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The major storage protein of mungbean, 8Sα globulin or vicilin, was engineered using site-directed
mutagenesis to increase the number of methionine (Met) residues in the molecule for improvement of
functional and nutritional qualities. Eight Met-rich proteins were designed and prepared to have 2 to 10 Met
residues introduced in disordered regions II and IV. The designed proteins were highly expressed as soluble
form in Escherichia coli. Their production level of the modified proteins was estimated to be about 30%, and
was almost the same as that of 8Sα globulin wild type (WT). The modified proteins formed stable native
conformation similar toWT as shown by gel filtration chromatography. They demonstrated greater stability in
terms of thermal denaturation temperature and greater emulsifying ability and emulsion stability, especially
the 10-Met protein, compared to the wild type. Met-rich proteins with 3, 5, and 10 Met residues had 74, 96,
and 145% of nutritional requirement for Met compared with 41% for WT. Based on allergenicity prediction
programs, WT and all the modified proteins had no allergenic potential.
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1. Introduction

Storage proteins of legumes, in general, lack the sulfur-containing
amino acidsmethionine (Met) and cysteine (Cys). Protein engineering
has been considered as a potentially important tool in the improve-
ment of proteins of important food crops such as soybean and
mungbean in terms of nutritional and functional qualities (Altenbach,
Pearson, Meeke, Staraci, & Sun, 1989; Hoffman, Donaldson, & Herma,
1988; Kim, Kamiya, Kanamori, Utsumi, & Kito, 1990; Utsumi, 1992).
Soybean proteins consist primarily of glycinin, the 11S globulin, (40%)
and β-conglycinin, the 7S globulin or vicilin (30%). In the absence of
data on the three-dimensional structures of soybean glycinin, Kim et
al. (1990) introduced five contiguous Met residues in variable regions
identified based on the alignment of amino acids with those of known
glycinin-type globulins from legumes and other crops. The resulting
modified proteins were successfully expressed in E. coli in high
amounts and in soluble form and were also crystallized. The modified
glycinins containing IV+4 Met and V+4 Met were introduced and
found to accumulate in tobacco (Takaiwa et al., 1995; Utsumi et al.,
1993), rice grains (Katsube et al., 1999) and potato tubers (Utsumi et
al., 1994) similar to the wild type glycinin as reviewed by Utsumi,
Katsube, Ishige, and Takaiwa (1997). Soybean glycinin (11S) has also
been successfully engineered to introduce sulfhydryl groups and
disulfide linkages, and their effects on the structural stability and heat-
induced gelation had been reported (Adachi, Chunying, & Utsumi,
2004).

Mungbean (Vigna radiata (L.)Wilczek L.) is a popular grain legume
in Asia. Its major storage protein is the vicilin or 8S globulin at 89%,
while the 7S basic globulin and 11S globulin comprise the remaining
11% (Tecson-Mendoza, Adachi, Bernardo, & Utsumi, 2001) in contrast
to the storage protein profile of soybean. The major storage protein,
the vicilin type (8S), has a native molecular weight of 200000, no
disulfide linkage, possesses carbohydrate moiety and cross-reacts
with soybean anti-βconglycinin. Further study revealed that mung-
bean vicilin has three isoforms, 8Sα, 8Sα′ and 8Sβ (Bernardo et al.,
2004). The 8Sα cDNA was cloned and its protein crystallized forming
a rhombohedral structure (Bernardo et al., 2004). Garcia, Adachi,
Tecson-Mendoza, Bernardo, and Utsumi (2006) showed that the
presence of N-linked glycans was not essential in the assembly, stable
conformation and emulsifying ability of the mungbean vicilin. The
three dimensional structure of the 8Sα globulin of mungbean was
established for the first time by X-ray crystallography (Itoh et al.,
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2006). The refined 8Sα globulin is a trimer of three identical subunits
with a molecular mass of about 49 kDa. It has five variable regions
(disordered regions): the N-terminal (amino acids 1–6), internal I
(amino acids 181–191), internal II (amino acids 214–224), internal III
(amino acids 302–310) and C-terminal (amino acids 404–423).

Based on the derived amino acid sequence of the mungbean 8Sα
globulin (Bernardo et al., 2004), this protein has 4 Met residues per
subunit which corresponds to about 40% amino acid score. Reported
mungbean amino acid scores range from 32% (Tsou, Hsu, Tan, & Park,
1979) to 46% (Khalil, 2006) with the sulfur amino acids cysteine and
methionine as limiting amino acids. Improving the nutritional quality of
mungbean by increasing its Met content will greatly contribute to
improving the diet of many people in developing countries where
mungbean serves as an important source of dietary protein. In addition,
enhancing functional properties such as emulsification, foaming and
others, is very important in increasing the application of mungbean
proteins in processed food.

In linewith the efforts to improve the nutritional value and functional
properties of mungbean, this study aimed to engineer additional Met
residues in the 8Sα globulin through site-directed mutagenesis and to
purify and characterize the Met-rich modified proteins. It is important
that the resulting Met-rich proteins form the correct and stable
conformation and be expressed as soluble protein at a high level.
Further,wedetermined somephysicochemical and functional properties
and since the resulting Met-rich proteins are novel proteins, we also
studied their potential nutritional quality in terms of chemical score and
allergenicity.

2. Materials and methods

2.1. Modeling of disordered regions

The suitable sites for engineering methionine specifically within the
disordered regions (Fig. 1) were selected based on the three
dimensional structure of 8Sα globulin (Itoh et al., 2006). The models
for wild type (WT, the unmodified recombinant protein) and modified
proteins were built by the program Loopy (Xiang, Soto, & Honig, 2002)
to predict the structure in the disordered loop regions. After generation
of hydrogen atoms by the program CNS (Brunger et al., 1998), the
electrostatic energy of the modeled structures was calculated by the
program Delphi (Rocchia et al., 2002). At first, a disordered region of a
protomer in theWT trimer molecule of the biologically active formwas
modeledbyLoopy, and then, itsmodeledprotomerwasused togenerate
the trimer molecule. As a result, all three protomers included the
modeled disordered region and the generated trimer was subjected to
electrostatic calculation.

2.2. Site-directed mutagenesis for addition and substitution of
methionine residues

Site-directed mutagenesis of the cloned 8Sα globulin in pET-21d
vectorwas doneby PCR (MiniMJ Research andMyCycler, BioRad, U.S.A.)
using theGene-Tailor site-directedmutagenesis kit by Invitrogen (USA).
Mutation was done at sites 2 and 4 disordered regions of the 8Sα
Fig. 1. Schematic diagram of disordered regions (I to V) of m
globulin inmungbean (Fig. 1). Primers as listed in Table 1weredesigned,
synthesized and used. Plasmid template was amplified by 30 cycles of
denaturation at 94 °C for 30 s, annealing at Tm of the primer for 30 s and
elongation at 68 °C for 10 min using High Fidelity DNA Taq Polymerase
(Invitrogen). The resulting DNA fragment of 6500 bpwhich corresponds
to the length of the cDNA of mungbean vicilin 8Sα subunit and pET-21d
vector was used for transfection into E. coli DH5α strain. Plasmids of the
mutants were isolated and submitted to Macrogen (Seoul, Korea) for
sequencing.
2.3. Protein expression

The expression plasmids were transfected into E. coli HMS174
(DE3). One milliliter of an overnight culture was inoculated in 500 mL
of LB medium containing 50 μg/mL carbenicillin and incubated at
37 °C until OD600 of about 0.4 to 0.8. At this point, isopropyl-β-D-
thiogalactopyranoside (IPTG) was added to the culture at a final
concentration of 1 mM. The cells were grown further for 48 h at 20 °C
and harvested by centrifugation at 6700 g for 30 min at 4 °C. The cells
were resuspended in buffer A (2.0 g cells/100 mL buffer) and sonicated.
Buffer Aused in the extraction andpurification experiments consistedof
35 mM potassium phosphate (K–Pi) buffer, pH 7.6, 0.4 M NaCl, 1 mM
EDTA, 0.1 M p-phenyl-methylsulfonyl fluoride (PMSF), 1 μg/mL leu-
peptin and 1 μg/mL pepstatin A; the NaCl concentrationwas changed as
specified. To estimate relative yield and solubility of samples, 20 μL of
the crude extract was centrifuged at 6700 g for 10 min at 20 °C; the
supernatant was subjected to SDS–PAGE using 11% acrylamide.
Electrophoresis was run at 100 V for 40 min using Tris-glycine buffer
at pH 8.3 (Laemmli, 1970). Twelve microliters of samples containing
3 μg protein was applied in each well. The amount of expressed protein
was estimated by scanning the SDS gel patterns and determining
intensity using the Scion Image software (Scion Corporation, Maryland,
U.S.A.).
2.4. Protein content determination

Protein content was determined using Bradford (1976) method
with bovine serum albumin as standard.
2.5. Protein purification

Ammonium sulfate (21 g) was added to the crude protein extract
(100 mL) to 35% saturation and then, subjected to hydrophobic
interaction chromatography (HIC) using butyl Toyopearl. The sample
was eluted with ammonium sulfate gradient of 30 to 0% saturation in
buffer A (described earlier). Fractions were run on sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE), and those
that contained the unmodified and mutant 8Sα globulin were
collected and dialyzed against 35 mM potassium phosphate buffer,
1 mM EDTA, 1 μg/mL pepstatin A, 1 μg/mL leupeptin, and 0.1 mM
p-phenyl-methylsulfonyl fluoride (PMSF) containing 0.1 M NaCl.
ungbean 8Sα globulin gene based on Itoh et al. (2006).



Table 1
Wild type and modified mungbean 8Sα globulin: modified amino acid sequences and primers for PCR.

Name
(No. of Met)a

Wild type sequence
(disordered region)

Modified sequence
(disordered region)b

PCR reaction

Template Forward primerc Reverse primer

IIa (3) EEGQQQQQGQE (II) MMMQQQQQGQE (II) WT 5′AGGGTTCTGTTTGGAATGATGATG
CAGCAACAAC3′

5′TCCAAACAGAACCC
TGCTTATCTCC3′

IIa+b (5) EEGQQQQQGQE (II) MMMQQQQQMQM (II) IIa 5′CAGCAACAACAGCAAATGCAGATG
AGTCAGCAAG3′

5′TTGCTGTTGTTGCTG
CATCATCATAG3′

IVa (2) QQKQQEEQE (IV) QMMQQEEQE (IV) WT 5′GGCCAAAGAGAACAAATGATGCAG
CAAGAAG 3′

5′TTGTTCTCTTTGGCC
AACAAGTTCAA3′

IVa+b (5) QQKQQEEQE (IV) QMMQQMMQM (IV) IVa 5′CAAATGATGCAGCAAATGATGCAAATG
GAAAGTTGGG 3′

5′TTGCTGCATCATTTG
TTCTCTCTTTG3′

II+4 (4) EEGQQQQQGQE (II) EEGQQQMMMMQGQE (II) WT 5′GAGAGGAGGGACAGCAACAA
ATGATGATGATGCAGCAAGGCC3′

5′TTGTTGCTGTCCCTCC
TCTCCAAACAGAAC3′

IV+4 (4) QQKQQEEQE (IV) QQKQMMMMQEEQE (IV) WT 5′AAAGAGAACAACAGAAGCAG
ATGATGATGATGCAAGAAGAAC3′

5′CTGTTCTGTTGTTTCT
CTTTGGCCAACAA3′

IVa+b+IIA (8) QQKQQEEQE (IV)
EEGQQQQQGQE (II)

QMMQQMMQM (IV)
MMMQQQQQGQE (II)

IVa+b 5′AGGGTTCTGTTTGGAATGATGATGCAGC
AACAAC3′

5′TCCAAACAGAACCC
TGCTTATCTCC3′

IVa+b+IIa+b (10) QQKQQEEQE (IV)
EEGQQQQQGQE (II)

QMMQQMMQM (IV)
MMMQQQQQMQM (II)

IVa+b+IIa 5′CAGCAACAACAGCAAATGCAGATGAGTC
AGCAAG3′

5′TTGCTGTTGTTGCTG
CATCATCATAG3′

a Total number of substituted/inserted Met residues is shown in parentheses.
b Bold italics refer to modified amino acids.
c Bold underlined italics refer to codons for methionine introduced by the PCR.
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2.6. Analysis of trimer formation

The purified sample (0.5 mg in 1 mL) was applied on a Sephacryl
S-200 HR column (1.5 cm×25.5 cm) (Amersham Pharmacia Biotech)
and eluted with buffer A at 0.4 mL/min flow rate. Fractions (1 ml)
were collected and read using a SmartSpec 3000 UV/Vis Spectropho-
tometer (Bio-Rad) at 280 nm.

2.7. Differential scanning calorimetry (DSC) measurement

DSC analysis was carried out as described previously (Maruyama
et al., 1998) using 1 mg/mL protein solution dialyzed in buffer A
(μ=0.5). Scanning was recorded usingMicroCal MC-2 Ultra-Sensitive
Micro-calorimeter (Micro Cal Inc) at a rate of 1 °C/min from 30 to
110 °C under nitrogen gas.

2.8. Emulsifying ability

Protein-stabilized oil-in-water emulsionswere prepared according to
the method described by Kim and Kinsella (1987) and Tandang, Atsuta,
Maruyama, Adachi, and Utsumi (2005). Protein solutions (2 mg/mL)
were dialyzed against 35 mM potassium phosphate buffer at 0.4 M
sodium chloride concentration. For the emulsification test, the test
protein solution (1.5 mL) and soybean oil (0.25 mL) were homogenized
using a Heidolph Diax 900 homogenizer for 30 s at maximum rpm
followed by 1 min sonication in a Branson Sonifier Cell Disruptor 185 at
100 μA. The stability of the emulsion was observed at 0, 12 and 24 h.

2.9. Calculation of amino acid score

The amino acid scores of theWT and themutant (IVa+b+IIa+b)
were calculated according to the recommended amino acid scoring
patterns for pre-school children of the FAO/WHO/UNU (1985).

2.10. Assessing allergenicity potential of the expressed protein

The prediction of allergenicity potential of the WT and mutant
proteins was assessed using BLASTP of the National Center for
Bioinformatics Institute (http://www.ncbi.nlm.nih.gov/) website
(Altschul, Gish,Miller,Myers, & Lipman, 1990) and theAllergenDatabase
for FoodSafety (ADFS) (http://allergen.nihs.go.jp/ADFS)website (Stadler
& Stadler, 2003).
3. Results and discussion

3.1. Molecular design of 8Sα globulin with engineered methionine residues

Based on the X-ray crystal structure of 8Sα globulin of mungbean
(Itoh et al., 2006), five disordered regions were identified (Fig. 1),
specifically, regions II and IV, as the sites to add the Met to, rather than
the core regions because the disordered regionswould bemore tolerant
to modification. This is in agreement with the results of the modeling
study byDyer, Nelson, andMurai (1993) indicating that loops and turns
aremost appropriate formodification using phaseolin as test protein, as
well as with the results of Kim et al. (1990) on modified soybean
glycinin. We did not consider the disordered regions I and V which are
the N- and C-terminal regions, respectively, and disordered region III,
the most stretched region connecting the N- and C-halves of the
molecule based on its X-ray structure (Itoh et al., 2006). If modified,
these regions may be removed by proteolysis during the accumulation
of the protein in the cell.

Disordered regions II and IV are composed of mostly hydrophilic
residues. Disordered region II (amino acid number 181–191) consists
of the sequence EEGQQQQQGQE and the disordered region IV (302–
310) consists of QQKQQEEQE (Fig. 1, Table 1). To assist in the design of
the modified region, we modeled the disordered regions II and IV by
using the program Loopy (Xiang et al., 2002) and calculated the
electrostatic energy using the program Delphi (Rocchia et al., 2002) to
determine the stability of the proposed mutations. We tested the
replacement of only 5 amino acids with 5 Met residues. For disordered
region II, 126 possible modified proteins were calculated. One modified
protein was identified to be themost stable and whichwasmore stable
than the WT. Its modeled sequence is MMMQQQQQMQM where
hydrophilic glutamic acid (E) at positions 181, 182 and 191 and glycine
(G) at positions 183 and 189 were replaced by Met residues. For
disordered region IV, the most stable among the possible 126 modified
proteins was identified to have the sequence QMMQQMMQM, where
glutamine (Q) at position 303, lysine at position 304 and glutamic acid
(E) at positions 307, 308 and 310 were replaced byMet residues. These
two modified proteins (IIa+b and IVa+b, respectively) have 5 Met
each for a total of 10 introduced Met (Table 1). To assess the effect of
insertion instead of replacement, modified proteins II+4 and IV+4
were designed, making the loop longerwith four additionalMet. On the
other hand, IVa and IIa with 2 and 3Met, respectively, were designed to
investigate properties of modified proteins with a smaller number of
introduced Met residues.

http://www.ncbi.nlm.nih.gov/
http://allergen.nihs.go.jp/ADFS


2987M.A.O. Torio et al. / Food Research International 44 (2011) 2984–2990
After determining the most stable configuration of the modified
proteins, the primers for the first ten Met to be added by replacing
existing amino acids and to be inserted were designed and prepared.
The strategy consists of sequential replacement of the amino acid
residues until the replacement and/or insertion of the target number
of Met residues are attained (Table 1).

3.2. Site-directed mutagenesis and characterization of the DNA sequences

All resulting modified proteins had only one band of 6500 bp which
corresponds to the length of the cDNA of mungbean vicilin 8Sα subunit
and the vector pET21d. Analysis of the DNA sequences of the mutants
showed that the codons for the replaced amino acids were ATG and no
other mutation occurred in the sequence (data not shown) thus
confirming the success of the mutagenesis.

3.3. Expression of the 8Sα mutants

The following had earlier been proposed to serve as criteria to judge
the formation of proper conformation of recombinant proglycinins
(Katsube et al., 1994; Kimet al., 1990; Utsumi et al., 1993): (1) high level
of expression (higher than 10% of total E. coli proteins); (2) solubility
should be comparable to that of the native protein; and (3) expressed
proteins should be able to self-assemble to trimers. Modified progly-
cinins have been developed which satisfied these criteria and which
were also observed to accumulate readily in the protein storage vacuole
(Katsube et al., 1994; Kim et al., 1990; Utsumi et al., 1993).

Theexpressionof theWTand theMet-richproteins inE. coliHMS174
(DE3) (Fig. 2) was studied to assess if they satisfy these criteria. The
molecular sizes of the expressed modified proteins were confirmed to
be the same as that of theWT as expected by SDS–PAGE analysis. Using
densitometric analysis, the levels of expression of themodified proteins
with reference toWTof eachmodified8Sα globulinwere 96% for IVa (2)
and IIa (3), 92% for IVa+b (5) and IIa+b (5), 91% for IVa+b+IIa (8),
89% for IVa+b+IIa+b (10), and 85% for IV+4 (4) and II+4 (4). The
productionofWTwas calculated tobe32%andwas found tobe the same
as that for IVA (2), IIa (3), IVa+b (5), IIa+b (5)while the production of
IVa+b+IIa (8), IVa+b+IIa+b (10), IV+4 (4) and II+4 (4) was
calculated to be 30%. (The number of Met substituted/added or inserted
is enclosed in parentheses.) Notably, WT and modified proteins with 2
and 3 Met substituted had similar high % expression and production
(96% and 32%). On the other hand, II+4 and IV+4 which had 4 Met
inserted in regions II and IV, respectively, had relatively lower
expressionandproduction (85%and30%). Themodificationby insertion
results in longer modified proteins and this could affect their structural
stability or folding ability. The lower expression of II+4 and IV+4
suggests that the length of the disordered regions II and IV should not be
changed for modification. The yields obtained for the Met-rich proteins
are relatively higher than those previously reported for modified
KDa
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Fig. 2. SDS–PAGE analyses for expression level of WT and mutants in E. coli HMS 174
(DE3). (M) Molecular Weight Marker; (E) Expression profile of E. coli without gene
insert; (C) PurifiedWT; 1, CrudeWT; 2, IIa; 3, IVa; 4, II+4; 5, IV+4; 6, IIa+b; 7, IVa+b;
8, IVa+b+IIa; and 9, IVa+b+IIa+b.
glycinins, e.g., up to 20%withMet inserts (Kim et al., 1990), 14%with SH
and SS changes (Adachi et al., 2004), and up to 25% with multiple
peptide inserts (Prak, Maruyama, Maruyama, & Utsumi, 2006). The
yields expressed in E. coli strains were found to vary depending on the
mutation and the bacterial strain used.

The purified WT and modified 8Sα globulins had SDS gel electro-
phoretic patterns characteristic of purified 8Sα globulin (Fig. 3 inset) and
were subjected to further characterization such as analysis of trimer
formation, emulsifying ability, thermal stability and potential nutritional
quality.

For characterization experiments, the mutants expressed in large
scalewere IVa, IIa, IIa+b, IVa+b and IVa+b+IIa+bwith 2, 3, 5, 5 and
10Met, respectively because they had relatively higher expression than
the other modified proteins. IVa+b+IIa with 8 Met substituted was
not expressed in large scale because this was used only to build up the
Met content, with 10 Met as the final product.

3.4. Analysis of trimer formation

The assembly into trimers of the Met-rich modified proteins was
determined by their elution on gel chromatography column at pH 7.6
and ionic strength of 0.5. The WT and Met-rich proteins eluted at the
same volume on Sephacryl S-200 column (Fig. 3) indicating that the
modified proteins formed stable trimers similar to the recombinant
8Sα globulin and native 8S globulin of mungbean (Garcia et al., 2006;
Itoh et al., 2006; Tecson-Mendoza et al., 2001). Inset (Fig. 3) shows the
SDS gel bands of the purified proteins. The results confirm that the
modified 8Sα globulin formed a three-dimensional structure similar
to that of the native 8S globulin and the recombinant 8Sα globulin.

3.5. Emulsifying ability

The emulsifying ability is a functional property of a protein to stabilize
emulsions with a given lipid or oil. Proteins such as globulins are used as
emulsifiers or stabilizers since they contain hydrophilic and hydrophobic
portions. The hydrophobic groups are removed from contact with the
aqueous phase while charged groups maximize solvent contacts.

The Met-rich proteins exhibited better emulsifying ability and
stability than the WT (Fig. 4), especially the 10-Met IVa+b+IIa+b
which had the best emulsifying ability and emulsion stability indicating
that the added Met residues have contributed to increasing the
hydrophobic character of the modified proteins. Earlier studies estab-
lished that an increase in the hydrophobic character of the protein
stabilizes its ability to form emulsions (Kato & Nakai, 1980; Shimizu,
Takahashi, Kaminogawa, & Yanauchi, 1983).

3.6. Determination of melting temperature (Tm) by differential scanning
calorimetry

To analyze the thermal stability of mutants, DSC experiments were
performed. If the introduced Met residues were mostly exposed to the
solvent, the modified protein would show lower Tm values because of
the hydrophobicity of the side chain (Radzicka & Wolfenden, 1988).
However, the results showed that all of themodifiedproteinshad3–4 °C
higher Tm than theWT, with IVa+b+IIa+b exhibiting the highest Tm
(Table 2). This implies that the disordered regions are now more
hydrophobic with the introduced Met residues. These hydrophobic
interactions increase the stability of the protein's structure (Kato &
Yutani, 1988).

3.7. Potential nutritional quality

3.7.1. Amino acid score
Following the 1985 FAO/WHO/UNU recommended amino acid score

patterns for pre-school children, the amino acid score of the WT was
calculated as 41% for Met. For the modified proteins IIa, IIa+b, IVa+b

image of Fig.�2


Fig. 3. Elution profile of the WT and Met-rich modified proteins on gel filtration using Sephacryl S200 HR column (1.5 cm×15.5 cm) and buffer A at pH 7.6 and 0.4 M NaCl. Legend:
smaller square — WT; larger square — IIa; triangle — IVa; asterisk — IIa+b; cross — IVa+b; and diamond — IVa+b+IIa+b. Inset, SDS gel profile of purified WT and mutant
proteins: WT; IIa; IVa; IIa+b; IVa+b; and IVa+b+IIa+b.

Fig. 4. Emulsifying ability of WT and the five Met-modified proteins after 0, 12 and 24 h.
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and IVa+b+IIa+b, with 3, 5, 5 and 10 engineered Met plus the
endogenous 4 Met per subunit, percent of number of Met residues
relative to required number increased to 74, 96, 96 and 145%, indicating
the potentially higher nutritional quality of the modified proteins in
terms of amino acid score. The limiting amino acid changed fromMet to
threonine for the 5- and 10-Met rich proteins. These values are higher
than the reportedmungbean amino acid scores of 32% (Tsou et al., 1979)
and 46% (Khalil, 2006) with the sulfur amino acids cysteine and
methionine as limiting amino acids. Although the amino acid score
does not give the complete picture of a protein's nutritional quality, it
does provide an initial estimate. The most widely adopted method of
estimating protein quality is the protein digestibility-corrected amino
acid score (PDCAAS) in which the chemical or amino acid score is
corrected for the true fecal digestibility of the test protein by using rat
assay (FAO/WHO Expert Consultation, 1990).

3.7.2. Allergenicity potential
For newproteins in novel foods or geneticallymodified crops, Codex

Alimentarius recommended the evaluation of new proteins initially by
bioinformatic analysis (FAO & WHO, 2009). Initially, an exhaustive
search in the literature regarding mungbean as an allergenic food
showed only one studywhich identified a Bet v1 homologous protein in
mungbean (and other legumes) which causes birch pollen allergic
patients to suffer allergic reaction to mungbean seedlings or sprouts
(Mittag et al., 2005). The Bet v1 in mungbean is not present in the seed
but only in the seedling, is heat labile (Mittag et al., 2005) and belongs to
the family of pathogenesis-related proteins (PR-10).

We subjected the eight Met-modified proteins to bioinformatic
analysis for potential allergenicity comparing their sequences with
those of known allergens as recommended by the CODEX Alimentar-
ius guidelines (FAO & WHO, 2009) for new proteins in novel foods or
Table 2
Melting temperature (Tm) of the WT and the five
modified proteins obtained by differential scanning
calorimetry (DSC).

Proteins Tm (°C)

WT 85.3
IIa 86.5
IVa 87.0
IIa+b 87.3
IVa+b 88.0
IVa+b+IIa+b 89.0

image of Fig.�4


Fig. 5. Protein sequence alignment of similar amino acid sequences (from the sequence
alignment between allergen Len c 1.0102 and 8Sα globulin) of 8Sα globulin (top) and
the known allergen epitopes (below). Bold letters indicate identical sequence.
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genetically modified crops. Based on BLASTP, all protein sequences of
mutants and the WT had 55% identity (E value 2.0×10−111) to
allergen Len c 1.0102 (emb|CAD87731.1|), the vicilin from lentil seeds.
However, when epitope analysis was conducted, most of the similar
amino acid sequences with 3–5 amino acid residues had no similarity
with any known IgE epitope. Moreover, longer similar amino acid
sequence containing 6–11 amino acid had only 3–6 non-contiguous
amino acid similarity to some IgE epitope (Fig. 5). In addition, homology
analysis of the Met mutants and wild type with the Bet v1 allergen did
not show 3 or longer contiguous similarity with the WT or 10-Met
modified protein. Studies have shown that short amino acid sequence
matches of eight amino acids or fewer provide no or little value to
allergy assessments for novel proteins as they give excessive identifi-
cation of false-positive matches due to random chance (Silvanovich et
al., 2006). This analysis indicates that the 8Sα globulin (WT and
mutants) had no biologically relevant sequence with allergenicity
potential and, thus, cannot be considered an allergen.

4. Concluding remarks

This study demonstrates the successful design and production of the
methionine-rich mungbean vicilins with stable conformation, greater
emulsifying ability and emulsion stability, greater thermal stability, and
potentially better nutritional quality. Work on the expression of the
mutants in plant cells is now in progress.

Acknowledgments

The grant to EMTMby theUniversity of the Philippines Research and
Creative Grant and the support of the Institute of Plant Breeding, Crop
Science Cluster, College of Agriculture, University of the Philippines Los
Baños (UPLB) are gratefully acknowledged. The senior author (MAOT)
sincerely thanks the Deutscher Akademischer Austauch Dienst (DAAD
or German Academic Exchange Service) Scholarship through SEAMEO-
SEARCA (Southeast Asian Regional Center for Graduate Study and
Research in Agriculture) for the scholarship grant and to the Institute of
Chemistry, College of Arts and Sciences UPLB for granting her a study
leave for the duration of this research.

References

Adachi, M., Chunying, H., & Utsumi, S. (2004). Effects of designed sulfhydryl groups and
disulfide bonds into soybean proglycinin on its structural stability and heat-
induced gelation. Journal of Agricultural and Food Chemistry, 52, 5717–5723.

Altenbach, S. B., Pearson, K. W., Meeke, G., Staraci, L. C., & Sun, S. S. M. (1989).
Enhancement of the methionine content of seed proteins by the expression of a
chimeric gene encoding a methionine-rich protein in transgenic plants. Plant
Molecular Biology, 13, 513–522.
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic local
alignment search tool. Journal of Molecular Biology, 215, 403–410.

Bernardo, A. E. N., Garcia, R. N., Adachi, M., Angeles, J. G. C., Kaga, A., Ishimoto, M.,
Utsumi, S., & Tecson-Mendoza, E. M. (2004). 8S globulin of mungbean [Vigna
radiata (L.) Wilczek]: Cloning and characterization of its cDNA isoforms, expression
in Escherichia coli, purification, and crystallization of the major recombinant 8S
isoform. Journal of Agricultural and Food Chemistry, 52, 2552–2560.

Bradford, M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein–dye binding. Analytical
Chemistry, 72, 248–254.

Brunger, A. T., Adams, P. D., Clore, G. M., Delano, W. L., Gros, P., Grosse-Kunstleve, R. W.,
Jiang, J. -S., Kuszewski, J., Niles, M., Pannu, N. S., Read, R. J., Rice, L. M., Simonson, T., &
Warren, G. L. (1998). Crystallography and NMR systems (CNS): A new software
system for macromolecular structure determination. Acta Crystallographica, D54,
905–921.

Dyer, J. M., Nelson, J. W., & Murai, N. (1993). Strategies for selecting mutation sites for
methionine enhancement in the bean storage protein phaseolin. Journal of Protein
Chemistry, 12(5), 545–560.

FAO and WHO (2009). Foods derived from modern biotechnology. Second edition. Food
and Agricultural Organization (FAO) and World Health Organization (WHO) of the
United Nations. Codex Alimentarius. Rome 85 pp.

FAO/WHO Expert Consultation (1990). Protein quality evaluation. Food and Agricultural
Organization of the United Nations, FAO Food and Nutrition Paper 51, Rome.

FAO/WHO/UNU (1985). Energy and protein requirements. Report of a joint FAO/WHO/UNU
Expert Consultation. WHO Tech. Rep. Ser. No. 724. Geneva: WHO.

Garcia, R. N., Adachi, M., Tecson-Mendoza, E. M., Bernardo, A. E. N., & Utsumi, S. (2006).
Physicochemical properties of native and recombinant mungbean (Vigna radiata L.
Wilczek) 8S globulins: Effects of the N-linked glycans. Journal of Agricultural and
Food Chemistry, 54, 6005–6010.

Hoffman, L. M., Donaldson, D. D., & Herma, E. M. (1988). A modified storage protein is
synthesized, processed, and degraded in the seeds of transgenic plants. Plant
Molecular Biology, 11, 717–729.

Itoh, T., Garcia, R. N., Adachi, M., Maruyama, Y., Tecson-Mendoza, E. M., Mikami, B., &
Utsumi, S. (2006). Structure of 8Sα globulin, the major seed protein of mungbean.
Acta Crystallographica, D62, 824–832.

Kato, A., & Nakai, S. (1980). Hydrophobicity determined by a fluorescence probe
method and its correlation with surface properties of proteins. Biochimica et
Biophysica Acta, 624, 13–20.

Kato, A., & Yutani, K. (1988). Correlation of surface properties with conformational
stabilities of wild-type and six mutant tryptophan synthase α-subunits substituted
at the same position. Protein Engineering, 2, 153–156.

Katsube, T., Gidamis, A. B., Kanamori, J., Kang, I. -J., Utsumi, S., & Kito, M. (1994).
Modification tolerability of the hypervariable region of soybean proglycinin. Journal
of Agricultural and Food Chemistry, 42, 2639–2645.

Katsube, T., Kurisaka, N., Ogawa, M., Maruyama, N., Ohtsuka, R., Utsumi, S., & Takaiwa, F.
(1999). Accumulation of soybean glycinin and its assembly with the glutelins in
rice. Plant Physiology, 120, 1063–1074.

Khalil, A. A. (2006). Nutritional improvement of an Egyptian breed of mungbean by
probiotic lactobacilli. African Journal of Biotechnology, 5, 206–212.

Kim, C. -S., Kamiya, S., Kanamori, J., Utsumi, S., & Kito, M. (1990). High level expression,
purification and functional properties of soybean proglycinin from Escherichia coli.
Agricultural and Biological Chemistry, 54, 1543–1550.

Kim, S. H., & Kinsella, J. E. (1987). Surface active properties of food proteins: Effects of
reduction of disulfide bonds on film properties and foam stability of glycinin.
Journal of Food Science, 52, 128–131.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature, 227, 680–685.

Maruyama, N., Katsube, T., Wada, Y., Oh, M. H., Barba de la Rosa, A. P., Okuda, E.,
Nakagawa, S., & Utsumi, S. (1998). The roles of N-linked glycans and extension
regions of soybean α-conglycinin in folding, assembly and structural features.
European Journal of Biochemistry, 258, 854–862.

Mittag, D., Vieths, S., Vogel, L., Wagner-Loew, D., Starke, A., Hunziker, P., Becker, W. -M.,
& Ballmer-Weber, B. K. (2005). Birch pollen-related food allergy to legumes:
Identification and characterization of the Bet v 1 homologue in mungbean (Vigna
radiata), Vig r 1. Clinical and Experimental Allergy, 35, 1049–1110.

Prak, K., Maruyama, Y., Maruyama, N., & Utsumi, S. (2006). Design of genetically
modified soybean proglycinin A1aB1b with multiple copies of bioactive peptide
sequences. Peptides, 27, 1179–1186.

Radzicka, A., &Wolfenden, R. (1988). Comparing the polarities of the amino acids: Side-
chain distribution coefficients between the vapor phase, cyclohexane, 1-octanol,
and neutral aqueous solution. Biochemistry, 27, 1664–1670.

Rocchia,W., Sridharan, S., Nicholls, A., Alexov, E., Chiabrera, A., & Honig, B. (2002). Rapid
grid-based construction of the molecular surface and the use of induced surface
charge to calculate reaction field energies: Applications to the molecular systems
and geometric objects. Journal of Computational Chemistry, 21, 128–137.

Shimizu, M., Takahashi, T., Kaminogawa, S., & Yanauchi, K. (1983). Adsorption onto an
oil surface and emulsifying properties of bovine sl casein in relation to its molecular
structure. Journal of Agricultural and Food Chemistry, 31, 1214–1218.

Silvanovich, A., Nemeth, M. A., Song, P., Herman, R., Tagliani, L., & Bannon, G. A. (2006).
The value of short amino acid sequence matches for prediction of protein
allergenicity. Toxicological Sciences, 90, 252–258.

Stadler, M. B., & Stadler, B. M. (2003). Allergenicity prediction by protein sequence. The
FASEB Journal, 17(9), 1141–1143.

Takaiwa, F., Katsube, T., Kitagawa, S., Hisaga, T., Kito, M., & Utsumi, S. (1995). High level
accumulation of soybean glycinin in vacuole-derived protein bodies in the
endosperm tissue of transgenic tobacco seed. Plant Science, 111, 39–49.

image of Fig.�5


2990 M.A.O. Torio et al. / Food Research International 44 (2011) 2984–2990
Tandang, M. R. G., Atsuta, N., Maruyama, N., Adachi, M., & Utsumi, S. (2005). Evaluation
of the solubility and emulsifying property of soybean proglycinin and rapeseed
procruciferin in relation to structure modified by protein engineering. Journal of
Agricultural and Food Chemistry, 53, 8736–8744.

Tecson-Mendoza, E. M., Adachi, M., Bernardo, A. E. N., & Utsumi, S. (2001). Mungbean
[Vigna radiata (L.) Wilczek] globulins: Purification and characterization. Journal of
Agricultural and Food Chemistry, 49, 1552–1558.

Tsou, C. S., Hsu, M. S., Tan, S. T., & Park, H. G. (1979). The protein quality of mungbean
and its improvement. Acta Horticulturae, 93, 279.

Utsumi, S. (1992). Plant food protein engineering. In J. E. Kinsella (Ed.), Advances in food
and nutrition research, Vol. 36. (pp. 89–208)San Diego, CA: Academic Press.

Utsumi, S., Katsube, T., Ishige, T., & Takaiwa, F. (1997). Molecular design of soybean
glycinins with enhanced food qualities and development of crops producing such
glycinins. In S. Damodaran (Ed.), Food proteins and lipids (pp. 1–15). New York:
Plenum Press.

Utsumi, S., Kitagawa, S., Katsube, T., Higasa, T., Kito, M., Takaiwa, F., & Ishige, T. (1994).
Expression and accumulation of normal and modified soybean glycinins in potato
tubers. Plant Science, 102, 181–188.

Utsumi, S., Kitagawa, S., Katsube, T., Kang, I. J., Gidamis, A. B., Takaiwa, F., & Kito, M.
(1993). Synthesis, processing and accumulation of modified glycinins of soybean in
the seeds, leaves and stems of transgenic tobacco. Plant Science, 92, 191–202.

Xiang, Z., Soto, C., & Honig, B. (2002). Evaluating conformational free energies: The
colony energy and its application to the problem of loop prediction. Proceedings of
the National Academy of Sciences of the United States of America, 99, 7432–7437.


	Effects of engineered methionine in the 8Sα globulin of mungbean on its physicochemical and functional properties and poten...
	1. Introduction
	2. Materials and methods
	2.1. Modeling of disordered regions
	2.2. Site-directed mutagenesis for addition and substitution of methionine residues
	2.3. Protein expression
	2.4. Protein content determination
	2.5. Protein purification
	2.6. Analysis of trimer formation
	2.7. Differential scanning calorimetry (DSC) measurement
	2.8. Emulsifying ability
	2.9. Calculation of amino acid score
	2.10. Assessing allergenicity potential of the expressed protein

	3. Results and discussion
	3.1. Molecular design of 8Sα globulin with engineered methionine residues
	3.2. Site-directed mutagenesis and characterization of the DNA sequences
	3.3. Expression of the 8Sα mutants
	3.4. Analysis of trimer formation
	3.5. Emulsifying ability
	3.6. Determination of melting temperature (Tm) by differential scanning calorimetry
	3.7. Potential nutritional quality
	3.7.1. Amino acid score
	3.7.2. Allergenicity potential


	4. Concluding remarks
	Acknowledgments
	References


