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and characterization of its functional properties
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Abstract

This study aimed to investigate the potential of a novel preparation strategy for glycosylated hydrolysate by liquid fermentation in
order to provide a high-quality glycosylated hydrolysate. Protein solubility, surface hydrophobicity and antioxidant activity were
evaluated. The results of Fourier transform infrared spectra demonstrated the occurrence of glycosylation reaction. The results
of Fluorescence emission spectroscope revealed the decrease of tertiary conformation stability. Circular dichroism spectra
revealed significant decrease in a-helix and increase in -sheet and random coil by glycosylation reaction. In comparison with
zein hydrolysate, glycosylated hydrolysate had lower surface hydrophobicity but higher in solubility and in vitro digestibility
due to glycosylation. Glycosylated hydrolysate presented higher ABTS (2,2’-Azinobis [3-ethylbenzothiazoline-6-sulfonic
acid]-diammonium salt) and superoxide radicals scavenging activities as well as Cu?* chelating capacity. It is concluded that the
glycosylation confer an open structure and modified properties of zein, and glycosylated hydrolysate is a potential ingredient
with better hydration and antioxidant activities than zein hydrolysate.

Keywords: zein; glycosylated hydrolysate; Cordyceps militaris; conformational properties; functional properties.

Pratical Application: Zein was modified by liquid fermentation using Cordyceps militaris.

1 Introduction

People’s demand for protein is growing, which is driven by a
rising population and a growing recognition of the importance
of protein as a key ingredient for nutrition and health. Dietary
protein supplementation is becoming popular, especially for
people on athletes, restrictive diets and elderly people. Proteins
from dairy and soy are the main sources used in nutritional
products. However, zein is one of the chief protein fractions of
corn gluten meal (CGM), which is the main co-product of corn
wet-milling process (Ozturk & Mert, 2018). Furthermore, zein is
an excellent source of protein. It could have some nutraceutical
or pharmaceutical value. However, zein is currently considered
undesirable for direct human consumption, and most commonly
used in animal feeds or fertilisers. Zein contains a large proportion
of hydrophobic amino acids, such asleucine, alanine, proline and
isoleucine, and hence it has low solubility in aqueous systems
and exhibits relatively stable structures. Zein is difficult to digest
in a simulated stomach system (Chuacharoen & Sabliov, 2016).
These properties of zein limit its application in food processing
application. However, zein represents an untapped resource of
functional ingredients that can be applied to various aspects of
food processing.

In recent years, biological treatments have been widely applied
to improve protein nutritional and/or functional properties,
consisting of enzyme treatment and fermentation, which change the
physicochemical and functional properties by changing its structure
and conformation (Maux et al., 2018). The zein hydrolysate may
be expected to have increased solubility, foaming and emulsifying
properties, and can create hypoallergenic nutritional mixtures,

and there are many studies have proved these. In addition to
enzymatic hydrolysis of protein, glycosylation reaction is one
of most studied processes in food science, which widely applied
to improve functional properties of protein. The enhancement
of the functional and biological properties of glycoproteins is
a new frontier being explored by several teams. The Maillard
reaction is referred to as non-enzymatic glycosylation, and has
been studied extensively as it can significantly improve functional
properties of protein. However, the potential adverse effects of the
Maillard-type glycosylation cannot be ignored, such as the use of
high temperatures (Du et al., 2018) and formation of unhealthy
compounds. Compared with normal sugar, amino-sugars have
higher reactivity (Krachenbuehl et al., 2010). Amino sugar has
been found in the cell wall of fungi (Dereggi & Bauer, 2013) and
can be used as a potential candidate for glycosylation at mild
temperatures (Hrynets et al., 2013). Those literatures implied
that glycosylated hydrolysate might be prepared by liquid
fermentation with fungi, which would provide a new method
to improve some properties of zein.

Since zein hydrolysate contains high proportion of glutamine
(23.5%), the enzymatic glycosylation reaction can occur
mainly between zein hydrolysate and saccharides during liquid
fermentation by fungi. Therefore, liquid fermentation by fungi
can be a potential method for preparation of glycoprotein. In the
available literatures, glycosylation reaction derived from liquid
fermentation has not been reported so far. In the present study,
glycosylated hydrolysate was prepared by liquid fermentation
using Cordyceps militaris (C. militaris). Physicochemical and
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functional properties of the glycosylated hydrolysate were evaluated,
and the effect of glycosylation reaction on the conformational
properties of protein was analyzed.

2 Materials and methods

Zein was obtained from Shanghai Ryon Biological Technology,
China (purity > 92%). C. militaris was preserved in the National
Engineering Laboratory for Wheat and Corn Deep Processing
(HMJAU 202, Herbarium Mycology of Jilin Agriculture University,
Chang Chun, China). All the chemicals were of analytical grade
and obtained from Dingguo biotechnology co. LTD (Beijing,
China).

2.1 Preparation of glycosylated hydrolysate

The preparation of C. militaris seeding was the same as
method described previously (Yang et al., 2018). C. militaris
seeding was broken using a sterilized Blender. Ten-milliliter
aliquots of the seeding were inoculated into 500 mL conical
flasks containing 100 mL medium. The flasks grew with shaking
at a speed of 160 r/min. The zein hydrolysate and glycosylated
hydrolysate were obtained at fermentation of 6 d and 14 d.
After fermentation, the reaction was terminated by boiling for
5 min. In order to extract the zein hydrolysate and glycosylated
hydrolysate, the fermented broths were centrifuged at 4000xg
for 20 min. The zein hydrolysate and glycosylated hydrolysate
were obtained by fraction precipitation with ammonium sulfate
at 50% saturation. The precipitations were dialyzed against
water at 4 °C for 24 h in order to remove salt and then were
freeze-dried. The purified zein hydrolysate and glycosylated
hydrolysate were used for characterization of functional and
conformational properties.

2.2 Sodium Dodecyl Sulfide polyacrylamide gel
electrophoresis (SDS-PAGE)

The purified zein hydrolysate and glycosylated hydrolysate
were used for the SDS-PAGE experiments. 15% separating gel
and 5% stacking gel were used. Protein samples were mixed
with the sample buffer: 0.5 M Tris-HCI, 10% glycerol, with 5%
B-mercaptoethanol (B-ME), and 1% (w/v) Bromophenol blue
(pH 6.8). The mixtures were heated at 100 °C for 5 min, and
then centrifuged at 8000xg for 30 s. Samples were loaded, and
subjected to electrophoresis at a voltage of 80 V in the stacking
gel and 120 V in the separating gel until the dye reached the
bottom of the gel. Then the gels were stained for 5 h using 0.05%
Coomassie Brilliant Blue R-250 in acetic acid/methanol/water
solution (46:227:227, v/v/v) and destained for 12 h with
methanol/acetic acid/water solution (50:75:875, v/v/v).

2.3 Fourier Transform Infrared (FTIR) spectroscopy analysis

FTIR spectra of the samples were determined using VERTEX70
spectrometer (Bruker, Rheinstetten, Germany). The measurements
were recorded in the frequency range of 4000-400 cm™. The data
was analyzed with Origin 8.5 software (Origin Lab Corp., USA).
The experiments were conducted three times.
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2.4 Intrinsic fluorescence emission spectroscopy analysis

Intrinsic fluorescence emission spectra of the samples were
determined according to the method of Ranamukhaarachchi
(Ranamukhaarachchi et al., 2017) with some modifications.
A fluorescence spectrophotometer (HITACH, Tokyo, Japan)
was used. Protein solutions (1 mg/mL) were prepared in
0.05 mM Tris-HCl bufter (pH 8.8). The protein solutions were
excited at 280 nm, and emission spectrum was recorded from
300 to 500 nm with a slit width of 5 nm. The experiments were
conducted three times.

2.5 Circular Dichroism (CD) analysis

CD spectra of the samples were determined on a J-815 CD
spectrometer (Jasco, Tokyo, Japan). A 1.0 mm path length quartz
cuvette was used. 0.1 mg/mL of protein solutions were prepared
by dissolving samples in 0.05 mM Tris-HCI buffer (pH 8.8).
All the samples were scanned from 190 to 250 nm. The analysis
of the CD spectroscopic data was carried out using the online
SELCON3 method in DICHROWEB. The experiments were
conducted three times.

2.6 Amino acid analysis

A L-8900 amino acid analyzer (Hitachi, Tokyo, Japan) was
used to determine the amino acid. The samples (0.1000 g) were
added into 14 mL hydrolysis tubes, mixed with 10 mL HCI
(6 mol/L). The samples were digested under nitrogen atmosphere
at 110 °C for 22 h. The mixture was dried on water bath, and then
was diluted with sodium citrate buffer (pH 2.2). The samples
were filtered with 0.22 um organic filter membranes, and were
used for analyzing. The experiments were conducted three times.

2.7 Solubility

Solubility of the samples was determined using the method of
Zhao et al. (2011), with some modifications. Protein dispersions in
deionized water (1.5%, w/v) were stirred magnetically for 120 min,
and then pH was adjusted to the desired values (pH 2-14) using
0.5 M HCl or 0.5 M NaOH. Then the dispersions were centrifuged
at 8000xg for 20 min. After appropriate dilution, the protein
content of the supernatant was determined by Lowry’s method
using bovine serum albumin (BSA) as the standard. The protein
solubility was expressed as grams of soluble protein per 100 g
of protein. All the determinations were conducted three times.

2.8 Surface hydrophobicity

Surface hydrophobicity was determined according to the
method of Jiang (Jiang et al., 2018) with some modifications.
The samples (30 mg) were dispersed in 10 mmol/L phosphate
buffer (PB) at pH 7.0 and incubated at room temperature for
24 h to facilitate hydration, then centrifuged at 8000g for 15 min
and the supernatant was diluted further in PB to obtain various
concentrations (0.01-0.2 mg/mL). The diluted protein solution
(5 mL) was mixed with 25 uL of 8 mmol/L ANS in 10 mmol/L
PB and incubated in dark for 15 min. Fluorescence intensity was
measured at an excitation wavelength of 390 nm and an emission
wavelength of 470 nm at a constant slit of 5 nm using a Versafluor
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Fluorometer System (Spectramax 190, Molecular Device Co.,
America). The initial slope of the relative fluorescence intensity
versus protein concentration (mg/mL) plot represented an index
of the surface hydrophobicity of the sample. The experiments
were conducted three times.

2.9 In vitro digestibility

In vitro digestibility of the samples was measured by the
method of Matemu (Matemu et al., 2009). Trichloroacetic acid
(TCA)-soluble nitrogen released into the supernatant was
assessed by a spectrophotometer at 280 nm, after dilution of the
collected supernatant by water. The absorbencies were used to
reflect in vitro digestibility of samples. The experiments were
conducted three times.

2.10 In vitro antioxidant activities

The antioxidant activities including DPPH, ABTS and
superoxide radicals scavenging assays and metal ions chelating
capacity of the glycosylated zein were investigated in vitro.
The scavenging effects of the samples on DPPH free radical

were measured according to the method of Xia et al. (2012).
A procedure presented by Re et al. (1999) was applied to measure
the ABTS radical scavenging activity. A procedure presented by
Kim (2013) was applied to determine Cu?*-chelating activity.
The scavenging effects of the samples on superoxide radical
were determined according to the method of Wang et al. (2014).
The experiments were conducted in three replicates.

2.11 Statistical analysis

All the diagrams were plotted by Origin version 8.5 (Origin
Lab Corp., USA). The significant differences in parameters were
evaluated by Duncan’s multiple range tests. Table 1, Table 2 and
Table 3 were subjected to one-way analysis of variance (ANOVA)
using SPSS version 22.0 (IBM Corp., Armonk, NY, USA).

3 Results
3.1 Fermentation treatment

The effect of fermentation on protein breakdown of zein
was analyzed by SDS-PAGE (Figure 1). It can be noticed that
the protein profile was substantially changed, major components

Table 1. Secondary structure compositions of zein, zein hydrolysate and glycosylated hydrolysate.

Samples a-helix(%) (-sheet(%) B-turn(%) random coil (%)
Zein 49.65 + 1.78° 12.62 +0.53° 17.78 £ 0.91¢ 20.05 +0.31°
Zein hydrolysate 13.36 £ 0.84" 12.35 £ 0.53¢ 11.68 + 1.05° 62.61 +1.62°
Glycosylated hydrolysate 6.25+0.77* 16.85 + 0.96" 6.92 £0.79° 70.38 £ 0.57¢
Mean + SD (n = 3) and different letters in one column are significantly different (p < 0.05).
Table 2. Amino acid composition of zein, zein hydrolysate and the glycosylated hydrolysate.
Amino acid zein zein hydrolysate glycosylated hydrolysate WHO?
Lys 0.17 +0.000* 3.37 £0.001° 3.92 £+ 0.004¢ 4.5
His 1.02 + 0.002* 1.33 £ 0.005° 1.30 £ 0.005° 1.5
Ile 4.83 £ 0.008¢ 4.45 + 0.009° 3.48 £ 0.009* 3.0
Leu 17.79 £ 0.104¢ 15.68 + 0.089* 16.12 £ 0.111° 59
Met 2.06 £ 0.002* 1.93 £ 0.003* 1.96 £+ 0.006* 1.6
Phe 6.38 +0.005° 4.89 £ 0.009* 4.67 £0.017*
Thr 2.28 +£0.001* 4.00 + 0.106° 5.06 = 0.008¢ 2.3
Val 3.33 £0.002* 4.38 + 0.006" 4.75 %+ 0.009¢ 39
Ala 8.90 = 0.007¢ 8.89 £ 0.007¢ 8.75 £ 0.008*
Arg 2.59 +0.004* 3.17 £ 0.006° 4.62 + 0.009¢
Asx 3.15 £ 0.003* 3.24 + 0.006* 5.22 +0.009°
Pro 9.14 £ 0.011° 9.38 £0.012° 8.02 = 0.009*
Glu 25.31 £ 0.029¢ 23.50 + 0.016" 19.49 £ 0.017*
Cys 1.10 £ 0.000* 1.55 + 0.006" 1.62 + 0.005" 0.6
Met+Cys 3.16 £ 0.002* 3.48 £ 0.003" 3.58 + 0.006" 2.2
Gly 0.78 £0.0° 1.67 £ 0.002¢ 1.40 £ 0.002°
Ser 5.58 £0.003* 6.05 + 0.005" 6.48 £ 0.011¢
Trp n.d. n.d. n.d. 0.6
Tyr 5.59 + 0.008¢ 3.09 £0.011° 2.80 + 0.003*
Phe+Tyr 11.97 £ 0.012¢ 7.98 +0.020° 7.47 £0.020° 3.0
Essential amino acids 36.84 + 0.124° 38.7 £ 0.228° 39.96 + 0.166°
Sulphur containing amino acids 3.15 £ 0.002¢ 3.48 £ 0.009* 3.58 £0.011°
Total HAA# 43.53 +0.133¢ 40.71 £ 0.138° 39.01 = 0.161°

Note: Mean + SD (n = 3) and different letters in one row are significantly different (p < 0.05);

“n.d” means not detectable. “Total hydrophobic amino acid (HAA): Val, Leu, Pro, Met, Phe and Ile;

FWorld Health Organization (WHO): WHO standard (Food and Agriculture Organization & World Health Organization, 1973).
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Table 3. In vitro digestibility of zein, zein hydrolysate and the glycosylated hydrolysate.

Properties zein zein hydrolysate glycosylated hydrolysate
Peptic digestion 0.111 = 0.005* 0.683 + 0.005¢ 0.656 + 0.007°
Peptic-tryptic digestion 0.193 £ 0.003* 0.759 + 0.009" 0.803 + 0.004°
Note: Mean + SD (n = 3) and different letters in one row are significantly different (p < 0.05).
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3.2 Characteristics of the glycosylated hydrolysate

FTIR has been widely used to study molecular structure
of glycosylated protein in food science. The observed changes
in the FTIR of zein, zein hydrolysate and the glycosylated
hydrolysate are shown in Figure 2A. The band around 1400
cm'! is assigned as the symmetric stretch in COO- functional
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Figure 2. Fourier transform infrared spectra of zein, zein hydrolysate
and the glycosylated hydrolysate (A), Intrinsic fluorescence emission
spectra of zein, zein hydrolysate and the glycosylated hydrolysate (B)
and Circular dichroism spectra of zein, zein hydrolysate and the
glycosylated hydrolysate (C).
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groups (Poulsen et al., 2016), while the band at 1516 cm™ is
attributed to the -NH?* scissoring vibrational mode (Perros et al.,
2013). The intensity of bands at 1400 cm™ and 1516 cm™ of
zein hydrolysate was higher than that of zein, indicating the
breakdown of amide backbone and formation of amino and
carboxylate terminals. The enhanced absorbance at 1075.74 cm™!
demonstrated the glycosylated hydrolysate contained more C-OH
than zein hydrolysate. This result proved that some saccharides
conjugated to zein hydrolysate during the liquid fermentation.

The emission fluorescence spectroscopic analysis was
applied to characterize the conformational changes of zein,
zein hydrolysate and the glycosylated hydrolysate. The results
are shown in Figure 2B. It can be observed that zein exhibited a
strong fluorescence emission peak at 374 nm after being excited at
280 nm, which was greatly affected by fermentation. The relative
fluorescence intensity of zein hydrolysate and the glycosylated
hydrolysate showed significant increase. The similar result was
also reported by Polanco-Lugo et al. (2014), who thought that
hydrolysis induced exposure of the amino acid residues buried
within the native structure of Phaseolus lunatus protein, which
leaded to an increase in fluorescence intensity. In Figure 2B, the
maximum emission fluorescence intensity of zein was found at
374 nm. The zein hydrolysate and glycosylated hydrolysate shifted
the maximum wavelength of the emission fluorescence of the
control to higher values. This red shift indicated an increase in
the polarity of Trp due to molecular unfolding by hydrolyzing.
However, the fluorescence intensity of glycosylated hydrolysate
showed a decreased tendency in comparison to zein hydrolysate,
which could be ascribed to the glycosylation. Glycosylated sugar
molecules have steric effect, shielding signals of tryptophan and
phenylalanine, which can cause decrease in fluorescence intensity.
This phenomenon is consistent with the report of Pedrosa et al.
(Pedrosa et al., 1997) who studied the glycosylation reaction of
B-lactoglobulin and cyclodextrin and also found decrease in
protein fluorescence intensity.

CD spectroscopy was used to evaluate the secondary structure
of zein, zein hydrolysate and the glycosylated hydrolysate. The CD
spectra of original zein has two characteristic broad negative
bands in the range of 200-230 nm, analogous to the finding by
Cuixia Sun et al. (2016). The secondary structure compositions
of zein, zein hydrolysate and the glycosylated hydrolysate were
shown in Table 1. The native zein secondary structure composition
was 49.65% a-helix, 12.62% B-sheet, 17.78% B-turn, and 20.05%
random coil. Occurrence of secondary structures changes has
been found after glycosylation and a-helix structure was strikingly
decreased corresponding to the increase of unordered structure,
consistent with the observation forp-Lactoglobulin-chlorogenic
acid conjugates (Fan et al., 2017). a-helix is usually buried in
the interior site of polypeptide chains (Xue et al., 2013). These
results confirmed that saccharides conjugated to zein hydrolysate
and zein hydrolysate were partly unfolded by glycosylation
which might lead to the exposure of interior amino acids,
which was consistent with the results of florescence spectra
(Figure 2B). Additionally, Glycosylation induced an obvious
increase in B-sheet, changed from 11.84% to 16.89%. Xiaopeng
Geng et al. (2014) prepared and characterized of ovalbumin
and carboxymethyl cellulose conjugates via glycosylation, and
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also found that(-sheet and random coil increased while a-helix
decreased in the ovalbumin structure.

The amino acid compositions of zein, zein hydrolysate and
the glycosylated hydrolysate were shown in Table 2. Zein is
insolubility in water, which is due to its amino acid composition
(Table 2). Zein is particularly rich in glutamic acid (25.31%),
leucine (17.79%), proline (9.14%) and alanine (8.9%), but deficient
inlysine (0.17%). In addition, the total hydrophobic amino acid
of zein was as high as 43.53 g/100 g protein. The content of total
hydrophobic amino acid in the glycosylated hydrolysate decreased
to 39.01 g/100 g protein. Glycosylated hydrolysate had ratio of
Lys, His and Ile close to that reccommended by the World Health
Organization (Food and Agriculture Organization & World
Health Organization (1973), Table 2). The notable absence of
lysine in zein accounts for its negative dietary nitrogen balance.
The content of lysine in the glycosylated hydrolysate significantly
increased compared with zein (p < 0.05), which is higher than
zein hydrolysate by the study of Youling L. Xiong (Kong &
Xiong, 2006) (from 0.12 to 0.17g/100g). Paredes-Lopez et al.
(1988) reported that Lys was released in higher amounts during
fermentation. They stated that the conversion of amino acids by
the action of TGase produced by the fungus could account for
this change. Glu content in the glycosylated hydrolysate showed
significant decrease compared with zein hydrolysate (p < 0.05),
which also implied the occurrence of glycosylation reaction.
Since zein hydrolysate contains high proportion of glutamine
(23.5%), the glycosylation reaction can occur mainly between
zein hydrolysate and saccharides during liquid fermentation.

3.3 The impacts of glycosylation on its partial
physicochemical properties

Undesirable solubility of zein restricts its application in
food industry. Therefore, the improvement of solubility of zein
is a prerequisite for the performance of its other functional
properties. Solubility of zein, zein hydrolysate, and the glycosylated
hydrolysate in pH range of 2-14 is shown in Figure 3A. The zein
showed poor solubility at pH <12.0, and the solubility was
under 3%. The poor solubility was due to the rigid structure
of zein which contained higher intermolecular, intramolecular
disulphide bonds and hydrophobic interactions. The food
industry demands high solubility across a wide range of pH.
The glycosylated hydrolysate showed higher solubility than that
of zein hydrolysate (p < 0.05), especially for that at pH of 2-6.

Surface hydrophobicity has important influences on
macromolecule structural stability, surface property and
fat-binding ability of protein. Figure 3B shows the results of surface
hydrophobicity of three samples. The surface hydrophobicity of
zein hydrolysate increased by 462.05 compared with zein. It is
well known that controlled enzymatic hydrolysis can expose
hydrophobic groups hitherto concealed in globular proteins
(Wu et al.,, 1998). This resulted could be ascribed to exposure
of hydrophobic amino acid residues buried within the tertiary
structure of original zein molecules. However, the surface
hydrophobicity of the glycosylated hydrolysate decreased by
604.11 compared with zein hydrolysate.

Food Sci. Technol, Campinas, 40(Suppl. 1): 42-50, June 2020



Yang et al.

= zein ® zein hydrolysate 4  glycosylated hydrolysate
100 S
i 1
% —
80 - : A .
i .
—_ L ]
3
= 60
=
2 y
& a0 [
20 -
o4 - = I—*_-_i..
T T T T T T T
2 4 6 8 10 12 14
pH
B
3500
3000
2 2500 4
Q
£
[=}
S 2000
e
o
>
e
@ 1500 4
& ]
3 A
9 1000 :
sof | _
) 7,
. . ,
0 T T T
zein zein hydrolysate glycosylated hydrolysate

Figure 3. Solubility profile of zein, zein hydrolysate and the glycosylated
hydrolysate in pH range of 2-14 (A); Surface hydrophobicity of zein,
zein hydrolysate and the glycosylated hydrolysate (B).

Referring to these measured values of digestibility, zein showed
greater resistance to both peptic and peptic-tryptic digestion than
that of zein hydrolysate and glycosylated hydrolysate (P < 0.05)
(Table 3). The detected TCA-soluble nitrogen released from zein
hydrolysate and glycosylated hydrolysate are 0.683 and 0.759
(peptic digestion) or 0.656 and 0.803 (peptic-tryptic digestion),
respectively, while that from zein is 0.111 and 0.193. Higher
TCA soluble nitrogen is released from zein hydrolysate and
glycosylated hydrolysate; that is, both zein hydrolysate and
glycosylated hydrolysate have higher digestibility than original
zein. Additionally, glycosylated hydrolysate presented lower
digestion than zein hydrolysate during peptic digestion. Roos et al.
(2003) stated that protein crosslinking would sterically shield
the peptide bonds against proteolysis, and resulted in decreased
in vitro digestibility.

3.4 Antioxidant activity of the glycosylated hydrolysate

Antioxidants are important in health as well as food preservation.
Food and pharmaceutical industries often use synthetic antioxidants
in their products, however; there is an interest for finding safe
and potent natural antioxidants. In this study, we evaluated the
antioxidant activities of the glycosylated hydrolysate using four
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different assays: DPPH/ABTS/superoxide/radical scavenging
capacities and Cu”* chelating capacity. Zein, zein hydrolysate
and Vc were used as controls.

As shown in Figure 4, the original zein did not exhibit DPPH,
ABTS and superoxide radicals scavenging activities, however, it
possessed weak Cu?* chelating capacity. Wang et al. (2017) also
found original zein showed weak metal ion-chelating activity.
The antioxidant values of zein hydrolysate showed significant
increase compared with that of zein (p < 0.05). The antioxidant
values of glycosylated hydrolysate displayed significant differences
compared with that of the zein hydrolysate. The glycosylation
reaction significantly improved all the antioxidant values of
zein hydrolysate except DPPH radical scavenging activity,
and the antioxidant efficiency of the glycosylated hydrolysate
was concentration dependent. No significant increase was
observed in the concentration within 0.25-1 mg/mL. The ABTS
radical scavenging capacity of glycosylated hydrolysate was
greater than that of 2-4 mg/mL of zein hydrolysate (p < 0.05).
The glycosylated hydrolysate showed significant increase in Cu**
chelating capacities than that of 2-4 mg/mL of zein hydrolysate
(p < 0.05). The superoxide radical scavenging capacity of zein
hydrolysate increased slightly after glycosylation. The results
established glycosylated hydrolysate, at the concentration tested
(2-4 mg/mL), to be effective hydrogen or electron donors.

4 Discussion

The physicochemical and functional properties of hydrolyzed
proteins and peptides have been well-documented in the literature,
but no study has been conducted to evaluate the properties of
glycosylated hydrolysate prepared by fermentation. Therefore,
partial properties of glycosylated hydrolysate were evaluated.

Glycosylated hydrolysate exhibited better solubility in pH 2-14.
Compared with the zein hydrolysate, the improved solubility of
the glycosylated hydrolysate might be attributed to the increase
in hydrophilic groups (i.e. hydroxyl groups in the attached
saccharides) by glycosylation. Jiang & Zhao (2010) reported that
cross-linking and glucosamine conjugation improved caseinate
solubility. A similar solubility improvement was also observed
for soybean protein-galactomannan conjugates (Babiker et al.,
1998). The two reported results provided support to the present
result. In addition, the changes in conformation of structure also
can explain the reason for increasing in solubility. Solubility
of proteins is influenced by pH, ionic strength, type of salts,
and protein conformation (Sirison et al., 2017). According to
the results of conformation analysis (Figure 2B) the unfolding
of the glycosylated hydrolysate chains and loosening tertiary
conformation might promote intramolecular hydration of
proteins. These structural changes resulted in an improvement
of glycosylated hydrolysate-water interaction, thus increasing
the solubility. Thus, the glycosylation derived from fermentation
can be used as an effective technique to further improve the
solubility of zein. Crosslinking of protein by TGase might cause an
impaired digestibility in vitro (Jiang & Zhao, 2010). Glycosylated
hydrolysate presented lower digestion than zein hydrolysate
during peptic digestion. However, glycosylated hydrolysate
showed higher digestion (P < 0.05) than zein hydrolysate during
peptic—tryptic digestion. Binding of saccharides into protein
molecules would result in partial unfolding structures (Figure 2),
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Figure 4. Effects of zein, zein hydrolysate, glycosylated hydrolysate and Vc on DPPH radical scavenging activity (A), ABTS radical scavenging
activity (B), Cu2+ chelating capacity (C) and superoxide radical scavenging activity (D), respectively.

which was beneficial to the proteolysis of protein-saccharide
conjugates. Wang et al. (2007) reported that dextran conjugation
unfolded p-lactoglobulin molecules and consequentially elevated
their enzymatic susceptibility. At the same time, glycosylated
hydrolysate had lower surface hydrophobicity (about 2914.11)
than zein hydrolysate (about 3518.05) or zein (about 3056.14)
(Figure 3B). It could be speculated that the decreased surface
hydrophobicity of the glycosylated hydrolysate was a result of
an increased number of hydrophilic groups in the side chains
of the zein hydrolysate by saccharide conjugation. Wang et al.
(2017) studied glycosylation between zein and chitosan catalyzed
by TGase and found that the modified product exhibited lower
surface hydrophobicity. These results indicated that glycosylation
conferred glycosylated hydrolysate better solubility and higher
enzymatic digestion.

The glycosylation reaction significantly improved all the
antioxidant values of zein hydrolysate except DPPH radical
scavenging activity. Different mechanisms of oxidation occur
in the different assays, as outlined elsewhere (Thiansilakul et al.,
2007). Therefore, it is understandable that antioxidant ability varied
in the glycosylated hydrolysate between assays. The scavenging
patterns for DPPH radical were likely related to the structure of
peptides produced at different stages. DPPH radical is an oil-soluble
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free radical that becomes a stable product after accepting an
electron or a hydrogen from an antioxidant (Zhu et al., 2008).
After the glycosylation reaction, more hydrophobic amino
residue side chain groups might be hid; therefore, glycosylated
hydrolysate became less accessible by DPPH radical. This would
impair electron transfer from glycosylated hydrolysate, thereby
decreasing DPPH radical scavenging activity. Taking the three
assays together, however, glycosylated hydrolysate appeared to
have the greatest overall antioxidant ability. These activities might
depend mainly on the saccharides moiety of the glycosylated
hydrolysate, which could discontinue the free radical chain
reaction by donating more protons to react with free radicals
and/or limit the production of radicals by binding copper as metal
chelator to stabilize them in an inactive form. In the literature
available, antioxidant activity of the glycosylated hydrolysate
prepared by fermentation has not been reported so far. Some
results of researchers clearly showed that fungal saccharides
displayed antioxidant activity (Paterson, 2008). The glycosylated
hydrolysate of 1 mg contained about saccharides of 0.065 mg.
The antioxidant efficiency of the glycosylated hydrolysate of
1 mg was significantly higher than that of the zein hydrolysate
of 1 mg. These results suggest that the glycosylated hydrolysate
possesses fine antioxidant activity, which could be due to the
some saccharides conjugated to the zein hydrolysate.
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5 Conclusion

In this study, the results of SDS-PAGE and FTIR demonstrated
the occurrence of glycosylation reaction. Intrinsic fluorescence
emission spectra and Circular dichroism analyses demonstrated
that the glycosylated hydrolysate contained more ~OH groups, and
had a more open secondary structure. Glycosylated hydrolysate
exhibited an enhanced solubility, in vitro digestibility, and
antioxidant activities, but decrease in surface hydrophobicity,
compared with that of zein and zein hydrolysate. These results
demonstrated that glycosylation derived from liquid fermentation
might be a new approach to modify partial functional properties
of zein, and the glycosylated hydrolysate could be used as natural
antioxidant.
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