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Enthalpy-entropy compensation in calcium binding to acid-base forms of 
glycine tyrosine dipeptides from hydrolysis of α-lactalbumin 
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A B S T R A C T   

Calcium binding to peptides formed by hydrolysis of whey proteins during digestion is important for calcium 
uptake in the intestines and affects the antioxidant function of the peptides. For the two dipeptides, Gly-Tyr and 
Tyr-Gly, potential hydrolysis products of α-lactalbumin, calcium binding to the three forms of each dipeptide in 
acid-base equilibrium at intestinal pH was determined electrochemically and compared to binding to tyrosine for 
aqueous 0.16 M NaCl for 5 < pH < 9 at 15 ◦C, 25 ◦C, and 37 ◦C. At milk pH at 25 ◦C, binding of calcium to the 
zwitterion of GlyTyr dominates, with an association constant Kass2 = 22 M− 1 with ΔH0 = − 46 kJ⋅mol− 1, while 
binding to the mononegative TyrGly dominates for TyrGly with Kass3 = 32 M− 1 and ΔH0 = − 38 kJ⋅mol− 1. At 
intestinal conditions, pH = 7 and 37 ◦C, binding of calcium has similar affinity for GlyTyr and TyrGly, while at 
higher pH and lower temperature, GlyTyr binds stronger. Density Functional Theory calculations confirmed a 
stronger binding to the zwitterion of GlyTyr than of TyrGly and an increasing affinity with increasing pH for 
both. Calcium binding to the acid/base forms of the dipeptides is at neutral pH strongly exothermic with ΔH0 

becoming less negative at higher pH, and a linear enthalpy–entropy compensation (r2 
= 0.99) results in com-

parable binding important for calcium bioavailability along the changing distribution among acid-base forms. 
Calcium binding decreases radical scavenging rate and antioxidative activity of both dipeptides.   

1. Introduction 

Calcium is an essential nutrient and it plays an important role in 
muscle contraction, digestion, neurotransmitter secretion and blood 
clotting (Zhou, Xue, & Yang, 2013). Calcium deficiency is a risk factor 
for osteoporosis, which affects an estimated 75 million people globally 
(Lindsay et al., 1997). Calcium-binding peptides can form complexes 
with calcium to improve the bioaccessibility and absorption of calcium 
(Wu et al., 2019). Calcium supplement including calcium-binding pep-
tides has been an important research topic for many years using hy-
drolyzed proteins from various food sources (Zhao et al., 2015). 

Whey is a liquid by-product after the precipitation of casein during 
cheese and casein production containing valuable proteins and minerals 
(Bottomley, Evans, & Parkinson, 1990). As a main component of milk 
protein, whey protein and its hydrolysates have been used as an ingre-
dient in foods and have important nutritional and functional properties, 
such as antioxidant activity, anti-bacterial activities and is also a mineral 
carrier (Nooshkam & Madadlou, 2016). 

Peptides with smaller molecular weight have had increasing interest 

since they have been shown to be more rapidly digested and absorbed 
(Liu, Jiang, & Peterson, 2014). Glu and Asp have as amino acids with a 
carboxylate side chain been shown to bind calcium and their dipeptides 
even show synergistic effects in their calcium binding affinity (Vavru-
sova & Skibsted, 2013). A recent study has identified a specific calcium- 
binding peptide from whey protein hydrolysate with the amino acid 
sequence of Gly-Tyr (Zhao et al., 2014). This observation from more 
practical food technology could form the basis for product development. 
A detailed characterization of the thermodynamic of binding of calcium 
to Gly-Tyr for different conditions of temperature and pH as during 
digestion could be beneficial for the use of Gly-Tyr in functional foods as 
a calcium carrier. Moreover, effect of calcium binding on bioactivity of 
Gly-Tyr was not been studied. The objectives of present study were 
accordingly to characterize the interaction between calcium and Gly-Tyr 
and its isomer Tyr-Gly. For this purpose, the pKa values of the two di-
peptides were determined by titration, the calcium binding constants 
were determined electrochemically including temperature dependence 
as analyzed using the van’t Hoff equation. The calcium peptide com-
plexes were structurally characterized by Density Functional Theory 
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(DFT) calculation. Additionally, two assays were used to explore how 
calcium salts affect the antioxidant activities of Gly-Tyr and Tyr-Gly, 
including oxygen consumption and scavenging of the semi-stable 2,2′- 
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) cation radical 
(ABTS+⋅). 

2. Materials and methods 

2.1. Materials and reagents 

Calcium chloride dihydrate (CaCl2⋅2H2O), disodium hydrogen 
phosphate (Na2HPO4), sodium chloride (NaCl), 2,2′-azino-bis (3-ethyl-
benzothiazoline-6-sulphonic acid) diammonium salt (ABTS), potassium 
persulfate (K2S2O8), hydrogen chloride (HCl), tris (hydroxymethyl) 
aminomethane and sodium hydroxide (NaOH) were from Merck 
(Darmstadt, Germany). Tyr-Gly with >99% purity was from Bachem 
(Bubendorf, Switzerland). Gly-Tyr and tyrosine with ≥98% purity were 
from Sigma-Aldrich (Steinheim, Germany). Linoleic acid, poly-
oxyethylenesorbitan monolaurate (Tween 20), and metmyoglobin from 
horse heart (min. 90%) were from Sigma (St. Louis, MO). All chemicals 
were of analytical grade and were used without further purification. All 
aqueous solutions were made from water purified by a Milli-Q Plus 
system from Millipore Corp (Bedford, MA). 

2.2. pK’a values by titration 

Apparent dissociation constants (pK’a = − logK’a) of Gly-Tyr and Tyr- 
Gly were determined by potentiometric titrations. An automatic titrator 
Metrohm 718 STAT Titrino pH-autotitrator (Herisau, Switzerland) was 
used to carry out the continuous titration at 15.0 ◦C, 25.0 ◦C and 37.0 ◦C, 
which was controlled by a water bath. The pH was monitored with a 
combined pH glass electrode, which was calibrated with buffer solutions 
of pH 4.00, pH 7.00, and pH 9.21 before use. All titrations were per-
formed by stepwise additions of the acid or base titrant. For Gly-Tyr, 
0.0100 M peptide solutions with ionic strength adjusted to 0.16 M 
NaCl were titrated with 0.1000 M HCl with 0.060 M NaCl added and 
titrated with 0.1000 M NaOH with 0.060 M NaCl added as an acid and as 
a base titrant, respectively. The dissociation constants were determined 
by titrating 20.00 mL Gly-Tyr solution with 0.100 mL HCl titrant in each 
addition, while 0.400 mL each time was used when the titrant was 
NaOH. For Tyr-Gly, 0.0010 M peptide solution with 0.16 M NaCl was 
titrated with 0.1000 M HCl with 0.060 M NaCl added and titrated with 
0.1000 M NaOH with 0.060 M NaCl added as an acid and as a base 
titrant, respectively. For the titration process, 20.00 mL 0.0010 M Tyr- 
Gly solution was titrated with 0.020 mL HCl as titrant in each step 
and 0.050 mL each time with NaOH as titrant. After dropwise addition of 
the titrant solution, the pH value was recorded manually. The procedure 
was ended when the pH of solution remained constant. 

The apparent or mixed constants were defined as: 

K’a =
aH+ [A− ]

[HA]
(1)  

for the acid/base equilibrium  

HA ⇌ H+ + A− (2) 

Hydrogen ion activity was measured electrochemically relative to 
the international operational pH-standards of known hydrogen ion ac-
tivity. The concentration of the acid and corresponding base form of the 
dipeptides were calculated from the initial peptide concentration and 
the added NaOH (Karastogianni, Girousi, & Sotiropoulos, 2016). From 
the measurement of pH, hydrogen ion and hydroxide ion concentrations 
were calculated from: 

aH+ = 10− pH (3)  

[H+] =
aH+

γH+

, aOH− =
Kw

aH+

and [OH− ] =
aOH−

γOH−

(4)  

and further the concentrations of the free acid, (HA), and the concen-
tration of free base (A− ) were calculated from 

[HA] = CHA − Cadd
OH− − [H+]+ [OH− ] (5)  

[A− ] = Cadd
OH− + [H+] − [OH− ] (6) 

The ionic strength, I, is defined as: 

I =
1
2
∑

i
cizi

2 (7)  

where ci is the concentration of the ions in the solution, and zi is the 
corresponding charge. 

γ, the activity coefficients were estimated from Davies equation and 
the actual ionic strength 

log γz = − ADHz2
( ̅̅

I
√

1 +
̅̅
I

√ − 0.3I
)

(8)  

ADH has the value of 0.50, 0.51, and 0.52 at 15, 25, and 37 ◦C, respec-
tively (Davies & Shedlovsky, 1964), and Kw = aOH

− aH
+ has the value of 

10− 14.346, 10− 13.996, and 10− 13.574 at 15, 25, and 37 ◦C, respectively 
(Lumme & Pitkänen, 1974). 

The apparent pK’a values valid at the different combinations of 
temperature and ionic strength were calculated from, 

pK,
a = pH + log

[HA]

[A− ]
(9) 

The pK’a2 and pK’a3 values were determined by titration with base, 
while pK’a1 was determined by titration with HCl using the Eqs. (10) and 
(11) replacing Eqs. (5) and (6). 

[HA] = Cadd
H+ − [H+]+ [OH− ] (10)  

[A− ] = CA− − Cadd
H+ + [H+] − [OH− ] (11) 

The calculations were performed for each acid/base equilibrium 
around pH = pK’a, so interference between the consecutive acid/base 
equilibria could be neglected. 

2.3. Association constants for calcium binding 

Association constants based on concentrations were determined 
using a calcium ion selective electrode ISE25Ca with a reference REF251 
electrode from Radiometer (Copenhagen, Denmark). 0.00100 M Gly- 
Tyr, Tyr-Gly and Tyr sample solutions were prepared with calcium 
chloride concentration of 5.00 × 10− 4 mol⋅L− 1. The ionic strength was 
adjusted to 0.16 M with NaCl. 

Standard solutions with concentrations of CaCl2 (1.00 × 10− 4, 1.00 
× 10− 3 and 1.00 × 10− 2 mol⋅L− 1) with 0.16 M NaCl were used to cali-
brate the electrode. A linear standard curve of the measured potential 
(mV) against the corresponding − log [Ca2+] based on the Nernst 
equation was used for determination of the free calcium ion concen-
tration [Ca2+] in the samples. Measurements were done at 15.0 ◦C, 
25.0 ◦C, and 37.0 ◦C, and all samples were measured in triplicates. The 
pH of sample solutions was measured by a pH meter with 602 combined 
glass electrode (Metrohm, Copenhagen, Denmark) and was adjusted by 
0.10 mol⋅L− 1 NaOH and 0.10 mol⋅L− 1 HCl solution in the pH region 
between 5 and 9. Association constants Kass valid at the individual pH- 
values and temperature were calculated according to the method pre-
viously described in detail (Jiang, Liu, de Zawadzki, & Skibsted, 2021): 

Kass =
[CaL+]

[
Ca2+][L− ]

(12) 
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These constants were resolved into the association constants for each 
of the acid/base forms Kass2, Kass3, and Kass4 by non-linear regression 
analysis according to Eq. (14). 

2.4. Density Functional Theory calculation 

To obtain a better understanding of the structure of the four acid/ 
base forms of compound Gly-Tyr and Tyr-Gly and their complexes with 
calcium, calculations were carried out by the DFT method with Gaussian 
09 software. B3LYP/6-31G (d,p) basis set and solvent model (PCM) were 
used to optimize the structure of the compounds and compute their 
frequencies, and no imaginary frequency was found (Tang & Skibsted, 
2016). Calcium binding values of enthalpy (ΔH0), entropy (ΔS0), and 
free energy (ΔG0) were calculated from stationary point energies of the 
calcium complexes and optimized structures of peptides. 

2.5. Oxygen consumption assay 

0.125 g Tween 20 and 0.30 g linoleic acid were added to 25 mL Tris- 
HCl buffer in order to obtain a linoleate emulsion by applying an Ultra- 
Turrax homogenizer (T25 digital Ultra-Turrax, IKA, Germany) treat-
ment. 500 µL linoleate emulsion was added to 18.80 mL of 0.100 M 
thermostatted (25.0 ℃) air-saturated Tris-HCl buffer (pH = 7.1), fol-
lowed by addition of 500 µL of aqueous samples with a concentration of 
0.00100 mol L− 1 of the Gly-Tyr or Tyr-Gly with or without 0.0100 
mol⋅L− 1 calcium chloride. Then 200 µL of 0.40 mM metmyoglobin 
aqueous solution was added to initiate oxidation. Immediately after 
MMb addition, measurements of the oxygen concentration were started 
by injection of the sample into a thermostatted (25.0 ◦C) measuring cell 
(IKA-Labortechnik, Staufen, Germany) with no headspace. The Micro- 
respiration systeme MRch System from Unisense (Aarhus, Denmark) 
was used to determine the oxygen consumption rate of the samples. A 
Clark electrode connected to a multichannel analyzer ReadOx-4H (Sable 
Systems, Henderson, NEV, USA) was used to measure the relative oxy-
gen concentration of the samples in the measuring cells and data were 
recorded for 30 min with 30 s intervals. Before testing any samples, air- 
saturated Tris-HCl buffer thermostatted at 25.0 ℃ were used for elec-
trode calibration. 

2.6. Ultraviolet–Visible (UV–Vis) absorption spectroscopy 

The UV–Vis spectra were measured on a Cary 100 UV–Vis spectro-
photometer (Agilent, Santa Clara, CA) in the wavelength range of 
200–800 nm. 

2.7. Radical scavenging by stopped-flow spectroscopy 

Radical cation (ABTS+⋅) was generated through the reaction between 
7.0 mM ABTS and 2.45 mM K2S2O8 in aqueous solution. The solution 
was stored in dark at 25 ◦C for 16 h before dilution to final concentration 
with UV absorbance value of 0.70 ± 0.02 at 734 nm. The ABTS+⋅ radical 
scavenging kinetic experiments were performed at 25 ◦C by a RX20 
rapid-mixing stopped-flow spectrophotometer (Applied Photophysics, 
London, U.K.) in the UV/Vis range from 195 to 740 nm. ABTS+⋅ solution 
was loaded in one syringe, and the 0.0010 M Gly-Tyr or Tyr-Gly solu-
tions with or without 5.00 × 10− 4 mol⋅L− 1 CaCl2 solution was loaded in 
the other syringe. The reaction was followed by absorbance measure-
ments and the data was recorded until 300 s. The initial reaction rate 
was calculated according to the method described by Han et al. (Han 
et al., 2007). 

2.8. Statistical analysis. 

All experiments were done at least in duplicate. The calcium asso-
ciation constants and the thermodynamic parameters for calcium 
binding reported were evaluated by linear or non-linear regression and 
standard deviation are reported in the tables. The rate constants were 
calculated by exponential fitting and the rate constants were also re-
ported with standard deviation. The DFT program package included 
calculation of standard deviation as reported. 

3. Results and discussion 

Amino acids and peptides in aqueous solutions are characterized by 
their acid dissociation equilibria creating species with different charges 
depending on pH and temperature. For the two mixed dipeptides of 
glycine (Gly) and tyrosine (Tyr), the speciation is shown in Fig. 1 with 
charges ranging from plus one at low pH to minus two at high pH. The 
three pK’a values for GlyTyr correspond to the consecutive losses of 
protons from carboxyl COOH of the C - terminal Tyr residue, the 

Fig. 1. Acid dissociation equilibria for (A) GlyTyr and (B) TyrGly dipeptides in aqueous solution.  
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Food Research International 149 (2021) 110714

4

amonium proton from N - terminal Gly residue and the phenolic hy-
droxyl of the C - terminal Tyr residue. For TyrGly, the three pK’a values 
correspond to the dissociation of protons from carboxyl COOH of C - 
terminal Gly residue, and the amonium proton from N - terminal Tyr 
residue and the phenolic hydroxyl of the N - terminal Tyr residue, see 
Fig. 1 for the dissociation equilibria processes. 

The apparent pK’a values for GlyTyr and TyrGly were determined by 
titration experiment at 15, 25, and 37 ℃ at physiological ionic strength 
of 0.16 M. All the pK’a values determined are seen in Table 1. The 
thermodynamics of acidic dissociation was characterized according to: 

pK’a =
ΔH0

2.30R
⋅

1
T
−

ΔS0

2.30R
(13)  

and the van’t Hoff plots are seen in Fig. 3, and the determined values for 
ΔH0 and ΔS0 are listed in Table 1. 

For GlyTyr, ΔH0 for pK’a1 was close to zero, while pK’a2 and pK’a3 
decrease slightly with temperature corresponding to a positive ΔH0 of 8 
kJ⋅mol− 1 and 22 kJ⋅mol− 1, respectively. For TyrGly, pK’a1 likewise 
showed only little variation with temperature, while both pK’a2 and 
pK’a3 increased with temperature corresponding to a negative ΔH0 of 
− 18 kJ⋅mol− 1 and − 12 kJ⋅mol− 1, respectively. It is seen that pK’a values 
of the two dipeptides are quite different, as GlyTyr has lower pK’a1 value 
and much higher pK’a2 and pK’a3 than TyrGly. This difference results in 
different acid/base distributions for the two dipeptides as is seen from 
Fig. 2. For GlyTyr the uncharged zwitterion dominates up to pH = 7, 
while for TyrGly the mononegative form dominations around physio-
logical pH. The insignificant temperature dependence of the carboxyl 
acid dissociation is typical for carboxylic acid (Blandamer, Scott, & 
Robertson, 1981). Amonium ions are known to have ΔH0 > 0 for their 
acidic dissociation (Bates & Pinching, 1949), as for GlyTyr, while ΔH0 <

0 as seen for TyrGly is atypical but may be understood on the basis of 
quantum mechanical calculations as a hydrogen bonding effect. 

Calcium binding constants were determined with a calcium electrode 
for different conditions of pH from 5 to 9 and at the three different 
temperatures of 15 ◦C, 25 ◦C, and 37 ◦C in order to obtain a more 

Table 1 
Apparent pK’a values of Gly-Tyr and Tyr-Gly in 0.16 M NaCl aqueous solutions 
determined electrochemically together with ΔH0 and ΔS0 for proton dissociation 
from Gly-Tyr and Tyr-Gly as derived from temperature dependence of the acid 
dissociation constants.  

Compound 15.0 ◦C 25.0 ◦C 37.0 ◦C ΔH0 

(kJ⋅mol− 1) 
ΔS0 

(J⋅mol− 1⋅K− 1) 

Gly-Tyr 
pK’a1  3.04  3.05  3.04 0 ± 1 − 58 ± 4 
pK’a2  7.99  7.95  7.89 8 ± 1 − 126 ± 2 
pK’a3  10.52  10.43  10.23 22 ± 4 − 125 ± 13 
Tyr-Gly 
pK’a1  3.64  3.64  3.62 1 ± 1 − 65 ± 2 
pK’a2  6.20  6.21  6.42 − 18 ± 8 − 179 ± 27 
pK’a3  9.08  9.09  9.22 − 12 ± 5 − 214 ± 18  

Fig. 2. pH effect on the calcium binding constant, Kass, based on concentrations of (A) Gly-Tyr, and (B) Tyr-Gly and distribution of dipeptide acid/base forms as a 
function of pH in 0.16 M NaCl aqueous solution at 15 ◦C, 25 ◦C, and 37 ◦C. Values for association constants obtained by non-linear regression according to Eq. (14) 
may be found in Table 1 together with pK’a values used for construction of acid/base distributions. 
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detailed understanding of calcium binding and in order to assign binding 
constants to each acid/base forms of GlyTyr and TyrGly and for Tyr for 
comparision at 25 ◦C. 

For all conditions, the observed binding constant Kass showed a sig-
nificant pH-dependence and was also strongly affected by temperature, 
as is seen from Fig. 2. Calcium binding constant increased in the pH- 
region investigated with increasing pH and exhibited the highest bind-
ing affinity at pH 9, which was the most alkaline solution investigated in 
this study. For the temperature dependence, the observed Kass decreased 
with increasing temperature, indicating that binding of calcium to 
GlyTyr and TyrGly is an exothermic process. 

Speciation of the dipeptides as a function of pH in aqueous solution 
with 0.16 M ionic strength at 15 ◦C, 25 ◦C, and 37 ◦C was calculated and 
is presented in Fig. 2. The distribution curves are presented as the mole 
fractions for the different dipeptides species present in the solution as 
function of pH from 3 to 10.5. There are four different forms for each 
dipeptide in aqueous solutions, see Fig. 1. At low pH protonated GlyTyr, 
GT+1, dominates the equilibrium, while at neutral pH and up to pH 
around 8, the zwitterion GT0 dominates. At higher pH, the GT− 1 species 

starts to form in the basic pH range from around pH = 8. For TyrGly, the 
diagram shows a quite different distribution than for as GlyTyr, as each 
of the four forms TG+1, TG0, TG− 1, TG− 2 dominates in a more narrow 
pH-range. 

In order to assign calcium-binding to GlyTyr and TyrGly as a function 
of pH, the data for binding constant Kass were modelled for different pH 
values and combined with the specific pK’a-values determined at 0.16 M 
ionic strength in aqueous solutions for each dipeptide at the three 
temperatures. The variation of Ka for binding of calcium at different pH 
was modelled for each peptide using the following equation for each 
temperature (Nguyen, Kao, & Kurtz, 2011): 

Kass =
[H+]

2Kass2 + [H+]Kass3K ,
a2 + Kass4K,

a2K,
a3

[H+]
2
+ [H+]K,

a2 + K ,
a2K,

a3

(14)  

where K’a2 and K’a3 are the second and third acid dissociation constants 
for each of the two dipeptides GlyTyr or TyrGly. Kass2 is the binding 
constant for the zero charged form of the dipeptide, Kass3 is the binding 
constant for the minus one charged form of the dipeptide, and Kass4 is the 

Fig. 3. Temperature dependence of the apparent acid dissociation constants for (A): Gly-Tyr and (B): Tyr-Gly in 0.16 M NaCl aqueous solution. Temperature 
dependence of the constants based on concentration for binding of calcium to the three acid/base forms of the dipeptides (C): Gly-Tyr and (D): Tyr-Gly (Kass2; Kass3; 
Kass4) in 0.16 M NaCl aqueous solution. 
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binding constant for the minus two charged form of the dipeptide. The 
values for Kass2, Kass3, and Kass4 were determined by nonlinear regression 
as shown in Fig. 2 in aqueous 0.16 M NaCl solution at the different 
temperatures of 15 ◦C, 25 ◦C, and 37 ◦C. Binding to the cation peptides 
GT+ and TG+ were neglected as these form only existed at low pH where 
calcium binding was not studied and expected to be very weak. 

The calcium-binding enthalpy ΔH0 and entropy ΔS0 were obtained 
according to: 

logKass = −
ΔH0

2.3RT
+

ΔS0

2.3R
(15)  

for binding to each the three different forms for GlyTyr or TyrGly. The 
obtained values for Kass2, Kass3 and Kass4, and for ΔH0 and ΔS0 from the 
van’t Hoff plot of Fig. 3 are presented in Table 2. 

Binding of calcium ions to the dipeptides is in all cases exothermic 
and binding affinity decreases with increasing temperature. The value of 
ΔH0 becomes less negative for the dipeptide form with negative charge 
despite an increasing binding affinity. The decreasing entropy for cal-
cium binding to the dipeptides at low pH decreasing the affinity may be 

explained by building up of positive charge, which may increase sol-
vation and structure of water around the calcium complexes. 

The binding of calcium to the dipeptides affects the phys-
ical–chemical properties of dipeptides, such as their capability of scav-
enging of radicals and accordingly their antioxidative activity (Zhao, 
Vavrusova, & Skibsted, 2018). The antioxidative activity was tested in 
an oxygen consumption assay. The depletion curves for oxygen con-
centration for both GlyTyr and TyrGly added alone or with CaCl2 in an 
aqueous methyl linoleate emulsion with myoglobin as prooxidant at 25 
℃ are shown in Fig. 4. The control experiment is only with myoglobin in 
an aqueous methyl linoleate emulsion. Results show that dipeptides 
could prevent oxygen consumption and significantly alter the oxygen 
consumption patterns, resulting in delayed oxygen consumption. It 
means that both GlyTyr and TyrGly have a protective effect on methyl 
linoleate as an oxidation substrate, indicating good antioxidant activity. 
Specifically, TyrGly was better compared to GlyTyr in preventing oxy-
gen depletion, corresponding to better antioxidant activity. Moreover, 
calcium addition remarkably accelerated the oxygen consumption 
compared to emulsion with dipeptides alone. Interestingly, calcium 
reversed the order of antioxidant activity of GlyTyr and TyrGly, the 
calcium complex of GlyTyr has better antioxidant effect than the cal-
cium complex of TyrGly. Lipid oxidation is a free radical chain reaction 
and scavenging kinetics of the semi-stable radical ABTS+• was studied in 
order to quantify the radical scavenging activities of GlyTyr, TyrGly, and 
their complexes with calcium by stopped-flow absorption spectroscopy 
at 734 nm at 25 ◦C. At pH around 5.6, GlyTyr and TyrGly are mostly in 

Table 2 
Concentration based association constants for calcium binding to acid/base 
forms of Gly-Tyr and Tyr-Gly with zero charge (Kass2), with minus one charge 
(Kass3) and with minus two charge (Kass4), all with unit of M− 1 and enthalpy ΔH0 

and entropy ΔS0 for calcium binding to each of the three forms for both di-
peptides in aqueous solution at 0.16 ionic strength as determined from tem-
perature dependence.  

Compound 15.0 ◦C 25.0 ◦C 37.0 ◦C ΔH0 

(kJ⋅mol− 1) 
ΔS0 

(J⋅mol− 1⋅K− 1) 

Gly-Tyr 
Kass2 34 ± 1 22 ± 1 9 ± 1 − 46 ± 9 − 129 ± 29 
Kass3 116 ± 4 71 ± 5 43 ± 3 − 33 ± 1 − 77 ± 2 
Kass4 407 ±

106 
188 ±
76 

272 ±
42 

− 13 ± 23 4 ± 76 

Tyr-Gly 
Kass2 25 ± 10 8 ± 10 4 ± 11 − 63 ± 9 − 193 ± 31 
Kass3 43 ± 11 32 ± 11 14 ± 11 − 38 ± 9 − 100 ± 31 
Kass4 183 ±

31 
164 ±
36 

168 ±
56 

− 3 ± 3 31 ± 11  

Fig. 4. Rate of oxygen consumption in an aqueous methyl linoleate emulsion 
with Gly-Tyr or Tyr-Gly (0.0010 M) added alone or with CaCl2 (0.010 M) added 
alone (control) or as their combinations as determined electrochemically 
at 25.0 ◦C. 

Fig. 5. Time evolutions for ABTS+• scavenging monitored by absorbance at 
734 nm for a solution with Gly-Tyr or Tyr-Gly (0.0010 M) added alone or with 
CaCl2 (5.00 × 10− 4 M) in aqueous solution using stopped-flow absorption 
spectroscopy at 25.0 ◦C. The initial ABTS+• concentration was 0.0070 M in all 
cases. Control is ABTS+• alone in aqueous solution. Exponential fitting provided 
the first order rate constant of Table 3. 

Table 3 
Rate constant (s− 1) of ABTS+• radical scavenging by 1.0 mM 
GlyTyr or TyrGly added alone or with 0.50 mM CaCl2 in 
aqueous solution at 25.0 ◦C as determined by stopped-flow 
absorption spectroscopy.  

Sample Rate constant (s− 1) 

GlyTyr (3.05 ± 0.01) ⋅ 10− 2 

GlyTyr + Ca (1.93 ± 0.01) ⋅ 10− 2 

TyrGly (2.81 ± 0.04) ⋅ 10− 3 

TyrGly + Ca (2.28 ± 0.05) ⋅ 10− 3  
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zwitterion forms and both scavenge ABTS+• with comparable rates, as 
shown in Fig. 5. However, the presence of calcium decreased the scav-
enging rate for both dipeptides, most significantly for GlyTyr. Time 

evolution curves at 734 nm in Fig. 5 were fitted by the use of an expo-
nential function for the absorbance at 734 nm according to A734 = me− kt 

+ n for kinetics, in which k is the rate constant and m and n are fitting 

Fig. 6. (A): Structure of acid/base forms of Tyr and their calcium complexes as calculated by DFT for 25 ◦C for comparison with GlyTyr of Fig. 7 and TyrGly of Fig. 8. 
(B): The calcium-binding constant, Kass based on concentrations as a function of pH and (C) distribution of tyrosine acid/base forms as a function of pH in 0.16 M 
NaCl aqueous solution. Apparent pKa-values for tyrosine pK’a1 = 2.20, pK’a2 = 9.11, pK’a3 = 10.07 from Winnek and Schmidt (1935). Kass2 for T0 = 4.7 ± 1.6 M− 1, 
Kass3 for T− 1 = 60 ± 8 M− 1 and Kass4 for T− 2 = 37 ± 12 M− 1 from non-linear regression according to Eq. (14). ΔH0 calculated by DFT for reaction between calcium 
ions and the Tyr acid/base forms. 

Fig. 7. Structures of acid/base forms of GlyTyr and their calcium complexes Ca-GlyTyr as calculated by DFT for 25 ◦C: Ca (green), O (red), N (blue), C (grey), and H 
(white). The thermodynamic parameter ΔH0 is enthalpy change for calcium binding to the four different acid/base forms of GlyTyr: GT+1, GT0, GT− 1 and GT− 2 as 
calculated by DFT. For GT− 1, ΔH0 is presented for both the amine/phenol and the amonium/phenolate tautomers together with Ktaut the equilibrium constant for the 
tautomeric conversion. pK’a1, pK’a2 and pK’a3 are apparent acid dissociation exponents, and Kass1, Kass2, and Kass3 are concentration based calcium binding constants 
all determined electrochemically in aqueous 0.16 M NaCl at 25 ◦C, values for 15 ◦C and 37 ◦C see Table 2. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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constants. The rate constants k from exponential fitting are listed in 
Table 3. It is clear that the rate of ABTS+• scavenging rate decreased 
significantly by addition of CaCl2, especially for GlyTyr. 

Radical scavenging of peptides is often assigned to the phenol group 
of tyrosine. Accordingly, tyrosine was studied for calcium binding using 
the same method as for GlyTyr and TyrGly, see Fig. 6B. Tyrosine mon-
oanion binds calcium stronger than the monoanion form of GlyTyr and 
comparable to the monoanion form of TyrGly as seen from a comparison 
of Table 1 with Fig. 6. For the isomeric hydroxybenzoates, in which the 
phenol also serves as an antioxidant, a comparable decrease in radical 
scavenging was detected for calcium binding (Zhao et al., 2018). 

Density Functional Theory (DFT) calculations provided the molecu-
lar structures of the acid-base forms of GlyTyr and their calcium com-
plexes as shown in Fig. 7 and the acid-base forms of TyrGly and their 
calcium complexes as shown in Fig. 8. The enthalpy change associated 
with calcium binding for four forms of both dipeptides emerging from 
the DFT calculations are included in Figs. 7 and 8. DFT calculations 
confirmed the order of the acid association for both dipeptides, as – 
COOH > – NH3

+ > – OH and provided a value for the tautomeric 
equilibrium of the mononegative dipeptide showing that the phenol is 
less acidic than the amonium ion for both of the dipeptides. The larger 
difference between pK’a1 and pK’a2 for GlyTyr than for TyrGly seems 
understandable from a better opportunity for an internal hydrogen bond 
in the mononegative GlyTyr between the phenol and the amonium ion 
than in the mononegative TyrGly. Notably, calcium binding does not 
involve amino group in any of the GlyTyr or TyrGly species, but only the 
carboxylates and the amides of the dipeptides and for the dinegative 
form TyrGly also the phenolate. Binding affinities estimated as ΔH0 by 
the DFT calculations are also shown in Figs. 7 and 8 for GlyTyr and for 
TyrGly, respectively, and for Tyr in Fig. 6. ΔH0 increases with increasing 
deprotonization for each compound in agreement with the experimen-
tally determined values for the association constants with the exception 
of Tyr, where the zwitterion was found to bind stronger than the 
dinegative Tyr species. For Tyr, the calculation of the individual Kass2, 
Kass3 and Kass4 was based on the pH-dependence of the calcium binding 
for the pH-interval 5.7 < pH < 10 using Eq. (14). The mononegative 
form of Tyr is seen to bind calcium with comparable affinity as the 
mononegative form of GlyTyr, but Tyr has less affinity for calcium than 
the other forms of GlyTyr. Both dipeptides and especially GlyTyr are 
accordingly concluded to bind calcium stronger at the pH condition of 
the intestine during food digestion than Tyr. 

As for previous studies of calcium complexes of amino acids, DFT 

does not provide absolute values for the binding either expressed as ΔH0 

or ΔG0, but ΔH0 has been concluded to estimate the ordering of binding 
more accurately (Vavrusova, Liang, & Skibsted, 2014). The GlyTyr and 
TyrGly data now provide a unique possibility for a more direct com-
parison between the affinity determined in experiment and from DFT 
calculation, as seen in Fig. 9. Agreement seems to be obtained for the pH- 
dependence of the affinity, and this agreement between theory and 
experiment is encouraging for further use of DFT in calculation of 
binding of calcium to amino acids and peptides although more refine-
ment is clearly needed. 

The pH dependence of calcium binding for GlyTyr and Tyr is sur-
prising smooth despite the marked shift from exothermic binding at low 
pH to almost athermal binding at higher pH. Considering the relation-
ship between heat related to calcium binding and entropy effects from 

Fig. 8. Structures of acid/base forms of TyrGly and their calcium complexes Ca-TyrGly as calculated by DFT for 25 ◦C: Ca (green), O (red), N (blue), C (grey), and H 
(white). The thermodynamic parameter ΔH0 is enthalpy change for calcium binding to the four different acid/base forms of TyrGly: TG+1, TG0, TG− 1 and TG− 2 as 
calculated by DFT. For TG− 1, ΔH0 is presented for both the amine/phenol and the amonium/phenolate tautomers together with Ktaut the equilibrium constant for the 
tautomeric conversion. pK’a1, pK’a2 and pK’a3 are apparent acid dissociation exponents, and Kass1, Kass2, and Kass3 are concentration based calcium binding constants 
all determined electrochemically in aqueous 0.16 M NaCl at 25 ◦C, values for 15 ◦C and 37 ◦C see Table 2. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 9. Comparison of experimental determined energy of binding of calcium to 
the different acid/base forms of the dipeptides GlyTyr (GT0, GT− 1, GT− 2) and 
TyrGly (TG0, TG− 1, TG− 2) in aqueous 0.16 M NaCl at 25 ◦C with enthalpy of 
binding as calculated by DFT. 
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binding due to solvent reorganization, a clear enthalpy–entropy 
compensation is appearing, see Fig. 10. The linear relationship between 
ΔH0 and ΔS0 for calcium binding confirms that the binding for varying 
pH and temperature follows a similar pattern. The enthalpy–entropy 
compensation confirms the unique role of small peptides in stabilizing 
the calcium bioavailability of calcium during the pH changes during 
digestion. The enthalpy–entropy compensation finds further support in 
the structures calculated by the DFT methods as seen in Figs. 7 and 8, 
from where it is evident that the binding of calcium gradually induces 
changes in peptide structure but only with minus changes in the coor-
dination sphere of calcium. 

4. Conclusion 

Calcium has been shown to bind with increasing affinity to tyrosine 
and the two tyrosine peptides GlyTyr and TyrGly for the increasing pH of 
the intestine. The dipeptides and especially GlyTyr as potential hydro-
lysis products of the whey protein α-albumin formed during digestion 
may facilitate calcium uptake by preventing precipitation of calcium 
salts in the intestines. The strongly exothermic binding of calcium to the 
dipeptides at low pH becomes almost athermal at higher pH without a 
decreasing affinity due to enthalpy–entropy compensation. The ther-
modynamics of calcium binding to dipeptides controlling bioavailability 
of calcium was confirmed by quantum mechanical calculations. 
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