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and molecular crowders
disintegrate amyloid aggregates?†

Naresh Kumar, a Prabir Khatuab and Sudipta Kumar Sinha a

The present study employs a blend of molecular dynamics simulations and a theoretical model to explore

the potential disintegration mechanism of a matured Ab octamer, aiming to offer a strategy to combat

Alzheimer's disease. We investigate local heating and crowding effects on Ab disintegration by selectively

heating key Ab segments and varying the concentration of sodium dodecyl sulphate (SDS), respectively.

Despite initiation of disruption, Ab aggregates resist complete disintegration during local heating due to

rapid thermal energy distribution to the surrounding water. Conversely, although SDS molecules

effectively inhibit Ab aggregation at higher concentration through micelle formation, they fail to

completely disintegrate the aggregate due to the exceedingly high energy barrier. To address the

sampling challenge posed by the formidable energy barrier, we have performed well-tempered

metadynamics simulations. Simulations reveal a multi-step disintegration mechanism for the Ab octamer,

suggesting a probable sequence: octamer / pentamer/hexamer # tetramer / monomer, with a rate-

determining step constituting 45 kJ mol−1 barrier during the octamer to pentamer/hexamer transition.

Additionally, we have proposed a novel two-state mean-field model based on Ising spins that offers an

insight into the kinetics of the Ab growth process and external perturbation effects on disintegration.

Thus, the current simulation study, coupled with the newly introduced mean-field model, offers an

insight into the detailed mechanisms underlying the Ab aggregation process, guiding potential strategies

for effective disintegration of Ab aggregates.
1 Introduction

The formation of amyloids due to the aggregation of proteins is
associated with various neurodegenerative diseases such as
Alzheimer's and Parkinson's. Alzheimer's disease (AD) is the
most common form of dementia that affects memory, thinking
power, and behavioural patterns, eventually leading to death.
The primary cause behind the pathogenesis of AD is the
aggregation of the Ab peptide, a widely accepted hypothesis in
the researchers' community.1,2 Therefore, understanding the
molecular factors controlling the Ab aggregation and discov-
ering drug molecules capable of preventing or at least slowing
down the Ab aggregation is a central goal of AD research.

The Ab peptide forms small soluble oligomers at the early
stages of aggregation, which further aggregate into insoluble
brils and accumulate in the brain.3–6 Hydrophobic amino acids
play a central role in the aggregation.7 These residues localize at
three distinct regions, namely, (i) the central hydrophobic core,
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Ab16–20(KLVFF), (ii) second central region, Ab29–35(GAIIGLM),
and (iii) C-terminal, Ab36–42(VGGVVIA).8–10 The aggregation
process is initiated by forming an aggregation-prone structure
that involves the coil-to-b-hairpin structural transition of indi-
vidual monomers.11–15 This aggregation-prone structure
changes the functional properties of the Ab peptide by forming
soluble oligomers that induce intracellular toxicity by crossing
the plasma membrane.2 While this information has added
signicant insight into AD research, a comprehensive picture of
the aggregation mechanism is still elusive, and thus further
research is needed.

The current understanding of AD research implies that the
potential therapeutic strategy for treating Alzheimer's patients
is to inhibit the growth of soluble oligomers/brils and simul-
taneously disintegrate the matured oligomers/brils. Thus,
a more realistic therapeutic approach should be to develop
methods to ensure that the Ab peptide will exist in its non-toxic
monomeric form, disintegrating the oligomers/brils.
Numerous approaches are proposed in this regard, but their
practical implementation is a real challenge. For example,
various small molecules, including peptides, peptidomimetics,
nanoparticles, nano chaperones, macrocycles, etc., have been
shown to inhibit Ab oligomerization.16–21 Recently, Nguyen et
al. reviewed a series of experimental and computational nd-
ings regarding the monomers, oligomeric intermediates, and
Chem. Sci., 2024, 15, 6095–6105 | 6095
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brils of the amyloid proteins in aqueous and membrane
medium and discussed their implications for Alzheimer's
disease.2 Many other similar studies using experiments and
molecular dynamics simulation studies have been performed to
get more insight into the structural aspects of Ab peptide and
AD.22–28 A very recent study reports that external electric or
magnetic elds can disintegrate the Ab oligomers and maybe
a potential strategy to treat Alzheimer's patients.21 Similarly,
different strategies to disintegrate the amyloid aggregates have
been reported, e.g., by ultrasonic waves,29,30 infrared laser,31

laser induced disruption,32 free electron laser irradiation,33 etc.34

Despite the discovery of such small inhibitory molecules or the
use of external elds for treating Alzheimer's patients, the lack
of biocompatibility of the inhibitory molecules primarily
renders challenges toward the success of obtaining clinically
viable therapeutics. Hence, current AD research focuses on
designing biocompatible drug molecules that can inhibit olig-
omerization and maintain the Ab peptide in its monomeric
form.

Lipopeptide-based nanomaterials derived from naturally
occurring biological building blocks have received signicant
attention in AD research owing to their safety, biodegradability,
and biocompatibility.35,36 For instance, Bera et al.,37 in their
recent microscopic investigation, illustrated that a myristoyl-
KPGPK lipopeptide-based nanovesicle dramatically hinders the
random coil to b-sheet transformation of the transmembrane
GxxxGxxxGxxxG motif of Ab-protein and human myelin protein
zero, a prerequisite for the oligomerization of the peptide.
Förster resonance energy transfer (FRET) assay performed with
the synthesized Cy-3 (FRET donor) and Cy-5 (FRET acceptor)-
conjugated peptide further conrms that the nanovesicle
strongly inhibits the bril formation of the peptide. Further-
more, this study highlights a suitable balance between the
hydrophilic and hydrophobic interaction caused by the nano-
vesicle, a necessary step for the inhibition. While this could
serve as an essential insight for clinically viable drug design, the
study failed to address some critical questions necessary for
further testing the clinical efficiency of this nanovesicle. For
example, they conrmed the nanovesicle's inhibition effect by
performing experiments starting from the monomeric form of
the peptide. However, this cannot guarantee whether this
nanovesicle can disintegrate the already formed oligomer,
which is an important criterion to be a clinically viable AD drug.
Therefore, it is worthwhile to probe (i) whether such a nano-
vesicle can disintegrate an already-formed oligomer and (ii) the
molecular origin behind the inhibition by the nanovesicle.

In this work, we aim to address the two points mentioned
above by molecular dynamics simulations (details are presented
in the ESI†). However, unlike the experimental study mentioned
above, we consider sodium dodecyl sulfate (SDS). There are two
rationales behind choosing this surfactant molecule over myr-
istoyl-KPGPK lipopeptide. First, SDS is a much simpler mole-
cule than the myristoyl-KPGPK lipopeptide, thus reducing the
computational cost. Second, SDS molecules can self-assemble
to form micelles due to amphiphilic moieties and hence can
mimic a similar environment to myristoyl-KPGPK nanovesicles.
Moreover, SDS molecules self-assemble to form tiny clusters at
6096 | Chem. Sci., 2024, 15, 6095–6105
low concentrations and vesicles at high concentrations and
modify the solution properties. This property of the SDS mole-
cule has an added advantage as this allows us to modify the
strength of intermolecular interactions between the SDS mole-
cules and the Ab peptide by varying the number of SDS mole-
cules. Since the intermolecular interactions between the
monomers primarily guide the aggregation process, the varia-
tion of the number of molecules gives us scope to shed light into
the aggregation process and, hence, predict what type of inter-
actions must be present in a drug molecule to exhibit the
inhibition of aggregation.

We have also investigated whether thermal heating can
disrupt the already formed Ab oligomer. Here we address
whether heating can disrupt the b-sheets of the monomers
present in the oligomer. If this strategy works for disintegrating
the Ab oligomers, this will be a clinically viable option if the
temperature ranges within tolerable physiological conditions.
Hence, we apply a moderate temperature only on regions of Ab
peptides primarily known to be responsible for aggregation.
Such an application of temperature is simply done by increasing
the kinetic energy of the specic atoms of Ab peptide; hence, we
call this “local heating”.

Herein in this study, we tackle the intricacies of the Ab
aggregation process through a unique combination of molec-
ular dynamics simulations and a novel mean-eld model. We
assess the inuence of external perturbations such as a molec-
ular crowder (sodium dodecyl sulphate) and/or “local heating”
(selective heating of Ab segments through increase of the
kinetic energy of the respective segments) on disrupting the Ab
octamer using conventional molecular dynamics simulations.
While partly disrupted, complete disruption of the Ab octamer
does not happen due to the exceedingly high energy barrier on
applying these external perturbations. Well-tempered metady-
namics simulations overcome sampling challenges, providing
detailed insights into the Ab disintegration process. Addition-
ally, a two-state mean-eld model based on Ising spins intro-
duced for the rst time in this study explains the kinetics and
external perturbation effects of Ab disintegration. This inte-
grated approach hence sheds light on the Ab aggregation
mechanism, guiding potential strategies for effective
disintegration.

2 Results and discussion
2.1 Equilibrium properties under perturbation

As discussed in the introduction, the most effective approach to
treat Alzheimer's disease is to maintain the Ab peptides in the
monomeric non-toxic form by inhibiting the aggregation as well
as by disintegrating the preformed Ab peptide oligomers/brils.
One recent experiment demonstrated the inhibitory effect of
myristoyl-KPGPK lipopeptide-based nanovesicles on Ab aggre-
gation but did not explore their ability to disintegrate the pre-
formed Ab oligomer. In this simulation study, we investigate the
disintegrating potential of a simpler molecule, sodium dodecyl
sulfate (SDS), which possesses similar characteristics to the
lipopeptide. We specically address two points discussed in the
following section. (i) Can the SDS molecule disintegrate the Ab
© 2024 The Author(s). Published by the Royal Society of Chemistry
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oligomer? (ii) Is there any effect of SDS concentration on Ab
aggregation?

2.1.1 The molecular crowder SDS can be a potent inhibitor
but not necessarily be a disruptor of the aggregation in amyloid
structures. Fig. 1A shows a few representative Ab peptide
congurations at each SDS concentration. Results reveal that Ab
peptides form a b-hairpin structure in the presence of SDS
molecules, forming a dimer and trimer. This nding is mean-
ingful except for low or high SDS concentration. At low SDS
concentrations, we observe the formation of helical conforma-
tions in some of the Ab peptides; however, at high SDS
concentrations, the peptides adopt coiled structures. Such
a concentration-dependent impact of SDS on Ab peptide
conformation, as observed in our study, aligns with previous
research indicating that a high level of crowding inhibits b-
hairpin formation.38,39 To assess the disintegrating ability of
SDS molecules and the effect of their concentration, we rst
calculate the root mean square deviation (RMSD) of the Ab
octamer obtained from octamer simulations in the presence of
SDS molecules (Fig. 1B) (see also ESI Fig. S1†). Results reveal
a decrease in RMSD values with increased SDS molecules. This
nding correlates well with favourable hydrophobic
Fig. 1 (A) Few representative Ab peptide configurations at each SDS con
the presence of SDS molecules, forming a dimer and trimer. Formation o
purple. (B) The time-averaged root mean square deviation (RMSD) variati
of SDS molecules. (C) Simulations of eight Ab peptide monomers in the
wrapping around the SDS micelle, thereby reducing their propensity to

© 2024 The Author(s). Published by the Royal Society of Chemistry
interactions between b-sheet regions of Ab peptide and tail
groups of SDS molecules, suggesting stabilization of the Ab
octamer in the presence of SDS molecules. Results presented
above suggest that SDS molecules lack the potential to disin-
tegrate the preformed Ab oligomer within our simulation time
scale. Nevertheless, this does not eliminate its potential to
inhibit the Ab aggregation. To explore this possibility, we have
conducted simulations of free monomeric Ab peptides in the
presence of the SDS molecules. To ensure that our simulations
commence with the monomeric state, we placed eight mono-
mers randomly by maintaining a substantial separation from
each other. Furthermore, we have examined the inuence of
different concentrations of SDS by varying the number of SDS
molecules.

2.1.2 High-concentration micelle formation of SDS as a key
driver of aggregation inhibition. Although the data presented
above suggest that high SDS concentrations can inhibit Ab
aggregation, it does not explain its origin; at low or moderate
SDS concentrations, SDS molecules cannot inhibit the aggre-
gation process. A high concentration of SDS may promote the
formation of SDS micelles, which is essential for inhibiting Ab
aggregation. Simulations of eight Ab peptide monomers in the
centration. Results reveal that Ab peptides form a b-hairpin structure in
f secondary structures, i.e., a-helix and b-sheet, are shown in red and
on of the Ab octamer obtained from octamer simulations as a function
presence of SDS micelles indicate that Ab monomers get stabilized by
associate with others.

Chem. Sci., 2024, 15, 6095–6105 | 6097
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presence of SDS micelles indicate that Ab monomers get
stabilized by wrapping around the SDS micelle, thereby
reducing their propensity to associate with other Ab monomers
(Fig. 1C). However, SDS micelles cannot disintegrate the pre-
formed Ab aggregate as conrmed by another simulation of the
Ab octamer in the presence of SDS micelles. Our ndings thus
suggest that SDS micelles can inhibit the aggregation process;
they cannot disintegrate the preformed aggregate, or the energy
barrier required for disintegration is prohibitively high at room
temperatures (300 K).

2.1.3 SDS-driven phase separation strengthens protein–
protein interaction, weakens protein–water interaction,
limiting aggregate disintegration. To scrutinize the molecular
origin behind the inability of SDS molecules to disintegrate the
Ab octamer, we calculate the average number of water mole-
cules present within 5 Å of the octamer surface that essentially
represents the hydration layer (see the radial distribution
function, ESI Fig. S2†). Analyzing this number as a function of
SDS molecules reveals a decreasing trend with increasing SDS
concentration (Fig. 2A). This observation suggests that the
molecular crowder SDS increases the coacervate volume frac-
tion and density but does not partition into the dense phase.
Consequently, a higher SDS concentration facilitates dehydra-
tion, contributing to an overall gain in entropy. It highlights the
signicance of entropy gain resulting from water expulsion
from the octamer surface upon increasing SDS concentration as
a primary driving force behind SDS-assisted Ab aggregation. We
further inspect how the presence of SDS molecules impacts
interactions between different system components by
computing all possible pairwise interaction energies for the Ab
octamer system as a function of SDS concentration (Fig. 2B).
The data demonstrate a substantial alteration in protein–
protein (EPP) and protein–water (EPW) interactions during the
transition from the monomeric state to the octamer, under-
scoring the inuential role of these interactions in aggregation,
particularly in the presence of SDS molecules. The observed
changes in these interactions indicate that SDS molecules
Fig. 2 (A) The average number of water molecules as a function of SD
tration. (B) All possible pairwise interaction energies for the Ab octamer
interaction energy, EP = DEPP + DEPW + DEPS, as a function of SDS. Soli
monomeric peptides.

6098 | Chem. Sci., 2024, 15, 6095–6105
promote monomer association assisted by the reduced strength
of protein–water interaction, resulting in water expulsion. The
inuence of SDS-assisted promotion of Ab aggregation inten-
sies with rising SDS concentration, as depicted by the total net
interaction energy plotted against SDS concentration in the
inset of Fig. 2B.

2.1.4 “Local heating” promotes an ordered state over
a disordered state, restricting aggregate disruption. The above
discussion shows that SDS molecules cannot disintegrate the
Ab octamer at room temperature (300 K) due to a high energy
barrier. An increase in temperature could induce the disinte-
gration. However, this possibility is ruled out by earlier simu-
lation and experimental studies, which show retention or
promotion of b-sheet in Ab peptide with increasing tempera-
ture. The primary factor behind the acceleration of the aggre-
gation rate with temperature lies in the favourable entropy gain
resulting from the expulsion of more water from the peptide
surface. This nding implies that restricting water expulsion
while weakening peptide–peptide interaction may lead to the
disintegration of the Ab octamer. To investigate this possibility,
we explore the impact of local heating on the Ab octamer. We
term this approach “local heating” since we solely increase the
temperature of the peptide segment consisting of residues 25–
37 by imparting the necessary kinetic energy while maintaining
the rest of the system at an average temperature. We selected
this segment due to its crucial role in the aggregation process.
Ab octamer conformations obtained at the end of such simu-
lations shown in Fig. 3C suggest that local heating does not lead
to signicant disintegration of the preformed aggregate.
However, structural modication with increased local heating
resembles the global temperature change reported in earlier
studies. For instance, we observe a noticeable change in the
secondary structure of the Ab peptides at a temperature of 200 K
(see ESI Fig. S3†). However, the peptides retain their b sheet
structures at ambient or high temperatures, indicating a shi of
equilibrium from a disordered to an ordered state on increasing
the effect of local heating.
S molecules reveals a decreasing trend upon increasing SDS concen-
system as a function of SDS concentration. The inset figure shows net
d and dashed lines in the figure show the results for the octamer and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Time average RMSD of the Ab octamer upon local heating of the peptide segment as defined in the text. The hRMSDi values are
presented as a function of the T raised in the peptide segment. (B) The average binding free energy (hDGP–P

b i) of a peptide as obtained from
MMPBSA analysis. (C) Configurations for the Ab octamer obtained at the end of local heating simulations. It clearly shows that the local heating
does not lead to significant disintegration of the preformed aggregate. The red color is used to mark the region of the peptide segments
consisting of residues 25–37 by imparting the necessary kinetic energy while maintaining the rest of the system at an average temperature.
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2.1.5 Local heating redistributes peptide thermal energy to
the surrounding water, fostering an aggregated state over
disruption. We next investigate why local heating of the crucial
Ab segment promotes an ordered state rather than the expected
disordered state. We aim to determine whether the increase in
temperature only affects the specied Ab segment or if it also
impacts the surrounding water. To assess this, we calculate the
average number of water molecules present within 5 Å of the Ab
Fig. 4 (A) The average number of water molecules hNWi present withi
dynamics with rising local heating drives this expulsion, as supported b
around the specified segment of the Ab octamer, showing a broadening

© 2024 The Author(s). Published by the Royal Society of Chemistry
octamer that belongs to the essential hydration layer. The data
presented in Fig. 4A illustrate a decrease in hydration water on
increasing the local heating, indicating depletion of the water
layer or, in other words, the expulsion of water from the peptide
surface. We further nd that the increased water dynamics with
rising local heating drives this expulsion, as supported by the
shiing of the kinetic energy distribution of the selected water
around the specied segment of the Ab octamer, showing
n 5 Å of the Ab octamer upon local heating. (B) The increased water
y the shifting of the kinetic energy distribution of the selected water
distribution with increased local heating as presented in panel B.

Chem. Sci., 2024, 15, 6095–6105 | 6099
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a broadening distribution with increased local heating (Fig. 4B).
This nding strongly indicates that the additional energy used
to increase the temperature of the peptide segment does not
remain conned within the peptide segment but redistributes
into the surrounding water molecules. This augmented degree
of water expulsion upon increasing local heating contributes to
the entropy gain. Such a gain of entropy due to water expulsion
is known to drive the aggregation of Ab peptides as reported in
earlier studies.40–44 Hence, this explains why increased local
heating resulted in a disordered to ordered transition of the Ab
peptides present in the Ab octamer.

2.1.6 The debrillation process encounters an exception-
ally high energy barrier. Subsequently, we investigate the
potential of SDS molecules combined with local heating to
disintegrate the Ab octamer. While we have tested a few limited
possibilities, the outcome indicates that although the
combined effect yields a more signicant disintegrating
potential than the individual ones, the degree of disintegration
is far behind complete disintegration. This observation indi-
cates a considerable energy barrier, preventing complete
disruption of the octamer within the simulation time scale. We
address the plausible debrillation/disintegration pathway of
the Ab octamer and the associated barrier through metady-
namics simulations, which will be discussed in the following
sections.

2.2 Free energy landscape

It is clear from the above discussion that the local heating and
the molecular crowders cannot disintegrate the already formed
Ab aggregate due to the exceedingly high energy barrier,
restricting the conventional simulation techniques to study
a process in detail. To overcome such a problem of conventional
MD simulations, we, therefore, investigate the disintegration
pathway by performing metadynamics simulations, one of the
most commonly used free energy simulation techniques.17 Here
we conduct the metadynamics simulations using two collective
variables, namely Rg and NCa

. The details of the metadynamics
simulation are presented in the ESI.†
Fig. 5 (A) The contour plot as obtained by projecting the free-energy l
variables, namely Rg andNCa

. Theminimum free energy path for the disint
dimensional view of the minimum energy path and the specific configura
The free energy values for each of the hills and valleys are also presente

6100 | Chem. Sci., 2024, 15, 6095–6105
2.2.1 The transition from the octamer to the pentamer/
hexamer emerges as the principal barrier in the debrillation
pathway. We obtain the free energy landscape from the meta-
dynamics simulations by calculating the free energy as a func-
tion of collective variables used for the simulations (see Fig. 5A).
The landscape displays several well dened basins of which two
important basins correspond to the fully aggregated state (NCa

=

∼800 and Rg = ∼1.7 nm) and disaggregated state within the
scope of our simulations (NCa

= ∼700 and Rg = ∼3.2 nm). Thus,
it clearly depicts that the disintegration pathway is a multi-step
process since the two above-mentioned basins are enclosed by
several well-dened basins. Moreover, there could be multiple
possible pathways as any line connecting these two basins
potentially represents the disintegration pathway. Nevertheless,
all of them are not equally probable. Therefore, we extract the
most probable pathway by nding the minimum energy
pathway (MEP) using the MEPSA package.45 The so-obtained
pathway along with the representative congurations corre-
sponding to the various basins along the pathway are shown in
Fig. 5B. It is evident from the gure that the disintegration of
the Ab octamer proceeds through a series of basins, illustrating
the complex multi-step pathway. It is crucial to highlight that
the observed shi in the energy barrier between different
basins, as reected in this pathway, aligns seamlessly with
earlier studies.46,47 This underscores the validity of employing
metadynamics simulations and the thoughtful selection of
collective variables in our study. We observe that the fully
aggregated octamer conguration, denoted as A, must surpass
a barrier of ∼45 kJ mol−1 to transform into conguration C,
characterized by a smaller aggregate (pentamer/hexamer) with
partial disruption. Subsequent disruption of conguration C
leads to formation of even smaller aggregates such as mono-
mers or dimers, with a minimal contribution from larger
aggregates of a maximum size of 4 (see also ESI Fig. S6†). This
continuous disruption process encounters multiple barriers,
notably around 20 kJ mol−1, which are approximately two times
smaller than the initial barrier during the octamer to pentamer/
hexamer transition. Consequently, the octamer to pentamer/
andscape derived from metadynamics simulation using two collective
egration process is marked by the red lines in the contour plot; (B) one-
tions of the Ab-octamer located on various hills and valleys are shown.
d in the figure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hexamer transition emerges as the rate determining step along
the debrillation pathway, constituting the primary debrilla-
tion barrier. The order of magnitude of energy barrier as dis-
cussed above is in good agreement with the literature,
reaffirming the effectiveness of metadynamics simulations.48

We calculated the probability distribution of the clusters.
2.2.2 Equilibrium between the pentamer/hexamer derived

from the octamer and tetramer sets the stage for monomer
dispersion. To obtain a quantitative insight about the debril-
lation pathway, we have analyzed the congurations lying on
the minimum energy pathway by calculating several properties,
such as number of clusters, their population, most probable
cluster size, and the secondary structure. The denitions of
a cluster and other details are discussed in the ESI.† Fig. 6A and
B depict the number of clusters and b-sheet content for the
congurations along the pathway, respectively, along with the
most probable cluster size and helix content shown in the insets
of panels A and B, respectively. The rst step in disintegrating
the aggregates involves weakening of the octamer. This is
associated with reduction in the b-sheet content (from 100% to
60–80%) and number of contacts (800 to 700). Notably, this
transition does not result in the complete dissociation of
monomers from the aggregate with an occasional appearance of
a heptamer with a monomer (no of clusters 2 with a maximum
cluster size of 7; see the ESI, Fig. S7†), as indicated by the
minimal change of radius of gyration. Following this step,
stable pentamer/hexamer congurations form, along with
trimers/dimers or a mixture of monomers. This is evidenced by
an increase in the radius of gyration and the number of clusters
ranging from 3 to 4, with a maximum cluster size of 5 or 6 (see
the ESI, Fig. S7†). Subsequently, the so-formed pentamer/hex-
amer tends to shi to a tetramer (number of clusters ranging
from 4 to 5 with a maximum cluster size of 4 as shown in the
ESI, Fig. S7†). However, complete transformation into
a tetramer is hindered by the frequent reappearance of the
hexamer indicated by an increase in the number of contacts and
a delicate balance between the b-sheet content and helix
Fig. 6 Various properties of the Ab-octamer along the MEP. The variat
shown in panel (A). In panel (B), we show the variation of secondary stru

© 2024 The Author(s). Published by the Royal Society of Chemistry
content. This process represents a barrier of 20 kJ mol−1, which
is two times less than the octamer to pentamer/hexamer tran-
sition. Thus, we conclude that there exists an equilibrium
between the hexamer and tetramer in this region. Surpassing
this barrier results in the formation of dissociated monomers
(∼50%) and dimer (∼30%) and tetramer (∼20%). While we did
not obtain a completely dispersed monomer with no larger
aggregate as the end product, the tetramer conguration ob-
tained at the end is signicantly disrupted with a notably low b-
sheet content (∼40%). Thus, we propose that this conguration
will eventually transform into a completely dispersed mono-
meric state. Therefore, we suggest octamer / pentamer/hex-
amer # tetramer / monomer to be the most probable
disintegration pathway of the Ab octamer.
2.3 Mean eld model

The complex Ab aggregation/disintegration process, marked by
a sequential structural transition in the free energy landscape
obtained from metadynamics simulations has led us to the
question: can a simple theoretical model capture the driver for
transitioning between free and aggregate states? To address
this, we introduce a two-state mean-eld model, enabling the
determination of critical aggregate size, transition rate, and
growth kinetics mechanism. In this minimal model, we
consider the peptides as a collection of identical spins whose
states are dened by two numbers, −1 and +1, for free and
aggregate conditions. We use the average value of the spins as
an order parameter to describe this system's degree of aggre-
gation or nucleation kinetics. The evolution of nucleation and
growth kinetics can be expressed by representing the order
parameter in terms of mole fraction of the aggregate, x

s
dx

dt
¼ �xþ 1

2
� 1

2
tanh

�
3þ 2Jð1� 2xÞ

kBT

�
(1)

the equilibrium mole fractions (xeq) of the aggregate can be

obtained by setting
dx
dt

¼ 0
ion of cluster sizes and the most probable cluster along the MEP are
ctures such as b-sheets and a-helix contents along the MEP.
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xeq ¼ 1

2
� 1

2
tanh

�
3þ 2J

�
1� 2xeq

�
kBT

�
(2)

the symbols, 3, J, s, T, and kB are the energy of an isolated
peptide, cooperative strength between the two nearest neigh-
boring peptides, the aggregation time scale, absolute tempera-
ture, and Boltzmann's constant, respectively. We obtain the
equilibrium points by graphically solving the above non-linear
equation. Upon mapping our peptide system with the spin
model, we estimate the parameters, 3, J and s for the rst
nucleation barrier. The detailed derivation of the model system
is presented in the ESI.†

2.3.1 An Ising-based mean eld model captures the growth
kinetics of Ab aggregates. Here, we rst extract the parameters
from the rst barrier of the minimum free energy landscape as
shown in panel B of Fig. 5. The estimated barrier heights DG†

for the forward and backward transitions are 45.24 kJ mol−1 and
54.58 kJ mol−1. The free energy difference between the two
states is DG0=−9.34 kJ mol−1. According to our model, the DG0

= 23 estimates the average interaction energy, 3 = −4.67 kJ
mol−1. We can also obtain the other parameters, such as reor-
ganization energy (l), which is the energy dissipated on the
aggregates' free energy surface if spins change their state from
+1 to −1, i.e., aggregate to the free state. Since the primary
driving force for forming Ab aggregates is forming a few lateral
hydrogen bonds, we consider the free energy of interaction
between peptides and the rest of the system that promotes such
hydrogen bonds as the reorganization energy. The explicit form
of this energy is given in the ESI.† The obtained l values for the
forward and backward directions are 0.4379 kJ mol−1 and
0.3687 kJ mol−1, respectively. Since s−1 = sf

−1 + sb
−1, sf

−1 =
Fig. 7 (A) Variation in xeq with coupling parameter, J. Inset figure represe
aggregate to the free state, and backward process, i.e., free state to a

where f1ðxeqÞ ¼ 1
2
� 1

2
tanh

�
3þ 2Jð1� 2xeqÞ

kBT

�
and f2(xeq) = xeq. The dashe

represents the f2.

6102 | Chem. Sci., 2024, 15, 6095–6105
1.1957 s, and sb
−1 = 1.0929 s the calculated s value for this

transition is 0.5710 s. We performed similar analyses for the
other barriers; the results are presented in the ESI (ESI Fig. S4
and S5†).

Fig. 7A shows that the system exhibits bistability where the
free and aggregated states correspond with x = 0 and x = 1. We
observed a hysteresis loop in ourmodel, as shown in the inset of
Fig. 7A. This is a clear signature of phase transitions triggered
by the cooperative effect, reecting the origin of kinetic lag time
as oen observed in aggregation kinetics. As discussed in the
model, the origin of such a cooperative effect can be correlated
with the random coupled interaction between peptides and
surrounding molecules, which inhibits ordering in the aggre-
gate by loosening lateral hydrogen bond interaction among the
b sheet region of the peptides. We nd that peptides remain in
free states until the value of J reaches a value of 4.8 kJ mol−1,
and then sharp transitions occur. The graphical solution of eqn
(2) gives us three equilibrium points at xeq = 0.028, 0.152, 0.996
at J = 4.8 kJ mol−1 and 3 = −4.67 kJ mol−1. Two of them, 0.028
and 0.996, are stable, corresponding to aggregate and free
states, respectively. The unstable solution corresponds to the
critical nucleus size and the number is xeq = 0.152, corre-
sponding to the pentamer as a nucleation point for the growth
kinetics of Ab peptides. We obtain a similar number by count-
ing the numbers of the Ab peptides at the rst barrier of the
minimum energy path. Therefore, we nd a close resemblance
between the results obtained from our metadynamics simula-
tion and the proposed mean eld model. Therefore, our
extracted parameter from the MD simulation analysis provides
a quantitative picture behind the Ab peptide aggregation
mechanism.
nts the formation of a hysteresis loop during the forward process, i.e.,
ggregated state. (B) Graphical solution of eqn (2) for the first barrier

d line represents the function f1 at different J values while the solid line

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation in x for the first barrier from state A to state C (in Fig. 5B) as a function of time for J = 4.8 kJ mol−1 and 30 = −4.67 kJ mol−1 (A) at
several temperatures and (B) at several concentrations of the crowder.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

5/
20

25
 7

:0
9:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.3.2 Environmental effects alter the growth kinetics of Ab
aggregates. Furthermore, we consider the effect of the envi-
ronment that modies the interactions among peptides. We
include those effects through the linear modications of 3. For
example, we assume the effect of temperature and the crowder
through the following linear modications of 3 as

3 = 30 + D3T(T − T0) (temperature effect)

3 = 30 + D3CCc (Crowder effect)

where 30 is the unperturbed internal interactions; T and Cc are
the temperature and the concentrations of the crowders; and D3

is the gradient of energy. The above model provides a compre-
hensive view of the nucleation-growth aggregation kinetics and
the critical size of a nucleate as a function of cooperative
interaction J, T and Crowder's concentration, Cc.

We use gradient D3=−0.01 kJ mol−1 K−1 and 0.002 kJ mol−1

into our mean-eld model to observe the effect of temperature
and crowder effects. We set 3 = −4.67 kJ mol−1 and J = 4.8 kJ
mol−1 throughout our calculation to explore their effects. We
chose them because the peptides stay in the free form below
those parameter values. Fig. 8A shows the effect of temperature
on the kinetics of the aggregated states. It shows that at lower
temperatures, T = 200 K, peptides remain in the aggregated
form for extended periods. However, the aggregated peptides
undergo a transition to form free monomeric states with the
increase in temperature, a signature we observe in our MD
simulation study. Fig. 8B represents the plot of mole fraction
peptide in a free state with increased concentration of SDS
surfactant molecules. It suggests that as the concentration of
crowders increases, aggregates are stabilized. Therefore, our
proposed model captures the nucleation and growth kinetics of
Ab peptide in the presence of heat and crowder from our
theoretical analysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3 Conclusions

Amyloid b (Ab) peptide self-assembles into larger aggregates,
playing a pivotal role in Alzheimer's disease (AD). These
aggregates, found in an AD patient's brain, are potentially toxic
and can cause serious damage to the brain. Hence, identifying
a strategy to prevent the aggregation of Ab peptide and
concurrently promoting the clearance of existing Ab aggregates
are two essential goals in AD research. Successfully achieving
these goals involves addressing two key questions: (i) eluci-
dating the underlying molecular details of the growth process of
Ab aggregates and (ii) devising ways to disassemble existing Ab
aggregates or, at the very least, impede their growth process.

In this study, we used a combination of state-of-the-art
molecular simulations and a theoretical model to answer the
two above-mentioned questions. Our investigation especially
delved into the efficacy of disintegrating the Ab octamer,
a crucial nucleus that could subsequently aggregate to form
even larger aggregates.49,50 We employed detailed conventional
molecular dynamics simulations to assess the impact of both
local heating and themolecular crowder sodium dodecyl sulfate
(SDS) on this process. Employing well-tempered metadynamics
simulations, we further explored the disintegration pathway of
Ab octamer and the associated barrier. Finally, we introduced
a novel two-state mean-eld model based on Ising spins,
offering an explanation on the growth kinetics and the predic-
tion of the critical nucleus size on considering the cooperative
effect of Ab monomer association.

We elevated the temperature of crucial Ab segments (25 to 37
residues) by appropriately scaling the kinetic energy to explore
the inuence of local heating, while the concentration of the
SDS was varied to examine the crowding effect. Results revealed
that Ab aggregates resist complete disintegration during local
heating despite initiation of disruption. We found that rapid
Chem. Sci., 2024, 15, 6095–6105 | 6103
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distribution of thermal energy from the peptide segments to the
surrounding water impedes complete breakdown of the aggre-
gates. Conversely, although SDS molecules effectively inhibit Ab
aggregation by inducing destabilization, they fail to completely
disintegrate the aggregate due to an exceedingly high energy
barrier.

We addressed the exceedingly high energy barrier for the
debrillation process observed in the conventional simulations
by employing metadynamics simulations. Exploration of the
free energy landscape constructed from such metadynamics
simulations enabled us to deduce the disintegration pathway of
the Ab octamer. Results indicated a primary energy barrier of 45
kJ mol−1, followed by several barriers of approximately half the
primary barrier. Cluster analysis and structural characterization
of the clusters showed that the octamer to pentamer/hexamer
transition constitutes the rate-determining step with a barrier of
45 kJ mol−1, followed by several shallow barriers of 20 kJ mol−1,
resulting in the equilibrium between the tetramer and hexamer.
Such a tetramer–hexamer equilibrium sets the ultimate fate of
the aggregate into the dispersed monomeric state with a negli-
gible population of the Ab octamer. We thus conjecture that
octamer / pentamer/hexamer # tetramer / monomer is the
most probable disintegration pathway of the Ab octamer.

Finally, we incorporated the free energy data (free energy
barrier and the free energy values) into our proposed two-state
mean-eld model based on Ising spins. This simple yet potent
model not only allowed us to capture the kinetics of the growth
process but also offered an explanation for the inuence of local
heating and crowder on the disintegration process of the Ab
aggregates. Importantly, incorporation of the free energy data
corresponding to the primary barrier into the model revealed
a pentamer to be the critical size. The observed consistency of
the pentamer as the critical size, as deduced from metady-
namics simulations, underscores the effectiveness of our
proposed mean-eld model. Thus, the current simulation
study, coupled with the newly introduced mean-eld model,
offers an insight into the detailed mechanisms underlying the
Ab aggregation process.
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