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Cloning of pea storage protein genes

By D. BOULTER

University of Durham, Department of Botany, Science Laboratories,
South Road, Durham DH1 3LE

[Plate 1]

Vicilin and legumin are the major storage proteins of Pisum sativum. Complementary
DNAs (cDNAs) have been produced from poly(A)* mRNA isolated from developing
seeds and specific storage protein cDNAs cloned into pBR322. The amino acid
sequences predicted from the cDNA sequences have been compared with the actual
amino acid sequences derived from the purified protein subunits. These comparisons
have confirmed that the legumin o and B subunits as initially synthesized are
covalently joined together and that a small peptide is subsequently removed by
endoproteolysis to give the disulphide linked subunits of the mature seed legumins.

Similar comparisons between the predicted amino acid sequence of vicilin cDNA
clones and the amino acid sequence determined on the isolated subunits has shown
that some of the 50000 M, type subunits are subsequently cleaved to give three
subunits as products, i.e. polypeptides of 19000 M, (o), 13500 M, (B) and 12500 M,
or 16000 M, if glycosylated (y). In addition to these three subunits, cleavage at one
or other of the two potential cleavage sites, results in a 33000 M, polypeptide (a+ )
and a 31000 M, polypeptide tentatively identified as B+7y. The presence of the
sequence Lys-Glu-Asn leads to cleavage on the carboxy side of Asn at the B:7y cleavage
site whereas the sequence Gly-Leu-Arg does not lead to cleavage. Comparable
sequence data for the a: f processing site do not exist. Comparisons of the cDNA and
amino acid sequence disclose the presence of a 15 or 16 amino acid residue vicilin
leader sequence as well as a 12 amino acid residue C-terminal peptide which is also
removed.

The codon usage of the messenger RNAs for the storage proteins are similar to those
of other plant proteins and differ somewhat from animal messenger RNAs.

Complementary DNAs for specific storage proteins when used to probe different
restriction enzyme digests of pea genomic DNA reveal the presence of a small number
of legumin and vicilin coding sequences (two to five for legumin and three to seven
for vicilin) that occur as single copies except for one vicilin sequence present in two to
three copies.

Genetic mapping experiments using whole plants locate both the main legumin
and the vicilin genes on chromosome 7. The main legumin subunits are coded by
genes located at a single Mendelian locus Lg-I located on the short arm of
chromosome 7 very close to the rub locus and the vicilin gene is located 16 map units
away close to the r locus.

Gene libraries prepared with size fractionated partial restriction enzymic digests
of pea genomic DNA ligated into both phage A L47 and phage A gt wes have led
to the isolation of at least three similar but different legumin genomic sequences.
Comparison of the A and cDNA legumin clones suggests the presence of at least one
intron in the former.
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324 D. BOULTER

INTRODUCTION

Legumes in general contain two major seed storage protein types, vicilin and legumin
(Derbyshire et al. 1976). Seeds of Pisum sativum (L) have significant amounts of both proteins
and since a considerable body of knowledge exists about pea physiology and genetics, this
species is a good choice for the study of storage protein genes. Peas are also one of the world’s
major legume crops.

Since the storage proteins are found only in the tissues of the developing seed (Millerd 197 5)
and then only in significant amounts during the middle and late stages of development, it was
suspected from the onset that the genes responsible for the storage protein would belong to the
class of developmentally regulated genes, i.e. those that are only switched on in specific tissues
over restricted periods of time.

AMINO ACID AND NUCLEOTIDE CODING SEQUENCES OF STORAGE PROTEINS

The enzymatic conversion of poly(A)* mRNA and its insertion into bacterial plasmids for
cloning is common place in molecular biology (Maniatis et al. 1982). Storage proteins constitute
such a large proportion of the seed protein during the main phase of synthesis, that it appeared
likely that the mRNAs for the storage proteins would also contribute a major share of the total
cytoplasmic poly(A)* mRNA in these tissues and cloning of their cDNAs would therefore be
feasible.

With the production of cDNAs from mRNA preparations from developing pea seeds (Evans
et al. 1980) and the identification of specific cDNAs cloned into pBR322 (Croy ef al. 1982) it
was possible to compare an amino acid sequence predicted from the cDNA sequence,
representing the storage protein precursor polypeptides as synthesized on the polysomes, with
the actual amino acid sequence derived from the purified proteins themselves. This comparison
would identify the coding sequences of the genes and allow the determination of the sequence
specificity of co- and post-translational proteolysis which had already been shown to occur from
cell-free translation and pulse chase experiments (Croy et al. 1980 and Gatehouse et al. 1981).
The sequence characteristics of the untranslated regions of the mRNA would also be
established. Nucleic acid and protein sequencing were performed as described previously
(Lycett et al. 1983a; Hirano et al. 1982 and Boulter & Ramshaw 1973, respectively).

Construction of cDNA plasmids

The production of cDNA (Evans ef al. 1980) and the construction of cDNA plasmids were
as described previously (Croy et al. 1982) except that a ribonuclease inhibitor was included
in later experiments and that after double strand synthesis and S1 nuclease treatment, cDNAs
were size fractionated on 0.75 9, agarose gels and molecules of lengths of more than 1 kilobase
excised from the gel and purified as described (Dretzen et al. 1981). These long cDNA molecules
were BamH] linkered, ligated into BamHI digested pBR322 and then again size fractionated,
as described above, to enrich for recombinant plasmids containing single cDNA species of
lengths of more than 1 kilobase before transformation. Alternatively single stranded cDNA was
prepared by using synthesized oligonucleotides as primers. These 15-mer oligonuclotides were
synthesized from the 3 to 5" end in a series of assembly cycles involving two chemical reactions
(Gait et al. 19824) by using an apparatus made (Gait et al. 19825) from a commercially
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CLONING OF PEA STORAGE PROTEIN GENES 325

available kit (Omnifit Ltd, Cambridge). After antibiotic selection and identification of colonies
by hybridization with nick translated 2P poly(A)*mRNA, final identification of clones was
by hybrid selected translation (Croy et al. 1982).

Legumin

Pea legumins have molecular masses between 380000 and 410000 Da and consist of six
subunit pairs, each of which is made up of a larger, relatively acidic subunit (o) and a smaller
relatively basic subunit (B), joined by a disulphide bond (Gatehouse et al. 1980). The pairs

<DNA 1
40 kDa ER_EQ_PQQE‘ESQI_‘E_RL_NA_LQPD_NR_I_E(SEGGFI
<DNA RATLQRNALRRP
40 kDa ETUWNPNNNEFRECGLDL I Liiseserenonrorsacaacaes
Q
<DNA YYSNAPQEIFIQQGNGYFGMVFPGCPETTFE
40kDa  .ieeceecreccsracattienaaaiay srsteesaas VFPGCPETFE
<DNA EPQESEQGEGRRYRDRHQKVNRFREGDITIA
40 kDa EP Queevenrsncncoreoconsas ssonsessosesnns ceressiaasereens
cDNA VPTGIVFWMYNDQDTPVIAVSLTDIRSSND
Z T o R R R R R R R
<DNA QLDQMPRRFYLAGNHEQEFLQYQHQQGQEQ
40kDa  L..i..eee. PRPGY Liceeeves vannes FLQYFHiieiioenonns
ARF
<DNA KENEGNNIFSGFKRDYLEDAFNVNRHIVDR
40kDa  L.eeeeen GNNILSGFKRSFLEDAFNVNLRIVDR
<DNA LOQGRNEDEEKRAIVKIKGGLRIISPPEKQA
40 kDa L G Revesereossosnconsanonce voe GGLR.itesrasensnnonsane
K
c<DNA RHQRGSPQEEDEDEEKQPRHQRGSRQEEEE
40kDa  seiieeseecesciesecreieatttsans stretessavesaeseasesttara ey
<DNA DEDEERQPRHQRRRGEEEEEDKKERRGSQK
40kDa s.eeeeceeennn R R R R RN
<DNA GKS+RRQGDN'GLEETVCTAKLRLNIGPSSSP
40kDA  ceeeeeeeen PR
20 kDa GLEETVCTAKLRLNIGPSSSP
cDNA DIYNPE RIKTVTSLDLPVLRW H
20 kDa DLYNPEAGRLKTVTSLDLPVLRW A H
c<DNA GSLHKNTMFVPHYNLNANSIIYALKGRARL
20 kDa GS;LHKNAMFVPH\'NLNAN ......... +++.K GRuvuus L
cDNA QVVNCNGNTVFAGKLEAGRALTVPQNYAVA
20 kDa QVUVUNCNGN.eooorerenenes oo AGRALTVPQNYAVA
<DNA AKSLNDRFSYVAFKTNDRAGIARLAGTSSV
20 kDa R R ) TNDRAGIARLAGTS SV
¢DNA INDLPLDVVAATFKLQRDEARQLKSNNPFK
20kDa INNLPLDVVAA A . .coovvn vunn NEARQU L. .ooveaoononns
c<DNA FLVPARQSENRASA
20 kDa FLVPARDO O..overnnn ASYV

FiGure 1. The predicted partially complete amino acid sequence of main legumin subunit pairs compared to partial
amino acid sequences of isolated subunits, ...... amino acid sequence from Casey et al. (1981), amino acid
sequence determined directly on isolated subunits by using cyanogen bromide cleaved fragments and
Staphylococcus aureus V8 and tryptic peptides. Where two different amino acids are given for a single residue
position, two identical peptides were obtained except for these residues. Sequence in parentheses by homology
with soybean legumin. (N. C. Nielsen, personal communication). Arrows represent endoproteolytic processing
site. Reproduced with permission from CRC Critical Review Journals (Gatehouse ¢f al. 19834).
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326 D. BOULTER

may be divided into three types, the main type (conventional legumin subunits) and two minor
types, designated big and small respectively (Matta et al. 1981). Cell-free translation of poly(A)™*
mRNA preparations from developing pea seeds has demonstrated that the subunit pairs are
synthesized covalently joined together and that they are subsequently cleaved to yield the two
subunits (Croy et al. 1980).

A predicted partially complete amino acid sequence for ‘main’ legumin subunit pairs is given
in figure 1, and is compared to the partial amino acid sequence for the legumin o and B subunits
determined by direct analysis of the polypeptides. The cDNA sequence does not extend to the
N-terminus of the legumin subunit pair which has been determined by Casey et al. (1981). The
data show that the predicted amino acid sequence continues unbroken upstream from the
N-terminal sequences of the B subunit into the C-terminal sequences of the a subunit without
start or stop codons in the same reading frame. Just before the N-terminus of the B subunit,
a sequence of two basic residues, Arg-Arg, is found. By analogy with the proteolytic processing
of several animal protein precursors, for example proinsulins and the corticotropin-lipotropin
precursor (Cohen et al. 1980), it is likely that this sequence is the cleavage site of precursor
legumin and that further processing of the linking sequence occurs since the B subunit has Gly
at its N-terminus. The site is in a polar region of the polypeptide and resembles that found
at the B:y cleavage site of vicilin (see below) in that acidic/amide amino acids predominate
and the cleavage is on the C-terminal side of an asparagine residue (Arg-Arg-Glu-Asp-
Asn/Gly-Lys-Glu-Glu). Present cDNA clones are not long enough to show whether legumin
contains a ‘leader’ sequence.

The three legumin ¢cDNA clones sequenced so far contain a single amber stop codon.
Examination of their 3" untranslated regions show that in contrast to the vicilin cDNAs (see
below) they have the sequence AATAAATAAA 19 bases from the polyadenylation site, i.e.
two overlapping repeats of the archetypal sequence. Zein (Geraghty et al. 1981) and
leghaemoglobin C (Hyldig-Nielsen et al. 1982), also contain the overlapping repeat sequence,
but not in the expected position relative to the polyadenylation sequence; GATAAA and
AATAAGAAA are found in the expected positions however. The latter sequence variant is
also found in the 3" untranslated region of legumin cDNA, but not in the expected position
15-30 nucleotides from the polyadenylation site (Lycett et al. 1983 5). Furthermore the legumin
cDNAs unlike the vicilin cDNAs (see below) contain the sequence ATTTCAGTGC just to the
5’ side of the polyadenylation site similar to the conserved sequence often found straddling or
on the 3’ side of the polyadenylation site in animal genomic sequences (Benoist et al. 1980).

Vicilin

Vicilin, M, about 150000, is composed of three 50000 type subunits, some of which are
‘nicked’ so that under dissociating conditions they separate on gels (Gatehouse et al. 1981).
Depending on gel conditions, as many as four different components can be seen on one
dimensional gels with M, between 47000 and 51 000. Cell-free translation of poly(A)* mRNA
isolated from cotyledons at various stages of seed development show that the initial translational
products on the ribosomes are 50000 M, type subunits only (Evans ef al. 1979). In contrast,
vicilin isolated from seeds and separated into constituent subunits on sodium dodecyl sulphate
(SDS) gels, displays several subunits (Gatehouse et al. 1981).

A predicted complete amino acid sequence for vicilin is given in figure 2 and is compared
to the partial or complete amino acid sequences of the different vicilin subunits (Hirano et al.
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1982; Lycett et al. 1983 a). The vicilin subunits of M, less than approximately 50000 are very
similar in sequence to parts of the 50000 M, precursor and their derivation from the 50000 M,
subunit is shown in figure 3 (Gatehouse et al. 1982). The generalized vicilin precursor
polypeptide has two sites at which post-translational proteolysis may occur. Cleavage at both
these sites gives three ‘subunits’ as products, polypeptides of 19000 M, (a), 13500 M, (B) and

5 UT leader mRNA UT 3
- ——i L po]y A
H;N COOH
oy 50000 M,
33000 M,
a+p
= 19000 M.
l———?————' 13500 M,
16 000 M,
¥ [12 500 M,

Ficure 3. Derivation of vicilin peptides from the precursors of the 50000 M, type subunits. The top line is a
diagrammatic representation of the vicilin messenger RNA.

12500 M, or 16000 M, if glycosylated (). If neither of the potential cleavage sites undergoes
proteolysis, the resulting intact 50000 M, polypeptide is denoted (o + B+ 7). Finally, cleavage
at one potential processing site but not the other leads to two possibilities: cleavage at B:7y site
gives (a+B), which is the 33000 M, polypeptide, and vy, while cleavage at the a: P site gives
o and (B+7y) which has been tentatively identified as a minor vicilin polypeptide of 31000 M,.

The C-terminus of the B and the N-terminus of y subunits are asparagine and aspartic
residues respectively, thereby locating accurately the B:y site of cleavage. The 33000 M,
subunit has asparagine at its C-terminus confirming the position of the cleavage site. Both the
B and the 33000 A, subunit (a+B) have a tripeptide sequence ‘missing’ just before this site
as compared with the amino acid sequence of the 50000 subunit. Vicilin cDNA clone pDUB2
has a nucleotide sequence whose predicted amino acid sequence is the same as the determined
amino acid sequence of the 50000 A, subunit in this region. Another vicilin clone pDUB7 is
similar in sequence except in the area of this site. Normally the 50000 A, subunitis not processed
and a comparison of the sequence of pDUB2 that hybrid selects 50000 M, subunit and pDUB7
that hybrid selects 47000 M, subunit which is cleaved at one or both sites, should indicate the
sequence specificity for cleavage. The data are given in figure 4 and suggest that if the sequence
Lys-Glu-Asn is present the polypeptide is cleaved on the carboxy terminal side of Asn whereas
the sequence Gly-Leu-Arg does not lead to cleavage.

Suitable comparable data do not exist for the o:p processing site. All the clones so far
sequenced have Gly-Leu-Arg or Ser-Leu-Lys at the potential cleavage site and it is suspected
that their products are unprocessed at this site especially as Gly-Leu-Arg signals non-cleavage
when present at the B:v site.

A comparison of the 5’ of vicilin cDNAs with the N-termini of 50000, 33000 and 19000 M,
polypeptides indicates that there is a leader sequence that is removed, since the peptides start
with R or GF, yet there is a reading frame upstream of this residue equivalent to between 15
or 16 amino acid residues before a ‘start’ Met codon is reached (figure 2). Both Higgins &
Spencer (1981) and Gatehouse ¢t al. (1981) have presented evidence for the removal of leader
sequences from vicilin in accordance with the signal hypothesis of Blobel & Dobberstein (1975).
It is possible that there is another Met codon further upstream and the signal peptide is longer,
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but evidence from cell-free translation suggests a leader sequence of molecular mass 1000-2000
(Higgins & Spencer 1981).

Comparison between the C-terminus of the 16000 M, polypeptide with the 3’ region of the
nucleotide coding sequence of vicilin cDNA suggests that a 12 amino acid residue peptide is
removed post-translationally (see figure 2).

pDUBll GTT TGA AATGTTTCTTAATGAGTGGACA
(V) Stop stop stop
AAATACTATGTATGTATGCTATCAAGAGATAT
ATCTCACGGGGAGCAATGAATAAAACAATGTT

ATCTTATAACT*A(ZD End of cDNA

pDUB2 TTTTAATGAGAGATCAAATATTTTGCATGTAT
(F) stop stop
GCTATAAAAGAACTATAGCTCATAATGAGCAA

GGAATAAAACATCGTTCTCTT End of cDNA

Ficurke 4. The scheme represents 3’ untranslated region of vicilin cDNA clones. Amino acid in parentheses has been
predicted from cDNA sequence.

All the vicilin clones showed a simple pattern in their untranslated 3’regions of a single
AATAAA sequence as do many animal clones, but unlike animals no TTTTCAGTCG
sequence was found. In pDUBI11 for example the putative poly(A) signal sequence, AATAAA
is followed 20 nucleotides downstream by a poly(A) sequence (figure 4a).

In different cDNA clones the functional stop codon is either the first of a tandem pair of
terminator codons (see figure 44) or a stop codon (overlined) situated four codons upstream
from this pair as in pDUBI11 (figure 4a).

Codon usage

The mRNAs from animals are known to have a characteristic codon usage pattern. When
this aspect of the cDNAs for legumin and vicilin were examined (Lycett et al. 19835) it was
clear that the codon usage in their sequences was different to that of animals. Codons containing
the nucleotide CG were little used, e.g. the arginine codons AGA and AGG were preferred
over the other four. Generally, animal systems tend to avoid codons ending in AA, AU, UA
or UU (Grantham et al. 1981), but this was not observed with the plant cDNAs (Lycett et al.

1983 0).

GENOMIC CODING SEQUENCES

Complementary DNAs for specific storage proteins can be used to probe different restriction
enzyme digest of genomic DNA to detect the number of different genomic sequences
complementary to the coding sequences, and their copy number (Young ¢f al. 1981). Results
from these experiments show the presence of a small number of legumin and vicilin coding
sequences, two to five for legumin, three to seven for vicilin (figure 5, plate 1 and Gatehouse
et al. 1983 b). These were present in single copies, except that one vicilin sequence was present
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in two to three copies (Gatehouse et al. 1983 5). Although there were small differences in the
numbers of fragments detected when using different cDNA probes for the same storage protein,

due in some cases to the presence of a restriction site in the gene, the general conclusion that
there are a few gene sequences for the storage proteins remains the same. The pattern was the
same for leaves and cotyledons and whether the cDNA probes were synthesized by enzymic
copying of poly(A)" mRNA or constructed by using synthetic oligonucleotide primers (Gait
et al. 1982a, b).

Variations in subunit band patterns analysed by gel electrophoresis have been used by Hynes
(1968) and Thomson & Schroeder (1978) to suggest that some storage protein genes behave
as single Mendelian genes.

Published (Matta & Gatehouse 1982) and unpublished work from this laboratory locates
both the main legumin and vicilin genes on chromosome 7; the convicilin gene is on
chromosome 2. Although minor legumin components (big and small legumin) occur, over 90 %,
of the legumin subunits (main legumin) were coded for by genes located at this single Mendelian
locus. As expected the acidic and basic subunits did not segregate independently. The legumin
locus, Lg-1, is located on the short arm of chromosome 7 very close to the rub locus. Davies
(1980) had shown previously that the legumin gene was linked in the 7 locus on chromosome
7. The vicilin locus is 16 map units away close to the r locus. It also behaves as a single locus
in genetic crosses (J. A. Gatehouse and S. A. Mahmoud, unpublished observations). The
storage protein genes, therefore, do not constitute an operon. A crossover unit in classical genetics
is approx. 6 x 108 base pairs for a chromosome of the size of chromosome 7: thus, even though
the several vicilin and legumin genes identified by hybridization probes each act as single
Mendelian genes in crosses there could be considerable spacer regions between the different
genes of either locus, and genomic clones are required to elucidate the extent of possible
clustering.

Gene libraries have been prepared with size fractionated (about 20 kilobases in length)
partial restriction enzyme digests of Pisum genomic DNA ligated into phage A L47 and into
phage A gt wes by using standard methods (Maniatis et al. 1982). Plaques have been selected
using 3?P nick-translated legumin cDNA inserts and ‘minipreps’ made. At least three different
legumin genes with similar but different restriction patterns have been isolated. Legumin cDNA
and mRNA binds strongly to appropriate restriction fragments of these cloned genes.

Examination of various smaller fragments cut out from the A legumin clones shows them to
be larger by 100200 base pairs than the corresponding fragments cut from the legumin cDNA,
this suggests the presence of at least one intron in the former.

DiscussioN

The storage protein genes of Pisum are an example of a phenomenon now quite commonly
found in eukaryotic organisms, whereby specialized cells produce large amounts of specific
proteins over a short time period by regulating the expression of a family of closely related genes.
Separate gene families exist for legumin and vicilin, each of which consists of relatively few
similar genes, although in the case of vicilin these genes may not all cross-hybridize with each
other under stringent conditions.

As well as cleavage of N and C terminal peptides, endoproteolysis may also occur.
Comparison of vicilin cDNA sequences with those of phaseolin (Sun et al. 1981) and conglycinin
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legumin vicilin vicilin
60 kDa. 50 kDa 47 kDa

FiGurE 5. Detection of fragments encoding legumin and vicilin polypeptides in EcoRI digests of pea genomic DNA.
Scale is in kilobases. Digested DNA was analysed by agarose gel electrophoresis, transferred to nitrocellulose
paper, and probed with nick-translated pDUB! (legumin) pDUB2 (vicilin 50 kDa) and pDUB4 (vicilin

47 kDa). Reproduced with permission from CGRC Critical Review Journals.
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o subunit (Schuler ef al. 19824, b) the 7 S proteins of Phaseolus and Glycine respectively, shows
evolutionary divergence around the post-translational endoproteolytic processing sites. These
sites are in hydrophilic regions presumably on the outside of the molecules, whereas sequences
coding for regions within the pea vicilin smaller subunits (a, B, ¥ etc) are relatively conserved
in the different genera (Lycett ef al. 1983 a).

Considerable variation has been noted in the polyadenylation site sequence signals in plant
genes, i.e. presence of a single AATAAA sequence or an overlapping double archetypal
sequence or the presence of alternative sequences such as GATAAA (Lycett et al. 1983 4). This
is again reflected in the fact that pea vicilin contains a single AATAAA sequence whereas
conglycinin of soyabean has a double overlapping sequence.

I gratefully acknowledge the help of my colleagues Dr R. R. D. Croy, Dr M. 1. Evans, Dr
J. A. Gatehouse, Dr G. W. Lycett, Mr A. Delauney, Mr S. H. Mahmoud and Mr A. Shirsat,
and for permission to present some of their unpublished results.
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IGURE 5. Detection of fragments encoding legumin and vicilin polypeptides in EcoR 1 digests of pea genomic DNA.
Scale 1s in kilobases. Digested DNA was analysed by agarose gel electrophoresis, transterred to nitrocellulose

paper, and probed with nick-translated pDUB1 (legumin) pDUB2 (vicilin 50 kDa) and pDUB4 (vicilin
47 kDa). Reproduced with permission from CRC Critical Review Journals.
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