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ABSTRACT: The tau protein is a major component of neurofibrillary tangles,
one of the hallmarks of Alzheimer’s disease, which is the most common
neurodegenerative disorder in the elderly. Experimental and computational
studies have shed light on the fibrillar morphologies of tau and the kinetics of
self-assembly, but little is known about the structural stability of the fibrils in
the presence of external electric fields. We investigated the behavior of cross-β
filaments of tau under the effect of an oscillating external electric field by
means of multiple molecular dynamics simulations. Two models of the
aqueous solvent were used: explicit water and implicit solvent based on the
continuum dielectric. The simulations started from tau filaments with two
different topologies determined by cryogenic electron microscopy of patient samples: the so-called straight filament (SF) and paired
helical filament (PHF). Two values of the electric field strength and oscillation frequencies of 0.1, 1, or 10 GHz were employed. In
all simulations, tau segment 340-KSEKLDFKDRV-350, which includes seven charged side chains, showed pronounced flexibility,
which was exacerbated at high field strength. A larger loss of β-strand content was observed for the SF than for the PHF topology.
Moreover, the SF assembly dissociated into two protofilaments in the presence of the external field, which was not observed for the
more stable PHF topology. The loss of β-sheet structure was highest at the frequency of 1 GHz and smallest at 10 GHz in the
explicit water simulations, while mixed decays of β-sheet content were obtained with the implicit solvent.

■ INTRODUCTION
Tau is an intrinsically disordered protein essential to cellular
function due to its interaction with microtubules. Its functions
include the polymerization of tubulin, intracellular trafficking,
and the stabilization of microtubules, among others.1 Under
abnormal conditions, tau can pathologically aggregate, causing
a set of disorders collectively known as tauopathies. One
important tauopathy is Alzheimer’s disease (AD), and one of
its hallmarks is the appearance of neurofibrillary tangles
(NFTs), composed mainly of aggregated tau. AD is a
multifactorial neurodegenerative disease causing an estimate
of 60−80% of all cases of dementia.2 Another hallmark of AD
is the accumulation of aberrant amyloid precursor protein in
the form of amyloid-β (Aβ) plaques inside neurons. The tau
toxicity model is connected with the amyloid theory as the
presence of Aβ plaques is followed by an increase in tau
phosphorylation. This causes the disruption of microtubules
and eventually neuronal death. Other theories of the causes of
AD include the acetylcholine hypothesis, the glutamate toxicity
hypothesis, blood supply deficiency, and a recent hypothesis
on the possible effects of viruses invading the nervous system
or causing inflammation in the brain.3 Regardless of the
different theories on its causes and mechanisms, patients with
AD show an accumulation of Aβ plaques and NFTs in the
brain.4 Therefore, the onset of AD is defined by a series of

biomarkers categorized mainly into the deposition of Aβ, the
appearance of pathological tau, and external signs of neuro-
degeneration.2 There are two different arrangements of tau
filaments in NFTs: straight filament and paired helical filament
(SF and PHF, respectively; Figure 1). Their names come from
the way they look in negative staining microscopy. PHFs were
the first to be described as the main components of NFTs,5 but
later, it was discovered that NFTs contain both PHFs and SFs,
with a higher proportion of PHFs.6 The proportion of PHFs to
SFs has been reported to be approximately 90%/10%.7 The
first near-atomic resolution cryoelectron microscopy structures
of tau filaments extracted from AD patients confirmed that
subunits (protofilaments) have the same fold irrespective of
the filament topology.8 In-tissue cryogenic electron tomog-
raphy studies of tau fibrils in the context of AD revealed a
specific arrangement of parallel fibrils, with spatially confined
characteristics such as the PHF-SF ratio or the twist of the
fibrils.9 Tau fibrils with the same conformation as those
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obtained from the brains of patients have also been produced
in vitro.10

Molecular dynamics (MD) simulations have been exten-
sively used to study tau protein, especially to investigate its
aggregation pathways. Different regions of the amyloid core of
tau have a high aggregation potential and have been studied
with particular attention, for example, the PHF6 region (306-
VQIVYK-311)11 and the PAM4 (polymorphic amyloid motif
of repeat 4, i.e., 350-VQSKIGSLDNITH-362).12 Simulation
studies have provided evidence that PHF6 is essential for
aggregation,13,14 and this finding has also been supported by
experimental data.15,16 The influence of diverse posttransla-
tional modifications on the structure,17 function,18 and
aggregation19−21 of tau has been reported. Many of these
studies only focus on monomeric fragments or oligomers of
tau.22,23 Leonard et al. studied tau self-assemblies containing
ten peptides,17 and He et al. simulated a full-length tau protein
monomer.24 Another study also simulated the fibrillar core of
tau, adding part of the N-terminal fuzzy coat, and showed the
effect of different mutations on the structural behavior of tau.25

Other research includes the interaction of tau with
membranes,26−28 microtubules,29 Aβ,30,31 or small mole-
cules,32 which have been reviewed recently.33

For a long time, there has been interest in the effect of
electric fields on protein structure. The application of electric
fields began experimentally. For example, Zhao and Yang
showed that the degradation of the secondary structure of
lysozyme caused by electric fields is different from that caused
by thermal effects.34 Complementarily, Budi et al. used MD
simulations to understand the degradation of insulin under

diverse electric fields.35 A later study proposed that there exists
a specific electric field strength threshold at which protein
structure is disrupted.36 Such an insight opened the door to the
use of electric fields to perturb the structures of protein
aggregates. Further experimental results suggest that electric
fields can slow down the aggregation of amyloidogenic
peptides of tau.37 In another study, electric fields were applied
to Drosophila models of sleep disease caused by protein
aggregation, obtaining encouraging results.38 MD simulation
studies involving electric fields were reviewed as early as 10
years ago.39 In recent years, simulation studies by others and us
have focused on the effects of static and oscillating electric
fields on Aβ42.40−42 In another example related to neuro-
degenerative disease, α-synuclein fibrils were shown to lose
their structure under static electric fields of different strengths,
especially those starting at 300 mV/nm.43

Simulations of biological macromolecules can make use of
models at different levels of details, ranging from the full
electronic description obtained with quantum mechanical
simulations, through atomistic descriptions in classical
molecular dynamics, to coarse-grained modeling of molecular
″beads″ of different sizes. In atomistic simulations, further
simplification can be obtained by avoiding the explicit
treatment of solvent molecules, i.e., by treating the water
molecules as a mean-field effect. This results in a considerable
reduction in the calculations needed for each time step, as
water molecules usually require about 90% of the computing
time. Moreover, the lack of friction at the surface of the solute
results in faster transitions.45 The acceleration in the rates of
conformational change in implicit solvent simulations has been

Figure 1. Structures of the simulated systems. The filament core consists of 10 peptides, i.e., two protofilaments of five peptides each. Each peptide
is a c-shaped structure, but the interactions between the two protofilaments vary depending on the topology. (A) The paired helical filament (PHF,
PDB ID: 7NRQ). (B) The straight filament (SF, PDB ID: 7NRS). (C) The topology of each monomeric peptide in its c-shaped conformation is
common to both assemblies, but the SF has an asymmetric interface (blue), while the PHF is symmetric (red). In the fibrillar core of tau, positively
charged residues (shaded blue) are more abundant than negatively charged ones (shaded red). Two important amyloidogenic motifs are
emphasized: PHF6 (residues 306−311, green) and PAM4 (residues 350−362, orange). Adapted from ref 44. Available under a CC-BY-NC license.
Copyright 2018 Goedert et al. Published by Cold Spring Harbor Laboratory Press.
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reported to vary, with a speed-up for large conformational
transitions of up to a factor of 100 with respect to explicit
solvent.46,47 Both types of simulations can be used to study the
dynamics of proteins48,49 and peptides,50 investigate ligand
binding,51 and estimate binding free energy.52,53

The implicit model of solvation has been widely applied to
understand and predict the behavior of intrinsically disordered
proteins (IDPs) and their folded and unfolded states.54 One of
the first implicit solvent simulation studies of an amyloidogenic
peptide revealed the key role of the side chains in the initial
formation of the cross-β structure.55 Here, we make use of the
fast analytical continuum treatment of solvation (FACTS),56

which is one of the several generalized Born models in the
CHARMM suite for molecular simulations.57,58 FACTS
simulation results were validated by NMR spectroscopy in a
study of the influence on aggregation of different Aβ12−28
inhibitors.59 A limited number of studies of tau have been
conducted in implicit solvent,54 e.g., stochastic conformational
searches of monomeric tau.60 Enhanced sampling simulation
protocols have played an important role in the study of tau
aggregation due to its large size and the long time scales of self-
assembly. Recent advancements in the study of tau protein and
its interactions under high rates of mechanical stress using
implicit solvent have revealed its viscoelastic properties and
strong tau-tau and tau-microtubule binding, which are relevant
to traumatic brain injury and neurodegeneration.61

Previously, we studied the degradation of dimeric Aβ42 in
the presence of oscillating external electric fields (oeEFs).40

Here, we explore the effect of oeEFs on the fibrillar core of tau
protein. To the best of our knowledge, these are the first
simulations of tau under the influence of an external electric
field. We use two topologies (SF and PHF), which originate
from tissue samples extracted postmortem from the brains of
patients.62 The SF and PHF simulation systems are each
composed of a cross-β assembly of 10 peptides (Figure 1). For
each of the two topologies, we make use not only of different
field strengths (100 and 200 mV/nm) but also varying
oscillation frequencies (0.1, 1, and 10 GHz), in addition to a
control without an external field. At each combination of field
strength and frequency, explicit water and FACTS56 implicit
solvent simulations were carried out. The motivation for
running the simulations with the FACTS model was 2-fold.
First, we wanted to analyze whether the FACTS model
preserves the fibrillar topologies in the absence of an oeEF.
Second, we were interested in comparing whether the two
models of solvation give consistent results under the influence
of an oeEF. Note that the wall time required for a 100 ns
simulation with explicit solvent or FACTS is similar because
the water box has nearly an order of magnitude more atoms
than the solute, and thus it scales better on parallel computers
than any solute in implicit solvent. However, the FACTS
simulations require a substantially smaller number of cores (a
factor of about five fewer; see the benchmarks below). Thus,
the total computational cost for FACTS sampling is
substantially smaller.
The oeEFs used in the present simulations have a very high

field strength, stronger than those that would be feasibly
applied to brain tissue. This choice is justified by the much
shorter time scales accessed using molecular simulations
compared to the weaker field strengths and longer time scales
that can be applied experimentally. This is analogous to
pioneering simulation studies of protein unfolding in the mid-
1990s, which used extremely high temperatures to accelerate

the sampling of protein denaturation.63,64 It is an advantage of
simulations that temperatures above the boiling point of water
or extremely high electric field strengths can be employed to
investigate slow processes.

■ METHODS
The effects of the oscillating external electric field (oeEF) on
the dynamics and structure of the fibrillar core of tau protein
fibrils were studied by using both explicit solvent and implicit
solvent simulations. The initial structures originated from two
cross-β topologies determined by cryogenic electron micros-
copy (cryoEM) using postmortem extracts of brains from
patients. One is the so-called PHF (PDB ID: 7NRQ) and the
other is the SF (PDB ID: 7NRS).62 Each decameric filament is
composed of two pentameric protofilaments, which interact
with each other. PHF and SF protofilaments possess the same
structure but differ at the interface between the protofilaments
(Figure 1).6,44 In the present simulation study, both topologies
contain the same number of solute atoms (10 peptides of 77
residues each). Each of the 10 peptides consists of tau residues
G304-E380, which form the fibrillar core in the cryoEM
structures. To investigate the influence of the oeEF on the
structural stability of the cross-β filaments, simulations were
carried out at oscillation frequencies of 0.1, 1, and 10 GHz and
field strengths of 100 and 200 mV/nm. Simulations without an
electric field were performed as controls with both models of
the solvent.
Explicit Solvent Simulations. The starting structures

were prepared using CAMPARI v5.65 The N- and C-termini of
each peptide were capped with acetyl and N-methylamide,
respectively, to avoid spurious formal charges. Explicit solvent
simulations were carried out using the GROMACS 2021.5
software66 and the July 2022 GROMACS port of the
CHARMM36m force field.67 The structures were solvated in
cubic boxes of TIP3P (CHARMM)68 water molecules, 17.03
and 14.48 nm in size for the PHF and SF topology,
respectively. Periodic boundary conditions (tridimensional in
a cubic box) were applied to avoid edge effects. In the case of a
static, i.e., nonoscillating electric field, a net dipole resulting
from alignment with the external field will interact with the
analogue dipoles in the periodic images.69,70 This potential
artifact is negligible for electric fields oscillating at a high
frequency. Ions of Na+ and Cl− were added to neutralize
charges up to a concentration of 0.150 M. Afterward, the
system was subjected to energy minimization. A 5 ns NVT
equilibration was performed, in which the system was kept
under positional restraints, to reach 300 K. The strength of the
positional restraints was halved every nanosecond, from 10 to
0.67 kcal/(mol Å2) to ensure relaxation of the structures.
Production runs were carried out in the canonical (NVT)
ensemble using a velocity-rescale thermostat with a coupling
time of 1 ps. The number of independent runs and their
lengths are listed in Table 1. The simulation protocol is the
same as described in our previous study.40 The oeEF was
applied using the respective GROMACS function,69 originat-
ing from the research described in ref 70. Practically, this
meant defining the field strength (E0, units in V/nm) and the
oscillation frequency (ω, units in ps−1 or THz). About 20
node-days (about 5760 core-hours) were required for 100 ns
of production run of the PHF topology on a hybrid Xeon E5-
2690 v3 at 2.60 GHz (12 cores, 64 GB RAM) + Tesla P100 16
GB.
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Implicit Solvent Simulations. The structures of the two
decameric systems were prepared for simulation using the
CHARMM-GUI.71 The N- and C- termini were capped with
neutral groups, as in the explicit solvent simulations. Implicit
solvent simulations were carried out using the CHARMM
c49b1 software58 and the CHARMM22* all-hydrogen force
field, which is required by FACTS. CHARMM22* has been
proven to be effective in simulating large IDPs.72 FACTS is an
efficient Generalized Born implicit solvent model that accounts
for the electrostatic contribution to solvation.56 This model is
based on the fully analytical evaluation of the volume and
spatial symmetry of the solvent displaced from around a solute
atom by its neighboring atoms. An ionic strength of 0.150 M
was approximated using the linearized Debye−Hückel
model.73 The nonpolar contribution to the total effective
energy was approximated by a term proportional to the
solvent-accessible surface area of the solute, using a surface
tension-like multiplicative parameter of 0.015 kcal/(mol Å2).
The system was confined within a periodic cubic box with
dimensions equivalent to those employed in the explicit
solvent protocol for both the PHF and SF topologies.
Subsequently, the system underwent energy minimization. A
heating phase lasting 1 ns was conducted, during which the
system was maintained under positional constraints with a
value of 40 kcal/(mol Å2), and the temperature was raised
from 200 to 300 K. The strength of the positional restraints
was systematically reduced every nanosecond, from 20 down
to 1.25 kcal/(mol Å2) to ensure the relaxation of the
structures. Production runs in the canonical ensemble were
carried out employing a Langevin integrator with low friction
(coefficient of 0.15 ps−1) and a time step of 2 fs (Table 2).
About 20 node-days (7600 core-hours) were required for 100
ns of production run using 16 MPI processes on one 64-core
EPYC-7702 compute node.
Analysis. We used the MDTraj Python package74 to

calculate the interatomic distances, contacts, and the secondary
structure (DSSP75 algorithm). Three types of contacts have
been studied. First, intrapeptide contacts are defined as pairs of
residues with Cα atoms located within 1.25 nm of each other,
belonging to the same peptide chain (e.g., both residues in
chain 1a), which are also more than three residues away along
the sequence. Interpeptide contacts are the pairs of residues
whose Cα atoms are located within 0.8 nm of distance,
belonging to different peptide chains (irrespective of the

protofilament in which they are located). Interprotofilament
contacts are the pairs of residues where their Cα atoms have a
distance of less than 1 nm and are located on different
pentameric assemblies (corresponding to different protofila-
ments).
Root mean square fluctuations (RMSF) are calculated with a

self-written function (see the Supporting Information). For
this calculation, we align the structure to the central chain of
each pentameric system (i.e., chain 3a or 3b) and calculate the
fluctuations for each individual chain. The interface calculation
was performed in PyMol, using the ″get_area″ command, with
″dot_solvent″ = 1 and ″dot_density″ = 4. The area of the
decameric complex was subtracted from the sum of the
individual pentameric assemblies to obtain the interface area.
The kinetics of β-sheet decay were fitted with one- and two-

phase exponential functions. Four different models were
tested: one parameter (one phase, e−x/B), two parameters
(Ae−x/B), three parameters (two phases, Ae−x/B + (1 − A)
e−x/D), and, finally, four parameters (two independent phases,
Ae−x/B + Ce−x/D). The half-life values for the two-phase models
were calculated from the slow phase. An unpaired, two-sample
Student’s t test was used to quantify the significance of the
differences in β-strand content between conditions, and the
scipy implementation76 was used.

■ RESULTS
We first present the explicit solvent simulations, followed by
the FACTS implicit solvent runs.
The PHF Topology is More Stable Than the SF. The

control simulations in the absence of oeEF show that both
decameric self-assemblies are structurally stable on a time scale
of about 0.5 μs (left panels of Figures 2 and 3).
We monitored the degradation of secondary structure to

analyze the effects of oeEFs of different strengths and
frequencies on the structure of the tau protofibrils (Figures 2
and 3). In the control runs without oeEF, there is a more
pronounced loss of β-strand content for the SF topology
(nearly 20% loss) than for the PHF topology (about 10%). A
similar difference in stability is observed in the presence of an
oeEF at 1 GHz, which shows a decay of β-strand content of
about 30% and nearly 20% for SF and PHF, respectively. To
assess the statistical significance of the β-strand decay, we
compared the simulations under the field of 200 mV/nm
oscillating at 1 GHz with those without oeEF, at the simulation
times of 250 and 350 ns for the PHF and SF topologies,
respectively. A Student’s t test for comparing the means yields
a P value < 0.05 for the PHF and <0.01 for the SF. Similar
statistical robustness was measured for the comparison of the
control simulations with the oeEF of 100 mV/nm and 1 GHz
(p-value < 0.05 for the PHF and <0.01 for the SF). At 0.1
GHz, only the SF topology under a field strength of 200 mV/

Table 1. Explicit Solvent Sampling

Field PHF SF

Frequency (GHz) Strength (mV/nm) Length (ns) Length (ns)

No field 16 × 110 16 × 120
8 × 400 8 × 400

0.1 100 12 × 110 12 × 120
4 × 280 4 × 390

200 12 × 110 12 × 120
4 × 280 4 × 390

1 100 16 × 110 16 × 120
8 × 400 8 × 600

200 16 × 110 16 × 120
8 × 400 8 × 600

10 100 12 × 110 12 × 120
4 × 280 4 × 390

200 12 × 110 12 × 120
4 × 280 4 × 390

Table 2. Implicit Solvent Sampling

Field PHF SF

Frequency (GHz) Strength (mV/nm) Length (ns) Length (ns)

No field 3 × 83 3 × 103
0.1 100 3 × 106 3 × 103

200 6 × 98 6 × 103
1 100 3 × 104 3 × 99

200 3 × 100 3 × 105
10 100 3 × 96 3 × 102

200 3 × 97 3 × 99
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nm shows a larger decay (about 25%) than the control runs,
while the simulations at 10 GHz and both field strengths show
a similar decay as in the control.

In all simulations, irrespective of the field, there is an
increase in the twist of the β-sheets at the N- and C-terminal
segments (Figure 4). The larger twist is likely to originate from

Figure 2. PHF topology is stable under the oeEFs in explicit solvent simulations. The mean β-strand content is shown for each of the seven
conditions (solid lines) together with the standard deviation (colored bands). Representative snapshots (ribbon representation) were extracted
after 250 ns (vertical lines). The initial structure (top left) is also shown.

Figure 3. Decameric SF assembly separates into two pentameric protofilaments at frequencies of 0.1 and 1 GHz. Same as Figure 2, except for the
representative structures, which are extracted at 350 ns instead of 250 ns.
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finite-size effects and/or spontaneous relaxation of the model
built from the cryo-EM density. The increase in the β-sheet
twist is exemplified for the control and oeEF runs in the
snapshots presented in Figure 5. The flexibility of the termini,
which is consistent with the twist increase, is shown in the
RMSF profiles for both topologies at a 1 GHz oscillation
(Figure 6).
Overall, the more voluminous topology (PHF, Figure 2) is

more stable than the more compact one (SF, Figure 3) under
any combination of field strength and frequency, except for the
simulations at 10 GHz that show a similar stability of the two
assemblies. Although the protofilaments in PHF and SF have
the same conformation, the packing between the two
protofilaments differs. One possible explanation for the
separation is the smaller contact surface between the two
protofilaments in the SF topology, with about 1000 Å2 of
interface area versus 2200 Å2 in the PHF. The symmetric
binding of PHFs is stabilized by hydrogen bonds between the
backbone atoms of 332-PGGGQ-336 on both fibrils. There are
additional favorable polar interactions between the side chains
of K331, Q336, and E338. Meanwhile, in SFs, there are only
apolar interactions between 313-VDLSK-317 of one protofila-
ment and 321-KCGS-324 of the other.44 The rapid loss of
these interactions is exemplified in Figure 7 (green lines),
where the peptide 3a of the SF loses its interfibrillary contacts
in the 200 mV/nm simulation and also for all individual
peptides in Figures S1−S7 for PHF and Figures S8−S14 for
the SF). This behavior is consistent with a previous simulation
study of tau in the absence of oeEF.77

It is interesting to note that an additional density appears in
the CryoEM maps, which was suggested to help stabilize the
SF fibrils. It was theorized that it could correspond to the N-
terminal segment 7-EFE-9.8 We have carried out simulations of
the SF structure with this tripeptide in the region of the
density, but the small peptide was not stable at the interface
between protofilaments (see Figure S86). Several authors
propose that this density corresponds to ubiquitin78,79 or
heparin.80 In any case, the relative instability of the SF
decameric assembly, the existence of the positive charges of
K317 and K321 in close proximity, and the small interface area
indicate that the fibrillar core of the SF topology is marginally
stable.
The degradation of the secondary structure is a complex

process that depends on several factors, both related to the
oeEF, such as the field strength or the oscillation frequency,
and those related to the protein, including volume, ability to
align itself to the oeEF, and composition. In previous
simulation studies, it was shown that chignolin, a 10-residue
β-hairpin peptide, aligns its dipole with that of the oeEF and
responds particularly to the application of near-perpendicular
oeEFs.81 The SF topology, being smaller than the PHF, might
be more capable of rotating to align its dipole with the oeEF,
with the friction exerted by the solvent allowing this rotation to
be delayed enough to suffer a degradation of the secondary
structure.
This can also explain why the PHF, more voluminous than

the SF, is more resistant to the oeEF as it realigns less rapidly
to the oeEF. The separation of the pentameric subunits of the

Figure 4. Scatterplot of the β-sheet content vs β-sheet twist. In all runs (different colors for each trajectory), there is an increase in the twist from
the starting structures (black triangles). Furthermore, the twisting of the β-sheet is not correlated with the amount of secondary structure. The twist
is calculated by the dihedral angle between the Cα atoms of adjacent peptides, more precisely, V306−Y310 of peptide 1a and Y310−V306 of
peptide 2a.
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Figure 5. Time evolution of the PHF and SF in control simulations and in the presence of an oeEF of 200 mV/nm and a 1 GHz oscillation
frequency. The snapshots are extracted from representative MD simulations.

Figure 6. RMSF profiles for each peptide of the PHF (dashed) and SF (dotted) decameric assemblies. Each panel shows sequence profiles for each
of the 10 peptides of the decameric assembly (1a−5a, left; 1b−5b, right). The colored lines show the RMSF profiles of the control runs (blue) and
the simulations with 1 GHz oeEF at 100 mV/nm (gold) and 200 mV/nm (pink).
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SF indicates that they react individually to the oeEF, yielding
even less voluminous subunits.
The simulation results obtained at different frequency values

provide information about the influence of the frequency on
the stability of the (proto)filaments. As mentioned above, for
the SF topology, the β-strand content decreases significantly
for fields oscillating at 0.1 and 1 GHz, while at 10 GHz, it
remains similar to the simulation without oeEF. This is
quantified by the half-life of the β-strand content, which is
largest at 10 GHz (Table 3). The SF at 100 mV/nm oscillating
at a frequency of 10 GHz has a half-life similar to that of the
control simulation, while the fastest degradation is observed at
1 GHz for both field strengths. One potential explanation is
that at 10 GHz, the change in the direction of the field (every
0.1 ns) is too fast for the peptide chains to move under its
influence or weaken the favorable polar interactions within the
solute. The observation is consistent for both topologies and is
congruent with recently reported simulations of Aβ16−22, where
high-frequency fields of 10 THz resulted in a marginal effect on
the oligomer plaques.42 Studies in insulin also reported a
strong dependence on the frequency of the oscillating field,
with oeEFs at lower frequencies showing effects similar to
those of static fields.82 For PHF, there is a considerable
acceleration in the decay of the β-sheet content at 1 GHz of
oscillation. The 0.1 GHz frequency results in a half-life similar
to that without a field (Table 3).
The intrinsic flexibility of the backbone, as monitored by the

profiles of RMSF, is lower at 10 GHz than at the two lower
frequencies (see Section 3.2). This observation is consistent
with the previously mentioned higher β-sheet content at 10

GHz. In the SF, there is also no separation of the decameric
assembly in the 10 GHz simulations (Figure 3 cartoon
representations). Budi et al. observed a similar dependence,
where fields of the same strength have a higher effect at lower
frequencies than at higher ones.35 In general though, we do not
observe the ″plaque explosion″ that has been described for
simpler systems, such as Aβ16−22.

42 The decameric assembly of
tau is much larger than the fragments used in the Aβ16−22 study
and, therefore, is less susceptible to changes in field
orientation, which are believed to promote, at least in part,
the breaking of the secondary structure.81

Concerning the sequence of events, for both PHF and SF,
the structural decay starts at the termini of individual peptides
and mainly the peptides in the ″1″ tip of the decameric
assembly (Figures S30−S43). The increased flexibility,
following a field-strength-dependent pattern, is also exempli-
fied in the RMSF profile for the 1 GHz runs (Figure 6). The
polarity of the fibrillar arrangement could be a cause of this
behavior. In metadynamics-enhanced MD simulations of tau
PHF (PDB 5O3L), a similar mechanism of unbinding of the
C-terminal segment of the tip peptide has been observed in the
absence of an electric field.17 A study of fibrils of Aβ16−42 has
found a similar effect, in which the alignment of the fibrillar
dipole moment to the direction of the static field is observed,83

as in the chignolin simulations.81 In the same study, it was
reported that the larger the aggregates (from monomeric to
pentameric Aβ16−42), the more resistant to disruption they
are.83 This is also something we observe, where the relatively
large systems remain particularly stable at all field strengths for
the time scales we studied. As expected, and in accordance to
previous reports,83 regions with a higher number of charged
residues, for example, the turn of each peptide, respond more
strongly to the electric field.
Flexibility of the Termini and the Central Segment

340−350. The comparison of the RMSF profiles at different
field strengths shows that the oeEF enhances the intrinsic
flexibility measured in the absence of a field, in a field-
dependent manner (Figure 6). This observation is consistent
with previous simulations of dimeric Aβ.40 As mentioned

Figure 7. Fraction of interpeptide (blue), intrapeptide (orange), and
interfibrillar (green) contacts, as well as the structural flexibility (gray,
RMSF labels on the y-axis on the right), for peptide 3a, without and
with 1 GHz 200 mV/nm oeEF in the explicit solvent runs. Peptide 3a
is located in the middle of the decameric assembly. Solid lines show
the mean over all trajectories, while the colored bands represent one
standard deviation. Individual β-strands of the cryoEM structure are
also shown (arrows). Positively and negatively charged residues are
labeled (blue and red triangles). The application of the oeEF results in
an increase in intrinsic flexibility. In the SF topology, the application
of the field separates the fibrils, resulting in an almost complete loss of
interfibrillar contacts.

Table 3. Decay of the β-Strand Content

Field PHF SF

frequency (GHz) strength (mV/nm) half-lifea (μs) half-lifea (μs)
No field 6.2 4.1

2.2 1.8
0.1 100 5.9 2.2

2.8 0.9
200 4.9 1.8

4.5 1.2
1 100 2.0 1.5

2.8 1.5
200 2.3 1.5

1.7 1.2
10 100 4.2 4.0

1.7 0.8
200 2.6 2.8

1.5 1.9
aHalf-life values of the slow phase in the two-phase three-parameter
model (see Figures S58−S71 for the temporal evolution and fitting
curves). For each combination of frequency and field strength, the top
and bottom rows refer to explicit water and implicit solvent
simulations, respectively.
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above, the values of the RMSF are higher at the terminal
segments of the peptides for all conditions examined (Figure
6). Figure 7 shows the stability of contacts and the flexibility of
one central peptide in the decameric assembly without the
oeEF and at 200 mV/nm. The intrapeptide contacts (Figure 7
orange traces) are unstable in the terminal segments of the

individual peptides, while they are mainly preserved in most of
the remaining part of the sequence. The contacts between
protofilaments (Figure 7 green traces) break in the simulations
started from the SF topology and not in those started from
PHF. Besides the termini, segment 340-KSEKLDFKDRV-350
shows pronounced flexibility. It forms the turn in the C-shaped

Figure 8. PHF topology is stable under the oeEFs in implicit solvent simulations. Same as Figure 2, except for the cartoon representation, which is
extracted after 100 ns of simulation.

Figure 9. SF topology simulations in an implicit solvent. The cartoon representation of SF structures of arbitrary trajectories after 100 ns is shown.
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structure of the protofilament and contains a large fraction of
charged side chains (7/11, namely four positively charged and
three negatively charged), which respond strongly to the oeEF.
Surprisingly, the flexibility of the turn of the monomers is
higher in the PHF than in the SF assembly (Figure 6). This
might originate from the fact that the PHF, being larger,
cannot fully rotate and align with the field, while the SF
pentameric assemblies can rotate and align themselves to the
oeEFs.
A recent experimental study has analyzed the amyloid

propensity of tau using a combination of biophysical methods
and a library of peptides spanning the sequence of tau.12

Besides the previously recognized PHF6 (306-VQIVYK-311)
motif,11 a new segment called PAM4 (polymorphic amyloid
motif of Repeat 4, i.e., 350-VQSKIGSLDNITH-362) is
involved in favorable energetic contributions that stabilize
tau amyloids.12 The six-residue PHF6 and 13-residue PAM4
segments show low flexibility in our simulations and maintain
their contacts in the (largely ineffective) high frequency of 10
GHz. Indeed, the interpeptide contacts, which also report on
the stability of the β-sheet along the fibrillar axis, are
maintained under all conditions for the PAM4 region (Figure
7).
Implicit Solvent. The control simulations without oeEF

indicate that the PHF topology is quite stable on the 0.1 μs
time scale and slightly more stable than that of the SF (Figures
8 and 9). In the presence of an oeEF, the decay of the β-strand
content is faster for SF than for PHF, which is consistent with
the explicit solvent. The stability of PHF is evident in the
snapshots shown in Figure 8, where, after 100 ns of oeEFs in
different conditions, they still strongly resemble the starting
structure. Further comparing implicit with explicit solvent, one
observes a less pronounced loss of β-sheet content in implicit
solvent for the SF topology (only about 10% loss in Figure 9).
Implicit and explicit solvent models exhibit markedly different
decays of the β-strand content (Table 3) under the same field
conditions, with implicit models generally producing more
variable values of the half-life, especially in the PHF system.
Despite the quantitative divergence between models, qual-
itative agreement on field-dependent destabilization is present.
Limited comparability is likely due not only to the different
models of the solvent but also to the significantly smaller
sampling of the implicit solvent simulations (only three
independent runs at each condition vs 16−24 independent
runs at each condition with explicit solvent). No ″plaque
explosion″42 is observed in the implicit solvent simulations,
aligning with findings in explicit solvent and suggesting a
general resilience of larger assemblies to oeEFs. Overall, the
results confirm that oeEFs at 10 GHz are less disruptive to the
secondary structure of the decameric assembly than those at
lower frequency values.
For the simulations started from the PHF topology, the

conformations are comparable between the explicit (Figure 2)
and implicit solvent (Figure 8). In the case of the SF, it is more
difficult to compare them (Figure 3 vs 9) due to the separation
of the protofilaments. In some of the implicit solvent runs, the
rupture of the SF interface resulted in a new, more extended
arrangement of the two pentameric assemblies (see Figure 9),
which was not observed in the explicit solvent runs. The new
interface is sampled in some of the implicit solvent trajectories
of SF, for instance, at 0.1 GHz and 100 mV/nm (two of three
runs) or 1 GHz and 200 mV/nm (two of three runs). A similar
extended conformation has been reported previously for

individual protofilaments of SF in explicit solvent simulations
using CHARMM27.77

In the implicit solvent simulations, the protofilaments
(pentameric assemblies) of the SF topology deform, and the
peptides lose their characteristic C-shaped topology, becoming
more extended. This deformation is not present in the
simulations with explicit water, where the dissociated protofila-
ments tend to take a more closed, almost globular form (Figure
3).
Similar to the explicit solvent simulations, at the lowest

frequency (0.1 GHz), there is a marked increase in RMSF, as
detailed in Figures S22−S28. Notably, at 0.1 GHz, the RMSF
profile and intra/interpeptide contacts display higher standard
deviations in the implicit solvent simulations compared to the
explicit solvent, likely originating from the lack of friction and
steric hindrance from the solvent. Consistent with explicit
solvent simulations, certain regions of the system exhibit a
greater structural variability than others. These fluctuations are
comparable across both topologies. Among structural motifs,
PHF6 and PAM4 remain the most resistant to the effects of
the oscillating electric field (oeEF), although a decay of the
intrapeptide contacts is observed for the PHF (Figure 10).

■ CONCLUDING DISCUSSION
We presented an MD simulation study of amyloid filaments of
tau under the influence of oscillating external electric fields.
The simulations were started from two different filament
topologies of tau (PHF and SF, respectively), which were
determined by cryo-EM using brain extracts of patients.8 The
MD simulations were carried out using six different conditions,
namely, the possible combinations of three oscillation
frequencies (0.1, 1, and 10 GHz) and two strengths of the

Figure 10. Analogous to Figure 7 for the implicit solvent. The 1-GHz
200-mV/nm oeEF does not substantially increase the intrinsic
flexibility with respect to the control (gray lines with axis labels on
the right). As for the explicit solvent, intrapeptide contacts (orange)
are less stable than interpeptide, i.e., beta-sheet contacts (blue). For
SF, there is a partial and complete loss of interfibrillar contacts for the
control and under the influence of the oeEF, respectively (the green
segment is visible only for the control runs of SF).
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electric field (100 and 200 mV/nm). Furthermore, two
different models of the aqueous solvents were used. One
main observation is that the PHF topology is more resistant to
degradation than the SF topology under all field conditions
and solvent models. This simulation result offers a plausible
explanation for the larger amount of PHFs than SFs in the
frontal cortex of a patient with AD, which resulted in higher-
resolution cryo-EM structures of PHFs than SFs.6,7,62 The
fibrillar core of tau degrades more rapidly and thoroughly
under oeEFs with frequencies of 1 and 0.1 GHz rather than 10
GHz. Moreover, only minor differences emerge from the
comparison of the trajectories obtained with frequencies of 1
and 0.1 GHz on the time scales sampled.
For both types of filament and under all conditions of field

strength and frequency, the terminal segments and segment
340-KSEKLDFKDRV-350 (which is the turn of the C-shaped
topology) show the largest flexibility. The presence of the
oeEF enhances the intrinsic plasticity of the self-assembly
without modifying the qualitative behavior of the RMSF profile
along the sequence. In other words, the perturbing effect of the
oeEF does not result in additional flexibility at sequence
stretches that are almost rigid in the absence of a field. Thus,
the oeEF seems to promote structural degradation more by an
entropic effect, i.e., enhancement of intrinsic plasticity, rather
than enthalpic destabilization of the more rigid segments.
There are a series of limitations in this study. First, we have

used only the ordered core of the tau filament, disregarding the
effect of the electric field on the disordered ″fuzzy″ coat. The
lack of order means that the fuzzy coat at the N-terminal
sections of tau might respond more rapidly to oscillating fields.
Furthermore, it has been reported that the N-terminal segment
of tau plays an important role in stabilizing the SF topology.8

However, in the control simulations without oeEF, the fibrillar
core shows shape and behavior similar as those observed after
1 μs of simulations in which part of the N-terminal fuzzy coat
was included.25 It is still difficult to predict the behavior of
these disordered regions under the oeEF. The large size of tau
(441 residues) makes it prohibitive to simulate full-length tau
in a fibrillar arrangement using explicit solvent MD.
Previous literature reported a significative speed-up in the

conformational sampling originated by implicit solvent.47 In
contrast, under the influence of an electric field, a substantial
increase in sampling efficiency is not observed compared to the
explicit solvent runs. Nevertheless, interesting conformations
have been sampled, like the noncanonical interaction between
different pentameric assemblies and peptides in the assembly
that lost their characteristic C-shaped arrangement (Figure 9
shows results for the runs at 0.1 GHz at 100 mV/nm or 1 GHz
at 200 mV/nm). Overall, the implicit solvent results are in
agreement with the explicit solvent simulations as the β-strand
content is similar and the conformations are comparable. In
neither case do we observe a complete degradation of the
fibrillar structure along the time scale of the simulations
presented here.
The time scale of the simulations is another limitation.

Multiple independent runs were carried out up to 600 ns in
explicit water and 110 ns in an implicit solvent. Although these
time scales are clearly too short for the full degradation of the
tau core filaments, they are sufficiently long for discriminating
the structural stability of the two topologies and in both
models of the solvent. Moreover, the submicrosecond time
scales are adequate for investigating the intrinsic flexibility
along the sequence of tau and the influence of the oeEF on it.

Regarding the possible (therapeutic) application of this
study, it is necessary to keep in mind that noninvasive
treatments based on oeEFs have the challenge of tissue
impedance, which means that the perceived field in the brain is
weaker than the one administered. This reduction in strength
might be counterbalanced by the longer time scales over which
a possible clinical treatment would be applied.
A future perspective would involve a simulation study of tau

fibrils under a static electric field. Considering that tau
filaments in the presented simulations respond more to the
field oscillating at 0.1 GHz than at 10 GHz, it is likely that a
nonoscillating field would more rapidly promote the decay of
β-sheet content and/or the dissociation of the two protofila-
ments of SF.
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Rappaport, M.; Akdoğan, Y.; Freed, J. H.; Shea, J.; Han, S. Signature
of an aggregation-prone conformation of tau. Sci. Rep. 2017, 7 (1),
44739.
(16) Ganguly, P.; Do, T. D.; Larini, L.; La Pointe, N. E.; Sercel, A. J.;
Shade, M. F.; Feinstein, S. C.; Bowers, M. T.; Shea, J.-E. Tau
Assembly: The Dominant Role of PHF6 (VQIVYK) in Microtubule
Binding Region Repeat R3. J. Phys. Chem. B 2015, 119, 4582−4593.
(17) Leonard, C.; Phillips, C.; McCarty, J. Insight Into Seeded Tau
Fibril Growth From Molecular Dynamics Simulation of the
Alzheimer’s Disease Protofibril Core. Front. Mol. Biosci. 2021, 8,
624302.
(18) Man, V. H.; He, X.; Gao, J.; Wang, J. Phosphorylation of Tau
R2 Repeat Destabilizes Its Binding to Microtubules: A Molecular
Dynamics Simulation Study. ACS Chem. Neurosci. 2023, 14, 458−467.
(19) Shah, S. J. A.; Zhong, H.; Zhang, Q.; Liu, H. Deciphering the
Effect of Lysine Acetylation on the Misfolding and Aggregation of
Human Tau Fragment 171IPAKTPPAPK180 Using Molecular

Dynamic Simulation and the Markov State Model. Int. J. Mol. Sci.
2022, 23, 2399.
(20) Man, V. H.; He, X.; Han, F.; Cai, L.; Wang, L.; Niu, T.; Zhai, J.;
Ji, B.; Gao, J.; Wang, J. Phosphorylation at Ser289 Enhances the
Oligomerization of Tau Repeat R2. J. Chem. Inf. Model 2023, 63,
1351−1361.
(21) Xu, L.; Zheng, J.; Margittai, M.; Nussinov, R.; Ma, B. How
Does Hyperphopsphorylation Promote Tau Aggregation and
Modulate Filament Structure and Stability? ACS Chem. Neurosci.
2016, 7, 565−575.
(22) Derreumaux, P.; Man, V. H.; Wang, J.; Nguyen, P. H. Tau R3-
R4 Domain Dimer of the Wild Type and Phosphorylated Ser356
Sequences. I. In Solution by Atomistic Simulations. J. Phys. Chem. B
2020, 124, 2975−2983.
(23) He, H.; Liu, Y.; Sun, Y.; Ding, F. Misfolding and Self-Assembly
Dynamics of Microtubule-Binding Repeats of the Alzheimer-Related
Protein Tau. J. Chem. Inf. Model 2021, 61, 2916−2925.
(24) He, X.; Man, V. H.; Gao, J.; Wang, J. Investigation of the
Structure of Full-Length Tau Proteins with Coarse-Grained and All-
Atom Molecular Dynamics Simulations. ACS Chem. Neurosci. 2023,
14, 209−217.
(25) Maraba, O.; Bhattacharya, S.; Conda-Sheridan, M.; Thompson,
D. Modelling peptide self-assembly within a partially disordered tau
filament. Nano Express 2022, 3, 044004.
(26) Nguyen, P. H.; Derreumaux, P. Molecular Dynamics
Simulations of the Tau Amyloid Fibril Core Dimer at the Surface
of a Lipid Bilayer Model: I. In Alzheimer’s Disease. J. Phys. Chem. B
2022, 126, 4849−4856.
(27) Nguyen, P. H.; Derreumaux, P. Molecular Dynamics
Simulations of the Tau R3-R4 Domain Monomer in the Bulk
Solution and at the Surface of a Lipid Bilayer Model. J. Phys. Chem. B
2022, 126, 3431−3438.
(28) MacAinsh, M.; Zhou, H.-X. Partial mimicry of the microtubule
binding of tau by its membrane binding. Protein Sci. 2023, 32 (3),
No. e4581.
(29) Zou, Y.; Guan, L.; Tan, J.; Qi, B.; Sun, Y.; Huang, F.; Zhang, Q.
Molecular Insights into the Differential Effects of Acetylation on the
Aggregation of Tau Microtubule-Binding Repeats. J. Chem. Inf. Model
2024, 64, 3386−3399.
(30) Rojas, A. V.; Maisuradze, G. G.; Scheraga, H. A. Dependence of
the Formation of Tau and Aβ Peptide Mixed Aggregates on the
Secondary Structure of the N-Terminal Region of Aβ. J. Phys. Chem. B
2018, 122, 7049−7056.
(31) Qi, R.; Luo, Y.; Wei, G.; Nussinov, R.; Ma, B. A β “Stretching-
and-Packing” Cross-Seeding Mechanism Can Trigger Tau Protein
Aggregation. J. Phys. Chem. Lett. 2015, 6, 3276−3282.
(32) Baggett, D. W.; Nath, A. The Rational Discovery of a Tau
Aggregation Inhibitor. Biochemistry 2018, 57, 6099−6107.
(33) Barredo, P. A.; Balanay, M. P. Recent Advances in Molecular
Dynamics Simulations of Tau Fibrils and Oligomers. Membranes
2023, 13, 277.
(34) Zhao, W.; Yang, R. Experimental study on conformational
changes of lysozyme in solution induced by pulsed electric field and
thermal stresses. J. Phys. Chem. B 2010, 114, 503−510.
(35) Budi, A.; Legge, F. S.; Treutlein, H.; Yarovsky, I. Comparative
study of insulin chain-B in isolated and monomeric environments
under external stress. J. Phys. Chem. B 2008, 112, 7916−7924.
(36) Wang, X.; Li, Y.; He, X.; Chen, S.; Zhang, J. Z. H. Effect of
strong electric field on the conformational integrity of insulin. J. Phys.
Chem. A 2014, 118, 8942−8952.
(37) Pandey, G.; Morla, S.; Nemade, H. B.; Kumar, S.;
Ramakrishnan, V. Modulation of aggregation with an electric field;
scientific roadmap for a potential non-invasive therapy against
tauopathies. RSC Adv. 2019, 9, 4744−4750.
(38) Nedachi, T.; Kawasaki, H.; Inoue, E.; Suzuki, T.; Nakagawa-
Yagi, Y.; Ishida, N. Electric-field induced sleep promotion and lifespan
extension in gaucher’s disease model flies. Biochem. Biophys. Rep.
2025, 41, 101915.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.5c04393
J. Phys. Chem. B 2025, 129, 9124−9137

9135

https://doi.org/10.1093/procel/pwae026
https://doi.org/10.1093/procel/pwae026
https://doi.org/10.3389/fphar.2024.1399121
https://doi.org/10.1038/s41392-024-01911-3
https://doi.org/10.1038/s41392-024-01911-3
https://doi.org/10.1038/197192b0
https://doi.org/10.1038/197192b0
https://doi.org/10.1073/pnas.88.6.2288
https://doi.org/10.1073/pnas.88.6.2288
https://doi.org/10.1038/s41467-024-52265-x
https://doi.org/10.1038/s41467-024-52265-x
https://doi.org/10.1038/nature23002
https://doi.org/10.1038/s41586-024-07680-x
https://doi.org/10.1038/s41586-024-07680-x
https://doi.org/10.7554/eLife.76494
https://doi.org/10.7554/eLife.76494
https://doi.org/10.7554/eLife.76494
https://doi.org/10.1073/pnas.97.10.5129
https://doi.org/10.1073/pnas.97.10.5129
https://doi.org/10.1073/pnas.97.10.5129
https://doi.org/10.1038/s41467-024-45429-2
https://doi.org/10.1038/s41467-024-45429-2
https://doi.org/10.1021/acschemneuro.9b00488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.9b00488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.9b00488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep44739
https://doi.org/10.1038/srep44739
https://doi.org/10.1021/acs.jpcb.5b00175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b00175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b00175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmolb.2021.624302
https://doi.org/10.3389/fmolb.2021.624302
https://doi.org/10.3389/fmolb.2021.624302
https://doi.org/10.1021/acschemneuro.2c00611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms23052399
https://doi.org/10.3390/ijms23052399
https://doi.org/10.3390/ijms23052399
https://doi.org/10.3390/ijms23052399
https://doi.org/10.1021/acs.jcim.2c01597?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c01597?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.5b00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.5b00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.5b00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c00217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c00217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c00217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.2c00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2632-959X/acb839
https://doi.org/10.1088/2632-959X/acb839
https://doi.org/10.1021/acs.jpcb.2c02836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.4581
https://doi.org/10.1002/pro.4581
https://doi.org/10.1021/acs.jcim.3c01929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.3c01929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.8b00581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.8b00581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/membranes13030277
https://doi.org/10.3390/membranes13030277
https://doi.org/10.1021/jp9081189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9081189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9081189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800350v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800350v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800350v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp501051r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp501051r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8RA09993F
https://doi.org/10.1039/C8RA09993F
https://doi.org/10.1039/C8RA09993F
https://doi.org/10.1016/j.bbrep.2025.101915
https://doi.org/10.1016/j.bbrep.2025.101915
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c04393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(39) English, N.; Waldron, C. Perspectives on external electric fields
in molecular simulation: progress, prospects and challenges. Phys.
Chem. Chem. Phys. 2015, 17, 12407−12440.
(40) Vargas-Rosales, P. A.; D’Addio, A.; Zhang, Y.; Caflisch, A.
Disrupting Dimeric β-Amyloid by Electric Fields. ACS Phys. Chem. Au
2023, 3, 456−466.
(41) Kalita, S.; Bergman, H.; Dubey, K. D.; Shaik, S. How can static
and oscillating electric fields serve in decomposing alzheimer’s and
other senile plaques? J. Am. Chem. Soc. 2023, 145, 3543−3553.
(42) Kalita, S.; Danovich, D.; Shaik, S. Origins of the superiority of
oscillating electric fields for disrupting senile plaques: Insights from
the 7-residue fragment and the full-length aβ-42 peptide. J. Am. Chem.
Soc. 2025, 147, 2626−2641.
(43) Razzokov, J.; Fazliev, S.; Makhkamov, M.; Marimuthu, P.; Baev,
A.; Kurganov, E. Effect of Electric Field on α-Synuclein Fibrils:
Revealed by Molecular Dynamics Simulations. Int. J. Mol. Sci. 2023,
24, 6312.
(44) Goedert, M.; Falcon, B.; Zhang, W.; Ghetti, B.; Scheres, S. H.
W. Distinct conformers of assembled tau in alzheimer’s and pick’s
diseases. Cold Spring Harbor Symp. Quant. Biol. 2018, 83, 163−171.
(45) Onufriev, A. V.; Case, D. A. Generalized Born Implicit Solvent
Models for Biomolecules. Annu. Rev. Biophys. 2019, 48, 275−296.
(46) Rao, F.; Settanni, G.; Guarnera, E.; Caflisch, A. Estimation of
protein folding probability from equilibrium simulations. J. Chem.
Phys. 2005, 122 (18), 184901.
(47) Anandakrishnan, R.; Drozdetski, A.; Walker, R.; Onufriev, A.
Speed of Conformational Change: Comparing Explicit and Implicit
Solvent Molecular Dynamics Simulations. Biophys. J. 2015, 108,
1153−1164.
(48) Cavalli, A.; Ferrara, P.; Caflisch, A. Weak temperature
dependence of the free energy surface and folding pathways of
structured peptides. Proteins: Struct., Funct., Bioinf. 2002, 47, 305−
314.
(49) Settanni, G.; Rao, F.; Caflisch, A. Φ-Value analysis by molecular
dynamics simulations of reversible folding. Proc. Natl. Acad. Sci. U. S.
A. 2005, 102, 628−633.
(50) Vitalis, A.; Caflisch, A. Micelle-like architecture of the
monomer ensemble of Alzheimer’s amyloid-β peptide in aqueous
solution and its implications for Aβ aggregation. J. Mol. Biol. 2010,
403, 148−165.
(51) Caflisch, A. Computational combinatorial ligand design:
Application to human α-thrombin. J. comput.-Aided Mol. Des. 1996,
10, 372−396.
(52) van der Spoel, D.; Zhang, J.; Zhang, H. Quantitative predictions
from molecular simulations using explicit or implicit interactions.
Wiley Interdiscip. Rev.: comput. Mol. Sci. 2022, 12 (1), No. e1560.
(53) Zhang, J.; Zhang, H.; Wu, T.; Wang, Q.; van der Spoel, D.
Comparison of Implicit and Explicit Solvent Models for the
Calculation of Solvation Free Energy in Organic Solvents. J. Chem.
Theory Comput. 2017, 13, 1034−1043.
(54) Ilie, I. M.; Caflisch, A. Simulation Studies of Amyloidogenic
Polypeptides and Their Aggregates. Chem. Rev. 2019, 119, 6956−
6993.
(55) Gsponer, J.; Haberthür, U.; Caflisch, A. The role of side-chain
interactions in the early steps of aggregation: Molecular dynamics
simulations of an amyloid-forming peptide from the yeast prion
Sup35. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 5154−5159.
(56) Haberthür, U.; Caflisch, A. FACTS: Fast analytical continuum
treatment of solvation. J. Comput. Chem. 2008, 29, 701−715.
(57) Hwang, W.; Austin, S. L.; Blondel, A.; Boittier, E. D.; Boresch,
S.; Buck, M.; Buckner, J.; Caflisch, A.; Chang, H.-T.; Cheng, X.; et al.
CHARMM at 45: Enhancements in accessibility, functionality, and
speed. J. Phys. Chem. B 2024, 128, 9976−10042.
(58) Brooks, B. R.; Brooks Iii, C. L.; Mackerell Jr, A. D.; Nilsson, L.;
Petrella, R. J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,
S.; et al. CHARMM: The biomolecular simulation program. J.
Comput. Chem. 2009, 30, 1545−1614.

(59) Convertino, M.; Vitalis, A.; Caflisch, A. Disordered Binding of
Small Molecules to Aβ(12−28)*. J. Biol. Chem. 2011, 286, 41578−
41588.
(60) Nath, A.; Sammalkorpi, M.; De Witt, D. C.; Trexler, A. J.;
Elbaum-Garfinkle, S.; O’Hern, C. S.; Rhoades, E. The Conformational
Ensembles of α-Synuclein and Tau: Combining Single-Molecule
FRET and Simulations. Biophys. J. 2012, 103, 1940−1949.
(61) Khan, M. I.; Gilpin, K.; Hasan, F.; Mahmud, K. A. H. A.;
Adnan, A. Effect of Strain Rate on Single Tau, Dimerized Tau and
Tau-Microtubule Interface: A Molecular Dynamics Simulation Study.
Biomolecules 2021, 11, 1308.
(62) Shi, Y.; Murzin, A. G.; Falcon, B.; Epstein, A.; Machin, J.;
Tempest, P.; Newell, K. L.; Vidal, R.; Garringer, H. J.; Sahara, N.;
et al. Cryo-EM structures of tau filaments from Alzheimer’s disease
with PET ligand APN-1607. Acta Neuropathol. 2021, 141, 697−708.
(63) Caflisch, A.; Karplus, M. Molecular dynamics simulation of
protein denaturation: Solvation of the hydrophobic cores and
secondary structure of barnase. Proc. Natl. Acad. Sci. U. S. A. 1994,
91, 1746−1750.
(64) Caflisch, A.; Karplus, M. Acid and thermal denaturation of
barnase investigated by molecular dynamics simulations. J. Mol. Biol.
1995, 252, 672−708.
(65) Vitalis, A.; Pappu, R. V. Annual Reports in Computational
Chemistry; Wheeler, R. A.; Elsevier, 2009; Vol. 5, pp. 49−76
(66) Abraham, M. J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J. C.;
Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2015, 1, 19−25.
(67) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; De
Groot, B. L.; Grubmüller, H.; mackerell Jr, A. D. CHARMM36m: An
improved force field for folded and intrinsically disordered proteins.
Nat. Methods 2017, 14, 71−73.
(68) Boonstra, S.; Onck, P. R.; van der Giessen, E. CHARMM
TIP3P water model suppresses peptide folding by solvating the
unfolded state. J. Phys. Chem. B 2016, 120, 3692−3698.
(69) Abraham, M.; Alekseenko, A.; Andrews, B.; Basov, V.; Bauer,
P.; Bird, H.; Briand, E.; Brown, A.; Doijade, M.; Fiorin, G., et al.
GROMACS 2025.2 Manual. GROMACS2025; .
(70) Caleman, C.; van der Spoel, D. Picosecond Melting of Ice by an
Infrared Laser Pulse: A Simulation Study. Angew. Chem., Int. Ed. 2008,
47, 1417−1420.
(71) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: A web-
based graphical user interface for CHARMM. J. Comput. Chem. 2008,
29, 1859−1865.
(72) Rahman, M. U.; Rehman, A. U.; Liu, H.; Chen, H.-F.
Comparison and Evaluation of Force Fields for Intrinsically
Disordered Proteins. J. Chem. Inf. Model. 2020, 60, 4912−4923.
(73) Srinivasan, J.; Trevathan, M.; Beroza, P.; Case, D. Application
of a pairwise generalized Born model to proteins and nucleic acids:
Inclusion of salt effects. Theor. Chem. Acc. 1999, 101, 426−434.
(74) McGibbon, R. T.; Beauchamp, K. A.; Harrigan, M. P.; Klein,
C.; Swails, J. M.; Hernández, C. X.; Schwantes, C. R.; Wang, L.-P.;
Lane, T. J.; Pande, V. S. MDTraj: A Modern Open Library for the
Analysis of Molecular Dynamics Trajectories. Biophys. J. 2015, 109,
1528−1532.
(75) Kabsch, W.; Sander, C. Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 1983, 22, 2577−2637.
(76) Virtanen, P.; Gommers, R.; Oliphant, T. E.; Haberland, M.;
Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0: Fundamental Algorithms for Scientific
Computing in Python. Nat. Methods 2020, 17, 261−272.
(77) Li, X.; Dong, X.; Wei, G.; Margittai, M.; Nussinov, R.; Ma, B.
The distinct structural preferences of tau protein repeat domains.
Chem. Commun. 2018, 54, 5700−5703.
(78) Hallinan, G. I.; Hoq, M. R.; Ghosh, M.; Vago, F. S.; Fernández,
A.; Garringer, H. J.; Vidal, R.; Jiang, W.; Ghetti, B. Structure of tau
filaments in prion protein amyloidoses. Acta Neuropathol. 2021, 142,
227−241.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.5c04393
J. Phys. Chem. B 2025, 129, 9124−9137

9136

https://doi.org/10.1039/C5CP00629E
https://doi.org/10.1039/C5CP00629E
https://doi.org/10.1021/acsphyschemau.3c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c14791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c14791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c14791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms24076312
https://doi.org/10.3390/ijms24076312
https://doi.org/10.1101/sqb.2018.83.037580
https://doi.org/10.1101/sqb.2018.83.037580
https://doi.org/10.1146/annurev-biophys-052118-115325
https://doi.org/10.1146/annurev-biophys-052118-115325
https://doi.org/10.1063/1.1893753
https://doi.org/10.1063/1.1893753
https://doi.org/10.1016/j.bpj.2014.12.047
https://doi.org/10.1016/j.bpj.2014.12.047
https://doi.org/10.1002/prot.10041
https://doi.org/10.1002/prot.10041
https://doi.org/10.1002/prot.10041
https://doi.org/10.1073/pnas.0406754102
https://doi.org/10.1073/pnas.0406754102
https://doi.org/10.1016/j.jmb.2010.08.003
https://doi.org/10.1016/j.jmb.2010.08.003
https://doi.org/10.1016/j.jmb.2010.08.003
https://doi.org/10.1007/BF00124471
https://doi.org/10.1007/BF00124471
https://doi.org/10.1002/wcms.1560
https://doi.org/10.1002/wcms.1560
https://doi.org/10.1021/acs.jctc.7b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0835307100
https://doi.org/10.1073/pnas.0835307100
https://doi.org/10.1073/pnas.0835307100
https://doi.org/10.1073/pnas.0835307100
https://doi.org/10.1002/jcc.20832
https://doi.org/10.1002/jcc.20832
https://doi.org/10.1021/acs.jpcb.4c04100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c04100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.21287
https://doi.org/10.1074/jbc.M111.285957
https://doi.org/10.1074/jbc.M111.285957
https://doi.org/10.1016/j.bpj.2012.09.032
https://doi.org/10.1016/j.bpj.2012.09.032
https://doi.org/10.1016/j.bpj.2012.09.032
https://doi.org/10.3390/biom11091308
https://doi.org/10.3390/biom11091308
https://doi.org/10.1007/s00401-021-02294-3
https://doi.org/10.1007/s00401-021-02294-3
https://doi.org/10.1073/pnas.91.5.1746
https://doi.org/10.1073/pnas.91.5.1746
https://doi.org/10.1073/pnas.91.5.1746
https://doi.org/10.1006/jmbi.1995.0528
https://doi.org/10.1006/jmbi.1995.0528
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1021/acs.jpcb.6b01316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b01316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b01316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200703987
https://doi.org/10.1002/anie.200703987
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1021/acs.jcim.0c00762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c00762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s002140050460
https://doi.org/10.1007/s002140050460
https://doi.org/10.1007/s002140050460
https://doi.org/10.1016/j.bpj.2015.08.015
https://doi.org/10.1016/j.bpj.2015.08.015
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1039/C8CC01263F
https://doi.org/10.1007/s00401-021-02336-w
https://doi.org/10.1007/s00401-021-02336-w
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c04393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(79) Arakhamia, T.; Lee, C. E.; Carlomagno, Y.; Duong, D. M.;
Kundinger, S. R.; Wang, K.; Williams, D.; De Ture, M.; Dickson, D.
W.; Cook, C. M.; et al. Posttranslational Modifications Mediate the
Structural Diversity of Tauopathy Strains. Cell 2020, 180 (4), 633−
644.e12.
(80) Zhang, W.; Falcon, B.; Murzin, A. G.; Fan, J.; Crowther, R. A.;
Goedert, M.; Scheres, S. H. Heparin-induced tau filaments are
polymorphic and differ from those in Alzheimer’s and Pick’s diseases.
eLife 2019, 8, No. e43584.
(81) Astrakas, L. G.; Gousias, C.; Tzaphlidou, M. Structural
destabilization of chignolin under the influence of oscillating electric
fields. J. Appl. Phys. 2012, 111 (7), 074702.
(82) Budi, A.; Legge, F. S.; Treutlein, H.; Yarovsky, I. Effect of
frequency on insulin response to electric field stress. J. Phys. Chem. B
2007, 111, 5748−5756.
(83) Lugli, F.; Toschi, F.; Biscarini, F.; Zerbetto, F. Electric Field
Effects on Short Fibrils of Aβ Amyloid Peptides. J. Chem. Theory
Comput. 2010, 6, 3516−3526.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.5c04393
J. Phys. Chem. B 2025, 129, 9124−9137

9137

https://doi.org/10.1016/j.cell.2020.01.027
https://doi.org/10.1016/j.cell.2020.01.027
https://doi.org/10.7554/eLife.43584
https://doi.org/10.7554/eLife.43584
https://doi.org/10.1063/1.3699389
https://doi.org/10.1063/1.3699389
https://doi.org/10.1063/1.3699389
https://doi.org/10.1021/jp067248g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067248g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct1001335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct1001335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c04393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

