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Summary. The isolation and characterisation by DNA se-
quencing of a low molecular weight (LMW) glutenin gene
from wheat is described. The deduced protein contains a
signal peptide, a central repetitive region rich in proline
and glutamine and N and C terminal non-repetitive do-
mains, similar to other prolamins. A detailed comparison
of the C terminal domain of 20 prolamin genes enabled
us to divide them into 4 families. The LMW glutenin family
is distinct from the «, - and y-gliadin families of wheat
and is closest to the B hordein genes of barley. This and
other comparisons were also used to assess the pattern of
genetic variation among prolamin sequences and to provide a
molecular basis for the interpretation of prolamin size poly-
morphism. The 5 flanking fragment of the isolated gene
was previously shown to direct endosperm-specific expres-
sion of a reporter gene in transgenic tobacco. Evidence is
provided that the isolated gene is also active in wheat and
its transcription initiation site was determined. Features of
the gene which may be relevant to its activity are discussed.

Key words: LMW glutenin — Seed storage protein — Molecu-
lar evolution — Tissue-specific expression — Wheat

Introduction

The major storage proteins of hexaploid wheat have long
been recognised for their important role in determining the
nutritive and baking properties of flour. These proteins are
called prolamins because of their high proline and gluta-
mine content. Prolamins are specifically synthesized and
deposited in the endosperm of the developing grain, where
they constitute the primary source of nitrogen for the onset
of protein synthesis that occurs during subsequent germina-
tion and early growth.

Wheat prolamins have been classified into two groups,
the glutenins and the gliadins, according to their solubility
in aqueous solvents, and have been further categorized ac-
cording to their size into five related protein families (a.f-,
y- and w-gliading; LMW and HMW glutenins, reviewed
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in Payne 1987). Genes encoding members of three wheat
prolamin families, the HMW glutenin, the «,f-gliadin and
the y-gliadin families have now been described (Okita et al.
1985; Sumner-Smith et al. 1985; Thompson et al. 1985;
Bartels et al. 1986; Rafalski 1986; Halford et al. 1987). Al-
though no w-gliadin gene has yet been characterized, a re-
lated C-hordein has recently been sequenced (Entwistle
1988). Finally, several cDNA clones have been isolated that
may encode LMW glutenin components (Bartels and
Thompson 1983, Okita et al. 1985). As both wheat y-glia-
dins and LMW glutenins are encoded by genes clustered
at the complex gli-1 locus (Payne et al. 1984), the relation-
ship of these genes needs to be established unequivocally.

A partial sequence of a LMW glutenin gene 5" flanking
region that was used in transgenic tobacco experiments was
presented previously (Colot et al. 1987). In this paper we
describe the nucleotide sequence of the entire gene (now
called LMWG-1D1). Southern blot analysis shows that the
gene LMWG-1D1 resides on chromosome 1D and is one
of a small family carried on group 1 chromosomes of hexa-
ploid wheat.

Comparisons of LMWG-1D1 with other known prola-
min gene sequences of wheat and barley, indicate that the
isolated gene belongs, together with sequences originally
defined by Okita et al. (1985) as y-type gliadins, to a gene
family which encodes LMW glutenin subunits and is mark-
edly distinct from the y-gliadin gene family defined by Bar-
tels et al. (1986) as well as from o,f-gliadin genes. Further-
more, LMWG-1D1 is closely related to barley B1 and B3
hordein sequences (Forde et al. 1985a, b; Brandt et al.
1985). Comparisons between several prolamin gene se-
quences are described in this paper in order to assess the
pattern of genetic variation among prolamin sequences and
to provide a molecular basis for the size polymorphism
which is observed at the protein level both within and be-
tween prolamin families.

S1 mapping and primer extension experiments have
been performed which show that LMWG-1D1 is active in
wheat endosperm. Sequences similar to upstream elements
important for gene expression in a variety of eukaryotes,
including v-JUN/GCN4 binding sites, have been found in
the 5" flanking region of the wheat gene described here.
With respect to the 3’ flanking region, different polyadeny-
lation sites are used by different members of the LMW
glutenin gene family defined here.
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Materials and methods

Plant material. The hexaploid wheat variety Chinese Spring
and the various nullisomic-tetrasomic lines derived from
it by Sears (1966) were obtained from the wheat collection
maintained by Dr. Law and colleagues at the PBI.

Developing endosperms were isolated from ears of field-
grown wheat at 2-3 weeks post-anthesis.

DNA and RNA extraction. High molecular weight wheat
DNA was prepared from 4-day-old etiolated shoot tips,
as described previously (Thompson et al. 1983, method 1).

Endosperm poly(A)" mRNA was extracted according
to Bartels and Thompson (1983).

Bacterial strains and bacteriophages. Escherichia coli strain
WL 268 and lambda vector Charon 35 were provided by
Dr. Loenen (Loenen and Blattner 1983), and FE. coli strain
K 803 by Dr. Fedoroff (Fedoroff 1983).

Genomic library construction. BamH1 partial digestion
products of wheat DNA in the 10-25 kb range were ob-
tained as described in Maniatis et al. (1982). The lambda
Charon 35 vector was prepared by first ligating the cohesive
ends and then digesting with BamH]1. The ligated arms were
separated from the “stuffer” fragments by sucrose gradient
fractionation. The size-fractionated wheat DNA, partially
cleaved with BamH1, was ligated into the BamH1 sites of
the lambda vector and the mixture was packaged in vitro.
The packaged mixture was plated on E. coli strain K803
(RecA™), a strain partially tolerant of the high degree of
CpG methylation found in wheat DNA (see Fedoroff 1983).

Clone identification and purification. The phage library was
screened by plaque hybridization using as a probe the insert
of the LMW glutenin ¢cDNA clone pTag544 (Bartels and
Thompson 1983). Hybridizing plaques were picked and
purified by several rounds of plating with E. coli strain
WL268 (RecA ™), as discussed in Thompson et al. (1985).
Lambda clone DNA was prepared as described by Cameron
et al. (1977), following growth of phage on plate lysates,
and the restriction sites of several enzymes were mapped.
Chosen DNA restriction fragments were subcloned in the
plasmid pUC19.

DNA sequencing. The gene sequence was obtained on both
strands after generating unidirectional deletion by exonucle-
ase III and S1 nuclease treatment of the appropriate insert
in M13mp18 (Henikoff 1984), using the dideoxy chain ter-
mination method of Sanger et al. (1977) as modified by
Messing (1983) for M13 sequencing. The sequence was
completed after additional subcloning of chosen restriction
fragments. The Staden computer programmes were used
for sequence handling and primary analysis (Staden 1982).

S1 nuclease mapping and primer extension. The preparation
of a radioactively labelled probe for experiments using S1
nuclease protection of RNA was done by the M13 second
strand synthesis method of Nasmyth (1983). The probe was
selected from a set of deletions made during the sequencing
of the gene.

The synthetic 24-mer primer (5-ACCAGGGATG-
CATCTAGTCTCCAT-3") was chosen to be complementa-
ry to the sequence encoding amino acids 21-29 of the puta-

tive LMW glutenin protein specified by the cloned gene
fragment. The oligonucleotide was labelled at the 5 end
with p-[32P]JATP using T4 polynucleotide kinase, before hy-
bridization to mRNA.

Computer analysis. The programmes DOTPLOT, GAP, PRETTY
and LINEUP of the University of Wisconsin Genetics Com-
puter Group were used as described in the text for nucleic
acid and protein sequence comparison (Devereux et al.
1984).

Results
Isolation of LMW glutenin genomic clones

To define the LMW glutenin gene family of wheat prola-
mins, we isolated lambda clones that hybridize under high
stringency (0.075 M Na™, 65° C) to the putative LMW glu-
tenin cDNA pTag544 but not to the y-gliadin cDNA
pTag647 (Bartels et al. 1986). The cleavage sites for several
restriction endonucleases were mapped on the inserts of
the two clones that hybridized most strongly, LMWG-1D1
and LMWG-1D2 (Fig. 1A). Each was found to contain
only one BamH1 + Sst1 subfragment hybridizing to either
pTag544 or to endosperm poly(A)™ RNA. This and further
restriction mapping suggested that only one prolamin gene
resides within their 11 kb and 17 kb long sequences, respec-
tively (Fig. 1A). Since cloned prolamin genes are subject
to rearrangements (Thompson et al. 1985), a reconstruction
experiment with Chinese Spring DNA was performed which
enabled us to verify, within the limits of electrophoretic
resolution, that both cloned inserts correspond to chromo-
somal fragments (Fig. 1B). In order to assign the chromo-
somal location of the genomic sequences corresponding to
both inserts, the reconstruction experiment was extended
to DNA from the group 1 nullisomic-tetrasomic lines of
Chinese Spring wheat. The results indicate that the 3.5 kb
and 6.5 kb fragments of LMWG-1D1 and LMWG-1D2,
respectively, are absent from the DNA from nullisomic 1D
tetrasomic 1A. Thus these genes are present on chromo-
some 1D, probably in 1 or 2 copies per chromosome
(Fig. 1B). As also seen in Fig. 1B, there are at least 14
BamH1+ Sst1 DNA fragments related to pTag544 in the
genome of hexaploid wheat, which are similarly all located
on the group 1 chromosomes.

As a first step towards the characterisation of this gene
family, the DNA sequence of most of the 3.5 kb BamH1-
Sst1 fragment of LMWG-1D1 was determined.

Nucleotide sequence of gene LMWG-1D1

Coding region. A single large open reading frame (ORF)
is found within the 3.5 kb subfragment of clone LMWG-
1D1, starting 984 nucleotides downstream of the BamH1
site and with a coding capacity of 307 amino acids (Fig. 2,
position +45 to +965). That the ORF is potentially trans-
lated is suggested by the presence of the sequence motif
CCACCATGA around the initiator codon, which closely
resembles the consensus sequence motif of eukaryotic initia-
tion sites (Kozak 1986). The ORF and the 5" and 3’ untrans-
lated regions of LMWG-1D1 are uninterrupted by introns,
as indicated by comparison with the closely related se-
quences of the full-length cDNA clone B11-33 and of the
partial cDNA pTag544 (Okita etal. 1985; Bartels and
Thompson 1983; data not shown).
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Fig. 1A and B. Restriction endonuclease maps and chromosomal localization of
clones LMWG-1D1 and LMWG-1D2. A Restriction endonuclease maps. The
fragments hybridizing to total poly(A)*RNA from wheat endosperm are
symbolized by the thick bars shown below each map. The orientation and the
length of LMWG-1D1 coding sequence is shown above the map. B Southern blot
analysis of BamH1 + Sst1 digests of DNA of clones LMWG-1D1 and LMWG- :
1D2, and of euploid and group 1 nullisomic-tetrasomic lines of Chinese Spring. B
Wheat DNA (7.5 pug) was loaded on the gel as well as 20 pg of cloned DNA
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(equivalent to 1 or 2 copies of a 5 kb long wheat DNA fragment). The DNA was
probed after transfer to nitrocellulose filters with the central Aul fragment of

pTag544 (Bartels and Thompson 1983; Harberd et al. 1985). LMWG-1D1 and

LMWG-D2 are each located on chromosome 1D (arrows). Size markers in kb are

indicated on the right of the figure

The predicted LMWG-1D1 protein consists of an N-
terminal sequence rich in hydrophobic residues that is typi-
cal of signal peptides (von Heijne 1983), closely followed
by repeats rich in proline and glutamine residues and a
C-domain that is essentially a non-repeated sequence inter-
spersed with 8 stretches of 3 or more glutamine residues
(Fig. 2).

5" flanking region. To establish whether gene LMWG-1D1
is transcribed, a hybridization probe was used which ex-
tended from positions —497 (A4arl site) to +139 in the
sequence. The probe was hybridized to total poly(A)* RNA
1solated from developing endosperm (10-20 days post-an-
thesis). Several different conditions were used for the S1
nuclease treatment of the mRNA probe hybrids which all
resulted in a multiplicity of protected fragments, as shown
in Fig. 3A. These multiple fragments can, in part, be ex-
plained by melting of the hybrid ends but may also originate
from the probe hybridizing to several closely related mRNA
species. However, irrespective of the conditions used, the
same predominant fragment was protected from S1 nucle-
ase digestion. Thus this fragment must correspond to an
mRNA species transcribed from the LMWG-1D1 gene or
from a gene almost identical to it. The potential transcrip-
tion start site (between positions —2 and 0 in Fig. 2) of
LMWG-1D1 was then deduced from a sizing of the major
protected fragment.

Primer extension was also used to determine the 5 end
of the mRNA. Total poly(A)* RNA from wheat endo-
sperm was also hybridized to a synthetic oligonucleotide
which served subsequently as a primer for RNA reverse

transcription. The 24-mer oligonucleotide is complementary
to a sequence of clone LMWG-1D1 that is unrelated to
sequences of other prolamin gene families (data not shown),
and corresponds to the putative signal peptide/mature pro-
tein border (positions +105 and + 128 in Fig. 2). The re-
sults of the primer extension experiment are presented in
Fig. 3B which show two major products, 128 and 130 nucle-
otides long. These product lengths designate a transcription
start site for LMWG-1D1 consistent (+ or —35 bp) with
that derived from S1 nuclease mapping (Fig. 2). Thus, as
also supported by our experiments in transgenic tobacco
(Colot et al. 1987), we assume that LMWG-1D1 corre-
sponds to a transcribed gene in wheat endosperm.

Two TATA sequence motifs are found in the vicinity
of the transcription start site, 14 and 31 nucleotides 5’ of
position 0 (Fig. 2). Their relative locations suggest that only
the distal TATA sequence motif is functional (Kovacs and
Butterworth 1986 and references therein). Several other mo-
tifs similar to known regulatory signals of eukaryotic gene
expression are present further 5° of the gene sequence. A
CCAAT box is found 120 bp upstream of the transcription
start site and many sequences (not shown) similar to se-
quence motifs of the SV40 enhancer (Ondek et al. 1988)
are scattered in both orientations, along the 1 kb 5" flanking
region. Also, a DNA sequence identical to the consensus
binding site of the functionally equivalent mammalian and
yeast regulatory proteins v-JUN and GCN4 (Struhl 1987;
1988) is present twice, around positions —240 and —515.
Apart from the motifs mentioned above and which have
been frequently found in eukaryotic gene expression sys-
tems, the 5 flanking sequence of LM WG-1D1 contains sev-
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Fig. 3A and B. Determination of the transcription start site of
the LMWG-1D1 gene. A S1 nuclease mapping. A 32P-labelled
probe of single stranded DNA (position +110 to —498 in Fig. 2)
was incubated overnight at 45° C with poly(A)"RNA from wheat
endosperm (after brief boiling) and the resultant hybrid was ana-
lysed by digestion with S1 nuclease under various conditions. Di-
gestion products were analysed by gel electrophoresis (6% poly-
acrylamide, 6 M urea). a, b; size markers, in bases; 1-3, S1 nuclease
digestion at 30° C; 4-6, S1 nuclease digestion at 37°C; 7, no S1
nuclease; 8, no poly(A)*RNA. S1 nuclease concentrations: 1, 4
units/pl; 2, 4, 2 units/pl; 3, 5, 1 unit/pl; 6, 0.5 unit/ul. B Primer
extension. Hybridization of the primer to 1 pg of poly(A)*RNA
from wheat endosperm was performed at 60° C, after brief boiling.
The concentration of primer relative to RNA was calculated as-
suming that the LMWG-1D1 transcript represents 1% of wheat
endosperm poly(A)*RNA. Primer extension products were ana-
lysed by gel electrophoresis (6% polyacrylamide, 6 M urea). T,
C, G, A, products of sequencing reactions run in parallel with
the primer extension products to allow for precise sizing; 1-4, 50,
10, 5 and 1 x excess of primer, respectively, relative to the esti-
mated LMWG-1D1 transcript concentration; 5, no RNA; a, b,
size markers, in bases
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eral direct and inverted repeats. In particular, the v-JUN/
GCN4 sequence motif is embedded in an element, also dup-
licated, that is characteristic of many 5" flanking regions
of endosperm specific genes of wheat, barley and maize
(endosperm boxes I and II in Fig. 2; Forde et al. 1985b).
As other examples, we have shown in Fig. 2 a set of four
direct repeats interspersed with homopolymers of A and
regularly spaced every three DNA turns. The first feature
of this set of four direct repeats suggest that, at least in
vitro, it will be subject to a particular bending behaviour
(Koo et al. 1988 ; Peticolas et al. 1988 ; Calladine et al. 1988)
while the second feature indicates that the four repeats are
stereospecifically aligned. Finally, a nearly perfect element
of dyad symetry can be identified between the two endo-
sperm boxes, centered at position — 324 (Fig. 2).

As in the rest of the LMWG-1DI sequence shown in
Fig. 2, most of the 5 flanking region is depleted of CpG
dinucleotides, apart from a 185 bp long CpG-rich fragment
at its 5 border (between positions —938 and —753 in
Fig. 2). Indeed, the sequence from position —753 to +2226
contains, with reference to its base composition, only about
half of the expected number of CpGs (58 vs 122) and about
1.4 times as much the expected number of TpGs (202 vs
140). However, the 185 bp 5" border fragment alone con-
tains 19 CpGs which roughly equals the number of GpCs
(16), and hence does not show any depletion. The signifi-
cance of these observations in relation to gene activity will
be presented briefly in the discussion.

3’ flanking region. Four AATAAA polyadenylation signals
are found within the 1.2 kb 3’ flanking sequence. The first
motif is located 80 nucleotides 3’ of the 2 stop codons,
while the last 3 motifs are clustered another 60 nucleotides
further downstream (Fig. 2). Comparison of the 3’ termini
of 4 cDNAS similar to the LMWG-1D1 sequence revealed
several different polyadenylation sites 3 of the clustered
AATAAA motifs, but none between these and the first
motif (Okita et al. 1985 and Fig. 2). In particular, cDNA
B11-33 extends well beyond the clustered polyadenylation
signals (polyadenylation site Number 4 in Fig. 2). A com-
parison of consensus 3’ flanking sequences corresponding
to the four prolamin gene families that we analyse in the
next section reveals a strong conservation of sequence ar-
ound two AATAAA motifs but not elsewhere, and thus
suggests that these two motifs are maintained by selection
for function (Fig. 4).

Comparison of LMWG-1D1 to other prolamin genes

The size and the amino acid composition of the predicted
LMWG-1D1 protein indicates that this sequence corre-
sponds to either an «,f-gliadin, a y-gliadin, or a LMW glu-
tenin but not to an w-gliadin or a HMW glutenin (data
not shown). The location of the LM WG-1D1 DNA sequence
and of sequences related to pTag544 on the group 1 homeo-

-t

Fig. 2. Nucleotide sequence of 3.2 kb of the 3.5kb BamH1-Ssi1 fragment of clone LMWG-1D1. The uucleotide sequence is shown
aligned with the predicted protein sequence. Numbering is from the transcription start site, at position 0 (see Fig. 3). Some potential
eukaryotic cis-acting signals of gene expressions are boxed. Note that for the 2 endosperm boxes, only the v-JUN/GCN4 binding
sites present in the 3’ part are known regulatory signals. The sites of polyadenylation of 4 ¢cDNA clones related to LMWG-1D1
are shown: 1, pTags44; 2, pB312; 3, pB48; 4, pB11-33 (sce Table 1 for references). Several repeats of the 5 flanking sequence are
overlined. The derived protein sequence has been divided into a signal peptide, closely followed by a repeat domain rich in proline

and glutamine residues and a C-domain which is mostly non-repetitive
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——-TGA-AA- - - cmmcmeeeao A-Tommomaam G--==-= CA-CGTT----T--A~---- ATG------ TCG-TG-A-CG-TGA-

88 aa— 174
A .mGTGtCacaCAachcATGTthAcCc ».gcCcaaagtaCTAGTTgtttARattcTRa . AATAAAALACAAAtAGAGLTY
A.AATAAAGTGtCacaCAacCTtATGTgtGACC. .ggcCeaaa. . .CTAGTTgtttAAattcha JAATAAAAtAtAAAtAaAgtTC
A AATAAAGTGGCgtgCAccaTcATGTgtGA-Ce-gacC. .aagtgCTAGTT. . .CAAgactTGggAATAAAAGACAAACA-AgtTC
AaRATAAAGTGaCatgCActaTcATGTaaGAaCccgaaCt-. .ataCTAGTT. . .cAAa. ctTGYgAATAAAAGACAAACACAtTC
A-AATAAAGTG-C---CA---T-ATGT--GA-C-nmun Comemmeal CTAGTT----AA----T5--AATAAAA-A-AAA-A-A--T-
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LMW GLU.
8 HORD.
GAMMA GLI.
ALPHA GLI.

tactc-agacaatgttcatattggcattgtgtggatgte-atctga-t-ccatgettgeaagttcataagtt-gtctt-ce--gtca
atgatgacta-ctg-aaagtttctc-aacaagt-gaa---tgtattaattca-=o--e-a-n-- ccaaac-gaa-gacta--tgaaa
-tgtttgcca-catt-cttgtcattg.tteccattcactg.tgtatttagat--gttcatccctaactacaattctag-cttacacat
ttgtctacatatgattgtttgttiga-ttccattcat.g.tgc-c-t-cacaagttcacccctaatt-tatatattatgcattaagt

Fig. 4. Comparison of the consensus 3’ flanking sequences of 4 prolamin gene families (see Table 1 and Fig. 5 for details of the 4
families). LMW GLU, LMW glutenin; B HORD, B hordein; GAMMA GLI, y-gliadin; ALPHA GLI, «,f-gliadin. Dots correspond
to gaps introduced to optimise the alignment. Dashes indicate lack of consensus. The bottom line of the alignment shows only nucleotides
common to the 4 families. Overlined are the 2 AATAAA sequence motifs that are conserved among the 4 families. A patchwork
of limited sequence similarity (i.e. between 2 or 3 families only) can be observed outside the 2 highly conserved regions centered

on the AATAAA motifs

Table 1. C-domain of prolamin genes of wheat and barley

Putative encoded EMBO library C:cDNA  Original Reference Position of
protein type code of the G: genomic name of the first and last
gene sequence gene sequence nucleotides
of C-domain®
‘Wheat WHTGLG C pTag544 Bartels and Thompson (1983)  103-663
LMW glutenin — G LMWG-1D1 This paper 1350-1910
WHTGLIGBC® C pB48 Okita (1984) 178-738
WHTGLIGBA? C pB11-33 Okita et al. (1985) 367-966
WHTGLIGBB® C pB312 Okita et al. (1985) 377-976
Barley — G Ahor2—4 Brandt et al. (1985) 830-1372
B hordein BLYB3HORD C pB7 Forde et al. (1985a) 262-801
BLYHORB G pBHR 184 Forde et al. (1985b) 912-1451
BLYB1HORD C pB11 Forde et al. (1985a) 200-739
Wheat WHTGLGAP G L311A Rafalski (1986) 990-1502
gamma-gliadin WHTGLGB G L311B Rafalski (1986) 897-1382
WHTGLIGY G pW1621 Sugiyama et al. (1986) 622-1110
- C pTagl436 Bartels et al. (1986) 493-969
Wheat WHTGLIABD G pW8142 Sumner-Smith et al. (1985) 1273-1866
alpha, beta-gliadin WHTGLIABC C pA42 Okita et al. (1985) 394-996
WHTGLIABG C pAT35 Okita et al. (1985) 436-966
WHTGLIABB G pW1215 Sumner-Smith et al. (1985) 954-1487
WHTGLIABF C pA26 Okita et al. (1985) 394-840
WHTGLIABH C pA1235 Okita et al. (1985) 399-905
WHTGLIABA C pB212 Okita et al. (1985) 409-942

2 Including 3 or 6 nucleotides 3’ past the last codon (see Fig. 5)

b These sequences were originally classified as y-gliadin type sequences by Okita et al. (1985)

logous chromosomes (Harberd etal. 1985 and Fig. 1B)
rules out that these sequences encode, a,f-gliadins, whose
genes are on the chromosomes of group 6. As a result, our
sequence and sequences related to pTagd44 most probably
correspond to genes at the gli-1 locus and encode either
y-gliadins, or LMW glutenins (Payne et al. 1984).

A sequence similar to the 15 amino acids long amino-
terminal consensus of LMW glutenin subunits is found to-
wards the amino-terminus of the predicted LMWG-1D1
protein (Shewry and Miflin 1984). Since this sequence bears
little resemblance to the consensus amino-terminus of y-
gliadins (Kasarda et al. 1984), we believe that the coding
region of LMWG-1D1 specifies a LMW glutenin subunit.

A dot matrix comparison (program DOTPLOT, data not
shown) of DNA sequences encoding various prolamin types
revealed that our sequence is closely related to the cDNA
y-gliadin type sequences of Okita et al. (1985) and to barley
B1 and B3 hordein sequences but less to y-gliadin and oS-
gliadin sequences.

To analyse further the extent of similarity between
LMWG-1D1 and other prolamin gene sequences we have
compared in detail the C-domain which follows the repeat
domain of 20 prolamin genes corresponding to the types
mentioned above. We reasoned that the sequence, mostly
non-repetitive in nature, that is found 3’ of the repeat do-
main of these genes will be less susceptible to ambiguous



Table 2. Comparison of C-terminal domains of prolamin genes

Sequence type Wheat Barley Wheat Wheat
of C-domain LMW B hordein gamma-  alpha,
glutenin gliadin beta-

gliadin
Wheat 86.3% 79.6% 59.0% 52.4%
LMW glutenin 99.8%* 84.0% 63.9% 61.0%
Barley 88.5% 58.3% 52.7%
B hordein 99.6%* 63.9% 57.3%
Wheat 88.5% 58.6%
gamma-gliadin 95.6% 63.7%
Wheat 87.8%
alpha, beta-gliadin 96.8%

Lowest and highest scores of identity within and between families

® Despite near identity of certain C-domain sequences within a
family, the corresponding genes differ in their repeat domain, by
the gain or loss of repeat units and/or simple sequences

alignments than the repeat domain and could therefore pro-
vide a clearer classification of prolamin gene families. Also
the coding region 5" of the repeat domain of the prolamin
sequences compared here is too small to be useful for this
purpose.

After identification of the C-domain for each of the
20 different prolamin genes (see Table 1), optimal pairwise
alignments of the delineated sequences were obtained using
the computer program GAP (gap weight=5.0, gap length=
0.1). Coefficients of identity were defined as the percentage
of identical nucleotides over the number of aligned posi-
tions, and gaps were ignored in that calculation. On this
basis we distinguished 4 families of sequences within which
each pairwise comparison gave a score over 85% (data sum-
marized in Table 2). As expected, all sequences of genes
identified as o,f-gliadins fell into one family. However, the
sequences designated as y-gliadin type by Okita et al. (1985)
were found together with LMWG-1D1 to be in a family
that is distinct from that containing the y-gliadin cDNA
pTagl436 (Bartels et al. 1986) but is closely related to B
hordein sequences.

For each family, the pairwise alignments were then com-
bined, with slight modifications (programs GaP and
PRETTY). Finally, the 20 DNA sequences of the 4 families
were optimally aligned. This was done under the two con-
servative constraints of maintaining the pairwise alignments
of each family and minimizing the number of nucleotide
differences between families (programs GAP, LINEUP and
PRETTY combined with manual alignment). We have shown
in Fig. 5 an amino acid translation of the overall alignment
which emphasizes both the similarity and the divergence
of gliadins, LMW glutenins and B hordeins. In particular,
it distinguishes two regions of similarity between the four
families (subdomains I and II), as well as several regions
which are variable within and between families. Inspection
at the DNA level (not shown) and at the amino acid level
of the LMW glutenin and the o8- and y-gliadin families
reveals many differences between them, both in the similar
and the variable regions of the C-domain. Thus, LMW
glutenin and y-gliadin genes, although found at the same
location are not more closely related to each other than
to the o f-gliadin genes found on different chromosomes.
Our global alignment also reveals an extensive size poly-
morphism within three of the four families (LMW glutenin,
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of- and yp-gliadin), the length variants being observed
mostly in two regions which are glutamine-rich and/or show
discernible repeat patterns. Thus, length variants within the
C-domain result predominantly from the gain or loss of
simple sequences or repeat motifs.

A similar gain or loss of simple sequences or repeat
motifs is observed within the repeat domain that precedes
the C-domain. This is exemplified by a comparison of the
LMWG-1D1 sequence and of cDNA B11-33 (Fig. 6). Start-
ing 33 nucleotides 3’ of the Arg codon that corresponds
to the putative mature N-terminal end, the repeat domain
of LMWG-1D1 contains 13 imperfect repeat units based
on the heptamer motif CAG CAA CAA CMA CCA TTT
YCA, where M=C or A and Y =C or T. Individual repeats

_vary in length, such that alignment of the 13 repeats reveals

the gain or loss of codons in the first half of the repeat
motif. Also, the repeat unit appears at the 3" end of the
domain closer to a 14-mer made up of two variants of
the heptamer motif. Comparison of the LM WG-1D1 repeat
domain with that of B17-33 identifies the gain or loss of
one CAA codon within a (CAA), simple sequence stretch
and of two whole heptamers. Finally, the repeat motifs
are specific both in length and in sequence to each of the
four families described in Fig. 5 (data not shown).

Discussion

Clones were isolated from a wheat genomic DNA library
that belong to a small prolamin gene family located on
the group 1 chromosomes of wheat (Fig. 1). Sequence anal-
ysis of clone LMWG-1D1 showed that, like other prolamin
genes (Kreis et al. 1985a), its coding region possesses a pro-
line and glutamine rich domain encoded by a tandem array
of repeats followed by a unique sequence domain inter-
spersed with several stretches of glutamine codons (Fig. 2).
Several lines of evidence suggested that the LM WG-1D1
gene encodes a LMW glutenin subunit.

The classification of LMWG-1D1 in relation to other
prolamin gene sequences was approached primarily through
an analysis of the unique sequence (C-domain) which fol-
lows that encoding the proline and glutamine rich domain
of prolamins. Four families were distinguished from a com-
parison of 20 different prolamin sequences (Fig. 5).
LMWG-1D1 and other sequences were found to be
members of a family, now called the LMW glutenin gene
family, that is distinct from the y-gliadin and «,S-gliadin
gene families. Furthermore, the LMW glutenin gene family
shows extensive similarity with the barley B hordein family.
Comparisons of the repeat domain and of the non-coding
5’ flanking sequence of LM WG-1D1 with that of other pro-
lamin genes also lead to the distinction of the same 4 fami-
lies (data not shown). Hybridization data from several
sources (Harberd et al. 1985; Bartels et al. 1986; Forde
et al. 1985a) indicate that these 4 gene families contain be-
tween 2 and 20 copies per haploid component of each dip-
loid genome.

The similarity between the four families suggests either
that they have a common origin and have resulted from
the divergence of four ancestral sequences that were then
amplified more recently; or that divergence occurred within
an ancient family containing many members that have since
evolved into sub-families by homogenisation of different
copies through DNA turnover mechanisms (Dover and
Tautz 1986). Such mechanisms may also account for the
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1 SUB-DOMAIN I 110
WHTGLG  ...... 0QQQQPVLPQQQILFVHPSIRR .LNPEK .VFL. QCSPVAMPQSLAR%OMLQ SCHYMQ LOBPQGSRYEAIRAI IYSYIL .QEQQQVQGSIQT
LMWG-1D1 ...... QQQQQHQOL VQQQIPYYQPSI A . LNPEK . VFL .Q0QCSPYAMPQRLARSQMLQGA SCHYMQ PRFBORSRYEASRATTYSEIL .QEQQQVQGSIQS
WHTGLIGBC ...... QQOQQHQQLAQQQIPVVQPSI[A . LNPLK . VFL .GRQCSPVAMPQRLARSQMLQRS SCHVMQ PAAPQUSRYQAIRAL TYSEIL .QEQQQVQGSIQS
WHTGLIGBA ...... PPQQQQQQLYVQQQIPIVQPSVERA . LNFOK .VFL . SPVAMPQRLAR%QMNQ SCHVMQEQ QUIPEBSRYE RAIIYS{IL.QEQQ..QGFVQP
WHTGLIGBD ...... PPQQQQQQLYQQQIPIVQPSY .LN/K.VFL. QCSPVAMPQRLAR,QMHQ/SCHVW gq /E RYESJRAITYSEIL .QEQQ. .QGFVQP
/ / / /
HOR2-4  ....... QGQLYQTLLQLQIPYVQPSIERN.LTELK .VFL. SPVRMPQLIARgQMLQ SCHVLQGQCRANL POISE RHE/RAIVYngL.QEQ .........
BLYB3IHORD .......QEQQDQMLYQVQIPFVHPSI (A0 . LNPEK . VFL .8gQCSPLAMSQRIARSQMLQGESCHVLQRQRLOGYPRAPERLRHEAVRAIVYSEVL . QEQ. . . . . . ...
BLYHORB  .......QGQLYQTLLQLQIQYVHPSI{HM.LNSEK .VFL .GROCSPYPVPQRIARSQMLQGS SCHVLQAQ POIPEGFRHEAZRAIVYSEFL .QEQ. « e vttt
BLYBIHORD ....... QGOLYQTLLQLQIQYVHPSIERN .LNEEK . VFL .QRQCSPLPVPQRIARBQMLQRS SCHVLQQQERRGLP EgFRHE/RAIVYs;FL.QEQ .........
/ 4 / /
WHTGLGAP ....... cerneenns QQQPSFIQPS.BAQLN KN.LLL/.CRPVSLVSSL.w;MpréACQVMRQ H.AGIPQULQCAREHSY VHSSSM*QEQQQQQQQQQQ
WHTGLGB  ....... ceeenas QQQPSL IQQS . ERAQLNEEKN . FLLAG. CKPYSLVSSL . KB ILPPSDCQVMRAQELEEA QgLoc HSVVHST IMQQEQQEQL. . . -
WHTGLIGY +eveevvnanecces QQQRPFIQPS . LHOQUNPEKN . ILLEY- SKPASLVSSL . WS 1 TWPGBDCQVMRRQ (el AR ORLQCAKT HSV VHSE IMQQQQQQQQQQ.- - -
PTAGIA36 veivennveaneoons QQQPPF IQPS . LARQVNPLKN . FLL .CKPVSLVSSL.N5MINP/DCQVMRQ A QQLQCA/HTVIHS?IMQQEQQQ .......
/ 4 /
WHTGLIABD QQQAQQQ-Q0QQQ0QQ0QQQQQILQQILALACL IPEROVY .LYGH.N. IA. . . .HASSQVLQ TYQLLQAL LESRESSRCQEHNVVHASIMH. . .. . QQEQQQQ
WHTGLIABC QQQAQQQ.-.-QQQQQQQQQQQQILQQI QLIéRDVV.L H-N.IA. . . .HASSQVLQGSTYQLLQGLEBARYL GIPEGSGCOATHNYAHAS IMHQQQQQQQEQKQQ
WHTGLIABG ....... 000QQQQQQQQQQQQILQQILRAGL IEERDVY .LRGH. S  IA. . . .HGSEQVLQ TYQLVQZ G WAPEBSRCOASHNYVHALILH. ..oeee e
WHTGLIABB QQQAQQQQQQQQQQQQ00QQQQILQQICHAQLIPEROVY .LGGH N. TA. . . .HARSQVLQESTYQPLORLLCHLMAPERSRCOSIHNVVHALILH. . . . ... .. ..
WHTGLIABF ..0.0000000000QQQQQQ0Q! IQQILARQL ISCMOVY .LORH . N. IV . .. .HGKSQVLQGSTYQLLQELERRHENGZPEGSQCQBEHNVVHASILH . . ..o -
WHTGLIABH QQQAQQQ+ s+ eeess-- QQQQQTLQQTLRQQL IFEROVY .LRGH . N. IA. . . .HASBQVLQ \SYQQLQgL o r EgSRCQ HNVVHA?ILHHH ..........
WHTGLIABA ....... 00Q0QQ00QQQ00QQI LQQT LOAL IPEROVY . LAAH .N. TA. . . .HGSSQVLQEBTYQLVQAL WEEPEASRCQIHNVVHARILH . e
LQQ PC QQ s Qs Q CCQoL QIP A I
111 SUB-DOMAIN 11 220
WHTGLG  QQQQPQELGQCYSQPQQQQSQQQ-LE .- -vvueereen. QQPQQQQ....L.AQGT.FL%QQVAQLGVMTSIAER TMRRYNVPLSRTTTSYPFG . VGAGVGAY**
LMWG-1D1  QQQQPQQLGQCYSQPQQQ.SQQQ.LG .- - vveennnnnt QQPQQQQ. . - .L . AQGT . FLOPHAT AGLEVMT STALRILETACSYNVOL YRTTTSVPFG . VGTGVGAY**
WHTGLIGBC QQQQPQQLGQCYSQPQQQ.SQQQ.LG.+vevuecuanns Q0PQQQQ. . . .L .AQGT.FL H§IA8L VMTSIAERI T SgNVBLYRTTTSVPFG.VGTGVGAY**
WHTGLIGBA QQQQPQQSGQGYSQSQQQ- SQQQ.LGQCSFQQPQQQ.LGQQPQQQQQQQVL . .QGT . FLESHAI AHLEAVTSIALRTLPTHESYNVPLYSATTSVPFG . VGTGYGAY > >
WHTGLIGBB QQQQPQQSGQGYSQSQQQ-SQQQ.LGQCSFQQPQQQ-LGQQPQQQQQQQVL . Q6T FL /HgIAHL;AVTsxA;R /T SgNVELYSATTSVPFG.VGTGVGAY**
A ’
HOR2-4  ....PQQSVQGASQPQQQL .QEEQVGQCYFQQPQPQQLGQ.PQ. ... . QVP..QS.VFLguam LEATNSTALRTESTHENENVELYD . . . IMPFG .VGTRVGY***
BLYB3HORD ... .SLQLVQGYSQPQQQ- SQQQQVGQCSFQQPQPQQ.-6QQ-Q. - - - .QVP. .QS . VFLRPHOTABLEATTSIALR SYNVPLYR. . .IVPLA. IDTRVGV***
BLYHORB  ....PQQLVEGVSQPQQQLWP .QQVGQCSFQQPQPQQVGQQ.Q. ... .QVP. .QS.AFL H§IA L ATTSIAER MMESYENVELYR.. . . ILR.G.VGPSVGV***
BLYBIHORD ....PQQLVEGYSQPQQQLWP.QQVGQCSFQQPQPQQVGQQ.Q..-.. QVP..QS.AFLEPH IAQLEATTSIA’R M/S\,!NV/LYR...ILR.G.VGPSVGV***
7z ¢ 7
WHTGLGAP  QQQQ-Q- - -GMRILLP .LYQQQQVGQGTL e ee v e eenennnnnne V.QGQGI.I. QBPAQLEAIRSLVFQ TMENYYVEPECST IKAPFAS IVTGIGGQ*K
WHTGLGB  -.e.vn.... GVQILVP .LSQQQQVGQGIL . «vvvnrrarannnnnns V-QGQGI . 1. 0PQdPAGLEVIRSLVEQTES THENVYVEPYCSTIRAPEASIVASIGGQ*K
WHTGLIGY .......... GIDIFLP .LSQHEQVGQGSL .o v vvrrvnananaanans V.QGQGI.I.QBQ PA§L%AIRSLV£Q SECNSYVBPECSIMRAPFAS IVAGIGGQ*K
PTAGI436 ..eenn.... GMHILLP .LYQQQQVGQGTL. + v nnnneeennnnnns v.QGQGI.I.g/fzogPA LEAIRSLVEQILE THENYYVEPECS T IKAPFSSYVAGIGGQ*K
Y v /s 7/
WHTGL IABD LQQQQQQQLQQQQQQQQQQ..ooPssQVSFQQPQQQYPSSQGSFQPSQQNPQAQG.sv.(ﬁo LPgFAEIRNLA;Q NYIPPHCSTTIAPFG. . . 1.FGTN*E
WHTGLIABC LQQQQQQQQQLQQQAAQQQQ - -QQPSSQYSFQQPQQQYPSSQVSFQPSQLNPQAQG. SV . gPQRLP FAEIRNLAEO NYYIEPHCSTTIAPFG. .. 1. FGTN*E
WHTGLIABG ...... 0QQQQQQQQQQQQ - -QQPLSQVCFQQSQQQYPSGOGSFQPSQQNPQAQG . SV . FQQLPOF REIRNLALE NVYIPPYC. .TIAPVG...1.FGTN*E
WHTGLIABE ..0evnnnnnn... QQQRQ .- .QQPSSQVSLQQPQQQYPSGQGFFQPSQONPQAQG. SV . (£Q LP%F EIRNLALQHARACNEY IFPYCSTTIAPEG. . .1 .FGTN*E
WHTGL IABF QQQKQQ. .QQPSSQVSFQQPLQQYPLGQGSFRPSQQNPQAQG . SV .GPQALPAFEEIRNLA. 1 verarveeeasennnunanannnnss RK*G
WHTGLIABH ........ cerenes 0QQ- -QQPSSQVSYQQPQEQYPSGQVSFQSSQQNPQAQG. SV . 29Q LPgFoEIRNLALQ%:%NWIPPYCSTUAPFG...I.FGTN*E
WHTGLIABA ..... QQHHHH0QQQ00QQ - -QQPLSQVSFQQPQQQYPSGQGFFQPSQONPQAQG - SF . CRQALPRFEE I RNLALQELE NSNS YIBPYC. . TIAPFG. . . I.FGTN*E
®Q QE LTLPMC V P

Fig. 5. Amino acid comparison of derived protein sequences of the C-domain of several prolamin genes of wheat and barley. The
sequences under comparison cover roughly 200 amino acids and are defined and listed in Table 1. Their grouping in 4 families has
been obtained from multiple pairwise alignments, as summarized in Table 2. The 4 families are, from top to bottom: LMW glutenin
(wheat), B hordein (barley), y-gliadin (wheat) and p-gliadin (wheat). Two regions, subdomain I and II (overlined), of clear similarity
between the 4 families were recognized in the alignment. Conserved amino acids in these 2 regions are indicated by hatches and are
noted below the alignment. Dots correspond to gaps introduced to optimize the alignment. Stars indicate stop codons

maintenance of homogeneity among the amplified se-  reiteration, probably by slippage replication, have accumu-
quences of the former model, if amplification were an old  lated within these gene families. Indeed these latter types
event. However, irrespective of the model chosen, our com- of mutations greatly facilitated the separation of the 20
parison indicates that the divergence between LMW glu- prolamin sequences into 4 families. The consequences of

tenin and B hordein sequences is of more recent origin unequal cross-over and slippage replication events appear
than the divergence between sequences of any other pair to be tolerated extensively in some regions, (the repeat do-
from the four families. Since cytological and genetical data main and the variable region of the C-domain) but less
(reviewed in Kreis et al. 1985b) provides further evidence frequently in other regions (the N-terminal end and the
that LMW glutenin and B hordein genes are orthologous, subdomains I and II of the C-domain) and to be the princi-
their divergence may have begun simultaneously with the pal sources of polypeptide length polymorphisms within

separation of the ancestral diploid wheat and barley species. and between the prolamin families. This may imply that
The alignment and grouping of the prolamin amino acid there are certain constraints imposed on the evolution of
and nucleotide sequences (Fig. 5) clearly illustrate that be- specific regions of storage proteins. In particular, the se-

sides single base changes, many mutations resulting from quence CCQQL found in subdomain I is also conserved
deletion/addition of many bases or repeat units and base among several other plant storage proteins as well as among



LMWG-101 REPEAT DOMAIN 8 11-33 REPEAT DOMAIN

CAQ CA CAA CCA TXD CCA Sgc CAA CCA TRDEEA
QCA CAA CAQyaCA TTT CCA CAA CAQ tCA TTT TCA

CAA CAA CCA CtA TTT TCA CAA CAA CCA CCA TTT TCA

caa caa CAQCAA CAA CAA CtA TTT COD 18%f caa CADCAA CAA CAA CCA TTa @O
CAA CAA CCAQEA TTT T CAA CAA CCAQEA TTT TQ®

CAG CAA CAA CCA CCA TTT Tgg

CAG CAA CAA CCA CCA TTT TCt CAG CAA CAA CCA CCA TTT TCg

CAD CAA CAA CCAGFT TR CAD CAA CAA CCAGFT QEA
(Cr CAG)CAA CCA CCA TTT TCg A6 CADCAA CCA CCA TTT TCA
CAG CAK CAA CAA CtA @FT QBN CAG CAA CAA CAA CCA @JT GEN
Q@5 CAA CAA CCA CCA TTT TCA @6 CAA CAA tCA CCA TTT TCg
CAG CAA CAA CAA CCA@FT TGA CAG CAA CAA CAA CtA@T TEA

cct Cca CAA CAA tCA CCt TTT CCA B 3583

CAG CAA CAA CMA CCA TTT YCA CAG CAA CAA CMA CCA TTT TCA

Fig. 6. Repeat structure of the two DNA sequences encoding the
proline and glutamine rich domains of the predicted LMWG-1D1
and B11-33 (Okita et al. 1985) proteins. Both sequences are ar-
ranged to reveal their repetitive nature. The consensus repeat unit
of each sequence is shown underlined below each array. Nucleotides
differing from the consensus are shown in Jower case and are circled
when shared by the LMWG-1D{ and BI11-33 sequences. The
shaded areas in the B11-33 sequence correspond to extra nucleo-
tides in the LM WG-1D1 sequence

many plant protease inhibitors. Therefore, we can speculate
that this sequence prevents premature degradation of stor-
age proteins.

The major seed storage proteins of cereals are accumu-
lated exclusively in the endosperm tissue. Studies of steady
state mRINA levels have indicated that a coordinate endo-
sperm-specific expression of prolamin genes corresponds to
this synthesis (Rahman et al. 1984; Bartels and Thompson
1986; Reeves et al. 1986). Recently, we have shown that
the 1 kb 5" flanking sequence of LM WG-1D1 directs endo-
sperm specific expression of a reporter gene (cat) in seeds
of transgenic tobacco plants. Furthermore, a deletion anal-
ysis of that sequence indicated that a DNA fragment lo-
cated between positions — 326 and — 160 in Fig. 2 is neces-
sary to confer that activity (Colot et al. 1987). Here we
have shown by S1 nuclease mapping and primer extension
that LMWG-1D1 is almost certainly active in wheat.

Several sequence motifs are present in the 5 flanking
region of gene LMWG-1D1 that have been associated with
gene expression in other eukaryotic systems. They included
a TATA box, a CCAT box, several SV40 enhancer sequence
motifs and two v-JUN/GCN4 binding sites. Recent studies
have shown that many of these cis-acting motifs bind inter-
changeable mammalian and yeast frams-acting factors of
gene expression (Buratowski etal. 1988; Cavallini et al.
1988; Guarente 1988; Struhl 1987; 1988), which suggests
that transcriptional activation shares common mechanisms
in many eukaryotes. Also, there is growing evidence that
the specifity of gene expression is, at least in part, deter-
mined by the combinatorial arrangement of binding sites
and/or trans-acting factors (Pfeifer et al. 1987; Schirm et al.
1987; Cato et al. 1988; Ondek et al. 1988). Thus, we are
currently investigating whether the v-JUN/GCN4 binding
site and other sequences present in the 160 bp fragment
of LMWG-1D1, which is sufficient to confer endosperm-
specific expression of a chimaeric gene in transgenic tobacco
(Colot etal. 1987; V. Colot, unpublished observations),
bind protein factors in wheat and tobacco.

Several other structural features of the LMWG-1D1
gene have been described which may be relevant to its ex-
pression. In particular, the depletion of CpG dinucleotides
along most of the characterised DNA except for its 5" end
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may reflect the requirement for as few methylated cytosine
sites as possible in order that the gene is expressed (Cedar
1988 ; Antequera and Bird 1988). Alternatively, CpG deple-
tion may simply be a consequence of stochastic processes
over long time periods in which methylated cytosines, sub-
ject to spontaneous deamination, have been replaced by
thymidines.

The comparison of consensus 3’ flanking sequences re-
vealed 2 highly conserved AATAAA motifs, within the first
160 nucleotides downstream of the stop codon (Fig. 4).
However, a comparison of our sequence with that of related
cDNAs suggests that polyadenylation occurs at different
sites (Fig. 2). Similar observations have been made with
other plant genes (Dean et al. 1986). Thus, sequences other
than the polyadenylation signal AATAAA are necessary
to specify the endonucleolytic cleavage of the LMW glu-
tenin precursor RNAs.
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