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Abstract Glutenin is a major determinant of baking
performance and viscoelasticity, which are responsible for
high-quality bread with a light porous crumb structure of a
well-leavened loaf. We analyzed the diversity of glutenin
genes from six wheat cultivars (Korean cvs. Keumgang and
Jinpum, Chinese cvs. China-108 and Yeonnon-78, and
Japanese cvs. Norin-61 and Kantou-107). Glutenins contain
two types of isoforms such as high molecular weight
glutenin subunit (HMW-GS) and low molecular weight

glutenin subunit (LMW-GS). Glutenin fractions were
extracted from wheat endosperm using Osborne solubility
method. A total of 217 protein spots were separated on two-
dimensional gel electrophoresis with isoelectric focusing
(wide range of pH 3–10). The proteins spots were subjected
to tryptic digestion and identified by matrix assisted laser
desorption/ionization–time of flight mass spectrometry.
HMW-GS (43 isoforms) and LMW-GS (seven isoforms)
are directly responsible for producing high-quality bread
and noodles. Likewise, all the seed storage proteins are
digested to provide nutrients for the embryo during seed
germination and seedling growth. We identified the diverse
glutenin subunits in wheat cultivars and compared the
gluten isoforms among different wheat cultivars according
to quality. This work gives an insight on the quality
improvement in wheat crop.

Keywords Wheat glutenin subunit . Matrix-assisted laser
desorption/ionization-time of flight mass spectrometry
(MALDI-TOF-MS) . Proteomics .

Two-dimensional gel electrophoresis (2-DE)

Introduction

Gluten protein composition determines the rheological
characteristics (strength and extensibility) of flour dough
and is the key constituent responsible for differences in
end-use suitability (Butow et al. 2003). The gluten proteins
consist of the monomeric gliadins and polymeric glutenins,
where glutenins contain high and low molecular weight
glutenin subunits. Wheat grain research has focused on the
detailed analysis of gluten proteins to better understand
those aspects of protein composition accounting for the
unique properties of flour (Skylas et al. 2005). Variations in
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the types of glutenin subunits correlate with quality
variations among wheat cultivars, probably by affecting
the molecular weight distribution of glutenin polymers
(Gupta et al. 1993; Gupta and Shephard 1990a, b).
Although the non-gluten protein classes such as albumin
and globulin occupy a smaller percentage of endosperm
protein, these proteins play critical roles in cellular
metabolism, development, and responses to environment.
Glutenins are made up of polypeptide chains that are cross-
linked by disulfide bonds into higher level polymers. When
treated with a reducing agent, glutenins dissociate into
subunits of differing molecular weight: the high molecular
weight subunits (HMW-GS) and the low molecular weight
subunits (LMW-GS) (Payne et al. 1981). The glutenin
consisted of two types of subunits containing LMW-GS
(10–70 kDa) and HMW-GS (80–130 kDa) (Bietz and Wall
1972). When glutenins are further reduced, two types of
subunits are released into high molecular weight subunit of
70–90 kDa and low molecular weight subunit of 20–45 kDa.
However, actual molecular weight of glutenin calculated
from derived amino acid sequences indicated 60–90 kDa,
lower molecular weight rather than ever expected (Anderson
and Green 1989; Anderson et al. 1989). Reverse-phase
HPLC analysis indicates that HMW-GS to is less hydropho-
bic than LMW-GS. HMW-GS and LMW-GS are assumed to
be cross-linked to form so-called glutenin polymers, which
are among the largest molecules in nature, with molecular
weights exceeding one million (Wrigley 1996). Using
nullisomic–tetrasomic, nullisomic–trisomic, and ditelocentric
lines of Chinese Spring, The expression of HMW-GS was
controlled by gene loci at the long arms of the chromosomes
1D and 1B (Bietz and Wall 1975). The genetics of HMW-GS
and their relationship to bread-making quality were con-
ducted in details (Lawrence and Shepherd 1981; Payne et al.
1981). Recently, studies on the characterization of glutenins
have greatly improved toward the understanding of struc-
tures and functions of HMW-GS. In particular, proteomic
technology centered with matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-
MS) has rapidly developed rapidly and become a powerful
tool for identifying storage proteins (Alberghina et al. 2005;
Kussmann et al. 1997; Muccilli et al. 2005). Some recent
investigations have focused on the tryptic peptide mapping
of high molecular weight glutenin subunits (Cozzolino et al.
2001), but little work on measuring accurate molecular
weights of the intact HMW-GS within the mixture of HMW
subunits has been reported. In order to obtain accurate
molecular weights of HMW-GS, we improved the resolving
condition of the mixture of HMW glutenin subunits for
identification by mass spectrometry, and then established a
rapid MALDI-TOF-MS method to determine accurate
molecular weights of single HMW glutenin subunits from
mixture samples.

Materials and Methods

Materials

Six genotypes of wheat cultivar seeds (two Korean cvs.
Keumgang, Jinpum, two Chinese cvs. China-108,
Yeonnon-78, and two Japanese cvs. Norin-61, Kantou-
107) were used in this study for the identification of novel
glutenin proteins by proteomics analysis. The seeds were
collected from the field of National Institute of Crop
Science, Suwon, Korea. Wheat seeds were grown in the
field under low temperature (−20 to −10°C) for 4 months,
then slowly increasing temperature and naturally exposed
up to 28°C until harvesting. The wheat seeds were
harvested for the experiment and kept in −20°C prior to
the sample preparation.

Chemical Reagents

All chemicals were of the highest purity and commercially
available products and used without further purification.
Dithioreitol (DTT), trifluroacetic acid (TFA), acetonitrile
(ACN), ethylenediaminetetraacetic acid (EDTA), ammoni-
um bicarbonate (ABC), and iodoacetamide (IAA) were
purchased from Sigma (St. Louis, MI). Ultrapure water
from Puris Ultrapure Water System (Mirae Co., Ltd, Korea)
was used in the preparation of all solutions.

Protein Extraction

We used routinely to fractionate wheat endosperm proteins,
taking advantage of the solubility properties of wheat
endosperm proteins in KCl, SDS, and acetone with minor
modifications (Hurkman and Tanaka 2007; Osborne 1924).
Fifty milligrams of flour was suspended in 200 μl of cold
potassium chloride (KCl) (50 mM Tris–HCl, 100 mM KCl,
5 mM EDTA, pH 7.8). The suspension was incubated on
ice for 5 min with intermittent mixing by vortexing
including sonication (Sonics and Materials Inc., Newtown,
USA) and centrifuged at 16,000×g for 15 min at 4°C (Hanil
Science Industrial Co. Ltd. Korea). The pellet or KCl-
insoluble fraction was suspended in 800 μl of SDS buffer
(2% SDS, 10% glycerol, 50 mM DTT, 40 mM Tris–Cl, pH
6.8) and incubated for 1 h at room temperature. The
resultant insoluble materials were removed by centrifuga-
tion at 16,000×g for 10 min at room temperature. The
proteins were precipitated from the SDS buffer by adding 4
volumes of cold (kept at −20°C) acetone and incubating the
mixture overnight at −20°C. After the centrifugation, the
pellet was rinsed by pipetting cold acetone onto the pellet,
subjected to centrifugation at 16,000×g for 10 min at room
temperature. The supernatant was discarded by careful
pipetting. The pellet (proteins including glutenin) was dried
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by vacuum centrifugation (Biotron Inc., Puchon Kyung-
gido, Korea) and solubilized in urea buffer (9 M urea, 4%
Triton X-114, 1% DTT, and 2% ampholytes) up to the final
volume of 250 µl (Kamal et al. 2009).

Gel Electrophoresis (2-DE)

Soluble proteins responsible for whole seed storage were
examined by two-dimensional gel electrophoresis according
to the protocol (O’Farrell 1975). Sample solutions (50 µl)
were loaded on to the acidic side of the IEF gels for the first
dimensional, and anodic and cathodic electrode solutions
were filled in the upper and lower electrode chambers,
respectively. Wheat grain proteins have been studied using
2-DE composed of the first dimension of IEF over the two
pH range of pH 4–7 and 6–11 and the second dimension of
SDS-PAGE (Kamal et al. 2009; Laemmli 1970; Woo et al.
2002). With the previous method, however, the separation
of protein spots were not satisfactory to resolve at around
the neutral (pH 4–7) pH range. Therefore, to avoid the
overlapping of protein spots and to increase the resolution
capacity, we adopted an IEF gel specific for pH range 3–10
in addition to the acidic and the basic pH range. SDS-PAGE
in the second dimension (Nihon Eido, Tokyo, Japan) was
performed with 12% separation and 5% stacking gels.
Protein spots in 2-DE gels were visualized by Coomassie
Brilliant Blue (CBB) R-250 staining (Woo et al. 2002).
Each sample was run three times, and the best visualized
gels were selected.

In-Gel Digestion and Mass Spectrometry Analysis

According to the previous report (Kamal et al. 2009),
selected protein spots were excised from the preparative
gels, stained with Coomassie Brilliant Blue (R-250), and
then washed with 100 µl distilled water. Each gel piece
with protein was dehydrated by 25 mM ABC/50% ACN
and washed with 10 mM DTT/0.1 M ABC. Gel pieces were
dried under vacuum centrifugation, rehydrated with 55 mM
IAA/0.1 M ABC for 30 min under the dark. After removing
the solution, the gels pieces were vortexed with 100 mM
ABC for 5 min and soaked in ACN for dehydration so that
the resulting gel pieces would shrink and become an
opaque-white color. The gel pieces were then dried under
vacuum centrifugation. For tryptic digestion, trypsin solu-
tion (4 µl in a volume) was added in rehydrated gel
particles and incubated for 45 min at 4°C and overlaid with
30 μl of 25 mM ABC (pH 8.0) to keep them immersed
throughout the digestion. The gel pieces were then
incubated overnight at 37ºC. After incubation, the solution
was spin down and transferred to a 500-µl siliconized tube.
The gel particles were resuspended in 40 µl mixture of
ACN/DDW/TFA (660:330:10 µl) three times, and again

resuspended in 100% ACN, then vortexed for 30 min,
respectively. The supernatant was dried under vacuum
centrifugation for 2 h. In MALDI-TOF/MS (AXIMA
CFR+ Plus, Shimadzu, Japan) analysis, the proteins
separated by 2-DE were digested in gels according to the
method described (Fukuda et al. 2003). The samples were
added in 10 µl (0.1% TFA) for the complete digestion. The
digests were desalted with C18 Zip Tip (Millipore, Boston,
MI) and subjected to the analysis by MALDI-TOF-MS.

Bioinformatics Analysis

The proteins were identified by searching NCBI non-
redundant database using the MASCOT program (http://
www.matrixscience.com,Matrixscienc,UK). The search
parameters were allowed for the modification of acetyl
(K), carbamidomethyl (C), oxidation (M), propionamide
(C) with peptide tolerance (±100 ppm). For MS/MS
searches, the fragmentation of a selected peptide molecular
ion peak was used to identify with a probability of less than
5%. Thus, MS/MS spectra with a MASCOT score higher than
the significant score (p<0.05) were assumed to be correct.
When more than one peptide sequence was assigned to a
spectrum with a significant score, the spectra were manually
examined. Sequence lengths, gene names, and protein
functions were identified by searching Swiss-Prot/TrEMBL
database using UniProtKB (http://www.uniprot.org).

Results

Two-Dimensional Electrophoretic Separation of Proteins

By the conventional method, the separation of protein spots
was not satisfactory at around the neutral (pH 4–7) pH
range. Therefore, to avoid the overlapping of protein spots
and to increase the resolution capacity, finally, we adopted
an IEF gel specific for pH range 3–10 in addition to the
acidic and the basic pH range. With these methods, we
identified more than 250 protein spots among six cultivars
by pH 3–10 range gels, which discovered about 45, 32, 38,
40, 26, and 36 protein spots, respectively (Fig. 3). These
protein spot patterns were highly reproducible for at least
three self-determining protein extractions. Using the 2-DE
gels for pH 3–10, the qualitative variations of 36 proteins
were revealed from six wheat cultivars (Fig. 1). Among
them, protein spots 1, 6, 9, 16, and 17 were found in
Jinpum (Fig. 1a) and protein spots 3, 4, 12, 13, 14, 15, 16,
20, 34, 38, 40, and 44 in Keumgang (Fig. 1b). In addition,
protein spots 12, 13, 14, 15, 16, 19, 20, 32, 33, 37, 38, and
40 were found in Yeonnon-67 (Fig. 1c), whereas spots 17
and 18 were in China-108 (Fig. 1d). Among the Japanese
wheat cultivars, protein spots 5 and 9 were in Norin-61
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Fig. 1 Two-dimensional (2D) PAGE resolution of glutenin subunits
(GSs) of six wheat cultivars (a Keumgang, b Jinpum, c China-108, d
Yeonnon-78, e Norin-61, f Kantou-107). The first-dimensional gel
electrophoresis (horizontal) is represented by isoelectric focusing
(IEF) ranging from pH 3–10 (left pH 3; right pH 10). In the second

dimension gels (vertical) by 12% SDS-PAGE, protein spots were
visualized using Coomassie Brilliant Blue R-250. The protein spots
correspondence to glutenin subunits are indicated by circles. Molec-
ular weight markers are shown on the left side with sizes

536 J. Plant Biol. (2009) 52:533–542



(Fig 1e), and protein spots 16, 19, 24, and 31 were in
Kantou-107 (Fig. 1f). We identified varietal variation
according to protein expression by two-dimensional elec-
trophoresis. Out of 37 analyzed protein spots by MALDI-
TOF-MS, nine expressed protein spots revealed glutenin
subunits (HMW-GS and LMW-GS) in Jinpum, ten in
Keumgang, four in Yeonnon-78 and China-108, and five
in Norin-61 and Kantou-107, respectively (Fig. 1).

Protein Identification

The 217 protein spots were analyzed by the tryptic
digestion followed by MALDI-TOF-MS. A number of
proteins could not be identified by this procedure due to
factors such as low resolution of mass spectrometry and the
lack of genome sequence about wheat. Out of 52 glutenin
proteins, using peptide fragmentation method, 13 proteins
were identified in Keumgang followed by 11 in Jinpum,
seven in China-108, six in Yeonnon-78, ten in Norin-61,
and five in Kantou-107 (Fig. 2). Out of these, 37 selected
protein spots were detected by 2-DE, and five proteins were
revealed as high molecular weight glutenin subunit (HMW-
GS) in Jinpum, nine in Keumgang, four in Yeonnon-78,
three in China-108, and five in Norin-61 and Kantou-107
using MALDI-TOF-MS (Table 1). Some proteins identified
as multiple spots differed from each other in their pls and/or
Mr. Additionally, 4, 1, and 1 spots were identified as low
molecular weight glutenin subunit (LMW-GS) in Jinpum,
Keumgang, and China-108, respectively (Table 1). HMW-
GS was identified in Keumgang (spots 31 and 34),
Yeonnon-78 (spot 8) and Norin-61 (spot 1), which is
directly associated with baking performance of wheat.
HMW-GS was encoded by the structural gene Glu-1 loci

such as Glu-1-2 (14–15 kDa) in Yeonnon-78 and China-108.
Furthermore, HMW-GS was encoded by structural gene
Glu-1 loci as Glu-1B (79.4 kDa) and Glu-1B (77.2 kDa) and
Glu-1R (77.3 kDa) in Yeonnon-78 and Norin-61, respectively.
LMW-GS proteins were encoded by LMW-GS gene
(26–40 kDa) in Jinpum, Keumgang and China-108 (Table 1).
Interestingly, we identified the different types of glutenin
subunits in wheat such as y-type (19.6 kDa from Aegilops
ventricosa, 1.5 kDa from Leymus racemosus, and 17.2 kDa
from Triticum aestivum) and s-type (27.7 kDa from Triticum
aestivum and 34.7 kDa from Aegilops tauschii) in our
experiment (Table 1 and Fig. 3).

Discussion

Throughout the world, many Asian countries have recently
launched programs to quality development with balanced
nutrients and good bread and noodles made of wheat. Our
research has focused on identifying new proteins to affect
the wheat quality. Using 2-DE and MALDI-TOF/MS
technique, the proteomic profiles of seeds were analyzed
from the relatively high-quality cultivars among Jinpum,
Keumgang, Yeonnon-78, China-108, Norin-61, and
Kantou-107. Two thousand seventeen protein spots were
chosen based on protein spot intensity among six wheat
cultivars. By the database search, the selected proteins were
separated into two functional groups. The first contains
HMW-GS proteins to directly affect the baking perfor-
mance and viscoelasticity. The second group contains
LMW-GS proteins to affect the bread-making quality,
which are associated with HMW-GS as major storage
proteins.

Fig. 2 Distribution of total
identified glutenin subunits
(GSs) protein among wheat
cultivars
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Most of wheat seed proteins are accumulated as protein
bodies in the endosperm and embryo or in the aluerone
layer. Wheat seed storage proteins, composing of HMW-
GS, LMW-GS, and gliadin, are the main contributors to
wheat flour quality to affect food preference (Tanaka et al.
2005). The HMW-GSs are encoded by genes at the
homologous loci, Glu-A1, Glu-B1, and Glu-D1, which are
located in the long arm of the homologous group 1
chromosome, which are 1AL, 1BL, and 1DL, respectively
(Payne et al. 1982). HMW-GS plays critical roles in bread-
making quality (Payne et al. 1984), and allelic variations
existed at each of the Glu-1 loci with tightly linked genes
encoding x-type and y-type HMW-GS (Payne 1987).

We identified Glu-1-2 alleles in Yeonnon-78 and China-
108, which originated from Chinese wheat cultivars. Five
Glu-A1-2 alleles were identified in 19 informative sites,
which suggested a polyphyletic origin of the A- and B-
genomes of hexaploid wheat from Asian wheat (Blatter et
al. 2004). The cultivars such as Keumgang, Yeonnon-78,
and Norin-61 have Glu-Dy alleles similar to the previous
report (Giles and Brown 2006), which has undergone
relatively rapid change since polyploidization. Duplications
and deletions of these motifs are responsible for the allelic
variation at the Glu-1R locus. Orthologous genes (from
different genomes) were more close than paralogous genes
(x- and y-type), supporting the hypothesis of gene
duplication before Triticeae speciation. Differences in the
number and position of cysteine residues identified alleles
in which the wheat cultivars are associated with good
dough quality (De Bustos and Jouve 2003).Two tightly

linked genes encode a lower molecular mass y-type subunit
and a higher molecular mass x-type subunit at each locus,
respectively. These two genes share a similar primary
structure: a signal peptide (cleaved off during maturing),
conservative N- and C-terminal domains, which contain
most of the cysteine residues present in the HMW glutenin
subunits, and a central repetitive domain constituted of
tripeptides (only in x-type), hexapeptides, and nonapep-
tides, which are similar to our experiment (Shewry et al.
1992).

Low molecular weight (LMW) GSs ranging from about
30 to 60 kDa are associated with bread-making quality
(Payne 1987). LMW-GSs are encoded by the Glu-3 loci on
the short arms of homologous group 1 chromosomes. The
Glu-3 loci consist (Gupta and Shephard 1990a, b) of a
multigene family, estimated to include 30–40 genes
(Cassidy et al. 1998).However, little is known about the
roles of LMW-GSs in bread-making quality. Almost all
LMW-s are, however, not associated with any cloned gene.
The characterization of gene(s) encoding the LMW glutenin
components associated with good bread-making quality of
“Keumgang” would be helpful for elucidating how the
components improve dough properties. Thus, we demon-
strated that the detailed characterization of glutenin com-
ponents encoded by alleles from six cultivars is possible to
separate on 2D-gel. The technique is a good tool for the
characterization of HMW and LMW glutenin complexes in
genetic analyses such as segregation of products encoded
by Glu-1 alleles. Finally, the selection of seeds carrying
both of HMW-GS and LMW-GS by wheat breeders should
lead to the development of new varieties of wheat with
improved bread-making qualities.

In conclusion, rapid and accurate differentiation of
glutenin subunits is important in wheat quality improve-
ment. To date, 2D-PAGE has been the most popular method
to detect glutenin proteins compositions of wheat cultivars.
In addition, MALDI-TOF/MS technology has been estab-
lished for characterization of wheat storage proteins
accompanying the development of wheat proteomics (An
et al. 2006; Pei et al. 2007; Wrigley 1996). The Glu-B1
proteins are highly variable, and the variants are often
related to different quality attributes and represent a group
of biochemical factors that are not yet fully utilized for
wheat quality improvement. Since these variants often have
similar molecular weights, it is usually difficult to differ-
entiate them by traditional SDS-PAGE methods. The
current study indicated that MALDI-TOF-MS is a powerful
technique for rapid identification of HMW-GS allele
diversity at the Glu-B1 locus (Li et al. 2009). Therefore,
the accurate molecular masses of the particular glutenin
subunit could be obtained rapidly as performed throughout
this study. Combining the traditional gel with MALDI-
TOF/MS may provide an alternative tool to accelerate

Fig. 3 Distribution of total detected protein spots by two-dimensional
electrophoresis from six wheat cultivars
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quality-improvement procedures of wheat cultivars. In
addition, this basic proteomic tool can be particularly
useful for accurately identifying desirable glutenin subunits
in the early generations of hybridization when some
candidate subunits are expected to transfer from one wheat
cultivar to others.
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