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A calcium-soluble protein isolate (CSPI) was prepared from the supernatant obtained after addition
of 0.75 M calcium chloride to a pH 5.0 aqueous extract of yellow mustard (Sinapis alba) seed meal.
Total amino acid analysis showed that the CSPI has significantly higher (p < 0.05) contents of glutamic
acid + glutamine, cysteine, and proline when compared to the precipitated, calcium-insoluble proteins.
Peptide mass fingerprinting of tryptic peptides of the major polypeptides by mass spectrometry
indicated that the CSPI is composed mainly of cruciferin proteins with a contribution from napins (the
major allergenic proteins of S. alba). The S. alba CSPI had significantly higher (p < 0.05) protein
solubility and emulsion formation ability in the presence of 0.75 M calcium chloride when compared
to similar isolates prepared from Brassica juncea (brown mustard) and soybean seed meals. We
suggest that the S. alba CSPI could be used to prepare calcium-fortified high protein liquid products.
However, the presence of allergenic proteins in this extract may limit its widespread food use.
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INTRODUCTION

Calcium is an important nutritional requirement in human
and animal nutrition where it plays important roles in bone
mineralization, blood clotting, and proper nerve and muscle
functions, among others. Therefore, it is common practice to
fortify foods with various levels of calcium to compensate for
intrinsic deficiency or loss of calcium during food processing.
Because of the high susceptibility of most food proteins to
calcium-induced precipitation, very minimal levels of calcium
can be tolerated in some food products. In fact, the susceptibility
of proteins to calcium-induced precipitation is exploited in the
manufacture of tofu, a soybean food product that consists of
coagulated proteins (1). Moreover, calcium-induced precipitation
of some food proteins is greater at high protein concentrations
than at low concentrations. For example, emulsions stabilized
by high casein concentrations are more susceptible to calcium-
induced destabilization than those that contain lower concentra-
tions (2). Therefore, calcium fortification of high protein diets
poses a great challenge to food researchers.

Calcium-induced protein precipitation may be minimized in
beverages by addition of hydrocolloids as stabilizers (3, 4) and

by a combination of calcium lactogluconate and potassium
citrate (or hexametaphosphate) (5). However, addition of
hydrocolloids is highly limited because it has a low threshold
beyond which the flow properties and texture of the product is
modified. Both polyphosphates and gluconates are made from
nonrenewable resources, and their calcium binding capacity is
very limited. Health and safety regulations also provide limits
for the use of additives such as phosphates and gluconates in
foods (6). Phosphorylated polypeptides such as caseinophos-
phopeptides have also been suggested as carriers for calcium
fortification of foods (7, 8). However, the increased cost
associated with production of phosphorylated peptides has
limited their use to laboratory experiments. Therefore, there is
a need to find other types of biomolecules that could enhance
calcium fortification of protein-enriched foods without adverse
effects on organoleptic properties.

Sinapis albais part of the mustard family and is commonly
known as white or yellow mustard (9). Because of the high
levels of glucosinolates,S. albaseeds are used mostly as a spice
or seasoning in many foods in different parts of the world,
although it is also used as a source of edible oil in parts of the
Indian subcontinent (10). Research is being conducted at the
Agriculture and Agri-Food Research Centre, Saskatoon in an
effort to reduce the antinutrients inS. albawith the aim of
increasing worldwide use of the seeds as a source of edible oil.
Since the residual meal remaining after oil extraction is rich in
proteins (40-48% dry weight basis), it may serve as a suitable
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raw material in the manufacture of protein ingredients for the
food industry. Production of protein isolates fromS. alba
defatted seed meals with undetectable levels of glucosinolates
have recently been demonstrated (10). However,S. albaseeds
also contain the 2S albumin (napin) that has been confirmed as
a major allergenic protein (11,12) and a trypsin inhibitor (13).
Therefore, protein isolates that are prepared fromS. albaseeds
may contain these antinutritional factors.

In this study, we report that a subset ofS. albaseed proteins
are resistant to precipitation in the presence of high levels of
calcium chloride. The aim of this work was to determine some
of the physicochemical and functional properties of the protein
fraction from S. alba that is resistant to calcium-induced
precipitation. Similar protein fractions were also prepared from
Brassica juncea(brown mustard) and soybean seed meals for
comparison purposes.

MATERIALS AND METHODS

Materials. S. albaandB. junceaseeds were obtained from the Crop
Breeding Section of Agriculture and Agri-Food Canada, Saskatoon
Research Station. Defatted soybean meal was obtained from ADM
Protein Specialties Division (Decatur, IL). Soybean lecithin and xanthan
gum were purchased from Sigma Chemicals (St. Louis, MO).

Preparation of Calcium-Soluble Protein Isolates (CSPI).Mustard
seeds were dried and ground in small samples in a coffee mill for 2-3
min to pass through a #40 mesh screen, and the resulting flours were
defatted in a Soxhlet apparatus using hexane as the solvent. CSPIs were
prepared according to the method of Aluko and McIntosh (14), which
was modified as follows. Defatted seed meal (S. alba,B. juncea, or
soybean) was extracted with a 0.1 M NaOH solution (flour/solvent,
1:10) for 20 min at 23°C on a magnetic stirrer. The resulting slurry
was centrifuged at 10000g for 30 min, and the supernatant was filtered
through a Whatman no. 1 filter paper to remove particulate matter.
The filtrate was adjusted to pH 5.0 with dilute HCl followed by gradual
addition of solid calcium chloride up to a 0.75 M concentration. After
stirring for an additional 20 min, the slurry was centrifuged at 10000g
for 30 min, and the supernatant was dialyzed against water using a
6-8 kDa molecular weight cutoff membrane for 48 h at 4°C with
4-5 water changes. The dialyzed fraction was freeze-dried and called
CSPI.

Protein Solubility. The effect of an increase in protein concentration
on solubility of the protein isolates in the presence of 0.75 M CaCl2

was determined as follows. Protein slurries (5-25 mg/mL in 0.75 M
CaCl2 solution, pH 5.0) were prepared and mixed on an Eppendorf
Thermomixer R at 1400 rpm and 25°C for 30 min, followed by
centrifugation at 10000gfor 30 min. The supernatants were then
analyzed for protein content using the modified Lowry method as
described by Markwell et al. (15). Protein solubility was calculated as
percentage ratio of protein concentration in supernatant to the protein
content of the slurry.

Beverage Emulsion.The following beverage emulsion preparation
protocol was adapted from the method of King et al. (16). Samples
were prepared to contain 2% fat. For each sample, 1.0 g of lecithin (as
emulsifier), 0.15 g of xanthan gum, and 10.0 g of partially hydrogenated
soybean plastic fat shortening were weighed into a 15 mL beaker, and
the mixture was heated on high in a microwave oven for 3.5 min. The
oil mixture was swirled to ensure complete dissolution of lecithin. The
oil mixture was added to 454 mL of water and 35 g ofS. albaCSPI
(or soy protein isolate as control) and blended for 1.5 min in an
Ostersizer 10-speed household blender at high speed (setting) 7). For
samples containing calcium, 3.0% (w/v) of calcium chloride was added
to the water prior to mixing with the oil mixture and protein isolate.
Particle size,d3,2, of the beverage emulsions was determined in a
Mastersizer 2000 with purified water as the dispersant according to
the method of Aluko et al. (17).

Gel Electrophoresis.Reduced and nonreduced gel electrophoresis
of protein samples on 8-25% gradient gels was performed as previously
described (14) using the PhastSystem Separation and Control and
Development Units according to the manufacturer’s instructions (Phar-

macia LKB, Montreal, PQ). Samples were prepared for nonreduced
SDS-PAGE by mixing with a Tris-HCl buffer solution, pH 8.0
containing 10% SDS and 0.01% bromophenol blue. Sample solutions
were placed in boiling water for 5 min, cooled to room temperature,
and centrifuged at 16 000g for 10 min, and an aliquot (1µL) of the
supernatant was loaded onto the gel. Reduced samples were prepared
by adding 5% (v/v) 2-mercaptoethanol (ME) to an aliquot of the
supernatant from 10% SDS extraction, and 1µL was loaded onto the
gel.

Analysis of Glucosinolates.Glucosinolate content was determined
according to the method of Heaney and Fenwick (18).

Amino Acid Analysis. Samples were hydrolyzed under vacuum at
110 °C for 24 h using 6 M HCl containing 1% phenol. Amino acid
composition of the hydrolysate was determined by high-pressure liquid
chromatography according to the method of Bidlingmeyer et al. (19).
The cysteine and methionine content was determined using performic
acid oxidation (20), and tryptophan content was determined by alkaline
hydrolysis (21).

Peptide Sequencing.CSPI proteins were separated on a 16.5% Tris-
tricine gel and stained with Coomassie Brilliant Blue G-250 as described
by Schägger and von Jagow (22). Protein bands were cut out, destained,
reduced, and processed for trypsin digestion following standard
procedures (23). The tryptic peptides were recovered from the gel pieces
by sonication in 5% trifluoroacetic acid (TFA)/50% acetonitrile (ACN)
then dried down in a Speed Vac. The peptides were solubilized in the
same TFA/ACN solution and then mixed withR-cyano-4-hydroxy-
cinnamic acid in 0.1% TFA/50% ACN. The mixtures were applied to
a Matrix-assisted laser desorption ionization (MALDI) plate, allowed
to dry, then analyzed by MALDI time-of-flight (TOF) mass spectrom-
etry analysis using a Voyager-DE STR mass spectrometer (Applied
Biosystems, Bedford, MA) in the reflectron mode. Autocatalytic trypsin
fragments were used as internal calibration standards. Proteins were
identified by peptide mass fingerprinting using them/z ratios of the
tryptic peptides and the MS-FIT program of the ProteinProspector
software (24).

Statistical Analysis. Each analysis was done in triplicate, and
analysis of variance and Duncan’s multiple-range test were carried out
using the Statistical Analysis Systems software (25).

RESULTS AND DISCUSSION

Glucosinolates. Table 1shows that the amount of glucosin-
olates, as a total or taken for individual group of glucosinolates,
is significantly reduced (p < 0.05) in the protein isolates in
comparison to the defattedS. albaseed meal. Therefore, the
pungent hot flavor associated with yellow mustard seeds is not
likely to be detected in food products containing the CSPI.

Amino Acid Content. The amino acid composition ofS. alba
seed meal, CSPI, and calcium-precipitated protein isolate (CPPI)
are shown inTable 2. The most notable differences are the
significantly higher (p < 0.05) levels of glutamic acid+
glutamine, cysteine, and proline in theS. alba CSPI, when
compared to the seed meal or CPPI. The increased levels of

Table 1. Glucosinolate Contents in S. alba Meal and Protein Products

glucosinolatesa (µmol/g)

sample HOBEb TOTA TOTMT TOTI TOTGc

defatted meal 190.83a 5.437a 0.120a 1.900a 199.15a
protein isolate

(calcium precipitated)
0.14b 0.023b 0.000b 0.013b 0.18b

protein isolate
(calcium soluble)

0.41b 0.190b 0.040b 0.000b 0.77b

a Mean of three determinations. For each column, means with different letters
are significantly different (p < 0.05). b HOBE, hydroxybenzyl; TOTA, total aliphatics;
TOTMT, total methylthios; TOTI, total indolyls; and TOTG, total glucosinolates.
c Sum of all glucosinolates including minor components that are not indicated on
the table.
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proline, cysteine, and glutamic acid may play a role in the
calcium-resistance of theS. albaCSPI. This is because proline
confers structural stability on polypeptides, while the negative
charge of glutamic acid at pH> 5.0 favors interaction with the
positively charged calcium ions. However, since the amino acid
analysis result is for glutamic acid and glutamine, we cannot
conclude that the difference observed in functionality is due to
the differences in glutamic acid content of the samples. A
decrease in proline content was shown to result from succinyla-
tion of canola 12S globulin, which had lower structural stability
than native unmodified globulin (26). Similarly, replacement
of proline with alanine led to decreased stability of ribonuclease
T1 (27). Therefore, we suggest that the higher level of proline
in S. albaCSPI may contribute to increased structural stability
against calcium-induced protein precipitation. This is because
binding of calcium to proteins can induce conformational
changes (28,29) such as exposure of aromatic groups that favor
increased protein-protein interactions. The higher structural
stability of the CSPI could mean less conformational change
and hence a reduced susceptibility to coagulation in the presence
of calcium. The higher level of cysteine increases the potential
for disulfide bond formation and hence higher structural stability
of the CSPI.

Gel Electrophoresis.Results of the gel electrophoresis of
proteins present inS. albaprotein fractions are shown inFigure
1. In the absence of a reducing agent (disulfide-bonded
polypeptides are present), the 15 (b), 28 (c), 50 (d), and 55 (e)
kDa bands were the most prominent in the CSPI (lane 3).
Proteins that were precipitated by calcium contained very small
amounts of those proteins but contained a relatively high level
of a 130 kDa protein band (a, lane 4) when compared to the
CSPI. The 15 kDa polypeptide is part of the napin proteins and
has been characterized as a trypsin inhibitor (13). Upon addition
of â-mercaptoethanol (ME) to the CSPI, the intensity of the
15, 50, and 55 kDa bands was reduced, while that of the 28
kDa polypeptide was unaffected (lane 1). The results suggest

that each of the three polypeptides (15, 50, and 55 kDa) contain
smaller units of polypeptide chains held together by disulfide
bonds. Covalent disulfide linkages in proteins contribute to
structural stabilization, especially in conditions that lead to
irreversible denaturation (30). The higher levels of the three
disulfide-bonded polypeptides (15, 50, and 55 kDa) could have
contributed to structural rigidity of theS. albaCSPI, which
enhanced the ability of the proteins to resist calcium-induced
precipitation, when compared to the calcium-precipitated protein
isolate. The results are consistent with a previous report, which
showed that the 15 kDa protein fromS. albaseeds consists of
two polypeptide chains held together by two disulfide bonds
(31). The work of Neuman et al. (13) has also shown that the
trypsin inhibitor activity of aS. alba14 kDa subunit (estimated
to be 15 kDa in the present work) was abolished upon treatment
with dithiothreitol, which suggests that disulfide bonds are an
integral part of the polypeptide structure and are required for
proper function. The higher level of cysteine in the CSPI (Table
2) supports the higher incidence of disulfide bond formation
that was observed inFigure 1.

Peptide Sequence.Polypeptides with masses of approxi-
mately 5, 22, 28, and 35 kDa were cut from a ME+SDS-PAGE
Tris-glycine gel and digested with trypsin. The tryptic peptides
were analyzed on a MALDI-TOF for accurate mass determi-
nation and peptide mass fingerprinting (Table 3). The masses
were compared by database search with tryptic digest patterns
of known peptides using the Protein Prospector software. The
results indicated the presence ofS. albamajor allergen small
subunit peptides in the 5 kDa band, while the 22, 28, and 35
kDa bands were composed of cruciferin peptides (Table 3). The
amino acid sequence predicted for one of the tryptic peptides
from the 5 kDa band is similar to the peptide corresponding to
position 13-21 of the S1 polypeptide ofS. alba (13). This
polypeptide has been shown to be part of the napin group of
proteins, which have allergenic properties. Therefore, incorpora-
tion of the S. albaCSPI into food drinks must recognize the
potential for allergic reactions within the population.

Protein Solubility in the Presence of Calcium Ions. Figure
2 compares the protein solubility of different concentrations of
CSPIs fromS. alba,B. juncea, and soybean at pH 5.0 in the

Table 2. Amino Acid Composition of S. alba Defatted Seed Meal,
Calcium-Precipitated Proteins (CPPI), and Calcium-Soluble Proteins
(CSPI)

concentration (g/100 g of protein)

amino acid meala CPPIb CSPIc

Asxd 6.92 8.81 8.99
Glxd 13.29 12.29 21.01
serine 3.73 4.79 4.28
glycine 4.42 5.04 5.71
histidine 1.88 2.01 2.18
arginine 5.08 6.06 6.63
threonine 3.91 5.12 4.01
alanine 3.41 4.45 4.17
proline 4.78 4.39 6.06
tyrosine 2.94 4.34 2.59
valine 4.26 5.25 5.14
methionine 1.57 1.99 1.92
cysteine 1.59 1.10 1.80
isoleucine 3.11 4.18 4.18
leucine 5.71 7.39 7.66
phenylalanine 3.19 4.50 4.06
lysine 4.84 3.51 3.49
tryptophan 1.49 1.35 1.41

a Defatted seed meal. Protein content, dry weight basis (dwb), Kjeldahl N ×
6.25 ) 49.58%. b Precipitated proteins obtained after adjustment of a defatted
seed meal aqueous extract to 0.75 M calcium chloride at pH 5.0. Protein content
(dwb), Kjeldahl N × 6.25 ) 84.93%. c Soluble (supernatant) proteins obtained after
adjustment of a defatted seed meal aqueous extract to 0.75 M calcium chloride at
pH 5.0. Protein content (dwb), Kjeldahl N × 6.25 ) 89.47%. d Asx ) Asp + Asn
and Glx ) Glu + Gln.

Figure 1. SDS−PAGE analysis of S. alba protein isolates. (A) With
2-mercaptoethanol: lane 1, calcium-soluble protein isolate (CSPI) and
lane 2, calcium-precipitated protein isolate (CPPI). (B) Without 2-mer-
captoethanol: lane 3, CSPI; lane 4, CPPI; and lane 5, standard molecular
weight (MW) proteins.
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presence of 0.75 M calcium chloride. The CSPIs fromS. alba
andB. junceahad higher solubility properties than the soy CSPI
at all the protein concentrations used in this study. Furthermore,
S. alba CSPI retained a constant high degree of solubility
(>96%) over the protein concentration range, while solubility
of bothB. junceaand soybean CSPIs decreased with the increase
in protein concentration. The results suggest that theS. alba
CSPI would be resistant to calcium-induced protein-protein
interactions within the protein concentration range of this work,
while those interactions would gradually increase as the protein
concentrations ofB. junceaand soybean CSPIs increase. Since
the pH that was used in this work (5.0) is close to the pH levels
in some food drinks, it may be possible to use theS. albaCSPI
to formulate functional beverages that contain high levels of
calcium.

Particle Size (d3,2) of Beverage Emulsions.The effect of
the presence of calcium on the particle size and visual
consistency of the beverages is shown inTable 4. In the absence
of calcium, the soybean-stabilized emulsion is superior in quality
to the S. albaCSPI -stabilized emulsion. No visible protein
precipitate was present in either of the emulsions containing
no calcium. However, upon addition of 3% (w/v) CaCl2 there
was an almost 20% decrease in thed3,2 of the emulsion stabilized
by theS. albaCSPI. This result demonstrates the ability of the
S. alba CSPI to resist calcium-induced protein precipitation
while maintaining the capacity to form an emulsion. In the
absence of calcium, the emulsion stabilized with the soybean
protein isolate had an excellentd3,2 value when compared to a
similar emulsion stabilized by theS. albaCSPI. There was also
no visible protein aggregate (precipitate) in either emulsions in

the absence of calcium (Table 4). On the other hand, the
emulsion stabilized by soybean proteins had very poor qualities
in the presence of calcium;d3,2 increased substantially from 0.15
to 34.47µm, while visible protein aggregates were present as
clots in the emulsion. Such protein clots were not found in the
emulsion stabilized byS. albaCSPI in the presence of calcium.
The formation of visible protein aggregates in the soybean
emulsion is in contrast to that obtained for the emulsion
stabilized byS. albaCSPI and suggests that the soybean proteins
are not capable of maintaining structural stability in the presence
of high levels of calcium. The beverage emulsion results
demonstrate the potential of theS. albaCSPI to form liquid
food emulsions in the presence of high levels of calcium.

Conclusions.S. albaseeds contain a protein fraction (CSPI)
that is resistant to precipitation in the presence of high levels
of calcium chloride. The high levels of cysteine and proline
coupled with the presence of disulfide-bonded polypeptides may
be responsible for the structural stability of theS. albaCSPI.
This extract provides an advantage over similar proteins from
Brassicaspecies and soybean in that it may be used to formulate
food emulsions that are stable to calcium-induced destabilization.
This CSPI has the additional advantage that it contains low
concentrations of glucosinolates, meaning that such food emul-
sions would have low levels of the characteristic pungent flavor
of S. albaseeds. However, the presence of napin proteins that
have trypsin inhibitor activity, and allergenic properties may
limit the extent to which CSPI can be incorporated into foods.
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(22) Schägger, H.; von Jagow, G. Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for the separation of proteins
in the range from 1 to 100 kDa.Anal. Biochem.1987, 166, 368-
379.

(23) Jimenez, C. R.; Huang, L.; Qiu, Y.; Burlingame, A. L. Sample
preparation for MALDI Mass analysis of peptides and proteins.
In Current protocols in protein science; Coligan, J. E., Dunn,
B. M., Ploegh, H. L., Speicher, D. W., Wingfield, P. T., Eds.;
John Wiley & Sons: Hoboken, NJ, 2003.

(24) Clauser, K. R.; Baker, P. R.; Burlingame, A. L. Role of accurate
mass measurement ((10 ppm) in protein identification strategies
employing MS or MS/MS and database searching.Anal. Chem.
1999,71, 2871-2882.

(25) SAS User’s Guide: Statistics. Statistical Analysis System; SAS:
Cary, NC, 1998.

(26) Gruener, L.; Ismond, M. A. H. Effects of acetylation and
succinylation on the physicochemical properties of the canola
12S globulin. I.Food Chem.1997,60, 357-363.

(27) Mayr, L. M.; Schmid, F. X. Kinetic models for unfolding and
refolding of ribonuclease T1 with substitution of cis-proline 39
by alanine.J. Mol. Biol. 1993,231, 913-926.

(28) Tamura, M.; Oku, T.; Hosoya, N. Calcium-binding proteins in
bovine milk: calcium-binding properties and amino acid com-
position.J. Nutr. Sci. Vitaminol.1982,28, 533-541.

(29) Klee, C. B. Conformational transition accompanying the binding
of Ca2+ to the protein activator of 3′,5′-cyclic adenosine
monophosphate phosphodiesterase.Biochemistry1977, 16, 1017-
1024.

(30) Cheftel, J. C.; Cuq, J.-L.; Lorient, D. Amino acids, peptides,
and proteins. InFood Chemistry, 2nd ed.; Fennema, O. R., Ed.;
Marcel Dekker: New York, 1985; pp 245-369.

(31) Menendez-Arias, L.; Monsalve, R. I.; Gavilanes, J. G.; Rodriguez,
R. Molecular and spectroscopic characterization of a low
molecular weight seed storage protein from yellow mustard
(Sinapis albaL.). Int. J. Biochem.1987,19, 899-907.

Received for review February 24, 2004. Revised manuscript received
June 17, 2004. Accepted July 14, 2004.

JF0496907

6034 J. Agric. Food Chem., Vol. 52, No. 19, 2004 Aluko et al.


