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Abstract The quality of wheat (Triticum aestivum L.) for
making bread is largely due to the strength and extensi-
bility of wheat dough, which in turn is due to the properties
of polymeric glutenin. Polymeric glutenin consists of high-
and low-molecular-weight glutenin protein subunits linked
by disulphide bonds between cysteine residues. Glutenin
subunits differ in their effects on dough mixing properties.
The research presented here investigated the effect of a
specific, recently discovered, glutenin subunit on dough
mixing properties. This subunit, Bx7.1, is unusual in that it
has a cysteine in its repetitive domain. With site-directed
mutagenesis of the gene encoding Bx7.1, a guanine in the
repetitive domain was replaced by an adenine, to provide a
mutant gene encoding a subunit (MutBx7.1) in which the
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repetitive-domain cysteine was replaced by a tyrosine
residue. Bx7.1, MutBx7.1 and other Bx-type glutenin
subunits were heterologously expressed in Escherichia coli
and purified. This made it possible to incorporate each
individual subunit into wheat flour and evaluate the effect
of the cysteine residue on dough properties. The Bx7.1
subunit affected dough mixing properties differently from
the other subunits. These differences are due to the extra
cysteine residue, which may interfere with glutenin poly-
merisation through cross-linkage within the Bx7.1 subunit,
causing this subunit to act as a chain terminator.

Keywords Cysteine - Dough properties - Glutenin
polymerisation - High-molecular-weight glutenin -
Site-directed mutagenesis - Wheat

Introduction

The glutenin polymers of wheat (Triticum aestivum L.)
grain, flour and dough consist of diverse high- and low-
molecular-weight glutenin subunits (HMW-GS and LMW-
GS) held together by disulphide bonds between cysteine
residues (Kasarda 1999). Together with monomeric gliadin
proteins, polymeric glutenin forms gluten, which gives
dough the capacity to trap gas bubbles produced during
fermentation, enabling bread to rise. The rheological
properties of wheat gluten are known to be affected by the
quantity of glutenin relative to gliadin and the subunit
composition of the glutenin (Janssen et al. 1996; Shewry
et al. 2000). Previous research has demonstrated that var-
iation in HMW-GS accounts for much of the variation in
the strength and elasticity of wheat gluten and dough, and
thus, the quality of wheat flour for processing into bread
and other food products (Branlard and Dardevet 1985;
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Payne et al. 1988; He et al. 2005). Functional differences
among HMW-GS are thought to be affected by the num-
bers and positions of cysteine residues, which can deter-
mine whether HMW-GS act as chain extenders or chain
terminators during polymerisation (Kohler et al. 1993;
Kasarda 1999; Lindsay et al. 2000; Pirozi et al. 2008).

The structure of HMW-GS typically consists of relatively
small N- and C-terminal domains flanking a long highly
repetitive central domain. The N-terminal domain contains
one or more (generally three to five) cysteine residues
(Tatham et al. 1991; Buonocore et al. 1996; Margiotta et al.
2000; Li et al. 2004; Shewry and Tatham 1997), while the
C-terminal domain has only one. HMW-GS have been
classified into x-type and y-type subunits. All y-type HMW-
GS have a cysteine residue present in the repetitive domain
close to C-terminal domain (Anjum et al. 2007). In contrast,
the repetitive domains of most x-type HMW-GS have no
cysteine residues. The only reported exceptions are the Dx5
subunit, which carries an additional cysteine residue in the
first repeat block adjacent to the N-terminal domain
(Anderson et al. 1989) and the recently reported Bx7.1
subunit (Gao et al. 2012) which has a cysteine residue at the
512th position of its full 774 amino acid sequence.

The variation among HMW-GS is under genetic control.
The genes encoding HMW-GS are located at the Glu-Al,
Glu-BI and Glu-DI loci on chromosomes 1A, 1B and 1D,
respectively. At the Glu-BI locus, many alleles have been
discovered (Payne and Lawrence 1983; Mclntosh et al. 2008,
2009), most of which include one gene encoding an ‘x-type’
(Bx) HMW-GS and one gene encoding a ‘y-type’ (By)
HMW-GS. However, three Glu-Bl alleles (Glu-Blal, Glu-
Bibr and Glu-B1bs) have been reported to include two Bx
genes and one By gene (Ragupathy et al. 2008; Gao et al.
2012). All three of these alleles are associated with overex-
pression of Bx subunits relative to other HMW-GS. In the
Glu-Blal allele, the two Bx genes are identical in sequence

Fig. 1 Alignment of amino
acid sequences of high-
molecular weight glutenin
subunits encoded by the Bx
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(Ragupathy et al. 2008). Each of them encodes a polypeptide
(Bx7OE) with three cysteine residues in its N-terminal domain
and one in its C-terminal domain. Wheat cultivars with the
Glu-Blal allele have strong dough (Butow et al. 2003; Eagles
et al. 2004; Vawser and Cornish 2004). The Glu-B1bs allele,
which includes a gene encoding another very similar subunit
(Bx7.3) and a gene encoding a Bx7°F subunit, seems to
confer similar effects (Gao et al. 2012). In contrast, H45, an
Australian wheat cultivar with the Glu-Bl1br allele, has rela-
tively weak dough. Gao et al. (2012) demonstrated that the
Glu-Blbr allele includes two slightly different Bx7like
genes (Bx7.1 and Bx7.2), the sequences of which each differ
by four single-nucleotide polymorphisms (SNPs) from that of
the Bx7°F gene. All four of the Bx7.1 SNPs and one of the
four Bx7.2 SNPs are non-synonymous. Interestingly, one of
the Bx7.1 SNPs leads to a cysteine residue in the repetitive
domain of the protein (Fig. 1). Gao et al. (2012) suggested
that the repetitive-domain cysteine of Bx7.1 subunits could
interfere with glutenin polymerisation by forming intra- or
intermolecular disulphide linkages.

Through genetic analysis, Gao et al. (2012) were able to
attribute protein properties of H45 to the Glu-B1br allele,
but not specifically to the Bx7.1 subunit and its extra
cysteine. Due to the very close linkage of the Bx7./ and
Bx7.2 genes, the subunits they encode are always both
present or both absent in progeny of H45. With gel elec-
trophoresis, Bx7°F-like subunits can be readily separated
from most other HMW-GS, but not from each other due to
their very similar electrophoretic mobilities. In the research
reported here, the objectives were to isolate individual
HMW-GS, investigate their effects on the mixing proper-
ties of wheat dough, and determine whether the properties
of Bx7.1 could be attributed directly to its extra cysteine.

Previous research (Békés et al. 1994b; Xu et al. 2006;
Yan et al. 2009; Chen et al. 2011) has demonstrated that
glutenin genes can be heterologously expressed in
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CQVVDQQLRDVSPYCRPITVSPGTRQYEQQPVVPSKAGSFYPS 60
CQVVDQQLRDVSPYCRPITVSPGTRQYEQQPVVPSKAGSFYPS 60

GYYPTSPQQPGQEQQSGOAQQSGQWQALVYYPTSPQAPGOLQAPAQGQQPAQGQQSAC 540
GYYPTSPQQAPGQEQQSGOAQQSGQWALVEYPTSPQAPGALQQPAQGQORPAQGQQSAQ 540
GYYPTPPQQPGQEQQSGCQACQSGAQWALVYYPTSPQAPGALOQQAPAQGQQPAQGQQSAQ 540
GYYPTSPQQPGQEQQSGQAQQSGAWALVYYPTSPQQPGAOLAQPAQGQQPAQGQQSAQ 540
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mutagene51s
Glu-Blal Bx7%F  GHQSGQGQQGYYPTSLWQPGQGQQPGQGAQGYASPYHVSAEYQAARLKVAKAQQLAAQLPAMCRLEG 766
Glu-BlbrBx7.1  GHQPGQGQQGYYPTSIWQPGQGQQPGQGQQGYASPYHVSAEYQAARLKVARAQQLAAQLPAMCRLEG 766
Glu-BlbrBx7.2  GHQSGQGQQGYYPTSLWQPGQGQQAPGQGQQGYASPYHVSAEYQAARLKVAKAQQLAAQLPAMCRLEG 766
Glu-B1bsBx7.3  GHQSGQGQQGYYPTSLWQPGQGQQAPGQGQQGYASPYHVSAEYQAARLKVAKAQQLAAQLPAMCRLEG 766
Glu-B1bs Bx7°f  GHQSGQGQQGYYPTSLWQPGQGQQPGQGOQGYASPYHVSAEYQAARLKVAKAQQLAAQLPAMCRLEG 766
MutBx7.1 GHQPGQGQQGYYPTSLWQPGQGQAPGOGQAGYASPYHVSAEYQAARLKVARAQQLAAQLPAMCRLEG 766

@ Springer



A cysteine in the repetitive domain of a high-molecular-weight glutenin subunit interferes 1063

Escherichia coli. This provides a means of obtaining
samples of individual subunits. Here, to permit direct
investigation of the effects of the extra cysteine of the
Bx7.1 subunit, site-directed mutagenesis was used to
replace the repetitive-domain cysteine codon of the Bx7.1/
gene by a tyrosine codon. The resulting mutant gene
(MutBx7.1), the Bx7.1 gene, and other Bx7%E-like genes
were then expressed in E. coli, to provide sufficient
amounts of protein to be incorporated into flour for SDS
sedimentation and small-scale dough mixing tests.

Materials and methods
Site-directed mutagenesis

A mutant gene (MutBx7.1) was prepared using the polymerase
chain reaction (PCR) with the Quick Change Site-directed
Mutagenesis Kit (Stratagene). A previously constructed plas-
mid (pGEM-T) containing the gene encoding the Bx7.1
subunit of H45 (Gao et al. 2012) was used as the template.
The guanine at 1,598 nt was substituted with adenine using
the following synthetic oligonucleotides as mutagenic prim-
ers: SDM-Forward: 5'-ACAATGGCAACTAGTGTACTA
CCCAACTTCTCCGC-3' and SDM-Reverse: 5-GCGGAGA
AGTTGGGTAGTACACTAGTTGCCATTGT-3' (mutation
site underlined). The amplification profile was one cycle at
95 °C for 1 min, followed by 18 cycles of 95 °C for 50 s,
70 °C for 50 s and 68 °C for 6 min, and a final extension
step at 68 °C for 7 min. Mutagenesis was confirmed by
commercial sequencing of the mutated gene (Australian
Genome Research Facility).

Preparation of flour samples

Grains harvested from glasshouse-grown plants of each of
the wheat cultivars Glenlea, H45, Gabo and the wheat
breeding line VQO0437 were conditioned to 15 % (w/w)
moisture level overnight and milled using a Brabender
Quadrumat Senior mill. Gabo, a weak-gluten cultivar that
carries the alleles Glu-Alb, Glu-Bli and Glu-D1a (Cinco-
Moroyoqui and MacRitchie 2008) and has no Bx7-like
HMW-GS, was included to provide a suitable base (con-
trol) flour for the incorporation of heterologously expressed
HMW-GS. The protein and moisture contents of each flour
sample were estimated by near infrared reflectance.

Analysis of mixing properties of plain flour samples

Analysis of plain flour of Glenlea, H45, VQ0437 and Gabo
was conducted using a 10-g Mixograph pin mixer (National
Manufacturing Company, Lincoln, NE, USA) using AACC
Approved Method 54-40A (American Association of Cereal

Chemists 1995), with dough prepared according to water
absorption levels determined with small-scale dough mixer
(4-g micro-doughLAB z-arm mixer, Perten Ltd., NSW,
Australia) (Bason et al. 2007). Results were analysed using the
MixSmart software (AEW Consulting, Lincoln, NE, USA).
The measured torque data were used to determine three
parameters: dough development time, resistance at breakdown
5 min after the dough development time, and bandwidth at
breakdown 5 min after the dough development time. Stronger
mixing flours will have longer dough development times, and
be more resistant to over-mixing, as indicated by lower values
of resistance and bandwidth at breakdown.

Heterologous expression of high-molecular weight
glutenin subunit genes

The Bx7.1 and Bx7.2 genes previously isolated (Gao et al.
2012) from the wheat cultivar H45 (GenBank accessions
JF938070 and JF938071), the Bx7.3 and Bx7%E genes
isolated from the wheat breeding line VQO0437 (JF938072
and JF938073), the two Bx7°" gene copies isolated from
the wheat cultivar Glenlea (EU157184) and the mutant
gene MutBx7.1 were all maintained in the plasmid pGEM-
T vector (Promega). The coding region of each gene,
excluding its signal peptides, was amplified using a QIA-
GEN LongRange PCR Kit (QIAGEN). The amplification
profile was one cycle at 93 °C for 3 min, followed by 35
cycles of 93 °C for 15 s and 68 °C for 3 m, and a final
extension step at 72 °C for 7 min. The expression primers
were 5-ACCCATATGGAAGGTGAGGCCTCT-3' and
5'-CTAGAATTCCTATCACTGCCTGGTCGA-3'. These
primers introduce Nde 1 and EcoR 1 recognition sites
(underlined). These recognition sites were used to perform
sticky-end ligation of the amplicons into the bacterial
expression vector pET-24a (Novagen). After an overnight
ligation at 4 °C, the constructs were transformed separately
into E. coli strain BL21 (DE3)-plysS cells by electroporation
(Dower et al. 1988). A single recombinant colony was inoc-
ulated into 5 ml of lysogeny broth (LB) medium, incubated
overnight at 37 °C and then transferred to 1000 ml of LB
medium. Heterologous expression was induced by the addi-
tion of isopropyl-B-D-thiogalactopyranoside (IPTG) to a final
concentration of 1 mol/m® once the ODgy (the optical density
of the sample measured at a wavelength of 600 nm) of the
culture had reached approximately 0.6. To provide a negative
control, bacteria were transformed with an empty pET-24a
plasmid. The cultured cells were induced at 37 °C for 4 h, and
harvested by centrifugation (10,000 rpm, 4 °C, 10 min).

Isolation of heterologously expressed proteins

Cell disruption and fractionation were carried out accord-
ing to Dowd and Békés (2002) with minor modifications.
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Cell pellets were resuspended in lysis buffer (50 mol/m?
Tris-HCl pH 7.3, 100 mol/m® NaCl, 1 mol/m® EDTA,
1 mol/m*PMSF and 10 mol/m? dithiothreitol (DTT)), at a
ratio of 1 g cells to 5-ml buffer, placed on ice and disrupted
by sonication over a period for 5 min (with cycles of 2 s
sonication at 400 W output separated by pauses of 2 s).
After centrifugation (12,000 rpm, 4 °C, 15 min), the
supernatant was discarded, and the pellet was washed twice
with distilled water plus 100 mol/m® DTT and 10 mol/m?
PMSEF to remove water-soluble cell proteins. The suspen-
sion was centrifuged as above and the supernatant was
discarded. Then, the pellet was resuspended in 5 ml of
50 % (v/v) propan-1-ol containing 10 mol/m® DTT, with
the suspension sonicated for 15 s twice to assist solubili-
sation. The sample was incubated at 65 °C for 2 h, with
vortexing every 5 min. After centrifugation (12,000 rpm,
10 min), the extracted protein in the supernatant was
pooled, dialysed for 48 h against 150 ml of 0.1 % acetic
acid and freeze-dried.

Analysis of heterologously expressed proteins

The purified protein samples, Bx7°F, Bx7.1 and MutBx7.1
prepared as described above, were completely dissolved in
sample buffer (0.02 % bromophenol blue, 80 mol/m® Tris-
HCI (pH 8.0), 69 mol/m? SDS) containing 1 % (w/v) DTT.
Electrophoresis was conducted using the methods descri-
bed by Gao et al. (2012). The gel was stained with staining
solution (0.1 % Coomassie Brilliant Blue R-250, 50 %
methanol and 10 % glacial acetic acid) and destained with
destaining solution (40 % methanol and 10 % glacial
acetic acid). Gel segments containing the heterologously
expressed proteins were excised, crushed and destained
with 50 mol/m* ammonium bicarbonate in 30 % acetoni-
trile. The proteins were reduced with 0.5 pmol DTT in
100 mol/m® ammonium bicarbonate and alkylated with
2.75 pmol iodoacetamide in 100 mol/m® ammonium
bicarbonate. After digestion with 100 ng of sequencing-
grade modified trypsin (Promega) in 5 mol/m> ammonium
bicarbonate containing 10 % acetonitrile, the subsamples
were extracted with 1 % formic acid in water, 1 % formic
acid in acetonitrile and 100 % acetonitrile for LC-eSI-IT
mass spectrometry at the Adelaide Proteomics Centre.

SDS sedimentation test

For plain flour, SDS sedimentation tests were conducted
using the methods described by Gao et al. (2012). For Gabo
base flour supplemented with each of the seven heterolo-
gously expressed subunits, a reversible reduction—oxidation
procedure (Békés et al. 1994a) was employed to incorpo-
rate the expressed polypeptides into the base flour, and
SDS sedimentation tests were conducted using the methods
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described by Carter et al. (1999) with minor modifications.
A 0.5 g sample of base flour (10.0 % moisture and 19.2 %
protein) was supplemented with 5 mg of heterologous
protein, then thoroughly mixed with 2.9 ml distilled water
plus 0.1 ml of 0.1 mg ml~" DTT for 20 s on a high-speed
vortex mixer, allowed to hydrate for 5 min, mixed again on
the high-speed vortex for 10 s, and then allowed to hydrate
for another 5 min. At this point, 0.05 ml of 0.5 mg ml™"
KIO5; was added and mixed for 30 s, then the sample was
rested for 5 min. Lactic acid/SDS solution (9 ml) was
added to each sample, and the tubes were agitated on a
Zeleny-type rocker (40 cycles min-1e) for 40 s, rested for
2 min, and agitated again for 40 s. The racks were left in an
upright position for 10 min and the height of the sediment
was recorded. Each SDS sedimentation test was performed
twice, with samples of the cultivar Gabo included in each
rack as controls.

Dough mixing test

A 4 g micro-doughLLAB z-arm mixer (Perten Ltd., NSW,
Australia) (Bason et al. 2007) was used to carry out
reduction—oxidation mixing and to assess optimal water
absorption levels in triplicate. Each of the seven expressed
polypeptides was incorporated into Gabo base flour using a
reversible reduction—oxidation procedure (Békés et al.
1994a, b; Oszvald et al. 2009), with minor modifications.
The 4 g base flour (at 10.04 % moisture) and 20 mg (0.5 %
of base flour) or 40 mg (1.0 % of base flour) of heterolo-
gous protein were mixed with 2.69 ml of water and 0.1 ml
water containing 0.5 mg ml~' DTT for 30 s, and rested for
3 min. At this point, 0.05 ml of 2.5 mg ml~' KIO; was
added, and the dough mixed for 30 s, then rested for 4 min,
and finally mixed for an additional 10 min. Mixing curves
and other dough quality parameters were registered. The
mixing parameters selected for evaluation of the effect of
heterologously expressed protein on dough properties
were: water absorption, which is the water content of the
dough as a percentage of the flour weight necessary to
achieve a dough of desired consistency; dough develop-
ment time, which is the time to reach the peak resistance of
the dough; and stability, which is the time between the
arrival and departure times, and is a measurement of dough
strength (Oszvald et al. 2009). Dough samples were
collected at peak time from the micro z-arm mixer and
freeze-dried for protein analysis.

Size-exclusion high-performance liquid
chromatography (SE-HPLC)

Freeze-dried dough samples were ground and the proteins
were extracted in two steps following the method described
by Gao et al. (2012). To determine the protein size
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distribution in both extractable and unextractable protein
fractions of the dough, SE-HPLC analysis was carried out
in duplicate according to Larroque and Bé€kés (2000). The
proportion of unextractable polymeric protein (%UPP) was
calculated.

Results

Mixing and physiochemical properties of plain flour
samples

The plain flour samples milled from Glenlea, H45, VQ0437
and Gabo had moisture contents ranging from 10.0 to
10.5 % and protein contents ranging from 14.8 to 19.2 %
(Table 1). Glenlea had the highest SDS sedimentation
volume and %UPP value, followed by VQO0437, H45 and
Gabo (Table 1). Consistent with this, the mixograph anal-
yses confirmed that the sample of Glenlea flour had
stronger dough properties than the samples of Gabo and
H45 flour, with relatively long dough development times,
and good resistance to over-mixing as demonstrated by
lower resistance and bandwidth breakdown values at 5 min
beyond dough development time (Online Resource 1). The
dough mixing parameters of VQ0437 were intermediate
between those of Glenlea and H45 (Table 1). Gabo flour
had a very high water absorption level (71.4 %) which
would, in part, be due to the very high protein content of
this flour (19.2 %). H45 and VQO0437 had moderately high
water absorption values (around 66 %), while Glenlea had
the lowest water adsorption value (63.9 %).

Site-directed mutagenesis and heterologous expression
of HMW-GS

DNA sequencing of the mutant gene MutBx7.1 confirmed
that site-directed mutagenesis had successfully replaced the
guanine (G) at the 1,598 nt position of the Bx7.] gene by an

adenine (A), changing the repetitive-domain cysteine
codon to a tyrosine codon (Online Resource 2).

The MutBx7.1 glutenin gene generated by site-directed
mutagenesis and each of the Bx7“-like glutenin genes
from Glenlea, H45 and VQO0437 was successfully expres-
sed by in E. coli. Heterologous expression generated
1020 mg purified protein per litre of LB medium. As
expected, the SDS-PAGE mobility of each of the purified
heterologously expressed proteins was the same as that of
the Bx7°"-like subunits extracted from flour of Glenlea,
H45 and VQO0437 wheat (Fig. 2). The LC-eSI-IT mass
spectrometry results, which covered between 3 and 10 %
of the full sequences of the three subunits, confirmed that
peptide sequences were the same as predicted from the
nucleotide sequences (Online Resource 2).

Effects of heterologously expressed HMW-GS
incorporated into wheat flour

Incorporation of each heterologously expressed protein
increased SDS sedimentation volume relative to that of plain
Gabo base flour: from 15.3 and 16.5 mg g~' (7.8 % increase)
for Bx7.1 and to between 18.1and 18.5 g ml ™' (18.3t020.9 %
increase) for the other proteins, including MutBx7.1 (Table 2).

Flour incorporated with the lower amount (20 mg) of
any of the heterologously expressed glutenin subunits
increased water absorption relative to the Gabo base flour
(Fig. 3). Similarly, flour incorporated with the higher
amount (40 mg) of the Bx7.1 subunit increased water
absorption. In contrast, incorporation of 40 mg of any of
the other subunits (including MutBx7.1) caused little or no
change to water absorption (—0.4 to 0.4 %).

Addition of expressed glutenin subunits increased dough
development time, mixing stability and %UPP, particularly
when the larger amount (40 mg) of protein was added
(Fig. 3). For these dough properties, the changes observed
for the Bx7.1 subunit were substantially less than for the
other subunits, including MutBx7.1.

Table 1 Protein and moisture contents, dough mixing properties assessed with a 10-g mixograph, SDS sedimentation volume and SDS-
unextractable polymeric protein (UPP) of flour samples milled from four lines of wheat

Wheat Bx Protein Moisture ~ Water Dough mixing properties SDS UPP
line subunits content  content absorption - - sedimentation (%)
(%) (%) (%) Dough Resistance Bandwidth volume

development  breakdown at  breakdown (ml g~

time (min) 5 min (%) at 5 min (%)
Gabo 17 19.2 10.0 714 3.67 16.2 79.9 15.3 27.9
Glenlea 70 17.3 10.0 63.9 9.46 10.2 51.3 24.5 52.7
H45 7.1 and 7.2 14.8 10.5 66.3 3.53 17.2 67.0 19.3 30.1
VQ0437 7.3 and 7°F 16.3 10.4 66.6 5.07 14.0 62.1 23.6 443
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Fig. 2 SDS-PAGE profiles of purified and heterologously expressed
HMW-GS. Lanes 1-3, HMW components extracted from Glenlea,
H45 and VQO0437 flour, / and 2* HMW-GS encoded by Glu-Ala and
Glu-Alb, 7 and 8* HMW-GS encoded by Glu-Blal, 7* and 8* HMW-
GS encoded by Glu-Bl1br, 7” and 8* HMW-GS encoded by Glu-Blbs,
5 and /0 HMW-GS encoded by Glu-DId, 2 and 12 HMW-GS
encoded by Glu-Bla, respectively; lanes 4-10, purified proteins of
Bx7°F copyl, Bx7°F copy2, Bx7.1, Bx7.2, Bx7.3, Bx7°F from
VQ0437 and MutBx7.1; lane 11, pET-24a in BL21 (DE3)-plysS cells
induced by isopropyl-B-D-thiogalactopyranoside; lane 12, pET-24a-
Bx7 in BL21 (DE3)-plysS cells not induced by isopropyl-p-D-thioga-
lactopyranoside; lanes 13-19, pET-24a-Bx7°" copyl, pET-24a-Bx7°F
copy2, pET-24a-Bx7.1, pET-24a-Bx7.2, pET-24a-Bx7.3, pET-24a-
Bx7°%-VQ0437 and pET-24a-MutBx7.1 in BL21 (DE3)-plysS cells
induced by isopropyl-f3-D-thiogalactopyranoside

Discussion

Site-directed mutagenesis and heterologous expression
of HMW-GS

In this research, a mutant gene was obtained by site-
directed mutagenesis of a native glutenin gene originally
isolated from an Australian wheat cultivar. The wild-type
genes and the mutant derivative were expressed in E. coli,

and small amounts of purified HMW glutenin proteins were
obtained for flour and dough property tests.

Site-directed mutagenesis has been widely applied in
genetic engineering of seed storage proteins of wheat, rice
and maize (Washida et al. 1999; Holding and Larkins
2008). This has included some research on glutenin genes
of wheat (Shani et al. 1994; Orsi et al. 2001; Lombardi
et al. 2009; Saumonneau et al. 2011). Heterologous
expression in E. coli has been widely used to obtain indi-
vidual glutenin subunits (Shani et al. 1992; Anderson et al.
1996; Tamas et al. 1998; Dowd and Békés 2002; Xu et al.
2006; Yan et al. 2009; Liu et al. 2010) and proteins pro-
duced in this way have previously been incorporated into
flour to study their functional effects on dough mixing
properties (Tamads et al. 1998; Xu et al. 2006; Yan et al.
2009; Liu et al. 2010; Chen et al. 2011; Anderson and
Békés 2011; Anderson et al. 2011). Here, heterologous
expression permitted the isolation of subunits encoded by
very tightly linked genes and the combination of site-
directed mutagenesis with heterologous expression made it
possible to investigate the effect of one particular poly-
morphism within a gene. This approach was effective here
and could be useful for studying the effects of other dif-
ferences among glutenin subunits.

Conditions and base flour for polypeptide incorporation

The reversible reduction—oxidation procedure for incorpo-
ration of polypeptides into base flour was first established
by Békés et al. (1994a). When dough is partially reduced
with DTT, it allows the rupture of disulphide bonds within
the dough structure, which reduces the average molecular
weight of the peptides and interferes with dough mixing
properties. When the dough is reoxidised with potassium
iodate, free sulfhydryl groups participate in disulphide
linkages, permitting recovery of dough mixing properties.

Table 2 SDS sedimentation volumes of samples of base flour milled from Gabo wheat with and without incorporation of heterologously

expressed high-molecular weight glutenin subunits

Glutenin subunit Source of glutenin gene

SDS sedimentation volume

Mean® (ml g_l) Standard deviation % of Gabo
None 153 0.14 100.0
Bx7°F copyl Glenlea 18.2 0.28 119.0
Bx7°F copy2 Glenlea 18.3 0.42 119.6
Bx7.1 H45 16.5 0.14 107.8
Bx7.2 H45 18.3 0.14 119.6
Bx7.3 VQ0437 18.5 0.42 120.9
Bx7°E VQ0437 18.4 0.28 120.3
MutBx7.1 H45° 18.1 0.14 118.3

? The MutBx7.1 gene was obtained by site-directed mutagenesis of the H45 Bx7.1 gene

° The mean SDS sedimentation volumes were calculated based on two replications
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Fig. 3 Percentage changes in dough mixing properties and unex-
tractable polymeric protein with heterologously expressed glutenin
subunits incorporated at two levels (20 and 40 mg) into 4 g of Gabo
base flour, relative to those of the base flour

This reduction—oxidation procedure allows added glutenin
subunits to be incorporated into the polymeric protein of
the base flour. This procedure has previously been used to
study the functional effect of proteins, especially LMW-GS
and HMW-GS from wheat, on dough mixing properties
(Tamas et al. 1998; Shewry et al. 2003; Xu et al. 2006;
Maforimbo et al. 2008; Yan et al. 2009; Liu et al. 2010;
Chen et al. 2011).

The flour samples of the wheat lines used here all came
from glasshouse-grown plants and were quite high in
protein (ranging from 14.8 to 19.2 %) relative to what
might be expected for flour milled from wheat grain pro-
duced in the field. Nevertheless, the wheat lines ranked as
expected with respect to their SDS sedimentation volume,
%UPP and dough mixing parameters, with the Gabo base
flour having the lowest values for all traits, yet still having
a dough development time longer than the 1 min minimum
recommended by Békés et al. (1994a). Thus, the Gabo flour
sample was suitable as base flour for incorporation of
subunits from the other three lines.

As indicated by Békés et al. (1994a), the concentration
of reducing-oxidising agents required varies according to
protein content and glutenin composition of the base flour
and the ratio of incorporated glutenin proteins to base flour.
In most studies, the amounts of glutenin protein incorpo-
rated have ranged from 0.25 to 1.0 %, expressed as a
percentage of the amount of base flour used. Given the very
high protein content of the Gabo base flour, the dough
mixing tests were conducted at two supplementation levels
(0.5 and 1.0 %). As recommended by Békés et al. (1994a),
mixing for 30 s was used to ensure effective dispersion of
reducing and oxidisation reagents.

Effects of heterologously expressed HMW-GS on SDS
sedimentation volume

As the two Bx7°F genes in the Glu-Blal allele of Glenlea
are identical, there are no differences between the ‘copyl’
and ‘copy2’ Bx7°F constructs. The subunits generated from
these constructs are essentially replicates of each other.
Similarly, the subunits generated by the Bx7°% gene in the
Glu-B1bs allele of VQO0437 are identical to those from the
Glenlea Bx7°F genes, because the DNA polymorphisms
are synonymous. In contrast, the Bx7.1, Bx7.2, Bx7.3 and
MutBx7.1 subunits all differ in sequence from each other
and from Bx7°F. Most notably, the Bx7.1 subunit (one of
the subunits from the Glu-Blbr allele of H45) has a cys-
teine residue in its repetitive domain (Fig. 1). Consistent
with the results of previous SDS sedimentation tests con-
ducted on flour from H45, VQ0437 and Glenlea wheat
(Gao et al. 2012), the Bx7.1 subunit did not increase the
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SDS sedimentation volume as much as Bx7°E, Bx7.2 or
Bx7.3 subunits when incorporated into a base flour. Fur-
ther, the MutBx7.1 subunit, which differs from the Bx7.1
subunit by only one amino acid residue, was similar in
effect to the BX7OE, Bx7.2 and Bx7.3 subunits. These
results are consistent with the hypothesis that it is the extra
cysteine in the Bx7.1 subunit that affects the functional
properties of glutenin in the wheat cultivar H45. Given the
differences obtained with this predictive test, further work
was done to investigate the effects of the individual sub-
units on mixing properties of dough and on the %UPP of
glutenins in the dough.

Effects of the incorporation of the heterologously
expressed HMW-GS on dough mixing properties

As expected, flour milled from H45 produced much weaker
dough than flour milled from Glenlea. This could be due to
differences between the Bx7.1 and Bx7.2 subunits of H45
and the Bx7°F subunit of Glenlea (Vawser and Cornish
2004; Gao et al. 2012), but also to other differences in
glutenin composition between the two cultivars. In partic-
ular, Glenlea expresses the Dx5 and Dy10 subunit combi-
nation, which has been reported to give stronger dough
properties than the Dx2 and Dyl2 combination (He et al.
2005; Ohm et al. 2008), which is present in H45. Thus,
plain-flour results are not sufficient to attribute these dif-
ferences directly to Glu-BI polymorphism.

Differences between H45 and VQO0437 are more likely
to be due to Glu-B1 alone, as these two lines have the same
genotypes at other loci affecting grain quality. Further, Gao
et al. (2012) reported that Glu-B1br co-segregated with low
%UPP in the progeny of a cross between H45 and VQ0437.
Here, SDS sedimentation, %UPP and dough mixing
parameters were all lower for flour milled from H45 than
for flour milled from VQO0437, indicating that H45 has
weaker dough properties than VQ0437.

Even for comparisons of H45 with VQO0437, the plain-
flour results are not sufficient to attribute effects to indi-
vidual subunits. Attribution of effects to individual
subunits required the isolation of those subunits and the
incorporation individual subunits into base flour.

Consistent with the results of the SDS sedimentation
test, incorporation of the Bx7.1 subunit into dough did not
improve dough mixing properties as much as incorporation
of Bx7°E, Bx7.2, Bx7.3 or MutBx7.1. The contrast
between the effects of Bx7.1 and MutBx7.1 is particularly
significant, as these two subunits differ by only one amino
acid residue. The dough properties expected for Bx7°F
were apparently recovered by replacing the repetitive-
region cysteine of Bx7.1 by a tyrosine. Furthermore, the
dough with the Bx7.1 subunit incorporated yielded the
lowest %UPP value, indicating that a less extensive
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polymeric polypeptide structure was obtained with Bx7.1
than with any of the other subunits investigated here. The
MutBx7.1 subunit generated %UPP levels similar to those
obtained with the Bx7°E, Bx7.2 and Bx7.3 subunits. This
provides strong evidence that the presence of a cysteine in
the repetitive region of a Bx7°-like subunit is sufficient to
interfere with the functional properties of polymeric
glutenin.

Effect of heterologously expressed HMW-GS on water
absorption properties

Incorporation of glutenin subunits into dough mixed using
a z-arm configuration affords the ability to determine the
water absorption properties of the incorporated glutenin
subunits and base flour. This is in contrast to previous
studies that have used only a mixograph pin mixer, with the
amount of water added based on the protein and moisture
contents of the flour and added protein. This study is the
first to investigate effects of glutenin subunit incorporation
on dough water absorption behaviour. Incorporation of
glutenin subunits at the 0.5 % level increased water
absorption (for all subunits) but incorporation of glutenin
subunits at the 1.0 % level only slightly altered water
absorption (for all subunits except Bx7.1). In an earlier
investigation of the effect of protein supplementation (as
opposed to incorporation) on z-arm mixing properties,
increasing the amount of protein added elevated water
absorption, but increasing glutenin-to-gliadin ratios did not
(Haraszi et al. 2004). The behaviour observed here at 0.5 %
addition is consistent with conclusions from the supple-
mentation studies but the behaviour at 1.0 % addition is
not. Incorporation of the higher level of glutenin subunits
into the polymeric polypeptide structure of the base flour
reduced the ability of the polymeric polypeptide to absorb
water, probably via the formation of additional cross-links.
This is in contrast to the continual increase in water
absorption that is observed as increasing amounts of pro-
tein are added without incorporation into the polymeric
polypeptide structure. The anomalous behaviour of the
Bx7.1 subunit, which showed increases in water absorption
at both the 0.5 and 1.0 % addition levels, is consistent with
the low %UPP values obtained at both levels and with the
hypothesis that this subunit has a limited ability to form
intermolecular cross links in polymeric protein.

Possible mechanisms for the effect of an extra cysteine
residue on dough properties

The combined use of site-directed mutagenesis, heterolo-
gous expression and reduction—oxidation incorporation of
polypeptides into flour has provided sufficient evidence to
attribute the unusual effect of the Glu-BIbr allele to the
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Fig. 4 Schematic representations of a a Bx7°F (or MutBx7.1 or
Bx7.2 or Bx7.3) glutenin polypeptide showing the positions of its four
cysteine residues and an expected intramolecular disulphide bond
(dashed line), with two terminal-domain cysteines remaining avail-
able to participate in intermolecular linkages; b a Bx7.1 glutenin
subunit showing the positions of its five cysteine residues and the

‘extra’ cysteine of the Bx7.1 subunit. Given the importance
of disulphide linkages between cysteine residues in the
formation and stabilisation of polymeric glutenin, it seems
likely that the mechanism of the Glu-B1br effect involves
participation of the extra cysteine in disulphide bonds.
Intuitively, it might be expected that additional opportu-
nities for cross-linkage would enhance polymerisation, yet
the effects observed here all seem more consistent with
reduced polymerisation.

Like most x-type HMW glutenin subunits, Bx7°%,
MutBx7.1, Bx7.2, Bx7.3 and MutBx7.1 each contain four
cysteine residues, three in the N-terminal domain and one
in the C-terminal domain. Normally, as shown in Fig. 4a,
two of the cysteines in the N-terminal domain would be
connected by an intramolecular bond, while the other two
cysteines would be available to form end-to-end bonds
with cysteines in other glutenin subunits (Keck et al. 1995;
Wieser 2007). If the extra cysteine of the Bx7.1 subunits
(Fig. 4b) forms an intermolecular (middle-to-end or mid-
dle-to-middle) bond, this might interfere with end-to-end
linkage among subunits and/or cause branching of the
polymer. Alternatively, in accordance with the suggestion
of Kasarda (1999) that intramolecular links form more
rapidly than intermolecular links, the repetitive-domain
cysteine may link with one of the terminal-domain cyste-
ines (Fig. 4c, d) of the same subunit. This would leave only
one terminal-domain cysteine available to form an inter-
molecular bond. This would cause the Bx7.1 subunit to act
as a chain terminator, preventing other subunits from
linking to the glutenin polymer. Either of these types of
interference with glutenin polymerisation could explain the

same intramolecular disulphide bond that is expected in Bx7°F,
leaving two terminal-domain cysteines and one repetitive-domain
cysteine available to participate in intermolecular linkages; ¢ and
d the Bx7.1 glutenin subunit showing two hypothetical combinations
of intramolecular disulphide bonds, each leaving one terminal-domain
cysteine available to participate in intermolecular linkages

observed functional properties of H45 flour and of Gabo
flour supplemented with the Bx7.1 glutenin subunit.
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