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Abstract—The structure, location in the seed and distribution of the storage protein of legume seeds are described.
Methods which have been employed for the extraction, purification and characterisation of seed globulins are
reviewed in relation to modern biochemical practice. The physical, chemical, and immunological characteristics
of the classical legumin and vicilin preparations from Pisum sativum are summarised and the distributions of proteins
with sedimentation coefficients and/or immunological determinants similar to those of legumin and vicilin, are
tabulated. The structure and composition of various purified legumin and vicilin-type proteins from a variety of

legumes, are compared.

INTRODUCTION

The biological role of the seed

Prior to the development of the seed habit, plant dis-
persal was the function of the spore. Once the megaspore
was retained and fertilisation took place on the parent
plant, the developing embryo could be nourished by the
parent tissues, which was a considerable biological ad-
vantage, but the role of dispersal by the spore was lost;
this function was taken over by the seed. The developing
seed builds up a substantial store of reserve material and
is shed as an independent propagule. There may be a
period of dormancy but eventually, if conditions are
favourable, germination will take place and the reserve
material is used as a source of nitrogen and carbon com-
pounds for the developing seedling; the nitrogen is
mainly in the form of proteins, the carbon in the form
of starch or oil, or both.

On average, the percentage of protein in cereal grains
is 10-15%; of dry matter, and in legume seeds 20-25%.
In contrast, a typical vegetative organ, such as the leaf,
has only 3-5%, of its dry matter as protein. Seeds, there-
fore, and particularly legume seeds, are a high protein
food source for man and his animals either directly or,
more recently, as ‘textured vegetable protein foods’ for
man.

A definition of storage protein

During the course of seed development from the ferti-
lised ovule to maturity, protein is laid down at a variable
rate. Usually the rate of protein deposition increases dra-
matically about one-third of the way through the devel-
opment cycle [1-7]. Concomitantly, membrane-bound
vesicles, protein bodies, appear which become filled with
protein; this can be demonstrated by their staining
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properties in the light microscope [8] and by immuno-
fluorescent techniques using the electron microscope [9].
Furthermore, it has been shown with a variety of plants
that the protein of the protein bodies is degraded on
germination [10-13), and serves as the source of nitrogen
for the various new nitrogen compounds synthesized by
the developing seedling [14]. This protein is, therefore,
called storage protein, since it is laid down at one stage
of the life cycle for future use at a metabolically more
active stage.

Many proteins occur in seeds and the problem is to
distinguish the storage proteins from those which have
metabolic or structural roles etc. Since it has rarely been
shown that a protein isolated from seeds occurred in
vivo in the protein bodies, arbitrarily, proteins extracted
from seeds, which constitute 5% or more of the total
protein, may be suspected to be storage proteins. This
review describes the structure, and distribution of the
major storage proteins of legumes.

The ‘classical vicilin and legumin fractions of Osborne
[15] and Danielsson [16]

Osborne and Campbell [17] showed that much of the
protein of legume seeds was salt soluble globulin, and
they were able to separate this fraction from Pisum sati-
vum into 2 major fractions, legumin and vicilin, using
repeated precipitation by dilution or heat treatment. The
methods made use of the fact that legumin was less sol-
uble than vicilin in dilute salt solutions, and also that
legumin solutions were not heat-coagulable, whereas
those of vicilin coagulated at 95°. Chemical analyses of
legumin and vicilin showed that their nitrogen and sul-
phur contents were 18-04%, N and 042, S and 17-4%,
N and 0-18%; S respectively.

Osborne demonstrated that similar protein fractions
could be extracted from other legume seeds, e.g. Phaseo-
lus vulgaris [18-20] and Giycine max {21], but that their
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chemical.compesitions differed. In view of this, Osborne
[15] refuted Ritthausen’s idea that only a comparatively
small number of vegetable proteins occurred in nature.

The innovation of ultracentrifugation [22] and electro-
phoresis [23] as analytical tools for high molecular
weight substances, led to a closer investigation of the
seed globulins. Ultracentrifugation analysis of seed pro-
teins was performed initially by Svedberg [24] and later
and more extensively by Danielsson [16]. Danielsson
[16, 25] separated globulins from Pisum sativum by the
use of ammonium sulphate precipitation and isoelectric
precipitation at pH 4-7, and on the basis of their solu-
bility, heat stability and %, nitrogen, he equated them
with the lcgumin and vicilin preparations described by
Osborne and Campbell [17]. He demonstrated [16,
26-28] that vicilin and legumin: (a) sedfmented in the
ultracentrifuge as single components at different protein
concentrations with S,,, = 6:5-81 and 12-64 respect-
ively, and had molecular weights of 186000 and 331000
respectively: (b) migrated as single components during
free flow electrophoresis in presence of 02 M NaCl; as
judged by zero mobility, the isoelectric point of legumin
was pH 4-8 and vicilin pH §'5: (c) were degraded during
germination, i.e. functioned as storage proteins: and (d)
that vicilin contained more lysine, and less tryptophan
and glutamic acid than legumin. Tryptophan is easily des-
troyed during acid hydrolysis and as this method is
usually employed, values for tryptophan are often miss-
ing from published amino acid compositions. Danielsson,
however, emphasised the difference between the ratios
of tyrosine to tryptophan in vicilin (10:1) and legumin
@:1).

Danielsson [16] also examined the globulin fraction
of 34 species of legumes from 8 tribes of the Legumino-
sae, (Fabaceae [29]), and found, with a few exceptions,
that they all contained two globulins with sedimentation
coefficients of approximately 7S and 11S which, on the
sole basis of their sedimentation values, he called vicilin
and legumin. For many proteins, sedimentation velocity
is dependent on the concentration, and the range of
values between 6:6 and 8-3 recorded for the 7S component
by Danielsson [16] from different sources, may have
been due, in part, to differences in concentration of an
equivalent protein in the preparations. However, it may
also reflect some degree of heterogeneity in the protein
contributing to the 7S peaks. Notable among the excep-
tions referred to above were Acacia longifolia, A. pen-
ninercis, A. verticillata and Trifolium repens, all of which
contained a 7S component, but not an 11§, aithough
the sensitivity of the technique is insufficient to demon-
strate the presence of very small amounts of the 11S
component.

Another method of comparing these globulins from
different legumes has been to follow the immunochemical
cross-reactivity of legumin and vicilin prepared by meth-
ods similar to those of Danielsson [27]. Earlier serologi-
cal investigations particularly those of Kioz and co-
workers (see e.g. Kloz [30]) using immunoelectrophore-
sis, suggested that vicilin might be more widely distri-
buted than legumin. More recently, Dudman and Millerd
[31] have investigated genera from eleven tribes of the
Leguminosae [32] and, in agreement with Kloz, have
shown proteins, immunologically related to vicilin and
legumin, to be widely distributed in the Fabeae (Vicieae)
and Trifolicae. However, by using several different im-
munological techniques they conclude, contrary to Kloz

and co-workers, that legumin-like proteins are more
widely distributed than vicilin-like proteins in the other
tribes investigated; the Phaseoleae gave no cross-reac-
tions with either protein from Vicia faba.

Detailed characterisation of the storage proteins re-
quires their isolation in a form which satisfies stringent
homogeneity criteria. The advent of column chroma-
tography and gel electrophoresis demonstrated the het-
erogeneous nature of globulins prepared by the earlier
techniques, and the traditional methods of protein purifi-
cation, e.g. crystallisation and salt fractionation have
now been either entirely replaced or supplemented by
techniques which utilise more directly the fundamental
differences between the proteins to be separated, viz.
molecular weight, shape and charge. The following descrip-
tion and critique of the various methods used to purify
globulins is necessary, in order to understand the status
of the results found in the literature; the physico-chemi-
cal properties assigned to some of these proteins must
be viewed with suitable caution.

THE STORAGE PROTEINS OF LEGUMES

Extraction and purification

The complex and diverse chemical nature of seeds is
such that the methodology used for extracting proteins
may not be universally applicable. However, certain pre-
cautions outlined below must be taken unless it is de-
monstrated for a particular seed source, that they are
unimportant.

Freshly harvested, not stored, air-dried seeds should
be used as starting material. If controlled growth en-
vironment facilities are not available to give adequate sup-
plies of freshly harvested seeds, then stored seeds are
used, but the results obtained should be compared with
those from freshly harvested seeds, e.g. storage of sceds
or of ground meal results in a decrease in the quantity
of protein which can be extracted by water and salt [33,
34].

Testas should be removed prior to extraction since
they often contain substances, e.g. pigments, phenolics,
etc. which may later interfere with the isolation process.
If freshly harvested seed is being used this presents no
problem; if air-dried seed is being used it is often not
possible to remove the testa readily, without soaking the
seed and almost certainly some protein hydrolysis will
occur during this process. Imbibition can be expedited
by scarifying the seed and proteolysis can be reduced
by carrying out the imbibition at low temperature.

Air-dried seed is usually milled and defatted prior to
extraction, aithough it has been suggested that this step
is not necessary in some cases even with seeds of high
oil content [7]. It is sometimes necessary to remove pig-
ment prior to protein extraction; Joubert [35-37] with
Lupinus achieved this by washing with ethanol and
water.

Initial extraction of the protein of freshly harvested
seed is normally accomplished by homogenisation in a
high-speed blender. Meal can be extracted in an ultra-
sonicator or by homogenisation. Protein-phytate inter-
actions are enhanced by the presence of cations and
hence the ionic strength of the extractant should be kept
as low as possible. Precipitation of protein-phytate com-
plexes takes place at acidic pH values, between pH 4-5
and pH 66 [38], and the pH should be maintained above
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this range. On the other hand, association/dissociation
reactions of globulins are often promoted by high pH
values and non-enzymic deamidation is also enhanced
at pH 10 [39]. Deamidation proceeds more rapidly, at
pH 7-4, in the presence of phosphate ions as compared
to the rate in borate and tris—glycine buffers.

Sulphydryl reagents such as 2-mercaptoethanol and
dithiothreitol at low concentration, inhibit the formation
of disulphide bridges between proteins with free sulphyd-
ryl groups and hence reduce polymerisation and sub-
sequent insolubility; thus, it has been reported that
2-mercaptoethanol in the extraction medium increases
the amount of protein extracted [40]. Aklylation of SH
groups with N-ethylmaleimide will also prevent disul-
phide bridge formation, but little is known about the
effects of these reagents on the internal sulphydryl and
disulphide groups of the protein.

EDTA, a neutral chelating agent, has proved useful
in enzyme isolation and it has also given increased ex-
traction of the protein from seeds. Inclusion in the ex-
traction medium of polyvinylpyrrolidone or other similar
reagents which complex with and so remove phenolic
plant constituents, have been shown to be necessary for
the isolation of active enzymes and mitochondria from
some plants [41-43], although these agents have not
been used generally when extracting seed globulins.

One subject which perhaps deserves more attention
than it is receiving at the present time, is that of proteoly-
tic activity in seed extracts, since this could modify sub-
stantially the proteins under investigation. Proteinase in-
hibitors such as diisopropyl fluorophosphate and phenyl-
methylsulphonyl fluoride, have been shown to be effec-
tive in overcoming this problem in the isolation of other
proteins [44-48], and it is probable that their use will
be extended to the isolation of the seed globulins, if only
to determine whether the observed heterogeneity in some
protein preparations is inherent or due to proteolytic
activity. Proteolytic degradation could be minimised by
conducting extraction and purification procedures with
small amounts of material at low temperatures, but the
cryoprecipitation of some globulins [16, 49, 50] may
make this procedure impractical. Proteolysis can be
minimised also by the use of phenol-containing solvents
{51]. The value of phenol as an efficient extractant of
plant protein has been known for a considerable time
(523, and its particular value in the preparation of seed
protein free from loosely bound carbohydrate has been
emphasised recently by Pusztai [51]. Interactions be-
tween proteins and other polyelectrolytes are decreased
in phenol containing solvents and proteins can be re-
covered in their native state.

Proteins which agglutinate animal erythrocytes are
found in many legume seeds and often several agglutinins
with different specificities exist in the same species [53).
Some of these proteins have also been shown to interact
with other animal cells via the glycoproteins of the mem-
branes. Since glycoproteins occur extensively in seeds,
interaction between these and the seed agglutinins, al-
though not investigated so far, could well take place
in seed extracts. This is especially important in the
present context, since some storage globulins are glyco-
proteins..

Even when extracts have been prepared under these
conditions, it is advisable as Danielsson [54] recom-
mended, to remove other non-protein materials from the
extract as soon as possible; this may be effected by

molecular sieving, by cryoprecipitation {49], or by salting
out the proteins by the addition of ammonium sulphate
[S5). The use of ammonium sulphate allows the simul-
taneous fractionation of the proteins and results in pre-
cipitates which can be redissolved directly or stored in
a relatively stable condition. However, fractionation is
usually incomplete and it is necessary eventually, to re-
move the salt either by chromatography or dialysis; the
aggregation of protein molecules which occurs during
precipitation, may, itself, enhance protein—protein inter-
action despite the presence of the salt.

Further purification of the crude globulin preparation
can be obtained by several procedures, but purification
of individual proteins should be carried out as quickly
as possible to reduce interactions; if required, samples
between purification stages can be stored frozen, freeze-
dried or under a saturated solution of ammonium sul-
phate. The most successful method of purifying legumin
(11S protein) has been its isoelectric precipitation leaving
the vicilin (7S protein) in solution [16, 56]; the exact
pH used varies from one protein source to another, but
is in the region of 4-7. For complete separation this pro-
cedure must be repeated several times [16, 57], but its
greatest disadvantage is that some of the precipitated
protein will not redissolve when the pH is readjusted
to the original value {55, 58-60]. The formation of disul-
phide-bridged polymers has been connected with this
phenomenon [34], but another explanation for it could
be the production during isoelectric precipitation of local
areas of high acidity which leads to the dissociation of
the globulins.

A modification of this method, termed zonal isoelectric
precipitation [61-64], seems to overcome these difficul-
ties. Because of the multiple precipitations involved and
also since the 11S protein is not subjected to pH values
below the isoelectric point, this technique affords rela-
tively pure, readily solubilised legumin preparations. The
vicilin fraction obtained by this method is contaminated
with legumin and is also impure [65).

Even with those sources where another protein is pres-
ent with a similar isoelectric point to that of legumin,
e.g. the 7S protein of soyabean [66], some separation
may still be possible by the selection of a suitable ionic
strength. Since phytate has been reported as a major
contaminant of globulins prepared by isoelectric preci-
pitation [38], it is advisable to remove as much of it
as possible from the extract by dialysis or by treatment
with Dowex ion-exchange resin [38] before attempting
isoelectric precipitation.

Gel filtration can be utilised to remove low molecular
weight proteins and also non-protein contaminants dur-
ing the purification of globulins. This technique has
proved far less successful in the separation of vicilin and
legumin however, than would at first appear from the
difference in their sedimentation coefficients (7S and 118S)
and molecular weights (186000 and 330000). Hasegawa
et al. [67] separated two 7S proteins and a 6S protein
from the 118 protein on Sephadex G-200, using extracts
of Glycine max, but a third 7S protein co-eluted with
the 118 protein. Some 11S globulins have been purified
using this method, e.g. the 11S protein from seeds of
Helianthus annuus was separated from its 7S dissociation
product by using repeated chromatography on Sephadex
G-200 columns [68]. .

Koshiyama [69], using a globulin preparation from
Glycine max was unable even with the use of 200 cm-long
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-ddlutnas (o completely separate the 11S and 78 com-
ponents; he did, however, abtain a pure preparation of
the 11S protein, glycinin, by taking only those fractions
corresponding to the leading edge of the eluted peak.
The failure to achieve reasonable separation of these two
components on dextran gels is probably due to the fact
that they both have approximately the same Stokes’
radius {69]. Another complication is illustrated by the re-
sults obtained with the 7S globulins of Pisum sativum.
These were retarded relattve to standard proteins during
thin-layer chromatography on cross-linked dextran [70]
and this anomalous behaviour led to an underestimate
of their molecular weights [71].

Interaction between proteins and cross-linked dextran
may lead to the retention of proteins during molecular
sieving and to selective losses. The degree of cross-lin-
kage of the dextran has a differential effect, e.g. Con A
is not retained by more highly cross-linked dextrans
[72].

A more effective method of separating the 7S and 118
proteins is by chromatography on hydroxylapatite (cal-
cium phosphate) gels [73, 74]. The degree of resolution
afforded by this method is enhanced significantly by
operating at low elution rates {75).

A more recent innovation has been the use of affinity
chromatography with either monospecific antibodies or
agglutinating proteins such as Concanavalin A, attached
to solid supports. In the case of globulins of Glycine
max the 7S protein contains more carbohydrate than the
11S [76], and is adsorbed during passage through a
column of Con A Sepharose [77]; however, the carbo-
hydrate content of seed globulins varies considerably and
the future usefulness of the technique in the separation
of 7S and 118 globulins from other species, is difficult
to assess. Two 78 globulins, § conglycinin and y congly-
cinin, from Glycine max have been separated, one from
another, by use of monospecific antibodies bound to Se-
pharose 6B (Koshiyama, 1., personal communication).
The specificity of this type of affinity chromatography
suggests that it will be employed extensively in the future,
even though the production of antibodies is time-con-
suming,

lIon-exchange chromatography on DEAE-cellulose and
DEAE-Sephadex has been used in the preparation of
globulins from a wide range of seeds including Vicia sati-
va [78], Pisum sativum [79], Phaseolus aureus [80], Gly-
cine max (81, 82], Brassica napus {831, and Prunus amyy-
dalus [84]. Because of its sensitivity, this technique
affords better results when employed in the final stages
of purification. It has also been used as a criterion of
homogeneity [85] and as a form of fingerprinting tech-
nique to compare preparations of the same protein ob-
tained by different procedures [86).

Sucrose density gradient centrifugation has proved
useful for the preparation of small but relatively pure
quanitities of the 11S globulins of Glycine max [7], Pha-
seolus aureus [80] and Vicia faba [2). Electrophoretic
procedures have proved useful in the separation of par-
ticular globulins from other proteins, e.g. Glycoprotein
I of Phaseolus vulgaris was partially purified by use of
free flow electrophoresis [87] and legumin and vicilin
of Pisum have been isolated from gels after electro-
phoretic separation (Thomson. J., personal communica-
tion).

The progress of the purification is monitored by pro-
cedures such as gel electrophoresis. Once purification is

thought to be complete, a variety of methods is used
to establish the homogeneity of the preparation, al-
though none of these, either singly or in combination,
is necessarily definitive proof of the presence of only one
protein. The ultracentrifuge still remains a powerful ana-
lytical tool for this purpose, since it yields information
on both the purity of the preparation and on molecular
size. However, the powers of resolution of the technique
are inferior to those of electrophoresis. Free flow electro-
phoresis has been employed to characterise globulins in
a number of laboratories [27, 74, 88-90], but is time-con-
suming and today the more convenient procedure of
electrophoresis using a stationary support is employed.
Solid supports such as paper, cellulose acetate mem-
branes, starch and polyacrylamide gels have been used
[79, 90-92] and of these polyacrylamide gels usually give
the greatest resolution: they can also be used on a pre-
parative scale. The pH of electrophoretic buffers can be
selected to modify the net charge on the proteins and
0-5M NaCl [69] and 2-mercaptoethanol {77] can be in-
cluded in the gel system to prevent the globulin undergo-
ing dissociation or aggregation during electrophoresis.
Isoelectric focusing in solvent stabilised by the incorpor-
ation of sucrose [93] or on polyacrylamide gel [94], has
also been used and affords a very high degree of resolu-
tion. Its usefulness with regard to the seed globulins is
limited, since these proteins tend to precipitate at their
isoelectric points and also since the technique only oper-
ates effectively at very low ionic strengths. Under those
conditions it is necessary to solubilise the seed globulins
with reagents such as urea, and these affect the quatern-
ary structure of the protein. Nevertheless, the procedure
has found application with the more soluble globulins,
e.g. glycinin [69].

Immunoelectrophoresis can be used to check the pur-
ity of preparations since it is an excellent method for
separating mixtures of legumin and vicilin {31, 95, 96].
Extracts of Vicia faba, for example, give clearly separated
bands of vicilin and legumin as well as a third protein
of intermediate electrophoretic mobility. However, the
positions of immunoelectrophoretic bands is influenced
by the concentration of the protein antigens, and it is
not always possible, therefore, to be sure when an analy-
sis gives just a single band, whether it represents vicilin
or legumin. The identity of bands may be confirmed,
however, by the use of the Osserman technique [97]
which combines both immunodiffusion and immunoelec-
trophoresis, although this method is relatively insensitive.
Various artefacts are possible in the immunological
analysis of unfractionated seed extracts and these are dis-
cussed by Kloz (30] and by Dudman and Millerd [31].

Often a single N-terminal amino acid is used as a
measure of the homogeneity of a protein preparation.
Since the seed globulins consist of more than one differ-
ent polypeptide chain in this case the test of purity is
that the number of different N-terminal amino acids
found should be consistent with the number of different
polypeptide chains in the molecule. Three different labels,
dinitrophenyl{DNP-), phenylisothiocyanate and dan-
syl{DNS-), have been employed to determine the N-ter-
minal amino acids of storage globulins and the first of
these has been used most frequently. It is anticipated
however, that the greater sensitivity (x 100) of the DNS-
method and the greater stability of the labelled deriva-
tives during protein hydrolysis, will lead eventually to
the adoption of the latter as the preferred method of
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N-terminal analysis, especially when this is applied to
the small quantities of protein eluted from gels.

Methods of characterisation

In addition to characteristics such as size (ultracentri-
fuge), isoelectric point (electrophoresis) and number of
subunits (electrophoresis in sodium dodecyl sulphate)
which may be determined as by-products of homogeneity
checks, further characterisation of the globulins involves
the determination of their chemical composition (eg.
amino acid composition, carbohydrate content, etc.) and
the separation, isolation and characterisation of their
constituent subunits. Often outdated methods of chemi-
cal analysis have been used and these should now be
replaced by modern methods such as described in Meth-
ods in Enzymology [98], to which reference should be
made.

Dissociation of globulins can be brought about by
alteration of pH [33, 74, 99, 100] and by exposure to
dissociating agents, e.g. urea, formamide, guanidine hy-
drochloride, detergents, S-mercaptoethanol [101] and
dithiothreitol [102]. The latter 2 reagents are employed
to disrupt disulphide bridges and the other treatments
result in cleavage of hydrogen bonds. Disulphide bonds
are not always located near the surface of the molecule
and prior disruption of hydrogen bonds is usually necess-
ary to ensure that all disulphide bonds are exposed to
the thiol reagent. The total cleavage of hydrogen bonds
in large proteins also offers difficulties and high concen-
trations of dissociating agent are necessary to complete
and maintain separation of subunits. When guanidine
hydrochloride is employed, a final reagent concentration
of 4M is adequate but a minimum concentration of 6 M
urea is often essential. Sodium dodecylsulphate (SDS)
can be bound by protein to form 2 types of complex
which differ in their stability; the more stable complex
requires a binding ratio of 14 g/g protein [103]. It is
necessary, therefore, to employ SDS under conditions
which ensure this binding ratio is achieved, for example
by introduction of SDS at a concentration (w/w) some
ten times that of the protein to be dissociated or by
dialysis of the protein against a much larger volume of
a medium of lower SDS concentration [104]. Even at
the high binding ratio, reassociation of dissociated sub-
units has been reported, although these complexes
usually involve only a small proportion of the protein.
Separation of the dissociated subunits can be accom-
plished by utilising differences in either their charge or
molecular weight. In general, our experience has been
that better resolution and higher recoveries are obtained
when any disulphide—sulphydryl groups of the subunits
are permanently blocked, for example, by carboxymethyl-
ation. Modifications of this kind however, may preclude
their subsequent use for some physical and biological
studies.

lon-exchange chromatography conducted in dissociat-
ing medium has been used successfully for the prep-
aration of the component subunits of several 11S pro-
teins. Dlouha et al. [105] fractionated S-sulphoedestin
prepared from Cannabis sativa into 2 components on
DEAE-cellulose using phosphate buffers of varying
molarities in 6 M urea. The same ion-exchange resin was
used in 4M urea with a salt gradient to separate the
subunits of legumin of Vicia sativa [106] and glycinin
[107]. Separation of the subunits of CM-legumin from

Vicia faba was achieved by chromatography in 6 M urea
on the resin AGI-X2 [64]. Masaki and Soejima [108]
separated three fractions from urea-dissociated 7S globu-
lin of Glycine max on DEAE-cellulose. Ghetie and Buzila
[70] separated two components from cryoprecipitated 7S
globulin of Pisum sativum by using Sephadex G-200 in
urea, and Grant and Lawrence [79] dlso using P. sati-
vum 7S protein (vicilin) isolated a series of urea-disso-
ciated subunits from polyacrylamide gels and determined
their amino acid compositions and N-termini.

Wright and Boulter [64] successfully applied the tech-
nique of preparative SDS polyacrylamide gel electro-
phoresis to the separation of the acidic and basic sub-
units of Vicia faba, but even though this work demon-
strates the feasibility of subunit separation on the basis
of molecular weight, little has been attempted in this
area. Goding et al. [109] have prepared a glycoprotein
subunit from the 12S globulin of Brassica napus using
gel filtration on Sephadex G-100 in 2M urea at pH 2-8.
This component represented the largest subunit, on the
basis of its elution volume, and had a §3,, value of
278 and N-terminal glycine; three other components
were also separated by this method. Lastly, Catsimpoolas
[93] isolated 6 subunits, 3 acidic and 3 basic, from gly-
cinin by isoelectric focusing in urea-dithiothreitol
medium.

Characteristics and distribution

Since the biological role of seeds is much the same
throughout the flowering plants, it would appear likely
that specific storage proteins have evolved and that
equivalent homologously related proteins might exist in
a wide range of plants. These proteins would be dis-
tinguishable from other proteins by their size, subunit
composition and dissociation behaviour, which is related
to the need to have a structure adapted to the drying
out and wetting up of the seed, and by their amino acid
composition, which is related to their function as storage
compounds. Furthermore, their existence in different
plants should be revealed by serological cross-reactivity.
Thus, serological studies have shown that proteins im-
munologically related to vicilin and legumin of Pisum
sativum and Vicia faba occur in other members of the
Fabeae and Trifolieae. On the other hand, lack of cross-
reactivity between Vicia faba and members of the Pha-
seoleae does not imply that homologous proteins do not
occur there also, since a single change in the amino acid
sequence of a protein can have a drastic effect serologi-
cally [110, 111]. This section, therefore, presents a repre-
sentative selection of the data on the structure and com-
position of legume storage globulins, in order to itemise
their general basic characteristics and to assess the extent
of their distribution in higher plants.

LEGUMIN

Many dicotyledonous seexds have been shown to con-
tain proteins which occur in large amounts and which
have sedimentation coefficients of approximately 11S
and/or MW’s in the region of 300000-400000. A compre-
hensive list is given in Table 1, together with their known
physical characteristics. Sedimentation coefficients of
supposedly identical globulins sometimes differ consider-
ably, eg 108-14-6 for the peanut globulin, arachin;
however, equivalent globulins have not been examined
always at the same protein concentration(s) or in the
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Table 1. The distribution of legumin-like seed proteins
Partial Diffusion
Sedimentation MW specific constant Frictional
Species coefficient (daltons)  volume {em?sec™! x 1077} ratio Reference
Legiomes
Acacia alata 1163850 [16)
A. decipiens 12700520} (18]
A. sabgna 136830} {16}
Arachis hypogaea 1305(5,0) {16]
14-6(53,) 396000 [ 32 1-38 [r1s]
[ 3 I 340000 {116}
VHS [“7}
LI S {50
LR L S| {85)
14-6(534} 330000 072 38&D30) 1216 (s}
12468 0,0 86}
14300} 350000 o721 367D3o00) 1252 11193
Astragaius
galegiformis 13178;0) {16}
Cytisus loburmum 140AS,0) {16}
C. supinus 1338S,0) {16}
Dolichos lablab 11685 30) (16}
1267(S,,) (1203
Ervum lens 13-18(5,0) {16}
Geniste tinctoria 133480} ) {16}
Glycine max 131850} ' {16}
1228300 H5000—- 0719 291{D10.0) 1-58 {55}
. 363000
12:2836.) 309000- 0715 348(D10.) - 140 693
322000
[RATS ] oy
Has 380000 357 {122, 1231
1180(S 50,0} 73]
Lathyrus clymenum 13-0K(S50) (16}
L. odoratus 120850 [16]
L. sativus 13 04(5,,} {16]
L. sulvestris 129750 [t6]
Lotus tetragonalobus 13-078,0) [16]
Lupinus albus 12:2%83,) {16}
126(S30) 393000 299050 1-46 1243
L. angustifolius 13055, {16]
11-6(S30) 336000 316(D50) 1-46 [35]
L tuteus %S {16}
(R L [125]
A TIN [126]
L. polyphyilus [ESITI (163
Medicago shtiva 114180} {16}
Phaseolus aureus 113" (30]
P. coccineus 12tmS {16)
P. nanus tie s ) {16}
P. vulgaris ttayd {163
NSt 340000 Derbysiure, E.
{unpubl)
Pisum sativum 1208 ¢ (™}
’ 12845 330000 o735 34K Do) {6}
1 398000 0733 29905} 143 I§¥xa!
121850} 388000 [116]
12-3S,0) 128}
137850, 410000 30XD%) 143 {129}
Trifolium hybridum 1290(5,,) {16]
T. pratense 11228, [16]
Vicia faha &5 328000 {643
NS {130}
V. sativa IR T 000 122 320 {88.131]
1148(850) (132]
Vigna unguiculata 11XS8;0.4) 330000 Derbyshire, E.
{unpubi}
Non-Legumes
Acanihosicyos
horrida 12:6(530) 377000 315D50) 141 {1123
Aesculus
hyppocastanum 12%8;0) 430000 0748 2% 113}
Anacardwm occidentale 12:85S30.0) 238000~ 0737 475 107 {114]
260000 50 (Dio.4)
Balanites aegyptica 12XS) 0685 (1331
Bertholletia excelsa 303000 1343
13 (S50} 25000 426 {135}
11-78(S30) 212000 0743 102 [136]
Beta vulgarss 13%S;,) ~ 250000 53 {131
Brassica napus 12{830) {109}
8. juncea 1283000 (138]
B mgra TYNS {138}
B. hirta [ T [i38]
Cannebis sativa [R P I 334000 f1163
[NCE I 212000 S&Djo,w) [139]
103 0 309000 0744 393(Dye) {1351
360000 {1341
335000 {140}
300000 [105)
Crrullus vulgaris 343000 [141]
Citrus aurantiaca 11-38(8,,) 210000 {1423

Continued—



Storage proteins of legume seeds 9

Table 1—cont.

) Partial Diffusion
. Sedimentation MW specific constant Frictional
Species coefficient (daltons) volume (cm3sec™! x 1077) ratio Reference
Cucurbita maxima 12:] [143)
340000 [144]
Fagopyrum esculentum 130(S30,4) 270000 [145)
Gossypium barbadense 130(S20,4) [146)
Helianthus annuus 11-%(S30) 343000 3:24(D3,) 142 [147)
118(830,0) [68)
Nicotiana sp. 325000 [148)
350000 {134)
Prunus avum
P. cerasus } ~ 300000 [149)
P. domestica
P. amygdalus 12%530.0) 0733 [84]
12:5(S;0) 329000 0746 362(D5q) [13s]
330000 [150]
~ 300000 [151]
206000 [152)
11-41(S30) 208000 0-746 103 {136]
Ricinus communis 12%S30) 332000 362(D50) 128 [153)
Sesamum indicum 13:3%(S%0.4) {154
12S50..) 450000 0735 26(D30,4) 15 [155)
Sinapis alba 127(S30) [2s]
Telfairea pedata 133(83) 311000 39 119 [156]

* Not corrected to water of 20°. 1 Determined by density gradient centrifugation.

same media, and the discrepancy is due, in part, to the
inconsistent reporting of the data, ie. as S,4, Sy, OF
$%0. values.

A globulin component, d-globulin, of similar size to
legumin, is also present in some monocotyledons. Both
Quensel [157] and Danielsson [16] found a component
with sedimentation constant of 12:0S and MW of
300000, in the embryos of Hordeum vulgare. Of the
monocotyledons he investigated, Danielsson found this
d-globulin only in H. vulgare and then in small and vari-
able amounts. Since then, Pence and Elder [158] have
observed a d-globulin in Triticum aestivum, which has
an S, value of 10-64S, and Morita and Yoshida [159]
have reported the presence of a S-globulin in the em-
bryos of Oryza sativa. Cocos nucifera, another monocoty-
ledon, has a seed protein with S3, value of 11-37 [160].

The amino acid composition of a representative
sample of these 118 proteins (Table 2), suggests they have
a storage role and may be equiivalent proteins, since they
all have a high content of amides (glutamic acid—giuta-

mine, aspartic acid-asparagine and arginine). A wide -
variation is seen in the reported values for their cysteine
and methionine contents, but the most likely causes of
this variation are the low level of these amino acids and
the difficulties associated with their accurate determina-
tion. This may account for the fact that certain globulins
have been reported as being completely devoid of cys-
teine [2, 50]. The glycoprotein nature of the -11S globulin
of Glycine max [162-164], Arachis hypogaea [86, 165],
Phaseolus aureus [80], Vicia faba [57], Phaseolus vulgaris
(Derbyshire, E., unpublished results) and Brassica spp.
[109], has been investigated. Generally, the carbohydrate
content is low (< 1%) and is mainly in the form of neu-
tral sugars, although glucosamine [80] and galactosa-
mine {109] have geen identified in two cases.

It is apparent from the data assembled in Tables 1
and 2 that there are many similarities between the 11S
protein isolated from these different sources. However,
this information is insufficient to decide if most legume
seeds have an homologous counterpart to the legumin

Table 2. The amino acid composition of some 11S seed globulins, recalculated as mol %, from the original data where

necessary
Cicer Phaseolus Spocies
Arachis  arien- vulgaris Pisum Brassica  Citrllus  Cucurbita by o0y
hypogaea num Glycine max Derbyshirc. sativum Vicia faba napus vulgarls  maxima anmeus
Reference  [85] ne1} [167] (162 E.(unpubl) [161) ({79 [64) [2) (1613 [57)  [109] [141] [144] [68)
Amino
acid

Asp 133 9-84 1nn 12:01 95 1270 119 1286 123 106 1127 1004 99 101 10-80
Thr 28 433 382 504 49 323 35 325 37 428 416 491 40 29 359
Ser 60 679 597 850 73 590 68 660 T4 650 600 554 66 71 496
Glu 194 13-87 21-43 1917 131 1650 201 1803 199 1640 1494 1800 156 161 2007
Pro 55 nd 646 57 51 nd 54 616 54 nd 808 621 36 40 512
Gly 74 752 7-48 724 80 620 7S 691 77 740 735 964 80 75 751

Ala 62 636 620 537 69 578 60 591 63 610 551 680 72 69 645
Val 51 552 522 493 70 477 51 521 51 491 539 621 61 64 622
4 Cys o7 082 063 1-50 06 072 06 nd o0 080 152 057 08 o7 222
Met tr 103 1-30 108 15 053 nd 076 03 059 036 1-54 25 21 197
e 39 441 414 506 49 406 40 413 43 398 465 474 47 1 491
Leu 71 799 708 630 87 798 76 808 85 784 784 836 71 82 686
Tyr 33 2:54 2:66 269 29 2:56 17 267 21 2:61 367 223 25 28 2443
Phe 49 490 463 380 36 422 36 340 32 356 380 389 51 47 499

Lys 24 519 393 376 78 4-40 52 503 42 4-57 453 380 23 29 191

His 20 243 1-73 1-88 30 245 26 1:96 24 244 257 1-77 21 19 233
Arg 102 755 564 512 43 750 86 9-05 80 795 759 503 119 107 694
Trp nd nd nd 083 o7 nd nd od od nd 075 071 nd nd 104

nd = not determined. tr = trace amounts.
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Table 3. Characteristics of subunits of 118 globulins

No. of
subunits
in 118
Sub Sedimentation protein N-terminal
Specics designation coefficient MW (Calculated) amino acids pl Reference
Cannabis sativa A 245S10.0) 27000 6 - - [10s}
B 185(S3q.) 23000 6 Gly -
Glycine max Ay — 37200 6 {Gly. Leu/lle. 475, 515, 5'40} [82, 93, 166]
B;2s — 22300 6 Phe 80, 8:25. 450
Alkaline 1-21(S;0.0) 30000 ‘} — Gly 89 } [121. 167)
Acidic, ,. — 35000 - Leu, Phe 4852
Vicia faba 1%} — 36200 6 Leu, Thr Acdic (64, 651
Bz 20100, 20900- 6 Gly Basic
23800
Vicia sativa A 1-4(S30.0) 24300 6 Gly Basic {106, 1301
B 2:28(S30.») 37600 4 Leu Acidic
Cc 2:25(850.0) 32600 2 The Acidic

* Average MW,

of Pisum satium and it is, therefore, necessary to exa-
mine the evidence of their subunit structures.

The molecular size of the globulins has always been
indicative of the existence of a subunit structure and this
has been substantiated by data from dissociation studies
and N-terminal amino acid analysis. However. there are
only a few instances in which subunit structure has been
examined in detail, or where subunits have been isolated
for further characterisation; the relevant data have been
collected together in Table 3. This is not an exhaustive
list but gives those subunit structures which have been
studied in most detail; the data demonstrate the striking
similarities in the properties of the subunits of the 11S
globulin from different sources. Each globulin has both
acidic and basic subunits with MW's between
27000-37000 and 2000024000 respectively. The subunit
MW'’s presented in Table 3 may not be directly compar-
able however, as they were obtained by two different
techniques, namely SDS gel electrophoresis and ultracen-
trifugation, and the range of MW’s may prove to be
narrower than that reported in the table. The variation
in the number and characteristics of both acidic and
basic subunits reported by different workers (see Table 3),
is probably attributable to the different resolving powers
of the analytical techniques they employed. Glycine is

Table 4a. The amino acid composition (mol %) of acidic
subunits of some ! 1S seed globulins

the N-terminal amino acid of the basic subunits of all
the globulins and leucine is one of the N-termini of the
acidic subunits of three of them (Table 3). These two
amino acids also figure predominantly in the N-terminal
amino acids of other 11§ globulins [79, 109, 119, 161],
and consequently this may represent a general property
of legumin-like storage globulins.

An indication of how closely the subunits of these
globulins resemble one another can be gauged from
amino acid composition data. This is presented in Tables
4a and b for the acidic and basic subunits respectively,
of legumin of Vicia faba and Vicia sativa, edestin of Can-
nabis sativa and glycinin of Glycine max. There is a re-
markable similarity in the amino acid composition of
subunits of the same type and significant differences be-
tween the compositions of the acidic and basic subunits.
Thus, the acidic subunits are all richer in glutamic acid-
glutamine than the basic subunits, while the latter con-
tain more alanine, valine and leucine. The variable amino
acid composition of both the acidic and basic subunits
from different sources may indicate that only parts of
the molecule have been conserved, presumably those
parts most intimately involved in maintaining the ter-
tiary and quaternary structure of the protein. Confirma-
tion of this must await primary sequence investigations.

Table 4b. The amino acid composition (mol %) of basic
subunits of some 1S seed globulins

Species Species
Glycine Vicia Vicia “wmahis Giycine Vicia Vicia Cannabis
max* faba satioat sitiva max Jfaba sativa sativa
Amino acid [166) [64] {1313 [168] Amino acid [166] [167) [64) {131] [168)
Asp 1266 1300 12:15 11-85 *
Thr 336 307 279 336 Asp 1377 1296 11-60 12-57 12:13
Ser 592 647 652 671 Thr 427 468 425 439 430
Glu 24'53 21 2092 %10 Ser 705 694 686 645 587
Pro 708 546 536 348 Glu 1541 1440 10:21 951 1153
Gly 774 775 763 837 Pro 545 585 466 512 381
Ala 377 378 490 551 Gly 664 686 603 617 614
3 Cys nd nd 105 128 Ala 735 634 9-78 992 886
Va! 391 341 355 593 4 Cys nd 162 nd 091 098
Mect 049 04 068 1-33 Val 615 681 957 873 810
lle 405 449 501 506 Met 087 110 046 046 256
Leu 5N 652 634 622 lle 444 480 354 398 451
Tyr 215 239 263 282 Leu 899 924 10:94 1018 799
Phe 342 293 355 348 Tyr 2771 2719 314 3-06 310
His 257 262 271 211 Phe 463 535 39 352 473
Lys 627 490 390 166 His 73 151 136 1-60 163
Arg 637 10-33 921 1nie Lys 434 314 595 416 10
Trp nd nd ad 054 Arg 564 543 83s 828 979
Trp nd nd nd 101 087

nd = not determined. * Average values, assuming A,, A,
and A, are present in equimolar amounts. + Calculated from
values for B and C subunits using the B-C ratio of 2:1.

nd = not determined. * Average values, assuming B,, B,
and B; are present in equimolar amounts.
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The only information so far is that of Dlouha et al.
[169], who examined the structure of peptides isolated
from a tryptic hydrolysate of the A-chain of edestin.
Their results indicate localisation of groups of acidic,
neutral and basic amino acid residues.

A universal legumin-like storage globulin could be en-
visaged as having a structure compatible with the above
characteristics, i.e. it would consist of twelve subunits
with equimolar amounts of two types, acidic and basic,
which differ in their MW’s, these being 27000-37000 and
20000-24000 respectively. However, there is some evi-
dence of greater complexity. Thus, Catsimpoolas and
Wang [170] observed numerous bands when the acidic
or basic subunits of glycinin were subjected to analytical
scanning isoelectric focusing in urea—dithiothreitol
media. They attributed the multiplicity of components
mainly to differences in the primary structure of the sub-
units, although no conclusive evidence was presented
to substantiate this statement. Similarly, isoelectric focus-
ing of either acidic or basic subunits of CM-legumin of
Vicia faba in 6 M urea revealed approximately 8 com-
ponents [65] (Wright, D. J., unpublished data), although
in this case variation in charge modification as a result
of carboxymethylation may have been the cause.

Recently, Yotsuhashi and Shibasaki {119] published
details of an arachin structure in which the latter was
comprised of 6 kinds of subunits having the average MW
of 29000 (59, = 18) and which possessed 3 glycine,
2 leucine (isoleucine) and 1 valine residue as the N-ter-
minal amino acids. Whilst this model obviously has
many similarities with those subunit structures listed in
Table 3, other studies on arachin have revealed a more
complex subunit structure. Thus, whilst Singh and Diec-
kert [85] reported substantial amounts of 6 subunits
with MW’s of approximately 15000, 24000, 29000,
37000, 41000 and 43000, and Shetty and Rao [86] found
the predominant subunits had MW’s of 18000, 25000,
33000 and 38000, both groups of workers observed ad-
ditional subunits with MW's between 15000 and 70000.
Although components with MW’s approximating to
those of the acidic and basic subunits listed in Table
3 were found, further investigations are required to ex-
plain the apparent multiplicity of subunit species, and
the differences in the proposed structures of the arachin
molecule.

The heterogeneity observed in the acidic and basic sub-
units poses an interesting question, namely, is there a
unique legumin molecule composed of all these subunits
or does legumin exhibit polymorphism, ie. are there
several types of legumin comprised of different subunits?
It has already been established that the peanut protein,
arachin, exists in nature in three variant forms which
differ in their subunit compositions and also in their rela-
tive proportions in different seeds [165, 171]. Four dis-
tinct subunits were identified, viz. « and 8, with MW's
of 35000, and y and & with MW’s of 10000; the most
probable structures for the 3 variant forms were given
as o,B,y20,, and fgy,9, and agy,d,.

Although detailed structural studies on the remaining
seed globulins given in Table 1 do not exist, the fact
that many of them are known to undergo dissociation
in a comparable manner to legumin, edestin and glycinin,
indicates that their subunit structures may be similar.
Dissociation proceeds in a stepwise fashion as follows

~11S— ~78—

~ 38— ~ 28 (acidic and basic subunits)

The conditions and the extent of dissociation vary from
one globulin to another. Thus, arachin forms a reversible
dissociating system between the dimeric (14-6S) and
monomeric (9S) species [118], the latter being favoured
at alkaline pH and low ionic strength. This has also been
demonstrated for the 11S globulins of 3 species of lupin
seed (Lupinus angustifolius, L. albus and L. luteus [37,
124] and, more recently, the 11S globulin of seeds of
Helianthus annuus was reported to dissociate into a 7S
component at ionic strengths below 0-3 [68]. Wolf and
Briggs [172] observed that glycinin underwent reversible
dissociation to 7S and 38 species when the ionic strength
of its solutions was lowered. On the other hand, some
118 globulins have been reported not to undergo associa-
tion—dissociation reactions with changes in ionic strength
in the pH range which is generally regarded as being
non-denaturing for seed globulins, i.e. pH values between
~4-5 and 9-5 [173]. These include the globulins from
Vicia faba [124], Vicia sativa [88] and Pisum sativum
[128, 129]. Dissociation of these globulins and also more
extensive dissociation of the aforementioned globulins
can be accomplished by employing acidic or alkaline
pH’s outside this ‘stability range’, or, alternatively, by
the use of detergents, guanidine hydrochloride or urea
[79, 125, 172, 174-177]. Thus, treatment of legumin of
Vicia faba with ascorbic acid at pH 2-2 caused irrevers-
ible dissociation [178], at pH 2-8 legumin of Vicia sativa
dissociated completely to a component with an S,, .,
value of 2-4 [88] and Johnson and Richards [127] obtained
38 species from the legumin of Pisum sativum at pH 2-05.
Similarly, the 11S globulin of Brassica napus dissociated
into components with sedimentation coefficients of 3S
and 2-3S at pH 3-6 and in 6 M urea respectively [83].
On the other hand, legumin of Vicia sativa was reported
as undergoing dissociation to components of roughly the
same sedimentation coefficient (2-48S and 2-49S), in 4M
guanidine hydrochloride [106] and at pH below the iso-
electric point [88] respectively, although the MW’s of
these two components calculated by the method of
Trautman [179], were 30000 and 58000 respectively.
ITonic strength has been shown to have a marked effect
on acid denaturation. For example, at pH 2-2 the slowest
sedimenting fraction of glycinin was observed to change
from 5S at 0-2 ionic strength to 4S at 0-1 ionic strength,
and finally with time to 2S [180]. Although the dissocia-
tion of the 11S molecule at acidic pH was counteracted
by increasing ionic strength, it precipitated at 10 ionic
strength on standing, indicating that some conforma-
tional change had occurred. Koshiyama [69] observed
that addition of 0-1 M NaCl to a solution of glycinin
in 0-1 N HCl, pH 2, altered the sedimentation coefficient
from 2-48S to 3-75S. The latter author suggested that
acid denaturation not only caused dissociation of the
protein into subunits by electrostatic repulsion of
charged groups, but also resulted in the unfolding of the
polypeptide chains. The question of whether the 3S dis-
sociation product is an artefact or whether it exists as
such in the native molecule or indeed whether its struc-
ture involves disulphide cross-links or some other type
of bonding, e.g. non-polar, hydrophobic interactions, re-
mains to be answered. Nevertheless, the establishment
of 3S and 2S subunits as separate entities now seems
to be beyond doubt and this removes some of the confu-
sion engendered by earlier work. Thus, the 38 subunits
produced by acid treatment of the globulins of Cucurbita
spp. [181] and the 13S globulin from Fagopyrum esculen-
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tum { 145] probably do not represent the monomeric sub-
units as suggested by the corresponding authors, but
they may undergo further dissociation by selection of
the appropriate conditions.

The relative ease of disruption of the molecular struc-
ture of these globulins indicates that most, if not all,
of the interchain bonding is non-covalent in nature, e.g.
hydrogen bonding. There are, however, a number of in-
stances where covalent links, i.e. disulphide bridges, have
been implicated in the bonding between subunits. Dlouha
et al. [105] reported that the A and B chains of edes-
tin were joined by disulphide bonds, and more recently,
Wright and Boulter [64] published a subunit structure
for legumin of Vicia faba, in which the acidic and basic
subunits formed ‘intermediary’ subunits via disulphide
bridges. These ‘intermediary’ subunits could correspond
to the 3S component depicted in the dissociation scheme
above. Disulphide-bonded subunits have also been
shown to exist in solutions of both dissociated arachin
[85. 171, 182] and dissociated glycinin [166]. In all these
cases disulphide-bridged subunits were shown to be pres-
ent by conducting dissociation studies first in the absence
and then in the presence of a reducing agent. However,
as Tombs and Lowe [16] and Wright [65] point out,
it is possible that these subunits represent artefacts pro-
duced by disulphide bond formation between sulphydryl
groups, exposed as a result of disruption of secondary
and tertiary structure by the dissociating agent; this
phenomenon has been observed in studies of other pro-
tein systems, e.g. myosin [183]. Clarification of the pos-
ition with regard to disulphide bridges is complicated
by the fact that most isolation and purification pro-
cedures include a reducing agent at some stage to mini-
mize the possibility of intermolecular disulphide bond
formation leading to protein aggregation [184], and it
has been reported that cven in a native molecule, disul-
phide groups are apparently accessible to reducing
agents [ 185]. Because of the non-covalent forces operating
between subunits, any reduction of internal disulphide
bonds would only become apparent after dissociation of
the molecule. It may thus have to be recognised that
the true state of disulphide sulphydryl groups in the
native molecule can only be ascertained from a preparation
free from reducing agent.

The size of the seed globulins would appear to make
the elucidation of their 3-dimensional structure a formid-
able problem. Nevertheless, some progress has been
made with the aid of electron microscopy. Thus, edestin
was observed to be a spherical particle with a diameter
of ~80-85A [186-188], and more recently, two 3-di-
mensional models, based on electron microscopy exper-
iments were proposed for glycinin [93,189]. In one
model [93], glycinin consists of two annular-hexagonal
structures packed one on top of another and each com-
posed of 6 subunits. It is suggested that alternation of
acidic and basic subunits within the structure contributes
by ionic interactions to the stability of the molecule.
Such a structure in which all the binding forces are
equivalent and non-covalent in character does not ex-
plain. however, the apparent stability of the 3S moiety
produced by acid denaturation of glycinin [123, 172,
190] and of other 11S globulins [83, 88, 127, 145, 191].
If one assumes, on the other hand, that these 3S com-
ponents contain disulphide crosslinks, whether inherent
or as artefacts, it then becomes difficult to explain the
production of smaller subunits (2S) by the action of urea

or guanidine hydrochloride, neither of which is capable
of reducing disulphide bonds. Thus, Vaintraub and Shu-
tov [190] observed that at pH 2:6 glycinin dissociated
to a 3-5S component, whereas treatment with 4 M urea,
even in the absence of 2-mercaptoethanol, resulted in
dissociation to a species with an S,,, value of
2-048.

The wide distribution of 11S seed protein (see Table
1) which, when investigated in more detail from different
sources, shows considerable chemical and structural
similarities (sec Tables 2—4), is insufficient evidence to
equate this protein with the legumin of Pisum. The infor-
mation to date gives some idea of the properties we may
expect of a protein which is equivalent to legumin but
the data are too incomplete to make a decision as to
the extent of its distribution. Serological studies also
have been used to determine the extent to which legumin
occurs in different legumes and the results of these
studies are gathered together in Table 5.

Dudman and Millerd [31] found that all representa-
tives of the tribes Fabeae (Vicieae), Trifolieae and Ononi-
deae examined, contain proteins which gave identical
cross-reactions with legumin of Vicia faba, except for
Cicer and two species of Ononideae, where there was
only partial identity. Legumin of partial immunological
identity was also established to be present in Daviesia
mimosoides and Swainsonia stipularis and some evidence
for a legumin-like protein was obtained in the Loteae
and Coronilleae, but this will need confirmation. Legu-
min was not detected immunologically in the tribes So-
phoreae, Dalbergieae, Genisteac and Phaseoleae. Where-
as Kloz and Turkova [95] found essentially the same
results with the Vicieae, Genisteae and Phaseoleae, con-
trary to the finding of Dudman and Millerd [31] they
did not detect legumin in the 3 members of the Trifolicae
which they examined. Kloz and Turkova [95] used anti-
bodics prepared against the protein of Pisum sativum,
whereas Dudman and Millerd {31] used those of Vicia
faba. The latter workers however, showed immunological
identity between the legumin of Pisum sativum and Vicia
Jaba.

Table 5. Distribution of proteins immunologically related to

legumin

Tribe Species Reference
Astragaleae Swainsoma stipulars [31]
Fabeae Cicer arietinum [31.95)
Lathyrus clymenum 951

L. odoratus [95]

L. sativus [31. 95)

L syloestris [95]

Lens culinaris [31. 95]

Pisum satirum (31, 95)

Vicia faba [31. 95]

V sativa [95]

Ononideac Onanis pubescens 31
O serrata {313

Podalyricac Daviesia mimosoides 31
Tnfolieae Medicago sativa {317
M scutellata (31

M. truncatula [313

Melilotus alba 31

Trifohum fragiferum 31

T hirtum [31]

T. incarnatum

T subterraneum spp.
brachycalycinum
subterraneum
yanninicum

Trigonella foenumgraecum
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Table 6. The distribution of vicilin-like seed globulins

Partial Dnffusion
) Sedimentation MW specific constant Frictional
Species coefficient (daltons) volume (cm?sec™! x 1077) ratio Relerence
Acacia alata TS 30) {16]
A. decipiens 80(S,0) {16])
A. farnesiana - 80(S30) [16}
A. longifola T-6S30) [16]
A. penminerns T-4S30) {i16)
A. saligna T8(S30) [16])
A. verucillata 7-8(8,0) (16)
Arachis hypogaea 8:4(S,,) [16]
8-2(S50) 190000 072 (1923
78 142000 (193]
Astragalus
galegiforms 8:3(S0) (163
Canavalia ensiformis 64S;0) [194]
Cytisus laburnum 81(S,0) {163
C. supinus 80(S;0) [16]
Dolichos lablab 7330} [16)
72AS10.m) [120]
7‘5(510.-) [lZOJ
7-8(S20.0) [120)
Ervum lens 7-X830) [120]
Genista tinctoria 8.5(S30) [16]
Glycine max 80(S,0) [16)
8:0(S50.) 330000 0729 217 {76
7%(S30,4) 193000 0725 {66]
67(Sz20.4) 105000 [195])
80(S20.) n21]
TASz0.w) (673
78S 120.) (67
7'8(510,-) [67]
Lathyrus clymenum T-6(S10) [16]
L. odoratus 76(530) {16)
L. sativus 75S30) (16]
L. sigestris 7-5(S 30} [16]
Lotus
tetragonolobus 8:3(5,0) [16]
Lupinus albus 8-2S;0) [16]
8:3(530) 204000 3-80 1-43 [124]
L angustifolius 8 2S30) [16)
7-8(S30) 181000 420 134 [35]
L. luteus 83550) (16)
T4(S30) [36]
L. polyphyllus 87(S;0) [16]
Medicago sativa 6 8(S30) [16]
Phaseolus aureus 80° [80]
P. coccineus 7-4(S,0) (16]
P. lunatus 63(S30) [130]
P. nanus 66(S10) [16]
P. vulgars 7-3(S20) [16]
68(S30.) 151000 Derbyshire, E.
(unpubl.)
TS50 140000 55 [87)
65(530) (1303
Pisum sativum 8:1(S30) [16]
71(S3¢) [128)
Trifolium hybridum 7S 20} [16]
T. pratense 7US;0) {16]
T. repens 7-3(S20) [16]
Vicia faba 7 1(S30) {16)
68(S30) {130]
71{S20,0) 150000 [1783
V. sativa 71(S20) {16]
75850, 193000 [88]
Vigna unguiculata 7-XS30) [130]

* Determined by density gradient centrifugation.

VICILIN

Legumes in which seed globulins with sedimentation
coefficients of ~7S have been identified, are listed in
Table 6. The chemical compositions of 7S globulin frac-
tions are very similar to one another and this is true
whether we are considering pure 7S proteins or vicilin
preparations which are known to contain more than one
vicilin type protein (see later). Representative data are
given in Table 7, which shows that all fractions contain
substantial quantities of the dicarboxylic acids and/or
their amides and small amounts of methionine; cysteine,
except in Lupinus and Arachis, and tryptophan, are either
absent or present in very low amounts.

In those preparations where amide nigrogen has been
determined, the amide content is very high (Table 7),
reflecting their role as storage proteins. The level of ar-
ginine is not as high as in legumin, except in Lupinus
spp- and Arachis hypogaea, but is higher generally than
in the standard protein of Smith [196].

Carbohydrate has been reported in preparations from
Vicia faba [200], Phaseolus aureus [80], Phaseolus vul-
garis [87] and Glycine max [66]. The latter two prep-
arations are very similar in their content of neutral
sugars (4-5 and 4-8%) and hexosamine (1-1 and 1-2%); the
preparations from Vicia faba and Phaseolus aureus con-
tained less than 2%/ neutral sugars and 0-29; hexosamine.
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Table 7. Amino acid composition of 7S globulins

Species
Ammo Arachis Cicer Glycine Lupinus Lupinus Phaseolus Pisum Victa Vicia
acid hypogaea* arnetinum®* max angustifoliust luteust rulgarist sativum® faba* satwat
{198] (161] (663 (199] {1991 BN (1961 [161] [197]

Asp 116 123 14-1 133 1222 124 120 119 12
Thr 24 29 28 17 22 34 34 29 27
Ser 48 62 68 34 36 67 58 51 71
Glu 199 152 208 242 212 151 19-3 176 180
Pro 41 nr 43 27 36 29 35 nr 39
Gly 55 40 29 144 13 27 3l 25 29
Ala 36 0 37 13 15 30 30 31 30
4 Cys 21 12 03 15 -4 03 04 03 0
Val 45 46 St 25 29 52 46 43 37
Met 14 10 03 0 0 07 02 o4 06
lle 33 44 64 49 47 56 51 52 57
Leu 63 89 103 63 76 91 92 93 93
Tyr 36 28 36 57 62 35 30 38 490
Phe 46 72 74 52 56 66 62 68 58
His 24 28 17 23 17 26 21 24 27
Lys 37 71 70 40 35 56 79 81 81
Arg 16 95 88 152 13-5 50 73 78 107
Trp vonr nr 03 0 0 08 [13] nr 0
NH, 23 nr 17 23 2:5 1-8 nr nr nr

*g/16g N. +g/100 g protein. nr = not reported.

N-terminal analysis of 7S globulin fractions results in
the labelling of several (up to 9) amino acids in the same
preparation (Table 8) and often only the more heavily
labelled amino acids are reported. Serine is common to
all preparations and aspartate and/or glutamate is
usually labelled. The relatively large number of N-ter-
mini may be due to the presence of an equal number
of different polypeptide chains in the globulin, or,
alternatively, it could reflect the difficulties which are in-
herent in the successful application of the technique. Ser-
ine, for example, is often present as a contaminant and
a control reaction should be carried out using dansyla-
tion without subsequent hydrolysis to detect such con-
taminants.

Vicilin-type proteins have been identified immunologi-
cally in the Fabeae (Vicieae) and Trifolicae (Table 9),
but only with Vicia and Pisum was identical cross-reacti-
vity obtained [31]. They also obtained some evidence
for vicilin-type proteins in the Ononideae, Podalyrieae,
Loteae, but not in the Sophoreae, Dalbergieae, Genis-
teae, Astragaleae, Coronilleae and Phaseoleae. Kloz and
Turkova [95] using antisera to Pisum vicilin also identi-
fied vicilin-type proteins in the Vicieae and Trifolieae,
and failed to detect them in the Phaseoleae and Genis-
teac; the vicilin-like proteins of Vicia. Lens and Lathyrus

gave cross-reactivity of identity. Klozova and Kloz [203]
prepared anti-bodies to phaseolin [204] (7S globulin
preparation of Phaseolus) and tested these against
various other legume extracts. Whilst extracts of some
members of the genus Phaseolus contained a protein
which was identical immunologically with phaseolin,
others did not cross-react; other genera of the Phaseo-
leac and those of the tribes Coronilleae and Vicieae
which were examined, also gave negative results. Bourdil-
lon’s phaseolin has properties similar in many respects
to those of glycoprotein II, the major 7S globulin of
Phaseolus vulgaris [87]. However, since these proteins
were purified by different procedures, identity between
them cannot be assumed.

The “classical” legumin preparations of Osborne and
Danielsson are not pure, but contain some vicilin as well
as other contaminating proteins. More sophisticated
fractionation procedures have led to the preparation of
pure legumin, but modern methods of characterisation
have also shown that this protein accounted for most
of the protein in the legumin fractions of earlier investi-
gators. The “classical” vicilin fraction, on the other hand,
when subjected to modern separatory techniques, has
been shown to contain more than one major protein.
The vicilins prepared from Pisum sativum and Vicia sati-

Table 8. N-Terminal amino acids of 7S preparations

Species Method N-terminal amino acids Reference
Cicer arietinum DNP serine. aspartate. threonine [161])
Glycine max DNP senine, aspartate, glutamate, glycine, [66]

alanioe, valine, leucine, tyrosine
DNP rine, aspartate, glutamate, glycine, [76)
alanine, valine, leucine, tyrosine
DNP serine, aspartate. glutamate. glycine, [108)
alanine, valine
nr* serine, aspartate, glutamate, glycine
alanine, valine, leucine. phenylalanine, {121)
tryptophan
Phaseolus vulgaris DNS senine. leucine. threoning Barker, R D. J.
unpubl)
Pisum saficum DNP serine. 3apRItalg. threopine ( [f'eu)]
PTH serine. aspasiaje 7 others [m9]
DNP gnoe. sspariats. glutamate [201]
Vicia faba DNP sgrine. aspartate. [te61}
DNS senne, aspartate. glutamate, leucine, [200])
threonine, lysme
Vicia eroilia DNP serine. glutamate, lysine, valine [202)
Vicia sativa DNP scrine. glutamate, tysine [202]

The most prominently labelled amino acids are underlined. * nr = not reported.
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Table 9. Distribution of proteins immunologically related to

vicilin

Tribe Species References
Fabeae Cicer arietinum [31, 95)
Lacthyrus clymenum 953

L. odoratus 953

L. saticus [31,95])

L. silvestris 951

Lens culinaris [31, 95]

Pisum sativum [31, 95]

Vicia faba [31,95])

V. sativa [95)

Trifolieae Medicago satica (31, 95)
M scutellata 31

M. truncatula B

Melilotus alba 31

Trifollum fragiferum 1]

T. hirtum 31

T. incarnatum [31.95)

T. pratense {95]

T. subterraneum spp.
brachycalycinum
subterraneum
yanninicum

Trigonella foenumgraecum

va by Danielsson’s procedures have been separated into
2 and 3 fractions respectively, by DEAE cellulose
chromatography [78, 79]; that of Dolichos lablab has
been shown to contain three proteins by chroma-
tography on hydroxylapatite [120], and those of Vicia
Jaba [5, 65] Arachis hypogaea [205], Glycine max [206]
and Phaseolus aureus [207], contain at least two com-
ponents as shown by a variety of methods.

The vicilin fraction of Pisum sativum separates, at low
ionic strength in the ultracentrifuge, into 2 molecular
species, 7S and 11S [128]. The first of these proteins
probably corresponds to the component which eluted
from a cellulose column with the starting buffer, i.e. was
not adsorbed, when Grant and Lawrence fractionated
Pisum vicilin by ion-exchange chromatography on
DEAE cellulose [79]. The second protein, which at low
ionic strength sedimented as an 11S species, probably
corresponds to the adsorbed component of Grant and
Lawrence since this component, at 0-3 ionic strength ex-
isted in both 7S and 11S forms. Ghetie and Buzila [70,
71] used the same technique to obtain corresponding
fractions which were then shown to be immunologicaily
identical. These latter authors showed that the unad-
sorbed protein from the DEAE cellulose column is
smaller, with a MW of 150000, and is less soluble at
low temperature than the adsorbed protein, which has
a MW of 190000. Different proportions of the two pro-
teins were obtained from different batches of seed. When
the pH is lowered from 7-0 to 6-2 at low ionic strengths,
the two proteins do not associate further (Derbyshire,
E., unpublished) and in this respect they differ from the
major protein of Phaseolus vulgaris, Glycoprotein 11 (see
later). We conclude that the vicilin fraction of Pisum sati-
vum contains 2 major proteins. One of these is cold sol-
uble, has a MW of approximately 190000, and associates
to an 11S form at low ionic strength at pH values of
7-0 and 62 and the other is a cryoprotein of MW 150000,
which does not associate at low ionic strength at pH
values of 70 and 6-2.

Thus, although the 7S fraction from different legumes
shows substantial chemical similarities (Tables 7 and 8),
the heterogeneity of this fraction from Pisum sativum
raises the question, is the major 7S protein of different
legumes always the same equivalent protein? This ques-

tion will only be answered when the proteins have been
fully characterised. So far only three 7S proteins, two
from Glycine max [66, 74, 99] (Koshiyama, 1., personal
communication) and one from Phaseolus vulgaris [87]
have been purified and characterised. The major 7S pro-
tein of Glycine max corresponds in at least three proper-
ties to the larger of the two vicilins of Pisum sativum,
but the minor 7S protein of Glycine max and the 7§
protein of Phaseolus vulgaris have different properties to
both of the vicilins of Pisum sativim.

The major 7§ protein from Glycine max isolated by
Koshiyama [74, 99] is cold soluble, has a MW of
180000-210000 at high ionic strength (S3,, = 792,
I = 0-5), and associates to a larger molecular species, the
size of which (9S-12S) is dependent on protein concen-
tration, at low ionic strength (I = 0-1) (Tables 6 and 10);
its isoelectric point is pH 49 and it contains 159% Kjel-
dahl nitrogen and 5% carbohydrate. Organic phosphorus
is absent. It has an amino acid composition which is
similar to that of other seed 7S proteins, i.e. a high con-
tent of aspartate and glutamate residues, and a low con-
tent of 4-cystine and methionine. Amide ammonia ac-
counts for 1-7% of the protein and eight different N-ter-
minal amino acids have been reported. It dissociates to
58 and 2S forms in 0-01 M HCI, to 3S in detergent and
to 1S-2S in urea. The 7S globulin of Glycine max has
been isolated and characterised also by Roberts and
Briggs {76], who employed ammonium sulphate precipi-
tation. Only 4% of the 7S globulin present initially was
recovered as the pure protein, but it was regarded as
typical of the initial material as judged by its association
to a 958-12S form at low ionic strength, its dissociation
to a 38 form in the presence of detergent and its behav-
iour during chromatography on calcium phosphate.
Koshiyama regards his own preparation as a more
highly purified form of the Roberts and Briggs protein
and discounts the remarkably high MW (300000) deter-
mined for the latter. The major protein of the Roberts
and Briggs preparation is identical with § conglycinin,
one of four globulins from Glycine max separated by
immunoelectrophoresis [208], and Koshiyama (personal
communication) has identified his own protein with f
conglycinin. Catsimpoolas and Ekenstam [208] reported
identity between Koshiyama’s protein and y conglycinin,
an immunoelectrophoretic component different from f
conglycinin; however, Koshiyama has isolated y congly-
cinin and has shown that it differs from his major 7S
globulin. Thus, it is probable that Catsimpoolas and Ek-
enstam had not reproduced the preparative conditions
employed by Koshiyama and had, in fact, isolated y con-
glycinin and not the major 78 globulin. Gamma congly-
cinin has a MW of 104000 (S%, . = 6'6), an isoelectric
point at pH 5-8 and a carbohydrate content of 5%, (w/w).
The protein does not associate at low ionic strength, at
pH 76, and it is not an agglutinin. The concentration
of y conglycinin in the crude 7S globulin fraction is ap-
proximately 107;.

The major 7S protein (Glycoprotein II) from Phaseolus
vulgaris has a MW of 140000 (S, ., = 7-6) (Table 6) and
associates to a 198 form in the pH range 3-4-6-4. It does
not associate to an 11S form at low ionic strength in
the pH range, pH 2-2-8-0. Glycoprotein II has an isoelec-
tric point of pH 54 and contains 155% Kjeldahl
nitrogen, 5-5%, carbohydrate and only trace amounts of
phosphorus. It has a lower content of glutamate and
a higher content of methionine and tryptophan than the
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Tabie 10. -Sedimentation coefficients of 78 globulins in media
of high (I = 50-3) and low (I = 01 ionic strength

Species I=303 1=01 Reference
Arachis kypogaea 87 126 20 [192]
Canavalia ensiformis 7. 11 (part) Derbysture, E

. (unpubl)
Glycine max 7 105 {76]
75 11s (66}
67 104 [195)
79 9-12 [99]
Lupinus albus 83 122 [124]
L angustifoliuy 78 T8 (35}
L. lutews 73 >19 [125]
Phaseolus lunatus 63 65 [130}
P. valgaris 69 69 {871
65 68 130}
Pisum sativum 71 108 (part) [130]
Vicia faba 68 76 [130]
V. sativa 80 80 [88]
Vigna ungusculata 73 11 [130]

major 7S protein of Glycine max: amide ammonia ac-
counts for 1-8% of the protein. It dissociates to a 28
form in guanidine hydrochloride. Pusztai and Watt [87]
recovered only 9% of the total protein as pure glycopro-
tein II; however, a protein fraction which accounts for
35% of the total protein is almost identical in properties
to glycoprotein II [209]. The 7S globulin (Gl) isolated
from Phaseolus vulgaris by acid extraction [100] associ-
ates to 18S in the pH range 3-8-5-4 and dissociates to
3S at pH 12 and is equivalent to glycoprotein II.

A disconcerting discrepancy in the literature, is the
assignment by Danielsson [25] of sedimentation coeffi-
cients of 11-0S to phaseolin and 7-3S to conphaseolin,
the major and minor globulins respectively of Phascolus
vulgaris [210]. However, reference to the text and Fig.
11B of Danielsson’s original report [16] shows clearly
that the major globulin sediments as a 7S species and
is equated with vicilin. McLeester et al. [211] also report
a high (12S) sedimentation coefficient for the major pro-
tein of Phaseolus vulgaris, but in a subsequent publica-
tion [100] a 128 form is not recorded and the same
globulin is shown to sediment as a 7S globulin and to
associate to an 188 species at acid pH, i.e. it is equivalent
to glycoprotein II.

The data available for 7S proteins of other species are
very sparse and this limitation precludes their positive
identification with any of the 7S globulins already de-
scribed. The fact that there are usually several com-
ponents in the 7S fraction, none of which has been pro-
perly separated and characterised, is a further complica-
tion.

7S proteins which associate at low ionic strength
(] = 0:1) (Table 10) and thus resemble the major 7S
globulin of Glycine max, have been identified as major
globulins in Arachis hypogaea [192], Vigna unguiculata
and Lupinus albus [124, 130]. Major 7S proteins which
do not associate at low ionic strength have been identi-
fied in preparations from Vicia faba {130], Vicia sativa
[88], Lupinus angustifolius, Lupinus luteus and Phaseolus
tunarus [35, 125, 130] (see Table 6). However, the latter
proteins were not examined at pH 6 and, therefore, it
is not possible to discriminate between those which may
be equivalent to Glycoprotein II and those which may
be equivalent to the smaller of the 7S vicilins of Pisum.
The major protein fraction, canavalin, of Canavalia ensi-
Sformis [212-214] resembles the 7S globulin fraction of
Pisum, since approximately 50% of the protein associates
to 118 at low ionic strength at pH 7:0 and an equal quan-

tity remains as a 7S protein (Derbyshire, E., unpub-
lished); at pH 6-4 and high tonic strength both proteins
exist as 7S species, whereas at low ionic strength both
7S and 11S species occur.

On the basis of the ultracentrifuge data 3 different
types of 7S globulin can be recognised. One of these
does not associate at low ionic strength, the second as-
sociates to an 11S species at pH 7 at low ionic strength
and the third associates, to an 18S species, only at pH
values below pH 7.

Globulins with sedimentation coefficients of approxi-
mately 7S have been identified in a few other dicoty-
ledons, including Helianthus annuus [147], Beta vulgaris
{137], Telfairea pedata {156}, Cucurbita maxima [215]
and Gossypium barbadense [216]. Except in Gossypium,
they represent only minor components of the globulin
fractions which consist mainly of 128 protein. Since, for
example, the 12S protein of soyabean is often accom-
panied by a small quantity of its monomer, the 7S form
of glycinin [208, 217], it is possible that the 7S globulin
of the non-legume dicotyledons may be a form of legu-
min; however, in the absence of other data the possibility
that they are vicilins cannot be overlooked.

An 8S globulin, 7 globulin, is the major globulin of
embryos of Hordeum vulgare [16) and Oryza sativa
[159], and a similar protein is also found as the major
seed globulin of 7 other genera of the Gramineae. The
v globulin of rice has been resolved into 3 proteins and
at least one of these is a glycoprotein [218, 219]. A 128
globulin was not detectable in these monocotyledons, ex-
cept in barley, rice and wheat [158], in which it occurred
as a minor component. However, it would be premature
to equate the y globulins with vicilin. In Cocos nucifera
an 8S globulin is accompanied by a much greater con-
centration of 128 globulin [160].

Table 11. The subunit composition of 7S globulin fractions

of legumes
MW
Species (x1072) Reference
Canavalia ensiforms 56 Derbyshire, E.
43 (unpubdl)
23
Glycine max 81 } (108}
St
35 (121
24 [220]
225 [220]
Lupinus angustifolius 56
" 32} 221)
20
Phaseolus aureus 63-5
* } [80]
295
24
Phaseolus vulgaris 56
3(7] Derbyshire, E.,
P (unpubl)
23
50 Barker, R. D. 1., (to
47 be publ)
35 87
43
Pisum satiwum 56 Derbyshire, E.,
43 {unpubl)
23
Vicia faba 555 [65]
46
333
3-S5
434 [65)
Vigna unguiculata 56 Culkeen, J. and Carasco,
53 J.. {(unpubl)
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A greater uncertainty surrounds the subunit structures
of the 7S_storage globulins than those of the 11§ globu-
lins, and this is a reflection of the existence of several
vicilin-like proteins and also the heterogeneity of most
7S preparations. The data available is limited almost
completely to the apparent MW’s of the subunits (Table
11) and the different methods used make it difficult to
compare the values, especially those of Glycine max.
However, it is apparent in most cases that the subunits
are not linked by disulphide bridges since the inclusion
of 2-mercaptoethanol in the dissociating media does not
alter the size of the dissociation products.

Different MW’s have been assigned to the subunits of
the 7S globulin of soyabean isolated in three laborator-
ies, possibly due to lack of identity between the prép-
arations used. The MW of the subunits in 8 M urea was
determined in the ultracentrifuge as 23000 by Koshiya-
ma [222] and as 35000 by Okubo et al. [121]; both
workers used an assumed frictional ratio value. Higher
values for the MW’s of the subunits were obtained by
Masaki and Soejima [108] who isolated urea dissociated
globulin components with MW’s of 81000 and 51000
as determined on SDS gels. Koshiyama [220] estimated,
on the basis of N-terminal amino Acids, that there were
9 subunits in his major 7S protein fraction; however,
the MW’s of the 2 components isolated by Masaki and
Soejima suggest that there are 3 subunits and the N-ter-
minal amino acid analysis of the 2 components gave as-
partate (and serine) and serine respectively, which is con-
sistent with this number.

The estimated MW’s of subunits of the Phaseolus vul-
garis 7S globulin are higher than those determined for
the soyabean subunits by Koshiyama [220] and Okubo
et al. [121]. Thus, Pusztai and Watt [87] obtained a
range of values between 35000 and 43000 for Glycopro-
tein II by a variety of methods and they suggest that
there are three or four subunits in this protein. Barker,
R. D. J. (unpublished) prepared the major 7S globulin
of Phaseolus vulgaris by cryoprecipitation and resolved
the subunits into two components in the molar ratio
2:1 with MW’s 50000 and 47000. Although these values
are different from those of Pusztai and Watt [87], the
methods of preparation of the 7S globulin differed and,
in any case, absolute reliance cannot be placed on values
of MW’s, particularly of glycoproteins, determined on
SDS gels. Subunits with MW’s 50000 and 47000 are the
major subunits also of the cold soluble 7S globulin and
of the 7S globulin prepared by ammonium sulphate pre-
cipitation but in these preparations other subunits were
identified as minor components which suggests that
other globulins were present with Glycoprotein 11 (Der-
byshire, E., unpublished). Similar subunits, including the
minor ones, are found in other cultivars and species of
Phaseolus including P. formosus and P. acutifolius, al-

though the proportions of the subunits relative one to
another are different in different cultivars (Derbyshire,
E., unpublished). One of the minor subunits of Phaseolus
vulgaris referred to above, has a MW of approximately
30000 and has been subsequently identified as a 6S ag-
glutinin (Derbyshire, E., unpublished). Recently, Pusztai
and Watt [223] have also isolated a globulin agglutinin
with subunit MW 30000 from Phaseolus vulgaris, al-
though the MW of the native protein was not reported.
Subunits similar in size to those of the 6S agglutinin
occur in 7S globulin fractions of other species and it
is unfortunate that these fractions have not been moni- .
tored for agglutinating activity.

Subunits with MW’s similar to those of the other
minor subunits of the 7S globulin fraction of Phaseolus
vulgaris, ie. 56000, 43000 and 23000, are major com-
ponents of the 7S globulin fractions of Pisum sativum
and Canavalia ensiformis. In Vicia faba where 2 vicilins
have been separated, one dissociates with major subunits
with MW’s 55000 and 46000 and the other dissociates
with subunits with MW 43400 [65]. The 7S globulin
isolated from Vigna unguiculata represents another form
of globulin, different from that of the vicilins of Vicia
faba, since it dissociates to major subunits with MW
56000 and 53000 (Carasco, J. and Culkeen, J., unpub-
lished): also, 7S globulin of Vigna unguiculata associates
to an 11S form at low ionic strength in contrast to the
vicilins of Vicia faba which remain as 7S protein under
these conditions [130]. In this laboratory we assign a
MW of 53000 to the major subunit of the 7S globulin
of Phaseolus aureus. The subunit of MW 23000 of Pha-
seolus vulgaris is found in several other species (see Table
11). In Lupinus angustifolius it is greatly enriched in one
of the 7S globulin fractions [221], suggesting it is a sub-
unit of a specific globulin possibly equivalent to the
major 7S globulin of Glycine max, since Koshiyama
[220] estimates the MW of the latter’s subunits as 23000.
This subunit is absent in the 2 vicilins of Vicia faba and
it is not a subunit of glycoprotein II.

Whilst there is sufficient similarity in the subunit pat-
terns of different taxa to suggest that equivalent vicilin
proteins are involved, it is not possible to be sure of
how many, or whether the subunit MW’s as determined
on gels are the minimum subunit MW’s of the native
proteins. It must be emphasized that neither the action
of dissociating agents nor the bonding between seed
globulin polypeptides is fully understood, and it is poss-
ible that complete separation of the individual polypep-
tide chains is not achieved by the techniques of dissocia-
tion usually employed. Taken at face value the subunit
patterns suggest that there may be as many as 5 different
forms of 7S globulin, vicilins, each of which may be re-
cognised by 1 or 2 characteristic subunits (Table 12).
The ratio of these forms may vary from species to species

Table 12. The distribution of the characteristic subunits of 7S globulins of legumes

Subunit (MW)
1 1 m v v
(23000) (43000) (50000, 47000) (56000, 46000} (56@. 53000)
Specics Canavalia Canavalia Phaseolus aureus? Canavalia Canawalia

ensiformus ensiformis Phaseolus ensiformis? ensiforms?
Glycine max Phaseolus vulgaris Lupinus Phaseolus
Luptnus culgaris angustifolius vulgaris?

angustifolius Pisum saticum Phaseolus Phaseolus aureus?
Phaseolus aureus Vicia faba vuigaris? Pisum satioum?
Phaseolus Pisum sativum? Vigna unguiculata

tulgaris Vicia faba

Pisum satium

PRYTO 15/1--8
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Table 13.: Amino acid composition of the subunit with MW
81000 of soyabean 7S globulin compared 1o that of the parent

PRSP o

proter

g amino acid residue/

Amino 100 g protein
acid Subumt 78 globulin

Asp 1018 1118
Thr 180 314
Ser 424 479
Glu 2010 1754
Pro 144 521
Gly 296 37
Ala 439 366
4 Cys 0 1-52
Val 325 468
Met 039 (43
e 407 499
Leu 676 815
Tyr 268 351
Phe 268 555
His 205 232
Lys 332 626
Arg 825 7-37
NH;, 205 232

and even in extracts prepared in different ways from the
same species. Normally, it would appear that all the
forms do not occur in a single species except possibly
in Phaseolus vulgaris. The determination of the N-ter-
minal regions of the amino acid sequences is an impor-
tant next step in order to clarify the situation.

Only in the case of the soyabean proteins have sub-
units actually been isolated [108] and only the amino
acid composition of the component with MW 81000 was
reported (Table 13). Comparison between this and the
composition of the parent protein suggests that the
amino acid composition of the 51000 subunit is different
from that of the 81000 subunit; the 2 components also
differ in their N-terminal amino acids, serine and aspar-
tate (and serine) respectively.

OTHER GLOBULIN PROTEINS
Although 11S and 7S globulins are the major storage
proteins of legume seeds, other globulins occur in ex-
tracts. A 15S protein often accompanies purified legumin
as a minor component in the ultracentrifuge and its pres-

ence correlates with a minor component of low electro--

phoretic mobility. Association of legumin via disulphide
bridges during isolation possibly explains the occurrence
of the 15S form. Similarly, the observation of [8S globu-
lins in several legumes [16] could be due to the associ-
ation of a 7S globulin, since a 7S globulin is usually

the major globulin of those species with an 18S com-

ponent,

Smaller globulins, 2S-4S, are also found in several
legumes [16, 36, 55, 75, 92, 153, 192, 208]. other dicoty-
ledons [37, 83, 137, 138, 147, 156], and monocotyledons
[16, 157, 224-226] (Table 14), and they account for more
than 5% of the protein of one or more species from each
of the 3 taxa. Two small globulins with sedimentation
values of 2:8S and 2:3S have been isolated from soyabean
meal and characterised [227], and a 28 globulin has been
identified in protein body preparations of soyabean [69,
208]. 28 proteins, which are water soluble during isola-
tion [35, 228, 2297 and a 28 protein present in undialysed
preparations [ 130] have been reported but their relation-
ships, if any, to the 2S globulins have not been investi-
gated. The amino acid compositions of the 28 globulins
from 5 species are given in Table 15, and generally they
show the major characteristics of those of storage pro-

Table 14. Sedimentation coefficients of 28 globulins

Sedimentation
Species coefficient
Dicotyledons

Legumes
Acacia ala 1:3(S30)
A. longifolia 27(S10)
A. penninervis 1:5(830)
Arachis hypogaea 240(5,0)

2530
Cytisus supinus 1-8(8;0)
Lupinus albus 2830
L. iuteus , 20(530)
Glycine max 28(S30.)

2¥S30.4)
Phaseolus coccineus 43(530)
P vulgaris 4%S30)
Non-Legumes
Beta vulgaris 1-28
Brassica hirta 1'8(S30.»)
B. juncea 1883,
B nigra 1-8(S30.w)
Helanthus annmuus 17(S30)
Ricinus communis 1 6(S30)
Telfairea pedata 1 6(S30)

Monocotyledons

Avena sativa 2:6(S 30
Festuca rubra 2:4(5,0)
Hordeum vulgare 2'S30)
Oryza sativa 1-6(8)
Secale cereale 2:6(S30)
Triticum aestioum 2:5(530)
Zea mays 2:6(S30)

tein, ie. high concentrations of amides and concen-
trations of arginine greater than that in a standard pro-
tein [196]. There are substantial differences in amino
acid composition between the 28 globulins from different
genera and even between those from species of the same
genus, e.g. Brassica spp. The isolation of two 28 globulins
from soyabean suggests that additional 2S globulins may
eventually be shown to be present in other preparations.

Recently, a heterogeneous globulin fraction, y conglu-
tin, which includes a 10S molecular species, has been
isolated from Lupinus angustifolius {221, 230]. The y con-
glutin dissociates to subunits with MW 40000 in the ab-
sence of reducing agents and 30000 and 17000 when
reduced. It represents 10-25% of the total globulin in
different cultivars and species of Lupinus and it was not

Table 15. Amino acid compositions (mol %) of 2S globulins
(recalculated where appropriate)

Species Brassica Brassica Glycine max  Lupinus  Oryza

hirta nigra luteus  sativa
Reference  [138] {138) [227) [199) [226]
Sedimentation 188 1-8S 288 238 208 1-68
coefficient
MW nr nr 32600 18200 27600 25400
Amino aad
Asp 109 21t 154 133 100 32
Thr 42 31 44 50 14 19
Ser 55 46 59 55 62 108
Glu 199 171 97 114 355 226
Pro 100 195 62 61 29 49
Gly 130 66 91 91 38 85
Ala 79 62 47 56 19 56
val 63 65 71 73 19 38
4 Cys Trace Trace 10 1-5 81 45
Met Trace Trace 06 19 05 46
e 61 45 94 64 38 13
Leu 102 94 71 91 115 60
Tyr 23 07 18 29 05 54
Phe 42 27 59 51 34 24
Lys 38 58 57 51 09 (3]
His 17 56 06 07 o5 Trace
Arg 57 48 55 42 72 137
Trp or nr 17 nr nr 06
NH, 135 168 132 nr 312 128

nr = not reported.
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observed previously because it is not resolved from the
11S and 7S globulins in the ultracentrifuge. The relatively
high concentration of this fraction in the seed extracts,
its globulin nature and its occurrence in the protein body
fraction, strongly suggest that it is storage protein. It
is of especial importance nutritionally, since it has a high
content of sulpho-amino acids (4-2 g/16 g N) and its con-
centration, relative to that of other globulins, in the seed
ranges from 10 to 25% in different cultivars [92, 230).
The importance of these characteristics in relation to a
grain legume improvement programme has been empha-
sised and discussed elsewhere [91, 92, 231].

Biosynthesis and degradation

It is not our intention to discuss the biosynthesis and
degradation of legume storage protein in any detail, since
this has been done elsewhere [232, 234). However, per-
spective requires a brief mention of some aspects and
these are given below.

Typical protein bodies from seeds of legumes do not
contain ribosomes (e.g. see [1]) and do not contribute
significantly to protein synthesis [235]. The storage pro-
tein which accumulates in protein bodies is synthesised
elsewhere, on membrane-bound or free cytoplasmic poly-
somes [236], and is then channelled through the endo-
plasmic reticulum prior to packaging into the protein
bodies [237].

Harris and Boulter [238] suggest that some of the
cytoplasmic vesicles into which the storage protein of
Vigna unguiculata is transferred may originate from the
Golgi apparatus, although some may be formed by sub-
division of the main vacuole, which is the mechanism
implicated in Phaseolus vulgaris [1]. The involvement of
the Golgi apparatus in the deposition and transport of
protein, including plant cell wall glycoprotein and secre-
tory proteins in animals has been demonstrated in a var-
iety of tissues (see [239] for references).

11§ and 7S globulins are found together in protein

- body fractions isolated from soyabean [208, 240, 2417,
peanut [20S, 242] and broadbean [243], and legumin
and vicilin are both laid down in the same protein bodies
[9], although the protein bodies of a seed may not all
have identical protein compositions.

The composition of the storage protein fraction of
legumes changes during the course of accumulation of pro-
tein during seed development [5, 25, 28, 244-249], and
these changes suggest that the rates of synthesis of indivi-
dual proteins differ and may even vary during ripening.
Several investigations have employed electrophoresis of
total seed protein or globulin to follow the changes
which occur in individual proteins [4, 244, 247) and
these results demonstrate that changes do occur and they
give some indication of which electrophoretic com-
ponents are involved. However, different globulins may
have similar electrophoretic mobilites and this, together
with the possible presence of both ‘monomeric’ and ‘di-
meric’ forms of a protein [208, 248, 250], prevents more
detailed interpretation of the data. Similarly, results ob-
tained by use of the ultracentrifuge alone [25, 28] must
also be interpreted with caution. In order to follow the
changing protein pattern during seed development, pro-
teins must be monitored by one or more of their unique
characteristics, for example, inmunological determinants
and subunit composition. The limited critical data which

. are available confirm that in Vicia faba [5, 9] and in

Glycine max [249] the ratio of the major globulins (11S
and 78) change during ripening, and that at least one
of the 7S'proteins of these species is synthesised. like
that of Pisum sativum [25, 28], earlier than the 118 pro-
tein. The 7S.protein of mature Vicia faba seeds has been
separated into 2 vicilins, and it is probable that the differ-
ent vicilins are synthesised at different rates, since the
subunit composition of the vicilin fraction of V. faba
changes throughout the development of the seed [5]. The
ratio of three individual electrophoretic components of
the soyabean 7S protein also varies during ripening
[249].

With the onset of germination the protein bodies in-
crease in volume and late in germination have increased
fifty-fold {12, 13]. The expansion is accompanied by pro-
teolysis and it has been suggested [13, 243, 251] that
latent enzymes, including protease and acid phosphatase,
laid down in the protein bodies during ripening, are acti-
vated as part of the germination process.

Vicilin of Pisum sativum, phaseolin, arachin and the
118 and 78S globulins of soyabean are degraded during
germination to proteins of greater electrophoretic mobi-
lity as demonstrated by use of immunoelectrophoresis
[248, 250, 252-254]. Legumin and vicilin are degraded
at the same rate in Pisum sativum [255] but in other
species, for example Lupinus luteus [256] and Glycine
max [250, 257], different relative rates of breakdown
have been reported. Daussant [252, 258] suggests that
a progressive deamidation of storage protein takes place
as a first step in degradation, and that this is followed
by cleavage of disulphide bonds when these are present.
Further decrease in the size of the proteins is brought
about by protease systems, the activity of which may
be regulated by pH changes in the seed as a result of
an accumulation of amides, and Ghetie [259] has pro-
posed that separation of protein and non-protein moi-
eties of conjugated storage proteins may be necessary be-
fore proteolysis can proceed. The polypeptides released
by these successive steps are then available for progress-
ive hydrolysis by the endo- and exo-peptidases of the seed
[260] to their constituent amino acid [14].

CONCLUSIONS

The storage globulins are complex proteins and the
technology of their isolation, purification and characteri-
sation is only just becoming well enough understood for
different laboratories to obtain comparable results.

For this reason we have excluded from this review
much of the work carried out in the first half of the
century and for references to those investigations the
reader is referred to the earlier reviews [10, 15, 54, 173,
193, 261-263].

Usually globulins are extracted within the pH range
7-9; however, Hall and colleagues [4] have proposed
a new method for the isolation of storage proteins using
acid extraction to produce a G1 and G2 globulin frac-
tion. The G1 globulin fraction from Phaseolus vulgaris
which McLeester et al. {211] called legumin, was subse-
quently equated with the major storage protein, Glyco-
protein II [100, 264). In our view, Gl should not be
referred to as legumin but as an impure preparation of
Glycoprotein II. The G2 fraction which sediments in the
ultracentrifuge with a sedimentation coefficient of 6:6 and
dissociates into subunits of MW 32000, they equated
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with vicilin. However, Pusztai and Watt [223] have ex-
tracted 6S agglutinins from seeds of Phaseolus vulgaris
with subunit MW’s between 30000 and 34000, and one
of these is a globulin, The agglutinating potential of the
G2 fraction was not determined by Hall et al. [4] but
comparable preparations in this laboratory examined by
us, agglutinate red blood cells (Derbyshire, E., unpub-
lished); this evidence suggests that the G2 fraction which
is-relatively pure, does not represent a typical vicilin.

The use of the acid extraction method with Vicia faba
led to the production of much lower MW polypeptides
than those obtained with Phaseolus [178, 211], and in
view of the general tendency of storage globulins to dis-
sociate at low pH values, it cannot be recommended for
general use: an additional disadvantage of the method is
the possible acceleration of deamidation in the presence
of ascorbate [265].

On the basis of biological, structural and chemical
composition data, it is concluded that proteins with at
least some of the properties of legumin have been found
in dicotyledons, other than legumes, and even in mono-
cotyledonous plants. The similarity of this protein in dif-
ferent plants could be due either to convergent evolution
in response to a common functional need, or to common
ancestry. Only an investigation into amino acid sequence
differences, similar to that conducted by Boulter [266]
for cytochromes ¢, could provide the evidence to decide
which of these two possibilities occurred.

Conclusions as to extent of the distribution of legumin
in plants depends on the criteria used to identify the
protein. Dudman and Millerd [31] investigated eleven
tribes of the Leguminosae serologically, and found that
a legumin-like protein was restricted to members of the
Fabeae, Trifolieae, Podalyrieae, Astralageae and Ononi-
deae. However, it is clear from other homologous protein
data sets such as those of plastocyanin, that lack of cross-
reactivity between taxa cannot be taken as evidence of
the absence of an homologous protein [267). Jackson
et al. [268] using maps of tryptic peptides of globulin prep-
arations, found little resemblance between those of Vicia
Jaba (Vicieae) and Phaseolus vulgaris (Phaseoleae), which
again suggests the absence of homologous storage pro-
teins in these 2 tribes. However, there is a considerable
amount of structural data [16] (Derbyshire, E., unpub-
lished), indicating that an 11S protein equivalent to legu-
min does occur in low concentration in Phaseolus vul-
garis.

We conclude that it would be premature to adopt the
suggestion of Hall et al. [4] and McLeester et al. [211]
that the term ‘legumin’ should be dropped, or that of
Millerd [232] that it should only be applied to this pro-
tein in the Vicieae and Trifolieae, even though in the
past legumin preparations have not always been strictly
equivalent due to the presence of different impurities.
The retention of trivial names for legumin, such as edes-
tin, should also be retained for the present since they
are widely used in the literature.

The position with regard to vicilin is less clear-cut and
much more work will be needed before a full understand-
ing of this fraction from different plants is available,
When sufficiently investigated, the vicilin fraction has
been shown to contain more than one protein and as
many as 5 forms of vicilin may exist. A similar situation
to that already described for legumin exists with regard
to the distribution of vicilin-like proteins. Danielsson
[16] has shown the presence of a 7S peak in the ultracen-

trifuge with salt extracts of seeds from various tribes of
the Leguminosae, including the Acacieae in the sub-
family Mimosoideae, and on this evidence alone has
equated the protein responsible with his vicilin prep-
aration from Pisum. However, other proteins with sedi-
mentation coefficients close to those of the vicilins exist
and hence ultracentrifugal evidence of the presence of
vicilin must be treated with caution. In contrast, Dud-
man and Millerd [31] using a vicilin fraction from Vicia
Jaba, found immunological evidence of a vicilin-like pro-
tein in members of the Fabeae and Trifoliecae, but not
in those of the other nine legume tribes investigated.
Even so, the physical and chemical data which are avail-
able, suggest that 7S globulins are of widespread occur-
rence.

Dudman and Millerd [31], on the basis of serological
data, have claimed, in contrast to Kloz and co-workers
who also used serology, that legumin is more “primitive”
than vicilin. Blagoveschenskii [269] came to a similar
conclusion on the basis of studies on legume seed weight,
percentage nitrogen and type of seed protein, although
the evidence for the statement is not fully substantiated
as there are inconsistencies in the correlations suggested.
In our view, the question as to whether or not one of
these proteins is phylogenetically older than the other,
cannot be decided on the present evidence since the cri-
teria used are insufficient.

Although vicilin and legumin have been shown to be
distinct serologically (9, 317, it is possible that they may
have subunit(s) in common since the separated subunits
of vicilin and legumin have not been tested serologically.
Analysis of SDS gel patterns to determine whether or
not vicilin and legumin have common subunits, is made
difficult by the presence on gels of weak bands; thus,
although the bands due to the major subunits are not
common, some of the minor component bands may be.
An alternative approach to this problem is that of Jack-
son et al. [161] who used tryptic peptide maps. These
indicated that there was considerable overlap in the pep-
tide patterns of legumin and vicilin, ranging from about
80% with Pisum sativum to 40% with Cicer arietinum,
and it is probable that the substantial similarity between
fingerprint patterns can safely be interpreted as indicative
of some degree of common structure. However, the prep-
arations of vicilin and legumin used by Jackson et al.
[161] were cross-contaminated, although the legumin
preparations contained very little vicilin and it is unlikely
that it contributed significantly to the tryptic maps of
legumin.

Storage proteins are synthesised by the usual riboso-
mal template mechanism [232, 233]. Since the products
of this process are clearly defined we can expect that
the storage proteins are also carefully prescribed and this
is borne out by the fingerprint data of Jackson et al.,
who showed that different species of the same genus gave
virtually identical globulin fingerprints. However, since
storage proteins each consist of several subunits, it is
possible that several forms of the same protein may
occur within an individual or in a population of indivi-
duals, and this has been shown to be the case with the
storage protein, arachin, of peanuts [165].

In Pisum the 2 immunologically identical vicilins (see
earlier) occur in different ratios in different populations
[70]. Also, the subunit composition of the vicilin fraction
from different varieties of pea varied in such a way as
to suggest that Pisum vicilin is polymorphic [270]. In
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breeding tests carried out by Hynes vicilin was not
maternally inherited [270] and Davis [271] found no evi-
dence of maternal inheritance when he analysed the elec-
trophoretic patterns of the total globulins of some hy-
brids of Pisum cultivars, but did in the case of others.

Polymorphism of storage proteins may be of frequent
occurrence and the possibility exists for a complex inter-
play between the different gene loci responsible for the
subunits, not only of a specific vicilin but perhaps of
different proteins. It is important, therefore, that genetic
studies be carried out to ascertain the way in which dif-
ferent subunits may combine to give polymorphic pro-
teins.

The fact that the relative proportions of the different
storage proteins can differ considerably in different
legume species [91], and also in different varieties of the
same species [229, 230, 269], suggests that there are pos-
sibilities for considerable change in the storage protein
without loss of seed viability. However, constraints will
operate on changes in the composition of storage pro-
tein, since it must satisfy the following requirements:
(a) act as a suitable nitrogen store, i.e. have an amino
acid composition which on hydrolysis will supply all the
nitrogen compounds of the seedling using the enzymic
machinery of the latter; (b) be synthesised on and pass
into the rough endoplasmic reticulum; and (c) contain
the subunit interaction groups to allow correct packag-
ing during seed maturation and subsequently unpackag-
ing during germination (the latter requirements relate to
the specificity of the proteolytic system of the germinat-
ing seed).
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