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Summary. Two high-molecular-weight subunit (HMWS)
glutenin genes from the A and B genomes of the hexa-
ploid bread wheat Triticum aestivum L. cv Cheyenne have
been isolated and sequenced. Both of these genes are of
the high M, class (x-type) of HMW glutenins, and have
not been previously reported. The entire set of six HMW
genes from cultivar Cheyenne have now been isolated
and characterized. An analysis of the Ax and Bx
sequences shows that the Ax sequence is similar to the
homoeologous gene from the D genome, while the Bx
repeat structure is significantly different. The repetitive
region of these proteins can be modelled as a series of
interspersed copies of repeat modifs of 6, 9, and 15 amino
acid residues. The evolution of these genes includes
single-base substitutions over the entire coding region,
plus insertion/deletions of single or blocks of repeats in
the central repetitive domain.
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Introduction

The main wheat storage proteins are divided into two
groups, the glutenins, composed of high- and low-
molecular-weight families, and the gliadins, composed of
a/B, v, and w families (Kreis etal. 1985). The high-
molecular-weight (HMW) glutenins are of particular in-
terest because of the association of specific alleles of the
family with the visco-elastic properties involved in desi-
rable dough formation (Payne et al. 1980; Tatham et al.
1984). One model proposes variations in disulfide link-
ages among the HMW- and LMW-glutenin subunits
which leads to different characteristics of the protein

fraction of dough known as gluten (Ewart 1968). Howev-
er, modelling gluten behavior has been difficult without
more information on the primary or higher order struc-
tures of the gluten components.

Each of the three genomes (designated A, B, and D)
in the hexaploid bread wheats contains two HMW-
glutenins, which map together at the Glu-1 loci on the
long arm of the group 1 homoeologous chromosomes
(Payne et al. 1982). The two genes at each locus have
been classified into x- and y-types according to higher or
lower M, (Payne et al. 1981; Shewry et al. 1984; Payne
et al. 1983). A hexaploid bread wheat cultivar thus con-
tains six glutenin genes, although most cultivars only
synthesize three to five subunits, presumably because of
gene inactivations. The molecular basis of such inactiva-
tions are known for two Ay genes which have undergone
DNA sequence changes (Forde et al. 1985; Harberd et al.
1987).

The full complement of expressed HMW genes for
Triticum aestivum cv Cheyenne codes for the following
HMW subunits (HMWS); Ax2*, By9, Bx7, Dy10, DxS5.
Numbers designate the specific glutenin subunit pro-
duced. The Ay gene is silent. The complete sequences of
several HMW genes have been reported, including two
Dx alleles (Anderson et al. 1989; Sugiyama et al. 1985),
two Dy alleles (Thompson et al. 1985; Anderson et al.
1989), one complete (Forde et al. 1985) and one partial
(Harberd et al. 1987) Ay gene, and one By gene (Halford
et al. 1987). The present paper reports sequences of the
Ax and Bx genes from the cultivar Cheyenne. Examples
of all six genes have, thus, now been sequenced, including
the entire set of HMW-glutenin genes from a single culti-
var, i.e., Cheyenne. The Ax2* gene is similar to the pre-
viously reported Dx sequences, but the Bx7 gene contains
a different pattern of repeats in the repetitive domain.
The structures of the genes for the Ax2* and Bx7 HMW
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subunits are compared to that of their homoeoallele Dx35,
and implications for the evolution of this gene family are
discussed.

Materials and methods

Genomic libraries were constructed by ligation of cultivar
Cheyenne DNA to EMBL4 EcoR1 arms. Wheat DNA was di-
gested to completion with EcoRI and size-fractionated on a
10% —40% sucrose gradient (Maniatis et al. 1982). DNA frac-
tions of the appropriate sizes were ligated to EcoRI+ BamHI
digested EMBL4 (Frischauf et al. 1983) and plated on P2392
(Stratagene), a P2 lysogen of LE393 allowing spi® selection.
Plaques were transferred to nitrocellulose filters and probed
with nick-translated DNA containing the coding region of the
Ay gene of cultivar Cheyenne (Forde et al. 1985).

Sequencing was accomplished by subcloning fragments into
M13 mp8 and 9 (Messing et al. 1981), then constructing deletion
subclones by the method of Dale et al. (1985) and sequencing
both strands by the dideoxy procedure (Sanger et al. 1977).
Repeated attempts to clone the 5 EcoRI-Hind III fragment of
the Ax2* gene into M13 failed, possibly due to chance incompa-
tibility of some portion(s) of the sequence with survival in M13.
The sequence was, however, stable in different plasmid vectors.
For this fragment, sequencing in the 3'— 5’ direction was accom-
plished by producing deletions using the exolII-Mung Bean
nuclease procedure with a kit from Stratagene. The 5’ —3' direc-
tion was sequenced with oligonucleotide primers made on a
Beckman System I Plus DNA Synthesizer and used without
purification (Sanchez-Pescador and Urdea 1984). The template
for sequencing both orientations was single-stranded plasmid
DNA rescued using M13K07 (Mead et al. 1986) infection of
Bluescript plasmids (Stratagene).

Nomenclature

The nomenclature system for the HMW-glutenins has changed
since this study was begun. Since the current report is the fourth
paper in a series describing the structure of the complete set of
HMW genes from a single cultivar, we have kept the older
nomenclature for simplicity in reading the set of papers. The two
nomenclatures are given in Table 1.

Results and discussion

HMW-glutenin gene isolation and characterization

A genomic library of complete EcoRI digested cultivar
Cheyenne DNA was screened with an HMW probe.
Clones were isolated containing strongly hybridizing
EcoRI inserts of 6.1, 6.7, 8.7, 15.4, and 19-20 kb. Pre-
vious analysis of cultivar Cheyenne DNA has associated
an approximately 6.8-kb EcoRI fragment with the Ax2*
subunit, and an approximately 21.6-kb fragment with the
Bx7 subunit (Forde etal. 1985; Harberd et al. 1986).
Southern blots (not shown) of both clone 41B-2 (6.7 kb)
and clone AR23 (19-20kb) found HMW restriction
fragment patterns more similar to that already deter-
mined for two Dx genes than for the known y-type genes.

Table 1. High-molecular-weight glutenin nomenclature

Subunit Gene
Old New Old New
2% or Ax2* 2% Glu-1Ax2* Glu-A1-1b
7 or Bx7 7 Glu-1Bx7 Glu-Bi-1a
5 or Dx5 5 Glu-1Dx$5 Glu-D1-1b
silent silent Glu-1Ay Glu-A1-2a
9 or By9 9 Glu-1By9 Glu-B1-2b
10 or Dy10 10 Glu-1Dy10 Glu-D1-2b

On the basis of restriction fragment patterns and the
analysis of other HMW genes, clone 11B-2 was identified
as containing the Ax2* gene, and clone AR23 as contain-
ing the Bx7 gene. Subsequent subcloning of all the
Hind III and Hind III + EcoRI fragments of i1R23 sug-
gests a total length of 19.2 kb. The 2-kb discrepancy in
the size of the Bx7 insert observed in this paper and of
that reported earlier is probably due to difficulty in accu-
rately sizing the original DNA fragments on genomic
blots. The EcoRI inserts of clones A1B-2 and AR23, and
their restriction maps are shown in Fig. 1. The Hind II1
and Hind IIT+ EcoRI fragments containing the coding
regions of these two HMW-glutenin genes were sub-
cloned into plasmids and M13, and the sequences were
determined for the coding and near flanking portions of
the genes (Fig.2). Both genes contain the putative
recognition sequences implicated in transcriptional regu-
lation and found in other HMW-glutenins and storage
protein genes (boxed in Fig. 2), i.e., TATA boxes at —91,
and “-300° sequences conserved in many cereal storage
protein genes and believed to be involved in tissue specif-
ic expression (Kreis et al. 1985; Colot et al. 1987). The
‘-300” sequence is found at approximately —450 in the
expressed HMWS genes, but is missing from the silent Ay
gene of cultivar Cheyenne. It occurs twice in the Bx7
sequence due to a 53 base tandem exact duplication.
Protein gels showing stained cultivar Cheyenne HMWS
(not shown) give higher intensities for the Bx7 band rela-
tive to the other subunits, while staining intensities of the
Dx and Dy band are more nearly equal. This is consistent
with higher relative levels of Bx7 expression, but staining
artifacts are not ruled out. Similar differences in staining
intensities are seen in many cultivars, with the Bx subunit
often showing the most intense bands in gels electropho-
resis (Galili and Feldman 1983).

The bases just upstream from the initiator codon are
highly conserved in eukaryotes [CC(A/G)CC] (Kozak
1987) and are believed to be important in efficient trans-
lation initiation. Table 2 compares this region for all six
HMW-glutenins of Cheyenne, and with a low-molecular-
weight glutenin, and «- and y-gliadins (three other fami-
lies of wheat storage proteins genes related to one anoth-
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Fig. 1. Clones containing genes for the
Ax2* and Bx7 high-molecular-weight
glutenin subunits. Clone A1B-2 con-
tained a 6.7-kb EcoRI fragment encod-
ing the Ax2 * gene, and clone AR23 con-
tained a 19.2-kb EcoRI fragment with
the Bx7 gene. The region which contains
the Bx7 gene is expanded, and transcrip-
tion and translation control sites of both

E. genes are demarcated and discussed in

the text. The sequenced portion of each
gene is boxed, with the coding region
filledin. Some restriction sites are shown:

AR23 — j 19.2 kb A — Accl, B— BamHI, E - EcoRI, H -
E E HindIII

Table 2. Translation start sequences
Gene? Reference
Ax2* G A C A GT|C C A C CIlG A G A T G A this paper
Bx7 C A CAGT|T C A C T G A G A T G G this paper
Dx$5 G AT A G TJ|C C A C CIl G A G A T G G Andersonetal 1989
Ay A A C A G TJ|JC C A T C|l G A A A T G G Fordeetal 1985
By9 A A C A G T|C C AT C|l G A G A T G G Halfordetal. 1987
Dy10 G A C A G TJ|C € A C C{ G A G A T G G Andersonetal 1989
Consensus: A C A GTCCAZCTZCGAGA AT G Gb

A Py AGT Py C A Py Py G A G AT G Pu°
LMW C A CC A A T|C C A CClA T G Colot et al. 1987
a-Gliadin T A C A A A T|C C A C C[A T G A Andersonetal 1984
y-Gliadin A G C A A A T|IC C A C T| A T G A  Bartelsetal 1986
Eurkaryote
Consensusd C C A CClAT G Kozak 1987

G

* Gene for designated HM W-subunit
® Majority (4 of 5 in active genes)

¢ Consensus for all six HMWS genes
¢ Vertebrate genes

er, but not to the HMWS). While the other wheat storage
protein sequences are similar to the eukaryotic consen-
sus, the HMW genes possess three additional bases be-
tween the CCACC and the initiator ATG.

Both the Ax2* and Bx7 genes contain a consensus
polyadenylation signal (AATAAA) 51 bp downstream of
the characteristic double stop of the HMW-glutenins
(TGATAG). The existence of multiple polyadenylation
sites in the HMW-glutenins is suggested by two HMW
cDNA clones with different 3’ ends constructed from
polyadenylated RNA (Forde et al. 1983). One of these
clones exhibited a poly-A stretch 25bp 3’ to the
AAUAAA, while the other was polyadenylated at least
70 bp downstream of the AAUAAA. The Bx7 gene
contains a second potential polyadenylation signal
(AATAATAAT) at 118 bp from the translation stop. Po-

tential polyadenylation signals for both the Bx7 and
Ax2* genes are underlined in Fig. 2. Multiple polyadeny-
lation signals have been observed in other plants and
may be a common feature of such genes (Dean et al.
1986).

The translation of the DNA sequences in Figure 2
into mature protein will produce HMW-glutenins of
86,317 (Ax2*) and 82,873 (Bx7) daltons. The deduced
protein sequences for both Ax2* and Bx7 are similar to
previously studied HMW-glutenins, i.e., a signal peptide
of 21 amino acids followed by an N-terminal domain of
87 amino acid residues for Ax2* and 82 residues for Bx7,
a long, repetitive domain of 666 and 647 residues for
Ax2* and Bx7, respectively, and finally a C-terminal do-
main of 42 residues in both genes. The sequences for the
N-terminal of the deduced mature proteins coded by
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A
-535 GAACATGACAATCAACAAAACCTGARATGGCCTTTA -501

-500 GGAGTTATCCATTTACTTGTTTCATGCAGGCTACCTTCCACTACTQ@ASEIggIIA@A&QgAIIQQEIQ_ CGCAGATTTGCAAAAGCAATGGCTAACTG -401
-400 ACACATATTCTGCCAAACCCCAAGAAGGATAATCACTTCTCTTAGATAAAAAGGAACAGACCAATATACAAACATCCACACTTCTGGAAACAATACAACC -301
-300 AAAACTAGGATTAAGCCGATTACGTGGCTTTAGCAGACCGTCCAAAAATCTGTTTTACAAAGCTCCAATTGCTCCTTGCTTATCCAGCTTTTTTITGTGTT ~201
~200 GGCAAACTACTCTTTTCCAACCGATTTTGTTCTTCTCACACTTTCTTCTTAGGCTARACAAAACCTTACCGTGCACGCAGCCATGGTCCTGAATCTTCAC -101
-100 CTCGTCCCCTAGCCAACCTTCACAATCTCATTCATCACCCACAACACCGAGCATCACMACTAGAGATCMTTCACCGACAGTCCACCGAG -1

M TKRLYLFAAY VY ALVYALTAAESGEASS GQLGQCEHR
1 ATGACTAAGCGGTTGGTTCTTTTTGCGGCGCTAGTCGTCGCCCTTGTGGCTCTCACCGCTGCTGAAGGTGAGGCCTCTGGGCAACTACAGTGTGAGCGCG 100

ELQEHSLKACQQVVDQQLRDYSPETCQPVGGGP VA
101 AGCTCCAGGAGCACTCGCTTAAGGCATGCCAGCAGGTCGTAGACCAGCAGCTCCGAGACGTTAGCCCCGAATGCCAACCCGTCGGCGGCGGCCCGGTCGE 200

RQYEQQVYVYVYPPKGGSFYPGETTPPOQQLQOQSTIILW
201 GAGACRATATGAGCAGCAAGTCGTGGTGCCGCCCAAGGGTGGATCTTTCTACCCCGECGAGACCACGCCACCACAGCAACTCCAACAAAGTATACTTTGG 300

VTSP QAQ S ¥

G I P AL LRIR Y L S G
301 GGAATACCTGCACTACTAAGF@;GTATTACCTAAGTGTAACTTCTCCGCAACAGGTTTCATACTATCCAGGCCAAGCTTCTTCGCAACGGCCAGGACAAG 400

=]

EYY LT SPQQSGQWOQOQEP Q6 QS GYYPTS P

G Q Q
401 GACAACAAGAATACTACCTAACTTCTCCGCAACAGTCAGGACAATGGCAACAACCGGGACAAGGGCAATCAGGGTACTACCCAACTTCTCCGCAGCAGTC 500

o

G QXK QPGYYPTSPWQPEQLOQQPTOQGQQROQOQPGO QG
501 AGGACAAAAGCAACCAGGGTACTATCCAACTTCTCCATGGCAGCCAGAACAATTGCAACAACCAACACAAGGGCAACAAAGACAGCAACCAGGACAAGGG 600

6 QQGQOQSGQGQPRYYPTSSQOQPG

Q QL RQ QL QoQlL
601 CAGCAACTAAGACAAGGACAACAAGGTCAGCAGTCAGGACAAGGGCAACCAAGATACTATCCAACTTCTTCGCAGCAGCCAGGACCATTGCAACAACTAG 700

p=d

AQGQQGQQPERGQQGQQSGEGQG6QAQLGEGOHGEQQGQ QPG
701 CACAAGGCCAACAAGGGCAGCAACCAGAACGAGGGCAACAAGGCCAACAGTCAGGACAAGGGCAACAACTAGGACAAGGGCAACAAGGTCAGCAGCCAGG 800

=

Q K9 QgS6Q60Q6GYYPISPQQLGQGQQSGQGEQL G Y
801 ACAAARAGCAACAATCAGGACAAGGACAACAAGGGTACTACCCAATTTCTCCGCAACAGTTAGGACAAGGGCAACAGTCAGGACAAGGGCAACTAGGGTAC 900

YPTSPQQSGQGQSGYYPTSAQQPGOQLQQGSTOQENQ
901 TACCCAACTTCTCCGCAGCAGTCAGGACAAGGACAATCAGGATACTACCCAACTTCTGCGCAGCAGCCAGGACAATTGCAACAATCAACACAAGAGCAGC 1000

=

QLGQEQQDQQSGOQGROQOGOQSGQRIDOAQ Q QS Q Q Q
1001 AATTAGGACAAGAGCAACAAGATCAGCAATCAGGACAAGGGCGACAAGGTCAACAGTCAGGACAAAGGCAACAAGATCAGCAGTCAGGACAAGGGCAGCA 1100

PGQRQPGY YSTSPOQQLGQGQQPRYY®PTSPQQPGAQ
1101 ACCGGGACAAAGGCAGCCAGGGTACTACTCAACTTCTCCGCAACAATTAGGACAAGGCCAACCAAGGTACTACCCAACTTCTCCGCAGCAGCCAGGACAA 1200

EQQPRQLOQOQPEQGQQGQQPEQGOQQGQQQROQGETDQ
1201 GAGCAGCAGCCAAGACAATTGCAACAACCAGAACAAGGGCAACAAGGTCAGCAGCCAGAACAAGGGCAGCAAGGTCAGCAGCAAAGACAAGGGGAGCAAG 1300
6 QQPGQGQRQGQQPGQGQPGYYPTSPQQSGQG QPG
1301 GTCAGCAGCCAGGACAAGGGCAACAAGGGCAGCAACCGGGACAAGGGCAGCCAGGGTACTACCCAACTTCTCCGCAGCAGTCAGGACAAGGGCAACCAGG 1400
YYPTSPQOQSG6OQLOGQPAQGOQQPGOQEQQRGOQOQPGQGH
1401 GTACTACCCAACTTCTCCACAGCAGTCAGGACAATTGCAACAACCAGCACAAGGGCAGCAACCAGGACAAGAGCAACAAGGTCAACATCCAGGACAAGGG 1500

QQPGQGQPGYYPTSPQQSGOQEQQLEO QWO QQSGQG
1501 CAGCAACCGGGACAAGGGCAGCCAGEGTACTACCCAACTTCTCCGCAGCAGTCAGGACAAGAGCAACAGCTAGAACAATGGCAACAGTCAGGACAGGGSE 1600

p=

QPGHYPTSPLQPGQGQPGYYPTSPQQIGQGQIQP
1601 AACCAGGGCACTACCCAACTTCTCCGTTGCAGCCAGGACAAGGGCAACCAGGGTACTACCCAACTTCTCCACAACAGATAGGACAAGGGCAGCAGCCAGE 1700

P TQGQQG&QOQPGOGOQOQGQROQPGEG

QL QQ Q Q Q0 Q
170 ACAATTGCAACAACCAACACAAGGGCAACAAGGGCAGCAACCAGGACAAGGGCAACAAGGTCAACAGCCAGGAGAAGGGCAACAAGGTCAGCAGCCAGGA 1800

=

Q6GQQPGQGGQPGYYPTSLQQSGQGQQEPGQWQ QPG
1801 CAAGGGCAGCAACCAGGACAAGGGCAGCCAGGGTACTACCCAACTTCTTTGCAGCAGTCAGGACAAGGGCAACAGCCAGGACAATGGCAACAACAAGGAC 1900

QG6GQPGYYPTSSLQPEOQGQOQGYYPTSQQOQPGOQGPAQ
1901 AAGGACAACCAGGGTACTACCCAACTTCTTCGTTGCAGCCAGAACAAGGGCAACAAGGGTACTACCCAACTTCTCAGCAGCAACCAGGACAAGGGCCGCA 2000
PG QWQOQSGQGEQQGYYPTSPQQSGQ6Q QP G Q WL Q
2001 ACCAGGACAATGGCAACAATCAGGACAAGGGCAACAAGGGTACTACCCAACTTCTCCGCAGCAGTCAGGACAAGGGCAACAGCCAGGACAATGGCTGCAA 2100
P GQWLQSGYYLTSPOQQLGQGQQPRQMWLQGQPRIQGGAQ
2101 CCAGGACAATGGCTGCAATCAGGGTACTACCTAACTTCTCCGCAGCAGTTAGGACAAGGGCAACAGCCAAGACAATGGTTGCAACCAAGACAAGGGCAAC 2200
QGYYPTSPQQSGEQEG6QQLGQGQQGYYPTSPQQSGAQ
2201 AAGGATACTACCCAACTTCTCCGCAGCAGTCAGGACAAGGGCAACAATTAGGACAAGGGCAACAAGGATACTACCCAACTTCTCCGCAGCAGTCAGGACA 2300

G Q YDISPYHVSAEHGAASLZKVYAKAQQLAARQHTL
2301 AGGGCAACAAGGCTACGA GCCCATACCATGTTAGCGCGGAGCACCAGGCGGCCAGCCTAAAGGTGGCAAAGGCACAGCAGCTCGCGGCACAGCTGCCG 2400

AMCRLEGGDALLASZ Q®* *
2401 GCAATGTGCCGGCTAGAGGGCGGCGACGCATTGTTGGCCAGCCAGTGATAGAACTATCTGCAGCTCGCTTGGTGCTTAGGCATGCATGCACCTTAGCTAT 2500

2501 AQRATAMITGTAGOGTGTATTCARGTTTTTCATGTAAC TAATGTAAAGCCCAGTARTGATGCARMATGARAAGCTT

Fig. 2A and B. Primary structure of the Ax2* A and Bx7 B genes. TATA boxes and polyadenylation signals are boxed. Potential
additional polyadenylation signals are underlined. The ‘ —300’ sequences (see text) are indicated by dashed boxes, and are found at
about —450 to the start codon. The tandem duplication indcluding the ‘—300’ elements in Bx7 are indicated by half-brackets. The
repetitive portion of the coding sequences are enclosed by brackets. The double translation stop is indicated by asterisks
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clones 11B-2 and AR23 agree best with the N-terminal
protein sequences reported for the Ax1 and Bx7 alleles
from cultivar Copain (Table 3), and A1B-2 is similar to the

Ax

nome (Shewry et al. 1984). These comparisons confirm the

TTTTGCACCGTCATAGCATAGATAGATAGATAGATGTTGTGAGTCATTGGATAGATATTGTGAGTCAGCATGGATTTGTGT
TGCCTGGAAATCCAACTAAATGACAAGCAACAAAACCTGAAATGGGCTTTAGGAGAGATGGTTTATCAATTTACATGTTCCATGCAGGCTACCTchépT

GquAACAGATACATATCTGCCAAACCCCAAGAAGGATAATCACTCCTCTTAGATAAAAAGAACAGACCAATGTACAAACRTCCACACTTCTGCAAACAA
TACACCAGAACTAGGATTAAGCCCATTACGTGGCTTTAGAGACCGTCCARAAATCTGTTTTCGCAAGCACCAATTGCTCCTTACTTATCCAGCTTCTTTT
GTGTTGGCAAACTGCCCTTTTCCAACCGATTTGTTCTTCTCACGCTTTCTTCATAGGTAAACTAACCTCGGCGTGCACACAACCATGTCCTGAAGCCTTC
ACCTCGTCCGCCCATCCAACCTTCACMTCTCATCATCACCCACAACACCGAGCACCCAATCTACAGATCMTTCACTCACAGTTCACTGAG

M AKRLVYLFAAYVYVALVYALTAAEGEASGQLQ QCEH
ATGGCTAAGCGCCTGGTCCTCTTTGCGGCAGTAGTCGTCGCCCTCGTGGCTCTCACCGCCGCTGAAGGTGAGGCCTCTGGACAACTACAATGTGAGCACG
ELEACIQQ Q QL RDYVY G YSPGTROQYENQ
AGCTCGAGGCATGCCAACAGGTGGTGGACCAGCAACTCCGAGACGTTAGCCCCGGGTGCCGCCCCATCACCGTCAGCCCGGGCACGAGACAATACGAGCA

QPVYPSKAGSFYPSETTPSQQLQQMIFWGTITP L
GCAACCTGTGGTGCCGTCCAAGGCCGGATCCTTCTACCCCAGCGAGACTACGCCT+CGCAGCAACTCCAACAAATGATATTTTGGGGAATACCTGCACTA

LRIRY Y P S VY TSSQQG S YY G Q A S QQ S$S6Q6GQQ PG

CTAA GGTATTACCCAAGTGTAACTTCTTCGCAGCAGGGGTCATACTATCCAGGCCAAGCTTCTCCCCAACAGTCAGGACAAGGACAGCAGCCAGGAC

Q P GQGQQHQQPGDQ ¢ Q6 Y Y S PQQPGOQGDQQ
AAGAACAGCAACCAGGACAAGGGCAACAACATCAGCAGCCAGGACAAAGACAACAAGGATACTACCCAACTTCTCCGCAACAGCCAGGACAAGGGCAACA

L G6GQGQPGYYPTSQQQ G Q Q Q G Q6 G Q S G Q
ACTGGGACAAGGGCAACCAGGGTACTACCCAACTTCACAGCAGCCAGGACAAAAGCAGCAGGCAGGACAAGGGCAACAATCAGGACAAGGACAACAAGGE

Y Y P TSP QQSGQGQ QP QG Q Y S PQ QS G QW
TACTACCCAACTTCCCCGCAACAGTCAGGACAAGGGCAACAACCGGGACAAGGGCAACCAGGGTACTACCCAACTTCTCCGCAGCAGTCAGGACAATGGC

Q QPGQGQYQGPGQGEOQQSGOQ6 GQG6Q0QPGGOQ66QRPGEAQ
AGCAACCAGGACAAGGGCAACAACCAGGACAAGGGCAGCAATCAGGACAAGGGCAACAAGGTCAGCAGCCAGGACAAGGGCAACGACCAGGACAAGGACA

QGYYPISPQQPGQGQEQSGEQG6QPGYYPTSL RO
ACAAGGGTACTACCCAATTTCTCCGCAACAGCCGEGACAAGGGCAACAATCAGGACAAGGGCAACCAGGGTACTACCCAACTTCTTTGCGGCAGCCAGGA

Q WQQPGOQGEOQPGEOGEQQGTDQ QP Q0 S6G6Q6GQQG
CAATGGCAGCAACCAGGACAAGGECAGCAACCAGGACAAGGGCAACAAGGTCAGCAGCCAGGACAAGGACAACAATCAGGACAAGGACAACAAGGATACT
YPTSLQQPGQGQQLGQEGQPGYYPTSQQSEQGQQTP
ACCCAACTTCTCTGCAACAGCCAGGACAAGGGCAACAACTGGGACAAGGGCAACCAGGGTAC TACCCAACTTCGCAGCAGTCGGAACAAGGGCAGCAGCT

G QGKXQPGQGQQGYYPTSPQQ G Q0 6QOQL
AGGACAAGGAAAACAACCAGGACAAGGACAACAAGGGTACTACCCAACTTCTCCGCAACAGTCAGGACAAGGGCAACAACTGGGACAAGGGCAACCAGGG

YYPTSPQQSGQGQQSGQG6G6QQGYYPTSPQQ
TACTACCCAACTTCTCCACAGCAGTCAGGACAAGGACAACAATCAGGACAAGGACAACAAGGGTACTACCCAACTTCTCCGCAACAGTCAGGACAAGGGE

Q QPGQGOQSGYFPTSROQQSGQPGQQPGOQG60QQSG6QE6Q
AACAACCGGGACAAGGGCAATCGGGGTACTTCCCAACTTCTCGGCAGCAGTCAGGACAAGGGCAGCAGCCAGGACAAGGACAACAGTCGGGACAAGGGCA

Q 6 QQPGOQGQRQAYYPTS [ Q RQQAGQ QUWOQQRTPGEG
ACAAGGTCAGCAACCAGGACAAGGACAACAAGCGTACTACCCAACTTCTTCGCAACAGTCAAGACAAAGGCAACAGGCAGGACAATGGCAACGACCGGGA

Q GQPGYYPTSPQQPGQEQGOQSGQAQOQSGOQWDQ
CAAGGGCAACCAGGGTACTACCCAACCTCTCCACAGCAGCCAGGACAAGAGCAACAATCAGGACAAGCGCAACAATCAGGACAATGGCAACTAGTGTACT

Y PTSPQQFP QLQOQPAQGQQPAQGQQS Q Q QP GQ
ACCCAACTTCTCCGCAACAGCCAGGCCAATTGCAACAACCAGCACAAGGGCAACAACCAGCACAAGGGCAACAATCAGCACAAGAGCAACAGCCAGGACA

AQ QS GQMWOQWOQOLVYYPTSPQQPGQLQQGPAQGQQGE
AGCGCAACAATCAGGACAATGGCAATGGCAAC TAGTGTAC TACCCAACTTCTCCGCAACAGCCAGGACAATTGCAACAACCAGCACAAGGGCAACAAGGG

Y TS Q ¢ G QG6QQGYYPTSPQQ Q ¢ QG Y Y P
TACTACCCAACTTCTCCACAACAGTCAGGACAAGGGCAACAAGGGTACTACCCAACTTCTCCGCAACAGTCAGGACAAGGGCAACAAGGGTACTACCCAA

TSPQQSGQOEGEQQPGQGQQPROQGQQGY Y PISPQQSG6
CTTCTCCGCAACAGTCAGGACAAGGGCAGCAGCCAGGACAAGGACAACAGCCAAGACAAGGGCAACAAGGGTACTACCCAATTTCTCCECAGCAGTCAGG

*6QQPGQG6GQQGYYPTSPQQS Q Q QP GHEZQQQP G
ACAAGGGCAACAACCAGGACAAGGGCAACAAGGATACTACCCAACTTCTCCGCAGCAGTCAGGACAAGGGCAACAACCAGGACATGAGCAACAGCCAGGA

QWLQPGQGQQGYYPTSSQQ G Q6 HQSGQGOQQG
CAATGGCTGCAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTCTTCACAGCAGTCAGGACAAGGECATCAATCAGGACAAGGGCAACAAGGGTACT
Y P T SLWQPGOQGQQGY AISPYHVSATE Q R L KV AK
ACCCAACTTCTCTCTGGCAACCAGGACAAGGGCAACAAGGCTACGC GCCCATACCATGTTAGCGCGGAGTACCAGGCGGCCCGCCTAAAGGTGGCAAA

Q¢ LAAQLPAMCRLESTSGS L STRIQ™* *
GGCGCAGCAGCTCGCGGCACAGCTGCCGGCAATGTGCCGGCTGGAGGGCAGCGACGCATTGTCGACCAGGCAGTGATAGAACTCTCTGCAGCTTGCATGG

TGCTTGGGCATGCATGCACC TTAGCTATACRATARACGTGACGTGTGT TCACAGCT TTTCRTGTAACTAGAGTAAAGCCCAATAAT AATGCAAGATGARA

AGCTT
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identity of the clones in the current study. The amino
acid composition of all three Cheyenne x-type subunits is
given in Table 4, and shows the characteristic high Gin,

sequence of T. monococcum, an ancestor of the A ge- Gly, Pro content of the HMW glutenins. Together these

make up about 65% of the amino acid residues and are
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Table 3. Known N-terminal amino acid sequences of HMWS. (The unusual abbreviations for amino acids, N and Z, mean: N =not

determined and Z=Glu or Gln)

HMWS Source

Method

Sequence

Reference

Dx2 Highbury, Copain,
Brigand

Dx2 Yambhill

Dx5 Cheyenne

Dx5 Cheyenne

Dx Aegilops squarrosa

Dyt10 Cheyenne

Dyl10 Cheyenne

Dy12 Copain

Dy12 Chinese Spring

Ax1 Copain

Ax2* Cheyenne

Ax Triticum monococcum

Ay Cheyenne

Bx7 Copain

Bx7 Cheyenne

By9 Cheyenne

Protein

DNA
DNA
Protein
Protein

DNA
Protein

Protein
DNA

Protein
DNA
Protein

DNA

Protein
DNA

DNA

EGEASEQLQCERELQEL-QERELKACQQVPDEQLZD Shewry et al. 1984

EGEASEQLQCERELQEL-QERELKACQQVMDQQLRD  Sugiyama et al. 1985
EGEASEQLQCERELQEL-QERELKACQQVMDQQLRD  Anderson et al. 1989

EGEASEQLQCENELQEL-QENELKACQQVNDEQLED  Shewry et al. 1984
EGEASEQLQCERELQEL-QENELKAC Shewry et al. 1984
EGEASRQLQCERELQE---—-SSLEACRQVVDQQLAG  Anderson et al. 1989
EGEASRQLQCERELQE--——~NNLEAC Shewry et al. 1984
EGEASRQLQCERELQE----NQLKACQQV Shewry et al. 1984

EGEASRQLQCERELQE--—--SSLEACRQVVDQQLAG Thompson et al. 1985

EGEASGQLQCENELQENN--—-LKACQQV Shewrey et al. 1984
EGEASGQLQCERELQEHS ----LKACQQVVDQQLRD this paper
EGEASGQLQCERELEENN---— LKAC Shewry et al. 1984

EGEASKQLQCERELQE---~SSLEACRLVVDQQLAS  Forde et al. 1985

EGEASGQLQCENELE ————~———— ACQQVNDQQL Shewry et al. 1984
EGEASGQLQCEHELE ————~———— ACQQVVDQQLRD this paper

EGEASRQLQCERELQE~—-~-SSLEACRQVVDQQLAG Halford et al. 1987

Table 4. Amino acid composition of x-type HMWS *

Amino acid Ax2* Bx7 Dx5?
Ala 3.0 31 3.0
Arg 2.5 21 1.1
Ans 0.0 0.0 0.0
Asp 0.7 04 0.5
Cys 0.5 0.5 0.6
Gln 338 34.0 357
Glu 3.9 1.7 20
Gly 17.1 18.6 19.8
His 0.5 0.6 0.5
Ile 0.5 0.6 0.5
Leu 5.3 2.9 44
Lys 0.9 0.6 0.7
Met 0.2 0.3 0.2
Phe 0.2 0.4 0.2
Pro 11.6 12.1 13.2
Ser 7.5 8.8 5.9
Thr 34 3.5 3.0
Trp 1.1 1.2 1.1
Tyr 6.0 7.0 5.7
Val 21 1.4 1.7
Acidic 4.6 21 2.5
Basic 34 2.7 1.8
Aromatic 7.3 8.6 7.0
Hydrophobic 154 13.8 13.8
Mol. Wt? 86.3 82.9 88.1

2 Anderson et al. 1989
b Kilodaltons

found mainly in the simple repeat motif, PGQGQQ.
While the three subunits have a similar overall amino
acid content, the Ax2* subunit contains considerably
more total charged residues, i.e., 8.0% compared to
4.8% and 4.3% for Bx7 and Dx5, respectively.

As in all other HMW-glutenin genes and all other
known cereal storage protein genes, neither the Ax2* nor
Bx7 genes contains introns, making the HMW-glutenin
genes some of the longest known examples of non-
interrupted coding sequences.

The 5 nonrepetitive DNA sequences of the three
x-type genes are similar except for a 9-amino acid seg-
ment (Fig. 3A). The DNA sequence of this region is
shown in Fig. 3B for the three x-type gens, along with the
amino acid residues of Dx5. At the DNA level this region
of Dx5 is seen as an overlapping series of short repeats,
which by deletion/duplication, may form the basis for
the relative variability of this portion of the HMWS
homoeoalleles. The 3’ nonrepetitive sequence is of identi-
cal length in all three genes, with single base changes
causing a few amino acid differences (Fig. 3 C).

The cysteine residues within the HMWS figure prom-
inently in models of dough formation. The Ax2* and Bx7
sequences are similar to published Dx sequences in three
respects: no cysteines occur within the repetitive portion
of the genes; three are present in the 5’ nonrepetitive
region; a fourth occurs in the 3’ nonrepetitive sequence.
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A 5' Non-Repetitive Coding Sequences
Ax2* MTKRLVLFAAVVVALVALTAAEGEASGQLQCERELQEHS----LKACQQVVDQOLRDVSPECQPV
Bx7 A HE E--------- GRI
Dx5 A v v E L-QERE M I H
Ax2* GGGPVARQYEQQVVVPPKGGSFYPGETTPPQOLQOQSILWGIPALLR
§:Z gz GTG i ‘f’ a s 5 }; ; K Fig. 3A-C. Comparison of nonrepeti-
tive coding sequences of the x-type
B HMWS. The sequences flanking the cen-
tral repetitive region of all three x-type
Ax2* TGT GAG CGC GAG CTC CAG GAG CAC TCG --- —-- --- --= CTT AAG GCA TGC HMWS are aligned for comparison. A
Bx7  TGT GAG CAC GAG CTC GAG ——=~ —-= =--= —== === —-= --~ ——— ——= GCA TGC The 5 nonrepetitive regions of the three
Dx5 TGT GAG CGC GAG CTC CAG GAG CTC --- CAG GAG CGC GAG CTC AAG GCA TGC x-type subunits of cultivar Cheyenne.
¢ E R E L Q@ E L - Q E R E L K A C The amino acid sequence of Ax2* is
= — — —_— shown along with the sites of difference
' T of Bx7 and Dx5. B The DNA sequence
p: of the portion of the 5 region between
the first and second cysteine residues.
C 3' Non-Repetitive Coding Sequences Brackets under.th.e sequences deljneate
three sets of similar sequences in the
Ax2* SPYHVSAEHQMAASLKVAKAQQLAAQLPAMCRLEGGDALLASQ** DNA gene. The DNA sequence is taken
Bx7 Y R s STR from Greene et al. (unpublished results).
Dx5 s v s C The 3’ nonrepetitive region of the three

x-type subunits of cultivar Cheyenne

The Dx5 sequence is thus far unique in that in contains
a fifth cysteine at the beginning of the repetitive domain
(Anderson et al. 1989).

Repeat structure

The dominant feature of the HMW subunits is the cen-
tral repetitive region made up of repeats of a few funda-
mental 6—15 amino acid residue motifs. The repeat struc-
tures of the three x-type HMW-glutenins of the wheat
cultivar Cheyenne are diagrammed in Fig. 4. The repeats
of the Ax2* and DxS5 sequences were manually aligned as
reported for the y-type sequences (Halford et al. 1987).
As the authors pointed out, the alignments are somewhat
subjective, and in some places may not reflect the true
history of the region. However, by aligning by similar
repeat structure and unusual amino acid combinations,
we believe this to be a reasonable approximation of the
relationship between Ax2* and Dx35, at least for the ter-
minal portions. The Bx7 subunit is significantly different,
and cannot be aligned with the other two sequences.
Previously (Halford et al. 1987) we described the ba-
sic repeat motifs of the HMWS as: a hexapeptide of
PGQGQQ, a nonapeptide of GYYPTSPQQ, and a num-
ber of highly conserved GQQ tripeptides associated with
the hexapeptide in the 1Dx2 gene, but absent in the se-
quenced y-type genes. We have now reported sequences
from the final two of the six HMWS gene types, plus
alleles from the Glu-Df locus (Anderson et al. 1989).
Further analysis suggests a modification of the model
of repeat motif structure. The following features of

the known sequences indicate that changes in the re-
petitive region involve either the hexapeptide motif or a
hexapeptide accompanied by either the tripeptide or
nonapeptide motifs: (1) the tripeptide and nonapeptide
motifs always occur between hexapeptides; (2) runs of up
to 10 hexapeptides, or hexapeptides plus one of the other
two motifs are a common feature in both the x-type and
y-type subunits; (3) when alleles are compared, the differ-
ences in the repetitive region suggest that the tripeptide
and nonapeptide motifs delete or duplicate mainly in
concert with adjoining hexapeptide motifs; (4) hexapep-
tide motifs occurring both before and after nonapeptides
have similar residue preferences, which are slightly differ-
ent from hexapeptides occurring either with other hexa-
peptides or with tripeptides. The repetitive region of the
HMW-glutenins is, thus, seen as composed of a series of
interspersed copies of two (y-type genes) or three (x-type
genes) simple units (Fig. 4), all of which begin with the
hexapeptide PGQGQQ, followed by: class A, no further
residues; class B, the tripeptide GQQ; class C, the nona-
peptide GYYPTSPQQ.

When Ax2* and Dx5 are compared (Fig. 4), the re-
peat pattern between lines 1-19 and 4880 indicates the
clearest relationship between the two genes. Lines 20—47
also show some possible conservation; e.g., the center of
the repeat region can be reasonably aligned by repeat
classes, but the amino acid differences indicate the proba-
bility of different origins. In the Dx5 and Ax2* se-
quences, lines 53-62 show a run of class B repeats, par-
ticularly in the Dx5 sequence. Similar such runs have
been seen in the y-type subunits for class A and C repeats
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*
Ax2 Dx5 Bx7

1 RYYLSVTSPQQV RYYPSVTCPQQY RYYPSVTSSQQG

2 SYYPGQASSQR SYYPGQASPQR SYYPGQASPQQ

3 e PGQGQQ SGQGQQ

4 PGOGQQ EYYLTSPQQ PGOGQQ GYYPTSPQQ PGQEQQ

5 SGOWQQ PGQWQQ PGQGQQ HQQ

6 PGQEQS GYYPTSPQQ PEQGQP RYYPTSPQQ PGQRQQ GYYPTSPQQ

7 SGOKQP  GYYPTSPHQ ~ mmemme mmemmeee- PGQG

8 PEQLQQ SGOLQQ LGQGQP GYYPTS-QQ

9 PTQGQQ RQQ  —meee- --- PGQKQQ

10 PGOGQQ PAQGQQ AGQGQQ

11 LRQGQQ  GQQ PGOGQQ GQQ SGQGQQ GYYPTSPQQ
12 SGQGQP  RYYPTSSQQ PGQGQP GYYPTSSQLQ S6QGQQ

13 PGQLQQ PGOLGQ PGOGQP  GYYPTSPQQ
14 LAQGQQ GQQ PAQGQQ GQQ SGOWQQ

15 PERGQQ GQQ PGOGQQ  GQQ PGQGEQQ

16 SGQGOQ PGQGGQ PGQGQQ

17 LGQGQQ  GQQ PGQGQQ SGQGQQ  6QQ

18 PGQKQQ PGQGQQ PGQGQR

19 S6QGQQ  GYYPISPQQ L6QGQQ GYYPTSLQQ PGQGQQ GYYPISPQQ
20 16Q6Q mmeeen PGQGQQ

21 SGQGQL  GYYPTSPQQ SGQGQP  GYYPTSLQQ SGQGQP  GYYPTSLRQ
22 SGQGQS  GYYPTSAQQ LGQGQS GYYPTSPQQ PGQNQQ

23 e PGQGQQ PGOGQQ

24 PGQLQQ PGQLQQ PGQGQQ GQQ

25 STQEQQ PAQGQQ PGQGQQ -

26 LGQEQD DQQ PEQGOQ  GQQ S6QGQQ  GYYPTSLQQ
27 SGQGRQ  GQQ PGOGQQ GQQ PGQGQQ _ _ _ _ __ __
28 SGQRQQ DOQ . mme—ew - LGQGQP ! GYYPTS-QQ |
29 S6QGQQ PGQGQQ REQRQY 1=~~~ - -
30 PGQRQP  GYYSTSPQQ PGQGQP GYYPTSPQQ iPGQGKQ |

31 LGQGQP RYYPTSPQQ SGQGQP  GYYPTSSQQ IPGOGQQ_1GYYPTSPQQ
32 PGQEQQ PTQSQQ S6RGQQ

33 PROLQ.  emeeee LGQGQP  GYYPTSPQQ
34 PEQGQQ 6QQ  mmmeen - SGQGQQ

35 PEQGQQ GQQ PGOGQQ GQQ S6QGQQ GYYPTSPQQ
36 QRQGEQ  GQQ VGOGQQ AQQ SG65QQ

37 PGOGQQ GQQ PGQGQQ --- P

38 PGQGQP GYYPTSPQQ PGQGQP  GYYPTSPQQ SGQGQQ

39 SGQGQP  GYYPTSPQQ SGOGQP  GYYLTSPQQ PGQGQQ

40 S6QLQQ SGQGQQ S6QGQQ  6QQ

41 PAQGQQ PGPLQQ PGQGQQ  AYYPTSSQQ
42 PGQEQY GQQ SAQGQK  GQQ SRQRQQ

43 PGQGQQ PGQGQQ AGQWQR

44 - — PGOGQQ  GQQ PGQGQP  GYYPTSPQQ
45  emee- --= PGQGQQ  GQQ [PGQEQQ

46 PGQGQP  GYYPTSPQQ PGQGQP  GYYPTSPQQ SGQAQQ

47 SGQEQQ S6QGQQ SGQWQL  VYYPTSPQQ
48 LEQWQQ PGQWQQ PGQLQQ
49 SGQGQP  GHYPTSPLQ PGQGQP  GYYPTSPLQ LPAQGQQ

50 PGQGQP  GYYPTSPQQ PGQGQP  GYDPTSPQQ PAQGQQ

51 16Q6QQ PGQGQQ [SAQEQQ

52 PGQLQQ PGQLQQ PGQAQQ

53 PTQGQQ GQQ PAQGQQ GQQ SGQWQWQL VYYPTSPQQ
54 PGQGQQ  GQQ LAQGQQ  GQQ PGQLQQ

55 PGEGQQ PAQVQQ GQR PAQGQQ| GYYPTSPQQ
56 cemmen PAQGQQ GQQ Tﬂﬁﬁﬂxg GYYPTSPQQ
57 PGQGQQ  GQQ SGQGQQ  GYYPTSPQQ
58 L6QGQQ  GQQ SGQGQQ

59 PGOGQQ  GQQ PGQGQQ
T J— - PGQGQQ  GQQ PRQGQQ GYYPISPQQ
) A—— - PGQGQQ  GQQ SGQGQQ
T — - PGOGQQ  GQQ PGQGQQ GYYPTSPQQ
63 PGQGQQ PGQGQQ SG6QGQQ
64 PGOGQP GYYPTSLQQ PGQGQP WYYPTSPQE PGHEQQ
65 S6QGQQ S6QGQQ PGQWLQ
66 PGQWQQ PGQWQQ PGOGQQ GYYPTSSQQ
67 PGQGQP  GYYPTSSLQ PGQGQP GYYLTSPLQ SGQGHQ
68 PEQGQQ  GYYPTSQQQ LGQGQQ GYYPTSLQQ SGQGQQ  GYYPTSLWQ
69 PGQGPQ PGQGOQ PGOGQQ GYA
70 PGQWQQ PGQHQQ
71 SGOGQQ  GYYPTSPQQ SGQGQH  GYYPTSPQL
72 $G6Q6QQ SGQGQR
73 PGQWLQ PGOHLQ
74 PGQWLQS GYYLTSPQQ PGQGQQ GYYPTSPQQ

75 L6QGQQ SGQGQQ
76 PROWLQ LGQWLQ
77 PRQGQQ GYYPTSPQQ PGOGQQ GYYPTSLQQ
78 SGQGQQ T6QGQQ
79 L6QGQQ GYYPTSPQQ ~ mmemem meememmen
80 S6QGRQ  GYD SGQGQQ  GYY

Fig. 4. Repetitive region of the x-
type HMWS. The amino acid
residues of all three x-type
HMWS of cultivar Cheyenne are
ordered by repeat classes. The
Ax2* and Dx5 (Anderson et al.
1989) repeats are aligned manually
and some gaps inserted. The Bx7
gene is not aligned. the solid line
block in the Bx7 sequence en-
closes the repetitive portion of the
cultivar Chinese Spring Bx7
HMWS (Thompson et al. 1983).
The internal dotted block is miss-
ing in the Chinese Spring se-
quence. The two bracketed blocks
toward the C-terminus of the Bx7
sequence delineate an apparent
duplication of a single block.
Lines are numbered to facilitate
discussion in the text
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B Concensus Repeats
P G Q G Q Class x-type genes y-type genes
Ax2% P 16 G 23 Q29 G 13 ¢Q 26 ¢ 29 A RGQGQQ RGQGQQ
s 9 E 2 L 6 L 2 S N
L 3 R 2 W 6 P 1 B PGQGQQ GQQ ———=
I 1 a1 E 3
T 1 [of RGQGQR GYYPTSPQQ PGQRGQOQ GIYPISLQOQ
S Q H A P,Q
Bx71P 17 G 34 Q38 G25 Q36 @ 37
s1i5 A 3 J 1 E 4 J 1 R 2
A 2 E 1 W 4 K 1
R 1 A 2 L 1 CLASS A
L 2
K 1
R 1
Dx5 [P 22 G 23 Q29 G 18 Q28 Q 29
S 6 A 2 P 1l W 6 L 2 R 1
L 1 T 1 L 5
T 1 s 1 G o]
Ax2*P 9 G 8 Q14 G 13 Q14 Q 16 G 13 Q16 Q 16
L 4 E 3 E 1 E 2 E 1 D 2
S 2 R 2 R 1 R 1 R 1 R 1
Bx7|P 2 G 4 Q 4 G 4 Q 4 Q 4 G 3 Q 4 Q 4
s 2 H 1 CLASS B
Dx5 |P 18 G 14 Q22 G21 Q22 Q21 G 21 Q22 @21
L 2 A 7 v 1 K 1 a 1 R 1
s 1 E 1
v 1
Ax2* P 11 G 19 Q20 G 18 Q 20 P 11 G 18 Y20 Y21 P18 T 20 S21 P15 Q 17 Q 20
s 8 E 1 61 x 1 L 1 @Q 7 R 2 H 1 L 2 I 1 Q 2 1 2 p 1
L 2 R 1 s 2 E 1 s 1 s 2 P 1
w1 L 1 A 1 W 1
L 1
Bx7 [P 11 G 21 Q23 G20 Q23 Q 14 G20 Y23 Y22 P23 T21 $23 P15 Q21 @ 23
s 9 a1 w 2 P 6 v 2 F 1 I 2 L 3 R 1
L 3 R 1 R 1 L 2 A 1 s 2 W 1 CLASS C
s 1 - 2
R 1
Dx5 |P 11 G 19 Q20 G 18 Q20 P 11 G18 Y20 Y21 P18 T 20 S 21 P15 Q17 @ 20
s 8 E1 61 K 1 L 1 ¢ 7 R 2 H 1 L 2 1 Q 2 L 2 p 1
L 2 R 1 R 1 s 2 E 1 s 1 s 2 p 1
W 1l L 1 A 1 wW 1
L 1
P G Q G Q Q G Y Y P T s 3 [+) Q

Fig. 5A and B. Amino acid residue distribution in repeat classes. A The total amino acid distribution in the three repeat classes (A,
B, and C) is listed vertically for each position for the three x-type HMWS of cultivar Cheyenne (Fig. 4). The hexapeptides are aligned
for all three classes. The consensus residues are given at the top for the class A hexapeptide and at the bottom for the class C
hexapeptide + nonapeptide. The class B pattern is the hexapeptide + tripeptide. B The consensus residues the class A, B, and C repeats

for both x-type and y-type (Halford et al. 1987) subunits

(Halford et al. 1987; Anderson et al. 1989). The Bx7 re-
peat sequence is too divergent from those of Ax2* and
Dx5 for alignment, with the possible exception of the
most C-terminal portion of the region, which shows
some similarity with the other x-type subunits.

A tally of the three motifs in all three x-type subunits
gives the following distribution of A, B and C classes:
Ax2*, 28-16-21; Bx7, 39-4-23; Dx5, 35-19-19. The main
differences are that Bx7 contains relatively more of the
class A repeats, but only 4 of the class B. Figure 5 shows
the distribution of amino acids at each position in the
three repeat classes of the x-type subunit of cultivar
Cheyenne, and gives the consensus repeats for both the
x- and y-type genes. It may be suspected that the more
conserved a specific position in a repeat, the more signif-
icant a role is played by the amino acid in that position.

However, not enough is known about how the structure
of the wheat storage proteins is related to constraints of
seed development or utilization during germination, to
distinguish conservation by selection from conservation
by DNA sequence structure constraints. All of the gluta-
mine positions are highly conserved (95%), but the single
most stable position is the serine in the nonapeptide in
the class C repeats. Only one variant occurs at this posi-
tion in all six HMWS genes of cultivar Cheyenne, and
that is in the silent Ay gene. Also relatively invariant are
the two tyrosines in the class C nonapeptide of the x-type
subunits; tyrosine occurs in 64 and 63 out of the 65
positions, respectively (the y-type subunits often have
histidine in the first position). The main difference at
specific residue sites among the consensus x-type repeats
is that the Ax and Dx genes favor proline at position 6 of
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the class C repeat, while the Bx gene favors glutamine, as
do the y-type genes (Halford et al. 1987).

Evolution of the repeat domain

By comparing sequences of homoeologous genes from
all three genomes with each other and with alleles of
the same loci (Halford etal. 1987, Anderson et al.
1989; Anderson and Greene, current paper), the fol-
lowing modes of sequence evolution are proposed for the
repeat region of the HMW-glutenin genes, starting with
the simplest mechanism: (1) Single base changes: leading
to either no effect or amino acid substitutions. (2) Dele-
tions or additions within a repeat: most seem to be loss/
gain of three codons forming the GQQ tripeptide, but
there are a few examples of 1-2 codon duplications/
deletions. (3) Single repeat changes: suggesting a single
repeat has been either duplicated or deleted. (4) Deletions
or duplications of blocks of repeats: while it is difficult to
distinguish this mechanism from a series of single repeat
changes, especially when examining runs of the same
repeat class, some differences are most easily explained
by a single event removing or duplicating a block of
repeats. The three clearest examples occur in the two B
genome HMWS of cultivar Cheyenne. In Fig. 4, the solid
blocked portion of Bx7 matches a region reported for an
unknown HMWS from cultivar Chinese Spring (Thomp-
son et al. 1983). The amino acid residue and DNA se-
quences of the Chinese Spring Bx7 subunit both match
the Cheyenne Bx7 subunit, except for the apparent dele-
tion of a block of repeats (dotted block in Fig. 4). A
second example is an apparent duplication within the
Cheyenne Bx7 sequence. Lines 45—49 possess unusual
amino acid residue positions and combinations very sim-
ilar to lines 51-55 (bracketed), and this is probably due
to a five repeat block tandem duplication. Similarly, an
examination of the By9 sequence (Halford et al. 1987)
indicates a three hexapeptide block exact tandem dupli-
cation in the center of the repeat region.

In addition to the above discussed methods of repeat
change, there may be mechanisms favoring certain series
of events, such as expansion or contraction of one type
of repeat. It may be that runs are particularly susceptible
to sequence alteration, e.g., unequal crossover, slip-
mismatching, etc.

While it is possible to account for most differences
between genes at different loci and between alleles, a few
repeats do not fit easily into the above categories. Lines
8 and 28 (Fig. 4) of Bx7 illustrate one such problem. The
repeat sequences are identical, with enough characteristic
amino acid combinations to make it likely to have a
common origin, yet they are widely separated. The cur-
rent distance between them could be explained either by
divergence of the intervening sequence after an original
duplication or by the occurrence of a specific duplication

across a greater distance. There is no simple model for
the latter.

The repeat arrangement in Fig. 4 emphasizes changes
occurring strictly in repeat units. Note, however, that the
repeat borders may not delineate the boundaries of re-
peat changes. If a crossover, etc., occurs between bases at
the same position within two repeats, the exact position
of the crossover may not be evident unless unusual amino
acid or base combinations are present to serve as
markers. That at least some of the repeat changes do
occur precisely with whole consensus repeats is suggested
in lines 1-4. There, the two non-consensus repeats
related to the nonapeptide motif beginning the repetitive
portion of the sequence are too different to be easily
involved in sequence interactions with the following re-
peats, yet the following repeats do show changes between
homoeoalleles. It is also interesting that the repetitive
portion of the HMW proteins not only begins with two
peptides related to the nonapeptide part of the type C
repeat, but also ends with the first nine amino acids of the
type C repeat.

As noted above, the Bx repeat region is significantly
different from the Ax and Dx pattern, which may indi-
cate a more distant ancestry. Payne etal. (1981) and
Galili and Feldman (1983) observed that the Glu-BI al-
leles show significantly higher variation in mobility on
SDS-PAGE than proteins from the Glu-A1 and Glu-D1
loci, and it was suggested that the origin of the B genome
is polyphyletic. Both of these observations could be ex-
plained if the B genes change at a faster rate than the A
and D genes. We know of no mechanism for such a
difference, but it may be supported by the observation
that the only three clear examples of repeat block dupli-
cation occur in genes from the B genome, implying that
the duplications have occurred recently enough that sub-
sequent changes have not obscured the events.

Identification of unknown sequences
and HMW nomenclature

Now that examples of all six HMW genes have been
sequenced, it will be possible to assign unknown protein
or cDNA sequences to specific loci, even with only par-
tial sequence information. For example, N-terminal ami-
no acid sequence data can identify specific subunits
(Table 3). Similarly, partial DNA sequences (which
usually yield C-terminal information) should also be suf-
ficient for identification. Two partial cDNA sequences
derived from endosperm mRNA of the cultivar Sentry
have been reported to code for HMWS of unknown
identity (Forde et al. 1983). One clone, pc256, has a re-
peat pattern similar to Ax2*. In addition, the 3’ nonrepe-
titive sequence is closer to Ax2* than the other five genes.
A second clone, pc237, which only contains the 3’ nonre-
petitive sequence, is similar to Dx5. Thus, these two par-



tial cDNAs code for the 3’ portions of the Ax1 and Dx3
subunits, the Ax and Dx alleles of cultivar Sentry. Simi-
larly, a partial sequence from the cultivar Chinese Spring
(Thompson et al. 1983) is similar to the Bx7 gene. It may
now even be possible to determine allelic differences from
mRNA preparations without resorting to cloning using
specific sequencing primers on total DNA or mRNA
preparations.

Even though the cultivars Cheyenne and Chinese
Spring contain Bx subunits designated 7 by similar mobi-
lities on SDS-PAGE, we have noted above a difference in
their DNA sequences. It seems reasonable to assume that
even subunits with the same characteristics will often
contain both single amino acid residue and repeat unit
changes. Thus, similarity in the physical properties of the
subunits, such as apparent molecular weights from gel
electrophoresis, are not themselves sufficient to conclude
identity of two HMWS; DNA or protein sequence is
required.

Relationship to dough quality

Studies have shown that the 1D genes correlate both
positively and negatively with bread-making quality
(Payne et al. 1984; Branlard and Dardevet 1985), de-
pending on the specific alleles present in the wheat vari-
ety. The Ax genes are also associated with good quality,
while the B genes (both x- and y-types) have not shown
clear correlations. The finding of an additional cysteine
residue in the good quality Dx5 gene (Anderson et al.
1988) when compared to a poorer quality related allele
(Dx2) supports a model of a more complex disulfide
cross-linked glutenin matrix leading to improved dough
visco-elasticity. Both the Ax2* and Bx7 subunits lack the
extra cysteine residue found in DxS (but not in the poorer
quality subunit Dx2). However, there is still no conclu-
sive connection between the extra cysteine and quality,
nor an indication whether some other, less obvious,
structural feature is responsible. Both of the sequences
reported here, the Bx with its different repeat pattern,
and the Ax with its increased charge density, have prop-
erties that could affect their participation in the glutenin
complex or in the non-covalent interactions with
members of the other families of storage proteins.

The complete characterization of all the HMW-
glutenin genes from a single cultivar should aid in future
research to understand the relationship between individ-
ual gene products and quality contribution to dough
formation. Further work needs to be done on how specif-
ic structural features of these proteins relate to desired
quality characteristics. One potential approach is the use
of genes, both native and modified, to produce individual
proteins (or combinations of proteins) through biotech-
nological methods. In addition, the detailed comparative
study of the DNA sequences of the different HMW genes
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from the three homoeologous loci and between y-type
and x-type genes will contribute to our understanding of
the evolution of this gene family.
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