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 The interaction between quercetin and taxifolin with β-lactoglobulin (BLG) was investigated via various 
methods, including fluorescence spectroscopy, molecular docking and molecular dynamics (MD) simulation. 
The results have demonstrated that quercetin binds BLG with an affinity higher than that of taxifolin, which 
is attributed to the nonplanar C-ring and steric hindrance effect in taxifolin. The synchronous fluorescence 
spectra shows that quercetin and taxifolin do not induce conformational changes of BLG. Molecular docking 
studies have demonstrated that several amino acids are involved in stabilizing the interaction. Analysis of 
the MD simulation trajectories shows that the root mean square deviation (RMSD) of various systems 
reaches equilibrium. Time evolution of the radius of gyration shows as well that BLG and BLG-flavonoid 
complexes are stable within 5 ns. In addition, analyzing the RMS fluctuations, one can suggest that the struc-
ture of the ligand binding site remains rigid during the simulation. The secondary structure of BLG is pre-
served upon interaction with these flavonoids. 
 Keywords: β-lactoglobulin, flavonoid, fluorescence quenching, molecular dynamics simulation. 
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С помощью флуоресцентной спектроскопии, молекулярного докинга и молекулярно-динамичес-
кого моделирования исследовано взаимодействие кверцетина и таксифолина с β-лактоглобулином 
(БЛГ). Показано, что кверцетин обладает большим сродством связи с БЛГ, чем таксифолин, что 
объясняется непланарностью С-кольца и эффектом стерического несоответствия в таксифолине. 
Спектры синхронной флуоресценции показывают, что кверцетин и таксифолин не вызывают кон-
формационных изменений в БЛГ. Исследования методом молекулярного докинга показали, что не-
сколько аминокислот участвуют в стабилизации взаимодействия. Анализ полученных при молеку-
лярно-динамическом моделировании траекторий демонстрирует, что среднеквадратичное откло-
нение различных систем достигает равновесия. Временная эволюция радиуса вращения также сви-
детельствует о стабильности БЛГ и БЛГ-флавоноидных комплексов в пределах 5 нс. Анализируя 
среднеквадратичные колебания, можно предположить, что структура сайта связывания лиганда 
остается жесткой в ходе моделирования. При взаимодействии с этими флавоноидами вторичная 
структура БЛГ сохраняется. 
 Ключевые слова: β-лактоглобулин, флавоноид, тушение флуоресценции, молекулярно-динами-
ческое моделирование. 
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Introduction. Lipocalins are small proteins with the capacity to transfer and bind small hydrophobic 
ligands [1, 2]. The core structure of these proteins includes an eight-stranded antiparallel β-barrels that clari-
fies an internal cavity for binding the ligands. β-Lactoglobulin (BLG), the major whey protein in cow milk, 
consists of 162 amino acids with 18.4 kDa of molecular weight [3, 4]. It is popular in our diet and has valu-
able functional properties. Its ability to bind to a variety of molecules, such as fatty acids, retinol, β-carotene, 
phospholipids, vitamin D, polyphenolic compounds, and folic acid, is well known [5–11]. 

Flavonoids are biologically polyphenolic components found in vegetables with broad biological activi-
ties and important therapeutic applications, including anticancer, antitumor, anti-inflammatory, antioxidant, 
and anticoagulant properties [12, 13]. The delivery of flavonoids and their metabolites is poorly understood. 
The interaction of flavonoids and a transport protein such as BLG could be an invaluable agent to control 
their transport to biological sites. 

Quercetin (3,5,7,3,4-pentahydroxyflavone) (Scheme 1a) is one of the most abundant flavonoids in the 
human diet. Quercetin is well known to have a strong metal ion chelating capacity and antioxidant behavior; 
hence, it has a variety of biochemical and biological effects, including antioxidative, free radical scavenging, 
antitumour, and anti-inflammatory and cardioprotective activities [14, 15]. It exists in many common foods 
and drinks such as tea, onions, olives, beer, and red wine. Another polyphenol flavonoid, taxifo- 
lin (3,3,4,5,7-pentahydroxyflavanone) (Scheme 1b) is principally found in many citrus fruits, especially 
orange and grapefruit [16]. 
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Scheme 1. Chemical structures of (a) quercetin and (b) taxifolin. 
 
Because of the low bioavailability and poor water solubility of flavonoids caused by their hydrophobic 

ring structure, the clinical application of them is limited. In addition, an important physicochemical property 
of BLG is its ability to bind to several physiological ligands. So, BLG can be employed as a depot and trans-
port protein, particularly for molecules with low water solubility. Since the efficacy of milk proteins as carri-
ers for flavonoids has been confirmed by Bohin et al. [17], and finding new bioactive ligand molecules of 
BLG is of pharmacological and biotechnological significance, it is essential to have a better understanding of 
molecular identification properties of BLG. BLG shows considerable resistance against both simulated duo-
denal and gastric digestion. That is why it appears to be an appropriate candidate for the protection and safe 
delivery of pH sensitive drugs in stomach. The high stability of BLG under acidic condition guarantees the 
low delivery of hydrophobic ligands in acidic condition of stomach. In this paper, we investigated the inter-
action between BLG and flavonoids in detail by the spectroscopic and molecular dynamics simulation 
method under simulated physiological condition. 

Materials and methods. BLG (B form, purity >90%) was purchased from Sigma Aldrich and used 
without further purification. The two flavonoids including quercetin and taxifolin were purchased from the 
Sigma-Aldrich (St. Louis, USA) and used as received. The other chemicals, such as phosphate buffer and 
ethanol, were all of analytical purity and used without further purification. Double distilled water was used 
as a solvent throughout the experiment. The BLG stock solution was made by dissolving in 50 mM phospha-
te buffer at pH 7.4 to obtain the concentration of 100 µM. The BLG concentrations in the solution were de-
termined spectrophotometrically at 278 nm using a molar absorption coefficient of ε = 17600 M−1  cm−1 [18]. 
Fresh stock solutions of natural flavonoid (1 mM) in phosphate buffer were also prepared. 

Fluorescence spectra were recorded on a Hitachi MPF-4 spectrofluorimeter (Japan) in a 1 cm path 
length quartz cell with excitation and emission wavelengths of 290 and 300–500 nm, respectively, at 298 K. 
The width of the excitation and emission bands was 5 nm. The concentration of BLG was 10 μM, and the 
concentration of quercetin and taxifolin varied from 0 to 30 μM with a step of 2.0 μM. 
 The synchronous fluorescence spectra were obtained using simultaneous scanning of the excitation and 
emission monochromators; they showed only tyrosine (Tyr) and tryptophan (Trp) residues of BLG, when the 
wavelength interval was 15 and 60 nm, respectively. 

a                                                       b 
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Molecular docking has significantly contributed to the elucidation of the mechanism of binding between 
the protein and ligand. Docking was performed by an ArgusLab 4.0.1 molecular docking program [19]. The 
crystal structure of BLG (PDB ID: 3NPO) was downloaded from the Brookhaven Protein Data Bank 
(http://www.rcsb.org/pdb). The water molecules in the used pdb file are not structural; thus, all water mole-
cules were removed from the protein file. The 3D-structures of quercetin and taxifolin were made using 
VEGA ZZ 3.0.1. The geometry of flavonoids was optimized by the density functional theory (DFT) 
(B3LYP/6-31G) method using Gamess software [20]. The whole protein was taken as a potential binding 
site, and the blind docking approach was used. For the docking calculations, a core scoring method in Ar-
gusLab was employed, with 0.4 Å grid resolution and maximum 200 candidate poses. In the docking routine, 
it is assumed that the structure of BLG remains rigid and all the torsional bonds of the flavonoids are set free 
(flexible docking). The core scoring function ranked the docked conformations basing on their free binding 
energy. The conformer of each flavonoid-BLG complex with the lowest binding energy was used for further 
analyses. 

The lowest free binding energy conformation of each complex was considered as the initial conforma-
tion for the MD studies. All calculations were carried out by Gromacs software version 4.5.4 (University of 
Groningen, The Netherlands) and the GROMOS96 43a1force field [21]. Since quercetin and taxifolin poten-
tial parameters are not defined in the Gromacs software, a PRODRG web server was used to assign these 
parameters in the framework of the GROMOS force field [22]. Partial atomic charges of the flavonoids were 
optimized by using the density functional theory (DFT) (B3LYP/6-31G (d)) method using Gamess software 
[20]. The complex was located in the cubic box with the periodic boundary conditions. The box volume was 
274.62 nm3 (6.5×6.5×6.5 nm3), and the minimum distance between the protein surface and the simulation 
box was 1.0 nm. The box filled with extended simple point charge (SPC), water molecules [23], and the sol-
vated systems were neutralized by adding sodium ions (Na+). Energy minimization was performed using the 
steepest descent method for 8 ps. Then, the system was equilibrated at the temperature of 300 K. Finally, a 
20 ns MD simulation was carried out at 1 bar and 300 K. A Berendsen thermostat at 300 K [24], as well as 
the PME algorithm were used for each component of the systems to evaluate the electrostatic interactions. In 
this algorithm, every atom interacts with all other atoms in the simulation box and with all of their images in 
an infinite array of periodic cells; so, satisfactory results are gained from the electrostatic interactions [25]. 
The equation of motions was integrated by the leap-frog algorithm with the 2 fs time step. The atomic coor-
dinates were recorded to the trajectory file every 0.5 ps for later analysis. Finally, an all-bond constraint was 
used to prevent the ligand from drifting in MD. 

Results and discussion. Fluorescence quenching of protein could be utilized to study drug protein bind-
ing [26]. Fluorescence quenching is due to the decrease in the quantum yield of fluorescence from the 
fluorophore when it interacts with a quencher molecule, which can be the result of energy transfer, ground 
complex formation, and dynamic quenching processes [27, 28]. BLG has two Trp residues; Trp 19, which is 
responsible for the main fluorescence intensity of BLG, is placed in a polar environment. The other Trp 61 
with smaller less contribution to the BLG fluorescence is exposed to an aqueous environment [29, 30]. When 
BLG interacts with other molecules, the Trp fluorescence may change. Moreover, when the interaction be-
tween ligands and protein is investigated by fluorescence spectroscopy, some ligands absorb light at the 
excitation and emission wavelengths of protein, which affect the determination of fluorescence intensity. 
This auto absorption is called the inner filter effect. So, to remove the inner filter effects of protein and 
ligand, absorbance measurements were carried out at excitation and emission wavelengths of the fluo-
rescence measurements. The fluorescence intensity was corrected using the following equation [31]: 

Fc = F antilog[(Aex + Aem)/2],        (1) 

where Fc is the corrected fluorescence intensity, F is the intensity observed with the spectrofluorimeter, and 
Aex and Aem are the absorbance values of taxifolin at the excitation and emission wavelengths, respectively. 
The fluorescence intensity used in this article was corrected. At the excitation wavelength of 295 nm, the 
fluorescence spectra of BLG as a function of the concentration of flavonoid are shown in Fig. 1. There can 
be seen a strong fluorescence emission peak at 335 nm attributed to tryptophan residues. 
 Based on Fig. 1, the fluorescence intensity of BLG gradually decreases with increasing concentration of 
flavonoid, which indicates the interaction between flavonoid and BLG. Additionally, we noted that there is a 
gradual blue shift of the maximum wavelength throughout the fluorescence spectrum of BLG as quercetin 
and taxifolin are added  to the BLG solution, progressively. This not only suggests that the flavonoid is bind-
ing to the hydrophobic cavity  in the protein  but  also  indicates  that  the  hydrophobicity  around tryptophan 
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Fig. 1.The fluorescence spectra of BLG with different concentrations of (a) quercetin and (b)  
taxifolin at 298 K. Peaks from top to bottom denote [BLG] = 10 μM, [flavonoid] = 0, 2.0,  

4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0, 22.0, 24.0, 26.0, 28.0, and 30.0 μM. 
 
residues will increase and the polarity will decrease [32]. Quenching mechanisms may be either static or dy-
namic. In static quenching, a ground state complex is formed between the quencher and fluorophore. Dy-
namic quenching occurs when the quencher diffuses to the fluorophore during the lifetime of an excited state 
[33]. The Stern–Volmer analysis was applied to study the BLG fluorescence quenching data [34]: 

F0/F = 1 + Kq0[Q] = 1 + KSV[Q],            (2) 

where F0 and F are the fluorescence intensities in the absence and presence of the quencher, respectively; Kq 
is the quenching rate constant of the biomolecule, KSV is the Stern–Volmer dynamic quenching constant, τ0 is 
introduced as the average lifetime of the fluorophore (in this case Trp) that has been reported for the Trp 
residues of BLG at neutral pH of 1.28 ns [11], and [Q] is the quencher concentration. Equation (2) was used 
to determine KSV by adding linear regression to the plots of F0/F against [Q]. The values of Kq for flavonoids 
are listed in Table 1. The obtained bimolecular quenching constants for BLG-quercetin and BLG–taxifolin 
complexes are 4.21×1013 and 3.36×1013 M–1  s–1, respectively, which is higher than the maximum possible 
value for the diffusion controlled quenching (2.0×1010 M–1  s–1). This suggests that the probable quenching 
mechanisms for BLG-quercetin and BLG-taxifolin complexes were initiated by static, not dynamic, quen-
ching [35]. 
 

TABLE 1. The Stern–Volmer Constants KSV, Quenching Constants Kq, Binding Constants Ka 
and the Number of Binding Sites n for the BLG-Flavonoid System 

 

System KSV, M–1 Kq, M
–1 s–1 Ka, M

–1 n R2 
BLG-quercetin 5.4×104 4.21×1013 1.14×105 1.15 0.991 
BLG-taxifolin 4.3×104 3.36×1013 9.03×104 1.07 0.995 

 
For the static quenching, the binding constant (Ka) and the number of binding site (n) were obtained 

through adding regression to the plots of [log(F0 – F)]/F versus log[Q] based on the following equation [36]: 

[log(F0 – F) ]/F =logKa + nlog[Q].         (3) 

The corresponding values of Ka and n are presented in Table 1. As listed in Table 1, the binding con-
stant (Ka) of BLG with quercetin was calculated to be 1.14×105 M–1, which is larger than the binding con-
stant (Ka) of BLG with taxifolin (9.03×104 M–1). The high Ka values indicate strong interaction between 
quercetin and BLG. The n values are calculated to be 1.15 and 1.07, respectively, suggesting that there is a 
single independent binding site in BLG with quercetin and taxifolin.  

We found that quercetin exhibited higher binding affinity for BLG than taxifolin with a nonplanar  
C-ring. Quercetin and taxifolin are similar in structure except for a nonplanar C-ring of taxifolin. Based on 
the above results, the effect of steric hindrance in taxifolin may be responsible for the fact that the taxifolin 
exhibits weaker binding affinity than quercetin for BLG. 
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Synchronous fluorescence spectroscopy can be used to explore micro-environmental changes of pro-
teins. The influence of flavonoids on the synchronous fluorescence spectra of BLG at Δλ = 15 and 60 nm is 
shown in Fig. 2. It can be seen that when Δλ = 15 and 60 nm, with higher concentrations of flavonoid, the 
fluorescence intensities of the BLG–flavonoid system decreases regularly. There is no shift of the maximum 
emission wavelength with Δλ = 15 and 60 nm, which implies that the interaction of quercetin and taxifolin 
with BLG do not affect the conformation of the region around the Trp and Tyr residues [37]. 

Our spectroscopic studies were further confirmed by a molecular docking study in which quercetin and 
taxifolin were docked into BLG to probe the preferred binding sites of these flavonoids and their affinity 
towards this carrier protein (Fig. 3).  
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Fig. 2. Fluorescence spectrum of (a) the BLG-quercetin system at Δλ = 15 nm, inset: Δλ = 60 nm,  
and (b) the BLG–taxifolin system at Δλ = 15 nm, inset: Δλ = 60 nm, at 298 K. 

 

 
 

Fig. 3. Superposition of the docking poses of quercetin (green) and taxifolin (red). 
 
Three potential binding sites have been reported for ligand binding to BLG: (a) the internal cavity of the 

β-barrel, (b) the surface hydrophobic pocket in a groove between α-helix and the β-barrel, and (c) the outer 
surface near Trp19–Arg124 [38]. There is a large hydrophobic cavity present in the β-barrel, and a large 
number of ligands may bind to this site. Prior studies on the interaction of flavonoids and BLG show that 
quercetin binds to this cavity [39]. The most reliable results in the docking study, based on the lowest level 
of energy, are shown in Fig. 4. 
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Fig. 4. The docking poses of the BLG–flavonoid complexes: (a) quercetin and (b) taxifolin. H-bonds  
(as highlighted by the line in green colors) are formed between flavonoids and BLG. 

 

The internal cavity of BLG is substantially hydrophobic, and quercetin is in hydrophobic interaction 
with Ile(71), Leu(39), Pro(38), Asn(109), Asn(90), Glu(108), and Leu(117). In spite of the main role of hy-
drophobic interactions, this site concentrates on some hydrogen-bond interactions where the OH groups of 
quercetin interact with oxygens of Pro(38), Ser(116), Met(107) and nitrogens of Asn(88) andLys(69) 
(Fig. 4A). Figure 4B shows that taxifolin is in hydrophobic interaction with Glu(44), Glu(157), Gln(59), and 
Tyr(20). However, the OH groups of taxifolin are in hydrogen bond interactions with oxygens of Glu(45), 
Thr(18), Leu(156), Glu(158), and Gln(159). According to the docking simulation, the observed free energy 
changes of binding (ΔG) of quercetin and taxifolin are –7.8 and –7.1 kcal/mol, respectively. These results 
are in agreement with spectroscopic studies and show clearly that the binding of quercetin with BLG is 
stronger than that of taxifolin.          

Figure 5 shows that the RMSD of various systems reached equilibrium and fluctuated around the mean 
value. This time was about 10 ns for the unliganded BLG, BLG–quercetin, and BLG–taxifolin complexes. 
This evidence obviously proves that the whole system is stable and in equilibrium. 

The radius of gyration (Rg) for the BLG and BLG–flavonoid complexes was also determined and plot-
ted as a function of time to examine the protein compactness, as shown in Fig. 6. The Rg values of all sys-
tems become stable after about 5 ns, indicating that the MD simulation achieved equilibrium after 5 ns. Ini-
tially, the Rg values of the non-liganded BLG and BLG–flavonoid complexes were 1.44 nm, which approved 
previous experimental results [40]. Also, Fig. 6 shows that the Rg value of BLG does not depend upon the 
complexation with flavonoids. This indicates that the environment of BLG did not change during its interac-
tion with flavonoids. 

The local mobility of protein was analyzed by calculating the time-averaged root mean square fluctua-
tions (RMSF) of protein residues. The RMSF values versus residue numbers are illustrated in Fig. 7. The 
profiles of RMSF for the unliganded BLG and BLG–ligand complex were found to be similar. Furthermore, 
the obtained results clearly indicate that the fluctuations of residues in the internal cavity are lower than the 
others from, which it can be inferred that the structure of ligand binding site remains approximately rigid 
during the MD simulation. 
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Fig. 5. Time dependence of RMSD. RMSD values for the unliganded BLG and BLG–flavonoid  

complexes. Unliganded BLG (gray), BLG–quercetin (blue) and BLG–taxifolin (red). 
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Fig. 6.  Time evolution of the radius of gyration (Rg)  during 20 ns  of  the MD simulation  of BLG and the 
BLG–flavonoids complexes. Unliganded BLG (gray), BLG–quercetin (blue), and BLG–taxifolin (yellow). 
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Fig. 7. The RMSF values of the unliganded BLG and BLG–flavonoids complexes were plotted against  

residue numbers. Unliganded BLG (dark blue), BLG–quercetin (red), and BLG–taxifolin (gray). 
 

The components of the secondary structure were computed based on the DSSP method to quantitatively 
analyze the conformational changes. The calculated secondary structure contents are presented in Table 2. 
The amount of the secondary structure components of the unliganded BLG and BLG–flavonoid complexes 
revealed that the secondary structure of BLG changed slightly upon interaction with flavonoids. 

 
TABLE 2. Content of the Secondary Structural Analysis from the DSSP Method 

 

System -Helix, % -Sheet, % Random coil, % 

Unliganded BLG 16.2 47.8 36.0 
BLG–quercetin 16.7 48.1 35.2 
BLG–taxifolin 17.1 47.5 35.4 
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Conclusion. We have studied the binding of two kinds of flavonoids to BLG from the aspects of bind-
ing affinity and mode by fluorescence, molecular modeling, and molecular dynamics simulation techniques. 
Quercetin showed a BLG-binding affinity higher than that of taxifolin, which is attributed to the nonplanar 
C-ring and steric hindrance effect in taxifolin. The synchronous fluorescence results revealed that the micro-
environment of protein did not change with addition of quercetin and taxifolin. The molecular docking re-
sults showed that quercetin and taxifolin bind in the internal cavity of BLG. The MD simulation pointed out 
that the RMSD of the systems reached equilibrium after 10 ns simulation time. Also, the similarity of pro-
files of atomic fluctuations of the BLG and BLG–flavonoid complexes suggested that the structure of the 
ligand binding site remained rigid during the simulation. Because pH does not have an important effect on 
the binding affinity of BLG [41], it can be concluded that our achieved results certified the safe transferring 
of these flavonoids from the stomach. 
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