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ABSTRACT: Alzheimer’s disease is a progressive, neurodegenerative disorder that is the leading cause
of senile dementia, afflicting millions of individuals worldwide. Since the identification of the amyloid
B-peptide (Af) as the principal toxic entity in the progression of Alzheimer’s disease, numerous attempts
have been made to reduce endogenous AS production and deposition, including designing inhibitors
of the proteases that generate the peptide, generating antibodies against Af aggregates, utilizing metal
chelators, and identifying small molecules that target the peptide during the aggregation pathway. The
last approach is particularly attractive, as Af is normally present in vivo, but aggregation is a purely
pathological event. Studies conducted in vitro and in vivo have suggested that administration of flavo-
noids, compounds naturally present in many foods, including wine and tea, can prevent and reverse
Ap aggregation, but mechanistic details are lacking. In this work, we employ atomistic, explicit-solvent
molecular dynamics (MD) simulations to identify the mechanism of Apf fibril destabilization by
morin, one of the most effective anti-aggregation flavonoids, using a model of the mature Af fibril.
Through the course of 24 simulations totaling 4.3 us, we find that morin can bind to the ends of the
fibrils to block the attachment of an incoming peptide and can penetrate into the hydrophobic core
to disrupt the Asp23—Lys28 salt bridges and interfere with backbone hydrogen bonding. The combi-
nation of hydrophobicity, aromaticity, and hydrogen bonding capacity of morin imparts the observed

behavior.

Alzheimer’s disease is a progressive, neurodegenerative dis-
order and is the leading cause of senile dementia in the elderly and
the sixth leading cause of death in America as of 2007 (/). The
disease is estimated to afflict more than 5.2 million Americans
and more than 25 million individuals worldwide, figures that may
quadruple by 2050 in the absence of an effective treatment (2).
The “amyloid hypothesis” holds that the aggregation and
deposition of the amyloid S-peptide (AB)" in neural tissue give
rise to the neuronal atrophy that is characteristic of the disease (3).
Af is a 4 kDa peptide (39—43 amino acids), generated from the
amyloid precursor protein (APP) by sequential cleavage by
p- and y-secretases. Cleavage by y-secretase is variable, produ-
cing multiple alloforms of the peptide. The principal forms of Af
are the 40-residue (Af40) and 42-residue (Af4,) variants. Nor-
mally, Af4 is the most abundant form, but in the disease state,
Afy, levels are elevated; as a result, it is A4, that is the major
component of Af plaques (4, 5)."

Existing pharmaceuticals for the treatment of Alzheimer’s
disease principally target the breakdown of acetylcholine by
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inhibiting the enzyme acetylcholinesterase, but these therapies
have met with modest success and may be not effective during all
stages of the disease (6). Efforts are also being made to target
p- and vy-secretases, but these approaches present a problem in
that the activities of these proteases are also necessary for normal
neural function and inhibiting them may have deleterious side
effects elsewhere in the body (reviewed in ref 7). The other major
target in the progression of the disease is the Af peptide itself.
This approach is particularly attractive, as A aggregation is
believed to be central to disease progression (3). There are
numerous avenues that have been explored in targeting Af
directly, including the use of antibodies (§), peptide-based
inhibitors (9—11), and small molecules (12— 18).

Recent in vitro evidence has suggested that polyphenolic
compounds (flavonoids) from food products such as red wine
and green tea may be useful in targeting Af3 (18, 19). Among these
flavonoids, morin, myricetin, and quercetin were shown to be
particularly effective in inhibiting Af aggregation and destabiliz-
ing preformed fibrils. These findings suggest a direct physical
interaction between these molecules and Af in addition to their
classical roles as radical scavengers and metal chelators. Addi-
tionally, in vivo work conducted in the Alzheimer’s mouse model
demonstrated that oral administration of red wine or polyphe-
nolic extracts reduced amyloid plaque burden and concomitantly
improved memory and cognitive ability (20, 21). Riviere et al.
demonstrated that the resveratrol derivative piceid was capable
of destabilizing Af oligomers and fibrils to give non-neurotoxic
Af monomers and precipitated species (22). Although the
therapeutic potential of polyphenols has been shown both in
vitro and in vivo, the mechanism of action of these compounds
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remains unknown. This knowledge will be critical to the deve-
lopment of novel therapeutics for targeting Af. This study aims
to elucidate the mechanism by which morin destabilizes pre-
formed Apy; fibrils. It should be noted that some controversy
exists regarding the therapeutic benefit of Af fibril fragmenta-
tion. Xue et al. (23) demonstrated that fibrils fragmented by
mechanical stress produced species with enhanced neurotoxicity.
In contrast, all available evidence suggests that flavonoid admin-
istration is beneficial in the in vivo systems described above.

Though the principal toxic species in Alzheimer’s disease are
believed to be soluble, oligomeric assemblies of Af (24—27),
numerous studies have indicated that fibrils also contribute to
neurotoxicity (28—31). It has also been noted that pro-oxidant
metal ions, such as copper, zinc, and iron, are found at high levels
in amyloid deposits in the brain (32), thus indicating that fibrils
and plaques may contribute to the persistent oxidative stress that
exists in the Alzheimer’s disease state. Flavonoid antioxidants
may function to ameliorate this oxidative stress by chelating
metals and scavenging radicals in vivo, but both in vitro and in
vivo evidence suggests that flavonoids physically disrupt AfS
aggregates, as well. It is this information that motivates this
study.

Given the difficulties of obtaining detailed structural data from
oligomeric species and the relative abundance of structural
information regarding mature fibrils (28, 33—35), analysis of
fibrils lends itself well to detailed mechanistic studies, and thus,
these structures will be modeled here, although it is worth
mentioning recent experimental success in deriving structural
data from A oligomers (36), as well as several simulation studies
that have been conducted on such systems to examine the Af
aggregation pathway (37, 38). Knowledge of the reasons for fibril
susceptibility may also lead to an improved understanding of the
interactions between flavonoids and Af in general, opening up
the possibility of targeting the more toxic soluble oligomers, as
well. Molecular dynamics (MD) simulations are useful in exam-
ining such atomic-level behavior that is otherwise obscured from
most experimental techniques. Here, we employ explicit-solvent,
atomistic simulations on the submicrosecond time scale to study
the interaction of morin with a model of the Af,, fibril.

EXPERIMENTAL PROCEDURES

Parametrization of Morin. The initial topology for morin
was generated using the PRODRG 2.5 server (39). Charges and
charge groups were refined according to functional groups
present within the GrRomos96 53A6 parameter set (40). For
functional groups not present in the force field (ether and ketone),
charges were taken from Stubbs et al. (47), with van der Waals
parameters assigned using GRomM0s96 atom types.

To validate the parameters assigned to morin, we prepared
several systems to calculate the free energy of transferring morin
from the gas phase to water, and from octanol to water to
calculate the logP value, the octanol—water partitioning coeffi-
cient, for this process. The value of logP is calculated as

logP _ 10g ([somte]octanol)

[solute] water

For each system, morin was centered within a cubic box. Gas-
phase systems were set up using a nonperiodic 10 nm box. For
systems solvated in water, a 3 nm box was filled with SPC
water (42). For octanol-solvated systems, a 4 nm box was first
filled with pre-equilibrated octanol, and enough water molecules
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were added randomly within the box to achieve the experimen-
tally determined 0.255 mol fraction of water and octanol at
298 K (43, 44). This setup models the environment that morin
would experience in a biphasic octanol/water system, from which
logP can be calculated. To better sample the heterogeneous
octanol/water systems, three simulations were conducted from
different starting solvent configurations and random initial
velocities. For simulations of morin in the gas phase and in
water, only one simulation was conducted.

For thermodynamic integration calculations, the change in
free energy, AG, is calculated from the derivative of the system
Hamiltonian with respect to the coupling parameter, A, between
the fully solvent-coupled (4 = 0) and solvent-decoupled (4 = 1)

states:
J=1
AG — / <ﬂi>> m
1=0 i /;

For each 4 point, charges were turned off first, independently of
the Lennard-Jones parameters. Scaling of the Lennard-Jones
parameters utilized a soft-core potential (45), but no soft-core
potential was applied to the scaling of the charges. A total of 21 4
points were used for the integration (0, 0.005, 0.01, 0.02, 0.025,
0.05,0.075,0.1,0.2,0.3,0.4,0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9,
0.95, and 1). Hysteresis checks were conducted for each simula-
tion, defining the fully solvent-coupled state as A = 1 and the fully
decoupled state as A = 0. The A values utilized in these simu-
lations were complementary to those listed above (0, 0.05, 0.1,
0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.925, 0.95,
0.975, 0.980, 0.990, 0.995, and 1). The asymmetry in the A point
spacing was based on work by Hess and van der Vegt (46), who
suggested that an increased level of data collection at A values
near the fully coupled state was necessary to properly define the
0H/0A curve for compounds that interact with the solvent
through hydrogen bonding.

At each value of 1, the morin systems were energy-minimized
using the steepest descent method, equilibrated for 10 ps under an
isochoric—isothermal (NVT) ensemble, and then equilibrated for
an additional 100 ps under an isothermal—isobaric (NPT)
ensemble. Production simulations were conducted for 5 ns under
an NPT ensemble. All steps utilized a Langevin integrator (47) to
maintain the temperature of the system at 298 K, and the NPT
ensembles added the Berendsen weak coupling method (48) to
maintain the pressure at 1 bar. All bond lengths were constrained
using LINCS (49), allowing an integration step of 2 fs. For gas-
phase systems, no cutoffs were applied and the neighbor list was
fixed. For solvated systems, long-range electrostatics were calcu-
lated using the smooth particle mesh Ewald (PME) method
(50, 51), with the real-space contribution to the Coulombic
interactions truncated at 0.9 nm. Van der Waals interactions
were truncated at 1.4 nm, with dispersion correction applied to
the energy and pressure terms. The neighbor list was updated
every five simulation steps (10 fs).

The thermodynamic cycle used to calculate the AG of trans-
ferring morin from octanol to water is shown in Figure 1.

From this thermodynamic cycle, the following relationships
can be established:

AGhydr = AGl + AG4 - AGZ
AGyoy = AG1+AGy— AGs

Because AGy4 represents the interaction energy of dummy
particles in solvent, this term in each equation is equal to zero.
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FIGURE 1: Structure of morin (top), with ring systems labeled ac-
cording to standard nomenclature, and thermodynamic cycle used
for thermodynamic integration (bottom).

Because AG, is common to both AGhygr and AGiy, the final
expression becomes simply

AGtransfer = AGsolv - AGhydr = AGZ - AG?

Finally, it follows from the above calculation of AG;ansfer that
logP can be calculated from the following expression:

AGtransfer = _2303RT IOgP

Molecular Dynamics Simulations of AB Protofibril Sys-
tems. The structure chosen to serve as a model of the mature
Ay, fibril is a pentapeptide segment of the A protofilament, as
determined by solid-state NMR (28). The structure features
an N-terminal S-strand (termed f1, residues 18—26) and a
C-terminal f-strand (82, from residues 31—42), with a bend
region connecting the two. While this model of the A fibril has
been a popular one for simulation studies and interpretation of
experimental data, it has recently been reported that the condi-
tions under which Af fibrils are grown may influence their
structural characteristics (33, 34). This pentameric structure is
the repeat unit of the mature A fibril and, in isolation, is best
described as a protofibril, distinct from soluble oligomeric species
of AB. Thus, in this work, we refer to the structure as a proto-
fibril. The 16 N-terminal residues of each peptide are missing in
this structure, so the N-terminus of each peptide was capped with
an acetyl group, giving uncharged N-termini. The residue
numbering scheme used here refers to amino acid positions in
the full-length Af peptide, for ease of comparison to other
experimental and theoretical studies of Ap. Previous work
(52, 53) has concluded that this region of Af4 (residues
17—42) is principally responsible for the stability of the mature
fibril, and thus this core region, lacking the 16 N-terminal
residues, serves as a suitable model of the full-length fibril and
is similar to model systems previously used for simulation
studies (54—59). Several different systems were prepared and
are described in the following sections.

All simulations were conducted using the GRomacs package,
with parameters from the GRomM0s96 53A6 parameter set (40)
applied to the protein, water, ions, and morin (derived above).
The water model used in all cases was SPC (42). The NaCl
concentration in all simulations was approximately 100 mM,
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after addition of Na* counterions sufficient to neutralize the net
charge on the protofibril. In all cases, short-range nonbonded
interactions were truncated at 1.4 nm, applying long-range
dispersion correction to the energy and pressure terms to account
for truncation of the van der Waals interactions. Long-range
electrostatics were calculated using the smooth particle mesh
Ewald (PME) method (50, 51). All bond lengths were constrained
with LINCS (49, 60), allowing an integration time step of 2 fs.
Periodic boundary conditions were applied in all directions.

In each simulation set, systems were simulated for at least
100 ns; exact times are noted in the detailed description that
follows. General preparation steps were common to all systems,
again, with minor differences noted below. Once built and
energy-minimized using the steepest descents method, each
system was equilibrated under NVT conditions for 50 ps at
310 K, the incubation temperature of the experimental as-
says (19), followed by 50 ps under NPT conditions, applying
position restraints to the peptides. Weak coupling (48) was
applied during equilibration, but for data collection, the
Nosé-Hoover thermostat (67, 62) and Parrinello-Rahman baro-
stat (63, 64) were employed to generate a rigorous NPT
ensemble (6/—64).

Set I. Control Af Protofibrils. The six simulations in set I
were the negative controls, consisting only of the Af protofibril
structure in an aqueous solution of 100 mM NaCl. Set I
simulations serve to expose the inherent fluctuations in the Ap
protofibril structure under physiologically relevant conditions.
To construct these systems, we centered the pentameric structure
in a 6.9 nm cubic box, to which water and ions were added, as
discussed above. Set I simulations were conducted for 100 ns.

Set I1. A3 Protofibrils with Diffuse Morin. The six systems
in set [T included 10 morin molecules in the solvent around the Af
protofibril structure, giving a 2:1 mole ratio of compound to
peptide, as in the fibril destabilization assays conducted by Ono
etal. (19). These systems were prepared as described for set I, with
the morin added at random positions within the unit cell prior to
solvation and the addition of ions. These systems were simulated
for up to 400 ns for reasons described in Results.

Set 111. AP Protofibrils with Inserted Morin. For the six
simulations in set I1I, a single molecule of morin was steered into
the core of the Af protofibril using the center-of-mass (COM)
pulling capability of GRomAcs. The target was a small opening in
the protofibril present in the initial NMR structure, described in
greater detail in Results. Into these systems were inserted nine
additional morin molecules at random positions around the
protofibril structure to give the same mole ratio as in set I1. All
simulations were conducted for 400 ns.

Set IV. Assembly Mechanism of the A Protofibrils. The
final set of simulations (set IV) applied COM pulling to draw a
free peptide toward the AS protofibril structure, in the presence
and absence of morin. The starting structure for the Apf
protofibril in simulations IV-1, IV-2, and IV-3 (without morin)
was taken from the final configuration of simulation I-1, a
representative result of that set. For simulations V-4, IV-5, and
IV-6 (treated with morin), the protofibril and morin coordinates
were taken from a representative snapshot of simulation I1-5. We
generated a free peptide by extracting the coordinates of one Af3
peptide from the original NMR structure and simulating it for
100 ns in SPC water with 100 mM NaCl. This simulation was
judged stable via examination of the convergence of intrapeptide
hydrogen bonds, solvent-accessible surface area (SASA), radius
of gyration, root-mean-square deviation (rmsd), and the number
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of intrapeptide atomic contacts (data not shown). This peptide,
having adopted a collapsed-coil structure with little S-strand
content resembling the structure described by Zhang et al. (65),
was placed within a rectangular box 5.0 nm from the closest
peptide in the protofibril, directly along the z-axis. Prior to being
pulled, the system was equilibrated under an NPT ensemble for
100 ps. After equilibration, the free peptide was pulled toward the
protofibril structure. During the pulling, position restraints were
placed on the Ca atoms of the center peptide of the protofibril to
establish a fixed target location. After the free peptide had
been pulled along the z-axis (directly coincident with the proto-
fibril axis) to achieve a roughly 1.4 nm COM distance between the
free peptide and nearest peptide in the protofibril, the biasing
force was released and unrestrained simulations were conducted
for 100 ns, with each independent simulation initiated with
different starting velocities.

RESULTS

Parametrization of Morin. Parametrization of compounds
for use with the Gromos96 force fields involves replication of
experimentally determined free energies of solvation (transfer
from gas phase to solution) in different media. Such experimental
data are unavailable for morin, and thus we took an alternate,
but still related, approach to its parametrization. Two criteria
were used to judge the reliability of the parameters derived for
morin, AGyyq, (Figure 1) and logP. For AGy,yq,, we compared our
results to previous quantum mechanical calculations of the
theoretical AGyyq, instead of experimental data, which are not
available. Work by Rackova et al. determined this value to be
—32.10 kcal/mol (66). From our thermodynamic integration
calculations, we determined a AGhyq, value of —32.32 kcal/mol,
a 0.7% difference with respect to the ab initio results. The logP
value for morin predicted by thermodynamic integration is
2.63 £ 0.42, higher than the experimentally determined value
of 1.27 £ 0.07 (67). Previous work has determined that the
parameters in the GRomM0s96 53A6 set may overestimate logP
values by up to 1 unit (68). Some error in determining logP may
be introduced by the need to use a heterogeneous octanol/water
phase in these calculations. The initial random placement of
water molecules may influence their association with the solute
(morin) over time, an effect we attempted to minimize by running
several simulations. Also, we made the assumption that standard
GroM0s96 53A6 parameters were appropriate for application to
octanol (alcohol charges and atom types, uncharged alkyl chain,
all with standard bond, angle, and dihedral parameters). Calcu-
lated values of logP and AGhyg, for quercetin and kaempferol
gave results with similar accuracy (data not shown). Given this
information, we concluded that our parameters for morin were
reliable, within the inherent limitations of the chosen force field
and the techniques applied.

Structural Stability of AB Protofibrils. The set I simula-
tions serve as a benchmark to understanding the inherent stability
of the Afy protofibrils. Although similar simulations have
already been performed (52), that work used a different force
field, OPLS-AA (69), and thus, it was important for us to
generate our own set of controls using the GrRomM0s96 53A6
parameter set, which was chosen for this study. Over the course of
the six independent 100 ns simulations in this set, only small
deviations from the initial structure were observed. Some twisting
was apparent in the 51 and B2 regions, such that the g-strands
were not entirely coplanar, allowing for an increased level of side
chain packing. This phenomenon has been proposed previously
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as a factor contributing to amyloid fibril stability (52, 56, 57, 70).
A representative data set (from simulation I-5) is shown in
Figure 2, including the final configuration after simulation
for 100 ns, the root-mean-square deviation (rmsd) and root-
mean-square fluctuation (RMSF) over time for each peptide, and
the number of interpeptide backbone hydrogen bonds for each
pair of neighboring peptides. The peptides are labeled A—E, with
peptide A colored blue and peptide E red in Figure 2A. Peptide A
has been proposed to be the end of the fibril to which incoming
peptides attach in the unidirectional model of amyloid fibril
growth (28). Complete data sets (final snapshots, rmsd, rmsf,
number of hydrogen bonds, and salt bridge distances) for the
simulations in set I are available as Supporting Information
(Figures S1—S5 and Tables S1—S3).

On average, each peptide chain (across all six simulations)
stabilized at an rmsd value of approximately 0.25 £+ 0.02 nm,
indicating a very low level of overall structural change. From
the rmsf data, it is clear that the most flexible regions of each
peptide are the C-terminus (residues 40—42) and those residues in
the vicinity of the bend region (residues 25—30) that connects the
two f-strands in each peptide. Interchain backbone hydrogen
bonds were also very stable across all simulations, with an
average of 22.0 £+ 0.8 hydrogen bonds (averaged over all
neighboring peptide pairs, A—B, B—C, C—D, and D—E) persist-
ing throughout all of the 100 ns trajectories. Also of interest in
these simulations is the stability of the interpeptide Asp—Lys salt
bridges. Across all six simulations, these interactions were very
stable, with the average distance between the N¢-amino groups
and corresponding Cy-carboxylates being approximately 0.35 +
0.04 nm, averaged over all peptides and all six simulations.

Binding Modes of Morin. Simulations as part of set II were
designed to model the assay conditions (temperature, ionic
strength of the solvent, and morin concentration) used by Ono
et al. in their fibril destabilization assays (/9). The highest
concentration of morin (and thus the highest mole ratio of morin
to ApB, 2:1) used in the in vitro work was chosen for this study
to maximize the likelihood of the desired phenomena being
observed within a time frame that is feasible using MD simula-
tions. Simulations were conducted for sufficient time to allow the
positions of morin to reach equilibrium around the AS proto-
fibril. That is, simulations were stopped only after the position of
morin was largely unchanged over time (net change in position
of <0.001 nm over the last half of the trajectory, and fluctuations
in the COM position of each morin molecule no greater than
approximately 0.01 nm/ps) and other quantities related to protein
stability (rmsd, rmsf, number of hydrogen bonds, and salt bridge
distances) had converged. These criteria resulted in three simu-
lations 100 ns in length (II-1, II-3, and II-6), two simulations
200 ns in length (II-4 and II-5), and one simulation 400 ns in
length (I1-2).

Over the course of these simulations, morin was rapidly
deposited onto the surface of the A protofibril (within 10—
20 ns), establishing a large number of hydrophobic contacts with
amino acid side chains in the protofibril (Figure S12 of the
Supporting Information), a phenomenon that is not unexpected,
given the large hydrophobic surface area of the protofibril
structure and the low solubility of morin in water. Over time,
the contacts between morin and the Af protofibril evolved to
generate two principal binding modes. The first is what we will
call “capping”, such that a network of morin molecules assembled
at one end of the Af protofibril, occupying the backbone
hydrogen bonding groups of the peptides (A and E) that are
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FIGURE 2: Representative data set from set I, taken from simulation I-5: (A) structure of the Af protofibril after 100 ns, generated with
PyMOL (79); peptides are denoted in the text as A (blue) to E (red), (B) rmsd values of each peptide chain, (C) rmsf values of each peptide chain,

and (D) number of interchain backbone hydrogen bonds over time.

exposed to solvent (Figure 3A and Figure S10 and Table S6 of the
Supporting Information). This capping was present, to varying
extents, in simulations II-1, 11-2, T1-4, I1-5, and II-6. In simulation
II-3, morin aggregated on the hydrophobic surface presented
by the C-terminal residues. Images from the final snapshot of
these simulations are shown in Figure S6 of the Supporting
Information.

The second binding mode involves the partial penetration of
morin into the hydrophobic interior of the protofibril and was
observed only in simulation II-2 (Figure 3B). During the 400 ns
trajectory, it was observed that the interaction between morin
and the Asp23 and Lys28 residues in peptides A and B persisted
for more than 82.5% of this simulation (from the period of
10—340 ns), although by the end of the simulation, the interaction
of morin with these charged residues was not present. Full
entrance of morin into the hydrophobic core of the Af protofibril
was not observed in this trajectory, but the result of simulation
11-2 indicated the potential for this entrance event to occur and is
explored later in set III.

The binding of morin to the surface of the Af protofibril had
little effect on the stability of the protofibril structure. When
morin bound to the ends of the protofibrils, the rmsd and
rmsf of the terminal peptide (chains A and E, with which
morin interacted most directly) did not increase substantially
(Figures S7 and S8 of the Supporting Information). In two cases
(simulations I1-4 and II-6), the association of morin with peptide
A attracted Asp23 of peptide A away from its native salt bridge

with Lys28 in peptide B (Figure S13 of the Supporting In-
formation), destabilizing native backbone hydrogen bonding
and indicating that peripheral association may cause some small
level of destabilization of the bend region. In simulation I1-4, this
interaction decreased the number of backbone hydrogen bonds
between peptides A and B to 17.3 4+ 1.3 per time frame, with
similar results in simulation I1-6 (17.9 £ 1.2) relative to the con-
trol value of this parameter (21.1 £ 0.6 hydrogen bonds per time
frame). The partial insertion of morin in simulation I1-2 caused a
slight increase in the rmsf of the residues in the bend region
between residues 25 and 30, likely due to the reorientation of
Lys28 in peptide A toward the solvent, resulting in increased
flexibility in this region of the peptide. Also in simulation II-2, the
interaction between Lys28 of peptide B and Asp23 of peptide A
was periodically destabilized (from 200 to 350 ns) by this partial
morin insertion (Figure S13 of the Supporting Information).
Capping networks of morin also destabilized this same salt bridge
in the other simulations in set II, though by a slightly different
mechanism. Whereas the partial penetration of morin in simula-
tion I1-2 interfered with the Asp23—Lys28 salt bridge by compet-
ing for hydrogen bonding, capping networks destabilized the
salt bridge by simply attracting Asp23 outward, toward the
solvent. In some cases (simulations II-1 and I1-2), this salt bridge
destabilization was more periodic, and in other cases (simulations
II-4 and II-6), it was more persistent (Figure S13 of the
Supporting Information). The stability of the Asp23—Lys28 salt
bridge between peptides A and B in simulations I1-3 and I1-5 was
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FI1GURE 3: Two modes of binding of morin to the Af protofibril: (A)
capping, taken from a snapshot of simulation II-5 at 170 ns, and (B)
insertion in the vicinity of the Asp23—Lys28 salt bridge, from a
snapshot of simulation II-2 at 260 ns. Putative hydrogen bonds
are shown as black dashed lines. Images were generated with
PyMOL (79).

comparable to the controls of set I (Figure S13 and Table S6 of
the Supporting Information), indicating that deposition of morin
in the 52 region of the protofibril (in the case of simulation I1-3)
does not influence the stability of this interaction. In simulation
II-5, the morin capping group formed farther from the bend
region than in the other simulations, and thus, few interactions
between morin and Asp23 of peptide A were observed. Complete
data sets for the simulations in set II are available as Supporting
Information (Figures S6—S13 and Tables S4—S8).

Morin Destabilizes A Protofibrils by Inserting into the
Hydrophobic Core. The results of the simulations in set II
suggest that binding of morin to the surface of the A protofibril
does little to destabilize its structure. We hypothesized that morin
may exert its destabilizing effect by gaining entry into the
hydrophobic core of the protofibril, a process that may evolve
over long periods of time or occur with an energy penalty that
cannot be overcome using conventional MD. On the basis of
the results of simulation II-2, this hypothesis seems plausible,
since one morin molecule partially inserted into the core of the
protofibril, but perhaps the time frame necessary to see full,
spontaneous penetration exceeds that of even the submicrose-
cond simulations conducted here. To accelerate the entrance of
morin into the hydrophobic core of the protofibril, we applied
COM pulling to a molecule of morin to place it into a small,
solvent-accessible cavity present in the initial NMR structure
(Figure 4A). This initial placement allowed for the assessment of
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the stability of the interaction between morin and the protofibril
interior. In five of the six simulations in set III, the initially
inserted morin molecule remained located within the core of the
protofibril, and in some cases, additional morin molecules
penetrated in, as well (Figure S15 of the Supporting In-
formation): one molecule in simulation I11-4 and two molecules
in simulations III-3 and III-5. This observation indicates that,
while the initial penetration of the first morin molecule may occur
over very long periods of time (as implied by the results of set IT),
once morin has accessed the interior of the protofibril, other
molecules may penetrate in, as well. In simulation III-2, the
inserted morin molecule exited from the core of the protofibril
within 10 ns. For this reason, we do not consider the data from
this simulation, but we do note that while morin may be capable
of entering into the Ap fibril, it may also exit with a finite
probability.

Complete data sets for the simulations in set I1I are available as
Supporting Information (Figures S14—S21 and Tables S9—S13).
Over time, the position of the inserted morin molecule moved
from its initial location in the center of the protofibril structure
(Figure 4A.B) to interact principally with the Asp23—Lys28
interchain salt bridges of peptides A and B, within the solvent-
accessible channel defined by Ile32 and Leu34 (Figure 4C,D).
This location was preferred by morin in simulation II-2 in
the case of the partially inserted molecule (Figure S14 of the
Supporting Information). A more detailed analysis reveals
that hydrogen bonding interactions of morin, principally
involving hydrogen bonding groups on the A and B rings of
morin (Figure 1), with Asp23 and Lys28 lead to a disruption of
the native Asp23—Lys28 salt bridge and backbone hydrogen
bonding between peptides A and B (Figure 5A,B), promoting
some disordering of the bend region and an increased rmsf of
residues 21—30 (Figure S17 of the Supporting Information).
This interaction is further stabilized by hydrophobic packing
with Ile32 and Leu34 (Figure 5C,D). A representative example
of this destabilization is observed in simulation I1I-3. Within
25 ns, morin had moved from its initial placement and was
interacting with the Asp23—Lys28 salt bridge. After approxi-
mately 80 ns, the distance between the charged moieties of
these side chains was greater than 1.0 nm because of the
disruption by morin (Figure S21 of the Supporting In-
formation); this distance persisted for much of the remaining
simulation time, far longer than the set I results that indicated
the salt bridge distance should persist at approximately 0.35
0.04 nm. While causing the destabilization of the salt bridge,
several other morin molecules associated with this disordered
region of the A protofibril, and over time, these molecules
interrupted the native backbone hydrogen bonds between
peptides A and B (Figure 5), allowing an average of only
13.2 £ 1.5 hydrogen bonds to persist between these two pep-
tides over the last 200 ns of simulation time, well below the
control value of 21.1 £ 0.6 hydrogen bonds. Once these back-
bone—backbone hydrogen bonds were broken, they were
solvated and did not tend to re-form. Few hydrogen bonds
between morin and the peptide backbone persisted throughout
the simulations in set III (Table SI1 of the Supporting
Information), indicating that morin was capable of competing
for these native hydrogen bonds, but once exposed to solvent,
the peptide backbone preferred to form hydrogen bonds with
water. The result of these broken interactions was a dra-
matically increased backbone rmsd for peptide A of 0.50 +
0.03 nm, double that of the controls in set I.
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FIiGURE 4: Initial placement of morin when inserted into the AS protofibril. (A) Surface rendering showing the internal cavity to which morin was
targeted using COM pulling. (B) Alternate view of the same starting structure with the initially inserted morin molecule colored light blue and
another nearby morin molecule light gray. (C) Final position (400 ns) of the inserted morin molecule in simulation III-4. (D) Alternate view of
panel C, with the initially inserted morin molecule (light blue) and another morin molecule that entered the protofibril core (light green) shown.
Other morin molecules are colored light gray. In all panels, Asp23 and Lys28 are shown as sticks for reference. Note that, for the sake of clarity, not
all 10 morin molecules present in the unit cell are visible in all panels. Images were generated with PyMOL (79).

FIGURE 5: Destabilization of the AS protofibril by morin in the protofibril interior. (A) Image from a snapshot at 400 ns of simulation I1I-3,
showing the persistence of three morin molecules (light blue) within the protofibril core, causing a destabilization of peptide A. (B) Disruption of
native backbone hydrogen bonds by morin from the same snapshot as in panel A, with putative hydrogen bonds indicated as black dashes. Asp23
and Lys28 are shown as sticks and colored by element. Interactions among morin, Ile32, and Leu34 are shown in panels C and D for simulations
I11-3 and I11-4, respectively, with surface representations showing hydrophobic packing. Protein residues are shown as sticks and colored by
element; morin molecules are shown in sticks and colored light blue. Images were generated with PyMOL (79).

It should be noted here that more hydrogen bonds formed II than in set IIT (Figures S10 and S19 and Tables S6 and S11 of
between morin and the peptide backbone in the simulations in set the Supporting Information), principally due to the formation of
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FIGURE 6: Disruption of the native interpeptide Asp23—Lys28 salt
bridges in simulation I1I-6. (A) Initial structure after equilibration
and (B) structure at 400 ns, showing the shift in the position of the
Lys28 residues. Black dashed lines show hydrogen bonding and
electrostatic interactions, and the arrow points to the growing end
of the fibril. Images were generated with PyMOL (79).

the capping networks previously described, wherein morin
occupied backbone amide groups at the ends of the protofibrils
that are otherwise exposed to solvent. In the simulations in set I1I,
hydrogen bonds were principally formed between morin and
backbone amides that form interpeptide hydrogen bonds, there-
by disrupting these native interactions. These hydrogen bonds
did not persist for long periods of time, however, and as the
backbone was exposed to solvent, these hydrogen bonding
groups were increasingly occupied by water molecules.

The observations enumerated above are largely shared among
the other simulations that are part of set I1I. In all of these cases,
the backbone rmsd of peptide A (with which morin principally
interacts) reached a stable value on the order of 0.50 nm (Figure
S16 of the Supporting Information), and the rmsf of the bend
region increased substantially relative to the control results of set
I (Figure S17 of the Supporting Information). In simulation I1I-6,
a unique behavior was observed with regard to the interpeptide
salt bridges. The presence of morin in the core of the protofibril
caused the Lys28 side chains to shift their orientation, such that
they were oriented away from the “growing end” of the proto-
fibril structure (Figure 6 and Figure S21 of the Supporting
Information). Thus, the native interdigitation of Lys28 with
Asp23 of neighboring peptides was perturbed. The integrity of
the interpeptide salt bridges and side chain packing around them
has been proposed to be an important contribution in the
stability of the Af, fibril (53), and thus, it can be seen that the
presence of morin in the protofibril interior, by interfering with
native packing and by forming hydrogen bonds within the salt
bridges, can interrupt these stabilizing interactions.

Morin Inhibits the Assembly of the A Protofibril. The
simulations conducted as part of set IT indicated that the principal
mode of interaction between morin and the Af protofibril was
capping, although partial penetration into the hydrophobic
core was observed (simulation 1I-2). We hypothesized that the
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capping of the protofibril by morin could preclude the associa-
tion of an incoming Af peptide by blocking potential backbone
hydrogen bonds and other side chain packing interactions that
would lead to the growth of the protofibril. To test this theory, we
employed COM pulling to promote the association of a free
peptide with the protofibril, either in the absence (IV-1, IV-2, and
IV-3) or in the presence (IV-4, IV-5, and IV-6) of morin.

The free peptides in both simulations were pulled toward the
protofibril along the z-axis (coincident with the protofibril axis)
until a COM separation between peptide A and the free peptide
of approximately 1.4 nm was achieved, after which 100 ns
of unrestrained MD was performed. In these simulations, the
free peptide in simulations IV-1, IV-2, and IV-3 established close
contact with the protofibril (Figure 7A and Figure S22 of
the Supporting Information), while morin effectively blocked
this association in simulations 1V-4, IV-5, and V-6 (Figure 7B
and Figure S22 of the Supporting Information). In the case of
simulation IV-6, the free peptide was directed away from the end
of the protofibril and toward the N-terminal face of the structure
as a result of its interactions with morin (Figure S22 of the
Supporting Information).

Over the course of 100 ns, the untreated systems established an
average of 6.7 + 1.7 hydrogen bonds per time frame between the
free peptide and chain A of the protofibril (Figure S25 and Table
S16 of the Supporting Information), while in simulations IV-4,
IV-5, and IV-6, these peptides formed only 2.2 4 1.9 hydrogen
bonds during the same period (Figure S28 and Table S19 of the
Supporting Information). Morin was able to sequester the free
peptide away from the protofibril, with a COM distance between
the free peptide and chain A stabilizing at an average distance of
1.08 £ 0.52 nm in the untreated systems, while in the morin-
treated systems, this distance averaged 1.24 £ 0.10 nm (Figures
S23 and S26 and Tables S14 and S17 of the Supporting
Information). The reduced contact between the free peptide
and the protofibril was also manifested in the substantially
reduced number of atomic contacts between the incoming
peptide and chain A. In the untreated systems, 1274 + 327 con-
tacts were formed per time frame, averaged over all systems
(Figure S24 and Table S15 of the Supporting Information), but in
the morin-treated systems, only 579 4 304 contacts were formed
(Figure S27 and Table S18 of the Supporting Information). A
contact was defined as occurring between any atomic pair within
a distance of 0.6 nm, a criterion we previously used when
assessing the stability of Af peptide—peptide interactions (53).

In simulations IV-1 and IV-2, Lys28 of the incoming peptide
formed ionic interactions and hydrogen bonds with the side chain
of Glu22 and backbone of Asp23 of chain A in the protofibril
(Figure 7C). Additionally, in simulation IV-3, a salt bridge
between Asp23 of the free peptide and Lys28 of chain A briefly
formed. These interactions were blocked by a network of hydro-
gen-bonded morin molecules in simulations 1V-4, IV-5, and 1V-6,
precluding a strong association between the incoming peptide
and the fibril (Figure 7D).

Although complete attachment and in-register alignment of
the incoming Af peptide onto the protofibril were not observed
in simulation IV-1, IV-2, or IV-3, it is not expected that this
phenomenon would be seen within a time frame accessible to MD
simulations, although many nativelike contacts formed over the
course of simulation IV-3 (Figure S22 of the Supporting In-
formation). Fibril elongation is observed in vitro over the course
of several hours, well beyond what can be simulated. Never-
theless, morin induces a striking reduction in the number of
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FiGURE 7: Inhibition of A protofibril assembly by morin. (A) Final structure of simulation IV-1 (representative of the untreated systems in this
set). (B) Final structure of simulation I'V-4 (representative of the morin-treated systems). (C) Details of the interactions that form in simulation
IV-1. (D) Association of morin with Asp23 to block its interaction with the incoming peptide in simulation IV-4. In all panels, the protofibril is
colored gray and the free peptide is colored red. In panels C and D, putative hydrogen bonds are indicated by black dashed lines. Glu22, Asp23,
and Lys28 are shown as sticks and colored by element in panels C and D. Similarly, morin is depicted in panels B and D as sticks and colored light

blue. Images were generated with PyMOL (79).

contacts and hydrogen bonds between the incoming A peptide
and the protofibril, suggesting that indeed these capping net-
works are likely capable of inhibiting fibril elongation by block-
ing the attachment of an incoming peptide onto the growing end
of an Afy, fibril. Complete data sets for the simulations in set IV
are available as Supporting Information (Figures S22—S28 and
Tables S14—S19).

DISCUSSION

A number of in vitro (18, 19, 22) and in vivo (20, 21) studies
have suggested that polyphenols (flavonoids) from red wine and
other food products are effective in disrupting aggregates of Ap,
including fully formed fibrils, rendering them less cytotoxic. The
in vivo results further suggest that such intervention may improve
cognitive ability in patients suffering from Alzheimer’s disease.
Missing in the literature thus far is the detailed mechanism of how
these flavonoids exert their beneficial effect, knowledge that is
essential to the development of therapeutic compounds. Over the
course of 24 explicit-solvent, atomistic MD simulations totaling
4.3 us of simulation time, we have probed the interactions of
morin with a model of the Af4, fibril.

MD simulations have been conducted on a number of models
of the Ap fibril under various conditions (52, 54—58); also among
these are investigations of the interaction between A fibrils and
aromatic compounds (7/) and ibuprofen (59). Clearly, there is
great interest in understanding how small molecules might
interact with, and ultimately destabilize, Af assemblies. Poly-
phenolic compounds such as morin are attractive therapeutic
candidates, as they are found in natural food products, are
capable of crossing the blood—brain barrier (20, 21), and are
nontoxic in clinically relevant doses (72). As such, interactions

between flavonoids and a-synuclein (73) and the human islet
amyloid polypeptide (hIAPP) (74) have already been studied for
the purposes of treating a variety of conditions, but so far,
flavonoid—Ap interactions remain largely uncharacterized.

In the context of inhibiting fibrillation, our results agree with a
previous study conducted by Porat et al., who used phenol red to
inhibit hIAPP fibril growth (74). In that work, aromatic interac-
tions were identified as the basis for the inhibition of fibril
growth, a conclusion that extends to this study. We find that,
when initially placed in solution around a preformed Afy,
protofibril, morin had a tendency to quickly deposit on the
surface of the protofibril and form networks that were stabilized
by hydrophobic interactions and hydrogen bonding. In several of
the simulations in set I1, these networks developed at the ends of
the Af protofibril structure that served here as a model of the full-
length Afy4, fibril. These capping complexes most frequently
formed in the vicinity of the Phel9—Phe20 dyad, anchored by
aromatic stacking interactions and hydrogen bonds to the
peptide backbone and Asp23. By occupying the backbone
hydrogen bonding groups and side chains that would otherwise
be accessible to an incoming peptide, morin precludes this
interaction, inhibiting fibril elongation, as we have shown in
simulations IV-4, IV-5, and IV-6.

We also find that there is a finite probability of morin entering
into the hydrophobic core of the AS protofibril. Although this
process was not completely observed in any of the set II
simulations, a single molecule of morin interacted strongly with
the Asp23 and Lys28 residues of peptides A and B, respectively,
in simulation II-2. These interactions allowed this morin mole-
cule to stably bind at this location and partially insert into the
core of the protofibril. The possibility of complete insertion,
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perhaps inaccessible on the computational time scale, led to the
simulations conducted as members of set I1I, in which morin was
placed within the hydrophobic core of the protofibril at the outset
of the simulations. Over these trajectories, morin tended to orient
itself such that it interacted with the Asp23—Lys28 salt bridges,
adopting a position similar to that of simulation II-2, but more
deeply embedded in the protofibril. The relative agreement of the
morin position in simulation II-2 and those of set I1I (Figure S14
of the Supporting Information) provides strong evidence that
morin may interact with the Asp23—Lys28 salt bridge, a region of
the Ap structure that is accessible from the surrounding solvent,
to gain entry into the hydrophobic core and lead to destabiliza-
tion. Such positioning near the Asp23—Lys28 salt bridges
disrupted these ionic interactions and allowed morin to compete
for backbone hydrogen bonds between peptides. Upon destabi-
lization of these native hydrogen bonds, the peptide backbone
became solvated and increasingly accessible to other morin
molecules in the unit cell, a phenomenon that disfavored the
re-formation of these native interactions.

The tendency for morin to associate with Af in this bend
region is not entirely surprising. The bend region presents a
somewhat unique environment, a strong ionic interaction (the
Asp23—Lys28 salt bridge) packed against two bulky hydropho-
bic residues (Ile32 and Leu34) that define a narrow channel of
water that promotes the stability of the protofibril structure as a
whole, as we demonstrated previously (53), in agreement with
existing reports of model Af fibrils (56—358). Hydration of
internal cavities has also been demonstrated experimentally in
the case of polyglutamine (75) and folding intermediates of 52-
microglobulin fibrils (76). By virtue of its numerous hydrogen
bonding groups, morin established favorable interactions with
the salt bridge in this region of Af while simultaneously packing
against the hydrophobic moieties in the 52 region.

The effects of flavonoids on fibril formation in a number of
other systems have been studied recently (73, 74, 77), highlighting
the role of aromatic interactions between fibrillation inhibitors
and phenylalanine or tyrosine residues in the amyloidogenic
protein. Our results are in agreement with the results of these
other systems. When morin capping complexes form around the
terminal peptides in the protofibril, some aromatic stacking
interactions contribute to the stability of these capping networks,
but there is little structural perturbation in these cases, as the rmsf
of these residues remains comparable to control levels. Thus, we
do not find any interaction between morin and the phenylalanine
dyad in the L;;VFFAE,, sequence that leads to structural
destabilization. These results contrast somewhat with the results
of Convertino et al. (7/), who modeled a trimeric assembly of the
H4QKLVFF,, Af fragment in the presence of anthracene and
9,10-anthraquinone. That study found that aromatic interactions
involving the Phel9—Phe20 dyad attracted the test compounds
to the peptide fragment and promoted backbone—aromatic
interactions that destabilized the native hydrogen bonding struc-
ture. We observed no such behavior in our simulations, and
thus in the context of morin, we do not believe that the H4-
QKLVFF, sequence is the critical target for destabilizing Af4,
fibrils, although only a small part of this sequence was modeled in
this study. It may be of interest to consider even larger models of
mature, full-length Ap fibrils, since several smaller models of this
assembly have now been studied. The results of this work indicate
that morin may destabilize Af fibrils by disrupting interactions
at the ends of the assembly, an observation that would extend to
larger systems, but it also remains of interest to examine the
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potential for morin to interrupt the interactions between fibrils
within amyloid plaques.

The results of the in vitro work by Ono et al. suggest that
flavonoids (including morin) may reduce the rate of fibril
assembly by either promoting depolymerization or inhibiting
polymerization (/9). Our results indicate that perhaps both
phenomena are possible. The results of simulations V-4, IV-5,
and IV-6 suggest that morin can preclude the attachment of an
incoming peptide, thus reducing the rate of polymerization. The
results of sets II and III together also suggest that morin can
destabilize existing protofibril assemblies, perhaps promoting
depolymerization, although complete dissociation of any peptide
from the protofibril was not observed within the time frames
explored in our simulations.

Previous studies on small molecule inhibitors of amyloid fibril
formation have concluded that some compounds are capable of
stabilizing nonfibrillating conformations of the amyloidogenic
proteins (15, 73, 78). In one particularly relevant example, Meng
et al. demonstrated that flavonoids could bind and stabilize
monomeric 0-synuclein, preventing its incorporation into
fibrils (73). Our results do not contradict this possibility in the
context of interactions of morin with Af, as such information
was not directly examined here. Using MD methodology on
other Af systems (monomers, dimers, small oligomers, etc.) in
the presence of flavonoids would further improve our under-
standing of the molecular events of flavonoid-induced aggrega-
tion inhibition, including the possibility that flavonoids may
stabilize nonaggregating or nonfibrillating conformations of Af.

This work has explored the effects of deposition of morin on
the surface of the protofibril, the potential for morin to penetrate
into the hydrophobic core and the resulting destabilization that
occurs once morin enters the protofibril, and the ability of morin
to prevent the attachment of an incoming Af peptide to the
preformed protofibril. The features of morin that allow it to actin
this multifaceted capacity are its aromaticity and hydrogen
bonding capacity. The hydrophobic aromatic rings drive the
initial hydrophobic contacts with the A protofibril (Figure
S12 of the Supporting Information), promote insertion into the
hydrophobic core, pack against Ile32 and Leu34 (Figure 5C,D),
and aid in anchoring the capping networks to the protofibril
(Figure 3A and Figure S6 of the Supporting Information). The
numerous hydrogen bonding groups serve to further stabilize
the capping networks on the ends of the protofibril, disrupt
the Asp23—Lys28 salt bridges (Figures 5B and 6), and perturb
native backbone hydrogen bonding after gaining access to the
interior of the protofibril. The principal mode of protofibril
destabilization by morin is exerted through interactions with the
Asp23—Lys28 salt bridges that have previously been proposed to
be key to the stability of the mature Afy, fibril. The contacts
formed between morin and these residues principally involve
the hydrogen bonding groups (hydroxyl groups and ketone
carbonyl) on the fused A and B rings of morin (Figure 1). These
features are shared among many flavonoids and may explain
why members of this class of compounds have similar efficacy in
inhibiting fibril extension and destabilizing preformed fibrils
despite subtle differences in the number and position of hydroxyl
groups on the C ring (19). These observations may further explain
why compounds such as catechin and epicatechin have reduced
efficacy in the same assays (19); they are less planar (by virtue of
chiral centers in their structures) and lack a strong hydrogen
bond acceptor (the ketone carbonyl), features present in com-
pounds like morin. Taken together, this information provides
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molecular insight into chemical features of small molecules that
will aid in furthering drug design for the treatment of Alzheimer’s
disease.
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