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Abstract

Seed storage proteins such as soybean globulins have been nutritionally and
functionally valuable in the food industry. Protein structure-function studies
are valuable in modifying proteins for enhanced functionality. Recombinant
technology and protein engineering are two of the tools in biotechnology
that have been used in producing soybean proteins with better gelling prop-
erty, solubility, and emulsifying ability. This article reviews the molecular
basis for the logical and precise protein designs that are important in obtain-
ing the desired improved physicochemical properties.
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This chapter is dedicated to the memory of Professor Shigeru Utsumi who passed away on 1 December
2008.

INTRODUCTION

Seed storage proteins have been nutritionally and functionally valuable in the food industry. In
2002, the world’s soybean production was reported to be 180 million metric tons (MTs) (FAO
2003). Although 85% of the production is processed into animal feed and vegetable oil, approx-
imately 2% of the soybean meal is processed into flour and protein isolate for use as a food
ingredient, and 6% is consumed directly as human food, mostly in Asia (Soyatech 2010). Sales
of soyfood products such as tofu, soymilk, soycheese, energy bars, and meat alternatives reached
close to $4 billion in 2004 (Soyatech & SPINS 2005). Most of these soy protein products, except
those used in nutritional applications, are utilized for their functional properties, such as solu-
bility, water absorption and binding, viscosity, gel formation, elasticity, emulsification, binding,
cohesion-adhesion, fat absorption, flavor binding, foaming, and color control (Kinsella 1979).

Presently, the variety of soy products and their different characteristics are brought about by
formulation and various processing treatments that may involve the use of solvents, enzymes, heat,
fractionation, and pH adjustment, or any combination of these treatments. To develop more and
better products, the main ingredient, the seed, could be modified using conventional breeding and
genetic engineering, specifically, protein engineering. Through conventional breeding, soybean
with increased protein levels, especially those of the 7S and 11S globulins (Kwanyuen et al. 1998),
low levels of lipoxygenase to reduce the production of beany off-flavors (Nielsen et al. 1992), and
higher level of β-conglycinin (Heller 2005) have been developed. Soybean with low levels of the
flatulence factors raffinose oligosaccharides and lipoxygenase, and associated off-flavors, has been
developed using genetic engineering ( Johnson 1999).

Since the early 1990s, the research team of Professor Shigeru Utsumi of Kyoto University
has pioneered the molecular design of storage proteins and protein engineering to enhance their
physicochemical, functional, and nutritional qualities (Kim et al. 1990, Utsumi et al. 1993). These
studies consist of isolation and cloning of the storage protein gene and expression in Escherichia coli,
characterization of the recombinant protein, protein structure determination using X-ray crystal-
lography, gene modification to enhance the protein’s properties, analysis of the physicochemical
properties of the modified storage proteins, and gene transformation and expression in selected
crops, such as rice, soybean, and potato. These studies have covered storage proteins from several
crops: soybean, adzuki bean, mungbean, rapeseed, and French bean. Ultimately, the goal is to
develop crops with these modified genes that will produce the enhanced storage proteins.

This chapter focuses on the molecular design of storage proteins specifically for enhanced
physicochemical and functional properties and covers (a) an overview of seed storage proteins,
(b) their physicochemical properties, (c) their three-dimensional structure, and (d ) protein engi-
neering to improve their physicochemical properties.

OVERVIEW OF SEED STORAGE PROTEINS

Classification

The grouping of seed storage proteins based on their solubility (Osborne 1924) is not absolute
but is still used for convenience. Seed storage proteins are classified into (a) globulins or salt
soluble fraction, (b) albumins or water soluble fraction, (c) glutelins or dilute acid/alkali frac-
tion, and (d ) prolamins or alcohol-soluble fraction. The globulins are subdivided based on their
sedimentation coefficients into 7S or vicilins and 11S or legumins. Although prolamins and
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glutelins have different solubility, they are sometimes put in one group because of the relat-
edness in their amino acid sequence and content (Shewry et al. 1995). In addition, the subunits
released by glutelins in a reduced condition are alcohol-soluble, as in the case of wheat glutenins
(Weiser 2007). The prolamins were thus further classified into sulfur-poor, sulfur-rich, and high-
molecular weight prolamins (Utsumi 1992). The 2S albumins are compact, globular, and cysteine-
rich (Shewry et al. 1995, Moreno & Clemente 2008). The amount of these storage proteins in
food crops varies. In general, legumes contain mostly globulins, whereas cereals contain mostly
prolamins and glutelins (Utsumi 1992). Oats and rice are exceptions to most cereals because they
have mostly 11S globulin-like storage proteins and only approximately 5% to 10% prolamins
(Shewry et al. 1995).

7S and 11S Globulins

This review is primarily focused on 7S and 11S globulins, the most extensively studied seed storage
proteins, perhaps because of their predominance in nature. The 7S globulins are trimer molecules
with molecular weights of 150–200 kDa and have 40–70 kDa monomers. The 11S globulins, on
the other hand, are hexamer molecules involving two trimers, have molecular weights of 300–
400 kDa, and have 50–60 kDa monomers (Utsumi 1992). They are synthesized, sorted, processed
and accumulated during seed development. Their monomers are translated into a single pre-
propeptide in the rough endoplasmic reticulum (rER). After cotranslational cleavage of the signal
peptide in the endoplasmic reticulum (ER), the propeptides accordingly assemble into trimers.
The composition of the newly synthesized proteins in the ER was suggested to determine their
transport pathway (Mori et al. 2004).

Unlike 11S globulins, 7S globulins are generally cotranslationally glycosylated at Asn residues
of the consensus sequence Asn-X-Ser/Thr (Katsube et al. 1998). There are, however, rare reports
of glycosylated 11S globulins such as lupin (Duranti et al. 1988) and cocosin (Garcia et al. 2005).
Glycosylated (Derbyshire et al. 1976) and unglycosylated (Kimura et al. 2008) pea 7S globulins
and unglycosylated coconut 7S globulins (Garcia et al. 2005) have been reported as well. The 7S
globulins are usually lacking in cysteine residues, hence, they are devoid of disulfide bridges. The
11S globulins have two conserved disulfide bridges (Figure 1). The cleavage of acidic and basic
polypeptides by asparaginyl endopeptidase in the protein storage vacuoles (PSVs) was suggested
to trigger hexamer formation to attain mature 11S globulins (Dickinson et al. 1989, Jung et al.
1998). The crystal structure of mature A3B4 revealed that the hydrophobic residues needed for
the face to face association of the two trimers become exposed after the cleavage (Adachi et al.
2003a). Storage proteins are kept indefinitely in mature seeds in various organelles depending on
the crop. Rice accumulates prolamins in protein bodies (Müntz 1998, Shewry & Halford 2002)
whereas soybeans store 7S and 11S globulins in PSV (Mori et al. 2009). At the onset of germination,
they are rapidly mobilized, used, and depleted.

The soybean 7S globulin called β-conglycinin has three types of subunits, namely, α (∼67 kDa),
α′ (∼71 kDa), and β (∼50 kDa) (Maruyama et al. 1998), as shown in Figure 1. All have a highly
homologous core region but only α and α′ have a highly acidic extension region at the N-terminus.
Both α and α′ have two N-glycans within their core regions, whereas β has only one (Maruyama
et al. 2001). Soybean 11S globulin or glycinin has five types of subunits that are grouped into two
based on their amino acid sequence. Group I consists of A1aB1b, A1bB2, and A2B1a, whereas
group II consists of A3B4 and A5A4B3. A schematic representation of A1aB1b is shown in
Figure 1. The sequence identity among the subunits is approximately 45%, whereas it is
approximately 80% within the group (Maruyama et al. 2006). There are five variable regions
among the 11S globulins.
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Figure 1
Schematic representation of β-conglycinin α′, α, β, and glycinin A1aB1b ( from top to bottom). The small
closed circles on β-conglycinin represent N-glycans. The five variable regions in 11S globulins are indicated
by I, II, III, IV, and V, and the processing site is indicated by an arrow (Utsumi 1992, Maruyama et al. 1998).

Recombinant Technology

Recombinant technology has been used to rapidly obtain highly pure protein in an appreciable
quantity. This technique takes advantage of the ability of hosts such as bacteria and yeasts to
produce non-endogenous proteins with the aid of expression plasmids. One of the limitations of
the usual expression host, E. coli, is its inability to carry out posttranslational modifications. Hence,
the recombinant 7S globulins are unglycosylated, and the recombinant 11S globulins are uncleaved
and unprocessed into mature forms. Both were, however, able to fold correctly and assemble into
trimers (Kim et al. 1990, Maruyama et al. 1998, Lauer et al. 2004, Garcia et al. 2006). There is a
good number of reports on purification and characterization of food plant proteins over the last
three decades as a result of this technology. Soybean is one of the crops that has been intensively
investigated (Utsumi et al. 1997, Maruyama et al. 2007). Most initial studies on plant proteins
were primarily focused towards improving their nutritional properties, followed by functional and
pharmacological studies. Recently, studies were prompted by the search for the molecular basis
of their allergenicity and cross reactivity (Albillos et al. 2008; Jin et al. 2009a,b).

FOOD PHYSICOCHEMICAL PROPERTIES OF SEED
STORAGE PROTEINS

Overview of Food Physicochemical Properties

Storage proteins are the predominant source of amino acids and peptides in seeds. Therefore,
they mostly determine the seed’s nutraceutical and functional values. Physicochemical properties
such as thermal stability, surface hydrophobicity, solubility, and emulsifying and gelling ability
are important in their application in the food industry. Protein structure affects physicochemical
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properties, and it imparts characteristic texture, hardness, viscosity, and water and fat absorption,
among other properties, in foods such as sausages, mayonnaise, salad dressing, gravies, bread,
cake, and beverages.

Solubility is perhaps an initial intrinsic property that should be considered in determining
the potential use of food proteins because other properties depend highly on this. Fukuda et al.
(2005) correlated the emulsifying ability of 7S and 11S globulins in wild-type and cultivated
soybeans to solubility. The emulsion formation was found to be most favored by the variety
with the most soluble globulins. Consumer acceptability of food products is highly influenced by
appearance, which is also dictated by solubility. Furthermore, surface hydrophobicity is correlated
with solubility, thermal stability, and foaming and emulsifying abilities. Gelling property is highly
influenced by thermal stability. These results established that these functional properties do not
work independently of each other. Also, numerous studies have shown that factors like ionic
strength and pH greatly affect these properties.

Food Physicochemical Properties of Soybean Seed Storage Proteins

Soybean has long been used in various food products like tofu gel. Protein gel is a three-dimensional
random network of partially denatured proteins formed by heating and subsequent cooling. It can
be composed of either random aggregates or polymers of strings of beads (Doi 1993). Both glycinin
(Nakamura et al. 1984b) and β-conglycinin (Mohamed Salleh et al. 2004) gels are composed of
strings of beads as verified by transmission and scanning electron microscopy. Glycinin is known
to have better gelling property than β-conglycinin (Nakamura et al. 1986b, Kohyama et al. 1995).
β-conglycinin α, α′, and β were earlier reported to participate uniformly in 7S soy protein gel
(Utsumi & Kinsella 1985). A more recent study (Mohamed Salleh et al. 2004) clarified that although
no secondary structural differences were observed in the three subunits, they formed gels with
different density and strand thickness. The hardest gel was formed from an α′-lacking sample,
followed by normal 7S and α-lacking sample. The different wild soybeans surveyed by Fukuda
and coworkers (2005) did not have uniform distribution of globulins, and microheterogeneity in
the subunits was also reported. Slight variations, such as the natural deletion of four amino acids
in the hypervariable region of wild soybean glycinin, affected thermal stability that could in turn
affect gelation. Some soybean cultivars were demonstrated to have better gelling property than the
others (Nakamura et al. 1984a). Glycinin from the cultivars with the A5A4B3 subunit formed gels
twice as fast as those without it, whereas the cultivars with higher A3B4 subunit formed harder
gels. Apparently, the five glycinin subunits impart different gelling properties.

β-conglycinin and glycinin gels have different properties (Nakamura et al. 1986a). The gela-
tion mechanism between the two are not the same because sulfhydryl (SH) and disulfide (SS)
exchange reactions in β-conglycinin are unlikely. Gel formation of glycinin was described in two
steps by Mori et al. (1981). The first step involves the formation of soluble aggregates. Further
heating leads to the second step in which the soluble macroaggregates form gel. If protein concen-
tration is low, the dissociation of acidic and basic polypeptides only results in soluble aggregates
and no gelation proceeds. The forces involved in gel formation include hydrophobic interac-
tions, hydrogen bonds, ionic interactions, and disulfide bonding (Catsimpoolas & Meyer 1970,
Nakamura et al. 1984a, Mori et al. 1986). Two proposed mechanisms for the formation of
crosslinked aggregates of proteins during heating are (a) inaccessible cysteine residues and disul-
fide bonds becoming available and reactive to form intermolecular crosslinks and (b) aggregation
lowering the unfavorable exposure of hydrophobic patches (Visschers & de Jong 2005). Some
factors that affect gel formation and quality include pH, ionic strength, protein concentration,
heating time, and temperature (Doi 1993). A prerequisite for heat-induced gelation is partial
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protein denaturation such that the heating temperature should be above the thermal denatura-
tion midpoint value (Tm) of the protein. Sufficient heating time for denaturation to occur is also
important. Higher protein concentration forms harder gels.

Other physicochemical properties of α, α′, and β have been studied individually (Maruyama
et al. 1998, 1999). Versions of α and α′ subunits without an extension region, αc and α′

c, were
also constructed and studied. Their Tm values were as follows: 78.6◦C for α, 82.7◦C for α′, 90.8◦C
for β, 77.3◦C for αc, and 83.3◦C for α′

c. Thermal stability, therefore, was dictated mostly by
the core region, whereas the extension region showed very little influence. The Tm value of β-
conglycinin heterotrimer was determined by the subunit having the lowest Tm value (Maruyama
et al. 2002b), but glycinin heterotrimer did not follow this trend (Maruyama et al. 2004a). Surface
hydrophobicity was determined by the core regions. Solubility of α and α′ was similar to native
proteins, but αc and α′

c have lower solubility, as with β at μ = 0.08. This showed that the highly
acidic extension regions contribute to solubility. Glycan and extension regions prevented heat-
induced association and improved the emulsifying ability of β-conglycinin subunits (Maruyama
et al. 1999, 2002a).

Other physicochemical properties of glycinin were also studied individually, and their solubility
profiles were found to be unique from each other at both μ = 0.08 and μ = 0.5. Prak et al. (2005)
reported the following patterns: (a) for emulsifying ability, A1bB2 < A2B1a < A5A4B3 < A3B4
≤ A1aB1b; (b) for surface hydrophobicity, A5A4B3 < A1aB1b ≤ A3B4 < A1bB2 < A2B1a; and
(c) for thermal stability, A1bB2 < A2B1a ≤ A5A4B3 < A3B4 ≤ A1aB1b.

Food Physicochemical Properties of Seed Storage
Proteins of Other Food Crops

Some recombinant 7S globulins and their native forms evaluated for physicochemical and func-
tional properties were from adzuki bean (Fukuda et al. 2007, 2008), mungbean (Garcia et al. 2006),
and French bean (Kimura et al. 2008, 2010). The native French bean 7S globulin, phaseolin, has
Tm values of 88.3◦C and 80.8◦C at μ = 0.5 and μ = 0.08, respectively, which are relatively higher
than the other 7S globulins from cowpea, fava bean, pea, and soybean. Soybean 7S globulin has
the least Tm values of 78.5◦C and 65.7◦C at μ = 0.5 and μ = 0.08, respectively. The solubil-
ity of recombinant phaseolin was better than the recombinant β-conglycinin β, suggesting that
phaseolin was inherently more soluble. Like in β-conglycinin, glycan improved the solubility of
mungbean 8S globulin or 8Sα, and it had no effect on Tm values of adzuki 7S and mungbean 8Sα.
Native adzuki 7S globulins have better emulsifying ability than β homotrimers even if both have
no extension region. Glycan has minimal contribution to emulsifying ability of mungbean 8Sα,
unlike in β-conglycinin. The remarkable emulsifying ability of native phaseolin was attributed to
the glycans. Comparison of native and recombinant phaseolin revealed that N-glycans lower the
molecule’s surface hydrophobicity by possibly covering a hydrophobic patch on the surface, and
they prevented protein aggregation at low ionic strength.

Pea prolegumin, rapeseed procruciferin, and pumpkin pro11S were among the 11S globu-
lins studied (Tandang et al. 2004, Tandang-Silvas et al. 2010). Comparison between cruciferin
and glycinin revealed that (a) glycinin is more thermally stable, (b) cruciferin has higher sur-
face hydrophobicity, (c) cruciferin can form harder gels, (d ) cruciferin has better solubility at
μ = 0.08 but was less soluble at μ = 0.5, and (e) soybean proteins have better emulsifying ability
(Mohamed Salleh et al. 2002). Like procruciferin, pumpkin pro11S has high surface hydropho-
bicity (Tandang-Silvas et al. 2010). The 11S globulin from sunflower meal, helianthinin, has a
high Tm value of 105◦C at pH 7.5 and μ = 0.54 (Molina et al. 2004). Hence, it is not a very good
candidate in producing gel. Furthermore, it has very low water solubility.
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THREE DIMENSIONAL STRUCTURES OF SEED
STORAGE PROTEINS

Overview

Figure 2 shows a schematic representation of the secondary structures present in mature glycinin
A3B4 subunits and the superimposed structures of 7S and 11S globulins. The acidic N-terminal
and the basic C-terminal domains are very similar and can be divided by a pseudo-dyad axis. Each
terminal consists of a conservative beta barrel core domain and a divergent alpha helix domain
(Itoh et al. 2006, Jin et al. 2009b, Tandang-Silvas et al. 2010). The variable regions among the
11S globulins roughly coincide with the disordered regions in their crystal structures. The 7S and
11S globulins, which both belong to the cupin superfamily, have similar tertiary structures such
that their peptide backbones are highly superimposable with each other. Representative cartoon
models showing the biological assembly of the 7S, pro11S, and mature 11S globulins are shown
in Figure 3.

A summary of the seed storage proteins with known crystal structures is presented in Sup-
plemental Table 1 (follow the Supplemental Material link from the Annual Reviews home page
at http://www.annualreviews.org). The effects of some structural features on their physico-
chemical and functional properties have been reported, but some correlations are not clear and
still cannot be explained. The deposited structures in protein data bank can be useful in under-
standing their currently known properties and in conceptualizing their future food applications.

Hydrophilic Domains

The hydrophilic domains in 7S globulins are extension regions, whereas in 11S globulins, they are
the variable regions. Glycans of 7S globulins also affect a hydrophilicity. The presence or absence
of a glycan had no influence on the crystal structures of recombinant and native β-conglycinin β

homotrimers. The root mean square deviation (rmsd) for 343 common Cα atoms within 2.0 Å
of the two structures was 0.43–0.51 Å (Maruyama et al. 2001). The extension region, on the
other hand, apparently hampers the crystal formation of α′ and α because none of their crystal
structures have been determined until after it was removed in α′ (Maruyama et al. 2004b). The
crystal structures of 11S globulins generally do not include the five variable regions because they are
often disordered. The modified proteins in which variable regions I–V were separately deleted from
A1aB1b were still able to assemble into trimers (Kim et al. 1990). These regions are at the molecular
surface and were suggested to be suitable targets for modification by protein engineering. Studies
have shown that although the variable and extension regions are not important in the structure
formation and maintenance of the seed globulins, they can greatly alter their physiochemical and
functional properties.

Disulfide Bridges

Disulfide bridges are known to aid in correct folding and in maintaining the tertiary structure
of proteins. The highly conserved intra- and interdisulfide bridges among 11S globulins were,
however, found to be unimportant on these aspects. Previous mutations on proA1aB1b to disrupt
the intra- (Cys12-Cys45) and interdisulfide (Cys88-Cys298) bridges (Figure 1) by creating C12G,
C88S, and C12G/C88S (Figure 4) mutants did not hamper correct assembly (Utsumi et al. 1993).
The crystal structures of C12G and C88S had Cα rmsd values of 0.207 Å and 0.325 Å against the
unmodified A1aB1b (Adachi et al. 2003b).
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Structural Factors for Thermal Stability

Structural basis for the higher thermal stability of β (Tm = 90.8◦C) compared with α′
c (Tm =

83.3◦C) (Maruyama et al. 1998) was addressed by looking at their crystal structures. Structural
features of α′

c that could have caused this difference are its larger total cavity volume, its lack of
the intermonomer salt bridge present in β, its smaller cluster of charged residues at intermonomer
interface, its more hydrophobic solvent accessible surface, its lower percent of proline residues, and
its longer loops (Maruyama et al. 2004b). Mungbean 8Sα has relatively lower Tm value (77.5◦C)
compared with other 7S globulins, mostly owing to its larger cavity size (Itoh et al. 2006). Fukuda
et al. (2008) have emphasized that the Tm values of 7S globulins in soybean, mungbean, and adzuki
are inversely correlated to cavity size. Adzuki 7S1 and 7S3 have Tm values of 92.4◦C and 92.5◦C
because of their smaller cavity size.

Mature 11S globulins have been reported to be more thermally stable than their proform
counterparts (Maruyama et al. 2004a, Tandang et al. 2004, Kimura et al. 2008). Structural anal-
ysis of proA3B4 and mature A3B4 revealed that the mature form has smaller cavity size, more
number of H bonds, increased hydrophobic interactions, and shorter loops (Tandang-Silvas et al.
2010). Structural features of pro11S globulins from soybean, pea, pumpkin, and rapeseed that may
influence thermal stability were also looked at, but no specific feature was singled out as being
responsible (Tandang-Silvas et al. 2010). Collective factors such as smaller cavity size, shorter
loop, higher aliphatic hydrophobic residues on molecular surface, and more proline residues were
mentioned.

IMPROVEMENT OF PHYSICOCHEMICAL PROPERTIES OF SEED
STORAGE PROTEINS BY PROTEIN ENGINEERING

Protein Engineering

Protein engineering is a systematic approach to alter the primary structure of a protein with the
hope of attaining a desired specific effect. The cDNA that encodes the desired protein and the
polymerase chain reaction (PCR) primers that will introduce precise nucleotide modifications
are the basic requirements in protein engineering. Prior knowledge of the physicochemical and
functional properties, and structural information, especially the three dimensional structure, are
important tools in developing rational molecular designs for improved food functionality. An
expression system for the cDNA and a suitable host are needed to produce the desired proteins.
Not all designed modifications lead to successful protein expressions. Very low expression level,
insolubility, and instability of the expressed proteins were some of the problems encountered
(Utsumi et al. 2002, Tandang et al. 2005).

Safety evaluation and expression of the modified storage globulin genes in transgenic plants
to obtain proteins with enhanced functional properties are the final aims of plant food protein
engineering. Expression, accumulation, and safety assessments on the introduction of normal or
modified soybean genes in crops such as rice and potato had been done to address these goals

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4
Schematic representation of the modified proteins. Q103N (Katsube et al. 1998); Aa1B1b-3, C12G, C88S,
and C12G-C88S (Utsumi et al. 1993); �I, �V8, IV+4Met, and V+4Met (Kim et al. 1990); C287T
(Tandang et al. 2004); A1aB1bα′, A1aα′B1b, A1aB1bIV(c), Cru+A1aIV(c), Cru+α′(c), and Core+α′(c)
(Tandang et al. 2005); A1aB1bα, A1aB1bA4IV, A1aB1bPos, A1aB1bNeg, A2B1aα, and A2B1aα′ (Prak et al.
2007); R161C, F163C, N116C, P248C, and N116C/P248C (Adachi et al. 2004).
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(Utsumi et al. 1994, Hashimoto et al. 1999, Momma et al. 2000, Taikawa et al. 2008, Motoyama
et al. 2010).

Over the past two decades, proA1aB1b with improved gelling property (Kim et al. 1990,
Utsumi et al. 1993, Adachi et al. 2004) and several pro11S globulins with improved solubility
and emulsifying property (Kim et al. 1990, Tandang et al. 2005, Prak et al. 2007) were designed
successfully at a molecular level through the use of protein engineering. Schematic representa-
tions of the modified proteins are shown in Figure 4, and their acquired physicochemical and
functional attributes discussed above are summarized in Supplemental Table 2. Introduction of
these specific modified genes in transgenic crops, however, has not yet been done.

Modifications for Improved Emulsifying Ability

Balance between the molecule’s hydrophobicity and hydrophilicity defines its surface behavior,
which is manifested in functional properties like emulsifying activity. Amphipathic proteins that
have polarized hydrophilic and hydrophobic regions can exhibit emulsifying ability (Utsumi 1992).

An earlier approach to improve the emulsifying ability of proA1aB1b was to increase its hy-
drophobicity by removing the hydrophilic variable regions. The modified proteins A1aB1b-3, �I,
�V8, IV+4Met, and V+4Met exhibited better emulsifying ability than the native glycinin (Kim
et al. 1990). The extent of improvement in �V8 and V+4Met was more than twice that of the
native glycinin. A more recent and more pronounced improvement in solubility and emulsifying
ability was achieved by attaching a hydrophilic domain. A1aB1bα′ exhibited a remarkable im-
provement in both emulsifying ability and emulsion stability (Tandang et al. 2005). A1aα′B1b,
however, did not exhibit any improvement on emulsifying ability. These results indicated that the
insertion of an α′ extension region was more effective at the C terminus than within variable region
IV. One of the rationales behind this, as revealed by the proA1aB1b crystal structure (Adachi et al.
2001), is the higher molecular accessibility of the C terminus because it is situated at the periphery
of the molecule. The C-terminal region of 11S globulins seems to be an ideal site of modification
to improve emulsifying ability through increasing either its hydrophobicity or hydrophilicity.

Aside from the site where the hydrophilic region will be introduced, the nature of the insert
was also found to be critical. For instance, A1aB1bIV(c) and cru+A1aIV(c) did not result in
better emulsifying ability (Tandang et al. 2005). Variable region IV from proA1aB1b was not
an effective insert for improving emulsion. Prak et al. (2007) correlated the hydrophilicity of
the last 20–30 amino acids added to the C terminus with emulsifying ability. A1aB1bα exhibited the
best emulsifying ability followed by A1aB1bα′ and A1aB1bA4IV. The α extension region was the
most hydrophilic insert followed by the α′ extension region and A4IV polypeptide. A1aB1bPos and
A1aB1bNeg exhibited less superior emulsion ability than A1aB1bα even if positive and negative
peptides are more hydrophilic than the α extension region. Emulsions from A2B1aα′, cru+α′(c),
and core+α′(c) were better than those from their original proteins. These results corroborated the
beneficial effect of adding a hydrophilic domain at the C terminus on the emulsifying properties
of 11S globulins.

Modifications for Improved Gelling Properties

Modified proA1aB1b with disrupted disulfide bonds, C12G and C88S, exhibited an improved
gelling property (Utsumi et al. 1993). In contrast, the introduction of new disulfide bonds to the
same molecule resulted in increased gel hardness (Adachi et al. 2004). Molecular designs to increase
the sulfhydryl and disulfide bonds on proA1aB1b included N116C, P248C, R161C, F163C, and
N116C · 248C. All of the mutants formed harder gels than proA1aB1b, particularly N116C · 248C.

68 Tandang-Silvas et al.
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Remarkable 3.7◦C and 4.8◦C increases in the Tm values of F163C and N116C · 248C, respectively,
were observed. The introduced cysteine residues were designed so that they are far from any
inherent cysteine residues. Based on this study, gel hardness increased with the number of cysteine
residues. Heat-induced gelation was suggested to be favored by the topology and number of
sulfhydryl groups.

In procruciferin, there is a free Cys287 that is very close to Cys283 that forms an interchain
disulfide link with Cys83. Modified procruciferin C287T has similar thermal stability with the
original protein but heating for 5 min at 80◦C and 90◦C resulted in more soluble aggregates in
C287T (Tandang et al. 2004). The SH/SS exchange reaction with Cys287 was suggested to cause
unfavorable association.

The effect of glycosylation in proA1aB1b was investigated by introducing glycosylation con-
sensus sequence Asn-X-Ser/Thr at its variable regions II, III, IV, and V (Katsube et al. 1998).
Signal peptide processing, trimer assembly, and targeting of proA1aB1b in the yeast vacuoles
were not disturbed by the introduced glycans. Q103N is a glycosylated proA1aB1b at residue 103
due to mutation of Gln103 to Asn, thereby creating Asn-Gln-Ser glycosylation site. Q103N did
not acquire thermal stability, but beyond the onset of its Tm value, less coagulation was observed
such that it has higher percent of soluble fraction than normal proA1aB1b. The glycan was sug-
gested to inhibit protein-protein interaction. Glycosylated proteins should therefore be avoided
in food products that involve thermal gelation. Instead, proteins that easily destabilize and readily
coagulate are desirable for food gel products.

CONCLUSION

Genetic crop improvement of seed storage proteins in legumes, cereals, and other edible plants is
important in addressing food quality- and processing-related issues. Recombinant DNA technol-
ogy and protein engineering have led to expansive and direct studies on the individual subunits of
seed storage proteins. Knowledge derived from this research can provide baseline data for crop
breeders to produce superior or enhanced genetic lines of industrially important crops. Public
awareness on the studies on quality evaluation and safety assessment of genetically modified foods
are important to make this powerful approach more acceptable.
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Figure 2
Schematic diagram of the secondary structures in mature glycinin A3B4 (PDB id: 2D5H) (top) (from Maruyama et al. 2010 with
permission from the publisher). The N-terminal and C-terminal domains are in pink and cyan, except for the variable regions (v1–v5),
which are represented by green triangles. N and C indicate the N- and C-terminal ends. 7S and 11S globulin monomers are
superimposed (bottom) (from Tandang-Silvas et al. 2010 with permission from the publisher).
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Figure 3
The cartoon models of β-conglycinin α′ core (top left, PDB id 1UIK), proA3B4 (top right, PDB id 2D5H),
and mature A3B4 (PDB id 2D5F) at threefold axis (bottom left) and side view (bottom right). The disulfide
bridges are designated by spheres. Images were generated using the program Pymol.

C-2 Tandang-Silvas et al.
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