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TITLE:  

Impact of epigallocatechin-3-gallate, green tea polyphenol, on apo and holo alpha-

lactalbumin stability and conformation dynamics 

 

ABSTRACT 

 

Epigallocatechin-3-gallate (EGCG), a major and physiologically the most potent green tea 

catechin, is renowned for its antioxidant and antimicrobial properties, could serve for upgrading 

food quality. Low EGCG bioavailability, or poor stability, could be enhanced by its 

encapsulation with food proteins, based on noncovalent EGCG-protein interactions. Whey 

proteins are excellent carriers for encapsulation of EGCG, able to improve stability and protect 

its activity. Alpha lactalbumin (ALA) is an important Ca-binding protein of whey, and at acidic 

pH, and in the apo-state at elevated temperatures, it has conformation of classic 'molten globule' 

(MG). The subject of this thesis was to investigate noncovalent interactions of EGCG with ALA 

in its holo and apo form, and stabilizing effect on protein, as well as to compare them with 

interactions of EGCG with beta-lactoglobulin (BLG), the most abundant whey protein.  

Binding affinity of EGCG for ALA, was in the range reported for noncovalent interactions of 

EGCG with other dietary proteins, and lower than affinity of ALA complexes with some 

phenolic compounds, while the binding is enthalpically favorable. Binding of EGCG induce α-

helix to β-structures transition in ALA structure. EGCG binds in the hydrophobic pocket at the 

entrance of cleft between α-helical and β-sheet rich domains and includes residues of aromatic 

cluster II. EGCG binds to apo ALA in its both native and MG conformation. The complex of 

EGCG and ALA is more stable to thermal denaturation due to EGCG-induced stability of 

protein based on increased apo ALA conformational rigidity. EGCG binding does not affect 

apo ALA digestibility. 

According to obtained results, EGCG affinity for BLG, as well as BLG glycated in Maillard 

reaction, was in the range demonstrated for ALA. In contrast to ALA, EGCG binding to BLG 

induce increase in α-helix on account of decrease mostly in random coil, while its binding to 

glycated BLG results in rearrange ordered structure by transition of α-helix to β-structures. 

EGCG binding to both BLG forms demonstrated masking effect of on the antioxidant properties 

at the same level. Obtained results demonstrate that, in addition to BLG, ALA, as low cost and 

widely available protein, can serve as suitable delivery system for EGCG, and for food 



fortification with this bioactive catechin. Also, EGCG would remain bound to ALA during 

gastric digestion of tea with milk, albeit in its apo, Ca2+-free, form. 
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NASLOV: 

Uticaj epigalokatehin-3-galata, polifenola zelenog čaja, na stabilnost i konformacionu 

dinamiku apo i holo alfa-laktalbumina 

 

SAŽETAK 

 

Epigalokatehin-3-galat (EGCG), fiziološki najpotentniji katehin zelenog čaja je dobro poznat 

po svojim antioksidantnim i antimikrobijalnim osobinama, i ima veliki potencijal za 

unapređenje kvaliteta hrane. Niska biodostupnost EGCG, kao i nestabilnost mogu biti 

poboljšani njegovom inkapsulacijom sa proteinima hrane, a na osnovu nekovalentnih EGCG-

protein interakcija. Proteini surutke su izvrsni nosači za inkapsulaciju EGCG, sposobni da 

poboljšaju njegovu stabilnost i tako zaštite njegovu aktivnost. Alfa-laktalbumin (ALA) je važan 

kalcijum-veyujući protein surutke, koji pri kiselom pH, i u svojoj apo formi na povišenim 

temperaturama, ima konformaciju klasične „stopljene globule“ (MG). Predmet ove teze bio je 

da istraži nekovalentne interakcije EGCG sa ALA, u holo i apo formi, i njegovo stabilizujuće 

dejstvo na protein, kao i da ih uporedi sa interakcijama EGCG sa beta-laktoglobulinom (BLG), 

najobilnijim proteinom surutke. 

Afinitet vezivanja EGCG za ALA bio je u opsegu zabeleženom za nekovalentne interakcije 

EGCG sa drugim proteinima hrane, i niži od afiniteta ALA kompleksa sa nekolicinom fenolnih 

jedinjenja, dok je vezivanje entalpijski povoljno. Vezivanje EGCG indukuje prelaz α-zavojnice 

u β-strukture u ALA strukturi. EGCG se vezuje u hidrofobnom džepu na ulazu u pukotinu 

između domena bogatih α-zavojnicama  β-pločicama, i uključuje ostatke aromatičnog klastera 

II. EGCG se vezuje za apoALA u svojoj nativnoj  i MG konformaciji. Kompleks EGCG i ALA 

stabilniji je na termičku denaturaciju zbog EGCG-indukovane stabilizacije proteina, na osnovu 

povećane konformacione krutosti apoALA. Vezivanje EGCG ne utiče na svarljivost apo ALA. 

Prema dobijenim rezultatima, afinitet EGCG za BLG, kao i BLG glikovan u Maillardovoj 

reakciji, bio je u opsegu dobijenom pri vezivanju ALA. Za razliku od ALA, vezivanje EGCG 

za BLG stabilizuje protein, indukujući povećanje α-zavojnice na konto smanjenja neuređenih 

struktura, dok njegovo vezivanje za glikovani BLG rezultira preuređivanjem uređene strukture 

prelaskom α-zavojnice u β-strukture. EGCG vezivanje za oba BLG oblika pokazalo je 

maskirajući efekat na antioksidativna svojstva u istom nivou. Dobijeni rezultati pokazuju da, 

pored BLG, ALA, kao jeftini i lako dostupni protein, može poslužiti kao pogodan sistem za 



isporuku EGCG, kao i za obogaćivanje hrane ovim bioaktivnim katehinom. Takođe, EGCG bi 

ostao vezan za ALA itokom želučane probave čaja sa mlekom, iako u svom apo obliku bez 

Ca2+. 

 

Ključne reči: epigalokatehin-3-galat, apo alfa-laktalbumin, beta-laktogloulin, proteini surutke,  

polifenoli zelenog čaja, protein polifenol interakcije, gašenje fluorescencije, stabilizacija 

proteina 
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1.Introduction 

 

 

Numerous of studies demonstrated beneficial health promoting activities of dietary 

polyphenols. However, in spite of relatively high quantities of their daily ingestion, their 

bioactivities in the organism are limited by their poor bioavailability. Epigallocatechin-3-gallate 

(EGCG), the most abundant of green tea catechins, is the most studied bioactive polyphenol in 

general, and many of the biological properties of green tea have been attributed to EGCG. In 

addition, EGCG has become an interesting for its potential as natural antioxidant and antimicrobial 

agent for preservation of the food quality and prolonging shelf life of EGCG-based products. 

However, it has a poor bioavailability, and this water-soluble compound is prone to fast 

degradation with increase of pH, oxygen concentration or temperature.  

Food proteins have shown to be efficient natural carriers for bioactive compounds, able to 

protect them from degradation and improve their bioavailability. Indeed, food protein-based 

nanoparticles have been successfully fabricated as vehicles for delivery of bioactive compounds. 

Cow's whey proteins are widely used as ingredients in many food products, where they are added 

to improve nutritional value and due to their functional properties such as thickening, gelling, 

emulsifying and foaming. Beside, whey proteins have shown to be excellent delivery vehicles for 

bioactives, based on their noncovalent interactions with small molecular mass ligands. Alpha-

lactalbumin (ALA) and β-lactoglobulin (BLG) are the main proteins of bovine whey, together 

making about 75 % whey proteins.   

ALA, in its holo form has the ability to interact with number of food-derived polyphenols, such 

as procyanidins, genistein and kaempferol, resveratrol and curcumin, while in its apo form ALA 

binds hydrophobic substances such as retinol, vitamin D3, hydrophobic peptides, model lipid 

membranes, and fatty acids.  

Within this thesis noncovalent interactions, binding affinity and binding site, between ALA 

and EGCG were investigated. The second part of the thesis is dedicated to investigation if EGCG 

binds to apo form of ALA in neutral and acidic conditions. In addition, the aim was also to examine 

if the polyphenol binding can stabilize apo ALA in its native and molten globule conformation, 

and if EGCG binding affects apo ALA digestibility by gastrointestinal proteases. The third part of 



6 
 

the thesis is focused on comparison of EGCG binding to ALA (holo and apo forms) and BLG. For 

that purpose EGCG binding to BLG and its glycated form was examined, together with testing of 

their antioxidant activity in complex with EGCG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

2. General Overview 

 

2.1. Plant phenolic compounds   

The main group of plant secondary metabolites is the group of polyphenols, which include 

numerous compounds of different structures, with broad range of molecular masses and properties. 

They are omnipresent in different foods of plant origin, namely in tea, coffee, cocoa and wine, 

cereal grains and soy, fruits, vegetables, etc. (Aitken-Rogers and others, 2004). Polyphenol 

compounds were known initially as vegetable tannins, due to their ability to bind to the animal 

skin proteins and cause skin tanning transforming it into leather (Quideau and others, 2011). The 

capacity of plant phenolics to achieve tanning action on a skin collagen molecules is not important 

for their qualification into polyphenolic class, while ability to precipitate soluble proteins is needed 

(required) (Quideau and others, 2011). The strict definition of polyphenols includes only 3 classes 

of compounds as “genuine” polyphenols: a proanthocyanidins (condensed tannins), a gallo- and 

ellagitannins (hydrolysable tannins), and a phlorotannins (Haslam & Cai, 1994). 

 

Figure 1. Monophenolic compounds, precursors of the genuine polyphenolics, and their 

representative of the two main structural branches, benzoic and cinnamic acids derivatives; 

Adapted and modified from (Tsao, 2010). 
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From an organic chemistry standpoint, a class of chemical compounds possessing a 

hydroxyl group (–OH) directly bonded to an aromatic hydrocarbon is known as phenols or 

phenolics. According to Quideau and others (2011), when considering genuine plant polyphenols,  

the term polyphenol should be used to define “plant secondary metabolites derived exclusively 

from the shikimate-derived phenylpropanoid and/or the polyketide pathways, having at least two 

phenolic rings and being devoid of any nitrogen-based functional group in their most essential 

structural representation.” If we define polyphenols as “the structural class of natural, 

semisynthetic and/or synthetic organic compounds, characterized by the presence of multiple 

phenolic moieties“, then all monophenolic structures, such as vanillin, gallic acid, syringic acid, 

all representatives of benzoic acid monophenolic type of molecules (Figure 1) and caffeic acid, p-

coumaric acid and synapic acids, as representatives of cinnamic acid structure type (Figure 1), are 

left out of this definition. Frequently these monophenolic structures appear in the nature as 

derivatives of O-phenyl glycosides and methyl phenyl ethers (Mihajlovic and others,  2015; 

Quideau and others, 2011). Even though, in the strict sense, they are not included into 

polyphenolics, the role of monophenolic compounds as precursors in the biosynthesis of 

polyphenols, as well as their biological activities resembling to those of polyphenols, should be 

considered (Velickovic & Stanic-Vucinic, 2018). 

Flavonoids that are the most abundant polyphenols, possess the C6–C3–C6 general 

backbone structure (Figure 2) in which the two C6 units (Ring A and Ring B) are of a phenolic 

type (Aitken-Rogers and others, 2004). Flavonoids can be further divided into different subgroups, 

such as flavans, flavones, flavanones, isoflavanones, isoflavones, anthocyanidins, chalcones, and 

neoflavonoids, according to the hydroxylation pattern and variations in the chromane structure 

(Rings A+C, Figure 2),  (Velickovic and others, 2018).  Oligomerization of basic polyphenol 

structure results in higher molecular weight compounds, commonly known as “true” vegetable 

tannins. For example, procyanidins, prodelphinidins, and profisetinidins are produced by the 

oligomerization of flavan-3-ol units such as (epi)catechin, epigallocatechin, and fisetinidol (Figure 

3). 
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Figure 2.  Flavonoid backbone structural formula and structures of the most frequent types of 

flavonoids. Adapted and modified from (Graf and others, 2005) and (Tsao, 2010). 

 

 

 

 

 

Figure 3.  Genuine vegetable tannins, examples of higher mass flavonoids of catechin type. 

Adapted and modified from (Graf, 2005). 
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2.1.1. Health effects of plant phenolic compounds  

Polyphenols are considered as important part of the plant defense systems against oxidative 

stress, UV/ionizing radiation, as well as against pathogens. Myriad of beneficial effects of 

polyphenols on human health was shown to be related to their antioxidant properties (Pandey & 

Rizvi, 2009). It is common to believe that consumption of a different phenolic compounds present 

in food and beverages may decrease the unwanted and detrimental effects of health disorders, due 

to their antioxidant capacity (Shahidi & Ambigaipalan, 2015). Neutralization of free radicals by 

polyphenolics happens by donation of an electron or hydrogen atom thanks to their highly 

conjugated system and hydroxylation features (e.g. the 3-hydroxy group in flavonols). Polyphenols 

lower the rate of oxidation by preventing the generation of free radicals, or by deactivation of the 

reactive species or free radicals, since they can act as direct radical scavengers of the lipid 

peroxidation chain reactions (Aitken-Rogers and others, 2004).  

Polyphenols are highly abundant in human nutrition and are known mainly for their antioxidant 

activity (Manach and others, 2005). As a way of direct antioxidant action, polyphenols may protect 

cell constituents against oxidative damage. However, it has become clear that in comprehensive 

biological systems, polyphenolics also exhibit additional properties that are independent of instant 

antioxidant/prooxidant activities. Through these mechanisms of action, e.g. by non-covalent 

binding, dietary polyphenols could interfere with cell signaling, modulating expression of dozens 

of transcriptional factors that control cell survival, transformation, apoptosis and immunity 

(Masella and others, 2005).  

However, only trace amount of ingested polyphenol compounds reaches human plasma 

(Clifford, 2004). As the concentration of unconjugated flavonoids in plasma rarely exceed 1 μM, 

while total antioxidant plasma capacity is in the range of 1 mM, contribution of polyphenols to the 

total antioxidant activity of plasma is insignificant (Halliwell, 2007). This suggests that the 

mechanism of protection against chronic diseases by polyphenolics is not likely to be based on  

their ability for free radical scavenging (Clifford, 2004).  

In addition to antioxidant properties of polyphenols, their ability to interact with dietary 

proteins deserves is important characteristics, as these interactions may have negative effects on 

human and animal health. Polyphenols can form complexes of noncovalent nature with a globular 

proteins while in solution, and these interactions may lead to: 
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 1) complexation (Chaudhuri and others, 2011; Li and others, 2010),  

 2) stabilization of protein structure (Kanakis and others, 2011),  

 3) protein unfolding and precipitation (Ehrnhoefer and others, 2008; Ma and others, 2011; 

Papadopoulou & Frazier, 2004).  

The strength of the interactions depends on the polyphenolic structure and their size, as well 

as the amino acid sequence of the target protein (Frazier and others, 2010). Covalent bonds 

between proteins and polyphenols are readily formed in the basic solutions (Velickovic and others, 

2018), and as initial step of haze beer formation (Jongberga and others, 2020).  

Many polyphenols occur in nature as glycosylated compounds and in the human body, 

polyphenols undergo many intestinal transformations, executed by digestive enzymes, including 

the activity of microbiota metabolic machinery (Karaś and others, 2017). The final absorbed 

compounds enter the portal vein circulation toward the liver, where further enzymatic reactions 

take place, and spreading to other organs, or directing them via blood to urine excretion. During 

this path through various tissues and organs, they are exerting their possible and different 

biological activities (Marín and others, 2015; Wang and others, 2014). Isoflavones are the well-

absorbed polyphenols, followed by catechins, flavanones, and quercetin glucosides, however, with 

different kinetics, while proanthocyanidins, the galloylated tea catechins, and the anthocyanins 

have the lowest absorption (Manach and others, 2005). However, the recent reports demonstrate 

that anthocyanins and flavanones seems to be more bioavailable than it is previously thought (Kay 

and others, 2017). Draijer and coworkers, have shown that protein-rich diet does not have an effect 

on the uptake, distribution, and excretion of polyphenolics (Draijer and others, 2016). 

Polyphenolics can form insoluble complexes and this has been associated with the observed 

reduction in nutritive value upon their inclusion in animal diets. In general, low absorption of 

polyphenols upon the food intake, results in that the most of the consumed polyphenols remain in 

the gastrointestinal tract, where they could affect the activity of digestive enzymes (Karaś and 

others, 2017; Renard and others, 2017). Polyphenolics inhibit crucial enzymes involved in 

digestion process of starch (α-amylase, α-glucosidase) and lipids (pancreatic lipase) (Boath and 

others, 2012; Lochocka and others, 2015; Sakulnarmrat and others, 2014), including enzymes 

involved in protein digestion (pepsin and trypsin) (He and others, 2007). The inhibitory effects of 

phenolics on the digestion of food components rich in energy, such as saccharides and lipids, can 

be regarded as beneficial, especially in weight-control diets (Velickovic and others, 2018). 
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Opposite to this, polyphenolics inhibitory effects on the protein digestion is not a desirable effect, 

because of the reduced utilization of important building blocks, and these are amino acids; in 

addition, hindrance of protein digestion, especially within the gastric phase can increase chances 

for allergic sensitization in duodenum, due to increased presence of small and large protein 

fragments (Prodic and others, 2018). 

 

2.1.2 Green tea phenolic compounds  

Green tea (produced from Camellia sinensis) is widely consumed beverage in the world since 

ancient times, and it is considered to have health benefits by traditional medicine. It is a rich source 

of polyphenols, where catechins represent up to 85% of the total tea polyphenols and other 

compounds such as flavonols and phenolic acids are also present but in lower proportion. The high 

proportion of catechins have shown to be is related to green tea biological functionality. 

 

2.1.3. Epigallocatechin-3-gallate (EGCG) 

Among catechins, one of the most studied and biologically most potent is EGCG (Figure 4). 

EGCG is major catechin component of a green tea, comprising of at least 50% of its total 

polyphenolic load (Ferruzzi, 2010), and one of the most extensively studied plant polyphenols 

(Bode & Dong, 2009). Beneficial health-promoting effects of green tea are mainly attributed to 

EGCG and numerous of studies demonstrated health benefits provided by foods containing EGCG. 

In addition, EGCG has been shown to prevent the growth microorganisms responsible for food 

spoilage, and with its antioxidant activity in food systems,  it has a great potential as natural agent 

for preservation of the food quality and enhancing the food safety (Nikoo and others, 2018). 

 

Figure 4. Epigallocatechin-3-gallate  
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2.1.3.1. EGCG antioxidant activity and biological effects 

Numerous studies have shown that green tea catechins exert beneficial effects on several 

diseases, including cancer (Butt & Sultan, 2009; Carlson and others, 2007; Yang & Wang, 2016), 

metabolic syndrome and obesity (Suzuki and others, 2016), infectious diseases (Chen and others, 

2015), and neurodegenerative diseases (Saeki and others, 2018). In the most cases it was 

demonstrated that EGCG played a central role in effects observed in these studies employing green 

tea (Nakano and others, 2018). In addition, catechins coming from other plant sources, also have 

demonstrated health benefits, such as extracts from Averrhoa carambola L. peel possessing a 

bioactive compound that inhibits adipogenesis and obesity (Rashid and others, 2016).  

EGCG has a number of biological activities - antioxidant and anti-inflammatory (Cavet and 

others, 2011), as well as anti-allergic effects on mast cell degranulation, histamine release and 

protein uptake by monocytes (Fujimura and others, 2002). Moreover, EGCG-enriched 

polyphenolic green tea extract has been shown to accelerate the process of pepsin digestion of 

several food allergens, which are not fully digestible (Tantoush and others, 2012). 

 

2.1.3.2. Interactions of EGCG with proteins 

Many studies have revealed that binding of EGCG to different proteins is involved in protein’s 

action mechanisms (Nakano and others, 2018; Velickovic and others, 2018). For example, 

computational docking analyses and X-ray crystallographic analyses gave a detailed picture of 

catechin-protein interactions, showing that higher activity of galloylated catechins (such as EGCG, 

epicatechin gallate) than non-galloylated catechins is the consequence of galloyl moiety 

penetration in the cleft of proteins through interactions with its hydroxyl groups (Li & Hagerman, 

2014; Nakano and others, 2018).  

Interactions between polyphenols and proteins are in most cases weak interactions. EGCG 

binds to human serum albumin (Maiti and others, 2006), lipase (Wu and others, 2013), ovalbumin 

(Ognjenovic and others, 2014) and kappa-casein (Jobstl and others, 2004). This type of binding is 

not only useful for protein, but also for EGCG because free oxidizes easily under physiological 

conditions, and the formation of complexes with proteins such as -lactoglobulin can affect the 

preservation of its useful properties (Shpigelman and others, 2010). 
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In addition to the mentioned anti-allergenic properties that EGCG exhibits, it is possible that 

by influencing the structure of allergens during interactions, it changes conformational epitopes 

and thus affects the ability to bind specific IgE antibodies. 

 

2.1.3.3. EGCG stability and bioavailability, and approaches for their improvement 

EGCG was examined for its potential as natural antioxidant and antimicrobial source that 

could preserve and upgrade the food quality (Nikoo and others, 2018). However, similarly to 

other green tea catechins, it is stable under acidic conditions, but with the increase of pH, oxygen 

concentration or temperature it is increasingly more prone to oxidation and degradation, resulting 

in low bioavailability of EGCG and its poor stability in specific food matrices (Shpigelman and 

others, 2012). Therefore, delivery of sensitive water-soluble compounds in foods, such as EGCG 

is a great challenge. EGCG bioavailability and stability can be improved by complexation and its 

encapsulation with food proteins. Food-derived proteins can be excellent vehicles for transport 

and preservation of biological activities of bioactive compounds, such as EGCG. Milk proteins 

are excellent carriers for the purpose of encapsulating EGCG, because during prolonging storage 

and increasing shelf life of EGCG-based products, they could improve stability and protect its 

activity (Shi and others, 2018). In line with that, milk, yoghurt and cheese can be enriched with 

green tea catechins with aim to produce functional dairy foods (Amirdivani & Baba, 2015; 

Najgebauer-Lejko and others, 2011; Rashidinejad and others, 2016; Rashidinejad and others, 

2014). 

Due to its galloyl functional group, among tea catechins, EGCG has the highest binding affinity to 

whey proteins, able to form hydrophobic interactions and hydrogen bonds with multiple peptide 

binding sites in the proteins (Kanakis and others, 2011). Whey protein, BLG, was reported to 

stabilize EGCG by its noncovalent binding (Lestringant and others, 2014). Beside, thermally 

treated BLG was demonstrated to be a promising nanovehicle, able to bind EGCG even with a 

higher affinity than native protein and protect the EGCG from degradation (Shpigelman and 

others, 2010). 

 

2.2. Bovine whey proteins  

A cow milk is generally an important nutrition source and one of the most popular food for people. 

It contains approximately 4% of fat, 4.6% of lactose, 87.1% water and 3.3% of proteins (Jenness, 
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1988). Well below 1% of milk content are monovalent ions such as Na+, K+, Cl-, HCO3, divalent 

ions Ca2+, Mg2+, HPO42-, SO42-, citrate ions, essential vitamins (vitamin E and A), and other trace 

elements (Jenness, 1988). Therefore, bovine milk possesses necessary nutrients for the growth and 

is a well-balanced resource of lipids, amino acids, and minerals, containing also immunoglobulins, 

hormones, growth factors, cytokines, nucleotides, polyamines, enzymes and other bioactive 

peptides. 

Milk proteins are present in numerous foods and are a key players in the human diet. The milk 

proteins are in colloidal dispersions as micelles in all milk types (human, cow, goat, camel) and 

are easily digested (Dalgleish & Corredig, 2012), therefore, they are an excellent source of 

indispensable amino acids. Milk proteins can be divided into 2 groups: proteins with a loose 

structure called caseins that are part of a supramolecular micellar structures; and the whey proteins, 

which exhibit a compact and definite three-dimensional structure. Their opposite structures 

provide basis for their different behaviour upon encountering the gastrointestinal tract: while 

caseins are rapidly digested, whey proteins show substantial resistance to hydrolysis by pepsin in 

the stomach (Dupont & Tome, 2014). These two fractions that can be separated based on their 

solubility at pH 4.6 at 20 °C (Fox, 2001). In the fraction that precipitates under the stated 

conditions, the so-called casein fraction, there are: αs1-casein, αs2-casein, β-casein, and κ-casein. 

The fraction that remains soluble, known as whey proteins, contains β-lactoglobulin (BLG), α-

lactalbumin (ALA), lactoferrin (LF), bovine serum albumin (BSA), lactoperoxidase (LP) and 

immunoglobulins (Igs). However, caseins are usually coagulated, retained longer in the stomach, 

and because of this reason they are considered as ‘slow digested proteins,’ whereas whey proteins 

remain soluble and are rapidly conveyed into the small intestine.  

Processing can significantly affect protein digestion and absorption through different 

phenomena as aggregation, denaturation, coagulation, and hydrolysis (Prodic and others, 2019; 

Velickovic and others, 2018; Dupont & Tome, 2014).  

 Until recently cheese whey was treated as a by-product of low commercial value, and it 

was mainly used for animal feed or discarded directly into rivers and public drains, without any 

previous treatment, causing serious environmental problems (Marwaha & Kennedy, 2007). 

Fortunately, this has been changed in recent years, making whey a highly valued by-product in the 

pharmaceutical and dairy processing industry (Pais Chanfrau, 2017). 
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Table 1. Physicochemical properties of main whey proteins 

Protein 
Isoelectric 

point (pI) 

Molecular 

weight 

(kDa) 

Concentration 

(g/L) 

References 

β-lactoglobulin 5.2-5.4 18.3 3-4 

(Stanic and others, 

2012), (Stojadinovic 

and others, 2012; 

Ferguson, 2003) 

α-lactalbumin  4.7-5.1 14.2 1.2-1.5 

Bovine serum albumin  4.9-5.1 66 0.3-0.6 

Glycomacropeptide <3.8 8.6 1.5 

Lactoperoxidase 9.6 78 0.03 

Lactoferrin 8.0 78 0.1 

Immunoglobulins  5.0-8.0 150-900 0.6-0.9 

 

Whey proteins comprise 0.7-1.0 % (w/w) of the total whey obtained from milk, while lactose 

predominates in solid fraction (Petruccioli and others, 2011). The whey protein pool consists of 

seven prominent protein species and their physicochemical characteristics are depicted in Table 1. 

Whey proteins can be divided in two groups based on their isoelectric points: the major whey 

proteins, BLG, BSA and ALA, all being negatively charged at pH 6.2-6.4 of whey, and minor 

whey proteins that carry a positive net charge at the pH of whey, such as LF and LP. 

 

2.2.1. α-lactalbumin (ALA) 

ALA is a monomeric globular Ca-binding metalloprotein belonging to the glycosylic 

hydrolase family. It has 4 disulfide bridges, is stable to high temperature treatment and has the 

ability to refold (Hiraoka and others, Kuwajima and others, 1980). The frequency of ALA-specific 

IgE in the population of patients allergic to cow's milk is in between 27.6% - 62.8% (Matsuo and 

others, 2015). 

ALA is a small whey protein, which accounts for approximately 22% of the proteins in human 

milk and approximately 3.5% of those in bovine milk. Similar to BLG, it is used in food industry 
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to improve techno-functional properties of the food (Pearce & Marshall, 1991), and to fortify the 

meat and dairy products with essential amino acid, tryptophan, a precursor of serotonin that 

regulates the rhythm of waking and sleeping, a response to stress and other physiological processes 

(Jost and others, 1999; Muller and others, 2003).   ALA possesses prebiotic, antibacterial and 

anticancer properties.  

 

2.2.1.1. Structure and function of α-lactalbumin 

ALA is a small (14.2kD), acidic (pI 4.7–5.1) protein that is a typical protein model for 

examination of calcium binding due to existence of single binding Ca2+ site and when deprived of 

it at low pH and higher temperatures, it can serve as model protein to study the molten globule 

state (Permyakov & Berliner, 2000). Even in the classical state of molten globule, ALA has kept 

most of its secondary structure features intact, but the tertiary structure is rather fluctuating 

(Veprintsev and others, 1997). 

 

Figure 5. Three dimensional (3D) view of monomeric ALA in its apo form, devoid of Ca2+ ions. 

Red ribbons denote alpha helical subunit, while violet ribbons denote beta sheet domain, which 

are held together by disulfide bridge positioned at Cys73-Cys91. Modified from (Correia and 

others, 2012), and based on PDB ID entry 1F6S (Chrysina and others, 2000). 
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Most of ALA isoforms possess 123 amino acid residues, with a three dimensional structure 

closely resembling to lysozyme family (Acharya and others, 1994). Native ALA consists of two 

domains, the large -helical domain (labelled with red color, Figure 5) and the small, beta sheet 

domain (labelled with violet color, Figure 5) and is structurally homologous to the lysozyme 

family.  These two domains are separated by a cavity while being connected with loop, which 

binds Ca2+ ions. The formation of Ca2+-binding loop is enabled primarily by the disulfide bridge 

between Cis73 and Cis91, while it is also supported by a disulfide bridge between Cis61 and Cis77 

as shown in Figure 5. 

The entire structure of ALA is stabilized by a total of four disulfide bridges between cysteine 

residues 6–120, 61–77, 73–91, and 28–111 (Figures 5 and 6). Large domain consists of four -

helices, from which three are pH-stable H1 (5-11), H2 (23-34), H3 (86-98) and one pH-dependent 

H4 (105-109), as well as three short helices (12–16, 101–104, and 115–119) (Figure 6). Smaller 

domain, composed mainly of -plates is made up of amino acid residues building following 

stretches: S1 (41-44), S2 (47-50), S3 (55-56) and short helix (76-82). Human ALA also contains 

three tryptophan residues Trp60, Trp104 and Trp118, while in bovine ALA there is also a fourth 

tryptophan residue at position 26 (Figure 6).  

It has been shown that two aromatic clusters in the ALA structure exists (Pike, Brew and 

others, 1996), with aromatic cluster I encompassing residues Phe31, His32, Gln117 and Trp188, 

while aromatic cluster II contains Trp60, Tyr103, Trp 64, Trp26, Phe53 and Gln54 (Fig. 6).  

ALA contains one high affinity binding site for its natural ligand, Ca2+ ion (Figure 6), which, 

if empty, can be occupied with other metal ions such as Mg2+, Mn2+, Na+ and K+. ALA also 

contains several different binding sites for the Zn2+ ion, one of which is located in the cavity 

between domains (Permyakov and others, 1991). Therefore, ALA is often chosen as a simple 

protein model that binds Ca2+ ion. Binding of ions to the Ca2+ binding site, increases protein 

stability, while the binding of Zn2+, when Ca2+ ion is already present, reduces the stability of ALA 

(Permyakov and others, 2000; Permyakov and others, 1991).  
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Figure 6. Secondary structure scheme of bovine α-lactoglobulin, with depicted detailed structures 

of aromatic clusters I and II.  Red dotted line encircles aromatic cluster II, while red dashed line 

encompasses area of aromatic cluster I. Blue filled circle denotes calcium ion. H1-H4 denote 

longer alpha helices that build alpha helical domain, while S1-S3 denote beta plated sheets building 

other smaller domain of ALA. Modified from (Radibratovic and others, 2019). 

 

2.2.1.2. Apo form of ALA and its stability 

Fluorescence and circular dichroism as spectroscopic methods have been used to show that 

binding of Ca2+ ions to ALA is causing a marked change in tertiary structure, rather than secondary 

protein structures (Anderson and others, 1997; Permyakov and others, 1981). Also, proper protein 

twisting, as well as appropriate pairing of disulfide bridges, requires the presence of Ca2+ ions 

(Farkas and others, 2005). Calcium binding causes a change in tryptophan fluorescence, resulting 
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in a blue shift emission maximum and decrease in fluorescent quantum yield. It has been shown 

that these fluorescence changes, initiated by the binding of Ca2+ ions, are caused by changes in the 

environment of all tryptophan residues (Ostrovsky and others,  1988). Usual condition of ALA 

molten globules during denaturation in an acidic medium (pH 2) is described as compact state with 

fluctuating tertiary structure (Dolgikh and others, 1981; Permyakov and others, 2000). However, 

ALA can occupy states similar to molten globules in apo-form at elevated temperatures, in the 

presence of denaturants, as well as during the reduction of disulfide bridges (Kuwajima, 1996). In 

general, conformation of the protein molten globule has a disrupted tertiary structure, while 

secondary structures are mostly preserved. Removal of Ca2+ ions from ALA, increases its 

sensitivity to pH and ionic strength of the solution due to uncompensated negatives charges in the 

calcium binding site, which significantly reduces the overall stability of ALA (Griko & Remeta, 

1999). 

 

2.2.1.3. Interactions of ALA with low molecular mass bioactive ligands 

There is a lot of research in which are examined the interactions of native, holo-forms of ALA 

with small molecules from food, where the role of ALA as a carrier of bioactive molecules is 

described. Experimental methods have shown that ALA interacts with phenolic food compounds. 

It was found that when binding phenolic acids such as chlorogenic, caffeic, and ferulic acids alter 

the conformation of proteins (Zhang and others, 2014). Also, ALA interacts with procyanidins 

which show medium and high binding affinity for protein (Prigent and others, 2009). When 

genistein and kaempferol bind to ALA, the higher binding affinity was shown by kaempferol, 

which is attributed to the greater number of hydroxyl groups through which hydrogen bonds are 

formed (Mohammadi & Moeeni, 2015a). The binding affinity constant of resveratrol and curcumin 

for ALA is comparable to the binding constant of metal ions to holo ALA, with curcumin shows 

lower binding affinity, most likely due to a much larger spatial structure of this molecule 

(Mohammadi & Moeeni, 2015b). Anthocyanin extract from grapes binding to whey proteins 

probably involved ALA as a potent malvidine 3-glucoside catcher (Stanciuc and others, 2017). It 

has been shown that EGCG was bound in covalent fashion to ALA (Wang and others, 2014). 

It was reported that also ALA in its apo form has affinity for interaction with hydrophobic 

substances: the vitamin D3 (Delavari and others, 2015), hydrophobic peptides as the bee venom 

melittin (Permyakov and others, 1991), membranous model lipid (Chaudhuri & Chattopadhyay, 
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2014), and fatty acids (Barbana and others, 2006). The complex of ALA and oleic acid, known 

as Bovine or Human or Goat ALA made lethal to tumors (BAMLET or HAMLET or GAMLET), 

was reported to be cytotoxic to several cancer cell lines (Mok and others, 2007). The ALA portion 

of HAMLET or BAMLET is in a molten globule-like conformation under physiological 

conditions of gastric compartment and it is assumed that in acidic pH environment, ALA binds 

oleic acids into an active complex. 

 

2.2.1.4. Cytotoxic and antimicrobial activities of ALA apo form- HAMLET/BAMLET 

It was demonstrated that human ALA in complex with oleic acid can cause death of cancer 

cells by apoptosis, leaving healthy cells in the body preserved (Svensson and others, 2003; 

Svensson and others, 1999). These complexes, abbreviated HAMLET from “Human Alpha-

lactalbumin Made Lethal to Tumor cells”, are formed when ALA is in its apo-form, devoid of its 

natural ligand, Ca2+ ion. 

Compared to the holo form, apo conformation of ALA is very unstable and sensitive to the 

ionic strength of the solution (Hakansson and others, 2000). On the other hand, due to the increased 

hydrophobicity of the protein, this conformation is more prone to bind fatty acids, and is stabilized 

by the binding of specific fatty acids (Svensson and others , 2003). However, in forming HAMLET 

complexes, a certain order of events is necessary: firstly, the generation of partially unfolded 

protein, devoid of natural ligand and secondly, complexation with oleic acid, with consequent 

stabilization of the partially twisted ALA conformation (Fang and others, 2014).Partial unfolding 

of ALA, which occurs during the removal of Ca2+ ions that results in destabilization of domain 

composed of -plates, while the helical domain remains almost unchanged, does not confer 

cytotoxic nor apoptotic activity, but the formation of HAMLET complex solely (Svensson and 

others, 2003). Cytotoxic/anticancer activity of the HAMLET/BAMLET (Bovine Alpha-

lactalbumin Made Lethal to Tumor cells) complex, between the -helical domain of ALA and 

oleic acid is largely independent of domain composed of -plates, C-terminus of human ALA 

(Mercer and others, 2011) and of conformational change caused by Ca2+ ion binding (Knyazeva 

and others, 2008; Svensson and others, 2003). Beside human and bovine ALA, it has been shown 

that horse, goat, camel and porcine ALA also show the ability to form complexes with oleic acid 

and activity similar to the HAMLET complex (Brinkmann and others, 2011).  
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2.2.2. β-lactoglobulin (BLG) 

BLG is the most represented protein in bovine whey, accounting for about 10% of the total 

milk proteins and approximately 50% of total whey proteins, while it is not present in human milk 

(Monaci and others, 2006). It is an 18.4 kDa protein consisting of 162 amino acids. This protein 

possesses excellent technological properties due to its ease of gel formation and emulsifying and 

foaming properties, which justifies its use in various food industries (Saufi & Fee, 2009). 

Moreover, due to its high cysteine content, BLG is considered to be a protein of a high nutritional 

value (de Wit, 1998).  

 

2.2.2.1. Structure and function of BLG 

BLG is a retinol-binding protein belonging to the lipocalin superfamily. It binds various 

molecules such as cholesterol, vitamin D2, saturated and unsaturated fatty acids, Cu2 + and Fe2 + 

ions, hydrophobic ligands such as retinol and has antioxidant activity. It is in the form of a dimer 

of 36 kDa with two main isoforms, A and B, which differ in two point mutations. In addition to 

the two disulfide bridges, it has one free sulfhydryl group which is responsible for the sulfhydryl 

disulfide interaction with κ-casein during heat treatment over 75 °C. BLG is relatively resistant to 

acid hydrolysis and the action of proteases. These characteristics allow it to partially preserve its 

structure after digestion, absorption through the intestinal mucosa and presentation to the cells of 

the immune system, which gives this protein a high allergenic potential (Hochwallner and others , 

2014; Wal, 1998, 2001; Miciński and others, 2013). It has a large number of conformational and 

linear epitopes and up to 76% of allergic patients recognize BLG (Fiocchi and others, 2010). 

 

2.2.2.2. Interactions of BLG with EGCG 

Several reports characterized binding of EGCG to BLG. The research group of Keppler and others  

investigated influence of mathematical models and correction factors on EGCG binding to BLG 

measured with fluorescence quenching (FQ) (Keppler and others, 2014), differences in EGCG 

binding among BLG genetic variants A, B (Keppler and others, 2014) and differences in binding 

of EGCG to BLG heterodimers (AB) compared to homodimers (A) and (B) (Keppler and others, 

2015). Lestringant and others (2014) have studied the effect of processing on physicochemical 

characteristics of BLG-EGCG complexes. Preservation of EGCG antioxidant properties loaded in 
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heat treated BLG nanoparticles was demonstrated (Li and others, 2012). The research group of 

Shpigelman and others investigated thermally-induced BLG-EGCG nano co-assemblies as 

protective nanovehicles for EGCG (Shpigelman and others, 2010), including their loading, 

stability, sensory and digestive release (Shpigelman and others, 2012).  

 

2.3. Approaches for studying the interaction of ligands and proteins 

There are several methods to demonstrate polyphenol-protein binding interaction, including 

equilibrium dialysis, pH-metric and spectrophotometric methods, affinity chromatography, 

surface plasma resonance, nuclear magnetic resonance, X-ray crystallographic analysis, and 

computational molecular docking analysis. This section is focused on methods used within this 

thesis. 

 

2.3.1. Fluorescence spectroscopy and fluorophore quenching  

Molecules that contain fluorophores are able to absorb a photon, go into an excited state, after 

which they emit energy when returning to the ground state. The wavelength at which the emission 

occurs is longer than that at which the fluorophores are excited. In the case of fluorophore proteins, 

the amino acid residues are Phe, Tyr and Trp, but in practice the fluorescence of the last two is 

monitored because Phe emits lower energy photons. At a wavelength of 280 nm both Tyr and Trp 

are excited, while at 295 nm this is the case only with Trp. Tryptophan, which absorbs at longer 

wavelengths and has a higher extinction coefficient, contributes the most to the emission spectra 

of proteins. Tryptophan fluorescence is sensitive to changes in the immediate environment 

(polarity), and based on emission spectra, it is possible to monitor conformational changes, subunit 

coupling, substrate/ligand binding or denaturation. The emission maximum of Trp located in the 

hydrophobic medium (e.g. in the center of the protein) is at a lower wavelength, compared to the 

Trp in contact with the solvent (e.g. on the surface of the protein) (Figure 7) (Lakowicz and others, 

1999). 
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Figure 7. Influence of polarity of Trp environment on fluorescent protein emission: apoazurin Pfl 

(1), ribonuclease T1 (2), staphylococcal nuclease (3) and glucagon (4). Protein models are shown 

in blue, while Trp is shown in red. Adapted and taken from (Lakowicz and others, 1999). 

 

FQ is a process in which the interaction between fluorescent molecules leads to a decrease in 

the emission intensity. There are two general extinguishing mechanisms: (i) dynamic (collision) 

and (ii) static (complex formation). In dynamic quenching, the quenching molecule diffuses to the 

excited fluorophore, and when it interacts, it returns to its ground state without emitting energy. 

Dynamic quenching must take place within the time during which the fluorophore is excited, i.e. 

during the half-life of fluorescence (τ0) and this process is time-dependent. In the static 

mechanism, a complex is formed between the fluorophore and the ligand in the unexcited state. 

When the complex absorbs energy, it returns to the ground state without photon emission. Since 

in both cases contact between the fluorophore and the attenuator must occur in order for the 

fluorescence to be quenched, this method can be applied to study the interactions between proteins 

(fluorophore carriers) and biologically active polyphenolic compounds (Albani, 2004). 

In order to characterize the binding between proteins and polyphenols based on FQ 

experiments, 4 mathematical models described in the extension were applied.  

The first model explained is Stern-Volmer model (SV) (Liang and others, 2008). The Stern-

Volmer model is depicted by the following equation 1: 

 

𝐹0

𝐹
= 1 +  𝐾𝑆𝑉 × [𝑄]             (1) 
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Wherein F0 and F represent the fluorescence intensity before quencher addition and after the 

quencher addition, respectively; Ksv is the Stern–Volmer quenching constant and [Q] is the 

concentration of the quencher/inhibitor. 

This mathematical model can be applied in the case of static and dynamic quenching 

mechanism. In the dynamic mechanism, Ksv represents the dissociation constant, while in the 

static model, it represents constant of association. If the regression analysis according to the SV 

model is of the linear type, it is possible to determine the FQ constant kq according to the equation 

2: 

 

𝐾𝑆𝑉  =  𝑘𝑞 × 𝜏0 (Lakowicz and others, 1999)    (2) 

 

Where τ0 is the known value of the fluorescence half-life of the tryptophan residue (Trp) within 

the biopolymer, when no fluorescence-suppressing agent is present and is 10 ns (Lakowicz, 1999;  

Wang and others, 2013). With the known values of τ0 and Ksv, it is possible to calculate kq even 

if it is higher than the value for quenching fluorescence in water limited by diffusion (~1010 M-1 s-

1) (Gudgin and others, 1981) quenching takes place according to a static mechanism, i.e., with 

complex formation. 

If the quenching takes place with the formation of a complex, it is possible to apply Lehrer's, 

logarithmic and Langmuir's mathematical model in order to further characterize the binding site. 

Lehrer’s model (Keppler and others, 2014) 

Lehrer's model is shown by the equation 3: 

 

𝐹0

𝐹0 − 𝐹
=

1

[𝑄]×𝑓𝑎×𝐾𝑄
+

1

𝑓𝑎
       (3) 

 

From this equation (or the so-called modified SV equation), the quenching constant of the 

fluorophore (KQ) and the proportion of fluorophore available to the solvent (fa) can be calculated. 

Logarithmic model (Lakowicz and others, 1999) 

Logarithmic model is shown by the equation 4: 

𝑙𝑜𝑔 [
𝐹0− 𝐹

𝐹
] =  𝑙𝑜𝑔𝐾𝑎 +  𝑛 × 𝑙𝑜𝑔[𝑄]      (4) 
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In cases when it is a matter of static quenching of the fluorophore, it is possible to calculate 

the binding constant (Ka) - represents the slope of the line and the number of binding points of the 

quencher for protein (n) - the section of the line. 

Langmuir’s model (Keppler and others, 2014) 

Langmuir’s model is shown by the equation 5: 

𝐹0 −  𝐹 =  
(𝐹0−𝐹∞ )×[𝑄]

𝐾′𝑑+ [𝑄]
               (5) 

 

Based on the Langmuir’s isotherm, information can be obtained on the dissociation constant 

of the complex (K’d) and the maximum difference in the emission intensity (F0 – F∞). 

 

2.3.2 Isothermal titration micro calorimetry (ITC) 

ITC is a method that measures the heat energy released or absorbed as a result of protein-ligand 

interactions. The instrument consists of two cells - a reference and a titration cell in which the 

protein solution is located (Figure 8, left panel). Accurately measured aliquots of the ligand are 

added to the protein solution, and with each addition, the energy required to maintain the titration 

vessel temperature equal to the reference temperature is measured (Pierce and others, 1999). Based 

on the obtained data, a thermogram is constructed in which each peak represents the energy input 

by adding one aliquot of ligand (Figure 8, middle panel), while after integration a curve is obtained 

which represents dependence of energy per mole of ligand (kcal/mol), which is released or 

consumed during titration, on molar ratio of protein and ligand (Figure 8, right panel). 

Based on the thermogram after integration and change of energy per mole of ligand during the 

reaction, it can be concluded whether the reaction is enthalpically favorable or not. The binding 

affinity and the number of ligand binding sites on the protein are determined from the linear part 

of the curve. 

ITC is a useful method for characterizing protein-ligand interactions, since thermodynamic 

parameters, such as enthalpy and entropy change, can be obtained, in addition to information on 

affinity and stoichiometry. When a ligand binds to a protein, heat is either released or absorbed. 

Thanks to this, ITC is the only technique that measures the changes in heat caused by ligand 

binding, and thus provides detailed information on the thermodynamic parameters of the protein-
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ligand system. Therefore, the main advantage of calorimetry is its universality, i.e. it does not 

require the presence of chromophores or other markers. Also, by determining thermodynamic 

parameters, significant information is obtained that can be useful in the pharmaceutical industry, 

e.g. when designing new drugs (Williams & Daviter, 2013). 

 

 

 

Figure 8. Schematic representation of a micro calorimeter for ITC and an example of a 

thermogram constructed on the basis of raw and post-integration data. Adapted and downloaded 

from URL: http://www.biopharminternational.com/using-microcalorimetry-accelerate-drug-

development. 

 

As the name suggests, in the ITC experiment, the protein solution is titrated with a ligand 

solution, although the opposite variant is feasible. The change in heat obtained by injecting the 

sample is proportional to the area below the peak on the thermogram. At the beginning of the 

titration, the heat change is the largest, and at the end, due to the saturation of the protein with the 

ligand, the signal intensity is at the level of the baseline. Drawing the dependence of heat change 

for each ligand addition on protein / ligand molar ratio yields a binding curve, based on which the 

binding constant, number of binding sites, as well as enthalpy change can be determined (Williams 

& Daviter, 2013). 

 

http://www.biopharminternational.com/using-microcalorimetry-accelerate-drug-development
http://www.biopharminternational.com/using-microcalorimetry-accelerate-drug-development
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2.3.3. Methods for investigation of protein structural changes upon 

polyphenol binding 
 

2.3.3.1. Circular dichroism (CD) spectroscopy 

CD spectroscopy is a method by which the configuration of molecules can be determined based 

on differences in the absorption of left and right circularly polarized light by optically active 

molecules. CD spectrometers measure this difference in the absorption, which is often expressed 

as ellipticity (θ). CD spectra recorded in the near UV range (260 - 300 nm) originate from Trp, Tyr 

and Phe signals, on which basis, the changes in the tertiary structure of proteins can be monitored 

(Miles, Whitmore and others, 2005). Estimation of secondary structures in proteins is usually 

obtained based on CD spectra recorded in the far UV region (260 - 170 nm). The presence of a 

minimum at 222 and 208 nm and a maximum at 193 nm is common for the presence of α-helix. 

Proteins containing mostly β-sheets are characterized by spectra with a minimum ellipticity at 218 

nm and a maximum at 195 nm. Proteins with disordered structures have a low ellipticity at 210 

nm and a slight negative 195 nm. Examples of CD spectra in the far UV region are shown in Figure 

9. Changes in secondary structures that may occur due to the establishment of interactions between 

proteins and ligands are also reflected in CD spectra, and this method can be used to study 

interactions (Miles and others, 2005). 

 

Figure 9. CD spectra of proteins with mostly α-helixes (myoglobin, solid line), β-plates (lectin 

from the lens, ------) and disordered structures (Micro Exon Gene 14 (MEG-14)), _ _ _). Adapted 

and taken from (Miles and others, 2005). 
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2.3.3.2. Fourier transform infrared spectroscopy of proteins 

Even though X-ray crystallography and NMR spectroscopy prove to be techniques delivering 

the highest and deepest level of detail about a protein’s structure, there are numerous instances 

where they are not applicable. Although Fourier transform infrared (FTIR) spectroscopy, may not 

provide so high level of structural detail, it can be applied more readily and easily to advance our 

understanding of protein’s structure and function. 

In contrast to X-ray crystallography and NMR spectroscopy, shedding the light on protein 

tertiary structure, FTIR spectroscopy provides information about the secondary structure of 

proteins. FTIR spectroscopy works by emitting infrared rays on a protein sample and seeing which 

wavelengths of radiation in the infrared region of the spectrum are absorbed. Each molecule has a 

specific set of absorption bands in its infrared spectrum. Characteristic bands found in the infrared 

spectra of proteins and polypeptides include the Amide I and Amide II, arising from the amide 

bonds that link the amino acids. The absorption associated with the Amide I band leads to 

stretching vibrations of the C=O bond of the amide, while absorption associated with the Amide 

II band leads primarily to bending vibrations of the N—H bond within the amide formation (Figure 

10). Both, the C=O and the N—H bonds are involved in the hydrogen bonding between the 

different elements of secondary structure, positions and localizations of both the Amide I and 

Amide II bands are sensitive to the secondary structure of a protein.  

 

Figure 10. Schemes of Amide I and Amide II stretching vibrations causing specific absorption 

pattern. Adapted from (Byler & Susi, 1986). 

Research with proteins of known structure have been conducted to systematically correlate 

the shape of the Amide I band to secondary structure protein content (Byler and others, 1986). 
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2.3.4  Binding simulation methods and structural modeling of protein-ligand 

complexes 

By means of binding simulation methods and structural modeling, it is possible to obtain an 

estimate of the potential conformations of the protein-ligand complex, as well as the binding 

energy of the ligand to the protein, using computer algorithms. This is achieved by using available 

models of ligands and proteins obtained by crystallography or nuclear magnetic resonance. The 

first step is the analysis of available models, assessment of flexibility within molecular bonds, 

orientation and mobility of secondary structures, protonation in the predicted solvent system. 

Calculations of quantum-chemical nature determine the geometry of the ligand and the vibrational 

parameters of the force field, which are necessary for the calculation of the energy released or 

bound during the establishment of protein-ligand interactions. After these calculations, the 

structural modeling of the protein-ligand complex is approached with the analysis of the ligand 

binding site on the protein, selection of the energetically and structurally most favorable site and 

examination of the interactions that are established during complex formation (Taylor and others, 

2002). 
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3. Aims and tasks 

 

Although ALA is one of most important milk proteins, only several studies described the 

interactions of phenolics with ALA, and before this thesis there was no study presenting 

noncovalent interactions of EGCG with and ALA. In addition, there were also no studies 

describing noncovalent interactions of polyphenols with ALA in its calcium depleted form. 

Moreover, in general, there is no report on stabilization of metal binding protein structure in its 

apo form, upon its binding to polyphenol.   

The aim of this thesis was to study noncovalent interactions of EGCG with ALA in its holo 

and apo form, and to investigate effect of EGCG binding on its structure, stability and 

conformation dynamics. Beside, in order to make comparison with another whey protein, BLG, 

noncovalent interactions of EGCG with BLG and BLG glycated in Maillard reaction were also 

investigated.   

Therefore, in this thesis, the methods of electrophoreses, fluorescence spectroscopy, CD 

spectroscopy, ITC, FTIR spectroscopy and molecular docking were applied to study the 

interactions between EGCG and ALA and BLG.  

To achieve above set goals, dozens of research tasks and subtasks had to be executed: 

1. Preparation of whey from milk and purification of ALA and BLG 

2. Preparation of apo ALA form and glycated BLG  and their characterization 

3. Investigation of EGCG binding to ALA by fluorescent spectroscopy and ITC  

4. Monitoring of the influence of EGCG binding on ALA secondary structure by CD 

spectrometry and FTIR  

5. Molecular docking analysis of ALA-EGCG complexes 

6. Investigation of EGCG binding to apo and holo ALA on different temperatures and pH by 

fluorescent spectroscopy 

7. Monitoring of influence of EGCG binding on structure of apo in native and molten globule 

conformation by CD spectrometry  

8. Investigation of conformational stability of holo and apo ALA in complex with EGCG by 

fluorescent spectroscopy 
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9. Examination of the effects of EGCG binding on digestibility of apo ALA  

10. Investigation of EGCG binding to BLG and glycated BLG by fluorescent spectroscopy  

11. Monitoring of influence of EGCG binding on BLG and glycated BLG secondary structure by 

CD spectrometry and FTIR  

12. Investigation of antioxidant activity of BLG and glycated BLG in complex with EGCG 

13. Comparison of binding parameters and structural changes of ALA and BLG upon their binding 

to EGCG 
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4. Experimental part 

 

4.1. Chemicals 

2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS), D-lactose, nitroblue 

tetrazolium (NBT), NADH, phenazine methosulfate (PMS), β-mercaptoethanol, bicinchoninic 

acid (BCA), BSA, sodium dodecyl sulfate (SDS), o-phthalaldehyde (OPA), trichloroacetic acid 

(TCA), Coomassie Brilliant Blue (CBB) R-250 and CBB G-250  were from Sigma-Aldrich 

(Traufunken, Germany). BSA, (-)-Epigallocatechin-3-gallate (EGCG), glycine, EDTA, and CaCl2 

were supplied by Sigma-Aldrich (St. Louis, MO, USA). Deionized, ultrapure water obtained from 

the Smart2Pure Barnstead system (GE Healthcare, USA) was used in all experiments.  

 

4.2. Isolation and preparation of major whey proteins 

4.2.1. Preparation of cow's milk whey 

Whey proteins were isolated from raw, physically and thermally untreated, cow's milk 

purchased from a local dairy. Cow's milk was defatted by centrifugation for 10 min at 4000 g at 4 

°C. Caseins were precipitated by dropwise addition of 1 M HCl to pH 4.6 and separated by 

centrifugation (10 min at 12000 g). The resulting whey was further defatted by extracting lipids 

with tetrachloroethylene (3 times with 0.4 volumes of tetrachloroethylene each). The whey was 

collected and dialyzed against 20 mM Tris buffer (pH 7.5) or 10 mM sodium phosphate buffer, 

pH 8.0. One aliquot of whey was further concentrated by ultrafiltration (cut off 10 kDa) to about 

100 mg/mL of proteins. The concentration of whey proteins was determined by measuring the 

absorbance at 280 nm (Section 4.3.3.), using the theoretically calculated, average extinction 

coefficient for whey proteins, ε = 1.274 mL/mg. This value was obtained, taking into account their 

relative molar shares in whey, therefore, this is weighted average extinction coefficient. 

 

4.2.2. Purification and preparation of bovine BLG 

BLG was purified by anion exchange chromatography. A 2.5 cm × 20 cm column was packed 

with a weak anion exchanger, DEAE Sephadex A-50 (GE Healthcare, Uppsala, Sweden) and 
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equilibrated with 20 mM Tris buffer pH 7.5. Whey proteins, dialyzed against 20 mM Tris buffer 

(pH 7.5), were applied to the column at a flow rate of 1 mL/min, and those that were not bound to 

column, were washed with equilibration buffer (unbound fraction). Bound proteins were eluted 

with a step gradient of sodium chloride in equilibration buffer, in the range of 40 to 280 mM NaCl. 

For the each elution step, 100 mL of eluent was passed through the column, and the salt 

concentration was increased by 40 mM. Fractions of 15 mL were collected and analyzed 

electrophoretically for the presence of BLG. Fractions with purified BLG were collected, pooled 

and dialyzed against 50 mM sodium phosphate buffer pH 8.0 and concentrated by ultrafiltration 

(cut off 10 kDa).  

The purity of BLG was estimated based on SDS-PAGE densitometry using Quant TL version 

8.1 software. Protein concentration was determined by BCA method (Section 4.3.2). 

 

4.2.2.1. Glycation of bovine BLG in Maillard's reaction  

“β-lactoglobulin was glycated with lactose in solution (20 mg/ml BLG, 1 M lactose in 50 mM 

phosphate buffer pH 8.0) by heat treatment at 60 ºC during 10 days. To remove unreacted lactose 

and small reaction products dialysis was performed against 20 mM phosphate buffer pH 7.2.” 

(Perusko and others, 2017) 

A heat-treated sample of BLG, as a heat treatment control, was prepared under the same 

conditions but in the absence of lactose. Untreated, native BLG served as a basic control and was 

stored at -20 °C during treatment. Glycated BLG was characterized by SDS-PAGE, fluorimetry 

and FT-IR analyses as described in the following sections. The protein concentration was 

determined by absorption at 280 nm, and for the monomeric BLG in water, a molar extinction 

coefficient ɛ of 17,600 M−1 cm−1 at 280 nm, was used. 

 

 4.2.3.  Purification and preparation of bovine ALA 

ALA was separated from BLG by in the first step by gel filtration and in the second step by 

ion-exchange chromatography, as described in previous study of Neyestani and others (2003) and 

the study of our research group (Stanic and others, 2009), according to graphically presented 

strategy, depicted in Figure 11.  
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Figure 11.  Scheme of ALA isolation and purification based on protocol developed by 

Neyestani and coauthors (Neyestani and others, 2003). BLG – β-lactoglobulin, ALA – α-

lactalbumin, BSA – bovine serum albumin, GFC – gel filtration chromatography. 

 

However a small modification of the Neyestani and coauthors (Neyestani and others, 2003) 

was employed by removing the ammonium sulphate precipitation step, since it did not give a 

significant and improved purification. After collection of BLG fractions, obtained by anion 

exchange chromatography on DEAE Sephadex A-50 (Section 4.2.2.), the rest of fractions were 

pooled,  concentrated by ultrafiltration (cut off 3 kDa) and separated by high performance liquid 

chromatography on Superdex 200 XK 16/100 column with AKTA purifier 10 (GE Healthcare, 

USA). Gel filtration was done according to Stanic and others (2009), with modification where 

EDTA was omitted from equilibration and eluting buffer. The column was equilibrated and 

proteins were eluted with 50 mM Tris buffer pH 7.5, containing 0.2 M NaCl. Obtained fractions 

were analyzed by SDS-PAGE. ALA fractions, representing a holo ALA forms, were pooled and 

concentrated by ultrafiltration (cut off 3 kDa). Concentration of ALA was determined 

spectrophotometrically at 280 nm, using the molar extinction coefficient (ε) of 28,540 1/M cm. 

 

4.2.3.1 Preparation of apo ALA  

“HoloALA was purified from raw bovine milk and separated from β-lactoglobulin (BLG) by 

a combination of gel filtration and ion-exchange chromatography, as described previously (Al-
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Hanish and others, 2016). Protein was subject to Ca2+-depletion by extensive dialysis in the 

presence of EDTA (50mM sodium phosphate buffer pH 7.2) in order to prepare apo-ALA.” 

(Radibratovic and others, 2019) Precisely, holo form of ALA with concentration of 1 mg/mL was 

dialyzed in the above mentioned buffer for 3 days with 5 times buffer exchange. After that, dialysis 

in 20 mM Tris buffer solely, continued for additional 2 days with 4 buffer exchange. In the same 

time, e.g. in parallel, holo ALA was dialyzed in the same buffer but without 100 mM EDTA. Both 

ALA forms, a holo containing Ca 2+ ions and apo form, which is deprived of ions, gave a single 

band when assessed by reductive SDS-PAGE analysis. For ICP-OES and CD spectroscopic 

measurements, both ALA forms were concentrated by ultrafiltration to 1.8 mg/mL and 1.6 mg/mL, 

respectively. 

 

4.3. Protein concentration determinations and electrophoretic 

analyses 

 

4.3.1 Bradford's colorimetric test for protein concentration measurement  

This method is based on shifting of the maximum absorbance of Coomassie Brilliant Blue 

from 470 nm to 595 nm depending on whether the dye is free in solution, or bound to the protein 

(Bradford, 1976). The method is fast, cheap, specific for proteins (dye does not bind free amino 

acids and short peptide fragments) and very sensitive. The disadvantages of this method are that 

the standard curves are not linear in a wider range of concentrations, and the response to different 

proteins varies. 

The tests were performed in microtitre plates (F type), and the absorbance was read by an 

ELISA reader (LKB Micro plate reader 5060-006), using a 595 nm wavelength filter. Dye solution 

formulation is following: 200 mL volume comprised of CBB G-250 100 mg, 50 mL of 95% 

ethanol, 100 mL of 96 % phosphoric acid and deionized water up to 200 mL. The dye was 

dissolved in ethanol with magnetic stirring, then acid and water were added to the required volume. 

Before use, the dye solution was filtered through ordinary double sided filter paper. For the macro 

test 5 μL, and for the micro test 20 μL of the sample was added to 200 μL of the dye solution. The 

absorbance was read after 5 minutes due to precipitation of the dye that happens after initial 10 

minutes of mixture combination. Values for protein concentration were calculated from the 
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equation of the fitted line: Absorbance = f (protein concentration (mg/mL)), obtained by linear 

regression analysis. 

4.3.2. Bicinchoninic acid (BCA) colorimetric test for protein concentration 

determination 

The BCA protein assay combines the reduction of Cu2+ to Cu1+ ions, in the presence of a 

protein in an alkaline medium, with the very sensitive and specific colorimetric detection of Cu1+ 

cations in the presence of BCA.  

Reagent A comprised of 1 g BCA, 2 g Na2CO3, 0.16 g Na-tartrate, 0.4 g NaOH, 0.95 g  

NaHCO3, fill  up to 100 mL with deionized H2O. Reagent B consisted of 0.4 g CuSO4 x 5H2O and 

fill up to 10 mL with deionized water. Working reagent is made up with mixing 50 volumes of 

reagent A with 1 volumes of reagent B. Further, if working in microtiter plates, 10 L of sample 

is mixed with 200 L of working reagent and incubated for 30 minutes at 60℃, so as to promote 

more quantitative aspect of BCA testing, compared to room temperature (RT) incubation during 2 

h. Upon cooling the samples, the absorbance was read at 562 nm. For standard curve preparation, 

BSA solutions were used as already explained in the previous section.  

 

4.3.3. UV spectroscopic protein concentration determinations 

UV spectroscopic measurement of protein concentration was done with Nano Drop 2000c 

spectrophotometer (ThermoFisher Scientific, USA), and after initial UV/Vis scan, all 

measurements of BSA, BLG, ALA and whey protein solutions were done on 280 nm. Protein 

concentration was calculated based on Beer-Lambert law using extinction coefficient for proteins 

under native conditions. Extinction coefficient (ε) was calculated from the equation 6, proposed 

by Pace and others (1995): 

ε (mL mg−1 cm−1) = (5500nW + 1490nY + 125nC)/M    (6)  

where nW, nY and nC are the numbers of Trp, Tyr and Cys respectively per polypeptide chain and 

M is the molecular mass (Da).  

 

4.3.4. Electrophoretic analyses  

Electrophoresis was performed on a Hoefer SE600 electrophoretic unit (GE Healthcare, USA). 

Cow whey proteins (20 µg of each sample) were separated on a 4 % concentrating and 14 % 
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separating polyacrylamide gel according to Laemmli (Laemmli, 1970). For SDS PAGE the 

samples were prepared under reducing (in the presence of β-mercaptoethanol) and non-reducing 

conditions. Proteins were electrophoretically separated at a constant voltage of 80 V through a 

concentrating gel and 220 V through a separating gel. CBB R-250 dye was used for visualization 

of protein bands. Pure ALA and BLG were applied at 5 μg of protein per well. 

Native electrophoresis was performed under non-denaturing conditions (without SDS) on a 4 

% concentrating and 14% separating polyacrylamide gel. Protein amount and electrophoresis 

conditions and gel staining were as already described. 

 

4.3.5. Densitometry protein concentration measurements with Image Quant 

TL ver. 8.1 

One dimensional SDS-PAG electrophoretic profiles of whey, BLG and ALA samples were 

scanned with a laser biomolecular image (Typhoon FLA 7000 series, GE Healthcare, USA) and 

the results were processed on Image 1D Quant TL 8.1 software (GE Healthcare, USA). In order to 

quantify the intensity of CBB colored protein bands, the method of pixel conversion by relative 

calibration with automatic bandwidth detection was chosen, with adjustment of other parameters 

as follows: signal peak slope of 75-125, noise level less than 5, minimum peak height less than 2% 

of the highest peak in the sample, and the background profile approach was used to subtract the 

background noise.  

Thermo Scientific ™ Pierce markers (8 µL, Thermo Fisher Scientific Inc.), consisting of a 

mixture of seven native proteins (14.4 kDa to 116 kDa, with a concentration of 1 mg /mL) were 

used to normalize the protein sample volume in each individual strip (peak) in the collective mode 

taking into account the sum of all seven volumes of markers whose total amount is 8 µg (volume 

= area x pixel intensity). Figure 12 gives a representative example of the entire process of 

digitization (pixelization) and quantification of bands in electrophoretic profile. The cubic model 

of the calibration curve was chosen as the best model for fitting the molecular weights of the 

markers used, with the obtained Rf values. 
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Figure 12. Representation of densitometry protein concentration determination approach by 

normalizing volume of target protein against cumulative volume of protein mass markers.  

 

4.4 Inductively coupled plasma-optical emission spectrometry 

(ICP-OES) determination of Ca2+content in ALA 

4.4.1. Instrumentation 

The measurements of all Ca (Calcium) element in the sample of apo and holo ALA protein 

samples was carried out in a ICP-OES (Thermo Scientific, United Kingdom), model 6500 Duo, 
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equipped with a CID86 chip detector. Instrument operating conditions were as described in 

Dimitrijevic and others (2015).  

 

4.4.2. Reagents and sample preparation 

All chemicals were of analytical grade, purchased from Merck (Darmstadt, Germany). The 

glasswere and reagents were prepared as described  in Dimitrijevic and others (2015).  

Samples of holo and apo ALA with concentrations of 1,6 mg/mL and 1,8 mg/mL, respectively, 

were diluted 10 times. Volume of 1mL of each sample was prepared by digestion as described in 

Dimitrijevic and others (2015).  

 

4.5 Fluorescent spectroscopy 

In all experiments requiring fluorescent spectroscopy, spectra were acquired on FluoroMax®-

4 spectrofluorometer (HORIBA Scientific, Japan) under thermostated conditions, while the 

excitation and emission slit widths were adjusted on 5 nm. 

 

4.5.1. Fluorescence quenching analysis of EGCG binding to ALA  

“Experiments were carried out at +25°C in a 3.5 ml quartz cuvette. ALA solution (25µg ml-1 

dissolved in 50 mM sodium phosphate buffer pH 7.2) was titrated with 11 x 1 μL and 4 x 1,25 μL 

of EGCG (2.5 mg mL-1). After the addition of each aliquot fluorescent spectrum was immediately 

recorded with excitation wavelength: 280 nm and emission wavelength: 290-500 nm. Between 

each measurement, the cell was washed three times with deionized water and a blank was made 

for each polyphenol concentration. The blank spectrum was automatically subtracted from the 

emission spectrum of the corresponding solution. All experiments were performed in triplicate and 

the averaged data obtained from the binding studies were used for the calculations of the binding 

parameters. Binding parameters were expressed as mean value of three experiments and standard 

deviation of measurements was shown.” (Al-Hanish and others, 2016).  

FQ was analysed as described by Stern-Volmer equation (Eq. 1, Section 2.3.1.) (Liang and others, 

2008). “The Stern-Volmer constant Ksv can be interpreted as the binding constant of the complex 

formation, assuming the observed changes in fluorescence come from the interaction between 

EGCG and protein (Hasni and others, 2011). The Stern-Volmer plots obtained here were linear. 
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Thus, the fluorescence quenching rate constant (kq) can be calculated if fluorescence lifetime of 

fluorophore without a quencher is known” (Perusko and others, 2017), using Eq. 2 (Section, 

2.3.1.).  The FQ constant (KQ) and the fraction of fluorophore accessible to solvent (fa) was 

calculated according to Lehrer equation (Eq. 3, Section 2.3.1.) (Keppler and others, 2014). For the 

static quenching, the binding constant Ka and a number of binding sites were calculated according 

to a double-logarithmic equation (Eq. 4, Section 2.3.1.) Fluorescence titration data were also 

interpreted using Langmoir’s isotherm (Eq. 5, Section 2.3.1.) (Keppler and others, 2014):  

The average values were used for calculation of binding constants. Statistical analysis was done in 

Excel. 

  

4.5.2. Fluorescence quenching analysis of EGCG binding to apo- and holo-

ALA at different pH and temperatures 

“Binding of EGCG to ALA was studied by the fluorescence quenching approach using the 

intrinsic fluorescence of ALA as a probe. The steadystate fluorescence spectra were measured at 

6 and 37 °C, while the following buffers were used: 0.1M HCl (containing 34mM NaCl) pH 1.2, 

0.1M glycine-HCl pH 2.5 and 50mM phosphate buffer pH 7.2. All buffers contained 1mM EDTA. 

Protein concentration was constant (1 μM), while the EGCG concentrations varied from 0 to 20 

μM. The excitation wavelength was set at 280 nm and the emission spectra were read from 290 to 

450 nm. The appropriate blanks corresponding to the various EGCG concentrations (free EGCG 

in buffer) were subtracted to correct background of fluorescence.” (Radibratovic and others, 2019) 

“Instead of using double logarithmic Stern-Volmer equation, where added ligand 

concentration is approximated as the free ligand concentration (Lfree≈Ladded), for estimation of 

the association constant (Ka) for EGCG binding to ALA more accurately, equation 7: 

            (7) 

was used (Bi and others, 2004), where fraction of ligand bound to protein was taken into account. 

[ALA] and [EGCG] are total concentration of protein (apoALA or holoALA) and EGCG, 

respectively, and Ka is the binding constant. F0 and F (at 335 for the measurements at pH 7.2 and 

at 345 nm for the measurements at pH 2.5 and 1.2) represent fluorescence of protein in the absence 
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and in the presence of ligand, respectively. All binding experiments were performed in the 

presence of EDTA to prevent changes in the fluorescence intensity due to trace amounts of ions 

present in buffers and EGCG solution. Determination of binding constants of EGCG to holo-ALA 

was the same as described above, except that buffers contained 1mM Ca2+, instead of 1mM 

EDTA.” (Radibratovic and others, 2019) 

 

4.5.3. Melting point determination of apo- and holo-ALA in presence of 

EGCG 

“Thermal denaturation of 2.5 μM apoALA in presence and absence of 50 μM EGCG was 

performed in 50mM sodium phosphate buffer pH 7.2, containing 1mM EDTA, at the temperature 

range 10–60 °C, with temperature increasing rate 0.6 °C/min. Fluorescence spectra were measured 

between 315 and 365 nm with excitation at 280 nm. Spectra of free EGCG (50 μM) and buffer 

were subtracted from spectra of apoALAEGCG complex free apo-ALA, respectively. Obtained 

spectra were smoothed using adjacent-averaging method with 10 points of window in OriginPro 8 

software. The results were expressed as dependence of the emission maximum on temperature. 

Obtained curves were fitted with a sigmoidal function. The inflection point in the plot was taken 

as melting temperature (Tm) of apoALA. The melting temperature was also determined after the 

first derivative analysis of the emission maximum dependence on temperature. The procedure for 

holoALA melting was the same as described above, except that denaturation was performed in the 

presence of 1mM Ca2+, instead of 1mM EDTA, while the temperature range was set to 30–75 

°C.” (Radibratovic and others, 2019)  

 

4.5.4. Characterization of glycated BLG by fluorescent spectroscopy 

The fluorescence of glycated BLG by lactose in Maillard reaction was measured at an excitation 

wavelength of 350 nm, with BLG at concentration of 0.5 mg/mL in 10 mM potassium phosphate 

buffer (pH 8). 
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4.5.5. Fluorescence quenching analysis of EGCG binding to BLG and glycated 

BLG 

“Experiments were carried out at room temperature in a 3.5 ml quartz cuvette. Samples were 

prepared in 20 mM phosphate buffer, pH 7.2 – BLG as 25 mg/ml, and LacBLG as 75 mg/ml. 

Protein concentrations were chosen as to obtain similar fluorescence intensity of in both cases (~2 

× 106 CPS). To 2.5 ml of each protein solution 8x2 ml aliquots of EGCG (2.5 mg/ml) were added. 

After the addition of each aliquot fluorescent spectrum was immediately recorded under the 

conditions: ʎ excitation 280 nm, ʎ emission 290–500 nm. Because some polyphenols possess 

intrinsic fluorescence, a blank was made for each polyphenol concentration, in which protein 

solution was replaced with phosphate buffer, as described previously (Soares and others, 2007). 

Blank spectrum was subtracted from the emission spectrum of the corresponding protein:EGCG 

solution. All experiments were performed in triplicate and averaged data obtained from the binding 

studies were used for the calculations of the binding parameters.” (Perusko and others, 2017) 

The Stern-Volmer plots obtained here were linear, therefore allowing the calculation of the 

FQ rate constant (kq) using Eq. 2 (Section, 2.3.1). “Diffusion-limited quenching in water has a 

maximum value of 1010 M-1 s-1 (Soares and others, 2007). While 𝜏0 of the BLG Trp residues at 

neutral pH is 1.28 ns at λex 280 nm (Soares and others, 2007).” (Perusko and others, 2017)  

For the static quenching, double-logarithmic equation was used (Eq. 4, Section 2.3.1.).  

 

4.6. Circular dichroism (CD) and secondary structure calculation 

CD spectra were recorded on a JASCO J-815 spectropolarimeter (JASCO, Tokyo, Japan) 

previously calibrated with a solution of ammonium-D-10-camphorsulfonate concentration of 0.6 

g/L, with known ellipticity of +190.4 mdeg at 290.5 nm.  

“Far UV CD spectra were recorded in 185–260 nm wavelength range a 0.01 cm path length 

quartz cell, and near UV spectra were recorded in 260–320 nm range using 1 cm length cell. 

Obtained spectra were the averages of three accumulated scans with subtraction of the baseline. 

The reported spectra are the average of at least two experimental results obtained independently. 

Percentage of secondary structure motifs was calculated from the CD spectra using the CONTIN 

algorithm available in the CDPro software package by referencing to SP29 protein set (29 soluble 

proteins with known secondary structures).” (Radibratovic and others, 2019) 
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The recording interval was 0.1 nm, at a speed of 50 nm/minute. The buffer reference spectrum 

was subtracted from the obtained spectra. The results are shown as molar ellipticity per amino acid 

residue. 

ALA samples were prepared in 10 mM sodium phosphate buffer pH 7.2, where ALA 

concentration was 70 μM (1 mg/ml), while EGCG concentration was 35, 70 and 700 μM. The 

spectra of BLG and Lac:BLG, at concentration of 1.00 mg/ml in 20 mM PBS buffer (pH 7.2), with 

or without EGCG in 1:1 and 1:10 molar ratio, were recorded at a constant temperature of 25 °C. 

For experiments with apo and holo ALA with EGCG at different pH, protein concentration 

was 70 μM, while EGCG concentration was 140 μM, and 50 mM sodium phosphate pH 7.2, 

100mM glycine buffer pH 2.5 and 100mM HCl (containing 34 mM NaCl), pH 1.2 were used for 

sample preparation.  

For experiments with BLG and Lac:BLG, CD spectra of both proteins, at concentration of 

1.00 mg/ml in 20 mM PBS buffer (pH 7.2), with or without EGCG in 1:1 and 1:10 molar ratio, 

were recorded at 25 °C. 

 “Induced CD spectra for apo ALA-EGCG samples were obtained using equation 8: 

Induced CDALA−EGCG = CDALA−EGCG − (CDALA + CDEGCG)   (8)  

where CDALA−EGCG is the spectra of the apo ALA−EGCG sample, while CDALA and CDEGCG 

represent the spectra of samples containing only apo ALA and EGCG, respectively.” (Radibratovic 

and others, 2019) 

 

4.7 Isothermal titration micro calorimetry (ITC) determination 

of binding of EGCG to ALA 

“ITC measurements were taken on MicroCal iTC200 (GE Lifesciences, USA). ALA was 

prepared as 30 mM solution in 20 mM phosphate, pH 7.2. Protein solution was placed in a 1.4 mL 

calorimeter sample cell and EGCG solution (370 mM) was loaded into the injection syringe. 

Protein was titrated by EGCG in a sequence of twenty 10 mL aliquots, with time delay of 1 min, 

between each injection to allow equilibration. The content of the sample cell were constantly 

stirred at 100 rpm. Raw data, obtained as a plot of heat (mcal/sec) against time (min), were 

integrated to obtain a plot of observed enthalpy change per mole of injectant (DHobs, kcal mol1) 

against molar ratio. As a control, buffer was titrated by 370 mM EGCG. Corrected data refer to 
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experimental data after subtraction of the EGCG into buffer control data. ITC data were analyzed 

using the MicroCal ITC data analysis program.” (Al-Hanish and others, 2016) 

 

4.8 FT-IR spectroscopy measurements 

For EGCG binding to ALA “FT-IR data were obtained on an Agilent Cary 630 FT-IR 

spectrometer (Agilent, USA) equipped with a Germanium attenuated total reflection (ATR) 

accessory, deuterated triglycine sulfate (DTGS) detector and a KBr beam splitter. Spectra were 

collected via the ATR method with a resolution of 4 cm-1 and 128 scans. The infrared spectra of 

α-lactalbumin (50 μM in 50 mM sodium phosphate buffer pH 7.2) and the α-lactalbumin - ligand 

complex (the molar ratios of EGCG to α-Lactoalbumin were 0.5:1, 1:1 and 10:1) were obtained in 

the featured region of 4000–400 cm-1. Corresponding absorbance contribution of buffer and free 

ligand solution were recorded and subtracted to get the FT-IR spectra of protein and of 

protein−EGCG complexes, respectively. The subtraction was performed in order to obtain baseline 

in the region between 2000 and 1750 cm-1 (Dong and others , 1990) The protein secondary 

structure composition was determined from the shape of the amide I band, located around 1650-

1660 cm-1. Fourier self-deconvolution and secondary derivative were applied to the range of 1700-

1600 cm-1 to estimate the number, position, and areas of component bands. The peaks 

corresponding to β-sheet (1610-1637 cm-1), random coil (1638-1648 cm-1), α-helix (1649-1660 

cm-1), β-turn (1660-1680 cm-1), and β-antiparallel sheet (1680-1692 cm-1) were adjusted and the 

area was measured with the Gaussian function (Cheng and others, 2011). The area of individual 

band assigned to a given secondary structure was then divided by the total area. The curve-fitting 

process was carried out by Peak fit 4.12 software (SeaSolve software Inc., USA) to get the optimal 

Gaussian shaped curves that fit the original protein spectrum.” (Al-Hanish and others, 2016) 

For EGCG binding to BLG  “FTIR data were obtained on a Nicolet 6700 FTIR spectrometer 

(Thermo, USA) equipped with a Germanium attenuated total reflection (ATR) accessory, a 

thermoelectrically cooled deuterated triglycine sulfate (DTGS TEC) detector and a XT-KBr beam 

splitter. Spectra were collected via the ATR method with a resolution of 2 cm-1 and 64 scans. The 

infrared spectra of LacBLG (72 μM) and the LacBLG:EGCG complex (the molar ratios of 

LacBLG to EGCG were 1:1 and 1:10) were obtained in the featured region of 4000–400 cm-1. 

Same conditions were applied for recording spectra of BLG in presence and absence of EGCG 

with the same molar ratios. Corresponding absorbance contribution of buffer and free ligand 
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solution were recorded and subtracted to get the FTIR spectra of protein and of protein:EGCG 

complexes, respectively. The subtraction was performed in order to obtain baseline in the region 

between 2000 and 1750 cm-1 (Dong and others, 1990). The protein secondary structure 

composition was determine from the shape of the amide I band, located between 1600 and 1700 

cm-1. Fourier self-deconvolution and secondary derivative were applied to the range of 1700–1600 

cm-1 to estimate the number, position, and areas of component bands. The peaks corresponding to 

β-sheet (1613–1637 cm-1), random coil (1637– 1644.5 cm-1), α-helix (1644.5–1662 cm-1), β-turn 

(1662.5– 1682 cm-1), and β-antiparallel sheet (1682–1689 cm-1) (Goormaghtigh and others, 1990) 

were adjusted and the area was measured with the Gaussian function. The area of individual band 

assigned to a given secondary structure was then divided by the total area. The curve-fitting process 

was carried out by PeakFit 4.12 software (SeaSolve software Inc., USA) to get the optimal 

Gaussian-shaped curves that fit the original protein spectrum.” (Perusko and others, 2017) 

 

4.9 Antioxidant capacity testing 

 

4.9.1. Test of ABTS radical scavenging capacity  

“ABTS radical scavenging assay was performed according to Stojadinovic and others (2013), 

with minor modifications. 25 ml of BLG sample (1.00 mg/ml) was mixed with 125 ml of ABTS.+ 

solution with absorbance at 670 nm around 0.9, and allowed to react for 6 min. Absorbance was 

measured at ELISA reader with 670 nm filter. Masking effect (ME) of EGCG on antioxidant 

capacity of BLG was determined according to formula ME(EGCG) = AC(BLG) + AC(EGCG) - AC(BLG + 

EGCG).” (Perusko and others, 2017) 

 

4.9.2. Test of superoxide anion scavenging capacity 

“The capability of BLG or LacBLG to neutralize superoxide anion formed by the reduction 

of nitroblue tetrazolium (NBT) with NADH mediated by phenazine methosulfate (PMS) under 

aerobic conditions was conducted according to the method of Nishikimi and others (1972) with 

slight modifications. The mixture of 120 ml of BLG samples (2.00 mg/ml), 30 ml NADPH (2 

mM), 30 ml of NBT (0.5 mM), and 4 ml freshly prepared PMS (1.5 mM) was incubated for 10 
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min. Control probe was prepared by substituting BLG or LacBLG with 20 mM phosphate buffer 

pH 7.2. Absorbance was measured at 540 nm.” (Perusko and others, 2017) 

4.9.3  Test of total reducing power 

The total reducing power was determined according to the protocol published by (Chawla and 

others, 2009), with minor changes. To 200 µL of a BLG/LacBLG or their complexes with EGCG, 

at a concentration of 2 mg/mL (in 20 mM phosphate buffer pH 7.2), 200 µL of 0.2 M phosphate 

buffer pH 6.6 and 200 µL of 1% potassium ferric-cyanide were added. The mixture was incubated 

for 20 minutes at 50 °C. Proteins were precipitated with 200 µL of 10% TCA. After centrifugation 

at 10,000 g for 10 minutes, 700 μL of supernatant was separated, to which 150 μL of 0.1% iron 

(III) chloride was added. The absorbance at 700 nm was measured, the increase of which indicates 

an increase in the total reducing power. The control contained was 20 mM potassium phosphate 

buffer (pH 7.2) instead of BLG samples.  

 

4.10.    Docking analysis and structural modeling of ALA/EGCG 

complexes 
 

4.10.1 Protein structure selection and preparation 

“In the Protein Data Bank (PDB) two crystal structures of free holo-bovine α-lactalbumin were 

found; native (PDB ID 1F6S (Chrysina and others, 2000)) and recombinant (PDB ID 1HFZ (Pike 

and others, 1996)). To account for imperfections in the crystal structure, protein mobility and 

different conformations of the protein due to crystallization conditions, docking studies were 

conducted on both available crystal structures. Calcium ion and two water molecules coordinated 

to Ca2+ ion were kept in the final structure, while all other crystallographically found water 

molecules were removed. The protonation state of each titratable amino-acid in the protein was 

estimated using the finite difference Poissone Boltzmann (FDPB) continuum electrostatics method 

(Anandakrishnan and others, 2012) as implemented in H++ program. To remove possible steric 

clashes between amino-acids side chains, both ALA structures were optimized, with fixed 

backbone atoms, using the CHARMM program (version c35b1) with the CHARM22 protein force 

field (Brooks and others, 1983). Cascade optimizations of the structures were carried out in 2000 
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optimization steps (1000 steps with the steepestdescent algorithm, followed by 1000 steps with the 

NewtoneRaphson algorithm).” (Al-Hanish and others, 2016) 

 

4.10.2. Ligand structure preparation and docking study 

“In order to obtain the best possible ligand structure with accurate bond lengths and valence angles, 

the structure of EGCG was optimized with the quantum chemical MP2 method using a standard 

6-31G(p,d) basis set in the Gaussian03 program package (Frisch and others, 2004). Structures of 

protein and ligand were further subjected to the Auto Dock Tools program for docking preparation. 

All protein residues were kept rigid (rigid docking) and all ligand single bonds were set to be 

rotational. A cubic grid box with the dimensions 24 x 24 x 24 Å was used to accommodate the 

ligand to move freely during a docking run. In order to cover whole surface and volume of the 

protein a grid box was moved over the rectangular matrix containing protein with points 8 Å apart. 

Total of 150 docking runs were produced for every protein. The docking study was carried out 

with the Auto Dock Vina program (Trott & Olson, 2010).” (Al-Hanish and others, 2016) 

 

4.11 Pepsin and trypsin in vitro digestibility assays 

 

4.11.1. Pepsin in vitro digestibility assay 

In vitro pepsin digestion of 25 µM apo-ALA in absence or presence of EGCG (1:2 and 1:10 molar 

ratio) was performed in simulated gastric fluid – SGF (0.1 M HCl with 2 g/l NaCl, pH 2.5) at 37 

˚C. The final ratio of pepsin units to 1 mg of protein was 8. Digestion proceeded at 37 ˚C for 30 

minutes with continuous shaking. Aliquots of 100 µL were withdrawn from digestion mixture at 

5, 10, 15, 20 and 30 min after the start of digestion and added to 10 µL of 1M NaHCO3, followed 

by addition of 5X sample buffer. Digests were analyzed by SDS-PAGE. The zero time point 

sample, pepsin auto-proteolysis control sample (pepsin without protein) and protein stability 

control (apo-ALA without pepsin) were also prepared. 

 

4.11.2. Trypsin in vitro digestibility assay 

Trypsin digestion of 20 µM apo-ALA with or without EGCG was performed in 50 mM Tris, pH 

8. The final ratio of trypsin units to 1 mg of protein was 0.8. Digestion proceeded at 37 ºC for 2 
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hours with continuous shaking. Aliquots of 80 µL were withdrawn at 5, 15, 30, 60 and 120 min 

after the digestion start and were added to 20 µl of 5X reducing sample buffer. Samples were 

analyzed by SDS-PAGE following heating at 95 ˚C. Control samples at zero time point were 

prepared, together with trypsin control (trypsin without protein) and apo-ALA control (apo-ALA 

without trypsin). 

 

4.12 Statistical analyses.  

For the study of EGCG binding to ALA “all results were obtained at least in duplicate and results 

were shown as mean ± standard deviation. For comparison of EGCG binding constants to apo- 

and holo-ALA at different temperatures and pHs, as well as for evaluation of effects of EGCG 

binding on protein secondary structures content, an analysis of variance (ANOVA) of data was 

performed and means comparisons were done using Turkey test. In all statistical analyses, 

differences were considered significant in the case p < 0.05.” (Radibratovic and others, 2019). 

For the study of EGCG binding to BLG “statistical analysis was performed using descriptive 

statistics and two sample t-test, where p < 0.05 was considered as significant. All statistical 

analysis was performed by OriginLab 8.5.1 (http://www.originlab. com). All data are shown as 

mean ± standard error of mean (SEM).” (Perusko and others, 2017). 

 

 

 

 

 

 

 

 

http://www.originlab/
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5. Results and Discussion 

5.1 Noncovalent interactions of bovine α-lactalbumin (ALA) with 

epigalocatechin-3-gallate (EGCG) 

 

Interactions ALA with different phenolic compounds is reported in several studies (Section 

2.2.1.3). “It has been shown that EGCG may influence the antioxidant properties of α-lactalbumin 

solutions (Almajano, Delgado, & Gordon, 2007) and also bind covalently to ALA (Wang, Zhang, 

and others, 2014).” (Al-Hanish and others, 2016) However, up to the time this dissertation was 

planned, there were no studies describing noncovalent interactions of EGCG and ALA. Therefore, 

the aim of this part was to investigate noncovalent interactions of EGCG and ALA by fluorescence, 

CD and FTIR spectroscopy, ITC and molecular docking.  

 

5.1.1. Isolation of whey  

 

Figure 13. Whey protein profiles under different electrophoretic conditions. The first two lanes 

starting from left are denaturing electrophoretic profiles under non-reducing and reducing 

conditions, followed by native polyacrylamide electrophoresis (PAGE). IgG – immunoglobulin, 

LF – lactoferrin, LP – lactoperoxidase, BSA – bovine serum albumin, BLG A - β-lactoglobulin 

isoform A, BLG B - β-lactoglobulin isoform B and ALA – α-lactalbumin. 20 µg of whey protein 

per well was loaded in all preparations. 
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The starting material for our research, bovine whey, was obtained by acidic precipitation of 

caseins from fresh milk. Whey protein profile (Figure 13) was checked by one dimensional 

electrophoreses under various conditions and identities of whey proteins were designated based on 

published data (Patel and others, 2005; Perusko and others, 2015).  

 

5.1.2. ALA and BLG purification from whey solution 

 

Figure 14. Scheme of BLG and native ALA (holo ALA) isolations steps with results of their purity 

via SDS-PAGE after corresponding separating chromatographic steps. GFC – gel filtration 

chromatography, ALA – α-lactalbumin, BSA – bovine serum albumin, BLG – bovine β-lacto 

globulin. 
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Our approach of sequential purification of ALA and BLG presented in Figure 14, was based 

on sublimation of protocols (Neyestani and others, 2003; Stojadinovic and others, 2012), including 

minor modifications, as described in experimental parts 4.2.2 and 4.2.3. 

This time saving protocol appeared practical due to the fact that we have obtained both 

targeted proteins with high yield in double-sequential process comprised of anion exchange and 

gel filtration chromatography. Purity of both proteins was above 95% as revealed by densitometry 

of fractions (Figure 14) obtained by anion exchange chromatography (BLG) and gel filtration 

chromatography (ALA), as explained in section 4.3.5. 

 

5.1.3. Fluorescence quenching analysis of EGCG binding to ALA  

We have applied FQ to study how EGCG interacts with ALA, which is intrinsically 

fluorescent because of presence of four tryptophan residues (Trp-118, Trp-60, Trp-104 and Trp-

26). These residues create emission maximum at 329 nm (Fig. 14A) (Permyakov and others, 2003) 

Upon incremental addition of EGCG (e.g. it’s increasing concentrations), the fluorescence 

intensity of ALA was decreasing, creating a small red shift on 332 nm in the emission maximum 

of ALA (Fig. 15A). That finding of slight red shift point to minute tertiary structure distortion, 

allowing additional water molecules approaching and penetrating close to mentioned tryptophan 

residues. “As Trp-26 and Trp-60 are the most buried tryptophan residues in ALA (Takase and 

others, 1978), slight red shift upon ALA interaction with EGCG imply Trp-26 and/or Trp-60 move 

to more polar environment. Tryptophan fluorescence spectrum of the native ALA is dominated by 

contribution of the emission from Trp104, while the signals of Trp60 and Trp118 are significantly 

quenched by the disulfide bonds in their vicinity (Chakraborty and others, 2001). Therefore, 

efficient Trp quenching seems to be the result of EGCG binding in vicinity of Trp104. Cleft region 

which separates the α-helical and β-sheet lobes contains Trp-60 and Trp-104 (Malinovskii and 

others, 1996), implying that EGCG most probably binds to the cleft region. The quenching of Trp 

emission at 329 nm was used to estimate the strength of the interaction between ALA and EGCG 

by applying 4 different mathematical models” (Al-Hanish and others, 2016) The formation of 

ALA-EGCG complex described by FQ analysis is presented in Fig. 15B-15E. 
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Figure 15.  (A) FQ of ALA in the presence of increasing concentration of EGCG (1 to 16: 0-34.7 

μM EGCG). The trend of the ALA fluorescence intensity change upon incremental addition of 

EGCG, as well as EGCG concentration increase is indicated by arrow. ALA-EGCG complex 

formation presented by FQ analysis: Stern-Volmer model (B); Lehrer model (C); double logarithm 

model (D); Langmoir’s isotherm model (E).  
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“The intensity of quenching, presented as a linear ratio of F0/F versus concentration of the 

quencher, gives the Stern-Volmer quenching constant (KSV) of 2.4 × 104 (M-1).” (Al-Hanish and 

others, 2016). Figure 15B is showing the linear Stern-Volmer plot, implying that “EGCG quenches 

ALA Trp fluorescence by the static mechanism which allows for the determination of quenching 

rate constants and analysis of the binding affinities.” (Al-Hanish and others, 2016) 

The portion or extent of accessible fluorophore sites (fa) was found to be 0.8, while KQ 

constant was calculated 3.5 × 104 (M-1), via Lehrer’s model (Figure 15C and Table 2). “Assuming 

that the half-life of Trp in ALA is 10 ns, the obtained bimolecular quenching constant is of a higher 

value than the rate of the diffusion-limited quenching (the maximum value possible of KQ for 

diffusion limited quenching in water is ~1010 M-1 s-1).” (Al-Hanish and others, 2016) In that venue, 

the application of a double logarithm plot, as shown in Figure 15D, gave 0.97 as the number of 

ligand binding. Association and dissociation constants (Ka and Kd, respectively) were calculated 

from the double logarithm and Langmuir’s plots (Figures 15D and 15E), where “the double 

logarithm plot gave almost the same dissociation constant: 1.7 × 104 (M-1) as Langmuir plot, 1.8 

× 104 (M-1). These results demonstrate that in the presence of EGCG stable ALA/EGCG complex 

is formed in solution and that EGCG quenches the protein fluorescence by a static mechanism, 

which allows for the application of the double-logarithmic equation in the determination of the 

association constant and the stoichiometry of the formed complexes.” (Al-Hanish and others, 

2016) 

“Derivation of binding constants by linear or (non-linear) regression of a binding data plot 

was applied to all methods. Different mathematical equations were compared to make sure the 

EGCG inner filter effect was not pronounced, and did not affect the binding parameter 

determination (Keppler, Stuhldreier, Temps, & Schwarz, 2014).” (Al-Hanish and others, 2016) 

There was no need to correct for EGCG inner filtering effect, as revealed by the linearity gradient 

and intercept of four regression equation models described in General overview and Experimental 

part sections. 

We have compared the binding parameters obtained for ALA with other phenolic compounds 

(Table 3), as well as that one for EGCG with other proteins (Table 4), also calculated by various 

mathematical models, to the data we obtained.  
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Table 2. Binding parameters for non-covalent interaction of ALA and EGCG obtained by FQ and 

analysis by several regression-fitting mathematical models 

Equation Binding parameter Experimental value 

 

Stern-Volmer’s model KSV (M-1) 2.4 × 104 

 

Lehrer’s model KQ (M-1)  

fa 

3.5 × 104 

0.80 

 

Double logarithm’s model Ka (M-1) 

n 

1.7 × 104 

0.97 

 

Langmuir’s model Ka (M-1) 

Kd (M) 

1.8 × 104 

5.8 × 10-5 

 

The obtained binding affinity parameters (Table 2), were lower than those obtained for 

complexes of ALA with other phenolic compounds determined by the same methodology (Table 

3). “Ksv, determined by the Stern-Volmer equation, is lower than the values determined for 

resveratrol and curcumin (Mohammadi & Moeeni, 2015b) and in the range as reported for 

genistein and kaempferol (Mohammadi & Moeeni, 2015a). Ka, determined by double logarithm 

equation is also lower than constants reported for resveratrol and curcumin (Mohammadi & 

Moeeni, 2015b), genistein and kaempferol (Mohammadi & Moeeni, 2015a), as well as for caffeic 

acid, chlorogenic acid, coumalic acid and ferulic acid (Zhang and others, 2014), while it was in 

the range of value demonstrated for resveratrol binding to ALA-rich fraction of whey protein 

isolate (Hemar and others, 2011). Molecular structure and the number of hydroxyl groups of 

phenolic compounds play key roles in the affinity of natural phenolic compounds towards proteins 

(Xiao and others, 2011). Considering the chemical structure of EGCG it seems that due to its larger 

spatial structure, in comparison to other mentioned phenolics, EGCG is harder to accommodate in 

the binding site of ALA, resulting in lower binding constant. Also, higher binding of phenolic 
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acids to ALA can be explained by contribution of electrostatic interactions, as at neutral conditions 

phenolic acids are in their deprotonated form.” (Al-Hanish and others, 2016) 

 

Table 3. Review of literature values for binding parameters, obtained for ALA binding to different 

phenolic compounds. All presented binding parameters were determined by the FQ and using four 

different mathematical models.  

Equation Reference Polyphenol Binding 

parameter 

Reference 

value 

Stern-Volmer 

 

(Mohammadi and others, 2015b) 

 

(Mohammadi and others, 2015a) 

Resveratrol 

Curcumin 

Genistein 

Kaempferol 

KSV (M-1)  

KSV (M-1)  

KSV (M-1) 

KSV (M-1)  

4.19 × 105 

3.86 × 104 

7.95 × 104 

4.94 × 105 

Double 

logarithm 

(Hemar and others, 2011) Resveratrol Ka (M-1) 

n 

8.31 × 104 

1.08 

(Mohammadi and others, 2015b) Resveratrol Ka (M-1) 

n 

6.32 × 106 

1.16 

Curcumin Ka (M-1) 

n 

1.47 × 106 

1.20 

(Zhang and others, 2014) Caffeic acid Ka (M-1) 

n 

4.30 × 106 

1.47 

Chlorogenic 

acid 

Ka (M1) 

n 

3.22 × 106 

1.46 

Coumaric acid Ka (M1) 

n 

6.83 × 106 

1.38 

Ferulic acid Ka (M-1) 

n 

9.62 × 105 

1.54 

(Mohammadi and others, 2015a) Genistein Ka (M-1) 

n 

5.92 × 105 

1.23 

Kaempferol Ka (M-1) 

n 

1.44 × 106 

1.29 
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In addition, binding affinity parameters that we obtain in this study are similar to those 

obtained for complexes of EGCG and other proteins (Table 4). “Determined constants were in the 

range of 104 M-1, which is in accordance with previously published data. KSV is in the same range 

as the values determined for β-lactoglobulin (Keppler and others, 2014), Ara h 2 (Vesic and others, 

2015) and trypsin (Wu and others, 2013). KQ is in the same range as the values determined for 

lysozyme (Ghosh and others, 2008), HSA (Maiti and others, 2006), ovalbumin (Ognjenovic and 

others, 2014) and Ara h 2 (Vesic and others, 2015). The association constant and the number of 

binding sites determined for ALA are similar to those determined for EGCG complexes with β-

lactoglobulin and β-casein (Bandyopadhyay and others,  2012; Keppler and others, 2014), lipase 

(Wu and others, 2013) and Ara h 2 (Vesic and others, 2015). These results suggest that EGCG 

binds to ALA and forms a stable complex in solution with the binding affinity similar to other 

globular proteins, but lower than affinity of other phenols to ALA.” (Al-Hanish and others, 2016) 

 

Table 4.  Review of literature values for binding parameters, obtained for EGCG binding to 

different proteins. Binding parameters were determined by the FQ method and using of four 

different mathematical models. 

Equation Reference Protein Binding 

parameter 

Reference value 

Stern-Volmer 

 

 

 

(Keppler and others , 2014) 

(Vesic and others, 2015) 

(Wu and others, 2013) 

  

β-lactoglobulin 

Ara h 2 

Trypsin  

 

KSV (M-1) 

KSV (M-1) 

KSV (M-1) 

 

4.0 × 103 

3.5 × 104 

6.9 × 104 

 

Lehrer (Keppler and others, 2014) 

 

β-lactoglobulin 

 

KQ (M-1) 

 

2.6 × 105 

 

(Ghosh and others, 2008) Lysozyme KQ (M-1)  

fa 

7.4 × 104 

0.55 

(Maiti and others, 2006) HSA KQ (M-1) 

fa 

6.85 × 104 

0.74 

(Wang and others, 2014) lipase KQ (M-1) 

fa 

8.82 × 103 

0.87 
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(Ognjenovic and others, 

2014) 

ovalbumin KQ (M-1) 

fa 

3.90 × 104 

0.7 

(Vesic and others, 2015) Ara h 2 KQ (M-1) 

fa 

5.5 × 104 

0.8 

Double 

logarithm 

(Bandyopadhyay and 

others, 2012) 

β-lactoglobulin Ka (M-1) n 1.34 × 104 

1.3 

α-Casein Ka (M-1) n 7.40 × 103 

1.5 

β-Casein Ka (M-1) n 1.59 × 104 

1.5 

(Keppler and others, 2014) β-lactoglobulin Ka (M-1) n 1.00 × 104 

0.64 

(Wu and others, 2013) Lipase Ka (M-1) n 3.98 × 104 

1.05 

(Vesic and others, 2015) Ara h 2 Ka (M-1) n 1.7 × 104 

0.92 

(Wu and others, 2013) Trypsin Ka (M-1) n 6.11 × 105 

1.21 

α-chymotrypsin Ka (M-1) n 4.80 × 105 

1.22 

(Pal and others, 2012) catalase Ka (M-1) n 2.27 × 106 

1.0 

Langmuir’s 

isotherm 

(Keppler and others, 2014) 

 

(Vesic and others, 2015) 

β-lactoglobulin 

 

Ara h 2 

Ka (M-1) 

Kd (M) 

Ka (M-1) 

Kd (M) 

5.10 × 105 

1.69 × 10-6 

4 × 104 

2.5 × 10-5 

 

5.1.4. Determination of binding of EGCG to ALA by isothermal titration 

micro calorimetry (ITC) 

“The thermodynamic properties of the binding interaction between EGCG and ALA were 

investigated by ITC, based on the measurement of the heat evolved during molecular association).” 
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(Al-Hanish and others, 2016) ITC data are presented in Figure 16. Since previous FQ experiments 

demonstrated the number of EGCG binding sites close to one per one molecule of ALA, ITC data 

were fitted based on one site binding model. The formation of ALA-EGCG complex represents 

typical exothermic enthalpy change (Figure 16).  

 

Figure 16. ITC data obtained by titration of 30 μM ALA with 370 μM EGCG: dependence of 

molar enthalpy change (ΔH, kcal/mol) on the molar ratio of the total EGCG to ALA after 

subtraction of the values obtained in control experiment.  

“Our ITC findings are in accordance to literature data demonstrating that EGCG causes an 

exothermic enthalpy change upon binding to lipase (Wu and others, 2013), BSA, β-casein and 

porcine gelatin (Bohin and others, 2012), ovalbumin (Ognjenovic and others, 2014), insulin (Wang 

and others, 2012), keratin (Zhao and others, 2013), catalase (Pal and others, 2014) and Ara h 2 and 

Ara h 6 (Vesic and others, 2015).” (Al-Hanish and others, 2016) 

 

5.1.5. Changes in ALA secondary structure induced by EGCG binding 

“The effect of formation of ALA/EGCG complexes on the secondary structure of ALA was studied 

by far-UV CD spectroscopy. At neutral pH and room temperature bovine ALA displays a typical 

CD spectrum of polypeptides composed of mixed α-helices (double dip at 208 and 222 nm) and 

β-sheets (single dip at 215 nm)” (Al-Hanish and others, 2016), as shown in Graph 1.  
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“The interaction between EGCG and ALA caused a slight decrease in band intensity, 

indicating that the EGCG induced an alteration in the helical structure content of the protein. In 

the presence of EGCG the α-helix content of ALA decreased from 31.7% to 24.1% on expanse of 

β-sheet content (increase from 38.9% to 46.7%), while content of random structures did not 

change” (Al-Hanish and others, 2016), as can be observed from Table 5.  

 

 

Graph 1. Far UV CD spectra of ALA and complexes of ALA-EGCG at molar ratio 1:0.5, 1:1 and 1:10.  

 

“Additional evidence regarding the effect of EGCG binding on ALA structure came from FT-

IR results” (Al-Hanish and others, 2016), presented in Figure 17 and Table 5. “EGCG induced 

change of the amide I band shape (1600-1700 cm-1), indicating that the secondary structure of 

ALA is altered upon EGCG binding. The percentage of each secondary structure of protein was 

calculated based on the integrated areas of the component bands. According to calculated content 

of secondary structures, EGCG complex formation caused decrease in α-helix from 36.8% to 

28.9%, while β-sheet content increased from 20.0% to 26.7%, supporting α-helix to β-sheet 

transition observed from CD spectra.” (Al-Hanish and others, 2016) 
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Table 5. ALA and ALA-EGCG complexes’ shares of secondary structure, measured by CD and 

FT-IR methods 

 

 CD spectra FTIR CD spectra FTIR CD spectra FTIR CD spectra FTIR 

0 36.3 ± 0.0 36.8 22.8 ± 0.0 20.0 16.8 ± 0.0 20.0 24.2 ± 0.0 23.2 

0.5 33.1 ± 1.7 33.3 24.9 ± 1.0 23.7 17.9 ± 0.2 21.1 24.2 ± 0.4 21.9 

1 30.6 ± 1.1 33.4 24.2 ± 3.7 23.1 18.9 ± 1.6 19.6 26.4 ± 3.2 23.9 

10 31.7 ± 0.0 28.9 26.2 ± 0.0 26.7 17.5 ± 0.0 19.9 24.7 ± 0.0 24.5 

 

 

 

Figure 17. ALA-EGCG complexes’ FT-IR spectra. Curve-fitted amide I (1700-1600 cm-1) regions 

of free ALA (A) and ALA-EGCG complexes at molar ratio 1:0.5 (B), 1:1 (C) and 1:10 (D).  

 

“These results suggest that EGCG binding does not reduce ordered structure, but only 

rearrange pattern of secondary structures. Similar extent and pattern of secondary structure change 

 

α-helix     
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was observed due to interactions of ALA with several phenolic acids (Zhang and others, 2014). 

Decrease in α-helix was also observed in lysozyme/EGCG complexes (Ghosh and others, 2008).” 

(Al-Hanish and others, 2016) 

 

5.1.6. Docking analysis and structural modeling of the complexes of EGCG 

and ALA 

“Molecular docking simulations (MDS) were conducted in order to further analyze the 

binding of EGCG to ALA. Two different ALA crystal structures were used in the docking study, 

native and recombinant. Results of these studies, based on the predicted binding energies and the 

nature of the putative interactions, indicates the existence of one high-affinity EGCG binding site 

situated in the cleft between α-helical and β-sheet-rich domains)” (Al-Hanish and others, 2016), 

confirming data obtained by FQ. High-affinity binding sites are presented in Figure 18. EGCG 

docking to this binding pocket produced a structure with highest binding energy in both examined 

ALA crystal structures (Figures 18A and 18B). “Binding energies estimated by MDS are 28.4 

kJ/mol for native ALA and 30.1 kJ/mol  for recombinant. Bonding of EGCG to this high-affinity 

binding site is dominated mainly by hydrogen bonding and hydrophobic interactions. 

EGCG docking to this binding pocket produced a structure with highest binding energy in both 

examined ALA crystal structures (Figures 18A and 18B). Binding energies estimated by 

molecular docking studies are 28.4 kJ/mol for native ALA and 30.1 kJ/mol for recombinant. 

EGCG binding to this high affinity site, is mainly via hydrogen bonding and hydrophobic 

interactions.” (Al-Hanish and others, 2016) 

The close-up view of putative high-affinity EGCG-binding site in native and recombinant ALA 

is presented in Figures 18C and 18D, respectively. “In the native ALA protein structure, two 

hydroxy groups from trihydroxyphenyl ring from EGCG molecule are forming hydrogen bonds 

with backbone CO group from Gln54 and Trp104 side chain.” (Al-Hanish and others, 2016) 

“Docking simulation on recombinant ALA structure gave somewhat different orientation of the 

EGCG in the same biding pocket. Here side chain of Glu49 is involved in hydrogen bonding with 

hydroxy groups from both trihydroxybenzoate and trihydroxyphenyl groups of EGCG molecule. 

Side chains of Tyr103 and Trp104 are bound to trihydroxybenzoate hydroxy groups, Gln54 to 

one trihydroxyphenyl hydroxy group and His32 to dihydrobenzopyran. Other amino-acids found 
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in the binding pocket, that are in Van der Waals contact with EGCG molecule are Thr33, Phe53, 

Leu105 and Ala106.” (Al-Hanish and others, 2016) 

“In both of these structures EGCG molecule is interacting with Trp 104 and is also close to 

Trp60 (7.4 Å.), Trp26 (7.8 Å.) and Trp118 (10.6 Å), which explains why EGCG can efficiently 

quench the intrinsic fluorescence of ALA.” (Al-Hanish and others, 2016) 

 “ALA structure contains two hydrophobic cores in the native structure. The first one is 

formed by residues Phe31, His32, Gln117 and Trp118 from helix 2 and the 3/10 helix h3c 

(aromatic cluster I). The second hydrophobic core, aromatic cluster II also called the 

‘‘hydrophobic box’’, consists of three tryptophan residues (Trp26, Trp60 and Trp104), among 

other residues (Phe53, Gln54, and Tyr103) (Chrysina and others, 2000).” (Al-Hanish and others, 

2016) Hydrogen bonds and Van der Waals interactions are primarily responsible for nature of 

EGCG binding to these residues of the hydrophobic core, aromatic cluster II of ALA (Gln54, 

Tyr103, Trp104 and Phe53). 

“In the only two reported molecular docking studies of binding polyphenol compounds to 

ALA Mohammadi and others (Mohammadi & Moeeni, 2015a, 2015b) have demonstrated that 

resveratrol, curcumin, genistein and kaempferol bind to quite different regions on ALA. EGCG-

binding site is close to, but not the same as resveratrol binding site. This may imply that there is 

no specific polyphenol binding site in ALA.” (Al-Hanish and others, 2016)  

“We have also compared the EGCG binding site with vitamin D3 binding site recently 

reported by Delavari and others (2015). For docking calculation they used ligand-free crystal 

structure of recombinant ALA and found that hydrophobic pocket of ALA interacting with 

vitamin D3 is composed of Thr33, Trp104, Tyr103, Glu49, Asn56, Asn44, Lys58, Leu110, 

Ala109, Ala106, Leu105, His32 and Gln54. In our study, docking with native and recombinant 

ALA crystal structures gave that EGCG interacts with His32, Thr33, Asn44, Glu49, Phe53, 

Gln54, Tyr103, Trp104, Leu105 and Ala106 suggesting that both ligands bind to the same 

hydrophobic pocket and that other voluminous compounds, with several rings and tendency for 

hydrophobic binding, most likely bind to the same site.” (Al-Hanish and others, 2016) 
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Figure 18. The molecular docking analysis of the high-affinity EGCG-binding site in ALA. The 

putative EGCG-binding site in native ALA (PDB ID 1F6S) (A) and its the close-up view (C). The 

high-affinity EGCG-binding site in recombinant ALA (PDB ID 1HFZ) (B) and its the close-up 

view (D). The native ALA is in green, while recombinant ALA is in marine blue. The carbon, 

oxygen, hydrogen and nitrogen atoms of EGCG are in white, red, gray and blue, respectively.  

 

“In addition, we have compared EGCG binding site on ALA with EGCG binding site on 

structurally similar protein lysozyme (Ghosh and others, 2008).” (Al-Hanish and others, 2016) 

Aligned structures of native ALA  and lysosyme with docked EGCG is presented in Figure 19. 

“We have initially aligned structures of ALA (PDB 1F6S) with EGCG bound to high-affinity 

binding site and lysozyme (6LYZ) (Figure 19). Since all lysozyme residues reported to interact 

with EGCG (Arg 61, Trp 62, Trp 63 and Arg 112) are it the close distance with our docked EGCG 

molecule, EGCG binds to ALA in the same region as to the lysozyme, e.g. in the hydrophobic 

pocket at the entrance of cleft between α-helical and β-sheet-rich domains.” (Al-Hanish and 

others, 2016). 
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Figure 19. A) Aligned structures of native ALA (PDB 1F6S, green) and lysosyme (6LYZ, red) 

with EGCG (beige) molecule docked. Tyr and Trp residues interacting with EGCG in lysosyme 

(Ghosh and others, 2008) are in blue. B) Structure of lysosyme (6LYZ, red) aligned with position 

of EGCG docked to ALA.  

 

“Taken together, our in silico analysis suggests that ALA contains at least one putative high-

affinity EGCG-binding site, which is positioned in close vicinity and interacts with the dominant 

fluorophore Trp104 in protein, supporting experimental data. The high affinity site is situated in 

the hydrophobic pocket at the entrance of the cleft between two ALA domains and includes 

residues of aromatic cluster II. It seems that EGCG is spatially too voluminous to penetrate deeper 

in the cleft of ALA molecule, resulting in lower affinity in comparison to other less voluminous 

aforementioned phenolics.” (Al-Hanish and others, 2016) 

 

5.2 Non-covalent interactions between EGCG and ALA apo form  

Although apo-form has ability to interact with several hydrophobic substances (described in 

Section 2.2.1.), “up to date, there are no studies describing interactions of polyphenols, including 

EGCG, and ALA in its calcium depleted form, nor there are studies on the stabilizing effect of 

polyphenol on metal binding proteins in their apo form in general.” (Radibratovic and others, 

2019) 
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Therefore, in this part of thesis, the aim of our research was to firstly make an apo form of 

ALA and to characterize it by ICP-OES and to examine if EGCG binds to the apo form of ALA 

in a neutral and acidic conditions. In addition, we strived to discover and compare if the EGCG 

binding could stabilize holo and apo protein structures.  

 

5.2.1 Preparation of apo ALA form and Ca content examination   

  Only a few papers have described shortly approaches to obtain calcium deprived form, e.g. 

apo form, of ALA, and all of them are based on excessive EDTA treatment in range from 1 to 25 

mM concentration (Spolaore and others, 2010; Svensson and others, 2000; Hiraoka and others, 

1980) In our case, we have applied 100 mM EDTA concentration to secure the complete removal 

of Ca 2+ from high affinity calcium binding site of ALA (Hiraoka and others, 1980). 

  Apo (0.18 mg/ml) and holo ALA (0.16 mg/ml) forms were subjected to ICP-OES 

determination of calcium content. Limit of the detection (LOD) in the described ICP-OES setup 

for Ca2+ is 1.2 μmol/L or ~50 μg/L. It is advisable to set up concentration of sample to be at least 

5 times of LOD for semi quantitative purposes, in which case estimated accuracy is ±10%, and 

here percentage of accuracy is related to relative standard deviation (RSD) of the noise 

(background). For more accurate quantitation, like ±2%, applied sample concentration should be 

at least 100 times higher than LOD, because LOD=3 x c x RSD/SNR, where c is analyte 

concentration and SNR is signal-to-noise-ratio (Hou & Jones, 2006).  

  Our results of ICP-OES determined Ca content in both apo and holo ALA forms were initially 

negative, e.g. below the limit of detection. While for apo form such result could be understood and 

elaborated easily, the holo form of ALA posed an enigma at first. However, after careful 

examination and calculation, it appeared that maximal content of Ca2+ that could be encountered 

in holo form at concentration of 0.16 mg/ml was 450 μg/L (if taking into account molar ratios of 

Ca2+ vs ALA = 1:1), which is less than 10 times of LOD or in the domain of semi quantitation. It 

has to be mentioned that during this initial measurements, positive Ca controls, e,g, standards, 

were giving correct, sensible results in the range of 2% RSD variation. 

  Finally, concentrating apo and holo ALA forms by ultrafiltration to 1.8 mg/ml and 1.6 mg/ml, 

respectively, we have obtained results presented in Table 6. Concentration of 4160 μg/L 

corresponds to 104 μM Ca2+, while 1.6 mg/mL holo ALA equals to approximately 113 μM. That 

point to a clue that roughly one Ca2+ ion bind to one molecule of ALA in the conditions applied in 
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our experiment (conditions of purification and further treatment with deionized water). Obtained 

Ca2+ content below LOD (50 μg/L) in apo ALA sample concentrated to 1.8 mg/ml suggests that 

we have successfully removed Ca2+ ion to less than 0.01:1 = Ca: ALA.  

 

Table 6. Results of ICP-OES Calcium determination in apo and holo ALA forms 

Name and concentration Ca2+ concentration (μg/L) 

Apo ALA 1.8 mg/mL Not detectable /below LOD 

Holo ALA 1.6 mg/mL 4160 ± 55 

 

5.2.2. EGCG binding to holo ALA and apo ALA forms at different pH and 

temperatures 

“ALA is intrinsically fluorescent due to the presence of four tryptophans (Trp-118, Trp-60, 

Trp-104 and Trp-26) resulting in emission maximum at 329 nm in its native form (Permyakov 

and others, 2003). In ALA partially unfolded form of molten globule emission maximum is about 

340 nm, while for fully unfolded state it is 351 nm (Chakraborty and others, 2001). As the tea is 

frequently consumed with the addition of milk, EGCG bioavailability from tea is mostly 

determined by interactions of EGCG with milk proteins. Therefore, we examined binding of 

EGCG to ALA at physiological conditions of gastrointestinal tract: at pH 7.2 (pH of saliva and 

intestine) and pH 1.2 and 2.5 (gastic pH range during digestion) at 37 °C. We also investigated 

EGCG binding at low temperature, 6 °C, at all three pH values for comparison, having in mind 

apoALA thermal instability.” (Radibratovic and others, 2019) 

The emission maximum at about 330 nm can be observed only at pH 7.2, in case of EGCG 

absence, in holo ALA at 6 °C and 37 °C, and apo ALA at 6 °C, implying retained native structure 

of both holo and apo ALA (Table 7, Figure 20). “However, in apoALA at pH 7.2 and 37 °C 

maximum increased to 341 nm due to apoALA thermal instability and partial disruption of its 

tertiary structure most probably resulting in MG. At pH 2.5 and pH 1.2, at 6 °C, both ALA forms 

have partially disturbed tertiary structure to MG-like, reflecting in emission maxima at about 344–

345 nm. This is consequence of protonation of five Asp residues in Ca2+-binding region resulting 

in the loss of Ca2+ in holoALA and charge repulsion of Asp carboxylates in both forms. In acidic 

environment (pH 2.5 and pH 2.5) at 37 °C, further slight red shift to about 346–347 nm point to 

more pronounced unfolding.” (Radibratovic and others, 2019) 
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Table 7. Binding constants obtained for the binding of EGCG to apo and holo ALA forms, and 

emission maxima of ALA-EGCG complexes (excitation at 280 nm) at two temperatures and three 

pH values. The small superscripts (a–d) denote significant differences at the level p < 0.05. 

 

Apo ALA 

pH  6°C   37 °C 

           Em max     EGCG binding constants  Em max   EGCG binding constants 

  (nm (×104 M−1)   (nm)  (×104 M−1) 

1.2  344 1.63 ± 0.30abc   346  0.75 ± 0.15b 

2.5  344 1.60 ± 0.23abc   347  1.61 ± 0.51abc 

7.2  330 2.18 ± 0.26ac   341  1.80 ± 0.39abc 

Holo ALA 

pH  6°C   37 °C 

             Em max EGCG binding constants  Em max   EGCG binding constants 

  (nm) (×104 M−1)   (nm)  (×104 M−1) 

1.2  345 1.31 ± 0.28bc   345  0.76 ± 0.07bd 

2.5  344 1.22 ± 0.10bc   346  1.28 ± 0.12bc 

7.2  328 1.95 ± 0.12acd   329  2.59 ± 0.78a 

 

 

With the addition of increasing concentrations of EGCG, the fluorescence intensity of holo 

ALA and apo ALA was decreasing in neutral and acidic conditions, and at both temperatures. 

“Absence of noticeable shift in emission maxima indicates that EGCG binding does not disturb 

significantly tertiary structure of both ALA forms, even at EGCG/protein ratio 20:1. Tryptophan 

fluorescence spectrum of the apoALA at pH 7.2 and at cold temperature is dominated by emission 

from Trp104, (Chakraborty and others, 2001) situated in the cleft region separating the α- helical 

and β-sheet lobes (Malinovskii and others, 1996. Therefore, EGCG most probably binds to the 

cleft region of the apoALA, similarly to its binding to holo-form (Al-Hanish and others, 2016).” 

(Radibratovic and others, 2019). 
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Figure 20. FQ of apo ALA and holo ALA by EGCG at different temperatures and pH. Emission 

spectra (excitation at 280 nm) of apo ALA and holo ALA (1 μM) in the presence of different 

concentrations of EGCG (1, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 μM) at three pH values (phosphate 

buffer, pH 7.2; 100 mM glycine-HCl, pH 2.5; 100 mM HCl containing 34 mM NaCl, pH 1.2) and 

two temperatures (6 oC and 37 oC).  

 

As could be observed from Table 7 “the obtained binding constants (Ka) of apoALA and 

holoALA are of similar magnitude at all three tested pH values and in two different temperatures 
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(Table 1), with tendency of both forms to have lower Ka at 37 °C and at very acidic conditions 

(pH 1.2). Indeed, for apoALA, statistically lower Ka was obtained in pH 1.2 at 37 °C, where 

apoALA is in less ordered state, than in pH 7.2 at 6 °C, where apoALA is in its native 

conformation. Similarly, for holoALA, EGCG shows statistically higher Ka in pH 7.2 at 37 °C, 

where holo form is native, than at acidic conditions (pH 2.5 and 1.2) at 37 °C, where holo form 

looses Ca2+ and consequently have less ordered MG-like structure due to thermal instability at 

37 C.” (Radibratovic and others, 2019) 

 “Similar magnitude of EGCG binding to both ALA forms at all tested conditions, even in 

very acidic conditions and at 37 °C, is due to at least partially preserved ALA structure e.g. native 

and MG/MG-like structure. Actually, at all tested conditions emission maxima do not reach 351 

nm, characteristic for unfolded protein, implying that Trp residues are still partially buried in 

nonpolar environment and that protein structure is not unfolded.” (Radibratovic and others, 2019) 

Determined binding values for apo ALA and EGCG are similar to those obtained for complexes 

of EGCG and other proteins (Table 3). “These results suggests that, although EGCG has lower 

affinity for ALA forms with less ordered structure, such as MG-like, it remains binds bound to 

apoALA in gastrointestinal tract e.g. at acicdic pH and, 37 °C.” (Radibratovic and others, 2019) 

 

5.2.3. Structural changes of apo ALA in native and molten globule state upon 

EGCG binding 

“The effect of formation of apoALA/EGCG complexes on the structure of apoALA was 

studied by far-UV and near-UV CD spectroscopy at 20 C.” (Radibratovic and others, 2019)  CD 

spectra of apo and holo ALA at pH 7.2 are presented in Figure 21. “At pH 7.2 holo and apo form 

of ALA demonstrate similar far UV spectra. Similar intensity of CD signal in near UV region  

demonstrate that apoALA has native tertiary structure.” (Radibratovic and others, 2019)   

CD spectra of apo and holo ALA in acidic environment are presented in Figure 22. “In acidic 

conditions, according to far UV CD spectrum secondary structure was slightly changed where 

decrease in [θ]222/208  points to slightly disturbed noncovalent hydrophobic interactions between 

helices. However, in acidic environment both ALA forms have drastically disturbed tertiary 

structure, as reflecting in complete loss of signal in near UV CD spectrum. This demonstrates that 

at acidic conditions both apoALA and holoALA have typical molten globule conformation, 
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retaining a substantial amount of secondary structure, but lacking the fixed packing interactions of 

the native state conformation.” (Radibratovic and others, 2019)  

 

 

Figure 21. Far UV (left) and near UV (right) CD spectra of holo ALA (red line) and apo ALA 

(black line) at neutral conditions (pH 7.2).  

Far UV CD spectra of apo ALA in complex with EGCG at different pH is presented in the 

Figure 23. “In far UV CD spectra the interaction between EGCG and apoALA at ratio 2:1 caused 

a slight change at all three pH values, indicating that the EGCG induced slight alteration of the 

protein secondary structure.” (Radibratovic and others, 2019) At neutral and acidic environment, 

in apo ALA-EGCG complex there is trend of α-helix content decrease in favor of  β-structures 

(Table 8), similar to holo ALA and EGCG complex (Section 5.1.5). 

CD spectra of apo ALA induced by the presence of EGCG is shown in the Figure 23D, 

demonstrating that “EGCG binding induced CD signal in the near UV region at all three tested 

pH, with positive amplitudes centering at 275 nm. These results further support EGCG binding 

at all three pH values, e.g. to native apoALA and its molten globule conformation. Slightly higher 

induced CD signal at acidic conditions suggests that EGCG binding induce more pronounced 

changes in tertiary structure when apoALA is in its less ordered state.” (Radibratovic and others, 

2019) 

“The results of CD spectroscopy imply that EGCG binds to apoALA whether it is in its native 

or molten globule conformation, inducing slight change in secondary, as well as in tertiary 

structure. According to obtained results, during gastic digestion of consumed tea with milk EGCG 

remains bound to ALA regardless if it is in apo form and molten globule conformation. Similarly, 
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during gastric digestion of supplements/ food fortified with EGCG encapsulated in ALA-based 

carriers, EGCG would be still bound to ALA. Moreover, it can be expected that other low 

molecular mass food-derived ligands bound to holoALA in food matrix remain bound to apoALA 

after Ca2+ loss in gastric compartment.” (Radibratovic and others, 2019) 

 

 

Figure 22. Far UV (A) and near UV (C) CD spectra of holo ALA (red line) and apo ALA (black 

line) at acidic conditions (100 mM glycine buffer pH 2.5). Far UV (B) and near UV (D) CD spectra 

of holo ALA (red line) and apo ALA (black line) at very acidic conditions (pH 1.2).  
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Figure 23. Far UV CD spectra of apo ALA from in the presence of EGCG (at molar ratio 1:2) at 

pH 7.2 (A), pH 2.5 (B) and pH 1.2 (C). D) Near UV CD spectra of apo ALA induced by the 

presence of EGCG at molar ratio (1:2).  

 

Table 8. The secondary structure content of apo ALA in the presence or absence of EGCG (ratio 

1:2) at three different pH values. 

Secondary  

structure 

pH 7.2 pH 1.2 pH 2.5 

apoALA apoALA-

EGCG  

apoALA apoALA-

EGCG  

apoALA apoALA-

EGCG  

α-helix 35.80 ± 1.84a,b 33.60 ± 3.47a,b 39.60 ± 3.03a 37.97 ± 1.01a,b 36.17 ± 0.91a,b 31.67 ± 2.65b 

β-sheet 7.07 ± 0.51a 10.47 ± 4.58a 6.27 ± 0.47a 7.03 ± 1.07a 8.07 ± 1.30a 9.50 ± 2.17a 

β-turn 27.07 ± 1.11b,c 25.77 ± 1.18b 30.53 ± 1.87a 30.53 ± 0.32a 29.13 ± 1.27a,c 28.33 ± 

0.76a,b 

random 30.03 ± 1.16c 30.20 ± 0.40c 23.60 ± 1.01a 24.43 ± 0.31a,b 26.63 ± 0.40b 30.53 ± 1.42c 
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5.2.4.  Stability of apo and holo forms of ALA in complex with EGCG 

“It is known that depletion of ALA from Ca2+ leads to a significant drop in protein’s stability 

to thermal denaturation (Permyakov & Berliner, 2000; Sugai & Ikeguchi, 1994) and the melting 

points of holo and apo forms of the protein may differ up to around 40 °C (Veprintsev and others, 

1997). In the absence of calcium ions, but in the presence of physiological concentrations of 

magnesium, sodium and potassium ions, the thermal transition of apoALA occurs in the region 

from about 30 to 45 °C (Permyakov & Berliner, 2000).” (Radibratovic and others, 2019) 

 

 

Figure 24. Temperature dependence of 2.5 µM ALA fluorescence maxima (excitation at 280 nm) 

in the absence (black) and the presence of 50 µM EGCG (red) in 50 mM phosphate buffer pH 

7.2: apo ALA (A) and holo ALA (B).  

 

“We have used a method of intrinsic Trp fluorescence increase during the denaturation of 

protein to monitor denaturation transition point of apoALA and its complex with EGCG at pH 

7.2. Denaturation of ALA leads toward red shift of protein emission peak, giving opportunity for 

studying its thermal unfolding. The melting point (Tm) that we determined by this method is in 

agreement with previously published studies (Veprintsev and others, 1997).” (Radibratovic and 

others, 2019) Tm values calculated by sigmoidal fit of melting curves, shown in Figure 24, 

“demonstrated a difference of 22 °C in melting points of apo and holo ALA. By this method we 

found that, compared to free apoALA (Tm=28.3 °C), apoALA-EGCG complex has greater 

thermal stability (Tm=32.0 °C). The stabilizing effect on the structure of apoALA (increase in 

Tm of 3.7 °C) in more pronounced than on the structure of holo-form (increase in Tm of 0.8 °C) 
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of the protein.” (Radibratovic and others, 2019). Tm values obtained by the first derivative of 

melting curves, shown in Figure 25,  “are similar as those obtained by sigmoidal fit, Tm of 

apoALA and apoALAEGCG are 28.1 °C and 31.6 °C, respectively (3.5 °C difference), while Tm 

of holoALA and holoALA-EGCG are 48.0 °C and 50.6 °C (2.6 °C difference).” (Radibratovic 

and others, 2019) 

“Investigation carried out in this study, by the experimental and computational approach, 

gave insight into interactions between apoALA and EGCG. Fluorescence quenching revealed that 

the main green tea catechin, EGCG, binds to both holoALA and apoALA, at neutral (pH 7.2) and 

acidic conditions (pH 2.5 and pH 1.2), at low (6 °C) and physiological temperature (37 °C). 

EGCG binds to holoALA and apoALA at all tested conditions with Ka of similar magnitude, but 

has lower affinity at conditions where ALA has less ordered structure. CD spectroscopy 

demonstrated that EGCG binds to apoALA regardless is it in its native or molten globule state, 

thereby inducing only slight change in secondary and tertiary structure. At neutral conditions, 

EGCG binding resulted in thermal stabilization of apoALA, as reflected in EGCG-depending 

increased Tm, and this stabilization is more pronounced than for holo form.” (Radibratovic and 

others, 2019) 

 

 

Figure 25. The first derivative of melting curves of 2.5 µM ALA in the absence (black line) and 

the presence of 50 µM EGCG (red line)  in 50 mM phosphate buffer pH 7.2: apo ALA (A) and 

holo ALA (B).  Melting curves are obtained as temperature dependence of apo ALA and holo ALA 

fluorescence maxima (excitation at 280 nm) shown in Fig. 24. 
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“The mitigating of apoALA instability by EGCG implies that EGCG binding could stabilize 

apoALA at lower ionic strength and postpone transformation of native apoALA to molten globule 

under conditions favouring its formation.” (Radibratovic and others, 2019) 

These experimental results are supported and explained by computational approach, where 

molecular dynamic simulation (MDS) demonstrated increased apoALA conformational rigidity 

due to EGCG binding. “MDS revealed that Ca2+ removal results in decreased conformational 

stability of ALA, where disturbed Ca2+-binding region resulted in slight opening the cleft due 

to separation of α and β lobes. EGCG binding to apoALA increase its stability by reverting 

stability of Ca2+-binding region, which is inversely transmitted to cleft, with re-joining of 

subdomains and cleft closing outcome.” (Radibratovic and others, 2019) 

 “The results of this study together demonstrate that, similarly to holo form, ALA in its apo form 

can be also used as vehicle for delivery of EGCG. Moreover, the substantial binding of EGCG to 

ALA at acidic conditions and at 37 °C suggests that, after ingestion of tea with milk, or food 

fortified with EGCG encapsulated in holoALA-based carriers, in gastric compartment EGCG 

would be still bound to ALA, in spite that it is in apo form.” (Radibratovic and others, 2019) 

 

5.2.5. In vitro digestibility of apo ALA and apo ALA-EGCG complexes 

Flexibility of protein conformation could influence protein digestion by digestive proteases 

providing better accommodation and its accessibility to catalytic sites of proteases. Within this 

thesis, on one hand we have shown that EGCG binds to apo ALA, and in gastric compartment 

EGCG would be still bound to ALA, and on the other hand, we demonstrated that EGCG stabilize 

apo ALA structure. Therefore, in the further work we intended to investigate effect of bound 

EGCG on apo ALA digestibility, e.g. its proteolytic degradation.  

Apo ALA digestibility in the presence and absence of EGCG was analyzed by SDS-PAGE after 

pepsin digestion at pH 2.5 (Figure 26A), and pH 5 (Figure 26B), as well as after trypsin digestion 

at pH 8 (Figure 26C). The results demonstrate that EGCG bound to apo ALA at both ratio, 2:1 and 

10:1, does not influence pepsin digestion of apo ALA at pH 2.5 (Figure 26A). Similarly, at pH 5 

EGCG does not affect apo ALA digestion (Figure 26B). Also, trypsin digestion of apo ALA was 

not influenced by bound EGCG at both 2:1 and 10:1 ratio. These results suggest that, although 
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EGCG stabilize apo ALA structure, it does not change its accessibility to digestive proteases and 

thus does not slow down its digestion.  

 

A) 

 

B) 

 

 

 

C) 
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Figure 26. SDS-PAGE profile of apo ALA and apo ALA in complex with EGCG (1:2 and 1:10 

molar ratio) time course of pepsin digestion at pH 2.5 (A), pepsin digestion at pH 5 (B) and trypsin 

digestion at pH 8 (C). Protein components were resolved on 16% polyacrylamide gel. P –pepsin 

control, M – molecular mass markers (116, 66.2, 45, 35, 25, 18.4 and 14.4 kDa), CTRL – apo 

ALA control (without enzyme), lanes marked as 0, 5, 10, 15, 30, 1h, 2h, 4h and 6 h correspond to 

digestion times of  0 min, 5 min, 10 min, 15 min, 30 min, 1h, 2h, 4h and 6 h. 

 

5.3. Comparison of noncovalent interactions of EGCG with ALA 

and BLG  

ALA and BLG are the most abundant proteins of whey. Both of them can be excellent vehicles for 

transport of bioactive compounds, such as EGCG, stabilizing them and preserving their bioactivity, 

such as antioxidant capacity. On the other hand, food proteins glycated in Maillard reaction were 

shown to have increased antioxidant activity (Perusko and others, 2015; Stanic-Vucinic and others, 

2013). The binding of glycated food proteins to low molecular mass antioxidants can further 

increase their antioxidant capacity, and provide better protection and stabilization of bound 

antioxidants. Therefore, in the further work, the aim was to compare noncovalent EGCG binding 

to ALA (holo form) and its apo form, with its binding to BLG and glycated BLG.  

 

5.3.1. Preparation and characterization of BLG glycated in Maillard reaction 

“BLG was thermally glycated with lactose under wet conditions. Formation of MR products 

were monitored by measuring fluorescence emission at 435 nm, when the mixture was excited at 

350 nm.” (Perusko and others, 2017) As revealed in Figure 27A, “a significant increase in 

fluorescence at 435 nm in treated LacBLG suggests formation of early Maillard reaction products 

(MRPs).” (Perusko and others, 2017) In addition, the progression of Maillard reaction was 

followed by the loss of available amino groups after wet thermal treatment in the presence of 

monosaccharide (Figure 27B). Heat treatment induced a significant (p < 0.05) decrease of BLG 

free -NH2 groups, as less than one third of amino groups remained free in LacBLG.  

SDS-PAGE under non-reducing (Figure 27C) and reducing (Figure 27D) conditions shows 

that band at approximately 18 kDa in LacBLG preparations, corresponding to BLG, smeared 
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toward higher molecular masses, because of lactose conjugation to BLG. “Nonreducing gel shows 

monomer and dimer BLG forms in BLG sample, while reducing gel shows only monomeric BLG, 

indicating that dimer BLG form is disulfide linked. LacBLG is present in a form of a monomer, 

dimer and higher molecular masses, under both non-reducing and reducing conditions, indicating 

formation of covalent bonds other than disulfide bonds. Smear toward higher molecular masses 

and formation of covalent bonds other than disulfide, suggest that Maillard reaction occurred in 

LacBLG sample to a high extend, and it is in accordance with increased fluorescence and dramatic 

decrease of free amino group content.” (Perusko and others, 2017) 

 

 

 

 

Figure 27. Characterization of BLG glycated by lactose in Maillard reaction. (A) Fluorescence 

emission spectra of unmodified BLG and BLG glycated with lactose (LacBLG), upon excitation  

at 350 nm. (B) Remained free amino group content of unmodified BLG and glycated BLG. Non-

reducing (C) and reducing (D) SDS PAGE of unmodified BLG and LacBLG under.  
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5.3.2. EGCG binding to BLG and glycated BLG  

“BLG intrinsic fluorescence comes from its two Trp and four Tyr residues (Liang & Subirade, 

2012). Although both residues are activated at 280 nm, most of the emission yield comes from Trp 

residues (Liang & Subirade, 2012). Trp19 (emission region 340 nm) is buried inside BLG and 

contributes to 80% of the total fluorescence with the characteristic emission maximum at 340 nm. 

Trp61 is partly exposed to solvents, has a minor contribution to Trp fluorescence (Liang & 

Subirade, 2012) and show an emission maximum at 350 nm.” (Perusko and others, 2017) 

 

 

Figure 28. (A) Fluorescence emission spectra of unmodified BLG and BLG glycated with lactose 

(LacBLG), upon excitation at 280 nm; (B) FQ of fluorophore in LacBLG (75 μg/mL) by increasing 

concentrations of EGCG (0–34.7 μM); Formation of LacBLG-EGCG complex described by FQ 

analysis: (C) Stern-Volmer plot and (D) double logarithm plot. 
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In the figure 28A it could be observed that “emission maximum of BLG is at 335 nm, while 

LacBLG shows a slight red shift with emission maximum at 347 nm. This is very indicative of Trp 

residues becoming more exposed to the solvent as a consequence of glycation reaction with 

lactose.” (Perusko and others, 2017) 

FQ of emission at the aforementioned emission maxima were used to estimate the strength of 

interaction for EGCG with native BLG (Graph 2) and LacBLG (Figure 28B) by applying Stern-

Volmer and double logarithmic equations and analysis. “Intensity of quenching, presented as a 

linear ratio of Fo/F versus concentration of the quencher, gives the Stern-Volmer quenching 

constant.” (Perusko and others, 2017) As indicated by a linear Stern-Volmer plot (Figure 28C), 

“EGCG quenches LacBLG fluorescence by one mechanism of quenching (Faridbod and others, 

2011) which allowed calculation of quenching rate constants and analysis of the binding affinities 

of EGCG for BLG and LacBLGEGCG quenches LacBLG fluorescence by one mechanism of 

quenching (Faridbod and others, 2011), which allowed calculation of quenching rate constants and 

analysis of the binding affinities of EGCG for BLG and LacBLG.” (Perusko and others, 2017) 

Binding parameters of BLG-EGCG and LacBLG-EGCG complexes are presented in  Table 9. 

“Calculated bimolecular quenching rate constant was three orders of magnitude higher than the 

maximum diffusion controlled limit, which allowed application of the double logarithmic equation 

and calculation of binding constant (Ka) and number of EGCG binding sites (n).” (Perusko and 

others, 2017) The intensity of quenching, presented as a linear ratio of F0/F versus concentration 

of the quencher, gives the Stern-Volmer quenching constant (KSV) of 2.65×104 M-1 (Table 9 and 

Figure 28C). “BLG:EGCG also gave a linear Stern-Volmer plot (data not shown) with KSV value 

of 3.1×104 M-1. ” (Perusko and others, 2017)  EGCG quenches both native and glycated BLG 

fluorescence by a static mechanism, most likely through complex formation. 

The data published by other authors for BLG-EGCG binding constant are presented in Table 

9. “Our data are in agreement with data published by other authors for BLG:EGCG binding 

constant (Keppler and others, 2014; Wu and others, 2013) (Table 1). There is a statistically 

significant difference between the quenching constants for BLG:EGCG and LacBLG:EGCG 

complexation, as determined by t-test ” (Perusko and others, 2017), shown in Figure 29A.   

Application of double logarithm plot (Figure 28D) yielded the number of ligand binding of 

1.05 and association constant of 5×104 M-1 for LacBLG-EGCG (Table 9). “Both experimentally 
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determined and literature data (Keppler and others, 2014; Wu and others, 2013; Zorilla and others, 

2011) for EGCG binding sites on BLG are very similar to those we calculated for LacBLG:EGCG 

complex. There was no statistically significant difference for either parameter obtained by use of 

double logarithm equation for EGCG binding to LacBLG versus BLG” (Perusko and others, 2017), 

as demonstrated in Figures 29B and 29C.   

 

 

 

Graph 2. FQ of unmodified BLG (25 μg/mL) by increasing concentrations of EGCG (0–34.7 μM).  

 

“Thus, we conclude that a stable LacBLG:EGCG complex is formed in solution and that 

EGCG quenches protein’s fluorescence by static mechanism. Determined association constants 

were in 104 M-1 range, which is in accordance with previously published data determined for BLG 

by the same methodology. Our results suggest that EGCG binds to LacBLG and forms a stable 

complex in solution with a similar binding affinity as described for BLG.” (Perusko and others, 

2017) 

“BLG contains in its primary sequence 19 potentially reactive sites (N-terminal, 15 lysine and 

three arginine residues). Previous mass spectrometry analysis of highly lactosylated BLG showed 

a total of 17 different modified amino acid residues (Leu1, all 15 Lys residues and Arg124) with 

usually attached 6–15 lactose units per BLG molecule (Fenaille and others, 2004). Lactosylated 

amino acids residues lie on the protein surface, exposed to solvent, without interfering with amino 
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acid residues of hydrophobic cavity that are responsible for EGCG binding (Wu and others, 2013). 

These data support our observation that lactosylation of BLG does not significantly affect its 

binding to EGCG.” (Perusko and others, 2017) 

 

Table 9. Binding parameters of BLG-EGCG and LacBLG-EGCG complexes obtained by the FQ 

and comparison to already published values for BLG-EGCG complexes. 

 

 Ksv (M-1) SEM Ka (M-1) SEM n SEM 

Experimental values for: 

LacBLG-EGCG 

BLG-EGCG 

 

2.65 × 104 

3.1 × 104 

 

7×102 

1×103 

 

5 × 104  

3.1 × 104 

 

2 × 104 

7 × 103 

 

1.05 

1.00 

 

0.04 

0.02 

Reference values for 

BLG:EGCG complex 

(Wu and others, 2013) 

(Keppler and others, 

2014) 

(Zorilla and others, 2011) 

(Jia and others, 2017) 

 

 

5.64 ×105  

 

1.70 ×104 

n/a 

4.37 ×104 

 

 

n/a 

 

6×102  

n/a  

n/a 

 

 

1.09 × 105 

 

1.7 × 104 

1.25 × 104 

5.8 × 104 

 

 

n/a 

 

2 × 103 

1 × 102 

n/a 

 

 

1.08  

 

0.82 

0.94 

1.04 

 

 

n/a  

 

0.05 

0.01  

n/a 
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Figure 29. Statistical analysis of binding parameters for EGCG binding to BLG and LacBLG. 

Two sample t-test (p < 0.05) demonstrated significant difference between Ksv of BLG and 

LacBLG (A), and no significant difference in the Ka (B) or the number of binding sites (C) of 

these two BLG forms.  

 

5.3.3 Secondary structure changes of BLG and glycated BLG upon EGCG 

binding 

“Complexation of protein and polyphenols may influence proteins’ secondary structure 

(Ognjenovic and other, 2014; Vesic and others, 2015). This phenomenon was monitored by CD 

spectroscopy and FTIR.” (Perusko and others, 2017) 

Upon binding to BLG, a predominantly beta sheet protein, EGCG induces an increase in α-

helix content on the account of random coil (Table 10 and Graph 3), which is in agreement with 

previously published data (Kanakis and others, 2011). “A non-native transition of α-helix to β-

sheet, is an event that might proceed precipitation and aggregation of the tested protein, a 

phenomenon known to occur in higher polyphenol:protein ratio. We wanted to examine the effect 
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of EGCG binding to high affinity binding sites and analyzed effects of polyphenol only up to 1:10 

molar ratio of protein.” (Perusko and others, 2017) 

 

 

Graph 3. Far UV CD spectra of BLG and LacBLG in 20 mM PBS buffer (pH 7.2), with and 

without addition of EGCG at molar ratio 1:1 and 1:10.  

 

CD spectra are presented in Graph 3 and the secondary structure content in Table 10.  

“LacBLG shows similar secondary structure content as native protein. Due to the heat-induced 

dimerization and/or denaturation, small changes in the protein fold can be observed. Calculation 

of secondary structures showed that glycation of BLG induces β-sheet to α-helix transition (non-

native), accompanied with an increase in random coil. With the results obtained by monitoring Trp 

fluorescence in LacBLG, it is evident that glycation induces changes in protein fold and causes 

non-native transitions of protein secondary structures. These effects could mainly be attributed to 

the heat-induced denaturation of BLG, as the changes in the protein fold due to increase of 

temperature occur already at 60 ºC (Seo and others, 2010). On the other hand, interactions of 

EGCG with LacBLG further induced a decrease of β-sheet and increase of α-helix and random 

coil, thus further contributing to glycated protein unfolding.” (Perusko and others, 2017) A 

different pattern of secondary structure changes as a consequence of complexation of BLG with 

EGCG could also be observed (Table 10 and Graph 3).  
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The effect of EGCG binding on BLG and glycated BLG secondary structure was also obtained by 

recording of FTIR spectra.  BLG has amide I peak position at 1634 cm-1 (Fig. 26A), reflecting 

domination of β-sheets in its structure. After glycation, amide I peak position shifts to 1642 cm-1 

(Fig. 26D), implying transition of β-sheet to random coil in modified BLG. Upon binding, EGCG 

induced change of BLG amide I band shape, indicating alteration of the secondary structure of 

BLG (Fig. 26B and C), as well as LacBLG (Fig. 26E and F) due to EGCG binding.  

 

Table 10. The secondary structure content of BLG and LacBLG and their complexes with EGCG, 

calculated from FT-IR and CD spectra. 

 

   CD FT-IR CD FT-IR CD FT-

IR 

BLG α-helix  9.4 22.4 17.2 23.9 17.4 23.9 

 β-structures β -sheet  27.9  29.7  31.7 

  β -turn 54.9 14.3 56.65 13.3 55.45 12.4 

  β -antiparallel sheet  12.5  8.9  7.8 

 Random coil  35.7 22.9 26.15 24.2 27.15 24.2 

LacBLG α -helix  12.75 23.9 17.25 24.5 17.5 25.0 

 β -structures β -sheet  19.4  22.9  22.7 

  β -turn 50.4 16.9 45.85 15.8 45 16.9 

  β -antiparallel sheet  9.3  7.6  7.8 

 Random coil  36.8 30.5 36.9 29.2 37.5 27.6 

 

A quantitative analysis of the BLG/LacBLG secondary structure before and after 

interaction with EGCG is presented in Figure 30 and curve-fitted results in Table 10. “The curve-

fitted results show that a helix is slightly increased for 1%, upon EGCG binding. Beta sheet content 

increased from 27.9% (BLG) to 31.7% (BLG:EGCG 1:10 molar ratio), while β-antiparallel sheet 

percentage decreased from 12.5% (BLG) to 7.8% (BLG:EGCG 1:10 molar ratio). It can be 

observed that content of β-antiparallel sheets is substantially changed upon EGCG binding. These 

results are in agreement with previous study (Kanakis and others, 2011).” (Perusko and others, 

2017)  

 

  EGCG  EGCG 



87 
 

 

 

Figure 30. The curve-fited amide I (1700–1600 cm-1) region of the BLG (A), BLG-EGCG in 

molar ratio 1:1 (B)  and 1:10 (C), LacBLG (D),  LacBLG-EGCG in molar ratio 1:1 (E)  and 1:10 

(F).  

“The curve fitted results  show that LacBLG has a higher percentage of random coil (30.5%) in 

comparison to BLG (22.9%), in agreement with CD data. However, similarly to BLG, α-helical 

content was only slightly affected upon EGCG binding. Moreover, in the presence of EGCG beta 
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sheet content increased in comparison to LacBLG, while β-antiparallel sheet percentage decreased. 

Therefore, FTIR results confirmed that glycation produces substantial changes in secondary 

structures of BLG. Binding of polyphenol to BLG, as well as, LacBLG, induces subtle changes in 

secondary structures of protein, mostly characterized by a decrease in antiparallel-β sheet content 

and a small increase in α-helix content.” (Perusko and others, 2017)  

 

5.3.4 Antioxidant capacity of BLG and LacBLG 

 “BLG is a mild temperature-dependent antioxidant and the free thiol group is likely to be 

involved in this antioxidant activity (Liu, Chen, & Mao, 2007). Glycated BLG shows antiradical 

properties which intensity depends on the sugar used for modification of the protein (Chobert and 

others, 2006). Even though the exact mechanism of how proteins influence antioxidative effect of 

polyphenols is still not yet known, the decrease in total antioxidant capacity when the polyphenols 

are bound to proteins is very well studied (Ozdal, Capanoglu, & Altay, 2013). Therefore, we 

wanted to examine the effect of glycation on the total antioxidative capacity of glycated protein– 

 polyphenol complex and the magnitude of the masking effect of LacBLG:EGCG complex.” 

(Perusko and others, 2017)  

Antioxidant activity of BLG and LacBLG without or in complex with EGCG (molar ratio 

protein-EGCG 5:1, was assessed in ABTS+ radical scavenging assay (Figure 31A). LacBLG 

demonstrated higher capacity to scavenge ABTS radical than BLG, while complex formation with 

EGCG enlarged this capacity in both cases. “However, ABTS scavenging activity of the 

complexes is lower than the sum of protein activity and EGCG activity. Masking effect due to 

BLG:EGCG interactions was 12.67%, and due to LacBLG:EGCG interactions was 13.15%, which 

is consistent with the data obtained for the interactions of different polyphenols with BLG 

(Stojadinovic and others, 2013).” (Perusko and others, 2017). The superoxide anion radical 

scavenging capacity and reducing power are presented in Figures 31B and 31C, respectively.  “The 

superoxide anion radical scavenging activity, followed a similar pattern, with masking effects of 

8.87% and 7.53% for BLG:EGCG and LacBLG:EGCG, respectively. Reducing power of BLG 

was negligible and so was the masking effect of BLG:EGCG interactions. Glycation of BLG 

notably increased its reducing power. Interactions of LacBLG:EGCG complex gave rise to 

masking effect of 10.05%.” (Perusko and others, 2017) 
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Figure 31. A) ABTS radical scavenging capacity, B) Superoxide anion scavenging capacity and 

C) Reducing power of EGCG, BLG, LacBLG and their complexes. *, **, ***, and ns, represent 

significance at p ≤ 0.05, 0.01, 0.001 and not significant, respectively.  

“Melanoidins and heterocycles formed in the advanced stages of the MR possess a hydrogen-

donating ability, explaining the reducing power of LacBLG and its increased ability to react with 
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radical compounds (Chevalier and others, 2001). Complexation of EGCG to BLG or LacBLG led 

to a similar degree of antioxidant capacity masking effect, correlating well with determined 

association constants in 104 M-1 range for both BLG forms. Strong correlation between antioxidant 

masking effect and binding affinity of polyphenols to BLG has been reported previously 

(Stojadinovic and others, 2013), therefore similar binding affinity determined in our study also 

correlates well with the similar extents of the masking effect of EGCG binding to the proteins.” 

(Perusko and others, 2017) 

 

5.3.5 Comparison of binding parameters and structural changes of ALA and 

BLG upon their binding to EGCG 
 

Finally, we intended to compare binding parameters of EGCG binding to different forms 

of ALA and BLG, and correlate them with structure features. The comparisons are presented in 

Tables 12 and 13. When calculated by double-logarithmic equation, without (unmodified double-

logarithmic equation) and with (double-logarithmic equation modified by Bi and others) taking 

into consideration fraction of ligand bound to protein, holo ALA have similar binding constant at 

pH 7.2 (Table 11).  Apo ALA, when it is in its completely native conformation (neutral pH and 

low temperature) has higher binding affinity for EGCG than holo ALA, analyzed by both 

unmodified and modified double-logarithmic equation. However, at higher temperature and 

neutral pH, when conformation of apo ALA partially transforms to MG, its binding affinity to 

EGCG becomes lower. At low pH and low temperature, when apo ALA also adopts partial MG 

conformation, affinity for EGCG is even lower. When apo ALA is mostly in conformation of MG, 

at high temperature and low pH, EGCG binding is dramatically reduced, suggesting that EGCG 

binding to ALA is in correlation with level of maintained tertiary structure. In comparison to holo 

ALA, BLG have higher affinity for EGCG. This can be explained by the fact that BLG is excellent 

binder of low molecular mass hydrophobic ligands, such as fatty acids and vitamins, mainly due 

to its internal hydrophobic cavity (known as calyx) as preferential binding area (Kontopidis and 

others, 2004). BLG modified by glycation have slightly higher affinity for EGCG then unmodified 

BLG, probably due to hydrophilic character of covalently bound glyco-component, providing 

additional hydrogen bonds with galloyl functional group of EGCG.   

 

 



91 
 

 

Table 11. Comparison of binding parameters of ALA and BLG upon their binding to EGCG.  

* -Binding parameters obtained using unmodified double-logarithmic equation; # - binding 

parameters obtained using double-logarithmic equation modified according to Bi and others 

(2004). 

Protein Ka (x 104 M-1) 

*Holo ALA (pH 7.2, 22 ⁰C) 1.7  

#Holo ALA (pH 7.2, 6 ⁰C) 1.95  

#apoALA native (pH 7.2, 6⁰C)  2.18  

#apoALA partial MG (pH 7.2, 37⁰C) 1.80  

#apoALA partial MG (pH 1.2, 6C) 1.63  

#apoALA MG (pH 1.2, 37⁰C) 0.75  

*BLG (pH 7.2, 22C) 3.1  

*Glycated BLG (pH 7.2, 22⁰C) 5  

 

In comparison to holo ALA, apo ALA in its native conformation have lower content of β-structures 

and higher content of random structure, implying perturbation of ALA structure by calcium ion 

removal at least in the region of metal binding site (Table 12). In MG conformation apo ALA have 

more ordered secondary structure than in its native conformation. In general, MG conformation is 

characterized by highly preserved secondary, and almost completely disturbed tertiary structure. 

EGCG binding to ALA reduced α-helix on account of increase of β-structures and random coil. 

This effect is more pronounced in holo ALA than in apo ALA with retained native conformation, 

and it is only slight in apo ALA in MG conformation due to lower EGCG binding to MG of apo 

ALA. In comparison to unmodified BLG, glycated BLG have higher content of α-helix and lower 

content of β-structures. In contrast to ALA, upon EGCG binding to BLG increase in α-helix on 

account of decrease in mostly random coil could be observed. This suggests that EGCG binding 

to ALA mostly rearrange ordered structure without protein stabilization, while by binding to BLG 

EGCG noticeably stabilize protein structure, as reflected in dramatic loss of random coil content, 

although both proteins have similar binding affinity. However, binding of EGCG to glycated BLG 

rearrange ordered structure without effect of protein stabilization, in spite the fact that EGCG binds 

to glycated BLG more strongly than to unmodified protein.  
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Table 12. Comparison of structural changes of ALA and BLG upon their binding to EGCG. 

Secondary structure content was calculated from CD spectra.  

Secondary structure content 

calculate from CD spectra at 22 ºC 

α-

Helix 

(%) 

Delta 

(%) 

β-

Structures 

(%)  

Delta 

(%) 

Random 

coil (%) 

Delta 

(%) 

Holo ALA (pH 7.2) 36.3 - 5.7 39.6 +3.5 24.2 +2.2 

Holo ALA-EGCG (pH 7.2, 

EGCG/ALA=1:1) 

30.6 43.1 26.4 

Apo ALA native (pH 7.2) 35.80  -2.2 34.14 +2.1 30.03 +0.17 

Apo ALA native-EGCG (pH 7.2, 

EGCG/ALA=2:1)  

33.6 36.24 30.20 

Apo ALA MG (pH 1.2) 39.60  -1.63 36.8 +0.76 23.60 +0.83 

Apo ALA MG -EGCG (pH 1.2, 

EGCG/ALA=2:1) 

37.97 37.56 24.43 

BLG (pH 7.2) 9.4 +7.8 54.9 +1.75 35.7 -9.55 

BLG-EGCG  (pH 7.2, 
EGCG/ALA=1:1) 

17.2 56.65 26.15 

Glycated BLG (pH 7.2) 12.75 +4.5 50.4 -4.55 36.8 +0.01 

Glycated BLG-EGCG (pH 7.2, 

EGCG/ALA=1:1) 

17.25 45.85 36.9 
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6. Conclusion 

The experimental and computational investigations carried out in this study shed a light and 

provided valuable info into interactions between native ALA and EGCG: 

● The affinity of EGCG binding to ALA, as determined by FQ method, was in the range reported 

for complexes of EGCG with other dietary proteins, and in the same time, lower than affinity 

published for binding of other phenolic compounds to ALA. CD and FT-IR spectrometry showed 

that EGCG binding induced secondary structure change with decrease of α-helix on the account 

of increased of β-sheet structures. ITC measurements that we have obtained point to clue that the 

formation of ALA-EGCG complex is enthalpically favorable. Molecular docking analysis 

suggests that ALA contains one high affinity EGCG binding site, situated in the hydrophobic 

pocket at the entrance of the cleft between two ALA domains and includes residues of aromatic 

cluster II.  

►The results of this thesis imply that ALA has a great potential as suitable delivery system of 

EGCG, as well as other nutraceuticals, especially having in mind its low cost and widespread 

availability. In order to improve EGCG stability and maintain its activity, in the future, methods 

for EGCG encapsulation into ALA-based nanoparticles or nanotubes could be developed. In this 

thesis we have shown that beside BLG, other whey proteins, such as ALA, can serve for efficient 

food fortification with EGCG if they have high binding affinity as ALA and BLG. If in fortified 

food whole whey proteins are used, EGCG could be continuously released during digestion 

process and in that way improve uptake and provide full general health benefits of this potent 

polyphenol. In fact, ALA is more digestible than BLG in the gastric compartment of protein 

digestion (Fu and others 2002), and thus during gastric digestion EGCG will be gradually released 

mainly from ALA, and further, during intestinal phase, it will be released predominantly from 

BLG. 

●   FQ method have shown that EGCG binds to both holoALA and apoALA, at physiological pH 

conditions -neutral (pH 7.2) and acidic (pH 2.5 and pH 1.2), at low (6 °C) and physiological 

temperature (37 °C). At all tested conditions association constant of EGCG for  holoALA and 

apoALA was of similar magnitude. However, EGCG has lower affinity at conditions where ALA 

has less ordered structure, such as molten globule and molten globule-like. EGCG binds to 
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apoALA in its native conformation, partial molten globule, as well as full molten globule state. 

CD spectroscopy have shown that EGCG binding to different conformations of apoALA results in 

only slight change in secondary and tertiary structure. EGCG had stabilization effect on ALA at 

neutral conditions:  its binding thermally stabilized ALA, reflected as EGCG-depending increased 

Tm, with stabilization effect more pronounced in case of apo ALA, in comparison to  holo ALA.  

► In addition to its holo form, ALA also in its apo form could be used as vehicle for EGCG 

delivery. Beside, the substantial binding of EGCG to ALA in acidic environment and at 

physiological temperature (37 °C) imply that, after intake of tea with milk, or food enriched with 

EGCG incorporated into holo ALA-based carriers, during gastric digestion EGCG would be still 

bound to ALA, in spite that ALA is in apo form. 

● Glycation of BLG, the major whey protein does not diminish its complexation with the EGCG.  

Moreover, introduction of hydrophilic saccharide moieties slightly increase BLG binding affinity 

to EGCG, providing more extensive hydrogen bonding with galloyl groups on EGCG.  However, 

EGCG binding have different influence on secondary structure of these two forms of BLG: EGCG 

noticeably stabilize BLG structure, as reflected in dramatic loss of random coil content, while 

rearrange ordered structure in glycated BLG without effect of protein stabilization. EGCG binding 

to both unmodified and glycated protein demonstrated masking effect of on the antioxidant 

properties in the same range. Besides BLG, other glycated proteins, could also retained ability to 

bind and transport EGCG, and their EGCG complexes could serve as an exceptional food additive 

and carrier for nutraceuticals. 

► Finally, it can be concluded that protein modification, such as removal of metal from holo form 

(in case of ALA), or covalent modification by glycation (in case of BLG), or even significant 

change in conformation (such as apo ALA in conformation of molten globule) does not 

substantially affect EGCG binding. If sufficient structural elements, required for binding, are 

maintained after modification EGCG binding affinity remains at the same order of magnitude.  

EGCG have quite different effects on secondary structure and the ordered structure content of 

protein to which is bound, and these effects are determined by protein structure, and its eventual 

modification, rather than only by binding affinity. 



95 
 

7. References 

 

Acharya, K. R., Stuart, D. I., Phillips, D. C., McKenzie, H. A., & Teahan, C. G. (1994). Models 

of the three-dimensional structures of echidna, horse, and pigeon lysozymes: calcium-

binding lysozymes and their relationship with alpha-lactalbumins. J Protein Chem, 13(6), 

569-584. https://doi.org/10.1007/BF01901539.  

Aitken-Rogers, H., Singleton, C., Lewin, A., Taylor-Gee, A., Moore, G. R., & Le Brun, N. E. 

(2004). Effect of phosphate on bacterioferritin-catalysed iron(II) oxidation. Journal of 

Biological Inorganic Chemistry, 9(2), 161-170. <Go to ISI>://WOS:000189274500006. 

 Albani, J. R. (2004). Chapter 4 - Fluorescence Quenching. In J. R. Albani (Ed.), Structure and 

Dynamics of Macromolecules: Absorption and Fluorescence Studies (pp. 141-192). 

Amsterdam: Elsevier Science. 

Al-Hanish, A., Stanic-Vucinic, D., Mihailovic, J., Prodic, I., Minic, S., Stojadinovic, M., . . . 

Velickovic, T. C. (2016). Noncovalent interactions of bovine alpha-lactalbumin with 

green tea polyphenol, epigalocatechin-3-gallate. Food Hydrocolloids, 61, 241-250. 

https://doi.org/10.1016/j.foodhyd.2016.05.012. 

Almajano, M. P., Delgado, M. E., & Gordon, M. H. (2007). Changes in the antioxidant 

properties of protein solutions in the presence of epigallocatechin gallate. Food 

Chemistry, 101(1), 126-130. https://doi.org/10.1016/j.foodchem.2006.01.009.  

Amirdivani, S., & Baba, A. S. H. (2015). Green tea yogurt: major phenolic compounds and 

microbial growth. Journal of Food Science and Technology-Mysore, 52(7), 4652-4660. 

https://doi.org/10.1007/s13197-014-1670-6.  

Anandakrishnan, R., Aguilar, B., & Onufriev, A. V. (2012). H++3.0: automating pK prediction 

and the preparation of biomolecular structures for atomistic molecular modeling and 

simulations. Nucleic Acids Research, 40(W1), W537-W541. 

https://doi.org/10.1093/nar/gks375.  

Anderson, P. J., Brooks, C. L., & Berliner, L. J. (1997). Functional identification of calcium 

binding residues in bovine alpha-lactalbumin. Biochemistry, 36(39), 11648-11654. doi: 

10.1021/bi9709598 

https://doi.org/10.1093/nar/gks375


96 
 

Bandyopadhyay, P., Ghosh, A. K., & Ghosh, C. (2012). Recent developments on polyphenol-

protein interactions: effects on tea and coffee taste, antioxidant properties and the 

digestive system. Food Funct, 3(6), 592-605. https://doi.org/10.1039/c2fo00006g.  

Barbana, C., Perez, M. D., Sanchez, L., Dalgalarrondo, M., Chobert, J. M., & Haertle, T. (2006). 

Interaction of bovine alpha-lactalbumin with fatty acids as determined by partition 

equilibrium and fluorescence spectroscopy. International Dairy Journal, 16(1), 18-25. 

https://doi.org/10.1016/j.idairyj.2005.01.007.  

Bi, S. Y., Ding, L., Tian, Y., Song, D. Q., Zhou, X., Liu, X., & Zhang, H. Q. (2004). 

Investigation of the interaction between flavonoids and human serum albumin. Journal of 

Molecular Structure, 703(1-3), 37-45. https://doi.org/10.1016/j.molstruc.2004.05.026.  

Boath, A. S., Stewart, D., & McDougall, G. J. (2012). Berry components inhibit alpha-

glucosidase in vitro: synergies between acarbose and polyphenols from black currant and 

rowanberry. Food Chem, 135(3), 929-936. https://doi.org/S0308-8146(12)01038-2 

[pii]10.1016/j.foodchem.2012.06.065.  

Bode, A. M., & Dong, Z. G. (2009). Epigallocatechin 3-Gallate and Green Tea Catechins: United 

They Work, Divided They Fail. Cancer Prevention Research, 2(6), 514-517. 

https://doi.org/10.1158/1940-6207.CAPR-09-0083.  

Bohin, M. C., Vincken, J. P., van der Hijden, H. T. W. M., & Gruppen, H. (2012). Efficacy of 

Food Proteins as Carriers for Flavonoids. Journal of Agricultural and Food Chemistry, 

60(16), 4136-4143. https://doi.org/10.1021/jf205292r.  

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem, 72, 

248-254. https://doi.org/10.1006/abio.1976.9999.  

Brigitte A. Graf, P. E. M., and Jeffrey B. Blumberg. (2005). Flavonols, Flavones, Flavanones, 

and Human Health: Epidemiological Evidence. Journal of Medicinal Food, 8(3), 281-

290. doi: 10.1089/jmf.2005.8.281 

Brinkmann, C. R., Thiel, S., Larsen, M. K., Petersen, T. E., Jensenius, J. C., & Heegaard, C. W. 

(2011). Preparation and comparison of cytotoxic complexes formed between oleic acid 

and either bovine or human alpha-lactalbumin. Journal of Dairy Science, 94(5), 2159-

2170. https://doi.org/10.3168/jds.2010-3622.  



97 
 

Butt, M. S., & Sultan, M. T. (2009). Green Tea: Nature's Defense against Malignancies. Critical 

Reviews in Food Science and Nutrition, 49(5), 463-473. https://doi.org/Pii 

91074720010.1080/10408390802145310.  

Byler, D. M., & Susi, H. (1986). Examination of the secondary structure of proteins by 

deconvolved FTIR spectra. Biopolymers, 25(3), 469-487. 

https://doi.org/10.1002/bip.360250307.  

Carlson, J. R., Bauer, B. A., Vincent, A., Limburg, P. J., & Wilson, T. (2007). Reading the tea 

leaves: Anticarcinogenic properties of (-)-epigallocatechin-3-gallate. Mayo Clinic 

Proceedings, 82(6), 725-732. <Go to ISI>://WOS:000246976900013.  

Cavet, M. E., Harrington, K. L., Vollmer, T. R., Ward, K. W., & Zhang, J. Z. (2011). Anti-

inflammatory and anti-oxidative effects of the green tea polyphenol epigallocatechin 

gallate in human corneal epithelial cells. Mol Vis, 17, 533-542. 

http://www.ncbi.nlm.nih.gov/pubmed/21364905.  

Chakraborty, S., Ittah, V., Bai, P., Luo, L., Haas, E., & Peng, Z. Y. (2001). Structure and 

dynamics of the alpha-lactalbumin molten globule: Fluorescence studies using proteins 

containing a single tryptophan residue. Biochemistry, 40(24), 7228-7238. 

https://doi.org/Doi 10.1021/Bi010004w.  

Chaudhuri, A., & Chattopadhyay, A. (2014). Lipid binding specificity of bovine alpha-

lactalbumin: a multidimensional approach. Biochim Biophys Acta, 1838(8), 2078-2086. 

https://doi.org/10.1016/j.bbamem.2014.04.027.  

Chaudhuri, S., Chakraborty, S., & Sengupta, P. K. (2011). Probing the interactions of 

hemoglobin with antioxidant flavonoids via fluorescence spectroscopy and molecular 

modeling studies. Biophysical Chemistry, 154(1), 26-34. 

https://doi.org/10.1016/j.bpc.2010.12.003.  

Chawla, S. P., Chander, R., & Sharma, A. (2009). Antioxidant properties of Maillard reaction 

products obtained by gamma-irradiation of whey proteins. Food Chemistry, 116(1), 122-

128. https://doi.org/10.1016/j.foodchem.2009.01.097.  

Chen, M. S., Deng, J., Li, W. F., Lin, D., Su, C. X., Wang, M., . . . Wen, S. W. (2015). Impact of 

tea drinking upon tuberculosis: a neglected issue. Bmc Public Health, 15. 

https://doi.org/Artn 51510.1186/S12889-015-1855-6.  



98 
 

Cheng, H. X., Liu, H., Bao, W., & Zou, G. L. (2011). Studies on the interaction between 

docetaxel and human hemoglobin by spectroscopic analysis and molecular docking. 

Journal of Photochemistry and Photobiology B-Biology, 105(2), 126-132. 

https://doi.org/10.1016/j.jphotobiol.2011.07.004.  

Chevalier, F., Chobert, J. M., Genot, C., & Haertle, T. (2001). Scavenging of free radicals, 

antimicrobial, and cytotoxic activities of the Maillard reaction products of beta-

lactoglobulin glycated with several sugars. Journal of Agricultural and Food Chemistry, 

49(10), 5031-5038. https://doi.org/Doi 10.1021/Jf010549x.  

Chobert, J. M., Gaudin, J. C., Dalgalarrondo, M., & Haertle, T. (2006). Impact of Maillard type 

glycation on properties of beta-lactoglobulin. Biotechnology Advances, 24(6), 629-632. 

https://doi.org/10.1016/j.biotechadv.2006.07.004.  

Chrysina, E. D., Brew, K., & Acharya, K. R. (2000). Crystal structures of apo- and holo-bovine 

alpha-lactalbumin at 2. 2-A resolution reveal an effect of calcium on inter-lobe 

interactions. J Biol Chem, 275(47), 37021-37029. 

https://doi.org/10.1074/jbc.M004752200M004752200 [pii].  

Cirkovic Velickovic, T., Stanic-Vucinic, D., Al-Hanish, A., Mihailovic, J., Prodic, I., Minic, S., 

Stojadinovic, M., Radibratovic, M., Milcic, M., 2019. Delivery of Epigalocatechin-3-

Gallate by Bovine Alpha-Lactalbumin Based on Their Non-covalent Interactions. In: 

Melton, L., Shahidi, F., Varelis, P. (Eds.), Encyclopedia of Food Chemistry, vol. 3, pp. 

118–124. Elsevier; ISBN: 9780128140260 

https://doi.org/10.1016/B978-0-08-100596-5.22425-6 

Clifford, M. N. (2004). Diet-derived Phenols in plasma and tissues and their implications for 

health. Planta Medica, 70(12), 1103-1114. https://doi.org/10.1055/s-2004-835835.  

Correia, M., Neves-Petersen, M. T., Parracino, A., di Gennaro, A. K., & Petersen, S. B. (2012). 

Photophysics, photochemistry and energetics of UV light induced disulphide bridge 

disruption in apo-alpha-lactalbumin. J Fluoresc, 22(1), 323-337. 

https://doi.org/10.1007/s10895-011-0963-7.  

Dalgleish, D. G., & Corredig, M. (2012). The structure of the casein micelle of milk and its 

changes during processing. Annu Rev Food Sci Technol, 3, 449-467. 

https://doi.org/10.1146/annurev-food-022811-101214.  



99 
 

de Wit, J. N. (1998). Nutritional and functional characteristics of whey proteins in food products. 

Journal of Dairy Science, 81(3), 597-608. https://doi.org/DOI 10.3168/jds.S0022-

0302(98)75613-9.  

Delavari, B., Saboury, A. A., Atri, M. S., Ghasemi, A., Bigdeli, B., Khammari, A., . . . Goliaei, 

B. (2015). Alpha-lactalbumin: A new carrier for vitamin D-3 food enrichment. Food 

Hydrocolloids, 45, 124-131. https://doi.org/10.1016/j.foodhyd.2014.10.017.  

Dimitrijevic, M. V., Mitic, V. D., Cvetkovic, J. S., Jovanovic, V. P. S., Mutic, J. J., & Mandic, S. 

D. N. (2016). Update on element content profiles in eleven wild edible mushrooms from 

family Boletaceae. European Food Research and Technology, 242(1), 1-10. 

https://doi.org/10.1007/s00217-015-2512-0 

Dolgikh, D. A., Gilmanshin, R. I., Brazhnikov, E. V., Bychkova, V. E., Semisotnov, G. V., 

Venyaminov, S., & Ptitsyn, O. B. (1981). Alpha-Lactalbumin: compact state with 

fluctuating tertiary structure? FEBS Lett, 136(2), 311-315. https://doi.org/10.1016/0014-

5793(81)80642-4.  

Dong, A., Huang, P., & Caughey, W. S. (1990). Protein secondary structures in water from 

second-derivative amide I infrared spectra. Biochemistry, 29(13), 3303-3308. 

https://doi.org/10.1021/bi00465a022.  

Draijer, R., Van Dorsten, F. A., Zebregs, Y. E., Hollebrands, B., Peters, S., Duchateau, G. S., & 

Grün, C. H. (2016). Impact of proteins on the uptake, distribution, and excretion of 

phenolics in the human body. Nutrients, 8(12). https://doi.org/10.3390/nu8120814.  

Dupont, D., & Tome, D. (2014). Chapter 20 - Milk Proteins: Digestion and Absorption in the 

Gastrointestinal Tract. In H. Singh, M. Boland & A. Thompson (Eds.), Milk Proteins 

(Second Edition) (pp. 557-569). San Diego: Academic Press. 

Ehrnhoefer, D. E., Bieschke, J., Boeddrich, A., Herbst, M., Masino, L., Lurz, R., . . . Wanker, E. 

E. (2008). EGCG redirects amyloidogenic polypeptides into unstructured, off-pathway 

oligomers. Nat Struct Mol Biol, 15(6), 558-566. https://doi.org/10.1038/nsmb.1437.  

Fang, B., Zhang, M., Tian, M., Jiang, L., Guo, H. Y., & Ren, F. Z. (2014). Bovine lactoferrin 

binds oleic acid to form an anti-tumor complex similar to HAMLET. Biochimica Et 

Biophysica Acta-Molecular and Cell Biology of Lipids, 1841(4), 535-543. 

https://doi.org/10.1016/j.bbalip.2013.12.008.  



100 
 

Faridbod, F., Ganjali, M. R., Larijani, B., Riahi, S., Saboury, A. A., Hosseini, M., . . . Pillip, C. 

(2011). Interaction study of pioglitazone with albumin by fluorescence spectroscopy and 

molecular docking. Spectrochimica Acta Part a-Molecular and Biomolecular 

Spectroscopy, 78(1), 96-101. https://doi.org/10.1016/j.saa.2010.09.001.  

Farkas, V., Vass, E., Hanssens, I., Majer, Z., & Hollosi, M. (2005). Cyclic peptide models of the 

Ca2+-binding loop of alpha-lactalbumin. Bioorg Med Chem, 13(17), 5310-5320. 

https://doi.org/10.1016/j.bmc.2005.06.040.  

Fenaille, F., Morgan, F., Parisod, V., Tabet, J. C., & Guy, P. A. (2004). Solid-state glycation of 

beta-lactoglobulin by lactose and galactose: localization of the modified amino acids 

using mass spectrometric techniques. Journal of Mass Spectrometry, 39(1), 16-28. 

https://doi.org/10.1002/jms.539.  

Ferguson, P. H. (2003). EVAPORATION | Uses in the Food Industry. In B. Caballero (Ed.), 

Encyclopedia of Food Sciences and Nutrition (Second Edition) (pp. 2205-2211). Oxford: 

Academic Press. 

Ferruzzi, M. G. (2010). The influence of beverage composition on delivery of phenolic 

compounds from coffee and tea. Physiology & Behavior, 100(1), 33-41. 

https://doi.org/10.1016/j.physbeh.2010.01.035.  

Fiocchi, A., Brozek, J., Schunemann, H., Bahna, S. L., von Berg, A., Beyer, K., . . . Vieths, S. 

(2010). World Allergy Organization (WAO) Diagnosis and Rationale for Action against 

Cow's Milk Allergy (DRACMA) Guidelines. Pediatr Allergy Immunol, 21 Suppl 21, 1-

125. https://doi.org/PAI1068 [pii]10.1111/j.1399-3038.2010.01068.x.  

Fox, P. F. (2001). Milk proteins as food ingredients. International Journal of Dairy Technology, 

54(2), 41-55. https://doi.org/DOI 10.1046/j.1471-0307.2001.00014.x.  

Frazier, R. A., Deaville, E. R., Green, R. J., Stringano, E., Willoughby, I., Plant, J., & Mueller-

Harvey, I. (2010). Interactions of tea tannins and condensed tannins with proteins. 

Journal of Pharmaceutical and Biomedical Analysis, 51(2), 490-495. 

https://doi.org/10.1016/j.jpba.2009.05.035.  

Frisch, M. J. (2006). Optimizing large molecules with Gaussian 03. Chemicke Listy, 100(4), A9-

A9. <Go to ISI>://WOS:000237048100002.  

https://doi.org/10.1002/jms.539


101 
 

Fu, T. J., Abbott, U. R., & Hatzos, C. (2002). Digestibility of food allergens and nonallergenic 

proteins in simulated gastric fluid and simulated intestinal fluid-a comparative study. J 

Agric Food Chem, 50(24), 7154-7160. doi: 10.1021/jf020599h 

Fujimura, Y., Tachibana, H., Maeda-Yamamoto, M., Miyase, T., Sano, M., & Yamada, K. 

(2002). Antiallergic tea catechin, (-)-epigallocatechin-3-O-(3-O-methyl)-gallate, 

suppresses FcepsilonRI expression in human basophilic KU812 cells. J Agric Food 

Chem, 50(20), 5729-5734. https://doi.org/10.1021/jf025680z.  

Ghosh, K. S., Sahoo, B. K., & Dasgupta, S. (2008). Spectrophotometric studies on the interaction 

between (-)-epigallocatechin gallate and lysozyme. Chemical Physics Letters, 452(1-3), 

193-197. https://doi.org/10.1016/j.cplett.2007.12.018.  

Goormaghtigh, E., Cabiaux, V., & Ruysschaert, J. M. (1990). Secondary structure and dosage of 

soluble and membrane proteins by attenuated total reflection Fourier-transform infrared 

spectroscopy on hydrated films. Eur J Biochem, 193(2), 409-420. 

https://doi.org/10.1111/j.1432-1033.1990.tb19354.x.  

Graf, B. A., Milbury, P. E., & Blumberg, J. B. (2005). Flavonols, flavones, flavanones, and 

human health: Epidemiological evidence. Journal of Medicinal Food, 8(3), 281-290. 

https://doi.org/DOI 10.1089/jmf.2005.8.281.  

Griko, Y. V., & Remeta, D. P. (1999). Energetics of solvent and ligand-induced conformational 

changes in alpha-lactalbumin. Protein Sci, 8(3), 554-561. 

https://doi.org/10.1110/ps.8.3.554.  

Gudgin, E., Lopez-Delgado, R., & Ware, W. R. (1981). The tryptophan fluorescence lifetime 

puzzle. A study of decay times in aqueous solution as a function of pH and buffer 

composition. Canadian Journal of Chemistry, 59(7), 1037-1044. doi: 10.1139/v81-154 

Hakansson, A., Svensson, M., Mossberg, A. K., Sabharwal, H., Linse, S., Lazou, I., . . . 

Svanborg, C. (2000). A folding variant of alpha-lactalbumin with bactericidal activity 

against Streptococcus pneumoniae (vol 35, pg 589, 1999). Molecular Microbiology, 

36(1), 247-247. https://doi.org/DOI 10.1046/j.1365-2958.2000.01900.x.  

Halliwell, B. (2007). Dietary polyphenols: Good, bad, or indifferent for your health? 

Cardiovascular Research, 73(2), 341-347. 

https://doi.org/10.1016/j.cardiores.2006.10.004.  



102 
 

Haslam, E., & Cai, Y. (1994). Plant polyphenols (vegetable tannins): gallic acid metabolism. Nat 

Prod Rep, 11(1), 41-66.  

Hasni, I., Bourassa, P., Hamdani, S., Samson, G., Carpentier, R., & Tajmir-Riahi, H. A. (2011). 

Interaction of milk alpha- and beta-caseins with tea polyphenols. Food Chemistry, 

126(2), 630-639. <Go to ISI>://WOS:000286855200034.  

Hemar, Y., Gerbeaud, M., Oliver, C. M., & Augustin, M. A. (2011). Investigation into the 

interaction between resveratrol and whey proteins using fluorescence spectroscopy. 

International Journal of Food Science and Technology, 46(10), 2137-2144. 

https://doi.org/10.1111/j.1365-2621.2011.02728.x.  

Hiraoka, Y., Segawa, T., Kuwajima, K., Sugai, S., & Murai, N. (1980). alpha-Lactalbumin: a 

calcium metalloprotein. Biochem Biophys Res Commun, 95(3), 1098-1104. 

https://doi.org/10.1016/0006-291x(80)91585-5.  

Hochwallner, H., Schulmeister, U., Swoboda, I., Spitzauer, S., & Valenta, R. (2014). Cow's milk 

allergy: From allergens to new forms of diagnosis, therapy and prevention. Methods-a 

Companion to Methods in Enzymology, 66(1), 22-33. 

https://doi.org/10.1016/j.ymeth.2013.08.005.  

Hou, X., & Jones, B. (2006). Inductively Coupled Plasma/Optical Emission Spectrometry. 

Jenness, R. (1988). Composition of Milk. In N. P. Wong, R. Jenness, M. Keeney & E. H. Marth 

(Eds.), Fundamentals of Dairy Chemistry (pp. 1-38). Boston, MA: Springer US. 

Jia, J. J., Gao, X., Hao, M. H., & Tang, L. (2017). Comparison of binding interaction between 

beta-lactoglobulin and three common polyphenols using multi-spectroscopy and 

modeling methods. Food Chemistry, 228, 143-151. 

https://doi.org/10.1016/j.foodchem.2017.01.131.  

Jobstl, E., O'Connell, J., Fairclough, J. P. A., & Williamson, M. P. (2004). Molecular model for 

astringency produced by polyphenol/protein interactions. Biomacromolecules, 5(3), 942-

949. <Go to ISI>://WOS:000221315200043.  

Jongberga, S., Andersen, M. L., & Lund, M. N. (2020). Covalent Protein-Polyphenol Bonding as 

Initial Steps of Haze Formation in Beer. Journal of the American Society of Brewing 

Chemists, 78(2), 153-164. https://doi.org/10.1080/03610470.2019.1705045.  



103 
 

Jost, R., Maire, J. C., Maynard, F., & Secretin, M. C. (1999). Aspects of whey protein usage in 

infant nutrition, a brief review. International Journal of Food Science and Technology, 

34(5-6), 533-542. https://doi.org/DOI 10.1046/j.1365-2621.1999.00324.x.  

Kamau, S. M., Cheison, S. C., Chen, W., Liu, X.-M., & Lu, R.-R. (2010). Alpha-Lactalbumin: 

Its Production Technologies and Bioactive Peptides. Comprehensive Reviews in Food 

Science and Food Safety, 9(2), 197-212. doi: 10.1111/j.1541-4337.2009.00100.x 

Kanakis, C. D., Hasni, I., Bourassa, P., Tarantilis, P. A., Polissiou, M. G., & Tajmir-Riahi, H. A. 

(2011). Milk beta-lactoglobulin complexes with tea polyphenols. Food Chemistry, 

127(3), 1046-1055. <Go to ISI>://WOS:000289046300021.  

Karaś, M., Jakubczyk, A., Szymanowska, U., Złotek, U., & Zielińska, E. (2017). Digestion and 

bioavailability of bioactive phytochemicals. International Journal of Food Science and 

Technology, 52(2), 291-305. https://doi.org/10.1111/ijfs.13323.  

Kay, C. D., Pereira-Caro, G., Ludwig, I. A., Clifford, M. N., & Crozier, A. (2017). Anthocyanins 

and Flavanones Are More Bioavailable than Previously Perceived: A Review of Recent 

Evidence. In M. P. Doyle & T. R. Klaenhammer (Eds.), Annual Review of Food Science 

and Technology, Vol 8 (pp. 155-180). 

Keppler, J. K., Martin, D., Garamus, V. M., & Schwarz, K. (2015). Differences in binding 

behavior of (-)-epigallocatechin gallate to -lactoglobulin heterodimers (AB) compared to 

homodimers (A) and (B). Journal of Molecular Recognition, 28(11), 656-666. 

https://doi.org/10.1002/jmr.2480.  

Keppler, J. K., Sonnichsen, F. D., Lorenzen, P. C., & Schwarz, K. (2014). Differences in heat 

stability and ligand binding among beta-lactoglobulin genetic variants A, B and C using 

H-1 NMR and fluorescence quenching. Biochimica Et Biophysica Acta-Proteins and 

Proteomics, 1844(6), 1083-1093. https://doi.org/10.1016/j.bbapap.2014.02.007.  

Keppler, J. K., Stuhldreier, M. C., Temps, F., & Schwarz, K. (2014). Influence of mathematical 

models and correction factors on binding results of polyphenols and retinol with beta-

lactoglobulin measured with fluorescence quenching. Food Biophysics, 9(2), 158-168. 

https://doi.org/10.1007/s11483-013-9328-x.  

Knyazeva, E. L., Grishchenko, V. M., Fadeev, R. S., Akatov, V. S., Permyakov, S. E., & 

Permyakov, E. A. (2008). Who Is Mr. HAMLET? Interaction of Human alpha-

https://doi.org/DOI%2010.1046/j.1365-2621.1999.00324.x


104 
 

Lactalbumin with Monomeric Oleic Acid. Biochemistry, 47(49), 13127-13137. 

https://doi.org/10.1021/bi801423s.  

Kontopidis, G., Holt, C., & Sawyer, L. (2004). Invited Review: beta-lactoglobulin: Binding 

properties, structure, and function. Journal of Dairy Science, 87(4), 785-796. 

https://doi.org/DOI 10.3168/jds.S0022-0302(04)73222-1.  

Kuwajima, K. (1996). The molten globule state of alpha-lactalbumin. Faseb Journal, 10(1), 102-

109. https://doi.org/10.1096/fasebj.10.1.8566530.  

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. Nature, 227(5259), 680-685. https://doi.org/10.1038/227680a0.  

Lakowicz, J. R., Gryczynski, I., Gryczynski, Z., & Dattelbaum, J. D. (1999). Anisotropy-based 

sensing with reference fluorophores. Anal Biochem, 267(2), 397-405. https://doi.org/DOI 

10.1006/abio.1998.3029.  

Lestringant, P., Guri, A., Gulseren, I., Relkin, P., & Corredig, M. (2014). Effect of processing on 

physicochemical characteristics and bioefficacy of beta-lactoglobulin-epigallocatechin-3-

gallate complexes. J Agric Food Chem, 62(33), 8357-8364. 

https://doi.org/10.1021/jf5029834.  

Li, B., Du, W. K., Jin, J. C., & Du, Q. Z. (2012). Preservation of (-)-Epigallocatechin-3-gallate 

Antioxidant Properties Loaded in Heat Treated beta-Lactoglobulin Nanoparticles. 

Journal of Agricultural and Food Chemistry, 60(13), 3477-3484. 

https://doi.org/10.1021/jf300307t.  

Li, M., & Hagerman, A. E. (2014). Role of the Flavan-3-ol and Galloyl Moieties in the 

Interaction of (-)-Epigallocatechin Gallate with Serum Albumin. Journal of Agricultural 

and Food Chemistry, 62(17), 3768-3775. https://doi.org/10.1021/jf500246m.  

Li, S. A., Huang, K. L., Zhong, M., Guo, J., Wang, W. Z., & Zhu, R. H. (2010). Comparative 

studies on the interaction of caffeic acid, chlorogenic acid and ferulic acid with bovine 

serum albumin. Spectrochimica Acta Part a-Molecular and Biomolecular Spectroscopy, 

77(3), 680-686. <Go to ISI>://WOS:000282672100018.  

Liang, L., & Subirade, M. (2012). Study of the acid and thermal stability of beta-lactoglobulin-

ligand complexes using fluorescence quenching. Food Chemistry, 132(4), 2023-2029. 

https://doi.org/10.1016/j.foodchem.2011.12.043.  



105 
 

Liang, L., Tajmir-Riahi, H. A., & Subirade, M. (2008). Interaction of beta-Lactoglobulin with 

resveratrol and its biological implications. Biomacromolecules, 9(1), 50-56. 

https://doi.org/10.1021/bm700728k.  

Liu, H. C., Chen, W. L., & Mao, S. J. T. (2007). Antioxidant nature of bovine milk beta-

lactoglobulin. Journal of Dairy Science, 90(2), 547-555. https://doi.org/DOI 

10.3168/jds.S0022-0302(07)71538-2.  

Lochocka, K., Bajerska, J., Glapa, A., Fidler-Witon, E., Nowak, J. K., Szczapa, T., . . . 

Walkowiak, J. (2015). Green tea extract decreases starch digestion and absorption from a 

test meal in humans: a randomized, placebo-controlled crossover study. Scientific 

Reports, 5. https://doi.org/Artn 1201510.1038/Srep12015.  

Ma, J., Yin, Y. M., Liu, H. L., & Xie, M. X. (2011). Interactions of Flavonoids with 

Biomacromolecules. Current Organic Chemistry, 15(15), 2627-2640. <Go to 

ISI>://WOS:000293852000006.  

Maiti, T. K., Ghosh, K. S., & Dasgupta, S. (2006). Interaction of (-)-epigallocatechin-3-gallate 

with human serum albumin: Fluorescence, Fourier transform infrared, circular dichroism, 

and docking studies. Proteins-Structure Function and Bioinformatics, 64(2), 355-362. 

https://doi.org/10.1002/prot.20995.  

Malinovskii, V. A., Tian, J., Grobler, J. A., & Brew, K. (1996). Functional site in alpha-

lactalbumin encompasses a region corresponding to a subsite in lysozyme and parts of 

two adjacent flexible substructures. Biochemistry, 35(30), 9710-9715. https://doi.org/Doi 

10.1021/Bi960437c.  

Manach, C., Williamson, G., Morand, C., Scalbert, A., & Rémésy, C. (2005). Bioavailability and 

bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. The 

American journal of clinical nutrition, 81(1 Suppl), 230S-242S. 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

13844281685&partnerID=40&md5=6162043cef0f8b6af551683e7996d87c.  

Marín, L., Miguélez, E. M., Villar, C. J., & Lombó, F. (2015). Bioavailability of dietary 

polyphenols and gut microbiota metabolism: Antimicrobial properties. BioMed Research 

International, 2015. https://doi.org/10.1155/2015/905215.  



106 
 

Marwaha, S., & Kennedy, J. (2007). Whey-pollution problem and potential utilization. 

International Journal of Food Science & Technology, 23, 323-336. doi: 10.1111/j.1365-

2621.1988.tb00586.x 

Masella, R., Di Benedetto, R., Vari, R., Filesi, C., & Giovannini, C. (2005). Novel mechanisms 

of natural antioxidant compounds in biological systems: Involvement of glutathione and 

glutathione-related enzymes. Journal of Nutritional Biochemistry, 16(10), 577-586. 

https://doi.org/10.1016/j.jnutbio.2005.05.013.  

Matsuo, H., Yokooji, T., & Taogoshi, T. (2015). Common food allergens and their IgE-binding 

epitopes. Allergology International, 64(4), 332-343. 

https://doi.org/10.1016/j.alit.2015.06.009.  

Mercer, N., Ramakrishnan, B., Boeggeman, E., & Qasba, P. K. (2011). Applications of Site-

Specific Labeling to Study HAMLET, a Tumoricidal Complex of alpha-Lactalbumin and 

Oleic Acid. PLoS One, 6(10). https://doi.org/ARTN 

e2609310.1371/journal.pone.0026093. 

Miciński, J., Kowalski, I. M., Zwierzchowski, G., Szarek, J., Pierożyński, B., & Zabłocka, E. 

(2013). Characteristics of cow's milk proteins including allergenic properties and 

methods for its reduction. Polish Annals of Medicine, 20(1), 69-76. doi: 

https://doi.org/10.1016/j.poamed.2013.07.006 

Mihajlovic, L., Radosavljevic, J., Burazer, L., Smiljanic, K., & Cirkovic Velickovic, T. (2015). 

Composition of polyphenol and polyamide compounds in common ragweed (Ambrosia 

artemisiifolia L.) pollen and sub-pollen particles. Phytochemistry, 109, 125-132. 

https://doi.org/10.1016/j.phytochem.2014.10.022.  

Miles, A. J., Whitmore, L., & Wallace, B. A. (2005). Spectral magnitude effects on the analyses 

of secondary structure from circular dichroism spectroscopic data. Protein Science, 14(2), 

368-374. https://doi.org/10.1110/ps.041019905.  

Mohammadi, F., & Moeeni, M. (2015a). Analysis of binding interaction of genistein and 

kaempferol with bovine alpha-lactalbumin. Journal of Functional Foods, 12, 458-467. 

https://doi.org/10.1016/j.jff.2014.12.012.  

Mohammadi, F., & Moeeni, M. (2015b). Study on the interactions of trans-resveratrol and 

curcumin with bovine alpha-lactalbumin by spectroscopic analysis and molecular 



107 
 

docking. Mater Sci Eng C Mater Biol Appl, 50, 358-366. https://doi.org/S0928-

4931(15)00117-4 [pii]10.1016/j.msec.2015.02.007.  

Mok, K. H., Pettersson, J., Orrenius, S., & Svanborg, C. (2007). HAMLET, protein folding, and 

tumor cell death. Biochemical and Biophysical Research Communications, 354(1), 1-7. 

https://doi.org/10.1016/j.bbrc.2006.12.167.  

Monaci, L., Tregoat, V., van Hengel, A. J., & Anklam, E. (2006). Milk allergens, their 

characteristics and their detection in food: A review. European Food Research and 

Technology, 223(2), 149-179. https://doi.org/10.1007/s00217-005-0178-8.  

Muller, A., Chaufer, B., Merin, U., & Daufin, G. (2003). Purification of alpha-lactalbumin from 

a prepurified acid whey: Ultrafiltration or precipitation. Lait, 83(6), 439-451. 

https://doi.org/10.1051/lait:2003028.  

Najgebauer-Lejko, D., Sady, M., Grega, T., & Walczycka, M. (2011). The impact of tea 

supplementation on microflora, pH and antioxidant capacity of yoghurt. International 

Dairy Journal, 21(8), 568-574. https://doi.org/10.1016/j.idairyj.2011.03.003.  

Nakano, S., Megro, S. I., Hase, T., Suzuki, T., Isemura, M., Nakamura, Y., & Ito, S. (2018). 

Computational Molecular Docking and X-ray Crystallographic Studies of Catechins in 

New Drug Design Strategies. Molecules, 23(8). 

https://doi.org/10.3390/molecules23082020.  

Neyestani, T. R., Djalali, M., & Pezeshki, M. (2003). Isolation of alpha-lactalbumin, beta-

lactoglobulin, and bovine serum albumin from cow's milk using gel filtration and anion-

exchange chromatography including evaluation of their antigenicity. Protein Expression 

and Purification, 29(2), 202-208. https://doi.org/10.1016/S1046-5928(03)00015-9.  

Nikoo, M., Regenstein, J. M., & Gavlighi, H. A. (2018). Antioxidant and Antimicrobial 

Activities of (-)-Epigallocatechin-3-gallate (EGCG) and its Potential to Preserve the 

Quality and Safety of Foods. Comprehensive Reviews in Food Science and Food Safety, 

17(3), 732-753. https://doi.org/10.1111/1541-4337.12346.  

Nishikimi, M., Appaji, N., & Yagi, K. (1972). The occurrence of superoxide anion in the 

reaction of reduced phenazine methosulfate and molecular oxygen. Biochem Biophys Res 

Commun, 46(2), 849-854. https://doi.org/10.1016/s0006-291x(72)80218-3.  

Ognjenovic, J., Stojadinovic, M., Milcic, M., Apostolovic, D., Vesic, J., Stambolic, I., . . . 

Velickovic, T. C. (2014). Interactions of epigallo-catechin 3-gallate and ovalbumin, the 



108 
 

major allergen of egg white. Food Chemistry, 164, 36-43. 

https://doi.org/10.1016/j.foodchem.2014.05.005.  

Ostrovsky, A. V., Kalinichenko, L. P., Emelyanenko, V. I., Klimanov, A. V., & Permyakov, E. 

A. (1988). Environment of tryptophan residues in various conformational states of alpha-

lactalbumin studied by time-resolved and steady-state fluorescence spectroscopy. 

Biophys Chem, 30(2), 105-112. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati

on&list_uids=3416039.  

Ozdal, T., Capanoglu, E., & Altay, F. (2013). A review on protein-phenolic interactions and 

associated changes. Food Research International, 51(2), 954-970. https://doi.org/DOI 

10.1016/j.foodres.2013.02.009.  

Pace, C. N., Vajdos, F., Fee, L., Grimsley, G., & Gray, T. (1995). How to measure and predict 

the molar absorption coefficient of a protein. Protein Sci, 4(11), 2411-2423. 

https://doi.org/10.1002/pro.5560041120.  

Pais Chanfrau, J. (2017). Milk Whey- From a Problematic Byproduct to a Source of Valuable 

Products for Health and Industry: An Overview from Biotechnology. Prensa médica 

argentina, 103. doi: 10.4172/lpma.1000257 

Pal, S., Saha, C., Hossain, M., Dey, S. K., & Kumar, G. S. (2012). Influence of Galloyl Moiety 

in Interaction of Epicatechin with Bovine Serum Albumin: A Spectroscopic and 

Thermodynamic Characterization. Plos One, 7(8). https://doi.org/ARTN 

e4332110.1371/journal.pone.0043321.  

Pandey, K. B., & Rizvi, S. I. (2009). Plant polyphenols as dietary antioxidants in human health 

and disease. Oxidative Medicine and Cellular Longevity, 2(5), 270-278. 

https://doi.org/10.4161/oxim.2.5.9498.  

Papadopoulou, A., & Frazier, R. A. (2004). Characterization of protein-polyphenol interactions. 

Trends in Food Science & Technology, 15(3-4), 186-190. https://doi.org/DOI 

10.1016/j.tifs.2003.09.017.  

Patel, H. A., Singh, H., Havea, P., Considine, T., & Creamer, L. K. (2005). Pressure-induced 

unfolding and aggregation of the proteins in whey protein concentrate solutions. J Agric 

Food Chem, 53(24), 9590-9601. https://doi.org/10.1021/jf0508403.  

https://doi.org/10.1002/pro.5560041120
https://doi.org/10.1021/jf0508403


109 
 

Pearce, R. J., & Marshall, S. C. (1991). New ways with whey components. Australian Journal of 

Dairy Technology. Aust J Dairy Technol, 46(2), 105-107. 

Permyakov, E. A., & Berliner, L. J. (2000). alpha-Lactalbumin: structure and function. FEBS 

Lett, 473(3), 269-274. https://doi.org/S0014-5793(00)01546-5 [pii].  

Permyakov, E. A., Kalinichenko, L. P., Morozova, L. A., Yarmolenko, V. V., & Burstein, E. A. 

(1981). alpha-Lactalbumin binds magnesium ions: study by means of intrinsic 

fluorescence technique. Biochem Biophys Res Commun, 102(1), 1-7. 

https://doi.org/10.1016/0006-291x(81)91480-7.  

Permyakov, E. A., Permyakov, S. E., Deikus, G. Y., Morozova-Roche, L. A., Grishchenko, V. 

M., Kalinichenko, L. P., & Uversky, V. N. (2003). Ultraviolet illumination-induced 

reduction of alpha-lactalbumin disulfide bridges. Proteins-Structure Function and 

Genetics, 51(4), 498-503. https://doi.org/10.1002/prot.10371.  

Permyakov, E. A., Shnyrov, V. L., Kalinichenko, L. P., Kuchar, A., Reyzer, I. L., & Berliner, L. 

J. (1991). Binding of Zn(II) ions to alpha-lactalbumin. J Protein Chem, 10(6), 577-584. 

https://doi.org/10.1007/BF01025709.  

Perusko, M., Al-Hanish, A., Mihailovic, J., Minic, S., Trifunovic, S., Prodic, I., & Velickovic, T. 

C. (2017). Antioxidative capacity and binding affinity of the complex of green tea 

catechin and beta-lactoglobulin glycated by the Maillard reaction. Food Chemistry, 232, 

744-752. https://doi.org/10.1016/j.foodchem.2017.04.074.  

Perusko, M., Al-Hanish, A., Cirkovic Velickovic, T., & Stanic-Vucinic, D. (2015). 

Macromolecular crowding conditions enhance glycation and oxidation of whey proteins 

in ultrasound-induced Maillard reaction. Food Chem, 177, 248-257. 

https://doi.org/10.1016/j.foodchem.2015.01.042.  

Petruccioli, M., Raviv, M., Di Silvestro, R., & Dinelli, G. (2011). 6.42 - Agriculture and Agro-

Industrial Wastes, Byproducts, and Wastewaters: Origin, Characteristics, and Potential in 

Bio-Based-Compounds Production. In M. Moo-Young (Ed.), Comprehensive 

Biotechnology (Second Edition) (pp. 531-545). Burlington: Academic Press. 

Pierce, M. M., Raman, C. S., & Nall, B. T. (1999). Isothermal titration calorimetry of protein-

protein interactions. Methods-a Companion to Methods in Enzymology, 19(2), 213-221. 

https://doi.org/DOI 10.1006/meth.1999.0852.  

https://doi.org/10.1007/BF01025709
https://doi.org/10.1016/j.foodchem.2015.01.042


110 
 

Pike, A. C., Brew, K., & Acharya, K. R. (1996). Crystal structures of guinea-pig, goat and 

bovine alpha-lactalbumin highlight the enhanced conformational flexibility of regions 

that are significant for its action in lactose synthase. Structure, 4(6), 691-703. 

https://doi.org/10.1016/s0969-2126(96)00075-5.  

Prigent, S. V. E., Voragen, A. G. J., van Koningsveld, G. A., Baron, A., Renard, C. M. G. C., & 

Gruppen, H. (2009). Interactions between globular proteins and procyanidins of different 

degrees of polymerization. Journal of Dairy Science, 92(12), 5843-5853. 

https://doi.org/http://dx.doi.org/10.3168/jds.2009-2261.  

Prodic, I., Smiljanic, K., Simovic, A., Radosavljevic, J., & Velickovic, T. C. (2019). Thermal 

Processing of Peanut Grains Impairs Their Mimicked Gastrointestinal Digestion While 

Downstream Defatting Treatments Affect Digestomic Profiles. Foods, 8(10). 

https://doi.org/Artn 46310.3390/Foods8100463.  

Prodic, I., Stanic-Vucinic, D., Apostolovic, D., Mihailovic, J., Radibratovic, M., Radosavljevic, 

J., . . . Velickovic, T. C. (2018). Influence of peanut matrix on stability of allergens in 

gastric-simulated digesta: 2S albumins are main contributors to the IgE reactivity of short 

digestion-resistant peptides. Clinical and Experimental Allergy, 48(6), 731-740. 

https://doi.org/10.1111/cea.13113.  

Quideau, S., Deffieux, D., Douat-Casassus, C., & Pouységu, L. (2011). Plant polyphenols: 

Chemical properties, biological activities, and synthesis. Angewandte Chemie - 

International Edition, 50(3), 586-621. https://doi.org/10.1002/anie.201000044.  

Radibratovic, M., Al-Hanish, A., Minic, S., Radomirovic, M., Milcic, M., Stanic-Vucinic, D., & 

Velickovic, T. C. (2019). Stabilization of apo alpha-lactalbumin by binding of 

epigallocatechin-3-gallate: Experimental and molecular dynamics study. Food Chemistry, 

278, 388-395. https://doi.org/10.1016/j.foodchem.2018.11.038. 

Rashid, A. M., Lu, K., Yip, Y. M., & Zhang, D. (2016). Averrhoa carambola L. peel extract 

suppresses adipocyte differentiation in 3T3-L1 cells. Food Funct, 7(2), 881-892. 

https://doi.org/10.1039/c5fo01208b.  

Rashidinejad, A., Birch, E. J., & Everett, D. W. (2016). The behaviour of green tea catechins in a 

full-fat milk system under conditions mimicking the cheesemaking process. International 

Journal of Food Sciences and Nutrition, 67(6), 624-631. 

https://doi.org/10.1080/09637486.2016.1195797.  

https://doi.org/10.1002/anie.201000044


111 
 

Rashidinejad, A., Birch, E. J., Sun-Waterhouse, D., & Everett, D. W. (2014). Delivery of green 

tea catechin and epigallocatechin gallate in liposomes incorporated into low-fat hard 

cheese. Food Chemistry, 156, 176-183. https://doi.org/10.1016/j.foodchem.2014.01.115.  

Renard, C. M. G. C., Watrelot, A. A., & Le Bourvellec, C. (2017). Interactions between 

polyphenols and polysaccharides: Mechanisms and consequences in food processing and 

digestion. Trends in Food Science and Technology, 60, 43-51. 

https://doi.org/10.1016/j.tifs.2016.10.022.  

Saeki, K., Hayakawa, S., Nakano, S., Ito, S., Oishi, Y., Suzuki, Y., & Isemura, M. (2018). In 

Vitro and In Silico Studies of the Molecular Interactions of Epigallocatechin-3-O-gallate 

(EGCG) with Proteins That Explain the Health Benefits of Green Tea. Molecules, 23(6). 

https://doi.org/10.3390/molecules23061295.  

Sakulnarmrat, K., Srzednicki, G., & Konczak, I. (2014). Composition and inhibitory activities 

towards digestive enzymes of polyphenolic-rich fractions of Davidson's plum and 

quandong. Lwt-Food Science and Technology, 57(1), 366-375. https://doi.org/DOI 

10.1016/j.lwt.2014.01.002.  

Saufi, S. A., & Fee, C. J. (2009). Fractionation of beta-Lactoglobulin From Whey by Mixed 

Matrix Membrane Ion Exchange Chromatography. Biotechnology and Bioengineering, 

103(1), 138-147. https://doi.org/10.1002/bit.22239.  

Seo, J. A., Hedoux, A., Guinet, Y., Paccou, L., Affouard, F., Lerbret, A., & Descamps, M. 

(2010). Thermal Denaturation of Beta-Lactoglobulin and Stabilization Mechanism by 

Trehalose Analyzed from Raman Spectroscopy Investigations. Journal of Physical 

Chemistry B, 114(19), 6675-6684. https://doi.org/10.1021/jp1006022.  

Shahidi, F., & Ambigaipalan, P. (2015). Phenolics and polyphenolics in foods, beverages and 

spices: Antioxidant activity and health effects - A review. Journal of Functional Foods, 

18, 820-897. https://doi.org/10.1016/j.jff.2015.06.018.  

Shi, M., Shi, Y. L., Li, X. M., Yang, R., Cai, Z. Y., Li, Q. S., . . . Zheng, X. Q. (2018). Food-

Grade Encapsulation Systems for (-)-Epigallocatechin Gallate. Molecules, 23(2). 

https://doi.org/Artn 44510.3390/Molecules23020445.  

Shpigelman, A., Cohen, Y., & Livney, Y. D. (2012). Thermally-induced beta-lactoglobulin-

EGCG nanovehicles: Loading, stability, sensory and digestive-release study. Food 

Hydrocolloids, 29(1), 57-67. https://doi.org/10.1016/j.foodhyd.2012.01.016.  



112 
 

Shpigelman, A., Israeli, G., & Livney, Y. D. (2010). Thermally-induced protein–polyphenol co-

assemblies: beta lactoglobulin-based nanocomplexes as protective nanovehicles for 

EGCG. Food Hydrocolloids, 24(8), 735-743. 

https://doi.org/http://dx.doi.org/10.1016/j.foodhyd.2010.03.015.  

Soares, S., Mateus, N., & De Freitas, V. (2007). Interaction of different polyphenols with bovine 

serum albumin (BSA) and human salivary alpha-amylase (HSA) by fluorescence 

quenching. Journal of Agricultural and Food Chemistry, 55(16), 6726-6735. 

https://doi.org/10.1021/jf070905x.  

Spolaore, B., Pinato, O., Canton, M., Zambonin, M., de Laureto, P. P., & Fontana, A. (2010). 

alpha-Lactalbumin Forms with Oleic Acid a High Molecular Weight Complex 

Displaying Cytotoxic Activity. Biochemistry, 49(39), 8658-8667. 

https://doi.org/10.1021/bi1012832.  

Stanciuc, N., Turturica, M., Oancea, A. M., Barbu, V., Ionita, E., Aprodu, I., & Rapeanu, G. 

(2017). Microencapsulation of Anthocyanins from Grape Skins by Whey Protein Isolates 

and Different Polymers. Food and Bioprocess Technology, 10(9), 1715-1726. 

https://doi.org/10.1007/s11947-017-1938-8.  

Stanic-Vucinic, D., Prodic, I., Apostolovic, D., Nikolic, M., & Velickovic, T. C. (2013). 

Structure and antioxidant activity of beta-lactoglobulin-glycoconjugates obtained by 

high-intensity-ultrasound-induced Maillard reaction in aqueous model systems under 

neutral conditions. Food Chemistry, 138(1), 590-599. 

https://doi.org/10.1016/j.foodchem.2012.10.087.  

Stanic, D., Radosavljevic, J., Polovic, N., Jadranin, M., Popovic, M., Vuckovic, O., . . . 

Velickovic, T. C. (2009). Removal of N-terminal peptides from beta-lactoglobulin by 

proteolytic contaminants in a commercial phenol oxidase preparation. International 

Dairy Journal, 19(12), 746-752. https://doi.org/10.1016/j.idairyj.2009.05.008.  

Stanic, D., Radosavljevic, J., Stojadinovic, M., & Velickovic, T. C. (2012). Application of Ion 

Exchanger in the Separation of Whey Proteins and Lactin from Milk Whey. In D. 

Inamuddin & M. Luqman (Eds.), Ion Exchange Technology II: Applications (pp. 35-63). 

Dordrecht: Springer Netherlands. 

Stojadinovic, M., Burazer, L., Ercili-Cura, D., Sancho, A., Buchert, J., Cirkovic Velickovic, T., 

& Stanic-Vucinic, D. (2012). One-step method for isolation and purification of native 

https://doi.org/10.1016/j.idairyj.2009.05.008


113 
 

beta-lactoglobulin from bovine whey. J Sci Food Agric, 92(7), 1432-1440. 

https://doi.org/10.1002/jsfa.4722.  

Stojadinovic, M., Radosavljevic, J., Ognjenovic, J., Vesic, J., Prodic, I., Stanic-Vucinic, D., & 

Velickovic, T. C. (2013). Binding affinity between dietary polyphenols and beta-

lactoglobulin negatively correlates with the protein susceptibility to digestion and total 

antioxidant activity of complexes formed. Food Chemistry, 136(3-4), 1263-1271. 

https://doi.org/DOI 10.1016/j.foodchem.2012.09.040.  

Sugai, S., & Ikeguchi, M. (1994). Conformational comparison between α-lactalbumin and 

lysozyme. Advances in Biophysics, 30, 37-84. 

Suzuki, T., Pervin, M., Goto, S., Isemura, M., & Nakamura, Y. (2016). Beneficial Effects of Tea 

and the Green Tea Catechin Epigallocatechin-3-gallate on Obesity. Molecules, 21(10). 

https://doi.org/Artn 130510.3390/Molecules21101305.  

Svensson, M., Fast, J., Mossberg, A. K., Duringer, C., Gustafsson, L., Hallgren, O., . . . 

Svanborg, C. (2003). alpha-lactalbumin unfolding is not sufficient to cause apoptosis, but 

is required for the conversion to HAMLET (human alpha-lactalbumin made lethal to 

tumor cells). Protein Science, 12(12), 2794-2804. https://doi.org/10.1110/ps.0231003.  

Svensson, M., Hakansson, A., Mossberg, A. K., Linse, S., & Svanborg, C. (2000). Conversion of 

alpha-lactalbumin to a protein inducing apoptosis. Proceedings of the National Academy 

of Sciences of the United States of America, 97(8), 4221-4226. https://doi.org/DOI 

10.1073/pnas.97.8.4221.  

Svensson, M., Mossberg, A. K., Pettersson, J., Linse, S., & Svanborg, C. (2003). Lipids as 

cofactors in protein folding: Stereo-specific lipid-protein interactions are required to form 

HAMLET human alpha-lactalbumin made lethal to tumor cells. Protein Science, 12(12), 

2805-2814. https://doi.org/10.1110/ps.0231103.  

Svensson, M., Sabharwal, H., Hakansson, A., Mossberg, A. K., Lipniunas, P., Leffler, H., . . . 

Linse, S. (1999). Molecular characterization of alpha-lactalbumin folding variants that 

induce apoptosis in tumor cells. Journal of Biological Chemistry, 274(10), 6388-6396. 

https://doi.org/DOI 10.1074/jbc.274.10.6388.  

Takase, K., Niki, R., & Arima, S. (1978). Environment of Tryptophan Residues in α-

Lactalbumin. The Journal of Biochemistry, 83(2), 371-378. doi: 

10.1093/oxfordjournals.jbchem.a131923 



114 
 

Tantoush, Z., Apostolovic, D., Kravic, B., Prodic, I., Mihajlovic, L., Stanic-Vucinic, D., & 

Velickovic, T. C. (2012). Green tea catechins of food, supplements facilitate pepsin 

digestion of major food allergens, but hampers their digestion if oxidized by phenol 

oxidase. Journal of Functional Foods, 4(3), 650-660. https://doi.org/DOI 

10.1016/j.jff.2012.04.006.  

Taylor, R. D., Jewsbury, P. J., & Essex, J. W. (2002). A review of protein-small molecule 

docking methods. Journal of Computer-Aided Molecular Design, 16(3), 151-166. 

https://doi.org/Doi 10.1023/A:1020155510718.  

Trott, O., & Olson, A. J. (2010). Software News and Update AutoDock Vina: Improving the 

Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, 

and Multithreading. Journal of Computational Chemistry, 31(2), 455-461. 

https://doi.org/10.1002/jcc.21334.  

Tsao, R. (2010). Chemistry and biochemistry of dietary polyphenols. Nutrients, 2(12), 1231-

1246. doi: 10.3390/nu2121231 

Velickovic, T. D. C., & Stanic-Vucinic, D. J. (2018). The Role of Dietary Phenolic Compounds 

in Protein Digestion and Processing Technologies to Improve Their Antinutritive 

Properties. Comprehensive Reviews in Food Science and Food Safety, 17(1), 82-103. 

https://doi.org/10.1111/1541-4337.12320.  

Veprintsev, D. B., Permyakov, S. E., Permyakov, E. A., Rogov, V. V., Cawthern, K. M., & 

Berliner, L. J. (1997). Cooperative thermal transitions of bovine and human apo-alpha-

lactalbumins: evidence for a new intermediate state. Febs Letters, 412(3), 625-628. 

https://doi.org/Doi 10.1016/S0014-5793(97)00841-7.  

Vesic, J., Stambolic, I., Apostolovic, D., Milcic, M., Stanic-Vucinic, D., & Velickovic, T. C. 

(2015). Complexes of green tea polyphenol, epigalocatechin-3-gallate, and 2S albumins 

of peanut. Food Chemistry, 185, 309-317. 

https://doi.org/10.1016/j.foodchem.2015.04.001.  

Wal, J. M. (1998). An update on allergens - Cow's milk allergens. Allergy, 53(11), 1013-1022. 

https://doi.org/DOI 10.1111/j.1398-9995.1998.tb03811.x.  

Wal, J. M. (2001). Structure and function of milk allergens. Allergy, 56, 35-38. 

https://doi.org/DOI 10.1111/j.1398-9995.2001.00911.x.  



115 
 

Wang, R. Q., Yin, Y. J., Li, H., Wang, Y., Pu, J. J., Wang, R., . . . Wang, R. Y. (2013). 

Comparative study of the interactions between ovalbumin and three alkaloids by 

spectrofluorimetry. Molecular Biology Reports, 40(4), 3409-3418. 

https://doi.org/10.1007/s11033-012-2418-x.  

Wang, S., Moustaid-Moussa, N., Chen, L., Mo, H., Shastri, A., Su, R., . . . Shen, C. L. (2014). 

Novel insights of dietary polyphenols and obesity. Journal of Nutritional Biochemistry, 

25(1), 1-18. https://doi.org/10.1016/j.jnutbio.2013.09.001.  

Wang, S. H., Liu, F. F., Dong, X. Y., & Sun, Y. (2012). Calorimetric and spectroscopic studies 

of the interactions between insulin and (-)-epigallocatechin-3-gallate. Biochemical 

Engineering Journal, 62, 70-78. https://doi.org/10.1016/j.bej.2012.01.005.  

Wang, S. H., Sun, Z. Y., Dong, S. Z., Liu, Y., & Liu, Y. (2014). Molecular Interactions between 

(-)-Epigallocatechin Gallate Analogs and Pancreatic Lipase. PLoS One, 9(11). 

https://doi.org/ARTN e11114310.1371/journal.pone.0111143.  

Wang, X. Y., Zhang, J., Lei, F., Liang, C. X., Yuan, F., & Gao, Y. X. (2014). Covalent 

complexation and functional evaluation of (-)-epigallocatechin gallate and alpha-

lactalbumin. Food Chemistry, 150, 341-347. 

https://doi.org/10.1016/j.foodchem.2013.09.127.  

Williams, M., & Daviter, T. (2013). Protein-Ligand Interactions: Methods and Applications. 

Wu, X. L., He, W. Y., Wang, W. P., Luo, X. P., Cao, H. Y., Lin, L. X., . . . Liu, Z. G. (2013). 

Investigation of the interaction between (-)-epigallocatechin-3-gallate with trypsin and 

alpha-chymotrypsin. International Journal of Food Science and Technology, 48(11), 

2340-2347. https://doi.org/10.1111/ijfs.12223.  

Wu, X. L., He, W. Y., Yao, L., Zhang, H. P., Liu, Z. G., Wang, W. P., . . . Cao, J. J. (2013). 

Characterization of Binding Interactions of (-)-Epigallocatechin-3-gallate from Green Tea 

and Lipase. Journal of Agricultural and Food Chemistry, 61(37), 8829-8835. 

https://doi.org/10.1021/jf401779z.  

Xiao, J., Mao, F., Yang, F., Zhao, Y., Zhang, C., & Yamamoto, K. (2011). Interaction of dietary 

polyphenols with bovine milk proteins: molecular structure-affinity relationship and 

influencing bioactivity aspects. Molecular Nutrition & Food Research, 55(11), 1637-

1645. https://doi.org/10.1002/mnfr.201100280 [doi].  

https://doi.org/10.1016/j.foodchem.2013.09.127


116 
 

Yang, C. S., & Wang, H. (2016). Cancer Preventive Activities of Tea Catechins. Molecules, 

21(12). https://doi.org/Artn 167910.3390/Molecules21121679.  

Zhang, H., Yu, D. D., Sun, J., Guo, H. Y., Ding, Q. B., Liu, R. H., & Ren, F. Z. (2014). 

Interaction of milk whey protein with common phenolic acids. Journal of Molecular 

Structure, 1058, 228-233. https://doi.org/10.1016/j.molstruc.2013.11.009.  

Zhao, Y. Y., Chen, L. J., Han, L. J., Marzinek, J. K., Mantalaris, A., Pistikopoulos, E. N., . . . 

Noro, M. G. (2013). Molecular and Thermodynamic Basis for EGCG-Keratin 

Interaction-Part II: Experimental Investigation. Aiche Journal, 59(12), 4824-4827. 

https://doi.org/10.1002/aic.14221.  

Zorilla, R., Liang, L., Remondetto, G., & Subirade, M. (2011). Interaction of epigallocatechin-3-

gallate with beta-lactoglobulin: molecular characterization and biological implication. 

Dairy Science & Technology, 91(5), 629-644. https://doi.org/10.1007/s13594-011-0036-

3.  

 

 

 

 

 

 

 

 

 

 

 

 

 



117 
 

Author’s Biography 

 

Ayah Mohamed Al-Hanish was born in 1982 in Al Zawiya, Libya. 

She graduated from the Medical Faculty of Al Zawiya University, Department of Medical 

Technology (Libya). She enrolled in undergraduate studies in 2001, and graduated in 2006. 

From 01.09.2007 until 01.10.2008 she worked at Al Zawiya Hospital as a technician for anesthesia. 

From November 1st, 2008 to May 1st, 2009, she worked as a Teaching assistant at the Faculty of 

Medicine, at the Department of Medical Technology. 

Ayah enrolled in the Master's studies at the Faculty of Chemistry of the University of Belgrade, 

MSc in Biochemistry, in 2009 and finished in 2012 with an average grade of 8.6. She defended 

her master's thesis entitled: "In vitro bioavailability of micronutrients of Amaranths seeds" in June 

2012 with a grade of 10, and acquired the title of graduate biochemist - master. 

Currently, she is enrolled in doctoral studies at the Faculty of Chemistry, University of Belgrade, 

PhD in Biochemistry, since October 2013. She is the mother of three children. 

 

 


