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Wheat Glutenin Polymers 2, The role of wheat glutenin subunits in polymer
formation and dough quality
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Abstract

The high- and low-molecular-weight glutenin subunits are major contributors
to dough strength and elasticity, through their influence on glutenin polymer
structure. The study of their genetics, diversity, and role in quality
characteristics has been facilitated by the development of genetic materials
and analytical tools. Induced and natural mutants have been used to confirm
the importance of the number and location of cysteine residues in modulating
the size distribution of the glutenin polymers with the presence of an additional
cysteine in the central repetitive domain of the HMW-GS having a negative
role on polymer formation. The application of genomics and proteomics the
integration of datasets from these technologies have facilitated the

identification, cloning and functional analysis of genes encoding novel HMW-
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GS and LMW-GS and have also allowed the identification of post-translational

modifications (PTMs) and elucidated their roles in determining dough quality.

1. Introduction

It is generally accepted that the gluten proteins of wheat are the major
determinants of the unique biophysical properties of doughs that allow them
to be used for making bread, other baked goods, pasta and noodles. These
proteins form a continuous network when wheat flour is kneaded with water to
make dough, conferring cohesion, elasticity and extensibility. Gluten can be
iIsolated as a cohesive mass by washing dough in water to remove soluble
components, starch granules and particulate matter. It comprises mainly
proteins with the major components being classified into two types called
gliadins and glutenins. The gliadins and glutenins each consist of multiple
individual proteins (usually stated as 50-100 in total) which have related amino
acid sequences and properties. However, the gliadins and glutenins differ in
one important respect: the gliadins are monomeric whereas the glutenins form
polymers stabilised by inter-chain disulphide bonds. In addition, the gliadin
monomers and glutenin polymers interact by non-covalent forces particularly
hydrogen bonds. The difference in subunit interactions result in different
biophysical properties, with the glutenin polymers conferring elasticity to
dough and the gliadins viscosity and extensibility. Breadmaking requires
highly elastic (often called strong) doughs and hence there has been extensive
research on the glutenin polymers as a basis for improving breadmaking

quality.
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Glutenin polymers range in mass from oligomers with masses below 100,000
which are soluble in agueous alcohols (60-70% ag. ethanol) to large polymers
with masses of up to 20 million (or more) which are insoluble in their native
state. Hence, most studies have been carried out after reducing the polymer
size, after shearing by sonication or reducing the interchain disulphide bonds
to release the individual subunits.

Glutenin polymers are formed by high molecular weight- (HMW-GS) and low
molecular weight- glutenin subunits (LMW-GS), which are cross-linked by
intermolecular disulphide bonds. The HMW-GS and LMW-GS make up about
30 and 60% of the glutenin polymer, respectively, whereas the remaining 10%
Is contributed by chain terminator proteins and thiols (Wieser et al., 2006).
The existence of strong positive correlation between the amounts of large
sized polymers, as measured by the relative amount of unextractable
polymeric proteins (%UPP) or Glutenin Macropolymer (GMP) (Gupta et al.,
1995; Don et al., 2006), and dough processing properties has been
investigated by many authors. This has demonstrated that the HMW-GS play
a major role in determining dough strength, accounting for between 45-70 %
of the variation in bread making characteristics (Payne et al., 1988), despite
representing only about 10-12% of the total grain proteins (corresponding to

about 1-1.7% of the flour dry weight).

2. High Molecular Weight Glutenin Subunits (HMW-GS)
2.1. Genetics
The HMW-GS are encoded by three orthologous pairs of genes, located at the

Glu-Al, Glu-B1 and Glu-D1 loci present on the long arms of the
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homoeologous (homologous but non-pairing) group 1 chromosomes of the
three genomes (A, B and D) of hexaploid bread wheat. Each locus contains
two tightly linked paralogous genes encoding different types of HMW-GS.
These are designated as x- and y-type and have higher and lower molecular
weights, respectively. It has been suggested that a tandem duplication of an
ancestral region of ~7.2-kb, containing genes encoding a globulin protein and
a HMW-GS, resulted in the presence of the two paralogous x- and y-type
genes. The x-type HMW-GS genes arose from duplication and divergence of
the y-type HMW-GS genes, after the divergence of the ancestors of wheat and
barley (Kong et al., 2004). Recombination between the x- and y-type genes is
very rare, Payne et al., (1984) reported of a recombination at the G/u-B1 locus,
at a rate of about one recombinant in 1000 progeny. Hence, all x-type and y-
type subunits encoded by Glu-D1, and some subunits encoded by Glu-B1, are

inherited as “allelic pairs”.

2.2. Polymorphism

Genotypes of bread wheat show extensive polymorphism in the number of
expressed HMW-GS (between three and five) and in their mobilities when
separated by SDS-PAGE (Figure 1). In particular, whereas the x-type gene at
the Glu-Al locus is expressed in some genotypes the y-type Glu-Al gene is
almost always silent in cultivated tetraploid and hexaploid wheats, as result of
a premature termination codon (PTC) or WIS 2-1A retrotransposon insertion
(Gu et al., 2004). However, a single hexaploid wheat line from Sweden
expressing both x- and y-type genes at the Glu-Al locus was reported by

Margiotta et al., (1996). Either one or two HMW-GS encoded by the Glu-B1
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locus and two subunits encoded by the G/u-D1 locus are present in all modern
bread wheat genotypes. However, lines expressing only one (x- or y-type) or
no Glu-D1 subunits have been identified in the landraces grown historically
(Payne et al., 1984).

In contrast to cultivated polyploid wheats, the y-type genes present at the Glu-
Al locus are frequently expressed in related species and subspecies with the
A genome: in the cultivated (T. monococcum ssp monococcum) and wild (T.
monococcum ssp. boeoticum, and T. urartu) diploid wheat, in wild tetraploid
wheat T. turgidum ssp. dicoccoides and in wild and cultivated tetraploid T.
araraticum and T. timopheevii (AAGG) (Figure. 2), (Jang et al., 2009; Shewry
et al.,2006).

A large number of allelic variants have been identified at the Glu-1 loci of
durum and bread wheat, initially using SDS-PAGE (Payne et al., 1984) and
subsequently using 2D electrophoresis, reversed-phase high performance
liquid chromatography (RP-HPLC), capillary electrophoresis and mass
spectrometry (Margiotta et al., 1993; Uthayakumaran et al., 2005; Jang et al.,
2021).

The availability of extensive libraries of genomic sequences (Bromilow et al.,
2017), including sets of gluten genes from the reference genotype Chinese
Spring (Altenbach et al., 2020), provides information on the molecular basis
for this polymorphism and the mechanisms responsible for associations with
processing properties. Genomic and functional genomics studies have also
provided understanding of the structure of gluten chromosomal loci and genes

and the mechanisms regulating their protein expression, allowing changes at
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whole genome level in response to environmental and changing climatic

conditions to be monitored (Wang et al., 2020).

2.3. Sequences and structures

The complete sequences of numerous HMW-GS genes present in cultivated
wheat and of related wild relatives in the Triticeae tribe have been reported
(Bromilow et al., 2017). These show that the subunits have a highly conserved
structure comprising three domains. These are a short N- terminal domain,
ranging from about 70 to 100 amino acid residues, and a short C-terminal
domain, comprising 42 amino acid residues, separated by a central domain
which is much more variable in length (between 300 and 1100 amino acid
residues (Shewry et al., 2009). The N- and C-terminal domains are non-
repetitive and contain most or all of the cysteine residues whereas the central
domain comprises tandem and interspersed repeats of short peptide motifs:
hexa-, nona-, and tripeptide (consensus PGQGQQ, GYYPTSPQQ, GQQ) in
the x-type subunits and by hexa- and nona-peptides (consensus PGQGQQ
and GYYPTSLQQ) in the y-type subunits. The variation in length of the
domain arises from deletions and insertions within the central repetitive
domain, which may result from replication slippage, transposition, gene
conversion and unequal crossing over (Shewry et al., 2009). The variation in
the length of the repetitive domain is largely responsible for the variation in
molecular masses of the whole HMW-GS (Figure 1), from 45 to 106 kDa (Tahir
et al., 1996; Shewry et al., 2009). Variation in size of the y-type subunit is also
evident moving from the wild diploid species (AA) to tetraploid wheats (AABB

and AAGG), as shown in Figure 2.
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Whereas the N- and C-terminal domains may have globular structures, the
repeated sequences in the central domain may form a loose spiral based on
B-turns which is stabilised by hydrogen bonds formed between glutamine
residues and may be intrinsically elastic (Belton, 1999).

The number of cysteine residues differs between x- and y-type subunits, which
usually contain four (three in the N-terminal domain and one in the C-terminal
domain) and seven (five in the N-terminal domain, one at the end of the
repetitive domain and one in the C-terminal domain) cysteine residues,
respectively (Table 1). However, subunits with different number of cysteine
residues have been reported (Table 1). In particular, subunit 1Dx5, which is
associated with superior dough properties, has an extra cysteine residue
within the repetitive domain, close to the N-terminal region. This extra cysteine
residue appears to increase the formation of large glutenin polymers and has
been shown to be linked by an intermolecular bond with the cysteine present
in the C-terminal region of all x-type HMW-GS (Lutz et al., 2012). Subunits
1Bx20, 1Bx26 and 1Bx14 have similar sequences and all lack the second and
third cysteine residues which are usually present in the N-terminal domain
(Shewry et al.; 2003; Margiotta et al., 2000; Li et al., 2004).

Most of 1Ay-type subunits have only six conserved cysteine residues, with the
residue that is normally present at the end of the repetitive domain being
missing (Jang et al., 2009; Yu et al., 2019), though subunits with the complete
set of seven cysteine residues have also been identified in 1Ay-type subunits

in wild diploid relatives of the A genome (Jang et al., 2009).
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3. Relationship between HMW-GS type and number and the size
distribution of glutenin polymers

Many studies have indicated that number of HMW-GS influences the
breadmaking characteristics of wheat. The identification of natural null
mutants at the G/u-1 loci and the generation of mutations using radiation or
chemical mutagens, have made it possible to produce lines varying in their
number of subunits (Fig. 3) and better define their functional role (Payne et

al., 1984).

3.1. Comparison of genotypes

Halford et al., (1992) compared 22 cultivars of bread wheat showing that the
presence of either subunit 1Ax1 or 1Ax2*, when compared with a null allele,
resulted in an increase in the proportion of HMW-GS from about 8 to 10% of
the total grain protein with a consequent increase in the amount of high M,
glutenin polymers. Differences in the proportions of individual HMW-GS were
reported by Wieser and Zimmermann (2000) who analysed a set of 29
different bread wheat varieties grown in different years and locations. In
general, HMW-GS 1Dx2, 1Dx5, 1Bx7, 1Dy10 and 1Dyl2 were present at
higher concentrations while HMW-GS 1Ax1, 1Ax2*, 1By6, 1By8 and 1By9
were minor components. For example, the proportion of subunit 1Bx7 was
more than twice that of subunit 1By6.

Correlation analyses showed that dough development time, maximum
resistance of dough, amount of gluten and bread volume showed significant
positive correlations with the amounts of HMW-GS subunits with x-type having

stronger effects than the y-type subunits. Furthermore, subunits 1Dx5 and
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1Bx7 showed stronger effects on dough characteristics than other x-type
subunits, probably as a consequence of the extra cysteine present in 1Dx5
and the greater amount of 1Bx7, demonstrating both qualitative and
quantitative effects of HMW-GS on breadmaking.

Wieser and Kieffer (2001) compared the relative effects of LMW-GS and
HMW-GS on breadmaking quality by determining the amounts of different
gluten protein type in a set of 14 bread wheat varieties. They showed that both
HMW-GS and LMW-GS were correlated with quality, as reported by Gupta et
al (1995), but regression analysis showed that twice the amount of LMW GS
was required to have the same effect on dough strength as with HMW-GS. In
addition, they showed that x-type HMW-GS had greater effects on rheological

properties than the y-type HMW-GS.

3.2. Comparison of mutant series

Lawrence et al., (1988) produced a set of lines which varied in number of
HMW-GS from zero to five by crossing a mutant line of the cultivar Olympic,
which was null at the Glu-B1 locus, and an isogenic line of the cultivar Gabo,
which was null at the Glu-A1 and Glu-D1 loci. Analysis of the mixing properties
by Mixograph showed a strong relationship between the number of expressed
HMW-GS and dough strength. Similarly, Gupta et al. (1995) compared two
sets of genetic lines with varying numbers (from three to zero) of HMW-GS or
LMW-GS, showing that the absence of all HMW-GS (Glu-1) or LMW-GS (Glu-
3) had significant effects on the amounts of total, extractable and
unextractable polymeric proteins (UPP) and on the dough and gluten

properties. In particular, the dough and gluten properties were significantly
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correlated with the proportions of both total polymers and unextractable
polymers (a measure of the relative molecular size distribution of polymeric
proteins), although more strongly with the proportions of unextractable
polymers in the case of Glu-1 null lines. The proportion of total polymeric
proteins decreased more markedly when all the G/u-3 subunits were deleted
than when all the Glu-1 subunits were absent, in accordance with the relative
quantities of these two types of subunits in the grains. By contrast, loss of all
the Glu-1 subunits, on an equal weight basis, reduced the amounts of the
larger polymers to a much greater extent than the loss of all the Glu-3 subunits.
Yang et al (2014) used ion beam radiation to generate deletion lines of HMW-
GS in the bread wheat Xiaoyan 81 which has the subunit composition 1Ax1,
1Bx14+1By15 and 1Dx2+1Dy12 at the Glu-Al, Glu-B1 and Glu-D1 loci. This
gave single mutant lines at the three Glu-1 loci which were crossed to give
double mutants. Wang et al. (2017) used this material together with two
mutant lines lacking the 1Dx2 or 1Dy12 subunits (obtained by ethyl methane
sulfonate (EMS) treatment of the wheat variety Xiaoyan 54) to study the
effects of the absence of the different HMW-GS on the quality characteristics
of the doughs. Comparisons of the single and double deletion mutants
confirmed that the subunit pair 1Dx2+1Dy12 had the greatest effect on
functional properties of gluten and dough and on breadmaking quality,
confirming the report of Rogers et al. (1991) who showed that the
1Dx2+1Dy12 allelic pair had a stronger positive effect on baking quality
compared to the allelic pair 1Bx7+1By8. In addition, double deletion mutants
lacking Glu-D1 in combination with Glu-A1 or Glu-B1 showed strong

decreases in dough functional characteristics. Knockout mutants of 1Dx2 or

10



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

1Dy12, showed that 1Dx2 subunit was more effective than 1Dy12 in promoting

larger amount of glutenin macropolymers.

3.3. Effects of subunit over-expression

Several studies have shown that subunit 1Bx7 is overexpressed in bread
wheat varieties with the Glu-Blal allele, due to a functional gene duplication
(Lukow et al., 1992,). Ragupathy et al (2008) reported that the overexpressed
subunit (called 1Bx7°E) probably resulted from a gene duplication mediated
by the insertion of a retroelement and showed that it was present in 40 out of
316 land races and varieties of bread wheat originating from different
countries. More recently, Geng et al (2014) used fusions comprising promoter
sequences of x-type genes at the Glu-B1 locus with the B-glucuronidase
(GUS) reporter to show that the 1Bx7°E promoter present in cv. Yumai 33 was
markedly stronger than other promoters. Geng et al.,, (2014) therefore
suggested that the relationship between the strong activity of the 1Bx7°E
promoter and high level of protein produced demonstrates the importance of
transciptional regulation in determining the overexpression of the 1Bx7
subunit. The presence of 1Bx7°F has been shown to be associated with very
strong dough characteristics (Butow et al., 2003).

Juhasz et al., (2003) determined the gluten protein composition of different
lines isolated from the old landrace Bankuti 1201, showing wide allelic
variation in gliadins and glutenin subunits, with the exception of the Glu-D1
locus with 1Dx2+1Dy12 being present in 95% of the population. Despite the
predominance of subunits 1Dx2+1Dyl12 which are associated with lower

guality than the allelic pair 1Dx5+1Dy10, the lines contained large amounts of

11
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UPP (average of 48.40%). Unusually high contents of UPP were present in
three lines (58.18, 58.89 and 60.07%), higher than that determined for the
strong Canadian wheat variety Glenlea (57.8%) was associated with the

presence of the Glu-Blal allele.

3.4. Introduction of a 1Ay subunit into bread wheat

The introduction of an active 1Ay gene into bread wheat results in
improvement of dough characteristics. Two alleles with active x- and y-type
genes at the Glu-Al locus were identified in accessions of T. boeoticum.
These alleles (designated Glu-Alr and Glu-Als) and the encoded HMW-GS
pairs (LAx39+1Ay40 and 1Dx41+1Dy42) were introgressed into bread wheat
(Triticum aestivum L.) cv. Sicco (Rogers et al., 1997). The introduction of Glu-
Alr resulted in reduced dough stickiness and improved stability during mixing
compared with the Glu-Ala allele encoding subunit 1Ax1, with a small
improvement in gluten strength being shown by the SDS-sedimentation test.

The importance of the number of subunits in determining dough
characteristics was indicated by Roy et al., (2018) who introgressed x- and y-
type subunits at the G/u-A1 locus (designated 1Ax21* and 1Ay21y*), identified
in a Swedish bread wheat line (Margiotta et al., 1996), into the Australian
cultivars Livingston and Bonnie Rock. These both have subunit 1Ax2* at the
Glu-A1l locus and subunits 1Bx17+1By 18 at the Glu-B1 locus but differ at Glu-
D1 with Livingstone having 1Dx5+1Dy10 and Bonnie Rock 1Dx2+1Dy12.
Several lines derived from each variety had subunits 1Ax21* and 1Ay21ly*
instead of 1Ax2* subunit, resulting in an increase in subunit number from five

to six. It was assumed that the differences observed between the lines and

12
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the two parent varieties were mainly associated with the additional subunit
1Ay21y*, as subunit 1Ax21* replaced subunit 1Ax2*. Furthermore, these
subunits were assumed to have similar effects on dough characteristics since
analysis by RP-HPLC indicated that they both contain four cysteine residues
(Roy et al., 2018).

Analysis of three sister lines derived from the two crosses showed that the
presence of the active 1Ay subunit was associated with increases in the
%UPP and the glutenin/gliadin ratio. The expressed 1Ay subunit also resulted
in an up to 10% increase of gluten content and a 5% increase in glutenin
content, resulting in an increase in the HMW-GS to LMW-GS ratio without
affecting the relative amounts of other subunits.

Recently, Cao et al., (2021) determined the differences between the grain
proteomes of three bread wheat cultivars and corresponding near-isogenic
lines carrying the 1Ax21*+1Ay21* HMW-GS. In addition to increased
abundance of the 1Ay HMW-GS, 115 differentially expressed proteins were
also identified showing that introgression of the two HMW-GS at the Glu-A1
locus increase wheat grain protein content and breadmaking quality in
association with a wider reshaping of the grain proteome network.

Dumur et al., (2010) adopted a different approach to increase the number of
HMW-GS, by manipulating the mechanism controlling chromosome pairing in
wheat. Chromosome pairing in wheat is under control of a major gene present
at the Ph1 locus on the long arm of chromosome 5B (Sears, 1976). This gene
restricts pairing to homologous chromosomes within the polyploid wheat
genome. In its absence, homoeologous pairing and crossing over can occur

between chromosomes of the different wheat genomes and with those present

13
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in more distant related species thus providing an opportunity to transfer
genetic variation. This methodology, which allows segments of chromosomes
carrying genes of interest to be transferred between genomes and species,
was given the name of chromosome engineering by Sears (1976).

Chromosome engineering has been used to transfer segments of the D
genome containing the genes encoding the pair of HMW-GS 1Dx5+1Dy10 or
1Dx2+1Dy12 from bread wheat to chromosome 1R of triticale and then to
different durum wheat varieties, replacing the null allele at the Glu-A1 locus
(Lukaszevsky, 2003). Dumur et al. (2010) used the same methodology to
transfer a segment of wheat chromosome 1D containing the genes encoding
subunits 1Dx2+1Dyl12 into the bread wheat variety Courtout (HMW-GS
composition 1Ax2*, 1Bx7+1By8, 1Dx2+1Dy12) where it was translocated to
replace the long arm of chromosome 1A, thus replacing the Glu-Al locus
encoding HMW-GS 1Ax2* with a duplicated Glu-D1 locus. This duplication of
Glu-D1 had significant effects on dough strength, mixing resistance and the
Zeleny sedimentation volume. However, no significant effects were observed
on breadmaking and loaf volume. The authors suggested that the French
bread-making test which was used may have been less sensitive to small
differences in breadmaking quality than other types of test baking.
Alternatively, that changes in the ratio of x-type to y-type HMW-GS, which was
lower in the modified lines, may also have affected quality. Additional work is
therefore required with different varieties and quality testing methods to
provide conclusive evidence on the effect of the duplicated 1Dx2+1Dy12 allele

on bread making quality.

14



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

4. Relationships between HMW subunit structure, disulphide bond
formation and functional properties of bread wheat

Cysteine residues account for about 2.5g per 100g of proteins (Wieser et al.,
2006) and largely contribute to the structure and functional properties of the
gluten complex through the formation of intra- and inter-molecular disulphide
bonds (Shewry and Tatham 1997; Wieser et al., 2006). Considerable efforts
have been directed to determine role of number, position and environment of
cysteine residues and to identify the pattern of formation of disulphide bonds.
The incorporation in vitro of synthetic peptides and model proteins related to
gluten proteins has shown that both the number and position of cysteine
residues are important factors in determining gluten structure and functionality
as they affect the size-distribution of the glutenin polymer and the rheological
properties of the dough (Tamas et al., 2002). A few HMW-GS with variation in
number of cysteine residues have been identified, allowing their influences on
the rheological characteristics of doughs and size distribution of polymeric
glutenins to be determined(Table 1).

Pirozi et al. (2008) studied the relationships between the number of cysteine
residues in HMW-GS, the size of glutenin polymers, dough properties and
bread making characteristics, using biotypes and lines of the varieties Avocet
and Halberd differing in HMW-GS present at the Glu-1 loci and the Italian
bread wheat cultivar Fiorello and a derived line in which the subunit pair
1Bx7+1By8 was replaced by subunits 1Bx26+1By27 present in the older
cultivar Cologna. Subunit 1Bx26 was previously demonstrated to possess only
two cysteine residues, one in the N-terminal and one in the C-terminal region

of the subunit (Margiotta et al. 2000).
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As discussed above, subunit 1Bx20 lacks two cysteine residues in the N-
terminal domain and is known to negatively affect dough characteristics,
probably by affecting polymer formation (Shewry et al., 2003). The same effect
therefore is expected for the 1Bx26 which also has two cysteine residues .

Substitution of HMW-GS 1Bx7+1By8 and 1Bx7+1By9, with the allelic pairs
1Bx20+1By20 or 1Bx26+1By27 resulted in a marked decrease in the % UPP
and weaker dough properties with the presence of the extra subunit 1Ax1 in
the Avocet line C failing to compensate for the negative effect of the 1Bx20.
The presence of 1Bx20 and 1Bx26 is also associated with an increase in
extensibility, which is also associated with the subunit pair 1Dx2+1Dy12
present in Avocet line A compared with Avocet line B which possess the
subunit pair 1Dx5+1Dy10. The breadmaking characteristics of the lines are
consistent with %UPP, rheological data and loaf volume (Pirozi et al., 2008).
Gupta and Macritchie (1994) used biotypes and recombinant inbred lines
differing in composition of allelic HMW-GS present at the Glu-B1
(1Dx17+1Dy18 vs 1Dx20x+1Dy20y) and at the Glu-D1 loci (1Dx5+1Dy10 vs
1Dx2+1Dy12) to show that the 1Bx17+1Byl18 or 1Dx5+1Dyl0 pairs of
subunits resulted in a larger amount of large glutenin polymers and
consequent higher dough strength than the allelic pairs of subunits
1Dx2+1Dy12 and 1Dx20x+1Dy20y. Similarly, Popineau et al (1994) reported
that the HMW-GS 1Dx5+1Dy10, which are normally present in the cultivar
Sicco, were associated with higher proportions of unextractable large glutenin
than HMW-GS 1Dx2+1Dy12 when compared is near-isogenic lines. No direct
comparisons of glutenin polymer structure in the lines used in these studies

have been reported but the differences in numbers of cysteine residues in the
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subunits compared are consistent with the effects resulting from differences
in cross-linking of the polymers.

As discussed above, a subunit containing an additional cysteine residue
encoded by the Glu-Al locus was identified in the bread wheat landrace
Bankuti 1201 (Juhasz et al., 2003) (Table 1). Analysis of processing quality
showed that the effect of this allele (designated 1Ax2*B) on polymer size and
dough properties was less than expected based on the assumption that the
additional cysteine residue would lead to higher cross-linking. This may relate
to the position of the additional cysteine, which is in the middle of the repetitive
domain compared to the additional cysteine in HMW-GS 1Dx5 which is close
to the N-terminal end of the repetitive domain (Juhasz et al. 2003). This
different location may account for the fact that the extra cysteine residue in
HMW-GS 1Dx5 has a significant effect on dough strength compared with the
limited effect of HMW-GS 1Ax2*B. This could result from the residues forming
different types of disulphide bonds (inter-chain or intra-chain) or having
different effects on the properties of the polymers formed.

Further evidence that the position of the cysteine residues is important in
determining the amount and properties of the glutenin polymers was reported
by Gao et al., (2012). They showed that the Australian cultivar Galaxy H45
which has the 1Bx7°F subunit (which as discussed above results from the
presence of two x-type of gene) contained a lower amount of UPP and poorer
rheological characteristics than were expected based on its HMW-GS
composition.

Gao et al., (2012) determined and aligned the sequences of the two linked

1Bx7 genes (which they called Bx7.1 and Bx7.2) present in Galaxy H45, the
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breeding line VQ0437 and the cultivar Glenlea, revealing the presence of
single nucleotide polymorphisms (SNPs). In particular, one of the SNPs
resulted in a change of a tyrosine present in the middle of the repetitive domain
in Glenlea into a cysteine in Galaxy H45, resulting in five cysteines compared
to the four conserved cysteine residues typical of x-type subunits (Table 1).
Comparison of the sequences of the two 1Bx genes of VQ0437 with those of
Glenlea revealed two SNPs in the first gene and one SNP in the second one,
consequently the alleles of H45 and VQ0437 were designated Glu-B1br and
Glu-B1bs, respectively.

Previous work of Tao et al., (1992) followed by Luz et al., (2012) has led to the
identification of the disulphide bonds formed by subunits 1Bx17 and 1Dy10.
In particular, the first two cysteine residues present in the N-terminal domain
of the 1Bx7 form an intrachain bond, whereas the third cysteine present in the
same region and the single cysteine in the C-terminal region, of the 1Dy
subunit, form an interchain bond leading to a head to tail cross-link. (Lutz et
al., 2012). Gao et al., (2012) therefore hypothesized that the extra cysteine
present in HMW-GS 1Bx7.1 could interfere with the formation of this head -to-
tail cross-link, by forming an intra-chain bond with the C-terminal cysteine.
More recently, Li et al (2015) used a mutant population produced by treating
the bread wheat variety Xiaoyan 54 with EMS. This variety has five HMW-GS,
1Ax1, 1Bx14, 1By15, 1Dx2, and 1Dy12 and SDS-PAGE analysis of the
population identified knock out mutants for all the five subunits and three
missense mutants for subunits 1Ax1, 1Dx2 and 1Dy12. The 1Ax1 subunit had
a single amino acid substitution (G330E) which influenced its mobility, being

slower, compared to the corresponding subunit of Xiaoyan 54.
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Six rounds of backcrosses with Xiaoyan 54, were performed In order to
remove background mutations and the mixing characteristics and rheological
properties of doughs were determined for Xiaoyan 54 and six mutants: two
mutants without subunits 1Ax1 and 1Bx14, one double mutant lacking both
1Ax1 and 1Bx14, and the 1Ax1 mutant with a single amino acid substitution.
Dough development time and dough stability were significantly lower in the
five knockout mutants compared to Xiaoyan 54 with the effects being greater
for the double mutants, whereas both parameters were both greatly increased
in the 1Ax1 missense mutants of the 1Ax1 subunit. Similarly, maximum
resistance was reduced in the five knockout mutants with the effect being
greatest for the double mutants, intermediate for the two 1Ax mutants and
lower for the 1Bx14 mutants. In addition, the two 1Bx14 mutants and the
double 1Ax1/1Bx14 mutant showed significantly reduced dough extensibility
compared with the control, whereas no change in the extensibility was
associated with the three 1Ax mutations, indicating that subunit 1Bx14 was
responsible for the increased extensibility.

Subunit 1Bx14 is very similar to Bx20 in sequence but lacks the second and
third cysteine residues in the N-terminal region (Li et al., 2004) (Tablel). It is
therefore likely that the effects of 1Bx14 on dough rheology are associated
with the reduced numbers of cysteine residues, consistent with the results of
Pirozi et al., (2008).

The 1Ax1 missense mutant with a single amino acid substitution showed
different characteristics from the knock out mutants, exhibiting dough
development and stability times and a maximum resistance value higher than

those of the control variety. The loaf volumes of the mutants mirrored the
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rheological analyses, with the five knock-out mutants showing significant
reductions in loaf volume and the 1Ax1 missense mutant an increase of 16%
compared to the control variety.

More extreme variation in HMW-GS structure, such as length of the repetitive
domain and numbers of cysteine residues, has also been identified in more
distant wheat relatives within the tribe of the Triticeae. For example, Jang et
al (2013), identified and characterised two novel HMW-GS (designated 1Fx3.7
and 1Fyl.5) in Eremopyrum bonaepartis (Spreng.) Nevski, an annual diploid
species of the Triticeae tribe. The deduced amino acid sequence showed that
subunit 1Fx3.7 had a very high molecular weight, comprising 1223 amino acid
residues compared to 817 for HMW-GS 1Dx2 which has the highest mass of
commonly occurring HMG-GS in bread wheat, and an N-terminal region
similar to those of typical y-type subunits. It also contains eight cysteine
residues, with two additional cysteine residues in the N-terminal region and
two in the repetitive domain when compared with x-type HMW-GS in bread
wheat. The last cysteine residue normally present in the C-terminal region of
x-type HMW-GS is absent due to a mutation but an additional cysteine residue
is present at the beginning of the C-terminal region. This cysteine is also
present in the y-type subunit of rye and in D hordein of barley (Jang et al.,
2013). The 1Fyl.5 subunit has six cysteine residues, rather than seven as
normally present in y-type subunits, due to the deletion of the GHCPTSPQQ
nonapeptide at the end of the repetitive domain. The effects of these novel
HMW-GS on glutenin polymer formation have not been reported but could be
easily established using in-vitro incorporation, as described by Tamas et al.,

(2002).
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5. Low Molecular Weight Glutenin Subunits (LMW-GS)

5.1. Genetics and polymorphism

The LMW-GS comprise a large and heterogenous group of subunits,
represent 60% of the total glutenins (Masci et al 1988; Wieser et al., 2006). It
Is also difficult to distinguish between the LMW-GS released by reduction of
polymers and gliadins using SDS-PAGE. It has therefore proved a challenge
to analyse the multigene loci which encode the LMW-GS, and in particular to
identify recombination within loci (Dong et al., 2010; Ibba et al., 2017a).
Jackson et al., (1983) initially separated the LMW-GS using two different two-
dimensional electrophoretic systems that combined isoelectric focusing or
non-equilibrium pH gradient electrophoresis in the first dimension, followed by
SDS-PAGE in the second dimension. They classified the LMW-GS into three
groups (B, C and D types) based on size and isoelectric point (pl).

The C group of subunits have mobilities similar to those of a-, 3- and y-gliadins
when separated by SDS-PAGE and have a wide range of isoelectric points,
whereas the D group are more acidic in pl than the other subunits and
comprise a small number of components. Comparisons of amino acid
sequences clearly show that the C and D LMW-GS correspond to mutant
forms of gliadins. However, their presence in glutenin polymers is consistent
with their classification as types of LMW-GS (D’Ovidio et al., 1995).

The B-type represent the major group of LMW-GS. They have slower
mobilities on SDS-PAGE compared to the gliadins and are more basic in pl
than other wheat endosperm proteins (D’Ovidio and Masci., 2004 ). They are

encoded by genes at the orthologous G/u-3 loci, present on the short arms of
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the homoeologous group 1 chromosomes in bread and durum wheats, closely
linked with the Gli-1 loci that encode gliadins (Gupta and Shepherd, 1993;
Payne, 1987).

Comparison of the two-dimensional separations of the C-type subunits
present in Chinese Spring and aneuploid (nullisomic-tetrasomic and
ditelosomic) lines has shown that they are encoded by genes present on the
chromosomes of the homoeologous groups 1 and 6 (Masci et al., 2002). This
Is consistent with the suggestion that the C subunits may be encoded by
genes either present in or tightly linked to the G/i-1 and Gli-2 loci whereas the
typical B-type LMW-GS are likely to be encoded by the Glu-3 loci.

In bread wheat a different number of alleles at the Glu-3 loci have been
detected (Mclntosh et al., 2013),, eight at the Glu-A3 locus, fourteen at the
Glu-B3 locus, and thirteen at the Glu-D3 locus.Zhang et al., (2013)
determined the LMW-GS genes present in a micro-core collections of Chinese
common wheat covering >70% of the genetic diversity of Chinese wheat
germplasm and found that a variable number from nine to thirteen active
LMW-GS genes were present in each accession. In general, the LMW-GS
are associated with dough resistance and extensibility and some allelic forms
of LMW-GS show greater effects on these properties than HMW-GS (Gupta
et al., 1995; Ibba et al., 2017b).

The correct identification of LMW-GS genes and their association with
chromosomes has been limited by their high complexity and polymorphism.
For example, Liu et al., (2010) used SDS-PAGE, 2-DE, MALDI-TOF-MS and

PCR to determine the LMW-GS compositions of wheat cultivars from 12
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different countries showing that the identification of certain alleles was
possible only with a combination of different methods.

More recently, Cho et al., (2021), analysed a set of 12 near isogenic lines
(NILs), developed in the bread wheat variety Aroona, containing five different
alleles at the Glu-A3 and Glu-D3 loci and eight alleles at the G/u-B3 locus,
using reversed-phase (RP)-HPLC and a proteomic approach combining two-
dimensional electrophoretic separation with liquid chromatography—tandem
mass spectrometry (MS/MS). This allowed them to identify individual LMW-
GSs corresponding to the different alleles at the Glu-A3, Glu-B3, and Glu-D3
loci. Comparison of the patterns separated by RP-HPLC and 2-D gels showed
that the LMW-GS alleles were consistent with a series of standard wheat
cultivars with known allelic composition of LMW-GS, with 12 previously

uncharacterised components.

5.2. Sequences and structures of LMW-GS proteins and genes

The importance of the LMW-GS in determining grain processing quality has
led to detailed studies to determine their structure, genomic organization, gene
expression and polymorphism in cultivated wheat and wild relatives (Dong et
al., 2010; Wang et al., 2020; Shen et al., 2018).

Tao and Kasarda (1989) prepared a fraction enriched in glutenin polymers by
ion exchange chromatography and after reduction separated the subunits by
two-dimensional electrophoresis. Spots corresponding to the B and C type
LMW-GS were characterised by N-terminal amino acid sequencing showing
that the C group comprised proteins with sequences similar to the monomeric

o- and y-gliadins. Similarly, the D-type subunits correspond to w-gliadins
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which differ from “typical” w-gliadins in containing a single cysteine residue
(Masci et al., 1999).

The B group of LMW-GS have been further divided into LMW-m, LMW-s and
LMW:-i types (D’Ovidio and Masci, 2004) based on the first amino acid residue
of the mature protein: methionine, serine, isoleucine (Figure 3). The LMW-s
are the most abundant type whereas the presence of the LMW-i type has been
reported more recently and is associated with the A genome (Cloutier et al.,
2001; lkeda et al., 2002, D’Ovidio and Masci, 2004). Gao et al. (2007)
demonstrated that the i-type LMW-glutenin originated from a deletion of 33-
bps in the 5’ coding region of the m-type gene in the A genome before wheat
polyploidization.

Masci et al., (2002) used precipitation with increasing concentrations of
propan-1-ol to separate B- and C- type LMW-GS present in the bread wheat
variety Chinese Spring and determined their N-terminal sequences after
separation by Reversed Phase-High Performance Liquid Chromatography (RP-
HPLC). The fraction enriched in B-type subunits consisted mostly of typical
LMW-GS which were classified as LMW-s (52%) or LMW-m (24%), whereas
95% of the C-type subunits had gliadin-like sequences with a slight prevalence
of y-type (55%) over a-type (40%) gliadin sequences (Table 2).

The structure of the B-type LMW-GS was described by Cassidy et al (1998)
who identified four major structural domains: a short N-terminal region, not
present in the LMW-i type, a repetitive domain and a C-terminal domain which
included a cysteine-rich region (I), a glutamine-rich region (Il), and a C-
terminal conserved region (lll) (Figure 3) . As above for the HMW-GS,

variation in the size of the repetitive domain of the LMW-GS is responsible for
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the variation in molecular masses that range from 31 to 43 kDa (Shewry et al.,
2009). The sequences of the C-type and D-type LMW-GS are similar to those
of the related a-, y- and w-gliadins but with the presence of additional cysteine
residues. Anderson and Greene (1997) sequenced 25 a-gliadin genes and
found that five had five cysteine residues instead of six while Qi et al. (2009)
reported sequences encoding proteins with seven, nine and ten cysteine
residues as well as “typical” sequences with eight cysteine residues among
170 y-gliadin genes from bread wheat and related species. However, it is not
known whether all of these variant genes are expressed.

As with the HMW-GS, wider variation in LMW-GS has been identified in wild
relatives of wheat. For example, Tang et al., (2018) identified an i-type LMW-
GS with a very high molecular weight (48.4 kDa) and an additional cysteine
residue in the first insertion of the repetitive domain in Aegilops uniaristata
(NN, 2n = 2x = 14). Transgenic lines expressing this large LMW-GS were
produced using the bread wheat variety Bobwhite and Mixograph analyses
indicated that the transgenic lines incorporating the glutenin subunit had

improved flour mixing characteristics (Du et al., 2020).

5.3. Role of the relative position of cysteine residues

Most B-type LMW-GS contain eight cysteine residues, one of which is present
in the N-terminal domain or at the beginning the repetitive domain of the LMW-
m and LMW-s forms. By contrast, all the eight cysteine residues in the LMW-i
proteins are located in the large C-terminal region (Figure 3). It has been

shown that six conserved cysteine residues form inter-chain disuphide bonds
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and with the remaining two cysteines available to form interchain disulphide
bonds (Shewry and Tatham, 1997).

Masci et al., (1998) used the flexibility modelling to predict that the repetitive
domain of a 42 kDa B-type LMW-GS had a high degree of flexibility particularly
where stretches of glutamine residues were present. The modelling also
showed a high degree of flexibility in the repetitive regions surrounding the
first and the penultimate cysteine residues which are involved in the formation
of inter-chain disulphide bonds and suggested that this flexibility favours inter-
chain bond formation.

Juhasz and Gianibelli (2006) noted that the number of residues separating the
two cysteine residues involved in the formation of inter-chain disulphide bonds
in B-type LMW-GS were different, with 236 residues separating the cysteine
in the s-type subunits, 200 on average in the m-type and only 77 in the i-type,
and suggested that also these differences could be relevant to their different
contribution to polymer formation.

Recently, Markgren et al (2020) used Monte Carlo simulations to predict the
formation of disulphide bonds in gliadins and low molecular weight glutenin
subunits (LMW-GS). Their results suggest that the importance of the
hydrophobicity of neighbouring peptide sections, synthesis chronology and
chain flexibility are factors in determining the specificity for the formation of
intra-chain disulphide bonds formed directly after synthesis, as suggested by
Masci et al., (1998).

Lutz et., (2012) introduced a new method to determine of disulphide cross-
links using liquid chromatography (LC-MS) with alternating electron transfer

dissociation (ETD) and collision-induced dissociation (CID). CID produces
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fragments with intact disulphide bonds, whereas ETD promotes the cleavage
of disulphide bonds. This allowed the simultaneous detection of disulphide-
linked and disulphide-cleaved peptide ions in a fraction partially hydrolysed
with thermolysin. In particular, a new peptide was identified with a head-to-talil
cross-link between the extra cysteine residue present in the HMW-GS 1Dx5
and cysteine residue present in the C-terminal region of an x-type HMW-GS.
In addition, six new peptides were identified with inter-chain disulphide bonds

between a-gliadins, y-gliadins, and B-type LMW-GS.

5.4. C-type subunits, high molecular weight gliadins and the role of
LMW-GS as chain terminators

The existence of mutant forms of gliadins that could have acquired or lost
cysteine residues and become incorporated in the glutenin polymers is well
established at the protein level (Lew et al., 1992; Wieser et al., 2006) and their
existence confirmed by sequencing of corresponding genes (Anderson and
Greene 1997). Hence, their incorporation into the glutenin polymers through
intermolecular disulphide bonds could affect the functional properties of
doughs.

Schmid et al. (2017a) reported that 128 sequences of gluten proteins with odd
number of cysteine residues were present in the UniProtKB/SwissProt,
European NucleotideDatabase: 42 sequences of a-gliadins,19 of y -gliadins,
3 of w-gliadins, 22 of LMW-GS and 42 of HMW-GS. However, it is not known
whether these are all expressed in the grain or their levels of expression.
Gliadin-related C- and D-type LMW-GS subunits with odd numbers of cysteine

residues will behave as chain terminators, being incorporated into glutenin
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polymers but preventing further growth. By contrast, most B-type subunits
have two cysteine residues available to form inter-chain disulphide bonds and
will act as chain extenders of the growing polymers (Kasarda, 1989). At the
molecular level the major consequence of the presence of chain terminators
will be to reduce the average molecular weight of the glutenin polymers, with
a reduction in dough quality, whereas chain extenders will have an opposite
effect on polymer size and improve the dough characteristics.

More details of the compositions of the large polymeric fraction associated
with flour quality (Unextractable Polymeric Proteins, UPP) and the fraction
containing smaller polymers (Extractable Polymeric Proteins) were reported
by Vensel et al.,, (2014). They used 0.5% (w/v) SDS with and without
sonication to separate wheat flour proteins into SDS-extractable polymeric
proteins (EPP) and SDS-unextractable polymeric proteins (UPP). Both
fractions were then separated by size exclusion chromatography, into
monomeric and polymeric fractions and analysed by quantitative two-
dimensional gel electrophoresis coupled with tandem mass spectrometry
(MS/MS). This showed the presence of HMW-GS and LMW-GS in both
fractions. Tandem mass spectroscopy (MS/MS) was used to distinguish
monomeric gliadins from gliadins containing an odd number of cysteine
residues. These latter were detected in all the fractions but formed a much
higher proportion of the SDS-EPP (14.7%), compared to the SDS-UPP
(5.4%).

Further information on the relationship between chain terminators and gluten
polymer structure has been provided by analysis of polymer fractions which

differ in their solubility and in particular of an alcohol-soluble polymeric fraction

28



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

which has been called aggregated gliadins, HMW gliadins and alcohol-soluble
reduced glutenin. This fraction, which is called “alcohol-soluble glutenins”
here, is known to comprise oligomers and small polymers consisting largely
of LMW-GS, including C- and D-type LMW GS (which are now known to be
chain-terminators) and well as the major B-type LMW GS (Shewry et al.,
1983).

Schmid et al., (2016) reported detailed studies of this fraction, separating a
fraction extracted from the cv Akteur with 60% ethanol and separating it by
gel-permeation HPLC. The molecular mass distribution ranged from 66 kDa
to 680 kDa with an average degree of polymerization of 13. Three sub-
fractions were separated, GP1 (21.5%) which consisted of oligomeric HMW
gliadins, GP2 (15.2%) of w5-gliadins and GP3 (63.3%) of w1,2-gliadins, a-
gliadins and y -gliadins. The fraction was also reduced and the subunits
separated by reversed-phase HPLC into four subfractions which were
characterized by SDS-PAGE and semiquantitative N-terminal sequencing.
This showed that the alcohol-soluble glutenins comprised all types of gluten
proteins: 48% LMW-GS, 18% y-gliadins, 13% a-gliadins, 9% w1,2-gliadins,
8% HMW-GS, and 4% wb5-gliadins. They also showed that 16.5% of the
terminator positions were occupied by LMW thiols, glutathione and cysteine
and that proteins with an odd number of cysteine were present at 83.5% of the
terminator positions.

Subsequently, Schmid et al (2017b) compared a modified Osborne
fractionation procedure in the absence or presence of an alkylating agent N-
ethylmaleinimide (NEMI) to alkylate free thiols groups. Alkylation led to an

increase in alcohol-soluble glutenins with a higher content of LMW-GS. The

29



722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

alcohol-soluble glutenins contained gluthathione, cysteine and gliadins with
odd numbers of cysteine residues (ie. C- and D-type LMW-GS) which is
consistent with their role as chain terminators.

These studies indicate that the polymerisation of glutenin subunits may be
blocked by the incorporation of “chain terminators”, such C- and D-type LMW-
GS and LMW thiols. They also suggested that the alcohol-soluble glutenins
form a well-defined protein fraction together with the monomeric gliadins and
polymeric glutenins. According to Schmid et al. (2017a) this fraction can
account for between 10-15% of total gluten proteins, is soluble in aqueous
alcohols and its components have molecular masses ranging between 70 kDa
and 700 kDa. Schmid et al (2017b) also determined the disulphide bonds
present in alcohol-soluble glutenins using the fractions prepared with and
without NEMI. The fractions were treated with thermolysin and the peptides
released separated by gel permeation chromatography and analysed by liquid
chromatography/mass spectrometry using alternating ETD/CID. Most of the
disulphide bonds identified had been reported before but eleven new bonds
were identified. Fifteen peptides containing disulphide bonds were unique to
the alcohol-soluble glutenins and contained cysteine residues from w5-, a-
and y-gliadins with an odd number of cysteines (ie. C- and D-type LMW-GS).
This therefore supports the suggestion that gliadins with an odd number of
cysteines, glutathione and cysteine acted as terminators of glutenin
polymerisation.

No major differences were observed between the disulphide bonds in fractions
prepared without and with NEMI treatment showing that polymerisation was

complete in the flour. However, the non-treated sample did contain higher
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amounts of most of the ten peptides with disulphide bonds between gluten
proteins and low-molecular-weight thiols such as glutathione.

Taken together, the studies of Schmid et al., (2017a,b) show that the alcohol-
soluble glutenins are a discrete fraction which may further polymerise during
extraction (and presumably also processing) by rearrangements of disulphide
bonds with low molecular weight thiols to form protein-protein disulphide

bonds.

6. Role of post translational modification of HMW-GS and LMW-GS
Proteins may undergo a range of post-translational modifications and
processing events, including phosphorylation, glycosylation and proteolytic
processing. Only the latter appears to occur to a significant extent in wheat
gluten proteins and this has only been characterised in detail in the last twenty
years.

Dupont et al., (2004) showed that the w-gliadins encoded by chromosomes
1A and 1D of bread wheat have two different N-terminal sequences,
ARELNPQNKEL- and KELQSPQQSF, with the latter the result of a partial
cleavage at the NK site. This suggests that the cleavage is catalysed by a
legumain-like asparaginyl endoprotease, which have been shown to be
involved in post-translational proteolysis of seed storage protein in the vacuole
(Muntz and Shutov, 2002).

The complete nucleotide sequences show that the protein sequences of LMW-
s and LMW-m types are very similar, with the LMW-s lacking three N-terminal
amino acids (MET- MEN- or IEN) corresponding to the N-termini of the LMW-

m GS. Masci et al., (1998) identified a major LMW-GS present in the bread
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wheat cultivar Yecora Rojo (designated 42K) and compared the sequences of
the protein and corresponding putative gene. The deduced amino acid
sequence of the gene revealed the presence of the MEN tripeptide adjacent
to the protein N-terminus. This differs from the MET sequence present in the
LMW-m type GS and Masci et al. (1998) suggested that the asparagine (N)
residue provides a site for proteolysis.

In order to explore this suggestion, Egidi et al., (2014) used site-directed
mutagenesis to replace the asparagine present at position 23 of an LMW-s
subunit with threonine, and similarly mutated a LMW-m type gene to replace
threonine at position 23 to with asparagine. The mutated versions of the LMW-
m and LMW-s genes, together with the wild-type counterpart of the LMW-m
gene, were then introduced into the durum wheat variety Svevo. Proteomic
comparisons followed by MS/MS analyses and Edman N-terminal sequencing
showed that the processing is dependent on the presence of a threonine or
asparagine residue in position 23 of the coding sequences: when an
asparagine residue is present, proteins are processed as LMW-s types;
conversely, when a threonine residue is present, the mature proteins are
LMW-m types. Egidi et al., (2014) therefore suggested that the processing of
the LMW-s proteins is the result of a post-translational processing, probably
by a legumain-like asparaginyl endoprotease, as discussed above.

Bacala et al. (2020a) analysed two parents and 28 F5 progeny of a cross
between them. They identified 24 pairs of LMW-GS which differed in mass by
163 Da. Subsets of these protein pairs were present in the individual lines with
the proteins with lower masses always being less abundant and eluting faster.

They then purified the most abundant LMW-GS pair (40,344/40,181Da) from
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the Canadian bread wheat variety Cardale and used peptide mapping to show
that the 163 Da difference in mass resulted from cleavage of a conserved
tyrosine which is present at the C-terminus of all B-type LMW-GS (Bacala et
al., 2020b).

Using the same set of lines Bacala et al (2020a) demonstrated that
proteolytical processing also occurs for HMW-GS. They showed the presence
of co-eluting lower mass variants for HMW-GS subunits 1Bx7 and 1Bx7* and
1Dy. In particular, the masses of the two 1Bx subunits were reduced from
83,544 Da to 82,888 Da (a difference of 656 Da), whereas that of the 1Dy
subunit was reduced from 68,212 Da to 67,654 Da (a difference of 558 Da).
The same mass reduction was also detected for the 1Bx7 and 1Dy HMW-GS
present in the bread wheat Cardale (Bacala et al., 2020b). The authors stated
that the truncations occurred at the C-terminal end but did not determine
precise sites. This agrees with the studies of Cunsolo et al. (2003, 2004) who
showed that a proteolytic truncation removed amino acid residues from the C-
terminus of HMW-GS 1Bx7, 1Bx20, Dy10 and Dy12.

More recently, Nunes-Miranda et al. (2017), used proteomics to characterise
the faster subunit bands associated with 1By HMW-GS when separated by
SDS-PAGE. They showed that the two fast migrating bands accompanying
the major 1By HMW-GS subunits arose by proteolytic cleavage at two
asparagine residues present in the beginning of their C-terminal domain. This
processing generated two isoforms that had lost 36 or 41 amino acid residues
including a unique cysteine residue present at the C-terminal domain of the
subunits. This cysteine residues is believed to be involved in the formation of

an inter-chain disulphide bond with a cysteine residue of a x-type HMW-GS
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thus contributing to the extension of the glutenin polymers. The importance of
this bond in the formation of glutenin polymers was demonstrated by Wang et
al (2021) who studied the bread wheat variety Shumai 482 (Ax1, Bx7 + By9,
and Dx5 +Dyl10) after treatment with EMS. SDS-PAGE of the HMW-GS
showed the presence of an additional band, with a faster electrophoretic
mobility than 1Dy10 subunit on SDS-PAGE, which resulted from a missense
mutation (G to A) which led to a serine-to-asparagine substitution at residue
619 residue within the C-terminal domain of HMW-GS 1Dy10. This change
resulted in the loss of a sequence 29 residues with the mutant form accounting
for 52.6% of the total HMW-GS Dy10 and was associated with drastic changes

in quality traits, rheological properties, and baking quality.

7. Conclusions

Early studies demonstrated the importance of gluten proteins in determining
dough rheological characteristics, with gliadins imparting extensibility and
glutenin strength. The development in the past 20 years of mass-based
proteomics, with its technological evolution and versatility, has greatly
expanded our knowledge of glutenin subunits including discovering new
diversity in the number of cysteine subunits, identifying intra- inter-chain
disulphide bonds demonstrating the existence of post-translational
modifications. MS-based proteomics will also allow high throughput analysis
of the large gene pool of the Triticeae in order to identify novel variation which
can be exploited in improving durum and bread wheat. However, this progress
has mainly related to the HMW-GS and the identification of LMW-GS proteins

and corresponding genes that confer improved quality remains a challenge.
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The future landscape will also be strongly influenced by the development of
genome editing, with the CRISPR (clustered regularly interspaced short
palindromic repeats) Cas9 technology being most used due to its simplicity
and versatility. Genome edited allows the precise modification of gene
sequences including single base changes, insertions, and deletions. Genome
editing has already been applied to many crop species, including wheat, but
iIs having the greatest impact in species such as maize in which the
relationships between gene sequences and phenotypic traits are well
understood. We therefore require further information on the relationships
between the sequences of HMW and LMW GS and the structures and

functional properties of glutenin polymers to its full potential.
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Figure Legends

Figure. 1. SDS PAGE of HMW-GS present in durum and bread wheat showing
different alleles present at the three Glu-1 loci (Lanes 1, 6 Glu-A1; lanes 7-14 Glu-D1,
lanes 15-20 Glu-B1). In lane 6, 7 and 8 are shown subunits with very high molecular
size, associated at the Glu-A1 (2.1*) and Glu-D1 (2.2 and 2.2*), generated as result of

insertion of large fragments in the repetitive domain of corresponding genes.

Fig. 2. Electrophoretic separation of HMW-GS present in wild and cultivated wheat

species. From left: 1. bread wheat variety Torim, 2. durum wheat variety Duramba,
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3-5. T. araraticum, 6. T. timopheevii, 7-9. T. urartu, 10-11. T. boeoticum, 12-14. T.
dicoccoides, 15. bread wheat line with six HMW-GS.

x and y-type subunits associated with the A genome are indicated with empty and filled
triangles. (taken From Shewry et al., 2006)

Fig. 3. Structures of B-type LMW-GS (A) LMW-m and LMW-s type (B) LMW-i type. Signal
peptide (S); N-terminal region (N); repetitive domain REP); C-Terminal Region (C-TER |, II,
llI). The cysteines involved in inter-molecular disulphide bonds are indicated with dotted lines
(modified by D’Ovidio and Masci 2004).

Table 1. Role of different number of cysteine residues present in HMW-GS in
influencing dough characteristics. The improvement associated to the presence of the
1Bx7 ©F result of a quantitative effect rather than a different number of cysteine

residues.

Table 2. Composition of B- and C-Type subunits separated by RP-HPLC subunits

deduced by N-Terminal analyses (From Masci et al., 2002).
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