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ABSTRACT: Results of a study of the effect of calcium addition
on polypeptide composition, hydrophobicity, sulfhydryl content,
thermal stability, enthalpy of denaturation, and water solubility of
soybean protein isolates suggest that the addition of small
amounts of calcium (1.23-5.0 mg/g protein) induced the forma-
tion of a,a” soluble aggregates, whereas large amounts (5.0-9.73
mg/g protein) induced the selective insolubilization of the
glycinin fraction. The addition of this ion also produced thermal
stabilization of the soybean proteins, mainly the glycinin fraction,
and increased the enthalpy of denaturation. A decrease in the sur-
face hydrophobicity of proteins with increasing calcium content
was also observed. The results obtained suggested the existence
of specific calcium—soy protein interactions, especially with the
glycinin fraction.
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New food ingredients with good-quality protein and low cost
currently are being sought. Many of those being investigated
include soy protein because soybean seeds contain a high
amount of protein with good nutritional quality. Furthermore,
glycinin (11S) and B-conglycinin (7S) globulins, the major
components of soy protein isolates, possess appropriate func-
tional properties for food applications. The structure and con-
formation of these proteins as well as substances present dur-
ing the isolation procedure influence these properties.
Macromolecules are affected by salts. These effects will de-
pend not only on salt concentration (ionic strength) but also on
their nature (lyotropic effect). According to Hofmeister’s
series, which arranges ions according to the lyotropic effect
they may have, the calcium ion is located at the end of this se-
ries, corresponding to those ions that promote protein salting-
in, leading to destabilization of the native structure (1).
Calcium is an essential mineral, either by itself or when re-
placing sodium. It participates in the etiology or control of two
widespread diseases: osteoporosis and arterial hypertension
(2). Moreover, calcium intakes are often far below the recom-
mended levels. Accordingly, its incorporation into nondairy
foods is an appropriate method for achieving adequate intake.
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Although the interactions between soy proteins and calcium
have been studied (3-7), no consensus has been reached. Al-
though some researchers support the existence of specific in-
teractions (4,7), others disagree (5).

The aims of this study were to obtain soy protein isolates
enriched by calcium addition and to study the influence of this
ion on some protein structural parameters and on the water sol-
ubility of the isolates.

MATERIALS AND METHODS

Preparation of isolates. Protein isolates were prepared from
hexane-defatted soy flour (Bunge-Ceval, Brazil) containing
50% protein (NSI 78-80). The flour was extracted with water
adjusted to pH 8.0 with 2 N NaOH (flour/water ratio of 1:10
wt/vol) at room temperature for 2 h. The pH was periodically
readjusted to 8.0. This suspension was filtered through gauze,
and the filtered material was centrifuged at 10,000 X g at 4°C
for 30 min. The supernatant was adjusted to pH 4.5 with 2 N
HCI. The precipitate was separated by centrifugation at 5,000
X g at 4°C for 15 min and then suspended in water. The suspen-
sion, which contained 7% (wt/vol) of proteins, was divided into
aliquots, which were adjusted to pH 8.0 with 2 N NaOH (con-
trol proteinate) or NaOH plus 5.5 mg/mL Ca(OH),. Different
amounts of calcium were added to the aliquots during suspen-
sion. The calcium content of the soybean protein isolates
ranged from 1.23 to 9.73 mg/g protein (Table 1). The suspen-
sions were freeze-dried and stored at 4°C.

At least two preparations of each calcium isolate were per-
formed.

Protein determination. The protein content of isolates was
measured by the Kjeldahl method (f=5.7) (8). Protein concen-
tration was determined using either the biuret method (9) or the
method of Lowry et al. (10) as an alternative for diluted solu-
tions.

At least two determinations were carried out for each sample.

Solubility in water. Soybean protein isolates were suspended
in water (5% wt/vol) at room temperature for 1 h with continu-
ous shaking and then centrifuged at 10,000 x g at 4°C for 10
min. The solubility was expressed as the percentage (w/w) of
the soluble fraction compared to the starting sample. At least
two determinations were carried out for each sample.

SDS-PAGE electrophoresis. (i) Unidimensional SDS-PAGE.
Dissociating electrophoresis was carried out in a continuous
buffer system: 0.375 M Tris-HCl, pH 8.8, 0.1% (wt/vol) SDS
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for the separating gel. Sample buffer used was 0.125 M Tris-
HCI, pH 6.8, 20% (vol/vol) glycerol, 1% (wt/vol) SDS, and
0.05% (wt/vol) bromophenol blue. In some cases, 5% (vol/vol)
B-mercaptoethanol was added. Samples were prepared by mix-
ing an aliquot of the soluble fraction with sample buffer. The
buffer used for the electrophoretic runs was 0.025 M Tris-HCl,
0.192 M glycine, and 0.1% (wt/vol) SDS, pH 8.3. The gel was
prepared with a 5-15% acrylamide gradient. Runs were per-
formed at 20 mA/0.75 mm plate thickness and a maximum volt-
age of 200 V. Gels were fixed, stained with R-250 Coomassie
(0.1% wt/vol) in water/methanol/acetic acid (5:5:2) overnight,
and destained with 25% (vol/vol) methanol and 10% (vol/vol)
acetic acid.

Densitograms were obtained by means of a TLC Scanning
CS-910 double-wavelength Shimadzu spectrodensitometer.

Molecular weights of the proteins were estimated by means
of the LMW Sigma kit (bovine albumin, 66.0; ovalbumin, 45.0;
glyceraldehyde-3-phosphate dehydrogenase, 36.0; carbonic an-
hydrase, 29.0; trypsinogen, 24.0; trypsin inhibitor, 20.1; and o-
lactalbumin, 14.2) or the LMW Pharmacia kit (phosphorylase
B, 94.0; albumin bovine, 67.0; ovoalbumin, 43.0; carbonic an-
hydrase, 30.0; trypsin inhibitor, 20.1; and o-lactalbumin, 14.4).

Bidimensional gel electrophoresis SDS-PAGE and SDS-
PAGE + 2-mercaptoethanol (2-ME). Each lane of the first-di-
mension slab gel was treated with 10 vol of treatment buffer
[62.5 mM Tris-HCI pH 6.8, 1% (wt/vol) SDS, sucrose 20%
(wt/vol), and 2-ME (0.2 M)] at 55°C for 30 min. The procedure
was repeated twice, changing the treatment buffer. Immedi-
ately, this portion of the gel was placed on top of the gel used
for the second dimension. Runs were performed under the
same conditions mentioned for the unidimensional gel.

DSC. A DuPont 910 DSC device was used for these stud-
ies. The cell constant and temperature calibrations were per-
formed according to ASTM Norms E 967-83 (11) and E 968-83
(12) using indium thermograms, respectively. Hermetically
sealed aluminum pans that contained 13-20 mg of soybean
protein isolate suspended in water (20% wt/vol) were prepared.
These capsules were scanned at 10°C/min over the range
30-130°C. An empty double pan was used as reference. After
DSC analysis, the pans were punctured and the dry matter
weight was determined by drying at 105°C overnight. At least
duplicate samples were taken. The parameters derived from the
thermograms were the denaturation temperature (7)) and de-
naturation enthalpy (AH ) of soy globulins. A cooperativity de-
gree of the thermal transition of glycinin was also determined
from the width at half-peak-height (AT ,).

Determination of free sulfhydryl (SHy) groups. SH, groups
were determined according to the procedure of Beveridge et al.
(13) by dissolving 50 mg of isolate in 5 mL of a buffer contain-
ing 0.086 M Tris, 0.09 M glycine, 0.004 M EDTA, and 8 M
urea, pH 8.0. Forty milliliters of Ellman’s reagent (4 mg/mL in
methanol) was added to 1 mL aliquots. Absorbance at 412 nm
was determined at different times until the absorbance maxi-
mum was reached. A molar extinction coefficient of 13,600 ML
cm™! was used. Protein concentration was determined accord-
ing to the biuret method (9) using bovine albumin dissolved in
8 M urea for plotting the calibration curve. Duplicate determi-
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nations were made. The number of SH, was calculated accord-
ing to the following equation:

(DO, -DO, —-DO5;)

1
e (1]

SH, =73.53

where SH, is concentration of free sulfhydryl in the sample
(umol/g protein); DO, maximum absorbance at 412 nm of
sample + Ellman’s reagent; DO,, absorbance at 412 nm of sam-
ple without Ellman’s reagent; DO3, absorbance of Ellman’s
reagent at 412 nm in urea buffer at 8 M; C, sample protein con-
centration (mg/mL). The number 73.53 is a coefficient that in-
cludes € (13,600 M~' cm™") and constants to express sulfhydryl
content in mol/g protein.

Determination of surface hydrophobicity (S,). Values of S,
were determined by using the hydrophobicity fluorescence
probe 1-anilino-8-naphthalene sulfonate (ANS) according to
the method described by Hayakawa and Nakai (14). Fluores-
cence intensity (FI) was measured at 365 nm (excitation) and
484 nm (emission) using a PerkinElmer 2000 fluorometer. The
initial slope of the FI vs. protein concentration plot (calculated
by linear regression analysis) was used as an index of protein
hydrophobicity (S,). Protein concentration was determined by
the method of Lowry et al. (10). At least two determinations
were performed for each sample.

Statistical analysis. The data obtained were statistically
judged by ANOVA. The comparison of means was done by the
Tukey test at a level (P) of 0.05. Both tests were carried out
using the statistical analysis package SYSTAT (15).

RESULTS AND DISCUSSION

Water solubility. Water solubility of the soy protein isolates
(percentage of bulk soluble protein/total sample) is presented
in Figure 1. The sodium proteinate used as control showed a
high solubility in water (about 80%). Calcium addition up to 5
mg ion/g isolate protein did not significantly affect solubility.
From this calcium content upward, solubility decreased with
calcium increase.

Electrophoretic analysis. The polypeptidic composition of
the isolate soluble fraction was judged by SDS-PAGE (Fig. 2)
to determine which proteins were involved in the decrease of
solubility. Control sodium proteinate (Fig. 2A) contained those
subunits corresponding to B-conglycinin (o, o, and 8), AB-
glycinin subunit, and a small amount of their free A and B
polypeptides. Soluble aggregates were observed in the high
M.W. region; some of them were unable to penetrate the poly-
acrylamide gel (named 1) whereas others did (named 2 and 4,
113 + 3 and 86 + 2 kDa, respectively). A strong band of 28.5 +
0.7 kDa, named 3, also was detected. The soluble protein
fraction of the isolates after calcium addition evidenced the
same polypeptide composition when compared to the control.
However, the relative intensities of bands showed marked dif-
ferences (Figs. 2B—F). All the proteinates maintaining water
solubility similar to the control showed identical elec-
trophoretic profiles (Figs. 2B—D). The region corresponding
to the aggregates that penetrate the polyacrylamide gel ap-
peared to be increased, whereas the bands of B-conglycinin
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FIG. 1. Percent solubility in water of soybean protein isolates as a func-
tion of their calcium content.

o, o, and B subunits showed a diminished relative intensity
compared to that of the control (Figs. 2B-D vs. A). Densi-
tograms of the isolates with high calcium content and lower
water solubility than the control (Figs. 2E, F) provided good
evidence regarding the predominance of 3-conglycinin bands
in the soluble fraction, although the intensity of the AB-sub-
unit of glycinin was found to be markedly decreased. These re-

sults indicate that, when the addition of calcium is insufficient
to produce changes in water solubility, B-conglycinin is in-
volved mainly in the formation of soluble aggregates. On the
contrary, glycinin is responsible for the formation of soluble
aggregates under precipitation conditions. Moreover, the 28.5
+ 0.7 kDa polypeptide soluble fraction is selectively enriched,
becoming the only predominant protein species in the soluble
fraction of the isolate with maximal calcium content (Fig. 2F).
The addition of 2-ME to the soluble fraction of these isolates
led to notable changes in the electrophoretic profiles. Figure 3
shows the control isolate (Fig. 3A), a soy isolate with low cal-
cium content and high water solubility (Fig. 3B), and another
one with high calcium content and low water solubility (Fig. 3C).
We found that those soluble aggregates of high M.W. that pene-
trated the gel (named 2 and 4, Fig. 2) were not present in the con-
trol isolate (Fig. 3A) or in the low- and high-calcium content iso-
lates (Figs. 3B and 3C, respectively). This fact revealed the
involvement of disulfide bonds in the formation and stabiliza-
tion of the aggregates. Also, the 28.5 + (0.7 kDa protein band
(band 3 in Fig. 2) was split owing to the action of the disulfide
bond-reducing agent. The AB-glycinin subunit also disappeared,
since its polypeptidic components are linked by disulfide bonds.
The aggregates named 1 were partially separated, indicating that
they may be stabilized by other interactions in addition to the
covalent ones; the noncovalent interactions should hinder the 2-
ME action. The comparison between the control isolate (Fig. 3A)
and isolates modified by calcium addition (Figs. 3B,C) allowed
us to detect a significant increase in the intensity of bands

Da 66 45 36 29 24 20.1 .2

FIG. 2. Densitometric scans of the electrophoretic patterns (SDS-PAGE) of water-soluble fractions. (A) Sodium iso-
late (sample 1); (B-F) isolates modified by addition of 1.23, 2.87, 4.52, 7.24, and 9.73 mg calcium/g protein, re-
spectively (samples 2, 4, 6-8). o/, o, B, conglycinin subunits: AB, glycinin subunits; A and B, glycinin polypeptides;
1, 2, and 4, soluble aggregates; and 3, polypeptide bands of 28 kDa approximately.
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kDa 66 453629 24 20.114.2

FIG. 3. Densitometric scans of the electrophoretic patterns [SDS-PAGE with 2-mercaptoethanol (2-ME)] of water-
soluble fractions. (A) Sodium isolate (sample 1); (B and C) isolates modified by addition of 4.52 and 9.73 mg cal-
cium/g protein, respectively (samples 6 and 8). For abbreviations see Figure 2.

corresponding to B-conglycinin (o, o, and ), as well as a rela-
tive decrease in the intensity of bands corresponding to the AB-
glycinin polypeptides; the higher the calcium content, the greater
the change in the relative intensity of these bands. The increased
intensity of the B-conglycinin polypeptides could be the result of
the splitting of aggregates 2 and 4, produced by the reducing ac-
tion of 2-ME. Also, the band named 3 was probably separated
into a 14.8 + 0.4 kDa polypeptide since it is the only new band
in the profiles, and it is most likely linked to the increased inten-
sity of the B-glycinin polypeptide (18.8 £ 0.5 kDa).

The polypeptidic composition of the soluble fractions in 8
M urea also was determined by SDS-PAGE. Densitograms of
the isolates (soluble fractions at 8 M urea) were similar, irre-
spective of the presence and amount of calcium (Fig. 4). In the
presence of 8 M urea, the aforementioned aggregates were de-
tected (1, 2, and 4), indicating that covalent interactions are in-
volved in their stabilization. A large amount of the B subunit of
B-conglycinin, and of A- and B-glycinin polypeptides was ob-
served in the 8 M urea profiles, as compared with those of the
same isolates after their solubilization in water (Figs. 4A—C and

Figs. 2A, D, F, respectively). In an aqueous medium these
polypeptides induce aggregates stabilized by hydrophobic in-
teractions and hydrogen bonds, which are disrupted in 8 M
urea. A greater relative intensity also was found in the aggre-
gate 2 band. These results allowed us to determine which pro-
teins were either totally (B subunit of B-conglycinin, and A- and
B-glycinin) or partially (band 2) disaggregated due to the ef-
fect of 8 M urea, forming bands consistent with individual sub-
units or high molecular mass aggregates as determined by
SDS-PAGE. Bidimensional electrophoresis (Fig. 5) was per-
formed to corroborate the covalent nature of those aggregates
found in water and 8 M urea soluble fractions. Isolate 8 (9.73
mg calcium/g protein) was selected due to the fact that the pres-
ence of calcium increases the formation of aggregates. The sol-
uble aggregates, unable to penetrate the polyacrylamide gel,
were composed of the o and o subunits of B-conglycinin and
the A- and B-glycinin polypeptides, whereas aggregates 2 and
4 were probably constituted by o and o’. The glycinin polypep-
tides might also be involved, although in a minor proportion.
In contrast, the B subunit would not take part in the formation

A
B
1
AB 1
A
3
2 o B
4
’
— e a N
kDa 66 36 24 142
45 29 201

FIG. 4. Densitometric scans of the electrophoretic patterns (SDS-PAGE) of 8 M urea soluble fractions. (A) Sodium
isolate (sample 1); (B and C) isolates modified by addition of 4.52 and 9.73 mg calcium/g protein, respectively

(samples 6 and 8). For abbreviations see Figure 2.
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FIG. 5. Bidimensional electrophoresis (SDS-PAGE and SDS-PAGE + 2-
ME) of 8 M urea-soluble fractions of sample 8 (9.73 mg calcium/g pro-
tein). For abbreviations see Figures 2 and 3.

of these aggregates. It is also evident that band 3 (28.5 £ 0.7
kDa) is split by 2-ME, giving rise to a polypeptide equal to [3-
glycinin, and a smaller polypeptide that was present in a lower
quantity. This protein (band 3) might correspond to AsB, that
is, the disulfide-bound fraction of glycinin, A,A;B; globulin
(also named G) (16).

Hoshi and Yamauchi (17) determined by electrophoresis a
band with features similar to band 3 regarding molecular mass
and modification by 2-ME. These authors also attributed its oc-
currence to B-glycinin dimers. Notwithstanding, as the molec-
ular mass of B, does not reach 29 kDa, we support the hypoth-
esis dealing with G,, which may represent up to 10% of total
glycinin in some soy variants (16).

Thermal analysis. Samples were studied by DSC (18). The
T, obtained showed that the glycinin structure is more stabi-
lized than that of B-conglycinin as a result of the presence of
calcium. This behavior was unexpected since calcium is lo-
cated at the end of Hofmeister’s series, with ions tending to

TABLE 1

67

produce an unstable protein structure owing to the decrease of
hydrophobic interactions.

Thermal stabilization of some proteins due to increase of
ion strength (19) should be discarded in our system because it
remained almost constant in all the isolates assayed. In addi-
tion, the effects on globulins were different and selective by
each globulin fraction.

AH values were similar for all soybean protein calcium iso-
lates (Table 1) except for samples 2 and 3, which showed
higher values (P < 0.05). In some cases, specific ion—protein
binding (20) produces an increase of the denaturing AH due to
the presence of the ion. This phenomenon would explain the
AH increase in some calcium-containing isolates (samples 2
and 3). However, higher calcium contents (from 2.87 mg/g pro-
tein) would give rise to aggregation due to the action of both
the presence of calcium and heating throughout the calorimetric
run. The AH decrease observed could be due to the exothermal
aggregation process and/or the disruption of the hydrophobic
interactions that contribute to the stabilization of the aggregates
promoted by the ion.

Calcium content increased the denaturing process coopera-
tivity as revealed by the reduction of the AT, value (Table 1)
in those isolates with the highest calcium levels. This result
suggests that soybean proteins in the presence of high calcium
content may aggregate to form compact structures with higher
cooperativity; a similar behavior was detected in preheated
vegetable proteins (21).

Free sulfhydryl groups. Sulthydryl groups (SH) and disul-
fide (SS) bonds are important in protein conformation since
they give the macromolecule structural rigidity and stability.
The soybean globulins, B-conglycinin and glycinin, contain
different proportions of cysteine residues in their sequence,
glycinin being the richest fraction (38—42 residues/mol) (22).
The SH; contents of the isolates under study are presented in
Figure 6. All the values were low, and within a relatively nar-
row range (approximately 0.5-0.8 umol SH /g protein). The
SH,, values were lower than those reported by Wolf (16) con-
sidering the number of cysteines in the protein fraction. The
decrease in the SH; content could be attributed to the natural
tendency to form SS bonds in the proteins (17), and also to the

Temperatures (T,), and Enthalpies (AH,) of Denaturation of Soybean Globulins, and of Cooperativity Degree

of Glycinin (AT, ,,)

mg of mmol of T O

Soybean calcium/g calcium/g a0 AT, , glycinin AH,
isolates of protein of protein B-Conglycinin Glycinin (°C)? 0/g)?

1 0 0 75.52 90.92 9.50? 15.00%¢
2 1.23 0.03 77.0° 93.5" 9.50° 18.48P
3 2.05 0.05 73.5¢ 92.5P 9.50° 17.81°
4 2.87 0.07 74.0¢ 93.6" 9.02P 14.63%¢
5 3.70 0.09 74.1¢ 93.6" 9.50° 16.222
6 4.52 0.11 76.0%b 94.7b¢ 9.50° 14.712¢
7 7.24 0.18 76.9° 95.8¢ 8.50¢ NDP

8 9.73 0.24 78.64 97.34 8.004 14.03%¢

“Means in the same column with different superscript roman letters are significantly different (P < 0.05).

bND, not determined.
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FIG. 6. Free sulfhydryl groups (SH) of the isolates studied. Samples 1 to
8:0,1.23,2.05,2.87,3.70, 4.52, 7.24, and 9.73 mg calcium per g pro-
tein. Bars with different letters on the top are significantly different at
P<0.05.

processes, i.e., lyophilization, to which the proteins are sub-
jected (16,23).

Our results indicate that, except at the maximal calcium con-
centration, the isolates had the same SH. content as sodium
proteinate (samples 1 to 7, P < 0.05). After the addition of 9.73
mg ion/g protein (sample 8), the content of sulthydryls was sig-
nificantly different from and greater than in the other samples
(0.76 = 0.06 umol SH /g protein, P < 0.05). Therefore, the
presence of calcium would exert a masking effect on the reac-
tive groups, partially avoiding the SS formation.

Surface hydrophobicity. S , was assessed with ANS as fluo-
rescent probe. Since changes of solubility are important for the
samples under study, it should be noted that measurements
were performed in the soluble fraction, in 0.1 M phosphate
buffer at pH 7.0. Analysis of the calcium-containing isolates
(Fig. 7A) indicated that their S, were smaller than the ones of
the soy protein isolate without calcium (P < 0.05). Also, S,, de-
creased as calcium content increased. Isolates 4-8 showed the
same S, although less than that found at lower calcium con-
tent (P <0.05).

Soy protein aggregation promotes a reduction in S, (24), al-
though there is no general rule for predicting hydrophobicity
variations with changes in protein conformation. Therefore, the
explanation for those changes in S, must be the formation of sol-
uble aggregates promoted by the presence of calcium. Such ag-
gregates, with fewer regions within the reach of the probe than
the control sodium proteinate (Fig. 7A), are soluble, since the So
of soluble proteins has been quantified. Results previously ob-
tained in our laboratory (25) showed that the presence of calcium
does not prevent the probe interaction with the proteins.

JAOCS, Vol. 81, no. 1 (2004)
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FIG. 7. (A) Values of surface hydrophobicity (S, determined by the inter-
action of the fluorescent probe 1-anilino-8-naphthalene sulfonate with
the isolates studied. Bars with different letters on the top are significantly
different at P < 0.05. (B) Relationship between S, and water solubility
(%). Samples 1 to 8: 0, 1.23, 2.05, 2.87, 3.70, 4.52, 7.24, and 9.73 mg
calcium per g protein.

The fluorescent probe could have had difficulty reaching the
hydrophobic sites because they are closely related to the aggre-
gate formation through hydrophobic bonds or, more likely, be-
cause the calcium ion could mask those sites by the ionic link-
age of the polypeptidic chains; alternatively, both mechanisms
could be involved.

Figure 7B shows the correlation between S, and water sol-
ubility of the isolates studied. When enough calcium is added
so as to induce solubility changes (24.52 mg calcium/g pro-
tein), the surface hydrophobicity remains unaltered. On the
other hand, when water solubility remains stable, So increases.
The present results indicate that calcium promotes the forma-
tion of aggregates that are initially soluble, in part because they
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are stabilized by hydrophobic interactions. After calcium addi-
tion, their interaction with the fluorescent probe falls. Then the
increase in size renders the aggregates insoluble, leading to pre-
cipitation, and the So of the soluble fraction remains constant.

Although the use of calcium salts as precipitating agents of
soybean proteins dates back as far as two millenia, the nature
of the ion—protein interaction still awaits clarification. Our re-
sults denote the existence of a specific calcium—soy protein in-
teraction. On the other hand, the calcium soybean protein iso-
lates obtained would be a good option for incorporating this
mineral into nondairy foods.
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