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ABSTRACT: The dynamics of conformational transitions of the
disordered protein, amyloid-β, is studied via Langevin and
generalized Langevin dynamics simulations. The transmission
coefficient for the unfold−misfold transition of amyloid-β is
calculated from multiple independent trajectories that originate at
the transition state with different initial velocities and are directly
correlated to Kramers and Grote−Hynes theories. For lower values
of the frictional coefficient, a well-defined rate constant is obtained,
whereas, for higher values, the transmission coefficient decays with
time, indicating a breakdown of the Kramers and Grote−Hynes
theories and the emergence of a dynamic disorder, which
demonstrates the presence of multiple local minima in the misfolding potential energy surface. The calculated free energy profile
describes a two-state transition of amyloid-β in the energy landscape. The transition path time distribution computed from these
simulations is compared with the related experimental and theoretical results for the unfold−misfold transition of amyloid-β. The
high free energy barrier for this transition confirms the misfolding of amyloid-β. These findings offer an insight into the dynamics of
the unfold−misfold transition of this protein.

1. INTRODUCTION

The functional specificity of proteins is intricately linked to
various cooperative conformational transitions that govern
both beneficial cellular processes like folding, signaling,
transport, and allostery catalysis and the detrimental ones
such as misfolding and aggregation. Such conformational
transitions span a wide range of time scales typically from
microseconds to seconds and even longer.1−3 A description of
the folding energy landscape of a protein requires the complete
specification of the conformational and dynamic properties of
each state. For most proteins, the native conformation is well
defined, while much less is known about the sparsely populated
non-native ensemble, which includes the misfolded states.4,5

Different experimental and computational techniques that
complement each other to characterize the structure and
conformational dynamics at different resolutions and across
different time scales include neutron scattering, NMR,
Mossbauer spectroscopy, dielectric spectroscopy, differential
scanning calorimetry, X-ray crystallography, and molecular
dynamics simulations.6−11 However, the experimental/simu-
lation data typically measure the ensemble-averaged conforma-
tional and dynamic properties of these structural transitions.
Computer simulations provide a molecular insight into protein
dynamics over a wide range of spatial and temporal resolutions.
Such studies are especially useful as they differentiate between
the functional native structure from the dysfunctional
misfolded ones.

Misfolded proteins are aggregate-prone and self-assemble to
form different types of aggregates ranging from oligomers to β-
rich insoluble amyloid fibrils/plaques. Numerous debilitating
neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis (ALS) are caused by the formation of these
aggregates/fibrils. The amyloid-β peptide, which is an
intrinsically disordered protein, is the principal component of
the amyloid deposits in Alzheimer’s disease. The energy
landscape of disordered proteins has several local minima
separated by small energy barriers. The transition between
these states generates an ensemble of multiple structurally
dissimilar states, which have approximately equal energy.12

Such states constitute the misfolded conformational ensemble,
and the conformational transition of amyloid-β may be
considered as two-state transition from the natively unfolded
to the misfolded state in the free energy landscape.13,14 Many
experimental and simulation studies have investigated the
conformational transitions of the full-length amyloid-β to
characterize the misfolding of this protein in water13−15 using
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both implicit and explicit solvent models. The conversion of
amyloid-β from an α helix or random coil structure to a β sheet
is typically associated with the onset of disease. However, an
understanding of the dynamics of the complex conformational
transitions that span over different time scales requires an
examination of each individual transition rather than an
averaged one obtained from the entire ensemble of
conformations. Stochastic dynamics simulations are a powerful
tool to characterize the conformational dynamics of proteins
by analyzing their transition paths.16 A transition path
corresponds to an infinitesimal part of the molecular trajectory
where the molecule crosses the transition state within a
confined domain across a potential barrier separating the
conformations17,18 (see Figure 1a). Such a path contains key
microscopic information about the structural transitions that
may be probed by high-resolution single-molecule experiments
and all-atom simulations.
This study probes the dynamics of conformational

transitions of amyloid-β in implicit water through all-atom
Langevin dynamics (LD) and generalized Langevin dynamics
(GLD) simulations. The helical structure of the full-length
amyloid-β as determined by NMR in a mixture of water and
organic solvent was selected as an initial template for this
natively unfolded protein13−15 (see Figure 1b). The rate of
conformational transitions is proportional to the transmission
coefficient. The time-dependent transmission coefficient is
evaluated from multiple independent simulation trajectories of
amyloid-β. Results of the transmission coefficients with varying
strengths of friction are directly correlated with Kramers and
Grote−Hynes rate theories.19−22 In the high friction limit, the
conformational transition from the natively unfolded to a
misfolded state violates both Kramers and Grote−Hynes rate
theories with the emergence of a dynamic disorder in the
system, which indicates the presence of multiple local minima
in the misfolding potential energy surface. The dynamics of
this unfold−misfold transition of amyloid-β is studied by
analyzing the one-dimensional free energy profile (FEP) and
the transition path. The time required to traverse the transition
path known as transition path time (TPT) or mean transition
path time (MTPT) is estimated from both LD and GLD
simulations. The distribution of the transition path times is
also calculated by varying the width of the transition region
and is compared to the theoretically obtained results, which
provide the height and frequency of the potential barrier for
such a transition of amyloid-β. The high free energy barrier for
this transition confirms the misfolding of amyloid-β. These

findings offer an insight into the dynamics of the unfold−
misfold transition of amyloid-β.

2. METHODS

2.1. Computational Details. The dynamics of the
conformational transition of full-length amyloid-β (Aβ42,
PDB code: 1IYT) is investigated via all-atom Langevin and
generalized Langevin dynamics (LD and GLD) simulations in
implicit water. The LD and GLD simulations are performed
using AMBER 18 suite of programs23 with ff99SBildn24,25 force
field at a temperature of 300 K. The temperature was kept
constant throughout the simulations using a Langevin
thermostat.26 Initially, the energy of the system was minimized
in two steps using the steepest descent and conjugate gradient
methods to remove the unfavorable interactions. For the
implicit solvent simulations, the OBC variant (igb5) of the
generalized Born (GB) method is used with the effective Born
radii, rgbmax = 15.0 Å. We used counterions of 0.1 M salt in
the simulation for GB implicit solvent. The solvation free
energy includes the respective contributions of the electrostatic
and nonpolar interactions that are estimated from the
generalized Born model27,28 and the solvent-accessible surface
area.29 The energy-minimized Aβ protein was equilibrated for
100 ps, while the temperature is increased from 0 to 300 K.
This step is followed by the equilibration of the system for 5 ns
without any periodic boundary conditions, in which the
constraint on Aβ is relaxed gradually. SHAKE algorithm30 is
used for constraining the motion of the hydrogen atoms at
their respective equilibrium bond lengths. The equilibrated
protein is subjected to the final production run, where all
restraints are removed. The coordinates of all atoms were
recorded at every 2 ps. A total of 100 independent LD
simulations (each of 5 ns) and 500 independent GLD
simulations (each of 2.5 ns) of Aβ with different initial
random velocities were performed to improve the resolution of
the time autocorrelation functions and the transmission
coefficients for the conformational transitions of Aβ. The
free energy profile (FEP), transition path time distribution
(TPTD), and the mean transition path times (MTPT) are
calculated from single trajectories of 360 ns for each of LD and
GLD simulations. The root-mean-square deviation (RMSD)
and radius of gyration (Rg) of amyloid-β from the LD and
GLD simulations at different values of frictional coefficient, γ,
are given in the Supporting Information (see Figures S1 and
S2).

Figure 1. (a) Schematic of the transition path that corresponds to the unfold−misfold transition of protein within the confined domain −x0 < xb <
x0 without crossing the boundaries. (b) NMR structure of amyloid-β 42 monomer (PDB ID: 1IYT).
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The LD simulation is based on the classical Langevin
equation,31 which is given by

mx t U x m x t t( ) ( ) ( ) ( )γ ξ̈ =− ′ − ̇ + (1)

where m and x(t) are the mass and position of the protein,
respectively; U(x) is the potential; and γ is the frictional
coefficient that measures the strength of friction/interaction
between the amyloid-β and water molecules. The random
force is modeled by the Gaussian white noise, ξ(t), with a zero
mean ⟨ξ(t)⟩ = 0 and delta correlation according to the
fluctuation−dissipation theorem31 (FDT) as ⟨ξ(t)ξ(t′)⟩ =
2mkBTδ(t − t′), where kB is the Boltzmann constant and T is
the absolute temperature.
The GLD simulation is based on the generalized Langevin

equation31,32 (GLE), which is given as

mx t U x m t t x t t t( ) ( ) ( ) ( )d ( )
t

0
∫ γ ξ̈ =− ′ − − ′ ̇ ′ ′ +

(2)

where γ(t − t′) is the time-dependent frictional memory
kernel, which is related to ξ(t) through the FDT31,33 as:
⟨ξ(t)ξ(t′)⟩ = mkBT γ(t − t′). The time-dependent frictional

memory kernel in AMBER 18 is given by t2 ( ) e
t

t t/
L

Lδ − λ − ,

where λ is the strength of the frictional force and tL is the
memory time for the non-Markovian dynamics.
All-atom molecular dynamics (MD) simulation with explicit

solvent is also performed using AMBER 18 suite of programs23

with ff99SBildn24 force field at a constant temperature of 300
K. The temperature is kept constant throughout the simulation
using a Berendsen thermostat34 with a coupling constant of 1.0
ps. The initial helical structure of Aβ is solvated in TIP3P
water in a rectangular box of 56.0 × 46.5 × 73.6 Å3, where the
distance between the edge of the box and Aβ is kept
sufficiently large, i.e., 10.0 Å, and the periodic boundary
condition is applied. Counterions Na+ are added to neutralize
the overall charge of Aβ. The energy of the system is
minimized, followed by the equilibration steps where the
temperature is increased from 0 to 300 K. The long-range
electrostatic interactions are treated using the particle mesh
Ewald (PME) algorithm35 with a cutoff of 8.0 Å. After the
equilibration run, the final MD simulation is performed for 310
ns in an NPT ensemble, where the coordinates of all atoms are
recorded at every 2 ps. The FEP, TPTD, and MTPT are
calculated for the conformational transition of Aβ from the
MD simulation trajectory.
2.2. Misfolding in Amyloid-β. The wild-type full-length

Aβ 42 (PDB code: 1IYT) is chosen as an initial structure for

the LD and GLD simulations (see Figure 1b). This structure is
commonly used in molecular dynamics (MD) simulations to
characterize the conformational transitions of Aβ.13−15 We
explore the conformational transitions and identify the
misfolding of this protein with LD and GLD simulations in
implicit water. The study of the conformational transition of
Aβ from the unfolded state (U) to the misfolded state (M) is
reported in the literature,13,14 where the misfolding is
characterized by (i) the formation of a hydrophilic loop
between the residues 25 and 29, and (ii) the proximity of the
central hydrophobic core region (residues 17−21) and the C-
terminus. Figure 2a displays the time evolution of formation of
a hydrophilic loop between the residues 25 and 29 of Aβ. The
native helical structure between residues 25 and 29 (see Figure
1b) in Aβ is disrupted and converted to a loop (shown in
magenta boxes) with time. Thus, Rg of Aβ decreases gradually
and the protein becomes more compact. Figure 2b shows the
time evolution of the hydrophobic solvent-accessible surface
area (SASA) for the hydrophobic regions (17−21) of Aβ. The
variation of SASA of the hydrophobic regions is reflected in the
fluctuation of the C-terminal residues of Aβ. An increase in
SASA is observed when the hydrophobic regions are away
from the C-terminal regions. However, a decrease in SASA
represents that the hydrophobic residues 17−21 are closer to
the C-terminal regions.14 These two regions, i.e., hydrophobic
and C-terminal regions, come closer due to the formation of
the hydrophilic loop between the residues 25 and 29. It is also
noticed that there is no salt bridge between residues 23 and 28,
which is in agreement with earlier studies.14,36 These
observations characterize the misfolding events of Aβ.13,14

The dynamics of the conformational transitions of Aβ is
studied by calculating the transmission coefficient, distribution
of the transition path times, free energy profile, and the mean
transition path times.

3. RESULTS AND DISCUSSION

3.1. Transmission Coefficients. The rate constant, kTST,
in the transition state theory (TST) is calculated on the
assumption that there is no recrossing of the trajectory once it
crosses the transition state.37,38 But according to Eyring,39

recrossing may occur and the protein may revert back to its
original unfolded state. A time-dependent transmission
coefficient, κ(t), is introduced to compensate for these
recrossings as

k t t k( ) ( ) TSTκ= (3)

Figure 2. Time evolution of the (a) formation of a hydrophilic loop between the residues 25 and 29 and (b) change in SASA of the hydrophobic
regions of Aβ protein from its initial structure. Here, H, G, S, T, and C denote α-helix, 310-helix, bend, hydrogen-bonded turn, and random coil,
respectively.
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where k(t) is the rate of the unfold−misfold transition of Aβ
and κ(t) is calculated from the LD and GLD simulations
averaged over multiple independent trajectories of Aβ with
different initial velocities, assuming that the initial position of
Aβ is at the transition state. The transition state is close to the
plane that corresponds to the maximum of the FEP along the
reaction coordinate, x(t) (i.e., RMSD of the protein).
Therefore, the conformation of the protein that corresponds
to the saddle point of the FEP is chosen as a transition state
because it has equal probability to cross the barrier toward
either side of the potential well, i.e., unfolded or misfolded
state.40,41 The calculation of the time-dependent transmission
coefficient is based on each trajectory and the time
autocorrelation function. The time autocorrelation function,
C(t), for the conformational fluctuations of Aβ may be defined
as42

C t
N N t
N N

( )
(0) ( )
(0) (0)

U U

U U

δ δ
δ δ

=
⟨ ⟩
⟨ ⟩ (4)

where δNU(t) = NU(t) − ⟨NU⟩ and NU is the number of
trajectories in the unfolded region (i.e., left of the transition
state) of Aβ at time t, which is given by

N t x x t( ) ( ( ))
i

iU ∑ θ= −‡

(5)

where x‡ is the position of the transition state, which
represents a saddle point at the top of the barrier that divides
the potential surface between the unfolded and misfolded
basins, and xi(t) denotes the position of the protein along the
reaction coordinate at time t. The reaction coordinate, x(t),
corresponds to the root-mean-square deviation (RMSD) of the

protein with respect to its initial structure.25 θ(x(t)) denotes
an unit step function

x x t
x x t

x x t
( ( ))

1; ( )

0; ( )
i

i

i

θ − =
≥

<
‡

‡

‡

l
m
ooo
n
ooo

The brackets ⟨•⟩ denote the statistical averaging over all of the
trajectories. The plot of the normalized time autocorrelation
function, C(t), versus time, t, for the LD and GLD simulations
are shown in Figure S3a,b in the Supporting Information,
respectively. At initial times, a maximum value of normalized
C(t) indicates the initial position of Aβ at the saddle point. As
expected from eq 4, C(t) decreases exponentially with time,
which denotes the positional fluctuations of Aβ from its initial
state, i.e., unfolded state. The decay of C(t) as a function of t
indicates two different types of motion of Aβ. Initially, C(t)
decays rapidly (around 1500 ps for LD and 500 ps for GLD
simulation) as Aβ misfolds. Consequently, C(t) becomes
constant. The time autocorrelation function may be fitted to a

stretched exponential function ( )C t C( ) expi i
t

1
2

i

i

= ∑ −
τ

α

=

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ
.

Here, τ is the relaxation time and α is the stretched exponent
for the fit of C(t). The time-dependent transmission
coefficient, κ(t), for the unfold−misfold transition of Aβ is
calculated from the reactive flux formalism as postulated by
Chandler.42−45 κ(t) is given as

t
x x x x t x
x x x x x

( )
( (0) ) (0) ( ( ) )
( (0) ) (0) ( (0) )

κ
δ θ
δ θ

= ⟨ − ̇ − ⟩
⟨ − ̇ − ⟩

‡ ‡

‡ ‡
(6)

where ẋ(0) is the initial velocity of the trajectory, which is
calculated from the simulation data. The transmission

Figure 3. Time-dependent transmission coefficient, κ(t), versus simulation time with varying values of γ for (a) LD and (b) GLD simulations. The
transmission coefficients calculated from the LD and GLD simulations are averaged over 100 and 500 independent trajectories, respectively. The
plateau value of κ(t) indicates a well-defined rate constant for the unfold−misfold transition of Aβ, whereas the absence of plateau shows the
emergence of a dynamic disorder. (c) Comparison of κ(t) with the simulation data obtained by Straub et al.46 The error bars show the standard
errors obtained by averaging over multiple independent trajectories.
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coefficients calculated from the LD and GLD simulations are
averaged over 100 and 500 independent trajectories,
respectively, for different values of the frictional coefficient, γ.
Figure 3a,b portrays the time-dependent κ(t) for the unfold−
misfold transition of Aβ calculated from eq 6 using LD and
GLD simulations, respectively, with varying values of γ. The
transmission coefficients, κ(t), usually vary between 0 and 1. At
time t = 0, κ(t) ∼ 1, which indicates that initially there is no
unfold−misfold transition and this corresponds to the ideal
case of TST. Figure 3a shows that κ(t) decreases monotoni-
cally with time and ultimately vanishes with increasing γ. κ(t)
calculated from the LD simulations follows the Kramers
theory.19,20,22 The Kramers theory based on the Langevin
equation is Markovian, i.e., it does not account for the memory
effects as the random forces are uncorrelated in time and do
not accurately account for the solvent forces at small times due
to the complex protein−solvent interactions.22,47 However, the
motion of the protein induces memory effects in the system,
which affects its dynamics in solutions. Thus, κ(t) for the
unfold−misfold transition of Aβ is not well defined in LD
simulations. In Figure 3b, κ(t) decays rapidly at small times as
Aβ misfolds, but after a certain time, κ(t) plateaus off, which
represents the existence of a well-defined rate constant for the
conformational transitions of Aβ. However, κ(t) obtained from
the GLD simulations follows the Grote−Hynes rate
theory,21,22 which is based on the GLE (non-Markovian)
that accounts for the memory effects in the system, where the
random forces are correlated in time. This non-Markovian
nature of the system is expected to play a significant role in the
conformational transition of the protein, and hence the GLD

simulation provides a better description of the dynamics of the
unfold−misfold transition of Aβ. The GLD simulation
accurately describes the transmission coefficients for different
values of the frictional coefficient. At very low values of the
frictional coefficients (i.e., γ = 0.1 and 0.4 ps−1), the unfold−
misfold transition does not occur, and therefore the maximum
value of κ(t) is unity, whereas, for high values of γ (i.e., γ = 5
and 10 ps−1), Aβ shows conformational fluctuations in the
misfolded state that gives rise to multiple local minima in the
misfolding potential energy surface. The transitions of the
misfolded Aβ protein from one local minima to another may
affect the rate of the unfold−misfold transition. Thus, κ(t)
decreases and does not reach a plateau with time, which
indicates an absence of a well-defined rate constant. The
absence of the plateau confirms the breakdown of the Kramers
and Grote−Hynes rate theories and indicates the presence of
dynamic disorder in the conformational transitions of Aβ,
which is similar to the earlier experimental and simulation
studies on the conformational fluctuations of single protein
molecules.48−50 These studies also suggest that dynamic
disorder arising due to the conformational transitions spans a
wide range of time scales rather than mere fluctuations in the
barrier height. Figure 3c displays a log−log plot of κ(t) versus
γ, which shows a good agreement of our results with the
simulation data of Straub et al.46

3.2. Free Energy Profile (FEP). The FEP and the
transition path for the unfold−misfold transition may be
calculated from the LD and GLD simulations. The FEP is
described as16

U x k T p x( ) ln( ( ))B=− (7)

Figure 4. (a) Probability distribution of the conformations and (b) one-dimensional FEP (−ln(p(x))) for the unfold−misfold transition of Aβ
from LD, GLD, and MD simulations. The FEP is described as a two-state transition (unfold−misfold) of Aβ in a free energy landscape. Here, U
and M denote the unfolded and misfolded states of Aβ respectively. x corresponds to RMSD of the protein.

Figure 5. (a) Transition path and (b) schematic diagram of the trajectory in small simulation time for the conformational transitions of Aβ. xU and
xM are the boundaries for the unfolded and misfolded states, respectively. The region between orange lines shows the transition path, where purple
boxes depict misfold−unfold transitions, and green boxes show unfold−misfold transitions of Aβ.
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where p(x) denotes the probability distribution along the
reaction coordinate, x(t), for the unfold−misfold transition of
Aβ, where the reaction coordinate corresponds to the root-
mean-square deviation (RMSD) of the protein with respect to
its initial structure.25 Figure 4a,b presents the probability
distribution of the conformations, p(x) and −ln(p(x)) (FEP),
respectively, for the unfold−misfold transition of Aβ from LD,
GLD, and MD simulations. The potential obtained from these
simulation data may be viewed as a two-state transition
(unfold−misfold) of Aβ in a free energy landscape. The
misfolded state of Aβ occurs as a narrow well located on the
right-hand side of the free energy profile. While the unfolded
state is relatively broad and appears on the left-hand side of
this free energy landscape. Thus, Figure 4b exhibits a broad
unfolded basin and a narrow misfolded basin. The energy
landscape of such transitions is typically rugged, which
indicates several closely spaced conformations that belong to
the unfolded and misfolded states. Therefore, the unfold−
misfold transition may occur in a heterogeneous manner.51

The dynamics of this conformational transition may be
investigated by analyzing the transition path between the
unfolded and misfolded states. Two boundaries xU and xM may
be arbitrarily defined between these states, where the position
x < xU corresponds to the unfolded state and the position x >
xM represents the misfolded state of Aβ. The region defined
between xU ≤ x ≤ xM represents the conformation of Aβ in the
transition state as it enters from one side of this interval and
exits from the other. Aβ continuously dwells inside this region
as depicted in Figure 5a,b when the choice of this transition
region is arbitrary. We explore the temporal duration of this
transition path known as transition path time (TPT) or the
transit time by analyzing this transition region between

unfolded and misfolded states of Aβ. Figure S6a,b in the
Supporting Information depicts the free energy profile (FEP)
with varying values of the frictional coefficients, γ, for both LD
and GLD simulations.

3.3. Transition Path Time Distribution (TPTD). The
calculated TPTD, PTPT(t), for the conformational transition of
Aβ obtained from LD and GLD simulations is depicted in
Figure 6a,b, respectively. PTPT(t) is computed directly from the
simulation trajectories by calculating the number of these
transition events between the unfolded and misfolded states.
Initially, higher values of PTPT(t) are obtained as unfold−
misfold transition is more frequent, but with increasing times,
PTPT(t) decreases as the protein misfolds. In the long time
limit, PTPT(t) becomes zero, indicating that the protein is
completely misfolded. PTPT(t) calculated from the LD
simulation trajectory is compared with the experimental results
of TPTD for the Aβ52,53 and with an earlier theory.54 Figure 6a
depicts a plot of PTPT(t) versus t, obtained from our LD
simulation with the theoretical result of Laleman et al.54 The
theoretical expression of the TPTD based on classical Langevin
equation with Gaussian white noise is given as54

P t
G t

E
( )

2 ( )e
1 Erf( )

G t

TPT

( )2

π β
=− ′

− Δ

−

(8)

where G′ = dG/dt is the time derivative ofG t( ) x X t

t

( )

2 ( )
0 0

2
=

σ

−
and

ΔE is the height of the potential barrier. X0(t) denotes the
deterministic motion of the protein molecule from its initial
position x(0) = x0. In this context, our simulation results are
compared with the data extracted from the atomic force
microscopy experiments.52,53 Results of our simulation
qualitatively agree with the experimental and theoretical

Figure 6. TPTD, PTPT(t), versus simulation time for (a) LD and (b) GLD simulations. Comparison of PTPT(t) obtained from (a) our LD
simulation with the experimental results of TPTD for Aβ52,53 and with an earlier theory54 and (b) our GLD simulation with the theoretical
results.16,55

Figure 7. TPTD, PTPT(t), versus simulation time with varying width of the transition region for (a) LD and (b) GLD simulations.
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results. Figure 6b shows a comparison of PTPT(t) versus t,
obtained from our GLD simulation data with the results
obtained from theory.16,55,56 The equation of the TPTD for
the transit across harmonic potential barrier obtained by
Chaudhury and Makarov55 is given by

P t
E

E
E t

t t
( )

1 Erf
exp coth( /2)

sinh( /2) 2 sinh( )
TPT

ω β
β

β ω
ω π ω

=
Δ

− Δ
[− Δ ]

(9)

This equation is used for fitting the histograms of the TPTD
obtained from our GLD simulations. The values of the height,
ΔE = 6.5kBT, and frequency, ω = 0.38 s−1, of the potential
barrier for the unfold−misfold transition of Aβ are obtained
from such a fit.55 The estimated free energy barrier for unfold−
misfold transition of Aβ is found to be high, i.e., βΔE ≫ 1,
while the barrier frequency is considerably small.51,57 The
deviation of the TPTD from the theoretical result obtained by
Makarov et al.16 is due to the inclusion of the inertial term in
the GLD simulations. While our simulations are based on the
inertial GLE, the results of Makarov et al. are derived from the
overdamped GLE. Figure S7a in the Supporting Information
shows the plot of the TPTD, PTPT(t), versus simulation time in
the MD simulation of Aβ.
Figure 7a,b displays PTPT(t) calculated by varying the width

of the transition region between the unfolded and misfolded
states for both LD and GLD simulations, respectively. Longer
transition paths require a longer rearrangement of the protein
chain that increases the effective friction between the protein
and the solvent along the reaction coordinate, and retarding
the motion of the protein.16 Thus, as the width of the
transition region increases, the frequency of crossing the
barrier top decreases and hence a lower TPTD is obtained.
The plots of the TPTD with varying widths of the transition
region show a similar trend to that of an earlier simulation
study of binding of intrinsically disordered proteins.16

Figure 8 shows the plot of PTPT(t) for LD simulation of Aβ
with varying values of the frictional coefficient. For lower

frictional strengths, the interactions between Aβ and the water
molecules are less; therefore, there are less transitions between
the unfolded and misfolded states, which is reflected in a lower
distribution of the transition path times. However, for higher
frictional strengths, there are strong interactions between Aβ
and the water molecules. Thus, the conformation of Aβ is
strongly influenced by the thermal noise, which leads to

multiple crossings of the transition-region boundaries, and
hence a higher distribution of TPT is obtained.

3.4. Mean Transition Path Times (MTPT). Figure 9a,b
depicts the MTPT, ⟨tTP⟩, as a function of the width of the
transition region for LD and GLD simulations, respectively.
MTPT measures the average time spent by amyloid-β in the
transition region (xU ≤ x ≤ xM) during the transition from the
unfolded state (i.e., xU) to the misfolded state (i.e., xM) (see
Figure 5b).16 The transition-region boundaries are self-
determined by physical considerations, where the difference
of these boundaries may be defined as Δx = xM − xU. The
MTPT of the unfold−misfold transition of Aβ decreases as the
width of the transition region, Δx, decreases, which implies
that the protein spends less time between the transition
boundaries. Figure S7b in the Supporting Information shows
the plot of MTPT, ⟨tTP⟩, versus the width of the transition
region in the MD simulation of Aβ.

4. CONCLUSIONS

In this study, we aim to investigate the dynamics of
conformational transitions of amyloid-β via Langevin and
generalized Langevin dynamics (LD and GLD) simulations.
LD is based on the classical Langevin equation, while GLD
follows the GLE with a non-Markovian frictional memory
kernel. The dynamics of the unfold−misfold transition of
amyloid-β are studied by analyzing the position of Aβ with
time and varying friction strengths of the solvent. The
transmission coefficient is calculated via sampling multiple
independent trajectories of Aβ that begin from the transition
state with different initial velocities. The calculated trans-
mission coefficients from the LD and GLD simulation data for
different frictional coefficients exactly follow the Kramers and
Grote−Hynes rate theories, respectively. The transmission
coefficient decreases monotonically with time and eventually
goes to zero for all values of the frictional coefficient in LD
simulations. The non-Markovian nature of the system plays a
significant role in the conformational transition of proteins as
the motion of protein induces memory effects, which affects its
dynamics in the solution. Therefore, the GLD simulation
provides a better description of the dynamics of the unfold−
misfold transition of Aβ and accurately describes the
transmission coefficients for different values of the frictional
coefficient. For lower values of the frictional coefficient, a well-
defined rate constant is obtained from the GLD simulations,
whereas for higher values of the frictional coefficient, the
transmission coefficient decays with time, which indicates the
failure/breakdown of the Kramers and Grote−Hynes theories
with the emergence of a dynamic disorder, which characterizes
the conformational transition of amyloid-β. Thus, we conclude
that memory effects play an important role in the kinetics of
the conformational transitions of proteins. Results for the FEP
obtained from these simulations reveal that the unfold−misfold
transition of amyloid-β is a two-state process where the
unfolded and misfolded states are described as two wells
separated by a free energy barrier. The TPTD computed from
these simulations is compared with the theoretically obtained
results that provide the frequency and height of the potential
barrier for the unfold−misfold transition of amyloid-β. The
high free energy barrier confirms the misfolding of amyloid-β.
While the TPTD increases with a decrease in the width of the
transition region and an increase in the frictional coefficient,
the MTPT increases with the width of the transition region.

Figure 8. TPTD, PTPT(t), obtained from the LD simulation with
varying values of frictional coefficient, γ.
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These findings offer an insight into the dynamics of the
unfold−misfold transition of this protein.
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