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Abstract High molecular weight (HMW) glutenin
subunits are conserved seed storage proteins in wheat
and related species. Here we describe a more detailed
characterization of the HMW glutenin subunits from
Aegilops searsii, which is diploid and contains the Ss

genome related to the S genome of Aegilops speltoides
and the A, B and D genomes of hexaploid wheat. SDS-
PAGE experiments revealed two subunits (one x and
one y) for each of the nine Ae. searsii accessions ana-
lyzed, indicating that the HMW glutenin subunit gene
locus of Ae. searsii is similar to the Glu-1 locus found in
wheat in containing both x and y genes. The primary
structure of the four molecularly cloned subunits (from
two Ae. searsii accessions) was highly similar to that of
the previously reported x and y subunits. However, in
one accession (IG49077), the last 159 residues of the x
subunit (1Ssx49077), which contained the sequence ele-
ment GHCPTSPQQ, were identical to those of the y
subunit (1Ssy49077) from the same accession. Conse-
quently, 1Ssx49077 contains an extra cysteine residue

located at the C-terminal part of its repetitive domain,
which is novel compared to the x-type subunits
reported so far. Based on this and previous studies, the
structure and expression of the Glu-1 locus in Ae. sear-
sii is discussed. A hypothesis on the genetic mechanism
generating the coding sequence for the novel
1Ssx49077 subunit is presented.

Introduction

High molecular weight (HMW) glutenin subunits con-
stitute one of the major classes of seed storage proteins
in wheat and related species (Payne 1987; Shewry et al.
1989). Their expression, structure and function have
been intensively studied in hexaploid wheat because
they play an important role in determining the end use
qualities of bread wheat varieties (Payne et al. 1981;
Shewry et al. 2003c). Genetic investigations have
shown that, in hexaploid wheat, HMW glutenin subun-
its are encoded by the x and y genes contained in the
Glu-A1, Glu-B1 and Glu-D1 loci (Brown et al. 1979;
Lawrence and Shepherd 1981; Shewry et al. 2003b).
Owing to allelic variation and gene silencing, bread
wheat varieties usually express three to Wve subunits,
and the compositions of the HMW glutenin subunits
often diVer among diVerent varieties (Shewry et al.
2003c). The x and y subunits share a highly similar pri-
mary structure, which consists of a signal peptide
(removed from the mature protein), a N-terminal
domain, a central repetitive domain and a C-terminal
domain (Shewry et al. 1995). Most of the reported x-
type subunits possess four conserved cysteine residues
(three in the N-terminal domain, one in the C-terminal
domain), and the majority of the y-type subunits
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characterized thus far contain seven conserved cysteine
residues (Wve in the N-terminal domain, one in the
repetitive domain and one in the C-terminal domain)
(Shewry et al. 1995). These cysteine residues are
involved in the formation of disulphide bonds within
and between subunits and are thus important for the
high order structure and the functionality of these pro-
teins in shaping the elastic properties of the gluten
complex in wheat dough (Shewry et al. 1995). In both
x- and y-type subunits, the repetitive domains are com-
posed of short and repeated peptide (tripeptide, hexa-
peptide, nanopeptide) motifs, with the presence of the
tripeptide motif being unique to the repetitive domain
of x-type subunits (Shewry et al. 1995). Based on avail-
able studies, the HMW glutenin subunits from various
Aegilops species and rye have a primary structure simi-
lar to that of the wheat subunits (Mackie et al. 1996;
Xie et al. 2001; Wan et al. 2002, 2005; Yan et al. 2002;
Liu et al. 2003). In contrast, the D-hordeins from bar-
ley are more distantly related to the HMW glutenin
subunits from wheat and Aegilops species (Shewry
et al. 1989; Halford et al. 1992).

Although the general organization of the primary
structure of diVerent HMW glutenin subunits is well
conserved, novel variations do occur to their amino
acid sequences. One of the most common variations is
changes in the number of cysteine residues, and these
variations have been exploited for both applied and
basic studies on these proteins. For example, the 1Dx5
subunit has an extra cysteine residue located at the N-
terminal part of its repetitive domain and this subunit
has frequently been found to associate with improved
processing quality in bread wheat varieties (LaWandra
et al. 1993; Gupta and MacRitchie 1994). More
recently, a novel variant of the 1Ax2* subunit, 1Ax2*B,
is found to contain an extra cysteine residue located in
the middle of its repetitive domain (Juhász et al. 2003).
This subunit exerts a positive eVect on the gluten prop-
erties. In contrast to 1Dx5 and 1Ax2*B, the 1Bx14 and
1Bx20 subunits have reduced numbers of cysteine resi-
dues in their N-terminal domains (Shewry et al. 2003a;
Li et al. 2004). This property has been employed in
studying the evolution of 1Bx subunits and led to the
division of two evolutionary lineages for the 1Bx alleles
(Li et al. 2004). Although the size of the N- and C-ter-
minal domains is highly conserved in either x- or y-type
subunits, that of the repetitive domains is often vari-
able. For instance, the repetitive domains of the
1Dx2.2 and 1Dx2.2* from bread wheat and the 1Ux
subunit from Aegilops umbellulata subunits are much
larger than those of other reported x subunits (Payne
and Lawrence 1983; Payne et al. 1983; Liu et al. 2003).
Molecular analysis has shown that the extra portion in

the 1Ux repetitive domain contains 111 amino acid res-
idues that form 9 tripeptides, 11 hexapeptides and 2
nanopeptides (Liu et al. 2003). The larger size of the
1Dx2.2* repetitive domain has been deduced to possi-
bly associate with an insertion, which may be caused by
unequal crossing over in its coding sequence (D�Ovidio
et al. 1996). More recent molecular analysis has shown
that the larger size of 1Dx2.2 and 1Dx2.2* is owing to
the occurrence of internally duplicated regions within
their repetitive domains (Wan et al. 2005).

Aegilops searsii (SsSs, 2n = 2x = 14) belongs to sec-
tion Sitopsis of the genus Aegilops (Feldman and kislev
1977; van Slageren 1994). In addition to Ae. searsii, the
Sitopsis section also contains Aegilops bicornis (SbSb,
2n = 2x = 14), Aegilops longissima (SlSl, 2n = 2x = 14),
Aegilops sharonensis (SlSl, 2n = 2x = 14) and Aegilops
speltoides (SS, 2n = 2x = 14) (van Slageren 1994). The
genomes in the Wve species have been found closely
related based on cytogenetic and molecular genetic
investigations (Kihara 1954; Yen and Kimber 1990;
Zhang et al. 2001, 2002; Salina et al. 2004; Sasanuma
et al. 2004). The expression of HMW glutenin subunits
in Ae. searsii has been investigated in the past using
SDS-PAGE analysis (Fernández-Calvín and Orellana
1990; Urbano et al. 1993). In the present work, we
studied the HMW glutenin subunits from nine Ae.
searsii accessions using both electrophoretic and
molecular cloning approaches. The complete open
reading frames (ORFs) of the x and y genes from two
diVerent Ae. searsii accessions were characterized.
Comparative analysis of the deduced amino acid
sequences of the cloned Ae. searsii subunits with those
of previously published subunits led to the discovery of
a novel x-type subunit from the Ae. searsii accession
IG49077 that has hereto not been reported in wheat
and other Triticeae species.

Materials and methods

Plant materials

Nine accessions of Ae. searsii (IG47307, IG47353,
IG47388, IG47395, IG47423, IG47461, IG48586,
IG48798 and IG49077), all obtained from The Interna-
tional Center for Agricultural Research in the Dry
Areas, ICARDA) were used in this study. The HMW
glutenin subunits from the bread wheat variety Chi-
nese Spring (having the HMW glutenin subunits
1Bx7+1By8, 1Dx2+1Dy12) were used as standards for
comparing the electrophoretic mobilities of the HMW
glutenin subunits from the diVerent Ae. searsii acces-
sions in SDS-PAGE experiments.
123



Theor Appl Genet (2006) 113:631–641 633
SDS-PAGE experiments and N-terminal protein 
sequencing

General conditions for preparing seed protein extracts
and SDS-PAGE experiments were those described
previously (Wan et al. 2002). To examine the composi-
tion of HMW glutenin subunits in Ae. searsii more vig-
orously, at least Wve individual seeds were analyzed for
each of the nine accessions. The running buVer for
SDS-PAGE was either Tris–borate–SDS (124 mM
Tris, 50 mM boric acid, 0.1% pH 8.9) or Tris–glycine–
SDS (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3).
The results of the SDS-PAGE experiments were
recorded using a digital camera (Coolpix 990, Nikon).
N-terminal protein sequencing of the HMW glutenin
subunits from selected Ae. searsii accessions (IG47388,
IG48586, IG49077) was carried out as described previ-
ously (Wan et al. 2002).

Cloning and sequencing Ae. searsii HMW glutenin 
gene ORFs

Seeds of the Ae. searsii accessions IG48586 and
IG49077 were germinated in the dark at 24°C. Geno-
mic DNA samples were prepared from the etiolated
seedlings following a previously published procedure
(Guidet et al. 1991). For amplifying the complete
ORFs of the HMW glutenin genes of Ae. searsii in
genomic PCR reactions, two degenerate primers, P1
(5�-ATGGCTAAGCGGC/TTA/GGTCCTCTTTG-3�)
and P2 (5�-CTATCACTGGCTG/AGCCGACAA
TGCG-3�), were designed according to the conserved
sequences located at the 5� and 3� ends of the pub-
lished ORF sequences of HMW glutenin subunits. P1
contains the start codon of the genomic ORF whereas
P2 possesses the two tandem stop codons that are
present in the HMW glutenin ORFs characterized
thus far. Genomic PCR reactions were conducted
using the high Wdelity DNA polymerase ExTaq
(TaKaRa Biotechnology Co. Ltd, Kyoto, Japan). The
parameters for the reactions were those reported pre-
viously (Liu et al. 2003). The PCR fragments of the
expected size were recovered from agarose gels, fol-
lowed by cloning into the pGEM-T Easy vector (Pro-
mega, Madison, WI, USA). Based on restriction
enzyme digestion analysis and DNA sequencing, the
inserts in the two plasmid clones p1Ssx48586 and
p1Ssy48586 were found to contain the complete ORF
sequences for the x- and y-type subunits of accession
IG48586, respectively. Using the same strategy, the
inserts in the two plasmid clones p1Ssx49077 and
p1Ssy49077 were determined to harbor the complete
ORF sequences for the x- and y-type subunits of

accession IG49077, respectively. The complete ORF
sequences were determined using overlapping sub-
clones created by the nested deletion method
(Sambrook et al. 1989). The correctness of the assem-
bled ORF sequences was veriWed by partial sequenc-
ing of additional clones from independent PCR
ampliWcation and cloning experiments, and by in vitro
expression in the bacterial cells (see below).

Comparison of deduced amino acid sequences 
and phylogenetic analysis

The HMW glutenin gene ORFs from the Ae. searsii
accessions IG48586 and IG49077 were translated into
amino acid sequences using the ORF Finder program
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The
deduced amino acid sequences were compared to those
of previously published HMW glutenin subunits
through multiple alignment using the Clustal W pro-
gram (Thompson et al. 1994). For phylogenetic analy-
sis using the amino acid sequence of the signal peptide
plus the N-terminal domain, the MEGA program
(http://www.oup-usa.org/sc/0195135857, Nei and Kumar
2000) was employed. During the phylogenetic analysis,
the complete deletion option was used to deal with
gaps in the aligned sequences, and the PC distance was
calculated for each pair of the aligned sequences. The
bootstrap values in the phylogenetic tree were
obtained based on 500 replications. The D-hordein
protein from barley (GenBank accession number
Ay268139) was used as a control outgroup. The Gen-
Bank accession numbers for the published HMW
glutenin subunits under comparison were M22208
(1Ax2*), X13927 (1Bx7), X12928 (1Dx5), AJ306977
(1Ay from Triticum timopheevi), X61026 (1By9) and
X12929 (1Dy10). The ORF sequences of 1Ssx48586,
1Ssy48586, 1Ssx49077 and 1Ssy49077 determined in this
work had been submitted to the GenBank with the
accession numbers Ay611722, Ay611721, Ay611723
and Ay611724, respectively.

MALDI-TOF-MS analysis of native 1Ssx49077

The seed protein sample prepared from the accession
IG49077 was separated using 10% SDS-PAGE with
the Tris–glycine–SDS running buVer. After Coomassie
staining, the protein band representing the x-type sub-
unit of IG49077 (i.e., 1Ssx49077) was manually excised
from the gel, followed by in gel digestion with trypsin
(Kumarathasan et al. 2005). A sample of the digested
protein (0.5 �l) was analyzed in an AutoXex MALDI-
TOF mass spectrometer (Bruker Daltonics, Billerica,
MA, USA) over a mass range of m/z 1,000–23,000.
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Mass spectra were calibrated externally using cyto-
chrome c (M+H)+ (m/z 12,361.09 Da) and cytochrome
c (M+2H)2+ (m/z 6,181.05 Da). The MALDI-TOF
measured peptide mass spectra were compared to the
calculated mass spectra of trypsin digested 1Ssx49077,
which were predicted based on the deduced amino acid
sequence of 1Ssx49077 using the bioinformatic pro-
gram PeptideMass (http://www.expasy.ch/tools/pep-
tide-mass.html). The MS analysis was repeated three
times using the protein samples prepared from sepa-
rate batches of seeds.

In vitro expression of the cloned Ae. searsii HMW 
glutenin gene ORF sequences in the bacterial cells

To further verify the correctness of the cloned Ae. sear-
sii HMW glutenin gene ORF sequences, they were
expressed in the bacterial cells after removing the cod-
ing sequence for the signal peptide. This ensured the
synthesis of the mature proteins of the cloned subunits,
which should possess electrophoretic mobilities com-
parable to those of the native subunits from the seeds.
The removal of the coding sequence for the signal pep-
tide from each of the four cloned ORF sequences was
accomplished using PCR mutagenesis with the primers
listed in Table 1. The conditions for amplifying the
mutant ORFs were identical to those described above,
but the template was plasmid DNA puriWed from the
clones p1Ssx48586, p1Ssy48586, p1Ssx49077 and
p1Ssy49077, respectively. Four bacterial expression
constructs, pET-1Ssx48586, pET-1Ssy48586, pET-1Ssx
49077 and pET-1Ssy49077, were prepared by cloning
the mutant ORFs individually into the bacterial
expression vector pET-30a (Invitrogen, San Diego,
CA, USA). The induction of the pET constructs by
IPTG (Isopropyl-�-D-thiogalactopyranoside, Sigma, St
Louis, MO, USA) was carried out as described by Wan
et al. (2002). For SDS-PAGE analysis, protein extracts
were prepared by directly dissolving the bacterial cells
in the SDS-PAGE sample buVer. The running buVer
was Tris–glycine–SDS (25 mM Tris, 192 mM glycine,
0.1% SDS, pH 8.3). To conWrm the identity of the bac-

terially expressed subunits, Western blotting analysis
was conducted using a polyclonal antibody speciWc for
HMW glutenin subunits as reported previously (Wan
et al. 2000).

Results

Composition of HMW glutenin subunits 
in nine Ae. searsii accessions

Seed protein extracts were prepared from nine acces-
sions of Ae. searsii and the bread wheat variety
Chinese Spring. They were then separated using SDS-
PAGE. Two subunits (Fig. 1, indicated by arrow-
heads and arrows, respectively) were reproducibly
detected for each of the nine Ae. searsii accessions. By
analogy with the electrophoretic patterns of the
orthologous wheat subunits, the subunits displaying
slower electrophoretic mobilities (marked by arrow-
heads) were likely to be of x-type, whereas those
showing faster electrophoretic mobilities (marked by
arrows) were probably of y-type. Interestingly, the
electrophoretic mobilities of the x and y subunits
from the nine accessions were more similar to those
of the B genome encoded subunits than to those of
the D or A genome derived subunits (Fig. 1, data not
shown). Using direct protein sequencing, the N-termi-
nal amino acid residues were determined for several
subunits with slower electrophoretic mobilities. For
those from the accessions IG48586 and IG49077, the
obtained N-terminal amino acid sequence was
KGEAQGQLQCERELQ. For IG47388, the corre-
sponding sequence was EGEAQGQLQCERELQ.
These sequences were highly similar to the Wrst 15
amino acid residues (EGEASG/EQLQCERELQ) in
the N-terminal domains of published 1Ax and 1Dx
subunits, thus conWrming that the slow-moving
subunits of the Ae. searsii accessions were indeed of
x-type. The fast-moving proteins were subsequently
conWrmed to be y-type subunits by molecular cloning
experiments (see below).

Table 1 PCR primers used
for preparing the bacterial
expression constructs

Primer Sequence (5� to 3�)a Use

E1 ACCCATATGAAAGGTGAGGCCTCT Preparing pET-1Ssx48586
E2 CTAGAATTCTCACTAGTGAATTCGC
E3 ACCCATATGGAAGGTGAGGCCTCTG Preparing pET-1Ssy48586
E4 CTAGAATTCTCACTAGTGAATTCGC
E5 ACCCATATGAAAGGTGAGGCCTCTG Preparing pET-1Ssx49077
E6 CTAGAATTCTCACTAGTGAATTCGC
E7 ACCCATATGGAAGGTGAGGCCTCTG Preparing pET-1Ssy49077
E8 GGGGAATTCTCACTAGTGAATTCGC

a The underlined nucleotides
form EcoRI (GAATTC) or
NdeI (CATATG) restriction
sites
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Isolation of HMW glutenin gene ORFs and analysis 
of derived amino acid sequences

Using genomic PCR with degenerate oligonucleotide
primers, the DNA fragments covering the complete
ORFs of the two subunits in IG48586 (tentatively
named as 1Ssx48586 and 1Ssy48586) and their orthologs
in IG49077 (1Ssx49077 and 1Ssy49077) were ampliWed
(Fig. 2a). The four DNA fragments were cloned and
sequenced, and were found not to contain any introns,
which is a general feature of the HMW glutenin gene
ORFs characterized so far (Shewry et al. 1989, 2003c).
Comparison of the amino acid sequences deduced from
the cloned fragments indicated that the four subunits
from Ae. searsii shared a primary structure identical to
that of previously described x and y subunits, which is
composed of a signal peptide, a N-terminal domain, a
central repetitive domain and a C-terminal domain
(Fig. 2b; Table 2). The size of the N- and C-terminal
domains in the four Ae. searsii subunits was typical of
that of previously reported x and y subunits (Fig. 2b;
Table 2). Except for 1Ssx49077, the remaining three
subunits all contained the expected numbers of cysteine
residues at the anticipated positions (Fig. 2b; Table 2).
There was an extra cysteine residue in 1Ssx49077
(Fig. 2b; Table 2). This residue was located within the
sequence element GHCPTSPQQ, which is, however,
not present in any of the previously characterized x-
type subunits (Shewry et al. 1995, 2003c). Further
examination revealed that the last 159 residues of
1Ssx49077 were identical to those of 1Ssy49077 (Fig. 2c).
The 159 residues encompassed the C-terminal part of

the repetitive domain (117 residues) and the entire C-
terminal domain (42 residues) (Fig. 2c). Moreover, the
nucleotide sequences encoding the corresponding por-
tions of the two subunits were also 100% identical (data
not shown). Like their orthologous subunits, the repeti-
tive domains in the four Ae. searsii subunits were com-
posed of repetitive motifs, with the presence of the
tripeptides only found in the two x subunits (Table 3).
The size of the repetitive domains in the four subunits
varied to some extent, which was caused by diVerences
in the numbers of repetitive amino acid motifs forming
the individual domains (Tables 2, 3). In general, the
amino acid sequences of the four subunits showed
higher identities with those of the subunits encoded by
the D genome of hexaploid bread wheat. Phylogenetic
analyses using the amino acid sequences of the signal
peptides plus the N-terminal domains revealed that
1Ssx48586 and 1Ssx49077 clustered with 1Dx2 and
1Dx5, and 1Ssy48586 and 1Ssy49077 with 1Dy10 and
1Dy12 (Fig. 3).

Peptide mass Wngerprint of native 1Ssx49077

The unusual feature toward the C-terminal region of
the deduced amino acid sequence of 1Ssx49077
prompted us to investigate the primary structure of the
native 1Ssx49077 subunit. Because mass spectrometry
has been found eVective in gaining structural informa-
tion of the HMW glutenin subunits directly isolated
from seeds (Cunsolo et al. 2002, 2003), native 1Ssx49077
was subject to MALDI-TOF-MS analysis. Using the
trypsin digested 1Ssx49077, the molecular mass of nine
peptides could be reliably determined in repeated MS
experiments (Table 4). The molecular mass values of
the nine peptides matched closely with their calculated
mass values (Table 4). Together, the nine peptides cov-
ered a substantial portion of the deduced amino acid
sequence of 1Ssx49077 (Fig. 4). Consequently, the
deduced sequence of 1Ssx49077 was likely to be a true
representation of that of the native subunit. A closer
inspection of the peptide mass Wngerprint data revealed
that the N-terminal domain of native 1Ssx49077 pos-
sessed typical features of x-type subunits (such as the
presence of three conserved cysteine residues, Fig. 4),
whereas its C-terminal domain was characteristic of
that of y-type subunits (compare Figs. 2c, 4).

Bacterial expression of the HMW glutenin gene ORFs 
from the Ae. searsii accessions IG49077 and IG48586

After removing the coding sequence for the signal pep-
tide from each of the four cloned ORFs, four bacterial
expression constructs (pET-1Ssx48586, pET-1Ssy48586,

Fig. 1 SDS-PAGE analysis of the HMW glutenin subunits in the
seed extracts of the Ae. searsii accessions IG47307 (lane 1),
IG47353 (lane 2), IG47388 (lane 3), IG47395 (lane 4), IG47423
(lane 5), IG47461 (lane 7), IG48586 (lane 8), IG48798 (lane 9) and
IG49077 (lane 10). By analog with the HMW glutenin subunits
from the bread wheat variety Chinese Spring (1Dx2, 1Bx7, 1By8,
1Dy12, lane 6), the protein species with slower electrophoretic
mobilities (indicated by arrowheads) represented the x-type su-
bunits from the nine Ae. searsii accessions. On the other hand, the
protein bands with faster electrophoretic mobilities (indicated by
arrows) were the y-type subunits from the nine Ae. searsii acces-
sions. The gel was run using the Tris–borate–SDS buVer. Under
this condition the two subunits from IG48586 did not separate
completely. However, better separation of the two subunits was
achieved with the Tris–glycine–SDS buVer (see Fig. 5)

1       2   3    4      5   6    7      8    9 10

2

12

7

8
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pET-1Ssx49077 and pET-1Ssy49077) were prepared for
synthesizing the 1Ssx49077, 1Ssy49077, 1Ssx48586 and
1Ssy48586 subunits, respectively, in the bacterial cells.
In the cells harboring p1Ssx49077, IPTG induction led
to the overexpression of a protein species with an elec-
trophoretic mobility similar to that of the native
1Ssx49077 subunit from the seed extract of IG49077
(Fig. 5a, left panel). The overexpressed protein species
was conWrmed to be a bacterially synthesized 1Ssx
49077 in subsequent Western-blot experiment using a
polyclonal antibody speciWc for HMW glutenin subunits

(Fig. 5a, right panel). Using similar strategy, the induc-
tion of p1Ssy49077, p1Ssx48586 and p1Ssy 48586 con-
structs by IPTG was found to lead to the synthesis of
the 1Ssy49077, 1Ssx48586 and 1Ssy 48586 subunits,
respectively, in the bacterial cells (Fig. 5a, b). Com-
bined, these results suggested that the ORF sequences
isolated in this work were faithful representation of the
native HMW glutenin subunit genes in the two
Ae. searsii accessions.

Discussion

Owing to their role in determining the elastic proper-
ties of the gluten complex and their conservation in
wheat and related species, continued mining of novel
HMW glutenin subunits from cultivated and wild
germplasms is beneWcial for not only improving wheat
end use qualities but also studying the structure varia-
tion and evolution of this important family of proteins.
Although the available studies have indicated that
Aegilops species is a rich source for novel variants of
HMW glutenin subunits (Wan et al. 2002, 2005; Yan
et al. 2002; Liu et al. 2003), the progress in characteriz-
ing the expression and primary structure of ortholo-
gous subunits from more Aegilops species and at the
molecular level remains slow. To contribute to this
area of research, the present study has investigated
more systematically the expression and primary struc-
ture of the HMW glutenin subunits from Ae. searsii
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Fig. 2 AmpliWcation of the complete genomic ORFs of the x-
and y-type subunits from the Ae. searsii accessions IG48586 and
IG49077 by genomic PCR and analysis of the primary structure of
four cloned Ae. searsii subunits. a Two PCR fragments (repre-
senting the complete ORF sequences for the x- and y-type subun-
its, respectively) were speciWcally ampliWed from the genomic
DNA samples of IG48586 (lane 2) and IG49077 (lane 3). The
DNA size markers (kb) were contained in lane 1. b The primary
structure of the four cloned Ae. searsii subunits (1Ssx48586,
1Ssx49077, 1Ssy48586, 1Ssy49077) was identical to that of previ-
ously reported x- and y-type subunits from wheat in possessing a
signal peptide (S), a N-terminal domain (N), a central repetitive
domain (RD) and a C-terminal domain (C). The conserved cyste-
ine residues in the x- and y-type subunits were indicated by aster-
isks. The extra cysteine residue in the N-terminal part of the
repetitive domain of 1Dx5 was represented by an arrowhead.
Interestingly, the 1Ssx49077 and 1Ssy49077 subunits shared an
identical region (shaded area) in their proteins. This caused the
presence of an extra cysteine residue in the C-terminal part of the
repetitive domain of 1Ssx49077 (indicated by arrow). c A compar-
ison of the last 159 residues [117 in the repetitive domain (under-
lined), 42 in the C-terminal domain (doubly underlined)] of
1Ssx49077 and 1Ssy49077. This shows that the extra cysteine resi-
due in the C-terminal part of the repetitive domain of 1Ssx49077
resides in the nanopeptide GHCPTSPQQ (boxed region)
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using complementary SDS-PAGE and molecular clon-
ing approaches.

An analysis of the results obtained in this work
enables us to draw the following conclusions. First, it is
likely that, in most (if not all) Ae. searsii accessions,
both x and y types of HMW glutenin subunits are
expressed. This is supported by the SDS-PAGE analy-
ses of the seed protein extracts in this work as well as
the two previous reports (Fernández-Calvín and Orell-

ana 1990; Urbano et al. 1993), and conWrmed by the
subsequent cloning of the complete ORFs for both x
and y subunits from two diVerent Ae. searsii accessions
in the present study. This, plus the previous Wnding that
the x and y subunits are speciWed by the 1Ss chromo-
some in Ae. searsii (Urbano et al. 1993), prompt us to
propose that the chromosomal location and the expres-
sion of the Glu-1 locus in Ae. searsii may be highly sim-
ilar to that in wheat or other investigated Aegilops
species. Second, the primary structure of the x and y
types of HMW glutenin subunits from Ae. searsii is
identical to that of the orthologous subunits studied
previously. However, the x-type subunit (1Ssx49077)
from the Ae. searsii accession IG49077 is unusual
because the last 159 residues of its protein diVered
from those of previously isolated x-type subunits from
wheat and related species, and were identical to the
corresponding residues of the y-type subunit from the
same accession. The unusual feature in the deduced
amino acid sequence of 1Ssx49077 is unlikely to be an
experimental artifact, because (1) MS analysis showed
that the amino acid sequence of the C-terminal domain
of native 1Ssx49077 was likely to be the same as the one
predicted from the nucleotide sequence, and (2) the
cloned ORF sequence of this subunit was found to
direct the synthesis of the expected protein product.
This suggests that important local variations may occur
to the primary structure of the HMW glutenin subunits
from some Ae. searsii accessions. These variations may
not be visible when the subunits from the diVerent
accessions were compared in SDS-PAGE experiment,
but may be uncovered in molecular investigations
involving the cloning of complete ORFs and the com-
parison of deduced amino acid sequences. Third, phy-
logenetically, the HMW glutenin subunits from Ae.
searsii may be more closely related to those encoded by
the D genome of wheat. This is in line with the Wnding

Table 3 Repetitive peptide motifs in the repetitive domains of
the four Ae. searsii subunits characterized in this study

Subunit Number of 
tripeptide

Number of 
hexapeptide

Number of 
nanopeptide

1Ssx48586 21 67 19
1Ssx49077 19 66 19
1Ssy48586 0 55 20
1Ssy49077 0 50 19

Fig. 3 Phylogenetic relationships of the four cloned Ae. searsii
subunits (1Ssx48586, 1Ssx49077, 1Ssy48586, 1Ssy49077) with the
subunits encoded by the A, B or D genomes of wheat. The phylo-
genetic tree was built by the neighbor joining method. Trees with
identical topology were obtained with alternative methods (max-
imum likelihood, parsimony) (data not shown). The bootstrap
values were obtained using 500 replications
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Table 2 Selected properties of the mature proteins of the Ae. searsii subunits compared to the representatives of the previously report-
ed HMW glutenin subunits from wheat

Subunit Number of amino acid residues Number of cysteine residues

N-terminal 
domain

C-terminal 
domain

Repetitive 
domain

Total N-terminal 
domain

C-terminal 
domain

Repetitive 
domain

Total

1Ssx48586 86 42 669 797 3 1 0 4
1Ssx49077 86 42 651 779 3 1 1 5
1Ax2* 86 42 666 794 3 1 0 4
1Bx7 81 42 645 768 3 1 0 4
1Dx5 89 42 687 818 3 1 1 5
1Ssy48586 104 42 511 677 5 1 1 7
1Ssy49077 104 42 474 640 5 1 1 7
1Ay (T. timopheevi) 104 42 420 566 5 1 0 6
1By9 104 42 538 684 5 1 1 7
1Dy10 104 42 481 627 5 1 1 7
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that the Sl genome of Ae. longissima, with which the Ss

genome of Ae. searsii is closely related (Feldman et al.
1979; Yen and Kimber 1990; Salina et al. 2004; Sasa-
numa et al. 2004), is largely collinear with the D
genome of common wheat (Zhang et al. 2001). In con-
trast to the closer phylogenetic relationship between
the subunits encoded by the Ss and D genomes, in both
our work and a previous investigation (Fernández-
Calvín and Orellana 1990), the patterns of the electro-
phoretic mobilities of the Ae. searsii HMW glutenin
subunits appear to be much more similar to those of
the subunits encoded by the B genome of wheat. The
electrophoretic patterns of the gliadin proteins of Ae.
searsii are also highly similar to those speciWed by the B
genome of common wheat (Urbano et al. 1993). The
implications of these similarities are not clear at pres-
ent, but will be a subject for future studies.

What might be the mechanism underlying the evolu-
tion of the novel x-type subunit in the Ae. searsii acces-
sion IG49077? Based on the Wnding that the last 159

residues of 1Ssx49077 were identical to those of the y-
type subunit, we hypothesize that unequal crossing
over between the two Glu-1 loci located on the sister
chromatids of the homologous chromosomes during
meiosis might have led to the formation an unusual
hybrid ORF, which underlies the novel feature in
1Ssx49077 (Fig. 6). Judging from the fact that the nucle-
otide sequences encoding the last 159 residues in the x
and y subunits of IG49077 were 100% identical, the
evolution of this hybrid HMW glutenin gene ORF
might have occurred very recently. The model pre-
sented in Fig. 6 also predicts the occurrence of a hybrid
ORF that would encode a y-type subunit with its C-
terminal end identical to the corresponding portion of
a x-type subunit. This possibility is currently being
investigated by characterizing HMW glutenin gene
ORFs from more Ae. searsii accessions.

Accompanying the unusual feature in the last 159
residues, 1Ssx49077 contained an extra cysteine residue
at the C-terminal end of its repetitive domain. Because

Table 4 MALDI-TOF-MS analysis of peptide mass Wngerprint of native 1Ssx49077 subunit

a PeptideMass is available at http://www.expasy.ch/tools/peptide-mass.html

Measured 
mass (M+H)+

Calculated 
mass (M+H)+

Missed 
cleavage

Peptide sequence predicted using the bioinformatic 
program PeptideMass (with trypsin digestion)a

2,230.165 2,330.764 2 KGEASGQLQCERELQERELK
2,344.163 2,344.257 2 ELQERELKACQQVMDQQLR
2,373.251 2,374.497 0 CHPVVVSPVAGQYEQQIVVPPK
2,513.198 2,514.330 0 GGSFYPGETTSPQQLQQSIFWR
5,156.404 5,157.880 0 YYPSITSPQQVSYYPGQASPQRP

GQGQQSGQGQQGYYPTSPQQPGQR
13,170.010 13,168.738 0 QGQQGQQSGQGQQPEQGQQGQQLGQGQQGYYATSLQQSGQGQ

PGYYPTSLQQPGQGQSEYYPTSLQQPGQGQQPGQLQQPGQGQQGQ
QSGQGQQGQQPGQGHQPGQGQPGYYPTSPQQSGQGQPR

6,491.962 6,495.174 1 QGQQSGQGQQSGQGHQPGQGQQSGQEQQGYDSSYHVSAEQQAA
SPMVAKAQQPATQLPTVCR

1,411.724 1,413.075 0 AQQPATQLPTVCR
1,064.444 1,066.510 0 MEGGDALSASQ

Fig. 4 Location of the nine peptides, which were detected by
MALDI-TOF-MS analysis of native 1Ssx49077, in the deduced
amino acid sequence of this subunit. The nine peptides are under-
lined. The last 159 residues of 1Ssx49077 are shown in bold. The
42 residues, which form a C-terminal domain characteristic of y-

type HMW glutenin subunits, were bordered by brackets. The
three cysteine residues (typical of x-type HMW glutenin subun-
its) are indicated by Wlled arrowheads. The signal peptide (itali-
cized region) was not detected in the native 1Ssx49077 subunit by
MS analysis

MAKRLVLFVAVVVALVALTVAKGEASGQLQCERELQERELKACQQVMDQQLRDFSPKCHPVVVSPVAGQYEQQIVVPPKGGSFYPGETTSPQQLQQSIFW  100

RIPALLKRYYPSITSPQQVSYYPGQASPQRPGQGQQSGQGQQGYYPTSPQQPGQRQQPEQGQPGYYLTSPQQPGQLQQPEQGQQGQQPEQGQPGYYPTSL  200

QLQPGQLQQPAQGQQGQQAGQGQQGQQPGQGQQLRQGQQGQQSGQGQQPEQGQQGQQLGQGQQGYYATSLQQSGQGQPGYYPTSLQQPGQGQSEYYPTSL  300

QQPGQGQQPGQLQQPGQGQQGQQSGQGQQGQQPGQGHQPGQGQPGYYPTSPQQSGQGQPRYYPTSSQQPGQSQQPGQGQQGQQLGQGQQAQQPGQGQQPG  400

QGQPGYYPTSPQQSGQGQPGYYLTSPQQPGQGQQPGQLQQSAQGQEGQQPGQGQQGQQSGQGQQGQQPVQGQQGQQPGQGQQGQQPGQGQPGYYPTSSHQ  500

SGQGQQLGQWQQPGQGQPGYYPTSPLQPGQGQPGYDPTSPQQPGQGQQPTQGQQGQQPGQGQRGQQPGQGQQGQQPAQGQQGQQPAQGQQGQQPAQGQQP  600

GQGQPGYYPTAPQESGQGQQPGQWQQPGQGQPGYYLTSPLQPGQGQQGYYPTSPQQPGQGQQLGQGQQGYYPTSPQQPGQGQQGHCPTSPQQTGQAQQPE  700

QGQQIGQVQQPGQGQQGYYPTSVQQPRQGQQSGQGQQSGQGHQPGQGQQSGQEQQGYDSSYHVSAEQQAASPMVAKAQQPATQLPTVCRMEGGDALSASQ  800
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the sequence element containing the extra cysteine res-
idue (GHCPTSPQQ) is present in all y-type HMW
glutenin subunits characterized so far (Shewry et al.

1995), it is very likely that this cysteine residue is origi-
nally evolved in a y-type subunit. The presence of the
GHCPTSPQQ element in 1Ssx49077 makes it the third

Fig. 5 In vitro expression of modiWed Ae. searsii HMW glutenin
gene ORFs in the bacterial cells and SDS-PAGE and Western-
blot analyses of the expressed products. The coding sequence for
the signal peptide was removed from each of the four cloned Ae.
searsii HMW glutenin gene ORFs via PCR mutagenesis. The
modiWed ORFs were then used to generate the bacterial expres-
sion constructs pET-1Ssx48586, pET-1Ssy48586, pET-1Ssx49077
and pET-1Ssy49077. a SDS-PAGE and Western-blot analyses of
the products expressed from the constructs pET-1Ssx48586 or
pET-1Ssy48586. In the left panel, IPTG induction led to the over-
expression of 1Ssx48586 (indicated by arrow, lane 4) and
1Ssy48586 (indicated by arrowhead, lane 2) in the bacterial cells.
The bacterially synthesized subunits possessed similar electro-
phoretic mobilities as the native subunits from the seed extract
(lane 5). The overexpressed products were not observed in the
uninduced bacterial cells (lanes 1 and 3). In the right panel, the
bacterially synthesized 1Ssx48586 (lane 4) and 1Ssy48586 (lane 2)

subunits and the native subunits (lane 5) were recognized by a
polyclonal antibody speciWc for HMW glutenin subunits in West-
ern-blot experiment. b SDS-PAGE and Western-blot analyses of
the products expressed from the constructs pET-1Ssx49077 or
pET-1Ssy49077. In the left panel, overexpression of 1Ssx49077
(indicated by arrow, lane 3) and 1Ssy49077 (indicated by arrow-
head, lane 5) was observed in the IPTG induced bacterial cells.
The bacterially synthesized subunits and the native subunits from
the seed extract (lane 2) displayed similar electrophoretic mobil-
ities. No overexpressed products were found in the uninduced
bacterial cells (lanes 4 and 6). In the right panel, Western-blot
experiment showed that the bacterially synthesized 1Ssx49077
(lane 3) and 1Ssy49077 (lane 5) subunits, like the native subunits
(lane 2) and the subunits of the hexaploid wheat variety Chinese
Spring (lane 1), could be detected by a polyclonal antibody spe-
ciWc for HMW glutenin subunits
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Fig. 6 A hypothesis on the mechanism that may generate the
coding sequence for the 1Ssx49077 subunit in the Ae. searsii acces-
sion IG49077. Unequal crossing-over between the Glu-1 loci lo-
cated on the sister chromatids of the homologous chromosomes
may have occurred, resulting in a double crossing over between
the 3� end regions of the x and y genes. This would generate two
hypothetical recombinant Glu-1 loci, one of which would resem-

ble the Glu-1 locus found in the Ae. searsii accession IG49077 in
this work. In this hypothetical model, the left boundary involved
in the crossing over resides in the coding sequences of the repeti-
tive domains of the recombining x and y genes, whereas the right
boundary is outside the coding sequences of the C-terminal do-
mains of the two genes
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reported x-type subunit that possesses cysteine residue
in the repetitive domain. Because of the demonstrated
associations between the presence of extra cysteine
residue in the repetitive domain and superior function-
ality of the 1Dx5 and 1Ax2*B subunits (LaWandra et al.
1993; Gupta and MacRitchie 1994; Juhász et al. 2003),
it will be important to study if 1Ssx49077 would confer
improved processing property to wheat Xour after
being expressed in bread wheat varieties. For this pur-
pose, we have prepared plant expression construct
using the molecularly veriWed ORF sequence of
1Ssx49077, and are currently in the process of develop-
ing transgenic wheat lines that express 1Ssx49077 in the
endospermic tissues.
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