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Protein glutaminase (PG), originating from Chryseobacterium proteolyticum, can catalyze the deamidation of
glutamine residues in plant proteins into glutamic acid, thus enhancing its functional properties. However, the
low yield of PG limits its industrial production. In this study, the yield of PG in C. proteolyticum TM1040 increased
by 121 %, up to 7.30 U/mL in a 15 L fermenter after medium optimization. Subsequently, purified PG was
obtained by cation exchange chromatography (CEX) coupled with hydrophobic interaction chromatography
(HIC). The degree of deamidation (DD) of wheat gluten after purified PG deamidation was 87.11 %, which is
superior to chemical deamidation in safety and DD. The emulsifying and foaming properties of deamidated
wheat gluten were 2.67 and 18.86 times higher, and the water- and oil-holding properties were 4.23 and 18.77
times higher, respectively. The deamidated wheat gluten with enhanced functional properties was used to
improve the flavor and texture in baking cakes.

1. Introduction

As the food industry evolves toward new protein-modified foods and
plant-based protein foods, the public’s awareness of functional, sus-
tainable, futuristic, and individually customizable foods grows. PG has
developed into a powerful protein-modifying enzyme in the food in-
dustry in recent years (X. Liu, et al., 2022; Zhang, et al., 2021). The PG
(EC 3.5.1.44) catalytic triad (Cys-His-Asp) (Hashizume, et al., 2011) can
only catalyze the deamidation of glutamine residues on proteins to
glutamic acid residues and ammonia without affecting asparagine resi-
dues. Deamidation converts amide groups into highly hydrophobic
carboxyl groups in proteins, which increases the negative surface
charge, reduces hydrogen bonding, and increases intermolecular elec-
trostatic repulsion (Qiu, et al., 2013), leading to a partial stretching of
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the spatial structure and a significant improvement in the functional
properties of proteins (Liao, et al., 2016; Y. H. Liu, et al.,, 2018).
Therefore, PG can enhance the functional properties of plant proteins
such as grains, legumes, and plant processing by-products, improving
their application as nutritional supplements (Chen, et al., 2021; X. Liu,
et al., 2022). In addition, PG also improved the solubility of animal
proteins like chicken breast myofibrillar proteins (CMPs) (Fu, et al.,
2022).

In 2000, Shotaro Yamaguchi et al. discovered the strain of
C. proteolyticum 9670 T that produced the PG (Yamaguchi & Yokoe,
2000). However, C. proteolyticum is difficult to use in industrial PG
production due to its extremely low yield of PG (0.26 U/mL) (Yama-
guchi, et al., 2000). Although heterologous expression is effective in
increasing PG production (Kikuchi, et al., 2008; Kikuchi, et al., 2009; Lu,
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et al., 2020; Ouyang, et al., 2021; Yin, et al., 2021), it requires exoge-
nous proteases for the activation of the PG precursor. Thus, directly
increasing PG production in C. proteolyticumis still feasible. Wang et al.
obtained mutant strain C. proteolyticum WG15 with a PG-yield of 2.91 U/
mL, which is 48.69 % higher than the original strain by screening 1003
mutants using atmospheric and room temperature plasma (ARTP) with
LiCl (L. J. Wang, et al., 2023). Moreover, adding 1.60 g/L of leucine to
the medium and optimizing the fermentation conditions can improve
the yield of PG in C. proteolyticum. Zhang et al. achieved a PG yield of
2.93 U/mL, which was 1.87 times that of the original medium (L. Wang,
et al., 2023).

Wheat gluten is frequently employed as a functional additive to
modulate the texture and energy of meat products (Carvalho, et al.,
2019) and baked items (Umaraw, et al., 2021), such as Chinese sausage
and cake. The application of wheat gluten is constrained by the poor
functional characteristics brought on by its high concentration of
glutamine residues (Lura & Schirch, 1988). However, non-enzymatic
deamidation of proteins in high concentrations of hydrochloric acid
(HCD) produces carcinogenic chloropropanols at high temperatures (Lei,
et al., 2015). Peptide bond hydrolysis is difficult to control when pro-
teins are deamidated at low concentrations of HCI, leading to protein
denaturation and amino acid destruction at high temperatures (Liao,
et al., 2010). The enzyme-catalyzed properties of PG have great poten-
tial for safe deamidation and expanding the applications of wheat
gluten.

In this study, a high PG yield mutant strain C. proteolyticum TM1040
was used to optimize medium conditions for PG production. PG was
purified using CEX and HIC and investigated for its enzymatic proper-
ties. The functional properties of wheat gluten were improved using PG
modification and applied to superior cake production. This work pro-
vides a comprehensive set of practical suggestions for PG expression
optimization, purification, and food application of PG produced in
C. proteolyticum.

2. Material and methods
2.1. Strains and culture conditions

Table S1 in the Supplemental material contains a list of the strains
utilized in this study. C. proteolyticum QSH1265 was isolated from the
soil by Qu et al. (R. D. Qu, et al., 2018). C. proteolyticum strains-TM1040,
A4142, 3-16, and 1-2 were obtained by nitrite- ultraviolet (NIT-UV)
mutagenesis from C. proteolyticum QSH1265. The C. proteolyticum strains
were cultivated in shake flasks for 16 h at 30 °C in seed broth (Poly-
peptone 10 g/L, magnesium sulfate 1 g/L, yeast extract 2 g/L, pH = 7.0).
The bacteria were then subcultured in a fermentation medium (pH =
7.2, polypeptone 10 g/L, lactose 5 g/L, disodium hydrogen phosphate
dodecahydrate 3.8 g/L, magnesium sulfate heptahydrate 0.25 g/L, po-
tassium dihydrogen phosphate 0.25 g/L, ferrous sulfate heptahydrate
0.05 g/L).

2.2. PG enzyme activity

PG enzyme activity experiment was measured as described by Qu
et al. (R. Qu, et al., 2022) and Yin et al. (Yin, et al., 2021). 10 pL of PG
enzyme solution was combined with either 100 pL of 1 N trichloroacetic
acid (TCA; Xp) or 100 pL of Cbz-GIn-Gly (10.11 g/L; X;) for 30 min at
37 °C. Then, for X; or Xp, 100 pL of TCA or 100 pL of Cbz-Gln-Gly was
added to the reaction system, respectively. 12 pL of the aforementioned
reaction solution was combined with 60 pL of Color Developer A (40.46
g/L phenol, 0.15 g/L sodium nitroprusside), 48 pL of distilled water, 30
L of Color Developer B (49.94 g/L potassium hydroxide), and 60 pL of
Color Developer C (200 g/L potassium carbonate, 8.37 mL/L sodium
hypochlorite) for 20 min at 37 °C. The reaction was followed by an
ammonium chloride concentration gradient using the reaction system,
and it was finished with 100 pL of TCA or 100 pL of Cbz-Gln-Gly, as
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appropriate. The absorbance was determined at OD630 using the con-
centration gradient of ammonium chloride in reaction with Color
Developer A, distilled water, Color Developer B, and Color Developer C
as a reference curve. The formula used to determine enzyme activity was
as follows:

PGenzymeactivity(U/mL) = (Ap — Ay) x 21/17.03/30 x k 1)

In the formula, Ay: the absorbance value of the reaction with Cbz-Gln-
Gly first; A;: the absorbance value of the reaction with TCA first; k:
the slope of the ammonia standard curve.

2.3. SP Sepharose™ fast flow CEX

The samples were pretreated by CEX, and the lyophilized enzyme
powder after ultrafiltration concentration was dissolved in phosphate
buffered saline (PBS) buffer, filtered through 0.45 pm of sterile micro-
porous membrane, and adjusted to the proper pH with 50 mM citric acid
to obtain the samples. The samples were then analyzed for the activity of
the PG and the amount of protein present. The sample was added after
the CEX columns had been equilibrated with 5 times the column volume
of the PBS buffer. By gradient eluting the samples with PBS buffer
(containing 0-2.0 M sodium chloride, NaCl) from the low to the high
concentration of NaCl, with each elution using two column volumes, the
PG enzyme activity and protein concentration were assessed.

2.4. Phenyl Sepharose HIC

The samples were pretreated by HIC, and after being concentrated
through ultrafiltration, the lyophilized enzyme powder was dissolved in
PBS buffer (2.0 M NaCl), filtered through a 0.45 pm sterile microporous
membrane, and then its pH was adjusted to 6.5 with 50 mM citric acid.
The samples were then used to calculate the concentration and activity
of the PG. After equilibrating the HIC column with PBS (pH = 6.5)
containing 2.0 M NaCl buffer for 5 times the column capacity, samples
were added. Using PBS buffer containing 2.0-0 M NaCl to elute suc-
cessively from high to low concentrations, the permeate was collected
for each concentration gradient and the PG enzyme activity and protein
content were assessed in the obtained permeate.

2.5. Temperature and pH stability

The approach of Yamaguchi et al. (Yamaguchi, et al., 2001) and Qu
et al. (R. Qu, et al., 2022) were adjusted slightly to account for the
stabilities of temperature and pH. A buffer with a pH range of 3 to 12
(consisting of 40 mM boric acid, acetic acid, and sodium hydroxide) was
incubated with PG for 12 h and the assay was tested for remaining
enzyme activity. The remaining enzymatic activity of PG was deter-
mined by incubating PG at the recommended temperature for different
times.

2.6. Optimum reaction temperature and pH

The technique of Yamaguchi et al. (Yamaguchi, et al., 2001) and Qu
et al. (R. Qu, et al., 2022) were referenced, with the ideal reaction
temperature and pH being slightly changed. 40 mM boric acid/acetic
acid/sodium hydroxide buffers with a pH range of 3 to 12 were used to
establish the ideal reaction pH on PG activity. PG activity was measured
at the specified temperature with a reaction duration of 30 min to
calculate the ideal reaction temperature.

2.7. Deamidation degree

The deamidation degree test was measured as described by Intha-
woot et al. (Suppavorasatit, et al., 2011) with a small adjustment. The
content of ammonia after full deamidation of wheat gluten was
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Fig. 1. Growth and PG-producing properties of C. proteolyticurn TM1040. Fermentation medium of C. proteolyticum TM1040 optimized for (A) carbon sources
and (B) nitrogen sources; (C) PG enzyme activity and OD600 detected after medium optimization of C. proteolyticum TM1040.

determined in the supernatant using the method for PG enzyme activity.
Put 500 pL of sample in a 1.5 mL Eppendorf tube, add an equal volume of
2 N sulfuric acid solution, heat in a water bath at 100 °C for 4 h,
centrifuge at 12,000 revolutions per minute for 10 min, and take an
appropriate amount of supernatant. After wheat gluten had been dea-
midated by PG, a suitable amount of the supernatant was removed and
used to measure the concentration of NHJ in the supernatant. Deami-
dation is the difference between the amount of ammonia created when
PG partially deaminates wheat gluten and the amount of ammonia
produced when wheat gluten is completely deaminated.

2.8. Emulsifying activity

The methods of Hadidi et al. (Hadidi, et al., 2021) and Kunarayakul
et al.(Kunarayakul, et al., 2018) were used to determine the emulsifying
activity of wheat gluten. The lyophilized samples of PG-modified wheat
gluten were weighed and then re-dissolved. After being dissolved in 10
mL of distilled water, the samples were added to 3 mL of soybean oil.
The samples were then homogenized using a high-speed homogenizer at
20,000 revolutions per minute for 2 min. After the procedure, 50 pL of
the solution was sucked up and mixed well with 50 mL of 0.1 % sodium

dodecyl sulfate (SDS) solution. A spectrophotometer was used to
determine the absorbance value Ey at 500 nm, and the emulsifying ac-
tivity index (EAI) was computed as follows:

EAI(m*/g) =2 x 2.303 x Ey x k/0.25/c/10,000.

k is the number of times the emulsified emulsion was sampled to a
dilution of 0.1 % SDS. c is the amount of protein per ml of solution. This
method is in line with the evaluation of emulsification capacity by the
National Standard of the People’s Republic of China (GB/T
11543-2008).

2.9. Foam capacity

The methods of Hadidi et al. (Hadidi, et al., 2021) and Kunarayakul
et al.(Kunarayakul, et al., 2018) were used to determine the foam ca-
pacity of wheat gluten (ISO 696-1975). The wheat gluten with various
degrees of deamidation was lyophilized and re-solubilized, and 20 mg of
each wheat gluten was weighed and dissolved in 20 mL of distilled
water. The sample was then homogenized using a high-speed tissue
homogenizer at 20,000 revolutions per minute for 2 min, and after the
procedure, the sample was transferred to a measuring cylinder to record
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Fig. 2. Purification of PG by CEX coupled with HIC. PG was purified by 1 mL CEX column and 1 mL HIC column in tandem. The eluent NaCl concentration was 0
M ~ 2 M with a volume of 2 mL for each concentration for CEX, and the eluent NaCl concentration was 2 M ~ 0 M with a volume of 2 mL for each concentration for
HIC. (A)Relationship between eluent volume, eluted protein concentration, and PG enzyme activity; (B) SDS-PAGE of the eluate from the PG tandem purifica-

tion process.

Table 1
Recoveries for PG purification steps.
Process Total PG enzyme Enzyme Specific
protein activity(U) activity enzyme
(mg) recovery(%) activity(U/g)
Centrifugation 115.35 + 92.28 + 100 +1.39 800 + 45.83
2.06 1.28
Ultrafiltration 51.64 + 72.81 + 78.90 £ 2.06 * 1410 + 98.49 *
1.35° 1.90 °
Freeze-drying 12.87 + 69.23 + 75.02 +2.23 ¢ 5380 + 65.57 *
1.02° 2.06 *
CEX 3.94 + 66.65 + 72.22 + 2.54 16920 +
0.09 * 2357 1311.45°
HIC 1.87 £ 49.69 + 53.84 £1.95° 26600 +
0.18 ¢ 1.80 ° 995.94 *
2, p < 0.0001. Each data was compared to centrifugation.

the volume of the saline solution V. The formula for foam capacity (FC)

is as follows:

FC(%) = (Vo — 20)/20 x 100.

2.10. Water-holding and oil-holding properties

Water-holding and oil-holding properties of wheat gluten were
conducted based on methods from Hadidi et al. (Hadidi, et al., 2021) and

Kunarayakul et al.(Kunarayakul, et al., 2018) with some modifications.
A 50 mL centrifuge tube was weighed as My and 50 mg of wheat gluten
was dispersed in 10 mL of distilled water or soybean oil with varying
degrees of deamidation. The mixture was then centrifuged in a water
bath at 40 °C for 30 min at 10,000 revolutions per minute for 20 min.
The supernatant was removed after centrifugation, and the weight of the
centrifuge tube was measured once again as M;. The following formula
was used to calculate the water/oil holding capacity:

Water oilholdingcapacity(g/g) = (M; — My — 0.05)/0.05.

2.11. Cake baking and cake quality

This experiment used 30 g of low-gluten wheat flour, 20 g of corn oil,
15 g of fresh milk, 25 g of sugar, 30 g of egg white proteins, and a total of
30 g of egg yolk proteins with different wheat gluten to make cakes. Egg
yolk proteins were replaced with 0 %, 20 % modified wheat gluten, or
20 % non-modified wheat gluten, respectively. The following variables
were assessed after the cooked cakes had cooled:

Calculating the density and specific volume requires cutting the
cooled cake into cubes, measuring their length (a), breadth (b), and
height (h), and then weighing the result, which is represented by the
number m. The following is the formula for density and specific volume:

Density (g/cm®) p=m = (a x b x h).

Specific volume (cm3/g) =(axbxh)+-m.

To calculate the retraction ratio, measure the height of the cake as
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Fig. 3. Enzymatic properties of purified PG. Enzymatic properties of PG derived from C. proteolyticum TM1040 purified by CEX and HIC. (A) Molecular mass; (B)
Temperature stability; (C) Optimum reaction temperature, compared to 37°C; (D) pH stability, compared to pH = 7; (E) Optimum reaction pH compared to pH = 7;
(F) Effect of 2 % surfactants on PG activity incubated at 37 °C for 1 h. (G) Effect of 5 mM metal ions on PG enzyme activity incubated at 37 °C for 1 h.

soon as it is taken out of the oven (Hp), and again after it has been at
room temperature for one hour (H;). The following is the retraction ratio
formula:

Retraction rate (%) = (H; - Hg) ~ Hg x 100.

The cake was cut into uniformly thin pieces measuring 4 cm x 4 cm
x 3 cm. The texture was determined using the TA-XT plus texture
analyzer with the P36R probe selected. The measurement was

completed in the TPA mode with the following settings: initial speed 1

mm/s, recovery speed 1 mm/s, trigger force 5 g, and compression dis-
tance 50 %.

2.12. Flavor evaluation

An evaluation team of 10 trained members evaluated the odor of
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cakes of different compositions. Cake samples of different compositions
were randomly distributed to the panel members. During the odor
evaluation, the panel members were in the same environment and
condition, and each panel member performed an olfactory evaluation on
three parallel cake samples. Each evaluator was asked to assess the in-
tensity of wheat flavor from low to high on a scale of —3, -2, -1, 0, 1, 2,
and 3. Flavor evaluations from group members were tallied and pre-
sented in a heat map. The assessments were carried out in a sensory
laboratory room designed according to international standards (ISO
8589-1998). The research has been approved by the University Com-
mittee on Human Research Protection (Approval No.: HR721-2022).

2.13. Statistical analysis

For statistical analysis, GraphPad Prism 8.0 was utilized. The infor-
mation is displayed as means and + SEM. A two-tailed t-test was used to
determine the significance between the two groups. One-way or two-
way ANOVA with Bonferroni post-test was used to analyze multiple
groups. P values < 0.05 were regarded as statistically significant for all
statistical tests. *: 0.01 <P < 0.05, :0.001 <P < 0.01, ~:0.0001 <P
<0.001, """ P < 0.0001.

3. Results and discussions
3.1. Optimization of conditions for PG production by C. proteolyticum

The four strains of C. proteolyticum did not appear to have signifi-
cantly different growth curves in seed mediums, as shown in Fig. S1, and
all four reached a platform phase of growth after 12 h of shake flask
incubation. However, the growth decline phase of C. proteolyticum 3-16
began much sooner than that of the other three strains in the fermen-
tation medium (Fig. S2A). With a maximal enzyme activity of 3.30 U/mL
in 18 h of shaking flasks in fermentation media, C. proteolyticum TM1040
produced more PG than the other three strains according to the analysis
of the enzyme production curve for PG (Fig. S2B). This may be due to
differences in strain growth and metabolism caused by NIT-UV
mutagenesis.

Optimizing the media was an effective way to improve target protein
production, but no research on improving PG production in
C. proteolyticum by optimizing the carbon and nitrogen of media had
been reported. Herein, the carbon source and nitrogen source in the
fermentation medium of PG production were investigated in this study.
As can be seen in Fig. S3A and Fig. 1A, adding 0.5 % lactose to the
fermentation medium for TM1040 resulted in the maximum PG pro-
duction of 3.27 U/mL, which increased by 122 %, compared with adding
alginose. This result may be because other carbon sources mainly pro-
mote the growth of C. proteolyticum rather than the PG-producing

metabolism (Fig. 1A). Meanwhile, as shown in Fig. S3B and Fig. 1B,
the maximum PG yield was produced when 2 % polypeptone was
applied, and PG enzyme activity was 3.81 U/mL, with an increase 456 %
compared to ammonium sulfate. This may be due to the promotion of
0OD600 by the nitrogen source without affecting the enzyme-producing
metabolism of C. proteolyticum (Fig. 1B). Shake flask culture of
TM1040 in the optimized medium combining carbon and nitrogen
sources resulted in higher OD600 and longer time taken to reach plateau
phase, and the yield of PG was 6.52 U/mL with increased 97.6 %,
compared with the pre-optimized medium (Fig. 1C). Finally, the PG
yield up to 7.30 U/mL of C. proteolyticum TM1040 in 15L fermenter at
19 h (Fig. S4). The PG yield of C. proteolyticum TM1040 in this study was
higher than the highest reported PG activity of 2.93 U/mL expressed in
C. proteolyticum (L. Wang, et al., 2023) and 7.07 U/mL expressed in
B. subtilis (Yin, et al., 2021).

3.2. Purification of PG by CEX and HIC in tandem

Despite these results indicating that the PG yield of TM1040 is
relatively high, it is still necessary to remove proteases and other im-
purity proteins from the extracellular supernatant and to increase the
purity of the PG for applications. In this study, a method of PG purifi-
cation was performed for the first time connecting CEX and HIC in
tandem from the extracellular supernatant of C. proteolyticum TM1040.
In the CEX purification of PG, conditions were optimized by concen-
tration and pH of sample loading buffer (Table S2 and Table S3), and 10
mM PBS was used for PG coupling with the CEX column and gradient
NaCl to elute PG (Fig. S5A and S5C). In the HIC purification of PG, the
concentration of sample loading buffer was optimized (Table S4), and
10 mM PBS was used for PG coupling with the HIC column and gradient
NaCl to elute PG (Fig. S6A). The results showed that both CEX and HIC
were effective in improving the purity of PG in the extracellular super-
natant of C. proteolyticum TM1040 (Fig. S5B, D, and Fig. S6B). Further,
CEX and HIC were used in tandem for the purification of PG in the
extracellular supernatant of C. proteolyticum TM1040 (Fig. 2A), and the
results of SDS- polyacrylamide gel electrophoresis (SDS-PAGE) showed
that electrophoretically pure PG could be obtained after purification by
CEX and HIC, and the hetero protein bands present in the PG purified by
either CEX or HIC alone almost completely disappeared (Fig. 2B).
Instead of using HIC paired with gel filtration chromatography (GFC)
(Yamaguchi, et al., 2001) and CEX paired with GFC (R. Qu, et al., 2022),
an approach that CEX coupled with HIC were utilized for the purifica-
tion of PG in this study. The specific enzyme activity of purified PG was
26,600 + 995.94 U/g (Table 1). The recovery of PG enzyme activity was
53.84 %, which was higher than 30.3 % for HIC paired with GFC
(Yamaguchi, et al., 2001) and 32.95 % for CEX paired with GFC (R. Qu,
et al., 2022). According to protein and enzyme activity recovery
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Fig. 4. Modification of functional properties of wheat gluten by PG. Deamidation assay of wheat gluten optimally modified by PG at, (A) different temperatures
at E/S =20 U/g, pH = 7 and 12 h reaction, (B) different times at 50 °C, pH = 5 and E/S = 30 U/g, (C) different enzyme-to-substrate ratios at 50 °C, pH =5and 12 h
reaction, and (D) different pH at 50 °C, E/S = 20 U/g and 12 h reaction. Photographs of wheat gluten modified by PG at different times for (E) wheat gluten and (F)
SDS-PAGE. Wheat gluten was modified by PG at different times for (G) emulsification, (H) foaming, (I) water-holding capacity and (J) oil-holding capacity of wheat

gluten changed after different times of PG modification of wheat gluten.

statistics and enzyme activity measurements for the steps of PG purifi-
cation, the yields of PG enzyme activity obtained by this method were all
higher than those of HIC paired with GFC (Yamaguchi, et al., 2001) and
CEX paired with GFC (R. Qu, et al., 2022), which reduced the losses
during PG purification.

3.3. Engymatic properties of purified PG

The relative molecular mass of PG was initially assessed to confirm

the enzymatic characteristics of purified PG from TM1040. The relative
molecular mass of PG generated was determined to be 19851 Da using
an ultra-performance liquid chromatography-quadrupole time-of-flight
mass spectrometer (UPLC-TOF MS) (Fig. 3A). The theoretical relative
molecular mass of PG is 19,860 Da, and the result is consistent with
earlier reports that about 20000 Da (Yamaguchi, et al., 2001). According
to the findings of the temperature stability tests, PG was able to keep the
enzyme activity below 50 °C generally stable. 60 °C was the optimal
temperature of reaction for PG and quickly inactivated at temperatures
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Fig. 4. (continued).

over 70 °C (Fig. 3B, 3C). The response of PG to temperature was similar
to the results of Yamaguchi et al (Yamaguchi, et al., 2001). The enzyme
activity of PG was reasonably stable over a pH range of 5 to 7, and it
reduced when pH increased or dropped, according to pH stability
studies. The enzyme activity was quickly diminished at pH 3 or pH > 10
(Fig. 3D). The optimum pH for the reaction of PG is 7 (Fig. 3E). In the
study by Yamaguchi et al., the PG enzyme activity from C. proteolyticum
9670 T exhibited a broad pH optimum between pH 5 and 7, and the
enzyme showed more than 90 % of the remaining activity at pH 5-8.7
after incubation at various pH for 18 h (Yamaguchi, et al., 2000). The
optimal reaction temperature and pH, as well as temperature and pH
stability of purified PG from TM1040, were similar to the purified PG
from Chryseobacterium cucumeris ZYF120413-7 (R. Qu, et al., 2022).

In addition, nonionic surfactants including TritonX-100, Span-80,
PEG200, PEG4000, PEG6000, Tween-20, and Tween-80 significantly
improve the enzyme activity of PG (Fig. 3F). Nonionic surfactants
contribute to the stability and survival of enzymes (Goswami, 2020) is
because they can increase activity by encouraging partial protein
defolding (de Castro, et al., 2021), particularly in the case of lipases. But
because SDS, an anionic surfactant, denaturized the protein structure of
PG, PG was severely inhibited by SDS. Additionally, only Fe?" signifi-
cantly inhibited PG enzyme activity, Mn?* had no impact on PG enzyme

activity, whereas other metal ions (Li*, Na®, K*, Mg?*, Ca®*, and Ba?")
slightly improved the PG enzyme activity. Similar to another study,
Cu?*, Fe?", and Fe®" had significant inhibitory effects on PG, while
Mg?*, Ca?*, and Zn%" have a slight stabilizing or even enhancing effect
on PG (Ouyang, et al., 2021). Yamaguchi et al. found that HgCl, and
AgNOj3 completely inhibited the activity, and partial inhibitions were
observed with CuCl, (74.9 %), ZnCl, (69.9 %), and FeCl, (26.8 %)
(Yamaguchi, et al., 2001). Interstingly, Co?" significantly improves the
PG enzyme activity with an increase of 63 % (Fig. 3G), which had not
been reported before. It has been shown that cobalt phosphate has an
enhancing effect on organophosphorus hydrolase, which may be due to
the enhancement of the enzymatic reaction by Cobalt(Co)-based nano-
zymes as the bioinorganic hybrid catalysts (Han & Liu, 2017). All of
these findings provided fundamental detail characteristics of purified PG
from TM1040.

3.4. Effect of PG on the functional properties of wheat gluten

5 % wheat gluten was modified using purified PG from the TM1040
fermentation supernatant. With increasing temperature, enzyme-to-
substrate ratio (E/S), and reaction time, the degree of deamidation of
wheat gluten increased, reaching maximal deamidation degrees of
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Table 2
Effect of modified wheat gluten on cake quality.
Egg yolk substitution 0 20 # 20
ratio(%)"
Densities(g/cm3) 0.63 £ 0.10 0.40 + 0.07 ™ 0.81 £0.13™
Specific volume(cm3/g) 1.44 4+ 0.15 2144015 1.23 +0.18 ™
Retraction ratio(%) 9.31 £0.71 7.19 £ 0.95 * 8.31 +£0.67 ™
Hardness(g) 1376.35 + 1229.63 + 1570.27 +
98.39 95.26 * 168.98 ™
Elastic index(mm) 0.83 £+ 0.09 0.92 +£0.13™ 0.88 &+ 0.09 ™
Cohesiveness(g) 0.83 £ 0.04 0.66 =+ 0.07 0.78 & 0.06 ™
Chewiness(g) 1009.22 + 965.77 + 1131.21 +
104.87 94.46 ™ 112.23 *
Reversibility(g) 0.32 + 0.03 0.26 +0.02""  0.28 +0.04 *

2 | the initial egg yolk protein content is 40 %; ¥, modified wheat gluten
substituted for egg yolk protein; ¥, unmodified wheat gluten substituted for egg
yolk protein. ns, no significant *, p < 0.05; - p < 0.01; - p < 0.001; R p<
0.0001.Each data was compared to a 0 % egg yolk substitution ratio.

75.28 %, 84.61 %, and 87.11 %, respectively (Fig. 4A, 4B, and 4C). Yong
et al. utilized PG to modify gluten to a degree of deamination up to 72 %
(Yong, et al., 2006). Hadidi et al. (Hadidi, et al., 2021) also demon-
strated that the degree of deamidation of evening primrose seed cake
(EPSC) protein increased with increasing temperature (not exceeding
45 °C), time, and E/S. The deamidation degree of wheat gluten was
82.66 % at the optimal pH of 5, according to Fig. 4D. Compared to the
recently reported citric acid for deamidation of wheat gluten, the dea-
midation of wheat gluten by PG showed shorter reaction time, lower
temperature, and higher degree of deamidation (M. X. Liu, et al., 2023).
In particular, the degree of hydrolysis of PG-deamidated wheat gluten
was only up to 3.9 % (Fig. S7), which is an advantage of enzymatic
deamidation over chemical methods (Wang, et al., 2017). As shown in
Fig. 4E, when the degree of wheat gluten deamidation rose, the

precipitation of wheat gluten reduced and its solubility increased. SDS-
PAGE bands of deamidated wheat gluten migrated primarily upward
(Fig. 4F). This upward migration of the bands of deamidated proteins is
similar to that of soy protein (Suppavorasatit, et al., 2011), a-Zein (Yong,
et al., 2004), and EPSC protein (Hadidi, et al., 2021). This upward
migration should be due to an increase in the negative charge of dea-
midated proteins and intramolecular electrostatic repulsion (Yong,
et al., 2006). According to functional analysis of the deamidated sam-
ples, wheat gluten with a degree of deamidation of 81.7 % had the
greatest emulsification (Fig. 4G), foaming (Fig. 4H), and oil-holding
capabilities (Fig. 41), while wheat gluten with a degree of deamidation
of 75.0 % had the best water-holding qualities (Fig. 4J). The results of
Yong et al. (Yong, et al., 2006) showed that deamidation of wheat gluten
by PG resulted in a change of the secondary structure of protein and
improved the solubility and emulsification of wheat gluten at pH = 7.
Deamidated wheat gluten exhibited superior functional properties than
non-deamidated wheat gluten, including emulsification, foaming, and
water/oil holding capacity. The functional properties of wheat gluten
can be improved by controlling the conditions of the PG deamidation
reaction, including temperature, pH, E/S, and time. Compared with
chemical deamidation (Lei, et al., 2015; Liao, et al., 2010), PG enzymatic
deamidation of wheat gluten is performed under mild reaction condi-
tions without the need for high temperatures and the addition of
chemical reagents, which exhibits great advantages in terms of safety
and degree of deamidation, and effectively broadens the application of
deamidated wheat gluten in the food field.

3.5. Impact of modified wheat gluten in cake

Wheat gluten is one of the main ingredients in cakes, noodles, and
meat products. Proper addition of wheat gluten enhances properties
such as viscoelasticity and firmness of cake (Y. X. Liu, et al., 2023;
Squeo, et al.,, 2023). Based on that, cakes with egg yolk proteins
substituted with modified wheat gluten with an 81.7 % deamidation
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degree were baked. As the percentage of wheat gluten replacement grew
from 0 % to 20 %, the cross-sectional structure of the cakes revealed
better qualities of smaller pores and flatter cross-sections (Fig. 5A and
5B), but the cakes with 20 % unmodified wheat gluten had loose pores
and a structure susceptible to collapsing (Fig. 5C). In terms of aroma, egg
yolk, and a slight wheat flavor were both present, but the cake made
with 20 % non-modified wheat gluten had a stronger wheat scent
(Fig. 5D). Many studies have demonstrated the deamidation of plant
protein to promote the reduction of specific plant flavors, which is
beneficial for people who cannot accept specific plant protein flavors
(Suppavorasatit, et al., 2013; Temthawee, et al., 2020). According to the
data above, the cake with 20 % modified wheat gluten had better color,
fragrance, and aesthetic appeal compared to the original recipe with a 0
% egg yolk substitution ratio. The cake with 20 % modified wheat gluten
also had the lowest density, the highest specific volume, and the highest
retraction ratio, which indicated that its fluffiness was significantly
higher than that of the other recipes, according to a detailed analysis of
the cake qualities (Table 2). When the structural properties were
examined, the hardness, cohesiveness, and reversibility of 20 % modi-
fied wheat gluten cake were all lower than those of the egg yolk protein
cake, indicating that the cake was softer, while the elasticity of the cakes
in the different groups did not exhibit a difference (Table 2). These re-
sults demonstrated that PG-modified wheat gluten improves cake tex-
tures and opens new opportunities for wheat gluten in the food industry.

4. Conclusion

In this study, the fermentation process of C. proteolyticum was opti-
mized to produce PG with a yield of 7.30 U/mL, which is 2.49 times
higher than the highest study reported so far in C. proteolyticum. Dea-
midation of wheat gluten was increased to 87.11 % using purified PG
and the deamidation reaction was more efficient, safer, and milder.
Deamidated wheat gluten with great functional properties was made
into cakes to improve the quality of the cakes. These results promote the
progress of PG-modified proteins in the food industry.
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