7

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Insights into the Interaction between Polyphenols and
p-Lactoglobulin through Molecular Docking, MD Simulation, and
QM/MM Approaches

Indrani Baruah, Chayanika Kashyap, Ankur K. Guha,* and Gargi Borgohain™

Cite This: ACS Omega 2022, 7, 23083-23095 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ANTI-OXIDANT
BEHAVIOUR

S

PROTEIN-POLYPHENOL
COMPLEX

ABSTRACT: In this work, we have explored the interaction of three different polyphenols with the food protein S-lactoglobulin.
Antioxidant activities of polyphenols are influenced by complexation with the protein. However, studies have shown that
polyphenols after complexation with the protein can be more beneficial due to enhanced antioxidant activities. We have carried out
molecular docking, molecular dynamics (MD) simulation, and quantum mechanics/molecular mechanics (QM/MM) studies on the
three different protein—polyphenol complexes. We have found from molecular docking studies that apigenin binds in the internal
cavity, luteolin binds at the mouth of the cavity, and eriodictyol binds outside the cavity of the protein. Docking studies have also
provided binding free energy and inhibition constant values that showed that eriodictyol and apigenin exhibit better binding
interactions with the protein than luteolin. For eriodictyol and luteolin, van der Waals, hydrophobic, and hydrogen bonding
interactions are the main interacting forces, whereas for apigenin, hydrophobic and van der Waals interactions play major roles. We
have calculated the root mean square deviation (RMSD), root mean square fluctuations (RMSF), solvent-accessible surface area
(SASA), interaction energies, and hydrogen bonds of the protein—polyphenol complexes. Results show that the protein—eriodictyol
complex is more stable than the other complexes. We have performed ONIOM calculations to study the antioxidant properties of
the polyphenols. We have found that apigenin and luteolin act as better antioxidants than eriodictyol does on complexation with the
protein, which is consistent with the results obtained from MD simulations.

1. INTRODUCTION functions include their abilities to act as antioxidants to
suppress the detrimental effect of free radicals on the
macronutrients. The interactions of polyphenols with food
components like proteins are of great interest to many food
researchers and food analysts so as to modulate the
functionalities and bioactivities of both the compounds.”””
The protein—polyphenol interactions can take place prior to
their intake during processing and preparation of food. Such

Antioxidants from natural sources for human use have gained
much attention worldwide. Polyphenolic compounds are
excellent sources of antioxidants. They enter the body via
various sources such as vegetables, fruits, tea, flowers, wine,
cereal grains, and coffee.’ The most important plant-based
polyphenolic compounds known as “flavonoids” are in high
demand due to their numerous health benefits including
anticancer, antioxidant, and anti-inflammatory activities,

among others.” " Flavonoids encompass a large number of Received:  January 17, 2022
structurally diverse subgroups, and the most common Accepted:  April 21, 2022
flavonoids are flavones, flavonols, flavanone, flavanonol, and Published: June 24, 2022

anthocyanin.” The basic chemical structure of flavonoids
generally consists of two phenyl rings (A and B) and a
heterocyclic pyran ring (C)° (see Figure 1). Their main
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Figure 1. General skeleton of flavonoids.

interactions can show their effect on the biological aspects of
protein by changing the thermal stability, digestibility,
solubility, enzymatic activity, and nutritional value'®'' and
are important from industrial, scientific, and economic
viewpoints.

Incorporation of the polyphenols into the food enhances the
antioxidant activity and nutritional value of the protein-based
food product, which is considered to be an effective approach
for functional foods. Polyphenols show strong antioxidant
activity in both in vitro and in vivo environments.'”"
However, the antioxidant behavior of polyphenols is affected
on complexation with protein, but the overall antioxidant
activity of the polyphenols can be beneficial on complexation
with protein due to the extended lifetime of the polyphenols in
the complex. Most of the studies reveal that the polyphenols
bind to the protein'”"> and their interactions are mainly
governed by hydrophobic interactions and subsequently
stabilized by hydrogen bonding.lé’17 Hernandez et al. studied
some low-molecular weight phenolic compounds with the
protein bovine serum albumin and stated that their interaction
could result in the reduction of the antioxidant activity of the
phenolic compounds present in the food system.'® Nowadays,
addition of polyphenols to milk as natural additives to increase
the health benefit and nutritional value of dairy products has
become an active area of research. Milk proteins can act as a
natural vehicle for the delivery of many bioactive molecules'”
and vital micronutrients. Some studies are reported to describe
the underlying mechanism behind the influence of milk
proteins on the polyphenols present in tea."*™'® There have
been many controversies regarding the antioxidant behavior of
tea polyphenols in the presence of milk proteins. Hasni et al.
reported the effect of milk proteins @- and f-casein
complexation with tea polyphenols. They suggested that the
change in the casein structure can be a major factor in the
antioxidant behavior of protein—polyphenol complexes.'*
They showed that the protein—polyphenol interaction resulted
in a major decrease of the a-helix and f-sheet content of the
protein, and there was an increase of turn and random
structure in the polyphenol—casein complexes. Meanwhile,
Dubeau et al. reported the dual effect of milk on the
antioxidant capacity of three types of tea using three different
antioxidant assays.”’ As the major constituent of milk, f-
lactoglobulin (BLG) can unavoidably interact with the
polyphenolic flavonoids. BLG is a globular protein that can
not only act as an antioxidant nutrient but also carry other
antioxidants to specific biological sites. BLG contains 162
amino acid residues and belongs to the family of lipocalins.
Due to the presence of a hydrophobic calyx or core in its
structure, BLG can accommodate many hydrophobic bioactive
molecules and ensure the safe delivery of these molecules to
their biological sites.”!

There are a multitude of research studies that have been
dedicated to explore the interaction of the protein BLG with
dietary polyphenols. Most of the studies revealed that the main
essence of binding of BLG and polyphenols is through
noncovalent interactions. Jia et al. reported the interactions of
polyphenols chlorogenic acid, ferulic acid, and epigallocate-
chin-3-gallate with the protein BLG with the aid of
spectroscopy and molecular modeling studies. They found
that hydrogen bonding and van der Waals (VDW) interactions
are the main binding forces behind the binding of BLG with
chlorogenic acid and ferulic acid, whereas hydrophobic
interactions are the main driving forces in binding with
epigallocatechin-3-gallate.® Another study by Li et al. reported
a combined spectroscopy and molecular docking study of BLG
with some structurally different model polyphenols (apigenin,
naringenin, kaempferol, and genistein) and observed that
hydrogen bonding and hydrophobic interactions played a
crucial role in their binding.”> The noncovalent interaction
between the protein and polyphenol can influence the
conformational change of the protein and the antioxidant
activity of the polyphenols. From the literature, it is evident
that the protein—polyphenol interaction is solely dependent on
the structure of polyphenols and type of protein under
investigation. Therefore, the present work deals with the
interaction of BLG with three polyphenols (which differ in OH
groups present in the B ring and hydrogenation of the double
bond present between C2 and C3 of the C ring). These are
systematically selected to study the influence of those
structural parameters on the conformational stability of the
protein BLG and on the antioxidant behavior of the
polyphenols in the presence of BLG. Herein, we have analyzed
the binding of three model polyphenols, i.e, apigenin (Figure
2a), luteolin (Figure 2b), and eriodictyol (Figure 2c), with the

&
(<]
X

Eriodictyol (c)

Figure 2. (a—c) Chemical structure of the polyphenols.

protein BLG with the aid of molecular docking study. The
docking study reveals the kind of interaction present and the
amino acids involved in the binding between polyphenols and
BLG. The effects of protein—polyphenol binding on the
stability of the complex and conformational changes of the
protein are accessed through the molecular dynamics (MD)
simulation technique. We have also included the probable
mechanism of antioxidant activity with the considered
polyphenols in the presence and absence of the protein with
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the help of a more accurate quantum mechanics/molecular
mechanics (QM/MM) study. We envisage that this study will
provide an in-depth molecular-level understanding regarding
incorporation of novel polyphenols into food formulations,
which will be valuable for food industries.

2. METHODOLOGY

2.1. Docking Procedure. The molecular docking study is
helpful in predicting the binding interaction of the protein and
small molecules.”” The three-dimensional crystal structure of
the protein BLG was taken from the Protein Data Bank (PDB
ID: 3NPO) with an R value of 0.216, which is in the
unliganded form. The structures of the polyphenols (apigenin,
luteolin, and eriodictyol) were taken from PubChem. In this
study, molecular dockin% calculations were done using
AutoDock 4.2 software.”* All the nonstructural water
molecules present in the PDB were removed. The polar
hydrogens and kollman charges were added to the protein
using AutoDock Tools (ADT). First, blind docking was
performed to predict the binding sites of the protein for each
of the polyphenols since the binding site information of the
above-mentioned polyphenols with the BLG receptor was not
known. During blind docking, the entire surface of the protein
was considered as a potential binding site by creating grid
maps using AutoGrid supplied with AutoDock 4.2. A grid box
of dimension 100, 100, 100 points along the X, Y, and Z axes,
respectively, was set for each of the systems so that the whole
protein was covered. After determining the binding sites of
each of the polyphenols in BLG, a grid box of dimensions 60,
60, 60 was centered around the active residues of the protein
with a grid spacing of 0.375 A for all the systems. Finally, the
Lamarkian Genetic Algorithm® was applied to all the systems
considered for our study to find the best binding pose of the
polyphenols with the protein with the lowest binding energy
value. The independent docking runs were set to 50 with
2500000 maximum energy evaluations and 27 000 Genetic
Algorithm operations for each run. The same parameters were
used for all the systems.

2.2. Molecular Dynamics Simulation. The lowest-energy
docked conformation for different complexes was taken for
MD simulation to validate the stability of BLG—polyphenol
complexes predicted by the docking study. The MD simulation
studies of all the sgrstems were performed using the AMBER 18
software package.”® The AMBER14SB force field”” has been
applied for the protein molecule and GAFF (general amber
force field)*® for polyphenols. The restrained electrostatic
potential (RESP)*’ charges of the polyphenols were obtained
using the Gaussian 16 packageg’0 at the HF/6-31G* level. After
assigning partial atomic charges of the polyphenols, the
necessary parameter and topology files for all the systems
were prepared using Antechamber’’ and Leap programs’”
supplied with AMBER 18 software. The protein—polyphenol
complexes thus prepared were solvated using the TIP3P*
water model in a cubic box. The systems were solvated with
6808, 6804, and 6799 water molecules for BLG—apigenin,
BLG—luteolin, and BLG—eriodictyol, respectively. Simulation
of the protein without any polyphenol was also performed after
solvating with 6808 water molecules and considered as a
reference system. Each of the systems was added with eight Na
+ ions so that the total charge of the systems became neutral.
Initially, energy minimization was carried out followed by
subsequent heating from 0 to 100, 100 to 200, and 200 to 300
K for 100 ps for each step. An additional equilibration step was

done at a constant pressure of 1 bar and temperature of 300 K
for 1 ns using a Berendsen barostat’* and Langevin dynamics®
to control the pressure and temperature, respectively. All
bonds of hydrogen were fixed using the SHAKE algorithm.*®
The particle mesh Ewald (PME) summation method®” was
used for calculating the long-range electrostatic interactions. A
cutoff distance of 9 A was applied for all nonbonded
interactions. Finally, we have performed a production run of
200 ns in an NVT ensemble for all the systems. The
trajectories obtained from 200 ns production run were
analyzed using the AMBER cpptraj module® and visual
molecular dynamics (VMD).*

2.3. QM/MM. The density functional theory (DFT)
calculations of the considered systems were carried out using
the Gaussian 16 suite of programs. We used the meta-GGA
M06-2X density functional’®*" with the double zeta split
valence and polarized 6-31+G* basis set’” in the gaseous
phase. We prefer to use this functional for the present study
since M06-2X is useful for main-group thermochemistry and
noncovalent interactions.”> The complex structures were
optimized using ONIOM,*** where the high layer was
treated with the M06-2X level and the low layer was treated
using molecular mechanics (MM) using the universal force
field (UFF). After performing molecular dynamics simulation
on each protein—polyphenol complex, the best interaction site
was chosen. To decrease the computational demand of
calculation, the system size was reduced, and we have
considered protein residues located in the reactive site of the
polyphenol without compromising the accuracy of the results.
Our investigation mainly focused on the antioxidant properties
of polyphenols in the presence and absence of the protein.
Here, protein—polyphenol interactive sites are considered as
the QM-layer, and other residual parts are considered under
the MM-layer (see Figure 3). The selection of the reactive sites
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Figure 3. General scheme for QM/MM calculations.

MM Part

was done in accordance with the results obtained from Bader’s
quantum theory of atoms in molecules (QTAIM)**** analysis
(see Figure SI in the Supporting Information). For apigenin
and luteolin, the interacting residues were LEU46, LEUS4,
LEUS6, VAL41, VAL92, ILES6, and PHE105 and LEU39,
VAL41, ASN90, GLU108, and SER116, respectively. ASP130,
ASP129, LYS101, GLU127, and THR125 were the interacting
residues for eriodictyol. In two-layer ONIOM computation,
the total energy (EON'OM) of the entire system was obtained
from three independent energy calculations

EONIOM — Ehighmodelsystem + Elowrealsystem _ Elowmodelsystem

(1)
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Table 1. Autodock Analysis of the Docked Protein—Polyphenol Complexes

bindingenergy inhibitionconstant number of H-bonds(protein— intermolecularenergy internalenergy
protein  polyphenol (kcal/mol) (uM) polyphenol) (kcal/mol) (kcal/mol)
BLG apigenin —5.34 122.34 0 —6.53 —0.87
BLG luteolin =513 174.74 4 —6.62 —2.28
BLG eriodictyol =5.70 6691 4 -7.19 —2.05
(a) (b)

(c)
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Figure 4. Best docked structures of BLG with (a) apigenin (blue structure), (c) luteolin (green structure), and (e) eriodictyol (pink structure)
obtained from docking simulation. The protein secondary structures are represented in the cartoon ribbon, and the polyphenols are shown in the
stick model. The 2D representations of the interactions of BLG and apigenin, luteolin, and eriodictyol are shown in (b), (d), and (f) respectively.

Here, the real system contains full geometry of the molecules,
and the model system comprises the chemically reactive part of
the system. Following the above-mentioned procedure, the
antioxidant activities of the polyphenols were calculated by
computing the O—H bond dissociation of polyphenols.**”
The antioxidant ability is mainly related to the position and
number of hydroxyl groups and conjugated resonance effect. In
previous studies, two main mechanisms were reported, namely

hydrogen atom transfer (HAT) and single-electron transfer
(SET).>® Also, it is evident that HAT and SET mechanisms are
more efficient in the case of the polyphenols containing
aromatic rings.50 To follow these mechanisms, two parameters
were calculated, namely bond dissociation enthalpy (BDE) and
ionization enthalpy (IE).”' ™ In hydrogen atom transfer, a
free radical R accepts a hydrogen atom from the antioxidant
(ArOH)

23086 https://doi.org/10.1021/acsomega.2c00336
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Figure S. Root mean square deviations (RMSD) of C,-atoms of the protein residues for (a) BLG—apigenin, (b) BLG—luteolin, and (c) BLG—
eriodictyol complexes. Each figure is accompanied by RMSD of the unbound protein used as a reference.

R + ArOH — RH + ArO )

The efliciency of the antioxidant depends upon the stability of
the ArO radical, which is defined by the number of O—H
bonds, conjugation, and resonance of the system. Here, the
BDE of the O—H bond is evaluated by the following formula.
The weaker the O—H bond, the more the stability of the
antioxidant.

BDE = H(ArO) + H(H) — H(ArOH) (3)
Here, enthalpies of the antioxidant radical, hydrogen radical,
and antioxidant are represented as H(ArO), H(H), and
H(ArOH), respectively. Again, according to the SET
mechanism, the antioxidant (ArOH) gives one electron to
the free radical along with the hydrogen atom

(4)

. Here, the stability of the radical cation decides the antioxidant
action of the system where the ionization enthalpy is the
significant factor, which can be evaluated by the following
equation

R + ArOH — RH + ArO"

IE = H(ArO") + H(e”) — H(ArOH) ()
Here, enthalpies of the antioxidant radical, hydrogen radical,
and antioxidant are represented by H(ArO"), H(e™), and
H(ArOH), respectively.

23087

3. RESULTS AND DISCUSSIONS

3.1. Docking Results. Docking simulation was performed
using AutoDock to determine the key interactions present
between BLG and polyphenols. The AutoDock calculation
results of the top-ranked cluster of the protein—polyphenol
complexes are listed in Table 1. The table includes the values
of binding energy, inhibition constant, number of hydrogen
bonds, final intermolecular energy, and total internal energy of
the complexes. Based on the docking results, the binding of
apigenin was observed at the hydrophobic internal cavity of the
protein, which is the common binding site for the hydrophobic
molecules.”* The binding energy value for apigenin is found to
be —5.34 kcal/mol. For luteolin, the binding energy value is
—5.13 kecal/mol, and it binds into the internal cavity with
slightly protruding outward. On the other hand, binding of
eriodictyol is found in the region outside the internal cavity
with a binding energy value of —5.70 kcal/mol. The binding of
eriodictyol is in accordance with the predicted binding site for
the naringenin molecule by Gholami and Bordbar, which
belongs to the same flavanone subclass.”> The binding of
apigenin, luteolin, and eriodictyol is found to be spontaneous,
which can be observed from the negative binding energy
values. The binding energy values indicate that apigenin and
eriodictyol form more stable complexes than luteolin with the
protein BLG (see Table 1). In addition to the binding free
energies, the values of the inhibition constant dictate the
efficacy of binding of the three polyphenols with the protein.

https://doi.org/10.1021/acsomega.2c00336
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Eriodictyol and apigenin with smaller values of inhibition
constant (see Table 1), namely 66.91 and 122.34 uM,
respectively, show more efficiency in binding than luteolin
with an inhibition constant of 174.74 uM. The greater the
intermolecular force between the receptor and the ligand
molecule, the higher the binding affinity between the two. As
evident from our docking calculation, the binding affinity of
eriodictyol, which is a flavanone, is higher than that of apigenin
and luteolin, which belong to the flavone subclass. This
observation is consistent with the results obtained by other
groups through spectroscopic techniques.”® The amino acid
residues involved in binding between BLG and apigenin are
ILE 56, ILE 71, and LEU 46 (through pi-sigma), PHE 105
(through pi-stacked), and VAL 41, VAL 43, VAL 92, LEU 54,
and MET 107 (through pi-alkyl) (see Figure 4b). LEU 39 and
VAL 41 (through pi-alkyl) are the amino acid residues that
took part in the binding between BLG and luteolin (see Figure
4d). Furthermore, VAL 123 (through pi-alkyl), ASP 129, GLU
127 (through pi-anion), and LYS 101 (through pi-sigma) are
the amino acids that participate in the binding interaction
between BLG and eriodictyol (see Figure 4f). The docked
complexes of luteolin and eriodictyol with BLG are also
stabilized by hydrogen bonds. The amino acids of the protein
involved in hydrogen bonding with luteolin and eriodictyol are
PRO 38, ASN 109, and MET 107 and ASP 130, LYS 101, and
THR 125, respectively. Surprisingly, no hydrogen bonds are
found in the docked complex of apigenin with BLG. In
addition, the conventional hydrogen bonds, luteolin and
eriodictyol, also interact with protein residues LYS 60, ASN
88, ASN 90, SER 116, LEU 117, GLU 108, VAL 92, ILE 84,
and ILE 71 and GLU 131 and ARG 124, respectively, through
Van der Waals interactions (see Figure 4d,f). Therefore, it can
be concluded that the binding of BLG and apigenin takes place
mainly due to hydrophobic and van der Waals interactions,
while van der Waals, hydrophobic, and hydrogen bonding
interactions are the main driving forces behind the binding of
luteolin and eriodictyol with BLG.

3.2. Molecular Dynamics Simulation Results.
3.2.1. Root Mean Square Deviation (RMSD). RMSD analysis
is performed to extract information about the stability of the
complex formed between the protein and ligand molecules. In
this study, we have examined the RMSD of the protein
backbone C,- atoms to determine the stability of the unbound
protein and protein—polyphenol complexes (see Figure 5).
The RMSD of the unliganded native BLG is maintained within
1.01-1.82 A up to 45 ns, and thereafter, the RMSD values
increase to 2.05 A till the end of the simulation. For the BLG—
apigenin complex (see Figure Sa), RMSD is maintained
between 1.01 and 1.75 A, which is lower than the RMSD of the
native BLG for the entire simulation run. Noticeably, the
RMSD profile of the BLG—luteolin complex (see Figure Sb)
shows maximum deviation of RMSD values that goes beyond
2.50 A after 65 ns. This shows the alteration in the
conformation of the protein in the BLG—luteolin complex.
However, the BLG—eriodictyol system (see Figure Sc) shows
much smaller fluctuations with RMSD values of 2.15 A up to
50 ns, and after that, the value decreases to 2.05 A, indicating a
stable protein conformation for the rest of the simulation
period. Clearly, we can infer that incorporation of apigenin
enhances the stability of the protein BLG. Also, more stability
has been gained by the protein—eriodictyol complex on
incorporation of eriodictyol. We have also performed another
set of independent simulations for each system using different

random seeds. We have calculated RMSD for each system, and
those are included in the Supporting Information (see Figure
S3 in the Supporting Information). Plots of RMSD support
similar behavior of the protein for different independent
simulations. Therefore, results from first simulations are
considered in the article.

3.2.2. Root Mean Square Fluctuations (RMSF). We have
calculated RMSF of C,-atoms of different protein residues
from their mean position. The RMSF values vs the number of
residues are plotted (see Figure 6) to investigate the local
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Figure 6. Root mean square fluctuations (RMSF) of C,-atoms of the
protein residues for all the systems.

fluctuations of the individual residues of the protein BLG on
incorporation of the polyphenols. From Figure 6, it is clear that
the residues involved in binding with the polyphenols are less
fluctuating in nature compared to the other residues. This
analysis suggests that the binding sites of all the complexes
remain rigid throughout the simulation period. The RMSF
profiles of the residues of BLG—apigenin and BLG—eriodictyol
show lower fluctuations than those of the native protein BLG.
However, the RMSF profile of the BLG—luteolin complex
shows somewhat more residual fluctuations than the native
protein BLG. The higher RMSF values of certain residues,
namely LEU 32-ARG 40, PRO 50, GLU 62-GLU 65, THR 76-
ALA 80, ASP 85-GLU 89, and SER 110-GLN 115, in the
complex are associated with fluctuations in the coils and turns
present in the protein. Interestingly, we have also noticed that
similar regions of the protein exhibit more fluctuating RMSF
values for all the three protein—polyphenol complexes.

3.2.3. Solvent-Accessible Surface Area (SASA). SASA is an
important parameter to examine the surface area of the protein
accessible to solvent molecules, and as such, it helps in
predicting the extent of the protein’s conformational changes
upon binding with the polyphenols.””** The plot of the SASA
value vs time of all systems considered in our study is included
in Figure 7. Also, the average values of SASA for all the systems
are listed in Table 2. The table shows that the SASA of the
unliganded BLG is uniform throughout the simulation path,
whereas on incorporation of apigenin, the SASA value
decreases after 60 ns and is maintained after that. It is also
evident from the average values of SASA calculated for all
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Figure 7. Solvent-accessible surface area (SASA) during 200 ns of MD simulation of (a) BLG—apigenin, (b) BLG—luteolin, and (c) BLG—

eriodictyol complexes.

Table 2. Average Values of SASA in A’ Calculated from
Converged Trajectories”

systems SASA (A?)
BLG (unliganded) 9223.95 (+22.18)
BLG + API 9102.45 (+36.78)
BLG + LUT 9430.32 (£59.45)
BLG + ERI 9253.91 (+40.02)

“Figures within parentheses indicate standard errors.

systems, which are shown in Table 2. The decrease in the
average SASA value of unliganded BLG from 9223.95 to
9102.45 A” in the BLG—apigenin complex reinforces the idea
that apigenin induces compactness to the native protein.
Nonetheless, the increase in average SASA values of BLG—
luteolin (9430.32 A%) and BLG-eriodictyol (9253.91 A?)
complexes from that of the reference system indicates
expansion in the protein conformation on incorporation of
luteolin and eriodictyol to the protein. The results obtained
above are further supported by hydrogen bond analysis
(discussed in subsection S) and secondary structure analysis
of the protein (see Figure S2 and Table S1 in the Supporting
Information). Figure S4 in the Supporting Information
represents SASA for each system in repeated simulation and
indicates the same behavior of the protein in both sets of
simulation.

3.2.4. Interaction Energies. We have calculated interaction
energies operating between the protein and different
polyphenols using the NAMD2*” suite provided with VMD.
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Calculation of interaction energy is important for the
validation of binding energies obtained from docking
calculations.”” Total interaction energies are calculated in
terms of electrostatic and van der Waals energies. The plots of
electrostatic, van der Waals, and total interaction energies of all
systems are included in Figure 8 against simulation time. The
average values are calculated for the converged simulation time
shown in Table 3. The values reveal the stability and extent of
binding of the different protein—polyphenol complexes. Table
3 shows that among all the complexes, the BLG—eriodictyol
complex has the highest average total interaction energy of
—76.94 kcal/mol followed by BLG—apigenin and BLG—
luteolin with average total interaction energies of —41.57 kcal/
mol and —41.81 kcal/mol, respectively. This observation is
consistent with that obtained from docking studies. We have
further noticed that the van der Waals interaction acts as a
predominant factor in the case of the BLG—apigenin complex.
However, for the BLG-—luteolin and BLG-—eriodictyol
complexes, electrostatic interaction energy acts predominantly
compared to van der Waals interaction energy. Thus, analysis
of interaction energies reveals that both electrostatic and van
der Waals energies play a crucial role in stabilization of the
protein—polyphenol complexes. Among all the three com-
plexes, the BLG—eriodictyol complex shows a better
interaction strength as indicated by the more negative value
of the total interaction energy. The reason behind the high
value of electrostatic energy in the case of the eriodictyol-BLG
complex may be attributed to the interactions of the more
number of charged amino acid residues of the protein with
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Figure 8. Interaction energies of (a) BLG—apigenin, (b) BLG—luteolin, and (c) BLG—eriodictyol complexes vs simulation time in ns.

Table 3. Electrostatic, VDW, and Total Energies of the
Three Protein—Polyphenol Complexes®

electrostatic energy van der Waals energy total energy

systems (kcal/mol) (kcal/mol) (kcal/mol)

BLG + —6.13 (+0.61) —35.44 (+0.50) —41.57 (£0.52)
API

BLG + —38.58 (+0.69) —3.24 (+0.62) —41.81 (+0.60)
LUT

BLG + —56.82 (+£0.27) —20.11 (+0.23) —76.94 (+£0.29)
ERI

“Figures within parentheses indicate standard errors.

eriodictyol, which is evident from docking results (see Figure
4).

3.2.5. Hydrogen Bond Properties. Hydrogen bonds play an
important role in determining the stability of the protein—
ligand complex.®’ In this study, we have analyzed intraprotein
and protein—polyphenol hydrogen bonds for the entire 200 ns
simulation period using VMD. The geometric criteria that we
have considered are as follows: the distance cutoff is set as 3.5
A and the angle cutoff is 120°.°” The average number of
hydrogen bonds calculated for the intraprotein and protein—
polyphenol complexes is included in Table 4. It is obvious that
the average number of intraprotein hydrogen bonds slightly
increases on incorporation of apigenin to BLG, while it
decreases on incorporation of the ligands luteolin and
eriodictyol. These results reveal that the increase in the
number of intraprotein hydrogen bonds of the protein
contributes to the more compact conformation of the protein
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Table 4. Average Number of Hydrogen Bonds Calculated
for the Converged Trajectories of All the Systems”

system Np_p Np_,
BLG (unliganded) 140.78 (+0.34)
BLG + API 140.15 (£0.95) 0.65 (0.30)
BLG + LUT 135.24 (+1.31) 1.52 (+0.18)
BLG + ERI 138.19 (+0.46) 5.00 (+0.30)

“Figures within parentheses indicate standard errors. Here, np_p and
np_;, refer to the average number of H-bonds formed in protein—
protein and protein—ligand, respectively.

on incorporation of apigenin into BLG. However, incorpo-
ration of luteolin significantly decreases the intraprotein
hydrogen bonds. At the same time, we have noticed that
there is a slight increase in the number of hydrogen bonds
between BLG and luteolin, which contributes to the stability of
the complex. However, eriodictyol forms the highest number
of hydrogen bonds with BLG, namely 5.00. This indicates that
eriodictyol forms a more stable complex with BLG among all
the three polyphenols, which is also evident from the analysis
of SASA and interaction energies. Furthermore, we have
analyzed the lifetime of different hydrogen bonds formed
during the simulation. From the fraction column in Table §, it
is quiet evident that apigenin forms a hydrogen bond between
the N atom of residue ASP 85 and the O4 atom of the ligand
for only 12.00% of the total simulation time. All other
hydrogen bonds formed between apigenin and BLG are very
short-lived and do not contribute much toward the
stabilization of the BLG—apigenin complex. Meanwhile, for
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Table S. Results Calculated by Hydrogen Bond Analysis of the Complexes during MD Simulation®

polyphenols acceptor donor H
API 163@04 ASP 85@H
apigenin ASP 85@0D1 API 163@H9
ASP 85@0D2 API 163@H9
SER 116@0 LUT 163@H9
GLU 112@OE1 LUT 163@H9
GLU 112@OE1 LUT 163@H10
luteolin ASP 28@0D2 LUT 163@H10
ASP 28@0OD2 LUT 163@H9
ASP 28@0OD1 LUT 163@H9
ASP 28@0OD1 LUT 163@H10
GLU 127@0 ERI 163@H10
ASP 129@0D2 ERI 163@H11
ASP 130@OD1 ERI 163@H12
eriodictyol ASP 130@0D2 ERI 163@H12
ERI 163@04 THR 125@HG1
ASP 129@0D1 ERI 163@H11
ERI 163@04 THR 125@H
ERI 163@05 ASP 130@H

donor fraction averagedistance
ASP 85@N 0.12 291
API 163@04 0.06 2.63
API 163@04 0.05 2.63
LUT 163@05 0.12 2.75
LUT 163@0S 0.11 2.57
LUT 163@06 0.11 2.57
LUT 163@06 0.10 2.60
LUT 163@05 0.10 2.60
LUT 163@05 0.10 2.60
LUT 163@06 0.08 2.61
ERI 163@04 0.76 2.77
ERI 163@05 0.70 2.62
ERI 163@06 0.38 2.64
ERI 163@06 0.30 2.64
THR 125@0G1 0.24 2.87
ERI 163@0S5 0.23 2.62
THR 125@N 0.13 2.92
ASP 130@N 0.13 291

“Here API, LUT, and ERI stand for the polyphenols apigenin, luteolin, and eriodictyol, respectively.

luteolin, there are two hydrogen bonds formed between the
residues SER 116 and GLU 112 with the OS atom of luteolin
that exists for 12.00 and 11.00% of the total simulation time,
respectively. The rest of the hydrogen bonds are formed with
the same residue ASP 28 of the protein with different atoms of
luteolin that act as different donor sites. Noticeably, eriodictyol
forms more hydrogen bonds with the protein BLG, which exist
for longer times. There is a hydrogen bond formed between
eriodictyol and the residue GLU 127 of the protein existing for
76.00% of the total simulation period. In addition to this, other
hydrogen bonds formed between eriodictyol and protein
residues Asp 129, ASP 130, and THR 125 are also found to be
populated for longer periods of time. The average numbers and
life times of hydrogen bonds present in each system confirm
the stability of each protein—polyphenol complex.

3.3. QM/MM Study. In our studied systems, we have
computed the bond dissociation enthalpy (BDE) and
ionization enthalpy (IE) of O—H bonds of bound and free
polyphenols using eqs 3 and S. BDE and IE parameters are
calculated to compare their antioxidant activities. ONIOM
energies are calculated using eq 1

In the case of the polyphenols apigenin and luteolin, they
have difference in the number of OH groups, as shown in
Figure 2. There are two OH groups at C-3" and C-4’ positions
in luteolin, but apigenin has only one OH group at the C-3’
position. Again, eriodictyol has the same skeletal frame as
luteolin but differs by the absence of a double bond between
C-2 and C-3. ONIOM calculations (see Figure 9) show that
the OH group at C-3’ of apigenin is not involved with any
intra- or intersystem interactions and is free to scavenge
radicals. Similarly, the OH groups at the C-7 position of
luteolin and the C-4' position of eriodictyol are not interacting
with the protein residues, and their corresponding radicals are
comparatively stable (see Table 6). These imply their
antioxidant activity. Results obtained from ONIOM calcu-
lations of protein—ligand complexes and DFT calculation of
free ligands are shown in Table 6. Table 6 also contains the
BDE and IE values of polyphenols in bound and free states.

QM/MM studies show that the BDE (free: 200.8 kcal/mol,
bound: 115.2 kcal/mol) and IE (free: 94.1 kcal/mol bound:
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62.2 kcal/mol) values of apigenin are the lowest in both free
and bound states. BDE and IE values become maximum in the
case of eriodictyol. The QM/MM values are consistent with
the MD simulation results, which reveals that apigenin shows
less interactions with protein residues in comparison to
luteolin and eriodictyol. It is found that there is a good
interaction between eriodictyol and protein, and more number
of hydrogen bonds are observed, which is evident from Tables
6 and S. The results indicate that eriodictyol forms a more
stable complex with the protein. Thus, the OH group of
eriodictyol will not readily form the respective radical.
Therefore, it is expected to exhibit less antioxidant activity.
Similarly, apigenin shows less binding toward the protein but
has the highest antioxidant activity among the three
polyphenols. Calculations of secondary structure contents of
the protein (see Table 1 in the Supporting Information) reveal
the fact that the protein—polyphenol interaction has changed
the conformation of the protein. This in turn affects the
antioxidant ability of the polyphenol. QM/MM calculations
show that in comparison to the free polyphenol, radical
stabilization in the protein—polyphenol complex is more due
to the extensive interaction between the polyphenol radical
(formed after removal of the H atom) and the protein moiety.
This interaction leads to a significant change in the antioxidant
ability of the polyphenol. Furthermore, Table 6 shows that the
IE values of all polyphenols are less than the BDE values. This
suggests that the considered polyphenols prefer to show
antioxidant activities via the single-electron transfer (SET)
mechanism rather than the hydrogen atom transfer (HAT)
mechanism.

4. SUMMARY AND CONCLUSIONS

The present study demonstrates the binding interactions of
apigenin, luteolin, and eriodictyol with BLG and their effect on
the conformation of the protein through molecular docking
and MD simulation studies. Also, the results of the QM/MM
study give persuasive suggestions about the antioxidant activity
of the above-mentioned polyphenols in the presence and
absence of the protein. The molecular docking results reveal
that apigenin binds in the internal cavity, luteolin binds at the
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Table 6. Results Calculated by the ONIOM Study of the
Protein—Polyphenol Complexes

bond dissociation ionization enthalpy

enthalpy (kcal/mol) (kcal/mol)
polyphenols free bound free bound
apigenin 200.8 115.2 94.1 62.2
luteolin 257.2 207.7 194.5 97.3
eriodictyol 414.2 463.5 202.3 2324

mouth of the cavity, and eriodictyol binds outside the cavity. In
addition to this, docking results also reveal that the
hydrophobic and van der Waals interactions play a major
role in the stability of the BLG—apigenin complex. Nonethe-
less, hydrophobic, van der Waals, and hydrogen bonding
interactions are the main driving forces behind the stability of
the BLG—luteolin and BLG—eriodictyol complexes. The
RMSD profiles of both BLG—apigenin and BLG-eriodictyol
complexes showed that equilibration is achieved after a 50 ns
time period, indicating the stability of the complexes. However,
deviation of RMSD values that goes beyond 2.50 A after 65 ns
indicates alteration in the conformation of the protein in the

BLG-luteolin complex. It can be clearly seen from RMSD and
SASA calculations that incorporation of apigenin into BLG
induces more compactness to the protein. The RMSF profiles
of all complexes suggest a rigid conformation of the interacting
residues during the entire simulation period. Noticeably,
eriodictyol forms a more stable complex with BLG than
other complexes. This is quite evident from the analysis of total
interaction energies, SASA values, and the number of
intermolecular hydrogen bonds. Li et al.”” suggested that
hydrogenation at the C2=C3 double bond resulted in a more
weakened interaction of naringenin with f-lactoglobulin than
apigenin. Since the same number of OH groups is present in
both the molecules, their affinities were greatly affected by the
presence/absence of the double bond at the C2—C3 position.
In our study, the presence of one more number of OH group is
expected to overshadow the effect of the absence of the double
bond at the C2—C3 position of eriodictyol. As a consequence,
the eriodictyol molecule displayed higher binding affinity
toward the protein. Again, after MD, two-layer ONIOM
calculations were performed, which revealed the antioxidant
properties of these polyphenols in terms of properties such as
BDE and IE. QM/MM studies indicate the mechanism of their
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action, which either follows HAT or SET mechanisms. A
comparative study of the antioxidant properties of all these
polyphenols considered in our study reveals that apigenin and
luteolin are better antioxidants than eriodictyol in the protein
environment. The probable reason behind such superior
activity may be attributed to the presence of extensive
conjugation in those polyphenols, which provides extra
stability to the radicals formed by removal of one H atom
from the polyphenols. It is also evident from MD study that
the interaction of eriodictyol with BLG is highly favorable,
which supports the decrease in the antioxidant activity of
eriodictyol inside the protein environment. Overall, this study
provides a state-of-the-art phenomenon of antioxidant activity
of different polyphenols in the presence and absence of a
protein environment, which we anticipate to be a step closer to
the actual understanding of the radical trapping phenomenon
taking place in vivo.
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