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Chapter 1. The main structural characteristics of proteins whey

1.1.  General aspects

The term of whey proteins is attributed to those proteins that remain in the aqueous phase of milk
after precipitation and separation of caseins at pH 4.6 and 20°C. In this class are included: B-lactoglobulin
(B-LG), o-lactalbumin (a-LA), serum albumin (SAB), immunoglobulins (Ig) and lactoferrin (LF). f-LG and o-
LA are further characterized for structural and conformational features, as are the main whey proteins.

1.2. B-lactoglobulin

B-LG is the major whey protein that it can be found in cow’s milk in a concentration of 2.4 g/L (de la
Fuente, 2002). Characterizations of protein by composition in amino acid, polypeptide sequence and
isoelectric point have revealed the existence of a genetic polymorphism. Ten genetic variants of bovine -
LG have been identified, seven of which being isolated and characterized. All genetic variants of p-LG
contain 162 amino acid residues, the difference appearing in one or three positions. Although genetic
variants A and B differ only in two positions, the substitution of Gly with Asp in position 4 is especially
important because it increases the ability of self-association of variant A. This phenomenon can be
explained by the formation of additional salt bridges between the remaining carboxylic group of Asp and
any other basic group.

1.2.1. The primary structure of B-LG

The amino acid composition of the reference protein is Aspio, Asns, Thrs, Serz, Gluis, Glng, Pros,
Glys, Alass, Cyss, Valg, Mets, lle1o, Leuo, Tyra, Phes, Lysis, Hisz, Trp2 and Args, with a molecular weight
from 18,277 Da. It can be seen that B-LG contains a large number of essential amino acids. However, their
bioavailability is low due to the resistance of the protein to proteolysis in the acidic pH range (Reddy et al.
1988).

1.2.2. The secondary structure of B-LG

Monaco et al. (1987) have described the molecule as a spherical shape having a diameter of 2.5 A,
consisting of a short portion of the a-helix and eight antiparallel polypeptide chains with -sheet folded
structure. The eight antiparallel chains are represented by residues 15 to 27 (A), 35-44 (B) 49-56 (C) 65-74
(D), 82-85 (E), 91-97 (F), 102-111 (G), and 116-124 (H). The fragment 131-140 has a-helix structure,
whereas fragments 28-31, 45-48, 61-64, 98-101 and 112-115 presents reverse [-sheet structures, while
segments 74-82 and 125-130 are rings with structure not well defined.

1.2.3. Conformational flexibility of B-LG

At 25°C and pH range of 4.0 to 6.5, bovine B-LG is a dimer. When the pH value changes close to
7.0, the molecule undergoes a number of conformational transitions characterized by increasing of
reactivity of the carboxyl groups and SH22! group, which under physiological conditions is located within the
molecule. Phillips et al. (1994) studied the conformational changes that occur when dimer dissociates at pH
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7.5 (so-called Tanford transition). It has been suggested that these structural changes affect the position
were B-LG bind the retinol, thus influencing the biological function of the protein.

1.3. a-lactalbumin

a-LA is a small protein, with a molecular mass of 14,174 Da, pHi 4.0-6.0, which is able to bind
calcium ions. First, a-LA fulfills an important function in secretory cells breast, being one of the two
components of lactose synthase, the enzyme that catalyze the final stage of lactose biosynthesis.
Secondly, a-LA has one binding site for Caz*, being used as a model system for study the effects of
calcium ion binding to proteins, peptides, membranes, etc. Thirdly, a-LA can form a series of partially
unfolded states, being used as classic molten molecules used to elucidate the mechanisms of protein
folding/unfolding.

1.3.1. Primary, secondary and tertiary structures of o-LA

The protein contains 123 amino acid residues with two major genetic variants (A and B). Variant B
is present in milk from Bos taurus, whereas variant A is present in milk from Bos indicus species. Variant A
contains Glu in position 10, while in variant B Glu is substituted by Arg (Stanciuc, 2009). The primary
structure of a-LA variant B contains: Alas, Argi, Asng, Aspis, Cyss, Glng, Gluz, Glys, Hiss, lles, Leu1s, Lysi2,
Mets, Phes, Prop, Sers, Thrs, Trps, Tyrs, and Vale. 0-LA has a high content of essential amino acids (Trp,
Phe, Tyr, Leu, lle, Thr, Met, Cys, Lys, and Val), representing 63.2% of the protein total amino acids and
51.4% of the essential amino acids from milk proteins. The domain with helical structure contains three o-
helix, which are stable at pH variation (fragments 5-11, 23-34 and 86-98), a pH dependent fragment (105-
100) and three portions with small helix structure (18-20, 3 and 115-118). The flexible fragment (105-110)
presents a helix configuration at pH ranging from 6.5 to 8.0 (N‘Negue et al., 2006). The region with (-
structure consists of three antiparallel chains (fragments 41-44, 47-50 and 55-56) and a short chain with
helix structure (77-80). These two domains are stabilized by disulfide bond between residues Cys at
positions 73 and 91, and to a lesser extent by the disulfide bond Cys! - Cys?”. Overall, the structure is
stabilized by four disulfide bonds (Cys® - Cys120, Cys6l - Cys’7, Cys’3 - Cys® and Cys?8 - Cys!1l),

1.3.2. Conformational flexibility of a-LA

The binding of cations increases the stability of the protein conformation. The same effect has
binding ions Mg2*, Na* and K*. The binding of Zn2* cause destabilization of the molecule resulting in
aggregation of the molecules and increase in susceptibility to proteolysis. In the presence of high
concentrations of Znz+, a-LA partially unfolds and aggregates. In the absence of calcium ions, but in the
presence of physiological concentration of Mg?*, Na+ and K*, the transition temperature varies in the
temperature range of 30-45°C.
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Chapter 2. Structural features of carotenoids and polyphenols

2.1. Carotenoids

Chemically, carotenoids are tetraterpenes and their structures are based on 40-carbon polyene
chain with conjugated double bonds (3-13) along this chain. Though they seem to be hidden, carotenoids
are one of the most wide spread and ubiquitous lipid soluble pigments in nature (e.g. in leaves, fruits,
flowers, teguments, etc.) and so far, more than 750 naturally occurring carotenoids have been identified
(Britton et al., 2008). Carotenoids are produced by all photosynthetic organisms, by fungi and by non-
photosynthetic bacteria and conversely, they are required in the diet of animals as antioxidants or vitamins,
but also to produce their tissues pigmentation, as is the case of the feathers of birds or the exoskeleton of
crustaceans.

Remarkably, carotenoid compounds only differ in the following chemical characteristics, which give
rise to the different carotenoids structures: (i) the presence and number of oxygen atoms in the molecule
(oxygenated carotenoids are xanthophyll and non-oxygenated are carotenes), (ii) the hydrogenation of the
carbon polyene chain, (ii) the cyclization at one/both ends of the molecule, usually with a e-ionone or b-
ionone rings and the (iv) length of the chromophore (Meléndez-Martinez et al., 2007).

Carotenoids can be divided into two main groups, depending on the functional groups:

v' xanthophylls, which contain oxygen as functional groups, such as lutein and zeaxanthin;
v’ carotene, with a hydrocarbonic chain, containing no functional groups, such as a-carotene, B-
carotene and lycopene.

Fruits and vegetables are the main sources of carotenoids and play an essential role in the diet
through vitamin A activity (Haskell, 2013). In addition to the role of vitamin A, they have antioxidant activity,
provides intercellular communication and specific activity of the immune system (Skibsted, 2012;
Stephensen, 2013). Epidemiological studies have shown that a diet rich in carotenoids ensures a lower
incidence of cancer, cardiovascular disease, aging and cataract (Meyers et al., 2014; Sharon et al., 2012).
Carotenoids deficit results in clinical conjunctivitis and corneal disorders, including dry eye, night blindness,
keratomalacia, corneal ulceration, cicatrices and irreversible blindness (Sommer, 2008). Deficiencies in
provitamin A lead to visual disability and increased mortality due to immunity innate and low adaptive
(Stephensen, 2001). Lycopene shows the highest antioxidant activity. This feature recommends lycopene
in protecting cellular systems against reactive oxygen and nitrogen reactive species, thus preventing
cardiovascular disease (Muller et al., 2015).

2.2. Polyphenols

Polyphenolic compounds are of major interest for the food, pharmaceutical and medicine due to
their beneficial effects on health, in particular in the treatment and cancer prevention (Chen et al., 2011),
cardiovascular disease (Kuriyama et al., 2006; Mursu and et al., 2008), anticarcinogenic effects (Jeong et
al., 2011; Ogunleye et al., 2009), ulcer (Zakaria et al., 2011), antithrombotic (Han et al., 2012; Tao et al.,
2012), anti-inflammatory (Bear et al., 2012; Zimmer et al., 2012), antiallergenic (Chung and Champagne,
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2009; Schmitz-Eiberger and Blanke, 2012), anticoagulants (Bijak et al., 2011), immunomodulators (Schiitz
et al., 2010) and antimicrobial (Silva et al., 2012; Xia et al. 2011), vasodilators and analgesics (Santoz et
al., 2010). Polyphenols are naturally occurring compounds found largely in the fruits, vegetables, cereals
and beverages. Fruits like grapes, apple, pear, cherries and berries contains up to 200-300 mg
polyphenols per 100 grams fresh weight.

Polyphenols are secondary metabolites of plants and are generally involved in defense against
ultraviolet radiation or aggression by pathogens. In food, polyphenols may contribute to the bitterness,
astringency, color, flavor, odor and oxidative stability. More than 8,000 polyphenolic compounds have been
identified in various plant species. All plant phenolic compounds arise from a common intermediate,
phenylalanine, or a close precursor, shikimic acid. Primarily they occur in conjugated forms, with one or
more sugar residues linked to hydroxyl groups, although direct linkages of the sugar (polysaccharide or
monosaccharide) to an aromatic carbon also exist. Association with other compounds, like carboxylic and
organic acids, amines, lipids and linkage with other phenol is also common. Polyphenols may be classified
into different groups as a function of the number of phenol rings that they contain and on the basis of
structural elements that bind these rings to one another. The main classes include phenolic acids,
flavonoids, stilbenes and lignans (Spencer et al., 2008).
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Chapter 3. Investigations on the binding mechanism of compounds from
vegetable extracts to B-lactoglobulin and a-lactalbumin and analysis of
relevant atomic particularities for assessing stability of complexes

3.1. Introduction

Whey proteins have been extensively studied in terms of binding ability of hydrophobic ligands,
such as fatty acids and vitamins, raising a number of advantages, as follows: increase the absorption of
fatty acids (Perez et al. 1992), modify the kinetics of enzymatic hydrolysis of the protein (Mandalari et al.
2009), protection of ligands against oxidation or other stress factors and modifying the bioavailability of
ligands (Riihimaki-Lampen, 2009). In food products, the binding properties and therefore the biological
properties of the complexes can be affected by the structure of proteins and/or the presence of other
proteins able to compete for binding sites. For example, the ability of B-LG to bind many hydrophobic
compounds, such as retinol, vitamin D, cholesterol, curcumin acids and their derivatives, protoporphyrin IX,
aromatic compounds and cations catechin has been demonstrated (Liskov et al. 2011; Le Maux et al. 2012;
Puyol et al. 1994; Sneharani et al. 2010; Kanakis et al. 2011; Dufour et al. 1990, 1992; Liu et al. 2011).

a-LA ability to bind oleic acid with the formation of HAMLET/BAMLET (Human/Bovine a-
lactalbumin made lethal to tumor cells) is already known for about 15 years (Svensson et al., 2000). This
complex has a cytotoxic activity for cancer cell lines, whereas healthy cells are not affected. a-LA can bind
other compounds such as resveratrol (Hemar et al., 2011), sodium oleate (Kehoe and Brodkorb, 2014),
genistein, kaempferol (Moeen and Mohammadi, 2015) etc.

3.2. Analysis of a-lactalbumin and B-lactoglobulin structure by in silico methods

In order to evaluate the binding mechanism and affinity of biologically active compounds, o-LA and
B-LG molecules models were taken from the RCSB Protein Data Bank (www.rcsb.org). Studies at single
molecule level were made using the protein models 1F6S.pdb (one monomer of bovine o-LA it was
considered; Chrysina et al., 2000) and 3NPO.pdb (bovine B-LG; Loch et al., 2011) solved by X-ray
crystallography. These models showed very good resolution and high stability.

Specific structural bioinformatics methods were initially applied for advanced characterization of
whey proteins. Based on the physicochemical properties of amino acids the following parameters were
analyzed by using ProtParam: molecular weight, isoelectric point, atomic composition, aliphatic and
hydrophilicity index (GRAVY), which for a peptide or protein is calculated as the sum of the hydrophobicity
index values for all amino acids divided by the number of residues in the sequence. Surface properties of
a-LA and B-LG were assessed using the program GETARIA.

For an advanced characterization of the models, a-LA and B-LG molecules were first refined by
removing all non-protein compounds. Geometry optimization of molecules was then conducted in vacuum;
minimization of the potential energy was performed such as to ensure the removal of any possible
geometric distortion and repulsive interactions between atoms.
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Such optimized molecules were placed in the center of a parallelepidic reaction box, having
suitable size for the molecular system, which were subsequently filled with single point charged (SPC)
water molecules (explicit solvent). By solvation, it ensures a higher degree of native protein folding due to
the involvement of the hydrogen bonds (Mogilner et al., 2002). Solvated molecular systems were then
optimized by successively using committed algorithms, Steepest Descent and limited-memory Broyden-
Fletcher-Goldfarb-Shanno, as in the case optimization in vacuum.

In order to identify specific characteristics of the protein molecules at various temperatures, the
systems were heated at 25°C and 80°C using a Berendsen thermostat, followed by the systems
equilibration at indicated temperatures.

The molecular mechanics and molecular dynamics simulations were performed using the software
Gromacs (v. 4.5.5.), which runs with Linux operating environment, using the Gromos96 43al or AMBER
(Assisted Model Building and Energy Refinement) force fields under parallelization conditions, on a
computer equipped with processor Intel(R)Core(TM)2CPU1.86GHz6300. For structural and conformational
analysis, specific PDBsum instruments (Laskowski, 2009) and Visual Molecular Dynamics (VMD) were
used (Humphrey et al., 1996).

3.3. Studies on the molecules interactions

For interfacing the models (a-LA with B-carotene and B-LG with cyanidin 3-O rutinoside), the
PatchDock server was used (Duhovny et al., 2002; Schneidman-Duhovny et al., 2005), that provides the
molecular docking on the basis of shape complementarity, generating 100 different complexes, which are
then prioritized by scoring function. PatchDock provides rigid interfacing of molecules, resulting models that
are then refined using FireDock server (Andrusier et al., 2007).

The refinement of ten best models was based on the relative orientation of the specific
groups/atoms at the interface between the two molecules in the complex. Then, a new classification of the
models was performed, mainly taking into account the interaction energy between molecules, and some
others factors such as energetic ones (Andrusier et al., 2007). In order to assess the total number of ligand
binding sites in the protein molecule and to evaluate the particularities of interaction between the two
molecules within each investigated complex, the ten best results obtained in computational models were
considered following docking and refinement methods. The analysis of the resulted complex was done
using dedicated software LigPlot+v1.4.5. (Laskowski and Swindells, 2011) and PDBePISA (Krissinel and
Henrick, 2007; Krissinel, 2009).

3.4. a-lactalbumin-B-caroten complex

In order to study the mechanism of B-carotene binding to a-LA, the atomic particularities of all
refined docking solutions were analyzed. Four binding sites for -carotene were observed on the surface of
a-LA. The main binding site involves the following amino acids: His32, Thr33, Asn#4, Asn45, Asp4, Ser47,
Glu49, Asn36, Lyss8, Tyrl03 Trpl% and Leul%, The second binding site involves the following amino acids:
Cys28, Phe3l, His32, Lysi08 Alalo® Leullo Serliz Glull3, Lysli4, GInll7 and Trp18, The third binding site
involves the common amino acids GIn?, Lys5, GIn117 and Trp118 and is characterized by low levels of contact
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surfaces and high binding energy, indicating a low affinity of molecules. A low affinity was also found for the
fourth binding site of B-carotene to a-LA surface, with the participation of the following amino acids: Asn74,
lle™s, Ser76, Asp?8, Lys79, Asp8” and Met9.

3.5. B-lactoglobulin - cyanidin-3-O-rutinosid complex

A similar approach was considered in evaluating the atomic particularities regarding the binding of
cianidin-3-O-rutinosid to B-LG and the affinity between these two molecules. Two different binding sites
were defined on the surface of B-LG molecule. The primary binding site for cyanidin 3-O rutinozid involves
the following amino acids Argl0, Glull, Lys13, Aspl4, Aspé and Leu8s, whereas the second one consists of
GIn#3, Asn#4, Asn4, Thr48, Tyrs0, GIn6>, Asn¢6, ProS” and His6e.

A detailed analysis at atomic level indicates that heat treatment lead only to minor conformational
changes at protein surface, which includes the sites of interaction with the ligand.
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