Food Hydrocolloids 154 (2024) 110153

Contents lists available at ScienceDirect : Food

Hydrocolloids

> § ‘JSM“
o
A m
0

gz
fo

t.)

Check for

The ice recrystallization inhibition activity of wheat glutenin hydrolysates &
and effect of salt on their activity

Food Hydrocolloids

journal homepage: www.elsevier.com/locate/foodhyd

ELSEVIER

Yuan Yuan, Vermont P. Dia , Tong Wang

Department of Food Science, University of Tennessee Institute of Agriculture, 2510 River Dr., Knoxville, TN, 37996, USA

ARTICLE INFO ABSTRACT

Keywords:

Wheat glutenin hydrolysates
Ice recrystallization activity
Salt concentration

Tonic strength

Protein secondary structure

This study aimed to investigate the antifreeze activity of wheat glutenin hydrolysates produced by Alcalase and
trypsin at varying degrees of hydrolysis. The influence of salt concentrations in two dispersing media, phosphate-
buffered saline (PBS) and NaCl solution, and the types of cations, NaCl and CaCly, on hydrolysates was further
analyzed. The results revealed a consistently higher ice recrystallization inhibition (IRI) activity for all hydro-
lysates dispersed in 0.1 x PBS than in 1 x PBS. Interestingly, glutenin hydrolysates exhibited better IRI activity in
CaCl, than in NaCl solution under the same ionic strength. Furthermore, trypsin-derived hydrolysates (with a
molar mass about 10 kDa) consistently had better IRI activity than those produced by Alcalase (with a molar
mass less than 1 kDa), regardless of the dispersing media. The observed increase in IRI activity was associated
with alterations in the secondary structure, characterized by a higher a-helix and lower p-turns content. This
suggests that structural rigidity of the molecules plays a significant role in enhancing the antifreeze activity of
peptides. Additionally, the scores plot of the partial least-squares discriminant analysis model indicates that salt
concentration had a more significant impact than salt type on the IRI activity of glutenin hydrolysates. In

conclusion, our findings provide insights into the factors influencing the IRI activity of protein hydrolysates.

1. Introduction

Antifreeze peptides have long been studied for their potential ap-
plications in frozen food, as they can control the formation and growth
of ice crystals (Biggs et al., 2019). Although the mechanism of these
peptides is still elusive, some characteristics have been identified.
Firstly, hydrophobic groups were reported to be associated with stronger
antifreeze activity. For example, antifreeze glycoproteins can bind to ice
through their hydrophobic methyl groups (Mochizuki & Molinero,
2018). Secondly, many antifreeze peptides contain proline residues
(Damodaran & Wang, 2017; Yang et al., 2022). Computational modeling
also showed that tetrapeptide with proline residues is more effective in
retarding crystal growth compared to glycine (Kim, Damodaran, &
Yethiraj, 2009). Additionally, peptides with acidic amino acid residues
like glutamic acid often exhibit superior antifreeze activity compared to
peptides from other sources (Luo et al., 2023; Yang et al., 2022).

Wheat flour typically contains 10-15 % protein (Wieser, Koehler, &
Scherf, 2022), with approximately 35 % of its amino acids being hy-
drophobic and proline-rich (Sivam, Sun-Waterhouse, Quek, & Perera,
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2010). However, wheat protein is a complex mixture, and it is classified
into four groups, namely albumin, globulin, gliadin, and glutenin, ac-
cording to their solubilities in various solvents (Lookhart, 1995). The
first two fractions are non-gluten proteins, constituting around 15-20 %
of total wheat protein, while the latter two fractions, gliadin and glu-
tenin, are classified as gluten proteins, accounting for approximately
80-85 % of the total wheat protein (Thewissen, Celus, Brijs, & Delcour,
2011). These fractions exhibit distinct molecular size, amino acid
composition, and functionality. Gluten hydrolysates have demonstrated
cryoprotective properties on frozen dough (Zhang et al., 2022). How-
ever, the specific proteins or molecular characteristics of the protein
hydrolysates responsible for this activity have not been elucidated in
previous studies. Given that glutenin, the largest component of gluten
(Urade, Sato, & Sugiyama, 2018), is hydrophobic and rich in proline and
glutamic acid, the use of proteases to generate hydrolysates as antifreeze
agents becomes pertinent. These hydrolysates, enriched with glutamic
acid and proline residues, hold the potential to inhibit ice crystal growth
originating from a common food protein.

The standard splat assay is a commonly used method for detecting ice
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recrystallization inhibition (IRI) activity (Delesky & Srubar, 2022).
Typically, this assay is conducted in the presence of >2 mM NaCl or 1 x
phosphate-buffered saline (PBS), which contains NaCl, KCl, NagHPOy,
and KH,POg, to prevent false positives results (Voets, 2017). Despite its
frequent use, few studies have investigated how different salt types and
concentrations in dispersing media influence the IRI activity of peptides.
In a study by Leiter et al. (2016), the addition of 30 mM NaCl showed a
synergetic effect with antifreeze protein (AFP) III under a 49 % sucrose
solution condition. However, they did not explain the reason, and the
sucrose concentration may be too high to accurately describe the effect
of salt. Moreover, the choice of salts in the dispersing media can also
influence the IRI effects of peptides. For example, Suris-Valls and Voets
(2019) compared the ice crystal size of antifreeze glycoprotein
(AFGP);.5 and type III AFP in sodium nitrate, sodium chloride, sodium
borate, sodium phosphate, and sodium citrate buffers and discovered
that the citrate buffer consistently led to higher IRI activity for both
proteins. In addition, certain Ca®" ions have an additional impact on the
antifreeze activity of proteins. For example, type II AFP exhibits Ca®"
dependent activity (Arai, Nishimiya, Ohyama, Kondo, & Tsuda, 2019).

Therefore, the choice of salts in dispersing media is not only crucial
for IRI activity but also has a significant impact on the conformation of
proteins. Salt at a low concentration stabilizes the proteins and hence
impacts their conformation (Tsumoto, Ejima, Senczuk, Kita, & Arakawa,
2007). Moreover, different ions can influence the conformation of
peptides, as observed in the orientation of Ca®" binding residues in type
II AFP in the presence of Ca** (Arai et al., 2019), which affects its
ice-binding activity. The antifreeze activity of proteins is known to
correlate with their rigid conformation (Patel & Graether, 2010). AFPs
and AFGPs, known for their high IRI activity, possess rigid structures
primarily due to a-helix and polyproline II helix, respectively (Mochi-
zuki et al., 2018; Nishimiya et al., 2006; Sicheri & Yang, 1996). This
characteristic has been used in the synthesis of triplex metallohelices,
demonstrating potent IRI activity that emphasizes the importance of
rigid helix structures on effective ice interaction (Mitchell et al., 2017).
In addition to IRI activity, peptides with a high a-helix structure also
tend to exhibit higher thermal hysteresis activity (Rojas et al., 2022),
which can related to antifreeze activity. Furthermore, antifreeze pep-
tides from shrimp (Zhu, Zheng, & Dai, 2022), silver carp (Wang et al.,
2021), Taki Fugu obscurus skin (Yang et al., 2022), and Antarctic yeast
protein (Shah et al., 2012) are all characterized by an a-helix structure.
Peptides with an a-helix may have a more stable conformation, which is
related to antifreeze activity (Zhang et al., 2018).

Based on these findings, our hypothesis is that wheat glutenin hy-
drolysates may exhibit potent IRI activity due to their unique amino acid
profile, and the strength of this activity may be influenced by molecular
size, secondary structure, and condition of dispersing media that modify
their conformations. The objective of this study is to evaluate the IRI
activity of wheat glutenin hydrolysates under different salt concentra-
tions (0.1 x PBS and 1 x PBS) and salt solutions (NaCl and CacCls solu-
tion) and correlate this to their secondary structure.

2. Materials and methods
2.1. Materials

Wheat flour (Bob’s Red Mill) was purchased from the local grocery
store. The Alcalase from Bacillus licheniformis (3.03 U/mL) was pur-
chased from EMD Millipore Corp (Massachusetts, USA), and trypsin
from porcine pancreas was purchased from Sigma-Aldrich company
(Missouri, USA).

2.2. Glutenin hydrolysates preparation
The extraction of glutenin from wheat flour followed the Osborne

fractionation method as outlined by Lookhart and Scott (1995) with a
slight modification. In brief, 100 g of wheat flour underwent sequential
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extractions with DI water, 0.5 M NaCl, and 70% ethanol to eliminate
albumin, globulin, and gliadin. Subsequently, the residual material was
initially combined with 400 mL of 50% 2-propanol containing 1%
dithiothreitol to disrupt disulfide bonds. After centrifugation at 5388
rpm (equivalent to 5000xg) for 10 min, the precipitate was extracted
with 400 mL of 0.05 M NaOH solution for three times. The extracted
glutenin supernatant was dialyzed (3.5 kDa) and subsequently lyophi-
lized. Given that glutenin is not soluble in aqueous solutions, it was
subjected to hydrolysis by Alcalase and trypsin independently. For the
Alcalase hydrolysis, glutenin powder was mixed with DI water (ata 5 %
concentration, w/w), and the pH was adjusted to 8.0 using 0.2 M NaOH.
The enzyme-to-substrate ratio was set at 0.176 Anson units per gram of
the powder. The mixture was then incubated at 55 °C for 5, 15, and 30
min. In the case of trypsin hydrolysis, the enzyme was introduced at a
concentration of 180 units per gram of glutenin powder, and the pH was
adjusted to 8.0 using 0.5 M NaOH. The hydrolysis times were 1, 2, 3, and
4 h. After completion of the hydrolysis process, all samples were boiled
for 10 min to deactivate the enzyme. Subsequently, all samples were
centrifuged for 5 min at 5388 rpm (equivalent to 5000xg), and the
resulting supernatant was freeze-dried for further characterization and
analysis. The yield of glutenin hydrolysates was calculated by the mass
of freeze dried supernatant relative to the mass of initial glutenin
powder.

2.3. Amino acid composition and protein content determination

The method used was that of Akhlaghi et al (2015) with slight
modifications. Samples (1 mg/mL) were hydrolyzed by 6 M HCl at
150 °C for 30 min. After hydrolysis, the samples were dried under
vacuum at 50-60 °C overnight, then sample buffer (50 mM NaHCO3, pH
= 8.4) was used to dissolve and dilute the sample. Subsequently, 200 pL
of the diluted samples were mixed with 300 pL of 4 mM dabsyl chloride
and vortexed for 30 s. The mixture was then heated at 70 °C for 20 min.
Next, 500 pL of diluent solution, consisting of a mixture of 50 mM so-
dium phosphate buffer (pH = 7.0) and HPLC-grade ethanol was added.
The resulting solutions were filtered by a 0.45 pm Nylon filter for HPLC
analysis. HPLC analysis was performed using a Zorbax Eclipse Plus C18
column under the following conditions: 10 pL of injection volume, a flow
rate of 1 mL/min, and a column temperature of 40 °C. The UV-Vis de-
tector wavelength was at 436 nm. Sodium acetate buffer (25 mM, pH =
6.5) containing 4 % dimethylformamide was used as mobile phase A,
and acetonitrile was used as mobile phase B. A gradient elution program
was employed with the following time (min)/percentage B values: 0/15,
20/40, 32/70, 34/70, 35/15, 45/15. To construct the standard curve, an
amino acid (AA) standard mixture (Sigma, AA-S-18) containing 17 AA
standards was utilized. The standards were prepared by diluting the
standard mixture to concentrations of 1.56, 3.13, 6.25, 12.50, and 25.00
nmol of all amino acid standards in tubes using the sample buffer. The
protein content determination was calculated by adding up the weights
of all amino acids.

2.4. Phenol-sulfuric acid method for total carbohydrates assay

The method of Nielsen (2017) was used with slight modifications.
Briefly, 1 mL sample (1 mg/mL) was mixed with 25 pL of 80 % phenol
solution and 2.5 mL of concentrated sulfuric acid, and left to stand for
10 min. After cooling to room temperature, the absorbance was
measured at 490 nm. Glucose was used as standard for qualification.

2.5. Size exclusion chromatography for average molecular weight
determination

The molecular weight of glutenin and its corresponding hydrolysates
was analyzed by a BioSep-SEC-s2000 column (Phenomenex, Torrance,
CA, USA), with the mobile phase comprised of a 45:55 (v/v) mixture of
acetonitrile and HPLC-grade water with 0.05 % trifluoroacetic acid. The
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molecular weight distribution was determined by comparing the elution
profile with a mixture of protein standards with known molecular
weights (My,) detected at 214 nm. Retention times and the logarithm of
M,, for standards (albumin, aprotinin, bradykinin acetate, bradykinin
fragment 1-5, glutathione, and glycine) were employed to construct a
linear standard curve (R2 = 0.992). The established standard curve
equation was then utilized to calculate the M,, of each peak in the
chromatogram. The average M,, was computed based on the percentage
contribution of each peak, as determined by the area under the curve.

2.6. O-pthaldialdehyde (OPA) method for determining relative degree of
hydrolysis

The degree of hydrolysis (DH) of hydrolysates was analyzed
following a previous study (Spellman, McEvoy, O’Cuinn, & FitzGerald,
2003) with minor modifications. The fresh OPA reagent was prepared by
combining 25 mL of 100 mM borax, 2.5 mL of a 20 % SDS solution, a
solution containing 40 mg of OPA dissolved in 1 mL of methanol, 100 pL
of B-mercaptoethanol, and DI water, adjusting the solution to a final
volume of 50 mL. The hydrolysates were dissolved in 1x PBS solution at
a concentration of 1 mg/mL. Ten pL of each sample was placed in a well
in a 96-well plate and filled with 200 pL of the freshly prepared OPA
reagent. A fully hydrolyzed glutenin was prepared by dissolving it in 6 M
HCl at 110 °C overnight at a concentration of 1 mg/mL. Absorbance was
read using a Cambrex ELx808 Microplate Reader at 340 nm after incu-
bating for 5 min. The DH values were calculated using the following
formula:

DH % absorbance of hydrolysates

= absorbance of fully hydrolyzed glutenin

2.7. Splat assay for IRI activity

The splat assay was carried out as previously reported (Knight,
Hallett, & DeVries, 1988) and calculated as we previously reported
(Yuan, Fomich, Dia, & Wang, 2023), with sample solutions containing
varying concentrations (1-40 mg/mL) prepared by dissolving in 1x PBS,
0.1 x PBS, 10 mM NacCl, 10 mM CaCl2, and 30 mM NaCl. Samples were
prepared in duplicate, and each sample was analyzed twice in inde-
pendent slides. The slide was annealed at —8 °C for 30 min, and three
pictures were captured from each slide, from which the Feret’s
maximum diameter was averaged by ImageJ software (Saad, Fomich,
Dia, & Wang, 2023). The relative ice recrystallization inhibition activity
was shown as ICS, which was calculated by dividing the average ice
crystal size of the treated sample by that of the control sample, which
contained the same concentration of polyethylene glycol in the same
dispersing media. ICS was chosen as the indicator rather than the ab-
solute ice crystal size because ICS provides a relative measure of the
effectiveness of the hydrolysates in inhibiting ice crystal growth as
previously reported (Bachtiger, Congdon, Stubbs, Gibson, & Sosso,
2021).

2.8. Fourier transform infrared (FTIR) for secondary structure analysis of
hydrolysates

The secondary structure of hydrolysates was analyzed by FTIR using
Spectrum Two FT-IR Spectrometer (PerkinElmer Inc., Waltham, MA,
US). Hydrolysates were prepared in 1 x PBS, 0.1 x PBS, 10 mM NacCl, 10
mM CaCly, and 30 mM NaCl solution at a concentration of 40 mg/mL.
The spectra were recorded with 32 scans in the region between 1800 and
1500 cm™! range with a resolution of 4 cm™! and data were analyzed
using PerkinElmer Spectrum IR software (Sadat & Joye, 2020). The
amide I band (1600-1700 cm ~1) in each spectrum was interpreted by
Origin 2021 Pro software to determine peptide’s secondary structure.
The band regions at 1610-1640 cm™! and 1670-1690 cm™! were
assigned as f-sheet, and the random coil and o-helix ranges were
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Table 1
Yield and property of hydrolysates of wheat glutenin made by two proteases.
Protease  Hydrolysis time DH (%) Average M,, Yield ICS (%)
(min) (KDa) (%) * b
Alcalase 5 15.2 + 0.8+0.1° 63.8 + 88.4 +
1.5° 4.0 2.6
15 26.9 + 0.6 + 0.1% 66.1 + 83.7 +
3.5% 0.9 8.4
30 31.3 + 0.5+0.0° 71.8 + 84.5 +
4.1* 6.5 5.2
Trypsin 60 12.3 + 151+1.6° 379 + 71.1 +
1.4° 1.5°¢ 1.3%
120 15.4 + 13.7+01%® 457+ 77.0 +
1.8° 0.8° 3.6°
180 15.7 + 9.8+1.0° 46.5 + 68.3 +
2.0° 0.2 3.4°¢
240 21.8 £ 9.8+1.6° 50.9 + 73.8 +
3.4° 1.7° 1.4%

Different lowercase letter in the same column and enzyme indicates significant
differences among means (P < 0.05).

# The mass balance was relative to the starting dry glutenin powder obtained
by Osborne fractionation.

b The IRI activity was expressed as the average ice crystal size (ICS) relative to
the same concentration (40 mg/mL) of PEG negative control in 1 x PBS, with
lower values representing higher activity.

1640-1650 cm™' and 1650-1660 cm™!, respectively. The peaks at
1660-1670 cm ™! and 1690-1700 cm ™! were also reported to result from
B-turn (Yuan et al., 2023). FTIR was used instead of circular dichroism as
FTIR can directly analyze proteins in complex food matrices without the
need for prior protein extraction (Sadat, Corradini, & Joye, 2019). Our
sample contains 16.9% carbohydrates, hence circular dichroism is not
ideal as this will require protein extraction prior to analysis (Sadat &
Joye, 2020).

2.9. Statistical analysis

The statistical analysis was performed based on the results of two
independent trials of the experiment, and each trial was repeated 3
times. All data were reported as average + standard deviation and
processed by Excel 2016, and SPSS 22.0, and figures were prepared
using Origin 2021 Pro. Principal component analysis (PCA) was created
using Origin Pro apps, and partial least-squares discriminant analysis
(PLS-DA) score plots were derived with the SIMCA-P software (Version
14.1, Umetrics AB, Umea, Sweden). The statistical significance of the
data was determined using one-way analysis of variance (ANOVA) fol-
lowed by the Duncan test, and the significance was established at P <
0.05.

3. Results and discussion

3.1. Effect of enzyme type and hydrolysis time on peptides’ size and IRI
activity

After Osborne fractionation, the yield of glutenin is 7.6 % based on
dry wheat flour powder. The protein content of the isolated glutenin
accounted for 83.9 %, with 16.9 % carbohydrates. This result indicates
that the extracted glutenin samples contain sufficient protein for further
analysis. However, glutenin is not water-soluble, so proteases (Alcalase
and trypsin) were used to increase its solubility. As the hydrolysis time
increased, a rise in the yield of glutenin hydrolysates was observed,
indicating a more solubilized mass over prolonged hydrolysis time. This
trend is corroborated by the corresponding decrease in the average
molecular weight of the hydrolysates, as shown in Table 1. The observed
pattern suggests an increasing efficiency in the enzymatic treatment
with extended hydrolysis times.

It is crucial to note the significant disparity in the hydrolytic
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Table 2
The amino acid composition of the isolated glutenin fraction and its
hydrolysates.

Amino acid Content (mg/100 total protein mg, %)
Glutenin Alc5m Al Try 1h Try 2h
30m
Asp 44+00 35+ 29+ 2.2+ 2.6 +
0.0 0.1 0.2 0.3
Glu 40.1 + 68.7 £ 64.6 + 66.7 £ 70.4 £
0.0 1.7 3.8 1.6 3.4
Ser 6.0+01 1.2+ 0.7 + 0.1 + 0.1 +
0.1 0.1 0.1 0.1
Thr 26+00 15+ 2.6 + 41+ 2.2+
0.1 1.0 0.1 0.2
Gly 52+04 09 £+ 1.0+ 09+ 0.8 £
0.1 0.2 0.1 0.1
Ala 21+01 46+ 5.2+ 4.2+ 41+
0.1 0.3 0.0 0.1
Arg 6.5+ 0.6 29 + 3.5+ 28 + 24+
0.2 0.8 0.2 0.3
Pro 10.4 + 57 + 7.1+ 6.7 + 6.4 +
0.5 0.3 0.4 0.5 0.7
Val 1.8+07 0.0+ 0.3 + 0.2 + 0.0 +
0.0 0.0 0.0 0.0
Met 2.2+ 0.5 2.0+ 25+ 2.4+ 22+
0.1 0.6 0.2 0.4
Lle 55+04 13+ 1.4+ 1.1+ 0.7 +
0.1 0.2 0.0 0.2
Leu 2.8 +£0.2 1.1+ 1.3+ 1.3+ 1.0+
0.1 0.3 0.3 0.2
Phe 1.1+01 54+ 58 + 5.6 + 54+
0.6 0.9 0.2 0.5
Cys 0.8 £0.0 0.2 £ 0.2+ 0.3 £ 0.3 +
0.0 0.0 0.3 0.0
Lys 20+01 0.0+ 0.0 + 0.0 + 0.0 +
0.0 0.0 0.0 0.0
His 34+01 00+ 0.0 £ 0.1+ 0.0 +
0.0 0.0 0.1 0.0
Tyr 3.1+03 1.0+ 09+ 0.8 £ 0.9 +
0.0 0.3 0.0 0.1
Total protein content 83.9 + 96.5 + 89.8 + 100.1 + 100.2 +
(mg protein/mg 5.3 21 1.1 4.9 1.3

sample)

capabilities of Alcalase and trypsin. The mass yield of Alcalase hydro-
lysates consistently exceeded 60 % within a short timeframe, typically
less than half an hour. In contrast, trypsin hydrolysates, even with
extended hydrolysis times of up to 4 h, only reached a maximum yield of
50 %. Additionally, there is a substantial difference in the average mo-
lecular weight, with Alcalase hydrolysates typically falling below 1 kDa,
while trypsin hydrolysates tend to be around 10 kDa. This difference
arises from the fact that trypsin only cleaves peptide bonds between Arg
or Lys and the adjacent amino acid, while Alcalase works randomly on
peptide bonds.

Despite all hydrolysates exhibiting weak IRI activity in the 1 x PBS
solution compared to the negative polyethylene glycol (PEG) control,
trypsin hydrolysates demonstrate significantly higher IRI activity
compared to Alcalase hydrolysates. Specifically, the former inhibited the
ice crystal size by approximately 30 %, while the latter showed less than
a 20 % reduction, compared to negative control samples. It is significant,
however, that previous studies on pig skin collagen, fish gelatin, and
silver carp have consistently indicated that antifreeze peptides with
molecular masses less than 3 kDa exhibited higher activity than those
with molecular weights greater than 3 kDa (Chen, Wu, Cai, & Wang,
2021; Damodaran et al., 2017; Luo et al., 2023). It is important to
recognize that these studies focused on animal-derived materials, while
glutenin, being a plant protein, may exhibit different activity profiles. In
addition, the profiles of peptides from different enzymes are distinct,
which may contribute to the observed differences in activity.
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3.2. Effect of amino acid profile on IRI activity

To analyze the effect of amino acid composition on IRI activity, four
different glutenin hydrolysates generated with different enzymes and
hydrolysis times (Try 1h, Try 2h, Alc 5m, and Alc 30m) were selected for
further analysis. Table 2 displays the amino acid profile of these glutenin
hydrolysates. Notably, Glu constitutes a significant portion, accounting
for over 60 % of the total amino acids. Additionally, Pro content is
substantial, ranking second. This difference in amino acid composition is
an important factor that can influence the antifreeze activity of peptides
(Chen et al., 2021).

The correlation between Glu and Pro with IRI activity is supported by
previous studies. Polymers, composed of glutamic acids, such as oligo-
and poly(glutamic acid)s, have demonstrated antifreeze activity (Mit-
suiki, Mizuno, Tanimoto, & Motoki, 1998). Additionally, Wang et al.
(2021) identified seven antifreeze peptides from silver carp sharing the
same Glu-Glu sequences, proposing that this sequence might be linked to
ice binding sites. Molecular simulations conducted by Luo et al. (2023)
may provide further evidence, showing that Glu and Asp residues in
peptides from silver carp can bind more free water, effectively inhibiting
the formation and nucleation of ice crystals. Moreover, the presence of
acidic amino acids, including Glu and Asp, introduces a negative charge
in neutral conditions, and this negative charge has been linked to higher
antifreeze activity (Yuan et al., 2023). Furthermore, proline has been
previously linked to cryoprotective activity. L-proline, for example, has
proven useful in the cryopreservation of cells (Liu et al., 2023). Peptides
rich in proline, such as gelatin (Damodaran et al., 2017), or those con-
taining Pro (Kim. et al., 2009), have demonstrated the ability to inhibit
the growth of ice crystals. Studies by Rojas et al. (2022) also indicated
that polyproline peptides exhibit higher thermal hysteresis activity
compared to other homopeptides, such as Arg and Lys.

3.3. Effect of salt concentration in dispersing media on IRI activity

Fig. 1 shows that all four hydrolysates exhibit higher antifreeze ac-
tivity at 0.1 x PBS than 1 x PBS. Notably, hydrolysates produced by
trypsin consistently show superior activity compared to those generated
by Alcalase at 0.1 x PBS. Specifically, the ice crystal size of Try 1h and
Try 2h is too small to be analyzed by the automated images analysis
program at the concentration of 40 mg/mL, and their ice crystal size
relative to the same concentration of PEG (ICS %) values are 63.9 % and
70.9 %, respectively, even at a low concentration of 5 mg/mL. Addi-
tionally, the hydrolysate produced by Alcalase for 30 min exhibits
significantly higher activity compared to the one produced for 5 min,
particularly in the 0.1 x PBS solution. One interesting finding was the
increase in hydrolysates’ IRI activity as salt concentration decreased,
observed in both PBS and NaCl solution. For example, ICS of Alcalase 5
min and Alcalase 30 min decreased by 26 % and 46 %, respectively,
compared to the control. However, no significant difference in ice
crystal size reduction is observed between the two trypsin samples,
suggesting that salt concentration may have different impacts on glu-
tenin peptides with different average molar masses.

The relationship between salt concentration and the IRI activity of
antifreeze polymers is intricate and seemingly controversial. Various
studies have illustrated a synergistic effect between salt concentration
and IRI activity. For instance, Leiter et al. (2016) observed an
enhancement in the activity of antifreeze protein III (AFP III) with the
addition of 30 mM NaCl. Similarly, Hayakari and Hagiwara (2012) re-
ported that the interaction between winter flounder antifreeze proteins
and the ice surface was intensified by adding 147 mM NacCl. Conversely,
Delesky (2020) found that the addition of 151 mM salts such as CaCly,
MgClp, CuCly, or AlCls reduced the IRI activity of poly
(2-hydroxypropylmethacrylamide) and eliminated the IRI activity of
polythreonine. However, the underlying mechanisms of these effects
remain unexplored. Building on these observations, Wu et al. (2017).
compared the impact of various salt solutions, without the presence of
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Fig. 1. Enzymatic hydrolysis and PBS concentration affected the IRI activity of wheat glutenin. A) IRI activity of Alcalase hydrolysates, B) IRI activity of trypsin

hydrolysates, and C) representative ice images as affected by PBS concentration.

polymers, on the final crystal size at different salt concentrations. Their
research showed the significant role of the Hofmeister series in final ice
crystals size. Generally, the Hofmeister series seems to influence ice
recrystallization, suggesting that the previous contradictory results may
come from the differences in salt type. However, further research is
needed to elucidate these interactions more clearly.

3.4. Effect of different cations on the IRI activity of wheat glutenin
hydrolysates

In Fig. 2, the data for trypsin hydrolysates at 4 % were not included in
the figure due to its unrecognizable small ice particles. Trypsin hydro-
lysates still displayed higher IRI activity than Alcalase hydrolysates in
the CaCl; solution. In addition, all samples exhibited greater IRI activity

in NaCl solutions compared to CaCl, solutions at the same concentra-
tion. However, the difference in antifreeze activity in trypsin hydroly-
sates was more pronounced than that in Alcalase hydrolysates.

It is important to note that the ionic strength of 10 mM NaCl and
CaCl; solutions differs, and this variance in ionic strength could impact
IRI activity. To ensure a fair comparison, we selected a 30 mM NaCl
solution to equate the ionic strength of 10 mM CaCly. Interestingly, the
ICS % of all hydrolysates is lower in the presence of Ca?* at the same
ionic strength (Fig. 2). Specifically, all four samples showed an ICS
reduction of approximately 10 mM in CaCl; solution compared to NaCl
solution at a concentration of 40 mg/mL, indicating that the type of
cation also has an impact on IRI activity.

This suggests that Ca®* can promote the IRI of glutenin hydrolysates
compared to Na*. A similar phenomenon was observed in Ca?*
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Fig. 3. The FTIR spectra of amide I band (1700-1600 cm ') of glutenin hydrolysates in different dispersing media at 40 mg/mL concentration and at room

temperature.

dependent type II AFP, where Ca?" binding residues are preferable to
binding ice only in the Ca?*-bound state. The presence of ice-like
clathrate waters induced by Ca?' binding facilitates the ice-binding
capability of these proteins as well (Arai et al., 2019). This Ca®* pro-
moted IRI activity was also shared in other Ca®>* dependent antifreeze
proteins (Vance et al.,, 2014) and certain lectins, such as soybean
agglutinin, R. communis agglutinin, and human c-type lectins (Mitchell
& Gibson, 2015). Despite being homologous to type II AFPs, these lectins
does not possess inherent antifreeze activity. However, the existence of
Ca2" ijons could effectively switch on and off their IRI activity. However,
glutenin is neither a Ca?* dependent protein nor homologous to type II
AFPs, so the reason for this phenomenon remains unclear. Wu et al.
(2017) suggested that high charge density ions preferentially reside at
the ice-water interface, inhibiting ice growth, whereas ions with

relatively low anions charge density do not. Although this observation
was specifically related to anions, cations might follow a similar pattern.
Given that Ca?" has a higher charge density than Na*, this characteristic
could be a contributing factor to the superior IRI activity of wheat glu-
tenin hydrolysates in 10 mM CaCl, dispersing media.

3.5. Effect of dispersing medium on IRI of peptides

The FT-IR spectrum in the 1600-1700 cm™! regions is shown in

Fig. 3, and Fig. 4 summarizes the secondary structure of hydrolysates in
different dispersing media. Both figures showed that the salt concen-
tration and types in the dispersing medium significantly influenced the
secondary structure of peptides. Notably, a common trend across all
hydrolysates was observed: lower salt concentrations (10-30 mM) led to
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Fig. 5. Pearson’s correlation coefficients for the secondary structure and IRI
activity of glutenin hydrolysates in different dispersing media.

an increase in a-helix content and a decrease in p-turn content compared
to the 1 x PBS solution with a concentration of about 150 mM.
Furthermore, trypsin hydrolysates displayed a lower content of p-sheet
structure in 0.1 x PBS than in 1 x PBS, whereas Alcalase hydrolysates did
not exhibit this phenomenon. Additionally, the type of salt was found to
impact the secondary structure. Under the same ionic strength, the
content of a-helix in all four hydrolysates in a 10 mM CaCl; solution was
higher than that in a 30 mM NaCl solution. In NaCl solutions, all hy-
drolysates tended to have minimal content of random coil, particularly
in 30 mM NaCl. However, the secondary structure data for all samples in
10 mM CaCl, and NacCl solutions, on the other hand, were more like
those in the 0.1 x PBS solution than the 1 x PBS solution. This suggests
that salt concentration has a more significant influence than salt type on
the conformation of peptides. Moreover, Fig. 4 also demonstrated that
two trypsin hydrolysates exhibited a higher content of a-helix than
Alcalase hydrolysates in 1 x PBS and 0.1 x PBS solutions. Considering the
relationship between the structure rigidity and IRI activity, this higher
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Fig. 6. Discriminant analysis of glutenin hydrolysates in various dispersing
media (blue: 1 x PBS, black: 0.1 x PBS, green: 10 mM NacCl, red: 10 mM CaCl,,
and navy blue: 30 mM NacCl): a PCA-based classification model using scores plot
and loading plots with 95% confidence ellipses.

content of a-helix may provide an explanation for the higher IRI activity
of trypsin hydrolysates (Table 1).

From Fig. 5, a significant negative correlation (P < 0.001) is evident
between the a-helix content and the ICS %, with an R value of —0.56.
Conversely, there is a significant positive correlation (P = 0.005) be-
tween the p-turn content and the ICS %, with an R value of 0.43. These
findings suggest that as the o-helix content increases and the p-turn
content decreases, there is a corresponding increase in the IRI activity
for glutenin hydrolysates. The rise in a-helix content and the decline in
B-turn content typically signify an increase in structural rigidity, a
characteristic associated with higher antifreeze activity (Patel et al.,
2010). Because of this, the observed changes in conformation, especially
the higher amount of o-helix in the dispersing media, may help explain
the improvement in the IRI activity. Previous studies have shown that
antifreeze peptides from different sources were characterized by a-he-
lical structure (Shah et al., 2012; Wang et al., 2021; Yang et al., 2022;
Zhu et al., 2022) which support our current observation on the effect of
secondary structure on the IRI activity of wheat glutenin hydrolysates.
We also observed a correlation between secondary structure and IRI
activity, however a direct regulatory mechanism cannot be suggested.
The extent to which this correlation applies to other IRI active proteins
and peptides requires further investigation to elucidate underlying
mechanisms.

3.6. The importance of dispersing medium on IRI activity of glutenin
hydrolysates

To discern discrimination in various dispersing media, PCA and PLS-
DA methods were employed. A total of 40 data sets obtained from four
glutenin hydrolysates (Alc 5m, Alc 30m, Try 1h, and Try 2h) dispersed in
five different media (1 x PBS, 0.1 x PBS, 10 mM NacCl, 10 mM CaCl,, 30
mM NaCl) were analyzed. In the PCA model, the first principal
component contributed 50.6 %, and the second principal component
contributed 28.7 % of the variance. The PCA score plot aimed to
demonstrate if the glutenin hydrolysates could be categorized based on
different dispersing media. The greater the distance between groups, the
more distinct the samples are. Fig. 6 displayed 95 % confidence ellipses
overlapping with each cluster, indicating inadequate separation among
groups, and suggesting that the PCA model did not effectively differ-
entiate among the various dispersing media. However, it is noteworthy
that the cluster of 1 x PBS exhibited relatively greater separation from
the other groups, implying a more distinct profile in comparison. In
addition, the direction of the arrows explained the correlation between
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Fig. 7. Score plots (A), and 200 permutation tests (B) for the PLS-DA model of glutenin hydrolysates in different dispersing media.

the variables (Guo et al., 2023). Briefly, arrows pointing in the same
direction indicate a positive correlation between the represented vari-
ables, while arrows pointing in opposite directions indicate a negative
correlation. Among different secondary structures, there is an evident
correlation between a-helix and antifreeze activity.

Fig. 7B was used to validate the PLS-DA model reliability. According
to established conventions, modified R2 is not to exceed 0.3-0.4, and
modified Q2 should be below 0.05, indicating the model does not suffer
from overfitting (Eriksson, Byrne, Johansson, Trygg, & Vikstrom, 2013).
However, adopting a more stringent criterion, all points on the left side
should be below the right points, respectively, providing evidence of the
model’s reliability. The left data points represent Qs and Ry values
derived from 200 permutation tests, while the right two points illustrate
Q5 and R, values of the actual model (Eriksson et al., 2013; Li et al.,
2018). In Fig. 7A, the PLS-DA plot illustrates a distinct separation be-
tween samples with 1 x PBS and those with lower concentration solu-
tions. The solid points representing 1 x PBS are notably distant from
other groups at low salt concentrations, underscoring the substantial
influence of salt concentration compared to salt type. Furthermore,
under similar salt concentrations, the position of the composite salt so-
lution (0.1 x PBS) is slightly distant from the other three salt solutions
with only one type of salt present. Samples in two different concentra-
tions of NaCl solutions are closely grouped together, indicating that salt
type still has an impact on the properties of gluten in hydrolysates, but
this impact is less pronounced than the effect of salt concentration.

4. Conclusion

In summary, wheat glutenin hydrolysates, generated using Alcalase
and trypsin, exhibited modest IRI activity in a 1 x PBS solution, poten-
tially linked to their high content of Glu and Pro. Notably, trypsin-
derived hydrolysates consistently demonstrated superior antifreeze
properties compared to those produced by Alcalase in different
dispersing media, and these differences may stem from variations in
molecular mass or peptide residues. One interesting finding was the
increase in hydrolysates’ IRI activity as salt concentration decreased,
observed in both PBS and NaCl solution. Additionally, all hydrolysates
showed higher IRI activity in CaCl; solution than in NaCl solution, under
the same ionic strength, indicating that the type of cation also has an
impact on IRI activity. However, salt concentration appears to have a
more significant impact than salt type on IRI activity. The observed
improvement in activity in different solutions correlated with changes in
secondary structure, characterized by increased a-helix content and
reduced p-turns. These findings suggest that the observed improvement
in IRI activity for glutenin hydrolysates is associated with increased
structural rigidity. We observed that both the secondary structure of
wheat glutenin hydrolysates and the salt concentration in the dispersing
medium used in the splat assay contribute to the IRI activity.
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