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Interactions among Protein Molecules in Freeze-Gel of Soymilk and
Protein Structures in Heated Soymilk during Cooling
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To estimate the interactions forming in soymilk freeze-gel, lyophilized gel was extracted successively
with various solvents. A mixture of urea, sodium dodecyl sulfate (SDS), and 2-mercaptoethanol
(2-ME) dissolved the proteins effectively. The thiol—disulfide exchange reactions and hydrophobic
interactions were shown to have a complex relation with a three-dimensional network. The addition
of SDS or 2-ME resulted in an incomplete gel or no precipitation of soymilk. In our previous paper
(Shimoyamada et al. Food Sci. Technol. Res. 1999, 5, 284—288), the significance of precooling to
form small, homogeneously distributed ice crystals in soymilk was reported. In this study, precooling
was shown to maintain the partially denatured structures of soybean proteins in soymilk that had
unfolded due to heat treatment. These phenomena were considered to be other important functions

of precooling in freeze-gelation.
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INTRODUCTION

Soybeans have been widely utilized as a foodstuff as
well as a source of oil. They contain high levels of protein
and oil, which have excellent qualities in terms of
nutrition and functional properties. Soymilk, which is
a kind of emulsion consisting of soybean proteins and
lipids, is used not only as a beverage but also as the
main ingredient in tofu (soybean curd) or yuba (sheets
of dried soymilk skin) (Wu and Bates, 1972).

In our previous paper (Shimoyamada et al., 1999a),
we reported that soymilk could be converted to a gel-
like coagulate through successive processes of heating,
precooling, and freezing. Soymilk freeze-gel is similar
to soft tofu or yogurt. This freeze-gel is processed
without the addition of coagulants such as calcium
sulfate, magnesium chloride, glucono-d-lactone, etc.,
thus differing from traditional tofu gel (Wang and
Cavins, 1989; Sung and Breene, 1991; Kohyama et al.,
1992; Evans et al., 1997). This process also differs from
freeze coagulation (Watanabe et al., 1963; Hashizume
et al., 1971; Hashizume, 1979), cold-gel (Soeda, 1994),
and heat-gel (Kinsella, 1979; Mori et al., 1981; Utsumi
et al., 1984), all processes in which gels are made from
protein solution or paste containing no lipids.

Interactions among protein molecules in these ag-
gregation processes have been widely investigated.
Disulfide, hydrophobic, and electrostatic interactions are
considered important for heat-gelation (German et al.,
1982; Utsumi et al., 1984). In the freeze-insolubilization
of soybean protein solutions, disulfide bond formation
and exchange were reported to be important intermo-
lecular interactions (Hashizume et al., 1971), while for
cold gel formation, the hydrophobic interactions were
more important (Soeda, 1994). We therefore decided to
study the interactions among protein molecules during
freeze-gelation, in which the precooling step is consid-
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ered to be very important for uniform texture of the
freeze-gel (Shimoyamada et al., 1999a,b). The precooling
step allows the formation of spherical ice crystals, which
were found to be distributed uniformly in frozen soymilk
during freeze-storage (Shimoyamada et al., 1999b). We
also attempted in the present study to clarify its
significance in the protein structures of soymilk. For
this, the free thiol content and the surface hydrophobi-
city of protein were estimated during precooling. The
effect of precooling on the structure of heated soybean
protein during cooling is discussed herein.

MATERIALS AND METHODS

Preparation of Soymilk. Soymilk was manually prepared
as described in our previous paper (Shimoyamada et al.,
1999a).

Processing of Soymilk. Raw soymilk preparations were
heated in an autoclave at 110 °C for 3 min. The heated soymilk
was put into individual plastic tubes (30 mL each) and stored
in a temperature-controlled refrigerator. The soymilk samples
were first cooled at —5 °C for 2 h and then frozen at —20 °C
for 14 days as described earlier (Shimoyamada et al., 1999a).
Freeze-stored soymilk was thawed in warm water at 30 °C.

Preparation of Acid-Precipitated Protein Fraction
from Soybean Seeds. Soybean acid-precipitated protein
fraction (APP) was prepared as described in our previous paper
(Shimoyamada et al., 1998). Soybean seeds were milled and
extracted with n-hexane. Defatted soybean seed flour was
mixed with 20 vol of 0.03 M Tris-HCI buffer (pH 8) and stirred
for 2 h at room temperature. The supernatant was collected
by centrifugation (9000g, 30 min) and adjusted to pH 4.5. The
resulting precipitate was dispersed in water, dialyzed, and
lyophilized to afford APP.

Extraction of Lyophilized Soymilk Sample with Vari-
ous Solvents. Soymilk, which had been heated, precooled, and
then frozen for 2 weeks, was lyophilized without going through
a thawing process. The lyophilized sample was milled and
extracted with 10 vol of 0.1 M phosphate buffer (pH 7.6), 1.5
M urea in the same buffer, 0.1 M SDS in the buffer, and 1.5
M urea, 0.1 M SDS, and 0.01 M 2-ME in the buffer, succes-
sively. Each extract was subjected to SDS—PAGE for analysis
of the protein constituents.
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Figure 1. SDS—PAGE patterns of extracts from soymilk
freeze-gel with various solvents. Each sample was extracted
from lyophilized soymilk freeze-gel in which soymilk was
heated, pre-cooled at —5 °C, and frozen for 2 weeks at —20
°C. Lane 1, Molecular weight markers; lane 2, APP; Lanes 3
and 6, 0.1 M phosphate buffer; lanes 4 and 7, phosphate buffer
with 1.5 M urea; lanes 5 and 8, with 0.1 M SDS; lane 9, with
1.5 M urea, 0.1 M SDS, and 0.01 M 2-ME. Lanes 3, 4, and 5,
without 2-ME; lanes 1, 2, 6, 7, 8, and 9, with 2-ME. o', o'~
subunit of S-conglycinin; a, a-subunit of S-conglycinin; £,
S-subunit of g-conglycinin; A, acidic polypeptides of glycinin;
and B, basic polypeptides of glycinin.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Elec-
trophoresis (SDS—PAGE). SDS—PAGE of proteins in soymilk
was carried out by the method of Laemmli (1970), using 12.5%
acrylamide gels. Electrophoresis gels were stained by Coo-
massie brilliant blue R-250.

Estimation of Surface Free Thiol Content in APP
Solution and Soymilk. Free thiol content in APP solution
was estimated by the method of Ellman (1959), using 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB). A sample solution was
diluted with 0.1 M phosphate buffer (pH 7.6). The aliquot (5
mL) was mixed with 0.01 M DTNB solution (0.03 mL) and
incubated for 20 min at room temperature. Absorbance of the
resulting solution was measured at 412 nm.

The free thiol residue in soymilk was estimated using 2,2'-
dithiobis(5-nitropyridine) (DTNP) instead of DTNB (Grasseti
and Murray, 1969; Obata et al., 1989). Soymilk was similarly
diluted with the phosphate buffer. An aliquot (2 mL) was
mixed with 5 x 107 M DTNP in ethanol (0.5 mL) and
incubated for 20 min at room temperature. The resulting
solution was mixed with 10% perchloric acid solution (2.5 mL)
and centrifuged for 10 min at 3000 rpm. The supernatant was
filtered, and its absorbance was measured at 386 nm. Tripli-
cate measurements were carried out for each sample.

Estimation of the Surface Hydrophobicity of Proteins
in the Soybean Protein Solution and Soymilk. The
surface hydrophobicity of the proteins was measured using
1-(anilino)naphthalene-8-sulfonate (ANS) (Hayakawa and Na-
kai, 1985). A properly diluted sample (0.1 mL) was mixed with
0.01 M phosphate buffer (pH 7.0, 4 mL) and 8 x 1073 M ANS
solution (0.02 mL). The mixture was excited at 390 nm, and
the relative fluorescence intensity was measured at 470 nm
in a fluorescence spectrophotometer (F-2000, Hitachi, Ltd.,
Japan). Triplicate measurements were carried out for each
sample.

RESULTS AND DISCUSSION

Successive Extraction of Lyophilized Soymilk
Freeze-Gel with Various Solvents. Soymilk freeze-
gel was formed during freeze-storage, where the three-
dimensional gel matrix consisted mainly of soybean
protein molecules. To analyze the interactions among
proteins, extracts with various solvents were subjected
to SDS—PAGE (Figure 1). Only a fraction of the glycinin
acidic polypeptides could be extracted from freeze-gel
with phosphate buffer (lanes 3 and 6) and 1.5 M urea
in the same buffer (lanes 4 and 7). Each subunit from
soybean proteins, except glycinin basic polypeptides,
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could be extracted to a certain extent with 0.1 M SDS
in the buffer (lane 5). In this sample, high molecular
weight aggregates which could not enter the gel were
also detected. With the addition of 2-ME, this fraction
showed a decrease in aggregates and an increase in
soybean protein subunits, especially glycinin basic
polypeptides (lane 8). From the above data, it is thought
that the aggregates detected in heat-frozen soymilk
were formed by disulfide interactions and became
insoluble due to hydrophobic interactions between ag-
gregates. By using a buffer containing urea, SDS, and
2-ME, larger amounts of protein could be extracted (lane
9), and a small amount of precipitate remained. Even
in this case, however, there was some aggregate de-
tected at the top of the gel. Proteins in soymilk are
thought to interact through disulfide bonds and hydro-
phobic interactions to form an insoluble network com-
parable to those in previous reports (Hashizume, 1979;
Soeda, 1994). These aggregates were soluble in neither
SDS-containing buffer nor 2-ME-containing buffer.

Effect of Sodium Sulfite and Sodium Dodecyl
Sulfate (SDS) on Formation of Freeze-Gel of
Soymilk. The above results revealed complex hydro-
phobic and disulfide interactions. To estimate the effect
of the reduction of disulfide bonds, soymilk samples
containing sodium sulfite were heated, successively
cooled at —5 °C, and frozen at —20 °C. After 2 weeks,
the frozen samples were thawed in water at 30 °C
(Figure 2, panels B and C). In comparison with the
control sample (Figure 2A), the addition of 0.1% sodium
sulfite partially suppressed gelation and led to a het-
erogeneous precipitation (Figure 2B). Increased sodium
sulfite (0.5%) completely inhibited the coagulation of
soymilk (Figure 2C). Hashizume (1979) reported that
the formation of intermolecular disulfide bonds was
important for the insolubilization of soybean protein
during freeze-storage.

Hydrophobic interactions were also considered to be
important among protein molecules. The addition of
SDS led to a partially collapsed surface on the freeze-
gel at 0.1% (Figure 2D) and to heterogeneous precipita-
tion at 0.5% (Figure 2E). Apparently, a greater concen-
tration of SDS than sodium sulfite was needed to inhibit
the formation of freeze-gel. From the above results
overall, it is considered that glycinin basic polypeptides,
which were dissociated from glycinin subunits during
the heating step, were associated with other basic
polypeptides or other proteins through intermolecular
disulfide bonds. The resulting aggregates then inter-
acted with other aggregates by disulfide and/or hydro-
phobic interactions to form insoluble coagulates.

Changes of Free Surface Thiol Content of Soy-
bean Protein During Heating and Cooling Pro-
cesses. The above results showed that disulfide and
hydrophobic interactions are important in forming the
gel texture. The freeze-gelation was also shown to
require the precooling step in which heated soymilk was
cooled at —5 °C for 2 h before freeze-storage. In our
previous paper (Shimoyamada et al., 1999a), uniform
fine ice crystals were formed when soymilk was frozen
after precooling by supercooling, and this was consid-
ered to be the significant aspect of precooling. However,
heated soymilk kept at room temperature and then
slowly cooled formed the freeze-gel with difficulty even
if it was precooled at —5 °C (data not shown). The effect
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Figure 2. Effects of sodium sulfite and SDS on freeze-gelation of soymilk. (A) control (soymilk with no additives); (B) addition
of 0.1% sodium sulfite; (C) 0.5% sodium sulfite; (D) 0.1% SDS; and (E) 0.5% SDS.

of precooling on the disulfide bonds among proteins in cooled at various temperatures. The cooled samples
soymilk was therefore investigated. were diluted and mixed with DTNB solution to estimate
First, for simplification, 5% APP solutions were used surface thiol content. Relative thiol contents in which

instead of soymilk. The APP solutions were heated and the value measured immediately after heating was 1
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Figure 3. Surface thiol content of soybean APP solution after
heating and cooling. Closed circles, heated soymilk sample was
cooled at —5 °C; open circles, —2 °C; closed triangles, 4 °C;
open triangles, room temperature.
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Figure 4. Surface thiol content of soymilk after heating and
cooling. (1) Heated soymilk sample was cooled at —5 °C for 2
h; (2) heated soymilk sample was cooled at room temperature
for 2 h.

are plotted in Figure 3. The surface thiol content in each
sample decreased for the first 2 h, then remained nearly
constant. However, the samples cooled at —2 or —5 °C
showed significantly higher content than the sample
cooled at 4 °C or room temperature. These results
appear to indicate that cooling below about 0 °C
inhibited the disulfide re-formation.

The surface thiol contents of soymilk were then
measured. Soymilk, which was heated and cooled at
each temperature, was diluted with phosphate buffer
and mixed with DTNP solution (Obata et al., 1989). The
results (Figure 4) coincide with the data on APP
solution. The surface thiol content of the sample cooled
at —5 °C was significantly higher than that of the
sample cooled at room temperature and almost equal
to the value measured just after heating. The precooling
step inhibited disulfide re-formation during cooling,
where free sulfhydryl residues were formed by heating,
and allowed the protein molecules to become more
reactive in disulfide interactions.

Changes in Surface Hydrophobicity of Soybean
Protein during Heating and Cooling Processes.
Following the test of free thiol residues, the hydropho-
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Figure 5. Surface hydrophobicity of soybean APP solution
after heating and cooling. Closed circles, cooled at —5 °C for 2
h; open circles, cooled at room temperature for 2 h.
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Figure 6. Surface hydrophobicity of soymilk after heating and
cooling. Closed circles, cooled at —5 °C for 2 h; open circles,
cooled at room temperature for 2 h.

bicity of the proteins was estimated. APP solution was
heated and cooled at room temperature or at —5 °C. The
fluorescence of ANS reagent was increased by heating
the APP solution (Figure 5). The fluorescence intensity
was a little but significantly higher in the sample cooled
at —5 °C than that cooled at room temperature. The
hydrophobicity of protein, which had increased due to
heating, decreased during cooling. However, the cooling
at —5 °C suppressed this decrease. The cooling at —5
°C led to more active hydrophobic interactions among
proteins. This result supports the findings for free thiol
contents. From the above data, it is thought that the
renaturation of protein molecules that had been dena-
tured by heating was suppressed by cooling at —5 °C.

On the basis of the results with APP solution, the
surface hydrophobicity of soybean protein was measured
in soymilk (Figure 6). There is higher fluorescence
intensity in the sample cooled at —5 °C. Because of the
lipids and other constituents, the measurements of
hydrophobicity in soymilk may contain some inaccura-
cies. Even given these restrictions, the data coincided
well with the result from surface hydrophobicity in APP
solution. The surface hydrophobicity, which had in-
creased with the heat treatment, might have been
maintained at a relatively higher level by rapid cooling
to the supercooling state.
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The step of precooling heated soymilk at =5 °C
suppressed the decrease in surface thiol content and
surface hydrophobicity of soybean proteins, which had
increased during the heating step. This result might also
show that precooling suppressed the refolding of the
protein molecules, which had been partially destroyed
or unfolded by heat treatment. High levels of surface
thiol and surface hydrophobic areas were required to
form three-dimensional networks during freeze-storage.
In our previous paper (Shimoyamada et al., 1999b), the
significance of the precooling step was reported to be
the formation of uniform, fine ice crystals. The high level
retention of surface thiol and hydrophobicity is consid-
ered to be another significant aspect of precooling for
freeze-gelation. Other interactions such as hydrogen
bonds and electrostatic interactions should be consid-
ered in the future to characterize the gelation mecha-
nism of soymilk freeze-gel.

ABBREVIATIONS USED

APP, acid-precipitated protein fraction; SDS—PAGE,
sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid);
DTNP, 2,2'-dithiobis(5-nitropyridine); ANS, 1-(anilino)-
naphthalene-8-sulfonate.
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