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The genetics of legume storage proteins

By R. Casey anp C. DoMONEY
John Innes Institute, Colney Lane, Norwich, NR4 TUH

The seed storage proteins of Pisum (pea) and Phaseolus vulgaris (French bean) exhibit
genetlc variation for polypeptlde structure; genetical studies indicate that most of the
major storage protein genes exhibit 51mple codominant Mendelian inheritance.
Biochemical analysis of the storage protein polypeptides and their messenger RNAs
shows that the allelic alternatives are probably small families of closely linked
structural genes. Two of these genes — those for the major legumin gene family and
for convicilin, both from Pisum sativum — have been assigned to specific sites on linkage
groups. Genes affecting the synthesis of legumin in Pisum sativum and of phaseolin in
Phaseolus vulgaris have been identified.
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Grain legume seeds characteristically have a high content of protein that, in some cases, can
contribute as much as 50 9, to the dry weight of the seed. The majority of this protein consists
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of ‘storage protein’, the definition of which usually encompasses proteins that (i) constitute a
large proportion of the total seed protein; (ii) are synthesized during seed development; (iii)
are sequestered in membrane-bound organelles (protein bodies); and (iv) are hydrolysed on
germination to provide carbon and nitrogen skeletons for the developing seedling. The storage
proteins of legume seeds have been equated with the globulin fraction of the total protein, an
equivalence that has gained general, if not universal (Murray 1979), acceptance. Although
there are instances of non-protein-body proteins becoming secondarily adapted to a storage
role (urease in Canavalia ensiformis is an example (Bailey & Boulter 1971)), this article will confine
itself to the globulin storage proteins found in the protein bodies of legume seeds. These fall
into two main types, the 7 S and 11 § proteins, each of which consists of a family of closely
related molecules.

The two classes of storage protéin (11 S and 7 S) are widely distributed throughout the
Leguminosae and have been the subject of comparative studies at the level of peptide mapping
Jackson et al. 1969), chemistry (Derbyshire et al. 1976), serology (Manteuffel 1982), amino
acid sequences (Gilroy et al. 1979; Moreira et al. 1979; Casey et al. 19814, b; Hirano et al. 1982)
and mRNA or genomic sequences (Sun et al. 1981; Schuler et al. 19824, b; Gatehouse e? al.
1982, 1983; Lycett et al. 1983). Such proteins are not confined to the Leguminosae; 11S-like
proteins have, for instance, been detected in the seeds of oats (Brinegar & Peterson 1982),
cucurbits (Blagrove & Lilley 1980; Ohmiya et al. 1980), rape (Finlayson 1976; Schwenke et
al. 1979) and sesame (Mori et al. 1979). Only in the case of the Leguminosae, however, have
any genetical analyses of storage proteins been made and such studies have been confined
largely to Pisum and Phaseolus vulgaris. Studies of the molecular biology and biochemistry of the
storage proteins from Glycine max, Phaseolus vulgaris and Pisum sativum (Gilroy et al. 1979;
Moreira et al. 1979; Casey et al. 19814, b; Sun et al. 1981; Tumer et al. 1981 ; Barton et al. 1982;
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Hirano ef al. 1982; Schuler et al. 19824, b; Hall ¢t al. 1983 ; Lycett et al. 1983; Slightom et al.
1983) have indicated similarities between the storage proteins of these species. This article will
consider therefore the genetics of the storage proteins of Phaseolus vulgaris and Pisum with ref-
erence to the molecular biology of the proteins from these and other genera where appropriate.
Because homologies across species exist within the two protein classes and the latter are
distinct from each other, we have chosen to discuss 115 and 7S proteins separately.

THE STRUCTURE AND GENETICS OF 11§ (LEGUMIN-LIKE) PROTEINS

The 11§ proteins of legume seeds are broadly defined as oligomeric proteins of molecular mass
3to4 x 10° (Badley etal. 1975 ; Casey 19794; Croy et al. 1979 ; Blagrove & Lilley 1980; Blagrove
et al. 1980; Khan et al. 1980; Matta et al. 19814, b) that contain six acidic (a-) and six basic
(B-) subunits disulphide-bonded as af pairs (Derbyshire et al. 1976). In a given 11 protein
preparation, the majority of the a-subunits have molecular masses of approximately
40x 10®* Da and the B-subunits are of molecular mass approximately 20 x 103 Da. The
apparent molecular masses of individual acidic and basic subunits can, however, vary
considerably; in particular, the acidic subunits have a range of molecular masses from 10 x 103
to 62x 10° Da (Moreira et al. 1979; Khan e al. 1980; Matta e al. 19814) and all appear
to be capable of participating in af} dimers (Khan et al. 1980; Staswick et al. 1981). The
N-terminal amino acid sequence of the small, 10 x 10® molecular mass acidic subunit from
glycinin (the 11§ protein from Glycine max) shows it to be homologous to ‘normal’ acidic
subunits; it probably is a truncated form of acid subunit (Moreira et al. 1979; Nielsen et al.
1981). Such sequence information is still required in other species to clarify the precise relation-
ships between individual polypeptides. While some progress has been made on the structure of
11§ proteins from Glycine max, Vicia faba and Pisum, only in the case of legumin (the 11§ protein
from Pisum) has extensive variation in subunit structure been well documented and used for
investigations of genetics.

Both the acidic and basic subunits of Pisum legumin exhibit heterogeneity on electrophoresis
in polyacrylamide gels containing sodium dodecyl sulphate (SDS gels) (Thomson et al. 1978;
Casey 1979a, b; Matta et al. 19815) and on two-dimensional isofocusing-SDS gels (Casey
1979a; Krishna et al. 1979; Gatehouse et al. 1980). N-terminal sequence analysis of the basic
(B-) subunits (Casey et al. 19814) indicates the existence of a number of homologous subunits
and suggests the existence of a small gene family. Similar results have been observed for the
basic subunits of the 11§ proteins from Vicia faba and Glycine max (Gilroy et al. 1979; Moreira
et al. 1979).

Two-dimensional gel electrophoresis shows clear multiplicity of the acidic subunits of legumin
in Pisum and also provides evidence for both major (™) and minor (&™) classes of acidic subunit
(Casey 1979b), in agreement with the results of Thomson et al. (1978). The structural
relationship between the a™- and a™-subunits is not known, nor is the relationship between
individual a™-subunits, but it seems likely that they will show sequence homology, as do the
several acidic subunits of glycinin (Moreira et al. 1979).

Examination of the subunits of legumin from a range of Pisum genotypes has shown the
existence of extensive genetic variation (Thomson & Schroeder 1978; Casey 1979a, b;
Przybylska et al. 1979, 1981; Matta & Gatehouse 1982). Each of the three groups to have
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examined the genetics of Pisum legumin has used a different system of nomenclature (Thomson
& Schroeder 1978; Casey 1979b; Matta & Gatehouse 1982). The way in which these systems
are related has been described elsewhere (Casey 1982) and does not require repetition here.

The aM-subunits behave as the products of a single Mendelian gene (Thomson & Schroeder
1978; Casey 1979b) with at least five different possible alleles (Matta & Gatehouse 1982).
Genetical evidence suggests the existence of a small number of legumin genes in a closely linked
array (small gene family) which maps near to the 7, locus on chromosome (linkage group) 7
(Davies 1980; Matta & Gatehouse 1982). Other legumin genes must also exist to produce the
o™-subunits; while the inheritance patterns of minor legumin subunits are not clear, variants
do exist and present evidence supports their production from a locus other than that for the
oaM-subunits (Matta & Gatehouse 1982).

It is clear from biosynthetic studies (Spencer & Higgins 1980; Croy ef al. 19804) and from
DNA sequencing (Croy et al. 1982) that legumin polypeptides are synthesized as precursor
molecules containing both o- and B-sequences that are later ‘nicked’ to produce the
characteristic off disulphide-linked dimers. Itis likely, then, that a legumin structural gene codes
for both an a- and B-subunit and it follows that the genetic behaviour of the B-subunits should
be similar to that of a-subunits; so far, however, detailed study of the inheritance of B-subunits
has been hindered by a lack of suitable variants.

When cell-free translation products of poly A-containing RNA, purified from developing pea
seeds, are immunoprecipitated with antibody to legumin, several precursors of molecular mass
approximately 60 x 10® Da are specifically precipitated (Spencer & Higgins 1980; C. Domoney
and R. Casey, unpublished), although some genotypes appear not to show this type of
heterogeneity (Croy et al. 19804a). Hybrid-release translation experiments, in which plasmids
containing cDNA inserts homologous to legumin are used, indicate that a number of different
mRNA species are selected by such plasmids (Chandler et al. 1983 ; C. Domoney and R. Casey,
unpublished) and strongly suggest the existence of several legumin mRNA species in any given
preparation of poly A-containing RNA. Direct measurement of the gene copy number for
legumin (Croy et al. 1982) suggests the existence of four major legumin single-copy genes in
Pisum, although it must be remembered that this value is obtained in one genotype with one
clone.

In Glycine max evidence for a small gene family for the 11§ protein, glycinin, comes from the
amino sequence studies of Moreira et al. (1979, 1981) and is supported by the size heterogeneity
of the glycinin precursors immunoprecipitated from the cell-free translation products of poly
A-containing RNA (Tumer et al. 1981; Barton ef al. 1982). Direct measurement of 11 .S gene
numbers suggests approximately three genes per haploid genome for the particular glycinin
probes used (Fischer & Goldberg 1982).

Other types of legumin that do not conform to the conventional model have been observed
in Pisum sativum, in addition to the minor legumin species containing a™-subunits (see above).
Two dimensional non-reducing/reducing gel electrophoresis has pointed to the existence of
disulphide-bonded pairs of molecular mass around 40 x 10% Da, in which the acidic subunit
is apparently of a similar size to the basic subunit (Domoney 1981 ; Matta et al. 1981 5). Genetic
studies (Matta & Gatehouse 1982) indicate that these ‘small’ acidic and basic subunits
segregate independently of each other.

Legumin subunit pairs which are larger than the normal aff dimer of about 60 x 10® Da
molecular mass have been reported to be present in small amounts in Vicia faba and Vigna
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unguiculata, where the molecular masses of the disulphide-linked dimer species can be as high
as 79 x 10® Da (Khan ef al. 1980; Matta et al. 19814). Such species have not been reported
in mature Pisum sativum seeds, but a legumin-related polypeptide of molecular mass of about
80 x 103 Da has been observed in extracts of immature Pisum sativum cotyledons that have been
pulse-labelled with radioactive amino acids (Domoney 1981 ; Chrispeels et al. 19824, 4); this
labelled polypeptide specifically binds to a column of antilegumin. A complementary DNA
clone, constructed from poly A-containing messenger RNA (mRNA) from immature Pisum
sativum seeds, has been identified and contains an insert homologous to a mRNA coding for
an 80 x 10® Da molecular mass polypeptide. The latter is immunoprecipitable with antibody
to legumin, and peptide mapping experiments suggest a structural relationship between it and
the conventional (60 x 10® Da molecular mass) legumin precursor (C. Domoney and R. Casey,
unpublished). Studies of the accumulation of Glycine max proteins during development have
also indicated the presence of a short-lived polypeptide of molecular mass 83 x 10® Da that
disappears at about the same time as the major acidic and basic glycinin subunits appear
(Spielmann et al. 1982).

THE STRUGTURE AND GENETICS OF 7.5 (VICILIN-LIKE) PROTEINS

The 7§ proteins of legume seeds have generally been considered to be more complex than
the 11.§ proteins, because of their substantial physical and serological heterogeneity, a tendency
towards association/dissociation behaviour in response to changes in pH and ionic strength and,
in some cases, simply because of complexity in apparent subunit structure. Some of this
confusion has arisen from early studies that (necessarily) considered whole proteins. Recent
work on the sequences of 7§ protein subunits, their mRNAs and genes (Sun et al. 1981;
Gatehouse ¢t al. 1982; Hirano et al. 1982; Schuler ¢t al. 19824, b; Hall et al. 1983; Lycett ¢t al.
1983 ; Slightom ef al. 1983) and on the biosynthesis of these proteins (Gatehouse et al. 1981;
Chrispeels et al. 19825) has considerably clarified matters. From studies of Pisum vicilin, for
example, it has become clear that the plethora of subunits found in vicilin from mature seeds
is derived from two types of precursor subunit, one of which is relatively short-lived (Gatehouse
et al. 1981, 1982; Chrispeels ¢t al. 19825). The 7.8 proteins which have been studied in any
depth are Pisum vicilin and convicilin, Glycine max conglycinin and Phaseolus vulgaris phaseolus
(Glycoprotein II); of these, all except conglycinin have been analysed genetically.

Pisum vicilin

Vicilin from Pisum is a heterogeneous 7§ protein that contains a number of different
polypeptides, that vary in molecular mass from 12x10® to 50x 103 Da (Thomson &
Schroeder 1978; Gatehouse et al. 1981). The native protein has a molecular mass of about
1.5 x 10° Da and probably has a trimeric structure with subunits of molecular mass around
50 x 10® Da. All native vicilin preparations seem to contain polypeptides of molecular mass
33x 103, 19x10® and 12.5x 10% Da in addition to the major 50 x 10®> Da molecular mass
species, together with small amounts of polypeptides of molecular mass 35 x 103, 16 x 103 and
13.5 x 10® Da. Sequencing studies of proteins and DNA have shown clearly that all the smaller
polypeptides are derived by proteolytic processing of a precursor polypeptide of molecular mass
approximately 50 x 103 Da; the 16 x 10® Da molecular mass polypeptide is probably a
glycosylated form of the 12.5 x 10® Da molecular mass polypeptide (Gatehouse et al. 1982).
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Hence, as suggested by Thomson et al. (1980), the fundamental subunit structure of native
vicilins is simpler than their apparent polypeptide composition suggests. Thus the structural
genes for vicilin are for precursor polypeptides of molecular mass approximately 50 x 10® Da
and one would expect genetical data for polypeptides of molecular mass less than 50 x 10% Da
to reflect those for their precursors.

Only one extensive study of variability in the polypetides of vicilin from mature Pisum seed
has been described (Thomson & Schroeder 1978; Thomson et al. 1980). Variation in the
molecular masses of the 50 X 103 Da and of the approximately 30 x 10® Da polypeptides, and
in the charge of the 12 and 14 x 10® Da molecular mass polypeptides has been observed and
the inheritance of variant forms studied. Such observations show all three types of polypeptide
to behave as the products of single genes that exhibit simple Mendelian inheritance patterns.
None of the vicilin genes has been assigned to a linkage group; it may be assumed that the
33 x 103 Da molecular mass, the 12 and 14 x 10® Da molecular mass and the precursor
polypeptides from which these are derived are all the products of the same locus. The only
unequivocal evidence for multiple genes for Pisum 7S proteins comes from the studies of
Gatehouse et al. (1982) and Lycett et al. (1983), that clearly show the existence of a number
of copies of each of two homologous sequences for polypeptides of molecular mass approximately
50 x 103 Da; one of these (classes of) polypeptides is processed into smaller fragments while
the other is not. Nothing is known of the genetical relationship of these two types of polypeptides.

Pisum convicilin

Convicilin (Casey & Sanger 1980; Croy et al. 1980 b) is normally a minor constituent of Pisum
protein but can become a major one in certain genotypes (Casey & Sanger 1980; Casey et al.
1982). Itis a 7 § protein of molecular mass 2.2-2.8 x 10° Da that has a single size class of sub-
unit with a molecular mass of around 70 x 103 Da; it is therefore either a trimer or a tetramer. It
is serologically closely related to vicilin, but differs from it in subunit size, amino acid
composition and carbohydrate content (Casey & Sanger 1980; Croy et al. 19805). Convicilin
exhibits heterogeneity in both the size and charge of its subunits and variation in the molecular
mass of convicilin subunits has been reported (Thomson & Schroeder 1978; Casey & Sanger
1980; Matta & Gatehouse 1982). Genetical analyses of molecular mass variants of convicilin
subunits show the convicilin locus to behave as a single codominant gene' (Casey 1982; Matta
& Gatehouse 1982) that is not linked to the locus for legumin aM-subunits (Casey & Sanger
1980; Matta & Gatehouse 1982). The convicilin structural locus, which is probably identical
to that designated V¢4 by Thomson & Schroeder (1978), has been assigned to linkage group
2 and resides between genes s and £, 3+ 1 map units from the £ locus (Matta & Gatehouse
1982).

Phaseolus vulgaris phaseolin

Alarge percentage of the storage protein of Phaseolus vulgaris consists of a 7.8 protein variously
known as phaseolin (Sun ¢t al. 1981), G1 fraction (Sun et al. 1974) and Glycoprotein II (Pusztai
& Watt 1970). The native protein undergoes pH-dependent reversible association/dissociation
between a number of molecular forms, the monomeric form having a molecular mass at neutral
pH of 1.4-1.6x10° Da (Pusztai & Watt 1970; Sun et al. 1974). The native molecule
dissociates under denaturing conditions to give polypeptides in the range 43 x 1053 x 10® Da
(McLeester et al. 1973; Pusztai & Stewart 1980). These polypeptides have been classified as
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o, B and 7y on the basis of their electrophoretic mobility in SDS-gels. Microheterogeneity of
the native protein has been demonstrated by a number of techniques (Pusztai & Stewart 1980)
while two dimensional gel electrophoresis under denaturing conditions has shown the existence
of charge microheterogeneity within the polypeptide size classes (Brown et al. 1980); peptide
mapping (Ma et al. 1980) indicates that the o, B and y polypeptides are structurally related.
Genetic variation in phaseolin polypeptides has been detected using one and two dimensional
gel electrophoresis (Romero et al. 1975; Hall et al. 1977; Brown et al. 1981 4; Bollini & Vitale
1981). Such variation has been used for analyses of the inheritance of phaseolin polypeptides.
The structural genes coding for these proteins are linked, codominant and inherited in a block
as a single Mendelian gene (Brown et al. 19814, b). The loci for phaseolin and for those proteins
defined as G2/albumin by McLeester et al. (1973) are not linked to each other, but their
chromosomal location has yet to be identified.

The sequencing of cDNAs from phaseolin mRNAs has confirmed the similarity between the
mRNAs for various phaseolin polypeptides (Hall e al. 1983) while direct measurement of the
copy number of phaseolin structural genes suggests the presence of at least four copies of the
phaseolin gene per haploid genome (Brown etal. 1982; Hall ez al. 1983). Similar studies of cDNA
sequences for the a and o’ subunits of conglycinin (Schuler et al. 19824, b) are also consistent
with the production of these homologous Glycine max 78 protein subunits from small gene
families and with the estimate of approximately five /o’ subunit genes per haploid genome
(Goldberg et al. 1981).

VARIATION IN THE STORAGE PROTEINS OF OTHER LEGUMES

Variation in the storage proteins of Arachis hypogaea, Lupinus angustifolius, Psophocarpus
tetragonolobus, Vicia faba and Glycine max has been detected by a number of electrophoretic
techniques (Gillespie & Blagrove 1975; Blagrove & Gillespie 1978; Basha 1979; Utsumi ef al.
1980; Mori et al. 1981). In none of these cases, however, has this variation been used to establish
the genetics of any storage protein subunit.

GENES WHICH HAVE AN EFFECT ON STORAGE PROTEIN SYNTHESIS

Our current knowledge of the control of storage protein synthesis in legumes is at an early
stage and present efforts are directed towards a definition of the molecular events associated
with the onset of synthesis and accumulation of storage proteins; such studies have been
confined to Pisum sativum, Glycine max and Phaseolus vulgaris. Analyses of this kind are often
facilitated by the use of mutants that in some way perturb the synthesis of specific storage
proteins and three such genes have been reported to date. In lupins an incompletely dominant
gene, the so-called beta subunit controller (Bsc) has been shown to have an influence on the
synthesis of the major conglutin f subunit, although it appears that other loci with smaller effects
also influence the synthesis of this subunit (Oram et al. 1981). Genes have been identified in
Phaseolus vulgaris that either enhance or diminish the expression of phaseolin (Bliss & Brown
1982; Brown ef al. 1982) and in at least one case major repression of phaseolin synthesis has
been correlated with the presence of a single gene (Bliss & Brown 1982). The 7, locus in Pisum
sativum is closely linked to the major legumin structural locus and has a clear effect on legumin
expression (Davies 1980). In R,R, genotypes legumin proportions. tend to be considerably
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higher than in corresponding near-isogenic 7,7, genotypes. The r, locus, however, influences
many metabolic pathways including those for the synthesis of sugars, lipids and starch (Coxon
& Davies 1982 ; Kooistra 1962). Thus the effect on legumin synthesis may be secondary to one
or more of the pleiotropic effects of the 7, locus.

THE EVOLUTION OF LEGUME SEED STORAGE PROTEINS

It is becoming clear from nucleic acid and protein sequencing studies that storage proteins
in a given legume may have homologous counterparts in other legume species. Sequences
corresponding to Pisum sativum vicilin, for example, are to be found in Phaseolus vulgaris
(phaseolin) and Glycine max (conglycinin), while the subunit sequences of Pisum sativum
legumin and Glycine max glycinin are extremely similar (for references see above). In addition,
there is considerable sequence homology between the lectins from Phaseolus vulgaris, Pisum
sativum, Vicia faba, Lens culinaris and Canavalia ensiformis (Cunningham et al. 1975; Foriers et al.
1977, 1981; Hoffmann et al. 1982; Hopp ¢t al. 1982). It is reasonable to suggest that such
homologous sequences evolved from a common ancestor and have been conserved during
evolution because they are in some way important to the synthesis, structure or stability of the
storage proteins. Schuler ef al. (19824, b), for instance, have postulated that certain conserved
conglycinin sequences may be necessary for nRNA stability, because similar sequences are also
found in the 3’ noncoding regions of mRNAs for other Glycine max polypeptides. Lycett et al.
(1983) suggest that such sequences, which also have homologous counterparts in Pisum sativum
vicilin, might equally well have been conserved because they are important to the structure
or function of the protein.

If one ascribes to a storage protein the ‘functions’ of being transported, sequestered, stored
in a dry state and recognized by proteolytic enzymes on seed germination, it might be assumed
that there have been limitations to change in these proteins during their evolution. This is not
irreconcilable with the considerable degree of variation observed in, for example, the major
legumins from Pisum, for in no case is this variation so extreme as to alter the three-dimensional
structure of the protein. The fact that legumin-like proteins are found in families as diverse
as cucurbits and cereals (see above) suggests a need to conserve at least certain elements of
the genes for 11 § proteins; alternatively, it is possible that convergent evolution to an 11 S-like
protein has taken place in response to the requirements of the ‘functions’ outlined above.

It has been suggested that the ancestors of storage proteins may have had some clear function,
such as enzymic activity; the observed oxaloacetate decarboxylase activity of cucurbitin (Hara
et al. 1976) may give a clue to the origins of 11§ storage proteins.

The discovery of small regions of internal homology in the amino acid sequence of glycinin
acidic subunits (Moreira et al. 1981) raises the possibility that these repeated domains could
be the products of a series of gene duplications within the eventual structural loci; the glycinin
family of proteins may have evolved as a consequence of a complicated series of gene
duplications, to give regions of homology both within and between glycinin polypeptides.
Considerably more sequence analysis of the storage proteins and their putative progenitors is
required, however, before detailed consideration of the paths of their evolution becomes feasible.

We thank Professor D. R. Davies for critical discussion of the manuscript. Part of the work
described was supported by Agrigenetics Research Corporation, U.S.A., to whom we are very
grateful.
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