AcTtA UNIVERSITATIS AGRICULTURAE SUECIAE

J.

SLU

Doctorar THESIS NO. 2022:10
FAcuLTY OF LANDSCAPE ARCHITECTURE, HORTICULTURE
AND CROP PRODUCTION SCIENCE

Aggregation of gluten proteins - from
wheat seed biology to hydrogels

Scientific modelling based primarily on Monte-Carlo and
HPLC methods

JOEL MARKGREN







Aggregation of gluten proteins - from
wheat seed biology to hydrogels

Scientific modelling based primarily on Monte-Carlo and
HPLC methods

Joel Markgren

Faculty of Landscape Architecture, Horticulture and Crop
Production Science (LTV)

Department of Plant Breeding
Alnarp

S

SLU

SWEDISH UNIVERSITY
OF AGRICULTURAL
SCIENCES

DOCTORAL THESIS
Alnarp 2022



Acta Universitatis agriculturae Sueciae
2022:10

Cover: a-gliadin molecule with water molecules, an ear of wheat and playing cards
(Mlustration by Joel Markgren)

ISSN 1652-6880

ISBN (print version) 978-91-7760-895-0

ISBN (electronic version) 978-91-7760-896-7

© 2022 Joel Markgren, Swedish University of Agricultural Sciences
Alnarp

Print: SLU Service/Repro, Alnarp 2022



Aggregation of gluten proteins - from wheat
seed biology to hydrogels

Abstract

Gluten proteins are intrinsically disordered proteins that form extensive
aggregated networks in wheat seeds, where they are stored as a nutrient
source for the embryo. A modelling approach involving computational
biology with Monte-Carlo algorithms and wet laboratory studies, including
HPLC analysis, was applied to unravel the aggregational and hydrogel-
forming properties of the gluten proteins. Two of the gluten proteins, “a-
gliadin” and “low molecular weight glutenin subunits” (LMW-GS) were
found to have similar size, folding of disordered, rigid and compact
structures, elliptical shape and secondary structures of random coils and
turns. Both proteins also share an evolutionarily conserved motif resulting in
internal disulphide bonds, which were shown to be established through
hydrophobic interactions, together with the inherent order of cysteines. In
laboratory conditions and simulations, it was found that gliadins formed
oligomers by hydrophobic interactions and cross-links by disulphide and
lanthionine bonds at peptide sections in the C-terminal part of the protein. At
the N-terminal part, the protein formed oligomers by liquid-liquid phase
separation, polyproline Il structures and p-sheets. Heat and alkaline
treatment was shown to favour cross-linking by lanthionine, lysinoalanine
and disulphide bonds among gliadins and increase their ability to absorb
liquid. Thus the modelling approach successfully characterised the gluten
proteins a-gliadin and LMW-GS, the mechanisms by which they form
internal and external cross-links, how they merge into oligomers and how to
increase their liquid absorption.

Keywords: gliadin, glutenin, super-absorbents, LMW-GS, HMW-GS, protein
modelling, peptides, folding, lanthionine, lysinoalanine, disulphide

Author’s address: Joel Markgren, Swedish University of Agricultural Sciences
Alnarp, Department of Department of Plant Breeding, P.O. Box 190, 234 22 Lomma,
Sweden.






Glutenproteiners aggregeringsformaga -
en studie om spannande frobiologi och
hydrogeler

Abstract

Glutenproteiner &r oordnade proteiner som bildar omfattande aggregerade
natverk i vetefron dar de lagras som en néringskalla for embryot. For att
beskriva proteinernas aggregerings-och hydrogelbildande egenskaper
anvandes i denna avhandling ett modelleringsupplagg med
berékningsbiologi i form av Monte Carlo-algoritmer och laborationer med
HPLC-analyser. De tva glutenproteinerna “a-gliadin” och ”Low Molecular
Weight Glutenin Subunits” (LMW-GS) undersoktes och bada befanns ha
likartade storlekar, elliptiska former, sekunddra strukturer med
slumpmassiga spiraler och bdjningar, samt vikningar med oordnade,
utdragna och kompakta strukturer. Bada proteinerna har dven ett liknande
och evolutionart bevarat ménster av interna disulfid-bindningar som visade
sig formas av hydrofoba interaktioner tillsammans med proteinernas
nedarvda ordning av cysteiner. | labbmiljo bildar dessutom gliadiner
oligomerer vid peptidsektioner i C-terminaldelen via hydrofobiska
interaktioner och hoplankningar av disulfid-och lanthionin-bindningar. Vid
N-terminaldelen kan oligomerer hopfogas genom vétskefas-separering,
polyproline Il-strukturer och pB-flak. Varme och alkaliska férhallanden
gynnade hoplankning av lanthionin-, lysinoalanin- och disulfid-bindningar
bland gliadiner och ¢kade deras absorbering av vatskor. Vara modeller
beskriver glutenproteinerna a-gliadin och LMW-GS och deras mekanismer
for att bilda interna och externa ihoplankningar, hur de sammanfogas till
oligomerer och hur de okar sin vatskeabsorbering.

Nyckelord: gliadin, glutenin, super-absorbenter, LMW-GS, HMW-GS, protein
modellering, peptider, protein vikning, lanthionin, lysinoalanin, disulphid

Author’s address: Joel Markgren, SLU Alnarp, Inst. for Véaxtforadling, P.O. Box
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Abbreviations

CYS

RP-HPLC
SAP
SAXS
SE-HPLC

Cysteine

Endoplasmic reticulum
Fourier-transform infrared
Glutenin subunit

High molecular weight
Intrinsically disordered protein
Liquid-liquid phase separation
Low molecular weight
Molecular dynamics

Periodic boundary condition
End-to-end distance

Radius of gyration

Reverse phase-high performance liquid chromatography
Super-absorbent polymers
Small angle X-ray scattering

Size exclusion-high performance liquid chromatography
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1. Introduction

1.1 Gluten proteins - seed storage proteins with an ability
to build extensive networks

Gluten proteins are storage proteins in wheat seeds, where they are stored as
nutrients for the embryo when sprouting (Seilmeier et al. 1991; Krishnan &
Coe 2001; Wieser 2007; Tan-Wilson & Wilson 2012). These proteins are
packed in protein bodies either as polymeric aggregates or as monomeric
proteins in the seed. Their polymeric properties make them valuable in
human food products and they are studied for potential uses as petroleum-
free material substitutes for plastics and super-absorbents (Kuktaite & Ravel
2020, Capezza et al. 2020). Most graminaceous species have proteins that
are homologous to the gluten proteins in wheat, sharing comparable primary
structure, but those in wheat are known to form the most extensive networks
(Shewry et al. 1984; Xu & Messing 2009; Souza et al. 2015).

There are four different seed proteins: aloumins, globulins, glutenins and
gliadins (Osborne 1908; Shewry et al. 1995; Wieser 2007). In wheat seeds,
the storage proteins are of two types, gliadins and glutenins (Shewry et al.
1995; Wieser 2007). The gliadins are soluble in alcohol, monomeric in that
they only form internal disulphide bonds (do not cross-link with other
proteins) and relatively hydrophobic. The gliadins can be further
differentiated into three different types: o/B, y and ®. The o/f, and y gliadins
resemble each other, with repeats of proline and with glutamine, cysteines
(CYS) and hydrophobic amino acids at comparable positions (Urade et al.
2017) (Figure 1). The w-gliadins differ from the other gliadins because they
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lack CYS and consist mainly of repetitive amino acids with short
hydrophobic sections at the terminals.

description

B Poly Q
B Repetitive Domain

a-gliadin

LMW-GS

HMW-GS

0 250 500 750
Amino acid number

Figure 1. Schematic diagrams of o-gliadin, low molecular weight glutenin subunit
(LMW-GS) and high molecular weight glutenin subunit (HMW-GS). Yellow dots
indicate the position of cysteines and how they, in the seed, are connected (black lines)
by disulphide bonds. Red stars indicate cysteines involved in inter-disulphide bonds.
Poly Q: Polyglutamine

Glutenins are partly soluble in acid or alkali, larger than gliadins and form
extensive networks by inter-disulphide bonds (Shewry & Tatham 1990).
There are two subclasses of glutenin: high molecular weight glutenin
subunits (HMW- GS) and low molecular weight glutenin subunits (LMW-
GS). The HMW-GS are large molecules with extensive glutamine and
glycine repeats and CYS positioned mainly at terminal parts (Anjum et al.
2007) (Figure 1). The LMW-GS resemble the gliadins in size, with CYS
positioned at comparable conserved positions and proline and glutamine
repeats (D’Ovidio & Masci 2004) (Figure 1).

Both gliadins and glutenins contain multiple sections of amino acids in
repeating sequences, for example “PQPQPQP” (Shewry & Halford 2002)
(Figure 1). Further, they often contain conserved sections (sequences that
could be evolutionarily related), such as CYS placed in homologous
positions (Shewry et al. 1995; José-Estanyol et al. 2004) and the presence of
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blocks with hydrophobic amino acids (Reeck & Hedgcoth 1985; Henrissat
etal. 1988; Urade et al. 2017; Wang et al. 2017). Neither of these two protein
types has a stable protein structure and both are classified as intrinsically
disordered (Rasheed et al. 2014; Roberts et al. 2015). The aim of this thesis
work was to unravel the cross-linking and oligomerisation mechanisms
among the gliadins and LMW-GS in wheat protein and how it affects
absorption properties.

17



2. Background

2.1 A group of proteins with many functions

Wheat is one of the three major crops (together with maize and rice)
produced around the globe for human consumption (FAOSTAT n.d.). It is
used to make food products such as bread, pasta, pastries and noodles (Guy
1995). The preference for wheat is due to its relatively high yield, good
adaption to a broad range of cultivation environments and convenience in
grain storability and transportability (Shewry 2009; Wrigley 2016). The
primary constituent of the wheat grain is starch (around 60%), while the
protein concentration in the grain is 9-18% (Osborne et al. 1919).
Approximately 80% of wheat grain proteins are seed storage proteins, often
referred to as gluten proteins, which serve as an amino acid depot for the
seed embryo. Grain gluten protein content and composition affect the
performance of wheat in bread baking (Guy 1995; Shewry 2009). During
kneading, wheat dough develops a network formed by the glutenins, where
disulphide bonds link glutenins into a polymer (Lagrain et al. 2008, Weegels
et al. 1996a). At the same time, the gliadins regulate dough viscosity by
interacting and being included in the network (Fido et al. 1997; Belton 1999;
Barak et al. 2014; Kuktaite et al. 2004). Together, the two types of proteins
enable the dough to lift by elasticity and viscosity through coalescence of gas
bubbles from the yeast (Ortolan & Steel 2017). During heating (baking), the
proteins denature and solidify by cleaving and form new novel disulphide
bonds, making the bread fluffy (Ortolan & Steel 2017).
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Owing to their particular characteristics, gluten proteins can be a potential
source of plastic-like materials when the proteins are mixed and heated under
pressure. As during baking, heat and pressure can be applied to denature the
proteins, which will cleave and form new disulphide bonds, making the
proteins polymeric. When making a plastic-like material from gluten
proteins, use of a plasticiser additive like glycerol can contribute to arrange
the proteins into hexagonal structures that decrease in size with temperature
(Rasheed et al. 2015; Kuktaite et al. 2016). Hence, an additive can affect the
quality of gluten protein polymers by altering their internal arrangement and
abilities to form cross-links (Kuktaite et al. 2011; Blomfeldt et al. 2012;
Rombouts et al. 2013; Rasheed et al. 2014, 2015, 2018; Muneer et al. 2015;
Andrade et al. 2018; Ceresino et al. 2020). Further, an additive can affect the
material quality of the proteins by altering their conformational abilities
(Kuktaite et al. 2011; Blomfeldt et al. 2012; Rombouts et al. 2013; Rasheed
et al. 2014, 2015, 2018; Muneer et al. 2015; Andrade et al. 2018; Ceresino et
al. 2020). However, gluten protein quality also depends on the underlying
genetics and cultivation conditions for the wheat plant used for extraction,
since the plant regulates the types and amounts of proteins found in the grain
(Hussain et al. 2012, 2013; Johansson et al. 2013; Weegels el al. 1996b).
Uncovering the molecular mechanisms of cross-linking and flocculation for
gliadin and glutenins might enable better baking practices and the
development of novel gluten materials.

Like super-absorbent polymers (SAP), gluten protein networks can hold
significant amounts of liquid by forming a hydrogel (Capezza et al. 2019a).
An increase in gluten absorption of up to 1000 times the protein’s own
weight can be achieved by adding the functionalisation agent
ethylenediaminetetraacetic dianhydride (EDTAD) (Wu et al. 2016; Capezza
et al. 2020b). Further increases in absorption can be achieved by enhancing
cross-linking of the gluten proteins, enabling them to absorb non-polar fluids
by capillary forces (Capezza et al. 2019b, 2020a). By exploring the cross-
links in gluten protein hydrogels, it might be possible to refine their
absorption properties. Functionalised gluten proteins could potentially serve
as a future substitute for petroleum-based absorbents in hygiene products or
polymeric products like petroleum-based plastics.
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2.2 Gluten protein biology

The gliadins and LMW-GS are produced by ribosomes in the wheat cell's
endoplasmic reticulum (Kim et al. 1988; Levanony et al. 1992; Rubin et al.
1992; Loussert et al. 2008; Tosi et al. 2009, 2011). The gliadins are produced
as monomeric proteins, while the LMW-GS are polymers where both protein
types have internal disulphide bonds, but only the LMW-GS have inter-
disulphide bonds (Lombardi et al. 2012). Both protein types form protein
bodies containing either one protein type or a mixture of gliadins and LMW-
GS that are later transported in the cell (Rubin et al. 1992; Loussert et al.
2008). The protein bodies are transported to the vacuole using two different
routes, passing through either the endoplasmic reticulum lumen or the Golgi
organelle (Rubin et al. 1992; Arcalis et al. 2004; Loussert et al. 2008; Tosi et
al. 2009). At the vacuole, the protein bodies can coalesce into larger bodies
and are stored until seed germination (Tosi et al. 2011). However, the
mechanisms of disulphide bond formation in gluten proteins and of
formation of protein bodies are still not entirely understood. When producing
the gluten proteins, the cell also produces folding assisting proteins like
foldases and chaperons (Li et al. 1993; DuPont et al. 1998; Vitale & Ceriotti
2004; Vitale & Boston 2008). These folding assistances proteins might help
the gluten proteins in forming cross-links, pack them into protein bodies and
signal them for transportation.

2.3 Challenges in studying gluten proteins

In the wheat plant, the proteins are mixed up in protein bodies and difficult
to separate by extraction due to their often similar size, polarity, morphology
and aggregation (Rubin et al. 1992; Tosi et al. 2009; Arcalis et al. 2019).
These issues in retrieving gluten protein samples of a pure type present
challenges when studying the properties of the proteins.

Instead of harvesting gluten proteins from wheat, it is possible to express
the desired protein genes in another organism. Some gluten proteins have
been sequenced and successfully produced in organisms like Xenopus
oocytes, tobacco and bacterial systems (Greene 1981; Altschuler & Galili
1994; Senger et al. 2005; Francin-Allami et al. 2013). However, several
studies report challenges in producing significant protein yields, due to issues
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with the host system (Bartels et al. 1985; Norrander et al. 1985; Galili 1989;
Dowd & Bekes 2002).

Producing synthetic gluten peptide sections is an alternative to biological
methods. It is possible to tailor-make synthetic proteins, but the degree of
effort required will depend on the sequence difficulty (Kent 2009; 2017).
Hypothetically, it might be possible to synthesise complete gluten proteins
with current methods, but their size and hydrophobic, repetitive and self-
assembling sequences are seen as “problematic” (Paradis-Bas et al. 2016;
Mueller et al. 2020). No examples of synthetic gluten proteins are known to
date, but peptides from gluten proteins have been used in some studies, often
in the context of coeliac disease research (De Re et al. 2013).

2.4 Gluten proteins have an intrinsically disordered
structure

Unlike structured proteins, intrinsically disordered proteins (IDPs) like the
gluten proteins continuously fold into different shapes without reaching a
potential energy minimum that stabilises the structure, as illustrated by the
example in Figure 2 (Dill & Chan 1997; Uversky 2016).

Y W e ¥
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- ”:jy.,h v = > % 4} ~ fl":'- G i pf '
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P .15- ,52'/ N o ;‘?‘ b2 .3
>

Figure 2. Schematic diagram of the intrinsic disorder of a-gliadin, where the protein
chain constantly alters through different conformations.

A significant amount of research has been conducted on IDPs, due to their
occurrence in several fatal and harsh human diseases like Alzheimer's, cancer
and diabetes (Uversky et al. 2008; Scollo & La Rosa 2020). In the recent
past, interest in IDPs in plant biology has increased and it has been shown
that they may be more involved in several biological processes than
previously known (Pazos et al. 2013; Sun et al. 2013). Previous studies on
IDPs have focused on their physiochemical behaviours, including
aggregational, structural and dynamic properties. Some of the properties of
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IDPs depend on the amounts of charged amino acids present and chain
length, and their behaviours can alter under changes in environmental factors
such as crowding, temperature, pH, solvent, particle interactions and salinity
(Henriques et al. 2015, 2018; Cragnell et al. 2016, 2018, 2019; Henriques &
Skep6 2016; Fagerberg et al. 2019, 2020; Jephthah et al. 2019; Rieloff et al.
2019; Rieloff & Skepd 2021).

Intrinsically disordered proteins can have an average type of shape,
depending on their amino acids and the surrounding environment. If an IDP
carries a high amount of similarly charged residues, the protein becomes
expanded or swollen by charge repulsion (Das & Pappu 2013; Das et al.
2015). If it has many charged residues of mixed type, the protein will be
contracted. Overall, fewer charged residues will also lead to a compact or
tadpole-like appearance (Das & Pappu 2013; Das et al. 2015). Altering the
surrounding salinity can alter the structural behaviour of the proteins, since
an increase in ion particles will scramble the electrostatics between charged
amino acids (Wohl et al. 2021). In some instances, IDPs fold into a global
energy minimum when interacting with specific ligands or other proteins
(Arai 2018). However, gluten proteins are destabilised by their composition
of several bulky, secondary structure-breaking and flexible amino acids, and
they may find a stable fold only in outer space (Shewry et al. 1986; Aibara
1995; Theillet et al. 2013; Uversky 2015).

When observed by microscopy, glutenins and gliadins are mostly
apparent as larger protein bodies (Shewry & Halford 2002; Arcalis et al.
2004; Tosi et al. 2009; Tosi 2012). In more detail, based on spectroscopic
studies and simulations, HMW-GS are predicted to appear like elastic coils,
due to their similar properties and similar amino acid composition to
elastomeric proteins (Tatham & Shewry 2000; Parchment et al. 2001).
Gliadins have been observed as elliptic structures in both small-angle X-ray
scattering (SAXS) and electron microscope images (Shewry et al. 1997;
Thomson et al. 1999; Sato et al. 2015; Herrera et al. 2018).
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3. Scientific aims

This thesis examined the cross-linking, aggregating and oligomer-
assembling properties of gluten proteins in terms of biological and water
absorption aspects. Special attention was devoted to studying the a-gliadin
protein, which serves as a model protein for gliadins.

Specific objectives of the work presented in this thesis were to:

e Review modelling and simulations among plant proteins with
emphasis on seed storage proteins (Paper 1).

e Describe the structure and foldings of gliadins and LMW-GS and
their differences in forming polymeric disulphide cross-links in
wheat cells (Paper II).

e Outline the mechanisms and properties of cross-linked
aggregated (covalent binding) and clustered (weak forces)
gliadins (Paper I1I).

e Assess the swelling mechanisms of gluten proteins due to cross-
linking (Paper 1V).
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4. Computational Methods

4.1 Overview of computational methods

To describe the gluten proteins, molecular models of them were created and
simulated with computational Monte Carlo algorithms. A comparison was
made to validate the simulation results against available a-gliadin or LMW-
GS descriptions found in literature sources or obtained in wet laboratory
experiments in-house. This approach was chosen to provide valuable
estimates of molecular details that could not be uncovered with available
laboratory techniques. In addition, have previous simulation studies of gluten
proteins had similar concepts where the simulations are thought to further
explain laboratory or literature results (Masci et al. 1998; Aréas & Cassiano
2001; Cazalis et al. 2003; Yasar et al. 2003; Herrera et al. 2018;
Mioduszewski & Cieplak 2021).
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4.2 Modelling

421 All-atom model

The proteins were explicitly modelled using the simulation and modelling
software PROFASI, with all atoms represented when describing the gliadins
and LMW-GS in the cell (Paper Il), as illustrated in Figure 3. The force field
“Lund FF08”, which is designed to model and simulate disordered,
pathogenic and aggregating Alzheimer proteins (Irbdck & Mohanty 2006;
Irbéck et al. 2009), was used to regulate how the different modelled particles
interacted. For this force field, all interactions are pairwise and include
interactions for electrostatic, excluded volume, formation of hydrogen bonds
and hydrophobicity (Irbédck & Mohanty 2006; Irbéck et al. 2009).

Figure 3. Screenshot of an all-atom model of a-gliadin simulated using the PROFASI
software.
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4.2.2 Coarse-grained model

Coarse-grained molecular models were used to describe the impact of
protein/peptide salinity, oligomerising behaviours and swelling (Papers I,
111, 1V), where the term coarse-grained indicates simplification of the model
compared to the all-atom form (Karimi-Varzaneh & Muiller-Plathe 2012).
Some of the ideas with simplification is to filter and capture essential protein
features from the simulations. In the coarse-grained models used, the amino
acids were represented by specific beads depending on their characteristics
and the beads formed a necklace-like chain, as illustrated in Figure 4. Four
different types of beads (neutral, positively charged, negatively charged,
hydrophobic) were used to express the properties of the different amino
acids. This molecular modelling approach was based on the extensive work
performed previously on the disordered protein histatin (Cragnell et al. 2016,
2018; Rieloff et al. 2019), and used the MOLSIM simulation package (Jurij
& Per 2015).

Figure 4. Screenshot of a coarse-grained model of a-gliadin simulated using the
MOLSIM software.

4.2.3 Coarse-grained model potentials

The interactions of the coarse-grained beads were described by potentials
derived from previous work on histatin (Cragnell et al. 2016, 2018; Rieloff
et al. 2019). The potentials were summarised pairwise and included bonded
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interactions (the function of covalent bonds) and non-bonded interactions.
Bonded interactions described the stretchiness and bond angles for covalent
bonds. Non-bonded interactions described the impermeable surface of the
beads, electrostatic interactions between charged groups and short-range
attraction.

Amino acids that are considered hydrophobic according to the Kyte-
Doolittle index (value higher than zero) were represented by a hydrophobic
bead and regulated by a hydrophobic potential (Paper Il & 1V). This
potential was described similarly to the short-range attraction.

424 Water and salinity

All molecular models were submerged in a hypothetical saline water solution
implicitly described by the force field or potential. For the all-atom model a
salinity of approximately 450-500 mM was used, while for the coarse-
grained model a salinity of 150 mM was used. When testing the importance
of charged groups for protein folding (Paper Il), a range of salinities,
corresponding to 10, 80, 500, or 1000 mM, were tested for the coarse-grained
model.

4.3 Simulations

43.1 Monte Carlo algorithm

Monte Carlo and Metropolis algorithms were used to simulate potential
conformations of proteins/peptides (Metropolis et al. 1953). These
algorithms search for low-energy conformations according to the
potential/force field used, as illustrated in Figure 5. This search is done by
iteratively and randomly moving particles and thereby shifting the
conformation or the relative position between multiple proteins/peptides. If
the move leads to lower energy, it is accepted and sampled, and the search
continues. On the other hand, if the move leads to higher energy, it is either
rejected or accepted and sampled based on a probability criteria, and the
search continues.
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Figure 5. Energy values obtained in a simplified and demonstrative Monte Carlo
simulation of a-gliadin and the protein conformations for each data point. The red line
shows the randomly altered chain as the algorithm searches for an energy minimum.

4.3.2 Simulated annealing algorithm

Monte Carlo simulations can risk becoming stuck and continuously sampling
a few closely related conformations, since moves resulting in higher energy
may block the algorithm from accessing other low-energy conformations. To
avoid this issue, the all-atom model simulations in Paper Il also used a
simulated annealing algorithm that altered the criterion determining whether
moves that lead to a higher energy should be accepted or not. In a pre-set
cycle, moves resulting in high energy are accepted, and the cycle also has a
gradient for the energy difference for acceptance. From a conformational
perspective, the algorithm enables the model to repeatedly open up and
refold to a different type of fold (Kirkpatrick et al. 1983; Okamoto 1998).

4.3.3 Simulation parameters

All simulations were performed in virtual cubic boxes with canonical
ensemble conditions (NVT), which involve a constant amount of particles
(N), volume (V) and temperature (T). Periodic boundary conditions (PBC)
at all orthological box sides were used to prevent the models interacting with
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the box edge. The simulations were equilibrated before the production runs
were executed. To verify that the sampling of the algorithms was performed
correctly, the resulted probability distributions for the model’s radius of
gyration (Ry) were analysed.

4.3.4 Simulation analysis

Information regarding protein/peptide size, folding, shape, solvent
behaviour, secondary structure and contacts was extracted from the
simulation results. In all simulations, size was estimated through the model’s
Ry value. In Papers 11, 111 & IV folding was estimated in the models through
simulated SAXS analysis using wavelength functions (Schneidman-
Duhovny et al. 2013, 2016; Cragnell et al. 2018). The shapes of the models
in Paper Il were estimated using an shape index based on Ry and end-to-end
distance (Ree) (Cragnell et al. 2018), and their solvent behaviours were
calculated by Flory’s power law (Flory 1949). In Paper 11l & IV, the shape
was described by Ree for peptide sections in the gliadin protein. An asperity
index was calculated for protein and peptide aggregates in Paper 111 (Rieloff
et al. 2019). An algorithm called “STRIDE” was used to predict the
secondary structure for a-gliadin and LMW-GS in Paper Il, based on
hydrogen bonding and backbone angle data from known protein structures
(Frishman & Argos 1995). To map contacts, a distance of 5A or closer was
sampled as contact between amino acids in Paper Il and I11.

4.4 Internet-based prediction services

In Paper Ill, two internet-based prediction tools, “aggrescan” and
“PSPredictor”, were used to predict the probability of protein aggregation
and liquid-liquid phase separation (LLPS). The aggrescan tool is an
algorithm that compares amino acid sequences to sequences that are
empirically known to aggregate in aggregating p-amyloid peptides (Groot et
al. 2005, 2006; Conchillo-Solé et al. 2007). From the comparison, the
algorithm predicts potential aggregating sites in the sequence as so-called
hot-spots. The PSPredictor tool uses a machine-learning algorithm trained
with protein sequences known to phase-separate and a negative dataset with
sequences known not to phase-separate (Sun et al. 2019).

29



5. Experimental Methods

5.1 Sample material

To assess the properties of gliadins (Papers I11 & 1V), crude gluten powder,
extracted gliadin mixtures, E. coli-produced fractions of a-gliadin and
synthetic a-gliadin peptides were used. A wheat a-gliadin species was
utilised as an amino acid sequence template for the E. coli-produced gliadins
(Paper 11), synthetic peptides (Paper I11) and computational models (Papers
I1-1V) (Kasarda & D’Ovidio 1999; Senger et al. 2005). The sequence has
been proven in actual gliadin samples (Kasarda & D’Ovidio 1999), and was
used in this thesis work as a descriptive model for other gliadins.

Extracted fractions and crude gluten powder were used to describe
glutenins (Paper 1V). Only monomeric glutenins were used in the simulations
(Paper I1), with the sequence of a wheat LMW-GS that has been proven to
exist (Colot et al. 1989; Hammond-Kosack et al. 1993).

5.2 Treatments

Wet laboratory experimental work on gluten proteins was conducted in Paper
Il to describe their aggregational and oligomerisation properties and in
Paper IV to assess cross-linking in the context of enhanced liquid swelling.
To determine the type of cross-links and clustering, potential hydrogen bonds
or disulphide bonds in the samples in Papers Ill and IV, they were
systematically tested with polar solvents, detergents, reduction and
chaotropic agents, according to a protocol developed by Rasheed et al. 2014.
A teabag test was used as described in previous swelling experiments by
Capezza et al. 2020b to test protein absorption potential in Paper IV. This
test compares the dry weight of a sample with its weight after being
submerged in liquid for different periods of time.
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5.3 Use of analytical methods

Several analytical instruments were used to characterise the gluten proteins,
including different spectroscopy methods and high-performance liquid
chromatography (HPLC). Information on size was obtained using size-
exclusion HPLC (SE-HPLC) (Papers Il & 1V), where the particles are
separated by a column (Hong et al. 2012), or dynamic light scattering (Paper
[11), where particle size is estimated based on how the sample scatters light
(Stetefeld et al. 2016). Secondary structure prediction data in Paper 111 were
retrieved using Fourier-transform infrared (FTIR) spectroscopy, which
measures how a sample absorbs red light (Byler & Susi 1986), and circular
dichroism, which measures absorption of circularly polarised light by a
sample material (Greenfield 2006). Paper Il and IV were also using reverse-
phase HPLC (RP-HPLC), where a sample fractionates depending on its
polarity in a column (Snyder et al. 2004).
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6. Results and Discussion

6.1 The field of plant protein modelling

The review revealed that only a minor proportion (9%) of all structures
deposited in the RCSB protein databank are related to plant proteins (Paper
), indicating that the field is still relatively new compared with structural
protein research for other phylogenetic kingdoms. The structural data from
individual protein deposits are frequently used as templates for various
homology, docking and dynamic modelling studies. Most of the plant protein
structures found in the protein databank are related in some way to one or
more of the compounds in the following list (Paper I):

e Photosynthetic machinery
e Ribosomes

e Enzymes
e Stress/defence proteins
o Allergens

e  Sweet-tasting proteins

There were no deposits of gluten proteins in the databank, except for
minor peptides, probably due to the challenges in obtaining pure samples of
gluten proteins and depicting them accurately. These limitations in terms of
accessible structural data are likely a bottleneck in modelling of gluten
proteins, leading to only a few pioneering studies being performed to date.

6.2 Characteristics of a-gliadin and LMW-GS based on
modelling

With Monte-Carlo algorithms, it was possible to predict the size, folding,
shape and secondary structures of the gluten proteins a-gliadin and LMW-
GS. The results revealed noticeable similarities for all characteristics of a-
gliadin and LMW-GS, whether with or without disulphide bonds (Paper II).
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According to the simulations on folding and Ry data, the two proteins are of
similar size, with an extended and mobile tail, a compact core and a ring-like
motif (resembling a cup handle). The average shape of both proteins is
elliptical and the dominant secondary structures are random coils and turns.
Further, coarse-grained models of o-gliadin showed that the protein
resembles a tadpole, with a compact core and a mobile tail (Paper IlI).
Compared to previous modelling attempts and SAXS studies (Kasarda et al.
1968; Shewry et al. 1997; Thomson et al. 1999; Sato et al. 2015), the a-
gliadin models gave similar average shape, size (Rq value 35-41 A) and
secondary structure. Most validation data for LMW-GS were lacking even
after careful literature searches, most likely due to difficulties in obtaining
purified monomeric protein samples. However, the size and polarities of
LMW-GS should be similar to those of gliadins according to RP-HPLC and
SEC-HPLC (Paper 1V) (DuPont et al. 2004), and further similarities can be
expected due to their comparable amino acid sequences.

6.3 The mechanism for internal cross-linking

The conserved internal disulphide bond motifs in gliadins and LMW-GS
were shown by the models to be regulated by hydrophobic interactions
(Paper 11). In their inherent order, during protein synthesis CYS are joined
together by the hydrophobic attraction of their peptide sections and form
disulphide bonds that create the conserved motif (Paper II). Folding
assistance administered by the cell, in the form of foldases and chaperons (Li
et al. 1993; DuPont et al. 1998; Vitale & Ceriotti 2004; Vitale & Boston
2008), is likely not necessary for formation of these internal disulphide
bonds, but might have other functions. Analysis of samples produced ex situ
in E. coli systems confirmed that a-gliadins can form monomers without
folding assistance from the wheat cell (Paper I11).

6.4 Oligomer assembly

The peptides sections of a-gliadin have different mechanisms by which they
assemble into oligomers. Those most prone to aggregating were found to be
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strongly hydrophobic (Paper I11), as shown in Figure 6. The hydrophobic
peptide sections were shown to flocculate with identical counterparts and
aggregate with disulphide bonds (Paper Il1).

description
Hydrophobic
LLPS

c B Polyproline |1 cc
| |

[1} 100 200 300
Amino acid number

Figure 6. Map showing the oligomerising sites in gliadin, where yellow dots indicate
cysteines. LLPS: liquid-liquid phase separation.

Among the polar peptides, it was predicted that the repetitive and poly-Q
sequences would be prone to condense into a liquid through liquid-liquid
phase separation (LLPS; Paper I11) (Figure 6). The aromatic residues in these
two sequences are likely to form a weak but attractive force between their ©
electrons that becomes stronger at higher concentrations, leading to LLPS
(Gabryelczyk et al. 2019). Several previous studies have suggested that
LLPS formation may be one mechanism by which the gliadins form protein
bodies (Sahli et al. 2019; Banc et al. 2021), potentially explaining how ®-
gliadins are present in these protein bodies despite lacking major
hydrophobic peptide sections.

The peptide closest to the N-terminal was found to display an ability to
form visual aggregates in water that are likely to be polyproline 11 structures
(Paper I11) (Figure 6). This specific peptide is known to form assembling -
sheets with increasing peptide concentration (Herrera et al. 2014; 2015).
When dried, an increase in B-sheet structure was found for a-gliadins, but it
is uncertain whether this is linked to the polyproline Il structures (Paper I11).

A tadpole model composed of a hydrophobic core and a mobile polar tail,
as shown in Figure 7A, could be used for describing the oligomerisation of
gliadins. The gliadins are attracted into a larger flocculant by the
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hydrophobic cores, potentially forming a super core (Figure 7B), which is
possibly cross-linked by disulphide bonds if the CYS are not already
reduced. Interaction occurs between the flocculants at the gliadin tails
(Figure 7C), which entangle and form polyproline II and B-sheet structures
or condense the proteins into LLPS droplets at higher concentrations.
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A)

Figure 7. A) Gliadin displayed as a simplified tadpole model, where the blue beads are
hydrophobic amino acids and the white beads are polar amino acids. B) Gliadins
assemble first by their hydrophobic cores into a larger oligomer. C) Interactions with
oligomers for the gliadin tails, which could induce entanglement, polyproline I
structures, B-sheets or condensation into LLPS droplets.
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6.5 Polymerisation by disulphide bonds

The results obtained in Paper Il indicated that LMW-GS form inter-
disulphide bonds with surrounding glutenins during or directly after protein
synthesis, most likely due to the assembling properties of the peptide sections
surrounding the participating CYS. During protein synthesis, the protein’s
first CYS interacts with that on surrounding LMW-GS through its placement
at the end of the N-terminal, which functions as a tail. This tail, is likely
similar to the tail of gliadins which entangle and attract other tails by
polyproline Il, B-sheet and LLPS formation (Papers Il & I11). The LMW-GS
models in Paper Il indicated that the first inter-disulphide bond occurs during
or soon after protein synthesis, explaining why the literature describes the
polymerisation process as rapid (Lombardi et al. 2012). The second inter-
disulphide bond involves CYS 210, which is slower in cross-linking owing
to its placement in a more rigid part of the protein (Paper 1I), and on
occasions can reportedly form disulphide bonds with HMW-GS (Kdéhler et
al. 1993; Keck et al. 1995; Orsi et al. 2001; D’Ovidio & Masci 2004;
Lombardi et al. 2012). There is a preference for the LMW-GS to form
disulphide bonds between corresponding cysteines, and the N-terminal
cysteine is believed to be strongly involved in polymerisation with other
LMW-GS (Kohler et al. 1993; Keck et al. 1995; Orsi et al. 2001; D’Ovidio
& Masci 2004). Summarising the polymerisation of LMW-GS, it is indicated
to be a step-wise process with a tail-to-tail direction between the two first
monomers forming a dimer which builds a chain in a head-to-head direction
(Weegels 1996, Weegels 1994).

6.6 Role of cross-linking in absorption by gluten proteins

Both gliadins and glutenins were found to form lysinoalanine (LAL) and
lanthionine (LAN) cross-links at elevated pH (Paper V). These forms of
cross-link occur by chemical reactions between CYS, lysine and serine
amino acids (Haraguchi et al. 1980; Denoél et al. 2018). For gliadins,
increased liquid absorption was found to be correlated with increased LAL
and LAN cross-linking. Generally, an increased amount of cross-linking is
unfavourable for absorption, but gliadins are monomeric and, without the
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cross-links, would most likely have poor absorption properties. In addition,
studies on proteins suggest that increased cross-linking can lead to increased
adsorption (Capezza et al. 2019b, 2020a). To fully understand the role of
cross-links in the adsorption potential of gluten proteins, further
measurements are needed on the ability of these proteins to resist being
dissolved when submerged in a liquid.
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7. Conclusions

A molecular model of gluten proteins (gliadins and LMW-GS) in the wheat
seed cell was developed and used to show how these proteins form internal
disulphide bonds, a process that is regulated by the inherent order of CYS
and the hydrophobicity of their surrounding peptide sections. Further
molecular modelling of the gliadins revealed their ability to assemble into
oligomers through hydrophobic interactions, polyproline II structures, [3-
sheet formation and LLPS. It was found that LMW-GS form inter-disulphide
bonds via CYS at polar peptide sections, where one CYS is located on a
mobile end section of the protein and is rapidly polymerised. When exposed
to alkaline environments, LAL and LAN cross-links were shown to be
formed in both gliadins and LMW-GS, a development which was positively
correlated with increased liquid absorption for the gliadins.
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8. Future outlook

The Monte Carlo-based molecular models developed in this thesis provided
valuable descriptions of the gluten proteins. Inclusion in the models of
simulation modules describing the dynamic behaviours of these proteins
could lead to further insights into e.g. their flexibility, strength, viscosity and
reaction when altering the type or position of cross-links. Further, description
of the dynamics could enable more detailed analysis of the oligomerisation
process for gluten proteins. To describe the dynamic features of the proteins,
molecular dynamic (MD) simulations in which Newton’s law of motion is
solved for all atoms would be needed (Hollingsworth & Dror 2018). Some
early pioneering works have described the gliadin glutenin proteins by MD
simulations, providing valuable information on their characteristics (Herrera
et al. 2018; Mioduszewski & Cieplak 2021). However, in attempts with MD
methods performed in this thesis (see Figure 8), it proved challenging to
gather sufficient samples that adequately described protein behaviours. This
indicates that MD simulations of the gluten proteins/peptides will require a
vast amount of computational power, which would be difficult to achieve.
However, this issue of a need for great computation power will hopefully be
overcome in the near future with the ongoing developments in computer
technology.
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P

Figure 8. Molecular dynamic simulation of gliadin peptide with explicitly modelled
water molecules.
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Popular science summary

For a seed to germinate and become a new plant, it needs readily available
nutrients. In wheat, the nutrients available to the embryo are stored in the
form of protein bodies packed with seed storage proteins. The most common
storage proteins in the wheat seed are called gluten proteins. These proteins
form large polymeric networks in the seed and could possibly be a future
substitute for petroleum-based plastic materials. These proteins are also
elastic, a property which is important in baking, together with their ability to
form polymers. The gluten proteins give elasticity and viscosity to the dough,
so that it can expand during fermentation and form a fluffy bread when
heated.

There are two main types of gluten proteins, gliadins and glutenins. These
differ mainly in their ability to form cross-linking molecular bonds between
cysteine amino acids. The gliadins, in their native state, form only internal
cross-links, while the glutenins form both internal bonds and cross-links with
surrounding glutenin proteins. How these cross-linking mechanisms work
was previously unknown and is confusing, as several of the gliadin and
glutenin proteins share a similar composition of amino acids. The aim of this
thesis was to review previous plant protein modelling work and then to
identify the mechanism by which gliadins and glutenins cross-link and
assemble into oligomers and determine their absorptive properties.

Studying gluten proteins is challenging because they are entangled and
difficult to separate from each other when extracted from the seed. Thus, they
are difficult to image with high-resolution methods. They are also disordered
and constantly changing shape. Only a limited number of previous studies
have attempted to model gluten proteins, and indeed plant protein modelling
in general is a relatively young field. However, using a combination of
computer simulations and laboratory experiments on gluten proteins, the
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work in this thesis revealed their cross-linking properties and how these
properties affect the expansion in liquids. It was found that the gluten
proteins contain hydrophobic parts that contract the protein chain in such a
way that cysteines come close to each other and form internal cross-links.
However, the glutenins contained cysteines that did not cross-link internally,
due to specific locations.

The internal cross-linking was found to form quickly, taking place even
before protein is completely produced in the cell. When the proteins are
produced, they then assemble into larger gluten protein clusters, both through
their hydrophobic sections and also through other mechanisms. These
mechanisms are related to the protein’s ability to form liquid protein
droplets, specific protein structures and their entanglement. It is likely that,
through these aggregating forces, the glutenins come close enough to
cysteines in other glutenins to form cross-links that bind them together in a
polymer.

Tests were also performed on how well cross-linked gluten proteins
absorb liquids, as they could potentially be used as a replacement for
petroleum-based super-absorbents in hygiene products such as sanitary pads
or diapers. To ensure formation of cross-links in the proteins, they were
treated with heat and a strong base, which formed other types of cross-links
called lysinoalanines and lanthionines. The treatment increased the cross-
linking between the gliadins and seemed to increase their absorption capacity
to several times their own weight.

This thesis showed how gluten proteins are cross-linked and assembled
into clusters/aggregates and determined their absorption potential. The new
insights that these findings provide into the seed biology of storage proteins
can be valuable in developing agronomic practises or plant-breeding
methods aimed at producing high-quality flour. The results may also be
valuable for future research into the development of non-petroleum-based
materials and absorbents.
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Popularvetenskaplig sammanfattning

Ett vetefro &r packat med néaringsamnen for att embryot ska kunna gro och
bli en ny planta. Bland dessa ndringsdmnen finns ett antal
frélagringsproteiner som Kkallas for glutenproteiner och som bildar stora
polymera natverk i froet. Dessa proteiner ar viktiga vid bakning, da de ger
elasticitet och viskositet till degen sa att den kan expandera under jasning
och bilda ett fluffigt bréd vid upphettning.

Det finns framst tva typer av glutenproteiner; "gliadiner" och
"gluteniner". Dessa skiljer sig huvudsakligen at i sin formaga att bilda
tvarbindande molekylbindningar mellan cystein- aminosyror. Bada
glutenproteinerna bildar interna tvarbindningar, medan gluteninerna ocksa
bildar  tvéarbindningar med omgivande gluteninproteiner. Hur dessa
tvarbindningsmekanismer fungerar har tidigare varit okant och &r intrikat,
eftersom flera av gliadin- och gluteninproteinerna delar en liknande
sammanséttning av aminosyror. Denna avhandling avser att reda ut
mekanismen for hur gliadinerna och gluteninerna tvarbinder, samlas ihop till
oligomerer och absorberar vétska. Avhandlingen gor daven en litterar
genomgang av vaxtproteinmodellering.

Att studera glutenproteiner ar utmanande, eftersom de ar intrasslade och
svara att separera fran varandra nar de extraheras fran fréet. Darmed ar de
ocksa svara att avbilda med hdg upplésning. De ar dessutom oordnade och
andrar konstant form. Dértill finns det enbart en begransad mangd forskning
som modellerat proteinerna, och véxtproteinmodellering ar i allménhet ett
relativt ungt omrade. Med en kombination av datorsimuleringar och
laboratorieexperiment av glutenproteiner kunde vi dock beskriva deras
tvarbindningsegenskaper och hur dessa egenskaper paverkar expansionen i
vatskor. Vi fann att de undersokta glutenproteinerna innehaller hydrofoba
delar som drar ihop proteinkedjan pa sadana satt att cysteiner kommer nara
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varandra och bildar interna tvarbindningar. | gluteninerna fanns dock
cysteiner som inte tvarband internt pa grund av specifika placeringar.

Den interna tvarbindningen bildas snabbt och sker redan innan proteinet
ar helt producerat i cellen. Nar proteinerna sedan &r producerade samlas de
till stérre glutenproteininsamlingar, bade genom sina hydrofoba sektioner,
men dven genom andra mekanismer. Dessa mekanismer &r relaterade till
formagor att bilda flytande proteindroppar, specifika proteinstrukturer och
att de trasslar in sig i varandra. Genom dessa mekanismer kommer
gluteninerna tillrackligt nara cysteiner i andra gluteniner och bildar da
tvarbindningar som lankar ihop dem till en polymer.

Vi testade ocksa hur vl tvarbundna glutenproteiner absorberar vatskor,
eftersom de potentiellt skulle kunna anvéndas som en ersattning for
petroleumbaserade superabsorbenter i hygienprodukter som t.ex. bindor eller
blgjor. For att sékerstdlla att tvéarbindningarna bildades i proteinerna
behandlades de darfor med varme och en stark bas, vilket bildade en annan
typ av tvarbindningar som Kkallas lysinoalaniner och lantioniner.
Behandlingen 6kade tvarbindningarna mellan gliadinerna och verkade tka
deras absorbtionsformaga flera ganger sin egen vikt.

Denna avhandling beskriver hur glutenproteiner tvarbinds, hur de satts
samman till kluster/aggregat samt deras absorptionspotential. Dessa resultat
ger nya insikter i frobiologin hos lagringsproteiner som kan vara vardefulla
for foradlings och odlingsmetodermetoder riktade for att producera mjél av
hog kvalitet. Dessutom kan resultaten vara vérdefulla for framtida forskning
om att utveckla icke-petroleumbaserade material och absorbenter.
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Abstract: Proteins are among the most important molecules on Earth. Their structure and
aggregation behavior are key to their functionality in living organisms and in protein-rich products.
Innovations, such as increased computer size and power, together with novel simulation tools have
improved our understanding of protein structure-function relationships. This review focuses on
various proteins present in plants and modeling tools that can be applied to better understand protein
structures and their relationship to functionality, with particular emphasis on plant storage proteins.
Modeling of plant proteins is increasing, but less than 9% of deposits in the Research Collaboratory
for Structural Bioinformatics Protein Data Bank come from plant proteins. Although, similar tools are
applied as in other proteins, modeling of plant proteins is lagging behind and innovative methods are
rarely used. Molecular dynamics and molecular docking are commonly used to evaluate differences
in forms or mutants, and the impact on functionality. Modeling tools have also been used to describe
the photosynthetic machinery and its electron transfer reactions. Storage proteins, especially in large
and intrinsically disordered prolamins and glutelins, have been significantly less well-described
using modeling. These proteins aggregate during processing and form large polymers that correlate
with functionality. The resulting structure-function relationships are important for processed storage
proteins, so modeling and simulation studies, using up-to-date models, algorithms, and computer
tools are essential for obtaining a better understanding of these relationships.

Keywords: albumin; globulin; glutelin; monte carlo simulation; molecular dynamics simulation; prolamin

1. Introduction—Plant Proteins: Types, Characteristics, and Presence

1.1. The Variety of Plant Proteins and their Functions

Proteins are biological macromolecules, that are responsible for a majority of the biological roles
(sometimes together with other biomolecules) in the cell. Thus, proteins can be considered biomolecular
devices with natural structural and functional properties that are often challenging to recreate in the
laboratory. Some classical examples of proteins with exceptional functions are spider silk proteins,
combining very high strength with excellent elasticity [1], and bacterial flagella, which are microscopic
propellers [2]. Proteins in the form of enzymes catalyze reactions at rapid rates with great selectivity.

Like proteins in general, plant proteins play various enzymatic, structural and functional roles
(photosynthesis, biosynthesis, transport, immunity, etc). They also act as storage mediums to meet the
growth and nutritional demands of developing seedlings. Proteins perform these functions in their
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composition and specific structural forms, e.g., through folding, which can range from compact and
well-ordered to unfolded and intrinsically disordered.

1.2. Classifications of Plant Proteins—Relationships to Seed Storage Proteins

The first attempts to classify plant proteins were based on the extractability and solubility of these
proteins, with the first systematic study performed on seed storage proteins by T.B. Osborne, applying
the classification scheme suggested by the American Committee on Protein Nomenclature [3].
This nomenclature basically classifies proteins into three types; simple, conjugated, and derived.
Proteins in all plant tissues are classified as simple proteins, which are further divided into four
types [4] (Table 1). These four types of plant proteins are mainly associated with seed storage
proteins and are known as albumins, globulins, prolamins and glutelins, separated based on Osborne
fractionation with water, salt, alcohol, and alkali, respectively (Table 1). Later attempts at more complex
classifications of plant proteins have been made, based, e.g., on their chemical structure, mechanism/s
of actions, biological function or within-plant location. Despite these attempts to more modern
classification systems, Osborne classification is still the most widely used system, particularly used for
protein extraction and purification procedures [5]. In practice, however, the Osborne classification has
only been used on seed storage proteins, while classification of other plant proteins is generally more
complex and sometimes unclear.

Table 1. Types, characteristics (based on Osborne fractionation [3,4]), and presence of plant proteins.

Protein Type Solubility Characteristics Examples in Plants References
(examples)
25-type; e.g.,
Albumins Water Globular, coagulable by heat Leucine, Legumalin, [4-6]
Phaselin, Ricin
7S vicilin-type
. . Globular, higher molecular (peas, soy etc.) )
Globulins Salt solution weight than albumins 11S legumin-type [4,7]
(brassicas, oat, rice)
Intra-molecular disulfide
) Al.cohol/water bonds-, High proporn‘on of Gliadins, Zein,
Prolamins mixtures (e.g., proline and glutamine, Hordein, Secalin [4,7-10]
70% ethanol) repetitive motifs in ordem, >ec

central domains

Inter-molecular disulfide
bonds, High proportion of
proline and glutamine, Glutenins in wheat [4,7-11]
repetitive motifs in
central domains

Alkaline

Glutelins X
solutions

1.3. Characterization and Presence of Osborne Classified Proteins

Albumins are defined as water-soluble, globular proteins that are coagulable by heat (Table 1).
The most well-known albumins are serum albumin, the major protein in human blood, and egg white.
In plants, albumin is present as a 2S albumin storage protein in seeds, e.g., as leucine in barley, wheat,
and rye, as legumelin in pea, soybean and cowpea, as phaselin in kidney bean, and as ricin in castor
bean [6] (Table 1). Many proteins in the green plant tissues, including ribulose-1,5-bisphosphate
carboxylase oxygenase (RuBisCO), an enzyme catalyzing the first step of carbon fixation and the most
abundant protein on Earth, are not defined as albumins, despite being water-soluble. RuBisCO is
water-soluble and coagulable by heat [12], which should by the Osborne definition, make it an albumin
protein. Similarly, the majority of the enzymatic proteins in plants are water-soluble and coagulable
by heat, but apart from being characterized as enzymes, they have not been further defined into a
protein type.
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Globulins are also globular proteins, which have a higher molecular weight than albumins,
and are soluble in dilute salt solution, but insoluble in water (Table 1). The most well-known globulin
is a major human blood protein (serum gamma globulin) [13]. In plants, globulins are present as
storage proteins in both, dicots and monocots, making them the most common group of storage
proteins [7]. Based on sedimentation coefficient, the plant storage globulins are basically divided
into two groups, 7S vicilin-type, which has been found and extensively studied in pea, soy bean etc.,
and 11S legumin-type, which is, e.g., the major storage protein in most legumes and in dicots such as
brassica, oat, and rice [7] (Table 1). Some plant leaf proteins are clearly not directly water-soluble and
may be classified as globulins, in some characterizations of leaf proteins [14]. However, the reason
that these leaf proteins are not water-soluble might be because they are cell wall-bound, interact with
pectin, or are hydrophobic [15], and thereby, obviously not easy to categorize as globulins or albumins.

The additional two protein types, prolamins and glutelins, are found in particular as storage
proteins in seeds of the grass family (Triticeae), where they are the dominant proteins, comprising
up to 85% of total protein [7] (Table 1). The prolamins found in wheat are called gliadins, while
the nomenclature of the prolamins in other cereals is based on their Latin names; zein in maize,
hordein in barley, secalin in rye etc. [8] (Table 1). The most commonly found glutelin is that found in
wheat (glutenin), although glutelins are also present in barley and rye [11] (Table 1). Prolamins and
glutelins have several similarities, including a high proportion of proline and glutamine, and a high
proportion of repetitive motifs or sequences, with non-repetitive domains in their N- and C-terminals [8].
Although, these proteins differ in molar mass, the major difference between the two protein types is the
formation of intra- and inter-molecular disulfide bonds in the native state of prolamins and glutelins,
respectively [9], which explains the differences in their extractability.

1.4. Seed Storage Proteins—Types and Characteristics

From the previous sections, it is clear that seed storage proteins are present in the seed in various
types, including albumin, globulin, prolamin and glutelin [6-8]. These proteins may have different
characteristics in the plant cell and also during processing and for various applications, where the
storage proteins contribute functionality. However, to date, the seed storage proteins have mainly been
characterized based on their chemical performance during fractionation, sedimentation, etc. [4,6-8]

2. Functionality of Plant Proteins—In the Plant and for Food and Industrial Applications

2.1. Function of Plant Proteins in the Plant

Plant proteins meet the needs of the emerging seedling in terms of nutrition and growth, through
their enzymatic, structural, functional and storage functions [16]. Plants contain a number of specific
types of proteins not found in other living organisms, and these have certain functions (Table 2).
For example, most plants have some kind of storage organ (seeds, tubers etc.) for reproduction, where
different nutrient sources are stored so that the new plant will have the resources to grow during the
coming season. Proteins, carbohydrates, and oils are different types of nutrient sources accumulated in
plant storage organs. Such proteins are normally described as storage proteins (Table 2). Their primary
function is to be broken down into amino acids, to form the necessary building blocks for emerging
proteins in the next-generation growing plant [17]. The plant cell contains a number of organelles,
including chloroplast, which are responsible for photosynthesis (Table 2). Plants also have a specific
protein, the enzyme RuBisCO (Table 2), for catalyzing the transfer of solar energy to chemical energy
that can be used by the plant, through CO, fixation [18].
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Table 2. Examples of plant proteins with their unique functions in plants, and in food and
non-food applications

Utilization Protein Type Occurrence Function References
(Examples) (Examples) (Examples) (Examples)
Storage proteins Seeds, tubers Grow?h and nutrition to
Living plants seedlings and plantlets [16,17]
RuBisCo Chloroplast Photosynthesis
Plasma membrane
proteins e.g., Cell membrane, Transport, structural [16,18]
surface proteins, Protein channels ~ support, ion regulation !
globular proteins
Food products Vicilin Pea Heat-induced gelation [19-22]
emulsifying properties
. Cohesive matrix,
Bio-based materials Glutenins Wheat gas barrier, strength [10,23-34]
Gliadins Wheat Cohesive matrix,

gas barrier, flexibility

2.2. Functions of Plant Proteins in Food

In food products, proteins are often the main functional component, especially in processed
food products with a high protein content [19]. In such products, proteins contribute to nutrition,
but also to food quality, texture, aroma, flavor, feeling of satiety, and ease of processing [20] (Table 2).
Most plant proteins have characteristics that make them interesting in food processing although
their specific characteristics may differ. For example, the pea protein vicilin has been shown to have
better heat-induced gelation and emulsifying properties than the pea legumins, which instead have
been found to be more nutritious for humans [21]. The performance of various plant proteins for
food applications is highly dependent on their structural features and their ability to form specific
three-dimensional (3D) configurations/conformations, as well as their ability to cross-link [10,22].

2.3. Functions of Plant Proteins in Industrial Applications

Plant proteins also have properties that make them interesting for use as materials (Table 2).
A range of plant proteins, including mainly storage proteins from e.g., wheat, soybean, potato and
oilseed crops, have interesting properties for applications such as packaging, fire resistant and absorbent
materials [23-30] (Table 2). The ability of proteins to cross-link and aggregate is important for good
protein-based material properties [10,31-33].

2.4. Impact of Seed Storage Proteins on Functionality

The descriptions above clearly show the primary importance of the storage proteins in plants as a
source of amino acids to be used as building blocks for the developing young seedling at emergence [17].
In food and industrial applications, seed storage proteins play a central role for functionality [19-30],
making it important to understand how the functionality is influenced and can be fine-tuned [35-37].

3. Modeling—State of the Art for Plant Proteins

3.1. Basis for Modeling to Study Protein Structures

As described above, the three-dimensional (3D)-conformation of native proteins, together with
their ability to crosslink, reshape, and form specific structural features, contribute substantially to the
functional properties of specific proteins in the plant and in plant-products [31,34,38]. The methods for
determining the structure of proteins can essentially be divided into three types, i.e., those based on
different types of microscopy techniques, those based on scattering/diffraction and spectroscopy (e.g.,
X-ray and nuclear magnetic resonance (NMR) techniques), and those based on modeling [39] (Table 3).
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In this review, we focus on the opportunities and drawbacks of using modeling to determine plant
protein structures, with specific emphasis on plant storage proteins.

3.2. Template-Based and Ab Initio Modeling

The methods applied to model plant protein structures are similar to those used for any type
of protein (Table 3). Template-based modeling is the most simplified method for protein modeling.
Template-based models are built on comparisons of amino acid sequences from proteins with known
protein structures (often identified by crystallography) and the assumption that similar sequences result
in the same protein structures [40]. However, many proteins do not share sequence similarities with
other proteins already present in data-bases and with known structures. For such proteins (showing
no relationship with known proteins), modeling from sequence information alone, i.e., ab initio protein
structure prediction, is the only option. In ab initio predictions, thermodynamic principles are applied
to the case of protein conformation, through a search for the overall energy minimum [40].

3.3. Monte Carlo, Molecular Dynamics and Machine-Learning Methods

Two more advanced/modern methods, Monte Carlo (MC) and Molecular Dynamics (MD) have
been developed during recent years for protein structure predictions and simulations. Both methods
resemble the ab initio approach as modeling is based on sequence information alone. (Table 3).
Both methods can be applied on different scales with different degrees of detail; from all-atom and
united atom to coarse-grain models [41]. The advantage with MC computations is that it is faster
and easier to perform than MD computation, due to the fact that it is free from the restriction of
solving Newton’s equation of motion [42] (Table 3). However, this also affects the results, since no
“dynamic” information is gathered from the MC run [42,43]. Thus, in several protein simulations,
MC has been combined with MD [44]. Furthermore, modern machine-learning techniques, such
as the algorithm AlphaFold, have brought great advances in prediction of protein structure from
sequence information [45]. In the most recent Critical Assessment of Protein Structure Prediction
(CASP) experiments, the AlphaFold 3D models of proteins were placed first in the Free Modeling
category, in terms of accuracy [46]. The AlphaFold algorithm uses artificial neural networks to build
a protein-specific fragment library [47]. However, algorithms, such as AlphaFold have not yet been
applied to predict the structure of seed storage proteins, probably because these algorithms generally
predict protein structures, based on folding, while some of the most useful storage proteins are
intrinsically disordered.

Table 3. Methods used to determine protein structures and structure-function relationships.

Method Type (EI::[;:;:S) Used for/Applications (Examples) (lg;e:;c:;
Transmission Electron Microscopy Three-dimensional (3D) structure of proteins from [39,48]
(TEM) 2D particle images o
Microscopy Cryo Electron Microscopy (Cryo-EM) 3D structure of biomacro-molecules in native state [39,49]
Tomography High-resolution 3D images [50]
Imaging Images of mdlvldhujlog;z;:;s by low-electron [50,51]
Nuclear magnetic resonance Chemical shifts reflecting conformations of
X [52]
Scattering/ Spectroscopy (NMR) ) ) proteins )
Diffraction Small-angle X-ray scattering Shape, conformation and assembly of proteins [53]
Spect'roscopry Wide-angel X-ray scattering Characterization of structural models, similarities, [54]
and changes in atomic packing -
Fourier Transform Infrared Protein conformation through peak fitting of amide [39,55]
Spectroscopy (FT-IR) bands o
X-ray crystallography Atomic resolution of 3D protein structures [56]
Template-based Modeling based on homology [34]
Ab initio Modeling based only on sequence information [40,41]
Modeling-Simulation Monte Carlo (MC) Statistical method evaluating moves of a protein [42,43]
Molecular Dynamics (MD) Solving Newton’s equation of motion [43]

Machine aearning (AlphaFold) Artificial neural network [45-47]
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3.4. Modeling Plant Proteins with Specific Emphasis on Seed Storage Proteins

The plant protein modeling research field is comparatively small and relatively new, with a limited
number of plant-related deposits in the Research Collaboratory for Structural Bioinformatics Protein
Data Bank (RCSB PDB). A search for plant deposits currently results in 2300 hits, with one quarter
from Arabidopsis. Sorting, based on the most common organisms, shows 1382 hits on Arabidopsis
and 15000 hits on others (others = plant based organisms but also additional organisms) in an overall
total of more than 160 000 total deposits (the majority coming from humans and microorganisms) [57].
One third of the deposits in the current plant search are from 2015 and later. Only 47 deposits are
available for seed storage proteins, the majority being globulins and the rest albumins. These deposits
indicate that plant protein modeling has focused on specific areas. This is also reflected in by the
information in the RCSB PDB, where a high number of deposits are available for example, in proteins
associated with the photosynthetic machinery, proteins associated with ribosomes, enzymes, stress
and defense, and for allergens and sweet-tasting proteins [57]. Plant protein modeling, within these
different areas, is summarized in Sections 4.1-4.6, in order to identify opportunities of relevance for
modeling seed storage proteins.

4. Main Plant Protein Modeling Areas and Impact for Modeling of Seed Storage Proteins

Modeling approaches for six of the most common plant proteins in the RCSB PDF are described
below. Seed storage proteins are not among these, although knowledge derived from other areas of
research might be of relevance for modeling seed storage proteins.

4.1. Photosynthetic Machinery

The photosynthetic machinery is responsible for the transfer of solar energy to chemical energy
through CO; fixation [18]. It is, thus, one of the most important and specific traits of plants, and has
long attracted the interest of the scientific community. MD simulations, complemented with quantum
mechanical descriptions, were applied already in the early 1990s to describe how electron transfer is
controlled by protein motion in photosynthetic reaction centers [58]. Molecular dynamics simulations
have since contributed to the understanding that protein movement in the reaction centers is key
to the kinetics of the primary electron transfer reaction [59]. To understand the full mechanisms
of the photosynthetic machinery, a range of both, analytical and simulation methods have been
adopted, as recently reviewed by Blumberger [60,61]. The tools for assessing protein movements in
reaction centers might be useful for investigating seed storage protein movements during processing
and dynamics/energy transfers for these movements. The structure of RuBisCO, and of divergent,
mutant, and hybrid forms of this enzyme, has been characterized through X-ray crystallography [62].
Molecular dynamics simulations have also been used to explain variations in the functionality of
RuBisCO mutants, where the use of structural checkpoints has been found to enable fine-tuning of
the dynamics of the enzyme [63]. Similarly, dynamics of seed storage proteins already characterized
by experimental methods such as X-ray crystallography can be understood by computer-based
simulation methods.

4.2. Proteins Associated with Ribosomes

Cryo-EM studies, combined with X-ray crystallography, have been applied to determine
the structures of ribosomes, producing static models for the various states of ribosomes.
Recently, computational studies involving simulations have been successful in shedding light on
structural fluctuations and transitions among the different ribosomal configurations [64]. Advances in
MD simulations, including large-scale MD, are one explanation for the successful simulation of large
macromolecular complexes, such as ribosomes [65]. The size of some seed storage proteins creates
challenges in their modeling, resulting in similarities with the modeling of ribosomes. Thus, the use of
large-scale MD might be an alternative for modeling seed storage proteins.
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4.3. Enzymes

Mathematical modeling approaches have long been a useful tool for investigating the complexity of
metabolic networks and their enzymatic regulation, while more recent models have contributed greatly to
the growing field of systems biology [66]. Most commonly, enzyme-kinetic models have been applied
to examine enzymatic regulations [66], although more recently, MD techniques and molecular docking
simulations have been used for similar purposes [67]. The enzyme-kinetic modeling of metabolic pathways
differs substantially from the modeling of structures and functions in seed storage proteins.

4.4. Stress and Defense

Regarding stress proteins and defense mechanisms, simulations have been used to gain a better
understanding of the mechanisms involved [68-71]. Again, recent uses of MD simulations has
improved our understanding of these proteins. Both homology modeling and MD simulations have
been used to examine the background to herbicide resistance in plants [72]. Homology modeling,
molecular docking, and MD simulations have been used to assess differences in protein conformations
contributing to resistance compared with susceptible reactions in plants to different diseases [73].
The development of the highest relevance for modeling seed storage proteins is methodology describing
differences in protein conformation related to different functions and functionality.

4.5. Allergens

Allergens are often proteins [74] and plants contain a variety of allergens towards which sensitive
humans display allergic reactions [75]. Plant proteins responsible for allergic reactions have been
structurally modeled using crystallography, X-ray scattering and NMR, as well as docking simulations of
protein models with similar sequence [76,77]. Further, the 3D crystal structure of various plant-derived
allergy proteins has been determined and MD simulations have been used to detect molecular
conformations of the proteins involved in allergic reactions [78-80]. Several plant-based allergens are
also seed storage proteins in plants, so modeling carried out on allergens might be directly transferable
to research on seed storage proteins and structure-function relationships.

4.6. Sweet-Tasting Proteins

Sweet-tasting proteins are specific plant-based proteins of great interest as they have characteristics
making them hundreds to thousand times sweeter in taste than sugar [81,82]. Several studies have focused
on investigating this property, using techniques, such as crystallization of the proteins and determination
of their structure with NMR and X-ray crystallography [81,83]. Comparative/homology modeling and
molecular docking techniques have been used to predict 3D structures of dimer and tetramer forms of
some sweet proteins, while the effects of pH on protein conformation have been evaluated using MD
simulations [82]. MD simulations have also been used as a tool in structure-guided protein engineering for
designing improved low-calorie plant-based sweeteners for pharmaceutical and food applications [84].
The methods applied to understand structure-function behavior and those used for structure-guided
engineering might be of interest for seed storage protein research and applications.

5. Understanding Structure-Function Relationships of Seed Storage Proteins

Plant storage proteins are probably the second most abundant protein group in plants (after
RuBisCO). In all plants containing storage organs, such as grains and seeds, the function of the
storage proteins is to store amino acids necessary for growth and development of the emerging
seedling [85]. Few investigations with modeling tools have been performed on these proteins, despite
the abundance of plant storage proteins, their importance as a source of nutrition for the emerging
young plantlet [85], and their impact on the functionality of products from plant grains [10,22,23,86-89].
However, bioinformatics techniques are increasingly being employed for classification of different plant
proteins, with neural networks displaying accuracy of 95.3% in classifying rice proteins into different
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classes (albumins, globulins, prolamins, glutelins) [90]. Additionally, machine-learning algorithms
have been successfully used to classify seed storage proteins from rice, wheat, maize, castor bean,
and thale cress into their classes [91]. Structurally, the different classes of seed storage proteins can
be divided into two types, albumins/globulins and prolamins/glutelins (Figure 1). Albumins and
globulins are generally highly structured and thereby able to crystallize, and their folding can be
simulated using a range of methods, including machine learning and ab initio modeling [92-98]
(Table 4). Most prolamins and glutelins are instead intrinsically disordered [99], and thereby, pose
more challenges in modeling. They would require MC- and MD-based algorithms for modeling
their structures, although small-angle scattering methods combined with infrared spectroscopy (IR)
and high-performance liquid chromatography (HPLC) have also been applied to examine structural
changes during processing [100-104].

Table 4. Structural characteristics of some modeled seed storage proteins.

. Structure Prediction Experimental L References
Protein Type Method Form Structure Characteristics (Examples)
Compact crystal structure
Canavalin X-ray diffraction Native with salt bridges and [93-96]
Globulin hydrophobic clusters
Vicilin Homology modeling Amino acid Trimer [97]
sequence
Hexamer via
. . Amino acid inter-protomer (IE)
Cruciferin Homology modeling sequence disulfide bonds between o8]
two trimers
Dynamic light scattering, Dimers of 5.72 nm
. o cryo-transmission electron Gliadin solution at aggregated clusters of
Prolamin Gliadins microscopy, small-angle . [103,105]
X . pH3.0 30 nm, oligomers of 68 and
-ray scattering, MD 103 nm
simulations
Glutelin  Glutenins Small—anglg—x—ray Native/extracted Intrinsically disordered [34,104]
scattering from wheat seed structure

5.1. Albumins

Crystal structures have been identified for a few albumin storage proteins using NMR and X-ray
crystallography [92], and two of these protein structures have been deposited in the RCSB PDB [57].
Limited information is available on structural modeling using simulation tools for grain storage
albumin proteins.

5.2. Globulins

Practically all deposits in the RCSB PDB on plant globulins are based on X-ray diffraction. The fact
that X-ray diffraction-based models are available, enables simulation-based verification of the protein
structures and simplifies further computer-based modeling. Globulins from legume seeds were the first
storage protein to be crystallized and evaluated with X-ray diffraction [93-96]. The crystal structure was
found to be compact with salt bridges and hydrophobic clusters, resulting in layers of packed molecules
forming aggregates [94]. Since then, homology modeling has been used to model other globulin proteins,
e.g., vicilin in cocoa, based on crystal structures of legume globulins such as jack bean canavalin and French
bean phaseolin [97] (Table 4). These studies indicate that hydrophobic amino acids are buried inside the
protein molecule at trimer formation, while histidine residues are found at the interfaces towards other
globulins [97]. Later studies used homology modeling of Arabidopsis thaliana to identify the structure of
the oilseed storage protein cruciferin [98] (Table 4). The impact of structure on the function of cruciferin
has been evaluated through the use of different isoforms of the protein [98]. Recent studies using 3D
molecular models and computational simulations have demonstrated ability of vicilin-like proteins from
leguminous plants to bind to chitin or chitinous structures through three chitin-binding sites at each vicilin
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trimer [106]. Examples of structural features of the storage protein 7S globulin in soybean and 11S globulin
in pea, obtained through simulation based on amino acid sequences [39,107,108] of single subunits and
their polymers, are shown in Figure 1.

5.3. Prolamins

Prolamins and glutelins have been less studied by modeling and simulation than the globulins and
most other types of proteins. The major reason for the lack of models on prolamin proteins is that their
structure is intrinsically disordered [99]. Solubility studies, using various solvents, have shown that the
prolamins are monomeric in their natural stage [4,10] (Figure 1). However, during processing, the prolamins
have been shown to form disulfide bonds with other seed storage proteins, thereby, contributing to the
formation of polymers [10,109]. Early studies evaluating the structural features of the prolamins in wheat
(the gliadins), using Fourier transform infrared spectroscopy (FI-IR), detected equal amounts of o-helix,
linear p-structure, B-turns, and unordered structure [110]. The structures of the gliadins have been
evaluated at pH 3.0 with dynamic light scattering, cryo-transmission electron microscopy, and small-angle
X-ray scattering, followed by ab initio prediction and MD simulations [105] (Table 4). These studies
indicate the presence of dimers with a hydrodynamic radius of 5.72 nm, aggregated clusters of 30 nm,
and oligomers of 68 and 103 nm [105]. Importance of the concentration of gliadins in distilled water
for their state of aggregation has also been reported [103]. At 0.5 wt-% gliadin, repulsion of the gliadin
assemblies can be observed, resulting in the protein mainly being present in its monomeric form, with
only limited amounts of dimers and oligomers, while at 15 wt-% gliadin, a gel-like hydrated solid is
formed as a result of formation of aggregates [103]. Under heat and pressure, the gliadins have also been
shown to form hexagonal structures with a 65 A lattice parameter [27,33,38]. Ab initio modeling has
been used to investigate the reasons for formation of hexagonal structures by the gliadins, and has partly
ascribed it to glycerol acting as a chemical chaperon aiding in the packing of the protein molecules [38].
The prolamins in maize (zeins) have been modeled with MD simulations to a greater extent than the wheat
gliadins. A structural feature reported for the zeins is an a-helix with four amino acid residues per turn
and a hydrophobic face inside the helix, formed by the non-polar residues with the carotenoid lutein,
helping to stabilize the structure [111]. During solvent evaporation, the zeins are able to self-assemble
into different protein shapes, including rods, spheres, and films of different sizes, partly due to so-called
head-to-tail binding of the proteins [112]. Early studies on wheat suggested head-to-tail binding [113,114]
of the gliadins while aggregating, which has also been shown in confirmed studies [103,105].

5.4. Glutelins

The glutelins are even larger and more complicated molecules than the prolamins [104] (Table 4),
and wheat glutelins (glutenins) are known to form the largest polymers in nature [115] (Figure 1). This is
one reason for the limited modeling of these proteins. The vast majority of previous studies have focused
on examining how these large polymers are formed and the background to their formation [10,31].
Depolymerization and re-polymerization of the gluten polymer are known to occur during processing
operations, such as dough mixing [116]. Therefore, theoretical models of polymerization mechanisms
have been one way forward in using modeling tools to predict the glutenin polymer structure [117].
Through these models, the directionality of formation of the polymers (head-to-tail, head-to-head, tail-to-tail
or tail-to-head) can be evaluated. In a recent study using HPLC and small-angle X-ray scattering, a highly
intrinsic and disordered structure in the native glutenin protein of wheat was reported, while the structures
of unknown types were formed during processing of the proteins into films [34]. Molecular modeling,
homology modeling and MD simulations have also been used on the N-terminal domain of glutenins to
examine the polymerization of the proteins into giant oligomers through disulfide bond formation [118,119].

5.5. Future Opportunities for Modeling Cereal Seed Storage Proteins

The main reasons for the lack of studies, using modeling tools and MC/MD simulations to
investigate the prolamin and glutelin proteins, are that the (i) proteins are large and among the largest
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proteins in nature [120]; (ii) proteins in their native form are intrinsically disordered and not soluble
in water [99]; (iii) structures of the proteins change with dilution [99] or processing [31], i.e., into
low levels of structures in dilute condition [103], hierarchical structures in concentrated regimes [99],
and hexagonal [27,31] and other types of structures [34] developing under certain processing conditions;
and iv) reported structures are always connected to aggregation of the proteins into polymers [10].
Thus, modeling these proteins is extremely difficult and requires a large amount of computer power.
However, the storage proteins of cereals are highly useful and important: (i) as a storage resource
for the plant to regenerate itself [7]; and (ii) for human [7] and animal [121] food and feed purposes;
and are potentially useful in (iii) non-food applications, such as replacement of petroleum-based
plastics [10,122]. A clear structure-function relationship has been demonstrated between the formation
of protein structures during processing and the functionality of products produced from cereal storage
proteins [123,124]. Therefore, a better understanding of the structural features of the plant storage
proteins, especially for the under-researched prolamins and glutelins, and opportunities to fine-tune
their structural performance would contribute significantly to their utility in various applications.
Furthermore, such an understanding helps reveal the physiological and evolutionary reasons for
variations in storage proteins among plants. Novel modeling tools, together with faster/more powerful
computers and computer cluster tools to empower the simulation algorithms, are of utmost importance
in such work, and will open up opportunities for identifying even the largest and most complex
protein structures. Novel simulation tools and newly-developed algorithms will be available for
researchers and others in the near future, together with stronger computers and computer clusters,
which will pave the way for modeling, even the largest and most intrinsically disordered proteins,
such as seed storage glutelin proteins. In a future perspective, research on gliadins and glutenins
might also benefit from a similar approach to the approaches used for elastomeric proteins, utilizing
low complexity (not coarse-graine) models and/or work with peptide fragments to reveal protein
behavior [125]. Such modeling will create novel opportunities for assessing biological features in
plants and for fine-tuning the properties of foods and materials produced from these proteins.

7S Globulin 118 Globulin a-gliadin LMW-GS
Soybean Pea Wheat Wheat

&

el

Y

w
AN
N\

&

Figure 1. Single subunits and polymers obtained from these, of (left to right): The storage proteins 75
globulin in soybean, 11S globulin in pea, a-gliadin in wheat, and low molecular weight glutenin subunits
(LMW-GS) in wheat. Amino acid sequences and simulation tools applied to determine the structures
are described in Yoshizawa et al. [107] and Research Collaboratory for Structural Bioinformatics Protein
Data Bank (RCSB PDB) (3AUP) [39] for 7S globulin, and in Tandang-Silvas et al. [108] and RSCB PDB
(BKSC) [39] for 11S globulin. Amino acids sequences for a-gliadin and LMW-GS can be found at
Uniprot accession numbers Q9ZP09 and P10386 and simulation was carried out using an all-atom
model with Monte Carlo algorithms in the program Profasi [126]. All models were visualized using
Visual Molecular Dynamics [127].
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6. Conclusions

A combination of innovations within computing technology, increased speed, and power of
computers, and novel modeling/simulation tools will increase the opportunities that determine protein
structures and reveal structure-function relationships. Until recently, modeling and simulation tools
have been rarely used for the evaluation of plant protein structures and structure-function relationships.
Thus, less than 9% of the current deposits in the Research Collaboratory for Structural Bioinformatics
Protein Data Bank are plant-related and one-third of these deposits are less than five years old. For the
two most abundant plant protein types, RuBisCO and the storage proteins, modeling has been used
to different extents. For RuBisCO and the photosynthetic machinery, modeling has been used rather
frequently to describe the process and structural impacts of changes in the protein. Structural features
of the storage proteins have been described to a lesser extent by modeling, especially for the prolamin
and glutelin. The present status of modeling as regards structural features of the storage proteins is
exemplified in Figure 1 for globulin (soybean, pea), prolamin (wheat «-gliadin), and glutelin (wheat
glutenin) proteins, respectively.
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Abstract: Gluten protein crosslinking is a predetermined process where specific intra- and
intermolecular disulfide bonds differ depending on the protein and cysteine motif. In this article,
all-atom Monte Carlo simulations were used to understand the formation of disulfide bonds in
gliadins and low molecular weight glutenin subunits (LMW-GS). The two intrinsically disordered
proteins appeared to contain mostly turns and loops and showed “self-avoiding walk” behavior in
water. Cysteine residues involved in intramolecular disulfide bonds were located next to hydrophobic
peptide sections in the primary sequence. Hydrophobicity of neighboring peptide sections, synthesis
chronology, and amino acid chain flexibility were identified as important factors in securing the
specificity of intramolecular disulfide bonds formed directly after synthesis. The two LMW-GS
cysteine residues that form intermolecular disulfide bonds were positioned next to peptide sections of
lower hydrophobicity, and these cysteine residues are more exposed to the cytosolic conditions, which
influence the crosslinking behavior. In addition, coarse-grained Monte Carlo simulations revealed
that the protein folding is independent of ionic strength. The potential molecular behavior associated
with disulfide bonds, as reported here, increases the biological understanding of seed storage protein
function and provides opportunities to tailor their functional properties for different applications.

Keywords: modeling; intrinsically disordered proteins; gluten; disulfide bonds; cysteine; prolamin;
Monte Carlo

1. Introduction

The gluten protein complex is highly abundant in the wheat seed [1] and consists of storage
proteins, which are known to form the largest protein networks in nature [2]. Similar types of proteins
are found in other cereals and grasses (Poaceae) and are all genetically closely related and show high
resemblance [3,4]. These proteins often share a high proline and glutamine content, amino acids lined
in repetitive motifs, and cysteines (CYS) that form disulfide bonds that, in several cases, crosslink with
other storage proteins [5]. Gluten proteins are divided into two groups: gliadins and glutenins [5,6].
Based on the amino acid composition, the gliadins are then further subdivided into three major classes,
a-/B-, v-, and w-gliadins, whereas the glutenins are divided into low molecular weight (LMW) and
high molecular weight (HMW) glutenin subunits (GS). Among these proteins, the gliadins and the
LMW-GS have a similar evolutionary background; they share several features in their primary structure.
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Both types of protein contain regions of repetitive sequences, mainly of hepta- and dodecapeptides
repeat motifs rich in proline and glutamine residues [7]. Even though the gliadins and the LMW-GS
share similarities in their amino acid composition, their behavior of forming polymers differs in their
native state, i.e., in the wheat grain. Gliadins are known as monomeric in their native state, with only
intramolecular disulfide bonds (except for w-gliadins due to the lack of CYS), while LMW-GS are
known to form polymers by intermolecular disulfide bonds with other glutenin proteins, forming large
polymers [8].

In the cell, both gliadins and glutenins are synthesized in the ribosomes of the rough endoplasmic
reticulum (ER) and transported to ER lumen [9]. After this, the proteins form disulfide bonds between
CYS, and the glutenins polymerize into polymers [10]. The formation of disulfide bonds is regulated
by the cytosolic and redox conditions in the cell [10]. Furthermore, the level of humidity in the
wheat grain is important for the amount and size distribution of the polymers [11]. The ER has been
shown to administrate the folding of the proteins, while smaller proteins, such as chaperons and
foldases, assist in the folding process [12-14]. The proteins are stored at different locations in the
plant seed cell in the form of protein bodies (PB) [15], where the transport to the destined locations is
co-translational [16,17]. Two trafficking routes have been described for proteins leaving the ER: one is
via the Golgi apparatus with deposition in PBs of vacuolar origin, and one is in the ER lumen for later
fusion into the vacuole [9,18,19]. The reason for the different pathways is not yet fully understood;
the same type of protein has been found to use both pathways, and all types of gluten proteins have
been found in the different types of PBs [9,15]. However, segregation among the gluten proteins being
deposited in various types of PBs has also been reported, with the actual stage of grain development
being suggested as one determinant for the transportation pathway [1,18].

The folding and assembling of gliadins and glutenins into monomers and polymers seems to be a
predetermined process dictating the formation of the disulfide bonds within the glutenin polymers
and gliadin monomers. Among the gliadins (except for the w-gliadins), this behavior is observed in
the specific intramolecular disulfide bonds that are consistently formed between certain conserved
CYS [5,20-22]. Similarly, the LMW-GS contains several CYS that form specific intramolecular disulfide
bonds, being homologous to those of the gliadins [20,22,23]. Additionally, LMW-GS and HMW-GS
form intermolecular disulfide bonds, which leads to glutenin polymers. These are formed by the
CYS that are unique to LMW-GS and HMW-GS and absent in the gliadins [5,22,23]. Therefore, the
consistency of the formation of the disulfide bonds indicates the importance of structural features in
the proteins for disulfide binding opportunities.

To the authors” knowledge, there are no studies available today that explain the reasons for the
differences in crosslinking behavior or in-vivo structural properties of gliadins and LMW-GS. The
complexity of gluten proteins constantly hampers cellular studies, where issues like the synthesis
of multiple types of gluten proteins, rapid polymerization of several types of the proteins, and
difficulties in purification [10,23] are major obstacles. Computer simulations that consider the physical
and chemical properties of the amino acids in the protein could here be a valuable tool to describe
the structures of the proteins [24]. Both gliadins and LMW-GS contain high contents of proline
and glutamine [6], which are known to destabilize the protein structure as well as hinder specific
conformations [25]. Proteins that lack specific 3D structural conformations in their native state are
classified as intrinsically disordered proteins (IDP) [26], and in previous studies, gluten proteins
have also been classified as IDPs [27]. In previous work on IDPs from sources other than gluten,
computer simulations have been used on both the atomistic and coarse-grained levels to describe
structural properties. Most commonly, the simulated results have been compared and validated with
experimental results from various methods, including small-angle X-ray scattering (SAXS) [28-32]. For
gluten proteins in particular, only a limited number of studies have focused on the use of computational
tools to understand their structural behavior [33-37]. At present, no computational simulation studies
are available describing the structural differences between gliadins and LMW-GS in their native state.
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Here, atomistic and coarse-grained Monte Carlo simulations were used to characterize two wheat
storage protein types, gliadins and LMW-GS. The aim was to understand the differences and similarities
in structure-dependent behavior between the two proteins, explaining the reason for the formation of
disulfide bonds through intra- and intermolecular interactions. Furthermore, a model for the synthesis
of the proteins and their folding is proposed.

2. Materials and Methods

2.1. Protein Amino Acid Sequences Used for Simulations

In the present study, two proteins, an «-gliadin and an LMW-GS, were selected for Monte
Carlo simulations, to understand their structural behavior. The amino acid sequences, as well as
their charge distribution, are shown in supplementary A, as collected from the UniProt database
(https://www.uniprot.org/) under accession numbers Q9ZP09 and P10386, respectively. They contain
268 (a-gliadin) and 288 (LMW-GS) amino acids with a positive net charge of one (x-gliadin) and seven
(LMW-GS). Studies have previously been conducted on these two specific proteins, characterizing
their existence and primary structures experimentally [38—40]. The origins of the two sequences are
spelt wheat and spring wheat [38-40], resembling typical a-gliadin and M-type LMW-GS primary
sequences according to the literature [7,41]. Here, the sequences of the proteins are considered as
representative sequences for gliadins and LMW-GS, respectively, due to the close relationship and
similarities with most of the gliadins and LMW-GS [6]. In the simulations, the N-terminal sections of
20 and 23 amino acids of both proteins were omitted since these amino acids are known to code for a
transport peptide that is removed during synthesis [34,42,43].

2.2. Models

Two different types of models, one all-atom and one coarse-grained, in combination with Monte
Carlo simulations, were applied to model the protein structures, conformational ensembles, and
sensitivity to salinity.

The all-atom models were used to estimate the average folding of the proteins, with and without
disulfide bonds, using the force field “Lund FF08” with the software “PROFASI” [44,45]. In principle,
the all-atom simulations followed the same principles as described by Fagerberg et al. [46], where the
interaction potential includes electrostatic interactions between adjacent peptide units, a contribution
from the excluded volume, two types of hydrogen bonds, i.e., backbone-backbone bonds and charged
side-chain—backbone bonds, as well as effective hydrophobic interactions. All the interactions were
assumed to be pairwise additive. To model intramolecular disulfide bonds, the distance between the
involved CYS—more precisely, between the sulfur atoms of the thiol groups— was restrained to a mean
distance of 2 A based on previous findings [47,48]. The restraints were present throughout the entire
simulations for all intramolecular disulfide bonds. The modeled disulfide bonds were applied between
the CYS pairs listed in Table 1, which have previously been experimentally described [20,21,23].

Table 1. Disulfide bond pairs in a-gliadin and low molecular weight glutenin subunits (LMW-GS),
where the cysteines (CYS) number refers to the CYS amino acid position.

«-gliadin LMW-GS
CYS 128-CYS 158 CYS 2—Interdisulfide bond
CYS 159-CYS 249 CYS 127-CYS 162
CYS 171-CYS 257 CYS 135-CYS 155

CYS 163-CYS 260
CYS 210—Interdisulfide bond

The coarse-grained models were used to evaluate how electrostatic interactions affect the
conformational ensemble of the proteins. Here, each amino acid corresponds to one bead, which can
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be either charged or neutral depending on the primary sequence. For more information about the
model, see supplementary B or [28,49].

The all-atom models treat the water, implicitly utilizing hydrogen bonding, excluded volume, and
side-chain potential components to describe it, with cutoffs of 4.3-4.5 A, which correspond to salinity
in the range of 450-500 mM. In the coarse-grained model, the salt and water are treated implicitly and
regulated by the Debye screening length and the dielectric constant, respectively, utilizing an extended
Debye-Hiickel potential. Four different salt concentrations corresponding to 10, 80, 500, or 1000 mM
were used to evaluate how the conformational ensemble of the proteins is affected by the charged amino
acids. Counter-ions were added explicitly to the simulation box to obtain an electroneutral system.

2.3. Monte Carlo Parameters

The all-atom systems were studied utilizing Monte Carlo simulations with the Metropolis
algorithm. The simulations were performed in the canonical ensemble, meaning that a constant
number of particles (N), volume (V), and temperature (T) were used. The model protein was located in
a cubic box of length 1500 A, where periodic boundary conditions (PBC) were applied in all directions.
The force field utilizes cutoffs of 4.3 A for its excluded volume term and 4.5 A for its hydrogen bond
and side-chain components. Five different displacements were allowed: (i) rotation of the whole
chain, (ii) translation of the whole chain, (iii) pivot rotation of single backbone angles, (iv) rotation of
side-chain angles, and (v) biased Gaussian steps, which is a local move described by Favrin et al. [50].
For these simulations, an annealing procedure was used to accelerate the simulations and to avoid the
simulations becoming trapped in local energy minima [51]. Here, ten different temperatures in the
range 300-400 K were applied, and a total of 1000 configurations were produced at each temperature
at each cycle. For more information, see supplementary C. The protein model was located with a
random start conformation in the box, and an initial simulation run composing of 200 annealing cycles
resulting in 2-x 10° configurations at 300 K was performed for equilibration purposes. The following
production run involved 800 annealing cycles, corresponding to 8 X-10° configurations at 300 K. Every
10th of the produced configuration was saved for further analysis, to secure the availability of the
variation in the data, simultaneously considering data storage capacity (the exact amount of saved
configurations for each temperature and model system is presented in supplementary C).

The equilibrium properties of the coarse-grained Monte Carlo simulations were evaluated using
the Metropolis algorithm. For this purpose, the integrated Monte Carlo/molecular dynamics/Brownian
dynamics simulation package Molsim [52] was used. The simulations were performed in the canonical
ensemble. Further simulation details are described in supplementary B.

2.4. Analysis

2.4.1. Hydrophobicity

A hydropathy index graph for the amino acids in the protein was produced with the ExPASy tool
“Prot Scale” [53] to describe the hydropathy of the amino acids in the peptide chain. The tool was
set to produce a value for every individual amino acid residue in the protein sequence, utilizing the
Kyte and Doolittle scale with a window size of 15. The window size was used to illustrate patterns
for more extensive parts of the proteins. The chosen scale is based on the free energy of the amino
acids when they are transferred between the vapor, ethanol, and water phases [54]. Most hydropathy
scales provide a similar estimation of the non-polar amino acid properties but can vary greatly when
estimating the polar ones, depending on which solvents the amino acids are transferred between [55].
To broaden the analysis of the proteins, the Rose et al. scale [56] was also used, which estimates an
amino acid’s tendency to be buried in hydrophobic cores or to be exposed to solvent at protein surfaces.
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2.4.2. Radius of Gyration

The R, value, also referred to as the mean square distance of the center of mass, for the individual
obtained configurations from the all-atom and coarse-grained systems were calculated by built-in
modules in the simulation packages PROFASI and MOLSIM.

2.4.3. Polymer Scaling Laws, Shape Factor, and Small Angle X-Ray Scattering (SAXS)

The Flory power law was used to describe the proteins’ behavior in the solvent [57]:
Rea RoN” 1)

where the Ry is considered proportional to a constant (Rg) and the number of amino acids (raised to
the power of v). Ry is a prefactor value that equals 2 A, as determined from experiments on other
proteins [58,59]. A v close to 1/3 indicates a collapsed protein structure due to a poor solvent, 1/2
indicates theta conditions, and 3/5 indicates good solvent conditions (an expanded “self-avoiding”
chain) [59,60].

To further describe the shape, the ratio of the mean-square of the end-to-end distance (R..) and
mean-square Ry was used as a shape factor (Rgpape)-

_> = Rshupe (2)

A Rgjape qual to 1 represents a globular shape, 6 a self-avoiding random walk (SARW) shape, and
12 an extended rod shape [28]. Here, the distance between the terminal « carbons was considered as
the Ree.

The spherical average and flexibility of the two proteins were described by a wavelength function
derived from the SAXS data, depicted in the form of Kratky plots [61]. The SAXS calculations were in
turn performed on the all-atom models using a Debye formula in the foXS software [62,63].

2.4.4. Contact Mapping

Contact maps were generated in the all-atom simulations to illustrate the distance between the
amino acids. Here, the built-in function module “generate native contact list” in the PROFASI software
was used. The module was set to register distances closer than 5 A between all non-hydrogen atoms in
the amino acid side-chains, which resulted in distinguishable patterns of the protein contacts. The
contact map does not register distances between adjacent amino acids.

2.4.5. Secondary Structure Estimation

The software STRIDE [64], which estimates secondary structure based on patterns of hydrogen
bonding and backbone angles, was used to estimate the secondary structure for each conformation of
the all-atom simulations.

2.4.6. Plotting, Graphics, and Statistical Calculations

All plotting and statistical calculations were made with the statistical programming language R
version 3.5.1, “Feather Spray” [65]. The packages used for plotting purposes were as follows: ggplot2,
scales, egg, gridExtra, grid, plyr, dplyr, doParallel, ggraph, ggpubr, and igraph.

The 3D rendering graphics were made with the molecular visualization software VMD, with
tachyon in-memory rendering settings [66].
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3. Results

3.1. Shape Classification Based on Charges

At physiological pH, the o-gliadin carries seven positive and six negative charges and the LMW-GS
nine positive and two negative charges, resulting in corresponding net charges of +1 and +7. This
would suggest that the proteins are classified as polar tracts with globular and tadpole shapes according
to the Das—Pappu classification (Figure 1) [67,68]. However, the prediction is uncertain due to a high
content of proline and hydrophobic amino acids which, in the Das-Pappu classification, have an
unknown impact on protein structure.

Iy
=)
=)

R1=Globules & Tadpoles
R2=Mix of Globules and Coils
R3=Coils & Hairpins

"~ Ra=Semi-flexible Rods & Coils

e
N
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0.00 0.25 0.50 0.75 1.00
Fraction positively charged amino acids
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Fraction negatively charged amino acids
(=]
o
(=]

Figure 1. Das-Pappu plot, where intrinsically disordered proteins (IDPs) are categorized into four
different structure categories depending on their fractions of charged amino acids [67,68]. Both the
«-gliadin and the LMW-GS are positioned in the R1 category, meaning that their shape is supposed to
be either globular or tadpole-like.

3.2. Hydrophobicity of Gluten Proteins

Differences in hydropathy were observed along the amino acid chain for both a-gliadin (Figure 2a)
and LMW-GS (Figure 2b) after the primary sequences were evaluated against the Kyte and Doolittle
scale with the Prot Scale tool. In general, the proteins were similar from a hydropathy perspective,
although some differences were visible between the two proteins (compare Figure 2a with Figure 2b).
The segments containing the first 100 residues of amino acids were similar for the x-gliadin and
LMW-GS, being rather hydrophilic, although with some parts of lower hydrophilicity and also a larger
variation in hydrophilicity in the x-gliadin (Figure 2a) as compared to the LMW-GS (Figure 2b). A
short, highly hydrophilic segment was found in both proteins directly after amino acid residue 100.
Furthermore, for both proteins, the segments from amino acid residue 125 to approximately amino acid
residue 180 were found to be more hydrophobic, but again with more hydrophilic parts in «-gliadin
compared to LMW-GS. In the next segment, from approximately amino acid residue 180 to 250, both
proteins were found to be rather hydrophilic, with a slightly higher amount of hydrophilicity for the
LMW-GS than a-gliadin. Then, from amino acid residue 250 to the end of the protein, both proteins
were again found to be relatively hydrophobic. The accumulated hydropathy index for «-gliadin was
—0.98 (variation of 1.08), whereas the corresponding number for LMW-GS was —0.71 (variation of 0.75).
The Rose et al. [56] scale provided a similar depiction of the proteins (supplementary D).
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Figure 2. Hydropathy index (hydrophobicity for each amino acid with a window size of 15 amino
acids) for each amino acid residue of (a) x-gliadin and (b) low molecular weight glutenin, indicating
hydrophobic (+) and hydrophilic (—) regions in the protein. Cysteine amino acids are marked with an
arrow, and the number 2 indicates two vicinal cysteines marked with two arrows at that position.

The positions of the CYS in each of the proteins (Figure 2) indicate that all CYS, including the
vicinal ones, are located in relatively hydrophobic regions (0.5 to +1) for the x-gliadin (Figure 2a).
This is contrary to the position of two of the CYS (1 and 7 (from left to right) of the CYS in LMW-GS,
Figure 2b) in the LMW-GS that are located in relatively hydrophilic regions (-1 to —1.5). The remaining
CYS (2-6 and 8) in the LMW-GS were located in the hydrophobic regions of the protein, similarly to
the CYS in the a-gliadin (Figure 2b)

3.3. Protein Solubility and Salt Effects

The probability distribution of R¢ (Figure 3) for the all-atom simulations was skewed for both
proteins without disulfide bonds, with a mean of 47.8 A and 47.9 A and with a variance of 118 A
and 117 A for a-gliadin and LMW-GS, respectively, indicating an open structure. A less skewed
distribution, with mean values of 44.0 A and 43.3 A and a variance of 55 A and 36.5 A, respectively,
was found for a-gliadin and LMW-GS with intramolecular disulfide bonds, indicating a more compact
structure. Intramolecular disulfide bonds in the proteins also contributed to larger peaks and a close to
normal probability distribution function in terms of Rg, the latter especially for the LMW-GS protein.
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Figure 3. The probability distribution of the radius of gyration for (a) x-gliadin and (b) low
molecular weight glutenin from all-atom simulations, where the red curve indicates a protein without
intramolecular disulfide bonds, and the blue curve indicates a protein with intramolecular disulfide
bonds according to experimental data [20,21,23]. The broken line displays the mean of the curve.

The R, for the coarse-grained models did not alter with variations in salinity and provided a root
square mean (rms) of 63 A for a-gliadin and 58 A for LMW-GS, results which are compared with the
all-atom model results in supplementary B. The small change in R¢ due to altered Debye screening
length and the small energy contributions indicate that the proteins are composed of a relatively low
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amount of charged amino acids (net charge +1 and +7), shown in the charge distribution map in
supplementary A, with low impact on the proteins’ conformation.

Flory values (v) of 0.55 and 0.57 were obtained with and without intramolecular disulfide bonds,
respectively, for both the all-atom «-gliadin and LMW-GS models when applying the Flory scaling
law; thus, the implicitly modeled water can be considered as a theta solvent for both proteins, since v is
between 1/2 and 3/5.

3.4. Protein Shape and Internal Structural Arrangement

The Kratky plots of the x-gliadin (Figure 4a) and the LMW-GS (Figure 4b) from the all-atom
simulations visualized the similarity in the folding of the two proteins. Both proteins showed a broad
maximum at gR, of 1 to 12, indicating the presence of slightly denser or more folded regions in the
proteins. For 12 < gR, < 15, the curves were relatively horizontal, indicating the presence of unfolded
regions in both proteins. Thereafter, a slight increase is shown, indicating that both proteins also
contain extended regions. When proteins were modeled with the proposed disulfide bonds [20-23], the
Kratky plots resulted in a maximum/shoulder occurring at lower gR; values, indicating both proteins
to be denser or more folded in comparison to the case without disulfide bonds.

o o
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1.5 ; ~ 15 4
5 1.0 5 1.0 §
o o
X 0.5 @@ 05
3 0.0 I I I I I | S 0.0 I I I I I
0 5 10 15 20 25 0 5 10 15 20 25
qRg qRg
(@) (b)
no-disulfide bonds ~ ------ with-disulfide bonds

Figure 4. Dimensionless Kratky plot (visualizing shape of proteins) of x-gliadin (a) and low molecular
weight glutenin (b). The solid red curve corresponds to protein without intramolecular disulfide bonds,
and the dashed blue curve corresponds to proteins with intramolecular disulfide bonds. Data obtained
from all-atom simulations. g is the scattering vector [61] (also referred to as the momentum transfer), I
is intensity, and Iy is the intensity of the incoming ray.

The calculations of the estimated shape of x-gliadin and LMW-GS yielded the following averaged
Rshape values: when disulfide bonded, 2.97 and 2.18, respectively, and when not disulfide bonded, 4.9
and 5.1, respectively. The distribution of the Rghape values can be found in supplementary E. Thus,
these calculations indicated a shape in-between globular and SARW, with a more globular shape when
disulfide bonds are present.

Ring and tail like motifs could often be observed when visually inspecting snapshots from all-atom
simulations of both proteins when these contained disulfide bonds (Figure 5a,b). The ring in the
present snapshots is located between CYS 171 (being from amino acid residue 171 of the protein) to
CYS 249 in «-gliadin and LMW-GS between CYS 163 to CYS 260. The tail in the present snapshots is
observed from the N-terminal to the vicinity of amino acid 120 in both proteins, yielding a tadpole-like
structure. The proteins had random chain structures when similar visual inspections were performed
on the coarse-grained simulated structures (Figure 5c).
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Figure 5. Simulation snapshots of all-atom (a) x-gliadin, (b) LMW-GS, and coarse-grained (c) x-gliadin.
The grey colored groups represent neutral amino acids/beads, red indicates positively charged, blue
negatively charged, purple are amino acids with hydrophobic potentials, and yellow are cysteine
amino acids.

Additionally, the contact maps for the x-gliadin (Figure 6a,b) and the LMW-GS (Figure 6¢,d),
determined with (Figure 6b,d) and without (Figure 6a,c) disulfide bonds, indicated high similarity in
the protein structure between the two evaluated proteins. An increased contact among amino acids for
the next-nearest neighbors is visible for both proteins, independently of whether they are disulfide
bonded or not; see black diagonal (Figure 6a-d). Furthermore, both proteins, with or without disulfide
bonds, show a higher probability in the N-terminal and the repetitive region (residue 1 to 100), i.e.,
enhanced contacts. Differences among the evaluated proteins are visible in the C-terminal region of the
proteins, where the x-gliadin shows an increased probability of contact from residue 200 and onward,
whereas the LMW-GS shows contacts of amino acids primarily from residue 250 and onward. For
disulfide-bonded proteins, only a low frequency of contacts is found in the C-terminal end for both
proteins. Instead, distinct areas of contacts between amino acids increase in the vicinities of the CYS
involved in the disulfide bonds.

Determination of the frequency of contacts between various CYS for the proteins without
disulfide-bonds indicated that all residues are occasionally in contact with other CYS (not necessarily
all other CYS) (Figure 7) during the all-atom simulation. For «-gliadin, CYS 159 showed an elevated
occurrence with three CYS (CYS 128, CYS 249, and CYS 257). The other CYS in x-gliadin showed
different tendencies for contacts. For the LMW glutenin, CYS 2 and CYS 210 showed contacts with all
other cysteine residues in the proteins, although, for CYS 210, the instances of contact were generally
low, in contrast to CYS 2, which had a high number of contacts with CYS 127, Cys 135, and CYS 260.
A relatively high frequency of contacts was also visible between CYS 127 and CYS 162, as well as
between CYS 135 and CYS 155. Since the software does not register contacts for adjacent amino acids,
there are no data on the frequency of contacts for the vicinal CYS (CYS 158 and 159 in «-gliadin or CYS
162 and 163 in LMW-GS).
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Figure 6. Contact maps for (a,b) x-gliadin and (c,d) low molecular weight glutenin, (a,c) without
disulfide bonds and (b,d) with disulfide bonds obtained from all-atom simulations. Dark regions
indicate a high amount of contacts among amino acids. A high degree of contact among amino acid
residues positioned two steps away is seen as a black diagonal. Dark areas annotated by circles show a
high degree of contact between disulfide bonded cysteine residues.
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Figure 7. Contact map between cysteine residues in (a) x-gliadin without disulfide bonds and (b) low
molecular weight glutenin without disulfide bonds. The darker color of the line corresponds to a higher
frequency of contacts. The results are derived from all-atom simulations.

3.5. Secondary Structure

The x-gliadin (Figure 8a,b) and the LMW-GS (Figure 8c,d) showed a similar secondary structure

propensity in the absence of intramolecular disulfide bonds (dark curve), with a relatively uniform
distribution of x-helices and (-sheets/strands, whereas when intramolecular disulfide bonds are
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included, there is an increased tendency for 3-sheets/strands for the amino acids involved in these
specific bonds. In general, the proteins showed a large change in secondary structure propensity
when disulfide bonds were introduced (compare dark-grey curves with light-grey curves in Figure 8),
resulting in a diminishing of a-helices (from around amino acid residue 125 and onwards). In contrast,
for amino acid residues 1-125, no such effects were visible.
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Figure 8. Propensity of secondary structure for (a,c) a-helix and (b,d) 3-sheets/strands, for (a,b) x-gliadin
and (c,d) low molecular weight glutenin. The red curves indicate proteins without intramolecular
disulfide bonds, and the blue curves indicate protein with intramolecular disulfide bonds. Observe the
differences in scales, which were used to more clearly visualize the 3-structure propensity. The data is
obtained from all-atom simulations.

4. Discussion

The present study clearly demonstrates the striking similarities between two of the main types of
wheat grain storage proteins, gliadins and LMW-GS, concerning secondary structure, folding, size,
and shape, according to the simulated results. The main difference between the two proteins was the
presence of two CYS residues located in a relatively hydrophilic part of the LMW-GS, while all other
CYS residues, both in the x-gliadin and in the LMW-GS, were located in more hydrophobic parts of
the molecules. The two CYS located in the more hydrophilic part of the LMW-GS form intermolecular
disulfide bonds, while the other CYS in both proteins forms intramolecular disulfide bonds [20,22].

Earlier studies of wheat storage proteins classified LMW-GS as an aggregated type of gliadin,
which was corrected in the 1980s by Shewry and co-workers [6,69-71]. Since then, additional similarities
have been defined between the two proteins within their primary structures, i.e., amino acid repeats,
high level of proline and glutamine, vicinal CYS, etc. [7]. Such similarities have led to the conclusion
that gliadins and LMW-GS share a common evolutionary ancestor [72]. Recent genomic studies
on the gliadin and LMW-GS loci have elucidated a great extent of repetitive DNA and genes with
tandem duplication, thereby challenging sequence assembly studies [73]. Sequencing and analyses of
orthologous regions of gliadin and LMW-GS genes have shown relatively large differences between
these gene families. The LMW-GS genes were found to be less clustered and separated by more
considerable distances, due to the insertion of repetitive blocks and interspread gene loci, as compared
to the gliadin genes [74]. Besides primary structure, structural features of the gliadins and the LMW-GS
have had limited description, basically due to the aggregation and intrinsically disordered features of
the proteins complicating such studies [24]. Therefore, the present study is one of the first of its kind
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to contribute to describing the similarities in terms of secondary structure, hydropathy, and folding
patterns based on Kratky plots and contact maps for both protein types.

In the present study, it was possible to describe some of the potential background reasons and
mechanisms behind the formation of intramolecular disulfide bonds within both proteins. The
formation of intramolecular disulfide bonds within both proteins is specific, with particular CYS
always forming bonds with each other [5,20-22]. Certain intramolecular disulfide bonds may also
affect the formation of other intramolecular disulfide bonds, e.g., the bond between CYS 127 and 162 in
LMW-GS may prevent the protein from forming aberrant aggregates [75,76]. Our results indicate that
the hydrophobic amino acid segments, adjacent to the CYS involved in intramolecular disulfide bonds,
are probably crucial for disulfide bond formation, as also reported for elastin aggregation [77]. Until
now, the impact of hydrophobicity in the amino acid chain of the gluten proteins on the formation
of crosslinks in the wheat seed has been limitedly experimentally studied. Systematic mutations
changing this property along the amino acid chain is an interesting idea for a future study on the topic
that would allow a more in-depth understanding of its effect on crosslinking. However, such studies
of wheat grain are still challenging to perform experimentally. Moreover, by simulations, where the
mutations can easily be incorporated in the amino acid chain, modeling tools need to be developed to
be able to describe the effects on crosslinking by the changed hydrophobicity. Furthermore, necessary
experimental verifications are also still lacking.

Further describing the potential crosslinking backgrounds for the two proteins, previous studies
have indicated that the CYS crosslinking of the LMW-GS takes place as a polymerization directly
after the formation of the proteins in the ribosomes of rough ER and transportation to ER lumen [10].
Our results regarding contacts between CYS within the gliadin and LMW-GS molecules, respectively,
indicate flexibility; hence, most of the CYS have an opportunity to reach each other for the formation
of disulfide bond crosslinks. However, one can presume that the intramolecular disulfide bonds
are not formed simultaneously; a bond is likely to be formed immediately after CYS is produced
in an intramolecular disulfide bond couple. This rapid chronological bond formation results in
intramolecular disulfide bonds, in accordance with previous reports [5,20-22]. Thus, the intramolecular
disulfide bond formation can be seen to occur based on the chronological position of CYS and predicted
contact propensity for CYS presented in this study, i.e., in a-gliadin, CYS 127 is synthesized first and
has frequent contact with the second synthesized CYS 158, where a disulfide bond is formed. Then,
CYS 159 is next synthesized and has contacts with the fifth synthesized CYS 249 and forms a disulfide
bond, since there is already a bond present between CYS 127 and 158, and so on.

Two of the LMW-GS CYS (CYS 2 and CYS 210) are, according to previous studies, responsible
for the formation of intermolecular disulfide bonds [5,22,23]. Following the discussion above, neither
CYS 2 nor CYS 210 form intramolecular disulfide bonds due to the lack of neighboring hydrophobic
amino acids. The present study clearly shows that CYS 2 is located in a mobile part of the molecule,
as shown by a large number of contacts with other CYS in the contact map evaluation. In contrast,
CYS 210 is located in a more rigid part of the molecule, as seen from the contact map evaluation. As
intermolecular disulfide bonds are most likely also formed directly after synthesis or during synthesis,
the N-terminal CYS (CYS 2) crosslinks with surrounding GS at an earlier stage than CYS 210, as has
been described using in-vitro studies of LMW-GS proteins [10]. The C-terminal CYS (CYS 210) is more
passive, with a slower rate of crosslinking, corresponding to previously reported results [75]. The CYS
210 part of the protein is also more likely transformed into «-helical or 3-strand/sheet structures before
the intermolecular disulfide bonds are formed, in line with the secondary structure propensity results
from this study. In addition to the described crosslinking steps, disulfide genomic differences, with
different distances between encoding genes, have also been described as one possible contributor to
the differences in intra/intermolecular disulfide bond formation [74].

Intermolecular disulfide bond formation is the basis by which the gluten proteins form their
large polymers and involves, together with the LMW-GS, the HMW-GS [20,23]. Intermolecular
disulfide bond formation, like intramolecular disulfide bond formation, also seems to be a rather
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pre-determined event, with certain CYS at particular GS proteins more commonly crosslinking to each
other [7,20,23]. Previous theoretical models have described the directionality of the formation of the
polymers (head-to-tail, head-to-head, tail-to-tail) [78], which also indicate the pre-determined formation
of the polymers. Determination of the molecular background factors of the intermolecular disulfide
bond formation were not the aim of this study, but features described here for the LMW-GS—e.g.,
hydropathy, time, and chronology of synthesis of the CYS; flexibility of the amino acid chain; structure
formation—might play a role in determining the crosslinking. Similarly, as was found for the LMW-GS
in the present study, the crosslinking sites of the HMW-GS have been reported to be located in
hydrophilic regions of the proteins [79,80]. Moreover, recent investigations have indicted surface
hydrophobicity in the N-terminal domains of HMW-GS as an important factor for interdisulfide bond
formation [81].

The «-gliadin model applied in the present study corresponded well with previous experimental
data on the protein. The a-gliadin has, in correspondence with simulations in the present study, been
experimentally characterized with a similar size, secondary structure, and lack of a particular fold
conformation and is described as a disordered protein with a secondary structure mostly occupied by
random coils and turns [82-86]. In particular, previous work determines the size of «-gliadin Ry to
be between 35.5 and 41 A [84,86], which is within the R, distribution range mostly populated by the
simulations. Previous studies [84,86] have described the protein to fit an elliptical model, while here, the
protein shapes correspond to an intermediate structure between a globular and expanded SARW shape,
possibly an elliptical shape. These potential model differences may be related to force field, solvent
type, and/or concentrations of proteins and solvents applied. To our knowledge, similar experimental
data as for the gliadin, describing the native monomeric “wild-type” LMW-GS before aggregation, is
not available in the literature. This lack of data may be the result of the extensive aggregation through
disulfide crosslinking that the protein undergoes directly after/during synthesis [10,76], suggesting that
there are no obtainable monomeric native LMW-GS. Only in a few studies, the structural features have
been investigated of more hydrophobic IDPs, although those indicate that these proteins are expanded
or in theta conditions in an aqueous environment [87], which is in line with the results presented
here. Furthermore, polyampholyte and polyelectrolyte IDPs can also have an expanded shape [67,68].
However, neither a-gliadin nor LMW-GS can be classified as polyampholytes or polyelectrolytes since
the charged amino acids had only a minor effect on the model structures presented here.

The present study investigated the structural properties of one «-gliadin and one LMW-GS, chosen
as good representatives of the gliadin and LMW-GS types of storage proteins in wheat. Despite the
rather high level of diversity within the two protein type groups, we hypothesize enough similarities
between different proteins within these groups to draw general conclusions based on the results of the
present study. Based on the results in the present study and previous findings described above, we
propose a model describing the synthesis and folding of the two wheat storage proteins, the gliadins
and the LMW-GS, and their assembly into protein bodies (Figure 9). The proteins are synthesized in
the cell at the rough ER (Figure 9a), where folding occurs, and intramolecular disulfide bonds are
formed. The hydrophobicity of the amino acid peptide sections that are next to the CYS regulates
the predetermined intramolecular disulfide bonds to be formed. Thus, the intramolecular disulfide
bonds of the protein are formed sequentially and rapidly after each associated CYS is synthesized
(Figure 9b,c). After this, the LMW-GS forms intermolecular disulfide bonds (Figure 9e,f), starting
with the formation of bonds involving the CYS present in the more flexible N-terminal of the protein.
The CYS forming intermolecular disulfide bonds are located next to amino acid peptide sections that
are less hydrophobic than those close to CYS forming intramolecular disulfide bonds. This is the
reason that glutenin polymerization is affected by cytosolic conditions in the cell, e.g., redox conditions.
Since external conditions such as humidity and precipitation affect the cytosolic conditions in the cell,
the cellular location in which the polymerization occurs explains differences in the size distribution
of storage protein polymers in wheat. Such variation in polymer distribution is known to impact
wheat quality [88,89]. Additionally, other external conditions, such as temperature, drought, and plant
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development time, to mention a few factors, are known to affect wheat storage protein polymerization
during grain maturation, and maturity impacts the conditions of the cell both directly and indirectly
by differing plant responses [8,90]. Chaperons and foldases might assist in the folding process of the
storage proteins, although this has not been evaluated by us, and the results of this study indicate
good opportunities for the correct folding and formation of disulfide bonds without such contributions.
However, when forming protein bodies, chaperons and foldases might provide functions for correct
packing and transport signaling, which has been described for homologous storage proteins in other
grass species [14,91]. The formation of protein bodies is most probably a result of similar hydrophobic
interactions and crosslinking, as described above (Figure 9g). An increasing concentration and amount
of hydrophobic groups contribute to proteins more prone to self-associating [77,92], which is speculated
to be an initial stage of protein body formation for gliadins [93,94]. Folded and aggregated proteins are
then transported via different routes to the assembly in PBs at various places in the cell, depending on
the stages of grain development.
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Figure 9. A proposed model for the synthesis, folding, disulfide bond formation, and storage of
a-gliadin and low molecular weight glutenin subunits in the wheat grain: (a) start of the synthesis
of the x-gliadin at the ribosome (dark circle); (b) as soon as cysteines residues (yellow surfaces) are
synthesized, adjacent sections of amino acids influence the 3D-shape of the molecule, and those which
are hydrophobic (purple surfaces) bring cysteine residues close; (c) closeness of cysteine residues
contributes to the formation of intramolecular disulfide bonds (yellow areas); (d) a fully synthesized
«-gliadin with disulfide bonded cysteine residues (yellow areas) and a disordered fold; (e) a fully
synthesized LMW-GS that has undergone the same formation of intramolecular disulfide bonds
(yellow areas) but with two cysteine residues (with neighboring sections of amino acids that are less
hydrophobic) that are not crosslinked (here encircled in red); (f) intermolecular disulfide bonds are
formed after protein synthesis for the LMW-GS; (g) protein bodies are formed by glutenins and gliadins
through intermolecular disulfide bond crosslinks (LMW-GS) and hydrophobic interactions.
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5. Conclusions

Our models of gliadins and LMW-GS are strikingly similar when it comes to secondary structure,
size, and shape. The major difference between the two proteins are two CYS in the LMW-GS, positioned
in parts of the protein with lower hydrophobicity compared to the rest of the CYS in the LMW-GS
and also all CYS in the gliadins. These two CYS form intermolecular disulfide bonds, while the rest of
the CYS residues form intramolecular disulfide bonds. The hydrophobicity of the adjacent section
amino acids, the chronology of synthesis of the amino acids, and the flexibility of the amino acid
chain for the contact between CYS to occur are the major determinants for when and how different
intra- and intermolecular disulfide bonds are formed, following a predetermined structure. Generally,
intramolecular disulfide bonds are formed first, among CYS with adjacent sections of hydrophobic
amino acids, and in the order of synthesis, if allowed by amino acid chain flexibility. After this,
intermolecular bonds form the polymers, where CYS in the mobile part of the amino acid chain plays a
more active role than CYS in the more rigid part of the protein. Cytosolic conditions influence the rate
and complexity of intermolecular disulfide bonds formed.
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Supplementary A

The primary structure for the a-gliadin used, the sequence in brackets belongs to signal peptide
not used in this study:
Y (MKTFLILALLAIVATTATTA) VRVPVPQLOPONPSQQQOPQEQVPLVQQOQQOFLGQQQOPEP
POOPYPQPQPFPSQOPYLQLOPFPQPQLPYSQPQPFRPQOPYPQOPQPQYSQPQQPISQQQQ
Q000000000000Q00QOILOOTILOQQLIPCMDVVLOOHNTAHGRSQVLOQOSTYQLLOELCCQ
HLWQIPEQSQCOATIHKVVHATITILHQQOKQQOQQOPSSQVSFQQPLOQYPLGQOGSFRPSQQONPQ

AQGSVQPQOLPQFEEIRNLALQTLPAMCNVYIPPYCTITPFGIFGTN”

Charge distribution map for the a-gliadin, where + refers to positively charged, — negatively charged
and - neutral amino acids:

Net charge for a-gliadin is + 1.

The primary structure for the LMW-GS with the same notations as for the a-gliadin:
“ (MKTFLVFALLAVAATSAIAQMET) RCIPGLERPWQQQPLPPQOTFPOQOPLFSQQQQQ0L
FPQOPSFSQQQPPFWQQQPPEFSQQOQOPILPQQOPPEFSQQOOLVLPOOPPEFSQQQQPVLPPQOS
PFPQOOQQHQQOLVOOQTIPVVQPSILQOLNPCKVFLOQQCSPVAMPQRLARSOMLQQSSCHV
MQOQCCQOLPQIPQQSRYEAIRATIIYSIILOEQOQVQGSIQSQOQQPOQLGOCVSQPQQO
SQOQOQLGOQOPOOQOQLAQGTFLOQPHQIAQLEVMTSIALRILPTMCSVNVPLYRTTTSVPEFGV
GTGVGAY”

Charge distribution map for the LMW-GS:



Net charge for LMW-GS is +7.

Supplementary B

Supplementary B. 1 Model description

In the coarse-grained model [28,49], the amino acids of the proteins are represented by hard
spheres (beads) that mimic their excluded volume including the hydration layer, and connected via
harmonic bonds. The N- and C-termini are treated explicitly to account for the extra charge of the
protein terminals. The bead radius was set to 2 A providing a realistic contact separation between the
charges and accurate Coulomb interaction. The non-bonded spheres interact through a short-ranged
attractive interaction as well as electrostatic interactions, where the interparticle electrostatic
interactions are described on the Debye-Hiickel level. The simulations are performed at constant pH
with point charges. Each monomer is either negative, positive, or neutral, depending on the amino acid.
All values except the ones for the selected screening lengths are from the work of Cragnell et al. [28],
which describes the characteristics of IDPs.

The total potential energy of the system Utotal contains bonded and non-bonded contributions and is
given by:

Utatal = Unan—banded + Ubanded = Uhs + Uel + Ushort + Ubandedv (1)

The hard-sphere potential (Uis) is defined as:

Ups = Z ulf (1)), 2

L]
where the distance between particle pairs (ry) is the centre-to-centre distance. The excluded volume of
the amino acid is taken into account through the hard-sphere potential, [ is given by:

0,7j> R; + R,
h. _ U 12 ]
ulf () = (oo &+ R )

where Riand R;j are the radii of the beads. The electrostatic interactions Ue are handled through an
extended Debye-Hiickel potential given by:

v - Z Y = ZZiZjez exp [—k (rij - (RL- - Rj))] @
o 7 yen <] 4808‘7‘(1 + le)(]. + kR])T'” ’

where ¢ is the strength and Z (positive, negative or neutral) is the type of the elementary charge, k is the
inverse Debye screening length, g, is the vacuum permittivity, and e, is the dielectric constant for water
78.4 [95]. The inverse Debye screening is used for salinity:
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k= 2N,e?l’ ©)

where kzis the Boltzmann constant, Nais Avogadro’s number, and I is the ionic strength, which in this
study was set to 10, 80, 500 or 1000 mM.

The short-ranged attractive interaction between the monomers is included through an approximate
arithmetic average overall amino acids, given by:

£
Ushort = — Z oy (6)

i<j

where & was set to 0.6:10* kJA¢/mol, based on the work by Cragnell et al. [28], and sets the strength of
the interactions based on the polarizability of the proteins. In this model, ¢ provides an attractive
potential of 0.6 kT at closest contact.

The beads in the protein are connected by a harmonic bond potential, Ubonded:

N-1

Kpona 2
Upondea = Z % (Ti,i+1 - To) ) (7)

i=1

where rii is the distance between two connected beads, ro with a value of 4.1 A is the equilibrium
distance, and keons with a value of 0.4 N/m describes the spring force constant, based on the work by
Cragnell et al. [28].

The proteins are assumed to be flexible, where only the electrostatic interactions between the beads, as
well as the volume of the hard spheres, contribute to the rigidity of the protein.

Supplementary B. 2 Monte Carlo Parameters

The coarse-grained protein model chain was inserted in a cubic box of length 1500 A where periodic
boundary conditions (PBC) were applied in all directions. The long-range Coulomb interactions were
truncated using the minimum image convention at a cut-off length of 750 A. Four different types of
displacements were allowed: (i) translational displacement of a single bead, (ii) pivot rotation, (iii)
translation of the entire chain, and (iv) slithering move, in order to accelerate the examination of the
configurational space [96]. The probability of the different trial moves was weighted to enable single
particle moves 20 times more often than the other three. Initially, the protein was randomly located in
the box, and an initial equilibrium simulation of typical 2-10° trial moves/bead was performed for
equilibration purposes, whereas the proceeding production run comprised 2-10¢ passes divided into 10
subdivisions. To confirm that the simulations were sampled accurately, the radius of gyration (Ry)
probability distribution functions were analyzed. The uncertainty of the Ry values is based on the
standard deviation of the total mean and the mean from the ten subdivisions, as described in Cragnell
et al. [28].

Supplementary B. 3 Results
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Figure 10. Probability distribution comparison between coarse-grained (solid line), and all-atom
without disulphide bonds, dashed line, simulations for (a) a-gliadin and (b) low-molecular-weight
glutenin. The coarse-grained simulations are four plotted curves representing the results from the salt
treatment, they are perceived as one curve due to their high similarities.

The R; distribution from the coarse-grained models shows that the values are larger in comparison to the all-atom
simulations without disulphide bonds (Figure 10). Both types of simulation techniques describe that a-gliadin and
LMW-GS are similar in terms of Rg.

Supplementary C

Table 2. Amount of collected configurations for each all-atom model at the corresponding temperature.

o a-gliadin LMW-GS LMW-GS
a-gliadin with - . .

Temperature disulphide without with without

P bosds disulphide disulphide disulphide
bonds bonds bonds
300 80087 80000 80000 80088
309.74 80100 80066 80066 80286
319.8 80125 80100 80170 80500
330.2 80238 80206 80377 80581
340.9 80369 80415 80400 80633
351.99 80528 80544 80504 80720
363.42 80600 80600 80600 80800
375.22 80600 80676 80600 80800
387.4 80657 80700 80600 80800
400 80694 80694 80683 80793

Supplementary D



Hydrophaty index
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Figure 11. Hydropathy index (hydrophobicity for each amino acid with a window size of 15 amino
acids) for each amino acid residue of (a) a-gliadin and (b) low molecular weight glutenin, indicating
hydrophobic (+) and hydrophilic (-) regions in the protein. Cysteine amino acids are marked with an
arrow, and the number 2 indicates two vicinal cysteines marked with two arrows at that position.

Figure 11 depicts the hydropathy index for the two proteins a-gliadin and LMW-GS, according to Rose

et al. [56].
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Figure 12. The shape factor of (a) a-gliadin and (b) LMW-GS, with disulphide bonds (red) and without

(blue). Dotted lines highlight the mean values.

The shape factor distribution for a-gliadin and LMW-GS (figure 12), where low numbers indicate an
average globular shape and high numbers indicate a rod-like shape.
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