subjected to MRM analysis (Fig. 5).
Among these peptides, the control Len c allergen peptides displayed
significantly higher signals compared to the LTPs peptides (Fig. 5),
which is also consistent with our discovery data, indicating LTPs are
less abundant in the samples. As shown, all transition ions for a selected
unique peptide corresponding to Len c allergen proteins are co-eluted
under the same retention time with high signal. Therefore, these pep-
tides are ideal for further isoform-specific MRM-based quantitative
analysis of Len c allergens (Fig. 5). Among the ten LTP peptides selected
for MRM analysis only one peptide “LLAAANTTPDR” corresponding to
LTPs 2, 4, 5, and 6 displayed high signal with ideal characteristics in-
cluding but not limited to identification of multiple transitions. This
suggests one or more of these LTPs could be more abundant than other
LTP isoforms (Fig. 5). Unique peptides corresponding to other LTP
isoforms also displayed acceptable signals but only for one or two
transitions (Supplementary Fig. 3). Therefore, these peptides were not
considered for a positive identification for further quantitative analysis
of LTP allergens proteins.

4. Discussion

Human nutrition is enormously complex, and a “healthy diet” may
vary widely depending on an individual’s genetic make-up, environ-
ment, and cultural context. Legumes are becoming a focus for sustain-
able production and consumption in achieving sustainable development
according to goal 3 “Good Health” in many Asian countries. Among the
legumes, lentils are vital components in diversification of Bangladesh’s

predominantly rice-based crop system as well as its consumption pat-
tern. In addition, lentils have frequently been used supplemented to
address the existing malnutrition of under-five children (Desrochers &
Brauer, 2001). To mitigate the huge demand of lentils in the dietary
system in Bangladesh, priority has been given to collection and eva-
luation of local and exotic lentil cultivars, as well as development of
high yielding and environmental sustainable cultivars (Choudhury
et al., 2018; Hossain et al., 2009; Podder et al., 2018). To the best of our
knowledge, no large-scale, systematic analysis has been conducted and/
or reported on the allergenic responses of the Bangladeshi population in
lentils. However, allergic symptoms and/or IgE cross-reactivity in re-
sponse to lentil proteins have been demonstrated in a larger, worldwide
population (Akpinar, 2018; Asero, 2011; Cuadrado et al., 2009; Ibanez,
Martinez, Sanchez, & Fernandez-Caldas, 2003; Kumar et al., 2010;
Vitaliti et al., 2012; Yavuz et al., 2013). Interestingly, most of the IgE
cross-reactivity that has been confirmed so far is attributed to the low
molecular weight proteins of lentils, particularly LTPs (Akkerdaas et al.,
2012; Asero, 2011; Bogdanov et al., 2015; Cuadrado et al., 2009;
Finkina et al., 2007, 2012; Gizatullina et al., 2013; Ibanez et al., 2003;
Manso et al., 2010).

Therefore, determining the accurate protein sequence of these
known allergen proteins will provide a better platform to develop al-
ternative mass spectrometry-based quantitation methods of lentil al-
lergens. Mass spectrometry-based proteomic approaches have been
successfully employed not only to determine and quantify the food al-
lergens (Ahsan, Rao, Gruppuso, Ramratnam, & Salomon, 2016; Chen
et al., 2019; Planque et al., 2019) but also to demonstrate the con-
formational changes of many allergen proteins (Yang, Liu, & Wang,
2019). Among the mass spectrometry-based methods, a targeted pro-
teomic approach using the absolute quantification (AQUA)-MRM plat-
form has been considered a reliable, highly sensitive, and specific
method for quantification of allergens or putative allergen proteins
from many plant species (Ahsan, Wilson, & Thelen, 2018; McClain
et al., 2018; Stevenson et al., 2012, 2015). However, it is important to
note that peptide sequencing of the corresponding target allergen pro-
tein is the principal step to develop an AQUA-MRM-based method for
allergen quantification (Ahsan et al., 2018).



N. Shaheen, et al.

- N T 0D ®MmON

Vicilin [Pisum sativum]
CVC partial [Vicia disperma]
Legumin A2 primary trans. Pro. [Vicia faba]
Legumin A precursor [Vicia narbonensis]
Legumin K - garden pea

E Convicilin partial [Lathyrus clymenum]

I Convicilin precursor [Vicia narbonensis)

Storage protein [Vicia faba var. minor]
Convicilin partial [Vicia faba]
| Legumin B [Vicia sativa]
. Convicilin partial [Lens culinaris]
Vicilin type C partial [Lens culinaris]
Beta-lathyrin 2 partial [Lathyrus sativus]
Vicilin precursor [Vicia narbonensis]
Convicilin partial [Lathyrus ochrus]
. CVC partial [Vicia villosa)
Convicilin partial [Vicia articulata]
I Vicilin partial [Pisum sativum]

Vicilin 47k [Pisum sativum]
Allergen Len ¢ 1.0102 partial [Lens culinaris]
Seed albumin 2_ partial [Pisum sativum]
D Allergen Len ¢ 1.0101 partial [Lens culinaris]
Convicilin partial [Lens nigricans]
| Vicilin
‘ Vicilin precursor [Vicia faba var. minor]
Albumin 2 [Pisum sativum]
_ Provicilin
‘ Legumin type B
Legumin type B alpha chain precursor
’_ Legumin [Pisum sativum]
Legumin A2
Convicilin partial [Lathyrus latifolius]
Legumin A [Vicia sativa]
Non-specific lipid—-transfer protein 2
- Non-specific lipid-transfer protein 6
Albumin-2
Vicilin 14 kDa component
Endochitinase
Pollen-specific pectin methylest. [P. sativum]
CVC partial [Vicia bithynica]
Convicilin partial [Vicia ervilia]
Legumin [Vicia faba var. minor]
Lectin [Lens culinaris]
Chain D LENTIL LECTIN

378

320

264

100

88

35

Food Chemistry 297 (2019) 124936

Allergen Len ¢ 1.0101 partial

Allergen Len ¢ 1.0102 partial

Vicilin [Pisum sativam]

M1 T |

Provicilin

muAniRN

Legumin A2

Lectin [Lens culinaris]

| mmumil

Non-specific lipid-transfer
protein 6

| mmm A

1 2 3 4 5 6 7
Non-specific lipid-transfer
protein 2

Fig. 2. (A) Heat map and clustering of 44 allergen isoforms identified in seven lentil samples. Many high-abundant allergens are less variable across samples (as
indicated by lower coefficient of variation [CV], which ranged from 4.8 to 264.6%). (B) PSM expression profiles of selected allergens are shown. Allergen isoforms
such as allergen Len ¢ 1.0101, Len ¢ 1.0102, vicilins, and legumins are some of the most abundant, whereas convicilins, and lipid-transfer proteins are the least

abundant.
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NLTP5 AAX35811.1.LTP4 —------- CVVLVMCMVVI-APMAEGATISCGAVTSDLSPCLTYLTGGPGPSPQCCGGVEK 51 40,
AAX35809.1.LTP5 MARSMKLACVVLVMCMI-V-APMAEGATSCGAVTGDLSPCLTYLTGGPGPSPQCCGGVKK 58 ggop
NLTP2 AAX35810.1.LTP6 MARGMKLACVVLVMCMVVI-APMAEGAISCGAVTSDLSPCLTYLTGGPGPSPQCCGGVKK 59 749,
NLTP6 Ko ik s Kkkkk kokkkok | K kky Kk Kk Kk kK Kkk.
NLTP4 AAX35806.1.LTP1 LNGAARTTIDRRENCNOH - SNCERSe KCGVHR] RF 118
NLTPL  AAx35807.1.LTP2 1LA~ RQAACNCLKSAAGSITKLNTNNAAALPGK, KF 118 go9
AAX35808.1.LTP3 LLAAAPTTADRQAACNCLKTAAGNINNLNPGNAAALPGK] KF 118 g5,
AAX35811.1.LTP4 L TTPDRQAACNCLKSAAGS I TKLNTNNAAALPGKCGVNIPYKISTSTNCNTVKE 110 540,
0.1 AAX35809.1.LTP5 L  QAACNCM KLNTNNAAALPGKCGVNIPYKISTSTNCNTVK- 116 ggop
AAX35810.1.LTP6 LLAAA *DRQAACNCLKSAAGS I TKLNTNNAAALPGKEGUDIBYKISTSTNCNTVKE 118 749
KKk kK Kk sk kK ka ik k| ks Kk KiKKXAK K s kK KAk KKKKR::
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Fig. 4. Amino acid sequence homology and alignment of lentil LTPs. (A) Phylogenetic relationship of the 6 isoforms of LTP. (B) Amino acid sequence alignment of the
LTP isoforms. The trypsin digested sites (Arg and Lys) were marked as red. The green peptide sequence was identified by our MS/MS analysis. The amino acid
sequences with different color background represent the trypsin cut unique peptides in each isoform of LTP. (C) The MS/MS fragmentation of the peptide sequence
identified in all lentil cultivars (except cultivar 1) analyzed in this study. (D) The list of unique and overlapping peptides of each LTP selected for further validation
with multiple reaction monitoring. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Thus, recent advances in nano-LC systems coupled with high re-
solution mass spectrometry and the improvement of database systems
for many food species have provided a great opportunity for the iden-
tification and confirmation of many novel allergens. These allergens are
essentially uncharacterized but may contain conserved amino acid se-
quences and/or have similar domains to known allergen proteins from
various foods. However, proteomic analysis of any species without a
complete genome sequence or dataset can be challenging. Therefore,
we searched our MS/MS raw files against the Fabaceae family protein
dataset consisting of 4888 unique proteins in order to obtain the ac-
curate annotation of the identified peptide sequences. Our results reveal
identification of many known legume seed proteins including all known
and predicted allergen proteins. A comparison with previously pub-
lished lentil proteomes (lalicicco et al., 2012; Scippa et al., 2010)
showed an overlap of 50% of proteins including many known allergen
proteins (Fig. 4). Notably, many new proteins, including allergens were
sequenced and identified in this study which could be associated with
the different proteomics platforms and high resolution MS in-
strumentation used in this study.

One of the best examples could be the LTPs in lentils which were
identified and confirmed as potential allergens by immunoblot analysis
(Akkerdaas et al., 2012; Asero, 2011; Bogdanov et al., 2015; Finkina
et al., 2007, 2012; Gizatullina et al., 2013). The protein database
contained amino acid sequences of six lentil LTP isoforms, three of
which have been validated by immunoblot analysis (Bogdanov et al.,
2015; Gizatullina et al., 2013). However, the peptide sequencing was
not validated by any proteomic experiments. So far, to the best of our
knowledge, no LTPs were sequenced in the earlier two discovery-based
comparative proteomic experiments on lentil cultivars (Ialicicco et al.,
2012; Scippa et al., 2010). LTPs are of interest because of their wide
range of substrate-binding specificity and are considered one of the

major human plant allergen proteins. We have demonstrated variation
in LTP expression levels among the cultivars (Fig. 2). In addition, many
studies have reported that allergen protein expression levels could be
altered due to environmental factors, cultural practices and processing
methods (Chen et al., 2019; Geng et al., 2017; McClain et al., 2018;
Stevenson et al., 2012, 2015). Therefore, identification of low LTP
containing lentil cultivars would be very beneficial for a larger human
population. In this regard, development of a precise quantitation
method to quantify LTP isoforms is necessary.

In this study, for the first time, we have successfully identified
multiple peptides corresponding to the isoforms of LTP2 and LTP6.
Similar to other plant LTPs, the amino acid sequences of lentil LTPs are
highly conserved (Fig. 4A and B). Interestingly, peptide LLAAANTTPDR
which was identified in this study in all samples (Fig. 4C and D) and is
present among four LTP isoforms (LTP2, LTP4, LTP5 and LTP6), sup-
porting the phylogenetic data that these four LTPs originated from the
same clade. Collectively, these results suggest that LTP2, LTP4, LTP5,
and/or LTP6 are significantly more abundant than LTP1 and LTP3, at
least for these lentil samples. In support of this hypothesis, as an
abundant LTP in lentil seed, LTP2 has been identified and characterized
by other biochemical assays (Gizatullina et al., 2013). However, it is
important to note that in this study overall LTP expression levels were
less abundant than other low molecular weight allergen proteins
identified in lentil seed. Therefore, it is likely that LTPs could not be
detectable or could show very minimal differential changes in 2DE
based proteomics platforms (lalicicco et al., 2012; Scippa et al., 2010).
To the best of our knowledge, in this study, for the first time major lentil
allergen proteins Len ¢ 1.0101, Len ¢ 1.0102 and LTPs were verified by
a MRM proteomic platform. Thus, amino acid sequence validation of
LTPs coupled with two other known allergen peptides in the lentil
proteome, Len c¢ 1.0101 and Len c 1.0102 by a targeted proteomic
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Fig. 5. Selection of ideal lentil allergen peptides for targeted proteomics platform using multiple reaction monitoring (MRM). Trypsin digested peptides (5 pl) were
analyzed by a triple quadruple mass spectrometer using a MRM platform. The peaks represent the chromatogram of successful identification of some peptides
visualized by Skyline software. The bottom panel shows the ideal MRM for some of the targeted peptides of Len ¢ 1.0101, Len ¢ 1.0102, and LTPs. As shown, the
transition ions (different color peaks) of these peptides precursor ions displayed very ideal characteristics in terms of high signal and all the transitions are eluted

under the same retention time. Therefore, these peptides are considered as positive identifications by MRM analysis in lentil samples.

approach provides a great platform for selecting ideal peptides for de-
velopment of an absolutely quantitative proteomic assay.

In summary, relative quantitative analysis among the cultivars
showed differences in abundance of the allergen proteins indicating
cultivar specificity for lentil allergen proteins. In addition, validation of
some lentil allergen proteins by MRM analysis offers ideal peptides for
further targeted, quantitative analysis. Therefore, this dataset could be
used as a valuable tool further of a development MS-based assay for
quantification of lentil allergens. Although, peptide sequencing of lentil
low molecular-weight seed proteins with high resolution mass spec-
trometry provides successful identification of many known allergens
and putative allergen proteins, we were unable to detect and/or se-
quence unique peptides for all known six lentil LTP isoforms. This
limitation could be due to use of a gel-based proteomics platform
coupled with the limited lentil variety that was screened. Genetic

variation of LTP genes has recently been demonstrated in lentil germ-
plasms (Basheer-Salimia, Camilli, Scacchi, Noli, & Awad, 2015). Thus,
shotgun proteomics coupled to proteogenomic analysis with an avail-
able transcriptome dataset would be a better choice for protein se-
quencing and accurate protein annotation not only for all known al-
lergens proteins but also other expressed proteins in lentil seed.
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Supplementary Figure 1
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Supplementary Figure 1. SDS-PAGE analysis of lentil proteins. Protein were extracted by a phenol based
method described in the materials and method section followed by precipitation with three buffers.
Buffer 1, 0.1 M ammonium acetate in methanol; buffer 2, ice cold 75% acetone; and buffer 3, ice cold 10%
TCA, 20 mM dithiothreitol (DTT) in acetone. For each buffer condition, two replication of 25 ug of proteins
were loaded in each well.



Supplementary Figure 2
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Supplementary Figure 2. GO analysis of the lentil low molecular weight proteome. Identified proteins were categorized
according to their gene ontology using Blast2GO program for their (A) biological process, (B) cellular component, and
(C) molecular function.



Supplementary Figure 3

SSAGSISGLK (LTP1) ISTSTNCNTVK (LTP4/5/6) LLAAANTTPDR (LTP2/4/5/6)  LLAAAPTTADR (LTP3) ISTTTNCNTIK (LTP3)

— - B104571% e y10 - 1068 4000+ [ y10- 1020 5323+ — 10 - 085 5265+ [ y10 - 1082 5148+ |
— . 32 4250+ — 0 - 981 4670+ — . D18 4483+ — 0 BT3 4425+ |_ 9 - 995 4826+
— 7 . 661 3870+ — - BAD 4103+ — - BA5 41124 — - B02 4054+ — - BO4 4340+
— - 604 3665+ — 7. 7933873+ | y7. 77437414 —_— 7731 3682+ — 7. 7933873+
— 51T 33444 — - 602 3306 |— - 703 3369 — . G50 3311+ — v - 602 3308~
— - 404 2504+ — 5 - 5T8 2067+ o 5 . 589 2040+ — 5 563 2TBA — 5 . 578 2067+
—y3.MT2E | ¥4 - 475 2875+ ey . 488 2463+ — - 462 2307+ s— ¥4 - 4752875+
— 2 - 260 1069+ — 3361 2445+ — y3.387 1987+ —_— 3361 1830+ — 3. 351 2445+
35 | y2 - 260 1960+ |— 2 . 2600 1450+ — 2 200 1450+ — 7 . 260 1060+
80 80 1 160 70 ¢
30 i 87 85
70 91 140 - 80 g
& 25 L & 60 & 60 % & 120 & 50
224 g% g & 10 $ o
§ 154 g g £ 3l
£ 30 c £ 80 £
| o -]
10 £ - Ex
5 10 20 1 10
0 0 : 0 e 0 '
86 87 88 89 9.1 9.2 93 94 87 a8 89 8.50 855 860 865 870 g9 10.0 101
Retention Time Retention Time Retention Time Retention Time Retention Time

GGPGPSPQCCGGVK(LTP1)  SAASSITK(LTP5) CGVDIPYK (LTP6) ISTTTNCNTVK(LTP2)

e 13- 11865343+ | — ] . G77 3828 w— 7. 701 4208+ e—YRTIT
— 1211205120 — - B06 45T+ — . T34 4083+ — 8 - GO0 4100
— 11 - 1032 4601+ — 5 - 535 3086+ — 5. 6353300+ | 7. 7783716+
— 10075 4386+ — yd . 448 2766 — gl . 520 3130+ — - BT0 3235
— 0. 578 3850+ — 3. 361 2445 — 3 40T 2280+ |— 5 - 564 2810+
— 8 . 701 3530+ — 2 - 248 1605+ — 23101761+ | == y4 - 4612718+
- y7-6043011+ 70 100 3. 347 2289+
— 5566 2425+ — 2 - 2461812+
— 5 - 453 2333 80 20 g
— 4. 360 2281+ 80 -
60 70 -
il e 50 g ™ _®
& 24w 2% s 50
2@ £ g2 Z 40
= 30 [ £
2 30 £ 40 [
r E 20 s 30
20 20 E
§ 20 20
10 & 10 10 10
0 | - o | . o | . 0 Va)
8.7 8.8 89 9.0 78 79 80 81 82 86 87 88 9.1 9.2 93
Retention Time Retention Time Retention Time Retention Time

Supplementary Figure 3. MRM analysis of unique and overlapped LTPs peptides. Trypsin digested peptides (2 ug) were
analyzed by a triple quadruple mass spectrometer using a MRM platform. The peaks represent the chromatogram of
successful identification of some peptides visualized by Skyline software. The transition ions represents by different color
peaks in each chromatogram of peptide.



Supplementary Table 1. Genetic background and features of seven lentil cultivars.

Cultivar | Germplasm 1000 Yield Protein | Crop Year of | Tolerant
name seed (kg/hectare) | content | duration | release | /resistance
weight (%) (days)
(@)

BARI- Local 15-16 | 1700-1800 |26-28 | 105-110 | 1991 NA*
Mosur 1
BARI- ICARDA 12-13 | 1500-1700 | 27-29 | 105-110 | 1993 NA
Mosur 2
BARI- Cross between | 22-25 | 1500-1700 | 24-26 100-105 | 1996 Rust and
Mosur 3 | 2 local stemphylium
BARI- Crossing 18-20 | 1600-1700 | 24-26 | 105-110 | 1996 Rust and
Mosur4d | material stemphylium

collected from

ICARDA and

local
BARI- Local 19-20 | 2000-2200 |24-26 | 110-115 | 2006 Rust, foot
Mosur 5 rot, aphid
BARI- ICARDA 22-23 | 2200-2300 | 24-26 | 105-110 | 2006 Rust, foot
Mosur 6 rot, aphid
BARI- ICARDA hybrid | 23-25 | 1800-2300 | 24-25 | 110-115 | 2013 Disease
Mosur 7 tolerant

*NA: not available/known
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