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ABSTRACT. Seed legumes accumulate massive amounts of certain characteristic proteins.
These include the 7S and liS seed storage proteins, lectins and various 2S proteins. With the
advent of molecular cloning techniques , a large and increasing number of primary structures
of these proteins from many plants are available in the international databases. This review
summarizes and compares sequences of the seed proteins presently available. To the extent
that they are known, the genes which encode the proteins and mechanisms involved in their
expression are summarized. Strategies involved in the assembly of the 7S and liS protein
oligomers are discussed , and data that relate existing storage protein to their evolutionary
progenitors are described .

1. Introduction

Seeds synthesize and store large amounts of certain proteins for use as a source
of carbon, nitrogen, and sulfur during seedling growth and development.
Most of these proteins accumulate in subcellular vacuoles located in either
the seed endosperm or in cotyledons of the embryo and then are degraded
upon germination. The vacuoles into which the proteins are deposited are
referred to either as protein storage vacuoles or protein bodies. This chapter
will focus on the proteins stored in vacuoles in seed cotyledons, while chapters
that follow this one concern themselves with characteristics of those proteins
found in the seed endosperm. The chapter is not intended to be an exhaustive
discussion about the proteins found in seed cotyledons, because this topic
has been the subject of a number of earlier reviews (Derbyshire et aI., 1976;
Higgins, 1984; Casey et aI., 1986, 1993; Rerie et aI., 1992; Vitale and Bollini,
1995). Rather, it is intended as an overview about the properties of these
proteins and a discussion of the biological events involved in their synthesis
and deposition during embryogenesis.
Certain generalizations can be made about seed storage proteins . They

usually consist of one or more families of structurally related proteins. The
two that are most widely distributed in cotyledons of both angiosperms and
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gymnosperms are oligomers with sedimentation coefficients of7-8S and 11-
12S. Although trivial names are frequently used to identify proteins from
specific plant species (Tables 1-3), the terms vicilin-like and legumin-like,
respectively, are commonly used. Because the two classes of proteins account
for such a large proportion of total protein in seeds, they exert a profound
influence on the rheological and functional properties of foods made from
seeds. In soybeans, for example, the 7S plus 11S proteins can account for
in excess of 70 percent of the total protein and close to 50 percent of the
seed mass. The 7S and IIS storage proteins in cotyledons of dicot plants
are devoid of enzymatic activity and are soluble in dilute salt solutions.
Because of their solubility properties, the proteins are considered globulins in
accordance with the nomenclature developed by Osborne (1924). Indeed, the
terms storage globulins and storage proteins are used interchangeably. The 7S
and 11 S seed storage globulins typically contain a high proportion of nitrogen
due to elevated amounts of amino acids containing amide-nitrogen. They also
have low amounts of sulfur-containing amino acids, and it is this property
that has long attracted the attention of scientists interested in improvement of
seed nutritional quality.
A number of albumins can be found in seeds of diverse species, and though

present at significant levels, they have long been considered to be mainly
metabolic proteins (Danielsson, 1949; Boulter and Derbyshire, 1971;Millerd,
1975;Ashton, 1976). Characterization ofproteins from rape seed (Lonnerdahl
and Janson, 1972), castor bean (Youle and Huang, 1978a,b) and cottonseed
(Youle and Huang, 1979) revealed a number of 2S albumins with amino acid
compositions similar to the storage globulins and which were degraded during
germination. As discussed in more detail later, similar proteins are widely
distributed among plant species. Therefore, the 2S albumins compose a third
distinct class of seed storage proteins and are found in both angiosperms and
gymnosperms. Frequently, the 2S storage proteins contain elevated amounts
of sulfur amino acids compared to storage globulins.
Other seed proteins with biological activities accumulate in seeds in

amounts greater than most enzymes involved in cellular metabolic processes.
Although not consistently found in each species of every division, they are of
considerable agronomic interest because of their influence on the properties
of foods derived from seeds. For example, some seeds accumulate certain pro-
tease inhibitors and lectins in amounts of 1 to 5% of the total protein. These
proteins exert antinutritional effects on animals or insects that consume either
seeds or food products from seeds. Seeds also contain lipoxygenases respon-
sible for the development of undesirable flavors and aromas in foods. While
the biological roles of such proteins in the seed are often not known with
certainty, protection against predators is frequently a function ascribed to
them. In addition, however, these proteins seem to have evolved to play a
storage role in the seed; not because of their composition, but because of their
abundance.Brief descriptions of seed lipoxygenases and lectins will be found
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in this chapter, while the protease inhibitors are discussed elsewhere in this
book.

2. Structure and molecular heterogeneity of seed storage proteins

Most early descriptions of seed globulins were derived from studies on agro-
nomically important legumes, particularly soybean (Glycine max), pea (Pisum
sativum), common bean (Phaseolus vulgaris), and the faba bean (Viciafaba).
The studies revealed that the 7S and 11 S proteins were oligomers composed
of homologous, yet non-identical subunits. For example, at least fivedifferent
subunits of the 11S protein are found in soybean (Nielsen et aI., 1989), and
there can be as many as 15 members of the 7S family of soybean proteins
(Harada et aI., 1989). The classical methods for purification of these proteins,
together with a description about the physical characteristics of the isolated
proteins are reported in important reviews by Derbyshire et al. (1976) and
Casey et al. (1986) and will not be repeated here.
With the advent of molecular techniques, genes encoding the seed storage

globulins were among the first from plants to be cloned, and an extensive
library of amino acid sequence information now exists for both 7S and 11S
proteins. As data accumulated, it became clear that the 11 Sand 7S proteins
are not confined to the dicots but are found in monocots such as maize,
oats, wheat, and rice. They have also been found in at least four divisions of
gymnosperms. Citations with information about this diverse family of related
proteins are located in Tables 1, 2, and 3. The availability of amino acid
sequence data for these various proteins has permitted their comparison and
revealed a remarkable level of structural conservation among examples from
widely divergent plant species. The important concepts to emerge from these
comparisons are that the 11Sand 7S storage globulins are related (Argos et
a!., 1985; Gibbs et aI., 1989; Lawrence, 1994; Shutov et al., 1995), and the
families of genes that encode the proteins evolved from a common ancestral
gene that predates the speciation of angiosperms, and perhaps gymnosperms
(Borroto and Dure, 1987; Jensen and Berthold, 1989; Arahira and Fukazawa,
1994; Hager et aI., 1995). Indeed, it will be interesting to determine if the
ancestral gene responsible for these two groups of proteins predated the
appearance of multicellular organisms.
Despite the homology of the 7S and 11S proteins among plant species,

substantial variability can be observed in the relative amounts of the two
globulins in seeds. Although many dicot plants contain sizable amounts of
both proteins, a few contain predominantly either vicilin-like or legumin-
like globulins. For example, seeds from P. vulgaris (Ergland et aI., 1983)
and winged bean (Psophocarpus tetragonolobus) contain predominantly 7S
globulins. At the other extreme, seeds from members of the Brassicaceae,
such as rapeseed tBrassica napus), radish tRaphanus sativusi, and thale cress
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(Ara bidops is thaliana ), contain mainly 11S globulins (Crouch and Sussex,
1981; Laroche et aI., 1984; Heath et aI., 1986). The II S globulins also account
for more than 80% of the total seed protein in the Cucurbita spec ies (Hara et
aI., 1976) and in sunflower (Helianthus annuus) (Dalgarrondo et aI., 1984).
Although many non-legume species lack 7S proteins, a 2S storage albumin
frequently is accumul ated instead. The lack of 7S protein s in other dieots
besides legumes is not a general rule, however, because some have retained
their capacity to accumulate this protein . For example, cotton (Gossypium
hirsutum) produces a vieilin-like protein in additi on to legumin-like proteins
(Dure and Chlan, 1981), as does tobacco (N ico tiana tabacum) (Sano and
Kawashima, 1983). Interestingly, alfalfa (Medicago sa tiva), a legume, con-
tains both the II S and 7S globulins and a 2S albumin (Coulter and Bewley,
1990; Krochko and Bewley, 1990). These differences in protein compos ition
are not confined to interspecies variation but can also be found within species.
For example, Medeiros (1982) reported that the ratio of II S to 7S proteins
varied between about 1:I and 2.9: 1 among 32 progeny lines from a cross
between soybean parents with high and low protein. Mutation breeding pro-
grams have also been used to successfully eliminate the 7S storage globulins
from P. vulgaris (Burrow et aI., 1993). The amount of variation that can be
observed within and among spec ies suggests that considerable opportunity
exists to manipulate the content of seed storage proteins.

3. Seed storage proteins without biological activities

A. Vicilin-like proteins in legumes. As indic ated in Table 1, 7S proteins
are widely distributed in the plant kingdom. However, because 7S globulins
from P. vulgaris, V. jaba, G. max and P. sa tivum are the best charac terized,
this discussion will concentrate on a descr iption of their features and assume
that homologous proteins in other less complete ly cha rac terized 7S proteins
exhibit similar features. Unfortun ately, and despite the similarities among
storage globulins from different speci es, a rather confusing nomenclature of
trivial names has evolved to ident ify proteins from different species. Many
of the names originated from the work of Osborne (1924) and are now well
entrenched in the literature. To the extent possible, the trivial names associated
with each protein are given in Table I.
The 7S globulins are usually extracted from legume seeds as oligomers

whose apparent molecular weights range between 140,000 and 210,000 dal-
tons (Casey et aI., 1986). The large differences in molecular mass reflect
heterogeneity in the size of the subunits that comprise each trimer. As will be
described shortly, many, but not all, dicots contain two general groups of 7S
subunits, one around m, 45-55 ,000 and the other m, 70-80,000. Members
from both groups share homology, but the members of the m, 70- 80 ,000
group are distinguished by the presence of a large insert near the N-terrninu s
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TABLE I

Seed 7S storage globulins

Species Gene name, gene product Subunit molecular GenBanklEMBLIDOBJ

name, group classification weight Database Accession

Number

Arabidopsis thaliana Vicilin Fragment Z46695

Arrachi s hypogaea Convicilin -type

(Peanut) Aliergen , ARA H I. AHII 70kDa L38853

AHI2 71kDa L34402

Canavelis ensiformis Canavalin 50kDa X59467 , S7687 I

(Jack bean)

Canavalia gladiata Canavalin 50kDa X06733 , X15076

(Sword bean) Pseudogene X52377

Glycine max ,8-conglycinin

(Soybean) convicilin -type

a subunit 66kDa X17698

a' subunit 72kDa M13759

vicilin -type

,8 subunit 46kDa S44893

Gossyplum hirsutum Convici lin type

(Cotton) a-globulin A 71 kDa MI9878

a-globulin B 69kDa M1689 1

Lens culinaris Vicilin A Z48436

(Lenti l) Vicilin C Z48434

Vicilin D (pseudogene) Z48435

Vicilin E Z48440

Vicilin Z48437

Lens ervoldes Vicilin Z48438

Pheseolus vulgaris a -Phaseolin 49kDa X52626

(Bean) ,8-Phaseolin 48kDa 101263, MI3758

Phaseolin 48kDa UOl131

Picea gleuce Vicilin-type 50kDa X63191

(White spruce)
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TABLE 1

(Cont inued)

Species Gene name, gene product Subunit molecular GenBanklEMBL/DOBJ

name, group elassification weight Database Access ion

Number

Pisum sativum Vicilin

(Pea) vel 50kDa YOO722

veil 14kDa fragment P02856'

velA 31.5 kDa fragment P02855'

velB 46.3 kDa fragment P02854 '

vel 52.2 kDa XI4076

vicJ 47 kDa X67428

Vicilin k 47 kDa X67429

Convicilin

cvcA 67 kdA X06398

cvcB Fragment M73805

Theobroma cacao Vicilin-type 43 kDa X62625, X62626

(Cocoa) Convicilin-type 67 kDa A20606

Triticum aestivum Convicilin-type 71 kDa M81719

Vicio fa ba Vicilin 5 1 kDa Y00462

(Broad bean) YOO506

Zam ia fu rfuracea Vicilin 46 kDa Z5079 I

Zea mays Vicilin-type (Gib-2) 49 kDa Wallace and Kriz, 1991;

Convicilin-type (Gib- I) 65 kDa M24845, X59083, X59084

null alleie U28017

Latin names are g iven foll owed by common names in brackets. Accession numbers
can be found in the GenBank datab ase , which can be obt ained on the internet at
http://ftp.bi o.indiana.edu. Th e ' (asteris k) denotes the SwissProt database accession num-
ber.

as compared to the smaller group s of proteins (Schuler et aI., 1983; Casey et
aI., 1985a; Coates et aI., 1985). Both groups of subunits can be subdivided
into subfamilies, and the proteins are often glycosy lated. Because some of
the subunits may be trimmed or nicked by proteases and can be glycosylated
to varying degrees, considerable heterogeneity is frequently observed in elec-
trophoretic patterns of 7S subunits of seed extracts. For example, phaseolin
(Hall et aI., 1977; Bollini and Chrispeels, 1978) , the 7S globulin from P.
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TABLE 2

Seed 11S storage globuline

Species Gene name , gene product Subunit molecular GenBank/EMBL/DOBJ

name, group weight Accession Number

classifica tion

Arabidopsis thaliana Cruciferin

(Thale cross) CRAI 52 kDa XI4312

CRB 50kDa X14313

Avena sat iva 12S globulin 57 kDa J05485

(Oat) GLAV I gene 61kDa X74740

GLAV-3 gene 63 kDa X7474 I

Brassica napu s Cruciferin

(Rape) Crul 58 kDa X62l20

Cru2/3 62 kDa XI4555

Cru4 52 kDa X57850, X5785 I

BnC I 54kDa X59294

5' flanking region M90109

BnC2 55 kOa X59259

Cucurbita pepo Curc urbitin 55 kDa M36407

(Pumpkin)

Ephedra gerardiana Legumin 58 kDa Z50777

(Ephedra)

Gingko biloba Ginnacin 51 kDa X75426, Z50778

(Gingko)

Gly cine max Glycinin

(Soybean) Group I

Gyl (A1aB2) 58 kDa X02985, X15121 , X02985

Gy2 (A2B lb) 58 kDa K02646, 000216, Xl5122

Y00398, X02805

Gy3 (A1bBlb) 58 kDa X53404, XI5l23

Gro up 2

Gy4 (A sA4B3) 64 kDa X52863, X02626

null allele X0565 I

Gy5 (A3B4) 62 kDa X79467, M10962, M35671

Gly cine soya Glycinin

(Soybean) Group 2

Gy4 (AsA4B3) 63 kDa X86970

Gnetum gnemon Legumin 67 kDa Z50779

Go ssypium hirsutum ,a-globulin A 58 kDa M16905, M69 188

(Cotton) ,a-globulin B 59 kDa M16936, M I9389

Helianthus annuus Helianthin in 54 kDa M28832

(Sunflower) 5' flanking region X53664, X53665
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TABLE 2

(Continued)

Species Gene name, gene product name, Subunit molecular GenBank/EMBL/DDBJ

group classification weight Accession Number

Magnolia salicifolia LegA2 52 kDa X82464

(Magnolia) LegAl I 52 kDa X82463

LegB I4 52 kDa X82465

Oryze sativa Glutelin 56 kDa A91367* , B91367*

(Rice) Gtl 57 kDa M28156

Gt2 57 kDa L36819

Gt3 M28158

Gt22 60kDa M28159

GluB-1 59 kDa X54314

GluB-2 57 kDa X54192

GluB-3 X54193

Type I 55 kDa X0566 I

Type II 54 kDa X05664

Picea glauco Coniferin 56 kDa X63192, U19873

(White spruce)

Pinus strobus Globulin I 53.8 kDa ZI1486

(Eastern white pine) Globulin 2 45.2 kDa ZI1487

Pisum sativum Legumin

(Pea) Group I

LegAl a-chain X02802

Fragment 101255

LegA2 58 kDa X17193

5' flanking region X57665

5' flanking region X57666

Group 2

LegC 56 kDa X02984

LegC 5' region with Pis-I X07562

LegD (pseudogene) X02614

LegJ 55 kDa X07014

LegK X67422 , X67423,

X07015

HMWlegumin 67 kDa MI6890

Pseudotsuga II S globulin 56 kDa L07484

menziesii

(Douglas fir)

Raphanus sativus Cruciferin, class II 53 kDa X59808

(Radish)
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TABLE 2

(Continued)

Species Gene name , gene product name , Subunit molecular GenBank/EMBL/DDBJ

group classification weight Accession Number

vicia faba Legumin

(Broad bean) Group I (A-type)

LeAl 55kDa X55013

LeA2 53 kDa X55014

Group 2 (B-type)

LeBl (pseudogene) o -chain X14238

LeB2 o-chain X14237

LeB3 (HMW) 65 kDa Z25489

LeB4 53 kDa X03677

5' flanking region X14239

LeB5 (pse udogene) X14239

LeB6 Fragment X14240

LeB7 Fragment X14241

LelB 161 (HMW) Fragment Z26487

Vida narbonensis Group I

LegA 55 kDa Z46803

Vida sativa Legumin

(Vetch) Group 1

LegA 55 kDa Z32835

Group 2

LegB 53 kDa Z32796

Latin names are given followed by common names in brackets. Most accession num-
bers can be found in the GenBank database, which can be obtained on the internet at
http://ftp.bio.indiana.edu. An asterisk C) denotes the PIR database which can be searched
at http://ftp.bio.indiana.edu. HMW = high molecular weight legumin. For classification into
group 1 (A-type) and group 2(B-type) legumins where applicable, see text.

vulgaris, contains only the m, 45-55,000 group of subunits. At least three
subfamilies are found in this group, each with slightly different molecular
characteristics (a, mrS I-53 x 103; (3, mr 47- 50 x 103; (y, m,.43--47 x 103) .
Because all of these subunits can potentially have either one, two, or no Asn-
linked high mannose glycans, a complex pattern can be observed when they
are optima lly separated by two-dimensional electrophoresis .
Unlike the situation with phaseolin where only the fir 50,000 subunits

are found, both the large- and small -sized 7S subunit families are found in P.
sativum, V.faba, Vigna unguiculata, Canavalia ensiformis, Vigna radiata, and
G.max (Khan et aI., 1980; Gatehouse et aI., 1981;Scholz et aI., 1983; Spencer
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TABLE 3

Seed storage lectins

A. One-chain lectins

Species Gene name, gene prod uct, Mo lecu lar Weight Sw issProt Database

group classification Holcp rotcin or Subunit Accession Number

Arachis hypogaea Peanut agg lutin (PNA) 120 kDa Homotetramer 1'02872

(Peanut)

Bauhinia purpurea Lectin 27 kDa Subunit P I603lJ

(Camel 's foot tree)

Conavalia ensiformis ConcanavalinA 102 kDa Homotetramer PlJ2866

(Jack bean)

Canavalia gladiata Concanavalin A 126 kDa Homotetramer 1'14894

(Sword bean)

Crotaliara striata Lectin 116 kOa Homotetramer 1'1635 1

(Smooth ratt lebox)

Cytisus scoparius Lec2 27 kDa Subunit 1'29257

(Scotch broom)

Cyrisus sessilifolius Lcc l 154 kDa Homotetramer 1'22970

Lec2 75 kDa Homodimer 1'22971

Dolicnos hijlorus Seed lectin 30 kDa Subunit P05045

(Horse gram)

Erythrina corallodendron Lectin 62 kDa Homodimer 1'16404

(Coral tree)

Glyeine max Soybean lectin Le I 31 kDa Subunit 1'05046

(Soybean) (Soybean agg lulin)

Laburnum alpinum Lcc l 27 kDa Subunit 1'23558

(Scotch laburnum)

Lathyrus sphaericus Seed lectin 54 kDa Homodimer 1'16349

(Spring vetchling)

Medicago truneatula Lee I 31 kDa Subunit QOl806

(Barrel medic ) Lec2 30 kDa Subunit Q018lJ7

Onobrychis vicifolia Lect in 52 kDa Hornodirner PlJ2874

(Common sainfoin)

Phaseolus Iunatus Lima bean lectin 96 kDa Homodirncr P163lJlJ

(Lima bean)

Phaseolus vulgaris Phytohaemagglu tinin (PHA),

(Bean) G2 30 kDa Subunit 1'05lJ86

PHA-E 30 kDa Subunit 1'0 5087, 1'15231

PHA-L 29 kDa Subunit 1'19329

ARC I (arceli n) 29 kDa Subunit 1'199330

ARC2 (arceli n) 27 kDa Subunit 1'02873

LLP (ce-amyla sc inh ibitor)

Ulex europeus ANTI-H(O) LEC I (UEA-I) 27 kDa Subunit 1'22972

(Furze) ANTI-H(O) LEC \I (UEA- Jl ) 27 kDa Subunit 1'229 73
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TABLE 3

(Cont inued)

B. Two-chain lectins

Species

Diocleo grandijfora

(Muca na)

Lath yrus aphaca

(Yellow vetchl ing)

Larhyrus aniculatus

Lathvrus dena

(F lat-pod pea)

Lathyrus hirsutu s

(Rou gh pea. Hairy

vetch ling)

Lathyrus ochrus

(Yell ow flowered pea)

Lat hyrus odoratus

(Swee t pea)

La thyrus sativus

(Chick ling vetch)

Lath yrus tingisanus

(Tangier pea)

Lens culinaris

(Lent il)

LOIUStetrag lobus

(Winged pea)

Pisum sativum

(Ga rden pea)

Vida cracca
(Bird vetch)

Vicia Jaha

(Faba bean. Broad bean)

Vicia Salim

(Spring vetch. Tare)

Gene name, gene product.

group classification

LecA

Lect in

Lect in

Lectin (0: l o Z)

Lectin

Lectin Q 1

02

131 and 132

Lectin

LECA

Lectin

Lec tin

Anti -H(O) Lect in (LTA)

Pea lectin

LECA

Favin (YFA)

LECA

Molecu lar weight

Holopro tein or Subunit

30 kDa Subunit

58 kDa (02132)

58 kDa (02132)

59 kDa (02132)

59 kDa (02132)

59 kDa (0 2132)

58 kDa (02132)

58 kDa (02132)

60 kDa (0 2132)

46 kDa (02132)

48 kDa (02132)

55 kDa (02132)

50 kDa (02132)

55 kDa (02132)

Swissl'rot Database

Accession Number

P08902

P0744 1 (a -chain)

P07442 (a -chain)

P07440 (a -chain )

P07443 (a -chain)

PI2306

P I230 7

P04 I22

P02869 (a -chain)

P I2308 (a -chain)

P0744 (a -chain)

P0287 0

P19664

P02867

P02868 (a -chain)

P02871

P16350 (a -chain)

The common names for the plant source is in brackets preceded by the Latin
name. The entries match the PROSITE criteria AC# PS00307 and PS00308
for the signature pattern (Sharon and Lis, 1989, 1990). The accession numbers
can be found in the SwissProt database. The databases can be accessed on the
internet at http ://ftp .bio.indiana.edu.
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et a1., 1983; Casey et al., 1984; Sammour et al., 1984). In P. sativum , V Jaba,
and several other legumes, the smaller m, 45-55,000 group of subunits are
known as vicilins, while the larger m, 70-80,000 group are called convicilins.
In contrast to this situation where different names are used to distinguish the
large and small groups of7S subunits, the same name , ;3-conglycinin, is used
to identify members of both groups of 7S subunits in G. max. In this species ,
the ;3-subunits correspond to the vicilins, while the larger a and a'-subunits
are equivalent to convicilins. Although confusing, the term glycinin refers
to lIS proteins in soybean rather than to 7S proteins, as one might expect
based on the use of vicilin versu s convicilin for many other legumes. Usage
of the term glycinin to refer to lIS proteins in soybean and conglycinin for
7S proteins is sufficiently entrenched in the literature to preclude renaming
these proteins.
Considerable effort has gone into characterizing the various members of

the 7S families of genes in legumes, and some of their structural features are
worth noting. At least 18 genes encode vicilin subunits in pea (Higgins, 1984;
Casey et al., 1986), and similar small families of genes are responsible for
the m, 50,000 class of subunits in V faba (Weschke et a1. , 1988) and G. max
(Coates et al., 1985). As is important from a nutritional standpoint, many of
these subunits are devoid of sulfur amino acids. The 18vicilin genes in pea are
encoded by three small multigene subfamilies. One family encodes m, 47-
48,000 subunits, while the other two encode m, 50-52,000 globulins (Casey
et a1., 1985a; Rerie et al., 1992). Whereas some vicilin subunits remain intact
after synthesis, others contain two potential internal proteolytic cleavage sites.
None, one, or both of these sites can be cleaved to yield up to five peptide
fragments (Hirano et al., 1982; Gatehouse et a1., 1983; Spencer et a1., 1983;
Boulter, 1984).
The m, 45-55,000 group of vicilin subunits from pea can be further sub-

divided into three families (Casey et a1., 1988). Vicilins encoded by members
of the same subfamily are less than 5% divergent, whereas 15-25% diver-
gence in nucleotide sequence occurs among members of different subfamilies
(Rerie et a1. , 1992). Although pseudogenes exist, those genes that are tran-
scriptionally active appear equally transcribed as judged by the prevalences
of their respective cDNAs (Domoney and Casey, 1985; Ellis et a1. , 1986)
and their relative transcription rates (Beach et al., 1985). To the extent such
information is available, a similar situation apparently exists among members
in the subunit subfamilies from P. vulgaris (Brown et a1. , 1981a,b), V faba
(Wobus et a1., 1986), and G. max (Harada et a1., 1989).
Comparison of the deduced amino acid sequences for members of the

m, 70-80,000 group with protein sequence information determined chemi-
cally shows that this group of subunits differs from the m, 50,000 subunits
because of the N-terminal insertion mentioned earlier. The insertion, which
is documented in references cited in Table 1, is located shortly after the sig-
nal sequence in the precursor. The size of the insertion is about 165 amino
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acids in the case of the a-subunit of soybean ;3-conglycinin as compared with
the ;3-subunit. An insertion of about 170 amino acids in the same region of
the molecule has occurred in pea convicilin as compared to vicilin, and an
even larger insert is found in the a'-subunit of ;3-conglycinin . Thus, the 7S
molecules apparently tolerate considerable variation in this region.
In some species, the peptide chain that is a result of this insertion is

subjected to post-translational modification. In the case of the a and a/-
subunits of ;3-conglycinin of soybean and a 7S protein in maize (Coates et
aI., 1985; Doyle et aI., 1986), a discrepancy exists between the N-terminal
sequences of the purified protein and the deduced amino acid sequence from
cDNAs. The chemically determined N-terminal amino acid sequence of the
a and a' subunits begins about 40 amino acids after the putative N-terminal
of the proprotein, an indication that a short 40 amino acid peptide chain is
separated from the rest of the molecule post-translationally. Unlike the ;3-
conglycinin in soybean, the m, 70,000 convicilin subunits from pea appear
not to be modified extensively post-translationally (Domoney and Casey,
1983), although Chrispeels et al. (l982b) reported an example where a pea
convicilin subunit is processed from m, 70,000 to about 50,000.
Because some 7S subunits are modified post-translationally and others are

not, one must question whether these proteolytic modifications are of func-
tional significance for maintenance of oligomeric structure. The variability
in the location of the peptide bonds cut indicates that they probably are the
consequence of non-lethal mutations to individual genes and result in subunits
susceptible to endopeptidases that co-occupy the protein bodies with the stor-
age globulins. The peptide fragments that result from cleavage at these sites
could be stabilized in the oligomers by non-covalent protein interactions and
become evident when the purified oligomers are denatured and the peptides
resolved by electrophoresis. Alternately, they could be removed and digest-
ed immediately. This point has not been resolved. In addition to digestion
by endopeptidases, the storage globulins can be attacked by exopeptidases.
'Ragged' amino- and carboxyterminal ends of individual purified storage
proteins have been described that are consistent with proteins digested by
amino- and carboxypeptidases (Higgins et aI., 1983a; Slightom et al., 1983;
Staswick et aI., 1984a; Casey et aI., 1985a). Thus, proteolytic changes such as
those described can complicate identification of individual proteins, and this
can become particularly acute when serological methods are used to identify
peptides separated by electrophoresis.
Interestingly, far fewer genes encoding the larger molecular weight group

of subunits are contained in legume genomes than those that encode the
smaller m, 45-55,000 group of globulins. For instance , only two bands of
genomic DNA that hybridize with a convicilin cDNA are detected in P.
sativum (Domoney and Casey, 1985), whereas it is estimated there are at
least 18 of the smaller vicilin genes (Rerie et aI., 1992). Likewise, Harada
et al. (1989) found only a few genes that produced a and a' subunits of
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;3-conglycinin among the 15 genes from the G. max genome that encode 7S
globulin subunits. The situation in P. vulgaris is even more severe, as gene s
encoding this group of subunits have not been detected (Hall et al. , 1977) .
The significance, if any, for the difference in prevalence of the large and small
groups of 7S globulin subunit genes is unknown.
Variation in the structure of various 7S globulin subunits as determined

by gel electrophoresis has permitted establishment of genetic linkage rela-
tionships among the genes that encode them. Thompson and co-workers
described variations in the apparent molecular masses of vicilin subunits in
pea (Thompson and Schroeder, 1978; Thompson et al., 1980). These results
and others (Mahmoud and Gatehouse, 1984; Domoney and Casey, 1985; Ellis
et al., 1986) reveal that the pea vicilin genes are distributed among at least five
genetic regions, each of which contain several tightly linked, closely related
gene sequences. The genetically linked genes encoding structural variants
located in each of these regions behave as single genes and produce sim-
ple, codominant Mendelian inheritance patterns. One of the regions is linked
within about 10map units of the r-Iocus of chromosome-2 in Pisum (Davies,
1980). A second region is also located on chromosome-2 but segregates inde-
pendently from the r-locus. Structural variants of convicilin likewise exhibit
simple, codominant Mendelian inheritance. At least one convicilin locus is
located on linkage group 2 near the k-Iocus and segregates independently
from genes encoding vicilin subunits.
A similar complex gene organization is found in G. max. Harada et al.

(1989) identified at least IS ;3-conglycinin genes that produce either 1.7 or
2.5 kb mRNAs. These were considered to encode ;3 and a plus a' subunits,
respectively. Chromosome walking experiments revealed that almost all of
these genes were located in three large multigene clusters. Each cluster con-
tained a mixture of individual and tandemly linked ;3-conglycinin genes that
were in turn linked to functional genes whose products were not expressed in
seeds. In contrast to the situation in Pisum, where the m, 70,000 convicilin
gene s are separated from the m, 50,000 vicilin genes, several genes in soy-
bean encoding 1.7 and 2.5 kb transcripts were tandemly linked. The 1.7 and
2.5 kb transcripts correspond to ;3 and the a and a' subunits, respectively. In
any event, as with the 7S globulin subunits from Pisum, a number of size and
charge variants of soybean ;3-conglycinins have been identified (Kitamura et
al., 1984; Davies et al. , 1985), and they likewise exhibit simple, codominant
Mendelian inheritance patterns.
Genetic experiments reported by Hall and coworkers addressed the organi-

zation of 7S protein genes in P. vulgaris. Two-dimensional gel electrophore-
sis analysis of phaseolin revealed that differences in electrophoretic mobility
exist among 7S phaseolin subunits (Romero et al., 1975 ; Hall et al. , 1977;
Brown et al., 1981a,b) . No evidence for recombination among the structural
variants has been reported. The interpretation of these results is that the genes
encoding phaseolin are tightly linked and segregate as a single codominant
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gene locus. Because at least three different classes of protein can be discerned
based on eDNA sequence analysis, and there are multiple copies of each type
of gene per genome, unequal crossing over and gene homogenization have
likely come into play during formation of the 7S clusters in P. vulgaris.
The existence of multiple 7S subunits in the seed raises a question as to

whether each trimer purified from legume seeds is composed of only one
kind of subunit, or if it contains a heterogeneous mixture of several different
subunits. This issue was first explored by Thanh and Shibasaki (1976, 1978b),
who isolated multiple isomeric forms of (3-conglycinin trimers . Trimers com-
posed of each of the possible combinations of the three main subunit types of
(3-conglycinin (a, a', and (3) were purified from seeds, either by these workers
or by others (Sykes and Gayler, 1981; Yamauchi et aI., 1981). The results are
best explained if products from the approximately 15 (3-conglycinin genes
associate randomly in vivo during formation of oligomers .A similar assembly
mechanism has been evoked to account for heterogeneity observed among
7S oligomers from P. sativum (Casey et al., 1985a). Interestingly, Thanh and
Shibasaki (1978a) also demonstrated that the (3-conglycinin trimers could
reversibly dissociate into monomers and, under appropriate conditions, reas-
sociate into either trimers or hexamers. Along the same line, Sun et al. (1974)
reported the formation of 18S oligomers using phaseolin purified from P.
vulgaris. The 18S oligomers apparently were formed from 12 subunits (i.e.,
a tetramer of trimers) . Reversible disaggregation and reassembly events of
this type are typical for both the 7S and liS globulins (Wolf and Briggs,
1958). They are intriguing because they may be related to the formation of
large organized structures within the protein body. Virtually nothing is known
about how the 7S and lIS proteins are organized in situ.
Recently, the three dimensional crystal structures were described for 7S

proteins from both P. vulgaris (Lawrence et aI., 1990, 1994) and C. ensiformis
(Ko et aI., 1993a,b; Ng et aI., 1993). Not surprising because of the homolo-
gous nature of these two proteins, nearly identical structures were proposed.
Briefly, each 7S subunit features a large internal structural repeat. In both
repeated structures, approximately seven (3-sheetsare organized into (3-barrels
in a 'jelly-roll' motif. The two 'jelly-roll' motifs are tightly appressed via a
hydrophobic face and form the central core of the molecule .The central core is
flanked on either side by a-helical domains with helix-turn-helix motifs. The
helical domains appear to be involved in intra-subunit interactions involved
in formation of 7S trimers, and their disruption results in subunits unable to
assemble into trimers (Ceriotti et aI., 1991, 1995). Availability of this detailed
structural information, together with techniques that can be used to perform
site-directed mutagenesis, will undoubtedly result in additional experiments
to probe the function of regions in the molecules that are important for assem-
bly of trimers and for assembly of trimers into the supra-molecular complexes
found in protein bodies.
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Availability of the three dimensional structure has permitted precise align-
ment of the multiple vicilin-like proteins whose sequences are available
(Lawrence et aI., 1994), and designation of a sequence signature:

L-X-X-F-X(l3)-R-X(7)-P-X(5)-P*-X(3)-D-X(9)-G*

where X refers to any amino acid , while P* and G* identify the two amino
acids of the PIG motif defined by Lawrence et aI. (1994) that is found twice
in both the 7S and II S globulin subunits. This signature characterizes the
vicilin-like molecules sufficiently well so that it can be used to establish rela-
tionships among diverse sequences in the existing data bases. Although the
phylogenetic origin of the vicilins is not yet evident, a search of the Swiss
Protein data base with the program 'Blitz' (Blitz@EBLAC.UK) reveal s a
high degree of similarity to a sucrose-binding protein from soybean (Grimes
et aI., 1992). This similarity is particularly evident in the case of vicilin
from the gymnosperms Zamia (Braun et aI., 1995b) and Picea (Newton et
al., 1992). Interestingly, an even greater degree of homology is observed
between the vicilin-like protein from Zamia and Picea and II S legumins
from angiosperms, than where similar comparisons are made among those
proteins originating only from angiosperms. The observation is consistent
with and supports the conclusion by Lawrence and others (Argos et aI., 1985;
Gibbs et aI., 1989; Lawrence et aI., 1994; Shutov et aI., 1995) that the 7S and
lIS protein s are related to a common ancestral gene . In addition to the obvi-
ous homology with sucrose-binding protein, the vicilin from Picea also has
some sequence similarity to germ ins, a class of proteins synthesized de novo
during seed germination which will be discussed later with the legumin-like
proteins (Section 3B).

B. Legumin-like proteins. The legumin-like proteins summarized in Table 2
comprise the second major storage globulin component in many seeds . The
11 S globulins of the legumes G.max, P. sativum, V. faba have been particular-
ly well characterized. The II S oligomers are isolated in dilute salt solutions as
hexamers with molecular weights of 360,000--400,000 dalton s. Each subunit
in a hexamer is composed of two polypeptide chains that are linked cova-
lently via a disulfide bond. The position of the interchain disulfide, together
with that of a second probably involved in an intrachain disulfide bond in the
acidic chain , have been conserved during the evolution of these globulins.
As is described in more detail below, both peptides are derived from a single
proglobulin precursor by a post-translational proteolytic step. In legumes, the
larger of the two peptide chains that result from this cleavage has an acidic
isoelectric point, whereas the smaller of the two has a basic isoelectric point.
They are frequently referred to as acidic or basic II S polypeptides, respec-
tively. As is the case of the vicilin trimers, the 11S globulins are the prod-
ucts of small families of related genes, and the subunit products from these
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genes apparently are assembled randomly into the storage protein hexamers
(Horstmann et al., 1993).
The 11S storage globulins from different legumes display considerable

heterogeneity with respect to both charge and size. As indicated in Tables 2
and 4, at least five subunits are present in G. max, and these can be divided
into two groups based on amino acid sequence homology. The subunits from
G. max are referred to as glycinins, and the two subfamilies of subunits
belong to either Group-lor Group-2 (Nielsen, 1984). The genes that encode
each subunit (Fischer and Goldberg, 1982; Marco et al., 1984; Scallon et
al., 1987; Nielsen et al., 1989), as well as the proteins produced from them
(Moreira et al., 1981; Staswick et al., 1981; 1984 a,b), have been purified and
characterized. Subunits that belong to the same subfamily share greater than
90% homology, but there is only about 50% homology among members from
different subfamilies. In soybeans, the Group-I subunits (G1, G2, and G3) are
of a lower molecular weight and contain larger amounts of the sulfur amino
acids than those in Group-2 (G4 and G5). The size variation between the two
groups of subunits is due to changes in a region at the COOH-terminal of
the acidic chain, a region referred to as the hypervariable region. Because of
its high concentration of charged amino acids and its proximity to the post-
translational cleavage site in the subunit precursor, the hypervariable region
must be located at the surface of the proglobulin molecule . The considerable
natural variation in the hypervariable region makes it an attractive one into
which mutations can be introduced to increase sulfur amino acid content
(Nielsen et al ., 1990).
As in soybean, two major subfamilies of l lS legumin are found in seeds

of both V. faba (Bassiiner et al., 1983; Horstmann, 1983; Wobus et al., 1984;
Baumlein et al., 1986; Schlesier et al., 1990) and P. sativum (Casey et al.,
1993) , but these are referred to as A- and B-type subunits in these species.
They are the structural homologues to the Group -I and Group-2 subunits of
soybean, respectively. Unlike the situation in soybean where both Group-2
subunits are larger than those found in Group-l , some B-type subunits are
about the same size as the A-type subunits. Nonetheless, they can easily be
assigned to their respective family on the basis of sequence homology and
amino acid content (Table 2). Casey (1979), on the basis of two-dimensional
gel electrophoresis analysis of the Pisum legumins , distinguished among
major (aM) and minor (am) forms of legumin acidic polypeptides based on
their apparent prevalence after separation.
Many of the acidic and basic chains from II S proteins have been identified

using either various electrophoretic techniques or by direct purification of
individual chains. Unfortunately, laboratories working with the same species
have developed slightly different nomenclatures to refer to these proteins,
and these differences in nomenclature are undoubtedly confusing to the non-
specialist who encounters them while reading the literature. A simplification
would be desirable, although much of the nomenclature is well entrenched
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TABLE 4

Nomenclature identifying primary glycinin and ,B-conglycinin subunits of
soybean

Gene Subunit CX635-1-1-1 peptide Clone described
designation I

G/ycinin
Gy l G I A laB lb Nielsen, 1989

Gy2 G2 A2Bl a Marco et aI., 1984
Kim and Choi, 1989

Kitamura et aI., 1990
Momma et aI., 1985a

Gy3 G3 AlbBl a Cho et al., 1989a

Gy4 G4 A5A4B3 Scallon et aI., 1985

Momma et aI., 1985b
Gy5 G5 A3B4 Fukazawa et aI., 1985

,B-Conglycinin
Cgyl

,
0. ' Schuler et aI., 19820.

Lelievre et aI., 1992a
Cgy2 0. 0. Sebastiani et aI., 1990

Lelievre et aI., 1992a
Cgy3 ,B ,B Harada et aI., 1989

Lelievre et aI., 1992a

INomenclature refers only to subunits characterized in CX635-1- 1-lx .
Because subunits from other soybean cultivars may have different primary
sequences, it may lead to confusion if this nomenclature is used for cultivars
other than CX635-1-1-1. See Moreira et al. (1979), Staswick et al. ( 1981) and
Staswick et a1.(l 984a, b) for details about CX635-1-1-1.

in the literature. Because the acidic and basic chains are derived from a
proglobulin precursor (Croy et aI., 1983), specific acidic and basic chains are
invariably paired with one another (Staswick et a!., 1981; Horstmann, 1983,
1993), and it seems des irable to use nomenclature that relates the two chain s
when this information is known. Many of the genes that encode the variou s
II S proglobulins have been cloned and , in a number of instances, genom-
ic Southern blot experiments or genetic inheritance studies have permitted
individual genes to be associated with a specific gene locus. Less ambiguity
would result if the gene symbols were used in the literature in those cases
where the gene has been unambiguously identified. In some cases, for exam-
ple the one from soybean shown in Table 4, the number of major genes that
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encode lIS glycinin is small, and it has been possible to relate the cloned
genes to specific loci (Nielsen, 1995). As new gene sequences are cloned and
studied, genetic inheritance (segregation) studies should identify which gene
is involved and whether allelic versions of the same gene are involved. Such
studies should be completed before the variant sequences are identified as
new genes. This approach is best suited for genomes like soybean which are
devoid of large numbers of tandemly linked genes. In other species, for exam-
ple Pisum and Vida, in which a large number of genes are involved, many of
these are tightly linked in small gene clusters. This type of arrangement could
obviously complicate genetic segregation studies . Nonetheless, such studies
will permit identification of which gene cluster is involved, and chromosome
walking experiments may permit deduction of gene order. Despite these
difficulties, however, development of simpler nomenclature would enhance
communication among nonspecialists. Similar arguments can be advanced
for the nomenclature used to describe products from vicilin genes .
As indicated in Table 4, at least five genes contribute proglycinin subunits in

soybean, which are denoted Gy I through Gy5. Each of these have been cloned
and sequenced (Fischer and Goldberg, 1982; Hirano et al., 1984; Marco et
al., 1984; Fukazawa et al., 1985; Momma et al., 1985a; Scallon et al., 1987;
Nielsen et al., 1989). In addition, null-alleles that cause each glycinin subunit
to be absent from the seed have been identified (Staswick and Nielsen , 1983;
Kitamura et al., 1984; Kitamura, 1993), and RFLP markers that identify each
of the five have been identified (Cho et al., 1989a,b; Diers et al., 1994). The
latter have been used to explore linkage relations among these genes. Gy4 and
Gy5, Group-2 glycinin genes, segregate both independently from one another
and from the Group-l genes. They are located on linkage groups 0 and F
on the public linkage map (Diers et al., 1994). The linkage-map positions of
the three Group-l genes have not yet been established. However, Gy I and
Gy2 were isolated in one clone and shown to be arranged in a direct tandem
linkage (Nielsen et al., 1989). These studies showed that the Gyl/Gy2 locus
is flanked by several genes that are expressed in the leaf, and that Gy3 is
found in a gene cluster that appears to be a duplication of the one containing
Gy 1 and Gy2 . Cho et a!' (l989a,b) used RFLP markers to identify the two
genetic loci containing Group-l glycinin genes and demonstrated that they
segregated independently.
Similar genetic linkage information is available for Pisum and Vicia.

Hybridization analysis with cloned legumin DNA sequences (Domoney and
Casey, 1985; Domoney et al., 1986b), together with sequence information
from both genomic clones (Brown et al., 1985; Lycett et al., 1985; Gatehouse
et al., 1988; Rerie et al., 1990, 1991; Thompson et al., 1991) and purified legu-
min polypeptides (March et al ., 1988), indicate that there are more than ten
legumin genes in the haploid genome of Pisum. Domoney and Casey (1984,
1985) have used three classes of cDNAs to distinguish among these genes.
Clone pCD43 is representative of genes whose products yield the prevalent
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oN legumin chains. These are derived from m, 57-60,000 proglobulins and
are similar to clones described by other workers (Chandler et al., 1983; Croy
et al., 1983). Genes that encode the aM legumin polypeptides map to link-
age group 7, about 10map units from the r-Iocus (Davies , 1980; Matta and
Gatehouse, 1982). Some cultivars of P. sativum contain multiple aM sub-
units that segregate as a single locus . Because recombinant genotypes have
not been detected among the genes in this cluster, they are considered to
be tightly linked (Thompson and Schroeder, 1978; Casey, 1979). Although
information about the organization of genes within the cluster has become
available by chromosome walking experiments (Lycett et al., 1984; Brown et
al., 1985; Domoney and Casey, 1985; Casey et al., 1986), it is still incom-
plete. Nonetheless, those genes that contain the a M peptide chain belong to
the A-type family of legumin genes, and are the structural equivalents to the
Group-l glycinin genes of soybean .
Clones pCD40 and pCD32, used by Domoney and Casey (1984, 1985) to

distinguish among the pea legumin genes , select mRNAs for larger legumin
precursor subunits (M, 63-65,000 and 80,000, respectively). Products from
these genes contain the minor am acidic chains and correspond to B-type
legumin genes. These are the structural equivalents to the Group-2 glycinin
genes of soybean. There are approximately three copies of genes correspond-
ing to pCD40 per haploid genome (Domoney and Casey, 1985), and these
are probably clustered in linkage group I near the a-locus (Domoney et al.,
1986b; Rerie et al., 1992; Casey et al., 1993). The genes recognized by clone
pCD32, which is about 80% homologous to pCD40, also appear to map close
to the a-locus on chromosome 1 and is represented by more than one gene
(Casey et al., 1993). Thus, clusters of genes on at least two chromosomes
encode prolegumin subunits. Because homologous recombination can occur
among genes in clusters, the number of members in such clusters theoretically
can be expected to vary among genotypes. Indeed, Turner et al. (1990 , 1993)
have presented data consistent with this phenomenon for genes encoding the
prolegumins.
A technique of two-dimensional electrophoresis in SDS gels , first under

non-reducing conditions and then under reducing conditions, has been used
to characterize the pairing between large acidic and smaller basic chains of
legumin from both P. sativum and V. faba (Matta et al., 1981a,b). As many
as eight pea and 10 pea legumins can be resolved with this technique. As in
soybean, the size of basic chains from both species are in the range of m,
20-25,000, while the size of the acidic chains from both species varies from
m, 35 to 59,000. This technique may be useful in genetic studies directed
toward understanding linkage relationships among the legumin genes of pea.
Unlike the situations in Glycine and Pisum, where the genetic inheri-

tance of the genes has been described in some detail , this is difficult with
Vida. High rates of recombination occur in this species, probably due to the
extremely large genome size (30pg DNA/2C). The high rates of recombina-
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tion that accompany the large genome size have frustrated accurate linkage
determinations. Nonetheless, because the genes are located in clusters , in situ
techniques have permitted localization of some legumin and vicilin genes
(Macas et aI., 1993; Fuchs et aI., 1994; Fuchs and Schubert, 1995). The LeA
genes are located in the distal half of the long arm of chromosome V; LeB3
probably resides at the distal end of the small arm of chromosome II, and
LeB4 is on the long arm of chromosome Ill.
Despite homology to the 7S proteins, at the present time the three dimen-

sional structure and shape of the 11-12S storage proteins cannot be described
with any degree of certainty. Plietz et al. (1983), on the basis of small angle
x-ray scattering analysis of sunflower 12Sprotein in solution , concluded that
these subunits have an ellipsoidal shape with axis of 12.6x 8.82 nm and a
molecular weight of 365 kD. They proposed that the subunits are arranged
in a trigonal antiprism or two trimeric rings superimposed and rotated about
60deg with respect to one another. Utsumi and McPhearson's groups have
produced crystals of 12S proteins from soybean and hemp, respectively (Utsu-
mi et al., 1993; Patel et al., 1994). Consequently, there is hope that a more
complete physical description of these oligomers may become available in
the near term .
Bairoch and Bucher (1994) proposed a sequence signature for the l lS

storage proteins. In accordance with the alignments provided by Lawrence et
al. (1994), this signature, which is located near the N-terminus of the basic
chain, can be expanded somewhat to include :

N-G-X-X-E-X-X-C"-X(6)-N-X(7)-D-X(6)-G-X(lO) -P-X-L-X(6)-A-X(12)-
P*-XC4)-N-A-X(8)-G*-X(6)-V-X(3)-G-X(l O)-G-X(5)-P-Q

and a signature for a conserved region near the N-terminus of the acidic chain
can also be identified:

C' -X(l7)-P*-X(l3)-G*-X(4)-G-X(3)-P-[GS]-C"

where X corresponds to any amino acid, C' denotes the cysteine residues
involved in the disulfide bond between the acidic and basic chains, C" denotes
a cysteine residue probably involved in an intrachain disulfide bond in the
acidic peptide, and P* and G* refer to a conserved PIG motif identified by
Lawrence et al. (1994) that is found twice in the legumins and in homologous
regions of the 7S globulin subunits. Interestingly, when these signatures are
used to search protein data bases, they permit identification of several other
groups of proteins. The C-terminal half of the basic legumin chains exhibit
substantial sequence homology to the low molecular weight avenins from
certain cereals (Fabijanski et al., 1988) (Figure 1, panel C). The avenins are
considered prolamins due to their solubility in alcohol. The signatures also
share some homology with germ ins, a family of homopentameric cereal pro-
teins expressed during seed germination and in response to salt stress and
plant dehydration (Lane, 1991; Burkman et aI., 1994). The germins may play
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Fig. I. Similarities in amino acid sequences among the liS and 7S storage globulins. 2S storage albumins.
genn in-c1ass proteins. sucrose-binding protein and prolamin s. The computer program CLUSTAL (Higgins
and Sharp, 1988. 1989) was used to generate the mult iple alignments shown. Default settings were: K-tuple
value =8, window size = 10, filtering level = 2.5, open gap penalty = 12, unit gap penalty = 10. Panel
A.: Multiple alignment of the N-tenninal portion of the basic l iS chain from helianthinin (sunflower,
M28832), gennin (rapeseed, U21743) and spherulin (slimemold, M18428 ). A vertical line indicates the
position of the N-tenni nal glycine residue of the basic chain in the mature helianth inin subunit after
post-translational cleavage at the conserved N-G peptide bond by asparaginyl endopeptid ase. Amino acids
that correspond to the conserved PIG motif described by Lawrence et at. (1994) as characteristic of I IS
and 7S storage globulins are indicated by @ . Asterisks (" ) indicate the position of identical residues
among the sequences and dots (.) indicate the position of amino acids with conse rved physical propertie s.
Panel B: Multiple alignment of sucrose bindin g protein from soybean (L06038) with 7S globulins from
com (M24845) and colton (M19378). Sequence homology is greatest in the portions of the molecules
illustrated, but extends further into the molecules. The 7S globulins from the legume s indicated in Table I
also align, but with slightly less homology. Interestingly. stretches of highly charged amino aeids that are
typical of the storage globulins and albumins are absen t in the sucrose binding protein. The notation of
identical, conserved and PIG motif amino acid residues are as in Panel A. Panel C: Alignment of avenin
(oat, M38446), puroindoline (wheat, X63193), a 2S albumin from Picea glauca (X699 13), and an l iS
storage globulin (oat, 105485). The signal peptide cleavage position in oat avenin is marked by a vertical
line. Other notations are as described in Panel A. The second signature sequence for 25 proteins described
in the text is well preserved in both avenin and puroindol ine, whereas the first signature of the avenin
sequence (M38446) is only partially conserved as compared to that in the 2S albumin sequence from Picea
glauca (X63 193). Accession numbers used to ident ify each sequence refer to record s in the EMBL/DDBJ
databases, and may be accessed on the Internet at hltp:llftp .bio.indiana.edu.
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Fig. 2. Amino acid alignment of selected 2S seed storage albumins. The multiple alignment
of ten 2S proteins was done using the algor ithm described by Higgins and Sharp (1988)
with the parameters described in Figure I. The alignment was manually adjusted to highlight
the domains of the transient signal peptide (SP), the N-tenninal propcptide, and the internal
propeptide that separates the small chain from the large chain. The most conserved portion of
the small cha in was used to derive the signature described in the text. The two most conserved
parts of the large chain are separated by a hypervariable region that is extended in the cases of
Picea glauca and Ory za sativa as compared to the other examp les illustrated in the figure. Of
the two signatures proposed for the large chain, the one from the N-terminal part of themolecule
is the longest and most highly conserved among the proteins described in the figure (see text).
Identical residues are marked by • (aster isk), chemically similar residues are marked · (dot).
The proteins aligned are con tained in the SwissProt database as follows: P80352, Capparis
masaika i (Ni rasawa et aI., 1994); P01090, Brassica napus (Josefsson et al., 1987); P80207,
Brassica j uncea (Monsalve et al. , 1993); P38057, Sinapis arven ius (Svendsen et al., 1994);
P15322, Sinapis alba (Menendez-Arias et aI., 1988); P15457 , Arabidopsis thaliana (Krebbers
et aI., 1988); P04403 ,Bertholletia exce lsa (Altenbach et aI., 1987); P2311O,Helianthus annuus
(Kortt et aI., 1991); P26986, Picea glauca (Newton, 1991); P29835, Oryza sativa (Shorrosh et
aI., 1992).
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a role in altering the properties of cell walls during germinative growth (see
also Lane et aI., 1993, for a discussion about the relationship between wheat
germins and oxalate oxidase). Sim ilarity to germins was alluded to earlier in
this discussion when vicilin from Picea was described (Sec tion 3A). In this
regard, the highest score of similarity was attained between germin (Saez-
Vasquez, 1995) from B. napus and sunflower 11S helianthinin (vonder Haar et
aI., 1988),with 23 matches and 19 conservative amino acids within a stretch of
68 amino acids. In wheat, the germins are oxalate oxidases (Lane et aI., 1993,
Lane, 1994), and they exhibit homology to spherulins (Lane et aI., 1991). The
latter are proteins that accumulate during spherulation in slime mold. Upon
spherulation, a process induced by environmental stress, the spherulin pro-
teins are produced during an encystment process that leads to dormancy. An
alignment of the conserved sequence with in the N-terminal half of the basic
chain of helianthinin to the homologous region of cotton vicilin, to germin
from B. napus and sperulin is presented in Figure 1. Although structural data
will be required to test the significance of the se relationship s, if true , they
implicate proteins in much more primative organisms than recognized thus
far may be related to the 7S and 11S seed prot eins. The comparisons are also
consistent with the common origi n of these two groups of storage globulins.

C. 2S Storage Albumins. Many seeds contain a heterogeneous group of pro-
teins frequently referred to as 2S proteins. Closer examination, however, will
reveal that these can be subdivided into a number of families . One group sedi-
ments as 1.7-2.0S proteins. Unlike the storage globulins discussed previously,
proteins in this group are soluble in water rather than di lute salt solutions and
are more properly referred to as storage albumins. Although examples of
members of this class are known for legumes (pea albumin PA 1, Higgins et
aI., 1986), they are frequently found in elevated concentrations in seeds from
non-legume plant species (Youle and Huang, 1981). The first example of this
group of proteins examined in detail was napin from B. napu s (Crouch et
aI., 1983; Ericson et aI., 1986; Josefsson et al. , 1987; Scofield and Crouch,
1987), but now at least ten examples have been reported (Figure 2). These
mature 2S protein s, when isolated from seeds, consist of a small chain that is
covalently linked to a larger cha in by two disulfide bond s. As is characteristic
of many seed storage proteins, the mature seed proteins that accumulate in
the seed are derived from precursors after several post-translational modifi-
cations carried out by vacuolar endopeptidases (see Section 5). Of particular
interest is the 1.8S protein from Brazil nut. Thi s protein , like a number of the
other 2S storage proteins, has a very high methionine content (Ampe et aI.,
1986; Altenbach et aI., 1987; de Castro et al., 1987; Sun et aI., 1987; Gan-
der et aI., 1991). Proteins with this trait could be used to markedly increase
the seed methionine content in legumes. Unfortunately, however, the Brazil
nut protein contains epitopes that are strongly antigenic in some individu als
(Nordlee et aI., 1994). This trait will limit the usefu lness of the native pro-
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tein for improving seed nutritional quality, especially in those cases where
products from the seed can enter the human food chain. Other members of
the 2S family beside s the Brazil nut protein also have important functional
properties that could impact on their usefulness for agronomic purposes. Pro-
teins PI5322 and P80207 elicit allergenic responses (Menendez-Arias et aI.,
1988; Monsalve et aI., 1993), proteins P80352 and P30233 are heat stable and
have sweetness characteristics (Liu et aI., 1993; Nirasawa et aI., 1994), while
P38057 is a potent trypsin inhibitor (Ki 7x10- 6) (Svendsen et al., 1994).
Figure 2 show s a linear amino acid alignment for ten 2S proteins and

illustrates criteria to define the group and distinguish it from other proteins
with similar sedimentation coefficients. The alignment reveals three fairly
well conserved domains in the molecules. Each domain is separated from the
others by peptides ofvariable length which contain charged or amidated amino
acid s that are characteristic of seed storage proteins. Not unexpectedly, each of
the conserved domains is associated with cysteine residues in the molecules .
For each of the conserved domains, a sequence signature can be assigned that
may be used either individually or in combination with one another to assist
in identification of this group of 1.8S proteins. These include:

Signature 1 (small chain): C'-X-X-[EQ]-X(5,6)-L-X-X-C"

Signature 2 (large chain): C"-C"-X-[EQ]-L-X(6)-C'-X-C-X-X-[LI]

Signature 3 (large chain): [AV]-X-X-[LIP]-P-X-X-C-X-[ILV]

where X is any amino acid , C' denotes a conserved cysteine residue considered
to be involved in an intrachain disulfide bond , and C" refers to cysteine mole-
cule s involved in the interchain disulfide bonds. While these signatures are of
general usefulness, not all of the 2S proteins in this family are unambiguously
described by these ' signature' sequences. One notable exception is conglutin
J. Like other members of the 2S family, it consists of two disulfide linked
peptide chains (Lilley and Ingli s, 1986; Gayler et aI., 1990). Although present,
each of the three signatures is modified to some extent. Another interesting
example of the divergence among this family of proteins is the 2S storage
albumin found in jack bean (Ricinus communis) . The jack bean 2S storage
albumin is made from a large propolypeptide that probably gives rise to two
binary chain 2S products (Irwin et aI., 1990), one of which is derived from the
N-terminal and the other from the C-terminal of the precursor encoded by this
gene. Signature 2 is also widely associated with the Bowrnan-Birk types of
protease inhibitors and the amylase/trypsin inhibitors (Rodriguez-Palenzuela
et aI., 1989; Garcia-Maroto et aI., 1990; Gayler et aI., 1990; Suzuki et aI.,
1993). Signature 2 also recognizes puroindolines, prolamin -like molecules
from wheat (Gautier et aI., 1994; Rahman et aI., 1994) (Figure I, panel D).
Slightly altered signatures 1,2, and 3 are Q00762 and Q05772, found in the
tapetum from A. thaliana and B. napus (Paul et aI., 1992). Cereal prolamins
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have a sequence similar to signature 2 (Shewry et aI., 1995). Neither the
Bowman-Birk inhibitors, the tapetial proteins, nor the prolamines have the
two peptide chain structure, even though they do contain sequences that bear
some homology with one of the three 2S signatures. Finally, the sequences
in Figure 2 bear a striking resemblance to the spore protein from ostrich
fern, Matteuccia struthiopteris , a seedless plant species from the division
Pterophyta (Roedin and Rask, 1990). Although much smaller than each of
the other 2S proteins described in Figure 2, the spore protein not only has
the two chain structure typical of the 2S protein family, but it also contains
sequences homologous to 'signatures' 1and 2. This obvious structural homol-
ogy prompts one to speculate that the spore protein from M . struthiopteris is
related to progenitors of this 2S family of proteins in angiosperms, although
more definitive evidence establishing three dimensional structural similarity
will be required to verify this suggestion. However, the potential relationship
that exists justifies investigations to see if members of this storage protein
family occur among more primitive organisms than now recognized.

4. Other prevalent seed proteins with biological activity

A. Legume Seed Storage Lectins. Numerous seeds accumulate proteins
capable of agglutinating red blood cells and are referred to either as phyto-
haemagglutinins or lectin s. A number of these accumulate in seeds in suffi-
cient amounts so that they probably playa storage role in providing a source
of carbon, nitrogen, and sulfur to be used during seedling growth and devel-
opment. Because of their sugar-binding properties and ease of purification,
lectin s have proved useful for medical, cytological and biochemical studies
aimed at distinguishing among cell types. These important properties have
drawn interest to phytohaemagglutinins, and lectins purified from diverse
sources have undergone considerable characterization (Sharon and Lis, 1989 ,
1990; Chri speels and Raikhel , 1991) . The purpose of this section is not to pro-
vide an extensive review of these proteins, but rather simply to draw attention
to those that seem to playa storage role in the seed.
Table 3 identifies a number of legume seed storage lectins, and each

bears substantial amino acid sequence homology to the others. Beyond
sequence homologies, the lectins can be subdivided into subfamilies based
upon whether they contain one or two peptide chains. The one-chain lectins
are in general purified from seeds as tetramers. The two-chain phytohaemag-
glutinins, on the other hand, are usually purified as dimers, and each subunit
in the dimer contains two peptide chains that are derived post-translationally
from a common precursor. As a result of this maturation reaction, a small
internal peptide is removed from the subunit precursor. The large fragments
in the resulting two-chain structure are derived from the N-terminal end of the
precursors known as ,B-chains, while the small a-fragments originate from
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the C-tenninaI. The association between the a- and f3-chains of the mature
subunits are stabilized by non-covalent interactions as opposed to the sit-
uation encountered in the lIS legumin-like or 2S storage albumins. In the
latter proteins, disulfide bonds seem to stabilize the interactions. The synthe-
sis, post-translational modification, and assembly of the seed storage lectins
proceed much like that of other storage proteins, as will be described more
completely in Section 5.
Concanavalin A is an interesting variant in the family of legume seed

storage lectins. Like the other lectins in this group, it is synthesized as a
propolypeptide. The precursor undergoes post-translational proteolytic mod-
ification to yield a two-chain protein like many other lectins. During this
process, however, the C-terminus of the a-chain becomes covalently attached
to the N-terminus of the f3-chain by a mechanism called cyclic permutation
(Carrington et al., 1985; Bowles et aI., 1986). The reaction is catalyzed by an
asparaginyl endopeptidase found in the protein bodies of seeds (Ishii, 1994;
Min and Jones, 1994). Thus, cyclic permutation results in a one-chain lectin,
even though concanavalin A undergoes reactions similar to the two-chain
members of the lectin group.
Two signature sequences have been described that are characteristic of

seed storage lectins (Bairoch and Bucher, 1994):

Signature I (f3-chain): [LIV]-[STAG]-V-[EQV]-[FLI]-D-[ST]

Signature 2 (a-chain): [LIV]-X-[EDQ]-[FYWKR]-V-X-[LIV]-G-[LF]-[ST]

These signatures provide a useful tool to screen for storage lectins and phy-
logenetically related proteins and permit each of the lectins listed in Table 4
to be identified in the database. An interesting example of a lectin identi-
fied in the database found using the signature sequence is a protein from
Lotus. Despite sequence divergence and apparent differences in the mode
of post-translational modification, this protein is clearly related to the seed
lectins identified in Table 4, and may reflect ancestral progenitors of these
molecules.
In addition to those lectins that play an obvious storage role, other lectins or

lectin-like proteins occur in seeds. An important example are members of the
ricin superfamily [ricin (Halling et al., 1985) and abrin (Wood et al., 1991;
Hung et al., 1993)]. Members of this group, which are frequently referred
to as ribosome inactivating proteins (RIPs), are rRNA N-glycosidases. Each
possess the Shiga toxin signature shown below:

[LIVMA]-X-[LIVMSTA](2)-X-E-[AGV]-[STAL]-R-[FY]-[RKNQS]-X
-[LIVM]-[EQS]-X(2)-[LIVMF]

Unlike the typical storage lectins, the RIPs do not accumulate in sufficient
amounts in seeds to contribute significantly to nutritional aspects of seedling
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growth and development. Rather, they may serve in defensive roles against
seed predators.

B. Lipoxygenases. Seeds accumulate lipoxygenases, large enzymes that cat-
alyze the addition of molecular oxygen to the cis, cis-I-4-pentadienes of
polyunsaturated fatty acids. Fatty acid hydroperoxides result from reactions
catalyzed by these enzymes, and in soybeans the enzymes can account for 1-2
percent of the total seed protein at physiological maturity (Vernooy-Gerritsen
et aI., 1983). The lipoxygenases are of commercial interest in the food indus-
try because they are responsible for the generation of both objectionable
(Mustakas et aI., 1969; Wolf, 1975; Hildebrand and Kito, 1984; Davies et aI.,
1987), and pleasant (Axelrod, 1974; Eskin et aI., 1977; Galliard and Chan,
1980) aromas and flavors. The objectionable tastes originate from short chain
aldehydes, principally hexanal and hexenal, that are derived from fatty acid
hydroperoxides formed by the lipoxygenases. The pleasant flavors and aromas
arise from aromatic aldehydes and alcohols and apparently are derived from
alternative metabolic pathways. Defatted soy is also an important component
in bread-making where it is responsible for bleaching carotenoid pigments to
produce whiter bread. In this instance, the lipoxygenases catalyze oxidations
and subsequent cross-linking of wheat glutens to enhance bread texture (Eskin
et aI., 1977). Interestingly, similar uses have been made of seed extracts from
V. faha and P. sativum (Frazier, 1979) .
Axelrod et al. (1981) described the preparation of four lipoxygenase

isozymes (denoted Ll, L2, L3a and L3b) from mature, dry soybeans. L3a
and L3b are quite similar and, for the purposes of this discussion, will be con-
sidered to be the same. Kato et al. (1992) have described at least three new
lipoxygenases that appear in cotyledons upon germination and at least two
lipoxygenases that are distinct from the cotyledon enzymes have been found
in the seed axis (Park et aI., 1994) . Each of the main cotyledonary enzymes
have been purified, are m, 95-98,000, contain a single atom of tightly bound
non-haem, non-Rieske iron per molecule (Vliegenthart and Veldink, 1982;
Shibata et aI., 1988), and have been cloned and sequenced (Shibata et aI.,
1987, 1988; Yenofsky et aI., 1988). The enzymes can be subdivided into two
classes depending upon their substrate preferences, heat stability, and the pH
optimum of the reaction they catalyze. L1 is considered prototype for Class-l
lipoxygenases. It has a pH optimum around 9.0 , is heat stable and prefers fatty
acids as substrate. The Class-2 enzymes, L2 and L3, have pH optima near
neutrality, are heat inactivated and prefer esterified substrates (Christopher et
aI., 1970, 1972 a,b). Additional differences in regiospecificity (Christopher,
1972), secondary and peroxidative reactions (Garssen et aI., 1971; Pistorius,
1974; Pistorius et aI., 1976; Bild et aI., 1977), anomalous dependence of
reaction rate on substrate concentration (Christopher et aI., 1972a,b), and the
generation of singlet oxygen (Kanofsky and Axelrod, 1986) also exist. The
enzymes differ in the proportions of 9- and 13-hydroperoxides they produce
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(Christopher and Axelrod, 1971). Finally, x-ray crystal structure of Ll has
been deduced (Boyington et aI., 1993) and the structure of active sites in other
isozymes determined (Minor et aI., 1993).
Genetic null-alleles of genes encoding each of the three main soybean

cotyledonary lipoxygenase isozymes have been identified (Hildebrand and
Hymowitz, 1982; Kitamura et aI., 1983, 1985; Davies and Nielsen, 1986).
Only in the case of Ix2 has the genetic lesion responsible for the null phenotype
been determined (Wang et aI., 1994). From genetic segregation studies, the
Lxl and Lx2 gene loci were found to be linked, while the Lx3 locus segregated
independently from the other two genes. Mutagenesis of the L IL3-less double
mutant was employed to obtain a triple null-line (Takamura et aI., 1991),
although an apparent triple null line has also been identified by searching
progeny from a cross involving a LlL3-less double null and a L2-less null-
line (Nielsen, unpublished data) . The genetic relationships among the triple
null prepared by mutation breeding and that obtained from the segragation
population remain to be determined.
Significantly, the availability of the null-lines has facilitated the develop-

ment of soybean cultivars in which the objectionable beany off-flavor due
to hexanal has been reduced substantially (Davies et al., 1987). Removal of
L2 from the seed has a dramatic effect in reducing off-flavor, and when null
alleles for L2 and L3 are both combined, an even milder soymilk product can
be produced. Finally, monoclonal antibodies have been generated that recog-
nize each of the three types of isozymes (Evans et aI., 1994), and these have
proven beneficial in breeding efforts to select the desired plant genotypes.
Casey and colleagues have characterized lipoxygenases from P. sativum.

Pea seeds contain two major lipoxygenases, both of which are Class-2
enzymes (Casey et aI., 1985b; Ealing and Casey, 1988, 1989). In addition
to these two major enzymes, however, three minor pea seed lipoxygenases
are also detected (Domoney et aI., 1990). As in soybean, the rate of accumu-
lation of the enzyme is highest late in seed development. Genetic analysis of
size variants of the major lipoxygenases have permitted a locus responsible
for them to be located on linkage group 4, close to the le locus (North et aI.,
1989). RFLP analyses have also identified a genetic locus on linkage group 4,
but other loci apparently are observed to react with the lipoxygenase probes
used for these studies (Domoney et aI., 1991). Therefore, in both pea and
soybean, small families of genes encode seed lipoxygenases.

C. Miscellaneous Seed Proteins. A number of proteins have been reported in
legumes that typically account for 5 percent or less of the total seed protein,
but which are present in quantities greater than those generally associated with
metabolic proteins. One such group is the narbonins , originally purified from
Vida narbonensis by Schlesier and Scholz (1974) and Schlesier et al. (1978).
DNA-derived sequences are now available for narbonin (Nong et aI., 1995)
and related proteins from Vida pannonica (Nong et aI., 1994d), Vida sativa
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(Nong and Muntz, 1994a), Vfaba (Nong et aI., 1994t), G. max (Nong and
Muntz , 1994b), and C. ensiformis (Nong et al., 1994e). The deduced amino
acid sequences do not appear to contain a signal sequence, so it is unclear if
these proteins accumulate in protein bodie s or are located elsewhere in the
cell. The deduced narbonin-like sequences are not obviously similar to any
others described in the databases, although a weak relatedness to endo-,B-N-
acetylg1ucosaminidase H from Streptomyces plicatus (class II chitinase) has
been proposed (Cou1sen, 1994). X-ray crystallographic resolution to 1.8/\
revealed that narbonin has an 8-stranded a/,B-barrel structure (Hennig et aI.,
1992), the most common of all globular domain structures (Farber, 1993).
These structures are known as TIM-barrels because of their original discov-
ery in the triose isomerase molecule, but it remains unclear how the narbonins
relate functionally to other proteins with similar three dimensional structural
elements. The proposed chitinase structural background for the narbonins
is of interest because there is a clear relationship between concanavalin B
(Morrison et al., 1984) and chitinase (Setsuda et al., 1994). In the case of
concanavalin B, however, and unlike the narbonins, a signal sequence was
identified when the deduced amino acid sequences from cDNAs and actual
protein sequence information were compared (Schlesier et aI., 1995).
Several albumins from P. sativum have been identified that collectively

account for as much as 10 percent of the total seed protein (Higgins et aI.,
1986).They are denoted as either PA1or PA2 proteins. Two PA1polypeptides,
one m, 6,000 and the other m, 4,000, are isolated from mature pea seeds
in 60% methanol and are both derived from a m, 13,000 precursor. After
removal of a signal sequence, the resulting m, 11,000 protein is cleaved
endoproteolytically to yield the two peptide chains. PAI appears at about
the same time during seed development as the major 11S storage proteins
(Chandler et aI., 1984). Amino acid and nucleotide sequence analyses are
consistent with the presence of multiple, slightly diverged PAl genes in
developing pea cotyledons (Rerie et al., 1992) . As mentioned previously,
PAI has some similarity to protease inhibitors and to other low-molecular-
weight seed albumins (Higgins et al., 1986). The homologous protein from P.
vulgaris may be involved in vacuolar sorting (Tanchak and Chri speels, 1989).
Because PAI contains a relatively high concentration of cysteine (11%), it
may prove useful as a vehicle to increase legume sulfur amino acid content.
The PA2 albumin consists of two distinct proteins m, 24-26,000 in size,

although their relative concentrations vary among pea genotypes (Schroeder,
1984; Rao et aI., 1989). The PA2 protein has also been called PsaMA, PMA,
MA, PMA-L and PMA-S (Croy et al., 1984; Harri s and Croy, 1985; Rao
etal., 1989). The mRNA encoding PA2 appears late in seed development,
well after the onset in appearance of PA1 (Chandler et al., 1984; Rerie et al.,
1992). A 230 amino acid sequence has been derived from a cloned nucleic acid
sequence for PA2and contains four imperfect repeat sequences (Higgins et aI.,
1987). It does not contain a signal sequence, does not undergo detectable post-
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translational modification, and is considered to be accumulated in cytoplasm
rather than protein bodies (Croy et al., 1984; Harris and Croy, 1985; Higgins
et al., 1987) . Because electrophoretic variation of the apparent molecular
weights for the two PA1s occurs, it has been possible to show they are alternate
products of a single genetic locus (Rao et al., 1989). The physiological role
played by PA2 in the seed has not been resolved . However, unlike PAl, PA2
contains few sulfur amino acids and is not rich in amide-containing amino
acids . Therefore, it does not share characteristics typical of most seed storage
proteins targeted to the protein bodies. Nonetheless, discussions about PA2
occasionally appear in the seed storage protein literature .
Soybean proteins that sediment at 7 to 8S and have a basic isoelectric

point were originally described by both Hu and Esen (1982) and Yamauchi
et al. (1984). In each of these studies, the proteins were extracted in dilute
salt solutions and were considered to be globulins . By contrast, Kagawa and
Hirano (1989) described a basic 7S protein that could be released from seeds
by briefly soak ing seeds in warm water. On the basis of identity in their amino
acid sequences, it is clear that the globulins purified by the earlier workers
are the same as the 7S basic protein described by Kagawa and Hirano (1989).
The protein has elevated amounts of the amide amino acids like typical seed
storage proteins and can account for 5 to 10 percent of the total seed protein
in some soybeans. It is isolated from the seed as an oligomer of about m,
158,000 and is considered to be a tetramer whose subunits are about m, 42,000
(Lilley and Nielsen, unpublished results). Like many seed storage proteins,
each subunit consists of two protein chains joined by disulfide bonds. The
larger of these chains has a basic isoelectric point and is m, 27,000, while
the smaller chain is about m, 16,000 . The basic protein has a higher sulfur
amino acid content than either the typical 7S or lIS storage proteins, but
it has fewer acidic amino acids. It is this latter property that imparts a high
isoelectric point (pH 9.5) on the protein. Although directed into the lumen of
the endoplasmic reticulum by a signal sequence, the protein is deposited in the
middle lamella of cell walls and the plasma membranes rather than in protein
storage vacuoles (Hirano et al., 1992). Conglutin X from lupin (Derbyshire et
al., 1976; Kolivas and Gayler, 1993), together with a protein from vegetative
carrot tissue that is induced in response to wounding (Satoh et al., 1992) are
homologous to the 7S basic protein. While the former protein from lupin is
cleaved post-translationally, the one from carrot does not seem to undergo
cleavage. Interestingly, these proteins also contain the motif DXGXXXLWV
near the N-terminals, a motif associated with active sites of aspartyl proteases.
No evidence exists, however, that it actually functions as an aspartyl protease.
Based upon the induction profile of the carrot protein in response to wounding
and its cellular localization, the 7S basic proteins are considered to be part of
dermal tissue (Satoh et al., 1992).
An interesting seed protein of unknown function (USP) has been described

in V. faba (Bass liner et al., 1983). Although not accumulated in significant
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amounts in seeds, the abundance of mRNA encoding this protein exceeds
that of mRNA encoding the major seed storage globulins. Both eDNA and
genomic clones encoding the USP have been obtained and used to study some
aspects ofUSP cell biology (Bassiiner et aI., 1988a,b). The USP is synthesized
as a 30 kDa pre-proprotein on rough endoplasmic reticulum where it enters
the cell secretory system like the storage globulins . During seed development,
translation products of the USP gene are recovered as dimers whose subunits
are disulfide linked and are localized in small electron dense vacuoles of the
cotyledon (Bassiiner et aI., 1994). A search of databases with the derived
USP amino acid sequence did not reveal any significant homology with other
proteins, although a drought-inducible protein from A. thaliana does show
limited similarity (Yamaguchi-Shinozaki and Shinozaki, 1993). The gene
in clone usp30.l contains two small introns and a 650-bp promoter region
able to drive seed-specific expression of reporter genes in transgenic tobacco
(Baumlein et aI., 1991). Although products from this gene have amino acid
compositions more like metabolic proteins than storage proteins , and probably
do not perform storage functions in the cell, its expression is seed specific
and occurs at the same developmental time as the major storage globulin s.

5. Synthesis and deposition of legume storage proteins

A general picture of the processes involved during the synthesis and deposi-
tion of the legume seed storage proteins has emerged during the past decade .
Nuclear genes, which will be described in more detail later in this review,
encode the storage protein subunits. Messenger RNAs derived from the genes
are translated on rough endoplasmic reticulum (ER), and then these proteins
undergo a series of post-translational modifications as they are transport-
ed from the ER to their final site of deposition in protein bodies . The ini-
tial translation products of the genes are pre-proproteins. As the translation
products emerge into the lumen of the ER, signal sequences are removed
co-translationally to form proglobulins (Sengupta et aI., 1981). Core, high
mannose, glycosyl groups become N-linked to asparagine residues in the
7S proteins , and the intra- and interchain disulfide bonds typical of the IIS
proteins are formed as the proglobulins undergo chaperone-mediated fold-
ing and assembly into trimers (Nam, 1994). Chrispeels et al. (1982a ,b) have
proposed that both the 7S and lIS proglobulin oligomers transit the Golgi
enroute to protein bodies, although Robinson et al. (1995) have proposed a
somewhat different model. In the latter model , the Golgi is by-passed by the
nonglycosylated storage proteins in the later stages of seed development. The
model proposed by Robinson et al. (1995) bears similarity with the model
described by Galili et al. (1995) to account for the intracellular movement of
proteins in cereals during seed development. While in the Golgi, the core gly-
cosyl groups on the 7S proglobulins undergo modification to form the glycans
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TABLE S

Post-translational proteolytic modification sites in proteins from seed storage vacuoles

Many proteins in seed storage vacuoles are modified post-translationally after arriving in
protein storage vacuoles. The lI S globulins, some 2S albumins and 2-chain lectins are usually
cut after asparaginyl residues by an asparaginy l endopeptidase (Scott et al., 1992; Muramatsu
and Fukazawa, 1993; Hara-Nishimura et aI., 1995). The cleavage sites for these proteins can be
denoted PI (N) P~ (X), where PI and P~ correspond to amino acids on the amino and carboxyl
terminal sides of the peptide bond that is cleaved. Asparaginyl endopeptidase from developing
soybean seeds spec ifically requires asparagine at PI, what exhibits considerably less specificity
at PI (l ung et aI., 1991). The 7S proteins are also frequently processed post-translationally. In
these cases, however, cleavage usually does not allow the P I (N) P~ (X) rule. Proteases other
than asparaginyl endopept idases that likely reside in protein storage vacuoles are candidates
to carry out these reactions.

Processing steps involving the elimination of more than one propolypeptide are presented
in more detail. In those cases, the N-terminal site of the propolypeptide is marked NHz- ; the
propolypeptides are labeled pp, and the resulting native chains are marked chain, ssu (small
subunit), or ISlI (large subunit). The cleavage sites are indicated by double dashes (-). C-terminal
propeptides are shown in full length followed by -COOH. Processing of a single propeptide or
a single split are indicated by double dashes (- ) with the adjacent amino acids. Multiple amino
acid alternatives in one position are shown in square brackets; minor or alternative cleavage
sites are in round brackets.

Accession numbers in the legumin section refer to the GenBand/EMBL/DDBl database.
All other accession numbers refer to the Swiss Protein database except for numbers with an
asterisk, which refer to the PIR database. All databases are accessible through the Internet at
http://ftp.bio.indiana.edu.

typical of many plant proteins (Sturm et a!., 1987). In developing pea cotyle-
dons, prolegumin and pro lectin have been found in clathrin-coated vesicles
(Harley and Beevers, 1989; Robin son et a!., 1989). Therefore, it is likely that
these organelles parti cipate in the transport of storage globulins between the
trans-Gol gi and the protein storage vacuole s. After their arrival in storage
vacuoles, the globulins undergo additional assembly, although this process is
not well understood. Associ ated with these assembly mechanism s is the post-
translational modification of each subunit in II S oligomers into the mature
disulfide-linked acidic and basic polypeptides. As will be discussed later,
the legume seed lectin s and 2S proteins also probabl y undergo endoprote-
olytic modification in this subce llular compartment. With several exceptions,
post-translational modification of the l l.S proglobulins is carried out at a
well con served Asn-Gl y peptide bond by a unique asparaginyl endopeptidase
(Hara-Nishimura et a!., 1985, 1995; Hara-Nishirnura and Nishimura, 1987;
Scott et al., 1992; Muramatsu and Fukazawa, 1993). The exceptions include
an Asn-A sn bond in legum in from Gingko biloba (Arahira and Fukazawa,
1994; Hager et a!., 1995) and an Asn-Asp bond in a legumin subunit from
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Pseudotsuga menziesii (Douglas fir) (Leal and Misra, 1993). The II S pro-
teins in P. sativum (March et aI., 1988) and Pinus pinaster (Allona et aI.,
1992) contain a Phe and Ala on the N-tenninals of their respective basic
chains, and these also are probably preceded by Asn residues in the propro-
teins (Table 5). While the purified asparaginyl endopeptidase is specific for
Asn residues on the N-tennina1 side of the broken peptide bond, considerably
less specificity is exhibited for residues on the C-tenninal side (lung et aI.,
1991), and this could account for the variability among legumin subunits that
have been documented. Thus, consistent with standard nomenclature for pro-
teolytic enzymes, this asparaginyl endopeptidase activity can be summarized
as having PI (N)P) '(X) specificity, where PI represents the amino acid on the
N-tenninal side, and PI' the amino acid on the C-tenninal side, of the peptide
bond cleaved.
Several lines of evidence indicate that the post-translational cleavage is

required for transition of 11 S prolegumin trimers into hexamers during assem-
bly in protein storage vacuoles. Assembly with proglobulins synthesized in
vitro and carried out by Dickinson et al. (1989) provided the first direct demon-
stration that cleavage was neces sary for hexamer assembly. In these original
experiments, re-assembly of trimers into hexamers did not occur unless the
trimers were first treated with papain. Subsequent experiments by Nam (1994)
showed that cleavage of proglobulin trimers by purified asparaginyl endopep-
tidase promotes their direct assembly into hexamers . The results of Duranti
et aI. (1987, 1992) also support the conclu sion that cleavage is required for
conversion of proglobulin trimers to hexamers of mature cleaved subunits.
They described legumin oligomers in white lupin seed in which trimers con-
sisting of uncleaved subunits were accumulated in protein bodies together
with hexamers composed of mature, cleaved subunits. Finally, deletion of the
conserved Asn residue at the cleavage site in a B-Iegumin from V.faba pennits
accumulation of the mutant protein as trimers rather than hexamers in protein
bodies in seeds of transgenic tobacco (Muntz et aI., 1993). Perhaps cleavage
somehow results in a protein conformational change that facilitates hexamer
formation. However, the mechanism by which assembly occurs remains to be
determined.
As alluded to previously, it has been possible to develop an in vitro system

with which to study the various steps in the assembly of seed storage protein
(Dickinson et aI., 1987, 1988; Lelievre et al., 1992a). In this system, proglob-
ulin precursors are synthesized in a rabbit reticulocyte lysate using transcripts
produced in either SP6 or T7 promoter driven systems . After synthesis and
incubation in the reticulocyte lysate, assembly of proglobulins into oligomers
can be analyzed by isopycnic sucrose density centrifugation. With this system,
it has been possible to analyze both the effect of various components from
ER on assembly (Nam , 1994) and the consequence of various mutations in
sequences encoding the proglobulins (Dickinson et aI., 1989). Elimination of
ATP from the system after synthesis of subunits, but before assembly has had



190 Niels C. Nielsen et al .

time to occur, blocks formation of oligomers and substantially enhances the
recovery of insoluble globulin polypeptides after their synthesis (Nam, 1994).
Because chaperone-dependent folding requires ATP, and because misfolded
proteins are insoluble and tend to aggregate, the observation is consistent
with participation of chaperones from the reticulocyte system in folding and
assembly of trimers in vitro. This finding has been extended to the mecha-
nism that occurs in seeds where components that remain unidentified have
been shown to facilitate the folding and assembly reactions. The experiments
carried out by Nam (1994) also revealed that correct formation of disulfide
bonds in the proglobulins is required for efficient assembly of trimers , and that
hexamer formation does not occur in vitro unless post-translational cleavage
of the proglobulins is carried out using an asparaginyl endopeptidase prepara-
tion isolated from developing seeds. These data implicate the participation of
protein disulfide isomerase in the folding of legumin and vicilin-like storage
proteins in endoplasmic reticulum. In addition to identifying factors in the
export pathway important for folding and assembly, the in vitro assembly
procedure could provide an opportunity to evaluate the importance of confor-
mational changes elicited by endopeptidase digestion, and how these might
relate to the assembly mechanism.
The general features of the pathway leading to the format ion and assem-

bly of 7S and 11 S oligomers are similar for the legume storage lectins and
the 1.8S storage albumins. These proteins are synthesized on endoplasmic
reticulum, traverse the cellular protein secretory pathway en route to protein
bodies, and then are apparently modified post-translationally by proteases
upon their arrival in protein bodies . Interestingly, the bonds cleaved in the
two-chain lectins and concanavalin A resemble the PI (N)PI ' (X) cleavage site
of the seed storage globulins . On the basis of amino acid sequence infor-
mation shown in Table 5, it can be deduced that the same kind of site is
utilized for processing of some, but not all, 2S storage proteins. In those cases
that are exceptions, PI (N)PI ' (X) target bonds can be identified near the sites
cleaved in a few cases, and it is possible that amino or carboxyexopeptidases
trim the ends of the protein chains after initial cleavage by an asparaginyl
endopeptidase. Indeed, consistent with this suggestion, a ragged N-terminus
has been described for the large chain of the high methionine Brazil nut pro-
tein, and C-terminal trimming has been documented in the small a-chain of
pea lectin (Hoedemaeker et al., 1994). In other cases, however, the cleavage
sites do not correspond to the target peptide bonds of proteases recognized
to be present in protein bodies. Therefore, it is likely that proteolytic modi-
fication by enzymes in the various subcellular compartments through which
exported proteins traverse will increasingly be discovered to play important
roles in the assembly and deposition of seed proteins. The presence of pro-
teolytic enzymes in compartments into which storage proteins are deposited
has important practical implications for efforts to engineer improved seed
quality. Engineered proteins must remain stable in the adverse environments
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of the vacuole where they will be accumulated. This type of consideration
may account for the instability of a number of engineered seed proteins tested
in tobacco (Hoffman et aI., 1987; Saalbach et aI., 1988; Nielsen et aI., 1995).
Although a number of proteases are known to be contained in seeds, examples
of which include carboxypeptidases, aminopeptidases, di- and tripeptidases,
and aspartyl proteases (Shutov and Vaintraub, 1987; de Clercq et aI., 1990;
Bednarek and Raikhel, 1992; Hoedemaekeret aI., 1994), little is known about
their localization and function in the cell.
As indicated earlier, most vacuolar protein s are transported to the storage

vacuole via the secretory system by as yet poorly characterized mechanisms.
As in mammalian cells and yeast, secretion in plant cells occurs by a bulk-
flow mechanism (Hofte and Chri speel s, 1992; see also Chrispeels, 1991band
references therein). Thu s, in the absence of a positive sorting signal , proteins
entering the secretory system are excreted from the cell. Elimination of the
sorting signals from storage proteins results in their secretion from the cell
(reviewed by Chrispee1s and Raikhel, 1992).
What features of the vacuolar proteins permit retention of storage proteins

in subcellular compartments during seed development? In plant cells , as in
yeast or mammalian cells, proteins are retained in the ER by virtue of C-
terminal HDEL or KDEL motifs. Proteins with typical ER retention signals
include protein disulfide isomerase and BiP (Binding Protein) (Denecke et
aI., 1991) . That these C-terminal extensions are sufficient for targeting to
ER can be demonstrated by changing the C-terminus of the vacuolar lectin
phytohaemagglutinin from KL to KDEL (Herman et aI., 1990). In response to
this structural change, about halfof the lectin is retained in the ER, whereas the
remainder was accumulated in storage vacuole. Similar results were described
by Wandelt et al. (1992) who modified the C-terminal of pea vicilin to include
KDEL. Accumulation of the mutant vicilin in recombinant alfalfa mesophyl
cells increased lOfl-folddue to the mutant gene. The protein was deposited in
ER-derived, membrane bound, electron dense structures 0.5-1.0 micrometer
in diameter and resembled the ER-derived protein bodies found in endosperm
cells of maize and sorghum.
How are proteins targeted to the various locations within the secretory

system? In mammalian cell s, sorting to the lysosome, the equivalent of the
vacuole in the storage parenchyma cells of seeds, depends upon informa-
tion contained in glycans (Kornfeld and Mellman, 1989). In plants , however,
the targeting information is contained within the primary structure of the
protein (Chrispeels, 1991a). Three general types of mechanisms are recog-
nized to be involved in these processes. In the first, accumulation in vacuoles
depends upon information resident in a short C-terminal fragment that is
removed from the propolypeptide during maturation. Examples include bar-
ley lectin and the vacuolar chitinases of cucumber and tobacco (reviewed by
Raikhel and Lerner, 1991) . The maturation of chitinase is an example of this
mechanism. Elimination of these C-terminal propeptide sequences results in
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recovery of vacuolar chitinase in the intercellular leaf fluid, whereas pres-
ence at the C-terminal of non-vacuolar proteins directs them to the vacuole.
The second type of targeting mechanism is dependent upon an N-terminal
propeptide. As in the case of C-terminal propeptides, the N-terminal peptide
is also eliminated post-translationally during transport and maturation of the
protein . Examples of proteins targeted by an N-terminal propeptide include
sporamin, the storage protein in sweet potato (Matsuoka and Nakamura,
1991), and aleurain, a vacuolar thiol protease from barley (Holwerda et a!.,
1990). The third mechanism, in which a peptide is removed during matura-
tion, appears to rely upon structural information contained within the protein.
In these cases, the proteins apparently do not undergo detectable modification
during movement to storage vacuoles. Examples of proteins targeted by this
type of mechanism include the phytohaemagglutinin of P. vulgaris (Tague et
al., 1990) and the legumin of V faba (Saalbach et al., 1991). Interestingly,
while the available data indicate that various methods have evolved to present
targeting information to the sorting machinery in the secretory system, the
environment in which the information is presented is important because pro-
tein secondary structure in the region surrounding the signal is an important
factor in efficiency of targeting (Valls et a!., 1990; Bednarek and Raikhel,
1992).
Information concerning the organization of storage proteins in the protein

storage vacuoles is sparse .The deposition process of pea and field bean globu-
lins has been studied by monitoring the immunogold labeling in thin sections
by electron microscopy (Craig et al., I980a,b; zurNieden et aI., 1984). These
studies showed that the storage proteins first appeared as small clumped
deposits at the periphery of the large central vacuole of storage parenchyma
cells. Microscopic examination of serial sections from developing seeds sug-
gested that protrusions of the central vacuole became increasingly complex
as seed development proceeded, and that the protuberances eventually frag-
mented into small, discrete , spherical vacuoles. Double immunogold labeling
with gold particles of different sizes to mark 7S and l l S subunits revealed
that these two proteins were co-localized within the same vacuole and dis-
tributed uniformly throughout the organelle. Because both the 7S and I IS
vacuoles share many common features (Argos et aI., 1985; Plietz et aI., 1987;
Wright, 1988; Lawrence et aI., 1994; Shutov et a!., 1995) and are co-located
in the same vacuole, the question arises as to whether subunits from the two
kinds of storage proteins can co-assemble. However, this does not seem to be
the case. Oliveira (1994) demonstrated that neither monomers and trimers of
the G4 proglycinin subunits, nor monomers and trimers of the a-subunit of
j3-conglycinin are capable of mixed assembly in vitro. If the folded conforma-
tions of the glycinin and j3-conglycinin subunits produced in vitro resemble
the shape of proteins formed in vivo, these results indicate that the two types
of storage protein are sufficiently different so that they normally are not found
together in the same oligomer.
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Conclusions drawn by Colman et al. (1980) could provide insight con-
cerning the organization of the proteins in seeds. These workers reported that
small angle x-ray diffraction patterns of small crystals of cucurbitin (cucurbit
liS protein) spun into a pellet are the same as those obtained from sec-
tions of dry and wet native seed . Additionally, they reported that edestin, the
crystalline storage globulin from Cannabis, and a crystalline globulin from
tobacco seed both have the same crystal lattice as cucurbitin and, very like-
ly, the same subunit structure. Their data, together with the observations by
Oliveira described above, could indicate that small crystals consisting exclu-
sively of II S proteins, and others consisting exclusively of 7S proteins, are
assembled independently in the protein storage vacuole during seed ontogeny,
and that the two types of structures are distributed uniformly throughout the
organelle. While the subcellular localization of2S albumins and seed storage
lectins and protease inhibitors are in the protein storage vacuoles, how these
proteins are arranged with respect both to one another and to the major seed
storage proteins is unknown. However, the considerable variation in the con-
tent of storage organelles alluded to earlier in this review would be facilitated
by a random packaging mechanism of the type suggested .

6. Seed storage protein genes

An impressive number of seed protein genes have now been sequenced,
and citations for many of these are contained in the information given in
Tables I, 2, and 3, and Figure 2. The coding regions of most lIS genes are
interrupted three times, and the 7S genes five times, by short introns whose
positions appear conserved among genes in different species. The borders of
the introns conform with those reported for other eukaryotic genes, but introns
in different genes vary in length and sequence. With the exception of what
has been called the hypervariable region (HVR) in exon 3 of the 11 S protein
genes (Nielsen et al., 1989), differences among exon sequences are base
substitutions, together with small insertions or deletions. Sequence homology
between corresponding I IS or 7S genes range from near 40% to greater than
90% depending upon the relatedness of the species being compared. The
homologies are sufficiently high to clearly indicate that all of the genes are
related to a common ancestral gene irrespective of the evolutionary distance
between species.
As indicated previously, large differences can occur in exon 3 of 11 S

proteins where insertions of more than 1500 bp can be found in the HVR.
These in large part account for the significant size differences between Group-
1and Group-2 soybean lIS genes (Nielsen et al., 1989)and the homologous A
and B genes in V.faba and P.sativus (Wobus et al., 1984, 1986). Interestingly,
the number of introns in 11 S genes is known to be variable . For example, the
Group-2 (B) genes from V.faba generally lack the third intron (Baumlein et
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aI., 1986; Heim et aI., 1989, 1994), as is also the case for helianth inin genes
from sunflower (vonder Haar et aI., 1988). G. biloba, on the other hand,
contains a fourth intron near the 3' end of the gene (Hager et aI., 1995). Based
on the placing of introns within the 115 genes, Shutov et al. (1995) speculate
that introns-l , -2, -3, and -4 of the 115 protein genes in Gingko correspond to
introns-l , -2, -4, and -5 in the vic ilin genes. Shu tov et al. (1995) sugges t that
this, together with the substantial structural similarity among the 115 and 7S
protein structures, is evidence that the ancestral gene that led to both of these
proteins predate s the gymnosperms .
It is well established that the genes encoding the predominant seed pro-

teins are subjected to precise developmental regul ation of both a temporal
and spatial nature. Careful and extensive studies by Goldberg and his col-
leagues (Goldberg and Perez-Grau, 1989; Goldberg et aI., 1989,1994) have
revealed many feature s about these regulatory circuits, and these are discussed
more completely elsewhere in this volume. Briefly, however, several model s
that complement one another have been elaborated to help explain transcrip-
tional regulation of seed protein genes . One is a combinatorial model for
promoter function and was first elaborated by Benfey and Chua (1989, 1990)
on the basis of experiments carried out with the cauliflower 355 promoter.
According to this model, positive and negative acting express ion elements are
interspersed in the upstream regulatory sequences of plant genes, and these
elements control both qualitative and quantitative features of gene express ion.
The seco nd model proposed by Thomas et al. (199 1) stresses the bipartite
nature of plant promoters. According to Thomas, proximal promoter regions
such as the TATA-like and CAAT-like elements confer seed-specific expres-
sion, while the more distal regions refine and enhance the basic expression
pattern of the gene (Thomas, 1993). Examples of distal elements include A{f
rich region s,ABA-responsive elements, as well as ' legumin-box' and 'v icilin-
box' regulatory elements. A third model was recentl y describ ed by Frisch et
al. (1995) . It is directed toward explaining how seed-speci fic transcriptional
regulation might be achieved via interaction of factors with the promoter
region of genes. It recognizes the requirement that histones associated with
the chromatin structure must be removed in order that trans-acting factors can
bind to the promoter. This event might be achieved in several ways; for exam-
ple, by developmentally programmed events like endoduplication that might
permit trans-acting factors to interact and thereby inhibit re-attachment of his-
tones. Alternatively, seed-specific tran s-acting factors might actively disrupt
the chromatin structure while interacting with nucl eosomal DNA to prevent
nucleosome reassembly. Whatever the mechanism, the naked DNA serves as
a target of general transcript ion factors that finally modul ate and initiate gene
transcripti on.Although promoter function remains far from being understood,
each of these models is helpful when trying to understand the function of the
expanding number of regulatory elements discovered in promoters of seed
protein genes. These will be briefly described.
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In addition to TATA elements involved in recognition of the seed protein
genes by RNA polymerase II, the l l S protein genes from legumes contain
a 28-bp element in the proximal promoter region that is referred to as the
legumin-box (Baumlein et al., 1986). The element contains a CATGCAT
motif located at its center, and this motif is often repeated several times
upstream in promoters of many l lS protein genes (Dickinson et aI., 1988).
The CATGCAT motifs are widely dispersed among seed protein genes and,
in addition to being present in many 7S lectins and genes (Dickinson et al.,
1988), are found in the 1.8S napin genes (Ericson et al., 1991), pea albumin
PAI (Higgins et al., 1986), the ricin gene (Halling et al., 1985), and the
unknown seed protein (USP) from V faba (Baumlein et al., 1991; Fiedler et
al., 1993). The function of the CATGCAT motif in promoters from a Gy2
glycinin gene of soybean (Lelievre et aI., 1992b) and a LeB legumin gene
from Vfaba (Baumlein et al., 1986) have been investigated by ligating normal
and modified promoters to j3-glucuronidase (GUS) reporter DNA, and testing
promoter function by introduction of this chimeric gene into tobacco. Both
studies revealed that deletion of the CATGCATcore element in the legumin-
box reduced GUS expression 20- to 50-fold (Baumlein et al., 1992; Lelievre
et al., 1992b). Oliviera (1994) extended these original observations by using
site-directed mutagenesis to invert the central 4 bp of the motif to CACTACT.
Inversion of these nucleotides, like deletion of the element, caused a drastic
reduction in GUS promoter activity. Because base pair substitutions were
considered less detrimental to the spatial arrangement of nucleotides in the
promoter than deletions, the results make it more likely that it is the changes
to the CATGCAT motif that result in loss of promoter activity rather than
conformational changes in the promoter elicited by deletion of the motif.
As shown in Figure 3a, the CATGCATmotif is not the only one conserved

in DNA surrounding the legumin-box. Extensive highly conserved domains
are found on both 5' (A_GTGTA) and 3' (TGAAGAATGTC) sides of the
CATGCAT element. When the DNA nucleotides surrounding the legumin-
box are arranged such that their positions in a DNA helix can be visualized, it
becomes apparent that the conserved regions aremore heavily clustered on one
side of the helix than the other (Figure 3b). This observation could indicate
that this region serves as a receptor for a trans-acting factor (Figure 3b).
Oliveira (1994) tested the effect of changing the register of the three conserved
motifs with respect to one another by the addition of additional nucleotides
between the conserved sequence motifs. By moving the 5' motif half of a
tum with respect to the CATGCAT and 3' motif, or by making a similar
change between the central and 3' motifs, a down regulation in promoter
activity was observed. Interestingly, the magnitude of the down regulation
differed between the two cases tested. Severe down regulation, equivalent to
removal of the CATGCAT motif, occurred when the spatial relationship of
the 5' and central CATGCAT elements was perturbed. However, only a 2-
fold decrease in activity took place when the spatial relationship between the
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A.
Gyl CTTCATGAG G CACCCAAG

Gy2 CTTAATGAG G CACACAAG

Gy3 CTTAAT-A- -

Gy~ ATGTATGAG G CAAATTG

Gy5 ATGTATGAG G

Le94 IICIITATGAT T

LegA CAGIICATAG G GCATTAT

LegB CAGACATAG G

LegC CAGACATAG

Legl --GIICATAG >

B.

5 '-

Fig . 3. Comparison of the legumin box region from ten liS seed protein gene promoters .
A: Alignment of the promoter regions. Conserved residues are marked by inverse printing.
Arrows denote the boundaries of the legumin-box described by Baumlein et al. (1986). A
CATGCATelement is centrally located within the legumin box (Dickinson et al., 1988) that is
an important enhancer of expression from these genes (Baumlein et aI., 1992; Lelievre et al.,
1992b). The figure indicates the presence of conserved nucleotide sequences both 5' and 3'
from the legumin box. Viciafaba LeB4 genes (Baumlcin et al., 1986); pea LegA, LegB, and
LegC genes (Fischer and Goldberg, 1982) and group-II Gy4 and Gy5 (Scallon et al., 1985).
B: Display of the legumin-box nucleotides in a helical array. Each row corresponds to one
tum of the helix. Nucleotides shown in inverse print are conserved in II S gene promoters as
indicated in the A panel. The data indicate the conserved sequences , which are separated from
one another when arranged in linear array, would be located in patches if the DNA is arranged
in a helix in vivo. Asterisks indicate the site of four base pair insertions that alter the spatial
relationships between conserved sequences and result in loss of promoter activity (Oliveira,
1994).

central and 3' elements was altered. These data indicate that the CATGCAT
motif probably acts combinatorially with flanking regu latory elemen ts in the
legumin-box. While it is tempting to speculate that the alterations perturbed
the interaction of a trans -acting facto r, other possibilities related to changes



The Biochemistry and Cell Biology ofEmbryo Storage Proteins 197

in promoter conformation undoubtedly exist that could equally well account
for the changes observed. In this regard, while Ericson et al. (1991) and
Wobus et al. (1995) have reported the binding of nuclear factors to either
CATGCAT-like elements or the legumin-box, respectively, we (unpublished
results) and others (Riggs et al., 1989; Shirsat et al., 1990) have been unable
to detect binding. Perhaps transcription complexes that consist of multiple
components interact within this region of the promoter which would make
it difficult to reconstruct the complex in vitro. Interestingly, the CATGCAT
motifs are RY elements theoretically able to form Z-DNA structures, and this
in turn may facilitate recognition and binding by transcription factors.
In the case of the Gy2 glycinin gene and many other seed gene promoters,

one or more additional CATGCAT motifs are present in the promoter, often
in the distal regions of the promoter. Therefore, it was of interest to determine
CATGCAT motifs distal to the legumin-box Gy2 promoter activity. Evidence
reported by Oliveira (1994) clearly showed that neither elimination nor base
pair replacements in CATGCAT motifs distal to the legumin-box in the Gy2
glycinin promoter caused a significant change in the level of GUS expression
when the central CATGCAT in the legumin-box remained intact. When the
distal motif was intact but the core CATGCAT sequence in the legumin-
box was defective (Oliveira, 1994), GUS expression remained low. In this
case, motifs located elsewhere in the promoter appear unable to substitute
for the one located centrally in the legumin-box. Thus , the presence of the
CATGCAT motif in the absence of other combinatorial elements apparently
does not exhibit enhancer activity.
Insight about a possible function of the CATGCAT motif can be obtained

from studies about the a' subunit gene promoter of ,B-conglycinin. The -
140 to +13 proximal upstream regulatory sequences (URS) of this gene are
sufficient for seed-specific expression. Within this region, two CATGCAT
elements and binding sites for nuclear factors SEF3 and SEF4 have been
identified (Allen et al., 1989; Lessard et aI., 1993). The effects of mutations
in these elements were tested by attaching the proximal URS from the a'-
subunit gene promoter to a uidA reporter sequence (Fujiwara and Beachy,
1994). Mutation of the CATGCAT motifs , as well as those that bind SEF3 and
SEF4, had little impact on expression from the a' gene promoter. When the
a' gene promoter was ligated upstream from a core 35S promoter, however,
mutations in the CATGCAT element abolished the seed specific enhancer
activity of the a' gene promoter and caused expression in leaves instead
of seeds. These results suggest that the CATGCAT motif plays a role in
the control of seed-specific expression by this particular a' gene promoter
construction, but how it interacts with other factors to accomplish seed specific
regulation remains unclear. Although enhancement of gene expression is often
associated with the presence of the CATGCAT motif, this is not always the
case. Mutation of this motif in the proximal promoter of the USP gene from
V faba leads to enhancement of expression rather than inhibition . Thus , it is
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the environment in which the motif is located within the promoter and the
influence of mutations on the spatial organization of bases in that environment,
that apparently determines the phenotype observed.
The legumin-box and the CATGCAT motifs in legume genes prob ably

do not perform analogous roles in all 11S storage protein genes from some
nonlegumes. Thomas and his co lleagues have described the promoter for a
helianthinin gene (Bogue et aI., 1990), which encodes an 11S storage pro-
tein gene in sunflower. A region with less than 40 percent homology to the
legumin-box can be identified around 200 bp 5' to the transcription initiation
site, but this region does not contain a putati ve CATGCAT core element.
Nonetheless, an imperfect ATGCATG motif is located about - 130 bp in the
promoter. In the case of the helian thinin genes, W/S elements with the consen-
sus sequence WGATST are implicated in regulation of express ion. Four such
elements can be found within about the first 110 bp in the promoter. Their
disruption by point mutations abolishes promoter activity in embryonic tissue
as judged by expression from a GUS reporter sequence. The point mutations
also abolish the binding of nuclear proteins to the W/S motifs and reduce
the activity of the promoter in transgenic tobacco plants (Thomas , 1993).
Perhaps the W/S motifs act in concert with other proximal elements, and an
important aspect about their modification is the accompanying alteration of
the topology of the promoter complex. Interestingly, while W/S motifs can be
found in the glycinin lIS promoters, data are unavailab le to associate them
with the regulation of activity in these genes .
DNA sequences homologous to the endosperm-box (E-box) core element

ACGT of maize zein genes (Schmidt et aI., 1992) have been identified in
promoters for helianthinin, phaseolin, and the USP (Fiedler et aI., 1993;
Thomas, 1993) from V. faba. The E-box refers to the binding site for the
basic zipper (bZIP) nuclear protein synthes ized by a gene at the opaque2
(02) regulatory locus of maize. Th is bZIP protein and a second, OHPl , bind
to the 02 motif in promoters of zein genes as either homo- or heterodimers
(Pysh et aI., 1993). A motif in the 7S pha seolin promoter that is similar to
the E-box sequence apparently bind s recombinant basic 02 protein (Thomas,
1993). The proximal promoter regions of the helianthinin promoter (-116 to
+24) contain two putat ive E-boxes, but mutations directed to these motifs do
not affect binding of nuclear proteins. They are considered unlikely to interact
with bZIP proteins of the helix-loop-h elix type (Thomas, 1993). E-boxes are
not located exclusively in the proximal promoter domains. They can also be
found in distal region s of the 7S phaseolin promoter, and Kawagoe and Murai
(1992) sugges ted that such an element (CANNTG) bind s spec ifically to seed
nuclear proteins. Like other promoter elements, the E-boxes are thought to
exert their function combinatorially. For example, the core E-box motifs have
been implicated in ABA-regulation in wheat Em and rice rab l 6 genes.
The 7S protein genes of legumes contain a conserved sequence in the

proximal promoter called the 'vicilin-box ' (Gatehouse et aI., 1986; Bown et
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al., 1988; Higgins et al., 1988), but its function in the regulation of these
genes is not well resolved. The ci gene promoter in soybean also contains
the short sequence motif AA/GCCCA, which is repeated five times within
approximately the first 270 bp of the 7S gene encoding the a'-subunit of (3-
conglycinin. Analysis of cis-acting regulatory elements in the promoter region
of this gene have implicated this motif as being involved in gene regulation
(Chen et al., 1986, 1988, 1989). These workers have shown that an intact TATA
box by itself is incapable ofpromoting ameasurable level of gene transcription
in transgenic petunia plants, an observation consistent with other promoter
deletion experiments. When the promoter is attached to a reporter sequence,
transcriptional activity is detectable when the promoter contains bases up to
position -159 but is stimulated 16- and 20-fold when the 5' flanking sequences
are extended to -208 and -257, respectively. The sequencemotifAA/GCCCA
is repeated once in the -159, four times in the -208 deletion, and five times
in the -257 deletion gene constructions. The number of motifs in the deletion
gene constructions parallels a step-wise enhancement of expression. In vitro
DNA binding assays, together with a series of mutations to alter AA/GCCCA
motifs in the DNA fragments, have provided additional evidence that these
are recognition sequences for transcriptional binding factors (Allen et aI.,
1989). A trans-acting factor designated SEF3 binds to DNA fragments from
the proximal a'-subunit gene promoter that contain these motifs. Consistent
with its role in regulating transcription, SEF3 is detected only in embryonic
soybean tissues and increases in parallel with expression of the a'-subunit
gene.
Additional DNA regulatory elements are found in the distal regions of

seed protein promoters that modulate levels of gene expression. The AfT-rich
domains, which bind prevalent, ubiquitous nuclear proteins, are examples
that have been identified in most, and perhaps all, seed protein genes. These
regions have been studied extensively in the 7S phaseolin gene in which they
serve as an enhancer (Bustos et aI., I989a,b, 1991a.b,c) and, when fused
to the cauliflower 35S minimal promoter, yield high levels of root specific
expression. Because the AfT-rich phaseolin promoter acts cooperatively with
the root-specific enhancer of the cauliflower 35S minimal promoter, it is
considered a c1ass-b enhancer (Fromenthal et aI., 1988). AfT-rich enhancer
elements have also been identified in sunflower and soybean 11S protein gene
promoters (Jordano et al., 1989; Lelievre et al., 1992b; Itoh et al., 1994).
Pederson et al. (1991) showed that, in some cases, the nuclear proteins that

bind to the AfT-rich domains are high mobility group chromosomal proteins.
This raised the possibility that some AfT rich motifs associated with high-
ly expressed seed protein genes could function as scaffold attachment sites
(Bonifer et al., 1990). Scaffold attachment regions, or SARs, are typically
located in noncoding regions of DNA and function as binding sites between
chromatin and the nuclear matrix. Such attachment regions are considered
to be involved in chromatin organization, a concept required to explain the
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observation that genes are located at specific positions within the nucleus
in animal cells (Manuelidis and Borden, 1988). The SARs (300-1000 bp in
length) are typically located in noncoding DNA, are A{f rich, and isolate
DNA loops from the influences of flanking DNA. Because proteins involved
in the transcription process (topoisomerase II, RNA polymerase II, helicase)
are associated with the nuclear matrix, genes located near scaffold attach-
ment sites are favorably positioned for transcription and exhibit high levels
of expres sion that are independent of their location in the genome (Bonifer
et aI., 1990). In this regard, van der Geest et al. (1994) recently demonstrated
that SARs were present on either side of the j3-phaseolin gene in clone A
177.4 (Sun et aI., 1981; Murai et aI., 1983). This observation accounted for
the high amounts of expression and the low plant-to-plant variation noted
by Sengupta-Gopalan et al. (1985) when the gene in this clone was intro-
duced into tobacco. The A{f-rich SAR domains located on either side of the
;3-phaseolin gene are distinct from the A{f-rich enhancer elements in these
genes that were described by Bustos et al. (I 989b). Those A{f-rich enhancer
sequences are located between the flanking SAR region s and respond to inser-
tion into different environments of genomic DNA by plant-to-plant variation
of expression levels when tested in transgenic plants. The discovery and use
of SARs has important practical implications. Inclusion of these regions in
engineered genes may be useful to ensure optimal levels of expression of
engineered genes.
In addition to the positive regulatory elements discussed so far, ones that

exert negative influences on expression have also been observed in seed
protein promoters. Their presence is generally identified by an increased
promoter activity upon their removal or inactivation. The (CA)n motif is
one example that has been reported (Goldberg, 1986; Lessard et aI., 1993;
Vellanoweth and Okita, 1993). This motif seems to down-regulate the effect
of more proximal seed elements, but its inhibitory effect can be reversed by
distally located enhancer sequences (Lessard et aI., 1993). A second example
is described by Bustos et al. (1991b), who reported that the motifAGAAC/AA
occurs frequently in negative regulatory sequences in the 7S phaseolin gene .
Interestingly, this motif may interact with a nuclear factor AG-I (Kawagoe
and Murai , 1992). Finally, the CATGCAT motif, which , as described earlier,
functions as an enhancer in many genes, seems to cause down -regulation of
expression from the USP gene promoter (Fiedler et aI., 1993). Determination
of the molecular mechanisms by which the variou s positive and negative
promoter elements operate, and the consequence of conformational changes
in promoter structure elicited by their addition and removal , should provide
interesting topics for future research.
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7. Concluding remarks

Much of the driving force behind the study of seed proteins is rationalized as
part of an effort to increase seed quality in crops of agronomic importance.
While this is certainly true, the study of these protein s has also served as an
important vehicle to increase our basic understanding of plant cell biology.
Although additional descriptive data about seed proteins from other plant
species can be expected in the future , increased emphasis will be placed on
understanding the structural biology of these macromolecules. The focus will
change from understanding the structures of the molecules to determining
how the various parts interact with each other and contribute to the function
of the protein. This information would appear critical to efficient attempts
to alter proteins so that they more effectively meet the functional and nutri-
tional requ irements demanded of them in food and fiber systems. Of equal
importance, however, are two other issues. One concerns understanding the
regulatory circuits that control expression of the seed protein genes, and the
second concerns an increased awareness about the biological events that sur-
round the synthesis and deposition of these proteins. Although a number of
potential gene regulatory elements have been discovered that seemingly affect
developmental activity, precise knowledge about how they exert their effect,
what factors interact with them and in what manner, remain largely unknown.
Although hints appear in the literature that the three dimensional organization
of the genetic material in the cell nucleus plays an important role in the con-
trol of gene expression and cell development, much of the effort in this area
of research remains of a conceptual nature . The investigative tools presently
available make it difficult to relate the linear array of nucleotides in gene
regulatory regions to the three-dimensional space they occupy and to visu-
alize how effectors interact with the genes to control expression. Similarly,
although we know that most seed storage proteins enter the secretory pathway
and are eventually localized in specialized storage vacuoles, only rudimentary
knowledge exists concerning the events that occur during this process . What
chaperones act on the proteins to guide their folding and assembly in the endo-
plasmic reticulum, and then what factors act to guide the proteins through
the elaborate series of specialized membrane-bound compartments that com-
prise the secretory pathway? Thus, for the foreseeable future, a resolution of
the practical goal of improving seed quality will continue to depend upon
research about the basic biology of seed storage protein s and the regulation
of the genes that encode them.
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