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In this study, the prevention mechanism of chrysin, datiscetin, naringenin, and
wogonin against A peptide and tau protein aggregation was investigated
using computational simulation methods. According to the molecular docking
data, minor differences in the chemical structures of candidate compounds do
not result in significant differences in docking binding energy. Instead, the
ligand binding site and residue contact degree appear to have played a more
significant role. Naringenin showed the highest affinity for tau protein due to
its different binding site. Because of more residue contacts, chrysin and
datiscetin also had a higher amyloid binding affinity. The secondary structure
analysis of amyloid B revealed a significant loss of a-helix content in all
systems studied with the formation of turns and random coils, which is most
in the presence of wogonin. In all tau-ligand systems, the percentage of the
coil decreased. In contrast, the turn percentage increased, indicating that the
selected compounds can prevent the aggregation of AD-related receptors.
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Introduction

Alzheimer disease (AD) is a significant cause of
functional disability in older adults, inflicting
massive suffering on patients,
caregivers, and society [1, 2]. Since age is a
crucial risk factor for AD, it is fast becoming a
major and growing healthcare problem as the
global population ages [3]. Because currently
available medicines are only effective in treating
the symptoms, new therapeutic approaches to
AD are needed [4-7].
strategies are unavailable, the number of AD
patients is expected to rise to 130 million in 2050
[8, 9]. Successful treatment of AD requires
accurate knowledge of its pathological features
[10-14]. It is believed that the accumulation of
amyloid-beta  (ABi42) peptides in the
extracellular brain space [15]
aggregation or neurofibrillary tangles (NFTs)
formation inside the cell may play influential
in AD pathogenesis [16]. Therefore,
inhibiting AB1.42 peptide and tau aggregation has
been considered a promising approach for
treating AD [17-19]. There is mounting evidence
that some dietary flavonoids can protect against
AD by disrupting the production and aggregation
of AB142 peptides and reducing tau aggregation
[20-22]. For example, through the
mTOR/autophagy signaling pathway, wogonin
could potently promote Af clearance in the
primary neural astrocytes and reduced A
secretion in SH-SYS5Y-APP and BACE1 cells
substantially. Wogonin also inhibited GSK3b
activity via inhibiting mTOR, resulting in a
reduction in tau phosphorylation in SH-SHY5Y
cells and primary neural astrocytes [23]. A study
by Ghofrani et al. showed that AB-induced
impairment of
reduced in the presence of Naringenin [24].
[25] provided
structural insights into the mechanisms of action
for anti-ABs4, aggregation by non-catechol-type
flavonoids (morin, datiscetin, and kaempferol).
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The aggregation experiments demonstrated that
kaempferol and its degradation products
inhibited the elongation than the
nucleation phase, indicating that they interacted
with small aggregates of Afs4, but not with the
monomer. Morin and datiscetin, on the other
hand, inhibited both phases. Based on the
findings, non-catechol-type flavonoids' inhibitory
potencies and mechanisms against AP
aggregation may be influenced by the location
and number of hydroxyl groups on the B-ring
[25]. By encapsulating chrysin (CN) in solid lipid
nanoparticles (SLNs), Vedagiri and Thangarajan
showed that the therapeutic effectiveness of
chrysin could be achieved at lower doses while
simultaneously increasing its oral bioavailability.
Consequently, the findings imply that CN-SLNs
might be a viable therapeutic and brain-targeting
method to treat Alzheimer's disease's worldwide
impact [26]. The high potency and low systemic
toxicity of natural flavonoids make them viable
alternatives to conventional therapeutic drugs.
Efficient development of new drugs based on
flavonoids for reducing AB or tau aggregation
requires detailed information about the
mechanism of action of these compounds.
However, because this information is difficult to
obtain using traditional experimental techniques,
theoretical methods are ideal for this field. The
information obtained from molecular docking
and molecular dynamics simulations will most
likely speed up the process of developing new
Alzheimer's drugs, and it has already been used
successfully in designing Af/tau aggregation
inhibitors [19, 27-29]. Therefore, in the present
study we provided structural insights into the
inhibitory potencies and mechanisms of natural
flavonoids such as wogonin,
datiscetin and chrysin against Afi42 and tau
aggregation using computational techniques.
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Materials and methods

Molecular docking simulations
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Molecular docking studies were carried out
using AutoDock Vina version 1.1.2. The 3D
structures of wogonin, naringenin, datiscetin,
and chrysin as ligands were obtained in .mol
format from the ChemSpider database
(http://www.chemspider.com) [30]. Crystal
structure of the AfBi-42 peptide (PDB code: 1IYT)
and tau protein (PDB code: 503L) were retrieved
in .pdb format from RCSB PDB database
(http://www.rcsb.org/pdb) [31]. The 1IYT has
10 NMR-determined structure models [32]. For
calculations, the structure of Model 1, with the
most similarity to the other models, was chosen
as the ABi42 peptide monomer. Before docking
calculations, the proteins were modified by
removing solvent molecules, ions, and
unnecessary protein chains. The polar hydrogen
atoms and Gasteiger charges were included in
the receptor structure, and then the protein in
PDBQT format was used as an input for the
AutoDock Vina program [33]. All other settings
were left at their default value. A three-
dimensional grid box with 40x30x50 A and
76x62x30 A with a spacing of 1.0 A was centered
at x: -4.108, y: 1.139, z: 0.954 and x: 203.869, y:
150.533, z: 158.733 for ABi-42 peptide and tau
protein, respectively. The best energy docked
conformation was picked from the 20 lowest
energy conformers from the 500 runs for each
docking case. The interactions and binding
modes of ligands with ABi42 peptide and tau
protein were analyzed using Discovery Studio
Visualizer 2021.

Molecular dynamic simulations

MD simulations were performed using the
Desmond software package [34, 35] under the
NPT ensemble at a temperature of 300 K and a
pressure of 1 bar. The water molecules were
specifically defined using the simple point charge
model [36]. The Nose Hoover chain coupling
method was utilized for temperature control,

while the Martyna-Tuckerman-Klein chain
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coupling scheme with a coupling constant of 2.0
ps was employed for pressure control [37].
During the simulation, the OPLS 2005 force field
parameters were utilized [38]. The system was
simulated in 50 nanoseconds with bonded, near,
and distant time steps of 0.002, 0.002, and 0.006,
respectively. The results were evaluated using
the VMD-Visual Molecular Dynamics [39] and
Maestro Simulation Interaction Diagram tool
[40].

Results and discussion
Molecular docking analysis of amyloid 8

The molecular structure of selected ligands with
the atom numbering used throughout the study
is demonstrated in Figure 1.

Based on the docking simulation results for
amyloid (3, all selected natural flavonoids were
able to interact with the Afi42 peptide by
possessing a close binding energy value. Figure 2
presents the binding state of chrysin into ABi.42
peptide with a binding affinity of -5.5 kcal/mol.
Figure 2 shows that chrysin is linked to Gln15,
Lys16, and Phel9 residues through noncovalent
molecular interactions. The oxygen atom of the
=CO group in chrysin generates a hydrogen bond
with -NH; group of the GIn15 amino acid at a
distance of 1.96 A. The aromatic side chain of
Phel9 is positioned over the ligand molecule,
making two pi-pi stacking interactions with the
phenyl rings. The docking pose of chrysin
displayed two pi-alkyl interactions between Cy in
Lys16 with the center of six-carbon rings. Also, a
pi-cation interaction was formed between a
positive N atom in Lys19 and the m electron-rich
phenyl group in the ligand. According to LC-MS
solid-state NMR studies, catechol-type
flavonoids, the o-quinone structure obtained
from autoxidation formed a Michael adduct with

and

Lys16 and 28 inside the intermolecular (-sheet
region in A4, inhibiting amyloid beta peptide
aggregation [41].


http://www.chemspider.com/
http://www.rcsb.org/pdb
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Figure 1. The molecular structure of selected ligands with atom numbering
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w

Figure 2. Chrysin docked into Afi.42 peptide (right) and amino acid residues involved in the
interaction (left) the dashed lines show the distance (in A)

A molecular simulation of the interaction of
chrysin derivatives with amyloid 8 revealed that
placing the electron-donating group
(dimethylamino) as an active group on the
benzene ring increases its binding affinity by
about 0.9 kcal/mol [42]. The oxygen atom of
pyrone in dimethylamino-chrysin could form a
hydrogen bond with Gln15 with a distance of 3.0
A. And another hydrogen bond was formed
between the phenolic hydroxyl group of the A
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ring and the Ser8. A carbon-hydrogen interaction
was also created between the dimethylamino
group with Glul1l. Furthermore, dimethylamino-
chrysin demonstrated van der Waals interactions
with Gly9, His14, and Phe19. This is significant
because His14 involves the 3-sheet conformation
in AP aggregation [43]. Thus, it is hypothesized
that these interactions between A helix and
dimethylamino-chrysin might favor interfering
and dissociating the A3 aggregation.



S. Hadidi & M.H. Farzaei / Adv. J. Chem. A 2023, 6(2), 123-140

Datiscetin showed similar binding energy for
the AB1.42 peptide (-5.5 kcal/mol). The significant
intermolecular hydrogen bonds
constructed between the H atom of two hydroxyl
substituents at positions 2' and 7 with the O atom
of the carbonyl group in Glu3 and Gly9 residues
with a bond lengths 2.46 and 2.40 A, respectively
(Figure 3).

The one intramolecular hydrogen bond
between H of -OH5 and O of the carbonyl group
in the ligand molecule reduces the receptor
binding efficiency. The hydroxyl group at
position 3 did not form a hydrogen bond with

have been

Interactions

- Conventional Hydrogen Bond

- Fi-Pi Stacked

binding residues. The datiscetin-amyloid J3
conjugate is also stabilized by vertical pi-pi
stacking interactions, which form between the
aromatic rings of the ligand molecule and
surrounding binding site residues (Tyrl0 and
His6).

The binding interaction of naringenin with AB1.
42 peptide was observed with the affinity of -5.4
kcal/mol, less than chrysin and datiscetin. From
Figure 4, it can be seen that naringenin interacts
with two amino acids through three types of
interactions. Two O-H:--O type hydrogen bonds

Figure 3. Datiscetin docked into Afi.42 peptide (right) and amino acid residues involved in the
interaction (left) the dashed lines show the distance (in A)

Interactions

- Conventional Hydrogen Bond
! Pi-Pi Stacked., Pi-Pi T-shaped

Figure 4. Naringenin docked into Afi.42 peptide (right) and amino acid residues involved in the
interaction (left) the dashed lines show the distance (in A)
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between H of the hydroxyl group at position 4’
with O of a carbonyl group in Gly9 and =CO group
in ligand with -OH group in Tyr10 at distances of
2.07 and 2.92 A, respectively, a pi-pi stacking and
one pi-pi T-shape interactions between aromatic
benzene ring in the side chain of Tyr10 with six-
carbon ring A and C in naringenin, respectively.
Figure 5 shows the docking pose for wogonin
with a binding energy of -5.4 kcal/mol. Three H-
bonds are observed in Figure 5, playing crucial
roles in anchoring the ligand molecule in the
binding site. The -NH; of GIn15 as the hydrogen
bond donor forms two H-bonds with O atoms of
the carbonyl group and -OH5 in wogonin with a
distance of 1.95 and 2.33 A, respectively. Besides

this, the OH5 acts as a donor site, and the O atom
of =CO group in Vall2 as an acceptor site in the
0-H:--0 hydrogen bond at a distance of 2.71 A.
The only structural difference between chrysin
and wogonin is the methoxy substituent at
position 8, which can serve for hydrophobic
interaction with the surrounding environment
(alkyl-type interaction with Val12). The protein-
ligand complex was also stabilized by two types
of hydrophobic interactions, pi-sigma
interaction between side chains of Vall2 and
aromatic ring A of wogonin and a pi-alkyl
interaction between six-membered carbon ring
of the ligand with Cy in Lys16.

one

Interactions

l:] Conventional Hydrogen Bond

Pi-Sigma
[ ] Akyl.Pi-alkyl

Figure 5. Wogonin docked into ABi.4; peptide (right) and amino acid residues involved in the
interaction (left) the dashed lines show the distance (in A)

Molecular docking analysis of tau protein

The docking outcomes for tau protein and
selected candidates revealed that these
compounds have also potentially interacted with
the residues of the receptor with binding
energies ranging from -5.5 to -5.9 kcal/mol
Figure 6 reveals the docking pose of chrysin and
the amino acid neighbors. There were four
distinct forms of non-covalent interactions as a
result of the ligand binding to the receptor with
affinity -5.5 kcal/mol. Two pi-alkyl interactions
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were formed between rings B and C in the ligand
molecule with the [le328 side chain. The six-
membered ring C also participated in a pi-sigma
interaction with Val363. Between T electrons of
aromatic ring A with Val363 and H of -NH; group
in His362, a pi-alkyl interaction, and one pi-
bond observed,
respectively. A conventional hydrogen bond
stabilized the ligand-receptor complex at a
distance of 2.31 A, which formed between O of
=CO group in His362 as the acceptor site and H of

donor  hydrogen were

the hydroxyl group at position 5 as a donor site.
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The carbonyl group of chrysin, -OH7, and the O
atom at position 1 did not form any hydrogen
bond with tau protein amino acids.

The main interactions of datiscetin with amino
acids in tau protein are Val363, Ile328, Leu325,
His329, and 1le360, with a binding affinity -5.7
kcal/mol (Figure 7). Hydrogen bonds and
hydrophobic the
conformational stability of the datiscetin-tau
protein complex. Two hydrophobic residues
(Val363 and 1le328) can participate in both pi-
alkyl and pi-sigma with

interactions maintain

Six-

interactions

membered carbon rings of ligand. However, only
one form of association was found for each of the
three amino acids Leu325, His329, and 11e360, a
pi-alky interaction between aromatic ring B and
Leu325, and two hydrogen bonds between H
atoms of -OH group at positions 5 and 7 with O
atoms of carbonyl groups in His329 and Ile360,
respectively. The donor (-OH3) and acceptor
(=CO) groups in datiscetin could not form
hydrogen bonds at the ligand-receptor binding
site.

Interactions

- Conventional Hydrogen Bond

[:‘ Pi-Donor Hydrogen Bond

- Pi-Sigma
[:] Pi-Alkyl

Figure 6. Chrysin docked into tau protein (right) and amino acid residues involved in the interaction

(left) the dashed lines show the distance (in A)

Interactions

- Pi-Sigma
[j Pi-Alkyl

- Conventional Hydrogen Bond

Figure 7. Datiscetin docked into tau protein (right) and amino acid residues involved in the
interaction (left) the dashed lines show the distance (in A)
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The highest binding affinity (-5.9 kcal/mol) was
obtained for naringenin, which binds to tau
protein in a different position than chrysin and
datiscetin, as shown in Figure 8. Both types of H-
acceptor (O of =CO with H of -OH in Phe364) and
H-donor (H of -OH5 with O of Leu344)
interactions were observed between ligands
atoms and amino acids that play crucial roles in
anchoring the ligand in the binding site. A pi-pi
stacking and a pi-alkyl interaction were formed
between Phe346 and Val350 side chains with the
center of aromatic rings A and B, respectively. An
unfavorable donor-donor interaction and one
intramolecular H-bond were observed between -
OH4" with -NH; of Val350 and -OH5 with =CO
group in naringenin, respectively.

VAL350

1.35

Interactions

Wogonin interacts with tau protein similarly to
chrysin and datiscetin, with a slight difference in
binding energy (-5.6 kcal/mol). Key residues
involved in receptor binding are shown in Figure
9. Hydrophobic-type interactions, including alky,
pi-alkyl, and pi-sigma, were observed in the
binding of ligands to 1le328, Val363, and Leu325
amino acids. A pi-donor and a conventional
hydrogen bond were formed between the
carbonyl and -NH; group of His329 with -OH at
position 5 and aromatic ring A of wogonin,
respectively. The methoxy group, located at
position 8 in aromatic ring A, plays a critical role
in forming a carbon-hydrogen bond with =CO
group in His329.

Conventional Hydrogen Bond

1
- Unfavorable Donor-Donor
1]

Pi-Pi Stacked

:] Pi-Alkyl

Figure 8. Naringenin docked into tau protein (right) and amino acid residues involved in the
interaction (left) the dashed lines show the distance (in A)
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Figure 9. Wogonin docked into tau protein (right) and amino acid residues involved in the interaction

(left) the dashed lines show the distance (in A)
Molecular dynamic simulation of amyloid 8

A 50-ns molecular dynamics simulation was
carried out for ABi.42 peptide in complex with
selected natural polyphenols to examine the
quality and stability of the modeled structures in
the biological environment. The backbone atoms'
root-mean-square (RMSD) values
during the MD simulation were obtained. This is
a way to determine whether the system is stable
or not. The 2D RMSD plots of the backbone Ca
atoms in Afi42 peptide and ligands fit on the
protein were presented in Figures 104, B, C, and
D. In the case of chrysin, the RMSD value of the
protein increased during the first 10ns due to the
relaxation of the structure from the starting

deviation

conformation and then was stabilized during the
entire simulation time. The RMSD of chrysin fit
on the ABi.42 peptide exhibits a sharp increase in
the first 3ns. Still, it reaches a plateau and
becomes stable after about 22ns (Figure 10A).
The RMSD of ABi42 peptide in complex with
datiscetin attained stable equilibration after
~20ns. Figure 10B showed high values of
datiscetin’s deviation on the protein and did not
stabilize during all 50ns, indicating an unstable
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structure. As shown in Figure 10C, the RMSD of
both Afi4 peptide and naringenin increased
during the initial 10 ns of simulations and then
tended to converge, indicating the system was
stable and equilibrated. The RMSD of Afi.4
peptide in complex with wogonin increased at
about 15ns and then fluctuated with small
oscillations indicating that the structure is
equilibrated. As can be seen in Figure 10D, the
structure of wogonin converged to a stable
conformation after 35ns, which is evident from
the convergence of RMSD.

The trajectory's residue-based root means
square fluctuation (RMSF) was calculated to
examine the flexibility of the peptide structure.
Higher RMSF values show greater flexibility
during the MD simulation. RMSF was calculated
for amyloid B with 42 amino acids in complex
with selected ligands. The RMSF trend appeared
small and within the normal range (Figures 11A4,
B, C, and D). The average RMSF values were 0.47,
0.51, 0.56, and 0.54 nm for chrysin, datiscetin,
naringenin, and wogonin, respectively, indicating
a high degree of stability, corroborating the
results obtained with the RMSD analysis.
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datiscetin (B), naringenin (C), and wogonin (D)

Figures 124, B, C, and D summarize a timeline
representation of the protein-ligand interactions
and contacts.

According to Figure 12, many residues allow
more than one direct interaction with the
ligands. In detail,
hydrophobic interactions was observed in the
AB1-42 complex with chrysin and wogonin due to
their non-polar nature and fewer hydroxyl
groups, while in naringenin and datiscetin with 1

and 2 more hydroxyl groups, respectively,

a higher percentage of
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hydrogen bonds and water bridges play the most
critical role in the ligand interaction with protein.

Schemes of detailed ligand atom interactions
with amyloid B residues are presented (Figure
13).

During 66% of the simulation time oxygen atom
of the carbonyl group in chrysin served as an
acceptor of an intramolecular hydrogen bond
from the nearest hydroxyl group. In contrast,
oxygen of this hydroxyl group accepted hydrogen
from Gly38, complemented by a water bridge.
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Residues involved in hydrophobic interaction
with chrysin are shown with green spheres
around the ligand molecule, which are Phel9,
lle31, Ala2, Val36, Leu34, and Phe20 (Figure

J. Chem. A 2023, 6(2), 123-140

13B) H atom of -OH group at position 2' served
as a donor of H-bond interacting with His6,
Leu34, and Met35 during 6, 19 and 16% of
simulation time, respectively.

13A). In amyloid (-datiscetin conjugate (Figure
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Figure 12. The bar charts of protein-ligand interaction fraction in course of simulation. A) chrysin, B)

datiscetin, C) naringenin, D) wogonin
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Figure 13. Residue interaction pattern of of the AB1.42 peptide in complex with chrysin (A), datiscetin

(B), naringenin (C), and wogonin (D)
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Figure 13B shows ring C of datiscetin form m-m
stacking with Tyr10 during 9% of a simulation
time. Furthermore, two intramolecular hydrogen
bonds are observed between —OH5 with carbonyl
and two hydroxyl groups at positions 3 and 2".
The MD simulation results of naringenin show
that hydroxyl groups at position 4" provide a
hydrogen bond donor for His13 and Asp23 and a
hydrogen bond acceptor for Glu22. The m-m
stacking between Tyr10 and naringenin aromatic
core is observed in 17% of the simulation time
(Figure 13C). Figure 13D shows that wogonin is
encapsulated inside the hydrophobic cavity of
amyloid (3, where it interacts with Val36, Met35,
Leu4, Ile32 and Ile31. In addition, the hydroxyl

(A)

0 ns

0 ns 50 ns

group at position 7 participates in hydrogen
bonds with water molecules.

The secondary structure of amyloid [ in
complex with selected ligands at initiation and
the end of the simulation are shown in Figure 14.
There is a significant loss of a-helix content in all
the systems considered with the formation of
turns and random coils. The percentages of the
secondary structures of AP, observed (helix,
coil, and turn) were calculated and plotted in
Figure 15. As can be seen, the amyloid-wogonin
system showed the maximum loss of a-helix
structure, approximately 50%, and the largest
percentage increase of about 70%
structure.

in turn

(B)

0 ns 50 ns

Figure 14. The secondary structure of amyloid 3 in complex with chrysin (A), datiscetin (B),

naringenin (C), and wogonin (D) at 0 and 50ns
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Figure 15. The percentages of the secondary structures of AB1.42 in complex with selected ligands at 0

and 50ns

Molecular dynamic simulation of tau protein

Figure 16 gives the complete trajectories of the
Ca RMSDs of tau protein in complex with
selected ligands, and ligands fit on the protein.

The RMSD of tau protein in complex with
chrysin was unstable up to 25ns, ranging from
~0.6 to ~1.5 nm, and stable at ~1.5 nm from 25
to 50ns. Chrysin fit on tau protein showed lower
deviation, which slowly increased during the first
~15ns and stabilized throughout the simulation
(Figure 16A). Figure 16B demonstrates an initial
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increase in tau protein RMSD, reaching ~1.5 nm
at around 10ns and then attaining significant
stability. In contrast, the increase in RMSD of
datiscetin fit on tau protein lasted up to 20ns and
reached stability. High deviations were recorded
in the initial ~10ns time interval for both tau
protein and naringenin. Then RMSD values were
found to be stable after ~25ns (Figure 16C). In
the case of wogonin, the maximum increase in
protein and ligand RMSD was observed in the
first 15ns and continued with a slight slope until
the end of the simulation (Figure 16D).
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Figure 16. RMSD plots for the backbone Ca atoms of the tau protein (black) and in complex with
ligands (red). A) chrysin, B) datiscetin, C) naringenin, D) wogonin
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Figure 17. RMSF plots for the backbone Ca atoms of the tau protein in complex with chrysin (A),

datiscetin (B), naringenin (C), and wogonin (D)

To highlight the more flexible regions of tau
protein in complex with selected ligands, the
RMSF of the a-carbon positions averaged per
residue was calculated and plotted in Figure 17.
The results showed that all systems followed a
similar fluctuation pattern, and the highest RMSF
values were observed for the amino acids in the
middle (residues from about 30 to 50). In
contrast, the remaining amino acid residues
recorded lower fluctuations.

The interaction fraction for the four candidate
ligands is revealed in Figure 18. The results show
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that many amino acids interact more than one
type with the selected ligands. His330 made the
most significant number of bridged hydrogen
bonds, as well as direct hydrogen bond with -
C=0 and -0OHS5 groups of chrysin (Figure 18A). A
hydrophobic content is a prominent interaction
with residues 1le328, Ile360, and Val363,
whereas amino acids Ser320, Ser324, Thr361,
and His362 form water bridges between tau
protein and chrysin (Figure 18A).
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Figure 18. The bar charts of tau protein-ligand interaction fraction in course of simulation. A) chrysin,

B) datiscetin, C) naringenin, D) wogonin
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Figure 19. The percentages of the secondary structures of tau protein in complex with selected
ligands at 0 and 50ns
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naringenin (C), and wogonin (D) at 0 and 50ns

The stacked bar charts (Figure 18B) exhibit that  attributed to the largest number of water bridge
the residues Asp314, Pro364, Gly365, Gly366, and H-bond interactions with datiscetin during
Gly367, Asn368, Lys369, and Ile371 are the simulation. Other residues which outline

137



S. Hadidi & M.H. Farzaei / Adv. J. Chem. A 2023, 6(2), 123-140

hydrophobic contacts during MD simulation are
Val318 and Val363. Naringenin interacted with
the protein backbone by forming bridged and
direct hydrogen bonding interactions with
Val339, Ser341, Glu342, Ile344, Val 350, and
[le354 addition, hydrophobic
interactions are exhibited involving residues
Val339 and Ile344 (Figure 18C). Wogonin
develops bridge and direct hydrogen bonds with
Val318, Ser320, Lys321, Cys322, Ser324, and
Gly366. A hydrophobic interaction is also formed
with Val318 and Leu325 (Figure 18D).

The secondary structure analyses of tau protein
versus the simulation time are shown in Figures
19 and 20. In all systems, the coil percentage
dropped off within 50ns, whereas the turn
percentage increased. The tau-chrysin and tau-
datiscetin systems showed the maximum and
minimum loss of coil structure, respectively.
Also, these two systems showed the highest and
lowest increase in the percentage of turn protein
secondary structure, respectively. Except for the
tau-datiscetin system, short (3-sheets appeared in
three other systems. Conversely, transient 31
helices were observed just in the tau-datiscetin
system.

residues. In

Conclusions

Herein, we provided structural insights into
some natural flavonoid mechanisms for
inhibiting AB and tau protein aggregation
involved in AD pathology. Based on molecular
docking results, the
between these compounds, due to the number
and position of hydroxyl groups in the B and C
rings, did not significantly affect their binding
constant to the receptors. In contrast, the
difference in the binding mechanism resulted
from interaction with different amino acids via

structural difference

different forces. Chrysin and datiscetin, with a
similar binding energy of -5.5 kcal/mol, showed
slightly higher efficiency in binding to Af than
naringenin and wogonin (binding energy of -5.4

138

kcal/mol), which was due to more interaction
with residues at the binding site. The results
confirmed that many amino acids interact more
than one type with the selected ligands. Because
of their non-polar nature and fewer hydroxyl
chrysin and
wogonin has a higher percentage of hydrophobic
interactions, naringenin and
datiscetin, which have hydroxyl groups in rings B

groups, the A complex with
whereas in
and C, hydrogen bonds and water bridges play an

in the interaction process.
Structural changes in amyloid § in the presence

essential role
of all four compounds were seen as a decrease in
a-helix content and an increase in the percentage
of turns and random coils, which was the most
for wogonin-AB conjugate. The tau binding free
energy is in the order of naringenin > datiscetin >
wogonin > chrysin with slight differences (from -
5.9 kcal/mol to -5.5 kcal/mol). The highest
binding affinity of naringenin for tau protein was
found due to its different binding site and
interaction with Phe364, Leu344, and Val350
residues. While hydrogen bonds and water
bridges are specific in stabilizing tau conjugate
with naringenin and datiscetin, hydrophobic
contacts and hydrogen bonds with water are
mainly involved in wogonin and chrysin
complexes with tau protein. The secondary
structure analysis results showed that the coil
percentage decreases in all tau-ligand systems. In
contrast, the turn percentage increases, with the
highest in chrysin and the lowest in the presence
of datiscetin. Also, short [3-sheets appeared at
tau-ligand complexes except for datiscetin. The
results show that the introduced compounds can
inhibit the aggregation of both amyloid beta and
tau protein and can be used as promising
candidates for treating Alzheimer's disease.
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