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ABSTRACT: We describe the disruption of amyloid
fibrils of Alzheimer’s amyloid-β peptides by ultrasonic
cavitation. For this purpose, we performed nonequilibrium
all-atom molecular dynamics simulations with sinusoidal
pressure and visualized the process with movies. When the
pressure is negative, a bubble is formed, usually at
hydrophobic residues in the transmembrane region.
Most β-strands maintain their secondary structures in
the bubble. When the pressure becomes positive, the
bubble collapses, and water molecules crash against the
hydrophilic residues in the nontransmembrane region to
disrupt the amyloid. Shorter amyloids require longer
sonication times for disruption because they do not have
enough hydrophobic residues to serve as a nucleus to form
a bubble. These results agree with experiments in which
monodispersed amyloid fibrils were obtained by ultra-
sonication.

Amyloid fibrils are insoluble aggregates of misfolded fibrous
proteins associated with more than 20 human neuro-

degenerative diseases,1−3 For example, Alzheimer’s disease is
caused by amyloid-β (Aβ) peptides, Huntington’s disease is
related to a polyglutamine, the causative substance of Parkinson’s
disease is α-synuclein, and dialysis-related amyloidosis results
from deposition of β2-microglobulin. To overcome these
diseases, it is essential to understand amyloid genesis and
disruption. Ultrasonic waves have been widely used to study the
extension and disruption of amyloid fibrils. Ultrasonication
induces the formation of amyloid fibrils in monomeric solutions
of amyloidogenic proteins.4−6 When ultrasonication is con-
tinued, the preformed amyloid fibrils are broken down into
shorter fibrils.5,7 It has been suggested that cavitation may occur
and disrupt the amyloid fibrils,4 but the mechanism of fibril
extension and disruption is still unknown.
Here, we focus on how cavitation (the formation of bubbles in

liquids) breaks down amyloid fibrils at the atomic level. This
conformational change occurs too quickly to be detected by
experiments. Because this is a nonlinear nonequilibrium
phenomenon including a liquid−gas phase transition, it also
cannot be dealt with by analytical theory. Molecular dynamics
(MD) simulation is a powerful theoretical tool for understanding
atomic-level phenomena. There is, however, no MD simulation
for bubble dynamics in a biomolecular system with an amyloid
fibril. Nonequilibrium MD simulations in biomolecular systems
have been performed usually within a linear response. Nonlinear

phenomena with a phase transition have been rarely treated even
in nonlinear nonequilibrium simulations. Some MD simulations
for bubble formation, growth, and collapse have been conducted
for relatively simple liquids such as Lennard-Jones liquid8,9 and
water9,10 but not in a biomolecular system. There are several MD
simulations of Aβ peptide aggregation,11−13 but there have been
no MD simulations of amyloid fibril disruption conducted to
date. In this study, we performed such simulations and
investigated the mechanism of amyloid disruption by ultrasonic
waves. Through these MD simulations, we clarified how bubbles
are formed and how they break down the amyloid fibrils.
We first modeled an amyloid fibril with 12 Aβ peptides

(residues 17−42) from an experimental conformation (PDB:
2BEG),14 as shown in Figure 1a. The amyloid fibril of Aβ has two

intermolecular β-sheets: one, called β1, is in the nontransmem-
brane (NTM) region (residues 17−28) and the other, called β2,
is in the transmembrane (TM) region (residues 29−42). We
then performed an equilibrium MD simulation of the Aβ fibril in
explicit water. Starting from the equilibrated conformations, one
of which is shown in Figure 1b, we performed nonequilibrium
MD simulations with sinusoidal pressure as illustrated in Figure
1c to mimic the ultrasonic wave. Twenty different initial
conditions were used for statistical analysis. The Generalized-
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Figure 1. (a) Amyloid fibril conformation modeled from an
experimental conformation. (b) One of the initial conformations for
the nonequilibrium MD simulations obtained after equilibration. (c)
Sinusoidal evolution of the set pressure as a function of time.
Conformations in (a) and (b) were created with RasMol.15
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EnsembleMolecular Biophysics (GEMB) program developed by
one of the authors (H.O.)16 was used to perform the MD
simulations. The AMBER parm99SB force field17 was used for
the Aβ peptides, and the TIP3P rigid-body model18 was used for
the water molecules. Temperature was controlled at 298 K with
the Nose−́Hoover thermostat.19 Pressure was controlled with
the Andersen barostat.20 The symplectic21 quaternion scheme
was used for the rigid-body water molecules.22 See Supporting
Information (SI) for the simulation details.
Movie 1 shows a typical MD simulation, and snapshots are

shown in Figure 2. Nothing happened to the amyloid when

pressure was positive. When pressure became negative, a bubble
was formed at hydrophobic residues in the TM region. The
amyloid kept its structure even in the bubble. When the bubble
collapsed after pressure became positive again, water molecules
crashed against hydrophilic residues in the NTM region, and the
amyloid was disrupted. Although a bubble was usually created at
hydrophobic residues in the TM region, as shown in Movie 1, we
also found that a bubble was formed at hydrophobic residues in
the NTM region in one MD simulation. This process is shown in
Movie 2.
Detailed analysis of the MD simulation of Movie 1 and Figure

2 is shown in Figure 3. The other MD trajectories are shown in
the SI. Figure 3a shows the time series of the number of
hydration water molecules per amino acid residue NH2O/Nresidue.
There were more water molecules around the hydrophilic
residues in the NTM region than around the hydrophobic
residues in the NTM and TM regions before the bubble was

formed. When the bubble was formed, the number of hydration
water molecules decreased first around the hydrophobic residues
in the TM region. This means that the bubble was formed around
the hydrophobic residues in the TM region. The fraction of
amino acid residues that had no hydration water molecules
f nonhydrated is shown in Figure 3b. Before the bubble was created,
most of the residues had at least one hydration water molecule.
Once the bubble was formed, the number of residues that had no
hydration water molecules increased. The hydrophilic residues in
the NTM region had the lowest f nonhydrated (40−50%). Although
few water molecules are seen around the amyloid fibril in the
movies, 50−60% of the hydrophilic residues in the NTM region
retained at least one hydration water molecule.
The fraction of residues that formed β-sheets fβ is shown in

Figure 3c. It was determined using the algorithm define
secondary structure of proteins (DSSP). Although the hydro-
phobic residues in the TM region retained the highly formed β-
sheet structure, fβ of the hydrophilic and hydrophobic residues in
the NTM region decreased after bubble formation. This is
because Glu22 and Asp23 in the NTM region deformed the β-
sheet structure. Both residues have negative electric charges. The
repulsion between them is shielded in water but not in the
bubble, which is why the β-sheet structure in the NTM region
was deformed in the bubble.
The time series of bubble volume Vbub is given in Figure 3d.

The bubble was formed, grew, shrank, and collapsed. Once the

Figure 2.MD simulation of Aβ fibril disruption by cavitation. SeeMovie
1 and Movie 2.

Figure 3. Time series of (a) the number of hydration water molecules
per residue, (b) the fraction of nonhydrated residues, (c) the fraction of
β-sheet, (d) bubble volume, and (e) pressure. The results in (a−c) were
calculated for the hydrophilic and hydrophobic residues in the NTM
region and the hydrophobic residues in the TM region. Note that there
are no hydrophilic residues in the TM region.
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bubble had collapsed, another smaller bubble was formed. Such
formation and collapse of the bubble was repeated four or five
times in all 20 MD simulations. This phenomenon has also been
observed in pure liquids using MD simulations23 and hydro-
dynamic calculations.24 It occurs because the temperature
increases locally and instantaneously when the bubble collapses,
and water evaporates to form the next bubble. When the bubble
collapsed, there were sharp peaks in NH2O/Nresidue, as seen in

Figure 3a. In particular, the hydrophilic residues in the NTM
region had the highest peak. This indicates that water molecules
crashed against the hydrophilic residues in the NTM region as jet
flow, as is well-known in cavitation experiments.25 The NH2O/

Nresidue peak of the hydrophobic residues in the NTM region was
also high because they are close to the hydrophilic residues. The
amyloid fibril was then broken down, as shown in Figure 3c. The
time series of pressure is shown in Figure 3e. When there was no
bubble, the instantaneous pressure fluctuated around the set
pressure. It became almost zero when the bubble was formed and
increased sharply when the bubble collapsed.

Figure 4 shows the time series of NH2O/Nresidue, f nonhydrated, and
Vbub before and after bubble formation, which are color-coded
into three sections. In the first section (blue), the set pressure P
was relatively low and negative (P > −75 MPa). The second
(green) and third (red) sections are before and after the bubble
was formed, respectively. Before the bubble was formed, small
bubbles or cavities formed and collapsed several times, as shown
in the second section of the Vbub time series in Figure 4c. NH2O/
Nresidue and f nonhydrated for hydrophobic residues in the TM region
are lower and higher, respectively, than the fitted lines obtained
by linear fitting of the data, while Pwas low and negative. As these
results show, the formation and collapse of cavities is repeated,
and the large bubble is finally formed when the cavity size
becomes larger than some critical size, as in classical nucleation
theory. We note that a bubble can be formed even in the absence
of solutes, but it is known that the formation of a bubble is
accelerated around hydrophobic molecules.10 Because the
attraction between water and hydrophobic molecules is weaker

than that among water molecules, a cavity is easily formed on a
hydrophobic surface under negative pressure.
Once the amyloid fibril had been disrupted by the series of

bubbles, no bubble was formed again during the 10 ns MD
simulation, as shown in Figure 3d, except in one trajectory. This
result indicates that if the Aβ peptides exist separately in water,
they have little ability to serve as a nucleus to form a bubble. We
then performed MD simulations with shorter Aβ fibrils, a
hexamer and a trimer. Figure 5 shows how many times pressure

had been negative before bubbles were formed in the 20 MD
simulations from different initial conditions. In the dodecamer
system, a bubble was formed at the first negative pressure in 14 of
the 20 MD simulations. A bubble was formed at the second and
third negative pressures in 4 and 2 MD simulations, respectively.
The hexamer was disrupted at the first negative pressure in 8MD
simulations. At the second and third negative pressures, bubble
formation was observed in 4 MD simulations. A bubble was
formed at the fourth negative pressure in 2 MD simulations. At
the sixth and eighth negative pressures, a bubble was formed in 1
MD simulation. In all cases, the amyloid fibrils were disrupted
when the bubbles collapsed. On the other hand, a bubble was
formed, and the amyloid was disrupted only in 1 MD simulation
in the trimer system. These results clearly show that it is more
difficult for a shorter amyloid to be a nucleus for bubble
formation. The TM region mainly consists of hydrophobic
residues, which can be the nucleus for bubble formation. In the
case of short amyloid fibrils, the hydrophobic residues do not
gather enough to be a nucleus and more time is required for
bubble formation.
Chatani et al. found that amyloid fibrils were broken down into

shorter fibrils by ultrasonication, and the lengths of the amyloid
fibrils were almost the same.5 This can be explained by our MD
simulations. If the amyloid fibril is longer than some critical
length, the hydrophobic residues can serve as a nucleus for
bubble formation, and the bubble breaks down the fibrils. On the
other hand, if the amyloid fibril is not long enough, the
hydrophobic residues cannot serve as a nucleus, and the amyloid
fibrils are not disrupted. This is why ultrasonication results in
amyloid fibrils of nearly the same length.
The highest pressure Pmax, lowest pressure Pmin, reference

pressure P0, and frequency f in our simulations are different from
those in experiments to allow us to observe bubble formation and
collapse in a reasonable simulation time. Pressure (∼0.1 MPa)
and frequency (∼20 kHz) in most experiments5 are lower than
those in our simulations. Bubble formation depends on the
magnitude and period of negative pressure. A bubble is easily
formed under high negative pressure. The period of negative
pressure can be changed by Pmax, Pmin, P0, and f. As the period of
negative pressure increases, a bubble can be formed more easily.

Figure 4. Time series of (a) NH2O/Nresidue, (b) f nonhydrated, and (c) Vbub

before and after bubble formation. The results for the hydrophobic
residues in the TM region are shown in (a) and (b). The fitted lines were
obtained by linear fitting of the data, while the set pressure P was
relatively low and negative (P > −75 MPa, blue lines).

Figure 5. Histograms showing how many times pressure had been
negative before bubbles were formed in the (a) dodecamer, (b)
hexamer, and (c) trimer systems. Error bars represent standard errors
calculated by the bootstrap method.26 The number of bootstrap cycles
was 1 × 107.
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Pmin in the present MD simulations makes bubble formation
easier, while the present negative pressure period makes it more
difficult than under the usual experimental conditions. Additional
MD simulations under different pressure conditions yield the
same trends as shown in the SI.
In conclusion, we performed nonequilibrium MD simulations

of an Aβ fibril in explicit water with sinusoidal pressure to
understand the molecular mechanism of Aβ fibril disruption by
ultrasonic cavitation. When the pressure was positive, no
significant change was observed in the β-sheet structures. After
the pressure became negative, a bubble was created, usually
around the TM region, which mainly consists of hydrophobic
residues. The fibril retainedmost of the β-sheet structures even in
the bubble. When the pressure became positive again, the bubble
shrank and collapsed, and water molecules crashed against the
hydrophilic residues in the NTM region. The amyloid fibril was
then disrupted. We also investigated the length dependence of
bubble formation using the dodecamer, hexamer, and trimer of
the Aβ peptides. Disruption of shorter amyloids required more
time of negative pressure because the assembly of hydrophobic
residues in the TM region acts as a nucleus for bubble formation.
If the fibril is too short, it does not have enough hydrophobic
residues to create a bubble. This result is consistent with
experiments5 in which monodispersed amyloid fibrils were
obtained by ultrasonication. These simulation results have
provided an understanding of amyloid disruption at the atomic
level, although the size and time scale of the present MD system
are smaller than those of the experiments.
There are some ways to make the present MD simulations

more realistic. For example, when dissolved gases exist in water,
these gases may form a bubble first, while water vapor formed a
bubble in the present simulations. In addition, there is a view that
ultrasonication-dependent fragmentation is caused by shearing
forces produced by the repeated growth and collapse of
bubbles.25 To realize this situation, multiple bubbles should be
formed. It is also known that ultrasonication accelerates the
formation of fibrils from monomers.5 One possible scenario is
that proteins aggregate on the surface of bubbles formed by
ultrasonication because amyloid fibril formation is triggered on
the liquid−gas interface.27 To answer these questions, larger and
longer MD simulations will be necessary. These simulations
would yield insight about the mechanism of amyloidogenesis and
provide useful information to overcome the amyloid diseases.
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