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ABSTRACT

Several types of purification techniques have been
investigated with a view to isolating the storage proteins
of Pisum sativum: vicilin and legumin.

A third storage

protein, distinct from vicilin and legumin, has been purified
from seed extracts using a combination of ammonium sulphate
fractionation, gel filtration and hydroxylapatite
chromatography.

Hydroxylapatite chromatography has also

been used to show that a protein corresponding to convicilin
may be isolated from Vicia

~·

Convicilin has been

characterised and its properties compared to those of the
other storage proteins.

It has been shown by SDS-

polyacrylamide gel electrophoresis that convicilin has a
subunit mol. wt. of 71,000 and gel filtration studies indicate
the mol. wt. of its native form to be 290,000.

Convicilin is

antigenically dissimilar to legumin, but gives a reaction of
identity with vicilin when tested against antibodies raised
against both proteins.
of this latter propertyo

Convicilin has been so named because
Convicilin contains no vicilin

subunits and is clearly separated from vicilin by nondissociating techniques.

Unlike vicilinp convicilin does

not interact with concanavalin A, and contains no significant
amounts of carbohydrate.

Convicilin also differs from

vicilin in its amino acid composition, one of the most
important differences being that convicilin contains small
amounts of sulphur amino acids, while vicilin contains none.
Limited heterogeneity in convicilin has also been demonstrated

by isoelectric focussing, N-terminal analysis and CNBr
cleavage.
Changes that occurred in the subunit composition of
the storage proteins during pea seed development have been
investigatedo

Two forms of vicilin 50g000 molo wt. and

47,000 mol. wt. subunits have been detected at early stages.
The disappearance of the 47,000 molo

wt. vicilin subunit

and appearance of lower mol. wt. vicilin subunits at later
stages of development has also been demonstrated.
The subunit compositionp size and charge of the storage
proteins of pea, during germination have been investigated.
The storage proteins appear to undergo an initial
modification, possibly nicking, and there is depletion of
most protein subunits with increasing germination timeo
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INTRODUCTION

Section I

The importance of legumes in agriculture arises from
their use as a high protein seed crop, for human and animal
consumption.

Another fact to be taken into consideration is

the essential role legumes play in crop rotation and
improving soil fertility by fixing atmospheric nitrogen.
Legume seeds in general contain a high proportion of protein,
usually 20-30% of the dry weight and up to 50% of the dry
weight in the case of some varieties of soyabean (Glycine!!!).
Legumes play a significant role in supplying dietary protein
in many developing countries, and when used for fodder, the
whole plant is sometimes utilised.

By comparison, the major

source of dietary protein in developed countries is of animal
origino

This pattern, involving a process of inefficient

conversion of plant protein into meat, will have to alter, as
the world population increases, to one in which there is an
increased consumption of plant proteins by humans.

However,

as it is unlikely that established dietary habits in the
developed countries will change immediately, there will also
be a need to improve the quality of plant proteins which are
fed to monogastric animals.

The main driving force leading

to the change in dietary habits will be cost, since it is
generally accepted that animal protein is a far more expensive
commodity than plant protein, as the animal is a poor •converter'
of food.
available.

Many different values for conversion rates

ar~

Mellanby (19?5) maintains that taking into account

the wastage in the carcase and the high percentage of water in
the meat, twelve pounds of feed are required to produce a one

pound gain in broiler house birds, on the same basis,
conversion ratios for cattle and pigs are 30:1 and 20:1
respectively.

However, even when all these considerations

are taken into account, meat still has enormous appeal to the
consumer world wide and, unless there are religious or other
taboos, people will eat meat if they can afford to buy it.
The world food situation was regarded as satisfactory in
the post war period until 1972, when a series of crop failures
led to soaring prices as food production declined.

This had

the effect of greatly stimulating research into agricultural
production and initiating the trend to make better use of the
available food supplies.

An example of this is the present-

day exploitation of oil seed protein in the developed countries,
in particular the use of textured soya-protein as meat
replacements, at a considerably reduced cost to the consumer.
It has been pointed out (Derbyshire et al., 1976) that proteins
of other legumes have similarities to those of soyabean, and
this raises the question as to whether other legumes could be
used as protein sources for vegetable based meat substitutes
for human consumption.

This however would depend on improving

the protein yield and quality of these other legumes, which are
either too low or too unreliable for continuous exploitation
by the seed meal market.
As cereals provide about

7~~

of the world's protein

(Jalil and Tahir, 1973) it would at first appear that the best
strategy might be to improve the yield and/or protein content
of cereals.

However, Sinclair and de Wit (1975) have shown

that 1 unit of glucose gives rise to 0.83 units of carbohydrate
and only 0.4 units of protein, as more energy is required to

- 2 -

synthesize protein than polysaccharide.

Therefore for

the same quantity of photosynthate transported to the seed,
there is, in most cases, an inevitable inverse relationship
between seed protein content and seed weight.

Thus in

cereals, where the harvest index is high, increased seed
protein content is usually accompanied by decreased yield,
unless high protein lines also generate an increased
partitionin~

of photosynthate into their seeds.

Generally

it is easier, in the case of cereals, to increase protein
yield by increasing overall yield per hectare.

An

alternative strategy is to improve the protein yield from
legumes, by increasing their overall yield, since these have
a hither protein content that cereals to start with.
Norld

production of legumes is about one-tenth that of

cereals (Burr, 1975) and in 1973 the P.A.G. of the United
Nations recommended urgent research attention be given to
eight

~ajor

food legumes (Phaseolus vulgaris, Cajanus indicus,

Vigna unguiculata, Cicer arietinum, Vicia faba, Pisum sativum,
Glycine

~'

and

A~achis

hypogaea) which account for over

of total world legume production.

9~~

As in the case of cereals,

increase in protein yield in legumes can be brought about by
increasing the overall yield and/or increasing the actual
protein content.

In legumes the harvest index is such as to

suggest that the point has not been reached where increasing
protein content would necessarily decrease yield, lines of
Phaseolus vulgaris (Leleji

al., 1972) and Vicia

~

~(Bond,

1970) have been obtained that support this theory as they
exhibit higher protein content without total yield decrease.
Soyabeans have the highest protein content of all the food

- 3
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legumes, ranging on average from

37-5~~

of the dry weight.

Most attempts to improve the protein content of soyabeans
have resulted in an unwanted drop in oil content, but lines
have been found (Panton, 1975) which show a

1~~

increase in

protein content with no apparent loss of oil content.
Unfortunately a breeding programme for soyabeans in this
country is not feasible until lines that give high yields in
the cool British growing season are developed.

An

alternative to altering the relative synthesis of carbohydrate
and protein in the seed in order to obtain a higher protein
yield, might be increasing the input of nitrogen and
photosynthate to the seed.

It has been suggested that a form

of self-destruction may take place in legumes (Sinclair and
De Wit, 1976) as the energy requirement for protein synthesis
in the seeds is high and requires so much photosynthate, that
leaves and root nodules senesce during the pod-fill stage
(Hardy and Havelka, 1975) as they try to meet the nitrogen
requirements of the developing seeds.

This has the effect of

further restricting nitrogen uptake as nitrogen fixation is
dependant on a supply of photosynthate from the leaves.
end result is a serious limitation in seed yield.

The

A possible

solution to this problem might be breeding for protein lines
with a lower level of nitrogen rich amino acids i.e. amides
and basic amino acids

~hich

occur in large amounts in some

legume storage proteins (Boulter and Derbyshire, 1971).
However the extent to which it is possible to alter the amino
acid composition of storage proteins and still retain seed
viability is determined by various possible constraints
(Derbyshire et al., 1976).

--

Not only is yield limited by

intrinsic characters under genetic control which determine
the developmental, physiological characteristics of the plant,
such as photosynthetic efficiency, nutrient utilisation and
partitioning of resources between vegetative and
reproductive structures but also environmental parameters such
as soil composition, climate, light quality and intensity as
well as by managerial practises such as pest-control,
fertilisation, irrigation and planting density.

Variation

in these conditions can lead to samples from the same variety
sho~ing

considerable variation in protein content.

However

with adequate replications in various seasons, conditions and
locations, these difficulties due to gene-environment
interactions may be overcome by the plant breeder.
!lhile it is necessary to distinguish between yields in
terms of protein per hectare and actual protein content of the
seed, protein quality is also of extreme importance in human
diet or animal feed.

Often a smaller content of high quality

protein may be a more desirable breeding objective than a
larger amount of less nutritious protein.

There are two main

aspects to the conEideration of protein quality from a
nutritional point of view.

Firstly in comparison with the

W.H.O. reference amino acid pattern (W.H.O. 1973) the first
limiting amino acids of legumes are the sulphur amino acids
(F.A.O. 1970) either cysteine or methionine and sometimes both.
It is usually necessary to consider both of these amino acids
to[ether, as evidence from rat feeding trials with cowpeas
SU&fests cysteine can spare methionine as the latter can give
rise to the former but not vice versa

(Boulter~~.,

Therefore any breedinG programme concerned with protein

1973).

quality will involve screening for the sulphur amino acids.
A potential screen is a total seed sulphur assay for some
legumes (Evans and Boulter, 1974;
Porter et

~.,

Boulter~

al., 1973;

1974) but for many legumes it is first

necessary to remove the

s~methyl-L~cysteine,

found in some

legume seeds (Evans and Bandemer, 1967), although this may
not be necessary for legumes where relatively little of this
compound occurs e.g. Pisum sativum, Cajanus cajan, Vicia faba
minor, Vicia

~

major, Glycine

~'

Lupinus albus and

Sphenostylis stenocarpa (Evans and Boulter, 1975).

However

the case is further complicated by these latter examples
containing other soluble non-amino acid sulphur compounds
which may interfere with assays.

The nutritional significance

of these latter compounds and S-methyl-L-cysteine in some
legume meals is not completely understood, though it has been
suggested that they may function as antimetabolites for
cystine or methionine (Evans and Bandemer,l967).

On the

other hand, s-methyl-L-cysteine was found to have no harmful
effect on rats and at high concentrations of methionine it was
found to inhibit the metabolic pathway of methionine by which
a toxic product is apparently formed (Benevenga, 1974).
A negative correlation between protein sulphur amino acid
content and percentage protein in legume seeds has been found
(Evans and Boulter, 1974) and this may be explained by the
fact that relatively low sulphur containing proteins will
constitute a higher proportion of the protein of higher protein
content seeds.

The response of legumes to increased sulphur

fertilisation appears to be favourable.

It has been shown

that sulphur fertilisation increases sulphur amino acid content

of some lupin varieties up to a certain level and this
increase is associated with a change in the proportions of
actual storage proteins (Blagrove, Gillespie and Randall,

1976)

0

Changes in the sulphur amino acid content of seed

meals of some cowpea varieties have also been induced by
increased levels of sulphur fertilisation (Evans et al., 1977).
Similar results for Phaseolus (Arora and Luthra, 1971) and
soyabean (Sharma and Bradford, 1973) have been observed.
Thus there is a strong gene-environmental interaction, although
whether the effect is directly on gene expression at the
transcription or translation levels, or whether it operates
by a changed physiology is not yet clear.
The second aspect of protein quality that must be taken
into account is the presence of antimetabolic compounds
digestability.

and

Most legumes contain a range of these

substances (Liener, 1969), although they have not been the
subject of investigation in this thesis.
Many legumes contain protease inhibitors although their
biological role in the seed is uncertain, however it has been
suggested (Ryan, 1973) that they may be involved in pest and
disease protection and possibly metabolism regulation.

Of

the protease inhibitors most work has been carried out on
trypsin inhibitors and one of the first to be isolated came
from raw soyabeans (Kunitz, 1945).

Ingestion of the trypsin

inhibitor in the form of raw beans, has a growth inhibitory
effect accompanied by pancreatic hypertrophy in experimental
animals (Rackis, 1974).

It is thought that pancreatic

hypertrophy leads to an excessive loss of endogenous protein

--

secreted by the pancreas (Booth et al., 1960).

Since this

protein consists largely of pancreatic enzymes, it is quite
rich in cystine, the resulting effect is a net loss of
sulphur-containing amino acids from the body.

This would

explain why the need for methioninep which is inherently
limiting in soyabean protein is even more acute in diets
containing raw soyabeans.

There is also evidence that trypsin

or chymotrypsin in the intestine suppresses pancreatic enzyme
secretion by feedback inhibition and that trypsin inhibitors
evoke increased enzyme secretion by counteracting the
suppression produced by trypsin (Green and Lyman, 1972;
Niess et

!!·» 1972).

Investigations into the adverse effect

of trypsin inhibitors have mainly been carried out on animals
and it is therefore important to note that a major part of
human trypsin fails to be inhibited by soyabean trypsin
inhibitor (Travis and Roberts, 1969; Mallory and Travis, 1973;
Figarella, Negri and Guy, 1975).

Therefore it is essential

to establish the correct processing procedure depending on
whether soyabean products are for human or animal consumption.
Trypsin inhibitors have also been found in a large number of
other legumes including Arachis hypogeae, Vicia

!!£!,

Pisum

sativum, etc., in fact all legumes appear to contain trypsin
inhibitors to varying degrees (Liener and Kakade, 1969).
Another substance which appears to be present in most
legumes is a protein that has the property of being able to
agglutinate red blood cells.

The phytohaemagglutinins or

lectins (Lis and Sharonp 1973; Lienerp 1974) are a significant
factor contributing to the poor nutritive value of many beans
which enjoy popular consumption in many lesser developed
countries.

From his work on rats fed Phaseolus vulgaris

=
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=

haemagglutinin, Jaffe (1969) postulated that the
haemagglutinin combined with cells lining the intestinal
wall and caused a non-specific interference with the
absorbtion of nutrients leading to growth inhibitiono
Furthermore, Pusztai!!

!!o~

(1979) using gnotobiotic rats,

has recently shown that lectin toxicity in Phaseolus vulgaris
is also due to the leakage of bacterial toxins through the
damaged intestinal wallo
Fortunately most protease inhibitors and
phytoha~magglutinins

are heat labile and under the correet

cooking conditions become non-inhibitoryo

Although most

legumes are eaten cooked» it should be borne in mind that in
developing countries the amount of fuel available for cooking
is often limited and furthermore, since animals are fed raw
seeds, large amounts of these anti-nutritional factors may
influence animal nutrient utilisation.
Legumes have also been shown to contain many other
antimetabolites such as the goitrogens found in soyabeans and
peanuts (Van Etten, 1969) and glycosides from which HCN may be
released by hydrolysis and cause cyanide poisoning if
improperly cooked.

Lima beans in particular contain high

levels of glycosides (Montgomery, 1969).

In addition,

antivitamin factors, metal binding constituents, polyphenolics
and saponins have all been found in some legumeso

These

latter examples are of particular importance when considering
protein quality as they are not always heat labile and
therefore removed by cookingo

Nevertheless, taking into

account all these toxic constituents, legumes still provide
a valuable source of proteino

- 9

=

Generally, digestability of raw legumes is improved by
cooking and this is probably due to inactivation of protease
inhibitors and lectins as well as making the essential amino
acids of these proteins more available.

It has been shownp

for example, that trypsin inhibitors have high levels of sulphur
amino acids, especially cysteine (Pusztai,

1966)~

while protein

complexing substances such as polyphenolics are important in
reducing digestability (Bressani, 1975).

In breeding for

protein quality, the possible implications of changes must be
taken into account, for example the reduction of an
antimetabolite might increase digestability but would this also
affect the resistance of the seed during growth and storage,
to pests and diseases.
Having outlined the major nutritionally important legume
proteins, attention is now turned to the storage proteins, the
proteins investigated in detail in this investigation.
Legume seeds contain several thousand different proteins (Boulter
and Derbyshire, 1971), which can be arbitrarily divided into (1)
metabolic proteins such as enzymes and structural proteins and (ii)
storage proteins.

The metabolic proteins occur in too small

amounts to be of great significance nutritionally, however the
enzymes (albumins) have a higher percentage of essential amino
acids than do the legume storage proteins (globulins),
(Boulter and Derbyshire 9 1971).

They also occur in greater

amounts in the embryo axis than in the cotyledons and screening
lines for those with a higher proportion of embryo axis to
cotyledons might be feasible (Boulter, 1977).
Storage proteins are proteins laid down in the seed in
large amounts to be used at a later stage in the life cycleo

=
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=

Manipulation directed at changing the content of essential
amino acids of the storage proteins offers the most promise
however, for legume quality improvement.

This follows from

the fact that the storage proteins are synthesised in large
amounts in seeds and any change in their composition will
have a large effect on the quality of the seeds.

Several

different storage proteins occur and individually they differ
in their nutritional status (Derbyshire et

!!·, 1976).

Seed development begins by fertilisation of the ovule,
then the embryonic axis and cotyledons develop by active cell
division, followed by cell elongation.

Storage compounds

such as carbohydrates, fats and proteins are deposited only
after cell division has ceased.

The storage proteins are

synthesised in the cotyledon cells on the rough endoplasmic
reticulum

(Bailey~

!l•t 1979;

Bollini and Chrispeels, 1979)

which is assembled at the appropriate time in large amounts
during seed development (Millard, 1975).

They are then

transported and deposited in membrane bound protein bodies.
The precise number of different storage proteins is still
not known and the relative proportions of different storage
proteins vary considerably in different legumes,

since they

have very different amino acid compositions and hence
nutritional status 9 a knowledge of their occurrence and
characterisation is fundamental to any plant breeding work
aimed at changing the protein content or qualityo
The storage proteins of legumes were first separated by
Osborne and Campbell (1898) into two fractions;
legumin.

vicilin and

Osborne demonstrated that similar protein fractions

could be extracted from many different legume seeds

=

11

=

(Osborne, 1894;

Osborne and Campbell, 1898).

Later,

Danielsson (1949), examined the globulin fraction of 34
species of legumes from 8 tribes of the leguminosae, using
the technique of ultracentrifugation and found that they
virtually all contained two globulin fractions with
sedimentation coefficients of 75 (vicilin) and llS (legumin).
Added evidence for the widespread existence of these two
protein types in the leguminosae comes from
immunoelechophoretic experiments carried out by Kloz (1971)
and Dudmand and Millerd (1975).

As differences exist in the

amino acid composition of these two proteins, for example,
legumin of Vicia

!!£!

and Pisum sativum contains larger

amounts of sulphur amino acids than vicilin, (Derbyshire et
al., 1976) it might be possible, since these two proteins are
formed at different times and are under separate genetic
control (Wright and Boulter, 1972;

Millerd, 1975), to breed

lines with changed proportions of storage protein and so
obtain proteins with better amino acid profileso

Such

improvements in protein quality and ultimately yield may be
brought about more readily if detailed chemical and
physiochemical knowledge of the storage proteins exists.
~Ni th

this knowledge it is possible to define the extent to

which the functional requirements of seed storage proteins
such as:

high nitrogen content, location in protein bodies,

ability to withstand dessication, ability to be rapidly
hydrolyzed by the proteolytic enzymes of the germinating seed,
can be varied and changed for nutritional improvement, before
seed viability is impaired.
Characterisation of these proteins is also essential in

=

12

=

order to understand the details of their biosynthesis and
the controlling mechanisms involved.
fraction is well characterised.

To date the legumin

The hexameric model for

legumin, still in use today, was proposed by Wright and
Boulter (1974) using Vicia faba.

They postulated that

legumin consists of two main types of subunit, (i) acidic
subunits of molecular weight about 40,000 and (ii) basic
subunits of molecular weight about 20,000.

One type of

subunit is joined to the other type by disulphide bonds, to
give an intermediate subunit pair of about 60,000 molecular
weight.

Six subunit pairs are thought to comprise the

legumin molecule.

A similar structure has been proposed for

Pisum sativum legumin (Croy !£

~.,

1979).

It has been shown

for pea legumin, that the higher molecular weight subunits
are acidic and the lower molecular weight subunits are basic, by
isoelectric focussing (Krishna et al., 1979;

Casey, 1979b) and

electrophoresis in urea (Thomson!£ al., 1978;
1979).

Croy et al.,

Furthermore, these results have been confirmed by

electrophoresis on urea-polyacrylamide gels (Thomson

!1 !!·•

1978) and on cellulose acetate membranes (Croy!! al., 1979).
Both the acidic and basic subunits have been demonstrated to
be heterogenous with respect to molecular weight and
isoelectric point (Casey, 1979b;

Krishna!!

!!·•

1979) and

recently legumin of Pisum sativum has been partially
separated into different forms (Matta, 1981).

These results

have given rise to a modified model for legumin, in which
each hexameric molecule is formed by the association of
individual subunit pairs of one or more types (Matta, 1981).
Therefore legumin is probably not a single protein (with a
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defined amino acid sequence) but a series of closely related
proteins.
Molecular weights for legumin from Pisum sativum have
been obtained by various workers using a variety of techniques
and taking into account subunit heterogeneity, they fit the
hexameric model proposed by Wright and Boulter (1974)o
Estimates vary from 330,000 (Danielsson, 1949) to 410,000
(Brand and Johnson, 1958).
The carbohydrate content of legumin has also been
investigated and was the subject of much controversy.

Basha

and Beevers (1976) showed that acid hydrolysates of legumin,
isolated by isoelectric precipitation (Danielsson, 1949), from
developing pea seeds contained amino sugars and neutral sugars.
Also using this preparation method, Browder and Beevers (1978)
were able to demonstrate the occurrence of glucosaminylasparagine in glycopeptides isolated from legumin.

More

recently Davey and Dudman (1979) have also shown that pea
legumin isolated from protein bodies by isolectric
precipitation was also glycosylated and the amounts of
glucosamine and neutral sugars that they were able to detect
in their preparations were in good agreement with the results
previously reported by Basha and Beevers (1976).

However,

other workers using a combination of techniques for the
preparation of legumin from pea seeds (Caseyp 1979a;
et

!!·,

Gatehouse

1980) were not able to detect carbohydrate and

concluded that legumin was not a glycoprotein.

These

conflicting sets of results have been explained by Hurkman and
Beevers (1981), who demonstrated that previous reports of
legumin glycosylation were due to the presence of some low
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molecular weight glycopeptide&, which co-purified with
legumin isolated by the method of Danielsson (1949).

Thus

it is now generally accepted that legumin of Pisum sativum
is not a

gly~oprotein.

In contrast to legumin, vicilin usually occurs in
smaller amounts in the seed and has been less extensively
characterised.

The vicilin fraction is thought to contain

more than one protein (Derbyshire et

!!·, 1976;

Millerd,

1975) and evidence for the heterogenous nature of this
protein fraction comes from ion exchange chromatography
(Vaintraub and Shutov, 1964), carbohydrate affinity
chromatography (Davey and Dudman, 1979), ultracentrifugal
analysis (Joubert, 1955) and fractionation by solubility
under varying conditions of pH and ionic strength (Ghetie
and Buzila, 1968;

Thomson

!1 al., 1978).

Seven major

polypeptides of approximately 70,000, 50,000, 30,000, 24,000,
18,000, 14,000 and 12,000 molecular weight have been
identified in the pea vicilin fraction (Thomson et al., 1978).
Such an array of constituent polypeptides also provides
additional evidence for the vicilin fraction to be composed
of more than one protein.

At the time of this study no

precise models for the subunit composition of vicilin proteins
were in existence, thus confirming the need for further work
in this area.
The purpose of this study was to further characterise
the storage proteins, especially vicilin.

Most of this work

has been carried out on the pea or Pisum sativum, a species in
the genera Pisum, one of five genera in the tribe Vicieae of
the family Leguminosae (Heywood, 1971).
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The pea itself is

an important legume crop, being cultivated in virtually
every temperate region, including high altitude locations
in tropical countries such as Nigeria and Kenya.

It has

many advantages for biochemical work, including uniform
growth leading to synchronised developmental physiology, as
well as lesser amounts of interfering substances such as
polyphenolics.
Initial studies involved isolation and purification
using ammonium sulphate fractionation and a variety of
chromatographic techniques.

This was followed by

characterisation of separated proteins using several types
of electrophoresis and chromatography, as well as carrying
out N-terminal analysis, amino acid analysis, sugar analysis
and immunological experiments.

By using a combination of

these techniques, the variation in the structure and number
of the storage proteins, which takes place during the process
of seed development and seed germination was also investigated.

=
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Section II

MATERIALS AND METHODS

MATERIALS

A.

Biological materials
Seeds of Pisum sativum L. (var. Feltham first), Vicia

faba L. (var. Maris bead) and Phaseolus vulgaris L. (var.
Processor) were obtained from suttons Seeds Ltd., Torquay,
Devon TQ2 7QJ.

B.

Chemicals and reagents
Chemicals and reagents, apart from those listed below,

were obtained from BDH Ltd., Poole, Dorset BH12 4NN, U.K. and
were of analytical grade or the best available.
Beckman Instruments Inc., Fullerton, California
Cellulose Acetate Membranes
BioRad Laboratories Ltd., Watford, Herta., U.K.
Hydroxylapatite (Bio-Gel, HT Grade)
ICI Plastics Division, Walwyn Garden City, Harts., U.K.
Alkathene polyethylene granules
Koch-Light Laboratories Ltd., Colnbrook, Bucks., U.K.
Trichloroacetic Acid
LKB Instruments Ltd., South Croydon, Surrey, U.K.
Ultrogel AcA 22
Medical International, 49 Queen Victoria Street, London
Visking dialysis tubing
Pharmacia Fine Chemicals, Uppsala, Sweden
Dextran Blue 2000
Pharmalyte Carrier ampholytes pH 3.5-10
Sephadex G~200
Sephadex G-50
Sigma London Chemical Company Ltd.
Bovine serum albumin
Catalase
Carboxypeptidase A
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Concanavalin A (from Jack bean)
Cytochrome C
Ferritin
Immunoglobulin G
Methyl~-D-mannoside

Myoglobin
Ovalbumin
Phosphorylase b
Soyabean trypsin inhibitor
Thyroglobulin
Transferrin
Trizma Base (Tria)
Glycoprotein II, Pisum sativum lectin and albumin, Vicia
faba vicilin and legumin preparations were kindly supplied by
Dr. R.R.D. Croy (University of Durham).
Buffers used for column chromatography were routinely
made 0.05% with sodium azide.

METHODS

I.

GROWTH OF BIOLOGICAL MATERIALS

A.

Germinating seeds
Seeds of Pisum sativum (var. Feltham First) were grown as

described by

Evans!!~.,

(1979) for 72 h.

The addition of

water to the dry seeds was taken as zero time germination.
Seeds germinated in this way were then grown under controlled
environmental conditions, as follows:=

lighting: 16 h total

(including morning and evening phases)» temperature: day 28°C,
night 23°C, humidity: 75=8~ rel. hum.

The seedlings were

supported by a 4 em layer of alkathene polyethylene granules
in bowls containing distilled water and harvested at intervals
of 3, 5, 7 and 10 days.
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B.

Developing seeds
Seeds were germinated as described above.

Seedlings

were transferred to water culture bottles of nutrient solution
after 4-5 days in the spray roomp to be grown under the
controlled environmental conditions described above.
Harvesting of the pods was carried out at intervals of 11, 13,
17, 21 and 33 days after flowering.

The cotyledons were

separated aseptically from the testae, radicles and hypocotyls
immediately prior to extraction.

c.

Determination of water uptake by germinating seeds
One hundred seeds of average dry weight were germinated

in a spray room as described above, then blotted dry to remove
surface moisture prior to weighing at intervals of 1 h, 2 h,
3 h, 4 h, 5 h, 6 h, 25 h, 48 h and 72 h.

II.

PREPARATION OF MEALS

A.

Pisum sativum
Seeds were freeze-dried for 30min. to remove surface

moisture, then ground to a fine flour using a Janke and Kunkel
water-cooled mill.
mesh endecott sieve.

The flour was passed through a 365pm
Defatting was carried out by two

hexane extractions (10 ml hexane/g meaD, for 30 min. at 0°Co
After filtering off the hexane, the meal was air-dried under
vacuum.

Bo

Vicia faba
As for Pisum sativum except that removal of the testa
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was facilitated by milling for 2=5 seconds in a ball mill,
prior to grinding seed fragments in the Janke and Kunkel
water-cooled mill.

C.

Phaseolus vulgaris
As for Pisum sativum

III. PREPARATION OF EXTRACTS

A.

Pisum sativum
(i)

From meals

Defatted meal from air-dried seeds was extracted with
0.1 M potassium phosphate buffer pH 8.0» containing 0.4 M NaCl
(10 ml buffer/g meal) at 4°C for 1 h, then centrifuged at
23,000 g for 20 min. and the precipitate discarded.

These

extracts were used for Sephadex chromatography, ammonium
sulphate fractionation, gel electrophoresis or to prepare
the globulin fraction.
Extracts for Ultrogel chromatography were prepared as
described above with 0.1 M Tris-HCl buffer, pH 8.0 containing
0.2 M NaCl (12.5 ml buffer/g meal).
For non-dissociating polyacrylamide gel electrophoresis,
meal was extracted in 0.125 M Tris made pH 6.8 with concentrated
HCl (20 ml buffer/g meal).
(ii)

From developing seeds

15 g of developing seeds were homogenised with 50 m M
potassium phosphate buffer, pH 8.0 (40 ml), using a polytron
macerator at fast speed, with 5=10 sec. bursts.
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The extract

was centrifuged at 10,000 g for 10 min. to remove large
debris which was re-extracted twice.

The pooled supernatants

were then clarified by centrifugation at 38,000 g for 1 h,
followed by filtration through GF/C, GF/F glass fibre filters
and finally 0.22)Um pore size cellulose acetate membrane
filters.

These extracts were used for hyroxylapatite

chromatography.

\~en

seeds 33 days or older were extracted,

the following procedure was used:-

defatted meal was

extracted with 50 m M potassium phosphate buffer, pH 8.0
(10 ml buffer/g meal for mature seeds and 4 ml buffer/g meal
for seeds extracted 33 days after flowering) at 40 C for 1 h,
centrifuged at 23,000 g for 20 min. and the precipitate
discarded.

Filtration and hydroxylapatite chromatography of

the extract was then carried out as described above.
(iii)

From germinating seeds

The extraction conditions used were similar to those for
developing seeds except the ratio of material to extractant
was varied to take into account the increasing water content
of the germinating seeds at different days (See Fig.l).

For

non-dissociating polyacrylamide gel electrophoresis,
germinating seeds were extracted (10=5 ml buffer/g meal) with
0.125 M Tria made pH 6.8 with concentrated HCl.

-

Vicia faba
Defatted meal was extracted with Oe05 M potassium
phosphate buffer 9 pH 7.8 9 with Oo4 M NaCl (10 ml buffer/ g
meal) at 4°C for 1 h 9 then centrifuged at 38,000 g for 30 min.
The supernatant was clarified by filtration through GF/C, GF/F
glass fibre filters and finally
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0.22~

pore size cellulose

FIGo 1
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C.

Phaseolus vulgaris
10 g of defatted meal from air-dried seeds was extracted

with 200 ml Oe05 M sodium borate buffer, pH 8.0 at 4°C for 1 h,
then centrifuged at 15,000 g for 30 min.

The supernatant

was re-centrifuged at 38,000 g for 1 h and the resulting
precipitate discarded.

IV.

SEPARATION OF THE GLOBULIN FRACTION

A.

Pisum sativum
Total extract (III.A (i)) was extensively dialysed

against 33 m M sodium acetate buffer, pH 4.7.

The

precipitated globulin proteins were separated from albumin
proteins still in solution by centrifugation at 38,000 g.
The precipitate was redissolved by suspending the pellet in
water, then titration to pH 8.0 - 9.0 with 0.1 M NaOH.

This

solution was buffered at pH 8.0 with 1.0 M sodium borate buffer,
pH 8.0, to give a final concentration of 0.05 M borate, then
dialysed against 0.05 M sodium borate buffer, pH 8.0, prior
to freeze-drying.

B.

Vicia .............
faba
Supernatant proteins in the total extract prepared as

described by Scholz et al., (1974) were precipitated with
ammonium sulphate at 90% ralative saturation and separated by
centrifugation at 23,000 g for 20 min.
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The precipitated

protein was redissolved in sodium phosphate buffer, pH 7o0
and dialysed against 25 m M sodium acetate buffer pH 4.7.
The precipitated globulin proteins were separated by
centrifugation at 23,000 g then redissolved by the procedure
described above in IV.A.

The globulin fraction was dialysed

against Mcilvaine (citrate-phosphate) buffer, pH 7.0, for
zonal isoelectric precipitation.

C.

(See Flow diagram, Fig.2).

Phaseolus vulgaris
A total extract (III.C) was dialysed against 33 mM

sodium acetate bufferp pH 5.0.

The precipitated globulin

proteins were separated by centrifugation at 38,000 g for 1 h,
then redissolved by the procedure described in IV.A.

V.

AMMONIUM SULPHATE PRECIPITATION

A.

Pisum sativum
Total extract (III.A (i)) was fractionated by ammonium

sulphate precipitation at 40, 50, 60, 70, 80, 90 and 100%
relative saturation.

The precipitates were collected by

centrifugation at 23,000 gp then redissolved in 20 ml 0.1 M
sodium borate buffer, pH 8.0.

The supernatant at 100%

relative saturation with ammonium sulphate and the redissolved
precipitates were extensively dialysed against 0.05 M sodium
borate

buffer~

pH 8.0, then freeze-dried prior to

analysis by

SDS-polyacrylamide gel electrophoresis.

B.

Phaseolus vulgaris
Globulin protein solution was fractionated by ammonium

FIG. 2
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sulphate precipitatioa at 50, 70, 90 and 100% relative
saturation.

The resulting precipitates and supernatant

were processed as described above in V.A.

VI.

SEPARATION OF PROTEINS OF THE VICILIN FRACTION

A.

Convicilin (See Fig.3)
(i)

Ammonium sulphate fractionation

A total protein extract was prepared from 40 g of
defatted pea meal.

This was fractionated by ammonium

sulphate precipitation at 40 C.

The material precipitating

in the range 50-80% relative saturation was collected by
centrifugation at 23,000 g for 20 min. and redissolved in
20 ml 50 m M sodium borate buffer, pH 8.0.
(ii)

Sephadex G-200 chromatography

The prepared protein solution, normally either a total
extract or the material precipitating at 50-80% relative
saturation with ammonium sulphate» was applied to a column of
5.5 em. diam. with 950 ml Sephadex G-200 equilibriated with
0.1 M potassium phosphate bufferp pH 8.0.

Elution was

effected by the same buffer at a flow rate of 50 ml/h and 10 ml
fractions were collected.

Column eluant was continuously

monitored at 280 nm using an LKB 8300 Uvicord II detector and
control unit, with an LKB chart recorder.

Fractions were

collected using an LKB ultrorac 7000 fraction collector.
Samples from fractions (Oo5 ml) were made 12.5% with
respect to

TCA

at 0°C and the precipitate was centrifuged»

washed with ethanol twice then dried by evaporation.

The

precipitated protein was dissolved in sample buffer containing

FIG. 3
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(iii)

Hydroxylapatite chromatography

Thos fractions containing the highest concentration of
protein with a subunit of 71,000 mol. wt. were pooled and
applied to a column (3.5 em. diam., 140 ml vol.) of
hydroxylapatite equilibriated with 0.1 M potassium phosphate
buffer, pH 8.0.

The hydroxylapatite column was extensively

washed with the same buffer, then eluted with a linear
concentration gradient of potassium phosphate buffer, pH 8.0
(0.1 M - 0.75 M, 300 ml

~

300 ml).

The flow rate was

40 ml/h and 10 ml fractions were collected.

The salt

concentration of fractions was determined by refractive index
measurements using a Bellingham and Stanley Ltd. (No.424132)
refractometer, (see calibration graph, Fig.4).

Fractions

were analysed as described in VI.A (ii) for 71,000 mol. wt.
protein subunits, these were pooled and either concentrated
by ultrafiltration or dialysed against 50 m M sodium borate
buffer, pH 8.0, or distilled water and then freeze-dried.

B.

Vicilin
(i)

Ammonium sulphate fractionation

A total protein extract was prepared from 40 g of
defatted pea meal as described in III.A (i).

Ammonium

sulphate was added to give 100% relative saturation.

The

soluble material was collected by centrifugation at 23,000 g
for 20 min.

This was extensively dialysed against 0.1 M

potassium phosphate buffer, pH 8.0 for complete removal of
salt.
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(ii)

Hydroxylapatite chromatography

The solution prepared in VI.B (i) was applied to a
column of hydroxylapatite as in VI.A (ii1) 9 after washing,
the column was eluted with 0.75 M potassium phosphate buffer,
pH 8. O.

Fractions containing vicilin were pooled and

processed as for convicilin.

VII. HYDROXYLAPATITE CHROMATOGRAPHY
Twenty-five ml of extract was applied to a column of
hydroxylapatite (dimensions as for VI.A (iii)) equilibriated
with 50 m M potassium phosphate buffer, pH 8.0.

After

washing, the column was eluted with a linear concentration
gradient of potassium phosphate buffer, pH 8.0 (50 m M - 1 M,
300 ml + 300 ml) at a flow rate of 40

ml/~10

ml fractions

were collected.

VIII. ULTROGEL CHROMATOGRAPHY

A.

Convicilin
A plot of Ve/Vo against log mole wt. (See F1g.5) was

obtained by chromatographing the following standard proteins:
thyroglobulin (669,000 mol. wt.), ferritin (440,000), Pisum
legumin (400,000), catalase (240,000), immunoglobulin G
(160,000), bovine serum albumin (68,000), and myoglobin
(18,000), on a column of Ultrogel AcA 22 (2.2 em. diam.P
320 ml vol.).

The column was equilibriated by upward flow

using 0.1 M Tris-HCl buffer, pH 8.0, containing 0.2 M NaCl.
It was then loaded with sample and eluted with the same buffer,
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with a flow rate of 8.0 ml/h, 5 ml fractions were collected
and the elution volumes of standards and sample calculated.

B.

Mature and germinating pea extracts
A plot of Ve/Vo against log mol. wt. (See Fig.6) was

obtained by chromatographing the following standard proteins:
ferritin (440,000 mol. wt.), catalase (240,000),
immunoglobulin G (160,000), bovine serum albumin (68,000),
ovalbumin (43,000), myoglobin (18,000) and cytochrome C
(12,700).

Two ml of total extract was applied to the

Ultrogel AcA 22 column (dimensions and buffer as for
convicilin, VIII.A).

The flow rate was 6 ml/h and 3 ml

fractions were collected.
with respect to

TCA

The fractions were made 12.5%

and the precipitated protein was

analysed by SDS-polyacrylamide gel electrophoresis.

The

molecular weights of the various proteins in the total extracts
were determined by comparing elution volumes with those of the
standard proteins in the Ve/Vo against log mol. wt. plot
(Fig.6).

IX.

ZONAL ISOELECTRIC PRECIPITATION

A.

Pisum sativum extract
Total extract (5 ml) was applied to a Sephadex G=50

column (3.5 em diam., 250 ml val.) equilibriated with Oo25 M
sodium acetate buffer, pH 4.7.

After washing with

10~20

ml

of the same buffer, the column was eluted with 0.5 M sodium
borate buffer, pH 8.0, at a flow rate of 56 ml/h, 14 ml
fractions were collected.
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Those containing protein were
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pooled according to the elution profile, dialysed against
distilled water and freeze-dried, then analysed by SDSpolyacrylamide gel electrophoresis.

B.

Vicia

~

globulin fraction

The globulin fraction (25 ml) was applied to a Sephadex
G-50 column (dimensions as for IX.A) equilibriated with
Mcilvaine (citrate-phosphate) buffer pH 4.8.
was eluted with Mcilvaine

buffer~

The column

pH 7.0, at a flow rate of

36 ml/h and 9 ml fractions were collected.

Fractions

containing protein were pooled, dialyeed against 0.02 M
sodium borate buffer, pH 8.0, then freeze-dried.

X.

ION EXCHANGE CHROMATOGRAPHY

A solution of 450 mg freeze-dried globulin protein in
0.1 M Tris-HCl buffer, pH 7.7, was applied to a column of
DEAE cellulose (3 em diam., 250 ml vol.) equilibriated with
0.1 M Tris-HCl buffer, pH 7.7 and washed in with 150 ml of
the same buffer.

Elution was effected with a linear

concentration gradient of Tris-HCl buffer pH 7.7 (0.1 M Tris=
HCl-0.1 M Tris-HCl containing 0.75 M NaCl& 400 ml + 400 ml)
at a flow rate of 60 ml/h with 15 ml fractions being collected.
The salt concentration of fractions was determined by
refractive index measurements as described above (VI.A (iii),
see calibration graph, Figo7o
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XI.

GEL ELECTROPHORESIS

Gel concentrations refer to total monomer (i.e.
acrylamide and bis acrylamide).

A.

17% and

SDS slab polyacrylamide gel electrophoresis

1~&

Adapted from Laemmli (1970).
(i) Rea!ents
(a)

1 M Tris pH 8.8 (adjusted with concentrated HCl).

(b)

1 M Tris pH 6.8 (adjusted with concentrated HCl).

(c)

Main gel acrylamide stock solution
12 g acrylamide

)
)
54 mg bisacrylamide )

(d)

40 ml H20

Stacking gel acrylamide stock solution:
0.6 g acrylamide

)
)

8.6 mg bisacrylamide)

2 ml H 0

(e)

SDS 1()96

(f)

Ammonium persulphate (10 mg/ml)

(g)

TEMED

2

(ii) Gel preparation
Glass plate assembly and procedure as described by Payne
(1976).

Main gels of 17% acrylamide concentration were

prepared by mixing 22.5 ml (a) and 34.5 ml (c), then degassing
this solution.

To this 0.6 ml of (e), 1.5 ml (f) and 20)n

(g) were added.

This gave sufficient gel mixture for one

slab geL

The

1~~

main gels were prepared as described above

after 19.5 ml (c) had been made up to 34.5 ml with distilled
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water.

Stacking gels (}% acrylamide) were prepared by

adding 2.5 ml of (b) and 14.8 ml of distilled water to (d)
then degassing.

Following this 0.2 ml of (e),

10~1

of (g)

and 0.5 ml of (f) were addedo
(iii) Sample preparation
Protein samples were dissolved at a concentration of about
2 mg/ml (unless otherwise stated) in sample buffer made up as

follows:
Sample buffer formulation - stock solution
10 ml glycerol
6.25 ml 1 M Tria pH 6.8 (adjusted with concentrated HCl)
12.05 ml distilled water
2 g SDS

Working solution
2.83 ml stock solution

)
)

0.5 ml 2-mercaptoethanol )

made up to 10 ml with
distilled water

Samples were incubated at l00°C for 2 min. prior to gel
application.
(iv) Electrophoresis
Electrophoresis buffer consisted of glycine 141.1 g,
Tris 30 g and SDS 10 g made up to 11 (pH 8.3) and was diluted
1:10 before use.

Samples (lOtn unless otherwise stated) were

loaded on to gels and marker dye (0.1% bromophenol blue) added
to the upper reservoir.

Electrophoresis was carried out using

a Raven slab gel apparatus with a Shandon Vokam SAE 2761
power supply, at 25 mA/gel (constant current), for
approximately 6 h

per gel.

The gels were then stained

(Reid and Bielski, 1968) as required with 0.025% Coomassie

"" 30 -

Blue in
5~6

5~~

methanol, 7% acetic acid and destained using

methanol, 7% acetic acid solution.

B.

Subunit molecular weight estimation
The method of Weber and Osborn (1969) was used to

determine the apparent molecular weights of proteins
dissociated with SDS.

Electrophoretic mobilities were

calculated relative to the mobility of the bromophenol blue
marker band in 17% and 10% polyacrylamide slab gels.

The

following proteins were used as molecular weight standards:
phosphorylase b (100,000 mol. wt.), transferrin (76,600),
bovine serum albumin (68,000), catalase (60,000), ovalbumin
(43,000), carboxypeptidase A (34,300), soyabean trypsin
inhibitor (21,000) and cytochrome C (12,700).

The Rm values

were then plotted against the log of the molecular weight
(See Fig.8 and Fig.9).

C.

Non SDS-polyacrylamide slab gel electrophoresis
Non dissociating polyacrylamide gel electrophoresis was

carried out as described above for gel electrophoresis in
XI.A.

SDS was omitted from gel preparations and replaced by

the same volume of distilled water.
buffer, SDS was not added.

In the case of running

Sample buffer was prepared

without SDS and in dilution of the stock solution,
2-mercaptoethanol was replaced by the same volume of distilled
water.
8.~k

Main gels with a polyacrylamide concentration of

were obtained by diluting 17.25 ml of (c) to 34.5 ml

with distilled water.
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FIG. 8

Calibration curve relating the molecular
weight of standard proteins

~ith

their

electrophoretic mobilities relative to
bromophenol blue, on 17%

SDS~polyacrylamide

Standard proteins in order of

gels.

decreasing size, are:

phosphorylase b,

transferrin, bovine serum albumin, catalase,
ovalbumin, carboxypeptidase A, cytochrome C
(dimer), trypsin inhibitor and cytochrome
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FIGo 9

Calibration curve relating the molecular
~eight

of standard proteins

~th

their

electrophoretic mobilities relative to
bromophenol blue 0 on 10% SDS=polyacrylamide
gelso

Standard proteins in order of

decreasing size 0 are:

phosphorylase b 9

transferrin 0 bovine serum albumin, catalasep
ovalbumin, carboxypeptidase A and trypsin
inhibitoro
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D.

Two-dimensional polyacrylamide gel electrophoresis
Samples were electrophoresed in 8.5% non SDS-

polyacrylamide slab gels for separation in the first dimension.
After staining and drying of the slab gel, sample tracks were
excised in the form of long strips.

These were incubated in

0.2 M Tris~HCl buffer, pH 6.8, containing 2% SDS and 2%
2-mercaptoethanol, at room temperature for 1 h.

The gel strip

was then inserted between the glass plates on to a 17% SDS=
polyacrylamide main slab gel with 1 em, 3% SDS-polyacrylamide
stacking gel.

(No well-former was used and the stacking gel

was overlaid with water prior to polymerisation, to obtain a
flat

surfac~

In order to hold the gel strip in position and

facilitate formation of an extra sample well for standards,

1% agarose in sample buffer was poured into the remaining space
surrounding the gel strip and an extra, single

well~former.

On setting of the agarose, the standard sample was applied to
the gel and electrophoresis was carried out in the second
dimension under the same conditions as described above in XI.A.

E.

Densitometric scanning of slab gels
Sample tracks were cut as slices from slab gels using a

sharp blade, then placed in a long cuvette containing destaining
solution.

Gels were scanned using a Giford 2000

spectrophotometer with gel scanning attachment at 1 em/min
at 580 nm.

F.

Isoelectric focussing
Isoelectric focussing was carried out on 5% acrylamide

slab gels, using a Shandon U77 flat bed electrophoresis
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apparatus with cooled platen and LKB 3371E power supply.
Gel formation
acrylamide, 1.21 g
bis acrylamide, 37o5 mg
sucrose, 3.125 g
distilled water 9 22.5 ml
ammonium persulphate (12 mg/ml H 0), 1.25 ml

2

4~~

ampholine carrier ampholytes pH 3.5-10, 1.25 ml

with deionised urea solution to give a final urea concentration
of 8 M.
The anode was formed by 0.1 M phosphoric acid, pH 1.5 and
the cathode by 1 M ethylenediamine, pH 11.5.

Samples for

isolectric focussing were prepared by dissolving freeze-dried
material in distilled water (2 mg/ml).

The protein standard

was used at a concentration of 10 mg/ml and contained the
following proteins:

ferritin (pi 4.4), albumin (pi 4.7),

B lactoglobulin (pi 5.34), conalbumin (pi 5.9), horse myoglobin
(pi 7.3), whale myoglobin (pi 8.3),ribonuclease (pi 9.45) and
cytochrome C (pi 10.65).

Prior to loading, the gel was pre-

run at approximately 260 volts for 10 min. to establish a pH
gradient.

All samples, except the haemoglobin marker

(4.5 mg/ml) were loaded centrally;
both poles.

the marker was loaded at

The gel was run at approximately 15 watts until

the two marker samples had merged together and become
focussed, this took about 2 h.
After isoelectric focussing the gel was extensively washed
in

l~h

TCA to remove carrier ampholytes and then stained with

0.025% Coomassie Blue in a solution of 7% acetic acid, 50%
methanol in water.
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XII. CELLULOSE ACETATE MEMBRANE ELECTROPHORESIS

Sartorius cellulose acetate membranes were used in a
Beckman microzone 2-cell apparatus with a continuous 0.05 M
sodium phosphate buffer, pH 7.0, system (Gillespie and
Blagrove, 1974).

Membranes were soaked for 5-10 min. by

gently lowering on to the buffer surface, without trapping
air.

They were then dried between sheets of filter paper

and transferred to the cells.

Using the applicator in the

positioning groove, the protein samples (3-4 mg/ml
electrophoresis buffer) were loaded on to the membranes, at
the cathode end.

The cover was placed on the apparatus and

a current of 8 rnA (at 300 volts) per membrane was applied for
12 min.

The membranes were then quickly removed and stained

by immersion in a 0.025% solution of Coomassie Blue in 25%
Excess stain was removed by several

methanol, 7% acetic acid.

washes in a solution of 25% methanol, 7% acetic acid.

Finally

the membrane was blotted and pressed dry.

XIII. AMINO ACID ANALYSIS

Amino acid analysis of proteins was carried out
according to the method of Moore and Stein (1963), on a
Locarte single-column amino acid analyser, after hydrolysis of
the protein for various times in 6 M HCl at 105°, in Vacuo.
The sulphur amino acids:

methionine (as sulphone) and

cysteine (as cysteic acid) were determined by analysis of
performic acid-oxidized protein (Hirs, 1956).
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XIV. N-TERMINAL AMINO ACID DETERMINATION

The N-terminal amino acids were determined by the SDS/
dansyl technique of Gray (1972).

The

N~terminal

dansyl~

amino acid was identified by the two-dimensional chromatography
on polyamide thin layer sheets (Woods and Wang, 1967).

XV.

SUGAR ANALYSIS
Sugars present in protein samples that had been

precipitated from solution by the addition of TCA to give a
final concentration of
with

1~~

1~

(w/v) TCA, and washed extensively

TCA, were determined after hydrolysis and gas-liquid

chromatography of their derivatives (Sweeley ! l

!!•, 1966).

XVI. CLEAVAGE WITH CYANOGEN BROMIDE

Protein samples dissolved in

7~

(v/v) formic acid were

incubated with a 100-fold molar excess of CNBr (2 g/ml solution
in acetonitrile) for intervals of 4 h, 8 h, 24 h and 48 h
(Kasper, 1970).

The solutions were evaporated to dryness

under vacuum and the residues analysed by SDS-polyacrylamide
gel electrophoresis.

XVII. IMHUNODIFFUSION

Immunodiffusion of convicilin and vicilin against purified
antibodies raised against an extract containing both these
proteins was carried out by standard methods (Ouchterlony and
Nilsson, 1978), on 1% agarose gels.
=
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The precipitin arcs

formed after 48 h diffusion wera either pressedu washed and
stained with staining solution

(Oo02~~

Coomassie Blue, 7%

acetic acid, 50% methanol in water), or excised and washed
thoroughly in 50mM sodium borate buffer, pH 8.0, containing
0.15

~

NaCl to remove soluble protein.

by analysis on SDS-polyacrylamide gels.

This was followed
Samples were

dissolved in SDS sample buffer containing no

2~mercaptoethanol,

in order to prevent immunoglobulin G heavy and light subunits,
interfering with the band patterns of convicilin and vicilin.

XVIII. REACTION !.HTH CONCANAVALIN A

The reaction of convicilin and vicilin with concanavalin
A

~as

tested by a similar diffusion system to that described

in XVII, using 1% agarose gels.

In a negative control test,

0.1 M ~~ethyl D mannoside was incorporated into the agarose
sel.

Section III

RUU~S

lo

CHARACTERISATION OF THE VICILIN TYPE PROTEINS

Ao

Preliminary Experiments

(i)

Ammonium sulphate fractionation

(a)

Pisum sativum
Ammonium sulphate fractionation of a total extract

prepared from Pisum sativum at 40, 50, 60, 70, 80, 90 and

10~

relative saturation gave the separation of protein subunits,
seen on analysis by SDS-polyacrylamide gel electrophoresis in
FigolOo

Protein precipitating in the range

6o-9~

relative

saturation of ammonium sulphate contained predoainantly subunits
with mol. wtso of 71,000, 51,000, 40,000, 33,000 and 20,000o
The protein soluble and precipitating at

10~

relative

saturation or ammonium sulphate consisted mainly of 51,000,

33,000 and low molo wto subun1tso
(b)

Phaseolus vulgaris
Ammonium sulphate precipitation of globulin proteins

prepared from Phaseolus vulgaris at 50 9 70 9 90 and

10~

relative saturation gave the separation of protein subun1ts 9
seen on analysis by SDS-polyacrylamide gel electrophoresis in
F1gollo

The soluble protein at

10~

relative saturation with

ammonium sulphate consisted of three subunits with approximate
molo wtso of 53 0 000 0 47 0 000 and 43,000o

Fractions

precipitated at lower ammonium sulphate concentrations
contained increasing amounts of other subunits present in the
globulin tractiono

FIGo 10
SDS-polyacrylamide gel electrophoresis of different
fractions obtained after ammonium sulpbate fractionation
of a total protein extract of Pisum sativum.
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FIGo 11
SDS~polyacrylamide

gel electrophoresis of different fractions

obtained after ammonium sulphate fractionation of proteins in
a globulin extract of Phaseolus vulgaris.
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(ii)

Ion~exchange

chromatographY

The elution profile of DEAE chromatography of Pisum
sativum globulin protein featured three peaks, on elution
with a salt gradient 9 see Figol2o
by

On

analysis of fractions

SDS-polyacrylamide gel electrophoresis, Fig.l3p the leading

edge of the first peak was shown to contain mainly 51,000 and
33,000 molo wto subunitso

The trailing edge of the first

peak contained predominantly ?1,000 and 51,000 molo wto
subunits.

The area between the first and second peak

consisted of ?1,000, 51,000, 40 9 000, 33,000 and 20,000 mol. wt.
subunits.

The second peak consisted mainly of 40 0 000 and

20,000 mol. wt. subunitso
from the third peak

~as

Material present in fractions

not precipitated by TCAo

Bo

Separation of the vicilin type proteins

(i)

ConviciliD
Convicilin oas separated from pea meal proteins as shown

in Figo3o

After extraction, the proteins precipitating in the

range 50 to

8~

relative saturation

~ith ammoniu~

sulphate were

redissolved and chromatograpbed on a coluan of Sephadex G=200o
The elution profile is

sho~n

in 11gol4o

When fractions from

the leading edge of the large asymmetrical peak of protein
~ere

analysed by SDS=polyacrylamide gel electrophoresisp

F1gol5, they

~~r~

found to contain mainly subunits of 40 0 000
~&ctions

~ere

from

th~

mid=mreQ of the peak

found to contain ?1 0 000 molo uto subunits in addition,

while fractions from the trailing edge of the peak had
subunit pattern

cont~ining

Q

51 0 000 0 33POOO, 2lp000P 20 0 000 and

FIGo 12

Elution profile obtained after

ion~exchange

chromatography of Pisum sativum globulin proteins
on a column of DEAE cellulose.

FIGo 13

SDS-polyacrylamide gel electrophoresis of fractions
indicated in F1gol2.

Tracks 1-11 : fractions 1-11.

Track G : Pisum sativum globulin protein standardo
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FIG. 14

Elution profile obtained after Sephadex G=200
chromatography of the proteins precipitating in
the 50-80% cut of ammonium sulphate saturation
of a total protein extract of Pisum sativum.

FIG. 15

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Fig.l4.

Tracks 1-6 : fractions in

areas 1-6.

Molecular weight - standard

Track Mw

proteins 1-3 represent bovine serum albumin, ovalbumin
and cytochrome C.
protein standard.

Track G : Pisum sativum globulin
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lower mol. wt. subunits.

Finally a small peak containing

the very low molecular weight proteins was eluted.
Hydroxylapatite chromatography was employed in order to
further purify the fractions containing the 71,000 mol. wt.
subunit.

The pooled fractions containing the 71,000 mol. wt.

subunit (areas 3 and 4 in Fig.l4) were applied to the column
and eluted by linear concentration gradient of phosphate
buffer.

The elution profile is shown in Fig.l6.

The initial

large peak of protein eluted at 0.2 - 0.25M potassium phosphate
was shown to contain 40,000 and 20,000 mol. wt. subunits by
SDS-polyacrylamide gel electrophoresis, Fig.l7.

The leading

edge of the second peak, eluted at 0.28M - 0.35M potassium
phosphate, contained 71,000 mol. wt. subunits with only traces
of lower mol. wt. subunits, subsequent fractions were
increasingly contaminated with 51,000, 33,000, 21,000, 20,000
and lower mol. wt. subunits as phosphate concentration
increased.

On the gel shown in Fig.l7 the 51,000 mol. wt.

subunit appeared as a double bandp the reason for this is not
clear.
Densitometric scanning of the pooled fractions containing
the 71,000 mol. wt. subunits on gels, indicated

9~~

purity for

this protein.

(ii)

Vicilin
Vicilin was prepared by making a total extract of pea

meal proteins and separating the fraction soluble at 100%
relative saturation of ammonium sulphatep see Fig.lO.

After

extensive dialysis, this fraction was concentrated by
hydroxylapatite chromatography.

Elution with a single step

of 0.75M potassium phosphate buffer produced the elution

=
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FIGo 16

Elution profile obtained after hydroxylapatite
chromatography of protein in fractions, from
areas 3 and 4 of the Sephadex G=200 elution
profile, Figol4.

FIGo 17

SDS-polyacrylamide gel electrophoresis of
fractions indicated in Fig.l6.
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profile seen in F1g.l8.
symmetrical peak.

This consisted of a single

On analysis by SDS-polyacrylamide gel

electrophoresis, this peak was shown to consist of major
subunits of mol. wts. 51»000p 33,000» 21,000, 20,000 and
minor subunits of mol. wts. 35,000, 30,000, 15,000, 13,000
and 12,000 (see Fig.l9 and Fig.20).
From the results of these separation experiments, the
71,000 mol. wt. subunits were assigned to a separate protein:
convicilin (see discussion).

The 40,000 and 20,000 mol. wt.

subunits represented legumin (Higgins and Spencer, 1980;
Croy et al., 1979) and the remaining 51,000, 33,000, 30,000,
35,000 and lower mol. wt. subunits were assigned to vicilin
(Gatehouse!! al., 1981), see discussion.

The proteins

described above were analysed on a separate gel for comparison,
see Fig.30.

c.

Molecular weight estimation of proteins

(1)

Subunit molecular weight of convicilin
A subunit molecular weight of 72,000 +
- 3,000 was determined

for convicilin in 17%

SDS~polyacrylamide

gels and a value of

+

70,000 - 2,500 was obtained in 10% SDS-polyacrylamide gels
by comparison with standard proteins, see Fige8 and Fig.9,

A mean value of 71,000 was adopted

also Fig.l9 and Fig.20.

as the mol. wt. or convicilin subunits.
(ii) Subunit molecular weight of vicilin
Subunits of vicilin were found to have mol. wts. of
51,000, 35,000, 34,000, 29,000, 19,000, 18,500, 15,000p 13,000

~

40

=

FIGo 18

Elution profile obtained after hydroxylapatite
chromatography of the protein soluble, at

10~

relative saturation with ammonium sulphate, in
a total protein extract of Pisum sativumo
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Determination of the subunit molecular weight{s) for
vicilin and convicilin by 1?% SDS=polyacrylamide gel
electrophoresis.
Standard proteins
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FIG. 20
Determination of the subunit molecular weight{s) for
vicilin and convicilin by 10% SDS-polyacrylamide gel
electrophoresis.
Standard proteins
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Amino acid composition of convicilin and vicilin
Values are means of three or more separate determinations.
The S.E.h. was less than 5% in all cases.
Composition (residues/100 residues)
Amino acid
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Het
Ile
Leu
Tyr
Phe
His
Lys
Arg
Cys

Convicilin

Vicilin

11.64
2. 55*
6.39*
22.08

18.87
2.69*
7.67*
19.18
1.99
4.85
4.13
4.84
0.00+
5.11

5-47
5.90
4.23
4.46
0.13+
3.85
8.71
2.59
3.30
2.22
8.18
8.15
0.13-e-

9.83
1.91
4.67
1.61
8.10
4o 57
0.00-e-

Legumin++
13.07
3. 08
5.77
19.74
5.50
6.89
6.01
4.97
0.66
3.95
7.60
3.64
2.30
1. 75
4.24
9.99
1.21

* Corrected for decomposition from 22, 48 and 72h hydrolyses.
+ From analysis of performic acid-oxidized protein.

t From Casey (1979a).

Table 1.

and 12,000 on 17% SDS-polyacrylamide gels and values of
50,000, 35,000, 33,000, 30,000, 22,000, 21,000 were obtained
with

1~6

SDS-polyacrylamide gels when compared to standard

proteins, see Fig.8 and Fig.9, also Fig.l9 and Fig.20.
Mean values of 51,000, 35,000, 33,000, 30,000, 21,000, 20,000,
15,000, 13,000 and 12,000 mol. wt. were adopted.
(iii) Protein molecular weight of convicilin
Gel filtration chromatography of a total protein
extract of mature pea seeds on a column of Ultrogel AcA 22
showed that purified convicilin eluted as a single peak, see
Fig.21.

A molecular weight of 290,000

+

40,000 was

determined for convicilin by comparison with standard proteins.

D.

Amino acid analysis

The amino acid compositions of convicilin and vicilin
are given in table 1 and compared with that of legumin of
Pisum sativum.

The amounts of methionine and cysteine in

convicilin correspond to 0.9 residue per 71,000 mol. wt.
subunit for both amino acids.

E.

N-Terminal amino acid determination

The N-terminal amino acids of convicilin were determined
by using the dansyl-SDS technique (Gray, 1972) and were found
to be aspartic acid and leucine in comparable amounts.

FIGo 21

Gel filtration of a total protein extract of pea seeds
on a column of Ultrogel AcA 22,

(a)

Elution profile obtained after Ultrogel
chromatography of a total protein extract

(b)

Elution profile obtained after Ultrogel
chromatography of purified convicilin

(c)

Distribution of legumin (40 9 000 molo wto
subunits) (G), vicilin (50,000 molo wt.
subunits (0) and convicilin (7lp000 mol. wt.
subunits) (~) relative to the elution profile
in (a), as determined from densitometric scans
of SDS-polyacrylamide-gel-electrophoretic
analyses of each fraction from the column.
Legumin values have been plotted on half the
indicated scale for clarity.
Electrophoretic
analyses of the representative fractions are
shown in (a)
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F.

Sugar analysis

Small amounts of glucose, galactose and mannose were
detected in convicilin, but these amounts were comparable
with those found in a known non-glycoprotein: bovine serum
albumin, and were significantly less than one sugar residue
per 71,000 mol. wt. subunit.

G.

Cleavage with cyanogen bromide

Two major fragments were produced on incubation of
convicilin with CNBr with approximate mol. wts. of 55,000 and
14,000, there were also a number of cleavage products with an
intermediate mol. wt. see Fig.22.

However, it can be seen

that some material remained undigested even after 48h
incubation.

In the same experiment vicilin appeared to be

uncleaved by cyanogen bromide.

H.

Serological properties

'.'!hen convicilin and vicilin (free of cross-contaminating
subunits) were allowed to diffuse against an antiserum
prepared against an extract containing both in an Ouchterlony
double immunodiffusion test, the two proteins gave a reaction
of identity, see Fig.23a.

The precipitin arcs were excised

and analysed by SDS-polyacrylamide gel electrophoresis to
demonstrate that the immunoprecipitates produced by the
reaction of convicilin with the above antibodies contained
only 71,000 mol. wt. subunits with no trace of vicilin subunits.

=

43

=

FIG. 22

gel electrophoresis of convicilin

SDS~polyacrylamide

and vicilin before and after reaction with CNBrQ
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Crosa=reactivity of convicilin and vicilino

(a) Comparison of convicilin (C) and vicilin (V)
by double immunodiffusion against antibodies
(immunoglobulin G) raised against a protein
fraction containing both proteins
(b) Double diffusion of convicilin and vicilin
against concanavalin A (Con A)

FIGo 24:

SDS=polyacrylamide gel electrophoresis of precipitin
arcs seen in Figo23(a) ..
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conversely those of vicilin contained only vicilin subunits
and no 71,000 mol. wt. subunits, see F1g.24.
When tested against antiserum prepared against total pea
proteins, convicilin gave a reaction of non=identity

~ith

legumin (data not presented).

I.

Reaction with concanavalin A

Convicilin gave no precipitin reaction with concanavalin
A in a double immunodiffusion experiment, see F1g.23b.

However, vicilin gave a positive reaction with concanavalin A
in the same experiment.

J.

Isoelectric focussing

Convicilin focussed to a series of closely spaced,
slightly blurred bands in the pi range of 5.6 to 5.8, when
subjected to isoelectric focussing in a polyacrylamide gel
slab containing 8 M urea.

K.

Zonal isoelectric precipitation

(i)

Pisum sativum total protein extract
The elution profile obtained on zonal isoelectric

precipitation of a total extract of pea is shown in F1g.25.
Three small peaks were eluted prior to two larger close peaks
of protein.
analysed by

Fractions representing areas 1 = 5 were
SDS~polyacrylamide

=
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gel electrophoresis, F1g.26.

FIGo 25

Elution profile obtained after zonal isoelectric
precipitation of a total protein extract of
Pisum sativum on a column of Sephadex

G-5~

FIG. 26

SDS~polyacrylamide

gel electrophoresis of fractions

indicated in Figo25.
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It was found that area 1 consisted mainly of 51,000 and
33,000 mole wt. subunits, area 2 contained 24,000 mol. wt.
subunits, following this, area 3 contained low mol. wt.
Area 4 consisted of protein subunits of

proteins.

approximately 17,000 mol. wt. and finally area 5 contained
mainly 71,000, 40,000 and 20,000 mol. wt. subunits.
(ii) Vicia

~

globulin fraction

Vicilin was separated from legumin of Vicia faba
according to the method of Scholz

!1 al., (1974) as seen in

An elution profile consisting of two, well separated
peaks was obtained on zonal isoelectric precipitation of a
globulin extract prepared from Vicia

~meal,

see Fig.27.

Using cellulose acetate membrane electrophoresis the first
peak was shown to consist mainly of protein with a relative
mobility similar to that of Vicia faba standard vicilin,
while the second peak was shown to consist mainly of a protein
with a similar relative mobility to that of Vicia

!!£!

standard legumin.

L.

Cellulose acetate membrane electrophoresis

Cellulose acetate membrane electrophoresis of vicilin
and convicilin indicated that convicilin was slightly less
negatively charged than vicilin under these conditions.

~.

Preparation of convicilin from Vicia faba

The elution profile shown in Fig. 28 was obtained when a
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FIG. 27

Elution profile obtained after zonal isoelectric
precipitation of Vicia

!!£!

globulin protein

fraction on a column of Sephadex
1~~· vicilin

2 : legumin

G~50.

Percentage transmission at 280 n m
0

(}1

0

0

0

,

N

0

""'
a·
0

(')

-+

::J
::J

c

3

CT

~

('t)

""'
N
~

0

g I

0

total extract of

Vicia

!!E!

column of hydroxylapatite.

meal was chromatographed on a

A large peak of non-protein

material was eluted before a linear concentration gradient
of phosphate buffer was applied.

Following this, three

symmetrical peaks of protein were eluted.

Alternate

fraction£ were analysed by SDS-polyacrylamide gel
electrophoresis, see Fig.29.

The initial peak eluted at

O.lM potassium phosphate contained approximately 32,000 and
33,000 mol. wt. subunits, subunits with a mol. wt. greater
than 70,000 were also present in this peak.

The second and

largest peak that eluted at O.l5M - 0.25M potassium phosphate
buffer contained 37,000 and 20,000 mol. wt. subunits similar
to those described for legumin of Vicia
Boulter, 1974).

~

(Wright and

The leading edge of the third and smallest

protein peak that eluted at 0.3 to 0.375M potassium phosphate
buffer consisted mainly of 68,000 mol. wt. subunits becoming
more contaminated with lower mol. wt. subunits with increasing
potassium phosphate concentration.

Finally the trailing edge

of the third peak contained mainly 48,000 and 32,000 mol. wt.
subunits, similar to those identified as components of vicilin
of Vicia faba (Wright, 1974) with only a trace of 68,000 mol.
wt. subunits.

FIGo 28

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Vicia

~0

FIGo 29

SDS-polyacrylamide gel electrophoresis of
fractions indicated in Figo28.
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FIG. 30

SDS=polyacrylamide gal electrophoresis
of various protein fractions and convicilin.
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II.

MAJOR STORAGE PROTEIN CHANGES DURING SEED DEVELOPMENT
When a total protein extract of Pisum sativum meal,

from mature seeds, was chromatographed on a column of
hydroxylapatite, the elution profile shown in Fig.31 was
obtained.

A large peak of non-protein, pigment containing

material was eluted prior to application of a linear salt
gradient.

Following this, four peaks of protein were eluted.

On analysis by SDS-polyacrylamide gel electrophoresis (Fig.32),
it was found that the first peak eluting between O.lM - O.l75M
phosphate contained 24,000 and 17,500 mol. wt. subunits.
The second peak eluting between 0.175M - 0.275M phosphate
consisted of predominantly 40,000 and 20,000 mol. wt. subunits.
The third, small, peak contained mainly 71,000 mol. wt. subunits
with 51,000 and 33,000 mol. wt. subunits and eluted over the
range 0.3M - 0.375M phosphate.

Finally the fourth peak eluting

between 0.375M to 0.4M phosphate contained predominantly 51,000
and 33,000 mol. wt. subunits with 71,000 mol. wt. subunits.
This method was then used to analyse the major storage
proteins at different stages of seed development.
Hydroxylapatite chromatography of a total protein extract
prepared from peas, harvested 11 days after flowering, gave the
elution profile shown in F1g.33.

After application of a

linear salt gradient, three peaks of protein were eluted.
The first of these was asymmetrical and the largest, followed
by two much smaller peaks.

It was shown that the trailing

edge of the first peak consisted of protein with subunits
of approximately 32,000 mol. wt. (Fig.34)o

- 47

=

The second peak

FIG • .ll

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativum meal from mature seeds.

FIG. 32

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Fig.31Q
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Fig. 32

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativum, 11 days after flowering.

FIG. l i

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Figo33..,
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contained very little protein material as shown by the gel.
Following this, protein with subunits of approximately
50,000, 47,000, 35p000, 30,000, 21,000, 20,000 and lower
molo wtso was eluted.

The third peak contained mainly

50,000, 47,000, 34,000, 30,000 0 21,000, 20,000 and lower mol.
wto subunits.

A non=chromatographed total protein extract

was shown to consist or mainly 50,000, 47,000, 35,000,
30,000, 21,000, 20,000 and lower molo wto protein subunits.
The difference in relative mobility of the protein
subunit seen in the trailing edge of the large asymmetrical
peak (see areas 4 and 5 of F1g.33), compared to that of the
33,000 mol. wt. subunit seen in mature vicilin, was
demonstrated by running this sample alongside a standard
vicilin preparation on a separate SDS-polyacrylamide gel,
see Fig.46.
The elution profile for peas harvested 13 days after
flowering is shown in F1g.35.

As with the 11 day interval,

three main protein peaks were in evidence.
was almost symmetrical and still the largest.

The first peak
The second

peak showed at least a threefold increase in size and the
third peak was twice as large as that seen at 11 days, even
though the protein from the same weight of extracted material
was loaded on to the hydroxylapatite column in each case.
On gel analysis, F1g.36, the first peak was shown to consist
mainly of 24,000 mol. wto protein subunits, with a trace of
17 0 500 mol. wto protein subunits in the trailing edge of
this peako

The second peak contained 32,000 mol. wto

protein subunits, similar on analysis by gels, to those

FIGo

35

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativumv 13 days after

flo~ering.

SDS-polyacrylamide gel electrophoresis of
fractions indicated in F1ge35.
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fractions in areas 1=9
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extract of peas, 13 days after
flowering
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°

observed at day 11, see above, and in addition several
protein subunits of approximately 40 0 000 and 20 9 000 mol. wt.
The trough between the second and third peaks contained a
32 0 000 mol. wt. protein subunit.

Area 7 (Fig.35) before

the third peak was shown to contain various protein subunits
of mol. wts.

=

50 9 000 0 40 0 000 0 32 0 000 0 30,000 and 20 0 000.

Finally the centre and trailing edge of the third peak had
a similar protein subunit pattern consisting of a trace band
of 71,000 mol. wt. and main protein subunits of 50,000 0
47,000, 33,000 and small amounts of 20,000 mole wt. subunits.
The unchromatographed total protein extract for peas, 13 days
after flowering, had three main protein subunits of 50 0 000,
47,000 and 33,000 mol. wt.
The elution profile for peas, harvested 17 days after
flowering, is shown in F1g.37.
apparent at this stage.

Four peaks of protein were

The first and second were

approximately the same height as seen at day 13 0 these were
followed by a third small peak, then a larger fourth peak.
The first peak on SDS=polyacrylamide gel analysis, F1g.38 0
consisted of two close protein subunit bands with an
approximate mol. wt. of 24 9 000.

The smaller of these

subunits gas predominant in the leading edge of the first
peakv while increased amounts of the larger or the two
subunits

~ere

located in the trailing edge.

The second

peak contained a large number of protein subunits of varying
mol.

~ts.,

the

~oat

20,000 mol. uta.
and lower mol.

~ts.

prorninmnt oere those crith 40 0 000 and
Subunits of 32,000 0 approximately 24 0 000
6ere also present in this peak.
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FIGo 37

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativump 17 days after

FIGo

flowering~

38

SDS-polyacrylamide gel electrophoresis of fractions
indicated in F1go37o
Tracks 1=8
Track 17/TE

fractions in areas 1-8
unchromatographed total protein
extract of peasp 17 days after
tlo\1ering
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trailing edge of the second peak was shown to consist of
32,000 mole wto protein subunits.
and 50,000 molo

~t.

Only traces of 71,000

subunits were detected in the third

Finally the fourth peak was shown to consist

small peak.

of three main protein subunits of mol. wt. 71,000, 50,000
and 33,000 mol. wt.

The unchromatographed total protein

extract for peas, 17 days after flowering, had main protein
subunits of 71,000, 50,000 and 33,000 mol. wt. with additional
subunits of intermediate and lower mol. wts.
Hydroxylapatite chromatography of a total protein
extract prepared from peas, 21 days after flowering, gave the
elution profile shown in Fig.39.

This featured three

closely associated peaks, followed by a broader fourth peak
of protein.

In this elution profile the second peak was

the largest.

On analysis by SDS-polyacrylamide gel

electrophoresis, Fig.40, the first peak contained mainly
24,000 mol. wt. protein subunits and the trough between the
first and second peak contained mainly 17,500 mol. wt. protein
subunits.

The second peak was shown to consist of

predominantly 40,000 and 20,000 mole wt. protein subunits.
The third peak also contained 40,000 and 20,000 mol. wt.
protein subunits with a trace of 32,000 mol. wt. protein
subunit.

The leading edge or the broader fourth peak

consisted of mainly ?1,000 mol. wt. protein subunits with
68,000, 50.000 and 33,000 mol. wt. subunits present in lesser
amounts.

Finally the trailing edge of the fourth peak

contained decreased amounts of 71,000 and 68,000 mol. wt.
subunits and increased amounts of 50 0 000 and 33&000 mol. wt.
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FIGo 29,

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativump 21 days after flowering.

FIGo 40

SDS-polyac.rylamide gel electrophoresis of fractions
indicated in Figo39,
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fractions in areas 1-10
unchromatographed total protein
extract of peasp 21 days after
flow® ring
:
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protein subunits.

The unchromatographed total protein

extract resembled the standard total protein extract in
containing a range of protein subunits of mol. wts.
33~000,

71 0 000, 68,000, 50,000, 40,000 0

=

20,000 and lesser

amounts of other protein subunits with intermediate and
lower mol. wts. than this range.
At 33 days after flowering, the elution profile of a
total protein extract from peas,as shown in F1g.41, still
featured four peaks of protein 0 eluted after application of
a linear salt gradient, as seen for 21 days after flowering.
The first three peaks were still closely associated, followed
by a broader fourth peak.

The peaks were all larger than

seen for the 21 day interval but the third peak was the
largest, compared to the second peak being the largest at
day 21.

Analysis of the peaks by SDS-polyacrylamide gel

electrophoresis (F1ge42) showed that the first peak contained
protein subunits of 24,000 mol. wt.

The second peak consisted

The trough between the second

of 17,500 molo wt. subunits.

and third peak was shown to have 40,000, 20,000 and 17,500
mol. wt. protein subunits.

The third peak consisted mainly

of 40,000 and 20,000 molo wt. subunits.

The trough between

the third and fourth peak had a mixture of 71,000, 50,000,
40,000, 20,000 and lesser amounts of other protein subunits.
The leading edge of the fourth peak contained a large amount
of 71,000 mol. wt. protein subunit, as well as 50,000 and
33,000 mol. wt. subunits.

Finally the trailing edge of the

fourth peak had predominantly 50,000 and 33,000 mol. wt.
protein subunits with a decreased amount of 71,000 molo wt.
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FIGo 41

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativum, 33 days after flowering,

FIGo 42

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Figo4lo
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Track 33/TE

fractions in areas 1-9
unchromatographed total protein
extract of peas, 33 days after
flowering
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protein subunit as compared to the leading edge or this
peak.

The unchromatographed total protein extract at 33

days after flowering contained all the protein subunits seen
in a standard total protein extract i.eo

71 9 000~

68 9 000p

50,000, 40,000 9 33,000, 20,000 and lower mol. wt. subunits.
For convenience of comparison the vicilin containing
fractions from peas harvested at 11, 13, 17, 21 and 33 days
after flowering, were analysed on separate gels, at two
protein concentrations, see Fig. 43 and Fig.44.

With the

increased resolution obtained at lower sample loadings,
(Fig.43), it was possible to observe a double subunit band
pattern of about 50,000 mol. wt. and an additional protein
subunit of approximately 47,000 mol. wt. at 11 days after
flowering.

While at the higher sample loading (Fig. 44),

several protein subunits or 33,000 and lower mol. wts.were
evident, with a different pattern compared to that seen for a
standard mature vicilin preparation.

Trace amounts of a

71,000 mol. wt. protein subunit were detected in area 13.9
(F1g.35) or the elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
after flowering.

peas 13 days

The protein subunit pattern of vicilin at

17 days after flowering resembled that of the standard, mature
vicilin.

Vicilin tracks were cut from this slab gel (Fig.44)

and densitometric scans obtained in order to demonstrate the
changing pattern of vicilin subunits with development time
and also to determine the 51,000/33 0 000 subunit area ratios
(Table 2).
Similarly selected legumin containing fractions or those
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FIGo 43
50S-polyacrylamide gel electrophoresis of selected vicilin
containing fractions, obtained by hydroxylapatite
chromatography of developing pea total protein extracts.
Track 1
Track 2

fractions in area 8 (F1go33),11 days after
flo-erering
fractions in area 9 (Figo35)pl3 days after

flo~ering

Track 3
Track 4
Track 5
Track V+C
Track

v

fractions in area 8 (Figo37) pl7 days after
flowering
.fractions in area 10 (F1go39),21 days after
flowering
fractions in area 9 ( Figo 41) ,33 days after
flowering
standard vicilin and convicilin preparations
standard vicilin preparation

Tracks 1-5 "ere loaded with sample at 1/4 normal concentrationo

F!Go 44
50S-polyacrylamide gel electrophoresis of selected vicilin
containing fractions, obtained by hydroxylapatite chromatography
of' developing pea total protein extractsu
Tracks 1-5

as for Figo43 but at normal sample concentration
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2

3

4

5

v

Time after flowering

Area peak A

Are& peak B

B/A

11 days

Oo53

4o73

8o92

13 days

2o01

5.45

2o71

17 days

lo98

5ol5

2o60

21 days

2.58

3.92

1. 52

33 days

3,57

5o23

1.46

Table 2

Determination of 51,000/33,000 subunit area ratios from
densitometric scans of vicilin fractions obtained at various
stages of development (Fig.48).
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protein fractions from developing

seeds~

which eluted at

approximately the same phosphate concentration required to
elute legumin from protein extracts of mature

seeds~

were

analysed on a single SDS=polyacrylaaide slab gel (Figo45)o
Lastly, the unchromatographed total protein extracts
of

peas 11 9

13~

17P 21 and 33 days after flouering were

analysed on a single
~ith

SDS~polyacrylamide

various protein standards.

=
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slab gel (Figo47)

FIGo 45
SDS-polyacrylamide gel electrophoresis of selected legumin
containing fractions (or fractions eluted at the approximate
phosphate concentration required to elute legumin from mature
seed total protein extracts)p obtained by hydroxylapatite
chromatography of developing pea total protein extracts.
Track
Track
Track
Track
Track
Track
Track
Track
Track

1
2

3
4
5
L
A

Le
V+C

fractions in area 4 (F1go33) p 11 days after flowering
fractions in area 5 (Figo35),13 days after flowering
fractions in area 5 (Figo37) pl7 days after flowering
fractions in area 5 (Figo39) p2l days after flowering
fractions in area 6 (F1go41),,33 days after flowering
standard legumin preparation
standard albumin fraction preparation
standard lectin preparation
standard vicilin and convicilin preparations

FIGo 47
SDS-polyacrylamide gel electrophoresis of unchromatographed
total protein extracts of peas at various stages of
Track
Track
Track
Track
Track
Track
Track
Track
Track

1
2

3
4

5
V+C
A
L

Le

development~

total protein extract of peas,ll days after flowering
total protein extract of peas,l3 days after flowering
total protein extract of peas,l7 days after flowering
total protein extract of peasp2l days after flowering
total protein extract of peas,33 days after flowering
standard vicilin and convicilin preparations
standard albumin fraction preparation
standard legumin preparation
standard lectin preparation

FIGo 46
SDS-polyacrylamide gel electrophoresis of the fractions in area
4 of the elution profile shown in Figo33 (11 days after flowering),
Track 1
fractions in area 4 (Figo33),11 days after flowering
Track V+C : standard vicilin and convicilin preparations

L

1

3

2

L

5

4

A

L

V+C

~

0

c

4tJ
33

-

·-)(

0

I

UJ

20

v.c

Fig. 45

v.c

A

1

2

3

4

5

L

Le
m
I
71
..-

--

71
51

0

---

4()

)(

+-:

51

~

-:I:
0

'i' 33
0

....X

,._: 20

-

:::l
0

L.

Fig . 47

Fig. 46

1

v.c

FIGo 48

Densitometric scans of the gel tracks
1-5 shown in Fig.44.

A9 B and C

represent the 33 9 000p 51 9 000 and 71,000
molo wt. protein subunits respectivelyo
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III.

MAJOR STORAGE PROTEIN CHANGES DURING SEED GERMINATION

A.

Hydroxylapatite chromatography of germinating seed
extracts
The results of hydroxylapatite chromatography of a total

protein extract of

mature seeds have been described in the

previous section (II).
Hydroxylapatite chromatography of a total protein extract
prepared from peas, three days after germination, gave an
elution profile with four peaks of protein, after application
of the linear salt gradient, see Fig.49.

The first peak was

shown by SDS-polyacrylamide gel electrophoresis (F1g.50), to
contain protein subunits with approximate mol. wts. of 24,000
and 17,500o

The second and largest peak contained mainly

40,000 and 20,000 mol. wt. subunits.

Following this, the

third smaller peak also contained protein subunits of 40,000
and 20,000 mol. wt. with increased amounts of additional
protein subunits of approximately 33,000, 30,000 and 23,000
mol. wt. as compared to the second peak.

The leading edge of

the fourth broad peak was shown to contain 71,000 mol. wt.
subunits, several protein subunits with a mol. wt. range of
65 - 50,000 and at least two protein subunits of about 33,000,
30,000 and 20,000 mol. wt.

The unchromatographed total

protein extract was shown to consist mainly of protein subunits
with mol. wts. of 71,000, 51,000, 40,000, 33,000, 30,000,
23,000 and 20v000.

The 51 9 000 and 40,000 mol. wt. subunits

occurred in more than one form which differed slightly in mol.
wt.

However, resolution of these varied and was often

=
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F!Go 49

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativum, after 3 days of germinationo

F!Go 50

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Figa 49.

Tracks

1~8

Track 3/TE

Track G
Track L
Track A

fractions in areas 1-8
unchromatographed total protein extract
of Pisum sativum after 3 days of
germination
standard globulin protein preparation
standard legumin preparation
standard albumin fraction preparation
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Decreased amounts of the 71,000, 40,000 and

33 9 000 mol. wt. subunits were present in the total protein
extract, 3 days after germination, as compared to the amounts
seen in the mature seed total protein extract.
Hydroxylapatite chromatography of a total protein
extract prepared from peas, after 5 days of germination, gave
the elution profile shown in Fig.51.

With increasing time

of germination, larger amounts of material failed to bind to
the column and came through in the void volume.

Three main

peaks of protein were eluted after application of the linear
salt gradient.

The leading edge of the first and largest

peak was shown to contain protein subunits of 17,500 mol. wt.
and traces of 24,000 mol. wt. protein subunits, see Fig.52.
The remainder of the first peak and the whole of the second
peak were shown to consist of protein subunits with a mol. wt.
of approximately 30 9 000 and 20,000.

The broad third peak

contained protein subunits of approximately 51 9 000, 30,000
and 20,000 mol. wt.

An unchromatographed total protein

extract featured a main protein subunit band of about 20 8 000
mol. wt. and lesser bands of protein subunits with 51,000,
30,000 and 23,000 mol. wts.
Fractions in areas 2 and 3 of the elution profile
obtained after hydroxylapatite chromatography of & total
protein extract from peas, after 5 days of germination, were
also analysed on a separate gel under reducing and

non~

reducing conditions, see F1g.66.

A protein subunit band of

slightly less than 60 9 000 mol. crt.

~as

detected uhen both

samples were electrophoresed under non=reducing conditions

FIG., 51

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativump after 5 days of germination.

FIG. 52

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Fig .. 51.
Tracks 1-8
Track 5/TE

Track TE
Track L
Track A

fractions in areas 1~8
unchromatographed total protein extract
of Pisum sativum after 5 days of
germination
standard globulin protein preparation
standard legumin preparation
standard albumin fraction preparation
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Similarly, fractions from area 3 and fractions from area 1
of the elution profiles obtained after hydroxylapatite
chromatography of a total protein extract from peas, 3 and
5 days after germination respectively (F1go49 and Figo51) 9
~ere

analysed on a separate gel, under reducing and non-

reducing conditions 9 see Figo6?o

Under

non~reducing

conditions, fractions from area 3 contained subunits of 60 0 000
and slightly

lo~er

molo ut.

The subunit pattern of fractions

from area ? remained the same under reducing and

non~reducing

conditions, with subunits or approximately 51,000, 30,000 and
20,000 molo wts.
The elution profile for hydroxylapatite chromatography
of a total protein extract from peas after ? days of germination
is shown in Figo53o

Four main peaks, reduced in size compared

to those seen at day 3 and day 5 9 were obtained after
application of the linear salt gradiento

On analysis, F1go54,

the first peak contained only traces of protein subunits with
a molo wto of approximately 33,000o
peak, and the third peak,

~ere

The second and largest

shown to consist of protein

subunits with an approximate molo wt. of 30,000 and 20,000o
The broad fourth peak had 30 0 000 and 20,000 molo wt. subunits
and, in addition, traces of protein subunits with an
approximate mol.

~t.

of 51,000

~ere

detectedo

The

unchromatographed total protein extract consisted of protein
subunits with approximate molo ots. of 30,000, 23,000 and
20,000o
Hydroxylapatite chromatography of a total protain extract
of peas after 10 days of germination gave the elution profile

~

5?

=

FIGa .5.}

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
Pisum sativum, after 7 days of

germination~

50S-polyacrylamide gel electrophoresis of fractions
indicated in Figo 53.
Track A
standard albumin fraction preparation
Tracka 1-9
fractions in areas 1-9
Trac~ 7/TE : unchromatographed total protein extract
of Pisum sativum after 7 days of
germination
Track TE
standard globulin protein preparation
Track L
standard legumin preparation
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No protein subunits

~ere

detected in the

two main peaks, which eluted after application of the linear
salt gradiento

The area following the

shown to contain mainly 20,000 molo
Figo56.

~to

t~o

main peaks was

protein subunits,

The unchromatographed total protein extract

contained protein subunits of 23p000 and 20,000 mol.

~t.

This sample was also analysed on a separate gel with a
standard albumin protein preparation (F1go66)o

Bo

Ultrogel chromatography of germinating seed extracts
When a total protein extract of mature dried peas was

chromatographed on a column of Ultrogel AcA 22, the elution
profile shown in Fig.57 was obtained.

The first peak to be

eluted after the void volume was shown by SDS-polyacrylamide
gel electrophoresis, Figo58, to contain mainly 40,000 and
20 9 000 molo wto protein subunits.

The highest concentration

of these subunits (as judged by staining intensity) was found
in fraction 34, the Ve/Vo ratio for this fraction was lo72,
corresponding to a protein molo wt. of 450 9 000 (see F1go6 for
calibration curve)o

Fractions 34=38 in the trailing edge of

this peak were shown to contain a 71,000 mol.

~to

protein

subunit and varying amounts of protein subunits with molo
51,000, 40,000, 33,000 and 20,000.
of 71,000 mol.

~t.

protein subunits

~ts.

The highest concentration
~as

found in fraction 36.

The Ve/Vo ratio for this fraction was lo82, indicating a molo
~t.

of 290,000 for the protein containing this subunito

Fractions 37-42 eluting after this peak, consisted mainly of
51,000, 33,000 and 20,000 molo

=

~to

58

=

protein subunitso

The

FIGo

55

Elution profile obtained after hydroxylapatite
chromatography of a total protein extract of
P1sum sativum» after 10 days of germination.

FIGo 56

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Figo 55.
Track A
Tracks 1-8
Track 10/TE

standard albumin fraction preparation
fractions in areas 1~8
unchromatographed total protein extract
of Pisum sativum after 10 days of
germination

Track TE
Track L

standard globulin protein preparation
standard legumin preparation

(Correction: TE should read G)
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FIG. iZ.

Elution profile obtained after gel filtration of a
total protein extract of Pisum sativum on a column
of Ultrogel AcA 22.

FIGo 58

SDS~polyacrylamide

indicated in

gel electrophoresis of fractions

F1go5~

Track G
standard globulin protein preparation
Tracks 31-41: fractions 31~41

FIG. 59

SDS=polyacrylamide gel electrophoresis of fractions
indicated in Figo57o
Tracks 42=52: fractions 42-52
standard globulin protein preparation
Track G
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I

w

highest concentration of these subunits was found in fraction
38; the Ve/Vo ratio for this fraction corresponded to a protein
with a molo wt. of 190,000.

A

small peak of protein was

eluted from fraction 43 to fraction 50, Figo59;
protein subunits of 24,000 and 17,500 mol. wt.

this contained
Following this,

fractions 50-60 contained low mol. wt. material, which was not
TCA precipitable.
The elution profile for Ultrogel AcA 22 chromatography
of a total protein extract, from peas 3 days after germination,
is shown in Fig.60.

The shape of this elution profile was

different to that obtained when a mature pea total extract was
chromatographed under the same conditions;

the second and

third peaks eluting after the void volume were larger.
Fractions 32-37 were shown on analysis, Fig.61, to contain
mainly 40,000 and 20,000 mol. wt. protein subunits.

The

highest concentration of these subunits was found in fraction
34, and as with Ultrogel chromatography of mature seed total
protein extract, the Ve/Vo ratio for this fraction of. 1. 72
corresponded to a protein with a mol. wt. of 450,000.

Traces

of 71,000 mol. wt. prqtein subunit were detected in fractions
34-38, the highest concentration of this subunit being found
in fraction 36, giving a Ve/Vo ratio of le82 and indicating
again, a protein mol. wt. of 290,000.

Fractions 37-43

contained mainly protein subunits with a molo wt. of 51,000,
approximately 30,000 and 20,000.

The highest concentration

of these subunits was seen in fraction 39P giving a Ve/Vo
ratio of 1.97;

indicating a protein mol. wt. of 150p000o

Fractions 43-50 contained protein subunits with a mol. wt.

=
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FIGo 60

Elution profile obtained after gel filtration of a
total protein extract of Pisum sativum, after 3 days
of germination, on a column of Ultrogel AcA 22o

FIGo 61

SDS=polyacrylamide gel electrophoresis of fractions
indicated in Figo 60.
Track G
standard globulin protein preparation
Tracks 32=41: fractions 32=41

FIGo 62

SDS=polyacrylamide gel electrophoresis of fractions
indicated in Figo60.
Track G
standard globulin protein preparation
Tracks 42=51: fractions 42=51
Track A
standard albumin fraction preparation
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Fig. 62

The large peak from fraction 51
onwards contained low molo wt. materialo
The elution profile for Ultrogel AcA 22 chromatography
of a total protein extract from peas, 5 days after
germination, is shown in Fig.63o

The shape of the elution

profile was different yet again when compared to those
obtained when total protein extracts of mature and 3 day
germinated seeds were chromatographed under the same
conditions.

Fractions

32~37

consisted of several protein

subunits with a molo wt. range of about 40,000 to 30,000 and
also subunits of 20,000 mol. wto

Fraction 34 (as in the

chromatography of mature and 3 day germinated pea extracts)
contained the highest concentration of these subunits and the
Ve/Vo ratio for this fraction corresponded to a protein with
a mol. wt. of 450 9 000.

Fractions 32-37 were also analysed

on a separate gel under non-reducing conditions, see Figo68.
Three protein subunit bands of 60,000 and slightly lower mol.
wts. were detected in all fractions, in addition to minor
bands of about 40 9 000 malo wto

Fractions 37=43 contained

protein subunits with malo wtso of approximately 51,000, 30,000
and 20,000.

These subunits appeared to be most concentrated

in fraction 40.

The Ve/Vo ratio of 2.02 for this fraction

indicated a protein malo wt. ot 120,000.

As found in

Ultrogel chromatography of mature and 3 day germinated pea
extracts, fractions 43=50 contained 24 9 000 and 17 0 500 molo wt.
protein subunits.
~t.

Finally a large peak containing

material pas eluted.

to allow for the

~ater

lo~

mol.

Due to different column loadings,

uptake of germinating seeds, 0, 3 and

=

60

=

FIGo 63

Elution profile obtained after gel filtration of a
total protein extract of Pisum sativump after 5 days
of

germi~ation,

on a column of Ultrogel AcA 22o

FIGo

SDS-polyac~ylamide

6~

gel electrophoresis of fractions

indicated in Figo63o
Track A
standard albumin fraction preparation
Tracks 32=41: fractions 32-41
Track G
standard globulin protein preparation

FIGo 65

SDS-polyacrylamide gel electrophoresis of fractions
indicated in Figo63,
Track A
standard albumin fraction preparation
Tracks 42-51: fractions 42=51
Track G
standard globulin protein preparation
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Fig. 65

FIG. 66
gel electrophoresis of fractions obtained

SDS~polyacrylamide

after hydroxylapatite chromatography or germinating seed extractf
(Track A
: standard albumin fraction preparation
(Track 10/TE: unchromatographed total protein extract
(
of Pisum sativum after 10 days of
germination
reducing (
conditions(Track L
standard legumin preparation
(Track 2
fractions from area 2 of F1g.51
fractions from area 3 of Fig.51
(Track 3
non=
(Track L
reducing (Track 2
conditions(Track 3

fractions from area 2 of Figo51
fractions from area 3 of Fig.51
standard legumin preparation

(Correction: L23 should read 231 for the second part of this gel)

FIGo 67
SDS=polyacrylamide gel electrophoresis of fractions obtained
'
after hydroxylapatite chromatography
of germinating seed extracts

(Track L
redu?ing (Track 3
cond1tions(Track 7

standard legumin preparation
fractions from area 3 of Figo49
fractions from area 7 of F1go51

non(Track 7
reducing (Track 3
conditions(Track L

fractions from area 7 of Fig.51
fractions from area 3 of F1go49
: standard legumin preparation

FlGo 68
SDS=polyacrylamide gel electrophoresis of fractions obtained
after gel filtration of a total protein extract of Pisum
sativum after 5 days of germinationo
reducing (Track G
conditions(Track L

standard globulin protein preparation
standard legumin preparation

non(Track L
standard legumin preparation
reducing lTracks 32-37: fractions 32=37 from Figo63
conditiona
Abbreviation
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5 day results are only approximately quantitative.

C.

Two-dimensional polyacrylamide gel electrophoresis
of germinating pea extracts
The results of two-dimensional polyacrylamide gel

electrophoresis of total protein extracts from peas 0, 3 and

5 days after germination are shown in Figs. 69-71.

It is not

possible to compare the result obtained for mature seed total
protein extract to those obtained for 3 and 5 days after
germination, as the former gel was electrophoresed for a
slightly longer time in the first dimension.

For the stages

of 3 and 5 days after germination, it can be seen that the
mobility of the major components in the tirst dimension appears
to be unchanged, indicating little change in overall charge
with increasing germination time.
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FIGo

6i

Two-dimensional polyacrylamide gel electrophoresis of
a total protein extract of Pisum aativum.
Track G

standard globulin protein preparation

FIGo 70

T~o=dimensional

polyacrylamide gel electrophoresis of a total

protein extract of Pisum sativump after 3 days of germination,
Track G

standard globulin protein preparation

FIG. 71

Two-dimensional polyacrylamide gel electrophoresis of a total
protein extract of Pisum sativum after 5 days of germination.
Track G

standard globulin protein preparation

Additional gel tracks of standard globulin protein preparations
are

sho~n

in F1go70 and Figo7lo
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Section IV

DISCUSSION

A prerequisite for all protein characterisation studies
is that the protein in question is homogenous.

Previous work

(Derbyshire et al., 1976) has shown that seed storage proteins
of legumes, however, are not easily isolated in a pure form.
The Etorage proteins of peas have been separated into two
fractions, vicilin and legumin, by many previous workers

--

(Derbyshire et al., 1976).

The preparation of these fractions

normally makes use of the differential solubility of the
component proteins in them.

This property was first

exploited by the pioneers of seed protein purification,
Osborne and Campbell, (1898) and later by Danielsson (1949).
Subsequent work has shown the legumin fraction to be composed
of a single, main type of protein, called legumin, whereas
vicilin consists of several proteins (see later).

In any

case, legumin and vicilin have the classical globulin
properties as defined by Osborne (1924), in that they are
soluble in dilute salt solutions· and insoluble in water.
Hence a typical preparation of seed proteins involves
extraction of the seed

~eal

with salt solutions buffered to

pH 7.0 or 8.0.
Prior to extraction, in this study, air-dried seeds which
hnd been stored at 4°C, were freeze-dried for a short time to
renove superficial moisture, in order to facilitate milling.
··!her.

necessary, as in the case of Vicia

~'

the testa was

removed before milling, in order to eliminate difficulties
that could be caused in later purification stages by the
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presence

of pigments and other constituents of seed coats.

With Pisum sativum,testas were not removed since this was
too difficult an operation, however, it was found necessary
to defat the meal prior to extraction, in order to remove
oils and pigments which otherwise interfered with the
subsequent purification ateps.
~illing

of seeds was carried out immediately prior to

extraction when possible, as it has been shown (Nash et al.,

1971;

Nash and Wolf, 1967) that there is a significant

decrease in the amount of protein that can be extracted on
storage of soyabean meals.

In this study, extractions of

meals were normally carried out at, or around, pH 8.0.
These are standard conditions for the extraction of seed
proteins, since low yields are obtained in the pH 4 - 5 range,
as this corresponds to the isoelectric points of the storage
proteins and high yields have been obtained when extraction
has been carried out in the pH range above 7;
true in the region of pH 2.

this is also

However, dissociation of

globulin proteins when extracted under acidic conditions has
been demonstrated in Vicia

~

(Wright and Boulter, 1973) and

therefore acidic extraction conditions were not employed here
with Pisum.

Nevertheless, good separations of GI and GII

globulin proteins from Phaseolus vulgaris have been achieved
under acidic extraction conditions (Sun and Hall, 1975),
indicating that procedures effective in extracting proteins
in one legume species may not be effective for other legume
species.

All extractions of protein from air-dried, stored

seeds were carried out at low temperatures as a precautionary
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measure to minimize proteolytic degradation.

However, it

has been shown (Casey, 1979a) that the inclusion of
proteinase inhibitors, such as di-isopropyl phosphorofluoridate
in the extraction of Pisum meals does not significantly alter
the SDS-polyacrylamide gel electrophoresis pattern of the
extracts.

However, there are several reports (see Abstracts

of 14th Feb. •s meeting 1981) indicating the difficulty of
inhibiting some proteolytic enzymes.

Casey (1979a) also

found that increasing the extraction temperature to 25 0 C or
37°C and prolonging the extraction time to 4 h at these
temperatures did not alter the composition of Pisum extracts.
Thus it can be tentatively concluded that proteinases were
not important.

Similarly Casey (1979a) has shown that

sulphydryl reagents such as dithiothreitol at low
concentrations, thought to increase the amount of protein
extracted, had no effect on the degree of extraction of Pisum
meal, and they were therefore not included in extraction media
for this study.
The first purification step used after extraction was
the fractionation of extracts by the addition of ammonium
sulphate.

This is a useful step in the preparation of

homogenous proteins, as it serves to remove other non-protein
materials from the extract, and gives rise to a crude
fractionation of the proteins present by precipitation.
Precipitates can be redissolved immediately for further
pur~iciation

or stored in a relatively stable condition.

Although ammonium sulphate fractionation is normally used as
one of several purification steps (see for example the
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isolation

of~

arachin; Neucere,l969, or lupin globulins;

Blagrove and Gillespie, 1975), in some cases a pure protein
can be obtained by its use alone.

The method for the

preparation of Glycoprotein II from Phaseolus vulgaris
involves only ammonium sulphate fractionation of the globulin
proteins.

Thus the results of Fig.ll show that a single

ammonium sulphate fraction gave rise to a Glycoprotein II
preparation which contained only 53,000, 47,000 and 43,000
mol. wt. subunits, known from the work of Pusztai (1980) and
Croy (unpublished results) to be those of the exhaustively
purified protein obtained by using many fractionation steps.
An alternative method for the preparation of the globulin
storage proteins, which also utilises their differential
solubility characteristics, is the use of the technique of
zonal isoelectric precipitation as described by Porath

(1962).

Zonal isoelectric precipitation has been used to purify
legumin of Vicia

~'

separating it from vicilin by repeated

precipitation at around pH 4.7 (the isoelectric point of
legumin), and so leaving vicilin in solution (Wright and
Boulter, 1974;
l965)o

Scholz et al., 1974 and Shutov and Vaintraub,

The procedure as used by Scholz!! al., was therefore

repeated in this study with both Vicia

!!£!

and Pisum sativum

globulin extracts (results of the latter not presented).

A

good separation of the two protein fractions was obtained in
the case of Vicia faba (see Fig.27), and this was confirmed
by cellulose acetate membrane electrophoretic analysis of the
separated fractions (data not presented).

However, with

Pisum sativum a poor separation of proteins was obtained.

=
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The exact reason for the poor resolution of Pisum sativum
storage proteins was not established, but it was thought to
be due to the ionic strength of the precipitating buffer,
relative to the amino acid composition of the pea proteins
involved, which differ somewhat from Vicia.

In a separate

experiment (see later), the zonal isoelectric precipitation
of a total protein extract from Pisum, under different
conditions, gave improved results.
Although zonal isoelectric precipitation is an effective
separation method for legume storage proteins when correct
conditions are established, it also has serious limitations.
One major disadvantage of this technique is the coprecipitation of impurities and also of small amounts of the
other protein which should remain in solution (Millerd, 1975).
It is necessary, therefore, to repeat the process or include
further purification steps, such as ion-exchange
chromatography (Scholz et al., 1974).

Another problem is

also encountered when the precipitated protein is to be
redissolved, as precipitation at the isoelectric point of
many storage proteins can lead to aggregation and subsequent
insolubility.
Bearing these facts in mind, it was decided that the
equally powerful method of ammonium sulphate fractionation
provided a better alternative to zonal isoelectric
precipitation for the purification of the storage proteins of
Pisum.

The result of ammonium sulphate fractionation of a

total protein extract (see FigolO)P was the separation of a
subunit with a mol. wt. of 71 9 000, this subunit being normally
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associated with the vicilin fraction (Croy!!

!l••

1980a).

This subunit was present in the fractions precipitating from
60 to

9~h

relative ammonium sulphate saturation, while the

other protein subunits of the vicilin fraction, that is:
51,000, 33,000, 20,000 and lower mol. wt. subunits (subunit
mol. wts. are only approximate ~+ 1500 and can vary when
determined in different gel systems) were present alone in
the precipitate and supernatant, at
sulphate saturation.

relative ammonium

10~~

This result indicated that under these

conditions it is possible to separate a protein with a subunit
of 71,000 mol. wt. from the other protein subunits that are
usually assigned to the vicilin fraction.
The additional evidence for the protein containing 71,000
mol. wt. subunits being a separable protein of the vicilin
fraction, and not merely a selection of molecules containing
71,000 mol. wt. subunits from a population containing 71,000
mol. wt. subunits in association with others during
purification, comes from the fractionation of a total protein
extract by gel filtration on Ultrogel AcA 22, under nondissociating conditions (see Fig.21).

Three discrete but

overlapping protein peaks consisting of legumin, the 71,000
mol. wt. subunit

containing protein and vicilin were obtained

in addition to the lower mol. wt. proteins which eluted last.
The heterogeneity of the classical vicilin fraction has
been well documented for some time; Derbyshire et al., (1976)
claimed that the vicilin fraction contained more than one
major protein, while Millerd (1975) mentioned that in some
cases the 7

=
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fraction, i.e. vicilin, contained two
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proteins, in other cases three or more.
Additional evidence for the heterogeneity of the vicilin
fraction comes from the findings of Wright and Boulter, (1972)
who extracted vicilin and legumin from seeds at different
stages of development.

On analysis of the subunit patterns

of the reduced proteins by SDS-polyacrylamide gel electrophoresis,
it was shown that the subunit composition of vicilin changed
during development, while that of legumin did not.

Vicilin

was therefore not considered to be a single protein.

This

evidence is supported by the crossed immunoelectrophoresis
experiments of Hillard !l, al., (1978), who found that the
polypeptide composition of the predominant precipitin peak
corresponding to vicilin (peak 4), varied at different stages
of seed development.

However, the results they presented

indicated further complexity, since the vicilin antiserum used
detected fqur distinct

non~crossreacting

antigenic species

belonging to their vicilin fractions.
Recently

Thomson~!!·,

(1978) attempted a fractionation

of the storage proteins based on differential solubility at
varying pH values and ionic strengths.

Starting with protein

body extracts they obtained three vicilin fractions, which they
analysed in the ultracentrifuge and on SDS-polyacrylamide
gradient gels.

Their vicilin fraction 2 contained a 75,000

mol. wt. subunit, that appeared to be similar to the 71,000
mol. wt. subunit described above, plus small amounts of the
other vicilin fraction subunits (approximately 50,000, 30,000
and lower mol. wts.).

Vicilin fraction 3 contained a

decreased amount of 75,000 mol. wt. subunit and increased
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amounts of the other vicilin subunits.

Vicilin fraction

4 was composed of 50,000, 30,000 and lower molo wto subunits
alone, this resembled the subunit composition of the 100%
ammonium sulphate fraction of a total protein extract
(Fig.lO).

When examined in the ultracentrifuge the vicilin

4 fraction showed a single peak (7S) while the vicilin 2
fraction contained one peak sedimenting at 7S and distinct
minor peaks, one of which sedimented at 9S.

The vicilin 3

fraction gave a sedimentation profile with two roughly equal
components at 7S and 9S.

Clearly vicilin 2 and vicilin 3

contain more than one protein.

These results are in

agreement with those obtained in the ammonium sulphate
fractionation of the total protein extract presented in this
thesis;

that it is possible to isolate the vicilin fraction

subunits of 51,000, 33,000 and lower mol. wts. from a protein
with subunits of 71,000 mol. wt., although this is not usually
the case.

--

However, Thomson et al., (1980), continuing their
studies on the heterogeneity of the vicilin fraction,
obtained four vicilin fractions, (II2 II3 114 and III) by
subfractionation of the 'vicilins' by differential solubility.
On analysis by two gel systems these were shown to contain
variable amounts of all the typical major vicilin subunits,
and in addition fraction II3 contained the major 75,000 molo
wt. subunit.

The same workers also obtained three sub-

fractions of vicilin, (IIA IIB and IIIC) by Sephacryl S-200
chromatography of whole vicilin preparations, of which
subtraction liB contained all the typical lower molo wto
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vicilin subunits plus the 75,000 mol. wt. subunit, while
the other two; IIA, IIC, contained all the vicilin subunits
but no major 75,000 mol. wt. subunit.

Thus these workers

have proposed extremely complicated structures for vicilin,
or the vicilin group of proteins to accommodate the presence
in them of the major 75,000 mol. wt. subunit (similar to the
71,000 mol. wt. subunit in question).

They suggest the

existence of two general classes of vicilin

1

holoproteins•;

one class with the major 75,000 mol. wt. subunit and the other
class without this subunit but still containing all the other
lower mol. wt. subunits usually assigned to the vicilin
fraction.

Once again these results are in agreement with

the results obtained in this study, in that by ammonium
sulphate fractionation of a total protein extract it is
possible to isolate typical vicilin lower mol. wt. subunits
with or vdthout the major 71,000 mol. wt. subunit, depending
on the ammonium sulphate saturation.
However, this present study has gone on to separate a
protein consisting of subunits of 71,000 mol. wt. away from
the vicilin fraction, while Thompson et al., (1980) did not.
Therefore, some of the vicilin types suggested by Thompson
et al., (1980) are, in fact, mixtures of vicilin proteins
and a separable vicilin type protein with a subunit mol. wt.
of around 71,000 (called convicilin, see later).
From the results of Fig.lO it can be seen that at 100%
relative saturation with ammonium

sulphate~

the supernatant

solution contained a protein fraction with major subunits
of approximate mol. wts. of 51,000, 33,000 and additional
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subunits of about 35,000, 30,000, 21,000, 20,000, 15,000,
13,000 and 12,000 mol. wts.

This protein or protein fraction

has a similar subunit composition to some of the vicilin
fractions obtained by Thomson et

!1·,

(1978), (1980).

However, it was not the present purpose to characterise this
protein extensively and it was only briefly investigated.
The

meth~d

used to establish the evidence presented

earlier, for the existence of a separate vicilin type protein,
was not of sufficient resolution to be used to prepare samples
of convicilin for characterisation.

In order to isolate

convicilin completely pure from the vicilin fraction, a
combination of three purification techniques was necessary.
The ammonium sulphate fractionation of a total extract
provided an early concentration step, and enriched convicilin
relative to the other storage proteins.
The second purification step on Sephadex G-200 led to
the removal of most of the contaminating vicilin, and also
some legumin (see Fig.l4 and Fig.l5).

Thus by virtue of

their differing mol. wts., these proteins were eluted from
the Sephadex G-200 column in order of decreasing size.
Legumin was eluted first;

its mol. wt. has been calculated

as approximately 400,000:

(330,000, Danielsson, 1949;

383,000, Brand, Goring and Johnson, 1955;
Johnson, 1958;
1979a;

390,000, Croy at al.

11

1979;

400,000, Brand and
400,000, Casey,

350 11 000, Blagrove, Lilley and Davey, 1980).

Convicilin

was the next protein to elute (mol. wt. 280,000, see later).
Finally, vicilin was eluted in the trailing edge of the large
asymmetrical peak, its mol. wt. has recently been calculated
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as approximately 170,000 (Gatehouee!! al., 1981).

At low

protein sample loadings on gels the pea albumin fraction
typically shows two close bands of 25,000 mol. wt. (Grant
et al., 1976).

This pattern was seen in the low mol. wt.

elution fraction.
Thus this second purification step indicated that convicilin
is intermediate in size between legumin and vicilin;

this was

confirmed by other methods (see later).
These results show that the resolution of the protein
mixture by the Sephadex G-200 column was poor since no
separate peaks of protein were obtained.
It is known that certain molecular types do not display
typical elution behaviour and are eluted earlier or later than
predicted from their molecular size.

This could be due to

gel-solute interactions and adsorption phenomena which are
thought to be of two main types:interactions,

~hich

1. Electrostatic

may be due to the small number of ionized

carboxyl groups on Sephadex, leading to the adsorption of some
basic substances and exclusion of acid substances from the
gel matrix, at low ionic strength (Gellotte, 1960).

This

effect is most prominant on the more tightly cross-linked
Sephadex types (Janson, 1967).

2.

Aromatic adsorption due

to the interaction of heterocylclic and homocyclic compounds
with Sephadex (Janson, 1967).

Once again this effect is

more pronounced with high density matrix, Sephadex gel types
and low mol. wt. solutes (Janson, 1967;
1969b).

Brook and Housley,

The interaction is thought to be the result of

hydro5en bonding between aromatic substituents and the

~
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hydroxy-ether linkage between dextran chains (Williams, 1972;
Brook and Munday, 1970;

Determan and Walter, 1968;

Brook

and Housley, 1969a).
However, since the proteins to be fractionated in this
case were of reasonably high mol. wt. and did not have a high
aromatic amino acid content, plus the fact that all buffers
used contained electrolytes and that Sephadex G-200 has a low
degree of cross-linkage, it can be assumed that the above
considerations did not apply.
Probably the main reason for the poor separation of
these proteins on the column used was that chromatography was
carried out on a preparative scale, usine a large column and
high sample load, in order to obtain an enrichment of a
specific protein fraction, i.e. convicilin.

Inevitable

trailing effects occurred due to the various appreciable
protein-protein interactions usually encountered at high
protein concentrations.
The third and final purification step for the preparation
of convicilin involved hydroxylapatite chromatography.

This

form of chromatography was found to be an excellent final
purification step, or convenient preliminary fractionation
step of extracts in this study.
It is thought, that in the case of acidic proteins,
adsorption on to hydroxylapatite is a result of interaction
between the carboxyl groups at the protein surface and the
calcium sites of the hydroxylapatite crystals (Bernadi and
Kawasaki, 1968).

Desorption occurs on increasing the

molarity of the eluting phosphate buffer, as this progressively
reduces the interaction to zero.

This decrease in the

interaction appears to be due to a specific competition
between the phosphate ions of the eluting buffer and the
carboxyl groups of the protein for the calcium sites of the
hydroxylapatite (Bernadi and

Kawasaki~

1968).

Elution

appears to be independent of ionic strength (Bernadi and
Kawasaki, 1968;

Bernadi~

1971).

Studies on copolymers

containing different percentages of glutamic acid residues
have shown that the elution molarity was lowered when the
percentage of glutamic acid residues in the copolymer was
smaller (Bernadi and Kawasaki, 1968) confirming the
fundamental importance of carboxyl groups in the proteinhydroxylapatite interaction process.
The storage globulins of pea contain characteristically
high amounts of aspartic and glutamic acids and/or their
amides

(Derbyshire!!!!·~

Jackson~

al., 1969;

!!••

1976; Hurich!!

Konopska, 1975).

1977;

Legumin has the

lowest amount of acidic amino acids and/or amides compared
to vicilin and convicilinp and this may have been reflected
in the elution profile, in which legumin was eluted first
(see Fig.l6 and Fig.l7).

Incidentally, the legumin obtained

by this method was composed mainly of 40,000 and 20,000 mol.
wt. subunits, therefore this step also provided a source of
fairly pure legumin.

Convicilin was found to have a lower

level of acidic amino acids and/or amides than vicilin (see
Table 1) and was the second protein eluted.

Finally vicilin

with the highest amount of acidic amino acids and/or amides
was eluted closely after convicilin.

Vicilin was shown to

have a comparatively higher aspartic acid and/or amide
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content and it is of interest that Bernadi and Kawasaki

(1968) have shown that aspartic acid binds more strongly
than glutamic acid.

Although vicilin and convicilin

displayed a similar affinity for hydroxylapatite, pure
convicilin could be obtained by selecting fractions in the
leading edge of the second peak.

This result may reflect

the similarity of the secondary and tertiary structure of
these proteins, as it has been suggested that the stability
of the protein-hydroxylapatite interaction is associated with
a local concentration of carboxyl groups and/or a local
distribution of carboxyl groups fitting the distribution of
adsorbing sites (Bernadi and Kawasaki, 1968).

As

hydroxylapatite chromatography therefore gave a better
separation of convicilin from legumin, than convicilin from
vicilin, the fractions containing convicilin least
contaminated with vicilin from the previous Sephadex G-200
step were selected for the final purification.
Thus using this outlined method it was possible to
completeJ.y isolate a separate protein of the vicilin fraction,
under non-dissociating conditions.

Variations of this

purification strategy have also been previously used to
isolate homogenous preparations of soyabean globulin proteins.
Wolf and Sly (1965) were able to separate soyabean proteins
into four major fractions, by gradient elution on
hydroxylapatite alone, while Mitsuda (1964) obtained pure
llS r,lobulin by Sephadex G-200 chromatography of soyabean
proteins, followed by a further purification step of
hy~roxylapatite

chromatography.
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Koshiyama (1965) obtained

a homogenous 78 soyabean preparation with the use of
Sephadex chromatography, and iater (Koshiyama, 1972) went
on to isolate the llS globulin of soyabean seeds with this
simple gel filtration methodo

Similarly working with vetch

globulin proteins, Shutov and Vaintraubp (1966), found zonal
isoelectric precipitation unsatisfactory for the production
of pure vicilin and legumin and so resorted to the use of
hydroxylapatite chromatography for the final purification of
legumin and vicilin, from the minor components of total seed
extract so
Not only was the purification procedure described above
an excellent means of obtaining pure convicilin from Pisum
sativum but from preliminary investigations using a total

chromatoeraphy, it would appear that an equivalent protein to

extract from Vicia faba and subjecting this to hydroxylapatite

convicilin, with a subunit molo wto of 68,000p can be isolated
from Vicia

~

(variety Maris Bead), in a similar way (see

Figo28 and F1go29)o
a molo

~to

A vicilin subunit from Vicia

£!!!

with

of 66,000 has been described by Bailey and Boulter

(1972) and a subunit of 68,000 molo wto has also been
demonstrated in the GI fraction of Vicia
McLeester!!

!!ov

!!2!

obtained by

(1973) using an acidic extraction procedureo

However, to date, there are no reports of the complete
isolation of this 68,000 molo wto subunit containing proteinp
from the other proteins of the globulin fraction in Vicia

~0

Thus future work could be directed towards the purification
and characterisation of this proteino
Returning to Pisump the properties of convicilin and in
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some instances, those of vicilin were investigated and
compared.

The amino acid analyses of the purified proteins

revealed important differences (see Table 1).

It can be seen

that the glutamic acid/aspartic acid/or amide ratio in convicilin
is high (approx. 2:1), and this distinguishes it from vicilin
(approx. 1:1), and also legumin (approx. 1.5:1).

The proline

and arginine content of convicilin is also higher, compared to
that of vicilin, although it is similar to that of legumin.
An even more important difference between convicilin and vicilin
is their sulphur amino acid content.

Convicilin has one

cysteine residue and one methionine residue per subunit, while
vicilin contains no sulphur amino acids.

Legumin, by

comparison, is richer in sulphur amino acids, with four
methionine and seven cysteine residues per 60,000 mol. wt. subunit.
This difference in sulphur amino acid content was reflected
in the results of the CNBr cleavage (Fig.22).

Convicilin was

cleaved into two fragments, (of approx. 55,000 and 14,000 mol.
wt.) while vicilin appeared to remain intact.

However, these

results also indicated some sequence heterogeneity in convicilin,
as most of the 71,000 mol. wt. subunit was cleaved rapidly,
leaving a resistant fraction, which remained uncleaved even
after prolonged incubation.

It is possible that this

resistant form of convicilin may have another amino acid
substituted for the methionine.
Another indication of sequence heterogeneity comes from
the results of the N=terminal determination, in which
comparable amounts of aspartic acid and leucine were detected
as N=terminals.

Heterogeneity of convicilin was also

sug,,ested by the results obtained on isoelectric focussing
the purified protein, as a single band was not obtained.
Vicilin and convicilin were also distinguished by
their relative sugar content.

The sugar analysis of

convicilin detected small amounts of hexose sugars, but
these amounted to less than one sugar residue per 71,000 mol.
wt. subunit.

Vicilin is apparently richer in sugar (Basha

and Beevers, 1976) and this is demonstrated by the results of
the immunodiffusion experiment (see Fig.23b), in which
convicilin gave no reaction with concanavalin A.

On the

other hand, vicilin was shown to give a positive reaction with
concanavalin A, the latter known to bind
~

~

Dmannopyranose,

Dglucopyranose, D fructofuranose, their glycosides and

sterically related structures (Lis and Sharon, 1973).

This

result is in agreement with the findings of Davey and Dudman,
(1978, 1979) who investigated the extent of glycosylation of
their four protein body fractions;
vicilin 3 and vicilin 4.

legumin, vicilin 2,

These workers found that all four

classes were glycosylated, with 6 -

12~g

hexose per mg

protein, but while legumin contained mainly glucose and some
mannose, their vicilin fractions contained varying proportions
of 1nannose, glucose and galactose.

Using a concanavalin A

Sepharose 4B column, they separated their vicilin 2 fraction
(consisting of vicilin and convicilin, see above) into two
fractions.

This result would be expected if one fraction

(convicilin) was not glycosylated to the same extent as the
other fraction (vicilin).

It is also interestinG that on

investir-atint the localisation of the carbohydrate to various

subunits, these workers found that in their vicilin 2 and
vicilin 3 fractions, most of the carbohydrate was attached
to the 50,000 and 14,000 mol. wt. subunits, with only a
trace on the 70,000 mol. wt. subunit.
Although convicilin has been shown to have distinctive
properties from vicilin, it gives a serological reaction of
identity with the vicilin fraction, indicating that convicilin
and vicilin share the same antigenic determinants.

Thus

convicilin must be closely related in structure to vicilin,
since normally one would expect that there would be several
anticenic sites, each consisting of a few amino acid residues,
for a protein of this size.

Hence convicilin was named on

the basis of its serological cross-reactivity

~th

vicilin but

no homology to other 'Con' - proteins e.g. conglycinin or
conarachin is implied.

However, it must be borne in mind

that the antibodies used in the immunodiffusion experiments
were raised against a protein fraction containing a mixture
of vicilin and convicilin (approx. 4:1).

Thus the chances

of the antibodies detecting additional determinants on the
convicilin molecules, even if the extra amino acid sequence
of convicilin was exposed, could have been diminished.
These results, like the close affinity of convicilin
and vicilin for hydroxylapatite confirm the similarity of
these protein structures.
Convicilin is usually obtained as a contaminant of the
vicilin fractions (Thomson et al.P 1978, 1980).

Howeverp

it has also been isolated with the legumin fraction
(Przbylska et al., 1978;

=
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Casey, 1979a)

during isoelectric precipitation.

In this study it was

shown that it is possible, with the technique of zonal
isoelectric precipitation, to isolate the majority of
convicilin and legumin from a total extract, in a single
fraction (see Fig.25 and Fig.26).
achieved
pH

~ith

This separation was

the use of a sodium acetate buffer system at

4.7, as described by Davies (1976).

This result provides

a contrast to the poor separation of globulin proteins from
Pisum sativum obtained using the citrate-phosphate buffer
system described earlier, and successful in the case of Vicia
faba (Scholz et

~.,

1974).

Convicilin has also been eluted

from a zonal isoelectric precipitation column separately from
vicilin and legumin by a linear salt gradient at pH 5.0 (R.R.D.
Croy unpublished work).

The zonal isoelectric precipitation

technique employed non-dissociating conditions throughout and
successfully separated convicilin completely from vicilin and
legumin.

Therefore, these results also provide strong

evidence for convicilin being a separate, distinct protein
with solubility properties midway between those of legumin
and vicilin, depending on the conditions employed for
separation.
Durin[ the brief investigation of DEAE chromatography
(Fie;. 12 and Fig.l3) as an alternative method for the
separation of the globulin proteins, it was found that vicilin
was eluted prior to the majority of convicilin, which in turn
eluted before legumin.

Similar elution profiles, featuring

two main peaks of protein, with vicilin eluting before
legumin, have been reported for the storage
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proteins of

peas (Grant and Lawrence, 1964), vetch (Shutov and Vaintraub,
1964) and Phaseolus aureus (Ericson and Chrispeels, 1973)
although convicilin was not described.

It is interesting

to note that in this study, a partial separation of vicilin
into different forms was obtained, as analysis of fractions
revealed that the leading edge of the first peak contained
all the typical vicilin subunits, while the trailing edge was
depleted in the 33,000 mol. wt. subunit.

This result has

been studied in greater detail (Gatehouse et

!!·•

1981).

Returning to this study, the result of DEAE chromatograpny
of the elobulin proteins, indicated that convicilin was more
negatively charged than vicilin under the conditions used.
However, during cellulose acetate membrane electrophoresis
of vicilin and convicilin at pH 7.0, convicilin appeared less
negative than vicilin.

These contradicting results may be

explained by virtue of the fact that the isoelectric point
convicilin is probably higher than that of vicilin, so that
at pH 7.0 convicilin is more positive than vicilin and at
pH 7.7 the converse is true.
Finally to complete the characterisation of convicilin
in this study a mol. wt. for purified convicilin of 290,000 +
40,000 was determined by comparison with standard proteins.
This would suggest that convicilin is a tetrameric molecule
composed of four 71,000 mol. wt. subunits.

However, Casey

and Sanger (1980) have proposed a possible trimeric structure
for a 7S protein, similar to convicilin, based on mol. wt.
estimates of 220,000 - 230,000 obtained by gel filtration of
this 7S protein on Sepharose 4B.
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Clearly several methods

must be employed before the quaternary structure for
convicilin can be agreed on.
Thus a third storage protein with distinct properties
from vicilin and legumin has been identified in peas.

This

protein can be considered a storage protein as it is a major

--

component of protein-body proteins (Croy et al., 1980b) and
'

also a major seed protein.

Convicilin contains sulphur

amino acids while vicilin does not and therefore the former
will be of greater nutritional significance than the latter.
A

kno~ledge

of the sequence of accumulation and changing

subunit patterns of the storage protein fraction, during seed
development, is a prerequisite for the analysis of the
developmental controls involved.

This knowledge could

eventually help the plant breeder formulate

strate~ies

aimed

at improving seed protein yield and quality.
In studies of this kind, various criteria have been used
to define the developmental stage of the immature seed at
harvest, including fresh weight of the cotyledon (Raacke, l957a,l957b;
t·iillerd et al., 1975) and cotyledon length (Hillerd et al.,
1971).

In this investigation 'days after flowering' was

adopted;

ho•·tever, it rnust be appreciated that not all

cotyledons of the same age feature the same developmental stage
of protein accumulation (l-1illerd ,.t! al., 1975;
1973;

Domoney et al., 1980;

Carasco

~

al.,

Guldaeer, 1978).

Hydroxylapatite chromatography of seed extracts has been
demon~trated

to be a convenient method for the preparation of

four

fractions:

~rotein

albutnins and low mol. •.vt. proteins,

legt::nin, convicilin and vicilin (see Fic.3l and Fig.32),
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although the latter two show slight cross-contamination.
Therefore this technique was used to isolate the storage
proteins of developing seed extracts.

!1 !1•; 1978;

Thomson et al.

9

immunoelectrophoretic methods

Other workers (Millerd

1979) have used
~hich

have the disadvantage of

only being able to detect storage proteins with antigenic
determinants, represented in extracts of protein bodies from
mature seed, against which the antibodies were raised.

The

techniques used in this study provided direct information
about the subunit composition of storage proteins in
developing seeds.
The plants were grown under controlled environmental
conditions; this had two advantages: firstly seeds matured
earlier than if grown under normal field conditions (Millard
and Spencer, 1974) and secondly, synthesis of the storage
proteins in seeds, grown in this way, occurs at precise,
predictable stages of seed development (Millard and Spencer,
Millerd et- =
&lov 1975).

1974;

examined at 5 stages, these

~ere

The developing seeds were
at:

11, 13, 17, 21 and 33

days after flowering.
The cotyledons of developing legume seeds exhibit an
initial, relatively short phase of cell division, followed by
an extended phase of cell expansion (Millard!!!!·, 1971;
Millard and Spencer, 1974;

1977).

Pate 1974;

Murray and Collier,

It has been shown, in earlier studies with Vicia

faba, that

95% of the total seed protein is synthesised during

this second grouth phase of cell expansion (Briarty !l !!ov

1969;

Millerd et al., 1971).
~~
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Since Millard and Spencer

(1974) considered growth by cell expansion (from the results
of cell counts in developing cotyledons) in the case of
Pisum, grown under controlled environmental conditions, to
start about 10 days after flowering, the first stage of 11
days after flowering was chosen in this studya

This stage

represented the onset of storage protein synthesis.

Days 13

and 17 were selected to represent maximum synthesis stages of
vicilin and legumin respectively, as it has been reported that
legumin synthesis reaches a maximum rate after the synthesis
of vicilin has begun (Raacke, l957b;

Wright and Boulter, 1972).

The decrease in fresh weight of the seed begins about 21
days after flowering (Millerd and Spencer, 1974), therefore
this stage marked the onset of seed maturation.

The stage

of 33 days after flowering represented the completion of seed
maturation (Beevers and Poulson, 1972).
In agreement with other studies on the sequence of legume
storage protein accumulation (Danielsson, 1952;
Graham and Gunning, 1970;
~ ~.,

1978;

Raacke, 1957b;

Wright and Boulter, 1972;

Millard

Millard and Spencer, 1974), vicilin was the

first storage protein to be detected.

However, in this study

vicilin was first detected at ll days after flowering, while
other workers using more sensitive immunological techniques
have been able to detect vicilin 9 days after flowering
(Millerd and Spencer, 1974;
earlier

(Craig~

Millerd

al., 1980).

!1 al., 1975) and even

It was not possible in this

study to analyse earlier stages of development, due to the lack
of sufficient material for chromatography.
The subunit pattern of vicilin isolated at 11 days after
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flowering did not resemble that of vicilin isolated from
mature seeds, in that the 51 9 000 mol. wt. subunit had a
double band pattern and an additional band of 47,000 mol. wt.
was also present and occasionally seen as a doublet on some
gels.

Similar results have been reported for the subunit

pattern of vicilin, synthesised 11 days after flowering, in

!!!£, using a cotyledon labelling technique (Spencer !1 !!·•
Gatehouse !1

1980;
1981).

!1·•

1981;

Higgins and Spencer, 1980,

Higgins and Spencer (1981, 1980) were also able to

demonstrate the presence of a 75,000 mol. wt. polypeptide in
addition to the 50,000 and 47,000 mol.

~t.

polypeptides at

eleven days after flowering, while in this study no convicilin
was detected until two days later.

This result probably

reflects the relative sensitivity of the detection methods
employed.
The results of !£ vitro studies are also in agreement with
the results obtained here, for the subunit pattern of vicilin
at eleven days after flowering.

Higgins and Spencer (1980 9

1981) were able to obtain polypeptides of 75,000, 50 0 000 and
47,000 mol. wt., with their cell=free translation systems
programmed by polysomal RNA (isolated from cotyledons at
eleven days after flowering), provided microsomal membranes
were added to the cell=free systems at the beginning of
translation.
Croy!!

~.,

In similar experiments Evans!! al., (1979) and
(1980a) were able to obtain similarly sized

polypeptides with their translation systems alone.
The apparent double nature of the 51,000 and 47,000 mol.
vicilin subunit bands (seen in this study) supports the
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suggestion of Gatehouee et al., (1981) that vicilin
synthesised in vitro on polysomes, represents a mixture of
polypeptides which have, or have not, been co-translationally
processed.

Evidence for this theory was supplied by their

results of obtaining only the upper bands of the doublets
when poly A RNA or polysomes treated with methyl-mercuric
hydroxide were translated, and predominantly the lower banda
when microeomes or polysomes plus endoplasmic reticulum were
translated.

They concluded that processing occurred on the

endoplasmic reticulum concomitantly with translation and
consisted of the removal of a small polypeptide (less than
1,000 mol. wt.).
The vicilin analysed in this study at eleven days after
flowering featured no major 33,000 mol.wt. subunit as seen in
vicilin from mature pea extracts;

however, a complex pattern

with at least seven subunits \rlth a mol. wt. range of 35,000
to 30,000 were detected (See Fig.34, Track 11/TE).

Once

again, an explanation for the existence of these subunits can
be found in the suggestion of Gatehouse!! al., (1981) that
the smaller polypeptides found in deposited vicilin arise from
post-synthetic proteolysis of some of theN50,000 mol. wt.
subunits already assembled into vicilin, with the 4?,000 mol.
wt. subunits being completely cleaved, in a specific manner,
giving rise to subunits of predictable lower mol. wts.

It

is possible, here, that this post-translational proteolysis
has been 'interruptedv at an incomplete stage and that various
partially processed forms of vicilin have been separated by
hydroxylapatite chromatography.
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This 'interruption' would

also explain the slight size difference of the vicilin
subunits with mol. wts. of less than 33v000 when compared to
mature vicilin.
The basis for the complex picture of vicilin subunits
undergoing the various post-translational changes described,
became clearer on analysis of storage proteins at later
stages

of development.

At 13 days after flowering the

subunit pattern, i.e. the 33,000 mol. wt. subunit and the
relative mobilities of other minor vicilin subunits, resembled
those of mature vicilin.

Furthermorev the relative amounts

of these subunitsp as judged by staining intensity, increased
with development timep

~hila

there was a decrease in the amount

of 47,000 mol. wt. subunit and this result supports the
suggestion of Gatehouse et

!d·, (1981), that the 33v000 mol.

wt. subunit is derived from the 47,000 mol. wt. subunit by
postsynthetic proteolysis.

The results obtained in this study

indicate that the vicilin subunit pattern does not change
after 17 days after flowering.

This is correlated with the

fact shown, by the isolation of translation products of
polysomes obtained at different stages of development (J.A.
Gatehouse, personal communication), that the rate of vicilin
synthesis

slo~s

down at 16 days after flowering.

Although not the major topic of this thesis, it was also
possible to observe some of the sequential changes that
occurred in the legumin subunit pattern, during the protein
accumulation phase of seed development.

A 0 legumin type 0

subunit pattern with evidence of 40p000 and 20,000 mol. wt.
subunits was first detected at 13 days after flowering;
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similarly, Spencer et al., (1980) using in vivo labelling
-

-===--

-

-==--

of cotyledons, were able to detect legumin, 40,000 mol. wt.
subunits by 14 days after flowering.

However, other workers

(Domoney et al., 1980; Craig et al., 1980) using the highly
sensitive technique of 'enzyme-linked immunosorbent assay•
(ELISA) were able to show that legumin synthesis starts from
the initial stages of embryo development.

Clearly the

ability to detect legumin in developing cotyledons depends on
the sensitivity of the technique or assay employed.

It was

not possible however, to demonstrate clearly the presence of
a legumin 60,000 molo wt. precursor as described by Croy et al.,
(1980c) due to its rapid turnover.
The legumin acidic subunits

11

assumed 11 the general pattern

seen in mature legumin at 17 days after flowering, although
the relative amounts of these acidic subunits were different
compared to those of mature legumin.

The basic subunit pattern

did not resemble that of mature legumin until considerably
later.
In this study, an interesting change in the relative
amounts of the basic 19,000 and 20,000 mol. wt. subunits, as
judged by staining intensity, was detected after storage.
On storage the 19,000 mol. wt. subunit decreases and the 20,000
mol. wt. subunit increases, although some change in this
direction was also noticed in the last phase of development
(Fig. 45).
et

!!·•

This change has also been observed by Spencer

(1980), who attributed it to a delayed post-

translational modification of a long-lived precursor for the
legumin major small subunit, the 19,000 mol. wt. subunit of
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0

immature 1 legumin being converted to the 20,000 malo wto

subunit several weeks after its synthesis.

Recently, Matta

(1981) has suggested that this change is a storage effect
due to non-enzymic chemical alteration of legumin rather than
a directed enzyme catalysed processP possibly due to the
deamidation of some asparagine or glutamine residues.
The identity of the

~32,000

mol. wt. polypeptide

eluted at low phosphate concentration on hydroxylapatite
chromatography of developing seed extracts is unclear.
Millerd!! al., (1978) also reported the presence of an
antigenically active component that appeared at earlier stages
in developing cotyledon extracts (Peak P and 6), with unique
polypeptides of about 33,000 and 35,000 mol. wt., and suggested
that it might be the 'third protein' described by Dudman and
Millard (1975).

This suggestion is made unlikely by the fact

that Dudman and Millerd (1975) report that the sequence in
which the storage proteins become detectable by immunoelectrophoresis is vicilin, legumin and finally the •third
protein'.
Spencer!!

A 30,000 mol. wt. polypeptide has been detected by

!!••

(1980) at 8 days after flowering, in pulse

labelled cotyledons, by fluorography and staining of gelso
As shown in this study (Fig.46) their 30,000 mol. wt.
polypeptide did not coincide with the
mol. wt. subunit.

0

matureo vicilin 30p000

Since results in this thesis have

demonstrated that it is possible to isolate this polypeptide
in a single fraction from developing seeds by hydroxylapatite
chromatography, future work could be directed towards
investigating its nature.
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Thus from these results it would appear that not all
the components of vicilin and legumin are synthesised
simultaneously and that the component composition of these
proteins varies with the developmental stage of the cotyledon.
Changes in the subunit composition may even occur during
storage of mature seeds.

This may be due to a combination

of:
(l)

differential gene expression

(2)

translational control through either:
(i)

stability of mRNA

(ii) efficiency of translation

(3)

post-translational modification

Having investigated the changing component composition and
pattern of accumulation of the storage proteins during seed
development, it was decided to complete this study by examining
the changes in component composition, size and charge of the
storage protains that occur on seed germination.
At the first stage examined:

3 days of germination, the

total protein extract showed only a slight decrease in the
amounts of higher mol. wt. protein subunits of legumin (40,000
mol. wt.), convicilin (71,000 mol. wt.) and vicilin (51,000 and
33,000 mol. wt.), see Fig. 50.

It was possible, on isolation

of individual storage protein fractions, by

hydroxy~apatite

and 1'ltrogel chromatography, to demonstrate the
appP.arance of the subunits mentioned above.

1

multibanded 8

These fine bands,

which differed only slightly in mol. wt., could be modified
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subunits that have been enzymatically

1

nickedi at certain

points in preparation for the formation of smaller peptides
at a later stage in germination, as proposed by various
workers (Basha and Beevers,
Bellini and Chrispeels,

1977;

1978).

1977;

Shutov and Vaintraub,

This nicking could be due to

the excision of only a few amino acid residues and if this is
the case, the protein molecule would be left relatively intact,
until later cleavage.

This possibility is supported by the

results of Ultrogel chromatography of germinating seed extracts,
which showed that, within the limits of experimental error,
the molecular weight of the storage proteins; legumin, convicilin
and vicilin, did not decrease in the period up to 5 days of
gerwination.

Another indication that the storage proteins

remain intact after 'nicking', prior to later breakdown, comes
from the fact that the surface properties of these proteins in
extracts of

3 and 5 day germinated seeds, as determined by

hydroxylapatite chromatography, appeared to be virtually
unchanged.

It was also shown that the major (60,000 mol. wt.)

subunit pairs of legumin remained intact, with little decrease
in mol. wt. by electrophoresing legumin, obtained by
hydroxylapatite and Ultrogel chromatoGraphy of germinated
seed extracts, under non-reducing conditions, see Figs. 66,

67

and

68.

However, some heterogeneity was observed;

this

could be explained by the fact that legumin has been shown to
exist in a number of different molecular forms, containing
subunit pairs in different combinations (Matta, 1981).

Thus

different forms of legumin might undergo different initial
modificationso

=
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After the initial modification, there is at first a
~radual

depletion of the storage proteins;

becomes more rapid at about

this process

5 days after germination and

appears to be more or less complete at 10 days, as can be
seen from the results of electrophoretic analysis of total
protein extracts (Figs. 50, 52,

54 and 56) which show the

disappearance of the 71,000, 51,000, 40,000 and 33,000 mol.
wt. subunits with increasing germination time.

At 10 days

of germination, the only protein subunits, or polypeptides, to
be detected by this method were those of 20,000 and 23,000
mol. wt.

It was demonstrated that the 23,000 mol. wt.

subunits had a similar appearance and relative mobility to a
standard albumin protein fraction, when both samples were
electrophoresed together on a separate gel.

Although this

is not substantial proof that these subunits are those of the
albumin fraction,

the breakdown of the globulins before the

albumins has been reported elsewhere (Danielsson,
Basha and Beevers,

1977).

1951;

On the other hand Murray

(1979),

who also detected a persistent polypeptide of 23,000 mol. wt.
in germinating seed extracts, has suggested that these
resistant polypeptides may have a key function as structural
components of cellular organelles.
The nature of the

20,000 mol. wt. polypeptide(s) is

not clear and it is difficult to say

~hether

this is a break-

down product of larger subunits or a legumin basic subunit.
It is of interest that Basha and Beevers

(1977) claim to have

detected a resistant low mol. wt. component of legumin at
14 days of cermination, but these workers were also unable
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to confirm whether this was a legumin component or a
hydrolysis product.
Returning to this study, it was found that during the
depletion period (up to 10 days of germination), the
remaining modified protein retained the mature storage
protein properties with respect to elution molarity for
hydroxylapatite chromatography, and size, as determined by
Ultrogel chromatography.

This may be explained by the fact

that not all the storage protein is degraded at the same time,
hence these are the properties of the undegraded protein.

1967)

It has been shown in Pisum arvense (Smith and Flynn,

that there is a •wave' of storage protein depletion which
begins at the periphery of the cotyledons and spreads inwards.
Similar zonation of reserve protein depletion has also been
demonstrated in Vicia

~

(Briarty

~

aL, 1970):

protein--

body degradation begins nearest to the vascular bundles and
proceeds outwards and also from the epidermis of the cotyledons
inwards.

Although, in Phaseolus vulgaris breakdown has been

observed to start in the cells furthest from the vascular
bundles (Opik,

1966).

The gradual disappearance of the protein

bodies with increasing germination time has also been
demonstrated (Varner and Schidlovsky,

1963), while more

detailed studies have been able to reveal the gradual loss of
protein body contents (Bain and Mercer,
Chrispeels,

1966;

Harris and

1975).

Investigations into whether the protein bodies of mung
beans undergo autolysis or not have demonstrated that they
contain a number of proteolytic enzymes (Chrispeels and
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Boulter, 1975).

It has also been shown that the incubation

of isolated protein bodies results in the release of amino
acids.

However, on analysis it was found that very little

storage proteinp if any, was being hydrolysed.

Yet

hydrolysis of the storage proteins in protein bodies was
greatly accelerated by the addition of extracts from
cotyledons of 4 day germinated seeds (Harris and Chrispeels,

1975).

This may be explained by the findings of Shutov and

Vaintraub (1977) who claim that reserve proteins must be
modified by a specific protease (protease A), synthesised
during germination, before the other proteolytic enzymes
already present can go on to hydrolyze the modified proteins
completely.

They suggested that the resistance of the

storage proteins to the enzymes already present (in the protein
bodies) is a protection against premature hydrolysis.

The

results presented in this thesis fit this theory in that:
(a)

an initial modification, attributed to

1

nicking 0 , of

the storage proteins was shown to occur in the early stages
of seed germination.
(b)

depletion of the storage proteins with increasing

germination time was demonstrated.
It was not possible, from the resultsp however, to say whether
the storage proteins were degraded in any sequence, even
though it has been reported that vicilin is mobilised before
legumin (Konopska, 1979) and conversely legumin before vicilin
(Basha and Beeversp 1977).
Finally, unlike the results of other seed germination
studies on various legumes, which showed a change in
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electrophoretic mobility of the proteins of germinated seed
extracts with increasing germination time and attributed
this to progressive deamidation (Catsimpoolas et al., 1968;
Daussant ~ alo, 1969;

Shutov and Vaintraub, 1977;

Konopska, 1979), no change in charge was detected by twodimensional polyacrylamide gel electrophoresis of 3 and 5 day
germinated seed extracts.

It would be interesting if future

work included other techniques such as two-dimensional
crossed immunoelectrophoresis to confirm this result.
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The purification and characterization of a third storage protein (convicilin)
from the seeds of pea (Pisum sativum L.)
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A third storage protein, distinct from legumin and vici lin, has been purified from the
seeds of pea (Pisum sativum L.). This protein has been named 'convicilin' and is present
in protein bodies isolated from pea seeds. Convicilin has a subunit mol.wt. of 71 000 and
a mol.wt. in its native form of 290000. Convicilin is antigenically dissimilar to legumin,
but gives a reaction of identity with vicilin when tested against antibodies raised agai nst
both proteins . However, convicilin contai ns no vicilin subunits and may be clearly
separated from vicilin by non-dissociating techniques. Unlike vicilin, convicilin does not
interact with concanavalin A, and contain s insignificant amounts of carbohydrate .
Limited heterogeneity , as shown by isoelectric focusing, N-terminal analysis, and CNBr
cleavage, is present in convicilin isolated from a single pea variety; genetic variation of
the protein between pea lines has also been observed.
The storage proteins of the seeds of pea (Pisum
·ativum L.) have been divided into two fractions on
he basis of solubility (Osborne & Campbell, 1898).
\!though both fractions have been shown to be
teterogeneous (Derbyshire et a!. , I 976), the legumin
·raction contains a majo r component, legumin ,
Nhich has been purified by several workers and has
>een shown to be an essentially homogeneous
>rotein that displays subunit heterogeneity (Krishna
?t a!., 1979). The other fraction , the vicilin fraction,
s not so simple in its composition, and a recent
·eview (Derbyshire et al., 1976) has presented some
!vidence that it contains more than one major
Jrotein. Millerd ( 1975) has claimed that a third
;torage protein is also present in peas, although it is
:~s yet uncharacterized.
In the course of investigations into the synthesis of
Jea seed storage proteins, it became necessary to
jefine the protein species present more closely than
m previous work. To this end the present paper
jescribes the purification and characterization of a
homogeneous protein from pea seeds that is considered to be a thi rd storage protein. In view of the
lack of a ystematic nomenclature for seed storage
proteins. and for reasons to be described , it has been
named 'convicilin'.

Experimental
Materials
Pea (Pisum sativum L.) seeds, variety Feltham
Abbreviations used : SDS, sodium dodecyl su lphate.

Vol. 191

First, were obtained from Suttons Seeds Ltd.,
Torquay, Devon TQ2 7QJ, U.K . Other genetic lines
of peas were kindly given by Dt. S. Blixt,
Weibullsholm, Sweden . Air-dried mature pea seeds
were used. Ultrogel AcA 22 was obtained from LKB
Instruments Ltd., South Croydon, Surrey CR2
8YD, U.K .; hydroxyapatite (Bio-Gel HT grade) was
from Bio-Rad Laboratories Ltd. , Bromley, Kent,
U.K. Sephadex G-200 and G -75 (Superfine grade),
Blue Dextran and Pharmalyte Ampholines (pH
ranges 3.5-10 and 4- 6) were purchased from
Pharmacia (G.B.) Ltd .. London W5 5SS, U.K. The
marker proteins used were from Sigma (London)
Chemical Co., Poole, Dorset BH 17 7NH, U.K., and
were the purest grade available. AU other chemicals
were obtained from BDH Chemicals, Poole, Dorset
BH12 4NN , U.K., and were of AnalaR grade, or the
best available.

Methods
Buffers. Buffers used in the present work contained 0.05% sodium azide unless otherwise stated.
Phosphate buffers were sterile-filtered through a
0.22,uM-pore-size cellulose acetate (Oxoid) membrane filter before use and their concentration
determined by measurement of their refractive index
at 20°C.
Purification of convicilin (see Fig. 1 below). Seeds
were dried under vacuum for I h before being milled
for 30s in a ball mill. The flour was sieved through a
365,um mesh and material not passing thro ugh was
discarded . The meal was extracted twice with hexane
0306-3275/80/1 10509-08$01.50/ 1 © 1980 The Biochemical Society
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at 0 ° C for 30min (10m! of hexane/g of meal) and
each time the hexane was decanted after centrifugation. The pea meal was then dried under
vacuum. A portion (40g) of defatted meal was
extracted with 500 ml of 0.1 M-potassium phosphate
butTer, pH 8.0, containing 0.4 M-NaCI at 4°C for I h,
centrifuged at 23000g for 20min and the precipitate discarded. The protein solution was subsequently fractionated by (NH 4 ) 2S0 4 precipitation at
4 oc and the material precipitating in the range
50-80% relative saturation was collected by centrifugation at 23000g for 20min and retained . This
material was redissolved in 20m! of 50mM-sodium
borate butTer, pH 8.0, and loaded on to a column
(5.5cm diam., 950ml vol.) of Sephadex G -200.
equilibrated, and eluted with 0.1 M-potassium phos phate butTer, pH 8.0, at a flow rate of 50 ml/h; I 0 ml
fractions were collected. Fractions containing convicilin were pooled and applied directly to a column
(3.5cm diam., 140m! vol.) of hydroxyapatite that
had been equilibrated with 0.1 M-potassium phosphate butTer, pH 8.0. The hydroxyapatite column
was washed. then eluted with a linear concentration
gradient of potassium phosphate butTer. pH 8.0
(0.1M-0.75M, 300ml + 300ml) at a flow rate of
40 ml/h, I 0 ml fractions being collected. Fractions
containing convicilin were pooled and either concentrated by ultrafiltration or dialysed against
50mM-sodium borate butTer, pH 8.0. or distilled
water, and then freeze-dried.
Gel electrophoresis. Protein samples were analysed by SDS/ polyacrylamide-gel electrophoresis in
17% (w / v) polyacrylamide slab gels with the system
of Laemmli ( 1970). Subunit molecular weights were
determined in I 7% polyacrylamide and I 0% poly acrylamide gel slabs, the following standard proteins being run on the same slabs: phosphorylase b
(mol.wt. 100000). transferrin (76600), bovine serum
albumin (68000), catalase (60000), ovalbumin
(43 000). carboxypeptidase A (34 300). soya-bean
trypsin inhibitor (21 000), cytochrome c ( 12 700).
Amino acid ana(vsis. Amino acid analysis of
proteins was performed by the methods of Moore &
Stein ( 1963) on a Locarte single-column amino acid
analyser after hydrolysis of the protein for various
times in 6 M-HCI at 105 ° C in vacuo. The sulphur
amino acids methionine (as sulphone) and cysteine
(as cysteic acid) were determined by analysis of
performic acid-oxidized protein (Hirs, 1956}.
Determination of N-terminal amino acids. The
N-terminal amino acids of convicilin were determined by the SDS/ dansyl technique of Gray ( 1972).
The N-terminal dansyl-amino acid was identified by
two-dimensional chromatography on polyamide
thin-layer sheets (Woods & Wang, 1967).
Sugar ana(vs is. Sugars present in a sample of
convicilin that had been precipitated from solution
by adding trichloroacetic acid to a final con-
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centration of 10% (w/ v) and washed extensive!~
with 10% trichloroacetic acid were determined afte1
hydrolysis and gas-liquid chromatography of thei1
derivatives (Sweeley et a/., 1966).
Cleavage with CNBr. Convicilin dissolved in 7091
(v/v) formic acid was made to react with a 100-folc
molar excess of CNBr (2 g/ ml solution in aceto
nitrile) for various times (Kasper, 1970). Tht
solutions were evaporated to dryness under vacuum
and the residues were analysed by SDS/polyacrylamide-gel electrophoresis.
Molecular-weight determination. A column
(2.2cm diam. , 320m! vol.) of Ultrogel AcA 22 was
equilibrated by upward flow (flow rate 8.0 ml / h) with
0.1 M-Tris/ HCI butTer, pH 8.0 , containing 0.2 MNaCI. The following standard proteins were chrom atographed on the column and their elution volumes
measured: thyroglobulin (669 000 mol. wt.), ferritin
(440000), Pisum legumin (400000), catalase
(240000), immunoglobulin G ( 160000). bovine
semm albumin (68 000) and myoglobin ( 18 000).
The molecular weight of convicilin was determined
by comparing its elution volume with the standard
proteins on a plot of v. I V0 against log(mol.wt.). A
total protein extract (prepared as in Fig. I) of pea
seeds was chromatographed under the same conditions; 5 ml fractions were collected. The fractions
were made 10% with respect to trichloroacetic acid
and the precipitated protein was analysed by
SDS/ polyacrylamide gel electrophoresi s followed by
staining with Coomassie Blue and densitometric
scanning of the stained gel at 580 nm .
Immunodiffusion . Immunodiffusion of convicilin
and vicilin against antibodies raised against protein
fractions and purified by (NH 4 ) 2S0 4 precipitation
and chromatography on QAE (quaternary aminoethyi)-Sephadex (Livingstone, 1974; Joustra &
Lundgren. I 969) was carried out by standard
methods (Ouchterlony & Nilsson , 1978). Precipitin
arcs formed after 48 h diffusion were cut out of the
gel. washed thoroughly in 50 mM-sodium borate
butTer, pH 8.0. containing 0. 15 M-NaCI to remove
soluble protein. and analysed by SDS / polyacrylamide-gel electrophoresis. Samples were dissolved in
SDS sample butTer containing no 2-mercaptoethanol in order to prevent immunoglobulin G heavy
and light subunits interfering with the band patterns
of convicilin or vicilin.
Reaction with concanavalin A . The reaction of
convicilin or vicilin with concanavalin A was tested
by a diffusion system analogous to that used for
immunodiffusion , with concanavalin A replacing the
antibodies. Positive controls of known glycoproteins and negative controls in the presence of
0.1 M- o -methyl mannoside were carried out.
Isoelectric focusing. Convicilin was subjected to
isoelectric focusing in polyacrylamide-gel slabs
containing 8 M-urea in the pH ranges 3.5- 10 and
1980
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- 6 by the methods of Vesterberg ( 1975). The pH
radient in the slab was determined by standard
1ethods (Vesterberg, 1975).
Protein-body separation. Protein bodies were
repared by a modification of the procedures
escribed by Croy (1977). All operations were
arried out at 4 ° C. Cotyledons (5 g) from mature
ea seeds before commencement of drying out were
omogenized by gentle chopping in a domestic food
1ixer (slow speed, 60s) in 50ml of 50mM-sodium
ho sphate butTer, pH7.5, containing 0.5 M-sucrose.
'he homogenate was centrifuged for 5 min at 300 g
nd the pellet discarded, and then centrifuged for
Omin at 10000g and the supernatant discarded.
'he crude protein -body pellet was resuspended in
ml of butTer as described above and purified by
entrifugation through a step gradient prepared by
1yering 5 ml of 90% (w / v) sucrose. 8 ml of 70%
ucrose and 8 ml of 30% sucrose in butTer. The
•rotein body sample was layered on to the gradient
.nd centrifuged at 60000g for 2 h. Protein bodies
vere removed from the 70/ 90% sucrose interface
tnd subsequently analysed by SDS/ polyacryllmide-gel electrophoresis.
Biosynthesis in vivo and in vitro during seed
ievelopment . Seed materials have been described
Jreviously (Evans eta!., 1979) and methods in Croy
?/a!. ( 1980).
Results

Purification of convicilin
Convicilin was purified from pea meal as shown in
the flow diagram (Fig. 1). After extraction and
(NH 4 ) 2S0 4 fractionation, the appropriate precipi tate was redissolved and passed through a column of
Sephadex G -200. The elution profile is shown in Fig.
2(a). When fractions from the large asymmetrical
peak of protein were analysed by 80S/ polyacryl amide-gel electrophoresis, those from the leading
edge of the peak were found to contain exclusively
legumin subunits (40000 and 20000mol.wt.)
(Wrig ht & Boulter. 1974), those from the middle of
the peak were found to contain 71 000-mol.wt.
subunits in addition , whereas those from the trailing
edge of the peak had a typical vici lin pattern (50000.
33 000. I 7 000 and lower-molecular-weight subunits ~ Croy et a!., 1980). The fractions containing a
high proportion of 71 000-mol. wt. subunits were
pooled and further purified by chromatography on
hydrox ya patite. Protein was applied to the column
equili brated with 0.1 M-potassium phosphate butTer,
pH 8.0, and eluted by linear concentration gradient
of this salt. The elution profile is shown in Fig. 2(b).
The initial large peak of protein eluted a t 0.25 Mpotassium phosphate was shown to be legumin by
S DS/ poly acryla mide-gel
electrophoresis.
The
leading edge of the second peak (at 0.28- 0.3 5 MVol. 191
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Fig. I. Flow diagram for th e purification of convicilin
Abbreviation used : rei. sat.. relative saturation.

potassium phosphate) wa convicilin, contammg
71 000-mol.wt. sub units with only traces of lowermolecular-weight s ubunit s~ subsequent fractions
were contaminated with vicilin (shown in separate
experiments to elute at 0.5 M-potassium phosphate).
Analysis of the purified convicilin by SDS/ poly acrylamide-gel electrophoresis is shown in Fig. 3~ the
presence or absence of 2-mercaptoethanol made no
difference to the observed band pattern. Densitometric scanning of the stained gel showed that the
convicilin was at least 90% pure.

Proper/ ies of com•icilin
Amino acid composition. The amino acid wm
position of convicilin is given in Table I, and
compared with vicilin and legumin from Pisum
sativum. The amounts of methionine and lysine in
convicilin correspond to 0.9 residue per 71 000mol.wt. subunit for both .
N-Terminals. The N-ter minal amino acids of
convicilin, determined by using the dansyl / SDS
technique (Gray. 1972) were aspartate and leucine in
comparable amounts.
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Table I. Amino acid composition ofcon vicilin and vicili
Values are means of three or more separate determinations. Th e s.E.M. was less than 5% in all cases.
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Fig. 2. Puri.ficarion of convicilin
(a) Elution profile from chro matography on Sephadex G -200 . (b) Phosphate-g radient-elution profil e
from chromatography on hydroxyapatite. Hatched
areas show the fractions co ntainin g co nvicilin .
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Vicilin
18.87
2.69*
7.67°
19.18
1.99
4.85
4.13
4.84
o.oot
5. 11
9.83
1.91
4.67
1. 6 1
8.10
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Legumin ~:

13.07
3.08
5.77
19.74
5.50
6.89
6.01
4.97
0.66
3.95
7.60
3.64
2.30
1.75
4.24
9.99
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• Co rrected for decomposition from 22 , 48 and 72 h
hydrolyses .
t From analysis of performi c acid-oxidized protein .
:j: From Casey ( 1979).
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Fig. 3. Analys is by SDS/polyacry lamide-ge / e/ecrrophoresis of various protein fra ctions and convicilin
(a) Total soluble protein fraction (see Fig. I); (b)
purified legumin ; (c) purified vicilin : (d) purified
convicilin.

Absorbance. The A ~:t. 1 em for convicilin was 7.3.
Sugar ana~ysis . Small amounts of glucose, galactose and mannose were detected in convicilin, but
the amounts were comparable with those found in a
known non -glycoprotein (bovine se rum albumin)

a nd were s ig nifi cantl y less th a n o ne sugar res idu e per
7 1 000-mol.wt . subun it ; it was therefore co ncluded
that convicilin co nta ins no significant a mounts o f
carbohydrate.
Cleavage with CNBr. Two major fragme nts were
produced o n C NBr cleavage : they had approx.
mol.wt s. 55 000 and 14000 (see Fig. 4). This
indicates one methionine re sidue per subunit, in
agreement with the amino acid analysis. Howe ver,
so me material remained undigested, even after 48 h
reaction, and there were a number of further minor
cleavage products.
Subunit molecular weight. Molecular weights of
72 000 ± 3000 in 17% acrylamide gels, and
70000 ± 2500 in I 0% acrylamide gels, were determined for the convicilin subunit(s) on SDS/ polyacrylamide-gel electrophoresis by comparison with
standard protein s. A mean value of 7 J 000 was
adopted.
Molecular weight. Purified convicilin was eluted
as a single peak after gel -filtration chromatography
(see Fig. 6b below) A mol.wt. of 290000 ± 40000
was determined for convicilin by comparison with
standard proteins , suggesting a tetrameric molecule
consisting of four 71 000-mol.wt. subunits .
Serological properties. When co nvicilin and
vicilin (free of cross-contaminating subunits) were
allowed to diffuse against an antiserum prepared
again st an ex tract containing both in an Ouch1980
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with CN Br
(a-e) Co nvicilin before (a) and after 4 h (b). 8 h (c).
24 h (d ). 48 h (e) reaction. (f and g) Yicilin before
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Fig. 5. Cross-reactivil,l' ofconv icilin and vici/in
(a) Compariso n of convicilin (C V) and vicilin (V) by

do uble
immunodiffusion
aga in st
antibodies
(i mm unoglob ulin G) raised against a protei n fra cti on co ntaining both proteins. (b) Double di ffusio n
of co nvic ilin and vicilin against concanavali n A
(Con A).

terlony doub le-imm un odiffusio n test. the two
proteins gave a reacti o n of identity ( Fig. Sa). T he
prec ipitin arcs prod uce d were excised a nd a nalysed
by SDS/ polyacrylamide gel electroph oresis. T he
immuno precipit ate produced by th e reaction of
con vicilin with th e above antibodi es showed o nl y
7 1 000 subunit s, with no tr ace of vicilin subunit s a nd
vice versa. Convicilin ga ve a reactio n o f no n-id entit y
with leg umin when tes ted aga inst a ntise rum prepa red again st t ot al pea protein s.
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React ion 1vith concana valin A. Co ncanavalin A
gave no reactio n with convic il in in a do ubl eim mun odiffusion ex periment (F ig. 5b) when vicilin ,
know n to react wit h co ncanavalin A. was inclu ded
as a positi ve co ntrol.
!soelectric-focusing properties. Com~ci l in was
subjected to isoelectr ic foc usin g in a polyac ryla mide-gel s lab cont aining 8 M-urea. T he p ro tein
foc used to a series o f closely s paced s lightl y blu rred
bands, indicatin g limited heteroge neit y. in th e pi
range 5.6-5 .8.
Ev idence that convicilin is a separate s torage
pro tein
Wh en a total prot ei n ext ract o r glo bulin p ro tein
fracti o n from peas. pre pa red und er non-dissocia tin g
conditio ns, was subjected to zo n al isoelec tri c precipit a ti o n o n Seph ad ex G -7 5 (Wri ght & Bo ulter.
1974), convicilin was fo und asso ciated with th e
legumin (ret a rded ) fracti o n if the io nic strength was
appro x. 0.1 5. or with th e vicilin (unretarded ) fr ac tio n
if the io ni c strength was a pprox. 0.25 o r hi gher.
Co nvicilin was also eluted from a zo nal-isoel ectri cprecipitation column se pa ra tely fro m vicilin a nd
legumin by a linea r salt gradient at pH 5.0 (R . R. D .
C roy, unpublis hed work ). In additio n. the pu rificatio n procedure abo ve empl oys o nl y no n-dissociating co nditions t hro ughou t and as such s uccessfull y sep ara tes convicilin completely fro m vicili n a nd
leg umin . Th ese results stro ngly support the existence of a separ ate and d is tin c t pro tein cont ainin g
o nl y 71 000-mol. wt. subunits.
Sin ce the existence of a separa te convicilin protein
when purifi ed may be a rgued as be ing d ue to
selection of mol ecul es containin g o nl y 7 1 000mo l.wt. s ubunit s fr o m a po pula tio n of m olec ul es
co ntaining 7 1 000-mol.wt. s ubunits in assoc iatio n
with o thers d uring purifi ca ti o n. a fu rther experiment
was carried o ut. A total protein e xtract fro m peas
was fra ction ated b y gel fi ltra ti o n o n U ltrogel Ac A 22
und er no n-dissocia tin g conditio ns. Fig. 6 shows th e
distributi o n of the pro teins in the elut ion pro fil e fr o m
th e gel-filt ratio n column dedu ced from the SD S/
polyacr yla mide-gel-electr o pho res is subunit patterns
o f ea ch fr acti o n .
The res ult s s ho w di screte b ut ove rl a pping pea ks of
leg umin , co nvicili n a nd vicilin in o rder of decreasin g
m olec ul a r weight. All three pro teins eluted as
symmetrical peak s without undue spreadin g: the
centres of the peak s were at estimated mol. wt. va lue
(± 10 %) of 380000, 280000 a nd 160000 res pective ly, indica ting that convicilin in th e ex trac t has th e
same molec ula r weight as purified co nvicilin . T he
final la rge pea k eluted from th e Ultrogel colum n (F ig.
6a) re presents the lower-mo lec ular-weight proteins.
including th e lectin a nd m ajor albumin as s how n in
gel 94 (Fig. 6a). (R . R . D . C roy , unpublish ed work ).
Further evidence that th e 7 1 000-mo l. wt. subunits
R
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Fig. 6. Gel filtration of a total protein extract (Fig . I) of pea seeds on a column of Ultrogel AcA 22
(a) Elution profile of a total protein extract chromatographed on the column monitored at 280nm ; (b) the elution

profile of purified convicilin chromatographed on the same colu mn monitored at 280nm ; (c) d istribution of legumin
(40000-mol.wt. subunits) (e ), vicil in (50000-mol.wt. subunits) (0 ) and convicilin (7 1 000-mol.wt. subunits) (.A)
relative to the elution profile in (a), as determ ined from densitometric scans of SDS/ polyacrylamide-gel electrophoret ic analyses of each fraction from the column . Legumin values have been plotted on half the indicated
scale for clarity . Electrophoretic analyses of representative fractions are shown in (a) .

belong to a protein distinct from vici lin (50000mol.wt. subunits) follows from experiments -in which
the biosynthesis of the storage proteins has been

monitored in v ivo and in vitro duri ng seed deve lopment. At an early stage in the laying down of the
storage proteins during seed development, 50000-
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A na~vses by SDS/polyacrylamide-gel eleclrophoresis of total soluble proteins from pea seeds harves ted
at different stages of developmenl
(a and a') Vicilin standard (3 and IO.ug respectivel y). (b) Albumin fraction from mature seeds.

Fig. 7.

(c- g) Total soluble protein s isolated from seeds II
days (c). 13 days (d). 17 days (e), 21 days (/). 33
days (g) after flowering. (h) Legumin standa rd
( IOJig). (i) Pea seed lectin standard ( IO.ug).

mol.wt. but not 7 1 000-mol. wt. s ubunits are sy nthesized. whereas towards th e end of the storageprotein-deposition stage, the 71 000-mol. wt. subunits are accumulated (Fi g. 7). Similar res ults are
found in the translation products when pol yribo somes at the two stages are translated in the
wheat-germ and reti culocyte cell -free systems (Croy
et a!.. 1980). From the results of the protein accumulation experiment (Fig. 7) it is noteworth y
that there is a seq uenti al accu mul ation of seed
proteins in th e order vicilin. legumin and convicilin.
Convicilin was shown to be prese nt in th e protein
bodies of mature pea cotyledons by lysing isolated
protein bod ies and analysing their contents by
SDS/ polyac rylamide-gel electrophoresis. Convicilin
(71 000-mol. wt. subunit s) was a major co mponent of
the protei n-body proteins.
Disc ussion
A third storage protein di stinct from vicili n and
legumin has been id entified in pea s on the followin g
evi dence.
(i) Under non-dissociating conditi ons a protein
containin g onl y 7 I 000-mol. wt. subunits can be
separated (see Fig. 3).
(ii) The protein has a di stin ctive amin o acid
composit ion. parti cul arl y with respect to sulphur
Vol. 19 1

amino acid s. havin g one cysteine residue and one
methionine residue per subunit, whereas vicilin has
no sulphur amino acids and legumin has approx .
four methionine and seven cysteine residues per
60000-mol.wt . subunit. This difference is reflected in
the results of CNBr cleavage ; convicilin is cleaved
into two fragments (approx. 55 000 and
14000mol.wt.), whereas the reagent ha s no apparent
effect on vicilin (Fig. 4; Croy et a!. , 1980). The
glutamic acid / aspartic acid ratio in convicilin is high
(approx. 2: I), distinct from vicilin (approx. I : 1)
and legumin (a pprox. 1.5 : 1).
(iii) The protein gives a serological reaction of
non-identity with legumin .
(iv) Experiments on biosynthesis in vivo and in
vitro .
This protein has been named convicilin on the
basis of its serological cross-reactivity with vicilin.
Alternative names , e.g. vici lin 2, were rejected as
confusing, and until such time as a systematic
nomenclature for seed storage proteins is developed ,
we would propose the name 'convicilin' be used .
However, no homology to other 'con -' proteins , e.g.
concanavalin A. conglycinin or conarachin is
implied. Furthermore, convicilin cannot be the third
protein referred to by Millerd ( 1975) on the basis of
the difference in subunit molecular weights and
antigenic properties (Millerd e1 a!.. 1978).
The serological results show that convicilin has all
the vicilin determinants and therefore mu st be
closely related to vicilin. The absen ce of additional
determinants in convicilin shown by the immunodiffusion ex periment may reflect the type of anti sera
used, since these were rai sed against a protein
fraction containing a mixture of vicilin and con vicilin (a pprox . 4 : I ).
Although convicilin is sometimes found as a
contaminant in crude legumin preparation s, as may
be deduced from the results reported by Casey
( 1979). it is more often found in the vicilin fracti on
of pea globulin s. Co nvicilin is difficult to purify from
vicilin , and unless the purification procedure o utlined in the prese nt paper is used. most other
procedures result in convicilin preparation s heavil y
contaminated with vicilin. This is illustrated by the
results of gel filtration of total pea seed proteins
show n in Fig. 6. which clearl y show vicilin con ta min atin g ma ny co nvi cil in fraction s. However, the
subunit pattern s of the earlier convicilin fractions
with very high 17 000-mol.wt. / 50000-mol. wt. subunit ratios ( > I 0 by den sitometric scanning of gels)
could not be exp lain ed by hybrid molecul es contai ning both types of subunit, but onl y by vicilin
contamin ation. Further. the normal di stribution of
7 1000-mol.wt. subunit s on elution gives no evidence for hybrid molec ules. although the existence
of such species cannot be ruled out on present
evidence. The association of convicilin with vicilin is
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implied in the results of other authors. who have
commented on the heterogeneity of the vicilin
fract ion of pea (Derbyshi re eta! .. 1976) and by the
C.S. I.R .O .'s group in Australia (Thomson et a!.,
1978 ; Millerd et at., 1978). who have noted
repeatedly the presence of a major 75 000-mol. wt.
subuni t in pea vicilin preparations that appears to be
similar to the 71 000-mol.wt. subunit described here.
On the basis of crossed immunoelectrophoresis and
agarose-gel electrophoresis. these authors have
suggested the presence of several different vicilin
types. some, but not all of which contain the
75000-mol. wt. subun it, but none of which contain
only this type of subunit.
Although convicilin is homogeneous by SDS/
polyacrylamide-gel electrophoresis, heterogeneity
must be present in the protein. since it does not give
a single band on isoelectric focusing and it has two
N-terminal amino acids. Also, the results of cleavage with CNBr indicate that sequence heterogeneity may be present. since although most of the
70000-mol.wt. subunit is cleaved rapidly (within
4 h), a significant proportion remains uncleaved even
after prolonged (48 h) reaction. This resistant frac tion of convicilin may have another amino acid
substituted for methionine. As well as heterogeneity
in a single variety. genetic variation in convicilin has
been observed among certain pea lines, e.g. in line
1552 (provided Dr. S. Blixt); the convicilin band
appears to be of significantly lower molecular weight
on SDS/po lyacrylamide-gel electrophoresis (approx.
65 000) (result not shown). Others have also
presented evidence showing qualitative and quantitative variations in convicilin subunits (Przybylska
et at., 1978).
An equivalent protein to Pisum convicilin has also
been isolated from field bean ( Vicia faba minor)
(variety Mari s Bead) by the purification technique
described in the present paper. lts molecular-weight
on SDS/ polyacrylamide-gel electrophoresis appears
to be slightly lower than the Piswn protein subunit
(approx . 68000) (R . R. D . Croy & M. Tyler,
unpublished work).
Although no experiments designed to test the
function of convicilin have been carried out, it is
considered to be a storage protein , since it is not only
a major seed protein but also a major component of
protein bodies. As previou ly stated, convicilin
contains sulphur amino acids, whereas vicilin does
not. and is thus a component of pea storage proteins
of greater nutritional value than vici li n.
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aracterisation and Subunit Structures of the Vicilin Storage Proteins of Pea
sum sativum L.)
A. GATE HOUS E. Ronald R. D . C ROY. Heather MORTON , Mariet e TYL ER. and Donald BOULT ER
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Investigations of the vicilin fraction of the storage proteins or pea (Pisum sativum L.) have shown that its
major components are a number of protein species of M, 170000. Convicilin (M, 280000, composed of 71 000-M,
subunits) is a separable component of this fraction. The vicilin proteins are composed principally of ::::: 50000-M,
polypeptides, but also contain a number of smaller polypeptides. The sub-unit polypeptide composition of
vicilin changes during seed development quantitatively and qualitatively . Vicilin sub-units have been shown
to be synthesised as polypeptides of M, ::::: 50000 by means of pulse-la belling experiments in vivo, and synthesis
of vicilin in vitru directed by mRNA , polysomes and microsomes extracted from pea cotyledons in cell-free
translation systems. Polypeptides then undergo two distinct types of proteolytic modification : (a) co-translational
removal of a small polypeptide (M, less than 1000) ; (b) 'nicking' of polypeptide chains in assembled vicilin
molecules, which occurs more than 4 h after their initial synthesis. The basic structure of the vicilin molecule
is thus a multimer, possibly a trimer, of ::::: 50000-M, subunits. The heterogeneity of the initially synthesised
50000-M, subunits accounts not only for the several different 50000-M, polypeptides found in vicilin, but also
for the range of minor polypeptides, since the ' nicking' points will differ among subunits. It also acco unts for the
observed partial separation of vicilin into different molecular species, since different subunit combinations will
give rise to molecules with different properties. Vicilin is also glycosylated and this is a so urce of further variation.

The storage proteins of pea (Pisum sativum L.) have been
wentionally divided into two fractions, legumin and vicilin
Depending on the varie ty, vicilin is usually the quantiively smaller fraction and is thought to contain more than
e protein [2], since it is heterogeneous when analysed in
: ultracentrifuge [3] by ion-exchange chromatography [4]
when fractionated by solubility under varying conditions
pH , ionic strength and temperature [5.6] or by carbodrate affinity chromatography [7] . The vicilin fraction conns major polypeptides of M, 71 000, 50000 and 33000 with
nor components of lower M, [8]. Previous reports have
timed to have isolated 'vicilins' of differing subunit comsitions, either varying slightly in the relative amounts of
~ different polypeptides present , or in the absence of one
more of the polypeptides [7 , 9 - 11]. but in no case has a
cilin' containing a single polypeptide, or even two or three
ol ypeptides, been isolated .
Recently it was shown [12] that the polypeptide of M,
000 was the subunit of a pro tein distinct from the rest
· the vicilin fraction. This protein . na med 'convicilin ', had
1 M, of 280000 (i.e . four 71 000-M, subunit s) and although
1muno logically related to the ot her vicilin protein(s) could
: separated from them by non-dissociating techniques . In
is paper the termi no logy used will be as follows: 't he vicilin
action · will refer to convicilin and vicilins, i.e. all the rna rial reacting with anti-vicilin antibodies: 'vicilin ' will refer
' mater ial of the vicilin fraction containing no convicilin ;
1d ' vicilin 1' , etc. will refer to individual molecular spec ies
aking up vicilin .
Abbrevialions . l-lepes. 4-(2-hydroxyethyl)-1-pipcrazineethanesulphoc acid ; lgG . immunoglobulin G .

The complex mixture of polypeptides found in the vicilin
fraction isolated from mat ure pea seeds is no t reflecteJ in the
translation product s i11 vitro of polysomes or mRNA isolated
from developing pea cotyledons, since only polypeptides of
M, about 50000 and 71 000 (the latter corresponding to convicilin) are immunoprecipitated from translation products
by anti-vicilin antibodies [13 , 14]. No smaller vicilin polypeptides were observed in immunoprecipitates , or were apparent in the total translation products . Spencer et al. [15]
have further reported that pulse labelling in vivo (2 h) of
developing pea cotyledons with radioactive amino acids
showeJ that initially radioactivity was not incorporated into
vicilin polypeptides of M, less than 50000. There is thus a
discrepancy between the observed polypeptide content of
vicilin as isolated from seed s (accumulated vicilin), and the
polypeptides recognizable as vicilin tra nslation products synthesised in vitro and i11 vivo .
The present paper describes work investigating the synthesis of vicilin polypeptides in vitru and post-translational
modification of vicilin , in comparison with th e structure of
accumulated vicilin.

MATERIALS AND M ETHODS

Plan/ Materials
Seeds of Pisum sati vum L. c.v. Feltham First (Suttons
Seeds Ltd , Torquay, Devon , UK) were germinated and grown
as described previously [13] . Developing seed s were harvested ,
frozen and lyo phili sed prior to protein extraction ; m at ure
seed s were a ir-dried . Cotyledon s from d eveloping seeds were
separated under steri le conditions ; those used for RNA ex-
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traction were stored frozen at - 80 °C, whereas cotyled ons
to be labelled in vivo were used immediately.
Purification of Vicilin

saline , then 30 min in 0.2 M Tris/ HC l, pH 6.8 ; they '
then incubated 20 min with sample buffer and analyse<
dodecyl sulphate/polyacrylamide gel electrophoresis, loa•
the aga rose gel slice.
Gels were processed and ftuorographed by the met
of Bonner and Lasky [23] as described by Evans et al. [1:

Pea seed mea l (40 g) was prepa red , extracted with 50 mM
potassium phosphate buffer pH 8.0, and fractionated by
hydroxyapatite chromatography as described previously [16] .
The broad pea k of protein eluting in the range of phosphate
buffer concentration 0.3-0.5 M was collected, dialysed against
5 mM sodium borate buffer pH 8. 0, and lyophilised. This
contained vicilin and convicilin. To remove convicilin, the
lyophilised material was redisso lved in 0. 1 M potassium
phospha te and rechromatographed on a hydroxyapatite column as described by Croy et al. [12]. Eluent fractions were
assayed by dodecyl sulphate/ polyacrylamide gel electrophoresis. Fractions eluting at lower phosphate buffer concentrations, 0.3-0.37 M , contained convicilin and were disca rded : fraction s eluting a t higher phosphate concentrations.
0.37-0.5 M , contained almost exclusively vicilin and were
pooled , dialysed and lyophilised as before.
Alternatively, the ex tract of pea seeds was made 85 'i0
saturated with respect to (N H4)zS04 at 4 ' C and the material
precipitating was collected by centrifugation at 23000 x g for
20 min and discarded. The supernatant , which contained no
convicilin, was dialysed and lyophilised as above, and the
vicilin was purified by gel filtration on a column of Ultrogel
AcA 22 (2 .2 em diameter, 320 mi. vol., flow ra te 12.0 ml /h)
equilibrated with 0. 1 M TrisjHCl buffer, pH 8.0, containing
0.25 M NaCI. Two distinct peaks of protein were eluted: the
first peak contained vicilin, and constituent fraction s were
pooled, dialysed a nd lyophili sed as above. Analysis by twodimensional gel electrophoresis showed that both these
methods gave vicilin prepa rations depleted in the more acidic
vicilin species as compared to materia l present in total ex tracts, a lthough the overa ll subunit patterns were identica l.

Vicilin was chromat ogra phed on a column of DE A
cellulose (DE-52 , 2.5-cm dia meter. 100 mi. vol.) equilibra1
with 50 mM Tri s/HCl buffer, pH 8.0. The column was elUI
with a linear 0-0.4 M gradient of NaCl in column buft
Vicilin eluted as a broad peak containing several unresoh
components in the sa lt concentration range 0.1 - 0.25 ·
Fractions were precipitated with trichloroacetic acid a
a nalysed by dodecyl sulphate/ pol yacryl a mide gel elect1
phoresis as described.

Gel Electrophoresis

Protein Synrhesis in vivo

Dodecyl sulphate/polyacrylamide gel electrophoresis was
carried out in gels of I0 ·~~. 12 ~~ and 17 " ·~ acrylamide concentrations by standa rd met hods [17. 18]. Gels were calibrated
for M, determination as described by C roy et al. [1 2]. Polyacrylamide gel electrophoresis under non-dissoc ia ting conditions was carried out in gels of 7.5 ";0 and 10 % acrylamide
concentration by the Laemmli [17] system modified by the
omission of sodium dodecyl sulphate. Gels were stained with
Coomassie blue R-250 and destained as described [19]. Seed
material was extracted in the appropriate sample buffer for
2 h at room temperature at 40 mg meal/ml extractant and the
supernatant after centrifugation at 5000 x g for 5 min ta ken
for analysis on gels. Two-dimensional gel electrophoresis
using dodecyl sulphate/polyacrylamide gel electrophoresis in
the second dimension was carried out by equilibration of a
stained strip of first-dimension gel with second-dimension
sample buffer, after which the strip of gel was laid on top of
the stacking gel of the second-dimension gel slab, which was
subsequently run as normal [20]. Two-dimensio nal dodecyl
sulphate/polyacrylamide-isoelectric focusing gel analysis was
carried out by similar methods [20].
Crossed immunoelectrophoresis was carried out as described by Weeke [21] using 300 111 antiserum per 15 ml
second-dimension agarose gel. Immunoprecipitates were produced by double diffusion in aga rose gels [22] : the precipitates were excised , washed four times for 20 min in 20 ml

Cotyledons from peas at 11 and 14 days after ftoweri
were transferred under sterile conditions to culture mediu
(I ml medium per cotyledon) prepa red as described by Mille
et al. [24] , but lacking amin o acids. Radioactive amino acic
ei ther [3 H]leucine or 3 H-labelled total amino acid mixtu
(25 j.iC i per cotyledon), were then added , a nd the cotyledo
incubated 4 h at 28 "C in light. Where applicable, cotyledo
were transferred to medium containing unla belled amir
acid s and incuba ted for further periods under the same co
ditions . Cotyledons were immediately frozen at the end ·
the incubation period and subsequently used for protein e
traction as described . Results from the two development
stages were qualitatively similar.

Molecular Weight Determinations

The M, of purified vicilin and of vicilin in total extr
of pea seeds (40 mg / ml of column buffer) were determi
on a calibrated column of Ultrogel AcA 22 as describe<'
Cro y et al. [12]. In addition, a column of Sephacryl Ssuperfine ( 1.6-cm diameter, 112 ml vol.), equilibra ted \
0.1 M Tris/ HCl , pH 8.0 containing 0.25 M NaC l, 0.1 o~; sod
azide was employed: the column was run with upward f
at 5.8 ml /h. The following standa rd proteins were used
calibrate the column: ferritin (M, 440000), ca talase (24001
immunoglobulin . IgG ( 160 000), bovine serum albUJ
(67000) , ova lbumin (43000) and myoglobin ( 18000) : vic
samples and seed extract s were chromatographed. Fracti•
were collected, and the proteins were precipitated with
chloroacetic acid (12 "~ final concentration) and ana lysed
dodec yl sulphatejpolacrylamide gel electroph oresis.
/on-Exchange Chromatography

Protein Synthesis in vitro

Total polysomes were ex tracted as described by Evar
et al. [ 13]. Microsomes were extracted by a modification <
methods used by Cameron-Mills et al. [25 , 26]. Cotyledor
were homogenised by low-speed chopping in buffer A (0.2 r
Tris/HCl pH 9.5, 60 mM KCl, 30 mM MgCh , 0.2 M sucros•
1 mM dithiothreitol) . The homogenate was filtered throug
two layers of Miracloth and centrifuged at 500 x g for 10 mit
The pellet was discarded and the superna tant was centrifuge
a t 29000 x g for I0 min . The pellet of crude microsomes wa
resuspended in 2.26 M sucrose in buffer B (40 mM Tris/HC
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.5. :w mM KC I, 10 mM MgCh). The suspensio n was
ayed with equal po rti o ns of 1.75 M , 1.5 M , and 0.2 M
>se in buffer B, and centrifuged at 96000 x g fo r 16 h in
in g-o ut rotor. Two bands formed , one at the 1.75 M1
M suc rose int e rface, th e second a t the 1.5 M /1 .75 M
he interface. T he band s were bo th rem oved with a sy rin ge ,
ed wit h equal vo lumes o f buffer B and la ye red o nt o a
io n of 1.3 M suc rose in bufrer B. Thi s was centrifuged
65000 x g for I h . The pellet fo rmed was rinsed with
v1 suc rose in buffer B and either resuspended in Hepes
~ r pH 7.6 for immediate use. or frozen as a pellet and
~ d a t - 80 C. The absorbance was measured a t 260 nm
280 nm to determine the amount of RN A present (A2 ~>o
1 mg/ ml = 25).

co lumn of Ultrogel AcA 22. The vicilin preparation s o btained
were completely soluble of neutral pH . Vicilin was also
prepared by the zonal isoelectric precipitation method of
Wri ght a nd Boult er [29] but wa s found to be subsequentl y
incompletely so lubl e, alth o ugh of simila r subunit composlt io n to vicilin prepa red as above.

CII ARACTER ISAT ION OF VICILI N

Dodecy/ sulphate( Polyacrv lamide (i e/ U ectrophoresis

~d.

The po lypeptide band patt erns of vicilin isolated from
mature a nd developing pea seed s are shown in Fig. I . The
band pattern s were essentiall y ind ependent o f the three
method s used of purify the protein , and o f the gel system
(continuous o r discontinuous) used in its analysis. Polypeptides
of the following M , were observed fo r mature seeds : 50000,
35000, 33000, 30000, 19000, 15000, 13000 and 12500. In all
cases the 50000-M, component s were most prominently
stained followed by the 33000-M, component. However, in
agreement with results reported by Wright [30) for Viciafaba.
the relative a mount s o f the subunits varied during development, subunit s of M, less than 50000 being present in relativel y smaller amounts in ea rlier stages than later. In addition ,
a subunit of M, 47 000 found at earlier stages was not present
la ter. The 50000-M, band often showed resolution into more
th a n o ne component , dependent on sample a nd loading.

'imycin- A -Insensiti ve N A DH-Dependent
•ochrome c Reductase Assay

Molecular Weight Determination

mra tion o( S tripped Microsome.\·
'crosomal M emhranes )
Thi s was carried o ut by a method adapted from Ca me ro nln gve rsen [27 ]. A microsomal pellet was resuspended
)Ufrer C (40 mM Tris/ HC I, pH 8.5, 20 mM KC I) . After
1batio n a t 0 C for 30 min . the suspen sio n was laye red
r a two-step gradient co mpri sing of 0.73 M and 0.3 M
rose in buffer C, and centrifuged at 100000 x g fo r 1 h . The
e t was suspended in Hepes buffer, pH 7.6, and sto red in
1id a ir . The absorbance a t 260 nm and 280 nm wa s meaIS a nd

Thi s was carried o ut as described by Bollini a nd C hri speels
]. The reaction mixture contained 8 mg cytochrome c,
I 0. 1 M KCN , I ~~~ antimycin A at a concentration o f
8 mg( IOO ~~~ ethanol. 0.8 ml I M potassium phosphate
ifer, pH 7.5. 5 mg NADH in a to ta l vo lume of 10 mi.
:nples of the va rious pol yribosomal preparation s were
:led to I ml of reaction mixture and the change in ab·bance at 550 nm with time was measured .

:msla 1ion

ol S amples

M icrosomes, pol yribosomes, a nd po lyribosomes plu s
ipped microsomal m embranes were used as templates in
: retic ul ocyte lysate cell-free syste m as described by Eva ns
al. [13] . using [3 H]leucine as radioactive amino acid .
Optimum concentration s of K +. M g 2 +, a nd spermine were
termin ed fo r each prepa rati o n , but did not difrer signifi ntl y fro m conditi o ns desc ribed previ o usly [13] . Product s
:re anal ysed by dodecyl sulphate/ polyac ryla mide gel electrotares is and fluoro graphy [ 13] . lmmunoprec ipitation wa s
rri ed o ut by previou sly described method s [8. 13] o r by a n
laptation o f those meth ods e mpl oy ing Sepharose-bound
·otein A as a second ·antibod y'.

ESLJ I.TS
J RIFi l'AT ION OF Vll'II.IN

Vicilin was purifi ed from extract s of pea seed s by hydroxyJa tit e chromatograp hy [1 6] followed by rechro matograph y
1 hydroxya patit e to remove convicilin . Alternatively. seed
;tract s were fra c tio na ted by additio n of a mm o nium sulphat e
> 85 "" saturati o n, the supernatant being retained . Thi s contined no convicilin . It was purified by gel filtrati o n o n a

Vicilin isolated from mature seed s behaved as a single
co mpo nent of M , 145000 ± 15000 in the ultracentrifuge
(Pusztai , unpubli shed result s). The sa me material behaved
as a single compo nent of M , 170000 ± 20000 o n gel filtration . Further gel filtra ti o n experiment s showed that the
molecular weight s of vicilin in extracts of 11-day-old, 14-dayold and mature seed s and the molecular weights of vicilin
purified from 11-day-old and mature seeds were all identical
within ex perimental error, even tho ugh the subunit composition of the vicilin differs at these different developmental
stages as described above . These result s show that the lvl, of
-vicilin is not alt ered on purification. In no case wa s any
significa nt separation of vicilin into types containing differing
subunit s o bserved o n gel chromatography.

Charge Hcterogeneitr
The charge heterogeneit y o f purified vicilin of mature pea
seed s was investigat ed by io n-exc hange chrom a togra ph y o n
D EA E-cellulose a t pH 8.0. Thi s effected a partial separation
into different forms : a nal ysis of fraction s across the peak
of eluted pro tein showed that whereas the leading edge contained all types o f vicilin subunit s, th e trailing edge lacked
the 33000-M, subunit . A parallel res ult was o btained by twod imen sio na l gel electro ph o retic analysis o f a tot al protein
ex tract of pea seed s. employing non-dissociating conditio ns
in the first dimension and di ssocia ting conditions in the
second (Fig. 2A). Vicilin 50000-M, subunits were distributed
ove r a series of components (i .e. molecular species), in the
first dimension but the 33000- M, subunit s were only found
in the slower moving predominant components. Two-dimensional a nal ysis of protein extract s of peas a t earlier developme ntal stages (Fig. 28) showed a similar sepa ration of vicilin ,
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Fig. I. Dodecyl sulphate polyacrylamide gel electrophoresis of l'icilin preparations. (A) Vicilin prepared from pea coty led ons at different stage
development by hydroxya patit e chro matograph y. 20 11g protein loaded per gel track. Cotyledon~ harvested II days (a). 13 days (b). 17 day!
21 day~ (d) and 33 days (e) aft er flower open ing. Track f shows mate rial of track e re-chromatogra phed to remove most co nvicilin (
(B) Tracks a and b: vicilin prepared from pea cotyledons by ammonium sulphat e precipitation: (a) co tyledons 33 days after fl owe ring (1:
protein): (b) 11 days a fter flowering (30 11g protein)
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Fig. 2. Two-dimensional gel analysis ol total protein extracts of mature pea cotyledons (A ) and cotyledons har l'ested II days after (/01rering ( .
1 D =polyacrylamide gel electrophoresis a t pH 8.8 (non-denaturing); 2 D = dodecyl sulphate polyacrylamide gel electropho resis. Vicilin subur
a re indicated by M, a nd arrows: vicilin molecular spec ies by V I, V2 etc .

with the 47000-M, and 33000-M, subunits present only in
the slower moving species.
The vicilin polypeptides of each M, type were also shown
to exhibit charge heterogeneity by two-dimensional dodecyl
sulphatefpolyacrylamide-isoelectric focusing gel analysis. A
complex pattern was obtained (results not shown) with most
polypeptide component s focu sing in the pi range 5-6,
although the 12 500-M, polypeptide contained a major component of lower pi (about 4.5), and the 33000-M,, 19000-M,
and 13000-M, polypeptides also contained orne components
with pi values in the ra nge 6 - 7.

Immunological Properties
Vici lin of mature pea seeds was reacted against a ntibodi
to total pea eed proteins by crossed immunoelectrophoresi
A single broad peak of a single precipitin line was give
This indicated that the protein was homogeneous by sen
logical criteria . Antibodies were raised against this vicil:
and affinity-purified; they were then used to immunoprecip
tate vicilin from extracts of mat ure and developing pea seed
Analysis of the immunoprecipitates showed that their sul
unit pattern s were qualitatively identical wit h and quant
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vely ve ry simi lar to th a t o f vic ilin isolated chemicall y.
ica tin g th a t the vicilin prepa ra ti o ns we re not no n-rep resenve subsets of ' to ta l" vicilin .

-.JT II ES IS OF VICILIN I

VIVO AND I

VITR O

Synthesis o f vici li n in vivo was investigated by a cotyledon
ellin g tec hnique. After 4 h of labelling with radi oacti ve
ino ac id s, o n ly th e 50000-M, and 47 000-M , subunit s of
ilin we re la belled (Fig. 3). Only a ft er a c hase peri o d of at
t 6 h with no n-ra di oactive amino acid s was label seen in
: lowe r M, subunit s o f vicilin : conco mit a ntl y label in the
)00-M , subunit d ecreased . Gel chromatography of a to tal
ltein ex trac t of labelled mat eria l showed that d istributi o n
the labe lled 50 000-M, and 47000-M, vicili n subunit s over
n o lec u lar weig h t ra nge wa s identica l to that of th e tota l
ilin subunit s from un labelled to tal ex tra ct (res ult no t
)wn ). S imilarl y, th e vic ilin sy nthesised in l'i1•o in the 4-h
>elling period behaved very simila rl y to deposited vicilin
lwo-dimensi o na l gel a na lys is (F ig .4 ). Th is indicates that
:ilin labe lled in vivo a nd d eposit ed vic ilin have similar
arge hete rogeneity and M, despi te their different subuni t
mpo sition s (on ly 50000-M, and 47000-M , subunit s were
~se nt in th e for m e r).
T he products of s nthesis i11 vitru using ei th e r polyen yla ted RN A, po lyso mes or mic rosom es (po lyso m cs
:ached to end o p la sm ic retic ulum , shown by the presence
antim ycin -in se nsiti ve cytochro me c red uctase in a cell :e sy n thes ising system ) were compa red und er h ighl y reso lvg ge l anal ys is. Po lyso ma l trans lation pro d ucts contained
: ilin polypeptides of M, 50000 a nd 47000. eac h as tw o
ry closely s paced bands: in th e tran slati on product s of
>ly(A)-ri ch R NA. o nl y the uppe r band s of each douhlet

Fig. 4. T tro-dilll<'IISional gel wwlysis o( Willi prote in _{rum cutylet!on.\
lahelled in vivo 14 dars ajier _floll'erinK . Cotyledo ns were la belled 4 h
with radi oac ti ve a mi no acids . I D = po lyac rylamide ge l electro p horesis
at pH 8.8 (non-de nat urin g) ; 20 = dodecyl sul phate/po lyacry la mide gel
electrop ho resis. (A) Coomassie blu e stainin g o f 2 D ge l. ( B) Fluorograph
o f 2D gel s how in g distributi o n of ra di o active la bel. Vicilin suhunit s
indica ted hy M, a nd arrows. vic ilin species by V I. V2 etc. (S treaki ng o n
these ge ls is due 10 ove rl oading in the fir st dimen sion)

we re present , whe reas in th e tran slat io n products of microso mes o nl y the lower ba nd s of each d o ub let were presen t
(F ig. SA ). The differences in M, between th e ba nd s of th e
do ublets we re less th a n 1000 in eac h case. Po lyso mes treated
with methyl-mercuric hyd rox ide pri or to tran sla tio n gave
o nly th e upper band of each doub let. but when polyso mes
were trea ted wi th stripped minoso ma l membranes, th e lowe r
ba nd s of eac h doublet beca m e m o re inten se (Fig. 5 B).
A na lysis o fpol yso m al tra n slation prod ucts by two-dimen siona l gel e lectr o ph o res is showed that both vici lin 50000-M,
a nd 47000-M, producb we re heteroge neous in c harge.

Comparison of' Products St•nthesi_,'('(/ in vitro and in vivo
Wit h in th e limit s of reso luti o n of th e gel system s used .
product s synthesised in vivo a nd th ose co-translationa lly
processed in rill·o both included 47000-M, a nd 50000-M,
pol ypeptides (F ig. 3). H owever. an additional band o r M,
49 000 wa s a lways prese nt in l'il'o a nd n o t i11 vitro.

632

a

A

b

c

e

d

9

h

cv-

'(

9 50 [
~-

47

8

a

b

c

d

e

M

0

50 [

. 47

::f

-

-

Fig. 5. Analysis by dodecy l sulphatefpolyacry lamide gel electrophoresis
and .fluorog mphy of translation produrts in vitro of mRNA preparations
fro m pea co ty ledons harl'ested 14 days after flower opening . All tran slation s were carried o ut in the ret iculocyte cell-free synthesisi ng system
with [3 1-f]le ucine as radioactive la bel. Vicilin subunit s are indicated by
,\-{, . (A) (a) Pol ysomalt ran sla ti o n products; (b) immunoprec ipitate of A
with a nti- vici lin lgG : (c) microsomal translation products : (d) immun oprecipitatc of c with a nti vicilin lgG (in track s b and d conv ici lin (cv) is
a lso precipitated) ; (e) po lysoma l translation product s: (f) tra nslation
products of polyadenylated RNA ; (g) translation product s o f polysomes
treated with 10 mM C H 3 HgOH : (h) translation products of polyso mes
a fter an equiva lent a mount of C H 3 HgOH as in gadded sepa rat ely to
tran sla tion system ; (i) polyso mal tran sla tion product s. All trac ks are
from the same gels . (B) (a) Radioactive standard protein ; (b) microsomal tra nslation product s; (c) polysomal translation products: (d) translation products of microso mes + microsomal membranes; (e) translation products of polyso mes + microsomal membranes. All track s from
the same gel

DISCUSSION
The results presented in this paper lead to the following
conclusions.
a) Vicilin subunits as initially synthesised in vitro and in
vivo consist of polypeptides of M, approximately 50000 (including the 47 000-M, subunit) : no smaller polypeptides are
produced .

b) Vicilin synthesised in vitro on polyso mes represe
mixture of polypeptides which have and have not been
translationally processed . This is deduced from the do
nature of both 50000-M, and 47000-M, band s. When p
adenylated RNA , or polysomes treated with methylmerc
hydroxide to remove half-completed polypeptide chains('
off product' , Gateho use and Croy , unpubli shed results),
lranslated , on ly the upper bands of the doublet s, unproce
product , are seen ; when microsomes or polysomes plus e
plasmic reticulum are translated, the lower band s of
doublets , processed product , predominate . The proces
must occur on the endoplasmic reticulum concomita
with translation , since the run-off product is already
cessed . Possibly this processing resembles !hal described
Blobel a nd Dobberstein [31 ].
c) Vicilin polypeptides a re assembled in vivu into molec
o f M, ~ 170000 initi all y containing o nl y :::::- 50000-M, s
unit s.
d) The smaller polypeptides found in d eposited , i.e. i
lated , vicilin arise from post-synthetic pro teo lysis of so
o f the ~ 50000-M, subunit s already assembled into vic
molecules. The 47000-M, subunits are co mpl etely cleav
whereas o thers are not.
e) The post-synthetic proteolysis of vicilin does no t sign
ca ntly alter either it s molecular weight , or it s charge hete
ge neity. impl ying that the cleaved pol ypeptides remain as~
cia ted .
The model for the structureofvicilin which we have adopt
postulates therefore that the mo lecule is a multimer, probat
a trimer, of ~ 50000-M, subunits but that these subun
ma y be ' nicked ' by post-translational prot eolysis withe
significantly altering the structure o f the molecule as
whole . As repo rted by Millerd [32] no evidence for p1
teolytic degradation of vicilin during ex tractio n was found
comparison with extractions carried o ut in the presence
protease inhibit ors or under dissoc iating condiJi ons. Furt~
the lac k of proteol ysis of the vilicin labelled in vivo on extn
tion after a short pulse (Fig. 3 and 4) indica tes tha t degrac
tion does not take place during extrac tion. However, t
possibility that so me of the minor vicilin subunit s arise frc
degradation not occurring in vivo ca nnot entirely be rul
o ut. The post-translational prot eo lysis occurs so me tit
( > 4 h) after synthesis as in the case of concanavalin A [3
It thu s follows that the apparently large number of diffen
·subunits' found in vicilin as isola ted does not reflect t
underlying structure of the molecule . The specificity of p1
teolysic cleavage is shown by the derivation of the 33 000-.
subunit(+ 15000-M, subunit?) from the 47000-M, subur
shown by the pulse-chase experiment, and the similar prop
ties of the molecules containing 47000-M, subunits prior
cleavage to those containing 33000-M, (+ 15000-M,) st
units after cleavage on two-dimensional gel analysis. Howe'
a complete description of the further proteolytic cleava1
responsible for producing the other polypeptides is not ~
possible. The sequence heterogeneity implied by the cha1
heterogeneity of the vicilin polypeptides before proteoly
cleavage may account not only for the variety of cleava
products produced , but also for the heterogeneity of mol1
ular properties found in vicilin, since different combinatic
of the initial polypeptides would be expected to give mo
cules differing in their physical properties. Further, sir
vicilin is a glycoprotein [34] it is possible that additi01
heterogeneity, as shown by the extra band seen in the init
product s in vivo , is produced by glycosylation of one of t
vicilin 50000-M, polypeptides. If so, the glycosylated po
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ptide must then be completely cleaved since carbohydrate
fo und predominantl y, if not exclusively, in the 12000 000-M, polypeptides of deposited vicili n [7 , 16]. We ha ve
en unable ~o far to demonstrate glycosylation in virro.
The present model for the st ruct ure of pea vicilin i~ simi lar
that proposed for the 7-S storage protein of Phaseu!t ts
lgaris, which has bee n shown to be a trimer of~ 50000-M,
bunits [3 5]. Similar structures have also been proposed for
rwpea 7-S globu lin [36] and soybean 7-S globulin [37].
·e!iminary inves tigation s of the vici lin of l'iciafaha (Croy
1d Gatehouse, unpublished results) have ~hown it to p osses~
:ry similar properties to pea vici lin , includi ng its band patt ern
1 dodecyl ~ ulphate , pol yacrylamide gel electrophoresis. so
tat it is also likel y to conform to thi s model.
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