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The Interaction of Polyphenol Flavonoids
with B-lactoglobulin: Molecular Docking
and Molecular Dynamics Simulation Studies

MEHDI SAHIHI,' ZOBEIDEH HEIDARI-KOHOLI,'
AND ABDOL-KHALGH BORDBAR?

"Department of Chemistry, Shahreza Branch, Islamic Azad University,
Shahreza, Iran
Department of Chemistry, University of Isfahan, Isfahan, Iran

The interaction of quercetin, quercitrin, and rutin, as natural polyphenolic compounds,
with B-lactoglobulin (BLG) using molecular docking and molecular dynamics simu-
lation methods was examined. Molecular docking studies showed that quercetin and
quercitrin were bounded to the internal cavity of protein, while rutin was bounded to
the entrance of the cavity because of its large structural volume. It was found that there
were one-, three-, and four-hydrogen bond interactions between BLG and quercetin,
quercitrin, and rutin respectively. This showed that with an increase in the number of
OH groups in the flavonoid structure, there was an increase in the number of hydrogen
bond interactions. The binding constants for the binding of quercetin, quercitrin, and
rutin to BLG were 1.2 x 105, 1.9 x 10°% and 7.4 x 10* M~ respectively. The results of
molecular dynamics simulation showed that the root mean square deviation (RMSD) of
non-liganded BLG and BLG-ligand complexes reached equilibration after 3500 ps. The
study of the radius of gyration revealed that BLG and BLG-ligand complexes were stabi-
lized around 2500 ps, and unlike the two other complexes, there was no conformational
change for BLG—quercetin. Finally, analyzing the RMS fluctuations suggested that the
structure of the ligand binding site remained approximately rigid during simulation.

Keywords p-lactoglobulin, molecular docking, molecular dynamics simulation,
polyphenolic flavonoids

1. Introduction

In recent years, antioxidants have been the subject of many epidemiological studies, which
have related the consumption of fruits and vegetables to reduction in the incidence of car-
diovascular diseases and several types of cancers; of these are those antioxidants in which
phenolic compounds in particular play a very important role.['~* The beneficial effects of
phenolic compounds (a large amount of which is found in all kinds of plant foods) are
thought to result from their ability to scavenge reactive oxygen and nitrogen species, which
are formed in large amounts, during intracellular oxidative stress induced by the extraneous
attack of pro—oxidants.[s’ﬁ] However, little attention has been directed to the interactions
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of phenolic compounds with other components, which are also present in food or the or-
ganism (e.g., proteins). The phenolic compounds have multiple chemical and biological
actions, besides being an antioxidant;!"-#! for instance, chelating,®! anticarcinogenic,!'®!!!
bacteriostatic,!! and secretory activities.!"?! For one polyphenol flavonoid, quercetin (see
Scheme 1(a)), over a dozen biological effects can be listed. Quercetin is particularly inter-
esting because of its anticarcinogenic activities!'*! and its significant quantitative presence
in human foods."*! The biological activity of quercetin includes the inhibition of cell
proliferation in animals and cell cultures.!'>!

OH

Scheme 1(a). Chemical structure of quercetin.

Another polyphenol flavonoid, Quercitrin (quercetin 3-O-¢-p -rhamnoside, see
Scheme 1(b)) is a glycoside extracted from the oak bark as a bitter and yellow dye citron.
Quercitrin shows stronger peroxyl radical-scavenging capacity than trolox, a water-soluble
vitamin E analogue.!'®! In addition, quercitrin is effectively prevented from allergic re-
actions.!'”] Cherries are rich in two important polyphenol flavonoids: isoquercitrin and
quercitrin, as well as anthocyanins. Consuming foods such as cherries has been shown to
help neutralize cancer-causing agents and decrease oxidative stress.!'®!

Scheme 1(b). Chemical structure of quercitrin.

Rutin  ((3-(6-Deoxy-a-| -mannopyranosyl)-B-glucopyranosyl)oxy)-2-(3',4',5,7-tetra-
hydroxyflavone) (see Scheme 1(c)) is another commonly found flavonol glycoside and
is widely present in many plants, especially the buckwheat plant. Rutin has been re-
ported to have clinically relevant functions, including antioxidant, antihypertensive, anti-
inflammatory, and antihemorrhagic activities, strengthening the capillaries of blood vessels
and regulating the capillary permeability and stabilization of platelets.!'>>"! These proper-
ties are potentially beneficial in preventing diseases and protecting the stability of genome.
Many of these activities have been related to its antioxidant actions. Nevertheless, due to its
poor solubility (solubility at T = 298.15 K is 0.66 = 0.03 x 10~ mole fraction value)?!l),
rutin shows a slow dissolution rate in solid oral forms and the drug absorption from the



Scheme 1(c). Chemical structure of rutin.

gastrointestinal tract is generally slow and irregular, thus restricting its use in therapy.'??!

Therefore, it is important to improve its solubility and bioavailability.

The lipocalin family consists of small secreted proteins that typically bind and trans-
fer small hydrophobic ligands and interact with cell-surface receptors./>>?# The natural
lipocalin member, bovine S-lactoglobulin (BLG), is a major bovine whey protein. Several
genetic variants of BLG have been determined, among which the bovine phenotypes A
and B are the most predominant ones.!?>2®! Variant A differs in amino acid sequence from
variant B at positions 64 (Aspy—Glyg) and 118 (Val,— Alag).”®! Around neutral pH,
BLG is mainly dimeric, whereas between pH 2 and 3, it is dissociated into monomers
due to electrostatic repulsion between subunits.””) The crystal structure shows that the
162-amino acid-long single polypeptide chain of bovine BLG forms a calyx composed
of an eight-stranded antiparallel B-sheet.””! An important physicochemical property of
this lipocalin protein is its ability to bind in-vitro several physiologically relevant ligands
such as steroids, fatty acids, retinoids, vitamin D, and cholesterol.[28-30 §o BLG can serve
as a potential transport and depot protein, especially for hydrophobic non-water soluble
molecules. Finding novel bioactive ligand molecules of BLG is of biotechnological and
pharmacological importance and could contribute to the deeper understanding of molecular
recognition properties of this lipocalin.

Considering the fact that the mentioned polyphenol flavonoids exhibit many biological
effects, it was deemed important to evaluate the putative interactions of these compounds
with a major carrier protein such as BLG. In the present work, the interaction of BLG with
quercetin, quercitrin, and rutin was studied using molecular dynamics (MD) simulation
and molecular docking studies. The molecular docking and the MD simulation described
here are a promising approach for probing the interactions of ligands with relevant target
proteins.

2. Experiment

2.1. Molecular Docking

The ArgusLab 4.0.1 molecular docking program (Planaria Software, LLC, USA)P*! was
employed for generating an ensemble of docked conformations. Earlier, ArgusLab 4.0.1
validation studies have reported very little difference in the docking accuracies between
ArgusLab and Genetic optimization for ligand docking (GOLD).?!'-33! Flexible ligand
docking of ArgusLab is available by describing the ligand as a torsion tree. Groups of
bonded atoms that do not have rotatable bonds are nodes, while torsions are connections
between the nodes. The topology of a torsion tree is a determinative factor which influences
efficient docking. In the docking calculations, the Ascore scoring method from the ArgusLab



4.0.1 suite was employed. Ascore is based on the decomposition of total protein—ligand
binding free energy and takes the following contributions into account: van der Waals
interaction between the ligand and the protein, hydrophobic effects, hydrogen bonding
between the ligand and the protein, hydrogen bonding involving the charged donor and/or
acceptor groups, deformation effects, and the effects of translational and rotational entropy
loss in the binding process.3!3%!

2.1.1. Preparing protein and ligand. The known crystal structure of BLG (PDB ID: 3NPO)
was obtained from the RCSB Protein Data Bank (www.rcsb.org), and water molecules were
removed. In order to get the most stable conformations of quercetin, quercitrin, and rutin,
the structure-optimizing calculations were carried out at 6-31G** level by employing the
Becke three-parameter Lee—Yang—Parr (B3LYP) hybrid density functional theory using
the GAMESS quantum chemistry software (USA).** The ArgusDock exhaustive search
docking engine was used, having a grid resolution of 0.40 A. Docking precision was set
to regular precision and the flexible ligand docking mode was employed for docking run.
To recognize the binding sites in BLG, blind docking was carried out and the grid size was
set to 146, 156, and 132 along the x-, y-, and z-axes respectively. During the docking, a
maximum number of 10 conformers were considered. The lowest energy conformations
were used for further analyses (Table 1).

2.2. Molecular Dynamics Simulation

A 10,000-ps MD simulation of BLG—flavonoids complexes was carried out with the GRO-
MACS 4.0 (University of Groningen, Netherlands)?*>*! package using the GROMOS96
43al force field.?7-3] The lowest binding energy conformation for each complex (Table 1)
was considered as the initial conformation. The topology parameters of BLG were created
using the Gromacs program. The topology parameters of quercetin, quercitrin, and rutin
were built by the Dundee PRODRG?2.5 server (beta) (UK).*! The partial atomic charges of
ligands were subsequently determined using the GAMESSP* at the level of HF/6-31G**.
Then the complex was immersed in a cubic box (6.65049 x 6.65049 x 6.65049 nm?)
of extended simple point charge (SPC) water molecules./*”! The solvated systems were
neutralized by adding sodium ions to the simulation and the entire systems were composed
of 1594 atoms of BLG, one ligand, 8 Na™ counterions, and 26754, 26718, 26700, and
26634 solvent atoms for BLG, BLG—quercetin, BLG—quercitrin, and BLG—rutin respec-
tively. Energy minimization was performed using the steepest descent method of 2000
steps, followed by the conjugate gradient method for 2000 steps. In the first stage of MD
simulation (equilibration), the solute (protein, counterion, and ligand) was fixed and the
position-restrained dynamics simulation of the system proceeded at 300 K for 40 ps. Finally,
the full system was subjected to 10,000-ps MD at 300-K temperature and 1-bar pressure.
The periodic boundary condition was used and the motion equations were integrated by
applying the leaf-frog algorithm with the time-step of 2 fs. The atom coordinates were
recorded every 0.5 ps during the simulation for later analysis.

3. Results and Discussion

3.1. Molecular Docking Studies

Three potential binding sites have been reported for ligand binding to BLG: (i) The internal
cavity of g-barrel, (ii) the surface hydrophobic pocket in a groove between «-helix and
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Table 2
Residues within 3-A distance from each polyphenol flavonoid

Polyphenol
flavonoid Residues

Quercetin Pro(38), Val(41), Val(43), Leu(46), Leu(54), Ile(56), Leu(58), GIn(59),
Lys(60), Lys(69), Ile(71), Ala(73), Ile(84), Val(92), Phe(105), Met(107)

Quercitrin Pro(38), Leu(39), Val(41), Val(43), Leu(58), Lys(60), Lys(69), Ile(71),
Tle(84), Asn(90), Val(92), Phe(105), Met(107)

Rutin Pro(38), Leu(39), Val(41), Leu(58), Lys(60), Lys(69), Lys(70), Ile(71),
Ile(84), Asp(85), Ala(86), Asn(88), Asn(90), Glu(108), Asn(109),
Ser(116)

B-barrel, and (iii) the outer surface near Trp19-Arg124.1*!1 There is a large hydrophobic
cavity present in S-barrel and many ligands can bind in this location. In this study, the
molecular docking program, ArgusLab 4.0.1, was chosen for examining the binding mode
of quercetin, quercitrin, and rutin at the active site of BLG. The docking results showed that
quercetin and quercitrin bind to the internal cavity of protein by one and three hydrogen
bond interactions respectively (Figs. 1(a) and (b)). All near residues for each ligand are
listed in Table 2.

There was one hydrogen bond between quercetin and Lys(69) of BLG with a 2.9-A
distance (Fig. 2(a)). Also, there were three hydrogen bonds between quercitrin and Pro(38),
Lys(69), and Ile(71) of BLG, with 2.8-, 2.8-, and 2.3-A distance respectively (Fig. 2(b)).
While rutin did not bind to the internal cavity, there were four hydrogen bond interactions
between rutin and Lys(70), Ile(71), Asn(88), and Ser(116) at the entrance of internal cavity
with a distance of 2.5-, 2.7-, 1.1, and 2.5-A respectively (Figs. 1(c) and 2(c)).

Thus, it can be concluded that the interaction of these polyphenol flavonoids with BLG
is not primarily hydrophobic and the phenolic OH groups in their structure have a significant
role in the binding process. The above results indicate that the number of hydrogen bond
interactions increases with the increase of OH groups in the polyphenol flavonoid structure.
Similar results were obtained for the interaction of bisdemethoxycurcumin and diacetyl-
bisdemethoxycurcumin with human serum albumin (HSA) by a fluorescence quenching
study.[*?!

The binding constants (K,) for the binding of quercetin, quercitrin, and rutin to BLG
were 1.2 x 10%, 1.9 x 10° and 7.4 x 10* M~ respectively. Also, the free energy change
values, AG°, for the binding of quercetin, quercitrin, and rutin to BLG were —8.29, —-8.55,
and —6.64 kcal mol~! respectively (Table 1).

The structural volume of these polyphenol flavonoids was calculated using the
HyperChem-7 package program (Hypercube, Inc., USA), and 780.45, 1039.70, and
1491.79 A® were obtained for quercetin, quercitrin, and rutin respectively. Therefore,
rutin cannot enter the internal cavity of BLG because of its large structural volume. In
comparison with quercetin and quercitrin, the obtained lower value of K, for binding rutin
to BLG is because of its binding to the entrance of internal cavity, where the hydrophobic
interactions do not have a dominant role in ligand binding.



Figure 1. (a) Quercetin, (b) Quercitrin, and (c) Rutin docked in BLG using ArgusLab 4.0.1. Ligands
are depicted in a ballcylinder model (light gray), and BLG are represented in cartoon ribbon.
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3.2. Analysis of Dynamics Simulation Trajectories

The trajectories were stable during the whole production part of the 10,000-ps MD sim-
ulation run. The trajectory stability was checked and corroborated by the analysis of the
root mean square deviation (RMSD) (Fig. 3) as functions of time for BLG and its com-
plexes with polyphenol flavonoids. The analysis of Fig. 3 indicates that the RMSD of all
systems reached equilibrium and oscillated around the average value after about 3500-ps
simulation time. This evidence clearly indicates that the whole system was stable and
equilibrated. The RMSD values of atoms in BLG and BLG-ligand complexes were calcu-
lated from a 3500-10,000-ps trajectory, where the data points for BLG, BLG—quercetin,
BLG—quercitrin, and BLG—rutin fluctuated by about 0.23 + 0.010, 0.20 & 0.017, 0.16 +
0.009, and 0.19 £ 0.010 nm respectively.

In the present MD study, the radius of gyration (R,) values of non-liganded BLG and
BLG-ligand complexes were determined and plotted as a function of time, as shown
in Fig. 4. In these systems, the R, values were stabilized at about 2500 ps, indicat-
ing that the MD simulation achieved equilibrium after 2500 ps. Initially, the Ry values
of the non-liganded BLG and BLG-ligand complexes were 1.44 nm. The non-liganded
BLG, BLG—quercetin, BLG—quercitrin, and BLG-rutin stabilized at 1.40 £ 0.006, 1.40
£+ 0.007, 1.41 £ 0.005, and 1.42 £+ 0.006 nm respectively. An earlier report show-
ing that the experimental R, value of BLG was 1.39 £ 0.04 nm indicated that the
present MD simulations matched the reported experimental values of R, for non-liganded
BLG.®!

The above results suggest that the radius of gyration value increased slightly upon
quercitrin and rutin complexation and did not change tangibly upon quercetin complexation
with respect to free BLG. This clearly indicates that, unlike quercetin, quercitrin and rutin
changed the microenvironment of BLG leading to conformational changes in BLG during
MD simulation.

—— BLG
0:4 5 BLG-Quercetin
BLG-Quercitrin
——— BLG-Eutin
0.3 1

RMSD (nm)

0.0 + T T T T

0 2000 4000 6000 8000 10000

Time (ps)

Figure 3. Time dependence of RMSD. RMSD values for non-liganded BLG and BLG-ligand
complexes during 10,000-ps MD simulation using GROMACS 4.0 package and the GROMOS96
43al force field at 300 K and 1 bar.
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Figure 4. Time evolution of the radius of gyration (Ry) during 10,000-ps of MD simulation of BLG
and BLG-ligand complexes using GROMACS 4.0 package and the GROMOS96 43al force field at

300 K and 1 bar.

Local protein mobility was analyzed by calculating the time-averaged root mean square
fluctuation (RMSF) values of free BLG and BLG-ligand complexes. The results were
plotted against residue numbers based on 10,000-ps trajectory (Fig. 5). The profiles of
atomic fluctuations were found to be very similar for BLG and BLG-ligand complexes. The
obtained results clearly indicate that the residues at the binding site had low fluctuations for
each ligand. Also, the structure of ligand binding site remained approximately rigid during

simulation.

0.5

RMSF (nm)

—— BLG

—— BLG-Quercetin
——— BLG-Quercitrin
——— BLG-Rutin

0.0

Residue

Figure 5. The RMSF values of non-liganded BLG and BLG-ligand complexes were plotted against
residue numbers. The results are based on the 10,000-ps trajectory.



4. Conclusions

Interaction of polyphenol flavonoids, quercetin, quercitrin, and rutin with BLG was exam-
ined since BLG plays a major role in transporting ligands to target places. The molecular
docking studies indicated that quercetin and quercitrin bind to the internal cavity of BLG
with one and three hydrogen bonding interactions respectively. Rutin, however, cannot
enter the cavity because of its large structural volume. This ligand binds to the entrance of
internal cavity of BLG with four hydrogen bond interactions. Therefore, it can be concluded
that the interaction of these polyphenol flavonoids with BLG is not mainly hydrophobic
and the number of hydrogen bond interactions increases with the increase of OH groups
in polyphenol flavonoid structure. The K, values for the binding of quercetin, quercitrin,
and rutin were 1.2 x 10% 1.9 x 10° and 7.4 x 10* M~! respectively. These K, values
gave the AG®° values of —8.29, —8.55, and —6.64 kcal mol~! for the binding of quercetin,
quercitrin, and rutin to BLG respectively. The greater K, values for quercetin and quercitrin
are because of their binding in the internal cavity of BLG, which is more hydrophobic than
its entrance. Thus, it can be judged that quercetin and quercitrin bind to BLG by hydropho-
bic and hydrogen bond interactions, and the only interactions that stabilize the BLG—rutin
complex are the four hydrogen bonds. The MD study, in particular, made an important
contribution toward understanding the effect of the binding of these ligands on the con-
formational changes of BLG and the stability of BLG-ligand complex systems in aqueous
solution. The MD simulation studies revealed that the RMSD of the systems reached equi-
librium and oscillated around the average value after 3500 ps simulation time. Analysis
of R, indicated that BLG and BLG-ligand complexes were stabilized around 2500 ps,
and, unlike quercetin, quercitrin and rutin changed the conformation of BLG during MD
simulation. Initially, the R, value for both non-liganded BLG and BLG-ligand complexes
was 1.44 nm. The non-liganded BLG was stabilized at 1.40 &= 0.006 nm, which matched
the experimental value reported earlier. The similarity of profiles of atomic fluctuations of
BLG and BLG-ligand complexes suggested that the structure of the ligand-binding site
remained approximately rigid during the simulation.
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