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Role of surface charge of hydrolysed bovine caseins
in their iron(ll)-binding affinity and antioxidative capacity
in iron(ll)-facilitated -carotene and glutathione oxidation

CHIBUIKE CHINEDU UDENIGWE - MIN GONG -
AISHWARYA MOHAN - MARYANN CHINONYE UDECHUKWU

Summary

Surface properties of peptides can affect their functionality, including metal-binding capacity. Casein hydrolysed with
five proteases had varying surface hydrophobicity (from 56.4 + 3.1 to 157.0 * 16.8) and surface charge (C-potential,
from —43.5 mV *= 0.5 mV to -32.5 mV = 0.6 mV). The hydrolysates had varying Fe2+-chelating capacity (from
0.049 mg'ml! * 0.005 mg:ml! to 0.134 mg'ml-! = 0.027 mg'ml-!); the best activities were observed for hydrolysates
with the highest surface hydrophobicity. Maximum specific ligand binding (Bmax) of the samples appeared to be inde-
pendent of surface charge and hydrophobicity. However, ligand dissociation constant (Kq) of the peptide-Fe2+ com-
plex strongly correlated with C-potential (rs = 0.90). This suggests that the negatively charged surface of the particles
facilitated peptide-Fe?+ chelate complex formation via electrostatic interaction. Casein hydrolysates with the lowest Kq
and -potential displayed the maximum capacity for inhibiting Fe2+-facilitated oxidation of B-carotene, suggesting that
strong Fe2*-binding by the peptides made the pro-oxidant metal less available for participation in oxidation. However,
this relationship was not observed for their inhibition of Fe2+/H20»-induced glutathione oxidation, likely due to pep-
tide inaccessibility to the anionic glutathione. The findings show that surface chemistry of hydrolysed caseins affects
their interactions with pro-oxidant iron, which is an important consideration for their use as antioxidants in foods.
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Oxidative damage of biological molecules has
been associated with the etiology and pathogenesis
of human health conditions, and also in food qual-
ity deterioration [1]. Pro-oxidant transition metals
are known to play a critical role in facilitating oxi-
dation. In particular, Fe2+ participates in Fenton’s
reaction leading to the production of highly reac-
tive hydroxyl radical [1]. This reaction has become
a target for use in designing food-based antioxi-
dants. For instance, peptides are derived from
food proteins by enzymatic hydrolysis [2] and are
thought to be antioxidative partly based on their
ability to chelate pro-oxidant transition metals
[3-5]. Several peptides derived from hydrolysed
milk, especially caseinopeptides, are known to be
antioxidative based on their Fe2*-chelating capac-

ity [6]. This bioactivity enables peptides to be used
as antioxidant ingredients for formulating health-
promoting food products and for food preserva-
tion. To date, there is a lack of information on
the binding affinity of food peptides to divalent
metals, particularly the ligand dissociation con-
stant (K4), and also the maximum ligand binding
(Bmax) parameter. The metal-binding parameters
provide information on the capacity of the pep-
tide to bind pro-oxidant metals and the stability of
the peptide-metal complexes on binding. Further-
more, binding parameters also help in determining
the protective effects of peptides against Fe2+-me-
diated oxidative damage of biological molecules.
Metal-chelating capacity of protein hydro-
lysates and peptides has been attributed to the
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presence of certain amino acid residues including
histidine, glutamic acid, aspartic acid, threonine,
serine and phosphor-serine [3, 4, 7, 8]. Neverthe-
less, it is important to understand the role of the
peptide surface charge and hydrophobicity in their
interaction with oxidants in hydrophobic and hy-
drophilic matrices. Therefore, the objective of this
study was to evaluate the surface charge and hy-
drophobicity, and Fe2+-binding affinity capacity of
casein hydrolysed with five commercial proteases
of different specificities in relation to their antioxi-
dative capacities against Fe2+-facilitated oxidation
of B-carotene and glutathione.

MATERIALS AND METHODS

Enzymatic hydrolysis of bovine caseins

Caseins were isolated from commercial bo-
vine milk by isoelectric precipitation at pH 4.5 as
previously reported [9]. The casein isolate powder
(50 g'I'!) was hydrolysed with five commercial pro-
teases (Sigma-Aldrich, St. Louis, Missouri, USA)
of different specificities at their respective opti-
mum conditions as follows: pancreatin from por-
cine pancreas (Panc, 37 °C, pH 7.0), thermolysin
from Bacillus thermoproteolyticus Rokko (Therm,
EC 3.4.24.27, 65 °C, pH 8.0), bromelain from pine-
apple stem (Brom, EC 3.4.22.33, 37 °C, pH 6.5),
papain from papaya latex (Pap, EC 3.4.22.2, 65 °C,
pH 7.0) and Alcalase from Bacillus licheniformis
(Alc, 55 °C, pH 8.3) at enzyme-to-substrate ratio
of 1:100 (w/w) for 5 h using the Metrohm pH-Stat
system (Herisau, Switzerland). After hydrolysis,
the reaction was terminated by heating the mix-
ture in a water bath at 95 °C for 15 min, followed
by cooling to room temperature, centrifugation
at 10 000 xg for 10 min, and freeze-drying of the
supernatant to obtain the casein hydrolysate (CH)
powders.

Zeta ({)-potential measurement

Zeta (C)-potential, a measure of the surface
charge, of aqueous suspension of the five hydro-
lysed casein samples was determined by electro-
phoretic light scattering of the particles using
Zetasizer Nano Series Nano-ZS (Malvern Instru-
ments, Malvern, United Kingdom). Samples were
dispersed in deionized water and the measure-
ments were made in a disposable capillary cell
after equilibration for 120 s at 25 °C.

Surface hydrophobicity determination

Surface hydrophobicity (So) was determined
by a fluorescence method using a hydrophobic
probe, 8-anilino-1-naphthalenesulphonic acid, as
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previously reported [10]. Samples were diluted
with 0.01 mol‘I'! phosphate buffer (pH 7.0) to con-
centrations ranging from 0.009 g1 to 0.15 g1
Fluorescence was then measured at the excitation
and emission wavelengths of 390 nm and 470 nm,
respectively, using Nova Spectrofluorometer
(SPEX Industries, Metuchen, New Jersey, USA).
The slope of the fluorescence vs concentration
plot was taken to be the surface hydrophobicity.

Fe2+ chelation and binding affinity assays

The Fe2+-chelating capacity of the hydro-
lysed casein products was determined using
the Ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-
triazine-4’,4”-disulfonic acid sodium salt) as-
say as previously reported [11]. A metal chela-
tor, ethylenediaminetetraacetic acid (EDTA),
was used as the standard, the samples were
measured at various concentrations ranging
from 0.001 mg'ml-! to 2 mg:ml-l, and their Fe2+-
chelating capacity was expressed as half maximal
effective concentration (ECsp). Saturation bind-
ing experiment was conducted by varying Fe2+
concentration from 0.0002 umol to 0.02umol
at constant concentration (30ug'ml-!) of hydro-
lysed casein products in deionized water at 37 °C
for 10 min, and then determining unbound Fe2+
in the assay using the Ferrozine assay. A stand-
ard curve was obtained with 1-500 wmol‘l-! FeCl,
and fractional binding was calculated as bound
Fe2+ (expressed in micromoles per milligrams of
protein). The binding curves were fitted into one-
site specific ligand binding (non-linear regression)
equation and used to determine Bmax and Kq using
the “simple ligand binding” function of SigmaPlot
12.1 (Systat Software, San Jose, California, USA).

B-Carotene oxidation assay

B-Carotene (100 ul of 30 mmol-lI'! in acetone)
was mixed with 50 ul of the hydrolysed casein
products, at 1 mg:ml! final concentration, and
50 ul of FeClz (15 mmol 1) followed by incuba-
tion at 37 °C. Absorbance of -carotene was then
measured at 450 nm at 20 min intervals for 2 h
using Synergy H1 Hybrid Multi-Mode Microplate
Reader (Biotek Instruments, Winooski, Vermont,
USA). The rate of p-carotene oxidation, repre-
sented by decrease in absorbance during incuba-
tion (expressed as reciprocal minutes), was de-
termined and used to calculate the percentage of
inhibition of oxidation relative to a control assay
that did not contain the hydrolysed caseins.

Glutathione oxidation assay
The ability of the hydrolysed caseins to in-
hibit Fe2+/H2O2-facilitated oxidation of the sulf-
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hydryl group of reduced glutathione (GSH) was
evaluated in vitro as previously reported [11].
Briefly, the samples (1 mg'ml-! in 50 mmol-I! so-
dium phosphate buffer, pH 7.2) was mixed with
20 mmol-l'! FeCly and incubated at 37 °C for
30 min. GSH (83 pg'ml! in the phosphate buffer)
was then added to the mixture and equilibrated
for 10 min followed by the addition of 1 mmol-I-!
H>07 and further incubation at 37 °C for 1 h. Con-
trol experiments containing only GSH or GSH
with Fe2+/H,02 were also conducted. The assay
mixture was then analysed for reactive sulfhydryl
content using 5,5’-dithiobis(2-nitrobenzoic acid).
Antioxidative capacity of the samples was then ex-
pressed as percentage of GSH sulfhydryl content
conserved by the treatments after oxidation.

Statistical analysis

Assays were conducted in triplicate and results
expressed as mean * standard deviation. Statisti-
cal significance of difference (P < 0.05) between
treatments was analysed by one-way analysis of
variance followed by the Holm-Sidak multiple
comparison test. Relationships between the sur-
face properties, binding affinity and antioxida-
tive capacities were analysed by Spearman’s Rank
Order Correlation. The statistical analyses were
done using SigmaPlot 12.1.

RESULTS AND DISCUSSION

Surface charge and hydrophobicity of the hydro-
lysed caseins

Enzymatic hydrolysis of casein isolate with
the commercial proteases of different specifici-
ties yielded hydrolysate products with significant-
ly different (P < 0.001) surface properties. The
peptides are expected to carry negative surface
charges at the hydrolysis pH due to their nega-
tively charged carboxyl groups. The extent of the
negative charge however depends on the compo-
sition of each hydrolysate and particular arrange-
ments of the peptides in the aqueous solution.
As shown in Fig. 1, the hydrolysed caseins had
net negatively charged surfaces with C-potential
exceeding —30 mV. This indicated that the pep-
tides had moderate stability in aqueous suspen-
sion. Notably, pancreatin and Alcalase produced
hydrolysates with the lowest C-potential, i.e. the
highest negative surface charge, whereas hydro-
lysates from bromelain and papain reactions had
the least magnitude of C-potential. Moreover, So
was found to be highest for the casein hydrolysate
produced with thermolysin. This can be attributed
to the protease specificity in cleaving proteins at

N-terminal (P1°) position of hydrophobic residues,
leucine, phenylalanine, isoleucine, valine, methio-
nine and alanine [2, 12], leading to the release of
peptides containing accessible hydrophobic amino
acid residues. The low S, values of the hydrolysed
caseins, compared to other protein sources, can be
due to the highly anionic surfaces of casein phos-
phoserine residues. Variation in S, and {-potential
of the samples (Fig. 1 and Fig. 2) can affect mo-
lecular interactions and influence the formation of
peptide secondary structures and aggregates. To
date, antioxidative capacity of peptides has been
often attributed to their composition of antioxi-
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Fig. 1. Zeta ({)-potential
of the casein hydrolysate products.

Bars with different letters represent significantly different
mean values (P < 0.001).

CHAIc - casein hydrolysed with Alcalase, CHBro — casein
hydrolysed with bromelain, CHPanc - casein hydrolysed
with pancreatin, CHPap — casein hydrolysed with papain,
CHTher — casein hydrolysed with thermolysin.
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Fig. 2. Surface hydrophobicity of aqueous suspen-
sion of the enzymatic casein hydrolysate products.

Bars with different letters represent significantly different
mean values (P < 0.001).

CHAIc - casein hydrolysed with Alcalase, CHBro — casein
hydrolysed with bromelain, CHPanc — casein hydrolysed
with pancreatin, CHPap — casein hydrolysed with papain,
CHTher — casein hydrolysed with thermolysin.
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Fig. 3. Half maximal effective concentration

of the hydrolysed casein products in chelating Fe2+.
Bars with different letters represent significantly different
mean values (P < 0.001).

CHAIc - casein hydrolysed with Alcalase, CHBro — casein
hydrolysed with bromelain, CHPanc - casein hydrolysed
with pancreatin, CHPap — casein hydrolysed with papain,
CHTher — casein hydrolysed with thermolysin.

dative and oxidatively-labile amino acid residues
[3-5]. However, the accessibility of these anti-
oxidant amino acid residues to solvents in assay
matrices, or their location relative to the surface
of peptide aggregate structures, have yet to be re-
ported. Knowledge of the surface chemistry en-
hances our understanding of the interaction of
antioxidative peptides with their targets in physio-
logical or food matrices.

Fe2+ chelation and binding affinity of the hydro-
lysed casein products

The casein hydrolysates exhibited strong
dose-dependent FeZ+-chelating capacity with
maximum activity of >90% chelation observed
at 0.25 mgml-! for casein hydrolysed with Alca-
lase (CHAIc) and casein hydrolysed with thermo-
lysin (CHTherm), and at 0.5 mg'ml! for casein
hydrolysed with pancreatin (CHPanc). Accord-
ingly, as shown in Fig. 3, CHAlc and CHTherm
had the highest chelating capacity (i.e. the lowest
ECs values of 0.049 mg'ml-! and 0.058 mg-ml-,
respectively) whereas casein hydrolysed with
papain (CHPap) had the least chelating capac-

ity (ECso of 0.134 mg-ml1). Casein hydrolysates
with higher So and higher net negative surface
charge generally had better chelating capacity. In
order to gain further insight on the capacity and
strength of the peptide-metal binding, saturation
curves (plots of bound Fe2+ vs total Fe2+) were
obtained for all the hydrolysed caseins. CHTherm
had the highest Bmax indicating that it could hold
the most Fe?t compared to the other hydro-
lysates (Tab. 1). The casein hydrolysates with the
best Fe2+-chelating capacity also had the highest
Bmax. Moreover, CHPanc had the lowest Ky, in-
dicating the strongest peptide-Fe2+ interaction of
all the casein hydrolysates. K4 strongly correlated
with C-potential (rs = 0.90), with CHPanc show-
ing both the highest net negative surface charge
and strongest Fe2+ affinity, and casein hydrolysed
with bromelain (CHBrom) showing the oppo-
site properties. This indicates that high net nega-
tive surface charge is an important contributing
factor in establishing strong casein peptide-Fe2+
chelate complexes. In addition to the iron-chelat-
ing ligands of amino acids, the phosphate groups
of caseinophosphopeptides are known to bind iron
by electrostatic attraction [13], and this was used
for preparing chelates for increasing the bioavail-
ability of dietary iron [7]. Therefore, formation of
the iron complexes in this study would be facili-
tated by electrostatic interaction of the opposite
charges on the metal ions and peptide surfaces.

Inhibition of Fe2+-facilitated B-carotene oxidation
Chelation of pro-oxidant metals is expected
to prevent or delay their participation in oxida-
tive reactions and subsequent damage to bio-
logical structures. In this study, oxidatively-labile
B-carotene was used as a hydrophobic oxidation
target. The hydrolysed casein samples (CHPanc
and CHAIc) with the highest Fe2+ affinity (i.e.
lowest Kq) and lowest {-potential (i.e. highest net
negative surface charge) had the maximum ca-
pacity for inhibiting Fe2+-facilitated oxidation of
B-carotene in the emulsion (Fig. 4). The results
demonstrated that tight Fe2+-binding would like-
ly make the pro-oxidant metal less available for

Tab. 1. Fe2+-binding parameters of the hydrolysed casein products.

Binding parameter CHAIc CHBro CHPanc CHPap CHTher
Bmax [ug'mg-1] 0.069 +0.001 @ 0.071+0.015ab 0.053 +0.002P 0.067 + 0.004 a0 0.085+0.0132
Kd [x 103 umol] 3.70 £0.04b 14.83+x4.212 2.47 +0.23b 4.60+0.42b 6.03+2.91b

Numbers with different letters in each row represent significantly different mean values (P < 0.001).

Bmax — maximum ligand binding (expressed per milligram of protein); K4 — ligand dissociation constant.

CHAIc - casein hydrolysed with Alcalase, CHBro — casein hydrolysed with bromelain, CHPanc — casein hydrolysed with pan-
creatin, CHPap — casein hydrolysed with papain, CHTher — casein hydrolysed with thermolysin.
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participation in the oxidative reaction. Further-
more, peptide hydrophobicity is often thought to
enhance their accessibility to hydrophobic oxida-
tive systems [4]. However, the ability of the hydro-
lysed caseins to inhibit hydrophobic B-carotene
oxidation was not related to their So. This was like-
ly due to the highly charged peptide surface, which
would make the peptides less available for interac-
tion and protection of the hydrophobic B-carotene
phase of the emulsion. Consequently, inhibition of
B-carotene oxidation could be due to Fe2+ chela-
tion in the emulsion aqueous phase.

Inhibition of Fe2+/H202-facilitated glutathione
oxidation

Fe2+-facilitated Fenton’s reaction can oxidize
GSH and the reactive sulfhydryl group has been
measured as an indicator of redox activity [11].
The Fenton’s reagent induced GSH oxidation with
a 68.6% = 0.1% decrease in its reactive sulfhydryl
group. The hydrolysed caseins each contained less
than 2 pmol-l'l sulfhydryl per gram of protein,
which were by three orders of magnitude lower
than the sulthydryl group of GSH present in the
assay. When added to the GSH oxidation system,
the hydrolysed caseins differed in their ability to
conserve GSH sulthydryl group (Fig. 5). Casein
hydrolysate generated with papain had the best ac-
tivity in protecting GSH sulfhydryl group, whereas
CHBrom had the weakest activity. No correlation
was observed between the surface properties or
Fe2+-binding parameters and the activity of the
hydrolysates in protecting GSH from oxidation.
This indicated that Fe2+ chelation was not the
sole mechanism for the observed antioxidative ca-
pacity, or that the binding affinity was not strong
enough to reduce the oxidation of the hydrophilic
molecular target. Moreover, GSH exists in the
anionic form at the physiological pH used in this
study, and is expected to repel the casein peptides
due to their negatively charged particle surfaces.
This can lead to limited association between the
antioxidants and oxidatively-labile target in the
aqueous matrix.

CONCLUSION

The heterogenity of peptides within protein
hydrolysates makes them promising polydentate
ligand candidates for the formation of chelate
complexes with pro-oxidant metals, and for sub-
sequent inhibition of metal-facilitated oxidative
process and damage to cellular and food com-
ponents. For the first time, this study has report-
ed the relationship of the surface property and
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Fig. 4. Effects of the hydrolysed casein products
against Fe2+-facilitated B-carotene oxidation.

Bars with different letters represent significantly different
mean values (P = 0.003).

CHAIc - casein hydrolysed with Alcalase, CHBro — casein
hydrolysed with bromelain, CHPanc — casein hydrolysed
with pancreatin, CHPap — casein hydrolysed with papain,
CHTher — casein hydrolysed with thermolysin.
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Fig. 5. Effects of the hydrolysed casein products
in conserving reduced glutathione sulfhydryl group
during Fe2+/H20»-facilitated oxidation.

Bars with different letters represent significantly different

mean values (P < 0.001).

CHAIc - casein hydrolysed with Alcalase, CHBro — casein
hydrolysed with bromelain, CHPanc — casein hydrolysed
with pancreatin, CHPap — casein hydrolysed with papain,
CHTher — casein hydrolysed with thermolysin.

FeZ+-binding affinity of enzymatically hydrolysed
caseins with their inhibitory effects against Fe2+-
facilitated oxidation of B-carotene and reduced
glutathione. The findings demonstrate that the
highly negative surface charge of the hydrolysates
is an important consideration for establishing
strong electrostatic interaction with Fe2+, which
was relevant in enhancing the inhibition of Fe2+-
facilitated oxidation. Understanding the surface
properties and Fe2*-binding affinity of the hy-
drolysed caseins will provide insight into their
behaviour and antioxidative capacity in different
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food matrices, especially when intended for use in
formulating health-promoting food products and
in food quality preservation.
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