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ABSTRACT: Amyloid-β (Aβ) dimer as the smallest oligomer has
recently been drawing attention due to its neurotoxicity, transient
nature, and heterogeneity. The inhibition of Aβ dimer’s aggregation is
the key to primary intervention of Alzheimer’s disease. Previous
experimental studies have reported that quercetin, the widespread
polyphenolic constituent of multiple fruits and vegetables, can hamper
the formation of Aβ protofibrils and disaggregate Aβ fibrils. However,
the molecular mechanisms of quercetin in the suppression of the
Aβ(1−42) dimer’s conformational changes still remain elusive. In this
work, to investigate the inhibitory mechanisms of quercetin molecules
on the Aβ(1−42) dimer, an Aβ(1−42) dimer based on monomeric the
Aβ(1−42) peptide with enriched coil structures is constructed. The
early molecular mechanisms of quercetin molecules on inhibiting the Aβ(1−42) dimer at two different Aβ42-to-quercetin molar
ratios (1:5 and 1:10) are explored via all-atom molecular dynamics simulations. The results indicate that quercetin molecules can
impede the configurational change of the Aβ(1−42) dimer. The interactions and the binding affinity between the Aβ(1−42) dimer
and quercetin molecules in the Aβ42 dimer + 20 quercetin system are stronger in comparison with that in the Aβ42 dimer + 10
quercetin system. Our work may be helpful in developing new drug candidates for preventing the conformational transition and
further aggregation of the Aβ dimer.

■ INTRODUCTION
The self-assembly and aggregation of misfolded proteins can
lead to a wide range of human amyloidosis diseases such as
Alzheimer’s and Parkinson’s diseases, type II diabetes, and
amyotrophic lateral sclerosis.1,2 Among these diseases,
Alzheimer’s disease (AD) is a common neurodegenerative
disease, cannot be prevented or cured, and has received
extensive attention in clinics. The misfolded amyloid-β (Aβ)
peptide is one of the most important hallmarks for AD.
Especially, Aβ consisting of 42 amino acids (Aβ42 for short) is
considered to be more aggregated and neurotoxic.3 The
misfolded Aβ42 peptides can assemble into soluble oligomers
and then become Aβ42 fibrils. Generally, Aβ assemblies
formed during the aggregation process are toxic agents, and the
Aβ dimer is identified as the smallest neurotoxic species of
AD.4,5

The Aβ42 dimer, which is self-assembled from monomeric
Aβ42 peptides, is one of the simplest oligomeric intermediates.
It is reported that soluble Aβ dimers which have been extracted
from brain homogenates of AD patients can perturb synapse
structure and function.5 Also, Aβ42 dimers could act as basic
units for assembling and forming structures of higher order.6,7

However, it is very challenging to study the conformational
properties and transitions of Aβ42 dimers because of their
transient and heterogeneous nature. Molecular dynamics
(MD) simulations, which can be employed as complementary

approaches to experimental studies, are utilized to give insights
into the behavior processes of Aβ42 dimers without or with
inhibitors on the molecular scale.8

MD simulations can offer information on Aβ42 dimer states
and aggregation behaviors. Urbanc et al. have explored the
formation of Aβ42 dimer conformation at the atomic level and
predicted 10 different planar β-strand dimer conformations.9

Zhu et al. have provided the structural properties of the three
most stable dimers by performing MD simulations, indicating
that the hydrophobic regions of two monomers are important
in the dimerization process.10 Furthermore, Itoh et al. have
investigated the dimerization of Aβ(29−42) fragments and
full-length Aβ42 peptides using the Hamiltonian replica-
permutation MD simulations, illustrating that a long
intermolecular β-sheet structure is reproduced, and the key
residue for the Aβ42 aggregation is identified as Arg5.11,12 The
behavioral mechanisms of disrupting Aβ peptides’ aggregations
by ultrasonic wave and infrared laser irradiation have been
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studied using nonequilibrium MD simulations, respec-
tively.13,14 Moreover, Man et al. have used MD simulations
to elucidate the aggregation kinetics of the Aβ42 dimer and
estimate the oligomerization time for the Aβ42 dimer.15

Chong et al. have reported the dimerization process of the
Aβ42 peptides in water by using MD simulations, demonstrat-
ing that the water-induced force drives the initial nucleation
stage, whereas the protein internal force drives the subsequent
structural accommodation stage.16

On the other hand, MD simulations are adopted to
investigate the interaction mechanisms between Aβ42 dimers
and inhibitors. Zhao et al. have revealed the detailed
interaction of the Aβ42 dimer with curcumin, suggesting that
curcumin could reduce the β-sheet secondary structural
content within the Aβ42 dimer.17 Zhang et al. have
investigated the inhibition effect of (−)-epigallocatechin gallate
(EGCG) on the Aβ42 dimer at the molecular level, indicating
that EGCG molecules are able to decrease interchain and
intrachain contacts, reduce β-sheet content, and augment coil
and α-helix contents of the Aβ42 dimer structures.18 Similarly,
Li et al. have performed all-atom MD simulations on Aβ42
dimers in the existence of resveratrol or EGCG molecules,

implying that resveratrol molecules bind to the Aβ42 dimer
mainly through π−π stacking interactions, while EGCG
molecules bind to the Aβ42 dimer primarily through
hydrophobic, π−π stacking, and hydrogen-bonding interac-
tions.19 Sun et al. have studied the inhibitory mechanism of
1,2-(dimethoxymethano)fullerene against Aβ42 dimer aggre-
gation, showing that the interaction between the fullerene
derivative and Aβ42 peptides significantly inhibits the
formation of β-hairpins and interpeptide β-sheets in the
Aβ42 dimer.20 In addition, MD simulations have been applied
to research the molecular mechanisms of norepinephrine and
dopamine in inhibiting the Aβ42 dimer and have found that
norepinephrine and dopamine can suppress the dimerization of
Aβ42 peptides and result in disordered coil-rich Aβ42
dimers.21,22 Computer simulations contribute to a better
understanding of the Aβ42 dimer and also help to develop
more effective drugs for preventing Aβ42 fibrillization.

As for potential Aβ fibrillogenesis inhibitors, natural
products extracted from edible plants have attracted particular
attention due to their nontoxicity and low side effects.
Quercetin (3,3′,4′,5,7-pentahydroxyflavone), a common poly-
phenol contained in multiple fruits and vegetables, is reported

Figure 1. Structural illustration. (a) Initial structure of the Aβ42 monomer, (b) chemical structure of a quercetin molecule, (c) the initial Aβ42
dimer in water, (d) the initial Aβ42 dimer and 10 quercetin molecules in water, and (e) the initial Aβ42 dimer and 20 quercetin molecules in water.
The Cα atom of the N-terminal of the Aβ42 peptide is represented by a green bead. Sodium ion as a counterion is represented by a blue bead.
Water molecule is represented by a gray line.
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to exhibit the neuroprotective effects in many experimental
studies.23,24 Ansari et al. have demonstrated that quercetin can
significantly attenuate Aβ42-induced oxidative cytotoxicity in
vitro.25 It is found that quercetin could inhibit the formation of
Aβ fibrils as well as disaggregate Aβ fibrils in vitro.26 Espargaro
et al. have compared the anti-Aβ aggregation activity of several
natural phenolic compounds by combining in vitro cell-based
assay and in silico screening, showing that quercetin displays
potent antiaggregation ability.27 Moreover, quercetin is able to
cross the blood−brain barrier (BBB) and shows measurable in
situ (rat) BBB permeability.28,29 However, the underlying
inhibitory mechanism of quercetin on Aβ42 dimerization is
still unknown.

Here in this study, we explore the inhibition effect of
quercetin on conformational transitions of Aβ42 peptides by
carrying out all-atom MD simulations. The early molecular
mechanisms of two different numbers of quercetin molecules
in inhibiting Aβ42 dimerization are discussed in detail. First,
three different systems in the absence and presence of
quercetin molecules are constructed (Figure 1). Later, we
analyze the changes concerning the structures and secondary
structure distributions of Aβ42 dimers influenced by quercetin
molecules, the effect of quercetin molecules on hydrogen
bonds of the Aβ42 dimer, and the number of contacts between
quercetin and the Aβ42 dimer. Finally, the binding free energy
as well as energy contribution per amino acid residue of the
Aβ42 dimer in systems with two different Aβ42-to-quercetin
molar ratios are calculated. Our work demonstrates that
quercetin molecules can block the configurational transition of
the Aβ42 dimer. The differences in the interaction mechanisms
of variable amounts of quercetin molecules with the Aβ42
dimer are also addressed.

■ METHODS
Preparation of the System Model. The three-dimen-

sional (3D) structure of the monomeric Aβ42 peptide is
obtained from the Protein Data Bank, and the amino acid
residue sequence of the Aβ42 monomer is D1AEFRHD-
SGY10EVHHQKLVFF20AEDVGSNKGA30IIGLMVGGVV40I-
A42. Compared to the NMR structure of the Aβ42 peptide
(PDB ID: 1IYT) taken from the solvent system of the 80/20
hexafluoroisopropanol (HFIP)/water proportion which is a
prevalent α-helix structure as well as the NMR structure of the
Aβ42 peptide (PDB ID: 1Z0Q) derived from the solvent
system of 30/70 HFIP/water proportion which is the prevalent
bend structure, the 3D NMR conformation of the Aβ42
peptide (PDB ID: 6SZF) which is from the solvent system of
50/50 HFIP/water proportion is intermediate in regularity and
rich in coil.30 Therefore, model 1 of the NMR structure in
PDB file 6SZF is utilized as a topology model of MD
simulations (Figure 1a). The initial state of the Aβ42 dimer
contains two Aβ42 peptides (labeled as chain A and chain B)
which are placed in parallel with the same orientation (Figure
S1). Furthermore, the distance between two monomers is 1.5
nm to build an isolated dimer system.21 The structure of the
quercetin molecule (CID: 5280343) is taken from the
PubChem Database (Figure 1b). The optimization of the
structure and the calculation of the electrostatic potential of
the quercetin molecule is performed with the Hartree−Fock
method and 6-31G(d) basis set by using Gaussian09W
software.31 Subsequently, the AmberTools package is em-
ployed to implement the electrostatic potential fit and the
parametrization of the quercetin molecule.32

To determine the conformational behavior of the Aβ42
dimer with the presence of quercetin molecules, three system
models are prepared (Figure 1c, d, and e): the Aβ42 dimer
alone (Aβ42 dimer system), the Aβ42 dimer with 10 quercetin
molecules (Aβ42 dimer + 10 quercetin system), and the Aβ42
dimer with 20 quercetin molecules (Aβ42 dimer + 20
quercetin system). Meanwhile, the Aβ42 dimer system is set
as the control group. The Aβ42 peptide to quercetin molar
ratios in the Aβ42 dimer + 10 quercetin system and the Aβ42
dimer + 20 quercetin system are 1:5 and 1:10, which are in
accordance with previous experimental studies.27,33 The
quercetin molecules are randomly placed around the Aβ42
dimer which is in the center of a cubic box with 6.94 nm side
length. In order to simulate the full-solvation environment,
these boxes are filled with TIP3P water molecules.34 Sodium
ions, which are used as counterions, are randomly added to
each system to balance the negative charges on Aβ42 peptides.
The systems of the Aβ42 dimer, Aβ42 dimer + 10 quercetin,
and Aβ42 dimer + 20 quercetin consist of 32511, 32414, and
32395 atoms in the respective simulation boxes.
Molecular Dynamics Simulations. All MD simulations

are carried out with the GROMACS-5.1.4 software pack-
age.35,36 The AMBER99SB-ILDN force field37,38 is utilized to
parametrize the Aβ42 dimer, which has been previously shown
to estimate the secondary structure contents of the Aβ42 dimer
in agreement with circular dichroism data.39 Periodic boundary
conditions are applied to the x, y, and z directions in the
simulation boxes. The LINCS algorithm40 is adopted to
constrain the bond lengths of the Aβ42 dimer and quercetin
molecules. The steepest descent algorithm is used to minimize
energy for each of the systems, and then equilibration of each
system is carried out using the canonical (NVT) and the
isothermal−isobaric (NPT) ensembles.41 The particle mesh
Ewald (PME) method42 is employed to calculate the
electrostatic interactions with the real-space cutoff value of
1.2 nm, and the cutoff value for the van der Waals interactions
is set as 1.2 nm. The V-rescale thermostat43 and the
Parrinello−Rahman barostat44 are performed to maintain the
temperature of 310 K and the pressure of 1 bar, respectively.
To validate the repeatability and statistical significance, three
independent MD simulations of length 300 ns for each system
are run, allowing an integration time step of 0.002 ps.
Analysis Methods. The MD trajectories are analyzed

through the tools of the GROMACS-5.1.4 software package,
and the visual molecular dynamics (VMD) software45 is
applied to the visualization of the results. All the data presented
are the average values of the results of simulating three times
with different initial velocities. To monitor the structural
stability of Aβ42 chains, the values of the root-mean-square
deviation (RMSD), radius of gyration (Rg), root-mean-square
fluctuation (RMSF), and solvent accessible surface area
(SASA) are calculated. The secondary structure contents of
the Aβ42 dimer are analyzed by the STRIDE algorithm46 and
the dictionary of the secondary structure of proteins (DSSP)
method.47,48 Hydrogen bonds are considered to be formed
when the donor−acceptor atom distance is less than 0.35 nm,
and the hydrogen-donor−acceptor atom angle is less than 30°.
For the contact number between the Aβ42 dimer and
quercetin, an atomic contact is defined as that formed when
the distance between two heavy atoms is less than 0.54 nm
(one of them has to be a carbon atom) or 0.46 nm (both are
not carbon atoms). The g_mmpbsa package,49,50 which utilizes
the molecular mechanics Poisson−Boltzmann surface area
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(MM-PBSA) method51,52 for GROMACS, is adopted to
calculate the binding free energy between the Aβ42 dimer
and quercetin molecules, components of the binding energy,
and the energetic contribution of each residue of the Aβ42
dimer to the binding of Aβ42 peptides with quercetin
molecules.

■ RESULTS AND DISCUSSION
Structural Analysis of the Aβ42 Dimer with and

without Quercetin Molecules. To estimate the conforma-
tional stability of the Aβ42 dimer in the absence and presence
of quercetin molecules, the RMSD of the Aβ42 dimer’s
backbone atoms with respect to the energy minimized initial
conformation and the time evolution of the total Rg of the
Aβ42 dimer, and the RMSF and SASA values are calculated by
the tools of GROMACS. As shown in Figure 2a, since the
conformations of Aβ42 dimers for the three independent
trajectories essentially reach the first metastable states around
the initial conformations within 300 ns MD simulations, the
simulation time scale of 300 ns can establish stable interactions
of the Aβ42 dimer with quercetin molecules. The RMSD
values of three systems attain stabilities within 100 ns, and after
about 200 ns they have stabilized at approximately 1.43 ± 0.04
nm (Aβ42 dimer system), 1.21 ± 0.05 nm (Aβ42 dimer + 10
quercetin system), and 1.19 ± 0.06 nm (Aβ42 dimer + 20
quercetin system). Furthermore, the time evolution of the
RMSD of each peptide chain of Aβ42 dimers with the absence
and presence of quercetin molecules is shown in Figure S2a
and b. The RMSD for Aβ42 dimer’s chain A and chain B in
three different systems is also able to achieve stability.

Therefore, the 200−300 ns interval is selected to analyze the
data of all results in this work.

As depicted in Figure 2b, the Rg values of three different
systems show great fluctuations within 100 ns and are
stabilized at about 1.31 ± 0.06 nm (Aβ42 dimer system),
1.44 ± 0.10 nm (Aβ42 dimer + 10 quercetin system), and 1.47
± 0.09 nm (Aβ42 dimer + 20 quercetin system). The results
mean that the Aβ42 dimers of three systems have experienced
largely structural changes in the starting stage of the
simulations, and then the structures of Aβ42 dimers remain
in a stable state. The Rg values of Aβ42 dimers in the presence
of quercetin molecules are larger than that of the control
group, indicating that quercetin molecules are able to affect the
conformational transition of the Aβ42 dimer and make the
compactness of the Aβ42 dimer reduced. From Figure 2c, d,
and e, compared to the control system, the conformations of
Aβ42 dimers which interact with different numbers of
quercetin molecules exhibit varying degrees of change after
300 ns MD simulations. More detailed analyses about the
transitions of secondary structure contents of Aβ42 dimers are
discussed in the section Secondary Structure Distributions of
Aβ42 Dimer Influenced by Quercetin Molecules.

In addition, the average fluctuations of each amino acid
residue of chain A and chain B in Aβ42 dimers are described in
Figure S3a and b. Note that at Aβ42-to-quercetin molar ratios
of 1:5 and 1:10 the RMSF values of most amino acid residues
of chains A and B are lower than those of the control group,
implying that quercetin molecules may block Aβ42 dimer
deformation and reduce cytotoxicity caused by the self-
assembly of Aβ42 peptides. Figure 3 displays the time

Figure 2. (a) Time evolution of backbone RMSD of the Aβ42 dimer in the absence and presence of quercetin molecules. (b) Time evolution of
total Rg of the Aβ42 dimer without and with the presence of quercetin molecules. (c−e) Representative snapshots at t = 300 ns of the Aβ42 dimer
in the Aβ42 dimer (c), Aβ42 dimer + 10 quercetin (d), and Aβ42 dimer + 20 quercetin (e) systems. Water molecules are not shown for clarity.
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evolution of SASA values of Aβ42 dimers in three different
systems. They are stable at about 59.16 ± 4.06 nm/S2/N
(Aβ42 dimer system), 72.09 ± 2.27 nm/S2/N (Aβ42 dimer +
10 quercetin system), and 73.68 ± 6.08 nm/S2/N (Aβ42
dimer + 20 quercetin system). Because SASA illustrates the
interacting areas of the Aβ42 dimer’s surface with water, the
value plays an important role in affecting the conformation of a
protein in water. It is obvious that the contact areas between
the surfaces of the Aβ42 dimer and water molecules are
significantly enlarged under the action of quercetin molecules,
meaning that Aβ42 peptides are more likely to come into
contact with water molecules in the presence of quercetin
molecules. These results demonstrate that a large amount of
quercetin molecules can hinder the configurational changes of
Aβ42 peptides and prevent the self-assembly of the Aβ42
dimer.

In conclusion, the structural stability of the Aβ42 dimer in
the absence or presence of quercetin molecules is investigated
by combining the data of RMSD, Rg, RMSF, and SASA. The
findings suggest that stable interactions between the Aβ42
dimer and quercetin molecules can be formed. Quercetin
molecules may have great capabilities for stabilizing Aβ42
peptides and antiaggregating Aβ42 dimers and therefore can
effectively inhibit Aβ42 fibrillization. These findings are
consistent with the results reported by previous research,
which has found that quercetin could block the Aβ42
polymerization progression and has inhibitory capacity in the
Aβ42 aggregation.27 Thus, quercetin molecules are able to be
qualified candidates for further studying the influence of
molecular action on the conformation of the Aβ42 dimer in
MD simulations.
Secondary Structure Distributions of the Aβ42 Dimer

Influenced by Quercetin Molecules. To explore the effect
of quercetin molecules on the secondary structure distributions
of the Aβ42 dimer, the secondary structure contents of the
Aβ42 dimer without or with the presence of quercetin
molecules are compared (Table 1). The time evolutions of
the secondary structures of the Aβ42 dimer in the Aβ42 dimer
system (Figure S4a), the Aβ42 dimer + 10 quercetin system
(Figure S4b), and the Aβ42 dimer + 20 quercetin system
(Figure S4c) are plotted. As described in Table 1 and Figure
S4, the average value of random coil structures is 29.76% in the

control group, while the mean contents of random coil
structures are 33.44% (Aβ42 dimer + 10 quercetin system) and
30.47% (Aβ42 dimer + 20 quercetin system). The ratios of
turn structures decrease from 24.40% (Aβ42 dimer system) to
21.20% (Aβ42 dimer + 10 quercetin system) and 23.44%
(Aβ42 dimer + 20 quercetin system). When compared to the
control system, a little increase in the average percentage of
random coil structures and a slight decrease in the average
value of turn structures of the Aβ42 dimer are observed in two
different Aβ42-to-quercetin molar ratio (1:5 and 1:10)
systems. Furthermore, as shown in Figure S4a, the
intermolecular β-sheets of Aβ42 peptides can be observed
after 105 ns of simulation time. It should be noted that the
Aβ42 peptides are unable to form β-sheets when quercetin
molecules are introduced into the Aβ42 dimer system. The
average proportions of β-sheet structures of the Aβ42 dimer
reduce from 0.51% in the control group to none at all in
systems with quercetin molecules. In short, quercetin
molecules are capable of inhibiting the formation of the β-
sheet and turn structures of the Aβ42 dimer while inducing
random coil structures, indicating the inhibitory effect on the
conformation changes of the Aβ42 dimer.

Additionally, at Aβ42-to-quercetin molar ratio of 1:5, the
average helical percentage of the Aβ42 dimer (25.15%) is less
than that in the control group (27.36%), and the proportion of
bend structures (17.26%) is enhanced relative to that in the
control system (15.42%). However, at the Aβ42-to-quercetin
molar ratio of 1:10, the average helical percentage of the Aβ42
dimer (31.44%) is more than that in the control group, and the
component ratio of bend structures (13.43%) declines as
compared with the control system. These results show that the
binding of more quercetin molecules with the Aβ42 dimer can
induce the formation of helix structures and decrease the ratio
of bend structures of Aβ42 peptides. Hence, with the existence
of different numbers of quercetin molecules, the varying
degrees of change in the secondary structure contents of the
Aβ42 dimer from β-sheet and turn structures to random coil
and helix structures are identified, suggesting that the
conformational conversion and further aggregation of the
Aβ42 dimer can be hampered by quercetin molecules.
Effects of Quercetin Molecules on Hydrogen Bonds

of the Aβ42 Dimer. To investigate the impact of quercetin
molecules on hydrogen bonds of the Aβ42 dimer, the time
evolution of the number of hydrogen bonds in Aβ42 dimers of
the three systems is evaluated and displayed in Figure 4. Based
on the data shown in Figure 4a, the mean hydrogen bond
numbers within the Aβ42 dimer are about 47 ± 5 (Aβ42 dimer
system), 43 ± 5 (Aβ42 dimer + 10 quercetin system), and 45

Figure 3. Time evolution of SASA values for the Aβ42 dimer in the
absence and presence of quercetin molecules.

Table 1. Comparison of Secondary Structure Contents of
the Aβ42 Dimer without and with the Presence of
Quercetin Molecules

secondary structure
content (%) Aβ42 dimer

Aβ42 dimer
+ 10 quercetin

Aβ42 dimer
+ 20 quercetin

coil 29.76 ± 10.26 33.44 ± 3.32 30.47 ± 5.71
β-sheet 0.51 ± 0.44 0 0
β-bridge 1.37 ± 1.22 1.77 ± 1.37 0.05 ± 0.05
bend 15.42 ± 1.60 17.26 ± 4.54 13.43 ± 0.50
turn 24.40 ± 3.49 21.20 ± 7.98 23.44 ± 4.67
helixa 27.36 ± 9.74 25.15 ± 1.37 31.44 ± 4.43
chain_separator 1.18 ± 0 1.18 ± 0 1.18 ± 0

aThe α-helix, 5-helix, and 3-helix in Figure S4 correspond to the helix.
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± 8 (Aβ42 dimer + 20 quercetin system). Compared with the
number of hydrogen bonds within the Aβ42 dimer in the
control system, the hydrogen-bond break rates of the Aβ42
dimer are 8.51% (Aβ42 dimer + 10 quercetin system) and
4.26% (Aβ42 dimer + 20 quercetin system). Furthermore, as
shown in Figure 4b, the average hydrogen bond numbers
between chain A and chain B of the Aβ42 dimer in the systems
of the Aβ42 dimer, Aβ42 dimer + 10 quercetin, and Aβ42
dimer + 20 quercetin are about 8 ± 4, 5 ± 4, and 4 ± 3,
respectively. The number of hydrogen bonds in the Aβ42
dimer with the presence of quercetin molecules shows a slight
decline in comparison with that in the Aβ42 dimer of the
control group.

Moreover, the mean hydrogen bond numbers between the
Aβ42 dimer and quercetin molecules maintain around 21 ± 5
(Aβ42 dimer + 10 quercetin system) and 27 ± 7 (Aβ42 dimer
+ 20 quercetin system), respectively (Figure 5a). It is obvious
that the hydroxyl groups of quercetin molecules may possibly
form stable hydrogen bonds with atoms O, N, and H of Aβ42
peptides. The results are similar to previous studies which have
indicated that the hydroxyl groups of polyphenols can form
hydrogen bonds with charged amino acid residues of Aβ
fragments, preventing the Aβ aggregation.53,54 Overall, our

findings demonstrate that the intramolecular and intermolec-
ular hydrogen bonds of the Aβ42 dimer are able to be partially
broken by quercetin molecules. Stable hydrogen bonds
between the Aβ42 dimer and polyphenol molecules are
formed during the interaction process. Quercetin molecules
are effective in impeding the conformational change and self-
assembly of the Aβ42 dimer.
Analysis of Contact Number between the Aβ42

Dimer and Quercetin Molecules. To further investigate
the interaction behavior between the Aβ42 dimer and
quercetin molecules, the heavy atom contact numbers of the
Aβ42 dimer with quercetin molecules in two different Aβ42-to-
quercetin molar ratio systems are considered. Figure 5b shows
the time evolution of the number of heavy atom contacts
between the Aβ42 dimer and quercetin molecules. For the
Aβ42 dimer + 10 quercetin system, the average contact
numbers are kept at 1801 ± 162. Meanwhile, the mean
numbers of contact are maintained at 2179 ± 268 for the Aβ42
dimer + 20 quercetin system. The results indicate that the
contact numbers between the Aβ42 dimer and quercetin
molecules increase markedly with the presence of a larger
number of quercetin molecules. In other words, an increment
of quercetin molecules can lead to more contact with Aβ42

Figure 4. Effects of quercetin molecules on the hydrogen bond numbers (a) within the Aβ42 dimer and (b) between chain A and chain B of the
Aβ42 dimer as a function of simulation time.

Figure 5. Hydrogen bond numbers (a) and the heavy atom contact numbers (b) between the Aβ42 dimer and quercetin molecules in the Aβ42
dimer + 10 quercetin system and the Aβ42 dimer + 20 quercetin system as a function of simulation time.
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peptides. The intermolecular interactions between a large
amount of quercetin molecules and the Aβ42 dimer in the
Aβ42 dimer + 20 quercetin system could restrict the flexibility
of the Aβ42 dimer, which is in accord with the result of RMSF.
Therefore, quercetin molecules are able to be responsible for
stabilizing the configuration of Aβ42 peptides and inhibiting
the Aβ42 dimerization process.
Analysis for Binding Free Energy between the Aβ42

Dimer and Quercetin Molecules. To monitor the
interaction pattern between the Aβ42 dimer and quercetin
molecules, the binding free energy is tabulated in Table 2. The

collection and analysis of the last 100 ns trajectories with Δt =
100 ps in the Aβ42 dimer + 10 quercetin system and the Aβ42
dimer + 20 quercetin system are implemented. We first
compare the various energy components of the binding free
energy between the Aβ42 dimer and quercetin molecules. For
the Aβ42 dimer + 10 quercetin system, the average value of the
van der Waals interaction energy (ΔEvdW) is about −156.26 ±
14.21 kcal/mol, and the mean value of the electrostatic
interaction energy (ΔEelec) is about −183.68 ± 48.95 kcal/
mol. Yet, for the Aβ42 dimer + 20 quercetin system, the
average value of ΔEvdW is about −190.01 ± 14.62 kcal/mol,
and the mean value of ΔEelec is about −247.28 ± 64.16 kcal/
mol, which suggests that the contributions of the van der Waals

interactions and the electrostatic interactions heighten as the
number of quercetin molecules increases.

Similar results are obtained for other energy terms. The
polar contribution (ΔGps) and the nonpolar contribution
(ΔGnps) in the Aβ42 dimer + 10 quercetin system are about
281.13 ± 47.23 kcal/mol and −19.55 ± 1.51 kcal/mol,
respectively. Also, the average value of ΔGps is about 376.77 ±
87.28 kcal/mol, and the mean value of ΔGnps is about −23.73
± 2.80 kcal/mol in the Aβ42 dimer + 20 quercetin system.
Thereby, the electrostatic interactions of the Aβ42 dimer with
quercetin molecules give more contribution than the van der
Waals interactions to the binding affinity. Simultaneously, the
polar contribution is very unfavorable for binding. The mean
value of the binding free energy (ΔGbinding = −78.36 ± 9.36
kcal/mol) between the Aβ42 dimer and quercetin molecules in
the Aβ42 dimer + 10 quercetin system is higher relative to that
in the Aβ42 dimer + 20 quercetin system (ΔGbinding = −84.25
± 10.00 kcal/mol). In sum, an increment of the contributions
of various energy terms of the binding free energy between the
Aβ42 dimer and quercetin molecules is accompanied by the
presence of more quercetin molecules.

Next, we discuss the energetic contribution of the individual
residue of the Aβ42 dimer to the binding between Aβ42
peptides and quercetin molecules. According to the previous
study, the residues which contribute binding free energies less
than −1.0 kcal/mol are considered as key residues for binding
to the ligand.55 As shown in Figure 6a, for the Aβ42 dimer +
10 quercetin system, residues F4, L17, F20, E22, D23, V24,
I31, I32, M35, V36, and I41 from chain A as well as residues
E3, Y10, E11, L17, F20, A21, E22, D23, V24, I31, I32, L34,
M35, V36, and V39 from chain B in the Aβ42 dimer contribute
lower than −1.0 kcal/mol to the binding affinity. From Figure
6b, for the Aβ42 dimer + 20 quercetin system, residues A2, E3,
F4, H6, D7, S8, F20, A30, I32, V39, V40, and I41 of chain A as
well as residues F4, D7, Y10, E11, L17, F19, F20, A30, I31, I32,
L34, V40, and I41 of chain B in the Aβ42 dimer contribute less
than −1.0 kcal/mol to the binding free energy. Nevertheless, it
is worth mentioning that information on the energy
contribution of each residue may be insufficient. Advanced
sampling methods, such as the replica-permutation method56

or a similar method,57 might be used to obtain adequate
statistics.

Table 2. Various Energy Terms of the Binding Free Energy
between the Aβ42 Dimer and Quercetin Molecules in the
Systems Aβ42 Dimer + 10 Quercetin and Aβ42 Dimer + 20
Quercetin

energy
terms

Aβ42 dimer + 10 quercetin
(kcal/mol)

Aβ42 dimer + 20 quercetin
(kcal/mol)

ΔEvdW − 156.26 ± 14.21 −190.01 ± 14.62
ΔEelec −183.68 ± 48.95 −247.28 ± 64.16
aΔEMM −339.94 ± 37.84 −437.29 ± 78.58
ΔGps 281.13 ± 47.23 376.77 ± 87.28
ΔGnps −19.55 ± 1.51 −23.73 ± 2.80
bΔGsolv 261.59 ± 45.85 353.05 ± 84.49
cΔGbinding −78.36 ± 9.36 −84.25 ± 10.00
aΔEMM = ΔEvdW + ΔEelec.

bΔGsolv = ΔGps + ΔGnps.
cΔGbinding =

ΔEMM + ΔGsolv.

Figure 6. Contribution of individual residues of the Aβ42 dimer to the binding free energy in (a) the Aβ42 dimer + 10 quercetin system and (b)
the Aβ42 dimer + 20 quercetin system.
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The central hydrophobic core (L17VFFA21), the fragment
(I32GLMVGGV39), and the C-terminus (V40IA42) of the Aβ42
peptide often serve as starting points for developing inhibitors
because they are the self-recognition elements that form a β-
strand.58 Consequently, at the Aβ42-to-quercetin molar ratio
of 1:5, the key residues are mainly distributed in the central
hydrophobic core and the fragment, whereas at the Aβ42-to-
quercetin molar ratio of 1:10, the key residues are mostly
included in the N-terminus, the central hydrophobic core, and
the C-terminus. There are also a small number of key residues
that are involved in the fragment. The results imply that more
quercetin molecules are able to strengthen the interaction with
the Aβ42 dimer and show marked inhibition against the
configurational change of Aβ42 peptides.

■ CONCLUSION
The Aβ dimer, which is the smallest neurotoxic oligomer, is
able to further self-assemble into ordered fibrils leading to AD.
However, due to the transient and heterogeneous nature of Aβ
dimer’s conformation, molecular mechanisms between the Aβ
dimer and potential inhibitors cannot be well understood.
Experimental studies have reported that quercetin, which is
found in multiple vegetables and fruits, can block Aβ
aggregation and disaggregate Aβ fibrils. Therefore, an insight
into the inhibition effect of quercetin molecules on the Aβ42
dimer is the key to help in designing drug candidates for
preventing Aβ fibrillization. In this work, we construct an Aβ42
dimer from the monomeric Aβ42 peptide which is rich in coil
structures. The early interaction mechanisms of the Aβ42
dimer with quercetin molecules at two different Aβ42-to-
quercetin molar ratios (1:5 and 1:10) are studied by all-atom
MD simulations. We find that quercetin molecules are able to
inhibit the conformational change of the Aβ42 dimer.
Quercetin molecules could reduce the formation of β-sheet
and turn structures and enhance the proportion of random coil
structures of the Aβ42 dimer. Quercetin molecules at an Aβ42-
to-quercetin ratio of 1:5 can hinder the self-assembly and
aggregation of Aβ42 peptides, while quercetin molecules at an
Aβ42-to-quercetin ratio of 1:10 exhibit stronger interactions
with the Aβ42 dimer. The results show that when the number
of quercetin molecules is augmented the hydrogen bond
numbers, the contact numbers, and the binding affinity
between the Aβ42 dimer and quercetin molecules can be
increased accordingly. Our findings may aid in the develop-
ment of novel drug candidates for inhibiting the structural
transition of Aβ dimers.
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