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ARTICLE INFO ABSTRACT

Keywords: Legumes represent an affordable high protein, nutrient dense food source. However, the vast majority of legume
Pea crops contain proteins that are known allergens for susceptible individuals. These include proteins from the 7S
Lentil globulin family, which comprise a vast majority of seed storage proteins. Here, the crystal structures of 7S
Food allergen globulins from Pisum sativum L. (pea) and Lens culinaris Medicus (lentil) are presented for the first time, including
X-ray crystallography T s s o . .
Immunoglobulin epitope pea vicillin and convicilin, and lentil vicilin. All three structures maintain the expected 7S globulin fold, with
75 globulin trimeric quaternary structure and monomers comprised of p-barrel N- and C-modules. The potential impact of
sequence differences on structure and packing in the different crystal space groups is noted, with potential
relevance to packing upon seed deposition. Mapping on the obtained crystal structures highlights significant Ig
epitope overlap between pea, lentil, peanut and soya bean and significant coverage of the entire seed storage
protein, emphasizing the challenge in addressing food allergies. How recently developed biologicals might be
refined to be more effective, or how these seed storage proteins might be modified in planta to be less immuno-
reactive remain challenges for the future. With legumes representing an affordable, high protein, nutrient dense
food source, this work will enable important research in the context of global food security and human health on

an ongoing basis.

1. Introduction

Legumes represent an affordable high protein, nutrient dense feed
and food source (Ferreira et al., 2021). More than 81 million ha of le-
gumes are grown worldwide each year, yielding more than 92 million
tonnes of grain globally per annum (FAOSTAT, 2022). Increased pro-
duction of legumes is anticipated to be an important target to ensure
food and nutritional security for 9 billion people by 2050 (Dutta et al.,
2022). However, the vast majority of widely farmed legume crops,
including peanut (Arachis hypogaea L.), pea (Pisum sativum L.), lentil
(Lens culinaris Medicus), chickpea (Cicer arietinum L.), common bean
(Phaseolus vulgaris L.), mung bean (Vigna radiate (L.) Wilczek) and soya
bean (Glycine max (L.) Merrill), have been shown to contain food pro-
teins with potential allergenicity for susceptible individuals (reviewed in
(Riascos et al., 2010)). These potential allergenic proteins span four
different protein superfamilies including i) cupins (globulins) ii) pro-
lamins (e.g. non-specific lipid transfer proteins), iii) profilins and iv)
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pathogenesis related proteins (e.g. pollen Betvl). As consumption of
legumes increases, it will be essential to understand the molecular basis
of legume allergenicity and its cross-reactivity, to enable development of
hypo-allergenic varieties and best pulse grain processing practices.

To date, one of the most highly characterized legume allergen fam-
ilies is the 7S-8S globulins (in the cupin superfamily), also referred to as
vicilins. They form a major component of seed storage proteins and are
classically known as a source of nutrition during the development and
germination of seeds, although a variety of additional roles at different
developmental time have also been characterized (Kesari et al., 2017;
Kriz, 1999). Crystal structures are available for an array of legume
vicilins including A. hypogaea (peanut; (Chruszcz et al., 2011)), and
several beans: P. vulgaris (common; (Lawrence et al., 1994; Lawrence
et al., 1990), Canavalia ensiformis (L.) de Candolle (jack; (Ko et al., 2000;
Ko et al., 2001; McPherson, 2020)), G. max (soya; (Maruyama et al.,
2001; Maruyama et al., 2003)), V. radiate (mung: (Itoh et al., 2006)) and
Vigna angularis (Willdenow) Ohwi & Ohashi (adzuki; (Fukuda et al.,
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2008)). The structures are highly conserved displaying a homo-trimeric
structure, with each monomer divided into very similar N- and C- ter-
minal modules (reviewed in (Kesari et al., 2017)). Each module is
comprised of a conserved f-barrel core (jelly roll-like) domain and an
extended loop region with several helices.

Considerable epitope mapping has also been conducted across many
of these 7S vicilin targets. For example, in the case of peanut globulin
Ara h 1, extensive linear immunoglobulin (Ig) peptide epitopes were
mapped on an obtained crystal structure of the peanut globulin (Cab-
anos et al., 2011). This analysis highlighted a complex array of disso-
ciated epitopes, in extended loops, in coils between the N- and C-
terminal modules, and even in the less accessible beta-barrel domain
core of each monomer. These epitopes generally become (more) buried
upon trimer formation. Epitope mapping for other legume globulins is
also available, including for pea Pis s 1 and lentil Len c 1, despite the lack
of available crystal structures. In the case of Pis s 1, eleven distinct
peptides were identified as high IgE binders, where mapping of the
peptides on a homology model indicated distribution over large areas of
the Pis s 1 molecular surface with no predominant localization (Popp
et al., 2020). In the case of Len c 1, four epitopes were proposed along a
continuous span of amino acids (residues 314-400; epitope id 107-135),
where mapping again highlighted discontinuous distribution over the
surface of a derived homology model (Vereda et al., 2010).

Here, the three-dimensional crystal structures of recombinantly
produced core (mature) pea and lentil vicilins as well as pea convicilin
are reported for the first time revealing a common trimeric quaternary
structure, with each monomer comprised of N- and C- terminal modules,
each in turn made up of conserved f-barrel cores. Crystal packing is
considered in the context of potential relevance to seed deposition.
Mapping of known immunoglobulin epitopes revealed overlap between
pea, lentil, soya and peanut. The potential for predicting missing epi-
topes, or other novel epitopes that may contribute to the diversity of
allergenicities across the broader family of 7S-8S globulin containing
pulse crops, is discussed.

2. Materials and methods
2.1. Materials

All chemicals and other materials were purchased from Milli-
poreSigma unless otherwise indicated.

2.2. Gene synthesis

Pulse allergen DNA sequences for Pis s 1 (GenBank: AJ626897), Pis s
2 (GenBank: AJ276875.1) and Len ¢ 1 (GenBank: AJ551424) were
selected for gene synthesis. The sequences were trimmed of N- and C-
terminal residues that made up signal peptides or unstructured ends as
determined by homology modelling (PHYRE 2), including 6 C-terminal
amino acids for both Len ¢ 1 and Pis s 1 and 194 N-terminal and 24 C-
terminal amino acids for Pis s 2. The final sequences were optimized,
synthesized and cloned into the pET28b+ expression vector with Ndel
and Xhol restriction sites to include N-terminal 6 xHis-tag, by Bio Basic
Inc.

2.3. Recombinant protein expression and purification

Plasmids were transformed into BL21DE3 cells for expression in
Escherichia coli. Cells were grown in 100 mL LB media supplemented
with 50 pg/mL kanamycin at 37 °C until an ODggg of 0.6 was reached,
where cultures were induced with 1 mM IPTG and grown at 25 °C for 17
to 20 h. Cells were harvested by centrifugation at 3750 rpm, 4 °C for 30
min. Cell pellets were resuspended in 1x lysis buffer (50 mM NayHPO4,
500 mM NaCl, 10 mM imidazole, pH 8.0) supplemented with 3 U/mL
benzonase, 0.1 mM PMSF and 1 mg/mL lysozyme and rotated end-over-
end for 1 h at 4 °C followed by 10-15 sonication cycles at 30 % duty, 40
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output power with 25 s on and 30 s off. The lysate was clarified by
centrifugation at 17,000xg and 4 °C for 30 min. Proteins were purified
by two-step purification consisting of nickel affinity (Ni-NTA, QIAGEN)
and size exclusion chromatography. Clarified lysate was loaded on resin
pre-equilibrated with 1x lysis buffer, followed by 3 washes of 4 column
volumes (CV) with wash buffer (lysis buffer, with 20 mM imidazole).
The protein was eluted in three 1 CV fractions with elution buffer (lysis
buffer, with 250 mM imidazole) then pooled and concentrated using an
Amicon ultrafiltration device (10 kDa cut-off, EMD Millipore) and
filtered using 0.22 pm Millex filter (EMD Millipore) in preparation for
size exclusion chromatography. A 16/60 HiLoad Superdex 200 column
(Cytiva) was pre-equilibrated with 25 mM Tris base, 500 mM NacCl, 1
mM EDTA, pH 7.5 using an AKTA Purifier FPLC (Cytiva) and the protein
was loaded then eluted using a flow rate of 1.0 mL/min. Fractions were
pooled and concentrated as previously described until the desired pro-
tein concentration for crystallography was obtained. Protein concen-
tration was determined using the Bradford Assay (Bio-Rad) and purity
was assessed by 12 % SDS-PAGE stained with Coomassie Blue (Bio-Rad).

2.4. Protein crystallization

The protein samples were centrifuged at 12000 rpm for 1 min fol-
lowed by filter sterilization (0.22 pm) and stored on ice. Crystallography
screens conducted at room temperature, testing 192 conditions (JCSG
MD 1-37 and PACT premier MD 1-29, Molecular Dimensions), were
used to determine appropriate buffer conditions for the formation of
crystals. 2 uL of protein samples were mixed with equal volume of
reservoir solution and equilibrated against 750 pL of reservoir solution,
using the hanging-drop vapour-diffusion method. Crystals were
observed using a stereomicroscope (ZEISS Axiocam ERc 5 s) for up to 5
weeks. Crystallography buffers that resulted in crystals were expanded
to find ideal conditions to produce diffraction quality crystals. Supple-
mental Table T1 summarizes the final crystallization condition for each
pulse allergen. In order to obtain diffraction quality crystals for Len ¢ 1,
streak microseeding was performed, seeding from the crystal-containing
donor drop into a fresh drop containing 50 % or 100 % of the original
protein concentration of the donor drop. Crystals were either crushed
then streaked, or only streaked from the donor drop, depending on the
types of crystals that formed. Crystals were harvested and stored in
liquid nitrogen with no cryoprotectant for Pis s 1 and Pis s 2, and 20 %
glycerol for Len c 1.

2.5. Crystal diffraction, structure elucidation and analysis

Diffraction data was collected on the crystals using the synchrotron
08B1-1 beamline at the Canadian Light Source, Canadian Macromolec-
ular Crystallography Facility. The data was reduced and scaled within
CCP4i2 software (Potterton et al., 2003; Winn et al., 2011), using DIALS
(Diffraction Integration for Advanced Light Sources; (Winter et al.,
2022)), followed by molecular replacement using MOLREP (Vagin and
Teplyakov, 1997) with a molecular model of p-conglycinin from soya
bean (PDBID 1UIK, (Maruyama et al., 2003)) with 55-57 % identity to
the lentil and pea 7S globulins. The protein structures were refined using
REFMAC5 (Murshudov et al., 2011) and manual modelling performed
using COOT (Emsley et al., 2010); refinement statistics can be found in
Table 1, for each 7S globulin. Primary sequence analyses were carried
out using Clustal Omega (Madeira et al., 2022). Structural images were
produced using PyMol (Schrodinger), with structural alignments carried
out using the PyMol ‘align’ function.

2.6. Comparative structural mapping of previously identified pea and
lentil Ig binding epitopes

All figures depicting protein structures and the solvent-accessible
surface area (SASA) calculations were made using PyMol (Schrodinger).
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Table 1
Data collection and refinement statistics. Values in parentheses are for the
highest resolution shell.

Pis s 1 (PDB ID:
7U1ID)

Pis s 2 (PDB ID:
7U01J)

Lenc 1 (PDB ID:
7U1H)

Data collection

Space group P1211 F23 P212121

Unit-cell a=98.32b = a = 269.15b = a=86.44b =

parameters (A, °) 52.69c = 127.84 269.15¢ = 269.15 92.50c = 143.74
a=90$=9519 a=90$=90y= a=90p=90y
y=90 90 =90

Resolution (A) 97.91-3.1 134.58-2.70 143.74-2.5
(3.31-3.10) (2.81-2.70) (2.60-2.50)

No. of unique
reflections

20,422 (3738)

44,137 (4997)

39,945 (4426)

Completeness (%) 84.4 (82.8) 99.8 (100.0) 98.2 (97.8)
Rmerge 0.102 (0.288) 0.13 (0.554) 0.14 (0.782)
<I/o(D> 6.0 (2.4) 8.9 (2.7) 9.6 (2.0)
Multiplicity 3.0(2.1) 5.5(5.7) 6.2 (6.2)
Refinement
Statistics
No. of reflections 20,413 44,134 39,887
R factor (%) 18.4-27.8 21.5 19.9
Riree (%) 28.5 28.1 28.4
No. of non-H 8488 8329 8688
atoms
No. of waters 20 120 40
R.m.s.d., bonds 0.013 0.0095 0.0081
(A)
R.m.s.d., angles 1.636 1.768 1.677
©)
Average B factor 49.0 46.0 38.0
¢S]
Average B factor, 14.5 28.7 31.2
waters (A%)
Lysate Ni-NTA SEC Lysate
[ 250
250 100
75
95 63
72 48
55
34 25
17
26 11
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3. Results
3.1. Recombinant protein production and crystallization.

Coding regions for the ‘core’ of each 7S globulin including His-tags,
were recombinantly expressed in E. coli. Cell lysates containing the 3
target proteins were initially enriched by nickel-NTA affinity chroma-
tography followed by size exclusion chromatography (Fig. 1A-C). This
process yielded approximately 8.5, 13.5 and 25 mg of Pis s 1, Pis s 2 and
Len c 1, respectively, all with greater than 95 % purity. Each protein was
subjected to crystallization screening against a library of 192 conditions,
with conditions yielding preliminary hits expanded to obtain diffraction
quality crystals (Fig. 1D-F). In the case of Len c 1, streak microseeding
was required. Crystal dimensions were in the range of 100-200 um for
Len c 1, and 200-300 um for both Pis s 1 and Pis s 2.

3.2. Model generation and quality

A comparison of the primary amino acid sequences of the cores re-
gions of Pis s 1, Pis s 2 and Len c 1 highlight their high degree of simi-
larity to each other (Fig. 2). Pis s 1 and Len c 1 share 91 % amino acid
identity. These vicilins respectively have 69 and 71 % identities to the
Pis s 2 convicilin. More broadly (Supplemental Fig. S1), these pea and
lentil globulins are 53-54 % identical to Ara h 1 (of known structure;
PDBs: 3571, 3S7E), and 55-57 % identical to soya bean 7S vicilin (whose
structure was used for molecular replacement; PDBs: 1UIK, 1ULJ, 1IPJ,
1IPK). Amino acid identities to other legume vicilins of known structure
include 50-51 % with common bean (PDBIDs 1PHS; 2PHL), up to 52 %
with jack bean (PDBIDs 2CAV, 2CAU; 6V7G, 6V7J, 6V7L, 1DGW, 1DGR)
and up to 57 % with both mung (PDBID 2CV6) and adzuki (PDBIDs
2EA7, 2EAA) beans.

The data collection and refinement statistics for the three obtained
structures are presented in Table 1. Crystal structures for Pis s 1, Pis s 2
and Len ¢ 1 core regions were obtained at 3.1, 2.7 and 2.5 A,

Ni-NTA SEC Lysate Ni-NTA SEC

Fig. 1. Preparation of diffracting crystals of Pis s 1, Pis s 2, and Len c 1. Purification of recombinantly produced A) pea vicilin, Pis s 1; B) pea convicilin, Pis s 2; and C)
lentil vicilin, Len ¢ 1. SDS-PAGE showing total E.coli cell lysate fractions (Lysate), pooled fractions eluted from a Ni-NTA column (Ni-NTA) and the final purified
product pooled from the size exclusion chromatography column (SEC). The SEC fractions were used directly for crystallization after concentration. Representative
obtained crystals D) pea vicilin, Pis s 1, E) pea convicilin, Pis s 2, and F) lentil vicilin, Len c 1.
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Pis_s 2 NPFLFKSNKFLTLFENENGHIRLLQRFDKRSDLFENLQNYRLVEYRAKPHTIFL 253
Pis_ s 1 ENPFIFKSNRFOTLYENENGHIRLLQKFDKRSKIFENLQNYRLLEYKSKPHTLFL 60
Len_c_1 ENPFIFKSNRFQTIYENENGHIRLLQRFDKRSKIFENLQNYRLLEYKSKPHTIFL 60
Ara_h_1 NNPFYFPSRRFSTRYGNQNGRIRVLQRFDQRSRQFQNLQNHRIVQIEAKPNTLVL 57
Gly m 5.01 NPFLFGSNRFETLFKNQYGRIRVLQRFNQRSPQLQNLRDYRILEFNSKPNTLLL 247
***** **:*:****** ** ** *- ****
Pis_s 2 PQHIDADLILVVLSGKAILTVLSPNDRNSYNLERGDTIKLPAGTTSYLVNQDDEEDLRLV 313
Pis_s 1 PQYTDADFILVVLSGKATLTVLKSNDRNSFNLERGDAIKLPAGTIAYLANRDDNEDLRVL 120
Len_c_1 PQFTDADFILVVLSGKAILTVLNSNDRNSFNLERGDTIKLPAGTIAYLANRDDNEDLRVL 120
Ara_h_1 PKHADADNILVIQQGQATVTVANGNNRKSFNLDEGHALRIPSGFISYILNRHDNQNLRVA 117
Gly m 5.01 PNHADADYLIVILNGTAILSLVNNDDRDSYRLQSGDALRVPSGTTYYVVNPDNNENLRLI 307
o, FEE cake ok ok oeae | opak ke ke ok eesakok LR S B S Sl
Pis_s 2 DLVIPVNGPGKFEAFDLAKN--KNQYLRGFSKNILEASYNTRYETIEKVLLE 370
Pis_ s 1 DLAIPVNKPGQLQSFLLSGTQNQPSLLSGFSKNILEAAFNTNYEEIEKVLLEQ 180
Len_c_1 DLAIPVNRPGQLQSFLLSGTQNQPSFLSGFSKNILEAAFNTEYEEIEKVLLE 180
Ara_h_1 KISMPVNTPGQFEDFFPASSRDQSSYLQGFSRNTLEAAFNAEFNEIRRVLLEENA 177
Gly m 5.01 TLAIPVNKPGRFESFFLSSTEAQQSYLQGFSRNILEASYDTKFEEINKVL 367
*** ** k s . ko kkk . * kKo oo o * ** .
Pis_s 2 TDAIVKVSREQIEELK —--FEPINLRSHKPE 419
Pis_s 1 NVIVKVSREQIEELSKNAKSSSKKSVSSE - --SGPFNLRSRNPI 235
Len_c_1 TNEDVIVKVSREQIEELSKNAKSSSKKSVSSE---SEPFNLRSRNPI 235
Ara_h_1 NEGVIVKVSKEHVEELTKHAKSVSKKGSEEEGDITNPINLREGEPD 237
Gly m 5.01 VIVEISKEQIRALSKRAKSSSRKTISSE-- -DKPENLRSRDPI ~ 427
.** **.******* * **** .*
Pis s 2 YSNKFGKLFEITPEKKYPQLQDLDLFVSCVEINEGALMLPHYNSRAIVVLLVNEGKGNLE 479
Pis_s 1 YSNKFGKFFEITPEK-NQQLODLDIFVNSVDIKEGSLLLPNYNSRAIVIVTVTEGKGDEE 294
Len_c_1 YSNKFGKFFEITPEK-NPQLQDLDIFVNSVEIKEGSLLLPNYNSRAIVIVTVNEGKGDFE 294
Ara_h_1 LSNNFGKLFEVKPDKKNPQLQDLDMMLTCVEIKEGALMLPHFNSKAMVIVVVNKGTGNLE 297
Gly m 5.01 YSNKLGKFFEITPEK-NPQLRDLDIFLSIVDMNEGALLLPHFNSKAIVILVINEGDANIE 486
**::**:**:.*:* **:***:: . * ** * ** ** * * : . :* --*
Pis s 2 LLGLKN NEVQRYEARLSPGDVVIIPAGHPVAITASSNL 529
Pis_s 1 LVGQ QVQLYRAKLSPGDVFVIPAGHPVAINASSDL 350
Len c_1 LVGQR KOVORYRARLSPGDVLVIPAGHPVAINASSDL 353
Ara_h_1 LVAVRKEQQQ EEGSNREVRRYTARLKEGDVFIMPAAHPVAINASSEL 357
Gly m 5.01 LVG VRKYRAELSEQDIFVIPAGYPVVVNATSNL 535
*- ----* o . -*:*** *- ** **.***
Pis s 2 NLLGFGINAENNERNFLSGSDDNVISQIENPVKELTFPGSVQEINRLIKNQKQSHFANA- 588
Pis_s 1 NLIGFGINAENNERNFLAGEEDNVISOVERPVKELAFPGSSHEVDRLLKNOKOSYFANA- 409
Len_c_1 NLIGFGINAKNNORNFLAGEEDNVISQIQRPVKELAFPGSSREVDRLLTNQKQSHFANA- 412
Ara_h_1 HLLGFGINAENNHRIFLAGDKDNVIDQIEKQAKDLAFPGSGEQVEKLIKNQKESHFVSAR 417
Gly m_5.01 NFFAIGINAENNQRNFLAGSQDNVISQIPSQVQELAFPGSAQAVEKLLKNQRESYFVDA 595

skkckok .k ko koke ok

.....

JREkkk k.

cokodkdk oo ek kKo okok ok

Fig. 2. Amino acid sequence alignment of the core crystallized regions of pea and lentil 7S globulins. Sequences of the crystallized regions of Pis s 1 (7U1[;
CAF25232), Pis s 2 (7U1J; CAB82855) and Len ¢ 1 (7U1H; CAD87730) and including peanut (Ara h 1; 3S7E) and the sequence of soya bean (Gly m 5.01 core;
PODO16). The unique Cys residue in Pis s 2 is highlighted in red font. Previously identified linear Ig epitopes are underlined with colors according to previous reports
and Fig. 5 in this report, as follows: For Pis s 1 (Popp et al., 2020) - 3 purple; 14 green; 20 cyan; 28 yellow; 44 blue; 53 red; 64 magenta; 74 orange; 78 brown; 93
black; 100 sand; For Len ¢ 1 (Vereda et al., 2010) - 1 red; 2 green; 3 blue; 4 yellow. The Ara h 1 (Cabanos et al., 2011) and Gly m 5.01 linear epitopes listed in Pi et al
(2021) are underlined in black. Un-modelled regions in the crystal structures and loop regions in the alphafold model of Gly m 5.01 with a per residue confidence
score < 90 are shown in light grey font. Amino acid numbering follows numbering of residues in the crystal structures or model. Numbers associated with colors in
this legend refer to the epitope number as defined in the indicated prior reports and in Fig. 5 of this report. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

respectively. In the case of Pis s 1, 914 (86 %), of the amino acids were
within the favoured core, and 127 (12 %) of the amino acids were within
the allowed region, while 84 (2 %) of the amino acids were found in the
outlier region of the Ramachandran plot as calculated by MolProbity
(Chen et al., 2010). In contrast, Pis s 2 and Len ¢ 1 were modelled with

91-92 % of amino acids in the favoured region, 6-8 % in the allowed
regions and 1-2 % in the outlier regions. The R and R values ranged
from 0.18 to 0.28, with the differences between R and Rgee just
broaching the recommended limit of 0.07 in all cases (Wlodawer et al.,
2008). The asymmetric units all included three monomers
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(Supplemental Fig. S2). However, only the Pis s 1 asymmetric unit
actually contained the biological trimer, consistent with all three
structures arising from crystals with different space groups (Table 1).

The numbers of waters in each structure varied from 20 in Pis s 1 and
120 in Piss 2, to 40 in Len c 1, generally reflecting the unit cell sizes. The
numbers of amino acid residues in each monomer include 362, 360 and
359 for Pis s 1, 349, 344 and 346 for Pis s 2, and 365, 365 and 363 for
Len c 1. The N-terminal His-tag regions were not included in the models.
Two additional regions were not included in any of the monomers due to
weak 2|Fo| — |Fc| maps, making it impossible to trace even the Ca
backbone in these regions. These un-modelled regions range from resi-
dues 164-172 and residues 295-319 respectively (Pis s 1 numbering). As
well Pis s 2 had a third un-modelled region ranging from residues
394-407 (Pis s 1 numbering). All of these gaps are consistent with gaps
previously observed in other 7S globulin structures (reviewed in (Cab-
anos et al., 2011)).

3.3. Overall structures

The core monomeric regions of the Pis s 1, Pis s 2 and Len c 1
structures oligomerize into homo-trimeric complexes observed at the
unit cell level for all three proteins (Fig. 3A; Supplemental Fig. S3),
representing the biological assembly as demonstrated by others
(reviewed in (Kesari et al., 2017)). Each monomer can be divided into an
N- and C- terminal module that share high structural similarity and are
separated by a pseudo-dyad axis, as has been noted previously in other
78 globulins (Fig. 3B-D; (Cabanos et al., 2011)). Each module contains a
conserved f-barrel core (jelly roll-like) domain comprised of two 7-
stranded B-sheets and an extended loop domain comprised of six short
a-helices. Superpositioning of the A chain monomers of both pea
structures and the lentil structure with the A chain monomer of the
peanut 7S globulin structure highlights a high degree of similarity across
these four structures (Fig. 4). A comparison of A chain Ca atoms for Pis s
1 and Len c 1 yielded a root mean square deviations (RMSD) of 0.370 A.
Pis s 2 Co atoms yielded RMSDs of 0.814 A and 0.719 A compared to
these respectively.

Visual inspection of the aligned A chain Ca structures highlights
minor differences among the 7S globulin, with Pis s 2 showing the
greatest variability throughout, consistent with its lower sequence
identity and higher RMSD values (Fig. 4). Pis s 2 variability is most
notable in the N-terminal module including a loop (Pis s 2 residues
230-233), in a couple beta strands (Pis s 2 residues 283-288 and
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Loop 1(C)

J/ N-term
Loop 2 C-module
() B-roll
Loop 2
(N) N-module
B-roll
» Loop 1(N)

Fig. 4. Co backbone superimposition of the A chain monomers of Pis s 1, Pis s 2
and Len ¢ 1 with Arah 1 7S globulin. Pis s 1, Pis s 2, Len ¢ 1 and Ara h 1 are
shown in yellow, pink, dark blue and green respectively. The two most highly
structurally variable regions are noted, including Loop 1 (N) and Loop 2 (N).
Comparable regions in the C-module are highlighted for comparison (Loop 1
(C), Loop 2 (C)). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

302-309) and in the extended helical region (Pis s 2 residues 339-352).
Pis s 2 also differs significantly from Pis s 1 and Len c 1 in a C-terminal
module loop region (Pis s 2 residues 433-443). More broadly, residues
immediately ahead and following un-modelled regions showed some
variability across the 3 structures, consistent with the lack of observed
density in the un-modelled regions arising from high flexibility of these
loop regions (Pis s 2 residues 364-380 and 486-488 in Fig. 4). Finally,

Fig. 3. Overall structure of the pea and lentil 7S globulins. A) Trimeric quaternary structure of Pis s 1 observed in the asymmetric unit. Monomer structures for B) Pis
s 1 C) Piss 2 D) Len c 1. The N-terminal modules are on the bottom, and the C-terminal modules are on the top of each image. The single unique Cys at position 448 of
Pis s 2 is highlighted in pink. Strands of p-sheets and stretches of a-helices are shown in blue and red, respectively. The line represents the pseudo-dyad axis in
between the N- and C-terminal modules. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the N-terminal core loop region connecting the extended helical region
to the core p-roll (See Loop 2 in Fig. 4, equivalent to Pis s 2 residues
331-337) was highly variable across all 3 structures, an effect not
observed in the equivalent loop segment in the C-terminal-module.

3.4. Comparative structural epitope mapping on pea and lentil crystal
structures

Initially, the eleven candidate epitopes (Fig. 1 & Supplemental
Table S2) of Pis s 1 identified by Popp et al. were mapped onto the crystal
structure obtained in this current study (Popp et al., 2020). The

Gly m 5 Top (N-terminus)

Gly m 5 Bottom
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candidate epitopes were distributed throughout the surface of Pis s 1,
both on the monomer and the trimer (Fig. S5A & Supplemental Fig. S4A),
validating Popp et al.’s prior homology model that predicted a similar
epitope distribution. Upon trimer formation, candidate epitopes 14, 20,
74,78, 93, and 100 together lose at least 30 % of their accessible surface
area. With the exception of one amino acid in chain A, there was no
electron density for the residues of epitope 44. Additionally, there was a
gap (residues 299-319) in the electronic density between peptides 74
and 78, including residues from both peptides.

In contrast, only four candidate epitopes (Fig. 2 & Supplemental
Table T2) have been identified for Len ¢ 1 (Vereda et al., 2010). Since

P

Gly m 5 Edge Gly m 5 Vertex

Fig. 5. Surface character and mapping of previously identified linear Ig epitopes on the molecular surface of the Pis s 1 and Len c 1 crystal trimeric unit structures.
Epitopes were mapped onto the trimeric structures of (A) Pis s 1 (PDBID: 7U1I) and (B) Len ¢ 1 (PDBID: 7U1H). (C) The Ara h 1 epitopes listed in Cabanos et al (2011)
are shown mapped onto the trimeric structure of Ara h 1 (PDBIB: 3SMH). (D) The Gly m 5.01 epitopes listed in Pi et al (2021) are shown mapped onto an AlphaFold
model of Gly m 5.01 core (AF-PODO16) aligned to all three chains of the trimeric structure of Gly m 5.02 (PDBID: 1UIK). Pis s 1 epitopes are colored as per a previous
report (Popp et al., 2020): 3 purple; 14 green; 20 cyan; 28 yellow; 44 blue; 53 red; 64 magenta; 74 orange; 78 brown; 93 black; 100 sand. For Len c 1 epitopes (Vereda
et al., 2010): 1 red and magenta; 2 magenta, green, and cyan; 3 cyan, blue, and orange; 4 orange and yellow. The numbers on the trimeric structures correspond to
the epitope numbers as defined in the indicated prior reports. The Ara h 1 epitopes are largely colored according to a previous report (Cabanos et al., 2011): 7 red; 8
pale green; 9 blue; 11 yellow; 12 magenta; 13 pale yellow; 14 cyan; 15 orange; 16 light pink; 17 red; 18 brown; 19 green; and 21 purple. For the Gly m 5.01 epitopes
(Pietal. (2021)): 5 orange; 12 purple; 13 green; 14 cyan; 15 yellow; 16 blue; 17 red; and 18 magenta. Due to their overlap with other epitopes, epitopes 3, 4, 6, 7, and
11 are excluded for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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these epitopes have overlap between each other, residues that are shared
between two epitopes are coloured differently when mapped on the new
Len c 1 structure (Fig. 5B). Unlike Pis s 1, the linear candidate epitopes of
Len c 1 are clustered at the C-terminus of the protein mostly distributed
on the side of the monomeric structures that contains that N- and C-
termini. Upon formation of the trimer, epitopes 1-2 and 3 are buried
with a > 5-fold loss in surface accessible surface area. Nonetheless, all
four epitopes are exposed to the solvent in the trimeric structure (Sup-
plemental Fig. S4B): epitope 1 is on the N-terminus top side, epitope 3 is
on the bottom side, epitope 4 is located on the corners of the triangular
shape of the structure, and epitope 2 is solvent accessible along the edge
of the triangular shape structure.

To the best of our knowledge, epitopes for the convicilin Pis s 2 have
not been experimentally identified yet.

4. Discussion

In this report, the first obtained X-ray crystallographic structures of
pea and lentil 7S globulins were solved and found to be similar to each
other and to other legume vicilins. In particular they maintain the ex-
pected 7S globulin fold, with trimeric quaternary structure and mono-
mers comprised of B-barrel N- and C-modules. Nonetheless a number of
differences between the structures and mapped epitopes are observed
upon closer inspection.

The higher RMSD for the Pis s 2 convicilin Ca atoms compared to Len
c 1 and Pis s 1 is consistent with the observed 20 % lower amino acid
sequence identity. Pea convicilin is also distinguished from vicilin by a
significantly lower gene copy number (2:18), a lack of processing of the
signal peptide and no glycosylation (Casey et al., 1986; Newbigin et al.,
1990). As well, vicilin genes are expressed during early seed deposition
(Casey et al., 1986). In contrast, the pea convicilin genes have been
shown to be transcribed only in the late stages of seed deposition (Bown
et al., 1988; Newbigin et al., 1990). Relative accumulation of convicilin
and vicilin in the seed are consistent with this and also reflect the gene
copy number, with significantly larger amounts of vicilin being stored.

Broader inspection of unit and super cell packing highlights both the
amenability of all three proteins to form trimeric biological assemblies,
as well as differential packing of these trimeric complexes in different
crystal space groups (Supplemental Fig. S3). Interestingly, one of the
more notable differences between pea vicilin and convicilin is the
presence of a single Cys residue, at position 448 in Pis s 2 (also present in
Ara h 1; Fig. 2), whereas the pea and lentil vicilins contain no Cys,
presenting a Ser residue in this position. In Pis s 1, this Ser 263 is the
foundation of a robust hydrogen bonding network with Asn 354 and Asp
265 (stabilizing two strands in the f-sheet fold in this C-module region)
and more notably Arg 230 in Loop 2 adjacent to Arg 231 and Asn233.
These latter residues make crystallographic packing contacts with N-
module residues Asn 114 and Asp 166 in a neighbouring trimeric sym-
metry mate in this P 1 2; 1 space group. In contrast Cys 448 in Pis s 2
forms hydrogen bonds to Asn 530 and the main chain carbonyl of Leu
531, again linking two strands in the p-sheet, but not connecting to Loop
2. This alters the hydrogen bonding network associated with Loop 2,
potentially contributing to stabilization of the alternative Loop 2 — Loop
2 inter-trimeric symmetry mate interaction in the F 2 3 crystallographic
space group. The potential relevance of these packing differences to
deposition during seed development cannot be ignored. Although
whether they have relevance to early and late deposition, stabilization of
the deposited protein or other traits remains for future consideration.

More broadly Pis s 1, Len ¢ 1 and Pis s 2 yielded RMSDs of 0.699,
0.685 and 1.114 A compared to the Ca atoms in peanut Ara h 1, indi-
cating a high degree of structural similarity particularly with the vici-
lins. Ara h 1 was previously shown to have RMSDs of 1.00 to 1.15 A
compared to an array of other legume 7S structures including soya,
adzuki and mung beans (Cabanos et al., 2011). Both pea and lentil
vicilin structures vary from Ara h 1 in the regions of residues 216-226
(Pis s 1 numbering; see Loop 1 in Fig. 4) and in a C-terminal module loop
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region (Pis s 2 residues 433-443). Interestingly, Pis s 2 remains virtually
identical to Ara h 1 in the latter C-terminal module loop. The Loop 1
region is not modelled in Pis s 2. Further inspection of other missing
regions reveals that these gaps in electron density were consistently
observed across an array of representative legume 7S structures. An
amino acid sequence alignment emphasizes the presence of non-
conserved strings of Asp, Glu, Asn and Gln amino acids in these
missing regions (Fig. 2 and Supplemental Fig. S1), proposed previously
to be surface exposed based on their hydrophilic nature. Notably, the
epitope mapping exercise emphasizes that these gap regions do have
reactivity to immunoglobulins in some species, consistent with their
proposed surface exposure.

With respect to the mapping of previously predicted immunoglob-
ulin binding epitopes on Pis s 1, the degree to which epitopes are buried
at interfaces in the trimeric structure (compare Fig. 5A to Supplemental
Fig. S4A) is notable. The potential for increased allergenicity upon
breakdown of this quaternary structure during food processing or
digestion cannot be ignored. Further comparison of pea and lentil vicilin
epitopes highlights significantly fewer epitopes for Len c 1 than Pis s 1.
However, several regions of Len ¢ 1 (not experimentally identified as
epitopes), contain high sequence and structural similarity to Pis s 1 and
in fact correspond exactly to Pis s 1 epitopes. For instance, Pis s 1 epi-
topes 28 and 53 are identical to the corresponding sequence in Len c 1.
At the same time, Pis s 1 epitopes 3 (L191), 14 (Y63F), 20 (T78I), and 64
(D265E) differ by one amino acid from the corresponding peptides in
Len c 1, which represent relatively conservative changes (e.g. Leu to Ile).
Additionally, two of the differing residues (residues 63 and 78) are
buried (SASA < 2.5 A% and thus unlikely to be directly binding
immunoglobulin. Therefore based on this comparison we predict that
these regions may also be potential epitopes for Len ¢ 1 that were not
identified in the original linear epitope search. Validation of these
computational predictions remains for the future.

At the same time, the degree to which epitopes cover a significant
portion of the surface of trimers and individual monomers is consistent
with challenges associated with addressing allergenicity of these pro-
teins in food (de Silva et al., 2022). To gain more insight into epitope
coverage across 7S globulins, the Ara h 1 epitopes identified by Cabanos
et al. and the Gly m 5.01 epitopes listed by Pi et al., were mapped onto
the trimeric crystal structure of Ara h 1 (Fig. 5C; PDB ID: 5SMH) and a
model of Gly m 5.01 predicted by AlphaFold (Fig. 5D; AF-PODO16),
respectively (Cabanos et al., 2011; Pi et al., 2021). By aligning the se-
quences and structures of Pis s 1 and Len ¢ 1 to Arah 1 and Gly m 5, we
were able to identify homologous epitopes at the same relative positions
on the structures, with details compiled in Fig. 2 & Supplemental
Table T2. All epitopes of Len c 1 had corresponding epitopes in Arah 1,
but no corresponding epitopes in Gly m 5.01. Also, several Pis s 1 epi-
topes corresponded to those identified in Ara h 1 (Cabanos et al., 2011),
Gly m 5.01 (Pi et al. 2021), and those identified in Len ¢ 1. Gly m 5.01
epitopes that did not correspond to those identified in Pis s 1 had ho-
mologous epitopes in Ara h 1. Additionally, Pis s 1 and Ara h 1 had
epitopes in positions that were unique to each protein, which may ac-
count for different allergenic responses to different pulse vicilin
proteins.

In terms of the allergenicity of these crops, it is notable that both
peanut and soya bean are considered major allergens, while peas and
lentils are not (FALCPA, 2004). And even in comparing peanut and soya
bean allergenic responses, peanut allergies are highly prevalent and
severe, while soya bean allergies tend to be less intense (Gupta et al.,
2019). Pea and lentil allergenic responses are similar to soya bean in
places where they are consumed as a staple (Verma et al., 2013).
Certainly a comparison of the extent of epitopes mapped on Len c 1,
compared to Ara h 1 might suggest a correlation (more epitopes/more
potent allergic responses). However, a further more detailed comparison
of Pis s 1, Gly m 5.01 and Ara h 1 epitopes suggests that the relationship
is not quite so straightforward. Gly m 5.01 has just as much epitope
coverage (or more) as Ara h 1 (Figs. 2 and 5). At the same time, one must
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also consider that 7S globulins are not the only allergenic proteins in
these crops (Riascos et al., 2010). Indeed, it is proposed that Ara h 2 and
Ara h 6 allergens in peanut are responsible for the heightened severity of
peanut allergies (Zhuang and Dreskin, 2013). Thus contributions of
other epitopes on other proteins must be considered in any future
treatments, breeding programs or processing strategies developed to
reduce allergenicity of these species.

5. Conclusions

In conclusion, the first X-ray crystallographic structures of 7S-glob-
ulin pea and lentil vicilin as well as pea convicilin are presented. All
three structures are similar to those of other pulse 7S-8S globulins,
maintaining the common trimeric quaternary structure and with each
monomer comprised of N- and C- terminal modules, each comprised in
turn of conserved p-barrel cores. The potential impact of sequence dif-
ferences on structure and packing in the different crystal space groups is
noted, with potential relevance to packing upon seed deposition. Map-
ping on the obtained crystal structures highlights significant Ig epitope
overlap between pea, lentil, peanut and soya bean, and significant
coverage of the entire seed storage protein, emphasizing the challenge in
addressing food allergies. How recently developed biologicals might be
refined to be more effective, or how these seed storage proteins might be
modified in planta to be less immuno-reactive remain challenges for the
future.
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