
Biochem. J. (1988) 250, 15-24 (Printed in Great Britain)

Two genes encoding 'minor' legumin polypeptides in pea
(Pisum sativum L.)
Characterization and complete sequence of the LegJ gene
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A genomic clone from pea (Pisum sativum L.) contains all of one gene encoding a 'minor' (B-type) legumin
polypeptide, and most of a second very similar gene. The two genes, designated LegJ and LegK, are arranged
in tandem, separated by approx. 6 kb. A complete sequence of gene LegJ and its flanking sequences is given,
with as much of the sequence of gene LegK as is present on the genomic clone. Hybridization of 3' flanking
sequence probes to seed mRNA, and sequence comparisons with cDNA species, suggested that gene LegJ,
and probably gene LegK, was expressed. The partial amino acid sequences of 'minor' legumin a- and
fl-polypeptides were used to confirm the identity of these genes. The transciption start in gene LegJ was
mapped. The 5' flanking sequence of gene LegJ contains a sequence conserved in legumin genes from pea
and other species, which is likely to have functional significance in control of gene expression. Sequence
comparisons with legumin genes and cDNA species from Viciafaba and soya bean show that separation of
legumin genes into A- and B-type subfamilies occurred before separation of the Viciae and Glycinae
tribes.

INTRODUCTION
The seeds of pea (Pisum sativum L.) contain several

types of heterogeneous proteins that function as storage
reserves to be utilized on seed germination. Legumin is
one of these storage protein types; it contains molecules
made up of six disulphide-bonded subunit pairs, each
subunit pair (polypeptides of Mr approx. 40000 and
20000) being synthesized as a single precursor poly-
peptide (Mr approx. 60000) [1,2]. Homologous legumin-
type proteins are found in the seeds of many other plant
species, both legumes and non-legumes [3,4]. In pea, the
subunit pair types found in legumin may be conveniently
divided into 'major' components and 'minor' com-
ponents [5] on the basis of their relative abundances in
the protein. The 'major' legumin subunit pairs are
encoded by a small gene family containing five members
[6,7]; several of these genes have been fully characterized
and sequenced ([8,9]; A. H. Shirsat, S. Mahmoud,
R. R. D. Croy & J. A. Gatehouse, unpublished work).

Studies of cDNA libraries based on mRNA isolated
from developing pea seeds have shown that, besides a
class of cDNA species that encode 'major' legumin
subunit pairs and correspond to the LegA family of
genes, two further classes of legumin cDNA species are
present. These additional cDNA species do not cross-
hybridize at the nucleic acid level to LegA-type cDNA
species, but encode polypeptides that are immuno-
precipitable by anti-legumin antibodies in hybrid-release
translation experiments [10]. The encoded polypeptides
are thus thought to be the precursors of 'minor' legumin
subunit pairs; support for this hypothesis has been given

by partial nucleotide sequences of these cDNA species
[11]. Hybridization of these 'minor' legumin cDNAs to
pea genomic DNA has shown that a further four or five
legumin genes belong to this second family, which can be
divided into two sub-families (containing three and one
or two genes) on the basis of hybridization homology of
the different 'minor' legumin cDNA species [7].

In the present paper one of the 'minor' legumin cDNA
species was used as a probe towards a pea genomic
library, in order to isolate two genes from its corres-
ponding sub-family.

MATERIALS AND METHODS
Materials

Pea seeds cultivar Feltham First were obtained from
Suttons Seeds, Torquay, Devon, U.K. The isolation of
the genomic clone A JC5 from a Pisum genomic library
(prepared by ligation of a size-fractionated EcoRI partial
digest of DNA from pea cultivar Dark Skinned
Perfection to the bacteriophage vector A EMBL4,
packaging, and transfection of recombinant bacterio-
phage) by screening the library with a cDNA species,
pCD40, that had been shown to hybrid-select 'minor'
legumin precursor polypeptides of Mr 63 000-65 000
from a translation in vitro of pea seed mRNA [10] has
been described elsewhere [12]. Restriction enzymes were
from Northumbrian Biologicals, Cramlington, North-
umberland, U.K.; SI nuclease and other enzymes were
from BCL, Lewes, E. Sussex, U.K. Reagents and enzymes
for M13 DNA sequencing were supplied by Gibco/BRL
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(Gibco, Paisley, Strathclyde, Scotland, U.K.); non-
standard sequencing primers were synthesized on an
Applied Biosystems model 381A DNA synthesizer.
Radiochemicals were from Amersham International,
Amersham, Bucks., U.K., as were the reagents for nick
translation. The random hexanucleotide-primer labelling
reagents (Polymeraid) were supplied by P & S Bio-
chemicals, Liverpool, U.K. Nitrocellulose filters were
Schleicher and Schuell type BA85 from Andermann and
Co., East Molesey, Surrey, U.K. Other reagents were of
analytical quality or best available grade.

Methods
DNA subcloning and sequencing. Subcloning of appro-

priate restriction fragments from A JC5 into the plasmid
vector pUC9 and into M13 vectors followed standard
protocols [13]. DNA probes were labelled with [a-32P]-
dCTP (400 Ci/mmol; 100 uCi used per 0.2-0.5 ug of
DNA) by nick translation [14] except where otherwise
stated. All DNA sequencing was carried out by the
dideoxynucleotide chain-termination method [15] with
single-stranded DNA prepared from cloned fragments in
M13 mp8, M13 mp9, M13 mpl8 or M13 mpl9 [16], with
[a-[35S]thio]dATP as radioactive label [17]. DNA
sequences were read and analysed manually; standard
computer programs were used for translation and dot-
matrix sequence comparison [18]. DNA sequences were
also compared by the dimensional plot method [19], by
using a computer program devised by the authors.

Sl-nuclease mapping. SI-nuclease mapping of the 5'
end of the mRNA species hydribizing to the LegJ gene
was carried out according to the method of Favaloro
et al. [20] with SphI-MspI and SphI-XhoI DNA probe
fragments from gene LegJ, 5'-end-labelled with
[y-32P]ATP (6000 Ci/mmol; 50 uCi used per 0.2-0.5,ug
ofDNA) [21]. Labelled fragments (at least 106 c.p.m. per
assay) were hybridized to polyadenylated RNA purified
from developing pea cotyledons [22] (5,ug per assay).
Protected fragments after S1-nuclease digestion were
sized by electrophoresis on DNA sequencing gels.

Hybridization to mRNA. Restriction fragments from
genes LegJ and LegK were isolated by excision of bands
from low-melting-temperature agarose gels after separa-
tion of the fragments by electrophoresis [23], and were
labelled with [a-32P]dCTP (400 Ci/mmol; 50,Ci used
per 25 ng ofDNA) by using the random hexanucleotide-
primer method [24]. Total RNA preparations were
purified from developing pea cotyledons (cultivar.
Feltham First) by extraction in guanidinium thiocyanate
as previously described [25]. RNA samples were de-
natured with glyoxal and analysed by electrophoresis
on 1.2 % agarose gels [26]. The gels were blotted on to
nitrocellulose, and the blots were hybridized with labelled
probes in a hybridization solution containing 5 x SSC
(1 x SSC is 0.15 M-NaCl/0.01 5 M-sodium citrate buffer,
pH 7.2), 2 x Denhardt's solution (1 x Denhardt's solu-
tion is 0.02% Ficoll/0.02 % bovine serum albumin/
0.02 % polyvinylpyrrolidone), 200,ug of denatured her-
ring sperm DNA/ml and 50% formamide at 42 °C, as
described by Thomas [27]. The blots were washed to a
final stringency of 0.1 x SSC/0.1 % SDS at 50 °C, before
autoradiography at -80 °C with a preflashed X-ray film
(Fuji RX) and an intensifying screen (Cronex Lightning
Plus; DuPont).

Protein purification and sequencing. A 'minor' legumin
polypeptide pair, corresponding to that designated L2
by Matta et al. [28], was isolated from pea legumin
(purified as described in ref. [29]) by ion-exchange
chromatography on a column of DEAE-Sepharose in
50 mM-Tris/HCl buffer, pH 7.5, containing 6 M-urea,
essentially as described by Casey et al. [30]. The column
was eluted by a salt gradient, the L2 polypeptide pair
being eluted at [NaCi] approx. 0.3 M. Pooled fractions
were reduced and carboxymethylated with iodoacetic
acid, and the a- and ,-polypeptides of L2 were then
separated as indicated above. Polypeptides were sub-
jected to tryptic digestion, and the resultant peptides
were separated by reverse-phase h.p.l.c. (C18 column)
and sequenced by the manual diaminobenzoyl iso-
thiocyanate method as previously described [31]. N-
Terminal sequences for the a- and ,-polypeptides were
obtained by the same method.

RESULTS AND DISCUSSION
Genomic clone
The genomic clone A JC5 contains a 13.5 kb segment

of pea genomic DNA produced by partial digestion with
EcoRI; its restriction map is given in Fig. l(a). When
EcoRI restriction digests of the genomic clone were
hybridized to a labelled 'minor' legumin cDNA species,
pCD40 [10], two separate hybridizing regions were
detected. These fragments were subcloned into a plasmid
vector (pUC9), and further restriction mapping and
sequencing were carried out on them. The fragments
contained gene sequences designated LegJ and LegK,
located as shown in Fig. 1(a). Genes LegJ and LegK are
arranged in tandem, in the same orientation, with LegK
5' to LegJ. The sequences are separated by 6.5 kb (from
the 3' end of the coding sequence of gene LegK to the 5'
end of gene LegJ). The complete coding sequence of gene
LegJ is present, but the 5' end of the coding sequence of
gene LegK is truncated by the end of the genomic
clone.

DNA sequences
Sequencing maps for gene LegJ and the available part

ofgene LegK are given in Fig. 1(b), and the corresponding
sequences in Fig. 2. The LegJ sequence contains 1742
bases of coding sequence plus introns, 616 bases of 5'
flanking sequence and 611 bases of 3' flanking sequence,
whereas the LegK sequence runs from the end of the
genomic clone, at a position corresponding to base 503
of the LegJ sequence, to a point 3' to the end of the
coding sequence, and thus includes 273 bases of 3'
flanking sequence.
The two genes show a high degree of homology in the

coding regions (1023/1050 bases = 97 %) and are thus
clearly members of the same gene sub-family. The LegJ
coding sequence predicts an open reading frame of 503
amino acid residues, containing a complete legumin
subunit pair plus leader sequence [8] (22 amino acid
residues ofleader sequence, 300 amino acid residues of ac-
subunit and 181 amino acid residues of ,-subunit). The
start codon in gene LegJ has been assigned to the second
ATG in the sequence after the 'TATA' box, at base 64,
which is in-frame with the coding sequence. An earlier in-
frame ATG is present at base 49, but the environment of
this codon is not in agreement with the consensus
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Fig. 1. (a) Partial restriction map for pea genomic clone A JC5, showing relative positions of genes LegJ and LegK, and (b) sequencing
maps for genes LegJ and LegK

(a) Partial restriction map for pea genomic clone A JC5, showing relative positions ofgenes LegJ and LegK. Fragments hybridizing
to cDNA probe pCD40 are indicated by broken lines. (b) Sequencing maps for genes LegJ and LegK. Duplicated sequence runs
are not indicated. Sequencing runs marked with an asterisk (*) were carried out with oligonucleotide primers. Key to restriction
sites: A, Alul; B, BamHI; B,, BalI; E, EcoRI; EV, EcoRV; H, HaeIII; Hc, HincII; Hd, HindIII; Hp, HpaI; K, KpnI; P, PstI;
R, RsaI; S, Sau3AI; S., Sail; Sp, SphI; X, XhoI.

sequence (AACAATGGC) for plant gene translation
starts [32]; 3/9 bases agree compared with 7/9 bases for
the second ATG. It is therefore unlikely that this is used
as a start codon. Multiple ATG sequences at the 5' ends
of genes have been noted in seed lectin genes [33]. The
differences in the coding sequences between genes LegJ
and LegK give a total of five in-frame codon deletions
(four in gene LegK, one in gene LegJ); the remaining 27
base changes comprise 16 silent changes and 11 active
changes.
The LegJ coding sequence predicts a polypeptide

precursor of Mr 57024, and a final legumin subunit pair
with an a-subunit of Mr 34485 and a ,-subunit of Mr
20 300. These values are not wholly in agreement with the
apparent Mr values of the 'minor' legumin precursors
(63000-65000; [10]) or with Mr values for 'minor'
legumin polypeptides (a, 38 000-43 000; l, 20 700-21 900;
[28]), although data presented below suggest that the
discrepancies are due to incorrect Mr values being
deduced from SDS/polyacrylamide-gel electrophoresis.
Typical features of the legumin coding sequence are
present, including cysteine residues at position 87 in the
a-subunit and position 7 in the fl-subunit to form the
interchain disulphide bridge, an asparagine as the C-
terminal residue of the a-subunit at which proteolysis
takes place, an 'acidic' a-subunit and a 'basic'
,f-subunit, and a hydrophilic, charged and glutamate-rich
C-terminal region in the a-subunit. The mature poly-

peptides contain no methionine residues, in contrast with
'major' legumin. Further consideration of the amino
acid sequence is beyond the limits of the present
paper.
The genes contain two corresponding introns, the

position of which was confirmed by comparison with
sequences of homologous cDNA clones (see below). The
introns in gene LegJ are 138 and 98 bases long
respectively, and those in gene LegK are 81 and 105 bases
long. The 3' ends of both introns in both genes show a
high degree of homology (15/18 bases the same in all
four), but homology at the 5' end of intron 2 is lower. The
intron boundaries are a good fit to the plant consensus
sequences [34] except for the 5' end of intron 2 in gene

LegK (GTGTGT versus consensus GTAAGT). All
boundaries obey the Breathnach-Chambon rule [35].
The overall level of homology of the introns is 56% and
71 % (or 96% and 74% if deletions are ignored), which,
although lower than the coding sequence homology, is
still highly significant and suggests a relatively recent
sequence divergence for these two genes. Like many
other plant gene introns, the sequences are A+ T-rich.
The 3' flanking sequences of genes LegJ and LegK do

not show significant homology over the last 60 bases of
the LegK sequence, whereas the LegK 3' flanking
sequence before this region shows consistent significant
homology to LegJ (163/217 = 75 %). The two genes
therefore have been sequenced far enough in the 3'
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LegJ. (-562) .GTTAACACAAGCTAATTTATTTGTGCAATCATCATCATGTCATCTTCATCTTCTAATTTGAAATGAAAATTTA6CAATACATAACCAGTCAATCTAGAAT -459

LegJ TTACCTAAAA6AGA6ACAACT6TATCTATATTATATCA6GA6TAATACACCA6CAGTACATTTTGA6TG6A66AG6CCAATTATTAAAGTTTATAAGTAGTAACATGCAAGTCG -339

LegJ AAT6AAATATAT2CTCTAGACAGTAAATTAATAGTT6A6 ATAAATGCATA6AGTCGACGCAGAGA1AAG9ACTAGAGAAGGGGACCATCCACATATAGAATACCA -219

LegJ C-AATATTCATT6TCTCTTTGTGGTATTTG9ATATATAAT9TATCATTGAAGAAT6AATGAA6C66CTACTT 6C6TGCG TATATGTGTATTTA66ACTCCA -99

LegJ TA2CCATGCAT2CTGACAATGTCATACACATTCT6TCACACGTGTTCCTATCTCACCCTTCCCCTCTTCCTATAAATCACCACAACACAGCTTCTCCACTTCACCACTTCACTCACCAA 22
... Legumin' BX ......... (TATA BOX> .

LegJ TCTCTCCTTAGTAGTTTATGATCAGAGTCACAATGTCCAACCTTTTCTATCTTTGCTTTCACTTTCCTTGCTACTCTTTGCAAGCGCATGTTTAGCAACTAGCTCTGA6TTTGACAGAC 142
a.a .(t S K P F L S L L S L S L L L F A S A C L A :T S S E F D R

L2 t= = =
LegJ TTAACCAATGCCAGCTA6ACAGTATCAATGCATTGGAACCAGACCACCGTGTTGAGTCC6AAGCTG6TCTCACTGAGACAT6AATCCAAATCACCCTGAGCTAAAATGCGCCGGTGTGT 262
A.A. N 0 C 0 D S I N A E P D H R V E S E A 6 T E W N P N H P E K C A 6 V
L2 -------------------------- --------------------------------------- -----------

LegJ CACTTATTA.AC]CACCATCGACCCTAATGGACTCCACTTGCCATCTTTCTCCCTCTCCACAGTTTTTCATCATCCAAGG GT6TTCTTGGACTTTCATTTCCT6GCTGTC 382
A.A. S I R R T I D P N 6 H P F S P P 0 I F I 0 6 K 6 V 6 S F P 6 CL2 ---------K+ ------------------------------------------------ -------------------------------
LegJ CTGAGACTTATGAAGAGCCTCGTTCATCACAATCTA6ACAAGAATCCA66CAGCAACAAGGTGACAGTCACCAGAAGGTTCGTCGATTCAGAAAAGGTGATATCATTGCCATTCCATCGG 502
A.A. P E T Y E E P R S R 0 E S R a 6 D S H 0 K V R R F R K 6 D I I A I P
L2 ----------------------+

----+ +---- --------------------------

LegK 6AATTCCTTATTGGACATATAACCATG6C6ATGAACCTCTTGTTGCCATTAGCCTTCTTGACACTTCCAACATT6CAAACCAGCTCGATTCAACCCCAAGAGTAAGTGATAGTGTATCCA
Leg. 6AATTCCTTATTGGACA2TAACCAT26CGATGAACCTCTT2TT2CCATTA6TCTTCTTGACACTTCCAACATT6CAAACCAGCTC2ATTCAACCCCAAGAGTAAGTAATAGTGTATCCA 622
A.A. 6 I P Y W T Y N H 6 D E P V A I S D S N I A N D S T P R (.L2 -----------------------------------------------------------------t

LegK TTCAT-------------------------- ACA6TATGCTCTTTCGATTATAACTT-AAAA6TTTCTAAT------------------------------ GTAAATATGTGTATGCAGG
LegJ TACATTACATTATCTCTTATAAATTGTTCATACA7CATGCTCATTC4ATTATAACTTTAAAA6TTTCTAATGTATAATTTGTTACTAAATCAATCACACGTAAATATGTGTATGCAGG 742

A.a. .Intron-l .... )
L2 +

LegK TATTTTACCTTGGTGGAAACCCAGAAACAGAGTTCCCCGAAaCACAGGGAGGAACAACaAAGGCAAGGCACCAAAAGCATAGTTACCCTGTTGGACGTAGGAGTGGACATCACCAACAAG
LegJ TATTTTACCTT8GTGGGAACCCAGAAACAGAGTTCCCCGAACACAGG6A2GGA AG6CATCGGCAAAA8CATAGTTACCCTGTT 66ACGTAGGAGTGGACATCACCAACAAG 862
A.A. V F Y 6 6 N P E T E F P E T 0 E E 0 0 6 R H R 0 K H S P V R R 6 H H 0 0
L2 ---------------------- -----

A.A. VLegKAAGAGGAATCCGAAGAACAAAACGAAGGTAACAC6TGTCTGAGTGGCGTCAGCTCAGAGTTTTTAGCACAAACGTTCAACACTGAAGAGGATACAGCGAAGAGAC TTCGATCTCCACGAG
LegJ AAG9GG2ATCTGAAGAACAAAACGAAGGTAACAGCGTGCTGAGTG6CTTCAGCTCAGAGTTTTTAGCACAACGTTCAACACTGAAGAGGATACAGCGAAGACTCCGATCTCCACGA G
A.A. E E E S E E a N E 6 N S V 6 F S S E F A 0 T F N E E D T A K R R S P R
L2 + ....------ . .-

A.A. N E ELegK ACGAAAG6AGTCAAATTGTGC6AGTTGAGG6AGGTCTCCGCATTATCAACCCCAAGG6GAAGGAAGAAGAAGAAGAAAAAGGAACAGAGTCAT TCTCACTCTCACAGAGAGGAGGAGGAAG
LegJ ACGAAA10AGTCAA3TTGTGCGAGTTGAG0GA93TCTCCGCATTAAAACCAA GGGGAAG-- -GAGAAGAAAAAGAACAAAGTCATTCTCACTCTCACAGAGAGGAAGG AG 1093
A.A. D E R S 0 V R V E 6 6 R I I K P K 6 K E - E E E K E S H S H S H R E E K E

L 2 ---------------------------------------

A.A. - - - 6
LegK AAGAA6AAG6------ --AATGGGAG-- -AAACAAAGAAG GT TTGGAAA ATCTGTA6TGC AATT6 C66ACGCTGCAGGTG
LegJAA6AAGAAGAAGAAGAAGATGAaGAGGAGAAAAAAAA GAATGGTTTGGAAGAAA CTATGTAGTGC CAA AATTCGA GGACATTGCGGG 1213

A.A. E E E E E E E D E E E K 0 R S E E R K N :6 E E T I C S A K I R E N I A D A A R
L

2 + +---------------------- tt
A.A. R

LegKCC1ACCTCTAT3ACCCAC6T3CT66TC6TATC3AGACTGC3AACAGTTTAACCTCCCA6TCCTCC3CTAT3TTACCCTC A6CTGA6T AT6TTC6TCTCT3AC666T3T3GTAGLegJrr6aArrTTTArrrATArCa6TCGTCGTrATCA6CTrArAraTrArATTTaArTrTrrrATTrrTrrCrTATTaCCTArGCrraTrATArGATTTTrGTTrTAGGrTArAT4TaarATTCA133
A.A. A D L Y N P R A 6 R I S T A N S I T L P V I R Y L R I S A E Y V R I V R ( ......
L2 G------------------+ +.------- -------+--++-------------------. -----
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LegK TAACTATTTAATCATATATTCCAATTGAT6ATT-GTTGAAAAATGAA-TTTAATGAGCTAATAATAACAT6TATATAT6TATAT6CA6AAT66TATATAT6CTCCACACT66AA
LegJ --------TAAT6T6TATATTTCCAT6ATAT6ATTA6TTACAT-AAT6ATTTTTTAATAAACTAATCAATAC6T6TAT6TAT6TATAT6CA6AAT66TATATAT6CTCCACACT66AA 1444
A.a.A................. Intron-2 .............................> N 6 I Y A P H W N

A.A. F D A
LegK CATAAACGCCAACA6TCT6CT6TAC6T6ATTA6A66A6AA66AA6A6TTA66ATT6T6AACTTCCAA66A6AC6CA6T6TTC6ACAACAA66TCA6AAA666ACA6TT66T66T66TACC
LegJ CATAAAC6CCAACA6TCT6CT6TAC6T6ATAA6666A6AA66AA6A6TTA66ATT6T6ATT6CCAA6AAACAC66T6TTC6ACAACAA66T6A6AAA66ACA6TT66T66TG6TACC 1564
A.A. I N A N S L L Y V I R 6 E 6 R V R I V N C Q 6 N T V F D N K V R K 3 0 L V V V P
L2 t .

A.A. L A
LegK ACAAAACTTTGTGGTGGC66AACAAGCT6666A66AA6AA66ATTA6A6TAT6T66T6TTCAA6ACAAAT6ACA6A6CT6C66TTA6CCAC6TACAACA66T6CTTA666CCACTCCT6C
LegJ 1CAAAACTTTGT66T66C66AACAA6CT6666A66AA6AA66ATTA6A6TAT6TT6T6TTCAA6ACAAAT6ACA6A6CT6CT6TTA6CCAC6TACAACA66T6TTA666CCACTCCTTC 1684
A.A. 0 N F V V A E 0 A 6 E E E 6 L E Y V V F K T N D R A A V S H V 0 0 V F R A T P S
L2 - .------- ---------------------++----------

A.A. 0
LegK A6A66TTCTT6CAAAT6CTTTT66TCTTC6TCAAC6CCAA6TCAC66A6TTAAA6CTCA6T66AAACC6T66CCCTCT66TTCACCCTCA6TC6CAATCTCAATCTCATT6A6ATGAT6C
LegJ A6A66TTCTTGCAAAT6CTTTT66TCTTC6TCAAC6CCAA6TCAC66A6TTAAA6CTCA6T66AAACC6T66CCC6CT66TTCACCTC66TCTCAATCTCATCTCATT6A6AT6AT6C 1804
A.A. E V L A N A F 6 L R 0 R 0 V T E L K L S 6 N R 6 P L V H P R S 0 S 0 S H t>........
L2 ------------ +----------------++------------- ++-------------------+

LegK TAT------66A6TATAATAAT6A6AT66CCATCTTATCTT-----------AAATAATAAATTTT6AAT6TACT6TA6A6AAGAATTTCA6TTCC6ATAATAAAACAATAAAGTATG6C
LegJ TAT6ATAAT6CAATACAATAACAA6AT66CCATCTT6TCTT6AATAATAAT6ATAAA1TAAATTTT6AAT6AACT6TA6T9AAAAATTTCACTTCCTATAATAACAATAA6TATC6C 1924

.............(Po..........oto.....l..........lyes>... Py ............................... <... (PolyA+>(PolyA+.)

LegK CTTAAAATCCCAATCTTAATCTAATTT6TAT6CATCTATA-A6666C6AATAACACTA6TTTT6TT-CACCTT6CAATT6CCATAATAAAT6-CATA-CACTTTTTACTATTCTTAT
LegJ CCTACTACCCT6ATCTTACTCT6AATTT6TAT6CAT6TAAA6A6666T6AATAACAAT66TTTT6TACACCTTCCAATT6CCATAATAAAAT66CATATCACTTTTTAAAAATTCTCC 2044

.............................. ................................. ............................

LegK AT6TTT6TTT6AATCATATAAAAAACACAACTACAAATCT6CATTTTTCTTC66CATTT6ATTATATATCT6CA6.................. .............

LegJ TTCATTATCTTCTTCATTA6TACTAAT6AT6AATT6TCTCATAAATATATTTTT6ATACA6CAAC6A6ACA6CAACTTAACAATC TAA66TAGTTATT 2164

LegJ 6TTTCTAAATCTTTTCT6T6T6AC66AA66AATCATTCATTTCCTTATCAATATAAT6TCAAACTATAAA6ATAAAAATAAATACT6A6A6AA6TAA6AAGAT6T6T 2284

LegJ AATCCCACTACTC2CTA6A6AAT6AACACACTT6TCAT6TT6ATAAAAAACC6AAAAATCTACAAATAAATACTA6TTGATTAAATAAAAATTTGTATT6TT6ATAATACT6A 2404

LegJ ATTC .... (2408)

Fig. 2. Nucleotide sequence of gene LegJ, and available sequence of gene LegK

The amino acid sequence predicted by gene LegJ is also shown and compared with sequences of peptides from 'minor' legumin
subunit pair L2. Underlinings show extent of sequenced peptides and indicate alternative residues found in peptide sequences;
alternative residues predicted by gene LegK are shown above the nucleotide sequence. Double underlinings indicate N-terminal
peptides of the a- and fl-subunits of the mature protein; vertical lines indicate N- and C-termini of peptides. The transciption
start shown by SI-nuclease mapping is indicated by over-dots; the base designated + 1 is shown by ^. Other features are as
indicated; consensus polyadenylation signals are abbreviated as PolyA +; 'Legumin' box designates the putative 5' enhancer
sequence element.

direction to have covered the region of strong homology.
Both genes contain at least four potential poly-
adenylation sites within 220 bp of the stop codon, the
first of which in gene LegK is of the multiple overlapping
(AATAATAAA) type [8]. The second or third poly-
adenylation sites are the most likely to be used, since,
although the sites of addition are not known in these
genes, a homologous cDNA has a poly(A) tail at a point
corresponding to base 1935 in the LegJ gene [11].
The 5' flanking sequence of gene LegJ contains a

clearly defined 'TATA' box, 67 bases before the start of
the coding sequence, whose sequence (CCTATAAATT)
is in reasonable agreement with the consensus sequence
for this promoter element {T(C/G)TATA(T/A)ATA;
[34]}. There is no recognizable 'CAAT' box, similarly to
many other plant genes.

Vol. 250

Transcription start in gene LegJ

The start of transcription in the LegJ gene was
determined by an S1-nuclease protection experiment.
Fragments of the gene, from the SphI site at position
-91 to either the MspI site at position 254 or the XbaI
site at position 414, were 5'-end-labelled and hybridized
to polyadenylated RNA isolated from developing pea
seeds. Analysis of the DNA strand of the DNA-RNA
hybrids formed after treatment with SI nuclease on
DNA sequencing gels (Fig. 3) showed protected frag-
ments of 253-256 bases for the MspI fragment and
419-421 bases for the XbaI fragment. The transcription
start was localized to a CCAC sequence 41 bases 5' to the
start of the coding sequence, and the A residue was
designated + 1. The A residue is 27 bases 3' of the TATA

19



J. A. Gatehouse and others

A Size
markerI-p

--
-S

_I

---
-6 -

-_.

E_ _

Size B
marker~rn-I

_ m

b
440

420
b

- 260 400 L

250

_ 240

Fig. 3. Sl-nuclease mapping experiment to locate the trans-
cription start in gene LegJ

The protected fragment from the MsPI site is run in track
A, that from the XbaI site is run in track B. Other tracks are
a size marker of known sequence, which in a separate
experiment gave a fragment-size calibration exactly the
same as that determined by comparison with the gene
sequence.

the LegA class [36], although the quantitative amounts of
mRNA species present differ between 'major' and
'minor' legumin types [37].

Homologous cDNA species to genes LegJ and LegK
Evidence that genes LegJ and LegK are both expressed

genes was obtained from the sequences of two cDNA
clones, which had been isolated by screening libraries
prepared from polyadenylated RNA purified from de-
veloping pea seeds. One cDNA species (pLG3.121) was
isolated by hybridization of the EcoRI fragment con-
taining gene LegJ to a bank prepared from pea variety
Feltham First [38]. This cDNA appeared to be a product
of gene LegJ, since it was the same in sequence as bases
503-1456, excluding the introns. A second cDNA species,
pCD40, prepared from pea variety Birte, is described
elsewhere [11,31]. This cDNA species is apparently
derived from gene LegK, implying that the gene is
expressed also, and covers the region corresponding to
bases 919-1934 in gene LegJ, excluding intron 2. The
sequences are identical apart from two base substitutions
between pCD40 and gene LegK, at bases 1700 (C in
cDNA, T in gene; a silent base change in coding
sequence) and 1892 (T in cDNA, C in gene; change in 3'
flanking sequence). These substitutions are most likely to
represent line-line genetic variation in the LegK gene,
since the cDNA species and the gene were obtained from
different pea lines; the possibility that the cDNA species
is not a product of gene LegK is unlikely.

box, in agreement with the consensus TATA-start
distance [34].

Expression of gene LegJ
The SI-nuclease mapping experiment described above

suggested that LegJ was an expressed gene, since
transcription of a homologous but not identical gene
would not have given protected fragments of the size
observed. Further evidence was obtained by hybrid-
ization of a 3'-flanking-sequence probe to total RNA
isolated from developing pea seeds. Two EcoRI frag-
ments from gene LegJ, 504-1833 (coding sequence) and
1833-2407 (3' flanking sequence), were prepared and
labelled. They were then independently hybridized to
Northern blots prepared from electrophoretic separa-
tions of glyoxalated total RNA from developing pea
seeds. Results are shown in Fig. 4. The 'coding-sequence'
probe hybridized to a heterogeneous RNA population in
the size range 2100-2400 bases, whereas the '3'-flanking-
sequence' probe hybridized to a single band of size
approx. 2100 bases. These results suggested that the '3'-
flanking-sequence' probe was hybridizing specifically to
the mRNA species corresponding to gene LegJ, whereas
the 'coding-sequence' probe was hybridizing to mRNA
species corresponding to all the expressed genes in the
sub-family.
The pattern of expression of LegJ and homologous

genes during seed development, as shown by the relative
intensities of hybridization of the probes to RNA
preparations isolated at different developmental stages,
showed that mRNA species in this gene sub-family are
present at relatively low concentrations at the early
stages of cotyledon expansion, and are present at highest
concentrations at the later stages of cotyledon expansion.
This is a similar qualitative pattern of expression through
seed development to the 'major' pea legumin genes of

Confirmation that genes LegJ and LegK encode 'minor'
legumin polypeptides
To establish the identity ofthe LegJgene, a comparison

of its encoded amino acid sequence with partial protein
sequence data was made. A 'minor' legumin polypeptide
pair was isolated from pea legumin; the Mr values of its
component polypeptides (a, Mr 43000; fi, Mr 21900),
and its behaviour on ion-exchange chromatography,
identified it as the pair designated L2 by Matta et al. [28].
The N-terminal sequences of both polypeptides were
determined, and a total of 30 tryptic peptides were also
sequenced. Results are presented in Fig. 2. The deter-
mined sequences totalled 242 amino acid residues, and
were in agreement with the predicted sequence of gene
LegJ except for two residues. Both G and A were found
(in separate peptides) at residue 21 of the f-subunit,
whereas the LegJ gene predicts A only, and K. rather
than R was indicated at residue 51 of the a-subunit. L2
is known to exhibit microheterogeneity [28]. The amino
acid sequences consistently followed the LegJ-predicted
rather than LegK-predicted sequences where variant
residues were determined. These results strongly suggest
that polypeptide pair L2 is a product of gene LegJ, or a
very similar gene, and prove that the gene sub-family
including genes LegJ and LegK encodes polypeptides of
the 'minor' legumin type.

Sequence comparison between genes LegJ and LegA
The 'major' pea legumin gene LegA has been described

previously by Lycett et al. [8]. Genes LegA and LegJ
show significant homology in amino acid sequence, and
in agreement with this the nucleotides of the coding
sequence have an overall homology of 48 % (details not
shown). Homology is stronger in some regions (e.g. the
N-terminal half of the a-subunit of legumin) than others
(e.g. the C-terminal end of the f-subunit). An analysis of
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Fig. 4. Hybridization of LegJ sequences to total RNA prepared from developing pea cotyledons (Northern blots)

Tracks A1-A7, coding-sequence probe from gene LegJ hybridized to total RNA from cotyledons (1) 8-9 d.a.f. (days after
flowering), (2) 10 d.a.f., (3) 12 d.a.f., (4) 14 d.a.f., (5) 16 d.a.f., (6) 18 d.a.f. and (7) 20 d.a.f. Tracks B1-B5, 3'-flanking-sequence
probe from gene LegJ hybridized to total RNA from cotyledons (1) 11 d.a.f., (2) 12 d.a.f., (3) 14 d.a.f., (4) 18 d.a.f. and (5)
20 d.a.f. Cotyledon expansion occurs over the period 7-8 d.a.f. to 20-21 d.a.f. under the conditions used [22]. The molecular-
size scale is taken from standard RNA species (ribosomal and cowpea-chlorotic-mottle virus RNAs) run on the original gel.

the coding sequence homology in terms of constraints on
the polypeptide sequence is outside the scope of the
present paper. In terms of nucleotide sequence changes,
there are 60 codon deletions between the two sequences,
and two single-base deletions affecting the coding frame
over short regions. Two large deletions, of 21 codons in
gene LegA relative to gene LegJ and 38 codons in gene
LegJ relative to gene LegA, are at the C-terminal end of
the a-subunit of legumin; the second deletion is in the
sequence repeats in gene LegA. This region shows
considerable sequence divergence, although its overall
nucleotide and amino acid compositions in the two genes
are similar. There is no marked divergence of the
sequences of the two genes around intron 1 in gene LegA,
which is absent from gene LegJ. The gaining (or losing)
of intron 1 therefore seems to be a process that has taken
place independently of the evolution of coding sequence.
The codons that can be matched between the two genes
contain an excess of active over silent base changes,
although many amino acid changes are conservative.
The relatively low homology between the coding
sequences of genes LegJ and LegA compared with
that between genes LegJ and LegK (and that between
gene LegA and other active genes in its sub-family;
S. Mahmoud & J. A. Gatehouse, unpublished work)
suggests that the divergence of the two gene sub-families
took place considerably earlier in evolution than the
divergence of genes within sub-families. It also accounts
for the absence of cross-hybridization between genes or
cDNA species from different sub-families [7].
A comparison of non-coding sequences in genes LegA

and LegJ shows that the 3' flanking sequences and
introns have only very weak homology, showing a
greater rate of mutation in these regions. The 5'
transcribed non-translated and flanking sequences show
significant homology between the two genes, homology
to position -250 in gene LegJ being comparable with
that of coding sequence. The 'TATA' box region and a
region immediately 5' to the 'CAAT' box in gene LegA
are particularly strongly conserved, but the putative
' enhancer' sequences identified by Lycett et al. [8] are not
strongly conserved. The strongly conserved upstream
region of 28 bases (25/28 bases conserved) apparent at
positions -80 to - 108 in gene LegJ and positions -90
to - 118 in gene LegA may be analogous to the
'enhancer' sequences found in other eukaryotic genes
[39]. Homologous sequences to the entire region are also
present in similar positions in other legumin genes (Vicia
faba LeB4 and soya-bean glycinin GJ; see refs. [36] and
[40]), and it seems likely that this region is involved in
determining the high tissue-specific expression of these
genes. Functional assays will be required to test this
hypothesis. A further interesting feature in the 5' flanking
sequences is a ten-base sequence, AGGGGACCAT,
present at positions -247 to -237 in gene LegJ, and at
positions -225 to -235 in gene LegA on the com-
plementary strand; this sequence is in the area where
homology between the genes in the 5' direction breaks
down. It is of unknown significance.
The two genes show a marked overall similarity in

nucleotide composition asymmetry, as shown by a
dimensional plot (Fig. 5). Although this reflects at least

Vol. 250

kb

4.6
3.7
3.2

2.6

2.3

0.94 L

21



J. A. Gatehouse and others

LegA
LegJ

2

3'

3

10b

3,

Fig. 5. Comparison of coding and immediate flanking nucleotide sequences of genes LegA and LegJ by the 'dimensional-plot'
method

A is represented as a vector (0,-1), C as (- 1,0), G as (1,0) and T as (0,1); the plot is produced by joining the end points of
the resultant vectors after each base is added to the sequence. Introns are numbered as in Fig. 2 for gene LegJ and as in the
published sequence for gene LegA [8], i.e. in consecutive order in a 5' to 3' direction. Intron splice sites are marked, the intron
5' ends by closed-headed arrows and 3' ends by open-headed arrows. The ends of the coding sequence (5' and 3') are also
indicated. Note the asymmetry and similarity of sequence composition in the highly variable a-subunit C-terminal regions of
the coding sequences (between introns 2 and 3 in gene LegA, 1 and 2 in gene LegJ).

in part the A + G-rich central sections of the genes,
coding for the hydrophilic C-terminal ends of the a-
subunits, it illustrates clearly the overall homology. The
common introns in genes LegA and LegJ bound the
A + G-rich central section, which may have some
relevance to the concept of introns defining functional
'domains" in the protein structure.

Comparisons with homologous sequences in other species
'B-type' legumin gene Vfa LeB4 from Viciafaba (broad

bean). Gene LegJ and a gene encoding a legumin
precursor polypeptide from Vicia faba, Vfa LeB4 [40],
are homologous over a region extending from -450 bp
in the 5' flanking sequence to 265 bp 3' to the stop codon
in gene LegJ. The genes show a high degree of homology
in their coding sequences. Homology in exons 1 and 3 is
over 9000, but homology in exon 2 is markedly lower
(approx. 75 %); this exon contains the C-terminal region
of the a-subunit, which shows strong variability both in
terms of deletions and substitutions. This A+ G-rich

sequence region (see Fig. 5) is very variable in all legumin
genes characterized to date, and must be concluded to be
evolving in a different way to the test of the coding
sequence. There is no marked preference for 'silent' base
changes in any of the coding sequences.
The corresponding introns, which are of similar lengths

in the pea and Vicia faba genes, also show a significant
degree of homology, and have diverged primarily by
deletions rather than substitutions. The overall homology
is approx. 60 %, which suggests a relatively recent
divergence of the pea and Vicia faba genes. The 5'
flanking sequence of gene LegJ is approx. 80% homo-
logous to gene Vfa LeB4 to position -250; this homology
is higher than that of the introns and shows evidence of
functional constraints leading to sequence conservation.
The sequences are significantly homologous to position
-450, to a degree comparable with the homology of
introns, giving a limit for the immediate flanking regions
of the genes. There is also considerable homology in the
3' flanking regions (74 %), suggesting possible functional
constraints on this sequence region.
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Soya-bean glycinin cDNA species. Two full-length
glycinin cDNA species, those encoding the A3B4 and
A5A4B3 subunits [41,42], derive from genes homologous
to LegJ, LegK and Vfa LeB4. A partial sequence of a
further glycinin cDNA species and gene (that encoding
the A2B la subunits; [43]) is 'about 70 0%' homologous to
pea gene LegA, but is much less homologous to genes
LegJ, LegK and Vfa LeB4 (details not shown). The
division of legumin genes into sub-families that has been
made in pea is thus also applicable to soya bean.
Following Baumlein et al. [40], genes more homologous
to the pea 'major' legumin genes (LegA class) may be
designated A-type, whereas genes more homologous to
the pea 'minor' legumin genes (LegJ class) may be
designated B-type. The homology between the soya-bean
A-type gene sequence (A2BJa) and the soya-bean B-type
gene sequence is similar to that between the pea A-type
and B-type gene sequences (data re-estimated from
above sources). The separation of the A-type and B-type
legumin gene sub-families must therefore have taken
place before the divergence of any of the three species,
pea, Vicia faba and soya bean.
The two soya-bean B-type legumin cDNA sequences

are 820% homologous to each other [42], but are of
significantly lower homology to genes LegJ, LegK and
Vfa LeB4 (approx. 600; details not shown); their
homologies to all three of these genes are not significantly
different. There is almost complete divergence of
sequences between soyabean and the other species at the
C-terminal region of the legumin a-subunit, confirming
the extreme variability of this region noted above,
although the sequence region is constrained insofar as
the nucleotide composition remains A + G-rich, and the
encoded amino acid residues are predominantly polar
and hydrophilic. The homology of the soya-bean genes
to the pea genes is significantly lower than that between
the pea and Vicia faba genes, in agreement with the
placing of pea and Vicia faba in the same taxonomic
tribe, the Viciae, whereas soyabean belongs to the tribe
Glycineae. These data allow a tentative ordering of
evolutionary events: separation of A-type and B-type
legumin genes, divergence of Viciae and Glycinae,
separation of genes in soya-bean B-type legumin sub-
family, divergence of pea and Vicia faba, separation of
genes in pea B-type legumin sub-family.
The availability of further sequences from legumin-

type genes, e.g. cruciferin from Brassica napus, will allow
an estimate for the time of separation of the A-type and
B-type legumin gene sub-families to be made, and may
eventually lead to a viable molecular clock for plant
species based on these genes.
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