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ABSTRACT

The seed storage proteins of cereal and legumes are the primary source of amino acids which are
required for sustaining the nitrogen and carbon demands during germination and growth. Humans
derive most of their dietary proteins from storage proteins in form of a wide variety of foods, for con-
sumption. The amino acid content of most of these proteins is biased and the need for this biasness
is not understood. The high abundance of proline, glutamine, and cysteine in cereals makes the gluten
fraction viscoelastic. The cereal proteins have less charge and legume proteins have more charge on
them. Their non-polar amino acid distribution has large variations. These characteristics are strongly
responsible for the partial and complete unfolding of several domains of the storage proteins. Many
of the storage proteins share a highly conserved structural feature within the cupin superfamily spread
across all kingdoms of life. The intrinsically disordered viscoelastic proteins help in making dough
which is vital for the quality of bread. Unfolded regions harbor more immunogenic sequences and
cause food-related allergies and intolerance. We have discussed these properties in terms of compari-
son of cereal and legume storage protein sequences and allergy. Our study supports the findings that
large disordered regions contain allergen-representative peptides. Interestingly, a high number of aller-
gen-representative peptides were cleavable by digestive enzymes. Furthermore, unfolded storage pro-
teins mimic microbial immunogens to induce a memory immune response. Results findings can be
used to guide the understanding of immunological characteristics of storage proteins and may assist
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in treatment decisions for food allergy.

Introduction

The seeds of cereals and legumes fulfill most of the human
protein requirements. Neither of them provides a balanced
assortment of amino acids for human needs. Lysine is pre-
sent in low and high quantities in cereals and legumes.
Methionine is present in high and low quantities in cereals
and legumes (Navarro, 2012; Shewry et al., 1995; Shewry &
Halford, 2002). The gluten proteins of cereals confer visco-
elastic properties to the dough. This property enables differ-
ent food products made from them. Knowledge of these
seed storage proteins is of practical and academic interest.
The viscoelastic property of the dough depends on the struc-
ture of the gluten. Efforts are on to change the composition
to get soft or tough bread. The content and composition of
seed storage proteins are controlled by a genetic and
physiological makeup (Triboi et al., 2000; Zhu & Khan, 2001).
Seed proteins have evolved to support the germination pro-
cess. It remains to be seen the extent to which the compos-
ition of the seed storage proteins will be changed to get

essential amino acids or soft bread without compromising
the plant growth.

Among the cereals, wheat, rye, and barley contain gluten.
Oats may have gluten in small amounts, while maize does
not contain gluten (Michaelsen et al., 2009). Immunological
reactions to gluten can damage the lining of the small intes-
tine, a condition known as celiac disease (Kagnoff, 2005).
Small peptides like the pentapeptides QQQPP, QQPFP, and
PQQPF in wheat glutenin and gliadin bind to IgE antibodies
(Tanabe, 2007; Xue et al, 2011). Legume proteins do not
have a high content of proline or glutamine as cereal pro-
teins. Yet, they have allergenic peptides. Food allergens have
two main characteristics such as the resistance to proteolysis
due to intra-molecular disulphide bonds and stability in
acidic conditions. This increases the probability of these epit-
opes reaching the intestinal mucosa where they can be
absorbed and elicit immune reactions (Astwood et al., 1996;
Bannon et al.,, 2003; Kim et al.,, 2007; Maleki et al.,, 2000). A
very high content of proline makes gluten digestibility
difficult for human digestive proteolytic enzymes such as
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carboxypeptidase, chymotrypsin, elastase, pepsin, and trypsin
(Hausch et al., 2002; Helmerhorst et al, 2010). Numerous
disulfide linkages confer compactness to the protein mole-
cules to the extent that they are protected from extensive
proteolysis. Disulfide intact Ara h2 (peanut allergen) frag-
ments contain the immune-dominant IgE-binding epitopes
intact despite the enzymatic digestion by trypsin, chymotryp-
sin, and pepsin (Sen et al., 2002). A complete understanding
of these food allergens concerning protein sequence disorder
is not available. In our study, we have compared the amino
acid frequency of seed storage proteins of cereals and
legumes with the overall plant database proteins. We have
reported the presence of essential, and non-essential amino
acids and biasedness in amino acid compositions. We have
computationally predicted the secondary structure, tertiary
structures, and disorder in all the protein sequences, calcu-
lated charge, and hydrophobicity compared with complete
structured proteins by X-ray crystallography from the Protein
data bank (PDB). In our study, newer approaches like pro-
tein-disordered regions containing the allergenic sites are
considered. We have further checked digestive enzyme cleav-
able sites in allergenic representative peptides. Furthermore,
immune responses concerning microbial infections are deter-
mined. The result findings are important for understanding
disorderliness which is associated with allergic-immune
responses in humans.

Methodology
Search strategies and collection of protein sequences

The data for seed storage proteins were obtained from
Universal Protein Resource (http://www.uniprot.org/), Protein
Data Bank (https://www.rcsb.org/), National Centre for
Biotechnology Information (https://www.ncbi.nlm.nih.gov/),
and through a literature search in PubMed. All possible com-
binations of search keywords with “seed”, “storage”, “nutrient
reservoir, “legume”, and “cereal” were used. We also per-
formed searches in Uniprot using the keywords Poaceae (cer-
eal) [4479] and Fabaceae (legume) [3803]. Only the proteins
having their function as seed storage were selected. This
was confirmed in the literature searches. To ensure not hav-
ing redundancy in data, proteins were checked in protein
BLAST (https://blast.ncbi.nim.nih.gov/Blast.cgi?PAGE=Proteins)
and Multiple Sequence Alignment (https://www.genome.jp/
tools-bin/clustalw). This non-redundant set of proteins
resulted in a database of seed storage proteins from cereals
and legumes (Table S1). The plant proteins sequence data
(kingdom Viridiplantae) was downloaded consisting of nearly
14.2 million entries. A third set of 150 randomly selected pro-
teins from PDB data were taken to form the folded protein
set. These proteins are involved in different pathways of syn-
thesis; metabolism, ultra structure, communication, and
catalysis. A fourth set of sequences of NCBI database pro-
teins randomly selected from all the organisms were down-
loaded from the NCBI FTP site. The NCBI data contains
FASTA sequence data corresponding to approximately 30
million protein sequences.

Amino acids composition of proteins

The amino acid composition of each protein was calculated
using an Expasy tool Protparam (http://web.expasy.org/prot-
param/) (Gasteiger et al., 2005). Physio-chemical properties
such as molecular weight, theoretical pl, aliphatic index, and
total number of positively (Arg+Lys), and negatively
charged (Asp + Glu) amino acids were calculated for each
protein. The pl is the pH at which the amino acid does not
migrate in an electric field. Expasy calculates the pl and
molecular weight based on Compute pl/Mw parameters.
Bioperl package (Bio:Tools::Protparam available at: https://
metacpan.org/pod/BioPerl) was used to collate the
Protparam parameters of individual proteins in the datasets
of plant proteins, PDB set, and the database of seed storage
proteins (Stajich et al., 2002). The mean hydrophobicity of
proteins was calculated using Kyte and Doolittle methods
(https://web.expasy.org/protscale/) (Kyte & Doolittle, 1982).
Each amino acid has a hydropathy score. Kyte-Doolittle
hydropathy scale is widely used to calculate hydrophobicity
representing an individual value for each amino acid of a
protein. The scale combines data on water-vapor transfer
free energies of different residues and their exposure distri-
bution in a set of structurally resolved proteins. A positive
score means hydrophobic and a negative score means
hydrophilic. The mean hydrophobicity is defined as the sum
of the normalized hydrophobicity of all residues divided by
the number of residues in the polypeptide. The mean net
charge is defined as the total charges at pH 7.0 divided by
the total number of residues (Uversky et al., 2000).

Intrinsic disorder prediction

Disorder in each protein was calculated using tools
Foldindex (https://fold.proteopedia.org/cgi-bin/findex), Top-
IDP  (https://www.disprot.org/), and PONDR (http://www.
pondr.com/cgi-bin/pondr.cgi) (Linding et al., 2003; Prilusky
et al., 2005; Sickmeier et al, 2007). These three online soft-
ware tools are widely used to predict disorders in protein.
For seed storage proteins the percent disorder was calcu-
lated as the percentage of the total number of disordered
amino acids (score above 0.5) divided by the total number of
amino acids in the protein). JPred4 software (http://www.
compbio.dundee.ac.uk/jpred/index.html/) was used to predict
the secondary structure of seed storage proteins (Drozdetskiy
et al., 2015). The percent secondary structure was calculated
as the percentage of the sum of alpha helix and beta sheet
occurrence (reliability of prediction score >5 on a 0-9 scale)
in the protein sequence divided by the total number of
amino acids in the protein. The I-TASSER (Iterative Threading
ASSEmbly Refinement) tool was used to predict protein
three-dimensional structure based on the hierarchical
approach of threading (Yang et al., 2015).

Multiple sequence alignment and phylogenetic tree

The identified seed storage proteins from cereal and legumes
were aligned using multiple sequence alignment tools
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available online (https://www.genome.jp/tools-bin/clustalw)
and CLC sequence viewer 8.0 software (CLC bio LLC,
Cambridge, MA, USA) (Knudsen et al.,, 2011). The phylogen-
etic tree was also constructed using the above tools with
bootstrapping of 1000 replicates.

Allergenic peptides and enzyme indigestibility

The Allermatch tool (https://www.allermatch.org/) was used to
find the IgE binding sites in the proteins (exact word match
search). The similarities were searched for small identical
stretches of at least six contiguous amino acids (Fiers et al.,
2004). Another allergy prediction tool, Algpred (http://crdd.
osdd.net/raghava/algpred/), was also used for finding the pep-
tides showing homology to known epitopes and allergen-rep-
resentative peptides (ARPs). Algpred allows the prediction of
allergens based on the similarity of known epitope with any
region of the protein. It facilitates BLAST search against 2890
allergen-representative peptides and assigns a protein allergen
if it has a BLAST hit (Bjorklund et al., 2005; Saha & Raghava,
2006). All the resulting small allergenic peptide sequences
from seed storage proteins are listed in Table S2 and Battais
et al. (2005); Maruyama et al. (1998); Matsuo et al. (2005);
Tanabe (2001); Tatham et al. (1990). The allergens of cereal
and legume seed storage proteins were in silico cleaved by
pepsin, trypsin, and chymotrypsin by using the Expasy tool
Peptide cutter (http://web.expasy.org/peptide_cutter/)
(Gasteiger et al., 2005). An overview of the above methodology
and tools used are shown in Figure 1.

Result and discussion

A total of 78 seed storage proteins were collated, out of
which 38 proteins belong to cereals and 40 proteins belong
to legumes. It was found that these proteins not only have
huge diversification in length ranging between 150 and 850
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amino acid residues but also have large variations in isoelec-
tric point (pl) which was found in the range of pH 4.5-9.5
(Table S1). The percent composition of amino acid along
with the molecular parameters was calculated for each seed
storage protein. Thereafter, the composition of cereal and
legume seed storage proteins was compared with each other
(Figure 2 and Table 1).

From the amino acid composition analysis, it was found
that the cereal proteins are highly abundant in GIn, Pro, and
Cys. Barley, rye, rice, wheat, and maize have a very high proline
content than rice, oat, and sorghum. ®-Gliadins, ®-secalins,
and c-hordeins of wheat, rye, and barley were found to have
very high glutamine content (35-40%). Interestingly, the
GIn+Pro content of these proteins ranges from 63-67%.
Eleven proteins in cereal contain GIn+ Pro above the 45%
level as Gamma-gliadin, B hordein, Glutenin low and high
molecular weight, Glutenin, Alpha/beta-gliadin, Alpha-gliadin,
Secalin, gamma secalin, C hordein, Omega secalin and Omega
gliadin. However, only two cereal proteins Globulin-1S allele
and Serpin-Z4 have <5% GIn (Figure 2 and Table S1). On the
other hand, the legume proteins have higher amounts of Glu,
Arg, Asp, Asn, Lys, Leu, and llu than cereals. Conglutin proteins,
legumin A, glycinin G2, phaseolin, and beta-conglycinin contain
Glu or Arg at more than 10% in content. Only 3 legume pro-
teins contain >10% GlIn including Glycinin G2, Conglutin, and
Conglutin delta (Figure 2 and Table S1).

Further, the composition of cereal and legume proteins was
compared with the proteins of the plant kingdom (Figure 3)
and universal proteins (Table 1) along with the propensities of
amino acids to form helices and strands (Prevelige & Fasman,
1989). From this analysis, it was observed that the non-polar
amino acids are present at lower concentrations in cereals and
legumes than in plant and universal proteins. In contrast, the
polar components are also present in lesser quantities in cere-
als compensated by GIn and Pro contents. GIn, Arg, Glu, Ser,
and Asn were found more in legume proteins than plant and
universal proteins. Additionally, legume proteins have less

Uniprot/NCBI

(FASTA protein sequences)

Protparam U Allermatch
(amino acid frequency composition) 4 Seed storage proteins of A (allergenic proteins/peptides)
Protscale N Cerealsand Legumes 4 Algpred
(kyte and doolittle for protein hydrophobicity) ﬂ (allergenic proteins/peptides)
J Pred 4
(secondary structure) Pepﬁde cutter
I-TASSER (protease enzyme cleavage sites)
(tertiary structure)
Top-IDP
(intrinsic disorder)
Foldindex
(intrinsic disorder)
PONDR

(intrinsic disorder)

Figure 1. Schematic representation of methodology used for the amino acid composition analysis, identification and understanding of intrinsically disordered and

allergenic peptides of seed storage proteins found in cereals and legumes.
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Table 1. Amino acid frequency of occurrence in proteins of different groups.
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legumes (38-78)

AA NCBI random proteins (n =30 million) Plants proteins (n = 14.2 million) Cereals SSPs (n=37) Legumes SSPs (n=41) Helix* Strand*
G 6.96 7.14 6.00 (]) 6.30 B i
D 493 5.15 1.29 (|) 4,58 i i
C 1.83 1.76 2.21 (1) 133 () | h
Y 2.96 292 2.82 2.50 (]) b h
N 416 3.90 2.77 (]) 6.52 (1) B b
K 5.36 542 1.63 (|) 473 (]) I b
S 6.82 8.03 6.54 (1) 7.77 (1) | b
W 1.45 137 0.55 (]) 0.64 (]) h h
P 478 5.12 11.4 (1) 4.89 B b
H 2.46 248 1.72 () 244 h b
L 10.06 9.68 7.86 (1) 9.12 () H h
| 6.15 5.14 3.89 (]) 5.04 (]) | H
A 8.20 8.07 6.46 (]) 534 (]) H I
v 6.61 6.57 507 (]) 576 (]) h H
F 4,16 4.23 437 4.56 h h
E 5.66 6.07 3.19 (]) 9.23 (1) H B
T 561 4.96 3.69 (]) 361 () i h
R 5.35 5.93 3.57 (]) 7.15 (1) i i
Q 3.64 3.60 22.53 (1) 7.14 (1) h h
M 2.74 2.36 234 (]) 1.21 () h H

For >10% change in amino acid frequency of seed storage protein compared to the NCBI database (increase and decrease is indicated). The amino acid fre-
quencies for randomly selected NCBI (redundant) and UniProt databases differ at the decimal places. The Chou-Fasman helix/sheet propensities of amino acids
to form helices and strands are indicated (H=Strong Former, h=Former, |=Weak Former, i=Indifferent, B=Strong Breaker, b =Breaker. Adopted from
Prevelige and Fasman (1989). The percentage composition of amino acids is compared for seed storage proteins of cereal and legumes with a complete plant
proteins database covering >60,000 reported plant species (Uniprot) and universal proteins. Amino acids rich in nitrogen are N, Q and R. Q is abundant in cere-
als followed by legumes. N and R are abundant in legumes. The changes in frequency high or low compared to the universal database are shown in bold text.

amount of GIn compared to cereal but higher than plants and
universal proteins. Interestingly, the essential amino acids Lys,
Met, Thr, His, Val, Leu, and Trp were not abundantly found in
cereals and legumes when compared to the average content
of all plants (Figure 3).

It is well known that the amino acid GIn can function
as a protein-protein cross-linker catalyzed by glutamine

transaminase (Orsi et al, 2001). GIn can form interchain
hydrogen bonds, therefore contributing to protein’s elastic
properties. The high content of GIn decreases the solubility
of the proteins. On the other hand, the amino acid Cys
cross-links low molecular weight glutenin subunits through
disulfide bridges (Lombardi et al., 2009; Orsi et al., 2001). In
cereals, the amino acid Cys was mostly found segregated
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Figure 3. Percent frequency abundance of amino acids in complete plant proteins, cereal, and legume seed storage proteins. H, I, L, K, M, F, T, W, and V are the

amino acids essential for the human diet.

towards N and C terminals. The major seed vacuolar storage
proteins, (i.e., 7S and 11S globulins), as well as many ancillary
storage proteins, form dimers, trimers, and tetramers in the
ER lumen shortly after synthesis (Chrispeels et al., 1982).
Mutant proteins that are unable to form the correct quater-
nary structures are retained and degraded in the ER (Vitale &
Denecke, 1999). The 26-kDa protein, o-TIP, is an aquaporin,
or water channel (Maurel et al., 1995), providing a functional
explanation for the desiccation and hydration phases of the
seed’s life cycle. Accumulation of o-TIP occurs during late
seed maturation, primarily after the subdivision of the vege-
tative vacuole is completed (Johnson et al.,, 1989).

Pattern and repeats of amino acids among proteins
with IDPs

The sequence analysis of cereal proteins showed that the amino
acid GIn and Pro can occur in different ways such as highly clus-
tered, randomly repeated, or scattered throughout the sequence.
In maize proteins, nine PPP repeats were found in zein gamma
protein whereas the prolines were scattered throughout the
sequence in zein delta. It was found that cereal proteins like
Omega gliadin, C hordein, B hordein, alpha/beta gliadin, glutenin
HMW, and glutenin LMW have abundant proline residues scat-
tered throughout their sequence. They were rich in glutamine
also with repeats of 15 residues. Wheat LMW glutenin protein
contained PP repeats 19 times, QQQ repeats 27 times, and one
stretch of 14 Qs. On the other hand, Glutenin HMW contained
more scattered Qs and QQ repeats 91 times. Longer glutamine
amino acid repeats containing 3-14Qs were most common
among proteins alpha/beta gliadin, glutenin LMW, Glutenin
HMW, alpha-gliadin, kafirin proteins, secalin, avenin, glutelin type
b 5 of rice. Tri-peptide repeats of (PXX),, (PQQ), (QQP),, (PPQ),
or (PXQ), type were observed in most seed storage proteins. The
tandem repeats of the above motifs resulted in polyproline I
helices and reduced conformational variability (Jin et al, 2009).
Wheat, barley, maize, and rye SSPs being rich in Q and P amino
acids had these repeats. These repeats were observed in cereals

as scattered as well as tandemly. The Q amino acid residue helps
in the compaction of polyproline Il helices as occurs in many bio-
logical systems, like biominerals.

Protein folding pattern

The folding of protein plays an important role in the regulation
of post-translational protein modifications like glycosylation.
The presence of proline in place of asparagine was observed
which may inhibit the N-glycosylation process of protein fold-
ing. 11S globulins are non-glycosylated proteins that form hex-
americ structures with conserved B-barrel domains (Shewry
et al, 1995). Poly-L-glutamine alone can form B-stands held
together by a hydrogen bond between the amide groups. Q
repeats may form polar zippers which help in protein-protein
interactions. The expanded Q repeats increases the protein’s
affinity for interacting with other protein with similar repeats
and helps in the formation of dimers/trimers of B-pleated
sheets (Stott et al., 1995). The single glutamine repeats are suf-
ficient to form B-hairpin structures.

Since most of the cereal and legume seed storage proteins
lack three-dimensional (3D) structures. Therefore, we have pre-
dicted the 3D structures as shown in Table S3. We have men-
tioned the folds observed and structural differences in these
proteins. The seed storage proteins are classified here as albu-
min and globulins including classes—2S albumins, 7S and 11S
globulins, protease inhibitors, gliadin/glutenin family, prolamin
family, serpin family, and zein family. Cereal prolamins are rich
in proline, glutamine, and cysteine. Prolamins and albumins
were found rich in alpha-helices. Whereas globulins were
found to have one or more number of beta-barrels. Protease
inhibitors have mixed alpha and beta-sheet folds. Other struc-
tural features of 3,7 and Pi-helices are also observed.

Disorder and secondary structure

Intrinsically disordered regions (IDR) and intrinsically disor-
dered proteins (IDP) were observed more in the seed storage
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Figure 4. Disorder patterns of selected seed storage proteins. These proteins are mostly or fully disordered as predicted by PONDR VL-XT (red-line)/VSL2 (violet-
line) predictors for Omega gliadin Q6DLC7 (Aegilops tauschii); D hordein Q40054, C hordein Q40055 (Hordeum vulgare); secalin Q9FR41, Gamma secalin E5KZP9,
Omega secalin 004365 (Secale cereal); alpha-gliadin Q9MA4L6, glutenin low molecular weight P10385, Gamma-gliadin P21292, and glutenin high molecular weight
P10388 (Triticum aestivum). Residues >0.5 thresholds are considered as disordered. Long and short stretches of disorders are shown.

proteins of cereals as compared to the legumes. GIn and Pro
are the major disorder-promoting residues in cereals. In con-
trast, GIn, Arg, Glu, Asn, and Ser were in legume proteins.
Thirteen proteins contained <20% disorder. Ten proteins

contained nearly > 80% disorder (Figure 4). Other proteins
contained either disordered terminal regions or repeats of
unstructured regions (Table S1). Globulins, serpin, conglutins,
and albumins were found with > 30% predicted secondary
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structure among seed storage proteins. Nine proteins had
<10% secondary structure in them (Table S1). In the discus-
sion here, we have considered the proteins as disordered if
they have >80% disorder and <30% secondary structure.
Ordered proteins have <20% disorder and >30% secondary
structure. Legume proteins have a higher content of second-
ary structure. In the charge-hydrophobicity (C-H) plot
(Uversky et al., 2000), the structural proteins were observed
in a separate cluster with a mean net charge between 0.13
and 0.35 and mean hydrophobicity between 0.43 and 0.53
(Figure 5). Both hydrophobicity and charge are necessary for
a protein to fold. Apparently, proteins cannot fold com-
pletely outside this space. Most of the legume and cereal
proteins were observed outside the space. Three-fourths of

the cereal proteins had net charge <0.1 and two-thirds of
legume proteins had hydrophobicity <0.43 are unfolded.
Thus, either a large hydrophobic or high charge characteris-
tic alone is not sufficient to ensure complete protein folding.
The high net charge leads to charge-charge repulsions and
low hydrophobicity will not form the compact structures in
unfolded proteins (Xue et al., 2011). Around one-third of the
seed storage proteins occupied the folded space of the C-H
plot. In case of cereal proteins, the mean charge did not vary
much (between 0.02 to 0.06), the disorder decreases as the
mean hydrophobicity increases from 0.33 to 0.55. The sec-
ondary structure increases from 10 to 20% as the hydropho-
bicity increases from 0.4 to 0.55. If all the cereal storage
proteins are considered, this correlation was insignificant (r?
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= 0.0065). This correlation was not significant for folded pro-
teins (r? = 0.1822). The legume proteins carry charges within
the range of 0.13 and 0.35 sufficient for folding. The legume
proteins having hydrophobicity >0.43 are in the folded
region. The correlation of the C-H relationship for legume
proteins is significant (r* = 0.7503). The proteins of cereals
and legumes in the folded region had a low content of GIn
and Pro. It is expected that the C-H characteristics should
innately reflect in the secondary structure and disorder.
These three parameters, namely, secondary structure, dis-
order, and C-H characteristics did not correlate among them-
selves (Figure 6). It could be due to that the effects of
individual amino acids and their proximity effects on the sec-
ondary structure have not been reflected completely in the
predictions. However, some of the effects of the abundance
of GIn and Pro appear to be evident. The presence of Pro
and GIn in large amounts influences the structures of the
storage proteins. The repeat occurrence of Pro enables the
polyproline 1l helix (PP 1) formation (Stapley & Creamer,
1999). GIn has the second maximum propensity for PP II.

Short polyglutamine chains can also form polyproline Il hel-
ical structures (Chellgren et al., 2006; Kelly et al., 2001). The
sequence repeats of Pro and GIn throughout the sequences
allow the cereal proteins to take up extended form. In the
extended form, GIn residues form interchain H-bonds. Pieces
of evidence indicate that the proline residues enable the glu-
tamines to form H-bonds by keeping them in an open and
extended conformation (Darnell et al, 2007). The peptide-
solvent interactions are important factors in stabilizing the PP
Il structure (Kelly et al., 2001; Sreerama & Woody, 1999). The
protein regions rich in both glutamine and glycine are more
mobile (loop forming) (Alberti et al, 2001). Hydration pro-
duced a marked increase in chain mobility, especially above a
threshold water content of about 37% w/w. The changes in
secondary structure are very noticeable in water contents cor-
responding to the NMR mobility threshold (Belton et al,
1995).

During germination, the storage proteins provide nitrogen
and carbon. They can hold water. The requirement for
the viscoelastic proteins in the seed is not fully understood.
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The genetic and environmental factors cross-talk to deter-
mine the protein accumulation, amount, and size distribution
of polymeric proteins with little plasticity (Malik et al., 2011).
Enriching seed storage proteins in essential amino acids
would be at the cost of the contents of GIn, Pro, and Cys.
This will have implications for the ‘bread’ forming ability.
Seed proteins do not evolve to contain essential amino acids.
Genetic modifications aimed to enrich essential amino acids
may give instability to cereal seed germination.

The complete phylogenetic analysis and multiple
sequence alignments of cereal and legume SSPs from differ-
ent species are represented in Figure 7 (Tables S4 and S5).
These proteins belong to the Cupin family (7S/11S globulins),
albumin family (2S), cereal prolamins, glutenin/gliadin family,
protease inhibitors, and zein family. These families trigger
allergic reactions (Jain, 2023). Based on the hierarchical
approach to protein structure prediction and structure-based
function annotation models we have classified the identified
SSPs. We observed the unfolded regions of these proteins

carrying a high number of allergenic peptides. In Figure 8,
we have highlighted the allergenic peptides in the modeled
three-dimensional structure. We have clearly shown that
most of the allergenic peptides lie on the unstructured
regions of these proteins. Although a few legume proteins
have PDB structures (Table S1), the allergenic peptides
belong mainly to random coil or loop regions.

Allergy and enzyme digestibility

Some of the seed storage proteins are known as the major
food allergens (King et al., 2009; Navarro, 2012). These pro-
teins contain a very high number of IgE binding sites.
Allergenic peptides rich in proline and glutamine amino
acids were abundantly found in cereals. Whereas in legumes
most allergenic peptides were found rich in R, N, E, and L.
There were 72 seed storage proteins containing allergenic
peptides. Six proteins were observed to have no allergenic
peptides. A total of 697 non-redundant allergenic peptides
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Table 2. Enzyme digestibility/non-digestibility of allergenic peptides of cereal and legume seed storage protein.

Cereal SSPs (n=37)

Legume SSPs (n=41)

Allergenic proteins

Allergenic peptides

Non-redundant allergenic peptides

Digestible allergenic peptides (pepsin, trypsin, chymotrypsin)
Non-digestible allergenic peptides (%)

35 37
272 796
165 532
105 464

60 (36.4) 68 (12.8)

Percent frequency distribution of amino acids

Amino acid Enzyme cleavable® Enzyme non-cleavable® Enzyme cleavable® Enzyme non-cleavable”
A 79 8.9 6.2 7.4
R 5.6 0.3 7.4 0.2
N 3.8 1.0 8.7 3.2
D 1.8 0.8 4.2 9.3
C 3.2 0.0 13 13
Q 22.3 434 6.7 53
E 4.0 0.0 8.9 38.6
G 54 6.9 6.5 6.3
H 1.7 0.0 13 1.7
| 3.1 2.6 5.1 7.2
L 8.7 0.5 9.8 0.0
K 0.8 0.0 4.7 0.0
M 0.3 0.0 0.5 0.2
F 5.2 3.8 6.2 0.0
P 11.0 21.7 55 55
S 3.2 43 6.3 49
T 1.4 23 2.5 3.2
w 14 0.0 0.6 0.2
Y 19 13 2.1 0.0
\Y 7.2 23 5.4 57

# Enzymes considered for cleavage of allergenic peptides are pepsin (pH-1.3), pepsin (pH > 2), trypsin, chymotrypsin high-specificity and chymotrypsin low-spe-
cificity available at expasy tool peptide cutter. Allergenic peptides are found in both cereals and legumes SSPs. Allergenic peptides rich in P, Q amino acids and
R, N, E amino acids in cereal and legumes respectively are disorder-promoting amino acids. These amino acids forms patterns in the allergens like PXX, QQP,
PQQ, PQX etc. in cereals and patterns with R, N, E, D amino acids are observed in legumes. Limited proteolysis of allergenic fragments is represented here.

were predicted (Table 2 and Table S2). Cleavability by digest-
ive (human) endo-proteases was predicted. 36.4% (60 out of
165 peptides) and 12.8% (68 out of 532 peptides) of cereal
and legume allergenic peptides were not cleavable by pep-
sin, trypsin, and chymotrypsin (Table 2). The legumes have a
higher proportion of protease specificity amino acids. They
have less proportion of non-cleavable peptides than cereals.
The composition of the non-cleavable peptides is very differ-
ent from the cleavable allergenic peptides. The GIn and Pro
residues make up to 65% content of the cereal non-cleavable
peptides while the legume non-cleavable proteins contain
only 10% GIn and Pro content. Cereal non-cleavable peptides
have no acidic residues while the legume proteins were
found with 48% of them. The residues Leu, Trp, and Met
were completely absent in the non-cleavable peptides. Gin,
Pro, and acidic residues are not specific to any endopro-
teases. Proline occurring at P2 and P2’ positions of the scis-
sile bond are inhibitory to pepsin. Proline occurring at P71’
position is inhibitory to trypsin (Gasteiger et al., 2005). These
properties may enable the prediction of non-cleavable aller-
genic peptides. It would be of great interest to know the
scissile amino acid specificities of the aspartic and cysteine
proteinases of the germinating wheat (Capocchi et al., 2000).
Most of the allergenic peptides are cleavable (Table 2).
Resistance to enzyme digestion could be one of the causes
of food allergy (Bannon et al., 2003). It is evident, however,
that the digestion stability alone cannot be used to define
an unknown protein as an allergen. We observed more phos-
phorylation sites of amino acids S, T, and Y in legume SSPs
compared to cereal SSPs. The role of posttranslational modi-
fications in allergy and other immune responses is not
reflected in this analysis. Seed storage proteins undergo

deamidation reactions. This is linked to celiac disease
(Sjostrom et al, 1998). They are also cross-linked either in
the seeds or after ingested. The cross-linked peptides can
change their antigenic character (Dieterich et al, 1997).
However, two other intrinsic properties of the storage pro-
teins are not considered with their allergenicity. Firstly, these
proteins contain large disordered regions in their sequences.
More than 70% of the allergen-representative peptides and
binding sites are present in the disordered regions of aller-
genic proteins (Xue et al., 2011). This may help in predicting
the allergenic sites. Secondly, many of the storage proteins
and proteins from fungal and bacterial pathogens share a
common “cupin fold” in their structure (Dunwell et al., 2000).
This raises the possibility of seed storage proteins mimicking
either the sequences or conformations of microbial immuno-
gens to induce a memory immune response (Table S6). This
cross-reactive injury can result in the absence of the immu-
nogen in a hit-and-run manner.

Our study incorporates the use of various bioinformatics
tools and software in predicting the secondary and tertiary
structures, disorderliness, and allergenic peptides of seed
storage proteins from cereal and legumes. Therefore, the fur-
ther use of in vitro and in vivo based studies will help to
develop a better understanding of these proteins in relation
to their structure, digestibility, and allergenicity.

The biasedness in amino acid frequencies among cereal
and legumes as discussed in our manuscript is related to
their unstructure, hydrophobicity, allergenicity, and predicted
immune response. Presently, there is no such evidence that
describes the details of seed storage protein in terms of
amino acid frequency, composition, secondary/tertiary struc-
ture predictions, disorder, enzyme digestibility, allergenicity,
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and possible folds-based classification. However, the evi-
dence at the present stage is only predicted. The pieces of
evidence presented in our study are crucial. The result find-
ings may help researchers understand the structure, amino
acid propensities, protein interactions, behavior of allergenic

molecules, and immunological characteristics of storage
proteins.
Conclusion

The seed storage proteins of cereals and legumes are the
main source of protein for human consumption. The cereal
proteins have high proline content to assume PP Il conform-
ation. This extended form enables hydration of the main
chain and crosslinking by glutamine and cysteine. Hydrated
and cross-linked proteins are viscoelastic. The legume pro-
teins lack this property because they have less proline, cyst-
eine, and glutamine. The modified amino acids and protein
crosslinking changes the immunogenic property of liberated
peptides. Predicting the immunological characteristics of
these proteins will help a large human population with food
allergies.
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