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ARTICLE INFO ABSTRACT

The importance of wheat glutenin polymers in determining the processing quality of wheat is generally accepted.
Similarly, genetic and molecular studies have provided detailed information on the sequences of the glutenin
subunits and identified associations between individual subunits and either good or poor quality for bread-
making. However, our knowledge of the polymers themselves, including their molecular masses, structures and
pathways of synthesis and assembly, remains incomplete and is largely based on studies carried out between 20
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Dough properties

2. Introduction

Although many aspects of wheat seed quality remain unresolved,
there is general agreement on the importance of glutenin polymers in
determining the structure and functional properties of dough and, in
particular, in determining dough strength. Similarly, there is general
agreement on the importance of the high molecular weight subunits in
determining the structure and properties of these polymers. These
conclusions are largely based on studies carried out in the last century,
which were regarded by the researchers as “work in progress” rather
than conclusive. Nevertheless, they have led to concepts and structural
models which have become accepted as dogma, being widely and un-
critically referenced in more recent studies.

In order to understand our current knowledge it is helpful to briefly
review the historical development of the research. The authors entered
the field at the end of the 1970s, which was essentially the end of a first
phase of research. This was led by physical chemists, particularly at the
USDA Regional Research Centres at Peoria and Albany and focused on
the development of methods to solubilise and characterise gluten pro-
teins using approaches based on polymer chemistry. Wheat protein
research was subsequently revolutionised by the development of sensi-
tive high-resolution analytical systems, electrophoresis and HPLC, fol-
lowed by molecular genetics. Hence, research after 1980 was largely
focused on biochemistry and molecular biology and ground-breaking
studies from before this time are rarely read, despite their relevance to
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our current understanding.

We therefore critically review our current knowledge of glutenin
polymer structure and properties, focusing particularly on the early
(C20) studies which “established” the currently accepted concepts, but
also referring to relevant recent studies. Our aim is to distinguish be-
tween scientific facts and conjecture and identify knowledge gaps for
future research. Although we briefly introduce the glutenin subunits,
details of their role in polymer formation are discussed in the accom-
panying article (Lafiandra and Shewry, 2022).

2. Glutenin subunits

The glutenin fraction represents about half of the total gluten pro-
teins and consists of polymers stabilised by inter-chain disulphide bonds.
Reduction of these disulphide bonds using reducing agents such as 2-
mercaptoethanol and dithiothreitol releases the individual glutenin
subunits which can be readily separated by sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE). This system separates
two groups of protein subunits with masses of between about 60,000 and
100,000 and between about 30,000 and 50,000. These are called the
high molecular weight subunits (HMW-GS) and low molecular weight
subunits (LMW-GS) subunits of glutenin, respectively, and account for
about 30-35% and 65-70% of the total fraction, respectively (Wieser,
2000).
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2.1. HMW subunits

The HMW subunits form a clearly defined group, with three to five
individual proteins being present in commercial cultivars of bread
wheat. They have been extensively studied and reviewed in detail
(Shewry et al., 2003b). We will therefore only provide a brief summary
here.

1. The HMW subunits are encoded by six genes in bread wheat, two
each at the Glu-1 loci on the long arms of chromosomes 1A (Glu-A1),
1B (Glu-B1) and 1D (Glu-D1).

2. The two genes at each Glu-1 locus encode related proteins which
differ in their characteristics including masses: these are called x-
type (masses about 80,000-100,000) and y-type (masses about
60,000-80,000) subunits. Because the two genes are tightly linked
recombination is rare and the x-type and y-type subunits are usually
inherited as “allelic pairs”.

3. The HMW subunits are highly polymorphic, with “allelic variants”
being identified by differences in mobility on SDS-PAGE.

4. The variation in subunit number (3, 4 or 5) observed in commercial
cultivars results from the fact that not all HMW subunit genes are
expressed (due to mutations silencing the different Glu-1 genes).
Hence, all commercial genotypes express 1Dx, 1Dy and 1Bx subunits
while some also express a 1Ax and/or 1By subunit. 1Ay subunits are
only rarely expressed in bread wheat but do occur in other wheat
species.

5. Further mutations resulting in the silencing of all individual Glu-1
genes can be identified in genotypes in gene banks (e.g. Nap Hal) or
in populations developed by mutagenesis. This allows the mutations
to be combined to construct sets of “near-isogenic lines”, allowing
the effects of the loss or substitution of individual subunits or pairs of
subunits to be compared in a similar genetic background.

6. The genetic variation in the number and properties of the HMW
subunits is associated with effects on dough strength: this results
from quantitative effects (more expressed subunits resulting in more
HMW subunit protein) and qualitative effects (associated with allelic
differences in expressed subunits) (Payne, 1987).

7. The association of the HMW-GS with processing quality has led to the
determination of the full amino acid sequences of many subunits and
analysis of their structures and properties. These studies have
focused on the numbers and distributions of cysteine residues (as
sites for cross-linking) and the formation of elastomeric structures
and are discussed below.

2.2. LMW subunits

The LMW-GS are the major group of glutenin subunits, accounting
for 65-70% of the total glutenin fraction (Wieser, 2000). They are also
more diverse than the HMW-GS and their associations with grain quality
less well-understood.

SDS-PAGE of the reduced glutenin subunits separates three groups of
bands which were initially called B-, C- and D-type glutenin subunits
(the HMW-GS being A-type). The B-type LMW-GS are most abundant
and comprise a discrete group of proteins which are related to the
a-gliadins and y-gliadins. Their masses vary between 31,000 and 42,000
and all have eight cysteine residues (although their distributions within
the proteins vary, as discussed by Shewry et al. (2009a)). By contrast,
the C-type and D-type LMW-GS are essentially forms of a/y-gliadins and
o-gliadins, respectively, in which mutations have led to the presence of
odd numbers of cysteine residues (Masci et al., 1999, 2002). This odd
number of cysteines means that at least one cysteine is able to form
interchain bonds. This contrasts with typical gliadins which have either
six or eight cysteines which form three or four intrachain disulphide
bonds in a-gliadins and y-gliadins, respectively, and no cysteine residues
in w-gliadins.

The B-type LMW-GS are encoded by genes present at the orthologous
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Glu-3 loci on the short arms of the homoeologous group 1 chromosomes
in bread and durum wheats, closely linked to the Gli-1 loci encoding
gliadins.

3. Glutenin polymers
3.1. Molecular mass range of glutenin polymers

The widely quoted suggestion that glutenin polymers are the largest
proteins in nature is almost certainly not true, this record probably being
held by covalently cross-linked connective tissues in animals (collagen
and elastin). Furthermore, although it is clear that the largest glutenin
polymers may be very large, their maximum size and size distribution
remain unclear. This uncertainty results from technical limitations to
polymer solubilisation and analysis.

Firstly, glutenin polymers are not soluble in the aqueous media
which are usually used to extract and characterise proteins. This may
relate to two features. Firstly, they interact strongly with other glutenin
polymers and gliadins by non-covalent forces, notably hydrogen bonds
(as discussed below), and these forces need to be disrupted to separate
the individual polymers. Hence, a range of chaotropic solvent systems
have been developed to disrupt these forces. However, even under these
conditions the individual glutenin polymers and gliadins may still
aggregate.

Secondly, the separation of large polymers requires the use of
chromatographic media with large pore sizes, such as agarose or
controlled pore glass as opposed to acrylamide or cross-linked dextrans.
Alternative systems which are not based on the use of chromatographic
media, such as ultracentrifugation and asymmetric flow field-flow
fractionation (AFFFF), have therefore also been used. However, in all
cases the systems must be compatible with the solvents used for sol-
ubilisation (which usually contain chaotropic agents and/or detergents).

Finally, calculations of masses will be affected by the assumptions
made for calibration and calculation. Gel filtration columns are often
calibrated using carbohydrate polymers and protein polymers will
almost certainly differ in their shapes and properties. Similarly, calcu-
lations of mass based on hydrodynamic properties require assumptions
to be made about polymer shape (compact or extended).

Table 1 summarises the results from a range of approaches carried
out over 60 years. None can be regarded as definitive, having limitations
relating to the methods used to extract and solubilise the samples, the
separation ranges of media, the standards used for calibration and the
assumptions required for calculations.

The most widely used approach over the past 20 years has been
AFFFF, which has given masses up to 10% even when the samples were
prepared using sonication (Table 1). However, lower polymer masses,
up to 2 x 10, were reported when AFFFF was carried out in ethanol:
water as a mild chaotropic solvent (Morel at el., 2020). Furthermore, the
“polymer” fraction soluble in ethanol:water also contained w-gliadins,
indicating that some non-covalent interactions were not disrupted, and
larger “assemblies” (above 2 x 10°) even richer in -gliadins were also
present. This suggests that the higher molecular masses reported by
other workers, including by AFFFF of fractions dissolved in SDS, may
have included non-covalently bonded gliadins and glutenin polymers as
well as covalently bonded polymers.

It should be noted that several of the studies listed in Table 1 used
sonication in SDS solution for extraction. Sonication may result in
shearing of large polymers, and this also applies to systems in which the
proportions of large polymers separated by size-exclusion chromatog-
raphy are used to predict grain quality (Singh et al., 1990). These sys-
tems require strict standardisation of the sonication conditions to ensure
that the degree of shearing, and hence the size distribution of the
polymers extracted, is reproducible (Morel et al., 2002). Large gluten
polymers may also be sheared by vigorous stirring and hence this should
be avoided if possible. For example, Wellner et al. (2005) prepared
wheat protein bodies by flotation after chopping developing grain to
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Table 1
Determination of the masses of glutenin polymers, with details of methods used.

Fraction analysed Method of separation  Solvent for Method of mass mass range comments Reference

separation determination

Freeze-dried gluten Sedimentation 4M guanidine Calculated from Up to 3 x 10° Also smaller components Jones et al.,
dissolved in aluminium equilibrium thiocyanate sedimentation data which may have included 1961.
lactate/lactic acid at ultracentrifigation gliadins.
pH3.5, glutenin
precipitated by addition of
sodium hydroxide to
pH4.6

Flour extracted with AUC* Gel filtration on 5.5M Based on fractionation 100,000 to over 20x10°  Use of chaotropic acids Huebner and
(total gluten proteins) Sepharose 2B and 4B guanidinium range of column ensured almost complete Wall, 1976.

chloride solubility.
Calculated masses affected
by column calibration.

TGlutenin extracted with Gel filtration on AGC* Based on fractionation 200,000 to over 10x10°  Unlikely to contain largest ~ Rao and
0.1M acetic acid and Sepharose CL-4B range of column and smallest polymers. Nigam, 1988
separated on Sephadex Calculated masses affected
G200. Void volume peak by column calibration.
taken as Ac-OH glutenin.

Glutenin extracted with Gel filtration on 0.2% SDS Based on void volume of ~ Up to over 10 x 10°, Danno et al.,

0.5% SDS, pH7.0 and
precipitated with 70%
ethanol

Toyopear]l HW-75F column and calibration

with dextrans

Fractions extracted with AFFFF 0.1% SDS, pH6.8.  From hydrodynamic
progressively increasing diameter
concentration of HCl and
dissolved in0.25% SDS
pH6.8 with sonication

Sequential extraction of AFFFF 0.05M acetic acid  Based on Stokes
flour with 0.05M acetic + 0.002% FL-70 diameters calculated
acid (gliadins and (surfactant) based on calibration
extractable glutenins) with protein of mass
followed by 0.001MHCI or range 12,500 to 450,000
0.001M HCI + sonication
or 0.05M acetic acid +
sonication

Flour extracted 0.05M acetic ~ AFFFF 0.05M acetic acid ~ Multiangle laser light
acid then sonicated with + 0.002% FL-70 scattering
0.05M acetic acid (surfactant)

Monomeric proteins AFFFF 2% SDS in Na Photon correlation

removed and then phosphate buffer spectroscopy
sonicated with 2% SDS in pH6.9.
Na phosphate buffer
pH6.9.

Glutenin extracted with 2% Agarose gel 0.1% SDS Dynamic light scattering
SDS at pH8.5 and electrophoresis
precipitated with acetone.

Glutenin dissolved by AFFFF 0.25% SDS Multiangle laser light
stirring with 0.25% SDS at scattering
pH 6.8 for 3-7 days at 4°C

Polymeric proteins AFFFF 0.1M phosphate Multiangle laser light
extracted with 0.1M buffer, pH6.9, scattering
phosphate buffer, pH6.9, containing 0.1%
containing 2% SDS with SDS
sonication

Commercial gluten samples AFFFF 0.05M acetic acid ~ Multiangle laser light
dissolved by sonication in scattering
0.05M acetic acid

Glutenin fraction suspended ~ AFFFF 50:50 ethanol: Multiangle laser light

in 50:50 ethanol:water water scattering

In the range 440,00
(extended form) to 1.1 x
10° (spherical form)

Consistent with “from
less than 200,000 into
the millions”

Major peak 225,000 to
300,000; values up to 10
x10°

Two particle
populations, molecular
weights estimated as
from 1 to 6.7 x 10° and
from 11 to 34 x 10°in 6
cultivars

500,000 to over 5x10°

2-3x107

Up to 108

8x10°to 3.5 x 10°

10° to 2 x 10°

Sonication may shear large
polymers. Calculated
masses may be affected by
SDS.

Sonication may shear large
polymers. Calculations
based on calibration with
smaller proteins.

Sonication may shear large
polymers. Biased towards
larger polymer species due
to light scattering
calculations.

Particles may represent
aggregated polymers.
Smaller particles
underestimated as
obscured by larger
particles.

Only fractions containing
large polymers analysed.
Masses will depend on
assumptions of protein
shape

Sonication resulted in
lower mass of 0.4-0.6 x 107

Sonication may have
resulted in some shearing.

Cannot rule out effects of
production methods on
polymers. Sonication
would result in some
shearing.

Ethanol:water is a mild
chaotropic solvent

1990.

Wahlund
et al., 1996

Stevenson
and Preston,
1996.

Stevenson
et al., 2003.

Sutton, 1996

Egorov et al.,
1998

Arfvidsson
et al., 2004

Lemelin
et al., 2005

Pitkanen
et al., 2014

Morel et al.,
2020

AFFFF, asymmetrical Flow Field-Flow Fractionation; AUC: 0.1N Acetic acid, 3M urea, 0.01N cetyltrimethyl ammonium bromide; AGC: 0.1M acetic acid, 2,25M

guanidinium chloride, 0.01M cetyltrimethyl ammonium bromide.

avoid effects of mechanical work input on polymer interactions.

It can therefore be concluded that the size of the covalently-stabilised
glutenin polymers extends up to at least 1 to 2 x 106, with at least some
reports of higher masses resulting from strongly bound gliadins and

interactions between glutenin polymers which were not dissociated by
the solvents used for extraction and separation.
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3.2. Analysis of polymer size classes show relationships between mass,
subunit composition and solubility

Although individual glutenin polymers have not been purified and
characterised it is clear that they vary in size and subunit composition,
and that this variation relates to solubility.

The most convincing evidence for this comes from analyses of two
fractions. The “classical gliadin” fraction extracted with 70% (v/v)
aqueous ethanol contains substantial amounts of oligomeric and/or
polymeric components which can be separated by gel filtration chro-
matography in denaturing solvents: these have been called high mo-
lecular weight gliadin and aggregated gliadin. SDS-PAGE of reduced
subunits and partial amino acid sequencing shows that this polymeric
fraction is highly enriched in B-type and C-type LMW subunits, with only
traces of HMW subunits (Bietz and Wall, 1980; Shewry et al., 1983).
Whereas Bietz and Wall (1980) suggested that this fraction comprises
mainly oligomers of mass 100,00-150,000, Shewry et al. (1983) showed
that they were excluded from a Sephacryl S300 column with a fraction
range for globular proteins of 1.5 x 10°, However, the true mass has not
been established.

By contrast, a number of studies have shown that high molecular
weight polymers are enriched in HMW subunits of glutenin. For
example, high molecular mass fractions prepared by gel filtration
chromatography after solubilisation using chaotropic agents such as
AUC (0.1N acetic acid, 3M urea, 0.01N cetyltrimethyl ammonium bro-
mide) (Field et al., 1983) or sodium stearate (Hamauzu et al., 1979) or
by SE-HPLC after sonication in SDS buffer (Larroque et al., 1997).
However, as noted above, it must be borne in mind that the use of
sonication to solubilise polymers for separation may result in some
shearing.

Hence, it is clear that the glutenin subunit composition varies with
polymer mass and that the HMW-GS are concentrated in large polymers.
However further studies are required to quantify these differences, and
in particular to avoid the shearing of polymers during extraction.

3.3. Genetic variation in polymer size and composition

Several observations indicate that genetic variation in glutenin
composition results in effects on polymer size and structure.

Firstly, the proportion of high molecular mass polymers varies be-
tween genotypes and is associated with differences in processing quality
(see, for example, Singh et al., 1990). Similarly, the relationship be-
tween allelic variation in HMW subunit composition and dough strength
is well-established (Payne, 1987) and HMW-GS are known to be
enriched in high molecular mass polymers, the proportions of which are
also correlated with dough strength (reviewed by Shewry et al., 2003b).
These observations therefore imply that allelic variation in HMW-GS
affects polymer amount and size.

Although this hypothesis is widely accepted there is limited direct
evidence or information about the mechanism. The most convincing
evidence comes from comparisons of near-isogenic lines which differ in
alleles at the Glu-1 loci (PopineauCornec et al., 1994; Naeem and
MacRitchie, 2005). The subunit pairs compared in these experiments
differed in cysteine content, with the “good quality” subunit 1Dx5
having an additional cysteine residue compared with 1Dx2 and the
“poor quality” 1Bx20 having two less cysteine residues (due to amino
acid substitutions) than 1Bx7 (Shewry et al., 2003a,b). Analysis of
polymers from 16 cultivars by AFFFF also showed strong genetic effects
on the size distribution of polymers with the number average molecular
weight being higher in cultivars with the good quality subunits
1Dx5+1Dy10 than those with the poor quality subunits 1Dx2+1Dy12
(Lemelin et al., 2005).

Whereas the effects of subunits 1Dx5 and 1Bx7 on polymer size could
be attributed to differences in cross-linking. this mechanism will not
apply to differences between other allelic pairs of subunits which do not
differ in cysteine content.

Journal of Cereal Science 106 (2022) 103486

3.4. How are glutenin polymers stabilised: covalent and non-covalent
interactions

It is generally accepted that glutenin polymers are stabilised by
interchain disulphide bonds. This conclusion was initially based on
observing the effects of reducing agents but has since been demonstrated
by the identification of interchain disulphide bonds between glutenin
subunit. Thus, HMW-GS:HMW-GS, LMW-GS:LMW-GS and HMW-GS:
LMW-GS bonds have been identified by digestion with proteases fol-
lowed by the isolation and characterisation of peptides containing
disulphide bonds (as discussed below). Although low levels of other
types of covalent cross-links have been suggested, notably dityrosine
bonds (Tilley et al., 2001), these may only be formed under extreme
conditions during processing and there is no evidence for their forma-
tion in planta.

In addition, glutenin polymers associate with each other and with
gliadins by non-covalent forces. Although hydrophobic and electrostatic
interactions have been suggested, there is little doubt that the most
important non-covalent forces are hydrogen bonds. There is a range of
evidence for this including the effects on dough rheology of gluten
esterification and of mixing in the presence of chaotropic agents (such as
dilute urea), under nitrogen and with deuterium oxide instead of water.
It is also consistent with the behaviour of dough and gluten on heating,
which will “melt” hydrogen bonds but strengthen hydrophobic in-
teractions. Readers are referred to the review of Belton (2005) and a
lively correspondence in this journal (MacRitchie, 2007; Belton, 2007;
van Vliet and Hamer, 2007) for a more detailed discussion of the rela-
tionship between the structures and interactions of glutenin polymers
and the mechanical properties of gluten.

All gluten proteins are rich in glutamine residues, resulting in a
“hydrophilic” amino acid composition. The fact that they are not soluble
in water, as would be predicted from their compositions, is due to the
formation of hydrogen bonds with glutamine residues in the same or
other gluten proteins, rather than with water (as discussed by Shewry
et al., 2003b). This formation of hydrogen bonds may be facilitated by
the fact that the glutamine residues are regularly spaced in repeated
peptide motifs. These regularly spaced bonds have been suggested to
form “glutamine zips”, which are similar to those formed by protein
deposits in neurodegenerative diseases of humans (Perutz et al., 1994).

4. Models of glutenin structure

A number of “models” of the covalent structure of glutenin polymers
have been proposed. We will therefore re-examine these in the light of
our current knowledge.

Direct evidence for polymer structure comes from biochemical ana-
lyses to identify interchain disulphide bonds (discussed above) and the
presence of oligomeric and dimeric components (discussed below) and
this information must be included in any models. In addition, models
must account for our knowledge of polymer mass and composition,
notably the ratio of HMW:LMW subunits in total glutenin (about 1:4)
and the variation in this ratio in relation to mass. Models also need to
account for the biophysical properties of glutenin, and for the effects of
various factors such as temperature and chaotropic agents on these.
However, it is important to stress that even the most sophisticated
models are not “established structures”, but hypotheses which should be
testable by experimentation.

The first serious attempt to develop a structural model for gluten was
the “Linear Glutenin Hypothesis” of Ewart (1977). He rejected the
widely held assumption that glutenin formed a cross-linked rubber-like
structure because this structure could not explain a number of proper-
ties, notably viscous flow and work hardening. He therefore suggested
that glutenin consisted of linear chains (concatenations) of glutenin
molecules joined by disulphide bonds. He also proposed that work
hardening results from the build-up of secondary forces, which we
would now consider to be mainly hydrogen bonds, between these
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molecules, rather than the entanglement of chain (knots).

Bietz and Wall (1980) discriminated between polymers formed by
HMW and LMW subunits. They suggested that the HMW subunits
formed linear chains as proposed by Ewart, but that the LMW subunits
formed oligomers of mass 100,000 to 150,000. They further suggested
that the oligomers and individual LMW subunits could be linked to the
HMW subunit concatenates by disulphide bonds. A similar but more
detailed model was proposed by Graveland et al. (1985). This was based
on analyses of glutenin fractions prepared by precipitation/redissolution
and considered the roles of individual HMW subunits.

These models have led to a generally accepted view that the HMW
subunits form the “backbone” of glutenin with LMW subunits forming
side branches (see, for example, Wrigley, 1996; Shewry et al., 2003b;
Wieser, 2007) (Fig. 1). The central role of the HMW subunits is based on
the identification of head-to-tail disulphide bonds by mass spectroscopy
of peptides from protease digestion of unreduced glutenin, and the
identification of x-y dimers released by partial reduction of glutenin
(although disulphide exchange could be catalysed by the reducing
agents used) (these studies are reviewed by Shewry and Tatham, 1997).

We know much less about the organisation of LMW subunits in
glutenin polymers. A number of disulphide bonds involving LMW sub-
units (B, C and D-type) have been mapped, including several which
appear to be interchain bonds between B-type and C-type (a/y-gliadin
related) LMW subunits and HMW subunits (Lutz et al., 2012; Schmid
et al., 2017). The C-type and D-type LMW subunits usually contain only
single cysteine residues available for the formation of interchain bonds.
Hence, they will either be attached to HMW subunits as single branches
or block the further extension of chains of LMW subunits (ie. act as chain
terminators). Consistent with this, Venzel et al. (2014) showed that
these proteins are enriched in polymers which are extracted in SDS
without sonication.

Our current knowledge can therefore be summarised as follows:

1. HMW subunits may form head-to-tail concatenates which form the
backbone of large glutenin polymers.

2. Individual LMW subunits and/or LMW subunit oligomers and poly-
mers may be attached to this backbone by interchain disulphide
bonds

3. Soluble polymers are enriched in chain-terminating C-type and D-
type LMW subunits.

4. Smaller polymers and oligomers comprising only LMW subunits also
occur.

A particular limitation of all these models is that the role of the LMW
subunits is not adequately explained. Because they account for about
65-70% of total glutenin they must form extensive side-branches to the
HMW subunit concatenates and/or a substantial population of separate
oligomers and polymers.
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5. How does glutenin structure determine gluten elasticity?

It is likely that several mechanisms contribute to gluten elasticity.
Firstly, it has been suggested, based on a range of biophysical studies
and predictions, that the central repetitive domain of the HMW subunits
forms a loose p-spiral structure, based on interspersed p-reverse turns
and poly-proline II structure (reviewed by Shewry et al., 2003b, 2009a).
This structure may look like a loose spring and is likely to resemble a
spring in exhibiting a level of intrinsic activity. Indeed, elastic properties
have been demonstrated at the single molecule level by mechanical
stretching of synthetic peptides based on consensus repeat motifs using
atomic force microscopy (Haward et al., 2011). The increased rigidity
which was observed when the stretching was carried out in D-0
compared to H»0 also indicated a role of intrapeptide hydrogen bonding.
Belton also suggested that the formation of localised arrays of
hydrogen bonds between adjacent gluten proteins (glutamine zips)
contributes to gluten elasticity (Belton, 1999; 2005, 2007; Shewry et al.,
2003Db). Belton suggested that dry gluten is disordered but that regular
hydrogen bonded structures are formed on hydration by orientation of
the p-turns in adjacent p-spirals to form structures resembling “inter-
chain” p-sheet. However, further hydration results in the replacement of
some of the interchain hydrogen bonds with hydrogen bonds with water,
resulting in an equilibrium between aligned regions (trains) and loop
regions. This structure is suggested to contribute to elasticity as me-
chanical deformation will lead to disruption, initially extending the
loops but eventually also separating the train regions. When the force is
released the equilibrium balance between loops and trains will be
restored. Evidence for these interactions comes from the application of
mechanical deformation to “gluten” prepared from protein bodies (and
therefore not previously subjected to mechanical treatments) which
showed a progressive increase in f-sheet structure (Wellner et al., 2005).
The precise sequences of amino acids within the repetitive domains
of the HMW subunits would be expected to affect the ability to form
hydrogen bonds within and between p-spirals, as opposed to hydrogen
bonds to water, and this has been demonstrated by the effects of amino
acid substitutions on the solubility of synthetic peptides (Wellner et al.,
2006). Tatham et al. (2001) studied the elastomeric mechanism by
stress-strain analysis of HMW subunits after cross-linking with y-radia-
tion. This indicated that elastic recoil may be associated, at least in part,
with extensive hydrogen bonding within and between subunits and that
entropic and energetic mechanisms contribute to the observed elasticity
The importance of hydrogen bonding by the repetitive domains of
the HMW subunits implies that subunits with longer repetitive domains
should contribute to more elastic gluten. This has been proposed by
several workers and HMW subunits with unusually high masses identi-
fied. For example, HMW subunit 1Ax2.1* is likely to be derived from
HMW subunit 1Ax2* by the insertion of about 100 amino acids in the
central repetitive domain (Tahir et al., 1996). However, this hypothesis

Fig. 1. Model to explain the role of the HMW sub-
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has not been proved by experimental studies.

Finally, there is no doubt that inter-chain disuphide bonds are
essential in stabilising glutenin polymers, with reduction leading to the
release of the component subunits and the complete loss of elasticity.
However, the extent to which disulphide bonds actually contribute to
the elastic mechanism, as opposed to stabilising the polymers, is not
clear. The application of mechanical stress will deform the disulphide
bonds leading to the re-establishment of the structure when the stress is
released. In addition to limiting the length of “trains” stabilised by
hydrogen bonds (as discussed above), the number and spacing of the
disulphide bonds will affect the stiffness of the polymers (ie their ability
to be extended). Effects on polymer cross-linking have therefore been
proposed to be responsible for differences in quality associated with
HMW subunits which differ in their numbers and distributions of
cysteine residues, such as 1Dx5+1Dy10 v 1Dx2+1Dy12 and 1Bx7+1By9
v 1Bx20x+1By20y (Naeem and MacRitchie, 2005; Shewry et al., 2003a,
b).

6. Molecular interactions of glutenin polymers: “glutenin
macropolymer”

Even allowing for polymer masses extending to 2 x 10° or greater, it
is clear that the gluten network in dough is not a continuous covalently
linked polymer but consists of many polymers and monomers interact-
ing by non-covalent forces. There has been substantial debate about the
nature of these forces (as discussed above) but there is little doubt that
the major non-covalent forces are hydrogen bonds, formed between the
regularly repeated glutamine residues in the repetitive domains of the
proteins. Such non-covalent interactions may stabilise “glutenin
macropolymer”.

It has long been known that the proportion of gluten protein that is
not extracted by solvents and chaotropic agents (such as dilute acetic
acid, 3M urea, 2-chloroethanol and AUC) is positively correlated with
breadmaking quality. Early studies also showed that the fraction insol-
uble in dilute acetic acid become hydrated by the solvent and could be
recovered as a “gel protein” fraction after centrifugation (Inamine et al.,
1967).

A similar approach was used to prepare and characterise the gel layer
recovered after extraction of flour with 1.5% SDS (Graveland et al.,
1982). This fraction has since been defined as “glutenin macropolymer”
(GMP) and the amount shown to correlate with dough elasticity and
breadmaking quality (Dachkevitch and Autran, 1989; Weegels et al.,
1996). Hence, it has been widely measured and used to predict quality.
Weegels (1994) compared three cultivars, showing that GMP accounted
for between 55% and 82% of the glutenin remaining after extraction of
flour with 70% ethanol. Weegels et al. (1996) then compared a wider
selection of 15 cultivars and lines, showing that GMP accounted for
between 2.1 and 4.4% dry wt. in flours containing between 8.3 and
12.8% protein. GMP and total glutenin prepared by Osborne fraction-
ation had similar contents of HMW-GS, about 30% of the total protein
present in the fraction. By contrast, the SDS-soluble glutenin fraction
contained only 4-6% HMW-GS. However, GMP contained lower pro-
portions of x-type HMW-GS, 70-75% compared to 90-96% total
HMW-GS in SDS-soluble glutenins (Weegels et al., 1995).

Mueller et al. (2016) quantified and analysed GMP fractions from
two cultivars differing in HMW-GS composition and baking quality. The
flours of the good- and poor-quality lines contained 36 and 6 mg/g of
dried GMP gel, respectively, comprising starch (56% and 70%), protein
(35% and 8%), SDS (5% and 16%) and water (8% and 2%). The protein
was 90% glutenin, with LMW-GS: HMW-GS ratios of 1.7 and 1.3 in the
good- and poor-quality cultivars, respectively. A comparison of grain
samples from plants subjected to heat and drought stress showed similar
trends in the concentrations of HMW-GS and GMP, implying (but not
proving) a relationship (Zhang et al., 2013).

The amount of GMP prepared from dough changes during processing
which has been described as resulting from “de-polymerisation and re-
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polymerisation” (Weegels et al., 1996). In molecular terms it may result
from changes in non-covalent interactions between disulphide-stabilised
polymers and may therefore more be correctly described as
de-aggregation and re-aggregation (Don et al., 2003) (restricting the use
of the term “polymers” to covalently linked molecules). Similarly, using
“glutenin macropolymer” to describe covalently stabilised glutenin
polymers (see for example, Lindsay and Skerritt, 1999) should be
avoided.

Don et al. (2003) also dispersed GMP in 1.5% SDS and used confocal
scanning laser microscopy to show the presence of spherical “bodies” of
5-30 pm in diameter. They suggested that these may represent indi-
vidual protein bodies deposited in the developing grain. This hypothesis
was tested by Van Herpen et al. (2008) who compared GMP with protein
bodies isolated from developing grain. Although the protein bodies
contained high molecular mass polymers (as discussed below) they were
much smaller than the particles of GMP with a higher proportion of
SDS-soluble protein. They therefore concluded that they differed in their
degree of polymerisation (or aggregation). A direct correspondence
between protein bodies and GMP is also unlikely as the protein bodies
merge during the later stages of grain maturation to form a continuous
matrix surrounding the starch granules in the starchy endosperm cells
(Tosi, 2012). Hence, GMP is likely to be derived from this matrix rather
than individual protein bodies.

As discussed above, the presence of loose assemblies of glutenin
polymers and gliadins, notably w-gliadins, with masses above 2 x 10°
has been demonstrated by AFFFF using ethanol:water as a mild chaot-
ropic solvent (Morel et al., 2020). These aggregates are much smaller
than the GMP particles described by other authors. The authors sug-
gested that the aggregation resulted from hydrogen bonding between
glutamine residues in the proteins (as discussed below) and they may
have been released from the larger GMP aggregates by partial disruption
of the hydrogen bonds by the chaotropic solvent.

To summarise, GMP is clearly of interest to wheat scientists because
of its relationship to grain processing quality. However, it remains ill-
defined in respect to its subunit composition, molecular size and sta-
bilising forces. Furthermore, the effects of genotype, environment and
the interactions of these factors on its amount, composition and prop-
erties require further studies.

7. When, where and how are glutenin polymers assembled?
7.1. Polymer assembly within the cell

Wheat gluten proteins are synthesised on the rough endoplasmic
reticulum (ER) with a signal peptide which co-translationally transports
the newly synthesised protein into the ER lumen. It is well established
for other proteins that folding and disulphide bond formation occur
rapidly, assisted by molecular chaperones and catalysed by enzymes
such as protein disulphide isomerase and peptidylprolyl cis—trans
isomerases (which include cyclophilins) ("folding proteins") (reviewed
by Osipova et al., 2012). These early steps in protein folding and as-
sembly should apply to the non-repetitive domains of the a-type glia-
dins, y-gliadins and B- and C-type LMW subunits, which appear to have
globular conformations which are rich in o-helix and form intrachain
disulphide bonds. However, the roles of folding proteins in the folding of
the repetitive domains which form extended structures and in the for-
mation of interchain disulphide bonds is not clear.

The normal trafficking pathway for proteins transported into the ER
lumen is to the Golgi apparatus where they are sorted based on targeting
sequences and transported via vesicles either to the vacuole or the
plasmalemma and apoplast (outside the cell). Most of gluten proteins in
wheat appear to be transported to the vacuole, where they aggregate to
form protein bodies. However, some gluten proteins are not transported
to the Golgi apparatus but remain within the lumen of the ER where they
aggregate to form a second population of protein bodies of ER origin.
Although the segregation of gluten protein types into the two
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populations of protein bodies is not precise, it is clear that most of the
gliadins are transported to the vacuoles while the ER-derived protein
bodies are enriched in HMW-GS (reviewed by Tosi, 2012). No specific
signals for transport or retention have been identified in gluten proteins
and it is therefore possible that the segregation results from differences
in their propensity to aggregate. The newly synthesis and folded gliadin
monomers may be soluble in the ER and remain as monomers until their
concentration is sufficiently high to aggregate, which may occur in the
Golgi or Golgi-derived vesicles. By contrast, the formation of interchain
disulphide bonds between the newly synthesised HMW subunits may
result in polymerisation, aggregation and insolubility within the ER.

The two populations of protein bodies may continue to grow during
the grain filling period but ultimately merge during grain desiccation to
form a continuous matrix surrounding the starch granules. Further as-
sembly and rearrangements of glutenin polymers may occur in the
protein bodies and matrix during grain maturation, perhaps catalysed by
low molecular weight red-ox reagents (reduced/oxidised glutathione
and ascorbic acid/dehydroascorbic acid) and catalysed by thiol oxido-
reductase enzymes. These processes are reviewed by Osipova et al.
(2012) and discussed by Branlard et al. (2020). .

This model, which is summarised in Fig. 2, provides a framework for
discussion but clearly does not provide a full account of glutenin poly-
mer assembly. In particular, it does not provide an adequate explanation
for the following.

1. The assembly of the LMW-GS into oligomers and polymers.

LMW-GS account for about 65-70% of glutenin and 30-35% of the
total gluten proteins and are known to form oligomers and small poly-
mers comprising only LMW subunits as well as contribute to larger
polymers which are considered to be based on a backbone of HMW
subunits. We therefore need to know where the oligomers/small poly-
mers comprising LMW subunits are assembled and deposited. Further-
more, are some of these oligomers/small polymers subsequently
incorporated into HMW polymers and, if so, where and how does this
occur? Bietz and Wall (1980) suggested that they are assembled in the
vacuolar protein bodies and subsequently become incorporated into
HMW polymers when the protein bodies merge but there is no experi-
mental evidence for this and it is possible that some LMW-GS are
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incorporated directly into HMW polymers in the ER, rather than forming
“intermediate oligomers”.

2. The mechanism and specificity of formation of interchain disulphide
bonds.

The pattern of interchain disulphide bonds is considered to be spe-
cific, rather than random. However, we do not have enough direct evi-
dence to be certain that this is the case, due to the technical challenges of
mapping disulphide bonds in the glutenin polymers.

We therefore need to know the extent to which the formation of
disulphide bonds is regular, as opposed to random, and how this spec-
ificity is determined (bearing in mind the presence of two cellular
pathways and decreasing solubility of the growing polymers). Assuming
that at least some interchain disulphide bonds are initially formed in the
ER, are further bonds formed in the protein bodies and matrix as the
polymers grow and to what extent are the disulphide bonds rearranged
during grain maturation? Finally, what are the roles of folding proteins
and redox systems (redox pairs and enzymes) in the formation and
rearrangement of disulphide bonds in the different cellular compart-
ments where glutenin polymers are assembled and deposited?

Answers to some of these questions are being provided by studies of
glutenin polymer formation in developing grain.

7.2. Developmental pathway and environmental impacts on polymer
assembly during grain development

A number of studies have shown that the proportion of HMW poly-
mers increases during grain development, particularly during the later
stages of grain filling and desiccation (Gupta et al., 1996; Carceller and
Aussenac, 1999, 2001; Shewry et al., 2009b; Naeem et al., 2012; Ferreira
etal., 2012). This is illustrated in Fig. 3, which shows that the proportion
of the F1 peak separated by SE-HPLC, (which comprises high molecular
weight glutenin polymers) increased particularly during grain desicca-
tion (42 days post anthesis to maturity) while the total protein content
remained constant.

The mechanisms determining this late polymerisation are not
known, but it is clearly inversely correlated with the water content of the
tissue (Carceller and Aussenac, 1999; Naeem et al., 2012). Naeem et al.

Golgi apparatus
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/
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further in
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Fig. 2. Schematic summary of the possible pathway of glutenin polymer assembly and aggregation in the developing wheat grain.
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Fig. 3. Polymer accumulation in developing grain. A, SE-HPLC profiles; B,
ratios of peaks F1/F2 and F3+F4/F1 calculated from the profiles; C, accumu-
lation of starch and protein. 10, 12, 14, 17, 21, 28, 35 and 42 are days post-
anthesis. AU, arbitrary units (from gel scanning). Taken from Shewry et al.
(2009b) with permission.

(2012) suggest that it “may be explained by a higher concentration of SH
groups as reactants in the formation of S-S bonds in the polymerisation
reaction” while Rhazi et al. (2003) suggest a two-stage model in which
HMW polymers assembled during grain filling undergo a second level
aggregation during maturation, or due to desiccation earlier in devel-
opment. They suggest that this occurs “by entanglement, stabilised by
hydrogen bonding and additional disulphide bridges” and leads to the
formation of unextractable polymeric protein (UPP). Ferreira et al.
(2012) showed that free glutenin subunits disappeared and the size
distribution of glutenin polymers increased during grain development
and that this was accompanied by a decrease in cellular redox potential.
They also suggested that protein-bound glutathione acted as a protective
mechanism against irreversible thiol oxidation rather than limiting
glutenin polymer assembly. Ferreira et al. (2014) also studied polymer
assembly using MALDI-mass spectrometry. They showed that HMW-GS
1Bx20 was present as monomers and in small oligomers with free
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cysteine residues early in grain development and that complete disul-
phide bond formation was only achieved late in development.

More recently, Koga et al. (2017, 2020) compared natural desicca-
tion and artificial drying and determining the effects of environmental
factors. They suggest that the process involves the activation of enzymes
involved in folding and disulphide bond formation, as reviewed by
Osipova et al. (2012).

Two detailed recent studies have used AFFFF to characterise glutenin
polymers in sets of cultivars grown under a range of environmental
conditions: these were 130 cultivars grown in 6 locations (Ausennac
et al., 2020) and 192 cultivars grown in 11 locations (Branlard et al.,
2020). Their analyses confirmed that LMW-GS and HMW-GS alleles had
effects on glutenin polymer size, but showed that these effects were
much smaller than the effects of the growing conditions. In fact, the ratio
of variances due to environmental and genetic factors (¢ 2 E/c 2 G) was
16.88 for polymeric protein content and 11.56 for the weight average
molecular mass of polymers (Ausennac et al., 2020). Similarly, Branlard
et al. (2020) reported that protein content, grain hardness and glutenin
diversity together accounted for about 20% of the phenotypic variation
in gluten polymer molecular mass, which increased to 28.3% when
rainfall was included and 60.5% when rainfall and temperature during
grain development were included in the regression. They suggested that
these effects are mediated by the redox status of non-protein free thiol
compounds, such as glutathione which forms polymeric protein-bound
glutathione conjugates and limits polymer formation.

These studies show that glutenin polymerisation is incomplete when
the proteins are initially deposited and reaches completion only later in
grain development. Furthermore, the polymerisation is affected by
growth conditions with larger polymers being formed under hot dry
conditions. This raises the question of whether these later stages of
polymerisation are random or specific and, if specific, how this speci-
ficity is determined. The emphasis on disulphide bond formation may
also underestimate the contribution of H bonds to this polymerisation.
The loss of water can be expected to increase H bonds which, if present
in long regular arrays, can lead to the insolubility of polymers, even in
chaotropic solvents (cf. cellulose). The importance of hydrogen bonding
in stabilising gluten and their contribution to the elastic mechanism
have been discussed by Belton (1999, 2005, 2007) and Shewry et al.
(2003a). In this respect it is interesting that the molecular masses of
polymers determined by AFFFF are lower when the mild chaotropic
agent alcohol:water is used as a solvent (as discussed above).

8. Conclusions

We have focused on the structure of glutenin polymers and their
assembly in developing grain, including the relationship between sub-
unit composition and polymer structure and the role of disulphide and
hydrogen bonds in stabilising individual polymers and “aggregates” of
polymers and monomers, highlighting deficiencies in our knowledge of
these processes. We have not considered the effects of dough mixing on
polymer structure in detail but this is clearly an important topic if we are
to fully understand the role of gluten polymers in determining pro-
cessing quality.

Much of the work discussed was carried out in the last century, with
some dating back 50 years, although important studies on grain devel-
opment have been reported during the last decade. However, current
interest in the topic is low which is unfortunate because the ability to
make precise changes to protein structure and expression provide op-
portunities to exploit more detailed knowledge in designing improved
types of wheat for future requirements. In the meantime, it is important
that wheat scientists should appreciate that the current “dogma” on the
structure and function of glutenin polymers is far from proven.
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