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The caseinomacropeptide (CMP) is a bioactive peptide produced during cheese making. It is found in abundance
in whey. CMP aqueous solutions allow the incorporation of large amounts of CaCl, but the mechanism of cal-
cium-CMP interactions are unknown. In order to evaluate its calcium binding capacity, the following techniques
were performed: Dynamic Light Scattering (DLS), Fourier Transform Infrared spectroscopy (FTIR), dialysis, con-

ductivity, precipitation of CaCl,/CMP complex by ethanol, electrochemical Ca?* binding isotherms, and inhibi-
tion of calcium phosphate precipitation. One mole of CMP can bind 9 mol of calcium, and the CMP self-
assembles as a hexameric form. A model is proposed to explain the CMP self-association in presence of CaCl,.

1. Introduction

The calcium salts usually have low solubility at neutral/alkaline pH
(Vavrusova & Skibsted, 2014). The peptides can bind calcium, thereby
increasing calcium ion solubility and thus enhancing calcium absorp-
tion. During digestion of food, pH increases when the chyme is trans-
ferred from the stomach to the duodenum, which affects the binding of
calcium to amino acids, peptides, and proteins with an increasing affin-
ity (Jiang, Liu, de Zawadzki, & Skibsted, 2021). In the literature, nu-
merous peptides of different origins have been proposed as calcium
binders: for example, the peptides obtained from the fishbone (Chen et
al., 2019), cucumber (Wang et al., 2017), soy (Bao, Song, Zhang, Chen,
& Guo, 2007), egg yolk (Zhang et al., 2021) and dairy origin such as ca-
sein phosphopeptides or whey proteins (Berrocal et al., 1989; Zhao,
Huang, Cai, Hong, & Wang, 2014). However, the commercial use for
most of them is very limited mainly due to the difficulty of obtaining
them on an industrial scale (Korhonen & Pihlanto, 2006).

On the other hand, the caseinomacropeptide (CMP) is a bioactive
peptide produced during cheese making. It is found in abundance in
whey. Likewise, it is commercially available purified by ion exchange
resins. It has interesting functional properties such as gelation, foaming,

and emulsifying capacity (Farias, Martinez, & Pilosof, 2010; Kreup,
Strixner, & Kulozik, 2009; Loria, Aragén, Torregiani, Pilosof, & Farias,
2018; Martinez, Carrera Sanchez, Rodriguez Patino, & Pilosof, 2012). It
also has valuable bioactive properties, among them, modulates immune
systems responses, promotes bifidobacterial growth, suppresses gastric
secretions, and regulates blood circulation (Thoma-Worringer,
Sgrensen, & Lopez-Fandifio, 2006). The fact that CMP has no Phe in its
amino acid composition makes it suitable for nutrition for the manage-
ment of phenylketonuria (Ney, Hull, van Calcar, Liu, & Etzel, 2008). Its
peptidic sequence contains two Asp, seven or eight Glu residues (de-
pending on the variant CMP B or A, respectively), a phosphorylated Ser,
and three Lys residues. Approximately 50% of the 19 CMP isoforms are
glycosylated in commercial caseinomacropeptide (Sunds, Poulsen, &
Larsen, 2019). The sialic acid (recognized calcium binder) is between 5
and 11 g/100 g of the total CMP (Fernando & Woonton, 2010). At pH
7.0 and in the absence of salts, all acidic AA side chains of CMP are de-
protonated, the zeta potential is approximately —20 mV for non-
glycosylated CMP (aCMP) and —30 mV for glycosylated CMP fraction
(gCMP) so self-association is prevented due to the repulsion by the
strong negative charge (Kreup et al., 2009) being the monomeric form
predominant (Farias et al., 2010).

Abbreviations: CMP, caseinomacropeptide; DLS, dynamic light scattering; FTIR, Fourier transform infrared spectroscopy; ISE, ion selective electrode; d(H),

hydrodynamic diameter
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Considering its functional and bioactive properties, it is important
to investigate the calcium binding capacity of CMP to develop calcium
supplements. A relevant antecedent of this study was carried out by
Burns et al. (2015): the growing mice had enhanced femoral calcium
contents receiving low calcium and a CMP supplemented diet. These re-
sults highlight the potential of CMP on bone health. CMP aqueous solu-
tions can be an excellent alternative to increase calcium bioavailability
in foods because to allow the incorporation of large amounts of CaCl,,
but its binding capacity and mechanism are unknown (Loria, Pilosof, &
Farias, 2018).

The purpose of this study was to evaluate the calcium binding ca-
pacity of CMP at neutral pH and to reveal its calcium binding mecha-
nism by a series of techniques.

2. Materials and methods
2.1. Samples preparations

BioPURE-GMP® (CMP) was supplied by AGROPUR (Le Sueur, MN,
USA). Its composition was: 863 g/kg protein, nitrogen to a protein con-
version factor of 7.07. The quantity of NeuNAc was specified between 7
and 8 g/100 g (Fernando & Woonton, 2010). The calcium content of
the CMP powder determined with an atomic absorption spectrometer
was 6.80 g/kg using the AAnalyst 200 PerkinElmer analyzer
(PerkinElmer, Shelton, CT, USA). The average CMP molecular weight
was considered 7.5 kDa. Analytical grade calcium chloride anhydrous
(CaCl,) was supplied by Merck (Darmstadt, Germany).

The CMP solutions were obtained by dissolving the appropriate
quantity of CMP powder in ultrapure water (1.8 = 0.1 mS/cm) and
stirring at room temperature for 1 h. Briefly, CMP solution was added
into CaCl, solution at the final CaCl,/CMP molar ratios ranging from 1
to 30. CMP is highly soluble in water and no precipitate was formed af-
ter adding CaCl,. The pH of the aqueous solutions was adjusted to 7.0,
8.0, or 9.0 by the addition of a few drops of 1 mol/L NaOH to avoid di-
lution. The glass materials were washed with 0.01 mol/L ethylenedi-
amine tetra-acetic acid (EDTA), 2 g/100 g HNaCOs, and 0.1 g/100
sodium dodecylsulphate to remove trace element impurities (Roig,
Alegria, Barberd, Farré, & Lagarda, 1999) and then rinsed three times in
ultrapure water.

2.2. Atomic absorption spectrometry

Determinations of calcium were carried out by atomic absorption
spectrometry using the AAnalyst 200 PerkinElmer analyzer
(PerkinElmer, Shelton, CT, USA). Lanthanum nitrate (15 g/L) was pre-
viously added to standards, samples, and controls to avoid phosphate
interference.

2.3. Particle size measurement

The particle size of the samples was tested by dynamic light scatter-
ing (DLS) (Zetasizer Nano-Zs, Malvern Instruments, Malvern, UK) at a
fixed scattering angle of 173° as reported previously in Loria, Pilosof,
and Farfas (2018). The intensity particle size distribution can be con-
verted, using the Mie theory, to volume size distribution as was de-
scribed in (Martinez, Carrera Sanchez, Patino, & Pilosof, 2009). The
concentrations of the CMP solutions were 30 and 50 g/L, the
CaCl,/CMP molar ratios ranged from 0 to 30; pH 7; 25 °C. The assay
was performed in triplicate on three individual samples.

2.4. Fourier transform infrared spectroscopy (FTIR)
The samples at pH 7.0 (CMP concentration: 150 g/L; CaCl,/CMP

molar ratios: 0, 2, 9 and 15) were stored in a freezer at a temperature of
—80 °C for 24 h and subsequently lyophilized (Labconco Freezone 12 L
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Freeze dry System Model 77540, Labconco, Kansas City, MO, USA) for
48 h until a dry sample was obtained. The mixtures of 1 mg of each
lyophilized sample and 100 mg dry KBr were loaded on the FTIR instru-
ment (Shimadzu®, IRPrestige-21, Tokyo, Japan). The spectra were ob-
tained using 40 scans from 4000-500 cm~! at a resolution of 2 cm~1.
The peak signals were analyzed with the OriginPro ®8 SRO software
V8.0724 (OriginLab Corporation, Northampton, MA, USA).

2.5. Calcium binding capacity by dialysis

The solution sample (CMP concentration: 10 g/L; CaCl,/CMP molar
ratio:15, pH 7.0) was maintained 30 min at room temperature. A vol-
ume of 5 mL of the solution was transferred to a dialysis bag (Ester Cel-
lulose from Biotech, MWCO: 100-500 Da, Spectrum Laboratories Prod-
ucts, Inc., Rancho Dominguez, CA, USA). Due to the important influ-
ence of the ionic strength of CMP self-association, the samples were dia-
lyzed under stirring against 250 mL of ultrapure water (pH 7.0) for 24 h
to remove the free Ca2* at 25 °C. The dialysate was changed every 8 h.
Calcium concentration was determined by atomic absorption spec-
troscopy. Control of CMP (10 g/L) was simultaneously dialyzed. The as-
says were performed in triplicate.

Dialysis percentages were calculated as follows (equation (1)):

Dialysis percentage = 100 X D/ C, (€}

where D is the calcium content of the dialysis bag, and C the total
calcium content of the sample.

2.6. Calcium binding determination by conductivity measurement

The calcium binding capacity of CMP was carried out according to
the method described in Valente et al. (2011) with slight modifications.
The electric conductivity of the 7.5 mL of CaCl,/CMP solutions
(0-15 M ratio) was measured by a conductivity meter model HI2003-
02 with a digital 4 ring conductivity probe with integrated temperature
sensor HI 763100 (Hanna Instruments, Nusfalau, Romania) at 25 °C.
The equipment was calibrated with standard solutions: 1413 pS/cm
(Hanna Instruments, HI 70031); 5000 pS/cm (Hanna Instruments, HI
70039) and 12,880 pS/cm (Hanna Instruments, HI 70030). The tests
were carried out for quadruplicate. The variation of the molar conduc-
tivities (Ax, expressed as S cm2/mol) of CaCl, in the presence, Kcmp,
and the absence, x, of CMP was calculated using equation (2):

Ax = (keyp — &) /¢ CaCl, 2)
¢ CaCl, is the CaCl, molar concentration.

2.7. Calcium/CMP complex precipitated by ethanol

The calcium/CMP samples were prepared in a 50 mL flask, by
adding 1 mL of 0.04 mol/L CaCl, at 4 mL of 1.0, 1.5, 2.0, or 2.5 g/L
CMP solution according to the method described in Zhao et al. (2014)
with slight modifications. After 30 min of stirring at 25.0 °C, absolute
ethanol (45 mL) was added to the solution to remove the unbound cal-
cium ions. The pH of the solution was adjusted to 7.0 by the addition of
0.1 mol/L NaOH. After centrifugation (10,000 g at 4 °C for 10 min), the
content of calcium in the supernatant (unbound calcium) was measured
by EDTA complexometric titration method (Zhao, Vavrusova, &
Skibsted, 2018). The amount of calcium bound to CMP, Cag, (expressed
as a molar ratio) was determined by the difference between the calcium
total concentration, Ca, and the determined calcium concentration by
titration in the supernatant, Cag, divided the molar concentration of
CMP, c (equation (3)):

Cap= (Car - Cag)/c 3
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Total calcium concentrations were assayed by atomic absorption
spectrophotometer. The determination assumes that CMP was totally
precipitated by absolute ethanol. The assay was performed in triplicate
on three individual samples.

2.8. Calcium binding constants

Calcium-binding was investigated using the method of Berrocal et
al. (1989) with modifications. Calcium ion activity was measured with
an ion selective electrode (ISE) (model HI4104), connected to a Hanna
Instruments Waterproof Portable (model HI98191, Hanna Instruments,
Nusfalau, Romania) after each 50 pL CaCl, addition (0.2 mol/L) on
50 mL 2.0 g/L CMP solution under constant stirring. The maximum
added volume of CaCl, was 2 mL. Ionic strength was adjusted to
0.1 mol/L with KC1. The pH was kept constant at the desirable value
(7.0, 8.0, and 9.0) by addition 0.1 mol/L NaOH at 25 °C. The tests were
carried out in triplicate. The electrode was calibrated with standard cal-
cium solutions.

The free calcium concentration in the samples, (Cag), was estimated
assuming unity activity coefficients. The bound Ca (Cag) was calculated
by subtracting Cag concentration from the total calcium concentration
(Car) (equation (4)). The total calcium concentrations were deter-
mined by atomic absorption spectroscopy as detailed Section 2.2:

Cag= Car - Cag (€))

The apparent association constants (Kg,,) and the maximum bound
Ca per mol of CMP (n;) were calculated using a Klotz plot analysis
(Zhang, Geng, Huang, & Ma, 2016). The values of the inverse of Cag
were plotted as a function of the inverse of Ca according to equation

(5):

1 1
C_aB - n; Kapp CaF " n_l (5)
Kp was defined by Vavrusova and Skibsted (2014) (equation (6)),
being [L] the ligand (CMP):

[CaLl*
=t 6
LT [Cal* ©

2.9. Inhibition of calcium phosphate precipitation

The calcium phosphate precipitation was performed according to
Jung et al. (2006) with some modifications. The CMP solutions
(0.3-5.0 g/L final concentration) were prepared in a 100 mL flask, then
adding a fixed volume of CaCl, solution (5.0 mmol/L final concentra-
tion) and finally 30 mL of 0.02 mol/L sodium phosphate buffer (pH
7.8). The solutions were stirred at 25 °C for 1 h. Next, it was centrifuged
at 3000 g for 20 min. The supernatant (calcium/CMP samples) ob-
tained was filtered with a 0.45 pm Millipore® membrane filter. The
content of calcium in the supernatant was determined by atomic ab-
sorption spectrometry (Section 2.2).

The amounts of calcium bound to CMP, CaB, (expressed as a molar
ratio) were divided by the content of calcium in the supernatant (mol/
L), CaS, by the molar concentration of CMP, c, according to equation

).
CaB= CaS$ /c )]

The experiment was performed in triplicate, and the calcium bind-
ing capacity was expressed as mean * standard error. The ultrapure
water was used as a control.
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2.10. Data analysis

Graphs and statistics were generated using Prism v8.0.1 (GraphPad
Software, San Diego, CA, USA) where results are presented as
mean =+ standard deviation (SD) unless otherwise stated. Statistical
analysis was performed using one-way ANOVA with either a Tukey's
(parametric) or Kruskal-Wallis (non-parametric).

3. Results and discussion
3.1. Particle size

DLS measurements of CaCl,/CMP solutions were performed to eval-
uate the impact of CaCl, presence at the molecular level. Without inter-
action between CMP and calcium, it would be expected that the charac-
teristic particle sizes for CMP would be maintained and, conversely, an
increase in size would be indicative of molecular interaction. All solu-
tions showed multimodal intensity size distributions (data not shown),
but from volume size distributions it was possible to deduce the relative
proportion of the populations. The first peak population accounted the
29.9 percent of the particle by intensity that represented the 99.9 per-
cent of the particle by volume. So, the populations with higher size
(40-300 nm) were negligible and only the lower size peak was the pre-
dominant (Farias et al., 2010). The intensity size distribution of salt free
CMP solutions at pH 7.0 and 25 °C presented three populations. The hy-
drodynamic diameter, d(H), of the predominant size peak ranged be-
tween 1 and 5 nm. The maximum value of the predominant size peak
was 2.3 nm, corresponding to the CMP monomer according to Zetasizer
Nano-Zs equipment software as it was previously reported by Farias et
al. (2010). According to Kreuf et al. (2009), the hydrophobic domains
of CMP (AA 1-5, 17-22, 35-39 and 58-65) are more or less shielded by
the negative charge density of the Glu and Asp residues. This effect is
more pronounced for gCMP due to the negative charge of the terminal
sialic acid residues. While the C-terminus and a huge part of the peptide
have a strong negative charge, there are three small positively charged
domains at the N-terminus. So, the individual CMP molecules show a
tendency to keep each other at distance.

When calcium chloride was added, the d(H) of the predominant first
peak shifted to higher sizes, from 2.3 nm (salt free solution) to 5.6 nm
(CaCl,/CMP molar ratio 9) indicating a molecular association as was
described in Loria, Pilosof, and Farias (2018). From the d(H) corre-
sponding to the maximum values of the predominant size peaks in the
intensity size distributions, it could be estimated the molecular weight
(MW) of the peptide by a tool in the Zetasizer Nano-Zs software. From
the MW, the predominant association state of CMP at each CaCl,/CMP
molar ratio at pH 7.0 can be calculated as a relation between the MW
corresponding to the diameter of the maximum value of the lower size
peak and the MW of the CMP monomer. The d(H) of the predominant
size peak and association state of two CMP concentrations (10 and
50 g/L) is plotted as a function of the CaCl,/CMP molar ratio in Fig. 1.
The predominant size peak moved towards higher values to 3.6 nm
(dimeric form), 4.8 nm (tetrameric form), and finally reached a maxi-
mum value to 5.6 nm (hexameric form) for CaCl, addition, indicating
molecular self-association. The monomeric form was not present once
CMP was self-associated as dimers, tetramers, or hexamers. Regardless
of peptide concentration (10 or 50 g/L), the maximum state of associa-
tion (5.6 nm) was obtained for CaCl,/CMP molar ratios between 7.5
and 9. With increased ionic strength, the net surface charge of the mole-
cules is decreased and therefore the repulsive forces between single
molecules decrease as well (Kreup et al., 2009). As it was previously re-
ported in Loria, Pilosof, and Farias (2018), CMP self-assembled in pres-
ence of NaCl. However, the maximum state of association was the
tetrameric form. On the other hand, the turbidity of CaCl,/CMP solu-
tions increases over storage, while the NaCl/CMP solutions are stable
(Loria, Pilosof, & Farias, 2018). This result is a clear indication that the
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Fig. 1. Hydrodynamic diameter, d(H), of the predominant lower size peak
from particle size distributions at pH 7.0 and 25 °C for solutions of caseino-
macropeptide at 10 g L-! (@) and 50 g L-! (M) as a function of CaCl,/CMP mo-
lar ratios (0-30 mol/mol). Data are given as mean * standard error, n = 3.

nature of the cation has an important influence on the CMP self-
assembly.

3.2. Fourier transform infrared spectroscopy

The infrared spectroscopy technique is used to verify whether a min-
eral-peptide interaction occurred (Luo, Yao, Soladoye, Zhang, & Fu,
2022). The FTIR spectrum of free salt CMP from 4000-500 cm~!
wavenumber was shown in Fig. 2 (please see molar ratio 0). This spec-
trum is similar to that extensively described by Burgardt et al. (2014).
As can be seen, a wide and intense band near 3300 cm~! related to an
overlap of bands corresponding to the O-H stretching vibration, free or
H bonded (Burgardt et al., 2014). The secondary amide A and B bands
related to proline residues, abundant in CMP, are found at 3300 cm™!
and 3080 cm™!, respectively (Burgardt et al., 2014). The two most
prominent vibrational bands of the proteins/peptides are the Amide I
vibration (1700 to 1600 cm~1), which is mainly caused by stretching of

Amideqr  Glyeoside

Amide I — I residues
. | l

Transmitance (%)

1400
3080 1649

3301 1545 1535
I T

T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l}

Fig. 2. FTIR spectrum of CaCl,/CMP at different molar ratios, R: (=) 0; (=) 2;
(=) 9 and (=) 15 over a wavenumber region between 4000 cm~! to 500 cm~! at
a resolution of 2 cm~! and pH 7.0.
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C=0 bonds, Amide II vibration (1600 to 1500 cm~1), which is pro-
duced by the deformation of NH bonds and stretching of CN bonds
(Zhao et al., 2014). These bands in CMP spectra were observed at
1649 cm~! (Amide I) and 1545 and 1535 cm~! (Amide II). The strong
absorbance band at 1400 cm~! in the CMP spectrum at pH 7 indicates
that the carboxylate functional group (COO-) is present because Asp
and Glu residues are deprotonated. The glycoside residue signal in the
fingerprint region is attributed between 1200 and 1000 cm-!
(Khajehpour, Dashnau, & Vanderkooi, 2006). According to Lewis,
Lewis, and Lewis (2013), sialic acid has a characteristic signal at
1024 cm~!, N-Acetylglucosamine (GlcNAc) at 1025 cm~!, and N-
Acetylgalactosamine (GalNAc) at 1038 cm1.

According to the absorption peak shifts in FTIR, the binding sites of
calcium ions on the CMP peptide chain could be observed. As can be
seen from Fig. 2, FTIR spectra of samples showed important differences
between CMP and CaCl,/CMP molar ratios >9, which indicated that
some groups of amino acids had reacted after binding reaction between
the CMP and calcium. The absorption at a high frequency of 3301 cm-!
(Amide 2° A) which is attributed to the vibration of N-H stretching
moved to 3283 cm~! and that of Amide 2° B from 3080 to 3088 cm™1,
demonstrating that the N-H groups had replaced by N-Ca bonds as de-
scribed by Peng, Hou, Zhang, and Li (2017) and Wang et al. (2017) for
other peptides. The Amide I and II vibrations are affected by the nature
of the side chain upon the interactions CaCl,/CMP, and they could be
related with the C-O groups that would participate in the interaction of
the peptide with Ca2+ (Wu et al., 2019). In the Amide II region, the
peaks corresponding to wavenumbers 1535 and 1545 cm~! have disap-
peared, finding a large valley on CaCl,/CMP molar ratios 9 and 15. The
absorption peak of CMP generated at 1400 cm~1, corresponding to the
symmetric stretches of the carboxylic groups (COO-), shifted to
1416 cm~! for CaCl,/CMP molar ratio >9 spectra. This effect can be at-
tributed to the extension of the -COO" groups that combine with Ca2+ to
form COO-Ca. Similar changes in the FTIR spectra were found in cal-
cium binding peptides from bone collagen (Luo et al., 2022); Auxis thaz-
ard protein hydrolysate (Chen et al., 2019); collagen peptide extracted
from Gadus macrocephalus bone (Peng et al., 2017) and cucumber seed
peptide produced by liquid state fermentation with B. subtilis (Wang et
al., 2017).

3.3. Calcium binding capacity by equilibrium dialysis

During the first 8 h of the trial, the calcium concentration inside the
dialysis bag decreased rapidly, until reaching equilibrium (24 h). The
rapid decrease in the calcium fraction is due to the easy diffusion of the
ions through the semipermeable membrane, which cannot be crossed
by the CMP molecules. Calcium ions diffused due to the difference in
chemical potential between the solution inside the bag and the water
outside. Given the impact of ionic strength on the state of association of
CMP, it was decided to dialyze the sample against ultrapure water at pH
7 and not against a Tris-HCI buffer solution as mentioned in the litera-
ture (Bao et al., 2007). The obtained dialysis percentage was
64.4 + 3.3%. Considering the initial concentration of CMP, it can be
estimated a CaCl,/CMP molar ratio between 9 and 10. Interestingly, the
dialysis percentage of the control CMP solution was 63.5 = 1.3%. This
reveals that the original CMP sample provided 0.73 = 0.13 mol of cal-
cium bound to CMP.

3.4. Conductivity

The conductivity of a solution is directly related to the ease of an
electric current to flow through it. The more ions are free in a solution,
the higher the conductivity is. The electrical conductivity of the com-
plex solutions can be used to indirectly measure the maximum binding
capacity of Ca2* to the peptide (Guo et al., 2020). Electrical conductiv-
ity is dependent on particle charge changes and the size and shape of
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moving particles (Valente et al., 2011). As can be seen from Fig. 3, the
variation of the specific conductance of CaCl,, Ax (Equation (2)), in the
presence, Kcup, and absence, kK, of CMP as a function of the CaCl,/CMP
molar ratio. Maintaining the CMP concentration constant (20 g/L) and
upon increasing salt concentration, the Ax decreases because an inter-
action occurs between CaCl, and the CMP, in such a way that Ak ap-
proaches zero at concentration ratios higher than the stoichiometric ra-
tio. This value was determined at 11 CaCl,/CMP molar ratio. Also, the
pH slightly decreases from 6.7 to 6.0 as was reported in Loria, Pilosof,
and Farias (2018). This effect is attributed to the liberation of protons
due to the Ca%* binding to CMP.

3.5. Calcium/CMP complex precipitated by ethanol

The peptides can be separated into different fractions through
ethanol precipitation, which changes the degree of ionisation of pep-
tides due to the different dielectric constants of ethanol (24.5) and wa-
ter (78.5) (Kong et al., 2021). The ethanol precipitation is a better
method to enrich low-molecular-weight metal-peptide fragments (Kong
et al., 2021). The addition of alcohols to aqueous solutions decreases
the polarity of protein, and favours the hydrogen bonds and a-helical
structures, whereas hydrophobic interactions become less pronounced
(Gtilseren, Fang, & Corredig, 2012). The obtained precipitates were
generally assumed to be metal chelating peptides (Kong et al., 2021; Xu
et al., 2021; Zhao et al., 2014; Zong, Peng, Zhang, Lin, & Feng, 2012).
This methodology allowed estimating in a semi-quantitative approach
the calcium/CMP molar ratio that precipitated with the peptide. The
CMP concentrations were selected until a precipitate was found. The
used CaCl,/CMP relation ranged from 30 to 75 M ratio. As shown in
Table 1, the amount of calcium bound per mole CMP was independent
of the CMP concentration in the trial, being 11 * 2 M ratio according

120
90+
:O“ J
E i
(]
E 60+
v ]
w
3 ]
304
. Saturation
] zone
o+ P FFIIN
0 5 10 15

CaCl,/CMP molar ratio

Fig. 3. Variation of the specific conductance, Ak = (kcyp. ¥)/c, of CaCl, solu-
tions in the presence (kcyvp) and absence (k) of caseinomacropeptide as a func-
tion of CaCl,/CMP molar ratios at 25 °C. Data are given as mean * standard
error, n = 4.

Table 1
The calcium/caseinomacropeptide (Ca2*/CMP) molar ratio (Ca?*/CMP) ob-
tained by ethanol precipitation at pH 7.0 and 25 °C.

CMP concentration (g/L) Ca2+/CMP molar ratio

1.0 9+ 22
1.5 11 £ 12
2.0 13 = 12
2.5 12 + 22

Data are given as mean = sd (n = 3). Letters different represents significant
differences (P < 0.5).
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to the values obtained from particle size measurements (7.5-10 M ra-
tio).

3.6. Calcium-binding constants of CMP

The binding isotherms (Fig. 4) indicate the presence of two types of
Ca2* binding sites with different affinities for the ion at pH 7.0, 8.0, and
9.0. The sites with the higher affinity are saturable, whereas the low
affinity sites remain unsaturated. For the high calcium affinity zone,
Cag remained under 10~4 mol/g CMP even increasing Cag in solution.
Meanwhile, for low affinity sites, Cag was directly proportional to the
concentration of Cag, without reaching a maximum value or “plateau”.

The Klotz plots (1/Cag vs 1/Cag) calculated for the three pH values
are shown in Fig. 5. The Klotz graphs showed two (Fig. 5 C) or three
lines (Fig. 5 A and B) with a good fit (R? > 0.911). As well, Zhang et al.
(2016) recognized two lines in the Klotz plots. They demonstrated the
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Fig. 4. Binding isotherms of caseinomacropeptide and CaCl, under different pH
conditions: (A) pH 7.0, (B) pH 8.0 and (C) pH 9.0 at 25 °C. Data are given as
mean.
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Fig. 5. Klotz plots of caseinomacropeptide and CaCl, under different pH condi-
tions: (A) pH 7.0, (B) pH 8.0 and (C) pH 9.0 at 25 °C. Data are given as mean.

presence of two classes of calcium binding sites, that is, low and high
affinity, on phosvitin. The intrinsic association constants and the num-
ber of binding sites were calculated from the intercepts and slopes of
the plot, respectively. The results are shown in Table 2. For the high
affinity binding sites, the association constant, Kg, Wwas
2200 = 300 L/mol independent of the pH value. The n; was approxi-
mately 1 mol calcium bound per mole CMP. Zhang et al. (2016) found
an association constant for phosvitin of approximately 104 L/mol for
high affinity binding sites regardless of pH from 7 to 8.5, with approxi-
mately 30 mol calcium bound per mole phosvitin. Berrocal et al. (1989)
mentioned that the amount of calcium bound to the peptides is directly
related to their phosphorus content. The high affinity binding site is
highly protonated at all three pH values, so it can be hypothesised that
it is possibly a phosphorylated residue. According to Brody (2000), the
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Table 2

Binding constants (Kapp) and the maximum bound Ca (”;) obtained from
Klotz plot analysis at pH 7.0; 8.0 and 9.0 for “high” and “low” affinity sites of
caseinomacropeptide (CMP).

pH  High affinity sites Low affinity sites

Kgpp (L/mol) 7 (Ca2* /CMP molar Keapp (L/ ; (Ca%*/CMP molar

ratio) mol) ratio)

7.0 1700 = 300* 0.93 + 0.04*
8.0 2200 * 300% 1.26 * 0.212
9.0 1600 = 50* 0.9 = 0.12

132 = 302 8 + 22
63 = 1&b 11 * 12
33 1P 14 = 12

Data are given as mean * sd (n = 3). Different letters represent significant dif-
ferences at P < 0.05.

Ser residue at position 44 is always phosphorylated in the CMP mole-
cule.

In contrast, 6 to 15 calcium ions were accumulated in the low affin-
ity binding sites of the CMP (Table 2). The fact that pH decreased in
CMP solutions with the addition of the calcium salt. Loria, Pilosof, and
Farfas (2018) suggested that the low affinity binding to sites involved
H* exchange. Among the amino acids, aspartic and glutamic are strong
calcium binders. Although they are weak compared to other anions, the
polypeptides have a synergistic effect (Vavrusova & Skibsted, 2014).
The CMP molecule has eight Glu residues (positions 13, 24, 32, 35, 42,
46, 49, and 53), the C-terminal carboxyl group and two Asp residues at
positions 10 and 43 (Brody, 2000). All of them can constitute part of
calcium binding sites. Also, the CMP peptide chain has attached sialic
acid residues, which are known to bind calcium. K, of sialic acid is
121 L/mol, only Ca2*/sialic acid molar ratio 1 is formed (Jaques,
Brown, Barrett, Brey, & Weltner, 1977). Dang, Shin, Bell, Nagaswami,
and Weisel (1989) measured the binding of calcium to asialo fibrinogen
and untreated fibrinogen by using a calcium ion-sensitive electrode.
They suggested that sialic acid residues are required for low affinity cal-
cium binding. Considering that sialic acid (Mw 309 g/mol) is present
between 5 and 11 g/100 g in CMP (Fernando & Woonton, 2010), it can
be estimated that 1 mol of CMP contains between 1 and 3 mol of sialic
acid. Apparently, the number of low affinity binding sites was similar to
the maximum number of anionic groups in CMP. However, all charged
groups of CMP are not equally available, especially because CMP mole-
cules associate in presence of calcium ions (Fig. 1). Kgy, of high affinity
binding sites values were 15-70 times higher than for the low affinity
binding sites (Table 2). (Zhang et al., 2016) found K, of high affinity
sites 5-20 times higher than for the low affinity binding sites for
phosvitin. On the other hand, the value of K, decreased with an in-
crease of pH from 7.0 to 9.0: 132 + 30 L/mol (pH 7.0) to 33 = 1 L/
mol (pH 9) (Table 2). This could be explained in terms of the solvata-
tion of molecules by pH increasing (Loria, Aragén, Torregiani, Pilosof,
& Farias, 2018). Therefore, calcium ions were more likely to bind to the
amino and carboxyl groups of peptides under the neutral environment
(Luo et al., 2022). The order of magnitude of K, for the low affinity
binding sites was consistent with the range of binding constants re-
ported by other researchers. (Mekmene & Gaucheron, 2011) found a
Kgpp of 191 L/mol for caseinophosphopeptides (pH 6.5) and 154 L/mol
for potassium caseinate (pH 6.8). Recio, Guerra, Torrado, and Skibsted
(2019) studied the ability of casein hydrolysate rich in caseinophospho-
peptides to form calcium complexes and determined an association con-
stant of 125 L/mol. The calcium binding capacities of CMP (molar ra-
tio) ranged between 7 and 11, 11-13, and 14-16 at pH 7.0, 8.0 and 9.0,
respectively, contemplating all maximum number of moles of calcium
that can bind 1 mol of CMP on high and low affinity sites (Table 2).

3.7. Inhibition of calcium phosphate precipitation

When CaCl, and NaH,PO, exist in the system, Ca3(PO,4), sponta-
neously precipitate. The inhibition of Ca;(PO,4), precipitation is an indi-
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Table 3
Calcium solubility in phosphate buffer (pH 7.8) as a function caseino-
macropeptide (CMP) concentration.

CMP concentration (g/L) calcium solubility (mg/L)

0 3.2 + 0.8
0.3 3.4 £0.32
0.6 4.0 £ 0.12
1.0 12.4 = 0.5P
1.2 27 *+ 4¢
5.0 135 + 2d

Data are given as mean * sd (n = 3). Letters different represents significant
differences (P < 0.5).

rect measure of the influence of CMP as a calcium binder. The genera-
tion of Ca3(PO,4), gradually produces H*, reducing the pH value of the
solution (Zhang et al., 2021). The constant pH can be maintained at 7.8
by adding NaOH solution, because low pH could increase the solubility
of insoluble calcium salt (Jung et al., 2006). Table 3 shows the inhibi-
tion of calcium phosphate precipitation was dependent on CMP concen-
trations. The solubility of calcium in phosphate buffer (pH 7.8) in ab-
sence of CMP was very low (3.2 + 0.8 mg/L). However, small amounts
of the peptide (>1.0 g/L) inhibit significantly (P < 0.05) a formation
of insoluble calcium phosphate. For example, the solubility was approx-
imately multiplied by 4 (12.4 *+ 0.5 mg/L) and by 40 (135 *+ 2 mg/L)
for 1.0 g/L and 5.0 g/L CMP concentration, respectively.

As reported by Jung et al. (2006) employing a similar methodology,
the calcium solubility of a low molecular peptide (1442 Da) obtained
from fishbone proteins Theragra chalcogramma was 128 mg/g. The cal-
cium-binding capacity of tilapia protein hydrolysate was 65 mg/g pro-
tein (Charoenphun, Cheirsilp, Sirinupong, & Youravong, 2013). There-
fore, the calcium binding capacity of CMP, was dependent on its con-
centration, with the maximal molar ratio (calcium/CMP) of approxi-
mately 5. This value was significantly different from those obtained us-
ing the other techniques. It is likely that the CMP can sequester amor-
phous calcium phosphate to form core-shell nanoparticles in accor-
dance with (Follows et al., 2011) for other casein peptides.

3.8. Model proposed for calcium binding

Considering the particle size evolution in a molar saturation ratio,
the self-association of CMP, the FTIR evidence of calcium/CMP interac-
tion, the calcium binding determination obtained through dialysis and
conductivity, the calcium/CMP molar ratio obtained through the
ethanol precipitation of CMP and the calcium binding isotherms, a the-
oretical model for the explanation of CMP self-association in presence
of CaCl, is proposed (Fig. 6). In the first stage (CaCl,/CMP molar ratio
<1), the monomeric CMP binds in a strong affinity site (possibly a phos-
phorylated residue) 1 mol of calcium ions at neutral pH. This fact is
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supported by the calcium fraction non dialyzable of salt free CMP aque-
ous solution, in agreement with the binding parameters of low affinity
sites.

When calcium ions were added, the strong negative charge of CMP
greatly decreased at neutral pH. After the CaCl,/CMP molar ratio in-
creased to 3, the presence of calcium ions promoted the second stage of
self-association CaCl,/CMP molar ratio <3: the formation of dimers.
The repulsion by the negative charges started to decrease, allowing the
N-terminal hydrophobic domain (AA 1-5), which is not covered by the
negative charge, to interact first, followed by the hydrophobic domains
located in the centre of the peptide chain (Kreuf et al., 2009). The
dimers formation takes place via strong interactions of hydrophobic do-
mains. It is similar to lowering the pH 5.5 of the CMP solution, once
formed, the dimers are stable (Farias et al., 2010). The formation of a
dimeric structure (3.6 nm in size) allows the incorporation of one or
two calcium molecules more by CMP molecule.

In the third stage, those dimers get attached by the inclusion of one
or two other molecules of calcium ions forming a tetrameric structure
(4.8 nm in size). Finally, in the fourth stage, tetramers incorporate one
dimer structure next to one or two calcium molecules more to form a
hexameric structure (5.6 nm in size). As more calcium was incorpo-
rated into CMP solution, the other negative groups (phosphates, car-
boxylates and glycosides) of the neighboring molecules replaced the Cl-
or OH~ counterions of calcium ions allowing the association of CMP.
This would explain the increase in turbidity over storage.

4. Conclusions

The results allowed to know the affinity constants of CMP for cal-
cium and speculate on the nature of binding sites. One mole of CMP
binds an equivalent amount of calcium ions at pH 7, that is, a 1: 1 ratio
with a Kgy, of ~2000 L/mol. Possibly, this high affinity site is related to
phosphorylate Ser of CMP. At higher concentrations of calcium in solu-
tion, the low affinity sites of CMP can bind 6-10 mol of calcium more at
with a Kgp, of ~130 L/mol. The low affinity sites involved in calcium
binding would be the acid residues of Glu, Asp and sialic acid. Depend
on the calcium concentration, the CMP self-assembles as a dimer,
tetramer o hexamer. The CMP has a potential application as calcium
supplement. Future studies will be done to assess if CMP can bind cal-
cium at acidic pH.
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