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The physicochemical, structural and functional properties of citric-acid-deamidated wheat gluten at con-
trolled degrees of deamidation (25%, 40% and 55%), which were obtained by using different acid concen-
trations (3.93 x 107>, 3.14 x 1072 and 2.36 x 1072 mol/L) and temperatures (70°C 2h, 90°C 1h and
110 °C 40 min), were compared. Various deamidation processing conditions leading to the same degree
of deamidation resulted in proteins with different physicochemical and structural characteristics, as
indicted by the degree of hydrolysis, Z-potential, surface hydrophobicity, particle size, SDS-PAGE results,
SEC-HPLC results, intrinsic fluorescence and FTIR spectra. Agglomerative hierarchical clustering analysis
and principal component analysis qualitatively indicated a significant effect of pH on protein deamida-
tion. Three samples at 40% deamidation, which were produced by a moderate acid concentration, showed
the best emulsifying and foaming properties. Processes conducted at greater than 90 °C causing protein
aggregation and at a high acid concentration rupturing peptide bonds, impaired protein quality. These
findings demonstrated that a limited amount of H* could function well in the catalysis of the deamidation
of amide groups without an excess of H, which hydrolyses peptide bonds in a stronger hydrothermal
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1. Introduction

Wheat gluten is useful in the food industry, but its application is
limited because of its water-insolubility. The solubility of wheat glu-
ten can be improved by deamidation via heating in acid. Glutamine
and asparagine residues are transformed into carboxyl groups via
the formation of hydrogen bonds, and heating in acid increases
the hydrophobic interactions and electrostatic repulsion of the pro-
tein molecular chains. This processing causes protein dissociation,
increasing the solubility of the protein (Zhao, Tian, & Chen, 2011).
It has been reported that deamidation by heating in acid improved
the functional properties of wheat proteins and produced a modified
wheat gluten with a lower immunoreactivity to celiac IgA anti-
gliadin antibodies and reduced its cytotoxic activity in a human
colon adenocarcinoma LoVo cell line (Berti et al., 2007; Du et al.,
2009; Liao et al., 2010a, 2010b; Webb, Naeem, & Schmidt, 2002).

Recent investigations have revealed that carboxylic acid deami-
dation via hydrothermal treatment modified proteins to have
desirable functions, but had little effect on the hydrolysis of protein
bonds. A hydrothermal treatment is necessary to deamidate
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proteins. For a protein used as an emulsifying and foaming agent,
the retention of large molecular constituents is crucial (Wong,
Choi, Phillips, & Ma, 2009). Deamidation under extremely acidic
conditions leads to the excessive breakage of peptide bonds,
destroying certain protein functions. Deamidation of proteins that
contain carboxylic acids via heating has been considered to be an
effective method to minimize peptide bond hydrolysis and
enhance the functional properties and safety of wheat proteins
(Liao et al., 2010a, 2010c). After this type of modification, wheat
gluten protein molecules become flexible, exhibit desirable
changes in their protein structure and have better functional prop-
erties (Liao, Liu, Zhao, Zhao, & Cui, 2011), and essential amino acids
in wheat gluten and gluten are preserved (Lei, Zhao, Selomulya, &
Xiong, 2015), significantly improving the emulsifying and foaming
properties of gliadin (Qiu, Sun, Zhao, Cui, & Zhao, 2013).
Matsudomi, Sasaki, Tanaka, Kobayashi, and Kato (1985) reported
that hydrophobic interactions and the formation disulphide bonds
due to the hydrothermal treatment of ovalbumin aggregates led to
desirable functional properties. Heat treatment increases the
degree of protein aggregation by forming interchain disulphide
bonds (Wagner, Morel, Bonicel, & Cuq, 2011), which involves sulf-
hydryl and disulphide interchange reactions, which fix the protein
in a denaturated state (Morel, Redl, & Guilbert, 2002). Liao et al.
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demonstrated that the slight breakage of peptide bonds (<1%) in
wheat gluten aggregates during deamidation by heating in acid
achieved a balance between the successive opening-up of the net-
work structure by electrostatic repulsion and the thermal cross-
linking of sulfhydryls (Liao et al., 2011).

It is well recognized that the deamidation conditions play a sig-
nificant role in the conformational and functional properties of a
protein. Different processing conditions, for example, varying the
temperature or pH, may produce modified proteins with similar
functional properties. However, attempts which have been exten-
sively performed on the functional and structural characterization
of proteins after acid deamidation, has usually been restricted to a
single processing condition. To date, few reports are available con-
cerning detailed scientific comparisons of wheat gluten proteins
that have similar degrees of deamidation produced by different
deamidation processing conditions, such as different temperatures
and acid concentrations (pHs). Therefore, our approach was to
directly produce wheat gluten with three different degrees of
deamidation (~25%, ~40% and ~55%) based on screening trials
with different heating conditions and acid concentrations. We
compared the aggregation state of the deamidated wheat gluten
proteins with specific degrees of deamidation. Changes in the func-
tional and conformational properties of the wheat glutens proteins
were also determined to investigate their properties at the same
degree of deamidation resulting from different processing condi-
tions. We finally discuss our results by applying pattern recogni-
tion techniques based on an agglomerative hierarchical clustering
(AHC) analysis and principal component analysis (PCA) to compare
the behaviour of deamidated wheat gluten proteins.

2. Materials and methods
2.1. Materials, chemicals and reagents

A wheat gluten isolate was first prepared by hand washing a
dough-ball with excess distilled water from the strong wheat

cultivar Zhoumai 22 (supplied by a wheat farmer from the Henan
province of China) after extracting the lipids with chloroform. The
freeze-dried wheat gluten was ground in a coffee grinder. The pro-
tein (N x 5.7 g/kg), carbohydrate and moisture contents were anal-
ysed using AOAC methods (Redondo-Cuenca, Villanueva-Suarez, &
Mateos-Aparicio, 2008) and were 845.4 + 70.3 g/kg, 68.8 + 1.0 g/kg
and 85.8 + 1.3 g/kg, respectively. All other chemicals and solvents
were of analytical or HPLC grade and obtained from the Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China) and Sigma Chemical
Co. Ltd. (St. Louis, USA), respectively.

2.2. Deamidation of wheat gluten with citric acid

The deamidation of wheat gluten via different hydrothermal
treatments at different citric acid concentrations was conducted
according to our previously published method (Liao et al., 2011)
based on screening trials (Fig. 1 and Table 1). Briefly, wheat gluten
(50g/L) was mixed with different citric acid (3.93 x 1075,
3.14 x 1073 and 2.36 x 1072 mol/L) solutions to form suspensions.
Subsequently, the suspension with a citric acid concentration of
3.93 x 10~° mol/Lwas divided into three aliquots. The aliquots were
hydrated for 120 min in a shaking water bath at room temperature
and heated at 70°C for 2 h (I), 90°C for 1 h (II) and 110 °C for
40 min (IIT) in an autoclave and then immediately placed in an ice
water bath for 5 min to stop the reaction. The solutions were cen-
trifuged at 10, 000g for 10 min at 4 °C and the supernatants (soluble
fraction) were collected with a syringe. The supernatants were dial-
ysed in deionized water at 4 °C for 24 h to remove the ammonium
ions and were designated as citric acid deamidated wheat gluten
(CDWG) at a 25.13 £ 1.5% degree of deamidation (DD) (abbreviated
as CDWGI-25, CDWG II-25 and CDWGIII-25, respectively). The sus-
pensions with citric acid concentrations of 3.14 x 10~ and
2.36 x 1072 mol/L were submitted to a similar process, producing
citric acid deamidated wheat gluten at 40.05*1.5% and
55.15 £ 1.9% DD, respectively (abbreviated as CDWGI-40, CDWG
11-40, CDWGIII-40, CDWGI-55, CDWG II-55 and CDWGIII-55).
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Fig. 1. Process diagram of the deamidated wheat gluten with citric acid at three levels of degree of deamidation obtained by different deamidation processing conditions
(70 °C (CDWG-I), 90 °C (CDWG-II) and 110 °C (CDWG-III)).
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Table 1

Changes of physicochemical and functional properties of CDWGs at three levels of degree of deamidation obtained by different deamidation processing conditions

(70 °C (CDWG-1), 90 °C (CDWG-II) and 110 °C (CDWG-II)).

Temperature DD? DH" (%) So° Zeta potential Particle size EAIY (m?g™')  ESI® (min) Foaming capacity =~ Foaming stability
(°C) (%) (mv) (nm) (%) (%)
70 25 1.19+0.24a 70774, 3.24+0.13, 359.25+1.18, 17.65+£0.59, 31.38+0.70, 159.09 £6.434 80.07 £3.23,,
70 40 2.64+0.08, 8388.64 22.2%1.35, 328.10+0.84, 25.09+2.894 65.35+0.51, 136.36 +2.31, 83.33+4.71,
70 55 2.74+0.06, 7513.3, 20.6 £ 0.40, 1323.00 £ 2.82, 2228 £0.58. 57.61%1.57, 122.72+6.43, 92.58 £ 0.38,
90 25 1.27+0.15a 6902.8, 3.77+0.30, 400.30 £ 1.21,, 12.76 £ 0.12, 17.75+£2.29, 136.36 + 2.43, 90.00 +4.71,
90 40 2.72+0.05, 7528.7, 23.7 £0.80, 35445 +£1.62, 24.70+0.534 64.56+0.34. 118.18x6.43, 88.69 £4.21,
90 55 2.88+0.15, 74315, 235132, 1259.50 £+ 1.48. 22.62+0.60. 46.47 £3.65, 127.27+1.44, 85.71 £6.43,,
110 25 141+0.13, 64179, 3.82+0.06, 427.85+6.57, 11.88+0.36, 9.93+0.52, 145.45+6.434 90.62 £ 4.41c
110 40 3.08 £0.02,, 7424.6. 24.2 +0.32, 368.65 +£1.63, 22.78+0.69. 84.85+3.774 95.45 +6.43, 90.45 + 0.64.
110 55 3.13+£0.06,, 7135.1,c 23.2+0.85, 1368.30+£1.98. 15.14+0.04,, 33.78+4.65, 131.18+4.32 51.66 £ 2.35,

¢ DD: Degree of deamidation.

Y DH: Degree of hydrolysis.

€ So: surface hydrophobicity.

4 EAI: emulsification index.

e

2.3. Degree of hydrolysis (DH) and degree of deamidation (DD)

Degree of deamidation were determined according to our pub-
lished method (Liao et al., 2011). Degree of hydrolysis was defined
as the percentage of peptide bonds cleaved during the reaction,
which was calculated from the ratio of free amino groups to the
total number of peptide bonds in soluble factions during deamida-
tion, according to the method described by Kong, Zhou, and Qian
(2007). The determination of free amino groups in samples was
carried out as follows: 0.25 mL of soluble fractions obtained from
centrifugation was mixed with 2 mL of 0.2 M sodium phosphate
buffer (pH 8.0) in the presence of 1% SDS and 2 mL of 0.1% trini-
trobenzenesulfonic acid, followed by incubation in the dark for
60 min at 50 °C. The reaction was quenched by adding 4 mL of
0.1 M HCI and the absorbance was read at 340 nm. L-leucine solu-
tions of 0.15-1.5 mM were used as standard. The total number of
peptide bonds in suspensions was obtained by the hydrolysis of
relevant soluble factions under vacuum in 6 mol/L HCI for 24 h at
110 °C in sealed tubes.

2.4. Zeta potential and dynamic light scattering (DLS)

Zeta potential and the mean hydrodynamic diameter of samples
were determined according to the method described by Zhang
et al. (2010). Zeta potential was measured by a laser doppler
velocimetry and phase analysis light scattering (M3-PALS) tech-
nique using a Malvern Zetasizer Nano ZS (ZEN 3600) instrument
(Malvern Instruments Ltd., Malvern, Worcestershire, UK). The
mean hydrodynamic diameter of samples was measured by a
dynamic light scattering technique using a Zetasizer Nano ZS (Mal-
vern Instruments Ltd., Malvern, Worcestershire, UK) equipped with
a 4 mW helium/neon laser at a wavelength output of 633 nm. The
samples were diluted to about 2 mg/mL with 0.01 mol/L phosphate
buffer (pH 5.03). One milliliter of each diluted sample was put in
an electrophoresis cell (Model DTS 1060C, Malvern Instruments
Ltd., Malvern, Worcestershire, UK). The temperature of the cell
was maintained at ambient temperature. The data was the average
values of three measurements performed with three individually
prepared protein dispersions.

2.5. Surface hydrophobicity

Surface hydrophobicity was determined using
l-anilino-8-naphthalene sulfonate (ANS™) as a fluorescence probe
with modifications described by Haskard and Li-Chan (1998).
4mL of protein soluble fractions at successive concentration
(0.005%, 0.01%, 0.02%, 0.05%, 0.1%) (w/v) were prepared in 10 mM
phosphate buffer (pH 7.0). 20 uL of 8 x 10! M ANS™ stock solution

ESI: Emulsification stability.The data with different letters in the same column are significantly different (p < 0.05).

was added into protein solutions. The mixtures were shaken in a
vortex mixer for 5 s. Fluorescence intensity (FI) was measured at
wavelengths of 390 nm (excitation) and 470 nm (emission) using
a RF-5301 PC spectrofluorometer (Shimadzu Corp., Kyoto, Japan)
at 26 £0.5°C, with a constant excitation and emission slit of
5 nm. The FI for each sample with probe was then computed by
subtracting the FI attributed to protein in buffer. The initial slope
of the FI versus protein concentration was calculated by linear
regression analysis and used as an index of surface hydrophobicity.

2.6. Evaluation of emulsification characteristics

Emulsification activity index (EAI) and emulsion stability index
(ESI) of samples were determined by the turbidimetric technique
of Agyare, Addo, and Xiong (2009) with some modifications. Corn
0il (10 mL) and protein solution (4.0 g/L sample in 0.01 mol/L phos-
phate buffer, pH 4.4, 30 mL) were homogenized with an T25 Ultra
Turrax-homogenizer (IKA Works Inc., Wilmington, NC) at a speed
of 20, 000g for 1 min at 30 °C. 1 mL of the emulsion was diluted
serially by 1/50-1/500, using 1.0 g/L sodium dodecyl sulphate
(SDS) solution. Absorbance were recorded at 500 nm (Asgg) using
a Spectrumlab 22PC spectrophotometer (Shanghai Lengguang
Technology Co. Ltd., Shanghai, PRC). EAI was calculated as below:

~2.303 N Asgo 2,0y 20107
C=—p  HlmY/g=—¢;

where Asqq is the absorbance at 500 nm; @ is the volume fraction of
dispersed phase; L is the light path in meters (1 cm); C is the con-
centration of protein before the emulsion is formed (g/mL); N is
diluted folds; ¢ is the evaluation of turbidity by emulsion solution
of samples.

Emulsion stability index (ESI) was determined by placing ali-
quots of emulsion (10 mL) inside 10.0 mL cylinders immediately
after preparation. At 0 and 30 min following emulsion preparation,
0.1 mL samples were pipetted and diluted 100 fold prior to turbid-
ity measurements. ESI was calculated as follows:

ESI (min) = “’AACT

where A({ is the change in turbidity after the time interval AT
(30 min).

2.7. Evaluation of foaming property

Foaming property was determined by the method described by
Popineau, Huchet, Larré, and Bérot (2002) with modifications.
Protein solution (10.0 g/L sample in 0.01 mol/L phosphate buffer,
pH 4.4) was homogenized with an T25 Ultra Turrax-homogenizer
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(IKA Works Inc., Wilmington, NC) at a speed of 20, 000g for 1 min
at 30°C. Foaming capacity was calculated as the percentage
increase in volume of protein dispersion upon mixing, whilst foam-
ing stability was estimated as the percentage of foam volume
remained after 30 min.

2.8. Size exclusion-high-performance liquid chromatography
(SE-HPLC)

SE-HPLC was performed using a Biosep-SEC-S4000 size-
exclusion analytical column (7.8 x 300 mm, Phenomenex Inc.,
Torrance, CA, US). All samples (1.0 mg/mL) were extracted with a
0.05 mol/L sodium phosphate buffer (pH 4.4) and loaded (10 pL)
on the column. The elution solvent was (1:1, v/v) acetonitrile
(ACN)/water containing 0.5 mL/L trifluoroacetic acid, with the flow
rate of 0.8 mL/min at 25.0 °C according to the method described by
Wang, Wei, Li, Bian, and Zhao (2009). The elution profiles were
divided into two fractions using the lowest absorbance reading
between the two peaks as the cut-off point. The peaks
(MW >90 kDa; retention time < 14.5 min) corresponded to the
amount of polymeric fraction (glutenin). The second peaks
(MW <90 kDa; retention time > 14.5 min) could be assigned to
the amount of gliadin fraction.

2.9. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

Freeze-dried modified samples were respectively dissolved in
distilled water to 2 mg/mL. 20 pL of each sample was mixed with
10% (w/v) SDS and 1% (v/v) B-mercaptoethanol, then denatured
in boiling water for 10 min, centrifuged at 10, 000g for 3 min.
10 pL of the denatured sample was loaded onto a homogeneous
phastgel (DYCZ-24DN, Beijing liuyi instrument factory, PRC) and
tested according to the method of Laemmli, Beguin, and Gujer-
Kellenberger (1970) using 12% acrylamide separating gel and 5%
acrylamide stacking gel. Samples were prepared in Tris-glycine
buffer (pH 8.8), containing 1.5% SDS and the gel sheets were
stained with Coomassie brilliant blue R-250 for 1 h at 30 °C.

2.10. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of samples were recorded according to the method
reported by Liao et al. (2011) at 400-4000 cm~! wavenumbers
with resolution of 4 cm™! using a Nicolet 8210E FTIR spectrometer
(Nicolet, WI, USA) equipped with a deuterated triglycine sulphate
detector. The spectrometer was continuously purged with dry air
from a Balston dryer (Balston, MA). Sample powder (kept at an
ambient temperature) measured was 1 mg sample per 200 mg of
KBr. After homogenizing with an agate mortar and pestle, the pow-
der was pressed into pellets (1-2 mm thick films) with a 15-ton
hydraulic press. FTIR spectra were obtained in the range of wave
number from 400 to 4000 cm ' during 128 scans, with 2 cm ™' res-
olution (Paragon 1000, Perkin-Elmer, USA). The interpretation of
the changes in the overlapping amide I band (1600-1700 cm™!)
components, was made possible by deconvolution using Peak-Fit
v4.12 software (SPSS Inc.).

2.11. Intrinsic fluorescence spectroscopy

The tryptophan emission fluorescence spectra were recorded
using an F-4600 fluorometer (Hitachico., Tokyo, Japan) by the
method of Wong et al. (2012). Protein solutions (1 mg/mL) were
prepared at pH 4.4 in final phosphate buffer (0.01 mol/L). The flu-
orescence spectra of the samples were all recorded using an exci-
tation wavelength of 295 nm, recorded from 300 to 400 nm at a
constant slit of 5 nm and a scanning speed of 1200 nm/min.

2.12. Statistical analysis

All tests were performed in triplicate. Analysis of variance and
significant difference tests were conducted to identify differences
among means using the LSD multiple-range test with SPSS soft-
ware (version 13.0 for Windows, SPSS Inc., Chicago, IL). The signif-
icance level (p) was set at 0.05. Agglomerative hierarchical
clustering (AHC) analysis and principal component analysis (PCA)
were performed for data classification and dimensionality reduc-
tion by using the statistical software XL-Stat 2015 (Addinsoft, Bar-
celona, Spain). AHC was performed on functional, structural and
physicochemical profiles to both group the most similar samples
by using Pearson’s correlation coefficient and agglomeration via
an unweighted pair-group average and to distinguish dissimilarity
using the Euclidean distance dissimilarity matrix and agglomera-
tion method of Ward. PCA and Pearson’s linear correlation
(p <0.05) were used to test the relationship between the results
obtained in the functional, structural, physicochemical and deami-
dation tests.

3. Results and discussion
3.1. Physicochemical analysis

Fig. 1 summarizes the physicochemical characteristics of the
deamidated wheat gluten at three degrees of deamidation (~25%,
~40% and ~55%) produced by three concentrations of citric acid
(3.93 x 107>, 3.14 x 1072 and 2.36 x 102 mol/L) (CDWGs), which
were subjected to different hydrothermal treatments (70 °C for
2h (I), 90 °C for 1 h (II) and 110 °C for 40 min (III)) (see Table 1
in the supplementary material). The degree of hydrolysis (DH), zeta
potential and particle hydrodynamic diameter are shown in Table 1
for the nine samples. At the same hydrothermal temperature, the
zeta potential depended on the degree of deamidation (DD), but
conversely, the zeta potential slightly decreased when DD was
higher than 40%. At the same degree of deamidation (DD) produced
by different temperatures but the same acid concentration, the
value of the zeta potential non-significantly (p < 0.05) increased
with an increase in temperature. For example, for 40% DD, the zeta
potential was 22.2 mv for the sample treated at 70 °C for 2 h
(CDWGI-40), 23.7 mv at 90 °C for 1 h (CDWG 11-40) and 24.2 mv
at 110 °C for 40 min (CDWGIII-40). Actually, the acid concentration
was increased with temperature, so the zeta potential value should
increase with the acid concentration in the system because deami-
dated carboxyl groups were protonated and the cationic amino
groups should occupy the surface in an acid solution. However,
the actual trend of the zeta potential was not as we predicted. This
may imply that other mechanisms in addition to deamidation
occurred, such as molecule and conformational changes. Accord-
ingly, it could be speculated that the availability of H* to react with
wheat gluten amide groups was not governed by the acid concen-
tration used, but probably depended on the actual conformation
and the acting temperature. The zeta potential is commonly used
to indicate the stability of a protein suspension with respect to
the charge density and electrostatic repulsion of the protein
(Jachimska, Wasilewska, & Adamczyk, 2008). Wheat gluten con-
tains a large percentage (approximately 50%) of uncharged amino
acid residues (GIn and Asn residues) in gliadins and glutenins
(Wagner et al, 2011). As previously mentioned, deamidation
would have a pronounced effect on the charge density and the
resultant electrostatic repulsion of the protein (Zhao et al., 2011).
We therefore chose the zeta potential as the first factor to evaluate
the differences in the modified wheat gluten proteins that had a
similar degree of deamidation (DD) produced by different deami-
dation processing conditions.
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The DH of CDWGs behaved somewhat similarly to the zeta
potential, but showed a tendency to hydrolyse peptide bonds when
the DD was higher than 40%. At the same temperature, the DH was
increased with an increase in the degree of deamidation. At the
same degree of deamidation, as the temperature increased, the
DH decreased. Matsudomi, Kato, and Kobayashi (1982) reported
that acid-modified gluten at >40% deamidation might exhibit a
conformational change due to the cleavage of peptide linkages in
the gluten molecule and conformational changes due to S-S disrup-
tion from the acid hydrolysis of gluten. For mild acid-treated soy-
beans, they reported the hydrolysis of peptide bonds became
important at a deamidation level >10%, (Matsudomi et al., 1985).
These explanations led us to speculate that a stronger hydrother-
mal treatment exposed more amide groups because of the ruptur-
ing of the conformation by parts of H" via the acid hydrolysis of the
peptide bonds in the protein. It was also apparent that all of the
aggregates in the CDWGs (Table 1) shifted considerably towards
a higher hydrodynamic diameter at the highest acid concentration
in the three different temperature treatments. Specifically, the
samples that had a DD >40% had a particle size that was the min-
imum, but the hydrodynamic diameter of the 55% samples was 3-
fold higher than that of the 40% samples (from ~400 nm at 40% DD
up to ~1300 nm at 55% DD). This observation indicated that the
wheat gluten was largely dissociated and its conformation was
thoroughly unfolded and fully branched when prepared with a
severe hydrothermal treatment. It is noteworthy that the hydrody-
namic diameter of the aggregates in the CDWGs prepared at the
same acid concentration increased with an increase in the temper-
ature at which they were prepared. The higher energy of the H*
that split the protein backbone chains at a higher temperature
and the more open structure produced by the greater electrostatic
repulsion due to deamidation might be the main reasons that the
aggregates significantly (p <0.05) expanded in wheat gluten, as
indicated by the striking increase in the hydrodynamic diameter.

3.2. Comparison of functional properties

Protein functionality is derived from the physicochemical char-
acteristics, such as the molecular size, amino acid composition and
sequence, conformation, net charge, and surface hydrophobicity.
Any modification that alters one or more of these characteristics
can also change the functional properties (Wagner & Gueguen,
1999). The emulsification and foaming characteristics of CDWGs
were studied (Table 1) to further elucidate the differences in sam-
ples that had a similar DD but were prepared at different temper-
atures and pH values (acid concentrations). Surface hydrophobicity
(So) was also determined and is shown in Table 1. The emulsifica-
tion characteristics (EAI and ESI) and foaming capability were
observed to exhibit a somewhat similar behaviour as the zeta
potential increased. When DD was increased to 40%, the emulsifi-
cation ability and emulsion stability were optimal and the foaming
capability was the lowest. This result agreed with the results of Wu
and Yang (1976) and Liao et al., (2010a) which showed that sam-
ples had a higher foaming capacity at a lower degree of deamida-
tion, suggesting that an excessive increase in the degree of
deamidation did not increase the foaming capacity, probably
because a large amount of carboxyl was produced that enhanced
the electrostatic interactions and produced bulk molecules with a
large hydrodynamic diameter (see Section 3.1). The latter affected
the balance of the hydrophobic and hydrophilic groups as a conse-
quence of the loss of the adsorption and anchorage of proteins at
the air-water interface (Wagner & Guéguen, 1999).

Surface hydrophobicity is the protein characteristic that is most
likely to define its surface behaviour and consequently its emulsi-
fying properties. A positive correlation between surface hydropho-
bicity, surface tension, and the emulsifying activity index has been

reported (Wagner & Guéguen, 1999), which occurs because the
exposed hydrophobic patch on the protein surface facilitates pro-
tein binding on the hydrophobic oil droplet surface, and then, the
proteins could aggregate via the surface hydrophobic patches to
form films around the oil droplet surfaces (Lam & Nickerson,
2015; Takeda, Matsumura, & Shimizu, 2001). In this study, the sur-
face hydrophobicity and EAI value of all samples showed a positive
linear correlation, as predicted (the linear fit was given by
y = 0.0083x + 40.992, R? = 0.7478, where x is the surface hydropho-
bicity and y is the EAI value - data not shown). As shown in Table 1,
the surface hydrophobicity of deamidated wheat gluten decreased
as the acid concentration and strength of the hydrothermal treat-
ment increased. At the same temperature, when the degree of
deamidation was increased from 25% to 40%, the surface
hydrophobicity increased significantly (p <0.05), indicating that
the increase in the DD exposed the protein hydrophobic regions.
However, at the same degree of deamidation, the surface
hydrophobicity decreased with an increase in temperature, proba-
bly because thermal denaturation induced the exposure of thiol
groups, which caused the deamidated wheat gluten to aggregate
(Lam & Nickerson, 2015). Furthermore, when the deamidation
degree was increased from 40% to 55%, the EAI and ESI of the
deamidated wheat gluten also decreased, which demonstrated that
extensive protein hydrolysis during chemical deamidation reac-
tions prevented the formation of a continuous protein and stable
film at the oil/water interface because of the loss of the globular
structure and the optimum size of the peptides (Chan & Ma, 1999).

3.3. Comparison of conformation changes and molecular weight
distribution

3.3.1. Molecular weight distribution

The appropriate degree of dissociation of the protein structure
and the simultaneous unfolding of the polypeptide chains of its
subunits markedly improved its solubility and surface active prop-
erties. This structural modification could be induced by various
environmental factors, such as the ionic strength, pH, or tempera-
ture, or by chemical treatment (Wagner & Guéguen, 1999). We
have observed that functional properties of deamidated wheat glu-
ten when prepared with similar controlled DD but prepared at dif-
ferent temperature and pH (acid concentration) exhibited
significantly (p <0.05), as well as the incomplete availability of
H* to catalyse amide groups of wheat gluten due to the increasing
participation of H" to split protein peptide bonds activated by
higher temperatures (see Section 3.2). Thus, we expected to find
secondary and tertiary conformation changes together with an
altered molecular weight distribution, which would further con-
firm the assumption that the availability of H* to catalyse amide
groups of wheat gluten was dependent on the conformation and
acting temperature. SDS-PAGE (Fig. 2) and SE-HPLC
(Fig. 3A, B & C) on the CDWGs to were used to determine changes
in the molecular weight distribution of deamidated wheat gluten.
FTIR analysis (Table 2) and endogenous fluorescence spectroscopy
(Fig. 3D, E & F) were conducted to further investigate the differ-
ences in the secondary and tertiary conformation of the CDWGs
after processing.

Fig. 2 indicates a clear difference in the nature of the subunit
bands as well as their intensity among the CDWGs that had the
same DD but were prepared at different temperatures. For CDWGs
with a DD of 25% (lane 1, 4 and 7) compared to CDWGs prepared at
70°C for 2h (I) (lane 1), the intensity of one peptide band of
w-gliadins and four peptide bands of LMW-GS (Groups B&C)
(with molecular weights of 29.0 kDa to 66.4 kDa) were observed
to generally decrease as the temperature increased (see the three
arrows beside lane 1 in Fig. 2). Spontaneously and interestingly,
the intensity of several bands below LWM-GS (less than
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CDWG-I

CDWG-II CDWG-III

Fig. 2. SDS-PAGE analysis of CDWGs at three levels of degree of deamidation
obtained by different deamidation processing conditions (70 °C (CDWG-I), 90 °C
(CDWG-II) and 110°C (CDWG-III)). Lane 1-3 were CDWGI-25, CDWGI-40 and
CDWGI-55 respectively; Lane 4-6 were CDWGII-25, CDWGII-40 and CDWGII-55
respectively; Lane 7-9 were CDWOGIII-25, CDWGII-40 and CDWGIII-55
respectively.

29.0 kDa, see the three arrows beside lane 4 in Fig. 2) and three
bands above w-gliadins were apparently increased, but the former
largely disappeared when temperature was increased to 110 °C
(see the six arrows beside lane 4 in Fig. 2). In agreement with
Matsudomi et al. (1982) that a DD of 40% was a critical point at
which conformational changes were induced, two observations
are evident for CDWGs at 40% DD. (1) Compared to the subunit
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bands of CDWG at 25% DD, the intensity of the higher molecular
weight bonds (>29.0 kDa) apparently weakened when the temper-
ature was changed from 70 °C for 2 h (I) (lane 2) to 90 °C for 1 h (II)

HWM-GS
(lane 5). This observation agreed with the trend in the HD (Table 1),
further suggesting that breakage of the peptide bonds did not only
rgliading occur in HWM-GS but also in gliadins and LMW-GS at higher tem-
LWM-GS peratures (Lan Liao, Wang, & Zhao, 2013). (2) However, this band
(iroup:B) pattern was not maintained when the DD was higher than 40%
o (lane 3, 6 & 9) or the temperature was increased to 110 °C for
(Group-C) 40 min (III)) (lane 8). Compared to the CDWG at 40% DD, an appar-
a B,y ent increase in the aggregation state was observed when CDWGs at
g 55% DD were prepared at higher temperatures (lane 3, 6 & 9). Two
newly formed bands (see the arrows beside lane 9 in Fig. 2), which
a-amylase did not appear in CDWGs prepared at 70 °C and 90 °C (lane 3 and
Tiypsin ibitors 6), were evident. These might be new aggregates produced by
crosslinking the two bands near 44.3 kDa (see the two arrows

beside lane 3 & 6 in Fig. 2); however, this hypothesis certainly
needs to be further investigated. As previously mentioned, wheat
gluten is a mixture of glutenins (network polypeptides) and glia-
dins (monomers) that associate via non-covalent interactions.
Schofield, Bottomley, Timms, and Booth (1983) indicated that at
100 °C, the glutenins and gliadins appeared to crosslink with each
other or with themselves. Thus, these results indicated that the
heat treatment caused polymerization of the protein accompanied
by the unfolding of the wheat gluten due to acid hydrolysis of the
peptide backbone and negative electrostatic repulsion due to
deamidation.

SDS-PAGE was performed under reducing conditions and
yielded information about the distribution of the gluten in gliadin
subunits after heating-acid treatments. SE-HPLC was performed
under neutral unreduced conditions, to provide more information
about the changes in the molecular weight distribution of the glu-
tenins and gliadins after treatment. Fig. 3 shows the SE-HPLC
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Fig. 3. SEC-HPLC profiles (A, B and C) and endogenous fluorescence scanning (D, E and F) of CDWGs at three levels of degree of deamidation obtained by different deamidation
processing conditions (70 °C (CDWG-I), 90 °C (CDWG-II) and 110 °C (CDWG-III)), respectively.
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Table 2
Secondary structure of CDWGs at three levels of degree of deamidation obtained by different deamidation processing conditions (70 °C (CDWG-I), 90 °C (CDWG-II) and 110 °C
(CDWG-II)).
Temperature DD (%) Intermolecular p-sheet Intramolecular a-Helix B-Turn Extended B-sheet o-Helix/
(°C) aggregation extended aggregation extended B-sheet
B-sheet (hydrated)
Frequency Content® Frequency Content® Frequency Content® Frequency Content® Frequency Content ®
(em™) (%) (em™) (%) (em™) (%) (em™) (%) (em™) (%)
70 25 1604.5 11.09 1635.4 32.61 1652.7 35.31 1679.7 19.42 1693.2 1.57 0.78
70 40 1604.4 13.45 1633.5 31.47 1652.7 3491 1679.7 18.74 1693.3 143 0.75
70 55 1604.5 11.61 1629.6 28.43 1654.7 36.07 1679.7 22.10 1693.2 1.79 0.86
90 25 1604.5 10.81 1629.6 29.14 1650.8 36.77 1679.7 21.50 1695.2 1.78 0.88
90 40 1604.5 10.19 1635.4 3241 1652.7 35.63 1679.7 20.19 1693.2 1.58 0.81
90 55 1604.5 11.00 1629.6 29.29 1654.7 35.41 1679.7 22.52 1693.2 1.78 0.84
110 25 1604.5 10.99 1629.6 28.15 1654.7 36.53 1679.7 22.51 1693.2 1.82 0.89
110 40 1604.5 12.89 1633.5 31.69 1652.7 34.84 1679.7 19.00 1693.2 1.58 0.75
110 55 1604.5 13.46 1633.5 28.43 1650.8 35.79 16721 20.76 1693.2 1.56 0.82

@ The percentage of secondary structure content is estimated as the corresponding area as a percentage of the total amide I band area.

> DD: Degree of deamidation.

chromatogram profiles, and Fig. 1 in the supplementary material
illustrates the area percentages of the peaks of two fractions (glu-
tenins and gliadins) to the peaks of wheat gluten as a function of
the hydrothermal temperature and degree of deamidation (see
Fig. 1 in the supplementary material).

The following observations can be made from Fig. 3(A, B & C)
and Fig. 1 in the supplementary material. (1) At 70 °C and 90 °C,
compared with the chromatographic profile of CDWG-25, the elu-
tion time of the gluten in peak was generally shorter and the glu-
tenins peak areas of CDWG-40 significantly increased and then had
an decreasing trend when the DD was increased to 55%. (2) The
area percentages for the gliadin peaks at the 70°C and 90 °C
increased, following a significant reduction when the DD was
increased 55%. (3) When heated to 110 °C, the peaks of the poly-
meric proteins showed a progressively longer retention time (from
15.15 min for 25% DD to 15.62 min for 55% DD) and a lower area
percentage (from 82.08% for 25% DD to 48.39% for 55% DD). (4) A
significant (p < 0.05) increase of the area percentage of the gliadin
peaks was observed as the DD increased from 25% to 55% (from
17.62% for 25% DD to 51.56% for 55% DD).

These molecular properties of the wheat gluten components
(gliadins and glutenins), as well as the results from SDS-PAGE,
DLS and degree of hydrolysis, led to the hypothesis that for car-
boxylic acid deamidation, a limited amount of H" at a higher tem-
perature (~90 °C) could catalyse the deamidation of amide groups
without providing excess H" to hydrolyse peptide bonds.

3.3.2. Conformational changes

To gain a deeper understanding of CDWGs prepared at the same
DD but at different pH and temperatures, FTIR was used to inves-
tigate differences in the secondary structures of CDWG-I (25, 40,
55), CDWG-II (25, 40, 55) and CDWG-III (25, 40, 55) by analysing
the amide I (1600-1700 cm™!) that indicated the secondary struc-
ture in the sample spectra. The contents of the secondary structure
components were calculated (Table 2). Deconstruction of the
amide I region of the samples indicated five components located
at 1604, ~1635, ~1652, 1679 and 1693 cm™!, representing inter-
molecular B-sheets of protein aggregation, intramolecular
extended B-sheets (hydrated), an a-helix, a -turn and an extended
B-sheet, respectively.

Table 2 shows that an increase in the DD of the CDWGs was
generally associated with a reduced o-helix content, while the
B-sheet content was increased at the same temperature. When
temperature was increased from 70 °C to 110 °C, the B-turn con-
tent in deamidated wheat gluten was higher at the same DD, which
was in line with the trends in the zeta potential and HD (Table 1),

further verifying that a higher temperature caused greater expo-
sure of the buried residues and greater electrostatic repulsion
and hydrogen bondings. The ratio of a-helices to B-sheets repre-
sented the molecular flexibility of a protein. With an increase in
temperature from 90 °C to 110 °C, the a-helix to B-sheet ratio of
CDWGs at the same DD decreased, which demonstrated that a
higher temperature produced a more flexible structure in modified
wheat gluten.

Fig. 3D, E & F shows the endogenous fluorescence emission
spectra of CDWGs prepared under different processing conditions.
When DD was increased from 25% to 55% at processing tempera-
tures of 70 °C, 90 °C and 110 °C, the observed red-shift in Ayax indi-
cated a significant change in the tertiary structure due to an
expansion of the wheat gluten structure and the exposure of
hydrophobic groups with an increase in the degree of deamidation
(Liao et al., 2013). At temperatures of 90 °C and 110 °C, the endoge-
nous fluorescence emission spectra of protein generally indicated a
red-shift with increasing temperature at the same DD, demonstrat-
ing that heating caused a slight unfolding of the protein molecular
structure. Moreover, at the same DD, the A, at 90 °C was greater
than at 70 °C or 110 °C. This protein behaviour was in line with its
surface hydrophobicity and emulsion properties, as well as the
SDS-PAGE results, suggesting that the structural rearrangements
of protein at 90 °C evidenced the largest unfolding of the structure.

3.4. Agglomerative hierarchical clustering (AHC) and principal
component analysis (PCA)

The above results qualitatively indicated a relationship between
the degree of aggregation and functional and structural properties
due to an alteration in the degree of deamidation by controlling the
pH and temperature. Agglomerative hierarchical clustering (AHC)
analysis and principal component analysis (PCA) were used to
establish sample groupings and quantitatively determine specific
relationships based on the chemometrics of pre-determined
parameters regarding the functional, structural and physicochem-
ical properties listed in Tables 1 and 2 (altogether 19 variables and
9 samples). Cluster analysis (CA) separates data into mutually
exclusive cohorts by minimizing within-group dissimilarity, while
simultaneously maximizing the between-group dissimilarity. Den-
drogram linkages effectively depict the agglomeration sequence
and the degree of similarity between clusters containing similar
samples. In this study, we used two agglomerative hierarchical
clustering (AHC) methods, one based on the proximity dissimilar-
ity of the Euclidean distance using Ward’s agglomeration method
(Fig. 4A) and the other on the proximity similarity of the Pearson
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Fig. 4. Dendrograms from AHC of 9 samples (A & B) and plots of the PCA coefficients for samples and loading 19 variables (C). A, dissimilarity relationships between 9 samples
are shown, as estimated by clustering analysis of functional, structural and physicochemical profiles of 9 samples. The Euclidean distance dissimilarity method and the
agglomeration method of Ward were employed. B, similarity relationships between 9 samples are shown, as estimated by clustering analysis of functional, structural and
physicochemical profiles. The Pearson correlation coefficient method and the agglomeration method of Unweighted pair-group average were employed. C, the Pearson’ linear
correlation (p < 0.05) was used. Sample names were indicated as follow: 1, CDWGI-25; 2, CDWGI-40; 3, CDWGI-55;4, CDWGII-25; 5, CDWGII-45; 6, CDWGII-55; 7, CDWGIII-
25; 8, CDWGIII-40; 9, CDWGIII-55. Parts of variable names were abbreviated as follow: Zp, Zeta potential; Ps, Particle size; FC, Foaming capacity; FS, Foaming stability; Ip-F,
Intermolecular p-sheet aggregation extended (Frequency); Ip-C, Intermolecular B-sheet aggregation extended (content); Itp-F, Intramolecular aggregation extended B-sheet
(hydrated) (Frequency); Itp-C, Intramolecular aggregation extended B-sheet (hydrated) (content); oh-F, o-helix (Frequency); ah-C, a-helix(content); BT-F, B-turn
(Frequency); BT-C, p-turn (content); EB-F, Extended B-sheet (Frequency); EB-F, Extended B-sheet (content); o/p, o-helix/B-sheet.

correlation coefficient using the Unweighted pair-group average
agglomeration method (Fig. 4B). The dendrograms generated by
both AHCs identified three sample cohorts with similar character-
istics, but were visibly distinct. As shown in Fig. 4A, Group i pre-
dominantly included samples 3, 6 and 9, which had a 55% DD
obtained at 2.36 x 1072 mol/L. Group ii included samples 1, 4
and 7, which had 25% DD and showed a slight linkage to group
iii, which included samples 2, 5 and 8, which had 40% DD prepared
at 3.14 x 103 mol/L. A unique pattern of group linkages depen-
dent on the other properties of samples was evident. These surpris-
ing observations indicted that the pH had a decisive influence on
the deamidation of wheat gluten. The average distance to the cen-
troid for Group iii (406.08) was almost double that of Group i
(256.09) and Group ii (160.00) and was analogous with the desig-

nation of a critical DD of 40% by Matsudomi et al. (1982) and the
SDS-PAGE results (Fig. 2). Unweighted pair-group algorithm using
Pearson’s correlation coefficient was used to construct a dendro-
gram that indicated the structure in a pairwise similarity matrix.
Further intriguing information based this algorithm is evident in
Fig. 4B, which shows that Group i (samples 3, 6 and 9) was pre-
dominantly distinct from samples 2, 7, 5, 8, 1 and 7, which were
much more similar to each other. A possible explanation might
be that samples 3, 6 and 9 were intrinsically differentiate from
samples of 2,7, 5, 8, 1 and 7 in conformation and molecular weight
distribution.

The relationship between the samples and the variables unique
to each other can be further judged by PCA. The PCA graph of the
physicochemical and functional and secondary structural
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properties are shown in Fig. 4C. The first principal component
(CP1) accounted for 43.31% of the total range, while the second
principal component (CP2) accounted for 19.17%. Therefore, CP1
and CP2 together accounted for 62.48% of the total range. Fig. 4C
shows that the degree of hydrolysis (HD), zeta potential (Zp),
EAL ESI, Sy and intermolecular p-sheet aggregation extended (con-
tent) (IB-C) were located in quadrant II. The other parameters,
including the secondary structural factors, particle size (Ps) and
foaming ability (FS & FC), were located in quadrants I and IV.
The second component (CP2) indicated that the parameters HD
and Ps were highly significant. The most important parameters
on axis CP1were the o-helix content (ath-C), Sg and ESI. This figure
indicates that the EAI, ESI and Sy vectors are located together and
similarly affect the emulsification behaviour of samples 2, 5, 8.
Similar effects of HD and Zp on the deamidation of sample 9
and of the o-helix frequency (ah-F) on samples 3 and 6 are evi-
dent. Surprisingly, the parameter B-turn frequency (BT-F) showed
the best relationship (0.949, see Table 2 in the supporting
information) with the foaming stability (Fs), influencing the
deamidation of sample 1.

The PCA results were in accord with the AHC groupings. Based
on the distribution of the samples in the loading plot, the dissimi-
larity group information from AHC indicated that samples 3, 6 and
9 were close to each other; samples 2, 5 and 8 were adjacent; and
samples 1, 4 and 7 were related to each other by the variables FS,
FC, BT-F and the extended B-sheet frequency (EB-F). Samples 3, 6
and 9 were affected mainly by the HD, Zp, Ps, a-helix/B-sheet
(o/B) and B-sheet contents, illustrating that samples 3, 6 and 9
had a well extended and branched conformation. Samples 2, 5
and 8 showed that the emulsification ability and S, affected the
responses because they had the highest values for each hydrother-
mal treatment.

4. Conclusion

This comparison provide qualitative and quantitative evidence
that the carboxylic acid deamidation processing conditions, includ-
ing the pH and temperature, have a significant effect on the physic-
ochemical and functional properties, as well as the structural
properties, of wheat gluten. AHC and PCA qualitatively demon-
strated that pH had the greatest influence on the deamidation of
wheat gluten. At a moderate citric acid concentration, CDWG of
40% DD (CDWG-40) showed better emulsifying and foaming prop-
erties for all temperatures and no significant changes in the protein
structure. Furthermore, conformational changes at temperatures
higher than 90 °C and higher acid concentrations were observed
along with significant protein aggregation, even though they were
accompanied by the unfolding of the wheat gluten due to acid
hydrolysis of the peptide backbone. We therefore proposed that
the moderate deamidation conditions at temperatures not exceed-
ing of 100 °C and an appropriate acid concentration were sufficient
to unfold the protein structure and enhance electrostatic repulsion
by promoting the flexibility of wheat gluten, eliminating excessive
peptide bond breakage by excess H*, which was activated at higher
temperatures. These findings allow a better understanding of the
deamidation of wheat gluten by carboxylic acid deamidation at dif-
ferent pHs and temperatures to produce different degrees of
deamidation.
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