@ foods MBPY

Article

Spectroscopic and Molecular Modeling Investigation
on the Interaction between Folic Acid and Bovine
Lactoferrin from Encapsulation Perspectives

Iuliana Aprodu‘”, Loredana Dumitrascu, Gabriela Ripeanu, Gabriela-Elena Bahrim'® and
Nicoleta Stanciuc *

Faculty of Food Science and Engineering, Dunarea de Jos University of Galati, 800201 Galati, Romania;
Iuliana.Aprodu@ugal.ro (I.A.); Loredana.Dumitrascu@ugal.ro (L.D.); Gabriela.Rapeanu@ugal.ro (G.R.);
Gabriela.Bahrim@ugal.ro (G.-E.B.)
* Correspondence: nsava@ugal.ro

check for

Received: 28 April 2020; Accepted: 1 June 2020; Published: 4 June 2020 updates

Abstract: The impact of thermal treatment on the ability of lactoferrin (FL) to bind folic acid
(FA) was investigated by employing fluorescence spectroscopy, molecular dynamics and docking
tests. The structural and conformational particularities of LF upon heating at 80 °C and 100 °C
were first estimated based on the intrinsic fluorescence changes in respect to the native protein.
The emission spectra indicated gradual unfolding events accompanied by Trp exposure with increasing
temperature. In agreement with the experimental results, molecular modeling investigations showed
that the secondary and tertiary structure of LF are slightly affected by the thermal treatment.
Some minor unfolding events related particularly to the x-helical regions of LF were observed when
the temperature increased to 100 °C. The LF fluorescence quenching upon FA addition indicated that a
static mechanism stands behind LF-FA complex formation. Regardless of the simulated temperature,
the hydrogen bonds played an important role in regulating the interaction between the protein and
ligand. FA binding to LF equilibrated at different temperatures occurred spontaneously, and all
complexes displayed good thermodynamic stability. The obtained results support the suitability of LF
as biocompatible material, for obtaining micro- and nanoparticles for delivery of dietary supplements
or for enhancing the functionality of target delivery systems.
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1. Introduction

Nowadays, there is a great challenge in understanding the kinetics and thermodynamics of the
interactions between small molecules and proteins, due to the ability of the later to bind different drugs
and/or biologically active compounds as micro- and/or nano-carriers [1], with significant applications
in clinical medicine, chemistry, food science and biotechnology.

Folates are a group of heterocyclic compounds with a 4-(pteridin-6-methylamino) benzoic acid
skeleton, conjugated with one or more residues of L-glutamic acid [2]. The folates play key roles in
fundamental biological processes including synthesis of nucleic acids and proteins, therefore it is highly
important to assure the appropriate intake, thus preventing congenital diseases, such as neural tube
defects [3]. Since mammalian cells are unable to synthesize folate, the exogenous supply of this vitamin
is required for preventing nutritional deficiency [4]. Folic acid (4-[(pteridin-6-yl-methyl) amino] benzoic
acid) (FA) is a synthetic and more stable form of folate, being usually used for fortification of different
food matrices and for formulating different pharmaceuticals [2]. Several studies reported that FA is
very sensitive to light, pH, temperature, oxygen exposure, ultraviolet light and heat, being degraded
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in compounds without biological activity [5,6]. In addition, FA is highly susceptible to degradation
at acidic pH specific to the stomach, which also affects its bioavailability [7]. Therefore, this vitamin
from group B requires designing delivery systems to protect, transport and control the release in the
intestine, at neutral pH.

Bovine lactoferrin (LF) is an 80 kDa glycosylated protein with about 690 amino acid residues,
out of which 13 are tryptophan (Trp) residues. The LF polypeptide chain is folded into two symmetrical
lobes, which can reversibly and concomitantly binding to a ferric ion and a carbonate anion [8]. LF is
an iron-binding protein belonging to the transferrin family [9], which is capable to inhibit bacterial
growth [10]. Some other functions were attributed to LE as described by da Silva et al. [11] and Padrao
etal. [12], such as immunomodulatory activity, anti-inflammatory responses, and antimicrobial activity
linked to the Fe-binding capacity, therefore allowing prevention of different diseases. For example,
Gifford et al. [13] reported that LF contains at the N-terminus a small positively charged region termed
lactoferricin (LFcin), which acts as antimicrobial peptide during inflammatory processes. Further, it has
been demonstrated that LF forms a “shell” around activated neutrophils, thus inhibiting the release of
NET fibers, the last step of NETosis [14].

Fluorescence spectroscopy is a suitable method for investigating the interaction between different
ligands and biomacromolecules. The emission peaks, the efficiency of energy transfer, the lifetime
of fluorophore, the values of fluorescence polarization, etc., provide valuable information on the
structural changes and the fluctuations of the fluorophore surroundings in the macromolecules [15].
One of the major advantages of fluorescence spectroscopy is that the interaction process can be
kinetically [association constant (k;)] and thermodynamically [binding constant (K})] characterized.
The temperature dependence of the kinetic parameters (k;) can be used to calculate the variations
in Gibbs free energy (AGY), and enthalpy (AHT) and entropy (TAST) of activation, associated with
a potential intermediate complex formation, which occurs during the interaction of free species or
at dissociation of stable assemblies. In particular, the temperature dependent Kj, values allow the
determination of the standard Gibbs free energy change (AG’), standard enthalpy change (AH®),
and standard entropy change (AS°) of complex formation, thus allowing estimating the type of the
forces involved in the interaction [8].

The fluorescence spectroscopy observations and the thermodynamics of protein interactions
benefit from the single molecule level in silico observations, which facilitate deep understating of the
most intimate mechanisms standing behind the macroscopic behaviour of the investigated biomolecules.
In this respect, molecular dynamics simulations are a powerful tool for contributing to the elucidation of
the biological macromolecules structure-function relationship, while understanding the physical basis
of the atomic level events such as internal motions and further conformational changes. When dealing
with the interaction of biomacromolecules with different compounds, a great contribution is provided
by the molecular docking methods, which efficiently search for the most probable binging modes of
the ligands on the receptors.

In the present study, the spectrofluorimetric measurements were combined with molecular
docking and molecular dynamics simulation to investigate the interaction of FA with LF, such as to
gather an in-depth understanding on the mechanism of molecular binding. The spectrofluorimetric
titration data were exploited to extract data regarding the number of binding sites, binding parameters,
and thermodynamics parameters for LE-FA complexation process. Further single molecule level details
regarding the FA binding site on LF and the effect of complexation on the stability and particularities
of the secondary structure elements of LF were collected by analyzing the LF-FA complexes obtained
through molecular dynamics and molecular docking tests.

The results obtained in this study support the hypothesis of using food grade proteins as
biocompatible and biodegradable materials, with high potential for obtaining micro- and nanoparticles
for delivery of dietary supplements or for enhancing the functionality of target delivery systems.
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2. Materials and Methods

2.1. Chemicals

LF from bovine milk, partially iron saturated (purity > 85%, SDS-PAGE) and FA (purity > 97%)
were purchased from Sigma (Sigma-Aldrich Co., St. Louis, MO, USA). LF was used without further
purification. 2-Amino-2-(hydroxymethyl)-1,3-propanediol buffer (Tris base, 10 mM, pH 7.7) was used
to keep constant pH value. All used salts for buffer preparation were of analytical grade and were
dissolved in deionized water.

2.2. Preparation of Stock Solutions

Protein stock solution (1 mg/mL) was prepared by dissolving LF in 10 mM Tris base at pH 7.7.
The protein concentration was determined spectrophotometrically using the extinction coefficient of
110.96 M~! em™~! at 280 nm [16]. FA stock solution (1 mg/mL) was made in 10 mM Tris base.

2.3. Heat Treatment

Plastic tubes (1 cm diameter) were filled with 0.15 mL of LF solutions containing 1 mg/mL protein
solution in 10 mM Tris base buffer at pH 7.7. The samples were heated at 25, 80 and 100 °C for 15 min
using a thermostatic water bath (Digibath-2 BAD 4, Raypa Trade, Barcelona, Spain). In order to avoid
further thermal denaturation, the samples were then rapidly cooled by placing the tubes in ice water.

2.4. Fluorescence Spectroscopy

All fluorescence spectra were obtained from a LS-55 Luminescence Spectrometer (Perkin Elmer,
Waltham, MA, USA), using a 1.0 cm quartz cell and a thermostat bath that keep temperature constant
within £0.1 °C. The width of slits for both the excitation and emission was set at 10.0 nm. The emission
spectra were recorded at A,y of 295 nm and A.;; from 310 to 420 nm. The fluorescence intensity at the
maximum emission wavelength (A,,x) was used to calculate the binding constants.

In typical experiment, 0.1 mL of 1 mg/mL of LF solution was placed into the cuvette containing
3 mL of Tris base and was titrated by successive additions of 1 mg/mL of FA stock solution (increasing
concentration from 0 to 11.3 x 1078 M). The data obtained from fluorescence measurements were
corrected for inner effect as described by Horincar et al. [16]. Each sample was scanned three times,
the resulting spectra being represented as an average.

The fluorescence quenching may take place via static or dynamic mechanism. The fluorescence
quenching mechanism was described by Stern-Volmer Equation (1), and the quenching constants of
experimental data were obtained by regression analysis [17]:

Ey

= =1+ Ksy x[Q] =14k x 10 % [Q] @

where F, and F are the fluorescence intensities in the absence and presence of the quencher, Kgy is
Stern-Volmer quenching constant determined by linear regression of the F,/F against [Q] plot, [Q] is
the concentration of FA, k; is the fluorescence quenching rate constant, and 7, is the lifetime of
the fluorophore without quencher and is equal to 108 s [18]. When static quenching takes place,
the number of ligand binding sites, 1, and apparent binding constant of protein-ligand complex, Kj,
can be estimated using the following equation [15]:

(Fo—F)

In = InK, + n-In[Q] )

2.5. Molecular Modeling Investigations

The three dimensional model of LF was taken from Brookhaven Protein Data Bank (PDB ID
1BLF; [19]). The protein model was refined, solvated, optimized and equilibrated at temperatures
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of 25 °C, 80 °C and 100 °C, using the sequence of steps detailed by Stanciuc et al. [20]. Molecular
modeling simulations were carried out in parallelization conditions, using Gromacs (version 5.1.1.)
software and Gromos96 43al force field [21].

The LF models equilibrated at different temperature were further used as receptors for FA binding
in the docking procedure. PatchDock algorithm [22] based on the molecules shape complementarity
was used to identify the most probable LF-FA complexes. The docking results were ranked considering
the binding energy values, and for each simulated experimental condition the best solutions were
analysed using PDBsum [23], PDBePISA [24] and LigPlot+ [25] tools, to collect significant details on
the structure and interaction particularities of the LF-FA complexes.

2.6. Statistical Analysis

Statistical evaluation was performed using Minitab 19 (Minitab Inc., State College, PA, USA).
Values are expressed as mean of triplicate values + standard deviation. One-way ANOVA was
used to identify differences between samples after passing two essential conditions: normality and
homoscedasticity. Post-hoc analysis via Tukey method was employed at p-values lower than 0.05.

3. Results

3.1. Intrinsic Fluorescence Spectra

The intrinsic fluorescence of LF excited at 295 nm is mainly due to the Trp residues, and ligands
binding, such as FA, might interfere with fluorescence emission [26]. Several studies indicated
that measuring the intrinsic fluorescence quenching of LF, allows collecting valuable data on the
binding characteristics and the change in the microenvironment of the fluorophore within the
macromolecule [27,28].

To elucidate the thermodynamics of the interaction between FA and LF, the emission spectra of LF in
the presence of various concentrations of FA were recorded upon excitation at 295 nm, after maintaining
the protein for 15 min at 25 °C, 80 °C and 100 °C. Figure 1 displays the emission spectra of LF in the
absence of the ligand.
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Figure 1. The fluorescence spectra of LF in the absence of the quencher.

At 25 °C, in the absence of the ligand, the emission spectra of LF show an emission maximum at
337 nm when excited at 295 nm. Heating at 80 °C and 100 °C caused significant red-shifts of 12 nm and
13 nm, respectively. These results suggested that heating resulted in conformational changes of the
protein causing the movement of Trp residues towards a more polar microenvironment. In order to
check this hypothesis, detailed analysis at single molecule level was carried out on LF equilibrated at
different temperatures, in agreement with experimental conditions. Significant increase of the total
surface available to the solvent (SAS) was noticed for Trp residues located in positions 8 (SAS increased
from 3.90 A2 at 25 °C to 11.16 A2 at 80 °C and 39.95 A2 at 100 °C), 361 (SAS increased from 1.72 A2 at
25°C t0 9.69 A2 at 80 °C and 10.32 A2 at 100 °C) and 467 (SAS increased from 12.58 A2 at 25 °C to
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30.66 A% at 80 °C and 45.96 A2 at 100 °C). Anyway, in addition to the differences in the exposure of the
targeted fluorophore, the existence of the neighboring groups within interacting distances that may
quench the fluorescence emission of Trp residues should be also factored.

The structural and conformational particularities of LF involve the presence of the single
polypeptide chain folded into two symmetrical lobes (N and C lobes), linked through a hinge
region containing parts of x-helix between amino acids 333 and 343 [29]. Bokkhim et al. [30] showed
that the temperature increase from 25 to 80 °C caused the decrease of the x-helix content of native LF
from 23.5% to 21.2%, accompanied by higher exposure of the hydrophobic residues. However, when
considering the heat induced structural and conformational changes on LF, the iron-saturation degree
should be considered. Ward et al. [31] suggested that LF may exists in different iron-saturated form,
such as holo-LF, with iron saturation higher than 90%, native with iron saturation between 15% and
20% and iron-depleted, known as apo-LF. The denaturation temperature is highly dependent on the
iron-saturation degree, with 91 °C for holo-LF [30], whereas native and apo-LF are more sensitive to
heat, undergoing irreversible structural changes when heated at temperatures over 70 °C [32].

3.2. Quenching Experiments

The mechanism behind the fluorescence quenching experiments relies on the decrease of LF
fluorescence intensity when the proteins-ligands inter-molecular interactions occur, involving collisional
effect, ground-state complex formation, no-radical energy transfer, etc. The LF fluorescence quenching
tests carried out by adding various concentrations of FA (ranging from 0 to 11.32 x 1078 M) allowed
assessing the accessibility of FA to the fluorophore groups of the protein. Increasing the concentration
of FA up to 11.32 X 1078 M resulted in the decrease of LF fluorescence, which was interpreted as
FA binding to the protein (Figure 2). No significant differences in quenching extent as a function of
temperature were observed, with a maximum value registered at 100 °C of approx. 85%.
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Figure 2. The fluorescence spectra of the interaction between LF thermally treated at 25 °C (a); 80 °C
(b) and 100 °C (c) and FA. The FA concentration (from A-F) varied from 0 to 11.32 x 1078 M.

The LF-FA docking models were carefully checked to identify any significant atomic level details
which might help explaining the quenching mechanisms. No direct interaction between the ligand and
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the Trp residues from LF structure was observed in any of the investigated complexes. Anyway, the
fluorescence quenching effect exerted by the folic acid when located in the vicinity of Trp residues
should be considered. For instance, in case of the complex involving the protein equilibrated at 25 °C,
the ligand is in direct contact with Tle'! which is located close neighborhood of Trp®. A close analysis
of the complex involving the protein model equilibrated at 80 °C, indicated that that three of the amino
acids in direct contact with the folic acid are located close to Trp*8 (Leu*”3) and Trp**” (I1e** and
Gly*72). Finally, in case of the protein heat treated at 100 °C, among the residues of the binding site
Ile'? is placed in the close vicinity of the aromatic ring of Trp'?°.

The fluorescence quenching mechanism is usually divided into static quenching and dynamic
quenching. The dynamic quenching parameters of LF by FA, Ksy and K, could be obtained from the
experimental data using Stern-Volmer equation or modified Stern-Volmer equation. The Stern-Volmer
plots are shown in Figure 3.
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Figure 3. Stern-Volmer plots for the interaction of folic acid with heat-treated lactoferrin.

The emission quenching data were collected for complexes involving the protein heat treated at
different temperatures, followed by applying the Stern-Volmer model such as to confirm the quenching
mechanism that occurs in the LF-FA systems (Table 1).

Table 1. The binding parameters of the LF heat treated at different temperatures by FA.

T(°O) Ksy 108 M-1) K, 108 mol-1s-1)  K;, (108 M1) n
25 028 +0.01P 0.28 +0.01P 1.68 £ 0.012 1.24 +0.132
80 0.48 +0.032 0.48 +0.032 1.67 £0.232 1.30 £ 0.022
100 0.52 +0.012 0.52 +0.012 1.66 +0.112 1.32 +0.08 2

Values are expressed as mean =+ standard deviation. Superscript values that for the same column do not share the
same letter (a, b) are significantly different at p < 0.001 based on Tukey method.

As it can be seen from Table 1, the Kgy values increased with temperature. The formation of
protein-ligand complexes is usually characterized by the Kgy decrease with increasing temperature [33].
However, it has been suggested that when complex formation is an endothermic process, Ksy can
increase with increasing temperature [34]. Additionally, the k; values were significantly higher than the
maximum value of the diffusion-limited collisional quenching (2.0 x 1019 M1 s~y [15], indicating that
the fluorescence quenching mechanism of LF is static, and the complexes formation was a potential
entropy-driven process [35]. In our study, the results calculated by Stern—Volmer equation showed
that the rate constant of the LF quenching procedure initiated by FA is much higher than the value of
the scatter procedure (Table 1).
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The Stern-Volmer relationship on a certain concentration condition suggested that a flexible fit
effect may exist between FA and LF, as explained by Guo et al. [26]. For a static quenching binding
mechanism, the fluorescence data were analyzed based on Equation (2), and values for the binding
constant (K;) and the stoichiometry number (#) of the formed complexes were estimated (Table 1).
From Table 1, it can be observed that, regardless of the temperature applied, there are no significant
differences between the K}, values, whereas the # values were calculated to be higher than 1, demonstrating
the presence of more than one FA molecule bound on LF surface near the Trp residues. The corresponding
K}, values were about 1.68 + 0.01 x 108 M~! at 25 °C and 1.66 + 0.11 x 10 M~ at 100 °C.

Lower values were estimated by Guo et al. [26] for the binding interaction between tosufloxacin
and bovine LF, who suggested values of 1.128 x 10° M~! for Kgy, 1.128 x 10'* M! for K, and 7.849 x
10* M~ for K,, respectively.

Coelho et al. [8] studied the interaction of bovine LF with methylene blue and azure a dyes through
surface plasmon resonance, fluorescence spectroscopy, and isothermal titration microcalorimetry.
These authors estimated Ksy values of 5.2 x 10* M~! at 25 °C for methylene blue and a higher affinity
for azure A of 15.6 x 10* M~! at the same temperature. For the both dyes studied, these authors
suggested an increase of the K, values with increasing temperature, indicating a static quenching
mechanism, with an entropy-driven process of the protein-ligand complex formation.

Four types of intermolecular forces are potentially involved in the LF-FA complex formation,
namely hydrophobic interactions, van der Waals forces, electrostatic interactions, and hydrogen
bonds [33]. The contribution of each type of intermolecular energy to the complex formation can be
estimated based on the standard Gibbs free energy change (AG?), the standard enthalpy change (AH?),
and the standard entropy change (AS°) of LF-FA interactions, as described by Coelho et al. [8].

The positive values of AH? and AS° showed in Table 2 indicate that the reaction between FA
and LF is endothermic, suggesting that the main forces involved in the interactions are hydrophobic
forces [35].

Table 2. The thermodynamic parameters for the association between heat-treated LF and FA.

T (K) AH° (J-mol-1) AS° (J-mol-1K-1) AG® (J-mol—1) R*“
298 —124.77 £ 21.03 0.97
353 1529 £+ 1.252 0.47 £ 0.04 —150.62 + 11.32 ’
373 -160.02 + 16.98

a_standard errors.

3.3. Molecular Modeling Investigation of FA Binding to LF

In silico calculations were further employed to simulate the thermal treatment of the protein
at 25 °C, 80 °C and 100 °C and to estimate the impact on the FA binding properties. Unlike the
experimental tests, the in silico approach allowed quantifying both reversible and irreversible structural
changes of protein induced by thermal treatment. Temperature increase up to 100 °C caused gradual
relaxation of the protein, accompanied by the 10% increase of the total LF surface. The increase of
the solvation energy of folding (AG) from —604.7 to —~594.0 kcal/mol (Table 3) with the temperature
indicates that the structural changes occurring in the solvated protein make it less thermally stable.
Because of the molecular rearrangements within protein structure, the root mean square deviation
(RMSD) obtained by least square fitting the FL. models equilibrated at 25 °C and 100 °C was 10.27 A.
The temperature increase resulted in important changes of the secondary structure motifs. The most
important changes were related to the helical content which dominate the secondary structure of
LF. Indeed, the number of amino acids involved in x-helices decreased from 162 (corresponding to
23.5% o-helical content) at 25 °C, to 146 (corresponding to 21.2% o-helical content) at 80 °C and then
to 107 (corresponding to 15.5% o-helical content) at 100 °C. At 25 °C and 80 °C the seven (3-sheets
among which three parallel, three antiparallel and one mixed were identified in the LF structure [20].
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The thermal treatment at 100 °C affected one of the parallel 3-sheet, because of the major heat induced
changes in the dynamics of the hydrogen bonding involved in strands connection.

Table 3. Surface, energy and thermodynamic descriptors of the heat treated lactoferrin (LF) interacting
with the folic acid (FA) molecule.

Temperature, °C

Descriptors
25 80 100
Surface descriptors
Total protein surface, A2 30,974.0 31,226.3 33,964.8
Total LE-FA
interface arca, A2 324.1 341.1 345.1
Tle'!, Ser'?, Glu'>, Ser®?, Ne*®°, Gly*472, Leu*’?, Arg”, 1e'?, Gly'¥,

Amino acids interacting
with FA

LF-FA binding energy,
kcal/mol
aVdW, kcal/mol
rVdW, kcal/mol

AG, kcal/mol
AG™ kcal/mol
TASS | keal/mol
AGYSS kcal/mol

Val®’, Thr*8, Leu®,
Aspéo’ Arg121, Ser185,
Phe!®?, His?>3, GIn?%,
Asp?’, Leu®®, Leu™®

Phe*”>, Asn¥?, Leu®®?,

Ala™, Lysé54 Leu®®!,

Glub4, Tyr665, Thr®7,
Ser668 Asn671

Energy descriptors
-57.20 —46.03
-24.97 —20.47
5.59 4.24
Thermodynamic descriptors
-604.7 —602.9
-0.49 -2.36
0.5 0.5
-0.9 0.1

Thr!3!, Pro?32, His246,

Leu2?, Ala2*8, Arg249,

Leu320, Gly321, Asn323,
CyS405, Gly406

—47.19

—22.45
4.86

-594.0
-1.26
0.5
-1.1

aVdW—attractive van der Waals energy; rVdW—repulsive van der Waals energy; AGf—solvation energy of folding;
AG™_—solvation free energy gain upon assembly formation; TASY—rigid-body entropy change; AGd55—free
energy of assembly dissociation.

The molecular docking tests indicated that the heat treatment affected the LF surface and internal
cavities. Therefore, different FA binding sites were identified for the protein heated at different
temperatures (Figure 4), and in none of the investigated complexes the ligand docking to the heat
treated LF caused changes of the protein conformation.

Figure 4. Superposition of the lactoferrin-folic acid complexes involving the protein pre-heated at
different temperatures. The protein is represented in New Cartoon style. Domains N-1 (amino acids
1 to 90 and 251 to 333) and N-2 (amino acids 91 to 250) of the N lobe are represented in blue and
lime, respectively. Domains C-1 (amino acids 345 to 431 and 593 to 676) and C-2 (amino acids 432 to
592) of the C lobe are represented in orange and cyan, respectively. The folic acid of the complexes
involving proteins equilibrated at 25 °C, 80 °C and 100 °C, is represented in van de Waals style in
mauve, violet and red, respectively.
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As a consequence of the change of location of FA binding site, the interaction surface varied with
the temperature in the 324.1-345.1 A? range (Table 3). When compared to the complex involving
the native protein, a slight increase of the LF-FA binding energy was noticed at thermal treatment.
However, it can be noted that the heat treated protein exhibited similar overall interaction forces
toward FA, regardless of the temperature (Table 3).

In native state, the LF is able to accommodate the FA in a 30.53 A deep cavity with volume of
1217.06 A3, located in the core of the N lobe of the bovine protein. The FA binding site (Table 3) involves
residues from both N-1 (amino acids located in positions 1 to 90 and 251 to 333) and N-2 (amino acids
located in positions 91 to 250) domain of the N-terminal lobe of LF [20]. In fact, the FA binding site is
located in a strongly protected hydrophobic environment (Figure 4), with no exposure to the aqueous
environment, near the area where the iron is bound [36]. Given that FA penetrates into this cavity,
strong attractive interaction involving dipoles buried into the nonpolar environment of the protein are
noticed. In fact, two hydrogen bonds (Hb), which are a strong form of the dipole-dipole interaction,
were found to connect the pteroyl group of FA by Thr® (2.14 A long Hb) and Arg'?! (1.90 A long Hb),
therefore contributing to the stability of the complex formed between the native protein and the ligand.

The results of our simulations are in agreement with the observations of Nhan et al. [36], indicating
higher thermal stability of the core regions of LF compared to the surface. It has been shown before that
the environmental conditions influence the extent of domain closure of each lobe [20]. In particular, a
general decrease of the relative distance between the amino acids of the iron binding site (Asp60, Tyr92,
Tyr!%2 and His?*®) was observed at 80 °C. As expected, the ability of the LF to bind FA was modulated
by the heat induced conformation changes, especially those involving the amino acids which define
the opening of the cleft accommodating the iron ion. The docking results suggest that the protein
equilibrated at 80 °C is able to bind the FA in a 9.97 A deep cleft, with volume of 547.93 A3, located on
the surface of C lobe (Figure 4). The FA molecules is in contact with amino acids from both C-1 (amino
acids located in positions 345 to 431 and 593 to 676) and C-2 (amino acids located in positions 432 to
592) [19] and is bridged through four Hb by Gly*’? (2.14 A long Hb), Lys®>* (3.29 A long Hb), Leu®®"
(3.31 A long Hb), and Tyr®° (2.93 A long Hb) residues.

In agreement with Stanciuc et al. [20], the LF heating to 80 °C resulted in slight compression
(about 6%) of the hinge responsible for the connection of N- and C-lobes. Further temperature increase
up to 100 °C resulted in a RMSD of 6.15 A, calculated for the hinge relative to the native structure,
causing the narrowing of the space between the two lobes of the LF, in such manner to suitable
accommodate the FA molecules. The ligand established contacts mainly with the atoms of the N-lobe
of the proteins, having the pteridine rings oriented toward Cys*% and Gly* residues, belonging to
the C1-lobe (Table 3), located in an area stabilised through a disulphide bond. As in the case of the
other two complexes, the molecular interactions between the ligand and receptor was regulated by
four hydrogen bonds with Arggl, Ile!?, and Pro?2. As in the case of the enzyme catalytic activity,
Chen et al. [37] hypothesised that the H-bonds enhance the interactions between receptor and ligand
when both donor and acceptor have equivalent H-bonding capabilities, stronger or weaker compared
to the hydrogen and oxygen atoms of the surrounding water molecules. They proposed a hitherto
donor-acceptor pairing mechanism, which minimizes competition with water, to explain the ability of
H-bonds to regulate molecular interactions.

The LA binding to the LF occurs spontaneously, for all tested experimental conditions. The thermal
treatment had no significant impact on the stability of the system. Although some unfolding events
were noticed at increasing temperature, no impact on the rigid-body entropy change (TAS¥%) when
dissociating the complex was observed (Table 3). The negative values of the solvation free energy
gain upon assembly formation (AG'™), including the effect of the satisfied hydrogen bonds between
receptor and ligand, indicate the existence of hydrophobic interfaces within each analysed complex.
Based on the lowest AG™ value (-2.36 kcal/mol), it can be stated that the highest affinity between the
two compounds was obtained when pre-heating the protein. FA approached the cleft located on the C
lobe surface of the LF pre-heated at 80 °C (Figure 4). In addition, when analysing the values of the
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free energy of assembly dissociation (AGY%), one can see that external driving forces are needed to
dissociate the complex when dealing with LF treated at 80 °C (Table 3).

4. Conclusions

In this study, the fluorescence spectroscopy, molecular docking and molecular dynamics simulation
were employed to investigate the interaction of folic acid with bovine lactoferrin. It was shown that
the fluorescence of lactoferrin quenched due to the formation of the complex with folic acid through
static mechanism, which was probably an entropy-driven process. The thermodynamic parameters
gained after performing binding experiments involving the protein pretreated at various temperatures
indicate the positive sign for both enthalpy and entropy changes and hence, hydrophobic interactions
play important roles in the binding process.

The molecular modeling tests allowed identifying the small conformational rearrangements
involving surface patches of side chains of the amino acids of the internal cavities impact ligand
binding. Different folic acid binding sites were found through molecular docking in case lactoferrin
pre-heated at different temperatures. When the lactoferrin model equilibrated at 25 °C and 80 °C
was used as receptor, the amino acids involved in folic acid binding were located on N-lobe and
C-lobe, respectively. When heating the protein at 100 °C, the best docking model revealed the folic
acid exhibited high affinity toward a binding site located in the space between the N- and C-lobes.

These findings might help better understanding of the chemical mechanisms involved in the
binding reaction between proteins and vitamins, and it is also looking forward for a further dietary
supplement, in order to increase the bioavailability of the later. The results bring new evidence on the
structure—function relationship of the complex, from the perspective of folic acid incorporation into
innovative, protein-based functional matrices.

Author Contributions: Conceptualization, N.S. and I.A.; methodology, N.S. and I.A.; software, L.D. and LA.;
validation, formal analysis, N.S.; investigation, N.S. and I.A.; resources, G.R.; writing—original draft preparation,
N.S. and I.A.; writing—review and editing, N.S. and I.A.; funding acquisition, G.-E.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the project “Excellence, performance and competitiveness in the Research,
Development and Innovation activities at “Dunarea de Jos” University of Galati”, acronym “EXPERT”, financed
by the Romanian Ministry of Research and Innovation in the framework of Programme 1-Development of the
national research and development system, Sub-programme 1.2-Institutional Performance-Projects for financing
excellence in Research, Development and Innovation, Contract no. 14PFE/17.10.2018.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Liu, F; Zhang, S.; Li, J.; McClements, D.J.; Liu, X. Recent development of lactoferrin-based vehicles for the
delivery of bioactive compounds: Complexes, emulsions, and nanoparticles. Trends Food Sci. Technol. 2018,
79, 67-77. [CrossRef]

2. Zema, P; Pilosof, A.M. On the binding of folic acid to food proteins performing as vitamin micro/nanocarriers.
Food Hydrocoll. 2018, 79, 509-517. [CrossRef]

3. Refsum, H. Folate, vitamin B12 and homocysteine in relation to birth defects and pregnancy outcome. Br. J. Nutr.
2001, 85, S109-5113. [CrossRef]

4. Iyer, R.; Tomar, S. Folate: A functional food constituent. J. Food Sci. 2009, 74, R114-R122. [CrossRef]

5. Off, M.K,; Steindal, A.E.; Porojnicu, A.C.; Juzeniene, A.; Vorobey, A.; Johnsson, A.; Moan, J. Ultraviolet
photodegradation of folic acid. J. Photochem. Photobiol. B Biol. 2005, 80, 47-55. [CrossRef]

6. Vora, A;Riga, A.T,; Dollimore, D.; Alexander, K.S. Thermal stability of folic acid. Thermochim. Acta 2002, 392,
209-220. [CrossRef]

7. Papastoyiannidis, G.; Polychroniadou, A.; Michaelidou, A.-M.; Alichanidis, E. Fermented milks fortified
with B-group Vitamins: Vitamin stability and effect on resulting products. Food Sci. Technol. Int. 2006, 12,
521-529. [CrossRef]


http://dx.doi.org/10.1016/j.tifs.2018.06.013
http://dx.doi.org/10.1016/j.foodhyd.2018.01.021
http://dx.doi.org/10.1079/BJN2000302
http://dx.doi.org/10.1111/j.1750-3841.2009.01359.x
http://dx.doi.org/10.1016/j.jphotobiol.2005.03.001
http://dx.doi.org/10.1016/S0040-6031(02)00103-X
http://dx.doi.org/10.1177/1082013206073274

Foods 2020, 9, 744 11 0f12

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.
23.
24.
25.

26.

27.

28.

29.

30.

31.

Coelho, Y.L.; De Paula, HM.C.; Agudelo, A.].P,; De Castro, A.S.; Hudson, E.A.; Pires, A.C.S.; Da Silva, LH.M.;
Benhame, A.S. Lactoferrin-phenothiazine dye interactions: Thermodynamic and kinetic approach. Int. J.
Biol. Macromol. 2019, 136, 559-569. [CrossRef]

Kiihnle, A.; Veelken, R.; Galuska, C.E.; Saftenberger, M.; Verleih, M.; Schuppe, H.-C.; Rudloff, S.; Kunz, C.;
Galuska, S.P. Polysialic acid interacts with lactoferrin and supports its activity to inhibit the release of
neutrophil extracellular traps. Carbohydr. Polym. 2019, 208, 32-41. [CrossRef]

Nazir, S.; Nasir, M.; Yasmeen, A.; Usman, S. Review study on lactoferrin: A multifunctional protein. Sky J.
Food Sci. 2017, 6, 14-20.

Da Silva, M.A.C.; Darr, C.R.; Moraes, L.E.; Forshey, B. Lactoferrin modulates uterine inflammation
postbreeding in the Mare. ]. Equine Veter-Sci. 2017, 56, 63—67. [CrossRef]

Padrao, J.; Machado, R.; Casal, M.; Lanceros-Mendez, S.; Rodrigues, L.R.; Dourado, E; Sencadas, V.
Antibacterial performance of bovine lactoferrin-fish gelatine electrospun membranes. Int. J. Biol. Macromol.
2015, 81, 608-614. [CrossRef]

Gifford, J.L.; Hunter, H.N.; Vogel, H.J. Lactoferricin: A lactoferrin-derived peptide with antimicrobial,
antiviral, antitumor and immunological properties. Cell. Mol. Life Sci. 2015, 62, 2588-2598. [CrossRef]
Okubo, K.; Kamiya, M.; Urano, Y.; Nishi, H.; Herter, ] M.; Mayadas, T.; Hirohama, D.; Suzuki, K,
Kawakami, H.; Tanaka, M.; et al. Lactoferrin suppresses neutrophil extracellular traps release in inflammation.
EBioMedicine 2016, 10, 204-215. [CrossRef]

Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: Baltimore, MD, USA, 2006.
Horincar, G.; Aprodu, I; Barbu, V.; Rapeanu, G.; Bahrim, G.-E.; Stanciuc, N. Interactions of flavonoids from
yellow onion skins with whey proteins: Mechanisms of binding and microencapsulation with different
combinations of polymers. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 215, 158-167. [CrossRef]
Fasman, G.D. Practical Handbook of Biochemistry and Molecular Biology; CRC Press: Boca Raton, FL, USA, 1989; p. 275.
Ghisaidoobe, A.B.T.; Chung, S.J. Intrinsic tryptophan fluorescence in the detection and analysis of proteins:
A focus on Forster resonance energy transfer techniques. Int. J. Mol. Sci. 2014, 15, 22518-22538. [CrossRef]
Moore, S.A.; Anderson, B.F.; Groom, C.; Haridas, M.; Baker, E.N. Three-dimensional structure of diferric
bovine lactoferrin at 2.8 A resolution. J. Mol. Biol. 1997, 274, 222-236. [CrossRef]

Stanciuc, N.; Aprodu, I.; Rdpeanu, G.; Van Der Plancken, I.; Bahrim, G.; Hendrickx, M. Analysis of the thermally
induced structural changes of Bovine Lactoferrin. J. Agric. Food Chem. 2013, 61, 2234-2243. [CrossRef]
Abraham, M.; Murtola, T,; Schulz, R.; P4all, S.; Smith, ].C.; Hess, B.; Lindahl, E. GROMACS: High performance
molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015,
19-25. [CrossRef]

Schneidman-Duhovny, D.; Inbar, Y.; Nussinov, R.; Wolfson, H.]J. PatchDock and SymmDock: Servers for
rigid and symmetric docking. Nucleic Acids Res. 2005, 33, W363-W367. [CrossRef]

Laskowski, R.A. PDBsum new things. Nucleic Acids Res. 2008, 37, D355-D359. [CrossRef]

Krissinel, E. Crystal contacts as nature’s docking solutions. J. Comput. Chem. 2010, 31, 133-143. [CrossRef]
Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple ligand—protein interaction diagrams for drug discovery.
J. Chem. Inf. Model. 2011, 51, 2778-2786. [CrossRef]

Guo, M,; Zhang, L.-Y.; Lu, W.-].; Cao, H.-R. Analysis of the spectroscopic characteristics on the binding
interaction between tosufloxacin and bovine lactoferrin. J. Lumin. 2011, 131, 768-775. [CrossRef]

Yang, W,; Liu, E; Xu, C.; Yuan, F; Gao, Y. Molecular interaction between (-)-epigallocatechin-3-gallate and
bovine lactoferrin using multi-spectroscopic method and isothermal titration calorimetry. Food Res. Int. 2014,
64, 141-149. [CrossRef]

Jayabharathi, J.; Thanikachalam, V.; Perumal, M.V. A study on the binding interaction between the imidazole
derivative and bovine serum albumin by fluorescence spectroscopy. J. Lumin. 2012, 132, 707-712. [CrossRef]
Schanbacher, F.; Goodman, R.; Talhouk, R. Bovine mammary Lactoferrin: Implications from Messenger
Ribonucleic Acid (mRNA) sequence and regulation contrary to other milk proteins. J. Dairy Sci. 1993, 76,
3812-3831. [CrossRef]

Bokkhim, H.; Bansal, N.; Grendahl, L.; Bhandari, B. Physico-chemical properties of different forms of bovine
lactoferrin. Food Chem. 2013, 141, 3007-3013. [CrossRef]

Ward, PP; Paz, E.; Conneely, O.M. Multifunctional roles of lactoferrin: A critical overview. Cell. Mol. Life Sci.
2005, 62, 2540-2548. [CrossRef]


http://dx.doi.org/10.1016/j.ijbiomac.2019.06.097
http://dx.doi.org/10.1016/j.carbpol.2018.12.033
http://dx.doi.org/10.1016/j.jevs.2017.05.007
http://dx.doi.org/10.1016/j.ijbiomac.2015.08.047
http://dx.doi.org/10.1007/s00018-005-5373-z
http://dx.doi.org/10.1016/j.ebiom.2016.07.012
http://dx.doi.org/10.1016/j.saa.2019.02.100
http://dx.doi.org/10.3390/ijms151222518
http://dx.doi.org/10.1006/jmbi.1997.1386
http://dx.doi.org/10.1021/jf305178s
http://dx.doi.org/10.1016/j.softx.2015.06.001
http://dx.doi.org/10.1093/nar/gki481
http://dx.doi.org/10.1093/nar/gkn860
http://dx.doi.org/10.1002/jcc.21303
http://dx.doi.org/10.1021/ci200227u
http://dx.doi.org/10.1016/j.jlumin.2010.11.036
http://dx.doi.org/10.1016/j.foodres.2014.06.001
http://dx.doi.org/10.1016/j.jlumin.2011.10.023
http://dx.doi.org/10.3168/jds.S0022-0302(93)77725-5
http://dx.doi.org/10.1016/j.foodchem.2013.05.139
http://dx.doi.org/10.1007/s00018-005-5369-8

Foods 2020, 9, 744 12 0of 12

32.

33.

34.

35.

36.

37.

Matsuura, J.E.; Manning, M.C. Heat-induced gel formation of 3-lactoglobulin: A study on the secondary and
tertiary structure as followed by circular dichroism spectroscopy. J. Agric. Food Chem. 1994, 42, 1650-1656.
[CrossRef]

Van De Weert, M.; Stella, L. Fluorescence quenching and ligand binding: A critical discussion of a popular
methodology. J. Mol. Struct. 2011, 998, 144-150. [CrossRef]

Callis, P.R. Binding phenomena and fluorescence quenching. I: Descriptive quantum principles of fluorescence
quenching using a supermolecule approach. |. Mol. Struct. 2014, 1077, 14-21. [CrossRef]

Ross, P.D.; Subramanian, S. Thermodynamics of protein association reactions: Forces contributing to stability.
Biochemistry 1981, 20, 3096-3102. [CrossRef]

Nhan, C; Rix, C.J.; May, B.K.; Hung, A. Temperature-induced structural changes of apo-lactoferrin and their
functional implications: A molecular dynamics simulation study. Mol. Simul. 2018, 45, 533-548. [CrossRef]
Chen, D.; Oezguen, N.; Urvil, P; Ferguson, C.; Dann, S.; Savidge, T.C. Regulation of protein-ligand binding
affinity by hydrogen bond pairing. Sci. Adv. 2016, 2, €1501240. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/jf00044a013
http://dx.doi.org/10.1016/j.molstruc.2011.05.023
http://dx.doi.org/10.1016/j.molstruc.2014.04.050
http://dx.doi.org/10.1021/bi00514a017
http://dx.doi.org/10.1080/08927022.2018.1562187
http://dx.doi.org/10.1126/sciadv.1501240
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Preparation of Stock Solutions 
	Heat Treatment 
	Fluorescence Spectroscopy 
	Molecular Modeling Investigations 
	Statistical Analysis 

	Results 
	Intrinsic Fluorescence Spectra 
	Quenching Experiments 
	Molecular Modeling Investigation of FA Binding to LF 

	Conclusions 
	References

