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ABSTRACT
The degradation of fibrils under the influence of thermal fluctuations was studied experimentally by various groups around the world. In
the first set of experiments, it was shown that the decay of fibril content, which can be measured by the ThT fluorescence assay, obeys a
bi-exponential function. In the second series of experiments, it was demonstrated that when the monomers separated from the aggregate
are not recyclable, the time dependence of the number of monomers belonging to the dominant cluster is described by a single-exponential
function if the fraction of bound chains becomes less than a certain threshold. Note that the time dependence of the fraction of bound chains
can be measured by tryptophan fluorescence. To understand these interesting experimental results, we developed a phenomenological theory
and performed molecular simulation. According to our theory and simulations using the lattice and all-atom models, the time dependence of
bound chains is described by a logistic function, which slowly decreases at short time scales but becomes a single exponential function at large
time scales. The results, obtained by using lattice and all-atom simulations, ascertained that the time dependence of the fibril content can be
described by a bi-exponential function that decays faster than the logistic function on short time scales. We have uncovered the molecular
mechanism for the distinction between the logistic and bi-exponential behavior. Since the dissociation of the chain from the fibrils requires
the breaking of a greater number of inter-chain contacts as compared to the breaking of the beta sheet structure, the decrease in the number of
connected chains is slower than the fibril content. Therefore, the time dependence of the aggregate size is logistic, while the two-exponential
behavior is preserved for the content of fibrils. Our results are in agreement with the results obtained in both sets of experiments.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144305., s

INTRODUCTION

Protein aggregation is believed to be associated with neurode-
generative diseases. For example, aggregation of α-synuclein protein
may be related to Parkinson’s disease, while Alzheimer’s disease
(AD), which is often seen in older people, is presumably caused by
formation of extracellular senile plaques consisting of amyloid beta
(Aβ) peptides in the patient’s brain.1 Aβ peptides, which are cleaved
from amyloid precursor protein (APP) under the influence of β-
and γ-secretases,2 have most abundant isoforms Aβ40 (40 amino
acids) and Aβ42 (42 amino acids). Aβ aggregation occurs by the
nucleation mechanism with the lag phase to form mature fibrils

with transverse β-strands. Recent experiments have provided evi-
dence that senile plaque levels are weakly correlated with the severity
of dementia, but intermediate oligomers are predominantly toxic
species.3,4 Thus, knowledge about the intermediate stages of fibril
growth plays a crucial role in determining effective AD therapy. In
addition, since finite-sized oligomers and fibrils can decompose into
non-toxic monomers, it is important to understand the process of
dissociation in detail.

Several experimental studies of the chemical stability5–10 and
dissociation of amyloid fibrils under high pressure11–14 and laser
irradiation15,16 have been carried out, while only a limited research
was conducted to study their thermal stability.17–24 It was shown24
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that due to thermal fluctuations, the dissociation kinetics can be
described by a bi-exponential function with two very different time
scales or degradation rates.

Recently, Gruning et al.25 have carried out an interesting exper-
iment allowing for the study of the dissociation of Aβ fibrils without
re-association. Using the engineered protein ZAβ3W for the seques-
tration of the Aβ monomer, they were able to control the dissocia-
tion by tryptophan fluorescence. The basic idea of their experiment
was based on the fact that ZAβ3W inhibits the Aβ aggregation by
sequestering the aggregation-prone central and C-terminal regions
of the Aβ monomer.26,27 Therefore, in the experiment of Gruning
et al.,25 the concurrent effect of reverse and forward reactions was
avoided. More importantly, it was shown that in the absence of
monomer recycling, the dissociation of fibrils obeys a single expo-
nential law instead of bi-exponential decay. This interesting result
has not been theoretically explained.

Protein aggregation, in particular, the oligomerization of full-
length and truncated Aβ peptides, has been studied by many groups
around the world using molecular dynamics (MD) simulation.28–33

However, the degradation of fibrils has not been theoretically con-
sidered. On the other hand, since the destruction of insoluble amy-
loid fibrils is one of the possible ways to treat neurodegenera-
tive diseases, this problem is of great interest not only from the
point of view of basic research but also from the point of view of
application.

In this paper, combining theory with all-atom MD and lattice-
based Monte Carlo simulations, we study the temperature-driven
dissociation of fibrils with and without recycling (Fig. 1). In a stan-
dard scenario with monomer recycling, the released monomer is
allowed to reattach to the mother aggregate, whereas in the case
without recirculation, the released monomer is removed from the
studied system. We have developed an analytical theory to describe
the fibril degradation with and without the capture of monomers,
which are detached from the parent aggregate (we use the words
aggregate and fibril with the same meaning, but, in general, the
aggregate is of less order than the fibril). We showed that the time
dependence of the aggregate size is described by the logistic function,

FIG. 1. Top panel: schematic plot for the dissociation of fibrils in a standard sce-
nario with recycling, where the freed chain can reunite with the mother aggregate
and, therefore, the total number of chains is fixed. Bottom panel: the decomposition
of fibrils without monomer recycling, in which the released monomer is removed,
not allowing to reattach to the mother unit.

while the behavior of the fibril content (the fibril content is propor-
tional to the ThT fluorescence signal and is measured by the number
of fibril contacts or beta content in simulation) is controlled by a
bi-exponential function. Then, our theory and the results, obtained
by tryptophan and ThT fluorescence techniques, were verified by
simulations using lattice and all-atom models.

We expect that the results obtained in this work should be valid
for the thermal degradation of not only proteins but also of other
systems.

MATERIALS AND METHODS
Lattice model

To study the degradation of sufficiently large fibrils, we used a
simple lattice model,34,35 in which each amino acid is represented by
a bead and the polypeptide chain has M = 8 beads. The sequence of a
polypeptide chain was chosen the same as in our previous works,34,35

i.e., this is +HHPPHH−. Here, H and P refer to hydrophobic and
polar residues, respectively, while + and − are charged beads located
at the ends.

The potential energy of N chains is as follows:

E =
N

∑
l=1

M

∑
i<j

Esl(i)sl(j)δ(rij − a) +
N

∑
m<l

M

∑
i,j

Esm(i)sl(j)δ(rij − a), (1)

where the first and second terms are intra- and inter-chain interac-
tions, respectively. rij stands for the distance between beads i and j,
and the lattice spacing is denoted by a. sm(i) is the type of residue i
in the mth peptide, and δ(0) = 1 and zero, otherwise. For intra-chain
interaction, we count the interaction energy between two residues i
and j that are separated by a lattice spacing but are not successive in
sequence. For a cubic lattice, this condition means that |i − j| must be
greater or equal to 3. In the case of inter-chain interaction, any pair
of two residues from different chains that are separated from each
other by distance a should contribute to the interaction energy.

The energy is measured in the unit of the hydrogen bond energy
εHB. We chose the contact energies as EP,α = −0.2, where α = P; +;
−, and the interaction energy between two hydrophobic residues
as EHH = −1.34 To favor the formation of “salt bridge,” we assign
the sufficiently strong attraction between oppositely charged beads
E+− = −0.6, while the repulsive interaction was chosen to be weaker
with E++ = E−− = −E+−/2 = 0.3. For all other contacts, we have
Eαβ = 0.2. Note that the lattice model was successfully used to study
the formation of critical nucleus36 and fibril formation in a crowded
environment.37

Monte Carlo moves

The MC (Monte Carlo) algorithm was used to study degrada-
tion of fibrils on a discrete cubic lattice. MC moves include local
(corner flip, tail rotation, and crankshaft rotation) and global moves.
Global moves involve translating the entire chain along a randomly
chosen direction with a step of a and rotating it 90○ around a ran-
domly selected one of the three axes. Since global moves are artificial,
we tried to maintain their acceptance rate as low as possible. How-
ever, if this rate is too low, the degradation process will be so slow
that the problem becomes computationally unfeasible. Therefore,
as in our previous work,34 the acceptance rates of local and global
moves were set at 0.9 and 0.1, respectively.
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Simulation was conducted in a hypercube with a periodic
boundary condition. Simulation time is measured in units of MCS
(MC step), which is a combination of local and global moves.34

The concentration of chains in each system was chosen to be
around 57 μM, which corresponds to the cubic sizes of 135, 165,
and 235a for N = 10, 16, and 28 monomers, respectively, with
a, lattice spacing, set equal to 1. This concentration has the same
order of magnitude as in typical experiments. To obtain reliable
results, we performed 100–150 independent MC trajectories for each
simulation set.

Fibril structures in lattice models

Fibril-like structures in the lattice model are a set of monomers
forming anti-parallel structures with the lowest energy. In order to
find such structures, we carried out multiple MC simulations start-
ing from random configurations. Figure 2 shows fibril structures for
N = 10, 16, and 28 for the force field described above.

Simulation of fibril degradation in lattice models

To study the kinetics and mechanisms of thermal degradation
of fibrils in the lattice model, simulations were conducted starting
from a fibril-like structure (Fig. 2) at various temperatures. Inter-
and intra-chain contacts that exist in the fibril structure are called
fibril contacts. The intra-chain contact between beads i and j is
formed if |i − j| ≥ 3, and the distance between them is equal to
the lattice spacing a. The inter-chain contact between two beads
belonging to two different chains occurs if the distance between
them is a.

Temperature in lattice model

Since in the lattice model the energy is measured in εHB, the
temperature is measured in εHB/kB. In what follows, we use dimen-
sionless temperature but mean that its unit is εHB/kB. The folding
temperature of the monomer TF can be obtained either from the

FIG. 2. Fibril structures of N = 10, 16, and 28 polypeptide chains in the lattice
model. Blue, red, green, and yellow balls represent positive charges, negative
charges, hydrophobic amino acids, and hydrophilic amino acids, respectively. The
connections between beads are peptide bonds. These structures have 114 (84),
192 (144), and 360 (276) fibril contacts for N = 10, 16, and 28, respectively. The
number of inter-chain contacts is shown in brackets.

maximum of heat capacity38 or from the condition ⟨Q(TF)⟩ = 0.5,
where Q(TF) is the fraction of native contacts at the folding tem-
perature.34 Since the chain contains only eight beads, these quan-
tities can be calculated exactly. From the temperature dependence
of ⟨Q(T)⟩, we obtained TF ≈ 0.39 (Fig. S1 of the supplementary
material). The same value of TF was obtained from the temperature
dependence of the heat capacity (results not shown). The room tem-
perature is set as the folding temperature of the monomer TF = 0.39.
The lattice simulations were performed at temperatures above room
temperature.

All-atom MD simulation

The structure of Aβ fibrils remains controversial. The N-
terminus of the peptide is believed to be either disordered or ordered
in the fibril stage. Fibril structures of N-terminus truncated peptides
were proposed by Lührs et al.39 (Aβ17–42), Petkova et al. (Aβ9–40),40

and Paravastu et al. (Aβ9–40)41 because the first 16 residues of Aβ1–42
and the first 8 residues of Aβ1–40 were assumed as unstructured.
However, recent experiments have shown that the N-terminus
might be ordered and involved in the fibril structure.42–46 In this
work, we carried out all-atom MD simulation to study the degra-
dation of the fibril-like structure of 10 truncated peptides Aβ37–42
(37GGVVIA42). The cross beta structure (Fig. 7) was resolved by the
Eisenberg group using the solid state NMR and has ID 2ONV on the
website http://people.mbi.ucla.edu/sawaya/jmol/xtalpept/index.html.
We also performed the simulation for the fibril-like structure of five
Aβ17–42 chains (PDB ID: 2BEG,39 Fig. 8).

As in the case of lattice models, the contacts formed in a fibril-
like structure are called fibril contacts. The contact between two
amino acids is formed if the distance between their centers of mass is
less than 6.5 Å. For intra-chain contacts, we do not count the contact
between successive residues.

We used the Amber11 package47,48 to perform explicit solvent
simulation applying the amber force field 99SB49 and TIP3P water
model.50 It is worth to mention that the amber force field 99SB
and TIP3P model of water is the best combination.51,52 The motion
equation was solved by the leap-frog algorithm53 with a time step
of 2 fs. By the SHAKE algorithm,54 all bonds with hydrogen atoms
were constrained. A Langevin thermostat55 was applied to main-
tain the designed temperature with 2 ps−1 collision frequency. The
vdW interaction at distances longer than 1.4 nm was not taken into
account, and the electrostatic interaction was treated by the particle
mesh Ewald method.56

Why we have to use lattice and all-atom models?

The best model to use is the all-atom model, but we also stud-
ied the lattice model for two reasons: First, due to its simplicity, we
can perform simulation with a larger number of chains compared
to the all-atom model. Second, in order to capture an experiment
without recycling,25 we must remove the monomer that has just
dissociated from the mother aggregate before continuing with the
simulation. This can be easily implemented in simple lattice mod-
els, but it is not so in an all-atom model, where the removal of one
chain requires to re-solvate a simulation box with a reduced num-
ber of water molecules. In principle, to avoid this problem, we can
use implicit all-atom or off-lattice coarse-grained models, but we
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have chosen lattice models because they allow us to deal with a large
number of polypeptide chains.

Experimental technique for monomer capture
and simulation protocol

In order to prevent the released Aβmonomer itself from reunit-
ing with the parent aggregate, experimentally it was removed from
the system. For this, the free monomer was marked by the trypto-
phan fluorescence.25 Since the Aβ peptide does not contain trypto-
phan, the ZAβ3W protein, which was obtained from ZAβ3 making
a single point Y18W mutation, was used as a tryptophan fluores-
cence probe for monomer Aβ because it binds to the Aβ monomer
but not to the fibril. In detail, when ZAβ3W is bound to the Aβ pep-
tide, the fluorescence intensity increased and led to a blue-shifted
emission maximum λmax. Using a special simulation technique,
Gruning et al. found a correlation between λmax and the fraction
of free ZAβ3W, after which they inferred the Aβ fraction, which still
remains in fibrils.25

In the simulation, we followed exactly the same protocol as in
the experiment of Gruning et al.25 that the dissociated peptide was
removed from the simulation box. This can be easily implemented
in simple lattice models, but it is not so in an all-atom model, where
the removal of one chain requires to re-solvate a simulation box with
a reduced number of water molecules. Thus, in this work, we only
used a lattice model to capture the process without recycling.

Quantities used for data analysis
Fraction of fibril contacts Ω

Because the simulation started from the fibril structure (Figs. 1,
4, and 5) at t = 0, the number of fibril contacts, Nfibril(0), is the largest
one. The fraction of fibril contacts, which measures the β-structure,
is defined as Ω(t) = Nfibril(t)/Nfibril(0). Experimentally, this quantity
can be obtained by the ThT fluorescence technique.

Fraction of bound monomers Θ

Monomers that have no contact with the rest are called free
monomers. The number of bound (non-free) monomers that belong
to oligomers or fibrils is the difference between the total number of
monomers and the number of free monomers. The concentration of
non-free monomers is defined as Θ(t) = Nnon-free/N. In experiments,
this quantity can be measured by the tryptophan fluorescence.25 In
the capture scenario (without recycling), a monomer detached from
the aggregate is removed from the simulation box.

Free energy

To show the existence of intermediate states, we calculated the
free energy as a function of fibril contacts. It is defined as follows:

G(Nfibril) = −kBT ln(P(Nfibril)), (2)

where P(Nfibril) is the population of states with Nfibril fibril contacts.
In simulation, P(Nfibril) = n(Nfibril)/ntotal, where n(Nfibril) is the num-
ber of times the state with Nfibril fibril contacts occurs and ntotal is the
total number of sampled conformations.

The calculation of the equilibrium free energies is very
time consuming since the degradation and formation of fibrils
are irreversible processes. For systems with a finite number of

chains, these processes are reversible but building equilibrium
free energy landscapes remains computationally difficult. There-
fore, we will construct nonequilibrium free energy landscapes, using
Eq. (2) and all sampled snapshots including those taken before
equilibration.

RESULTS
Theory
Dissociation of monomers from fibril
without recycling

Logistic behavior. In the first approximation, the decay of the
number of bound chains depends linearly on the number of chains,
i.e., dΘ/dt ∼Θ or dΘ/dt = −aΘ, where parameter a > 0 for decompo-
sition. This equation leads to exponentially fast decay Θ ∼ exp(−at).
However, as can be seen from the simulation results below (Figs. 3,
5, and 7), Θ(t) decreases much more slowly than exponential behav-
ior at short time scales. To overcome this difficulty, we add a term
that is proportional to Θ2, leading to the following kinetics equation:

dΘ
dt
= −aΘ + bΘ2, (3)

where fitting parameter b > 0. Equation (3) is similar to the equa-
tion for population growth, but the sign of the right side is opposite
(https://en.wikipedia.org/wiki/Logistic_function).

In our phenomenological theory, temperature is implicitly
expressed through adjustable parameters. For example, we do not

FIG. 3. Time dependence of percentage of bound monomers, Θ(t), with recycling.
Color curves represent the logistic fitting [Eq. (7)] for each data set at different
temperatures and N. For N = 10, the sets of fitting parameters (Θ0, Θeq, b̃, τ)
are (57.21, 45.83, 3.64 × 10−5, 294.1), (74.25, 26.75, 9.26 × 10−5, 121.95), and
(87.61, 15.17, 3.4 × 10−4, 29.6) for T = 0.55, 0.58, and 0.64, respectively. For
N = 16, they are (14.76, 87.39, 8.26 × 10−5, 502.5), (44.0, 55.82, 3.11 × 10−5,
438.6), and (61.109, 40.18, 2.391 × 10−5, 378.78) for T = 0.54, 0.58, and 0.60,
respectively. In the N = 28 case, we have (24.21, 76.44, 2.301 × 10−5, 791.4),
(58.74, 43.20, 1.088 × 10−5, 645.2), and (76.13, 25.89, 1.14× 10−4, 89.3) for
T = 0.60, 0.65, and 0.75, respectively. The characteristic time τ is measured in
103 MCS and highlighted in blue.
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know exactly the temperature dependence of the parameters a and
b in Eq. (3), but we expect a to increase with temperature because
degradation accelerates with an increase in temperature. The param-
eter b may decrease or increase with T depending on the situation
(see below). In general, these parameters should be chosen in such
a way that the right side of Eq. (3) is negative in order to guarantee
a decrease in Θ with time. Thus, at t = 0, we have bΘ2

− aΘ < 0 or
bΘ0/a < 1. The larger the system, the more stable the system; hence,
the parameters a and b should depend on the system size. This will
be confirmed by our simulation.

Equation (3) has the exact solution

Θ(t) =
Θ0

τbΘ0 + (1 − τbΘ0)et/τ , (4)

implying that, in general, the fraction of bound chains follows logis-
tic kinetics without recycling. Here, the parameter τ (τ = 1/a) plays
the role of “relaxation” time. Since degradation becomes faster with
an increase in temperature, τ should decrease with an increase in T.

Single exponential kinetics. At large enough time scales, the sec-
ond term in the denominator in Eq. (4) dominates over the first term
and we have

Θ(t) ∼ exp(−t/τ). (5)

We will show that this single exponential kinetics can describe the
experiment of fibril degradation without recycling.25 Namely, using
a special technique that does not allow the separated monomers to
reunite with the mother oligomer, it was shown that the dissociation
of monomer25 obeys a single exponential kinetics if the fraction of
bound proteins becomes less than the crossover value Θcr ∼ 90%.

Dissociation of monomers from fibril with recycling

When released monomers are not captured, one has to add to
Eq. (3) an additional term that describes the recycling. Because the
probability of recycling depends not only on the size of the parent
cluster but also on the number of free monomers, this term should
be proportional to Θ(Θ0 − Θ). Then, Eq. (3) becomes

dΘ
dt
= −aΘ + bΘ2 + cΘ(Θ0 −Θ). (6)

Because the recycling disfavors degradation, the coefficient c > 0.
Introducing ã = a − cΘ0 and b̃ = b − c, the last equation becomes
identical to Eq. (3) but with the renormalized parameters ã and b̃ and
Θ0 → Θ0 − Θeq. In other words, for the case of recycling, the dissoci-
ation of monomers from the aggregate is governed by the following
logistic equation:

Θ(t) =
Θ0 −Θeq

b̃(Θ0 −Θeq)τ + [1 − b̃(Θ0 −Θeq)τ]et/τ
+ Θeq, (7)

where τ = 1/ã. Contrast to the case without recycling, in the t →∞
limit, the portion of bound chains approaches a nonzero equilibrium
value Θeq. Equation (7) satisfies this condition and the requirement
that Θ = Θ0 at t = 0. Note that the parameter Θeq should depend on
a, b, and c, but we do not have an analytical dependence. It can be
obtained in simulation from the time dependence of Θ(t) in the limit
t →∞.

Simulation results and comparison with experiment
Dissociation with recycling

Time dependence of the number of bound chains: Lattice mod-
els. Figure 3 shows the time dependence of the fraction of bound
chains for N = 10, 16, and 28 at different temperatures. Recall that
the temperature in the lattice model is implied in the Metropolis
algorithm and is dimensionless as kBT is measured in the charac-
teristic energy εHB.34 Simulations were carried out at T > 0.39, i.e.,
above room temperature.

In agreement with our theory, the logistic dependence [Eq. (7)]
works well for all cases. As the temperature is lowered, the por-
tion of bound monomers at large time scales becomes larger or
Θeq increases. For N = 28, Θeq = 76.44%, 43.20%, and 25.89% for
T = 0.60, 0.65, and 0.75, respectively. The value of Θeq for N = 10
and 16 at different temperatures is given in the caption of Fig. 3.

Time dependence of the fibril contacts: Lattice models. The frac-
tion of fibril contacts, Ω(t), can be experimentally measured by the
ThT fluorescence array, and it was shown that24 its time dependence
is described by a bi-exponential function,

Ω(t) = Ω0 + Ω1 exp(−t/τ1) + Ω2 exp(−t/τ2). (8)

The existence of two time scales τ1 and τ2 means that the fibril degra-
dation occurs through an intermediate state. τ1 and τ2 describe the
decay at short and large time scales, respectively. To demonstrate the
existence of an intermediate state, we plot the free energy as a func-
tion of the fraction of fibril contacts for N = 28 and T = 0.60 (Fig. 4)
(similar results for other systems and temperatures are not shown).
For individual trajectories, we have two local maxima implying that
the intermediate state occurs upon fibril dissociation. It is important
to note that two local minima disappear if we average over many
MC trajectories (bottom panel in Fig. 4) due to the fact that local
minima/maxima of separate paths are located at different positions.

FIG. 4. Top panel: free energy as a function of the fraction of fibril contacts,
obtained in three MC trajectories, for N = 28, T = 0.60. Bottom panel: the same as
on the top panel, but the results were averaged over 25 trajectories. Arrows show
the position of local minima.
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Therefore, care must be taken when interpreting simulation data on
a free energy landscape.

As can be seen from Fig. 5, in accordance with the experi-
ment,24 the fraction of fibril contacts is perfectly fitted to the bi-
exponential function. For a given number of chains, characteristic
times τ1 and τ2 decrease with an increase in temperature (caption
of Fig. 5) since with shorter characteristic times, the degradation
occurs faster. Depending on the system size and temperature, τ2 is
1–2 orders of magnitude greater than τ1. This result is consistent
with the experiment on degradation of β2-microglobulin amyloid
fibrils,24 which showed that the off-rate constant of the second term
is much greater than the first one.

Figure 6 shows the temperature dependence of the degradation
rates κoff1 = 1/τ1 and κoff12 = 1/τ2. These results suggest that both
rates obey the Arrhenius formula as they depend linearly on 1/T.
Using the experimental data (Fig. 3 from the work of Kardos et al.24),
we can show that the degradation kinetics of β2m amyloid fibrils is
bi-exponential (Fig. S2). Using the fitting parameters from Fig. S2,
we can extract κoff1 and κoff12 and show that they also obey the Arrhe-
nius law (Fig. S3). Thus, our simulation results are consistent with
the experiment.24

Time dependence of the number of bound chains: All-atom
model. Because the lattice model can produce artificial results due
to its discrete nature, we carried out the MD simulation with the
use of all-atom models with explicit water. The simulation started
from the fibril-like structure of 10 truncated peptides Aβ37–42 at
T = 350 K, 375 K, and 400 K (Fig. 7). For each temperature, 10 tra-
jectories were performed with different initial velocity fields, and the

FIG. 5. Thermal degradation kinetics of three fibril structures with10, 16, and 28
polypeptide chains at different temperatures. The results were obtained using the
lattice model. Smooth curves refer to the bi-exponential fit given by Eq. (8). For
N = 10, the set (Ω0, Ω1, Ω2, τ1, τ2) is (24.81, 17.65, 64.61, 8.55, 526.32), (17.29,
14.18, 76.8, 4.35,277.78), and (12.45, 13.55, 81.41, 3.73, 147.06) for T = 0.53,
0.55, and 0.58, respectively. For N = 16, we have (24.6, 17.79, 49.67, 55.56,
769.23), (10.24, 16.09, 67.79, 47.62, 588.24), and (3.68, 11.84, 77.47, 17.54,
384.61) for T = 0.56, 0.58, and 0.60, respectively. In the N = 28 case, the fitting sets
are (40.95, 33.92, 23.04, 961.54, 4761.90), (30.1, 32.16, 34.85, 751.88, 2564.10),
and (12.7, 5.35, 82.08, 32.26, 1000.0) for T = 0.58, 0.60, and 0.63, respectively.
Here, Ω0, Ω1, and Ω2 are in % and τ1 and τ2 are measured in 103 MCS.

FIG. 6. Temperature dependence of the degradation rate κoff1 and κoff2, obtained
by using the lattice (upper panel) and all-atom simulation (lower panel). Koff is
measured in (103 MCS)−1.

FIG. 7. Upper panel: fibril-like structure of 10 truncated peptides Aβ37–42. This
structure has 113 fibril contacts. (a) Dependence of the percentage of bound
monomers Θ(t) on the simulation time without the capture of released monomers.
The results were obtained using the all-atom model. The logistic fitting [Eq. (7)]
was conducted for each data set at different temperatures. The sets of fitting
parameters (Θ0, Θeq, b̃, τ) are (72.43, 26.25, 2.9 × 10−4, 45.45), (84.87, 18.94,
1.9 × 10−4, 43.48), and (99.02, 6.34, 3.2 × 10−4, 19.61) for T = 350 K, 375 K,
and 400 K, respectively. The results were averaged over 10 MD trajectories. (b)
Time dependence of the fraction of fibril contacts of N = 10 chains, Ω(t), in the all-
atom simulation. Bi-exponential fits are y = 27.58e−t/1.64 + 102.1e−t/322.6

− 52.14
(T = 350 K), y = 6.13e−t/0.73 + 62.35e−t/58.8

− 9.95 (T = 375 K), and
y = 11.31e−t/0.01 + 53.93e−t/50

− 11.85 (T = 400 K). Time t is measured in ns.
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results were averaged over all trajectories. As in the lattice model, the
fraction of bound chains Θ(t) obeys the logistic behavior [Eq. (7)].
We can show that the set of fitting parameters (b̃, τ) is equal to
(2.9 × 10−4, 45.5), (1.9 × 10−4, 43.5), and (3.3 × 10−4, 19.6) for T
= 350 K, 375 K, and 400 K, respectively (caption of Fig. 7). The char-
acteristic time τ, which is measured in ns, is of order of 10 ns and
decreases with an increase in T as the temperature increase speeds
up the degradation.

From a visual inspection, it seems that multiple exponential fits
are also suitable for the time dependence of the number of bound
chains. To clarify this issue, we performed exponential fits with dif-
ferent time scales, as shown in Fig. S4. The bi- and tri-exponential
fits do not work at T = 350 K because the initial slow decay cannot
be captured. This remains valid for a higher-order fit (results not
shown). At T = 375, the tri-exponential works better than in the
T = 350 K case, but again the initial decrease in Θ cannot be
described. At T = 400 K, both logistic and single exponential fits
work well. So, at sufficiently high temperatures, when the degrada-
tion is fast, a fit with multiple time scales should work.

Time dependence of the fibril contacts: All-atom model.
Figure 7 shows that the portion of fibril contacts Ω(t) of 10 short
peptides Aβ37–42 is well described by the bi-exponential function,
given by Eq. (8). The set of fitting parameters (Ω0, Ω1, Ω2, τ1, τ2)
are (−52.14, 27.58, 102.1, 1.64, 322.6), (−9.95, 6.13, 62.35, 0.73, 58.8),
and (−11.85, 11.31, 53.93, 0.01, 50) for T = 350 K, 375 K, and 400 K,
respectively (caption of Fig. 7). The characteristic time τ1 decreases
from 1.64 ns to 0.01 ns and τ2 decreases from 322.6 ns to 50 ns as
the temperature increases from 350 K to 400 K, implying that the
degradation is very sensitive to temperature. It can be expected that
at sufficiently high temperatures, the time dependence of the fibril
contacts can be described by a single exponential because the initial
stage becomes so short that τ1 → 0.

Fibril contacts decay faster than the number of bound chains: All-
atom simulation of 5Aβ17–42. From the lattice simulation, it can be
seen that with an increase in temperature, Ω(t) decreases faster than
Θ(t) (Figs. 3 and 5). For N = 10 and at T = 0.55 and t = 5 ∗ 105

MCS, Θ(t) ≈ 67%, which is higher than Ω(t) ≈ 29%. For N = 16 and
T = 0.60, after t = 1.5 ∗ 106 MCS, we have Θ(t) ≈ 49%, but Ω(t)
drops to 8.5%. This is also true for the all-atom model with 10Aβ37-42
(Fig. 7), where at t = 25 ns, Θ(t) ≈ 96.7, 87.5%, and 52.2%, whereas
Ω(t) ≈ 42.5%, 32.1%, and 15.7% for T = 350 K, 375 K, and 400 K,
respectively.

However, the simplicity of the lattice model and the shortness
of the chains studied in the all-atom model can affect our main con-
clusion, prompting us to study the degradation of the fibril structure
of longer sequences using the all-atom model. We performed the
MD simulation starting from the fibril-like structure of five Aβ17-42
chains (PDB ID: 2BEG39) and using the AMBER force filed 99SB.
The 2BEG structure has 184 fibril contacts. Figure 8 shows the time
dependence of the fraction of fibril contacts at 300 K. This fraction
(or the β-content) rapidly decreases according to the exponential
law. Although both fits work well for simulation data as indicated
by the high correlation levels (R = 0.97 and 0.99 for the single and
bi-exponential fits, respectively), only the bi-exponential fit captures
the initial stage of the decay process. In the bi-exponential fit, the
off-rate constant of the first term is about 22 times greater than the

FIG. 8. Time dependence of fibril contacts of 2BEG at T = 300 K. The results were
averaged over MD 20 trajectories of 200 ns. Shown is the fibril structure 2BEG
from PDB (upper panel) and one of the last snapshots in the simulation (lower
panel).

second one. This result is in qualitative agreement with the expo-
nential behavior observed in experiments on the dissociation of the
β 2m amyloid fibril in the elevated temperature region24 as well as at
the ambient temperature.25

At t = 200 ns, the fraction of fibril contacts Ω(t) falls below 50%
but Θ(t) remains equal to 100% as none of the chains was dissociated
from the fibril (Fig. 8). This clearly demonstrates that the reduction
of Ω(t) is much faster than Θ(t) and this behavior cannot be fitted to
the logistic function [Eq. (7)]. This is the major difference between
two quantities.

Dissociation without recycling

Time dependence of the number of bound chains: Lattice
models. To study the degradation without recycling, MC simulation
was started with fibril conformations shown in Fig. 2 for N = 10, 16,
and 28, but, as in the experiment by Gruning et al.,25 we removed
any released chain from the box, not allowing it to rejoin the mother
aggregate. To get good statistics, hundreds of MC trajectories were
generated using different random seed numbers. The results were
averaged over all trajectories.

Figure 9 shows the time dependence of the fraction of bound
chains in lattice models with N = 10, 16, and 28 in the capture
scenario. For all cases and three temperatures, the curves are per-
fectly fitted to Eq. (3), implying that the thermal degradation obeys
the logistic behavior. Because τ controls the degradation rate, it
decreases as the temperature increases (caption of Fig. 9). For exam-
ple, in the N = 16 case, we have τ = 892.9 × 103, 396.8 × 103,
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FIG. 9. Dependence of the fraction of bound monomers Θ on the simulation time
in the capture scenario for N = 10, 16, and 28 and three temperatures. Black
curves refer to the raw data. The color curves refer to the logistics fit [Eq. (3)]. For
N = 10, sets of fitting parameters (Θ0, b, τ) are (105.0, 3.83 × 10−6, 1852.8),
(101.7, 1.383 × 10−5, 632.9), and (101.9, 3.006 × 10−5, 285.7) for T = 0.45, 0.47,
and 0.50, respectively. In the N = 16 case, we obtained (101.98, 9.69 × 10−6,
892.9), (98.18, 2.45 × 10−5, 396.8), and (100.78, 9.508 × 10−5,101.0) for
T = 0.49, 0.51, and 0.57, respectively. For N = 28, we have (98.48, 0.924 × 10−6,
1098.9), (99.69, 1.051 × 10−5, 909.1), and (98.19, 2.45 × 10−5, 400.0) for
T = 0.52, 0.53, and 0.57, respectively. The characteristic time τ is measured in
103 MCS and highlighted in blue.

and 101 × 103 MCS for T = 0.49, 0.51, and 0.57, respectively. A
similar result was obtained for N = 10 and 28.

We can show that in the case when the capture of released
chains is allowed, the time dependence of the fibril contacts can be
represented using a bi-exponential function [Eq. (8)].

Crossover from logistic to single-exponential kinetics. Initially,
when the rigidity of the fibril is still high, Θ(t) slowly decreases
(Fig. 10), but after reaching the crossover value Θcr, the degradation
becomes fast and the kinetics can be described by the single expo-
nential function (Fig. 10). Θcr depends on the number of chains and
temperature, but as a rule, the smaller the N and the higher the T, the
larger the Θcr. This is because as the number of chains is increased or
the temperature is lowered, it becomes increasingly difficult to fit the
data into single exponential function. For all temperatures studied,
we obtained Θcr = 87%, 70%, and 67% for N = 10, 16, and 28, respec-
tively (Fig. 10). Restricting to data with Θ ≤ Θcr, we get a good single
exponential fit for all cases studied. This result agrees with the exper-
iment,25 which shows that single exponential kinetics works for Θcr
< 90%. As expected, for a given N, the relaxation time τ [Eq. (4)]
decreases with the temperature. For example, in the N = 28 case,
τ = 2778 × 103, 2041 × 103, and 714 × 103 MCS for T = 0.52, 0.53,
and 0.57, respectively (Fig. 10).

Temperature and size dependence of the parameters
of the phenomenological theory

The fitting parameters a, b, ã, b̃, and Θ0 (parameter c is just
intermediate and not involved in the final formula of the theory)

FIG. 10. Data are the same as in Fig. 6, but we show the single exponential fit after
Θ(t) reached the crossover value Θcr, noted by the orange straight line. Here,
Θcr = 87%, 70%, and 67% for N = 10, 16, and 28, respectively. The blue, dark
green, and red curves represent an exponential fit by equation Θ = Θ0

∗ exp(−x/τ)
+ Θ1. For N = 10, the parameter set (Θ0, τ, Θ1) is (140.54, 2857, −3.01), (170.89,
1220, −2.11), and (166.44, 500, −0.79) for T = 0.45, 0.47, and 0.5, respectively.
For N = 16, we have (194.13, 1538, −2.13), (196.58, 1471, −39.67), and (260.85,
208, −6.8) for T = 0.49, 0.51, and 0.57, respectively. For N = 28, we have (230.74,
2778, −17.8), (222.89, 2041, −12.41), and (280.22, 714, −7.66) for T = 0.52,
0.53, and 0.57, respectively. The characteristic time τ is measured in 103 MCS
and highlighted in blue.

in our phenomenological theory [Eqs. (4) and (7)] can be obtained
using microscopic theory. However, this issue is beyond the scope
of the present paper. Here, we extract their temperature dependence
from the lattice and all-atom simulation (Fig. S5). In all cases, a and
ã increase with T because they are the main factors that control
the intensification of dissociation with an increase in temperature.
The behavior of b and b̃ is more complicated as they can increase
as well as decrease with T (Fig. S5). In the all-atom models with
recycling and the lattice models without recycling, the parameter Θ0
grows with temperature, but in the lattice model with recycling, its
temperature dependence is not monotonic.

Since the fibril stability depends on the system size, the fitting
parameters should depend on the number of chains (Fig. S5). In
the lattice model, for a given temperature, a and ã decrease with an
increase in N. As expected, the dependence of b and b̃ on the system
size is not monotonic.

Exponential vs logistic kinetics from
the free energy perspective

We have shown that the decay of the number of fibril contacts
can be described by a bi-exponential function, while the slower time
dependence of the number of dissociated chains is subordinate to
the logistic function. Since the kinetic properties are determined by
thermodynamics, it is worth understanding the difference between
the two kinetics in terms of free energy landscapes.

The bi-exponential kinetics is associated with the existence of
one intermediate in the free energy profile plotted as a function of
the fraction of fibril contacts (Fig. 4). Because the logistic kinetics is
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FIG. 11. Schematic plots for free energy landscapes plotted as a function of the
fraction of fibril contacts Ω (black) and the fraction of bound chains Θ (red).
Bi-exponential kinetics of Ω is associated with two maxima (black curve), while
logistic behavior of Θ is due to a pronounced maximum and a rough free energy
profile at the initial stage (red curve).

related to the time dependence of the number of bound chains, we
plot the free energy as a function the fraction of bound chains Θ for
the lattice model with N = 28 at T = 0.75 (Fig. S6). For a sufficiently
large Θ (initial stage), the presence of shallow local minima can be
considered as a roughness of free energy that led to a slow decay
in the logistic behavior. On a large time scale, the logistic kinetics
becomes exponential due to the existence of a global maximum of
free energy (Fig. S6).

The free energy profiles that are responsible for the difference
between two kinetics are depicted in Fig. 11. For bi-exponential
kinetics, the corresponding free energy, plotted as a function of the
fraction of fibril contacts Ω, has two pronounced maxima separating
ordered and disordered states. In the case of logistic behavior, there
is only one barrier that controls fast kinetics at sufficiently large time
scales, while the initial slow decay of the fraction of coupled chains
is related to the roughness of free energy.

CONCLUSION

We have developed a theory to describe the temperature-
induced degradation of protein aggregates. Our theory is phe-
nomenological since the temperature dependence is accounted in
accordance with the fitting constants rather than from physical
insights. It is shown that the decrease in the number of bound chains,
which can be measured by using the tryptophan fluorescence tech-
nique, is represented by a logistic function. This contrasts sharply
with the bi-exponential kinetics of fibril contacts or beta content,
which can be experimentally monitored using the ThT fluorescence
array. Logistic kinetics occurs in both cases with and without recy-
cling of released chains. The main difference between the logistic
and bi-exponential behavior is that in the first case, the decrease
in the corresponding quantity is slower than in the second case.
The number of connected chains decreases with time more slowly
than the fibril content because to separate a chain from an aggre-
gate, one needs to break more inter-chain contacts than to spoil
beta-sheets.

We explored the difference between bi-exponential and logistic
kinetics in terms of free energy. It was shown that the bi-exponential
behavior is associated with the existence of two maxima in the
free energy profile, plotted as a function of the fraction of fibril
contacts. If the proportion of bound chains Θ is used as the reac-
tion coordinate, then the free energy has one global maximum and

shallow traps at large values of Θ. Such free energy led to logistic
behavior.

Our lattice and all-atom simulations support the bi-exponential
kinetics observed in the experiment of Kardos et al., who measured
the ThT fluorescence signal characterizing the content of fibrils.24

Studying the free energy profile, we showed that this behavior is due
to the existence of intermediate states. Using the tryptophan fluo-
rescence technique to monitor the fraction of released proteins, it
was found25 that the degradation kinetics is described by a single
exponential function if recycling is not allowed. We show that a
single exponential behavior occurs if we ignore the slow dynamics
when the concentration of bound chains exceeds the crossover value
Θcr. For the entire time interval, logistic kinetics should take place
regardless of whether we capture the released polypeptide chains
or not. It would be interesting to check our prediction of logistic
behavior experimentally.

SUPPLEMENTARY MATERIAL

See the supplementary material for Fig. S1—temperature
dependence of the fraction of fibril contacts ⟨Q(T)⟩of the lat-
tice monomer; Fig. S2—experimental data, obtained by Goto’s
group, for thermal dissociation of β2m amyloid fibrils at differ-
ent temperatures; Fig. S3—temperature dependence of two exper-
imental degradation rates koff1 and koff2, extracted from the bi-
exponential fits shown in Fig. S2; Fig. S4—dependence of percentage
of bound monomers Θ(t) on the simulation time without the cap-
ture of released monomers and multiple exponential fits; Fig. S5—
temperature dependence of parameters of the phenomenological
theory; and Fig. S6—free energy of the lattice model with N = 28
chains plotted as a function the fraction of bound chains Θ for three
trajectories at T = 0.75.
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