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Amyloid-like fibrils had been associated with many fatal diseases, and the rational design of the fibrillization
inhibitors holds the great promise of finding the prevention and treatment options. The understanding of the
mechanisms by which the small molecules can inhibit the aggregation plays the key role in such design. Here
we present the results of MD simulations that provide the atomistic details of the process, by which the small
molecules may destabilize the ordered amyloid oligomers formed by the model hexapeptide. We select a
heptapeptide fragment (GNNQQNY) from Sup-35 yeast prion protein, which is capable to form both amyloid
fibrils and microcrystals. Atomic-resolution structures of its crystals were reported by Eisenberg et al.
(Nature 447:453, 2007). We analyze several MD trajectories describing the evolution of the decamer
fragment taken from this crystal structure, both by itself and in the presence of myricetin and kaempferol
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{5 sheet (two naturally occurring polyphenols, found to be strong and weak aggregation inhibitors). While the
AggregatiOH decamer of GNNQQNY demonstrates remarkable stability of its structure after 2 ns simulation, myricretin
Oligomer disturbs the aggregation. The simulations show myricetin interacts with the 3-sheet due to polar interactions

Hydrogen bond
Beta sheet inhibitor
Myricetin

with side chains of the peptide weakening the interstrand hydrogen bonds, wrapping the -sheet and
disaggregating the outer layer. Both backbone to backbone and side chain to side chain hydrogen bonds are
lost, and the 3-sheets are moving away from each other. This leads to the loss of backbone H-bonding and
eventual separation of one R-strands from the outer layer. We also test several AMBER force fields and
implicit solvent models for their ability to keep the decamer of GNNQQNY aggregated. The RMSDs of
decamer of GNNQQNY with force field 99SB and implicit solvent models of igh2 and igh5, were maintained at
less than 4 A.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Many proteins, when placed in appropriate conditions, can misfold
and aggregate into a fibril agglomerates, called amyloids. These fibrils
were found to have characteristic X-ray diffraction pattern and are
often identified by staining with Congo red [1,2]. Amyloid-like fibrils
had been associated with many fatal diseases, including Alzheimer's
disease, type Il diabetes mellitus, and the transmissible spongiform
encephalopathies, and prion diseases [3], which affect millions of
people throughout the world. The mature fibrils, and, more
importantly, soluble oligomers had been recently shown to have a
key role in the cytotoxic nature of amyloidogenic proteins [4].
Currently, there are no approved therapeutic agents directed against
the formation of fibrillar assemblies. Over the past few years,
significant research effort was made toward developing of therapeu-
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tics and chemical probes that inhibit these specific protein-protein
interactions [5,6]. Apart from small molecules, a number of peptido-
mimetic aggregation inhibitors have been developed, based on the
core fragments of amyloid peptides. Many of these inhibitors are
assumed to interact with the protofibrillar and fibrillar species
through formation of the main-chain PB-sheet hydrogen bonds.
Presumably, their inhibition mechanism is based on capping the [3-
sheet extension. In contrast, small molecule non-peptidic inhibitors
have also been studied, including small aromatic molecules such as
phenol red, polyphenols etc. These non-peptidic molecules might
exhibit different interaction patterns and inhibition mechanisms
compared to the peptidomimetic inhibitors. Study on the difference of
the two types of inhibitors should provide more insight into the
amyloid inhibition mechanisms leading to rational design of inhibi-
tors [6]. Molecular simulations are becoming an important part of the
rational design strategy. They are based on a model representing the
amyloid and involve analysis of MD trajectories.

Decades of investigations of the structural properties of amyloids
have established that all the fibrils have a common structural motif,
called cross-p> spine that consists of the 3-sheets parallel to the fibril
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axis, with their extended protein strands perpendicular to the axis [7].
Due to the non-crystalline and insoluble nature of the amyloid fibril, it
is difficult to obtain atomic-resolution structures with traditional
experimental methods. However, some short peptides are capable to
form both fibrils and microcrystals that are sometimes found together
in solution [8]. Recently, several crystal structures of a hexa- and
heptapeptides, identified as fibril-forming segments of the known
pathological proteins were reported [2]. These microcrystals have
similar diffraction patters to the fibrils and are capable to serve as
nucleation sites for the fibril growth. These evidence indicate that
atomic-resolution structures of these crystals make a good model for
amyloids and can be used to investigate the mechanism of amyloid
formation and disaggregation by molecular modeling methods.

One of the crystal structures determined in the work [2] was that
of the heptapeptide fragment (GNNQQNY) from Sup-35 yeast prion
protein. This short fragment displays many of the common char-
acteristics as a full-length Sup-35, including cooperative kinetics of
aggregation, fibril formation, and binding of the dye Congo red [8].
Molecular dynamics simulations for the pairs of 3-sheets containing 3
to 50 strands of the heptapeptide GNNQQNY cut out from the crystal
structure indicate that while the cross-3 spine architecture is
preserved, the p-sheets are twisted in the absence of the crystal
packing [9]. The pair of (-sheets taken from GNNQQNY crystal
structure is shown on Fig. 1. This fragment demonstrates the cross-
spine architecture with the B-sheets separated by a dry, non-hydrated
interface. Each 3 sheet is formed by parallel strands. In addition to the
classical hydrogen bonds between backbone atoms, the 3 sheets are
stabilized by hydrogen bonds between the matching polar side chains
(so-called the polar zipper). At the dry interface, the side chains of
residues N2, Q4 and N6 are also tightly interdigitated with the
corresponding residues of the opposing sheet (structure is known as
steric zipper) [2,8].

Fragments of GNNQQNY crystal structure present an attractive
target for theoretical studies of aggregation and disaggregation. A
number of theoretical works explored the early aggregation behavior
of the GNNQQNY sequence [10-12]. Zheng et al. [12] performed
simulations of various oligomers of the original peptide and its
mutants to study its stability and dynamics in the explicit solvent.
Different sizes and arrangements of the aggregates were studied. The
results showed that the stability of the oligomer increased dramat-
ically with the increase in the number of strands, suggesting that the
even a small nucleus can serve as a seed for the fibril formation. The

Fig. 1. The atomic presentation of the GNNQQNY oligomer; sandwich of 2 beta sheets
formed by 5 heptapeptides each. Intersheet steric zipper is formed between the side
chain of the residues Asn-2, GIn-4 and Asn-6 of the 31 sheet and those of the same
residue of 31 sheet.

MD simulations also show that within sheet, the driving forces to
associate and stabilize are interstrand backbone-backbone and side
chain-side chain hydrogen bonds, whereas between sheets, shape
complementary by dry polar steric zipper via the side chains of Asn-2,
GIn-4, and Asn-6 holds the sheets together. Moreover, mutant
simulations showed that the correct geometrical matching of the
side chains via intersheet interaction plays an important role in
determining the stability of oligomers. In another study Gsponer et al.
[13] found that the parallel 3 sheet arrangement is favored over the
anti-parallel one because of stacking interactions of the tyrosine rings
and hydrogen bonds between amide groups. The disaggregation
mechanisms of the GNNQQNY fibrils and its aggregation pathways
were investigated by high-temperature molecular dynamics simula-
tion in explicit solvent by Wang et al. [14]. Hexamer and dodecamer
models, both with two parallel B-sheets separated by a dry side chain
interface were adopted in their computational analysis. Landscape
and kinetics analyses also indicate that the parallel B-sheets form
earlier than the dry side chain contacts during aggregation.

Apart from the understanding the amyloid fibril formation, study
of the small aggregates may help to understand the role of oligomers
in amyloid diseases. There are several hypotheses suggesting different
mechanisms for amyloid toxicity [15,16]. Some recent experimental
results focus the attention on soluble oligomeric aggregates, which
were shown to be more toxic than fully formed mature amyloid fibrils
[17,18]. The mounting body of evidence reveals a strong correlation
between the cognitive deficit in mice and the amount of soluble oli-
gomers assembled from the monomeric constituent peptides [19-21].
Compounds that inhibit aggregation, fibrillization, and/or plaque
formation may be capable to reduce this toxicity and thus display
therapeutic effect. Various small molecule aggregation inhibitors have
been recently discovered [16]. The well known example is Congo red, a
sulfonated dye that specifically binds to amyloids and is commonly used
histological dye for amyloid detection. It was reported to inhibit
fibrillization and neurotoxicity of AR [15]. Unfortunately, this dye cannot
cross the blood-brain barrier and is carcinogenic if given orally, thereby
hindering its therapeutic use [15]. Natural polyphenolic compounds
found in teas, berries, fruits, spices, and plants were known to have
antioxidative, and anti-inflammatory activities. Recently their signifi-
cant effects on fibril formation, nucleus formation/extension and
disaggregation were also discovered [22-24]. In this study we focus
on myricetin (Scheme 1), which was reported to be the most potent
among the polyphenolic group of compounds.

There have been several theoretical attempts to study the
interactions between current inhibitors and oligomers at the atomic
level [21,25-27]. Using all-atom molecular dynamics simulations with
explicit solvation model, Wu et al. [26] have identified and
characterized two specific binding modes of Congo red molecules to
protofibrils formed by GNNQQNY. Two potential inhibition mechan-
isms of disrupting 3-sheet stacking were identified and suggested to
use for the development of non-peptidic amyloid-specific inhibitors.

Convertino et al. [25] used MD with implicit solvent to investigate
the influence of two planar aromatic compounds, 9,10-anthraquinone
(AQ) and anthracene (AC), on the early phase of the aggregation of the
AR heptapeptide segment H14QKLVFF20, the hydrophobic stretch
that promotes the AP self-assembly. The simulations show that AQ
interferes with -sheet formation more than AC. In particular, AQ

HO (0] OH

OH
OH
OH (0] OH

Scheme 1. Structure of myricetin.
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intercalates into the p-sheet because polar interactions between the
compound and the peptide backbone destabilize the interstrand
hydrogen bonds, thereby favoring disorder.

Liuetal. [27]investigated the molecular mechanism of the inhibition
effect of trehalose on AB16-22 and AB40 peptides with MD in explicit
solvent. The simulations confirmed that AB16-22 aggregation is
prevented by trehalose in a dose-dependent manner, and it is found
that the preferential exclusion effect of trehalose is the origin of its
inhibitors effects. Namely, there is preferential hydration within 3 A of
the peptide surface, and trehalose molecules cluster around the peptides
at a distance of 4-5 A. At high trehalose concentrations, the preferential
exclusion of trehalose leads to three sequential effects that prevent the
nucleation and elongation of AR16-22 oligomers. First, the secondary
structures of AR16-22 monomers are stabilized in the turn, bend, or coil,
so the B-sheet-rich structure that is prone to forming peptide oligomers
is prevented. Second, the thin hydration layer and trehalose clusters can
weaken hydrophobic interactions that lead to AR16-22 aggregation.
Third, more direct and indirect H-bonds form between trehalose and
AR16-22, which suppress the interpeptide hydrogen bonding.
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Mothana et al. [28] have studied the complexes between AR13 and
AP23 and three pseudo peptidic B-sheet inhibitors, as well as its
homodimer. They employed MD technique called “atomic force
microscopy” (AFM) to examine the dynamics of dissociation of the
complexes in water. Each ligand attached to AR (13-23) begins
dissociation by peeling back from its C-terminus, breaking interstrand
H-bonds, and losing the [3-sheet character. The salt bridges are the last
to release, and presumably are the first to form in the reverse process
of aggregation. The free energy profiles of the dissociation as a
function of the separation of the centers-of-mass of all systems show
plateau regions in which separation takes place with relatively little or
no rise in free energy. For each system the dissociation profile does not
have a maximum and reaches a flat plateau. By implication, the reverse
process of assembly does not have a barrier. These plateau regions in the
dissociation profile are examples of entropy-enthalpy compensation
that arise naturally during the AFM-MD simulation.

In this work we focus on theoretical investigation of the dis-
aggregation effect of myricetin molecule on GNNQQNY oligomers in
order to understand the mechanism of this effect.
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Fig. 2. Comparison of root mean square deviations (RMSD in angstrom) of MD trajectories for implicit solvent models and explicit solvent simulation (SB99 force field) (a) igh7,

(b) igb5, (c) igh2 and (d) igb1.
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Fig. 3. Structural snapshots of GNNQQNY oligomer with igb2 implicit solvent model at 0, 1000 and 2000 ps in the simulations with ff 96 and ff99SB force fields. The figure was

generated using VMD.

2. Computational details
2.1. The choice of the force fields and implicit solvent models

Conventional all-atom MD simulations of biomolecules with explicit
solvent are computationally expensive and cover relatively short time

196 0 ns

scales as a result. In order to overcome this limitation, implicit solvent
models are often used for simulation of large macromolecular systems
and longer time scales [29-32]. In the explicit solvent approach the
water is treated at atomic level, necessitating a detailed description of
interactions between the solvent molecules which is not always
relevant to the biomolecules of interest. In contrast, implicit models

1ns 2 ns

Fig. 4. Structural snapshots of GNNQQNY oligomer with igb5 implicit solvent model at 0, 1000 and 2000 ps in the simulations with ff 96 and ff99SB force fields. The figure was

generated using VMD.
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average out these details by considering the solvent as a dielectric
continuum and are thus more computationally efficient [33]. Implicit
solvent methods are designed to reproduce the solvation free energy as
a function of protein composition and conformation, in mean-field term
that can be added to the intra-molecular Hamiltonian for the protein.
Implicit models represent the solvent as a uniform dielectric medium,
neglecting the geometry and detailed bonding patterns of the solvent,
such as water's hydrogen bonds. Short and long-range components of
this free energy are treated separately: short-range interactions include
van der Waals attractions and the formation of the protein cavity, and
are typically modeled as being proportional to the solvent-accessible
surface area. Implicit solvent-based methods play an increasingly
important role in molecular modeling of biomolecular structure and
dynamics [34]. Along with the methodological advances, implicit
solvent models have enjoyed success in a range of areas, such as protein
design, structure refinement, protein—protein, protein-nucleic acid, and
protein-ligand interactions. They had been also used to understand
protein folding and misfolding at atomistic level of details [34].

Presently there are several all atom force fields available for
simulations of the proteins. Not all of them describe specific
characteristics of the protein structure and properties equally well.
In fact, use of some force fields may lead to biased structural
distributions. Several issues remain to be solved in force field
developments, such as compatibility with implicit solvent models,
efficient conformational sampling and proper treatment of the
backbone interactions for secondary structure propensities [35,36].
Shell et al. tested different force fields and implicit solvent models
available in AMBER. They found the different combinations of force
fields captured the correct secondary structures with various
successes [37]. In the present study, we examine five AMBER force
fields: ff96, ffo4, ff99, ff99SB, and ff03. The original ff94 parameter set
developed by the Kollman group [38] is one of the earlier force fields
adopted by many researchers. The implicit solvent models available in
AMBER are: igbh1, igh2, igbh5, and igh7. We test their combinations, and
identify the ones that preserve the structure of the pair of B-sheets
taken from GNNQQNY crystal. The best combination of force fields
and implicit solvent models is then used for investigating the atomic
level interaction of the oligomer with myricetin which is experimen-
tally known to destabilize an already formed amyloid oligomer.

Assuming that common structural characteristics for all amyloid-
like fibrils imply common mechanism of pathogenesis [39], we have
utilized the GNNQQNY crystal structure and molecular dynamics
simulations in implicit water to understand the disaggregation mech-
anisms of the fibrils in the presence of natural polyphenolic (myricetin)
compounds.

2.2. Structure preparation

Before carrying out molecular dynamics (MD) simulations, the force
parameters for myricitin were generated by GAFF utility [2] in AMBER
suite. Geometry optimization and partial charges were obtained using
Gaussian03 [40]. After geometry optimization at HF/6-31G* level, the
partial charges were derived by fitting to the gas-phase electrostatic
potential at the same theory level using the restrained electrostatic
potential (RESP) method. In order to validate the force field parameters
of myricetin, 2 ns simulation with the implicit solvent was performed.
The bond lengths and bond angles were well maintained in the MD
simulations in agreement with HF/6-31G* structure. The parameter file
in AMBER format is available as Supplementary Material.

The crystal structure of the GNNQQNY had been determined by
Sawaya et al. [2]. The atomic coordinates were taken from [41]. The first
out of two different polymorphic forms (forms 1 and 2 with resolution
of 1.8 and 2.0) was used. We selected a sandwich of two B-sheets
(5 strands each), stabilized by hydrogen bonds between polar side
chains (the polar zipper) (Fig. 1). The complex between the polyphe-
nolic compound and the peptide was made using the Sirius visualization
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Fig. 5. Comparison of root mean square deviations (RMSD, A) of MD trajectories from
multiple dynamic simulations. a) GNNQQNY decamer alone b) GNNQQNY decamer
with myricetin C) GNNQQNY decamer with kaempferol.
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program from San Diego Supercomputer Center [42]. The myricetin
molecule was placed ~5 A away from the peptide oligomer along the
{3-sheet stacking direction.

2.3. MD simulations with implicit solvent model

The MD simulations and part of the analysis of the trajectories
were conducted using the AMBER 10 suite of programs [43]. The
peptide was modeled by the all-atom amber force field. The structure
was minimized with steepest descent method for 500 iterations. After
energy minimization, structures were equilibrated during 50 ps by
gradually increasing the temperature from 0 to 300 K. It has been
checked that, during the heating step, the potential energy reached a
stable value. MD simulations were conducted using the generalized
Born (GB) approximation at constant temperature (300 K) using the
Langevin scheme. The list of nonbonded interactions was updated
every 2 ps and 12 A cutoff was used. SHAKE [44] was applied to
constrain all bonds connecting hydrogen atoms to allow a time step of
2.0 fs. The water molecules from the crystal structure were removed
and XLeAP (part of the AMBER package) was used to set up the
calculations. After energy minimization, structures were equilibrated
during 50 ps by gradually increasing the temperature from 0 to 300 K.
The necessary checks have been made to ensure that the potential
energy reached a stable value after this heating step. All the
simulations were performed at constant temperature (300K) for
2 ns. The molecular dynamic trajectories were saved every 500 steps
(1 ps interval) for subsequent analysis. Hydrogen bond occupancies
and structure RMSDs was calculated using PTRA] module available
within AMBER. A hydrogen bond is assigned if the distance between
donor D and acceptor A is <3.5 A and the angle D-H~A>120° [45]. A
recent paper by Chapman et al. provides a detailed discussion of
hydrogen bonding criteria [45]. In recent literature there is a tendency
to use a lower cutoff for the angle based on the result in the paper

(a)

0 ns

(b)

1ns

above. For instance, the hydrogen bonds is defined by a distance
between the donor and acceptor (d N-H~0) equal to or less than 3.0 A
and the angle NH-O bigger than 100° in Trbovic et al. [46]. The
hydrogen bonds is defined by a distance between the donor and
acceptor (d N-H-0) equal to or less than 2.5 A and the angle N-H~O
bigger than 120° in both Nussinov et al. [47,48]. The analysis
employed by Nussinov et al. [47] specially are on fiber organization
of octa-peptide amyloids a system similar to our model under
investigation. The simulation results were visualized suing VMD
1.8.7 [49].

Implicit solvent simulation does not employ periodical boundary
conditions. Therefore, a large separation between the molecules in the
simulation is possible, contrary to a real situation with the finite
concentrations. Similar to other implicit solvent MD simulation of the
aggregation [50], we applied the harmonic constraint k (r—ry)?/2
between the center of mass of the ligand and the peptide molecules,
when the distance r between them exceeded ro =20 A. The value of
the force constant k used was 200 kcal/mol A% The constraint does not
affect the energy of the system at distances below 20 A, but prevents
the sampling of the large area of the configuration space that
represents no appreciable interaction between the ligand and the
aggregate. The constraint does not affect the energy of the system at
distances below 20 A, but prevents the sampling of the large area of
the configuration space that represents no appreciable interaction
between the ligand and the aggregate.

2.4. MD simulations with explicit solvation model

To test the performance of the implicit MD simulations of the
GNNQQNY oligomer: was immersed in truncated octahedron box of
TIP3P water molecules. The AMBER ff99SB force field was used to
produce the force field parameters for the peptide. The simulation
utilized the particle mesh Ewald (PME) method to treat long-range

2 ns

0 ns

1ns

2ns

Fig. 6. Stable decamer of GNNQQNNY (a) during 2 ns MD simulations and destabilization of GNNQQNY fibrils with myricetin (b). The figure was generated using VMD.
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Fig. 7. Time evolution of the average interstrand and intersheet distance with respect to
simulation time. (a) The average distance between two neighboring strands and b) the
average distance between two neighboring sheets. Black line indicates GNNQQNY fibrils
alone (trajectory 1) and red line indicates GNNQQNY fibril with myricetin (trajectory 1).

electrostatic interactions, with a cutoff of 12 A and VdW cutoffof 12 A.
For the oligomer systems, in order to relax bond geometries, the
potential energy of the system (peptides and water) was minimized
by using the steepest descent method until convergence was reached.
After energy minimization, structures were equilibrated during 50 ps
by gradually increasing the temperature from 0 to 300 K. The
necessary checks have been made to ensure that the potential energy
reached a stable value after this heating step. The simulations were
run with periodic boundary conditions. All the simulations were
performed at constant temperature (300 K) and pressure (1 atom) for
2 ns. The molecular dynamic trajectories were saved every 500 steps
(1 ps interval) for subsequent analysis.

3. Results and discussion

First we tested several AMBER force fields (ff96, ff99, ff99SB, and
ff03) and implicit solvent models (igh1, igh2, igh5, and igh7) for their
ability to keep the decamer of GNNQQNY aggregated. We performed
constant temperature MD simulations, and the RMSD of both the
explicit solvent and the implicit solvent trajectories, relative to the

crystal structure, are plotted in Fig. 2(a-d). During the 2ns of
production run with explicit solvent, the decamer remained stable as
evidenced by backbone RMSD of 2.0 A. On the other hand, the results
of the simulations using the implicit solvent models were varied. The
details of the performance of force fields and solvent models results
can be found in the supporting material. Based on our results and the
literature data, we selected 99SB force field and igb5 solvation model
to investigate the stability of the GNNQQNY oligomer in the presence
of the myricetin (Figs. 3 and 4).

We performed multiple MD simulations for the decamer of
GNNQQNY in implicit solvent with and without myricetin at room
temperature changing the initial conditions by assigning random
velocities according to Maxwell distribution to explore wider
conformational space. The simulations were run for 10 ns. While the
decamers with myricitin disaggregated within the first 1 ns, the
decamer without small molecule starts to disaggregate only after 5 ns.
For the first 5 ns the decamer was found to remain stable compared to
the crystal structure as evidenced by RMSD, intersheet distance
measurement and visual inspection of the trajectory using VMD. This
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Fig. 8. a) Time evolution of the fraction of preserved hydrogen bonds between the two
beta sheets, plotted as a percentage with respect to the starting point. Black line
indicates GNNQQNY fibrils alone (trajectory 1) and red line indicates GNNQQNY fibril
with myricetin (trajectory 1). b) Time evolution of the number of hydrogen bonds
between myricetin and beta sheet layer.
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faster disaggregation reflects aggregation inhibiting action of myr-
icitin. Further, we compared the 2 ns trajectory of the decamer in
explicit solvent to the first 2 ns trajectory of decamer in implicit
solvent alone and with myricetin and kaempferol. While decamer
alone in both implicit and explicit solvent maintained the structure
close to the X-ray (RMSD<4 A) in four out of five trajectories, all four
trajectories describing the decamer interacting with myricetin
resulted in dissociation (two strands in one case, and one strand
separated from the aggregate in three other trajectories). Below we
analyze two representative trajectories in details.

The plot of the RMSD for the oligomer with myricetin shown in Fig. 5
indicates the RMSD value increased rapidly to 4 A within ~250 ps and it
reaches ~ 12 A within the 2 ns simulation time, indicating that the original
structural organization of the oligomer was perturbed by the presence of
myricetin. Ribbon/all atomic images of the selected snapshots from the
simulation of the oligomer with and without myricetin are shown in Fig. 6
(a-b). While the p-strands in both sheets remain aggregated during the
2 ns simulation without myricetin (Fig. 6a), the simulation with myricetin
leads to the complete dissociated of one of the 3-strands within the first
one nanosecond simulation time (Fig. 6b). Other deformations detected
by the visual analysis include the increase curvature of the -sheet,
wrapping around the ligand, and increased separation between two 3-
sheets. This is consistent with previous simulation studies [25,27] found
that inhibitors reduced the interstrand hydrogen bonding, although by a
different mechanism.

Next, we quantify the perturbations brought about by myricitin
and investigate the mechanism leading to oligomer dissociation. For
this purpose we use global geometrical parameters, hydrogen
bonding analysis, and potential energy plots. To examine the
structural stability of GNNQQNY oligomers in the presence of the
ligand and in its absence, we analyzed the interstrand and intersheet
distances, introduced in refs. [12,48]. The interstrand distance (dsrand)
was calculated by averaging the C, distance between each residue in
one  strand and its corresponding residues in the adjacent 3 strand
within the same  strand layer. The intersheet (dsheer) distance is
calculated by averaging the distance between each strand in one sheet

and its corresponding strand in the adjacent sheet [12,48]. The results
of the interstrand and intersheet results are discussed below.

The initial interstrand distance, compared to the experimental
value of 4.76 A may measure the structural stability of the oligomer in
the presence and absence of myricetin. Fig. 7a shows that the dsang
remains within the range of 5 to 7A without the polyphenol
indicating the two sheets maintain their original organization.
However in the presence of muyricetin it increases up to 14 A,
indicating that the original structure becomes unstable. Another
geometrical parameter is intersheet distance. Fig. 7b shows that
without muyricetin the two P-sheets of the GNNQQNY oligomer
remain within the range of 9-10 A, close to the experimental value of
8.70 A [2,8]. In the presence of myricetin the intersheet distance is
increased to the range of 10-24 A indicating that two B-sheets are
moving away from each other as shown in Fig. 7b.

Hydrogen bond analysis can serve as another method to
characterize structural perturbations. On one hand, H-bonds are
necessary to form the p-sheet, the main conformational pattern of
amyloid fibrils [48]. On the other hand, the importance of H-bonding
side chain interactions on the stabilization of B rich structures has
been observed in several studies [51-53]. Akaishi et al. [54] identified
that the important trends in the structure/activity relationship for
polyphenols are directly related to the hydrogen bonding. In the study
of flavonoid amyloid beta aggregation inhibitors they have found that
simultaneous presence of 3’,4’-dihydroxyl groups, but not the 3- or
7-hydroxyl groups is essential for the inhibitor effect. Kaempferol
without the 3’-hydroxyl group shows less inhibitory activity
compared to myricetin which has both the 3’- and 4’-hydroxyl
groups. They concluded that increasing the number of hydroxyl
groups on ring B potentiates the inhibitor effect. Myricetin binds to
the peptide backbone through its hydroxyl groups trapping critical
hydrogen bonds in the peptide aggregate.

In order to reveal the mechanism by which the specific chemical
structure is related to disaggregation, we report the analysis of
H-bonding between two [-sheets (Fig. 8a) and between myricetin
and the peptide (Fig. 8b). As one can see, in the absence of myricetin

Fig. 9. Complete (left) and enlarged (right) 1.8 ns snapshot from one of the trajectories shows that myricetin forms H-bonds with the surface of the -sheet, weakening the
interstrand hydrogen bonds, wrapping the 3-sheet around the myricitin. This breaks backbone H-bonding and separates the layers from each other and one the 3-strands from the

outer layer.
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the number of hydrogen bonds between the two beta sheets is greater
than in its presence. The result also shows that the number of H-bonds
between the beta sheets decreased rapidly in the presence of the
myricetin, compared to the free decamer (Fig. 8a). While the ag-
gregate without myricetin is able to maintain close to 60% of the
original hydrogen bonds between the sheets, the same aggregate in
the presence of myricetin retains on only c.a. 45% of the original
hydrogen bonds. The reasons for this loss of H-bonding become clear
after one examines Fig. 8b. From this figure one can see that the
myricetin is forming hydrogen bonds with both peptide backbone NH
group and side chain NH groups, weakening the backbone to
backbone H-bonds between the strands in the beta sheet closer to
the inhibitor molecule. In addition, side chain to side chain H-bonding
is also lost, thus destabilizing the steric zipper aggregation between
the two beta sheets. Meersman et al. [55] have previously reported
that both side chain interactions and backbone H-bonds lend
considerable stability to amyloid fibrils against dissociation.

Thus, our simulations show that myricetin forms H-bonds with the
surface of the (-sheet, weakening the interstrand hydrogen bonds,

—
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Fig. 10. Plots of the different components to the intermolecular interaction energy of
the aggregate with and without myricetin: (a) van der Waals and (b) electrostatic
energy. Black line indicates GNNQQNY decamer alone and red line indicates GNNQQNY
decamer with myricetin.

wrapping the B-sheet and disaggregating the outer layer. The detailed
analysis shows that both backbone to backbone and side chain to side
chain hydrogen bonds are lost, and the p-sheets are moving away
from each other. This leads to the loss of the backbone H-bonding and
eventual separation of one the 3-strands in from the outer layer. One
can see these effects on the 1.8 ns snapshot from one of the
trajectories (Fig. 9). As follows from the figure, forming two H-
bonds with the surface of the peptide is essential for aggregation
inhibiting properties of myricetin. Kaempferol, on the other hand, is
missing 3’- and 5’-hydroxyl and is unable to form similar H-bonded
complex. This explains its weaker inhibiting properties.

Let us now turn to the energetic aspects of the ligand effect. The
vdw forces were recently proposed a quantitative measure of the
shape complementarily among side chains between 3-sheets [56]. We
report the intermolecular electrostatic and van der Waals (vdw)
energy of the oligomer with and without myricetin in Fig. 10. One can
see that the vdw energy of oligomer alone is lower than the case of
oligomer with myricetin system during the simulation times
(Fig. 10a). Intermolecular vdw interaction for the oligomer with
myricetin becomes less attractive by c.a. 30 kcal/mol compared to
that of the oligomer without myricetin (vdw energy is increased to
—470 kcal/mol from —501 kcal/mol on average). This means that
myricetin molecule has pronounced destabilization effect in bilayer
pattern by reducing the intermolecular vdw interaction, in agreement
with previous observations [56]. In contrast, the intermolecular
electrostatic energies during MD simulations are virtually indistin-
guishable between the oligomer with and without myricetin (Fig. 10b).

We also investigated the sensitivity of the results to the nature of
the aggregate inhibitor. To that end we repeated the simulations in
the presence of kaempferol, a ligand known to be considerably less
effective in destabilizing the aggregates. The plot of the RMSD for the
decamer with kaempferol shown in Fig. 5. One can see that RMSD
value remained within 4 A during the 2 ns simulation time in all 3
trajectories considered. This indicates that the original structural
organization of the aggregates was not perturbed by the presence of
kaempferol.

4. Conclusions

Comparison of the MD simulations of the decamer of GNNQQNY
and myricetin/decamer GNNQQNY complex demonstrates that
myricretin disturbs the stability of decamer of GNNQQNY. The
simulations show myricetin interacts with the 3-sheet due to polar
interactions with side chains of the peptide weakening the interstrand
hydrogen bonds, wrapping the (3 sheet and disaggregating the outer
layer. The detailed analysis show that both side chain to side chain
hydrogen bonds are lost, and the 3-sheets are moving away from each
other. This leads to the loss of the backbone H-bonding and eventual
separation of one the P-strands in from the outer layer. The MD
simulation provides the understanding of the mechanism by which
the small molecules destabilizes the ordered oligomer. Based on our
study we conclude that computational methodology can make a
contribution toward understanding the destabilizing effect of the
natural polyphenolic compounds on amyloid aggregation and thus
could be used in the design of new non-peptide anti-amyloidogenic
drug molecules.
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