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Abstract: The effects of protein-glutaminase (PG) on calcium sulphate (CaSOs)-induced gels of soy
protein isolate (SPI) with different heat treatment levels were investigated. The time-dependent de-
gree of deamidation showed that the mild denaturation of the protein favored the deamidation. The
particle size distribution showed that the heat treatment increased the SPI particle size, and the
particle size distribution of the SPI shifted to the right or increased the proportion of the large par-
ticle size component as the degree of deamidation increased for each sample. Rheological analysis
showed that the deamidation substantially pushed up the gel temperature and decreased the value
of G’. The gel strength and water-holding capacity showed that the higher the amount of enzyme
added, the more significant the decrease in gel strength, while the gel water-holding capacity in-
creased. In summary, the deamidation of PG and heat treatment can affect the gel properties of SPI
synergistically.
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1. Introduction

Soybean protein isolate (SPI) has become a widely used food ingredient because of
its relatively low price, high nutritional value and good functional properties [1]. The ge-
lation of SPI is one of the most important functional properties, both in the traditional
applications of soy [2] and meat products [3] and in the emerging applications of plant
simulants [4], plant eggs [5], etc. The current gelation methods of soy protein are divided
into heat-induced gels and cold-set gels, and cold-set gels include acid-induced gels, salt-
induced gels and enzyme-induced gels [6,7]. As a cold-set gelation method, salt-induced
gelation can avoid the loss of some heat-damaged flavor components or bioactive compo-
nents during the gelation process, which has generated a lot of interest [8].

Salt-induced SPI gelation can be achieved by adding salt coagulant to a solution of
preheated denatured SPI (the concentration of SPI is below the critical concentration for
thermal gelation) and allowing it to gel [9]. During the gelation process, the salt coagulant
can dissociate and release Ca?, Mg, etc. These ions can shield the negative charge on the
surface of protein molecules and can exchange with H* on the carboxyl group, forming
salt bridges [10]. Soy proteins form a gel network structure through electrostatic interac-
tions, hydrophobic aggregation and linkage of calcium bridges. The current study shows
that the type of salt ions [11], their concentration [12], the combination of different salt
ions [13], the concentration of SPI [14] and the degree of denaturation and aggregation of
SPI[15] all affect the properties of the final salt-promoted gels. Compared with other cold-
set gels, salt-induced gels had stronger texture without sour taste [15]. However, the salt-
induced gels with CaSOs, CaClz, MgCly, etc. often suffer from insufficient water-holding
capacity [13,16]. In general, the water-holding capacity of heat-induced gels is in the range
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of 85%~90% [17], and those of acid-induced gels are between 70% to 85% [18], and the
enzyme-induced gels were in the range of 60%~90% [19]. In contrast, calcium-induced
protein gels ranged from about 50% to 90% [20]; calcium-induced SPI emulsion gels were
only in the range of 50~75% [13]. In fact, a large number of studies have focused on how
to improve the gel strength of salt-induced gels [21-23], but the improvement of the water-
holding capacity of salt-induced gels has been reported relatively rarely.

Water-holding capacity (WHC) reflects the ability of a gel to effectively immobilize
water within its matrices through capillary force, which is one of the important indicators
for evaluating a gel [24]. Salt-induced gel properties are highly dependent on the type and
amount of salt ions [12,25], protein concentration [14], as well as the degree of protein
denaturation and aggregation [15]. Among the coagulant types of CaSOs, CaCl2 and
MgClz, CaSOs-induced gels have better water-holding capacity than CaCl-induced and
MgCl-induced ones, and the former can form relatively homogeneous gels [13]. The gel
structure formed by increased salt ion strength also becomes rough and inhomogeneous
[26]. The effect of the type and concentration of ions on gel strength and water-holding
capacity is related to the gelling speed and the structural properties of salt-induced gels,
with too fast a gel speed and too rough a structure being detrimental to gel water-holding
capacity [27,28]. From a protein perspective, higher protein concentrations produce stiffer
gels with better water-holding capacity, due to more protein molecules being cross-linked
and involved in the formation of network structures. The water-holding capacity of salt-
induced gels is also related to the size of the aggregates formed during the SPI preheating
treatment [29,30]. Zhao et al. showed that the water-holding capacity of gels is strongly
related to the degree of denseness of the gel network. Thermal denaturation significantly
increased the surface hydrophobicity of proteins and promoted the aggregation of protein
molecules with different degrees of hydrophobicity, forming a series of aggregates with
different particle sizes [15]. During the gelation process, large aggregates first aggregate
to form the basic network structure of the gel, while small aggregates further bond to the
network to form the final gel structure. Wang et al. showed that the size and number of
protein aggregates had an important effect on the salt-induced gel properties, and that
large and numerous protein aggregates were beneficial for enhancing the strength and
water-holding capacity of calcium-induced soy protein emulsion gels [29]. Therefore, it
can be hypothesized that for salt-induced gels, controlling the heat-induced structural un-
folding of SPI and the resulting aggregation size, controlling the surface hydrophobicity
of the aggregated, and thus the gelation rate will contribute to the formation of a homo-
geneous gel network.

Protein-glutaminase (PG) is an enzyme that catalyzes the deamidation of glutamine
residues in proteins which can be used to reduce surface hydrophobicity and thus increase
protein solubility [31]. It was found that in the process of deamidation, on the one hand,
protein de-folding leads to conformational changes, exposing the hydrophobic groups
embedded inside the molecule and increasing the value of surface hydrophobicity; on the
other hand, deamidation converts amide groups to carboxyl groups, increasing negative
charges and enhancing the electrostatic repulsion between protein molecules, which im-
proves solubility [32]. Therefore, it can be further hypothesized that the changes in con-
formation and hydrophobic region distribution due to deamidation would change the
salt-induced gelation rate of the protein, which in turn would improve the water retention
of the salt-induced gel.

This paper focuses on testing the above hypothesis that adding PG to SPI with dif-
ferent degrees of thermal denaturation changes the soy protein aggregate size and surface
hydrophobicity, which could consequently change the speed and structure of CaSOs-in-
duced gels and improve their water-holding capacity.
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2. Results
2.1. Degree of Deamidation

The deamidation of the PG on the glutamine group in the side chain of a protein or
long peptide produces glutamate and releases ammonia, so the process of the enzyme
reaction can be monitored by measuring the amount of ammonia [33].

The degree of deamidation of all samples increased with time, the reaction was rapid
in the first 1 h and the degree of deamidation increased rapidly. After 2 h, the reaction rate
gradually slowed down, possibly due to the PG deamidation reaction approaching satu-
ration as time increased [34]. The n-5U reached 33% deamidation after 9 h of reaction,
which is closer to the reported results [35].

The temperature of preheat treatment had a significant effect on the deamidation re-
action of SPI. As seen in Figure 1, at the addition of 2 U/g PG, the deamidation reaction
process was slightly accelerated in the 65 °C preheated treated samples, and the final de-
amidation degree was also improved compared to the control. 75 °C preheated treated
samples had a much faster deamidation reaction than those at 65 °C. 85 °C and 95 °C
preheated treated samples had a slightly faster deamidation reaction process in the first
half hour than 75 °C, but after half an hour, it became slower and the final degree of de-
amidation was comparable to that of the 65 °C and 75 °C.
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Figure 1. The degree of deamidation (DD, %) of SPI induced by protein-glutaminase (PG) deami-
dation with time reaction. (a): addition of 2 U/g PG; (b): addition of 5 U/g PG.

At the addition of 5 U/g PG, the SPI pre-heated at 75 °C and 85 °C had the fastest
deamidation reaction process and the highest degree of deamidation, followed by the
sample pre-heated at 65 °C. In contrast, the deamidation process and the final degree of
deamidation of the samples at 95 °C were almost comparable to the control. The overall
deamidation process and the final degree of deamidation were higher with adding 5 U/g
PG than 2 U/g.

The effect of preheat treatment temperature on the deamidation reaction and the final
degree of deamidation of SPI may be related to the degree of structure unfolding and
protein—protein aggregation after preheating treatment. The denaturation temperatures
of SPI ranged from 70 °C to 75 °C for 7S and 90 °C to 95 °C for 115 [36]. At 65 °C the 7S
structure partially unfolded while the 11S was not. At 75 °C the 7S was totally denatured,
while the 115 partially unfolded. Treatment at 85 °C allows the 7S to be fully denatured,
the 11S structure to unfold relatively fully, and the system started to aggregate. At 95 °C,
the SPI was heavily denatured and caused relatively serious heat aggregation [37]. The
deamidation progression of NSPI and four different degrees of denaturation of soy pro-
tein implied that the mild denaturation and structural unfolding of 7S or 11S, where the
molecular structure becomes more flexible in solution and more amide-group interaction
sites are exposed, may be favorable for the deamidation of PG. In contrast, full



Molecules 2023, 28, 1752

4 of 16

Volume ( %)

Volume ( %)

denaturation may limit the PG deamidation reaction due to severe thermal aggregation
and greater molecular stiffness. Jiang et al. also found that the degree of deamidation of
the preheated SPI at 100 °C and 121 °C was lower than that of the control sample [32].

2.2. Particle Size Distribution

The overall particle size distribution of the SPI solution shifted to the right as the heat
treatment intensity increased (Figure 2), indicating that the heat treatment caused the sys-
tem to form larger aggregates. This is consistent with previous studies. Wang et al. [29]
also found that the SPI had a more spacious structure and larger particle size with higher

heating temperatures.
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Figure 2. Particle size distribution of SPI samples. Samples after inactivating the PG named IN-n-
0U, IN-n-2U, IN-n-5U, IN-65-0U, IN-65-2U, IN-65-5U, IN-75-0U, IN-75-2U, IN-75-5U, IN-85-0U, IN-
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85-2U, IN-85-5U, IN-95-0U, IN-95-2U, IN-95-5U, respectively. (a): native SPI with different PG-
treated levels; (b): preheated SPI at 65 °C with different PG-treated levels; (c): preheated SPI at 75
°C with different PG-treated levels; (d): preheated SPI at 85 °C with different PG-treated levels; (e):
preheated SPI at 95 °C with different PG-treated levels.

After deamidation of SPI at each preheat treatment temperature, the overall particle
size distribution of SPI solution shifted to the right, or the percentage of large size in-
creased with the increase of deamidation degree for each sample except for Native. Fur-
ther heating of the enzyme-treated sample to inactivate the enzyme would further trigger
a continued shift of the particle size distribution to the right or a continued increase in the
percentage of large particle size. The above results indicated that deamidation could lead
to structural unfolding and increase protein aggregation. This structural unfolding can
further lead to aggregation upon subsequent heating. Jiang et al. [32] also found that the
PG deamidation reaction promoted the formation of more protein aggregates by SPI
sulthydryl oxidation or sulfhydryl-disulfide bond interconversion.

The changes in molecular weight and the aggregation of different proteins after de-
amidation were different. Jiang et al. [32] also found that SPI deamidation further en-
hanced the aggregate content. Jiang et al. [34] showed insignificant changes in the relative
molecular mass distribution of the products after PG deamidation of oat protein. Suppa-
vorasatit et al. [35] found an increase in the proportion of small molecules in commercial
soy proteins after deamidation, which the authors attributed to the high content of protein
hydrolases in PG. Yong [38] found that the relative molecular mass of gluten protein in-
creased with PG deamidation, which the authors attributed to the increased electrostatic
repulsion within the molecule. Zhao et al. [39] found that barley gluten may have pro-
duced disulfide-linked aggregates after deamidation. The effect of PG on the solubility
and the number of aggregate sizes of proteins may be related to the fact that the deami-
dation process triggers different structural unfolding and aggregation forces.

2.3. Surface Hydrophobicity

In order to verify the reasons for the changes in particle size distribution by heating
and deamidation, the So of each protein sample after deamidation was measured before
and after terminating the enzymatic reaction. The So of SPI increases significantly after
heat treatment (Figure 3), which is in agreement with the results of previous studies [32].
The So of the protein decreased slightly after PG treatment, and the degree of decrease in
So increased with the increase of deamidation (Figure 3a). It is noteworthy that the degree
of decrease in So is the greatest for the samples preheated at 75 °C, which is consistent with
the data that the degree of deamidation is the greatest for the samples preheated at 75 °C
(Figure 1). This result combined with the particle size results also further indicates that
light preheating treatment, which makes 7S denaturation or 115 lightly unfolded, is favor-
able for deamidation, while severe treatment, where the degree of aggregation becomes
larger and the structure becomes relatively rigid, is unfavorable for deamidation.
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Figure 3. Surface hydrophobicity of the SPI samples. (a): before inactivating the PG; (b): after inac-
tivating the PG. Different capital letters indicate significant differences (p < 0.05).

After terminating the enzymatic reaction, the So increased further for the four groups
of samples except for the 95 °C preheat-treated samples, especially the three groups of
native, 65 °C and 75 °C preheat-treated samples increased very significantly. At the same
time, the inactivation treatment made the difference of So before and after the deamidation
of the samples after various preheating treatments smaller than before inactivation (Fig-

ure 3b).

2.4. Rheological

Storage modulus (G’) is an indicator of the energy reserved every cycle of defor-
mation, and its value reflects the elastic or solid-like nature of the specimen being tested,
while the loss modulus (G”) is a measure of the energy dissipated by the specimen and is
related to the viscous or liquid-like nature of the specimen [40].

Compared with the rheological curves of the samples with different heating levels
after calcium addition, it can be found that the gel temperature of CaSOs-induced gels
decreased rapidly with the increase of preheating treatment, while the final G’ of gels in-
creased rapidly (Table 1). This could be related to the formation of aggregates by pretreat-
ment, since large protein aggregates were more likely to interact with Ca?* than small ag-
gregates. For calcium-promoted emulsion gels, Wang et al. [29] also found that large and
numerous protein aggregates contributed to the decrease in emulsion gel temperature and
the increase in G’ of the final system.

Table 1. The end-point elastic modulus (G’) of the gel and the gel temperature (Tger®).

Amount of I.Enzyme Addi- oU U 5U
tion
G’ and Tga G’ (Pa) Tget (°C) G’ (Pa) Tga1(°C) G’ (Pa) Tga1(°C)
native 757.69 81.15 267.71 85.33 132.50 89.60
65 1360.15 72.26 831.85 83.03 155.48 89.54
75 2944.65 57.18 2897.44 80.74 1090.23 85.23
85 8550.76 26.89 5180.77 44.12 1313.29 78.73
95 13,503.27 42.24 6960.80 40.02 4512.01 50.71

* The temperature at which G’ started to increase over 0.5 Pa/K was defined as the gelation temper-
ature [41].

The rheological characteristics of the enzyme-treated system with calcium were sig-
nificantly different from those of the untreated one and were strongly correlated with the
amount of enzyme added and the degree of preheating of the SPI. In the case of 2 U/g of
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enzyme addition, the gel temperature of NSPI increased and the gel time was delayed
after being treated by PG, and the G’ of the final gel decreased. In the 65 °C preheat treat-
ment system, the PG treatment pushed up the gel temperature and caused a mild decrease
in the final G’ and G” values. 75 °C and 85 °C preheat treatment systems pushed up the
gel temperature substantially and delayed the gel time but did not affect the final G’ and
G” values compared to the non-enzyme treated samples. The preheated system at 95 °C,
with 2 U/g of PG addition, surprisingly lowered the gel temperature, but caused a signif-
icant decrease in G" and G” values. The curve of G’ of the system with 5U of enzyme
addition differed greatly from that of the control without enzyme addition, and all the
curves, had the pattern of rising, falling and then rising again, with the most significant
one at 75 °C, and the decreasing and a rising trend was relatively insignificant at 85 °C
and 95 °C (Figure 4). Moreover, for the systems of native and 65 °C, the first rise had not
yet reached the level of gel, and the second rise completed the transition from sol to gel.
In contrast, for the systems at 75 °C, 85 °C and 95 °C, the change from sol to gel was com-
pleted by the first rise. In addition, for the system with 5 U/g of enzyme addition, the
gelation rate was very slow except for the sample at 75 °C.

The effect of PG on the rheological characteristics of the systems after calcium addi-
tion and different preheating treatments could be strongly related to the aggregate size
and distribution as well as surface hydrophobicity, which resulted from the preheating
treatment as well as the PG treatment together. The rheological results, combined with
the previous results of deamidation, particle size distribution and surface hydrophobicity,
showed that the protein structure unfolding and the larger aggregate size favored the de-
crease of the temperature of CaSOs-induced gels and the increase of G’ and G” of the final
gels, while the increase of deamidation caused the rate of CaSOs-induced gels to be sig-
nificantly slower. However, there was no positive relationship between the deamidation
degree, particle size and surface hydrophobicity and the final G’, which implied that the
interaction forces of the CaSOs-induced gels may be different for the deamidated treated
proteins than for the samples not treated with PG. It was generally believed that the de-
crease in the pH of the solution during CaSOs-induced gelation and the binding of Ca? to
protein molecules played an important role [10]. A gradual decrease in solution pH can
clearly be observed when Ca? binds to protein molecules [42]. The decrease in pH weak-
ened the electrostatic interactions between proteins and thus promoted the aggregation of
protein molecules. Ca?* achieved the binding of protein molecules by bridging with the
carboxyl groups of glutamyl and aspartyl residues and the imidazole groups of histidine
residues, and promoted protein molecules to join with each other, leading to gel formation
[26]. In contrast, proteins aggregated by preheating can form gels at lower calcium ion
concentrations or form gels faster at the same calcium ion concentration compared to na-
tive proteins. More and larger aggregates can be favorable for the formation of strong gels
[15]. PG delamination would convert the amide group on SPI to the carboxyl group, which
introduces a negative charge and can enhance the electrostatic repulsion between protein
molecules [43]. Deamidation reduced the number of hydrophobic amino acids, which
weakened the surface hydrophobicity of the protein and weakened hydrophobic interac-
tion. Therefore, it can be speculated that the addition of calcium ions to the PG-treated
protein system could slow down the CaSOs-induced aggregation due to the relatively
strong electrostatic interactions, while the increase of carboxyl groups, on the other hand,
diminished the efficiency of calcium ions as coagulants and also slowed down the CaSOs-
induced aggregation and weakened the final gel strength.
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Figure 4. Rheological properties of the soy protein with different heating levels and PG-treated after
calcium addition. (a): native SPI with different PG-treated levels; (b): preheated SPI at 65 °C with
different PG-treated levels; (c): preheated SPI at 75 °C with different PG-treated levels; (d): pre-
heated SPI at 85 °C with different PG-treated levels; (e): preheated SPI at 95 °C with different PG-
treated levels.

2.5. Gel Strength and Water-Holding capacity (WHC)

The results of CaSOs-induced gel strength and water-holding capacity showed that
the gel hardness gradually increased with the increase of pretreatment temperature, from
204 + 3 g to 343 + 56 g. However, the water-holding capacity rose only slightly, from 52%
to 60% (Figure 5). Hu et al. [20] also found that the water-holding capacity of untreated
CaSOs-induced soy protein gels was only between 40% and 60%. After PG treatment, the
gel strength decreased compared with untreated gels, and the greater the amount of en-
zyme added, the more significant the decrease in gel strength. However, the water-hold-
ing capacity of the gels was significantly improved after PG treatment, and the higher the
amount of enzyme added, the higher the improvement of water-holding capacity of the
gels.

Comparison of gel strength and water-holding capacity, with the degree of deami-
dation and rheological properties showed that the water-holding capacity was highly
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dependent on the gelling speed, and the slower the gelling speed, the higher the gel tem-
perature on the temperature scan curve and the higher the water-holding capacity of the
product. If the gelation speed was similar, the higher degree of deamidation and relatively
weak hydrophobicity resulted in higher water-holding capacity.

It was generally believed that protein gels with a homogeneous and dense structure
have higher gel strength and water-holding capacity than those with an inhomogeneous
gel structure [26]. The homogeneity of the gel was related to the speed of gelation and the
size and number of aggregates during gelation, with large aggregates tending to form
thick gel chains and dense structures [1]. This dense structure also enhanced the strength
of the gel while improving water-holding capacity [13]. However, it was observed from
the results of this study that the size and number of aggregates certainly affected the gel
strength and water-holding capacity, but not in proportion to the strength and water-
holding capacity of CaSOs-induced gels, and that the degree of deamidation and the rate
of gelation all affected the gel strength and water-holding capacity. If the increase in par-
ticle size and hydrophobicity was triggered by heating and aggregation, it was signifi-
cantly favorable for gel strength and also had a slightly positive effect on water-holding
capacity. If the larger particle size and hydrophobicity enhancement were caused by un-
folding and aggregation of the structure after deamidation, it was favorable for water-
holding capacity, but not for gel strength. This result implied that the altered force of
CaSOs-induced gels could be inherent in the change of SPI gel properties after PG treat-
ment.

mm 0U mm 0U
2U 1007 - : 2U
T EESU 80 g S5U
g 60
g
= 40
20
0_
Temperature(°C) Temperature("C)

(a) (b)

Figure 5. Properties of gels influenced by the different heating levels and PG-treated. (a): gel hard-
ness; (b): water-holding capacity (WHC). Different capital letters indicate significant differences (p
<0.05).

2.6. Molecular Forces in the Gels

The interaction forces involved in gel network formation were evaluated by the rel-
ative ability of SPI gels to disperse in different solvents. The solubility of the CaSOus-in-
duced gels in the phosphate buffer showed significant increase with the increase of PG
addition (Figure 6a). However, it was worth noting that this increase in solubility was not
proportional to the degree of deamidation of the sample itself. The sample treated with
preheating at 95 °C and added enzyme in the amount of 5 U/g did not have high deami-
dation but high solubility. This result indicated that the number of proteins that could not
be involved in the gel increased after deamidation.
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Figure 6. Solubility of SPI gels in different solvents. (a): 50 mM sodium phosphate (pH 7.0); (b):
consisted of (a) and 8 M urea; (c): consisted of (a) and 0.5% SDS; (d): consisted of (a) and 0.25% ME.
Different capital letters indicate significant differences (p < 0.05).

Figure 6b showed that the solubility of CaSOs+induced gels in 8M urea was the high-
est in all pretreatment temperature systems for 2 U/g of PG-added samples. For 5 U/g of
PG-added samples, the solubility was increased in native and lightly expanded samples.
Samples with 7S fully denatured were lower than the samples without deamidation, in-
dicating that the CaSOs-induced gel process hydrogen bonding of products increased in
systems with slow deamidation, regardless of high or low deamidation, while the hydro-
gen bonding of the gel process was enhanced by light deamidation in systems with fast
deamidation, while heavy deamidation was not conducive to hydrogen bonding.

Figure 6¢c showed that the hydrophobic interactions increased with the elevated heat-
ing temperature for the samples without deamidation. The deamidation more or less in-
creased the solubility of CaSOsinduced gels in SDS, indicating that the hydrophobic in-
teraction in the gel force was elevated after deamidation.

Figure 6d showed that for the samples without deamidation, the disulfide bond par-
ticipation of the calcium-promoted gel process was significantly increased with the in-
crease of heating temperature. In the CaSOs-induced gels after deamidation, the disulfide
bond participation was significantly reduced compared with the samples without deami-
dation, and the lowest disulfide bond participation was observed for the samples with 5
U/g of enzyme addition after preheating treatment at 95 °C.

The correlation of the above results with the gel properties revealed that the increase
of CaSOs-induced gel strength for the samples treated with preheating could be mainly
due to the enhancement of hydrogen bonds, hydrophobic interactions and disulfide
bonds during the gelation process, especially the significant increase of disulfide bonds,
which should play a more important role. In contrast, the hydrophobic interactions were



Molecules 2023, 28, 1752

11 of 16

® .
()(%) preheating . & ?:"5;\ ."\-: ;

®®

not weakened after SPI deamidation, the proportion of soluble protein was significantly
increased, and the disulfide bonds were significantly weakened, which led to a partial
decrease in gel strength and a partial increase in water-holding capacity. If the percentage
of soluble protein in the gel system was further increased and the disulfide and hydrogen
bonds were simultaneously weakened, the gel strength was further weakened (5 U/g of
enzyme addition) and the water-holding capacity was further increased.

The above results also further suggested that the mechanism of the effect of PG on
the calcium-promoted gels of SPI with different preheating treatments was related to the
amount and role of the molecules involved in the gel system after deamidation. If a large
amount of protein was free in the gel network only as a filler component and was easily
solubilized out by phosphate. This led to less protein forming the gel matrix, resulting in
relatively low gel strength. These highly soluble proteins contributed positively to the wa-
ter-holding capacity. In the case of the protein aggregates without deamidation treatment,
the exposure of sulfhydryl groups was increased with increasing heat treatment intensity.
As aresult, more disulfide bonds were involved in gel formation, contributing to a signif-
icant increase in gel strength. The insufficient amount of soluble protein filling the gel
network caused little change in the water-holding capacity of the gels. Due to deami-
dation, the large involvement of disulfide bonds in the preaggregation led to a decrease
in the involvement of disulfide bonds formed during later CaSOs-induced gels, resulting
in weaker gel strength. The carboxyl groups released by deamidation could slow down
the calcium-promoted aggregation and enhance the water-holding capacity (Figure 7).
Wang also pointed out that the increase in soluble protein content made the protein mol-
ecules less sensitive to Ca?*, which could lower the odds of direct interaction between Ca2*
and protein. This implies that excessive Ca? had more opportunities to interact with pro-
teins. [44].
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Figure 7. Supposed mechanism for the SPI with different heat treatment and deamidation levels on
the gelation. Schematic: size and distance are not to scale.

2.7. SEM

The SEM images showed the calcium-promoted gel structures of SPI with different
degrees of thermal denaturation by PG treatment. Under the conditions without the ad-
dition of PG, the SPI gel structure was loose, and the heat treatment at 95 °C caused the
protein structure to unfold and the gel network to be coarser (Figure 8).

After the addition of PG, the protein gels were dense and porous with the increase of
PG addition, and the pores increased with the increase of PG addition, probably due to
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the deamidation of PG, which made the gels smoother and denser due to the increase of
calcium bridge sites. As the heat treatment intensity increased, the SPI structure further
unfolded, releasing more calcium bridge sites, which eventually led to a more homogene-
ous and detailed structure of the 95-5U gel sample and a stronger ability to hold moisture.
Kao et al. found that gels with a homogeneous, ordered structure had higher water-hold-
ing capacity than those with a disordered gel structure [26].

Figure 8. Scanning electron micrographs of SPI gels.

3. Materials and Methods
3.1. Materials

Soybeans (626) were purchased from Fengyuan Zhongye Co., Ltd. Glutaminase (500
U/g) was purchased from Amano Enzyme, Inc. (Japan) and stored at 4 °C. Ammonia assay
kits were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). All aqueous solutions
were prepared using deionized water. All other reagents and solvents were of at least
analytical grade.

3.2. Preparation of Native Soy Protein Isolate
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Native soy protein isolate (NSPI) was prepared from soybeans according to the pro-
cedure [45]. First, Soybeans were milled and defatted with a threefold concentration of n-
hexane: ethyl alcohol (9:1, v/v). The defatted soy flour was dispersed in deionized water
(1:10, w/v) at pH 8.0 while stirring for 2 h. The mixture was centrifuged at 10,000x g for 20
min at 4 °C. The supernatant was adjusted to pH 4.5 and allowed to stand for 30 min
followed by being centrifuged (3300x g, 10 min). The precipitate was redissolved in de-
ionized water at a ratio of 1:2 (w/v) for at least 3 h while maintaining a pH of 7.0. The
solution was lyophilized to yield SPI with a protein content of 89.99%, as determined by
the Kjeldahl method. The SPI was stored at — 20 °C prior to use.

3.3. Preparation of Preheated SPI and Enzymatic Deamidation Products and Their CaSO+
Induced Gel Products

NSPI (7%) was subjected to different degrees of heat treatment at 65, 75, 85 and 95 °C
for 10 min. After cooling to room temperature, 2 U/g and 5 U/g of PG were added to the
samples at 37 °C for 1 h. The deamidated protein samples were named as N-0U, N-2U, N-
5U, 65-0U, 65-2U, 65-5U, 75-0U, 75-2U, 75-5U, 85-0U, 85-2U, 85-5U, 95-0U, 95-2U, 95-5U.

The above sample solutions were heated to 95 °C for enzyme inactivation treatment,
cooled to 85 °C and added CaSOs (35 mM). After coagulation, the gels were cooled to room
temperature and stored at 4 °C.

3.4. Determining the Degree of Deamidation

Amounts of ammonia released were measured using an ammonia test kit (Sigma).
The degree of deamidation was expressed as the ratio of the amount of ammonia released
by the PG reaction and the total glutamine residues of proteins. The total ammonia re-
leased from the raw protein samples was determined by preparing a 5% of soybean isolate
solution with 2 M HCI and hydrolyzing it at 110 °C for 4 h [35].

3.5. Particle Size Analysis

0.5% (w/v) SPI dispersions with deionized water were prepared. The particle size was
determined using a Zetasizer NanoZS instrument at 25 °C.

3.6. Surface Hydrophobicity (So)

ANS was used as a fluorescent probe to determine the So values of proteins. The pro-
tein samples were firstly configured with 0.01 mol/L phosphate buffer (pH 7.0) to a series
of concentrations of 0.2, 0.4, 0.6, 0.8 and 1 mg/mL and then 20 uL of 8 mmol/L ANS solu-
tion was added to 4 mL of the above concentrations of protein solution, shaken well and
left for 3 min, and then the fluorescence intensity was recorded at an excitation wave-
length of 390 nm and an emission wavelength of 470 nm by using an F-2700 spectrofluo-
rometer (Hitachi, Japan). The slope of the curve is the surface hydrophobicity value of the
protein.

3.7. Measurement of Rheological Properties

Immediately after adding CaSOs, the SPI dispersion was transferred to the button
plate of the rheometer. Silicone oil was added around the perimeter to prevent moisture
loss. The gels oscillated at 1% strain (within the linear viscoelastic region, LVR) and a fre-
quency of 1 Hz, the temperature was heated from 25 °C to 90 °C at 5 °C per minute, then
down to 85 °C at 5 °C per minute, followed by incubation at this temperature for 10 min
before cooling to 25 °C at 5 °C per minute. The storage modulus (G’), and loss modulus
(G”), were recorded.

3.8. Gel Strength and Water-Holding capacity

The gel strength of the samples was determined using a TA-XT Plus texture analyzer.
A T/0.5 cylindrical probe (12.7 mm diameter) was used to compress the gel sample in the
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beaker (with volume of 25mL) at a rate of 0.5 mm/s. The gel strength was defined as the
maximum force (g) required to break the gel.

Protein gels were carefully removed from the beaker, weighed and transferred into
50 mL centrifuge tubes and centrifuged at 10,000 g for 15 min. The water stains on the
surface of the gels after centrifugation were carefully removed using filter paper. The wa-
ter-holding capacity (%) was defined as the percentage of gel mass before and after cen-
trifugation multiplied by 100.

3.9. Scanning Electron Microscopy (SEM)

Small pieces of gel were removed from gel samples and immersed in 2.5% glutaral-
dehyde for 12 h. Samples were rapidly frozen in liquid nitrogen (-196 °C) and then freeze-
dried. The microstructure of the samples was observed under a SU1510 electron micro-
scope with gold spray and under an accelerating voltage of 4 kV.

3.10. Molecular Forces in the Gels

1 g gel samples were mixed with 9 mL of solvents using a Model Ultra-Turrax18
homogenizer. Solvent A was: 50 mM sodium phosphate (pH 7.0); B consisted of A and 8
M urea; C consisted of A and 0.5% SDS; D consisted of A and 0.25% ME. The homoge-
nates were centrifuged at 10,000 g for 15 min. The amount of protein extracted after treat-
ment with different solvents was used to express the main forces acting in the gel.

3.11. Statistical Analysis

All the experiments were performed in triplicate using freshly prepared solvents un-
less specified otherwise. Results are given as means + standard deviation (SD) using the
general linear model procedure in the Statistix software 9.0 (Analytical Software, Talla-
hassee, FL, USA). Significance was considered at p < 0.05.

4. Conclusions

PG deamidation of preheated SPI improved their water-holding capacity of gels. The
best water-holding capacity of gel was obtained with 95 °C and 5 U/g of PG treatment. On
the one hand, as the heat treatment intensity increased, the hydrogen bonding, hydropho-
bic interactions and disulfide bonding of the gel gelation process were all enhanced, mak-
ing the gel strength gradually increase. On the other hand, as the concentration of PG
increased, the percentage of soluble protein increased without significantly weakening
hydrophobicity, resulting in a significant increase in water-holding capacity, while the
disulfide bond was significantly weakened, resulting in a significant decrease in gel
strength. In addition, the release of carboxyl groups from deamidation could also slow
down the aggregation of calcium and improve water-holding capacity.
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