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The solution concentration profiles of soy protein and its components, glycinin and â-conglycinin, as
a function of pH and initial concentration have been measured. The concentration profiles generally
followed a U-shaped trend with pH, with a minimum at around pH 4-5. Dissolution concentration
unexpectedly increased with the initial concentration of the solution, with the increase being
approximately proportional to the increase in initial concentration. The reasons for this are not clear.
For the initial concentrations studied, â-conglycinin is undersaturated between pH 5 and 7 and remains
in solution, while glycinin becomes supersaturated in the same pH range and precipitates. Therefore
separation of the two proteins can be achieved.
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INTRODUCTION

Soy proteins are widely applied in food products. Recently,
there has been increasing interest from manufacturers to produce
the separate soy protein fractions:â-conglycinin (∼180 kDa)
and glycinin (∼360 kDa). They are alternatively known
respectively as the 7S and 11S proteins. The S stands for
Svedberg units, which is related to the sedimentation rate of
the molecule under centrifugal sedimentation. Values for S
usually range from 1 to 200, with units being 10-13 s (1). These
two proteins coexist naturally in the soybean in approximately
equal proportion, depending on the cultivar and growing
conditions of the bean, and together make up approximately
60% of the total protein in soybeans.

Theâ-conglycinin molecule is a trimer consisting of various
combinations of theR, R′, and â subunits. There are seven
possible differentâ-conglycinin molecules (2, 3). The glycinin
molecules consist of six subunits, which is a combination of
five different types of subunits, each containing one acidic
polypeptide and one basic polypeptide (4). The exact number
of different glycinin molecules is unknown but is large.
Thereforeâ-conglycinin and glyinin are really two heteroge-
neous groups of molecular species.

The most common method for separatingâ-conglycinin and
glycinin is by extracting protein from defatted soy flour to form
an aqueous protein solution, followed by acidification of this
solution to between pH 5 and 6, whereby glycinin is preferen-
tially precipitated whileâ-conglycinin remains in solution (5-
10). â-Conglycinin is subsequently recovered by precipitation
or chromatographic means. These methods however, have had
limited success as potential larger-scale processes. Furthermore,

from a scientific viewpoint, little or no explanation accompanies
the published separation methods to rationalize the choice of
precipitation conditions.

The prime driving force for separation by precipitation is the
differential solubility of the two proteins. However, solubility
data are lacking in the literature and there has been no systematic
study on the solubility of soy protein and their components.
Without these data, it cannot be known how robust the
separation method is against practical fluctuations common in
large-scale operations. The present study investigates the
dissolved concentration of soy proteins as a function of pH and
the effect of initial concentration upon them.

MATERIALS AND METHODS

Preparation of Protein Extract. Protein was extracted from defatted
soy flour (Cargill Oilseeds Processing) with an aqueous solution at pH
8.5 (with NaOH) containing 15 mM added Na2S2O5. The protein content
of the soy flour used was 53.5( 0.4 wt % as found by combustion of
the soy flour and total Kjeldahl nitrogen. Extraction ratios (the ratio of
aqueous solvent to soy flour) of 3.3:1, 5:1, 10:1, and 20:1 were used
in a 1 L total volume. The suspension was stirred with an overhead
impeller in a constant temperature water bath at 21°C for 1 h. The
aqueous protein extract was recovered by centrifuging for 30 min at
9600g.

Determination of Protein Content and Composition.The protein
content in solution was measured by UV spectrophotometry [absorbance
at 280 nm,E ) 1.913 cm-1 (mg/mL)-1] with a Pharmacia Biotech
Ultrospec 2000 UV/vis spectrophotometer. Protein composition was
determined by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) followed by gel density image analysis. A Bio-
Rad Mini-Protean 3 system was used with 4-15% Tris-HCl ready gels
(Bio-Rad) which gave a 10-250 kDa separation range. Samples were
prepared with the Laemmli sample buffer and a Tris-glycine running
buffer was used for the electrophoresis (premixed buffers from Bio-* Corresponding author: e-mail tedw@cheque.uq.edu.au.
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Rad). A constant voltage (200 V) was used to run the gels for
approximately 35 min. Gels were stained with Bio-Rad BioSafe
Coomassie stain and destained with water according to the manufac-
turer’s instructions. Protein composition was quantified by densitometry
analysis of the bands with Bio-Rad’s Quantity One gel quantification
program.

Repeated experiments showed that the 95% confidence interval error
of the combined UV spectrophotometer measurement plus SDS-PAGE
analysis were(20% for â-conglycinin measurements,(30% for
glycinin, and(30% for other proteins that were notâ-conglycinin or
glycinin.

Determination of Mineral Content. Elemental analysis was
conducted by the Analytical Services of the School of Land and Food
Sciences at the University of Queensland. The minerals content of the
soy flour was found by complete digestion of the flour with nitric acid
followed by inductively coupled plasma atomic emission spectrometry
(ICP-AES). Mineral contents of solutions were measured directly by
ICP-AES. The elements detected were aluminum, boron, calcium,
copper, iron, potassium, magnesium, manganese, sodium, phosphorus,
and zinc.

Determination of Precipitation Kinetics and Protein Solubility.
The pH dependence of the dissolved concentration of soy protein
between pH 2 and 7 was found by adding small amounts of 1 M HCl
to 30 mL of soy protein extract to bring the solution to the desired pH
level. The temperature was kept constant at 21°C in a constant-
temperature water bath. The solution at the desired pH was stirred with
a magnetic stirrer overnight to ensure equilibrium was reached. At
several pH levels, progressive samples were taken to determine the
precipitation kinetics. The samples were centrifuged to remove any
solids before being analyzed for total protein concentration by UV
spectroscopy and for protein fractions by SDS-PAGE and densitometry
analysis based on the method used by Wu et al. (9); image analysis
was carried out with Bio-Rad’s Quantity One gel quantification
program. Glycinin andâ-conglycinin concentrations were determined
by multiplying the total protein concentration by the respective protein
fraction.

RESULTS AND DISCUSSION

Extraction of Protein from Soy Flour. The average percent-
age of protein extracted from the soy flour at each extraction
ratio is shown inTable 1. The percentage of protein extracted
from the soy flour was approximately the same for all extraction
ratios, whereas one might have expected considerably more
protein to be extracted at higher water to flour ratios than at
lower ones. Thus the lower extract concentrations for higher
extraction ratios seems to be solely due to dilution by the
increased amount of solvent present. Interestingly, for all the
extraction ratios, only between 60% and 70% of the protein in

the soy flour was extracted. Perhaps some of the protein was
“locked” in unruptured cells.

The protein concentration in solution was followed throughout
a 1 h extraction. The extract reached its final concentration
within the first 5 min of the extraction process for all of the
extraction ratios studied. Therefore, the unextracted protein in
the soy flour was not due to the time for extraction. The
extraction ratio had little effect on the dynamics of the extraction
process. Extraction times of 30 min to 1 h commonly used in
the literature are probably excessive.

The compositions of the proteins in the extracts at different
extraction ratios are shown inTable 2. Within the large
experimental errors, the composition at each extraction ratio
was approximately constant, that is, the amount of glycinin and
â-conglycinin extracted were proportional to the amount of soy
flour used regardless of the extraction ratio. Therefore, extraction
ratio had no effect on the composition of the resultant extracts.
The different glycinin andâ-conglycinin concentrations in the
extracts were solely due to dilution by the different amounts of
solvent present at each extraction ratio.

The inorganic constituents in the 10:1 and 5:1 extracts were
analyzed together with the feed analysis. For the majority of
the elements analyzed, the percentages of the inorganics
extracted were almost the same for the two extraction ratios.
Therefore, the different salt concentrations in the extracts were
solely due to the different amounts of solvent present at each
extraction ratio. The overall low extractions are most likely due
to the inorganics being associated with the flour fibers during
the extraction process, which were totally digested in nitric acid
in the feed analysis.

However, the percentage extracted was different for different
minerals, and for some of the minor components (e.g., Al), the
percentages extracted were not similar for the two extraction
ratios. This was probably due to the smaller concentrations and
possibly larger error associated with the analysis of these
components. The percentage extracted value was not applicable
for sodium as the majority of this element was added into the
solution as Na2S2O5 and NaOH and was not from the soy flour.
As such, the sodium concentration of the two extracts was
approximately equal as the amount of added Na2S2O5 and NaOH
were nominally the same for both extracts.

Precipitation Kinetics. The precipitation kinetics of soy
proteins are shown inFigure 1. Time zero was when the
solution had reached the desired pH with the addition of 1 M
HCl. The first sample was taken as soon as possible thereafter,
which was around 5-6 s. The solution concentration was
followed for 24 h. In all cases tested, the solution had reached

Table 1. Percentage of Protein Extracted from Soy Floura

extraction ratio extract concn (mg/mL) protein extracted (%)

3.3:1 102 ± 9 64 ± 5
5:1 67 ± 3 60 ± 3
10:1 33 ± 1 62 ± 2
20:1 17 ± 0.3 66 ± 1

a Protein content in soy flour was 53.5 ± 0.4 wt %. Average of all extractions
with 95% uncertainty is shown.

Table 2. Average Percent Protein Composition of the Extracts

extraction ratio â-conglycinin (%) glycinin (%) other proteins (%)

3.3:1 29 ± 7 48 ± 14 23 ± 7
5:1 32 ± 6 50 ± 15 18 ± 6
10:1 30 ± 7 49 ± 15 21 ± 6
20:1 37 ± 7 37 ± 11 26 ± 8
average 30 ± 7 48 ± 14 22 ± 7

Figure 1. Precipitation kinetics of soy proteins for a 10:1 extract at several
pH values.
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final concentration within the first few seconds. Precipitation
rates were very rapid.

Effect of Extraction Ratio on Residual Protein Concentra-
tion. The pH-concentration profile of total soy protein is shown
in Figure 2 for each of the extracts from the different exaction
ratios. The concentration profiles of glycinin andâ-conglycinin
are shown inFigures 3and4 respectively. The particular species
was present (and detected) in both the aqueous and precipitate
phases only when the residual concentrations were below the
initial concentration. The initial concentrations are shown by
the dashed horizontal lines (Figures 2and 4). Data lying on
the dashed lines did not have any significant amounts of that
protein in the precipitated phase, that is, they are undersaturated.
The undersaturated data, specifically those ofâ-conglycinin,
are included here because they have important implications for
the selection of conditions for protein separation. It is this
undersaturated region ofâ-conglycinin that will be exploited
for the preferential precipitation of glycinin.

To isolate the effect of initial protein concentration on the
final dissolved concentration without changing other parameters,
for example, inorganics concentration, a 10:1 extract was
concentrated by ultrafiltration (shown as UF extract inFigures
2-4). A stirred ultrafiltration cell (Amicon model 8400) was
used with a 10 000 MW membrane (YM10). This allowed water

and inorganics to pass through the membrane but retained the
proteins of interest; thus the protein concentration was increased
without increasing the inorganics concentration. The protein
concentration of the UF concentrated extract was 51 mg/mL
(initial feed) 33 mg/mL). SDS-PAGE and elemental analysis
showed that the UF concentrated extract was identical to the
10:1 extract except for the total protein concentration. This
material showed dissolved concentration profiles consistent with
its initial concentration (Figures 2 and 4) and differing from
the original 10:1 material.

The dissolved concentration profiles generally followed a
U-shaped trend with a minimum at around pH 4-5. This was
consistent with observations in the literature (11-14). The pH
at which the concentration profile ofâ-conglycinin begins to
decrease from its initial value appears to vary with extraction
ratio (Figure 4). The transition point has important implications
for the design of the protein separation scheme. However, its
experimental value can be strongly influenced by the presence
(or absence) of a single data point as well as experimental error.

The pH at which minimum concentration occurred appeared
to be slightly lower for extracts from lower extraction ratios
(high initial concentration). The profile minimum for the 20:1
extract occurred at about pH 4.5, while that of the 3.3:1 extract
was about pH 4.0.

Most surprisingly, the dissolved concentration was apparently
higher for extracts from lower extraction ratios, which had
higher initial protein concentrations. This is not typical solubility
behavior where the solubility should be independent of the initial
solution concentration. The present data are therefore, strictly
speaking, not thermodynamic solubility data and are instead only
dissolved concentrations.

The increase in dissolved concentration was almost propor-
tional to the increase in initial concentration in all cases. For
total protein, most of the data collapsed onto a single curve
when the dissolved concentration is plotted as a ratio to the
initial concentration (Figure 5). Only data that were saturation
values, that is, below the initial concentration were used. At
pH greater than 5, the increase in solubility of the 3.3:1 and
5:1 extracts were slightly larger than proportional to its increase
in initial concentration.

This final to initial concentration ratio relationship was not
as clear for glycinin (Figure 6) and andâ-conglycinin (Figure
7). There were larger deviations from the average trend. Extracts

Figure 2. Effect of extraction ratio on residual total protein concentration
for different extraction ratios. Initial concentrations are shown by dashed
lines.

Figure 3. Effect of extraction ratio on residual glycinin concentration for
different extraction ratios.

Figure 4. Effect of extraction ratio residual on â-conglycinin concentration
for different extraction ratios. Initial concentrations are shown by dashed
lines.
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of lower extraction ratios generally had higher concentration
ratios than the extracts of higher extraction ratio.

The fact that dissolved protein concentration was measured
instead of solubility was unexpected. The following discussion
attempts to give some explanation for the unexpected measure-
ments. However, the present data cannot be fully explained and
a precise understanding is made difficult by the heterogeneous
nature of the system. Nonetheless, the empirical data are still
very useful for the design of a protein separation scheme.

The likely contributing factors for the unexpected measure-
ments were thought to include (1) the presence of other highly
soluble protein fractions and (2) variations in salt concentration
for the different extraction ratios. These alone do not fully
account for the unexpected measurements. While the focus of
this study is on the main protein fractions in soy, glycinin and
â-conglycinin, the protein extracts contain between 18% and
26% other protein components, independent of extraction ratio
(see Table 2). Much of the other protein fraction is whey
proteins which cannot be precipitated by acidification (15).
When these nonprecipitating proteins have been accounted for
by subtracting out its concentration, the “corrected” dissolved
protein concentration still varied with initial concentration.

The extracts from lower extraction ratios also had a higher
concentration of inorganic constituents. Some of these inorganics
may have existed as salts. The second suggestion above is that
the increasing dissolved concentration with increasing initial

concentration may be partly attributed to a salting-in effect due
to the inorganic salts in the extracts.

The effect of salt (sodium chloride) on the dissolved
concentration was investigated by adding NaCl (to make added
0.2 and 0.5 M solutions) to the protein solutions prior to
acidification.Figure 8 shows the residual concentration of the
5:1 and 10:1 extracts compared to the concentration when NaCl
was added to 0.2 and 0.5 M. For clarity, only the labels for the
lowest pH (2.5) and the highest pH (6) are indicated on the
graph. The intermediate data are at intervals of 0.5 pH unit.
The salt concentration shown on thex-axis (not to scale) is the
total concentration, which includes the all of the inorganics in
the extracts and the added NaCl. The solution concentration
for the 5:1 extract was clearly much greater than would be
expected if the increase weredue solely to the effect of increasing
salt concentration, especially at pH below 3.5 and above 4.5.

A similar comparison for glycinin andâ-conglycinin when
0.2 and 0.5 M NaCl was added can only be made between pH
3 and 5.2, due to the lack of data at high pH.Figures 9and10
show the data for glycinin andâ-conglycinin. Note that no data
were available at pH 5.2 for 0.5 M added NaCl.

For glycinin, the increase in the dissolved concentration of
the 5:1 extract was small between pH 3.0 and 5.2 and was
comparable to the effect of the concentration of inorganics. The

Figure 5. Residual to initial concentration ratio of total soy proteins.

Figure 6. Residual to initial concentration ratio of glycinin.

Figure 7. Residual to initial concentration ratio of â-conglycinin.

Figure 8. Effect of salt on total protein concentration, each for a range
of pH 2.5−6 at intervals of 0.5 pH unit.
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increase inâ-conglycinin concentration was greater than the
expected effect of increasing the concentration of inorganics.

The extracts contained a variety of inorganics that might have
a greater salting-in effect on the protein than NaCl alone.
However, on the basis of the current data, it is unlikely that the
presence of inorganics canfully explain the effect of extraction
ratio on the dissolved protein concentration measurements.
Nonetheless, some of the data were consistent with a salting-in
effect and therefore a minor salting-in effect cannot be ruled
out.

Further hypotheses are presented here as possible explana-
tions. These include (1) nonuniformity in the solubility of the
different glycinin andâ-conglycinin molecules, (2) nonideal
interactions between proteins in solution, and (3) structural
changes to molecules of the main protein fractions. These are
molecular level considerations that cannot be verified with the
protein data presented here alone. No conclusions can yet be
drawn regarding the validity of these hypotheses. They are
included here for consideration should future data become
available.

(1) Nonuniformity in Glycinin and â-Conglycinin Mol-
ecules.A possible factor considered as an explanation for the
unusual dissolution behavior is heterogeneity within the glycinin
and â-conglycinin fractions. In the above analysis, we have
considered the proteins to be in three fractions: glycinin,

â-conglycinin, and other. As already indicated, these fractions
in turn consist of many different types of molecules. The
individual molecules may have different solubilities, some of
which may be above the initial concentration; that is, the
component may be undersaturated. If this is so, then the residual
concentration of the fraction could be a function of initial extract
concentration and extraction ratio.

(2) Protein-Protein Interactions in Solution. The relatively
high concentrations of highly soluble whey proteins may
increase the dissolution of glycinin andâ-conglycinin. One such
explanation is if the charges associated with the whey proteins
influence the ionic environment of the solution. The presence
of these proteins may affect solubility similar to a salting-in
effect.

(3) Changes in Molecular Structure. Changes in the
molecular conformation alter the protein-protein interactions
in solution, which may lead to aggregation and/or precipitation.
There are reports in the literature that soy protein solubility is
related to molecular conformation (17). Both glycinin and
â-conglycinin undergo changes in molecular conformation under
pH and ionic strength conditions similar to those used in this
study (18,19).

Reversibility of Precipitation. For the purpose of process
design, experiments were carried out to determine whether the
precipitation process was reversible, that is, whether the protein
redissolves upon increasing the pH. Aliquots (50 mL) of protein
extract (10:1 extraction ratio) were first equilibrated at pH levels
between 3.0 and 6.35. The protein concentration and composi-
tion of the solution were measured. The pH change was then
reversed (pH increased with the addition of 1 M NaOH). Protein
concentration and composition of the final solution were
measured and compared with those of the initially equilibrated
solution. The conditions for a number of experiments are
summarized inTable 3.

Figure 11 shows that total soy protein precipitation was
reversible when the pH was raised with NaOH. Data for glycinin
and â-conglycinin precipitation are shown inFigures 12and

Figure 9. Effect of salt on glycinin concentration.

Figure 10. Effect of salt on â-conglycinin concentration.

Figure 11. Reversibility of total soy protein precipitation with pH.

Table 3. Conditions for Reversal of Precipitation by Changing pH
Experiments

pH adjusted with HCl pH readjusted with NaOH

3.0 4.0
4.0 4.85
4.85 5.4
5.4 5.65
5.65 6.0
6.0 6.35
6.35
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13. The precipitation of these components was also fully
reversible upon raising the pH with NaOH.

As pH was adjusted by using small amounts of highly
concentrated HCl and NaOH, it is possible that poor micro-
mixing could cause local denaturation of the protein and affect
the measured dissolved protein concentration. Acid and base
to adjust pH were always added near the impeller to maximize
micromixing and reduce the possibility of denaturation. As the
protein concentration in solution was reversible with increases
in pH, denaturation on contact with concentrated HCl and NaOH
solutions is unlikely.

Protein Separation.The prime driving force for separating
glycinin from â-conglycinin by precipitation is the differential
solubility. The residual protein concentrations of glycinin and
â-conglycinin have been shown inFigures 3and4. Preferential
precipitation of glycinin may be achieved in the region where
the glycinin concentration decreases with decreasing pH while
â-conglycinin concentration remains constant (at its initial
value). In this region, glycinin precipitates whileâ-conglycinin
remains in solution. The initialâ-conglycinin concentration is
shown by the dashed line. Data lying on the dashed line are the
initial concentration and are undersaturated. The lower limit of
the separation region is where the dashed line intersects the
â-conglycinin residual concentration curve.

The pH ranges for separating glycinin are between pH∼5
and 7. The measured glycinin purity of the separated phase is
plotted against glycinin yield inFigure 14. pH levels are
between 6.4 and 5.6 at intervals of 0.2 pH unit.

The protein yield of the separated phase is between 2% and
40% for extraction ratios of 3.3:1, 5:1, and 20:1. The yield for
the 10:1 extraction ratio is significantly higher than the others

(15-80%). This is because the rate of change of glycinin
concentration in this region is much greater for the 10:1 extract
than the others. The reason for this is not clear. It could be due
to uncertainties in the measured data and requires further
confirmation. Using different extraction ratios would lead to
different amounts of residual protein after the removal of the
glycinin fraction.

Glycinin purity decreases almost linearly as protein yield
increases with decreasing pH (Figure 14). As littleâ-congly-
cinin precipitates within this pH range, the decrease in glycinin
purity is due to the precipitation of some of the other minor
proteins. The separation process therefore becomes a compro-
mise between purity and yield. Therefore, for reasonable purity,
a central final pH range from 6 to 6.2 is recommended.

In conclusion, the precipitation kinetics of soy protein was
rapid and therefore precipitation can be a cost-effective means
for separating soy proteins, as short precipitation times mean
higher throughput for commercial operations.

The concentration profiles generally followed a U-shaped
trend with a minimum at around pH 4-5, which is consistent
with literature data. However, increasing initial concentration
of the aqueous extracts appeared to increase the residual protein
concentration at all pH levels, which was unexpected. This was
observed for the total protein as well as for glycinin and
â-conglycinin. The increase in the total protein residual
concentration was approximately proportional to the increase
in initial extract concentration. These results were unusual and
the reasons for this were not completely understood.

Using extracts from different extraction ratios did not have a
large effect on the separation of glycinin andâ-conglycinin.
The pH range for the preferential precipitation of glycinin was
between approximately pH 5 and 7. Therefore, a central pH
range (6-6.2) is recommended.
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