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ABSTRACT: Legume food allergy, such as allergy toward peanuts and
soybeans, is a health issue predicted to worsen as dietary advice
recommends higher intake of legume-based foods. Lotus japonicus
(Lotus) is an established legume plant model system for studies of
symbiotic and pathogenic microbial interactions and, due to its well
characterized genotype/phenotype and easily manipulated genome, may
also be suitable for studies of legume food allergy. Here we present a comprehensive study of the Lotus N-glycoproteome. The
global and site-specific N-glycan structures of Lotus seed globulins were analyzed using mass spectrometry-based glycomics and
glycoproteomics techniques. In total, 19 N-glycan structures comprising high mannose (∼20%), pauci-mannosidic (∼40%), and
complex forms (∼40%) were determined. The pauci-mannosidic and complex N-glycans contained high amounts of the typical
plant determinants β-1,2-xylose and α-1,3-fucose. Two abundant Lotus seed N-glycoproteins were site-specifically profiled; a
predicted lectin containing two fully occupied N-glycosylation sites carried predominantly pauci-mannosidic structures in
different distributions. In contrast, Lotus convicilin storage protein 2 (LCP2) carried exclusively high mannose N-glycans similar
to its homologue, Ara h 1, which is the major allergen in peanut. In silico investigation confirmed that peanut Ara h 1 and Lotus
LCP2 are highly similar at the primary and higher protein structure levels. Hence, we suggest that Lotus has the potential to serve
as a model system for studying the role of seed proteins and their glycosylation in food allergy.
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■ INTRODUCTION

N-Linked glycosylation alters the physicochemical properties of
modified proteins and the N-glycans are increasingly recognized
for modulating the protein function and for showing functions
independent of the protein carrier.1−5 N-Glycosylation is
initiated in the secretory pathway where a common precursor
N-glycan can be attached to an asparagine residue in the Asn-X-
Ser/Thr motif (X ≠ Pro).6 Although, many similarities exist
between the protein N-glycosylation of plants and mammals, in
particular in the initial glycan processing in the endoplasmic
reticulum, significant differences have also been documented.
Most apparent is the N-glycan maturation in the Golgi
apparatus.7,8 Some of the main structural differences are: (1)
presence of xylose residues and absence of sialic acid residues in
plant N-glycans, (2) presence of α-1,3 core-fucosylation in plant
N-glycans opposed to α-1,6 core-fucosylation in mammalian N-
glycans (which make plant N-glycans insensitive to the common
deglycosylation enzyme PNGase F), and (3) absence of the
bisecting β-1,4-N-acetylglucosamine (GlcNAc) in plants.9 The
enzymatic processing in the Golgi apparatus usually leads to a

heterogeneous N-glycan decoration of each glycosylation site.
Following processing, mature plant glycoproteins are incorpo-
rated into vesicles and transported to their intended destinations,
mainly organelles (e.g., lysosome and chloroplasts), membranes
(e.g., cell membrane), and extracellular matrix.
Glycosylation of plant proteins has been suggested to play a

role in food allergy, and it is well-known that legume seeds, such
as peanut and soybean as well as seeds from species such as
hazelnut, walnut, and almond, upon ingestion can trigger an
allergic response in a subset of the human population.10 Mature
legume seeds contain mainly globulins, which can be divided into
three protein families: vicilin, convicilin, and legumin.11 All of
these are insoluble in water but soluble in high-salt solvents.
Several seed globulins are known to be allergens.12,13 The general
assumption is that legume food allergy is caused by aberrant
proteolytic digestion in the gastrointestinal tract where
proteolytic enzymes are located.14−16 Partially degraded peptides
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of more than six to eight amino acid residues can cross into the
blood circulation with their epitopes exposed on MCH II
receptors on antigen-presenting B-cells. Following initial
exposure to such an allergen, specific IgE antibodies will be
produced that maintain a background level over time. This
molecular memory functionality enables humans to trigger a
strong response upon subsequent allergen exposures resulting in
histamine release and allergic symptoms (i.e., heat, pain, swelling,
redness, and itchiness).10

Allergen Ara h 1, clone P41B (recommended Uniprot name,
Accession number P43238, hereafter called Ara h 1), a peanut
globulin from the vicilin super family, is one of the best-
characterized allergens. In the vast majority of people suffering
from a peanut allergy, the immune system triggers a response
against one or several protein epitopes from Ara h 1.17 Identified
epitopes are located throughout the protein sequence with no
preference for a specific area of the protein.17−19 The three-
dimensional protein structure of Ara h 1 indicates that several
epitopes are located at the protein surface which is in good
agreement with the fact that Ara h 1 is resistant to both
proteolysis and heat.15,16

Generally, the proteins from the convicilin and legumin super
families are rarely modified with N-glycosylation whereas vicilin
globulins are frequently glycosylated.20 Several of the glycosy-
lated legume allergens contain plant specific glycan determinants,
that is, α-1,3-core-fucose and β-1,2-xylose residues. It has been
reported that IgE antibodies are produced partly against these
glycan determinants.21−25 This was supported by gene silencing
studies where the reduction of α-1,3-fucose and β-1,2-xylose
levels in plant glycopeptides decreased the immunogenic
response.26−28 However, other studies reported that the plant-
specific N-glycan determinants are not involved in triggering the
allergic response.29

The single N-glycosylation site of the allergenic vicilin
globulin, Ara h 1, is exposed on the protein surface. Synthetic
peptides confirmed that the polypeptide chain around this site is
a partial epitope for IgE.16,18 However, not all individuals are
allergic and the naturally occurring peptide sequence of peanut
Ara h 1 is N-glycosylated.30 Thus, it is possible that the plant N-
glycans, which sterically cover a relatively large volume close to
the polypeptide backbone due to α-1,3-fucose and β-1,2-xylose
residues of the core glycan structure, could mask the proteolytic
cleavage sites leading to incomplete degradation into allergenic
peptides. At present, the exact relationship between the
immunogenic/allergic response and plant protein glycosylation
is not known.
With the increasing incidence of legume allergy and the higher

consumption of legumes in recent years,31−33 it is of importance
to define the molecular mechanisms causing legume allergy. As a
first step in this direction, we report an analysis of the protein
glycosylation of the seed globulins of the model legume Lotus
japonicus. We suggest that the available genome information and
tractable genetics of Lotus provides a useful system for
comparative studies of plant proteins and their glycosylation in
legume food allergy.

■ MATERIALS AND METHODS

Plant Material, Protein Extraction, and 2-D PAGE

Globulins from mature Lotus japonicus Gifu B-129 seeds (kindly
provided by Prof. Peter Gresshoff, University of Queensland,
Australia) were extracted and separated using 2-D PAGE as
previously described.34 In brief, seeds were ground and dissolved

in water and the supernatant was discarded. The pellet was
subsequently dissolved in 1 M NaCl and 0.1 M Tris, pH 8.0),
centrifuged, and the globulins were precipitated with 10% TFA.
The protein pellet was washed twice in 80% acetone and dried.
Site-specific N-glycosylation analysis was performed on the 2-

D gel separated globulin glycoproteins. In contrast, the
unfractionated globulins were used for the Lotus seed globulin
identification and N-glycome profiling.

In-solution N-Glycan Release

The dried seed globulins were solubilized in a buffer (2 M urea
and 25 mM Tris, pH 7.5) and reduced with 10 mM DTT for 45
min at 56 °C followed by 20 mM iodoacetamide alkylation for 40
min at room temperature in the dark. The sample was diluted to
1 M urea and digested in-solution with 2% w/w of modified
trypsin (Promega) overnight at 37 °C, dried, and redissolved in
10 μL of H2O. Then the sample was heated at 100 °C for 7 min,
dried, and redissolved in 50 mM citrate/phosphate buffer at pH
5.0 containing 18 mU/mL PNGase A and incubated at 37 °C
overnight. To isolate the released N-glycans, a homemade C-18
column was made35 and equilibrated with aqueous 0.1% TFA.
The flow through of the applied sample containing the N-glycans
was collected and pooled with three column washes using
aqueous 0.1% TFA. Then, 20 μL of 100 mM ammonium acetate
at pH 5.0 was added for 1 h and the sample was dried. Reduction,
desalting, and carbon cleanup was performed as previously
described.36 Prior to MS, the dried N-glycans were dissolved in
water.

Protein Identifications from the Globulin Fraction

The dried seed globulins were solubilized in either 2 or 7 M urea
containing 25mMTris, pH 7.5 followed by reduction, alkylation,
and in-solution digestion as described above (see Supplemental
Figure 1 for the workflow, Supporting Information). The two
samples were divided into four aliquots and two of these were
deglycosylated with PNGase A. All samples were subjected to a
second round of digestion using 2% w/w trypsin overnight at 37
°C. The four aliquots were split in half and desalting was
performed for one-half using homemade C18 columns and
eluted twice using 2 × 15 μL (80% acetonitrile in aqueous 0.1%
TFA). The other half was left untouched. All eight samples were
then dried down and redissolved in aqueous 0.1% FA for MS.

Deglycosylation, In-gel Digestion, and Glycopeptide
Enrichment of Globulins

Protein spots were excised from the 2-D gels and a subset was
deglycosylated in gel using PNGase F (New England BioLabs) to
verify N-glycosylation. Briefly, the spots were excised and
transferred to siliconized tubes and destained at 37 °C for 2 × 30
min. The samples were dried and 10 μL of PNGase F in 50 mM
NH4HCO3 (pH 8.5) was added and incubated at 37 °C for 30
min. Then, 20 μL of H2O was added and the samples were
incubated overnight at 37 °C, sonicated, and the supernatant was
discarded.
Glycosylated and deglycosylated samples were in-gel digested

using 6 ng/μL trypsin or Asp-N for 1 h at 37 °C (Calbiochem,
excision grade) as previously described.37 Subsequently, samples
were dried.
Then, a subset of the glycosylated samples were redissolved in

10 μL (80% acetonitrile in aqueous 2% FA) and loaded onto a
homemade ZIC-hydrophilic interaction liquid chromatography
(HILIC) (SeQuant) micro column equilibrated with 80%
acetonitrile in aqueous 2% FA. The column was washed twice
with 80% acetonitrile in aqueous 2% FA and the peptides were
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eluted using 0.8 μL of 2% FA directly on the MALDI target or
dried.

Mass Spectrometry Analyses

For globulin identification, the peptide mixtures were analyzed
by electrospray ionization (ESI)−MS/MS in positive polarity
mode using aHCT 3-D ion trap (Bruker Daltonics, Newark, DE)
coupled to an Ultimate 3000 LC (Dionex). The peptides were
separated using a C18 column (300 μm ID, 10 cm, 3 μm
particles, and pore size at 300 Å, SGE, Australia) equipped with
0.5 μm peek filter (Upchurch, Oak Harbor, WA). Solvent A
(aqueous 0.1% (v/v) FA) was used for equilibration. The flow
rate was kept constant at 5 μL/min. After the sample was loaded
onto the column, a gradient (0.8%/min slope) up to 50% solvent
B (0.1% FA in acetonitrile) was applied. The column was washed
in 80% (v/v) solvent B for 10 min and re-equilibrated in solvent
A for 15min. LC−MS/MS was performed as a full MS scan (m/z
400−2200) followed by a data dependent fragmentation of the
two most abundant precursor ions using CID fragmentation. For
protein identification, a Mascot (version: 2.3.02) search was
performed against the in-house Lotus genome version 2.5 (37971
sequences; 9782974 residues) available from http://www.
kazusa.or.jp/lotus/ with the following settings: Carbamidome-
thylation of Cys was considered a fixed modification, whereas
oxidation of Met and deamidation of Asn and Gln were variable
modifications. The peptide tolerance was set to 0.6 Da and two
missed cleavages were accepted. The MS/MS tolerance was set
to 0.6 Da and acceptable charge states were 1+, 2+, and 3+. The
significance of protein identification was <0.01 and ion score for

peptide assignment was 0.005. The confident protein identi-
fications were pooled from the eight differently prepared samples
and shown in Supplemental Tables 1 and 2, Supporting
Information.
Released N-glycans were separated using a Hypercarb porous

graphitized carbon (PGC) column (320 μm ID, 10 cm, and 5 μm
particle size, Thermo Scientific) on an Agilent 1100 capillary LC
(Agilent Technologies, Santa Clara, CA) linked to Agilent MSD
three-dimensional ion-trap XCT Plus mass spectrometer in
negative polarity mode with a constant flow rate of 2 μL/min.
The column was equilibrated in aqueous 10 mMNH4HCO3 and
a gradient of 2−16% (v/v) 10 mMNH4HCO3 in acetonitrile was
applied for 45min, followed by a gradient from 16 to 45% over 20
min before the column was washed in 45% 10 mMNH4HCO3 in
acetonitrile for 6 min and re-equilibrated in aqueous 10 mM
NH4HCO3. MS full scan events (m/z 300−2200) were followed
by data-dependent MS/MS scans of the three most intensive
precursor ions using CID fragmentation.
For site-specific N-glycan analysis, glycopeptides were

enriched using HILIC micro columns as described above and
applied to aMALDI target plate where glycopeptides were mixed
with 0.5 μL of 20 mg/mL 2,5-dihydroxybenzoic acid in 70%
acetonitrile/0.1% (v/v) TFA. MS and MS/MS spectra of
relevant precursor ions were recorded using a 4800 Plus
MALDI TOF (AB SCIEX) mass spectrometer, operated in
reflector, positive ion mode, and using an acceleration voltage of
20 kV. Laser intensity and number of laser exposures were varied
to optimize the spectral quality. The mass range was set to 700−
5000 Da. For all MALDI-TOF/TOFMS/MS fragmentations, air

Figure 1. Structure and relative abundance of N-glycans released from Lotus seed globulins. In total, 19 different N-glycans were determined from Lotus
seed globulins. The relative abundance (in molar %) and standard deviation from three biological replicates are indicated below each structure. The
elution time (min) from the PGC column is indicated above each structure. The N-glycans are grouped into high mannose, pauci-mannosidic, and
complex structures. Using the current knowledge of plant N-glycosylation, the monosaccharide linkages are shown for the two N-glycan extremes in the
glycosylation pathway (insert) and are applicable for all 19 N-glycans. * indicates that MS/MS spectra could not be used to determine the arm linkage
(i.e., α-1,3 or α-1,6 mannose arm). Consortium of Functional Glycomics (CFG) nomenclature has been used: Blue square, N-acetylglucosamine; red
triangle, fucose; white star, xylose; green circle, mannose; yellow circle, galactose; blue circle, glucose.
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was used as collision gas. The default calibration was used for the
samples eluted with 2,5-dihydroxybenzoic acid whereas an
external calibration of tryptic lactoglobulin mixed with α-cyano-
4-hydroxycinnamic acid was used for samples eluted with α-
cyano-4-hydroxycinnamic acid. Data was exported as a text file
using Data Explorer (version 4.6) and each spectrum was
baseline corrected, smoothed, labeled, and then manually
analyzed using M/Z (Genomic Solutions) software. MS/MS
spectra of glycosylated peptides were manually annotated.

N-Glycan and N-Glycopeptide Characterization and
Quantitation

For the N-glycome analysis, the structural assignment of the
individual N-glycans was based on molecular mass and MS/MS
fragmentation using the current knowledge of N-glycans
determined in plants.9 Mass spectra were annotated manually
using the DataAnalysis v4.0 (Bruker Daltonics) software. The
relative peak area of the extracted ion chromatograms (EICs),
corresponding to all observed charge states of the individual N-
glycans against the total EIC peak area from negative ion ESI−
MS for all N-glycans, was used as a measure for the relative
quantitative distribution of N-glycans.
N-glycopeptides were characterized manually based on

molecular mass and MS/MS fragmentation. Relative signal
intensities from positive ion MALDI MS was used for
quantification of N-glycopeptides. Both MS based quantification
methods assume that the differently N-glycosylated released
glycan and peptide variants ionize equally well in ESI and
MALDI MS, respectively, which has been shown to be an
accurate assumption, in particular for populations of neutral
(nonsialic acid containing) glycans and glycopeptides.38−41 To
determine the occupancy the peak intensity was compared for
the glycosylated and deglycosylated (of +1Damass due to Asn to
Asp conversion) peptides from untreated and PNGase F treated
peptide mixtures (Supplemental Figure 2, Supporting Informa-
tion). This has been shown to be an accurate approach to
establish site occupancy.42,43

Evaluating the Protein Structure Similarity between Lotus
LCP2 and Peanut Ara h 1

To evaluate the similarity between LCP2 and Ara h 1,
polypeptide sequence alignments were made. This was
performed using CLUSTALW (http://www.genome.jp/). Ho-
mologous proteins from other species were included. Sequence
identity/similarities between the polypeptide sequences were
calculated using BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.
cgi).
The higher protein structural level of LCP2 and Ara h 1 was

also compared. The defined N-glycosylation was included in this
comparison. As such, Man5GlcNAc2, which was found to occupy
the single N-glycosylation site of both LCP2 (this study) and Ara
h 1,30 was modeled onto both glycoproteins using GlyProt
(http://www.glycosciences.de). Default settings were used. The
following PDB structures were used as input in GlyProt: Ara h 1:
PDB-code 3S7I and LCP2 (accession number CAR78998). The
soybean conglycinin: PBD code: 1UIK has the highest primary
sequence homology to LCP2, and thus was used as the template
for LCP2 structure modeling. Finally, the modeled PDB
structures (protein and N-glycans) were visualized with space-
fill atomic presentation using RasMol Ver 2.7.5 (RasWin
Molecular Graphics).

■ RESULTS AND DISCUSSION

Global N-Glycan Profiling of Lotus Seed Globulins

Food allergy is an increasing problem and legume seed proteins
frequently cause allergic responses.12,13,31−33 As a first step in

determining whether glycosylation of legume proteins has a role
in food allergy the N-glycome of the Lotus seed globulins
including the abundant LCP2, the homologue of peanut Ara h 1,
was determined. The N-glycans were released in-solution using
PNGase A followed by characterization and relative quantifica-
tion using PGC-LC−MS/MS. The monosaccharide composi-
tion, topology and detailed architecture of the N-glycans were
determined from MS/MS spectra and the PGC-LC eluting
profile. In total, 19 N-glycan structures were identified using the
current knowledge of N-glycans determined in plants (Figure 1).
For validation purposes, the presence and relative abundances of
high mannose and noncore-fucosylated N-glycan subset were
additionally compared and confirmed employing PNGase F
deglycosylation (Supplemental Figure 3, Supporting Informa-
tion).36 For the two complex N-glycan monosaccharide
c ompo s i t i o n s , G a l 1M an 3X y l 1 F u c 2G l cNAc 3 a n d
Gal1Man3Xyl1Fuc2GlcNAc4, two isomeric structures were
identified. No N-glycan isobaric variants were observed for the

Figure 2. Relative percent molar abundances of protein-specific N-
glycans for 2D-gel separated Lotus seed globulins. For LCP2, three high
mannose N-glycans were observed for the single N-glycosylation site.
Numbers above the structures indicate the relative molar occupancy (in
%). The predicted lectin (chr5.LjT43D06.200.r2.d) is occupied by four
N-glycans at the Asn-35 site (N1) and one N-glycan at the Asn-154 site
(N2). MALDI-TOFMS was used to identify the glycopeptides. The pH
gradient (nonlinear) and Mr are indicated. CFG nomenclature: Blue
square, N-acetylglucosamine; red triangle, fucose; white star, xylose;
green circle, mannose.
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other monosaccharide compositions. The molar distribution of
the N-glycan types was approximately 20% high mannose, 40%
pauci-mannosidic, and 40% complex structures. No hybrid
structures were identified. In comparison, the global N-glycan
profiles of total protein from other legume seeds (i.e., peanut,
soybean, pea, and mung bean) have been reported to contain a
greater proportion of high mannose structures comprising up to
more than 90% of the total N-glycans.44

The three most abundant N-glycan compositions on the Lotus
seed globulins were GlcNAc2Man3Xyl1Fuc1GlcNAc2,
Man3Xyl1Fuc1GlcNAc2, and Man3Xyl1GlcNAc2, which are
similar to the abundant N-glycans in leaf tissues of other plant
species.45 All pauci-mannosidic and complex structures from the
Lotus seed globulins contained the plant-specific β1,2-xylose and
80% of these were α-1,3-core-fucosylated whereas the high
mannose N-glycans were not fucosylated. In the context of food
allergy, the high content of the plant-specific α-1,3-fucose and β-
1,2-xylose determinants in the Lotus globulin fraction may be
relevant for triggering allergic reactions either by recognition of
the plant specific N-glycans by the immune system21−25 and/or
by altering the proteolytical degradation of proteins in the
gastrointestinal tract.

Site-specific N-Glycan Profiles of LCP2

Considering the N-glycome heterogeneity of Lotus seed
globulins, site-specific profiling is essential to link the observed
N-glycan structures to individual proteins and eventually to
function. Three Lotus seed globulins containing N-glycosylation
motifs have previously been identified using 2-D gels.34 Two of
these are predicted to be secreted and, thus, putative
glycoproteins, that is, Lotus convicilin storage protein 2
(LCP2) and a predicted lectin (chr5.LjT43D06.200.r2.d)
containing one and two putative N-glycosylation sites,
respectively.

To determine the N-glycosylation of LCP2 we used a
previously validated method.46 The 2-D gel separated protein
(Figure 2) was proteolytically digested, and a fraction of the
resulting Asp-N generated peptides were deglycosylated. N-
glycosylation of LCP2 was confirmed by comparing the MALDI-
TOF MS spectra of the untreated and the deglycosylated
peptides, Supplemental Figure 2A, Supporting Information.
Signals corresponding to deglycosylated peptides (m/z 1646.8 =
predicted mass +1 Da due to deamidated Asn) covering the
single N-glycosylation site of LCP2 were observed in the
deglycosylated sample and the peptide sequences were
confirmed by MS/MS (data not shown). The lack of the
nonglycosylated peptides in the untreated sample (m/z 1645.8)
indicated full N-glycan occupancy of the LCP2 N-glycosylation
site. However, it cannot be excluded that non-glycosylated LCP2
has a different electrophoretic mobility and, thus, is located at
different positions in the 2-D gel.
For site-specific N-glycan characterization, the Asp-N

generated glycopeptides were enriched using hydrophilic
interaction liquid chromatography (HILIC) prior to MALDI-
TOF MS. Supplemental Figure 4 (Supporting Information)
shows the glycopeptide profiles of LCP2. MS/MS fragment ions
of the most abundant glycopeptides precursors confirmed their
peptide sequences and the monosaccharide compositions (see
Figure 3 for an example showing the MS/MS of the high
mannose glycopeptide from LCP2). Three N-glycans were
found to occupy the LCP2 N-glycosylation site, that is,
Man4GlcNAc2 (∼4%), Man5GlcNAc2 (∼40%), and
Man6GlcNAc2 (∼56%). The quantifications were determined
from peak intensities in Supplemental Figure 4, Supporting
Information. See Figure 2 and Table 1 for an overview of
identified N-glycans. The molar ratio of these high mannose
structures of LCP2 (as well as the predicted lectin, see below)
and the global N-glycan analysis of Lotus seed globulins is in good
agreement. In both analyses, Man6GlcNAc2 is the most abundant

Figure 3. Fragmentation of LCP2 N-glycopeptide carrying Man5GlcNAc2. Fragment spectrum of m/z 2863.0 (precursor), which corresponds to the
LCP2 N-glycopeptide with Man5GlcNAc2 attached to the NAS motif (inset). Peptide b-ions and glycopeptide fragments are indicated. CFG
nomenclature: Blue square, N-acetylglucosamine; blue square with black line, 0,2X-ring cleavage of the innermost N-acetylglucosamine;60 green circle,
mannose.
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high mannose structure. In comparison, the five Ara h 1 N-
glycans identified from peanuts were reported to have a similar
distribution of these three highmannose N-glycans together with
plant specific β-1,2-xylose, that is, Man6GlcNAc2 (19%),
Man5GlcNAc2 (27%), Man4GlcNAc2 (5%), Man4Xyl1GlcNAc2
(33%), and Man3Xyl1GlcNAc2 (16%),

30 which was not observed
in LCP2. The N-glycan composition identified from a French
bean vicilin containing two N-glycosylation sites is also mainly
high-mannose N-glycosylated.47 Here, Man7GlcNAc2 and
Man3Xyl1GlcNAc2 were reported to be the most abundant N-
glycans on one of the glycosylation sites (Asn-228) and
Man9GlcNAc2 and Man8GlcNAc2 were the most abundant N-
glycans on the other site (Asn-317).

Homology Modeling Suggests LCP2 as a Potential Allergen

Food allergy, where some of the major allergens are legume seed
globulins, is a universal problem with 1−5% of the total human
population displaying clinical symptoms.48,49 Interestingly, the
legume seed globulins seem to be highly conserved in protein
sequences between species judging from the high similarity
between the Lotus LCP2 and the known globulin allergens from
other legumes, that is, mung bean, lupin, lentil, and peanut
(Figure 4). All five proteins have a high protein sequence
similarity around the single conserved N-glycosylation site
(where several of the Ara h 1 allergen epitopes are located) and,
together with the similar high mannosylated glycoprofiles,

reinforce the potential for LCP2 to be an allergen.17−19 To
further support this, in-silico digestion of LCP2 and Ara h 1, based
on cleavage sites of proteases present in the gastrointestinal tract
(i.e., pepsin, trypsin, and chymotrypsin) produces similar
peptides (data not shown). LCP2 and Ara h 1 protein sequences
are predominantly degraded into single or few amino acid
residues by the in-silico digestion using the combination of the
three proteases. Few peptides of more than 8 amino acid residues
were found for both proteins with complete digestion, which is
well above the minimum peptide epitope size required for
recognition by the immune system. However, these potentially
undigested regions were not overlapping with the identified
immunogenic epitopes for Ara h 117−19 and, thus, cannot explain
why Ara h 1 is an allergen.
Given the high allergenicity and the sequence similarity of Ara

h 1 (to LCP2) and the fact that most immunogenic epitopes are
located at the surface of the Ara h 1 protein,16 it is relevant to
study the three-dimensional structure of LCP2 in terms of
epitope presentation around the N-glycosylation site. As no such
structure currently is available, we investigated the three-
dimensional structure using the soybean conglycinin (PBD
code: 1UIK), which is the closest homologue to LCP2, as a
template. The LCP2 homology model and Ara h 1 (PDB code:
3S7I16) is overall very similar (Figure 5a). In addition, the
accessibility of the Asn residue in the glycosylation motif and the
local structure of the polypeptide backbone around the N-

Table 1. Overview of Observed N-Glycopeptidesa

aThe N-glycopeptides identified with tryptic or Asp-N digestion of LCP2 and the predicted lectin. The glycopeptide MS spectra are shown in
Supplemental Figure 4, Supporting Information. The N-glycan structures with a * were verified with MS/MS fragmentation; the remaining were
deduced from molecular mass only. Blue square, N-acetylglucosamine; red triangle, fucose; white star, xylose; green circle, mannose.
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glycosylation site seem to be similarly exposed for the two
proteins (Figure 5b). Man5GlcNAc2, which is identified as
present on this site in both LCP2 and Ara h 1,30 is here modeled
onto the protein structures. The similar N-glycan decoration of
LCP2 and Ara h 1 is in good agreement with similar surface
accessibilities of their N-glycosylation sites. Both LCP2 and Ara h
1 would be predicted to have incompletely processed N-glycans,
that is, intermediate between high mannose and fully processed

complex N-glycan structures using our recent correlation
between structural glycosylation site accessibility and N-glycan
processing,50 which is supported by this data. Taken together,
Ara h 1 and LCP2 are similar at the primary and higher protein
structure levels and are similarly N-glycosylated. Thus, we
suggest that LCP2 is a potential allergen similar to the peanut Ara
h 1, and thus that Lotus is a potential model system to investigate
legume allergies such as peanut allergy. However, further studies
using, for example, human allergy tests are needed to confirm
whether LCP2 or other Lotus seed globulins actually trigger
allergic responses in humans.

Other Lotus Seed Globulins Carrying N-Glycan Structures

In addition to LCP2, another putatively N-glycosylated protein, a
predicted lectin, was separated and identified on the 2-D gels
(Figure 2). This protein was confirmed to have two fully
occupied N-glycosylation sites (Table 1, Supplemental Figures
2B, 4B and 4C, Supporting Information) for the analyzed spot.
The trypsin or Asp-N derived glycopeptides were separated and
analyzed and showed similar site-specific N-glycan profiles;
however, a higher number of tryptic glycopeptides were
identified (Supplemental Figures 4B and 4C, Supporting
Information). In total, four N-glycan structures were observed
on the Asn-35 N-glycosylation site (see Supplemental Figure 5
for examples showing the MS/MS of glycopeptides from the
predicted lectin, Supporting Information). These include the
three pauci-mannosidic N-glycans identified in the global N-
glycome of Lotus seed globulins and Man4GlcNAc2. In contrast,
only Man3Xyl1GlcNAc2 was found to decorate the Asn-154 N-
glycosylation site. In comparison, a bean cotyledon lectin has
similarly been reported to contain high mannose and pauci-
mannosidic structures.51

A third protein (predicted ripening-related) containing
possible N-glycosylation motifs has been previously identified.34

However, this protein is predicted to be a cytoplasmic protein
and our peptide analysis confirmed, as expected, that this protein
is nonglycosylated (data not shown).
Interestingly, none of the complex N-glycans identified from

the global N-glycome of Lotus seed globulins could be found on
LCP2 or on the predicted lectin. These two proteins only
account for a minor part of the total Lotus seed globulin fraction
(Figure 2) and, thus, less abundant proteins or proteins which are
not separated using 2-D gels might be N-glycosylated with
complex structures. Hence, we used an LC-MS/MS based
approach to identify other putative glycoproteins from an
unfractionated seed globulin fraction, which may be contributing
to the complex type N-glycans in the total pool. In total, 12
proteins were identified from eight differently prepared globulin
samples, Supplemental Tables 1 and 2, Supporting Information
(see Supplemental Figure 1 for experimental setup, Supporting
Information). This included LCP2, the predicted lectin, and
some other secreted non N-glycosylated common globulins
(LCP1, LLP2, LLP3, LLP5) observed previously from mature
Lotus seeds.34,52 Interestingly, one additional secreted protein
wa s iden t ified : a p r ed i c t ed g lobu l i n pep t id a s e
(chr1.CM0544.570.r2.d). This protein contains a highly surface
exposed N-glycosylation motif as estimated from a homology
model based on the predicted three-dimensional structure of a
close homologue from Glycine max (PDB code: 3AUP, 80%
sequence similarity).50,53 A similar peptidase from barley has
been shown to be N-glycosylated.54 Taken together, the Lotus
predicted peptidase is an excellent candidate to carry the missing
complex N-glycan structures. Unfortunately, we were unable to

Figure 4. Alignment of LCP2 with homologues globulin allergens from
other legumes. Protein sequence alignments of LCP2 with four
homologous allergens all containing a single N-glycosylation site. For
peanut Ara h 1, all immunogenic epitopes located at the surface of the
protein are underlined whereas immunogenic epitopes in bold and italic
are either not located on the protein surface or not a part of the
crystallized protein (amino acid residue 170 to 586) in Chruszcz et al.16

The N-glycosylation motif is in bold and underlined for all five proteins.
The total amino acid similarities and identities against LCP2 using
BLASTP are indicated. The five legume species are mung bean
(accession number: ABG02262) white lupin (accession number:
ACB05815), lentil (accession number: CAD87730), Lotus (accession
number: CAR78998), and peanut (accession number: P43238),
respectively.
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confirm this further. In addition, a predicted glucosidase
(LjSGA_063286.1) was identified from the Lotus seed globulin
preparations. Using blastp this Lotus glucosidase gene is only
partial annotated. However, glucosidase proteins are normally N-
glycosylated55 and, thus, the Lotus glucosidase, which contains a
N-glycan motif, is also a candidate to carry N-glycosylation.
This study, and the absence of complete correlation between

the global glycans released from the proteins and the peptides
found to be glycosylated, stresses the importance of
complementing the N-glycome with site-specific N-glycan
analysis to obtain an accurate N-glycosylation analysis even for
simple protein mixtures such as the Lotus seed globulin fraction.

■ CONCLUSION

This is the first study to describe protein N-glycosylation in
Lotus. Here we have focused on the global and protein-specificN-
glycosylation of the seed globulins. The seed globulin fraction
was chosen as a subproteome since it accounts for a large
proportion of the total Lotus seed proteome and since the
globulin homologues in other legumes are known allergens.
Heterogeneous mixtures of plant-specific N-glycans were
observed on Lotus seed globulins. These were similar in structure
to N-glycans from other crop legumes. This N-glycome was

carried by a surprisingly small fraction of the Lotus seed globulins.
The two glycoproteins characterized in detail, a putative lectin
and LCP2, interestingly had completely different glycosylation
profiles. Pauci-mannose structures with xylose and core fucose
decorated the lectin (Asn-154 carrying only a single structure),
while only high mannose structures were found on LCP2. The
Lotus LCP2was closely related to themajor peanut allergen Ara h
1 at the primary and higher protein structural levels as well as at
the glycosylation level. Studies in a model legume like Lotus
might in this context serve to link individual glycans or glycan
substructures (e.g., α-1,3-fucose or β-1,2-xylose determinants) to
immunogenic responses causing allergy in humans. The diploid
Lotus is an established model system,56 the genome is sequenced,
and a large population of insertion mutants, generated with a
LORE1 retrotransposon, is available.57−59 These resources and
the easier genetic manipulations compared to peanut plants
provide an advantage for the analysis of cellular processes and the
role of protein modifications. Thus, the Lotus mutants
available57,58 and the homology between Lotus proteins and
peanut allergens shown in this study provide an opportunity for a
more systematic study to correlate food allergy with protein N-
glycosylation. Ultimately, this can be the basis for the breeding of

Figure 5. Comparison of Lotus LCP2 (homology model) and peanut Ara h 1 tertiary protein structure. The LCP2 homology model is based on the
determined structure of the homologous soybean conglycinin (PDB code: 1UIK). For Ara h 1, a previously determined structure was used (PDB code:
3S7I).16 (a) Monomeric structure of LCP2 and Ara h 1, where the Asn in the N-glycosylation site is in blue. (b) Zoom of the N-glycosylation site where
the Val-Ala-Ile-Asn-Ala-Ser-Ser amino acid sequence is in blue and the determined N-glycan for both proteins, Man5GlcNAc2, is modeled in red.
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less allergenic crops and for production of less allergenic
biopharmaceutical glycoproteins.
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Supplemental figure 1

Supplemental figure 1: Workflow for protein identification in the Lotus seed globulin fraction. The globulin fraction was 
solubilized in either 2 or 7 M urea, in the next step samples were split and N-glycan released using PNGase A, in half of the samples, 
subsequently half of these samples were desalted. The eight different samples for LC-MS are marked 1-8 which corresponds to the 
protein identification list given in Supplemental table 2. For a further description of the procedure, see materials and methods. 

PNG A; PNGase A, DS; desalting.
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Supplemental figure 2: Informative MS spectra of glycosylated and deglycosylated LCP2 and predicted lectin. A and B) The 
three ions at m/z 1646.8, 2304.1, and 2755.2 in the deglycosylated samples corresponding to peptides with an N-glycosylation 
motif with deaminated Asn (peptide sequences verified by MS/MS), whereas for the three glycosylated samples only noise is found 
in that m/z range. LCP2 was in-gel digested with Asp-N and the predicted lectin was in-gel digested with trypsin.
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Supplemental figure 3

Supplemental figure 3: Structure and relative abundance of N-glycans released from Lotus seed globulins using PNGase F. 
The relative abundance (in molar %) of the 11 different N-glycans identified are indicated for each structure. 
CFG nomenclature has been used: Blue square; N-acetylglucosamine, red triangle; fucose, white star; xylose, green circle; 
mannose, yellow circle; galactose, blue circle; glucose.



Supplemental figure 4A
Asp-N digestion of LCP2
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Supplemental figure 4: MS spectra of HILIC enriched trypsin or Asp-N derived glycopeptides from LCP2 and the predicted 
lectin. A, B, and C) m/z values underlined corresponding to glycopeptide signals. The N-glycan structure corresponding to each signal 
is shown and the peak intensity is used for relative N-glycan occupancy for each glycosylation site shown in figure 5. Blue square; N-
acetylglucosamine, red triangle; fucose, white star; xylose, green circle; mannose.



Supplemental figure 4B
tryptic digestion of lectin

For 1851.1; 1867.0; 1897.2; and 2013.1
= VSFNFTK (Asn‐35)

For 3328.0 and 3473.9
= VSFNFTKFTDDGSLILQGDAK (Asn‐35)

For 3162.8
= NGYNQFVAVEFDSYNNTR (140‐157) (Asn‐154)

m/z 35002000



Supplemental figure 4C
Asp-N digestion of lectin

For 3013.1 and 3159.2
= VSFNFTKFTDDGSLILQG (Asn‐35)

For 1893.6
= DSYNNTR (Asn‐154)

m/z 32001800
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Supplemental figure 5: Fragmentation of the lectin N-glycopeptides carrying Man3Xyl1GlcNAc2. Fragment spectra of m/z 3326.9 
and 1866.1 (precursors), which correspond to the predicted lectin N-glycopeptides with Man3Xyl1GlcNAc2 attached to the NFT motif 
(insert). Peptide b- and y-ions together with glycopeptide fragments are indicated. CFG nomenclature: Blue square; N-
acetylglucosamine, blue square with black line; 0,2X-ring cleavage of the innermost N-acetylglucosamine, green circle; mannose, 
star; xylose.
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Accession N-glycan 
motifs

Transmembrane 
region

Signal 
peptide

Localized

chr5.CM0200.930.r2.m (LCP2) 1 no yes secreted

chr5.LjT43D06.200.r2.d (predicted 
lectin)

2 no yes secreted

chr5.CM0200.910.r2.m (LCP1) 0 no yes secreted

chr5.LjT15N12.20.r2.m (LLP3) 0 no yes secreted

chr5.LjT15N12.10.r2.m (LLP2) 0 no yes secreted

chr1.CM0295.280.r2.d 0 no yes secreted

chr1.CM0295.230.r2.m 0 no yes secreted

LjSGA_063286.1 (glucosidase) 1 no no other

chr1.CM0544.570.r2.d 1 no yes secreted 

chr1.CM0295.240.r2.d (LLP5) 0 no yes secreted

chr3.CM0241.200.r2.d 9 no no other

chr5.LjT43D06.110.r2.d (psedu lectin) 3 no no other

Supplemental table1

Supplemental table 1: Identified proteins from the globulin fraction. In total, 12 proteins were identified from eight different 
globulin fraction preparations (see Supplemental table 2 for detailed information of the protein identifications from the eight samples). 
N-glycan motifs are Asn-X-Ser/Thr where X ≠ Pro. For transmembrane region prediction, the freely available TMHMM software 
(http://www.cbs.dtu.dk/services/TMHMM/) was used. For signal peptide prediction and localization of the protein, the freely available 
TargetP 1.1 software (http://www.cbs.dtu.dk/services/TargetP/) was used where the plant option was selected. The Lotus accessions 
correspond to the 2.5 version of the genome downloaded from http://www.kazusa.or.jp/lotus/. The accession numbers in bold 
correspond to the suggested proteins carrying complex N-glycans. LLP; Lotus legume storage protein, LCP; Lotus convicilin storage 
protein. 
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