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[Plate 1]

The major endosperm storage proteins of barley, wheat and rye are soluble in aqueous
alcohols, either native or after the reduction of disulphide bonds, and can be defined
as prolamins. They can be divided into three groups on the basis of their chemical
characteristics, notably their molecular mass and amino acid composition, and the
chromosomal location of their structural genes. Two of the groups, the high molecular
mass prolamins and the sulphur-poor (0-gliadin-type) prolamins, show clear homology
between the three species. The remaining prolamins are characterized by a high
content of cysteine. In wheat this is a complex mixture of at least three groups of
components that vary in their aggregation properties and N-terminal amino acid
sequences. The precise chemical and genetic relationships of those components to each
other and to the more clearly defined groups of sulphur-rich prolamins of rye and
barley are still not completely understood.
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Wheat and barley were probably first domesticated in the near East and spread to Europe,
forming the most important crops in these areas even before the start of historical records. Barley
(Hordeum vulgare) was the primary cereal in early times, and archaeological remains show that
it was harvested for food, if not cultivated, in the Egyptian Late Paleolithic, some 17-18000
years ago (Wendorf et al. 1979). The earliest cultivated wheats were emmer (tetraploid Triticum
dicoccum) and einkorn (diploid T. monococcum), although these were superceded by hexaploid
bread wheat (7. aestivum) by classical times (Harlan 1978). Rye (Secale cereale) was domesticated
at a later date, possibly originating as a weed in wheat (Harlan 1978).

Currently wheat is the most widely grown cereal in the world, with an annual yield in excess
of 400 x 108 t, and also the greatest single source of protein in the human diet. Barley and rye
are currently the fourth and eighth most important cereals in the world respectively, although
they are the primary crops in some countries in northern and north-western Europe. The most
important use of wheat is baking bread, cakes and biscuits, but considerable quantities (35-40 %,
in the U.K.) are used to feed livestock. Rye and barley are also important for animal feed,
although significant amounts of these are used for baking and for malting and distilling
respectively.

The grain proteins are important in determining the suitability of the grain for all these
purposes. The nutritional quality of the proteins is determined by their amino acid compositions
(see Bright & Shewry 1983), while the gluten proteins of wheat are also important in
determining the baking characteristics (see Wall 1979; Miflin ef al. 1983). The amounts, and
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possibly also the characteristics, of proteins present in barley grain also affect the malting quality
(see Palmer 1980; Miflin et al. 1983). Although these important nutritional and functional
aspects of the grain proteins were not recognized when the storage proteins of wheat, barley
and rye were first studied in the early 19th century (Einhof 1805, 1806; Taddei 1819) they
have provided considerable stimulus to the modern study. Also, the recent use of cereal storage
proteins as model systems for studying the organization and expression of plant genes has
provided further important information on their chemistry and genetics.

In this paper we present a brief account of the major storage proteins of wheat, barley and
rye. This information is then discussed in relation to the origin and evolution of the proteins.
The review will be restricted to information derived from the approaches of protein chemistry
and classical genetics. The molecular biology and genetics of these proteins form the subject of
a separate article (Miflin ¢t al.) in this symposium. '

THE CLASSIFICATION OF PLANT PROTEINS

The modern study of seed proteins is founded on the work of T.B. Osborne that is
summarized in his book The vegetable proteins (Osborne 1924). He classified proteins into
groups (often called Osborne groups or fractions) on the basis of their extraction and solubility
in series of solvents. The first two groups are proteins soluble in water (albumins) and dilute
saline (globulins). The third group, which contains the major endosperm storage proteins of
wheat, barley and rye, are defined by their solubility in alcohol-water mixtures and are called
prolamins. Although early workers used 60-709%, (by volume) ethanol, many now use
propan-1-ol (50 %, by volume) or propan-2-ol (559%, by volume) as these give more complete
extraction. The prolamin fractions are given the trivial names gliadin (wheat and sometimes
rye), secalin (rye) and hordein (barley).

Gluten is the proteinaceous mass that remains when wheat dough is washed to remove starch,
albumins, and globulins. Conventionally gluten is considered to consist of two major protein
fractions, gliadin and glutenin. Glutenins are not readily soluble in 60-709, (by volume)
ethanol; however some components are soluble in aqueous alcohols, especially propan-1-ol or
propan-2-ol mixtures and at elevated temperatures (Byers et al. 1983), and all the major
polypeptides behave as prolamins after reduction of disulphide bonds. Similarly some
prolamin-like polypeptides can be extracted from rye and barley by aqueous alcohols only in
the presence of a reducing agent (Shewry et al. 19785, 1983¢). We regard these proteins as
prolamins in which extensive disulphide bonding has resulted in limited solubility or total
insolubility in aqueous alcohols. In wheat and rye, as in barley (Wilson et al. 1981), the true
glutelins are probably a mixture of structural and metabolic proteins.

All prolamins, including the glutenins of wheat, are deposited in protein bodies in the
developing endosperms (Miflin et al. 1981, 1983; Shewry et al. 1983¢) and are not synthesized
in any other tissues. They also have characteristic amino acid compositions being rich in proline
and glutamine (hence the name prolamin) and low in charged amino acids, notably lysine which
is consequently the nutritionally limiting amino acid in the whole grain. Electrophoretic
analyses show that prolamin fractions are complex mixtures of polypeptides, with over 50
components presentin wheat. Thereisalso extensive variation in the numbers and electrophoretic
properties of the components between cultivars (Shewry et al. 19784, 1983¢; Wrigley &
Shepherd, 1973; Mecham et al. 1978). This polymorphism is illustrated in figure 1, plate 1,
that shows two dimensional analyses of prolamin fractions from barley, wheat and rye.
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Ficure 1. Two dimensional analyses of prolamin fractions. (a), () and (c¢), Reduced and pyridylethylated total
prolamin fractions from barley, (c.v. Sundance), rye (homozygous line MPI 209) and wheat (c.v. Cheyenne)
respectively, separated by the i.e.f. (pH range 5-9) and SDS p.a.g.e. system of Rahman et al. (1982). (d),
Unreduced monomeric gliadins of wheat (c.v. Cheyenne) separated by the two pH systems of Mecham e al.
(1978). Reproduced with permission from Kasarda (1980).

(Facing p. 298)

<— 2nd dimension,SDS p.a.g.e.


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsth.royalsocietypublishing.org

PROLAMINS OF WHEAT, RYE AND BARLEY 299

We have recently proposed a classification of the prolamins of barley, rye and wheat (Miflin
et al. 1983), based on their chemical characteristics and genetic control. These groups, called
the high molecular mass (h.m.m.)t prolamins, S-poor prolamins and S-rich prolamins, are
indicated in figure 1 and will now be discussed individually.

High molecular mass prolamins

These appear to be present entirely in aggregates stabilized by disulphide bonds, and in wheat
are often called h.m.m. subunits of glutenin. Cultivars of T. aestivum have either one or no
subunits controlled by the A genome, one or two subunits controlled by the B genome and
two subunits controlled by the D genome (Payne et al. 1981). These subunits are controlled
by loci on the long arms of the homoeologous (homologous but nonpairing) chromosomes 1A,
1B and 1D (Payne ef al. 1982b) (figure 2). These loci have been designated Glu-A1, Glu-B1
and Glu-D1. A single h.m.m. component, called D hordein, is present in European cultivars

barley chromosome 5

centromere
Hor 2 Hor 1 Hor 3

short arm I long arm
L—s ~—56

rye chromosome 1R

©

centromere
genes for o- and genes for h.m.m.
40k y-secalins secalin
short arm long arm
wheat chromosomes 1A; 1B, 1D
centromere
Gli-1 Glu-1
short arm l long arm
<—57»4—9J
chromosomes 6 A, 6B, 6D
centromere
Gli-2
short arm long arm

Ficure 2. The chromosomal locations of structural genes for prolamins in barley, rye and wheat. The position of
the centromere on barley chromosome 5 is provisional. Map distances are in centimorgans (cM). Data from
Shewry et al. (1983 5), Jensen (1983), and Payne et al. (19825). A more detailed account of the chromosomal
locations of wheat storage protein genes is given by Payne et al. (this symposium).

t These groups are the same as the HMW groups referred to in the author’s previous papers.
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of barley, although two components may be present in other lines (Shewry & Miflin 1982).
Itis controlled by the Hor 3 locus, which is located on the long arm of chromosome 5 in a similar
position to the Glu-1 loci on the group 1 chromosomes of wheat (Shewry et al. 19835) (figure
2). Prolamin fractions from inbred (homozygous) lines of rye usually give one or two h.m.m.
bands on sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS p.a.g.e.) (Shewry
et al. 1983 ¢ and unpublished results), although more bands may be present in fractions from
heterozygous commercial grain. These are controlled by genes on the long arm of chromosome
IR (Lawrence & Shepherd 1981).

The h.m.m. prolamins have the highest subunit molecular masses (M,s) of all the
prolamins. These have been determined by SDS p.a.g.e. as 95000-145000 for wheat (Payne
et al. 1980), 105000 for barley (Shewry & Miflin 1983) and above 100000 for rye (Shewry
et al. 1983 ¢). The M;s determined by sedimentation equilibrium ultracentrifugation are much
lower; 69600, 67600 and 54700 for purified components from wheat, rye and barley
respectively (Field et al. 1982). This overestimation of M,s by SDS p.a.g.e. has been reported
for some other groups of prolamins of barley, rye and wheat and may be related to their high
content of proline (see Field et al. 1982 for a discussion).

In all cases the apparently single bands separated by SDS p.a.g.e. can be separated into
isomers by isoelectric focusing (see figure 1 and Shewry et al. 19834). The amino acid
compositions of the h.m.m. prolamins are characterized by a high content of glycine (14-20 mol
%), which usually exceeds the content of proline (13-17 mol %,) (table 1). Their content of
cysteine (0.4-1.5mol %) corresponds to several residues per mol, enabling them to form
disulphide-stabilized aggregates.

Only limited amino acid sequence data is available for this group. D hordein is blocked to
N-terminal Edman degradation, while the rye components have not been purified in sufficient
amounts for sequence determination (Field ef al. 1982). However, we have recently reported
the N-terminal amino acid sequences of a number of h.m.m. subunits of wheat (table 2). Four
sequence types were present that had a high degree of homology, but differed in amino acid
substitutions and deletions of three or seven amino acids. Two of the types appeared to be
characteristic of subunits coded by the A and B genomes respectively. The second two types
were present in 1D-coded subunits, one being characteristic of the high molecular mass 1Dx
subunits and the second of the low molecular mass 1Dy subunits as defined by Payne et al.
(1981). All the sequences had two cysteine residues, the distance bétween these being affected
by the deletions and consequently varying from seven to 14 residues.

S-poor prolamins

These form a clearly defined group of homologous proteins in the three species. The
controlling genes for the w-gliadins of wheat (designated Gli-A1, Gli-B1 and Gli-D1) and C
hordein of barley (designated Hor I) are located in equivalent positions on the short arms of
chromosomes 1A, 1B and 1D of wheat and 5 of barley (Payne et al. 19824, b; Shewry et al.
19804; Jensen et al. 1980) (figure 2). The precise locations of the genes that control ®-secalins
are not known, although they have been reported to be present on the short arm of chromosome
IR (see Lawrence & Shepherd 1981).

The M,s determined by SDS p.a.g.e. vary between about 44000 and 74000, with the major
components usually around 50000-60000 (Shewry et al. 1981, 1983¢; Kasarda ef al. 1983).
Sedimentation equilibrium ultracentrifugation of a total C hordein fraction gave a value of
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52000 (Shewry et al. 1980¢), but widely differing values of 27000 (Hamauzu ef al. 1974) and
75000-79000 (Booth & Ewart 1969) have been reported for preparations of w-gliadins.

Apart from the complete absence of cysteine and virtual absence of methionine the S-poor
prolamins are characterized by high contents of glutamine (over 40 mol%,), proline (over
30 mol 9, in most components) and phenylalanine (7 to 9 mol 9,). These three residues
together account for about 809, of the total, and to a large extent determine the properties
of the proteins.

N-terminal amino acid sequences are known for components from all three species (table
2). This confirms the chemical homology, but a number of differences are present. The
sequences determined for several C hordein components and for ®-secalins are identical for the
first 15 residues, apart from one amino acid substitution. A closely related sequence was reported
for an w-gliadin preparation from T. monococcum, although this was clearly a mixture of at least
two components differing only in the absence or presence of an additional N-terminal alanine
residue. This sequence type, with the additional alanine residue, is also present in some w-gliadins
from T. aestivum and T. durum; Kasarda et al. (1983) have suggested that it may be the ancestral
type. Two variant types of N-terminal amino acid sequences have been reported for other
o-gliadins. Both differ from the ancestral type in the first eight residues (positions —1 to 7 in
table 2) that are deleted in one variant and substituted extensively in the other. Some positions
appear to vary more than others, for example five different amino acids have been found at
position 6, four at position 16 and three at positions 17 and 18.

S-rich prolamins

Wheat contains three groups of S-rich prolamins that can be called a-type gliadins, y-type
gliadins (Autran et al. 1979) and aggregated gliadins (Shewry et al. 1983d). The precise
chemical and genetic relationships of these to each other, and to the more clearly defined groups
of S-rich prolamins of barley and rye, are not known. However, the similarity in the amino
acid compositions of all these groups (table 1), and the fact that most have M;s by SDS p.a.g.e.
of between 30000 and 45000, suggests that they may be homologous.

Only one group of S-rich prolamins, called B hordein, is present in barley. This is encoded
by a single structural locus (Hor 2) located about 7-8 cM distally to Hor 1 on the short arm
of chromosome 5 (Shewry et al. 1980b; Jensen et al. 1980; Jensen 1983) (figure 2). B hordeins
have M,;s between 35000 and 46000 by SDS p.a.g.e. (Faulks ¢t al. 1981) and 32000-35000
by sedimentation equilibrium uitracentrifugation (Miflin et al. 1983). Their amino acid
compositions are characterized by the presence of about 35 mol %, glutamate and glutamine,
20 mol 9, proline and 2.5 mol 9, cysteine (table 1). They are blocked to Edman degradation
and N-terminal amino acid sequences have not been determined. Although some B hordein
polypeptides are present in disulphide stabilized aggregates, others probably only have
intramolecular disulphide bonds (Field et al. 1983).

Two groups of S-rich prolamins are present in rye. These have M,s around 40000 and 75000
by SDS p.a.g.e. (33000 and 54 000 by sedimentation equilibrium ultracentrifugation) and have
been called 40k and 75k y-secalins (Shrewry et al. 1982). The 40k group are controlled by genes
on the short arm of chromosome 1R (figure 2) (see Lawrence & Shepherd 1981). The 40k group
have similar amino acid compositions and M,s to B hordein (table 1) and these are presumed
to be homologous. The 75k y-secalins are the only S-rich prolamins with M;s greatly above
45000. Although they contain more glutamate and glutamine (40 compared to 35 mol 9,) and
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proline (23.5 compared to 18 mol %,) than the 40k group (table 1), their homology is clearly
established by the presence of only two different residues out of the first 20 at the N-terminus
(table 2). Whereas the 75k y-secalins appear to be present only in aggregates stabilized by
disulphide bonds, the 40k group probably only have intramolecular disulphide bonds (Shewry
et al. 1983¢; Field et al. 1983).

Several groups of S-rich prolamins of wheat can be recognized on the basis of their genetic
control, aggregation properties and N-terminal amino acid sequences. The a-, B- and y-gliadins
are groups defined by their electrophoretic mobility at low pH (figure 1). They are present
only as monomers with intramolecular disulphide bonds. They have M,s of 30000-44 000 by
SDS p.a.g.e., 30000-37000 by sedimentation equilibrium ultracentrifugation (see Miflin e

‘al. 1983 for references). A further group of S-rich prolamins are present only in aggregates
stabilized by disulphide bonds. These have been given a number of names, but we prefer the
term aggregated gliadins (Shewry et al. 1983d). They have slightly higher M,s (around
40000-50000) than the a-, B- and y-gliadins. All these groups have amino acid compositions
that are generally similar to those of the S-rich prolamins of barley and rye (table 1), although
there is generally less proline (around 15 mol %,).

Genetic studies show that the S-rich prolamins of wheat are controlled by loci on the short
arms of the group 1 and group 6 chromosomes. The Gli-1 loci on the group 1 chromosomes
appear to control most y-gliadins in addition to ®-gliadins. Other y-gliadins, a-gliadins and
B-gliadins are controlled by additional loci (provisionally designated Gli-2) on the group 6
chromosomes (Wrigley & Shepherd 1973; Kasarda et al. 1976; Mecham et al. 1978; Sozinov
& Poperelya 1982; Payne et al. 19824, b). More recent studies by Payne and associates have
shown that the aggregated gliadins are also encoded by genes on the short arms of the group
1 chromosomes, and that these genes are located close to or at the Gli-1 loci (Jackson et al. 1983;
Payne et al., this symposium).

The monomeric gliadins encoded by the G/i-1 and Gli-2 loci also have distinct N-terminal
amino acid sequences. The y,- and v;-gliadins encoded by Gli-1 have a y-type sequence that
is clearly related to those of the y-secalins of rye, while the a-gliadins, B;-gliadin and y,-gliadin
encoded by Gli-2 have a distinctly different a-type sequence (table 2). A third sequence type
is present in the aggregated gliadin subunits (table 2).

The origin and relationships of the groups of S-rich prolamins are not completely under-
stood. The y-type gliadins of wheat are clearly related genetically and chemically to the 40k
y-secalins of rye. Also, M. D. Dietler and D. D. Kasarda (unpublished) have purified a peptide
from 7;-gliadin and shown that its amino acid sequence is related to a sequence previously
reported for the carboxy terminal end of B hordein (Schmitt & Svendsen 1980; Forde et al.
1981). This establishes that B hordein, y,-gliadin and the 40k y-secalins are homologous and
these three groups can probably be regarded as ancestral forms. The 40k y-secalins of rye gave
rise, it is presumed, to the 75k group by the insertion of one or more sequences. This must have
affected the ability of the cysteine residues to form inter- or intramolecular disulphide bonds,
with the result that the 75k y-secalins are completely aggregated. In wheat, divergence has
given rise to gliadins that have the ability to form disulphide stabilized aggregates, but are still
encoded by genes close to those for y-type gliadins in the Gli-1 locus. The origin of the a-type
gliadins is still uncertain. In barley the divergence into separate groups of aggregated and
non-aggregated S-rich prolamins has not occurred, both types of polypeptide being present in
B hordein.
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The established and proposed relationships of the prolamin groups are summarized in
figure 3.

ORIGIN AND EVOLUTION OF PROLAMIN GENES

Prolamins have only been reported in the seed of the Gramineae, one of the most advanced
families of flowering plants. They can therefore be regarded as a late evolutionary development.
It is probable that the genes encoding them originated by the duplication of short DNA

barley rye wheat

h.m.m. prolamins D hordein— h.m.m. secalin—h.m.m. subunits

S-poor prolamins  C hordein— w-secalin w-gliadin

S-rich prolamins

ancestral forms B hordein— 40k y-secalin— y,, y;-gliadins
i

derived forms 75k y-secalin  aggregated
gliadins
unknown origin a-, B- and
v-gliadins
homology established ~ ------ homology proposed

Ficure 3. The proposed relationships of the prolamins of barley, rye and wheat.

sequences encoding peptides rich in glutamine and proline. Shewry et al. (1980a) reported the
presence of a repeated pentapeptide (Pro-Gln-GIn-Pro-Tyr) at positions 18-23 and 24-28 of
an ®-gliadin from 7. monococcum. Related pentapeptides were subsequently found in the same
region of other S-poor prolamins including C hordein (Kasarda ez al. 1983). This led Kasarda
(1980) to propose that pentapeptides were the basic building blocks of all groups of gliadins.
More recently D. D. Kasarda (unpublished) has found evidence that the A gliadin group of
a-gliadins contain some repeated blocks of about 12 residues.

We have since prepared two chymotryptic peptides from C hordein and determined their
N-terminal amino acid sequences by automated Edman degradation. Both contained repeats
of an octapeptide with a consensus sequence of Pro-Gln-GIn-Pro-Phe-Pro-GIn-Gln. The ratio
of amino acids present in this peptide (4 Gln:3 Pro:1 Phe) is close to the molar ratio of these
amino acids in C hordein (table 1), which is consistent with the origin of the main part of the
polypeptide from the repeated octapeptide. The first five residues of the octapeptide are similar
to the pentapeptides that are characteristic of the N-terminal regions of the S-poor prolamins.
This suggests that one of the peptides was the ancestral form, with the second one derived from
it by the addition or deletion of three residues.

The origin of a single polypeptide from two or more different ancestral peptides might
provide a basis for the presence of distinct structural domains which is a characteristic of
prolamins. Thus the N-terminal regions of S-rich, S-poor and h.m.m. prolamins all show
distinct differences in amino acid composition compared to the whole proteins (table 3), with
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more charged amino acids usually being present. The localization of charged amino acids in
the N-terminal and C-terminal regions of S-poor and h.m.m. prolamins is also indicated by
peptide mapping (Shewry et al. 1981, 19834). An alternative explanation for the presence of
structural domains is that these have some functional significance.

The ancestral prolamin genes generated by these tandem duplications have themselves
duplicated and diverged to give complex families of genes that code for structurally related
groups of polypeptides. The results discussed here show that this divergence has involved the

TaABLE 3. COMPARISON OF AMINO ACID COMPOSITIONS OF WHOLE PROLAMINS AND N-TERMINAL
REGIONS (25 AMINO ACIDS)

mol %,
Arg+
His+ Glu+
Gln Pro Gly Phe Lys Asp

h.m.m.
wheat subunit 2
total 33 15 20 0.5 2.6 3
N-terminus 20 0 4 0 12 32
S-poor
barley C hordein
total 37 32 0.4 9 14 4
N-terminus 32 16 0 0 4 4
S-rich
wheat a-gliadin
total 34 15 2.6 3.8 44 4
N-terminus 32 24 0 0 4 4

insertion and deletion of sequences as well as amino acid substitutions. The insertions and
deletions may have arisen partly by unequal crossing over, which would be facilitated by the
high frequency of some codons (for example, those for Gln and Pro) and the presence of repeated
sequences. These could also result in mispairing of bases, leading to errors in replication of
the DNA. These changes have resulted in complex mixtures of homologous proteins that vary
widely in their molecular masses, isoelectric points and charge at low pH (see figure 1). The
acceptability of such major changes in structure indicates that these proteins are not subject
to strong selection pressures. This is in contrast to globulin storage proteins, in which N-terminal
sequence homology has been retained between the 11 § globulin of soybean (a dicotyledonous
plant) and the 12 globulin of oats (Walberg & Larkins 1983). This may be because globulins,
unlike prolamins, are assembled into regular holoproteins and transported into protein bodies
(see Boulter 1982). These requirements must place considerable constraints on the divergence
of the polypeptides. In contrast the most important constraint on the divergence of prolamins
is probably to maintain a low solubility in aqueous solutions that will ensure that the newly
synthesized polypeptides aggregate into deposits that eventually become protein bodies. Hence
they have few charged amino acids resulting in a low net charge at any pH, a high proportion
of glutamine residues probably involved in hydrogen bonding and fairly high proportions of
hydrophobic amino acids.

It is difficult to compare the rates of divergence of prolamins with those of other proteins
because of the absence of any fossil record to enable the times of divergence of different species
to be calculated. However, the major changes that have occurred between the prolamin
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components of wheat, rye and barley, which probably diverged fairly recently, indicate that
they are one of the most rapidly evolving groups of proteins yet reported.
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Ficure 1. Two dimensional analyses of prolamin fractions. (a), (6) and (¢), Reduced and pyridylethylated total
prolamin fractions from barley, (c.v. Sundance), rye (homozygous line MPI 209) and wheat (c.v. Cheyenne)
respectively, separated by the i.e.f. (pH range 5-9) and SDS p.a.g.e. system of Rahman ef al. (1982). (d),
Unreduced monomeric gliadins of wheat (c.v. Cheyenne) separated by the two pH systems of Mecham et al.
(1978). Reproduced with permission from Kasarda (1980).
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